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Summary  

Nephrotoxicity is a common adverse effect of drugs that accounts for a substantial part of 

drug development discontinuations and market withdrawals. Within the kidney, the renal 

proximal tubule epithelial cells (RPTEC) are commonly affected by drug-induced nephrotoxicity, 

which is mainly due to their prominent role in secretion of xenobiotics. These transport processes 

not only result in high toxin exposures but also imply high energy metabolic rates, portrayed by a 

high mitochondrial density in these cells. Indeed, nephrotoxins are often substrates for renal 

secretory transporters and frequently interfere with mitochondrial functions. Unfortunately, 

nephrotoxicity of drug candidates is rarely detected during the preclinical development, which is 

attributed to the poor predictivity of animal experiments on the one hand and, on the other hand, 

the lack of predictive human in vitro test systems. The latter is mainly because most established 

RPTEC cell lines lost the characteristic expression of xenobiotic transporters rendering these cells 

unsuitable for sensitive nephrotoxicity detection. However, more recently presented cell lines 

including the RPTEC/TERT1 cells promise maintained functionality and polarization. 

Therefore, the work presented in this thesis describes the usability of the RPTEC/TERT1 cell 

line for in vitro nephrotoxicity testing. The key functionalities of the proximal tubule epithelium, 

reabsorption of water and secretion of cationic xenobiotics were characterized and quantified in 

these cells and subsequently translated into sensitive toxicity readouts. Highlighting the 

usefulness of the latter, impaired cellular water reabsorption was detected for several known 

nephrotoxins and even revealed nephrotoxins not affecting cell viability. Furthermore, the 

described vectorial transport of a well-established substrate of the OCT/MATE transporters for 

cations by RPTEC/TERT1 cells provides evidence that the cells represent a valuable tool to 

identify substrates of this important secretion axis.  

Next, a 3D cultivation protocol for RPTEC/TERT1 cells was established by embedding the 

cells in an extracellular matrix and subsequently characterized. Interestingly, solely culturing 

RPTEC/TERT1 cells between two layers of Matrigel induced the formation of stable tubular 

structures. These tubuli were shown to consist of a monolayer of cells that are connected by tight 

junctions and exhibit an in vivo-like polarization including apical microvilli and basolateral 

expression of Na+/K+-ATPase. Strikingly, RPTEC/TERT1 cells cultured in 3D showed a 

pronounced increase in expression of many xenobiotic transporters when compared to their 

counterparts cultured on plastics or Transwells. Finally, the RPTEC/TERT1 cell line was utilized 

in a mechanistic toxicology study to investigate the recent problem of gliflozin-induced renal 

tubular tumors (RTTs) in rodents and cases of acute kidney injury (AKI) and diabetic ketoacidosis 

(DKA) in human patients. It was demonstrated that canagliflozin but not dapagliflozin or 

empagliflozin is a dual inhibitor of glutamate dehydrogenase (GDH) and electron transport chain 

complex I, in combination restricting glutaminolysis, thereby damaging RPTECs. This effect 

might well contribute to the increased incidence of RTTs in rats exposed to canagliflozin likely 
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related to degenerative/regenerative proliferation and, since ammonia release via GDH is an 

important renal countermeasure against acidosis, the results present an explanation for the 

predominance of canagliflozin medication among DKA and AKI cases. 

To conclude, the present thesis advances the field of in vitro nephrotoxicity testing by 

characterization of novel, functional and sensitive cellular readouts, by establishment and 

characterization of an innovative 3D cultivation protocol that improved cellular differentiation 

status and by delineation of RPTEC/TERT1 energy and mitochondrial metabolism and the 

adverse effects of impairments thereof. 
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Zusammenfassung 

Eine häufige Nebenwirkung von Medikamenten ist eine Schädigung der Nieren, welche 

wiederum den Entwicklungsstopp eines Medikamentes oder sogar die Marktrücknahme zur Folge 

haben kann. Die Epithelzellen des proximalen Tubulus der Niere (RPTECs) sind aufgrund ihrer 

aktiven Rolle bei der Ausscheidung von Fremdstoffen besonders häufig von einer Schadwirkung 

betroffen. Die an der Ausscheidung beteiligten Transportprozesse führen nicht nur zu hohen 

Expositionen dieser Zellen gegenüber den Fremdstoffen, sondern bedingen auch einen sehr hohen 

Energiestoffwechsel, welcher durch die große Anzahl an Mitochondrien in diesen Zellen 

untermauert wird. Tatsächlich sind nierenschädigende Substanzen häufig Substrate dieser 

Transporter sind beeinträchtigen zudem mitochondrielle Funktionen. Bedauerlicherweise wird 

das nierenschädigende Potential von neuen Medikamenten selten bereits in der präklinischen 

Entwicklung aufgedeckt. Einerseits liegt dies an der schlechten Vorhersagbarkeit durch die 

verpflichtenden Tierversuche, während andererseits verlässliche in vitro Methoden fehlen. 

Letzteres ist hauptsächlich der Tatsache geschuldet, dass die meisten etablierten RPTEC 

Zelllinien ihre charakteristische Expression von Fremdstofftransportern verloren und daher ihre 

Sensitivität gegenüber nierenschädigenden Substanzen eingebüßt haben. Allerdings versprechen 

neuere Zelllinien, wie die RPTEC/TERT1 Linie, anhaltende Funktionalität und Polarisierung.  

Aufgrund dessen beschreibt die vorliegende Dissertation die Nutzbarkeit der RPTEC/TERT1 

Zelllinie für die in vitro Testung von Nierenschädigung. Schlüsselfunktionen des proximalen 

Tubulus, wie die Resorption von Wasser und die Ausscheidung von kationischen Fremdstoffen 

wurden in diesen Zellen charakterisiert, quantifiziert und in sensitive Messmethoden zur 

Nierenschädigung überführt. Eine Verringerung des Wassertransports wurde von vielen 

nierenschädigenden Substanzen verursacht, vor allem auch durch solche, die die generelle 

Lebensfähigkeit der Zellen nicht beeinträchtigten, was die Nützlichkeit dieser Messmethode 

unterstreicht. Auch bescheinigt der beschriebene, gerichtete Transport eines Substrates der 

OCT/MATE Transportachse der RPTEC/TERT1 Zelllinie vielversprechendes Potential für die 

Identifizierung weiterer Substrate dieser wichtigen Transportachse.  

Weiterhin wurde ein Protokoll für die dreidimensionale Kultur von RPTEC/TERT1 Zellen 

entwickelt und charakterisiert. Interessanterweise reicht allein die Kultur der Zellen zwischen 

zwei Schichten Matrigels aus, um die Zellmorphologie von einem Zellrasen zu tubulären Struktu-

ren zu verändern. Diese Tubuli bestehen aus einer Einzelschicht von Zellen, welche eine in vivo-

ähnliche Polarisierung mit apikalen Mikrovilli und basolateraler Expression der Na+/K+-ATPase 

zeigen und durch Tight Junctions verbunden sind. Bemerkenswerterweise zeigten die 

RPTEC/TERT1 Zellen, welche mittels dieser dreidimensionalen Methode kultiviert wurden im 

Vergleich zur Kultivierung auf Plastik und Transwells eine deutlich erhöhte Expression vieler 

Fremdstofftransporter.  
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Zudem wurde die RPTEC/TERT1 Zelllinie in einer mechanistischen Toxikologiestudie 

verwendet um offene Fragen bei Gliflozin-induzierten renalen tubulären Tumoren (RTTs) in 

Nagern sowie den Fällen von akuter Nierenschädigung  (AKI) und diabetischer Ketoazidose 

(DKA) in Patienten zu klären. Dabei konnte gezeigt werden, dass Canagliflozin im Gegensatz zu 

Dapagliflozin und Empagliflozin ein Hemmstoff der Glutamatdehydrogenase (GDH) und des 

Komplex I der mitochondriellen Atmungskette ist. Diese Kombination schränkt die 

Glutaminolyse ein, was wiederum zu einer Schädigung der RPTECs führt. Diese Schädigung 

könnte zu den degenerativen/regenerativen Veränderungen beitragen, die zu der Häufung von 

RTTs in Ratten führten. Da die Freisetzung von Ammoniak durch die GDH in RPTECs ein 

wichtiger Prozess ist, um einer Azidose entgegen zu wirken, liefert die Hemmung durch 

Canagliflozin eine Erklärung für die Häufung der AKI und DKA Fälle unter dieser Medikation. 

Zusammenfassend trägt diese Dissertation dazu bei, Nierenschädigung durch in vitro 

Methoden (1) mit neuen und sensiblen Messmethoden, (2) mit Hilfe eines innovativen 3D 

Kulturprotokolls sowie (3) mittels der Beschreibung des Energiestoffwechsels und dessen 

Beeinträchtigungen in RPTEC/TERT1 Zellen zu verbessern.  
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3D three-dimensional 

3-PG 3-phosphoglycerate 

3R reduce, replace, refine 

AA amino acids 

ABC ATP-binding cassette 

ABTS 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

ACO aconitase 

ACTB actin 

ADP adenosine diphosphate 

KG -ketoglutarate 

AKI acute kidney injury 

ALPL alkaline phosphatase 

ALT alanine transaminase 

AMPK adenosine monophosphate-activated protein kinase 

ANOVA analysis of variance 

Asp+ 4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide 

AST aspartate transaminase 

ATCC American Type Culture Collection 

ATN acute tubular necrosis 

ATP adenosine triphosphate 

AUC area under the curve 

BCRP breast cancer resistance protein 

BF brightfield 

BrdU bromodeoxyuridine 

BSA bovine serum albumin 

ci cell index 

ciPTEC conditionally immortalized proximal tubule epithelial cell line  

cmax maximum serum concentration 

CQ chloroquine 

CS citrate synthase 

CUBN cubilin 

DNA deoxyribonucleic acid 

DAPI 4’,6-diamidino-2-phenylindole 

DCIP 2,6-dichlorophenolindophenol 

DDI drug-drug interaction 

DMSO dimethyl sulfoxide 

DTT dithiothreitol 

e.g. Exempli gratia/for example 

ECAR extracellular acidification rate 



Abbreviations 

XI 

 

ECVAM European Centre for the Validation of Alternative Methods 

EDTA ethylenediaminetetraacetic acid 

EGCG epigallocatechin gallate 

EGF epidermal growth factor 

EMA European Medicines Agency 

ER endoplasmatic reticulum 

ETC electron transport chain 

FADH2 flavin adenine dinucleotide (reduced) 

FCS fetal calf serum 

FDA Food and Drug Administration 

FH fumarate hydratase 

FRG familial renal glucosuria 

GDH glutamate dehydrogenase 

GFR glomerular filtration rate 

GGM glucose-galactose malabsorption 

GGT -glutamyltransferase 

glc glucose 

gln glutamine 

glu glutamate 

GOD glucose oxidase 

GTP guanosine triphosphate 

HBSS Hanks’ Balanced Salt Solution 

HEK293 human embryonic kidney cells 293 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hif1 hypoxia-inducible factor 1-alpha  

HK-2 human kidney 2 cell line 

HPRT1 hypoxanthine-guanine phosphoribosyltransferase 1 

i.a. inter alia/among others 

i.e. id est/that is 

IDH isocitrate dehydrogenase 

kDa kilodalton 

KIM-1 Kidney injury molecule-1 

KPP potassium phosphate buffer 

lac lactate 

LAP leucine aminopeptidase 

LDH lactate dehydrogenase 

LLC-PK1 Lilly Laboratories cell porcine kidney 1 cell line 

LoEC lowest observed effect concentration 

LY lucifer yellow 

MATE multidrug and toxin extrusion protein 

MDCK Madin-Darby canine kidney cell line 

MDH malate dehydrogenase 

MDR1 multidrug resistance protein 

MPC mitochondrial pyruvate transporter 



Abbreviations 

XII 

 

MPP+ 1-methyl-4-phenylpyridinium 

MRP multidrug resistance-associated protein 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

n sample size 

n.s. not significant 

Na+/K+-ATPase sodium/potassium ATPase 

NAD+/NADH nicotinamide adenine dinucleotide (oxidized/reduced) 

NADP+/NADPH 
nicotinamide adenine dinucleotide phosphate 

(oxidized/reduced) 

NoEC no observed effect concentration 

Nrf2 nuclear factor-like 2 

NRK-52E normal rat kidney-52E cell line 

OAA oxaloacetate 

OAT organic anion transporter 

OCR oxygen consumption rate 

OCT organic cation transporter 

OGDC oxoglutarate dehydrogenase complex 

PBS phosphate-buffered saline 

PCA principal component analysis 

PDH pyruvate dehydrogenase 

PFA paraformaldehyde 

P-gp P-glycoprotein 

Pi inorganic phosphate 

PI propidium iodide 

POD peroxidase 

pyr pyruvate 

Q/QH2 ubiquinone (oxidized/reduced) 

qPCR quantitative real-time polymerase chain reaction 

RFU relative fluorescence units 

RNA ribonucleic acid 

ROS reactive oxygen species 

RPL13A 60S ribosomal protein L13a 

RPTEC renal proximal tubule epithelial cell 

RTT renal tubular tumor 

SCS succinyl coenzyme A synthetase 

SD standard deviation 

SDH succinate dehydrogenase 

SEM standard error of the mean 

SGLT Sodium/glucose co-transporter 

SSA 5-sulfosalicylic acid 

T2DM type 2 diabetes mellitus 

TCA tricarboxylic acid 

TEER transepithelial electrical resistance 

TERT1 telomerase 1 



Abbreviations 

XIII 

 

TPP thiamine pyrophosphate 

TTFA thenoyltrifluoroacetone 

U.S. United States 

 



Introduction 

14 

 

1 Introduction 

1.1 The nephron – functional unit of the kidney 

Through our environment, we are constantly exposed to a plethora of xenobiotics which 

would accumulate in organs and tissues if our body would not have efficient ways to excrete them. 

Additionally, cellular metabolism creates waste products like uric acid and urea from nucleotide 

and protein metabolism which need to be eliminated. The kidney is the main organ responsible 

for the clearance of water-soluble xenobiotics and metabolic waste products from the 

bloodstream. To enable for the latter, the average human kidney consists of approximately 1.0 

million independent functional units (Bertram et al., 2011), the nephrons (Figure 1).1 

 

Each of these nephrons in turn assembles from a glomerulus, the tubular system and a vascular 

part, each of which carrying out specific functions. The afferent arterioles transport the blood 

towards the glomerulus where it is filtrated. The ultrafiltrate is collected in the Bowman’s capsule 

surrounding the glomerulus and gets pushed into the adjacent tubular system. While running 

through the tubular system – consisting of the proximal tubule, the descending limb of the loop 

of Henle, the loop of Henle, the ascending limb of the loop of Henle, the distal tubule and finally 

                                                 
1 https://studyforce.com/gallery/14755_26_10_12_5_19_55_96592005.jpeg (accessed on 07.10.2017). 

Figure 1 Structure of a nephron 

Blood arriving from the heart enters the glomerulus via the afferent arteriole. Within the glomerulus, 
the blood is filtered and the ultrafiltrate passes the tubular system that consists of the proximal 
tubule, the loop of Henle, the distal tubule and the collecting duct. The peritubular capillaries provide 
the substances for secretion and take up the reabsorbed solutes. The mature urine enters the 
bladder via the collecting duct. Modified from online source 1. 
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the collecting duct – the ultrafiltrate or primary urine gets modified by the processes of tubular 

reabsorption and secretion and is finally collected as urine in the bladder. Overall, the nephrons 

of a young healthy individual filter 120-130 ml blood per minute (Stevens et al., 2006) or around 

180 liter per day. Through the processes of tubular reabsorption this volume is largely decreased 

to approximately 1.4 liter of urine that is in average excreted per day, however, this volume may 

vary between 0.6 and 2.6 liter depending mainly on fluid intake (Rose et al., 2015). Along with 

the water goes the filtration of small molecules dissolved in the blood and many of these need to 

be reabsorbed by the cells lining the tubules. However, some solutes are not only excreted by 

filtration but are also actively secreted into the tubular system. Accordingly, renal secretion of 

water-soluble compounds is based on three different processes, glomerular filtration, tubular 

reabsorption and tubular secretion. 

1.1.1 Glomerular filtration 

The glomerular filtration rate (GFR) is equivalent to volume of blood that is filtered by the 

kidney in a given time and is a good descriptor of renal function. To facilitate the blood filtration 

inside the glomerulus, the glomerular capillaries are fenestrated and surrounded by podocytes 

embracing the capillaries with their extensions. This architecture creates a sieve-like structure that 

allows for free diffusion of ions and smaller organic compounds and partial diffusion of proteins 

smaller than 40 kDa, while larger proteins like serum albumin (69 kDa) are almost excluded from 

filtration under physiological conditions (Boron and Boulpaep, 2008). In order to facilitate the 

process of ultrafiltration the diameter of the afferent arterioles transporting the blood towards the 

glomerulus is generally larger than the diameter of the efferent arterioles leaving the glomerulus. 

To ensure a stable GFR and to avoid damage to the glomeruli due to elevated blood pressure, the 

diameter of afferent and efferent arterioles is regulated by both, the kidney autonomously, 

involving tubular sodium sensing by cells of the macula densa (Vallon and Thomson, 2012) and 

systemically by the renin-angiotensin-aldosterone system (Sparks et al., 2014). The GFR can be 

estimated by measuring the urinary clearance of creatinine, a breakdown product of muscle 

metabolism over a 24 h period or by administration of exogenous substrates which are freely 

filtered and secreted such as inulin (Stevens et al., 2006). 

1.1.2 Tubular reabsorption 

After being produced within the glomerulus, the ultrafiltrate enters the tubular system where 

the vital solutes and water are reabsorbed while waste products are secreted until the concentrated 

urine is finally collected in the bladder. The process of tubular reabsorption is of crucial 

importance for the organism to retain the vital components dissolved in the blood which are also 

subject to ultrafiltration. A good example for the efficiency of tubular reabsorption is the 

reabsorption of glucose. As mentioned earlier, the kidneys of a healthy individual filter 
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approximately 180 liter of blood per day which contains ~1 g/l glucose. Consequently, if there 

would be no tubular reabsorption of glucose, we would lose 180 g of precious glucose per day via 

the urine. However, glucose is barely detectable at all in the urine of non-diabetic humans 

implying that the filtered glucose must be completely reabsorbed by the tubular compartment. 

Indeed, most of the reabsorptive processes take place in the proximal tubule, the initial part of 

tubular system that is directly connected to the glomerulus. The proximal tubulus consists of a 

monolayer of polarized epithelial cells characterized by a pronounced brushborder membrane on 

the luminal side (Figure 2). This brushborder serves to increase the cells apical surface area for 

insertion of transporters required for efficient secretion and reabsorption. The renal proximal 

tubular epithelial cells (RPTECs) are connected by tight junctions, serving as barrier to the 

ultrafiltrate and ensuring the maintenance of the polarized phenotype by allowing for specific 

expression of transporters at either the basolateral or apical (luminal) site. In contrast to most cell-

types, which utilize facilitative transport of nutrients across their cell membrane to meet their 

metabolic demands, RPTECs express active transporters on the luminal site. Glucose for example 

is taken up by most cells via the facilitative glucose transporter 1 (GLUT1) (Zhao and Keating, 

2007). GLUTs allow glucose to diffuse across the cell membrane along its concentration gradient 

but are not able to enrich glucose inside the cell. Since most cells consume glucose and the blood 

glucose concentration is tightly regulated to 1 g/l (or 5.5 mM), glucose freely flows into these 

cells thereby ensuring constant supply. Such a system, however, is not suitable for complete 

reabsorption of glucose from the ultrafiltrate which requires enrichment of glucose inside the cells 

and therefore against the concentration gradient. RPTECs therefore express sodium/glucose co-

transporters (SGLTs), which are able to actively take up glucose by concurrently transporting 

Figure 2 Transmission electron micrographs of proximal tubule epithelial cells 

Left: The luminal side of two renal proximal tubule epithelial cells (RPTECs) with the pronounced 
brushborder membrane (BB) and the darkish apical tight junction connecting the two cells (arrow). 
Right: Cross-section through the wall of a proximal tubule shows from top to bottom the brushborder 
membrane (BB) facing the lumen (L), the single cell layered proximal tubule epithelium of cells harboring 
many mitochondria (mitos), a peritubular capillary (C) and the interstitial space (IS) at the basolateral 
side of the RPTECs. Modified from (Headley, 2013); permission conveyed through Copyright Clearance 
Center, Inc. 
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sodium along its concentration gradient (Figure 3). Cells of the early proximal tubule mainly 

express SGLT2 (SLC5A2), the high-capacity low-affinity isoform, which is responsible for 

approximately 90% of renal glucose reabsorption (Chao and Henry, 2010). The remaining 10% 

are taken up by the low-capacity high-affinity isoform SGLT1 (SLC5A1) expressed in RPTECs 

of the late proximal tubule (Chao and Henry, 2010).  

In order to reintroduce the reabsorbed glucose into the bloodstream, RPTECs expressing 

SGLT2 at their luminal site co-express GLUT2 at their basolateral membrane while those 

expressing SGLT1 express GLUT1 at the basolateral side (Lee et al., 2007b). Since SGLT-

mediated transport strongly enriches glucose inside RPTECs, GLUTs expressed at the basolateral 

membrane export glucose into the interstitium, thereby completing the reabsorption. 

Coupling the reabsorption of solutes against their concentration gradient to the concurrent 

sodium cotransport along its concentration gradient is a common transport mechanism e.g. also 

utilized for amino acid and phosphate reabsorption (Ullrich, 1979). Since sodium is subsequently 

exchanged for potassium by basolaterally expressed Na+/K+-ATPase at the expense of ATP, this 

transport mechanism is called secondary active and also comes with a net reabsorption of sodium.  

Figure 3 Renal tubular reabsorption of glucose 

Left: The proximal tubule epithelium is the site of renal glucose reabsorption. Cells of the early proximal 
tubule (S1) express sodium/glucose co-transporter 2 (SGLT2) that is responsible for ~90% of glucose 
(Glu) reabsorption while cells of the late proximal tubule (S2, S3) express SGLT1 which is responsible 
for complete reabsorption of the residual glucose. Right: SGLT-mediated glucose transport is coupled 
to Na+ reabsorption. The Na+ gradient is maintained by basolateral Na+/K+-ATPase activity. Glucose 
release at the basolateral site is enabled by GLUT transporters, specifically GLUT2 for SGLT2 
expressing cells and GLUT1 for SGLT1 expressing cells. Modified from (DeFronzo et al., 2017); 
permission conveyed through Copyright Clearance Center, Inc. 
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1.1.3 Tubular secretion 

By glomerular filtration, compounds passively enter the primary urine and are eliminated via 

the urine if not reabsorbed within the tubular compartment. If filtration would represent the only 

driving force of renal excretion, xenobiotics that entered the bloodstream could never become 

completely eliminated by the urine due to the passive nature of the diffusive process. However, 

many compounds including pharmaceuticals (Morrissey et al., 2013) but also endogenous waste 

products like creatinine (Stevens et al., 2006) are known to exhibit a renal clearance that exceeds 

what could be achieved by the filtration rate, thus indicating active secretion. Similar to 

reabsorption, active secretion of compounds is also mainly performed by RPTECs and comprises 

uptake of the solute via transporters at the basolateral membrane and secretion via different 

transporters at the luminal site. This process is particularly important for elimination of 

xenobiotics which are potentially harmful to the organism and thus need to be excreted efficiently. 

Renal secretion is especially well characterized for pharmaceuticals. Amongst the top 200 

prescribed pharmaceuticals in the United States (U.S.), 64 are eliminated via the kidney and 

almost all (92%) of these drugs are actively secreted into the urine (Morrissey et al., 2013). To 

facilitate the secretion of such a large spectrum of compounds, RPTECs express a variety of 

different transporters, which are categorized according to their localization, substrate specificity 

and transport mechanism (Figure 4). 

Uptake transporters expressed at the basolateral membrane and responsible for uptake of 

negatively charged solutes fall into the group of organic anion transporters (OATs) with the most 

prominent members being OAT1 and OAT3. OAT1 is well known for its capacity to transport the 

drugs tenofovir or diclofenac and the fungal metabolite ochratoxin A (Morrissey et al., 2013). 

OAT3 is a transporter of the antifolate methotrexate or rosuvastatin approved for treatment of 

dyslipidemia and ochratoxin A (Morrissey et al., 2013). Secretion of anions at the luminal side is 

accomplished mostly by members of the multidrug resistance-related protein (MRP) family, 

mainly isoforms 2 and 4 but also by the apically expressed OAT isoform OAT4 and the breast 

cancer resistance protein (BCRP) (Morrissey et al., 2013). In contrast to the OATs which are anion 

exchanger, MRPs and BCRP belong to the family of ATP-binding cassette (ABC) transporter, 

hydrolyzing ATP to facilitate transport. Cationic compounds are picked up at the basolateral 

membrane by members of the organic cation transporter (OCT) family of proteins. The RPTECs 

predominantly express OCT2 (Koepsell, 2013) and to lesser degree OCT3 (Wu et al., 2000). 

Important clinically relevant substrates of OCTs are the biguanide and first-line medication for 

type 2 diabetes metformin, the chemotherapeutic agent cisplatin and the toxic compound 1-

methyl-4-phenylpyridinium (MPP+) (Morrissey et al., 2013). Cations are secreted at the luminal 

membrane mainly by the members of the multidrug and toxin extrusion (MATE) proteins MATE1 

and MATE2/2K but also by the multidrug resistance protein (MDR1) also known as P-

glycoprotein (P-gp) and the apically expressed OCT isoform OCT1. 
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Due to the important role of transporter-mediated secretion of drugs into the urine and the 

broad substrate recognition pattern of most transporters, precise investigation of the transporter 

interaction pattern of drug candidates is indispensable during drug development. In fact, the Food 

and Drug Administration (FDA) which is responsible for drug approval in the U.S., requests 

experimental data on whether an investigational drug is substrate for BCRP or MDR1 and 

additionally on OAT1, OAT3 and OCT2 in case the substance undergoes renal secretion (U.S. 

Food and Drug Administration, 2012). Notably, of the drugs excreted via the kidneys, about 20% 

interact with the luminal export transporters MRP2, MRP4, MATE1 and MATE2, about 30% 

interact with OCT2 and OAT1 and even 40% exhibit interaction with OAT3 and MDR1 

(Morrissey et al., 2013). Consequently, since many solutes and drugs share a common transporter, 

these compounds mutually influence their secretion rates (Giacomini et al., 2010; Lepist and Ray, 

2016; Yin and Wang, 2016). Thus, plasma half-life as well as maximum plasma concentrations 

(cmax) of drugs are often altered in patients receiving multiple medications due to altered renal 

Figure 4 Schematic showing the polarized expression of the most important xenobiotic 
transporters in RPTECs 

Left: Transporters involved in the secretion of organic anions (OAs). Uptake of OAs is mediated via 
organic anion transporter 1 (OAT1) and OAT3 and driven by simultaneous export of dicarboxylates such 

as oxaloacetate or -ketoglutarate. OAs are subsequently exported into the lumen by either ATP-
utilizing multidrug resistance-related protein 2 (MRP2), MRP4, breast cancer resistance protein (BCRP) 
or via OAT4 that exchanges OAs with other anions including the anorganic anion chloride. Right: 
Transporters involved in secretion of organic cations (OCs). OCs are taken up at the basolateral side 
via organic cation transporter 2 (OCT2) or OCT3 and are secreted either via multidrug and toxin 
extrusion protein 1 (MATE1) or MATE2/2K in exchange for protons, via P-glycoprotein (P-gp) that 

hydrolyzes ATP or via OCT1. 
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secretion (Giacomini et al., 2010). If such drug-drug interactions (DDIs) are not known or not 

correctly accounted for in multiple drug regimens, the resulting overdosing is frequently related 

to toxicity (Yin and Wang, 2016). However, DDIs on transporter level can also be exploited 

pharmacologically. For instance, during times when penicillin was still rare and precious, 

probenecid – the prototypical OAT substrate – was co-administered with penicillin in order to 

prolong the plasma half-life of the latter by reducing its OAT-mediated renal secretion (Gibaldi 

and Schwartz, 1968; Morrissey et al., 2013).  

1.2 Drug-induced nephrotoxicity 

Nephrotoxicity is a frequently observed adverse effect of drugs and diagnostic agents and is 

therefore together with hepatotoxicity and cardiotoxicity responsible for a high percentage of drug 

attritions (Lin and Will, 2012; Schuster et al., 2005). The kidneys are especially vulnerable to 

toxins because of their high exposure burden owing to the excellent blood supply – the kidneys 

receive 25% of the cardiac output while representing only 0.5% of the body weight – and their 

role in detoxifying the organism via the urinary excretion of compounds described above. Drug-

induced nephrotoxicity usually manifests as acute kidney injury (AKI) which was formerly 

referred to as acute renal failure (Bellomo et al., 2004). AKI is characterized by a rapid decrease 

in the kidney’s ability to excrete waste products occurring within days or even hours after the 

toxic insult (Bellomo, 2011) which manifests in elevations of serum creatinine and blood urea 

nitrogen both used as biomarkers diagnosis (Vaidya et al., 2008). In the U.S., approximately 1% 

of hospital admissions are due to AKI but more strikingly, AKI often develops in hospitalized 

patients (5-7%) especially in those being admitted to intensive care units were 5-60% of patients 

develop AKI (Bellomo, 2011; Tolwani, 2012). Mortality due to AKI in intensive care units is as 

high as 60% (Uchino et al., 2005) or even 80% in severe cases which imply the need for renal 

replacement therapy (Tolwani, 2012). Toxicants, e.g. drugs,  represent the third most common 

cause of hospital-acquired AKI (Pianta et al., 2013) and drugs are responsible for approximately 

20% of all cases of AKI (Naughton, 2008). 

Drug-induced AKI most commonly originates from damage to the RPTECs and more rarely 

the podocytes in the glomerulus or to cells of the distal tubules (Tiong et al., 2014). Cell death of 

RPTECs mostly occurs via necrosis and acute tubular necrosis (ATN) represents the most 

common cause of AKI (Douglas, 1992). The cellular debris that results from ATN is desquamated 

into the tubular lumen which compromises tubular integrity and impairs reabsorption and 

secretion processes of the remaining RPTECs. Tubular cell death can produce enough debris to 

completely clog and thereby shut down a tubulus (Vaidya et al., 2008; Zuk et al., 2001) 

manifesting in the loss of kidney functionality. 

