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Chapter 1

Kidneys play an important role in maintaining total body homeostasis. The complexity of 
this task is reflected by the unique architecture of this organ, which consists of glomeruli, 
the tubular system, interstitium and vasculature (1). Injury caused by trauma, infection, 
ischemia or systemic disease can lead to injury at any of the renal structures and this might 
ultimately result in a reduced renal function (2,3). Diminished renal function has been 
classified as two different syndromes – acute and chronic renal failure. Acute kidney injury 
(AKI) is an important risk factor for the development of chronic kidney disease, while pre-
existing chronic kidney disease (CKD) predisposes for development of acute-on-chronic 
renal failure (4). In severe AKI or end-stage renal disease (ESRD), dialysis can be used as renal 
replacement therapy. Furthermore, in the case of ESRD, renal transplantation is considered 
as a superior alternative, leading to a lower mortality and better quality of life compared 
to dialysis (5,6). However, organ shortage remains a major limiting factor in transplantation 
medicine. 
A key pathological process in both CKD and renal allografts (and indirectly also AKI as the 
initial injury) is the development of renal fibrosis leading to a decrease in renal function and 
reduced organ survival (7). Therefore, the development of efficient and safe therapeutic 
options for the treatment of renal fibrosis is of great importance. Although new therapeutic 
targets seem promising at a preclinical level, translation of these findings to the human 
situation remains remarkably poor (8). To this end, precision-cut kidney slices (PCKS) could 
be the long awaited translational model using murine or human renal tissue, whereby 
three-dimensional (3D) organ architecture is maintained. 
This thesis describes ex vivo studies of acute and chronic kidney disease using murine and 
human PCKS and delineates the efficacy of novel therapeutic modalities. 

Acute kidney injury
AKI is defined as the abrupt loss of renal function for less than 3 months (9). Causes are 
classified as prerenal (hypoperfusion), renal (glomerulopathies, acute vasculitis, acute 
interstitial nephritis, acute tubular necrosis) and postrenal (urinary tract obstruction) (10). 
This sudden loss of renal function has a significant overall mortality rate of about 20%, which 
greatly increases with disease severity (11). Ischemia-reperfusion injury (IRI) represents a 
major player in the pathophysiology of AKI and is characterized by apoptosis, activation of 
innate immunity (through, for example, complement and toll-like receptors), recruitment 
of immune cells, oxidative stress and mitochondrial damage (12) (Figure 1). Proximal tubule 
cells are especially prone to IRI as they are rich in mitochondria (13,14). However, despite 
substantial research on targeting mitochondrial damage in renal IRI (15-17), no therapeutic 
intervention is currently available that significantly impacts AKI. 
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1

Figure 1. Overview of this thesis with models used, pathology of renal injury and possible therapeutic options. 
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Chronic kidney disease
When renal failure perpetuates for more than 3 months, the disease is qualified as CKD. 
Causes of CKD, in order of importance, are: diabetes mellitus, hypertension, glomerular 
disease and polycystic kidney disease (18). The severity of CKD is directly related to the 
glomerular filtration rate and extent of albuminuria. Based on estimated glomerular 
filtration rate (eGFR) and albuminuria, CKD patients are classified into five stages where 
kidney function is normal in stage 1 (eGFR >90 mL/min/1.73m2), and minimally reduced 
in stage 2 (eGFR 60-89 mL/min/1.73m2). Patients with CKD stage 5 (eGFR <15 mL/
min/1.73m2), also termed ESRD, require renal replacement therapy such as dialysis or renal 
transplantation. CKD affects about 10% of the population and substantially impacts health 
care budgets. Moreover, the global incidence of CKD is continuously rising (19,20).

Pathophysiology of renal fibrosis
Renal fibrosis is an integral part of the pathophysiological mechanism underlying the 
development and progression of CKD, and is regarded as the most damaging process in 
CKD patients. Extracellular matrix (ECM) deposition represents the underlying pathological 
process of renal fibrosis (2) (Figure 1). Once this phenomenon exceeds the level of 
physiological repair, it will result in loss of organ architecture, as well as in loss of functional 
tissue (1,21). Of note, although pathological in excess, interstitial collagens are essential for 
the structural scaffolding of the kidney. However, under profibrotic conditions collagen 
accumulation will ensue and can manifest as tubulointerstitial fibrosis, glomerulosclerosis 
and/or vascular sclerosis (22). The initial site of injury determines the subsequent pathology, 
e.g., glomerular IgA deposition will cause glomerular fibrosis, whereas infections or 
proteinuria will provoke tubulointerstitial fibrosis (23). Still, irrespective of etiology, the 
subsequent fibrotic response will ultimately affect the functional capacities of the kidney. 
The molecular processes involved in fibrogenesis remain immensely complex. This is 
reflected by the number of different cell types involved in fibrogenesis. Together (myo)
fibroblasts, pericytes, fibrocytes derived from peripheral blood leukocytes, tubular 
epithelial cells, (lymphatic or vascular) endothelial cells, inflammatory cells and resident 
or infiltrating stem cells (22,24,25) orchestrate ECM deposition under certain pathological 
conditions leading to renal fibrosis. They subsequently activate a multitude of profibrotic 
pathways, which will be further highlighted in the next but one subsection. Another 
important concept worth mentioning is that ECM proteins are part of a dynamic process 
of constant renewal and degradation. Under healthy circumstances, ECM turnover is 
a balanced process mainly regulated by matrix metalloproteinases (MMPs) and tissue 
inhibitors of MMPs (TIMPs). However, in renal fibrosis, this equilibrium is disturbed. MMPs 
are multidomain enzymes, which are mostly secreted as pro-MMPs and are subsequently 
activated by cleavage of the prodomain (26). Certain MMPs are believed to have antifibrotic 
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1actions in the balanced process of renal fibrosis (MMP-2 (27)) while others are profibrotic 
(MMP-9 (28)). Unfortunately, no firm conclusions can yet be drawn as to their role in renal 
fibrogenesis in the human situation (29,30). The same holds true for TIMPs, inhibitors of 
catalysis by MMPs, although TIMP-3 seems to have antifibrotic actions in renal fibrosis (31).

Biomarkers of renal fibrosis
Onset of molecular processes of fibrosis in the kidney precedes renal function decline (29). 
Biomarkers of renal fibrosis may provide early identification of excessive fibrogenesis and 
may play a role in treatment response (Figure 2). Therefore, early detection of renal fibrosis, 
ideally by means of noninvasive biomarkers, is of great importance in order to prevent 
the development and progression of CKD (32). Regarding markers of ECM turnover, serum 
and urinary collagen type III pro-peptide has been shown to be positively associated 
with renal fibrosis (33-35). In addition, urinary collagen type IV has been linked with renal 
function loss (36-39). Fenton et al. showed that endotrophin, a marker of collagen VI 
formation, is associated with eGFR and with mortality in CKD patients although further 
studies are needed to explain this (40). Unfortunately, the golden biomarker has not yet 
been discovered and may also not exist. In addition, we should aim for a panel of proteins 
instead of searching for the perfect marker.

 

Figure 2. Biomarkers of renal fibrosis may provide early identification of excessive fibrogenesis and play a role 

in treatment response. Adapted from Genovese et al. (32).
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Antifibrotic strategies in renal fibrosis
A multitude of complex pathways are implicated in the pathogenesis of renal fibrosis, out of 
which the transforming growth factor (TGF)-β pathway is regarded as the master regulator 
(41). Binding of TGF-β to a serine-threonine kinase type II receptor results in the recruitment 
and phosphorylation of a type I receptor, which in turn phosphorylates SMADs, thereby 
initiating signaling cascades (23,42). TGF-β is synthesized and secreted by inflammatory 
cells and a variety of effector cells, and activation of the pathway results in the formation 
and deposition of extracellular matrix proteins (23). Pirfenidone, a drug with anti-TGF-β 
actions, has shown promising results by improving renal function in several animal models 
(5/6 nephrectomy, hypertension-induced renal injury and glomerulonephritis) (43-47) 
and in diabetic nephropathy patients in a phase II clinical trial (70). The platelet-derived 
growth factor (PDGF) family is another central mediator of renal fibrogenesis (48). PDGF is 
composed of four isoforms (PDGF-A, -B, -C, -D) and acts via two tyrosine kinase receptors 
— PDGF receptors α and β. Based on its role in fibrosis, an anti-PDGF-DD neutralizing 
antibody (CR002) has been developed and has shown promising results in preventing 
fibrosis in an experimental model of glomerulonephritis as well as in a phase I clinical trial 
(49,50). A myriad of experimental treatment options for renal fibrosis have been developed 
in hopes of retarding or even reversing fibrogenesis (51). Unfortunately, although several 
studies have been successful at the preclinical level, only limited advances have been 
made at this time in the translation of these findings to the level of patient treatment 
in clinical trials (51,52). Table 1 presents an overview of the clinical trials with antifibrotic 
strategies in CKD patients. An upcoming therapeutic approach for the treatment of organ 
fibrosis revolves around cell-specific drug targeting, which could increase therapeutic 
efficacy and decrease off-target effects (53). By taking advantage of the receptor expression 
profile in fibrotic tissue, e.g. increased expression of PDGFR-β, targeted drug delivery to 
diseased organs can be accomplished (54-56). This avenue of research is a very interesting 
development in the search for effective therapies of renal fibrosis (57).

Precision-cut kidney slices
The search for effective antifibrotic therapies is hampered by the lack of translational 
models of human renal fibrosis (58). In vitro models lack cellular heterogeneity and animal 
experiments do not fully reflect the human situation and results differ per strain (59). To 
achieve a greater understanding of renal fibrosis and thus accelerate the discovery of 
effective therapeutic targets, there is an urgent need for adequate translational models. In 
this thesis, we delineate the development of precision-cut kidney slices (PCKS) as a model 
of renal fibrosis, which might well be the long coveted translational model. The first use of 
PCKS dates back to the 1980’s when it was predominantly used for toxicity studies (60,61). 
Since then, this unique method has tremendously evolved into a versatile experimental 
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1technique that can be used to study a variety of renal pathologies including AKI and CKD, 
as will be described in this thesis (56,62,63). PCKS captures the complex 3D architecture 
of the kidney and maintains the cellular diversity (64), both unique features of this model. 
Moreover, the ability to use both murine and human PCKS during experiments can bridge 
the gap between basic science and patient care. To stress, the use of healthy or fibrotic 
human renal tissue makes it a revolution in the study of renal disease. Lastly, the search 
for alternatives of animal studies remains an important ethical principle in biomedical 
research. To this end, the model of PCKS represents a promising alternative and is a step 
forward towards reducing, refining and replacing animal experiments (3Rs principle). 

Aim of the thesis
The aim of this thesis was to develop an ex vivo model of kidney disease with a high 
translational impact. Such a model is needed to study mechanisms of acute and chronic 
renal injury and to evaluate potential therapeutic drugs. PCKS provide a unique model 
system using murine or human renal tissue slices whereby organ architecture is preserved.
Chapter 2 provides an overview of the current models of renal fibrosis as well as the history 
and advances made with PCKS in the field of fibrosis research. Chapter 3 delineates the 
pathogenesis of fibrosis and inflammation in murine PCKS. Moreover, it details the impact 
of a specific TGF-β receptor inhibitor (LY2109761) on fibrogenesis in PCKS. To increase 
the translational impact of these results, in chapter 4 human PCKS were extensively 
characterized, prepared from healthy renal cortical tissue, as a novel model of renal fibrosis. 
Furthermore, in chapter 5 acute renal injury was investigated in PCKS by studying renal 
injury markers, mitochondrial integrity, oxidative stress and apoptosis. Next, the antifibrotic 
effects of the tyrosine kinase receptor inhibitor nintedanib was investigated, using the 
recently established models (i.e. murine and human PCKS; chapter 6). In addition to 
effective antifibrotic therapies, the quest for noninvasive markers of renal fibrosis is also of 
high importance. Therefore, chapter 7 describes the identification of novel biomarkers of 
ECM turnover in renal transplant recipients. Chapter 8 provides a summary and a general 
discussion of the results described in this thesis as well as future directions of PCKS. 
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Chapter 1

Table 1. The antifibrotics pipeline in renal fibrosis based on experimental and clinical data. 
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ABSTRACT 

Chronic kidney disease (CKD) is associated with renal fibrosis, a pathological process that 
is characterized by excessive accumulation of extracellular matrix proteins resulting in 
loss of organ architecture and function. Currently, renal transplantation and dialysis are 
the sole treatment options for advanced CKD, yet these therapies have limited impact 
on fibrogenesis. Even though antifibrotic therapies are being developed, the search for 
effective antifibrotic drugs is being hampered by the lack of appropriate cell and animal 
models to study renal fibrosis. In vitro models lack cellular heterogeneity whereas in vivo 
models do not fully reflect human pathology. Precision-cut tissue slices (PCKS), prepared 
from human or rodent tissue, provide a unique ex vivo model system that captures the 
complexity of organs, and they are widely used for ADME/Tox drug testing. Moreover, 
PCKS have been recently established as a useful model to study renal fibrosis. This review 
summarizes the currently available models for renal fibrosis, describes the wide array of 
possibilities with PCKS and shows its role in the search for antifibrotic drugs.
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INTRODUCTION

The kidneys play an important role in maintaining total body homeostasis and the 
complexity of this task is reflected by the unique architecture of the organ, which consists 
of glomeruli, the tubular system, interstitium and vasculature. Injury caused by trauma, 
infection, ischemia or systemic disease can lead to injury at any of these sites and this 
will often result in a disruption of the physiological balance between extracellular 
matrix (ECM) production and degradation (1,2). When ECM production is favored, 
damaged renal tissue will be replaced by acellular and collagen-rich scar tissue thereby 
diminishing the functionality of the kidney. These lesions in the kidney are characterized 
by glomerulosclerosis, tubular atrophy, tubulointerstitial fibrosis and intima hyperplasia (3), 
more generally termed renal fibrosis. The pathogenesis of fibrosis is extremely complex 
involving a variety of resident and circulating cells as well as several molecular signaling 
pathways (3). Transforming growth factor β (TGF-β), platelet derived growth factor (PDGF) 
and connective tissue growth factor (CTGF) have been identified as quintessential players 
in the fibrotic process in most organs (4,5). After the initial injury, these pathways synergize 
with each other to promote fibrosis and activate profibrotic cells (6). (Myo)fibroblasts, 
i.e. ECM-producing cells, make up the majority of the renal interstitial cell population (7) 
and they are key players in the fibrotic process. However, molecular markers to discern 
mesenchymal stromal cells, resident fibroblasts and activated fibroblasts remain elusive, 
hampering the study of these cells and their specific roles in health and disease (8,9). They 
can, however, be recognized by their spindle-shaped morphology and their abundance 
of rough endoplasmic reticulum. Resident fibroblasts can acquire the phenotype of 
profibrotic myofibroblasts as a response to epithelial or endothelial injury resulting in an 
increased synthesis of ECM (mostly collagen I, III and fibronectin; (10,11). Other precursor 
populations of pathological myofibroblasts have been identified over the last years 
including pericytes, bone-marrow-derived cells and cells originating from either epithelial- 
or endothelial-to-mesenchymal transition (EMT and EndoMT) (12-15). However, the origin 
of renal myofibroblasts remains debated, and there exists considerable controversy as to 
the role of cellular transition in the ontogeny of these cells (16). Yet, consensus is arising that 
renal myofibroblasts arise from FOXD1-lineage cells, which give rise to stromal and mural 
cells of the kidney (17). 
Renal fibrosis is the final deleterious outcome of several chronic kidney diseases (CKD). 
Currently, the incidence of CKD is rising, which has a substantial impact on health care 
budgets due to the high prevalence of morbidity and mortality associated with CKD (18,19). 
Unfortunately, the sole treatment options for advanced CKD, i.e. end-stage renal disease 
(ESRD), are dialysis and transplantation. Since the fibrotic process is highly intertwined 
with the development and progression of CKD, many therapeutic options have been 
investigated in hopes of slowing down or even reversing fibrosis (20). Although several 
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studies have been successful at the preclinical level, only limited advances have been 
made at this time in the translation of these findings to the level of patient treatment 
(2,21). The search for antifibrotic drugs is impeded by the lack of appropriate cell and 
animal models to study human renal fibrosis. In vitro studies lack cellular heterogeneity, 
which is a prerequisite to mimic the multicellular character of fibrosis, while results from 
animal experiments often do not match the human situation, and differ per strain within a 
given species (22). Precision-cut kidney slices (PCKS) might be an extremely useful model 
to elucidate the process of renal fibrogenesis and to accelerate the search for effective 
antifibrotics. This review summarizes the currently available models for renal fibrosis, 
describes the wide array of possibilities with PCKS and shows its role in the search for 
antifibrotic drugs.

MODELS OF KIDNEY FIBROSIS

In vitro models of renal fibrosis 
Cell culture is a simple, cost-efficient and potential high-throughput method to study 
fibrosis (23). Consequently, a myriad of studies use primary or immortalized human cells 
to elucidate the different aspects of fibrogenesis. In general, either fibroblasts or proximal 
tubular epithelial cells, e.g. HK-2 cells, are used. Unfortunately, some of these cells do not 
fully reflect normal renal physiology (24,25). Moreover, this experimental method fails to 
replicate the multicellular feature of fibrosis as well as the complex three-dimensional (3D) 
architecture of the kidney (23). To tackle the latter, 3D tissue engineered disease models 
are being developed using, amongst others, hydrogels, decellularized kidneys or organ-
on-a-chip technology (23). However, these models face many technical hurdles and 
advancement is also dependent on the possibility to obtain functionally relevant and 
genetically accurate renal cell lines (23). Additionally, in order to study cell-cell interactions 
and to minimize the gap between cell culture and the in vivo situation, co-culture models 
have been developed (26). Still, at this time, the usefulness of cell culture models to study 
renal fibrosis is limited, yet they are very helpful to understand single cell behavior in this 
pathological process.    

In vivo models of renal fibrosis
Our current understanding of renal fibrosis is for a large part derived from animal studies. 
In the last decades, a wide variety of models have been established to study renal fibrosis 
using surgical interventions or the administration of toxic substances to initiate fibrogenesis. 
The three most widely used surgical models are: unilateral ureteral obstruction (UUO; 
(27,28)), subtotal nephrectomy (29) and renal ischemia and reperfusion (30). Chemically, 
renal fibrosis can be induced by antiserum (31), adriamycin (32), angiotensin II (33,34) and 
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a myriad of other compounds. Furthermore, fibrosis can also be induced by a high salt 
diet resulting in hypertension. In addition, a genetically modified mouse strain, COL4A3−/−, 
with a phenotype resembling Alport syndrome, is associated with renal fibrosis (35). 
Unfortunately, the major disadvantage of all these models is that the obtained results differ 
per strain (22), and the experiments are associated with considerable discomfort for the 
animals. Still, animal models have the advantage over cell culture since they allow for the 
study of renal fibrosis on a systemic level, yet translation to the human situation remains 
difficult.

PCKS as an ex vivo model of renal fibrosis
The technique of PCKS provides a unique ex vivo/in vitro model in which cellular 
heterogeneity and organ architecture is maintained. This makes the model very useful 
to elucidate multicellular pathological processes including fibrosis. Recently, Poosti et 
al. successfully used murine PCKS to study renal fibrosis as well as the antifibrotic effect 
of interferon γ (IFNγ) and a IFNγ conjugate targeted to the PDGF-β receptor (PPB-PEG-
IFNγ). To improve the application of PCKS to study human disease, Stribos et al. prepared 
slices from human tissue obtained from tumor nephrectomies and provided an in-depth 
characterization of human PCKS demonstrating that the slices maintained their renal 
phenotype during long-term culture, and that the model can be used to study the early 
onset of renal fibrosis (36). Thus, PCKS could serve as a translational model bridging the gap 
between in vitro studies and clinical trials. 

PRECISION-CUT KIDNEY SLICES

History of precision-cut tissue slices
The use of tissue slices for (patho)physiological research dates back to 1923, when Otto 
Warburg invented the use of slices to study cancer cell metabolism (37,38). The technique 
was however not well optimized and the tissue slices were hand-cut with a razor blade. 
Decades later, Carlos Krumdieck developed a semi-automatic slicing machine leading to a 
revival of the popularity of the tissue slices technique in 1980 (39). Because of the technical 
improvement of the methodology, it is now possible to make accurate and reproducible 
tissue slices from (solid) organs from a variety of species including humans. To this day, the 
quality of precision-cut tissue slices (PCTS) is being improved by optimizing preparation 
and incubation settings (40), also in the field of tumor biology (41) for which Otto Warburg 
initially developed the method. All in all, the technique has made great progress and PCTS 
are now widely used to study drug metabolism (42-45), drug toxicity (46-49), drug efficacy 
(50) and fibrosis (36,51-53).  
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Precision-cut kidney slices: the technical aspects
The preparation of PCKS is illustrated in Figure 1. In short, human renal tissue is obtained 
from kidneys that had to be surgically removed due to a renal cell carcinoma. Subsequently, 
cores are made with a biopsy punch using only macroscopically healthy parts of the 
kidney. For murine PCKS, kidneys are collected via a terminal procedure performed under 
isoflurane/O2 anesthesia. From here on, the method to prepare either murine or human 
PCKS is identical. PCKS are obtained using the Krumdieck tissue slicer and the slices are 
subsequently cultured in William’s E medium containing inter alia ciprofloxacin at 37 °C 
in a 80% O2, 5%CO2 atmosphere while gently shaken. PCKS can be cultured up to 72h for 
human slices and up to 48h for murine PCKS during which time tubular functionality is 
maintained. A detailed material and methods section can be found in the original articles 
(36,53).

Figure 1. Workflow preparation precision-cut kidney slices. Cylindrical cores, 6 mm in diameter, were 
obtained from human renal cortical tissue using a biopsy punch (Step 1, 2). PCKS were prepared using the 
Krumdieck tissue slicer, slices with a wet weight of 4-6 mg had an estimated thickness of 250-300 μm (Step 3, 4). 
Slices were subsequently incubated in optimized medium at 37°C and 80% O2, 5% CO2 in an incubator shaking 
at 90 rpm (amplitude 2 cm). From Stribos et al. (36); used with permission from Elsevier.

Characteristics of precision-cut kidney slices
Human PCKS have been used for several decades, especially for drug metabolism 
studies (54-56). However, in these studies, slices were only cultured for 24h and detailed 
characterization of PCKS following long-term incubation was absent. Recently, our group 
demonstrated that the viability of human PCKS can be maintained in culture up to 72h, 
based on morphology, ATP levels and LDH leakage. Furthermore, experiments testing 
uridine 5’-diphospho-glucuronosyltransferase and transporter activity in PCKS revealed 
renal metabolic activity up to 48h. We also observed an inflammatory response in PCKS 
at the start of culture (0-24h) followed by a fibrotic response (48-72h). Moreover, the 
fibrogenic response can be augmented via treatment with the archetypical profibrotic 
factor TGF-β1 (36). 
A multitude of read-out parameters can be used in PCKS experiments. Some basic 
techniques for viability such as ATP, LDH leakage and morphological analysis have been 
thoroughly studied (36,53,54,57,58). Protein and gene expression have been measured 
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in PCKS by immunohistochemical staining, western blot, ELISA, HPLC, 13C-NMR, qPCR 
and microarray analysis (36,53,54,57-60). Taken together, PCKS can be used to study the 
molecular mechanisms of renal diseases, for ADME/Tox drug testing and drug discovery. 

Use of PCKS in (nephro)pharmacological research
PCKS have already been demonstrated to be useful for pharmacotoxicity studies (61), 
especially to unravel mechanisms of (site-specific) nephrotoxicity (57). To illustrate, Vickers 
et al. studied the impact of cisplatin, a chemotherapeutic agent with known nephrotoxic 
effects, on human kidney slices and clearly demonstrated site-specific toxicity with 
widespread tubular necrosis, while the glomeruli appeared unaffected (58). Moreover, 
exposure to cisplatin induced gene expression changes in genes associated with, amongst 
others, DNA damage, growth arrest, protein damage, intracellular signaling and calcium 
homeostasis (58). In another study, Dickman et al. investigated the toxicity of aristolochic 
acid I (AA), a compound produced by Aristolochia (birthwort) plants that specifically targets 
the proximal tubule and that is known to cause AA nephropathy (62). Of note, enzymatic 
nitroreduction of AA generates a reactive nitrenium intermediate capable of forming DNA 
adducts. Using murine renal cortical slices, Dickman et al. demonstrated the formation 
of DNA adducts following treatment with AA, which could be mitigated by probenecid, 
a potent inhibitor of organic anion transporters (62). Thus, PCKS can be used to unravel 
complex mechanisms of toxicity.  

