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GENERAL INTRODUCTION
The Burden of Chronic Kidney Disease
Chronic kidney disease (CKD), the gradual loss of kidney function, is a major health and 

economic burden. Elderly and patients with diabetes, hypertension, or a history of acute 

kidney injury are predisposed to develop CKD over time. Currently, the recorded global 

prevalence of CKD is 9% and around 1,2 million patients die of CKD per year. There are 

over 2,5 million patients worldwide who have reached end-stage kidney disease (ESKD) 

and, hence, require renal replacement therapy for survival. This number is, mainly due to 

demographic shifting, expected to double in the next 10 years [1]. While ESKD affects 

0.1-0.2% of the general population, it takes up an estimated 5-7% of total healthcare 

budgets [2]. Therefore, better and cheaper treatment strategies are warranted.

Kidney Transplantation vs Dialysis
Kidney transplantation is the most preferred and cost-effective treatment for patients with 

ESKD, although not all patients are eligible for this treatment. Further, due to permanent 

donor scarcity and a resulting average waiting time of 3-5 years, transplantation is 

often preceded by costly dialysis treatments – the only alternative therapeutic option 

available. In the United States, 97.4% of all incident ESKD patients in 2013 began renal 

replacement therapy with dialysis, whereas only 2.6% were fortunate enough to receive 

a preemptive kidney transplant [3]. Similar statistics were recorded in Europe: according 

to the most recent ERA-EDTA annual report, 85% of European patients received dialysis 

as first treatment modality at the onset of RRT [4].

There are two different types of dialysis: hemodialysis and peritoneal dialysis. In 

hemodialysis, the blood flows through a surgically created vascular access into the dialysis 

machine outside the body, whereas peritoneal dialysis makes use of the patient’s inside 

lining of the abdomen, the peritoneum, as a membrane through which fluid and dissolved 

substances are exchanged with the blood. For this, a catheter is surgically placed into 

the abdomen, which can then be filled with a sterile cleansing fluid; after the filtering 

process, the waste fluid is removed again through the catheter (Figure 1).

Since the first successful application of hemodialysis by Dr. Willem J. Kolff in 1943, 

various technical improvements have been made, but the principle of dialysis has changed 

little: the patient’s blood runs against a semipermeable membrane with dialysate on 

the other side and three processes take place. First, a concentration gradient facilitates 

passive diffusion of metabolic end products and other substances to be removed from 

the blood to the dialysate, whereas essential nutrients in the dialysate can enter the blood. 

Of note, only solutes of low molecular weight and water pass through the membrane. 

Second, ultrafiltration clears excess fluid from the body through a hydrostatic pressure 

gradient. Third, clearing of larger molecules from the blood can be partly facilitated 

through convection, when solutes are hydrostatically and osmotically dragged along 

during ultrafiltration [5].
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Figure 1. Schematic representation of hemodialysis and peritoneal dialysis.

Unfortunately, dialysis remains inferior to kidney transplantation not only with regard 

to costs but also with regard to its effect on clinical outcome and life. Most patients have 

to undergo dialysis sessions 3-4 times per week for several hours, which has an enormous 

impact on physical, mental, and social activities, and consequentially on general quality of 

life [6]. Despite the artificial blood purification through hemodialysis or peritoneal dialysis, 

excess mortality compared to kidney transplantation, mostly due to cardiovascular 

complications, is still a largely unsolved problem. In high income countries, approximately 

one in four hemodialysis patients die within the first year of initiating therapy, whereas 

the 1-year survival rate post-transplantation is above 90% [7]. 

Filtration and Active Secretion
To recognize the major therapeutic drawbacks of dialysis, we need to take a closer look 

at the renal excretion mechanisms that ought to be replaced when the kidneys fail. 

The kidneys consist each of 200,000 – 1,000,000 nephrons, the functional units that 

take care of homeostasis by regulating acid-base balance, electrolyte concentrations, 

extracellular fluid volume and blood pressure. At the same time, many metabolic end 

products and xenobiotics like toxicants and drugs are cleared from the blood via the renal 

route. Blood enters the nephron through the glomerulus, a capillary tuft enclosed by 

the Bowman’s capsule (Figure 2). The plasma and solvents < 500 Da are (ultra-)filtered 

through the glomerulus, whose function is replaced by dialysis. The normal glomerular 

filtration rate is 120-125 ml/min, which means that the entire plasma volume is filtered 

around 60 times per day, leading to the production of around 180 liters of ultrafiltrate, 

also called pre-urine. The pre-urine enters the proximal tubule, where water, sodium and 

chloride, and virtually all electrolytes, amino acids and glucose are actively re-absorbed 

by the proximal tubule epithelial cells (PTECs). On the basolateral side, PTECs are in close 

proximity to a rich network of fenestrated diaphragmed peritubular capillaries that allows 

reabsorption into the blood [8].

At the same time, the close interaction of peritubular capillaries and PTECs enables 

active secretion of compounds that have not been filtered as the structure of the glomerulus 

exerts both size and charge constraints. For non-filtered compounds, two main secretory 

transport systems mediate renal excretion on the basolateral site of PTECs: the renal 

solute carriers (SLCs) Organic Anion Transporters 1 and 3 (OAT1 (SLC22A6) and OAT3 

(SLC22A8)) and Organic Cation Transporter 2 (OCT2 (SLC22A2)). Among the various 

substrates that are actively secreted via OAT1/3 and OCT2 are amphiphilic organic 

anions and cations of diverse chemical structures, including endogenous and exogenous 

compounds, and clinically used drugs. The only basic requirement for substrates is 

the appropriate charge on a hydrophobic backbone [9]. On the apical side, ATP-binding 

cassette (ABC) transporters like p-glycoprotein (P-gp), breast cancer resistance protein 

(BCRP) and multidrug resistance proteins 2 and 4 (MRP2/4) complete the active substrate 

removal through excretion into the pre-urine, but the secretion rate is mainly determined 

by the SLCs. Renal tubular secretion is very effective, enabling near-complete removal 

Figure 2. Schematic representation of the kidney, a nephron, and kidney solute carriers 
OCT2 and OAT1/3 on the basolateral site of the proximal tubule epithelial cell (PTEC).
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of solutes in a single pass through the kidneys. These vigorous clearance properties 

indicate an important role for active secretion in the elimination of waste products from  

the blood – a vital process that is not replaced by dialysis.

Uremic Toxins and Residual Kidney Function
Compounds that accumulate in the blood due to insufficient renal clearance are called 

uremic retention solutes; if they exert negative biological effects, they are also referred 

to as uremic toxins. The European Uremic Toxin Work Group (http://www.uremic-toxins.

org/) classified >100 uremic retention solutes, many of which are protein-bound and 

substrates for OAT1/3 and OCT2 [10-13]. Protein-binding and charge hamper efficient 

dialysis and, consequently, many uremic retention solutes accumulate in patient plasma 

more than 20-fold compared to normal levels, despite hemodialysis therapy. For instance, 

the prototypical uremic toxin indoxyl sulfate is 98% bound to plasma proteins and 

exclusively removed via renal organic anion transport. Accordingly, insufficient clearance 

leads to 26 times higher indoxyl sulfate concentrations in the blood of dialysis patients 

than in normal subjects [14, 15]. Indoxyl sulfate is produced by gut bacteria through 

fermentation of dietary tryptophan and subsequent conjugation in the intestinal wall or 

liver by phase 1 and phase 2 metabolizing enzymes [16]. Although conjugation principally 

increases solubility and reduces toxicity, high concentrations of indoxyl sulfate, as found 

in kidney patients, can exert toxic effects [17]. In recent years, direct cardiotoxicity has 

been increasingly demonstrated for a range of uremic toxins, including indoxyl sulfate, 

potentially explaining the higher risk of cardiovascular-related morbidity and mortality 

among dialysis patients [18, 19]. For the excretion of such uremic toxins, the patient relies 

on residual kidney function [20]. In fact, residual kidney clearance has been identified as 

a significant predictor of survival in hemodialysis patients [21]. In short, the accumulation 

and adverse effects of uremic toxins suggest an indispensable role of active tubular 

secretion in the removal of waste products, which should hence become an added feature 

to renal replacement strategies.

From Artificial to Bioartificial Kidney
The idea to harness PTECs as complement to the filtration function provided by dialysis 

is no novelty. In 1987, Aebischer et al. proposed “the combination of an ultrafiltration 

device with an exchanger whose semipermeable hollow fibers are covered with renal 

epithelial cells” [22, 23]. In the following years, several groups, including ours, adopted, 

improved and up-scaled this method to produce biofunctionalized multi-fiber bioreactors 

with functional PTEC monolayers that allow vectorial solute transport [24-34]. Current 

challenges are further optimization of bioactive materials and functional cell sources, 

as well as maintained functionality, and clinical applicability and safety. The history and 

biotechnological obstacles of current bioartificial kidneys (BAKs), also called renal assist 

devices (RADs), have been reviewed by our colleagues [35].

Regenerative Nephrology
The development of a bioartificial kidney created a first intersection between renal 

replacement strategies and regenerative medicine. Regenerative medicine is an 

interdisciplinary and translational research field that includes molecular (stem cell) 

biology and tissue engineering approaches with the aim to replace or regenerate diseased 

cells, tissues or organs, or their functions. Correspondingly, regenerative nephrology 

encompasses the repair, replacement, and de novo regeneration of the kidney. 

Regenerative approaches to kidney injury, other than BAKs, have only started to emerge 

in the last two decades because of the limited cellular turnover and regenerative capacity 

of kidneys, as well as the still unresolved debate around the existence of adult renal stem 

cells [36, 37]. Recent progress and interest in the field includes, but is not limited to:

1. the regenerative (paracrine) effect of (circulating) mesenchymal stem cells

2. understanding the renal stem cell niche and the proliferative capacity of PTECs

after acute tubular injury, e.g. through ischemia/reperfusion or cellular toxicity

3. isolating or reprogramming renal stem or progenitor cells

4. identifying regenerative mediators and microenvironments

5. directing cellular (re-)differentiation from (induced pluripotent) stem and progenitor

cells into PTECs and other renal cell types

6. growing de novo kidney organoids from embryonic, adult or induced pluripotent

stem cells

7. engineering kidneys or kidney tubules using, among others, decellularized

biomaterials or hydrogels, and 3D additive manufacturing technologies.

Although these approaches to regenerate the kidney are quite diverse, they become 

increasingly complementary to each other thanks to new scientific and technological 

advancements [38].

Tissue Engineering and the Materials Dilemma
Cell reprogramming and advanced manufacturing technologies enable the creation of 

lab-grown autologous tissue, which provides a strong foundation for the development 

of implantable tissue replacements [39, 40]. However, successful tissue implantation and 

functionality will depend on the use of scaffold materials and structures with appropriate 

mechanical properties that, at the same time, facilitate cell- and tissue-specific functionality.

When selecting materials, scientists are often confronted with a dilemma. On 

the one hand, natural sources (e.g., collagen, chitosan, silk, gelatin or hyaluronate) 

show excellent biocompatibility and facilitate cell growth and behavior but are often 

limited for clinical application due to weak mechanical properties. On the other hand, 

many synthetic materials (e.g., polyglycolic acid, polylactic acid, and e-polycaprolactone 

(PCL)) provide support, flexibility and controlled biodegradation but have limited cell  

adhesion properties.

An elegant solution to this materials dilemma are reinforced bio-composite scaffolds, 

in which fibers or fiber meshes made from supportive materials strengthen ECM-
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mimetic materials [41]. Fiber reinforcement is a controllable variable proven to enhance 

the strength and resistance of scaffolds, mostly without restriction of cell functionality 

[42, 43]. In fact, fiber meshes can facilitate cell migration and function by providing 

physiologically relevant mechanical stimulation themselves [44, 45]. Cell growth and 

growth directionality have been shown to be positively affected by microfibers when 

ordered in preferential direction [45, 46]. Aside from combining fibrous scaffolds with 

ECM-mimicking materials, they can also be biofunctionalized with ECM coatings, which 

enables cell adherence without eliminating scaffold porosity [29, 30].

Requirements for Kidney Tubule Engineering
For the engineering of potentially implantable and durable kidney tubules, scaffolds must 

meet several tissue-specific criteria. Scaffolds must be:

1. tubular to create an outer and an inner compartment for drainage

2. small-sized and highly porous to increase the surface area

3. freely accessible from the basolateral and luminal sides for rapid solute exchange

and removal

4. flexible and yet strong enough to withstand intracorporeal forces such as pressure,

tear and wear.

In the development of BAKs, hollow membrane fibers from dialysis devices are 

biofunctionalized with a double-coating of L-DOPA and collagen IV [29-31]. Scaffolds 

for implantable kidney tubules can use a similar approach, but applied materials should 

be resorbable and only initially provide biophysical instructions to promote PTEC growth, 

differentiation, and BM production.

THESIS OUTLINE
The aim of this thesis is to show how functional PTECs can contribute to the removal of 

uremic toxins in regenerative kidney therapies. The thesis is divided into two parts: (I) 

restoration of active secretion and through solute carrier regulation (II) replacement of 

active secretion through kidney tubule engineering.

Part I – Restoration of Active Secretion Through Solute Carrier Regulation
The first part of this thesis focuses on the expression and functional regulation of 

the gatekeepers that govern tubular secretion, the rate-limiting excretion step for a variety 

of uremic toxins and drugs: renal solute carriers OAT1/3 and OCT2. A better understanding 

of transporter functionality and regulation will open doors for the development 

of innovative PTEC-targeted therapies that aim to preserve or improve residual 

kidney function in kidney patients by pharmacologically enhancing the endogenous  

clearance capacity.

In Chapter 2, we provide an extensive overview of OAT1/3 and OCT2 with 

a phylogenetic, ontogenetic and cell dynamic perspective on transporter expression and 

regulation. This review serves as a roadmap for therapeutic interventions by presenting 

targetable pathways that hold the potential to restore or compensate for the loss of 

transport activity, and thus to reverse, halt or slow down the progression of CKD. 

Furthermore, species-specific differences in transporter expression and regulation are 

taken into account.

Chapter 3 expands on species-specific differences in renal transport activity with 

regard to drug screening. For the development of new drugs or personalized therapies, 

advanced in vitro kidney models (e.g., patient-derived kidney organoids) can be used 

for pharmacological evaluation. In combination with in silico modeling, advanced in 

vitro models might replace animal models in future, but to date animal experiments 

are unavoidable. Yet, species differences in transporter expression or substrate affinity 

might lead to prediction errors and limit the translatability of animal data. In an attempt 

to quantify differences in renal clearance between animals and humans, we conducted 

a systematic review and meta-analysis using published clearance data for a diverse set of 

renally excreted drugs. To examine whether there is a link between interspecies differences 

in renal clearance and transporter activity, we related identified differences to the drug 

excretion profile (filtration vs active secretion) and physicochemical drug properties  

(e.g., physiological charge and molecular weight).

In Chapter 4, we investigate the response of healthy PTECs to elevated plasma 

levels of the prototype uremic toxin indoxyl sulfate. This chapter provides evidence for 

the ability of PTECs to respond to elevated IS levels by activating pathways that boost its 

active secretion via OAT1. This response is in accordance with the remote sensing and 

signaling hypothesis, which suggests the presence of an inter-organ and inter-organismal 

communication network to sustain homeostasis. In experimental Chapter 5, we consider 

the involvement of Notch signaling in remote sensing. Unraveling the mechanisms behind 

PTEC remote sensing and signaling elicits the possibility to modulate OAT function in 

the kidney and may lead to a new era of potential therapeutic avenues to preserve kidney 

function upon injury.

Part II – Replacement of Active Secretion Through Kidney Tubule 
Engineering
Whole organ engineering, biofabrication of BAKs and stem cell-mediated in vivo 

regeneration are three completely different strategies to replace or regenerate kidney 

function, but all require scaffold or carrier systems that promote and maintain cellular 

organization, differentiation and function. For all three strategic lines, hydrogels represent 

an overarching tool with multifaceted potential: as hydrophilic and biocompatible 

polymeric materials, they resemble natural soft tissue due to their high water content and 

they can be molded into any required shape. In Chapter 6, we present an overview of 

hydrogel-based cell therapies for kidney regeneration, as well as hydrogel-based design 

criteria for renal replacement strategies and emergent biofabrication technologies.
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Although major tissue engineering breakthroughs have been made in recent years 

thanks to technological advancements, the kidney remains an organ of yet inimitable 

complexity. Inspired by the principle of BAKs, we downscaled kidney engineering to simple 

tubular scaffolds with PTECs to focus on the unmet medical need of active uremic toxin 

removal. In this work, we offer a new concept for kidney tubule engineering: the use 

of biofunctionalized highly porous fibrous PCL tubular scaffolds that compartmentalize 

the outer environment and the lumen, with PTECs being the only barrier. In Chapter 7, 

we provide the first proof-of-concept by fabricating kidney tubule grafts with solution 

electrospinning. In Chapter 8, we advance the fabrication of these kidney tubule grafts 

using melt-electrowriting, which allows the controlled deposition of the PCL fibers. Here, 

we examine the effect of scaffold pore topographical guidance on PTEC adherence, cell 

differentiation, transporter expression and functionality.

Finally, in Chapter 9, we expand on the rather unconventional idea of crossing 

kingdoms by using plant-derived decellularized scaffolds for tissue engineering. More 

specifically, we investigate the suitability of decellularized spinach leaf vasculature and 

chive stems for kidney tubule engineering, and uncover substantial anatomical and 

functional limitations.

Chapter 10 provides a general discussion of the presented findings in the context of 

current literature and future perspectives, which is followed by a summary of this thesis 

in English, Dutch and German.
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ABSTRACT
Over the course of more than 500 million years, the kidneys have undergone 

a remarkable evolution from primitive nephric tubes to intricate filtration-reabsorption 

systems that maintain homeostasis and remove metabolic end-products from the body. 

The evolutionarily conserved solute carriers Organic Cation Transporter 2 (OCT2), and 

Organic Anion Transporters 1 and 3 (OAT1/3) coordinate the active secretion of a broad 

range of endogenous and exogenous substances, many of which accumulate in the blood 

of patients with kidney failure despite dialysis. Harnessing OCT2 and OAT1/3 through 

functional preservation or regeneration could alleviate the progression of kidney disease. 

Additionally, it would improve current in vitro test models that lose their expression 

in culture. With this review, we explore OCT2 and OAT1/3 regulation using different 

perspectives: phylogenetic, ontogenetic and cell dynamic. Our aim is to identify possible 

molecular targets to both help prevent or compensate for the loss of transport activity in 

patients with kidney disease, and to enable endogenous OCT2 and OAT1/3 induction in 

vitro in order to develop better models for drug development.

Graphical abstract

1. FROM BENCH TO BEDSIDE: THE IMPORTANCE OF KIDNEY
SOLUTE CARRIERS

As intricate filtration-reabsorption systems, the kidneys maintain the fine internal balance 

of water, salts, and nutrients in blood plasma and interstitial fluids. At the same time, 

unwanted endogenous metabolites and foreign substances, such as toxins and drugs, 

are efficiently removed from the body. However, a large part of solutes does not readily 

pass the glomerular filtration barrier due to size, charge or protein binding [1]. Here, 

removal relies on active secretion by the proximal tubule epithelial cells (PTECs), primarily 

through members of the solute carrier (SLC) family 22: Organic Cation Transporter 2 

(OCT2), encoded by the gene SLC22A2, and Organic Anion Transporters 1 and 3 

(OAT1/3), encoded by the genes SLC22A6 and SLC22A8. Due to their shared ancestry, 

these membrane transport proteins have in common 12 predicted membrane-spanning 

domains with a large extracellular loop between transmembrane domains 1 and 2, 

a large intracellular loop between transmembrane domains 6 and 7, and intracellular 

amino- and carboxyl-termini. With their multi-specific binding pockets, OAT1/3 and 

OCT2 together are responsible for the basolateral uptake of a wide variety of anionic 

and cationic metabolites and drugs in the kidney, but also in other excretory organs, 

including liver, placenta and the blood-brain barrier [2, 3][99, 152][99, 152][99, 152]. For 

efficient solute excretion, OAT1/3 and OCT2 work in concerted action with renal efflux 

transporters on the luminal cell side, such as breast cancer resistance protein (BCRP), 

p-glycoprotein (P-gp) and multidrug resistance protein 4 (MRP4), but the excretion rate is

mainly determined by functional activity of the uptake transporters.

When kidney function falls below 10-15%, uremic retention solutes accumulate in 

blood and quickly reach life-threatening concentrations. Dialysis treatment can replace 

the renal filtration-reabsorption function to remove many metabolic end products, 

including urea and creatinine. Yet, approximately 25% of the retention solutes are poorly 

dialyzable, mostly due to protein binding [4]. These retention solutes, also known as 

uremic toxins due to their various biological adverse effects, accelerate chronic kidney 

disease (CKD), increase the risk of cardiovascular disease and bone dysfunction, and 

contribute to the high morbidity and mortality rates in CKD patients [4-7]. Notably, residual 

kidney function (RKF) remains an important prognostic factor for patient survival, while 

increasing exposure to dialysis fails to decrease mortality rates among kidney patients [8]. 

This confirms that active renal secretion via PTECs is an indispensable process. In 2017, 

Lowenstein and Grantham argued for a paradigm shift from the “glomerulocentric” view 

of RKF to tubular solute excretion, and evidence for the significance of residual tubular 

secretion in patient survival is accumulating [8-12].

Besides the critical role of OCT2 and OAT1/3 in patient survival, expression levels can 

influence the pharmacokinetics and hence the therapeutic (or toxicologic) effects of drugs in 

healthy subjects. Likewise, drug-drug interactions or interactions with endogenous solutes 

at the transporter binding sites can result in altered pharmacokinetics and adverse drug 
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effects, especially in patients with co-morbidities and polypharmacy. As a consequence, 

the International Transporter Consortium and regulatory bodies, including the United 

States’ Food and Drug Administration (FDA), the European Medicines Agency (EMA), and 

the Japanese Pharmaceuticals and Medical Devices Agency (PMDA), urge new molecular 

entities to undergo interaction studies on OAT1/3 and OCT2 before entering the clinic 

and the market [13]. With ethical, societal and political pressure towards animal-free 

drug testing, adequate in vitro test models for interaction studies are highly warranted, 

but kidney cell models are hampered by their rapid loss of transporter expression in 

culture. For drug screening, this problem is currently circumvented by overexpression of 

SLCs in different cell lines, but a cell model reflecting the physiological situation would 

be given preference [14, 15]. Moreover, genetic modifications limit the applicability of in 

vitro models for fundamental research and for regenerative and clinical purposes (e.g., 

implantation of kidney organoids or bioartificial kidneys). For all kidney models available, 

including primary cells and stem cell-derived organoids, it is yet unknown how intrinsic 

uptake transporter expression can be preserved or induced.

Altogether, harnessing OCT2 and OAT1/3 through functional preservation or 

regeneration could both alleviate the progression of CKD, improve renal replacement 

therapies, and refine in vitro test models. On the one hand, if we could short-term restore 

or enhance transport functionality, we might be able to boost active secretion of uremic 

toxins. On the other hand, short-term reversible inhibition could eliminate dose-limiting 

drug toxicities, e.g., for the chemotherapeutic and OCT2 substrate cisplatin. Moreover, 

the expression-modulating activities of drugs should be taken into account in case of 

kidney disease or polypharmacy. Besides the known detrimental potential of drug-drug 

interactions (DDIs), drug-induced transporter regulation might just as well cause 

accumulation of uremic toxins or drug-induced side effects, e.g., by diminishing the RKF.

With this review, we explore the regulation of OCT2 and OAT1/3 using different 

perspectives: phylogenetic, ontogenetic and cell dynamic. In Section 2, the study of 

evolutionary nephrology and comparative physiology provides the reader with an 

understanding of how and why the kidney has developed and retained active secretion 

mechanisms. In Section 3, we provide an overview of the transcription factors and 

signaling pathways involved in proximal tubule (PT) development and, potentially, SLC 

ontogeny. Pathways involved could serve as molecular targets for regenerative therapies. In  

Section 4, an exploration of cell dynamic, short-term regulation mechanisms in the adult 

kidney might uncover opportunities for functional boosts or pharmacotherapeutic 

interventions. Lastly, in Section 5, we translate the findings from evolution and 

comparative physiology, ontogeny, and regulation into new perspectives to reverse or 

compensate for the loss of SLCs in the kidney. This review serves as an information 

toolbox by providing perspectives of the transporters’ past and present, which can give 

directions to a better therapeutic future. The identification of possible targets can help to 

prevent or compensate for the loss of transport activity in patients with kidney disease, 

and induce or restore transporter expression and function in vitro.

2. FROM FISH TO PHILOSOPHER: A PHYLOGENETIC
PERSPECTIVE ON KIDNEY SOLUTE CARRIERS

In 1959, H. W. Smith published From Fish to Philosopher, a celebrated book about 

the evolutionary development of the kidney [16]. By peeking into the theater of evolution 

with ever changing environmental pressures, he explained why the kidney has developed 

into an intricate and energy-consuming filtration-reabsorption system. At the time of 

publication, active tubular secretion in the PT had been demonstrated experimentally and 

suggested to be comprised of two separate systems [17]. Later, these systems would be 

known as OATs and OCTs.

2.1. The Proximal Tubule: A Conserved Secretion System 
Active tubular secretion has been conserved in the course of evolution, suggesting an 

indispensable role for SLCs [16, 18]. Kidney PTs have probably been equipped with 

SLC homologs since the beginning of the Paleozoic Era, in the early Cambrian Period 

more than 500 million years ago (Figure 1). Once simple diffusion became insufficient 

in primitive marine organisms to discharge waste solutes, the mesoderm developed 

primordial nephric tubules: meager funnel-like outlets that connected the body cavity 

(the coelom) to the outside world. These nephric tubules epithelialized to retain useful 

substances while secreting excess salts and organic molecules with the aid of osmotic 

water flow [10]. 

Slc22 homologs can be found in invertebrates, including Drosophila, C. elegans and 

sea urchins, which supports the existence of SLCs during the early Cambrian [19-21]. 

However, even though these distant homologs transport organic anions and cations, 

intron phasing analysis indicated that OATs and OCTs are likely phylogenetically distinct 

from their invertebrate homologs. Eraly et al. (2004) and Zhu et al. (2015) concluded from 

phylogenetic analyses that the OAT and OCT lineages might have formed somewhere 

after the divergence of vertebrates and invertebrates, and before the separation of bony 

fish and terrestrial vertebrates [21-23].

When the marine ancestors of vertebrates invaded low-salt fresh waters, they had to 

compensate for osmotic water influx. By making use of the blood hydrostatic pressure, 

water was easily filtered out through a tuft of leaky capillaries, which would be engulfed 

by the nephric tubules: the glomerulus was born. Species presenting with glomeruli date 

back to at least the Devonian Era around 400 million years ago, maybe even to the Silurian 

[24-26]. Extensive blood filtration forced reabsorption mechanisms to speed up in order 

to prevent the loss of salts, glucose, amino acids, vitamins, hormones and more.

While glomerular filtration developed primarily for water excretion, the removal of 

metabolic end products was a convenient concomitant. Yet, there seemed to be the need 

for SLC conservation in kidneys. Fish slc22 and mammalian slc22 genes evolved from 

a common ancestral gene by speciation. Nonetheless, fish slc22 genes are considerably 

divergent from their mammalian orthologs (e.g., 49% similarity between zebrafish 
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and murine Slc22a6), which is logical considering their different ecological niches and 

physiological requirements [21]. While in fish and amphibians the gills and skin still 

contributed to salt and solute excretion, the kidneys became the master regulator of 

body fluid composition for terrestrial life forms that emerged in the Carboniferous Period 

[26]. In the absence of a wet environment, filtered water and solutes had to be retained in 

the body. Instead of taking the easy road of reducing glomerular filtration, the mammalian 

kidney retained its filtration capacity. Smith contemplated that “the filtration-reabsorption 

system is now so firmly established that there is no easy way to overhaul it and to 

convert it to a purely tubular kidney, as the marine fishes have done”. According to him, 

glomerular filtration and tubular reabsorption had to increase further when mammals 

became warm-blooded, which resulted in increased blood circulation in order to keep 

up with the higher oxygen and nutrient demand [16]. Moreover, a carnivorous lifestyle 

provided an additional selection pressure to maintain a high glomerular filtration rate 

(GFR) for the excretion of urea produced during protein breakdown [27, 28]. Interestingly, 

meat consumption increases the production of gut-derived metabolites, such as indoxyl 

sulfate and p-cresyl sulfate, which are almost exclusively removed through proximal 

tubular secretion [29]. Therefore, it is conceivable that meat consumption promoted 

the evolutionary conservation of SLC expression in kidney tubules [30]. 

Phylogenetic analysis by Eraly et al. (2004) uncovered a phenomenon of transporter 

expansion and gene pairing in the evolution of mammals as a result of tandem duplications: 

the majority of the OAT subclade is located on chromosome 11, where paralogs SLC22A6 

and SLC22A8 are only 8 kb apart from each other [21, 23]. The research group led by S.K. 

Nigam hypothesized that, founded on increasing physiological complexity and exposure 

to a broader spectrum of endogenous and exogenous substrates, transporter redundancy 

and broader substrate specificity could have offered a survival benefit. In need of a more 

robust secretion system, mammals have developed an inter-organ network of SLC22 

transporters with mono- and multi-specific substrate specificities that interact through 

remote sensing and signaling [31, 32]. This system includes the kidney abundant paralogs 

SCL22A6 and SLC22A8, as well as SLC22A2 and SLC22A1, with the respective former 

being more ancestral as evidenced by their presence in non-mammals [21, 33].

2.2. Energy Investment: Evolutionary Trade-Off
Environmental stress factors throughout evolutionary history pushed the development 

of the kidney into an energy-consuming filtration-reabsorption system that, despite 

extensive filtration, conserved active tubular secretion in most species. In his reprint of 

Smith’s classic, Vize comments on the kidney’s energetic householding: “There is enough 

waste motion here to bankrupt any economic system - other than a natural one, for 

Nature is the only artificer who does not need to count the cost by which she achieves 

her ends [34].” However, as R.L. Chevalier argued, this becomes the kidney’s pitfall once 

energy investments shift. Intensive tubular solute reclamation in mammals comes at 

the price of high energy consumption: while the kidneys account for only 1% of our 

weight, they consume 10% of oxygen in the body. For survival benefits, the energetic 

costs of the kidney are borne during the reproductive phase. With age, however, 

energy investment strategies shift, and investment into an energy-draining organ seems 

inefficient. CKD becomes, in combination with an evolutionary mismatching meat- and 

salt-rich diet, a common eventuality [28]. Could it perhaps be that the downregulation 

of SLCs in disease and primary kidney cells in culture, just like in aging, is the result of 

shifting priorities in energy investment? We will seize upon this in Section 5.

3. FROM EMBRYOS TO ADULTS: AN ONTOGENETIC  
PERSPECTIVE ON KIDNEY SOLUTE CARRIERS

Ernst Haeckel’s famous phrase “ontogeny recapitulates phylogeny” describes embryonic 

development as a flashback into history as the embryo goes through stages that resemble 

the course of evolution. Although this quote has gained a bad repute, the embryonic 

development of the kidney undeniably represents some phylogenetic stages  

(Figure 1). In human gestational weeks 3-3.5 (wk3-wk3.5), which corresponds with 

murine embryonic day 8 (mE8), and rat embryonic day 11 (rE11), the segmented 

intermediate mesoderm gives rise to the pronephros: pairs of nephric tubules that compare 

Figure 1. Evolutionary and ontogenetic timeline of kidney development and SLC 
appearance. During the early Cambrian period, organisms developed pronephros as excretory 
systems, which contained Slc22 homologs. Later on, during the Devonian period, pronephros 
evolved into mesonephros, which presented with Slc22 orthologs. Finally, with the appearance of 
more complex organisms during the later Carboniferous period, the metanephric kidneys developed, 
which contain Slc22 paralogs in different species. Pronephroi and Mesonephroi still transiently exist 
in the present during nephrogenesis.
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with the primitive kidney of our early marine ancestors [35]. The pronephros is essential 

for embryonic survival, but it is very rudimentary and quickly degenerates. Subsequently, 

the intermediate mesoderm forms a new tubular system at wk3.5-4 (mE10 and rE12), 

the mesonephros, which in some species is connected to glomeruli [36]. The mesonephros 

persists as a functional kidney in fish and amphibians but is replaced in reptiles, birds, and 

mammals by the definitive kidney, the metanephros [37]. The metanephros develops in 

the human embryo at wk4-5 (mE10.5-11 and rE13) [36].

Until today, relatively little is known about metanephric transporter ontogeny. For 

a better understanding of when and how SLCs develop in the PT, this section presents 

the nephrogenesis and SLC expression timeline in mice, rats and humans, as well as 

the biochemical factors that contribute to PT maturation. Metanephric expression of SLCs 

follows a general pattern with three stages: a prenatal induction and gradual increase in 

expression (Section 3.1), followed by a sudden perinatal rise (Section 3.2), and a postnatal, 

gender-biased upregulation during sexual maturity (Section 3.3). The nephrogenesis and 

SLC expression timelines are shown in Figure 2.

3.1. Prenatal Expression of Kidney Solute Carriers
3.1.1. The Process of Nephrogenesis
In all species, the commencement of nephrogenesis is defined by the interaction between 

the Wolffian Duct (WD) and the metanephric mesenchyme (MM). At embryonic wk4 

(mE10.5 and rE13), the MM secretes factors that cause the WD to sprout a single bud: 

the ureteric bud (UB) [38-43]. MM and UB meet at approximately wk5 (mE11-E11.5 

and rE13-rE13.5) [38, 39, 42]. Upon physical interaction, MM progenitors closest to 

the UB condense around its tips, thereby generating the cap mesenchyme (CM). The CM 

constitutes the so-called nephron progenitor cells, characterized by the expression of 

the transcription factors SIX2, PAX2, and SALL1, which are essential for both progenitor 

maintenance and differentiation. Through elongation and segmentation, nephron 

progenitor cells eventually give rise to the glomerulus, the PT, the loop of Henle, and 

the distal tubule. MM that does not form the CM develops into stromal mesenchyme, 

which will mature into mesangial, pericytic, and interstitial cells. Finally, the UB will form 

the collecting duct system and ureter [39, 44].

When CM and UB interact, the UB signals the CM to promote differentiation of some 

nephron progenitor cells, and to maintain the self-renewing stemness potential of others. 

[44-46]. CM cells fated for differentiation undergo mesenchymal-to-epithelial transition 

(MET), which is mostly driven by Wnt- and Notch-signaling [47, 48], and form the renal 

vesicle at wk6 (mE12.5 and rE13.5-rE15) [38, 39]. MET causes the downregulation of 

CM marker genes, and the upregulation of epithelial markers in renal vesicles, including 

WNT4, and cadherins 4 and 6 (CDH4 and CDH6, respectively) [46, 48-50]. The renal 

vesicle shows regionalized expression of a diverse set of markers: the distal part highly 

expresses LHX1 and BRN1, as well as Notch ligands DLL1 and JAG1, whereas the proximal 

Figure 2. Timelines depicting OCT2, OAT1, and OAT3 expression in the kidneys during 
prenatal, perinatal, and postnatal development in humans, mice, and rats. The different 
time points are linked to morphological illustrations of the process of nephrogenesis. Dotted lines 
represent expression in females, and solid lines represent expression in males. Expression curves 
represent the average of the data obtained from GUDMAP (gudmap.org, (153, 154)) and the studies 
by Cheung et al. (2019) (100), Oswald et al. (2019) (101), Breljak et al. (2016) (102), Basit et al. 
(2019) (104), Pavlova et al. (2000) (94), Lawrence et al. (2015) (222), Alnouti et al. (2006) (97), Buist 
et al. (2004) (98), Breljak et al. (2013) (103), Sweet et al. (2006) (73), Ahmadimoghaddam et al. 
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part presents with high expression of WT1 [49, 51-53]. The most distal part of the renal 

vesicle fuses to the UB tip, which leads to the maintenance of an undifferentiated CM 

population that keeps promoting UB branching [39, 54, 55]. 

By wk7 (mE13-E14 and rE16), the renal vesicle forms a lumen and “unwinds”, leading 

to the formation of comma-shaped bodies, which develop into s-shaped bodies at wk8-9 

(mE14-E14.5 and rE18) [38, 56-58]. When s-shaped bodies start forming, the neighboring 

stromal and endothelial progenitors incorporate into them and differentiate into 

the mesangial and endothelial cells of the glomerulus [39]. Comma- and s-shaped bodies 

present with a more evident polarization than renal vesicles, and segmentation of these 

structures into the different tubular segments is primarily directed by Notch signaling [49, 

52, 59]. The most proximal domain of the s-shaped body expresses WT1 and LMX1B and 

possesses a podocytic fate; the less proximal domain is the prospective PT region, and 

it is characterized by low levels of PAX2, and exclusively high levels of JAG1 and DLL1. 

Finally, the mid- and distal regions of s-shaped bodies express hepatocyte nuclear factor 

1B (HNF1B), BRN1, and LHX1, which have a crucial role in the formation of both mature 

loop of Henle and distal tubule [51, 60-63]. 

By wk32 and mE16.5, mature nephrons can already be observed [64-66]. In rats, 

nephrons mature only after birth, but fully formed nephrons containing immature 

structures can be found around rE20 [67]. Nephrogenesis is considered complete by 

wk34-36, mP4-P6, and rP4-P10 [38, 64, 68-70] (Figure 2A).
For a more complete and detailed explanation of nephrogenesis and the signaling 

molecules involved, we recommend the reviews by Little and McMahon (2012) [71], 

Costantini and Kopan (2010) [52] and the book chapters by Kopan et al. (2014) [39], and 

Bush et al. (2016) [42].

3.1.2. The Emergence of SLCs During Nephrogenesis
Surprisingly little is known about the exact time point of SLC induction in human kidneys. 

The only evidence of OAT1 appearance was generated through in situ hybridization studies 

by A.P. McMahon’s research group. With data provided in the GUDMAP database, they 

showed that the first transcripts of SLC22A6 can be detected by wk11 [72]. The ontogeny 

of OAT3 and OCT2 in humans remains to be elucidated. Fortunately, studies on rodents 

have provided more information: Slc22a2 appears around mE15.5 and rE13, Slc22a6 has 

(2013) (223), Nakajima et al. (2000) (89), Xu et al. (2017) (90), de Zwart et al. (2008) (93), Slitt et 
al. (2002) (96), Urakami et al. (1999) (109), Sweeney et al. (2011) (68), Tsigelny et al. (2008) (95), 
Buist et al. (2002) (91), Nomura et al. (2012) (92), Ljubojevic et al. (2004) (105), Cerrutti et al. (2002) 
(106), and Wegner et al. (2012) (107). Red arrows indicate the appearance of the first corresponding 
SLC transcripts. *Ages were converted for the different species using the approaches dictated by 
Dutta et al. (2016) (111) and Sengupta et al. (2013) (112). Abbreviations: α-KG: α-Ketoglutarate;
CD: Collecting Duct; CM: Cap Mesenchyme; DT: Distal Tubule; EDT: Early Distal Tubule; EPT: Early 
Proximal Tubule; G: Glomerulus; LoH: Loop of Henle; MM: Metanephric Mesenchyme; PT: Proximal 
Tubule; RV: Renal Vesicle; SM: Stromal Mesenchyme; UB: Ureteric Bud; WD: Wolffian Duct.

been detected earliest at mE14 and rE14, and Slc22a8 arises around mE14.5 and rE14 

(Figure 2). In general, however, protein expression of these three transporters is only 

observed later with the formation of s-shaped bodies [73, 74]. All studies reporting (first) 

appearance of these transporters in humans, mice, and rats, and the applied techniques 

are listed in Table 1.

3.1.3. Molecules/Pathways Involved in PT Formation and Prenatal SLC 
          Induction
It remains unknown how transporter expression is first induced during nephrogenesis, 

but it is most likely tightly linked to the molecular dynamics during PT formation and 

maturation. This subsection gives an overview of the signaling pathways and molecules 

known to affect PT formation or maturation during nephrogenesis.

3.1.3.1. Notch Signaling
For a long time, Notch was considered the main pathway to induce PT fate. In a study 

conducted by Cheng et al. (2007), homozygous Notch2 knock-out in Pax3+ progenitor cells 

of murine embryos allowed epithelialization but no clear formation of s-shaped bodies, 

tubules, or glomeruli. In heterozygous Notch2 knock-outs, only distal nephrons appeared, 

whereas no proximal or podocytic structures could form, indicating that Notch2 is needed 

for PT segmentation [75]. Comparable data was obtained when treating metanephroi 

with DAPT, an inhibitor of Notch signaling [76]. However, when either Notch1 or Notch2 

were knocked-out in Pax2+/Six2+ progenitor cells, all nephron segments were formed, 

including PTs [75, 77]. Only when both Notch1 and Notch2 were depleted, nephrogenesis 

was impaired at the renal vesicle stage [49]. The difference in outcome between these 

studies was pointed out by Chung et al. (2016): Pax3+ cells are not only mesenchymal 

progenitor cells, but also stromal cells, and DAPT targets all cell types equally, including 

stromal cells. Therefore, the effect of Notch2 knock-out on specifically PTs might have 

been due to the targeting of the stromal population, since stromal cells have shown to 

have a profound influence on nephron formation and maturation [49, 78, 79].

More recently, the role of Notch in nephron segmentation was investigated by 

deleting both Notch1 and Notch2 in Wnt4+ cells in murine embryos, which appear 

during the differentiation of renal vesicles. In double-mutant kidneys, all mature nephron 

segments failed to form [53]. With these findings it could be concluded that, contrary to 

previous assumptions, Notch signaling is required for the segmentation of the nephron 

into all nephron segments, not specifically the PT. Yet, Notch signaling has a PT-specific 

function as it has been found to regulate the expression of two key transcription 

factors, Lhx1 and Hnf1b [53], whose effects on PT formation and SLC regulation will be  

described below.
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Table 1. Ontogeny of OCT2, OAT1, and OAT3 in humans, mice, and rats.

Species Time Point of Appearance Technique Reference

OCT2 (SLC22A2)

Humans ? - -

Mice E15.5 RT-qPCR [92]

Rats E13 RT-qPCR [177]

OAT1 (SLC22A6)

Humans Wk11 In situ hybridization [113]

Mice E14 In situ hybridization [140]

E14.5 RT-qPCR [92]

E15.5 Immunohistochemistry [71]

Rats E14 RT-qPCR [177]

E18 Northern Blotting [123]

E19 Immunohistochemistry [177]

OAT3 (SLC22A8)

Humans ? - -

Mice E14.5 RT-qPCR [92]

E16 In situ hybridization [140]

E16 Immunohistochemistry [71]

Rats E14 RT-qPCR [177]

3.1.3.2. Hepatocyte Nuclear Factors
Among all HNFs, HNF1β was first shown to be crucial for the formation of PTs during

nephrogenesis. In murine embryos, knock-down of Hnf1b both in the MM and at the renal 

vesicle stage causes the formation of aberrant nephrons with a critically low number of 

PTs, loops of Henle, and distal tubules. Hnf1b-deficient kidneys show a major reduction in 

Notch signaling from the comma-shaped body onwards, and increased expression of Pax2 

in the prospective PT region. Moreover, these kidneys display no LTL staining characteristic 

of PTs, and have significantly reduced expression levels of differentiation markers such as 

Hnf1a, Hnf4a, Brn1, and Cdh6 [51, 80]. Confirming that the observed genotype in these 

kidneys is due to the lack of Hnf1b, its overexpression in Xenopus animal caps induced 

a variety of genes, including lhx1, hnf1a, hnf4a, and most importantly, slc22a6. Hnf1b 

has been shown to regulate lhx1 transcription by direct binding to its promoter [81], and 

Lhx1, in turn, is thought to promote Notch signaling and the subsequent formation of 

proximal segments [75].

Two other HNFs reputed to have a major role both in PT differentiation and SLC 

regulation are HNF1α and HNF4α. Gallegos et al. (2012) and Martovetsky et al. (2013)

investigated the process leading to PT differentiation using rodent microarray data, and 

found that both Hnf1a and Hnf4a had the highest connectivity to the emergence of 

the PT [82, 83].

These three HNFs have shown to affect SLC expression in vitro, which will be discussed 

later on. Therefore, they might have a role not only in the formation of the PT, but also 

in its subsequent maturation.

3.1.3.3. Other Nuclear Receptors and Transcription Factors
Retinoic acid (RA), acting through the nuclear receptors Retinoic Acid Receptor (RAR) and 

the Retinoic X Receptor (RXR), has been shown to coordinate pronephros segmentation 

and PT formation in zebrafish. Zebrafish with impaired RA signaling exhibit more distal 

than proximal segments, and this has been related to the activity of some major RA 

target genes, including irx3b, hnf1b, and mecom [61, 84-86]. Both irx3b and mecom are 

negatively regulated by RA, and are necessary for the differentiation of zebrafish renal 

progenitors towards distal segments [84, 86]. Conversely, hnf1b promotes PT formation 

in zebrafish embryos [61], which supports the findings in murine embryos. Induction of 

pronephros segmentation by RA has also been confirmed in Xenopus animal caps, which 

start expressing markers such as hnf1b, lhx1, and pax8 after treatment [81]. 

Martovetsky et al. (2013) also identified other nuclear receptors and transcription 

factors presumably important for the differentiation of PTs: nuclear factor erythroid 

2-related factor 2 (Nrf2), glucocorticoid receptor (Nr3c1), peroxisome proliferator-

activated receptor α (Ppara), and tumor protein p53 (Tp53) [83]. Some of these have

a role in the regulation of SLCs during adulthood and will be discussed in a later section.

3.1.3.4. Epigenetic Modulators
Epigenetic modulators have shown to regulate SLC transcription in vitro, which will be 

described later (Section 3.3.1.4), but to our knowledge, only one study has reported 

the importance of epigenetics in PT formation and SLC induction during nephrogenesis. 

Liu et al. (2018) found that in murine embryonic kidneys lacking both histone deacetylases 

1 and 2 (encoded by Hdac1 and Hdac2), there was a dramatic decrease in nephron 

progenitor cells, and even though they could observe renal vesicle formation, only 

sporadic comma- and s-shaped bodies developed. These mutant kidneys also had reduced 

expression of Lhx1, Hnf1a, Hnf4a, and members of the Notch signaling pathway such as 
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Dll1, Hes5, Hey1, and Jag1. Notably, the double Hdac1/2 knock-out also led to reduced 

levels of Slc22a6 [87]. Nevertheless, this particular effect of acetylation on SLC expression 

could have been merely due to the fact that PT formation itself was already impaired by 

histone acetylation. Only conditional knockouts at a later stage of tubulogenesis would 

confirm if Hdac1/2 indeed specifically regulate Slc22a6.

In relation to the factors mentioned in the previous sections, this study also provided 

more insight on the relationship between HNFs and Notch during nephrogenesis. They 

found that Lhx1 acts upstream of Hnf1a and Hnf4a, as well as many components of 

the Notch pathway, such as Hes5 and Dll1, and proposed that Lhx1 controls Hnf1a/4a 

expression via Notch signaling [87].

3.2. Perinatal Expression of Renal Solute Carriers
In utero, the major role of the metanephros is the production of large volumes of urine 

for adequate fetal fluids, whereas waste products are simply exchanged via the placenta 

for disposal through the maternal blood circulation [36]. However, this drastically changes 

at birth, when the neonate encounters radical changes in its environment. Suddenly, it 

depends on its own metabolism and excretion system to survive. It is thus unsurprising 

that within the first two weeks of life, the GFR doubles [88]. During that time, also 

the expression of SLCs is subjected to a substantial change.

Although perinatal expression of OAT1/3 and OCT2 in humans remains to be 

investigated, in rodents (particularly in rats), perinatal expression has been well-

documented. With the exception of one study showing that Slc22a6 levels in rats 

boosted at rP0 with even higher expression at birth than in adult rats [89], all studies 

agree that both Slc22a6 and Slc22a8 expression at rP0 is very similar to that at rE20-rE21. 

However, this expression significantly increases from rP7 to rP15 [68, 90-95], indicating 

that it might take some days of adaptation for the kidneys to induce SLC transcription. 

The same pattern applies for Slc22a2, although this transporter might be upregulated 

less dramatically from rP7 to rP15 compared to Slc22a6/8 [90, 93, 96] (Figure 2). In mice, 

perinatal (or early postnatal) Slc expression follows a different pattern. In case of Slc22a2, 

from mP-2 to mP0, expression levels rise up to 25% of the adult levels in male mice, and 

up to 93% of the adult levels found in females. From mP0 until early postnatal days, 

Slc22a2 expression levels remain relatively constant [97]. Regarding Slc22a6/8, it has 

been reported that mice at mP0 already express 30-40% the levels of these transporters 

found in adults, and that these levels remain constant through early postnatal days [98] 

(Figure 2). This indicates that, similar to Oct2, Oat1/3 in mice are upregulated right at 

birth, and thus, earlier than in rats. The fact that nephrogenesis lasts a few days longer in 

rats than in mice might explain this phenomenon.

Although the exact timeline and magnitude of the observed increases in SLC 

expression depend on the species and the transporter, all studies support the hypothesis 

that SLCs are crucial for the adaptation of the body to the extrauterine environment. 

There is accumulating evidence that transporters and enzymes involved in drug and 

metabolite disposition communicate on an inter-organ level (i.e., the gut-liver-kidney 

axis), or even on an inter-organismal level (i.e., between gut microbiome and host), to 

sustain homeostasis. The so-called remote sensing and signaling hypothesis argues that 

small molecules (i.e., the to-be-excreted metabolites themselves, antioxidants and other 

signaling molecules) regulate the expression of relevant transporters and enzymes based 

on solute concentrations in the blood [31, 32]. It is conceivable that intestinal bacterial 

colonization and increased metabolite concentrations in the blood induce, at least partly, 

the perinatal increase in SLC expression [99].

3.3. Postnatal Expression of Renal SLCs
Postnatal expression of OCT2 and OAT1/3 in humans has only recently been investigated 

by Cheung et al. (2019), who measured the expression in different age groups. According 

to this study, OAT1 levels increase from birth to childhood, followed by a slight decrease 

in adolescence, and a prominent increase in adulthood [100]. No gender differences 

have been detected in adult expression of human SLC22A6 [101, 102]. In mice, between 

birth (mP0) and postnatal day 30 (mP30), Slc22a6 expression remains constant, but at 

that latter time point expression levels start increasing more dramatically in males than 

in females. This results in adult male mice expressing from 2- to 4-fold higher Slc22a6 

expression levels than females [74, 98, 103, 104]. A similar pattern can be observed in 

rats: Slc22a6 expression keeps increasing from mP0 to the same extent for both genders. 

However, after rP40, Slc22a6 levels generally increase in male rats more than in females, 

resulting in adult females expressing 20-80% the levels found in adult males, depending 

on the study [91, 93, 104-107]. Of note, one study reported that adult female rats 

express around 2-fold higher levels than males [108], and two other studies reported no 

difference in expression between both genders [109, 110]. The variability in these results 

does not appear to be strain-related (Figure 2). 
OAT3 levels in humans increase in an escalated manner with age, reaching a peak in 

adulthood, where no gender differences in expression are observed [100-102]. In mice, 

postnatal expression of Slc22a8 remains unclear. Buist et al. (2004) observed, just as for 

Slc22a6, that Slc22a8 expression showed a gender-dependent difference at mP30, but 

that at mP40 no difference could be observed [98]. In contrast, another study showed 

that adult female mice express around 2-fold higher levels of Slc22a8 than male mice 

[103]. The same discrepancies can be seen in the literature with Slc22a8 expression in 

rats: one study showed no difference in Oat3 adult levels between male and female 

rats [91], other studies have noted that adult female rats express levels of Oat3 that 

are around 1.5-fold higher than the levels found in males [93, 108, 110], and others 

showed that female rats express about 66% of the levels found in males [105, 107]. 

Based on these data, more research is needed to confirm gender-specific expression levels 

of Slc22a8 in rodents (Figure 2).



REGULATION OF SOLUTE CARRIERS IN THE KIDNEY

38 39

1

2

3 

4

5

6

7

8

9

10

Finally, human OCT2 levels have been shown to reach a peak in childhood, and drop 

significantly in adolescence, after which they slightly recover in adulthood [100]. Once 

again, human SLC22A2 expression has not been reported to be gender-dependent [101]. 

In mice, however, after mP30, males start expressing around twice as much Slc22a2 

levels as adult female mice [97, 104]. Similarly, after rP30, male rats express from 1.3 

to 5-fold higher Slc22a2 levels than females [93, 96, 104, 109]. Only one study found 

no differences in rat Slc22a2 expression between both genders in adulthood [108]  

(Figure 2). 
In conclusion, puberty has a great impact on SLC expression during postnatal 

development, but as far as we know, only in rodents: mice and rats show a gender-

dependent difference in Slc expression on average around mP42 and rP38, which 

corresponds to puberty [111, 112]. Sex-dependency differences between rodents and 

humans will be further discussed in Sections 3.3.1.2 and 3.3.1.3.

