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1. Chronic Kidney Disease 

Chronic kidney disease (CKD) is a progressive illness affecting >10% of the global population 
[1], for which diabetes mellitus and hypertension are among the most important risk factors [2, 

3]. Up to date, there is no cure for CKD and its diagnosis relies on assessing kidney function, 
which may not always be accurate. Regardless of its cause, CKD is marked by a continuous 

and irreversible decline in nephron function due to alterations in, amongst others, cell 
metabolism, increased oxidative stress and inflammation, ultimately leading to the 

development of fibrosis [4]. As CKD advances, patients eventually reach a state of kidney 
failure requiring replacement therapies, such as organ transplantation. However, the shortage 

of available organs poses a significant challenge to patient survival. When a suitable organ is 
unavailable, kidney replacement therapies, such as dialysis, become the alternative option, 

particularly for patients who are not eligible for transplantation [5]. Given the limitations in both 

CKD diagnosis and management, the primary clinical challenge is to identify potential 
biomarkers for early disease detection and for developing effective therapies to target CKD. 

 
2. The Proximal Tubule in Chronic Kidney Disease 

The human kidney is composed of approximately one million nephrons that are responsible 
for filtering blood and maintaining electrolyte homeostasis by reabsorbing essential nutrients 

and excreting drugs and metabolic waste products from the bloodstream (Figure 1). These 
functions are carried out by the glomerulus, that acts as a filter, and tubular subunits, 

responsible for active and passive solute and water transport, present in each nephron 
(Figure 1B) [6]. Among the tubular subunits, the proximal tubule (PT) holds a crucial role in 

overall kidney function through its capacity to reabsorb nutrients, to secrete waste products 

and perform endocrine regulation (Figure 1C-D). Transporters responsible for secretion and 
reabsorption require energy provided by the large mitochondrial density in the PT. This 

renders the PT also highly susceptible to ischemic, metabolic, and toxin-related injuries [7]. 
Dysfunction of the PT can lead to disruptions in overall kidney function, a condition known as 

Fanconi’s syndrome [8], characterized by the presence of glucosuria [9], tubular acidosis [10], 
and aminoaciduria [11]. 

The PT facilitates the active removal of retained solutes and medications from the 
bloodstream into the tubular lumen through the concerted action of uptake transporters and 

efflux pumps. The primary transporters involved in this cellular uptake include those of the 

organic anion and cation systems. The former includes the basolateral organic anion 
transporters (OAT1/3), as well as apically expressed breast cancer resistance protein (BCRP) 

and multidrug resistance-associated proteins 2 and 4 (MRP2/4). The latter includes the 
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basolateral organic cation transporter 2 (OCT2), and the apical multidrug and toxin extrusion 

1 and 2k (MATE1/2k), and P-glycoprotein (P-gp) (Figure 1C) [7, 12]. Moreover, this secretory 
function is influenced by the competitive process between medications and circulating solutes, 

which can lead to an accumulation of harmful solutes as a result of tubular dysfunction, and 
can then progress to kidney failure and CKD [12]. Additionally, the PT is the major source of 

microsomal enzymes which may play a crucial role in the biotransformation of both xenobiotics 
and endogenous compounds, such as ß-lyase, hence contributing to nephrotoxicity [13]. 

In addition to its secretory function, the PT is responsible for reabsorbing glucose from 
the filtrate, as well as bicarbonate, amino acids and small peptides. This process is mediated 

by sodium-coupled cotransporters, which utilize the Na+K+-ATPase pump to facilitate the 
movement of solutes. Notably, the apical sodium-glucose cotransporters (SGLTs) are 

responsible for transporting glucose into the epithelium, and glucose transporters (GLUTs) 

facilitate its transport towards the plasma (Figure 1D) [14]. In addition to its transport and 
metabolism functions, the PT is also involved in the production and regulation of calcitriol 

(vitamin D) [15]. Taken together, the above-mentioned features make the PT a perfect target 
for disease modeling and drug screening aimed at treating CKD. 

Figure 1. Anatomical view of the kidney and schematic representation of some transport 
functions in proximal tubule. (A) The kidney, (B) the nephron consisting of interconnected structures. 

The glomerulus enclosed by the Bowman’s capsule, the proximal tubule, the loop of Henle, and the 
distal tubule, ending in the collecting duct system. (C, D) transport mechanisms in proximal tubule 
epithelial cells. 

1 
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3. Modeling Kidney Diseases, In Vivo 

Many kidney-related diseases have their origin or manifestations in the PT. To delve into these 
nephropathies and discover potential therapeutic targets and disease-specific biomarkers, 

various animal models have been employed. Among these models, rodents are most often 

used due to their smaller size, lower cost and accessibility, and possibility to genetically 
manipulate [16]. Often applied acute kidney injury (AKI) models include ischemia-reperfusion 

injury (IRI), also employed for kidney transplant studies, and drug/toxin-induced AKI. 
Additionally, often applied CKD models include diabetic kidney disease (DKD) and 

hypertensive nephropathy, among others [17].  
The IRI model is commonly replicated by unilateral or bilateral clamping of renal arteries 

and veins in rodents. However, the outcome can differ depending on animal species and 
strains, and different surgical factors, including anesthetic agents used, clamping times and 

temperature. These variables can impact the overall severity of AKI observed in this model, 
and achieving a more severe phenotype is challenging as it coincides with a high mortality risk 

[18-20]. The PT is particularly vulnerable to damage in IRI, because of the high metabolic 

capacity and large number of mitochondria present in the cells making them sensitive to 
oxygen fluctuations in the ischemic microenvironment. During IRI, nutrient delivery to the PT 

is also impaired and its limited capacity to undergo anaerobic metabolism to compensate for 
the energy demands leads to cellular stress and damage, ultimately contributing to the 

development of AKI [21-23].  
Drug/toxicant-induced AKI primarily affects the PT by using its transport system, leading 

to the accumulation of toxic compounds within tubular cells and causing oxidative stress 
and/or inflammation [24]. A number of drugs have frequently been associated with drug-

induced AKI, such as chemotherapeutics (e.g., cisplatin), antivirals (e.g., tenofovir) and 
antibacterial agents (e.g., gentamicin, vancomycin), and iron chelators (e.g., deferasirox) [7, 

25]. Moreover, the PT plays a crucial role in secreting endogenous organic retention solutes, 

also known as uremic toxins, that are not freely filtered by the glomerulus due to high protein 
binding (protein-bound uremic toxins, PBUTs; Figure 1C). This is especially detrimental in 

patients undergoing dialysis who already have a compromised kidney function. The 
accumulation of these uremic toxins is associated with increased risk of comorbidities, such 

as cardiovascular disease [26].  
DKD remains the leading cause of end-stage kidney disease (ESKD), however, very few 

effective treatments are available [27]. The main challenge in DKD preclinical drug discovery 
is developing accurate models that replicate its intricate multigenic and environmental origin 

in human. Available animal models can only capture the early stages of DKD or replicate 
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specific pathological pathways [28-30]. Hyperglycemia, a common risk for DKD, highlights the 

importance of the PT in disease progression since the PT is responsible for glucose 
reabsorption. This process is energy demanding, relying on oxygen consumption, thus 

stressing the role of oxygen metabolism abnormalities, such as hypoxia, in the development 
and progression of DKD in addition to hyperglycemia [31]. Furthermore, a metabolic switch 

towards glycolysis in response to hypoxia, leads to abnormal lipid metabolism and lipid 
accumulation in PT [32]. Moreover, increased advanced glycation, the non-enzymatic reaction 

between glucose and albumin, is another factor that might contribute to diabetic kidney fibrosis 
[33]. Given the imbalanced glucose transport observed in DKD, therapeutic approaches 

targeting the main transporter involved in glucose reabsorption, SGLT2, have been explored. 
Through the inhibition of SGLT2, glucotoxicity is reduced, which in turns aids in the protection 

of the PT’s integrity and function [34, 35].  

The limitations of current animal models, along with their poor predictive capacity for 
clinical trials highlight the need for better approaches to study kidney function, preclinically. In 

vitro models offer a controlled and reproducible environment for studying specific aspects of 
PT function and pathologies, which can complement the findings from animal models. 

 
4. Modeling Kidney Diseases, In Vitro 

To date, researchers have successfully developed and employed several PT in vitro models 
to study the underlying mechanism of various kidney-related diseases. Adopting the most 

suitable model is crucial since certain models fail to fully replicate certain aspects, such as the 
native PT’s transporter system, which can hinder disease modeling. While primary cells retain 

the phenotypic features of the native PT, they have a limited lifespan and tend to 

dedifferentiate over time. On the contrary, human cell lines, once established, generally 
display greater stability compared to primary cells and have been extensively used in in vitro 

nephrotoxicity studies [36], but may have undergone modifications upon culturing. For 
example, the human renal proximal tubule cell line, immortalized using the human telomerase 

reverse transcriptase (RPTEC/TERT1) [37] and the human conditionally immortalized 
proximal tubule epithelial cell (ciPTECs) line [38], represent suitable in vitro models for 

investigating drug/toxin-induced kidney injury due to several important aspects, including 1) 
their proximity to in vivo characteristics of the native PT, 2) their stable and reproducible 

phenotype derived from the immortalization processes, and 3) expression of several drug 

transporters and metabolic enzymes that play essential roles in drug handling. Moreover, the 
HK-2 cell line [39] is commonly employed for mechanistic kidney disease studies, such as 

DKD due to the expression of glucose transporters and other relevant transporters involved in 

1 
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its pathology. For a comprehensive comparison of these and other cell lines and their 

advantages and disadvantages for the study of kidney-related diseases, a detailed review is 
available elsewhere [7, 40]. Additionally, the use of human induced-pluripotent stem cells 

(iPSCs) allows for their direct differentiation into different kidney cell types. IPSC technology 
permits to generate in vitro disease models by mimicking kidney development and generating 

three-dimensional (3D) structures, known as organoids. These iPSC-derived organoids 
contain most of the nephron segments [41]. Additionally, genome-editing technologies like 

CRISPR/Cas9, can be employed to model diseases, or even resort to patient-derived cells 
[42]. However, a limitation of this approach is that the resulting iPSC-derived organoids mainly 

resemble embryonic kidneys rather than fully mature ones [41]. To overcome this, kidney 
organoids derived from adult stem cells have been explored, either obtained from kidney 

biopsies or urine samples, and form in 3D the so-called tubuloids. These tubuloids carry the 

same genetic and perhaps epigenetic background of the donor [43, 44], therefore offering 
opportunity for the development of personalized medicine. Unlike iPSC-derived organoids, 

tubuloids mainly represent the tubular epithelium and lack the presence of other specialized 
nephron segments [43]. Nonetheless, both these organoid models lack vasculature and 

innervation. In addition, genome-editing protocols for tubuloids have not yet been established. 
While the previous cell models have elucidated several cell biological and biomolecular 

mechanisms behind disease states, the use of dynamic culture conditions can more closely 
resemble kidney cell’s physiological conditions. For this, kidney-on-chip models make use of 

physiological parameters, such as flow and shear stress, to capture functional features of the 
nephron, and organ-organ interactions. In more detail, this device will require a chamber, with 

one or two micrometric channels enclosed by a permeable interface to allow diffusion. The 

inlets/outlets will be connected to a perfusion system to recirculate the medium for further 
analysis [45, 46]. The majority of kidney-on-chip models focus on the PT, due to its secretion 

and reabsorption functions crucial for kidney homeostasis. Furthermore, some of these 
kidney-on-chip models have been employed for drug efficacy and toxicity testing [47, 48]. 

Nonetheless, considering the individual limitations of each in vitro model, researchers 
have then to decide on how to best mimic the disease in vitro. This may involve exposing cells 

to known drugs or solutes that initiate a cascade of effects, reflecting the in vivo situation. 
Despite these considerations, establishing an in vitro disease model requires the integration 

of cell-based assays. These assays must target specific disease processes without 

interference of other cellular responses as well as ensure reliable and reproducible results for 
translational studies. 
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5. Regenerative Nephrology 

Regenerative nephrology is a field that focuses on repairing, replacing and/or regenerating 
the kidney, and includes various approaches (Figure 2) as discussed in the next paragraphs.  

 

 
Figure 2. Schematic overview of current regenerative nephrology strategies that encompass 
either a functional replacement (A), stem cell therapy (B) or tissue engineering for 
transplantation (C-D). (A) Bioartificial kidney, composed of hollow fiber membranes (HFM) covered 
with proximal tubule epithelial cells (PTECs), capable of active secretion of protein-bound uremic toxins 
(PBUTs). The BAK is designed to complement current dialysis therapies by improving the clearance of 
PBUTs. (B) Mesenchymal stromal cells (MSCs) can proliferate and differentiate, under inductive stimuli, 
into adipocytes, chondrocytes, and osteoblasts, as well as other cell types, that can replace damaged 
cells. Additionally, through the release of paracrine factors, including cytokines, growth factors, and 
extracellular vesicles, offers a therapeutic approach to treat kidney diseases. (C) whole kidney 
decellularization allows for the preservation of the organ’s macro- and micro-architecture that can be 
repopulated with another cell source, and (D) biofabrication using 3D printing of kidney constructs. 

 

5.1. Developing Bioartificial Kidneys  
The development of a bioartificial kidney (BAK), a device containing semipermeable (hollow 

fiber) membranes covered with PT cells (Figure 2A), is aimed at complementing conventional 
dialysis therapy currently lacking the capacity to remove PBUTs. Several groups, including 

ours, have delved in the design, optimization and up-scaling of such device [49-53]. Notably, 

we have demonstrated proof-of-concept in a BAK prototype, in which conditionally 
immortalized proximal tubule epithelial cells (ciPTECs) were seeded. Our BAK prototype 

possesses several key features of the PT, such as 1) its capacity to secrete PBUTs through 

1 
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the interplay between apical and basolateral transporters [49, 54], 2) ability to reabsorb 

albumin [55], 3) activate the precursor of vitamin D [56], and, most importantly, 4) safety in 
use, as ciPTECs did not show an alloimmunogenic [57], tumorigenic and/or oncogenic 

potential both in vitro and in vivo [58]. However, despite these promising features and overall 
progress in the field, the clinical implementation of a BAK remains elusive. 

 
5.2. Utilizing the Regenerative Properties of Mesenchymal Stromal Cells  

The kidney’s regenerative capacity is limited, and the ability to generate new nephrons after 
injury remains a challenging pursuit. To overcome these limitations, researchers are actively 

seeking ways to promote in situ regeneration and to develop transplantable kidney tissue, 
both aiming at restoring the injured tissue and its function.  

In the field of regenerative nephrology, cell-based therapies, specifically mesenchymal 

stromal cell (MSC) therapy (Figure 2B), have shown great potential. MSCs possess 
immunomodulatory and anti-inflammatory properties, and they can promote tubular cell 

turnover in both preclinical and clinical models of several nephropathies [59, 60]. Notably, the 
therapeutic effect of MSCs is attributed to their secretome, consisting of cytokines, growth 

factors, and extracellular vesicles, rather than the cells themselves. In rodents, these cells are 
often entrapped in the lung capillaries [61, 62], which is not reported for humans [63, 64], 

highlighting their great potential for regenerative medicine approaches in clinics. MSCs can 
be isolated from different sources, including bone marrow, adipose tissue, and umbilical cords, 

each offering distinct advantages. However, several challenges remain, including determining 
the most suitable cell source for specific applications, standardizing the manufacturing 

process to ensure consistent culture conditions and cellular homogeneity across cell batches, 

and, most importantly, understanding the exact mechanism of action to support the design of 
the best therapeutical approach [65]. 

 
5.3. Employing Bioengineering Approaches to Generate Whole Kidneys or Tubular 

Structures 
As an alternative to kidney transplants, bioengineering kidneys or tubular structures hold great 

promise. Whole kidneys regeneration can be achieved through the process of organ 
decellularization revealing an extracellular matrix that allows for repopulation with (patient-

derived) cells and organogenesis (Figure 2C) [66]. Feasibility of decellularization has been 

shown using human kidneys, large animals (e.g., porcine models), and rodent kidneys [66, 
67]. Regardless of the source for the biological scaffold, the main challenge of scaffold 

recellularization lies in engineering an organ that is suitable for transplantation, in particular 
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the kidney which comprises over 26 different cell types [68]. Additionally, it is important that 

during the decellularization process the extracellular matrix and vasculature remain intact as 
these are key to support cell adhesion and nutrient delivery upon perfusion. Despite several 

attempts to develop whole kidneys using this approach, successfully repopulating the 
vasculature and epithelial compartment remains unattainable, hindering its potential as a 

solution for organ shortage [66, 67]. 
Furthermore, various 3D bioprinting techniques have been employed to create kidney 

constructs resembling the organ structure and function (Figure 2D). Lewis et al. were among 
the pioneers in successfully using bioprinting techniques to create a fully epithelialized PT 

exhibiting several morphological and functional features of the native PT [69]. The same group 
also showcased 3D bioprinting of a two-channel model comprised of a tubular and vascular 

compartment, demonstrating the interplay between these two compartments by mimicking 

renal reabsorption [70]. Both of these approaches were successfully employed by culturing 
primary cells and immortalized cell lines within the bioprinted channels, however their recent 

work using kidney organoids highlighted superior physiological resemblance, thus proving 
stem cells to be a better cell source for tissue engineering [71]. Despite the significant progress 

in utilizing biofabrication techniques to create functional kidney constructs, the intricate nature 
of the kidney’s structure and function continues to pose hurdles.  

Altogether, regenerative nephrology approaches hold promising potential for treating 
kidney diseases and restoring kidney function.  

 
  

1 
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6. Thesis Aim and Outline 

The aim of this thesis was to develop a series of in vitro models resembling the key 
phenotypical and molecular features of the native PT and to apply those in studying CKD 

progression, mimicking interventions and to potentially identify therapeutic targets. This thesis 
sought to address not only the overall impact of disease mediators on kidney health, but also 

the precise contributions and responses of the PT in disease progression.  
 

Chapter 2 offers a comprehensive overview of drug-induced nephrotoxicity models, ranging 
from traditional 2D models to advanced (3D) in vitro models, while highlighting their individual 

contributions to advances in the field. Moreover, we compared the different in vitro models 
based on their levels of complexity and physiological relevance, while stressing which key 

features should be included in the development of new and more physiologically relevant in 

vitro models. Additionally, we provided an overview of the toxicity/injury biomarkers available, 
and compared these to the gold standard in clinics. We explored the necessity of validating 

these biomarkers for assessing disease progression and regeneration.  
 

In Chapter 3, we focused on evaluating the role of OAT1 in facilitating the uptake of commonly 
prescribed drugs in CKD management and PBUTS. We hypothesized that since PBUTs and 

CKD drugs are both substrates for OAT1, their combination could potentially hamper residual 
kidney function by competing for uptake. To investigate this, we initially assessed the effect of 

either PBUTs or CKD drugs on OAT1 activity through the uptake of fluorescein as fluorescent 
OAT1 substrate. Subsequently, in a similar setting, we evaluated the combined exposure of 

PBUTs and CKD drugs. Our aim was to understand whether drugs would compromise the 

uptake (and subsequent excretion) of PBUTs through competition for OAT1.  
 

In Chapter 4, we investigated the cytocompatibility of dialysis fluid (DF) for BAK applications. 
Our primary goal was to ensure that DF would not hinder the primary function of the BAK, 

which is the clearance of PBUTs. To achieve this, we conducted a series of experiments using 
conventional in vitro models aiming at assessing DF’s effect on cell viability markers and 

monolayer integrity. Additionally, we conducted transepithelial transport studies using 
bioengineered kidney tubules, which represent the functional unit of the BAK, to determine 

whether DF would interfere with PBUTs clearance. This chapter aimed to ensure that DF 

would not compromise the effectiveness of the BAK in clearing PBUTs, ensuring their clinical 
suitability and safety. 
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In Chapter 5, we focused on the development of a novel in vitro model for the study of 

ischemia-reperfusion injury (IRI) by suppressing mitochondrial respiration and glycolysis 
under hypoxia. We assessed various parameters of mitochondrial health, including metabolic 

activity, mitochondrial mass, mitochondrial membrane potential, bioenergetics, and the cell 
metabolome. Upon characterization of the injury, and having in mind that IRI lacks effective 

therapies, we evaluated the therapeutic effect of mesenchymal stromal cell secretome from 
different sources (bone marrow, adipose tissue, and umbilical cord) in mitigating the damage 

observed in mitochondrial dysfunction and overall cell bioenergetics.  
 

In Chapter 6, we delved into the pathophysiology of diabetic proximal tubulopathy, highlighting 
the key events driving disease progression. Furthermore, we explored the essential features 

required for an ideal PT in vitro model, while also discussing the pros and cons of the mo 

st commonly used PT in vitro models. In addition, we provided a comprehensive overview of 
the therapeutic potential of SGLT2 inhibitors in mitigating the detrimental effects of diabetic 

proximal tubulopathy. This included detailing their individual transporter affinities, associated 
benefits and side effects, and presenting evidence of their efficacy in the in vitro models 

covered in the chapter. 
 

In Chapter 7, we assessed whether the most common used cell line for the study of DKD, the 
HK-2 cell line, is capable of replicating the phenotypic and molecular changes observed for 

the disease in vivo. To achieve this, we combined the effects of high glucose and hypoxia, 
known to better replicate the diabetic milieu, with two other diabetic mediators, namely palmitic 

acid or glycated albumin, both involved in disease progression. For this, we assessed how 

this combined effect could impact mitochondrial health, a critical aspect in DKD pathogenesis. 
Additionally, we evaluated the therapeutic effect of empagliflozin, an SGLT2 inhibitor, in 

mitigating the release of kidney injury markers. 
 

Finally, Chapter 8 provides a summary and general discussion of the findings in this thesis, 
as well as future perspectives in the field to help circumventing the drawbacks found. 
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ABSTRACT 

The kidney is frequently involved in adverse effects caused by exposure to foreign 
compounds, including drugs. An early prediction of those effects is crucial for allowing novel, 

safe, drugs entering the market. Yet, in current pharmacotherapy, drug-induced nephrotoxicity 
accounts for up to 25% of the reported serious adverse effects, of which one-third is attributed 

to antimicrobials use. Adverse drug effects can be due to direct toxicity, for instance as a result 
of kidney-specific determinants, or indirectly by e.g., vascular effects or crystals deposition. 

Currently used in vitro assays do not adequately predict in vivo observed effects, 
predominantly due to an inadequate preservation of the organs’ microenvironment in the 

models applied. The kidney is highly complex, composed of a filter unit and a tubular segment, 
together containing over twenty different cell types. The tubular epithelium is highly polarized, 

and the maintenance of this polarity is critical for optimal functioning and response to 

environmental signals. Cell polarity is dependent on communication between cells, which 
includes paracrine and autocrine signals, as well as biomechanic and chemotactic processes. 

These processes all influence kidney cell proliferation, migration and differentiation. For drug 
disposition studies, this microenvironment is essential for prediction of toxic responses. This 

review provides an overview of drug-induced injuries to the kidney, details on relevant and 
translational biomarkers, and advances in 3D cultures of human renal cells, including 

organoids and kidney-on-a-chip platforms. 
 

KEYWORDS: Nephrotoxicity; Drug-induced kidney injury; In vitro models; Biomarkers. 
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1. INTRODUCTION 

The kidneys play an essential role in preserving homeostasis of the body’s internal 
environment, including regulation of water, electrolyte, nitrogen and acid-base balances. They 

also control the red blood cell production and blood pressure [1]. Impaired renal function is 
commonly observed in clinical practice and is often associated with use of drugs. One third of 

all drugs and drug candidates are excreted unchanged from the body by the kidneys, and 
drug-induced nephrotoxicity accounts for 20% of all episodes that lead to acute kidney failure  

[2]. 
Human kidneys contain around one million nephrons. A nephron is composed of different 

subunits and includes the glomerulus, proximal tubule, loop of Henle, distal tubule, and the 
collecting duct [3] (Figure 1). All subunits contribute to the excretory function of the kidney in 

three steps: glomerular filtration, tubular reabsorption, and tubular secretion [4]. During 

glomerular filtration (Figure 2), blood plasma is filtered in the glomerulus, a bundle of porous 
capillaries lined by a membrane and specialized epithelial cells, that allows solutes and waste, 

including drugs and their metabolites, and water to pass through while ensuring bigger 
substances, such as blood cells and proteins, remain in the circulatory system [5]. Protein-

bound molecules, including drugs, are eliminated by proximal tubular secretion via a well-
coordinated process of uptake into the tubular cells at the blood-facing basolateral site and 

secretion into the tubular lumen. Tubular reabsorption begins as soon as the filtrate enters the 
lumen of the proximal tubule and involves the reabsorption of organic nutrients, such as 

glucose, and hormonal-regulated reabsorption of ions coupled with passive water 
reabsorption. Megalin and cubilin receptors at the apical membrane are responsible for 

endocytosis-mediated reuptake of filtered low molecular weight proteins, such as β2-

microglobulin [6]. As the filtrate travels along the nephron, some drugs, hydrogen ions, and 
ammonia are secreted into the collecting tubule [7].  

Even though the main function of the kidney is to excrete waste products from the 
bloodstream, it is important to mention that the kidney is also a major endocrine organ. Five 

very important hormones/enzymes are produced by the kidney, viz. 1,25-dihydroxyvitamin D3, 
erythropoietin, renin, Klotho, and kallikrein [8, 9]. Calcitriol, 1,25-dihydroxyvitamin D3, is 

activated in the proximal tubule and acts in the reabsorption of calcium, but it is also involved 
in bone health and in the regulation of parathyroid function [10]. Erythropoietin is produced by 

peritubular capillary endothelial cells in the proximal tubule, and acts by stimulating the 

production of red blood cells in the bone marrow [11].  
Renin is secreted by granular cells of the juxtaglomerular apparatus. This enzyme, also 

known as angiotensinogenase is the key factor of the renin-angiotensin system (RAS) that 
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lead to the production of the potent vasoconstrictor angiotensin controlling blood pressure 

[12]. Klotho is synthesized and secreted by the distal tubule. Similar to calcitriol, Klotho is 
involved in the calcium and phosphate homeostasis [13]. Kallikrein of the renal kallikrein-kinin 

system is found in the distal tubule, and is involved in the regulation of blood pressure [14]. 
 

Figure 1. Human kidney anatomy. (a) External view, (b) Internal view, and (c) its functional unit 
nephron. 

 

Due to the complexity of the kidney, as an organ containing specialized structures and 
multiple cell types, it becomes quite difficult to find a reliable model system to study the effects 

or toxicity of drugs and their metabolites on this organ. In this review, detailed information on 

drug induced kidney injury mechanisms and available in vitro models to predict this with 
relevant translational biomarkers will be discussed, with an emphasis on novel developments 

in the field of microphysiological systems that meet the requirements of the 3Rs (replacement, 
reduction, refinement) of animal experiments for drug safety screenings. 

 
2. Subphenotypes in Kidney Injury 

2.1. Drug-Induced Kidney Injury 
Exposure to various drugs or drug candidates for therapeutic or diagnostic purposes (Figure 

3) could possibly lead to toxicity in the kidney, resulting in damage of the tubules, interstitium, 
glomerulus or renal microvasculature, and consequently in various clinical manifestations 

(Table 1) [15]. About 36% of nephrotoxicity incidence has been attributed to antimicrobials 

(e.g., aminoglycosides). While in most cases, the drug-induced kidney injury is reversible upon 
cease of treatment some medications could lead to chronic dysfunction such as papillary 
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necrosis, tubulointerstitial nephritis or prolonged proteinuria [16]. Nephrotoxicity of most drugs 

is more severe in patients already suffering from kidney disease [17].  
 

2.2. Kidneys Can Experience Both Structural Damage and Loss of Function 
Acute kidney injury (AKI) is characterized by an increase in blood levels of waste solutes, such 

as urea and creatinine, and often oliguria and electrolyte disorders. AKI can be classified into 
three categories: prerenal, intrinsic and postrenal [18]. In prerenal AKI, the kidney may 

function normally, but there is a decrease in either intravascular volume or arterial pressure, 
which results in a reduced glomerular filtration rate (GFR) [19]. RAS inhibitors such as 

angiotensin-converting enzyme inhibitors and angiotensin receptor blockers can also lead to 
prerenal AKI, as it causes dilation of the efferent arteriole which contributes to reduced 

intraglomerular pressure [20]. Further, nonsteroidal anti-inflammatory drugs (NSAIDs) are 

known to decrease the GFR by changing the balance of vasodilatory/vasoconstrictive agents 
in the renal microcirculation [21]. The most common type of intrinsic AKI is acute tubular 

necrosis, which is usually caused by ischemia or toxic injury [22]. Postrenal AKI occurs when 
there is an obstruction of urinary flow that can lead to impaired renal blood flow and 

inflammatory processes, seen for example in urate and oxalate imbalances [18]. 
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Figure 2. The renal proximal tubule. (a) Blood plasma solutes and proteins pass through the 
glomerular filter. Organic and inorganic solutes (in green) are freely filtered by the glomerulus. Some 
solutes, such as glucose and amino acids (in purple), are reabsorbed completely by the proximal tubule 
epithelial cells and transferred back to the systemic circulation. Protein-bound metabolites (in orange) 
are actively secreted by the proximal tubule epithelial cells. (b) Drug transporters involved in 
nephrotoxicity. The organic anion transporters OAT1 (SLC22A6) and OAT3 (SLC22A8) are involved in 
the uptake of known antiviral agents, such as cidofovir, adefovir and tenofovir which will then be 

secreted by MRP2 (ABCC2) and MRP4 (ABCC4) located at the apical side of the membrane. The 
chemoterapeutic agent cisplatin is imported by OCT2 (SLC22A2) and exported via MATE1 (SLC47A1) 
and MATE2-k (SLC47A2). P-gp (ABCB1) is involved in the secretion of the immunosuppressant 
cyclosporin A. Uremic toxins, such as Indoxyl sulfate and kynurenic acid are uptaken via OAT1 and 
excreted by MRP2/4 and BCRP (ABCG2). 

 
When these changes become persistent both in structure and function, AKI may progress 

to chronic kidney disease (CKD), and when not properly treated, it can lead to end-stage 
kidney disease. The GFR is used to categorize CKD in five distinct stages, along with the 

presence or absence of proteinuria [23].  
Nephrotoxicants, including chemotherapeutics, drugs of abuse, antimicrobials, 

radiocontrast agents, environmental pollutants and natural substances, can induce kidney 

injury via similar mechanisms. Renal cell death can be mediated by drug transporters that 
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determine the selectivity for the tubular cell, mitochondrial damage and drug metabolism [24] 

.  The reabsorption of solutes by the kidneys is a task that demands a large consumption of 
energy. The proximal tubule is the nephron’s segment that is the most susceptible to toxic 

effects due to its role in absorption and secretion, both requiring high rates of oxidative 
metabolism. For this reason, mitochondrial damage will lead to a reduction in ATP production 

that in turn will increase oxidative stress, disrupt cell volume, ion concentrations, and 
apoptosis or, in severe cases necrosis, thus compromising renal function [25]. Renal 

transporters may facilitate drugs to enter the tubular cells, sometimes followed by metabolism 
leading to their bioactivation [26]. These transporters belong to two large families: the solute 

carrier family (SLC) and the adenosine triphosphate (ATP)-binding cassette (ABC) transporter 
family. Uptake of organic anions (Figure 2) is mediated by the organic anion transporters 1 

(OAT1; SLC22A6) and 3 (OAT3; SLC22A8) and their removal from the cell via breast cancer 

resistance protein (BCRP; ABCG2), multidrug resistance protein 2 (MRP2; ABCC2) and 4 
(MRP4; ABCC4) [27-29]. Organic cations (Figure 2) are transported into tubular cells 

predominantly via the basolateral organic cation transporter 2 (OCT2; SLC22A2) and then 
excreted into the tubular lumen via multidrug and toxin extrusion protein 1 (MATE1; SLC47A1) 

and 2-k (MATE2-k; SLC47A2) and P-glycoprotein (P-gp; ABCB1). Although most drugs are 
metabolized by the liver, some nephrotoxicants are known to be dependent on kidney 

metabolism as this organ also expresses Phase I (CYPs) and Phase II (GSTs) enzymes [30]. 
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Figure 3. Risk of drugs to affect kidney function. (a). The human body is subjected to a variety of 
nephrotoxicants, including chemotherapeutics, drugs of abuse, antimicrobials, environmental pollutants 
and natural substances, which can induce kidney injury via several mechanisms. (b). These 
nephrotoxicants can lead to acute kidney injury (AKI). AKI is characterized by gradual loss of kidney 
function that, when not properly treated, can lead to irreversible kidney failure. Renal vasoconstriction, 
intrarenal factors, and obstruction are some of the effects of the nephrotoxicants on the kidney, which 
will lead to a decrease in the glomerular filtration rate (GFR). An estimation of the GFR is widely used 
in clinic as an indicator of kidney function. 
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2.3. Vascular Injury 

Several immunosuppressive agents such as cyclosporin, tacrolimus and muromonab-CD3 
may cause renal vascular injury by damaging primary endothelium that induces platelet 

aggregation and consumption. Such an effect is also associated with antiplatelet agents, for 
instance, ticlopidine and clopidogrel, and chemotherapeutic agents (e.g., mitomycin C and 

gemcitabine; Table 1) [16]. The narrow arteries of the kidney including glomerular capillaries, 
interlobular and arcuate arteries can be clogged by arterial cholesterol plaques following 

administration of thrombolytic agents (e.g., streptokinase) and anticoagulants (e.g., warfarin). 
This can result in ischemia, infarction, necrosis and inflammation of the surrounding 

interstitium, often also affecting tubular cells leading to acute tubular necrosis (ATN; Table 1) 
[31]. 

 

2.4. Tubular Injury 
Proximal tubule cells absorb and concentrate compounds from the glomerular filtrate as well 

as from the systemic circulation, and are prone to be affected by nephrotoxic drugs. These 
drugs can cause tubular toxicity by various mechanisms such as oxidative stress, diminishing 

mitochondrial function, restricting tubular transport processes and generating oxidative stress 
[32]. Drugs such as antimicrobials, chemotherapeutics, radiocontrast agents, 

immunosuppressives and bisphosphonates are associated with tubular injury. These 
xenobiotics disrupt tubular cell polarity which, along with the expression of apical and 

basolateral transporters, is crucial for tubular cell function. This leads to the dislocation of 
apical and basolateral transporters (e.g., Na+K+-ATPase) resulting in a leaky epithelium. 

Furthermore, subsequent increase in intracellular calcium disrupts ion homeostasis, leading 

to cell death [33].  
 

2.5. Inflammation  
Induction of inflammatory responses in the glomerulus, renal tubular cells and the surrounding 

interstitium is another mechanism of drug-induced nephrotoxicity that can lead to fibrosis and 
renal scarring [2]. An immune-mediated inflammatory condition, glomerulonephritis, has been 

reported to be induced by several medications such as Penicillin and NSAIDs (Table 1) and 
is associated with proteinuria [34]. Drugs including lithium, penicillin and NSAIDs are found to 

cause such inflammatory condition (Table 1).  
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Table 1. Commonly used nephrotoxic drugs and associated toxicities. 

Therapeutic Class Drugs Toxic events References 

Anticoagulants Warfarin, heparin 
Renal tissue ischemia 
Necrosis  
Infarction 

[35] 

Anticonvulsant Phenytoin Acute interstitial nephritis 
Diabetes insipidus [36] 

Antidepressant 

Amitriptyline Rhabdomyolysis [37] 

Lithium 
Chronic interstitial nephritis 
Glomerulonephritis 
Rhabdomyolysis 

[37, 38] 

Antifungal agent Amphotericin B 

ATN 
Renal tubular acidosis (RTA) 
Electrolyte imbalance 
Urinary concentration defects 

[39] 

Antihistamine Diphenhydramine, 
doxylamine Rhabdomyolysis [37] 

Antihypertensive 

Hydralazine, 
minoxidil Prerenal azotemia [40] 

Angiotensin-
converting enzyme 
inhibitors, 
angiotensin II 
receptor blockers 

Renal artery stenosis 
Volume depletion [41] 

Antimicrobials 

Aminoglycosides 

Hypomagnesemia 
Nonoliguric ATN 
Chronic tubulointerstitial nephritis 
Fanconi syndrome 

[42] 

Vancomycin Acute tubular necrosis 
Tubular damage [43, 44] 

Ciprofloxacin AIN 
Crystalluria [45] 

Penicillin Glomerulonephritis [2] 
Cephalosporin Acute interstitial nephritis [2] 

Antiplatelet  
Ticlopidine, 
clopidogrel and 
quinine 

Ahrombotic microangiopathy 
Renal vascular injury [46] 

Antiretroviral agents  

Cidofovir, adefovir Proximal tubule damage [47] 

Tenofovir ATN 
Proximal tubulopathy [48, 49] 

Indinavir Tubular crystallization 
Nephrolithiasis [47] 

Atazanavir AIN [50] 

Antiviral 

Valaciclovir Thrombotic microangiopathy 
Renal vascular injury [51] 

Acyclovir Tubular crystallization [52] 

Foscarnet Crystal deposition 
Electrolyte abnormalities [53] 

Bisphosphonates Bisphosphonate 
zoledronate 

Deranged Na+K+-ATPase 
Loss of brush border 
Apoptosis 

[54] 

Calcineurin inhibitor Tacrolimus Tubular vacuolization [55] 
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It can also be a complication of lithium, although less well known than its tubulotoxic 
effects. Another inflammatory condition, acute interstitial nephritis (AIN), occurs as adverse 

reaction to several drugs that are assumed to induce an immune response by binding to the 
antigens in the kidney. Medications such as antimicrobials, phenytoin, proton pump inhibitors, 

allopurinol, lithium and antivirals have been implicated in this condition [70]. 
  

Therapeutic Class Drugs Toxic events References 

Cyclosporin Renal vasoconstriction 
Tubular atrophy 

Chemotherapeutic 
agent 

Cisplatin Proximal tubular necrosis 
Tubular cell deletion [56] 

Nedaplatin 
Lysosomal hyperplasia 
Necrosis and hyperplasia of renal papilla 
and collecting duct 

[57] 

Mitomycin C  Thrombotic microangiopathy 
Renal vascular injury [58] 

Ifosfamide Proximal tubular dysfunction 
Fanconi-like syndrome [59] 

Methotrexate (MTX) Tubular cristallization 
ATN [60] 

Pemetrexed 
ATN 
Nephrogenic diabetes insipidus (NDI) 
RTA 

[61] 

Contraceptive Estrogen containing Hemolytic uremic syndrome [16] 

Diuretics Thiazides, loop, 
Potassium-sparing Prerenal azotemia [2] 

Immunomodulatory 
Intravenous 
Immunoglobulin 
(IVIG) 

Osmotic nephrosis [62] 

Immunosuppressive 

Ciclosporin Decreased glomerulus filtration rate [63] 
Ciclosporin, 
tacrolimus and 
muromonab-CD3 

Thrombotic microangiopathy 
Renal vascular injury [64] 

Narcotic analgesic Cocaine, heroin, 
methadone Rhabdomyolysis [65, 66] 

Non-narcotic analgesic 

Aspirin, 
acetaminophen Chronic Interstitial nephritis [67] 

Nonsteroidal anti-
inflammatory drugs 

Glomerulonephritis 
Acute interstitial nephritis 
Chronic interstitial nephritis 
Prerenal azotemia 
Acute papillary necrosis 
Membranous nephropathy 

[2, 68] 

Osmotic agents Mannitol, dextran Isometric vacuolization 
Swelling of proximal tubule [16] 

Thrombolytic agents 
Streptokinase and 
tissue-plasminogen 
activator 

Renal tissue ischemia 
Necrosis 
Infarction 

[69] 
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2.6. Crystal Nephropathy 

Various drugs and their derivatives may lead to precipitation of crystals within the distal tubular 
lumen because of their insolubility in urine, thereby restricting urine flow and triggering a 

cellular reaction in the interstitium. Renal insufficiency and intravascular volume depletion 
increase the risk of crystal nephropathy. Concentration of the drug in the urine and urinary pH 

may influence the precipitation of crystals and volume repletion and adjustment of urinary pH, 
improving solubility, may be of benefit. Medications associated with crystal nephropathy 

include antivirals and antimicrobials as mentioned in Table 1 [71]. 
 

