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Summary 
The most common kidney diseases include chronic and acute kidney failure, degenerative 

kidney diseases, various kidney inflammations, kidney stones, renal cell carcinoma, and 

genetic kidney diseases such as autosomal-dominant polycystic kidney disease or rare 

inherited disorders like Bartter syndrome. Globally, chronic kidney disease (CKD) affects 

approximately 10% of the population, making it one of the most significant health burdens. 

Kidney stones are also widespread, with varying prevalence across different regions. Renal 

cell carcinoma, one of the most common types of kidney cancer, accounts for about 2–3% of 

all cancers worldwide. Rare inherited kidney diseases, such as Bartter syndrome, a disorder 

of kidney tubule function, are extremely rare, with an estimated prevalence of less than 1 in 

1,000,000 individuals. 

However, since the human body is a complex and multifaceted system, kidney diseases are 

closely linked to other organs, such as the heart or brain. It is known that a damaged and non-

functioning kidney stops the elimination of waste products from the blood and therefore an 

enormous amount of fluid collects in the blood vessels, causing high blood pressure.  The 

harmony and balance of the system and the cooperation of the organs is essential. In the past, 

disease modelling of the kidney has been challenging due to the challenge of obtaining cells 

derived from the kidney. Although relatively few kidney cells are shed under healthy- compared 

to dysfunctional conditions, we were able to isolate, cultivate and expand urine cells from 

healthy donors with a non-invasive method. These cells were identified as multipotent urinary 

stem cells, with a broad differentiation potential. We named these cells urine-derived nephron 

progenitor cells (UdRPCs) who can be differentiated into renal cell types such as glomerular 

podocytes and can be used for iPSC reprogramming. 

Since kidney diseases are often caused by damage to the glomerulus or tubule, the use of 

UdRPCs has a wide potential for in vitro studies. UdRPCs can be immortalized and 

reprogrammed into induced pluripotent stem cells. In this study, immortalization was performed 

using human telomerase (hTERT) and partial programming by the Yamanaka factors (UM30-

OSN). The use of these cell lines provides a long-term and far-reaching platform for 

investigating kidney-associated diseases. 

In addition, the cell lines produced were able to differentiate into a highly specialized cell type, 

named podocytes. Podocytes play a role in blood filtration in the glomeruli of the kidney. The 

restriction or malfunction of podocytes is associated with numerous renal diseases, therefore, 

the study and application of this cell type as a disease model is highly important. Worldwide, 
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approximately 9.4 million deaths annually are attributable to elevated blood pressure. 

Hypertension is mainly regulated by the renin-angiotensin-aldosterone system (RAAS), with 

its main mediator angiotensin II (ANG II). Elevated ANG II levels lead to a pro-fibrotic, 

inflammatory, and hypertrophic environment, inducing apoptosis in podocytes. Prolonged 

activation of the RAAS is crucial for the pathogenesis of podocyte injury and causes 

proteinuria. To counteract podocyte damage, drugs that modulate the RAAS pathway such as 

losartan are administered to patients with high blood pressure. In the following studies, the 

UdRPCs-derived podocytes show activation of RAAS by being responsive to ANG II 

stimulation. The research data reveals an ANG II-dependent down regulation of the podocyte 

specific markers Nephrin (NPHS1) and Synaptopodin (SYNPO) leading to changes in the 

cytoskeleton. Adding a precise concentration of losartan counteracts the ANG II-induced 

changes. These changes lead to increased expression of specific-podocyte-markers that 

rescue the podocyte cytoskeleton, as shown by quantitative real-time PCR and Western blot 

analysis. In addition, the disruption of the podocyte cytoskeleton, which is detected by 

immunofluorescence-based detection of phalloidin, is prevented by losartan. This knowledge 

is important for further nephrotoxicity studies as well to understand the molecular pathway in 

many kidney diseases. 

 

Diseases such as acute kidney injury or even chronic kidney disease can also be investigated 

using UdRPCs. In the two studies presented here, the secretome of the urine of an AKI patient 

cohort was analyzed. In addition, the effect of patient and healthy urine on human podocytes 

was investigated. Based on the results, we identified ADIPOQ, EGF, and SERPIN3A as 

potential early biomarkers that could detect acute kidney injury (AKI) as early as 24 hours after 

surgery. Besides that, genes were upregulated 72 hours after surgery, among them are 

CXCL1, VEGF, and RENIN. 

Another study carried out by our lab was a study of CKD patients from Ghana that revealed 

decreased secretion of EGFR and VEGF in CKD progression. EGFR and VEGF may act in 

maintaining microvascular integrity and promoting endothelial and tubular cell survival and 

repair. Early detection of such cytokines could enable timely interventions to prevent filtration 

barrier breakdown, potentially yielding significant patient benefits. Moreover, cytokine-based 

tests are non-invasive, cost-effective, and easily conducted using urine samples and flow-cell 

detection devices, presenting a promising alternative for AKI and CKD monitoring. 
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Apolipoprotein L1 (APOL1) is a key genetic risk factor for CKD in individuals of African 

ancestry. Understanding this association is critical for risk stratification, early detection, and 

the development of targeted therapies in the future. To demonstrate the utility of the partially 

reprogrammed cell line UM30-OSN as a model for APOL1-associated kidney disease, we 

investigated the effects of interferon-γ (IFN-γ) on UM30-OSN-derived podocytes and 

evaluated the potential of the JAK1/JAK2 inhibitor baricitinib to mitigate IFN-γ-induced cellular 

responses. 

Stimulation with IFN-γ resulted in enhanced STAT1 phosphorylation, increased APOL1 

expression, upregulation of pro-inflammatory and fibrotic markers such as IL-6, TGF-β, 

vimentin, and fibronectin, as well as morphological changes indicative of cellular stress. 

Pretreatment with baricitinib effectively inhibited STAT1 phosphorylation, reduced the 

expression of pro-inflammatory and fibrosis-associated genes, and preserved podocyte 

morphology. 

 

Furthermore, I carried out another study with UdRPCs from individuals with sodium-wasting 

conditions, named Bartter syndrome. Regarding the previous studies, Bartter syndrome has 

an interesting angle, by looking at hypertension and aging-related processes. The RAAS 

involves several systematic processes to regulate blood pressure caused by electrolyte 

imbalance. Salt intake is a critical factor influencing hypertension and plays a significant role 

in determining sensitivity to hypertensive responses. 

To study the etiology of Bartter syndrome at the molecular level an induced pluripotent stem 

cell line (iPSC) of an 18-year-old Bartter syndrome type 3 (BS3) patient within a homozygous 

whole gene deletion of CLCNKB genotype was generated and characterized.  

 

Research is the key to a better future, for each individual and society. Science investigates the 

smallest building blocks of life, molecules such as DNA, RNA, proteins, lipids and 

carbohydrates and their interactions in biological systems. This field of research is central to 

understanding the foundations of life and developing solutions for medical, biotechnological 

and ecological challenges. For this reason, in vitro studies aim to create therapeutic options, 

considering both ethical and legal guidelines. Previously published studies have shown that 

the use of UdRPCs, already used for urological tissue regeneration, bone regeneration or used 

in the treatment of acute to chronic kidney injuries. 

In these previous studies, few experiments were conducted to explain the mechanism that 

describes the positive effect of transplanted urinary stem cells on the regeneration of injured 
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kidneys. The present study should provide a starting point to further investigate the 

mechanism. Accordingly, healthy human UdRPCs from a female individual aged 31 years were 

unilaterally transplanted under the renal capsule of mice kidneys subjected to ischaemia-

reperfusion injury (IRI). Analyses of the blood serum of the transplanted mice showed that the 

secretome of the animals is altered in a time-dependent manner by the transplantation. 

UdRPCs reduce fibrosis and inflammation in a mouse model of kidney injury. They 

downregulated the expression of profibrotic and inflammatory markers and modulated the 

systemic secretome by releasing factors like IL-10, VEGF, and HGF. Complete kidney function 

was not restored within 21 days due to limitations imposed by ethics to conform with the R3 

principle-Reduce,Refine,Replace. The results highlight UdRPCs as a promising, non-invasive 

therapy for kidney repair. 

This thesis underlines the significant potential of urine-derived renal progenitor cells for 

modelling not only kidney diseases such as acute kidney injury, chronic kidney disease, 

APOL1-mediated disease, Bartter syndrome, High blood pressure, or sickle cell disease but 

also similarities between kidney and brain and emphasizes the need for further investigation 

to validate their therapeutic use in the future.  
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Zusammenfassung 

Die häufigsten Nierenerkrankungen umfassen chronisches und akutes Nierenversagen, 

degenerative Nierenerkrankungen, verschiedene Nierenentzündungen, Nierensteine, 

Nierenzellkarzinom sowie genetische Nierenerkrankungen wie die autosomal-dominante 

polyzystische Nierenerkrankung oder seltene erbliche Erkrankungen wie das Bartter-

Syndrom. Weltweit betrifft chronische Nierenerkrankung (CKD) etwa 10 % der Bevölkerung, 

was sie zu einer der bedeutendsten Gesundheitsbelastungen macht. Nierensteine sind 

ebenfalls weit verbreitet, mit unterschiedlicher Prävalenz in verschiedenen Regionen. Das 

Nierenzellkarzinom, eine der häufigsten Krebsarten der Niere, macht etwa 2–3 % aller 

Krebserkrankungen weltweit aus. Seltene erbliche Nierenerkrankungen wie das Bartter-

Syndrom, eine Störung der Nierenröhrenfunktion, sind äußerst selten, mit einer geschätzten 

Prävalenz von weniger als 1 von 1.000.000 Individuen. 

Da der menschliche Körper jedoch ein komplexes und weit verzweigtes System ist, stehen 

Erkrankungen in enger Verbindung mit anderen Organen wie dem Herzen oder dem Gehirn. 

Es ist bekannt, dass eine geschädigte und nicht funktionierende Niere die Ausscheidung von 

Abfallstoffen aus dem Blut stoppt. Dadurch sammelt sich eine enorme Menge Flüssigkeit in 

den Blutgefäßen an, was zu Bluthochdruck oder noch höheren Werten führt. Die Harmonie 

und das Gleichgewicht des Systems sowie die Zusammenarbeit der Organe sind essenziell. 

In der Vergangenheit war die Modellierung von Nierenerkrankungen äußerst schwierig, da es 

eine große Herausforderung darstellte, aus der Niere gewonnene Zellen zu erhalten. Obwohl 

unter gesunden Bedingungen relativ wenige Nierenzellen im Vergleich zu dysfunktionalen 

Zuständen ausgeschieden werden, konnten wir Zellen aus dem Urin gesunder Spender mit 

einer nicht-invasiven Methode isolieren, kultivieren und vermehren. Multipotente Stammzellen 

aus dem Urin besitzen ein breites Differenzierungspotenzial; sie können in renale Zelltypen 

wie glomeruläre Podozyten differenziert und auch für die Reprogrammierung zu induzierten 

pluripotenten Stammzellen (iPSCs) genutzt werden. Da Nierenerkrankungen häufig durch 

Schäden an Glomerulus oder Tubuli verursacht werden, bietet diese Methode ein breites 

Potenzial für In-vitro-Studien.  

Die sogenannten aus Urin gewonnenen nephronalen Vorläuferzellen (UdRPCs) können auf 

verschiedene Weise immortalisiert und in induzierte pluripotente Stammzellen reprogrammiert 
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werden. In diesem Fall wurde die Immortalisierung mithilfe von humaner Telomerase (hTERT) 

und einer teilweisen Programmierung der Yamanaka-Faktoren durchgeführt. Die Verwendung 

dieser Zelllinien bietet eine langfristige und weitreichende Plattform zur Untersuchung 

nierenassoziierter Erkrankungen. 

Entsprechend wurden die erzeugten Zelllinien unter anderem in einen hochspezialisierten 

Zelltyp, die Podozyten, differenziert. Podozyten spielen eine Rolle im Blutfiltrationsprozess in 

den Glomeruli der Niere. Einschränkungen oder Fehlfunktionen der Podozyten stehen mit 

zahlreichen Nierenerkrankungen in Verbindung, weshalb die Untersuchung und Anwendung 

dieses Zelltyps als Krankheitsmodell von großer Bedeutung ist. Weltweit sind jährlich etwa 9,4 

Millionen Todesfälle auf Bluthochdruck zurückzuführen. Bluthochdruck wird hauptsächlich 

durch das Renin-Angiotensin-Aldosteron-System (RAAS) reguliert, dessen Hauptmediator 

Angiotensin II (ANG II) ist. Erhöhte ANG-II-Werte führen zu einem pro-fibrotischen, -

inflammatorischen und -hypertrophischen Milieu und induzieren Apoptose in Podozyten. Eine 

verlängerte Aktivierung des RAAS ist entscheidend für die Pathogenese von 

Podozytenschäden und verursacht Proteinurie. Um Podozytenschäden entgegenzuwirken, 

werden Medikamente verabreicht, die den RAAS-Weg modulieren, wie beispielsweise 

Losartan. 

In den vorliegenden Studien zeigen die aus UdRPCs differenzierten Podozyten eine 

Aktivierung des RAAS durch ihre Reaktion auf ANG-II-Stimulation. Die Forschungsdaten 

belegen eine ANG-II-abhängige Herunterregulierung der podozytenspezifischen Marker 

Nephrin (NPHS1) und Synaptopodin (SYNPO), was zu einer Veränderung des Zytoskeletts 

führt. Die Zugabe einer präzisen Konzentration von Losartan verhindert die ANG-II-abhängige 

Veränderung des Zytoskeletts. Dies führte zu einer erhöhten Expression spezifischer 

Podozytenmarker, die das Podozyten-Zytoskelett rettete, wie durch quantitative Echtzeit-PCR 

und Western-Blot-Analysen gezeigt wurde. Darüber hinaus konnte die Zytoskelettstörung der 

Podozyten, die durch immunfluoreszenzbasierte Phalloidin-Detektion sichtbar gemacht 

wurde, durch Losartan verhindert werden. Dieses Wissen ist sowohl für weitere 

Nephrotoxizitätsstudien als auch für das Verständnis molekularer Mechanismen vieler 

Nierenerkrankungen von Bedeutung. 

Erkrankungen wie akute Nierenschädigung (AKI) oder sogar chronische Nierenerkrankung 

(CKD) können ebenfalls mithilfe von UdRPCs untersucht werden. In den beiden vorgestellten 

Studien wurde das Sekretom des Urins einer AKI-Patientenkohorte analysiert und die Wirkung  
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von Patienten- und gesundem Urin auf humane Podozyten untersucht. Heute kann man 

schlussfolgern, dass biologische Prozesse geschlechts- und altersabhängige Variationen 

aufweisen können. Basierend auf den Ergebnissen konnten wir ADIPOQ, EGF und SERPIN3A 

als potenzielle frühe Biomarker identifizieren, die eine akute Nierenschädigung bereits 24 

Stunden nach einer Operation nachweisen können. Zusätzlich wurden Gene identifiziert, die 

72 Stunden nach der Operation hochreguliert waren, darunter CXCL1, VEGF und RENIN. 

Parallel dazu zeigte eine Studie an CKD-Patienten aus Ghana eine verminderte Sekretion von 

EGFR und VEGF im Verlauf der CKD-Progression. Dies deutet darauf hin, dass EGFR und 

VEGF als Initiatoren bei AKI wirken und während der CKD-Progression abnehmen könnten. 

Eine frühzeitige Erkennung solcher Zytokine könnte rechtzeitige Interventionen ermöglichen, 

um einen Zusammenbruch der Filtrationsbarriere zu verhindern, was potenziell erhebliche 

Vorteile für Patienten bringen könnte. Darüber hinaus sind zytokinbasierte Tests nicht-invasiv, 

kostengünstig und können leicht mit Urinproben und Flusszell-Detektionsgeräten durchgeführt 

werden, was eine vielversprechende Alternative für das Monitoring von AKI und CKD darstellt.  

APOL1 ist ein entscheidender genetischer Risikofaktor für CKD bei Menschen mit 

afrikanischer Abstammung. Das Verständnis dieses Zusammenhangs hilft bei der 

Risikostratifizierung, Früherkennung und in Zukunft möglicherweise bei gezielter Therapie. Um 

die Nützlichkeit der partiell reprogrammierten Zelllinie, UM30-OSN als Modell für APOL1-

vermittelte Nierenerkrankungen zu demonstrieren, haben wir die Auswirkungen von Interferon-

γ (IFN-γ) auf UM30-OSN-Podozyten untersucht und das Potenzial des JAK1/JAK2-Inhibitors 

Baricitinib zur Abschwächung IFN-γ-induzierter zellulärer Reaktionen bewertet. Die IFN-γ-

Stimulation führte zu einer erhöhten Phosphorylierung von STAT1, einer Aktivierung von 

APOL1, einer Hochregulierung von proinflammatorischen und fibrotischen Markern wie IL-6, 

TGF-β, Vimentin und Fibronectin sowie zu morphologischen Veränderungen, die auf Zellstress 

hinweisen. Die Vorbehandlung mit Baricitinib hemmte wirksam die STAT1-Phosphorylierung, 

verringerte die Expression von pro-inflammatorischen und Fibrose-assoziierten Genen und 

bewahrte die Morphologie der Podozyten. 

In einer weiteren Studie wurden UdRPCs von Individuen mit Natriumverlustsyndromen, wie 

dem Bartter-Syndrom, analysiert. Im Hinblick auf die vorherigen Studien bietet das Bartter-

Syndrom einen interessanten Ansatz, da es Bluthochdruck und altersbedingte Prozesse 

untersucht. Das RAAS umfasst mehrere systemische Prozesse zur Regulierung des 
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Blutdrucks, die durch Elektrolytungleichgewichte verursacht werden. Der Salzkonsum ist ein 

kritischer Faktor, der die Empfindlichkeit gegenüber hypertensiven Reaktionen beeinflusst. 

Zur Untersuchung der Ätiologie des Bartter-Syndroms auf molekularer Ebene wurde eine 

induzierte pluripotente Stammzelllinie (iPSC) eines 18-jährigen Patienten mit Bartter-Syndrom 

Typ 3 (BS3) und einer homozygoten Deletion des gesamten Gens CLCNKB generiert und 

charakterisiert. 

Forschung ist der Schlüssel zu einer besseren Zukunft – für jede Einzelperson und für die 

Gesellschaft als Ganzes. Die Wissenschaft untersucht die kleinsten Bausteine des Lebens – 
Moleküle wie DNA, RNA, Proteine, Lipide und Kohlenhydrate – und deren Wechselwirkungen 

in biologischen Systemen. Dieses Forschungsfeld ist zentral für das Verständnis der 

Grundlagen des Lebens und für die Entwicklung von Lösungen für medizinische, 

biotechnologische und ökologische Herausforderungen. 

Aus diesem Grund zielen In-vitro-Studien darauf ab, therapeutische Optionen zu schaffen, 

wobei sowohl ethische als auch gesetzliche Richtlinien berücksichtigt werden. Bereits 

veröffentlichte Studien haben gezeigt, dass UdRPCs in der urologischen 

Geweberegeneration, der Knochenregeneration oder in der Behandlung von akuten bis 

chronischen Nierenschäden eingesetzt werden können. 

Dementsprechend wurden gesunde menschliche UdRPCs eines weiblichen Individuums im 

Alter von 31 Jahren einseitig unter die Nierenkapsel von Mäusen transplantiert, die einer 

Ischämie-Reperfusionsverletzung (IRI) ausgesetzt waren. Analysen des Blutserums der 

transplantierten Mäuse zeigten, dass das Sekretom der Tiere durch die Transplantation 

zeitabhängig verändert wird. UdRPCs reduzieren Fibrose und Entzündung in einem 

Mausmodell für Nierenverletzungen. Sie verringerten die Expression von profibrotischen und 

entzündlichen Markern und modulierten das systemische Sekretom durch Freisetzung von 

Faktoren wie IL-10, VEGF und HGF. Die vollständige Nierenfunktion konnte nicht innerhalb 

von 21 Tagen wiederhergestellt werden, da die Einhaltung des R3-Prinzips (Verringern, 

Verfeinern, Ersetzen) ethische Einschränkungen mit sich brachte. Die Ergebnisse zeigen, 

dass UdRPCs eine vielversprechende, nicht-invasive Therapie für die Nierenreparatur 

darstellen. 