3.3.1. Molecules Involved in Postnatal SLC Expression Regulation
Postnatal regulation of SLCs might not necessarily be driven by the same factors that 

direct PT differentiation and SLC induction. One example of such divergence is Notch 

signaling. Once nephrogenesis is completed, the Notch pathway remains mostly silenced 

during adulthood, and only gets reactivated in kidney disorders, which might result from 

cellular dedifferentiation [113]. In contrast, HNFs and other nuclear receptors continue 

playing an important role in modulating adult kidney SLC expression.

3.3.1.1. Hepatocyte Nuclear Factors
Besides a role in promoting SLC induction during nephrogenesis, HNFs modulate SLC 

expression in adult animals and in vitro. Numerous studies have noted that HNF1α, HNF4α 

and HNF1β bind to the promoter regions of SLC22A6 and SLC22A8, and modulate their 

activity and expression [82, 83, 114-118]. As can be seen in Table 2, the effect of HNFs 

on SLC expression is very much dependent on the cell model employed, which could be 

explained by the fact that certain cell models (e.g., OK cells) might have some endogenous 

SLC expression [119, 120] and others (e.g., HEK293) do not. Nonetheless, the majority of 

studies indicate that HNF1α, HNF4α and HNF1β positively regulate SLC22A6 and SLC22A8 

expression postnatally, either alone or in combination. Interestingly, one study found that 

the induction of SLC22A6 by overexpression of Hnf1a and Hnf4a can be inhibited by 

co-expressing Gata4 or Foxa2/3, which leads to the upregulation of hepatocyte markers 

instead [118]. This shows that for HNFs to induce a desired phenotype (e.g., a mature 

PT), one must avoid the presence of repressor molecules. In addition, given the variety of 

effects in different cell systems, there might also be a need to find crucial co-activators 

for HNFs to effectively increase SLC expression. 

As for SLC22A2, its adult regulation by HNFs has been the least studied. One study 

reported that the pharmacological antagonism of Hnf4α led to reduced levels of Slc22a2 

in vitro [83], while another study showed increased mRNA levels upon Hnf1α knock-out 

in mice [114]. This implies that SLC22A2 is, just like SLC22A6/8, positively regulated by 

HNF4α, but contrary to the other two SLCs, negatively regulated by HNF1α. On the one 

hand, this seems unlikely given that HNF1α and HNF4α are very tightly related, and in 

many cases promote each other’s expression [121-124]. On the other hand, a study using 

conditionally immortalized PTECs (ciPTECs) overexpressing OAT1 or OAT3 showed an 

associated downregulation of endogenous OCT2 [125]. Given these discrepancies, more 

research should be carried out to unravel the effect of HNFs on SLC22A2 transcription 

and the relation to SLC22A6/8 expression.

3.3.1.2. Sex Hormones
Given that puberty noticeably affects Slc expression in rodents, sex hormones are bound 

to be a major player driving regulation. This has indeed been confirmed both in vivo and 

Table 2. Hepatocyte Nuclear Factor Overexpression/Knock-out Approaches Performed to 
Modulate Adult Renal Uptake Transporter Expression in vivo and in vitro.

Gene Approach
(Animal) 
Model Effect on Transporter Reference

HNF1A/
Hnf1a

Knock-out Mice ↓ Slc22a6 expression [104, 154]

↓ Slc22a8 expression [104]

↑ Slc22a2 expression

Overexpression MEFs Unchanged Slc22a6 expression [107, 108]

Overexpression HEK293 cells ↑ SLC22A6 promoter activity [154]

Overexpression HEK293 cells ↑ SLC22A8 promoter activity [81]

Overexpression OK cells Unchanged SLC22A6 promoter activity [133]

HNF1B Overexpression HEK293 cells ↑ SLC22A6 promoter activity [154]

Overexpression HEK293 cells ↑ SLC22A8 promoter activity [81]

Overexpression OK cells Unchanged SLC22A6 promoter activity [133]

HNF4A/ 
Hnf4a

Pharmacological 
Antagonism

MEFs ↓ Slc22a2, Slc22a6, and Slc22a8 
expression

[108]

Overexpression MEFs Unchanged Slc22a6 expression [107, 108]

Overexpression OK cells ↑ Slc22a6 promoter activity [133]

Hnf1/4a Concomitant 
Overexpression

MEFs ↑ Slc22a6 expression [107, 108]

Abbreviations: MEFs: Mouse Embryonic Fibroblasts; OK: Opossum Kidney.
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in vitro. Gonadectomy in male mice and rats results in a decrease in mRNA expression 

and protein levels of Oct2, and Oat1 compared to control rats, whereas in females it has 

no effect [96, 97, 103, 105, 126, 127]. Treatment of gonadectomized male rodents with 

testosterone rescues Slc22a2 and Slc22a6 expression, while treatment with estradiol has 

shown no effect or even a further decrease in expression [97, 103, 105]. Supporting these 

findings, testosterone increases the levels of Slc22a2 in healthy male mice, and both in 

male and female rats, and estradiol significantly decreases them in male rodents [128, 

129]. Regarding Slc22a8, only one study reported that gonadectomy increased Oat3 

protein levels in male mice, and that treatment with testosterone downregulated Slc22a8 

expression [103]. This would imply that Slc22a8 is regulated in the opposite manner as 

Slc22a2 or Slc22a6, which seems rather unlikely. Being paralogs, Slc22a6 and Slc22a8 are 

expected to be concomitantly expressed in different tissues and genders [22]. 

In conclusion, androgens have a positive effect on Slc expression, but this effect is 

most likely rodent-specific. In humans, expression of SLCs is independent of sex, and 

hence unlikely to be regulated by androgens. To our knowledge, only one study has 

been performed investigating the effect of estradiol on the human SLC22A6 promoter 

activity in vitro. Here, estradiol increased SLC22A6 transcription through activation of 

the estrogen receptor and the cofactors core binding factor (CBF) and heterogeneous 

nuclear ribonucleoprotein K (HNRNPK) [130]. However, more studies are needed  

to confirm this. 

3.3.1.3. Other Nuclear Receptors and Transcription Factors
Apart from the regulatory role of sex hormones, also the transcription factor B-cell 

lymphoma 6 (Bcl6) has been proposed to have a role in the sex-dependent expression of 

Slc22a6/8 in rats. In conjunction with Hnf1α, Bcl6 is able to bind to the promoter regions 

of Slc22a6/8 and activate their expression [107, 131]. In contrast to Hnf1a, Bcl6 is more 

highly expressed in male rats than in females, which might give an explanation for sex-

dependent differences in Slc expression, in addition to the effect exerted by sex hormones 

[107, 108]. However, whether Bcl6 and sex hormones act through a shared pathway has 

not yet been investigated.

There are also several nuclear receptors that contribute to the regulation of renal SLCs 

postnatally, including the liver X receptor (LXR), the vitamin D receptor (VDR), PPAR, and 

the glucocorticoid receptor. Of note, activation of LXR has only been shown to reduce 

protein levels of both OCT2 and OAT1 in vitro, whereas mRNA levels of SLC22A2 remain 

unchanged (note that SLC22A6 levels were not measured). Thus, LXR might have an effect 

on SLCs post-translationally [132, 133]. VDR also appears to be a negative regulator of SLC 

expression as activation by vitamin D3 leads to reduced expression levels of both Slc22a6 

and Slc22a8 in rats. Furthermore, vitamin D3 can downregulate the expression of several 

transcription factors including Hnf1a and Hnf4a, which might mediate the subsequent 

reduction in Slc expression [134, 135]. 

Contrary to LXR and VDR, PPAR and the glucocorticoid receptor have shown positive 

effects on Slc expression and function. In a study performed in rats with hyperuricemic 

nephropathy, Slc22a6/8 levels were decreased and could be recovered by treatment 

with the Pparγ agonist rosiglitazone [136]. Similarly, knock-out of Ppara in mice 

downregulated Slc22a2 expression, and treatment of control mice with the Pparα 

agonist gemfibrozil increased expression [137]. Regarding the effect of the glucocorticoid 

receptor, treatment of MDCK cells with the agonists dexamethasone and hydrocortisone 

increased endogenous SLC22A2 expression [138], and dexamethasone dose-dependently 

increased para-aminohippurate excretion in young rats, which is predominantly mediated 

by Oat1, and to a lesser extent Oat3 [139].

3.3.1.4. Epigenetic Modulators
Modulation of either DNA methylation or acetylation has notable effects on the transcription 

of many transporters in different tissues, including SLCs [140]. For renal SLC22A2, and 

SLC22A6/8, methylation has a negative effect on expression, while acetylation could  

be beneficial. 

In a variety of in vitro studies, expression inhibition by DNA methylation has been 

described for SLC22A2 and SLC22A8 by impairing the binding of transcription factors to 

their promoter regions [117, 141, 142]. DNA demethylating agents, such as decitabine, 

have therefore been used to induce or increase transporter expression in vitro [117, 142, 

143]. For SLC22A2, promoter methylation has shown to dramatically reduce transcription 

by inhibiting promoter transactivation by the upstream transcription factor 1 (USF1) or 

MYC [141, 142]. Chen et al. (2020) contributed to these findings by unraveling the role 

of hypoxia in the methylation capacity of SLC22A2: decitabine was found unable to 

demethylate DNA under hypoxic conditions, and thus could not increase SLC22A2 

expression. This was attributed to the fact that hypoxia blocks the uptake of decitabine 

and reduces expression levels of methylating enzymes [143]. 

In the case of SLC22A8, depending on the cell line, DNA demethylation only 

increases expression in combination with HNF1a transfection or with HNF1a and HNF1b 

co-transfection, supporting the importance of HNFs [117]. For SLC22A6, the effect of 

demethylating agents has not been explored, but there is indirect evidence pointing towards 

a negative effect of methylation on SLC22A6 expression: when Hnf4a was knocked-out 

in murine livers, the authors could detect higher levels of methylating enzymes such 

as Dnmt1 and Tet3, together with higher levels of methylation at the locus in Slc22a6 

exon1, compared to wild-type mice [144]. As previously discussed, HNF4A is a positive 

regulator of SLC22A6, which implies that hypermethylation resulting from the absence 

of Hnf4α impairs SLC22A6 expression. Furthermore, another study demonstrated that 

the CpGs found downstream of the transcriptional starting site of SLC22A6/8 are more 

methylated in the liver than in the kidneys [145]. This coincides with the fact that both 

SLC22A6/8 are highly expressed in the kidneys and absent in the liver [146].
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Contrarily to methylation, acetylation has shown to increase transcription of SLC22A2. 

By blocking histone deacetylation using HDAC inhibitors, SLC22A2 expression has been 

successfully induced in vitro, and this process has been found to be MYC-dependent 

[143, 147]. In a comparable manner as for methylation, hypoxia appears to negatively 

regulate SLC22A2 expression by upregulating HDACs [143]. Concerning SLC22A6/8, 

the effect of acetylation on their expression remains to be elucidated.

3.3.1.5. miRNAs
Several studies have shown downregulation of SLCs by a variety of miRNAs. MiR-21 

has been found to negatively regulate transcription of Slc22a2 and Slc22a6/8 in mice, 

and SLC22A6 in primary PTECs. Moreover, miR-21 significantly affected the expression 

levels of Ppara, suggesting that the observed effects on transporter expression are given 

through Ppara regulation [148, 149]. Two other miRNAs, miR-489-3p and miR-630 have 

shown to downregulate OCT2 mRNA and protein levels in vitro [150]. Finally, miR-223 

was found not to affect SLC22A6 expression by itself, but to inhibit the indoxyl sulfate-

dependent upregulation of this transporter [30].

3.3.1.6. Gut-Derived Metabolites
Lastly, our group recently proposed an upregulating effect on SLC expression for gut-

derived metabolites within the framework of the remote sensing and signaling hypothesis 

[30, 31]. Essentially, metabolite-induced SLC upregulation (as shown for indoxyl sulfate 

and SLC22A6) could be a regulatory mechanism in the adult kidney to maintain plasma 

levels upon increased metabolite production. This sensing and signaling pathway involves, 

among others, activation of epidermal growth factor receptor (EGFR) and the aryl 

hydrocarbon receptor (AhR) [30, 151]. It is conceivable that this remote sensing system 

is for the first time activated upon a sudden increase in functional load after birth, and 

it remains active in adulthood to counteract daily food-induced fluctuations in plasma 

concentrations [99, 152].

3.4. Considerations on Transcriptional Targeting Approaches
A variety of molecules are putatively involved in the transcriptional regulation of 

SLC22A2 and SLC22A6/8 during nephrogenesis, postnatally and in vitro, as schematically 

summarized in Figures 3A, 3B, and 3C for each transporter, respectively. To assert which 

molecules might actually contribute to the induction of SLC22A2 and SLC22A6/8, we 

report their appearance in time during nephrogenesis and expression in adult PTs, which 

is depicted in Figure 3D.

Here, we considered appearance during nephrogenesis only in the cell lineage 

developing into PT (i.e., MM, renal vesicle, s-shaped body and PT) using data derived 

from the GUDMAP database [153, 154]. Expression in the adult PT was specified by 

means of the Human Protein Atlas [146] and the single-cell RNA sequencing datasets 

Figure 3. Pathways and molecules found to modulate kidney SLC22A2 (A), SLC22A6 (B), 
and SLC22A8 (C) transcription and their expression timelines (D). (A-C) Green arrows indicate 
a positive induction, red lines indicate inhibitory actions. Grey molecules indicate a (possible) 
species-dependent involvement. (D) Green arrow: expression; red arrow: no expression; grey arrow: 
expression unclear. Abbreviations: AR = Androgen Receptor; BCL6: B-Cell Lymphoma 6; CBF: Core 
Binding Factor; ESR1: Estrogen Receptor 1; FOXA2/3: Forkhead Box A2/3; GATA4: GATA binding 
protein 4; HDAC(1/2): Histone Deacetylases (1/2); HNF1A/B: Hepatocyte Nuclear Factor 1a/b, HNF4A: 
Hepatocyte Nuclear Factor 4a; HNRNPK: Heterogeneous Nuclear Ribonucleoprotein K; LHX1: LIM 
Homeobox 1; MYC: Myc Proto-oncogene; NR3C1: Nuclear Receptor Subfamily 3 Group C Member 1;  
PPARA/G: Peroxisome Proliferator-Activated Receptor a/g; RAR: Retinoic Acid Receptor; RXR: 
Retinoic X Receptor; SLC22A2/6/8: Solute Carrier 22A2/6/8; USF1: Upstream Stimulatory Factor 1;  
VDR: Vitamin D Receptor; +CH3: Methylation; blue dot: SLC22A6; green dot: SLC22A8; purple  
dot: SLC22A2.
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by Wu et al. (2018) [155] and Humphreys (2018) [156], which were accessed through 

the transcriptomic database generated by the group of B. Humphreys [157]. 

Being involved in tubulogenesis, Notch (as shown with target genes Hes1 and 

Hey1) is active as early as mE11.5, but becomes silenced in PTs after E15.5, the point 

at which all SLCs have already appeared. Similarly, Lhx1 and Myc are expressed during 

early nephrogenesis, but eventually disappear in the adult PT. It is conceivable that these 

determinants of PT fate acquisition predispose the cells for the expression of SLCs, but that 

they are insufficient to induce transcription. Interestingly, Slc induction occurs together 

with the appearance of Hnf4a and Vdr. This makes the latter prime candidates for Slc 

induction and maintenance, but conditional knock-out studies are needed to confirm 

their actual necessity. Hnf1a/b, and Nr3c1 are expressed throughout development and 

adulthood, possibly acting as the basal transcription factors required for Slc expression. 

The nuclear receptors Ppara and Pparg appear in PTs only after birth, which implies 

a potential regulatory role postpartum rather than an inducing one. Finally, for Rara/b/g, 

Rxra/b/g and Usf1, expression patterns over time are unclear, thus we cannot confirm 

their importance in Slc induction (Figure 3D).
We would like to highlight that time relations in expression levels alone cannot prove 

any causal relations. First, transcription factors needed for PT maturation might not 

necessarily be linked to SLC induction. Second, transcription factors that appear after SLC 

induction, might not be essential for induction but might have a major role in regulating 

their expression. Third, some of these transcription factors might be individually insufficient 

and require either the presence of co-activating factors or the absence of repressing 

factors. This overview might not be complete and merely serves as an information toolbox 

to summarize current knowledge and direct future research. Scientific evidence has been 

partly controversial, as discussed in the respective sections above. Furthermore, different 

techniques (e.g. knock-out and overexpression experiments, in situ hybridization, 

etc.) bring each their own advantages and disadvantages, which should be carefully 

considered during interpretation. For instance, knock-out experiments can affect all cell 

types, including putative supporting cell types if a non-conditional knock-out approach 

is used, and these methods are often accompanied by the induction of compensatory 

mechanisms. In parallel, overexpression systems might not properly reflect endogenous 

expression regulation mechanisms. Lastly, interspecies differences, as observed with 

the effect of sex hormones on SLC expression should always be considered.

4. FROM PHYSIOLOGY TO PHARMACOLOGY: A CELL
4. DYNAMIC PERSPECTIVE ON KIDNEY SOLUTE CARRIERS
The lack of SLC expression in vitro is mostly due to impaired transcription, and successfully 

inducing mRNA expression would be a paramount step. In vivo, mRNA levels decrease 

in disease, but cell dynamic processes form another regulatory layer, which might be 

easier to target for short-term beneficial effects. Transport functionality is constantly 

altered by environmental stimuli: endogenous and exogenous substances cause shifts 

in post-translational modifications that determine transporter protein levels at the cell 

membrane. By pharmacologically interfering with these physiological processes, changes 

in transport functionality can be reached much faster than with gene-based regulation.

4.1. Physiological Cell Dynamics: Transporter Phosphorylation
In order to facilitate rapid expression changes, OAT1/3 undergo heavy trafficking 

between the cell surface and intracellular compartments; it is estimated that 10% of 

OAT1 protein is internalized and recycled every 5 min [158]. As a consequence, steady-

state distribution of OAT1/3 can shift almost immediately, e.g., upon meal intake. Duan 

and You reviewed mechanisms involved in OAT short-term regulation [159]. Also for 

organic cation transport, several short-term regulation mechanisms have been reported 

as the reaction to increased amounts of catalytic end-products, which were summarized 

by Ciarimboli and Schlatter (2005) [160].

For all renal solute carriers, the extracellular loop between transmembrane 1 

and 2 is important for membrane targeting and stability, while the intracellular loop 

between transmembrane domains 6 and 7 and the carboxyl-terminus contain putative 

phosphorylation sites for a possible modification of the transport protein. The attachment 

of a negatively charged phosphate group is a key mechanism by which quick changes in 

protein activity can be induced.

4.1.1. Phosphorylation of OCT2
Human OCT2 possesses several potential PKC, PKA and tyrosine kinase phosphorylation 

sites in the intracellular loop and C-terminus [160, 161]. Notably, studies by Ciarimboli 

and Schlatter’s research group showed that regulation of organic cation uptake highly 

depends on transporter isoform, tissue, gender, and species/expression system [160, 162, 

163]. Thus, the effect of phosphorylation on OCT2 can be opposing in different systems. 

According to the authors, this might be caused by divergent activity levels of various 

involved pathways. For example, PKC has no role in OCT2 regulation in transfected 

HEK293 cells, whereas isolated human and mouse PTs suggest PKC-mediated uptake 

inhibition [162-164]. In contrast, in isolated rabbit PTs, PKC increases OCT2 activity 

[165]. With regard to cAMP-dependent PKA, there is an induced downregulation of 

OCT2 activity in isolated human PTs and HEK293 cells transfected with human OCT2, 

but an induced activation in isolated mouse PTs and HEK293 cells transfected with rat  

OCT2 [162].

The only truly conserved regulatory pathway is the Ca2+-calmodulin (CaM) signaling 

pathway: Ca2+-activated CaM keeps endogenous OCT2 functionality up, probably 

through direct phosphorylation as well as indirect phosphorylation through CaM kinase 

II and myosin light-chain kinase (MLCK). Inhibition of CaM reduces the affinity of OCT2 

substrates, suggesting a phosphorylation-induced conformational change that affects 
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the OCT2 binding site. Interestingly, CaM is higher expressed in isolated PTs from male 

rats compared to female rats, and CaM inhibition only affected OCT2 activity in male PTs 

[166]. This gender-dependent difference in OCT2 regulation might provide an additional 

explanation for the earlier discussed gender-dependent differences in Slc22a2 gene 

expression, which were specific to rodents.

Independently of CaM signaling, activation of G protein-coupled receptor signaling 

inhibits OCT2. This pathway is likely driven through PI3K, although the subsequent 

MAPK pathway is only involved in OCT2 regulation in rats [163, 166]. Also for cGMP, 

an inhibitory effect has been observed [167]. Most recently, tyrosine-protein kinase 

Yes1, tethered to the cell membrane, has been shown to be strongly involved in OCT2 

regulation; also kinase insert domain receptor (KDR) and Lck/Yes novel tyrosine kinase 

(LYN) were proposed candidates based on a >75% OCT2 inhibition when the respective 

kinase-targeting siRNA was applied [168]. Based on this and Ciarimboli and Schlatter’s 

review, Figure 4A provides an overview of regulatory pathways involved in the post-

translational regulation of human OCT2.

4.1.2 Phosphorylation of Organic Anion Transporters 1 and 3
For OATs, okadaic acid has been shown to decrease transport activity by inhibiting 

the removal of a phosphate group from a serine residue by phosphatases (PP1/PP2A) 

[169]. In other words, in contrast to OCT2, an increased phosphorylation state decreases 

OAT activity. Duan and You hypothesized that a negatively charged phosphate group 

could dampen the affinity of the negatively charged counterion α-ketoglutarate, or

induce a conformational change which reduces OAT affinity [159]. This finding implies 

a regulatory role for OAT phosphorylation, which is supported by two papers that studied 

the possible involvement of CaM kinase II and PKA, respectively [170, 171]. However, 

despite the presence of phosphorylation sites, evidence for physiological relevance is still 

limited. For instance, mutagenic changes in four putative PKC consensus sites did not 

affect transport activity of OAT1 [172]. On the other hand, phosphorylation can also 

occur outside conventional motifs; in short, the question to what extent protein kinases 

directly control OAT activity remains to be elucidated [171]. In contrast, the effect of PKC 

and PKA on OAT membrane trafficking is better understood.

4.2. Physiological Cell Dynamics: Membrane Trafficking
Transporter phosphorylation is undoubtedly a key regulatory mechanism, but oftentimes 

intermediate targets are involved. Especially for organic anion uptake, protein kinase C 

(PKC) and A (PKA) are key players with opposite indirect effects on transporter membrane 

trafficking through a dynamic crosstalk between ubiquitination and SUMOylation.

4.2.1. Decreased Organic Anion Uptake through Ubiquitination
Since 1994 it is known that PKC activation inhibits the uptake of organic anions. Among 

others, this could be evoked by angiotensin II, bradykinin, diacylglycerol, parathyroid 

Figure 4. Post-translational regulation pathways of kidney OCT2 (A) and OAT1/3 (B-C). 
Dotted lines represent putative interactions. Abbreviations: AA: Arachidonic Acid; ATP: Adenosine 
Triphosphate, CaM: Calmodulin; cAMP: cyclic Adenosine Monophosphate; CaMKII: Calmodulin 
Kinase II; cGMP: cyclic Guanosine Monophosphate; COX1: Cyclooxygenase 1; EGF: Epidermal Growth 
Factor; ERK1/2: Extracellular Signal-regulated Kinase 1/2; KDR: Kinase Insert Domain Receptor; LYN: 
Lck/Yes Novel Tyrosine Kinase; MEK: Mitogen-Activated Protein Kinase Kinase; MLCK: Myosin Light 
Chain Kinase; NEDD4-2: Ubiquitin Ligase Neural Precursor Cell Expressed Developmentally Down-
Regulated 4-like; OAT1/3: Organic Anion Transporter 1/3; OCT2: Organic Cation Transporter 2;  
P = phosphoryl group; PGE2: Prostaglandin E2; PI3K: Phosphoinositide 3-Kinase; PKA/PKC: Protein 
Kinase A/C; PLA2: Phospholipase A2; S: Small Ubiquitin-like Modifier (SUMO); SGK2: Serum- and 
Glucocorticoid-inducible Kinase 2; Ub: Ubiquitin; Yes1: Tyrosine Kinase Yes1.

hormone (PTH), phenylephrine, phorbol esters and progesterone [139, 165, 173-175]. 

PKC activation results in transporter retrieval from the cell membrane through a dynamin- 

and clathrin-dependent pathway and ubiquitination [158, 176, 177]. Ubiquitination is 

an enzymatic modification of a target protein, in this case OAT1/3, through covalent 

attachment of a ubiquitin protein by substrate recognizing E3 ubiquitin ligases. 
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Ubiquitination leads to endosomal protein internalization, but different ubiquitin linkages 

can result in different outcomes: the target protein can either be de-ubiquitinated 

and recycled back to the plasma membrane, or it is sorted for lysosomal degradation. 

The research group led by G. You has significantly contributed to our current knowledge 

on OAT1/3 trafficking and has summarized their findings in a comprehensive review 

[178]. A central role is given to E3 ubiquitin ligase Nedd4-2: PKC directly phosphorylates 

Nedd4-2, which subsequently interacts with both OAT1 and OAT3 to induce their 

ubiquitination [176-180] (Figure 4B). It should be noted that PKC subtypes can affect 

OAT expression differentially: the above described mechanisms are predominantly 

ascribed to conventional PKC-α, whereas PKC-γ, -ε, and -ζ showed opposite effects by

increasing OAT trafficking towards the cell membrane [181, 182]. A possible explanation 

follows further below.

Interestingly, serum- and glucocorticoid-inducible kinase 2 (sgk2) also regulates OAT 

activity via Nedd4-2, but with an opposite effect: Sgk2 inhibits Nedd4-2 and hence 

suppresses transporter internalization [178, 183].

4.2.2. Increased Organic Anion Uptake through SUMOylation
In contrast to (conventional) PKC, cAMP-dependent PKA has been shown to short-term 

stimulate renal organic anion uptake [184]. In a series of successive publications using 

different renal in vitro systems, Sauvant et al. linked epidermal growth factor (EGF)-

induced OAT stimulation to PKA and described the following events: EGF stimulates 

the mitogen-activated protein kinases MEK and ERK1/2 [120, 185-187]; tyrosine kinase, 

phosphatidylinositol-3-kinase (PI3K) and AKT have also been shown to be involved in this 

step [151, 188]. ERK1/2 then activates downstream phospholipase A2 (PLA2), leading to 

an increased release of arachidonic acid (AA), which is metabolized by cyclooxygenase 

1 (COX1) into prostaglandin E2 (PGE2). PGE2 is thought to bind to its receptor EP4 for 

a G-protein-mediated activation of adenylate cyclase (cAMP), which activates PKA and 

results in OAT upregulation (Figure 4C). Continuous and excessive PGE2 production, 

however, leads to a transcriptional downregulation [189]. Interestingly, inhibition of 

aforementioned PKC-ζ blocked the EGF-induced increase in organic anion uptake,

suggesting that atypical PKCs act downstream the PKA signaling pathway [181].

While the OAT-inducing effect of cAMP and PKA was known for almost two decades, 

the underlying mechanism was, until recently, a mystery. Interestingly, cAMP-response 

element (CRE) is a key player in the transcriptional regulation of OAT3: CRE-binding 

protein (CREB)-1 and activating transcription factor (ATF)-1 constitutively regulate 

SLC22A8 expression via binding to CRE. PKA has been shown to phosphorylate CREB-1 

and ATF-1, which could enhance SLC22A8 expression [190]. However, cAMP and PKA are 

effective within minutes, suggesting that there is also a post-translational mechanism at 

play [186].

In 2019, it was found that PKA specifically increases OAT protein levels at the cell 

membrane by promoting OAT3 SUMOylation: the covalent attachment of SUMOs (small 

ubiquitin-like modifiers) to lysine residues via an enzymatic cascade similar but not 

identical to ubiquitination [191, 192]. While PKC-dependent ubiquitination accelerates 

OAT3 internalization, SUMOylation accelerates OAT3 recycling to the cell membrane. 

Accordingly, in vivo knock-down of the SUMO-specific protease SENP2 leads to more 

OAT3 SUMOylation and thereby to higher protein levels and transport activity, whereas 

SENP2 overexpression in vitro decreases SUMOylation and transport activity [193].

Interestingly, increased OAT3 SUMOylation correlates with reduced OAT3 

ubiquitination, suggesting a competitive targeting of the same OAT lysine residues 

[191]. Thus, PKC and PKA enforce opposite fates on OATs at the cell membrane through 

opposing post-translational modification mechanisms.

5. FROM KNOWLEDGE TO APPLICATION: GETTING HOLD OF
5. RENAL SOLUTE CARRIERS IN VITRO AND IN DISEASE
Using phylogenetic, ontogenetic and cell dynamic perspectives, we presented various 

opportunities to get hold of the expression of SLCs in kidney PTs. However, to improve 

current in vitro models and to advance therapies, knowledge must be translated into new 

paradigms, better in vitro culture conditions, and therapeutic applications.

5.1. Stress: A New Paradigm?
Intriguingly, SLC expression seems to be closely linked to environmental stress factors, 

which have been a recurrent topic in all sections. First, continuous mismatches between 

evolutionary solutions and newly arising problems forced the kidney into establishing 

remarkable but energetically inefficient mechanisms, which become detrimental during 

acute stress situations and age-dependent degeneration. Second, although induced 

prenatally, SLC expression is truly unfolded perinatally, during a phase of extreme metabolic 

changes, including the exposure to gut-derived metabolites. Third, in the adult kidney, 

SLC expression is highly dynamic to allow quick adaptations to metabolite fluctuations 

and other cell dynamic changes. Moreover, epigenetic mechanisms enable environmental 

stimuli to switch genes on or off, and it has been shown that oxidative stress can induce 

epigenetic reprogramming [194]. Could stress control be the key to renal SLC induction 

and preservation?

Short-term low-level stress can promote transport activity, e.g., through increased 

plasma levels of gut-derived metabolites, or activation of the COX1/PGE2 cascade [30, 

187]. In line with this, cellular stress has been shown to cause a massive increase in 

SUMOylation, which promotes OAT trafficking to the cell membrane [192]. On the other 

hand, high or chronic stress downregulates transporters and should hence be avoided. 

Seizing on Chevalier’s hypothesis of energy investment strategies (discussed in Section 2),  

it might be possible that high and prolonged stress shift energetic priority to 

the maintenance of salt and nutrient reabsorption for homeostasis and cellular survival. 

In such conditions, active secretion might be of less importance due to the presence of 
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glomerular filtration and can even turn out to be detrimental due to the influx of harmful 

substances. The glucose and peptide reabsorption transporters, SGLT2 and PEPT2, have 

been shown to be downregulated only after 16 weeks of ⅚ nephrectomy in rats. In

contrast, functional downregulation of OCT2 and OAT1/3 has been observed within two 

weeks [195-197]. Moreover, while kidney injury causes lower expression of OCT2 and 

OAT1/3, expression of apical ATP-binding cassette (ABC) transporters remains unchanged 

or even gets upregulated [198-200]. The apparent difference in basolateral SLC and 

apical ABC transporter regulation might hint towards a protective response against 

nephrotoxicity: cellular uptake of harmful substances is depressed, whereas cellular 

excretion is promoted.

5.2. Cell Culture: New Molecular Targets?
Also in vitro, stress drives cell behavior: when brought into culture, renal cells do not 

only lose SLC expression, they also experience a ‘culture shock’, imposed among others 

by oxidative stress. Oxidative stress mediates epigenetic dysregulation and activates 

ROS-dependent signal transduction pathways that usually do not operate in vivo [201]. 

Interestingly, immortalization of freshly isolated cells by overexpression of TERT and 

the SV40 large T antigen makes cells more resistant to oxidative stress and has shown to 

preserve SLC expression [202-204]. Accordingly, p53-deficient cells have been shown to 

retain SLC22A2 expression [205]. More physiological culture systems, e.g., organoids and 

3D hollow fiber cultures, demonstrate biomimetic superiority to 2D cultures and go along 

with higher transporter expression [206, 207]. Therefore, stress reduction, e.g., through 

physiological culture conditions with adequate oxygen tension, might be a key point to 

focus on for culture optimization.

Another culture condition that deserves serious consideration is the glucose content 

of culture mediums, which is with 10-20 mM often in diabetic ranges. It is known that 

high glucose levels promote oxygen radicals that induce cell lipid peroxidation and 

activation of PKC, which, as discussed, is directly linked to OAT ubiquitination [208]. 

Interestingly, PKC-α and -β expression is enhanced in diabetic nephropathy [209]. In

patients with type 2 diabetes and nephropathy, treatment with ruboxistaurin, a selective 

PKC-β inhibitor, reduced albuminuria and maintained the glomerular filtration rate [210].

It would be interesting to investigate whether ruboxistaurin can also reduce the loss of 

OAT expression in the PT.

Apart from stress reduction strategies, molecular targeting of pathways and molecules 

involved in PT formation and SLC expression (discussed in Section 3) holds the potential 

to improve cellular maturation and SLC expression in culture. Organoid culture makes 

use of cellular self-organization and cell-cell communication, which leads to complex 

structures and various cell populations. However, cellular immaturity remains a challenge, 

and targeted approaches might be able to promote maturation and unlock the expression 

of SLCs. We have reviewed numerous molecules that upregulate SLC expression both 

in vitro and in vivo, but perhaps the ones with a most important role are nuclear 

receptors such as HNFs, VDR, PPAR, and RAR/RXR, and epigenetic modulators inhibiting  

DNA methylation.

Most information is currently based on rodent data and cell lines of divergent origins, 

while throughout all sections we uncovered various cell systems and species differences in 

SLC expression and regulation. For more predictive and translational data, as well as for 

the development of clinically appropriate therapeutics, clinical data and the experiments 

on organoids from human-derived adult cells or induced pluripotent stem cells deserve 

more attention [211, 212]. Nonetheless, we might also learn from species differences 

through comparative physiology and ‘kidney biomimicry’ as suggested by Stenvinkel and 

Johnson (2013): various animals, including diving seals, hibernating bears and constantly 

azotemic vampire bats can provide clues on how to protect the kidney from hypoxia or 

oxidative stress [213].

5.3. Therapeutic Applications: Intervention or Regeneration?
Considering the fact that most post-translational regulation pathways involve protein 

kinase-induced phosphorylation of either the SLCs directly or intermediate targets, kinase-

targeted drug therapy is the first pharmacotherapeutic approach that comes to mind. 

Accordingly, an in vivo proof-of-concept showed that clinically approved tyrosine kinase 

inhibitor dasatinib mediates an OCT2 repression through Yes1 inhibition [168]. However, 

kinases such as PKC and PKA are difficult candidates due to their multifunctionality; 

in order to exploit the potential of kinase-targeted drug therapies, it is crucial to take 

into account which isoforms are involved in the regulation of which proteins [214]. An 

interesting example is the above-mentioned PKC-β inhibition through ruboxistaurin.

In some cases, pharmacotherapeutic interventions might be more successful upstream 

or downstream. An example for upstream intervention in OAT regulation could be 

the use of prostaglandin analogs (e.g., misoprostol) or inhibitors (e.g., indomethacin). 

As described above, PGE2 short-term activates but long-term inhibits OAT functionality. 

Therefore, prostaglandin analogs might enhance short-term functionality, while inhibitors 

have been shown to have the potential to restore OAT expression and function after 

kidney injury [189, 214, 215]. 

Downstream targets could be factors involved in the dynamics between ubiquitination 

and SUMOylation. For instance, proteasome inhibitors like bortezomib and carfilzomib, 

used against hematologic malignancies, target the ubiquitin-proteasome system, thereby 

preventing protein degradation [216]. While adverse reactions common to antineoplastic 

agents might be expected in vivo, their extracorporeal applicability might still be 

interesting, e.g., to boost transport activity of cells in renal assist devices. Molecules 

targeting the SUMOylation pathway are also worth an investigation. To enhance 

membrane trafficking toward the cell membrane, SUMOylation should be promoted 

or, conversely, deSUMOylation should be prevented. For the latter, protease SENP2 has 
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been proposed as a novel target because of its experimentally confirmed role in OAT 

deSUMOylation. Pharmacological SENP2 inhibition could cause a therapeutic shift of OAT 

trafficking toward the cell membrane. For this purpose, 1,2,5-oxadiazoles have been 

proposed as a new class for the development of novel therapeutic agents [193, 217].

The number of possible therapeutic targets to preserve or increase SLC expression 

in the clinics seems encouraging, but the reality is rather sobering: a large proportion 

of clinical trials testing treatments to improve morbidity and mortality in CKD ended in 

negative or neutral results [218]. To date, the most efficient intervention to prevent disease 

progression is a change of lifestyle. Perhaps, the next therapeutic breakthroughs, including 

the ones targeting active tubular secretion, are to be sought in regenerative medicine. 

The development of a bioartificial kidney is still in its infancies but it would complement 

dialysis with secretory capacities [207, 219]. Furthermore, Chevalier described the phase of 

late nephrogenesis as a critical window of opportunity for regenerative therapies because 

the fetus can generate additional nephrons to compensate for any functional constraints 

[28, 220, 221]. Both in vivo and in vitro, progenitor cell fate manipulation could enhance 

nephron number and thereby create a secretory reserve for later life stages.

CONCLUSION
Over the course of evolution, the kidney’s secretory function has been developed and 

conserved in the majority of living species, despite the availability of extensive glomerular 

filtration. In mammals, OAT3 arose as a paralog to OAT1 with overlapping and even extended 

substrate specificities, which often result from selective pressure. From a phylogenetic 

perspective, we can confirm the indispensability of OCT2 and OAT1/3 for efficient blood 

clearance. Their essential contribution becomes especially evident in patients with kidney 

failure: kidney function cannot be entirely compensated for with dialysis, partly because 

current modalities lack secretory capabilities. In kidney patients, RKF remains the strongest 

predictor of survival. Yet, surprisingly little is known about the transcriptional induction of 

OCT2 and OAT1/3 during development, or their maintenance in the healthy adult kidney. 

Over the last two decades, a better understanding of nephrogenesis and the development 

of complex kidney organoids in vitro has broadened our knowledge on SLC regulation, 

which has been extensively reviewed in the work at hand. However, there remain many 

open questions about SLC ontogeny and molecular interrelations. In this review, we 

presented information from different perspectives to provide new insights and promising 

therapeutic directions, not only to control in vitro SLC expression for drug research, but 

also for potential clinical application to improve current renal replacement therapies.
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HUMANS ARE ANIMALS,  

BUT ARE ANIMALS HUMAN ENOUGH?  
A SYSTEMATIC REVIEW AND META-ANALYSIS ON 

INTERSPECIES DIFFERENCES IN RENAL  
DRUG CLEARANCE
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ABSTRACT
Various animal models are used to study pharmacokinetics of drugs in development. 

Human renal clearance (CLr) should be predictable through interpolation from animal 

data by allometric scaling. Based on this premise, we quantified interspecies differences in 

CLr, and related them to drug properties. Using PubMed and EMBASE, we systematically 

reviewed literature on human and animal CLr measures for twenty renally excreted 

drugs, calculated average fold errors, and quantified mean differences between animals 

and humans. Our results show that animal models are generally good predictors for 

human drug clearance using simple allometry, except for rats, with which human CLr is 

significantly overestimated.

INTRODUCTION
Before new drugs are approved for human use, various preclinical in silico, in vitro and 

in vivo models are applied to assess drug disposition, efficacy and safety. The three most 

established pharmacokinetic prediction methods are physiologically-based pharmacokinetic 

(PBPK) modeling, in vitro to in vivo extrapolation (IVIVE), and allometric scaling [1-4]. 

Drug clearance is a standard measure at several stages of drug development, from lead 

selection and optimization to first-in-human dose determination. For this, PBPK models 

are powerful methods that mathematically describe anatomical, physiological, physical 

and chemical parameters for a priori predictions. However, these models are based on 

simplified descriptions and, as of yet, are not sufficiently sophisticated to fully replace 

animal models for pharmacokinetic drug profiling [2].

Simple allometry or interspecies scaling of pharmacokinetic variables is premised on 

a biological law that relates differences between organisms to their respective body size 

following the equation:

3

Introduction
Before new drugs are approved for human use, various preclinical in silico, in vitro and in vivo models
are applied to assess drug disposition, efficacy and safety. The three most established
pharmacokinetic prediction methods are physiologically‐based pharmacokinetic (PBPK) modeling, in
vitro to in vivo extrapolation (IVIVE), and allometric scaling [1‐4]. Drug clearance is a standardmeasure
at several stages of drug development, from lead selection and optimization to first‐in‐human dose
determination. For this, PBPKmodels are powerful methods that mathematically describe anatomical,
physiological, physical and chemical parameters for a priori predictions. However, these models are
based on simplified descriptions and, as of yet, are not sufficiently sophisticated to fully replace animal
models for pharmacokinetic drug profiling [2].

Simple allometry or interspecies scaling of pharmacokinetic variables is premised on a
biological law that relates differences between organisms to their respective body size following the
equation:

    (1)

where Y is a biological variable, BW is body weight, and a and b are the scaling coefficient and scaling
exponent, respectively. A well‐known example of simple allometry is Kleiber’s law, where metabolic
rate, measured as oxygen consumption, relates to body weight with an exponent of 0.75 [5, 6] (Box
1). It is assumed that most allometric relations are ultimately built on anatomical and physiological
features of energy consumption [7, 8]. This hypothesis is consistent with the principle of
symmorphosis: every structure and process within a physiological chain is optimally designed to meet
but not exceed the requirements. In other words, each functional system is adjusted to the minimally
required level for maximal performance, with metabolic rate being the fundamental process [7, 9]. It
is almost self‐evident that the elimination of metabolic waste is a direct responsive system: the more
metabolic waste is produced, the more metabolic waste has to be excreted. Consequently, if
metabolic rate determines waste elimination, renal drug clearance should scale to body weight the
same way as metabolic rate does (i.e., with an exponent of 0.75). This postulation has been published
earlier by Singer, whose argumentation builds on previous publications by Holford and Mahmood [7,
10‐12]. In agreement, glomerular filtration rate from neonates to adults has been shown to be well
described by this exponential value as well [13].

However, there is considerable evidence for interspecies differences in renal function, both
during development and after maturation, which could undermine Singer’s hypothesis [14‐16]. The
renal proximal tubule is the primary site of carrier‐mediated transport from blood to urine for a wide
spectrum of ionic substrates. Various differences in renal transporter subtypes and specificities, as
well as in their expression levels and location along the tubule have been identified. For instance, both
Oct1 and Oct2 are expressed in rodent proximal tubules, whereas OCT2 and OCT3 are expressed in
human and monkey proximal tubules, the latter being expressed to a much lesser extent [14, 17].
Regarding drug clearance prediction, multiple studies have determined exponents for interspecies
scaling of drug clearance based on experimental results, aiming for the best fit. Remarkably, reported
exponents range from 0.42‐1.63, thus greatly deviating from Kleiber’s law and Singer’s hypothesis [11,
18, 19]; do these studies therefore refute their validity? A major challenge in estimating allometric
exponents is adequate study design and analysis. Study quality is often limited by small sample size,
narrow distribution of weight, or failure to account for confounding factors such as age and disease
[20]. Thus, many estimates of allometric exponents should be treated with caution. Moreover, it is

 (1)

where Y is a biological variable, BW is body weight, and a and b are the scaling coefficient 

and scaling exponent, respectively. A well-known example of simple allometry is Kleiber’s 

law, where metabolic rate, measured as oxygen consumption, relates to body weight 

with an exponent of 0.75 [5, 6] (Box 1). It is assumed that most allometric relations 

are ultimately built on anatomical and physiological features of energy consumption 

[7, 8]. This hypothesis is consistent with the principle of symmorphosis: every structure 

and process within a physiological chain is optimally designed to meet but not exceed 

the requirements. In other words, each functional system is adjusted to the minimally 

required level for maximal performance, with metabolic rate being the fundamental 

process [7, 9]. It is almost self-evident that the elimination of metabolic waste is a direct 

responsive system: the more metabolic waste is produced, the more metabolic waste 

has to be excreted. Consequently, if metabolic rate determines waste elimination, renal 

drug clearance should scale to body weight the same way as metabolic rate does (i.e., 

with an exponent of 0.75). This postulation has been published earlier by Singer, whose 

argumentation builds on previous publications by Holford and Mahmood [7, 10-12]. In 

agreement, glomerular filtration rate from neonates to adults has been shown to be well 

described by this exponential value as well [13].

However, there is considerable evidence for interspecies differences in renal function, 

both during development and after maturation, which could undermine Singer’s 

hypothesis [14-16]. The renal proximal tubule is the primary site of carrier-mediated 

transport from blood to urine for a wide spectrum of ionic substrates. Various differences 

in renal transporter subtypes and specificities, as well as in their expression levels and 
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location along the tubule have been identified. For instance, both Oct1 and Oct2 are 

expressed in rodent proximal tubules, whereas OCT2 and OCT3 are expressed in human 

and monkey proximal tubules, the latter being expressed to a much lesser extent [14, 17]. 

Regarding drug clearance prediction, multiple studies have determined exponents for 

interspecies scaling of drug clearance based on experimental results, aiming for the best 

fit. Remarkably, reported exponents range from 0.42-1.63, thus greatly deviating from 

Kleiber’s law and Singer’s hypothesis [11, 18, 19]; do these studies therefore refute their 

validity? A major challenge in estimating allometric exponents is adequate study design 

and analysis. Study quality is often limited by small sample size, narrow distribution of 

weight, or failure to account for confounding factors such as age and disease [20]. Thus, 

many estimates of allometric exponents should be treated with caution. Moreover, it is 

noteworthy that exponent deviations mostly result from data on hepatically metabolized 

drugs, while for renally excreted drugs, exponents lie closer to 0.75 and hence in line 

with Kleiber’s law and Singer’s hypothesis. Average fold errors (aFEs) are a good measure 

of difference between expected and observed variables [19, 21-23]. According to Huh 

et al. (2011), aFEs for interspecies clearance prediction are > 3 for hepatically eliminated 

drugs, but only 1.8 for renally excreted drugs [19]. To improve prediction outcomes, 

allometric scaling is often adjusted by correcting for liver blood flow, brain weight, or 

maximal lifetime potential [11, 19, 24, 25]. This method, often referred to as Mahmood 

and Balian’s ‘rule of exponents’, leads to considerable improvement for hepatically 

metabolized drugs, but not for renally excreted drugs [19].

Prediction errors for drugs that are excreted unchanged via the kidneys could 

be the result of mere intersubject variability, or of actual interspecies differences. 

Differences in renal physiology are frequently identified but the consequences are rarely 

(systematically) quantified [26]. In this systematic review and meta-analysis, we aimed 

to quantify interspecies differences in renal drug clearance based on Kleiber’s law and 

Singer’s hypothesis using the fixed allometric exponent of 0.75. We systematically 

collected published CLr data from different mammalian species for a diverse set of 

twenty renally excreted drugs. Using these data, we calculated aFEs as the ratio between 

the observed and expected CLr values, and mean differences (MDs) between humans 

and all other animals. Henceforth, the term ‘animal’ will refer to all non-human animals 

that were included in this systematic review. To find possible mechanistic explanations 

for the observed differences, we related them to the drug excretion profile (filtration 

vs active secretion), and the physicochemical drug properties (i.e., physiological charge, 

molecular weight, LogP, hydrogen acceptor and donor count, polar surface area, and 

rotatable bond count). The ultimate purpose of this study is to aid in the selection of 

the most optimal animal model to be used in drug development by providing insight into 

interspecies differences in CLr.

Kleiber’s law, named after its establisher Max Kleiber, is a well-known quantitative law in 
biology. According to this law, the logarithm of body weight (M) can be linearly related to 
the logarithm of metabolic rate (Y) with a slope of 0.75 [1]. Many studies offer supportive 
evidence for Y = Mb, where b, the scaling exponent, is 0.75. For instance, a mathematical 
model by West et al. (1997) could derive the exponent of 0.75 from essential features of 
nutrient and oxygen distribution systems that consist of fractal branching tube networks 
(e.g. mammalian blood vessels, bronchial trees, or insect tracheal tubes) [2]. There are studies 
and reviews that question the existence of a universal scaling exponent due to empirical 
data variability and the fact that none of the physiological explanations offered could yet 
be accepted without reservations [3]. However, even though Kleiber’s law remains a matter 
of debate, the allometric power-law phenomenon has established itself as a commonly 
accepted biological law and widely used scientific prediction method.

1. Kleiber, M., Body Size and Metabolic Rate. Physiological Reviews, 1947. 27(4): p. 511-541.

2. West, G.B., J.H. Brown, and B.J. Enquist, A General Model for the Origin of Allometric
Scaling Laws in Biology. Science, 1997. 276: p. 122-126.

3. Agutter, P.S. and D.N. Wheatley, Metabolic scaling: consensus or controversy? Theor
Biol Med Model, 2004. 1(13).

Box 1. Kleiber’s Law.

METHODS
Drug Selection and Categorization
To quantify interspecies differences in renal drug handling, we selected a diverse set of 

twenty drugs with extensive renal excretion, no or negligible hepatic metabolism, and 

diverging physicochemical properties (i.e., physiological charge, molecular weight, LogD, 

polar surface area (PSA), hydrogen acceptor and donor count, and rotatable bond (Rb) 

count). All drugs and their properties are listed in Table 1.

Drugs were categorized based on their physicochemical properties, when possible 

under consideration of physiological relevance. In terms of physiological charge, drugs 

were divided into anionic, cationic, or uncharged. LogD (the logarithmic octanol/water 

distribution coefficient at pH 7.4) is a common measure of lipophilicity, for which drugs 

were divided into LogD ≤ 0 (i.e., hydrophilic), and > 0 (i.e., lipophilic). PSA, the surface 

sum over all polar atoms, greatly determines the molecular capacity to penetrate cell 

membranes. Since a PSA ≤ 140 Å is required for good membrane permeability [27], drugs 

were categorized by PSA ≤ 140 Å, and > 140 Å. For the four remaining properties (i.e., 

molecular weight, hydrogen acceptor count, hydrogen donor count, and rotatable bond 

count), a relevant biological rationale for categorization was lacking. Molecular weight 

has a glomerular filtration cut-off of approximately 40 kDa, but all drugs selected are 

small molecules with molecular weights below 1.5 kDa [28, 29]. Moreover, CLr generally 
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Table 1. Physicochemical properties of the 20 drugs with negligible hepatic metabolism 
included in this study.

Drug
Physiological 
Charge

Mw 
(Da)

LogD 
(pH 7.4)

H+ 
Acceptor 
Count

H+ 
Donor 
Count PSA (Å) Rb Count

Acyclovir 0 225 -1.03 7 3 115 4
Atenolol 1 266 -1.80 4 3 85 8
Aztreonam -1 435 -6.12 10 3 206 6
Carumonam -2 466 -8.09 5 14 291 10
Cefadroxil 0 363 -2.81 6 4 133 4
Cefazolin -1 455 -5.01 9 2 156 7
Ceftizoxime -1 383 -3.61 8 3 147 5
Cephalexin 0 347 -2.50 5 3 113 4
Enprofylline 0 194 -0.23 3 2 78 2
Famotidine 1 337 -2.67 8 4 176 6
Fluconazole 0 306 0.56 5 1 82 5
Gabapentin 0 171 -1.27 3 2 63 3
Levofloxacin -1 361 -0.51 7 1 73 2
Metformin 2 129 -5.62 5 4 89 0
Ofloxacin -1 361 -0.51 7 1 73 2
Sinistrin 0 829 -9.32 17 26 427 17
Sotalol 1 272 -2.12 4 3 78 5
Sulpiride 1 341 -0.70 5 2 102 6
Tenofovir Disoproxil 0 519 2.65 10 1 185 17
Vancomycin 1 1449 -4.85 24 19 530 13

Abbreviations: Mw: Molecular Weight; PSA: Polar Surface Area; Rb Count: Rotatable Bond Count. All 
data were extracted using the prediction tool ChemAxon (https://chemaxon.com).

increases with higher hydrogen bonding ability and rotatable bond count, but well-founded 

cut-off values have not been suggested [30]. For these four properties, drugs were thus 

divided into two categories: ≤ median and > median. Table 2 shows the categorization 

of all twenty drugs based on their net excretion profile and physicochemical properties.