2.7. Patient-Specific Risk Factors 
Some patients are more susceptible to develop drug-induced nephrotoxicity. Volume depletion 

increases the risk by changing the drug concentration to a toxic level. Hypoalbuminemia, 

commonly observed in cirrhotic patients, increases the risk of unwanted drug overdose by 
elevating the serum concentration of the unbound drug fractions [72]. Both elderly and 

neonates possess a particular risk for drug-induced nephrotoxicity. Comorbid conditions and 
administration of multiple nephrotoxic drugs carry a significant burden to elderly patients, while 

premature delivery predisposes neonates to develop kidney function impairment [73]. In 
addition, individual genetic makeup, responsible for variable metabolic pathways and related 

drug sensitivity, can also influence the vulnerability of kidneys to nephrotoxicants. 
Polymorphisms in genes encoding enzymes that are involved in drugs’ metabolism and 

elimination processes may increase the risk of nephrotoxicity. For instance, polymorphism of 
cytosolic glutathione-S-transferase (GST) enzyme elevates the risk for cisplatin-induced 

nephrotoxicity since this enzyme can, to a certain extent, detoxify reactive molecules [74]. A 

systematic review on inter-individual differences in cisplatin-induced nephrotoxicity has 
recently pointed towards three genes (SLC22A2, and two DNA repair genes) that determine 

sensitivity, suggesting patient specific dose optimization can be applied according to the 
genetic makeup. This approach could possibly reduce cisplatin toxicity [75]. 
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2.8. Kidney Failure Due to Remote Organ Damage  

Several risk factors such as genetics, obesity, diabetes, cardiovascular disease, and age can 
increase the chances of an individual to develop kidney disease, or when already diagnosed 

it can gradually drive the progression of the disease [76]. It is important to note that renal 
dysfunction can also be affected by the performance of distinct organs, such as the heart, lung 

and liver. As the kidneys receive ~25% of the cardiac output, a condition known as cardiorenal 
syndrome (CRS) can manifest when either the heart or the kidneys fail [77]. Considering that 

some segments of the nephron are highly sensitive to oxygen variations, if the lung is injured 
it can cause severe hypoxemia which in time can reduce renal blood flow, contributing to renal 

impairment as well [78]. Patients suffering from cirrhosis can develop hepatorenal syndrome 
(HRS), which can lead to damage and degeneration of the kidney. If the hepatic metabolism 

is compromised, a downregulation of cytochrome P450 (CYP) enzymes activity can lead to 

an accumulation of nephrotoxic drugs in the systemic circulation, resulting in kidney injury [79]. 
 

3. Biomarkers for Drug-Induced Kidney Injury 
Creatinine and urea have long been considered as the “gold standard” to identify drug-induced 

nephrotoxicity and to detect renal dysfunction. However, various limitations of these two 
biomarkers, including low sensitivity and specificity, delayed rise in plasma because of 

functional reserve, and extrarenal clearance, demand for novel renal biomarkers to early 
detect and monitor drug-induced nephrotoxicity with high specificity and sensitivity. To 

address this, new potential markers are continuously being developed and qualified, resulting 
in a substantial increase of biomarker research [80]. Until now several biomarkers have been 

identified, as enlisted in Table 2. A biomarker qualification data submission released by the 

Predictive Safety Testing Consortium (PSTC) in 2009 included urinary kidney injury molecule-
1 (KIM-1), urinary trefoil factor 3 (TFF-3), urinary beta-2 microglobulin (B2M), urinary cystatin 

C (CysC), urinary albumin (uALB), urinary total protein (uTP) and urinary clusterin (CLU) as 
emerging biomarkers to study xenobiotic-induced kidney injury in rat [81]. 
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Later in 2014, with the support of Food and Drug Administration (FDA) and European 

Medicines Agency (EMA), the PSTC included neutrophil gelatinase-associated lipocalin 
(NGAL) and osteopontin (OPN) for further evaluation as emerging biomarkers [81]. 

KIM-1, a sensitive and specific damage marker of proximal tubule epithelial cells, can 
cleave and move into the tubule lumens upon diverse primary and secondary renal damages. 

It is found up-regulated in CKD with renal fibrosis and is significantly elevated in early stages 
of AKI. It is considered an early marker for detection, progression and outcome of kidney 

diseases. However, increased KIM-1 may also play role in renal tubular epithelial cells 
regeneration after acute injury [80, 109]. One of the least studied, biologically qualified urinary 

markers is TFF3, which is reduced significantly in a time- and dose-dependent manner 
following proximal tubular damage. This small peptide hormone is also found to correlate with 

the severity of kidney lesions and is considered as a sensitive marker for AKI [110]. B2M is a 

low molecular weight protein filtered completely and reabsorbed almost completely by the 
proximal tubule. Therefore, a significant increase of B2M is observed in urine following a minor 

impairment in tubular uptake. Thus, urine B2M is considered as a potential indicator of 
impaired function during drug-induced nephrotoxicity. In addition, glomerular injury can also 

elevate urinary excretion of B2M and it has therefore been qualified as glomerular injury 
marker as well in rodents [111]. Contrary to the conventional renal function biomarkers, CysC 

exhibits high sensitivity and specificity in monitoring acute and chronic renal impairments. 
Determination of CysC levels can be used to diagnose early-stages of renal dysfunction and 

to monitor functional alterations over time. This biomarker is considered a better diagnostic 
tool for preclinical renal disease and is found to be a more accurate detector of early-stage 

diabetic nephropathy [112]. Its plasma level is used as glomerular marker for GFR and the 

urine level as functional marker of proximal tubule since it is a low molecular weight protein 
that needs to be reabsorbed by megalin. Urinary albumin (uALB) has been considered a well-

established diagnostic and prognostic marker to study the extent of glomerular injury in CKD. 
Because of its specificity to intrinsic causes such as rhabdomyolysis and ischemia-

reperfusion, it remains unchanged in prerenal and postrenal events of AKI [113]. 
Another early marker of renal damage is urinary clusterin (CLU), which is a heterodimeric 

glycoprotein that contributes to cellular interaction, lipid transport and initiation of apoptosis 
during renal damage. Like KIM-1, expression of CLU is significantly elevated in 

dedifferentiated tubular cells during AKI but also in polycystic kidney disease, nephrectomy 

and renal cell carcinoma [114]. This marker has been found as a promising indicator of 
tubulointerstitial renal lesions and able to predict end-stage kidney disease (ESKD) [90], and 

also helps in triaging of patients with delayed graft function in less than 4 hours after 
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transplantation [115]. A lysosomal enzyme of proximal tubule, N-acetyl-β-glucosaminidase 

(NAG), is a persistent, sensitive, quantitative and robust biomarker of proximal tubular injury. 
It has been found elevated following kidney diseases such as AKI, diabetic nephropathy and 

chronic glomerular diseases [82]. Some other enzymes such as GST, γ-glutamyltransferase 
(GGT) and alkaline phosphatase (ALP), released from proximal and distal tubule cells into 

urine relate to early damage. In AKIs, two subtypes of GST, α and π, are released from 
proximal and distal tubule respectively allowing distinguishing between the two segments 

when affected [87]. As GGT and ALP increase during damage in the brush border, elevated 
levels of these enzymes were associated with complicated pyelonephritis and renal 

impairment [116].  
 

4. Models for Nephrotoxicity Screening 

4.1. Conventional In Vitro Models  
Until recently, researchers were left with only two options: in vitro cultures of primary human 

cells or the use of animal models, both having limitations. Primary cells are used as they mimic 
the physiological state of cells in vivo most closely; however, these cells have a limited growth 

capacity and tend to lose their phenotype over time (Table 3). Despite these limitations, 
primary renal cells still remain a reliable option to study basic renal cellular functions and the 

effects of nephrotoxicants thereon. To overcome the difficulty in culturing primary cells, 
immortalized cells can be used because of their capacity to grow and divide indefinitely. The 

disadvantages of these cells include the immortalization procedure that by itself may result in 
some changes that, overtime, can alter the functions and characteristics of cells [117]. Animal 

models are used as they can fill the gap that in vitro models often have, viz. the lack of 

physiological resemblance. However, the use of animal models is expensive, requires a lot of 
time and expertise, has low throughput potential, poses ethical issues, but most importantly, 

these models often do not correlate to human systems [118]. 
Being the proximal tubule a major target for many nephrotoxicants, it is logical that cell-

based in vitro models that seek to resemble this segment of the nephron should be 
characterized by the expression of important markers, including SLC22A6 (OAT1), SLC22A8 

(OAT3), SLC22A2 (OCT2) on the basolateral membrane and ABCB1 (P-gp), SLC47A1 
(MATE1), SLC47A2 (MATE2), ABCC2 (MRP2), ABCC4 (MRP4), ABCG2 (BCRP) and the 

endocytosis receptors megalin and cubilin on the apical membrane [117] (Figure 2). Although 

often applied, the immortalized HK-2 cell line lacks the expression of OAT1, OAT3, OCT2, 
MRP2, and BCRP, and may be not a representative model to study nephrotoxicity [119]. 

Two important immortalized cell lines have been extensively used for nephrotoxicity 
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screening: RPTEC/TERT1 and ciPTEC. The RPTEC/TERT1 cell line was immortalized using 

the human telomerase reverse transcriptase (hTERT) [120] whereas ciPTEC lines, obtained 
either from urine or kidney tissue were transfected using hTERT and a temperature-sensitive 

mutant of SV large T antigen (SV40T), allowing these cells to proliferate at 33 ºC and mature 
at 37 ºC [121, 122] (Table 3). These cell lines surpass HK-2 cells by expressing all relevant 

markers cited above; however, OAT function was only attained after lentiviral transduction 
[123]. Using the same immortalization procedure in the ciPTEC line, a podocyte cell line 

(CIHP) was generated. As these cells maintain the filtration barrier of the glomeruli, it is 
expected that they will also be targets of nephrotoxicants that can ultimately lead to nephrotic 

syndrome, although no data is as of yet available on drug effects in this cell line [124]. 
Toxicity assays mainly focus on measuring cell death; however renal toxicity can also be 

manifested by changes in cell polarity, membrane integrity, and mitochondrial function. With 

this in mind, Sjögren et al. developed a machine learning model that allowed screening of 62 
drugs in which ciPTEC-OAT1 cell line was used to predict their nephrotoxicity based on 

multiple parameters [125]. Similarly, Secker et al. made use of the RPTEC/TERT1 cell line to 
evaluate transepithelial transports in a small set of known nephrotoxic and non-nephrotoxic 

drugs demonstrating that further evaluation of functional parameters, including transepithelial 
electrical resistance (TEER), reabsorption and secretion of solutes is essential to understand 

the nephrotoxicity mechanisms of drugs and predict the in vivo implication in regard to kidney 
performance [126]. 

 
4.2. Advanced In Vitro Models  

To bypass the limitations of 2D cultures, advanced in vitro culture systems have been 

developed, including the use of 3D organized structures, known as organoids, and kidney 
microphysiological systems (MPS) that can recreate fluidic characteristics found in vivo 

(Figure 4). Organoids can be cultured from different sources of stem cells, including 
embryonic stem cells (ESC), induced pluripotent stem cells (iPSC), and adult stem cells. Due 

to ethical concerns regarding the culture of embryonic stem cells, iPSCs and adult stem cells 
are preferred. Using human iPSC cells (Table 3), it was possible to generate kidney organoids 

that contained cell types from different nephron segments; however, the generated cells are 
not fully mature [127]. To overcome this problem, Chuva et al. developed a 2-step protocol in 

which kidney organoids were transplanted into a chick chorioallantoic membrane to provide a 

vascularized environment that is necessary for the further maturation of the organoids [128]. 
Examples of other 3D culture systems include RPTEC/TERT1 and Nki-2 cells that, when 

cultured in Matrigel or Matrigel mixed with collagen I, respectively, were able to further mature 
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and form tubular structures as seen in vivo. Both models showed increased sensitivity to 

known nephrotoxic drugs when compared to 2D cultures [129, 130]. 
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Figure 4. Schematic figure of the different in vitro models developed for use in nephrotoxicity 
screenings. 

 
In line with these 3D culture systems, a bioengineered kidney tubule was developed that 

mimics the physiological geometry of the nephron segment. Briefly, ciPTEC-OAT1 cells were 
seeded onto polyethersulfone (PES) hollow fiber membranes (HFM; Table 3), previously 

double-coated with 3,4-dihydroxyl-L-phenylalanine (L-DOPA) and collagen IV. Using this 
system, the excretion of protein-bound uremic toxins and reabsorption of albumin were shown 

under perfusion conditions, thus mimicking the in vivo situation [161, 162], and allowing 

revealing a remote sensing and signaling pathway to balance microbial metabolite levels in 
the human body [165]. Further, attenuation of uremic toxin-induced damage by vitamin D 
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activated by the bioengineered kidney tubules was demonstrated [166]. The use of 

decellularized kidneys (Table 3) can also be a suitable platform for studying drug-induced 
nephrotoxicity. Fedecostante et al. decellularized surplus rat kidneys using sodium dodecyl 

sulfate (SDS) and recellularized these with ciPTEC-OAT1. An increased sensitivity to cisplatin, 
tenofovir and cyclosporin A was shown for this model as compared to the 2D system [167]. 

For further improvement of these in vitro models, implementation of fluid flow and 
vasculature is crucial, not only to increase maturation of the kidney cells but also to provide 

an environment that more closely resembles the in vivo situation. Flow in tubular lumens varies 
between 0.2-2.0 dyne/cm² [168] and triggers mechanosensitive pathways via microvilli, 

primary cilia and the glycocalyx, all expressed at the tubular apical membrane [169]. Advances 
in microelectromechanical systems (MEMs) allowed researchers to apply microfluidics in cell 

and tissue cultures that resulted in the so-called organ-on-a-chip (Table 3). Vriend et al. 

demonstrated that culturing ciPTEC-OAT1 in an OrganoPlate, a 3D platform consisting of 96 
chips that provides fluid shear stress by placing the plate on a rocker platform, it was possible 

to create a high-throughput screening method compatible with advanced imaging techniques 
[170]. Following a similar approach, Schutgens et al. developed a new microfluidic in vitro 

system using kidney tubular epithelial organoids, or "tubuloids", derived from adult stem cells. 
The generated tubuloids showed active transepithelial transport function and were used to 

model several diseases, including BK virus, Wilms tumor, and cystic fibrosis, showing the 
great potential of this culture system for disease modeling and the possibility to use it for drug 

screening [160].  
A lack of vascularization could potentially be overcome by the use of a 3D-print chip that 

combines hPSC-derived kidney organoids co-cultured with glomerular microvascular 

endothelial cells (GMECs) in a gelatin-fibrin ECM, as recently reported [171, 172]. The 
researchers showed an improved maturation of the kidney organoids when cultured under 

flow and in the presence of vascularization. Later, the same microfluidic platform was used to 
study active reabsorption of solutes between proximal tubule epithelial cells and vascular 

epithelium, and for the study of hyperglycemic conditions. 
As mentioned before, the kidney also interacts with and reacts on remote organs. The 

liver and the kidney are two very complex organs that together lead to the metabolism and 
excretion of drugs, respectively. To predict biotransformation (liver) and elimination (kidney) 

in humans is a rather difficult task to achieve using normal 2D cultures [173]; however, the 

combination of these two complex organs in an organ-on-a-chip platform made it possible to 
study the toxic effects of aristolochic acid I, a well-known nephrotoxicant that requires first 

hepatic bioactivation [174]. Table 3 summarizes the different in vitro models discussed to 
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study drug-induced nephrotoxicity. Together, the findings suggest that the development and 

use of advanced in vitro kidney models are important improvements in renal drug safety 
assessment.  

 
4.3. Perspectives in In Vitro Models’ Development 

Renal clearance is an important route of drug elimination from the bloodstream, mainly 
facilitated by the proximal tubule, which renders proximal tubule epithelial cells prone to drug-

induced kidney injury. Mimicking the in vivo environment by including extracellular matrix 
(ECM) components, three-dimensional (3D) architectural features, a heterogeneous cellular 

composition and incorporating fluid shear stress in an in vitro kidney model could improve 
prediction of injury after drug exposures. These features need to be taken into consideration 

when trying to develop new in vitro models. The complex renal ECM, recently reviewed in 

[175], is in constant remodeling, especially in the transition of healthy to disease state, such 
as fibrosis. As fibrosis affect the different compartments of the kidney, a comprehensive 

analysis of the renal ECM is crucial to study the pathophysiology of the disease and its specific 
biomarkers [176]. As stated before, shear stress triggers mechanosensitive pathways via 

microvilli, cilia, and the glycocalyx. Understanding how these structures coordinate with each 
other in response to flow will broaden our knowledge and help identify new molecular targets 

of diseases [169]. Combining these features in a 3D model that includes tubule curvature [177] 
will allow for a better cell polarization and enhanced expression of cell markers. 

Currently, in pre-clinical safety assessment studies only a limited number of drug 
candidates (2-8%) are being rejected because of nephrotoxicity [178, 179]. A survey among 

pharmaceutical companies showed that the majority of drug candidates displaying 

nephrotoxicity in clinical trials did not show nephrotoxicity in pre-clinical trials [180]. It is thus 
apparent that the currently used strategies to predict drug-induced injury warrant strong 

improvements. Immortalized cell lines, like ciPTEC, represent a steady and reproducible cell 
source for in vitro models, but are derived from one single donor and show significant changes 

in cell function and morphology compared to primary cells [181]. Baseline levels of injury 
marker KIM-1 were 20-fold higher in immortalized cells compared to primary cells [182]. In 

addition, immortalized cell lines often show chromosomal instability, as demonstrated for 
ciPTEC-OAT1 without affecting cell function or posing a tumorigenic risk [183], and represent 

a homogenous population instead of a genetic diverse population. Therefore, new sources for 

kidney cells emerged in the past decade. Stem cell-derived tubular cells can be obtained from 
multiple donors and may have potential for studying nephrotoxicity in a heterogeneous 

population [184]. Well-defined protocols to establish kidney organoids of renal tubular 
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epithelial cells from induced pluripotent stem cells (iPSCs) derived from fibroblasts are now 

available [127, 155, 185-187]. In these cultures, typical proximal tubule cell characteristics 
have been demonstrated, such as albumin uptake, expression of tight junction proteins, 

expression of OAT1, microvilli and apical and basolateral membrane polarization. In addition, 
cytotoxicity was demonstrated using cisplatin [127, 155, 185-187], gentamicin [155, 186, 187], 

tacrolimus [187] and adriamycin [188]. As earlier stated, kidney tubuloids grown from adult 
stem cells (ASCs) are another promising approach as they allow for long-term culturing and 

better maturation without losing chromosomal stability [160]. 
To model kidney diseases, direct pathogen exposure and genome editing have been 

applied, depending on the cause of disease. Effects of Shiga toxin 2, a cytotoxic protein 
causing hemolytic-uremic syndrome (HUS), was studied in a 3D model of renal cortical 

epithelial cells [189]. And polycystic kidney disease was studied via CRISPR-Cas9 genome 

editing of PC-1 and -2 in iPSCs-derived kidney organoids [155, 185]. Personalized medicine 
allows for studying disease progression and testing treatment options in a tailor-made fashion 

via obtaining tissue from kidney disease patients. ASCs-derived tubuloids from Wilms tumors 
elucidated an important role for SIX2, a kidney development marker [160, 190]. Furthermore, 

tubuloids obtained via urine from a cystic fibrosis patients were used to assess treatment 
efficacy and circumvented the use of an invasive method to obtain patient material [160]. 

Furthermore, the dynamic process of kidney stone formation was studied in HK-2 cells 
cultured in a microfluidic device, which allowed real-time monitoring of calcium phosphate 

deposition in the lumen [191].  
Improving predictability of in vitro models fits also in the scope of the 3Rs (replacement, 

reduction, refinement) of animal experiments. This could reduce costs of the pre-clinical and 

clinical phases of drug development by filtering out the harmful compounds. But, more 
importantly, it also meets the societal demands to reduce the number of animals in drug 

development. Drug regulatory authorities, such as FDA and EMA, support the use of 
physiologically-based pharmacokinetic (PBPK) modeling as a tool to facilitate the process of 

drug development. In vitro to in vivo extrapolation (IVIVE) can be coupled with PBPK modeling 
as a way to predict the in vivo pharmacokinetic characteristics of a new drug based on in vitro 

studies. In vitro studies can provide information regarding drug-enzyme and drug-transporter 
interactions; However, the full understanding of the absorption, distribution, metabolism, and 

excretion (ADME) processes is not feasible. By extrapolating complex scenarios observed in 

vitro while having in mind that intrinsic and extrinsic factors can alter the kinetic values, one 
can identify optimal dosing regimens for individual patients [192, 193].  
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5. CONCLUSIONS 

Nephrotoxicity is associated with significant mortality and morbidity. Undoubtedly, drug-
induced nephrotoxicity is a major cause of renal impairments and a potential impediment to 

the research and development of drugs, requiring more reliable and early diagnosis in order 
to avoid potentially fatal chronic conditions. To date, there is no ideal kidney-based in vitro 

model for the study of nephrotoxicity; however, we are moving towards more advanced in vitro 
culture systems that offer great promise for the assessment of drug toxicity. These new models 

include several characteristics that are important for the successful toxicologic read-out of 
drug candidates, including 3D architectural features, ECM components, fluid flow and multiple 

cell types combined. Despite the promising advances of these models, appropriate toxicity 
endpoints and sensitive translational biomarkers are yet to be identified. Current efforts remain 

as “bench-work” and do not reach the “bed-side”. Therefore, there is a pressing need to 

systematically combine in vitro, in vivo and clinical inspections to develop a panel of safety 
biomarkers that can effectively and reliably diagnose and monitor renal function, damage and 

recovery. 
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ABSTRACT 

In chronic kidney disease (CKD), the secretion of uremic toxins is compromised leading to 
their accumulation in blood, which contributes to uremic complications, in particular 

cardiovascular disease. Organic anion transporters (OATs) are involved in the tubular 
secretion of protein-bound uremic toxins (PBUTs). However, OATs also handle a wide range 

of drugs, including those used for treatment of cardiovascular complications and their 
interaction with PBUTs is unknown. The aim of this study was to investigate the interaction 

between commonly prescribed drugs in CKD and endogenous PBUTs with respect to OAT1-
mediated uptake. We exposed a unique conditionally immortalized proximal tubule cell line 

(ciPTEC) equipped with OAT1 to a panel of selected drugs, including angiotensin-converting 
enzyme inhibitors (ACEIs: captopril, enalaprilate, lisinopril), angiotensin receptor blockers 

(ARBs: losartan and valsartan), furosemide and statins (pravastatin and simvastatin), and 

evaluated the drug-interactions using an OAT1-mediated fluorescein assay. We show that 
selected ARBs and furosemide significantly reduced fluorescein uptake, with the highest 

potency for ARBs. This was exaggerated in presence of some PBUTs. Selected ACEIs and 
statins had either no or a slight effect at supratherapeutic concentrations on OAT1-mediated 

fluorescein uptake. In conclusion, we demonstrate that PBUTs may compete with co-
administrated drugs commonly used in CKD management for renal OAT1 mediated secretion, 

thus potentially compromising the residual renal function. 
 

KEYWORDS: protein-bound uremic toxins; chronic kidney disease management; drug-toxin 
interaction, OAT1-mediated transport 
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1. INTRODUCTION 

Chronic kidney disease (CKD) is a worldwide public health problem associated with 
considerable prevalence of comorbidities, impaired quality of life and premature mortality [1]. 

In patients with advanced CKD, uremic solutes accumulate due to impaired renal clearance 
[2]. Many of them are considered uremic toxins (UTs) and are believed to contribute to the 

uremic syndrome, a generalized organ dysfunction occurring in CKD [3-9]. In particular, 
protein-bound uremic toxins (PBUTs) were shown to exert toxic effects or disrupt key signaling 

and metabolic pathways, including those controlled by a complex network of solute carrier 
(SLC) and ATP-binding cassette (ABC) transporters and drug-metabolizing enzymes (DMEs), 

many of which are critical for drug absorption, distribution, metabolism and elimination (ADME) 
[10, 11]. As CKD progresses, drug-metabolite interactions involving transporters can become 

more deleterious, potentially contributing to new and increased drug toxicities [7, 12-15]. 

CKD patients are routinely treated with many drugs that require transporters and DMEs 
for their disposition [11, 16]. The daily medication burden in kidney patients is one of the 

highest reported to date in any chronic disease state [17], and drugs are prescribed mainly at 
alleviating the metabolic, endocrine and cardiovascular complications in renal insufficiency 

[18-21]. Antihypertensive drugs (e.g., renin‐angiotensin‐aldosterone system inhibitors, such 
as angiotensin‐converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs), 

and diuretics) and cholesterol‐lowering drugs (e.g., statins) are frequently prescribed 
medications for cardiovascular risk management in the CKD population [20, 22-28].With drug-

drug interactions occurring even in patients without renal impairment, such interactions are 
likely more prevalent in CKD owing to the presence of high levels of uremic solutes that also 

compete with the administered drugs and with each other for transporters and DMEs [7]. 

In renal tissue, the key mediators of transepithelial transport of many endogenous 
metabolites are the organic anion transporters (OATs), which play a central role in the cellular 

uptake of uremic retention solutes as a first step in their excretion [11, 29, 30]. Amongst the 
OATs, OAT1 (SLC22A6) and OAT3 (SLC22A8) are abundantly expressed at the basolateral 

membrane of proximal tubule cells, and appear to be the most important transporters involved 
in the renal uptake of endogenous metabolites, including PBUTs (e.g., indoxyl sulfate, p-

cresylsulfate, kynurenic acid, etc.), with OAT1 dominating over OAT3 with respect to PBUT 
uptake [10, 29, 31, 32], drugs (probenecid, methotrexate, adefovir, indomethacin) and other 

exogeneous toxins [33]. The interactions between PBUTs and commonly prescribed drugs 

are currently unknown. 
The aim of this study was to investigate the pharmacokinetic interactions between 

commonly prescribed drugs in CKD management (ACEIs, ARBs, statins and furosemide) and 
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PBUTs with respect to OAT1-mediated uptake in an in vitro setting. First, the inhibitory potency 

of the selected PBUTs and drugs on OAT1 activity was evaluated. For this, we exposed a 
human conditionally immortalized proximal tubule cells line (ciPTEC) expressing OAT1 

(ciPTEC-OAT1) previously developed and characterized [34-37], to variable concentrations of 
PBUTs or drugs and evaluated fluorescein uptake, a known substrate for OAT1 [38]. 

Subsequently, we explored the effect of PBUTs presence, at concentrations similar to those 
in plasma of CKD patients, on the drug profiles, again, by studying OAT1-mediated fluorescein 

uptake. 
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2. MATERIALS AND METHODS  

2.1. Chemicals  
A brief overview of the uremic toxins used within the study (indoxyl sulfate, indoxyl-β-D-

glucoronide, indole-3-acetic acid, kynurenic acid, L-kynurenine, hippuric acid, p-cresylsulfate, 
p-cresylglucuronide) and tested drugs (ACEIs, ARBs, statins, furosemide and cimetidine) is 

available in Supplementary Materials section (Supplementary Table S1 and Supplementary 
Table S3, respectively). Chemicals were purchased from Sigma-Aldrich (Zwijndrecht, The 

Netherlands) unless stated otherwise. The uremic toxins p-cresylsulfate and p-
cresylglucuronide were synthesized by the Institute for Molecules and Materials, Radboud 

University, Nijmegen, The Netherlands, as described earlier [37]. 
 

2.2. Cell Cultures 

Conditionally immortalized proximal tubule epithelial cells overexpressing the organic anion 
transporter 1 (ciPTEC-OAT1) were cultured as described by Nieskens et al. [36]. Briefly, cells 

were cultured up to maximum 60 passages in Dulbecco’s Modified Eagle Medium/Nutrient 
Mixture F-12 (1:1 DMEM/F-12) (Gibco, Life Technologies, Paisley, UK) supplemented with 

10% fetal calf serum (FCS) (Greiner Bio-One, Alphen aan den Rijn, The Netherlands), 5μg/mL 
insulin, 5μg/mL transferin, 5μg/mL selenium, 35ng/mL hydrocortisone, 10 ng/mL epidermal 

growth factor and 40pg/mL tri-iodothyronine to form a complete culture medium, without 
addition of antibiotics. Cells were cultured at 33°C and 5% (v/v) CO2 to allow expansion and 

prior to the experiments seeded at a density of 63,000 cells/cm2. Subsequently, cells were 
grown 24h at 33°C, 5% (v/v) CO2 to allow adhesion and proliferation, then cultured for 7 days 

at 37°C, 5% (v/v) CO2 for differentiation and maturation, refreshing the medium every other 

day. The temperature shift ensured the maturation of cells into fully differentiated epithelial 
cells able to form confluent monolayers.  

 
2.3. Fluorescein Inhibition Assay 

The potency of a panel of several commonly prescribed drugs in the CKD management to 
inhibit OAT1-mediated fluorescein uptake was investigated in ciPTEC-OAT1 mature 

monolayers using an inhibition assay, as previously described by Nieskens et al. [36]. 
CiPTEC-OAT1 cultured in 96-well plates were co-incubated with fluorescein (1 µM, unless 

otherwise stated) and the selected drugs (Supplementary Table S3) at different 

concentrations (nM-mM) prepared in Krebs-Henseleit Buffer supplemented with 10 mM 
HEPES (KHH buffer, pH 7.4) for 10min at 37°C. To confirm the activity of OAT1, probenecid 

(500 µM in KHH) was simultaneously incubated with fluorescein. Uptake arrest was performed 
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by washing with ice-cold HBSS (Life Technologies Europe BV), and then the cells were lysed 

by 100µL 0.1M NaOH for 10min, at room temperature and under mild shaking. Intracellular 
fluorescence was detected using the Fluoroskan Ascent FL microplate reader, at excitation 

wavelength of 490nm and emission wavelength of 518nm. Background values were 
subtracted and normalized arbitrary fluorescence unit (AFU) data were converted into 

percentage (%). Incubation with fluorescein alone was assigned as 100% uptake. The 
reduction in fluorescein uptake in the presence of the inhibitor (drugs) was normalized to 

fluorescein uptake without the inhibitor.  
 

2.4. Co-Exposure of CiPTEC-OAT1 to Selected PBUTs and Drugs 
To confirm the ability of the ciPTEC-OAT1 to handle uremic toxins, cells were co-incubated 

with fluorescein and PBUTs (indoxyl sulfate, IS 110µM; kynurenic acid, KA 1µM; p-

cresylsulfate, PCS 125µM), following the procedure described above. In order to replicate the 
uremic condition present in CKD patients, a specific mixture of eight known anionic PBUTs 

(Supplementary Table S1), predominantly derived from endogenous metabolism pathways 
and food digestion in the gut, was used at concentrations corresponding to those found in 

patients. The inhibition of OAT1-mediated fluorescein uptake during the co-exposure to drugs 
(variable concentrations) and PBUTs (fixed concentration) was determined by the percentage 

reduction of fluorescein uptake in the cells. Additionally, concentration-dependent mediated 
fluorescein uptake (concentration range= 0-3µM) in the presence of PBUTs (IS, KA, pCS and 

UTox) was studied. 
 

2.5. Data Analysis 

All data are expressed as mean ± standard deviation (SD) of at least three separate 
experiments. Inhibition data were fitted according to one-site total binding saturation curve 

using non-linear regression analysis ((inhibitor) vs. response - variable slope) and Vmax 
values were calculated according to Michaelis-Menten kinetics using non-linear regression 

analysis. Statistical analysis was performed using one-way ANOVA analysis followed by 
Tukey’s multiple comparison test (OAT1-mediated inhibition uptake of fluorescein in the 

presence of PBUTs, reference values = arbitrary units of fluorescence when cells are 
exposure to fluorescein 1µM = 100%) or two-way ANOVA analysis followed by Dunnett’s 

Multiple Comparison test (drug-toxins inhibition of OAT1-mediated fluorescein uptake, 

reference values= fluorescein percentage in the presence of toxin alone) with GraphPad Prism 
version 8.4 (La Jolla, CA, USA). All experiments were performed four times. 
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3. RESULTS 

3.1. Protein Bound Uremic Toxins Reduce OAT1-Mediated Uptake at Clinically Relevant 
Concentrations 

First, the effect of PBUTs on OAT1-mediated uptake of fluorescein by ciPTEC-OAT1 was 
evaluated. Fluorescein, an OAT1 model substrate, was used to evaluate the transporter 

activity as described earlier [36]. To confirm the OAT1 specificity of fluorescein uptake, we 
have co-incubated fluorescein with probenecid, a well-known OAT1 inhibitor [39, 40], which 

resulted in a fluorescein uptake of 24.9 ± 3.2% of the fluorescein alone values. This confirms 
the stable OAT1 activity on our cell line, as shown in previous studies [36]. Next, the decrease 

in fluorescein uptake in the presence of PBUTs was evaluated and was considered to occur 
via competition for the transporter (Figure 1A). The selection of the uremic toxins in the UTox 

mixture was based on their reported proximal tubule-mediated urinary secretion profile and 

association with CKD progression [36, 41, 42]. Indoxyl sulfate (IS), kynurenic acid (KA) and 
p-cresylsulfate (PCS) reduced fluorescein uptake at clinically relevant concentrations (viz. 110 

µM, 1 µM and 125 µM, respectively). The concomitant exposure to a mixture of eight uremic 
toxins (UTox; for composition see Supplementary Table S1), further reduced fluorescein 

uptake (Figure 1B, to 34.4 ± 8.3%, p<0.0001 when compared to control). 
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Figure 1. Organic anion transporter (OAT)1-mediated uptake of fluorescein (FL) in the presence 
of protein-bund uremic toxins (PBUTs). (A) Schematic representation of the experiment. To evaluate 
the potency of the transporter, fluorescein was incubated with matured ciPTECs. Fluorescein uptake 
was then quantified and assigned as 100% uptake. Secondly, fluorescein was incubated together with 
either probenecid, a known inhibitor of OAT1 activity, or individual PBUTs (IS = indoxyl sulfate, KA = 
kynurenic acid, PCS = p-cresylsulfate) and UTox (a mix of 8 PBUTs at concentrations found in uremic 
serum). (B) The intracellular accumulation of fluorescein was measured. Data are shown as mean ± 

SD of four independent experiments, performed in triplicate. P<0.005 and p<0.0001 using one-way 
ANOVA analysis followed by a Tukey’s multiple comparison test. 

 
The reduction of fluorescein uptake in the presence of probenecid (500 µM) was in 

agreement with our previous findings [36]. Additionally, the transport kinetics of OAT1-
mediated fluorescein uptake was investigated by studying the concentration-dependent 

uptake of the substrate in the presence of selected uremic toxins. The fluorescein uptake by 
ciPTEC-OAT1 followed Michaelis-Menten kinetics from which kinetic parameters (Km and 

Vmax values) were determined (Supplementary Figure S1 and Supplementary Table S2). 
 
3.2. Commonly Prescribed Drugs in CKD Management Reduce OAT1-Mediated Uptake 
To evaluate the role of OAT1 in the disposition of commonly prescribed drugs in CKD 

management, a panel of nine drugs selected based on their use within our hospital (ACEIs: 
captopril, enalaprilate and lisinopril; ARBs: losartan and valsartan; statins: pravastatin and 
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simvastatin and diuretics: furosemide, Supplementary Table S3) was selected. Cimetidine 

(a histamine H2 receptor antagonist, H2RA) and a model drug for inhibition of the organic 
cation transport (OCT2, SLC22A2) was used to reflect the non-inhibition of OAT1 [43]. 

A concentration-dependent reduction of fluorescein uptake was observed for all drugs 
(Figure 2), with the most potent interactions found for ARBs and furosemide (approx. 50% 

reduction in fluorescein uptake at the highest therapeutic concentration) and statins (approx. 
20% reduction in fluorescein uptake at the highest therapeutic concentration), while for ACEIs 

and cimetidine either no effect was measured or a decrease was observed only at the highest 
concentrations tested beyond the therapeutic range (Table 1). Notably, at the highest 

concentrations of the ARBs and furosemide, the reduction in fluorescein uptake reached 
values similar to those obtained for probenecid, suggesting a (nearly) complete inhibition of 

the transporter. In the case of statins, at the highest concentration, the reduction in fluorescein 

was modest, an indication of partial inhibition of the transporter’s activity. Thus, our data 
suggest that the selected ARBs, statins and furosemide act as transport inhibitors of OAT1-

mediated uptake. 
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Figure 2. Inhibition of OAT1-mediated fluorescein uptake by a panel of drugs commonly used in 
CKD management. (A) Schematic representation of the co-incubation of fluorescein with variable 
concentration of drugs. (B) Fluorescein uptake (1µM) by ciPTEC-OAT1 in the presence of drugs 
(ACEIs: captopril, enalaprilate and lisinopril; ARBs: losartan and valsartan; statins: pravastatin and 
simvastatin; diuretics: furosemide). relative to the uptake of fluorescein without drugs (=100%). The 
histamine H2 receptor antagonist (H2RA): cimetidine) was used as a reference of no inhibitory effect 
on OAT1-mediated fluorescein. All data are expressed as mean ± SD of four independent experiments. 
Grey regions indicate the therapeutic window of the respective drug 
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Table 1. Inhibitory potencies of selected drugs on fluorescein uptake in ciPTEC-OAT1.  

Drug IC50 (µM)a R squareb Therapeutic concentrations (µM) [44] 

ACEIs 

Captopril 2022 ± 465 0.5557 0.2-5 

Enalaprilate 1853 ± 370 0.6753 0.04-0.4 

Lisinopril - 0.1671 0.01-0.16 

ARBs 

Losartan 3.1 ± 0.7 0.8713 0.5-1.5 

Valsartan 11.5 ± 3.5 0.9374 2-14 

DIURETICS 

Furosemide 28.1 ± 9.1 0.9301 6-30 

STATINS 

Pravastatin 13.8 ± 8.5 0.8757 0.08-0.3 [45] 
0.43 [46, 47] 

0.006-0.014[44] 
0.55 [46, 47] 

Simvastatin 21.3 ± 3.8 0.8613 

H2RA 

Cimetidine 887.6 ± 198.4 0.7441 1-16 

aData are expressed as mean ± SD. bCurves were obtained after non-linear regression analysis. Abbreviations: 
ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; H2RA, histamine H2 
receptor antagonists. 

 
3.3. Commonly Prescribed Drugs in CKD in Combination with PBUTs Further Reduce 

OAT1-Mediated Uptake 

Next, a dual competitive inhibition experiment with drugs and PBUTs on OAT1-mediated 
fluorescein uptake was performed, leaving out the ACEIs and cimetidine because of their 

supra pharmacological, clinically irrelevant interactions. To this end, mature monolayers of 
ciPTEC-OAT1 were co-incubated with the selected drugs at variable concentrations (as 

inhibitor 1) and PBUTs (IS, KA, PCS, UTox as inhibitor 2) at uremic concentrations, together 
with fluorescein.  

In the presence of PBUTs the inhibitory effect of the drugs on fluorescein uptake was 
maintained with a clear dose-response relationship. The IC50 values were affected by the 

presence of PBUTs as shown in Table 2. In the case of drug-IS co-incubation, fluorescein 
uptake was considerably reduced in the presence of IS at low drug concentrations as 

compared to incubation of the drug alone, suggesting a strong inhibition of the transporter 
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primarily determined by IS. For the ARBs, fluorescein uptake showed an immediate 

progressive decrease with increasing drug concentrations already at low, therapeutic 
concentrations, while for furosemide and statins this decrease appeared only when co-

incubation was performed at higher drug concentrations (Figure 3). In all cases, the maximum 
percentage reduction was in the same range as that of probenecid, suggesting a complete 

inhibition of the transporter. 
 