Diese Arbeit unterstreicht das bedeutende Potenzial von aus Urin gewonnenen 

Nierenvorläuferzellen für die Modellierung nicht nur von Nierenerkrankungen wie akuter 
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Nierenschädigung, chronischer Nierenerkrankung, APOL1-vermittelter Erkrankung, Bartter 

syndrom, Bluthochdruck oder Sichelzellkrankheit, sondern auch von Ähnlichkeiten zwischen 

Niere und Gehirn und betont die Notwendigkeit weiterer Untersuchungen, um ihren 

therapeutischen Einsatz in Zukunft zu validieren.  
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Structure of this Thesis 
This thesis compiles ten publications, which address the potential use of urine and urine-

derived renal progenitor cells in kidney diseases and further the use of their therapeutic 

potential. The publications are presented in chronological order: 

 

1. Erichsen L, Thimm C, Bohndorf M, Rahman S, Wruck W, Adjaye J (2022). 
Activation of the Re Activation of the Renin–Angiotensin System Disrupts 
the Cytoskeletal Architecture of Human Urine-Derived Podocytes. Cells; 
https://doi.org/10.3390/cells11071095 (original research). 

 
2. Erichsen L, Kloss L, Thimm C, Bohndorf M, Schichel K, Wruck W, Adjaye J 

(2023). Derivation of the Immortalized Cell Line UM51-PrePodo-hTERT 
and Its Responsiveness to Angiotensin II and Activation of the RAAS 
Pathway. Cells; https:// doi.org/10.3390/cells12030342 (original research). 

 
3. Wruck W#, Thimm C#, Adjaye J (2025). Evidence for conserved gene 

expression and biological processes operative in human podocytes and 
adult brain. BioRxiv; https://doi.org/10.1101/2025.03.17.643629 (original 
research). 

 
4. Thimm C, Zhong C, Wruck W, Grillo A, Mack R, Bohndorf M, Graffmann N, 

Tang A, D’Ambriosio V, Wan E, Siew K, Evans R, Walsh S, Adjaye J (2025). 
Generation of a Bartter syndrome type 3 patient-derived induced 
pluripotent stem cell line ISRM-BS3-UM18-iPSC (HHUUKDi014-A). Stem 
Cell Research; https://doi.org/10.1016/j.scr.2025.103760 (original research). 

 
5. Kordes C, Spitzhorn LS, Bohndorf M, Ncube A, Thimm C, Erichsen L, Wruck 

W, Adjaye J (2025). Human urine-derived SIX2-positive renal progenitor 
cells improve kidney injury in an ischemia reperfusion injury mouse  
model. BioRxiv; https://doi.org/10.1101/2025.07.02.662781 (original               
research).  
 

6. Thimm C, Mack R, Aruna-Adjei O, Wruck W, Adjaye J (2025). Modelling 
APOL1-mediated kidney inflammation and fibrosis usinga partially 
reprogrammed urine derived SIX2-positive renal progenitor cell line. 
BioRxiv; https://doi.org/10.1101/2025.07.28.667124 (original research).  

 
7. Erichsen L, Thimm C, Wruck W, Kaierle D, Schless, Huthmann L, Dimski T, 

Kindgen-Milles D, Brandenburger T, Adjaye J (2023). Secreted Cytokines 
within the Urine of AKI Patients Modulate TP53 and SIRT1 Levels in a 
Human Podocyte Cell Model. International Journal of Molecular Sciences; 
https:// doi.org/10.3390/ijms24098228 (original research). 

 
8. Thimm C, Adjaye J (2024). Untangling the Uncertain Role of Overactivation 

of the Renin–Angiotensin–Aldosterone System with the Aging Process 
Based on Sodium Wasting Human Models. International Journal of 
Molecular Sciences; https:// doi.org/10.3390/ijms25179332 (original review). 
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9. Thimm C, Erichsen L, Wruck W, Adjaye J (2023). Unveiling Angiotensin II 
and Losartan-Induced Gene Regulatory Networks Using Human Urine-
Derived Podocytes. International Journal of Molecular Sciences; 
https://doi.org/10.3390/ ijms241310551 (original research). 

 
10. Wruck W#, Pranty A#, Thimm C#, Loerch C, Mack R, Boima V, Adjaye J (2025). 

Urinary proteins from Sickle Cell patients induce inflammation and kidney 
injury via the TGFβ-p53 axis in a podocyte cell culture model. BioRxiv; 
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11. Wruck W, Boima V, Erichsen L, Thimm C, Koranteng T, Kwakyi E, Antwi S, Adu 

D, Adjaye J (2022). Urine-Based Detection of Biomarkers Indicative of 
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A general synopsis outlines the anatomy and function of the kidney, beginning with nephron 

development and the glomerulus. It further addresses the Renin-Angiotensin-Aldosterone 

System, common kidney diseases such as acute kidney disease and chronic kidney disease, 

Apolipoprotein 1-mediated disease and magnesium-related disorders. Subsequent sections 

explore the effects of aging, the role of induced pluripotent stem cells, and approaches to cell 

line immortalization. The included publications provide deeper insight into the interconnection 

of these topics, offering background information and methodological details. This is followed 

by a discussion, with a final summary concluding the key findings. 

 



 

1 Introduction                                             22 

1 Introduction 

1.1 Fundamentals of renal anatomy and function 
 
The kidneys are organs that fulfill many important functions to maintain normal bodily functions. 

The kidneys' main function is to filter the urine, removing urinary components such as urea, 

uric acid, salts, water, creatine, and toxins. Thereby controlling the homeostasis of electrolytes 

such as phosphate, potassium, calcium, and potassium. They also control blood pressure and 

regulate the acid-base balance, such as the synthesis site of calcitriol hormones, 

erythropoietin, and renin1.  

The kidneys are in the retroperitoneal space on both sides of the spine and have a bean-

shaped form. They each weigh between 55 and 261 grams. A kidney is usually 5 cm wide, 90 

to 130 cm long, and 2.5 to 3 cm thick. All these parameters depend on gender, ethic, racial 

diversity and the lateral position of the kidney2–5.  

The kidneys develop from the intermediate mesoderm and are controlled by the renal arteries. 

From the outside, the kidney is surrounded by a stretchable connective tissue envelope, the 

so-called capsula fibrosa renis. Each kidney consists of renal lobes, which are divided into the 

medulla renalis and the cortex renalis (A). The medulla is pyramid-shaped, with the renal 

calyces of the entire pyramid forming the renal pelvis, renal pelvis. The cortex is approximately 

one cm thick strip above and between the pyramids (Figure 1A). 

To create a highly specialized and uniform network of arterioles that supply the glomeruli, the 

kidneys organize their blood vessels through a series of branching divisions. Upon entering 

the kidney, the renal artery undergoes multiple levels of branching. The renal artery first splits 

into segmental arteries, each serving a specific region of the kidney. Segmental Arteries, the 

interlobar arteries, these segmental arteries further branch into interlobar arteries, which run 

along the renal columns toward the junction between the cortex and medulla. 

A nephron, the smallest functional unit of the kidney, consists of a glomerulus. There are 

approximately 1.3 million nephrons in a kidney (Figure 1B). These consist of the glomerulus 

and the tubule system6. The glomerulus is composed of a capillary vascular plexus that 

includes an inflow (vas afferens) and an outflow (vas efferens) vessel surrounded by the 

Bowman's capsule. Small tubes that run through the inner part of the kidney, known as renal 

tubules, play a critical role in filtering and regulating the flow of various chemical substances 

between the blood and the urine. These tubules are integral components of the nephron and  
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are responsible for the reabsorption of essential molecules and the secretion of waste 

products. After the initial filtration of blood in the glomeruli, the filtrate enters the tubules, where 

several processes occur. Through these processes through the proximal convolted tubule, 

loop of Henle, distal convoluted tubule and the collecting ducts, the renal tubules maintain 

homeostasis by balancing electrolytes, water, and pH levels, while ensuring the removal of 

metabolic wastes. Their function is critical to overall kidney health and the body's ability to 

regulate blood composition. 

 

The surface of the glomerular capillaries has size- and charge-selective characteristics and 

therefore serves as a filtration barrier for the blood passing through the glomerulus. The 

glomerular excretion of blood plasma into the urinary cavity of Bowman's capsule leads to the 

formation of approximately 200 liters of primary urine per day. This process of glomerular 

excretion of blood plasma prevents the following three-part filtration unit from containing 

important blood components such as macromolecular proteins and blood cells. The 

fenestrated endothelium of the capillary bulb, the glomerular basement membrane, and a 

highly specialized cell type, the podocyte, form the tripartite filtration unit1. 

 

The secondary urine is formed by resorption and secretion processes in the tubule system. 

The filtered fluid reaches the mitochondria-rich proximal tubule, which opens into the Henle 

loop. There the filtered low-molecular substances such as glucose and smaller proteins are 

reabsorbed. This is where freely filterable glucose is completely reabsorbed through active 

transport processes. The collecting ducts transport the secondary urine into the renal pelvis. 

From there, it reaches the bladder, where the urine is moved forwards by peristaltic contraction 

waves (2 - 6 /min) and is finally released via the urethra1. 
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Figure 1: Kidney anatomy 
The kidney is a paired bean-shaped endocrine organ that is responsible for the filtration, reabsorption, and 
concentration of urine, as well as for the production of renin and erythropoietin. From the outside, the kidney is 
surrounded by a stretchable connective tissue envelope, capsula fibrosa renis. Each kidney consists of renal lobes, 
which are divided into the medulla renalis and the cortex renalis (A). The medulla is pyramid-shaped, with the renal 
calyces of the entire pyramid forming the renal pelvis, renal pelvis. The cortex is approximately one cm thick strip 
above and between the pyramids (A). The kidney tissue consists of small filter units, the nephrons (B). The nephron 
is the smallest unit of the kidney and consists of the renal corpuscle and the renal tubular system. Whereby the 
renal corpuscle contains the glomerulus and a collection of capillaries enclosed by Bowman's capsule. The renal 
tubule can be subdivided from proximal to distal. The straight section between the two, together with the loop of 
Henle, is known as the intermediate tubule.  The distal tubule opens into the collecting tubule from the uterine bud. 
The figure was created and edited with the BioRender Template “Kidney Anatomy”7.  
 

1.2 Development of the nephron 
 
The functional unit of the kidney is the nephron, which develops from the progenitor stem cells 

induced by Wnt signaling 8. The development of the mammalian kidney resembles relics of 

evolution. Initially, embryos have two transitional kidneys, the pro- and mesonephron, from 

which the adult kidney of the metanephros eventually develops after a spatial and temporal 

sequence9.  

The first stages of kidney development are part of the reproductive system in that the kidney 

begins with the sprouting of the ureteral bud from the ductus pronephricus. Primitive kidney 



 

1 Introduction                                             25 

development is initiated by the expression of Pax-2 and Sim-1 in the intermediate mesoderm. 

As the ureteric bud grows into the metanephrogenic mesenchyme, it begins with branching 

morphogenesis. Isolated mesenchymal cells aggregate at the newly formed branches and 

begin a transformation from mesenchyme to epithelium, while other mesenchymal cells form 

the interstitial stroma. Both tissue types are descendants of the interstitial mesoderm of a 

narrow cell population that lies between the paraxial and lateral plate mesoderm and 

specializes during gastrulation. Development takes place sequentially in the metanephric 

blastema. The onset starts when the epithelial forms the ureteric bud at its extreme caudal 

end. The nephron progenitor cells express various signaling factors that play an important role 

during kidney development. These factors are: Eya1, Cited1, Hox11, Osr1, Pax2, Sall1, Six1, 

Six2 and WT110–16. The deletion of each of these factors leads to defective kidney development 

in the mammalian kidney. 

Subsequently, the ureteric bud invades the predetermined renal mesenchyme, begins to 

branch, and initiates nephrogenesis. The nephron develops through the mesenchymal-

epithelial transition (MET) and morphogenesis, which is activated via the non-canonical WNT 

signalling pathway via WNT4. The migration of endothelial cells into the developing glomerulus 

is essential for the attachment of a functional nephron. The development of a second kidney 

is triggered by the caudal elongation of the epithelial Wolffian duct (WD), which leads to the 

formation of the mesonephros (MN). In aquatic vertebrates, the MN serves as the main 

excretory organ, whereas in reptiles, birds and mammals it is only a transient organ. Although 

the MN is only transiently present during kidney formation in mammals, it is crucial for the 

development of other organs derived from the urogenital system such as gonads, adrenal 

glands and also for hematopoiesis17. The WD finally forms the ureteric bud, which induces 

nephron formation in the neighboring metanephric mesenchyme by induced signals. When the 

mesenchyme receives signals from the ureteric bud, it can undergo two independent fates. 

One is the pathway of self-renewal to maintain the progenitor pool and the other is the initiation 

of MET, leading to the formation of the segmented nephron14.  

 

1.3 Glomerulus of the kidney 
 
The nephrons of mammals have at least 16 different highly specialized epithelial cell types. 

The interaction of epithelial cells, endothelial cells, immune cells, and interstitial cell types is 

essential for kidney function and, above all, for maintaining the internal environment18,19. the 
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system is divided into distal and proximal systems. There are also spatial differences between 

the medulla and cortex. There are further differences in the interstitial sodium and urea 

concentrations, which are essential for water homeostasis. The hypoxic conditions present can 

only be survived by specialized epithelial and immune cells20. The glomerulus, the filtering unit 

of the kidney, is a specialized bundle of capillaries uniquely located between two resistance 

vessels. 

Blood from the glomerular capillaries is collected in the efferent arterioles, which in turn divide 

to form the second capillary bed, the peritubular capillaries. This second capillary system has 

a low hydrostatic pressure and is responsible for returning the reabsorbed fluid and electrolytes 

to the circulation.  

These capillaries are each located within Bowman's capsule and are the only capillary beds in 

the body that are not surrounded by interstitial tissue. Therefore, a unique support structure is 

required. The proximal component layer of the glomerular filter itself is a fenestrated 

endothelium characterized by the presence of individual fenestrae in the order of 70-100 nm 

in diameter. These cells envelop the luminal aspect of the capillary and enable filtration. The 

second layer of the filter, the glomerular basement membrane (GBM), is a complex meshwork 

of extracellular proteins, including collagen type IV, laminins, fibronectins, and proteoglycans. 

The distal layer of the glomerular filter consists of the visceral epithelial cells, named 

podocytes.  

These highly differentiated and specialized cells adhere to the outer surface of the glomerular 

capillaries and extend into the urethra of Bowman's capsule. They contributing to the formation 

of the filtration slit diaphragm and serve as a support to maintain the integrity of the free-

standing capillary loops. They have a large cell body from which numerous foot processes 

taper around the glomerular capillaries. Neighboring podocytes thus form lamellipodia-like foot 

processes, between which an interdigital unique cell-cell contact is formed. At the same time, 

the podocytes ensure the size selectivity of glomerular filtration: the slit diaphragm. These foot 

processes are separated from each other by 30 - 40 nm wide filtration slits and covered by a 

thin, electron-dense membrane, the slit diaphragm21. The podocyte slit membrane expresses 

several characteristic molecules like the "tight junction"-associated molecule zonula 

occludens-1 (ZO-1) at the cytoplasmic side of slit membranes, which is co-localized with  P-

cadherin, α-, β- and γ-catenin22,23. In addition to P-cadherin, there are three other 

transmembrane molecules with large extracellular domains in the zipper-like structure of the 

slit diaphragm. These are the cadherin-like molecule FAT, the protein Neph-1 and Nephrin 

(NPHS1)24–26.  
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Near to the extracellular proteins of the slit membrane is the hairpin-like transmembrane 

protein NPHS2 with two cytoplasmic ends, which is expressed within the glomerulus only in 

podocytes27. The CD2-associated protein (CD2AP) is localized in the cytoplasm within the 

podocyte foot processes on the side of the slit membrane and anchors NPHS1 and NPHS2 to 

the F-actin of the cells28. An interaction between Podocin (NPHS2) and NPHS1, Neph1, and 

CD2AP has already been demonstrated29,30. This highly conserved complex, through which 

podocytes are connected to cell-cell contacts, controls podocyte function and maintains an 

internal support network21,28.  

The morphology of podocytes, which form the filtration slits with their primary and secondary 

foot processes, can only be maintained by a mature internal support network. 

Actin forms the basis of the cytoskeleton in the secondary foot processes of the podocyte, 

while the cytoskeleton of the cell body and the primary processes are based on microtubules 

and intermediate filaments31. The secondary foot processes have a cytoskeleton based on 

microfilaments. This contractile apparatus consists mainly of F-actin, Myosin-II, Alpha-actinin-

4 (ACTN4), talin, and vinculin. ACTN4 is one of four highly homologous alpha-actinin proteins 

that form "head-to-tail" homodimers, which are ubiquitously expressed32. In non-muscular 

cells, ACTN4 is involved in the organization of the cortical cytoskeleton and localizes to stress 

fibers and focal contacts, where it interacts with several cytoskeletal and membrane-

associated molecules.  Other proteins such as synaptopodin (SYNPO) and podocalyxin-like 

protein (PODXL) are key maker of differentiated podocytes33–35. 

A third cell type, the mesangial cells, also contributes to the integrity of the glomerular tuft and 

the dynamics of filtration. Taken together, this elegant structure enables the formation of the 

primary glomerular filtrate, which enters a space delimited by the visceral and parietal epithelial 

cells before being altered during transport through the tubule. 

1.4 Renin-angiotensin-aldosterone system 
 

Glomerular diseases are subject to a slow and asymptomatic progression over many years. 

This leads to serious health problems such as hypertension, nephrotic syndrome, acute kidney 

disease, chronic kidney disease or kidney failure. Kidney failure can lead in some cases to 

confusion and death if not treated immediately36. 

The renin-angiotensin-aldosterone system (RAAS) is a bioenzymatic cascade that influences 

the systemic and localized physiological processes. One major systemic role of RAAS is blood 
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pressure regulation, primarily achieved by increasing peripheral vascular resistance, 

enhancing cardiac contractility, promoting water and sodium reabsorption, and stimulating 

aldosterone secretion. Additionally, RAAS facilitates catecholamine release from sympathetic 

nerve terminals, thus contributing further to blood pressure control1. 

The RAAS activation is typically triggered by a reduction in renal perfusion, blood pressure, or 

sodium levels, which are detected by specialized sensors in the kidneys. According to Guyton 

and Hall, “the juxtaglomerular cells of the kidney release renin in response to decreased 

arterial pressure or sympathetic nervous system stimulation”37. This release marks the first 

step in a cascade that significantly impacts cardiovascular and renal function. Renin, an 

enzyme secreted into the bloodstream, catalyzes the conversion of angiotensinogen, a liver-

derived protein, into angiotensin I. This relatively inactive precursor is subsequently converted 

into angiotensin II (ANG II) by angiotensin-converting enzyme (ACE), primarily in the lungs. 

The ANG II sequence—Asp-Arg-Val-Tyr-Ile-His-Pro-Phe—is conserved across many 

mammalian species like humans, horses, and pigs. Notably, ANG II can also be synthesized 

independently of renin through alternate pathways involving tissue plasminogen activators (t-

PA), cathepsin G, tonin38,39, and the enzyme chymase, which cleaves angiotensin I directly 

into ANG II, accounting for about 40% of the renal ANG II production40. 

Angiotensin II, an octapeptide, plays a pivotal role in the RAAS pathway, acting as a potent 

vasoconstrictor and promoting the release of aldosterone from the adrenal cortex. As Hall and 

Guyton note, “Angiotensin II directly increases blood pressure by constricting blood vessels 

and indirectly through stimulating aldosterone secretion”1. Aldosterone enhances sodium and 

water reabsorption in the distal nephron, leading to an increase in blood volume and pressure. 

Additionally, angiotensin II stimulates antidiuretic hormone (ADH) secretion from the posterior 

pituitary, which further promotes water reabsorption in the kidneys. Collectively, these 

mechanisms work to restore hemodynamic stability. However, this adaptive response can 

have detrimental effects if chronically activated. 