Systematic Review Protocol and Search Strategy 
For our meta-analysis, we systematically collected and reviewed literature according to 

the Systematic Review Center for Laboratory animal Experimentation (SYRCLE) (http://

www.syrcle.nl) and PRISMA guidelines (Table S1). The protocol was previously published 

in the PROSPERO registry for systematic reviews (http://www.crd.york.ac.uk/PROSPERO/

display_record.php?ID=CRD42018117425), and was amended in the following way: (a) 

instead of scoring the quality of the included studies and excluding those studies with 

a low score, we assessed the study quality using the standard criteria Y/N/U and did not 

exclude any papers for the meta-analysis; (b) besides for humans, mice, and rats, standard 

weights were also imputed for other species (see Data Extraction); (c) MD was chosen 

Table 2. Drug categorization according to their net excretion profile and 
physicochemical properties.

Net Excretion 
Profile

Filtered Cefazolin, Fluconazole, Gabapentin, Sinistrin, Vancomycin

Secreted Acyclovir, Atenolol, Aztreonam, Carumonam, Cefadroxil, Ceftizoxime, 
Cephalexin, Enprofylline, Famotidine, Levofloxacin, Metformin, 
Ofloxacin, Sotalol, Sulpiride, Tenofovir

Physiological 
Charge

Anionic Aztreonam, Carumonam, Cefazolin, Ceftizoxime, Levofloxacin, Ofloxacin

Cationic Atenolol, Famotidine, Metformin, Sotalol, Sulpiride, Vancomycin

Uncharged Acyclovir, Cefadroxil, Cephalexin, Enprofylline, Fluconazole, Gabapentin, 
Sinistrin, Tenofovir

Molecular 
Weight

≤ Median 
(354 Da)

Acyclovir, Atenolol, Cephalexin, Enprofylline, Famotidine, Fluconazole, 
Gabapentin, Metformin, Sotalol, Sulpiride

> Median
(354 Da)

Aztreonam, Carumonam, Cefadroxil, Cefazolin, Ceftizoxime, 
Levofloxacin, Ofloxacin, Sinistrin, Tenofovir, Vancomycin

LogD ≤ 0 Acyclovir, Atenolol, Aztreonam, Carumonam, Cefadroxil, Cefazolin, 
Ceftizoxime, Cephalexin, Enprofylline, Famotidine, Gabapentin, 
Levofloxacin, Metformin, Ofloxacin, Sinistrin, Sotalol, Sulpiride, 
Vancomycin

> 0 Fluconazole, Tenofovir

Polar Surface 
Area

≤ 140 Acyclovir, Atenolol, Cefadroxil, Cephalexin, Enprofylline, Fluconazole, 
Gabapentin, Levofloxacin, Metformin, Ofloxacin, Sotalol, Sulpiride

> 140 Aztreonam, Carumonam, Cefazolin, Ceftizoxime, Famotidine, Sinistrin, 
Tenofovir, Vancomycin

H+ Acceptor 
Count

≤ Median 
(6.5)

Atenolol, Carumonam, Cefadroxil, Cephalexin, Enprofylline, Fluconazole, 
Gabapentin, Metformin, Sotalol, Sulpiride

> Median
(6.5)

Acyclovir, Aztreonam, Cefazolin, Ceftizoxime, Famotidine, Levofloxacin, 
Ofloxacin, Sinistrin, Tenofovir, Vancomycin

H+ Donor 
Count

≤ Median 
(3)

Acyclovir, Atenolol, Aztreonam, Cefazolin, Ceftizoxime, Cephalexin, 
Enprofylline, Fluconazole, Gabapentin, Levofloxacin, Ofloxacin, Sotalol, 
Sulpiride, Tenofovir

> Median
(3)

Carumonam, Cefadroxil, Famotidine, Metformin, Sinistrin, Vancomycin

Rotatable 
Bond Count

≤ Median 
(5)

Acyclovir, Cefadroxil, Ceftizoxime, Cephalexin, Enprofylline, Fluconazole, 
Gabapentin, Levofloxacin, Metformin, Ofloxacin, Sotalol

> Median
(5)

Atenolol, Aztreonam, Carumonam, Cefazolin, Famotidine, Sinistrin, 
Sulpiride, Tenofovir, Vancomycin
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as effect measure because all extracted CLr values were expressed in the same unit of 

measurement (ml/min); (d) due to lack of data, subgroup analyses based on age, animal 

strain, sex, and dosage could not be performed; and (e) two post-hoc analyses were 

added to our meta-analysis to study the effect of drug protein binding and drug dose. 

Searches for relevant literature were performed using the PubMed and EMBASE 

(through EMBASE.com) databases (April-June 2018, see Table S2 for the exact search 

dates) with the search strings available in Table S3. In addition, references were extracted 

from the review articles by Dorne et al. (2004) [31], Walton et al. (2004) [32], Paine et al. 

(2011)[23], and Srinivas et al. (2016) [33]. 

Screening and Study Selection
Using the Early Review Organizing Software (EROS, http://www.eros-systematic-review.

org/), screening of studies based on their title and abstract was performed in randomized 

order by two independent reviewers. Discrepancies were resolved by inclusion for full-text 

screening. Title and abstract screening was followed by full-text screening, performed 

by one reviewer (CPC), and checked for inconsistencies by the second one (KJ). 

Discrepancies were resolved by consultation with a third reviewer. Study inclusion was 

based on the following criteria: (1) full-length, original publications of primary studies (in 

vivo studies, clinical trials), (2) healthy subjects from any mammalian species, (3) all drug 

dosages, timings, and frequencies, (4) all languages, (5) all publication dates, and (6) all 

studies reporting renal clearance (CLr) values or an outcome measure related to CLr (i.e., 

total clearance (CLt), total clearance with bioavailability correction (CL/F), or area-under-

the-curve (AUC)). Excluded papers consisted of or contained: (1) reviews, literature-based 

in silico studies, conference papers, commentaries or letters to the editor, and papers 

with abstract only, (2) duplicate papers, (3) in vitro or ex vivo studies, (4) diseased subjects 

or subjects that had undergone any kind of transplantation, (5) subjects exposed to 

intervention(s) that might affect CLr, (6) pre- and neonatal data, or pregnant subjects, (7) 

the target drug given as co-medication, (8) the target drug being chemically modified, 

and (9) only outcome measures not related to CLr.

Data Extraction
Data extraction was performed by one reviewer (CPC) and checked for inconsistencies 

by the second reviewer (KJ). Data were directly extracted from tables or text, when 

possible. When reported in graphs only, data were extracted using a digital screen ruler 

(ImageJ 1.46r, National Institutes of Health, USA). The primary outcome measure of 

this study was CLr (ml/min, or ml/min/kg or ml/min/1.73 m² when conversion to ml/min 

was possible). When human CLr values were reported normalized to body surface area 

(BSA) and the subject’s BSA was not given, we assumed 1.73 m². When CLr was not 

provided, we extracted either total clearance (CLt), oral clearance (CL/F), or area under 

the curve (AUC). Since only renally excreted drugs with no or negligible hepatic clearance 

were included, we assumed that CLr ≅ CLt and CL/F. When AUC was extracted, CLt was 

manually calculated using the standard formula: 
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Health, USA). The primary outcome measure of this study was CLr (ml/min, or ml/min/kg or
ml/min/1.73 m² when conversion to ml/min was possible). When human CLr values were reported
normalized to body surface area (BSA) and the subject’s BSA was not given, we assumed 1.73 m².
When CLr was not provided, we extracted either total clearance (CLt), oral clearance (CL/F), or area
under the curve (AUC). Since only renally excreted drugs with no or negligible hepatic clearance were
included, we assumed that CLr≃ CLt and CL/F. When AUC was extracted, CLt was manually calculated
using the standard formula:

CLt � Dose/AUC      (2)
Other measures extracted from the studies were: number of subjects included, weight,
ethnicity/strain, sex, age, dose, route of administration, pre‐conditioning (e.g., fasting or anaesthesia),
and the formula used to calculate CLr, CLt, CL/F, or AUC. For weight and age, we extracted the mean
values. In cases where a mean could not be calculated, we employed the median. When weight was
not reported, we imputed standard average weights for the following species taking into account
existing literature: 70 kg for humans [34], 0.3 kg for rats [34], and 0.025 kg for mice [34], 3.3 kg and
6.5 kg for 3 and 16 year‐old monkeys, respectively [35], 10 kg for dogs [34], and 32.5 kg for miniature
pigs [36].

Quality Assessment

A priori, we designed a customized list of criteria to assess the quality of the included studies. These
criteria were based on SYRCLE’s risk of bias tool [37]. Two independent reviewers assessed the quality
of the papers in randomized order based on these criteria: (1) Is the weight of the subjects clearly
reported? No (N) was assigned to papers that reportedweights as ranges; (2) Is the number of subjects
clearly reported? No (N) was assigned to papers that reported number of subjects as ranges; (3) Are
all population baseline characteristics given (i.e., sex, ethnicity/strain, and age)? (4) Are exposure
protocols clearly described (i.e., dose, route of administration (RoA), and timing of treatment)? (5) Is
the correct formula used to calculate CLr/CLt reported? (6) Is the study free of co‐administration of
drugs that might affect CLr, such as anaesthetics? (7) Are timing and frequency of blood and urine
collection reported? (8) Are incomplete outcome data adequately addressed? (9) Is the study
apparently free of selective outcome reporting? (10) Is the study apparently free of other problems
that might result in high risk of bias (including conflicts of interest)?

Data Processing and Synthesis

Figure 1 illustrates all steps taken for data processing and synthesis. A meta‐analysis was performed
(1) to quantify differences in renal drug clearance between animals and humans, (2) to relate these
interspecies differences in renal drug clearance to the drug excretion profile (glomerular filtration
versus active secretion), and (3) to relate these interspecies differences in renal drug clearance to the
drug physicochemical properties (Table 2).

To process data for meta‐analysis, per drug, all extracted (‘observed’) human CLr values
(ml/min) were plotted on a log scale against body weight (kg). Following Kleiber’s law, the regression
line was constrained to a slope of 0.75.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐶𝐶𝐶𝐶𝐶𝐶 � � � �����.�� (3)

 (2)

Other measures extracted from the studies were: number of subjects included, weight, 

ethnicity/strain, sex, age, dose, route of administration, pre-conditioning (e.g., fasting or 

anaesthesia), and the formula used to calculate CLr, CLt, CL/F, or AUC. For weight and 

age, we extracted the mean values. In cases where a mean could not be calculated, we 

employed the median. When weight was not reported, we imputed standard average 

weights for the following species taking into account existing literature: 70 kg for 

humans [34], 0.3 kg for rats [34], and 0.025 kg for mice [34], 3.3 kg and 6.5 kg for 3 and 

16 year-old monkeys, respectively [35], 10 kg for dogs [34], and 32.5 kg for miniature  

pigs [36].

Quality Assessment
A priori, we designed a customized list of criteria to assess the quality of the included 

studies. These criteria were based on SYRCLE’s risk of bias tool [37]. Two independent 

reviewers assessed the quality of the papers in randomized order based on these criteria: 

(1) Is the weight of the subjects clearly reported? No (N) was assigned to papers that 

reported weights as ranges; (2) Is the number of subjects clearly reported? No (N) was 

assigned to papers that reported number of subjects as ranges; (3) Are all population 

baseline characteristics given (i.e., sex, ethnicity/strain, and age)? (4) Are exposure protocols 

clearly described (i.e., dose, route of administration (RoA), and timing of treatment)? 

(5) Is the correct formula used to calculate CLr/CLt reported? (6) Is the study free of 

co-administration of drugs that might affect CLr, such as anaesthetics? (7) Are timing 

and frequency of blood and urine collection reported? (8) Are incomplete outcome data 

adequately addressed? (9) Is the study apparently free of selective outcome reporting? 

(10) Is the study apparently free of other problems that might result in high risk of bias

(including conflicts of interest)?

Data Processing and Synthesis
Figure 1 illustrates all steps taken for data processing and synthesis. A meta-analysis 

was performed (1) to quantify differences in renal drug clearance between animals and 

humans, (2) to relate these interspecies differences in renal drug clearance to the drug 

excretion profile (glomerular filtration versus active secretion), and (3) to relate these 

interspecies differences in renal drug clearance to the drug physicochemical properties 

(Table 2).
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To process data for meta-analysis, per drug, all extracted (‘observed’) human CLr 

values (ml/min) were plotted on a log scale against body weight (kg). Following Kleiber’s 

law, the regression line was constrained to a slope of 0.75. 
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A priori, we designed a customized list of criteria to assess the quality of the included studies. These 
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Data Processing and Synthesis 

Figure 1 illustrates all steps taken for data processing and synthesis. A meta‐analysis was performed 
(1) to quantify differences in renal drug clearance between animals and humans, (2) to relate these 
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versus active secretion), and (3) to relate these interspecies differences in renal drug clearance to the 
drug physicochemical properties (Table 2). 

To  process  data  for meta‐analysis,  per  drug,  all  extracted  (‘observed’)  human  CLr  values 
(ml/min) were plotted on a log scale against body weight (kg). Following Kleiber’s law, the regression 
line was constrained to a slope of 0.75.  
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With the slope and the resulting y-intercept (a), we determined the expected CLr value 

that corresponds to the body weight of any given species. This expected CLr value can be 

understood as a hypothetical value for humans with the weight of the respective animal 

species, but it can also be seen as the value that would be expected from an animal 

species with perfect predictive value. In other words, allometric principles and human 

data were used to interpolate CLr values of ‘perfect’ animal species. Next, we determined 

the prediction accuracy for every literature-derived (‘observed’) animal and human CLr 

value, by calculating a fold-error (FE):
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Thus, we converted all CLr values extracted to FE values. These FEs were used to calculate the aFE and 
standard  deviation  (SD)  per  drug  and  per  species.  In  other words, we  averaged  the  FEs  from  all 
included studies that determined the CLr of the same drug in the same animal species, or in humans. 
Subsequently, using RevMan  5  (Review Manager,  version  5.3, Copenhagen:  The Nordic Cochrane 
Centre, The Cochrane Collaboration, 2014) and a  random effects meta‐analysis, we expressed  the 
difference  in aFE per drug between each animal species versus humans as mean difference and  its 
95% confidence interval (MD [95% CI]).  

First,  to measure  the overall difference  in  aFEs  between  animal  species  and humans, we 
computed a pooled MD for all drugs taken together. The significance of these pooled MDs was Z‐score 
based. Second, to relate differences in aFE to physicochemical properties, all drugs were grouped in 
the  prespecified  drug  categories  shown  in  Table  2,  and  a  pooled MD was  determined  for  each 
subgroup  per  species. Differences  between  subgroups within  a  drug  category were  identified  by 
testing the heterogeneity across subgroups against a Chi2 distribution. Finally, I² values were used as 
a general measure of heterogeneity in the analyses. 
 
Effect Assessment of Protein Binding and Drug Dose 

Aside from physicochemical drug properties, protein binding and drug dose can  influence drug CLr 
[38‐40].  Protein  binding  can  affect  the  excretion  of  drugs  since  only  the  unbound  plasma 
concentration of drugs can be cleared effectively. CLr is a virtual parameter that measures the volume 
of blood from which the drug is completely cleared within a certain amount of time. This measure is 
independent of dose, unless plasma protein binding or elimination mechanisms become saturated 
with high doses. Such mechanisms would be reflected in an increase of CLr in case of saturated protein 
binding or reabsorption, or a decrease of CLr in case of saturated active secretion.  

Using the following formula, we calculated interspecies differences in protein binding: 
 

Δ protein binding � �x̅ animal protein binding� - �x̅ human protein binding�      (5) 
where x ̅are mean species‐specific protein binding values obtained from  literature (Table S4). Note 
that protein binding data was derived from literature other than the studies included in this systematic 
review, and not for all drugs species‐specific protein binding data was available. By means of Spearman 
correlation  tests, differences  in protein binding were  related  to drug aFEs  to  investigate whether 
protein binding is the cause of interspecies differences in CLr. 

 (4)

Thus, we converted all CLr values extracted to FE values. These FEs were used to calculate 

the aFE and standard deviation (SD) per drug and per species. In other words, we averaged 

the FEs from all included studies that determined the CLr of the same drug in the same 

animal species, or in humans. Subsequently, using RevMan 5 (Review Manager, version 

5.3, Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014) and 

a random effects meta-analysis, we expressed the difference in aFE per drug between 

each animal species versus humans as mean difference and its 95% confidence interval 

(MD [95% CI]). 

Figure 1. Scheme of the meta-analysis data processing and synthesis.

First, to measure the overall difference in aFEs between animal species and humans, 

we computed a pooled MD for all drugs taken together. The significance of these 

pooled MDs was Z-score based. Second, to relate differences in aFE to physicochemical 

properties, all drugs were grouped in the prespecified drug categories shown in Table 2, 

and a pooled MD was determined for each subgroup per species. Differences between 

subgroups within a drug category were identified by testing the heterogeneity across 

subgroups against a Chi2 distribution. Finally, I² values were used as a general measure 

of heterogeneity in the analyses.

Effect Assessment of Protein Binding and Drug Dose
Aside from physicochemical drug properties, protein binding and drug dose can influence 

drug CLr [38-40]. Protein binding can affect the excretion of drugs since only the unbound 

plasma concentration of drugs can be cleared effectively. CLr is a virtual parameter that 

measures the volume of blood from which the drug is completely cleared within a certain 

amount of time. This measure is independent of dose, unless plasma protein binding or 

elimination mechanisms become saturated with high doses. Such mechanisms would be 

reflected in an increase of CLr in case of saturated protein binding or reabsorption, or 

a decrease of CLr in case of saturated active secretion. 

Using the following formula, we calculated interspecies differences in protein binding:

9 
 

With  the  slope  and  the  resulting  y‐intercept  (a),  we  determined  the  expected  CLr  value  that 
corresponds to the body weight of any given species. This expected CLr value can be understood as a 
hypothetical value for humans with the weight of the respective animal species, but it can also be seen 
as the value that would be expected from an animal species with perfect predictive value. In other 
words, allometric principles and human data were used to interpolate CLr values of ‘perfect’ animal 
species. Next, we determined the prediction accuracy for every literature‐derived (‘observed’) animal 
and human CLr value, by calculating a fold‐error (FE): 
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Thus, we converted all CLr values extracted to FE values. These FEs were used to calculate the aFE and 
standard  deviation  (SD)  per  drug  and  per  species.  In  other words, we  averaged  the  FEs  from  all 
included studies that determined the CLr of the same drug in the same animal species, or in humans. 
Subsequently, using RevMan  5  (Review Manager,  version  5.3, Copenhagen:  The Nordic Cochrane 
Centre, The Cochrane Collaboration, 2014) and a  random effects meta‐analysis, we expressed  the 
difference  in aFE per drug between each animal species versus humans as mean difference and  its 
95% confidence interval (MD [95% CI]).  

First,  to measure  the overall difference  in  aFEs  between  animal  species  and humans, we 
computed a pooled MD for all drugs taken together. The significance of these pooled MDs was Z‐score 
based. Second, to relate differences in aFE to physicochemical properties, all drugs were grouped in 
the  prespecified  drug  categories  shown  in  Table  2,  and  a  pooled MD was  determined  for  each 
subgroup  per  species. Differences  between  subgroups within  a  drug  category were  identified  by 
testing the heterogeneity across subgroups against a Chi2 distribution. Finally, I² values were used as 
a general measure of heterogeneity in the analyses. 
 
Effect Assessment of Protein Binding and Drug Dose 

Aside from physicochemical drug properties, protein binding and drug dose can  influence drug CLr 
[38‐40].  Protein  binding  can  affect  the  excretion  of  drugs  since  only  the  unbound  plasma 
concentration of drugs can be cleared effectively. CLr is a virtual parameter that measures the volume 
of blood from which the drug is completely cleared within a certain amount of time. This measure is 
independent of dose, unless plasma protein binding or elimination mechanisms become saturated 
with high doses. Such mechanisms would be reflected in an increase of CLr in case of saturated protein 
binding or reabsorption, or a decrease of CLr in case of saturated active secretion.  

Using the following formula, we calculated interspecies differences in protein binding: 
 

Δ protein binding � �x̅ animal protein binding� - �x̅ human protein binding�      (5) 
where x ̅are mean species‐specific protein binding values obtained from  literature (Table S4). Note 
that protein binding data was derived from literature other than the studies included in this systematic 
review, and not for all drugs species‐specific protein binding data was available. By means of Spearman 
correlation  tests, differences  in protein binding were  related  to drug aFEs  to  investigate whether 
protein binding is the cause of interspecies differences in CLr. 

 (5)

where x− are mean species-specific protein binding values obtained from literature  

(Table S4). Note that protein binding data was derived from literature other than 

the studies included in this systematic review, and not for all drugs species-specific protein 

binding data was available. By means of Spearman correlation tests, differences in protein 

binding were related to drug aFEs to investigate whether protein binding is the cause of 

interspecies differences in CLr.

To investigate any dose effect on CLr, we plotted all extracted CLr values to the applied 

drug dose (i.v. injection or corrected oral dose). In order to compare doses across species, 

we converted the applied dose into the human equivalent dose (mg/kg0.75).

RESULTS
Study Inclusion and Characteristics
In total, 1978 studies were retrieved from all twenty searches in PubMed and EMBASE, 

and the above-mentioned review papers. After removal of duplicates and screening on 

title and abstract, 453 articles were fully screened, of which 263 articles met all inclusion 
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criteria (Figure 2).Of note, 12 studies were additionally identified as duplicates as they 

studied more than one of the selected drugs and hence appeared in more than one 

search. Thus, a total of 251 studies were included in this systematic review. For the meta-

analysis, included studies provided sufficient data on CLr values in humans (n = 242 from 

Figure 2. Flowchart of the study selection process. This flowchart consists of outcomes of 20 
separate searches (i.e., one search for each drug).

20 drugs), mice (n = 24 from 13 drugs), rats (n = 145 from 18 drugs), rabbits (n = 22 from 

7 drugs), dogs (n = 35 from 13 drugs), and monkeys (n = 15 from 8 drugs). Due to limited 

drug clearance data for guinea pigs (n = 2 from 2 drugs), cats (n = 2 from 2 drugs), pigs 

(n = 4 from 2 drugs), and horses (n = 1 from 1 drug), we excluded them from the meta-

analysis. Extracted data from all 251 articles is listed in Table S5. 

Reporting Quality and Risk of Bias Assessment
All papers included were assessed on reporting quality and risk of bias. The assessment 

criteria and results can be found in Figure 3, and in Table S6 in more detail. Weight 

of subjects/animals and study sample size were described in 56% (148/263 studies) 

and 89% (235/263 studies) of studies, respectively. Surprisingly, only 84 papers (32%) 

reported all population baseline characteristics (sex, ethnicity/strain, and age). However, 

the vast majority of studies (99%, 259/263) clearly described the exposure protocols, 

and only 23 studies (9%) did not report the formula employed to calculate CLr. One 

study was qualified as ‘unclear’ because the formula was referenced from an inaccessible 

source. To prevent bias of drug-drug interactions, we excluded studies that involved co-

administration protocols. However, also the use of sedatives requires vigilance due to 

decreases in blood pressure and possible interactions. In total, 43 studies (27%) included 

anesthesia in the treatment regime that concerned only animal studies; 34 studies 

(13%) did not involve anesthesia or allowed for recovery before drug administration. 

In the remaining 183 studies (70%), drug co-administration or the use of sedatives was 

unclear or not reported. Timing and frequency of both blood and urine collection were 

clearly described in 97% (254/263) of all studies. We also assessed selective outcome 

reporting, but most studies (96%, 251/263) did not mention the original protocol 

and, thus, it was unclear whether all intended outcomes had been reported. Only 11 

studies referenced their original protocols, which were in conformity with the final 

Figure 3. Reporting quality and risk of bias assessment of the included studies in this 
systematic review. Abbreviations: CLr: Renal Clearance; CLt: Total Clearance. 
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publications. Finally, 58% (152/263) of studies had an unclear risk towards other biases, 

while 29% (77/263) had problems that could result in high risk of bias. The majority 

of these problems were conflicts of interest: 62 studies (24%) reported that they had 

been funded by companies, or that authors were employed in industry. Other problems 

involved the exclusive inclusion of subjects with a certain genotype that did not represent 

the general population, and ex vivo clearance measurements, among others. Of note, 

publication bias could not be assessed due to limited data.

The Allometric Exponent 0.75 Is Valid for Interspecies Scaling of CLr
For each drug included, linear regression analysis showed very high correlation between 

body weight and CLr across species, with an average R2 of 0.944 (Table S7). The average 

slope was 0.72 (± 0.08), which supports the validity of Kleiber’s law and the symmorphosis 

of metabolic waste production and removal systems. Therefore, we considered our 

hypothesis confirmed and consequently used all human CLr data and simple allometry 

with a fixed exponent of 0.75 to interpolate the expected CLr for any given weight 

(Figure 4).

Overall Interspecies Differences in CLr
For each study included, FEs were calculated as ratio between observed and expected 

CLr and averaged per drug. The resulting aFEs ranged 1.00-1.31 for humans, 0.45-3.05 

for mice, 0.77-3.10 for rats, 0.28-1.61 for rabbits, 0.27-3.40 for dogs, 0.57-1.78 for 

monkeys, 0.16-0.89 for guinea pigs, 0.74-1.20 for cats, 0.97-1.05 for pigs, and was 4.06 

for horses.

To assess whether animal deviations are due to real interspecies differences, or solely 

due to intraspecies or data variability, we calculated the MD [95% CI] in aFE between 

animals and humans for each drug. Figure 5 shows the forest plots for (a) mice, (b) 

rats, (c) rabbits, (d) dogs, and (e) monkeys. For all drugs taken together, the pooled MD 

in aFE was 0.01 [-0.23, 0.26] for mice, 0.47 [0.17, 0.77] for rats, 0.17 [-0.12, 0.45] for 

rabbits, 0.23 [-0.13, 0.56] for dogs and -0.08 [-0.33, 0.16] for monkeys. Thus, most 

species showed no significant overall difference compared to humans. Only for rats, 

the overall pooled MD indicates that aFEs were significantly higher than in humans  

(Z = 3.20, p = 0.001). The meta-analyses for mice, rabbits, dogs, and monkeys resulted 

in overall Z scores of respectively 0.10 (p = 0.92), 1.13 (p = 0.26), 1.23 (p = 0.22), and 

0.68 (p = 0.50). Of note, there was moderate to high heterogeneity between drugs, 

as reflected by I² statistics of 35%, 83%, 57%, 94% and 73% for mice, rats, rabbits, 

dogs, and monkeys, respectively. To gain insight in the sources of the high between-drug 

heterogeneity, we performed subgroup analyses to assess excretion profile and various 

physicochemical drug properties as sources of heterogeneity, as described per animal 

below. In addition, to test the robustness of our meta-analysis, we performed sensitivity 

analyses regarding the inclusion of outliers, computed SDs, assigned weights, CLt or CL/F 

as a measure of CLr, as well as route of administration. Some analysis outcomes were 

ambivalent due to limited data and will hence not be discussed further. The outcomes of 

all subgroup and sensitivity analyses can be found in the supplementary Tables S8-S12; 

the results of the subgroup analyses are also summarized with color schemes in Figure 6.

Interspecies Differences in CLr Related to Drug Properties
Mice
The analysis of 13 individual drugs showed that mouse aFEs were comparable to 

human aFEs. Only the CLr of cefadroxil was significantly lower in mice than in humans  

(MD = -0.39 [-0.62, -0.16]). Subgroup analyses based on excretion profile and physicochemical 

properties did not show any differences between subgroups, except for drugs with higher 

MW (MD = -0.29 [-0.50, -0.08]), which was maintained after including outliers and 

Figure 4. Regression lines used to apply simple allometry for all 20 drugs. The slope of all 
regression lines was constrained to be 0.75. The dots represent data for mice (red), rats (yellow), 
rabbits (green), dogs (light blue), monkeys (orange), guinea pigs (brown), cats (purple), pigs (pink), 
horses (dark blue), and humans (white). Abbreviations: CLr: Renal Clearance; BW: Body Weight.
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Figure 5. Forest plots depicting the mean difference in AFEs of CLr in mice (A), rats (B), 
rabbits (C), dogs (D), and monkeys (E) compared to humans for the 20 renally excreted 
drugs included in this study. Abbreviations: SD: Standard Deviation; CI: Confidence Interval.

Figure 5. (continued)

only including CLr data (Table S8). The pooled MD did not become significant in any  

sensitivity analysis.

Rats
For rats, the aFEs of atenolol, carumonam, ofloxacin, sinistrin and sotalol were significantly 

different from humans. In all cases of significance, the observed rat CLr values were 

higher than the expected CLr values, leading to higher aFEs. In particular, aFEs of atenolol 

and sotalol were noticeably high with an MD of 2.08 [1.4-2.69] and 2.33 [1.45-3.21], 

respectively. When performing subgroup analyses on physicochemical drug properties, 

the MDs of all subgroups were significant except for anionic drugs, uncharged drugs, 

drugs with LogD > 0, and drugs with an H+ donor count > median. With regard to 

the excretion profile, net secreted drugs were significantly different. Most sensitivity 

analysis outcomes were in line with the main analysis, except for when only i.v. and CLr 
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data were included (Table S9). In the latter case, also the pooled MD lost significance  

(p = 0.06).

Rabbits
For rabbits, the aFE values of carumonam and ofloxacin were significantly higher than for 

humans with MDs of 0.32 [0.09, 0.55] and 0.57 [0.15, 0.99], respectively. Both drugs are 

anionic, with MW > median. Subgroup analysis based on physiological charge indicated 

that only rabbit aFEs for anionic drugs were different from human aFEs (MD = 0.38 

[0.20, 0.56]). In addition, the Chi2 distribution revealed significant heterogeneity among 

the subgroups (i.e., anionic vs cationic vs uncharged), while the I2 score for anionic drugs 

dropped to 0% (Table S10). The significant MD for anionic drugs was lost when only i.v. 

or CLr data were included. Other MDs were mostly insignificant, except when data were 

analyzed without computed SDs. In this case, new significances occured in subgroup 

analyses, and also the pooled MD was significant. However, only a total of 4 drugs were 

included in this sensitivity analysis.

Figure 6. Color scheme summary of mean differences in CLr in mice (A), rats (B), rabbits 
(C), dogs (D), and monkeys (E) compared to humans for the studied physicochemical drug 
properties. (F) Summary of the mean differences in CLr in the studied species for net filtered 
and net secreted drugs. Subgroups depicted in red showed relevant mean differences (i.e. not 
overlapping with 0). 

Dogs
For dogs, 13 drugs were included, out of which 7 (carumonam, cefazolin, enprofylline, 

famotidine, ofloxacin, sinistrin, and sotalol) showed a significant MD compared to humans. 

However, the pooled MD was not significant. Deviations were highly heterogeneous 

between drugs (I² = 94%). In particular, cefazolin deviated with an MD of 2.33 [1.77, 

2.89], but this was only based on one value. Regarding the net excretion profile, aFEs of 

net filtered drugs were significantly higher compared to humans (MD = 0.85 [0.12,1.58]). 

Also, the Chi2 score of net filtered versus net secreted drugs was significant (5.29,  

p = 0.02). The significance of net filtered drugs was maintained in all sensitivity analyses 

except when only i.v. data were included (MD = 1.08 [-0.03,2.20]) (Table S11). Net 

secreted drugs showed no overall significance (MD = -0.09 [-0.41, 0.24]).

Monkeys
For monkeys, only the aFEs of metformin and ofloxacin were different from humans, 

with a relatively small but significant MD of -0.35 [-0.48, -0.22] and 0.44 [0.07, 0.81], 

respectively. Subgroup analyses revealed significant MDs for cationic drugs, as well as for 

H+ acceptor ≤ median, H+ donor > median, and MW ≤ median. However, all MDs were 

only below 0.4 and based on less than 3 drugs per category (Table S12). Heterogeneity 

among the subgroups was small, except for the Chi2 distribution in MW (5.93, p=0.01).

Plasma Protein Binding and Dose Effect
Besides physicochemical properties, we also investigated the influence of plasma protein 

binding and dose on interspecies differences in CLr. In all species, aFEs tended to be > 

1 when protein binding was higher in humans than in animals, and < 1 when protein 

binding was higher in animals than in humans. However, only in dogs, the correlation 

between protein binding differences and aFEs was significant (p = 0.009) (Figure S1). 

The highest difference in protein binding between dogs and humans was found for 

cefazolin and aztreonam (91% vs 47% and 62% vs 20%), followed by carumonam and 

ceftizoxime, which bind 2-3 times more in humans than in dogs. In rodents, protein 

binding of aztreonam was 22-23% higher than in humans. Interestingly, enprofylline 

is for 47% protein-bound in human plasma, for 78% in rat plasma, and only for 18% 

in mouse plasma (Table S4). Yet, neither rodent species showed significant correlation 

between protein binding differences and aFEs.

When plotting all extracted CLr values against the human equivalent dose, we noted 

that for 13 out of the 20 drugs included, animal studies were performed with higher 

doses than the respective clinical studies (Figure S2). Nontheless, we observed no clear 

effect of drug dose on CLr. Only the applied doses of acyclovir and atenolol in rats showed 

decreasing CLr values with higher doses, whereas levofloxacin showed an increase in CLr. 

However, these observations were based on individual studies.
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DISCUSSION
Renal Clearance Follows Kleiber’s Law Based on Symmorphosis of 
Waste Production and Removal
Interspecies scaling is a key tool for prediction of human pharmacokinetics at multiple 

stages of the preclinical drug development process [19, 26]. In literature, exponents for 

the best fit between animal and human CLr data vary a lot but mostly scatter around 

0.75, a value with rich scientific history (Box 1). Based on Kleiber’s law and the principal 

of symmorphosis of waste production and removal, we hypothesized that perfect 

predictive models for human CLr should align with human data using an exponent of 

0.75. Consequently, deviations of experimental data (e.g., in fold errors) should allow 

the quantification of specific interspecies differences in renal drug handling. Systematically 

collected literature-derived CLr values for twenty renally excreted drugs in five different 

species aligned very well with the slope of 0.75: linear regression analysis for all species 

data per drug revealed an optimal slope of 0.72 (± 0.08) on average. This underscores 

the validity of our hypothesis that CLr is set by metabolic rate and hence the validity of 

our approach to calculate expected CLr values.

Rats Are Suboptimal Models for CLr Prediction
To account for intraspecies and data sampling variability, we calculated MDs between 

animal and human aFEs. Heterogeneity between the drugs was relatively high, but 

considering the diversity of all drugs included, this was a foreseeable outcome and, in 

fact, enabled the relation of MDs to excretion profile and drug properties by means 

of subgroup analyses. Overall, however, we found no significant pooled MDs for mice, 

rabbits, dogs and monkeys, suggesting that these species are suitable as prediction 

models for human CLr. In contrast, rat CLr data mostly deviated from the expected 

CLr; especially for atenolol and sotalol, human CLr would be overestimated. Subgroup 

analysis narrowed down the significance to the physicochemical properties of cationic 

charge, LogD > 0 and a H+ donor count ≤ 3, whereas other subgroups lost significance. 

However, all significant subgroups comprised both atenolol and sotalol. Their deviation 

might be explained by the fact that both drugs are excreted unchanged in rat urine to 

a lesser extent than in humans. Humans excrete 85-100% of atenolol unchanged, but 

only 60% is recovered unchanged from rat urine, while the other fraction is hepatically 

metabolized [41]. Likewise, ofloxacin, another drug with a significantly different aFE in 

rats compared to humans, is metabolized to a greater extent in rats [32]. This strengthens 

the speculation mentioned in the introduction that exponent variations may arise mainly 

from differences in hepatic metabolism rather than renal clearance. If should be noted, 

however, that exclusion of atenolol and sotalol would not offset the significance of 

pooled MDs for rats. Only when exclusively i.v. or CLr data were included, significances 

in various subgroups were lost (Table S9). In case of the latter, also the pooled MD 

became insignificant, suggesting that the identified interspecies differences could have 

their source in processes of drug disposition other than renal drug handling, such as drug 

absorption, tissue distribution, and biliary excretion. Nonetheless, no matter the source of 

differences between rats and humans, our meta-analysis suggests that rats constitute an 

inadequate model for human CLr prediction compared to other species, which is in line 

with earlier studies [26, 42]. For instance, Jolivette et al. (2005) quantified extrapolative 

outliers for monkeys, dogs and rats, and showed that the latter were most divergent from 

human data [26]. 

Differences in Dogs and Rabbits Are Based on Distinct Excretion Profiles
Heterogeneity in the overall analyses was high in rats, dogs and monkeys. For dogs, we 

found a significant difference to humans for net filtered drugs, but not for net secreted 

drugs. This outcome was maintained in all sensitivity analyses, except when only i.v. data 

was included (p = 0.05). Subgroup analysis did not identify any physicochemical drug 

property as source of prediction error. A particular outlier was cefazolin, which is cleared 

much faster in dogs than in humans. Cefazolin is for approximately 91% bound to proteins 

in human plasma, but only for 47% in dog plasma (Table S4) [43-49]. Therefore, a higher 

fraction is free for filtration in dogs, which might explain the higher CLr.For rabbits, there 

was moderate heterogeneity in the overall analysis. Subgroup analysis showed that aFEs 

of anionic drugs were significantly different from human aFEs. It is noteworthy that all 

anionic drugs showed higher CLr values in rabbits than in humans, with significance 

forcarumonam and ofloxacin. Kita et al. (1987) showed that carumonam is for 40% 

secreted in rabbits, and to some extent in rodents and monkeys. In contrast, in dogs 

and humans, carumonam was reported to be excreted solely by filtration [50]. Our data 

confirmed the differences for rabbits and rats compared to humans, but we also found 

the CLr of carumonam to be significantly higher in dogs. The reported difference in 

excretion profiles between rabbits and rodents could be explained by species differences 

in organic anion transporter 1 (OAT1)-mediated excretion of anionic drugs. Substrate-

specific binding differences to OAT1 have been already described, e.g., the clearance 

of acyclic nucleoside phosphonates revealed different Km values between species [51]. 

The observed deviation of canine data, on the other hand, is in line with the above 

described finding that CLr of net filtered drugs is generally higher in dogs than in humans.

Murine and Simian CLr Are Scalable to Human CLr
The CLr of mice and monkeys showed good comparability to human CLr. Both revealed 

a significant subgroup in molecular weight, with drugs > 354 kDa being significant for 

mice and ≤ 354 kDa for monkeys. However, these differences are of relatively minor 

importance taking into account that all drugs included are small molecules. For mice, this 

was the only difference to humans but it should be noted that SDs were relatively high. 

In monkeys, we found more significant MDs within subgroup analyses, although all MDs 
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were rather small. Notably, our data suggests that simian CLr for cationic drugs with 

a high H+ donor count is lower than in humans, whereas Shen et al. (2016) compared 

expression levels and various properties of organic cation transporter 1 (OCT2), and 

multidrug and toxic extrusion 1 and 2K (MATE1 and MATE2K) between cynomolgus 

monkeys and men and declared them suitable models [17]. Moreover, significance was 

mainly determined by metformin and based on very limited data (e.g., two cationic drugs 

with 3 studies included in total), thus we consider these MDs non-relevant and monkeys 

to be adequate models.

Interspecies Differences in Relation to Protein Binding and Drug Dose
All animal species showed a trend towards greater aFEs when differences in protein binding 

were higher, although linear correlation was only significant in dogs. The significance 

was mainly caused by cefazolin, which has been discussed above. Thus, interspecies 

differences in CLr observed in this study were not relatable to interspecies differences in 

protein binding.

Converting drug doses into human equivalent doses showed that animals tended to 

be treated with higher doses than humans, but most doses fell into comparable ranges. 

The applied doses only affected the CLr measurements of atenolol and acyclovir in rats, 

which showed decreasing CLr with higher doses. However, we are unable to pinpoint 

specific doses that induced saturated protein binding or elimination. Therefore, we 

refrain from definite conclusions, and would like to highlight the generally valid guideline 

to inter- and extrapolate human CLr from dose ranges rather than a single dose, as well 

as from two different species [12, 24].

Study Limitations
Unfortunately, due to lack of data, a relation between interspecies differences in CLr and 

physicochemical drug properties was only possible to a limited extent. In most cases, 

individual drugs were the determining factor, but their significance was consistently in 

line with literature. Moreover, we could not explore the role of subject characteristics such 

as ethnicity/strain, age, or gender on interspecies differences in CLr. Such characteristics 

have previously shown to affect CLr, and their evaluation could have shed more light onto 

our results if more data were available [52, 53]. Furthermore, for studies where CLr (mg/

ml/kg) as primary outcome measure, or body weight were not given, we applied a set of 

assumptions (e.g., CLr ≅ CLt and CL/F for renally excreted drugs) and an average weight. 

A potential bias of the former is reflected in loss of significances when only i.v. or CLr data 

were included in the respective sensitivity analyses (Tables S8-12). Also protein binding 

can affect the excretion of drugs, thus interspecies comparison of CLr for unbound drugs 

would have been a better approach for our meta-analysis. Unfortunately, most studies 

did not provide information on protein binding or free fraction. Thus, we used CLr data 

estimated from total plasma concentration to yield more data, and the effect of plasma 

protein binding was investigated empirically, based on data from other literature. 

Most included studies were original preclinical studies and hence rather old; low 

reporting quality and technical inaccuracies pose a potential risk of bias. Nonetheless, 

our findings are in line with existing literature, and this study constitutes an innovative 

application of systematic review and meta-analysis principles: the systematic use of existing 

(pre)clinical data for meta-analyses can help in the reduction of animal experiments, both 

as animal-free research method itself and as prospective aid for the selection of adequate 

animal models in drug development.

CONCLUDING REMARKS
In this systematic review and meta-analysis, we showed that simple allometric scaling 

with a scaling exponent of 0.75 is a suitable method for the prediction of human CLr 

for renally excreted drugs. This scaling exponent is contingent on the symmorphosis of 

metabolic rate and metabolic waste removal. In general, CLr in mice, rabbits, dogs, and 

monkeys was comparable to human CLr, whereas rat CLr was overall significantly higher, 

as shown by higher aFEs and significant MDs compared to humans. Based on apparent 

differences in drug disposition that affect plasma concentration and thereby CLr, we 

conclude that rats are an inadequate species for preclinical drug clearance testing. 

In case of dogs, clearance of net fitered drugs was significantly higher compared to 

humans, which was partly caused by lower protein binding of cefazolin. Rabbits showed 

slightly more effective clearance of anionic drugs than humans. In all species except 

dogs, subgroup analyses based on physicochemical drug properties led to significant 

differences, but these differences could not be assigned to the respective drug properties 

with certainty due to overlapping drug groups and individual drugs as determining factor.

It should be noted that we explored only the predictive value of animal models for 

the CLr of renally excreted, non-metabolized drugs. Based on our results and supporting 

literature, we expect interspecies differences to be larger in processes other than CLr that 

are involved in drug disposition. Therefore, future studies should be destined to explore, 

for instance, the predictive value of animal models for hepatic metabolism.
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Graphical Abstract

ABSTRACT
Membrane transporters and receptors are responsible for balancing nutrient and 

metabolite levels to aid body homeostasis. Here, we report that proximal tubule cells in 

kidneys sense elevated endogenous, gut microbiome-derived, metabolite levels through 

epidermal growth factor (EGF) receptors and down-stream signaling to induce their 

secretion by upregulating the organic anion transporter 1 (OAT1). Remote metabolite 

sensing and signaling was observed in kidneys from healthy volunteers and rats in 

vivo, leading to induced OAT1 expression and increased removal of indoxyl sulfate, 

a prototypical microbiome-derived metabolite and uremic toxin. Using 2D and 3D human 

proximal tubule cell models, we show that indoxyl sulfate induces OAT1 via AhR and 

EGFR signaling, controlled by miR-223. Concomitantly produced reactive oxygen species 

(ROS) control OAT1 activity, balanced by the glutathione pathway, as confirmed by cellular 

metabolomic profiling. Collectively, we demonstrate that remote metabolite sensing and 

signaling as an effective OAT1 regulation mechanism to maintain plasma metabolite 

levels by controlling their secretion.

INTRODUCTION
The human gut provides habitat for a complex indigenous microbial ecosystem, governed 

by an astonishing number of microbial genes [1]. This genetic capital, often referred to as 

the microbiome, codes for an intricate web of metabolic capacities that supplements our 

mammalian metabolism [2]. The ensuing metabolic symbiosis allows to exploit nutrient 

sources that are otherwise inaccessible by human metabolism [3]. There is significant 

cross-talk between the gut microbial metabolism and the human metabolism. Metabolites 

unique to microbial metabolism enrich the human metabolome, thereby providing 

energy, vitamins and trophic signals [2]. From an evolutionary viewpoint, the human-gut 

microbial ecosystem symbiosis provides mutualistic metabolic benefits, thus contributing 

towards organismal fitness [4].

This does not necessarily imply that each and all microbial metabolite is beneficial. 

On the contrary, most microbial metabolites undergo intense phase II metabolism and 

numerous metabolites are actively excreted from the body [5, 6]. The kidneys perhaps are 

the most important excretory route and significant amounts of microbial metabolites can 

be found in the urine. This has fueled the hypothesis that the kidney excretory capacity 

is an essential part of the human-microbial symbiosis. It allows for intestinal absorption 

of a wide array of mostly beneficial microbial metabolites, while the kidneys remove 

the fraction of metabolites that is useless and potentially deleterious. This inter-organ 

remote communication via small molecules has been postulated as remote sensing and 

signaling [7]. Ample evidence in patients with chronic kidney disease provides strong 

support for the role of the kidneys in human-microbial symbiosis [8, 9]. A number of 

microbiota-derived metabolites, including indoxyl sulfate (IS), p-cresyl sulfate and 

trimethylamine oxide (TMAO), were found to accumulate in the blood parallel to the loss 

of kidney function, and proven to be associated with clinical outcomes in patients with 

CKD [10, 11]. This paradigm has been coined the gut-kidney axis.

Remote metabolite sensing and signaling is a mechanism to minimize perturbations 

of body homeostasis due to environmental metabolic challenges [7, 12, 13]. Coordinated 

adjustment of transporter networks with overlapping substrate preferences have been 

described for glucose, amino acid and lipids in the liver, the intestines and the brain [14-16]. 

Membrane transporters have been postulated to be involved in metabolite sensing and 

are widely expressed in epithelial barriers, including the kidney proximal tubule segment 

[17]. The ability of the organic anion transporters (OAT), member of the renal solute carrier 

22 family, to transport a wide spectrum of waste solutes including those derived from 

digested food, endogenous metabolic processes, but also environmental compounds and 

drugs, make them plausible candidates for remote sensing [12, 14, 18-20].

We investigated whether kidney proximal tubules can regulate body homeostasis by 

sensing elevated endogenous gut microbiome-derived metabolites levels and can respond 

by stimulating secretory mechanisms through OAT1 (SLC22A6), for which we studied 

indoxyl sulfate as prototypical toxin. We demonstrate the existence of a metabolite 
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sensing and signaling mechanism in the kidney governed by EGFR and OAT1 as indoxyl 

sulfate sensors, and the interplay of the AhR-ARNT complex and downstream EGFR 

MAPK-ERK pathways, accompanied by miR-223 and ROS signaling. We here describe 

the ability of the kidney tubule to sense elevated metabolite levels and respond by 

activating a pathway that boosts metabolite secretion. The ability for remote sensing and 

signaling of gut microbiota-derived metabolites by the kidney further supports the gut-

kidney axis in symbiosis.

METHODS
Chemicals and Cell Culture Materials
Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) unless 

stated otherwise. Stock solutions were prepared according to manufacturer’s specifications 

in either dimethyl sulfoxide (DMSO) or dH2O. MicroPES type TF10 hollow fiber capillary 

membranes (wall thickness 100 µm, inner diameter 300 µm, max pore size 0.5 µm) were 

obtained from 3M GmbH (Wuppertal, Germany). Cell culture plates were purchased from 

Greiner Bio-One (Monroe, NC). 

Clinical Study I
The study in human volunteers was performed according to the Declaration of Helsinki 

and approved by the ethics committee of the University Hospitals Leuven and written 

informed consent was obtained from all subjects. This is a secondary analysis of a previous 

randomized controlled trial exploring the influence of dietary protein intake on fecal water 

toxicity (clinicaltrials.gov NCT01280513 and Poesen et al.) [21]. Dietary interventions in 

healthy participants were conducted as described in detail by Poesen and co-workers. 

Briefly, healthy participants (n=12) were subjected to a 2-week high protein diet 

supplemented with 20 g protein powder per day (Resource, Nestlé Healthcare Nutrition, 

Switzerland; target of > 25% of total energy intake derived from protein intake), isocaloric 

to the habitual diet. Fiber and fat intake were maintained as constant as possible in each 

subject. At baseline and after the intervention period 48h urine was collected and stored 

at -80°C. Indoxyl sulfate concentrations were quantified using a liquid chromatography-

tandem mass spectrometry (LC-MS/MS) method as described below. 

To isolate urinary epithelial cells for OAT1 mRNA analysis, urine samples were 

centrifuged at 2000rpm for 10 min. The pellet was washed once using PBS and RNA 

was extracted using the RNAqueous micro total RNA isolation kit (ThermoFisher). Further 

processing including cDNA synthesis and qPCR analysis was performed as described in 

the gene expression analysis section. 

Clinical Study II
The trial was carried out in accordance with the declaration of Helsinki and was approved 

by the medical ethical committee of Wageningen University, the Netherlands. Signed 

informed consent was obtained from all subjects before initiation of the study. This trial 

was registered at ClinicalTrials.gov as NCT03744221. A number of 36 apparently healthy 

male and female subjects (ages 62 ± 8 years, BMI 25 ± 3 Kg/m2) entered a double 

blind, randomized, cross-over, trial. Subjects received three 1-week protein interventions  

(40 g/d protein concentrates from corn (Cargill, Belgium), bovine plasma (Darling 

ingredients/Sonac Loenen BV, the Netherlands) or whey (Danone research, the Netherlands)) 

with a 1-week washout period between interventions. 24-hours urine samples 

were collected before and after each intervention period. All samples were collected 

during a multi-sugar/acetylsalicylic acid test and a standardized evening meal prior to  

the study days. 

For the quantification of indoxyl sulfate and p-cresyl sulfate concentrations in the urine 

samples collected in clinical study II a LC-mass spectrometry (MS) method was used. 

Samples and aqueous calibration standards with indoxyl sulfate and p-cresyl sulfate were 

diluted 25 times with water, containing 13C6-indoxyl sulfate and D7-p-cresyl sulfate as 

internal standards, and analyzed with the LC-MS system, consisting of a 1290 Infinity 

UHPLC and 6560 time-of-flight mass spectrometer (TOF-MS; Agilent Technologies, 

Waldbronn, BW, Germany). Separation was achieved using an Acquity UPLC HSS T3 

column (100 x 2.1 mm, 1.8 μm particles), which was maintained at 40 °C during analysis. 

A 7.5-μL sample volume was injected into the system and the analytes were separated 

using gradient elution with 10 mM acetic acid (solvent A) and acetonitrile (solvent B) 

at a flow rate of 0.35 mL/min. An isocratic composition of 5% B was held for 1 min, 

followed by a linear increase to 15% B in 1 min, to 20% B in 2 min and to 100% B in 

2.5 min. The LC system was coupled to the MS by a jet stream electrospray ionization 

source operated in negative polarity mode and using a nozzle voltage of 1000 V with 

a capillary voltage of 3500 V. The nebulizing gas and drying gas were nitrogen, with 

a nebulizing pressure of 40 psi and sheath gas flow rate of 11 L/min at a temperature of 

350 °C. The drying gas temperature was 300 °C and had a flow rate of 8 L/min. Uremic 

toxins were identified and quantified using Masshunter software (Agilent Technologies).

Animal Experiments 
Animal experiments were approved by the University of Antwerp Ethics Committee 

(Permit number: 2012-13) and were performed in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals 85-23 (1996). The animal 

experiment procedure is shown in Figure 1D. Animals were housed in pairs and exposed 

to a 12-hour light-dark cycle. To induce chronic kidney disease (CKD), 28 male Wistar 

rats (225-250g, Iffa Credo, Brussels, Belgium) were exposed to a 10-day adenine sulfate 

(Acros®, Geel, Belgium) treatment via daily oral gavage (600 mg/kg/day). CKD rats were 

fed a phosphate-enriched diet (1.2% (w/v) Pi and 1.06 % (w/v) Ca) (SSNIFF Spezialdiäten, 

Soest, Germany) and randomly assigned to two treatment groups: (i) vehicle (n=14), 

(ii) 150 mg/kg indoxyl sulfate (Sigma-Aldrich) (n=14) and (iii) 150 mg/kg PCS (p-cresyl
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sulfate, department of Chemistry, Leuven, Belgium) (n=14) [56]. From the start of CKD 

induction onwards until week 2, both toxins were administered via the drinking water 

containing the solutes at a concentration corresponding to a daily intake of 150 mg/kg. 