 
Figure 3. Combined interaction of drugs and indoxyl sulfate (IS) on OAT1-mediated fluorescein 

uptake. (A) Schematic representation of the co-incubation of fluorescein with variable concentrations 
of drugs and fixed concentration of IS (blue line). (B) The drug alone (grey line) shows a concentration-
dependent inhibitory effect. Co-incubation with IS (110 µM, blue line) results in a further decrease of 
fluorescein uptake. All data are expressed as mean ± SD of four independent experiments. Curves 
were obtained after non-linear regression analysis. The reference value for the drug alone is fluorescein 
without the drug (100%), while for the co-incubation with IS the reference value is fluorescein in the 
presence of IS without the drug (44.0 ± 5.4%). Grey regions indicate the therapeutic window of the 
respective drug.   
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Table 2. OAT1 mediated fluorescein uptake: IC50 (µM) in the absence (-) and presence (+) of 
individual uremic toxins (IS, KA and PCS).  

a significant increase when compared with IC50 values of corresponding drug alone, b no significant change when 
compared with IC50 values of corresponding drug alone. Abbreviations: IS, indoxyl sulfate; KA, kynurenic acid; 
PCS, p-cresylsulfate; ARBs, angiotensin receptor blockers.  

 

With KA alone, only a slight reduction in fluorescein uptake was noticed. In co-incubation 

with drugs, the inhibitory potencies of the drugs were not aggravated (Figure 4; Table 2). In 
the case of ARBs, the co-incubation with KA resulted in an increase in fluorescein uptake 

when compared to drug alone. 
 

 
 

 
 

 
 

 

 

Drug / Toxin - + IS 110µM + KA 1µM + PCS 125µM 

ARBs 

Losartan 8.6 ± 2.5 13.9 ± 5.9 b 28.2 ± 2.7 a 15.97 ± 3.9 a 

Valsartan 11.5 ± 3.5 16.1 ± 3.6 b 46.9 ± 4.6 a 17.9 ± 3.8 b 

STATINS 

Pravastatin 13.8 ± 8.35 40.9 ± 9.2 a 243.0 ± 45.8 a 19.1± 3.2 a 

Simvastatin 21.3 ± 3.8 71.8 ± 27.3 a 28.4 ± 10.1 b 32.8 ± 7.6 a 

DIURETICS 

Furosemide 28.1 ± 9.1 44.7 ± 12.4 a 24.8 ± 6.2 b 60.2 ± 1.0 a 

3 



CHAPTER 3: CKD Drugs May Compromise Renal Tubular Uremic Toxins Excretion 

76 

 
Figure 4. Combined interaction of drugs and kynurenic acid (KA) on OAT1-mediated fluorescein 
uptake. (A) Schematic representation of the co-incubation of fluorescein with variable concentrations 
of drugs and fixed concentration of KA. (B) The drug alone (grey line) shows a concentration-dependent 
inhibitory effect, that is not affected by the presence of KA (1 µM, green line) in the case of furosemide 
and statins. For ARBs, the inhibitory effect of the drugs is diminished in the presence of KA. All data 
are expressed as mean ± SD of four independent experiments. Curves were obtained after non-linear 
regression analysis. The reference value for the drug alone is fluorescein without the drug (100%), while 
for the co-incubation with KA the reference value is fluorescein in the presence of KA without the drug 
(88.2 ± 8.5). Grey regions indicate the therapeutic window of the respective drug. 

 

With PCS, fluorescein uptake was strongly inhibited in the absence of drugs confirming 
the role of OAT1 in handling PCS [48]. During co-incubations with variable drug 

concentrations, a further reduction was noticed (Figure 5; Table 2), similar to IS. Again, in the 
case of furosemide and ARBs, the additional reduction in fluorescein uptake was observed at 

concentrations within the therapeutic range of the drugs.  
The exposure to the mixture of PBUTs (UTox) resulted in a strong reduction of fluorescein 

uptake (34.4 ± 8.3%). With the addition of drugs, a further decrease was observed at the 
lowest concentration of each drug (with values comparable to probenecid), with a more 

pronounced effect for losartan and valsartan. This drop remained stable with the increase of 

the drug concentration (Supplementary Figure S2, Supplementary Table S4). 



 

77 

 
Figure 5. Combined interaction between drugs and p-cresylsulfate (PCS) on OAT1-mediated 
fluorescein uptake. (A) Schematic representation of the co-incubation of fluorescein with variable 
concentrations of drugs and fixed concentration of PCS. (B) The drug alone (grey line) shows a 
concentration-dependent inhibition effect. During the co-incubation of cells with variable drug 
concentrations and a fixed concentration of PCS (125 µM, purple line), the concentration-dependent 
inhibition trend is maintained. All data are expressed as mean ± SD of four independent experiment. 
Curves were obtained after non-linear regression analysis. The reference value for the drug alone (grey 

line) is fluorescein without the drug (100%), while for the co-incubation with PCS (purple line) the 
reference value is fluorescein in the presence of PCS without the drug (46.7 ± 4.5%). Grey regions 
indicate the therapeutic window of the respective drug. 
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4. DISCUSSION 

Our major findings are that PBUTs may directly interact with drugs commonly prescribed in 
CKD management for OAT1-mediated renal transport, at concentrations found in uremic 

serum. These interactions could exert widespread and unpredictable effects in CKD patients 
that already have a high burden of co-existing diseases, poor health-related quality of life and 

are prescribed many medications [16, 17]. CKD patients use multiple drugs, in particular for 
CKD related complications such as hypertension, CVD and lipid disorders. There is a high 

variability in pharmacokinetics in CKD patients, which can be partly explained by drug-drug 
interactions (DDIs) resulting from this polypharmacy [49-51]. In addition, as CKD progresses 

and uremic toxins accumulate, drug-metabolite interactions involving transporters can 
become more prevalent and more deleterious, potentially contributing to new and/or increased 

drug toxicities [7]. Although not all drugs tested show a high renal clearance profile 

(Supplementary Table S6), we consider the findings still clinically relevant. In CKD, 
pharmacokinetics can be severely altered not only due to renal dysfunction but also affecting 

drug absorption and metabolism [52]. In addition, DDIs can take place on protein binding.  
The potential interaction of drugs and metabolites with the renal organic ion secretion 

system (OAT1 and OAT3, organic cation transporter 2 (OCT2), and multidrug and toxin 
extrusion (MATE)) has been acknowledged by the US Food and Drug Administration (FDA). 

They released regulatory guidelines to study the contribution of (renal) transporters in 
disposition of new pharmaceutical entities to identify and understand potential DDIs and (drug-

induced) nephrotoxicity including evaluation of interaction with the transporters in vitro [53]. 
Noteworthy, drugs for which the kidney is not the main route of excretion (losartan, valsartan, 

simvastatin), but have an inhibitory effect towards OATs, could contribute to the reduction of 

PBUTs clearance, and thus, to the progression of the disease. For this purpose, human 
models with a high predictive capacity for renal drug handling are being used [54-56]. The 

human-derived proximal tubule epithelial cell model, ciPTEC-OAT1, developed by us [34-37], 
was shown to be a robust in vitro model to study drug interactions. We here demonstrate the 

potency of commonly prescribed drugs in the management of CKD comorbidities (ACEIs, 
ARBs, statins and diuretics) [24, 27, 57, 58] to inhibit basolateral OAT1-mediated uptake of 

fluorescein at clinically relevant concentrations.  
 The potential involvement of OAT1 in the handling of the drugs tested had been 

previously reported [56], but not in the context of uremia. Sato et al. [58] reported comparable 

IC50 values for losartan and valsartan (12 µM and 16 µM, respectively; compared with 8.6 ± 
2.5 µM and 11.5 ± 3.5 µM reported here), based on uptake of uric acid by OAT1-expressing 

Flp-HEK293 cells. For statins, exposure to our in vitro cell model revealed higher affinities 
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towards OAT1 than those reported in literature (pravastatin: 23.2 ± 8.3 µM vs. 408 ± 55 µM 

reported by Taketa et al. [47] and simvastatin: 21.3 ± 3.8 µM vs. 73.7 ± 6.6 µM reported in the 
same study). However, these experiments were performed in OAT1-expressing muscle cells 

and not in renal proximal tubule cells. With regard to ACEIs, we show that human OAT1 is 
inhibited by captopril and enalaprilate (albeit at high concentrations with no therapeutic 

relevance), but not by lisinopril, similar as reported for mouse Oat1 [59, 60]. Therefore, we did 
not continue with further evaluation of these drugs in combination with uremic toxins. Further, 

previous studies performed by our group showed a strong inhibitory potential of furosemide, 
in contrast with the slight effect of cimetidine, but in line with the data here presented [36]. 

Noteworthy, some of the tested drugs were reported to interact with OAT3 as well [56, 58]. 
The accumulation of PBUTs due to decreased renal excretion and gut dysbiosis is 

associated with several comorbidities and altered drug metabolism [61-63], thus further 

contributing to the progression of renal disease. Here, three PBUTs (IS, KA and PCS) were 
selected for drug-interaction studies using the ciPTEC-OAT1 model, as it was previously 

reported that these toxins interact with OAT1 and have been associated with CKD progression 
and its related complications [37, 48, 64, 65]. Competitive inhibition of drug transporters and 

the concomitant alteration in pharmacokinetics, may result from elevated levels of multiple 
retention solutes within the serum [29, 63]. To reflect this complexity, we also prepared a 

mixture of the most relevant PBUTs (UTox), at uremic concentrations taken from the EUTox 
Uremic Solutes Database [http://www.uremic-toxins.org/DataBase.html]. Of note, the 

variability of PBUTs levels among individuals is large [66], thus the PBUTs concentrations of 
the UTox were chosen within the average levels. While confirming the inhibitory potential of 

the individual toxins (IS, KA, PCS), we showed a significantly stronger inhibition when cells 

were exposed to the UTox, but not enough to reach the inhibitory potential of probenecid, 
which we consider as reference inhibitor of OAT1. When co-incubating with selected drugs, a 

further decrease in fluorescein uptake was observed, reaching similar levels as those obtained 
with probenecid, suggesting a complete saturation of the transporter via competitive inhibition.  

The simultaneous incubation of individual toxins at uremic concentrations (IS-110 µM, 
KA-1 µM and PCS-125 µM) with the selected drugs resulted in a significant alteration of the 

inhibition potential of drugs on OAT1-mediated fluorescein uptake, when compared to the 
toxins alone. This indicates that the transporter is susceptible to modifications of the 

microenvironmental composition. In the case of IS- and PCS-drug co-incubation, at the lowest 

concentration of the drugs tested, the inhibitory potential was similar to that of toxin alone, 
suggesting that the competitive inhibition was mainly toxin-dominated. With increasing drug 

concentrations, which in case of furosemide, losartan and valsartan was still within their 
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therapeutic window, a significant inhibition occurred, which is further evidence of OAT1-

mediated handling of the drugs, concomitant with the PBUTs (Supplementary Table S5). Of 
note, the concentrations of IS and PCS were higher than their IC50 values (IS IC50 = 25 ± 4 µM 

and PCS IC50 = 79± 14 µM) reported for the ciPTEC-OAT1 system [37]. KA on the other hand 
was studied here at a concentration lower than its reported IC50 (IC50 = 6 ± 1 µM) [37], which 

explains the slight reduction in fluorescein uptake.  
For KA-ARBs co-incubation, the inhibitory potential was lower than when the cells were 

exposed to the drug alone, despite the increase in drug concentration, an indication that KA 
compromises the uptake of ARBs in favor of fluorescein, suggesting that the toxin acts as a 

negative allosteric modulator, an effect previously documented for α7 nicotinic receptors [67]. 
Such effect was not observed for furosemide and statins, for which the drug-KA curves 

overlapped with those of the drugs alone.  

This study has some limitations that should be addressed in future research. First, PBUTs 
in plasma are highly bound to plasma proteins (90-95% for IS [68] and PCS and 70% for KA 

[69]) and their renal excretion depends largely on active tubular secretion, which shifts the 
binding and powers the active secretion of the free fraction. The same holds true for the drugs 

tested in our study (Supplementary Table S6). Thus, future research will be needed to 
elucidate the contribution of protein binding in drug-toxins interactions with the transporters. 

Recently, we have demonstrated that protein binding positively affects the renal tubular 
clearance of uremic toxins (IS and KA) using the ciPTEC-OAT1 model [37, 70]. As 

demonstrated by others, the binding capacity of albumin is diminished in CKD patients, most 
likely due to posttranslational modifications of albumin sites which could contribute to less 

efficient transport of uremic toxins by the renal tubular excretory machinery [70-72], thus 

resulting in further elevated plasma levels and their well-known consequences. Moreover, 
studies have revealed that interactions between drugs and uremic toxins could result in altered 

protein binding affinities [73-76]. 
Second, our study design relied on the use of flat monolayers of ciPTEC-OAT1. Herein, 

the intracellular accumulation of fluorescein was used as a measure of OAT1 activity. With the 
uptake transporters at the basolateral site, the proximal tubule cells possess a series of renal 

efflux transporters in the apical membrane responsible for the excretion of endo- and 
xenobiotics into the pro-urine. Although this 2D configuration cannot replicate the basolateral 

and apical compartments and does not sustain the monolayer polarization, it allows for high 

throughput screening of multiple drugs, toxins and their combination. A 3D configuration would 
permit the exposure of drugs and toxins at the basolateral side, with excretion at the apical 

side, as previously shown by us [37]. However, such systems are labor and time consuming 
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and difficult to standardize [55]. 

Kidney failure not only alters the renal excretion processes, but also the non-renal 
disposition of drugs that are extensively metabolized by the liver. Their pharmacokinetics is 

often unpredictable, possibly due to alterations in the expression and activity of extra-renal 
DMEs and transporters. Uremic toxins interfere with transcriptional activation and directly 

inhibit the activity of many members of the cytochrome P450 enzyme (CYP) family and SLC 
and ABC drug transporters. Recent evidence suggests that PBUTs can alter the hepatocyte 

mitochondrial function and the bile acid transport and synthesis [77]. Therefore, drug-PBUTs 
interactions in relation to drug handling by hepatocytes is primordial.  

To summarize, the results of this study indicate a potential interaction of commonly 
prescribed drugs in CKD and PBUTs secretion, thus bringing another layer of complexity in 

the management of CKD. Our results show that the drug-toxins interactions with transporters 

lead to altered and heterogeneous uptake patterns, based on their affinity for the transporters 
within a uremic microenvironment. The immediate effect of these interactions could result in 

potential inhibition of uremic toxins or drug excretion, thus leading to their accumulation within 
the blood and systemic toxicity. Finally, this study contributes to the further advancement in 

understanding drug-toxins interaction and alterations in drug pharmacokinetics that aid in 
appropriate dose adjustment in CKD patients.  
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SUPPLEMENTARY MATERIALS 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S1. Concentration-dependent OAT1-mediated uptake of fluorescein (0-
3µM) after 10 min incubation in ciPTEC-OAT1 in the presence of selected uremic toxins. The 
curves (n=3) were fitted according to a Michaelis-Menten model.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Supplementary Figure S2. Interaction between drugs and uremic toxins mix (UTox) to inhibit 
OAT1-mediated fluorescein uptake. (A) Schematic representation of the co-incubation of fluorescein 
with variable concentrations of drugs and UTox. (B) The drug alone (grey line) shows a concentration-
dependent inhibition effect. The incubation with UTox alone results in a strong inhibitory effect, which 
is maintained during co-incubation with selected drugs (orange line). Grey regions indicate the 
therapeutic window of the respective drug. 
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Supplementary Table S1. Concentrations of PBUTs used in the present study 

(individual and in UTox). Concentrations are adapted from EUToX Uremic Solutes Database 
(http://www.uremic-toxins.org/DataBase.html) and Jansen et al. [37]  

 
Supplementary Table S2. Michaelis-Menten parameters for concentration-dependent 

OAT1-mediated fluorescein (FL) uptake in ciPTEC-OAT1 in the presence of selected 
uremic toxins. 

 
 

 

 
 

 

Compound Concentration (µM) 

  Individual  

Indoxyl sulfate  110  

Kynurenic acid  1  

p-Cresylsulfate  125  

Uremic toxin mix (UTox) Uremic concentration 
(µM)  IC50 (µM) [37] 

Indoxyl sulfate 173.5 ± 121.9 100 25 ± 4 

Indoxyl-β-D-glucoronide 9.4 ± 9.4 10 492 ± 68 

Indole-3-acetic acid 11.4 ± 2.3 10 19 ± 2 

Kynurenic acid 0.8 ± 0.4 1 6 ± 1 

L-Kynurenine 3.3 ± 0.9 5 65 ± 8 

Hippuric acid 608.4 ± 362.8 300 5 ± 1 

p-Cresylglucuronide 30.1 ± 6.7 40 2650 ± 922 

p-Cresylsulfate 122.2 ± 90.3 125 79 ± 14 

Compound 
Compound 

concentration (µM) 
Km (µM) Vmax (au) R square 

FL alone 0-3 0.93 ± 0.09 1.87 ± 0.07 0.971 

FL + IS 110 0.66 ± 0.10 1.03 ± 0.06 0.907 

FL + KA 1 0.75 ± 0.08 1.55 ± 0.67 0.954 

FL + pCS 125 0.57 ± 0.07 1.09 ± 0.49 0.938 

FL + UTox mix 0.29 ± 0.03 0.52 ± 0.03 0.852 

http://www.uremic-toxins.org/DataBase.html
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Supplementary Table S3. Panel of selected drugs tested for their inhibitory effect over 

the fluorescein OAT1-mediated uptake in ciPTEC-OAT1: characteristics and range of 
concentrations used within the study.  

Abbreviations: ACEIs, angiotensin-converting enzyme inhibitors; ARBs, angiotensin receptor blockers; H2RA, 
histamine H2 receptor antagonists. 
 
 

Supplementary Table S4. Overview of the percentage (%) reduction of fluorescein 

uptake in the presence of UTox and drugs (at the lowest concentration). 

Abbreviations: UTox, uremic toxin mix; ARBs, angiotensin receptor blockers. 
 
 
 
 
 
 

Drug Molecular weight 
(g/mol) 

Catalog 
number 
(Sigma) 

Stock 
concentration Solvent Range of 

concentrations 

ACEIs 

Captopril 217 C4042 100mM MilliQ 500nM-mM 

Enalaprilate 384 E9658 10mM MilliQ 500nM-1mM 

Lisinopril 441 L0702000 50mM MilliQ 100nM-500µM 

ARBs 

Valsartan 435 SML0142 10mM DMSO 50 nM-1mM 

Losartan 422 Y0001062 50mM DMSO 100nM-500µM 

STATINS 

Simvastatin 418 S6196 5mM DMSO 10nM-50µM 

Pravastatin 446 P4498 50mM MilliQ 100nM-500µM 

DIURETICS 

Furosemide 330 F4381 100mM DMSO 500nM-1mM 

H2RA 

Cimetidine 252 C4522 150mM MilliQ 500nM-1mM 

Toxin 

Percentage (%) fluorescein uptake at the lowest drug concentration 

No Drug ARBs STATINS DIURETICS 
Reference Losartan Valsartan Pravastatin Simvastatin Furosemide 

UTox 34.4 ± 8.3 23.5 ± 3.5 24.7 ± 4.5 27.8 ± 2.6 25.7 ± 2.9 28.7 ± 3.2 
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Supplementary Table S5. Physicochemical determinants of human renal clearance of 

tested drugs.  

Abbreviations: CL, clearance; ARBs, angiotensin receptor blockers; H2RA, histamine H2 receptor antagonists. 

 
 

Supplementary Table S6. Overview of the lowest drug concentrations at which a 
statistically significant decrease (p<0.05) of the percentage (%) of fluorescein uptake 

was observed. 

*Indicates concentrations that fall in the therapeutic concentration range. Abbreviations: FL, fluorescein; PBUTs, 
protein-bound uremic toxins; IS, indoxyl sulfate; KA, kynurenic acid; PCS, p-cresylsulfate; ARBs, angiotensin 
receptor blockers. 

  

Drug Total CL 
(mL/min/kg) [78] 

Renal CL 
(mL/min/kg) [78] 

Renal 
clearance 

(% of total CL) 

Protein binding (%) 
(www.drugbank.ca) 

T1/2 (h) 
[44] 

ACEIs 

Captopril 12 12 100 25-30 1-2 

Enalaprilate 1.6 1.6 100 50 8-11 

Lisinopril 1.2 1.2 100 negligible 12 

ARBs 

Losartan 8.2 0.9 11 99 1.5-2 

Valsartan 0.49 0.14 29 94-97 6-9 

DIURETICS 

Furosemide 2.4 1.7 71 95-99 1-3 

STATINS 

Pravastatin 14 6.3 45 60 1-2.5 [45] 

Simvastatin - - 13 95 2 

H2RA 

Cimetidine 8.1 7.9 97 20 1.5-4 

Drug concentration (µM) 

 No Drug ARBs STATINS DIURETICS 

PBUTs % FL uptake 
reference values Losartan Valsartan Pravastatin Simvastatin Furosemide 

IS 44.0 ± 5.4 1* 5* 5 5 50 

KA 88.2 ± 8.5 5 10* 5 10 5* 

PCS 46.7 ± 4.5 1* 1* 1* 1* 5* 

http://www.drugbank.ca/
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ABSTRACT 

Patients with end-stage kidney disease (ESKD) suffer from high levels of protein-bound 
uremic toxins (PBUTs) that contribute to various comorbidities. Conventional dialysis methods 

are ineffective in removing these PBUTs. A potential solution could be offered by a bioartificial 
kidney (BAK) composed of porous membranes covered by proximal tubule epithelial cells 

(PTEC) that actively secrete PBUTs. However, BAK development is currently being hampered 
by a lack of knowledge regarding the cytocompatibility of dialysis fluid (DF) that comes in 

contact with the PTECs. Here, we conducted a comprehensive functional assessment of DF 
on human conditionally immortalized PTEC (ciPTECs) cultured as monolayers in well plates, 

on Transwell® inserts, or on hollow fiber membranes (HFM) that form functional units of a BAK. 
We evaluated cell viability markers, monolayer integrity and PBUT clearance. Our results 

show that exposure to DF did not affect ciPTECs viability, membrane integrity, or function. 

Seven anionic PBUTs were efficiently cleared from the perfusion fluid containing a PBUTs 
cocktail or uremic plasma, which were enhanced in the presence of albumin. Overall, our 

findings support that DF is cytocompatible and does not compromise PTEC function, paving 
the way for further advancements in BAK development and its potential clinical application. 

 
KEYWORDS: bioartificial kidney, dialysis fluid, uremic plasma, uremic toxins, proximal tubule 

epithelial cells. 
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1. INTRODUCTION 

Chronic kidney disease (CKD) is a progressive condition characterized by the deterioration of 
kidney function, ultimately leading to end-stage kidney disease (ESKD). As kidney function 

declines, endogenous metabolites that are normally cleared by the kidney accumulate in the 
plasma of CKD patients. These metabolites are referred to as uremic retention solutes, and 

their accumulation can lead to cellular dysfunction, inflammation, and oxidative stress [1], all 
of which are associated with CKD-related comorbidities such as cardiovascular disease, 

secondary immunodeficiency and neurologic manifestations, and to progression of CKD itself 
[2]. Uremic retention solutes are classified based on their physicochemical properties and 

dialytic removal patterns [2]. Among these uremic retention solutes, protein-bound uremic 
toxins (PBUTs) are of particular concern, as they have a strong binding affinity towards plasma 

proteins, in particular albumin, and are not effectively removed by conventional dialysis 

methods [3]. 
To address the challenge of enhancing PBUTs clearance, we drew inspiration from the 

natural process of PBUTs elimination within the kidneys. Proximal tubule epithelial cells 
(PTECs) in the kidney express key membrane transporters, the organic anion transporters 

(OATs), which are responsible for the secretion of anionic PBUTs from the blood into urine 
[4]. OAT1 (SLC22A6) and its homolog OAT3 (SLC22A8) are the most important transporters 

involved in the uptake and excretion of a variety of endogenous metabolites, including PBUTs, 
but also drugs administered to patients, with OAT1 having a higher capacity in handling the 

smaller compounds [4-6]. Incorporating an active secretory compartment composed of PTECs 
into the development of a bioartificial kidney (BAK) device would facilitate the efficient removal 

of PBUTs. Previously, we designed a BAK using porous hollow fiber membranes (HFMs) 

covered with a monolayer of conditionally immortalized proximal tubule cells (ciPTECs) on the 
outer surface [7]. In this configuration, the cells demonstrated the expression and function of 

the basolateral OAT1 and an effective removal of the PBUTs kynurenic acid (KA) and indoxyl 
sulfate (IS) [7]. 

To ensure the clinical suitability of the BAK, it is of paramount importance to determine 
whether these bioengineered tubules can effectively secrete PBUTs under conditions 

mimicking their intended use, viz. as an extracorporeal device connected in series with a 
conventional hemodialysis filter. In this setup, blood is pumped through the dialyzer (hemofilter 

or BAK), while dialysis fluid (DF) is perfused on the other side of the membranes, as described 

by Ramada et. al [8]. DF is an essential component in standard dialysis, as it facilitates the 
purification process and enables the removal of harmful substances from the body [9]. Given 

the direct exposure of cells to DF, it is essential to assess its effects on cellular homeostasis.  
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Therefore, the aim of this study was to evaluate the function of bioengineered kidney 

tubules under experimental dialysis conditions resembling those encountered in the intended 
application of BAK. Specifically, we examined cell viability markers following DF exposure, 

assessed the effects of DF in combination with healthy and uremic plasma (HP and UP, 
respectively) at the ‘blood side’ on monolayer integrity using a Transwell® system, and 

investigated the potential of bioengineered kidney tubules for PBUTs clearance during 
exposure to DF. We perfused these tubules with UP at the basal side and DF at apical side to 

simulate experimental dialysis conditions in patients with ESKD.  
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2. MATERIALS AND METHODS 

2.1. Reagents 
DF was freshly prepared by adding sodium hydrogen carbonate (Fresenius, Zeist, The 

Netherlands) to acid concentrate for bicarbonate dialysis (MTN, Neubrandenburg, Germany) 
followed by a dilution in demi water. The final composition of DF is provided in Supplementary 

Table S1. The DF was used within 24 h of preparation. The concentration of a panel of 7 
PBUTs (indoxyl sulfate, indoxyl-β-D-glucuronide, indole-3-acetic acid, kynurenic acid, L-

kynurenine, hippuric acid, p-cresylsulfate, p-cresylglucuronide), healthy and uremic plasma, 
HP and UP, used within this study is available in Supplementary Table S2. Chemicals were 

purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands) unless stated otherwise. Of 
note, human serum albumin (A9511, Sigma Aldrich; HSA) used in this study was not further 

purified, hence minor impurities (e.g, fatty acids) could still be in its composition. Additionally, 

we confirmed that 1mM HSA/ Krebs-Henseleit Buffer supplemented with 10 mM HEPES (KHH 
buffer, pH 7.4) and used in Section 4.5.’s tubules did not contain considerable amounts of the 

PBUTs tested.  
Flat type 2 F iv hydrophilic polyethersulfone micro membranes (microPES, thickness 

100 μm, max pore size 0.5 μm) and 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). HP and UP were obtained from the donor mini-bank of Utrecht 
University Medical Center (The Netherlands), with informed consent and donor anonymity 

ensured by internal protocols. 
 
2.2. CiPTECs-OAT1 
Conditionally immortalized proximal tubule epithelial cells overexpressing the organic anion 

transporter 1 (ciPTECs-OAT1) were cultured as reported previously [7]. Briefly, cells were 
cultured up to 60 passages in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (1:1 

DMEM/F-12) (Gibco, Life Technologies, Paisley, UK) supplemented with 10% fetal calf serum 

(FCS) (Greiner Bio-One, Alphen aan den Rijn, The Netherlands), 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, or complete culture medium. Cells were cultured at 33°C and 
5% (v/v) CO2 to allow expansion.  
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2.3. Evaluation of the Effects of DF on Flat Cultures of CiPTECs-OAT1 

2.3.1. 2D Exposure of Cells to DF  

CiPTEC-OAT1 cells were seeded at a density of 63,000 cells/cm2 in 96-well plates. 

Subsequently, cells were grown 24h at 33 °C, 5% (v/v) CO2 to allow adhesion and proliferation, 
then transferred to 37 °C, 5% (v/v) CO2 where they were cultured for 7 days to allow for 

differentiation and maturation, refreshing the medium every other day. The temperature shift 
ensured the maturation of cells into fully differentiated epithelial cells able to form confluent 

monolayers. After this period, the cells were carefully washed with Hank’s balanced salt 
solution (HBSS, Life Technologies Europe BV, Roskilde, Denmark) and subsequently 

incubated to 100 μL of DF/ well for up to 240 min (the standard dialysis time). At selected time 
points, several assays that reflect the viability and functional performance of the cells were 

performed, as described below. 

 

2.3.2. Cell Viability Assay 

Cell viability was measured using PrestoBlue® cell viability reagent (Life Technologies). After 
exposure to DF, the cells were rinsed once with HBSS and incubated with 100 μL/ well 

PrestoBlue® cell viability reagent (diluted 1:10 in complete culture medium), in the dark. After 
1 h incubation at 37 °C, 5% (v/v) CO2, 80 μL were transferred from each well into a separate 

96-well plate. The fluorescence was measured using a GloMax® Discover microplate reader 
(Promega, Wisconsin, United States), at an excitation wavelength of 530 nm and emission 

wavelength of 590 nm. Data were corrected for the background, normalized to untreated cells, 
and presented as relative percentage (%) of viability of untreated cells. 

 

2.3.3. Intracellular Reactive Oxygen Species (ROS) Detection 

Intracellular ROS generation was measured by means of cell permeant fluorogenic substrate 

2′,7′-dichlorofluorescein diacetate (H2DCFDA). Briefly, cells were washed once with HBSS, 
immediately loaded with H2DCFDA (50 μM in serum-free medium) and incubated at 37 °C, 

5% (v/v) CO2, in the dark for 45 min. Afterwards, cells were washed with complete culture 
medium and exposed to DF for several periods of time, up to 240 min at 37 °C, 5% (v/v) CO2, 

in the dark. H2O2 (500 µM) was used as a positive control. Following the incubation, cells were 
washed twice with HBSS and lysed using 0.1 M NaOH for 10 min. Finally, fluorescence was 

measured at an excitation wavelength of 490 nm and emission wavelength of 520 nm, in a 

GloMax® Navigator microplate reader (Promega, Wisconsin, United States). Measured 
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fluorescence values were corrected for the fluorescence of the blank sample (untreated lysed 

cells) and used to calculate relative ROS production, using untreated cells as control. 
 

2.3.4. Lactate Dehydrogenase (LDH) Activity 

The evaluation of cell membrane integrity upon exposure to DF was evaluated by measuring 

the extracellular LDH activity. LDH is an intracellular enzyme which catalysis NADH lactate to 
pyruvate. LDH is released into the supernatant from the cytosol upon cell damage. Briefly, 

upon exposure to DF, samples were collected on ice. LDH activity was measured using the 
Cytotoxicity Detection KitPLUS (Roche, Germany), following the manufacturer's protocol. 

Briefly, 50 μL of cell supernantant was added to a 96-well plate. In addition, a calibration curve 
using a NADH (1.25 mM) standard was prepared. Assay buffer was added to a final volume 

of 50 μL per well and then a master reaction mix was added per well (1:1, v/v). After 10 min, 

absorbance was measured at 450 nm in a GloMax® Navigator microplate reader (Promega, 
Wisconsin, United States), and every 10 min until absorbance measured in a sample was 

higher than the highest level of NADH in the calibration curve (12.5 nmol/well). Extracellular 
LDH activity was expressed as percentage (%) of the positive control at the corresponding 

time point. Triton X-100 (Merck, Darmstadt, Germany) at 0.5% (v/v) was used as positive 
control and untreated cells as negative control. 

 

2.3.5. IL-6 and IL-8 Release  

The release of IL-6 and IL-8 upon exposure to DF was measured using the Enzyme-Linked 
Immunosorbent Assay (ELISA). Cell culture supernatants were collected after 240 min of 

exposure. Afterwards, cell culture supernatants were centrifuged for 10 min, 240× g, 4 °C, and 

stored at −20 °C until analysis. DuoSet® ELISA Development Systems kits (IL-6 and IL-8, 
R&D Systems, Abingdon, UK) were used to quantify the cytokines levels in supernatants 

following manufacturer’s instructions. The optical density was determined using a GloMax® 
Navigator microplate reader (Promega, Wisconsin, United States) set to 450 nm. Untreated 

cells, cultured in serum-free medium, were used as negative controls, while exposure to 
lipopolysaccharide (LPS, Escherichia coli 0127: B8, 10 μg/mL) was used as positive control 

for the release of IL-6 and IL-8 [10]. 
 

2.3.6. OAT1-Mediated Fluorescein Uptake 

To evaluate the effect of the DF on OAT1 activity, we performed an OAT1-mediated 
fluorescein uptake assay. Upon exposure to DF, ciPTECs-OAT1 were carefully washed with 
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HBSS and then incubated with fluorescein (1 μM) prepared in KHH buffer for 10 min at 37 °C. 

To confirm the activity of OAT1, probenecid (500 μM in KHH) was simultaneously incubated 
with fluorescein. Uptake arrest was performed by washing the monolayers with ice-cold HBSS, 

and then the cells were lysed by 100 μL 0.1 M NaOH for 10 min, at room temperature (RT) 
and under mild shaking. Intracellular fluorescence was detected using a GloMax® Navigator 

microplate reader (Promega, Wisconsin, United States), at excitation wavelength of 490 nm 
and emission wavelength of 520 nm. Untreated cells were used as positive control. Data is 

represented as percentage (%) of positive control.  
 

2.4. Combinatorial Effect of DF and Plasma on CiPTECs-OAT1 Seeded onto Transwell® 

Inserts  

2.4.1. CiPTECs-OAT1 Culture on Adapted Transwell® Inserts 

To address the basal exposure to plasma and the apical exposure to DF, we have cultured 
ciPTECs-OAT1 cells on an adapted Transwell® (Corning Costar, NY, USA) system in which 

the membranes have been replaced with a flat microPES membrane with the same 
characteristics (porosity, pore size and thickness) as those of the HFM used for dialysis. For 

this purpose, round-shaped pieces of the microPES membranes (diameter 12 mm, surface 
growth area 1.12 cm2) were cut from the flat sheets, mounted on empty Transwell® membrane 

support systems using custom-made sealing rings [11], sterilized with 0.2 % (v/v) solution of 
peracetic acid (Sigma Aldrich, Zwijndrecht, the Netherlands) in 4 % (v/v) ethanol for 1 h, and 

then extensively rinsed with HBSS. Afterwards, to ensure cell attachment and growth, a 
double coating was applied on the membranes based on previously reported protocol [11]. 

First, the membranes were incubated with sterile 2 mg/mL L-DOPA (L-3,4-

dihydroxyphenylalanine, Sigma Aldrich, Zwijndrecht, the Netherlands) prepared in 10 mM Tris 
buffer (pH 8.5) at 37 °C for 4 h. The second coating consisted of 25 μg/mL solution of collagen 

IV (Sigma Aldrich, Zwijndrecht, the Netherlands), for 1 h at 37 °C. Following the coating 
procedure, microPES membranes were washed in HBSS and used further for cell seeding. 

ciPTECs-OAT1 were seeded on double-coated membranes, in the apical compartment of the 
Transwell® system, at 90,000 cells/cm2. 

 

2.4.2. Exposure to Plasma and Assessment of Monolayer Permeability 

After initial proliferation at 33 °C for 3 days, and 7 days maturation at 37 °C, the apical 

compartment was loaded with 500 μL DF, while the basal compartment was loaded with 1 mL 
HP or UP and incubated for 240 min. Cultures with complete culture medium on both apical 
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and basal sides were used as controls. Following the incubation period, the monolayer 

permeability was assessed by quantifying diffusion of fluorescein isothiocyanate-inulin (FITC-
inulin, Sigma Aldrich, Zwijndrecht, the Netherlands) (0.1 mg/mL in Krebs-Henseleit (KH) buffer 

(Sigma Aldrich, Zwijndrecht, the Netherlands) supplemented with 10 mM HEPES (Acros 
Organics, New Jersey, USA) from basolateral to apical compartment for 30 min at 37 °C, 

under gentile shaking. Coated and non-coated membranes without cells were used as 
controls. Fluorescence was measured at excitation wavelength of 490 nm and emission 

wavelength of 520 nm, by means of fluorescent plate microplate reader (Promega, Wisconsin, 
United States). Measured fluorescence values were used to calculate inulin-FITC 

concentration in apical compartment of all samples.  
 

2.4.3. Immunocytochemistry 

After the evaluation of the membrane permeability, the cells were washed with HBSS twice, 
fixed with 4% (w/v) paraformaldehyde in PBS for 20 min, then washed three times with 0.1% 

(v/v) Tween (Sigma Aldrich, Zwijndrecht, the Netherlands) solution in PBS and permeabilized 
with 0.3% (v/v) Triton x100 (Merck, Darmstadt, Germany) solution for 10 min. After another 

three washing steps with 0.1% (v/v) Tween-PBS, cells were exposed to a blocking solution 
((2% (v/v) FCS, 2% (w/v) bovine serum albumin (BSA), 0.1% (v/v) Tween-20 in HBSS) for 30 

min, followed by the incubation with Phalloidin-iFluor 594 (1:1000 in blocking solution) 
(Abcam, Netherlands) for 1 h at RT to stain for actin filaments. Finally, membranes were 

mounted on glass slides using ProLong Gold antifade reagent containing DAPI (Life 
Technologies, Eugene, OR, USA) and cells were imaged using confocal microscope (Leica 

TCS SP8 X, Leica Microsystems CMS GmbH, Wetzlar, Germany) and analyzed using Leica 

Application Suite X software 1.4.4 (Leica Microsystems CMS GmbH). The cell coverage was 
assessed using ImageJ analysis and reported as percentage (%) of coverage of phalloidin 

staining from the total imaged area.  
 

2.5. Assessment of Transepithelial Transport of PBUTs on Bioengineered Kidney 
Tubules  

2.5.1. Culture of CiPTECs-OAT1-Seeded HFM, Perfusion with Plasma and PBUTs 
Quantification  

To assess the transepithelial transport of PBUTs from the basal compartment into the apical 

side, containing DF, we employed a perfusion setup consisting of HFM coated, seeded and 
cultured with ciPTEC-OAT1, previously described by Jansen et al. [7]. In this system, HFMs 
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measuring 1.5 cm in length, seeded with mature ciPTEC-OAT1, were loaded into a custom-

made perfusion system. The apical compartment was filled with 300 μL DF. Using a perfusion 
pump, the HFMs were continuously perfused (6mL/ h) at the basolateral side with KHH (with 

and without supplementation with 1mM HSA) spiked with seven representative PBUTs at 
concentrations found in CKD patients (Supplementary Table 2) for 30 min, at RT, after which 

the total volume of the apical compartment was collected. In a similar fashion, the fibers were 
perfused with either HP or UP, respectively. Before perfusion, both HP and UP were passed 

through a 40 μm strainer to remove protein clumps that could obstruct the fibers. The albumin 
concentration in UP was found to be 0.70mM. 

Total PBUTs concentrations (free + protein-bound) in the DF compartment were analyzed 
using a LC-MS/MS method [10, 12]. Their transepithelial clearance was calculated according 

to equation 1: 

 
Transepithelial clearance = (U × V) / (P × T × A)                           (1) 

 
where U=apical concentration (μmol/L); V= volume in the apical compartment (ml); P= 

basolateral concentration (μmol/L); T = time (min); A = outer surface area (cm2). 
Using the same LC-MS/MS, we have also confirmed that the 1mM HSA/KHH did not 

contain considerable amounts of the PBUTs studied. 
 

2.5.2. Assessment of Monolayer Integrity Following Perfusion with Plasma  

To assess the (maintenance of) monolayer integrity after the perfusion with plasma, we 

conducted an evaluation of FITC-inulin leakage in the apical compartment. The exposed fibers 

were perfused once again, this time with FITC-inulin (0.1mg/mL) in KHH for 10min. 
Subsequently, we measured FITC-inulin leakage in the apical compartment, as described 

above. The data were reported as percentage of leakage compared with the positive control. 
Fibers without cells were used as positive control for leakage and represented as 100% 

leakage.  
 