Prolonged RAAS activation, often seen in conditions such as hypertension, heart failure, and 

chronic kidney disease, leads to pathological consequences. Angiotensin II not only 

perpetuates high blood pressure but also promotes cardiac remodeling and fibrosis, as 

described by Schmieder et al.41, who highlight that “sustained RAAS activation accelerates 

organ damage through pro-inflammatory and pro-fibrotic pathways.” In the kidney, elevated 

intraglomerular pressure due to angiotensin II-mediated efferent arteriole constriction 

contributes to podocyte injury and proteinuria. 

 



 

1 Introduction                                             29  

 

 

ANG II interacts with two primary receptor subtypes: AT1 (AGTR1) and AT2 (AGTR2). Beyond 

the systemic RAAS effects, localized RAAS is present in various organs42, including the kidney, 

where ANG II concentrations can reach up to 1000 times higher than in the general 

circulation39,43. Both AGTR1 and AGTR2 receptors in the kidney play essential roles in 

regulating renal hemodynamics, tubular function, cellular growth, and matrix production 

(Figure 2)43.  

So far, physiological and pathological effects have been reported to be mainly mediated via 

AGTR1 receptors. Within the kidney, AGTR1 receptors are found in glomerular mesangial 

cells, proximal and distal tubular epithelial cells, medullary interstitial cells, and renal 

vasculature38,43,44. Renal AGTR1 activation induces vasoconstriction, sodium reabsorption, 

protein synthesis, and cellular growth, all of which are key to angiotensin II-mediated 

responses (Figure 2)43,45. AGTR2 receptors are critical in fetal development, where they are 

highly expressed; however, their expression declines after birth and remains limited in adult 

tissues such as the brain, heart, and reproductive organs46–48. 

In adult humans, AGTR2 receptors are found in the vasculature, glomeruli, juxtaglomerular 

apparatus, renal tubules, afferent arterioles, and the renal capsule43. Although their precise 

function is not fully understood, AGTR2 receptors are believed to play roles in regulating renal 

hemodynamics and tubular functions, may promote vasodilation and kidney function (Figure 

2)49. 

Pharmacological interventions, including ACE inhibitors, angiotensin receptor blockers 

(ARBs), and aldosterone antagonists, have proven effective in mitigating these effects. By 

interrupting the RAAS pathway, these agents reduce blood pressure, decrease proteinuria, 

and slow the progression of kidney and cardiovascular disease. As targeting the RAAS is a 

cornerstone in the management of cardiovascular and renal pathologies. In summary (Figure 

2), the RAAS is vital for maintaining blood pressure and fluid balance during acute stress, but 

its chronic overactivation can lead to significant harm. Understanding the interplay between its 

physiological and pathological roles underscores the importance of targeted therapies in 

mitigating its long-term effects. 

1.4.1 Angiotensin II receptor antagonists 
 
Persistent activation of the RAAS is a key factor in the pathogenesis of podocyte injury, leading 

to proteinuria, a primary indicator of filtration barrier failure. Proteinuria, often resulting from 

podocyte injury, significantly predicts disease progression and renal outcomes in glomerular 
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diseases50,51. ANG II, a major effector of RAAS, triggers the downregulation of ACTN4 and 

reduces focal adhesion expression in podocytes. This leads to F-actin restructuring and 

redistribution of ZO-1 in cultured podocytes, destabilizing the actin cytoskeleton52. 

With prolonged RAAS activation, ANG II promotes a shift in podocyte phenotype from stable 

to migratory, resulting in increased actin cytoskeletal turnover. This shift can eventually deplete 

podocytes, contributing to focal segmental glomerulosclerosis53. Clinical studies support the 

benefits of RAAS blockade in reducing proteinuria, whether through ACE inhibitors or AGTR1 

antagonists51,54. Angiotensin II receptor blockers (ARBs) generally have fewer side effects than 

other antihypertensive medications, including dizziness or light-headedness, headache, and 

fatigue. 

The 1990s saw the development of losartan, the first orally active, nonpeptide ARB. Since 

then, other ARBs—such as valsartan, eprosartan, and olmesartan—have been synthesized55. 

Unlike ACE inhibitors, ARBs prevent ANG II from binding to AGTR1 without affecting 

bradykinin and substance P degradation. However, AGTR1 inhibition interrupts negative 

feedback, leading to increased renin secretion and ANG II synthesis. Consequently, elevated 

ANG II may activate AGTR2 or other receptors, modulating effects on the kidney and other 

tissues45,56,57. 

Losartan is widely used to treat glomerular diseases linked to podocyte damage, such as focal 

segmental glomerulosclerosis. However, its precise signaling mechanisms in these contexts 

remain partially speculative58. 
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Figure 2: Renin-angiotensin-aldosterone system 
The renin-angiotensin-aldosterone system (RAAS) is crucial for regulating fluid balance, electrolytes, and blood 
pressure. Renin, an enzyme primarily produced by the juxtaglomerular cells of the kidney, is secreted when renal 
blood flow drops below 70 mmHg. Renin's role is to convert angiotensinogen into angiotensin I, which is then 
transformed into angiotensin II (ANG II) by the angiotensin-converting enzyme (ACE), mainly produced in the 
endothelial cells of the lungs. Angiotensin II acts through angiotensin receptors, type 1 and 2 (AGTR1/2), to 
influence various processes such as regulating renal hemodynamics, tubular function, cellular growth, and matrix 
production. By binding to AGTR1, ANG II causes vasoconstriction, cell division, cytoskeleton disruption, metal ion 
transport and regulates the hormone level. By binding to AGTR2, it causes vasodilation, cell differentiation, renin 
secretion, extracellular matrix organization, and oxytocin signalling pathway. Clinical studies support the benefits 
of RAAS blockade in reducing high blood pressure, whether through ACE inhibitors or AGTR1 antagonists, e.g. 
losartan. Created and edited the biorender template „Renin-Angiotensin System“,https://BioRender.com. 

1.5 Kidney diseases 

1.5.1 Acute kidney injury 
 
Acute kidney injury (AKI) is a kidney disease with a poor clinical outcome. According to the 

International Society of Nephrology (ISN), around 13 million people worldwide suffer AKI every 

year, with around 85% of cases occurring in low- and middle-income countries59. The mortality 

rate is high, with an estimated 1.7 million deaths annually. The ISN describes AKI as “a global 

health crisis that disproportionately affects the most vulnerable in society”59. It is associated  
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with increased morbidity and mortality up to 50% even in patients requiring dialysis, and is also 

linked to prolonged hospitalization60–64. 

It is characterized by an abrupt (within hours or weeks) deterioration in kidney function, which 

can be caused by reduced renal perfusion (prerenal failure), direct structural damage to the 

nephrons (intrarenal) or drainage disorders (postrenal)65. 

 

According to studies, even minor injuries or impairment of kidney function can lead to serious 

consequences, such as changes in serum creatinine (sCr) and/or urine output (UO)66. Based 

on this, the diagnosis is made according to the kidney disease Improving Global Outcome 

(KDIGO) criteria67. This measures both the creatinine increase and the reduced urine 

excretion.  The reference value is an increase in serum creatinine of ≥0.3 mg/dL (26.5 μmol/L) 

within 48 h or an increase in serum creatinine of ≥1.5 times or new reduction in urine volume 

to <0.5 mL/kgKG/h over 6 h. 

 

Intrinsic acute kidney injury is a serious kidney disease, refers to a form of acute kidney injury 

resulting from direct damage to the kidney tissue itself66. This distinguishes it from prerenal 

AKI (caused by insufficient blood flow to the kidneys) or postrenal AKI (caused by obstruction 

of the urinary tract). Intrinsic AKI is a significant subset of AKI cases, particularly in hospitalized 

or critically ill patients66. 

The pre- and postrenal AKI is the result of extrarenal disease leading to a reduced glomerular 

filtration rate (GFR).  

However, in persistent conditions, cellular damage can also develop and progress to intrinsic 

renal disease66. At the same time, the risk of chronic kidney disease (CKD) increases. After 

AKI, renal function continues to deteriorate in some patients. In a proinflammatory and 

profibrotic environment, the proximal tubules undergo maladaptive repair. In the transition from 

AKI to CKD, impaired recovery from AKI leads to a reduction in tubular and glomerular filtration 

and thus to CKD. Pre-existing CKD is also one of the most important risk factors for AKI, with 

an increased risk of more than tenfold68.  

Other risk factors for AKI include patient-related factors such as advanced age, pre-existing 

chronic organ failure (especially kidney, heart, or liver failure), cancer, or autoimmune 

diseases, as well as the etiology of AKI59,69–71.   

 

At the cellular level aberrant expression of proteins such as NGAL, which is known as a typical 

marker for tubular damage, are associated with AKI72. Nowadays NGAL has been proposed  
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as an AKI biomarker, as it has already been highly expressed in patients who progressed 

rapidly to end-stage renal failure73. 

In addition, other cellular and molecular targets play an essential role in the pathogenesis of 

AKI. Among them is p21 induction in AKI, which can be induced by p53-dependent and p53-

independent mechanisms74,75. In this context, in AKI p53 has been reported to induce the DNA 

damage response mediated by ATR/Chk276,77 or p53 can trigger tubular cell death in AKI74,78. 

AKI in humans is acknowledged to be multifactorial and is associated with other major risk 

factors including advanced age, sepsis, diabetes, cardiovascular diseases, and the use of 

nephrotoxic agents79. These interrelated factors often exacerbate kidney damage and 

complicate recovery, underscoring the need for a comprehensive approach to prevention and 

management. This requires new therapeutic approaches targeting molecular pathways80. 

1.5.2 Chronic kidney disease 
 
Chronic kidney disease, which describes the change in the level of pathological functionality 

or structure of the kidney over at least three months, is a widespread disease worldwide.  It 

leads to a progressive, usually irreversible decline in excretory and incretory kidney function 

and can consequently lead to terminal kidney failure. By 2022, more than 10% of the global 

population will be affected, i.e. more than 800 million people81. CKD is one of the most common 

causes of death worldwide82,83 

The early stages are usually asymptomatic over time and symptoms arise when the final 

stages are reached. In 2019, a standardized nomenclature was developed by the National 

Kidney Foundation Kidney Disease Outcomes Quality Initiative84 and the international 

guideline group Kidney Disease Improving Global Outcomes (KIDIGO)85. 

The classification of CKD is based on estimated glomerular filtration rate (eGFR) and 

albuminuria (Figure 3). The glomerular filtration rate (GFR) is a key measure of kidney function. 

It estimates how much blood is filtered by the glomeruli in the kidneys per minute, reflecting 

the kidneys' ability to remove waste, toxins, and excess fluids from the blood86. GFR is 

essential in diagnosing, staging, and managing kidney diseases, particularly ´CKD. Normal 

GFR in healthy adults is approximately 90–120 mL/min/1.73 m²86. 

Albuminuria refers to the presence of albumin, a type of protein, in the urine. It is a key indicator 

of kidney damage or dysfunction and is often associated with CKD and other systemic 

conditions such as diabetes and hypertension87. Normal albumin excretion is less than 30 

mg/day or 30 mg/g creatinine87. 
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Based on the GFR, kidney disease can be categorized into five stages of severity (G1 - G5). 

Stage 1 describes an eGFR of more than 90 mL/min per 1.73 m2 for more than three months. 

Normal renal function is usually present. An eGFR in the range between 60 - 89 mL/min per 

1.73 m2 is associated with reduced renal impairment. Patients with stage 3a -3b have moderate 

functional impairment, with an eGFR of 45 - 59 mL/min per 1.73 m2.  An eGFR of 15 - 29 and 

< 15 is referred to as stage 4-5, where there is severe functional impairment or even chronic 

kidney failure. 

Classifications in view of albuminuria are additionally combined with the creatinine value and 

are divided into three stages (A1 - A3). In stage 1, the albuminuria is < 30 mg/day with a 

creatinine rate of < 3 mg/mmol. The values are normal to slightly elevated.  

Albuminuria values of 30 to 300 mg/day with a creatinine rate of 3 to 30 mg/mmol classify 

patients in stage 2. Patients in stage 3 have values of >300 mg/day albuminuria and >30 

mg/mmol creatinine rate. The classification according to GFR and albuminuria is summarized 

together with the underlying disease in the CGA classification. C stands for ‘cause’, G for the 

GFR category (G1 - G5), and A for the albuminuria category (A1 - A3). 
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Figure 3: Chronic kidney disease criteria 
The chronic kidney disease (CKD) has been standardized and developed by the National Kidney Foundation Kidney 
Disease Outcomes Quality Initiative84and the international guideline group Kidney Disease Improving Global 
Outcomes (KIDIGO)85. Classification as CKD is assessed based on the estimated glomerular filtration rate (eGFR)  
and albuminuria. The GFR is divided into G1 - G5 and the albuminuria into A1 - A3. Boxes marked in green indicate 
a low risk, which does not lead to CKD due to any other kidney diseases.  Yellow indicates a moderate risk of CKD, 
whereas orange indicates an increased risk. Red boxes describe a very high risk. The figure was adopted from 
Stevens et al.88. 
 
In addition to the etiology of CKD, several molecular mechanisms are involved, including 

oxidative stress and inflammation , which contribute to the progression of renal injury and the 

development of end-stage renal disease89. Studies have described several uraemic toxins that 

are associated with increased oxidative stress in CKD and the associated deterioration in renal 

function89. These include indoxyl sulphate, which accumulates in the serum of CKD patients. 

This mainly activates nicotinamide adenine dinucleotide phosphate oxidases such as NOX4. 

Resulting in the cellular production of superoxides. In addition, indoxyl sulphate increases the 

production of growth factor-beta1, tissue inhibitor of metalloproteinase-1, proalpha1(I) collagen 

and free radicals in vascular smooth muscle and vascular endothelium90,91. Inflammation also 

plays an important role. Interleukins are among the first immune responses and inflammatory 

effects92. Interleukins are currently used as a diagnostic indicator for all diseases.  For CKD, 

the focus is on IL-693. IL-194 and IL-2092,95,96. In addition, there are biomarkers associated with 

CKD that are both gender-specific and independent. The gender-specific markers are IL10 

and MME for male and CLU, RETN, AGER, EGFR and VEGFA for female97. The gender-

independent cytokine markers were APOA1, ANGPT2, C5, CFD, GH1, ICAM1, IGFBP2, IL8, 

KLK4, MMP9 and SPP197. 

Targeting genes that are aberrantly expressed in CKD are important for early detection and 

possible therapeutics98. 

1.6 Apolipoprotein L1-mediated kidney disease 
 
Apolipoprotein L1 (APOL1), encoded a protein that plays a central role in the innate immune 

response, in particularly in the killing of Trypanosoma parasites99. APOL1 is a member of the 

apolipoprotein L gene family and is primarily expressed in podocytes, endothelial cells, and 

various immune cell types100,101. 

APOL1 has received particular attention in recent years due to the discovery of two genetic 

variants - G1 and G2. The APOL1 risk variants G1 comprises two missense mutations 

(rs73885319 and rs60910145) and G2 (6 bp deletion, rs71785313) are widespread in sub-

Saharan Africa as they provide evolutionary protection against sleeping sickness 
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(Trypanosoma brucei rhodesiense)102–104.However, they also increase the risk of certain kidney 

diseases when two risk variants are present, including G1/G1, G1/G2 or G2/G2. Individual risk 

variants G1 or G2 are present in over 40-50% of the population in West Africa, particularly in 

Nigeria and Ghana105,106. 

Homozygous or combined carriers of G1/G1, G2/G2 or G1/G2, which approximately 13-15% 

of the West African population carry107, have a significant 10-30 times higher risk of developing 

diseases such as focal segmental glomerulosclerosis (FSGS)108, HIV-associated nephropathy 

(HIVAN)106 or CKD109. 

In comparison, the genetic variant G0/G0, which does not carry the risk-associated mutations 

is predominantly found in the European population. These strong differences in genotypes 

contribute significantly to ethnic disparities observed in the epidemiology of CKD102,103,109,110. 

Besides the epidemiological associations, the molecular mechanisms by which APOL1 risk 

variants lead to kidney damage is not yet fully understood. However, studies suggest that toxic 

effects on podocytes, resulting in foot process effacement and detachment, inflammatory 

reactions, cellular stress and disruption of mitochondrial function play a role111–118.  

Renal fibrosis is a defining feature of chronic kidney disease (CKD) and serves as a hallmark 

of disease progression, regardless of the underlying cause119. Fibrogenesis is initiated in 

response to chronic kidney damage; following renal injury, profibrotic factors are produced by 

injured tubular epithelial cells and infiltrating inflammatory cells that stimulate signaling events 

leading to extracellular matrix (ECM) production120–123. APOL1 risk variants are linked to 

accelerated fibrosis in the kidneys, contributing to the progression of kidney disease108,124,125. 

This has been shown in mouse models113,126,127. In a transgenic mouse model expressing the 

podocyte-specific APOL1-G2 risk variant (G2APOL1), these variants induced activation of 

STING and NLRP3 inflammasome pathway, triggered pronounced renal fibrosis, increased 

albuminuria and impaired renal function127. 

Given the high prevalence of risk variants in populations of African descent and the severity of 

associated kidney disease, there is growing interest in incorporating APOL1 genotyping into 

clinical practice, particularly in the context of kidney transplantation. Emerging evidence 

suggests that donor APOL1 genotype may influence allograft survival, leading to an ongoing 

debate about the role of genetic screening in donor selection and transplant outcomes118,128–

131.                                                                                                                                                                Understanding 

the pathophysiological links between APOL1 variants and CKD is therefore crucial for the 

development of new therapeutic strategies. This aimed at reducing disease risk in genetically 

predisposed individuals. Future research needs to further elucidate the cellular and molecular 
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pathways underlying APOL1-associated kidney damage to develop precision medicine 

approaches and reduce the global burden of kidney disease. 

1.6.1 Mechanisms of Interferon-γ and the JAK/STAT pathway 

Janus kinase 1 (JAK1) is a central member of the Janus kinase (JAK) family, which plays a 

key role in the signal transduction of numerous cytokines and growth factors via the JAK-STAT 

signaling pathway. This pathway is essential for regulating immune responses, inflammation, 

cell proliferation, and apoptosis132. In the context of CKD, JAK1-mediated signaling has 

emerged as a significant contributor to inflammation and fibrosis, two core mechanisms driving 

CKD progression133. 

Activation of the JAK-STAT pathway is initiated by the binding of interferon-γ (IFN-γ) to its 

receptor complex, composed of IFNGR1 and IFNGR2, which leads to receptor dimerization 

and subsequent transphosphorylation of the associated kinases JAK1 and JAK2134. As a 

result, the signal transducers STAT1, STAT2, and STAT3 are recruited and phosphorylated. 

These phosphorylated STATs dimerize, translocate into the nucleus, and bind to specific DNA 

sequences such as GAS or ISRE elements, thereby activating transcription of target genes 

including IRF-1, STAT1/2, and APOL1 (Figure 4)100,118,132,135,136. 

Persistent activation of this pathway promotes tubulointerstitial inflammation, fibrosis, 

glomerulosclerosis, and leads to the loss of functional nephrons. Particularly relevant in this 

context is the APOL1 gene, whose risk variants induce toxic gain-of-function activity, 

especially in podocytes, resulting in cellular injury114,118,137–139. Numerous studies have shown 

that APOL1 expression is upregulated by pro-inflammatory cytokines such as IFN-γ and TNF-

α, a process mediated directly through the JAK-STAT signaling cascade112,114,136,140–144. This 

makes targeted modulation of this pathway a promising therapeutic approach. 

Preclinical studies have demonstrated that JAK1 blockade can attenuate the inflammatory 

response and reduce renal fibrosis. In this context, baricitinib, an oral and selective JAK1/2 

inhibitor, has emerged as a promising candidate. Baricitinib specifically inhibits JAK1 and 

JAK2, leading to downstream suppression of inflammatory gene transcription, reduction of 

tissue damage, and decreased APOL1 expression in kidney cells. In experimental models, 

baricitinib has been shown to reduce APOL1-induced cytotoxicity and alleviate podocyte 

injury112,118,136,145. A Phase 2 trail of baricitinib in patients with protenuria APOL1-associated 
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FSGS or APOL1-associated HTN-CKD without diabetes where dialy treated with and without 

baricitinib146. This study demonstrated the antiproteinuric efficacy and safety of baricitinib in 

patients with APOL1-associated FSGS and APOL1-associated HTN-CKD146. 