PCKS: a model to study renal fibrosis
As reported previously, renal fibrosis can be induced in PCKS by either culture activation or 
treatment with TGF-β1 allowing us to study the early onset of fibrosis (36,53,63). An overview 
of the fibrosis-related changes observed in rodent and human PCKS is summarized in 
Table 1. Fibrosis in human PCKS was studied by Stribos et al. demonstrating an increase 
in collagen type 1A1 and fibronectin 1 gene expression, as well as elevated protein levels 
of collagen type 1 (36). Moreover, we observed a marked increase in the gene expression 
of both TGF-β1 and PDGF subunit B, two important factors involved in fibrogenesis. In 
addition, Poosti et al. studied fibrosis and antifibrotic drug targeting using murine PCKS 
(53). They demonstrated a clear fibrotic response following treatment with TGF-β1 
reflected by an increase in α-smooth muscle actin, fibronectin and collagen I mRNA and 
protein levels. Furthermore, TGF-β1-induced fibrosis could be mitigated by IFNγ and an 
IFNγ conjugate targeted to the PDGF-β receptor (PPB-PEG-IFNγ). The latter was developed 
by the authors to overcome the undesirable systemic effects and short half-life of IFNγ. 
This conjugate specifically targets the PDGF-β receptor and therefore targets activated 
myofibroblasts. Recently, Zhang et al. provided a more detailed description of the TGF-β 
pathway activity in murine PCKS (63). They showed that treatment with TGF-β1 resulted in 
an upregulation of p-Smad2, p-Smad3, p-ERK1, p-ERK2 and p-p38 MAPK in murine PCKS, 
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which is in line with observations made in other models. However, all the aforementioned 
studies only investigated the early onset of fibrosis. To elucidate the pathophysiology of 
the final stages of the disease, PCKS prepared from fibrotic tissue are needed. In addition, 
such a model could be used to identify therapeutic targets for established renal fibrosis. 
To this end, the first studies are currently being performed in our lab using kidney slices 
from UUO mice. Recently, Genovese et al. demonstrated the feasibility of such an approach 
by preparing PCKS from UUO rats (64). Using this model, they showed increased marker 
levels of collagen type I formation (P1NP), collagen type I and III degradation (C1M and 
C3M), as well as elevated levels of TGF-β1 and α-smooth muscle actin in PCKS supernatants 
(64). To further improve translation, human fibrotic tissue can be used which could be 
obtained when the diseased (native) kidney is surgically removed during transplantation or 
following long-term graft loss. Unfortunately, both procedures are rare since it is common 
practice to leave the diseased kidney in the body during a transplantation procedure. Thus, 
an appropriate human model of established renal fibrosis still needs to be developed.

Table 1. Fibrosis-related changes observed in PCKS. 

PCKS fibrosis model TGF-β 
pathway

PDGF 
subunit B

COL1A1 FN1 HSP47 α-SMA Ref

Human 

Culture 

activation
↑(late) ↑ (early) ↑ ↑ - -

(36)

TGF-β1 ↑ ND ↑ ↑ ↑ ↑

Mouse 

TGF-β1 ND ND ↑ ↑ ND ↑ (53)

TGF-β1 ↑ ND ND ND ND ND (63)

Rat UUO ↑ ND ↑* ND ND ↑ (64)

↑, increased activity/expression; -, no difference; ND, not determined; TGF-β, transforming growth factor- β; 
PDGF, Platelet-derived growth factor; COL1A1, alpha-1 type I collagen; FN1, fibronectin 1; HSP47, heat-shock 
protein 47; α-SMA, α-smooth muscle actin.
*Increased collagen type I remodeling. 

Role of PCKS in antifibrotic strategies
As stated previously, PCKS are a valuable tool to study antifibrotic strategies and to identify 
therapeutic targets. A myriad of putative antifibrotic compounds have already been tested 
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in liver and intestinal slices, and is has been demonstrated that precision-cut tissue slices 
have good prognostic potential regarding drug efficacy in human disease (48,52). To 
illustrate, using precision-cut liver slices (PCLS) prepared from rat and human tissue, we 
could clearly demonstrate species-specific effects of imatinib (65). This compound showed 
promising antifibrotic effects in animal studies as well as in rat PCLS. Yet, imatinib failed in 
clinical trials focusing on liver fibrosis, and also in human PCLS we could not observe any 
antifibrotic activity of this compound (65). Thus, PCTS have proven to be a valuable tool in 
the search for therapeutic options to treat renal fibrosis. 

FUTURE PERSPECTIVES 

The model of PCKS has been around for several decades, yet the technique is continuously 
evolving which foreshadows some exciting times to come. In the near future, a multitude 
of changes will likely establish this promising technique as an innovative replacement for 
experimental animal models. Therefore, PCKS promise to be an important tool to unravel 
renal fibrosis and unveil effective therapeutic options. 
A limitation of PCKS in the study of renal fibrosis pertains to the fact that circulating 
inflammatory cells, which play a role in fibrogenesis (66), are not included in the 
experimental set-up. Moreover, during CKD there is a close interaction of renal and cardiac 
dysfunction (2), and it has been speculated that other organs such as the liver, heart and 
intestines contribute to the development of renal fibrosis. To circumvent this problem, one 
could study interorgan interactions by using microfluidic biochips (67). With this technique, 
human PCKS can be incubated in the microchamber of the microfluidic device, connected 
in series with a microchamber containing cell lines or precision-cut tissue slices. 
Another future improvement would be to develop live imaging techniques using PCKS. 
Mishra et al. described the use of specific fluorescent labeling with a dye or the use of 
transgenic mice expressing a fluorescent reporter to study cerebral circulation in brain 
slices (68). A major advantage of such a technique is that the fibrotic process can be studied 
in real-time during the complete culture period. 

CONCLUSION

In conclusion, the technique of PCKS is underway to become a unique tool to study renal 
fibrosis. Already, a solid foundation has been provided with in-depth PCKS characterization 
and the successful use of PCTS in ADME/Tox and drug testing. With this novel model 
for renal diseases, the quest for antifibrotic therapies can be accelerated which will be 
extremely beneficial for CKD patients.
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ABSTRACT 

Renal fibrosis is characterized by progressive accumulation of extracellular matrix (ECM) 
proteins, resulting in loss of organ function and eventually requiring renal replacement 
therapy. Unfortunately, no efficacious treatment options are available to halt renal fibrosis 
and translational models to test pharmacological agents are not always representative. 
Here, we evaluated murine precision-cut kidney slices (mPCKS) as a promising ex vivo 
model of renal fibrosis in which pathophysiology as well as therapeutics can be studied. 
Unique to this model is the use of rodent as well as human renal tissue, further closing 
the gap between animal models and clinical trials. Kidneys from C57BL/6 mice were used 
to prepare mPCKS and slices were incubated up to 96 h. Viability, morphology, gene 
expression of fibrosis markers (Col1a1, Acta2, Serpinh1, Fn1), gene expression of inflammatory 
markers (Il1b, Il6, Cxcl1), and protein expression (collagen type 1, α-smooth muscle actin, 
HSP47) were determined. Furthermore, to understand the role of the transforming-growth 
factor β (TGF-β) pathway in mPCKS, slices were incubated with a TGF-β receptor inhibitor 
(LY2109761) for 48h. Firstly, viability and morphology revealed a maximum incubation 
period of 48h. Secondly, we demonstrated an early inflammatory response in mPCKS, 
which was accompanied by subsequent spontaneous fibrogenesis. Finally, LY2109761 
showed great antifibrotic capacity in mPCKS by decreasing fibrosis markers on mRNA level 
as well as by reducing HSP47 protein expression. To conclude, we here present an ex vivo 
model of renal fibrosis, which can be used to further unravel the mechanisms of renal 
fibrogenesis and to screen antifibrotic therapy efficacy.
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INTRODUCTION

Renal fibrosis is an integral part of the pathophysiological mechanism underlying the 
development and progression of chronic kidney disease (CKD), and is regarded as the most 
damaging process responsible for renal function decline (1). CKD affects about 10% of the 
population and substantially impacts health care budgets. Moreover, the global incidence 
of CKD is continuously rising (2,3). CKD is irreversible and can progress to end-stage renal 
disease, ESRD (estimated glomerular filtration rate <15 ml/min/1.78m2), whereby renal 
replacement therapy such as dialysis or renal transplantation is needed. 
Renal fibrosis is the consequence of an imbalanced extracellular matrix (ECM) turnover 
caused by continuous noxious stimuli such as trauma, infection, ischemia or a systemic 
disease (4,5). A multitude of complex pathways are implicated in the pathogenesis of renal 
fibrosis of which the transforming growth factor (TGF)-β pathway is regarded as the master 
regulator (6,7). Binding of TGF-β to a serine-threonine kinase type II receptor results in the 
recruitment and phosphorylation of a type I receptor, which in turn phosphorylates SMADs 
thereby initiating a host of signaling cascades (8,9). TGF-β is synthesized and secreted by 
inflammatory cells and a variety of effector cells. Activation of the pathway results in the 
formation and deposition of ECM proteins, mainly by activated interstitial (myo)fibroblasts 
(9). 
A myriad of experimental treatment modalities for renal fibrosis have been developed in 
hopes of retarding or even reversing fibrogenesis (10). Although several studies have been 
successful at the preclinical level, only limited advances have been made in the translation 
of these findings to the level of patient treatment. One of the limiting factors during the 
drug development process is the translation from in vitro/vivo models to the clinic. While in 
vitro models lack cellular heterogeneity, animal experiments do not fully reflect the human 
situation and results differ per strain (11). To achieve a greater understanding of renal fibrosis 
and thus accelerate the discovery of effective therapeutic targets, there is an urgent need 
for adequate translational models. To this end, precision-cut kidney slices (PCKS) have been 
developed as disease model using either murine or human renal tissue (12-14). Murine 
PCKS (mPCKS) are a promising model of renal fibrosis pathophysiology as well as easy 
drug-discovery tool having several advantages compared to human PCKS such as tissue 
availability, use of knockout models and identical genetic background. Moreover, the use 
of PCKS contributes to the reduction, refinement and replacement (‘3Rs’ principles) of 
animal studies. In this study, we extensively characterized the phenotype of mPCKS during 
extended culture (up to 96 h) and studied the mechanisms behind fibrogenesis in PCKS.
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MATERIAL AND METHODS 

Chemicals
LY2109761, a TGF-β inhibitor, was purchased from Selleck Chemicals, Munich, Germany. 
Stock solutions were prepared in DMSO and stored at -20°C. During the experiments, 
stocks were diluted in culture medium with a final concentration of ≤0.1%.

Animals
Tissue from male C57BL/6 mice (University Medical Center Groningen, Groningen, the 
Netherlands) aged 8-15 weeks was used for the experiments (n=3 for long-term incubation 
studies and n=3 for studies with LY2109761). Animals were housed under controlled 
conditions with a twelve-hour light/dark cycle and free access to water and food (Harlan 
chow no. 2018, Horst, the Netherlands). Organs were harvested via a terminal procedure 
performed under isoflurane/O2 anesthesia. Kidneys were stored in ice-cold University 
of Wisconsin (UW) organ preservation solution until use. The animal experiments were 
evaluated and approved by the Animal Ethics Committee of the University of Groningen 
(DEC 6416AA-001).

Murine precision-cut kidney slices
Murine PCKS were prepared as described in detail by Poosti et al. (12) . In short, murine 
kidneys were prepared by removing adipose tissue and slices were made in ice-cold Krebs-
Henseleit buffer supplemented with 25 mM D-glucose (Merck, Darmstadt, Germany), 25 
mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, OH, USA) and saturated 
with carbogen (95% O2, 5% CO2) using a Krumdieck tissue slicer (Figure 1). Slices were 
incubated, up to 96 h, in Williams’ Medium E with GlutaMAX (Life Technologies, Carlsbad) 
supplemented with 10 μg/mL ciprofloxacin and 2.7 g/L D-(+)-Glucose solution (Sigma-
Aldrich, Saint Louis) at 37°C in an 80% O2 and 5% CO2 atmosphere while gently shaken. 
Medium was refreshed every 24 h. Murine PCKS were also treated for 48h with 2.5 μM 
LY2109761, a TGF-β receptor inhibitor. After incubation, mPCKS were snap-frozen in liquid 
nitrogen and stored at -80°C until use. 

Viability of mPCKS
Viability of mPCKS was determined by measuring ATP content (Roche diagnostics, 
Mannheim, Germany) and corrected for the total protein content of the sample which 
was estimated via the Lowry assay (Bio Rad, Veenendaal, the Netherlands), as described 
previously (15). 
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Gene expression 
Total RNA was extracted from mPCKS with the RNeasy mini kit (Qiagen, Venlo, the 
Netherlands) using a Mini-Beadbeater for homogenization, and RNA (1 μg) was reverse 
transcribed using the Reverse Transcription System (Promega). Subsequently, mRNA 
expression as evaluated by quantitative real-time polymerase chain reaction (qPCR) 
performed with a 7900HT qPCR system (Applied Biosystems). Relative fold change was 
calculated using the 2-ΔCt method using Gapdh as reference gene. The TaqMan Gene 
Expression assays (Thermo Fisher Scientific, Waltham, USA) used are listed in SI Table I. 

Western blot
Total protein was extracted from mPCKS with ice-cold lysis buffer (30 mM Tris, 150 mM 
NaCl, 1 mM EDTA, 0.054% Triton X-100, 1 mM Na3VO4, 10 mM NaF and 1% SDS) and 
samples were homogenized (five cycles of 45 sec Minibead-beating and 10 min cooling 
on ice). After 45 min of centrifugation at 15.680 x g, samples were denatured at 75˚C for 
10 min. A total of 100 μg was separated via sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis using 10% gels and blotted onto polyvinylidene fluoride membranes 
(Trans-Blot Turbo Transfer System, Bio-Rad, Hercules, USA). Membranes were blocked in 5% 
non-fat milk/TBST (Bio-Rad) and incubated with the primary antibody (SI Table I) overnight 
at 4˚C followed by incubation with the corresponding secondary antibody for 1 h. Proteins 
bands were visualized using the Clarity Western ECL blotting substrate (Bio-Rad) and the 
ChemiDoc Touch Imaging System (Bio-Rad). Protein expression was normalized using total 
protein stains for immunoblot.

Figure 1. Workflow preparation of mPCKS. (A) Murine kidneys were prepared by removing the adipose tissue. 
(B) The entire kidney is placed in the core holder. (C) Murine PCKS were prepared with the Krumdieck slicer (wet 
weight 5 mg) and subsequently kept in ice-cold UW solution. (D) Slices were incubated in optimized medium at 
37 ºC and 80% O2, 5% CO2 in a gently shaking incubator. Adapted from Stribos et al. (14).

Morphology
To assess general morphology, Periodic acid-Schiff (PAS) staining was performed on 2 
µm sections from formalin-fixed paraffin-embedded slices. Murine PCKS diameter was 
measured using ImageJ (National Institutes of Health).
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Statistics
Statistics were performed using GraphPad Prism 6.0 via one-way analysis of variance 
(ANOVA) followed by Dunnett’s multiple comparisons test or an unpaired, two-tailed 
Student’s t-test as appropriate. The results are expressed as mean ± standard error of the 
mean (SEM). Regarding the qPCR results, statistics were performed using the ΔCt values, 
while the data is presented as fold change (2−ΔCt). Differences between groups were 
considered to be statistically significant when p < 0.05. 

Figure 2. General morphology and viability. Data are presented as the mean ± standard error of the mean of 
three independent experiments (A) Viability measured by ATP content during incubation. (B) Slice diameter in 
cm during incubation. (C) PAS staining of mPCKS during culture, magnification ×10; insets, magnification ×20, 
scale bar represents 100 μm. *p<0.05, **p<0.01.
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RESULTS

Morphology and general viability
Morphology of mPCKS was checked with PAS staining until 96h of incubation (Figure 
2C). As illustrated, kidney slices remained viable up to 48h of incubation after which the 
proximal tubular brush border disappeared and most tubular cells became anuclear. 
Therefore, future experiments were limited to 48h. Additionally, the diameter of mPCKS 
reduced during culture (Figure 2B), in accordance with results obtained with human PCKS. 
Furthermore, the ATP content of the slices increased at the start of culture, after which the 
levels remained constant (Figure 2A). These results show that mPCKS remained viable for 
at least 48h of culturing.

Figure 3. Expression of fibrosis and inflammatory markers during incubation of mPCKS. Data are presented 
as the mean ± standard error of the mean of three independent experiments (A) mRNA expression of fibrosis 
markers. (B) mRNA expression of inflammation markers. (C+D) Protein expression and quantification of collagen 
type I, α-smooth muscle actin (SMA) and heat-shock protein (HSP47). Fn1, fibronectine type 1; Il, interleukin. 
*p<0.05, **p<0.01, ***p<0.001, ***p<0.0001.

Early inflammatory and late fibrosis response during incubation
Next, we investigated changes in the genotype of mPCKS during culture, with a focus on 
inflammation and fibrogenesis. Gene expression of Il1b, Il6 and Cxcl1 markedly increased 
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after 3h of incubation (Figure 3B). Both Il6 and Cxcl1 mRNA levels peaked at 3h (fold change 
of 8715 and 529 respectively), after which the expression levels decreased, although they 
remained higher as compared to 0 h. The expression pattern of Il1b had a nearly constant 
increase during incubation (118 times fold induction at 48h) compared to 0h slices. 
We also observed a culture-induced fibrotic response in mPCKS whereby Fn1 and Serpinh1 
(i.e. heat-shock protein 47, HSP47) are already upregulated after 24h (respectively 4.5 and 
4.0 fold change compared to 0 h), while after 72h all four markers of fibrosis (Col1a1, Fn1, 

Serpinh1 and Acta2) are highly expressed (Figure 3A). This increase in fibrosis markers was 
also observed on protein level by western blot (Figure 3C-D). Collagen type 1, α-smooth 
muscle actin (α-SMA) and HSP47 all significantly increased at 48h compared to baseline 
expression (3.1, 1.6, and 23.2 fold increase respectively).

Role of TGF-β pathway during incubation of mPCKS
Subsequently, we studied whether the TGF-β pathway is involved in the observed onset of 
fibrosis in mPCKS. To this end, mPCKS were incubated for 48h with LY2109761, a selective 
TGF-β receptor type I/II inhibitor. Our results demonstrated that slice viability, as measured 
by ATP content, was not affected by LY2109761 (Figure 4A). Furthermore, treatment with 
LY2109761 significantly reduced the gene expression of all tested fibrosis markers (Col1a1, 

Acta2, Serpinh1 and Fn1) at 48h, as compared to control (Figure 4B). The inhibitor had the 
strongest impact on Col1a1 and Fn1, both genes encoding for ECM proteins. Surprisingly, 
following treatment, Col1a1 mRNA levels were even lower than in control slices (1.0±0.1 at 
0 h, 6.3±0.6 at 48h control and 0.3±0.05 at 48h with LY2109761). Moreover, we were able 
to demonstrate a clear decrease in HSP47 protein expression decrease when slices were 
treated with LY2109761, whilst collagen type 1 and α-SMA expression were not affected 
(Figures 4C and D).

DISCUSSION

Translational models of renal fibrosis to develop efficacious antifibrotic therapies are lacking 
(13,16) and there is an urgent need to close the gap between in vivo studies and clinical 
trials. PCKS have been around since several decades for pharmacotoxicity studies and 
recently this ex vivo model has been implemented in the fibrosis research field (12,17,18). 
Strengths of this promising technique are the preserved multicellular heterogeneity and 
organ architecture, the possibility to perform translational research using human PCKS and 
the potential to reduce animal experiments.
In the present study, we demonstrate two different applications of mPCKS namely as an 
ex vivo model to study renal fibrogenesis and as a screening tool for antifibrotic therapies 
such as TGF-β inhibitors. Poosti et al. were the first to use mPCKS to test the efficacy of
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Figure 4. TGF-β receptor inhibition in mPCKS. Data are presented as the mean ± standard error of the 
mean of three independent experiments (A) Viability of slices treated with LY2109761 compared to 48h control. 
(B) Reduction of fibrosis gene expression (Col1a1, Acta2, Serpinh1, Fn1) in slices treated with LY2109761. (C+D) 
Protein expression and quantification of collagen type I, α-smooth muscle actin (SMA) and heat-shock protein 
(HSP47). *p<0.05, ***p<0.001.

potential antifibrotic therapies (12). However, they did not fully characterize the ongoing 
inflammatory and fibrotic processes that take place during mPCKS culture, which is highly 
important to interpret the results obtained with this model. Our results demonstrated 
the spontaneous onset of fibrosis during mPCKS culture, as reflected by an increased 
gene expression of Col1a1, Serpinh1, Fn1 and Acta2 genes. Moreover, the acquired fibrotic 
phenotype was corroborated on a protein level. Additionally, fibrogenesis was preceded 
by an early inflammatory response on mRNA level, which, although decreasing after 24 
h, remained high during culture. This is most probably caused by cell injury due to the 
slicing procedure as well as a stress response due to incubation at 37°C. Early inflammation, 
followed by the induction of ECM proteins concurrent with (proximal) tubular atrophy 
is an important characteristic of renal fibrosis (19), which is nicely reflected in mPCKS. 
Therefore, mPCKS are an ideal model to study renal fibrogenesis. Additionally, preservation 
of Acta2 gene and α-SMA protein expression during incubation suggests survival of α-SMA 
expressing (myo)fibroblasts during culture. In contrast, Acta2 expression in human PCKS 
first dramatically decreases after which levels rise again (14) which might reflect species 
differences in the fibrotic process. After having extensively characterized the pathological



48

Chapter 3

Fi
gu

re
 5

. F
ut

ur
e 

pe
rs

pe
ct

iv
es

 o
f (

m
ur

in
e)

 P
CK

S.