Naturally, secretion of xenobiotics by RPTECs comes at the expense of high intracellular 

concentrations of the compounds possibly resulting in cytotoxicity. Indeed, nephrotoxicity is 

commonly observed for substrates of renal secretory transporters (Feng et al., 2012). 
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Unfortunately, nephrotoxic compounds usually do not share a common structure or pharmacology 

whereby predicting the nephrotoxic risk of a compound is difficult. This is exemplified by the 

three well-established nephrotoxins gentamicin, cisplatin and cyclosporine A. Gentamicin is an 

aminoglycoside antibiotic used primarily to treat infections caused by gram-negative bacteria such 

as pseudomonas. Gentamicin enters RPTECs mainly via endocytosis mediated by the 

megalin/cubilin heterodimer (Nagai et al., 2006; Nagai et al., 2001) but was recently shown to be 

also transported by basolateral OCT2 (Gai et al., 2016). Inside mammalian cells, gentamicin 

accumulates in lysosomes and the endoplasmatic reticulum (ER) and thereby causes ER stress 

and triggers the unfolded protein response which finally results in cell death by both, necrosis and 

apoptosis (Quiros et al., 2011). Cisplatin is an important chemotherapeutic drug used for treatment 

of e.g. testis (Cohn-Cedermark et al., 2015) and non-small cell lung cancer (Ruiz-Ceja and 

Chirino, 2017). RPTECs, actively take up cisplatin at the basolateral membrane via OCT2 

(Ciarimboli et al., 2005) followed by secretion mainly via luminal MATE1 and MRP2 (Nakamura 

et al., 2010; Wen et al., 2014). The resulting high cellular flux of cisplatin in RPTECs increases 

the risk for DNA damage and causes mitochondrial dysfunction, oxidative stress and finally 

cytotoxicity (Wilmes et al., 2015). Additionally, cisplatin is metabolized, partially by RPTECs 

themselves yielding more potent metabolites (Daley-Yates and McBrien, 1984; Mistry et al., 

1989). Cyclosporine A is pharmacologically appreciated as a potent calcineurin inhibitor that 

Figure 5 Chemical structures of cisplatin, gentamicin and cyclosporine A 

The chemical structures of the chemotherapeutic cisplatin (A), the antibiotic gentamicin (B) and the 

immunosuppressant cyclosporine A (C). 
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exhibits immunosuppressive properties whereby its use revolutionized transplantation medicine 

(Walsh et al., 1992). The downside of cyclosporine A is its potential to cause nephrotoxicity by 

damaging RPTECs most likely via mitochondrial dysfunction as well as oxidative- and ER-stress 

(Wilmes et al., 2013).On the basis of this small set of three compounds, some key difficulties of 

drug-induced nephrotoxicity can be outlined. First, the nephrotoxic potential of a compound can 

rarely be predicted from its chemical structure as illustrated by gentamicin, cisplatin and 

cyclosporine A, whose structures barely look alike and imply different physico-chemical 

properties (Figure 5). Second, nephrotoxicity does not necessarily relate to the pharmacology of 

a compound but is often due to off-target toxicity occurring at first in the RPTECs due to 

intracellular accumulation of the substance. Third, irrespective of the risk many drugs which 

exhibit a nephrotoxic potential are regularly used in the clinics which is mainly due to a lack of 

adequate nontoxic alternatives. The latter in particular emphasizes the necessity to monitor renal 

function in patients receiving potentially nephrotoxic medications in order to allow for dose 

reduction or discontinuation of treatment upon apparent renal injury (Naughton, 2008). 

Fortunately, the proximal tubule epithelium exhibits pronounced regenerative capacity (Berger et 

al., 2014) and thereby the kidney often recovers substantially from an injury given that the causal 

agent is discontinued early enough. This regeneration is based on the ability of the surviving 

RPTECs to de-differentiate, proliferate and re-differentiate (Berger et al., 2014; Kusaba et al., 

2014; Vaidya et al., 2008) and is not driven by a stem cell population. 

1.3 Mitochondrial impairment – a common mechanism 
underlying nephrotoxicity 

From a mechanistic perspective, it is an interesting observation that many nephrotoxic 

compounds show mitochondrial liabilities. Indeed, while accounting for 0.5% of body weight the 

kidneys consume approximately 10% of the total blood oxygen via mitochondrial respiration 

(Stallons et al., 2013). This nicely illustrates the kidneys high energy demand and its dependence 

on oxidative mitochondrial metabolism. In fact, mitochondrial preparations from kidney tissue 

produce high yields, only second to the liver and higher than from other energy intensive tissues 

such as brain or myocardium (Schmitt et al., 2014). Again, within the kidney the cells of the 

proximal tubules, constituting 90% of the well-oxygenated kidney cortex (Forbes, 2016), show 

the highest oxygen consumption. Additionally, interference with mitochondrial activities is a 

common undesired side effect of drugs, chemicals and environmental contaminants. This was well 

documented by the ToxCast program carried out by the U.S. Environmental Protection Agency 

with the aim to investigate the safety aspects of 800 compounds (ToxCast Phase II library) which 

included pharmaceuticals, pesticides and industrial products (Kleinstreuer et al., 2014). The study 

reported that astonishing 70% of all tested compounds exhibited mitochondrial toxicity at 

exposure times where general cytotoxicity was absent (Wills et al., 2015). Indeed, mitochondrial 

toxicity has also been the reason for drug withdrawals, the most prominent example being 
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troglitazone (Rezulin™) as well as black box warnings as e.g. for amiodarone or tolcapone 

(Begriche et al., 2011). 

In general, mitochondria host the cells most important energy producing pathway, the process 

of oxidative phosphorylation, consisting of the respiratory chain or electron transport chain (ETC) 

and the ATP synthase. The basic components of the ETC are five protein complexes all of which 

are inserted in the inner mitochondrial membrane (Figure 6). Complex I and II function to transfer 

electrons from NADH and FADH2, respectively, to ubiquinone (Q). Complex III transfers 

electrons from reduced ubiquinone (QH2) to cytochrome c which is re-oxidized by complex IV 

that transfers the electrons to the final acceptor O2 to produce H2O. Electron transfer at the 

complexes I, III and IV is coupled to the translocation of protons (H+) from the mitochondrial 

matrix into the intermembrane space which creates the mitochondrial membrane potential or 

proton motive force. The latter is used by the ATP synthase (complex V) to synthesize ATP from 

ADP and Pi. Compounds that interfere with mitochondrial metabolism most commonly act on the 

ETC (Wills et al., 2015) and cause disruption of ATP production and often increased oxidative 

stress (Gorrini et al., 2013; Li et al., 2003a) by boosting uncontrolled electron transfer to O2 which 

can result in formation of superoxide radicals.  

Figure 6 Schematic of the electron transport chain (ETC) 

The complexes of the ETC are inserted into the inner mitochondrial membrane separating the 
mitochondrial matrix from the intermembrane space and utilize a series of redox reactions to build up a 
proton gradient across the inner mitochondrial membrane. The electron transport is initiated at complex 
I or complex II where electrons are transferred from either NADH (at complex I) or succinate (at complex 
II or succinate dehydrogenase (SDH)) to ubiquinone (Q). Reduced ubiquinone is further utilized by 
complex III where electrons are transferred to cytochrome c (cyt c) and cyt c is subsequently reoxidized 
at complex IV which uses molecular oxygen (O2) as final electron acceptor. Electron transport at 
complex I, III and IV is coupled to the translocation of protons (H+) across the inner mitochondrial 

membrane. Complex V consumes the proton gradient to synthesize ATP from ADP and Pi. 
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The reducing equivalents NADH and FADH2 which fuel the ETC are mainly produced by the 

tricarboxylic acid (TCA) cycle, the major cellular metabolic hub that is located in the 

mitochondrial matrix and integrates multiple metabolic pathways, especially glycolysis, 

glutaminolysis and  oxidation of fatty acids. Under physiological conditions, the clockwise 

direction of the TCA cycle prevails and is characterized by a series of mainly oxidative reactions 

utilized to transfer electrons to NAD+ or FAD. At its core, the TCA cycle synthesizes citrate from 

oxaloacetate (OAA) and acetyl-coenzyme A (acetyl-CoA) which is subsequently re-oxidized to 

OAA within one round of the TCA cycle (Figure 7). This process provides for reduction of three 

molecules of NAD+ to NADH and one molecule of FAD to FADH2 used for oxidation in the ETC 

and directly produces one molecule of GTP or equivalent ATP (Lunt and Vander Heiden, 2011). 

Acetyl-CoA, which is constantly consumed by the reactions of the TCA cycle, is replenished 

either from glycolytically derived pyruvate or from β oxidation of fatty acids, while its acceptor 

OAA mainly derives from oxidation of glutamine entering the TCA cycle as α-ketoglutarate (α-

KG) (Vander Heiden et al., 2009; Yang et al., 2014a). 

Figure 7 Schematic of the tricarboxylic acid (TCA) cycle  

The TCA cycle consists of eight consecutive reactions that starts with the synthesis of citrate from acetyl-
coenzyme A (acetyl-CoA) and oxaloacetate (OAA) by citrate synthase (CS). During one cycle, citrate is 
oxidized and decarboxylated to OAA whereby three molecules of NAD and one molecule of FAD are 
reduced and one molecule of GTP or ATP is formed. The major feeds into the TCA cycle are acetyl-

CoA derived either from glycolysis (via pyruvate) or from  oxidation of fatty acids and -ketoglutarate 

(-KG) derived from glutamine. Note that complex II/succinate dehydrogenase (SDH) is part of both, 
the ETC and the TCA cycle. ACO: aconitase; IDH3: isocitrate dehydrogenase 3; OGDC: oxoglutarate 
dehydrogenase complex; SCS: succinyl-CoA synthetase; FH: fumarate hydratase; MDH2: malate 

dehydrogenase 2.  
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Besides oxidative phosphorylation and the TCA cycle, only one additional cellular metabolic 

route can be employed for ATP production, namely glycolysis. However, while the oxidative 

catabolism of one mole glucose yields approximately 30 moles ATP (theoretically 38 moles ATP 

are generated, however loss of protons or utilization of the proton motive force by the 

mitochondrial ADP + Pi/ATP exchanger results in less net ATP synthesis (Rich, 2003)), the sole 

glycolytic, anaerobic use of glucose only yields 2 moles ATP. Considering these numbers, it 

appears astonishing that some cells can survive and even proliferate without a functional electron 

transport chain (King and Attardi, 1996). However, since glycolysis runs at faster rates than 

oxidative phosphorylation (Cairns et al., 2011; Pfeiffer et al., 2001), the low efficiency of the 

former is not necessarily a disadvantage assuming unrestricted glucose supply.  

Although having ample access to glucose as described in the earlier chapter, RPTECs lack 

the enzymatic equipment required for a pronounced glycolytic rate. The activity of the three key 

glycolytic enzymes hexokinase (Vandewalle et al., 1981), phosphofructokinase and pyruvate 

kinase is very low in RPTECs (Guder and Ross, 1984). On the other hand, activity of the 

gluconeogenic enzymes glucose-6-phosphatase, fructose-1,6-bisphosphatase and 

phosphoenolpyruvate carboxykinase (Vandewalle et al., 1981) is high (Guder and Ross, 1984). 

Indeed, the proximal tubulus is the site of renal gluconeogenesis and has negligible glycolytic 

activity (Thorens et al., 1990). Since mitochondrial impairment requires a pronounced increase in 

glycolytic rates to compensate for the lack of ATP production (Warburg, 1956), it appears 

reasonable that the poor glycolytic activity of RPTECs predisposes those cells towards 

mitochondrial toxins. 

1.4 Revealing nephrotoxic potentials 

Although the kidney is frequently affected by drug-induced toxicity, the nephrotoxic potential 

of drug candidates is usually detected late during drug development. Major reasons for that are 

the poor predictivity of animal studies and the lack of validated in vitro assays utilizing alternative 

methods based on human cells. While conclusive studies on the reliability of animal tests to 

predict the nephrotoxic potential of a compound in humans are lacking, human toxicity in general 

is often not predicted correctly by animal tests. In fact, besides lack of efficacy, safety issues are 

the most frequent reason for drug attritions during the clinical development, both accounting for 

30% of failures (Kola and Landis, 2004). In consequence, 6 out of 10 drug candidates fail because 

animal studies falsely promised a beneficial effect or did not reveal the harmful potential of a 

compound towards humans. Naturally, there is a lack of detailed human toxicological data that 

could allow for thorough analysis of the predictivity of animal studies and consequently this can 

only be estimated based on anecdotal reports. When different laboratory animals, however, were 

compared with regard to their predictivity for one another, accordance was only observed in 50-

60% of the compounds tested (Gottmann et al., 2001; Hartung, 2009; Schardein et al., 1985). 
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These findings suggest that the use of surrogate species in general is suboptimal, which in turn is 

a strong argument for promoting the development of alternatives to these animal tests.  

As described earlier, drug-induced nephrotoxicity is most frequently related to necrotic cell 

death of RPTECs caused by a transporter-mediated accumulation of the chemical or a metabolite 

inside the cell. Complicating the matter further there exist pronounced interspecies differences in 

transporter expression and substrate specificity between humans and the routinely used laboratory 

animals (Li et al., 2012; Song et al., 2017; Takekuma et al., 2007; Wang et al., 2015), likely 

contributing to the poor concordance of nonclinical and clinical nephrotoxicity findings. In 

general, uncertainties caused by interspecies variations can be circumvented by the use of human 

cells in vitro. In practice, however, these in vitro models have other limitations. The first and 

obvious cell model to use would be primary RPTECs. Numerous protocols exist to generate these 

cells by isolation from kidney cortex tissue (Baer et al., 1997; Dietrich et al., 2001; Glynne, 2010; 

Orosz et al., 2004; Van der Hauwaert et al., 2013) and they maintain the ability to divide for some 

population doublings in vitro. Primary RPTECs were used for nephrotoxicity assessment in 

numerous studies (Carvalho et al., 2002; Konigs et al., 2009; Li et al., 2003b; Li et al., 2006b; Li 

et al., 2013; McGoldrick et al., 2003; Pallet et al., 2008). However, although being closely related 

to their in vivo counterparts, primary RPTECs were reported to lose transporter expression already 

hours after isolation and thus dedifferentiate (Elberg et al., 2008; Heussner and Dietrich, 2013; 

Pfaller and Gstraunthaler, 1998; Schlatter et al., 2006). Additionally, primary cells have a limited 

in vitro lifespan before undergoing senescence (Wieser et al., 2008) and show pronounced 

interdonor variability (Li et al., 2012; Zhang et al., 2011) thus requiring repeated cellular 

characterizations. To eradicate these shortcomings primary cells have been immortalized thereby 

creating continuous cell lines protected from senescence. It appeared, however, that these cell 

lines often show even less expression of the important xenobiotic transporters than their primary 

counterparts. For instance the widely used human kidney-2 (HK-2) cell line (Li et al., 2013; Sohn 

et al., 2013; Wu et al., 2009; Xie et al., 2012; Zhang et al., 2007), does not express the important 

transporters OAT1, OAT3, OCT2 and BCRP (Jenkinson et al., 2012) while the other famous renal 

cell line, the human embryonic kidney 293 (HEK293) cell line does neither express any OAT nor 

OCT1, OCT2 or BCRP (Ahlin et al., 2009). Strikingly, the HEK293 cell line, although repeatedly 

used for nephrotoxicity assessment (Astashkina et al., 2012c; Gooch et al., 2017; Scholpa et al., 

2016; Wang et al., 2011; Zhou et al., 2004), was found to be not even of renal epithelial origin 

but was likely derived from a rare neuronal subpopulation preferentially targeted by the virus used 

for immortalization (Shaw et al., 2002). Considering the crucial role the transporters play in the 

etiology of drug-induced nephrotoxicity, it is not surprising that the cell lines mentioned here did 

not prove to be sensitive models. Consequently, new human RPTEC cell lines were recently 

developed and characterized for the expression of the most important transporters. The best-

knowns among these newer cell lines are the RPTEC/TERT1 and the ciPTEC cell lines. The 

RPTEC/TERT1 cell line was established by immortalization of primary human RPTECs isolated 

from human renal cortex by overexpression of the catalytic subunit of telomerase (TERT1) 
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(Wieser et al., 2008) which largely conserved the morphology (Aschauer et al., 2013; Wieser et 

al., 2008), transcriptome (Aschauer et al., 2013) and many functional parameters of the cell line. 

When seeded on plastic dishes, RPTEC/TERT1 cells form a dense monolayer of cells with typical 

cobblestone appearance which are connected by tight junctions. Furthermore, the cells show dome 

formation secondary to vectorial transport processes which is characteristic for well-differentiated 

RPTECs (Wieser et al., 2008) (Figure 8) and indicates an in vivo-like polarization with a 

basolateral and apical side. The domes originate from passive water transport which is driven by 

the osmotic gradient built by the basolateral Na+/K+-ATPase. Since there is no outflow for the 

water on a plastic dish, the increasing pressure causes the monolayer to lift off thereby creating 

the characteristic domes.  

When cultured on Transwell permeable supports, which are suspended membranes that create 

a cultivation condition where cells have access to the culture medium from both sides, the 

RPTEC/TERT1 monolayer builds up stable transepithelial electrical resistance (TEER) and shows 

vectorial (basolateral to apical) secretion of cationic probes (Aschauer et al., 2015a) as well as 

water reabsorption (Wilmes et al., 2014) (apical to basolateral). Especially the vectorial transport 

of cationic dyes which presumes functional OCT and MATE transporters, discriminates the 

RPTEC/TERT1 cell line from the more established former mentioned cell lines, which do not 

Figure 8 Morphology of the RPTEC/TERT1 cell line 

Brightfield microscopy of proliferating (A) and differentiated, contact inhibited (B) RPTEC/TERT1 cells 

that show dome formation (indicated by asterisks). Immunofluorescence staining for occludin (green) 

shows tight junction formation of differentiated cells (nuclei stained in blue). 
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possess this functionality. In contrast to the RPTEC/TERT1 cell line, the conditionally 

immortalized RPTECs (ciPTECs) were produced by immortalization of urinary-derived RPTECs 

with TERT1 along with a temperature-sensitive mutant of the SV40 large T (SV40T) (Wilmer et 

al., 2010). The latter protein is only active and therefore promotes cell division at 33 °C but 

becomes deactivated when the cells are transferred to 37 °C. The noninvasive cell source of the 

ciPTECs has the advantage that new cell lines can easily be created from different donors, 

including disease genotypes (Gorvin et al., 2013; Peeters et al., 2011). With regard to 

functionality, ciPTECs appear to be very similar to RPTEC/TERT1 cells which includes 

functional cation transport (Jansen et al., 2015; Schophuizen et al., 2013). Notably, while 

exhibiting functional OCT transport, both cell lines RPTEC/TERT1 (Aschauer et al., 2015a) and 

ciPTEC (Jansen et al., 2015) lack OAT activity which is the prerequisite for uptake of many 

xenobiotic anions. Interestingly, loss of OAT expression seems to be a recurring phenomenon of 

RPTEC culture in vitro (Miller, 1992) that has not yet been solved.  In the meantime, ciPTEC cell 

lines stably overexpressing OAT1 or OAT3 have been established and showed increased 

sensitivity towards the anionic antivirals adefovir, cidofovir and tenofovir (Nieskens et al., 2016) 

which are known for their potential to cause nephrotoxicity. Similarly, an OAT1 overexpressing 

RPTEC/TERT1 cell line recently became available from the American Type Culture Collection 

(ATCC). Despite the significant progress made from the establishment of the HK-2 cell line in 

1994 (Ryan et al., 1994) to RPTEC/TERT1 an ciPTEC cell lines established in 2008 (Wieser et 

al., 2008) and 2010 (Wilmer et al., 2010), respectively, an immortalized human RPTEC cell line 

that retained the major transport characteristics is still lacking. Besides the approach to isolate and 

subsequently immortalize RPTECs from urine or tissue samples, another approach came into 

focuse recently. RPTEC-like cells have been generated via differentiation from human embryonic 

stem cells (Lam et al., 2014; Li et al., 2014; Mae et al., 2013; Narayanan et al., 2013; Takasato et 

al., 2014) and pluripotent stem cells (Lam et al., 2014; Takasato et al., 2015) via addition of 

specific growth factors or via direct reprogramming of fibroblasts (Kaminski et al., 2016) by use 

of a defined combination of transcription factors. RPTEC-like cells obtained by these 

differentiation approaches were reported to show promising characteristics and functionality but 

their applicability for in vitro detection of nephrotoxicity has yet to be established. 

1.5 The gliflozin class of SGLT2 inhibitors for treatment of 
type 2 diabetes mellitus 

A good and recent example for the uncertainties involved in the prediction of human renal 

toxicology based on nonclinical animal findings that also initiated the present thesis is the case of 

gliflozin-induced renal tubular tumors (RTTs). The gliflozin class are small molecule inhibitors 

of SGLT2 that is – as mentioned in the earlier chapter – the most important renal glucose 

transporter involved in reabsorption of filtered glucose. In humans this transporter can be 

considered a marker protein for RPTECs since whole tissue RNA expression analysis revealed 
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SGLT2 expression exclusively in the kidney (Chen et al., 2010) and on the cellular level besides 

the RPTECs only pancreatic alpha cells were reported positive for SGLT2 (Bonner et al., 2015). 

Inhibition of SGLT2 diminishes the RPTECs ability to reabsorb the filtered glucose and thereby 

increases urinary glucose excretion and consequently lowers blood glucose levels (Chao and 

Henry, 2010) which is the key objective for the treatment of type 2 diabetes mellitus (T2DM). 

The idea that blockade of SGLT2-mediated transport might prove beneficial for T2DM patients 

originates from studies with the natural compound phlorizin in the late 1800s (Ehrenkranz et al., 

2005; Whaley et al., 2012). Phlorizin is a an relatively unspecific SGLT1/SGLT2 inhibitor that 

was shown to correct the glycemic status of animals rendered diabetic (Kahn et al., 1991) but was 

never clinically developed because of its rapid hydrolysis to the aglycone phloretin (Crespy et al., 

2001; Malathi and Crane, 1969) which does no longer inhibit SGLTs but the facilitative GLUTs 

(LeFevre, 1961) including the ubiquitous GLUT1 (Chan et al., 2011). Another downside of 

phlorizin is its affinity to SGLT1, whose inhibition causes glucose/galactose malabsorption 

(GGM) syndrome that manifests in severe diarrhea (Wright et al., 2007). In contrast to SGLT2, 

SGLT1 (SLC5A1) is expressed in various organs and cell types but predominantly in the intestine, 

heart and skeletal muscle as well as in the cells of the late proximal tubule in the kidney (Chen et 

al., 2010). The development of stable and SGLT2-specific derivatives of phlorizin on the other 

hand was encouraged by the mild phenotype of patients with familial renal glycosuria (FRG). 

FRG is caused by homozygous loss of function mutation in the SLC5A2 gene (van den Heuvel et 

al., 2002) encoding for SGLT2 and comes with persistent glycosuria of 10-120 g/day (Chao and 

Henry, 2010) or around 60 g/l (van den Heuvel et al., 2002) but without alterations of blood 

glucose levels or impaired glucose tolerance or any other considerable adverse consequence (van 

den Heuvel et al., 2002). From a toxicologist perspective, this rare situation of knowing a human 

knock-out condition with very benign phenotype created confidence that specific pharmacological 

inhibition of SGLT2 would likely be safe and would not negatively impact any organ or harbor 

an increased risk of potentially life-threatening hypoglycemia. From a pharmacological view, 

SGLT2 inhibitors are attractive because of their novel mode action that is combinable with 

existing T2DM medications such as sulfonylureas (Ridderstrale et al., 2014) or the current first-

line medication metformin (Ridderstrale et al., 2014; Rosenstock et al., 2013). Furthermore, the 

insulin-independent mode of action of gliflozins promises sustained efficacy under aggravating 

insulin resistance occurring with progression of T2DM, thereby discriminating gliflozins from 

most current T2DM medications which work in an insulin-dependent manner (Washburn and 

Poucher, 2013). Consequently, and since T2DM is an ever-rising disease predicted to raise 

towards affecting 8.8% of the world’s population by the year 2035 (Guariguata et al., 2014) 

thereby promising huge sales, many pharmaceutical companies invested in development of 

SGLT2 inhibitors. 
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Although the developed gliflozins produced the expected promising pharmacological results, 

preclinical rodent carcinogenicity studies came up with a puzzling finding. Among the three most 

prominent and now FDA and European Medicines Agency (EMA) approved gliflozins (Figure 

9), canagliflozin (Invokana®) caused RTTs in 18% of male and 12% of female rats in the high 

dose group (De Jonghe et al., 2014), empagliflozin (Jardiance®) caused RTT in 10% of male mice 

in the high dose group (Bogdanffy et al., 2014) while dapagliflozin (Forxiga®) did not cause 

RTTs in neither mice nor rats (Reilly et al., 2014). Since none of the three gliflozin was mutagenic 

(Bogdanffy et al., 2014; De Jonghe et al., 2014; Reilly et al., 2014), a nongenotoxic mechanism 

was the likely cause. RTTs are known to originate from RPTECs and are commonly caused by 

nongenotoxic carcinogens which act as cytotoxicants (Jones et al., 1996; National Toxicology, 

1989). While this seems to be a counterintuitive mechanism, the cell death of RPTECs can initiate 

a cycle of degenerative/regenerative processes in the proximal tubule that is characterized not 

only by cell death but also increased proliferation rate which was reported to be a preliminary step 

towards renal carcinogenesis (Bogdanffy et al., 2014; Hard et al., 2009; Jones et al., 1996; Taub 

et al., 2015). Such findings in rodents, however, are not always relevant for human risk 

assessment. There are indeed species-specific mechanisms of renal carcinogenesis with the most 

prominent example being renal tumors related to 2u-globulin nephropathy occurring exclusively 

in the male rat (Dietrich and Swenberg, 1991). A review of the National Cancer Institute/National 

Toxicology Program (NCI/NTP) carcinogenicity bioassay database revealed that 69 of 513 tested 

chemicals caused incidences of RTTs in rats or mice (Lock and Hard, 2004). Among those 

Figure 9 Chemical structures of canagliflozin, dapagliflozin and empagliflozin 
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chemicals known to exhibit a nongenotoxic mode of action, the majority was indeed related to the 

male rate specific 2u-globulin nephropathy (Lock and Hard, 2004). However, in the case of 

canagliflozin this mode of action can be excluded since female rats are affected at a similar 

incidence. In fact the varying findings with the three gliflozins might rather suggest compound-

specific rather than class-specific effects. In this case, the relevance for human risk assessment 

must be determined for each compound individually and preferably these compounds should be 

evaluated for their capacity to damage human RPTECs.  
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2 Aims of the Thesis  

This thesis integrates three major topics divided into three manuscripts. The main topics 

addressed were 1) the development of novel functional readouts for nephrotoxicity testing with 

the RPTEC/TERT1 cell line, 2) the establishment and characterization of a 3D culture model for 

RPTECs and 3) a mechanistic in vitro analysis of the nephrotoxic potential of marketed gliflozins. 

The nephrotoxic potential of experimental drugs for human patients is often not predicted 

accurately by the routine animal tests. Additionally, validated alternative in vitro approaches for 

the detection of nephrotoxicity are still illusive. The latter is mainly caused by the lack of adequate 

RPTEC cell lines that recapitulate key functions, in particular active transport of xenobiotics. 

Importantly, the conservation of specific cellular functions under in vitro conditions is not only 

important for mediation of cell-type specific toxicities but can also often be translated into a 

sensitive toxicity readout. Recently established cell lines including the RPTEC/TERT1 cells are 

reported to harbor promising characteristics including expression of many xenobiotic transporters 

(Aschauer et al., 2015a) and contact inhibition that results in a stable epithelial-like monolayer 

(Aschauer et al., 2013; Wieser et al., 2008). It was therefore hypothesized, that the RPTEC/TERT1 

cell line presents a useful tool to reveal nephrotoxicants in vitro. To investigate the latter, cellular 

functional characteristics were investigated and quantified and their hypothesized impairment 

upon challenge with established nephrotoxicants was investigated and combined with classical in 

vitro cytotoxicity readouts. Furthermore, it was investigated whether the cultivation of 

RPTEC/TERT1 cells in a three dimensional (3D) scaffold harbors the potential to further improve 

cellular differentiation status, functionality as well as sensitivity towards (nephro)toxins. 

Therefore, a 3D cultivation protocol was developed for RPTEC/TERT1 cells, the culture was 

characterized and tested for detection of delayed cisplatin-induced toxicity. Finally, the 

RPTEC/TERT1 cell line was applied in a mechanistic approach with the aim to elucidate whether 

the three currently approved members of the gliflozin class of pharmaceuticals exhibit the 

potential to directly damage human RPTECs in vitro. Results obtained by this study support the 

human risk assessment of the gliflozins which is currently precarious due to the difficult 

interpretation of the rodent findings. 

 

Manuscript I: In this manuscript, functional parameters of the RPTEC/TERT1 cells were 

investigated as potential readouts for toxicity. Alterations in transepithelial electrical resistance as 

well as vectorial water and cation transport are assessed in response to known nephrotoxins and 

compared to classical cytotoxicity endpoints. 

 

Manuscript II: This manuscript reports a novel 3D cultivation method for RPTEC/TERT1 

cells. Cells cultured under this condition are characterized on morphological and molecular levels 

and discriminated against RPTEC/TERT1 cells cultured under standard conditions.  
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An experiment assessing delayed cisplatin cytotoxicity revealed superior sensitivity of the 3D 

culture model. 

 

Manuscript III: In this manuscript, potential adverse effects of the SGLT2 inhibitors 

canagliflozin, dapagliflozin and empagliflozin on RPTEC/TERT1 cells were investigated. 

Canagliflozin-specific dual mitochondrial inhibition of ETC complex I and glutamate 

dehydrogenase that is specifically toxic to proliferating RPTEC/TERT1 cells was reported. The 

effects of gliflozins on central carbon metabolism were analyzed and compared to prototypical 

mitochondrial inhibitors.  
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3.1 Abstract  

The kidney is a frequent target for organ-specific toxicity as a result of its primary function 

in controlling body fluids for example via resorption of amino acids, peptides, nutrients, ions and 

xenobiotics from the primary urine as well as excretion of metabolic waste products and 

hydrophilic and amphiphilic xenobiotics from the bloodstream. Compounds exhibiting dose-

limiting nephrotoxicity include drugs from highly diverse classes and chemical structures e.g. 

antibiotics (gentamicin), chemotherapeutics (cisplatin), immunosuppressants (cyclosporine A, 

tacrolimus) or bisphosphonates (zoledronate). All of these compounds elicit nephrotoxicity 

primarily by injuring renal proximal tubule epithelial cells (RPTECs). However, prediction of a 

compound’s nephrotoxic potential in humans to support early unmasking of risk-bearing drug 

candidates remains an unmet challenge, mainly due to the complex kidney anatomy as well as 

pronounced interspecies differences and lack of relevant and validated human in vitro models. 

Here, the recently established RPTEC/TERT1 cell line was used to carry out toxicity studies with 

a focus on impairment of functional cellular characteristics, i.e. transepithelial electrical resistance 

(TEER), vectorial transport of water, cations and anions. Results were compared to real-time 

cytotoxicity assessments using cellular impedance (xCELLigence assay) and a classical cell 

viability readout (MTT). As expected, most toxins resulted in an exposure time and concentration 

dependent cytotoxicity. However, for some compounds (cyclosporine A, tacrolimus), transport 

processes were strongly impaired without a concomitant decrease in cell viability. In conclusion, 

these data demonstrate that functional parameters may be sensitive and meaningful additional 

readouts for assessing nephrotoxicity in human renal proximal tubule epithelial cells. 

3.2 Introduction 

The kidney is a frequent target for organ-specific toxicity. This special vulnerability is a result 

of the kidneys primary function in controlling body fluids for example via resorption of amino 

acids, peptides, nutrients, ions and xenobiotics from the primary urine as well as excretion of 

metabolic waste products and hydrophilic and amphiphilic xenobiotics from the bloodstream. 