2.5.3. Evaluation of Albumin Leakage 

To investigate potential protein leakage during perfusion with plasma while exposed with DF 
at the apical side, a similar setup was prepared to evaluate the leakage of HSA from the basal 

side into the apical side. We collected the entire apical volume at specific time points and 

replenished it with fresh DF. Protein content was determined using the Bradford assay (BCA 
Protein Assay Kit, ThermoFischer) following the manufacturer’s instructions. Based on the 
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perfusion rate, we calculated the total amount (mg) of HSA perfused through the fibers for the 

experimental period. 
 

2.6. Statistical Analysis 
The data and graphs were analyzed and plotted using the GraphPad Prism version 9.5.2 

(GraphPad Software, Inc., San Diego, CA, USA). Quantitative data are reported as mean ± 
standard deviation (SD). The statistical test and replicates are indicated in the figure legends. 

A p-value < 0.05 was considered statistically significant. 
 

  

4 



CHAPTER 4: Bioengineered Kidney Tubules Efficiently Clear Uremic Toxins in Dialysis Conditions 

104 

3. RESULTS 

3.1. Exposure of CiPTECs to DF in 2D Leads to Minor Alteration in Cell Viability Markers 
To investigate whether DF affects cell homeostasis, ciPTECs overexpressing OAT1 

(ciPTECs-OAT1) were exposed to DF (see Supplementary Table S1 for composition) or 
medium (control) for up to 240 min, the standard time of a dialysis session (Figure 1A). After 

30 min of exposure to DF, the cell viability decreased slightly. This descending pattern was 
maintained over time reaching 80 ± 4% of control (Figure 1B), which is the threshold of any 

intervention to be considered as non-cytotoxic [13]. Furthermore, the release of LDH, a marker 
of plasma membrane damage, increased during the first 60 min, but remained stable for the 

remainder of the exposure time (Figure 1C). This was accompanied by an increase of 
intracellular ROS production, an indicator of oxidative stress (Figure 1D). The release of IL-6 

and IL-8 was not affected (Figure 1E-F), suggesting that exposure to DF does not elicit an 

inflammatory response. We next investigated the activity of OAT1, the key transporter involved 
in the secretion of PBUTs, through the uptake of fluorescein as substrate [14]. We found that 

the OAT1-mediated uptake capacity slightly decreased over time, in line with the decrease in 
cell viability. Overall, these findings suggest that exposure of ciPTECs-OAT1 to DF for 4 h 

does not warrant concerns in terms of viability and functionality. 
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Figure 1. Characterization of ciPTECs upon exposure to DF. To assess the effect of DF on cell 
behavior, measurements of cell viability (A), cytotoxicity (B), oxidative stress (C), cytokine release 
(D,E), and OAT1 activity (F) were performed on ciPTECs-OAT1. H2O2 (500 µM) and LPS (1 μg/mL) 
were used as positive controls to oxidative stress and cytokine release, respectively. Data are shown 
as mean ± SD of four replicates from four independent experiments. * p< 0.01, ** p< 0.01, *** p< 0.005 
and ****p< 0.0001 using one-way ANOVA analysis followed by Tukey’s multiple comparisons test. 
 

3.2. CiPTECs-OAT1 Cultured on Flat Membranes Show Minor Changes in Barrier 

Integrity upon Exposure to DF (Apically) and Plasma (Basolaterally) 
Next, we investigated the effect on monolayer integrity of simultaneous exposure for 4 hours 

to plasma at the basal side and DF at the apical side of the cell-covered membranes. Staining 
for the cytoskeleton (phalloidin) allowed to visualize the coverage of the cell monolayer on the 

porous surface (Figure 2A). Cells cultured with medium in both apical and basal 

compartments displayed a full coverage of the membrane (Figure 2A-B). With the addition of 
DF to the apical side, the coverage percentage slightly decreased (Figure 2B). This trend 
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became more evident when HP or UP, respectively, were added to the basal side, with small 

cell-free areas emerging in the monolayer (Figure 2A-B). Furthermore, the observed gaps in 
the monolayer did not result in fluid flow through the gaps. We then analyzed the barrier 

properties of cell-seeded membranes under the same conditions, by applying FITC-inulin, a 
commonly used tracer to assess monolayer integrity, at the basal side (Figure 2C). Despite 

the loss in cell coverage under apical exposure to DF (Figure 2B), the barrier properties were 
not affected, as the leakage of FITC-inulin at the apical side was not enhanced in the 

aforementioned conditions (Figure 2C).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Evaluation of the monolayer integrity in flat membranes exposed to DF and plasma. 
(A) F-actin filaments (in red) and nuclei (in blue) were stained with phalloidin and DAPI, respectively, to 
assess damage in the cell monolayer for different experimental settings, as depicted by the schematics. 
White arrows indicate monolayer derangements. (B) Measurement of cell surface coverage in the 
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different experimental settings. (C) Monolayer permeability was evaluated by the leakage of FITC-inulin 
from basal to apical compartment. Data are shown as mean ± SD of four replicates from three 
independent experiments. * p< 0.01, *** p< 0.005 and ****p< 0.0001 using one-way ANOVA analysis 
followed by Tukey’s multiple comparisons test. Abbreviations: M, medium; DF, dialysis fluid; HP, 
healthy plasma; UP, uremic plasma.  

3.3. CiPTECs-Seeded HFMs Effectively Secreted PBUTs when Exposed to Plasma  
We previously developed bioengineered kidney tubules using an HFM system as functional 

units for a BAK in which the cells are seeded on the outer surface of a double-coated fiber 
[15]. To replicate the intended use, we perfused the lumen of the ciPTECs-seeded HFMs with 

perfusates containing PBUTs for 30 min by using a custom-made flow system (Figure 3A). 
The addition of DF at the apical compartment did not affect the barrier performance of the cell 

monolayers, as determined by FITC-inulin leakage, regardless of the perfusates composition 
(Figure 3B). To confirm the barrier function towards albumin, we collected samples from the 

apical compartment after basolateral perfusion with a buffer-containing human serum albumin 
(HSA; 1 mM) at specific time points. During the first 10 min of perfusion, only 1% albumin was 

lost, which was maintained during the rest of the experiment (Figure 3C). These findings not 

only support active albumin reabsorption, but also show that our monolayer prevents 
substantial protein loss under physiological conditions. 

We next evaluated the efficacy of the bioengineered kidney tubules to actively remove 
PBUTs (Figure 3D). Transepithelial transport, from basal to apical side, was determined for 

seven PBUTs and quantified using LC-MS/MS to calculate their clearance rates. Notably, we 
built upon our previous knowledge on PBUT clearance, in a probenecid-sensitive manner [15-

17]. However, in the current study, we do not include this control to emphasize the pivotal role 
of our bioengineered kidney tubules in effectively removing PBUTs. All PBUTs tested were 

detected at the apical side in either PBUT or PBUT+HSA basolateral perfusions. While the 
first perfusate displayed comparable clearance rates for all UTs, the presence of HSA led to 

a significant increase in clearance rates, especially for kynurenic acid (KA), kynurenine (Kyn), 

and indoxyl sulfate (IS) (Figure 3D). In addition, as a proof-of concept, we investigated the 
transepithelial clearance of the same PBUTs in an experimental model that best reflects the 

use of the BAK system by perfusing with patient derived-UP with known PBUTs 
concentrations (Supplementary Table S2) and apical exposure to DF (Figure 3D). Except 

for indole-3 acetic acid (IAA), perfusing kidney tubules with UP resulted in lower transepithelial 
clearance rates than perfusing with PBUTs, despite the presence of HSA (Figure 3E). Table 

1 summarizes the comparisons of the different perfusion settings and their respective 
clearance rates. 
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Figure 3. Evaluation of the monolayer integrity in HFM upon exposure to DF and UP. (A) 
Schematic representation of the BAK prototype. (B) Upon cell maturation, cells were perfused with 
either medium, PBUTs, PBUTs with HSA (PBUTs + HSA), HP, or UP for 30 min, followed by a 10 min 
perfusion with FITC-Inulin to evaluate monolayer integrity. (C) Quantification of total HSA leakage at 
the apical side. In brown blocks is the total amount of HSA (mg) perfused (6mL/h) through the fibers at 
the corresponding time points. (D) Transepithelial clearance of PBUTs during the perfusion of the fibers 
with either PBUTs alone, with HSA 1 mM, or (E) UP. Data are shown as mean ± SD of four replicates 
from three independent experiments. * p< 0.01, ** p< 0.01, and ****p< 0.0001 using (A) one-way 
ANOVA analysis followed by Tukey’s multiple comparison tests or (D) multiple Mann-Whitney tests. 
Abbreviations: M, medium; DF, dialysis fluid; HP, healthy plasma; UP, uremic plasma; KA, kynurenic 
acid; Kyn, kynurenine; HA, hippuric acid; IS, indoxyl sulfate; IAA, indole-3 acetic acid; PCS, p-cresyl 
sulfate; PCG, p-cresyl glucuronide. 
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Table 1. Clearance rate of the individual PBUTs obtained after perfusion with either PBUTs, 
PBUTs containing 1mM HSA, or UP.1 

PBUTs 
Clearance rate (μl/min/cm2) 

Mean ± SD 

PBUT PBUT+HSA UP 

Kynurenic acid 29 ± 11 64 ± 11 (****) 27 ± 11 

Kynurenine 38 ± 8 73 ± 11 (****) 12 ± 5 

Hippuric acid 27 ± 6 37 ± 6 (**) 10 ± 2 

Indoxyl sulfate 35 ± 8 79 ± 11 (****) 12 ± 3 

Indole-3 acetic acid 27 ± 7 49 ± 7 (****) 47 ± 6 

p-cresyl sulfate 27 ± 7 51 ± 7 (****) 11 ± 3 

p-cresyl glucuronide 46 ± 20 64 ± 20 30 ± 4 
 

1Clearance values are presented as mean ± SD. ** p< 0.01, and ****p< 0.0001 (Multiple Mann-Whitney tests, using 
PBUTs values as controls). 
 

 
4. DISCUSSION 

The development of a BAK as a viable addition to traditional dialysis therapies for ESKD 
patients is an ongoing research endeavor. A key component of such device is a "living 

membrane" that consists of a PTEC monolayer on a porous membrane that allows transport 
of molecules from one side to the other. Previous BAK research has focused on determining 

its feasibility, safety, effectiveness, and design optimization [18-20]. While these 

characteristics are important for clinical translation, there is still a lack of information regarding 
the cytocompatibility of DF, a solution that will be in direct contact with the BAK-containing 

cells. To address this, we conducted a study in which PTECs, highly appealing for BAK-like 
applications, were cultured on porous membranes and exposed to DF at the apical side and 

plasma at the basal side, a representation of the setup envisioned for BAK. Our findings 
demonstrate acceptable viability and active transepithelial PBUT clearance when PTEC 

monolayers were exposed to DF.  
In our study, we initially assessed a panel of cell viability parameters by exposing ciPTECs 

to DF for a period of up to 4 hours, the standard duration of a dialysis session. We observed 
that exposure to DF did not induce cytotoxicity or inflammation in flat cultures. However, we 

noted a minor decrease in cell viability and OAT1 activity, suggesting minimal damage or 

environmental changes that could compromise its function. We did observe an initial increase 
in ROS production likely due to an acute response to DF, which subsided over time. This could 

be caused by a lack of nutrients or adverse effects to DF components, such as acetate whose 
concentration in DF is higher than what cells would encounter in cell culture medium [21-23]. 
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Instead of DF, the use of culture medium during HD could be considered to provide a more 

stable environment for the cells, thus supporting its viability and function [24]. However, this 
coincides with increased treatment costs and is more challenging to control for batch-to-batch 

variation in some of the components of culture medium. Addition of specific components to 
DF, such as amino acids and growth factors, could prove to be more beneficial for BAK 

applications. Still, considering the limited magnitude of the adverse effects within the allowable 
range, we conclude that DF can be used in close contact with cells for the duration of a dialysis 

session without causing significant problems.  
Another key parameter investigated in our study was the combined effect of DF and 

plasma on the integrity of the PTEC monolayer, thereby mimicking the BAK application setting. 
Exposure to both DF and UP resulted in minor disruption of the monolayer, most likely due to 

a modulation of the tight junctions [25]. This may be due to both the nutrient-deprived nature 

of DF and the complex composition of UP, which contains many other toxins and drugs 
prescribed to ESKD patients. The combination of these factors creates a more toxic 

environment for the cells, resulting in the observed changes in monolayer integrity. 
Additionally, the possible presence of shed cells due to exposure to DF could have also played 

a role in the observed changes. Furthermore, PBUTs found in UP have been shown to 
negatively impact cell function and phenotype [26], stimulate inflammatory pathways [10], and 

affect tight junctions [25], thus potentially compromising the barrier function and BAK efficacy.  
To create a model relevant to BAK setup, we employed the HFMs-based system. As 

already reported for the 2D model, the barrier function was maintained when the 
bioengineered tubules were concomitantly exposed to PBUTs (alone or with HSA) and DF. 

Additionally, we evaluated the efficacy of the HFM-based BAK model in removing PBUTs. Our 

data revealed that all tested PBUTs demonstrated a higher transepithelial clearance in the 
presence of HSA, pointing towards the potential role of albumin as a facilitator of transporter 

activity, an observation noted earlier for transport in kidney [7, 27], but also liver [28, 29]. When 
exposed to UP, with a more complex composition in terms of uremic compounds load, 

including PBUTs repertoire, ciPTECs were still able to remove PBUTs, however the clearance 
rate was lower compared to experimentally controlled uremic conditions. This discrepancy is 

in line with the complex composition of UP which can interfere with the overall cell capacity to 
clear these PBUTs. Additionally, the initial PBUTs concentrations in the experimental uremic 

conditions, chosen to reflect the average PBUTs concentrations reported in ESKD 

(https://database.uremic-toxins.org, accessed on 28 March 2023 and [10]), are different that 
those we identified in the UP that we have used in this study. Furthermore, since we measured 

the total concentration of PBUTs (both free and protein-bound), we cannot attribute the 

https://database.uremic-toxins.org/
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differences in clearance rates to partitioning between water and albumin. Instead, the 

variations in clearance rates are likely influenced by the individual characteristics of the 
PBUTs, such as initial concentration, protein binding properties [30], and OAT1 affinity [4].  In 

future studies, the partitioning between water and albumin should be addressed in order to 
provide more accurate interpretation of the results. Nonetheless, while our model 

demonstrates the ability to remove PBUTs, the actual clearance capacity and effectiveness 
might vary per patient. Moreover, in future studies, several uremic plasma batches, with a 

known profile of PBUTs and medication load should be tested.  
Dialysis patients are often prescribed drugs that have been shown to compete with 

transporter function for PBUTs [16]. These patients do not share the same medical history 
and their residual kidney function, a determinant in toxin clearance, differs among them [31]. 

Furthermore, the PBUTs studied here are all OAT1 substrates while UP may also contain 

additional UTs [32, 33] and other molecules that may impact transporter activity and contribute 
to the patients’ clinical deterioration. Of note, Jansen et al. demonstrated that, in short 

exposure, IS can specifically enhance the expression and function of OAT1 in ciPTECs 
through a complex, receptor-mediated process [34]. This was explained as a coordinated 

function through sensing increased levels and stimulating this PBUT’s clearance, adhering to 
the remote sensing and signaling theory [35]. Subsequently, enhancing PBUTs clearance 

through a preconditioning approach, thereby activating signaling pathways such as the 
remote-sensing one, could allow for a reduction of the BAK size. Of note, complete removal 

of PBUTs can also lead to adverse effects as these are also involved in metabolic processes 
[36]. 

Another important factor to consider is protein leakage which compromises patients’ 

prognosis. During dialysis, albumin loss is influenced by the type of dialysis membrane and 
different HD modalities. Notably, high-cut off HD membranes, which are known for their high 

efficiency in solute removal in dialysis and similar to those used in this study, have been 
reported to result in albumin loss that ranges from 6-9g/4-5 treatment [37]. Despite this, the 

acceptable limit of albumin loss for a potential BAK device has yet to be determined as this 
will differ among BAK’s design and patients with different medical records. In the present 

study, only 1% of albumin was lost during the 30 min of perfusion. This loss in protein may be 
due to active reabsorption by the cells, as previously reported [7], or albumin adsorption to the 

system [38, 39]. Nevertheless, our results support that the cell monolayer in BAK prevents 

substantial protein loss under physiological conditions.  
While this study has several notable strengths, it also has some limitations. First, the lack 

of an apical, unidirectional flow during cell culture and dialysis may have influenced proximal 
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tubule performance. Nonetheless, our current perfusion setup offers a simpler approach to 

culture cells on fibers and load them into the perfusion chambers. Compared to more complex 
microfluidic devices, our setup allows us to generate more robust, reliable and reproducible 

data. The addition of fluid shear stress has been reported to support the proximal tubule’s 
phenotype by improving cell maturation, polarization, and transport functions [40, 41]. This 

improvement could potentially lead to better removal of uremic retention solutes and shorter 
dialysis time. Future studies will be directed towards studying bi-directional flow, which 

requires a novel microfluidic design and its optimization. Second, only one flow rate was 
applied in the functional studies, which was carefully selected based on our previous study 

[42], building upon prior work [43]. However, it is important to acknowledge that different flow 
rates should be explored in future studies, as they could potentially impact the clearance 

capacity [44, 45]. To achieve a more accurate representation of physiological conditions, both 

basal (inner) and apical (outer) flow rates should be fine-tuned and coordinated effectively. By 
ensuring optimal flow conditions, we can better mimic physiological conditions, and ensure an 

optimal cell behavior and respective transport function. This is of particular importance since 
toxin clearance can be affected by the flow rate of the blood/plasma and DF near the 

membrane surface, which will require further optimization to avoid toxin accumulation, thus 
reducing its clearance [46]. Subsequently, enhancing PBUT clearance could lead to a 

reduction of the BAK size, enabling the development of portable or even wearable versions of 
the device. Third, perfusion times of only 30 min were evaluated and experiments with longer 

durations should be tested to have a thorough understanding of the tubule’s capability. 
Furthermore, extending perfusion time will also require an optimization of the device itself, as 

continuous perfusions are prone to air bubble entrapment, leakage and potential cell 

detachment [47, 48]. Nonetheless, prolonged exposure to DF might compromise cell 
homeostasis although we found 4h exposure to be within the accepted limits.  

In conclusion, the findings from this study demonstrate that the use of DF does not have 
a detrimental impact on PTECs’ viability or their ability to secrete PBUTs. Furthermore, the 

maintained barrier function and clearance capacity of the bioengineered kidney tubules as 
functional unit of BAK provides a solid base and paves the way to its further development. 

This includes upscaling of the current model by including multiple fibers and other features 
above mentioned, and its preclinical validation. Altogether, our model serves as a valuable 

tool for investigating novel dialysis strategies. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Table S1. Dialysis fluid and culture medium solute concentrations. 

Solute DF 
concentration (mmol/L) 

Culture medium 
Concentration (mmol/L) 

Na+ 130 121.6 

K+ 3.00 4.16 

Mg2+ 0.50 0.71 

Ca2+ 1.50 1.05 

Cl- 110 126.1 

CH3COO- 3.00 0 

HCO3- 32.0 29.0 

Glucose 5.55 17.5 

 

 
Supplementary Table S2. PBUTs concentrations in healthy individuals, kidney disease 
patients and as applied within the PBUTs cocktail1 and in uremic plasma (UP) in this study, 
with their individual protein binding2. 

PBUTs 
Healthy 

conc. (μM) 
(Mean ± SD) 

Uremic conc. 
(μM) 

(Mean ± SD) 

PBUTs 
(μM)1 

UP (μM)2 
Protein 
binding 

(%)3 

OAT1 
affinity 
(uM)4 

Indoxyl sulfate 2.3 ± 18.8 173.5 ± 121.9 100 68.0 ± 5.8 87-98 20.5 
p-cresyl sulfate 10.1 ± 12.2 122.2 ± 90.3 500 42.2 ± 2.5 95 232 

p-cresyl 
glucuronide 

0.3 ± 0.2 30.1 ± 6.7 40 1.35 ± 0.10 12-13 - 

Indol-3-acetic 
acid 

2.9 ± 1.7 11.4 ± 2.3 3 5.28 ± 0.56 53-69 14.0 

Hippuric acid 16.7 ± 11.2 608.4 ± 362.8 300 177.2 ± 11.4 39-41 23.5 
Kynurenic acid 0.03 ± 0.01 0.8 ± 0.4 3 2.55 ± 0.20 95 5.1 
L-kynurenine 1.9 3.3 ± 0.9 5 4.00 ± 0.42 67 - 

1Concentrations reported on EUTox Uremic Solutes Database (https://database.uremic-toxins.org accessed on 28 
March 2023) and Mihajlovic et al. [10]. 2Albumin concentration in UP (HSA, 0.70 mM). 3Protein binding values were 
reported in [30]. 4OAT1 affinity constants were reported in [4]. 
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ABSTRACT 

Ischemia/reperfusion injury is the leading cause of acute kidney injury (AKI). The current 

standard of care focuses on supporting kidney function, stating the need for more efficient and 
targeted therapies to enhance repair. Mesenchymal stromal cells (MSCs) and their secretome, 

either as conditioned medium (CM) or extracellular vesicles (EVs), have emerged as 
promising options for regenerative therapy, however, their full potential in treating AKI remains 

unknown.  
In this study, we employed an in vitro model of chemically-induced ischemia using 

antimycin A combined with 2-deoxy-D-glucose to induce ischemic injury in proximal tubule 
epithelial cells. Afterwards, we evaluated the effects of MSC secretome, CM or EVs obtained 

from adipose tissue, bone marrow, and umbilical cord, on ameliorating the detrimental effects 

of ischemia. To assess the damage and treatment outcomes, we analyzed cell morphology, 
mitochondrial health parameters (mitochondrial activity, ATP production, mass and membrane 

potential), and overall cell metabolism by metabolomics.  
Our findings show that ischemic injury caused cytoskeletal changes confirmed by 

disruption of the F-actin network, energetic imbalance as revealed by a 50% decrease in the 
oxygen consumption rate, increased oxidative stress, mitochondrial dysfunction, and reduced 

cell metabolism. Upon treatment with MSC secretome, the morphological derangements were 
partly restored and ATP production increased by 40-50%, with umbilical cord-derived EVs 

being most effective. Furthermore, MSC treatment led to phenotype restoration as indicated 
by an increase in cell bioenergetics, including increased levels of glycolysis intermediates, as 

well as an accumulation of antioxidant metabolites.  

Our in vitro model effectively replicated the in vivo-like morphological and molecular 
changes observed during ischemic injury. Additionally, treatment with MSC secretome 

ameliorated proximal tubule damage, highlighting its potential as a viable therapeutic option 
for targeting AKI.  

 
KEYWORDS: Ischemia, proximal tubule, mesenchymal stromal cell, extracellular vesicles, 

metabolism 
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1. INTRODUCTION  

Ischemia/reperfusion injury (IRI) is a leading cause of acute kidney injury (AKI) and can even 
result in kidney failure after transplantation. Current treatments mainly support or replace 

kidney function, with few effective strategies to prevent or treat ischemic AKI [1, 2]. During 
ischemia, the temporary restriction in blood flow to the kidney generates a local hypoxic 

environment, thereby decreasing ATP production and altering mitochondrial metabolism. 
When blood flow is restored, oxygen levels rapidly increase, mitochondrial oxidative 

phosphorylation and the production of reactive oxygen species (ROS) increase leading to 
oxidative stress and inflammation, which exacerbate further tissue damage [3, 4]. 

Within the kidney, proximal tubule epithelial cells (PTECs) are particularly susceptible to 
IRI given their high active metabolism, supported by abundant mitochondria present, 

dependence on aerobic oxidative phosphorylation [5] and limited ability to undergo anaerobic 

glycolysis [6]. Severe IRI can cause permanent tissue damage and functional impairment, 
therefore, it is important to understand the underlying mechanisms and develop therapeutic 

interventions. 
In recent years, cell-based regenerative therapies have been explored in a wide range of 

nephropathies to facilitate tissue repair following kidney injury. In particular mesenchymal 
stromal cells (MSCs) have shown promise by promoting angiogenesis, tubular cell turnover, 

and modulation of immune response and inflammation in preclinical [7-9] and clinical research 
[10, 11]. Lately, it has been reported that MSCs also exert antioxidant properties that may 

enhance their cytoprotective effects in IRI, such as damping mitochondrial dysfunction [12] 
and increasing cell bioenergetics [13], ultimately reducing oxidative stress [12-16]. These such 

renoprotective mechanisms are suggested to be mediated through paracrine signaling, which 

involves cytokines, growth factors, and nucleic acids, often harbored in extracellular vesicles 
(EVs) [14-18]. However, the precise mechanism is still unknown, partially due to the inherent 

heterogeneity of the MSCs related to the various sources of origin [19-22]. Importantly, a 
comparison of efficiency between various MSCs to attenuate kidney damage after IRI remains 

to be explored. 
To address this, we established an in vitro model to replicate the effects of ischemia on 

PTECs by suppressing mitochondrial respiration and glycolysis under hypoxia. We assessed 
various parameters of mitochondrial function, including metabolic activity, mitochondrial mass, 

mitochondrial membrane potential, metabolic profile, and cytoarchitecture as well as the cell 

metabolome. Afterwards, cells were treated with MSC secretome isolated from adipose tissue 
(A), bone marrow (B), and umbilical cord (U) to determine whether mitochondrial function and 

metabolic activity could be restored during the reperfusion phase.  
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2. MATERIALS AND METHODS 

2.1. Cell Culture 

2.1.1. CiPTEC-14.4 

The ciPTEC-14.4 cell line (RRID: CVCL_W184) was purchased from Cell4Pharma (Oss, the 
Netherlands), obtained at passage 38 and cultured as reported previously [23]. Mycoplasma 

contamination was checked monthly and was found to be negative in all cells used. ciPTECs 
were used for experiments from passage numbers 42 to 50, during which robust and 

reproducible results were obtained in agreement with previous findings [24-26]. 
 

2.1.2. MSCs Culture 

The MSCs, all human-derived, were obtained within the European Union’s Horizon 2020 
research and innovation collaborative network RenalToolBox (Grant Agreement 813839) and 

well-characterized [27].  A-MSCs from lipoaspirates were processed in Heidelberg (Germany) 
after obtaining informed consent (Mannheim Ethics Commission; vote number 2006-

192NMA). B-MSCs provided by Galway (Ireland) (Galway University Hospital Clinical 
Research Ethics Committee; approval number 02/08) were purchased from Lonza (Basel, 

Switzerland), and U-MSCs with informed consent obtained in accordance with the Declaration 
of Helsinki were sourced from the NHS Blood and Transplant and transferred to the University 

of Liverpool (United Kingdom) (NHS Blood and Transplant, Cellular and Molecular Therapies; 
approval number: RTB21112019). MSCs were cultured as reported previously [27]. Briefly, A-

MSCs were seeded at a density of 300 cells/cm2, and B- and U-MSCs at 3,000 cells/cm2 at 

37 °C with 5% (v/v) CO2, and cultured in basic growth medium (MEM-⍺ media, Gibco, 
ThermoFisher Scientific), supplemented with 10% of fetal bovine serum (FBS, Gibco, 

ThermoFisher Scientifics, Cat-No. 10,270–106, Lot 42Q7096K) until reaching 80% 
confluency. A thorough characterization of all three MSC sources, including morphology, 

growth kinetics, differentiation capabilities, and immunophenotypic profiles, was recently 
published [27]. In the current study, all MSCs were cultured from passage numbers 3 to 6.  

 

2.1.3. CM Collection 

Upon reaching 80% confluency, MSCs were washed once with HBSS and incubated for 24h 
in serum-free MEM-⍺ media. The supernatant was then collected and centrifuged for 5 min at 

400 g to remove cell debris before being transferred to Amicon Ultra-15 centrifugal units (3 
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kDa molecular cutoff) (Millipore, UFC900324) for concentration at 3,000 g for 90 min at 4°C. 

Concentrated CM was then stored at –80°C until further use.  

2.1.4. EV Isolation 

EVs from MSCs were collected as reported previously [28]. Briefly, the supernatant was 

collected and centrifuged for 10 min at 300 g to remove cell debris, transferred into new tubes 
and centrifuged for 20 min at 3,000 g to discard apoptotic cells. The supernatant was then 

ultracentrifuged for 1 h at 10,000 g and 4°C, using the Beckman Coulter Optima L-100K 
Ultracentrifuge with the rotor type 70 Ti. At this speed, the subpopulation of 10k EVs (large 

EVs, LEVs) was collected. The supernatant was further ultracentrifuged for 1 h at 100,000 g 
and 4°C, to obtain the 100k EV (small EVs, SEVs) subpopulation. The EV pellet was 

resuspended in PBS supplemented with 0.1% DMSO and stored at -80°C until further use. 

 

2.1.5. CiPTEC Ischemic Model 

To mimic ischemia in vitro, ciPTECs were chemically exposed to 10 nM of antimycin A (AA, 
Sigma-Aldrich, A8674) and 20 mM of 2-deoxy-D-glucose (2DG, Sigma-Aldrich D6134), as 

previously described [29-32], for 24h in serum-free medium (SFM) at 37°C under normoxia 
(21% O2). Additionally, to enhance the simulation of blood supply disruption which deprives 

cells of nutrients, we exposed these chemically-treated ciPTECs to a hypoxic environment 
(1% O2). The experimental groups were labelled as: sham, ciPTECs cultured in serum-

containing medium; vehicle, ciPTECs cultured in SFM; and ischemia, ciPTECs exposed to AA 
and 2DG in SFM and under normoxia (21% O2) or hypoxia (1% O2).  

Afterwards, ischemic cells were washed once with Hank’s balanced salt solution (HBSS; 

Gibco, Life Technologies) to remove AA and 2DG before being treated with MSC secretome, 
either as conditioned medium (CM) or EVs (small, SEV; and large, LEV) [28] from each of the 

MSCs sources for an additional 24h at 37 °C. When collecting MSC bioproducts for both the 
secretome and the EVs, the generating MSCs were harvested and counted to calculate the 

cell-equivalent concentration of the secretome and EVs. This was used to enable the 
comparison of the effects exerted by both bioproducts under cell-equivalent doses. Based on 

previous studies reported in the literature [33, 34], we administered the amount of bioproduct 
equivalent obtained from 2 MSCs per each ciPTEC in SFM (ratio 2:1). This study incorporated 

three donors for each MSC type, and the average values from these three donors were 
employed for subsequent in-depth analysis. 

To effectively assess the efficacy of MSC secretome in mitigating ischemic damage, we 

established a comparative analysis. On one hand, we exposed ischemic ciPTECs to MSC 
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secretome in SFM, to allow us the study of the specific effects of the secretome. On the other 

hand, we subjected ischemic ciPTECs to serum-containing medium, replicating the conditions 
in which blood flow is reintroduced post-ischemia (labelled as ‘reperfusion’ group). By 

comparing the effects of MSC secretome treatment under serum-free conditions with those in 
a reperfusion-like setting, we aimed to gain insights into the potential benefits of the 

secretome. 
 

2.2. Injury and Treatment Assessment  
The same readouts performed to assess the ischemic injury were repeated to determine MSC 

secretome therapeutic effect. All experiments were performed on 96-well plates (Greiner Bio-
One, Frickenhausen, Germany), unless stated otherwise.  

 

2.2.1. Cell Metabolic Activity 

Cell metabolic activity was measured using PrestoBlue® reagent (ThermoFischer Scientific, 

A13262) [35]. ciPTECs were rinsed once with HBSS and incubated with PrestoBlue® (diluted 
1:10 in SFM), in the dark. After 1 h of incubation at 37°C the fluorescence was measured using 

the GloMax® Discover microplate reader (Promega, Wisconsin, United States), at an excitation 
wavelength of 530 nm and emission wavelength of 590 nm.  

 

2.2.2. ATP Production  

ATP production was quantified using the CellTiter-Glo® 2.0 reagent (Promega, G9242) [36]. 
ciPTECs were incubated with 100 μl/well of reagent and the solutions were mixed on an orbital 

shaker for 2 min. The plates were incubated at room temperature for 10 min, and the 

luminescent signal was read using the GloMax® Discover microplate reader. 
 

2.2.3. Intracellular ROS Production 

The generation of intracellular ROS was measured using a cell permeant fluorogenic 

substrate, CM-H2DCFDA (Invitrogen, C6827) [37]. ciPTECs were rinsed once with HBSS 
before being loaded with CM-H2DCFDA (50 μM in SFM medium) and incubated at 37°C in the 

dark for 20 min. H2O2 (500 μM) was used as a positive control. Following the incubation period, 
cells were washed twice with HBSS and lysed for 10 min in 0.1 M NaOH. Lastly, fluorescence 

was measured at excitation/emission wavelengths of 492/518 nm, using the GloMax® 

Discover microplate reader. 
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2.2.4. Mitochondrial Mass  

The mitochondrial mass was quantified using MitoTracker™ Orange CMTMRos (Invitrogen, 

M7510) [38]. ciPTECs were rinsed once with HBSS, loaded with MitoTracker Orange 
CMTMRos (200 nM in SFM), and incubated at 37°C in the dark for 30 min. Additionally, 

ciPTECs were counterstained with 1 μM Hoechst 33342 for nuclei detection. Afterwards, 
ciPTECs were washed with HBSS and fluorescence was measured using the GloMax® 

Discover microplate reader at excitation/emission wavelengths of 554/576 for MitoTracker™ 
Orange CMTMRos and 361/497 for Hoechst. Fluorescent values were corrected to account 

for background signals. Subsequently, the quantification of mitochondrial mass was executed 
by calculating the ratio of fluorescent values derived from MitoTracker™ Orange CMTMRos 

to those originating from Hoechst. 

 

2.2.5. Mitochondrial Membrane Potential (Δψ)   

The integrity of mitochondrial membrane potential (Δψ) was measured using JC-10 (Abcam, 
ab112134) [39]. ciPTECs were rinsed once with HBSS and incubated with 50 μl of JC-10 

loading solution for 30 mins at 37 °C in the dark. Subsequently, 50 μl of assay buffer B was 
added to the plate and fluorescence was read at excitation/emission wavelengths of 490/525 

and 540/590 for ratio analysis, using the GloMax® Discover microplate reader. In the assay, 
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 10 µM), a mitochondrial 

uncoupler, was used as a positive control for loss of Δψ. 
 

2.2.6. Bioenergetic Profile 

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 
monitored in real-time using the Seahorse extracellular flux analyzer XF 96 (Agilent 

Technologies, USA). ciPTECs were seeded into a XF96 cell culture microplate (Seahorse 
Bioscience) at a density of 4,000 cells/well. Prior to starting the assay, cells were incubated in 

a non-CO2 incubator at 37°C. Bioenergetic profiles were measured by serial injections of 
olygomycin (1 µM), FCCP (2 µM) and rotenone/antimycin A (Rot/AA, 0.5 µM respectively) with 

the Seahorse XF Cell Mito Stress Test [40]. At the end of the assay, cells were lysed in RIPA 
buffer (ThermoFisher Scientific, 89900) and the protein content per well was determined using 

the PierceTM BCA Protein Assay Kit (ThermoFisher Scientific, 23227).  
The OCR and ECAR values were normalized to the protein values and subsequently 

several mitochondrial-related parameters were extracted. Following the calculations 

described by Mookerjee and colleagues [41, 42], OCR and ECAR were converted to the same 
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units (pmol ATP/min/µg protein) and used to calculate net rates of ATP that can originate from 

between glycolysis (JATPglyc) and oxidative phospholylation (JATPox). JATPox can be further 
represented as ATP production due to the tricarboxylic acid cycle (JATPox TCA) and rate coupled 

to oxidative phosphorylation (JATPox coupled). 
 

2.2.7. Immunofluorescence Analysis 

For immunofluorescence procedures, ciPTECs were cultured in a 96-well black/clear bottom 

plates (ThermoFischer, 165305) [35]. At the end of the experimental protocol, cells were 
washed with HBSS and fixed in 4% paraformaldehyde (ThermoFisher Scientific) for 10 mins 

at room temperature (RT). After fixation, ciPTECs were permeabilized with 0.3% Triton X-100 
in PBS and blocked in blocking buffer (2% FBS, 2% BSA, 0.1% Tween20 in PBS). Primary 

and secondary antibodies were incubated for 1h at RT, and samples were washed three times 

in 0.1% Tween in PBS for 5 mins. Nuclei were stained using 4',6-diamidino-2-phenylindole 
(DAPI) for 7 min, followed by three washing steps in 0.1% Tween in PBS for 5 mins. 

Immunofluorescence was conducted using confocal microscopy (Leica TCS SP8 X) and the 
software Leica Application Suite X. The antibodies are listed in Supplementary Table S1. 

 

2.2.8. Metabolomics Analysis 

LC-MS analysis was performed on a Q-Exactive HF mass spectrometer (Thermo Scientific) 
coupled to a Vanquish autosampler and pump (Thermo Scientific). 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) with acetonitrile and eluent A (20 mM (NH4)2CO3, 0.1% NH4OH in 

ULC/MS grade water (Biosolve)). The gradient ran from 20% eluent to 60% eluent in 20 

minutes, followed by a wash step at 80% and equilibration at 20%. The flow rate was set at 
100 μl/min. The MS operated in polarity-switching mode with spray voltages of 4.5 kV and -

3.5 kV. Metabolites were identified and quantified on the basis of exact mass within 5 ppm and 
further validated by concordance with retention times of standards and peak areas were 

normalized based on total signal [43]. Analysis was performed using TraceFinder software 
(Thermo Scientific), R and MetaboAnalyst software. 
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2.3. Statistical Analysis 

Quantitative data are reported as mean ± standard deviation (SD). N indicates the number of 
biological replicates, and n the number of independent experiments. In fluorescence and 

luminescence-based assays, data were corrected for background, normalized to untreated 
cells, and presented as a fold-change to the control group. Statistical analyses were performed 

using GraphPad Prism version 9.2.0 (GraphPad Software, Inc., San Diego, CA, USA). The 
statistical test and replicates are indicated in the figure legends. A p-value < 0.05 was 

considered statistically significant. 
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3. RESULTS 

3.1. Treatment with MSCs Secretome Restores Cell Morphology upon Ischemia Induced 
Damage  

To model ischemia in vitro, cells were treated with antimycin A (AA) and 2-deoxyglucose 
(2DG) to inhibit mitochondrial respiration and glycolysis, respectively, under normoxia (N-

ciPTECs) and hypoxia (H-ciPTECs) conditions (Figure 1a). N-ciPTECs were used as control 
conditions of the oxygen-deprived group. This injury treatment led to disruption of the F-actin 

network and a decrease in the number of nuclei per surface area, particularly in the hypoxic 
group (Figure 1b). H-ciPTECs increased collagen IV deposition when co-treated with TGF-β 

while this was not observed in the sham, vehicle and ischemic groups, confirming the efficacy 
of our model to mimic the progression to chronic kidney disease observed after AKI 

(Supplementary Figure S1). Treatment with MSC-secretome improved cell morphology in a 

qualitative analysis in N-ciPTECs as evidenced by cytoskeleton staining, regardless of the 
source of MSCs (Figure 1c). However, MSC therapy was less effective in H-ciPTECs, as 

observed by the presence of holes in the monolayers (Figure 1c). 
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Figure 1. Morphological rearrangements following in vitro ischemia and MSC treatment. (a) 
Schematic overview of the protocol for inducing ischemia-like effects in human ciPTEC line. Sham: 
ciPTECs cultured in serum-containing medium; Vehicle: ciPTECs cultured in serum-free medium; 
Ischemia: ciPTECs cultured in serum-free medium containing antimycin AA (AA) and 2-deoxy-D-
glucose (2DG) (b) Immunofluorescence of the cellular organization of ciPTECs cultured under normoxia 
(N) and hypoxia (H) conditions showed cytoskeleton derangements. (c) MSC-derived secretome 
partially reverted alterations in cell morphology. Representative images obtained using confocal 
microscopy showing: in blue: DAPI (nuclei staining), in red: Phalloidin (binds to F-actin filaments). Scale 
bar: 100µm. Abbreviations: REP - reperfusion; A-/B-/U-MSC – adipose-/bone marrow-/umbilical cord-
derived mesenchymal stromal cells; N: normoxia; H: hypoxia. 