After this period, vehicle, indoxyl sulfate or p-cresyl sulfate (150 mg/kg) were administered 

by daily oral gavage until sacrifice at week 7. Animals were placed in metabolic cages to 

collect 24h-urine followed by blood sampling at different time points; before the start 

of the study, at week 5 and at time of sacrifice. In addition, blood was sampled at week 

3. At sacrifice, rats were exsanguinated through the retro-orbital plexus after anesthesia

with sodium pentobarbital ((60 mg/kg) Nembutal, Ceva Santé Animale, France) via

intraperitoneal injection.

CKD and exposure to indoxyl sulfate and p-cresyl sulfate led to substantial mortality 

rates during the course of the study. Before the planned sacrifice, 4 vehicle, 6 indoxyl 

sulfate and 8 p-cresyl sulfate exposed CKD rats died. However, this did not compromise 

the study results as sufficient animals were included in the experiment. 

For the quantification of indoxyl sulfate and p-cresyl sulfate concentrations in 

the samples collected in clinical study I and in the in vivo experiment, we applied a liquid 

chromatography (LC)-tandem mass spectrometry (MS/MS) method as described by 

Poesen et al [21]. In short, aliquots of human and animal plasma were diluted in water, 

deproteinized with perchloric acid (final concentration 3.3% (v/v)) and supplemented 

with deuterated kynurenic acid as internal standard. Subsequent to centrifugation at 

12,000 x g for 3 min, the supernatants were injected into an Accela LC system coupled 

to a TSQ Vantage triple quadropole mass spectrometer (Thermo Fischer Scientific, Breda, 

the Netherlands) with a C18 LC column (Acquity UPLC HSS T3 with 1.8 μm particles; 

Waters, Milford, MA, USA). The autosampler and column temperature were set to 8 °C 

and 40 °C, respectively, and the flow rate was set to 350 μL/min. For analysis, 10 uL of 

samples were injected three times, addressing (i) basic negative components, including 

indoxyl sulfate, (ii) acidic negative components, and (iii) acidic positive components, 

including kynurenic acid. For the first injection, the elution gradient went from 100% 10 

mM NH4-acetate to 85% pure methanol over 7 min. For the second and third injection, 

the gradient went from 100% 5 mM ammonium acetate and 0.1% formic acid to 85% 

pure methanol in 7 min. The effluent from the LC was passed into the electrospray 

ion source and ionization was achieved using a nitrogen sheath gas with 2500 V for 

the negative and 3500 V for the positive electrospray ionization. MS/MS fragmentations 

and a selected reaction monitoring were performed.

Indoxyl sulfate clearance was calculated according to Cl = (Cu . Q) / Cp, with

Cl = Clearance (ml/min)

Cu = Urine concentration indoxyl sulfate (mmol/l)

Q = Urine flow (ml/min)

Cp = Plasma concentration indoxyl sulfate (mmol/l).

Cell Models and Ethics Statement
Kidney tissue was obtained from a non-transplanted donor, after giving informed consent, 

to isolate primary epithelial cells as outlined by Jansen et al. [22] and was approved by 

the medical ethical committee of Radboud university medical center, the Netherlands. 

No clinical history of renal disorders or any other chronic disease was identified. Besides 

primary cells, conditionally immortalized proximal tubule epithelial cells (ciPTEC) 

overexpressing OAT1 was used for this study [27]. Both cell types were cultured in 

supplemented PTEC medium: phenol-red free DMEM-HAM’s F12 medium (catnr, Lonza, 

Basel, Switzerland) containing 10% (v/v) FCS (Greiner Bio-One, Monroe, NC), 5 µg/ml 

insulin, 5 µg/ml transferrin, 5 ng/ml selenium, 36 ng/ml hydrocortisone, 10 ng/ml EGF 

and 40 pg/ml tri-iodothyronine. ciPTEC were cultured in 2D (68,000 cells/cm2) and on 

hollow 3D kidney tubules (1.0 x 10^6 cells/ml). The latter was performed as described 

by Jansen et al. [32]. In short, polyethersulfone hollow fiber membranes (MicroPES, 3M 

GmbH, Wuppertal, Germany) were biofunctionalized using L-DOPA and human collagen 

IV coating [57]. Next, cells were seeded on hollow fiber membranes and incubated for 

24h at 33˚C (5% v/v CO2) to proliferate and transferred for 7 days at 37˚C (5% v/v CO2) 

to mature.

In vitro Assays
For all in vitro experiments, cells were exposed to 200 µM indoxyl sulfate, with or without 

inhibitors, in serum-free medium at day 6, 37°C, 5% (v/v) CO2 for 24h.

AhR Reporter and Viability Assay 
HG2L7.5c1 cells (human hepatoma (HepG2)-cell line) were stably transfected with 

a Ah receptor-responsive firefly luciferase reporter gene plasmid, pGudLuc7.5 [49]. 

Cells were cultured in MEM alpha medium (Invitrogen, Thermo Fisher Scientific, Breda, 

The Netherlands) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) Pen/

Strep. The reporter assay was performed as described [55]. Cell survival upon 24h uremic 

toxins exposure in HG2L7.5c1 cells was determined using a MTT viability assay. Cells 

were washed twice using PBS and incubated with 5 mg/ml MTT for 2 hours at 37°C. 

Next, cells were lysed in DMSO and absorbance (550-600 nm) was measured using 

a FLUOstar Omega plate reader (BMG labtechnologies, Isogen Life Science, De Meern, 

The Netherlands).

Gene Expression Profiling
RNA was isolated from control or treated cells in the presence or absence of an AhR 

inhibitor alpha-naphtoflavone (1 µM) using the PureLink RNA mini kit (Thermo Fisher 

Scientific) and cDNA was synthesised using the M-MLV reverse transcriptase kit, according 

to manufacturer’s protocol. Using TaqMan primer probes mRNA expression levels were 

examined with gene arrays as listed in the key resources table. Gene expression levels 
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were normalized to the reference gene GADPH and were expressed as fold change 

compared to control. The EGF signaling pathway was investigated using a RT2 cDNA 

synthesis first strand kit and Profiler gene array (PAHS-040Z; Qiagen Benelux B.V., Venlo, 

The Netherlands). In this array, five housekeeping genes were included (ACTB, B2M, 

GAPDH, HPRT1 and RPLP0) and gene expression levels were expressed as fold change 

compared to control. Data were plotted using Cytoscape software version 3.6.0.

Protein Expression Analysis
Nuclear ARNT (1:100 in protein block serum-free buffer (DAKO), C15A11, Cell Signaling) 

expression levels in ciPTEC monolayers were determined using the immunocytochemistry 

methodology as previously described [22] using a goat anti-rabbit IgG AlexaFluor 488 

(1:200 in blocking buffer, Thermofisher). The high-content imager Yokogawa CV7000 

and CellVoyager software were used to capture images and expression levels were 

quantified using ImageJ software. All experiments were performed in triplicate with at 

least 3 technical replicates per condition. Per replicate at least 20 nuclei were used for 

quantification, emphasizing that at least 180 nuclei per condition were used to perform 

statistical analysis. Data were normalized to control. 

OAT1 protein expression (1:100 dilution in 5% (w/v) milk-PBS- 0.1% (v/v) tween 

blocking buffer, OAT11-A, Alpha Diagnostics Int) in cellular membrane fractions was 

determined using Western Blotting as described [22]. Na,K-ATPase (1:2,000 in blocking 

buffer, C356-M09 [53]) was used as loading control, visualized using a goat anti-rabbit 

HRP (1:1,000 in blocking buffer, Abcam, Cambridge, UK) and the Amersham ECL Prime 

Western blotting detection reagent (VWR, Boxmeer, the Netherlands). Signal intensity 

was measured using the ChemiDoc MP system (Bio-Rad Laboratories BV, Veenendaal, 

the Netherlands) and Image Lab software version 5.2. Semi-quantification was performed 

using ImageJ software. Data were corrected for Na,K-ATPase (OAT1) expression levels and 

normalized to control.

OAT1 protein expression in rat kidney slices was determined using immunohistochemistry. 

Paraffine-embedded kidney slices were deparaffinized using xylol (2x 5 min), three times 

EtOH (70% (v/v)) wash, rinsed in MilliQ followed by Tris-EDTA antigen retrieval (VWR) 

by boiling 10 min. OAT1 antibody (PA1683, Boster Immunoleader, Pleasanton, CA) was 

diluted 1:100 in PBS-BSA (1% (v/v)) and incubated 2 hours at room temperature. Slices 

were washed three times using PBS and incubated using donkey anti-rabbit IgG AlexaFluor 

568 (1:200 in PBS-BSA (1% (v/v)) for 2 hours at room temperature. After washing, slices 

were mounted using fluoromount-G plus dapi (Southern Biotech, Birmingham, AL) to 

stain nuclei. Images were captured using a Zeiss LSM880 microscope and signal intensity 

was quantified using ImageJ software. At least 10 tubules per kidney slice were analyzed. 

Data were background corrected and normalized to control.

Fluorescein Transport in 2D 
Fluorescein (1 µM) transport was investigated to evaluate transporter function in matured 

ciPTEC monolayers overexpressing OAT1, as described [27, 33], using probenecid at 100 

or 500 uM as positive control of transporter activity (Figure S3). Cells were exposed to 

indoxyl sulfate (200 µM) in the presence or absence of AhR inhibitor (10 µM CH-223191), 

EGFR inhibitor (0.5 mg/ml Cetuximab, Merck Serono, Darmstadt, Germany), EGF  

(10 ng/ml), downstream EGF signalling inhibitors Bisindolylmaleimide (1 µM), U-0126 

(2 µM, Cell Signaling Technology) , LY-942 (2 µM) and SN50 (10 µM), ROS scavengers 

Trolox (100 µM) or N-acetyl-L- cysteine (2 mM), scrambled- and antagomiR-223 for 24h 

(10 nM, VBC-Biotech, [54, 58]). The scrambled antagomiR contained 6 mismatches, all 

antagomirs were 3`cholesterol modificated, 2`O-methylated, and contained PTO linkages 

at the first two and last four nucleotides. Intracellular fluorescence (492 nm excitation, 518 

nm emission) was measured using a Fluoroskan Ascent FL Spectrofotometer Labsystems 

(Thermo Fisher Scientific) plate reader. Blank fluorescence data were subtracted, and 

normalized data compared to control were plotted. 

Transepithelial Transport in 3D Kidney Tubules 
Following exposure for 24h, either control or indoxyl sulfate (200 µM), kidney tubules 

were perfused using a microfluidic system as described [33]. Control and treated 

tubules were perfused (6 ml.h-1) with indoxyl sulfate (100 µM) for 10 min to allow 

transepithelial transport across the cell monolayer and apical samples were collected. 

The internal standard 13C6-indoxyl sulfate was added and samples were analyzed using 

the same LC-MS method as described in the section ‘Clinical study II’. Indoxyl sulfate 

concentrations measured in the standard solutions (dissolved in water) were used for 

sample quantification. 

Reactive Oxygen Species Generation Analysis
To measure ROS, matured cells were loaded with 5-(and-6)-chloromethyl-2’, 

7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, 10 µM, Thermo Fisher 

Scientific) for 20 min at 37°C, 5% (v/v) CO2. Next, the dye was removed, and monolayers 

were exposed to indoxyl sulfate in the presence or absence of a ROS scavenger, trolox 

(100 µM), for 24h. As a positive control, hydrogen peroxide (500 µM) was included. After 

24h, intracellular fluorescence (485 nm excitation, 535 nm emission) was measured using 

a Fluoroskan Ascent FL Spectrofotometer Labsystems plate reader. Data were background 

corrected and the normalized intensity compared to control were plotted. 

Metabolomics 
For intracellular metabolite analysis, 24 hour-exposed cells (350,000 ciPTEC per sample, 

N=3 samples per condition) were washed using ice cold PBS and metabolites were 

extracted in 1 mL lysis buffer containing methanol/acetonitrile/dH2O (ratio 2:2:1). 
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Samples were spun at 16,000g for 15 min at 4°C and supernatants were collected for 

LC-MS analysis. 

LC-MS analysis was performed on an Exactive mass spectrometer (Thermo Scientific) 

coupled to a Dionex Ultimate 3000 autosampler and pump (Thermo Scientific). The MS 

operated in polarity-switching mode with spray voltages of 4.5 kV and -3.5 kV. Metabolites 

were separated using a Sequant ZIC-pHILIC column (2.1 x 150 mm, 5 µm, guard column 

2.1 x 20 mm, 5 µm; Merck) using a linear gradient of acetonitrile and eluent A (20 

mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water (Biosolve)). Flow rate was set at  

150 µl/minute. Metabolites were identified and quantified using LCquan software  

(Thermo Scientific) on the basis of exact mass within 5 ppm and further validated by 

concordance with retention times of standards. Metabolites were quantified using 

LCquan software (Thermo Scientific). Peak intensities were normalized based on median 

peak intensity. Using the Metaboanalyst 3.0 software, data were log-transformed and 

pareto-scaled before proceeding to multi-variate analysis. Principal component analysis 

(PCA) and partial least squares-discriminant analysis (PLS-DA) were used as a control to 

confirm that non-treated and treated cells are distinct sample sets.

Using the variable importance in projection (VIP) feature of the PLS-DA, discriminatory 

metabolites between samples were identified. To verify the significance of these 

discriminatory metabolites, unpaired students t-test and fold-change analysis were 

performed on datasets without transformation or scaling, using Graphpad Prism 7.0. 

A p-value of <0.05 was regarded as statistically significant. 

Pathways with pathway impact >0.1 and P-value <0.1 were considered relevant. 

Metabolites were mapped using the Kyoto Encyclopedia of Genes and Genomes  

(KEGG) database. 

Statistical Analysis
All data are expressed as mean ± S.E.M of three independent experiments performed 

at least in triplicate, unless stated otherwise. Statistical analysis was performed using 

one-way or two-way ANOVA analysis followed by Tukey or Sidak’s post-test or, when 

appropriate, an unpaired t test with GraphPad Prism version 7 (La Jolla, CA). A p-value 

of <0.05 was considered significant and indicated using one asterix, ** = p<0.01 and  

*** = p<0.001. 

RESULTS
Kidneys Sense and Signal Elevated Gut-Derived Metabolite Levels and 
Induce Renal Secretion
We previously studied the impact of high protein diet on tryptophan and phenolic 

metabolites [21]. Human volunteers subjected to a high protein diet for 14 days 

(Figure 1A) had elevated plasma levels of indoxyl sulfate [21], accompanied by an 

average increased urinary indoxyl sulfate excretion of 45 ± 14% (Figure 1B, p< 0.01). 

Concentration-dependent augmentation of transporter-mediated urinary excretion is 

not uncommon as long as serum concentrations are below transport maximum (Tm). 

However, we questioned whether the excretory route for indoxyl sulfate can be sensed 

and regulated to balance serum concentrations. In this exploratory study, we observed 

a 70% increase of OAT1 mRNA expression in renal proximal tubule epithelial cells isolated 

from urine, though not significant (Figure 1C). As recently shown by our group and 

others, urinary epithelial cells are viable cells showing proximal tubule characteristics 

similar to renal epithelial cells isolated from human kidney tissue [22, 23], emphasizing 

that urine is an ideal source for studying OAT1 expression in our cohort. To further explore 

whether the excretory route for indoxyl sulfate can be sensed and regulated, we analyzed 

data from a second human intervention study (n=36) subjected to protein concentrates 

extracted from corn, whey and bovine plasma (Figure 1D). Tryptophan and tyrosine, 

precursors of indoxyl sulfate and p-cresyl sulfate, are expected to be most abundantly 

present in animal-derived diets [24]. Indeed, urinary indoxyl sulfate and p-cresyl sulfate 

excretion were increased following bovine-derived protein intake compared to corn 

and whey-derived proteins (Figure 1E-F), though p-cresyl sulfate to a lesser extent as 

compared to indoxyl sulfate. 

To test whether indoxyl sulfate itself regulates OAT1 expression, we used an adenine 

CKD rat model gavaged with indoxyl sulfate (Table S1; Figure 1G). When compared to 

the vehicle group, renal indoxyl sulfate clearance was increased seven weeks after indoxyl 

sulfate treatment (4.4 ± 0.7 vs. control 0.1 ± 0.02 ml.min-1, Figure 1H), and OAT1 

mRNA expression isolated from urinary kidney epithelial cells was 2.7 ± 0.6-fold induced  

(Figure 1I, p<0.05). Similarly, CKD rats were gavaged with p-cresyl sulfate to test 

metabolite sensing and signaling specificity. Clearance of both metabolites, p-cresyl sulfate 

and indoxyl sulfate, was deteriorated after 5 weeks of p-cresyl sulfate administration 

compared to week 1 treatment (Figure S1A-B). The OAT1 protein expression was over 

40% reduced in the p-cresyl sulfate group, whereas expression levels were maintained in 

the indoxyl sulfate group (Figure S1C). Together, the indoxyl sulfate-mediated induction 

of the OAT1 secretion pathway suggests the involvement of an active and specific 

metabolite sensing and signaling mechanism.

Indoxyl Sulfate Induces OAT1 Expression and Function via the AhR and 
EGFR Axis
To determine the mechanism of indoxyl sulfate-mediated OAT1 induction, we explored 

the involvement of the AhR-ARNT complex, the EGFR pathway and associated molecules. 

It has been shown that indoxyl sulfate induces the aryl-hydrocarbon receptor (AhR), 

a ligand-dependent transcription factor [25, 26]. In turn, AhR induces the expression 

of membrane transporters belonging to the ATP Binding Cassette (ABC) family. Indeed, 

we observed that dietary protein-derived metabolites activated AhR, and that indoxyl 

sulfate appeared to be the most potent ligand (Figure S2 and Table S2). Exposure 
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of human primary kidney epithelial cells or mature immortalized human proximal 

tubule epithelial cells (ciPTEC) [27] to a clinically relevant indoxyl sulfate concentration  

(Figure 2A) resulted in a robust increase of OAT1 expression that could be inhibited by 

AhR antagonists (Figure 2B-D). In addition to activating the AhR transcription factor, 

indoxyl sulfate binds to the extracellular domain of the epidermal growth factor receptor 

(EGFR; [28]), a receptor previously implicated in OAT1 regulation as well [29]. Indeed, 

inhibition of EGFR by cetuximab, a blocking monoclonal antibody, attenuated the indoxyl 

sulfate-mediated induction of OAT1, thereby confirming its role in sensing and signaling  

(Figure 2D). In addition, indoxyl sulfate-induced OAT1 transport activity was inhibited by 

Figure 1. Human and rat kidneys sense and signal elevated gut-derived metabolite plasma 
levels and induce their secretion. (A) Schematic diagram of the human study design. (B) Indoxyl 
sulfate excretion prior to and after high protein diet intervention. (C) Relative mRNA hOAT1 
expression prior to and after high protein diet intervention in human kidney cells. (D) Schematic 
diagram of the second human study (n=36 volunteers) using protein concentrates extracted from 
corn, whey and bovine plasma in a randomized manner. (E) Indoxyl sulfate and (F) p-cresyl sulfate 
excretion following corn, whey and bovine plasma protein concentrate intervention. (G) Schematic 
diagram of the animal study design. (H) Indoxyl sulfate clearance over time in vehicle (triangle) and 
indoxyl sulfate (square)-treated CKD rats. (I) Relative mRNA rOAT1 expression in vehicle (triangle) 
and indoxyl sulfate (IS, square)-treated rat kidney cells. Data are presented as mean ± S.E.M. 
*=p<0.05, **=p<0.01, ***=p<0.001.

AhR or EGFR selective antagonists (Figure 2E and S3), and the presence of EGF is essential 

to stimulate indoxyl sulfate-induced OAT1 transport activity (Figure 2F). Together, 

our data demonstrate that indoxyl sulfate activates OAT1 expression and transport via 

the EGFR sensor and AhR signaling. 

EGFR stimulation leads to activation of downstream MAPK and NF-kB signaling 

pathways, as shown on mRNA (Figure 2G and Table S3) and functional transport 

level using MAPK and NF-kB inhibitors (Figure 2H-I). When EGFR signaling is inhibited 

by cetuximab, the nuclear expression of ARNT, the counter complex of AhR to which 

intracellular indoxyl sulfate binds after uptake (Figure S3), is diminished (Figure 2J-K). 

This confirms the crosstalk between EGFR and AhR in indoxyl sulfate sensing and signaling. 

Furthermore, microRNA-223 (miR-223) was reported to regulate genes associated with 

both AhR and EGFR signaling and might play a pivotal role in the kidney sensing and 

signaling hypothesis [30, 31]. The crosstalk is indeed co-regulated by miR-223, as its 

pharmacological inhibition reduced OAT1 activity (Figure 2L) and deteriorated ARNT 

nuclear expression (Figure 2M and S4). Concomitantly, miR-223 expression itself was 

not altered in treated cells and scavenging miR-223 did not influence MAPK1, BRAF (EGF 

signaling) or AhR and AhR repressor gene expressions (Figure S5). These data show that 

the interrelation between multiple signaling pathways is key in OAT1 regulation during 

the metabolite sensing and signaling adaptation. 

A 3D physiological kidney model that we recently established allows polarization of 

the renal epithelial cell layer by seeding the cells onto a hollow-fiber scaffold (Figure 3A 

and [32, 33]). Using this model, we were able to demonstrate that transepithelial indoxyl 

sulfate secretion is enhanced after indoxyl sulfate treatment (35% ± 13, Figure 3B). This 

is the net effect of induced OAT1 function (Figure 2E), which was accompanied by an 

enhanced expression of the efflux transporters breast cancer resistance protein (BCRP) 

and multidrug resistance protein 4 (MRP4) (Figure S6); both involved in luminal secretion 

of indoxyl sulfate [34] and regulated by EGFR signaling [29]. 

Reactive Oxygen Species Are Driving Forces in Remote Sensing and 
Signaling and Are Efficiently Detoxified by Glutathione Metabolism
AhR activation and its nuclear translocation have been associated with cellular stress 

and the production of ROS [35, 36]. We confirmed that ROS levels were induced by 

indoxyl sulfate (Figure 4A). Further, we show that ROS serve as important messengers 

to stimulate OAT1 function, as ROS quenching by antioxidants, using trolox or acetyl 

cysteine, counteracted the indoxyl sulfate-induced transport effect (Figure 4B). 

Metabolomic profiling to further explore intracellular metabolic changes upon indoxyl 

sulfate stimulation on renal epithelial cells revealed changes in glutathione and beta-

alanine metabolism (Figure 5A-B, Table S4). Glutathione is an important antioxidant, 

critical for protecting cells from oxidative stress. The ratio of reduced glutathione (GSH) 

to oxidized glutathione (GSSH) is a good measure of oxidative stress and was previously 
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Figure 2. Indoxyl sulfate induces OAT1 expression and function in vitro via the AhR and 
EGFR axis under the control of miR-223. (A) Schematic diagram of the experimental in vitro 
design using renal proximal tubule cells. (B) Relative mRNA hOAT1 gene expression in control and 
indoxyl sulfate (IS) treated ciPTEC cells in the presence or absence of alpha-naphtoflavone (aNF) 
and (C) in primary kidney cells. (D) Relative OAT1 protein expression corrected for loading control 
using NaK,-ATPase and normalized to control. Control and treated cells in the presence or absence 
of CH-223191 (CH) and cetuximab (CTX) are shown. (E) OAT1 activity monitored using fluorescein 
transport in control and treated cells in the presence or absence of CH-223191 (CH) and cetuximab 
(CTX) and normalized to control. (F) Fluorescein transport in control and treated cells in the presence 
or absence of epidermal growth factor (EGF). (G) Relative mRNA expression EGF signaling in indoxyl 
sulfate -treated cells as compared to control. White boxes are not measured. Complete result list 
of genes tested see Supplemental Table S3 (H) Fluorescein transport in control and treated cells in 
the presence or absence of bisindolylmaleimide (BIM; protein kinase C inhibitor), MEK (U-0126; 
MEK inhibitor) and LY-294002 (LY; phosphoinositide 3-kinase inhibitor) and normalized to control. (I) 
Fluorescein transport in control and treated cells in the presence or absence of SN50 trifluoroacetate 
salt (SN50; NF-kB inhibitor) and normalized to control. (J-K) Nuclear ARNT expression in control 
and treated cells in the presence or absence of cetuximab (CTX). Representative images are shown 
in K. (L) Fluorescein transport in control and treated cells in the presence or absence of scrambled 
antagomiR-223 (Scr miR223) or antagomiR-223 (a-miR223) and normalized to control. (M) Nuclear 
ARNT expression in control and treated cells in the presence or absence of scrambled antagomiR-
223 (Scr miR223) or antagomiR-223 (a-miR223) and normalized to control. Representative images 
are shown in Supplemental Figure S4. Data are presented as mean ± S.E.M.

Figure 3. Ameliorated transepithelial transport using indoxyl sulfate exposure in a 3D 
kidney model. (A) Schematic showing the experimental design of transepithelial transport across 
a three-dimensional bioengineered kidney tubule. (B) Indoxyl sulfate clearance in control and indoxyl 
sulfate-treated bioengineered kidney tubules. Data are presented as mean ± S.E.M.

shown to be reduced in indoxyl sulfate-treated endothelial cells [37). Consistent with 

these findings, indoxyl sulfate-treated renal epithelial cells demonstrated a reduced 

relative ratio as well (ratio of 0.8 ± 0.05, p = 0.03), further confirming that indoxyl sulfate 

induces oxidative stress in these cells (Figure 5A). In addition, beta-alanine metabolism 

is an indicator of increased cellular oxygen consumption, and its declined levels in indoxyl 

sulfate-treated cells is another indicator of oxidative stress (Figure 5A-B). Altogether, 

cellular stress responses during remote sensing and signaling are tightly regulated and 

ROS molecules control OAT1-mediated transport. 
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Figure 4. Reactive oxygen species aid remote metabolite sensing and signaling. (A) ROS 
production in control and treated cells in the presence or absence of trolox. Data were normalized to 
control. (B) Fluorescein transport in control and treated cells in the presence or absence of N-Acetyl-
l-cysteine (AcCyst) and trolox. Data were normalized to control and are presented as mean ± S.E.M.

Figure 5. Induced glutathione and reduced beta-alanine metabolism during indoxyl sulfate 
sensing and signaling in response to oxidative stress. (A) Metabolomic analysis of indoxyl 
sulfate-treated cells compared to control. Relative metabolite abundance of the glutathione 
metabolism, TCA cycle, urea cycle, oxidate pentose phosphate pathway (PPP) and glycosis are 
plotted. Color code: orange p<0.05, yellow 0.10 > p > 0.05, white p> 0.10, grey not analyzed. (B) 
Pathway analysis based on impact and p-value showing that glutathione metabolism is enhanced, 
and beta-alanine is reduced in indoxyl sulfate treated cells compared to control. Larger circles further 
from the y-axis and orange-red color show higher impact of pathway. P-CoA: pantothenate and 
co-A biosynthesis, P: propanoate metabolism, CC: citrate cycle, PPP: pentose phosphate pathway, 
GST: glycine, serine and threonine metabolism.

DISCUSSION 
It is hypothesized that kidney function is an essential part of human-gut microbiome 

symbiosis. The kidney’s excretory capacity of unusable (potentially deleterious) microbial 

metabolites is unmatched by other organs. Here, we describe the identification of an 

effective mechanism by which human kidneys sense elevated indoxyl sulfate levels 

through receptor-mediated signaling, and respond by inducing their secretory pathway 

via OAT1. This biological response in remote metabolite sensing and signaling is governed 

by the complex interplay between OAT1, EGFR, AhR and miR-223 that induces ARNT 

translocation and ROS-associated signal transduction. Together, the regulation pathway 

reveals a detoxification mechanism facilitated by kidney epithelial cells to remove gut-

derived metabolites and to aid body homeostasis. 

As presented here, EGFR activation by indoxyl sulfate and downstream MAPK-ERK 

signaling plays a pivotal role in ARNT nuclear translocation in kidney epithelial cells. Our 

results are supported by previous findings by Tan and co-workers, who showed that 

MAPK-ERK signaling is activated by dioxin, a known AhR ligand, and that this activation 
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potentiates the transcriptional activity of AhR-ARNT heterodimers in mouse hepatoma 

cells [38]. In addition, EGF supplementation stimulated the binding of the ARNT complex 

to a responsive element within the cyclooxygenase-2 gene promoter region in human 

squamous cell carcinoma cells [39]; molecular docking studies revealed that indoxyl 

sulfate binds to the extracellular domain of EGFR [28]; and EGFR-dependent regulation 

of OAT1 via PI3K-AKT and MAPKK-ERK signaling was demonstrated in cetuximab-treated 

renal epithelial cells [29]. 

We provide direct evidence that indoxyl sulfate activates EGFR and downstream MAPK 

signaling, which stimulates AhR-ARNT nuclear translocation and results in enhanced 

OAT1 expression and function in the kidney. Concomitantly, we investigated related 

signaling factors including miR-223 and ROS. To date, over 200 targets have been 

described for miR-223 [40] emphasizing its ubiquitous involvement in cellular processes. 

Scavenging miR-223 leads to a decrease in ARNT translocation, stressing that miR-223 

is a positive posttranscriptional regulator of ARNT protein expression. The link between 

miR-223 and ARNT was also detected in macrophages by Ogando and co-workers, but 

they identified miR-223 as a negative ARNT regulator [31]. In our study, miR-223 might 

control a repressor related to the AhR-ARNT complex, however, exact target identification 

would require further research. 

The balance between oxidation and anti-oxidation is essential for many biological 

processes. It is well-documented that indoxyl sulfate induces cell stress, ROS production 

and inflammation in many cell types, including endothelial cells, muscle cells, 

cardiomyocytes and renal epithelial cells [37, 41-43]. On the other hand, ROS can 

act as secondary messengers in key physiological pathways including AhR, EGFR and 

NF-kB signaling [36, 44, 45], suggesting their auxiliary role in signal transduction during 

metabolite sensing. Our metabolomics analysis showed a clear cellular stress response 

upon indoxyl sulfate treatment, similar to previous studies in, for example, skeletal 

muscle cells [41]. Interestingly, the generation of ROS is one of the driving forces in 

the metabolite sensing and signaling events as ROS scavenging counteracted the indoxyl 

sulfate-induced upregulation of functional OAT1. Thus, antioxidative response pathways 

and ROS levels in renal epithelial cells emphasize the importance, and also the complexity, 

of small molecule communication within the kidney epithelium.

Our work fits in the ‘remote sensing and signaling hypothesis’ as described by Nigam 

and co-workers [7, 17, 20, 46] for the solute carrier family of transporters in mediating 

inter-organ and even inter-organismal communication. These transport proteins are 

marked by their broad substrate specificity and ubiquitous expression in tissues and organs 

with a barrier function. The network regulates the transport of important metabolites and 

signaling molecules across organs (e.g., gut-liver-kidney axis) by tuning the expression 

and function of these drug transporters accordingly [46]. Here, we demonstrate that 

the microbial metabolite indole, which is oxidized and conjugated with sulfate in the liver 

to indoxyl sulfate, acts as a signaling molecule to stimulate the expression and function of 

uptake and efflux transporters involved in its renal excretion. In the kidney, AhR-mediated 

detoxification mechanisms fulfill a central role in stimulating the clearance of endo- and 

xenobiotics, but also of environmental pollutants [47]. For example, dioxin-liganded AhR 

binding massively upregulates cytochrome P450s (CYP) enzymes. Consequently, dioxin is 

favorably metabolized by CYPs and efficiently eliminated from the body, emphasizing that 

multiple mechanisms can be activated to stimulate waste clearance. Altogether, remote 

sensing and signaling orchestrates the efficient removal of gut-derived metabolites to aid 

body homeostasis. 

The sensing mechanism elicits the possibility to modulate OAT1 function in the kidney 

and may lead to a new era of potential therapeutic avenues to preserve kidney function 

upon injury. OATs are also expressed in other organs (e.g., liver, brain), but the abundant 

and predominant expression of OAT1 in the kidney gives rise to opportunities for kidney-

specific targeting. In support, OAT1 expression is maintained in CKD rats administered 

with indoxyl sulfate whereas CKD rats gavaged with p-cresyl sulfate showed reduced 

OAT1 expression and clearance of indoxyl sulfate and p-cresyl sulfate. In addition, 

the development of cell-based regenerative therapies to replace kidney function, like 

the bioartificial kidney (i.e., waste removal facilitated by kidney epithelial cells), are 

currently of high interest worldwide [33, 48]. Activating OAT1-mediated transport using 

the metabolite sensing mechanism in a cell-aided device, would boost the transport capacity 

of these cells. Consequently, an advanced transport capacity will lead to enhanced waste 

solute removal critical to the successful development of cell-based therapies for kidney 

disease. Further, OAT3 contributes to the renal excretion of indoxyl sulfate, although with 

a somewhat lower affinity, as shown for rat [49] and human [50] isoforms. Both solute 

transporters share common substrates and are regulated by similar pathways, but distinct 

regulatory mechanisms have been described as well [46, 51]. Moreover, OAT3 has been 

proposed to mediate vascular toxicity through indoxyl sulfate uptake and subsequent 

AhR/NF-kB-signaling [52]. A possible contribution of OAT3 to the microbiome metabolite 

sensing and signaling renal excretion pathway was beyond our interest as we used sole 

OAT1-expressing renal cells [27], and has, as of yet, to be investigated.

In conclusion, we identified molecular targets involved in remote metabolite sensing 

and signaling that result in enhanced OAT1 function and consequently induces waste 

removal by the kidney. The crosstalk between AhR, EGF and miR-223, accompanied by 

an altered redox status, is essential for this mechanism and emphasizes the well-defined 

regulation in kidney cells to modulate transport processes. These data provide additional 

support for the hypothesis that kidney function is an essential part of the human gut 

microbiome symbiosis, named the gut-kidney axis. 
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SUPPLEMENTARY DATA
For all supplementary data, please visit:

https://www.pnas.org/content/pnas/suppl/2019/07/23/1821809116.DCSupplemental/

pnas.1821809116.sapp.pdf

Figure S1. Metabolite sensing and signaling is not initiated by p-cresyl sulfate in CKD rats. (A) 
Indoxyl sulfate and (B) p-cresyl sulfate clearance in indoxyl sulfate or p-cresyl sulfate gavaged CKD 
rats. In line with indoxyl sulfate being a potent activator of the AhR-signaling pathway, clearance 
is induced upon indoxyl sulfate administration, whereas p-cresyl sulfate exposure merely results in 
clearance deterioration of both metabolites during the course of the experiment. (C) Representative 
images (red: OAT1, blue: nuclei) and (C’) semi-quantification of OAT1 protein expression in control, 
indoxyl sulfate or p-cresyl sulfate CKD rat kidney slices. Data shown are mean ± S.E.M.
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Figure S2. Indoxyl sulfate is a potent aryl hydrocarbon receptor ligand. (A,C,E) Luciferase 
activity to detect AhR-dependent transcription upon metabolite exposure using a Calux cell line. 
Data are normalized to dioxin (5 pM). For metabolite concentrations (1-10-100x) and abbreviations 
see table S2. (B, D, F) Viability of calux cells when exposed to metabolites. Data are presented as 
mean ± S.E.M.

Figure S3. Intracellular indoxyl sulfate is essential to increase OAT1 activity. Cells were 
incubated for 24h with indoxyl sulfate, probenecid or their combination, after which the fluorescein 
assay was performed in the presence or absence of probenecid to demonstrate active OAT1-
mediated transport in the renal proximal tubule cells. After a 24 h incubation with indoxyl sulfate, 
a significant increase in OAT1 activity was observed, which was not observed in combination with 
probenecid. This indicates that uptake of indoxyl sulfate into proximal tubule cells is necessary to 
increase OAT1 activity. IS: indoxyl sulfate, Prob: probenecid. Data are shown as mean ± SD from four 
independent experiments. * = p<0.05.

Figure S4. Nuclear ARNT expression is reduced upon miR-223 inhibition. Representative images 
of ARNT nuclear expression in control and treated cells in the presence or absence of scrambled 
antagomiR-223 (Scr miR) or antagomiR-223 (a-miR).
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Figure S5. Gene expression of EGFR- and AhR-associated genes in the presence of antagomiR-
223 and miR-223 expression in treated cells. Fold change in MAPK (A), BRAF (B), AhR (C), AhRr 
(D) gene expression in control and treated cells in the presence or absence of scrambled antagomiR-
223 (Scr miR) or antagomiR-223 (a-miR). (E) miR-223 expression in control and IS treated cells. Data 
are presented as mean ± S.E.M.

Figure S6. BCRP and MRP4 expression are induced in indoxyl sulfate treated cells. Fold 
change in BCRP (A) and MRP4 (B) gene expression in control and treated cells in the presence or 
absence of alpha-napthoflavone (aNF). Data are presented as mean ± S.E.M.
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NOTCH SIGNALING IS ACTIVATED IN INDOXYL 

SULFATE-INDUCED UPREGULATION OF  
KIDNEY ORGANIC ANION TRANSPORTER 1



NOTCH SIGNALING IN KIDNEY REGENERATION

126 127

1

2

3 

4

5

6

7

8

9

10

ABSTRACT
Notch signaling is involved in proximal tubule fate acquisition during development and 

silenced in the adult kidney. Reactivation is only observed during kidney injury and has 

been described to have both protective and detrimental effects. Here, we investigated 

whether the Notch pathway is activated in kidney proximal tubule epithelial cells (PTECs) 

through exposure to the uremic toxin indoxyl sulfate (IS), and whether activation is 

involved in the IS-induced upregulation of Organic Anion Transporter 1, as described 

within the remote sensing and signaling framework. We demonstrated inhibitor-sensitive 

Notch activation upon IS exposure using a Notch 1 luciferase reporter assay in HEK293T 

cells and Western blotting showing cleavage of the Notch intracellular domain in 

conditionally immortalized PTECs (ciPTEC). Inhibition of Notch reversed the IS-induced 

OAT1 upregulation, but gene expression studies and immunostaining for AhR-ARNT 

and NICD nuclear translocation are needed to further unravel the role of Notch led to 

ambiguous results. 

INTRODUCTION
The Notch signaling pathway is an evolutionary conserved cell-cell signaling system that 

functions as key regulator in various cellular processes, including cell fate decisions and 

terminal differentiation. Cell differentiation decisions are regulated via interaction of 

Jagged and Delta ligands (Jagged 1 and 2, and DLL1, 3 and 4) and Notch receptors (Notch 

1-4). Directionality of Notch signaling is determined by concentration differences between 

ligands and receptors on the cell surface; ligands activate receptors on neighboring cells 

(trans-activation), but inhibit receptors on their own cell surface (cis-inhibition) [1].

In the developing kidney, the Notch signaling pathway is required for nephron 

segmentation and proximal tubule fate acquisition [2-4]. Once maturation has been 

reached, however, the pathway is silenced. Nevertheless, ligands and receptors remain 

expressed, and reactivation of the signaling pathway is observed following acute renal 

injury. Notch expression has also been shown to be sustained in a large number of 

nephropathies and chronic kidney disease [5, 6].

Activated Notch signaling in adult renal tissue is a two-edged sword and the outcome 

depends on its duration: short-term Notch activation has been suggested to promote 

tubular regeneration upon injury, whereas prolonged activity has been shown to result in 

interstitial fibrosis, disease progression and loss of renal function [7-9]. Most studies on 

Notch signaling in adult kidneys focus on the detrimental effects of chronic activation to 

investigate new therapeutic targets [10]. In contrast, little is known about the potential 

stimulatory effect of short-term Notch signaling.

Besides Notch, the aryl hydrocarbon receptor (AhR) signaling pathway is significantly 

enhanced in renal inflammation and fibrosis [11]. AhR is a promiscuous intracellular 

receptor with high affinity for environmental pollutants (e.g., TCDD). Upon activation, AhR 

binds to hydrocarbon nuclear transporter (ARNT). The AhR-ARNT heterodimer then binds 

to xenobiotic response elements (XRE) to upregulate a variety of genes for detoxification 

and antioxidant defense [12]. Of note, also in absence of exogenous compounds, AhR 

signaling is slightly active, which indicates a physiological role [13]. Indeed, a considerable 

number of endogenous metabolites with relatively weak affinity for AhR has been 

identified, including gut microbiome-derived tryptophan metabolite indoxyl sulfate (IS). 

Denison and Nagy proposed a coordinated clearance system for such metabolites through 

transiently induced AhR-dependent detoxification mechanisms [14]. This hypothesis is in 

line with the concept of remote sensing and signaling: if blood concentrations of gut 

microbiome-derived metabolites rise, metabolizing and excretory cells of different tissues 

respond with enhanced detoxification systems [15]. Recently, we showed within this 

concept that proximal tubule epithelial cells respond to elevated levels of IS by stimulating 

its secretion via up-regulation of organic anion transporter 1 (OAT1). The increased OAT1 

expression was, among others, induced by reactive oxygen species (ROS), epidermal 

growth factor receptor (EGFR) activation and downstream activation of AhR [16]. There 

are some studies that suggest cross-talks between the Notch and AhR-ANRT-XRE signaling 
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pathways. For instance, intestinal barrier dysfunction following ischemia/reperfusion and 

hypoxia is ameliorated through AhR-induced Notch 1 upregulation [17]. In accordance 

with this finding, the Notch 1 and Notch 2 genes have been shown to contain several XRE 

in their promoters, which can be induced by TCDD [18]. Here, we investigated whether 

the IS-induced and AhR-dependent renal upregulation of OAT1 involves a cross-talk with 

the Notch signaling pathway.

METHODS
Cell Culture
Human embryonic kidney (HEK) 293T cells stably expressing full-length Notch1 (HEK293 

FLN1) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented 

with 5% fetal bovine serum (FBS, Invitrogen) and 1% (v/v) penicillin/streptomycin 

(Invitrogen) at 37 °C. HEK293 FLN1 were cultured under puromycin selection (1 μg/mL).

Conditionally immortalized proximal tubule epithelial cells overexpressing OAT1 

(ciPTEC-OAT1) were previously established. Dulbecco’s Modified Eagle Medium/Nutrient 

Mixture F-12 (1:1 DMEM/F-12, Gibco, Life Technologies) supplemented with 10% (v/v) 

fetal calf serum (FCS, Greiner Bio-One), 5 μg/mL insulin, 5 μg/mL transferrin, 5 μg/mL 

selenium, 35 ng/mL hydrocortisone, 10 ng/mL epidermal growth factor and 40 pg/mL tri-

iodothyronine, and 1% (v/v) penicillin/streptomycin (Sigma Aldrich). Cells were cultured 

at 33 °C and 5% (v/v) CO2 to allow proliferation due to SV40T. Cells were seeded at 

63,000 cells/cm2, cultured for 1 day at 33 °C, 5% (v/v) CO2, and then for 7 days at 37 °C, 

5% (v/v) CO2 for differentiation and maturation. After maturation, cells were treated for 

experiments.

Unless stated otherwise, cells were incubated for 24h exposures with 200 μM IS 

(Sigma Aldrich), 0.1 μM recombinant Jagged-1 Fc chimera (Fc-Jag1, positive control), 1 

μM γ-secretase inhibitor (GSI or DBZ), and 200 nM dibenzazepine (DBZ, Syncom).

Luciferase Reporter Assay
The Lucifer Reporter Assay has been established earlier [19]. Human embryonic kidney 

293-full length notch1 (HEK293 FLN1) cells were transfected overnight with the reporter 

plasmid 12xCSL-Luc with the aid of polyethyleneimine as a transfection reagent at ratio 

1:2. Next, the 50.000 cell/cm2 were seeded on plates coated with fragment crystallizable 

domain (Fc, negative control) or Fc-Jag1 (positive control). Medium containing DMSO 

(vehicle), 200 μM IS, or 1 μM γ-secretase inhibitor (GSI, Sigma-Aldrich) was added to 

the wells, and the cells were cultured for 2 days before performing a Luciferase Assay 

(Promega). Reporter activity was calculated by normalizing fluorescence intensity to 

baseline control (Fc-domain only) and cell number, which was measured with a CyQuant 

Assay kit (ThermoFisher) following the manufacturer’s instruction.

OAT1 Transport Assay
To evaluate OAT1 transport activity, 1 μM fluorescein uptake was measured in Hank’s 

Balanced Salt Solution (HBSS, Gibco, Life Technologies ) for 10 min at 37°C. Uptake was 

halted by washing with ice-cold HBSS (4°C). Cells were lysed in 200 μl 0.1 M NaOH for 

15  min on a shake rocker, and fluorescence was measured at 492 nm excitation and 

518 nm emission on a Fluoroskan Ascent FL Spectrofotometer Labsystems plate reader 

(Thermo Fisher Scientific). Blank fluorescence data were subtracted, and data were 

normalized to control.

Western Blotting
OAT1 protein expression in cellular membrane fractions was determined using Western 

blotting using a 1:100 dilution of OAT11-A (Alpha Diagnostics Int.) in blocking buffer 

(PBS with 5% (w/v) milk and 0.1% (v/v) tween). Na-K-ATPase (1:2,000 in blocking buffer, 

C356-M09) was used as loading control. Bands were visualized using a goat anti-rabbit 

HRP (1:1,000 in blocking buffer, Abcam) and Amersham ECL Prime Western blotting 

detection reagent (VWR). Signal intensity was measured using the ChemiDoc MP system 

(Bio-Rad) and Image Lab software version 5.2. Semi-quantification was performed using 

ImageJ software. OAT1 protein expression data were corrected for b-actin expression 

levels and normalized to control.

Gene Expression
Total mRNA was isolated using an RNA isolation kit (Invitrogen) and cDNA was synthesized 

from 750 ng mRNA using iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad), 

according to the manufacturers’ instructions. The qPCR reactions were performed with 

a MyCycler Thermal Cycler (Biorad) using TaqMan Universal PCR Master Mix (Applied 

Biosystems) and following gene-specific primer probe sets (Thermo Fisher Scientific): 

RPS18 (Hs01375212_g1), SLC22A6 (Hs00537914_m1), Notch 1 (Hs01062014_m1), 

Notch 2 (Hs01050702_m1), Notch 3 (Hs01128537_m1), Notch 4 (Hs00965889_m1), 

Jagged 1 (Hs01070032_m1), Jagged 2 (Hs00171432_m1), Dll 4 (Hs00184092_m1),  

Hes 1 (Hs00172878_m1), Hey 1 (Hs05047713_s1). RSP18 was used as a housekeeping 

gene for normalization, and relative mRNA expression levels were calculated as fold 

change compared to control using the 2-ΔΔCT method.

Statistical Analyses
All analyses were performed using GraphPad Prism version 8. The results are presented 

as means ± SEM from three independent experiments (n=3), unless stated otherwise. 

A one-way ANOVA with multiple comparisons was used, and p < 0.05 was considered 

statistically significant.
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RESULTS
IS Activates the Notch Signaling Pathway
To investigate whether IS activates the Notch signaling pathway, we used a HEK293 cell 

line with expression of recombinant Notch 1, and the firefly luciferase gene controlled by 

Notch-response elements (i.e., CSL responsive elements). If Notch is activated, the Notch 

intracellular domain (NICD) is cleaved by γ-secretase, and the released NICD induces 

the constitutive expression of the luciferase reporter. Positive control, immobilized 

Notch ligand Fc-Jag1, increased relative luminescence 3.3-fold (p < 0.0001), which was 

completely reversed by addition of Notch inhibitor GSI (p < 0.0001). IS increased relative 

luminescence 2.0-fold (p < 0.0001), which could also be reversed by GSI (p < 0.0001) 

(Figure 1).

Notch is Necessary for the IS-Induced Effect on OAT1
Stimulating ciPTEC-OAT1 with Fc-Jag1 did not alter OAT1 activity (Figure 2A). Of note, 

we exposed ciPTEC 24 h to soluble Fc-Jag1 because immobilization through plate coating 

extended exposure time to 8 days due to the required ciPTEC-OAT1 maturation time. As 

reported previously by Jansen et al., we showed that IS exposure of ciPTEC-OAT1 for 24 

h induced a 50% increase in Oat1 transport activity. The Notch inhibitor DBZ significantly 

decreased the effect of IS, whereas exposure to DBZ alone did not alter transport activity 

(Figure 2B). Here, GSI was replaced with another γ-secretase inhibitor, DBZ, due to 

proteasome-inhibitory effects of the former, which influenced uptake measurements 

likely through decreased OAT1 degradation [20]. Western blotting revealed a 5-fold 

increase in NICD cleavage in ciPTEC-OAT1 when exposed to IS, which could be inhibited 

with addition of DBZ (Figure 2C). These results confirm the IS-induced Notch activation as 

observed in the luciferase reporter assay, and link its activation to increased OAT1 activity.

IS Exerts Limited Effects on Transcription of Notch-Related Genes
To assess the transcriptional status of Notch ligands, receptors, and target genes, as well 

as the OAT1 gene SLC22A6, we measured mRNA expression upon 24 h exposure to 

soluble Fc-Jag1 and IS. Interestingly, both Fc-Jag1 and IS downregulated the expression 

of Jagged 1 and 2 to approximately 0.5-fold, which was not counteracted by DBZ  

(Figure 3A-B). Expression of Dll4 showed a trend of IS-induced downregulation although 

not significant (Figure 3C). Contrary to our expectations, the expression of Notch 

receptors 1-4 as well as Notch target gene Hes1 remained unaffected by soluble FJag1 

and IS (Figure 3D-H). The OAT1 gene SLC22A6 was expressed 3 times higher after 

exposure to IS, but DBZ did not inhibit this increase, and Fc-Jag1 did not alter SLC22A6 

expression (Figure 3I).

Figure 1. Luciferase Gene Reporter Assay for Notch 1 activation.

Figure 2. Effect of Notch ligand Jagged 1 on OAT1 transport activity (A), effect of IS on OAT1 
transport activity (B), and effect of IS on NICD cleavage (C).

Limited Nuclear Translocation of ARNT and NICD
Using immunostaining, we observed more nuclear translocation of both ARNT and NICD 

upon IS exposure (Figure 4). However, the differences were comparatively modest with 

fold changes of 1.5 (± 0.2) and 1.6 (± 0.7), respectively. In both cases, Notch inhibition 

tended to prevent the increased translocation of both transcription factors but differences 

were too minor to be statistically significant.

DISCUSSION
IS Activates the Notch Signaling Pathway
Using a luciferase reporter assay, we proved that IS activates the Notch signaling pathway 

at clinically relevant concentrations. This activation could be either a direct response to 

IS, or a secondary response, e.g., to cellular stress. It should be noted that the reporter 

assay was performed in HEK cells that do not contain OAT1. Therefore, cellular IS 
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Figure 3. Effect of soluble Fc-Jag1 and IS on Notch pathway related gene expression.

uptake is expected to be low and a cellular stress response rather unlikely. Previously, we 

showed that IS activates EGFR and downstream mitogen-activated protein kinase (MAPK) 

signaling, which subsequently stimulates AhR−ARNT nuclear translocation and results in 

enhanced OAT1 activity [16]. Assuming that IS acts on HEK cells mainly from the outside, 

the response might be elicited through the activation of endogenous EGFR. Interestingly, 

the Notch 1 extracellular domain contains epidermal growth factor-like repeats, but it is 

not known whether IS can activate the Notch pathway directly.

Notch Activation Contributes to IS-Induced Increased OAT1 Activity
The IS-induced activation of Notch was confirmed in ciPTEC through substantial NICD 

cleavage. In concordance, Notch inhibition prevented the NICD cleavage. Interestingly, it 

also inhibited the IS-induced increase in OAT1 transport activity. However, Notch ligand 

FJag1 did not increase OAT1 function, provided it was functional in the applied soluble 

form. It has been suggested that ligand binding alone is insufficient for Notch trans-

activation because a mechanical pulling force is required to unmask the extracellular 

cleavage site [21]. Therefore, it would be worthwhile to repeat experiments with 

a different cell line or re-seeded differentiated ciPTEC on FJag1-coated plates. At this 

stage, our findings suggest that the Notch pathway could have at least a facilitating 

function in the increase of OAT1 but it remains to be elucidated how Notch is activated 

by IS, and where and how Notch interacts with the earlier discovered IS-induced signaling 

route that ends in increased OAT1 function.

IS-Induced Notch Activation: a Partial and Transient Response?
On transcriptional level, the OAT1 gene SLC22A6 is significantly upregulated by IS. 

This was independent of Notch signaling as Notch inhibition could not prevent the IS-

induced increase. Notably, Notch target gene Hey 1 was not upregulated through IS 

exposure. Moreover, soluble Fc-Jag1, too, was incapable of activating Notch target 

gene transcription. It might be possible that the level of Notch activation needed for IS-

induced OAT1 activity is below its full signaling potential and therefore does not reach 

transcriptional level. Moreover, target gene transcription is event-selective; not every 

target gene is transcribed in each Notch signaling event [22]. However, we observed 

a significant downregulation of Notch ligands Jagged 1 and 2 upon exposure to both IS 

and soluble Fc-Jag1, although it is not clear whether this can be reserved through Notch 

inhibition. Interestingly, Notch ligand downregulation is a typical consequence of Notch 

activation: ligand downregulation alleviates cis-inhibition of Notch receptors, rendering 

the cell more responsive to Notch signaling. Therefore, it is conceivable that IS and also 

soluble Fc-Jag1 activated Notch in ciPTEC, albeit to a limited extent. Western blotting of 

cleaved NICD upon FJag1 exposure would provide us with more information.