Compounds exhibiting dose-limiting nephrotoxicity include drugs from highly diverse classes and 

chemical structures e.g. antibiotics (gentamicin), chemotherapeutics (cisplatin), 

immunosuppressants (cyclosporine A, tacrolimus) or bisphosphonates (zoledronate). All of these 

compounds have in common that they elicit nephrotoxicity primarily by injuring renal proximal 

tubule epithelial cells (RPTECs) (Miller et al., 2010; Naesens et al., 2009; Perazella and 

Markowitz, 2008; Quiros et al., 2011). RPTECs are responsible for the lion’s share of renal 

secretion and solute reabsorption (Lepist and Ray, 2016) and thus require high metabolic rates 

(Hall and Unwin, 2007). As a result of the latter, RPTECs experience a high exposure burden 

towards drugs thereby rendering these cells especially vulnerable toward drug mediated adverse 

effects. Despite their known risk of causing kidney injury, many drugs – including those 
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introduced above – are routinely used in clinics, mostly because of a lack of nontoxic alternatives. 

Thus, development of new drugs with decreased risk for nephrotoxicity would provide for a huge 

patient benefit and would widen therapeutic windows when compared to currently used drugs. 

Moreover, elderly patients, usually with a lowered renal function (Pazhayattil and Shirali, 2014), 

not only represent a specially high risk group, but are often exposed to a multitude of drugs 

simultaneously, thereby facing an increased risk of renal injury due to drug overdosing resulting 

from the preexisting reduced renal function or from combined drug renal toxicity (Loboz and 

Shenfield, 2005). However, prediction of a compound’s nephrotoxic potential in humans to 

support early de-risking of drug candidates remains an unmet challenge, mainly due to the 

complex kidney anatomy as well as pronounced interspecies differences and lack of relevant and 

validated human in vitro models (Tiong et al., 2014). The latter is mainly due the unavailability 

of functionally differentiated continuous cell lines (Tiong et al., 2014) and the rapid 

dedifferentiation of primary RPTECs in culture (Pfaller and Gstraunthaler, 1998). Thus cell lines 

that maintained key functionalities including xenobiotic uptake and secretion are of key interest 

especially for pharmaceutical research and development. The RPTEC/TERT1 cell line was 

recently established by immortalizing primary RPTECs via telomerase (TERT1) overexpression 

(Wieser et al., 2008) and gene expression analysis revealed remarkable concordance of 

RPTEC/TERT1 cells with primary RPTECs. Furthermore, RPTEC/TERT1 cells retain important 

functional characteristics such as dome formation (Wieser et al., 2008), water (Wilmes et al., 

2014) and cation transport (Aschauer et al., 2015a). Consequently, this cell line has been used for 

in-depth repeated dose nephrotoxicity studies (Aschauer et al., 2015b) as well as to study the 

underlying mechanisms of cyclosporine A (Wilmes et al., 2013) and cisplatin (Wilmes et al., 

2015) toxicity. However, the latter was carried out primarily with a focus on transcriptomic, 

metabolomic and proteomic approaches and not with a focus on functional characteristics. While 

functional readouts are commonly applied for the in vitro detection of neuro- (Frimat et al., 2010; 

Hausherr et al., 2014; Stiegler et al., 2011) or cardiotoxicity (Koci et al., 2017; Sirenko et al., 

2017), such approaches have so far been rarely applied for the detection of nephrotoxicity and, 

when applied, were basically limited to measurements of transepithelial electrical resistance (Duff 

et al., 2002). Thus, in the present study, we investigated whether the combination of functional 

measurements e.g. water reabsorption and cation secretion with classical cytotoxicity endpoints 

could provide for improved sensitivity in the detection of drug-induced nephrotoxicity using a set 

of nephrotoxic and non-nephrotoxic reference substances.   
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3.3 Results 

3.3.1 RPTEC/TERT1 cell viability upon single or multiple exposures with known 
nephrotoxicants 

Cultivation of RPTEC/TERT1 cells on standard tissue culture plates for 16 days resulted in a 

monolayer of non-dividing, differentiated cells reminiscent of fully functional primary human 

proximal tubule cells (Aschauer et al., 2013). We exposed these differentiated RPTEC/TERT1 

cells to a set of test compounds comprised of nephrotoxicants with reported primary proximal 

tubule toxicity (cisplatin, zoledronate, gentamicin, tacrolimus, cyclosporine A) and compounds 

being specifically handled by the kidney yet lacking nephrotoxicity (dexamethasone, probenecid). 

Cells were exposed either for 24 hours or 14 days with treatment renewal every 48 hours followed 

by determination of cell viability via MTT reduction assay. Remarkably, cisplatin, gentamicin 

and zoledronate were more cytotoxic when applied repeatedly for 14 days than for 24 hours 

(Figure 1), whereas the immunosuppressants tacrolimus and cyclosporine A showed limited or no 

cytotoxicity irrespective of single or repeated exposure. Indeed, repeated treatment with cisplatin 

(Figure 1A) and gentamicin (Figure 1B) resulted in lowering of the lowest observed effect 

concentration (LOEC) by almost 200-fold (from 300 µM to 1.6 µM) and 60-fold (from 22.5 mM 

to 350 µM), respectively, when compared to the LOEC of the 24h treatment. Zoledronate (Figure 

1C) did not impair cell viability in the 24 hours exposure, even when tested up to the limit of 

compound solubility, but significantly reduced cell viability, with a LOEC of 12.5 µM, when 

tested for 14 days. Tacrolimus treatment (Figure 1D) resulted in a very steep concentration-

response curve irrespective of the exposure duration and single or multiple treatment, i.e. showing 

no effect at 63 µM but complete loss of viability at 100 µM. In contrast, despite being tested up 

to the limit of solubility, the known nephrotoxicant cyclosporine A did not affect cell viability at 

all (Figure 1E). Similarly, the non-nephrotoxic probenecid (Figure 1F) and dexamethasone 

(Figure 1G) had no effect on cell viability when tested up to 1 mM or 500 µM in the 24 hours or 

14 days repeated exposures. On the contrary, repeated dexamethasone exposure appeared to result 

in increased MTT conversion rates. 
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Figure 1 Viability of RPTEC/TERT1 cells exposed to test compounds.  

Differentiated RPTEC/TERT1 cells (16 days) were exposed to (A) cisplatin, (B) gentamicin, (C) 
zoledronate, (D) tacrolimus, (E) cyclosporine A, (F) probenecid or (G) dexamethasone for 24 h or 14 d 
with treatment renewal every 2 d in presence of 1% DMSO (24 h; sc) or 0.5% DMSO (14 d; sc). Cell 
viability was determined via MTT reduction. Data shows mean ± SEM (n = 3) and was normalized to 
nontreated cells. *P < 0.05, ANOVA with Dunnett’s post-test. The lowest concentration with significant 
reduction in viability is marked with an asterisk. 

 



Manuscript I – to be submitted 

40 

 

3.3.2 Cellular impedance as a real-time measure of cytotoxicity in RPTEC/TERT1 
cells 

The xCELLigence system provides a real-time, label-free and non-invasive readout, 

expressed as cell index, that primarily depends on cellular adherence to the plate and on the 

intensity of cell-cell connections, thus reflecting cell number and cell layer integrity (Asphahani 

and Zhang, 2007). We thus hypothesized that cellular impedance measurements in repeated 

exposure experiments, using the xCELLigence system, would allow for sensitive detection of 

subtle changes in cell-cell interactions and cellular adhesion that would not necessarily lead to 

overt cell death in RPTEC/TERT1 cells. A strengthening of cell-cell interactions, i.e. tight 

junctions, would be represented by an increase in cell index, while a weakening cell-cell 

interactions or even loss of cells would result in a decrease of the cell index. The absolute value 

of the cell index varies between cell lines and thus has no absolute but rather a relative value. 

Following eight to ten days of culture, RPTEC/TERT1 cells seeded at different densities i.e. 

initially covering 10-50% of the surface area, developed a cell index that remained stable for the 

subsequent 20 days of culture (Figure 2A). The periodically occurring peaks observed (Figure 

2A) originated from medium renewal (indicated by the vertical dotted lines), posing a transient 

stress to the cells. Next, we exposed differentiated RPTEC/TERT1 cells (cultivated for 16 days) 

repeatedly for 14 days to the test compounds at concentrations that had shown an effect on MTT 

reduction in the multiple exposure experiment and continuously quantified cell indices. For 

compounds that showed no effect on MTT reduction, the highest five concentrations were selected 

for the xCELLigence experiment. The nephrotoxins cisplatin (Figure 2B) and gentamicin (Figure 

2C) showed surprisingly little effect on the cell index. While cisplatin did not impact the readout 

at up to 12.5 µM, gentamicin caused a progressive reduction only at 2.8 mM starting after the 

third treatment renewal.  In case of zoledronate (Figure 2D), good concordance between MTT and 

impedance measurements was observed since both readouts identified 12.5 µM as the lowest 

effect concentration (LOEC) for the 14 days exposure period (Figs. 1C, 2D and 2I). Additionally, 

the xCELLigence experiment nicely revealed that zoledronate toxicity strongly depends on 

exposure time and/or dosing frequency. A reduction of the cell index was initially observed at day 

6 (after three treatments) for 50 µM and approximately one day later for 25 µM. At 12.5 µM, 

progressive decrease in cell index was not observed until day 9 (five treatments). Interestingly, 

the treatment with 100 µM tacrolimus (Figure 2E) caused an immediate loss of cellular impedance 

while up to 50 µM did not show any effect not even after multiple exposures. The latter 

corresponded well with the MTT data which showed the complete loss of viability at 100 µM 

after 24 h but unimpaired viability at 50 µM after 14 days (Fig 1D). The other nephrotoxic 

calcineurin inhibitor cyclosporine A (Figure 2F) did not affect cellular impedance just like the 

non-nephrotoxic compounds dexamethasone (Figure 2G) and probenecid (Figure 2H) thereby 

mirroring the data obtained from MTT assays. 

To identify by statistical means whether or not a treatment caused an alteration in the cell 

index, an internal normalization of the individual experiments was unavoidable. We decided to 
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calculate the change (increase and decrease) in cell index caused by a defined treatment by 

dividing the cell index of the treated cells at a given timepoint by the value obtained for nontreated 

cells on the same plate at the same timepoint. The average change in cell index was then calculated 

by building the mean across the changes at all timepoints of each experiment (see formula S2). 

This normalization showed, that the average change in cell index caused by the solvent control 

(s.c.; 0.5% DMSO) compared to nontreated cells was below 10% (Figure 2I). Statistically 

significant changes in cell index were revealed for gentamicin (2.8 mM) zoledronate (starting at 

12.5 µM) and tacrolimus (100 µM) (Figure 2I). 
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3.3.3 Transepithelial electrical resistance as a functional readout using 
RPTEC/TERT1 cells 

The proximal tubule is a “leaky” epithelium, characterized by intense cell-cell contacts 

including tight junctions which, however, still allow for paracellular transport required for the 

functionality of the proximal tubule epithelium, i.e. reabsorption and secretion of solutes. Thus, 

cultivation on membrane filter inserts is considered the gold standard for renal proximal tubule 

cells since it allows the basolateral-apical polarization of the cells commensurate with their 

anatomical situation and functional organization. The integrity of the renal proximal epithelium-

like monolayer on membrane filters can be quantified by its insulating property as transepithelial 

electrical resistance (TEER). When seeded on membrane filters at 100% confluence, 

RPTEC/TERT1 cells build up electrical resistance, stabilizing between 120-140 Ω*cm² at 

approximately 14 days and thereafter (Figure 3A). To determine the effect of potential 

nephrotoxic compounds on the “leakiness” of the renal proximal tubule cell epithelium using 

TEER, we repeatedly exposed confluent, 23 days-cultured RPTEC/TERT1 to the test compounds 

at concentrations that were determined to have no effect (or little effect in case of zoledronate) by 

the xCELLigence assay (Figure 2I) and quantified TEER every 2 to 3 days. In order to ensure for 

a stable baseline in TEER prior to the exposure period, measurements were initiated 9 days prior 

to exposure initiation (day -9). An increase in TEER would represent an increased tightening of 

the cell-cell contacts and thus reduced leakiness of the monolayer, while a decreased TEER would 

suggest increased leakiness thus increased weakening of the tight junctions or even cell death.  

Exposure to cisplatin (12.5 µM) (Figure 3B) caused a significant transient increase in TEER 

between day 2 and 7 of exposure but returned back to baseline for the days 9 to 14. Similarly, 

gentamicin (700 µM) (Figure 3C) caused an increase in TEER at the days 9 and 12 of exposure 

while zoledronate (12.5 µM) (Figure 3D) did not affect TEER at any timepoint. Tacrolimus (50 

µM) (Figure 3E) on the other hand caused an immediate elevation of the TEER that was already 

detectable after 9 hours of exposure and  maintained until day 9 after which a normalization to 

baseline occurred. When used at 10 µM (Figure 3E), however, tacrolimus had no effect on TEER. 

Cyclosporine A at 5 µM (Figure 3F) immediately (after 9 h) elevated the TEER over the entire 

Figure 2 Impedance measurement of RPTEC/TERT1 cells using xCELLigence.  

(A) Cell index of RPTEC/TERT1 seeded at different densities monitored over 30 days. Data represent 
mean ± SEM (n = 3). (B-H) Change in cell index of RPTEC/TERT1 cells exposed to different 
concentrations of (B) cisplatin, (C) gentamicin, (D) zoledronate, (E) tacrolimus, (F) cyclosporine A, (G) 
probenecid or (H) dexamethasone in presence of 0.5% DMSO. Based on results depicted in (A), 
RPTEC/TERT1 cells were seeded at 30% and cultured for 16 days prior to exposure (day 0). Data 
shows mean values of a representative experiment performed in quadruplicates and is normalized to 
time-matched values obtained for nontreated cells. Vertical dotted lines indicate medium or treatment 
renewal. (I) Average change of cell index of exposed cells from nontreated cells over the complete 
experimental duration (14 days). Data represents mean ± SEM (n = 3). *P < 0.05; ***P < 0.001; n.s., not 
significant compared to s.c. (0.5% DMSO), ANOVA + Dunnett’s post-test. 
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exposure period of 14 days. At 25 µM, TEER peaked at 425 Ω*cm² at day 2 before it returned to 

normal around day 9. The two non-nephrotoxic compounds probenecid (Figure 3G) and 

dexamethasone (Figure 3H) both caused transient increases at 500 µM. None of the test 

compounds induced a reduction of TEER and thus an increased leakiness of the RPTEC/TERT1 

monolayer at concentrations identified as non-toxic by the xCELLigence assay. 
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Figure 3 Transepithelial electrical resistance (TEER) measurements of RPTEC/TERT1 
cells. 

(A) RPTEC/TERT1 cells were seeded on membrane filter inserts at 100% confluence and TEER was 
measured over a period of 38 days. Data represent mean ± SEM of (n = 20-130 filter inserts per 
timepoint). (B-H) Changes in TEER due to exposure to (B) cisplatin, (C) gentamicin, (D) zoledronate, 
(E) tacrolimus, (F) cyclosporine A, (G) probenecid or (H) dexamethasone. Exposure was initiated at day 
23 after seeding (indicated as day 0) and TEER quantification was started 9 days prior to exposure (day 
-9). Exposure was performed for 14 days with medium renewal every 2-3 days. Data represents mean 
± SD (n = 3). *P < 0.05 compared to time-matched controls (0.5% DMSO), two-way ANOVA + 
Bonferroni’s post-test. 
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3.3.4 Vectorial transport of RPTEC/TERT1 cells 

Beyond the pronounced cell-cell contacts of an established renal proximal tubule epithelial 

cell layer, active vectorial transport processes represent the key functionality of the proximal 

tubule epithelium. On one hand, drugs are actively secreted into the tubular lumen to allow for 

efficient urinary clearance while on the other hand, vital solutes, water and drugs are reabsorbed 

from the primary urine (Fisel et al., 2014; Morrissey et al., 2013; Ullrich, 1979). Indeed, when 

RPTEC/TERT1 cells were cultured on membrane inserts, active vectorial water transport was 

readily apparent, intensified with increasing cultivation time and was quantifiable simply by 

measuring water removal from the apical compartment (insert) or water addition to the basolateral 

compartment (well) during routine medium renewal using an analytical scale (Figure 4A). Water 

reabsorption is a passive process that primarily depends on the establishment of a confluent and 

polarized cell layer, tight junctions and an osmotic gradient foremost established by the Na+/K+-

ATPase expressed at the basolateral membrane, illustrated by the complete abrogation of water 

transport by inhibition of the Na+/K+-ATPase with ouabain (Figure 4B) (Wilmes et al., 2014).  

Functional water reabsorption suggests in vivo-like polarization of RPTEC/TERT1 cells on 

filter inserts and hence it was suggested that the cells might also be capable of secreting 

xenobiotics. The renal secretory transporters are usually charge selective and therefore commonly 

separated into anion and cation transporters (Morrissey et al., 2013). In order to determine the 

capacity of RPTEC/TERT1 to actively secrete xenobiotics, we used the cationic fluorescent probe 

4-Di-1-ASP (Asp+), a substrate for the OCT/MATE transport axis (Aschauer et al., 2015a; 

Biermann et al., 2006; Cetinkaya et al., 2003; Sauzay et al., 2016) and the fluorescent anion 

Lucifer yellow (LY), secreted via the OAT/MRP axis (Masereeuw et al., 1999). As expected for 

a substance that undergoes secretion, Asp+ remained in the apical compartment when added there 

and no fluorescence was detectable in the basolateral medium (Figure 4C, upper panel). However, 

when added to the basolateral compartment, Asp+ was efficiently and actively transported into the 

apical compartment, resulting in Asp+ enrichment in the apical compartment and reduced 

fluorescence in the basolateral compartment (Figure 4C, lower panel). LY on the other hand was 

not transported in either direction (Figure 4D) indicating absence of functional anion transport. 

Subsequent, gene expression analysis of transporters in the confluent RPTEC/TERT1 cell 

monolayer in contrast to human cortical kidney (Figure 4E) demonstrated that the confluent 

RPTEC/TERT1 cell epithelium lacked expression of OATs 1-3. Since OAT1 and OAT3 are the 

main anion importers (Morrissey et al., 2013) this finding explains the absence of LY secretion. 

However, apart from the latter deficit appear to express most of the important renal transporters 

including OCT1-3, MATE1-2, MRP1-5, P-gp (Figure 4E). 

  



Manuscript I – to be submitted 

47 

 

  

Figure 4 Vectorial transport processes of RPTEC/TERT1 cell on membrane filters.  

(A) Water transport of RPTEC/TERT1 cells over time quantified as removal from apical side or addition 
to basolateral side in mg per day and membrane surface area in cm². Data represents mean ± SEM (n 
= 4). Diffusion shows water exchange in wells without cells. (B) Vectorial transport of 4-Di-1-ASP (Asp+) 
by RPTEC/TERT1 cells in (upper panel) apical to basolateral direction and (lower panel) basolateral to 
apical direction. Data represents mean ± SD of 3 membrane filters. (C) Vectorial transport of Lucifer 
Yellow (LY) by RPTEC/TERT1 cells in (upper panel) apical to basolateral direction and (lower panel) 
basolateral to apical direction. Data represents mean ± SD of 3 membrane filters. (E) Gene expression 
of various transporters in RPTEC/TERT1 cells cultured on membrane inserts and human kidney. Data 
shows mean expression of 4 independent RPTEC/TERT1 samples and one human kidney sample 
analyzed in duplicates. n.d.: not detected. OCT: organic cation transport; OCTN: organic cation/carnitine 
transporter; MATE: multidrug and toxin extrusion protein; OAT: organic anion transporter; MRP: 
multidrug resistance-associated protein; PGP: p-glycoprotein; CTR1: copper transporter 1; BCRP: 
breast cancer resistance protein; AQP1: aquaporin 1; SGLT: sodium/glucose cotransporter; GLUT: 
glucose transporter. 
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3.3.5 Vectorial transport as a functional readout for the detection of 
nephrotoxicity 

The described transport processes represent key functionalities of the proximal tubule 

epithelium that suggest a highly differentiated cell line. Since cellular dedifferentiation and 

concomitant impairments in functionality are common features of early toxicity (He et al., 2013; 

Puri et al., 2015; Zhao et al., 2011), it was hypothesized that an impairment of water transport or 

Asp+ secretion would be a sensitive indicator of toxicity. To test this, confluent RPTEC/TERT1 

cells cultured on membrane inserts were exposed to the test compounds for 9 consecutive days 

followed by a 14 days recovery period in case of the compounds with known nephrotoxic 

potential. Water reabsorption was quantified throughout the whole study period and Asp+ 

secretion was measured at three distinct time points throughout exposure and recovery (Figure 

5A). Exposure to the nephrotoxicants cisplatin (12.5 µM) (Figure 5B) and gentamicin (700 µM) 

(Figure 5C) gradually reduced water reabsorption during the exposure phase and the cells did not 

clearly recover until day 23. Conversely, zoledronate (12.5 µM) (Figure 5C) had no effect on 

water reabsorption at any timepoint investigated. The most dramatic effects were observed with 

tacrolimus (50 µM) (Figure 5E) and cyclosporine A (25 µM) (Figure 5F). Both compounds caused 

an immediate reduction of water transport that peaked at day 9 of exposure when only 30% to 

40% of the water transport capacity remained. Interestingly, upon removal of the compounds 

water transport gradually recovered and returned back to normal after 10 days of recovery. 

Exposure to probenecid (500 µM) (Figure 5G) had no effect on water transport at any time point 

throughout the experiment. However, dexamethasone (500 µM) (Figure 5H) strongly decreased 

water transport in a linear fashion, from day 5 to day 9. 

Secretion of Asp+ was determined from day 7 to 9 of exposure and during recovery from day 

12 to 14 and day 21 to 23 (Figure 5A). The comparison of Asp+ transport of DMSO treated cells 

(Figure 6A, 0.5% DMSO) with dye diffusion through membrane filters lacking cells (Figure 6A, 

diffusion) demonstrated the active transport of the dye when cells are present. RPTEC/TERT1 

cells treated for 7 days with gentamicin, cisplatin, probenecid and zoledronate showed a slightly 

elevated Asp+ transport (Figure 6A) although this effect was only significant for gentamicin 

(Figure 6B). Interestingly, exposure to dexamethasone resulted in a transport kinetic that was 

strikingly similar to the diffusion control (Figure 6A), suggesting that dexamethasone rendered 

the monolayer permeable to Asp+ and consequently impaired active transport, as was also 

indicated by quantification of water transport (Figure 5H). The strongest effects on Asp+ secretion 

were again observed for cyclosporine A and tacrolimus, both almost completely abolishing Asp+ 

transport after 7 days of exposure (Figure 6A).  

Obviously, to accurately quantify Asp+ secretion over the 48 hours period, the simultaneously 

occurring water transport had to be taken into account. Therefore, the Asp+ fluorescence obtained 

at the last time point (47 hours) was corrected for the medium volume present in the apical 

compartment at that specific time-point and treatment (Figs. 6B, C). Even after this correction, 

cyclosporine A and tacrolimus almost eliminated the relative Asp+ transport on day 7 of treatment 
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(Figure 6C). Gentamicin on the other hand significantly increased Asp+ secretion, while none of 

the other compounds changed the total amount of Asp+ transported. Interestingly, both increased 

and decreased Asp+ secretion returned back to normal within the recovery phase 
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(from day 9-23, see Fig 5A). In case of cyclosporine A, reduced transport was still visible after 3 

days of recovery (day 12) but returned back to normal after 12 days recovery (day 21), while the 

effects of tacrolimus and gentamicin were already abolished at day 12. 

Figure 5 Vectorial water transport as a functional parameter to detect nephrotoxicity. 

(A) Schematic of the experimental setup designed to investigate the effects of the test compounds on 
water and Asp+ transport. Cells were seeded 23 days prior to exposure initiation. Medium renewal with 
(exposure phase) or without (recovery phase) compound was performed at the days indicated. Water 
and Asp+ transport was quantified in the highlighted intervals. (B-H) Compound-induced change in 
water transport as quantified in the apical compartment. Relative water transport of cells exposed to (B) 
12.5 µM cisplatin, (C) 700 µM gentamicin, (D) 12.5 µM zoledronate, (E) 50 µM tacrolimus, (F) 25 µM 
cyclosporine A, (G) 500 µM probenecid and (H) 500 µM. Data represents mean ± SEM (n = 4) 
normalized to time-matched controls (0.5% DMSO). 

Figure 6 Asp+ secretion by RPTEC/TERT1 cells exposed to the test compounds.  

(A) Time-dependency of Asp+ transport into the apical compartment as determined by fluorescence. 
The experiment was initiated after 7 days of exposure and performed in presence of the compounds 
indicated. Fluorescence was normalized towards values obtained for 0 h in the basolateral compartment 
where the dye was added. (B) Absolute Asp+ fluorescence in the apical compartment after 47 h (from 
d 7 to d 9) normalized to water content. (C) Absolute Asp+ fluorescence in the apical compartment after 
47 h normalized to water content at all different timepoints. Data represents mean ± SEM (n = 4) 
normalized to time-matched controls (0.5% DMSO). *P < 0.05; ***P < 0.001, compared to time-matched 
controls (0.5% DMSO), two-way ANOVA + Sidak’s post-test. 
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3.4 Discussion 

About one third of drug development failures occurring during clinical studies are due to 

safety reasons (Waring et al., 2015) and the kidney is one major organ affected by adverse drug 

reactions (Lin and Will, 2012). In most cases, drugs causing nephrotoxicity affect the functionality 

and viability of RPTECs (Choudhury and Ahmed, 2006; Paueksakon and Fogo, 2017) and thus 

depicting the functionality of these cells in vitro is of key importance for the development of 

alternative test methods to detect potential nephrotoxins. However, there is no in vitro model for 

RPTECs available to date that maintained in vivo-like functionality.  Functionality of RPTECs 

relevant to the induction of toxicity mainly comprises functional vectorial transport of drugs 

(Morrissey et al., 2013) but can also include phase I metabolism (Astashkina et al., 2012c; Shah 

et al., 2017; Simon-Friedt et al., 2015), the latter, however, was not assessed in the present study 

which was focused on transport. Indeed, about 30% of the most frequently prescribed drugs 

undergo renal secretion and almost all of these compounds are actively secreted by RPTECs 

(Morrissey et al., 2013) which implies the cellular transit of the compounds. Active cellular uptake 

carries the risk of intracellular accumulation of potentially harmful substances and may cause 

dysfunction and ultimately necrosis of RPTECs resulting in impaired renal function (Douglas, 

1992). Unfortunately, there is no human RPTEC cell line available that conserved full capacity 

for xenobiotic transport (Tiong et al., 2014; Wilmer et al., 2016) and consequently these cells 

gained increased resistance towards many nephrotoxic compounds thus limiting their suitability 

for nephrotoxicity detection. One of the most frequently used human tubular epithelial cell lines, 

HK-2, for instance was reported to lack expression of the key transporters OAT1, OAT3, OCT2 

and BCRP (Jenkinson et al., 2012). Differently, more recently established cell lines including the 

RPTEC/TERT1 cell line were reported to have maintained important functional parameters 

(Aschauer et al., 2015a; Aschauer et al., 2013; Wieser et al., 2008; Wilmes et al., 2014). Therefore, 

the present study was performed to characterize and quantify key renal transport processes in 

RPTEC/TERT1 cells and to test the hypothesis that impaired functionality can serve as a sensitive 

readout to detect nephrotoxicity. Indeed, the discovery and application of cell-type specific 

functional readouts have greatly facilitated in vitro detection of multiple organ toxicities including 

neurotoxicity (Frimat et al., 2010; Hausherr et al., 2014; Stiegler et al., 2011) and cardiotoxicity 

(Koci et al., 2017; Sirenko et al., 2017) but have not been implemented routinely to assess 

nephrotoxicity in vitro.  

Consequently, RPTEC/TERT1 cells were exposed to a test compound set containing five 

well-known proximal tubule toxicants as well as two non-toxic substances followed by analyses 

of cell viability (via MTT reduction), monolayer integrity and cell death of cells cultured on 

plastics (xCELLigence) and membrane filters (TEER) as well as transport functionality (water 

reabsorption and Asp+ secretion). Simple cell viability assays are often disparaged due to their 

unspecific nature and indeed MTT reduction was not a sensitive readout when analyzed after an 

acute 24 hours exposure to the test compounds. However, when used at the end of a 14 days 
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repeated exposure experiment, the MTT assay was the single most sensitive readout in case of 

cisplatin and gentamicin in the present study (Table 1). For these nephrotoxins, a decrease in MTT 

reduction occurred in absence of cell death or disintegration of the cell layer as detected by 

xCELLigence and TEER measurements. Since the MTT assay quantifies mitochondrial reductase 

activity, this finding likely mirrors the mitochondrial dysfunction reported as proximal events in 

cisplatin (Gordon and Gattone, 1986; Wilmes et al., 2015; Yang et al., 2014b; Zsengeller et al., 

2012) and gentamicin (Mela-Riker et al., 1986; Quiros et al., 2011; Sastrasinh et al., 1982; Sepand 

et al., 2016; Weinberg et al., 1980) nephrotoxicity.  

In case of zoledronate, MTT reduction and xCELLigence assay were equally sensitive 

suggesting that in this case the decrease in MTT reduction is due to cell death.  In general, cellular 

impedance measurements using the xCELLigence system turned out to be no particular sensitive 

readout in our approach but nonetheless delivered unique insights into the kinetics of cytotoxicity 

by allowing for real-time measurements. As an example, it was nicely demonstrated that 

zoledronate-induced cytotoxicity is not only concentration but also time-dependent thereby 

suggesting that it is the cumulative dose over time that eventually elicits cell death. This is in 

contrast to the results obtained for tacrolimus which caused immediate cell death after minutes of 

exposure at 100 µM but had no effect at 50 µM and below, even when the cells were repeatedly 

challenged with the compound for 14 days. Consequently, real-time impedance measurements 

can provide some evidence on the type of toxicity, whether it is likely caused by exceeding a 

tolerable concentration (cmax driven) or by cumulative exposure over time (AUC driven).  

However, while the xCELLigence measurements failed to reveal alterations in the monolayer 

integrity apart from cell death, the quantification of TEER showed transient or possibly even 

persistent increases in monolayer resistance for many of compounds tested but most prominently 

for cyclosporine A and tacrolimus which apart from tacrolimus at 100 µM had no effect on cell 

viability and impedance measurements. Consistent with previous publications (Aschauer et al., 

2015b; Wilmes et al., 2014), nontreated RPTEC/TERT1 cells built up a stable TEER value of 

120-140 Ω*cm² in the present study. When compared to other cell lines like for instance intestinal 

Caco-2 cells (Srinivasan et al., 2015), the resistance built by RPTEC/TERT1 cells is rather low 

and indicates the “leakiness” of the epithelium. A transient increase in TEER in response to a 

toxic challenge was described previously (Aschauer et al., 2015b) and although the underlying 

mechanism is not fully understood it likely involves modifications of tight junctions (Wilmes et 

al., 2014). These changes were detected by TEER but, unlike hypothesized, not by the 

xCELLigence measurements. Interestingly, the timepoint of TEER increase nicely matched the 

timepoint were decreased water reabsorption was observed. This suggests that a “tightening” of 

the monolayer as measured by TEER involves a decreased permeability for water transport. 