 

3.2. Treatment with MSCs-Secretome Ameliorates Mitochondrial Dysfunction in 

Experimental Ischemia 
During cellular ischemia and/or hypoxia, the cells experience metabolic and mitochondrial 

dysfunctions due to lack of nutrients and oxygen supply. In serum-deprived (vehicle) ciPTECs 
there was a decrease in metabolic activity (Figure 2a) and in ATP production (Figure 2b), 

which was more pronounced in the ischemia group and under hypoxia. These changes were 
consistent with a reduction in mitochondrial mass (Figure. 2c) and a decreased mitochondrial 

membrane potential (Δψ) (Figure 3a). ROS production increased gradually over time in N-
ciPTECs (Supplementary Figure S2a), while in H-ciPTECs ROS production increased but to 

a lesser extent (Supplementary Figure S2b), suggesting that the combination of chemically-
induced ischemia and hypoxia may interfere with ROS generation. 

During experimental reperfusion, B-CM treatment slightly increased the metabolic activity in 

ischemic N-ciPTECs and U-CM was somewhat effective in H-ciPTECs (Figure 2d). The 
remaining treatments showed similar levels (Figure 2g-j), indicating that MSC therapy can 

(partially) restore cellular metabolic activity. All MSC-derived treatments (CM, LEV, SEV) 
significantly increased ATP production in N-ciPTECs (Figure 2e, h, k), with U-LEV (Figure 

2h) and B-SEV (Figure 2k) having stronger effects. Similarly, CM and LEVs treatment from 
all sources significantly increased ATP in H-ciPTECs (Figure 2e, h). Interestingly, CM and 

LEV treatment reduced mitochondrial mass (Figure 2f, i), whereas SEV treatment, regardless 
of the source, revealed similar mitochondrial mass levels in H-ciPTECs (Figure 2l). This 

suggests that the effects of different MSC-derived therapies on mitochondrial mass may vary. 
In N-ciPTECs, MSC treatment showed comparable levels of Δψ (Figure 3a). Distinctively, all 

MSC-derived treatments enhanced Δψ in H-ciPTECs compared with the no treatment control 

(Figure 3b-d). Overall, MSC-derived secretome can restore metabolic activity and increase 
ATP levels, critical for cell survival and injury resolution following reperfusion.  
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Figure 2. In vitro characterization of metabolic and mitochondrial amelioration following MSC 
therapy. To evaluate the level of metabolic dysfunction after ischemic injury we looked into metabolic 
activity (a), ATP production (b), and mitochondrial mass (c). Similarly, effects of the treatment with CM 
(d-f), LEV (g-i), and SEV (j-l). Data are shown as mean ±  SD of three replicates from three independent 
experiments. One-way ANOVA statistical analysis performed (*p-value < 0.05; **p-value < 0.01; *** p-
value <0.001; **** p-value < 0.0001). 
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Figure 3. In vitro characterization mitochondrial membrane potential following MSC therapy. To 
evaluate the level of mitochondrial dysfunction after ischemic injury we looked into mitochondrial 
membrane potential levels following (a) injury. Similarly, effects of the treatment with CM (b), SEV (c), 
and LEV (d). Data are shown as mean ±  SD of three replicates from three independent experiments. 
FCCP was used as a positive control for depolarized mitochondrion. One-way ANOVA statistical 
analysis performed (*p-value < 0.05; **p-value < 0.01; *** p-value <0.001; **** p-value < 0.0001). 
 

3.3. MSC Therapy Rescues Energetic Phenotype by Increasing Glycolytic Rates in 

Ischemic Kidney Proximal Tubule Cells 
Under ischemia, metabolic dysfunction is induced by alterations in the mitochondrial ETC 

resulting in diminished metabolic activity and ATP production. The bioenergetic status of the 

cells was affected, as evidence by reduced oxygen consumption rate (OCR) (Figure 4a-b) 
and extracellular acidification rate (ECAR) (Figure 4c-d) in both vehicle and ischemia groups. 

Upon starvation and particularly during ischemia, cells showed a decline in their energetic 
space dimensions, which restricted metabolism that hampers cell survival and function 

(Supplementary Figure S3a-b). Similarly, basal and ATP-linked respiration were reduced in 
the vehicle and ischemia groups (Figure 4e), reflecting a decline in the cellular capacity to 

produce ATP via oxidative phosphorylation (OXPHOS). Hypoxic conditioning led to a more 
severe damage to the inner mitochondrial membranes (IMM) and/or the ETC, as 
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demonstrated by a decline in coupling efficiency and an increase in proton leak (Figure 4e). 

The spare respiratory capacity (SRC) is an important measure of cellular ability to respond to 
stress by increasing energy demand. We found that SRC was significantly increased in both 

vehicle and ischemic N-ciPTECs (Figure 4f). In H-ciPTECs, this effect was less prominent 
and occurred only in the vehicle group (Figure 4f). 

Treatment with MSC-secretome rescued the bioenergetic status of N-ciPTECs (Figure 5) to 
a greater extent than in H-ciPTECs (Fig. 6). Specifically, in normoxia, A-CM and B-CM 

together with U-LEVs and A-SEVs yielded higher OCR and ECAR values than the reperfusion 
group (Figure 5a-f). Furthermore, A- and B-CM showed an increase in the energetic space 

(Figure 5g). U-LEVs generated a similar bioenergetic profile (Figure 5h), while MSC-SEVs 
generated a more restricted space (Figure 5i). The OCR-related parameters in CM-treated 

cells increased in basal and maximal respiration (Supplementary Figure S4a). Additionally, 

LEVs, and especially B-LEVs, increased the maximal respiration levels compared to the 
reperfusion treatment (Supplementary Figure S4b), while B-SEV showed no effect 

(Supplementary Figure S4c). All treatments, except for A-MSCs, showed a tendency to 
increase SRC and maintain similar levels of coupling efficiency, indicating a recovery in the 

ETC and/or IMM health status (Supplementary Figure S4d-f). In H-ciPTECs, all MSC 
treatments induced bioenergetics of oxygen consumption compared to the reperfusion group 

(Figure 6a-c), but only CM from all sources and B-SEVs increased the ECAR profile (Figure 
6d-f). The energetic space of CM-treated ciPTECs occupied a larger space when compared 

to the reperfusion group, indicating the induction of an energetic phenotype (Figure 6g-i). 
Specifically, B- and U-CM treatments showed a tendency to increase basal levels of oxygen 

consumption and increased the maximal respiration levels achieved (Supplementary Figure 

S4a), similar to what was observed for B-SEVs (Supplementary Figure S4c). All treatments 
slightly increased SRC and lowered coupling efficiency rates (Supplementary Figure S4d-f). 

The vehicle and ischemia groups showed an increase in their glycolytic profile (JATPglyc) relative 
to the sham group (Supplementary Figure S5a-b), likely due to compensation for OXPHOS 

inhibition. Both in normoxia and hypoxia, the ischemia group exhibited a decrease in JATPox 

coupled without changes in JATPox TCA (Supplementary Figure S5a-b). Similarly, glycolysis 

remained to be the primary source of ATP following MSC treatment (Supplementary Figure 
S5c-h). In N-ciPTECs, both B- and U-EVs showed similar trends (Supplementary Figure 

S5d-e), while A-EVs induced distinct responses: A-LEV exhibited a trend of increased JATPox 

coupled, whereas A-SEV increased JATPglyc compared to the reperfusion group (Supplementary 
Figure S5e). In contrast, in H-ciPTECs, CM treatment reduced JATPglyc (Supplementary 

Figure S5f) while B- and U-treatments increased JATPox coupled (Supplementary Figure S5f-h). 
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Further, LEVs showed similar percentages to the reperfusion group (Supplementary Figure 

S5g) and only B-SEVs increased JATPox coupled (Supplementary Figure S5h).  
 

 
Figure 4. Bioenergetic profiles of ciPTECs after ischemia. (a, c) OCR and (b, d) and ECAR levels 
measured before and after injections of oligomycin, FCCP, and rotenone/antimycin A. Specific 
parameters derived from OCR levels from N- and H-ciPTECs (e, f) were plotted in bar graphs. Data are 
shown as mean ±  SD of six replicates from three independent experiments. One-way ANOVA statistical 
analysis performed (*p-value < 0.05; **p-value < 0.01; *** p-value <0.001; **** p-value < 0.0001). 
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Figure 5. Bioenergetic profile of ischemic N-ciPTECs upon MSC therapy. OCR (a-c) and ECAR 
(d-e) levels were measured before and after injections of oligomycin, FCCP, and rotenone/antimycin A. 
Energetic space of MSC-treated ischemic ciPTECs (g-i). Data are shown as mean ±  SD  of 6 replicates 
of three independent experiments. 
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Figure 6. Bioenergetic profile of ischemic H-ciPTECs upon MSC therapy. OCR (a-c) and ECAR 
(d-e) levels were measured before and after injections of oligomycin, FCCP, and rotenone/antimycin A. 
Energetic space of MSC-treated ischemic ciPTECs (g-i). Data are shown as mean ± SD of 6 replicates 
of three independent experiments. 
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3.4. MSC Therapy Increases Glycolytic Activity of Ischemic CiPTECs and Reduces 

Oxidative Stress after Chemically-Induced Ischemia.  
After ischemic injury, changes in fatty acid metabolism were characterized by an increased 

accumulation of long-chain acylcarnitines (LCAC), compounds required for the transfer of fatty 
acids in and out of mitochondria, whereas for the sham group the opposite was observed 

(Figure 7a-b). These findings can point to an altered catabolic capacity since fatty acids can 
be used to fuel the TCA cycle via β-oxidation. In addition, depletion of TCA cycle intermediates 

are in line with lower OXPHOS, indicating lower mitochondrial energy production with the 
exception of succinate (Figure 7c-d), which favors the development of a microenvironment 

for oxidative stress and apoptosis [44].  
Ischemic cells had higher levels of upstream glycolytic intermediates, such as glucose 6-

phosphate (G6P) and other hexose-phosphates (HexP), and phosphoenolpyruvate (PEP), 

which can be converted into pyruvate. Reduced downstream glycolytic metabolites in ischemic 
groups indicated the successful inhibition of glucose metabolism by 2DG (Figure 7e-f). 

Together with the reduced levels of TCA cycle intermediates, this confirms a lower energy 
metabolism. A metabolite set enrichment analysis was performed to investigate the molecular 

pathways altered in ischemic ciPTECs. Results showed that in N-ciPTECs (Figure 7g), the 
enriched metabolic pathways were beta-alanine metabolism, inositol phosphate metabolism, 

glycerolipid metabolism and fatty acid degradation, suggesting a priority for energy production 
and protection against cellular damage. In H-ciPTECs (Figure 7h), the enriched metabolic 

pathways were fatty acid degradation, glycerolipid metabolism, glycine, serine and threonine 
metabolism, with a priority for energy production and essential biomolecule synthesis.  

Metabolomic analysis following experimental reperfusion indicated that A- and B-MSC 

secretome in ischemic N-ciPTECs elicited similar metabolic effects as the positive control. In 
contrast, U-MSC secretome clustered distinctly (Figure 8a). In ischemic H-ciPTECs, the 

reperfusion showed an heterogenous metabolic profile as multiple treatments were clustered 
together, while B-SEV, A-LEV and A-SEV clustered the furthest (Figure 9a). Considering the 

improvements observed in ATP content and the predominantly glycolytic phenotype of the 
cells, we investigated the metabolic changes associated with these pathways. In ischemic N-

ciPTECs, U-MSC secretome, particularly U-LEV, showed the most prominent improvements 
in cellular bioenergetics, as evidenced by increased levels of glycolysis intermediates (Figure 

8b), NADH and NADPH (Figure 8c), as well as a reduction in oxidized metabolites such as 

NAD+ and NADP+ (Figure 8c). Additionally, U-MSC secretome showed an increase in 
reduced and oxidated glutathione levels (Figure 8c), suggesting improved redox balance. In 

ischemic H-ciPTECs, U-SEV and U-LEV showed increased levels of glycolytic intermediates 
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(Figure 9b), indicating an upregulation of glycolysis, with U-SEV showing the highest increase 

in ATP (Figure 9c). On the other hand, B-CM, B-LEV, and U-CM treatments resulted in an 
increase in NADH, NADPH, GSSG, and glutathione (Figure 9c), indicating an accumulation 

of reducing equivalents, at a possible lower rate of consumption leading to a decrease in ATP 
(Figure 9c). Moreover, the metabolite set enrichment analysis demonstrated an enrichment 

of pentose phosphate pathway in either N-ciPTECs and H-ciPTECs (Supplementary Figure 
S6), which supports a potential antioxidant therapeutic effect. 
 
 
 



 

139 

Figure 7. Metabolomics profile of ischemic ciPTECs in normoxia and hypoxia. Heatmaps of the 
key metabolites involved in fatty acid oxidation (FAO) (a-b), tricarboxylic acid (TCA) cycle (c-d), and 
glycolysis (e-f). Metabolite sets enrichment overview of ischemic N- ciPTECs (g) and H-ciPTECs (h), 

compared to sham, representing their physiological relevance. Heatmap results are shown as log2(FC) 
compared to the sham group. Red colors indicate increased values, while blue colors indicate 
decreased values. N, normoxia; H, hypoxia. 
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Figure 8. Metabolomics profile of normoxia-treated ischemic ciPTECs (N-ciPTECs). (a) 
Hierarquical cluster analysis of the different conditions tested. (b) Heatmaps of the key metabolites 
involved in glycolysis (c) and redox. A, adipose tissue; B, bone marrow; U, umbilical cord; CM, 
conditioned medium; LEV, large EVs; SEV, small EVs. Data are shown as log2 fold-change of the 
reperfusion group; Red colors indicate increased values, while blue colors indicate decreased values. 
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Figure 9. Metabolomics profile of hypoxia-treated ischemic ciPTECs (H-ciPTECs). (a) Hierarquical 
cluster analysis of the different conditions tested. (b) Heatmaps of the key metabolites involved in 
glycolysis (c) and redox. A, adipose tissue; B, bone marrow; U, umbilical cord; CM, conditioned 
medium; LEV, large EVs; SEV, small EVs. Data are shown as log2 fold-change of the reperfusion 
group; Red colors indicate increased values, while blue colors indicate decreased values. 

  

5 



CHAPTER 5 MSC Secretome Restores Bioenergetics in PT Cells after Ischemic Injury 

142 

4. DISCUSSION 

Using an optimized in vitro model, we here demonstrate that the MSC secretome reduces 
oxidative stress and improves energy production following ischemic injury. We evaluated three 

different sources of MSC secretome and demonstrated that critical hallmarks of the acute 
ischemic phase, including cytoskeletal rearrangements, energetic imbalance, increased 

oxidative stress, mitochondrial dysfunction, and altered antioxidant defenses and redox 
homeostasis, were achieved at 24 hours following ischemic induction and were enhanced 

further under hypoxia. During the reperfusion phase, viz. treatment with MSC secretome, 
particularly U-MSC restored cell morphology and metabolic derangements, partially reversing 

ischemia-induced damage. The described improvements in cell morphology could be derived 
from changes in the activation of cell death programs that typically convey during severe 

ischemic damage [45], as presented by others [46-48], and should be explored further in 

follow-up studies. To our knowledge, this is the first in vitro study to compare the therapeutic 
efficacy of three sources of MSC secretome in this setting. 

Proximal tubule cells are highly susceptible to ischemic injury, and their metabolic and 
mitochondrial function are critical to maintaining renal homeostasis [49]. A decline in 

mitochondrial activity leads to a reduction in ATP production and an increase in the release of 
harmful products, such as ROS as seen in injured cells. Following ischemia, a loss of 

mitochondrial content and impaired mitochondrial activity were reflected in the bioenergetic 
profile, with decreased oxygen consumption. Morphological and functional alterations in the 

mitochondrial pool following an ischemic insult may also impact the recovery phase [50]. The 
improved bioenergetic status, despite reduced mitochondrial mass, following MSC treatment 

may reflect the clearance of damaged mitochondria and the initiation of biogenesis and 

regeneration. In agreement, U-MSC EVs were found to alleviate mitochondrial fragmentation 
[51] and B-MSCs and their SEVs promoted mitophagy through microRNA-dependent 

mechanisms [52], supporting their renoprotective potential in favor of tissue regeneration. 
The metabolomic profile of ischemic cells demonstrated imbalanced fatty acid metabolism 

and a general defect in mitochondria’s catabolic activity as seen by the accumulation of 
metabolic byproducts, such as acylcarnitines that contribute to cellular damage and apoptosis 

[53, 54]. The TCA cycle activity is dependent on the availability of oxygen and nutrients, thus 
imbalanced FAO may alter the TCA cycle activity. The accumulation of acetyl-coA, an 

intermediate in both pathways, is a hallmark of this dysfunction due to its effects on inhibiting 

enzymes involved in the TCA cycle, exacerbating energy deficit [55, 56]. The metabolic 
rewiring that takes place during acute injury aimed to sustain cell viability is characterized by 

an increase in glycolytic rates [57-60], an effect widely described in the literature that supports 
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the increase seen in key upstream glycolytic metabolites. Other downstream effects, such as 

glucose 6-phosphate or PEP, were found decreased following ischemia. PEP has been shown 
to exert cytoprotective and anti-oxidative properties that prevent a decrease in ATP content 

[61, 62], which could explain the moderate decrease in ATP under normoxic culture. While an 
increase in ATP production was observed across all treatments following ischemia, the 

metabolic profile of treated ischemic cells varied. In N-ciPTECs, larger changes in 
bioenergetics and redox homeostasis were mainly exerted by U-MSC therapy. Similar results 

were seen in H-ciPTECs, despite their metabolic profiles being more heterogeneous and 
higher oxidative imbalance. The changes found are in line with previous findings that suggest 

U-MSCs mediate the recovery process following IRI through various mechanisms that lead to 
reduced oxidative stress [8, 63] and increased energy balance [64], critical to ensure cell 

viability following ischemic insults. 

All U-MSC secretome, and in particular U-LEV, showed an enrichment in PPP and beta-
alanine, with N-ciPTECs exhibiting a greater enrichment compared to H-ciPTECs. Increased 

NAD metabolism has been identified as a protection mechanism by restoring oxidative 
metabolism [65], stimulating mitochondrial biogenesis and increasing oxygen consumption 

[66, 67]. In addition, PPP not only generates NADPH but also ribulose-5-phosphate, which is 
essential for nucleotide synthesis as well as ATP synthesis. Additionally, beta-alanine might 

indirectly support ATP production by supporting the function of enzymes involved in ATP 
synthesis [68]. This increase in bioenergetics and redox homeostasis is further supported by 

previous studies that have shown the presence of mitochondrial components and antioxidant 
miRNAs in EVs, providing metabolic support to damaged cells [69-71]. 

We found that for each MSC source, the respective LEVs and SEVs showed similar 

metabolic profiles in the treated cells. However, the mechanism behind their therapeutic 
efficacy was not clear because they had similar basal respiration, ATP production, SRC and 

nonmitochondrial respiration levels. We found that A- and B-EV treated N-ciPTECs resulted 
in a significant increase in SRC compared to the reperfusion group, which has been shown to 

be regulated by AMPK [72, 73]. This increase in SRC has been demonstrated in cases of 
metabolic stress, in which cells show increased cell survival by adapting to oxidative stress. 

The extrapolated metabolite enrichment pathway analysis of U-MSC treated N- and H-
ciPTECs showed a difference in pathways. One possible explanation for these results is that 

the metabolic response to ischemia differs depending on the severity of the injury, with H-

ciPTECs being subjected to a more energy deficient microenvironment, hence the enrichment 
in the TCA cycle and glycerolipid metabolism. We suggest that the superior therapeutic effect 

of U-MSC may be due to their embryonic origin, which is thought to confer higher survival rate, 
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and most importantly, a richer secretome [74, 75]. In addition to increasing ATP content, MSC 

therapy partially reverted the disruption of the actin cytoskeleton observed in ischemic 
ciPTECs. While this effect was attributed to an increase in ATP, a key player in the 

polymerization of actin filaments [76], heat shock proteins (HSPs) have also been shown to 
improve the repair of structural proteins after ischemia-induced cytoskeleton damage [77]. In 

an earlier study, HSPs have been identified in a proteomic analysis of MSCs, suggesting that 
they may contribute to the therapeutic effect of MSC secretome [78]. 

While our in vitro model effectively reproduces molecular and morphological changes 
seen in vivo during renal IRI and offers valuable insights into the therapeutic effect of the MSC 

secretome, it has inherent limitations. These include the use of a single cell type in a two-
dimensional monolayer, which incompletely represents the adult kidney. The incorporation of 

additional cell types will improve the physiological relevance of our model and give an in-depth 

understanding of the therapeutic effect of MSC secretome. For instance, T-cells, particularly 
CD3+ T-cells, have been shown to play a significant role in mediating post-ischemic damage 

by increasing the release of pro-inflammatory cytokines [79], whereas regulatory T-cells have 
an anti-inflammatory role in IRI [80]. Furthermore, microvascular leakage is another hallmark 

of IRI, exacerbating ischemic damage by inducing, among others, the release of inflammatory 
cytokines by leukocytes (e.g., lymphocytes) [81, 82]. To address this, integrating models like 

organ-on-chip systems would provide a more accurate representation of the complex cellular 
interplay between the various cell types. An example of such a model was developed in which 

PTECs and endothelial cells were exposed to hypoxia and normoxia to recreate the IRI 
microenvironment, and the therapeutic efficacy of vitamin therapy in ameliorating the damage 

could be demonstrated [83]. Traditionally, IRI and therapies for ischemic damage are mainly 

studied and tested in rodent models, but the variability of the injury and response to therapy 
between individual animals makes it difficult to obtain consistent results. Additionally, in vivo 

models may not fully replicate the complex cellular and molecular interactions that occur 
during IRI in humans as well, which limits their translational value. Therefore, human-based 

in vitro models, such as organ-on-chip, could potentially be valuable for studying the cellular 
and molecular mechanisms underlying biological processes in health and disease, and for 

developing and testing new therapeutic strategies.   
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5. CONCLUSIONS 

Altogether, we showcase the advantage of using a chemically-induced ischemia model in 
combination with hypoxia to more accurately mimic the physiological cellular response to 

ischemia and to evaluate the benefits of MSC-derived therapies during experimental 
reperfusion. Further research is needed to determine the exact mechanism of action of MSCs, 

in particular the effects seen by U-MSC secretome. Additionally, dose-response studies 
should be taken along to evaluate optimal therapeutic delivery. Nonetheless, our data expands 

the current understanding that the PT is highly susceptible to ischemic damage and 
showcases the therapeutic effect of MSC secretome in improving the bioenergetic profile of 

ischemic PT cells. 
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SUPPLEMENTARY MATERIALS 

Supplementary Figure S1. Immunofluorescence of the cellular organization of ciPTECs cultured 
under normoxia (N) and hypoxia (H) conditions. TGF-β (pro-fibrotic mediator) was used as positive 
control. In blue: DAPI (nuclei staining), in green: collagen IV. Scale bar: 100 µm. 

 

 

 
Supplementary Figure S2. (a-b) Intracellular reactive oxygen species (ROS). Data are shown as 
mean ±  SD of four replicates of three independent experiments. H2O2 was used as a positive control. 
Two-way ANOVA statistical analysis performed with Tukey’s multiple comparisons test (*p-value < 0.05; 
**p-value < 0.01; *** p-value <0.001; **** p-value < 0.0001). N, normoxia; H, hypoxia. 
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Supplementary Figure S3. Bioenergetic alterations following ischemic conditioning in kidney 
proximal tubule cells. (a, b) Energetic space generated by plotting OCR vs ECAR levels before and 
after injections of oligomycin, FCCP, and rotenone/antimycin A. Data are shown as mean ±  SD  of ten 
replicates of three independent experiments. One-way ANOVA statistical analysis performed (*p-value 
< 0.05; **p-value < 0.01; *** p-value <0.001; **** p-value < 0.0001). N, normoxia; H, Hypoxia. 
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Supplementary Figure S5. Net rate of ATP production (JATP) of ischemic ciPTECs (a,b), and 
ischemic ciPTECs treated with MSC secretome (c-h). The JATP divided in its three main 
components (JATPglyc, JATPox coupled, JATPox TCA). Statistical analysis performed using Two-way ANOVA 
and Dunnet’s post-hoc test (*p-value < 0.05). Data are shown as mean ± SD of 6 replicates of three 
independent experiments.  
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Supplementary Table S1. Immunofluorescence analysis antibodies. 

Antibody Species Dilution Catalog # Company 

Phalloidin  1:1000  Invitrogen 

Col IV Goat 1:50 134001 SouthernBiotech 

Alexa-488 goat anti-mouse Goat 1:500 Ab150113 Abcam 

DAPI  1:1000 D3571 ThermoFischer 
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ABSTRACT 

Diabetic kidney disease (DKD) is the foremost cause of renal failure. While the glomeruli are 
severely affected in the course of the disease, the main determinant for disease progression 

is the tubulointerstitial compartment. DKD does not develop in the absence of hyperglycemia. 
Since the proximal tubule is the major player in glucose reabsorption, it has been widely 

studied as a therapeutic target for the development of new therapies. Currently, there are 
several proximal tubule cell lines available, being the HK-2 and HKC-8 cell lines the ones 

widely used for studying mechanisms of DKD. Studies in these models have pushed forward 
the understanding on how DKD unravels, however, these cell culture models possess 

limitations that hamper research, including lack of transporters and dedifferentiation. The 
sodium-glucose cotransporters (SGLT) are identified as key players in glucose reabsorption 

and pharmacological inhibitors have shown to be beneficial for the long-term clinical outcome 

in DKD. However, their mechanism of action has, as of yet, not been fully elucidated. To 
comprehend the protective effects of SGLT inhibitors, it is essential to understand the 

complete functional, structural, and molecular features of the disease, which until now have 
been difficult to recapitulate. This review addresses the molecular events of diabetic proximal 

tubulopathy. In addition, we evaluate the protective role of SGLT inhibitors in cardiovascular 
and renal outcomes, and provide an overview of various in vitro models mimicking diabetic 

proximal tubulopathy used so far. Finally, new insights on advanced in vitro systems to 
surpass past limitations are postulated. 

 
KEYWORDS: diabetic kidney disease, hyperglycemia, proximal tubule, SGLT inhibitors, in 

vitro models. 
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1. INTRODUCTION 

Diabetic kidney disease (DKD) is the foremost cause of kidney failure worldwide [1]. The rising 
numbers in DKD parallel the increasing prevalence of diabetes mellitus (DM) worldwide. 

Globally, diabetic patients are expected to reach 642 million cases by the year of 2040, of 
which people with Type 2 DM account for 90% of the cases [2]. DKD is characterized by 

albuminuria and accompanied by decreased glomerular filtration rate (GFR) and often causes 
an array of serious complications as a result of disturbances in hemodynamic and metabolic 

homeostasis [3]. 
The kidney contributes to glucose homeostasis through different processes, including 

gluconeogenesis and glucose reabsorption. [4]. Glucose is filtered in the glomerulus, and 
under normal conditions, glucose is completely reabsorbed by the proximal tubule epithelial 

cells (PTECs) followed by diffusion into the peritubular capillaries. This transepithelial 

reabsorption process is accomplished by glucose transporters, of which the sodium-glucose 
co-transporter 1 (SGLT1) and SGLT2 are responsible for the uptake of glucose through a Na+ 

gradient across the apical membrane, while the glucose transporter 1 (GLUT1) and GLUT2 
facilitate the transport across the basolateral membrane into the systemic circulation (Figure 

1) [5]. 
Owing to the fact that SGLT2 is responsible for the majority of glucose reabsorption, it 

has been widely studied as a therapeutic target to treat patients with Type 2 Diabetes Mellitus 
(T2DM). In case of hyperglycemia an excess of glucose is filtered by the glomerulus which 

leads to an increased expression of SGLTs mediating its reabsorption [6]. With this in mind, a 
class of drugs was developed inhibiting SGLTs, also known as gliflozins, that decrease the 

risk of hyperglycemia by reducing the renal tubular reabsorption of glucose [7]. Table 1 

summarizes the SGLT inhibitors currently prescribed to DKD patients, while providing an 
overview of the therapeutic benefits and the risks associated with this therapy.  

DKD does not develop in the absence of hyperglycemia. Hyperglycemia induces 
activation of several pathways, including the polyol pathway and the protein kinase C pathway 

that contribute to oxidative stress [8, 9]. Hyperglycemia also causes tubulointerstitial fibrosis 
and inflammation, and accumulation of extracellular matrix proteins, such as collagen IV, 

fibronectin, and laminin [10]. Identification of the mediators implicated in the above-mentioned 
processes will provide more information on the underlying molecular mechanisms of DKD, 

aiding in the development of new targeted therapies. 
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Figure 1. Glucose handling in the kidney proximal tubule. The glomerulus filters glucose after which 
the proximal tubule is responsible for its reabsorption. In healthy conditions, SGLT2 reabsorbs roughly 
90 % of glucose in co-transport with sodium. SGLT1 reabsorbs the residual 10 % in the late segments 
of the proximal tubule (not shown). In a hyperglycemic environment, elevated glucose filtration results 
in high glucose and sodium reabsorption. Increased tubular sodium reabsorption causes a decrease in 
sodium levels at the macula densa. This activates the tubuloglomerular feedback (TGF) mechanism, 
causing vasodilation of the afferent arteriole to elevate the glomerular pressure state. SGLT2 inhibitors 
reduce hyperfiltration via TGF, therefore minimizing the risks observed in DKD. Excessive glucose 
filtered, yet not reabsorbed, will cause glycosuria.  

 

To investigate the mechanisms behind DKD both animal models and cell culture systems 

can be used. The use of animal models allows researchers to study the physiological aspects 
of the disease, however, these models fail to control biological changes of renal cells in real-

time, while conveying expensive costs and being time consuming [11]. In vivo studies also 
pose ethical issues, but most importantly, these models do not accurately correlate to human 

systems as they are either resistant to develop DKD or do not recapitulate all the different 
stages of the disease [12]. For example, it is known that most diabetic rodent models can 

mimic key features of advanced human DKD in glomeruli, but they usually do not develop the 
characteristic widespread tubular atrophy and interstitial fibrosis. Even in models in which the 

renin-angiotensin-aldosterone system (RAAS) is strongly activated, the severity of tubular 
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atrophy and interstitial fibrosis is still less than seen in human DKD [13].  
 
Table 1. Summary of the different SGLT inhibitors either commercially available or currently on 
clinical trials.  

SGLT2 
inhibitor 

Mechanism of 
action 

Indication Benefits Side effects References 

Canagliflozina 

(INVOKANA) 

Selective SGLT2 
inhibitor 

Mild intestinal and 
renal SGLT1 

inhibition 

T2DM 

HbA1c reduction 
 

Reduced glomerular 
hyperfiltration via TGF 

 
Reduced albuminuria 

 
Reduction in plasma 

levels of uric acid 
 

Anti-inflammatory and 
anti-fibrotic properties 

 
Reduction in natriuretic 

peptides 
 

Possible synergetic 
effect with anti-

hypertensive drugs 
 

Diuretic effect 

Hypoglycemia 
 

Dehydration 
 

Urinary tract 
infections 

 
Ketoacidosis 

[14] 

Dapagliflozina 

(FARXIGA) 
Selective SGLT2 

inhibitor 
T2DM [15] 

Empagliflozina 

(JARDIANCE) 
Selective SGLT2 

inhibitor 
T2DM [16] 

Tofogliflozinb 
(DEBERZA) 

Selective SGLT2 
inhibitor 

T2DM [17] 

Luseogliflozinb 
(LUSEFI) 

Selective SGLT2 
inhibitor 

T2DM [18] 

Remogliflozin 
etabonatec 
(RemoTM, 

RemozenTM) 

Selective SGLT2 
inhibitor 

(prodrug) 
T2DM [19] 

Ertugliflozina 

(STEGLATRO) 
Selective SGLT2 

inhibitor 
T2DM [20] 

Sotagliflozind 
(ZYNQUISTA) 

Dual SGLT1/2 
inhibition 

T1DM [21] 

a FDA and EMA approved; b Japan approved; c India approved, dEMA approved; T1/2DM Type 1/2 Diabetes 
Mellitus; Data retrieved from https://clinicaltrials.gov  
 

To overcome this problem, 2D culture systems can provide some answers concerning 

the cellular effects of glucose. However, these models lack the complex 3D tissue architecture 
that is important for the correct understanding of the different disease states found in vivo [22]. 

Recent advances in the stem cell field [23-25] and microphysiological systems [26, 27] have 

shown promising clues on how to prevent DKD from progressing to kidney failure, however, 
as of yet a perfect in vitro model capable of replicating the disease does not exist. 

With regard to treatment options, the pharmacological inhibition of SGLT2, the major 
player in glucose reabsorption, has shown renoprotective benefits [28]. The SGLT2 inhibitors 

have been extensively studied both alone or in combination with other diabetic medication, 
however it is still yet to know whether these benefits are primarily due to SGLT2 inhibition or 
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if off-target effects also play a role. To understand the protective effects of current therapies, 

such as SGLT2 inhibitors, as well as other pharmacological treatments currently on market or 
possible future therapeutic candidates, a comprehensive study of the aetiopathogenesis of 

DKD is required.  
In this review, we aim at providing readers an overview of what is known about the cellular 

and molecular pathophysiological mechanisms of diabetic proximal tubulopathy and the 
potential role of SGLT inhibitors. Using a literature search on the most relevant human 

proximal tubule in vitro models used to study the disease, we provide some recommendations 
for the requirements of a physiologically relevant in vitro model that allows studying DKD. 

 

2. Pathophysiology of Diabetic Proximal Tubulopathy  
As mentioned before, the proximal tubule is a prime mover in DKD pathogenic cascade. In 

diabetes, there is an excessive glucose flux which leads to an increased proximal tubular 
reabsorption of glucose via the sodium-glucose cotransporter 2 (SGLT2). This increased 

glucose reabsorption is dependent on the level of SGLT2 protein expression, as once a 
glucose transport maximum (Tm) is reached, there is a saturation of the transporter resulting 

in glycosuria [29]. 
In case of hyperglycemia there is an increase in the formation of advanced glycation end 

products (AGEs) [30]. Low molecular weight AGEs are filtered by the glomeruli and 

reabsorbed by the PTECs contributing to diabetic tubulointerstitial injury [31]. The proximal 
tubule requires substantial amounts of energy to perform its role in waste removal and nutrient 

reabsorption. The active hyperreabsorption of sodium and glucose observed in the diabetic 
milieu is coupled with high levels of oxygen consumption, which may be accompanied by 

release of reactive oxygen species (ROS) by the mitochondrial electron transport chain [32]. 
Other major sources for ROS production include the accumulated AGEs [33], NADPH oxidase 

(NOX) and uncoupled nitric oxide synthase (NOS) [34]. 
Hyperglycemia has also been known to induce extracellular fluid volume depletion via 

glucose-induced osmotic diuresis. The volume depletion strongly stimulates the sympathetic 
nervous system that further promotes the activation of the RAAS, contributing to proteinuria 

and kidney disease progression [3]. 

The understanding of how tubular (or tubulointerstitial) injury unravels will help researchers 
identify new targets for therapy along the way. A brief overview of the pathophysiological 

events of diabetic proximal tubulopathy is discussed below, whereas its underlying molecular 
events are shown in Figure 2. 
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Figure 2. Cellular and pathophysiological events in diabetic proximal tubulopathy. Damage to 
the glomerulus as a result of diabetes leads to impaired glomerular filtration barrier (GFB). 
Subsequently, excessive glucose (G), albumin, and advanced glycated end-products (AGEs) levels in 
the proximal tubule stimulate a process of inflammation, epithelial-mesenchymal transition (EMT) and 
senescence in the tubule cells. As a result of excessive tubular hyperreabsoprtion of glucose, elevated 
levels of reactive oxygen species (ROS) are produced together with an increase in oxygen (O2) 
consumption causing intrarenal hypoxia. Excessive albumin excretion due to damaged GFB cannot be 
fully reabsorbed by the apical megalin/cubilin complex, resulting in the secretion of pro-inflammatory 
cytokines by the proximal tubule epithelial cells (PTECs). The accumulation of glucose, albumin and 
AGEs contributes to secretion of pro-fibrotic mediators that in turn lead to fibrosis. Damaged PTECs 
lose their original phenotype, eventually start expressing α-SMA and transition into myofibroblasts. 
Autophagy is also disrupted by the accumulation of AGE, caused by the upregulation of mTOR in 
PTECs. Ultimately, these hyperglycemia-induced processes cause significant damage to the proximal 
tubule resulting in glycosuria and albuminuria, key markers of DKD.  
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2.1. Oxidative Stress and Hypoxia 

The balance between oxygen delivery and oxygen consumption (QO2) is compromised in 
diabetic patients [35] as the excessive reabsorption capability of the kidney involves a great 

demand for ATP production. However, the kidneys are not able to compensate for this 
inflation. The reduction in oxygen availability affects the cellular metabolism as it moves it 

towards a more glycolytic pathway that is less energy efficient, resulting in a lower ATP yield 
[36]. During ATP generation, some electrons may escape from the respiratory chain and bind 

to oxygen to form ROS, such as superoxide radicals. ROS production occurs naturally via 
several cellular pathways; however, the elevated levels of ROS being generated in DKD 

surpass the local antioxidant capacity, causing an inflammatory cascade that ultimately leads 
to tubulointerstitial fibrosis [37]. 

Besides oxidative stress, both tubular overload and increased QO2 may cause intrarenal 

hypoxia [38]. To counteract the effects of hypoxia, the hypoxia-inducible transcription factor 
(HIF) family promotes vasculogenesis via production of vascular endothelial growth factor 

(VEGF), causing an increase in oxygen delivery and alterations in cellular metabolism [39]. 
HIFs are composed of two subunits: an α-subunit that is degraded in the presence of oxygen 

and a constitutive β-subunit. Due to a lack of oxygen, there is an accumulation of the α-subunit 
that, in turn, binds to the β-subunit, resulting in the transcription of hypoxia- responsive genes 

involved in cell regulatory mechanisms (i.e., angiogenesis, cell proliferation, etc.) [40]. The 
persistent hypoxia observed in DKD has been linked to low levels of HIF-1α expression, 

therefore inhibiting the activation of compensatory mechanisms to revert the state of hypoxia 
[41]. The use of HIF stabilizers, such as prolyl hydroxylase inhibitors, have shown a 

renoprotective effect by altering diabetic renal metabolism in early stages of DKD [42]. For this 

reason, further investigation should be done throughout the different stages of the disease to 
really understand the renoprotective effect of these drugs. 

 
2.2. Albuminuria  

DKD is characterized by albuminuria due to a damaged glomerular filtration barrier and 
reduced tubular reabsorption [43]. Albuminuria is a predictor of DKD progression [44], 

therefore understanding its mechanism to prevent urinary protein leakage is of great interest. 
Filtered albumin is reabsorbed by PTECs via the apical megalin-cubilin complex, whereas the 

neonatal Fc receptor (FcRn) also plays a role in albumin transcytosis [45]. The increased 

tubular protein reabsorption is followed by an inflammatory cascade as PTECs start secreting 
an array of pro-inflammatory cytokines and chemokines, such as interleukin 8 (IL-8), IL-18, 

RANTES and monocyte chemotactic protein 1 (MCP1) [46, 47]. An increase in expression of 
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adhesion molecules also occur in the proximal tubule, including intercellular adhesion 

molecule 1 (ICAM1) and vascular adhesion molecule 1 (VCAM1). These adhesion molecules 
play a role in the initiation of renal inflammation [48]. In addition, the NF-κB pathway has been 

associated as a regulator of the inflammatory pathomecanisms involved in protein tubular 
overload [49]. The proinflammatory response of PTECs also leads to the recruitment of 

macrophages and lymphocytes, sources of pro-fibrotic proteins such as TGF-β, stimulating 
tubulointerstitial fibrosis progression [50]. It is still to be fully understood if albuminuria is either 

a cause or consequence of DKD progression as there is some debate on whether it is the 
albumin alone or the combination with other compounds, such as fatty acids, that actually lead 

to cytotoxic effects [51]. 
With regard to treatments, patients diagnosed with albuminuria receive anti-hypertensive 

treatment, such as angiotensin-converting enzyme inhibitors (ACEi) and angiotensin II 

receptor blockers (ARBs), with the goal to block RAS, thus reducing hyperfiltration and 
consequently lowering urinary albumin levels [52]. 