Baricitinib is already approved for several inflammatory and autoimmune diseases, 

including rheumatoid arthritis147, atopic dermatitis148, and alopecia areata149. Its potential use 

is also being explored in chronic kidney diseases, particularly those with inflammatory or 

immune-mediated components, such as diabetic nephropathy. In an ongoing Phase II clinical 

trial involving type 2 diabetes with proteinuric kidney disease, baricitinib significantly reduced 

proteinuria over 24 weeks149. Also in a Phase III clincial trail for lupus nephritis, baricitinib 

showed a significant improve in disease activity150.  

Overall, baricitinib represents a promising therapeutic option, particularly for patients with 

a genetically determined high-risk profile, such as those with APOL1-associated 

nephropathies. The potential to slow disease progression through targeted JAK 

inhibition would represent a significant advancement in the treatment of this vulnerable patient 

population. 
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Figure 4: Interferon-γ signaling pathway. 
Interferon-γ binds to its heterodimeric receptor, composed of interferon gamma receptor 1 (IFNGR1) and interferon 
gamma receptor 2 (IFNGR2), inducing receptor dimerisation. This leads to the activation of the associated Janus 
kinases JAK1 and JAK2 via transphosphorylation. Subsequently, the signal transducers STAT1, STAT2, and 
STAT3 are recruited and phosphorylated. The phosphorylated STATs form dimers and translocate to the nucleus, 
where they bind to specific DNA elements such as gamma interferon activation site (GAS) or IFN-stimulated 
response element (ISRE) sequences, thereby promoting the transcription of target genes including Interferon 
Regulatory Factor 1 (IRF-1), STAT1/2, and Apolipoprotein L1 (APOL1). Baricitinib inhibits this upstream signaling 
by selectively blocking JAK1 and JAK2 activity, thereby suppressing STAT activation and downstream gene 
expression. Created in https://BioRender.com169 

1.7 Disease that leads to a magnesium deficiency 
 
Magnesium is an element from the alkaline earth group. It is an easily metabolizable light 

metal, which is a vital mineral for humans, animals, and plants. Humans cannot produce 

magnesium themselves and must ingest it with food to ensure that the body is adequately 

supplied. 

Magnesium is an important electrolyte for protein synthesis, the stability of nucleic acids, 

oxidative phosphorylation, intracellular anionic ligands, especially ATP, and neuromuscular 



 

1 Introduction                                             40 

excitability151,152. most magnesium within the body is found in bones, muscle cells, and soft 

tissues. Only Less than 1% of the organism's total magnesium is found in the blood153. The 

body contains of approximately 24 g of magnesium153, whereby the recommended dietary 

allowance (RDA) for magnesium varies by age and sex, with adult men requiring 400–420 

mg/day and adult women 310–320 mg/day to support essential physiological functions, 

including muscle and nerve function, bone health, and energy production154. 

The magnesium content of the body is controlled by intestinal absorption and renal excretion. 

Approximately 80% of the free serum magnesium is filtered in the glomeruli, with 95% being 

reabsorbed along the nephron. Whereas 15-20% is reabsorbed in the proximal tubules, 

approximately 70% in the loop of Henle, and 5-10% in the distal tubule. 

Magnesium deficiency, also known as hypomagnesemia, describes a serum magnesium 

concentration >2.6 mg/dl. Hypomagnesaemia is often asymptomatic. However, it is 

accompanied by several symptoms including abdominal pain, nausea, lethargy, weakness, 

increased neuromuscular excitability, e.g. muscle cramps, and cardiac manifestations. In 

addition, magnesium deficiency can lead to hypokalemia due to increased sodium excretion 

in the loop of Henle and the collecting duct155.  

Magnesium deficiency is symptomatic for several diseases, including Gitelman syndrome  

(GS)156 and Bartter's syndrome (BS)157. Furthermore, many therapies have been reported to 

cause an increased loss of magnesium158. Subsequently, only the BS will be discussed further 

in this dissertation. 

1.7.1 Bartter syndrome 
 

In 1962, Dr. Frederic Bartter and colleagues first described Bartter syndrome (BS), an 

autosomal-recessive inherited disorder (Figure 5A)157. 

They identified this condition after observing a group of patients who presented with specific 

clinical features, including Hypokalemia, Growth retardation, metabolic alkalosis, normal to low 

blood pressure and increased renin and aldosterone levels. Bartter and his colleagues found 

that these symptoms were caused by an inherited defect in the kidney’s ability to reabsorb salt, 

specifically in the thick ascending limb (TAL) of the loop of Henle. 

Nowadays Bartter syndrome describes a plethora of subtypes, each associated with mutations 

in specific genes that affect ion channels or transporters involved in electrolyte reabsorption 

within the TAL. These genetic differences contribute to variability in severity and symptom 
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presentation. The Bartter syndrome typically manifests in the early years, often within the first 

year of life159. Multidisciplinary management involving nephrologists, dietitians, and primary  

care physicians is essential for addressing the complex care needs of affected individuals. 

Regular monitoring and tailored treatment strategies are vital to mitigating complications 

associated with electrolyte imbalances. 

Treatment usually focuses on electrolyte supplementation, potassium-sparing diuretics, and in 

some cases, non-steroidal anti-inflammatory drugs (NSAIDs) to help reduce kidney 

prostaglandin production and slow down electrolyte losses157,160.  

BS is a polygenic disease caused by homozygous or mixed heterozygous mutations in one of 

the following genes: SLC12A1, KCNJ1, CLCNKB, BSND or CASR (Figure 5B). 

The five different subtypes of Bartter syndrome illustrate the diverse genetic and phenotypic 

expressions of the disorder, which are expressed in the tubular epithelial cells of the TAL. 

Type I BS is characterized by loss-of-function mutations within the SLC12A1 gene. It presents 

in the infancy or early childhood and is the most common form of the BS. The SLC12A1 codes 

for the apical sodium-potassium-chloride co-transporter NKCC2. Type II of BS is caused by 

loss-of-function mutations in the KCNJ1 gene. It codes for the apical inwardly rectifying 

potassium channel ROMK. BS type III, also known as classic Bartter syndrome, is caused by 

mutations in the CLCNKB gene, which codes for the basolateral chloride channel- ClC-Kb. 

Distinct variants of chloride channels are present in most organs but CLCNKB affected here is 

found exclusively in the kidney, so the clinical manifestation of a mutation in this channel is 

only seen in the kidney161. 

Bartter syndrome with sensorineural hearing loss (hyperprostaglandin E syndrome), or BS 

type IVa, is caused by loss-of-function mutations in the BSND gene, which encodes Barttin, a 

β-subunit for ClC-Ka and ClC-Kb. Parallel to BS type IVa, simultaneous mutations in CIC-Ka 

and CIC-Kb are present in type IVb. Bartter syndrome type V with hypocalcemia is also known 

as autosomal dominant hypoparathyroidism. This is characterized by gain-of-function 

mutations in the Ca2+-sensing receptor-CASR, which codes for the basolateral calcium 

receptor CASR. 

Bartter syndrome is an inherited disorder of the renal tubules caused by impaired salt 

reabsorption. It leads to several electrolyte abnormalities including low potassium and chloride, 

salt wasting, hypokalemia, and metabolic alkalosis162,163.  

Previously BS patients were classified based on age, the presence of hypercalciuria, 

polyhydramnios or growth retardation, and severity. Based on differences in the metabolism  
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of divalent cations, BS can be distinguished by laboratory measurements which include urinary 

Ca2+- excretion, Ca2+/Creatinine, and serum Mg161. 

Due to the rare nature of the syndrome, there is only limited clinical information on treatment. 

Therapeutically, BS patients urgently need sufficient fluid and electrolyte replacement.  For 

newborns, it is important to control the risk of pre-renal failure due to imbalances in fluid 

homeostasis. The classic pharmacological therapy for BS patients include the administration 

of potassium chloride, prostaglandin inhibitors (indomethacin), and aldosterone antagonists 

(spironolactone)164,165.  

The symptoms of BS patients are initially treated with the help of potassium supplementation. 

Also, potassium-sparing diuretics such as spironolactone, eplerenone, or amiloride are often 

prescribed. According to the literature, these diuretics lead to reduced aldosterone levels, 

which subsequently increases serum potassium and hence counteracting metabolic alkalosis. 

In cases of persistent hypokalemia and or other side-effects of medications, potassium-sparing 

diuretics, renin-angiotensin system blockers, or NSAIDs are also prescribed. Combinations of 

these medications are also recommended in certain cases160,166,167.  

Angiotensin-converting enzyme inhibitors (ACE inhibitors) are used to correct low K+ levels or 

to counteract proteinuria167,168. 

 

 
 
Figure 5: Bartter syndrome 
Bartter syndrome is a relatively rare renal salt wasting syndrome caused by an autosomal recessive inherited defect 
in tubular transport proteins SLC12A1, KCNJ1, CLCNKB, BSND or CASR (A and B). BS Type I is characterized by 
loss-of-function mutations within the SLC12A1 gene. Type II is caused by loss-of-function mutations in the KCNJ1 
gene. BS Type III caused by mutations in the CLCNKB gene, which codes for the basolateral chloride channel- 
ClC-Kb. The Type IV is divided into Type IVa and IVb. BS type IVa is caused by loss-of-function mutations in the 
BSND gene, where type IVb has, simultaneous mutations in CIC-Ka and CIC-Kb. The last Type of BS This is 
characterized by gain-of-function mutations in the Ca2+-sensing receptor-CASR, which codes for the basolateral 

A 
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calcium receptor CASR. The Figure was adopted and added by the Licensee MDPI, Basel, Switzerland. Created 
in https://BioRender.com169. 

1.8 Aging 
 
The aging process is a complex biological and social process that is influenced by a variety of 

factors. Biologically, aging is characterised by the gradual deterioration of cell function, which 

is associated with loss of homeostasis and increased susceptibility to disease170. Aging 

research has identified several key mechanisms that drive the ageing process, the so-called 

Hallmarks of Aging170. These twelve hallmarks include genomic instability, telomere attrition, 

epigenetic changes, loss of proteostasis, impaired macroautophagy, impaired nutrient 

recognition, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered 

intercellular communication, chronic inflammation and dysbiosis170–172. Telomeres, the 

protective caps at the ends of chromosomes, play a central role: their shortening during cell 

division limits the ability of cells to divide, which is known as the Hayflick limit173. A normal, 

somatic cell can only divide a certain number of times before it stops dividing and enters a 

state called senescence. This limit is named after the scientist Leonard Hayflick, who first 

described it in 1961173. The Hayflick limit is the maximum number of divisions a normal somatic 

cell can undergo before it stops dividing and enters senescence, largely due to telomere 

shortening. This phenomenon plays a role in aging and cancer prevention but also highlights 

the potential risks of uncontrolled cell proliferation in diseases like cancer173,174. 

This process helps prevent the chromosome ends from being recognized as natural breaks, 

thereby avoiding the activation of DNA damage checkpoints. Telomeric shelterin proteins play 

a key role here, preventing DNA damage response pathways and ensuring chromosome 

stability by inhibiting inappropriate DNA fusion. 

Oxidative stress is also a decisive factor in the aging process. This is caused by the 

accumulation of reactive oxygen species (ROS), which cause cellular damage and impair the 

function of mitochondria. However, recent studies emphasize that oxidative damage is not the 

sole cause of aging, but must be considered as part of a network of interactions175.  

SIRT1 (Sirtuin 1) is a NAD-dependent enzyme from the group of deacetylases, which plays a 

crucial role in aging by regulating cellular processes that influence longevity, stress resistance, 

and metabolic homeostasis. SIRT1 enhances DNA repair mechanisms and helps maintain 

genomic stability, which is critical for slowing the aging process176,177. For example, it 

deacetylates proteins involved in DNA repair, such as Ku70 and TP53, reducing DNA damage 

accumulation178,179. The SIRT1 expression goes down by age, which could already shown in 
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UdRPCs from our lab180. The expression and activity of SIRT1 can also be influenced by sex-

specific factors, with studies suggesting that there are differences in how males and females 

regulate and utilize SIRT1. Sex-specific regulatory effects of SIRT1, show that estrogen in 

females181 and testosterone in male mices182 both play significant roles in modulating SIRT1 

expression, thereby influencing aging, metabolic health, and longevity. Estradiol, a potent form 

of estrogen, activates SIRT1 through its interaction with estrogen receptors, leading to 

increased NAD⁺ levels and enhanced SIRT1 activity, which has beneficial effects on several 

tissues involved in aging183. Testosterone also plays a role in modulating SIRT1 expression, 

though its effects are less well-studied compared to estradiol184. These sex differences can be 

linked to various hormonal, genetic, and physiological factors.  

1.9 Induced pluripotent stem cell 
 
The discovery of induced pluripotent stem cells (iPSC) by Takahashi and Yamanaka was 

based on the retroviral introduction of four key transcription factors: OCT4, SOX2, KLF4 and 

c-MYC, known as Yamanaka factors185.  

These proteins play a central role in the reprogramming of somatic cells to a pluripotent state. 

This process involves profound changes at the molecular level that restructure the epigenetic 

and transcriptional network of cells. Epigenetic modifications, such as DNA methylation and 

chromatin remodeling, are crucial for the establishment and maintenance of the pluripotent 

state. In differentiated cells, the promoter region of genes that mediate pluripotency (e.g. OCT4 

and NANOG) is strongly methylated and therefore inactive. During reprogramming, the 

Yamanaka factors remove these epigenetic barriers. These include DNA demethylation and 

histone modification.  Studies have shown that TET1 (ten-eleven translocation enzyme 1) is 

regulated by OCT4 and plays a key role in the activation of pluripotency genes186. During 

reprogramming, the chromatin of differentiation-specific genes is compacted by the activity of 

histone deacetylases (HDACs) and polycomb repressor complexes (PRCs). At the same time, 

pluripotency genes are activated by histone acetyltransferases (HATs) and the activity of 

trithorax group proteins that promote H3K4 methylation187. The Yamanaka factors initiate 

reprogramming by activating central regulators of the pluripotency network. OCT4 and SOX2 

form a heterodimeric complex that directly activates pluripotency genes. At the same time, 

they repress genes associated with cell differentiation185. OCT4 and SOX2 act synergistically 

on the promoter regions of NANOG and LIN28 to establish pluripotent identity. KLF4 supports 

reprogramming by activating anti-apoptotic genes, thereby increasing the survival rate of cells 
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during the stressful reprogramming process. In addition, KLF4 contributes to the loosening of 

chromatin and facilitates access to pluripotency genes188. C-MYC, an oncogene, promotes 

reprogramming through global chromatin openings and activation of metabolic pathways 

required for energy supply during cell remodeling. It increases the efficiency of reprogramming 

but carries an increased risk of tumor formation189. At the molecular level, iPSCs switch from 

an oxidative metabolism (characteristic of differentiated cells) to a glycolytic metabolism, which 

is typical of pluripotent stem cells. This is mediated by the upregulation of factors such as 

HIF1α and the reprogramming of mitochondrial dynamics190. This metabolic adaptation is 

crucial for supporting the energetic requirements of the reprogramming process. Finally, the 

generated cells possess properties typical of pluripotent embryonic stem cells. Characteristic 

properties include the unlimited capacity for self-renewal, the capacity to spontaneously 

generate into cell types of all three germ layers through the formation of embryoid bodies191, 

telomerase activity and the expression of specific surface markers of human embryonic stem 

cells (hESCs), including SSEA3/4, TRA-1-60, TRA-1-81 and alkaline phosphatase191,192.  

Another characteristic feature is the ability to form teratomas after transplantation, a 

phenomenon that has also been demonstrated in human iPSCs191. IPS cells are a 

revolutionary tool in modern biology and medicine. Their flexibility, versatility, and ethical 

advantages make them a central field of research with the potential to fundamentally transform 

healthcare. 

1.10 Immortalization of cell lines 
 
Human cells have a limited lifespan, which is manifested in cell culture by proliferation arrest173. 

There are various methods to make cells immortal or immortalized using this natural process, 

including through human telomerase or the SV40 polyomavirus. Furthermore, the 

reprogramming of iPSCs, as described in the preceding chapter, also constitutes a form of 

immortalization193. 

1.10.1 Immortalization with human telomerase 
Telomeres are repetitive nucleotide sequences (TTAGGG)_n, located at the ends of 

chromosomes that protect the chromosome from degradation, prevent fusion with neighboring 

chromosomes and help maintain genomic stability194. They play a critical role in the cell cycle, 

aging, and the development of diseases, particularly cancer. The telomerase plays a crucial 

role in maintaining the length of telomeres, the protective caps at the ends of chromosomes, 
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which naturally shorten with each cell division of normal somatic cells195,196. On cause for 

cellular senescence is telomere shortening. Due to the limitations of DNA polymerase in fully 

replicating linear DNA ends, telomeres progressively shorten with each replication cycle by 

approximately 50 base pairs per year because DNA polymerase cannot fully replicate the ends 

of chromosomes (the "end-replication problem")197,198. This state as already described in 

chapter 1.7, is called the Hayflick limit173.  

To overcome the Hayflick limit, cells can restore telomere length through the telomerase 

enzyme complex. Telomerase comprises multiple subunits, including the RNA component hTR 

(or TERC), which provides a template for new telomere synthesis, and the catalytic subunit 

hTERT, which drives telomere elongation199,200. The expression of hTERT mRNA correlates 

strongly with telomerase activity. Approximately 20 hTERT transcripts are necessary to 

generate between 100 and 500 active telomerase complexes201. 

Introducing hTERT into human cells has been linked to telomere lengthening, increased cell 

proliferation, and reduced rates of telomere shortening and senescence195.  

However, it should be noted that cells overexpressing hTERT have an increased likelihood of 

developing genomic instability, which can lead to chromosomal aberrations and 

aneuploidies202.  

Frequent cellular division is associated with an increased risk of DNA damage accumulation, 

which can disrupt genomic integrity and promote instability203. Furthermore, this can lead to 

changes in gene expression, such as cells with high amounts of DNA damage often showing 

a change in metabolism, leading to increased glycolysis, known as the Warburg effect204. 

Telomerase reactivation is also found in many cancers and a mechanism for oncogenic 

transformation. 

1.10.2 Immortalization with SV40 
For several decades, it is known that transfecting cells with the simian virus 40 (SV40) lead to 

cellular immortalization. Immortalization with SV40 a polyomavirus is a commonly used 

method for extending the lifespan of mammalian cells that can cause cells to bypass normal 

cellular senescence, allowing continuous proliferation. 

SV40-induced immortalization proceeds as a two-step model, as simian virus 40 large T 

antigen (SV40 LT) alone is not sufficient for immortalization205,206. The large T antigen is a 

crucial component in the virus's ability to replicate and is a well-studied oncoprotein in cancer 

research. Therefore, different SV40 sequences were used, such as an intact genome, using 
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constructs with an origin defect for human cells207 or cloned as individual cDNAs encoding for 

the whole genome208. 

 

In the first phase (lifespan extension), the cells proliferate for a limited number of population 

doublings beyond the point at which untreated cells can proliferate. 

This is mainly due to the ability of the large SV40-T antigen (LTAg) to bind to and inactivate 

the protein products of the TP53 and retinoblastoma genes (RB1)209,210. These two proteins 

normally restrict the cell cycle, preventing uncontrolled proliferation. Once the large T antigen 

binds to pRB-1, the transcription factor E2F-1 is released from pRB-1211. By inactivating p53 

and pRB1, the SV40 large T antigen prevents cells from undergoing cell cycle arrest or 

apoptosis, two major barriers to cellular immortalization.  

Especially, the inhibition of pRB1 has been linked to causing cells to proceed through the G1/S 

checkpoint, enabling DNA synthesis and cell cycle progression212. 

As already mentioned, the SV40 large T alone is not sufficient. Also, the small t-antigen (t) is 

required.  Both the SV40 large T-antigen (LT) and small t-antigen (t) are critical for inducing a 

transformation phenotype, which refers to the process by which normal cells are converted 

into cancerous cells. Together, these two viral proteins work synergistically to drive the 

transformation of host cells by disrupting key cellular mechanisms that regulate growth and 

prevent malignancy. 

The second phase (immortalization) only occurs in a small minority of cells, and cell 

hybridization analyses indicate that this is due to gene inactivation213.  