Indeed, increased TEER and reduced water transport for cyclosporine A has also been reported in 

RPTEC/TERT1 cells and involved a downregulation of the tight junction protein claudin-2, which 

was identified as a paracellular water in this context (Wilmes et al., 2014). The findings reported 

here suggest that an impairment of water transport is a more general response towards cellular 
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damage and therefore is likely shared by many, however, not all nephrotoxicants. As 

demonstrated, water transport by RPTEC/TERT1 cells is driven by the osmotic gradient built by 

the Na+/K+-ATPase for which multiple prerequisites must be fulfilled. Water transport requires at 

least integrity of the cell layer, functional transporters and high metabolic rates to fuel the Na+/K+-

ATPase. It is probably because of this integration of multiple parameters that water transport 

proved a sensitive readout to detect toxicity.  

Remarkably, the RPTEC/TERT1 monolayer fully recovered from the strong effects of 

cyclosporine A and tacrolimus on water transport within 10 days after compound removal, a fact 

that nicely reflects the reversibility of acute calcineurin inhibitor induced nephrotoxicity observed 

in vivo (Naesens et al., 2009). Recovery from gentamicin and especially from the genotoxic 

cisplatin was less clear pronounced, thereby indicating sustained damage to the RPTEC/TERT1 

cells. The fact that dexamethasone also reduced water transport is most likely due to the extremely 

high concentrations that were applied, which exceeded the clinical cmax by 50-fold (Wenting-Van 

Wijk et al., 1999). Interestingly, the near linear decrease in water transport over time together with 

the diffusion-like permeation of Asp+ after 7 days of dexamethasone exposure suggests that the 

compound renders the RPTEC/TERT1 monolayer permeable for small molecules like water and 

Asp+, however, in absence of a decrease in TEER which in fact was slightly elevated. Most likely 

lower and thus more relevant concentrations will not show this effect, also since 50 µM 

dexamethasone did not show an effect on TEER. 

Similar to water transport, quantification of cation secretion using Asp+ showed the most 

dramatic reductions for cyclosporine A and tacrolimus since both almost abolishing cation 

secretion after a 7 day exposure. Whether this inhibition is due to a direct effect of cyclosporine 

A on either OCT or MATE transporters is unclear since such interaction is unknown at present. 

However, cyclosporine A is a potent inhibitor of P-gp and MRP2 (Morrissey et al., 2013) which 

at least share some substrates with MATEs, e.g. the chemotherapeutic agent topotecan (Li et al., 

2008; Morrissey et al., 2013). Conversely to cyclosporine A and tacrolimus, gentamicin 

significantly increased Asp+ secretion after 7 days of exposure. Since OCTs and MATEs transport 

both, Asp+ and gentamicin (Gai et al., 2016), the latter effect might well be explained by an 

induction of OCT and MATE expression or activity caused by the high concentrations of 

gentamicin (700 µM). Similar to the effects on water transport though, all effects on Asp+ 

secretion normalized within the recovery phase.  

While we could successfully demonstrate the existence of a cation secretion axis requiring 

polarized OCT and MATE expression, we were unable to demonstrate functional anion secretion. 

Anion secretion in the proximal tubulus mainly depends on basolateral OAT1 and OAT3 as well 

as apical MRP2, MRP4 and BCRP (Aschauer et al., 2015a) and indeed a gene expression analysis 

revealed absence of OAT1-3 expression while MRP1-5 and the transporters required for cation 

secretion were clearly detected. Although another study (Aschauer et al., 2015a) reported OAT1 

and OAT3 expression in RPTEC/TERT1 cells based on whole genome expression data and 

western blots functional anion secretion was not observed. Without diminishing the many 
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functional benefits of the RPTEC/TERT1 cell line, the lack of functional OATs depicts a 

significant shortcoming of the cell line. Interestingly, the other recently established cell line 

ciPTEC also showed functional cation transport but lacked OAT1 and OAT3 expression (Wilmer 

et al., 2010). However, stable overexpression of either OAT1 or OAT3 in this cell line restored 

functionality and resulted in increased sensitivity towards anionic nephrotoxins such as cidofovir 

(Nieskens et al., 2016). The present finding on RPTEC/TERT1 cells as well as the reports on 

ciPTECs might suggest that loss of OAT function could be a general artifact of in vitro culture of 

RPTECs caused by a yet unknown mechanism. However, since many well-established 

nephrotoxins are either substrates for OCTs or OATs (Morrissey et al., 2013), expression of both 

transporter classes is of key importance to obtain a comprehensive proximal tubule model. 

Nevertheless, the functional cation secretion present in RPTEC/TERT1 cells renders the cell line 

highly suitable to study drug-drug interactions occurring on this transport axis.  

In conclusion, we showed that functional readouts using RPTEC/TERT1 cells can indeed add 

valuable information to standard cytotoxicity measurements. Interestingly, water reabsorption 

was particularly affected by cyclosporine A and tacrolimus, two nephrotoxins that did not affect 

cell viability. A promising approach to improve the prediction of nephrotoxicity using in vitro 

models would therefore combine classical endpoints with functional readouts. Especially the fact 

that TEER measurements as well as quantification of water and xenobiotic transport can be 

performed on line without termination of the experiment, renders the combination of these 

experiments with other readouts such as transcriptomics or proteomics approaches attractive to 

detect the nephrotoxic potential of xenobiotics and therefore offer advanced opportunities to be 

used within pharmaceutical toxicity testing. 

 
Acknowledgements  

This work was supported by Boehringer Ingelheim Pharma GmbH & Co. KG.  

  

Table 1 Summary of results obtained for the different compounds and experiments 

PT: proximal tubule; NoEC: no observed effect concentration; LoEC: lowest observed effect 
concentration; n.d.: not determined. The LoEC of the most sensitive assay in the study is highlighted in 
frey and bolded. 
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3.5 Materials and Methods 

 

Chemicals and reagents 

Cyclosporine A was purchased from Selleckchem (#S2286) and New England Biolabs 

(#9973). Tacrolimus was from Selleckchem (#S5003) and Alfa Aesar (#J63571). Zoledronic acid 

(#Z5744) was from ENZO Life Sciences. Cisplatin (#P4394), gentamicin (#G1264), 

dexamethasone (#D4902), probenecid (#P8761) and Lucifer Yellow (#L0259) were from Sigma 

Aldrich. 4-Di-1-ASP (Asp+
, #D288) was purchased from Molecular Probes. 

 

Cell culture 

RPTEC/TERT1 cells were obtained from Evercyte GmbH (Vienna, Austria). Cells were 

cultured in a 1 to 1 mixture of DMEM and Ham’s F-12 nutrient mix (Thermo Fisher) with 5 mM 

D-glucose final, supplemented with 2 mM GlutaMAX, 5 µg/ml insulin (Sigma, #I1882), 5 µg/ml 

transferrin (Sigma, #T2252), 5 ng/ml sodium selenite (Sigma, #S5261), 100 U/ml penicillin and 

100 µg/ml streptomycin, 10 ng/ml EGF (Sigma, #E9644) and 36 ng/ml hydrocortisone (Sigma, 

#H0888). Cells were subcultured after establishing a contact inhibited monolayer and reseeded at 

30% density when used on plastic plates or 100% density for Transwell permeable supports 

(Corning, polyester membrane, 0.4 µm pore size). RPTEC/TERT1 cells were grown for at least 

14 days before initiation of experiments with medium renewal every 2-3 days. 

 

Cell viability assays 

RPTEC/TERT1 cells were cultured on standard tissue culture plates for 16 days followed by 

exposure to compounds for either 24 hours or 14 days with treatment renewal every 48 hours. 

Subsequently, treatment was exchanged for fresh medium containing 0.5 mg/ml MTT followed 

by incubation for 45 minutes at 37 °C, 5% CO2. Cells were lyzed using 95% isopropanol, 5% 

formic acid. Formazan absorption was measured at 550 nm using a Tecan M200Pro microplate 

reader. Absorption obtained for dead cells (treated with 0.1% Triton X-100) was subtracted from 

all other values and viability was calculated relative to non-treated controls and is given as percent. 

 

xCELLigence assays 

If not indicated otherwise, RPTEC/TERT1 cells were seeded on E-plates 96 (ACEA 

Biosciences Inc., San Diego, CA, USA) at 30% density and placed into the RTCA SP instrument 

(Roche Diagnostics, Mannheim, Germany). After a growth and maturation period of at least 14 

days, cells were treated with compounds or solvent control (0.5% DMSO) or left non-treated. 

Cellular impedance was measured in intervals of 5 minutes for a total of 14 days. Treatment was 

renewed on Mondays, Wednesdays and Fridays. Cell indices obtained for treated cells were 

normalized to non-treated cells and are given as percent.   
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Transepithelial electrical resistance (TEER) 

RPTEC/TERT1 cells were seeded on Transwell permeable supports. TEER was quantified 

using the EVOM² Epithelial Voltohmmeter (World Precision Instruments, Sarasota, FL, USA). 

TEER measurements were performed approximately 5-6 h after medium or treatment renewal on 

Mondays, Wednesdays and Fridays. 

 

Quantification of cellular water transport 

Medium from apical and basolateral compartments was collected during medium or treatment 

renewal and quantified using an analytical scale. To analyze compound induced effects, water 

transport was normalized to control treated (0.5% DMSO) cells and is given as percent. 

 

Quantitative real-time PCR (qPCR) 

Total RNA was isolated from RPTEC/TERT1 cells cultured on 6-well Transwell permeable 

inserts for 24 days using peqGOLD TriFast (VWR) according to manufacturer’s protocol. Human 

kidney total RNA from a 70 year old Caucasian woman was purchased from life technologies 

(Product #AM7967; Lot #1745517). cDNA was synthesized from 1 µg RNA using the cDNA-

Synthesis Kit H Plus (VWR). qPCRs were performed using the KAPA SYBR FAST qPCR Master 

Mix (VWR) on a CFX Connect real-time system (Bio-Rad) according to manufacturer’s protocol. 

Cq values obtained for genes of interest were normalized to the mean of Cq values obtained for 

the reference genes HPRT1, actin and RPL13A and are given as fold of this mean value. Gene 

specific primer pairs used for amplification are given in Table S1. Specificity of all primers was 

confirmed by PCR product sequencing. 

 

Transport of fluorescent probes 

Vectorial transport Asp+ and Lucifer Yellow (LY) was analyzed after addition of 12.5 µM to 

either the apical of basolateral compartment. Fluorescence was quantified in 50 µl aliquots taken 

from both compartments after 0, 4, 18, 26, 41 and 47 hours at 485 nm excitation, 590 nm emission 

for Asp+ or excitation 428 nm, emission 540 nm for LY. Fluorescence intensity was normalized 

to values obtained at 0 hours for the compartment where the probe was added. To account for 

water transport while quantifying compound induced effect on Asp+ transport, fluorescence 

obtained for the apical compartment at the final time point (47 hours) was multiplied with the 

amount of medium present at this time point. 

  

Statistical data analysis 

Unless indicated otherwise data is presented as mean ± SEM.  Sample size (n) indicates the 

number of independent experiments performed. Statistical analysis was determined using 

GraphPad Prism Version 5.04 (La Jolla, CA, USA) using statistical tests as indicated in figure 

legends.   
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3.6 Supplementary material 

 

Table S1 Primer pairs for quantitative real-time PCR 

Protein (gene) name NCBI Ref. Seq. Forward primer Reverse primer 

OCT1 (SLC22A1) NM_003057 CCCCTCATTTTGTTTGCGGT TTTCTCCCAAGGTTCTCGGC  

OCT2 (SLC22A2) NM_003058 TGCATATTTTCGGCTTCCTC ACCGGCTCACTAACATCTGG  

OCT3 (SLC22A3) NM_021977 AGGTGAATGCTCCAGTCAGG ACTCCACCATCGTCAGCG 

OCTN1 (SLC22A4) NM_003059 CGTGACCGAGTGGAATCTGG AGCCATGGTTGCGAAGAGAA 

OCTN2 (SLC22A5) NM_003060 ACACCCACGAAGAACAAGGA ATGGCTGGGAGTTCAGTCAG 

MATE1 (SLC47A1) NM_018242 TGATCAGGAACACCATCAGC GAGGCCACCCTTGAGGTC 

MATE2 (SLC47A2) NM_152908 TGCTTCCCAGTTCCTCTCAG GAAGATGTCATTGCCCTGGT  

OAT1 (SLC22A6) NM_004790 CCATCGTGACTGAGTGGGAC TCTGCAAGGTAGCCGAACAC 

OAT2 (SLC22A7) NM_006672 AGCCTACGTGAGTACCCTGG  CACTCCAGCTCCAGTGGC 

OAT3 (SLC22A8) NM_004254 CACGAGCCCTCCAATCAGTA CTGGGTCTACAACAGCACCA  

OAT4 (SLC22A11) NM_018484 CCGCAGTAGATGACGAATGTT ATCCTGGTGGGCTCCTTTAT 

MRP1 (ABCC1) NM_004996 CTGGACTGATGACCCCATCG GCGATCCCTTGTGAAATGCC  

MRP2 (ABCC2) NM_000392 GGGATCTCTTCCACACTGGAT CATACAGGCCCTGAAGAGGA  

MRP3 (ABCC3) NM_003786 GTCCCATTCCGCTCCAAGAT TCAGGGTAGGGGTTAGGGTC  

MRP4 (ABCC4) NM_005845 TCTCCGTTTATGGCCAATTT  CCGTGTACCAGGAGGTGAAG 

MRP5 (ABCC5) NM_005688 TGAGCTGAGAATGCATGGAG  GAGAACCAGCACTTCTGGGA  

PGP (ABCB1) NM_000927 ACAGAGGGGATGGTCAGTGT TCACGGCCATAGCGAATGTT 

CTR1 (SLC31A1) NM_001859 GGTTGGGTGATGGTGAGAAG GCTAGTGGCTGGACTTGACC  

BCRP (ABCG1) NM_004827 TGGTGTTTCCTTGTGACACTG TGAGCCTTTGGTTAAGACCG 

AQP1 (AQP1) NM_198098 GGAGGGTCCCGATGATCT CTCTCAGGCATCACCTCCTC 

SGLT1 (SLC5A1) NM_000343 TGGCCACTTCCAATGTTACT GGGACTGTTGGAGGCTTCTT 

SGLT2 (SLC5A2) NM_003041 TTCACCAAGATCTCAGTGGACAT  GAAGGTCTGTACCGTGTCCG 

GLUT1 (SLC2A1) NM_006516 GGCATTGATGACTCCAGTGTT ATGGAGCCCAGCAGCAA 

GLUT2 (SLC2A2) NM_000340 GACAGTGAAAACCAGGGTCC TGTGCCACACTCACACAAGA 

actin (ACTB) NM_001101 GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT 

HPRT1 (HPRT1) NM_000194 CACCCTTTCCAAATCCTCAG CTCCGTTATGGCGACCC 

RPL13A (RPL13A) NM_012423 GGTATGCTGCCCCACAAAACC CTGTCACTGCCTGGTACTTCCA  
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𝑎𝑣𝑔. 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑖 (%) = 

((|100 − (
𝑐𝑖(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)𝑡

𝑐𝑖(𝑛𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)𝑡
∗ 100|)) + (|100 − (

𝑐𝑖(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)𝑡+1

𝑐𝑖(𝑛𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)𝑡+1
∗ 100|)) + (|100 − (

𝑐𝑖(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)𝑡+𝑛

𝑐𝑖(𝑛𝑜𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)𝑡+𝑛
∗ 100|)))

𝑛
 

 

Formula S2 Calculation of the average change in cell index  

Formula used to calculate the average change in cell index (ci) caused by a specific treatment relative 
to nontreated controls. 
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4.1 Abstract 

The proximal tubule is the primary site for renal solute reabsorption and secretion and thus a 

main target for drug-induced toxicity. Current nonclinical methods using 2D cell cultures are 

unable to fully recapitulate clinical drug responses mainly due to limited in vitro functional 

lifespan. Since extracellular matrices are known to be key regulators of cell development, 

culturing cells on classic 2D plastic surfaces inevitably results in loss of differentiation. Hence, 

3D models of the human proximal tubule that recapitulate the in vivo morphology would allow 

for improved drug screening and disease modeling. Here, the development and characterization 

of a 3D proximal tubule model using RPTEC/TERT1 cells is presented. RPTEC/TERT1 cells 

self-assembled in matrigel to form highly differentiated and stable 3D tubular structures 

characterized by a branched network of monolayered cells encircling a cell-free lumen thus 

mimicking the proximal tubule. In vitro tubuli resembled the polarity of a proximal tubule 

epithelium as indicated by polar expression of Na+/K+- ATPase and ZO-3. Furthermore, 3D 

cultured RPTEC/TERT1 cells showed overall increased mRNA expression of xenobiotic 

transporters e.g. OCTs and MATEs and de novo expression of OAT3 when compared to cultures 

on plastics or membrane inserts. Finally, this model was used to assess delayed cisplatin-induced 

nephrotoxicity and demonstrated increased sensitivity when compared to 2D culture. Thus,  the 

easy-to-use model described here may prove to be useful for mechanistic investigations, e.g. in 

discovery of compounds interfering with tubule formation, differentiation and polarization, as 

well for the detection and understanding of pharmaceutical induced nephrotoxicity. 

4.2 Introduction 

Toxicology still heavily relies on animal experiments to predict adverse effects of drugs and 

chemicals in a human population. However, translatability of rodent findings towards the human 

situation is known to be often very poor (Hackam and Redelmeier, 2006; Leist and Hartung, 2013; 

Matthews, 2008; Olson et al., 2000; van der Worp et al., 2010), potentially resulting in undetected 

adverse effects (false negatives) or loss of valuable compounds due to species-specific side effects 

(false positives) (Hartung, 2009). Currently, chances of a drug candidate to be marketed at 

entering clinical phase I is as low as 7% (Bunnage, 2011) and safety issues or lack of 

pharmacological efficacy are major reasons (Kola and Landis, 2004) revealed late during 

development despite extensive nonclinical studies. Together with ethical considerations e.g. the 

3R (reduce, replace, refine) principle of animal testing (Russell and Burch, 1959), these 

disenchanting numbers have boosted the development of alternative, human cell based test 

methods. In theory, the use of human cells overcomes the burden of translating results obtained 

from animal experiments to human. In practice, however, results obtained from in vitro toxicology 

studies were often more than disappointing. For instance, one comprehensive study by Lin and 

Will with hundreds of either hepatotoxic, cardiotoxic or nephrotoxic compounds and three 



Manuscript II – Secker and Luks et al. ALTEX (2017) 

61 

 

frequently used cell lines originating from the three organs found that only 5% of compounds 

exhibited differential toxicity and - even worse - in case of a differential response, the most 

sensitive cell line did not necessarily match with the most susceptible organ (Lin and Will, 2012). 

It is evident that the lack of specificity frequently observed in in vitro studies is often due to a lack 

of sensitivity in the target cell line being poorly differentiated thereby compromising in vitro to 

in vivo extrapolations (Wilmer et al., 2016). Most cells of the human body carrying out specific 

functions are either fully differentiated or under proliferation arrest. This is quite contrary to the 

situation of the cell in vitro, where proliferation is required to expand cultures and to obtain 

considerable cell numbers. However, cellular proliferation and differentiation are in fundamental 

conflict to each other. Thus, in vitro toxicologists now mainly focus on development of highly 

differentiated cell lines with the aim to establish cell lines exhibiting comparable functionality to 

their in vivo counterparts (Alépée et al., 2014). Extracellular matrices are known to be key 

regulators of cell development and tissue phenotype (Astashkina et al., 2012b; Bissell et al., 2002), 

thus culturing cells on classic 2D plastic surfaces inevitably results in loss of differentiation. 

Hence, 3D models of various cell types have been shown to dramatically increase differentiation 

of cells towards e.g. hepatocytes (Dunn et al., 1991; Tostões et al., 2011; Tuschl et al., 2009; 

Zeilinger et al., 2011), skin-related cell types (Itoh et al., 2013; Roguet et al., 1994), nervous 

system (Lu et al., 2012; Smirnova et al., 2016) and intestinal cells (Grabinger et al., 2014; Sato et 

al., 2009). Thereby, 3D models help to recapitulate the tissue-specific morphology and allow for 

improved pharmacology and toxicology testing.  

The renal proximal tubule epithelial cells (RPTECs) are primarily responsible for renal solute 

reabsorption and metabolism end-product excretion. Therefore, RPTECs express multiple 

transporters with broad substrate specificities also enabling uptake and excretion of xenobiotics. 

About one third of the top 200 prescribed drugs undergoes renal elimination and 90% of them are 

actively secreted into the urine, involving cellular transport processes (Morrissey et al., 2013). 

Anions are taken up at the basolateral membrane primarily by organic anion transporter (OAT) 1 

and 3 and secreted at the apical membrane by the multidrug resistance proteins (MRP) 2 and 4 

(Masereeuw et al., 1999), while cations are mainly taken up by organic cation transporter (OCT) 

2 and are eliminated by multidrug and toxin extrusion proteins (MATE) 1 and 2K (Biermann et 

al., 2006; Cetinkaya et al., 2003; Sauzay et al., 2016) and P-glycoprotein (P-gp). Consequently, 

RPTECs experience high intracellular drug concentrations, potentially resulting in nephrotoxicity. 

Maintaining functional expression of these transporters in vitro is key for the successful prediction 

of a drugs nephrotoxic potential. However, to date, there is no continuous cell line available that 

functionally reflects the major proximal tubule transport processes. Moreover, even primary 

kidney cells lose functional transport already within hours or days in culture (Heussner and 

Dietrich, 2013; Tiong et al., 2014). One promising cell model is the human RPTEC/TERT1 cell 

line originating from a male donor and being immortalized by telomerase overexpression (Wieser 

et al., 2008). The RPTEC/TERT1 cell line maintains many differentiation hallmarks e.g. tight 

junction formation, stable transepithelial electrical resistance and vectorial cation transport via the 
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OCT/MATE axis (Aschauer et al., 2015a). Conversely, functional uptake of anions via OATs and 

vectorial anion secretion could not be shown under standard culture conditions (Aschauer et al., 

2015a). In conjunction with the latter findings and the fact that the RPTEC/TERT1 cell line 

maintained many of the crucial transporters under routine culturing conditions, it was 

hypothesized that improvement of culture conditions, e.g. providing for an extracellular matrix 

environment, could result in a more differentiated phenotype and possibly in a gain of function 

such as anion transport. Hence, a three-dimensional (3D) matrigel sandwich culture was 

developed for RPTEC/TERT1. Under the latter conditions, RPTEC/TERT1 cells autonomously 

formed a network of tubular structures composed of single-layered cells. These cells were 

connected by tight junctions and were highly polarized with an apical membrane forming 

microvilli and a basolateral membrane that stained positively for Na+/K+-ATPase. This sandwich 

culture also resulted in a near in vivo like morphology, and in addition, presented with a 

substantial degree of differentiation as indicated by increased mRNA expression of many 

transporters and brushborder markers. Finally, the sensitivity comparison of routine 2D and the 

novel 3D sandwich culture of RPTEC/TERT1 toward delayed cisplatin nephrotoxicity, 

demonstrated a higher sensitivity of the sandwich culture. 

4.3 Results 

4.3.1 Culturing RPTEC/TERT1 in matrigel induces tubular morphology 

A 3D environment with or without continuous flow supports morphological changes and 

including renal proximal tubule cells (Zhang et al., 2009). It was therefore hypothesized that 3-

dimensional expansion of the culture (3D) of RPTEC/TERT1 cells into an extracellular matrix-

like environment would result in tubular morphology and a higher degree of cellular 

differentiation when compared to cultures on plastic plates (2D) or on membrane inserts (referred 

to as 2.5D). The final 3D culture protocol starts with seeding RPTEC/TERT1 cells onto a layer of 

matrigel, followed by capping with another matrigel layer after allowing cells to attach (Fig 1 A). 

Under these conditions, cells could be successfully cultured in 96-well plates with medium 

renewal every two to three days. Already few hours after seeding on matrigel, cells started to form 

branched, connected structures (Fig 1 B, day 0). Capping the cells with another layer of matrigel 

after 16 h was required to stabilize the structures (Fig 1 B, day 1). Within this matrigel sandwich, 

the cells formed into 3D tubule-like structures that condensed during the first two weeks of culture 

(Fig 1 B, day 15). Branchings occurred every 200-1000 µm and tubule diameters varied between 

20-50 µm. Note that due to differentiation and tightening of the cells, some branches were 

dissociated during maturation (Fig 1 B, arrows). Under these 3D culture conditions, tubule-like 

RPTEC/TERT1 could be maintained for up to 60 days without major morphological changes or 

overgrowth by proliferating cells. Since the tubules did not invade further into the matrigel but 
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differentiated within the two matrigel layers, the 3D culture could be easily examined at different 

time points using a standard benchtop microscope (Fig 1 B). The metabolic activities of these 

RPTEC/TERT1 cultures were analyzed at every medium renewal by quantifying glucose 

consumption and lactate production (Fig 1 C). Neither parameter changed over the duration of the 

culture, suggestive of a non-proliferative, metabolically stable condition (Fig 1 C). The rate of 

lactate production of below 1 is indicative of a primarily oxidative glucose metabolism, thus 

supporting the notion that the matrigel sandwich culture system allowed for sufficient oxygen 

diffusion (Fig 1 D). LDH leakage was employed to assess cell death during the first 23 days of 

cultivation (Fig 1 E). After an initial peak of LDH leakage at the first time point – most likely 

resulting from unattached cells – the 3D culture showed no detectable cell death within the 

subsequent 3 weeks (Fig 1 E). In summary, culturing RPTEC/TERT1 cells in the matrigel 

sandwich induced a prominent change in cellular morphology from the typical carpet-like 

monolayer, known from 2D cultures (Fig 1 B) to a stable network of tubular structures. 
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4.3.2 3D cultured RPTEC/TERT1 form a highly polarized epithelium 

Further structural and phenotypic characterization of the tubular structures was achieved by 

confocal and electron microcopy. Indeed, by using different optical planes, tubules were shown 

to consist of a single layer of RPTEC/TERT1 cells surrounding a lumen (Fig 2 A). The tubular 

lumen, already perceivable under bright field, was clearly delineated when using Hoechst to stain 

nuclei (Fig 2 A). An yz-projection revealed that nuclei are arranged in a circular manner, 

confirming the in vivo like morphotype (Fig 2 A, yz). Confocal microscopy of a branched structure 

is shown in Fig 2 B. Using z-stack analyses, tubular diameters were found to range between ~20-

50 µm, equaling to ~2-5 cells (mean cellular diameter = 10µm). Next, the polarization of the 3D 

cultured RPTEC/TERT1 cells was assessed using immunocytochemical detection of typical 

proximal epithelial membrane markers. Antibodies for acetylated tubulin stain primary cilia and 

the tight junction protein zonula occludens protein 3 (ZO-3) was stained to investigate apical 

membrane localization (Fig 2 C, panel 1 + 2). Cilia formation was evidenced by positive staining 

of acetylated tubulin which showed the expected luminal orientation (Fig 2 C, panel 1). Formation 

of apical tight-junctions was confirmed via ZO-3 staining (Figure 2 C, panel 2), while Na+/K+-

ATPase was found localized at the basolateral surface of the tubular structures, as would be 

predicted from its localization in vivo (Fig 2 C, panel 3). Co-staining of ZO-3 and Na+/K+-

ATPase corroborated the proper localization of the membrane markers as shown in Fig 2, panel 

4. Transmission electron microcopy images, showing columnar, prismatic cells with pronounced 

apical brush border (arrows), a small lumen (L), mitochondria (M), and sub-apical tight junctions 

(boxes) (Fig 2 D), supported the in vivo like morphology of the tubular structures. Nuclei were 

oriented more towards the basolateral membrane (not shown). This highly differentiated, 

polarized and in vivo like phenotype of the 3D model was further supported by the enhanced 

expression of brush border markers e.g. glutamyltransferase 1 (GGT1), leucine aminopeptidase 

(LAP3) and alkaline phosphatase (ALPL) when compared to cells cultured under simpler 

conditions (Figure 2 E).  

Figure 1 RPTEC/TERT1 cells cultured in matrigel form stable tubular structures. 

A) Schematic illustration of the 3D culture of RPTEC/TERT1. Cells are seeded on top of a matrigel layer 
and form stable tubular structures within 16 h. Cells are then capped with another thin layer of matrigel 
and covered with culture medium. B) Bright-field microscopy of RPTEC/TERT1 grown either on plastic 
(2D) or in matrigel sandwich (3D). RPTEC/TERT1 grown on plastic (2D) form a dense monolayer 
including characteristic domes (asterisk). When grown on matrigel coating (day 0), cells form branched 
tubular structures. Capping the cells with another matrigel layer (day 1), stabilizes cell morphology for 
at least 23 days. Arrow indicates dissociation of branches during maturation. Box indicates magnified 
area. Scale = 200 µm (upper panel), 50 µm (lower panel). C) Glucose consumption and lactate 
production measured in medium of 3D-cultures was stable for 23 days. Mean ± SEM, n = 6 with 20 
technical replicates. D) Ratio of secreted lactate divided by consumed glucose. Each dot represents the 
mean of 6 replicates at each time point between day 2 and day 23. Lines indicate mean ± SEM. E) LDH 
leakage revealed absence of cell death for at least 23 days after initial attachment phase. Mean ± SD, 

n = 8 with 20 technical replicates. 
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Taken together, the 3D model demonstrated promising in vivo-like features, thus suggesting 

that the 3D approach enhances more profound differentiation and possibly functionality. 

Figure 2 Tubular structures of RPTEC/TERT1 cells contain highly polarized cells 
encircling a lumen. 

Confocal microscopy of a straight (A) and an intersected (B) 3D tubular structure. Cells form a single-
layered tubule encircling a lumen. Dotted line indicates area of yz-projection. Scale = 20 µm. Scaleyz = 
10 µm. C) Immunocytochemistry showing luminal localization of cilia (acetylated tubulin, white arrow) 
and tight junctions (ZO-3) as well as basolateral localization of Na+/K+-ATPase. Co-staining of Na+/K+-
ATPase (green) and ZO-3 (red) indicate polarization of cells within the tubule. Nuclei were stained with 
Hoechst (blue). Scale = 10 µm. D) Transmission electron microscopy of luminal area of 3D tubular 
structure. M = mitochondria, L = lumen, box = tight junction, arrow = microvilli (filled = longitudinal 
section, open = cross section). E) mRNA expression levels of apical brush border marker enzymes. 
Mean ± SEM, n = 4 with technical triplicates (2D and 2.5D); n = 10 with technical duplicates (3D). One-
way ANOVA with Bonferroni’s post-test. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***). BF = bright field, 2D 
= grown on plastic, 2.5D = grown on transwell inserts, 3D = grown in matrigel sandwich, GGT1 = γ-
glutamyltransferase 1, LAP3 = leucine aminopeptidase 3, ALPL = alkaline phosphatase. 
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4.3.3 Induction of transporter expression in tubular structures  

A common set-back of established renal proximal tubule cell models in vitro is the reduction 

or even loss of inherent transporter expression. Consequently, enhanced differentiation in a 3D 

model should also become manifest in a higher expression of functional entities e.g. xenobiotic 

transporters. Therefore, the mRNA expression of multiple xenobiotic transporters, typically 

expressed in RPTECs, was compared in proliferating 2D and differentiated 2D, 2.5D, as well as 

3D RPTEC/TERT1 cells (Fig 3 A). Overall, a striking increase in gene expression with 

differentiation status and more importantly with increasing complexity of culture conditions was 

observed, typically showing highest expression in the 3D culture system (Fig 3 A). Moreover, 

expression of OAT3 was exclusively observed under 3D culture conditions, commensurate with 

a higher expression level of OAT2 and 4 (Fig 3 B-C). Three members of the multidrug resistance 

protein (MRP) family, two of three tested organic cation uptake transporters (OCT) and both 

efflux transporters MATE1 and MATE2, also showed increased expression levels when compared 

to 2D or 2.5D culture conditions (Fig 3 A-C). Similarly, the expression level of typical renal 

proximal tubule transporters, e.g. cubilin (CUBN), sodium/glucose contransporter (SGLT) 1 and 

aquaporin 1 (AQP1), as well as the brush border markers, GGT1, LAP3 and ALPL, increased 

with complexity of the culture conditions (Fig 2 E, Fig 3 A). Contrary to the general trend, several 

other transporters including organic cation/carnitine transporter (OCTN) 1, OCTN2, P-gp, breast 

cancer resistance protein (BCRP) and SGLT2 and glucose transporter (GLUT) 1, did not show 

the highest expression level under 3D culture conditions (Fig 3A). 