 
2.3. Inflammation 

The inflammatory response in the tubular compartment plays a role in disease progression 
[53]. The role of toll-like receptors (TLRs), mediators in the production of inflammatory 

cytokines and chemokines, have been linked to metabolic syndrome, such as hyperglycemia, 
with an emphasis for TLR2 and TLR4. Under diabetic conditions, cultured PTECs have shown 

to increase TLR4 expression via a PKC-dependent pathway, resulting in the upregulation of 
pro-inflammatory mediators [54]. Inflammasomes, together with TLRs, are key components of 

the innate immune system. In particular the NLRP3 inflammasome has been shown to play a 

role in DKD progression, a complex involved in mitochondrial disfunction [55], albuminuria 
[56], and renal fibrosis [57]. 

Another important mediator in the inflammatory cascade is the activation of the NF-κB 
pathway, activated upon different stimuli, including oxidative stress, hyperglycemia, AGEs, 

and albuminuria [48, 58]. Among cytokines, TNF-α is a major driver of inflammation, therefore 
making it an ideal target for therapeutic intervention [59]. Studies have shown that 

pentoxifylline (PTF), inhibitor of TNF-α, has anti-inflammatory and antiproteinuric effects [60, 
61]. In addition, the combination of PTF and RAAS blockers led to a significant reduction in 

protein excretion [62, 63]. In vitro, hyperglycemia has also shown to increase the expression 

of tubular kallikrein 1 (KLK1) and bradykinin, mediators of the kallikrein-kinin system, resulting 
in tubular inflammation [64]. 

 

6 



CHAPTER 6 Mimicking Diabetic Proximal Tubulopathy In Vitro for SGLT Inhibitor Screening 

168 

2.4. EMT and Cellular Senescence 

Tubulointerstitial fibrosis is predominantly found in the diabetic kidney. PTECs’ response to 
high glucose and albuminuria includes the secretion of TGF-β and extracellular matrix 

components [65, 66]. TGF-β is the primary mediator of fibrogenesis as it activates the Smad 
pathway, specifically TGF-β1 activates Smad3 leading to fibrosis [67]. Epithelial-to-

mesenchymal transition (EMT) is considered an initiating factor that triggers the development 
and progression of tubulointerstitial fibrosis. In DKD, EMT is mainly stimulated through the 

accumulation of AGEs [68], hyperlipidemia [69], and proteinuria [70]. During this process, 
PTECs start losing their original phenotype as (1) cell polarity disappears, (2) cell-cell 

interaction is broken due to the disruption of tight junctions, (3) the basement membrane is 
slowly destroyed leading to the migration of these cells into the interstitium, and (4) PTECs 

start expressing α-smooth muscle actin (α-SMA), resulting in their transition into 

myofibroblasts [71]. The same stimuli that trigger EMT also promote the activation of several 
pathways, such as the JAK/STAT pathway [72], PKC pathway [73], MAPK pathway [74], Notch 

[75] and Wnt/β-Catenin [76] pathways, resulting in structural and functional changes in PTECs 
that aggravate the progression of renal fibrosis. Several microRNAs have also been identified 

as promoters of TGF-β1/Smad3 activation, of which miR-21 [77] and miR-192 [78] show the 
most aberrant effects on fibrogenesis progression, serving as potential targets in anti-fibrotic 

therapies. Hyperglycemia has also been linked to an increase in cellular senescence in 
PTECs, a process concerning the loss of regenerative capacity of cells in response to stress. 

This process is involved in ageing and metabolic diseases, such as diabetes [79]. The 
secretion of pro-fibrotic mediators during the course of DKD due to cellular senescence can 

lead to persistent fibrosis, which, when combined with other pathological processes, can lead 

to disease progression [80]. For this reason, targeting senescent PTECs can provide new 
opportunities for the treatment of DKD. 

 
2.5. Nutrient-Sensing Pathways 

In DKD, the autophagy machinery is disrupted leading to abnormalities of several nutrient-
sensing pathways, such as the mammalian target of rapamycin (mTOR), AMP-activated 

protein kinase (AMPK), and sirtuins (SIRT) [81]. Type 2 diabetes is characterized by 
suppression of both AMPK and SIRT1, whereas mTOR is upregulated which causes 

autophagy flux to decrease in PTECs [82]. 

Autophagy upregulates lysosomal activity in PTECs upon AGE exposure leading to its 
degradation. However, the accumulation of AGEs observed in the diabetic kidney reduces 

lysosomal function due to the stagnation of autophagy [83]. In addition, the transcription factor 
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EB (TFEB), known mediator of the mTOR pathway, is downregulated upon AGEs overload 

leading to impaired autophagic activity in PTECs [84]. Similarly to rapamycin-mediated 
inhibition of mTOR, which can reverse the impaired autophagy, targeting TFEB can present a 

therapeutic strategy to activate autophagy. 
 

3. SGLT Inhibitors 
The proximal tubule is accountable for the reabsorption of filtered glucose via SGLT1 and 

SGLT2, the latter being responsible for the majority of glucose reabsorption [5]. SGLTs are 
therefore perfect targets for anti-hyperglycemic therapies. With the goal to inhibit this 

hyperreabsorption of glucose, inhibitors of SGLT1 and SGLT2 have been developed (Table 
1). At first, the O-glucoside phlorizin, a nonselective SGLT1/2 inhibitor, showed promising 

results as its normalized plasma glucose levels in diabetic rat models. These studies showed 

that phlorizin not only leads to glycosuria but also blocks intestinal glucose absorption, 
resulting in intestinal malabsorption complications [85] This major drawback led to the 

development of a new class of glucose-lowering drugs, C-glucosides, that proved to be 
selective for SGLT2 with longer half-lives compared to phlorizin [86]. The advantages of 

SGLT2 inhibition go beyond lowering glucose plasma levels, such as reduction in urinary 
albumin excretion [87], blood pressure control [88], and diuretic effect [89]. The main 

disadvantage of this therapy is that it leads to glycosuria, therewith increasing the risk of 
urinary tract infections (Table 1) [90]. Although very uncommon, SGLT2-induced glycosuria 

can cause euglycemic ketoacidosis due to reduced glucose availability and reduced insulin-
to-glucagon ratio, enhancing lipolysis and lipid oxidation [91]. 

In terms of beneficial effects, SGLT2 inhibition also leads to improved cardiovascular 

outcomes. The protective effects of SGLT2 inhibition extends to different patient groups, 
whether diabetes is present or not. The DAPA-CKD trial [92] with dapagliflozin has shown that 

chronic kidney disease patients were associated with lower risk for cardiovascular death and 
heart failure, independently of the presence or absence of type 2 diabetes. In the EMPEROR-

Reduced trial [93] with empagliflozin, the same therapeutic profile was confirmed. Further 
studies in the clinical trials EMPA-TROPISM [94] and EMBRACE-HF [95], have shown 

evidence that empagliflozin may lead to reverse left ventricular remodeling, which could 
explain the cardiovascular benefits of empagliflozin seen in both diabetic and nondiabetic 

patients. Overall, these results demonstrate a broader therapeutic effect of SGLT2 inhibition, 

that not only proves to be beneficial in terms of cardiovascular outcomes but also to the 
therapeutic management of chronic kidney disease.  

From a physiological point of view, SGLT2 inhibition causes an increase in the delivery 
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of sodium to the macula densa, in turn, restoring the tubuloglomerular feedback and reducing 

hyperfiltration [96]. By reducing hyperfiltration, the processes of oxidative stress, albuminuria, 
inflammation, EMT, cellular senescence, and eventually fibrosis are also minimized. On the 

molecular side, the protective effects of SGLT2 inhibition include increased antioxidant 
capacity via reduction of ROS production [97], anti-inflammatory and anti-fibrotic response 

due to a decreased expression of TLR2/4 and TGF-β, respectively [98]. A possible role in 
RAAS activation is still under debate [99]. In the heart, SGLT2 inhibition has been reported 

inhibit the Na+/H+ exchanger 1 (NHE1), a transporter involved in regulation of [Na+] and [Ca2+] 
intracellular levels, thus explaining a reduced risk in heart failure [100]. However, this 

hypothesis has been proven wrong in a new study [101] suggesting that the therapeutic effects 
of SGLT2 inhibitors are, as of yet, not fully understood. 

Due to immense research done over the past years on SGLT2 inhibition, and having in 

mind that inhibition of SGLT2 leads to an upregulation of SGLT1 to limit glycosuria, new 
insights have been gained on the role of SGLT1 in the control of the tubuloglomerular feedback 

and glomerular filtration rate [102, 103]. In addition, a dual SGLT inhibition, sotagliflozin (Table 
1), currently under phase 3 studies has shown similar advantages as, already available, 

SGLT2 inhibitors while providing delayed glucose absorption in the intestine [104]. The 
SOLOIST-WHF trial [105] with sotagliflozin has concluded that this therapy is also associated 

with cardiorenal protective effects, including a decreased incidence in cardiovascular mortality 
and hospitalization for heart failure.  

 

4. Can We Replicate the Disease In Vitro? 
To date, several in vitro models have been used to study the underlying mechanisms of 

proximal tubulopathy, both in 2D and in 3D. While 2D models have enabled great advances 
on the understanding of this pathology based on the cellular effects of high glucose, they fail 

to represent the in vivo state as single cell lines or primary cells are used, and therefore do 
not show the interplay between the proximal tubule and the peritubular capillaries. The 

interaction between these two compartments is key to understand such a complex disorder, 
as peritubular capillary rare fraction is also correlated with DKD and decline in kidney function 

[106]. Different PTEC lines are presently available due to the importance of this nephron’s 

segment for multiple studies. Table 2 summarizes the characteristics of relevant PTEC in vitro 
models, while providing an overview of DKD-related pathways studied over time in these 

models.  
Adopting the most suitable model is vital as some models are not ideal for studying DKD. 

In addition, a combination rather than single exposures of diabetic mediators such as high 
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glucose, TGF-β, AGE-albumin, hypoxia and angiotensin II will provide a better understanding 

of the disease [107]. 
Based on what it was described earlier in this review regarding the pathophysiology of 

diabetic proximal tubulopathy, an ideal PTEC in vitro model should include 1) glucose 
transporters (SGLTs and GLUTs), 2) a functional megalin-cubilin protein reabsorption 

complex, 3) interaction between AGEs and its receptor RAGE, 4) angiotensin II receptor, 5) 
capability to undergo EMT and cellular senescence, and 6) susceptibility to hypoxia. The HK-

2 cell line (Table 2) has been widely used as it expresses the glucose transporters, however, 
to investigate albumin reabsorption, specific culture conditions need to be met, as the 

endocytosis receptors, megalin and cubilin, appear not present [108]. When trying to recreate 
the hypoxic environment found in vivo, researchers found that the combination of high glucose 

and hypoxia (1% O2) led to an impaired HIF-1α stabilization as seen in the diabetic kidney 

[109]. This model, however, also lacks several relevant PTEC transporters involved in toxin 
removal [110], and due to its oncogene-mediated immortalization, the cell line may be more 

resistant to PTEC toxicants than other more relevant cell lines. Although not as widely used, 
the HKC-8 cell line (Table 2) is another PTEC model possessing comparable biochemical 

properties as the HK-2 cell line, such as glucose transport, abrogated by phlorizin [111]. HKC-
8 cells have also shown impairment of autophagy and mitochondrial dysfunction upon 

exposure to high glucose, both reverted by treatment with SGLT2 inhibitors and an activator 
of the AMPK pathway, respectively [112, 113]. A recent study by Khundmiri et al., in which 

several human and non-human cell lines’ transcriptomes were compared to native tissue, 
demonstrated a higher similarity of HK-2 cells to human kidney than HKC8 cells [114]. As this 

study was based on cells cultured in their standard media, it is still possible that upon exposure 

to different conditions, such as hyperglycemia, the transcriptomic profile of these cell lines 
differ. Although possessing key features of the native proximal tubule, the previously 

mentioned cell lines were immortalized using methods that can alter their characteristics over 
time. Immortalization using the human telomerase reverse transcriptase has since been 

employed as the resulting cell lines do not undergo senescence and still retain features of 
primary cells even at high passages [115]. Examples of such cell lines include the 

RPTEC/TERT1 [116]and the conditionally immortalized PTEC (ciPTEC) [117], both closely 
resembling the native proximal tubule. The latter does not express the glucose transporters 

(Table 2) important for studying DKD, however, similar to RPTEC/TERT1, the remaining DKD 

pathways can still be extensively studied.  
To highlight that for recreating the disease in vitro, researchers should be aware that 

media composition can influence the outcome of the study. Immortalized cell lines tend to 
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have a higher metabolic rate when compared to primary cells, which reflects the high glucose 

concentration found in most commercially available cell culture media. Thus, lowering glucose 
levels in the media before exposure to DKD mediators is imperative to obtain clinically relevant 

results. The same issue arises from using fetal bovine/calf serum as it alters cell growth and 
functional behavior [118].  
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Table 2. Overview of the most prominent in vitro models capable of replicating features of 
diabetic proximal tubulopathy. 

Model Transporters/Receptors Pathways Cons Reference 

HK-2 

SGLT2 
Na+K+-ATPase 
AT1R, AT2R 

TGF-βR 
CTGF 
RAGE 

Megalin/cubilin complex 
HIF-1α 

LC3-I, LC3-II 
TLR2/4 

β-galactosidase activity 

AGE-RAGE 
EMT 

AMPK/mTOR 
p38 MAPK 

HIF-1α-HRE 
TLR/NF-κB 

Polyol pathway 
PKC pathway 

Absence of drug 
transporters 

(SLC22 family) 
 

Immortalization 
process 

[108, 109, 
119-128] 

HKC8 

SGLT2 
Na+K+-ATPase 

Megalin/cubilin complex 
LC3-II 
TGF-β 
CTGF 

AGER1 
RAGE 

RANTES 

AGE-RAGE 
EMT 

AMPK/mTOR 
NF-κB/RANTES 

PKC pathway 

Absence of drug 
transporters 

(SLC22 family) 
 

Immortalization 
process 

[65, 111-
113, 126, 
129-132] 

RPTEC/TERT1 

SGLT2 
Na+K+-ATPase 

Megalin/cubilin complex 
TGF-β 
SMAD3 
HIF-1α 

TGF-β/SMAD3 
EMT 

AMPK/mTOR 
NF-κB 

LPS/TLR4 

Absence of AT1R 
[116, 133-

138] 

ciPTEC 

Na+K+-ATPase 
Megalin/Cubilin complex 

SLC22 family 
HIF-1α 
TLR4 

NLRP3 

LPS/TLR4 
AMPK/mTOR 

EMT 
Absence of SGLT2 

[117, 139-
144] 

AGER1, advanced glycation end product receptor-1; AMPK, AMP-activated kinase; AT1R, angiotensin II receptor 
type 1; ciPTEC, conditionally immortalized proximal tubular epithelial cell line; CTGF, connective tissue growth 
factor; EMT, epithelial-mesenchymal transition; HIF-1a, hypoxia-inducible factor 1-alpha; HK-2, human kidney 2; 
HKC8, human kidney proximal tubular epithelial cell line (clone-8); HRE, hypoxia response element; LC3, 
microtubule-associated proteins 1A/1B light chain 3; mTOR, mammalian target of rapamycin; NF-kB, nuclear 
factor-kB; NLRP3, NLR family pyrin domain containing 3; PKC, protein kinase C; RAGE, receptor for advanced 
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glycation end products; RANTES, regulated on activation, normal T cell expressed and secreted; RPTEC/TERT1, 
renal proximal tubule epithelial cell/TERT1 immortalized ; SGLT2, sodium/glucose cotransporter 2; SLC22, organic 
solute carrier 22 family; SMAD3, SMAD family member 3; TGF-b, transforming growth factor beta; TLR, toll-like 
receptor. 

 

Not only chemical methods, such as exposure to DKD mediators, but genetic methods 

can also be employed to study the pathophysiology of the disease. To this end, induced 
pluripotent stem cells (iPSCs) can be genetically modified via CRISPR-Cas9 technology to be 

more susceptible to developing the disease [145]. With respect to 3D models, kidney 
organoids and iPSC-derived organoids have recently been highlighted for their potential use 

in diabetes research, however these models still resemble both genetically and structurally 
kidneys in fetal stages of development which hampers their use. Another disadvantage of 

organoids includes their heterogenous population that can detract from toxic effects, and due 

to their encapsulation in hydrogels, longer incubation times to DKD mediators may be required 
when compared to 2D culture systems [25]. 

Moving towards more advanced in vitro models where multiple cell types and the 3D 
architecture are included can definitely improve the knowledge acquired so far. Organ-on-chip 

(OoC) is the perfect example of such desirable model in which different cell types can be 
combined in a 3D microenvironment that most likely resembles the in vivo state [146]. Different 

OoC models have been designed to study the reabsorption and secretion capacities of the 
proximal tubule [147-151]. Overall, these models successfully showed the possibility to 

recapitulate both function and structure of the proximal tubule in vitro while demonstrating 
epithelium-endothelium crosstalk via exposure to high glucose, however no efforts to mimic 

more complex molecular mechanisms involved in diabetic proximal tubulopathy were made. 

While OoC models are paving the way towards deeper understanding of such complex 
diseases, they face several challenges including standardization, technical problems (e.g., 

leak tight seals and robust connectors) as well as finding the appropriate culture medium to 
grow the different cell types [152].   

The development of in vitro models to study DKD has improved in recent years. A variety 
of in vitro models, each with its own advantages and disadvantages is currently available 

(Table 2). Whereas culture models, such as the HK-2 cell line, have provided valuable data 
on the effects of diabetic mediators, this model lacks important transporters that are required 

to understand the therapeutic effects of certain drugs. Empagliflozin, an SGLT2 inhibitor, is 

excreted into urine via the organic anion transporter 3 (OAT3) [153]. The study of the 
glucosuric effect of Empagliflozin in the HK-2 cell line is not possible due to the lack of OAT 

transporters [154], therefore limiting the use of this model for drug screening. Replacing this 
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model with others better equipped with drug transporters, such as RPTEC/TERT1, can 

improve the quality and reliability of the results. Note that a full characterization of transporter 
expression in human-derived proximal tubule cell lines is of great need to understand the full 

potential of these in vitro models for the study of DKD [114]. 
Not only replacing with better in vitro models, but also improving their functionality by 

increasing complexity with bioengineering approaches, such as co-cultures and pulsatile flow 
on-chip systems can lead to greater progress in research. With regard to co-culture models, 

the RPTEC/TERT1 cell line has been used to study the therapeutic effects of mesenchymal 
stromal cells as a treatment option for DKD [137], however with regard to vascularization and 

cell to cell interactions to study the different outcomes of the disease, such as inflammation, 
oxidative stress, and EMT, no co-culture systems have been applied so far. A kidney-on-chip 

model comprised of the proximal tubule (RPTEC/TERT1) and a vascular compartment has 

been designed and proved to show a functional tubular-vascular exchange, including glucose 
transport abolished by a SGLT2 inhibitor [150]. This shows great promise for studying DKD, 

in which a model that closely resembles the in vivo situation can be tuned to respond to 
external stimuli, and possibly connected to microsensors that will allow a close look at the 

cellular changes in the environment [155]. Given the growing list of candidate genes for DKD 
[156], engineered in vitro disease models may also help boost the knowledge on disease 

progression and treatment. 
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5. CONCLUSION AND FUTURE PERSPECTIVE 

The impact of DKD in global health is a burden that weighs great responsibility on researchers 
into trying to find new approaches to prevent and treat the disease. Even though the complex 

clinical picture of DKD cannot be replicated by the use of a single nephron segment, attempts 
have been made to study the individual parts involved in the progression of the disease. Early 

changes in the diabetic kidney are mainly observed in the glomerulus and the proximal tubule, 
however, due to the important role of the latter in glucose reabsorption, more attention should 

be directed towards this nephron segment. Anti-diabetic drugs, such as the recently emerged 
SGLT2 inhibitors, have provided great benefits to diabetic patients, nevertheless the protective 

effects of these drugs are not fully understood due to very complex pathology of DKD.  
To aid the understanding of how changes in the kidney proximal tubule lead to DKD 

progression, an in vitro model is crucial. High glucose exposure is key to mimic DKD; however, 

a cocktail of relevant disease-related mediators is crucial to properly understand its 
pathophysiology. A robust in vitro model not only has to show a consistent response to stimuli 

but it is also expected to respond to currently available treatments in a clinically relevant 
manner. The response to different exposure times should be further studied since acquisition 

of specific DKD markers may be transient in the early stages. Whereas studying glucose 
transport is important, further studies on the functionality of PTEC transporters should not be 

overlooked. The development of engineered in vitro disease models can also provide deeper 
insights on how the disease is unraveled. With regard to kidney organoids and iPSC-derived 

organoids, efforts to improve the maturity and relevance of these models is essential. 
Overall, no reliable in vitro model to study DKD is currently available due to the complexity 

of the organ and its multiple structures and cell types, all playing a role in the development of 

diabetic complications. Choosing the ‘right’ model depends on the specific research question, 
however that model should consist of different cell types equipped with appropriate 

transporters and receptors to study specific mechanisms while being in a dynamically 
controlled microenvironment that closely resembles the in vivo state. All together, these 

features will provide a cheaper and more biologically alternative to animals to investigate the 
underlying molecular mechanisms of the disease and to identify potential drug candidates 

relieving DKD symptoms. 
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ABSTRACT 

Diabetic kidney disease (DKD) is a prevalent complication affecting a significant proportion of 
individuals with type 2 diabetes mellitus (T2DM), and it remains a leading cause of end-stage 

kidney failure globally. The proximal tubule (PT) is central to glucose reabsorption and is 
strongly implicated in the pathogenesis of DKD. While hyperglycemia and metabolic 

alterations have been associated with DKD, emerging evidence implicates free fatty acids, 
particularly palmitic acid (PA,) and glycated albumin (GA) in disease progression. This study 

aimed to provide a comprehensive assessment of how PA or GA affect metabolic and 
mitochondrial activity, as well as structural integrity in PT cells. Furthermore, we evaluated the 

potential protective effect of empagliflozin, a selective sodium-glucose co-transporter 2 
(SGLT2) inhibitor, on PT cells in the context of diabetic injury, as assessed by injury markers, 

namely kidney injury molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin 

(NGAL). Our findings reveal that both PA and GA induce morphological derangements in PT 
cells, as evidenced by the disruption of F-actin filaments, while not significantly affecting 

metabolic activity or ATP production. Interestingly, PA and GA modestly enhance 
mitochondrial dynamics, including processes related to mitophagy, fusion and fission 

processes, while preserving mitochondrial mass levels. Moreover, exposure to PA or GA leads 
to increased NGAL excretion, which was ameliorated by empagliflozin treatment. Overall, our 

study underscores the exacerbating effects of PA and GA on diabetic PT cells in vitro, with 
empagliflozin mitigating PT injury. These findings offer valuable insights into the complex 

pathogenesis of DKD and highlight the potential of SGLT2 inhibitors as interventions in 
mitigating its progression.  

 

KEYWORDS: Diabetic kidney disease, hypoxia, hyperglycemia, palmitic acid, glycated 
albumin, empagliflozin 
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1. INTRODUCTION 

Diabetic kidney disease (DKD) is a prevalent complication affecting approximately 40% of 
individuals with type 2 diabetes mellitus (T2DM) and remains the primary cause of end-stage 

kidney failure worldwide [1]. The involvement of the kidney proximal tubule (PT) in the 
development of DKD has been extensively investigated, with a particular focus on the critical 

therapeutic targeting of glucose levels and metabolic alterations. 
The PT assumes a pivotal role in the reabsorption of filtered glucose alongside sodium 

from the glomerular filtrate, a two-step process orchestrated by the coordinated activity of the 
sodium glucose co-transporter 2 (SGLT2) at the apical membrane and glucose transporter 2 

(GLUT2) at the basolateral side [2]. This mechanism ensures the highly efficient reabsorption 
(99%) of filtered glucose, preventing its loss in urine. In DKD, several factors contribute to the 

disruption of glucose reabsorption and sodium uptake. Hyperglycemia, a hallmark of T2DM, 

causes an excess glucose load entering the PT that surpasses its normal reabsorption 
capacity. This overload demands an increase in ATP and, consequently, an increase in 

oxygen consumption, culminating in cellular hypoxia [3, 4]. These two pivotal factors, 
hyperglycemia and hypoxia, play a central role in DKD progression, resulting in extensive 

modifications in glucose metabolism, mitochondrial dysfunction, oxidative stress, 
inflammation, and cytoskeletal damage [3-6]. A comprehensive understanding in these 

changes is imperative for elucidating the pathophysiology of DKD and identifying potential 
therapeutic targets, particularly because the combined effects of hyperglycemia and hypoxia 

are not fully understood. 
Animal models of DKD have provided invaluable insights into disease mechanisms and 

potential treatments, yet their inherent differences from humans in disease progression and 

physiological responses impose limitations. While valuable, endpoints might not fully reflect 
human outcomes, and responses to treatment may diverge [7-9]. To holistically address the 

complexity of DKD, researchers often complement animal studies with in vitro models and 
human data. To faithfully replicate the biochemical milieu of diabetes in vitro, many studies 

have adopted a combination of high glucose levels and low oxygen concentrations [10-15]. 
Nevertheless, it is essential to recognize that while the pathology of DKD is multifaceted, these 

conditions in isolation might not capture all relevant aspects of the disease. In addition to 
elevated glucose and reduced oxygen, other factors may contribute to disease progression, 

such as free fatty acids (FFAs), with a particular emphasis on palmitic acid (PA), highly 

prevalent in human urine [16], and glycated albumin (GA), which have, as of yet, not been 
fully validated in vitro.  

In DKD, an imbalance in FFAs metabolism can lead to elevated circulating FFAs levels, 
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resulting in their accumulation within PT cells and consequent lipotoxicity [17]. In addition, 

impaired intracellular fatty acid metabolism disrupts mitochondrial function in the PT, 
characterized by the accumulation of damaged mitochondria and decreased ATP pro duction 

[18]. As the disease advances, GA emerges as a significant indicator of chronic hyperglycemia 
[19, 20]. GA is formed through non-enzymatic reactions between glucose and albumin and is 

known to lead to oxidative stress. Additionally, GA can promote inflammation and directly 
impair kidney function, exacerbating renal damage in DKD [21]. 

The primary objective of this study was to comprehensively investigate the impact of PA 
and GA on PT cells, under conditions resembling diabetes, specifically focusing on their roles 

in causing structural damage and mitochondrial dysfunction, as observed in DKD. We cultured 
PT cells in a diabetic-like environment with high glucose and low oxygen levels to investigate 

how these compounds affected cellular responses. Additionally, we evaluated the efficacy of 

empagliflozin, a SGLT2 inhibitor, in reducing PT cell injury and providing valuable insights into 
the intricate pathology of DKD, potentially opening up new avenues for therapeutic 

interventions.  
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2. MATERIALS AND METHODS 

2.1. Cell Culture 
Human kidney proximal tubular epithelial cells (HK-2; ATCC, CRL-2190TM) were maintained 

in Keratinocyte Growth Medium 2 (Sigma-Aldrich, C-20011) supplemented with 4 µL/mL 
bovine pituitary extract (BPE), 0.125 ng/mL human recombinant epidermal growth factor 

(EGF), 5 µg/mL human recombinant insulin, 0.33 µg/mL hydrocortisone, 0.39 µg/mL 
epinephrine, 10 µg/mL human recombinant transferrin, 0.06 mM CaCl2, 1% fetal calf serum 

(FCS; Gibco, ThermoFisher Scientific, 16000044), and 1% Penicillin-Streptomycin (PenStrep; 
Gibco, ThermoFisher Scientific, 15276355) at 37 °C in a 5% (v/v) CO2 atmosphere. The 

medium was refreshed every other day.  
 

2.1.1. HK-2 Diabetic Model  

Prior to experiments, cells were seeded at 42,000 cells/cm2 in 96-well plates (Corning®) 
unless otherwise specified, and grown for 2 days in low glucose (LG; 5.6 mM) Dulbecco’s 

modified Eagle’s medium (DMEM; Sigma-Aldrich, D4947) supplemented with 15 mM HEPES 
(Gibco, ThermoFisher Scientific, 15630080), 5 ng/mL EGF, 1% insulin-transferrin-selenium 

(ITS; Roche, 11074547001), 1% FCS, and 1% PenStrep at 37 °C in a 5% (v/v) CO2, under 
normoxic conditions (20% O2), to achieve a quiescent state before exposures. Subsequently, 

HK-2 cells were exposed to LG (control medium), and diabetic conditions that included high 
glucose (HG; 25 mM glucose; Gibco, ThermoFisher Scientific, A2494001) alone and 

supplemented with 100 nM palmitic acid (HG+PA; HY-N0830, MCE) [22], or HG supplemented 
with 100 µg/mL GA (HG+GA; A8301, Sigma- Aldrich) [23]. All conditions were applied under 

hypoxic conditions (1% O2) for 24 and 48h. Osmolarity balance was achieved by 

supplementing the control medium with 19.4 mM mannitol (MAN, M4125, Sigma-Aldrich). 
For the treatment with empagliflozin, HK-2 cells were cultured as described above. After 48 h 

of exposure, the cells were incubated with 500 nM empagliflozin [24] in control medium for an 
additional 24h under normoxic conditions (20% O2).  

 
2.2. Injury and Treatment Readouts 

Upon exposure to the diabetic mediators, a comprehensive panel of mitochondrial-related 
parameters were assessed as described below. Similarly, diabetic cells treated with 

empagliflozin were also evaluated, but focusing on metabolic activity, ATP production, and 

release of kidney injury markers. 
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2.2.1. Metabolic Activity 

HK-2 metabolic activity was measured using PrestoBlue® reagent (A13262, Invitrogen, 

ThermoFischer Scientific). HK-2 cells were rinsed once with Hank’s Balanced Salt Solution 
(HBSS; Gibco, Life Technologies) incubated with PrestoBlue® (diluted 1:10 in control 

medium) for 1 hour at 37°C after which fluorescence was measured using the GloMax® 
Discover microplate reader (excitation wavelength: 520 nm; emission wavelength range: 580-

640 nm).  
 

2.2.2. ATP Production 

Intracellular ATP production was measured using the CellTiter-Glo® 2.0 Assay (G9241, 

Promega) following manufacturers’ instructions. Briefly, 100 µL of ATP solution was added to 

each well and mixed on an orbital shaker for 2 min. Plates were then incubated for 10min at 
room temperature, after which luminescence was measured using a GloMax® Discover 

microplate reader.  
 

2.2.3. Mitochondrial Mass 

To assess active mitochondria with an intact mitochondrial membrane potential, treated HK-2 

cells were stained with MitoTracker™ Orange CMTMRos (M7510, Invitrogen, ThermoFischer 
Scientific). After exposure, cells were incubated with the reagent (500 nM) and Hoechst 33342 

(1 μM) in control medium for 30 minutes at 37°C in the dark. Cells were then washed with 
HBSS and fluorescence was measured using a GloMax® microplate reader (excitation 

wavelength: 520 nm; emission range: 580-640 nm; Hoechst, excitation wavelength: 365 nm; 

emission range: 500-550 nm).  
 

2.2.4. Bioenergetic Profile 

The bioenergetic profile of the cells was determined by the Seahorse XF assay. HK-2 cells 

were seeded in a XF96 cell culture microplate (Seahorse Bioscience) at 8.000 cells/well and 
cultured and exposed as described above for up to 48 hours. Bioenergetic profiles were 

measured by serial injections of oligomycin (2 µM), carbonyl cyanide-4 (trifluoromethoxy) 
phenylhydrazone (FCCP, 1 µM) and rotenone/antimycin A (Rot/AA, both 0.5 µM) with the 

Seahorse XF Cell Mito Stress Test [25]. The oxygen consumption rate (OCR) and the 
extracellular acidification rate (ECAR) were measured by the Seahorse Bioscience 

Extracellular Flux Analyzer (Agilent Technologies) following manufacturers protocol. OCR and 

ECAR values were used to determine the following mitochondrial related factors: basal 
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respiration, maximal respiration, ATP-linked respiration, and spare respiratory capacity.  

 

2.2.5. Lipid Accumulation 

Lipid accumulation was detected using the BODIPY™ (D3922, Invitrogen, ThermoFischer 
Scientific) fluorescent probe. First, the cells were washed with HBSS, stained with BODIPY (2 

µM), and incubated for 15min at 37°C. The cells were then washed twice with HBSS and fixed 
in 4% PFA for 10 minutes at room temperature (RT). Afterwards, the cells were again washed 

two times with HBSS and fluorescence was measured using a GloMax® microplate Reader 
(excitation wavelength: 475 nm; emission range: 500-550 nm).  

 

2.2.6. RNA Extraction, cDNA Synthesis, and Real Time qPCR 

HK-2 cells were cultured in 12-well plates (Corning®) and exposed as described above. Cells 

were lysed and RNA was isolated with the PureLink™ RNA Mini Kit (12183018A, Invitrogen, 
Life technologies) following manufactures protocol. The RNA concentration of the samples 

was measured using NanoDrop One, and the samples were stored at -80°C until further 
analysis. cDNA synthesis was performed with the iScriptTM cDNA synthesis kit (1708890, Bio-

Rad) following manufacturer’s instructions. RT-qPCR was used to determine relative gene 
expression. Primers and their temperatures are listed in Supplementary Table S1. The 

housekeeping gene hypoxanthine phosphoribosyltransferase 1 (HRPT1) was used to 
normalize gene expression. 

 

2.2.7. Immunofluorescence Analysis 

For immunofluorescence analysis, HK-2 cells were cultured in a 96-well black/clear bottom 

plates (ThermoFischer, 165305). Upon exposure, cells were washed twice with HBSS and 
fixed with 4% paraformaldehyde (PFA; VWR Chemicals, 9713.1000) for 10 min at RT. After 

fixation, cells were washed three times with PBS containing 0.1% Tween20 for 5 min. 
Afterwards, cells were permeabilized with 0.3% Triton X-100 in PBS for 10 min at RT, and 

blocked in blocking buffer (2% FCS, 2% bovine serum albumin and 0.1% Tween20 in PBS) 
for 30min at RT. To stain F-actin filaments, phalloidin 594 (ThermoFischer, A12381). The cells 

were then washed three times with PBS containing 0.1% Tween20 for 2 min. Nuclei were 
stained using 4',6-diamidino-2-fenylindool (DAPI), followed by three washing steps in PBS for 

3min. Images were taken with a confocal microscope (Leica TCS SP8X) and software Leica 

Application Suite X.  
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2.2.8. Enzyme-Linked Immunosorbent Assay (ELISA)  

To assess the effect of empagliflozin (500 nM), a SGLT2 inhibitor, cell culture supernatants 

were collected after 24h of treatment, centrifuged for 10 min, 240x g and 4°C, and then stored 
at -20°C until further use. The levels of kidney injury markers were measured using the DuoSet 

ELISA kits kidney injury marker-1 (KIM-1; DY1750; R&D Systems) and neutrophil gelatinase-
associated lipocalin (NGAL; DY1757; R&D Systems), following the manufacturer’s 

instructions. The optical density of each well was measured at 450 nm using a GloMax® 
microplate reader. Each sample was measured in duplicates and quantified using Microplate 

Manager software (version 6.0, Bio-Rad Laboratories, Hercules, CA, USA), generating a four-
parameter logistic (4-PL) curve-fit. 

 

2.2.9. Protein Content 

To quantify protein content and use it for data normalization where applicable, we employed 

the Pierce™ BCA Protein Assay Kit (23225, ThermoScientific) in accordance to the 
manufacturer’s protocol. 

 
2.3. Statistical Analysis 

The results are shown as mean ± standard deviation (SD), n indicates the number of 
independent experiments replicates and N the number of technical replicates. In fluorescence 

and luminescence-based assays, data were corrected for background, normalized to 
untreated cells, and presented as fold-change to control group (LG). Statistical analyses were 

performed in GraphPad version 10.0.2. The statistical test is indicated in the figure legends. 

A p-value < 0.05 was considered statistically significant. 
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3. RESULTS 

3.1. A Diabetic Microenvironment Leads to Cytoskeletal Deterioration Without 
Significant Changes in Mitochondrial Health 

To evaluate a more complex microenvironment of DKD in vitro, HK-2 cells were treated with 
high glucose (HG) alone or combined with either palmitic acid (PA) or glycated albumin (GA) 

under hypoxia (Figure 1A). For all conditions tested, we did not observe changes in protein 
content (Supplementary Figure S1), however a progressive deterioration in the integrity of 

the cell monolayer was observed over time (Figure 1B). This deterioration in cytoskeleton 
organization, evident by the presence of holes in the cell monolayer, was particularly evident 

in both HG+PA and HG+GA groups, with the most pronounced effect at 48h post exposure 
(Figure 1B). Next, metabolic activity, ATP production and mitochondrial mass were evaluated. 

We observed a modest decrease in metabolic activity in the diabetic groups compared to the 

control (LG) during the first 24 h of exposure (Figure 1C), whereas at 48 h there was an 
observable increase metabolic activity within the diabetic groups, surpassing that of the LG 

control group (Figure 1D). Despite this, differences in ATP production were not detected 
across the different conditions and time points (Figure 1E, F). Furthermore, a minor increase 

in mitochondrial mass was found in the HG and HG+GA groups compared to control at 24h 
(Figure 1G). Moreover, at 48h, the HG and HG+PA groups showed a minor decrease in 

mitochondrial mass compared to control (Figure 1F). These data suggest that metabolic 
activity and mitochondrial mass in the diabetes groups undergo dynamic changes over the 

48h of exposure, whereas ATP production remained constant across conditions. 
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Figure 1. Morphological and mitochondrial changes of HK-2 cells following exposure to diabetic 
conditions. (A) Schematic overview of the protocol for inducing diabetic-like effects in HK-2 cells, 
followed by treatment with empagliflozin. (B) Immunofluorescence of HK-2 cells exposed to diabetic 
conditions for 24h or 48h. In blue: DAPI (nuclei staining), in red: Phalloidin (F-actin filaments). Scale 
bar: 50 µm. To evaluate the mitochondrial dysfunction upon exposure to diabetic conditions compared 
to control (low glucose), we looked into (C, D) metabolic activity (n=3 in triplicate), (E, F) ATP production 
(n=3 in triplicate), and (G, H) mitochondrial mass (n=2 in triplicate). Data are shown as mean ± SD (n=3 
in triplicate). Abbreviations: MAN – mannitol; HG – high glucose; HG+PA – high glucose 
supplemented with palmitic acid; HG+GA – high glucose supplemented with glycated albumin. 

 

3.2. The Diabetic Microenvironment Increases SGLT2 Expression  
During DKD, PT cells respond to increased glucose reabsorption by upregulating SGLT2 

expression to handle the excess glucose load [5]. In agreement, SGLT2 expression increased 

at 24 h for all diabetic conditions compared to control which was significant for the HG group 
(Figure 2A). Interestingly, HG+PA and HG+GA groups showed a significant decrease in 

SGLT2 expression compared to HG group. At 48h, the increase in SGLT2 expression was 
significantly increased for the HG+PA and HG+GA groups (Figure 2B), in line with the 

increase in glucose concentration in the culture medium. Subsequently, we investigated the 
expression of Na+K+-ATPase, which plays a role in regulating the expression and function of 

SGLT2 [26]. Interestingly, in contrast to SGLT2, the levels of Na+K+-ATPase remained 
consistent across all groups at 24 hours (Figure 2C), with only a minor increase observed at 

48 hours for the HG and HG+PA groups (Figure 2D). These results hint at a possible 
correlation between the unchanged ATP levels (Figure 1E-F), and Na+K+-ATPase (Figure 

2C-D), however assessment of Na+K+-ATPase activity is required to validate this hypothesis. 