Murine precision-cut kidney slices

49

3

processes in mPCKS, we studied the involvement of the TGF-β pathway herein. To this end, 
mPCKS were incubated with the TGF-β receptor I/II inhibitor LY2109761 for 48h. LY2109761 
is mostly studied in the context of cancer research, and it has been demonstrated that this 
inhibitor has antiproliferative effects and increases tumor sensitivity to treatment (20,21). 
Regarding fibrosis, it has been shown to reduce radiation or bleomycin-induced lung 
fibrosis (22,23). Our study confirmed the antifibrotic effect of LY2109761 as we observed a 
remarkable decrease in the expression of fibrosis genes. Even on a protein level, a significant 
decrease of HSP47 was observed compared to control. HSP47 expression is closely linked 
to collagen formation and plays an important role in the correct folding and assembly 
of procollagen molecules. Additionally, involvement of the protein in fibrotic lesions in 
the kidney has been established (24,25) and when targeted a reduction in renal fibrosis 
is observed in a unilateral ureteral obstruction (UUO) animal model (26,27). Therefore, the 
observed decrease in HSP47 protein expression is a strong indicator of the antifibrotic 
efficacy of LY2109761; and we hypothesize a future decrease in collagen type I as well as 
α-SMA, when incubating with the inhibitor for longer periods. Importantly, the LY2109761 
concentration (2.5 μM) used in this study is low compared to studies in dermal fibroblasts 
(10-20 μM) (28,29). Concluding, these studies demonstrate that the TGF-β pathway plays a 
major role in the onset of fibrosis in mPCKS and indicate that this pathway is an interesting 
therapeutic target for renal fibrosis.
Limitations of the mPCKS model are the lack of circulating inflammatory and bone-
marrow-derived cells contributing to the pathophysiology of renal fibrosis (30,31), the 
absence of blood- and urine flow as well as missing interorgan interactions. The latter 
might be circumvented by co-incubating mPCKS with liver/heart/intestinal slices by 
using microfluidic biochips (32). Additionally, the discrepancy between ATP content and 
morphology needs to be addressed in future studies to improve the model. 
This ex vivo model of PCKS is still in its infancy and offers a vast array of applications (Figure 
5). Firstly, one can vary the renal tissue used. Instead of healthy kidneys, diseased renal 
tissue can be opted for such as from UUO mice. In a similar fashion, the culture of PCKS 
from human fibrotic tissue from non-functioning renal allografts or ESRD native kidneys is 
currently being developed in our lab. In the case of mPCKS, specific genes can be studied 
by using knockout models. Otherwise, siRNA treatment is an alternative option for murine 
as well as human PCKS, which is currently being studied in our group. Additionally, study of 
renal disease in PCKS is certainly not limited to fibrosis as this model is also highly suitable 
to study acute kidney injury.
In conclusion, we present a characterized model of mPCKS to study renal disease (i.e. 
fibrosis) and show the pivotal role of the TGF-β pathway in the spontaneous onset of 
fibrosis during incubation. Still, PCKS technology is continuously evolving as a translational 
model and promises to be an innovative technique that can be used as replacement and 
reduction for animal experiments.
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SUPPLEMENTARY DATA

Supplementary Table I. Primers and antibodies
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Gapdh Mm99999915_g1

Il1b Mm00434228_m1

Il6 Mm04207460_m1

Cxcl1 Mm04207460_m1

Col1a1 Mm00801666_g1

Fn1 Mm01256744_m1

Serpinh1 Mm00438058_g1

Acta2 Mm00725412_s1
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Collagen 
type 1

Primary: Rabbit anti-collagen type 1 (1:2000; Rockland Immunochemicals, 
Limerick, USA) 
Secondary: Goat anti-rabbit HRP (1:2000, Dako, Santa Clara, USA)

α-smooth muscle 
actin (α-SMA)

Mouse anti-α-SMA clone 1A4 (1:5000; Sigma-Aldrich, St. Louis, USA)
Secondary: Rat anti-mouse HRP (1:5000, Dako)

Heat-shock protein 
(HSP47)

Rabbit anti-HSP47 (1:2000; ab109117 Abcam, Cambridge, USA)
Secondary: Goat anti-rabbit HRP (1:2000, Dako)
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ABSTRACT 

Chronic kidney disease (CKD) is a major health concern and experimental models bridging 
the gap between animal studies and clinical research are currently lacking. Here, we 
evaluated precision-cut human kidney slices (PCKS) as a potential model of renal disease. 
PCKS were prepared from human cortical tissue obtained from tumor-nephrectomies and 
cultured up to 96 hours. Morphology, cell viability and metabolic functionality (i.e. UDP-
glucuronosyltransferase and transporter activity) were determined to assess PCKS integrity. 
Furthermore, inflammatory and fibrosis-related gene expression was characterized. Finally, 
to validate the model, renal fibrogenesis was induced using transforming-growth factor 
β1 (TGF-β1). Preparation of PCKS induced an inflammatory tissue response, while long-
term incubation (96 hours) induced fibrogenesis as seen by an increased expression of 
collagen type 1a1 (COL1A1) and fibronectin (FN1). Importantly, PCKS remained functional for 
more than 48 hours as evidenced by active glucuronidation and phenolsulfonphthalein 
uptake. In addition, cellular diversity appeared to be maintained, yet we observed a clear 
loss of nephrin mRNA levels suggesting that our model might not be suitable to study the 
role of podocytes in renal pathology. Moreover, TGF-β1 exposure augmented fibrosis, as 
illustrated by an increased expression of multiple fibrosis markers including COL1A1, FN1 
and α-smooth muscle actin (ACTA2). In conclusion, PCKS maintain their renal phenotype 
during culture and appear to be a promising model to investigate renal diseases e.g. 
renal fibrosis. Moreover, the human origin of PCKS makes this model very suitable for 
translational research. 
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INTRODUCTION

Chronic kidney disease (CKD) affects approximately 10% of the adult population in 
developed countries (1). CKD is irreversible and can progress to end-stage renal disease 
(ESRD), demanding renal replacement therapy. Yet, at this time, no effective therapy exists 
to halt CKD progression. Loss of functional tissue due to glomerular and tubulointerstitial 
accumulation of extracellular matrix (ECM) proteins, i.e. fibrosis, is a key event in the 
development and perpetuation of CKD (2). Currently, therapies for organ fibrosis in CKD 
patients solely focus on the origin of renal failure, e.g. diabetes or hypertension, and 
consequently have limited potential in halting fibrosis (3,4). Therefore, insight into renal 
fibrogenesis might aid in the development of therapeutic approaches to prevent loss of 
kidney function (5), or even reverse fibrosis. 
Fibrosis is a complex pathophysiological process encompassing a myriad of cells and 
signaling pathways. A multitude of triggers can initiate the fibrotic response, including 
proteinuria and glomerular IgA deposition, yet irrespective of the initial insult, it will 
ultimately result in loss of organ architecture and function (4,6). Transforming-growth 
factor-β1 (TGF-β1) is one of the key factors involved in fibrogenesis, and activation of the 
TGF-β1 signaling pathway will increase the expression of, amongst others, plasminogen 
activator inhibitor (PAI)-1. This glycoprotein is a powerful promoter of renal fibrosis and 
is associated with many aggressive kidney diseases (7). Even though there is great body 
of literature regarding fibrosis, the fibrotic process is still not understood completely. To 
elucidate the mechanisms of renal fibrosis, there is an urgent need for reliable models 
mimicking the human in vivo situation. Results obtained with existing animal models differ 
per strain (8), and in vitro models fail to replicate the multicellular nature of the fibrotic 
process. Recently, Poosti et al. reported the use of murine precision-cut kidney slices (PCKS) 
as a suitable model to investigate renal fibrosis (9). PCKS are ideal to study multicellular 
(pathological) processes, e.g. fibrosis, since cellular diversity as well as organ architecture 
is maintained in the slices. In the current study, we aimed to improve the PCKS model by 
preparing slices from human tissue, and we established and characterized human PCKS as 
a unique ex vivo/in vitro model of renal disease. 
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MATERIALS AND METHODS

Ethics statement
This study was approved by the Medical Ethical Committee of the University Medical 
Centre Groningen (UMCG), according to Dutch legislation and the Code of Conduct for 
dealing responsibly with human tissue in the context of health research (www.federa.org), 
refraining the need of written consent for ‘further use’ of coded-anonymous human tissue. 
The procedures were carried out in accordance with the experimental protocols approved 
by the Medical Ethical Committee of the UMCG. 

Renal tissue
Macroscopically healthy renal cortical tissue from tumor-nephrectomies was obtained and 
kept in ice-cold University of Wisconsin solution. Cold ischemia time between nephrectomy 
and culturing was limited to 2 hours. Patient demographics are presented in Table 1. 

Table 1. Patient demographics (n=6)

Gender (% female)
Age (in years)
Nephrectomy side (% right)
Serum creatinine before nephrectomy (μmol/L)
eGFR before nephrectomy (ml/min/1.73m²) *

50.0
55.1 ± 21.3
100.0
80.2 ± 11.3
77.8 ± 9.4

*calculated using the Modification of Diet in Renal Disease (MDRD) formula. Values are presented as mean ± 
standard deviation or otherwise if indicated.

Preparation/characterization of PCKS 
Workflow of PCKS preparation is shown in Figure 1. In short, cylindrical cores, 6 mm in 
diameter, were obtained from human renal tissue using a biopsy punch. Kidney slices 
were subsequently prepared in ice-cold Krebs-Henseleit buffer, supplemented with 
25 mM D-glucose (Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES 
(MP Biomedicals, Aurora, OH, USA) and saturated with carbogen (95% O2, 5% CO2), using 
a Krumdieck tissue slicer as previously described (10). PCKS, with a wet weight of 4-6 
mg and an estimated thickness of 250-300 μm, were incubated individually in 1.3 ml of 
William’s E Medium with GlutaMAX (Life Technologies, Carlsbad, USA) containing 10 μg/ml 
ciprofloxacin and 2.7 g/l D-(+)-Glucose solution (Sigma-Aldrich, Saint Louis, USA) at 37°C in 
a 80% O2, 5% CO2 atmosphere, while gently shaken (10). Medium was refreshed every 24 
hours.
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Figure 1. Workflow preparation precision-cut kidney slices. Cylindrical cores, 6 mm in diameter, were 
obtained from human renal cortical tissue using a biopsy punch (Step 1, 2). PCKS were prepared using the 
Krumdieck tissue slicer, slices with a wet weight of 4-6 mg had an estimated thickness of 250-300 μm (Step 3, 4). 
Slices were subsequently incubated in optimized medium at 37°C and 80% O2, 5% CO2 in an incubator shaking 
at 90 rpm (amplitude 2 cm).

Figure 2. General morphology and viability of PCKS. (A) PAS staining of PCKS during culture, magnification 
10x, scale bar represents 200 μm; Insets, magnification 20x (B) Representative figures and quantification of PCKS 
size during incubation, quantified using ImageJ (n=3). (C,D) Viability of PCKS was assessed by ATP content and 
LDH leakage. Data are presented as mean ± SEM of minimally five independent experiments performed in 
triplicate. Statistical analysis was performed via a Kruskal-Wallis test followed by Dunn’s multiple comparisons, 
compared to first column. *=p<0.05.
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Figure 3. Functionality and cellular changes during culture of PCKS. (A) Representative figures and 
quantification of phenolsulfonphthalein uptake in PCKS determined by a spectrophotometer at 558 nm. (B) 
Enzyme activity was determined by HPLC. Slices were incubated with 7-HC (0.5 mM) for 3 hours at 37 °C. (A, B, C) 
Gene expression was studied by qPCR. Relative expression was calculated using the housekeeping gene GAPDH 
(100%). Data are presented as mean ± SEM of six independent experiments performed in triplicate. Statistical 
analysis was performed via a Kruskal-Wallis test followed by Dunn’s multiple comparisons test, compared to 
first column. *=p<0.05. 

Morphology
For immunohistochemistry, PCKS were fixed in 10% formalin, embedded in paraffin and 
sectioned (2 μm) followed by PAS staining to assess morphology or Sirius red staining to 
visualize collagen protein expression. PCKS diameter was measured using ImageJ (National 
Institutes of Health).

Viability
Viability was determined by both ATP content as previously described (11), and LDH release 
using the CytoTox-ONE Homogenous Membrane Integrity assay (Promega, Madison, USA).

PCKS functionality 
UGT activity was measured by HPLC. Following incubation, PCKS were incubated with 0.5 
mM 7-hydroxycoumarin (7-HC) for 3 hours at 37°C. Afterwards, aliquots of culture medium 
were centrifuged (12,470 x g, 5 minutes), and injected into the HPLC system (PE-Sciex 
API 3000, Concord, Canada) equipped with a C18 column (150 x 2.1 mm, 5 μm, Alltech 
Associates, Deerfield, USA). 7-HC metabolites were measured as previously described (12). 
To determine phenolsulfonphthalein uptake, slices were cultured as described above and 
subsequently homogenized in sonication solution, containing 70% ethanol and 2 mM 
EDTA, using a Mini-Beadbeater, and extinction of the solution was measured at 558 nm 
using a spectrophotometer (Synergy HT BioTek, Winooski, USA). 

Quantitative PCR
Total RNA from untreated or exposed (5 ng/ml human TGF-β1; Roche, Basel, Switzerland) 
PCKS was isolated with the RNeasy mini kit (Qiagen, Venlo, the Netherlands), using a Mini-
Beadbeater for homogenization. RNA (1 μg) was reverse transcribed using the Reverse 
Transcription System (Promega). Subsequently, cDNA was used for qPCR performed with 
a 7900HT qPCR system (Applied Biosystems). Relative expression values were expressed as 
percentage compared to GAPDH (100%) or as fold induction using the 2-ΔCt method. Used 
primers are listed in Table S1. 
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Western blot
Total protein (100 μg) was separated via SDS/PAGE using 10% gels and blotted onto PVDF 
membranes. Antibodies used are listed in Table S2. Proteins bands were visualized using 
the VisiGlo Prime HRP Chemiluminescent Substrate Kit (Amresco, Solon, USA).

Statistics
Statistics were performed using Graphpad Prism 6.0 by either a Kruskal-Wallis test followed 
by Dunn’s multiple comparisons test or the Mann-Whitney test as appropriate. Differences 
between groups were considered to be statistically significant when p < 0.05. 

RESULTS AND DISCUSSION

Characterization of PCKS
Figure 2A shows the morphology of PCKS during incubation. As demonstrated, general 
morphology remains good between 3-72 hours with only minor signs of cellular damage 
(e.g. pyknosis and anucleosis). Closing of tubuli was also observed probably due to a lack of 
pre-urine flow. Furthermore, PCKS became smaller during culture (Figure 2B).
Next, viability of PCKS was assessed by ATP content and LDH leakage. ATP levels greatly 
increased at the start of incubation, from 4.1 (0 hours) to 16.6 pmol/μg (ours; Figure 2C), in 
line with previous observations in liver slices (13). Furthermore, ATP levels remained fairly 
stable during culture with a content of 11.2 pmol/μg at 96 hours. LDH levels in the culture 
medium were also constant (Figure 2D), indicating that PCKS remained viable. These 
finding are in agreement with the study from Poosti and colleagues showing that murine 
PCKS are viable up to 72 hours (9).

Metabolic activity and cell marker expression during incubation
The kidney contributes greatly to metabolism and (transporter-mediated) solute 
clearance (14). Therefore, we studied transporter activity and UDP-glucuronosyltransferase 
(UGT) functionality. Uptake of phenolsulfonphthalein — an organic anion transporter 
(OAT) substrate (15) — was observed at 3-48 hours and OAT activity time-dependently 
decreased with 94% between 3h-96 hours (Figure 3A), in line with the observed OAT1 gene 
expression (r=0.68, p < 0.001). Furthermore, we observed mitigated expression of organic 
anion transporting polypeptide 4C1 (OATP4C1) and breast cancer resistance protein (BCRP) 
at the start of culture (0-24 hours), after which levels remained stable. These findings are in 
agreement with in vitro studies performed with primary human proximal tubular epithelial 
cells (PTECs), in which functional expression of OATs can be sustained for a limited time (16). 
Furthermore, 7-hydroxycoumarin glucuronide (7-HCG) formation was observed in PCKS for 
more than 48 hours. Glucuronidation time-dependently decreased from 40.1 (24 hours) 
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Figure. 4. Expression of inflammatory and fibrosis markers during incubation of PCKS. (A, B) Gene 
expression was studied by qPCR. Relative expression was calculated using the household gene GAPDH (100%). 
Data are presented as mean ± SEM of six independent experiments performed in triplicate. Collagen type 1 
protein expression was studied using western blot (n=3). Statistical analysis was performed via a Kruskal-Wallis 
test followed by Dunn’s multiple comparisons test, compared to 0 hours. *=p<0.05. (C) Sirius red staining of 
PCKS during culture, magnification 20x, scale bar represents 100 μm.
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to 13.2 pmol/3h/μg at 96 hours (Figure 3B). Moreover, UGT activity clearly correlated with 
UGT1A9 gene expression (r=0.61, p = 0.004), a main contributor to renal glucuronidation 
(17). In addition, similar to OATP4C1 and BCRP, UGT1A1 expression diminished from 0-24 
hours, after which it stayed constant. Previously, de Kanter et al. demonstrated UGT activity 
in human PCKS during short-term (3 hours) incubation (12). Here, we show long-term 
functionality of UGTs in PCKS, suggesting that the model is suitable for metabolism studies.
Moreover, no clear differences were observed in gene expression of vimentin, e-cadherin 
and CD31 during culturing (Figure 3C), suggesting that (myo)fibroblasts, epithelial cells 
and endothelial cells, respectively, were not lost during incubation. Of note, even though 
CD31 is a well-established marker for endothelial cells (18), under pathological conditions 
profibrotic renal fibroblasts can also express CD31 (19). Furthermore, we observed a 
marked decrease in the expression of nephrin, a podocyte marker and key component 
of the slit diaphragm (Figure 3C) (20). Lower nephrin levels indicate dedifferentiation or 
damage of podocytes, possibly induced by platelet-derived growth factor (21), yet it does 
not necessarily correlate with podocyte apoptosis (22). Thus, the fate of podocytes in our 
model remains to be fully characterized. 
Taken together, PCKS behave similar to PTECs during culture, yet the major advantage of 
our model is that it appears to mimic and retain the cellular and architectural complexity 
of the kidney.    

Expression of inflammatory and fibrosis markers during incubation
To assess the effect of slicing on cell stress, IL-6, IL-8 and IL-1β gene expression was 
determined. Expression of all three interleukins markedly increased from 4.5% to more than 
130% in the beginning of culturing (3-24 hours), whereafter gene expression decreased 
(Figure 4A). These findings suggest that an early inflammatory response is evoked in PCKS, 
still the trigger for the observed increase remains unclear. 
With regards to fibrogenesis, we observed a marked increase in the gene expression of 
collagen 1A1 (COL1A1) and fibronectin 1 (FN1) as well as elevated type I collagen protein 
levels during culture (Figure 4B and C). The observed effect was concurrent with an 
increased gene expression of TGF-β1. Furthermore, we detected elevated gene levels of 
platelet-derived growth factor subunit B (PDGFB) at 3 hours. Thus, the observed fibrotic 
response in PCKS is likely caused by a concerted action of the TGF-β1 and PDGF pathways 
possibly activated by interleukins. This notion is in line with previous studies showing 
that mechanical stress and cytokines, amongst other factors, drive a fibrogenic response 
(23). In contrast, gene expression of α-smooth muscle actin (ACTA2), a marker for matrix 
producing myofibroblasts (24), first diminished from 38.4% (0 hours) to 5.0% (24 hours) 
and subsequently increased (12.4%; 96 hours), while no changes were observed in the 
expression of heat shock protein 47 (SERPINH1). A similar expression profile is shown in 
human liver slices (13). Thus, the collagen-producing cells in PCKS remain to be identified. 
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Figure 5. Induction of renal fibrosis with TGF-β1. PCKS were treated with 5 ng/ml human TGF-β1 for either 
48 or 72 hours. Subsequently, gene expression was studied by qPCR, expressed as fold induction using the 
2-ΔCt method, and viability was assessed by ATP content of the slices. Data are presented as mean ± SEM of four 
independent experiments performed in triplicate. Groups were compared to control using the Mann-Whitney 
test. *=p<0.05. 
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PCKS as a model of renal fibrosis
Lastly, we investigated whether the fibrotic response could be augmented in PCKS. 
Therefore, we exposed PCKS to TGF-β1, a key mediator of fibrosis (25,26). As shown in Figure 
5, treatment with TGF-β1 for 48 hours significantly increased the fibrogenic response, 
resulting in a more than 1.8-fold increase in gene expression of COL1A1 and FN1, similar to 
the observations in murine PCKS (9). Moreover, exposure to TGF-β1 for 72 hours significantly 
augmented the gene levels of all the tested fibrosis markers namely COL1A1, FN1, SERPINH1 

and ACTA2, without affecting PCKS viability (Figure 5). Moreover, we observed an increased 
expression of PAI-1, a downstream signaling molecule of the TGF-β1 pathway, indicating 
successful activation of the TGF-β1 signaling cascade in human PCKS. Therefore, our model 
can be used to investigate renal fibrogenesis and the underlying molecular pathways. 

CONCLUSION

In conclusion, we have characterized a unique ex vivo/in vitro model to investigate human 
renal disease, viz. precision-cut kidney slices. Merits of this model are the human origin of 
the tissue and the fact that original organ architecture is maintained. A limitation of the 
model is that circulating bone marrow-derived cells that contribute to the pathogenesis of 
fibrosis, e.g. macrophages (27), are absent. In addition, the observed loss of differentiated 
podocytes indicates that our model is not suitable to study podocyte injury and loss as 
factors in renal pathology. Still, the current study with human PCKS paves the way for a 
myriad of novel avenues of research including unraveling the molecular mechanism of 
human renal fibrosis and CKD progression as well as identifying potential antifibrotics. The 
latter might even be tested in PCKS prepared from diseased (i.e. fibrotic) instead of healthy 
renal tissue.
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SUPPLEMENTARY DATA

Supplementary Table I. Primers.

Gene Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) Taqman Probe (5’ to 3’)

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTC-
A

IL-1β Hs01555410_m1

IL-6 Hs00985639_m1

IL-8 Hs00174103_m1

COL1A1 CAATCACCTGCGTACAGA-
ACGCC

CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGA-
CGTG

ACTA2 AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGA-
GCA

SERPINH1 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGG-
AG

CTCCCTCCTGCTTCTCAG-
CG

FN1 AGGCTTGAACCAACCTAC-
GGATGA

GCCTAAGCACTGGCACAA-
CAGTTT

ATGCCGTTGGAGATGAGT-
GGGAA

PAI-1 CACGAGTCTTTCAGACCA-
AG

AGGCAAATGTCTTCTCTTCC

TGF-β1 Hs00998133_m1

PDGFB Hs00966522_m1

UGT1A1 Hs02511055_s1

UGT1A9 Hs02516855_sH

OATP4C1 Hs00698884_m1

OAT1 Hs00537914_m1

BCRP Hs01053790_m1

E-cadherin Hs01023894_m1

CD31 Hs00169777_m1

Vimentin Hs00185584_m1

Nephrin Hs00190446_m1

Abbreviations: BCRP, breast cancer resistance protein; COL1A1, collagen type 1A1; FN1, fibronectin 1; SERPINH1, 
heat-shock protein 47; IL, interleukin; PAI-1, plasminogen activator inhibitor 1; PDGFB, platelet-derived growth 
factor subunit B; OAT1, organic anion transporter 1; OATP4C1, organic anion transporting polypeptide 4C1; 
ACTA2, α-smooth muscle actin; TGF-β1, transforming growth factor β1; UGT, UDP-glucuronosyl-transferase. 
All primer-probe sets were obtained from Life Technologies and SYBR Green primers at Sigma-Aldrich.
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Supplementary Table II. Antibodies

Primary antibody Secondary antibody

Rabbit anti-collagen type 1 (1:1000; 
Rockland Immunochemicals, Limerick)
Mouse anti-GAPDH (1:5000; Dako)

Goat anti-rabbit (1:2000; Dako, 
Glostrup, Denmark)
Rat anti-mouse (1:5000; Dako)
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ABSTRACT

Oxidative stress due to excessive reactive oxygen species (ROS) production, mitochondrial 
dysfunction and subsequent cell death are key processes in acute kidney injury (AKI) and 
when chronically present fibrogenesis is induced. During incubation of murine and human 
precision-cut kidney slices (mPCKS and hPCKS respectively), spontaneous onset of fibrosis 
is observed. In this study, acute cell stress was evaluated as a possible cause of spontaneous 
fibrogenesis during incubation of PCKS. PCKS were incubated up to 48h for mPCKS and up 
to 72h for hPCKS. Gene expression of markers of proximal tubules, hypoxia, apoptosis and 
the p53 pathway were evaluated. Mitochondrial integrity (TOM20) and the pro-apoptotic 
BAX were assessed by immunohistochemistry. Ultramorphology of hPCKS was evaluated 
by large-scale scanning transmission electron microscopy (nanotomy). Antioxidant balance 
was determined by measuring reduced and oxidized glutathione. We show that hypoxia-
induced pathways are activated in PCKS as well as apoptosis initiation, as reflected by the 
BAX/BCL2 ratio. This was supported by nanotomy of hPCKS, demonstrating cell debris 
from apoptotic cells in the lumen of proximal tubules, already at 3h of incubation. Another 
important finding of this study is that slices develop mitochondrial damage as observed by 
nanotomy at 24h of incubation along with the concurrent decrease of the mitochondrial 
outer membrane receptor TOM20. Glutathione balance reflecting oxidative stress did not 
significantly change, although a trend was observed. To conclude, this study demonstrates 
early injury by mitochondrial damage and apoptosis initiation in PCKS. These results pave 
the way to future studies with PCKS to evaluate prevention of mitochondrial dysfunction 
using pharmacological agents. 
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INTRODUCTION

Acute kidney injury (AKI) is defined as a rapid decline in renal function for less than 3 months 
(1) and has a high mortality rate (overall rate 20-25%, highly increasing with severity) (2, 
3). Causes of AKI are classified as prerenal (hypoperfusion), renal (glomerulopathies, acute 
vasculitis, acute interstitial nephritis, acute tubular necrosis) and postrenal (urinary tract 
obstruction) (4). Also, AKI is an important risk factor for the development of chronic kidney 
disease (CKD) (5, 6). Accumulating evidence suggests that mitochondrial dysfunction is a 
significant contributor to the injury in the pathogenesis of AKI as well as CKD (7, 8). However, 
despite substantial research on the prevention of mitochondrial damage (9-11), no medical 
intervention is available yet that significantly impacts the prevention or recovery of early 
renal injury.
Mitochondria are intracellular organelles producing the bulk of cellular energy i.e. ATP. 
Our energy producing organelles consist of an outer membrane and a folded inner 
membrane named cristae that surrounds the matrix. The matrix contains a large variety of 
enzymes (NADH and FADH2), necessary for the conversion of pyruvate and fatty acids to 
final electron donors. Subsequently, high-energy electrons from these donors are passed 
along the respiratory chain complexes creating an electrochemical gradient that drives the 
production of ATP by ATP synthase. This entire process, named oxidative phosphorylation 
(OXPHOS), is damaged during AKI, leading to the production of reactive oxygen species 
(ROS) (12).
As described in chapter 3 and 4, precision-cut kidney slices (PCKS) develop spontaneous 
fibrogenesis during incubation (13, 14). Unique features of this model are the possibility 
to make renal slices from human as well as rodent renal tissue, to maintain the three-
dimensional organ architecture, and to test a multitude of conditions or treatment options 
in one experiment from the same kidney. In this study, we aimed to evaluate processes 
of oxidative stress, mitochondrial integrity and apoptosis in murine and human PCKS to 
further understand spontaneous onset of fibrosis in PCKS.