In order to verify functionality of the organic anion and cation transporters, fluorescent 

probes, i.e. ASP+ and Lucifer yellow (LY), were applied to the 3D tubules. The experiments 

demonstrated that these dyes were taken up into the cells but were not secreted into the lumen of 

the tubular structures, thus suggesting active anion and cation uptake but lack of efficient 

excretion (Fig 3 D). In contrast, cells grown in 2.5D were shown to exhibit vectorial transport for 

ASP+ but not LY (data not shown). Taken together, culturing RPTEC/TERT1 cells in a 3D matrix 

resulted in drastic changes in gene expression of several apical and basolateral transporters and 

marker enzymes including de novo expression of transporters which were so far absent in this cell 

line. 
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Figure 3 Tubular structures exhibit increased transporter and membrane marker 
expression compared to 2D cultures. 

(A) Heat map of mRNA expression levels of 26 selected transporters and membrane markers under 
different culture conditions (B) Exemplary graphs of apical transporters OAT4 and MATE1+2 expression 
under different culture conditions. (C) Exemplary graphs of basolateral transporters OCT1 and OAT2+3 
expression. Mean ± SEM, n = 4 with technical triplicates (2D and 2.5D); n = 10 with technical duplicates 
(3D). One-way ANOVA with Bonferroni’s post-test. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***). Graphs for 
all other transporters are presented in figure S2. (D) Confocal microcopy of OCT substrate ASP+ (upper 
panel) and OAT substrate LY (lower panel) uptake for 24 h into 3D grown cells. Nuclei were stained with 
Hoechst (blue). Signal intensity was quantified in cells and lumen of tubules stained with Hoechst only 
(- ASP+/LY) or tubules exposed to ASP+ or LY (+ ASP+/LY). Mean ± SD, 15 regions of interest. 2D = 
grown on plastic, 2.5D = grown on transwell inserts, 3D = grown in matrigel sandwich, OAT = organic 
anion transporter, MRP = multidrug resistance protein, OCT = organic cation transporter, CTR1 = copper 
transporter 1, MATE = multidrug and toxin extrusion protein, OCTN = organic cation/carnitine 
transporter, PGP = multidrug resistance protein/p-glycoprotein, BCRP = breast cancer resistance 
protein, SGLT = sodium/glucose co-transporter, GLUT1 = glucose transporter 1, CUBN = cubilin, AQP1 
= aquaporin 1, GGT1 = γ-glutamyltransferase 1, ALPL = alkaline phosphatase, LAP3 = leucine 

aminopeptidase 3, BF = bright field, RFU = relative fluorescence unit. 
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4.3.4 Application as nephrotoxicity model 

For an initial sensitivity assessment, this novel 3D tubule model was challenged with the 

known nephrotoxicant cisplatin. Cisplatin is a chemotherapeutic used for treatment of various 

malignancies, e.g. lung or testis cancer, but dosing is limited due to nephrotoxicity (Manohar and 

Leung, 2017). Cisplatin is actively taken up into RPTECs mainly via OCTs and copper transporter 

(CTR) 1 and intracellular accumulation was linked to DNA damage and mitochondrial 

dysfunction (Miller et al., 2010). Nephrotoxicity occurs in 20-35% of patients receiving cisplatin 

treatment (dos Santos et al., 2012; Hartmann et al., 1999), whereby the decline in renal function 

is typically observed several days after the single dose drug administration (Jang et al., 2013; 

Miller et al., 2010). To allow detection of this delayed manifestation of nephrotoxicity, 

differentiated RPTEC/TERT1 cells grown in 2D, 2.5D and 3D were exposed to 10, 50 and 100 

µM cisplatin for 24 h. The lowest concentration mimicked those typically used in the clinical 

setting (Salas et al., 2006). Cell death was monitored via LDH release over the subsequent 10 days 

in absence of cisplatin. Cell viability was determined on day 11 after initial 24 h exposure using 

resazurin reduction (Fig 4 A). Only 3D cultured cells demonstrated significantly impaired cell 

viability (60% of control) at the lowest cisplatin concentration (Fig 4 B). Superior sensitivity of 

the 3D cultured cells is observed despite that the expression of the luminal cisplatin exporters 

MATE1 and MATE2 is significantly increased compared to the other culturing conditions (Figure 

3B). Although MATE activity is reported to protect from cisplatin toxicity (Nakamura et al., 

2010), clearance of cisplatin into the tubular lumen via MATE may be impeded as was also 

observed for Asp+ and LY (Figure 3D). At 50 µM cisplatin, 2.5D and 3D cultured cells showed 

complete loss of viability, while 2D cultured cells appeared healthy. The highest concentration 

(100 µM) resulted in complete loss of viability at all culture conditions. The time-resolved 

quantification of cell death revealed absence of cytotoxicity during the exposure phase (24 h) of 

the experiment for all culture conditions and concentrations (Fig 4 C). Starting from day 3, 

however, 100 µM cisplatin provoked significant and persisting cell death at all culture conditions. 

The 50 µM concentration on the other hand caused persistent cell death only in 2.5D and 3D 

cultured cells, whereas in 2D cultures cell death was detectable on day 3 but not at later time-

points. Thus, 2D cultured RPTEC/TERT1 cells appear capable to recover from the toxic insult of 

50 µM cisplatin, as also supported by the viability measurements (Fig 4 B). Finally, at the 

clinically relevant concentration, cisplatin did not cause significant cell death in either culture 

condition. The latter suggested that the decrease of viability observed at 3D culture conditions 

(Fig 4 B) is not related to crude cell death but likely results from sustained and cumulative cell 

damage.  

In conclusion, the 3D culture demonstrated a higher sensitivity toward delayed cisplatin 

nephrotoxicity than the 2.5D condition which is often considered the gold standard for RPTEC 

culture (Aschauer et al., 2015a; Aschauer et al., 2015b; Justice et al., 2009; Palmoski et al., 1992). 

Moreover, the capability of demonstrating delayed nephrotoxicity at clinically relevant 

concentrations of cisplatin is promising especially with regard to in vitro to in vivo extrapolations. 
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4.4 Discussion 

The renal proximal tubule plays a major role in maintaining the body’s fluid, ion and glucose 

homeostasis. Therefore, the underlying mechanisms of physiology and pathophysiology of 

proximal tubule cells are of key interest to researchers of many scientific areas. Since the proximal 

tubule is also a main target of drug-induced toxicity due to its role in drug transport and secretion, 

the detection of nephrotoxic lead compounds in nonclinical trials remains particularly important. 

Due to interspecies variability, animal models have only limited predictivity for nephrotoxicity 

(Astashkina et al., 2012a) while validated human in vitro test systems are still missing (Tiong et 

al., 2014). The inability to predict drug-induced kidney injury early during pharmacological 

development is illustrated by the fact that nephrotoxicity accounts for only 2% and 5% of drug 

attrition in nonclinical and phase I studies (Redfern et al., 2010), respectively, while unexpected 

toxicity, including nephrotoxicity, accounts for approximately 30% of drug attrition in the clinic 

(Kola and Landis, 2004). Reliable nonclinical detection would therefore allow rapid cancellation 

of nephrotoxic drug candidates resulting in huge savings in cost and time and more importantly 

Figure 4 3D cultured RPTEC/TERT1 cells are sensitive towards delayed cisplatin 
toxicity. 

(A) Schematic of the experimental setup. RPTEC/TERT1 cells were cultured in 2D, 2.5D and 3D and 
exposed to cisplatin for 24 h. Cells remained in culture for the following 10 days with regular medium 
exchanges (medium ex.). LDH activity as a marker for cytotoxicity was quantified after every medium 
renewal. At day 11, cell viability was determined via resazurin reduction and cellular LDH content is 
quantified after cell lysis. (B) Cell viability of RPTEC/TERT1 cells cultured in the three different culture 
conditions after 24 h cisplatin exposure followed by cultivation for 10 days. Mean ± SEM, n = 3. Two-
way ANOVA with Bonferroni’s post-test. p ≤ 0.01 (**); p ≤ 0.0001 (****); n.s., not significant. (C) 
Integrated LDH leakage over the complete experimental duration. LDH activity was determined in cell 
culture medium after every medium renewal. Integrated LDH activities are presented as combined 
activities until respective time point and calculated relative to the complete activity (all supernatants plus 
lysate at day 11) and given as percent. Mean ± SEM, n = 4. 2D = grown on plastic, 2.5D = grown on 
transwell inserts, 3D = grown in matrigel sandwich, LDH = lactate dehydrogenase. 
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could prevent harmful events in patients. Interestingly, the capability to detect nephrotoxicity in 

vitro appears primarily dependent on the differentiation status of the cell used rather than on the 

end point selected (Tiong et al., 2014). Moreover, most in vitro tests appear to be running with 

rather undifferentiated cells while fully differentiated proximal tubule cell systems are yet 

missing.  

The culture model with RPTEC/TERT1 cells presented here allowed for tubular structure 

formation similar to the in vivo situation. RPTEC/TERT1 were shown to express a variety of drug 

transporters and can be cultured as differentiated monolayer for extended time periods (Aschauer 

et al., 2015a; Aschauer et al., 2013; Wieser et al., 2008). Still, transporter expression levels are 

markedly lower when compared to in vivo data and both, expression and functionality of organic 

anion transporters (OATs) remain controversial (Aschauer et al., 2015a). However, it was 

hypothesized that improved differentiation could be achieved when RPTEC/TERT1 are cultured 

in a 3D matrix. Indeed, solely providing RPTEC/TERT1 with a suitable extracellular matrix was 

sufficient to induce the development of in vivo-like proximal tubules without need of additional 

growth factors or cytokines. The sandwich culture method allowed for simple microscopic 

analyses since tubular structures form within one layer and morphology can be therefore easily 

monitored using bright-field microscopy. Moreover, these in vivo-like proximal tubules were 

demonstrated to be highly stable and viable for up to 60 days as shown via glucose uptake, lactate 

secretion and cell death measurements during long-term culture. Despite that pronounced 

proliferation and cell death was not observed in the tubular structures, a low rate of cellular 

turnover and replacement as occurs under physiological conditions in vivo cannot be excluded. If 

cellular replacement occurs within this 3D model, it could also serve as a new in vitro tool for 

detecting and investigating mechanisms of renal carcinogenesis promoted by increased rates of 

degenerative/regenerative proliferation. 

The overall increase in expression of transporters, more explicitly the de novo expression of 

OAT3, as well as the correct cellular polarization and organization (e.g. tight junction formation), 

is testimony of the improved differentiation status of RPTEC/TERT1 in the matrigel sandwich. 

Partial proof of physiologic functionality was obtained by investigating the basolateral to apical 

transport using Asp+ and LY. Although uptake was demonstrated, excretion and thus true 

vectorial transport was not observed. Indeed, contrary to other studies (Freedman et al., 2015; Han 

et al., 2004; Masereeuw et al., 1999) and expectations Asp+ and LY were not secreted into the 

tubular lumen. One of the missing factors in the 3D model presented here is a continuous flow of 

a primary urine equivalent, known to trigger widening of the inner and outer diameter of proximal 

tubules (Du et al., 2006; Raghavan and Weisz, 2016) and thus providing for a functional lumen. 

Therefore, it appears likely that the absence of flow reduces both, the tubular diameter and the 

capacity to excrete substrates into the lumen of the tubules in the 3D model presented here. 

Irrespective of the latter, the 3D model demonstrated enhanced sensitivity toward cisplatin, a 

model nephrotoxicant. Moreover, the 3D model allowed detection of nephrotoxicity at a clinically 

relevant concentration and setting (one time bolus dose of 10 µM). In addition, the high stability 
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and viability of this model would also support mechanistic investigation of the sustained and 

cumulative cell damage observed. The latter is an encouraging finding that could trigger future 

studies aiming to assess the usefulness of this model for detection of drug-induced nephrotoxicity. 

To date, several cell types have been reported to form tubule-like structures when cultured in 

extracellular matrices e.g. matrigel (Debnath et al., 2002; Hadley et al., 1990; Niemann et al., 

1998). Moreover, there is data on 3D culture of primary rabbit (Han et al., 2004), primary human 

proximal tubule cells (DesRochers et al., 2013), murine proximal tubule fragments (Astashkina et 

al., 2012b) and, very recently, the RPTEC/TERT1 cell line (Homan et al., 2016). Using primary 

cells has the disadvantage of a limited cell source subject to inter-donor variability. While the 

inter-donor variability of primary human cells can represent a desired feature to investigate the 

relevance of genetic variations for toxicity, it is often considered disadvantageous in routine 

testing. Thus using immortalized cells e.g. RPTEC/TERT1 provides for the advantage of a 

continuous and well-defined source and thus higher reproducibility. Homan et al. used bioprinted 

3D proximal tubules on a chip populated with RPTEC/TERT1 cells allowing also the formation 

of a differentiated and polar epithelium, while including flow and thus shear stress known to be 

beneficial for RPTEC differentiation (Jang et al., 2013). The latter system, while similar to the 3D 

model presented here, is much more complex and technically demanding, thus not allowing to be 

simply transferred and established in any standard cell culture laboratory. Moreover, while 

RPTEC/TERT1 cells in the 3D model presented here assembled to tubular structures 

autonomously, this is not the case in the tubule-on-a-chip system of Homan et al. where cells are 

seeded onto a printed scaffold. Whether or not the chip-system by Homan et al. displays similar 

sensitivity towards cisplatin as the easy-to-use 3D model described here cannot be ascertained as 

missing data on cisplatin toxicity prevents a direct comparison and thus remains to be determined.  

Taken together, the RPTEC/TERT1 3D culture model presented here showed morphological 

and functional similarity to human kidney proximal tubules in vivo. Culturing RPTEC/TERT1 

cells in a matrigel sandwich induced tubule formation and further increased differentiation 

specifically with regard to polarity and transporter expression when compared to classic 2D or 

2.5D cultures on transwell inserts. The easy-to-use model described here may prove to be useful 

for mechanistic investigations, e.g. in discovery of compounds interfering with tubule formation, 

differentiation and polarization, as well for the detection and understanding of pharmaceutical 

induced nephrotoxicity. 
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4.5 Materials and Methods 

 

Chemicals and solutions 

If not stated otherwise, all chemicals and solutions were purchased from Sigma-Aldrich, 

Germany. 

 

Cell culture 

RPTEC/TERT1 cell line was obtained from Evercyte GmbH, Austria.  RPTEC/TERT1 cells 

were cultured in a 1:1 mix of DMEM no glucose (Thermo Scientific) and Ham’s F12 (Thermo 

Scientific), containing 5 mM glucose final and supplemented with 2 mM GlutaMAX (Thermo 

Scientific), 5 µg/ml insulin (Sigma, #I1882), 5 µg/ml transferrin (Sigma, #T2252), 10 ng/ml 

epidermal growth factor (Sigma, #E9644), 36 ng/ml hydrocortisone, 5 ng/ml sodium selenite, 100 

U/ml penicillin and 100 µg/ml streptomycin. When cultured on plastic (2D), cells were seeded at 

30% density into 6-well plates and grown either for 24 h (proliferating cells) or for at least 14 

days (differentiated cells). When cells were cultured on PET Transwell inserts (2.5D) with 0.4 

µm pore size (Corning), they were seeded at 100 % density and differentiated for at least 14 days. 

For 3D culture, RPTEC/TERT1 cells were seeded in between two layers of growth factor reduced, 

phenol red-free matrigel (Corning, #356231) in a 96-well. The lateral wall of the 96-well was 

coated with heat-sterilized silicon grease using a pipette tip to avoid meniscus formation of 

matrigel. The well was coated with 35 µl matrigel and 70.000 cells were seeded onto the matrigel 

layer after the latter polymerized for 30 min at 37°C. After 16 h, cells were attached and formed 

branched tubular structures. Subsequently, the medium was removed and cells were capped with 

25 µl matrigel per well. After polymerization of the matrigel, 150 µl medium was added per well. 

Cells were cultured at 37°C with 5% CO2 and medium was renewed every second or third day. 

3D cultures were grown for at least 21 days before initiating experiments and morphology was 

assessed using an inverted microscope (ECLIPSE TS100/ TS100-F, Nikon). 

 

Glucose quantification 

Glucose content in cell culture medium was quantified enzymatically using the glucose 

oxidase (GOD), peroxidase (POD) coupled reaction. 10 µl sample was mixed with 90 µl reaction 

mix containing 100 U/ml GOD (Sigma, #G2133), 0.25 U/ml POD (Sigma, #P8250) and 1.5 mg/ml 

ABTS (Sigma, #I1882) in 0.1 M Na2HPO4 pH 6.5 followed by incubation for 40 mins at room 

temperature. Afterwards, absorption at 420 nm was measured using a microplate reader 

(M200Pro, Tecan) and glucose content was calculated according to a D-glucose calibration curve 

(0-2 mM). Cellular glucose consumption was calculated by subtracting the remaining glucose 

content in conditioned medium from the content of fresh medium followed by normalization to 

exposure time and seeded cell number. 
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Lactate quantification 

Lactate secreted into cell culture medium was quantified enzymatically using a microplate 

reader as published by (Limonciel et al., 2011) without modifications. The amount of lactate was 

normalized to exposure time and seeded cell number. 

 

Immunocytochemistry  

For immunocytochemistry experiments, cells were cultured in NuncTM Lab-TekTM 

chamber slides (Fisher Scientific, #10507401) and differentiated for at least 21 days. Prior to 

staining, cells were washed 15 min in ice-cold PBS-EDTA as described in (Lee et al., 2007a). 

Then, cells were fixed for 30 min with 4% PFA/ 0.5% Triton-X 100 and blocked for 1 h in 1% 

bovine serum albumin in PBS. The following primary antibodies were incubated over night at 

4°C: mouse anti-acetylated tubulin (1:100, Sigma-Aldrich, #T7451), rabbit anti-ZO-3 (1:500, Cell 

signaling, #3704), mouse anti-Na+/K+-ATPase (1:50, Santa Cruz, #sc-21712). After washing three 

times for 20 min in PBS, secondary antibodies were incubated for 2 h at room temperature (1:500, 

Alexa Fluor 488, goat anti-rabbit, #A-11008; Alexa Fluor 532 goat anti-mouse, #A-11002; Alexa 

Fluor 647 goat anti-rabbit, #A-21244; Thermo Fisher). After washing, nuclei were stained with 

Hoechst33342 for 10 min. Then, the chamber was detached, excessive matrigel was carefully 

removed using a scalpel and 3D structures were mounted using fluorescence mounting medium 

(Dako, #S3023) and covered with a glass coverslip. 

 

Confocal microscopy  

Cells were imaged using a point laser scanning confocal microscope LSM 880 (Zeiss) 

equipped with a 40x/1.4 Plan-Apochromate oil immersion objective and ZEN software. Confocal 

sections of 0.5 µm thickness were collected and a refractive index correction of 0.876 was applied 

to all images. Multiple fluorophores were imaged via sequential scanning. All pictures are 

representative for at least three independent experiments. Brightness/contrast of images was 

enhanced for display using (Fiji Is Just) ImageJ software. No background correction was applied.  

 

Electron microscopy 

Differentiated tubules were transferred into a multi-well plate and fixed at 4°C for 90 min in 

1.9% formaldehyde, 3.75% glutardialdehyde, 0.045% picric acid, 0.045% CaCl2 in 0.1M HEPES. 

After washing, tissue was stained using 1% OsO4 (Serva, #31253.01) for 90 min at 4°C and 

dehydrated in 30% and 50% ethanol for 10 min at 4°C. After en-bloc staining with uranyl acetate 

over night at 4°C, tubules were dehydrated (70-100% ethanol), embedded in ethanol:Spurr (3:1) 

solution for 30 min followed by an ethanol:Spurr (1:1) solution for 90 min and another 150 min 

in ethanol:Spurr (1:3) and subsequent overnight incubation in pure Spurr (Sigma, #EM0300). 

After incubation for 4.5 h at 40°C, tissue was flat embedded and polymerized at 65°C for 48 h. 

Subsequently, 50 nm sections were cut using a Leica UC7 ultramicrotome. For contrast filling, 
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sections were stained for 90 min in lead citrate and analyzed using the transmission electron 

microscope Zeiss EM Omega (80kV). 

 

Quantitative real-time PCR 

Total RNA of 2D and 3D samples was isolated according to manufacturer’s instructions using 

the peqGOLD Total RNA Kit (VWR Peqlab, #732-2870) and the ReliaPrep RNA Tissue Miniprep 

System (Promega, #Z6110), respectively. For 3D samples, homogenates of 10 technical replicates 

were pooled. Reverse transcription was performed using the peqGOLD cDNA Synthesis Kit H 

Plus (VWR, #PEQL03-2041) following manufacturer´s instructions. Quantitative real-time PCR 

was performed in duplicates with 1:5 diluted cDNA and the KAPA SYBR FAST Master Mix (2x) 

Universal (VWR, #KK4600) in the CFX Connect Real-Time PCR Detection System (Bio-Rad). 

Primer sequences are listed in Table S1. Expression of target genes was normalized to mean 

expression of three reference genes (ACTB, HPRT1, RPL13A). Obtained values for the different 

cultivation conditions were further normalized to expression in 3D cultures. 

 

Uptake assays 

For uptake assays, cells were cultured in NuncTM Lab-TekTM chamber slides (Fisher 

Scientific, #10507401) and differentiated for at least 21 days. Cells were incubated with 10 µM 

4-(4-(dimethylamino)styryl)-N-methylpyridinium iodide (ASP+) (Life Technologies) or 40 µM 

Lucifer yellow (LY) (Sigma-Aldrich) for 1, 24 or 48 h. Then, cells were stained with 

Hoechst33342 and fixed for 30 min with 4% PFA without detergent. Cells were mounted, covered 

with a glass coverslip and imaged immediately using confocal microscopy (ASP+: excitation: 477 

nm, emission: 557 nm; LY: excitation: 425 nm, emission: 538 nm). Note that different laser power 

settings were used for ASP+ (0.2%) and LY (35%) uptake visualization. For quantification of 

signal intensities within cells and lumen, fluorescence intensity of 15 randomly selected regions 

of interests (each 1 µm2 size) was analyzed using the ImageJ software. 

 

Resazurin assay 

Resazurin reduction was used to quantify cellular viability. After cell treatment, medium was 

exchanged for fresh medium containing 45 µM resazurin followed by incubation at 37 °C for 1 h. 

Medium was transferred to a black microplate and resorufin fluorescence was measured at 530 

nm excitation, 590 nm emission. Viability was expressed as percent of non-treated cells. 

 

LDH leakage assay 

Lactate dehydrogenase (LDH) leakage into the cell culture medium was quantified as a 

cytotoxicity endpoint (loss of cell integrity). 20 µl of cell culture supernatant was mixed with 180 

µl LDH reaction solution containing 1.25 mM NADH and 3.1 mM sodium pyruvate in 25 mM 

potassium phosphate buffer pH 7.5. Change in absorption of NADH at 340 nm was monitored 

every minute for 30 minutes using a microplate reader (M200Pro, Tecan). Slope during linear 



Manuscript II – Secker and Luks et al. ALTEX (2017) 

75 

 

decrease in absorption was calculated and directly corresponds to amount of LDH leaked into cell 

culture medium. Triton X-100 (0.1%) lysates were used to quantify cellular LDH content. Percent 

of LDH leakage was quantified by dividing extracellular activity by the sum of extracellular and 

intracellular activity multiplied by 100. 

 

Statistical analysis 

Sample size (n) indicates the number of independent experiments performed. Statistical tests 

were performed using GraphPad Prism Version 5.04. qPCR data was visualized as heatmap using 

ClustVis4 with centered rows and unit-variance scaling (Metsalu and Vilo, 2015). 
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4.6 Supplementary material 

 

Table S1 Primer pairs for quantitative real-time PCR 

Protein (gene) name NCBI Ref. Seq. Forward primer Reverse primer 

OAT2 (SLC22A7) NM_006672 AGCCTACGTGAGTACCCTGG  CACTCCAGCTCCAGTGGC 

OAT3 (SLC22A8) NM_004254 CACGAGCCCTCCAATCAGTA CTGGGTCTACAACAGCACCA  

OAT4 (SLC22A11) NM_018484 CCGCAGTAGATGACGAATGTT ATCCTGGTGGGCTCCTTTAT 

MRP1 (ABCC1) NM_004996 CTGGACTGATGACCCCATCG GCGATCCCTTGTGAAATGCC  

MRP2 (ABCC2) NM_000392 GGGATCTCTTCCACACTGGAT CATACAGGCCCTGAAGAGGA  

MRP3 (ABCC3) NM_003786 GTCCCATTCCGCTCCAAGAT TCAGGGTAGGGGTTAGGGTC  

MRP4 (ABCC4) NM_005845 TCTCCGTTTATGGCCAATTT  CCGTGTACCAGGAGGTGAAG 

MRP5 (ABCC5) NM_005688 TGAGCTGAGAATGCATGGAG  GAGAACCAGCACTTCTGGGA  

OCT1 (SLC22A1) NM_003057 CCCCTCATTTTGTTTGCGGT TTTCTCCCAAGGTTCTCGGC  

OCT2 (SLC22A2) NM_003058 TGCATATTTTCGGCTTCCTC ACCGGCTCACTAACATCTGG  

OCT3 (SLC22A3) NM_021977 AGGTGAATGCTCCAGTCAGG ACTCCACCATCGTCAGCG 

CTR1 (SLC31A1) NM_001859 GGTTGGGTGATGGTGAGAAG GCTAGTGGCTGGACTTGACC  

MATE1 (SLC47A1) NM_018242 TGATCAGGAACACCATCAGC GAGGCCACCCTTGAGGTC 

MATE2 (SLC47A2) NM_152908 TGCTTCCCAGTTCCTCTCAG GAAGATGTCATTGCCCTGGT  

OCTN1 (SLC22A4) NM_003059 CGTGACCGAGTGGAATCTGG AGCCATGGTTGCGAAGAGAA 

OCTN2 (SLC22A5) NM_003060 ACACCCACGAAGAACAAGGA ATGGCTGGGAGTTCAGTCAG 

PGP (ABCB1) NM_000927 ACAGAGGGGATGGTCAGTGT TCACGGCCATAGCGAATGTT 

BCRP (ABCG1) NM_004827 TGGTGTTTCCTTGTGACACTG TGAGCCTTTGGTTAAGACCG 

SGLT1 (SLC5A1) NM_000343 TGGCCACTTCCAATGTTACT GGGACTGTTGGAGGCTTCTT 

SGLT2 (SLC5A2) NM_003041 TTCACCAAGATCTCAGTGGACAT  GAAGGTCTGTACCGTGTCCG 

GLUT1 (SLC2A1) NM_006516 GGCATTGATGACTCCAGTGTT ATGGAGCCCAGCAGCAA 

Cubilin (CUBN) NM_001081 GGACGGCCATTACTCACAAAAG TTTGTCCACCTCCTCAGTTCC 

AQP1 (AQP1) NM_198098 GGAGGGTCCCGATGATCT CTCTCAGGCATCACCTCCTC 

GGT1 (GGT1) NM_013421 CTCATAGCCTCGGATCTCCC ACAACAGCACCACACGAAAA 

ALPL (ALPL) NM_000478 GACCTCGTTGACACCTGGAA CTGGCTCGAAGAGACCCAAT 

LAP3 (LAP3) NM_015907 GCAGAAGCCTTGATGGAGAT CCCCCAGTCTTCTTGGAAAT 

(ACTB) NM_001101 GTTGTCGACGACGAGCG GCACAGAGCCTCGCCTT 

HPRT1 (HPRT1) NM_000194 CACCCTTTCCAAATCCTCAG CTCCGTTATGGCGACCC 

RPL13A (RPL13A) NM_012423 GGTATGCTGCCCCACAAAACC CTGTCACTGCCTGGTACTTCCA  
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Figure S2 mRNA expression levels of all tested transporters and membrane markers 
under different culture conditions. 

Expression levels of A) anion transporters B) cation transporters C) glucose transporters D) protein and 
water transporters E) housekeeping genes. Mean ± SEM, n = 4 with technical triplicates (2D and 2.5D); 
n = 10 with technical duplicates (3D). One-way ANOVA with Bonferroni’s post-test. p ≤ 0.05 (*), p ≤ 0.01 
(**), p ≤ 0.001 (***). 2D = grown on plastic, 2.5D = grown on transwell inserts, 3D = grown in matrigel 
sandwich, MRP = multidrug resistance protein, OCT = organic cation transporter, CTR1 = copper 
transporter 1, OCTN = organic cation/carnitine transporter, PGP = multidrug resistance protein/p-
glycoprotein, SGLT = sodium/glucose co-transporter, GLUT1 = glucose transporter 1, CUBN = cubilin, 
AQP1 = aquaporin 1, ACTB = β-actin, HPRT1 = hypoxanthine phosphoribosyltransferase 1, RPL13A = 
60S ribosomal protein L13a. 
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5.1 Abstract 

Recent FDA Drug Safety Communications report an increased risk for acute kidney injury in 

patients treated with the gliflozin class of sodium/glucose co-transport inhibitors indicated for 

treatment of type II diabetes mellitus. To identify a potential rationale for the latter, we used an in 

vitro human renal proximal tubule epithelial cell model system (RPTEC/TERT1), physiologically 

representing human renal proximal tubule function. A targeted metabolomics approach, 

contrasting gliflozins to inhibitors of central carbon metabolism and mitochondrial function, 

revealed a double mode of action for canagliflozin, but not for its analogs dapagliflozin and 

empagliflozin. Canagliflozin inhibited the glutamate dehydrogenase (GDH) and mitochondrial 

electron transport chain (ETC) complex I at clinically relevant concentrations. This dual inhibition 

specifically prevented replenishment of tricarboxylic acid cycle metabolites by glutamine 

(anaplerosis) and thus altered amino acid pools by increasing compensatory transamination 

reactions. Consequently, canagliflozin caused a characteristic intracellular accumulation of 

glutamine, glutamate and alanine in confluent, quiescent RPTEC/TERT1. Canagliflozin, but none 

of the classical ETC inhibitors, induced cytotoxicity at particularly low concentrations in 

proliferating RPTEC/TERT1, serving as model for proximal tubule regeneration in situ. This 

finding is testimony of the strong dependence of proliferating cells on glutamine anaplerosis via 

GDH. Our discovery of canagliflozin-mediated simultaneous inhibition of GDH and ETC 

complex I in renal cells at clinically relevant concentrations, and their particular susceptibility to 

necrotic cell death during proliferation, provides a mechanistic rationale for the adverse effects 

observed especially in patients with preexisting chronic kidney disease or previous kidney injury 

characterized by sustained regenerative tubular epithelial cell proliferation. 