Furthermore, we investigated the impact of diabetic conditions in DKD on the expression 
of HIF-1α, a key regulator of cellular responses to hypoxia [27], which expression exhibited a 

minor decrease at 24 h for all diabetic conditions compared to the control (Figure 2E). In 
contrast, at 48 h, there was a minor increase in HIF-1α expression in the HG and HG+PA 

groups compared to the control (Figure 2F). These findings suggest that exposure to diabetic 
conditions, in particular HG+PA, influenced HIF-1α expression in a time-dependent manner. 
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Figure 2. Gene expression analysis of (A-B) SGLT2, (C-D) Na+K+-ATPase, and (E-F) HIF1a upon 
exposure to diabetes conditions compared to control (low glucose), for 24h or 48 h. Data are 
shown as mean ± SD (n=2 in triplicate). Ordinary one-way ANOVA with Tukey’s multiple comparisons 
test analysis performed (*p-value < 0.05). Abbreviations: HG – high glucose; HG+PA – high glucose 
supplemented with palmitic acid; HG+GA – high glucose supplemented with glycated albumin.  

 
3.3. A Diabetic Microenvironment Influences Mitochondrial Dynamics by Increasing 

Mitochondrial Fusion and Fission 
Alterations in mitochondrial dynamics are usually reflected by an imbalance in the fusion and 

fission processes along with suppressed mitophagy [18]. To understand these dynamics, we 
investigated the potential impact of PA and GA on mitochondrial dynamics. Initially, we 

assessed mitophagy, a selective form of autophagy targeting damaged/dysfunctional 
mitochondria [28]. The expression of the mitophagy marker PINK1 slightly increased in the 

diabetic groups, particularly in the HG+PA group, compared to control. This increase in 
mitophagy was evident at 24h (Figure 3A) and persisted at 48h (Figure 3B), indicating a 

higher level of mitophagy in these groups. Additionally, we delved into the impact of the 

diabetic microenvironment on mitochondrial fission and fusion processes. Mitochondrial 
fission is the process of segregating damaged mitochondria for removal, whereas 
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mitochondrial fusion maintains mitochondrial health [28]. We observed elevated gene 

expression levels of DRP1, a key player in mitochondrial fission. These increased levels were 
evident at both 24h (Figure 3C) and 48h (Figure 3D) for all diabetic conditions when 

compared to control. Notably, the HG+PA group exhibited the most pronounced increase in 
DRP1 expression, suggesting an increased degree of mitochondrial damage compared to HG 

alone. Interestingly, OPA1, a marker associated with mitochondrial fusion, also showed a non-
significant increase in the diabetic groups at 24h (Figure 3E), with a significant increase at 

48h (Figure 3F), with HG+PA again showing the highest expression. These observations 
suggest that within the diabetic microenvironment, cells respond to damage by regulating 

mitochondrial turnover, as evidenced by a slight increase in mitophagy and fission processes, 
particularly in the HG+PA group. This adaptive response might mitigate further damage, which 

aligns with the increase in mitochondrial fusion and the consistent levels of mitochondrial mass 

(Figure 1G-H). 
 

 
 

 
 
 

 

 
 

Figure 3. Gene expression analysis of (A-B) PINK1, a mitophagy marker, (C-D) DRP1, involved 

in mitochondrial fission, and (E-F) OPA1 a regulator of mitochondrial fusion, upon exposure to 
diabetes conditions compared to control (low glucose), for 24h or 48 h. Data are shown as mean 
± SD (n=2, in triplicate). Ordinary one-way ANOVA with Tukey’s multiple comparisons test analysis 
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performed (**p-value < 0.01). Abbreviations: HG – high glucose; HG+PA – high glucose supplemented 
with palmitic acid; HG+GA – high glucose supplemented with glycated albumin; PINK1, phosphatase 
and tensin homolog (PTEN)-induced kinase 1; DRP1, dynamin-related protein 1; OPA1, optic atrophy 
protein 1. 

 

3.4. A Diabetic Microenvironment Decreases Oxygen Consumption and Extracellular 
Acidification Rates  

Next, we conducted real-time measurements of OCR and ECAR. Our findings revealed a 
slight decrease in OCR levels in the diabetes conditions compared to control (Figure 4A), with 

HG+GA displaying the lowest OCR level amongst all conditions (Figure 4A). ECAR is an 
indicator of glycolysis, for which the levels showed a minor reduction in the diabetes conditions 

compared to control (Figure 4B). Subsequently, we examined various parameters of cellular 

respiration. Basal respiration, ATP-linked respiration, and maximal respiration were similar 
amongst all groups (Figure 4C-F). These data suggest that the diabetic groups did not 

compromise overall mitochondrial bioenergetics. 
 

 

 
 

 
 
Figure 4. Bioenergetic profile of HK-2 cells exposed to diabetic conditions compared to control 
(low glucose), for 48h under hypoxia. (A) OCR and (B) ECAR levels measured before and after 
injections of oligomycin, FCCP, and rotenone/antimycin A. Specific parameters derived from OCR 
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levels, including (C) basal respiration, (D) maximal respiration, (E) ATP-linked respiration, and (F) spare 
respiratory capacity was plotted in bar graphs. Data are shown as mean ± SD (n=2, in quintuplicate). 
Abbreviations: HG – high glucose; HG+PA – high glucose supplemented with palmitic acid; HG+GA 
– high glucose supplemented with glycated albumin; FCCP – carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone; olig – oligomycin; rot/AA –rotenone/antimycin A.  

 

3.5. The Diabetic Microenvironment Increases Intracellular Lipid Accumulation  
Mitochondrial bioenergetics is tightly linked to lipid metabolism, and dyslipidemia is another 

hallmark of DKD [29]. Interestingly, we observed a time-dependent increase in the 
fluorescence intensity of BODIPY, a marker of neutral lipids, across all groups (Figure 5A). 

Notably, a non-significant increase in fluorescence intensity was seen in the diabetic 
conditions compared to control (Figure 5A). Importantly, quantification of the intensity also 

showed the same response (Figure 5B-C), however the effects were not to statistically 

significant, hence no conclusions could be drawn regarding lipid accumulation. Furthermore, 
we investigated the expression of the carnitine palmitoyltransferase 1A gene (CPT1A), a key 

player in fatty acid β-oxidation and export. At 24h, the diabetic conditions exhibited a slight 
decrease in CPT1A expression compared to the LG group (Figure 5D), whereas the opposite 

was found at 48h, with HG and HG+PA groups showing the highest CPT1A expression 
(Figure 5E). These findings suggest that this lipid accumulation can also be translated into an 

enhanced fatty acid oxidation to meet/counteract energy requirements. 
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Figure 5. Assessment of lipid accumulation in HK-2 cells exposed to diabetic conditions under 
hypoxia. (A) Representative images of uptake of BODIPY by HK-2 cells exposed to diabetic conditions, 
compared to control (low glucose), under hypoxia for 24 h and 48 h. Scale bar: 50 µm. (B-C) 
Quantification of BODIPY uptake as a measure of lipid peroxidation. (D-E) qRT-PCR analysis of 
CPT1C, a marker involved in fatty acid β-oxidation and export. Data are shown as mean ± SD (n=2, in 
triplicate). Abbreviations: MAN – mannitol; HG – high glucose; HG+PA – high glucose supplemented 
with palmitic acid; HG+GA – high glucose supplemented with glycated albumin; CPT1A, carnitine 

palmitoyltransferase 1A.  
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3.6. Empagliflozin Reduces NGAL Secretion in Diabetic Conditions 

To assess the potential role of SGLT2 inhibition in mitigating PT injury, we evaluated the 
effects of empagliflozin on mitochondrial health and release of kidney epithelial injury markers. 

HK-2 cells maintained in diabetic conditions for 48h were treated for an additional 24h with 
empagliflozin. Our results revealed that upon treatment, in all diabetes conditions, no 

differences in metabolic activity were observed (Figure 6A), and ATP production was 
unchanged (Figure 6B). We then assessed the effect of empagliflozin on ameliorating PT 

damage by assessing the levels of the injury markers KIM-1 and NGAL. Our findings showed 
a decrease in KIM-1 release in the HG group upon treatment with empagliflozin, but not in the 

other treated groups (Figure 6C). Similarly, empagliflozin treatment led to a significant 
decrease in NGAL secretion in the HG-GA group, and approaching statistical significance (p-

value = 0.0597) in the HG group (Figure 6D). These findings suggest a recovering effect of 

empagliflozin, and a potential role of NGAL as an indicator to assess empagliflozin efficacy. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Evaluation of the impact of empagliflozin on diabetic PT cells. Upon exposure to diabetic 
conditions, HK-2 cells were treated with empagliflozin, and subsequently evaluated for mitochondrial 
dysfunction by measuring (A) metabolic activity, and (B) ATP production. Additionally, the release 
kidney epithelial injury markers, (C) KIM1 and (D) NGAL were quantified. Data are shown as mean ± 
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SD (n=3, in triplicate). Ordinary one-way ANOVA with (C) Tukey’s and (D) Dunnet’s multiple 
comparison’s test analysis performed (*p-value < 0.05; **p-value < 0.01, *** p-value <0.001). 
Abbreviations: HG – high glucose; HG+PA – high glucose supplemented with palmitic acid; HG+GA 
– high glucose supplemented with glycated albumin; EMPA, empagliflozin; KIM-1, kidney injury 
molecule-1; NGAL, neutrophil gelatinase-associated lipocalin.  
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4. DISCUSSION 

This study aimed to investigate the effects of fatty acids, specifically PA, and GA on PT injury 
under conditions of hypoxic hyperglycemia. Our findings revealed that addition of PA or GA 

led to an increase in morphological derangements compared to HG alone, with effects being 
most pronounced after 48h. However, while mitochondrial homeostasis and lipid accumulation 

were not significantly affected in this diabetic microenvironment, the addition of PA or GA 
resulted in alterations in mitochondrial dynamics. Furthermore, the diabetic conditions, 

particularly HG+PA, led to increase in NGAL secretion, an injury marker, which was reversed 
by SGLT2 inhibitor, empagliflozin, indicating its potential protective effect in mitigating kidney 

injury.  
The detrimental effects of HG on cellular function, such as oxidative stress and impaired 

energy metabolism, can contribute to the disruption of the cell monolayer integrity [30, 31]. In 

our study, we observed similar disruptions in cell monolayer under all diabetic conditions, 
which were evident predominantly after 48h of exposure in the HG+PA and HG+GA groups. 

The addition of PA, associated with cellular dysfunction [32], and GA, known to potentiate 
cellular stress [19], most likely led to disruption of the cell monolayer as observed. 

Furthermore, apoptosis has been associated with changes in cell morphology [33-36], hence 
assessing the effects of PA and GA on apoptosis should be addressed in future studies. 

Mitochondria are prone to degradation through mitophagy due to increased 
fragmentation, a result of excessive mitochondrial fission, and disrupted bioenergetics [37]. 

While mitophagy aids in maintaining mitochondrial quality, it also contributes to mitochondrial 
mass reduction [38]. In the kidney, the PT has the highest mitophagy rate in the nephron, an 

indication of high mitochondrial turnover [39]. This partly explains why the PT is highly 

susceptible to injury. Our findings show that diabetic conditions, in particular exposure to 
HG+PA, led to a slight increase in mitophagy and fission processes, an indication of 

mitochondrial turnover, as well as an increase in mitochondrial fusion. These results suggest 
an adaptive response aimed at maintaining mitochondrial quality and cellular homeostasis 

during injury. However, for a more comprehensive assessment of these processes, the 
analysis with electron microscopy images to examine mitochondrial morphology should be 

taken along. Furthermore, evaluating mitochondrial membrane potential, assessing the 
enzyme activity of the mitochondrial respiratory complexes, and quantifying mitochondrial 

DNA should also be included as important indicators of mitochondrial health. Mitophagy is 

highly dependent on mitochondrial membrane potential [40], an interplay shown in HK-2 cells 
exposed HG in which both membrane potential and mitophagy levels were reduced [41]. In 

the current study, despite the changes observed in mitochondrial dynamics, variations in 
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mitochondrial mass and ATP production were not found. Another study also demonstrated 

that there were no differences in ATP production between the LG and HG groups [42]. This 
suggests a compensatory mechanism aimed at maintaining ATP levels. Several possibilities 

can account for this: 1) The increase in mitochondrial fusion, through exchanging functional 
components, can potentially allow preservation of ATP synthesis; 2) other metabolic 

pathways, such as glycolysis, may be upregulated to compensate for the reduced OXPHOS 
capacity. An increase in lactate/pyruvate ratio is often used as direct association with a shift 

towards anaerobic glycolysis [43]. Moreover, lactate production is tightly connected to 
NADH/NAD+ homeostasis [43], hence these measurements will help to properly assess 

cellular redox state. Aiding to the possibility of a metabolic switch in our diabetic conditions, 
thorough metabolomics [10] and transcriptomic [11] studies were performed with HK-2 cells 

exposed to HG and hypoxia. These studies concluded that several proteins and intracellular 

metabolites involved in glycolysis were upregulated [10, 11]; 3) Impaired mitochondrial 
biogenesis, as this process is essential for maintaining mitochondrial mass and bioenergetic 

output [37]. Mitochondrial biogenesis is tightly regulated by peroxisome proliferator-activated 
receptor γ (PPARγ)-coactivator 1α (PGC1α), whose decreased expression has been 

associated with DKD progression. Sharma, et al., using urine metabolomics, demonstrated 
that DKD patients showed a decrease in both mitochondrial protein and mitochondrial DNA 

content [44], which could indicate a decrease in mitochondrial biogenesis. Moreover, another 
study using HK-2 cells showed that reduced PGC-1α expression led to mitochondrial 

fragmentation [45], whereas Kang, et al. demonstrated that in vitro overexpression of PGC-
1α protected PT cells from tubulointerstitial fibrosis by reducing ATP consumption and 

restoring FA oxidation [46]. These findings suggest that for future studies, the process of 

mitochondrial biogenesis should be investigated by evaluating PGC1α expression in our 
diabetic conditions. 

The accumulation of lipid intermediates, known to potentially contribute to mitochondrial 
dysfunction, was found similar across diabetic conditions, and even in the control (LG) group. 

The latter could be explained by the hypoxic microenvironment used in our experimental 
conditions which has been associated with lipid accumulation [47, 48]. Nevertheless, further 

investigation is required to elucidate the role of lipid accumulation within the diabetic 
microenvironment. In support of this, a lipidomic study demonstrated a decrease in cardiolipin 

levels, located in the inner mitochondrial membrane, in HK-2 cells exposed to high glucose 

[49]. Cardiolipin plays a role in maintaining mitochondrial structure, hence its reduced levels 
were associated with mitochondrial dysfunction [49]. Furthermore, Zhang et al. showed that 

cardiolipin is crucial for maintaining mitochondrial function in mice with type I diabetes [50]. 
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For future studies, a comprehensive assessment of the lipid profile of diabetic HK-2 cells 

should be assessed to gain insights into the influence of lipids on overall mitochondrial 
dysfunction. 

In response to hypoxia, HIF-1α expression is known to increase [51, 52], however, our 
results revealed a first decrease at 24h in all diabetic conditions which was reversed at 48h. 

The initial decrease of HIF-1α at 24h can be explained by (1) increased prolyl hydrolylases 
(PHD) activity, enzymes responsible for HIF-1α degradation, (2) activation of protein kinase C 

pathway, or (3) impaired oxygen utilization due a disrupted metabolic state and OXPHOS 
activity. While we did not directly investigate the first two explanations, the increased 

mitochondrial dynamics found in our conditions has been linked to the increased HIF-1α 
expression [53-55]. The other possible conclusions have been validated in in vitro studies of 

HK-2 cells exposed to HG and hypoxia [51, 56, 57], suggesting that supplementation of the 

hypoxic hyperglycemic state further triggers changes in the cell that affect the downstream 
signaling cascade associated with HIF-1α stabilization and transcriptional activity. However, 

the increase found at 48h could be an indication of disease progression. Several studies have 
shown that increased levels of HIF-1α are associated with kidney structural and morphological 

damage [58-60], which correlates with our morphological findings. For this reason, further 
analysis is required to fully understand the results obtained, including the quantification of the 

protein levels of HIF-1α, and the analysis of HIF-1α regulators (e.g., PHD activity).  
Upon assessing the effects of our diabetic conditions in overall mitochondrial dysfunction, 

as a proof of concept, we investigated the effect of empagliflozin, a SGLT2 inhibitor, on cell 
metabolism and secretion of kidney epithelial injury markers. Notably, no changes in KIM-1, 

predominantly found in PTCs, were found following empagliflozin treatment. These findings 

suggest that HK-2 cells may not be sensitive enough to detect KIM-1 changes as opposed to 
primary cells or other PT cell lines [61, 62]. Interestingly, a consistent decrease in NGAL 

secretion was observed in all treated groups, indicating the restoring effect of empagliflozin in 
ameliorating PT damage.  

Nonetheless, this study has certain limitations that should be addressed. First, HK-2 cells 
have phenotypic differences compared to native PTCs. HK-2 cells exhibit high glycolytic and 

gluconeogenic activities even at basal level [63-66], whereas native PTCs predominantly rely 
on oxidative metabolism [2, 67, 68]. Despite this disparity, in DKD the glycolytic flux is found 

to play a role in disease progression [69], hence the results found in this study might still be 

pathologically relevant. Another limitation is the lack of expression of several drug transporters 
and metabolizing enzymes which limits the capacity of this cell line for nephrotoxicity testing 

[61, 62]. However, HK-2 cells do express glucose transporters, which are important for 
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studying DKD and account for the majority of published studies in this field. On the other hand, 

the conventional 2D cell culture model for HK-2 cells restricts the accurate representation of 
the diabetic microenvironment [70, 71]. To address this, enhancing the complexity of the 

model by incorporating extracellular matrix components, fluid flow, and other cell types (e.g., 
endothelial and immune cells) will complement the obtained results [72-74]. Wang et al. have 

developed a 3D microfluidic model utilizing an organ-on-chip platform with glomerular 
endothelial cells and podocytes that were cultured under flow conditions, and successfully 

replicating the high-glucose induced injury phenotype found in humans [75]. Integrating PTCs 
in such models could yield valuable insights into the development of DKD and serve as a drug 

testing platform. 
In summary, our in vitro model addresses the impact of PA and GA in context of DKD 

pathophysiology. Importantly, our findings draw attention to PA as a notable contributor to 

injury. Specifically, we observed that PA increased mitochondrial turnover and NGAL 
secretion, with the latter prevented by selective SGLT2 inhibition. These findings underscore 

the importance of considering PA as a key player in driving DKD progression. 
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SUPPLEMENTARY MATERIALS 

 
 

 
 

 
 

 
 

 
 
Supplementary Figure S1. Protein content of HK-2 cells exposed to diabetic conditions 
compared to control (low glucose) for (A) 24h and (B) 48h. 
 

 
Supplementary Table S1. Primer list. 

Gene Primer sequence (5’-3’) Annealing Temperature (°C) 

PINK1 Forward: GCCTCATCGAGGAAAAACAGG 
Reverse: GTCTCGTGTCCAACGGGTC 60 

DRP1 Forward: TTTGACACTTGTGGATTTGCCA 
Reverse: AGTGACAGCGAGGATAATGGA 60 

OPA1 Forward: AGCCTCGCAGGAATTTTTGG 
Reverse: AGCCGATCCTAGTATGAGATAGC 60 

CPT1A Forward: CGGGAGGAAATCAAACCAATT 
Reverse: GGGATCCGGGAAGTATTAAACAT 60 

HPRT1 Forward: ACATCTGGAGTCCTATTGACATCG 
Reverse: CCGCCCAAAGGGAACTGATAG 60 
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The proximal tubule (PT), a vital component of the renal system, plays a crucial role in CKD 

progression as it actively participates in both the secretion and reabsorption of many 
exogenous and endogenous compounds, making it highly susceptible to injury.  

This thesis research focused on the factors that render the PT vulnerable to injury, with a 
particular focus on uremic toxins, ischemia and hyperglycemia. It is important to note that 

animal models, while valuable, do not always faithfully replicate clinical findings. To address 
this, in vitro models could offer a simpler and faster means of screening disease mediators 

involved in CKD progression, thus allowing for the development of targeted therapies. The 
goal of this thesis was to uncover the intricate interactions between the PT and disease 

mediators through the development and application of in vitro models. For this, we 
extensively reviewed the currently available PT in vitro models, followed by the application of 

a series of in vitro PT models designed to address the factors contributing to injury. Our initial 

focus was on understanding the interactions between uremic toxins (UTs), particularly those 
bound to albumin (PBUTs), and drugs prescribed for treatment of CKD complications. Notably, 

our findings revealed that certain drugs, including angiotensin receptor blockers and the 
diuretic, furosemide, may inadvertently compromise PBUTs uptake, thus leading to their 

accumulation and kidney function deterioration. Additionally, this finding has implications in 
the efficacy of the bioartificial kidney (BAK), designed to complement conventional dialysis by 

removing PBUTs. To advance its clinical application, we investigated the performance of a 
BAK functional unit in conditions that mimic dialysis. Our results showed that dialysis fluid, a 

solution used in dialysis to aid waste product removal and maintain patients’ electrolyte levels, 
is cytocompatible with the BAK-containing cells and does not interfere with PBUTs clearance. 

Furthermore, given the high mitochondrial density found in PT required for ATP 

production needed for transport and metabolism functions, we explored the implications of 
impaired mitochondrial function, as a result of ischemia and hyperglycemia. In response to 

this damage, we employed therapeutic strategies, including stem cell therapy and diabetes 
medication. Our findings showcase that stem cell therapy successfully restored the 

bioenergetic profile of ischemic PT cells, while a diabetes drug effectively reduced the 
secretion of kidney injury markers. This chapter delves into the implications of these findings 

and places them in the perspective of future research.  
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1. REFINING PROXIMAL TUBULE CELL MODELS FOR KIDNEY RESEARCH  

The PT is primarily involved in the reabsorption of the majority of solutes from the glomerular 
filtrate, including glucose, albumin, amino acids, and various electrolytes. Secondly, the PT is 

a major site for the metabolism and excretion of xenobiotics. Despite their importance in 
homeostasis, these functions can equally trigger defects in the PT due to their role in the 

accumulation of solutes and/or their metabolites [1]. Consequently, interest in developing 
models that can effectively unravel how disease factors impact PT function has arisen. 

Notably, in vitro models offer a valuable tool for gaining a comprehensive mechanistic insight 
of how disease factors impact PT function, surpassing the inherent complexity and challenges 

associated with in vivo models. Such insights are instrumental in evaluating mediators of 
disease progression, thereby facilitating the development of therapeutic interventions for CKD. 

Within this context, Chapter 2 and Chapter 6 provide a comprehensive overview of 

various PT in vitro models, spanning from primary cell cultures to organoids and organ-on-
chip systems. These chapters highlight that a suitable PT model for either drug toxicity testing 

(Chapter 2) or diabetic kidney disease research (DKD) (Chapter 6) should have the following 
characteristics: 1) intricate structural and functional resemblance to the native PT, entailing a 

comprehensive array of transporters, incorporating extracellular matrix (ECM) components, 
and the presence of different cell types (e.g., endothelial and immune cells); 2) dynamic traits, 

facilitated by the incorporation of fluid flow, solute transport dynamics, and the cellular 
responses to insults; 3) reproducibility, and 4) translatability, important for the development of 

new drugs and therapies for kidney disease. Table 1 shows a comparison between different 
in vitro PT models used in research. For further details on the distinctive characteristics of 

each PT model, we refer readers to Table 3 in Chapter 2 [2]. 

 
Table 1. Different levels of complexity in which PT in vitro models are used in research in 
comparison to animal models (in vivo). 

 2D culture Organoids Organ-on-chip In vivo 
Ease of use +++ ++ ++ + 
Throughput +++ +++ ++ + 

Human relevance Basic Intermediate Advanced Translational 
Stromal cues x + ++ +++ 

Fluid flow x x ++ +++ 
Drug toxicity + ++ +++ +++ 
Time to result Minutes-Hours Hours-Days Days Weeks-Months 

Cost $ $$ $$ $$$$ 
Data content Low Medium HIgh High 

+: possible; ++: suitable; +++: best; $ - cheap-to-moderate; $$ - expensive; $$$ - very expensive; x: not suitable 
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Human primary cells, while retaining native PT morphology and function, are difficult to 

obtain and isolate and demonstrate a gradual loss of functionality in culture with limited 
proliferative potential. To address these issues, researchers pursued to immortalize primary 

cells, facilitating indefinite culture while retaining (some) functional and morphological (e.g., 
cobblestone morphology) characteristics. Additionally, albeit lack of important transporters, 

genetic manipulations can enrich the cells’ functional profile with (multiple) transporters of 
interest, thus expanding their utility in kidney research. Of note, conditionally immortalized 

proximal tubule epithelial cell (ciPTEC) and renal PTEC immortalized using human telomerase 
(RPTEC/TERT1) are two immortalized cell lines that have been modified to overexpress 

organic anion transporter 1 and 3 (OAT1/3; in ciPTECs [3] and RPTEC/TERT1 [4]) and organic 
cation transporter 2 (OCT2; in RPTEC/TERT1 [4]). The expression of these important drug 

transporters allows for their study in drug disposition and their interaction with inhibitors, 

important for predicting renal drug clearance and drug-drug interactions (explored in Chapter 
3 and 4). However, the overexpression of uptake transporters may lead to false positive 

results in drug toxicity studies when efflux transporters are expressed at a reduced level than 
that reported in humans, thus leading to higher drug accumulation than seen in vivo. An 

alternative approach for generating PTECs is to derive them from stem cells, such as induced 
pluripotent stem cells (iPSCs) or adult stem cells (ASCs), leading to the generation of 3D 

structures containing multiple kidney-specific cell types, among which PTECs, that better 
replicate organ organization, cellular distribution and function, named organoids [5]. While 

iPSC-derived organoids comprise different parts of the nephron, ASC-derived organoids, 
termed tubuloids, mainly represent the tubular compartment [6]. Using patient-derived cells or 

genome-editing technologies, such as CRISPR/Cas9, researchers can delve into the 

pathophysiological mechanisms of diseases and develop effective therapies. IPSC-derived 
organoids have been successfully modified to model diseases, such as cystinosis [7], 

nephrotic syndrome [8-10], nephronophthisis [11], and diabetes [12]. Despite this, iPSC-
derived organoids remain primitive in their feature, as they resemble the embryonic state of 

kidney development, while tubuloids exhibit a more mature phenotype, though not comparable 
to the native PT. However, tubuloids have, as of yet, not successfully been employed for gene 

editing, but proven successful in modeling several diseases, including BK virus infection, 
Wilms tumor, cystic fibrosis and cystinosis [6, 13]. Notably, tubuloids derived from cystinosis 

patients, a metabolic disorder leading to lysosomal cystine accumulation, were also used to 

test a novel therapy by combining cysteamine, the only effective cystinosis treatment, with the 
anti-androgen bicalutamide, targeting the metabolic phenotype in cystinotic cells. The dual 

therapy showed improvement in PT function when compared to cysteamine treatment alone 
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[13]. 

Central to the maturation of these organoid models is the incorporation of ECM 
components in their culture conditions, whether through direct coating of cell culture dishes 

[14, 15], biofunctionalized synthetic scaffolds through coating with ECM components to 
improve cellular adhesion and tissue integration [16, 17], or as hydrogels [18]. The ECM plays 

a pivotal role in recapitulating native tissue characteristics essential for supporting cell 
maturation and function. It provides a structural scaffold based on the biomechanical 

properties of the tissue, allowing cells to adhere, proliferate, and different into a more mature 
and functional phenotype [19]. Coating strategies using combinations between collagen IV, 

laminin, and l-3,4-dihydroxyphenylalanine (L-DOPA) were shown to increase culture time, 
improve monolayer formation, and increase expression of PT transporters [17, 20-23]. 

Additionally, culturing PTECs within an ECM matrix, mainly collagen I and/or Matrigel, resulted 

in the formation of tube-like structures and increased PT transporters expression [24-27]. 
Nevertheless, organoids embedded in an ECM matrix pose some limitations, including 

difficulty in ‘real time’ live imaging, accessing the apical side for transport studies and lack of 
vascularization, which hinders maturation [28]. To overcome this, ECM-coated polymer hollow 

fiber membranes (HFMs), particularly suitable for tube-like tissues, offer a more accessible 
3D system as cells can be seeded onto HFMs allowing live cell imaging and transepithelial 

transport (as employed in Chapter 4). Additionally, surface features, such as topographical 
patterns and porosities may affect cell behavior [29]. For example, PTECs cultured on curved 

surfaces showed increased cell height, as well as increased polarity when compared to flat 
2D cultures [30]. Van Genderen et al. compared scaffold surfaces with square-, random-, and 

rhombus-shaped pores to assess which would benefit cell growth and functionality (drug 

transporter activity). The authors concluded that rhombus-shaped pores outperformed the 
others by supporting cell orientation, increasing ECM deposition by the cells and a higher 

expression of transporters of the organic cation system, namely organic cation transporter 2 
(OCT2; SLC22A2) and P-glycoprotein (P-gp; ABCB1) [31]. Moreover, the incorporation of fluid 

flow, absent in 2D and 3D static cultures, has also shown to improve cell maturation and 
transport activity [32-36]. Fluid flow has been employed in microfluid devices, called organ-

on-chip, in which single or dual channel models have cells grown in/against a coated/uncoated 
ECM surface, and in case of dual channel devices, separated by a semipermeable membrane 

or matrix to allow solute transport. Of note, the OrganoPlate® (Mimetas, Leiden, The 

Netherlands), is a microfluidic device in which cells are grown on a membrane-free, collagen 
containing, surface, and allows the free movement of compounds between their 2- or 3-

channel configurations [37-40]. While ECM components and fluid flow can indeed increase 
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the complexity of the in vitro model, the choice of the cell source is of great importance. For 

example, primary PTECs and HK-2 cells were cultured in a microfluidic device in order to 
assess whether such model could improve their use in nephrotoxicity testing. In here, flow 

increased overall cell morphology and transporter function; however, when testing the toxicity 
of chemotherapeutic drugs (cisplatin, doxorubicin and sunitinib) or antibiotics (polymyxin B) 

the authors found HK-2 to be less sensitive than primary PTECs, and polymyxin B was not 
toxic to HK-2 cells [41]. In another study, organoid-derived PTECs showed increased 

expression and polarization of drug transporters upon fluid flow stimulation, which was further 
assessed and validated by drug uptake and inhibition assays [42]. Additionally, Yin et al. 

demonstrated in a kidney-on-chip comprised of both PTECs and endothelial cells the 
possibility of using this system for drug screening by testing the effects of known 

nephrotoxicants and respective transporter inhibition [43]. These findings suggest that kidney-

on-chip models can be used for drug toxicity testing, however the choice of cell source and 
device will determine the outcome. Furthermore, numerous kidney-on-chip models have been 

used to study a variety of genetic kidney diseases, as reviewed elsewhere [44]. For studying 
DKD, up to date only a glomerulus-on-chip [45] and a proof-of-concept PT-vasculature model 

showing the effects of SGLT2 inhibition in glucotoxicity [46] have been reported.  
Lastly, to predict disease prognosis and treatment response, a panel of suitable cell-

based assays, as well as identification of biomarkers are critical. While drug toxicity studies 
have predominantly focused on assessing cell death, cytoskeleton derangements and/or 

mitochondrial dysfunction, these effects are valid solely within a homogenous cell population, 
but fail in heterogenous populations. This discrepancy arises from the fact that a 

nephrotoxicant, while directly targeting a specific cell type, might not necessarily affect the 

whole cell population. The identification of novel disease- and cell-specific biomarkers, as 
explored in Chapter 2, will offer higher specificity over potency assays, which can be relatively 

complex and present variability across different laboratories [47]. Of interest, kidney injury 
molecule-1 (KIM-1) and neutrophil gelatinase-associated lipocalin (NGAL) have been 

associated with the transition between acute to CKD, and show better accuracy than 
traditional glomerular filtration rate (GFR)-related biomarkers (e.g., creatinine and urea) [48]. 

Another approach to assess kidney injury involves the use of fluorescent probes targeting 
specific kidney functions. Within the framework of the RenalToolBox, a project funded by the 

European Union [https://www.renaltoolbox.org], a transcutaneous device, intended for clinical 

use, was tested on rodent models to evaluate kidney function using fluorescent dyes. These 
dyes were designed to measure glomerular filtration rate, and tubular reabsorption and 

secretion functions [49], building upon previous work [50, 51]. Such approach offers a rapid, 

https://www.renaltoolbox.org/


 

221 

and non-invasive alternative to those established in the clinic.  

In conclusion, the pursuit to enhance our understanding of kidney function and to unravel 
the pathophysiological mechanisms of kidney diseases has led to remarkable progress in 

refining current in vitro PT models. These models have increased in complexity, highlighting 
ECM components and fluid flow as key factors driving PT maturation and function, thus 

rendering them suitable for addressing specific research questions. These refinements not 
only enhance their potential for drug screening and disease modeling, but also underscore 

their “fit-for-purpose” approach in elucidating the intricacies of kidney biology. Additionally, the 
identification of new diagnostic biomarkers and development of fluorescent probes targeting 

specific kidney functions will aid this process. 
 

2. IMPLICATIONS FOR BAK APPLICATIONS 

Dialysis, as an option for patients who are not eligible for organ transplantation or those waiting 
for an organ donor, is hampered by its inability to remove PBUTs. UTs have been classified 

based on their physicochemical properties and dialytic removal patterns [52], and their 
accumulation in the blood, particularly PBUTs, is associated with kidney dysfunction [53]. The 

albumin binding capacities can be altered by plasma albumin concentration or by altering 
albumin conformation due to environmental cues, such as high glucose [54], heat [55], as well 

as oxidative stress, which is enhanced in CKD patients [56]. These factors can alter albumin 
binding properties, thus increasing or decreasing ligand affinity. For instance, PBUTs buildup, 

including indoxyl sulfate (IS) were reported to bind strongly to albumin and increase its thermal 
stability, however this binding changed the secondary structure of albumin and inhibited its 

hydrolase activity, which is required for the breakdown of drugs (e.g., antibiotics) [57]. 

Additionally, albumin glycation and oxidation, processes known to co-occur with each other 
[58], lead to a decrease in its drug binding capacity [59]. This effect can impair drug disposition 

and efficacy, contributing to disease progression, similar to the effects found for PBUTs [57]. 
To address the previous challenges, several strategies have been developed to enhance 

the removal of drugs and PBUTs, beyond conventional dialysis methods. One promising 
approach involves the development of bioartificial kidneys (BAK), designed to complement 

traditional dialysis by actively secreting PBUTs. Furthermore, a complementary strategy 
involves the use of competitive binders that are meant to displace PBUTs from albumin, aiding 

the removal of the free fraction via dialysis [55]. In the PT, organic anion transporters 1 (OAT1; 

SLC22A6) and 3 (OAT3; SLC22A8) facilitate the secretion of PBUTs, while also mediating the 
uptake of many drugs prescribed to treat CKD [60-64]. In Chapter 3, the potential competition 

between PBUTs and drugs for OAT1-mediated uptake was studies using fluorescein as a 
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probe for OAT1 uptake capacity. From a panel of antihypertensive drugs, viz. angiotensin-

converting enzyme inhibitors (ACEIs: captopril, enalaprilate, lisinopril), angiotensin receptor 
blockers (ARBs: losartan and valsartan), diuretics (furosemide) and cholesterol-lowering 

drugs (statins: pravastatin and simvastatin), we concluded that solely ARBs and furosemide 
significantly reduced fluorescein uptake, and this was further exacerbated in the presence of 

PBUTs, particularly indoxyl sulfate (IS), kynurenic acid (KA), and p-cresyl sulfate (PCS), thus 
indicating a potential competition of fluorescein, PBUTs and drugs for the transport [65]. 

Furthermore, a study by André et al. reported in kidney transplant patients that a higher blood 
concentration of tacrolimus, an immunosuppressant drug, was correlated with increased 

plasma levels of IS and PCS found in these patients. This association was attributed to the 
higher affinity of these UTs to albumin binding sites, thereby competing with tacrolimus for 

binding, and increasing their free fraction [66]. Despite tacrolimus not being an OAT1 

substrate, the tested UTs in this study are, and align with our previous findings that OAT1-
mediated IS uptake is enhanced in the presence of albumin [67, 68].  

Many attempts at developing BAK devices have been made over the last 25 years. Table 
2 provides an overview of the BAK devices developed so far. The first BAK device, named 

renal tubule assist device (RAD), was developed by Humes et al. The RAD consisted of 
PTECs seeded intraluminally in a HFM system, and then connected in series with a 

conventional hemofilter. Preclinical studies demonstrated that the RAD effectively replicated 
the native PT functions, including vectorial transport, along with metabolic and endocrine 

functions [69-73]. Notably, the RAD is the only BAK-like device successfully tested in humans, 
and showing promising results in improving renal function of AKI patients [74]. However, 

despite its potential, the RAD was discontinued due to the lack of a commercially viable 

manufacturing process, which included the challenge of expanding large amounts of cells for 
clinical use. To overcome this issue, the same group developed the bioartificial renal epithelial 

cell system (BRECS), in which PTECs are expanded in large scale within a perfusion 
bioreactor. Upon expansion, the BRECS can be cryopreserved for future use, enabling a 

superior alternative to RAD, with a long-term storage and off-the shelf features [75]. Similar to 
RAD, BRECS was tested in large animal to determine its safety and efficacy. While promising 

results were obtained, including improvements in cardiovascular performance, 
immunomodulatory function, and assessment of metabolic and endocrine functions, BRECS 

was not tested for PBUTs removal [76, 77]. This important feature of the kidney was only 

effectively demonstrated in the so-called BAK living membranes [17, 78-81]. Like other HFM-
based BAK devices [82-86], these living membranes are composed of ECM-coated HFM, and 

seeded extraluminally with PTECs. This BAK system demonstrated active PBUTs secretion 
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[17, 78, 81], thus showing to be a promising alternative to previous attempts. However, it 

needs in vivo validation to advance its potential clinical use.  
Altogether, the intended application of the BAK consists of an extracorporeal device 

connected in series with a hemofilter. Blood is first pumped through the hemofilter to allow the 
diffusive transport of non-PBUTs, and subsequently, it flows into the BAK. In both setups, 

dialysis fluid (DF) is applied, however, it is only in the BAK that it comes into direct contact 
with cells. Consequently, it becomes imperative to assess its effect on cell behavior, 

particularly on PBUT secretion (Figure 1). Addressing this concern, Chapter 4 employed a 
series of in vitro models aiming at evaluating DF’s effect on cell viability markers, monolayer 

integrity, and cell function. Our results indicated that, over the course of a dialysis session 
(4h), DF does not disrupt cell functionality, namely the basolateral-to-apical secretion of 

PBUTs. Additionally, utilizing a bioengineered kidney tubule microfluidic device, simulating the 

BAK’s functional unit, we showed that DF did not interfere with the clearance of multiple 
PBUTs, and that addition of albumin enhanced their clearance [81]. These findings 

corroborate the above-mentioned conclusions that albumin facilitates OAT1-mediated UTs 
uptake [67, 68]. Furthermore, our study evaluated the model’s effectiveness in eliminating 

PBUTs from uremic plasma, mirroring a clinical BAK setting. While successful in PBUTs 
removal, the efficacy was slightly lower compared to our controlled uremic conditions (PBUTs 

alone or in combination with albumin) [81]. We associated this drawback to the uremic 
plasma’s unknown composition and contains many more UTs and drugs prescribed to CKD 

patients, as mentioned in Chapter 4. Another limitation of our study was the absence of an 
apical flow (Figure 1) and the exploration of different flow rates to evaluate their impact on 

PBUTs clearance. A clinical study has demonstrated that increasing DF flow rate (from 300 to 

800 ml/min) resulted in almost doubled clearance rates of IS and PCS [87]. Moreover, 
Maheshwari et al. developed a mathematical model in which they evaluated the effects of DF 

and blood flow rates on PBUTs removal. The authors demonstrated that increasing DF flow 
rate (from 500 to 800 ml/min) results in the removal of only strongly albumin-bound UTs 

(namely IS and PCS), whereas for moderate-to-weakly albumin-bound toxins (indole-3-acetic 
acid and p-cresyl glucuronide) it is advised to increase blood flow rate instead (from 300 to 

500 ml/min) [88]. While promising, enhancing DF flow rates will require more DF which will 
incur additional costs. In Chapter 4, we also contemplated on strategies to enhance PBUTs 

removal. We have previously demonstrated that short exposures to IS resulted in stimulation 

of OAT1 expression and function [89]. This observation was attributed to the binding of IS to 
the epidermal growth factor receptor, subsequently activating the aryl hydrocarbon receptor 

signaling pathway and induction of OAT1 [89]. Such response can be harvested to enhance 
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the clearance capacity of the BAK. Additionally, the use of adsorbents, particularly the 

charcoal absorbent AST-120, have proven to be effective in decreasing serum/urine levels of 
IS and PCS in dialysis patients [90, 91]. Furthermore, as observed in Chapter 3, PBUTs might 

compete with CKD drugs for uptake. Tao et al. demonstrated this effect in an ex vivo approach 
in which human blood was spiked with UTs, including IS, and dialyzed with a combination of 

ibuprofen and furosemide, resulting in increased IS removal [92]. Other studies included the 
use of salvianolic acids [93] and free fatty acids (oleic or linoleic acids) [94] for evaluation of 

their PBUT-removal effects. Moreover, by increasing plasma ionic strength, achieved through 
an increase in Na+ concentration, UTs can be separated from albumin and more efficiently 

removed [95, 96]. 
In conclusion, the challenges posed by PBUTs in dialysis have led to the development of 

approaches aimed at their removal. Among these, BAK applications have emerged as the 

most promising solution. Nevertheless, despite advances in improving BAK design and 
function, its implementation in the clinics remains a challenge. 