MATERIAL AND METHODS

Ethics statement
This study was approved by the Medical Ethical Committee of the University Medical 
Centre Groningen (UMCG), according to Dutch legislation and the Code of Conduct for 
dealing responsibly with human tissue in the context of health research (www.federa.org), 
refraining the need of written consent for ‘further use’ of coded-anonymous human tissue. 
The animal experiments were approved by the Animal Ethics Committee of the University 
of Groningen (DEC 6416AA-001).
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Table 1. Patient demographics (n=8)

Gender (% male) 75.0

Age (in years) 61.1 ± 17.4

Nephrectomy side (% left) 50.0

Creatinine before nephrectomy (μmol/L) 90.6 ± 38.8

eGFR before nephrectomy (ml/min/1.73m²)* 86.5 ± 58.1

Abbreviation: eGFR, estimated glomerular filtration rate. Values are presented as the man ± standard deviation 
or otherwise if indicated. *calculated  using the modification of diet in renal disease formula

Preparation and incubation of PCKS
Precision-cut kidney slices (PCKS) from healthy mouse (n=8) and human renal tissue (n=8) 
were prepared as described in detail by Poosti et al. (13), Stribos et al. (14) and in chapter 
3. In short, the mouse kidney was prepared by removing adipose tissue and placed in a 
cylindrical core holder. For human PCKS (healthy cortical tissue from a tumornephrectomy), 
the renal capsule was removed, 6 mm cores were punched and subsequently placed in 
the core holder. Precision-cut kidney slices were prepared in ice-cold Krebs-Henseleit 
buffer using the Krumdieck tissue slicer. Slices were incubated in William’s E medium with 
GlutaMAX (Life Technologies, Carlsbad) supplemented with 10 μg/mL ciprofloxacin and 
2.7 g/L D-(+)-Glucose solution (Sigma-Aldrich, Saint Louis, USA) at 37°C in a gently shaking 
incubator with 80% O2 and 5% CO2. 

ATP content measurements
Viability of PCKS was checked by measuring ATP content (Roche diagnostics, Mannheim, 
Germany) normalized for protein concentration by Lowry method (Bio Rad, Veenendaal, 
the Netherlands) as described previously (15). 

RNA isolation and gene expression
Total RNA was extracted from PCKS with the FavorPrep™ Tissue Total RNA Kit (Favorgen 
Biotech Corp., Pingtung, Taiwan) using a Mini-Beadbeater for homogenization. RNA (1 
μg) was reversed transcribed to cDNA using the Reverse Transcription System (Promega). 
Subsequently, a quantitative real-time polymerase chain reaction (qPCR) was performed 
with a ViiA™ 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA). Relative 
fold change was calculated using the 2-ΔCt method after normalization with GAPDH. The 
TaqMan Gene Expression assays (Thermo Fisher Scientific) and SYBR Green primers (Sigma-
Aldrich) that were used are listed in Table 2 and 3. 
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Immunohistochemistry 
Immunohistochemistry for KIM-1, marker of proximal tubular injury, (sc-47495, Santa 
Cruz, Dallas, USA), TOM20, marker of mitochondrial integrity, (sc-17764) or BAX, marker of 
apoptosis, (sc-7480) was performed on paraffin murine or human PCKS sections (4 μm). 
After deparaffinisation and overnight antigen retrieval with 0.1 M Tris/HCl (pH 9.0) at 80°C, 
endogenous peroxidase activity was blocked by incubating sections in 0.3% H2O2 in PBS. 
Subsequently, sections were incubated with the primary antibody for 1h at 1:100 dilution. 
For murine sections, a mouse on mouse kit was used to decrease background staining 
(Vector Laboratories, Burlingame, USA). For human sections, appropriate HRP-conjugated 
secondary and tertiary antibodies (Dako, Glostrup, Denmark) were used. The stainings 
were visualized with ImmPact NovaRed (Vector, Burlingame, USA) and counterstained 
with hematoxylin. All sections were stored digitally using a Nanozoomer Digital Pathology 
Scanner (NDP Scan U10074-01, Hamamatsu Photonics K.K., Japan). Expression was 
quantified using Fiji (ImageJ, National Institutes of Health) (16). 

Large-scale electron microscopy (nanotomy) of human PCKS
Scanning transmission electron microscopy (STEM) was used for the ultrastructural 
assessment of hPCKS at 0, 3 and 24h of incubation (n=3). Samples were fixed in 2% 
glutaraldehyde in 0.1 M sodiumcacodylate, postfixed in osmiumtetroxide, dehydrated 
through ethanol gradient and embedded in EPON epoxyresin (Serra, Hedeilberg, Germany). 
Ultrathin sections (70 nm) were placed on single slot holders A600 Nickel supported by 
Formvar and subsequently contrasted with 2% methanolic uranylacetate followed by 
Reynolds lead citrate (17). STEM was performed using a Zeiss supra 55 EM (Oberkochen, 
Germany) and high-resolution large-scale images (nanotomy) were generated with the 
external scan generator ATLAS (Fibics, Ontario, Canada) (17). The nanotomy images were 
assessed together with a pathologist.

Glutathione assay
Reduced (GSH) and total glutathione (GSH + GSSG) were measured to assess redox status 
in mPCKS as described by Hadi et al. (18). In short, four slices were washed in 0.9% NaCl 
and snap-frozen in 400 μL 50 mM Tris-HCl/1 mM EDTA buffer. Samples were homogenized 
using a Mini-Beadbeater (Biospec Products, Bartlesville, USA) and centrifuged for 5 
min at 15,800 x g at 4°C. Appropriate GSH and GSSG (Sigma–Aldrich) calibration curves 
were used to calculate the GSH and GSSG concentration. Reduced glutathione was 
determined by adding 50 μL of supernatant and 200 μL of 5,5’-Dithiobis(2-nitrobenzoic 
acid) and absorbance was measured at 405 nm. To measure total glutathione, 15 μL 
1mM NADPH (Roche Diagnostics GmbH, Mannheim, Germany) and 7.5 μL glutathione 
reductase (Sigma–Aldrich) were added to 150 μL supernatant. After incubation at 37°C 
for 15 min, 15 μL 50% TCA was added and samples were centrifuged. Subsequently, 15 
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μL 50% trichloroacetic acid (Merck, Darmstadt, Germany) was added to 150 μL sample 
or calibration curve. After centrifugation, 50 μL of sample/calibration curve and 200 μL 
of 5,5’-Dithiobis (2-nitrobenzoic acid) were pipetted to a 96-wells plate. Absorbance was 
measured at 405 nm using spectrophotometer (Synergy HT, Biotek). 

Statistical analysis
Statistics were performed using GraphPad Prism 6.0 via one-way analysis of variance 
(ANOVA) followed by Dunnett’s multiple comparisons test or an unpaired two-tailed 
Student’s t-test, as appropriate. The results are expressed as mean ± standard error of the 
mean (SEM). Regarding the qPCR results, statistics were performed using the ΔCt values, 
while the data is presented as fold change (2−ΔCt). Differences between groups were 
considered to be statistically significant when p < 0.05. 

Figure 1. Viability of murine and human PCKS. Viability was measured by ATP content (n=4 for mPCKS, n=8 for 
hPCKS). *p<0.05, **p<0.01, ****p<0.0001. Data are expressed as means (± SEM).
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Table 2. Overview of SYBR Green primers and Taqman expression assays used for mPCKS.

Gene Name and function Forward primer (5’-3’) Reverse primer (5’-3’)

Gapdh Glyceraldehyde 3-phosphate 
dehydrogenase
Housekeeping gene

TGTGCCATCATTGA-
GCGAGT
or Mm00000015_g1

GCCTGGTCTTGCTC-
AGACTT

Kim-1 Kidney injury molecule 1
Proximal injury marker

AAACCAGAGATTCC-
CACACG

GTCGTGGGTCTTCT-
TGTAGC

Ngal Neutrophil gelatinase-associated 
lipocaline
Involved in iron trafficking, marker of 
acute kidney injury

CACCACGGACTACA-
ACCAGTTCGC

TCAGTTGTCAATGC-
ATTGGTCGGTG

Hmox1 Heme oxygenase 1
Enzyme catalyzing degradation of 
heme

CTGATCTGGGGTTT-
CCCTCG

TGACACCTGAGGTC-
AAGCAC

Nos2 Nitric oxide synthase 2
Enzyme producing nitric oxide

GGGCTGTCACGGA-
GATCA

CCATGATGGTCACA-
TTCTGC

Hif1a Hypoxia-inducible factor 1-alpha
Involved in cellular response to 
hypoxia, subunit of the HIF-1 
transcription factor

GCACTAGACAAAG-
TTCACCTGAGA

CGCTATCCACATCA-
AAGCAA

Eif3c Eukaryotic translation initiation 
factor 3 subunit c
Required for the initiation of protein 
synthesis to initiate cell growth 
processes

TGTGCCATCATTGA-
GCGAGT

GCCTGGTCTTGCTC-
AGACTT

Sfn Stratifin
Component p53 pathway, adapter 
protein in several other pathways

GGCCGAACGGTAT-
GAAGACA

GTACTCTTTCACCT-
CGGGGC

Sulf2 Sulfatase 2
Component p53 pathway

GCGGCCATAGAGA-
GAGGAAC

TGATCCAGAGCAA-
AGCAGGG

Bcl2 B-cell lymphoma 2
Anti-apoptotic functions

Mm00477631_m1

Bax Bcl2 associated X protein

Pro-apoptotic functions

Mm00432050_m1

Table 3. Overview of Taqman expression assays used for hPCKS

Gene Name Taqman assay

GAPDH Glyceraldehyde 3-phosphate dehydrogenase Hs02758991_g1

KIM-1 Kidney injury molecule 1 Hs00273334_m1

NGAL Neutrophil gelatinase-associated lipocalin HS01008571_m1

BCL2 B-cell lymphoma 2 Hs00608023_m1

BAX Bcl2 associated X protein Hs00180269_m1
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RESULTS

Stress pathways in murine precision-cut kidney slices

Gene expression of proximal tubular markers

To understand the ongoing processes induced by the preparation and incubation of 
mPCKS, early proximal tubular damage markers were assessed. Also, the viability of all 
PCKS experiments was evaluated by measuring ATP (Figure 1). We observed a strong 
upregulation of two well-known proximal tubular damage markers (Figure 2A). Kim-1 has 
an early peak after 24h of incubation (442 ± 163 fold induction), while Ngal continues to 
increase until 48h of incubation (79.3 ± 26.6 fold induction). 

Gene expression of apoptosis markers

With regard to apoptosis, the mRNA expression of the pro-apoptotic gene Bax was 
significantly upregulated after 24h of incubation (3.3 ± 0.2 fold induction), while Bcl2 (anti-
apoptotic gene) first showed an early decrease, followed by an increase at 48h (2.0 ± 0.1 
fold). The ratio of Bax/Bcl2 (19) was calculated to assess the net apoptosis rate and a peak 
after 24h of incubation was detected (3.45 ± 0.3 fold) (Figure 2B).

Gene expression of hypoxia stress pathway

Hypoxia-inducible factor 1 (HIF-1) is the master regulator that orchestrates cellular responses 
to hypoxia; Nos2 and Hmox1 are target genes of HIF-1. As shown in Figure 2C, Hif1a mRNA 
expression was increased and a plateau was reached already after 3h of incubation (2.1 ± 
0.2 fold induction at 3 h). Additionally, Hmox1 and Nos2 were highly upregulated during 
culture of mPCKS with a peak at 24h (35.1 ± 7.7 fold induction) for Hmox and at 48h for Nos2 
(2.6 ± 0.5 fold induction).

Gene expression of cell cycle processes

Expression of the eukaryotic translation initiation factor 3 subunit c (Eif3c), essential for 
protein synthesis to initiate cell growth processes (20), was significantly increased at 24h 
and 48h (2.0 ± 0.3 fold induction at 48h) (Figure 2D). Two components of the p53 pathway 
(stratifin and sulfatase 2) were also evaluated. The p53 pathway is activated upon DNA 
damage or cell stress to induce DNA repair, cell arrest, or to initiate apoptosis and is known 
to play a role in AKI (21, 22). Stratifin (Sfn) was upregulated after 3h of incubation (19.6 ± 
8.3 fold induction at 48h). However, gene expression of sulfatase 2 (Sulf2) was not affected 
during 48h culture period.
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Figure 2. Cell stress gene expression in mPCKS. Gene expression of (A) renal injury, (B) apoptosis, (C) 
hypoxia-induced pathway and (D) cell cycle processes markers during incubation of mPCKS. *p<0.05, **p<0.01, 
***p<0.001. Data are expressed as means (± SEM), n=4-6.

Immunohistochemistry KIM-1

To confirm the Kim-1 mRNA upregulation during incubation, mPCKS were stained for 
KIM-1 whereby a clear increase was observed in the tubules starting at 24h of incubation 
on (Figure 3). Expression of KIM-1 was absent before incubation (0 h) and at 24h a clear 
staining is seen in the apical side of proximal tubules. At 48h, expression of KIM-1 is further 
enhanced in the proximal tubules, concurrent with increasing tubular cell injury.
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Glutathione redox status

Reduced and total glutathione levels were measured as a marker of oxidative stress status 
(Figure 4). At 0h of incubation, the ratio between GSH and GSSG is 2:1. This ratio increased 
after 1h of incubation to 9:1, then declined at 5h and remained relatively unchanged 
through the rest of the culture period, combined with a non-significant decrease in GSH 
at 24 h.

Figure 3. Representative photomicrographs of murine PCKS stained for kidney injury molecule 1, KIM-
1 (n=5). KIM-1 expression is absent at 0h of incubation while high expression is observed in proximale tubules 
at 48h of incubation. Magnification 40x, scale bar 50 μm. 

Figure 4. Glutathione redox status as measured by GSH/GSSG ratio (n=3). Murine PCKS were incubated 
for 0, 1, 5, 24 and 48h of incubation.
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Early damage observed in human precision-cut kidney slices

Cell stress and apoptosis in human PCKS

Similar to mPCKS, mRNA expression of the acute renal injury markers KIM-1 and NGAL 
increased during incubation (2.7±0.8 and 34.2±14.2 fold induction at 48h, respectively). 
However, the expression of KIM-1 remained fairly constant up to 24h of incubation in 
hPCKS, while in mPCKS gene expression of Kim-1 was already upregulated at this time 
point (Figure 5).
Additionally, as a reflection of net apoptosis rate, the BAX/BCL2 ratio was calculated, 
showing a non-significant rise after 6h of incubation (7.5±0.9 increase at 24 h). This rise is 
a consequence of the significantly decreased anti-apoptotic BCL2 gene expression (fold 
induction of 0.3±0.0 at 24 h) with a concurrent increase of the apoptotic BAX expression 
(2.1±0.3 fold induction at 24 h). BAX protein levels and expression pattern were checked 
by immunohistochemistry at baseline and during incubation in hPCKS. The quantitative 
analysis revealed no significant changes in the amount of BAX protein. However, as can be 
seen in figure 6, the expression pattern changed over time. At baseline, the expression is 
mainly located on the basolateral side of the distal tubules and at 72h of incubation the 
basal expression seems to decrease, although the tubular swelling may bias this. 

Figure 5. Cell stress gene expression in hPCKS. Gene expression of (A) renal injury and (B) apoptosis during 
incubation of hPCKS. *p<0.05, **p<0.01, ***p<0.001. Data are expressed as means (± SEM), n=4-5.



84

Chapter 5



Cell stress and mitochondrial integrity in PCKS

85

5

Figure 6. BAX and TOM20 protein expression during incubation of human PCKS. (A) Representative 
photomicrographs. (B) Quantification of staining showing constant BAX expression and a clear decrease in the 
mitichondrial TOM20. *p<0.05, **p<0.01, ***p<0.001. Data are expressed as means (± SEM), n=4-6. Magnification 
20x, scale bar represents 100 μm (inlet is 40x magnification).

STEM nanotomy hPCKS

Large-scale transmission electron microscopy was performed to assess early renal 
injury on the ultrastructural level. STEM overview images of the three different hPCKS 
experiments at the three different incubation time points (0-3-24 h) can be viewed in SI I. 
Striking are the cellular casts observed in the proximal tubules at 24h of incubation, that 
are already present at 3h but to a lesser extent (Figure 7A). These casts consist of cellular 
organelle debris, most likely from apoptotic proximal tubular cells as well as some intact 
cell organelles, comparable to acute tubular necrosis morphology (23). Additionally, the 
mitochondrial cristae steadily disappear after 24h of incubation (Figure 7B). Nucleus 
appearance, however, remained unchanged during incubation. Also, nanotomy revealed 
a few other characteristics, the significance of which is yet unknown, such as: the large 
vacuoles observed in the second kidney at 0 h, the change in mitochondria color from 
light to dark and the small intracellular black dots seen in the tubular cytoplasm at 3h and 
24h in kidney number 2 and 3.

Mitochondrial integrity in hPCKS

To confirm the nanotomy results, slices were stained for TOM20, a subunit of a mitochondrial 
import receptor located on the outer mitochondrial membrane (24). In healthy human 
renal tissue, TOM20 expression was localized in the apical border of proximal tubules and 
a slightly stronger expression was observed in distal tubules (Figure 6). During incubation 
of hPCKS, a strong decrease in TOM20 expression was observed from 48h onwards. At 48h 
of incubation, TOM20 expression was absent in proximal tubules, while its expression was 
still slightly present in distal tubules.
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Figure 7. Large-scale scanning transmission electron microscopy of human PCKS at 0, 3 and 24h 
of incubation (n=3). BB, proximal tubule brush border; M, mitochondria; N, nucleus; RBC, red blood cell; V, 
vacuole.Cellular casts are observed in proximal tubules. Also, cristae start to diseappear at 24h of incubation. The 
significance of the intracellular black dots remains unknown. The supplementary data shows images from all 
three kidneys. Scale bar represents 5 μm for proximal tubule images and 500 nm for the mitochondria images.
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DISCUSSION

Mitochondrial dysfunction, oxidative stress and apoptosis play an important role in the 
pathogenesis of both AKI and CKD (25). In addition, tubular cells appear to be a major target 
of injury, especially proximal tubular cells as they mainly rely on aerobic metabolism while 
distal tubular cells can also utilize glycolysis for energy production (26, 27). Therefore, renal 
tubules are vulnerable to mitochondrial dysfunction, and a subsequent increase in ROS 
production will lead to cell death. Moreover, these aspects can ensue fibrogenesis during 
chronic injury. In the present study, the role of acute cell stress in PCKS was evaluated as a 
possible cause of spontaneous onset of fibrosis observed during incubation of PCKS.
Previous morphological analyses by Stribos et al. revealed tubular swelling in PCKS 
combined with signs of cell damage in proximal tubules starting from 48h of incubation 
(14). Therefore, renal injury markers were studied in PCKS. Both KIM-1 and NGAL mRNA 
expression were highly upregulated during incubation in mPCKS as well as in hPCKS. 
Concurrently, KIM-1 protein expression was increased in the proximal tubules of mPCKS. 
KIM-1 is virtually undetectable in healthy renal tissue, but expression is strongly induced 
by injured proximal tubular cells (28, 29). It is under debate whether KIM-1 regulates the 
inflammatory process or whether it is a response to injury as a repair mechanism. However, 
there is an increasing evidence for the role of KIM-1 in phagocytosis of apoptotic cells (30, 
31). Contrary to KIM-1, NGAL is a more general marker of renal cell injury and a potential 
biomarker of early AKI. It is also known that NGAL expression is influenced by systemic 
inflammation (32). Of note, as ATP content did not decrease up to 48 hours of incubation, 
this again indicates that ATP is a rather general marker of viability that may not reflect 
specific cell injury. Taken together, these results demonstrate proximal tubular injury and 
inflammation observed in PCKS (14) could influence the expression of both KIM-1 and 
NGAL.
A possible contributor to this renal injury in PCKS is oxidative stress, defined by an imbalance 
between reactive oxygen species (ROS), comprising of superoxide radicals, hydrogen 
peroxide (H2O2) and hydroxyl radicals (33), and antioxidants such as glutathione (GSH) (34). 
During normal mitochondrial respiration, a very small percentage of the total consumed 
oxygen is converted into superoxide radicals via electron leakage from the respiratory 
chain (35). However, upon cell damage, superoxide radicals increase and they undergo 
dismutation to form hydrogen peroxide, which in turn generates hydroxyl radicals. It is 
known that oxidative stress plays a major role in the molecular mechanisms of IRI and 
that oxidant levels progressively increase in CKD patients (7, 36-39). Also in PCKS, which 
develop a fibrotic phenotype, the expression of genes involved in oxidative stress, such 
as Hmox and Nos2, was highly elevated. The observed effects in mPCKS are in line with 
Hmox and Nos2 protein expression in a rat IRI model (40). Moreover, the glutathione redox 
balance as measured by GSH/GSSG ratio, supports the notion that oxidative balance is 
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changing during incubation of mPCKS. Also the hypoxia signaling pathway is activated 
in mPCKS, as reflected by heat-inducible factor 1 α (Hif1a) induction. Hif1a is upregulated 
under hypoxic conditions, mediates metabolic adaptation, angiogenesis, erythropoiesis, 
energy conservation and cell survival (41). Therefore, increased expression of Hif1a could 
play a protective role against hypoxia, similar to heme oxygenase upregulation, and may 
inhibit injury from oxidative stress (42-44). These changes in oxidative stress and hypoxia 
signaling pathways substantiate the adaptation of PCKS to early renal injury.
Lastly, two closely linked processes were studied in PCKS, namely mitochondrial integrity 
and ensuing apoptosis (7, 34, 35). Mitochondrial integrity in PCKS was studied by large-
scale electron microscopy (nanotomy) and by TOM20 expression quantification (a subunit 
of the mitochondrial translocase outer membrane TOM40 (24)). Together this data showed 
that mitochondrial integrity decreased from 24h of incubation. Also, early cell debris partly 
from apoptotic tubular cells (45, 46) was formed in the lumen of proximal tubules. These 
changes, named epithelial cell shedding, are also seen in patients with acute tubular 
necrosis (23). Next to the observed tubular epithelial cell shedding, the ratio of apoptotic 
and anti-apoptotic proteins (BAX/BCL2 ratio) also increased after a few hours of incubation 
of PCKS. This was, however, not reflected by BAX immunohistochemistry in hPCKS, where 
expression remained unchanged. It should be noted that quantification may be biased 
by the morphological tubular changes, i.e. tubular swelling. Interestingly, BAX was solely 
expressed in distal tubules, whereas we expected high expression in proximal tubules 
based on injury seen in the PAS staining, KIM-1 upregulation and nanotomy results. 
However, the expression pattern is in line with the BAX expression reported in rat renal 
tissue by Yang et al. (47). These results support the notion that early injury occurring in 
PCKS induces mitochondrial injury and apoptosis, which needs to be further substantiated 
by future studies. In turn, these changes are known to initiate profibrotic pathways, such as 
the TGF-β pathway (48), leading to fibrosis (8, 49) as is the case in PCKS.
Taken together, our data implies that oxidative stress signaling, hypoxia pathways, 
mitochondrial injury and apoptosis occur in an early stage in PCKS. These mechanisms are all 
part of the pathophysiology of AKI and CKD. Therefore, this data suggests that fibrogenesis 
occurring in PCKS could be (partially) related to cell injury pathways activation. In addition, 
these results pave the way for future studies focusing on prevention of mitochondrial 
dysfunction and ensuing fibrogenesis.
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SUPPLEMENTARY INFORMATION