Last, we observed significant AhR-ARNT and NICD nuclear translocation upon IS 

exposure but differences between conditions were small. As both the AhR and the Notch 

signaling pathway are involved in a plethora of cell responses, including acute reactions 

to environmental dynamics, it is conceivable that the reaction to IS exposure is only slight 

and transient, and perhaps masked by other variables in the experimental setting, e.g. 

changes in temperature, oxygen etc. Optimization of exposure settings, concentration 

Figure 4. Effect of IS and Notch inhibition on (A) ARNT and (B) NICD nuclear translocation.
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and time are crucial to clarify the roles of AhR and Notch and a potential cross-talk in 

remote sensing and signaling of IS.

CONCLUSION AND FUTURE PERSPECTIVES
We have shown that the Notch pathway is activated upon IS exposure, although this is 

not reflected on the transcriptional level. Yet, inhibition of Notch resulted in a reversal of 

the IS-induced OAT1 upregulation, making an investigation of Notch worthwhile within 

the remote sensing and signaling framework. As can be seen in Table 1, this experimental 

chapter is incomplete. Before any conclusions can be drawn, the positive control of 

Fc-Jag1 exposure should be optimized for ciPTEC, and Western blotting of NICD cleavage 

will be needed as it is currently unclear whether soluble Fc-Jag1 effectively activated 

the Notch pathway. Besides gene expression, protein levels of OAT1, and Notch ligands 

and receptors should be investigated. We had also planned to investigate posttranslational 

changes in OAT1 protein expression in presence of IS; addition of translation inhibitor 

cycloheximide to IS treatment for 1, 2 and 4 h would have provided information on 

whether IS prevents OAT1 (and perhaps Notch 1) degradation [23]. Unfortunately, we 

did not obtain clear OAT1, Jagged 1 and Dll4 protein expression using Western blotting, 

whereas b-actin expression was always visible. Furthermore, immunostainings resulted 

in no visible changes in fluorescence intensity, which appeared cytoplasmic rather than 

specific to the cell membrane (data not shown). Therefore, methods for protein level 

measurement must be improved. Moreover, more conditions must be included to identify 

a potential crosstalk between the AhR, EGFR and Notch pathways (e.g., EFGR inhibitor 

cetuximab, AhR agonist TCDD and antagonist CH-223191).

Table 1. Overview of changes in gene expression, protein expression and function upon 
exposure to soluble Fc-Jag1 or IS in absence and presence of Notch inhibitor GSI or DBZ.

Exposure Gene expression Protein expression Protein Function

OAT1 Fc-Jag1 = ? ND - ?
Fc-Jag1 + GSI ND ND ND
IS ↑ ND ↑
IS + GSI = ? ND =

Notch Fc-Jag1 = ND ↑*
Fc-Jag1 + GSI ND ND =
IS = ND ↑
IS + GSI ND ND =

Jag1-2 / Dll4 Fc-Jag1 ↓ ND NA
Fc-Jag1 + GSI ND ND NA
IS ↓ ND NA
IS + GSI ↓ / = ? ND NA

ND = not determined; NA = not applicable; ? = ambiguous data, *in HEK293T cells.
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ABSTRACT
Facing the problems of limited renal regeneration capacity and the persistent shortage 

of donor kidneys, dialysis remains the only treatment option for many end-stage renal 

disease patients. Unfortunately, dialysis is only a medium-term solution because large 

and protein-bound uremic solutes are not efficiently cleared from the body and lead 

to disease progression over time. Current strategies for improved renal replacement 

therapies (RRTs) range from whole organ engineering to biofabrication of renal assist 

devices and biological injectables for in vivo regeneration. Notably, all approaches coincide 

with the incorporation of cellular components and biomimetic micro-environments. 

Concerning the latter, hydrogels form promising materials as scaffolds and cell carrier 

systems due to the demonstrated biocompatibility of most natural hydrogels, tunable 

biochemical and mechanical properties, and various application possibilities. In this 

review, the potential of hydrogel-based cell therapies for kidney regeneration is discussed. 

First, we provide an overview of current trends in the development of RRTs and in vivo 

regeneration options, before examining the possible roles of hydrogels within these 

fields. We discuss major application-specific hydrogel design criteria and, subsequently, 

assess the potential of emergent biofabrication technologies, such as micromolding, 

microfluidics and electrodeposition, for the development of new RRTs and injectable stem 

cell therapies.

CURRENT STATUS OF RENAL REPLACEMENT THERAPIES
The Limitations of Current Treatment Options
Nowadays, one in ten persons are estimated to have impaired renal function. In 10-20% 

of these cases, the gradual loss of renal function becomes progressive and chronic kidney 

disease (CKD) manifests in clinically advanced stages [1]. Substantial deterioration in renal 

function affects up to 30-40% of elderly, who have a high rate of comorbid diseases like 

diabetes and hypertension, that in turn are risk factors for disease progression [2]. When 

reaching end-stage renal disease (ESRD), patients depend on life-saving renal replacement 

therapies (RRTs). Kidney transplantation is the gold standard with the highest potential 

for increased longevity and quality of life, although acute or chronic transplant rejection 

is a high risk factor; life-long immunosuppressant therapy to lower this risk is inevitable. 

Unfortunately, the demand for donor kidneys by far exceeds the available sources, 

resulting in an average waiting time of three to five years [3]. According to the ERA-EDTA 

Registry Database, 1041 Europeans per million needed RRT at the end of 2014, but only 

36 per million obtained a transplant [4].

The currently available alternative RRT is hemodialysis. Willem Kolff invented 

the extracorporeal device for blood filtration around 70 years ago, but progress in improving 

clinical outcomes stagnated during the last decades. Dialysis treatment is time-consuming 

and intensive, and has been shown to adversely affect all quality of life domains compared 

to kidney transplantation [5]. Although dialysis allows life sustainment as medium-term 

solution, metabolic and endocrine functions, electrolyte homeostasis and the regulation 

of the cardiovascular tone are not remedied at all [6,7]. Moreover, excretion of waste 

products is only partly reached; the insufficient blood clearance capacity of larger and 

protein-bound solutes can degenerate into uremic syndrome, in which accumulating 

solutes (i.e. uremic toxins) damage various organ systems [8,9,10]. As a consequence, 

5-year survival rate for ESRD patients obtaining dialysis is only 36% compared to 86%

after kidney transplantation [7]. Obviously, essential biological functions of the kidney

cannot solely be replaced by current medical devices.

The Limitations of Kidney Regeneration
In comparison to organs like liver or skin, the mammalian kidney has a very limited 

regenerative capacity [11,12]. Acute injury, especially in the proximal tubules, can 

be reversed via cellular repair processes involving dedifferentiation, migration and 

redifferentiation of remnant healthy tubular cells [11-15]. However, these repair 

processes can merely modify structure and function of existing nephrons; nephrogenesis 

has never been observed in mammals after completion of organogenesis around birth 

[14]. Moreover, the existence and contribution of endogenous stem or progenitor cells 

in adults is still under debate. [14,16,17]. It is evident, however, that severe or repetitive 

injury exceeds the capabilities of renal repair processes. Chronic damage consequently 

results in maladaptive repair responses, including tubular hypertrophy, scarring and 

interstitial fibrosis, with irreversible loss of function [11,17,18].
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While the role of adult renal stem cells in situ is rather controversial, new insights 

into embryonic development have led to a range of protocols for directed differentiation 

of embryonic or induced pluripotent stem cells (iPSCs) towards kidney lineages in vitro 

[19,20]. Additionally, some research groups were able to create human kidney organoids 

that mimic embryonic development, including the formation of nephron structures 

[21-23]. This development forms an exciting basis for personalized cellular therapeutic 

applications. Moreover, increasing evidence suggests nephroprotective effects of injected 

stem cells in acute renal injury models, mainly via paracrine effects of renal trophic factors 

[24,25,26,27]. However, major safety issues remain due to the risk of uncontrolled 

biodistribution of injected cells and possible tumorigenicity. The former could be tackled 

with improved delivery systems, but it remains to be evaluated whether therapeutic 

benefits can outweigh the risk of tumorigenesis [28].

The Intersection of RRT and Renal Regenerative Medicine
The progress in stem cell biology and concurrent advances in tissue engineering and 

biotechnology have created an intersection between RRTs and regenerative medicine, 

which opens up new possibilities to approach ESRD. The following paragraph provides 

an overview of emerging RRT strategies, which we summarized into three groups: (a) 

whole kidney engineering, (b) biofabrication of renal assist devices (RADs), and (c) in 

vivo regeneration (Figure 1). Within these strategic lines, hydrogels can be applied as 

an overarching biomaterial with different, application-specific functions, as outlined 

in paragraph 3. The fourth paragraph explores in more detail possible applications 

and associated requirements for hydrogels in the concept of regenerative RRT. In 

the last paragraph, we give an overview of various biofabrication techniques for hydrogel 

processing, and assess their potential for RRT development. 

Figure 1. Schematic overview of current strategies for renal replacement therapies 
development. (A) Whole kidney engineering aims for a lab-grown replication of the organ as 
transplant. (B) Renal assist devices are biotechnological approaches to complement conventional 
dialysis, with extracorporeal and implantable applications. (C) Biological injections of therapeutics 
promote in vivo regeneration via direct growth factor delivery and/or paracrine cellular effects.

CURRENT TRENDS IN RENAL REPLACEMENT THERAPIES
Holy Grail of Kidney Engineering
As the structure of an organ is inherent to its function, a lab-grown copy of a kidney 

with its intact intricate architecture and function is considered the holy grail in kidney 

engineering. However, the required resolution and cellular complexity is currently far 

beyond our reach. Enabling technologies like micro-patterned scaffolding, advanced 

microfluidics, 3D bioprinting and sophisticated bioreactors allow for more defined cell 

deposition, tissue structure and function, and promise great advances in the future [29]. 

Nonetheless, on the short term, these techniques will mainly revolutionize engineering 

of less complicated structures. To date, most advances have been made in engineering 

bladder, skin, cartilage and bone tissues [30-33]. To recapitulate the kidney, with its fine 

vascularization, the cortico-medullary axis and more than 20 highly differentiated cell 

types, remains a supreme discipline.

Stem Cell-Derived Kidney Organoids
Yet, whole kidney engineering is being approached with remarkable progress. 

Aforementioned organoids can be built from scratch by self-organizing iPSCs, which 

closely resemble human embryonic kidney tissue in the first trimester [21-23,35]. When 

cultured on vascular membranes in chicken eggs, engineered kidneys from murine 

renogenic stem cells have been shown to attract exogenous blood vessel branches for 

blood supply and formation of glomerulus-like structures [35]. Unfortunately, these mini-

kidneys are not on a desired scale for humans and lack a single coherent collecting duct 

system for concentrating function and urine drainage; therefore, clinical usage remains 

a distant goal.

Xenoembryos and Blastocyst Complementation
Two other interesting approaches to engineer whole kidneys bottom-up are xenoembryos 

and blastocyst complementation. Both techniques use the developing embryo of another 

species as natural niche for de novo organogenesis. The patient’s stem cells are injected 

into the xenoembryo or blastocyst to borrow the signals for stem cell direction and 

differentiation, before the developing organ is transplanted back into the patient [36]. 

Despite some positive results, ethical feasibility of these techniques is challenging and 

hampers their progression into clinically relevant research phases.

Decellularized Kidneys
In 2008, Ott et al. succeeded in removing all cellular materials from a murine heart 

to obtain a native scaffold with preserved macro- and micro-architecture that could 

be repopulated with another cell source [37]. Over the last decade, detergent-based 

decellularization techniques have been further developed and extended to other organs, 

including the kidney [38]. Decellularized rat kidneys could be recellularized with renal 
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progenitor and endothelial cells, and were reported to produce rudimentary urine in 

vitro as well as in vivo after orthotopic transplantation [39]. However, ‘decell-recell 

technology’ is currently limited to a few cell types and is dependent on perfusion. Precise 

and complete scaffold repopulation with this technique have not yet been achieved. 

Up-scaling for human purposes will pose a challenge and advanced bioreactors will be 

needed. Therefore, this method is not expected to enter clinical trials in the near future.

Nevertheless, decellularized kidney scaffolds create a niche for stem cell differentiation, 

analogous to the embryogenic environments in aforementioned whole kidney engineering 

approaches. In fact, tissue architecture is not only a consequence, but also a cause for 

tissue development, differentiation, homeostasis and remodeling [40]. The extracellular 

matrix (ECM) is a complex and highly charged network composed of collagen, elastin, 

laminin and glycoproteins that provides a 3D structure for spatial organization of cells. 

Moreover, it acts as growth factor reservoir and signal transduction pathway regulator. 

Thereby, it modulates cell shape, gene expression, and protein levels and distribution, 

and it actively contributes to cellular survival, proliferation, migration, adhesion and 

differentiation behavior. Decellularized kidneys preserve the architecture of the ECM, 

including cell–ECM binding domains, which are tissue-specific and critical in promoting 

cell attachment, migration and proliferation [38]. Therefore, native ECM provides an ideal 

platform for kidney engineering. This topic will be discussed further in 3.2.1.

Biofabrication of Renal Assist Devices
In contrast to engineered whole kidneys, so called renal assist devices (RADs) are currently 

much closer to the bedside. In 2004, the RAD developed by Humes et al. was the first and 

to date only one to enter a clinical trial [41-43]. Jansen et al. gave a historical overview 

on the development of RADs that represent a more biotechnological approach to replace 

essential renal functions [6].The concept of RADs has not essentially changed since 

conceptualization by Aebischer et al. in 1987 [44]. Synthetic hemofiltration cartridges 

are supported in series by a bioreactor unit containing renal cells to excrete uremic toxins 

while reabsorbing water and salts, and exerting other favorable metabolic functions, such 

as glutathione metabolism and vitamin D activation [45]. The clinical phase I/II trial with 

RADs in an ex vivo setting in patients with acute tubular necrosis indicated cell viability 

and metabolic performance, but also reported events of hypoglycemia, thrombocytopenia 

and hypotension [41-43]. In 2008, a phase II multicenter, randomized, controlled trial 

suggested a 50% reduction in mortality risk [46]. However, this study has been criticized 

among others for being underpowered and was terminated prematurely because 

a significant decrease in mortality was also observed in the sham group [47]. However, 

the concept of RADs is still promising and therefore implemented correspondingly in 

several research groups. More divers is the quest for a bioactive membrane with optimal 

ECM coating for tubular cell attachment, and formation and maintenance of differentiated 

epithelia. Zhang et al. systematically tested coatings with different ECM components and 

demonstrated that laminin and collagen IV are most suitable for renal cell culture in RADs 

[48]. This method could be improved further by double-coating with L-DOPA, and led to 

upgraded RADs with proven active toxin uptake and secretion in vitro [49,50].

RADs mimic the relevant functions of proximal tubules to complement hemodialysis, 

mostly by using primary renal cells, cell lines like HK-2 and ciPTEC, or differentiated renal 

progenitor cells with expression of kidney-specific membrane transporters [6]. Other 

renal structures, such as glomeruli, microvasculature and the collecting duct system, will 

rather make progress as part of whole organ engineering or in in vivo regeneration. 

Noteworthy, the presence of other cell types, such as distal tubule cells, is suggested 

to enhance proximal tubule integrity and function [51]. Furthermore, in noncontact 

co-culture, endothelial cells altered expression of 99 genes in proximal tubule cells and 

significantly improved monolayer integrity [52]. Thus, communication between different 

cell types could improve RAD performance. In addition, conventional hemodialysis 

is being improved by advanced filter membrane technologies enabling implanted or 

wearable therapy; examples are the silicon nanopore membrane developed by Kim et al., 

the wearable dialysis device by Gura et al. that has recently entered a clinical phase I trial, 

and the wearable bioartificial renal epithelial cell system (BRECS) by the Humes research 

group. [42,53,54]. 

In vivo Regeneration
Although limited, the kidney has an inherent regeneration capacity after mild and acute 

renal damage. Growth factors like epidermal growth factor (EGF), hepatocyte growth 

factor (HGF), insulin-like growth factor 1 and transforming growth factor beta (TGF-β) are 

up-regulated in injured kidneys and are suggested to stimulate tubular cell proliferation 

and, thereby, tissue repair [55]. Moreover, injected mesenchymal stem cells have been 

shown to exert regenerative effects, mainly through paracrine stimulation of antioxidative, 

antiapoptotic, proliferative, differentiative, immunomodulatory and antifibrotic 

mechanisms [56]. Therapeutic growth factor or stem cell delivery to the injured site could 

potentiate cell repair and in vivo renal regeneration. However, systemic off-target effects 

of soluble factors hamper their injection, and injected cells quickly vanish from the site 

of injection [57,58]. Hence, development of novel therapies should focus on effective 

delivery systems, e.g. hydrogel carrier systems, which will be further discussed in 3.1.3.

Future Perspectives and The Possible Role of Hydrogels
Whole organ engineering, biofabrication of RADs and stem cell- or growth factor-

mediated in vivo regeneration are three completely different strategies to replace or 

regenerate kidney function. However, all approaches require scaffold or carrier systems 

that promote and maintain cellular organization, differentiation and function. The most 

promising results have been obtained with physiological or mimetic micro- and macro-

environments, such as embryonic signaling environments, decellularized kidneys, tubular 

structures with ECM coatings, or paracrine signaling in situ. In this regard, hydrogels are 
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interesting biomaterials capable of supporting all three strategies. In the next paragraph, 

we introduce the concept of hydrogels and the perspectives within the fields of RRT and 

in vivo kidney regeneration. Although all abovementioned approaches merit scientific 

investigation, we consider biofabrication of RADs and in vivo regeneration most relevant 

for imminent translation from bench to bedside and therefore focus on hydrogel 

applications within these two strategies.

HYDROGELS AS POTENTIAL MATERIALS IN RENAL 
REPLACEMENT THERAPIES
Historic Perspective and Classifications 
Hydrogels are highly hydrophilic polymeric materials that swell in contact with water [59]. 

They have been studied extensively over the past 50 years as biomaterials in a multitude 

of applications, e.g. as contact lenses or injectable drug release depots [60,61]. Usually, 

hydrogels are classified into three categories: synthetic, natural and hybrid, depending on 

the source of the polymers. Within the natural category, a subdivision between human 

endogenous (e.g. heparin) and non-human endogenous biopolymers (e.g. chitosan or 

dextran) can be made. Some of these biopolymers can form hydrogels as such, but most 

need to be chemically modified in order to facilitate hydrogel formation. A myriad of 

approaches to form hydrogels from a wide variety of biopolymers have been reported [62]. 

Hydrogels are formed by crosslinks between polymer chains based on either non-covalent 

(i.e. physical) or covalent (i.e. chemical) binding, or a combination of both types [63-66].

Hydrogels as Scaffolds for Tissue Engineering 
In recent decades, hydrogels are being investigated as scaffold biomaterials in tissue 

engineering for several reasons. First and foremost, the materials resemble natural soft 

tissue due to their high water content contributing to biocompatible properties [67]. 

The high porosity of the polymer network is beneficial for a continuous exchange of 

nutrients, gasses, waste products and signaling molecules with cells embedded in or 

grown on the hydrogel. Many biopolymers are enzymatically degradable in vivo, with 

most retaining these properties even when chemically altered and crosslinked to produce 

a hydrogel network [62,68]. Synthetic hydrogels can be modified to slowly hydrolyze under 

physiological conditions. Thereby, cells can actively reshape their surroundings, while low 

molecular weight waste products are safely removed from the body [69]. The nature 

of the targeted cell environment can be mimicked further through utilizing ECM-based 

hydrogels or by incorporating biologically relevant cues, e.g. tissue-specific growth  

factors [70,71].

Due to their polymeric nature, hydrogels are highly tunable in terms of mechanical 

properties. By changing system parameters like crosslinking density or polymer 

concentration, different mechanical moduli, e.g. stiffness, can be adjusted to better 

represent a specific type of tissue [72,73]. The strategy of crosslinking reactive 

hydrophilic polymer solutions into hydrogels allows formation into different geometries, 

e.g. microspheres, tubes or nanofibers. Moreover, composites with other hydrogels 

or non-hydrogel materials can be used either as de novo scaffolds or to reinforce  

existing scaffolds.

Hydrogels as Cell Carrier Systems for in vivo Regeneration
Due to the versatility of hydrogels, they can be used as carrier systems for controlled 

delivery of drugs, microparticles, exosomes or growth factor producing cells [71]. Release 

rate of these bioactive molecules is predominantly determined by the hydrodynamic size 

of the encapsulated molecule, pore size, degradation rate, and electrostatic interactions 

[70,74]. For encapsulation into a hydrogel, cells and/or growth factors are suspended 

in the preferred medium together with a known concentration of hydrogel precursors. 

Crosslinking can be induced through a myriad of cell-friendly methods, including 

temperature triggered hydrogen bonding, initiation of covalent crosslinking through free 

radicals produced by (photo-)initiator molecules, or complexation with divalent salt ions 

like calcium [75]. With a crosslinked network established around the cells, the fabricated 

scaffold can be implanted or otherwise utilized. In general, the polymer network will 

be slowly degraded mainly via hydrolytic or enzymatic degradation, while the cells can 

divide, differentiate and produce a microenvironment that corresponds to their native 

tissue. Eventually, the initial hydrogel network will be completely degraded and replaced 

by native ECM (Figure 2).

DESIGN CRITERIA FOR RENAL REPLACEMENT THERAPIES
Extracellular Matrix-Mimetic Scaffold Composition
The high heterogeneity of the kidney is reflected in varying ECM compositions within 

the organ [76,77]. O’Neill et al. showed that kidney-derived stem cells recognize 

organ-specific ECM, and that ECM from renal cortex, medulla or papilla modulate cell 

proliferation and metabolic activity in a region-specific manner. Disruption of the ECM 

ultra-structure did not diminish these effects, suggesting that cells process these ECM 

cues based on ECM composition rather than structure [78]. Moreover, a recent study 

indicated that adhesive ligand density plays an important role in maintenance of an 

epithelial phenotype with epithelial-to-mesenchymal-like transition at lower densities 

[79]. Even along the nephron, varying basement membrane compositions and selective 

ECM receptor distribution have been described. For instance, laminin expression is 

approximately 50% higher and integrin α-subunits are differently expressed in proximal 

tubules compared to distal tubules [80,81]. However, it remains elusive to what extent 

these differences contribute to cell state and disease development.

In addition to biochemical cues from specific ECM compositions, also biophysical ECM 

properties play a key role in controlling cell fate. Collagen and elastin concentrations 
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determine stiffness and elasticity of a tissue, which can range from soft brain tissue 

(Young’s Modulus E ≈ 0.1-1 kPa) to rigid tissues like bone (E ≈ 1 GPa) [82]. Young’s 

modulus in the kidney approximates 4.5 kPa, although Bensamoun et al. observed 

a spatial distribution of stiffness that was slightly increased in the renal sinus (E ≈ 6.8 

kPa) compared to the cortex (E ≈ 4.3 kPa) [83]. Several cell functions are influenced by 

ECM stiffness, such as cell migration and stem cell lineage specification. Cells feel tissue 

rigidity by applying traction forces through integrin-based focal adhesions, which guide 

a migration process called ‘durotaxis’ [84]. Furthermore, mesenchymal stem cells have been 

shown to commit to a lineage based on matrix elasticity in long-term culture, which is 

only in the initial culture phase reversible by growth factors [82]. Also, maintenance of 

a differentiated phenotype is dictated by amongst others ECM elasticity. For instance, 

valve interstitial cells cultured on hydrogels with physiological elasticity preserved 

a quiescent phenotype, whereas stiff materials induced pro-fibrogenic gene expression 

through PI3K/AKT signaling [85]. Notably, addition of growth factors to the hydrogel, in 

this case TGFβ1, could also activate the quiescent phenotype [86].

Since ECM-cell interactions play a key role in tissue development and maintenance, 

hydrogels with ECM-mimetic and bioactive properties are generally favorable, such as 

Figure 2. Degradable hydrogels for biomedical applications. Cell-laden hydrogels can be 
prepared from isolated cells and/or growth factors plus gel precursors in the preferred medium. 
By crosslinking the reactive hydrophilic polymer (gel precursors), a certain 3D structure can be 
obtained. This scaffold can slowly degrade via hydrolysis or enzymatic degradation, while cells 
produce the surrounding ECM until a native-like tissue is generated.

collagen or hyaluronic acid-based hydrogels, which are made from an endogenous ECM 

components and, therefore, inherently bioactive and biocompatible with cells and host. 

However, considering the unique nature and immense complexity of tissue-specific ECM, 

establishing and prioritizing design criteria are crucial steps to success, which depend on 

the specific research objective. For accurate mimicry of a physiological setting, hydrogel 

mixtures with solubilized tissue-specific ECM components appear to hold the greatest 

potential [78]. It should be noted, however, that use of biologically derived materials is 

accompanied by the risk of contamination with residual cellular debris or endotoxins, quick 

degradation or contraction, and batch-to-batch variabilities [87]. Moreover, hydrogels will 

have to meet application-specific requirements, such as suitable viscosity, overall charge, 

biodegradability and mechanical properties.

Design Criteria for Biofabrication of Renal Assist Devices
RADs make use of proximal tubule cells seeded onto porous membranes for active 

metabolite removal from the blood into a separate compartment. The latest RAD from 

the Humes research group comprises porous carbon disks, while others make use of 

hollow fiber membranes similar to those currently used in dialysis cartridges [42,46,88]. For 

the purpose of blood clearance, tight monolayer formation, well-differentiated cells with 

clear polarization and expression of various transport proteins, and resistance to fluid 

shear stress are essential properties of a RAD.

Tight Monolayer Formation and Polarization for Transepithelial Transport
Tube structures confer dual benefits as not only two separate compartments can be 

formed, but cells are also grown on a curved surface. This is an important parameter 

for cell attachment and function; a clear barrier formation and transport activity have 

been obtained with ciPTEC grown on polyether sulfone fibers with an inner diameter of  

300 µm [88].

Hydrogels could be advantageous to RADs in two ways. First, a thin ECM-mimetic 

hydrogel layer on a curved membrane could provide additional mechanical and 

biochemical cues as described earlier, possibly leading to enhanced cell differentiation 

and further improved cell organization and functionality (Figure 3). The hydrogel 

could eventually be degraded by the cells and replaced by newly synthesized basement 

membrane. However, permeance of the hydrogel must be fine-tuned to enable an 

unimpeded membrane separation performance, e.g. for transport of middle molecules 

like β-microglobulin and phosphate [89]. Moreover, diffusion of albumin must be possible

for close delivery of protein-bound uremic solutes to the basolateral site of the cells [88]. 

Size exclusion can pose a problem for the diffusion of macromolecules within hydrogels, 

but diffusion is a complex process that depends on many physicochemical properties of 

both the permeant component and the polymer (A). The properties of the latter have 

to be chosen carefully to allow for sufficient albumin transport in RADs. Kaemmerer 
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et al. reported a diffusion retention with a factor of 2.3 compared to water for 70 kDa 

fluorescein isothiocyanate (FITC)-labelled dextran in 7% gelatin methacrylate (B); these 

correspond to the size of albumin and the stiffness of kidney tissue, respectively.

The second advantage of hydrogels for RADs is their potential for implantation. Current 

RADs are designed for extracorporeal use, i.e. in series with conventional hemodialysis. 

Ultimately, we strive for implantable constructs that allow for continuous blood clearance 

and more independence for the patient. A breakthrough would be a wearable or 

implantable artificial kidney with an integrated RAD that supersedes conventional dialysis 

treatment. Fissell and Roy are pioneers in developing such a device, but several technical 

challenges must be met before entering clinical trials, which are sizing versus upscaling of 

mass transport and dialysate regeneration [90]. Meanwhile, progress in tissue engineering 

and stem cell biology could lead to kidney tubes consisting of differentiated autologous or 

human leukocyte antigen (HLA)-matching cells and biocompatible hydrogels; implantable 

and biocompatible constructs to complement conventional dialysis treatment. Emergent 

technologies, such as micromolding and microfluidic spinning, enable the production of 

biological, cell-containing fibers [91-93]. These techniques are still in early stages and do 

not yet apply to RRTs, but their expected value is discussed in paragraph 5.

Fluid Shear Stress
When we aim for kidney tubes made of hydrogel, the biomaterial itself must be strong 

enough to create a lumen and to withstand fluid flow. Mechanical strength could be 

enhanced via hydrogel reinforcement with for example micro- or nanofibers [94,95]. 

Moreover, cell attachment can be promoted through hydrogel components with Arg-Gly-

Asp (RGD) motifs such as fibronectin, which serve as recognition site for integrins [96]. Of 

note, fluid shear stress (FSS) is not an unwanted technical challenge, but can be considered 

a beneficial factor for tube generation and function. Apical perfusion of cells causes 

Figure 3. Hydrogel-based RADs could improve cell function. Mechanical and biochemical cues 
by various ECM compounds are shown to improve cell organization and function; an ECM-mimicking 
hydrogel layer (depicted in blue) could, therefore, enhance proximal tubule cell characteristics like 
solute secretion and electrolyte reabsorption.

axial FSS, which is sensed by microvilli, glycocalix and primary cilia. Moreover, perfusion 

of the lumen causes radial stretching of the tubule, which is transduced by integrins, 

stretch-activated channels and cell-cell contacts. Raghavan et al. reviewed the role of 

these mechanosensors in upholding glomerulotubular balance [31]. FSS around 0.02-0.1 

Pa/cm2 is considered physiologically relevant, with 0.1 Pa/cm2 resulting in significantly 

increased membrane transport proteins expression, albumin endocytosis and cytoskeletal 

reorganization in vitro [96-101] Increased ion transport and endocytic capacity counteract 

increasing glomerular filtration rates to maintain a constant reabsorption fraction of 

approximately 70% of filtered solutes and water [31]. Moreover, FSS-induced cytoskeletal 

reorganization enables the formation of tight junctions and adherens junctions, indicating 

enhanced polarization [101-104]. Therefore, hydrogel parameters should be attuned to 

resist physiological shear stress of around 1 Pa/cm2 and allow for radial stretching to 

promote epithelial monolayer formation. Dankers et al. emphasized the synergistic effect 

of bioactive scaffolding and FSS, showing that primary renal tubule cells have improved 

epithelial-specific gene expression profiles when cultured in a perfusion system on 

supramolecular electrospun polycaprolactone (PCL) nanofiber meshes with intercalated 

ECM-peptides [104].

Design Criteria for in vivo Regeneration
Injections of hydrogel-encapsulated cells into the kidney do not primarily aim for stem cell 

differentiation into proximal tubule cells in order to replace damaged cells in the affected 

nephron. Instead, injected stem cells can trigger signaling pathways through paracrine 

effects to facilitate endogenous repair processes [55]. Similar effects can be achieved 

with injections of exosomes or specific growth factors like EGF, HGF, insulin-like growth 

factor 1 and TGF-β, but stem cells potentiate renoprotective effects by generating 

signaling molecules on a broader range and on a longer term [105]. However, without 

any carrier system, retention of injected cells in the target tissues is smaller than 10% 

[106,107] Retention can be significantly prolonged via formulation of hydrogels as carrier 

systems: cell-laden microgels of 50-200 µm have already been applied in heart, bone and 

cartilage regeneration, and a ten-fold increased retention period was observed for cardiac 

progenitor cells in microcarrier injections in infarcted mouse hearts [108,109]. Also in 

RRT, hydrogels could function as a depot to retain stem cells or renal progenitor cells, 

exosomes and/or growth factors. The encapsulated molecules will be gradually released 

via diffusion or hydrogel degradation, which can be tuned via chemical modification of 

the hydrogel [62]. Meanwhile, stem cells can produce their own micro-environment.

Hydrogels could be introduced as nano- or micro-sized injectables, or as in situ gelling 

materials, injected into the renal artery, the parenchyma or under the renal capsule [110-

112]. Of note, renal tubules have a diameter of around 50 µm in vivo; obstruction with 

microgels of the same size should be avoided. To positively modulate kidney regeneration 

in vivo, design criteria for the preferred spatiotemporal drug release should be prioritized. 
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Drug release mainly depends on degradation rate, electrostatic interactions between 

the predominantly negatively charged ECM materials and cationic growth factors, and 

the polymer mesh size, which sterically hinders the molecules in the hydrogel. ECM-

mimetic scaffolding could also be beneficial for in vivo applications, e.g. by stimulating 

the release of the desired cocktail of signaling molecules.

EMERGENT BIOFABRICATION TECHNOLOGIES AND THEIR 
POTENTIAL IN RENAL REPLACEMENT THERAPIES
Current State of the Art and Challenges in Biofabrication
To date, biofabrication has focused mostly on de novo creation of ‘hard’ tissues like 

bone and cartilage, whereas the kidney is a relatively new subject in this field [113,114]. 

Consequently, only few biofabrication studies have been published in the field of RRT. 

Therefore, we extended this paragraph to studies pertaining to other organs and to articles 

with a more technical orientation. We discuss bulk emulsification, photolithography, 

micromolding, biofabrication through microfluidics and several forms of material 

deposition facilitated by applied electrical fields, e.g. electrospinning (Figure 4). We 

have chosen to focus on these techniques because of their direct applicability in RRT. 

Table 1 provides an overview of these techniques with their technical advantages and 

disadvantages, as well as the attainable dimensions and possible geometries.

Bulk Emulsification
Emulsification is certainly the simplest method of obtaining spherically shaped hydrogels. 

Emulsification requires two liquid phases that are immiscible, e.g. aqueous and organic 

phases. These phases are stirred to form droplets of one phase in the other, the so called 

disperse phase and continuous phase, respectively (Figure 4A). Often, a surfactant is 

added to stabilize the droplets, i.e. to suppress coalescence of droplets and to retard 

demixing of the two-phase system. These stable droplets can then be utilized as miniature 

reaction vessels. Reactive hydrophilic polymers can be dissolved in the aqueous phase and 

crosslinked through a myriad of different chemical reactions or physical linking strategies, 

such as thermal initiation [115-118], photoinitiation and complexation with divalent 

ions. Examples of bulk emulsification are found ubiquitously in literature [119]. Protocols 

have been described for the formation of nano-sized droplets, e.g. through sonication 

or repeated passage through a microfluidizer, and micron-sized droplets, usually through 

high speed mixing [120-122]. Disadvantages of the bulk emulsification method are 

the rather broad size distribution when compared to more sophisticated techniques (e.g. 

microfluidic fabrication) and the limitation to spherical shapes. Furthermore, the use of 

oil and surfactants necessitate the use of organic solvents or additional purification steps 

that are not biocompatible [123,124]. This purification step makes the encapsulation of 

biological molecules or cells problematic due to the risk of denaturation and cell death. 

Therefore, the therapeutic use of spherical gels obtained from bulk emulsification is 

Figure 4. Schematic overview of biofabrication techniques relevant to RRTs. (A) Bulk 
emulsification: the disperse phase of aqueous reactive polymer (depicted in blue) is stirred into 
the continuous oil phase (depicted in orange). After crosslinking, the oil phase is washed away with 
organic solvents. (B) Photolithography: the aqueous reactive polymer is spread onto a plate, and 
a pre-cut photolithographic mask is placed above. After crosslinking, the mask can be removed 
and the hydrogel particles can be collected. (C) Micromolding: a pre-fabricated mold is filled with 
aqueous reactive polymer. After crosslinking, the mold can be removed and the patterned hydrogels 
can be collected. (D) Microfluidics: a micron-sized channel is used to drip or jet the disperse phase of 
aqueous reactive polymer into the continuous phase (depicted in orange). After crosslinking, specific 
hydrogels are formed, e.g. micron-sized spheres (depicted in dark blue). (E) Electrodeposition: 
pressure-driven flow of aqueous reactive polymer is pumped through an electrically charged 
conductive nozzle towards an oppositely charged or grounded collector plate. Depending on 
the voltage and other factors, the polymer stream can drip, spin or spray from the nozzle to form 
several types of hydrogel geometries. A bath filled with a continuous phase can be used to collect 
the polymer for subsequent crosslinking.

generally limited to cell adhesion on the surface of purified microgels, i.e. as a microcarrier 

system [109,125,126]. An exception in terms of biocompatibility are microgels that gelate 

through cell-friendly complexation reactions, e.g. alginate, which allow the encapsulation 

of living cells [127]. A downside to the use of alginate is its limited degradability in 

vivo [118]. In short, applicability of emulsification is currently hampered by the relatively 

high polydispersity and the limited biocompatibility of oils and organic solvents used  

in purification.

Photolithography 
Photolithography was originally developed as a means of scaling down the size of transistors 

on microchips [128]. In the past decade, it has found direct use in the formation of sub-

micron- to millimeter-sized hydrogels. Photolithography employs a light impenetrable 

mask that is pre-cut into the desired shapes of the hydrogel. This mask is then suspended 
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Table 1. Overview of current biofabrication techniques for hydrogel-based in renal replacement 
therapies.

Technology Advantages Disadvantages
Possible geometries 
of formed hydrogels

Typical 
dimensions

Bulk 
emulsification

» fast

» low cost

» easy to set up

» easy to make
large amounts of
droplets

» deleterious oil
phases hamper cell
encapsulation

» large polydispersity
of created droplets

» hollow, solid and
multicompartmental
hydrogel spheres

» ~ 50 nm
to 1 mm in
diameter

Photo-
lithography

» spatial design
freedom in both X- 
and Y-directions

» high throughput

» low polydispersity

» high reproducibility

» no shape control
in Z-direction

» costly equipment

» any solid shape with
at least one straight
dimension (e.g.
cylinders or cubes)

» ~ 10 nm to
several cm in
any dimension

(Micro-) 
molding

» design freedom
in any dimension
(depending on
mold fabrication)

» high
monodispersity

» high reproducibility

» precise mold
fabrication in
nano- and lower
micrometer ranges
is expensive

» any » ~ 10nm to
several cm in
any dimension

Microfluidics  » relatively low cost 
to set up

» high
monodispersity

» high reproducibility

» low throughput
unless devices are
parallelized

» most methods
rely on oil as
continuous phase,
hampering cell
encapsulation

» droplet-based:
solid, hollow,
multicompartmental
and hybrid spheres

» coaxial stream-based:
solid, tubular, porous,
flat, hybrid and
grooved fibers

» droplet-based:
2 µm to 800
µm in diameter

» coaxial stream-
based: 20 µm
to 800 µm in
diameter and
up to meters in
length

Electro-
deposition

» relatively easy
set-up

» large diversity
of dimensions
possible with
a similar set-up

» high
monodispersity

» high reproducibility

» high voltage
power (laboratory
safety)

» low throughput
(single nozzle)
unless parallelized

» dripping: spheres

» spinning: fibers

» spraying: spheres

» dripping: 50
to 500 µm in
diameter

» spinning: 10
to 500 nm in
diameter and
10 to 1000 µm
in length

» spraying: 10
to 500 nm in
diameter

above a solution of reactive polymer and photoinitiator (Figure 4B). Next, UV light is 

applied from a lamp above the mask, resulting in hydrogels with a precisely controlled 

shape. Photolithography has been shown to form hydrogels with a great variety of 

shapes, e.g. stars, rods and discs [129]. Working with cell-laden hydrogels is possible 

because the technique only utilizes a single aqueous phase, and could potentially be 

used in bioartificial membranes for RADs. However, a large caveat is the lack of control 

over shape in the z-direction, as it is only possible to alter the height of the formed 

construct due to the 2D mask. Application of photolithographically-based scaffolds 

has been investigated for use in regeneration of various tissues as single units of  

cell-filled hydrogels [130-133]. 

(Micro)molding
Micron-scale molding is based on injecting pre-polymer solutions into a mold and 

subsequently initiating crosslinking or formation of a physical network. This technique 

is very versatile in terms of shape, size (nanometers to centimeters) and scale [134-137]. 

The limiting factor in design is the fabrication of the mold. Most recent studies utilize 

polydimethylsiloxane (PDMS) ‘stamp’ like molds, which are made with a master mold 

made on a silica wafer using conventional photolithography equipment from the field 

of microelectronics (see Figure 4C). For an in depth review of soft photolithography 

we refer to article by Xia et al. [137]. The initial stamps and eventual hydrogels made 

in this fashion still retain the same drawback as the hydrogels that are directly made 

by photolithography, as control of shape in the Z-direction is limited. Other mold 

fabrication methods involve embedding of solid inert materials with a desired shape into 

hydrogels and removing these objects after gelation. A representative example is given 

by the Khademhosseini group, who used a commercially available steel needle embedded 

into a gelatin methacrylate (GelMA) scaffold, which was removed after gelation to form 

a tunnel in the hydrogel with a diameter equal to the outer diameter of the needle [138]. 

The surface of these tunnels was used for cell seeding via perfusion with a cell suspension. 

This method has recently been applied in kidney-on-chip developments. The Lewis group 

used micromolding in combination with 3D printing for the formation of a model system 

of proximal convoluted tubules inside bulk hydrogels [139]. Unfortunately, these tubules 

are not suitable for RADs as there is no outer compartment for active solute exchange. 

Schumacher and co-workers used the retracted needle technique referenced earlier 

to create tunnels of around 200 micrometers in an ECM hydrogel; these tunnels were 

subsequently seeded with Madin-Darby Canine Kidney (MDCK) cells (Figure 5, adapted 

from (92)). Eventually, through perfusion over time, the core cells of these tubular 

structures became necrotic and were washed out, while the cells near the interface with 

the hydrogel attached to the gel, thereby forming tubular structures. After approximately 

10 days, the ECM gel was removed to yield freestanding cell-based tubules. Although 

promising, it remains to be seen whether this technique can be used to form tubular 

structures from human-derived cell types.
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Figure 5. Free-standing hollow tubule of MDCK cells. Channels were formed in an ECM gel 
using a retractable needle, and filled with MDCK cells; after 5-10 days, cells without contact 
to the ECM underwent apoptosis, leading to a tubule-like system (left and middle panel, scale  
bar = 200 µm). After 10 days, MDCK-based tubules could be released from the ECM mold, leading 
to a free-standing hollow tubule (right panel, scale bar = 500 µm). Adapted with permission  
from [92].

Microfluidic Fabrication
Microfluidic fabrication is a powerful technology for the generation of spatially controlled 

hydrogels, and it is rapidly gaining significance in tissue engineering applications 

[140,141]. By being able to precisely create channels with micron-sized diameters, it is 

possible to control minute fluid flows. The small scale of these channels results in laminar 

flow conditions, which allow more control over the processes in these flows. This can then 

be leveraged to form hydrogels of a wide range of shapes using the principle of phase 

immiscibility. A simple representation of a microfluidic device is given in Figure 4D, where 

a disperse phase of aqueous reactive polymer is slowly dripped into a perpendicularly 

flowing immiscible continuous oil phase. Given the right flow speeds, the nozzle at 

the interface of the two phases drips single droplets of disperse phase into the continuous 

phase. These droplets can be processed into hydrogels further downstream. Most 

microfluidic platforms are either based on soft lithography using PDMS, etched glass, 

injection-molded polymer, pulled glass microcapillaries or formats using conventional well 

plate-based designs [137,142-145]. There is a large diversity in publications on novel 

microfluidic methods and products. Advances in kidney-on-a-chip technologies like 

their use as diagnostic systems have been discussed elsewhere [146]. Here, we focus 

on two types that are considered especially interesting for the purposes of RRT because 

of the specific geometries of hydrogel they can produce: droplet generation and fiber 

production. In essence, both microfluidic techniques rely on the same immiscibility between 

liquid phases as the bulk emulsification technique. The added value of a microfluidic 

system over bulk emulsification lies in controlling the formation of individual micron-sized 

droplets or stream. This allows the formation of highly monodisperse and reproducible gel 

products. The multitude of newly available devices and different strategies is also steadily 

increasing the number of possible geometries that can be made. These developments are 

leading to more freedom of design when fabricating hydrogel scaffolds, a good example 

is the combination of microfluidic flow and photolithography (i.e. stop flow lithography), 

allowing for high throughput generation of many different 2D shape controlled hydrogel 

particles [147,148].

Controlled droplet generation using microfluidic methods has flourished as one 

of the initial innovations coming from this field [149]. Recently, droplet generation 

techniques have become increasingly proficient in encapsulating individual cells and cell 

clusters in droplets and hydrogels [123,150]. For example, Choi et al. recently published 

an article on cell-laden microgels based on GelMA, where MDCK cells were encapsulated 

via a novel droplet formation technique utilizing a minimized amount of oil as a sacrificial 

layer that detaches quickly after polymerization. This in order to easily form the microgel 

whilst keeping encapsulated cells viable. These MDCK cell-filled gels were then cultured 

in vitro until the MDCK cells started self-assembling into cyst-like morphologies, showing 

the typical characteristics of this cell line (Figure 6). 

Besides microgels which are most suitable for in vivo regeneration therapies, 

microfluidic spinning also enables the production of hollow hydrogel fibers filled with 

cells. Devices similar to the droplet generators are used at different, usually higher, fluid 

flow rates to form co-flowing streams of dissolved reactive polymer within another 

(continuous) phase. Due to the laminar nature of flows in the micron range, the two 

flows do not mix apart from transverse diffusion of molecules [151]. With this technology, 

it becomes possible to quickly fabricate a large variety of microfibers made from different 

Figure 6. Fluorescence microscopy images of GelMA microgels (light red) with encapsulated 
MDCK cells (green) and corresponding 3D spheroid reconstructions below. In vitro cultured 
cell-laden microgels show cell growth and cyst formation over time. This suggests potential of 
these gels as injectables for in vivo regeneration. Scale bar = 100 µm. Adapted with permission  
from [123].
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gelling materials. As example in this field related to RRT, we refer to Hammer et al. 

who encapsulated Human Embryonic Kidney (HEK) cells into alginate fibers of around 

200 µm in diameter [152]. These cell-laden microfibers where used as a cell delivery 

system for colonization and formation of hollow tubes within an empty bulk hydrogel. 

This interesting principle was also implemented in the work of Onoe et al., who presented 

a relatively facile way of spinning hollow alginate microfibers [153]. Another example 

of cell-laden hydrogel tubules is shown in Figure 7, taken from Hu et al., who used an 

enzymatically crosslinkable gelatin-based hydrogel to encapsulate MDCK cells [154,155]. 

The cells were able to form a rudimentary epithelium on the inner surface of the tube. For 

further reading on microfluidic spinning of hydrogels, we would like to refer to the review 

by Jun et al. [91].

Electrodeposition
Electrospinning is rapidly evolving for tissue engineering applications, allowing 

the creation of a wide range of fibers, nano- and microspheres [156]. The principle is 

relatively simple: a syringe is filled with a polymer solution. While the plunger is slowly 

driven down the syringe to establish a flow from the needle, an electrical (usually DC) 

current is applied at a conductive part of the syringe and a plate resting at a certain 

distance below the needle tip (Figure 4E). The static electric field produced by this 

current exerts a pulling force on the fluid emerging from the nozzle, a phenomenon 

called ‘Maxwell stress’ [157]. This force, in unison with the gravitational pull, overcomes 

the surface tension of the fluid, causing the pendant droplet to elongate and/or detach. 

Depending on the applied voltage that can range from two to several tens of kilovolts, 

the fluid flow takes on different appearances ranging from micron-sized droplets at low 

voltages (dripping), to nanofibers at medium to high voltages (spinning) and nano-sized 

Figure 7. Hollow gelatin–hydroxyphenylpropionic acid hydrogel fibers seeded with MDCK 
cells. Optical micrograph (left) and cryosectional image (right) of fibers formed through coaxial 
stream-based microfluidics using an inner H2O2 and an outer PBS flow with a middle flow of hydrogel 
precursor and MDCK cells. Adapted with permission from [154].

droplets at high voltages (spraying) [114,156,158,159]. Other important parameters that 

influence charged fluid behavior are electrical conductivity of the solute and solvent, 

viscosity of the fluid being sprayed, diameter of the needle, and distance of the needle 

tip to the ground plate or collector ring [114]. In general, electrospinning of biopolymers 

is challenging due to their great viscosities and high charge densities [160]. A novel 

approach is based on dripping an aqueous mixture of alginate and dextran methacrylate 

(DexMA) with HEK cells into a collector bath filled with polyethylene glycol (PEG) dissolved 

in water [158]. Due to the different hydrophilicities of DexMA and PEG, it is possible to 

form water in water emulsions, of which the disperse phase can be crosslinked to form 

hydrogel spheres [161]. This technique enables the formation of cell-laden microgels 

without any oil phase or purification steps, thereby enabling encapsulation of viable cells.

Electrodeposition of biocompatible non-hydrogel materials can also be interesting 

for the formation of scaffold meshes. For example, the recent works of Dankers and 

co-workers presented electrospun supramolecular membranes of modified PCL for use 

in enhanced monolayer formation of human primary tubule epithelial cells. Tubular 

electrospun meshes could also be applied for hydrogel reinforcement in RADs [104,162].

CONCLUSIONS
While still in its infancy, advances in stem cell biology, sophisticated culture systems and 

processing technologies promise great advances in regenerative medicine. Available 

tools and technologies make steady progress and ultimately, some of these techniques 

could revolutionize the field, individually or in combination. The kidney, with its intricate 

architecture and function, remains one of the biggest challenges, while the clinical need 

for causative treatment is still unmet. Although whole kidney engineering approaches are 

worth to mention, RRT development for clinical application focusses on bioengineered 

functional units like RADs or induction of in vivo repair. For all three strategic lines, 

hydrogels represent an overarching tool as they mimic physiological cellular surroundings 

to promote cell organization and function; a basic concept that has emerged as most 

fruitful in tissue engineering. Hydrogels also interlink several research fields with each 

other, including cell biology, biomaterials, chemistry, physics and engineering. An 

interdisciplinary approach could shift the paradigm of future RRT, but therefore it is 

crucial to retain an overview of current developments in all fields. This review summarized 

current trends in kidney regeneration and biofabrication technologies, and highlighted 

the multifaceted potential of hydrogels.
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ABSTRACT
The increasing prevalence of end-stage renal disease and persistent shortage of donor 

organs call for alternative therapies for kidney patients. Dialysis remains an inferior 

treatment as clearance of large and protein-bound waste products depends on active 

tubular secretion. Biofabricated tissues could make a valuable contribution, but kidneys 

are highly intricate and multifunctional organs. Depending on the therapeutic objective, 

suitable cell sources and scaffolds must be selected. This study provides a proof-of-

concept for stand-alone kidney tubule grafts with suitable mechanical properties for 

future implantation purposes. Porous tubular nanofiber scaffolds are fabricated by 

electrospinning 12%, 16%, and 20% poly-ε-caprolactone (PCL) v/w (chloroform and

dimethylformamide, 1:3) around 0.7 mm needle templates. The resulting scaffolds 

consist of 92%, 69%, and 54% nanofibers compared to microfibers, respectively. After 

biofunctionalization with L-3,4-dihydroxyphenylalanine and collagen IV, 10×106 proximal 

tubule cells per mL are injected and cultured until experimental readout. A human-

derived cell model can bridge all fiber-to-fiber distances to form a monolayer, whereas 

small-sized murine cells form monolayers on dense nanofiber meshes only. Fabricated 

constructs remain viable for at least 3 weeks and maintain functionality as shown by 

inhibitor-sensitive transport activity, which suggests functional clearance capacity for 

both negatively and positively charged solutes.

INTRODUCTION
Due to a constant scarcity of donor kidneys, approximately 2 million end-stage renal 

disease patients worldwide must undergo dialysis, which is the only treatment option 

besides organ transplantation. Unfortunately, hemodialysis does not provide the same 

long-term beneficial effects on quality of life and survival as kidney transplants; annual 

mortality of hemodialysis lies around 20% [1, 2]. This poor outcome is related to 

the therapeutic restrictions of dialysis: diffusion and convection remove only a fraction 

of metabolic waste products from the blood, predominantly small uremic solutes (<500 

Da). Meanwhile, large and protein-bound solutes remain in the body as their clearance 

depends on active tubular secretion. Retention and gradual accumulation of the waste 

products, also known as uremic toxins, are a hallmark of chronic kidney disease (CKD) 

and are associated with disease progression, cardiovascular complications and increased 

mortality [3].

For this reason, Renal Assist Devices (RADs) are being developed to enhance conventional 

dialysis. These devices include an extracorporeal cellular unit of renal proximal tubule 

epithelial cells, which express multiple transporters that cooperate in basolateral uptake 

and luminal excretion of various endogenous metabolites, including uremic toxins [3, 4]. 

FDA-approved phase I/II clinical studies with a RAD suggested a potential added value 

of such a device in the treatment of critically ill subjects [5-7]. The development, current 

status and technical challenges of RADs have been extensively reviewed elsewhere [2, 

8-10]. Unfortunately, the efficiency of current RADs is limited to short-time extracorporeal

applications. In the long run, implantable constructs for continuous blood clearance and

maintained cell function would be the best solution.