 

 
Figure 1. Schematic representation of a bioartificial kidney connected in series with a hemofilter, 
a conventional dialysis component. The process begins with the patient’s blood flowing through the 
hemofilter, where small and medium-sized molecules, along with excess fluid, are effectively removed. 
Subsequently, the blood proceeds into the bioartificial kidney, which is comprised of extraluminally 
seeded proximal tubule epithelial cells (PTECs) on polyethersulfone hollow fiber membranes (HFMs). 
Within the bioartificial kidney, PTECs are responsible for the removal of protein-bound uremic toxins 
(PBUTs) by basolateral organic and cation organic transporters from the blood to the dialysis fluid (DF) 
via apical efflux transporters. Finally, the purified blood, now devoid of uremic toxins, returns to the 
patient.   
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Table 2. Overview of currently available cell-based BAK prototypes.  

System Material, MWCO, 
and configuration Cells and coating Features References 

RAD 

Polysulphone hollow 
fibers 
 
Surface area (0.4 m2 
or 0.7 m2) 
 
50 kDA 
 
Connected to a 
hemofilter in series 

Porcine and human 
PTECs 
 
Seeded 
intraluminally 
 
Pronectin-L coating 

In vitro: 
Active vectorial transport 
Ammoniagenesis and 
gluthathione metabolism 
Vitamin D3 synthesis 
 
In vivo (bilateral nephrectomy 
and endotoxin shock dogs): 
Increased ammonia excretion 
Immunoprotection 
Active glutathione metabolism 
Vitamin D3 production 

 
Clinical studies: 
Phase I/II trial (AKI and MOF): 
Glutathione degradation 
Vitamin D3 production 
Reduced IL-6, IL-10 
production 
Increased survival at day 180 
Rapid renal recovery 
No information on PBUT 
clearance 

[1-6] 

BRECs 

Porous, niobium-
coated carbon disks 
within a 
polycarbonate 
bioreactor 
 
Size: 
In vitro and sheep 
models (9 cm×7.5 
cm×3 cm) 
Pig model (8.5 
cm×8.5 cm×1.5 cm) 
 
Internal fill volume: 
In vitro and sheep 
models (30 ml) 
Pig model (10ml) 
 
<65 kDA 

Human PTECs 
derived from adult 
progenitor cells 
 
Collagen IV coating 

Wearable 
Cryopreservable system 
Perfusable 
 
In vitro: 
Consistent metabolic profile 
Vitamin D3 synthesis 
 
In vivo (porcine model of 
septic shock): 
Cardiovascular improvement 
Systemic immunomodulation 
Prolonged survival 
 
In vivo (anephric sheep): 
Confirmed immunoprotection 
Vitamin D3 synthesis 
Reduced oxidative stress 
No information on PBUT 
clearance 
Awaiting clinical trials 

[7-9] 
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System Material, MWCO, 
and configuration Cells and coating Features References 

 
BTD 

EVAL hollow fiber 
modules (0.8 m2) 
 
Mini modules (65 
cm2) 
 
<65 kDa 

Human PTECs 
 
Seeded 
intraluminally 
 
Attachin coating 

In vitro:  
Reabsorption of water, 
sodium and glucose 
Metabolic decrease of β2-
microglobulin and pentosidine 
(mini modules) 
 
In vivo (bilateral nephrectomy 
and LPS): 
Extended lifespan 
Reduced expression of 
inflammatory cytokines and 
plasma IL-6 levels 
Culture in serum-free medium 
No information on PBUT 
clearance 

[10-12] 

BAK 

Hollow fiber 
membranes (Highflux 
PAES  
and PSU, and 
PES/PVP) 
 
<65 kDa 

Human PTECs 
 
Seeded 
extraluminally 
 
L-DOPA and 
collagen IV coating 

 
In vitro: 
Organic anion transport 
Prevention of leakage of urea 
and creatinine 
Release of IL-6 and IL-8 
No follow-up 

[13, 14] 

BAK living 
membranes 

PES and microPES 
hollow fibers 
 
150 kDa 

ciPTECs 
 
Seeded 
extraluminally 
 
L-DOPA and 
collagen IV coating 

In vitro: 
Maintenance of barrier 
function 
Absence of immunogenic 
effect of ciPTECs 
Albumin reabsorption 
Confirmed PBUTs clearance 
Upscaling to multiple fiber 
module 
Safe to use with dialysis fluid 

[15-19] 

AKI, acute kidney injury; BAK, bioartificial kidney; BRECS, bioartificial renal epithelial cell system; BTD, bioartificial 
renal tubule device; ciPTECs, conditionally immortalized proximal tubule epithelial cell; EVAL, ethylene vinyl 
alcohol; IL, interleukin, L-DOPA, L-3,4-dihydroxyphenylalanine; LPS, lipopolysaccharide; MOF, multiorgan failure; 
MWCO, molecular weigth cut-off; PAES, polyarylethersulfone; PBUT, protein -bound uremic toxin; PES/PVP, 
polyethersulfone/polyvinylpyrrolidone; PSU, polysulfone; PTECs, proximal tubule epithelial cells; RAD, renal tubule 
assist device. 
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3. MITOCHONDRIAL HEALTH IN DISEASE PROGRESSION AND THERAPEUTIC 

INTERVENTIONS 
Mitochondria, often referred to as the cellular powerhouses, play a vital role in ATP production, 

cell differentiation and death, as well as regulating reactive oxygen species (ROS) and calcium 
homeostasis. Given these essential functions, it is not a surprise that mitochondria are 

implicated in the pathogenesis of numerous diseases [1, 2]. The kidneys, after the heart, have 
the highest oxygen consumption rate (OCR) and mitochondrial abundance, with the PT 

showing the highest mitochondrial density [3, 4]. Consequently, the PT is the primary site for 
ATP generation which is consumed predominantly by Na+K+-ATPase to maintain all 

reabsorption and secretion processes. For ATP production, PTECs rely solely on oxidative 
phosphorylation (OXPHOS) through fatty acid β-oxidation (Figure 2) [5, 6]. Unlike other 

nephron segments, the PT exhibits minimal to no glycolytic capacity. This unique trait leaves 

it particularly vulnerable to oxygen changes, which are required for effective β-oxidation. 
Additionally, it has been proposed that glycolytic ATP production in PTECs might have harmful 

effects, given the high glucose concentration resulting from glucose reabsorption, especially 
in disease conditions, like diabetes [6]. Mitochondria-associated tubulopathies can arise from 

either genetic mutations (leading to OXPHOS imbalance) or cellular insults (e.g., ischemia, 
sepsis, hyperglycemia, and nephrotoxicants) [7-9]. In this thesis, we focused on mitochondrial 

dysfunction as a result of cellular insults, namely ischemia and hyperglycemia. In Chapter 5, 
we developed an ischemic PT in vitro model by subjecting ciPTECs to a combination of 

antimycin A, a mitochondrial respiration inhibitor, and 2-deoxy-D-glucose, a glycolysis 
inhibitor, reported to mimic ischemic damage [10-13]. Additionally, to enhance the simulation 

of blood supply disruption which deprives cells from nutrients, we exposed these chemically-

treated ciPTECs to a hypoxic environment (1% O2). Our findings indicated that combined 
exposure of physical- and chemically-induced ischemia resulted in a pronounced cell 

monolayer degradation and increased mitochondrial dysfunction, as evidenced by a decrease 
in mitochondrial membrane potential and mass, and reduced ATP production, features that 

were reported in vivo as well [14-18]. Additionally, cell bioenergetics confirmed mitochondrial 
dysfunction as both OCR and extracellular acidification rate (ECAR) were found decreased, 

along with several OCR-related parameters associated with OXPHOS impairment, such as 
maximal and ATP-linked respiration, and coupling efficiency. Furthermore, metabolites 

essential to the TCA cycle, crucial for ATP production via OXPHOS, were reduced, further 

corroborating the decline in mitochondrial bioenergetics. Collectively, our in vitro model 
demonstrates the need to carefully select the metabolic stressors to better mimic ischemia in 

vivo. This model also serves as a platform to develop effective mitochondrial-targeted 
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therapies that are currently still lacking [19-21]. With this in mind, we pursued to assess the 

effect of mesenchymal stromal cells’ (MSCs) therapy on ameliorating the ischemic damage 
observed in our model. MSCs therapy has emerged as a very promising, regenerative tool in 

treating many diseases due to 1) their easy collection from different sources (e.g,  adipose 
tissue, bone marrow, dental pulp, and umbilical cord) and culture expansion [22]; 2) their 

homing ability, demonstrated by their capacity to migrate to injured sites upon transplantation 
[23]; 3) their ability to differentiate into various cell types, potentially replacing damaged cells 

[24], and 4) their paracrine functions through the secretion of soluble factors and extracellular 
vesicles, exerting anti-inflammatory and cytoprotective properties [25-29]. Within Chapter 5, 

we observed that upon MSC treatment, with either conditioned medium, containing the entire 
fraction of soluble factors, or extracellular vesicles, ischemic ciPTECs showed a significant 

increase in ATP production, glycolysis intermediates and antioxidant metabolites. These 

findings align with the growing evidence that MSCs therapy exerts antioxidant properties by 
increasing mitochondrial bioenergetics [30-33]. Furthermore, these antioxidant properties 

have been associated with the transfer of healthy mitochondria to injured cells, facilitated by 
tunneling nanotubes, tubular protrusions connecting the plasma membranes of donor and 

recipient cells, or extracellular vesicles [34]. This transfer has been shown to restore cellular 
respiratory function, increase ATP production, and to suppress apoptosis in lung epithelial 

cells [35, 36], cardiomyocytes [37, 38], and astrocytes [39], a mechanism that could also 
underly our findings. Furthermore, Doulamis et al. demonstrated in a porcine IRI model that 

mitochondria transplantation yielded improved kidney function and reduced histological 
damage [40]. Moreover, Konari et al. showed successful MSCs mitochondrial transfer to 

diabetic-impaired PT cells both in vivo and in vitro. In vivo, the transferred mitochondria 

improved cellular morphological and structural phenotypes, while in vitro it suppressed 
apoptosis and ROS production [41]. Notably, these in vitro findings demonstrated that in 

hyperglycemia conditions, the peroxisome proliferator–activated receptor gamma coactivator-
1α (PGC-1α), a master regulator of mitochondrial biogenesis (Figure 2), underwent nuclear 

translocation [41]. PGC-1α, typically found in the cytoplasm in healthy states, can shift to the 
nucleus as a response to changes in energy demand and metabolic stresses [42]. Likewise, 

the authors associated this process with a compensatory mechanism in response to impaired 
mitochondria [41]. When activated, PGC-1α leads to an increase in mitochondria’s number 

and mass, thus enhancing ATP production to meet the energy demands [43]. Decreased 

PGC-1α expression and activity have been shown in several diabetes studies [44-46], with PT 
cells and podocytes showing a decrease in mitochondrial biogenesis and ATP production [47-

49]. Due to the important role of PGC-1α in regulating mitochondrial biogenesis and 
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bioenergetics, many therapeutic strategies have been employed aiming at increasing its 

expression and attenuating kidney damage, thus mitigating disease progression [50-52]. 
Additionally, PGC-1α can regulate mitochondrial dynamics, which include the coordinated 

processes of mitochondrial fission and fusion of mitochondria (Figure 2) [42]. 
 

 
Figure 2. Schematic representation of different mechanisms of mitochondria biology that 
contribute to dysfunction, including biogenesis and turnover, mitochondrial dynamics, 
metabolism and bioenergetics, and cell death. The different mechanisms also serve as potential 
targets for pharmacological intervention. BAK, BCL-2 homologous antagonist/killer; BAX, BCL-2 
associated X; BCL-2, B-cell lymphoma 2; DRP1, dynamin-related protein 1; FAO, fatty acid β-oxidation; 
FFA, free fatty acid; HIF-1α, hypoxia inducible factor 1 subunit alpha; K-Ras, Kirsten rat sarcoma viral 

oncogene homolog; MFN, mitofusin; mTOR, mammalian target of rapamycin; OPA1, optic atrophy 1; 
PGC-1α, peroxisome proliferator–activated receptor gamma coactivator-1α; PINK1, phosphatase and 
tensin homolog-induced kinase 1; ROS, reactive oxygen species; TCA, tricarboxylic acid. 

 
In the context of DKD, numerous in vitro studies demonstrated that upon exposure to 

hyperglycemia, kidney cells experienced an increase in mitochondrial fission, a process that 
segregates damaged mitochondria for removal. Conversely, the fusion process, which 

maintains mitochondrial health, decreased [53-59]. Moreover, mitochondrial biogenesis was 
suppressed in these cells [55, 59], and mitophagy, a selective form of autophagy targeting 

damaged/dysfunctional mitochondria, was impaired [53, 56]. As a consequence, these cellular 
events led to mitochondrial dysfunction and decreased ATP production [53-59]. Taking these 

observations into account, in Chapter 7, we employed a diabetic PT model in vitro using HK-

2 cells. Here, cells were exposed to a combination of hyperglycemia and hypoxia to better 
resemble the diabetic milleu [60-62]. To further enhance the relevance of the model, these 

cells were simultaneously exposed to high glucose, low oxygen concentrations and either 
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palmitic acid (PA), the most abundant free fatty acid in human urine [63], or glycated albumin 

(GA), formed when glucose reacts non-enzymatically with albumin [64]. In DKD, the 
accumulation of these two factors have been associated with disease progression [64-68]. 

Our findings diverged from the previously noted balance between mitochondrial fission and 
fusion, as well as the impaired mitophagy evident in hyperglycemia-induced injury. Instead, 

the addition of PA or GA resulted in an increase of these processes. While the loss of 
mitochondrial quality control in our study, observed by the imbalanced fission and fusion 

processes, has been associated to DKD progression [69], we concluded that the increase 
found was most likely related to an adaptive response to impaired mitochondria. This 

observation is in line with unchanged levels of mitochondrial mass and ATP production found 
in our study, which are normally found decreased in DKD [8, 70]. Additionally, mitophagy and 

fission are interconnected processes, and mitophagy is tightly controlled by mitochondrial 

membrane potential. Depolarized mitochondria, due to a decrease in ΔΨ, are not efficiently 
removed by mitophagy, as the latter is impaired (Figure 2) [69]. While we did not assess 

membrane potential, the increased levels of mitophagy imply that, in our model, mitochondria 
were not depolarized. Additionally, the fusion processes can happen in the outer membrane, 

which is regulated by mitofusins [71], or in the inner membrane, where optic atrophy-1 (OPA1) 
mediates the fusion (Figure 2) [72]. Inner membrane fusion requires a high membrane 

potential for it to happen [73], suggesting that only active mitochondria can properly fuse. The 
increased levels of OPA1 found in our model again argue that mitochondrial membrane 

potential was not compromised. Of great interest, we found an increase in the release of the 
injury marker NGAL in our diabetic conditions, which was reversed upon treatment with 

empagliflozin, a SGLT2 inhibitor. These findings highlight the potential benefit of empagliflozin 

in mitigating NGAL release, which was not found for other SGLT2 inhibitors, such as 
ertugliflozin [74] and dapagliflozin [75]. Moreover, in a study by Lee et al., it was demonstrated 

that exposing HK-2 cells to high glucose led to an increase in mitochondrial ROS, and 
decreased ATP and MMP, which was reversed upon treatment with empagliflozin [76]. 

Additionally, this treatment was also found to decrease the levels of fission proteins, 
associated with mitochondrial damage, and increase mitochondrial fusion proteins [76]. These 

results suggest an additional role of empagliflozin in improving mitochondria dynamics and 
bioenergetics. Furthermore, SGLT2 inhibitors have shown antioxidant properties in PT cells 

in vitro [77-79]. These benefits make this therapy appealing not only for diabetic conditions, 

but also for non-diabetic kidney failure characterized by mitochondrial dysfunction, such as 
IRI, as discussed in Chapter 5. While promising, SGLT2 inhibitors can increase the risk of 

urinary tract infections due to its glycosuric effect [80]. Additionally, concerns arose from the 
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possible overlap between SGLT2 inhibitors with OAT1 and/or OAT3, which might compromise 

their transport function and, subsequently the treatments efficacy through influencing the drug 
plasma levels [81]. For instance, empagliflozin is a substrate of OAT3, but not OAT1. In a 

mouse model, it was demonstrated that OAT3 enhanced the glucosuric effect of empagliflozin 
by increasing its plasma levels [82]. Understanding the interplay between these transporters 

and to assess whether SGLT2 inhibition could influence the clearance of commonly prescribed 
CKD drugs but also the removal of anionic PBUTs, as assessed in Chapter 3, would be of 

great interest. For such study, a cell model expressing both glucose transporters (SGLT2 and 
GLUT2) and OATs is essential, for which HK-2 cells are not of added value as these cells do 

not express OATs [83]. 
With this goal in mind, CRISPR/Cas9 technology was employed to genetically modify 

ciPTECs, enabling the expression of both glucose transporters. Briefly, we used a peptide-

mediated delivery method (LAH5) to introduce two plasmids, containing the SGLT2 and 
GLUT2 transporters. Each plasmid contained a fluorescent gene, mCherry and GFP, 

respectively, and flanking homology-independent targeted insertion (HITI) sequences at both 
insert ends, which allowed for the selection and sorting of the cells that introduced the two 

genes simultaneously. Preliminary data showed efficient transfection of both SGLT2 and 
GLUT2, evidenced by their gene expression levels, surpassing those observed in HK-2 cells 

(Figure 3A-B). Additionally, we conducted a glucose transport by using a fluorescent D-
glucose analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG) 

[84]. Our results demonstrated active glucose transport in our modified cells, which was 
inhibited upon exposure to canagliflozin (Figure 3C-D). The expression of the glucose 

transporters along with OAT1 and OCT2, responsible for the uptake of other diabetic drugs 

(e.g., metformin), expressions will allow us to evaluate the interplay between these 
transporters in DKD and CKD. Among applications, the use of this new cell line will aid in a 

more in-depth characterization of pharmacokinetic properties and efficacy of drugs, important 
features in drug development. Additionally, given the presence of glucose transporters, it will 

enable us to re-evaluate PBUTs clearance within our BAK device (described in Chapter 4) 
under the influence of diabetic drugs. 
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Figure 3. Preliminary data of genetically modified ciPTEC expressing glucose transporters. 
Gene expression levels of (A) SGLT2 and (B) GLUT2 (n=1, in triplicate). (C-D) Glucose transport was 
assessed by assessing the fluorescence accumulation of the glucose analog 2-NBDG (200 μM), which 
was blocked using canagliflozin (500 nM).  
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CONCLUSIONS 

This thesis demonstrated the importance of redirecting the focus of renal translational 
research to the PT, given its important role in the progression from AKI to CKD. We also 

emphasized the pressing need for more complex in vitro models to better mimic the 
(patho)physiological events seen in vivo. Our work sheds light on the impact of mitochondria 

dysfunction in driving disease progression. The PT, rich in mitochondria, generates ATP via 
oxidative phosphorylation which relies on a consistent oxygen consumption and supply of 

nutrients, thus being particularly vulnerable when there is a shortage of these factors. Given 
the critical role of PT in overall kidney function, any malfunction of this nephron segment has 

been associated with disease progression. Although considerable efforts have been made 
into targeting mitochondrial dysfunction, contributing factor in reduced transport activity in PT, 

the complex mitochondrial responses to injury and its subsequent signaling pathways require 

further studies, allowing for the development of better targeted therapies. Among promising 
therapeutic approaches, we highlighted MSCs secretome which contributed to a restoration 

of tubular cell bioenergetics upon ischemic damage, a pivotal step towards functional 
recovery. While promising, further studies are required to understand its mechanism of action. 

For this, multi-cellular in vitro models, such as organoids, will be required as the intricate 
renal microenvironment is comprised of multiple cell types, all playing an important role in 

disease progression and in regeneration processes. While kidney organoids have shown 
promise, their limited maturation phenotype remains a challenge for which improvements in 

their culture conditions and addition of vasculature have been investigated. Nevertheless, 
organ-on-chip models stand as the frontrunners in this regard by combining multiple cell types 

in a dynamic microenvironment that resemble the one found in vivo, but require further 

optimization in terms of biomaterial used and cell source. Despite this, their official approval 
by the Food and Drug Administration for use in drug development (along with animal models) 

highlights their great potential. While these models alone can provide mechanistic insights into 
kidney physiology, advances in multi-omics approaches will offer a holistic view, enabling the 

identification of multiple drug target-disease mediators. 
Furthermore, our findings extend to kidney replacement therapies, as demonstrated by 

the development of a BAK in which PT cells showed active PBUTs clearance, unaffected by 
DF. This remarkable feature of our model surpasses prior attempts, although further in vivo 

validation is a requisite step. In addition, we demonstrated another critical clinical insight. The 

prescription of multiple medications to CKD patients can inadvertently impact tubular transport 
function as some of these drugs compete with PBUTs for OAT1 uptake, bearing significant 

implications for the management of CKD. Collectively, our findings enhance the understanding 
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that PT is a prime target for disease modeling and for the development of targeted therapies. 
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Het potentieel van proximale niertubulus cellen voor ziektemodellering en 

therapeutische interventies 
Chronische nierziekte is een progressieve ziekte die meer dan 10% van de wereldbevolking 

treft, waarbij diabetes mellitus en hypertensie tot de belangrijkste risicofactoren behoren. Tot 
op heden bestaat er geen geneesmiddel voor chronische nierziekte en de diagnose ervan is 

afhankelijk van het beoordelen van de filtratie snelheid, wat niet altijd accuraat hoeft te zijn. 
Naarmate chronische nierziekte vordert bereiken patiënten uiteindelijk het eindstadium 

nierfalen waarvoor nierfunctie vervangende therapieën nodig zijn, zoals orgaantransplantatie. 
Het tekort aan beschikbare organen vormt echter een aanzienlijke uitdaging voor de 

overleving van patiënten. Wanneer een geschikt orgaan niet beschikbaar is, wordt een andere 
nierfunctie vervangende therapie, nl. dialyse, een optie, vooral voor patiënten die niet in 

aanmerking komen voor transplantatie. Gezien de beperkingen in zowel de diagnose als de 

behandeling van chronische nierziekte, is de primaire klinische uitdaging het identificeren van 
potentiële biomarkers voor vroege ziektedetectie en het ontwikkelen van effectieve therapieën 

voor chronische nierziekte. In de nier speelt de proximale tubulus (PT) een cruciale rol bij de 
progressie van chronische nierziekte, omdat dit weefsel actief deelneemt aan zowel de 

uitscheiding als de reabsorptie van veel endogene en exogene stoffen. Dit maakt de PT ook 
extra gevoelig voor schade. 

Het onderzoek beschreven in dit proefschrift richtte zich op de ontwikkeling van een reeks 
in vitro modellen die de belangrijkste fenotypische en moleculaire kenmerken van de native 

PT kunnen nabootsen en op het toepassen ervan bij het bestuderen van de progressie van 
chronische nierziekte. Daarnaast zijn de modellen gebruikt voor het bestuderen van 

interventies en het identificeren van mogelijke therapeutische aangrijpingspunten. 

 
Hoofdstuk 2 biedt een uitgebreid overzicht van geneesmiddelen die niertoxiciteit induceren 

en modellen waarmee dit onderzocht is, variërend van traditionele 2D-modellen tot 
geavanceerde (3-dimensionale; 3D) in vitro-modellen. Bovendien werden de verschillende in 

vitro modellen vergeleken voor wat betreft hun complexiteitsniveau en fysiologische 
relevantie. Zo konden sleutelkenmerken worden geïdentificeerd die belangrijk zijn in de 

ontwikkeling van nieuwe en meer fysiologisch relevante in vitro modellen. Daarnaast is een 
overzicht gemaakt van de beschikbare biomarkers voor toxiciteit en/of schade welke 

vergeleken zijn met de klinische gouden standaard. Ten slotte is de noodzaak van het 

valideren van deze biomarkers voor het beoordelen van ziekteprogressie en weefselherstel 
onderzocht. 
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Hoofdstuk 3 concentreerde zich op het evalueren van de rol van de organische 

aniontransporter 1 (OAT1) bij de uitscheiding van medicijnen die vaak worden 
voorgeschreven bij de behandeling van chronische nierziekte en van eiwitgebonden 

uremische toxines (PBUTS; ofwel endogene metabolieten die zich ophopen bij nierfalen). 
Aangezien PBUT’s en geneesmiddelen beide substraten zijn voor OAT1 werd de hypothese 

getoetst dat hun combinatie mogelijk de resterende nierfunctie kunnen belemmeren door met 
elkaar te concurreren. Om dit te onderzoeken, is de OAT1-activiteit bestudeerd aan de hand 

van de opname ’an fluoresceïne, een fluorescerend OAT1-substraat, in aanwezigheid van 
medicijnen en/of PBUT’s. De resultaten toonden aan dat angiotensine-receptorblokkers en 

het diureticum furosemide de opname van fluoresceïne significant verminderden. Dit effect 
werd versterkt in aanwezigheid van PBUT’s, wat erop wijst dat PBUT’s inderdaad kunnen 

concurreren met geneesmiddelen voor de opname en uitscheiding door OAT1, waardoor de 

resterende nierfunctie bij patiënten met nierfalen mogelijk in gevaar komt. 
 

In hoofdstuk 4 hebben we ons verdiept in de beoordeling van de cytocompatibiliteit van 
dialysevloeistof (DF) bij de toepassing van een biologische kunstnier. Hierbij werd de 

levensvatbaarheid van de cellen en de integriteit van de celmonolagen in 3D-kweken 
beoordeeld. Verder hebben we transepitheliale transportstudies uitgevoerd met behulp van 

biologische nierbuisjes die de functionele eenheden van een biologische kunstnier 
representeren. We concludeerden dat blootstelling aan DF geen nadelige effecten had op de 

levensvatbaarheid van de cellen, de membraanintegriteit of de PT functie. Bovendien kon 
worden vastgesteld dat DF de verwijdering van PBUTs door de nierbuisjes niet in gevaar 

brengt. Deze resultaten demonstreren dat het biologische kunstniermodel in staat is om 

PBUT’s uit te scheiden en hierdoor een potentiële klinische behandelingsmethode voor 
nierfalen kan worden. 

 
In hoofdstuk 5 hebben we een nieuw in vitro model ontwikkeld om ischemie-

reperfusieschade te kunnen bestuderen. Dit treedt vaak op bij niertransplantatie en kan 
worden nagebootst door het onderdrukken van de mitochondriale ademhaling en glycolyse 

onder hypoxie. De schadelijke effecten van ischemie werden beoordeeld aan de hand van 
verschillende parameters van de mitochondriale gezondheid. Vervolgens werden de 

ischemische cellen behandeld met blaasjes van mesenchymale stromacellen (MSC), 

waarvoor verschillende bronnen naast elkaar werden getest (vetweefsel, beenmerg en 
navelstreng). De resultaten toonden aan dat ischemische schade leidt tot verslechtering van 

het cytoskelet, een verlaagd zuurstofverbruik, verhoogde oxidatieve stress, mitochondriale 
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disfunctie en een verminderd celmetabolisme. Na behandeling met de MSC-blaasjes, met 

name die van de navelstreng, werden de morfologische verstoringen gedeeltelijk ongedaan 
gemaakt, nam de ATP-productie toe, samen met de mitochondriële functie van de cellen en 

de ophoping van antioxidantmetabolieten. Deze bevindingen geven aan dat behandeling met 
MSC-blaasjes een potentiële therapie kan zijn voor ischemische schade. 

 
In hoofdstuk 6 hebben we ons verdiept in de pathofysiologie van diabetische proximale 

tubulopathie, waarbij de belangrijkste processen die de ziekteprogressie aansturen zijn 
beschreven. Verder zijn de vereiste kenmerken onderzocht die nodig zijn voor een ideaal PT 

in vitro model, terwijl we ook de voor- en nadelen van de meest gebruikte PT in vitro modellen 
bespreken. Daarnaast is een uitgebreid overzicht gegeven van het therapeutische potentieel 

van de natrium-glucose-cotransporter 2 (SGLT2) -remmers voor de behandeling van 

diabetische proximale tubulopathie. 
 

In hoofdstuk 7 hebben we Human Kidney-2 (HK-2) cellen blootgesteld aan een combinatie 
van hoog glucose (hyperglykemie) en een laag zuurstofgehalte, waarvan bekend is dat deze 

het diabetische milieu nabootsen, samen met twee andere diabetische mediatoren, namelijk 
palmitinezuur (PA) of geglyceerd albumine (GA). De bevindingen toonden aan dat zowel PA 

als GA morfologische verstoringen van de cellen gaven, maar dat ze de metabolische activiteit 
en ATP-productie niet beïnvloedden. Bovendien leidden zowel PA als GA tot een toename 

van de mitochondriële dynamiek terwijl de mitochondriële massa’s gelijk bleven. Een SGLT2-
remmer, empagliflozine, kon de nierschade deels voorkomen. Deze resultaten bieden 

waardevolle inzichten in de complexe pathofysiologie van diabetische nierziekten en 

benadrukken het beschermende effect van empagliflozine. 
 

Ten slotte biedt hoofdstuk 8 een uitgebreide samenvatting en discussie van de bevindingen 
van het proefschrift, waarin het belang van translationeel onderzoek naar de PT wordt 

benadrukt en de behoefte aan geavanceerde in vitro modellen om (patho)fysiologische 
gebeurtenissen die in vivo worden waargenomen nauwkeurig te kunnen repliceren. De 

bevindingen van dit proefschrift geven aan dat nierfunctie-vervangende therapieën zoals de 
biologische kunstnier een effectief alternatief voor bestaande therapieën kan worden. 

Bovendien werpt dit proefschrift licht op de impact van het gebruik van meerdere medicijnen 

op de PT-transportfunctie bij nierpatiënten, waaruit blijkt dat bepaalde medicijnen kunnen 
concurreren met PBUT’s voor uitscheiding. Bovendien benadrukt het gepresenteerde 

onderzoek de cruciale rol van mitochondriale dysfunctie bij ziekteprogressie en onderstreept 
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het potentieel van MSC-blaasjes bij het herstellen van de mitochondriële functie na 

ischemische schade. Over het geheel genomen onderstreept dit proefschrift de cruciale rol 
van de PT bij het modelleren van ziekten en de ontwikkeling van gerichte therapieën.  
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LIST OF ABBREVIATIONS 
 

2-nbdg 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose 
2D Two-dimensional  

3D Three-dimensional  
A Adipose tissue 

AA Antimycin A 
ABC ATP-binding cassette  

ACEI Angiotensin-converting enzyme inhibitors  
ADME Absorption, distribution, metabolism, and excretion  

ADPKD Autosomal dominant polycystic kidney disease  

AGE Advanced glycation end products 
AGER Advanced glycation end products receptor 

AIN Acute interstitial nephritis  
AKI: Acute kidney injury 

ALP Alkaline phosphatase  
AMPK 5’ adenosine monophosphate-activated protein kinase 

ARB Angiotensin receptor blocker  
ASC Adult stem cell  

AT1R Angiotensin II receptor type 1 
ATN Acute tubular necrosis  

ATP Adenosine triphosphate 

B Bone marrow 
B2M Beta-2 microglobulin 

BAK BCL-2 homologous antagonist/killer 
BAK Bioartificial kidney 

BAX BCL-2 associated X 
BCL-2 B-cell lymphoma 2 

BCRP Breast cancer resistance protein  
BPE Bovine pituitary extract 

BRECS Bioartificial renal epithelial cell system 
BSA Bovine serum albumin 

BTD Bioartificial renal tubule device 

BUN Blood urea nitrogen  
CIHP Conditionally immortalized human podocyte  
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ciPTEC Conditionally immortalized proximal tubule epithelial cell  

CKD Chronic kidney disease  
CLU Clusterin  

CM: Conditioned medium 
CPT1A Carnitine palmitoyltransferase 1a 

CRISPR/CAS9 Clustered regularly interspaced short palindromic repeats-associated protein 
9 

CRS Cardiorenal syndrome  
CTGF Connective tissue growth factor 

CYP Cytochrome P450  
CysC Cystatin C  

DAPI 4′,6-diamidino-2-phenylindole 

DDI Drug-drug interaction 
DF Dialysis fluid 

DKD Diabetic kidney disease 
DME Drug-metabolizing enzymes 

DMEM Dulbecco’s Modified Eagle Medium 
DRP1 Dynamin-related protein 1 

ECAR Extracellular acidification rate 
ECM Extracellular matrix  

ELISA Enzyme-Linked Immunosorbent Assay 
EMA European Medicines Agency  

EMPA Empagliflozin 

EMT Epithelial–mesenchymal transition 
ESC Embryonic stem cell 

ESKD End-stage kidney disease  
ETC Electron transport chain 

EVAL Ethylene vinyl alcohol; 
Evs Extracellular vesicles 

FAO Fatty acid oxidation 
FBS Fetal bovine serum 

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

FcRn Neonatal Fc receptor 
FCS Fetal calf serum 

FDA Food and Drug Administration  
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FFA Free fatty acid 

FITC Fluorescein isothiocyanate 
GA Glycated albumin 

GFR Glomerular filtration rate  
GGT ɣ-Glutamyl Transpeptidase 

GLUT Glucose transporter 
GMEC Glomerular microvascular endothelial cell 

GST Glutathione S-Transferase 
Gγ-GT ɣ-Glutamyl Transpeptidase Transferase 

H Hypoxia 
H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate 

H2RA Histamine H2-Receptor Antagonists 

HA Hippuric acid 
HBSS Hanks’ Balanced Salt Solution 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HFM Hollow fiber membrane  

HG High glucose 
HIF Hypoxia-inducible factor  

HK-2 Human kidney-2 
HKC-8 Human kidney proximal tubular epithelial cell line (clone-8) 

HO Heme oxygenase  
HP Human plasma 

HPRT1 Hypoxanthine Phosphoribosyltransferase 1 

HRE Hypoxia response element 
HRS Hepatorenal syndrome  

HSA Human serum albumin 
hTERT Human telomerase reverse transcriptase  

HUS Hemolytic-uremic syndrome  
IAA Indole-3-acetic acid 

ICAM1 Intercellular Adhesion Molecule 1 
IGFBP Insulin-like growth factor-binding protein  

IL Interleukin 

IMM: Inner mitochondrial membrane  
IPSC Induced pluripotent stem cell  

IRI Ischemia/reperfusion injury 
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IS Indoxyl sulfate 

IVIG Intravenous immunoglobulin  
IVIVE In vitro to in vivo extrapolation  

K-RAS Kirsten rat sarcoma virus 
KA Kynurenic acid 

KIM Kidney injury molecule  
KLK Kallikrein 

KYN Kynurenine 
L-DOPA 3,4-dihydroxyl-L-phenylalanine  

L-FABP Liver type-fatty acid binding protein  
LC3 Microtubule-associated proteins 1A/1B light chain 3 

LDH Lactate dehydrogenase 

LEVs: Large extracellular vesicles 
LG Low glucose 

LPS Lipopolysaccharide 
MAN Mannitol 

MATE Multidrug and toxin extrusion protein  
MCP Monocyte chemotactic protein  

MEM Microelectromechanical systems  
miRNA MicroRNA 

MMP Matrix metalloproteinase  
MOF Multiorgan failure 

MPS Microphysiological systems  

MRP Multidrug resistance protein  
MSC Mesenchymal stromal cell 

mTOR Mammalian target of rapamycin 
MTX Methotrexate  

MWCO Molecular weigth cut-off 
N Normoxia 

NAG N-acetyl-β-glucosaminidase  
NF-kB, Nuclear factor-kB 

NGAL Neutrophil gelatinase-associated lipocalin  

NHE1 Sodium/hydrogen exchanger-1 
NLRP3 NLR family pyrin domain containing 3 

NSAIDs Nonsteroidal anti-inflammatory drugs  
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OAT Organic anion transporters  

OCR: Oxygen consumption rate 
OCT Organic cation transporter  

OLIG Oligomycin 
OoC Organ-on-chip 

OPA1 Optic atrophy 1 
OPN Osteopontin  

OXPHOS Oxidative phosphorylation 
P-gp P-glycoprotein  

PA Palmitic acid 
PAES Polyarylethersulfone 

PBPK Physiologically-based pharmacokinetic  

PBS Phosphate-buffered saline 
PBUT Protein-bound uremic toxin 

PCG p-cresyl glucuronide 
PCS p-cresyl sulfate 

PES/PVP Polyethersulfone/ polyvinylpyrrolidone 
PGC1α Peroxisome proliferator–activated receptor gamma coactivator-1α 

PHD Prolyl hydroxylase 
PINK1 Phosphatase and tensin homolog-induced kinase 1 

PKC Protein kinase c 
PSTC Predictive Safety Testing Consortium  

PSU Polysulfone 

PT Proximal tubule 
PTEC Proximal tubule epithelial cell 

PTF Pentoxifyline 
RAAS Renin–angiotensin–aldosterone system 

RAD Renal tubule assist device 
RANTES Regulated on activation, normal T cell expressed and secreted 

RBP Retinol binding protein  
ROS Reactive oxygen species 

ROT/AA rotenone/antimycin a 

RPA Renal papillary antigen  
RPTEC Renal proximal tubule epithelial cell  

RT Room temperature 
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sCr Serum creatinine  

SD Standard deviation 
SDS Sodium dodecyl sulfate 

SEVs Small extracellular vesicles 
SGLT Sodium-glucose cotransporter 

SIRT Sirtuin 
SLC Solute carrier family  

SRC Spare respiratory capacity 
SV40T Simian virus 40 large T antigen  

T2DM Type 2 Diabetes Mellitus 
TCA Tricarboxylic acid 

TEER Transepithelial electrical resistance  

TFEB Transcription factor EB 
TFF Trefoil factor  

TGF Tubuloglomerular feedback 
TGF-B Transforming growth factor beta 

TIMP Tissue inhibitor of metalloproteinase  
TLR Toll-like receptor 

U Umbilical cord 
uALB Urinary albumin  

UP Uremic plasma 
UT Uremic toxin 

UTOX Uremic toxin mix 

uTP Urinary total  
VCAM1 Vascular cell adhesion molecule 1 

VEGF Vascular endothelial growth factor 
α-SMA Alpha smooth muscle actin 

ΔΨ Mitochondrial membrane potential 
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