Supplementary figure I. General overview nanotomy hPCKS during incubation. (A) Proximale tubule (B) 
Mitochondria (C) Overview nanotomy image. Scale bar represents 5 μm for proximal tubule images, 500 nm for 
the mitochondria images and 10 μm for the overview images.
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ABSTRACT 

Renal fibrosis is an integral component of the pathophysiological mechanism underlying 
chronic kidney disease and renal allograft dysfunction. Yet, no effective therapies exist to 
halt or reverse renal fibrosis. We investigated whether inhibition of tyrosine kinases, with 
the selective inhibitor nintedanib, can halt fibrosis in a translational ex vivo model of murine 
and human precision-cut kidney slices (PCKS).
PCKS, prepared from healthy mouse, healthy human or fibrotic human tissue, were exposed 
to different concentrations of nintedanib for 48h. Subsequently, we determined the effect 
of nintedanib on viability, fibrosis/inflammation and phosphorylation of tyrosine kinases.
As previously demonstrated, a fibrotic response was initiated in healthy murine and human 
PCKS, making them an ideal model to study therapies to combat renal fibrosis. Treatment 
with 0.1-5 μM nintedanib did not affect the viability of PCKS. Nintedanib, already at 0.1 
μM, reduced the phosphorylation of platelet-derived growth factor receptor (PDGFRα 
and β) and vascular endothelial growth factor receptor (VEGFR1 and 2). Gene expression 
of fibrosis markers in healthy murine and human PCKS decreased upon treatment with 
nintedanib. Already after 48h, we observed clear trends towards the reduction of HSP47 on 
protein level, but not of α-SMA.
In conclusion, nintedanib attenuated the onset of fibrosis in PCKS by inhibiting the 
phosphorylation of RTKs, in particular PDGFR and VEGFR. This demonstrates the potential 
use of these targets as strategies to halt renal fibrosis.
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INTRODUCTION

Renal fibrosis, defined by the progressive deposition of connective tissue, is the common 
hallmark of chronic kidney diseases (CKDs) that affects an estimated 10% of the population 
in developing countries (1). CKD is a major burden for the patient and society: it increases 
morbidity, mortality and reduces quality of life, resulting in substantial health care costs (2, 
3). CKD slowly progresses to end-stage renal disease (ESRD), which eventually requires renal 
replacement therapy — dialysis or transplantation. Scientists are currently investigating 
various strategies to halt CKD progression, or even to reverse renal fibrosis (4, 5). However, 
until now, no effective therapy has been clinically implemented.
Pathological activation of various receptor tyrosine kinases (RTKs) — such as platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF) and epidermal growth factor 
(EGF) receptors — plays a key role in renal fibrogenesis (6-10). Most RTKs have a similar 
molecular structure consisting of a ligand-binding domain, a transmembrane helix and 
a cytoplasmic region (11). Upon binding of the ligand, the tyrosine kinase monomers 
dimerize, leading to receptor autophosphorylation and activation of the downstream 
signaling pathway (12, 13). Non-RTKs (e.g. Lck, Src, c-Abl and c-Kit) lack extracellular or 
transmembrane domains and can intracytoplasmically modulate signaling pathways (10).
Of these RTKs, the PDGF receptor (PDGFR) is an attractive molecular target for antifibrotic 
therapies (14), since PDGFR signaling is involved in (trans)differentiation of collagen-
producing myofibroblasts (15-17). Receptors PDGFRα and β are expressed in renal tissue 
mainly by glomerular mesangial cells, interstitial fibroblasts and vascular smooth-muscle 
cells (18). A large number of rodent models of renal fibrosis reported an increased 
expression of both receptors (15, 19). Floege et al. reviewed the PDGF system in human 
renal disease and described a similar increased expression of the receptors (19). While 
activation of PDGFRα induces interstitial renal fibrosis, activation of PDGFRβ mainly leads to 
glomerulosclerosis and secondary tubuluinterstitial fibrosis (6). Therefore, blocking PDGFR 
signaling is a promising strategy to halt progression of renal fibrosis, possibly by preventing 
precursor cells to differentiate and proliferate into collagen-producing myofibroblasts.
Currently, two options exist to target RTKs: 1) the use of monoclonal antibodies that 
block a specific extracellular RTK domain, and 2) the use of small molecule inhibitors, 
capable of blocking the kinase domains of both RTKs and non-RTKs (10). Nintedanib is 
a small molecule tyrosine kinase inhibitor, approved in several countries worldwide for 
the treatment of idiopathic pulmonary fibrosis (IPF) and non-small-cell lung carcinoma. 
Nintedanib affects signaling pathways of multiple growth factors, including vascular 
endothelial growth factor (VEGF), FGF and PDGF, as well as Lck and Src non-receptor 
kinases (13, 20). In a phase II randomized clinical trial, nintedanib showed anti-angiogenic 
effects and proved to have an acceptable safety profile in patients with advanced renal cell 
carcinoma (RCC). Treatment with nintedanib achieved similar progression-free survival rate 
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at 9 months in advanced RCC, but with fewer tyrosine kinase inhibitor-associated adverse 
events, compared to sunitinib, the current standard-of-care (21). To our knowledge, the 
effect of nintedanib has not been published in other renal diseases.
The lack of translational models of human renal fibrosis hampers the search for effective 
antifibrotic therapies (22). In vitro models lack cellular heterogeneity, and animal models 
do not fully reflect the human situation. To partly overcome these limitations, we used 
precision-cut kidney slices (PCKS) as a model of renal fibrosis (23-25). PCKS replicate the 
multicellular processes occurring in renal fibrosis and have a high translational impact, 
since both murine and human tissue can be used. In this study, we aimed to investigate 
therapeutic effects of nintedanib in PCKS, and to find whether inhibition of its molecular 
targets may prevent renal fibrosis. 

Table 1. Patient demographics

Healthy renal tissue (n=9) Fibrotic renal tissue (n=10)

Gender (% male) 67 40

Age (in years) 66 ± 8 47 ± 15

Nephrectomy side (% left) 37.5 50

Creatinine before nephrectomy 
(μmol/L)

81 ± 13 545 ± 403

eGFR before nephrectomy (ml/
min/1.73m²)*

81 ± 9 NA

Time on dialysis (mean in months) NA 116 ± 136

Time since (first) transplantation 
(mean in months)

NA 132 ± 150

Type renal tissue NA Non-functioning kidney 
allograft (n=4),  
kidney allograft with infected 
abscess (n=1), non-functioning 
native ESRD kidney (n=5). 

Abbreviation: eGFR, estimated glomerular filtration rate; NA, not applicable. Values are presented as the mean ± 
standard deviation or otherwise if indicated.
*calculated using the Modification of Diet in Renal Disease (MDRD) formula
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RESULTS

Nintedanib in murine PCKS

Viability after nintedanib treatment

Murine PCKS were incubated for 48h with 1-5-10 μM nintedanib. Slices remained viable 
up to 48h of incubation, as determined by ATP content. Nintedanib did not affect viability 
at concentrations up to 5 μM, but it reduced ATP content by 40% at 10 μM. Total protein 
content remained unchanged after treatment with nintedanib.

Antiproliferative activity of nintedanib in mPCKS

Previous studies reported antiproliferative effects of nintedanib (13, 26, 27). We evaluated 
these effects in mPCKS by assessing expression of proliferating cell nuclear antigen 
(PCNA), a marker of cell proliferation, by Western blot (Figure 2). During incubation, PCNA 
expression highly increased from 0 to 48h (fold induction of 350.9±44.4). PCNA expression 
did not significantly change when the mPCKS were incubated with nintedanib at different 
concentrations (Figure 2).

Mitigation of fibrosis and inflammation markers by nintedanib

During 48h incubation, spontaneous onset of fibrosis occurred in mPCKS as reflected by an 
upregulation of Col1a1, Fn1 and Serpinh1 (SI II). Nintedanib effectively mitigated fibrogenesis 
as shown by a clear reduction of Col1a1 gene expression in all tested concentrations (Figure 
1B), with an IC50 of 711 nM (SI IV). Furthermore, nintedanib reduced mRNA levels of Fn1 and 
Acta2 (IC50 of 4440 nM and 6182 nM, respectively), while it affected Serpinh1 only at the 
highest tested concentration (IC50 5813 nM). Treatment with 5 μM nintedanib significantly 
decreased the protein expression of HSP47, but did not affect α-SMA expression (Figure 
1C). Spontaneous onset of fibrosis in mPCKS was accompanied by a strong inflammatory 
response, as reflected by a remarkable increase of Tnf, Il-1β, Il-6 and Cxcl1 mRNA expression 
during 48h of incubation (SI II). We observed a significant decrease in Tnf, Il-1β and Il-6 
expression in the presence of nintedanib (Figure 1D). Treatment resulted in unchanged 
Cxcl1 gene expression.

Low-density array for genes related to ECM homeostasis

Based on the ability of nintedanib to decrease the mRNA levels of fibrosis markers, we further 
investigated this effect by measuring expression of 44 genes related to ECM homeostasis 
by low density array (LDA). Figure 3 shows expression patterns in mPCKS at baseline (0h), 
incubated for 48h or treated with nintedanib 0.1-5 μM, as visualized by a heatmap with 
hierarchical clustering. Incubation for 48h resulted in upregulation of a vast majority of 
the genes compared to 0h. Nintedanib suppressed this effect already at the lowest tested 
concentration. For example, nintedanib at 0.1 μM inhibited the expression of almost all 
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collagen subtypes (Col1a1, Col1a2, Col4a1, Col5a1, Col6a1) except for Col3a1. Treatment 
showed no clear effect on ECM degradation genes. Also, at high concentrations — 1 and 5 
μM — nintedanib regulated different mRNA clusters than lower concentrations — 0.1 and 
0.5 µM. For example, Ddr1-2, Loxl4, Dcn and Adamts3 expression were downregulated by 
nintedanib at low concentrations but increased at high concentrations.

Figure 1. Anti-inflammatory and antifibrotic effect of nintedanib in healthy mouse kidney. A: Viability 
of murine PCKS after 48h incubation as measured by ATP content (relative value compared to ATP of PCKS 
incubated without nintedanib). B: mRNA expression levels of fibrosis markers after 48h incubation. C: Protein 
levels of HSP47 and α-SMA at 48h with representative western blot images. D: mRNA expression levels of 
inflammation markers after 48h incubation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed 
as means (± SEM), n=3-5.
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Figure 2. Protein expression of proliferation cell nuclear antigen (PCNA), a marker of cell proliferation. 
PCNA expression was measured in mPCKS, hPCKS and fhPCKS during incubation (left side), as well as after 
48h treatment with nintedanib (right side). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed as 
means (± SEM), n=3-5.
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Nintedanib in healthy human PCKS

Viability after nintedanib treatment

Similar to mPCKS, hPCKS maintained their viability during culture. Slices were incubated 
with a range of concentrations of nintedanib (0.1 – 5 μM) during 48h. As indicated by ATP 
and total protein content, nintedanib did not influence the viability of hPCKS. 

Targeted inhibition of gene expression and tyrosine kinase receptor activation

To investigate the effects of nintedanib on tyrosine kinases, we evaluated gene expression 
of VEGR1-3, PDGFRB and FGFR2. Incubation for 48h led to a significant downregulation 
of VEGFR1, VEGFR2 and FGFR2, while mRNA expression of VEGFR3 and PDGFRB remained 
unchanged (Figure 5A). Nintedanib reduced expression of VEGFR1, VEGFR3 and PGDFRB in 
hPCKS already at 0.1 μM (Figure 5B). The treatment did not affect expression of VEGFR2; 
however, it showed a significant increase in FGFR2 expression at 5 μM.

Inhibition of tyrosine kinase phosphorylation by nintedanib was identified with a multiplex 
magnetic bead assay (Figure 6). The analysis detected four phospho-RTKs (p-RTKs) that 
were significantly upregulated during 48h incubation of hPCKS, namely p-VEGFR1, 
p-VEGFR2, p-PDGFRα and p-PDGFRβ. Nintedanib influenced these analytes starting at 0.1 
μM. In particular, 0.3 μM nintedanib significantly inhibited p-VEGFR1 and p-PDGFRα by 
55% and 39.8%, respectively. The phosphorylation of VEGFR2 and PDGFRβ was decreased 
by 23% and 45.3% at the lowest tested concentration (0.1 μM). In contrast, the activation 
of VEGFR3, FGFR1 and FLT3 in hPCKS was neither affected by 48h incubation, nor by the 
treatment with nintedanib.

Antiproliferative activity of nintedanib in hPCKS

We observed comparable results of PCNA expression in hPCKS, as in mPCKS. Expression 
highly increased during incubation (fold induction of 4.3±1.0), and nintedanib failed to 
inhibit it (Figure 2).

← Figure 3. Low density array of extracellular matrix homeostasis genes. Heatmap of the expression 
patterns of extracellular matrix (ECM) related genes in murine PCKS at 0h, 48h and treated with nintedanib (0.1-5 
μM) for 48h. Average-linkage hierarchical clustering was performed using Pearson correlation.
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Figure 4. Anti-inflammatory and antifibrotic effect of nintedanib in healthy human kidney. A: Viability 
of human PCKS after 48h incubation as measured by ATP content (relative value compared to ATP of PCKS 
incubated without nintedanib). B: mRNA expression levels of fibrosis markers after 48h incubation. C: Protein 
levels HSP47 and α-SMA at 48h with representative western blot images. D: mRNA expression levels of 
inflammation markers after 48h incubation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed 
as means (± SEM), n=4-5. 
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Figure 5. Tyrosine kinase receptors (RTKs) mRNA expression levels in human PCKS. Tyrosine kinase 
receptors (RTKs) mRNA expression levels in human PCKS during incubation (A) and after treatment with 
nintedanib for 48h (B). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed as means (± SEM), n=9 
for (A) and n=4-5 for (B). 
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Figure 6. Phosphoproteomic analysis in human PCKS. Phosphorylation of an array of tyrosine kinase 
receptors (RTKs) was measured by multiplex magnetic bead assay during incubation and after treatment with 
nintedanib (0.1-5 μM) for 48h. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are expressed as means (± 
SEM), n=4-5.
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Mitigation of fibrosis and inflammation markers by nintedanib

In line with previously published data (23), the onset of fibrogenesis occurred during 
incubation of hPCKS as revealed by the increase in COL1A1 and SERPINH1 mRNA levels (SI 
III). Expression of ACTA2 significantly dropped after 48h, while FN1 expression remained 
unchanged. Treatment with nintedanib resulted in a concentration-dependent inhibition 
of all tested fibrosis markers, except for ACTA2 (Figure 4B). The IC50 was 568 nM for COL1A1, 
1484 nM for SERPINH1 and 1718 nM for FN1 (SI IV). Furthermore, the treatment did not affect 
protein expression of HSP47, although we noticed a trend at 5 μM. In concordance with 
gene expression, nintedanib had no influence on α-SMA expression (Figure 4C).
As a control, we also incubated healthy human liver and intestinal slices with 5 μM 
nintedanib for 48h, but we did not observe any significant antifibrotic effect (SI V).
As reported in mPCKS, a substantial increase in mRNA levels of cytokines, such as TNF, IL-1B, 

IL-6 and CXCL8/IL-8, occurred in hPCKS during culture period (SI III). Nintedanib significantly 
reduced these inflammation markers only at the highest tested concentration (5 μM), 
although earlier trends could be observed (Figure 4D). Interestingly, IL-1B mRNA level was 
already inhibited at 0.3 μM.

Nintedanib in established fibrosis PCKS

Characterization of fibrotic human PCKS

Fibrotic hPCKS (fhPCKS) showed high basal gene expression of COL1A1 (13.8 fold induction), 
SERPINH1 (1.6 fold induction) and FN1 (5.9 fold induction) compared to healthy kidneys 
(Figure 7A). Expression of ACTA2 was only slightly elevated in fibrotic renal tissue (1.2 fold 
induction). PSR staining confirmed fibrotic phenotype by showing an extensive tubular 
atrophy and interstitial fibrosis (Figure 7C). Similarly, fibrotic renal tissue displayed a clear 
inflammatory profile compared to healthy tissue. As shown in Figure 7B, TNF mRNA 
expression increased 11-fold, IL-1B 15.7-fold, IL-6 5.1-fold and CXCL8/IL-8 6.3-fold.
To analyze the processes occurring during incubation of fhPCKS, we studied viability 
and gene expression during incubation up to 72h. Figure 7D illustrates that ATP content 
greatly increased after incubation from 3.8 (0h) to 9.4 pmol/μg (24h), and subsequent levels 
remained fairly constant, similar to healthy human PCKS (23). As described earlier, healthy 
PCKS develop a profibrotic response during incubation. We observed a different pattern 
in fhPCKS: mRNA expression of COL1A1, SERPINH1 and FN1 stayed unchanged (Figure 7E). 
On the other hand, elevated protein expression of HSP47 might indicate the onset of 
fibrosis during incubation. Similar to hPCKS, ACTA2 expression dropped dramatically after 
incubation (0.04 fold induction at 24h), while α-SMA protein expression remained constant. 
Regarding inflammation markers, fhPCKS showed unaffected gene expression of TNF 
and IL-1B during culture. Levels of IL-6 and CXCL8/IL-8 increased at 24h and then gradually 
declined (Figure 7F).
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Figure 7. Characterization of fibrotic human precision-cut kidney slices. A: Baseline (prior incubation) 
mRNA expression of fibrosis markers in fibrotic compared to healthy tissue slices. B: Baseline (prior incubation) 
mRNA expression of inflammation markers in fibrotic compared to healthy tissue slices. C: Representative 
photomicrographs of human healthy and fibrotic PCKS. PAS and Picro-Sirius Red staining showing extensive tubular 
atrophy and interstitial fibrosis confirmed the fibrotic phenotype. Fibrotic tissue also showed increased expression 
of α-SMA compared to healthy renal tissue. Scale bars: 100 μm. D: Viability of fibrotic PCKS during incubation 
presented as the average of pmol ATP per μg total protein. E: Effect of incubation on mRNA expression of fibrosis 
markers. F: Effect of incubation on mRNA expression of inflammation markers. G: Protein levels of HSP47 and α-SMA 
(n=5) during incubation with representative western blot images. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Data are expressed as means (± SEM), n=9 for healthy PCKS and n=8-9 for fibrotic PCKS. 
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Figure 8. Gene expression of platelet-derived growth factor receptor β (PDGFRB) in human healthy 
and fibrotic PCKS. A: PDGFRB and TGFBR1 mRNA expression during incubation in healthy and fibrotic hPCKS. B: 
PDGFRB mRNA expression in healthy and fibrotic hPCKS after 48h treatment with nintedanib. C: TGFBR1 mRNA 
expression in healthy and fibrotic hPCKS after 48h treatment with nintedanib. Data are expressed as means (± 
SEM), n=4-8.
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Increased PDGFRB expression in fibrotic human PCKS

To strengthen the position of PDGFRB targeting in fibrosis and to assess possible 
non-selective effects of nintedanib via the TGF-β1 receptor, we measured their gene 
expression in hPCKS and fhPCKS (Figure 8). Human healthy and fibrotic PCKS showed 
similar baseline expression (at 0h) of both receptors. Incubation for 48h led to an 
increase in expression of PDGFRB, although non-significant; fhPCKS showed greater 
increase than hPCKS. Furthermore, we noticed a trend towards lower PDGFRB levels in 
hPCKS and fhPCKS treated with nintedanib. Expression of TGFBR1 remained unchanged 
during culture and after the treatment, in both hPCKS and fhPCKS.

Viability after nintedanib treatment

Treatment for 48h with nintedanib at the tested concentrations (0.1-5 μM) did not affect 
ATP or protein content of fhPCKS (Figure 9A). 

Antiproliferative activity of nintedanib in fhPCKS

Similar to hPCKS, PCNA protein expression in fhPCKS significantly increased by 3.4-fold 
during culture for 72h. Nintedanib failed to show antiproliferative efficacy since PCNA 
levels remained unchanged (Figure 2).

Effect of nintedanib on fibrosis and inflammation markers

Treatment of fhPCKS with nintedanib did not significantly affect markers of fibrosis 
on gene expression. Only the highest tested concentration (5 μM) visibly reduced 
expression of COL1A1, SEPRHIN1 and FN1 (Figure 9B). We detected unaltered protein 
expression of HSP47 and α-SMA after nintedanib treatment (Figure 9C). Interestingly, 1 
and 5 μM nintedanib significantly downregulated IL-1B in fhPCKS by 82.5% and 86.3%, 
respectively (Figure 9D). 
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Figure 9. Anti-inflammatory and antifibrotic effect of nintedanib in fibrotic human precision-cut 
kidney slices. A: Viability of fibrotic PCKS after 48h incubation as measured by ATP and protein content (relative 
values compared to those of PCKS incubated without nintedanib). B: mRNA expression of fibrosis markers after 
48h incubation. C: Protein levels HSP47 and α-SMA at 48h with representative western blot images. D: mRNA 
expression levels of inflammation markers after 48h incubation. *p<0.05, **p<0.01, data are expressed as means 
(± SEM), n=4-5. 