Promising kidney engineering approaches comprise innovations from stem cell-based 

therapies and de novo organogenesis to kidney decellularization techniques and additive 

manufacturing technologies like 3D printing [11]. Lab-grown functional and autologous 

transplants are the holy grail for overcoming donor kidney shortage, graft rejection 

and lifelong immunosuppressive therapy. However, due to the immense anatomical 

and physiological complexity of the kidney, these approaches are still in their infancy 

and far from clinical application. To steer a middle course, we propose to downscale 

kidney engineering from a complex whole organ to implantable hollow tubes that follow 

the principle of RADs by taking advantage of the active secretion system of proximal 

tubule cells.

For the creation of kidney proximal tubules, recent approaches have mainly been 

focusing on the use of hydrogels [12-18]. Although promising results have been obtained, 

these tubules are either intended for in vitro testing only, too fragile for transplantation, 

or embedded in bulk gels, which would hamper nutrient supply and clearance capacity 

if not adequately vascularized. Thus, other technologies are required for the fabrication 

of implantable kidney tubule constructs that display both high diffusibility and  

mechanical stability.
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Solution electrospinning is a traditional method that has to date been employed to 

fabricate tubular poly-ε-caprolactone (PCL) scaffolds for vascular or neuronal grafts, 

which have proven biocompatibility and sufficient mechanical stability in mouse, dog 

and sheep models [19-26]. Electrospinning also enables the production of nanofiber 

scaffolds with high porosity and surface-to-volume ratio, which is essential for the desired 

diffusibility of bioengineered kidney tubes. Considering their excellent properties for high 

mechanical stability and diffusibility, electrospun nanofiber tubes would be superior to 

current hydrogel models for the creation of kidney proximal tubule grafts. Furthermore, 

biofunctionalized nanofiber meshes could mimic the micro-architecture of the native 

extracellular matrix (ECM), since the renal basement membrane mainly consists of cross-

linked collagen IV fibers [27]. By mimicking the macromolecular ECM architecture and 

composition, as well as its stiffness, cell-ECM interactions could promote normal tissue 

homeostasis [28]. Thus, electrospun nanofiber meshes have the potential to provide 

additional physicochemical cues for proper graft functionality.

The goal of this study was to electrospin porous tubular scaffolds that enable luminal 

epithelialization with proximal tubule epithelial cells to construct functional kidney tubule 

grafts. We electrospun 12%, 16% and 20% (v/w chloroform and dimethylformamide, 

1:3) PCL scaffolds with distinct morphology and mechanical properties. After 

biofunctionalization with an L-3,4-dihydroxyphenylalanine (L-DOPA) and collagen IV 

double coating, we cultured two renal cell lines with different cell sizes and origin on 

the luminal scaffold surface and investigated tight junction formation, long-term viability 

and transport functionality.

METHODS
Preparation of Polymer Solutions
Poly-ε-caprolactone (PCL, midpoint 1.2 dl/g, Purasorb PC 12, Gorinchem, Netherlands) 

was dissolved 12%, 16% or 20% (w/v) in chloroform and dimethylformamide in a ratio 

of 3:1. The polymer solution was mixed for at least 20 h. 

Solution Electrospinning
An in-house built solution electrospinning setup was used in this study, as illustrated in 

Figure 1. The system consisted of a programmable syringe pump (NE-1000, New Era 

Pump Systems, Inc., USA) with a metallic syringe needle as spinneret, a brass tube as 

rotating collector equipped with a DC motor and a high voltage source (Heinzinger, LNC 

1000-5 POS, 0-10kV, Germany). Electrospun fibers were collected in the grounded rotating 

collector with a diameter of 0.7 mm positioned at 7-12 cm, opposite to the syringe pump. 

A rotation speed of approximately 140 rpm was fixed and kept for 20-30 min, while 12, 

16 or 20% (w/v chloroform and dimethylformamide, 1:3) PCL solutions were electrospun 

with a feeding rate of 0.3-0.8 ml/h and an applied voltage of 12-17 kV.

Figure 1. Workflow of design and fabrication of biofunctionalized electrospun polymer 
scaffolds for kidney proximal tubule grafts. A) A kidney contains 200.000 – 1.000.000 functional 
units, the nephrons. After blood filtration through the glomerulus, active secretion of metabolic 
waste products takes place between the proximal tubules and peritubular capillaries. While filtration 
can be replaced by hemodialysis, active secretion requires proximal tubule cells as part of advanced 
renal replacement therapies. B) Solution electrospinning was used to fabricate tubular scaffolds with 
different polymer concentrations. Two cell lines of proximal tubular epithelial cells were injected for 
luminal epithelialization to construct implantable kidney tubule drafts. C) Scaffold properties and 
cell behavior were examined regarding mechanical properties, epithelialization, long-term viability 
and renal functionality.
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Mechanical Analysis
The mechanical behavior of the tubular constructs was tested under uniaxial tensile loading 

using a universal testing machine (Zwick Z010, Germany) equipped with a 1 kN load cell. 

Tests were performed at a rate of 1mm/min. Prior testing, the nominal dimensions of each 

sample, i.e., diameter and length, was measured. The tangent modulus, strain and stress 

at break were determined from the engineering stress-strain curves. Tangent moduli were 

calculated at the linear region (i.e., 2–5% strain region).

Scanning Electron Microscopic Imaging and Analysis
To analyze scaffold characteristics, images were captured with a Phenom desktop 

scanning electron microscope (Phenom world, Eindhoven, the Netherlands) at an 

acceleration speed of 10 kV. The samples were prepared by freezing 3 scaffolds per PCL 

concentration in liquid nitrogen and 3 samples were cut: one section from the middle 

part of the scaffold and two from the outer ends. The wall thicknesses were measured 

at the top, left, right and bottom of the section cuts. Fiber diameters were measured 

using 8000x magnified images in ImageJ (https://imagej.net/Fiji/Downloads). In each 

longitudinally opened sample, 3 locations were selected at the top, middle and bottom. 

A line was drawn across the middle and the first 15 fibers that intersected this line were 

measured at the point of intersection, leading to a total of 45 measurements per sample 

and 135 per scaffold. For each scaffold, the ratio of micro- to nanofibers was calculated.

Scaffold Coating
2 mg/ml L-3,4-dihydroxyphenylalanine (L-DOPA, Sigma-Aldrich, Zwijndrecht, 

the Netherlands) was dissolved in 10 mM Tris buffer at 37°C for 45 min. After sterile 

filtration, scaffolds were coated with L-DOPA through submersion for 4 h at 37°C with 

90° turns every hour. After washing the scaffolds three times in Hank’s Balanced Salt 

Solution (HBSS, Thermofisher Scientific, Bleiswijk, the Netherlands), 0.3 mg/ml human 

collagen Bornstein and Traub Type IV (Sigma-Aldrich) was diluted 1:12 in HBSS, injected 

into the scaffold and incubated for 1 h at 37°C. After the double coating, scaffolds were 

rinsed and kept in HBSS for 24 h before cell seeding. Coating materials, concentrations 

and incubation times have been determined and optimized for renal cell culture by 

previous studies [4, 29].

Cell Culture
Conditionally immortalized proximal tubule epithelial cells (ciPTEC) were developed by 

Wilmer et al. through infection with temperature-sensitive mutant U19tsA58 of SV40 

large T antigen (SV40T) and the essential catalytic subunit of human telomerase (hTERT), 

and further transduced with the henceforth constitutively expressed Organic Anion 

Transporter 1 (OAT1) by Nieskens et al. [30, 31]. To maintain a cell proliferation state, 

ciPTEC-OAT1 were cultured at 33°C and 5% v/v CO2, up to 90% confluency in T175 

culture flasks (Greiner Bio-One, Alphen aan den Rijn, the Netherlands) using Dulbecco’s 

modified eagle medium/HAM’s F12 (Thermofisher Scientific), supplemented with 5 μg/

ml insulin, 5 μg/ml transferrin, 5 μg/ml selenium, 35 ng/ml hydrocortisone, 10 ng/ml 

epidermal growth factor, 40 pg/ml tri-iodothyronine (Sigma-Aldrich), 10% fetal bovine 

serum (FBS; Greiner Bio-One) and 1% penicillin/streptomycin (Thermofisher Scientific). For 

cell maturation, ciPTEC-OAT1 were transferred to 37°C for 7 days prior to experimental 

readout with omission of penicillin/streptomycin.

Induced renal tubular epithelial cells (iREC) were developed by Kaminski et al. by 

directly reprogramming mouse fibroblasts into renal-like cells through transfection of 

the transcription factors Emx2, Hnf1b, Hnf4a and Pax8 [32]. Cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% 

penicillin/streptomycin. The latter was omitted 7 days prior to experimental readout.

Cell Culture in Biofunctionalized PCL Scaffolds
Immediately after electrospinning, tubular scaffolds were first sterilized using 365 nm 

UV light (2.6 mW/cm2, UVP CL-1000) on both sides for 15 min each. Subsequently, 

the constructs were injected twice with 10*106 cells/ml followed by 2 h incubations at 

33°C (ciPTEC-OAT1) or 37°C (iREC) in dry 12 well plates with a 180° turn in between, 

before culture medium was added. The following day, the scaffolds were transferred into 

new 12 well plates and cultured for 3 weeks. 

Immunofluorescence
Matured ciPTEC and iREC were fixed with 2% (w/v) paraformaldehyde in HBSS and 

permeabilized with 0.3% (v/v) triton X-100 in HBSS for 10 min. To prevent non-specific 

antibody-binding, the cells were exposed to a block solution consisting of 2% (v/v) 

FCS, 2% (v/w) bovine serum albumin (BSA) and 0.1% (v/v) tween-20 in HBSS for 30 

min. The primary antibody against the tight junction protein zonula occludens 1 (ZO-1, 

Thermofisher Scientific) was diluted 1:50 in block solution and the cells were incubated 

for 1 h, followed by incubation with goat-anti-rabbit-Alexa488 conjugate (1:200, Life 

Technologies Europe BV, Bleiswijk, The Netherlands) for 30 min. Finally, nuclei were 

stained using DAPI nuclei staining (Sigma-Aldrich, 1:1,000) for 7 min and the scaffolds 

were mounted with Prolong Antifade Mounting Medium (Thermofisher Scientific) in 

Willco wells glass bottom dishes (WillCo Wells B.V., Amsterdam, the Netherlands). ZO-1 

expression and localization were examined using the confocal microscope Leica TCS SP8 

X, filters of 410-494 nm and 512-551 nm, and software Leica Application Suite X.

Live/Dead Viability Assay
To determine cell viability/cytotoxicity after 3 weeks of cell culture in tubular PCL scaffolds, 

the scaffolds were rinsed in HBSS and incubated with 2 μM calcein-AM and 1 μM ethidium 

homodimer-1 (Thermofisher Scientific) for 15 min at 37°C. Images were captured with 
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filters set at 544-572 nm and 625-686 nm, using the confocal microscope Leica TCS SP8 

X and software Leica Application Suite X.

Transport Assays
To test transport functionality after 3 weeks of cell culture, 5 20% PCL scaffolds with 

ciPTEC-OAT1 were rinsed in HBSS and incubated with 1 μM fluorescent OAT1 substrate 

fluorescein in presence or absence of 100 μM OAT1 inhibitor probenecid for 10 

min at 37°C. Another 5 scaffolds were incubated with 5 μM of the OCT2 substrate 

4-(4-(Dimethylamino)-styryl)-N-methylpyridinium iodide (ASP+) in presence or absence of 

20 μM OCT2 inhibitor tetrapentylammonium (TPA+) for 10 min at 37°C. After incubation, 

the scaffolds were rinsed in ice-cold HBSS, cut open longitudinally, and images were 

captured at 520-600 nm using the confocal microscope Leica TCS SP8 X and software 

Leica Application Suite X. Fluorescence intensity was semi-quantified using ImageJ with 

16 bit images and background subtraction.

Data Analysis
Unless stated otherwise, a minimum of 3 scaffolds of each polymer concentration was 

used per experiment. Data was analyzed in Graphpad Prism 7 (GraphPad Software Inc., La 

Jolla, USA) using student’s unpaired t-test or one-way ANOVA with multiple comparisons.

RESULTS AND DISCUSSION
Scaffold Fabrication
In this study, we designed and characterized biofunctionalized polymer scaffolds for 

the fabrication of kidney proximal tubule grafts with a luminal tight monolayer of 

functional renal proximal tubule epithelial cells. An overview of the workflow is depicted 

in Figure 1.

We used 12, 16 and 20% (v/w) PCL dissolved in dimethylformamide and chloroform 

(ratio 3:1) to fabricate tubular nanofiber scaffolds, in the following referred to as 12, 

16 and 20% PCL scaffolds. These scaffolds had an inner diameter of 0.7 mm, an outer 

diameter of approximately 1 mm and distinct morphologies on microscale. The inner 

diameter was prespecified by the 0.7 mm needle template, which corresponds to around 

10 times the diameter of kidney tubules in situ. Although the physiological dimension 

might be technically feasible, it would have been impractical for experimental handling 

and is, aside from that, not a prerequisite for heterotrophic implantations. Key parameters 

of the electrospinning set-up, i.e., electrical potential, spinneret to collector distance 

and feeding rate, were optimized to obtain a stable electrified jet. Optimized settings 

were found with 9-17 kV, a feeding rate of 0.3-0.8 ml/h for 20-30 min and a template 

distance of 7-12 cm. Using these settings, electrospinning of a 12% PCL solution resulted 

in stable tubular scaffolds with a wall thickness of 147 ± 63 µm as compared to 298 

± 107 µm for 16% and 247 ± 90 µm for 20% PCL (Figure 2A, B and D). The wall 

Figure 2. Scaffold fabrication. A-C) Scanning electron microscopic images of tubular electrospun 
scaffolds made of 12%, 16% and 20% (w/v) PCL. Scale bars: 1 mm (A) and 100 µm (B and C). 
D) Comparison of scaffold wall thicknesses, measured on 4 locations in 3 sections of 3 different 
scaffolds. E) Comparison of scaffold fiber diameters, measured on 3 locations in 3 sections of 3 
different scaffolds. Boxplots present the mean and 5-95 percentiles. *, p < 0.05, **, p < 0.01, ****, 
p < 0.0001 using one-way ANOVA.

thickness varied between, but also within the scaffolds because of the non-uniform fiber 

organization, which is a typical characteristic of the electrospinning process. However, 

the fibers effectively distributed over the rotating needle template due to its electrostatic 

charge attraction and thereby tended towards an axial orientation pattern (Figure 2C). 

Also, the fiber diameter was slightly variable within each scaffold. With fiber diameters of 

0.53 ± 0.30 µm, 0.88 ± 0.44 µm and 1.06 ± 0.66 µm for 12, 16 and 20% PCL scaffolds, 

respectively, the diameter increased significantly. Thereby, the percentage of nanofibers 

compared to microfibers dropped from 92% to 69% and 54%, respectively. It is worth 

noting that electrospinning of 12% PCL solutions resulted in the formation of beaded 

fibers, which are the typical consequence of too high surface tension and low polymer 

concentration or charge density. Beads are often considered a defect as their presence 

results in lower mechanical properties. However, this feature does not, per definition, 

hamper the use of 12% scaffolds for biological application.

In the current study, the demonstrated variations in wall and fiber thickness and 

hence limited reproducibility are considered a minor problem as we strived for a proof-of-

concept for the fabrication of electrospun kidney tubule grafts with sufficient mechanical 

stability and maintained renal transport activity. Nonetheless, the production of scaffolds 
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with well-defined wall thicknesses and fiber organization would be of future interest in 

order to comply to GMP guidelines, as well as to obtain improved cell differentiation 

and function by providing a favorable microenvironment [33]. To this end, the recently 

developed technology of melt electrospinning writing could advance the fabrication of 

tubular scaffolds with highly accurate fiber dispositions, but this falls beyond the scope 

of the current study [34, 35]. 

Mechanical Scaffold Properties
After fabrication and structural characterization, the mechanical behavior of the tubular 

scaffolds was investigated under uniaxial tensile loading (Figure 3A and B). An overall 

increase in tangent modulus, as well as stress and strain at break was observed with 

increase in polymer concentration, which demonstrates increasing mechanical stability. 

The obtained tangent modulus of 20% PCL scaffolds was with 67.7 ± 7.4 MPa significantly 

higher than for 12% and 16% PCL scaffolds with 16. 5 ± 7.6 MPa and 23.5 ± 13.6 

MPa, respectively (Figure 3C). Interestingly, the tangent moduli of 12% and 16% PCL 

scaffolds were comparable to the elasticity of native tubular basement membranes, for 

which values of 3-10 MPa have been reported [36]. Furthermore, 16% and 20% PCL 

scaffolds exhibited a strain at break of at least 60%, which is a pivotal property, e.g., 

Figure 3. Mechanical scaffold properties. a) Experimental set-up for uniaxial tensile testing. b) 
Representative stress-strain curve for a 20% PCL scaffold with indicated tangent modulus and point 
at break. c) Comparison of tangent moduli (n = 3). d) Comparison of stress at break (n = 3). e) 
Comparison of strain at break (n = 3). Data is expressed as mean ± SD. *, p < 0.05, **, p < 0.01, 
***, p < 0.001 using one-way ANOVA.

to withstand fluid pressures and to resist the deformation required during implantation. 

The overall weaker mechanical properties of 12% PCL scaffolds can be explained by 

the earlier reported presence of beaded fibers (Figure 2C).

Luminal Epithelialization
For epithelialization of the inner scaffold wall, two renal cell lines of different origin were 

used, of which the cells considerably differed in cell size: induced renal tubular epithelial 

cells (iREC) were derived from murine fibroblasts through conversion into renal-like cells 

by transduction of essential transcription factors [32]. For these cells, an average size 

of 13.7 ± 1.3 µm was measured when cultured in PCL tubular scaffolds. Conditionally 

immortalized proximal tubule epithelial cells (ciPTEC) are urine-derived proximal tubule 

cells from human origin [30]. In this study, we used a clonal cell line transduced with 

OAT1, which has been proven to be functionally stable [31]. The measured cell size of 

these cells was 29.7 ± 5.5 µm when grown in PCL tubular scaffolds.

Due to the hydrophobic nature of PCL, cells were only partly able to adhere to 

the scaffolds, but adhesion properties were considerably improved by coating the PCL 

scaffolds with mussel-inspired adhesive L-DOPA and collagen IV, according to a method 

established previously [4, 29, 37, 38]. The double coating of L-DOPA and collagen IV 

enabled the formation of a complete and polarized epithelial monolayer (Figure 4A). Both 

cell lines were cultured on the luminal side of all three scaffolds and monolayer formation 

was investigated after 3 weeks (Figure 4B and C). Interestingly, iREC adhered to scaffolds 

of all three polymer concentrations, but were only able to form a continuous intercellular 

barrier with high expression of the tight junction marker ZO-1 on 12% PCL scaffolds, 

while ciPTEC were able to form tight monolayers on all three scaffolds. This indicates 

that the choice of polymer concentration for scaffold fabrication is not only critical for 

the desired mechanical properties of the scaffold; the resulting scaffold morphology has 

an essential impact on cell barrier formation, which is crucial to allow leakage-free and 

selective transport of solutes into the lumen. Here, the high content of nanofibers in 12% 

PCL scaffolds formed a sufficiently dense fiber mesh for the small-sized iREC to adhere 

and to form cell-cell contacts, whereas higher PCL concentrations created fiber-to-fiber 

distances that could only be bridged by the bigger-sized ciPTEC.

A transverse scaffold view, as shown for ciPTEC (Figure 4C), and a transverse cut of 

a 12% PCL scaffold with iREC (Figure 4D) show that the cells formed luminal monolayers 

without significant migration into the scaffold and that the monolayers covered the entire 

scaffold surface. A viability assay confirmed the formation of dense and viable monolayers 

for both cell lines without any sign of material toxicity after at least 3 weeks of culture 

(Figure 4E and 4F).
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Figure 4. Luminal epithelialization. iREC or ciPTEC-OAT1 were cultured on the luminal side 
of 12%, 16% and 20% (w/v) PCL scaffolds. a) Double coating with L-DOPA and collagen IV 
improved cell adhesion and tight monolayer formation as proven by visible tight junction marker 
zona occludens-1 (ZO-1; green) and nuclei (blue). b-c) iREC formed monolayers only on 12% PCL 
scaffolds. ciPTEC-OAT1 grew on all scaffolds into monolayers. In absence of ZO-1, the scaffold 
fibers became visible due to autofluorescence. d) Transverse cut: cells grew throughout the scaffold 
lumen. e-f) Both cell lines showed high viability through enzymatic calcein-AM conversion to calcein 
(green) and absent staining with cell-impermeant viability indicator ethidium homodimer-1 (red). 
Scale bars: 100 µm; 50 µm in the high magnification image (a).

Construct Functionality
For active uremic toxin removal, kidney proximal tubule grafts must not only possess 

a complete and tight monolayer; they must also be able to effectively transport metabolic 

solutes from the outside of the construct into the lumen for subsequent drainage. 

Renal proximal tubule epithelial cells possess a coordinated network of a multitude of 

transporters with overlapping specificities for the efficient transcellular transport of 

a broad spectrum of solutes. OAT1 and Organic Cation Transporter 2 (OCT2) are the most 

prominent basolateral transporters in human proximal tubule cells, which are responsible 

for the uptake of anionic and cationic metabolites, respectively. To demonstrate renal 

transport activity in our fabricated kidney proximal tubule grafts, 20% PCL scaffolds of 

matured ciPTEC were incubated for 10 min with the fluorescent organic anion fluorescein, 

or the fluorescent organic cation 4-(4-(Dimethylamino)-styryl)-N-methylpyridinium iodide 

(ASP+), in absence or presence of the OAT1 inhibitor probenecid or the OCT2 inhibitor 

tetrapentylammonium (TPA+). Fluorescence microscopy imaging confirmed substrate 

uptake with significant decrease in both fluorescein uptake (p < 0.0001) and ASP+ 

uptake (p < 0.025) in presence of their respective transport protein inhibitor (Figure 5). 

These results suggest that electrospun tubular scaffolds allow the rapid diffusion of both 

negatively and positively charged compounds through the fibrous scaffold wall towards 

the basolateral side of the luminal cell monolayer. Moreover, we demonstrated that 

OAT1 and OCT2, both located at the basolateral membrane of tubular epithelial cells, 

maintained renal transport functionality for at least 3 weeks of culture. These are two 

very important features of kidney proximal tubule grafts for the efficient and continuous 

clearance of metabolic waste products from the body.

CONCLUSIONS
Tissue engineering is a rapidly developing field, but kidney engineering attempts to strive 

for a whole organ of yet inimitable complexity. Inspired by the principle of RADs, we 

downscaled kidney engineering to simple tubular scaffolds with proximal tubule cells to 

focus on the unmet medical need of active uremic toxin removal. Among the technologies 

used for the fabrication of porous tubular scaffolds, solution electrospinning is traditional 

and yet popular due to its simplicity and cost-effectiveness. Here, we demonstrated that 

biofunctionalized electrospun polymer scaffolds can be used for the creation of kidney 

proximal tubule grafts. Sufficient mechanical stability, rapid diffusibility, tight cellular 

monolayer formation and prolonged construct viability and functionality demonstrated 

superior properties over existing proximal tubule models with regard to implantation 

purposes and continuous blood clearance as renal replacement therapy.

It should be noted that different cell sources must be developed and extensively 

characterized before implantation, e.g., patient-derived or HLA-matching induced 

pluripotent stem cells that were differentiated to proximal tubule epithelial cells. 

Moreover, advanced biomaterials will likely further improve scaffold characteristics. 
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Figure 5. Cell functionality. ciPTEC-OAT1 cultured in 20% PCL scaffolds showed uptake of (left) 
1 µM fluorescein via Organic Anion Transporter 1 (OAT1) and (right) 5 µM ASP

+
 via Organic Cation 

Transporter 2 (OCT2), which could be inhibited by 100 µM probenecid and 20 µM TPA+, respectively 
(n = 5). Scale bars: 100 µm. Data is expressed as mean ± SD. *, p < 0.05, ***, p < 0.0001 using 
student’s unpaired t-test.

For the first proof-of-concept of porous stand-alone kidney tubule grafts, we used 

PCL, a well-characterized biodegradable polymer, and a simple electrospinning set-up. 

However, scaffold fabrication should be extended to both more advanced materials, 

e.g., collagen IV, hydrogel/scaffold composites or decellularized extracellular matrices,

as well as more advanced technologies, e.g., melt electrospinning writing. By selecting

optimal parameters regarding scaffold dimensionality, topography, effective surface

stiffness and substrate thickness, we will be able to produce well-defined scaffolds with

conceivably enhanced cell function [39-42]. Thereby, advanced biofabrication approaches

could enable the adaptation of RAD principles to implantable, well-defined tubular tissue

constructs with fine-tuned mechanical properties and biological functionality.
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ABSTRACT
To date, tubular tissue engineering relies on large, non-porous tubular scaffolds  

(Ø > 2 mm) for mechanical self-support, or smaller (Ø 150-500 mm) tubes within bulk 

hydrogels for studying renal transport phenomena. To advance the engineering of 

kidney tubules for future implantation, constructs should be both self-supportive and 

yet small-sized and highly porous. Here, we hypothesize that the fabrication of small-

sized porous tubular scaffolds with a highly organized fibrous microstructure by means 

of melt-electrowriting (MEW) allows the development of self-supported kidney proximal 

tubules with enhanced properties. A custom-built melt-electrowriting (MEW) device 

was used to fabricate tubular fibrous scaffolds with small diameter sizes (Ø = 0.5, 1, 

3 mm) and well-defined, porous microarchitectures (rhombus, square, and random). 

Human umbilical vein endothelial cells (HUVEC) and human conditionally immortalized 

proximal tubular epithelial cells (ciPTEC) were seeded into the tubular scaffolds and 

tested for monolayer formation, integrity, and organization, as well as for extracellular 

matrix (ECM) production and renal transport functionality. Tubular fibrous scaffolds were 

successfully manufactured by fine control of MEW instrument parameters. A minimum 

inner diameter of 1 mm and pore sizes of 0.2 mm were achieved and used for subsequent 

cell experiments. While HUVEC were unable to bridge the pores, ciPTEC formed tight 

monolayers in all scaffold microarchitectures tested. Well-defined rhombus-shaped 

pores outperformed and facilitated unidirectional cell orientation, increased collagen 

type IV deposition, and expression of the renal transporters and differentiation markers 

organic cation transporter 2 (OCT2) and P-glycoprotein (P-gp). Here, we present smaller 

diameter engineered kidney tubules with microgeometry-directed cell functionality. Due 

to the well-organized tubular fiber scaffold microstructure, the tubes are mechanically 

self-supported, and the self-produced ECM constitutes the only barrier between the inner 

and outer compartment, facilitating rapid and active solute transport. 

INTRODUCTION
In vivo, cells are surrounded by an extracellular matrix (ECM), a three-dimensional network 

composed of collagen, glycoproteins, polysaccharides, and other macromolecules [1]. 

Underneath epithelial and endothelial cells, including renal proximal tubules and peritubular 

vasculature, the ECM is formed as a thin, highly specialized basement membrane (BM), 

which acts both as supporting scaffold for the cells, and as barrier between an inner and 

outer compartment [1]. For kidney tubule engineering, a big challenge is the creation of 

renal proximal tubules in close proximity to peritubular vasculature. To allow for rapid 

exchange of solutes between blood and urine, the epithelial and endothelial BM should 

be virtually the only barriers between both cell types. To date, tubular tissue engineering 

mostly relies on non-porous, large diameter tubular scaffolds (Ø > 2 mm) for sufficient 

self-support, or smaller tubular lumens (Ø < 1 mm) surrounded by hydrogels to account for 

physiological functions, including vectorial transport [2-6]. The latter has been addressed 

recently in valuable ¬in vitro tools for drug screening and disease modeling, with proven 

apical-basal cell polarity, and active reabsorption and transepithelial secretion function. 

These models provided evidence for the fact that tubular 3D curvature and biomimetic 

ECM properties enhance kidney cell functionality [2, 3, 5-8]. However, for the engineering 

of potentially implantable and durable kidney tubules, scaffolds must meet at least three 

criteria: they must be [1] small-sized and highly porous to increase the surface area, [2] 

freely accessible from the basolateral and luminal sides for rapid solute exchange and 

removal, and [3] flexible and yet strong enough to withstand intracorporeal forces such 

as pressure, tear and wear. Ideally, scaffolds for tubular tissue should also be resorbable 

and initially provide biophysical instructions to promote cell growth, differentiation, and 

BM production.

Fibrous scaffold meshes, alone or as reinforcement of hydrogels, can greatly improve 

the mechanical properties of engineered tissue. At the same time, they can influence cellular 

functionality and ECM deposition through proper scaffold design. Fibrous scaffolds have 

shown to facilitate cell migration and functionality by providing physiologically relevant 

mechanical stimulation [9-11]. For instance, cell growth and growth directionality can be 

positively affected by microfibers when ordered along a preferential direction [10, 12].

Previously, we provided proof-of-concept for stand-alone Ø < 1 mm kidney tubule 

grafts fabricated by solution electrospinning (SES), in which human kidney cells were able 

to bridge considerable fiber-to-fiber distances without the need of embedding hydrogels, 

which ensured rapid solute uptake [11]. Although SES was successful on manufacturing 

porous tubular fiber scaffolds, this process was rather limited by poor patterning 

control and hence fabrication reproducibility. Here, we fabricated tubular scaffolds 

using a superior electrohydrodynamic fiber printing technique called melt electrowriting 

(MEW) [13, 14]. MEW is a solvent-free technique that involves extrusion of a molten 

polymer fiber onto a computer-controlled collector. Organized 3D tubular constructs are 

obtained by precise fiber deposition on a rotating cylinder and successive layer-by-layer 
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stacking, which require fine control over instrument parameters, in particular mandrel 

rotation and translation velocity [14-16]. Using MEW, we report the successful fabrication 

of Ø < 1 mm proximal tubule units that meet all above-mentioned criteria (Figure 1). 

The first aim was to determine optimal fabrication parameters for Ø = 0.5 mm and 

1 mm tubular scaffolds and to assess their mechanical characteristics. The second aim 

was to apply these scaffolds to renal epithelial and vascular tubule engineering using 

conditionally immortalized proximal tubule epithelial cells (ciPTEC) and human umbilical 

vein endothelial cells (HUVEC); however, only renal epithelial cells were able to form 

monolayers within the scaffold pores and were used for subsequent experiments. Positive 

effects of tube structure and biomimetic materials on renal function have already been 

proven in literature; here, we hypothesized that by engineering tubular scaffolds with 

defined pore microarchitecture (i.e., rhombus, square and random), we can provide 

adequate topographic cues to promote cell directionality, autologous BM production, 

and renal transport function.

MATERIALS AND METHODS
Melt Electrowriting 
We used a custom-built MEW device consisting of a rotating aluminum mandrel (Ø = 3, 

1, 0.5 mm) mounted on a x-y axis and a custom print head mounted of a movable z-axis. 

The x-y-z axes were computer-controlled using an advanced motion controller MC403 

(Trio Motion Technology Ltd.). Granular medical grade polycaprolactone (PCL, Purasorb 

PC 12, Corbion) was loaded into a 3 ml electrically heated glass syringe with a 27G size 

metallic nozzle and molten for 30 min prior printing. The molten polymer was electrified 

using a high voltage source (Heinzinger, LNC 30000-5 POS, 0–30 kV), and extrusion 

was assisted by a high-resolution air pressure regulator (VPPE-3-1-1/8-2-010-E1, Festo). 

In order to control scaffold microarchitectures, the effect of tangential rotation velocity 

(Vtang) and translation velocity (Vtrans) on the laydown fiber winding angle (α) was

investigated (Figure S1). The theoretical winding angle was determined according to:

α = ArcTang (Vtang / Vtrans)      (1)

for 0 < α < 90°. The Vtang expressed in mm/s was assessed by:

Vtang = π d Vr      (2)

where d is the diameter of the collecting mandrel in mm and Vr is the rotational velocity of 

the mandrel in rad/s. Both Vtang and Vtrans were varied according to specified in Table 1 

in order to obtain scaffolds with winding angles of 30 and 45°, corresponding to a square 

and rhombus microarchitecture, respectively; and a densely distributed crossed fibremat 

(alternating winding angles between 30, 45 and 60°) here named random. The x-y 

position of the mandrel and respective translational velocity were programmed using 

a commercially available software package (Motion Perfect V4.2, Trio Motion Technology 

Ltd.) while the rotational velocity was controlled by Arduino IDE software. The combination 

of parameters used to obtain the three different scaffold microgeometries and tubular 

diameters is summarized in Table 1. After fabrication, the mandrel with the printed 

tubular scaffold was soaked in ethanol for 5 min to facilitate scaffold removal. As the 0.5 

mm mandrels showed some variation of working distance between the mandrel and 

the nozzle, 1 mm tubes were used for the biological experiments.

Imaging and Structural Characterization
Tubular scaffolds microstructure and fiber size were analyzed by stereomicroscopy 

(Olympus SZ61) and by scanning electron microscopy (SEM, Phenom Pro, Phenom-World). 

SEM was performed at an acceleration speed of 5 - 10 kV. Prior imaging, SEM scaffolds 

were gold sputtered coated (1nm) using a Q150R rotary-pumped sputter (Quorum 

Technologies). Images from both stereomicroscope and SEM were analyzed with Image J 

(National Instruments). Scaffold porosity was determined gravimetrically.

Cell Culture
Human conditionally immortalized proximal tubule epithelial cells (ciPTEC), isolated 

from human kidney tissue, were developed by Jansen et al. [17]. The tissue used for 

cell line development was obtained from non-transplanted donors with given informed 

consent. Briefly, proximal tubule cells obtained from healthy volunteers were infected 

with a temperature sensitive mutant U19tsA58 of SV40 large T antigen (SV40T) and 

the essential catalytic subunit of human telomerase (hTERT). ciPTEC were cultured at 

33°C and 5% (v/v) CO2 up to 90% confluency to maintain a cell proliferation state. For 

maturation, ciPTEC were transferred to 37°C for at least 7 days prior to experimental 

readout. ciPTEC were cultured in T175 cultures flasks (Greiner Bio-One), using Dulbecco’s 

modified eagle medium/HAM’s F12 without phenol red (Thermofisher Scientific), 

supplemented with 5 µg mL−1 insulin, 5 µg mL−1 transferrin, 5 µg mL−1 selenium, 

35 ng mL−1 hydrocortisone, 10 ng mL−1 epidermal growth factor, 40 pg mL−1 tri-

iodothyronine (Sigma-Aldrich), 10% fetal bovine serum (FBS) (Greiner Bio-One), and 1% 

penicillin/streptomycin (Thermofisher Scientific). For 2D cultures, ciPTEC were cultured 

and matured in 6 well plates. Primary human umbilical vein endothelial cells (HUVEC) 

(American Type Culture Collection (ATCC)) were cultured using vascular cell basal medium 

and endothelial cell growth kit-VEGF (ATCC). HUVEC were cultured in T175 culture 

flasks (Greiner Bio-One) at 37°C and 5% (v/v) CO2, and confluency was maintained at 

a maximum of 90% throughout the culture period.
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Scaffold Coating and Cell Seeding onto Scaffolds 
Before cell seeding, PCL tubular scaffolds were sterilized using 70% ethanol evaporation 

and UV exposure (365 nm for 15 min). 2 mg/mL L-3,4- dihydroxyphenylalanine (L-DOPA, 

Sigma-Aldrich) was dissolved in 10 mM tris(hydroxyethyl)aminomethane (Tris) pH 8.5 

buffer at 37°C for 45 min [7, 18, 19]. After sterile filtration (0.2 µm pore size), scaffolds 

were coated through submersion for 4h at 37°C and thoroughly washed with phosphate 

buffered saline (PBS without calcium and magnesium, Lonza). Next, 10 × 106 cells/ml 

were added in small culture medium drops onto flat scaffolds or injected into tubular 

scaffolds. Cells were incubated for 4h at 33°C (ciPTEC) or 37°C (HUVEC); tubular scaffolds 

were turned 180° after 2h. Afterwards, culture medium was added, and the constructs 

were cultured until confluency at 33°C and then at 37°C (ciPTEC), or directly at 37°C 

(HUVEC). Scaffolds were cultured for 1-4 weeks at 37°C. Culture medium was refreshed 

3x per week. Changes on polymer surface wettability before and after L-DOPA coating 

were evaluated by static contact angle measurements using sessile drop technique 

(Data Physics, OCA 15EC). Measurements were performed according to a procedure  

described elsewhere [10].

Immunofluorescence
Scaffolds were fixed for 5 min with 4% (v/v) paraformaldehyde in PBS and permeabilized 

with 0.3% (v/v) triton X-100 in PBS for 10 min at RT. Subsequently, cells were exposed to 

blocking buffer consisting of 2% (v/v) FCS, 0.5% (w/v) bovine serum albumin (BSA), and 

0.1% (v/v) Tween20 in PBS for 30 min at RT. Antibodies were diluted in blocking buffer. 

Primary antibodies were incubated O/N at 4°C and secondary antibodies for 1h at RT. We 

used the following primary and secondary antibodies and dilutions: mouse monoclonal 

anti-α-tubulin 1:150 (T6793, Sigma-Aldrich), goat monoclonal anti-collagen IV 1:50 

(1340-01, Southern Biotech), and mouse monoclonal anti CD31 1:250 (ab119339, 

Abcam), AlexaFluor 488 donkey-anti-rabbit 1:200 (Invitrogen), AlexaFluor 488 goat-

anti-mouse 1:200 (Invitrogen), and AlexaFluor 647 donkey-anti-goat 1:200 (Invitrogen). 

Moreover, we used AlexaFluor 546 phalloidin 1:1,000 (A22283, Thermo Fisher Scientific) 

to stain actin filaments, and nuclei were stained using DAPI 1:1,000 (Sigma-Aldrich). 

Immunofluorescence was examined using confocal microscopy (Leica TCS SP8 X) and 

software Leica Application Suite X. Images were analyzed using ImageJ. Images were 

converted to 8-bit, Z-projections were made, and the same threshold was applied for every 

image. Actin filament directionality was quantified using the directionality functionality 

and Fourier components analysis.

Gene Expression
Gene expression analysis was performed by RT-qPCR on ciPTEC after growing at 33°C 

until confluency and 7 days at 37°C. RNA was isolated from ciPTEC grown in tubular 

scaffolds or in L-Dopa coated well plates (control) using a PureLink RNA mini kit 
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(Invitrogen), and cDNA was prepared using 500 ng sample RNA templates using iScript 

cDNA Synthesis Kit (BioRad). RT-qPCR analysis was performed on a CFX96 real-time PCR 

detection system (BioRad) using TaqMan Universal PCR Master Mix and TaqMan Gene 

Expression Assay (Thermo Fisher Scientific) for COL4A1 (TaqMan Assay ID: Hs00266237_

m1), ABCG2 (Hs01053790_m1), ABCC4 (Hs00988721_m1), ABCB1 (Hs00184500_m1) 

and SLC22A2 (Hs00533912_m1), RPS18 (Hs01375212_g1). All reactions were carried 

out with equivalent dilutions of each cDNA sample. 

Mechanical Testing
The mechanical properties of cell free and cell cultured tubular constructs (day 14 of 

culture at 37°C) were studied under uniaxial tensile test using a Dynamic Mechanical 

Analyzer (DMA Q800, TA Instruments). Before testing, cell cultured constructs were 

washed with HBSS, fixated for 10 min with 4% (v/v) paraformaldehyde and then washed 

again with HBSS. Tensile tests were performed at a rate of 0.1 N/min. Prior testing, nominal 

diameter and length of each construct was measured using stereomicroscopic and SEM 

images. The tangent modulus, yield strain and elastic strain energy were determined from 

engineered stress-strain curves. Tangent moduli were determined using a least square fit 

of the initial slope of the stress-strain elastic region (ET, as presented in Figure S3), yield 

point (εel) was defined as point where nonlinear deformation begins and elastic strain 

energy (U0) was obtained, 

       (3)

where σ and ε represent engineered stress and strain, respectively.

Functional Assays
To test the functionality of various transporters (BCRP, MRP4, P-gp and OCT2), tubular 

scaffolds with rhombus-shaped pores and ciPTEC were matured for 3 weeks, rinsed 

in HBSS, and incubated with fluorescent substrates. Cells were incubated with 1 μM 

non-fluorescent calcein-AM for 15 min at 37°C to confirm cellular metabolism through 

enzymatic conversion of calcein-AM to fluorescent calcein. Incubation was performed in 

presence or absence of 5 μM MK-571 and KO173 (inhibitors of MRP4 and BCRP) to validate 

functional excretion of calcein. Moreover, tubular scaffolds were incubated with 10 μM 

rhodamine123 (RH123), substrate for uptake transporter OCT2 and excretion transporter 

P-gp, in presence or absence of 5 μM tetrapentylammonium (TPA+, OCT2 inhibitor) or 

5 μM PSC-833 (P-gp inhibitor) for 40 min at 37°C. After incubation, the scaffolds were 

rinsed with HBSS and images were captured with green filters using the Keyence BZ-9000 

fluorescence microscope (Keyence). ImageJ (National Instruments) was used to measure 

fluorescence intensity in 16-bit images after background subtraction. In addition, a leakage 
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assay was performed with rhombus-shaped scaffolds to assess engineered proximal 

tubule function. First, a customized perfusion chamber was designed and printed with 

polylactic acid (PLA) using a fused filament fabrication method (Ultimaker). The printed 

chamber was mounted on a glass slide using epoxy glue (Loctite), and tubular scaffolds 

were fixed inside with dental glue (GI-MASK Automix, Coltene) (Figure S4). Scaffolds 

were perfused with 0.1 mg/ml fluorescein isothiocyanate-inulin for 5 min (inulin-FITC, 

Sigma-Aldrich), and real-time imaged using a fluorescence microscope with a green filter 

(Keyence BZ-9000). 

Statistical Analysis
Unless otherwise stated, 3 scaffolds per condition were used in 3 independent experiments 

respectively. Statistical analysis was carried out in Graphpad Prism 8.1.0 (GraphPad 

Software Inc.) using a student t-test when two groups were compared, and a one-way 

ANOVA and Tukey’s multiple comparisons post-hoc test when 3 or more groups were 

compared. A two-way ANOVA and multiple comparisons were used for comparison of 

multiple groups with 2 independent variables. Differences were considered significant 

with a p-value of p < 0.05. * indicates p < 0.05, ** p < 0.01, *** p < 0.001 and  

**** p < 0.0001. Data are represented as mean ± standard error of the mean (SEM) or 

as mean ± standard deviation (SD).

RESULTS
Design and Fabrication of Microfibrous Tubular Scaffolds 
Fully resorbable medical grade polycaprolactone (PCL) tubular scaffolds were manufactured 

with a reproducible quality using an in-house built MEW set-up (Figure 1, Figure 2, 

Movie S1). Scaffolds were fabricated with a range of winding angles, from 30° to 60°, by 

controlling the ratio between the tangential rotation velocity (Vtang) and the translation 

velocity (Vtrans) (Figure S1). No significant differences in fiber diameter were observed 

when varying the winding angle (constant fiber diameter of approximately 20 µm, 

Figure 2A), and the measured winding angle was in accordance with the theoretical 

design (Figure 2B). Additionally, the effect of fiber stacking on printed winding angle 

was evaluated (Figure 2C, Figure S2). In general, an increase in the deviation between 

designed and printed winding angle was observed when increasing the number of staked 

fibers from 1 to 10 layers. This difference was in average 33 ± 8 for 0.5 mm mandrels 

(Figure S2A) and 7 ± 3% for 3 mm (Figure S2B) and 1 mm mandrels (Figure 2C). 

Importantly, our results demonstrate that the fiber diameter did not change significantly 

when increasing the number of staked layers, as well as when varying the winding 

angle. Furthermore, while 3 mm and 1 mm diameter tubes could be easily removed 

from the mandrels, harder removal of 0.5 mm tubes from the mandrel was observed, 

which compromised their structural integrity. Based on these post-processing handling 

characteristics and printing fidelity results, tubes with 1 mm diameter and 10 layers 
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Figure 1. Graphical overview of design and fabrication of MEW medical grade polycaprolactone 
(PCL) tubular scaffolds. A) The kidney consists of roughly 1 million functional units, called nephrons. 
B) Active secretion takes mostly place in the proximal tubule, which is surrounded by peritubular 
capillaries. C-D) Melt-electrowriting was used to fabricate tubular scaffolds with defined pore 
geometries. E-F) Engineered kidney tubules contained confluent monolayers of proximal tubule 
epithelial cells.

(final thickness of approximately 100 µm) were selected for further experiments. Tubular 

scaffold with three different microarchitectures were fabricated, i.e. rhombus (winding 

angle 30°), square (winding angle 45°) and random (densely distributed crossed fiber 

mat, with winding angles varying between 30, 45 and 60°). Notably, interconnected 

porosities above 90% and controlled pore sizes of 200 µm where obtained for rhombus  

(Figure 2D, E-F) and square pore shaped scaffolds, while only 40% porosity were 

observed for random scaffolds and no controlled pore size (Figure 2D).

Cell Growth and Directionality 
The first requirement of functional bioengineered kidney tubules is cell adherence and 

growth into a barrier-forming monolayer. Confirming our previous data, ciPTEC were 

able to form tight monolayers in L-DOPA biofunctionalized tubular scaffolds by stretching 

across the pores between the PCL microfibers [11]. L-DOPA coating increased scaffold 

hydrophilicity compared to non-coated tubular scaffolds (Table S1). Cells grew on 

the PCL-fibers, then they started bridging the pores from the corners and moved further 

inward; ultimately, the pores were entirely filled by ciPTEC monolayers. Only at a pore size 

of 400 µm and higher, ciPTEC were not able to bridge the gap.

Cell growth and filamentous actin (F-actin) orientation were studied in scaffolds 

with rhombus, square and random pore geometries (Figure 3A-I). For HUVEC, no 

microgeometry allowed monolayer formation; the cells only surrounded the PCL fibers 

(Figure 3A-C). When stained for platelet endothelial cell adhesion molecule 1 (PECAM-1 

or CD31), a marker for endothelial cell junctional integrity, we observed irregular 

expression (Figure 3A-C). PECAM-1 is only expressed at the cell borders of confluent 

monolayers, whereas little or no expression is observed in sparse or migrating endothelial 

cells [20, 21]. In contrast to HUVEC, ciPTEC were able to fill the pores with all geometries 

investigated. For ciPTEC, rhombus-shaped pores caused preferential cell alignment along 

the scaffold fiber direction. The angle of deviation for ciPTEC grown in rhombus-shaped 

pores was approximately 25°, which is in accordance with the 30° winding angle of 

the pores, indicating that ciPTEC are aligned as instructed by the geometry. The cell 

alignment order parameter S was calculated for ciPTEC, where a value of S = 1 would 

Figure 2. Tubular scaffold design and fabrication. A) variation of printed fiber diameters 
according to designed winding angles. B) Comparison between designed and printed winding angle 
used to assess printing accuracy. A-B were investigated for constructs with a single layer and for 
mandrels with three different diameters, 3, 1- and 0.5-mm. C) Comparison between designed 
and printed winding angle for constructs with 1, 5 and 10 stacked layers and mandrel with 1 mm 
in diameter. Blue and red identify rhombus and square constructs used for further mechanical 
and biological experiments. D) Porosity of fabricated tubes with 1 mm diameter. Representative E) 
stereoscopic and F) SEM image of printed tubular scaffolds with a rhombus (30°) microstructure for 
1 mm mandrel. Scale bars = 100 µm (E) and 1 cm (F).
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indicate that the long axis of the cells perfectly aligned with the scaffold fiber direction 

and S = 0 indicated no particular cell alignment. CiPTEC grown on rhombus-shaped pores 

exhibited cell alignment with an S of 0.51 ± 0.06, whereas both square and random 

microgeometries resulted in an isotropic distribution of cells with order parameters of 0 

(Figure 3D-I) [22, 23]. 

Renal Transporter Expression and Function
The proximal tubule has a major role in waste secretion from the blood into the urine, 

and, therefore, expresses a broad range of functional transporters to facilitate this 

transport. We tested the effect of pore microgeometries on the gene expression of four 

relevant transporters: the efflux pumps breast cancer resistance protein (BCRP), multidrug 

Figure 3. Cell growth and directionality. A-C) Actin filament (green), PECAM-1 (purple), and DAPI 
(blue) in A) rhombus-, B) square-, and C) random-shaped scaffolds for HUVEC. D-F) Actin filament 
(green) and DAPI (blue) in D) rhombus-, E) square- and F) random-shaped scaffolds for ciPTEC. 
Asterisks identify fiber scaffold position. G-I) Quantification of cell directionality in G) rhombus-, H) 
square- and I) random-shaped scaffolds for ciPTEC. Scale bars = 250 µm. Mean ± SEM, n=3.

resistance-associated protein 4 (MRP4), and P-glycoprotein (P-g), and the uptake 

transporter organic cation transporter 2 (OCT2). For all microgeometries, mRNA levels 

were compared to 2D culture (Figure 4A-D). For BCRP (Figure 4A, CT value 2D: 33.47 

± 0.12) and MRP4 (Figure 4B, CT value 2D: 29.60 ± 0.03), no differences were found. 

Remarkably, mRNA expression for P-gp increased 2.4-fold (Figure 4C, p < 0.05, CT 

value 2D: 29.43 ± 0.03) for tubular scaffolds with rhombus-shaped pores compared to 

2D culture. Also, OCT2 expression was 3.4-fold higher (Figure 4D, p < 0.01, CT value 

2D: 37.85 ± 0.30). In tubular scaffolds with isotropic pore microgeometries, transporter 

expression showed no significant increase compared to traditional 2D culture. Two 

functional assays were performed to validate transporter function in rhombus-shaped 

pores (Figure 4E-J). Calcein-AM diffuses into the cell, where it is hydrolyzed by esterases 

into fluorescent calcein, which is then secreted by BCRP and MRP4 (Figure 4E) [24]. 

When incubating the engineered kidney tubules with calcein-AM in presence of BCRP 

and MRP4 inhibitors KO143 and MK571, calcein accumulated in the cells (Figure 4G, I) 
(p <0.05). Rhodamine-123 (RH123) is a chemical fluorescent compound that is actively 

transported into the cell via OCT2 and actively excreted into the urinary compartment by 

P-gp and BCRP (Figure 4F). When the OCT2 inhibitor TPA was added, RH123 intracellular 

fluorescence intensity tended to be lower, although not significantly. When the P-gp 

inhibitor PSC-833 was added, intracellular fluorescence intensity increased (p < 0.05) 

(Figure 4I, J). 

Collagen IV Deposition
Collagen type IV is the most abundant component of the renal BM, making up 50% or 

more of the total [1]. To investigate how pore microgeometries affected ECM deposition, 

collagen type IV expression was measured over time, i.e., at day 7, 14, and 28, after 

starting maturation at 37°C (Figure 5A-B). In all pore microgeometries tested, ciPTEC 

deposited collagen type IV and filled all pores at the earliest timepoint measured (day 

7). While collagen type IV deposition remained equal over time in random and square 

microgeometries, it significantly increased (p < 0.05) in rhombus scaffolds, with 

a maximum collagen type IV expression on day 28 (Figure 5B). On mRNA level, collagen 

type IV expression increased 5.5-fold in rhombus-shaped pores compared to traditional 2D 

culture at day 7 (p < 0.001, CT value 2D: 32.46 +/- 0.33) (Figure 5C). Square-shaped pores 

also increased collagen IV mRNA levels in ciPTEC (4.4-fold, p < 0.01), whereas random-

shaped pores did not have any beneficial effect compared to 2D cell culture (Figure 
5C). Finally, we assessed how cells and their BM affected the mechanical properties of 

the MEW tubular scaffolds. Engineered kidney tubules were matured for 14 days before 

they were evaluated under uniaxial tensile loading to determine tangent modulus, yield 

strain, and elastic strain energy (Figure 5D-F, S3). A non-linear stress-strain behavior was 

observed for the different tested microarchitectures (Figure S3). Interestingly, without 

cells scaffolds with a rhombus geometry were able to reach higher elastic deformations 
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Figure 4. Renal transporter expression and function. A-D) Relative mRNA gene expression of 
ciPTEC cultured in tubular scaffolds with rhombus-shaped pores compared to ciPTEC cultured in 
2D (dotted line). E-F) Graphical overview of E) calcein-AM assay and F) rhodamine123 assay. G-H) 
Immunofluorescent images of G) calcein-AM assay and H) rhodamine123 assay in presence or 
absence of inhibitors. I-J) Quantification of immunofluorescent images measured as fluorescence 
intensity for I) calcein and J) rhodamine123. Scale bars = 500 µm. Mean ± SEM, n=3.