The genes involved are currently unknown, but chromosomal localization data are 

accumulating and should allow their cloning and characterization soon. 

Immortalized cell lines are widely used in cancer research, drug development, and basic 

studies of cellular mechanisms because the transformed cells largely maintain many of their 

original cell characteristics and allow for prolonged experimental study by retaining their 

proliferation capacity. As already described in section 1.9.1, this method also has 

disadvantages such as genomic instability, loss of differentiation capacity, metabolic changes, 

tumourigenicity, loss of cell-cell communication and altered stress response must also be 

checked in advance. 
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2 Aim of this work 

Formerly, disease modeling of the kidney has been extremely difficult due to the challenge of 

obtaining cells derived from the kidney.                                                                                       

Urine provides a non-invasive source of a variety of renal cells, which is a promising alternative 

to study the biology not only certain kidney diseases such as acute kidney injury, chronic 

kidney disease, APOL1-mediated disease, Bartter syndrome, High blood pressure, or sickle 

cell disease but also similarities between kidney and brain and emphasizes the need for further 

investigation to validate their therapeutic use in the future.  

So far, studies using podocytes and tubular cells usually require the isolation of those cells 

from the glomeruli214,215. Therefore, obtaining urine-derived progenitor cells, which can either 

be used to generate iPSCs or directly differentiated into the aforementioned cell types, 

provides a unique source to fuel this research. The loss of podocytes is considered crucial for 

the development of glomerulosclerosis. Damaging effects on podocytes lead to loss of 

structural integrity of actin filaments in their foot processes, resulting in loss of cytoskeletal 

stability and detachment of the foot processes from the glomerular basement membrane. In 

this context, the types of podocyte damage are extremely diverse.  

Depending on the amount of cell detachment, the foot processes of podocytes lose contact 

with the basement membrane and the podocytes are released into the Bowman's capsular 

space. Further, they are excreted with the urine216,217. The damage to the glomeruli is 

proportional to the degree of podocyte loss, whereby these play a significant role in the genesis 

of a large proportion of chronic kidney diseases53. 

Abnormalities in the glomerular filtration barrier can lead to the development of proteinuria, 

which is still reversible in the early stages but cannot be cured over time despite therapy217. 

Proteinuria is a generalized term and can range from albuminuria to massive nephrotic 

syndrome. Albuminuria is characteristic of both primary (idiopathic, kidney-limited), e.g. 

FSGS218 and secondary, associated with systemic diseases, e.g. diabetic nephropathy219 , 

proteinuric glomerulopathies and is characteristic of CKD. Consequently, albuminuria in 

patients with CKD is a predictor of end-stage renal disease progression and is associated with 

an increased risk of cardiovascular disease. 
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The RAAS plays a crucial role in blood pressure regulation and renal hemodynamics. 

Activation of the RAAS leads to vasoconstriction and sodium retention, which help maintain 

blood pressure during states of hypovolemia or hypotension. However, these adaptations can 

significantly alter renal blood flow and intraglomerular pressure, imposing osmotic and 

mechanical stress on podocytes. Persistent activation of the RAAS is fundamental to the 

pathogenesis of podocyte damage50,51. Podocytes, specialized epithelial cells forming the 

filtration barrier in the glomerulus, are particularly sensitive to such stress. Increased 

intraglomerular pressure stretches the glomerular basement membrane and places 

mechanical strain on podocytes, potentially disrupting their structure and function. Additionally, 

osmotic stress from altered solute concentrations in the glomerular filtrate can impair podocyte 

metabolism and cytoskeletal integrity. 

Over time, chronic RAAS activation and the associated hemodynamic changes can lead to 

podocyte detachment, foot process effacement, and depletion. These injuries weaken the 

filtration barrier, resulting in proteinuria and progressive glomerular damage. If unchecked, 

these processes may culminate in glomerulosclerosis and chronic kidney disease, illustrating 

the deleterious effects of prolonged RAAS-mediated stress on podocyte health. 

Worldwide, around 9.4 million deaths per year are attributable to high blood pressure, which 

can result in cardiovascular disease and kidney failure. This makes high blood pressure an 

important modifiable risk factor for mortality220.  

RAAS blockade by ACE inhibitors or AGTR1 antagonists, including losartan, has a positive 

effect that has been clinically confirmed51,54. In the 1990s, the development of orally active, 

non-peptide, selective AGTR1 blockers began with the synthesis of losartan, which is used 

worldwide for the treatment of several glomerular diseases55. 

Not only the RAAS) play a crucial role in podocyte injury and the development of CKD, but 

JAK1-mediated signaling has also emerged as a significant contributor to inflammation and 

fibrosis, two core mechanisms driving CKD progression133. Particularly important in this context 

is the APOL1 gene, whose risk variants cause a toxic gain-of-function effect, especially in 

podocytes, resulting in cellular injury. Numerous studies have demonstrated that APOL1 

expression is upregulated by pro-inflammatory cytokines such as IFN-γ, a process that is 

directly mediated through the JAK-STAT signaling cascade112,114,136,140–144. This highlights 

targeted modulation of this pathway as a promising therapeutic strategy.                                             

Preclinical studies have shown that blocking JAK1 can reduce inflammation and attenuate 

renal fibrosis. In this regard, baricitinib—an oral, selective inhibitor of JAK1 and JAK2—has 
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emerged as a promising candidate. Baricitinib specifically inhibits JAK1 and JAK2, leading to 

downstream suppression of inflammatory gene transcription, reduced tissue damage, and 

decreased APOL1 expression in kidney cells. Experimental models have demonstrated that 

baricitinib reduces APOL1-induced cytotoxicity and alleviates podocyte injury112,118,136,145. 
Functional studies of APOL1 have mainly relied on overexpression models using mice and 

HEK293 cells engineered to express APOL1-G0, -G1, or -G2 variants112,126,136,137,221–224. While 

these models offer valuable mechanistic insights, they lack the distinctive characteristics of 

human podocytes and the native regulatory context of APOL1. 

In this study, various renal diseases are modelled by using urine-derived renal progenitor cells 

(UdRPCs). Therefore, UdRPCs have been differentiated into human podocytes and tubular 

cells and reprogrammed into patient-derived induced pluripotent stem cells.  

The focus of this PhD thesis is on the potential of SIX2-positive UdRPCs in modelling AKI, 

CKD, GS and BS. We have shown that SIX2-positive UdRPCs are able to differentiate into 

different cell types along the renal lineage such as podocytes for example. One use of the 

differentiated podocytes is to study the effect of the drug losartan on podocyte damage induced 

for example by ANGII as it is observed in hypertension. The focus of my PhD thesis lies on the 

investigation of cytoskeletal changes by quantitative PCR (qPCR), Western blot, and 

immunofluorescence stainings.   

Another use of the podocytes is to study the effect of the JAK1/2 inhibitor baricitinib and IFN-

γ on kidney fibrosis using podocyte generated from urine of a West African male. The genetic 

background of the APOL1 variant in connection with renal fibrosis is being investigated. The 

focus of my PhD thesis here was to show the successful generation of a partially 

reprogrammed cell line and to present it in parallel as a potential cell model for APOL1-

associated disease in particular kidney inflammation and fibrosis by qPCR, fluorescence-

activated cell sorting (FACS), Western blot, and immunofluorescence stainings. 

Furthermore, the generation of iPSC from Bartter syndrome patients enables us to analyze 

this disease through an easily accessible, non-invasive resource, the urine. Furthermore, this 

avoids ethical concerns, which normally come along side with invasive sample collection 

methods. To show that UdRPCs also have therapeutic properties and are useful in 

transplantation medicine, UdRPCs derived from a healthy individuum were injected into mice 

and their regenerative effect on kidney injury induced by ischemia reperfusion injury (IRI) was 

analyzed by blood serum of the transplanted mice. 
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3 Publications 

3.1 Derivation of the Immortalized Cell Line UM51-PrePodo-hTERT and 

Its Responsiveness to Angiotensin II and Activation of the RAAS 

Pathway 

Lars Erichsen, Lea Doris Friedel Kloss, Chantelle Thimm, Martina Bohndorf, Kira Schichel, 
Wasco Wruck and James Adjaye  

                                  Cells 2023, Volume 12, 342, Article ID 12030342 

Abstract:  

Recent demographic studies predict there will be a considerable increase in the number of 

elderly people within the next few decades. Aging has been recognized as one of the main risk 

factors for the world’s most prevalent diseases such as neurodegenerative disorders, cancer, 

cardiovascular disease, and metabolic diseases. During the process of aging, a gradual loss 

of tissue volume and organ function is observed, which is partially caused by replicative 

senescence. The capacity of cellular proliferation and replicative senescence is tightly 

regulated by their telomere length. When telomere length is critically shortened with 

progressive cell division, cells become proliferatively arrested, and DNA damage response 

and cellular senescence are triggered, whereupon the Hayflick limit is attained at this stage. 

Podocytes are a cell type found in the kidney glomerulus where they have major roles in blood 

filtration. Mature podocytes are terminal differentiated cells that are unable to undergo cell 

division in vivo. For this reason, the establishment of primary podocyte cell cultures has been 

very challenging. In our present study, we present the successful immortalization of a human 

podocyte progenitor cell line, of which the primary cells were isolated directly from the urine of 

a 51-year-old male. The immortalized cell line was cultured over the course of one year (~100 

passages) with high proliferation capacity, endowed with contact inhibition and P53 

expression. Furthermore, by immunofluorescence-based expression and quantitative real-

time PCR for the podocyte markers CD2AP, LMX1B, NPHS1, SYNPO and WT1, we confirmed 

the differentiation capacity of the immortalized cells. Finally, we evaluated and confirmed the 

responsiveness of the immortalized cells on the main mediator angiotensin II (ANGII) of the 
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renin–angiotensin system (RAAS). In conclusion, we have shown that it is possible to bypass 

cellular replicative senescence (Hayflick limit) by TERT-driven immortalization of human urine-

derived pre-podocyte cells from a 51-year-old African male. 

Author contribution of C.T. included 25%: 

I was responsible for the establishment and maintenance of the cell culture system, including 

the cultivation of UdRPCs and immortalized UdRPCs (UM51 hTERT). I carried out the 

induction of podocyte differentiation as well as the stimulation experiments using angiotensin 

II and the angiotensin receptor blocker losartan. As part of the experimental workflow, I isolated 

RNA and protein for subsequent my following qPCR (quantitative PCR) and Western blot 

analyses. In addition, I performed the immunofluorescence staining procedures. For all 

datasets I generated, I conducted the corresponding statistical analyses and prepared the 

quantitative evaluation of the results. I designed and executed the experiments and analyzed 

them in the relation to our research hypothesis. Furthermore, I contributed to the manuscript 

revision process by discussing and jointly addressing the reviewers’ comments together with 

J.A. and L.E. 

Status: Published in Cells.  
 

DOI: doi.org/10.3390/cells12030342 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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3.2 Modelling APOL1-mediated kidney inflammation and fibrosis using a 

partially reprogrammed urine derived SIX2-positive renal progenitor 

cell line 
Chantelle Thimm, Rosanne Mack, Osmond Adjei-Aruna, Wasco Wruck and James Adjaye 

BioRxiv, 2025 

 

Abstract:  

Background 

CKD affects approximately 850 million people worldwide and is a leading cause of mortality. 

Podocytes, cells in the kidney are terminally differentiated and incapable of division in vivo 

making the establishment of primary cultures particularly challenging. The ability of cells to 

proliferate and avoid senescence is closely linked to telomere length. When telomere length 

becomes critically reduced, it results in cellular senescence. 

 

Methods 

We present the successful rejuvenation of a human SIX2-positive renal progenitor cell line 

derived from the urine of a 30-year-old West African male (UM30-OSN). To achieve partial 

reprogramming, plasmids expressing the Yamanaka factors OCT4, SOX2, NANOG, c-Myc, 

and KLF4 were employed.  

 

Results 

UM30-OSN expresses the pluripotency-associated marker SSEA4, renal stem cell markers 

such as SIX2, CD133 and CD24, determined by immunofluorescence, FACS and qPCR. 

Expression analysis revealed downregulation of senescence markers p21and p53 and 

upregulation of proliferation-associated genes PCNA, KI67 and TERT, confirming 

rejuvenation.  

Upon podocyte differentiation, UM30-OSN cells expressed podocyte-specific markers NPHS1, 

NPHS2, SYNPO and CD2AP. Comparative transcriptome analyses revealed a correlation co-

efficiency   (R2 = 0.88) with the immortal podocyte line AB 8/13. 

To demonstrate the usefulness of UM30-OSN to model APOL1-mediated kidney disease, we 

investigated the effects of Interferon-γ (IFN-γ) on UM30-OSN derived podocytes and evaluated  
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the potential of the JAK1/JAK2 inhibitor Baricitinib to mitigate IFN-γ–induced cellular 

responses. IFN-γ stimulation resulting in increased phosphorylation of STAT1, activation of 

APOL1, upregulation of pro-inflammatory and fibrotic markers such as, IL-6, TGF-β, Vimentin, 

Fibronectin, and morphological changes indicative of cell stress. Pre-treatment with Baricitinib 

effectively inhibited STAT1 phosphorylation, reduced expression of pro-inflammatory and 

fibrosis-associated genes, and preserved podocyte morphology. 

 

Conclusion 

Given their robust proliferation capacity, UM30-OSN cells represent a valuable additional 

model for investigating kidney-associated diseases such the contribution of APOL1 high-risk 

variants to kidney injury and fibrosis. 

 

Author contribution of C.T. included 80%: 

I was responsible for establishing and maintaining the cell culture systems, which included the 

cultivation of UdRPCs, iPSCs, and the UM30-OSN cell line. I carried out the induction of 

podocyte differentiation and the execution of stimulation experiments employing IFN-γ and the 

JAK/STAT-pathway inhibitor Baricitinib on UM30-OSN podocytes. 

For the characterization of the newly generated UM30-OSN cell line, I performed 

immunofluorescence staining, DNA isolation for semi-quantitative PCR/exogenous PCR and 

APOL1 genotyping, as well as RNA isolation for both NGS (next-generation sequencing) and 

qPCR. I also prepared protein lysates and conducted the Western blot analyses. The APOL1 

genotyping was performed by D.K, A.K and K.B.. In addition, I carried out all 

immunofluorescence stainings, RNA isolations, and qPCRs for further phenotypic 

characterization. For the FACS (Fluorescence-activated cell sorting) analyses, I performed the 

immunofluorescence staining, and the operation of the machine was carried out under the 

supervision of N.G. For the IFN-γ and Baricitinib treatment experiments, I isolated RNA and 

protein samples, R.M. provided additional support during protein extraction.  I collected all RNA 

samples designated for NGS, after which W.W. (Bioinformatician) processed and analyzed the 

raw sequencing data. I subsequently performed further analyses, including functional 

enrichment analysis using Metascape. For all datasets generated in the course of the study, I 

carried out the respective statistical analyses and prepared the quantitative evaluation of the 

results. I contributed to the conceptualization, designed and executed the experiments and 
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interpreted the results to my research hypothesis. I generated and designed all figures and 

schematic illustrations, compiled and analyzed the complete dataset, and wrote the original 

manuscript. I further revised and finalized the manuscript in response to the reviewers’ 

comments with J.A.. 

 

Status: Published in Stem Cell Research and Therapy. 
 

DOI: 10.1186/s13287-025-04710-x 
 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

3 Publications                                             74  

 

 

 

 



 

3 Publications                                             75  

 

 



 

3 Publications                                             76 

 

 



 

3 Publications                                             77 

 

 



 

3 Publications                                             78 

 



 

3 Publications                                             79 

 

 



 

3 Publications                                             80 

 

 

 



 

3 Publications                                             81  

 

 

 

 



 

3 Publications                                             82  

 

 

 

 



 

3 Publications                                             83  

 

 

 



 

3 Publications                                             84 

 

 



 

3 Publications                                             85 

 

 



 

3 Publications                                             86 

 

 



 

3 Publications                                             87 

 



 

3 Publications                                             88 

 



 

3 Publications                                             89 

 



 

3 Publications                                             90 

 



 

3 Publications                                             91 

 



 

3 Publications                                             92 

 



 

3 Publications                                             93 

 



 

3 Publications                                             94 

 



 

3 Publications                                             95 

 



 

3 Publications                                             96 

 



 

3 Publications                                             97 

 



 

3 Publications                                             98 

 



 

3 Publications                                             99 

 



 

3 Publications                                             100 

 



 

3 Publications                                             101 

 



 

3 Publications                                             102 

 



 

3 Publications                                             103 

 



 

3 Publications                                             104 

 



 

3 Publications                                             105 

 



 

3 Publications                                             106 

 



 

3 Publications                                             107 

 



 

3 Publications                                             108 

3.3 Activation of the Renin-Angiotensin System Disrupts                        

the Cytoskeletal Architecture of Human Urine-Derived Podocytes 

Lars Erichsen, Chantelle Thimm, Martina Bohndorf, Md Shaifur Rahman, Wasco Wruck and 
James Adjaye  

                                  Cells 2022, Volume 11, 1095, Article ID 11071095  

 

Abstract:  

High blood pressure is one of the major public health problems that causes severe disorders 

in several tissues including the human kidney. One of the most important signaling pathways 

associated with the regulation of blood pressure is the renin–angiotensin system (RAS), with 

its main mediator angiotensin II (ANGII). Elevated levels of circulating and intracellular ANGII 

and aldosterone lead to pro-fibrotic, -inflammatory, and -hypertrophic milieu that causes 

remodeling and dysfunction in cardiovascular and renal tissues. Furthermore, ANGII has been 

recognized as a major risk factor for the induction of apoptosis in podocytes, ultimately leading 

to chronic kidney disease (CKD). In the past, disease modeling of kidney-associated diseases 

was extremely difficult, as the derivation of kidney originated cells is very challenging. Here we 

describe a differentia- tion protocol for reproducible differentiation of sine oculis homeobox 

homolog 2 (SIX2)-positive urine-derived renal progenitor cells (UdRPCs) into podocytes 

bearing typical cellular processes. The UdRPCs-derived podocytes show the activation of the 

renin–angiotensin system by being responsive to ANGII stimulation. Our data reveal the 

ANGII-dependent downregulation of nephrin (NPHS1) and synaptopodin (SYNPO), resulting 

in the disruption of the podocyte cytoskeletal architecture, as shown by immunofluorescence-

based detection of α-Actinin. Furthermore, we show that the cytoskeletal disruption is mainly 

mediated through angiotensin II receptor type 1 (AGTR1) signaling and can be rescued by 

AGTR1 inhibition with the selective, competitive angiotensin II receptor type 1 antagonist, 

losartan. In the present manuscript we confirm and propose UdRPCs differentiated to 

podocytes as a unique cell type useful for studying nephrogenesis and associated diseases. 

Furthermore, the responsiveness of UdRPCs-derived podocytes to ANGII implies potential 

applications in nephrotoxicity studies and drug screening.  
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Author contribution of C.T. included 20%: 

I was responsible for the establishment and maintenance of the cell culture system, including 

the cultivation of UdRPCs. I carried out the induction of podocyte differentiation as well as the 

stimulation experiments using angiotensin II and the angiotensin receptor blocker losartan.  

As part of the experimental workflow, I isolated RNA and protein for subsequent my following 

qPCR and western blot analyses. In addition, I performed the immunofluorescence staining 
procedures.  

For all my generated datasets, I conducted the corresponding statistical analyses and 

prepared the quantitative evaluation of the results. I designed and executed my experiments 

and analyzed them in the relation to our research hypothesis. 