DISCUSSION

PCKS represent a unique tool to study potential treatment targets for renal diseases. PCKS 
also provide the opportunity to translate results from rodent models to human tissues 
and gain valuable insights in the human disease, which is important for potential clinical 
studies (28). In this study, we expanded the experimental options of PCKS: we used renal 
tissue of murine origin and human tissue from healthy donors, eventually exploring PCKS 
from human fibrotic renal tissue as a model of established fibrosis. With this translational 
ex vivo model, we investigated the effects of nintedanib in healthy and diseased tissue. We 
demonstrated that nintedanib effectively decreases mRNA expression of tyrosine kinase 
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receptors as well as their phosphorylation. Additionally, nintedanib inhibits the onset of 
fibrosis in PCKS and to a lesser extent reverses established fibrosis.
We studied the ability of nintedanib to engage its intended targets: nintedanib inhibited 
gene expression of target tyrosine kinase receptors as well as phosphorylation of some 
of these receptors in hPCKS. In particular, nintedanib inhibited phosphorylation of RTKs 
starting at 0.1 μM — a concentration that is in the range of its maximum human exposure 
of 0.07 µM in patients with IPF after steady state standard dosing (29-31). The attenuation of 
the PDGFR-α and β signaling (i.e. reduced receptor expression and activation) by nintedanib 
is of therapeutic interest for renal fibrosis. PDGF signaling leads to the differentiation of 
pericytes and resident fibroblasts to activated myofibroblasts, major ECM producing cells 
(16). Targeting this process in an early stage of renal fibrogenesis might be considered as a 
therapeutic option.
Nintedanib also reduced mRNA expression of VEGFR1 and 3 and the activation (i.e. 
phosphorylation) of VEGFR1 and 2. There is an open discussion about a role of VEGFR 
signaling cascade in the treatment of fibrosis and peritubular capillary restoration (32), 
since peritubular capillary (PTC) loss is a hallmark of CKD (33). The literature presents 
controversial results: Lin et al. showed that VEGFR2 blockade prevented renal fibrosis and 
capillary rarefaction (34), while VEGF-A administration in a rat model of progressive renal 
failure improved renal function, increased endothelial cell number and attenuated fibrosis 
(35). Further studies are needed to investigate whether inhibition of VEGFR signaling by 
nintedanib is beneficial in the context of renal fibrosis.
Previous work demonstrated that PCKS develop an early inflammatory response during 
culture, followed by the onset of fibrosis (23). In this study, we assessed the effect of 
nintedanib on both inflammation and fibrosis. Nintedanib exerted anti-inflammatory 
activity in mPCKS and hPCKS as demonstrated by a reduction of TNF, IL-1B and IL-6 mRNA 
expression. The observed effects are in line with earlier studies of nintedanib in mouse 
models of ovalbumin-induced chronic asthma (36), bleomycin-induced and silica-
induced lung fibrosis (26). This anti-inflammatory activity of nintedanib might translate in 
attenuation of renal injury.
Nintedanib also exerted antifibrotic activity in healthy mPCKS and hPCKS, demonstrated 
by a concentration-dependent reduction of fibrosis-related genes. In particular, nintedanib 
started to affect collagen 1a1 mRNA expression in hPCKS already at 0.1 µM and reached 
statistical significance at 0.5 µM. The LDA analysis in mPCKS revealed that nintedanib 
modulates ECM homeostasis even at the lowest tested concentration. Downregulation of 
these genes might lead to altered secretion and fibril formation of collagen, as reported in 
primary human lung fibroblasts treated with TGF-β (37). High concentrations of nintedanib 
(1 and 5 µM) regulate different mRNA clusters than low concentrations (0.1 and 0.5 µM), 
at which the inhibitor is assumed to have a more specific kinase inhibitory profile (38). 
The demonstrated attenuation of fibrosis is in line with previous results: nintedanib 
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reduced lung fibrosis in bleomycin- or silica-treated mice and rats (13, 26, 39) and showed 
antifibrotic effects in various mouse models of systemic sclerosis (40, 41). A nintedanib-
induced reduction of collagen and fibronectin mRNA expression was also detected in skin 
fibroblasts from patients with systemic sclerosis (40). Wollin et al. reported that at higher 
concentrations nintedanib possesses anti-TGF-β activity (13, 26). We hypothesize that a part 
of antifibrotic effects of nintedanib might be attributed to a combination of RTK inhibition 
(6,8,9,19) with, perhaps non-selective, anti-TGF-β activity.
The culture of mPCKS, hPCKS and fhPCKS induced a strong spontaneous proliferative 
response. Nintedanib is known to have antiproliferative effects on endothelial cells, 
pericytes, vascular smooth muscle cells and lung fibroblasts (13, 26, 27). However, we 
observed no effect of nintedanib on cell proliferation in PCKS. Following factors might 
play a role: (1) proliferation in PCKS is most likely triggered by the slicing and culturing, 
while cells in in vitro experiments are stimulated with specific growth factors; (2) the total 
reduction in proliferation might be undetectable in whole slice lysates due to the presence 
of other non-proliferating cells. 
Our newly established translational PCKS model with tissue from fibrotic human kidneys 
showed a clear fibrotic phenotype compared to renal tissue from control donors. 
Additionally, these slices showed a different behavior during culture. Contrary to what we 
observed in healthy PCKS, culture of fhPCKS did not further increase the assessed markers 
of fibrosis, although a similar inflammatory peak was observed after the first day of culture. 
The pre-existing fibrotic phenotype — for example, activated TGF-β pathway and other 
pro-fibrotic factors — might explain this difference. Of note, COL1A1 mRNA expression after 
72h of incubation in healthy hPCKS is still far lower than its baseline (0h) expression in 
fhPCKS. 
Nintedanib showed less pronounced reduction in fibrosis in fhPCKS compared to hPCKS, 
most likely due to an increased variability in fibrotic slices. Several factors influence the 
variability in fhPCKS: differences in underlying primary renal disease, time of dialysis, time 
since transplantation and in medication (e.g. calcineurin-inhibitors). Nintedanib is perhaps 
more effective in preventing or halting the onset of fibrosis in healthy PCKS rather than in 
reversing the established fibrosis as modeled by fhPCKS. 
Taken together, our results demonstrate the pharmacological effects of nintedanib in 
an ex vivo model of renal fibrosis, facilitating translation from animal studies to the clinic. 
Reported in this study effects of nintedanib at low concentrations may have therapeutic 
relevance, while effects at higher concentrations may be considered as new treatment 
modalities and used to characterize the test system. Nintedanib successfully inhibited 
PDGFR and VEGFR phosphorylation, demonstrating the potential use of these targets as 
strategies to attenuate renal fibrosis. Treatment of PCKS with nintedanib halted the onset 
of inflammation and fibrosis in a concentration-dependent manner, although reversal of 
established fibrosis could not be achieved.
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MATERIAL AND METHODS 

Chemicals 
Nintedanib was kindly provided by Boehringer Ingelheim (Biberach, Germany). Stock 
solutions were prepared in dimethyl sulfoxide (DMSO; 100%) and stored at −20 °C. During 
experiments, stocks were diluted in culture medium with a final solvent concentration of 
<0.1%.

Ethics statement
This study was approved by the Medical Ethical Committee of the University Medical 
Centre Groningen (UMCG), according to Dutch legislation and the Code of Conduct for 
dealing responsibly with human tissue in the context of health research (www.federa.org), 
refraining the need of written consent for ‘further use’ of coded-anonymous human tissue.
The animal experiments were approved by the Animal Ethics Committee of the University 
of Groningen (DEC 6416AA-001).

Renal tissue 
Macroscopically healthy renal cortical tissue (n=9) was obtained from tumor 
nephrectomies, and fibrotic renal tissue (n=10) was obtained from ESRD nephrectomies or 
transplantectomies. All tissues were stored in ice-cold University of Wisconsin (UW) organ 
preservation solution until use. Table 1 summarizes patient demographics. 
Murine tissue was obtained from male C57BL/6 mice, with an average weight of 28.3 g (± 
2.4) and 12.1 weeks of age (± 2.2). The animals were housed in filter-top cages with free 
access to water and food. Kidneys were harvested via a terminal procedure performed 
under isoflurane/O2 anesthesia (Pharmachemie BV, Haarlem, the Netherlands) and stored 
in ice-cold UW solution until use. 

Preparation and treatment of precision-cut kidney slices
PCKS were prepared according to the protocol by Poosti et al. (mouse; (42)) and Stribos 
et al. (human; (23)), using a Krumdieck tissue slicer. Slices were incubated in Williams’ 
Medium E medium with GlutaMAX (Life Technologies, Carlsbad, USA) containing 10 μg/mL 
ciprofloxacin and 26 mM glucose, at 37°C in a 80% O2/5% CO2 atmosphere while gently 
shaken. We treated murine and human PCKS with different concentrations of nintedanib 
for 48 h.

Viability of PCKS
Viability of the slices was assessed by measuring the adenosine triphosphate (ATP) content 
using the ATP bioluminescence kit (Roche Diagnostics, Mannheim, Germany), as previously 
described (43). 
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Quantitative real-time PCR and low-density array
Total RNA from three pooled kidney slices was extracted with the RNeasy mini kit (Qiagen, 
Venlo, the Netherlands), using a Mini-Beadbeater for homogenization. We measured RNA 
purity and concentration with the BioTek Synergy HT (BioTek Instruments, Vermont, USA). 
RNA (1 μg) was reverse transcribed using the Reverse Transcription System (Promega, 
Leiden, the Netherlands).
Subsequently, complementary DNA was used for quantitative real-time polymerase 
chain reaction (qPCR) performed with a Viia7 Real-Time PCR system (Applied Biosystems, 
Bleiswijk, the Netherlands). We programmed a cycle of 50 °C for 2 min and 95 °C for 10 
min, followed by 40 cycles of 90 °C for 15 s and 60 °C for 1 min. Relative expression values 
were calculated using the 2-ΔCt method, corrected for GAPDH and expressed as ratios. The 
Taqman gene expression assays used in this study are listed in Table 2. 
The expression of 44 genes related to fibrosis (SI I) was examined using a custom-designed 
low density array (LDA, Applied Biosystems) (44). A total of 100 μl reaction mixture containing 
6 ng/μl cDNA and 50 μl 2x Taqman Universal PCR Master Mix (applied Biosystems) was 
loaded per sample. PCR amplification was performed on a Viia7 Real-Time PCR system 
(Applied Biosystems) using the aforementioned qPCR protocol. Relative expression values 
were calculated using the 2-ΔCt method, corrected for GAPDH and expressed as ratios. 

Table 2. Overview Taqman gene expression assays

H
um

an

COL1A1 Hs00164004_m1

M
ou

se

Col1a1 Mm00801666_g1

ACTA2 Hs00426835_g1 Acta2 Mm00725412_S1

SERPINH1 Hs01060397_g1 Serpinh1 Mm00438058_g1

FN1 Hs01549976_m1 Fn1 Mm01256744_m1

IL6 Hs00985639_m1 Il1b Mm00434228_m1

TNF Hs01113624_g1 Il6 Mm04446190_m1

IL1B Hs01555410_m1 Cxcl1 Mm04207460_m1

IL8 Hs00174103_m1 Tnf Mm00443258_m1

FLT1 Hs01052961_m1

KDR Hs00911700_m1

FLT4 Hs00176607_m1

FGFR2 Hs01552918_m1

PDGFRB Hs01019589_m1

Western blotting
Total protein was extracted from PCKS with ice-cold RIPA buffer (Thermo Scientific, 
Waltham, USA) supplemented with a protease inhibitor cocktail and PhosStop (Sigma-
Aldrich, Saint Louis, USA). Samples were then homogenized (five cycles of 45 sec Minibead-
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beating and 10 min cooling on ice). After 45 min of centrifugation at 13,000 rpm, samples 
were denatured at 75˚C for 15 min. A total of 80-100 μg of protein was separated via 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis using 10% polyacrylamide 
gels (containing 2,2,2-trichloroethanol, Sigma-Aldrich, for total protein) and blotted onto 
polyvinylidene fluoride membranes (Trans-Blot Turbo Transfer System, Bio-Rad, Veenendal, 
the Netherlands). Membranes were blocked in 5% non-fat milk/TBST (Bio-Rad) or 5% BSA/
TBST (for detection of phosphoproteins) and incubated with the primary antibody (Table 
3) overnight at 4˚C, followed by incubation with the appropriate Horseradish Peroxidase 
conjugated secondary antibody. Protein bands were visualized using Clarity Western ECL 
Substrate (Bio-Rad) and ChemiDoc Touch Imaging System (Bio-Rad). Protein expression 
was corrected for total protein and expressed as a relative value to the control group.

Table 3. Antibodies used in western blotting

Antibody Dilution Supplier

Anti-glyceraldehyde 3-phospate 
dehydrogenase (GAPDH)

1:5000 Sigma-Aldrich, Saint Louis, USA

Anti-α-smooth muscle actin (α-SMA) 1:5000 Sigma-Aldrich, Saint Louis, USA

Anti-heat shock protein 47 (HSP47) 1:2000 Abcam, Cambridge, UK

Anti-proliferating cell nuclear antigen (PCNA) 1:1000 Santa Cruz Biotechnology, Dallas, USA

Polyclonal goat anti-rabbit Ig/ HRP 1:2000 Dako, Glostrup, Denmark

Polyclonal rabbit anti-mouse Ig/ HRP 1:5000 Dako, Glostrup, Denmark

Monoclonal IgGκ binding protein/ HRP 1:1000 Santa Cruz Biotechnology, Dallas, USA

Phosphoproteomic analysis of RTKs by multiplex 
A human RTK phosphoprotein magnetic bead panel, purchased from Merck Millipore 
(Billerica, MA, USA), was used. The assay was performed according to manufacturer’s 
instructions. Total protein from three pooled human kidney slices was extracted using the 
supplied lysis buffer supplemented with protease inhibitor cocktail. Samples were diluted 
to a concentration of 1.5 μg/μl and passed through a 0.45 μm syringe filter (Whatman, 
Maidstone, UK). Detection was performed with the MAGPIX multiplexing instrument 
(Luminex, Austin, USA). Mean fluorescent intensity (MFI) was used for quantification.

Morphology and immunohistochemistry
Histological changes were studied by Periodic acid–Schiff (PAS) and Picro-Sirius Red (PSR) 
staining. PCKS were fixed in 4% formalin, embedded in paraffin, sectioned (2 μm). Prior to 
the staining, sections were deparaffinized in xylene and rehydrated in graded alcohol and 
demi-water.
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Statistics
Statistics were performed using GraphPad Prism 6.0 by unpaired one-tailed Student’s t-test 
or via one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons 
test. The results are expressed as mean ± standard error of mean (SEM). Differences 
between groups were considered to be statistically different when p < 0.05. For the 
LDA heatmap, average-linkage clustering was performed using Pearson correlation. The 
heatmap was generated using the online tool Morpheus (https://software.broadinstitute.
org/morpheus/).
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SUPPLEMENTARY INFORMATION 

Supplentary information I. Low density array Taqman expression assays

Gene Full name Taqman expression ID

Extracellular matrix component

Col1a1 Collagen, Type I, Alpha 1 Mm00801666_g1

Col1a2 Collagen, Type II, Alpha 2 Mm00483888_m1

Col3a1 Collagen, Type III, Alpha 1 Mm01254476_m1

Col4a1 Collagen, Type IV, Alpha 1 Mm01210125_m1

Col5a1 Collagen, Type V, Alpha 1 Mm00489342_m1

Col6a1 Collagen, Type VI, Alpha 1 Mm00487160_m1

Fn1 Fibronectin Type 1 Mm01256744_m1

Eln Elastin Mm00514670_m1

Dcn Decorin Mm00514535_m1

Bgn Biglycan Mm01191753_m1

Fmod Fibromodulin Mm00491215_m1

Collagen processing

Plod1 Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 1 Mm01255760_m1

Plod2 Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2 Mm00478767_m1

Plod3 Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 3 Mm00478798_m1

P4ha1 Prolyl 4-Hydroxylase, Alpha Polypeptide I Mm00803137_m1

P4ha2 Prolyl 4-Hydroxylase, Alpha Polypeptide II Mm00477940_m1

P4ha3 Prolyl 4-Hydroxylase, Alpha Polypeptide III Mm00622868_m1

P4hb Prolyl 4-hydroxylase subunit beta Mm01243184_m1

Lepre1 Leucine Proline-Enriched Proteoglycan (Leprecan) 1 Mm00498134_m1

Leprel1 Leprecan-Like Protein 1 Mm00557655_m1

Leprel2 Leprecan-Like Protein 2 Mm00600144_m1

Lox Lysyl Oxidase Mm00495386_m1

Loxl1 Lysyl Oxidase-Like Protein 1 Mm01145738_m1

Loxl2 Lysyl Oxidase-Like Protein 2 Mm00804740_m1

Loxl3 Lysyl Oxidase-Like Protein 3 Mm00442953_m1

Loxl4 Lysyl Oxidase-Like Protein 4 Mm00446385_m1

Serpinh1 Serpin Peptidase Inhibitor, Clade H; HSP47 Mm00438058_g1

Adamts2 ADAM Metallopeptidase with Thrombospondin Type 1 
Motif, 2

Mm00805170_m1

Adamts3 ADAM Metallopeptidase with Thrombospondin Type 1 
Motif, 3

Mm00625880_m1
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Adamts14 ADAM Metallopeptidase with Thrombospondin Type 1 
Motif, 14

Mm01169235_m1

Bmp1 Bone Morphogenetic Protein 1 Mm00802220_m1

Pcolce Procollagen C-Endopeptidase Enhancer Mm00476608_m1

Pcolce2 Procollagen C-Endopeptidase Enhancer 2 Mm00453052_m1

Fkbp10 FK506 Binding Protein 10 Mm00487407_m1

Slc39a13 Solute Carrier Family 39 (Zinc Transporter), Member 13 Mm01329757_m1

Extracellular matrix remodeling

Mmp2 Matrix Metalloproteinase 1 Mm00439498_m1

Mmp9 Matrix Metalloproteinase 9 Mm00442991_m1

Mmp13 Matrix Metalloproteinase 13 Mm00439491_m1

Mmp14 Matrix Metalloproteinase 14 Mm00485054_m1

Timp1 Tissue Inhibitor of Metalloproteinases 1 Mm00441818_m1

Ctsk Cathepsin K Mm00484039_m1

Extracellular matrix receptor

Ddr1 Discoidin Domain Receptor Tyrosine Kinase 1 Mm01273496_m1

Ddr2 Discoidin Domain Receptor Tyrosine Kinase 2 Mm00445615_m1

Mrc2 Mannose Receptor, C Type 2 Mm00485184_m1

Housekeeping gene

18S 18S ribosomal RNA Hs99999901_s1

Gapdh Glyceraldehyde-3-Phosphate Dehydrogenase Mm99999915_g1

Ywhaz Tyrosine 3-Monooxygenase/Tryptophan 
5-Monooxygenase Activation Protein, Zeta

Mm03950126_s1

Actb Actin, Beta Mm01205647_g1
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Supplementary information II. Spontaneous inflammatory and fibrogenic response in murine PCKS during 
culture. A: mRNA expression of fibrosis markers. B: Protein levels of HSP47 and a-SMA at 48h with representative 
western blot images. C: mRNA expression of inflammation markers. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
data are expressed as means (± SEM), n=4-5.
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Supplementary information III. Spontaneous fibrogenic and inflammatory response in human PCKS during 
culture. A: mRNA expression of fibrosis markers. B: Protein levels of HSP47 and a-SMA at 48h with representative 
western blot images. C: mRNA expression of inflammation markers. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
data are expressed as means (± SEM), n=4-5
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Supplementary information IV. IC20 and IC50 of nintedanib in murine and human PCKS
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Supplementary information V. Effect of nintedanib in liver and intestinal precision-cut tissue slices. Healthy 
human liver and intestinal tissue slices were incubated with 5 μM nintedanib for 48h. A: mRNA expression of 
fibrosis markers in liver slices after 48h incubation, n=3. B: mRNA expression of fibrosis markers in intestinal slices 
after 48h incubation, n=4. *p<0.05, data are expressed as means (± SEM).
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ABSTRACT 

Kidney allograft failure due to chronic injury/rejection remains the main cause of graft 
loss in renal transplant recipients (RTR). Here, we investigated whether specific biomarkers 
of extracellular matrix (ECM) turnover are associated with allograft function and chronic 
kidney disease (CKD) stage in RTR. 
Seventy-eight patients who attended the University Medical Center Groningen for a 
routine check-up after kidney transplantation were enrolled in the study. Plasma and/
or 24h-urine samples were collected and specific matrix-metalloproteinase-generated 
neo-epitope fragments of collagens were measured by enzyme-linked immunosorbent 
assay. Our results demonstrated that urinary levels of C3M, a marker for collagen type III 
degradation, correlated with estimated glomerular filtration rate (eGFR; r=0.58, p<0.0001), 
with lower levels detected in the urine of patients with advanced CKD. In addition, plasma 
levels of Pro-C6, a marker for collagen type VI formation, significantly increased with 
disease progression and correlated with eGFR (r=-0.72, p<0.0001). Conversely, plasma C3M 
and urinary Pro-C6 levels showed no correlation with renal function. We identified two 
neo-epitope biomarkers of tissue turnover associated with ECM remodeling and fibrosis 
that can stratify patients by CKD stage. This is a promising first step towards noninvasive 
monitoring of ECM turnover in the kidneys.
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INTRODUCTION

Progressive loss of kidney allograft function due to fibrosis greatly hampers long-term 
allograft survival and remains a major hurdle in renal transplantation. Allograft loss is 
closely related to interstitial fibrosis and tubular atrophy (IF/TA), and histological features 
of this pathological process can already be detected at 3-6 months after transplantation 
in 40% of kidney allografts (1-3). Moreover, the presence of these morphological features is 
associated with poorer allograft survival (4). Renal allograft fibrosis reflects a pathological 
response to (tubular) injury where the equilibrium between extracellular matrix (ECM) 
formation and degradation is deregulated (5,6). 
Currently, biopsies are the gold standard for the diagnosis of renal fibrosis, allowing early 
detection of pathological changes before clinical features, such as diminished renal 
function and proteinuria, become apparent. Nevertheless, protocol biopsies are invasive, 
with discomfort for the patients and prone to sampling variability and errors (7). Due to the 
abundance of collagens in connective tissues and organs, they are interesting biomarker 
candidates. Consequently, several studies have focused on the detection of urine- and 
blood-based biomarkers for diagnosis and prognosis of kidney diseases during the last 
decade (8). Protein fingerprint biomarkers of collagens and other ECM proteins, reflecting 
ECM remodeling, have already been proven to be useful as both prognostic and diagnostic 
biomarkers in patients with hepatic fibrosis, idiopathic pulmonary fibrosis and undergoing 
hemodialysis (6,9,10). However, the identification of ECM turnover markers as a biomarker of 
fibrosis in the transplanted kidney has not been widely studied. It has been demonstrated 
that serum and urine levels of the collagen type III pro-peptide (surrogate markers for 
active collagen formation) are increased during renal fibrosis (11-13). In addition, urinary 
collagen type IV has been associated with loss of renal function (14-17). Such noninvasive 
biomarkers could enable frequent monitoring of renal patients and facilitate clinical trials 
studying the effect of antifibrotic therapies.
In the present study, we evaluated different biomarkers of collagen degradation and 
formation to define a protein fingerprint associated renal allograft function and CKD stage 
in renal transplant recipients (RTR). 

MATERIALS AND METHODS 

Data collection
Lithium-heparin plasma and/or 24h-urine was collected at the outpatient clinic of the 
University Medical Center Groningen (UMCG) from 78 RTR during a routine check-up. 
Plasma samples were collected from 75 RTR and 24h-urine samples were collected from 
42 RTR; these numbers include 39-paired plasma and urine samples. Samples were stored 
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at -80°C until analysis. Creatinine, protein, sodium (both in plasma and urine) and creatinine 
clearance were measured by the UMCG clinical laboratory as standard procedure. Estimated 
glomerular filtration rate (eGFR) was calculated based on the Modification of Diet in Renal 
Disease (MDRD) formula. This study was approved by the Medical Ethical Committee of 
the UMCG, according to Dutch legislation and the Code of Conduct for dealing responsibly 
with human tissue material in the context of health research (www.federa.org), refraining 
the need of written consent for ‘further use’ of coded-anonymous human material. The 
procedures were carried out in accordance with the experimental protocols approved by 
the Medical Ethical Committee of the UMCG (METC number 2014/077). 

Table 1. Overview of measured biomarkers to assess ECM turnover in plasma and/or urine.

Biomarker Target Detection 
range (ng/mL)

Intra- and inter-
assay variation 

(%)

Urine/
plasma

Reference

C1M MMP-mediated 
degradation of collagen 

type I (alpha 1 chain) 

11.82-133.0 5.0 and 7.0 Urine [18]

C3M MMP-mediated 
degradation of collagen 

type III

2.0-59 9.5 and 3.5 Urine 
and 

Plasma

[19,20]

Pro-C3 Formation of collagen 
type III

2.66-48.20 6.5 and 12.4 Urine 
and 

Plasma

[21]

C4M MMP-mediated of 
collagen type IV (alpha 

1 chain)

5.7-187 5.3 and 2.8 Urine 
and 

Plasma

[22]

C5M MMP-mediated 
degradation of collagen 

type V 

1.29-14 9.4 and 5.8 Plasma [23]

Pro-C6 Formation of collagen 
type VI

0.602-97.23 4.0 and 12.7 Urine 
and 

Plasma

[24]

C6M MMP-mediated 
degradation of collagen 

type VI

3-210 10.0 and 7.0 Plasma [25]

Biomarker measurements by enzyme-linked immunosorbent assay (ELISA)
The panel of biomarkers included both formation and degradation markers of collagens 
measured by competitive ELISAs developed by Nordic Bioscience (Herlev, Denmark) as 
specified in Table 1. The ELISAs were performed as previously described (see references in 
Table 1 for the single assays). Briefly, a 96-well ELISA plate purchased coated with streptavidin 
cat. 11940279 (Roche, Hvidovre, Denmark), was coated with the synthetic peptide at 20°C 
for 30 min by constant shaking at 300 rpm. The plate was then washed five times in washing 
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buffer (20mM Tris, 50 mM NaCl, pH 7.2). Thereafter, 20 μl of the standard peptide or sample 
diluted according to protocol was added, followed by 100 μl of peroxidase conjugated 
anti-human mAb. The plate was incubated 1h at 20oC or overnight at 4°C while shaking at 
300 rpm (according to protocol). Afterwards, the plate was washed five times. Finally, 100 
μl TMB (Kem-En-Tec, Taastrup, Denmark) was added and the plate was incubated for 15 
min in the dark while shaking at 300 rpm. To end the reaction, 100 μl of stopping solution 
(1% H2SO4) was added and the plate was analyzed on the ELISA reader at 450 nm with 650 
nm as the reference. All samples were measured within the detection range of the assay. 
Samples below lower limit of quantification (LLOQ) were assigned the value of LLOQ. The 
urinary marker levels were normalized for urine creatinine concentration, measured with 
QuantiChrom Creatinine Assay Kit (Bioassay Systems, Hayward, USA). 