Figure 5. Collagen IV deposition and mechanical behavior of fibre constructs under tensile 
loading. A) Immunofluorescent images of collagen type IV (red) in rhombus-, square-, and random-
shaped scaffolds captured at day 7, 14, and 28. Asterisks identify fiber scaffold position. Scale  
bars = 100 µm. B) Quantification of fluorescence intensity of the immunofluorescent images. C) 
Relative mRNA collagen type IV gene expression of ciPTEC cultured in tubular scaffolds compared to 
ciPTEC cultured in 2D (dotted line). D-F) Mechanical properties measured in tubular scaffolds with 
and without cells. Mean ± SEM, n=3.

(2-fold higher, approximately 10% deformation) and lower tangent modulus (1.7-fold 

lower, 4MPa) than scaffolds with random microstructure (Figure 5D-E, S3). No significant 

differences were observed on tangent modulus and elastic strain between scaffolds with 

a squared and random microarchitecture. In tubular scaffolds with ciPTEC monolayers, 

we observed a trend for an increase in yield strain (p = 0.0515) and an increase in elastic 

strain energy (p < 0.0002) in tubules with rhombus-shaped pores compared to scaffolds 

without cells (2- to 3-fold higher). It should be noted that a promising elastic behavior 

(shape recovery without visual permeant deformation) was observed for rhombus 

scaffolds after repetitive manual stretching, not observed for square and random tubular 

scaffolds (data not shown).
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Barrier Function
In our engineered kidney tubules, cells and their self-made BM deposited within the scaffold 

pores formed the only barrier between the basolateral and luminal side of the tubes. 

A thin but tight barrier is crucial for vectorial solute transport. To functionally assess 

barrier formation, inulin-FITC leakage was measured using a custom-made perfusion 

system. When mounting cell-free scaffolds in a dry chamber, inulin-FITC remained inside 

the scaffold due to surface tension (Figure 6A), but when PBS was added to the chamber, 

inulin-FITC directly leaked out (Figure 6B). In contrast, ciPTEC-laden scaffolds kept 

the inulin-FITC inside the lumen, indicating that the cells and their BM functioned as 

a leak-tight barrier between the luminal and basolateral sides of the engineered kidney 

tubule (Figure 6C). Engineered kidney tubules were also stained for collagen type IV 

and DAPI, and cross-sections were randomly made to confirm monolayer formation 

throughout the tubular construct (Figure 6D-E). For rapid solute exchange and future 

implantation purposes, engineered kidney tubules must be flexible, wear-resistant, small 

in diameter, highly porous, and freely accessible from both the basolateral and luminal 

side. Using MEW, we fabricated self-supported, highly ordered tubular scaffolds with 

controlled pore microarchitectures (i.e., rhombus and square). We were able to produce 

scaffolds with an inner diameter of 0.5 mm, which is around 7 times the diameter of 

native kidney tubules and only 2 times the diameter of common dialysis fibers. While 

smaller diameters might be possible in future, the constructs also needed to remain easy 

to handle for experimental testing. The ability to control tubular scaffold microarchitecture 

is a unique characteristic of MEW that distinguishes the process from other conventional 

fiber formation technologies like SES. For kidney tubule engineering, we identified 

rhombus-shaped pores as a superior microgeometry over square- and random-shaped 

pores: topographic guidance resulted in directed cell growth, enhanced collagen type 

IV deposition, remarkably improved yield strain and elastic strain energy, and increased 

functional OCT2 and P-gp expression. 

DISCUSSION
Rhombus-Shaped Pores Mimic in vivo Renal Tubular Basement 
Membrane Anisotropy Through Topographic Guidance 
In vivo, the renal tubular BM exhibits an anisotropic structure, i.e., a directional preference 

in form of a polygonal meshwork of corrugated appearance [25]. In contrast to square- 

and random-shaped pores, rhombus-shaped pores guided cell growth along the scaffold 

fibers into a preferred cell direction with an angle of deviation that was even smaller than 

the winding angle of the scaffold. This phenomenon is called contact or topographic 

guidance [26, 27]. The effects of various topographic features on ciPTEC have been 

evaluated previously; already small features (<5 µm) could induce cell organization and 

alignment, which made the cells more susceptible to mechanical cues such as fluid shear 

stress (FSS) [28-30]. The alignment of the actin cytoskeleton might have contributed 

Figure 6. Renal barrier function. A-C) Inulin-FITC leakage assay in rhombus-shaped tubular 
scaffolds A-B) without and C) with cells. Perfusion chamber A) dry and B-C) immersed in PBS. 
Immunofluorescent images are captured after 1, 2 and 5 min of Inulin-FITC perfusion. D) Cross-
sectional immunofluorescent images indicating a monolayer of ciPTEC throughout the construct. 
Immunofluorescent staining for DAPI (blue) and collagen type IV (red). E) Representative SEM 
image of cell laden rhombus-shaped tubular scaffolds demonstrating a renal monolayer.  
Scale bars = 100 µm.

to the increased BM and transporter gene expression. Importantly, the cytoskeleton 

reorganization is known to alter force-activated pathways, as well as nuclear actin 

structures that can regulate gene expression and cell differentiation [31, 32]. Although 

more research is needed to confirm such underlying mechanisms in renal cells, our data do 

confirm beneficial effects of anisotropic cues on cell growth behavior and differentiation. 

The effects of different pore sizes and shapes of MEW scaffolds on cell alignment and gene 

expression have been shown to vary per cell type, including macrophages, bone marrow, 
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smooth muscle cells, cardiomyocytes, and skeletal stem cells [33-37]. This indicates that 

the choice of pore size and shape need to be carefully considered depending on cell type 

of interest. For HUVEC, it has been shown that topographic cues of ridges and grooves 

can stabilize the endothelial phenotype. Based on the physiological BM microarchitecture 

in vivo, alignment in circumferential direction would be preferred [27, 38]. In our study, 

HUVEC failed in filling the MEW-fabricated pores of any microgeometry tested. Most 

likely, HUVEC have a smaller spreading length compared to ciPTEC, which is the only 

parameter besides initial pore size needed for predictions of void filling [39].

Renal Monolayers in MEW Pores Are Freely Accessible for Solute 
Uptake and Separate Compartments
Inhibitor-sensitive cellular uptake and excretion of fluorescent compounds demonstrated 

functional transport activity of our engineered kidney tubules. Vectorial solute transport 

requires an intact and polarized epithelial monolayer that forms a barrier between 

the luminal and the outer compartment. Microscopic images revealed consistent 

monolayer formation throughout the construct, which was confirmed by retainment of 

inulin-FITC during luminal perfusion. For uptake and subsequent drainage of metabolic 

waste products, an outside-oriented basolateral side, and an apical membrane facing 

the lumen are crucial. Usually, the interaction between cells and ECM are a determinant 

factor in the orientation and stabilization of cell polarity [40]. However, freshly seeded cells 

are not provided with a pre-existent ECM in our scaffolds, thus polarization likely depends 

on factors other than ECM cues. It is known that fluid shear stress (FSS) can facilitate 

cell polarization and has moreover been shown to enhance transporter expression in 

epithelial cells [2, 41-43]. Possibly, FSS could induce polarization and further enhance 

cellular functionality in our scaffolds, therefore future steps will include the establishment 

of a long-term flow-compatible cell culture system.

Rhombus-Shaped Pores Increase Yield and Elastic Strain Energy of 
Engineered Kidney Tubules
When handled or potentially implanted, engineered kidney tubules should be able to 

withstand external influences like pressure, tear and friction. When subjected to axial 

forces, controlled pore microgeometries themselves had a significant effect on tangent 

modulus, yield strain and elastic energy of tubular scaffolds when compared with non-

controlled pore microgeometries. This evidence was even more pronounced when cells 

formed monolayers within the pores. Kidney tubules with rhombus-shaped pores could 

sustain higher strain (~15%) before yielding compared to random and square (< 10%), 

probably due to the contact guided cell alignment with the fiber direction. Compared to 

tangent moduli of kidney tissue reported in literature (3-10 MPa), the tangent modulus 

of 4 MPa for the kidney tubules with rhombus-shaped pores (evaluated 14 days after 

monolayer formation) was close to the lower limit of this range [1]. It should be noted 

that mechanical properties were tested after fixation, which tends to increase the tangent 

modulus [44, 45]. However, considering the increase in ECM deposition over the course of 

28 days in culture, an overall improvement in mechanical properties can be expected over 

time. Notably, the control over scaffold microarchitecture on tubular constructs with 1mm 

allowed for aligned ECM deposition and consequent impressive compliance using PCL, 

a rather stiff thermoplastic material, as scaffolding material. It is important to mention, 

that future improvement of the MEW process is required to generate tubular scaffolds 

with tunable mechanical properties and internal diameters below 1 mm diameter. Recent 

works have reported the design and melt-electrowriting of auxetic tubular microfibers 

with unprecedent control of elastic deformations that could be applied in engineered 

kidney tubules. However, internal diameters obtained were one order of magnitude 

higher, 10mm, than the ones reported here [46].

Next Steps Towards Perfusable and Vascularized Engineered Kidney 
Tubules
As mentioned above, the establishment of long-term perfusion systems will further 

advance kidney tubule performance and readouts. Moreover, the flexible nature of MEW 

tubular scaffolds allows the intertwinement of multiple scaffolds, which would create 

direct contact between epithelium and endothelium, mimicking the physiological situation 

[1, 25]. Twisting scaffolds would additionally protect and stabilize the constructs. To 

engineer peritubular blood vessels, the initial pore size could be reduced by combination 

of MEW with electrospinning, as shown by Jungst et al. and Pennings et al. [47, 48]. 

Furthermore, the use of supportive cell types like pericytes or fibroblasts could help in 

the formation of endothelial monolayers [49]. In fact, direct contact between different 

cell types on PCL scaffolds, as opposed to indirect contact, can improve cell functionality 

[50]. Also, co-cultures of endothelial cells with renal epithelial cells have been shown to 

stimulate the balanced expression of various endothelial factors, which in turn improved 

the performance of renal cells [51].

In conclusion, we report the fabrication of self-supportive and yet small-sized porous 

MEW tubular scaffolds for kidney tubule engineering. MEW scaffolds enable direct access 

to the basolateral and luminal cell sides to facilitate solute exchange with vasculature 

in immediate proximity, which is critical for functional proximal tubule constructs. 

We showed that rhombus-shaped pores can enhance kidney tubule performance 

through topographic guidance, highlighting the fact that proper scaffold design offers 

opportunities to improve cell function.
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SUPPLEMENTARY DATA

Table S1. Water contact angles on uncoated PCL and L-DOPA coated PCL surfaces.  
Mean ± SEM, n=3.

Composition Water contact angle

PCL

(close to hydrophobic)

93.07 ± 3.87°

L-DOPA coated PCL

(close to absolute wetting)

0.5 ± 1.87°

Figure S1. A) Schematic of the melt electrowriting set-up, showing the collection of thin electrified 
polymer jets onto a computer controlled, rotating and translating mandrel. B) Representation of 
the mandrel velocities, translational (Vtrans), tangential (Vtang), rotational (Vrot), as well as winding 
angle (α), coil angle (Θ), tube length, pitch and mandrel perimeter (r) in the mandrel surface during
fiber collection. Winding angle was engineered by the ratio between Vtang and Vtrans at constant  
fiber length. 
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Figure S4. Custom made perfusion system used for renal barrier function studies. MEW 
tubular scaffolds were mounted in a 3D printed PLA customized chamber and then perfused.

Figure S2. Comparison between designed and printed winding angle for constructs with 1, 
5 and 10 stacked layers and mandrel with A) 0.5 mm and B) 3mm in diameter.

Figure S3. A) Tensile tester set up and B) representative engineered stress-strain curves 
with determined mechanical parameters for tubular scaffolds with rhombus and random 
microarchitecture with cells.
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ABSTRACT
Tissue decellularization yields complex scaffolds with retained composition and structure, 

and plants offer an inexhaustible, natural source of numerous shapes. Plant tissue 

could be a solution for regenerative organ replacement strategies and advanced in vitro 

modeling, as biofunctionalization of decellularized tissue allows adhesion of various kinds 

of human cells that can grow into functional tissue. Here, we investigated the potential of 

spinach leaf vasculature and chive stems for kidney tubule engineering to apply in tubular 

transport studies. We successfully decellularized both plant tissues and confirmed general 

scaffold suitability for topical recellularization with renal cells. However, due to anatomical 

restrictions, we believe that spinach and chive vasculature itself cannot be recellularized by 

current methods. Moreover, gradual tissue disintegration and deficient diffusion capacity 

make decellularized plant scaffolds unsuitable for kidney tubule engineering, which 

relies on transepithelial solute exchange between two compartments. We conclude that 

plant-derived structures and biomaterials need to be carefully considered and possibly 

integrated with other tissue engineering technologies for enhanced capabilities.

INTRODUCTION
To mimic native tissue, organ-specific cells are usually seeded onto or into scaffolds with 

defined 3D structure and stimulated with growth factors, physicochemical factors and 

perfusion. To date, cornea, skin, and articular joint tissue are among the most advanced 

engineered tissue constructs due to their relatively simple architecture [1]. In contrast, 

the kidney is one of the most complex ones; structural and functional complexity make it 

impossible to recapitulate its original architecture with traditional top-down approaches 

(e.g., micro-molding or 3D bioprinting) [2]. The explosive advancement of organoid 

technology, a bottom-up approach in regenerative medicine, reflects our dependency on 

the power of nature: the most sophisticated tissues currently created in a dish are the result 

of cellular self-organization [3, 4]. However, despite being complex in structure, kidney 

organoids are still immature and limited in size, and they lack a functioning drainage 

system. An intermediate tissue engineering approach is the de- and recellularization of 

existing tissue, which yields whole organ scaffolds with intact extracellular matrix [5-7]. 

In a proof-of-concept study, recellularized rat kidneys were able to regenerate partial 

excretory functionality upon recellularization and experimental orthotopic transplantation 

[8, 9]. For clinical consideration, however, such system has to be upscaled and optimized 

further, and also for advanced in vitro modeling, whole scaffolds are no sustainable option, 

except when cut into multiple scaffold slices [7]. In 2017, Gershlak et al. drew attention to 

the concept of crossing kingdoms in tissue engineering by using plant-derived decellularized 

scaffolds for the fabrication of lab-grown organs with perfusable vasculature [10]. In this 

and another follow-up study, the research group showed successful decellularization of 

various plant leaves and roots (i.e., spinach, parsley, artemisia annua leaves, anthurium 

waroqueanum, calathea zebrina, bamboo, orchid, vanilla, and peanut hairy roots); 

recellularization was proven with several human cell sources (i.e., human umbilical vein 

endothelial cells, dermal fibroblasts, mesenchymal stem cells and pluripotent stem cell 

derived cardiomyocytes) [10, 11]. In fact, the concept of using decellularized cellulose for 

cell cultures has been developed earlier with apple hypanthium, for which cell adhesion, 

invasion and proliferation has been shown with NIH3T3 fibroblasts, mouse C2C12 muscle 

myoblasts and human HeLa epithelial cells. Moreover, biocompatibility and active blood 

vessel formation has been demonstrated after implantation in vivo [12, 13]. Here, we 

adopted and evaluated the crossing kingdoms principle for in vitro modeling of kidney 

tubules. These studies showed that various mammalian cell types attach and grow on 

plant-derived cellulose scaffolds, but we want to stress that tissue-specific requirements 

must be considered. For instance, to facilitate active secretion of metabolic end products 

and drugs, engineered kidney tubules require a thin and small-sized tubular scaffold that 

separates the inner and outer compartment through a monolayer of kidney proximal 

epithelial tubular cells, preferably with drainage capacity. For this, we hypothesized that 

the vasculature of decellularized spinach leaves or hollow chive stems could serve as such 

scaffolds and examined them for functional requirements.
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METHODS
Scaffold Decellularization
Spinach leaves and chive stems, obtained from a local store, were placed in n-hexane on 

a shake rocker for 30 min to remove the cuticle. After rinsing with distilled water, they 

were placed on a perfusion pump or the shake rocker with daily refreshed 5% (v/v) sodium 

dodecyl sulfate (SDS) for 7 days. In parallel, a freshly isolated kidney from a healthy male 

surplus Wistar rat was perfused using a 5 day 1% (v/v) SDS and 30 min 1% (v/v) Triton 

X-100 decellularization protocol as described earlier [14]. Following the protocol for plant 

tissue after 5% (v/v) SDS treatment, all plant samples were first washed with 10% (v/v) 

sodium chlorite and 1% (v/v) Triton-X100 for 5 days and ultrapure water for up to 7 days 

until samples were translucent. Until recellularization, plant samples were stored in 70% 

ethanol at room temperature, whereas the decellularized rat kidney was frozen at -18°C.

Scaffold Recellularization
Before recellularization, the samples were sterilized with 365 nm UV light (2.6 mW cm−2, 

UVP CL-1000) for 15 min) and washed with sterile Hanks’ Balanced Salt Solution (HBSS) 

overnight. Kidney tissue was sliced into 150 μm pieces and sterilized with 0.2% (v/v) 

peracetic acid in 4% (v/v) ethanol for 10 min [7]. While adhesive coating was unnecessary 

for kidney tissue, decellularized plant samples were coated for 4 h with 2 mg/mL l-3,4-

dihydroxyphenylalanine (L-DOPA, Sigma Aldrich) dissolved in 10 mM Tris buffer at pH 

8.5, which was pre-incubated at 37°C for 45 min and 0.2 µm filter-sterilized [15]. 

After thorough sample washing with HBSS, 500.000 parent or tetramethylrhodamine-

isothiocyanate (TRITC)-labelled conditionally immortalized proximal tubule epithelial cells 

(ciPTEC) were seeded onto a rat kidney slice in an ultra-low attachment plate, or injected 

into the spinach petiole or chive stem using a 22 gauge injection needle and ciPTEC 

medium composed as described earlier [7, 16, 17]. The ciPTEC cell line was obtained 

as described by Wilmer et al. with informed consent of the donors and in accordance 

with the approved guidelines of the Radboud Institutional Review Board. In short, cells 

exfoliated in the urine of a healthy volunteer were transfected with SV40T and hTERT 

vectors and subcloned for a homogeneous cell population [16]. Chive was turned 180° 

after 1h and after 2h, all recellularized samples were submerged in medium and cultured 

until confluency [16].

Protein Quantification
Protein quantification was performed with the BCA Protein Assay Kit (Pierce Biotechnology) 

according to the manufacturer’s instructions, and plates were read at 595 nm using 

the iMark Microplate Absorbance Reader (Bio-Rad).

Microscopic Imaging
Before DAPI staining (1:1000, Sigma-Aldrich), cells were fixed with 2% w/v 

paraformaldehyde in HBSS and permeabilized with 0.3% v/v triton X-100 in HBSS for 10 

min (Sigma-Aldrich). Microscopic images were taken with a Keyence BZ-9000 fluorescence 

microscope or confocal microscope Leica TCS SP8 X.

Mechanical Analysis
The mechanical behavior of decellularized chive was tested under uniaxial tensile loading 

using a Dynamic Mechanical Analyzer (DMA Q800, TA Instruments). Strain and stress at 

break were determined from the stress–strain curves.

Diffusion Assay
A leakage assay was performed in custom-printed flow chambers (Ultimaker 3) on 

dialysis fibers (MicroPES type TF10 hollow fibers, Membrana GmbH, Germany) and 

decellularized chive, with 0.1 mg/ml fluorescein isothiocyanate-inulin (inulin-FITC, Sigma 

Aldrich) perfusion for 10 min. All results were statistically analyzed using one-way ANOVA 

(GraphPad Prism 8).

RESULTS
Successful application of De- and Recellularization Techniques on 
Spinach Leaves and Chive
We successfully applied the decellularization technique described by Gershlak et al. to 

produce plant-derived hollow tubular scaffolds from spinach leaves and chive stems 

[18]. Decellularization by perfusion was much slower for spinach leaves than for the rat 

kidney, indicating less efficient penetration of the detergent (Figure 1A). Moreover, 

decellularization through perfusion led to considerable SDS precipitation on the leaf, 

thus we proceeded with plate rocker incubation and minor adaptations in treatment 

lengths based on visual progress in decellularization (i.e. 7 days 5% (v/v) SDS vs 5 days 

10% (v/v) SDS, 5 days vs 2 days in sodium chlorite and Triton X-100 solution, and up to 

7 days vs 2 days in deionized water). Similar to spinach leaves, we observed a gradual 

decrease in protein content in chive over the course of all washing steps (Figure 1B). 

While cells attached to uncoated decellularized kidney slices (Figure 2A), only few 

attached to the uncoated luminal chive scaffold wall. Instead, the cells grew in clumps 

that resided inside the lumen (Figure 2B-C). Fontana et al. used biomineralization or 

coating with dopamine‐conjugated tripeptide Arginine-Glycine-Aspartate (RGD) peptides 

for attachment of human mesenchymal stem cells and dermal fibroblasts [11, 18], but 

a simple coating with L-DOPA proved sufficient to create renal cell monolayers. Monolayers 

already formed 24 h after seeding but dominated one side of the lumen due to gravity 

(Figure 2D). Extended culture time at 33°C allowed cell proliferation and closure of 

the monolayer on the inner scaffold surface.
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Figure 2. Recellularization of chive-derived scaffolds with and without biofunctionalization. 
(A) Representative brightfield picture of a 150 µm rat kidney slice 24h culture after recellularization 
with ciPTEC. (B-C) Representative micrographs of decellularized uncoated and L-DOPA-coated chive 
with luminal seeding of TRITC-labeled ciPTEC (n=3). (D) DAPI staining (blue) of ciPTEC 24h after 
seeding in a cut and open-folded chive (autofluorescence green). Scale bars = 1 mm.

Figure 1. Decellularization of a rat kidney, spinach leaf and chive. (A) Decellularization process 
of a perfused spinach leaf next to a perfused rat kidney. (B) Protein quantification in chive samples at 
different steps of the decellularization process (n=2). (C) Picture of native and decellularized chive.

Leaf Vasculature Appear to Have Anatomical Restrictions for Cell 
Infiltration
Renal cells could grow in the lumens of chive and spinach petioles, but they did not reach 

the spinach leaf vasculature through petiole injection. Despite the vascular recellularization 

claims by Gershlak et al., we believe that the plant vascular anatomy makes accessibility 

for cell seeding very unlikely. The petiole cavity is hollow and hence easily perfusable, but 

the vascular bundles, which form the conducting vessels for nutrients, water and oxygen 

transport, are in fact located in the parenchyma next to the petiole cavity. Also in chive, 

the vascular bundles are located in the cortex, directly below the epidermis (Figure 3A). 

The petiole cavities are air-filled, which fulfills three major functions: it saves growth 

energy, reduces tissue weight and gives mechanical stability to enable growth in height 

and size. It is important to note that petioles are not connected to the leaf vasculature, 

which is separated from the parenchyma by impermeable structures to prevent water loss 

through diffusion. We suspect that, during decellularization, spinach leaves are not being 

perfused through the vasculature. More likely, the solution flows through the petiole 

cavity to enter the leaf parenchyma, either through diffusion or perfusion-induced 

breaks in the tissue. In accordance, the initial leaf discoloration pattern in Figure 1A 

suggests general tissue penetration rather than selective vasculature perfusion. Apart 

from the lack of a direct connection between the petiole cavity and the leaf vasculature, 

a closer look at the anatomy of the vascular bundle itself, consisting of xylem and 

phloem, reveals another major hurdle for vascular recellularization (Figure 3B). Xylem 

conducts water through tracheary elements, which are interconnected by areas that lack 

Figure 3. Overview and anatomy of decellularized spinach and chive scaffolds for 
recellularization. (A) Cross-sections of (I) decellularized spinach petiole, (II) native chive, and (III) 
decellularized chive, with zoom on vascular bundles. (B) Schematic illustration of plant vascular 
bundles and the assumed anatomical restriction of luminal recellularization. (C) After one week in 
culture, recellularized chive disintegrated along its fiber direction; stress and strain at break were 
only testable with tensile loading in longitudinal direction (n=4). Scale bars = 1mm.
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cell walls, known as perforations. Phloem transports soluble organic compounds through 

sieve tubes, which are also interconnected by perforations in their end walls to form 

transport channels [19, 20]. These sieve-like areas likely trap injected cells. Even if our 

epithelial cells came through, they would grow over the perforations and hence occlude 

the vasculature [17]. Gershlak et al. did not go into detail on the colonization of the inner 

surfaces with endothelial cells [10]. From our results with epithelial cells we conclude that 

recellularization of vasculature bundles in plant-derived scaffolds is unlikely obtainable 

and shifted focus to chive stems.

Insufficient Scaffold Permeability For Transepithelial Transport 
Functionality
With chive as alternative tubular plant-derived tissue, we faced two other problems. 

First, although recellularization was performed successfully, both spinach and chive tissue 

quickly disintegrated in culture. Accordingly, it was not possible to apply traverse tensile 

loading on chive for mechanical testing; the tissue could only withstand tensile loading in 

longitudinal direction, along the cellulose fibers. Here, samples broke at quite deviating 

stress points, but stiffness and elasticity were in the same range as native tissue; stress at 

break was 0.7±0.2 MPa compared to 1.1±0.2 MPa for native tissue, and strain at break 

was 20±13% compared to 13±3% in native tissue (Figure 3C). High variability between 

samples can be ascribed to the natural character of the scaffold source. The second 

problem was insufficient scaffold permeability, which is a requirement for rapid renal 

solute exchange between the inner and outer compartment through transepithelial 

processes (i.e., passive diffusion and active transport). Earlier, we demonstrated 

the successful cellularization of biofunctionalized dialysis fibers, which allowed cellular 

transepithelial transport functionality [21, 22]. Without cells, dialysis fibers leaked around 

400 nmol FITC-inulin per min per cm2 when perfused with 0.1 mg/mL for 10 min [23]. 

With decellularized chive, we did not measure any FITC-inulin leakage after 10 min.

DISCUSSION
With their broad range of complex structures, decellularized plant scaffolds provide 

a natural and inexhaustible source for advanced in vitro modeling and regenerative organ 

replacement strategies. After biofunctionalization, all kinds of human cell types can be 

seeded onto the scaffolds as demonstrated by Modulevsky and colleagues in 2014, by 

Gershlak and colleagues in 2017, and by us in the work at hand [10, 12]. However, 

tissue-specific scaffold requirements for functionality and implantability, if intended, need 

to be carefully considered. In case of kidney tubule engineering, a thin scaffold sheet 

with complex tubular vasculature and a joint drainage, as provided by spinach leaves, 

would have met important anatomical requirements. Unfortunately, injected cells did not 

reach and distribute within the leaf vasculature, probably due to anatomical restrictions. 

Moreover, while we confirmed the general compatibility of decellularized plant scaffolds 

and renal cells, the tissue-specific requirement of rapid solute diffusion was not met. 

Therefore, we consider neither spinach leaves nor chive as suitable for functional kidney 

tubule engineering. In addition, the observed tissue disintegration in culture suggests 

inappropriateness for implantation. An overview of our assessment is given in Figure 4.

Modulevsky et al. provided evidence for biocompatibility and implantability for 

apple-derived cellulose scaffolds, which are mainly composed of cell walls that contain 

pores and air pockets that facilitate cell invasion, the transport of nutrients and water, 

and vascularization in vivo [13]. Next steps in this research group included scaffold 

examination for bone tissue-specific applicability (not yet peer-reviewed (24)). Moreover, 

very recently the U.S. Food and Drug Administration recognized CelluBridge™, a plant-

based spinal cord scaffold implant, as a Breakthrough Medical Device. While sponge-like 

plant-derived scaffolds might provide a suitable architecture for bone and spinal cord 

tissue, it is not suitable for kidney tubules that require scaffold compartmentalization 

and drainage capacity. With this paper, we want to highlight that unusual solutions often 

generically sound attractive but nevertheless require careful examination for purpose-

specific evidence. 

Figure 4. Graphical overview of scaffold assessment for kidney tubule engineering. (A) Nephron, 
the functional unit of a kidney with zoom into the proximal tubule. (B) Assessment of decellularized 
spinach and chive scaffolds for kidney tubule engineering.
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Despite limitations of plant leave structures for regenerative medicine due to likely 

tissue disintegration, drug development might still be able to benefit from engineered 

test models. With the provision of relatively low material stiffness, high water content, 3D 

structure and topographic guidance, cell lines can be cultured under more physiologically 

relevant conditions, which could translate into more predictive results. Insufficient scaffold 

permeability for renal transepithelial transport functionality does not exclude suitability 

for other cell models, such as endothelial cells and human pluripotent stem cell derived 

cardiomyocytes, which have shown normal functioning on decellularized spinach leaves 

[10]. With regard to kidney tubule engineering, perhaps the combined use of plant-

derived scaffold materials and other techniques could open doors for advanced in vitro 

modeling. Current technologies such as 3D printing, molding, and weaving could be used 

to integrate plant-derived structures and biomaterials for enhanced tissue engineering 

capabilities [25]. For example, He et al. developed a microreplication method to transfer 

the microvascular network of leaf venation into hydrogels [26]. This could be one way to 

take advantage of the complex plant structure while circumventing the limiting properties 

that we revealed with the work at hand. The various possibilities for the use of plant-

derived and other unconventional biomaterials have been reviewed elsewhere [27].

CONCLUSION
Although plant-derived cellulose scaffolds can be recellularized with mammalian cell types, 

tissue-specific requirements must be considered for proper tissue engineering. Here, we 

showed that decellularized spinach leaves and chive are unsuitable for kidney tubule 

engineering due to micro-anatomical limitations in the leaf venation for recellularization 

and limited scaffold permeability as premise for transepithelial solute exchange. Plant-

derived biomaterials have still potential for advanced cell culture but need to be carefully 

selected and tested for tissue-specific functionality.
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INTRODUCTION
Chronic kidney disease (CKD) is recognized as a major non-communicable disease with 

public health priority due to the misfortunate combination of a high prevalence with 

negative effects on prognosis and quality of life, and a high economic strain. Yet, treatment 

strategies are limited to the implementation of prevention measures and interventions 

to keep symptoms and complications under control. Here, traditional pharmacology 

(i.e., the use of molecular compounds with selective mechanisms of action to treat or 

ameliorate symptoms) falls short. As CKD grounds on progressive kidney dysfunction, we 

are in high need of curative or regenerative therapies.

When patients reach end-stage kidney disease (ESKD), they rely on dialysis until 

a suitable donor kidney becomes available. However, as outlined in Chapter 1, dialysis 

cannot completely replace the tubular secretion function of the kidney, which is essential 

for the removal of >100 uremic retention solutes, many of which escape filtration 

through protein-binding. These solutes, also called uremic toxins, progressively contribute 

to kidney dysfunction and associated co-morbidities. It is therefore of utmost importance 

to secure active secretion function in the kidney, which is mediated by the renal proximal 

tubule epithelial cells (PTECs). Among others, PTECs express the solute carriers (SLCs) 

Organic Cation Transporter 2 (OCT2) and Organic Anion Transporters 1 and 3 (OAT1/3), 

which act as basolateral gatekeepers for a broad range of cationic and anionic waste 

products and foreign substances and mediate the first step in urinary secretion. After 

cellular uptake, solutes are excreted into the pre-urine through luminal ATP-binding 

cassette (ABC) transporters. However, it is SLC expression and function that determine 

the active secretion rate. Interestingly, SLCs are drastically downregulated in disease, 

whereas ABC transporter expression remains unchanged or gets upregulated [1-3]. This 

phenomenon might hint towards a protective response against nephrotoxicity: cellular 

uptake of harmful substances is depressed, whereas cellular excretion is promoted. 

However, chronic SLC downregulation leads to systemic uremic toxin accumulation and 

hence to disease progression.

To prevent or compensate for the loss of active secretion, regenerative medicine 

can offer a paradigm shift from treating symptoms to the replacement or regeneration 

of the damaged tissue. In regenerative nephrology, efforts range from in situ organ 

repair by pharmacologically unlocking the regenerative potential of the kidney to 

the biotechnological development of de novo kidneys. Figure 1 provides an overview of 

regenerative treatment options for kidney disease [4]. However, in order to specifically 

restore or replace active secretion for efficient removal of uremic toxins, we postulate that 

PTECs with functional OCT2 and OAT1/3 activity are the One Cell to Rule Them All. In this 

thesis, we explored the potential of PTECs for uremic toxin removal in kidney regeneration 

and replacement therapies. In this chapter, we discuss our findings in the light of current 

research and give future perspectives.
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PART I – RESTORATION OF ACTIVE SECRETION THROUGH 
SOLUTE CARRIER REGULATION
Stem Cells (To Use or Not To Use, That Is The Question I)
To underpin our rationale of focusing on PTECs, we first need to expound the problem 

of the most popular regeneration approach, the use of stem cells, with regard to 

the kidney. In many adult organs (e.g., the intestines and skin), resident stem cells retain 

the capacity for self-renewal and differentiation into multiple cell types, which is crucial 

for physiological cell turnover and tissue restoration after injury [5, 6]. To promote tissue 

regeneration, these cells can be targeted for directed differentiation or isolated from 

healthy tissue for engraftment into diseased tissue [7, 8]. The kidney, however, has a very 

low basal regenerative capacity. In fact, there is still no consensus on which cells are 

responsible for the limited recovery capacities observed in proximal tubules (PTs) after 

severe injury. Essentially, the majority of studies assign regenerative potential either 

to resident progenitor cells or to the dedifferentiation of mature PTECs. The quest for 

the identification of regenerative cell populations goes beyond the scope of this thesis, 

but we can recommend several literature reviews on this topic [9-14].

While the search for a resident cell population capable of regenerating is still ongoing, 

many research groups have been exploring the use of administered stem cells to treat 

injured kidneys. Although there is evidence that mesenchymal stem cells can ameliorate 

both CKD and acute kidney injury, one critical study using systemic injections suggested 

that repair is not mediated by the stem cells homing to the kidney, but by their secreted 

endocrine or paracrine factors [15]. Similar results were obtained after intraperitoneal 

injection of bone marrow-derived stromal cells or conditioned medium [16]. These 

findings imply that the regenerative potential of stem cell therapies might, in fact, derive 

from unlocking the latent regenerative potential of resident kidney cells, and not from 

the stem cells themselves, which are often entrapped in the lung capillary bed with 

the risk of causing emboli [15, 17]. Another study showed that intrarenal injection of 

bone marrow-derived mesenchymal stem cells or induced pluripotent stem cells (iPSCs) 

is equally efficient to slow down CKD progression, although it is unclear whether these 

cells incorporate into nephrons or whether, here too, there are paracrine factors at play. 

However, an important finding of this study was that iPSCs markedly increased the risk 

of Wilms’ tumor development due to their proliferative capacity and hence inherent 

tumorigenicity [18]. To circumvent this risk, the use of iPSCs will likely require cell 

differentiation before injection or implantation, for instance as matured kidney organoids 

or other engineered kidney constructs.

In short, while stem cells are typically the major candidates for regenerative medicine, 

the kidney is a particularly challenging organ due to the lack of a demonstrable resident 

stem cell pool. However, the fact that administered stem cells ameliorate kidney injury and 

CKD without integration into the kidney tubule encourages the search for pharmacological 

stimulators of regeneration [19]. One target for pharmacological stimulation could be 

the resident regenerating cell population, but to date we know neither which nor how 

many cells they are. In contrast, we believe that targeting the functionality of PTECs in 

general, which comprise around 80% of all kidney cells, can be an effective approach 

[20]. Therefore, focusing on active tubular secretion, Part I of this thesis was devoted 

to exploring the regulation of OCT2 and OAT1/3 in PTECs with the ultimate goal to 

identify potential pharmacological targets for inducing, regenerating or boosting of 

active secretion.

New Concept: Regenerating Active Secretion Targeting PTECs
In CKD and various other kidney disorders, OCT2 and OAT1/3 function is severely 

diminished, which probably results from cellular dedifferentiation [21, 22]. Similarly, 

in vitro cell models and organoids lack intrinsic SLC expression and function, most 

likely due to dedifferentiation in culture or remaining immaturity in stem cell-derived 

models [23-25]. With this thesis, we explored a new concept for kidney regeneration: 

pharmacological intervention to restore SLC expression and function in PTECs. To obtain 

a better understanding of SLC induction and regulation mechanisms, we compiled 

current knowledge on OAT1/3 and OCT2 regulation into a literature information toolbox 

presented in Chapter 2. From an evolutionary and phylogenetic perspective, we first 

confirmed the indispensability of active tubular secretion as the expression of SLCs has 

been maintained across species and even further expanded over hundred millions of 

years of evolution. With an ontogenetic perspective on nephrogenesis, we subsequently 

identified pathways and molecules that might be linked to PT formation and SLC induction. 

While the molecular processes of nephrogenesis and PT formation have been widely 

studied in the last two decennia, surprisingly little is known about SLC ontogeny [26]. 

Among others, nuclear receptors such as HNFs, VDR, PPAR, and RAR/RXR, and epigenetic 

modulators inhibiting DNA methylation are likely key factors for SLC expression.

Interestingly, after initial transcriptional induction mid-gestation, OCT2 and OAT1/3 

remain in a relatively low expression state until the first few weeks of neonatal life, when 

SLC expression rises disproportionally to renal mass [27]. This rise after birth could be 

an adaptational response to an increased functional load when the neonate relies on its 

own digestive system; this topic will be discussed further below within the framework of 

the remote sensing and signaling hypothesis.

Apart from transcriptional regulation, we also presented extensive information on 

post-transcriptional transport regulation. From a cell dynamic perspective, protein kinases 

A and C (PKA and PKC) play a central role in OAT activity with opposing effects on 

membrane trafficking (SUMOylation vs ubiquitination), while OCT2 is regulated among 

others through direct transporter phosphorylation and a calmodulin-dependent pathway. 

Thus, therapeutic targeting of specific protein kinases (e.g., PKC-β inhibition with 

ruboxistaurin to prevent OAT ubiquitination) or specific proteases (e.g., SENP2 inhibition 

with 1,2,5-oxadiazoles to prevent deSUMOylation) could be promising approaches to 
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promote short-term active secretion in patients with kidney insufficiency. Additionally, this 

could prevent drug-drug interactions and boost transporter functionality in bioartificial 

kidneys (BAKs, i.e., hollow fiber or other semi-porous membranes with PTEC monolayers 

as addition to dialysis, see Chapter 1). However, as discussed in Chapter 2, it is important 

to realize that most data on SLC expression, regulation and function were derived from 

studies in rodent or cell models of different species. The chapter further highlights several 

model-dependent differences, both in nephrogenesis and postnatal SLC regulation (e.g., 

the state of nephrogenesis around birth, the rodent-specific effect of sex hormones on 

OAT expression, and the differential effects of PKA and PKC activation on OCT2 activity 

in various species); such differences can severely limit the translational value of current 

knowledge. Thus, clinical studies will be needed not only to test for pharmacological 

efficacy but also for target validity in the human body.

Interspecies Differences in Renal Solute Handling
Interspecies differences are a common issue in biomedical sciences. Yet, especially with 

regard to complex or systemic outcome measures, we still rely on animal models, for 

instance, to predict renal clearance (CLr) for newly developed drugs to estimate safe 

first-in-human doses. To assess the extent to which interspecies differences in kidney 

drug handling contribute to prediction errors, we conducted a systematic review and 

meta-analysis in Chapter 3 to quantify CLr prediction errors for mice, rats, rabbits, dogs 

and monkeys, compared to humans. Our analysis suggests that animal models are, 

despite of interspecies differences, good predictors of drug clearance, with exception 

of rats, whose clearance data in many cases led to an overestimation of human CLr. We 

examined whether found differences in CLr were based on special clearance mechanisms 

(net filtration vs net secretion) or physicochemical drug properties (e.g., size and charge), 

and hence OAT/OCT activity. However, we concluded that prediction errors probably 

have their source in drug disposition processes other than kidney drug handling. Our 

Figure 1. Potential options for kidney replacement therapies, ranging from pharmacological to 
biotechnological approaches, adjusted from (4). The focus area of this thesis is highlighted.

analysis demonstrated large variability in predictability between species, but also between 

compounds within the same species. Even though we selected 20 drugs for their exclusive 

renal excretion in humans, their metabolic fate goes beyond the kidney and includes, for 

instance, oral bioavailability, metabolic conversion, enterohepatic recycling, and protein 

binding. Our data suggests that interspecies differences are most likely based on drug 

absorption, conversion and binding kinetics rather than renal handling.

Taken together, we confirmed the translational value of allometric scaling but we 

also found that existing variability cannot be explained by specific biological mechanisms 

or physicochemical drug properties. This is in line with earlier studies that assessed 

toxicokinetic variability between species for risk assessment: the research group of A.G. 

Renwick proposed the development of pathway- or species-related uncertainty factors, 

which would provide an intermediate approach between a suboptimal but currently 

applied general kinetic default factor and an ideal but impossible chemical-specific 

adjustment [28]. In a narrative review on interspecies differences in pharmacokinetics 

and pharmacodynamics, Toutain et al. drew the same conclusion: “differences between 

species are not only numerous but also often unpredictable so that no generalizations 

are possible, even though for several drugs allometric approaches do allow some valuable 

interspecies extrapolations” [29].

How can we explain our finding that interspecies differences were mostly caused by 

differences in absorption and metabolism, and not by alterations in excretion mechanisms 

via the kidney? From an evolutionary standpoint, one might speculate that these 

differences derive from adaptation to different physiological niches. The diet of rodents is 

very different compared to humans, which exerts selective pressure on certain genes and 

pathways involved in nutrient uptake and metabolism. A famous example is the so-called 

‘cheeseburger effect’: rural rodents feed on seeds, fruits and berries, whereas urban 

rodents largely subsidize their diet on human food waste. Consequently, researchers have 

found more than 300 genetic differences between these populations. Most genes affected 

have well-established roles in dietary metabolic processes, particularly the breakdown of 

lipids and carbohydrates [30]. Slight improvements in digestion efficiency can provide 

huge survival benefits, which would support the quick evolutionary adaptation of rodents 

to urbanization. In contrast, waste removal might be subordinate to adaptation. After all, 

OCT2 and OAT1/3 are multi-specific transporters that cover a broad range of substrates; 

a valuable feature which also enables the efficient removal of xenobiotics, including drugs 

synthesized in modern times, even though our ancestors have never been exposed to 

them. However, this does not mean that renal solute handling is no subject to adaptation 

at all. As discussed in Chapter 2, mammals developed OAT3 from OAT1 and OCT1 from 

OCT2 by gene duplication as evident from their genomic proximity [31]. This might have 

been a response to the increasing complexity of the mammalian diet.
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Remote Sensing and Signaling Hypothesis
The adaptation to changes in food intake does not only play a role in the grand theater of 

evolution. On a daily basis, metabolic solute concentrations in the blood plasma fluctuate 

considerably due to intermittent dietary intake. As a consequence, the functional load on 

kidney’s active secretion changes several times within the same day. The remote sensing 

and signaling hypothesis, established by the research group of S. Nigam, proposes an 

inter-organ and inter-organismal network of transporters and metabolizing enzymes that 

respond to changes in nutrient, metabolite and signaling molecule levels, and thereby 

coordinately maintains relevant plasma and tissue concentrations [32-37]. Analysis of 

SLC and ABC transporter gene co-expression across various tissues revealed strong 

interconnections between gut, liver, and kidney, the prime organs for nutrient uptake, 

metabolism and removal [38].

In the aforementioned dynamic period of birth transition, these organs must adapt 

to radical changes, including autonomous diet intake and microbiome formation. 

It is hypothesized that they do this through remote sensing of elevated metabolite 

concentrations and subsequent signaling to evoke an adaptational response. Such 

remote sensing and signaling might, at least partly, explain the relatively rapid rise of 

transporter functionality after birth, but also in adult kidneys it is likely to play a role  

in homeostasis [39].

Various gut microbiome-derived metabolites are taken up via the gastrointestinal 

system to enrich the human metabolome with energy, vitamins, trophic signals [40]. 

However, some microbial metabolites can be harmful and hence require effective 

excretion. We hypothesized that remote sensing of gut microbiome-derived metabolites, 

e.g. the dietary metabolite indoxyl sulfate (IS), in PTECs might enhance renal secretion

through upregulation of the responsible transporter, in this case OAT1. The associated

signaling system in PTECs would be attractive for pharmacological stimulation of SLC

expression and activity. Therefore, in Chapter 4, we examined the effect of IS on OAT1

expression in PTECs and unraveled the pathways involved. We demonstrated the existence

of a metabolite sensing and signaling mechanism in PTECs, which is governed by

epidermal growth factor receptor (EGFR) and OAT1. IS-induced EGFR activation led to

downstream activation of MAPK−ERK signaling, which, in turn, plays a pivotal role in

aryl hydrocarbon nuclear receptor (ARNT) nuclear translocation after OAT1-mediated

and IS-induced aryl hydrocarbon receptor (AhR) activation. Translocation resulted in

an increase in OAT1 expression, which was positively regulated by miR-223. Upon IS

uptake through OAT1, cells produced reactive oxygen species (ROS), which turned out

to be important in the signaling system since ROS scavenging abolished the observed IS-

induced upregulation of OAT1.

Combined, the results demonstrated that IS acts as a signaling molecule to stimulate 

its own excretion by upregulating the expression and function of OAT1 in the kidney. 

By unraveling the underlying pathways, we identified a variety of molecular targets 

that together enhance OAT1 function and consequently facilitate waste removal by 

the kidney. On the one hand, this provides us with multiple starting points for the search 

of pharmacological interventions, but on the other hand, this proves the signaling system 

to be a complex interplay of equally important factors, which might complicate the search 

for a truly effective therapy.

Of note, we included two clinical studies with healthy volunteers, one study with 

an adenine CKD rat model and in vitro studies with conditionally immortalized PTECs 

(ciPTEC). In healthy subjects, we measured clearly elevated IS levels compared to only 

slightly elevated p-cresyl sulfate concentrations in the urine upon exposure to a high 

protein diet. Most excretion was measured after exposure to animal-derived proteins 

rich in tryptophan and tyrosine, the precursors of IS and p-cresyl sulfate, respectively. 

However, while OAT1 was significantly upregulated in IS-exposed ciPTEC, the apparent 

increase in OAT1 mRNA levels in PTECs isolated from the volunteers’ urine was not 

significant. In contrast, p-cresyl sulfate gavage further worsened OAT1 protein expression 

in CKD rats, while it was sustained after IS gavage. It is possible that IS but not p-cresyl 

sulfate induced the remote sensing and signaling system due to a more potent AhR 

activation, but the difference in expression outcomes might also be partly based on 

interspecies differences or the health conditions and concurrent state of cellular stress. 

Elevated IS plasma concentrations in our healthy volunteers after a protein-rich diet 

might have been insufficient to trigger significant cellular stress levels to induce increased 

mRNA expression of OAT1, although it should be mentioned that we used a relatively 

small sample size with high intersubject variability. In contrast, PTECs in the rat kidneys 

were stressed by the 10-day adenine sulfate exposure to trigger CKD, and elevated IS 

levels through gavage were likely sufficient to activate the above described sensing and 

signaling system. Of note, using an inbred rat model with standardized diet resulted in 

much less intersubject variability than the clinical trial. In ciPTEC, too, our metabolomics 

analysis confirmed a clear cellular stress response upon IS treatment, which was necessary 

to activate the sensing system.

Good Stress, Bad Stress
If stress causes a transcriptional OAT upregulation through remote sensing, why do we 

observe transcriptional downregulation in renal diseases? Evidently, the remote sensing 

and signaling system has finite capacity and would in fact become an additional threat to 

the cell when adversity persists: SLC downregulation, concurrent with ABC upregulation, 

protects the cell as it prevents the intracellular accumulation of toxic solutes. We discussed 

cellular stress and its possible relation to SLC regulation in more detail in Chapter 2. 

Perhaps, SLC downregulation is a protective mechanism for the individually injured PTEC, 

whereas upregulation in the stress-sensing but still functional PTEC is a compensatory 

mechanism. It would be interesting to quantify transcript heterogeneity in stress-related 

genes and transporters after kidney injury using single-cell RNA sequencing. Such work 
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has been conducted by Gasch, Yu and colleagues (2017) in yeast cells: they suggested 

that cells maintain a threshold for decoupled surges of transcription factor activation but 

mount a coordinately regulated stress response that also includes unstressed cells [41]. In 

Chapter 4, we used a metabolomics approach to unravel the events of remote sensing 

and signaling, but advanced analysis of single-cell metabolomics and single-cell RNA 

sequencing together with reporter assays and live-cell imaging of transcription factor 

dynamics could shed more light on heterogeneous PTEC stress responses.

In the developing kidney, the Notch signaling pathway is required for nephron 

segmentation and maturation (see Chapter 2). The pathway is silenced once maturation 

has been reached, but ligands and receptors remain expressed and the pathway is 

reactivated in kidney disease [42-44]. In Chapter 5, we investigated whether there is 

a connection between Notch pathway activation and remote sensing and signaling, 

conceivably through a crosstalk with AhR. We observed that Notch is activated upon IS 

exposure as demonstrated with a Notch 1 luciferase assay and a Western blot showing 

cleavage of the intracellular domain of the Notch protein (NICD). Moreover, Notch 

inhibition dampened the IS-induced increase in OAT1 functionality in ciPTEC. Nonetheless, 

we did not succeed in linking the pathway to remote sensing due to ambiguous results 

and various experimental limitations. As Henrique and Schweisguth aptly commented: 

“the study of Notch signaling is often viewed as discouragingly complex” because 

the involvement of Notch depends on many variables, including the cell model applied, 

signal intensity, timing and duration, and more [45]. Perhaps, Notch activation functions 

as switch towards cellular shutdown when stress signals remain high. Also here, single-

cell investigations could better clarify its role in PTECs by elucidating the relation between 

stress, remote sensing, Notch signaling intensity, and transporter expression.

In short, our exploratory work in part I of this thesis provided several putative targets 

for pharmacological stimulation of OCT2 and OAT1/3 activity, but we also showed that 

regulatory systems are complex interplays between various factors that remain to be 

further elucidated.

PART II – REPLACEMENT OF ACTIVE SECRETION THROUGH 
KIDNEY TUBULE ENGINEERING
With regard to tissue replacement, organoid advances and innovative biofabrication 

techniques are paving the way for revolutionary medical breakthroughs in the future. 

In Chapter 6, we gave an overview of current trends in kidney replacement therapies, 

including organoids, xenoembryos and blastocyst complementation, decellularized 

kidneys and the biofabrication of a BAK. Despite these diverse approaches, it will be a very 

long road to the development of a lab-grown organ with the structural and functional 

complexity of the kidney. Of note, most advances with first-in-human cell therapies are 

currently made with single differentiated cell types that do not require complex spatial or 

mechanical commitment, e.g., T-cells, keratinocytes, chondrocytes and osteoblasts [46]. 

Keeping in mind that dialysis can replace glomerular filtration and tubular reabsorption, 

the focus of renal replacement therapies, in our view, should lie on the application of 

PTECs. The development of a BAK is in line with this concept, and the same principle can 

be applied for the engineering of kidney tubule grafts. Therefore, Part II of this thesis was 

devoted to exploring the use of PTECs in combination with suitable tubular scaffolds for 

the replacement of active renal secretion.

Hydrogels (To Use or Not To Use, That Is The Question II)
For most strategic approaches to kidney regeneration or replacement, hydrogels 

represent an overarching and multi-faceted tool: with high water content and 

extracellular matrix (ECM)-derived components, they mimic physiological surroundings, 

while various biofabrication technologies (e.g., emulsification, photolithography, 

molding, microfluidics, 3D-printing, or electrodeposition in form of dripping, spinning, 

and spraying) can give them virtually any shape. In Chapter 6, we extensively discussed 

the potential of hydrogels and the design criteria for kidney replacement therapies [47]. 

On the one hand, hydrogels can function as a depot to retain stem cells, exosomes and/

or growth factors for controlled delivery and gradual release. On the other hand, they can 

be molded into tubular scaffolds with two separate compartments for PTEC monolayer 

formation on the luminal side. A great example is the 3D printed proximal tubule model 

developed by the research group of J.A. Lewis, which possesses a perfusable open 

lumen and a programmable architecture [48]. However, a disadvantage of this model is 

the embedding of the tubule in bulk hydrogel; to adequately function as kidney tubules 

with rapid solute exchange, permeance of the hydrogel must be fine-tuned to enable 

an unimpeded performance, which greatly depends on scaffold thickness and density. 

The research group’s elegant solution was to print an adjacent lumen as vascular conduit 

[49]. However, while this platform provides a beautiful model for in vitro studies of kidney 

function, disease modeling, and drug screening, it is still unsuitable for implantation 

purposes due to mechanical weakness. The requirements for kidney tubule grafts have 

been listed in Chapter 1, which also presented a solution to the materials dilemma: 

reinforced bio-composite scaffolds, in which fibers or fiber meshes made from supportive 

materials strengthen ECM-mimetic materials [50].