 

Status: Published in Cells. 
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3.4 Unveiling Angiotensin II and Losartan-Induced Gene Regulatory 

Networks Using Human Urine-Derived Podocytes 

Chantelle Thimm, Lars Erichsen, Wasco Wruck and James Adjaye  

International Journal of Molecular Sciences 2023, Volume 24, 10551,                                   

Article ID: 241310551 

 

Abstract:  

Podocytes are highly specialized cells that play a pivotal role in the blood filtration process in 

the glomeruli of the kidney, and their dysfunction leads to renal diseases. For this reason, the 

study and application of this cell type is of great importance in the field of regenerative 

medicine. Hypertension is mainly regulated by the renin–angiotensin–aldosterone system 

(RAAS), with its main mediator being angiotensin II (ANG II). Elevated ANG II levels lead to a 

pro-fibrotic, inflammatory, and hypertrophic milieu that induces apoptosis in podocytes. The 

activation of RAAS is critical for the pathogenesis of podocyte injury; as such, to prevent 

podocyte damage, patients with hypertension are administered drugs that modulate RAAS 

signaling. A prime example is the orally active, non-peptide, selective angiotensin-II-type I 

receptor (AGTR1) blocker losartan. Here, we demonstrate that SIX2-positive urine-derived 

renal progenitor cells (UdRPCs) and their immortalized counterpart (UM51-hTERT) can be 

directly differentiated into mature podocytes. These podocytes show activation of RAAS after 

stimulation with ANG II, resulting in ANG II-dependent upregulation of the expression of the 

angiotensin-II-type I receptor, AGTR1, and the downregulated expression of the angiotensin-

II-type II receptor 2 (AGTR2). The stimulation of podocytes with losartan counteracts ANG II-

dependent changes, resulting in a dependent favoring of the specific receptor from AGTR1 to 

AGTR2. Transcriptome analysis revealed 94 losartan-induced genes associated with diverse 

biological processes and pathways such as vascular smooth muscle contraction, the oxytocin 

signaling pathway, renin secretion, and ECM-receptor interaction. Co-stimulation with losartan 

and ANG II induced the exclusive expression of 106 genes associated with DNA methylation 

or demethylation, cell differentiation, the developmental process, response to muscle stretch, 

and calcium ion transmembrane transport. These findings highlight the usefulness of UdRPC-
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derived podocytes in studying the RAAS pathway and nephrotoxicity in various kidney 

diseases. 

Author contribution of C.T. included 80%: 
 
I was responsible for establishing and maintaining the cell culture systems, which included the 

cultivation of primary and immortalized UdRPCs. I further carried out the induction of podocyte 

differentiation and the execution of stimulation experiments employing ANG II and Losartan. 

I performed immunofluorescence staining, RNA isolation for both (NGS and my follow-up 

qPCR experiment. I also prepared protein lysates and conducted the western blot analyses. 

I collected all samples designated for NGS, after which W.W. processed and analyzed the raw 

sequencing data. I subsequently performed further analyses, including functional enrichment 

analysis using Metascape. For all datasets generated in the course of the study, I carried out 

the respective statistical analyses and prepared the quantitative evaluation of the results. 

I contributed to the conceptualization, designed and executed the experiments and interpreted 

the results to my research hypothesis. 

I generated and designed all figures and schematic illustrations, compiled and analyzed the 

complete dataset, and wrote the original manuscript. I further revised and finalized the 

manuscript in response to the reviewers’ comments with L.E. and J.A.. 

 

Status: Published in International Journal of Molecular Sciences.   
 

DOI: doi.org/10.3390/ijms241310551 
 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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3.5 Secreted Cytokines within the Urine of AKI Patients Modulate TP53 

and SIRT1 Levels in a Human Podocyte Cell Model 

Lars Erichsen, Chantelle Thimm, Wasco Wruck , Daniela Kaierle, Manon Schless, Laura 
Huthmann, Thomas Dimski, Detlef Kindgen-Milles, Timo Brandenburger  and James Adjaye  

International Journal of Molecular Sciences 2023, Volume 24, 8228, Article ID 24098228 

 

Abstract:  

Acute kidney injury (AKI) is a major kidney disease with a poor clinical outcome. It is a common 

complication, with an incidence of 10–15% of patients admitted to hospital. This rate even 

increases for patients who are admitted to the intensive care unit, with an incidence of >50%. 

AKI is characterized by a rapid increase in serum creatinine, decrease in urine output, or both. 

The associated symptoms include feeling sick or being sick, diarrhoea, dehydration, 

decreased urine output (although occasionally the urine output remains normal), fluid retention 

causing swelling in the legs or ankles, shortness of breath, fatigue and nausea. However, 

sometimes acute kidney injury causes no signs or symptoms and is detected by lab tests. 

Therefore, the identification of cytokines for the early detection and diagnosis of AKI is highly 

desirable, as their application might enable the prevention of the progression from AKI to 

chronic kidney disease (CKD). In this study, we analysed the secretome of the urine of an AKI 

patient cohort by employing a kidney-biomarker cytokine assay. Based on these results, we 

suggest ADIPOQ, EGF and SERPIN3A as potential cytokines that might be able to detect AKI 

as early as 24 h post-surgery. For the later stages, as common cytokines for the detection of 

AKI in both male and female patients, we suggest VEGF, SERPIN3A, TNFSF12, ANPEP, 

CXCL1, REN, CLU and PLAU. These cytokines in combination might present a robust strategy 

for identifying the development of AKI as early as 24 h or 72 h post-surgery. Furthermore, we 

evaluated the effect of patient and healthy urine on human podocyte cells. We conclude that 

cytokines abundant in the urine of AKI patients trigger processes that are needed to repair the 

damaged nephron and activate TP53 and SIRT1 to maintain the balance between proliferation, 

angiogenesis, and cell cycle arrest. 
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Author contribution of C.T. included 30%: 

Patients urine included in the AKI cohort were clinically recruited by D.K., M.S., L.H., T.D., 

D.KM. and T.B.. Together with L.E., I collected, sorted, and pooled the patient urine samples, 

which I subsequently analyzed using the Proteome Profiler Human Kidney Biomarker Kit. I 

was responsible for establishing and maintaining the cell culture system, which included the 

cultivation of immortalized UdRPCs (UM51 hTERT) as well as the differentiation into 

podocytes and the processing and treatment of urine samples obtained from patients with 

acute kidney injury (AKI). In addition, I performed immunofluorescence staining and isolated 

RNA for my follow-up qPCR analysis. I prepared protein lysates and performed Western blot 

analysis. For all datasets I generated in the course of the study, I carried out the respective 

statistical analyses and prepared the quantitative evaluation of the results. Furthermore, I 

generated the schematic illustration and designed and executed the experiments and analyzed 

them in the relation to our research hypothesis with L.E. 

 

Status: Published in International Journal of Molecular Sciences   
 

DOI: doi.org/10.3390/ijms24098228 
 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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3.6 Urine-Based Detection of Biomarkers Indicative of Chronic Kidney 

Disease in a Patient Cohort from Ghana 

Wasco Wruck, Vincent Boima, Lars Erichsen, Chantelle Thimm, Theresa Koranteng, Edward 
Kwakyi, Sampson Antwi, Dwomoa Adu and James Adjaye 

                 Journal of Personalized Medicine 2023, Volume 13, 38, Article ID 13010038 

 

Abstract:  

Chronic kidney disease (CKD) is a global health burden with a continuously increasing 

prevalence associated with an increasing incidence of diabetes and hypertension in aging 

populations. CKD is characterized by low glomerular filtration rate (GFR) and other renal 

impairments including proteinuria, thus implying that multiple factors may contribute to the 

etiology this disease. While there are indications of ethnic differences, it is hard to disentangle 

these from confounding social factors. Usually, CKD is detected in later stages of the disease 

when irreversible renal damage has already occurred, thus suggesting a need for early non-

invasive diagnostic markers. In this study, we explored the urine secretome of a CKD patient 

cohort from Ghana with 40 gender-matched patients and 40 gender-matched healthy controls 

employing a kidney injury and a more general cytokine assay. We identified panels of kidney-

specific cytokine markers, which were also gender-specific, and a panel of gender-

independent cytokine markers. The gender-specific markers are IL10 and MME for male and 

CLU, RETN, AGER, EGFR and VEGFA for female. The gender-independent cytokine markers 

were APOA1, ANGPT2, C5, CFD, GH1, ICAM1, IGFBP2, IL8, KLK4, MMP9 and SPP1 (up-

regulated) and FLT3LG, CSF1, PDGFA, RETN and VEGFA (down-regulated). APOA1—the 

major component of HDL particles—was up-regulated in Ghanaian CKD patients and its co-

occurrence with APOL1 in a subpopulation of HDL particles may point to specific CKD-

predisposing APOL1 haplotypes in patients of African descent—this, however, needs further 

investigation. The identified panels, though preliminary, lay down the foundation for the 

development of robust CKD-diagnostic assays. 
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Author contribution of C.T. included 30%: 

Patients urine included in the CKD cohort were clinically recruited by  V.B., T.K., E.K., S.A., 

D.A. and J.A. Together with L.E., I collected, sorted, and pooled the CKD patient urine 

samples, which I subsequently analyzed using the Proteome Profiler Human Kidney Biomarker 

Kit and the Proteome Profiler Human Cytokine Array Kit. Furthermore, I contributed to the 

manuscript revision process by discussing and jointly addressing the reviewers’ comments 

together with W.W., J.A. and L.E. 

Status: Published in the Journal of Personalized Medicine  
 

DOI: doi.org/10.3390/ jpm13010038 
 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 



 

3 Publications                                             176 



 

3 Publications                                             177 



 

3 Publications                                             178 



 

3 Publications                                             179 



 

3 Publications                                             180 



 

3 Publications                                             181 



 

3 Publications                                             182 



 

3 Publications                                             183 



 

3 Publications                                             184 



 

3 Publications                                             185 



 

3 Publications                                             186 



 

3 Publications                                             187 



 

3 Publications                                             188 



 

3 Publications                                             189 



 

3 Publications                                             190 



 

3 Publications                                             191 



 

3 Publications                                             192 

 

 



 

3 Publications                                             193 

3.7 Untangling the Uncertain Role of Overactivation of the Renin–

Angiotensin–Aldosterone System with the Aging Process Based on 

Sodium Wasting Human Models 

Chantelle Thimm and James Adjaye  

International Journal of Molecular Sciences 2024, Volume 25, 9332, Article ID 25179332 

 

Abstract:  

Every individual at some point encounters the progressive biological process of aging, which 

is considered one of the major risk factors for common diseases. The main drivers of aging 

are oxidative stress, senescence, and reactive oxygen species (ROS). The renin–angiotensin–

aldosterone system (RAAS) includes several systematic processes for the regulation of blood 

pressure, which is caused by an imbalance of electrolytes. During activation of the RAAS, 

binding of angiotensin II (ANG II) to angiotensin II type 1 receptor (AGTR1) activates 

intracellular nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to generate 

superoxide anions and promote uncoupling of endothelial nitric oxide (NO) synthase, which in 

turn decreases NO availability and increases ROS production. Promoting oxidative stress and 

DNA damage mediated by ANG II is tightly regulated. Individuals with sodium deficiency-

associated diseases such as Gitelman syndrome (GS) and Bartter syndrome (BS) show 

downregulation of inflammation-related processes and have reduced oxidative stress and 

ROS. Additionally, the histone deacetylase sirtuin-1 (SIRT1) has a significant impact on the 

aging process, with reduced activity with age. However, GS/BS patients generally sustain 

higher levels of sirtuin-1 (SIRT1) activity than age-matched healthy individuals. SIRT1 

expression in GS/BS patients tends to be higher than in healthy age-matched individuals; 

therefore, it can be assumed that there will be a trend towards healthy aging in these patients. 

In this review, we highlight the importance of the hallmarks of aging, inflammation, and the 

RAAS system in GS/BS patients and how this might impact healthy aging. We further propose 

future research directions for studying the etiology of GS/BS at the molecular level using 

patient-derived renal stem cells and induced pluripotent stem cells. 
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Author contribution of C.T. included 90%: 
 
I was responsible for the conceptualization of the review, including the delineation of its 

thematic focus, the formulation of guiding research questions, and the development of the 

overarching structure.  

I wrote the original draft, which I edited and revised with J.A.. Furthermore, I designed all 

figures, tables and schematic illustrations. 
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3.8 Generation of a Bartter syndrome type 3 patient-derived induced 

pluripotent stem cell line ISRM-BS3-UM18-iPSC (HHUUKDi014-A) 

Chantelle Thimm, Chutong Zhong, Wasco Wruck, Martina Bohndorf, Nina Graffmann, 
Alessandra Grillo, Anson Tang, Viola D'Ambrosio, Rhys D Evans, Elizabeth R Wan, Keith 

Siew, Stephan B. Walsh and James Adjaye 

Stem Cell Research 2025, Volume 87, 103760, Article ID: 40609324 

 

Abstract:  

SIX2-positive urine-derived renal progenitor cells (UdRPCs) were isolated from an 18-year-old 

Bartter syndrome type 3 (BS3) patient within a homozygous CLCNKB gene deletion. Two 

episomal-based plasmids expressing OCT4, SOX2, NANOG, KLF4, c-MYC and LIN28 we 

were able to generate an integration-free induced pluripotent stem cell line (iPSC). 

Pluripotency was confirmed by fluorescence-activated cell sorting analysis and 

immunocytochemistry for the markers-OCT4, SOX2, NANOG, TRA-1-60, TRA-1-81 and 

SSEA4. Embryoid body-based differentiation into the three germ layers was conducted and 

confirmed by immunocytochemistry. Pluritest analysis revealed a Pearson correlation of 0,93. 

Short tandem repeat DNA fingerprinting and karyotype analyses were performed. 

 

Author contribution of C.T. included 80%: 
 
Patient recruitment in the clinic was caried out by A.T., V.A., E.W., K.S., R.E.. Isolation of the 

UdRPCs from urine was carried out by C.Z. and A.G.. 

I was responsible for establishing and maintaining the cell culture systems, which included the 

cultivation of UdRPCs and iPSCs. For the characterization of the generated cell line, I isolated 

RNA and DNA. I conducted FACS analyses, immunofluorescence staining to evaluate 

phenotypic markers, and STR profiling to verify genomic identity. I examined the integration of 

exogenous genetic elements via exogenous PCR, and mycoplasma testing I carried out to 
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ensure culture purity. I additionally performed embryoid body (EB) formation to assess the 

pluripotency state of the cells under non-adherent conditions. Following EB generation and 

culture, I conducted immunofluorescence staining to evaluate lineage-specific marker 

expression. For all datasets generated in the course of the study, I carried out the respective 

statistical analyses and prepared the quantitative evaluation of the results. 

Isolated RNA for NGS, which was analyzed by W.W. 

I contributed to the conceptualization, designed and executed the experiments and interpreted 

the results. I wrote the original draft, which I edited and revised with J.A. Furthermore, I 

designed all figures.  

 

Status: Published in Stem Cell Research 
 

DOI: 10.1016/j.scr.2025.103760 
This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. Published by Elsevier 

B.V. All rights reserved. 
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3.9 Evidence for conserved gene expression and biological processes 

operative in human podocytes and adult brain. 
Wasco Wruck*, Chantelle Thimm* and James Adjaye 

BioRxiv, 2025 

 

Abstract 

Background 

Podocytes are essential for the proper functioning of the glomerular filtration barrier and are 

characterized by their intricate structure which includes well-organized primary and secondary 

footprocesses. The brain expresses podocyte-associated proteins such as Nephrin, and 

Synaptopodin which are well documented. Processing of information and inter-cellular 

communication between podocytes and neurons employ similar molecular mechanisms which 

include actin-based projections, adhesion molecules, and signaling pathways. 

 

Methods 

In this study, we analysed brain-associated biological processes, transcription factors and 

pathwayssignificantly regulated in UdPodocytes, i.e. podocytes differentiated from SIX2-

positive UdRPCs(urine-derived renal progenitor cells). We compared gene expression in 

iPSC-derived brain and kidney organoids with UdPodocytes and mapped the overlapping 344 

genes to brain regions via the GTEX (Genotype-Tissue Expression) database and investigated 

their regulation induced by the mediator of the renin-angiotensin system- angiotensin II (ANG 

II). 

 

Results 

The protein interaction network of UdPodocytes genes associated with brain in GTEX contains 

modules for pre-synapse, post-synapse, endocrine processes and neural crest differentiation. 

We also found that the genes overlapping between brain and podocytes are also expressed 

in iPSC-derived kidney and brain organoids and could map the involved genes to all regions 

of the brain with the frontal cortex as the most enriched. The genes SUZ12, NFKB1 and PAX2 

were the most significantly over-represented transcription factors. We independently 

confirmed the conserved expression of PAX6, KCNQ3, TUJ1,MAP2, TAU and ACTN4 in 

Udpodocytes as shown by Western blotting, Immunofluorescence and RT-PCR. We further 

investigated if the conserved genes are also regulated by ANGII. This unveiled genes down-



 

3 Publications                                             223 

regulated upon ANGII-stimulation of Udpodocytes to be associated with axon guidance, 

Calcium , Hippo and cGMP-PKG signaling as over-represented pathways. 

 

Conclusion 

In conclusion, we have identified 344 genes with overlapping expression in brain and 

podocytes. These are mainly associated with synaptic signaling and cell projections. This 

implies that human urine-derived SIX2-renal progenitor cells differentiated into podocytes can 

serve as a platform for dissecting and understanding the relevance of conserved biological 

processes in podocytes, which are currently annotated as neuron projection, axons, 

neurogenesis and synaptic signaling. 

 

 
Author contribution of C.T. included 50%: 

I was responsible for establishing and maintaining the cell culture systems, which included the 

cultivation of UdRPCs and their differentiation into podocytes. In addition, I performed 

immunofluorescence staining, isolated RNA for both semi-quantitative PCR and NGS. I 

prepared protein lysates and performed western blot analysis. I collected all samples 

designated for NGS, after which W.W. processed and analyzed the raw sequencing data. I 

subsequently performed further analyses, including functional enrichment analysis using 

Metascape. For all datasets I generated in the course of the study, I carried out the respective 

statistical analyses and prepared the quantitative evaluation of the results. Furthermore, I 

designed figures. I contributed to the conceptualization, designed and executed the 

experiments and interpreted the results in relation to our research hypothesis. I wrote the 

original draft with W.W. I responded to the Reviewer comments and edited together with W.W. 

and J.A. the manuscript text and figures. 

 

Status: Pre-print available in the open access pre-print BioRxiv  
(Under revision in BMC Nephrology). 

 

DOI: https://doi.org/10.1101/2025.03.17.643629 
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This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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3.10  Urinary proteins from Sickle Cell patients induce inflammation and 
kidney injury via the TGFβ-p53 axis in a podocyte cell culture model. 

Wasco Wruck#, Abida Islam Pranty#, Chantelle Thimm#, Christiane Loerch, Rosanne Mack, 

Theresa Koranteng-Adjaye, Vincent Boima, Yvonne Dei-Adomakoh, Margaret Lartey and 

James Adjaye 

BioRxiv, 2025 

 

Abstract 

Background 

Sickle cell disease (SCD) is an inherited blood disorder affecting the oxygen-carrying 

hemoglobin in red blood cells making them deform into a sickle shape. Hemolysis and vaso-

occlusion associated with this process can lead to complications in many organs and 

frequently to renal complications. Numerous factors are considered to contribute towards the 

development of proteinuria (PU) in SCD including hyperfiltration, ischemia, oxidative stress 

and decreased nitric oxide (NO) bioavailability but the detailed pathophysiology still needs 

further elucidation.  

Methods 

Employing arrays, we investigated cytokines and kidney injury-associated markers in the urine 

of a cohort of SCD patients from Ghana carrying the SS and SC genotypes which were further 

sub-divided into groups with proteinuria (SCD_PU) and without proteinuria (SCD).  

Results 

We identified up- and down-regulated proteins when comparing SCD with and without 

proteinuria. Amongst these is the well-established kidney injury marker- Clusterin which was 

up-regulated and could be validated in an ELISA-based assay. Refining the study to the SS 

and SC genotypes, we identified (and confirmed by ELISA) another established kidney injury 

marker- NGAL, as up-regulated in both genotypes and SCD with and without proteinuria. 

Metascape-based analysis of biological processes revealed “Cellular component disassembly” 

associated with proteins expressed in SCD but not regulated between PU and no PU and 

“leukocyte chemotaxis” down-regulated in SCD_PU vs. SCD. Interestingly, “Integrin-cell-

surface interactions” was associated with proteins up-regulated between SCD_PU vs. SCD 

which is consistent with endothelial hyperplasia in the setting of glomerular hyperfiltration. To 
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investigate the effect secreted urine proteins have on human podocytes in vitro, immortalized 

podocytes supplemented with SCD_PU urine showed elevated p53 levels in both 

immunofluorescence staining and RT-PCR compared to SCD. Additionally, RT-PCR revealed 

elevated levels of VEGF, NGAL and the pro-inflammatory proteins-TGFβ, IL6, IL8 and TNFα. 