Total collagen type VI and Picro-Sirius Red (PSR) staining 
Expression of collagen type VI in human renal tissue was studied by immunohistochemistry. 
Healthy renal tissue (n=3) was obtained from kidneys removed due to renal cell carcinoma 
(RCC). In addition, fibrotic renal tissue was obtained from anonymous chronic rejection 
biopsy samples since tissue samples were not available from the RTR cohort. Tissue 
sections (2 or 4 μm) were deparaffinized and rehydrated in successive baths of xylene 
and graded ethanols (99%-70%). Afterwards, the slides were heated in sodium citrate 
buffer (pH 6) at 100°C for 15 min. Endogenous peroxidase was blocked with 0.09% H2O2 

for 30 min. Next, non-specific epitopes were blocked using 10% normal donkey serum 
and subsequently incubated with rabbit-anti-collagen VI antibody (1:150 or 1:100, ab6588, 
Abcam, Cambridge, UK). Goat anti-rabbit and HRP-conjugated rabbit anti-goat antibodies 
in 1% normal human serum were used as secondary and tertiary antibodies, respectively 
(both 1:100, Dako, Glostrup, Denmark). All antibodies were diluted in PBS containing 1% 
BSA. Detection was performed with aminoethyl carbazole (AEC), counterstained with 
Mayer’s hematoxylin (Merck, Darmstadt, Germany) and analyzed by light microscopy (Leica 
DM2000 LED). The Picro-Sirius Red (PSR) stainings were performed on paraffin sections.

Statistics
Differences between the biomarker levels stratified into CKD stages, were determined 
using non-parametric Kruskal-Wallis test and Dunn’s multiple comparison post-hoc test. 
Statistics on parametric data (plasma Pro-C6 and patient demographics) were performed 
using one-way ANOVA and the Chi-square test was used for categorical variables. Mean 
values, standard error of the mean (SEM) and the area under the curve (AUC) were 
calculated using MedCalc (MedCalc, Belgium). Correlations between biomarkers and eGFR 
were calculated using GraphPad Prism, version 6 (GraphPad Software, San Diego, CA, USA). 
tatistically significance threshold was set at p<0.05 and data were presented as mean ± 
SEM where appropriate. 



138

Chapter 7

RESULTS

Cohort characteristics
A total of 78 renal transplant patients (48 men and 30 women) with a median age of 52 
years (20 to 83 years) and a median time after transplantation of 5.41 years (0.05 to 39.36 
years) were enrolled in this study. Primary renal disease of these patients were chronic renal 
failure without known cause (n=13, 16.7%), cystic renal disease (n=12, 15.4%), hypertension 
or renal vascular disease (n=10, 12.8%), pyelonephritis/interstitial nephritis (n=10, 12.8%), 
diabetic nephropathy (n=9, 11.5%), IgA glomerulopathy (n=8, 10.3%) and other diagnosis 
or missing data (n=16, 20.5%). The patients were categorized into chronic kidney disease 
(CKD) stages 2-4 by Modification of Diet in Renal Disease (MDRD) for analysis as shown in 
Table 2. The only patient with CKD stage 1 was excluded from categorical analysis because 
of low statistical power.

Table 2. Patient characteristics of the study population stratified by CKD stages (n =77).

Parameters CKD stage 2 
(n=19)

CKD stage 3A 
(n=23)

CKD stage 3B 
(n=19)

CKD stage 4 
(n=16)

P-valuea

Age (years), mean ± SD 54.15 ± 17.03 51.21 ± 13.04 51.75 ± 12.42 52.09 ± 13.56 0.88

Male, n (%) 11 (57.9 %) 14 (60.9 %) 11 (57.9 %) 11 (68.8 %) 0.91

eGFR, mean ± SD 69.47 ± 7.86 51.21 ± 4.17 36.74 ± 3.77 23.56 ± 4.22 <0.001

Time after transplant, years ± SD 6.99 ± 7.86 1.78 ± 3.06 8.36 ± 12.49 5.77 ± 5.62 0.02

Urinary protein g/24h 0.17 ± 0.11 0.25 ± 0.34 0.27 ± 0.21 1.25 ± 1.39 <0.001

Urinary sodium mmol/24h 172.4 ± 63.6 169.8 ± 67.8 161.2 ± 79.1 86.1 ± 34.6 0.002

Serum Creatinine (μmol/L) 90.0 ± 14.9 118.1 ± 14.5 156.8 ± 24.2 241.6 ± 44.0 <0.001

Urine Creatinine mmol/24h 11.8 ± 3.9 11.6 ± 3.3 10.6 ± 3.4 10.1 ± 2.0 0.43

Urea mmol/24h 396.0 ± 129.6 372.4 ± 132.5 368.1 ± 184.6 257.9 ± 54.1 0.05

Creatinine clearance (mL/min) 91.1 ± 24.4 68.3 ± 16.6 47.5± 12.4 29.8 ± 9.1 <0.001

Immunosuppresive regimen 
I – Standard triple therapy
II – Standard dual therapy
III – Dual therapy with CNI
IV – Dual therapy with 
azathioprine 
V – Triple therapy, other

 
12 (63%)

1 (5%)
3 (16%)
1 (5%)

2 (11%)

16 (73%)
1 (4.5%)
1 (4.5%)
0 (0%)

4 (18%)

12 (63%)
1 (5%)
3 (16%)
2 (11%)

1 (5%)

10 (63%)
0 (0%)

4 (25%)
0 (0%)

2 (12%)

 
0.71

Immunosuppressive regimen 
with calcineurin inhibitor (CNI)

16 (84%) 22 (100%) 16 (84%) 16 (100%) 0.09

Antihypertensive drugs 16 (84%) 15 (68%) 18 (95%) 13 (81%) 0.18

Antiglycaemic drugs 4 (21%) 6 (21%) 4 (31%) 5 (27%) 0.87

Lipid lowering drugs 6 (32%) 9 (41%) 8 (42%) 6 (38%) 0.91

Acute rejection rate 3 (16%) 1 (5%) 2 (11%) 1 (6%) 0.62

a Comparisons between patient characteristics were performed using one-way ANOVA with Student-Newman-Keuls Post-hoc 
test and Chi-square test for categorical variables.
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Urinary marker of collagen type III degradation associated with eGFR
Among the measured urinary markers, uC3M/creatinine, reflecting degradation of 
collagen type III, significantly correlated with eGFR (Spearman r=0.58, p<0.0001; Figure 1A). 
Specifically, the uC3M/creatinine levels were lower in urine of patients with poor kidney 
function (S1 Figure). The same marker measured in plasma (pC3M) could not stratify RTR 
per CKD stage, and was not correlated with eGFR (Spearman r=0.05, p=0.69; Figs 1B and 
S1 Figure). The calculated diagnostic value of uC3M/creatinine for separation of mild and 
moderate CKD (stage 2, 3A and 3B) from severe CKD (stage 4) resulted in an AUC of 0.83 
(p=0.004). Levels of uC3M did not correlate with recipient age, gender or transplant era (S1 
Table).

Plasma marker of collagen type VI formation is associated with eGFR 
Among the measured plasma markers, pPro-C6, reflecting formation of collagen type VI, 
strongly correlated with eGFR (Spearman r=-0.72, p<0.0001; Figure 2A). This was not found 
for urinary Pro-C6 normalized for creatinine (uPro-C6/creatinine, Spearman r=-0.19, p=0.23; 
Figure 2B). In addition, pPro-C6 levels reflected CKD stage, with levels increasing with 
disease severity (S1 Figure); this association was again not observed for uPro-C6/creatinine 
(S1 Figure). The prognostic value for separation of mild to moderate CKD (stage 2, 3A and 
3B) from severe CKD (stage 4) resulted in an AUC of 0.84 (p<0.0001). Levels of pPro-C6 did 
not correlated with recipient age, gender or transplant era (S1 Table). Of note, the other 
measured biomarkers (C1M, C3M, Pro-C3, C4M, C5M, Pro-C6 and C6M) did not correlate 
with renal function (S1 Table, S1 Dataset).

Figure 1. Associations between estimated glomerular filtration rate (eGFR) and biomarkers for ECM 
remodeling in urine and plasma. Correlations of creatinine-normalized urinary C3M (uC3M/creatinine) (A) 
and plasma C3M (pC3M) (B) with eGFR in RTR. 
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Figure 2. Associations between estimated glomerular filtration rate (eGFR) and biomarkers for 
ECM remodeling in urine and plasma. Correlations of urinary uPro-C6 normalized to creatinine (uPro-C6/
creatinine) (A) and plasma Pro-C6 (pPro-C6) (B) with eGFR in RTR. 

Expression of collagen type VI was increased in fibrotic kidney tissue
As renal expression of collagen type VI has been poorly investigated, we studied its 
localization in healthy as well as fibrotic renal tissue (Figure 3). In healthy tissue (obtained 
from the microscopically healthy part of an RCC kidney), collagen type VI was localized 
mainly in the interstitium, and to a lesser extent in the Bowman capsule and the renal 
vasculature (primarily the adventitial layer). Moreover, an intense collagen type VI staining 
was observed in fibrous lesions in chronic rejection biopsies. The extent of fibrosis was 
confirmed by PSR staining which is in line with the observed localization of collagen VI.

Figure 3. Representative images of collagen type VI staining in healthy and fibrotic renal tissue. 
Magnification 200x for collagen VI staining and 100x for PSR staining. PSR, Picro-Sirius Red.
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DISCUSSION
Noninvasive methods to provide information on disease stage or prognosis of renal loss 
in transplanted kidneys are currently unavailable (26). Markers of ECM protein turnover 
are good candidates as diagnostic and prognostic biomarkers, since renal allograft loss 
is closely associated with, and possibly a consequence of, renal fibrosis. Moreover, ECM 
markers have shown a great prognostic potential in fibrotic disease in other organs (10,27). 
In the present study, performed in a cohort of RTR, we demonstrated that (1) low levels 
of the collagen type III degradation marker C3M in urine is associated with a poor kidney 
function and (2) high levels of the collagen type VI formation marker Pro-C6 in plasma is 
associated with reduced kidney function.
The observation that uC3M progressively decreases in advancing CKD stages, while plasma 
levels remain stable, is in agreement with previous observations in IgA nephropathy 
patients (20). Thus, C3M measured in a blood sample does not have the same diagnostic 
value as when measured in urine. This may be because circulating C3M does not reflect 
glomerular and tubular damage occurring in advanced stages of CKD, but rather a systemic 
inflammatory state, as postulated previously (20). Unfortunately, the excretion route (i.e. 
glomerular filtration or tubular excretion) of the measured biomarkers is unknown. Thus, 
it is unclear if and how glomerular/tubular damage and residual function of the native 
kidney influence uC3M levels. Nonetheless, the use of uC3M as a diagnostic marker for 
renal disease is supported by a urinary proteomics study, in which fragments of collagen 
type III, including those detected by the uC3M assay, were shown to be potential markers 
for IF/TA in CKD patients (26). The same authors also showed that measurements of 
collagen type III fragments could serve as potential diagnostic markers for acute rejection 
and graft injury (26). This, as well as the current findings, supports the relevance of urinary 
collagen fragments as noninvasive biomarkers for the diagnosis of renal fibrosis following 
renal transplantation.
Collagen type VI is mainly found in interstitial connective tissues as a structural component 
of microfibrils (20,28,29), and it is well known that this protein is instrumental for muscle 
function (30). The presence of collagen type VI in the kidney was already demonstrated in the 
1990s by immunohistochemical analysis (31,32), and more recent mass spectrometry-based 
proteomic studies showed that it is one of the most abundant proteins in the glomerular 
ECM (33). The observed distribution of collagen type VI within the healthy kidney in the 
present study is in line with the classic studies from the 1990’s showing minimal staining 
in the interstitium, the glomerulus and renal vasculature. Almost no studies exist on the 
expression pattern of collagen type VI in renal pathologies. The ascertained increase of 
collagen type VI in the fibrous lesions as well as the chronic rejection biopsies corroborates 
previous findings in a range of patients with glomerular disorders and inflammatory renal 
diseases (31,34). Taken together, the increase of collagen type VI in fibrotic lesions as well as 
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the progressive increase of Pro-C6 in the plasma of RTR suggest that this protein can be a 
useful marker to study renal ECM turnover. 
Our results show differences in ECM turnover in RTR patients correlating with renal function, 
which is in agreement with MMP and TIMP imbalance described in renal allografts. Racca 
et al. showed higher levels of proMMP9, the mediator of collagen III degradation, in RTR 
with IF/TA and levels were inversely correlated with eGFR (35). Others also studied MMP 
and TIMP expression during renal transplantation in urine, plasma and biopsies. However, 
due to the minimal amount of publications on this specific topic, no hard conclusions can 
be drawn yet although it seems that MMP9, TIMP1 and 2 increase with fibrogenesis (36-39).
In this study we identified two novel biomarkers that can possibly be used to noninvasively 
describe the fibrotic process in the kidney; these markers could potentially decrease 
the need for kidney biopsies in the future. Moreover, being dynamic markers of tissue 
remodeling, these biomarkers could have prognostic value, identifying patients with more 
active disease. These findings are a promising first step towards noninvasive monitoring of 
extracellular matrix turnover in renal allografts, which will in the long run aid in the search 
for novel antifibrotic therapies. Nonetheless, the current study has some limitations. First 
of all, the relatively small cohort used in this study was very diverse, thus limiting the value 
of calculating CKD stage reference values for urinary and plasma levels of C3M and Pro-C6, 
respectively. Future studies would benefit from inclusion of patients that are less varied 
in factors such as time since transplantation, and inclusion of longitudinal follow-up, to 
evaluate the ECM remodeling markers in urine and circulation over time. Ideally, it would 
be of additional value to have an IF/TA score based on observation of kidney biopsies 
taken at time of sampling. Another limitation involves the marker specificity related to the 
ECM products. Since collagen type III is expressed in soft tissues throughout the body 
(40), C3M cannot be qualified as organ specific. The same is seen with collagen type VI, 
which is also found in other organs from which it may be released into circulation (41,42). In 
addition, the observational study design limits the ability to infer causation.
In conclusion, our study shows that urinary C3M and plasma Pro-C6 are promising markers 
of collagen turnover in RTR. Further studies are needed to ascertain their clinical role in 
disease progression as well as in the search for novel antifibrotic therapies.
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SUPPLEMENTARY DATA

S1 Dataset is available online.

S1 Figure. CKD stages stratification for urinary and plasma C3M and Pro-C6. Levels of uC3M/creatinine 
(A), pC3M (B), uPro-C6/creatinine (C) and pPro-C6 (D) in RTR divided into CKD stage 2 to 4. Statistical differences 
were assessed by Kruskal Wallis test and Dunn’s multiple comparison post-hoc test. Asterisks indicate statistical 
significance between specified groups as indicated by bars. (*=p<0.05; **=p<0.01; ****=P<0.0001). 



144

Chapter 7

S1
 T

ab
le

. C
or

re
la

tio
ns

 o
f a

ll 
m

ea
su

re
d 

bi
om

ar
ke

rs
 w

ith
 e

ac
h 

ot
he

r, 
ag

e,
 g

en
de

r, 
eG

FR
, u

rin
ar

y 
pr

ot
ei

n 
an

d 
tr

an
sp

la
nt

 e
ra

 
(e

xp
re

ss
ed

 a
s 

Sp
ea

rm
an

 ra
nk

 c
or

re
la

tio
n 

co
effi

ci
en

t a
nd

 p
 v

al
ue

s)
.

A
ge

G
en

de
r

eG
FR

U
rin

ar
y 

p
ro

te
in

Tr
an

s-
p

la
nt

 e
ra

C
3M

C4
M

2
C

5M
C

6M
Pr

o
-C

6
uC

3M
uP

ro
-C

6

A
ge

  
-0

.2
32

 
0.

04
25

 
77

0.
18

3 
0.

11
14

 
77

-0
.1

45
 

0.
24

66
 

66

-0
.12

9 
0.

26
72

 
76

-0
.12

8 
0.

27
76

 
74

-0
.1

01
 

0.
39

02
 

74

0.
10

6 
0.

36
84

 
74

-0
.1

40
 

0.
23

55
 

74

-0
.12

5 
0.

29
05

 
74

0.
41

2 
0.

00
74

 
41

-0
.2

20
 

0.
16

70
 

41

G
en

de
r

-0
.2

32
 

0.
04

25
 

77

-0
.0

20
 

0.
86

45
 

77

-0
.15

7 
0.

20
76

 
66

0.
01

0 
0.

93
06

 
76

0.
31

5 
0.

00
63

 
74

0.
38

7 
0.

00
06

 
74

0.
14

3 
0.

22
47

 
74

0.
36

3 
0.

00
15

 
74

-0
.0

03
 

0.
98

24
 

74

0.
06

9 
0.

66
80

 
41

0.
04

6 
0.

77
51

 
41

eG
FR

0.
18

3 
0.

11
14

 
77

-0
.0

20
 

0.
86

45
 

77

-0
.3

57
 

0.
00

33
 

66

0.
09

7 
0.

40
40

 
76

0.
04

7 
0.

69
33

 
74

-0
.0

93
 

0.
43

23
 

74

0.
18

8 
0.

10
90

 
74

-0
.0

67
 

0.
56

78
 

74

-0
.7

17
 

<
0.

00
01

 
74

0.
58

3 
0.

00
01

 
41

-0
.19

1 
0.

23
22

 
41

U
rin

ar
y 

p
ro

te
in

-0
.1

45
 

0.
24

66
 

66

-0
.15

7 
0.

20
76

 
66

-0
.3

57
 

0.
00

33
 

66

0.
00

4 
0.

97
52

 
65

-0
.0

42
 

0.
74

11
 

63

0.
12

4 
0.

33
39

 
63

-0
.19

4 
0.

12
76

 
63

0.
22

7 
0.

07
30

 
63

0.
28

5 
0.

02
34

 
63

-0
.2

10
 

0.
18

85
 

41

0.
31

2 
0.

04
71

 
41

Tr
an

sp
la

nt
 

er
a

-0
.12

9 
0.

26
72

 
76

0.
01

0 
0.

93
06

 
76

0.
09

7 
0.

40
40

 
76

0.
00

4 
0.

97
52

 
65

-0
.17

2 
0.

14
45

 
73

-0
.1

47
 

0.
21

58
 

73

-0
.3

64
 

0.
00

15
 

73

-0
.0

65
 

0.
58

35
 

73

-0
.1

06
 

0.
37

09
 

73

0.
29

0 
0.

06
99

 
40

-0
.2

35
 

0.
14

42
 

40

C
3M

-0
.12

8 
0.

27
76

 
74

0.
31

5 
0.

00
63

 
74

0.
04

7 
0.

69
33

 
74

-0
.0

42
 

0.
74

11
 

63

-0
.17

2 
0.

14
45

 
73

  
0.

65
4 

<
0.

00
01

 
74

0.
38

1 
0.

00
08

 
74

0.
63

4 
<

0.
00

01
 

74

0.
04

3 
0.

68
09

 
94

0.
28

2 
0.

03
17

 
58

-0
.1

64
 

0.
23

03
 

55

C4
M

2

-0
.1

01
 

0.
39

02
 

74

0.
38

7 
0.

00
06

 
74

-0
.0

93
 

0.
43

23
 

74

0.
12

4 
0.

33
39

 
63

-0
.1

47
 

0.
21

58
 

73

0.
65

4 
<

0.
00

01
 

74

  
0.

17
4 

0.
13

80
 

74

0.
80

1 
<

0.
00

01
 

74

0.
09

7 
0.

41
16

 
74

0.
06

2 
0.

71
09

 
38

0.
04

5 
0.

78
76

 
38

C
5M

0.
10

6 
0.

36
84

 
74

0.
14

3 
0.

22
47

 
74

0.
18

8 
0.

10
90

 
74

-0
.19

4 
0.

12
76

 
63

-0
.3

64
 

0.
00

15
 

73

0.
38

1 
0.

00
08

 
74

0.
17

4 
0.

13
80

 
74

  
0.

18
9 

0.
10

66
 

74

0.
00

3 
0.

97
73

 
74

-0
.0

88
 

0.
59

78
 

38

0.
08

4 
0.

61
82

 
38

C
6M

-0
.1

40
 

0.
23

55
 

74

0.
36

3 
0.

00
15

 
74

-0
.0

67
 

0.
56

78
 

74

0.
22

7 
0.

07
30

 
63

-0
.0

65
 

0.
58

35
 

73

0.
63

4 
<

0.
00

01
 

74

0.
80

1 
<

0.
00

01
 

74

0.
18

9 
0.

10
66

 
74

  
0.

24
5 

0.
03

55
 

74

0.
11

2 
0.

50
17

 
38

0.
11

3 
0.

49
76

 
38

Pr
o

-C
6

-0
.12

5 
0.

29
05

 
74

-0
.0

03
 

0.
98

24
 

74

-0
.7

17
 

<
0.

00
01

 
74

0.
28

5 
0.

02
34

 
63

-0
.1

06
 

0.
37

09
 

73

0.
04

3 
0.

68
09

 
94

0.
09

7 
0.

41
16

 
74

0.
00

3 
0.

97
73

 
74

0.
24

5 
0.

03
55

 
74

  
-0

.3
74

 
0.

00
10

 
74

0.
18

2 
0.

18
29

 
55

uC
3M

0.
41

2 
0.

00
74

 
41

0.
06

9 
0.

66
80

 
41

0.
58

3 
0.

00
01

 
41

-0
.2

10
 

0.
18

85
 

41

0.
29

0 
0.

06
99

 
40

0.
28

2 
0.

03
17

 
58

0.
06

2 
0.

71
09

 
38

-0
.0

88
 

0.
59

78
 

38

0.
11

2 
0.

50
17

 
38

-0
.3

74
 

0.
00

10
 

74

  
-0

.15
6 

0.
19

16
 

72

uP
ro

-C
6

-0
.2

20
 

0.
16

70
 

41

0.
04

6 
0.

77
51

 
41

-0
.19

1 
0.

23
22

 
41

0.
31

2 
0.

04
71

 
41

-0
.2

35
 

0.
14

42
 

40

-0
.1

64
 

0.
23

03
 

55

0.
04

5 
0.

78
76

 
38

0.
08

4 
0.

61
82

 
38

0.
11

3 
0.

49
76

 
38

0.
18

2 
0.

18
29

 
55

-0
.15

6 
0.

19
16

 
72

  



Collagen turnover in renal transplantation

145

7

DISCLOSURE

SHN, FG and MAK are full-time employees at Nordic Bioscience. All other authors have no 
competing financial interests. All authors approved the final version of the manuscript and 
fully agree with its content.



146

Chapter 7

REFERENCES
1. Sellares J, de Freitas DG, Mengel M, Reeve J, Einecke G, Sis B, et al. Understanding the causes of kidney 

transplant failure: the dominant role of antibody-mediated rejection and nonadherence. Am J Trans-
plant. 2012;12: 388-399.

2. Scian MJ, Maluf DG, Archer KJ, Suh JL, Massey D, Fassnacht RC, et al. Gene expression changes are as-
sociated with loss of kidney graft function and interstitial fibrosis and tubular atrophy: diagnosis versus 
prediction. Transplantation. 2011;91: 657-665.

3. Boor P, Floege J. Renal allograft fibrosis: biology and therapeutic targets. Am J Transplant. 2015;15: 863-
886.

4. Seron D, Moreso F, Ramon JM, Hueso M, Condom E, Fulladosa X, et al. Protocol renal allograft biopsies 
and the design of clinical trials aimed to prevent or treat chronic allograft nephropathy. Transplantation. 
2000;69: 1849-1855.

5. Karsdal MA, Nielsen MJ, Sand JM, Henriksen K, Genovese F, Bay-Jensen AC, et al. Extracellular matrix re-
modeling: the common denominator in connective tissue diseases. Possibilities for evaluation and cur-
rent understanding of the matrix as more than a passive architecture, but a key player in tissue failure. 
Assay Drug Dev Technol. 2013;11: 70-92.