New Concept: Using Electrospun Fibrous Tubular Constructs
For our work in Part II of this thesis, we originally started to use fibrous electrospun 

polymer scaffolds to reinforce hydrogels, but we realized that even in absence of a pore-

filling hydrogel, ciPTEC were able to bridge considerable distances between the scaffold 

fibers to form monolayers. Therefore, we replaced the hydrogel with a simple L-DOPA 

coating that enables cell adhesion and proceeded with the fabrication of kidney 

proximal tubule grafts using biofunctionalized electrospun polymer scaffolds only. In  

Chapter 7, we provide a first proof-of-concept for the use of tubular fibrous scaffolds 
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for the fabrication of stand-alone kidney tubules. We produced porous tubular nanofiber 

scaffolds via solution electrospinning (SES) of 12%, 16%, and 20% poly-ε-caprolactone

(PCL) v/w (chloroform and dimethylformamide, 1:3) around 0.7 mm needle templates. 

The resulting tubular scaffolds consisted of 92%, 69%, and 54% nanofibers compared 

to microfibers, respectively, and demonstrated mechanical properties suitable for 

future implantation purposes. Injected ciPTEC adhered to the luminal side and formed 

monolayers, which remained viable for at least 3 weeks and maintained functionality 

as shown by inhibitor-sensitive transport activity [51]. In Chapter 8, we advanced our 

engineered kidney proximal tubules by using melt electrowriting (MEW) instead of SES 

in order to improve patterning control and, thereby, fabrication reproducibility. Using 

MEW, we reported the successful fabrication of Ø < 1 mm scaffolds that met all criteria 

mentioned in Chapter 1. A special feature of our kidney proximal tubule grafts is the fact 

that the PTEC monolayer within the scaffold pores forms the only barrier between 

the outer and luminal compartments, which ensures free accessibility for active solute 

exchange. Moreover, in Chapter 8 we identified rhombus-shaped pores as a superior 

microgeometry over square- and random-shaped pores: topographic guidance resulted 

in directed cell growth and enhanced collagen type IV deposition, remarkably improved 

yield strain and elastic strain energy, and increased functional OCT2 and P-gp expression. 

Our finding highlights the importance of proper scaffold design for improved cell 

function. High construct flexibility allows the intertwinement (e.g., with other scaffolds 

or blood vessels), which enables direct contact between epithelium and endothelium, as 

found in vivo [52]. Close contact is a prerequisite for functional uremic toxin removal as 

part of kidney replacement therapy. Thus far, there is one other group from University 

Medical Center Utrecht that used a combination of SES and MEW to fabricate 3 mm 

tubular scaffolds for vascular engineering [53, 54]. It would be interesting to combine 

such model with our kidney proximal tubule grafts as endothelial cells were not capable 

to bridge MEW pores like PTECs. Ultimately, engineered kidney tubules must demonstrate 

biocompatibility and active secretion functionality after implantation in vivo, which 

requires proximity to a leaky vascular system or the peritoneum. For further advancement 

of our engineered kidney proximal tubules, there are several challenges that ought to 

be addressed besides vascularization and functional application, in particular fluid flow 

and cellular polarization. Since the construct’s pores do not provide any cue for inward/

outward orientation, luminal fluid flow after completed monolayer formation might be 

needed to induce cellular polarization, which will be crucial for vectorial solute transport. 

In fact, fluid shear stress has been linked to induce polarization and further enhancement 

of cellular transport functionality. Therefore, future steps should include the establishment 

of a long-term flow-compatible cell culture system after monolayer formation. Here, 

device fabrication and microfluidic conditions have to be considered to allow for desired 

cell culture conditions (separate luminal and basolateral flow, appropriate fluid shear 

stress, continuous vs pulsatile flow, etc.) but also to meet practical requirements (e.g., 

easy and sterile construct attachment before or after cell seeding, live cell imaging  

and micro-assays).

Crossing Kingdoms: Plant-Derived Scaffolds For Tissue Engineering?
Inspired by the idea of ‘crossing kingdoms’ by using decellularized plant scaffolds for 

human tissue engineering, we decellularized spinach leaves and chive stems to obtain 

tubular scaffolds for kidney proximal tubule engineering in Chapter 9 [55]. Spinach 

leaves were particularly interesting due to the complex venation of a thin sheet that 

ends in a single drainage in the petiole. However, we did not succeed in recellularization 

of the plant vasculature and described the anatomical restrictions that we believe 

impeded cell infiltration. Our experiences, including material disintegration in culture, 

made us skeptical about the direct use of decellularized leaves for regenerative medicine. 

However, combined with technologies such as 3D printing, molding, and weaving, we 

might be able to integrate plant-derived structures and biomaterials for enhanced tissue 

engineering capabilities. For example, He et al. developed a microreplication method to 

transfer the microvascular network of leaf venation into hydrogels – which brings us back 

to the advantages listed in Chapter 6 [47, 56].

FUTURE PERSPECTIVES
With the work of this thesis, we presented two new concepts for renal replacement 

therapies: first, the molecular targeting of functional PTECs to restore active secretion 

function, and second the use of fibrous scaffolds for kidney proximal tubule grafts to replace 

active secretion function. For clinical treatment, these concepts remain hypothetical, but 

we laid the groundwork by revealing a multitude of potential molecular targets and by 

demonstrating the feasibility of stand-alone graft fabrication in vitro. Yet, we also need 

to recognize the challenges that are to be overcome; the best concept has little value 

if application turns out impossible. The de novo generation of a kidney is the holy grail 

of regenerative nephrology, but with current technology, it remains just that: an elusive 

object of mystery and fascination that is sought after for its great promises. As shown 

in this thesis, the fabrication of kidney tubules is more realistic, but also here, constructs 

will have to comply to strict requirements and prove their effectiveness first. Therefore, 

our engineered kidney tubules should be tested for transepithelial transport capacity, 

preferably under flow conditions and in proximity to a blood vessel engineered in vitro, or 

a vascular system or the peritoneum in vivo. It remains to be shown whether protein-bound 

uremic toxins will be taken up efficiently and whether albumin must reach the PTECs; 

a translational in vitro study suggested that albumin-binding of IS resulted in increased 

OAT1 affinity [57]. Also for pharmacological approaches to regenerate active secretion 

in situ, a suitable delivery system will be needed. On the one hand, intrarenal injection 

of controlled release carrier systems (e.g., fine-tuned hydrogels) can maintain a localized 

concentration of bioactive drugs over an extended period of time while protecting 
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the therapeutic from premature degradation [58]. On the other hand, conventional oral 

delivery after food intake could elicit a functional boost for active secretion at the time 

of digestion. However, before delivery, proposed therapeutics should be tested for safety 

and effectiveness. Moreover, the targeted cell state should be better identified. Which 

cell is most responsive to therapeutics that increase active secretion: the healthy PTEC, 

the functional but stress sensing PTEC, the stressed PTEC or the injured PTEC?
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ONE CELL TO RULE THEM ALL
The Potential of Proximal Tubule Epithelial Cells in Regenerative Kidney 
Therapies for Uremic Toxin Removal
Chronic kidney disease (CKD), the loss of kidney function over time, is a major societal 

health concern due to the high prevalence in our aging population, massive economic 

burden, and detrimental effects on quality of life, especially at later stages. While current 

therapies are mostly based on prevention and symptoms control, CKD is progressive and 

irreversible by nature. When patients reach end-stage kidney disease, they rely on artificial 

blood filtration, dialysis, until a suitable donor kidney becomes available. However, kidney 

transplantation is not always an option and dialysis cannot entirely replace the active 

secretion function of the kidney. Yet, active secretion is essential for the removal of 

more than 100 waste solutes, many of which escape the kidney’s passive filtration step 

through plasma protein-binding. By intoxicating the body from within, these waste 

solutes, also called uremic toxins, significantly contribute to kidney dysfunction and  

associated co-morbidities.

In the kidney, active secretion is mediated by the proximal tubule epithelial cells 

(PTECs). Among others, PTECs express the solute carriers Organic Cation Transporter 2 

(OCT2) and Organic Anion Transporters 1 and 3 (OAT1/3), which act as gatekeepers that 

determine the excretion rate for a broad range of waste products and foreign substances. 

We hypothesized that PTECs with functional OCT2 and OAT1/3 activity have therapeutic 

potential as part of regenerative therapies for efficient uremic toxin removal. This 

proposition is addressed in this thesis, which is divided into two parts: (I) restoration of 

active secretion through solute carrier regulation and (II) replacement of active secretion 

through kidney tubule engineering.

PART I – RESTORATION OF ACTIVE SECRETION THROUGH 
SOLUTE CARRIER REGULATION
Part I of this thesis offers a new concept of restoring active secretion by pharmacologically 

targeting solute carrier expression and function in PTECs. First, Chapter 2 summarizes 

current knowledge on OCT2 and OAT1/3 expression and regulation. After providing 

evolutionary support for the conservation of active secretion across various species 

through solute carrier expression, an extensive overview of transcriptional and cell 

dynamic pathways with a putative role in transporter induction and regulation is 

presented. Moreover, new paradigms are proposed for therapeutic interventions to 

restore or compensate for the loss of cellular transport activity, which include the cellular 

stress state, transcription-targeted culture conditions and directed short-term shifts 

in membrane trafficking. While drawing from data of diverse animal and cell models, 

this chapter points out species-specific differences in OCT2 and OAT1/3 expression  

and regulation.
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Chapter 3 expands on species-specific differences in kidney excretory function. 

For drug development or personalized therapies, advanced in vitro kidney models and 

in silico modeling can be used for pharmacological evaluation, but additional animal 

experiments are unavoidable, especially for complex parameters such as renal clearance 

(CLr). Yet, species differences in solute carrier expression or substrate affinity might lead 

to prediction errors and limit the translatability of animal data. To quantify differences 

in CLr between animals and humans, a systematic review was conducted, followed by 

a meta-analysis using published CLr data for a diverse set of renally excreted drugs. 

While general predictability was given, compound-dependent prediction errors were 

found, which were particularly frequent in rat data. However, prediction errors were not 

linked to the drug excretion profile (filtration vs active secretion) or physicochemical drug 

properties (e.g., physiological charge and molecular weight) but rather to interspecies 

differences that go beyond the kidney.

Chapter 4 provides evidence for the ability of PTECs to respond to elevated levels 

of the prototype uremic toxin indoxyl sulfate by activating its secretion via OAT1. This 

response is in accordance with the remote sensing and signaling hypothesis that suggests 

the presence of an inter-organ and inter-organismal communication network to sustain 

homeostasis: when the gut microbiome produces more metabolic solutes that enter 

the blood stream, the kidney reacts to the increased functional load with upregulated 

excretion mechanisms. We showed that indoxyl sulfate induces its own secretion through 

a two-hit mechanism. On the one hand, indoxyl sulfate activates the epidermal growth 

factor receptor with the downstream MAPK-ERK pathway and aryl hydrocarbon nuclear 

translocator (ARNT), while on the other hand it activates aryl hydrocarbon receptor after 

OAT1-mediated uptake for complexation with ARNT and nuclear translocation to induce 

OAT1 expression, which is positively regulated by miR-223 and reactive oxygen species.

In Chapter 5, the involvement of Notch signaling in increased OAT1 functionality was 

considered. Although indoxyl sulfate activated Notch, and Notch inhibition dampened 

the IS-induced increase in OAT1, it was not possible to link the pathway to remote 

sensing due to ambiguous results and various experimental limitations. Nevertheless, by 

unraveling pathways that underlie transporter regulation and the remote sensing and 

signaling machinery, a variety of molecular targets could be identified in Part I that 

together enhance active secretion function and consequently facilitate waste removal by 

the kidney.

PART II – REPLACEMENT OF ACTIVE SECRETION THROUGH 
KIDNEY TUBULE ENGINEERING
Besides pharmacological treatments for CKD, efforts are being made to replace kidney 

function by means of engineering de novo tissue. Tissue engineering uses a combination 

of cells, matrix materials and engineering methods, and suitable biochemical and 

physicochemical factors to restore or replace biological tissues. For soft organ engineering, 

hydrogels are a popular material due to tunable biochemical and mechanical properties 

and various application possibilities. Chapter 6 gives an overview of hydrogel-based 

cell therapies for kidney regeneration and defines design criteria for kidney replacement 

strategies and biofabrication technologies. In the subsequent chapters, Part II of this thesis 

then offers a new concept for kidney tubule engineering: the use of biofunctionalized 

highly porous fibrous tubular scaffolds that compartmentalize the outer environment 

and the lumen, with PTECs being the only barrier for efficient uremic toxin removal. In 

Chapter 7, we provide the first proof-of-concept by fabricating porous tubular nanofiber 

scaffolds for kidney tubule grafts via solution electrospinning (SES) of poly-ε-caprolactone 

(PCL) around 0.7 mm needle templates. The resulting tubular scaffolds demonstrated 

mechanical properties suitable for future implantation purposes. Injected ciPTEC adhered 

to the luminal side and formed monolayers, which remained viable for at least 3 weeks 

and maintained functionality as shown by inhibitor-sensitive transport activity (47).

In Chapter 8, the engineered kidney proximal tubules were produced by using melt 

electrowriting (MEW) instead of SES in order to improve patterning control and, thereby, 

fabrication reproducibility. Here, we identified rhombus-shaped pores as a superior 

microgeometry over square- and random-shaped pores as topographic guidance resulted 

in directed cell growth and enhanced collagen type IV deposition. Moreover, the rhombus 

geometry resulted in remarkably improved yield strain and elastic strain energy, and 

increased functional OCT2 and P-gp expression. Our finding highlights the importance of 

proper scaffold design for improved cell function.

Chapter 9 expands on the unconventional idea of crossing kingdoms by using plant-

derived decellularized scaffolds for tissue engineering. More specifically, the suitability of 

decellularized spinach leaf vasculature and chive stems for kidney tubule engineering was 

investigated. However, in contrast to the published work by others, we did not succeed 

in recellularization of the spinach leave vasculature and described anatomical restrictions 

that we believe impede cell infiltration. Moreover, insufficient permeability and material 

disintegration in culture raised scepticism about the direct use of decellularized leaves for 

regenerative medicine.

Chapter 10 provides a general discussion of the findings of this thesis and gives 

implications for future research into the use of PTECs in regenerative kidney therapies.

Taken together, this thesis introduces two new concepts for the use of PTECs in 

regenerative kidney therapies. Part I provides essential and new insights in the expression 

and regulation of the solute carriers OCT2 and OAT1/3, paving the way for pharmacological 

therapies targeting the kidney secretory machinery. Part II provides the first proof-of-

concept for kidney tubule engineering using highly porous fibrous tubular scaffolds that 

meet several design criteria specific to the kidney proximal tubule. 



APPENDICES

258 259

EÉN CEL OM ALLEN TE REGEREN
Het Potentieel van Proximale Tubulusepitheelcellen in Regeneratieve 
Niertherapieën voor de Verwijdering van Uremische Toxines
Chronische nierziekte (CKD), gekenmerkt door het geleidelijke verlies van nierfunctie, is 

een wereldwijd maatschappelijk gezondheidsprobleem vanwege de hoge prevalentie in 

onze vergrijzende samenleving, de enorme economische last en de negatieve effecten op 

kwaliteit van leven van patiënten, vooral in latere stadia. Hoewel de huidige therapieën 

zich meestal richten op preventie en symptoomcontrole, is CKD van nature progressief 

en onomkeerbaar. Wanneer patiënten het eindstadium bereiken zijn ze afhankelijk 

van kunstmatige bloedfiltratie, dialyse, totdat er een geschikte donornier beschikbaar 

komt. Niertransplantatie is echter niet altijd een optie en dialyse kan de actieve 

uitscheidingsfunctie van de nier niet helemaal vervangen. Actieve uitscheiding is essentieel 

voor de verwijdering van meer dan 100 verschillende afvalstoffen, waarvan er vele door 

eiwitbinding in het bloedplasma ontsnappen aan de passieve filtratiestap van de nieren. 

Door het lichaam van binnenuit te vergiftigen dragen deze afvalstoffen, ook wel uremische 

toxines genoemd, aanzienlijk bij tot verdere verslechtering van nierfunctie en daarmee 

samenhangende comorbiditeiten. In de nier wordt actieve uitscheiding gemedieerd door 

de proximale tubulusepitheelcellen (PTECs), die onder meer de transporteiwitten Organic 

Cation Transporter 2 (OCT2) en Organic Anion Transporters 1 en 3 (OAT1/3) bevatten. 

Deze eiwitten fungeren als poortwachters door de uitscheiding van een breed scala aan 

afvalproducten en medicijnen te reguleren. Onze hypothese is dat PTECs met functionele 

OCT2 en OAT1/3 transportactiviteit therapeutisch potentieel hebben voor regeneratieve 

therapieën door een efficiëntere verwijdering van uremische toxines. Deze hypothese is in 

dit proefschrift onderzocht vanuit twee perspectieven: (I) herstel van actieve uitscheiding 

via regulatie van transporteiwitten en (II) vervanging van actieve uitscheiding via fabricatie 

van nierbuisjes.

Herstel van Actieve Uitscheiding via Regulatie van Transporteiwitten
Deel I van dit proefschrift biedt een nieuw concept voor de regulatie van actieve 

uitscheiding door de expressie en functie van bovengenoemde transporteiwitten in PTECs 

farmacologisch te sturen. Hoofdstuk 2 geeft een samenvatting van de huidige kennis 

over de expressie en regulatie van OCT2 en OAT1/3. Eerst wordt het evolutionaire belang 

van actieve uitscheiding besproken, waarna een uitgebreid overzicht van transcriptionele 

en cel-dynamische signaleringsroutes met een mogelijke rol in de regulering van 

de transporteiwitten wordt gegeven. Bovendien bieden we nieuwe paradigma’s voor 

therapeutische interventies om het verlies van cellulaire transportactiviteit te herstellen 

of te compenseren. Dit betreft beïnvloeding van onder meer de cellulaire stresstoestand, 

transcriptiegerichte kweekcondities en korte-termijn verschuivingen in de aanwezigheid 

van de transporteiwitten in de plasmamembraan. Terwijl uit gegevens van verschillende 

dier- en celmodellen wordt geput, worden ook de soort-specifieke verschillen in OCT2 en 

OAT1/3 expressie en regulatie beschreven.

Hoofdstuk 3 gaat in op soort-specifieke verschillen in de uitscheidingsfunctie van 

de nieren. Voor geneesmiddelenontwikkeling of gepersonaliseerde therapieën kunnen 

voor een eerste farmacologische evaluatie geavanceerde in vitro niermodellen en in silico 

modellering worden gebruikt. Desalniettemin zijn aanvullende dierproeven onvermijdelijk, 

vooral voor bepaling van complexe parameters zoals de renale klaring (CLr). Toch 

kunnen verschillen in expressie van de transporteiwitten of substraataffiniteit leiden 

tot voorspellingsfouten en de vertaling van diergegevens naar de mens beperken. Om 

verschillen in CLr tussen dieren en mensen te kwantificeren, hebben we een systematisch 

overzicht gemaakt van 20 verschillende, door de nieren uitgescheiden, geneesmiddelen 

en hierop met behulp van gepubliceerde CLr gegevens een meta-analyse uitgevoerd. 

Hoewel de gegevens van de meeste diersoorten bijdragen aan een goede voorspelling 

van de CLr voor de mens, vonden we dat in ratten bijzonder frequent geneesmiddel-

afhankelijke voorspellingsfouten voorkwamen. Deze fouten blijken niet gerelateerd te zijn 

aan het uitscheidingsprofiel van het geneesmiddel (filtratie versus actieve uitscheiding) 

of de fysisch-chemische geneesmiddeleigenschappen (bijv. fysiologische lading en 

molecuulgewicht), maar eerder aan verschillen tussen mens en dier die verder gaan dan 

de nier.

Hoofdstuk 4 laat het vermogen van PTECs zien om te reageren op verhoogde 

bloedspiegels van het prototype uremische toxine, indoxylsulfaat, door de uitscheiding 

ervan via OAT1 te activeren. Deze reactie komt overeen met de hypothese van ‘remote 

sensing and signaling’ die een inter-orgaan en intra-organismaal communicatienetwerk 

suggereert om homeostase in stand te houden: wanneer het microbioom in de darm meer 

metabole stoffen produceert die vervolgens in de bloedstroom terechtkomen, reageert 

de nier op de verhoogde belasting door uitscheidingsmechanismen te bevorderen. Kortom, 

de darm verteert en de nier reageert. We hebben aangetoond dat indoxylsulfaat zijn eigen 

uitscheiding reguleert via een two-hit-mechanisme. Enerzijds activeert het de epidermale 

groeifactorreceptor (EFGR) samen met de onderliggende MAPK-ERK signaleringsroute 

en de arylhydrocarbon-nucleartranslocator (ARNT). Anderzijds activeert het, na OAT1-

gemedieerde opname in de cel, de arylhydrocarbonreceptor voor complexering met ARNT 

en nucleaire translocatie om vervolgens de OAT1-expressie te induceren. Deze wordt 

verder positief gereguleerd door miR-223 en zuurstofradikalen.

In Hoofdstuk 5 hebben we de betrokkenheid van Notch-signalering bij verhoogde 

OAT1-functionaliteit onderzocht. Hoewel indoxylsulfaat Notch activeert en Notch-

remming de door IS geïnduceerde toename van OAT1 dempt, was het niet mogelijk 

om de route te relateren aan ‘remote sensing’ vanwege onduidelijke resultaten en 

experimentele beperkingen. Desalniettemin, door het ontrafelen van de OCT2 en OAT1/3 

regulatie en de signaleringsroutes die ten grondslag liggen aan ‘remote sensing and 

signaling’ hebben we meerdere moleculaire routes geïdentificeerd die samen de OAT1-

functie bevorderen en daardoor de afvalverwijdering door de nier vergemakkelijken.
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Vervanging van Actieve Uitscheiding via Fabricatie van Nierbuisjes
Naast farmacologische behandelingen voor CKD kan de nierfunctie ook worden 

vervangen door middel van tissue engineering: het maken van nieuw weefsel in het 

laboratorium. Tissue engineering maakt gebruik van een combinatie van cellen, materialen, 

fabricagemethoden en geschikte biochemische en fysisch-chemische factoren om 

biologische weefsels te herstellen of te vervangen. Hydrogelen zijn populaire materialen 

voor het maken van zachte organen vanwege hun maakbare biochemische en mechanische 

eigenschappen en verschillende toepassingsmogelijkheden. Hoofdstuk 6 geeft een 

overzicht van celtherapieën voor nierregeneratie gebaseerd op hydrogelen alsmede 

ontwerpcriteria voor nierfunctievervangende strategieën en biofabricatietechnologieën. 

In de hierop volgende hoofdstukken biedt Deel II van dit proefschrift vervolgens een 

nieuw concept voor het maken van nierbuisjes: het gebruik van gebiofunctionaliseerde, 

poreuze buisvormige membranen waarop PTECs kunnen groeien en daarmee een barrière 

vormt tussen het interne en externe milieu. Een dergelijke structuur zou een efficiënte 

verwijdering van uremisch toxines kunnen bevorderen. In Hoofdstuk 7 leveren we een 

eerste ‘proof-of-concept’ door het middels solution electrospinning (SES) van poreuze 

buisvormige poly-ε-caprolacton (PCL) nanovezel membranen met een binnendiameter van 

0.7 mm. Deze membranen vertonen mechanische eigenschappen die geschikt zijn voor 

toekomstige implantatiedoeleinden. Wanneer PTECs in de buisjes worden geïnjecteerd, 

hechten ze zich aan de binnenzijde en vormen hier monolagen die tenminste 3 weken 

levensvatbaar blijven en hun functionaliteit behouden. Daarnaast is de transportactiviteit 

van PTECs in deze buisjes aangetoond.

In Hoofdstuk 8 hebben we onze proximale nierbuisjes gefabriceerd door middel van 

melt electrowriting (MEW) in plaats van SES om de patrooncontrole te verbeteren en 

daarmee ook de reproduceerbaarheid van de productie. De resultaten laten zien dat 

ruitvormige poriën superieur zijn qua microgeometrie ten opzichte van vierkante en 

willekeurig gevormde poriën. Deze topografische vorm resulteert in gestuurde celgroei 

en verbeterde afzetting van collageen type IV, verbeterde trekspanning en elastische 

spanningsenergie met daarnaast verhoogde functionele OCT2 en P-gp expressie. Onze 

bevinding benadrukt het belang van onderzoek naar goede membraanontwerpen voor 

een verbeterde celfunctie.

Hoofdstuk 9 gaat in op het onconventionele idee van crossing kingdoms door gebruik 

te maken van van planten afkomstige gedecellulariseerde buisvormige membranen. 

We onderzochten de geschiktheid van spinaziebladvasculatuur en bieslookstelen 

waar de eigen cellen uit verwijderd zijn, voor het maken van menselijke nierbuisjes. In 

tegenstelling tot het gepubliceerde werk van anderen, zijn we er echter niet in geslaagd 

om de vasculatuur van het spinazieblad met nieuwe cellen te bekleden en hebben we 

anatomische beperkingen beschreven die celinfiltratie belemmeren. Bovendien zijn wij 

sceptisch over het directe gebruik van gedecellulariseerde bladeren voor regeneratieve 

geneeskunde vanwege onvoldoende permeabiliteit en onstabiliteit van dit materiaal.

In Hoofdstuk 10 worden de bevindingen van dit proefschrift bediscussieerd en 

worden suggesties gedaan voor toekomstig onderzoek naar het gebruik van PTECs bij 

regeneratieve niertherapieën.

Concluderend, dit proefschrift beschrijft twee nieuwe concepten voor het gebruik 

van PTECs voor regeneratieve niertherapieën. Deel I biedt belangrijke nieuwe inzichten 

in de expressie en regulering van transporteiwitten, waardoor de weg vrij wordt gemaakt 

voor farmacologische therapieën die gericht zijn op een verbeterde renale uitscheiding 

voor patiënten met nierfalen. Deel II biedt het eerste proof-of-concept voor het maken 

van nierbuisjes door gebruik te maken van zeer poreuze buisvormige membranen die aan 

verschillende ontwerpcriteria voldoen specifiek voor het proximale nierbuisje.
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EINE ZELLE SIE ALLE ZU KNECHTEN
Das Potential Proximaler Tubulusepithelzellen in Regenerativen 
Nierentherapien zur Entfernung Urämischer Toxine
(Dies ist eine wissenschaftliche Zusammenfassung – für eine Laien-Zusammenfassung, 

siehe unten!)

Chronic kidney disease (CKD, auf Deutsch: chronische Nierenerkrankung) wird definiert 

als eine über einen längeren Zeitraum anhaltende Einschränkung der Nierenfunktion. 

CKD ist ein massives Problem für das Gesundheitswesen aufgrund der hohen Prävalenz 

in unserer alternden Bevölkerung, der enormen wirtschaftlichen Belastung, sowie der 

drastischen Auswirkungen auf die Lebensqualität des Patienten, insbesondere in späteren 

Krankheitsstadien. Während derzeitige Therapien hauptsächlich auf Prävention und 

Symptomkontrolle beruhen, ist CKD von Natur aus progressiv und irreversibel. Wenn die 

Krankheit das Endstadium erreicht, ist der Patient abhängig von künstlicher Blutfiltration 

(Dialyse) bis eine geeignete Spenderniere verfügbar ist. Eine Nierentransplantation ist 

jedoch nicht immer eine Option und leider kann Dialyse die aktive Ausscheidungsfunktion 

der Niere nicht vollständig ersetzen. Eine aktive Ausscheidung ist jedoch unerlässlich 

für die Ausscheidung von mehr als 100 Abfallstoffen, von denen viele dem passiven 

Filtrationsschritt der Niere durch Bindung an Bluteiweiße entgehen. Durch die buchstäblich 

innerliche Vergiftung des Körpers tragen diese Abfallstoffe, auch urämische Toxine 

genannt, erheblich zur weiteren Verschlechterung der Nierenfunktion und anderen 

Begleiterkrankungen bei.

In der Niere wird die aktive Ausscheidung durch proximale Tubulusepithelzellen 

(PTECs) ausgeführt. Die Zellmembranen der PTECs beinhalten unter anderem die SLC-

Transportproteine Organic Cation Transporter 2 (OCT2) und Organic Anion Transporter 

1 und 3 (OAT1/3). Diese Transportproteine fungieren als eine Art Türsteher, indem sie 

die Ausscheidungsrate für ein breites Spektrum von Abfallprodukten und Fremdstoffen 

regulieren. In der hier vorliegenden Doktorarbeit stellten wir die Hypothese auf, dass 

PTECs mit funktioneller OCT2- und OAT1/3-Transportaktivität therapeutisches Potenzial 

besitzen als Teil regenerativer Behandlungen zur effizienten Entfernung urämischer Toxine. 

Diese Arbeit gliedert sich in zwei Teile: (I) Wiederherstellung der aktiven Ausscheidung 

durch Regulation von Transportproteinen und (II) Ersatz der aktiven Ausscheidung durch 

Herstellung von Nierenröhrchen.

Wiederherstellung der Aktiven Ausscheidung durch Regulation von 
Transportproteinen
Teil I dieser Arbeit zeigt ein neues Konzept auf zur Wiederherstellung der aktiven 

Ausscheidung durch pharmakologische Beeinflussung der Expression und Funktion der 

oben genannten SLC-Transportproteine in PTECs. Kapitel 2 fasst das aktuelle Wissen über 

die Expression und Regulation von OCT2 und OAT1/3 zusammen. Nach einer evolutionären 

Erläuterung der Wichtigkeit der aktiven Ausscheidung über Transportproteine geben wir 

einen umfassenden Überblick über transkriptionelle und zelldynamische Signalwege, 

die eine mutmaßliche Rolle bei ihrer Regulierung spielen. Darüber hinaus bieten wir 

neue Paradigmen für therapeutische Behandlungen an, um den Verlust der zellulären 

Transportaktivität wiederherzustellen oder zu kompensieren. Dies betrifft unter anderem 

die Beeinflussung des zellulären Stresszustands, transkriptionsbezogene Bedingungen in 

der Zellkultur und gezielte kurzfristige Verschiebungen in der dynamischen Anlieferung 

der SLC-Transportproteine zur Zellmembran. Während wir uns auf Daten verschiedener 

Tier- und Zellmodelle stützen, weisen wir auch auf artspezifische Unterschiede in der 

Expression und Regulation von OCT2 und OAT1/3 hin.

Kapitel 3 untersucht artspezifische Unterschiede in der Nierenfunktion. Für die 

Arzneimittelentwicklung oder personalisierte Therapien können fortgeschrittene in vitro 

(auf Deutsch: „im Reagenzglas“) Nierenmodelle und Computersimulationen zur ersten 

pharmakologischen Bewertung verwendet werden. Dennoch sind zusätzliche Tierversuche 

unvermeidbar, insbesondere zur Bestimmung komplexer Parameter wie der Nierenfunktion, 

renale Clearance (CLr) genannt. Allerdings können Speziesunterschiede in der Expression 

von SLC-Transportproteinen oder der Substrataffinität zu Vorhersagefehlern führen und 

die Übertragbarkeit von Tierdaten auf den Menschen einschränken. Um die Unterschiede 

in der CLr zwischen Tieren und Menschen zu quantifizieren, haben wir eine systematische 

Überprüfung und Metaanalyse durchgeführt, unter Verwendung veröffentlichter 

CLr-Daten für eine Vielzahl von renal ausgeschiedenen Arzneimitteln. Obwohl die Daten 

der meisten Tierarten zu einer guten Vorhersage der CLr für den Menschen beitragen, 

fanden wir, dass arzneimittelabhängige Vorhersagefehler bei Ratten besonders häufig 

auftraten. Diese Fehler scheinen nicht mit dem Arzneimittelausscheidungsprofil (Filtration 

vs. aktive Ausscheidung) oder den physikochemischen Arzneimitteleigenschaften (z. B. 

physiologische Ladung und Molekulargewicht) in Zusammenhang zu stehen, sondern 

vielmehr mit Unterschieden zwischen Mensch und Tier jenseits der Niere.

In Kapitel 4 liefern wir Belege für die Fähigkeit von PTECs, auf erhöhte Spiegel 

des prototypischen urämischen Toxins Indoxylsulfat zu reagieren, indem sie dessen 

Ausscheidung über OAT1 aktivieren. Diese Reaktion steht im Einklang mit der remote 

sensing and signaling (auf Deutsch: Fernerkundung und -signalisierung) Hypothese, 

die auf die Präsenz eines Kommunikationsnetzwerks zwischen Organen und 

Organismen hinweist, um die Homöostase (den Gleichgewichtszustand aller Stoffe) 

aufrechtzuerhalten. Diese Hypothese besagt, dass durch Darmbakterien hergestellte und 

in den Blutkreislauf aufgenommene Stoffwechselprodukte (z.B. Indoxylsulfat) sämtliche 

Ausscheidungsorgane dazu anregen, die Ausscheidungsmechanismen hoch zu regulieren. 

Wir haben gezeigt, dass Indoxylsulfat durch einen Zwei-Treffer-Mechanismus seine 

eigene Ausscheidung in der Niere induziert. Einerseits aktiviert Indoxylsulfat den EGF-

Rezeptor mitsamt des daran gebundenen MAPK-ERK-Signalwegs und ARNT. Andererseits 

aktiviert es den Aryl-Hydrocarbon-Rezeptor (AhR) nach OAT1-vermittelter Aufnahme 

zur Komplexierung mit ARNT und der darauffolgenden Translokation zum Zellkern. Im 
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Zellkern wird dann vermehrte OAT1-Expression eingeleitet, die wiederum durch miR-223 

und freie Sauerstoffradikale positiv reguliert wird.

In Kapitel 5 haben wir die Beteiligung des Notch-Signalwegs an einer erhöhten 

OAT1-Funktionalität betrachtet. Obwohl Indoxylsulfat den Notch-Signalweg aktiviert 

und Notch-Hemmung den durch Indoxylsulfat induzierten Anstieg von OAT1 dämpft, 

gelang es uns aufgrund mehrdeutiger Ergebnisse und verschiedener experimenteller 

Einschränkungen nicht, den Notch-Signalweg mit der remote sensing and signaling 

Hypothese zu verbinden. Nichtsdestotrotz, indem wir teilweise aufklären konnten, welche 

Signalwege dem remote sensing and signaling zugrunde liegen, haben wir eine Vielzahl 

von Molekülen identifiziert, die zusammen die OAT1-Funktion verbessern und folglich die 

Abfallbeseitigung durch die Niere erleichtern.

Ersatz der Aktiven Ausscheidung durch Herstellung von Nierenröhrchen
Neben pharmakologischen Behandlungen für CKD bemüht sich ein weiteres 

Forschungsgebiet die Nierenfunktion durch Tissue Engineering (auf Deutsch: 

Gewebekonstruktion bzw. Gewebezüchtung) mit neuem Gewebe zu ersetzen. Hydrogele 

sind aufgrund nachgewiesener Biokompatibilität, anpassbaren biochemischen und 

mechanischen Eigenschaften und verschiedener Anwendungsmöglichkeiten ein 

beliebtes Material für das Weichorgan-Engineering. Kapitel 6 gibt einen Überblick 

über Hydrogel-basierte Zelltherapien zur Nierenregeneration und Entwurfskriterien für 

Nierenersatzstrategien und Biofabrikationstechnologien.

In den darauffolgenden Kapiteln bietet Teil II dieser Arbeit ein neues Konzept für das 

Engineering von Nierentubuli: die Verwendung von biofunktionalisierten, hochporösen, 

röhrenförmigen scaffolds (auf Deutsch: Träger, Gerüste), die die äußere Umgebung und 

das Lumen unterteilen, wobei PTECs innerhalb der Poren die einzige Barriere darstellen 

für eine effiziente Entfernung urämischer Toxine.

In Kapitel 7 liefern wir den ersten Konzeptbeweis durch die Herstellung poröser 

röhrenförmiger Scaffolds für Nierentubulus-Transplantate durch solution electrospinning 

(SES, auf Deutsch: Lösungselektrospinnen) von Poly-ε-Caprolacton (PCL) Nano- und 

Mikrofasern um 0,7 mm Nadelschablonen. Die resultierenden Scaffolds weisen 

mechanische Eigenschaften auf, die für zukünftige Implantationszwecke geeignet wären. 

Injizierte ciPTEC hafteten an der Innenseite der Scaffolds und bildeten dichte einlagige 

Zellschichten, die mindestens drei Wochen lebensfähig blieben und die Funktionalität 

beibehielten, wie durch die hemmungsempfindliche Transportaktivität bewiesen wurde.

In Kapitel 8 haben wir unsere Nierentubuli mithilfe von Melt Electrowriting (MEW, 

auf Deutsch: Schmelzelektroschreiben) anstelle von SES weiterentwickelt, um die 

Reproduzierbarkeit zu verbessern. MEW ist eine Kombination aus SES und 3D-drucken, 

womit sich die sehr dünnen thermoplastische Fasern kontrolliert übereinanderlegen 

lassen. Wir identifizierten rautenförmige Poren als präferierte Mikrogeometrie gegenüber 

quadratischen und zufällig geformten Poren, da die Topografie zu einem den Fasern 

folgenden Zellwachstum führte. Im Falle der rautenförmigen Poren kam es hierdurch 

zu einer anisotropen Zellausrichtung, einer vermehrten Ablagerung von Kollagen Typ 

IV, einer bemerkenswert verbesserten Fließdehnung und elastischen Dehnungsenergie 

des Konstrukts sowie einer erhöhten funktionellen OCT2 und P-glycoprotein Expression. 

Unser Ergebnis unterstreicht die Wichtigkeit eines angemessenen Scaffold-Designs für 

verbesserte Zellfunktion.

In Kapitel 9 wird die unkonventionelle Idee ausgebaut, pflanzliche dezellularisierte 

Scaffolds für das Tissue Engineering zu verwenden. Insbesondere untersuchten wir die 

Eignung von dezellularisierten Spinatblattgefäßen und Schnittlauchstängeln für das 

Engineering von Nierentubuli. Im Gegensatz zu veröffentlichten Arbeiten anderer gelang 

es uns allerdings nicht, das Spinat-Blattgefäßsystem zu rezellularisieren. Wir beschrieben 

anatomische Einschränkungen, von denen wir glauben, dass sie die Zellinfiltration 

tatsächlich behindern. Darüber hinaus sind wir aufgrund der unzureichenden 

Materialdurchlässigkeit und des Materialzerfalls unter Zellkulturbedingungen 

skeptisch gegenüber der direkten Verwendung von dezellularisierten Blättern für  

die regenerative Medizin.

Zusammengefasst werden zwei neue Konzepte für die Verwendung von PTECs in 

regenerativen Nierentherapien vorgestellt. Teil I bietet wesentliche und neue Einblicke in 

die Expression und Regulation der SLC-Transportproteine OCT2 und OAT1/3 und ebnet 

den Weg für pharmakologische Therapien, die auf die NierenAusscheidungsmaschinerie 

abzielen. Teil II bietet den ersten proof-of-concept für das Engineering von Nierentubuli 

unter Verwendung hochporöser, röhrenförmiger Scaffolds, die mehrere Entwurfskriterien 

für proximale Tubuli erfüllen.
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EINE ZELLE SIE ALLE ZU KNECHTEN
Eine Laien-Zusammenfassung für Familie und Freunde
Im gesunden Zustand sorgen die Nieren dafür, dass Abfallstoffe aus unserem Körper 

über den Urin ausgeschieden werden. Dies geschieht sowohl passiv durch Blutfiltration 

als auch aktiv durch Beteiligung bestimmter Nierenzellen, den sogenannten proximalen 

Tubulusepithelzellen (kurz: PTECs). Wenn die Nieren versagen, hängt das Leben des 

Patienten von künstlicher Blutfiltration (Dialyse) ab, bis eine geeignete Spenderniere 

verfügbar ist. Allerdings kann Dialyse nur die passive Ausscheidungsfunktion, nicht aber 

die aktive Ausscheidungsfunktion der Niere ersetzen. Eine aktive Ausscheidung ist jedoch 

wichtig für die Entledigung von mehr als 100 Abfallstoffen, von denen viele dem passiven 

Filtrationsschritt entgehen, indem sie sich an Eiweiße im Blut binden. Hierdurch wird der 

Körper langsam aber sicher von innen heraus vergiftet.

Die aktive Ausscheidung geschieht über PTECs, die sogenannte Transportproteine 

besitzen. Diese Transportproteine fungieren wie Türsteher: sie entscheiden, ob Stoffe, 

die nicht passiv aus dem Blut herausgefiltert wurden, trotzdem aussortiert und über 

den Urin entfernt werden sollen. PTECs nehmen einen Großteil der Abfallstoffe an der 

Blutseite über die Transportproteine OCT2 und OAT1/3 auf und scheiden sie durch andere 

Transportproteine auf der anderen Seite in den Urin aus (siehe Figur 1 und Kapitel 1). 

In meiner Doktorarbeit habe ich die Hypothese aufgestellt, dass PTECs mit genügend 

OCT2- und OAT1/3-Transportproteinen zur Therapie eingesetzt werden können, um alle 

Abfallstoffe aus dem Blut zu entfernen, die nicht durch Dialyse herausgefiltert werden: 

“eine Zelle sie alle zu knechten” (der Titel ist angelehnt an die Herr der Ringe Saga!). 

Meine Doktorarbeit ist in zwei Teile aufgeteilt. Im ersten Teil habe ich untersucht, wie 

wir die aktive Ausscheidung durch PTECs in der erkrankten Niere zurückgewinnen 

können, indem wir dafür sorgen, dass die Zellen mehr OCT2 und OAT1/3 als “Türsteher” 

einsetzen. Im zweiten Teil habe ich eine Methode entwickelt, mit der wir Nierenröhrchen 

im Labor herstellen können, um die aktive Nierenausscheidung mit gesunden, im Labor 

gezüchteten PTECs zu ersetzen.

Die Aktive Ausscheidung in der Erkrankten Niere Zurückgewinnen
Kapitel 2 fasst unser aktuelles Wissen über OCT2 und OAT1/3 in der Niere zusammen. 

Hierin erklären Carla und ich, warum diese Transportproteine evolutionär wichtig sind 

und über welche Moleküle und Reaktionsketten wir eventuell beeinflussen können wie 

viele dieser “Türsteher” von PTECs eingesetzt werden. Zum Beispiel glaube ich, dass 

erkrankte Nieren ihre Türsteher wegen eines anhaltenden Stresszustands verlieren, 

sodass man gezielt am zellulären Stresslevel etwas ändern muss. Außerdem werden 

viele dieser Türsteher regelmäßig ins Zellinnere geholt, wo dann entschieden wird, ob 

sie wieder zurück an die Zellmembran gehen, oder ob sie sozusagen “in Rente” gehen. 

Vielleicht könnte man mit Medikamenten dafür sorgen, dass kurzfristig mehr von ihnen 

zurückgeschickt werden, um ihre Arbeit zu erledigen. Allerdings sind dies nur Theorien, 

die praktisch noch bewiesen werden müssen. Zudem sollte gesagt sein, dass ich diese 

Theorien unter anderem auf Daten verschiedener Tier- und Zellmodelle stütze, während 

es durchaus Unterschiede zwischen Tieren und Menschen gibt.

Kapitel 3 geht auf solche Unterschiede zwischen Tieren und Menschen ein. Für die 

Entwicklung neuer Medikamente werden oft Zellmodelle und Computersimulationen 

benutzt, um vorherzusagen, wie der Mensch auf diese Medikamente reagieren  

würde – und wie er sie wieder los wird. Trotz guter Modelle sind zusätzliche Tierversuche 

unvermeidbar. Versuchstiere sind unter anderem nötig um die Nierenklärung zu bestimmen: 

wie schnell kann die Niere die Medikamente wieder ausscheiden? Wenn sie nur langsam 

ausgeschieden werden, darf die Dosis nicht zu hoch sein. Doch: Menschen sind vielleicht 

Tiere, aber sind Tiere auch wirklich “menschlich” genug, um treffende Vorhersagungen 

zu machen? Um die Unterschiede in der Nierenklärung zwischen Tieren und Menschen 

zu berechnen, haben Carla und ich veröffentlichte Daten für die Nierenklärung von 

20 verschiedenen Medikamenten für Maus, Ratte, Hase, Hund, Affe, und Mensch 

gesammelt und mit einer selbstentwickelten Methode miteinander verglichen. Wir haben 

herausgefunden, dass die Daten der meisten Tierarten zu einer guten Vorhersage für 

den Menschen beitragen können. Wir fanden allerdings, dass für manche Medikamente 

besonders häufig Vorhersagefehler bei Ratten auftraten. Diese Vorhersagefehler scheinen 

jedoch nichts damit zu tun zu haben, wie die Medikamente über die Nieren ausgeschieden 

werden; stattdessen liegt es wahrscheinlich an Unterschieden zwischen Mensch und Tier 

jenseits der Niere (z.B. in der Leber).

In Kapitel 4 habe ich meiner Kollegin Jitske dabei geholfen, ein interessantes 

Phänomen in der Niere zu entschlüsseln: PTECs können kurzfristig mehr “Türsteher” 

einsetzen, wenn sich mehr Abfallstoffe im Blut befinden. Es gibt hierzu ein wahres 

Kommunikationsnetz in unserem Körper: wenn wir Nahrung aufnehmen, stellen unsere 

Darmbakterien Stoffe her, die unser Körper benötigt – aber auch weniger gute Stoffe, 

die wir wieder ausscheiden müssen, wie z.B. Indoxylsulfat. Vor allem bei fleischhaltiger 

Nahrung nehmen wir buchstäblich einen großen Happen dieses Abfallstoffs in unser Blut 

auf – und die Niere reagiert darauf mit mehr „Türstehern“, in diesem Fall OAT1, um sie 

alle entfernen zu können. Wir haben herausgefunden, welche Moleküle in den PTECs 

eine wichtige Rolle spielen bei der Rekrutierung der „Türsteher“. Mit diesem Wissen 

könnten vielleicht Medikamente entwickelt werden, die künstlich über diesen Weg 

für mehr OAT1 sorgen. In Kapitel 5 habe ich überdies untersucht, ob der sogenannte 

Notch-Signalweg hierbei eine Rolle spielt. Dieser Signalweg ist oft aktiviert, wenn PTECs 

unter Stress stehen, aber wir wissen nicht sicher, ob die Aktivierung gut oder schlecht 

ist. Obwohl Indoxylsulfat den Notch-Signalweg aktiviert und bei einer Unterdrückung 

von Notch weniger OAT1 zur Verfügung steht, gelang es mir leider nicht herauszufinden 

inwiefern Notch in dieses Kommunikationsnetz passt.
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Die Aktive Nierenausscheidung mit Künstlichen Nierenröhrchen Ersetzen
Abgesehen von der Suche nach geeigneten Medikamenten, könnte man in Zukunft  

vielleicht durch Tissue Engineering (auf Deutsch: Gewebekonstruktion bzw. 

Gewebezüchtung) die erkrankte Niere mit neuem Gewebe ersetzen. So genannte 

Hydrogele sind ein beliebtes Material für das Erstellen von weichen Organen wie der Niere, 

weil sie in beliebige Formen gebracht werden können und Zellen gut in oder auf ihnen 

wachsen können. Kapitel 6 gibt einen Überblick über Hydrogel-basierte Zelltherapien 

für die Heilung von Nieren und erklärt, welche Kriterien die Hydrogele erfüllen müssen.

In meiner Doktorarbeit habe ich jedoch auf Hydrogele verzichtet und ein neues Konzept 

für die Herstellung von Nierenröhrchen entwickelt: die Verwendung von röhrenförmigen 

scaffolds (auf Deutsch: Träger, Gerüste) mit vielen großen Zwischenräumen, in denen 

PTECs wachsen können. Dadurch stellen die PTECs die einzige Barriere dar zwischen dem 

Inneren des Röhrchen und dessen Außenseite. Das ist wichtig, damit an der Außenseite 

Blut entlangströmen kann und die PTECs Abfallstoffe direkt in das Innere des Röhrchens 

entsorgen können. Bei Hydrogelen müssten die Abfallstoffe erst noch durch das Gel 

gelangen, was eine zusätzliche Barriere darstellen würde. In Kapitel 7 liefere ich den ersten 

Konzeptbeweis für die Herstellung von Nierenröhrchen durch solution electrospinning 

(kurz: SES, auf Deutsch: Lösungselektrospinnen). Das ist eine Technologie, womit wir 

poröse Scaffolds selbst produzieren können. Hierbei benutzen wir ein flüssiges abbaubares 

Plastik, das auf eine sich drehende Nadel gespritzt wird, wo es sich verfestigt und wie ein 

langer Faden um die Nadel wickelt. Hierdurch wird ein poröses Röhrchen um die Nadel 

herumgesponnen. Mir ist es gelungen, PTECs an der Innenseite dieser Röhrchen wachsen 

zu lassen, sodass sie das Innere des Röhrchens von der Außenwelt trennen. In Kapitel 
8 haben wir die Nierenröhrchen weiterentwickelt mithilfe von melt electrowriting (kurz: 

MEW, auf Deutsch: Schmelzelektroschreiben). MEW ist eine Kombination aus SES und 

3D-drucken; statt das Material wild und unkontrolliert auf die Nadel zu spritzen, können 

wir die Fasern präzise übereinanderlegen. Hierdurch ist es möglich, die Zwischenräume 

quadratisch, rautenförmig oder nach Zufall zu erstellen. Meine Kollegin Anne Metje und 

ich haben herausgefunden, dass die Zellen in rautenförmigen Löchern schneller wachsen 

und sogar mehr Stützmaterial und Transportproteine produzieren. Dieses Ergebnis zeigt 

uns, dass das Design der Scaffolds wichtig ist, da es dazu beitragen kann, dass Zellen 

besser funktionieren.

Kapitel 9 ist das vielleicht außergewöhnlichste Kapitel. Forscher in Amerika haben 

nämlich die Pflanzenzellen aus Spinatblättern entfernt und das übrigbleibende Scaffold 

dazu benutzt, Herzgewebe mit Blutgefäßen herzustellen. Die Blattadern, die sie für 

Blutgefäße gebraucht haben, wären auch gut geeignet für Nierenröhrchen – daher habe 

ich versucht ihre Methode anzuwenden, um PTECs in den Adern von Spinatblättern 

wachsen zu lassen. Allerdings hat das nicht geklappt, und bei genauerem Hinsehen habe 

ich eine anatomische Begründung dafür gefunden. Als Alternative habe ich Schnittlauch 

benutzt, das ebenfalls als hohle Röhrchen wächst, aber das Pflanzenmaterial ist nicht 

durchlässig genug, wodurch die Abfallstoffe die Zellen nicht erreichen würden.

In Kapitel 10 fasse ich meine Befunde zusammen und gebe ein paar Tipps für 

zukünftige Forschungsprojekte. Alles in allem habe ich mit dieser Doktorarbeit zwei neue 

Konzepte für die Verwendung von PTECs in regenerativen Nierentherapien vorgestellt. 

Im ersten Teil biete ich wesentliche und neue Einblicke, um die „Türsteher“ OCT2 und 

OAT1/3 in der erkrankten Niere zurückzugewinnen. Im zweiten Teil beschreibe ich eine 

neu entwickelte Methode, Nierenröhrchen herzustellen, die mehrere Entwurfskriterien 

erfüllen. Allerdings sollte erwähnt werden, dass ich fundamentale Forschung betrieben 

habe; es bedarf noch viele weitere Jahre intensiver Forschung, um letztlich Nierenpatienten 

helfen zu können. Bis dahin bleiben wir auf Spendernieren angewiesen.

Figur 1. Abfallstoffe (grün) werden über das Blut in die Niere gebracht, wo es im Glomerulus 
(Knäuel oben links) gefiltert wird. Abfallstoffe, die an Bluteiweiße gebunden sind, werden 
jedoch nicht gefiltert. Stattdessen strömen sie mit dem Blut weiter und an den proximalen 
Tubulusepithelzellen (PTECs) vorbei. PTECs besitzen Transportproteine (z.B. OCT2, OAT1 und OAT3), 
die als “Türsteher” arbeiten und alle im Blut übriggebliebenen Abfallstoffe aussortieren. Wenn die 
Nieren versagen, kann man mit Dialyse die Filtrationsfunktion ersetzen, die Funktion der PTECs 
leider nicht. (Illustration mit Dank an Carla!)
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meinem Stolz, mich große Schwester – und ganz bald Tante! – nennen zu dürfen. Und 

ich bin froh, dass auch Tom inzwischen offiziell zu unserer Familie gehört. Mary und Oli, 
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der Schule, im Dojo und auf allen Wettkämpfen, während des Studiums und meiner 
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Entscheidungen zu ermutigen und zu stärken. Danke für jede Umarmung, jeden Rat und 

jedes gute Wort. Ihr habt mich zu der Person gemacht, die ich heute bin. Und darauf bin 
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