5.2 Introduction 

Canagliflozin is a member of the gliflozin group of pharmaceuticals indicated for treatment 

of type 2 diabetes mellitus (T2DM). Gliflozins are inhibitors of members of the sodium-coupled 

glucose co-transporters (SGLT; SLC5A gene family) (Chao and Henry, 2010) and primarily target 

SGLT2 expressed in renal proximal tubule epithelial cells (RPTEC) of the kidney. SGLT2 is 

responsible for the bulk of renal glucose reabsorption, while the SGLT1 isoform, expressed in the 

pars recta of the renal proximal tubule, is a high affinity/low capacity transporter, responsible for 

the uptake of the remaining glucose and galactose molecules in the primary urine. SGLT1 is also 

expressed in the brush border membrane of the small intestine (Wright et al., 2007). Two inherited 

human disorders of sodium-coupled glucose transport, i.e. intestinal glucose-galactose 

malabsorption (GGM), involving SGLT1 gene mutations, and familial renal glucosuria (FRG), 

involving mutations of the SGLT2 gene are known to date. Neither GGM nor FRG disorders are 

accompanied by serious health issues for the affected individuals, nor have they been specifically 

associated with intestinal or renal pathology (Wright et al., 2007). Hence, the inhibition of renal 
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SGLT2 was suggested a useful approach for treatment of T2DM, which was supported by studies 

with the natural compound phlorizin, a metabolically unstable and unspecific inhibitor of SGLT2 

and SGLT1 (Ehrenkranz et al., 2005). Accordingly, analogs of phlorizin, yet with higher 

selectivity of SGLT2 over SGLT1 (Grempler et al., 2012) and increased stability and 

bioavailability, were developed to increase urinary clearance of blood glucose. Three such SGLT2 

inhibitors, canagliflozin (Invokana®), dapagliflozin (Forxiga®) and empagliflozin (Jardiance®), 

are currently approved by the FDA and EMA for treatment of T2DM. The pharmacology of 

SGLT2 inhibition is generally regarded as safe, mainly because of the low risk of hypoglycemia 

and in conjunction with the benign conditions of GGM and FRG patients. However, recent FDA 

Drug Safety Communications do suggest that canagliflozin, and to a lesser extent dapagliflozin, 

could be nephrotoxic in patients with preexisting chronic kidney disease or previous kidney injury 

(U.S. Food and Drug Administration, 2016) and that gliflozin use is associated with an increased 

risk of diabetic ketoacidosis (U.S. Food and Drug Administration, 2015). 

Consequently we compared the cytotoxicity of dapagliflozin, empagliflozin and canagliflozin 

in quiescent and proliferating human RPTEC/TERT1 cells and investigated the potential direct 

interference of gliflozins with RPTEC/TERT1 energy metabolism. RPTEC/TERT1 cells were 

derived from primary human RPTECs immortalized by transfection with telomerase (Wieser et 

al., 2008), which largely retained their expression profile and functionality (Aschauer et al., 

2015a; Aschauer et al., 2013). Via cultivation for 10 days after reaching confluency, these cells 

can be converted to a differentiated cell monolayer (Aschauer et al., 2013), displaying functional 

and morphological changes that mimick the healthy proximal tubule epithelium in situ. 

RPTEC/TERT1 cells cultured under proliferating conditions served as model for tubule epithelial 

cell regeneration (Berger et al., 2014). We found that canagliflozin, but not dapagliflozin or 

empagliflozin, exhibited an off-target, and thus SGLT2-independent adverse effect, characterized 

by the dual inhibition of glutamate dehydrogenase (GDH) and complex I of the mitochondrial 

electron transport chain (ETC) at pharmacologically relevant concentrations. This combined ETC 

and GDH inhibition obstructed glutamine input into the tricarboxylic acid (TCA) cycle (i.e. 

glutamine anaplerosis). As proliferating cells are much more dependent on anaplerosis, this dual 

inhibition explains why canagliflozin is significantly more toxic for proliferating than for 

quiescent cells and considerably more potent than classical ETC inhibitors. Thus, our findings 

demonstrate that canagliflozin interferes with essential energy pathways in glutamine-dependent 

human cells. This offers a novel mechanistic explanation for the nephrotoxicity reported in 

patients with increased regenerative cell proliferation, e.g. observed subsequent to acute kidney 

injury or in chronic kidney disease.  
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5.3 Results 

5.3.1 Canagliflozin increased aerobic glycolysis and triggered cytotoxicity in 
RPTEC/TERT1 cells  

RPTEC/TERT1 cells can be cultured to a contact-inhibited monolayer reflecting primary 

RPTECs (Aschauer et al., 2013; Wieser et al., 2008), from here on referred to as differentiated 

RPTEC/TERT1. We exposed proliferating (day 1 after seeding) and differentiated cells (day 16 

after seeding) for 24 h to canagliflozin, dapagliflozin or empagliflozin at concentrations reflecting 

those observed in clinical and preclinical (rodent) settings (Bogdanffy et al., 2014; Devineni et 

al., 2013; Mamidi et al., 2014; Reilly et al., 2014; Scheen, 2014; Tirmenstein et al., 2013). 

Subsequently, MTT reduction (cell viability) and LDH leakage (cytotoxicity) was quantified. Of 

the gliflozins tested, only canagliflozin showed cytotoxicity (Figs. 1A-D), and was more cytotoxic 

in proliferating than in quiescent cells (Figs. 1C/D). Necrotic cell death was confirmed by 

morphological changes and absence of annexin V staining (Figure S1A). Canagliflozin did not 

induce autophagy as shown via lysosomal compartment staining with LysoID and immunoblots 

of LC3B conversion (Figure S1B). Since the MTT assay depends on cellular redox status 

maintained by mitochondrial activity, we analyzed the cellular glycolytic rate, commonly 

increased when mitochondrial function is impaired. In differentiated cells, canagliflozin, but not 

the other two gliflozins, significantly raised cellular glucose to lactate conversion (Figure 1E). 

Moreover, canagliflozin increased both total lactate secretion (Figure S2A) and glucose 

consumption (Figure S2B), a characteristic response observed with mitochondrial impairment. 

  



Manuscript III – Secker et al. Cell Death and Disease (2018) 

83 

 

  

Figure 1 Canagliflozin is cytotoxic for RPTEC/TERT1 cells and causes aerobic glycolysis 
at subtoxic concentrations.  

(A, B, E) Differentiated (day 16) or (C, D) proliferating RPTEC/TERT1 cells were exposed to the different 
gliflozins in presence of 0.5% DMSO for 24 h followed by quantification of (A, C) cell viability via MTT 
reduction or (B, D) cytotoxicity via LDH leakage. MTT reduction is normalized to nontreated cells. (E) 
Ratio of secreted lactate divided by consumed glucose in differentiated RPTEC/TERT1 cells as indicator 
of aerobic glycolysis following 24 h exposure to gliflozins at subtoxic concentrations. Data are mean ± 
SEM of at least three independent experiments performed in duplicates. *P < 0.05 relative to 0.5% 
DMSO (solvent control; s.c.,) assessed by one-way ANOVA with Dunnett’s post-test. 
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5.3.2 Canagliflozin specifically inhibited electron transport chain complex I 

Increased glucose to lactate conversion is often the consequence of a blocked mitochondrial 

electron transport chain (Harris, 1980; Howell and Sager, 1979). To better characterize the 

presumed canagliflozin-induced impairment of mitochondrial function, we measured cellular 

oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) of gliflozin-treated 

differentiated RPTEC/TERT1 cells (Figs. 2A/B). Canagliflozin at 50 µM, but not at 10 µM, 

significantly decreased basal respiration, mitochondrial ATP production, maximal and spare 

respiration, but not proton leak and non-mitochondrial respiration (Figure 2C). Concomitantly, 

ECAR was increased, suggestive of a direct glycolytic response (Figure 2B). Equimolar 

dapagliflozin or empagliflozin had no effect. Plasma membrane permeabilization with digitonin 

allowed for delivery of specific metabolic substrates while maintaining mitochondrial integrity 

(Figure S3). Accordingly, we determined that canagliflozin completely blocked mitochondrial 

respiration of the complex I substrates pyruvate, fatty acids and glutamine (Figure 2D), but did 

not affect respiration from complex II and IV (Figs. 2E/F). To corroborate complex I specific 

inhibition by canagliflozin, we prepared mitochondrial enriched fractions of RPTEC/TERT1 cells 

and quantified rotenone-sensitive NADH oxidation (equivalent to complex I activity) as well as 

atpenin A5-sensitive succinate oxidation (equivalent to complex II activity). As expected, 

canagliflozin concentration-dependently reduced NADH oxidation (Figure 2G) but did not affect 

succinate oxidation (Figure 2H), thereby confirming canagliflozin-mediated impairment of the 

mitochondrial electron transport chain (ETC) via complex I inhibition. 
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5.3.3 Canagliflozin generated a unique metabolic profile of amino acid 
accumulation  

ETC inhibition is well-known to harbor an anti-proliferative potential, primarily via reduction 

of cellular NAD+/NADH ratio and thus depleting aspartate and citrate levels required for 

anabolism (Gui et al., 2016). Cytotoxicity, i.e. cell death induction, in contrast, is rarely observed 

for classical ETC inhibitors under standard culture conditions (Birsoy et al., 2015) and is 

accompanied by ATP depletion (Lee and Boelsterli, 2014) or ROS production (Li et al., 2003a). 

Accordingly, none of the tested ETC inhibitors – rotenone (complex I), atpenin A5 (complex II), 

antimycin A (complex III) and oligomycin A (complex V) – were cytotoxic in proliferating 

RPTEC/TERT1 cells (Figure 3A), despite the use of concentrations ensuring maximal inhibition 

as indicated by near complete ATP depletion (Figure 3B), massive increase in glycolytic rate 

(Figure 3C) and – in case of rotenone and antimycin A – pronounced superoxide production 

(Figure 3D). Testimony of its effect on complex I, canagliflozin mildly increased cellular 

superoxide levels (Figure 3E) but had no effect on cellular ATP levels (Figure 3B). We thus 

concluded that canagliflozin must impact on an additional pathway, beyond the inhibition of 

complex I activity, to explain the observed cytotoxicity. We uncovered this additional pathway 

by comparing the steady state metabolic alterations induced by gliflozins with those of established 

mitochondrial inhibitors (Figure 3F) i.e. UK5099, targeting mitochondrial pyruvate transporter 

(Halestrap, 1976), and CPI-613, an inhibitor of pyruvate dehydrogenase (PDH) and -

ketoglutarate dehydrogenase (OGDC) (Stuart et al., 2014; Zachar et al., 2011), in addition to the 

already introduced ETC inhibitors. Similar to canagliflozin, UK5099 and CPI-613 increased 

glucose/lactate conversion rates (Figure 3C), but did not significantly affect ATP levels (Figure 

3B). The latter could suggest that canagliflozin could also be inhibitive at the level of pyruvate 

Figure 2 Canagliflozin interferes with the ETC by inhibiting complex I.  

(A) Oxygen consumption rate (OCR) and (B) extracellular acidification rate (ECAR) of a 
Seahorse Mito Stress Profile using differentiated RPTEC/TERT1 acutely exposed to the 
different gliflozins. Mean ± SD of a representative experiment performed in triplicate. (C) Key 
parameters of mitochondrial respiration. Mean ± SEM, n = 3 independent experiments 
performed in triplicates. *P < 0.05, ***P < 0.001 relative to 0.5% DMSO treated assessed by 
one-way ANOVA with Bonferroni’s post-test. (D) Complex I dependent respiration in 
permeabilized RPTEC/TERT1 cells exposed to 0.5% DMSO or 50 µM canagliflozin in 
presence of either ADP (1 mM) alone or ADP with pyruvate (5 mM) and malate (2.5 mM), 
palmitoyl-L-carnitine (50 µM with 0.5 mM malate) or L-glutamine (4 mM with 0.5 mM malate). 
Mean ± SEM, n = 3 independent experiments. **P < 0.01, ***P < 0.001 relative to respective 
ADP only condition assessed by one-way ANOVA with Bonferroni’s post-test. (E) complex 
II (10 mM succinate, 1 µM rotenone, 1 mM ADP) and (F) complex IV (1 µM rotenone, 1 µM 
antimycin A, 0.5 mM TMPD and 2 mM ascorbate) dependent respiration in permeabilized 
RPTEC/TERT1 cells exposed to 0.5% DMSO, 50 µM canagliflozin, 1 µM atpenin A5 or 10 
mM NaN3. Mean ± SEM, n = 3 independent experiments performed in duplicates. **P < 0.01, 
***P < 0.001 relative to respective 0.5% DMSO treated cells assessed by one-way ANOVA 
with Bonferroni’s post-test. (G) Complex I and (H) complex II activity in mitochondrial extracts 
exposed to the different gliflozins or the complex II inhibitor TTFA. Mean ± SEM, n = 3 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to solvent control (s.c., 

0.5% DMSO) assessed by one-way ANOVA with Dunnett’s post-test. 
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import and pyruvate dehydrogenase, in the glutamine to -ketoglutarate (KG) conversion or 

further down in the TCA cycle (Figure 3F).  

Figure 3 Mitochondrial interference causes anaerobic glycolysis but does not 
necessarily reduce cellular ATP levels.  

(A) Cytotoxicity of ETC inhibitors rotenone (complex I), atpenin A5 (complex II), antimycin A (complex 
III) and oligomycin A (Complex V/ATP Synthase) on proliferating RPTEC/TERT1. Mean ± SEM, n = 3 
independent experiments performed in duplicates. (B) Cellular ATP levels and (C) glucose to lactate 
conversion rates of differentiated RPTEC/TERT1 cells exposed for 24 h to 0.5% DMSO, gliflozins (50 
µM), the ETC inhibitors rotenone, antimycin A and oligomycin A (all 1 µM) or compounds interfering with 
mitochondrial substrate utilization: atpenin A5 (1 µM), UK5099 (200 µM) and CPI-613 (100 µM). Mean 
± SEM, n = 3 independent experiments performed in duplicates. ***P < 0.001 relative to DMSO assessed 
by one-way ANOVA with Bonferroni’s post-test. (D, E) Superoxide production of differentiated 
RPTEC/TERT1 after exposure to different ETC inhibitors (D) or gliflozins (E). Mean ± SEM, n = 6 
independent experiments performed in quintuplicates. *P < 0.05 relative to solvent control (s.c., 0.5% 
DMSO) assessed by one-way ANOVA with Dunnett’s post-test. (F) Schematic of glucose metabolism, 
the TCA cycle and the ETC. Inhibitory sites of compounds used in subsequent experiments are 
indicated. LDH, lactate dehydrogenase; MPC, mitochondrial pyruvate carrier; PDH, pyruvate 

dehydrogenase; OGDC, -ketoglutarate dehydrogenase complex; TCA, tricarboxylic acid cycle. 
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As amino acids are key metabolites central to different metabolic pathways e.g. glycolysis or 

the tricarboxylic acid (TCA) cycle (Figure 3F and 4A), we analyzed the gliflozin-induced 

alterations within the intracellular AA pool of differentiated RPTEC/TERT1 cells. Canagliflozin, 

atpenin, UK5099 and CPI-613 treatment dramatically altered the cellular amino acid pool, 

whereas no such alteration was observed with the typical ETC inhibitors or the other two gliflozins 

(Figure 4B and Figure S4). Strikingly, canagliflozin was the only treatment resulting in a 

pronounced increase in L-glutamate, L-glutamine and L-alanine (Figs. 4B/C). Glutamine is 

deaminated to glutamate (Figure 3F), which can be further metabolized to KG either via 

transamination, producing other amino acids such as serine, alanine or aspartate, or via 

deamination, thereby releasing ammonium (Figure 4A). The KG produced is fed into the 

tricarboxylic acid (TCA) cycle where it is primarily oxidatively metabolized to produce 

oxaloacetate (OAA) and ATP, or reductively to citrate. The fact that glutamine and glutamate 

together accounted for more than 50% of the total free amino acids in control cell lysates (Figure 

S5) highlight the importance of the latter metabolic route. The reduction of aspartate, the only 

amino acid being decreased upon canagliflozin exposure, is in line with data obtained for the ETC 

inhibitors rotenone (complex I) and antimycin A (complex III). Decreasing the NAD+/NADH 

ratio by ETC inhibition reduces OAA and thus the level of its transamination product aspartate. 

Atpenin A5 truncates the TCA cycle at complex II, thereby causing a characteristic complete 

depletion of aspartate via depletion of OAA. UK5099, in contrast, cuts off the pyruvate-supply to 

mitochondria, resulting in a concomitant OAA and aspartate accumulation. Both, depletion or 

accumulation of OAA and aspartate, resulted in an increased dependence on glutaminolysis for 

ATP production, as indicated by the severely depleted glutamine and glutamate pools observed 

(Figure 4C). In addition, canagliflozin, atpenin A5 and UK5099 exposure increased 

concentrations of the cytosolic (glycolytic) transamination products serine and glycine (Figure 

4C), most likely as a means to increase KG levels for oxidation in the TCA cycle (Figure 4A). 

However, only canagliflozin raised alanine levels, suggesting an increased activity of alanine 

aminotransferase (ALT). Overall, quantification of cellular amino acids revealed a strong 

alteration in cellular amino acid metabolism by canagliflozin, which is distinct from classical ETC 

inhibitors or UK5099 and atpenin A5, as is shown by the principal component analysis (Figure 

4D), and is suggestive of an impaired utilization of glutamine to yield KG and other metabolites, 

and thus an impaired glutamine catabolism. 

5.3.4 Canagliflozin inhibited glutamate dehydrogenase 

Indeed, accumulation of glutamine, glutamate, most transamination products of glutamate as 

well as the striking accumulation of alanine could potentially be explained by reduced 

deamination of glutamate via specific inhibition of GDH by canagliflozin (Figure 4B). We thus 

utilized mitochondrial enriched fractions of RPTEC/TERT1 cells and analyzed the enzymatic 

activities of all mitochondrial enzymes directly involved in feeding glutamine into the TCA cycle, 
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either in presence or absence of the three gliflozins. Canagliflozin and to much lower extent 

dapagliflozin and empagliflozin reduced GDH, but not ALT, aspartate aminotransferase (AST) 

or -ketoglutarate dehydrogenase complex (OGDC) activity (Figure 4E). Moreover, 

canagliflozin-mediated GDH inhibition was also demonstrated with purified bovine liver GDH, 

which was not inhibited by the other two gliflozins (Figure 4F), confirming that the unique 

canagliflozin-induced cellular amino acid profile likely originated from inhibition of 

mitochondrial GDH. 
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5.3.5 Prevention of mitochondrial pyruvate transport sensitized cells towards 
canagliflozin 

As canagliflozin inhibited ETC complex I and GDH, we determined how specific metabolic 

settings affect the toxicity of canagliflozin in RPTEC/TERT1 cells. Canagliflozin treatment for 

24 h did not result in decreased ATP levels in differentiated cells, suggesting incomplete complex 

I inhibition with sufficient compensatory glycolytic ATP production. To corroborate this 

assumption, we exchanged glucose for galactose, thus limiting glycolysis. Under the latter 

conditions, canagliflozin reduced cellular ATP levels by 32% (Figure 5A). Addition of 2-

deoxyglucose (2-DG), a competitive glycolytic inhibitor, reduced cellular ATP levels by 30%, 

and in combination with canagliflozin, decreased ATP by an additional 37% down to 30% of 

control, suggesting that canagliflozin indeed limits mitochondrial but not glycolytic ATP 

production (Figure 5A). 

Yang et al. (Yang et al., 2014a) demonstrated that inhibition of mitochondrial pyruvate uptake 

by UK5099 altered mitochondrial metabolism towards increased glutaminolysis and induced 

mitochondrial pyruvate synthesis from glutamine via GDH and the TCA cycle. An additional 

block of GDH activity caused synthetic lethality in their model. Correspondingly, we found 

diminished glutamine and glutamate levels under UK5099 treatment indicative of elevated 

glutaminolysis (Figure 4C). Based on canagliflozin’s potential to inhibit GDH, we hypothesized 

that combining canagliflozin with UK5099 would strongly impair mitochondrial energy 

production. Indeed, while UK5099 alone had no effect, the combination with canagliflozin 

completely depleted cellular ATP levels (Figure 5A), starting already 1 h after exposure (Figure 

5B). A reduction of ATP levels by combination of UK5099 and canagliflozin was also observed 

in medium containing 5 mM but not 20 mM D-glucose, demonstrating the importance of aerobic 

glycolysis to maintain cellular ATP levels under this condition (Figure S6). 

Figure 4 Canagliflozin causes intracellular amino acid accumulation by inhibiting GDH. 

(A) Schematic of the most prevalent cellular transamination and deamination processes. Glc, glucose; 

3-PG, 3-phosphoglycerate; pyr, pyruvate; gln, glutamine; glu, glutamate; KG, -ketoglutarate; OAA, 
oxaloacetate; ALT, alanine aminotransferase, GDH, glutamate dehydrogenase; AST, aspartate 

aminotransferase; OGDC, -ketoglutarate dehydrogenase complex; TCA, tricarboxylic acid cycle. (B) 
The heatmap shows relative intracellular levels of 19 amino acids (AA) in differentiated RPTEC/TERT1 
treated for 24 h as indicated. Rows are centered; unit variance scaling is applied to rows. Mean AA 
concentrations from three independent experiments performed in duplicates were used for calculation. 
(C) Absolute levels of L-glutamine, L-glutamate, L-aspartate, L-alanine, L-serine and glycine. Mean ± 
SEM, n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative to DMSO assessed 
by one-way ANOVA with Bonferroni’s post-test. (D) Principal component analysis (PCA) plot shows the 
relationship of the samples based on intracellular AA levels. Unit variance scaling is applied to rows; 
SVD with imputations is used to calculate principal components and the first two dimensions are 
displayed. (E) Activity of GDH, ALT, AST and OGDC in mitochondrial preparations from RPTEC/TERT1 
cells in presence of 0.5% DMSO or the different gliflozins (50 µM). Mean ± SEM, n = 3 independent 
experiments. *P < 0.05, ****P < 0.0001; n.s., not significant relative to DMSO. ##P < 0.01 relative to 
canagliflozin assessed by one-way ANOVA with Bonferroni’s post-test. (F) Bovine liver GDH activity in 
presence of the different gliflozins. Mean ± SEM normalized to 0.5% DMSO, n = 3 independent 
experiments. *P < 0.05, ***P < 0.001 relative to 1 µM of respective compound assessed by one-way 
ANOVA with Dunnett’s post-test. 
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5.3.6 Combined GDH and ETC inhibition by canagliflozin was antiproliferative 

The TCA cycle is a critical source for intermediates required for amino acid, fatty acid and 

steroid synthesis during cell homeostasis but more importantly during cell proliferation and 

differentiation. Refueling the TCA cycle (anaplerosis) is thus of key importance for proliferating 

cells, as would be the case e.g. in the regenerative phase after kidney injury, or during chronic 

exposure to toxins resulting in continuously high proliferation rates (Berger et al., 2014). In the 

TCA cycle, glutamine is the most important anaplerotic precursor (DeBerardinis et al., 2007). 

Beyond increased glutamine catabolism, proliferating cells show high glycolytic rates to support 

ribose production as well as serine and glycine synthesis required for biosynthetic reactions (Lunt 

and Vander Heiden, 2011). Correspondingly, proliferating RPTEC/TERT1 cells showed almost 

equal consumption of glucose and glutamine, and compared to differentiated cells, overall 

consumption is increased 5-6 fold (Figure 6A). Since no net excretion of glutamate was observed, 

it can be assumed that most of the glutamine consumed is indeed utilized for anabolic reactions. 

Furthermore, proliferation of RPTEC/TERT1 cells depended on availability of both, glucose and 

glutamine, whereas absence of either resulted in cytostasis (Figure 6B). In order to characterize 

the impact of canagliflozin on proliferation, we exposed proliferating cells to canagliflozin in 

medium containing 4 mM L-glutamine and 20 mM D-glucose to avoid glucose limitation, and 

quantified cell numbers after 72 h. Canagliflozin exposure resulted in a concentration-dependent 

reduction of proliferation, whereby 20-30 µM canagliflozin were cytostatic and concentrations 

>30 µM were cytotoxic (Figure 6C). Strikingly, the GDH inhibitor epigallocatechin gallate 

Figure 5 Impaired glycolysis and prevention of mitochondrial pyruvate use sensitizes 
towards canagliflozin.  

(A) ATP levels of differentiated RPTEC/TERT1 cells treated for 24 h with DMSO or 50 µM canagliflozin 
in medium containing 10 mM D-galactose but no glucose with or without 5 mM 2-deoxyglucose (2-DG) 
or 200 µM UK5099. Mean ± SEM, n = 4 independent experiments performed in duplicates. (B) Time 
course of ATP levels in differentiated RPTEC/TERT1 cells treated with 50 µM canagliflozin, 200 µM 
UK5099 or both in medium containing 10 mM D-galactose normalized to time matched solvent controls 
(0.5% DMSO). Mean ± SEM, n = 4 independent experiments performed in duplicates. *P < 0.05 relative 
to 0 h assessed by one-way ANOVA with Dunnett’s post-test. 
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(EGCG) (Li et al., 2006a) also caused cytotoxicity, demonstrating that GDH activity is crucial for 

this cell line during proliferation (Figure 6C). In contrast, neither dapagliflozin nor empagliflozin 

had any effect on cell proliferation when tested to up to 100 µM (Figure S7). Moreover, complete 

ETC inhibition with rotenone, antimycin A or oligomycin A, and TCA truncation with atpenin 

A5 significantly reduced proliferation but did not cause cell death during 72 h incubation (Figure 

6D), supporting the hypothesis that GDH inhibition by canagliflozin is responsible for cell death 

in RPTEC/TERT1 cells. Final confirmation of this was obtained by co-treating proliferating cells 

with ETC inhibitors or UK5099 in combination with increasing concentrations of canagliflozin. 

Addition of rotenone or atpenin A5 did not alter cytotoxicity of canagliflozin, corroborating that 

the mechanism underlying the observed cytotoxicity is independent of complex I and II activity. 

Therefore, canagliflozin-mediated toxicity cannot originate from ETC inhibition (Figure 6E). 

However, under conditions of increased glutaminolysis induced by UK5099, RPTEC/TERT1 

cells were sensitized towards canagliflozin but not towards rotenone mediated inhibition (Figure 

6E and Figure S8). With these data we were able to demonstrate that the antiproliferative and 

cytotoxic activity of canagliflozin in RPTEC/TERT1 cells is mediated mainly by inhibiting GDH-

dependent glutamine anaplerosis but not ETC complex I inhibition. 
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Figure 6 RPTEC/TERT1 cells strongly depend on glutamine and GDH activity for survival 
and proliferation.  

 
(A) Cellular consumption of glucose (glc) and glutamine (gln) and secretion of lactate (lac) and glutamate 
(glu). Mean ± SEM, n = 3 independent experiments performed in duplicates. (B) Proliferation rates of 
RPTEC/TERT1 cells in medium containing different carbon sources and concentrations. Mean ± SEM 
of at least three independent experiments performed in triplicates. Proliferation of RPTEC/TERT1 cells 
exposed to (C) canagliflozin or EGCG or (E) different ETC inhibitors at 20 mM D-glucose, 4 mM L-
glutamine and 1 mM pyruvate. Mean ± SEM, n = 3 independent experiments performed in duplicates. 
*P < 0.05, **P < 0.01, ***P < 0.001, relative to 0.5% DMSO assessed by one-way ANOVA with (C) 
Dunnett’s or (D) Bonferroni’s post-test. (E) Cytotoxicity as quantified by LDH leakage in proliferating 
RPTEC/TERT1 cells treated for 24 h with different concentrations of canagliflozin in presence of either 
0.5% DMSO, 1 µM rotenone, 1 µM atpenin A5 or 200 µM UK5099. Mean ± SEM, n = 3 independent 
experiments performed in duplicates. 
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5.4 Discussion 

Recent FDA Drug Safety communications warned of gliflozin treatment associated diabetic 

ketoacidosis and an increased risk of acute kidney injury primarily in conjunction with 

canagliflozin but also with dapagliflozin T2DM treatment, specifically relevant for patients with 

preexisting chronic kidney disease or a history of kidney injury (U.S. Food and Drug 

Administration, 2015, 2016). These patients present with a major reduction of physiologically 

functional nephrons, sustained regenerative proliferation, and increased areas of non-functional 

scar tissue (Levey and Coresh, 2012). Concomitantly, the remaining intact nephrons are 

challenged not only by having to maintain renal functionality but also, under the condition of 

concurrent T2DM treatment with gliflozins, with an increased in situ (per proximal epithelial cell) 

concentration of gliflozins, a fact often noted also for many other therapeutics, which can be 

countered by dosing adjustment (Munar and Singh, 2007). Accordingly, the typical cmax for 

gliflozins calculated from the average T2DM patient may be largely surpassed in patients with 

preexisting kidney injury, chronic kidney disease (Davies et al., 2016) or elderly patients subject 

to polypharmacy (Fusco et al., 2016; Khan et al., 2017; Pazhayattil and Shirali, 2014). Most of 

the gliflozin-associated cases of acute kidney injury and ketoacidosis occur under canagliflozin 

treatment (U.S. Food and Drug Administration, 2015, 2016), which suggests a compound-specific 

rather than a class effect. 

Despite their capacity for inhibiting SGLT2, gliflozins did not result in glucose limitation in 

the human proximal tubule epithelial cell line RPTEC/TERT1 in vitro, even at concentrations that 

were close to or exceeded the cmax observed under therapeutic conditions. On the contrary, glucose 

uptake and utilization was enhanced upon canagliflozin exposure (Figure S2B), thus suggesting 

that the observed findings are SGLT-independent. By quantification of mitochondrial activities 

combined with a metabolomics approach, we discovered that at similar concentrations of 

canagliflozin impaired two discrete mitochondrial enzymatic functions, namely GDH and ETC 

complex I. The latter inhibition and their downstream effects were observed at concentrations of 

10-50 µM, thus reflecting the clinical cmax (10 µM) and the concentrations (approx. 65 µM) 

employed in the animal experiments (Mamidi et al., 2014). The canagliflozin mediated inhibition 

of complex I activity in cancer cell lines was recently published by Villani et al. (Villani et al., 

2016) thus corroborating the off-target findings we observed in human renal epithelial cells. 

Hawley et al. (Hawley et al., 2016) demonstrated that canagliflozin but not dapagliflozin or 

empagliflozin activated AMP-activated protein kinase (AMPK) pathway in vivo via 

mitochondrial dysfunction, independent of its effect on glucose uptake, also supporting our 

interpretation that the canagliflozin findings we report here are SGLT-independent, substance 

specific and not a class effect.   