Conclusion 

We hypothesize that the increased number of endothelial cells in hyperplasia and 

hyperfiltration leads to more Integrin-mediated links to podocyte foot processes at the 

glomerular basement membrane and to glomerular fibrosis. Severe inflammation and kidney 

injury in SCD_PU patients is induced by the TGFβ-p53 axis. 

 

 

Author contribution of C.T. included 30%: 

Patient recruitment in the clinic was carried out by T.KA., V.B., Y.DA., M.L. and J.A.. I was 

responsible for establishing and maintaining the cell culture system, which included the 

cultivation of human immortalized cell line (AB 8/13) as well as the differentiation into 

podocytes and the processing and treatment of urine samples obtained from patients with and 

without sickle cell disease. In addition, I performed immunofluorescence staining, isolated RNA 

and performed qPCR. For all datasets I generated in the course of the study, I carried out the 

respective statistical analyses and prepared the quantitative evaluation of the results. I 

contributed to the conceptualization, designed and executed the experiments and interpreted 

the results to our research hypothesis. I wrote the original draft with W.W. and A.P. and created 

figures. I responded to the Reviewer comments and dealt with the submission. 

 

Status: Pre-print available in the open access pre-print BioRxiv  
(Under revision in BMC Nephrology). 

 

DOI: https://doi.org/10.1101/2025.08.08.669286 
 

This article is an open access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) 4.0 license, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited. 
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3.11 Human Urine-derived SIX2-positive renal progenitor cells improve 

kidney injury in an IRI mouse model 

Claus Kordes, Lucas-Sebastian Spitzhorn, Martina Bohndorf, Audrey Ncube, Chantelle 
Thimm, Lars Erichsen, Wasco Wruck, James Adjaye 

BioRxiv, 2025 

 

Abstract 

Cells with the characteristics of renal progenitor cells are shed in urine. The aim of this study 

was to investigate whether these SIX2-positive urine-derived renal progenitor cells (UdRPC) 

have therapeutic potential in treating or managing acute to chronic kidney injuries. Human 

UdRPC were obtained from a woman aged 35 years, expanded, and characterized in vitro and 

finally transplanted unilaterally under the renal capsule of mouse kidneys that had undergone 

ischemia reperfusion injury (IRI). Analyses of blood serum from the mice revealed that the 

transplanted human UdRPC transiently influenced the secretome of the animals by triggering 

the release of inflammatory and angiogenic factors. Of obvious therapeutic relevance, 

however, was the finding that the transplanted cells suppressed renal fibrosis resulting from 

IRI. The expression of genes linked to inflammation and chronic kidney disease was also 

reduced in mouse kidneys in the presence of UdRPC. Ultimately, the human UdRPC were 

able to alleviate the severity of the injury through the amelioration of fibrosis but were unable 

to restore complete kidney function within 21 days. Nevertheless, the findings of this study 

demonstrate a significant influence of transplanted UdRPC on kidney fibrosis after acute to 

chronic injury presumably via an altered secretome.  
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Author contribution of C.T. included 10%: 

I was responsible for establishing and maintaining the cell culture system, which included the 

cultivation of UdRPCs as well as the differentiation into podocytes and tubular cells. In addition, 

I performed immunofluorescence staining and analyzed the samples using the Proteome 

Profiler Human Kidney Biomarker Kit and the Proteome Profiler Human Cytokine Array Kit. 
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4 Discussion 
Kidney diseases describe the condition of the kidney in which its function is restricted or even 

inoperable. Their mortality rate has risen in recent years. Globally, deaths attributed to kidney 

disease increased by 50% between 2000 and 2019225.  

Common kidney diseases are chronic and acute kidney failure, degenerative kidney diseases, 

various kidney inflammations, kidney stones, renal cell cancer and genetic kidney diseases 

such as familial cystic kidneys or rare inherited kidney diseases such as Bartter syndrome. 

However, since the human body is a complex and far-reaching system, kidney diseases are 

closely linked to other organs such as the heart or the brain. It is known that a damaged and 

non-functioning kidney stops the elimination of waste products from the blood and therefore 

an enormous amount of fluid collects in the blood vessels, causing e.g. high blood pressure226.  

The harmony and balance of the system and the cooperation of the organs is essential. 

 

In the past, disease modelling of the kidney has been extremely difficult due to the challenge 

of obtaining cells derived from the kidney. Although relatively few kidney cells are shed under 

healthy compared to dysfunctional conditions227,228 , we were able to isolate, cultivate and 

expand urine cells from healthy donors16. Previous studies of ours have described a protocol 

by which they have found urine to be a reliable, non-invasive, robust, and cost-effective source 

of kidney stem cells, as opposed to amniotic fluid or kidney biopsies16,215,217,229. Ethical 

perspective should also not be ignored regarding the positive properties of the use of urine. 

Urine provides as a non-invasive source a variety of renal cells e.g. podocytes which is a 

promising means to study the biology of podocytes and renal disease. 

Renal progenitor cells called UdRPCs are one cell type that can be isolated from urine and 

express self-renewal markers as well as typical mesenchymal markers such as SIX2, SSEA4, 

and vimentin, but not the essential pluripotency regulating transcription factors OCT4, SOX2 

and NANOG. The expression of surface markers like CD106, CD24, and CD133 decisive for 

their renal origin. For instance, cells that express CD106 are only found in the renal capsule, 

while cells expressing CD24 and CD133 are found in both the renal capsule and the tubules230. 

SIX2-positive UdRPCs have the potential to differentiate into various renal cell types, including 

podocytes231,232. Podocytes are a specialized and highly differentiated epithelial cell type of the 

glomerulus. They are situated on the exterior of the glomerular capillaries and extend into the 

urinary space of Bowman's capsule. These cells feature a sizable cell body from which many 

foot processes extend and taper around the glomerular capillaries. Isolating of UdRPCs 
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facilitates the harvesting of the cells, as these podocytes are usually obtained from iPSC or 

harvested from the glomeruli233.  

However, primary UdRPCs proliferation capacity is also limited by the Hayflick phenomenon 

in vivo and the cell culture environment. As these cells are very rare and have a limited 

cultivation potential, their use in long-lasting experiments is limited. One way of circumventing 

this issue is the immortalization of those cells to unlock unlimited proliferation capacity by the 

cost possible of genomic alterations. 

4.1 Generation and characterization of immortalized podocytes 
derived from human urine 

Immortalization of cells refers to the process by which normal somatic cells acquire the ability 

to divide and proliferate indefinitely without undergoing age associated changes and/or 

senescence. This often occurs through genetic changes that affect cell cycle control or through 

the introduction of oncogenes that promote cell growth and division but also rendering the cells 

vulnerable to oncogenic transformation. As previous studies have shown, the division potential 

of primary cells is not only explicitly limited in the kidney234,235. The use of kidney-specific cell 

types is essential for the investigation and further training of kidney diseases. Podocytes are 

specialized cells located in the glomerulus of the kidney, where they play a crucial role in blood 

filtration. Since mature podocytes are terminally differentiated and unable to divide in 

vivo236,establishing podocyte cell cultures presents a considerable challenge. One approach 

to cell moralization is the ectopic expression of the  telomerase reverse transcriptase protein 

(TERT)237,238.  This protein is inactive in most somatic cells, but when hTERT is exogenously 

expressed, cells are able to avoid replicative senescence. Studies have shown that 

overexpression of hTERT can efficiently extend the lifespan of immortalized cells and maintain 

a stable genotype and important phenotypic characteristics239. 

We also showed the successful immortalization of a human podocyte precursor cell line, 

UM51-PrePodo-hTERT, derived from UdRPCs isolated directly from the urine of a man of 

African descent240. UM51-PrePodo-hTERT was cultured for one year with over 100 passages 

and demonstrated high proliferative capacity. The immortalization of this cell line was achieved 

by overexpressing hTERT, which resulted in chromosomal aneuploidies and alterations in 

gene expression241,242. While UM51-PrePodo-hTERT exhibits a hypertriploid karyotype, the 

cells maintain contact inhibition and express and activate p53, suggesting that they have not  
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lost cell cycle checkpoints or undergone malignant transformation. Despite exhibiting 

characteristics typically associated with cancer cells, such as predominantly short telomeres 

and telomerase activity, which is observed in 85-90% of human cancers243,244, these cells do 

not appear to have undergone oncogenic transformation. 

In parallel, another nephron progenitor cell line was successfully immortalized by transfecting 

two plasmids containing the reprogramming factors OCT4, SOX2, NANOG, cMyc, KLF4 

(OSKM) and the SV40 LT. Thereby we were able to achieve a human podocyte progenitor cell 

line UM30-OSN, where the primary cells were isolated directly from the urine of a 30-year-old 

male. UM30-OSN was cultured over one year within 100 passages with high proliferation 

capacity. The plasmids were successfully excreted over the passages. During cellular 

reprogramming is driven by epigenetic restructuring, reorganisation of chromatin state, erasure 

of somatic identity and finally, expression of the pluripotent gene regulatory network245–247. 

During cellular reprogramming, all age-related defects are restored when the cell identity is 

reset, so that adult somatic cells are reset to a young state and have, among other things, an 

increased telomere length248,249.  In 2006, this process was made possible by Shinya 

Yamanaka, who analyzed 24 genes associated with embryonic stem cell identity and 

discovered four transcription factors to be sufficient to induce pluripotency - Oct4, Sox2, Klf4 

and cMyc185. These four transcription factors induce pluripotency in any cell type. Partial 

reprogramming does not result in complete reprogramming, which means that the cell identity 

is not completely reset. During the reprogramming process into iPSC, cells undergo a 

"transgene-dependent period," during which the presence of transgenic factors is essential for 

reprogramming progression250. Once these transgenes are lost, the cells typically achieve a 

stable pluripotent state. The reprogramming process marks the time window during which cells 

activate endogenous pluripotency loci and transition to a state of transgene independence, 

accompanied by the mesenchymal-to-epithelial transition (MET)250. However, in the case of 

UM30-OSN cells, which lose the introduced plasmids at an earlier stage, this stable pluripotent 

phase is not reached. This suggests that the SV40 Large T antigen plays a critical role in the 

immortalization of these cells and may be essential for completing the reprogramming process.  

Immortalizing cells by using the SV40 LT antigen, leads to inactivation of tumour suppressor 

genes208 and induction of telomerase activity208. The conferral of unlimited cell division is 

likewise as the hTERT overexpression, associated with chromosomal alterations and genomic 

instabilities241,242. In the UM30-OSN, these are also present, whereby P53, P21, as well as 
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PCNA and KI67 expression and their activation and downregulation indicate intact cell cycle 

checkpoints. At the same time, they show no cancerous transformation, even though they 

share some characteristics such as shortened telomeres or increased telomerase 

activity243,244. 

Both cell lines were tested for their potential to differentiate into a kidney-associated cell types, 

such as podocytes231,232,240. This protocol has also been successfully and reproducible applied 

to urine-derived cells immortalized with hTERT from a 51-year-old African man (UM51 

hTERT)240 and via two plasmids including an SV40-T-antigen and OSKM from a 30-year-old 

man (UM30-OSN251. Nephron progenitor cells can be associated as renal progenitor cells, as 

they express in their undifferentiated stage the renal stem cell markers SIX2, CITED1, CD24, 

and CD10616,252. The markers CD133, CD24, and CD106 are of curial importance to indicate 

the progenitor direction of the cells. Cells localized in Bowman's capsule express CD133+, 

CD24+, and CD106+, whereas CD133+, CD24+, and CD106- cells are the progenitors of 

proximal tubular cells253. Podocytes belong to Bowman's capsule, causing their progenitor cells 

to be CD24 and CD106 positive, completely differentiated podocytes upregulate the podocyte-

specific genes SYNPO, NPHS1 and NPHS2 which are required for the formation of the slit 

membrane and foot processes232. Furthermore, there is an upregulation of the podocyte-

specific marker PODXL, which regulates morphogenesis and differentiation of developing 

podocytes. This occurs through the dissolution of tight and adherens junctions and the 

subsequent formation of microvilli, foot processes and slit membranes, the key ultrastructural 

elements that enable glomerular filtration254,255. The generated podocytes not only exhibit the 

expression of the specific genes but also show the typical podocyte "fried egg" morphology. 

Both cell lines can be considered as a suitable cell model for podocyte differentiation and can 

be used to study numerous renal diseases. Nevertheless, it should be kept in mind that they 

have an aberrant karyotype and thus may have deviations in e.g. gene expression compared 

to the primary cells. Due to their high proliferation rate, they have far-reaching advantages, 

especially in screening. The use of immortalized urine-derived podocytes can be approached 

as an easily manageable cellular model, which opens a new dimension for the investigation of 

renal diseases, like podocyte damage, regulation of high blood pressure, CKD, AKI and renal 

tubular disorder. 
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4.2 Reduction of ANGII-induced cytoskeletal changes in human 
podocytes by angiotensin receptor blockade 

Globally, approximately 9.4 million deaths annually are attributed to elevated blood pressure. 

The RAAS plays a critical role in regulating blood pressure as well as maintaining electrolyte 

and fluid balance in the body. ANG II, the primary effector of the RAAS, is central to the 

regulation of blood pressure and fluid balance. ANG II can activate two receptors AGTR1 and 

AGTR2. ANG II exerts its effects predominantly through AGTR1 and, to a lesser extent, 

AGTR2256,257. AGTR expression has been widely observed across various segments of the 

nephron, including the distal tubule, collecting duct, and renal vasculature258–263. Thereby, 

AGTR1 is expressed 8 – 10-fold higher at the mRNA level than AGTR2 in the human kidney264. 

In the kidney, elevated levels of circulating and intracellular ANG II have been implicated in a 

range of deleterious effects, including vasoconstriction, inflammation, fibrosis, and 

hypertrophy265. The persistent activation of AGTR1 by ANG II induces renal vasoconstriction, 

impairing sodium excretion due to reduced medullary blood flow266. This leads to podocyte 

damage and eventual loss, which compromises the structural integrity of the glomerular 

filtration barrier.  Our study showed a ANG II-mediated cytoskeletal remodeling results in the 

deformation of podocytes, characterized by a transition from their typical fried-egg morphology 

to a rounded and contracted form232,240. This study confirmed the downregulation of podocyte-

specific genes, including NPHS1 and SYNPO, following 24-hour ANG II treatment, consistent 

with findings by Rüster and Wolf267. The detrimental effects of ANG II also include triggering a 

pro-fibrotic and inflammatory milieu, promoting podocyte dysfunction through cytoskeletal 

disarray and slit diaphragm disruption268,269. Moreover, ANG II's role in podocyte injury is 

closely linked to an upregulation of AGTR1 expression, further amplifying its pathological 

effects such as nephrosclerosis, endothelial dysfunction, and vascular hypertrophy256. By 

contrast, AGTR2 activation has been linked to beneficial effects, including vasodilation, tissue 

repair, and cell differentiation256. It remains unclear whether podocytes can adapt their 

phenotype and whether the observed morphological changes become chronic under 

prolonged ANG II stimulation.  

Clinically, ARBs and ACEIs are widely used to treat various renal disorders. In the follow-up 

study, the use of losartan, an ARB, highlighted the importance of AGTR1 in ANG II-induced 

damage231. Losartan acts as an antihypertensive agent by blocking AGTR1 through a 

competitive and reversible binding, thereby counteracting ANG II effects. ANG II signaling via 
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AGTR2 has been linked to vasodilation, development, cell differentiation, tissue repair, and 

apoptosis256. We demonstrated that losartan effectively mitigates ANG II-induced cytoskeletal 

changes, preserving podocyte architecture and restoring nephrin and synaptopodin 

expression. Interestingly, a receptor switch from AGTR1 to AGTR2 was observed upon 

losartan treatment, suggesting that ANG II might preferentially bind to AGTR2 when AGTR1 

is blocked. This receptor switch appears to facilitate the re-differentiation of podocytes and the 

re-expression of podocyte-specific genes. Beyond that, we suggest that ANG II has sex- and 

age-dependent effects, with variability in response observed among cell models. The results 

indicate that ANG II and losartan have varying effects depending on the sex and age of the 

cells studied. This variability suggests a high degree of individuality in the selected cell models, 

potentially making them more representative of in vivo conditions or revealing inherent 

differences among them. For instance, a study involving female mice reported a significant 

correlation between hypertension and AGTR1 expression. Genetic variants that enhance 

AGTR1 expression were found to influence blood pressure and gene expression, whereas no 

such correlation was observed in male mice270. The findings underscore the importance of 

considering sex-specific differences in experimental and clinical outcomes. 

These studies presented by our lab not only show the importance of different cell modelling 

approaches but also the essential connection between the organs and their consequences. 

The study described above successfully elucidated critical links between the RAAS and the 

AGTR signaling pathways, providing valuable insights into the mechanisms underlying the 

function of angiotensin type II receptors. These findings hold significance for advancing 

nephrotoxicity research and for understanding the mechanisms and signalling cascades 

involved in various kidney diseases. It may provide far-reaching insights for possible 

therapeutic approaches to be used in the future. 

4.3 Secreted urinary cytokines in AKI and CKD patients as 
diagnostic and prognostic tools for kidney diseases 

Acute kidney injury and chronic kidney disease are among the most common and significant 

kidney diseases worldwide. Both conditions are not only clinical challenges but are also closely 

related pathophysiological conditions. AKI can significantly increase the risk of developing 

CKD, while CKD patients are at higher risk of acute deterioration of their kidney function 68. 

The global impact of these diseases is enormous. It is estimated that around 13 million people 
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worldwide are affected by AKI each year, 85% of whom live in low- and middle-income 

countries. In addition, more than 10% of the world's population suffers from CKD, with rising 

incidence rates due to an aging population and an increase in chronic diseases such as 

diabetes and hypertension271,272. 

The importance of research into AKI and CKD lies primarily in the need to understand the 

mechanisms that lead to the progression from AKI to CKD. This includes the investigation of 

inflammatory processes, fibrosis formation, and epigenetic changes that can cause long-term 

damage after AKI273. Findings from such studies could contribute to the development of new 

therapeutic approaches to prevent the transition from AKI to CKD. However, as acute kidney 

injury can also occur without signs or symptoms274 , the identification of cytokines is beneficial 

as a tool for early diagnosis. Since the increase in plasma levels of pro-inflammatory cytokines 

predicts mortality in patients with AKI275. Therefore, the secretome of urine from an AKI patient 

cohort was analyzed using a commercially available renal biomarker cytokine assay. In 

addition, we analyzed the effect of patient and healthy urine on human podocytes. Nowadays, 

it can be concluded that biological processes can produce variations depending on gender and 

age. As we only had access to a limited sample pool for this study, we tried to exclude 

individual variations by pooling the samples. Sex-specific analyses were performed to avoid 

variations due to the influence of sex hormones such as testosterone and oestradiol on the 

modulation of SIRT1 expression276–278. 

In our study, we identified Adiponectin (ADIPOQ), Epidermal Growth Factor (EGF), and 

SERPIN3A as potential early biomarkers that could detect AKI as early as 24 hours after 

surgery. ADIPOQ is of special interest since it has been described to directly regulate the 

expression of three of the identified cytokines that were upregulated 72 hours after surgery, 

namely C-X-C Motif Chemokine Ligand 1 (CXCL1), Vascular Endothelial Growth Factor 

(VEGF), and Renin (REN). Adiponectin exerts its effect via multiple pathways, leading to the 

suppression of endothelial inflammatory signaling and inhibition of apoptosis in tubular 

epithelial cells279. Inhibition of the renin-angiotensin system has been reported to significantly 

elevate adiponectin levels280. We hypothesize that the upregulation of secreted renin observed 

in AKI urine samples 72 hours post-surgery may be responsible for the downregulation of 

secreted adiponectin. In contrast, the early upregulation of adiponectin appears to activate 

angiogenesis-related genes, such as CXCL1 and VEGF, signaling the initiation of nephron 

repair processes281–283. VEGF has been recognized as a critical mediator in both early and late 

phases of renal protection following AKI, particularly in the context of stem cell-based 
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therapies284. Furthermore, EGF was found to be upregulated 24h post-surgery and its known 

for its pivotal role in tissue repair and regeneration285. Experimental models of AKI have 

demonstrated that exogenous administration of EGF can enhance tubular regeneration and 

reduce fibrosis, improving renal function outcomes. Moreover, endogenous EGF levels are 

often reduced during AKI, suggesting a potential therapeutic window for intervention286. 