Remarkably, GDH and ETC activity have a well-documented interplay with a direct 

consequence for glutamine anaplerosis. Under normal physiological conditions, the ETC oxidizes 

NADH, thus ensuring a high NAD+/NADH ratio. This allows for transamination of the three 
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substrates 3-phosphoglycerate (3-PG), OAA, and pyruvate, concomitantly producing KG for 

oxidation in the TCA cycle (Figure 7A). Hence, under conditions of unrestricted glucose supply 

and ETC function, GDH activity is dispensable for KG synthesis from glutamate (Coloff et al., 

2016; Yang et al., 2009). However, when glucose supply and thus availability of transamination 

substrates is restricted, cells depend on GDH activity for supplying the TCA cycle with carbon 

from glutamate (Choo et al., 2010; Hensley et al., 2013). ETC inhibition, e.g. by rotenone or 

antimycin A, diminishes the NAD+/NADH ratio, forcing pyruvate to lactate conversion 

(anaerobic glycolysis) and decreasing OAA availability (Fendt et al., 2013b). Hence, similar to 

glucose restriction under ETC inhibition, substrates for transamination reactions are unavailable, 

resulting in GDH-dependence for glutamate to KG conversion (Figure 7B). Indeed, the GDH 

inhibitor EGCG was reported to exhibit cytotoxicity when combined with either glucose 

deprivation or UK5099, prohibiting pyruvate transamination (Choo et al., 2010; Yang et al., 

2014a; Yang et al., 2009). Consequently, canagliflozin, by inhibiting both the ETC and GDH, 

reduced the availability of glutamine for the TCA cycle, which resulted in glutamine and 

glutamate accumulation in differentiated cells and cytotoxicity in proliferating cells, especially as 

the latter are depleted of anabolic precursors (Figure 7C).  

Our data also showed that RPTEC/TERT1 strongly rely on GDH activity, even in presence 

of sufficient levels of glucose. In fact, proliferating RPTEC/TERT1 consumed remarkably high 

amounts of glutamine, i.e. comparable to the consumption of glucose, without secreting glutamate 

(Fig 6A). The results obtained with the GDH inhibitor EGCG support the finding that proliferating 

RPTEC/TERT1 cells are exceptionally sensitive to GDH inhibition (Figure 6C), when compared 

to cell types used in other studies, where an effect of EGCG was only observed in combination 

with inhibitors of glycolysis or mitochondrial pyruvate transport (Choo et al., 2010; Yang et al., 

2014a; Yang et al., 2009).  

Indeed, proximal tubule epithelial cells under physiological conditions in vivo showed high 

GDH activity and exhibited very little glycolytic activity, producing OAA and acetyl-CoA for 

citrate synthesis primarily from glutamine and -oxidation of fatty acids, respectively (Balaban 

and Mandel, 1988; Dickman and Mandel, 1989; Mandel, 1985). In addition to its role in 

anaplerosis, GDH is also critical for renal regulation of pH homeostasis via the production of 

ammonium (Figure 4B and Figure 7). Indeed, glutaminolysis and GDH activity can be elevated 

to up to 5-fold in the proximal tubule epithelium in response to metabolic acidosis (Weiner and 

Verlander, 2013). Thus, the observed GDH inhibition by canagliflozin provides a logical 

explanation for the reported increased incidence of ketoacidosis observed primarily under 

canagliflozin treatment (Burke et al., 2017). In summary, our results revealed a hitherto unknown 

mechanism of mitochondrial interference by canagliflozin that provides for a novel explanation 

of canagliflozin induced acute kidney injury and ketoacidosis by inhibition of ETC complex I and 

GDH. 
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5.5 Material and Methods 

Materials 

Canagliflozin, dapagliflozin, empagliflozin, antimycin A, oligomycin A and CPI-613 were 

from Selleckchem (Munich, Germany). Rotenone, UK5099, thenoyltrifluoroacetone (TTFA) and 

epigallocatechin gallate (EGCG) were from Sigma-Aldrich (Munich, Germany) and atpenin A5 

was purchased from Enzo Life Sciences (Lörrach, Germany). 

 

Cell culture 

RPTEC/TERT1 cells (Evercyte GmbH; Vienna, Austria) were cultured in a 1 to 1 mixture of 

Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, Darmstadt, Germany) and 

Ham’s F-12 nutrient mix (Life Technologies) with 5 mM D-glucose final, supplemented with 2 

mM GlutaMAX (Life Technologies), 5 µg/ml insulin (Sigma-Aldrich), 5 µg/ml transferrin 

(Sigma-Aldrich), 5 ng/ml sodium selenite, 100 U/ml penicillin, 100 µg/ml streptomycin, 10 ng/ml 

EGF (Sigma-Aldrich) and 36 ng/ml hydrocortisone (Sigma-Aldrich). Cells were subcultured after 

establishing contact inhibited monolayer and reseeded at 30% confluence. Proliferating cells were 

used at day 1 (30-40% confluence). Differentiated cells were cultured for 16 days before use. 

 

Cell viability and cytotoxicity 

Cells were treated with compounds in presence of 0.5% DMSO, 0.5% DMSO alone (solvent 

control) or without any treatment (non-treated) as indicated. To quantify cell viability, treatment 

was exchanged for fresh medium containing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) followed by incubation at 37 °C for 45 min. MTT was 

removed and cells were lyzed in 95% isopropanol, 5% formic acid. Formazan absorption was 

measured at 550 nm using a Tecan M200Pro microplate reader (Tecan, Männedorf, Switzerland). 

Values obtained for dead cells (0.1% triton X-100 treated) were subtracted from all other values 

and data was expressed as percentage of non-treated cells. Cell death was analyzed separately by 

quantification of lactate dehydrogenase (LDH) activity in supernatant and cell lysate. Treatment 

medium was harvested and cells were lyzed in 0.1% triton-X100/PBS. LDH activity was 

quantified as described in (Schildknecht et al., 2009) using a microplate reader. %LDH leakage 

was expressed as LDH activity in treatment supernatant divided by the combined activity in 

supernatant and lysate. LDH leakage obtained for solvent control (0.5% DMSO) was normalized 

to 0%. Basal LDH leakage was ~15% for proliferating and ~6% for differentiated RPTEC/TERT1. 
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Extracellular metabolite quantification 

Lactate was quantified exactly as published by Limonciel et al. (Limonciel et al., 2011). 

Glucose content was quantified using the glucose oxidase (GOD), peroxidase (POD) reaction 

coupled to 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS). Briefly, 10 µl 

medium samples were mixed with 90 µl reaction solution containing 100 U/ml GOD (Sigma-

Aldrich), 0.25 U/ml POD (Sigma-Aldrich) and 1.5 mg/ml ABTS (Sigma-Aldrich) in 0.1 M 

Na2HPO4 pH 6.5 followed by incubation for 40 min at room temperature. Absorption at 420 nm 

was quantified using a plate reader and glucose content was calculated according to a D-glucose 

calibration curve (0-2 mM). Glutamate was quantified using a modification of the lactate assay 

were LDH (Sigma-Aldrich) was replaced by glutamate dehydrogenase (GDH; Sigma-Aldrich) 

and using a glutamate calibration curve (0-12.5 mM). Glutamine was deaminated to glutamate 

prior to quantification. Briefly, samples were acidified by addition of 0.25x volumes of 500 mM 

acetate pH 5 followed by addition of 0.25x volumes of 5 U/ml glutaminase (Sigma-Aldrich) and 

incubation for 1 h at 37 °C. Samples were neutralized by addition of 0.25x volumes 1 M Tris base 

pH 8.3 and glutamate content was quantified as described. Samples incubated in absence of 

glutaminase served as background reading for basal glutamate content. A glutamine calibration 

curve (0-12.5 mM) incubated with glutaminase was used for quantification. 

 

Seahorse extracellular flux analysis 

RPTEC/TERT1 cells were seeded in in Seahorse XFe24 culture plates (Agilent, Waldbronn, 

Germany) und cultured for 16 days. Cells were analyzed using the Seahorse XF Cell Mito Stress 

Kit with gliflozins or DMSO being injected via port A as indicated. Cell permeabilization for 

assessing activity of individual ETC complexes was performed as published by (Salabei et al., 

2014). In brief, cells were exposed to 50 µM canagliflozin or 0.5% DMSO (s.c.) in mannitol and 

sucrose (MAS) buffer followed by injection of 25 µg/ml digitonin and 1 mM ADP in combination 

with specific substrates for complex I or II (see figure legends) via port A. Coupling of 

mitochondria was assessed by addition of oligomycin A (1 µM) via port B and subsequent 

addition of rotenone (1µM) and antimycin A (1 µM) via port C. Complex IV dependent respiration 

was assessed by subsequent addition of tetramethylphenylenediamine (TMPD; 0.5 mM) and 

ascorbate (2 mM). All concentrations indicated were final concentrations used. 

 

Preparation of mitochondria-enriched fractions 

RPTEC/TERT1 cells (~3*108) were harvested by trypsinization and lyzed using a glass-teflon 

homogenizer. Liquid phase after centrifugation for 10 min at 600 x g and 4 °C was collected and 

centrifuged for 10 min at 11 000 x g and 4°C. Pellet was washed with hypotonic buffer (25 mM 

potassium phosphate (KPP), 5 mg MgCl2, pH 7.2) and centrifuged again. Resulting pellet was 

dissolved in hypotonic buffer and subjected to three freeze/thaw cycles in liquid N2 prior to 

enzymatic activity assessments. 
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Biochemical quantification of mitochondrial activities 

Enzymatic activities were quantified in mitochondrial-enriched fractions. Complex I and II 

activities were quantified as published (Kirby et al., 2007) with following modifications. Briefly, 

25 µl sample (0.7 µg/µl protein) was mixed with 200 µl reaction solution containing 2.5 mg/ml 

fatty-acid BSA (Sigma-Aldrich), 130 µM NADH (Roth, Karlsruhe, Germany), 2 mM KCN 

(Sigma-Aldrich), 3.6 µM antimycin A, 65 µM ubiquinone 1 (Sigma-Aldrich) and 60 µM 2,6-

Dichlorophenol-indophenol (DCIP; Roth) in 25 mM KPP pH 7.5 with or without compound to be 

tested. The linear phase of the absorption decrease was determined for 3-5 min using a microplate 

reader. Complex I independent activity was determined by addition of 5 µM rotenone and was 

subtracted from all other conditions. Activities were normalized to 0.5% DMSO treated samples. 

Complex II activity was determined using same sample volume and readout as for complex I and 

KPP buffer containing same BSA, KCN, antimycin A, rotenone, ubiquinone 1, DCIP and 20 mM 

succinate instead of NADH. Complex II independent activity was determined by addition of 1 

µM atpenin A5. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activity 

were quantified using commercial kits (Sigma, #MAK052 and #MAK055) and 70 µg or 12.5 µg 

total protein, respectively. GDH activity was quantified using 50 µg protein in a 200 µl reaction 

containing 5 mM KG, 1.25 mM NADH, 5 µM rotenone, 3.6 µM antimycin A, 10 mM NH4Cl 

and 5 mM MgCl2 in KPP buffer pH 7.2 with or without gliflozins. The decrease in NADH 

absorption at 340 nm was observed for 30 min using a microplate reader. GDH specificity was 

determined by subtracting activity of a parallel reaction lacking KG. Purified bovine liver GDH 

(Sigma, #G2626) was used at 0.01 U per 200 µl reaction. OGDC activity was determined as 

published (Reisch and Elpeleg, 2007) with following modifications. Briefly, 100 µl sample (0.25 

µg/µl protein) was mixed with 100 µl reaction solution containing 10 mM KPP pH 7.4, 200 µM 

EDTA, 2 mM CaCl2, 2 mM MgCl2, 100 µM thiamine pyrophosphate (TPP; Sigma-Aldrich), 1 

mM dithiothreitol (DTT), 150 µM coenzyme A (Sigma-Aldrich), 1.6 mM NAD (Roth), 5 mM 

KG, 5 µM rotenone, 3.6 µM antimycin A. Increases of NADH absorption at 340 nm was 

monitored for 15 min using a plate reader. 

 

Superoxide quantification 

Superoxide was measured in differentiated RPTEC/TERT1 cells cultured in 96-well plates 

using a Superoxide detection Kit (Enzo Life Sciences) according to manufacturer’s instructions 

using a microplate reader. 
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ATP quantification 

After treatment as indicated in 96-well plates, differentiated RPTEC/TERT1 cells were 

washed with PBS and lyzed in 100 µl 50% ice-cold methanol for 10 min at -20 °C. Samples were 

diluted 1:5 with H2O and 10 µl samples were mixed with 90 µl ATP determination kit reagent 

(Thermo Fisher) and incubated for 7 min prior reading of luminescence using a microplate reader. 

ATP levels of exposed cells were normalized to 0.5% DMSO treated cells. 

 

Cellular amino acid (AA) quantification 

RPTEC/TERT1 cells were seeded, reached confluency at 6 days after seeding and were then 

differentiated for additional 10 days in 6 cm dishes (yielding 6*106 cells) followed by treatment 

as indicated for 24 h. Cells were washed with PBS and scraped on ice in 1.4 ml 50% (V/V) ice-

cold methanol/water. Samples were transferred to clean 1.5 ml tubes and shaken for 30 min at 4 

°C followed by centrifugation for 10 min at 16000 x g at 4 °C. Liquid phase was collected and 

evaporated using a vacuum concentrator followed by solubilization in 150 µl 2% 5-sulfosalicylic 

acid (SSA). AAs were quantified using a Sykam S433 AA analyzer (Sykam, Fürstenfeldbruck, 

Germany) (Efremova et al., 2017). Briefly, AAs were separated by HPLC and subsequent post-

column derivatization with ninhydrin. Samples were directly injected in a volume of 100 µl. 

Chromatography was performed using a lithium based anion exchange column loaded with 

spherical polystyrene resin (7 µm diameter, 10% crosslinks, cat# 5125022). Elution was 

performed using buffers with increasing pH and ion strength (pH 2.9 to pH 12; buffer 

concentration 0.12 M to 0.45 M), supported by a temperature gradient. Absorbance of the reaction 

products was quantified at 440 nm (intermediate product; quantifies cysteine and proline) or 570 

nm (quantifies all other AA). AA concentrations were determined relative to a reference standard 

using the area under the peak method in the ChromStar 7 software (SCPA, Weyhe-Leehste, 

Germany). 

 

Proliferation assays 

Cells were plated at 6*104 per cm² in 24-well plates and allowed to adhere overnight. Cells 

were treated in 950 µl culture medium for 3 days. At the time of treatment, cells on a satellite 

plate were fixed with 4% PFA to determine baseline cell number. After 3 days, cells were washed 

with PBS, fixed and Hoechst 33342-stained. Number of nuclei was determined using a CellInsight 

automated microscope (Thermo Fisher). 

 

Statistical analysis 

Unless otherwise indicated data is presented as mean ± SEM. Sample size (n) indicates the 

number of independent experiments performed. Statistical significance was determined using 

GraphPad Prism Version 5.04, statistical tests as indicated in the figure legends. Principal 

component analysis and heatmap visualization was carried out using ClustVis (Metsalu and Vilo, 

2015). 
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5.6 Supplementary material 

  

Figure S1A Canagliflozin treatment induces necrosis in RPTEC/TERT1 cells 
 

Proliferating RPTEC/TERT1 cells were treated as indicated in Supplementary Methods (see below) and 
analyzed for nuclear morphology by DAPI and PI staining (left panel) and annexin V staining (right 
panel). Figures are representative for observations made in the respective experiments. At least 100 
cells were counted for each treatment and the percentage of detected cell death pathway was calculated 
from nuclear morphology experiments (bar graph). Whereas staurosporine induces apoptosis as 
visualized by formation of apoptotic bodies and positive annexin V staining without PI signals, only 
necrosis is detectable in canagliflozin treated cells as judged by nuclear morphology, DAPI and PI 
double-positive nuclei and annexin V signals in few necrotic cells only. AnnexV: annexin V; cana: 

canagliflozin; Ctr: control; PI: propidium iodide; Stau: staurosporine. 
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Figure S1B Canagliflozin does not induce autophagy in RPTEC/TERT1 cells 

Proliferating RPTEC/TERT1 cells were treated as indicated in Supplementary Methods (see below) and 
analyzed for autophagy by staining for lysosomal compartments with LysoID. Upper panel pictures are 
representative for observations made in the respective experiments. LysoID fluorescence intensities 
from 4-8 pictures and two wells were measured using Fiji and normalized to background and cell number 
(middle panel). Canagliflozin does not significantly induce an autophagic response compared to control 
(one-way ANOVA with Dunnett’s post test). * indicates significant differences between samples with and 
without CQ by one-sided t-test. Whisker-Box plots show 5-95th percentiles and the median of respective 
data. Data are supported by results from immunoblots showing LC3B-I to LC3B-II conversion (lower 

panel). CQ: chloroquine; Ctr: solvent control; cana: canagliflozin; Lyso: LysoID 
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Figure S2 Canagliflozin strongly elevates lactate secretion and glucose consumption of 
differentiated RPTEC/TERT1 cells. 

 
(A) Lactate secretion and (B) glucose consumption of differentiated RPTEC/TERT1 cells cultured in 96-
well plates was quantified after 24 h exposure to the different gliflozins. Data are mean ± SEM of at least 
three independent experiments. *P < 0.05 relative to solvent control (s.c., 0.5% DMSO). ANOVA with 

Dunnett’s post-test. 

Figure S3 Digitonin-permeabilized RPTEC/TERT1 cells remain coupled mitochondria. 

Differentiated RPTEC/TERT1 cells were permeabilized using 25 µg/ml digitonin in MAS buffer (70 mM 
sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, pH 7.2 (KOH)) 
containing different substrates plus ADP or ADP alone followed by addition of 1 µM oligomycin A and 
finally 1 µM rotenone and 1 µM antimycin A. Data represents mean ± SD of a representative experiment 
performed in duplicates. 
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Figure S4 Amino acid levels of differentiated RPTEC/TERT1 cells treated for 24 h as 
indicated. 

A total of 6*106 cells were treated for 24 h as indicated followed by amino acid extraction and 
quantification. Mean ± SEM, n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 relative 
to DMSO. ANOVA with Bonferroni’s post-test. 

Figure S5 Relative contribution of all 19 quantified amino acids to the intracellular amino 
acid pool of RPTEC/TERT1 cells. 

Amino acids of 6*106 differentiated RPTEC/TERT1 cells were extracted and the 19 amino acids 
displayed here were quantified. The total cellular amino acid concentration was 116 µmoles/106 cells. 
The molar fraction of the individual amino acids was divided by the total concentration and is given as 
percent. Data presents mean ± SEM, n = 3 independent experiments. 

Figure S6 RPTEC/TERT1 cells require high glycolytic flux to maintain ATP under 
canagliflozin and UK5099 treatment. 

Cellular ATP levels of differentiated RPTEC/TERT1 treated for 24 h with 200 µM UK5099 with or without 
50 µM canagliflozin in medium containing either 5 mM or 20 mM D-glucose. Data normalized to 
treatment with 0.5% DMSO only. Mean ± SEM, n = 4 independent experiments. P values were 
determined using unpaired t test. 
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Figure S7  Dapagliflozin and empagliflozin do not impair RPTEC/TERT1 proliferation. 

Proliferating cells were treated with 100 µM empagliflozin or dapagliflozin in medium containing 20 mM 
D-glucose, 4 mM L-glutamine and 1 mM pyruvate for 3 days followed by quantification of cell number. 
Mean ± SEM, n = 3 independent experiments. ANOVA with Bonferroni’s post-test 

Figure S8 Prevention of mitochondrial pyruvate transport does not sensitize to ETC 
inhibition. 

 
LDH leakage of proliferating RPTEC/TERT1 treated with rotenone in presence or absence of 200 µM 
UK5099 for 48 h. Mean ± SEM, n = 3 independent experiments. P values were determined using two-
way ANOVA with Bonferroni’s post-test. 
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Cell death determination 
Cells were treated with compounds in presence of 0.5% DMSO or 0.5% DMSO alone (solvent 

control) for 24 h at indicated concentrations. As apoptosis control, cells were treated with 2 µM 

staurosporine (Enzo Life Sciences). Subsequently, cells were incubated in fresh medium 

containing 2.5 µM Hoechst 33342 and 1 µg/ml propidium iodide (PI) for 10 min in the dark at 

room temperature for nuclear analysis or stained using the FITC Annexin V Apoptosis Detection 

Kit with PI (BioLegend) following the manufacturer’s instructions. Briefly, cells were stained 

with Binding Buffer containing Annexin V (1:100) and 200 µg/ml PI for 15 min in the dark at 

room temperature. Afterwards, cells were counterstained with Binding Buffer containing 2.5 µM 

Hoechst 33342 for 10 min at room temperature in the dark. Three different regions each of at least 

two wells were imaged using a Zeiss Axiovert 200 M inverted epifluorescence microscope. The 

respective percentage of cells showing apoptosis (nuclear fragmentation, DAPI positive), late 

apoptosis (nuclear fragmentation, DAPI and PI double positive), or necrosis (DAPI and PI double 

positive without nuclear fragmentation) was calculated, respectively. 

 

Autophagy analysis 
Cells were treated for 6 h with compounds in presence of 0.5% DMSO, 0.5% DMSO alone 

(solvent control) or HBSS no glucose as indicated. Chloroquine was added to a concentration of 

100 µM to show accumulation of lysosomes by impairing acidification as positive control. For 

immunohistochemistry cells were stained using the LysoID Red detection Kit (Enzo life Sciences) 

according to the manufacturer’s instructions. Briefly, cells were stained with Assay Buffer 

containing LysoID Red Detection Reagent (1:1000) and Hoechst 33342 (1:1000) for 30 min at 37 

°C in the dark and imaged using a Zeiss Axiovert 200 M inverted epifluorescence microscope 

with fixed exposure time for LysoID detection. Fluorescence intensity of LysoID was measured 

using Fiji and normalized to background signal and cell number. 
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6 Overall Discussion 

Evaluation of safety is an essential component of drug development that is initiated early but 

continues throughout the whole developmental process and even post-marketing through 

pharmacovigilance. However, not only drugs which are intended for human exposure but also 

new chemical entities such as herbicides that are supposed to be introduced into the environment 

need to be tested for their potential to harm humans, animals or even whole ecosystems. However, 

not all organisms, organs and cell-types are equally affected by toxicity. The vulnerability of 

specific organs, tissues or cell-types can be seen as a result of different scenarios e.g. locally 

restricted exposure (e.g. UV-light on the skin), cell-type specific metabolism of a xenobiotic to a 

toxic metabolite (e.g. acetaminophen in hepatocytes) or due to high exposure e.g. mediated by 

active transport (e.g. cisplatin in RPTECs). It is well-recognized and experimentally proven that 

especially the latter two processes often exhibit species-specific aspects whereby results obtained 

in laboratory animals cannot be easily translated into the human situation and often cannot even 

be recapitulated in another laboratory animal under strictly regulated conditions (Gottmann et al., 

2001; Hartung, 2009; Schardein et al., 1985). Being aware of this problematic situation, 

toxicologists aim to develop more predictive alternative approaches which rely more on in vitro 

and in silico methods but require mechanistic understanding of the processes underlying toxicity 

(Ankley et al., 2010; Leist et al., 2017; Leist et al., 2008). While the reproduction of complex 

apical endpoints like tumor formation is very difficult, individual mechanisms involved in tumor 

formation can well be studied in vitro. Mutagens for example are classified as carcinogens because 

the mechanism of mutations leading to cancer is well-established. The mutagenic potential of 

experimental drugs or chemicals can reliably be detected using the Ames-Test and mammalian 

gene mutation tests (Kirkland et al., 2014). The development of substances that are positive in 

such assays and therefore considered mutagens will consequently be terminated and therefore not 

be subjected to a rodent carcinogenicity assay. However, since mutagenesis is not the only cause 

of cancer, the inverse conclusion that a non-mutagenic compound is also non-carcinogenic cannot 

be made. Therefore, compounds not detected as mutagens still need to be tested in rodent 

carcinogenicity studies. The attentive reader might argue here that this approach does not reduce 

the reliance on animal experiments for risk assessment and this is true. At present, in vitro-based 

alternatives to animal experiments are primarily used as first levels of a tiered approach to sort 

out clearly toxic substances in a fast and cost-efficient way but are generally not considered 

sufficiently conclusive to reliably predict absence of toxicity. It needs to be debated whether 

animal studies with complex endpoints can be replaced by a panel of alternative tests in the future 

and this will not only be a scientific but also a social question. Until this point is reached, cell line 

based in vitro studies will be very helpful for early screening approaches as well as to identify 

mechanism of toxicity.  
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The following concluding discussion will therefore give thoughts and remarks on the current 

status of nephrotoxicity detection in vitro as well as the contribution of the present thesis thereto. 

6.1 Functional readouts to detect proximal tubule toxicity in 
vitro 

Most of the different cell types of the human body have to carry out very specific functions 

to serve the organism as a whole. Although chemical-induced toxicity often ultimately results in 

cell death, cells can adapt to a certain level or time period of stress. In many cases, this adaptation 

is linked to the activation of specific transcriptional programs for example nuclear factor like-2 

(Nrf2)-mediated transcription of antioxidative enzymes or hypoxia-inducible factor 1-alpha 

(Hif1)-mediated upregulation of glycolytic enzymes in response to oxidative stress or hypoxia, 

respectively (Jennings et al., 2013). While these transcriptional responses protect the cells from 

potentially lethal stress, they often come at the cost of cellular dedifferentiation and thus impaired 

functionality (He et al., 2013; Puri et al., 2015; Zhao et al., 2011). Consequently, dedifferentiation 

– detectable for example by alterations in the transcriptome (Limonciel et al., 2015) – and loss of 

functionality can both be utilized as early markers of toxicity. With regard to the proximal tubule 

epithelium, functionality mainly comprises the maintenance of the barrier and the transport 

processes relevant to reabsorption and secretion.  

Indeed, TEER as a measure of epithelial integrity has been tested as readout for in vitro 

nephrotoxicity assessment in an European Center for the Validation of Alternative Methods 

(ECVAM)-funded prevalidation study using MDCK (canine) and LLC-PK1 (porcine) cells (Duff 

et al., 2002). Unfortunately, the findings were rather disappointing and therefore this approach 

was not further pursued. A number of reasons likely contribute to this failure. First, a significant 

decrease in TEER to become apparent requires the disruption of tight junctions and this might not 

necessarily represent a common early marker of toxicity shared by various toxicants. Second, the 

selected exposure time of 24 h which was likely selected due to limited stability of the cellular 

models employed, might be too short to reveal subtle changes of monolayer function at lower 

toxin concentrations. Finally, most established renal cell lines including LLC-PK1 and MDCK 

but also NRK-52E (rat) and HK-2 (human) are negative for virtually all transporters normally 

expressed in RPTECs (Fauth et al., 1988; Heussner and Dietrich, 2013; Jenkinson et al., 2012; 

Lechner, 2014). Consequently, these cells cannot be considered particularly differentiated in the 

first place and thus are likely not sensitive toward loss of functionality.  

The RPTEC/TERT1 cell line, however, differs from these cell lines by forming a stable 

monolayer of cells resembling primary RPTECs (Aschauer et al., 2013) and by having maintained 

key functionalities like water reabsorption (Wilmes et al., 2014) and cation transport (Aschauer 

et al., 2015a). In vivo, the proximal tubules are responsible for 60-70% of renal water reabsorption 

which is driven by the Na+/K+-ATPase, the major ATP consuming transporter (Curthoys and Moe, 

2014). In fact, inhibition of the Na+/K+-ATPase in proximal tubule preparations resulted in a 30% 
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decrease of oxygen consumption (Harris et al., 1981), identifying this transporter as a major 

energy consumer. Thus, unrestrained water transport requires multiple conditions but at least 

epithelial integrity and untroubled mitochondrial energy production. Indeed, as hypothesized and 

shown in this thesis, water transport was impaired by nephrotoxic compounds at concentrations 

that did not cause cell death or disintegration of the monolayer. For some compounds (e.g. 

cyclosporine A) reduced water transport was observed directly, i.e. after 48 h, while for other 

compounds (e.g. cisplatin) the reduction became apparent only after repeated exposures. This 

finding emphasizes the superiority of repeated exposures over short-term 24 h experiments for 

nephrotoxicity detection which also became apparent when MTT reduction was used as readout.  

In summary, quantification of water transport turned out to be a promising readout to detect 

nephrotoxins. Since it is also non-invasive and easy-to-perform, I recommend adding this readout 

to routine toxicity studies performed with RPTEC/TERT1 cells on Transwells. 

Besides water transport, the second key functionality of the RPTEC/TERT1 cell line is its 

ability to secrete cationic xenobiotics as illustrated by the use of the model compound Asp+ which 

involves basolateral uptake via OCTs and apical secretion via MATEs. Although debated, OCT-

mediated uptake of cations is likely driven by the internal negative membrane potential 

(Motohashi and Inui, 2013) and only possible along the concentration gradient of the substrate 

(Budiman et al., 2000). Export via MATEs in turn is coupled to the concomitant import of protons 

along their concentration gradient and is therefore considered secondary active (Staud et al., 

2013). Consequently, it appears likely that the rate-limiting step of cation secretion is basolateral 

uptake via OCTs which also makes sense from a physiological perspective since this mechanism 

counteracts the massive accumulation of potentially harmful xenobiotics in RPTECs. 

Accordingly, in contrast to the water reabsorption which is entirely dependent on the rate of 

Na+/K+-ATPase activity, Asp+ secretion is only indirectly dependent on cellular ATP level which 

might explain why the latter process was observed to be not as sensitive towards nephrotoxins. In 

fact, only the two calcineurin inhibitors cyclosporine A and tacrolimus impaired Asp+ secretion. 

Cyclosporine A is not only a potent inhibitor of P-gp and MRP2 (Morrissey et al., 2013) but also 

of multiple organic anion transporting polypeptides (Gertz et al., 2013; Shitara et al., 2003) and 

likely other transporters. To my knowledge, it is not known whether P-gp and MRP2 – both 

expressed in RPTEC/TERT1 cells – are involved in Asp+ secretion or whether cyclosporine A is 

also an inhibitor of OCTs and MATEs but MATEs, MRP2 and P-gp at least share some substrates, 

for example the chemotherapeutic topotecan (Li et al., 2008; Morrissey et al., 2013). Similar to 

cyclosporine A, tacrolimus is also reported to inhibit P-gp (Saeki et al., 1993) however to a lesser 

extent while being a more potent immunosuppressant (Takeguchi et al., 1993), potentially 

explaining the lower nephrotoxic  potential of tacrolimus compared to cyclosporine A observed 

in the clinics (Naesens et al., 2009). Indeed, tacrolimus also showed less inhibition of Asp+ 

secretion than cyclosporine A although it was used at higher concentrations suggesting that either 

P-gp is involved in Asp+ secretion or cyclosporine A and tacrolimus both inhibit another 

transporter at a similar difference in potency as observed for P-gp. 
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In consequence, while water transport presents a promising readout to detect nephrotoxins in 

general, Asp+ secretion might rather be used to reveal compounds that interfere with the secretory 

transporters involved. Indeed, drug-drug interactions (DDIs) on the OCT/MATE transport axis 

are common and have to be investigated for drug candidates in particular for those that have a 

narrow therapeutic window and those directly acting on the kidney (Morrissey et al., 2013). 

Currently, DDIs on transporters are investigated in vitro mostly using transgenic cell lines 

overexpressing the transporter in question or using membrane vesicles (Feng et al., 2012). While 

this approach is well-suited to reveal single transporter interactions, a second approach that depicts 

the entire secretory process including uptake from one compartment and secretion into another 

would add important information on the interplay of the transporters involved and on the impact 

of their inhibition on secretion. At this point, the fact that RPTEC/TERT1 cells do not express 

members of the OAT class of transporters needs to be addressed. For unclear reasons, the absence 

of OAT functionality seems to be a general issue of RPTEC culture in vitro, exemplified for 

instance by a study reporting that also ciPTEC cells, although showing functional cation transport, 

also lack anion transport (Nieskens et al., 2016). In search of an explanation for this observation, 

I came across an exciting publication reporting that it is possible to reprogram fibroblasts directly 

into OAT expressing renal tubular epithelial cells by viral transduction with 4 transcription factors 

– EMX2, HNF1B, HNF4A and PAX8 (Kaminski et al., 2016). Within the kidney HNF4A 

expression is reported to be limited to the proximal tubule epithelium and transduction of 

fibroblasts with EMX2, HNF1B and PAX8 but without HNF4A yielded a clear downregulation of 

proximal tubule markers, including OAT1 in this study. Additionally, it is known that at least in 

rats the presence of the Hnf4a is crucial for OAT expression (Martovetsky et al., 2013). 

Consequently, I analyzed HNF4A expression in RPTEC/TERT1 cells and found that indeed this 

transcription factor is clearly absent in RPTEC/TERT1 cells while EMX2, HNF1B and PAX8 are 

expressed at similar levels compared to a human kidney sample (not shown). Consequently, I 

hypothesize that induction of HNF4A expression in RPTEC/TERT1 cells will induce OAT gene 

expression, an approach which is now being pursued. Given that HNF4A expression induces 

expression of the OAT family members in RPTEC/TERT1 cells, the resulting cell line should be 

capable of vectorial anion transport and show increased sensitivity towards anionic nephrotoxins 

and thus would present a powerful tool for in vitro nephrotoxicity testing as well as to investigate 

DDI on transporter level.  

6.2 Organotypic culture improves cellular differentiation 
status of RPTEC/TERT1 cells 

Naturally, the application of functional readouts on in vitro cell culture models requires a 

well-differentiated culture in the first place. However, the standard cultivation on plastics 

frequently causes rapid cellular dedifferentiation. This is not only reported for RPTECs (Elberg 

et al., 2008; Heussner and Dietrich, 2013; Pfaller and Gstraunthaler, 1998; Schlatter et al., 2006) 
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but also for other cell types such as hepatocytes, which lose their characteristic expression of 

cytochrome P450 enzymes already after hours in culture (Hu and Li, 2015). In strong contrast to 

the prevailing two-dimensional  in vitro culture condition, tissues within the human body are 

organized in a three-dimensional way and reconstituting this three-dimensionality e.g. by 

embedding cells into scaffolds made of extracellular matrix proteins is known to improve the 

differentiation status of multiple cell types (Edmondson et al., 2014; Schyschka et al., 2013; 

Skardal et al., 2012). Although epithelia like the proximal tubulus are well represented by the flat 

two-dimensional culture, there are multiple reports showing that culturing RPTECs in 3D comes 

with a gain in differentiation and increased sensitivity towards nephrotoxins (Astashkina et al., 

2012b, c; DesRochers et al., 2013; Homan et al., 2016). Nevertheless, at least to my knowledge, 

our publication (manuscript II) is the first comprehensive gene expression analysis comparing the 

differentiation status of a cell line cultured under different 2D and 3D conditions and confirms the 

potential of 3D cultivation to improve the differentiation status of RPTEC/TERT1 cells. 

However, whether our or a similar model will replace the prevailing models of cultivation on 

plastics or Transwells for in vitro nephrotoxicity testing is questionable. Although still relatively 

easy to perform and manageable without special equipment, our 3D model is harder to standardize 

and more difficult to analyze than 2D cultures. Although we showed that cell viability and cell 

death can easily and reliably be quantified via standard resazurin reduction and LDH leakage 

assay, respectively, more sophisticated readouts e.g. involving antibody stainings and imaging 

techniques are currently only possible to be performed on our model with extensive manual 

sample processing. On the other hand, assuming that the increased sensitivity of the 3D culture 

towards cisplatin is transferable to nephrotoxins in general, our model could indeed prove very 

useful for screening purposes. 

Another, however, different approach to culture RPTEC/TERT1 cells in 3D was recently 

reported by Homan et al. (Homan et al., 2016). Their model utilizes 3D printing technology to 

produce a scaffold made of gelatin and fibrin on a chip. A tube is printed into this scaffold using 

a fugitive dye that is later removed, leaving a hollow structure that can be populated by 

RPTEC/TERT1 cells. At both ends, small tubes are attached which allow the flow of a primary 

urine equivalent through this artificial tubulus. RPTEC/TERT1 cells seeded into these tubes were 

reported to form a stable monolayer of polarized cells and show increased microvilli length and 

density when compared to two-dimensional cultures. Although we did not analyze the 

brushborder membranes of 2D and 3D cultured cells in detail in our study, we demonstrated 

pronounced microvilli formation in 3D as well as increased expression of brushborder markers 

such as GGT1 under 3D cultivation, suggesting that increased differentiation of the brushborder 

is generally observed in 3D cultures. Although not addressed in the publication by Homan et al, 

their model could nicely be used to analyze transepithelial flux in 3D since influx and efflux of 

solutes can not only be quantified for the tubular lumen but also for the basolateral, i.e. interstitial, 

compartment. Thereby this model could be used to assess secretion and reabsorption of 

compounds in a real dynamic system that comes very close the proximal tubule in vivo. However, 
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due to the complexity of the system, the application of such a model will likely be limited to 

address very specific questions rather than be used for routine nephrotoxicity screening with 

multiple compounds and concentration ranges. For the latter application, systems that are easier 

to perform - like our 3D model or classical monolayer culture on plastics or Transwell - will likely 

present the major technologies. 

6.3 Mechanisms related to gliflozin-induced renal tubular 
tumors in rodents 

The major part of the present thesis was the investigation of potential adverse effects of the 

gliflozin class of pharmaceuticals on human RPTECs in vitro. This study was based on the 

findings reported from rodent carcinogenicity studies executed with the three now FDA and EMA 

approved gliflozins canagliflozin, dapagliflozin and empagliflozin which raised concerns about 

their safety. Most importantly, an increased incidence of renal tubular tumors (RTTs) was 

observed for canagliflozin in male (18% incidence) and female rats (12%) (De Jonghe et al., 2014) 

and for empagliflozin in male mice (10%) (Bogdanffy et al., 2014) but was not seen with 

dapagliflozin (Reilly et al., 2014). All of these findings were observed in the high dose groups 

only. Since this pattern of tumor induction cannot be readily explained by a class-specific or 

species-specific effect of gliflozins which could render it irrelevant for human risk assessment, 

the authorities requested mechanistic toxicology studies to clarify the mechanism(s) underlying 

gliflozin-induced RTTs. 

Subsequently, a consequential study performed by Boehringer Ingelheim, the sponsor of the 

empagliflozin application, reported that empagliflozin is converted efficiently to a highly reactive 

metabolite when incubated with male mouse kidney microsomes (Taub et al., 2015). However, 

this metabolite is only formed at very low rates in presence of microsomes from female mouse 

kidney, liver of mice (both sexes) or kidney and liver from rats. When microsomes prepared from 

human liver or kidney were used the reactive metabolite was undetectable, suggesting a rodent 

specific route of metabolism. It was later shown, that this metabolite indeed is cytotoxic to primary 

mouse proximal tubule cells and thus it is presumed that the chronic exposure to empagliflozin 

causes a vicious cycle of RPTEC damage and cell death with compensatory proliferation (degene-

rative/regenerative proliferation) in the male mouse kidney that promotes tumor formation (Riss 

et al., 2006). 

Canagliflozin-induced RTTs on the other hand were hypothesized to originate from increased 

intestinal calcium absorption leading to increased urinary calcium excretion (De Jonghe et al., 

2017; Mamidi et al., 2014; Ways et al., 2015). The supposed mechanism is initiated by off-target 

inhibition of intestinal SGLT1 caused by the high concentrations of canagliflozin in the digestive 

tract of these rats. Since SGLT1 is the main transporter for intestinal glucose and galactose uptake, 

inhibition or dysfunction of this transporter causes glucose/galactose malabsorption (GGM) 

syndrome (Wright et al., 2007). Consequently, increased amounts of glucose are delivered to the 
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distal intestinal tract where it undergoes fermentation by colonic bacteria causing acidification 

and thus increased solubility of calcium resulting in elevated intestinal calcium reabsorption 

which in turn causes increased urinary calcium clearance. The resulting alterations in calcium 

homeostasis are assumed to damage the RPTECs causing degenerative/regenerative proliferation 

and consequently the emergence of RTTs (De Jonghe et al., 2017). Indeed, a consequential 

mechanistic study revealed that canagliflozin caused RPTEC damage as well as increased 

proliferation indicated by increased kidney injury molecule 1 (KIM-1) and bromo-deoxyuridine 

(BrdU) labeling, respectively (Mamidi et al., 2014). To further corroborate the causality of GGM 

leading to RTTs, two studies were performed where rats were set on a glucose-free fructose diet 

(De Jonghe et al., 2017; Mamidi et al., 2014). In contrast to glucose and galactose, fructose is 

transported via GLUT5 (Barone et al., 2009) and therefore GGM is circumvented. In fact, when 

compared to their glucose ingesting counterparts, these rats showed clearly less KIM-1 and BrdU 

induction after 6 months of canagliflozin exposure although damage and proliferation in control 

animals was mildly elevated (Mamidi et al., 2014). Additionally, RTTs were not seen after 15 

months (De Jonghe et al., 2017). However, although a link between GGM and RTTs has been 

reported for the drug acarbose before, the course of events of this proposed mechanism remains 

obscure. Additionally, the results of the mechanistic studies using high fructose diet are not easy 

to interpret since fructose itself is well-known to have detrimental effects on the systemic 

metabolism and causes dyslipidemia and liver damage as well as tubulointerstitial injury, RPTEC 

proliferation and increased kidney weight in rats (Johnson et al., 2010; Nakayama et al., 2010). 

Indeed, the expected negative impacts of fructose on kidney function and morphology were named 

as the reason for termination if the canagliflozin/fructose carcinogenicity study after 15 months 

(De Jonghe et al., 2017) while such studies normally last for 24 months. Furthermore, it is unclear 

why only canagliflozin induced RTTs in rats while GGM caused by off-target SGLT1 inhibition 

was not specific for canagliflozin but also observed in rats receiving the high dose of dapagliflozin 

and empagliflozin as indicated by soft feces reported for all three gliflozins (Bogdanffy et al., 

2014; De Jonghe et al., 2017; Tirmenstein et al., 2013) and the increased urinary calcium excretion 

reported for canagliflozin (De Jonghe et al., 2017) and dapagliflozin (Tirmenstein et al., 2013).  

Consequently, GGM is more likely a class effect of gliflozins occurring at high dosage rather than 

specific for canagliflozin and therefore GGM-related RTTs in rats should affect all gliflozins. 

Additionally, a mechanistic link between GGM, the resulting disturbed calcium homeostasis and 

RPTEC damage remained undetermined. In this context, it will be exciting to see the rodent 

carcinogenicity reports for sotagliflozin (LX4211), a dual SGLT1/SGLT2 inhibitor (Lapuerta et 

al., 2015; Zambrowicz et al., 2012), that is currently in clinical development for treatment of type 

I and II diabetes (Rendell, 2017). This compound induces GGM at pharmacological doses as 

shown by cecal acidification and increased cecal glucose content in rats (Powell et al., 2014). 

Assuming that the hypothesis of GGM leading to RTTs in rats is correct, an increased incidence 

of RTTs should be predicted for sotagliflozin. Unfortunately, such data is not published yet.  
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In summary, the case of gliflozin-induced RTTs is an excellent example for the urgent need 

for alternative methods that allow for reliable detection of nephrotoxicity in humans. Today the 

unpleasant situation of observing an adverse outcome in preclinical animal studies with a 

suspected species-specific origin is not a rare one and requires huge efforts for subsequent 

mechanistic studies aiming to proof species-specificity. Additionally, even if existing, there is no 

guarantee that such proof can obtained which possibly results in termination of a promising drug 

candidate due to an irrelevant rodent finding. 

In view of the uncertainties discussed above leaving some doubts on the mechanism(s) of 

gliflozin-induced RTTs and thus on the species-specificity of RPTEC damage by gliflozins, a 

study investigating potential direct effects of gliflozins on human RPTECs could add important 

information to assess safety. Consequently, in this thesis we investigated potential direct effects 

of the three gliflozins on the human RPTEC/TERT1 cell line.  

Already after initial cell viability and cytotoxicity assessments, it became apparent that 

canagliflozin exhibits a cytotoxic potential especially in proliferating cells that clearly differs from 

dapagliflozin and empagliflozin. Intrigued by this finding, I attempted to decipher the molecular 

mechanisms underlying canagliflozin-induced toxicity by comparing its cellular effects with those 

of the other two gliflozins. Noticing that canagliflozin exposure resulted in acidification of the 

culture medium as indicating by the cell culture medium turning yellowish over time, 

mitochondrial impairment seemed likely and indeed via the route of lactate quantification, 

Seahorse extracellular flux analysis and biochemical determination of ETC activities in 

mitochondrial preparations, I revealed that canagliflozin - in contrast to dapagliflozin and 

empagliflozin - is an inhibitor of ETC complex I. Toxicity by complex I or ETC inhibition in 

general mainly results from depletion of cellular ATP and/or increased formation of reactive 

oxygen species (Lee and Boelsterli, 2014; Li et al., 2003a). However, although potent ETC and 

complex I inhibitors like rotenone, atpenin A5, antimycin A or oligomycin A severely depleted 

cellular ATP levels and/or caused pronounced superoxide production in RPTEC/TERT1 cells, 

neither of these compounds caused cell death. Furthermore, while mildly increasing cellular 

superoxide levels, canagliflozin did not reduce cellular ATP levels. Together, these findings raised 

doubt on the interpretation that complex I inhibition explains canagliflozin-induced cytotoxicity. 

We therefore next utilized a targeted metabolomics approach to gain more insight into metabolic 

alterations potentially caused by canagliflozin, dapagliflozin and empagliflozin or well-

established modulators of mitochondrial metabolism by quantifying the total intracellular pool of 

free amino acids upon treatment. Amino acids are precursors and products of various metabolic 

routes (Hosios et al., 2016; Lunt and Vander Heiden, 2011) and therefore well suited as indicators 

of metabolic activities or impairments in a steady-state approach. Unexpectedly, canagliflozin 

caused a unique pattern of amino acid accumulation that was not shared by any other compound 

tested, neither by other gliflozins nor by mitochondrial inhibitors. Especially a strong 

accumulation of glutamine and glutamate suggested an obstruction of glutamine feed into the 

TCA cycle. Subsequent enzymatic activity assays performed on mitochondrial preparation from 
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RPTEC/TERT1 cells revealed the additional inhibition of glutamate dehydrogenase (GDH) by 

canagliflozin which delivers an explanation for the accumulation of glutamine and glutamate.  

In order to understand how the dual inhibition of ETC complex I and GDH combines to cause 

cell death especially in proliferating RPTEC requires a closer look on mitochondrial carbon 

metabolism. Glutamine-derived carbon can enter the TCA cycle via three different routes which 

separate after the initial deamination of glutamine to glutamate. The subsequent deamination of 

glutamate to -ketoglutarate (-KG), an intermediate of the TCA cycle, can be carried out by the 

three different mitochondrial enzymes alanine aminotransferase (ALT), aspartate 

aminotransferase (AST) or GDH and the prevalence of the individual reactions is determined by 

cell type and cellular or metabolic status (Coloff et al., 2016; Fendt et al., 2013a; Yang et al., 

2009). Glutamine feed into the TCA cycle is not only important to serve mitochondrial ATP 

production but also for anaplerosis which describes the elevation of the TCA cycle metabolite 

pool, most importantly oxaloacetate (OAA) (Lunt and Vander Heiden, 2011). OAA is thereby 

produced via subsequent oxidations of -KG to succinate, fumarate, malate and finally OAA 

within the TCA cycle. Anaplerosis counterbalances the loss of TCA cycle metabolites due to 

export of citrate and aspartate from mitochondria to the cytosol where they serve as important 

precursors for fatty acid and nucleotide synthesis, respectively, especially required during 

proliferation. Anaplerosis mainly depends on glutamine use but can also be accomplished by other 

amino acids or glycolytically-derived pyruvate (Cheng et al., 2011; Hosios et al., 2016; Lunt and 

Vander Heiden, 2011) but not from fatty acids.  

ETC complex I and GDH inhibition by canagliflozin synergizes in a way that impedes 

anaplerosis from both, pyruvate and glutamine. 

Inhibition of the ETC first and foremost shifts the cellular NAD+/NADH ratio towards the 

reduced NADH and thereby forces pyruvate to lactate conversion and secretion of the latter. 

Additionally, OAA levels and thus aspartate synthesis are reduced since the oxidative reactions 

that produce OAA within the TCA cycle require NAD+ (Birsoy et al., 2015; Gui et al., 2016; 

Sullivan et al., 2015) or pyruvate via pyruvate decarboxylase (Cheng et al., 2011). In order to 

maintain proliferation under this condition, cells can utilize the reductive carboxylation pathway 

to produce citrate from -KG by reversing a part of the TCA cycle (Metallo et al., 2011; Mullen 

et al., 2011). This pathway prevails when the citrate to -KG ratio becomes low (Fendt et al., 

2013b; Gameiro et al., 2013) and is dependent on the NADPH-consuming enzymes isocitrate 

dehydrogenase 1 (IDH1) and IDH2 (Metallo et al., 2011; Mullen et al., 2011). It is reported that 

the NADPH required for citrate formation from -KG via reduction is produced by concomitant 

oxidation of an equivalent fraction of -KG by oxoglutarate dehydrogenase complex (OGDC) 

generating NADH which is subsequently dissipated to NADPH (Mullen et al., 2014) although the 

production of -KG by NAD+/NADP+-dependent GDH would render this reaction dispensable. 

In any case, since ETC complex I inhibition in general strongly limits pyruvate availability for 

transamination, GDH activity becomes indispensable for glutamate to -KG conversion (Yang et 
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al., 2014a; Yang et al., 2009) and this dependency can only be circumvented by supplying the 

cells with supraphysiological levels of pyruvate or other electron acceptors (Birsoy et al., 2015; 

Gui et al., 2016; Sullivan et al., 2015). However, although it is now clear how cells can build the 

metabolites citrate and consequently aspartate even under ETC inhibition, cells nevertheless 

proliferate poorly under this condition. A likely explanation is that the low citrate to -KG ratio 

required for reductive carboxylation prevents the production of high levels of citrate which would 

be required to meet the high demand necessary for fatty acid synthesis and aspartate production. 

Indeed, cells that rely on reductive rather than oxidative citrate production show strongly reduced 

cellular citrate concentrations (Fendt et al., 2013a; Fendt et al., 2013b). This hypothesis is 

supported by studies reporting that aspartate supplementation is sufficient to relieve the 

antiproliferative effect of ETC inhibitors (Birsoy et al., 2015; Sullivan et al., 2015).  

Similar to the prototypical complex I inhibitor rotenone, canagliflozin is predicted to increase 

the cellular reliance on reductive carboxylation by inhibiting complex I slowing down the TCA 

cycle. Unlike rotenone, canagliflozin additionally inhibits GDH which causes a decrease in 

mitochondrial -KG production and consequently a decrease in reductive carboxylation due to 

lower -KG levels. Thereby, the dual inhibition of ETC complex I and GDH sufficiently explains 

canagliflozin-induced cytotoxicity by blocked glutamine anaplerosis which is required for 

replenishment of the TCA cycle especially during proliferation. Since none of these effects is 

observed with dapagliflozin or empagliflozin, they do not elicit any toxicity or alteration in 

metabolism in RPTEC/TERT1 cells. 

The obvious question would now be whether or not the adverse effect observed for 

canagliflozin is related to the RTTs observed in rats. Naturally, this question can hardly be 

answered based on the present in vitro studies employing a human RPTEC cell line but 

nonetheless I would like to express some thoughts on this issue. First it needs to be addressed 

whether inhibition of complex I and GDH by canagliflozin is specific to the human proteins or 

whether it also occurs in rat cells. Although this has not been tested in detail, NRK-52E (rat 

proximal tubule) cells were similarly sensitive to canagliflozin-induced cytotoxicity than 

RPTEC/TERT1 cells (not shown) and canagliflozin was shown to exhibit complex I inhibition in 

murine hepatocytes (Hawley et al., 2016) suggesting that the off-target activities of canagliflozin 

are not limited to human cells. Next, the peak plasma concentration (cmax) in rats treated with the 

high dose of canagliflozin (100 mg/kg) was reported between 40 and 65 µmol/l (De Jonghe et al., 

2017; Mamidi et al., 2014). Additionally, canagliflozin was reported to be 9-fold higher 

concentrated in kidney tissue compared to plasma concentrations while liver and brain tissue 

showed 8-fold and 0.5-fold plasma concentrations, respectively (Tahara et al., 2016). However, 

although strongly enriched in kidney canagliflozin is not a substrate for the important renal 

importers OAT1, OAT3, OCT1 or OCT2 (Mamidi et al., 2017). On the other hand, all gliflozins 

show 85-98% protein binding (Scheen, 2015), the latter being present only in traces in the 

hormonally-defined FCS-free culture medium of RPTEC/TERT1 cells whereby exposure to the 

free drugs is increased in our model. Nevertheless, it is plausible that a concentration of 10-50 
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µM which elicited ETC complex I and GDH inhibition in our assays was reached in the rat 

kidneys. Consequently, the off-target activities of canagliflozin revealed by this in vitro approach 

might well contribute to the occurrence of RTTs in rats by causing cellular damage.  

6.4 Off-taget activities of canagliflozin may underlie 
reported adverse effects 

Rare side effects of new drugs often only emerge after drug approval when a large cohort of 

patients receive the treatment (Klein and Bourdette, 2013). In June 2016, the FDA warned of a 

risk for acute kidney injury (AKI) related to gliflozin medication (U.S. Food and Drug 

Administration, 2016; Hahn et al., 2016). A total of 101 cases of gliflozin-related AKI were 

reported between March 2013 and October 2015, a very low number compared to the 1.5 million 

patients that received a prescription for gliflozins between October 2014 and September 2015 

(U.S. Food and Drug Administration, 2016). However, since usually many cases remain 

unreported, the real incidence of gliflozin-induced AKI is likely higher. At present, the mechanism 

underlying AKI is unclear (Hahn et al., 2016; Saly and Perazella, 2017) but was hypothesized to 

involve uricosuria mediated via the glucose transporter GLUT-9b that exchanges glucose for uric 

acid under SGLT2 inhibition (Hahn et al., 2016). Interestingly, by far the most cases of gliflozin-

induced AKI are observed under canagliflozin treatment (U.S. Food and Drug Administration, 

2016). This disparity could well be explained if the described off-target toxicities of canagliflozin 

occur under clinical conditions. In fact, while the clinical cmax values of dapagliflozin and 

empagliflozin are as low as 0.3 µmol/l (Agency, 2014; Reilly et al., 2014), canagliflozin exhibits 

a therapeutic cmax of 10 µmol/l (Devineni et al., 2013). Considering these values, it is not unlikely 

that canagliflozin reaches concentrations that are able to inhibit complex I and GDH in a subset 

of patients being for example slow metabolizers of canagliflozin. 

Another adverse effect related to gliflozin medication is an increased risk for diabetic 

ketoacidosis (DKA) (U.S. Food and Drug Administration, 2015). Similar to the cases of AKI, 

DKA is primarily observed for canagliflozin (Burke et al., 2017). DKA is a potentially life-

threatening condition that is caused by an acidification of the blood by ketone bodies. Ketone 

bodies are produced by the hepatocytes and secreted into the blood under conditions of glucose 

shortage when they serve as energy fuel for neurons which are incapable of fatty acid  oxidation. 

The precursor of the major ketone bodies acetoacetate and -hydroxybutyrate is acetyl-CoA 

derived from  oxidation (Stojanovic and Ihle, 2011). Under physiological conditions, acetyl-

CoA is fused to OAA by citrate synthase to create citrate. Under low glucose conditions, 

hepatocytes use OAA mainly for gluconeogenesis creating an excess of acetyl-CoA that is 

converted to the ketone bodies (Stojanovic and Ihle, 2011). In diabetic patients, lack of insulin 

(T1DM) or insulin resistance (T2DM) pretends a glucose shortage and thus causes decreased 

glucose uptake by hepatocytes thereby activating gluconeogenesis and ketone body formation. 
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SGLT2 inhibitors are thought to predispose to DKA i.a. by elevating the secretion of the insulin 

antagonist glucagon from pancreatic  cells (Bonner et al., 2015). 

The most important organ counteracting acidosis as caused by increased ketone concentration 

in the blood is the kidney: RPTECs respond to acidosis by increasing ammonia secretion which 

is released from glutaminolysis (Weiner and Verlander, 2013). Deamination of glutamine to -

KG by glutaminase (GLN) followed by GDH yields two molecules ammonia and enzymatic 

activities of GLN and GDH are increased strongly in RPTECs in response to metabolic acidosis 

(Laterza et al., 1997; Weiner and Verlander, 2013).  Consequently, it can be hypothesized that the 

higher incidence of canagliflozin-related DKA is caused by its off-target activities, blocking 

compensatory ammonia production via GDH and potentially lowering the availability of OAA by 

both, complex I inhibition limiting pyruvate carboxylation and reduced anaplerosis via GDH, 

thereby increasing ketone body formation in the liver. It would thus be thrilling to investigate 

whether there is indeed a tendency for decreased urinary ammonia excretion in diabetic patients 

receiving canagliflozin compared to those receiving one of the other SGLT2 inhibitors. 

6.5 The RPTEC/TERT1 cell line to study mechanisms of 
mitochondrial toxicity 

In the course of the present thesis, RPTEC/TERT1 cells were not only challenged with 

SGLT2 inhibitors and different nephrotoxicants but also with various ETC inhibitors and 

modulators of mitochondrial metabolism with subsequent analysis of metabolic perturbations 

(manuscript III). In the process of these studies it became apparent that this cell line, especially in 

its post-mitotic, contact inhibited state, is very well-suited for detection of chemicals interfering 

with the ETC or other central metabolic pathways. A key consequence of ETC malfunction is the 

induction of aerobic glycolysis defined by an elevation of the glycolytic rate with concomitant 

increase in production and secretion of lactate although oxygen is available (Warburg, 1956). 

However, while most cell types including RPTECs (Forbes, 2016; Hall and Unwin, 2007) 

primarily utilize oxidative phosphorylation for ATP production in vivo, the very same cells 

become increasingly dependent on aerobic glycolysis when cultured in vitro (Marroquin et al., 

2007; Rodriguez-Enriquez et al., 2001). Obviously, ETC inhibitors can only exhibit marginal 

effects on metabolism of such cell lines and their identification by such means is therefore difficult 

and often only possible after forcing cells to use oxidative phosphorylation for instance by 

replacing glucose with galactose in cell culture media (Marroquin et al., 2007). 

The RPTEC/TERT1 cell line, however, maintained a relatively high proportion of pyruvate 

oxidation and consequently low lactate excretion. In my experiments, RPTEC/TERT1 cells 

excreted approximately 2000 nmoles/106 cells in 24 hours under basal conditions which was 

boosted to 11000 nmoles/106 under complete ETC inhibition with rotenone or antimycin A. At 

the same time glucose consumption was elevated from 1600 nmoles/106 to 3700 nmoles/106 

thereby yielding net conversion rates of 1.3 and 3.0 lactate/glucose under basal and ETC inhibited 
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condition, respectively. It is important to note that the calculation of a lactate/glucose ratio 

originating merely from quantification of cellular glucose consumption and lactate secretion 

cannot claim that the lactate originates completely from glucose metabolism and not from other 

metabolic routes such as glutaminolysis (Yang et al., 2014a) but since glycolysis is the major 

contributor to lactate formation, the ratio is a good indicator of oxidative versus fermentative 

metabolism. Indeed, in the present thesis, a significantly elevated lactate/glucose ratio reliably 

discriminated substances interfering with mitochondrial metabolism from those without such 

effect e.g. dapagliflozin and empagliflozin. Thus, I strongly recommend the use of the 

RPTEC/TERT1 cell line in combination with the cheap, simple and high-throughput compatible 

biochemical assays for quantification of supernatant lactate and glucose as a tool for screening of 

compounds for mitochondrial interference. The pronounced glycolytic reserve of the 

RPTEC/TERT1 cells facilitates the detection of such chemicals due to the high signal amplitude 

and also facilitates the establishment of concentration-response curves. 

Consistent with their presumed oxidative metabolism, RPTEC/TERT1 cells showed high 

oxygen consumption rates as measured by the Seahorse extracellular flux analyzer. Oxygen 

consumption was limited to mitochondrial activity and was significantly increased by two to 

three-fold upon addition of an uncoupling agent. Again, and similar to the glycolytic 

measurements, this suggests a pronounced reserve capacity of the differentiated, contact-inhibited 

RPTEC/TERT1 cells. Whether this reserve capacity is exhausted during the proliferation phase 

of the cells as reported for other cell lines before (Delp et al., 2017) was not assessed but would 

be interesting to investigate.  

Another striking observation was the stability and reproducibility of results across wells on 

the same plate and even across Seahorse experiments performed on different days. The complete 

contact inhibition of the RPTEC/TERT1 cells results in highly uniform cell numbers and therefore 

normalization of oxygen consumption rates to e.g. cell number or protein content was unnecessary 

allowing the use of the raw values.  

Similarly, the quantifications of the cellular amino acid pools resulted deviations of as little 

as 10-15% among biological replicates of the same treatment group, also allowing the use of non-

normalized data and the reliable detection of even small alterations in metabolism without the 

need for a high number of replicates. Generally, the quantification of cellular amino acids in 

RPTEC/TERT1 cells turned out to be a strong tool to reveal perturbations of cellular and 

especially mitochondrial metabolism. The inhibitor of the mitochondrial pyruvate transporter, 

UK5099, used as tool compound in this study, prohibits mitochondrial pyruvate oxidation and 

thereby forces the cells to elevate glutaminolysis which leads to accumulation of OAA that is 

subsequently transaminated to aspartate (Yang et al., 2014a). Indeed, in RPTEC/TERT1 cells, 

UK5099 almost depleted the cellular glutamine and glutamate levels and caused a doubling of the 

aspartate levels just as predicted. Comparably, the complex II or SDH inhibitor atpenin A5 is 

reported to cause a strong induction of glutaminolysis but as opposed to UK5099 completely 

depletes the cellular aspartate levels (Cardaci et al., 2015; Lussey-Lepoutre et al., 2015) by 
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blocking the TCA cycle at the succinate to fumarate conversion which depletes cellular OAA. In 

line with these findings, atpenin A5 exposure strongly depleted the cellular glutamine, glutamate 

as well as aspartate pools. Collectively, these findings also support the assumption that the TCA 

cycle is the major consumer of glutamine and glutamate as well as producer of aspartate, thereby 

validating the approach of amino acid quantification to assess such metabolic changes.  

To conclude, the data presented suggests that the RPTEC/TERT1 cells are an excellent choice 

to investigate various aspects of mitochondrial dysfunction or metabolic impairment. These cells 

should definitively be considered as a screening tool to reveal mitochondrial toxicants as well as 

for investigation of mechanistic questions related to metabolic perturbations.  
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