Moreover, studies have shown that EGF can modulate the immune response by attenuating 

the release of pro-inflammatory cytokines and reducing oxidative damage, further supporting 

its protective role in AKI287.  

In the context of biomarker discovery, urinary EGF levels have been investigated as a potential 

diagnostic and prognostic indicator for AKI97. Lower urinary EGF concentrations are often 

associated with more severe injury and poorer recovery, highlighting its potential utility in 

clinical settings288. 

The EGFR promoter is known to harbor p53-responsive elements, linking its activity to p53-

mediated pathways289. Renal fibrosis, a key complication in kidney disease, has been 

associated with the activation of EGFR and p53290. Supporting this, the FDA-approved test 

"NephroCheck®" predicts moderate to severe AKI risk within 24 hours. It measures tissue 

inhibitor of metalloproteinase 2 (TIMP-2) and insulin-like growth factor binding protein 7 

(IGFBP7), biomarkers secreted by renal tubular cells under stress291. These factors induce 

G1-phase cell-cycle arrest by activating p27 via TIMP-2 and p53/p21 via IGFBP7, emphasizing 

the role of TP53 in AKI's clinical progression292,293. A study by Montero et al. further correlated 

VEGF and p53 expression, highlighting their potential as independent prognostic factors294. 

Our findings demonstrate that secreted EGFR and VEGF can elevate TP53 mRNA and protein 

levels in immortalized podocytes, though further verification is needed295. Pierzchalski et al. 

also noted that p53 can induce apoptosis through the RAAS296, a pathway we have shown to 

detrimentally affect podocyte morphology and function in our previous research231,232,240. Thus, 

we propose that EGFR and VEGF secretion primarily drives angiogenesis, p53 activation, and 

RAS stimulation, which could explain the transition from AKI to CKD. 

Interestingly, our study of CKD patients from Ghana revealed decreased secretion of EGFR 

and VEGF in CKD progression97. This suggests that EGFR and VEGF may act as initiators in 

AKI and diminish during CKD progression. VEGF, in particular, has shown potential in 

facilitating renal recovery after AKI, although the mechanisms remain unclear297. Post-AKI 
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kidney tissue often exhibits impaired endothelial proliferation and mesenchymal transition, 

leading to vascular attrition and CKD advancement273.  

The combination of the identified cytokines represents a promising strategy to accurately 

diagnose the development of AKI within 24 to 72 hours after surgery. Our results show that 

the cytokines present in high concentrations in the urine of AKI patients can trigger repair 

processes in the damaged nephron. These processes activate TP53 and SIRT1, among 

others, to maintain a balance between cell proliferation, angiogenesis, and cell cycle arrest.                                                                 

Finally, the current, AKI and CKD diagnosis relies on urea and creatinine clearance, which 

only detects nephron damage after filtration impairment. A cytokine-based diagnostic 

approach could offer earlier detection, as evidenced by our finding of ADIPOQ accumulation 

in urine 24 hours post-surgery in AKI patients. Early detection of such cytokines could enable 

timely interventions to prevent filtration barrier breakdown, potentially yielding significant 

patient benefits. Moreover, cytokine-based tests are non-invasive, cost-effective, and easily 

conducted using urine samples and flow-cell detection devices, presenting a promising 

alternative for AKI and CKD monitoring. However, further studies are needed to validate these 

findings and their clinical applicability. The use of urine-derived stem cells shows the far-

reaching potential in research of kidney diseases. 

 

4.4 JAK1/JAK2-Inhibition reduces IFN–γ–induced APOL1 
expression and fibrotic markers in human podocytes 

APOL1 play a privotal role in podocyte injury and the development of CKD over the JAK/STAT 

signaling pathway. JAK1-mediated signaling has been identified as a key driver of 

inflammatory and fibrotic processes, both of which are recognized as major contributors to 

CKD progression133. Within this context, APOL1 risk variants are of particular clinical 

importance, as they exert a toxic gain-of-function effect in podocytes, leading to in cellular 

damage and nephron loss117,137,138,221. Numerous studies have demonstrated that APOL1 

expression is upregulated by pro-inflammatory cytokines such as IFN-γ, a process that is 

directly mediated through the JAK-STAT signaling cascade112,114,136,140–144. This highlights 
targeted modulation of this pathway as a promising therapeutic strategy, as preclinical studies 

have shown112,118,136,145.  The avaible functional studies of APOL1 have important limitations. 
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Much of the mechanistic understanding of APOL1 biology stems from overexpression models 

in mice or HEK293 cells expressing the G0, G1, or G2 variants112,126,136,137,221–224. While these 

systems have provided crucial insights into pathogenic mechanisms, they fail to fully 

recapitulate the unique physiology of human podocytes and the native regulatory context of 

APOL1. Future studies should therefore prioritize human podocyte-based systems to enhance 

the translational relevance of preclinical findings and to more effectively assess targeted 

therapeutic strategies.  

Based on this, in this study, UdRPCs from a West African donor (UM30-OSN) were 

immortalized and used to investigate the effect of APOL1 expression and renal injury markers 

using IFN-γ and the JAK1/JAK2 inhibitor baricitinib in podocytes251.  

IFN-γ stimulation for 24 h resulting in increased phosphorylation of STAT1, activation of 

APOL1, upregulation of pro-inflammatory and fibrotic markers such as, IL-6, TGF-β, Vimentin, 

Fibronectin, and morphological changes indicative of cell stress.  

Morphologically, IFN-γ stimulation resulted in an increase in rounded, detached cells 

compared to the untreated control, as observed by light microscopy. This cytoskeletal change 

has also already been demonstrated by the use of ANGII231,232,240. This suggests that not only 

the RAAS play a crucial role in podocyte injury and the development of CKD, but also the 

JAK/STAT signalling pathway. 

In addition to the morphological changes, there was a significant increase in APOL1 

expression and consequently also an increase in pro-inflammatory and fibrotic markers such 

as, IL-6, TGF-β, vimentin, fibronectin. As is already known, inflammation and fibrosis are 

crucial for the progression of kidney disease and show the dependence of APOL1 risk variants 

and the progression of kidney disease. Due to the West African origin coupled to the APOL1 

risk variants, a permanent activation of the JAK/STAT signalling pathway marked by 

phosphorylation of STAT1 followed by increased APOL1 expression seems to lead to an 

increase in inflammation and fibrosis associated markers. These observations are conistent 

with previous studies in overexpressing models, such as HEK293 cells, demonstrating that 

APOL1 risk variants can trigger cytotoxic responses under pro-inflammatory 

conditions112,114,136,140–144. 
Our results support the notion that APOL1 risk variants confer a toxic gain-of-function effect in 

human podocytes. In individuals of West African ancestry, constitutive or cytokine-induced 

JAK/STAT activation appears to drive sustained APOL1 expression, leading to an 

inflammatory and profibrotic microenvironment. These processes are well-recognized 
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mediators of CKD progression and underscore the clinical relevance of targeting the 

JAK/STAT/APOL1 axis. 

Importantly, co-treatment with Baricitinib effectively mitigated IFN-γ-induced morphological 

and molecular alterations in human urine-derived podocytes. Baricitinib significantly preserved 

podocyte morphology, reduced the number of detached cells, and normalized the APOL1 and 

downstream inflammatory and fibrotic markers. This protective effect is consistent with 

observations in human kidney biopsies and podocyte models, where Baricitinib has been 

shown to reduce APOL1-driven cytotoxicity under pro-inflammatory conditions145. The 

translational significance of these findings is further supported by the Phase 2 JUSTICE trial, 

which evaluated Baricitinib in patients with high-risk APOL1 genotypes and reported 

reductions in proteinuria, highlighting the therapeutic potential of JAK inhibition in APOL1-

associated nephropathies146. 

In conclusion, our study provides a valuable additional model for investigating kidney-

associated diseases such as APOL1 high-risk variants and mechanistic evidence linking IFN-

γ–induced JAK/STAT activation to APOL1-mediated podocyte injury and identifies Baricitinib 

as a promising candidate for therapeutic intervention. By interrupting the cycle of inflammation 

and fibrosis, JAK1/2 inhibition may represent a targeted strategy to slow CKD progression in 

individuals carrying APOL1 risk variants. 

 

 

4.5 Understanding the effects of RAAS overactivation in the aging 
process using sodium-wasting models 

Every person encounters the progressive biological process of aging, recognized as a major 

risk factor for widespread chronic diseases. Aging is driven among others by factors such as 

oxidative stress, cellular senescence, and the accumulation of ROS. The RAAS plays a central 

role in regulating blood pressure, which can be disrupted by electrolyte imbalances. During 

RAAS activation, ANG II binds to the AGTR1, stimulating intracellular NADPH oxidase. This 

process generates superoxide anions, promotes the uncoupling of endothelial nitric oxide (NO) 

synthase, reduces NO availability, and increases ROS production. The oxidative stress and 

DNA damage induced by ANG II are tightly regulated. In individuals with sodium-wasting 

conditions such as BS, inflammatory processes are downregulated, resulting in lower levels of 

oxidative stress and ROS.  
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In 1962, Bartter et al. identified the so-called Bartter syndrome157. BS is a rare hereditary renal 

tubular disorder characterized by impaired salt reabsorption in the thick ascending limb (TAL) 

of the loop of Henle. This condition leads to a variety of electrolyte imbalances, including 

hypokalemia, hypochloremia, salt wasting, metabolic alkalosis, and hyperaldosteronism, all 

occurring without elevated blood pressure. Additionally, hyperplasia of the juxtaglomerular 

apparatus (JGA) is commonly observed157,160,162,163. BS is a polygenic disorder caused by 

homozygous or compound heterozygous mutations in one of several genes, including 

SLC12A1, KCNJ1, CLCNKB, BSND, or CASR169,298.  

In regards to the previous studies, Bartter syndrome has an interesting angle, by looking at 

hypertension and aging-related processes, as revised in Thimm et. al.169. The RAAS involves 

several systematic processes to regulate blood pressure. Dysregulation in blood pressure can 

be caused by electrolyte imbalance. 

Salt intake is a critical factor influencing hypertension and plays a significant role in determining 

sensitivity to hypertensive responses. Salt-sensitive individuals exhibit stronger hypertensive 

reactions compared to patients with BS299,300. Magnesium deficiency, commonly associated 

with conditions like BS, further highlights the interplay of these syndrome with electrolyte 

imbalances. The binding of ANGII to AGTR1 triggers ROS production, leading to cellular 

senescence, mitochondrial dysfunction, hypertrophy, inflammation, and renal fibrosis301–303  

However, BS patients, despite consuming high-salt supplements, such as potassium chloride, 

sodium, or/and magnesium, do not typically exhibit these hypertensive outcomes304,305. These 

patients demonstrate downregulation of inflammatory processes, reduced oxidative stress, 

and lower ROS production. Possible explanations include decreased messenger release via 

AGTR1306, reduced Ca²⁺ release and PKC activation306, or elevated SIRT1 expression307. 

Moreover, SIRT1 is a critical regulator of aging and its activity decreases in age. Interestingly, 

BS patients tend to have higher SIRT1 activity compared to healthy individuals of the same 

age. This elevated SIRT1 expression in BS patients may reflect a protective trend toward 

improved health and resistance to aging-related stressors.  

There is a bidirectional relationship between aging and hypertension, in which age-related 

vascular changes promote the development of hypertension and hypertension in turn 

accelerates aging.  For its part, high blood pressure acts as an accelerator of aging processes, 

by promoting vascular and cellular damage. Chronically elevated blood pressure increases the 

mechanical load on the vascular walls and intensifies oxidative stress mechanisms and 

inflammatory processes308. With increasing age, structural and functional changes occur in the 

vascular system,, such as arterial stiffening, reduced elasticity, endothelial dysfunction, and 
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increased intimal thickening, which contributes to the development of hypertension309. A 

central role is played by arterial stiffness, which is caused by the loss of elasticity in large 

arteries such as the aorta. This loss is primarily due to the degeneration of elastic fibers, the 

accumulation of collagen and the fragmentation of elastic lamellae310. At the cellular level, 

hypertension also influences telomere length. Studies show that patients with hypertension 

have shorter telomeres, which is a marker for accelerated biological aging311. 

 

Another feature of vascular aging is endothelial dysfunction, which is characterized by a 

reduced bioavailability of NO. NO is a key mediator of vascular relaxation, and its reduction 

leads to increased vascular tension and ultimately to an increase in blood pressure312. A better 

understanding of these interactions is crucial to optimize prevention and treatment strategies 

and improve quality of life in old age. 

 

For studying the etiology of Bartter syndrome at the molecular level an iPSC of an 18-year-old 

Bartter syndrome type 3 (BS3) patient within a homozygous whole gene deletion of CLCNKB 

genotype was generated and characterized313. At present, there is no iPSC cell line from BS3 

patients available. Only cell lines derived from patients with gene mutations of the sodium-

potassium-chloride cotransporter gene (SLC12A1) or also known as Bartter syndrome type 1 

(BS1)314 or from another sodium deficiency-associated disease called Gitelman syndrome 

(GS)315,316.  

Given the limited data, further studies are needed to validate, the link between immune 

deficiencies in salt-wasting tubulopathies, such as BS, and the protective effects against 

certain aging-related conditions. Analyzing signaling pathways influenced by salt loss could 

uncover novel connections between BS and resistance to aging-related effects. For this 

purpose, healthy iPSC cell lines317  as well as BS patient iPSC313,314 can be differentiated into 

various kidney-associated cell lines, such as tubular cells, and the molecular differences can 

be analyzed. In contrast to GS, Bartter syndrome is characterized by a more severe congenital 

kidney damage phenotype that often manifests earlier, usually within the first year of life159. 

iPSCs revolutionize the way we approach biological research and medical treatments by 

combining the ethical benefits of a non-embryonic source with the functional capabilities of 

pluripotent cells318–321. Their adaptability, patient specificity, and potential for broad applications 

make them a cornerstone of modern regenerative medicine and disease research. The simple 

and inexpensive procurement of stem cells from urine, which can be easily reprogrammed into 

iPSCs, appears to have widespread potential in regenerative medicine. 
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4.6 Urine-derived renal progenitor cells as a therapeutic approach 
in an IRI mouse model 

The significant potential of deriving stem cells from urine was further substantiated in a 

subsequent study, which explored the therapeutic application of SIX2-positive UdRPCs in the 

context of acute and chronic kidney injury322.  

Previous studies conducted only limited experiments to elucidate the mechanisms underlying 

the beneficial effects of transplanted urine-derived stem cells on the regeneration of injured 

kidneys.  

In this study, we demonstrate that SIX2-positive UdRPCs from a 31-year-old female donor 

exert therapeutic effects in a murine model of ischemia–reperfusion injury (IRI), a widely used 

model for both acute and progressive kidney damage252,323. UdRPC administration significantly 

attenuated renal fibrosis, as evidenced by reduced extracellular matrix deposition and 

decreased expression of profibrotic markers such as CTGF, COL1A2, and COL3A1. These 

findings are consistent with previous work showing that renal progenitor cells can inhibit TGF-

β–driven fibrotic pathways and preserve tubular integrity252. In addition to their antifibrotic 

effects, UdRPCs demonstrated immunomodulatory properties. The downregulation of CCL2 

and ICAM1, key mediators of monocyte recruitment and leukocyte adhesion, respectively, 

suggests that UdRPCs suppress inflammatory signaling pathways known to exacerbate CKD 

progression324,325. This aligns with recent studies reporting that progenitor cells exert anti-

inflammatory effects via paracrine signaling and exosome release323. 

Interestingly, UdRPCs also appeared to transiently modulate the systemic secretome, 

potentially by releasing anti-inflammatory and vasoactive mediators. Similar effects have been 

reported for other stem and progenitor cell types, which can influence vascular tone and 

immune responses through secretion of bioactive factors such as IL-10, VEGF, and HGF326–

329. 

However, despite these protective effects, UdRPC treatment did not fully restore renal function 

within the 21-day observation period. This limitation has been observed in other progenitor-

based therapies and may reflect the need for prolonged cell survival, repeated dosing, or co-

treatment with supportive agents to achieve long-term functional recovery330. An important 

aspect of our model is the xenogeneic transplantation of human-derived UdRPCs into 

immunocompetent mice without immunosuppression. Although no overt immune rejection was 

observed, the long-term survival and engraftment of UdRPCs remain unclear. Future studies 

should investigate the immunogenicity and fate of transplanted cells in more detail331.  
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Although in this the aspect the R3 principle-Reduce, Refine, Replace should be be taken into 

consideration and could be a main aspect in the incomplete regeneration process of the mice 

kidney. 

All in all, our findings support the therapeutic relevance of SIX2-positive UdRPCs for kidney 

injury. Their dual antifibrotic and anti-inflammatory effects, likely mediated through paracrine 

mechanisms, highlight their potential as a novel, non-invasive cell source for regenerative 

nephrology. 
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5 Conclusion 
Urine and urine-derived nephron progenitor cells represent an innovative and non-invasive 

resource for regenerative medicine97,169,231,232,240,251,295,313,322,332,333. Their simple extraction from 

urine samples, along with their ability to differentiate into various cell types such as bone, 

muscle, nerve, and fat, opens new avenues in personalized medical applications. With their 

strong proliferative capacity, genetic stability, and low immunogenicity, UdRPCs emerge as a 

promising option for diverse cell-based therapies 

 

This research successfully established immortalized UdRPC lines and highlighted their 

specific potential for addressing kidney diseases. The cost-effective and accessible 

procurement of these stem cells, combined with their ability to be reprogrammed into iPSCs, 

underscores their versatility in regenerative applications. Additionally, the use of immortalized 

urine-derived podocytes presents a practical cellular model for exploring renal diseases, 

providing a valuable tool for nephrotoxicity studies and understanding signaling pathways in 

kidney disorders. This knowledge lays the groundwork for innovative therapeutic strategies 

and offers promising insights into future treatments. 

 

The remarkable potential of urine-derived cells enables comprehensive investigation into a 

wide spectrum of kidney-associated diseases. This study not only provides in-depth insights 

into conditions such as AKI, CKD, Bartter syndromes, APOL1-mediated kidney disease, sickle 

cell disease, hypertension, and the molecular parallels between the kidney and brain, but also 

establishes a conceptual and methodological framework for future experimental research. 

Moreover, it has been demonstrated that these cells are not limited to two-dimensional culture 

systems. Further studies successfully utilized in three-dimensional models334–336. This 

underscores their prospective utility in advancing biomedical research across various domains, 

with particular relevance to nephrology.  

Figure 6 represents all my findings in a schematic figure. 
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Figure 6: Therapeutic potential of urine-derived renal progenitor cells (UdRPCs). 
The top center represent a light microscope picture of UdRPCs isolated from human urine. The second row shows 

the different cell types, which were generated in the following thesis with representive markers. On the left side is 
a light microscope picture of the Bartter syndrome type 3 induced pluripotent stem cell (BS3 iPSC) pictures showing 

by immunofluorescence staining the expression of the pluripotent marker OCT4. Next to the BS iPSC are the UM51 

hTERT cell lines showing expression of HA-tag and Hoechst. The second immortal cell line UM30-OSN expressing 
the nephron progenitor marker SIX2 (orange). On the right side the UdRPCs were differentiatet into podocytes 

expressing podocyte specific markers Nephrin and a cytoskeleton marker Phalloidin. The miiddle row represents 

the various disease models explored using UdRPCs in this thesis including: Acute kidney injury (AKI), Chronic 
kidney disease (CKD), High Blood pressure, Apolipoprotein L1 (APOL1), Similarities between brain and kidney and 

Sickle cell disease (SCD). The bottom row show a schematic of cell transplantation as a therapeutic approach. 

UdRPCs are injected into a mouse model with IRI-induced AKI to assess regenerative effects. UdRPCs present a 
versatile and promising cell source for disease modeling and regenerative therapies, particularly for kidney-related 

and systemic diseases. Created in https://BioRender.com169. 
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