6. Genovese F, Karsdal MA, Leeming DJ, Scholze A, Tepel M. Association of versican turnover with all-cause 
mortality in patients on haemodialysis. PLoS One. 2014;9: e111134.

7. Farris AB, Colvin RB. Renal interstitial fibrosis: mechanisms and evaluation. Curr Opin Nephrol Hypertens. 
2012;21: 289-300.

8. 8. Papasotiriou M, Genovese F, Klinkhammer BM, Kunter U, Nielsen SH, Karsdal MA, et al. Serum and 
urine markers of collagen degradation reflect renal fibrosis in experimental kidney diseases. Nephrol Dial 
Transplant. 2015;30: 1112-1121.

9. Leeming DJ, Karsdal MA, Byrjalsen I, Bendtsen F, Trebicka J, Nielsen MJ, et al. Novel serological neo-epit-
ope markers of extracellular matrix proteins for the detection of portal hypertension. Aliment Pharmacol 
Ther. 2013;38: 1086-1096.

10. Jenkins RG, Simpson JK, Saini G, Bentley JH, Russell AM, Braybrooke R, et al. Longitudinal change in col-
lagen degradation biomarkers in idiopathic pulmonary fibrosis: an analysis from the prospective, multi-
centre PROFILE study. Lancet Respir Med. 2015;3: 462-472.

11. Ghoul BE, Squalli T, Servais A, Elie C, Meas-Yedid V, Trivint C, et al. Urinary procollagen III aminoterminal 
propeptide (PIIINP): a fibrotest for the nephrologist. Clin J Am Soc Nephrol. 2010;5: 205-210.

12. Teppo AM, Tornroth T, Honkanen E, Gronhagen-Riska C. Urinary amino-terminal propeptide of type 
III procollagen (PIIINP) as a marker of interstitial fibrosis in renal transplant recipients. Transplantation. 
2003;75: 2113-2119.

13. Soylemezoglu O, Wild G, Dalley AJ, MacNeil S, Milford-Ward A, Brown CB, et al. Urinary and serum type III 
collagen: markers of renal fibrosis. Nephrol Dial Transplant. 1997;12: 1883-1889.

14. Morita M, Uchigata Y, Hanai K, Ogawa Y, Iwamoto Y. Association of urinary type IV collagen with GFR 
decline in young patients with type 1 diabetes. Am J Kidney Dis. 2011;58: 915-920.

15. Okonogi H, Nishimura M, Utsunomiya Y, Hamaguchi K, Tsuchida H, Miura Y, et al. Urinary type IV collagen 
excretion reflects renal morphological alterations and type IV collagen expression in patients with type 2 
diabetes mellitus. Clin Nephrol. 2001;55: 357-364.

16. Araki S, Haneda M, Koya D, Isshiki K, Kume S, Sugimoto T, et al. Association between urinary type IV 
collagen level and deterioration of renal function in type 2 diabetic patients without overt proteinuria. 
Diabetes Care. 2010;33: 1805-1810.

17. Furumatsu Y, Nagasawa Y, Shoji T, Yamamoto R, Iio K, Matsui I, et al. Urinary type IV collagen in nondiabetic 
kidney disease. Nephron Clin Pract. 2011;117: c160-6.

18. Leeming D, He Y, Veidal S, Nguyen Q, Larsen D, Koizumi M, et al. A novel marker for assessment of liver 
matrix remodeling: an enzyme-linked immunosorbent assay (ELISA) detecting a MMP generated type I 
collagen neo-epitope (C1M). Biomarkers. 2011;16: 616-628.

19. Barascuk N, Veidal SS, Larsen L, Larsen DV, Larsen MR, Wang J, et al. A novel assay for extracellular matrix 
remodeling associated with liver fibrosis: An enzyme-linked immunosorbent assay (ELISA) for a MMP-9 
proteolytically revealed neo-epitope of type III collagen. Clin Biochem. 2010;43: 899-904.



Collagen turnover in renal transplantation

147

7

20. Genovese F, Boor P, Papasotiriou M, Leeming DJ, Karsdal MA, Floege J. Turnover of type III collagen re-
flects disease severity and is associated with progression and microinflammation in patients with IgA 
nephropathy. Nephrol Dial Transplant. 2016;31: 472-479.

21. Nielsen MJ, Nedergaard AF, Sun S, Veidal SS, Larsen L, Zheng Q, et al. The neo-epitope specific PRO-C3 
ELISA measures true formation of type III collagen associated with liver and muscle parameters. Am J 
Transl Res. 2013;5: 303-315.

22. Sand JM, Larsen L, Hogaboam C, Martinez F, Han M, Rossel Larsen M, et al. MMP mediated degradation 
of type IV collagen alpha 1 and alpha 3 chains reflects basement membrane remodeling in experimental 
and clinical fibrosis--validation of two novel biomarker assays. PLoS One. 2013;8: e84934.

23. Veidal SS, Larsen DV, Chen X, Sun S, Zheng Q, Bay-Jensen AC, et al. MMP mediated type V collagen deg-
radation (C5M) is elevated in ankylosing spondylitis. Clin Biochem. 2012;45: 541-546.

24. Sun S, Henriksen K, Karsdal MA, Byrjalsen I, Rittweger J, Armbrecht G, et al. Collagen Type III and VI Turn-
over in Response to Long-Term Immobilization. PLoS One. 2015;10: e0144525.

25. Veidal SS, Karsdal MA, Vassiliadis E, Nawrocki A, Larsen MR, Nguyen QH, et al. MMP mediated degrada-
tion of type VI collagen is highly associated with liver fibrosis--identification and validation of a novel 
biochemical marker assay. PLoS One. 2011;6: e24753.

26. Ling XB, Sigdel TK, Lau K, Ying L, Lau I, Schilling J, et al. Integrative urinary peptidomics in renal transplan-
tation identifies biomarkers for acute rejection. J Am Soc Nephrol. 2010;21: 646-653.

27. Nielsen MJ, Veidal SS, Karsdal MA, Orsnes-Leeming DJ, Vainer B, Gardner SD, et al. Plasma Pro-C3 (N-
terminal type III collagen propeptide) predicts fibrosis progression in patients with chronic hepatitis C. 
Liver Int. 2015;35: 429-437.

28. Gara SK, Grumati P, Squarzoni S, Sabatelli P, Urciuolo A, Bonaldo P, et al. Differential and restricted expres-
sion of novel collagen VI chains in mouse. Matrix Biol. 2011;30: 248-257.

29. Lemley KV, Kriz W. Anatomy of the renal interstitium. Kidney Int. 1991;39: 370-381.

30. Bonnemann CG. The collagen VI-related myopathies Ullrich congenital muscular dystrophy and Bethlem 
myopathy. Handb Clin Neurol. 2011;101: 81-96.

31. Groma V. Demonstration of collagen type VI and alpha-smooth muscle actin in renal fibrotic injury in 
man. Nephrol Dial Transplant. 1998;13: 305-312.

32. Vleming LJ, Baelde JJ, Westendorp RG, Daha MR, van Es LA, Bruijn JA. The glomerular deposition of PAS 
positive material correlates with renal function in human kidney diseases. Clin Nephrol. 1997;47: 158-167.

33. Lennon R, Byron A, Humphries JD, Randles MJ, Carisey A, Murphy S, et al. Global analysis reveals the com-
plexity of the human glomerular extracellular matrix. J Am Soc Nephrol. 2014;25: 939-951.

34. Kawamura E, Hisano S, Nakashima H, Takeshita M, Saito T. Immunohistological analysis for immunological 
response and mechanism of interstitial fibrosis in IgG4-related kidney disease. Mod Rheumatol. 2015;25: 
571-578.

35. Racca MA, Novoa PA, Rodriguez I, Della Vedova AB, Pellizas CG, Demarchi M, et al. Renal dysfunction and 
intragraft proMMP9 activity in renal transplant recipients with interstitial fibrosis and tubular atrophy. 
Transpl Int. 2015;28: 71-78.

36. Catania JM, Chen G, Parrish AR. Role of matrix metalloproteinases in renal pathophysiologies. Am J Physi-
ol Renal Physiol. 2007;292: F905-11.

37. Mazanowska O, Kaminska D, Krajewska M, Zabinska M, Kopec W, Boratynska M, et al. Imbalance of metal-
laproteinase/tissue inhibitors of metalloproteinase system in renal transplant recipients with chronic al-
lograft injury. Transplant Proc. 2011;43: 3000-3003.

38. Wong W, DeVito J, Nguyen H, Sarracino D, Porcheray F, Dargon I, et al. Chronic humoral rejection of hu-
man kidney allografts is associated with MMP-2 accumulation in podocytes and its release in the urine. 
Am J Transplant. 2010;10: 2463-2471.

39. Eddy AA, Kim H, Lopez-Guisa J, Oda T, Soloway PD. Interstitial fibrosis in mice with overload proteinuria: 
deficiency of TIMP-1 is not protective. Kidney Int. 2000;58: 618-628.

40. de Jong S, van Veen TA, de Bakker JM, Vos MA, van Rijen HV. Biomarkers of myocardial fibrosis. J Cardio-
vasc Pharmacol. 2011;57: 522-535.

41. Fitzgerald J, Holden P, Hansen U. The expanded collagen VI family: new chains and new questions. Con-
nect Tissue Res. 2013;54: 345-350.



148

Chapter 7

42. Bonnemann CG. The collagen VI-related myopathies: muscle meets its matrix. Nat Rev Neurol. 2011;7: 
379-390.



Collagen turnover in renal transplantation

149

7





8
Discussion and future perspectives



152

Chapter 8

INTRODUCTION

The studies described in this thesis provide a solid basis for the use of precision-cut kidney 
slices (PCKS) to study the pathogenesis of acute kidney injury (AKI), early onset renal 
fibrosis and end-stage renal fibrosis. Additionally, we also convincingly showed that PCKS 
are a valuable tool to screen the efficacy of potential (antifibrotic) drugs. In this general 
discussion, several topics will be addressed to broaden our view on renal fibrosis, its 
treatment and the role of PCKS in the search for therapeutic targets and the development 
of antifibrotic drugs. Finally, several possibilities for future research will be proposed.

THE CHALLENGES OF ANTIFIBROTIC DRUG DEVELOPMENT

A bird’s-eye view on treating renal fibrosis 
In 1978, O’Keefe and Nadel already reminded scientists that: “When we first venture into the 
unknown, we need not the incisive beam of the proud penetrating laser, but the gentle 
diffuse illumination of the humble torch. There will be plenty of time later for detailed 
investigation of the nooks and crannies; first we must find the mountains” (1). Therefore, this 
section will provide a panoramic view of the fibrotic landscape and delineate the potential 
adverse consequences of antifibrotic treatment that should be taken into account during 
drug development. 
Firstly, long-term targeting of (profibrotic) growth factors might cause severe deleterious 
effects. For example, inhibition of TGF-β, the master regulator in renal fibrogenesis (2,3), 
might promote tumor development, since this factor elicits both tumor suppressive effects 
in the early stages of tumorigenesis as well as pro-oncogenic effects in later stages of cancer 
(4,5). Thus, for the treatment of fibrosis, inhibitors of the TGF-β pathway should ideally be 
developed that preserve the tumor suppressive effects of this factor. Another example 
of a long-term side-effect from promising fibrosis targets, is cardiotoxicity occasionally 
observed in tyrosine kinase inhibitors such as sunitinib and imatinib (6). Adverse effects 
associated with long-term treatment also raise the question for which patient group 
antifibrotic treatment should be developed. For example, if started in an early phase, 
to prevent fast progression in patients with mild renal insufficiency, only very mild side 
effects are accepted. However, if started later, in patients with severe renal insufficiency, the 
benefits can easier outweigh adverse effects. 
Secondly, the extracellular matrix (ECM) plays a key role in numerous physiological processes. 
The ECM serves as a scaffold for cells supporting the interstitial and pericellular matrix (e.g. 
the basement membrane), regulates cell growth/differentiation (7), act as local storage 
of various chemicals (cytokines and growth factors), and provides mechanical signals (for 
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example by varying ECM stiffness) (8,9). When developing therapeutic options for excessive 
ECM production (i.e. fibrosis), these essential ECM functions should be maintained and 
treatment modalities should aim to restore a balanced ECM environment. To this end, it 
would be ideal to develop an outcome parameter reflecting a balanced production and 
resolution of ECM such as the prothrombin time (PT) used for anticoagulant therapy (i.e 
vitamin K antagonists). 

Targeted drug delivery
Also, in the case of renal fibrosis, drug development should be focused on developing 
drugs that specifically target the kidney. This could decrease the occurrence of adverse 
effects during long-term treatment as well as increase efficacy by specifically targeting 
effector cells such as podocytes, mesangial cells, endothelial cells or proximal tubules (10-
12). Recently, Poosti et al. studied the specific delivery of interferon-γ to myofibroblasts in 
a unilateral ureteral obstruction (UUO) model, which significantly reduced renal fibrosis as 
well as decreased adverse side effects compared to systemic administration of interferon-γ 
(13). This avenue of research is a very interesting development in the search for effective 
therapies of renal fibrosis (14).

Improve clinical outcome parameters
Lastly, clinical trials focusing on CKD would benefit from improved end points. Currently, 
most trials use decline in glomerular filtration rate (GFR) or proteinuria as a primary end 
point (15). Unfortunately, these parameters are not suitable for early and site-specific 
detection of kidney injury and do not correctly reflect the fibrotic status of the kidney. 
Currently, the gold standard test for quantifying the antifibrotic efficacy of a treatment 
is repeated renal biopsies. Unfortunately, such procedures are invasive and prone to 
sampling errors (16). To overcome this hurdle, noninvasive biomarkers of ECM turnover 
(from urine or blood) have recently been developed, as described in chapter 7. In our study, 
single predictive biomarkers were used, however, increasing support exists for the use of 
biomarker classifiers (a group of markers that can be used to classify patients, for instance 
to identify who is more likely to benefit from a therapy) such as the CKD273 peptide 
classifier, used to predict CKD progression (17). Another approach to quantify renal fibrosis 
is bio-imaging. Currently, the two most widely studied imaging modalities are ultrasound 
and magnetic resonance imaging (MRI). Ultrasound is being used to assess tissue elasticity 
(elastography), which in the field of liver fibrosis nicely correlates with the degree of fibrosis 
(18,19). Unfortunately, its application for kidney fibrosis remains uncertain as reproducibility 
is highly influenced by parameters such as anisotropy and vascularization (15,20). Diffusion-
weighted MRI is currently being studied to assess renal fibrosis, but it appears to reflect 
renal function and not fibrosis (21,22). Recently, molecular imaging showed promising 
results to quantify renal fibrosis. This technique involves molecular probes coupled to a 
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contrast agent binding the protein of interest (e.g. collagens, elastin), and visualized with 
MRI, computed tomography (CT) or positron emission tomography (PET). Great results 
have been obtained using an elastin-specific gadolinium-based tracker to investigate 
myocardial remodeling and the use of this agent to study renal fibrosis is currently 
being investigated. Also Chen et al. reported an interesting molecular imaging modality 
that could distinguish active pulmonary and hepatic fibrogenesis from stable fibrosis 
by using oxidized collagen (23) and it is likely that this marker can also be used in other 
fibroproliferative diseases. Therefore, several promising noninvasive imaging techniques 
are being designed, yet validation in renal fibrosis is lacking.

PRECISION-CUT KIDNEY SLICES: MODEL OF DIFFERENT STAGES 

OF RENAL INJURY

PCKS can be used as a translational multicellular model of various renal disease entities. 
In this thesis, the majority of studies were performed using slices prepared from healthy 
tissue, thus reflecting early fibrogenesis. However, it is also possible to prepare PCKS from 
fibrotic tissue in order to study the final stages of the disease. In a preliminary study, we 
characterized mPCKS from UUO kidneys, and we observed that all fibrosis markers were 
significantly increased at baseline in UUO mPCKS compared to sham mPCKS (Bigaeva et 
al. data not published). Macroscopy of mPCKS showed hydronephrosis in the UUO kidney 
(day seven) slices. Also viability, as measured by ATP, was comparable to sham operated 
slices. Furthermore, our results showed that healthy (i.e. sham) slices display a strong fibrotic 
response on gene expression during incubation while this is limited in fibrotic (i.e. UUO) 
slices. Similar results were obtained with fibrotic human PCKS (fhPCKS), where no increase 
in collage type 1a1 was seen on mRNA level during incubation, as described in chapter 6. 
A possible explanation for these results, which needs to be further substantiated, is that 
the profibrotic TGF-β pathway is already highly activated in UUO mPCKS at baseline and 
cannot be further induced. A major difference between fhPCKS and UUO mPCKS, is the 
underlying etiology. UUO mPCKS are merely a model of sudden onset of renal fibrosis 
and healthy animals are used with no predisposing risk factor such as hypertension or 
atherosclerosis. On the other hand, fhPCKS can be seen as a model of CKD as the tissue 
used has been susceptible to various patient risk factors such as hypertension, diabetes, 
the use of calcineurin-inhibitors or dialysis.
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PROMISING CELL-BASED DRUG-SCREENING ASSAYS

Currently, there is a lack of effective translational models for drug development. As 
described earlier, PCKS are a unique ex vivo model, which can be used for drug screening. 
Unfortunately, it is not suitable for high throughput screening, which is often a prerequisite 
for implementation in the pharmaceutical industry. 
An alternative model, receiving great attention in recent years has been the ‘kidney in a 
dish’ made with organoids. The latter are artificially grown three-dimensional (3D) clusters 
of organ-specific cells derived from pluripotent stem cells, including human embryonic 
stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Generation of 
kidney organoids is extremely challenging as at least four distinct progenitors cells from 
the nephron, collecting duct, endothelium and interstitium are needed (24,25). Organoids 
can be used as disease model, drug screening assay and to study human development 
(25,26). Additionally, organoids are now also cultured from patient-derived cells to test 
individual drug responses. Dekkers et al. successfully demonstrated the use of organoids 
in the field of personalized medicine (27). They showed that rectal organoids, derived 
from patients with cystic fibrosis, could be used to assess cystic fibrosis transmembrane 
conductance regulator (CFTR) function, which predicted the patients’ response to CFTR-
modulating drugs.
Another model that gained great interest for drug screening is the kidney-on-a-chip 
technology, which simulates organ architecture and mimics renal physiological functions 
(28). Kidney-on-a-chip, also termed three-dimensional (3D) microfluidic cell culture 
systems, is a cell culture environment developed on a microchip that contains perfused 
chambers inhabited by living cells (29). In more complex models, different renal cell types 
or cells from different organs can be linked fluidically. Due to its complexity, organ-on-
a-chip microfluidic devices currently lack validation, and additional studies are needed 
to further characterize, develop and validate this model before it can be used for high 
throughput drug screening.
Table 1 compares the two aforementioned models with PCKS and animal studies. Major 
advantages of organoids and the kidney-on-a-chip, compared to PCKS, are that they can 
more easily be implemented in high throughput systems and that patient material can be 
used for personalized drug testing. However, PCKS can more easily be used in standard 
laboratories and can more closely model renal fibrosis.
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Table 1. Comparison of promising three-dimensional (3D) models for drug development to currently used 
models.

Model Pro’s Con’s
Traditional in vitro models - Well validated

- High-throughput
- Cost-efficient

- No physiological relevance
- No organ archtitecture

Animal models - Well validated 
- Physiological relevance
- Entire body system studied
- Presence of extracellular matrix

- Species/model differences
- Poor predicitivity
- Low throughput
- High costs
- Ethical concerns

Organoids - Partial physiological relevance (3D)
- Organ architecture simulated
- Use of patient’s own cells for 
personalized drug testing

- Not fully validated
- No perfusion
- Highly specialized

Kidney-on-a-chip - Improved physiological relevance 
(3D and perfusion)
- Possibility multiorgan systems 
- Potential for high-throughput
- Use of patient’s own cells for 
personalized drug testing

- Not fully validated
- Non-standard equipment
- Highly specialized

Precision-cut kidney slices - Improved physiological relevance
- High predictivity (human tissue)
- Easily used in standard laboratories
- Good disease model (i.e. fibrosis)
- Presence of extracellular matrix

- Not fully validated
- Medium throughput
- No perfusion

FUTURE PERSPECTIVES

In this thesis, we have extensively characterized PCKS thereby expanding our knowledge 
on the pathogenesis of acute and chronic kidney injury. Additionally, these results provide 
a solid basis to accelerate drug development in the field of fibrosis. This thesis delineates 
only a few of the many possible applications of PCKS foreshadowing some exciting times 
to come. In this section, several possibilities for future research are discussed.
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In chapters 3 and 4, PCKS were incubated up to 96 h, and it was shown that the slices 
undergo several morphological changes especially the proximal tubules. However, it 
remains to be investigated whether the used culture conditions are optimal for all the 
different renal cell types present in PCKS. For example, using liver slices, it has been shown 
that medium composition has crucial effects on slice morphology and remodeling 
during incubation (30). Additionally, it is known that cell survival, growth and proliferation 
are dependent on numerous growth factors (31,32), which might be absent or present 
in non-physiological concentrations in the current PCKS system. Therefore, it remains to 
be investigated which growth factors are produced/secreted by PCKS and whether the 
addition of additional growth factors (such as IL-3 (33)) would improve slice viability and 
morphology during prolonged culture periods. On the other hand, this could lead to 
non-physiological responses, which should be taken into consideration. To conclude, fine-
tuning of medium composition will definitively be a major challenge to strengthen the 
position of PCKS as a valid ex vivo model of renal diseases. 

Next to improving culture conditions, the experimental options with PCKS can also be 
expanded. The pathogenesis of renal fibrosis is complex and involves a myriad of pathways. 
To elucidate the role of a specific gene or protein in renal fibrogenesis one can use organs 
from knock-out animals or use small interfering RNA (siRNA) in PCKS. However, siRNA 
delivery is more complex in an ex vivo slice system compared to single cells systems. This 
is caused by the negative charge of siRNA that can be overcome by using a siRNA carrier 
(34). Preliminary studies from our group show that siRNA-mediated gene silencing can be 
achieved by by using self-deliverable siRNA (i.e. siRNA conjugated with a sterol group to 
allow passive diffusion of siRNA across the cell membrane) (35).

Lastly, progression can be made by improving imaging techniques to study PCKS, or tissue 
slices in general. Ideally, one would want to achieve real-time and noninvasive imaging 
of kidney slices during incubation. In a pilot experiment, we attempted to visualize 
extracellular matrix deposition in PCKS using Second Harmonic Generation (SHG)-based 
morphometry. The SHG signal specifically visualizes fibrillar collagens, more precisely 
collagen I and III (36,37) by using the physical properties of these collagens (thus this does 
not involve any dye or staining). Although we were able to record SHG signals from human 
PCKS (figure 1), quantification of the signal was fraught with difficulties. Another option 
would be the use of a fluorescent label or using transgenic fluorescent reporter mice, 
nonetheless, quantification remains complex due to the thickness of PCKS. 
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Figure 1. Second Harmonic Generation (SHG)-based morphometry of human PCKS incubated 3h and 72h. 
Green represents the SHG signal, red represents the background signal for morphological assessment.

CONCLUSIONS

The work presented in this thesis exhibits the potential of PCKS to study the pathogenesis 
of renal fibrosis as well as acute kidney injury. Additionally, PCKS were successfully used as 
a translational screening tool for drug discovery, thereby positively contributing to the 3Rs 
of animal testing in fibrosis research. Still, despite these major advances, it should be noted 
that: ‘improvement requires continuous effort’ (Daila Lama, 2012).
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ENGLISH SUMMARY

The kidney is an exceptional organ that plays an important role in maintaining total body 
homeostasis. The glomerulus eliminates toxins and excess fluid from the blood to form 
the glomerular filtrate. Subsequently, the filtrate travels through the tubular system where 
water is reabsorbed and certain molecules are secreted or reabsorbed. By doing so, the 
kidneys filter approximately 60 liters of blood per hour! Moreover, the kidney also performs 
other essential functions such as blood pressure regulation, electrolyte and acid-base 
homeostasis as well as vitamin D and erythropoietin secretion.

Chronic kidney disease (CKD) is a condition characterized by progressive loss of renal 
function, often due to advancing scar formation (i.e. fibrosis). Several treatment options 
exist to slow the development of renal fibrosis such as blood pressure regulation and renin-
angiotensin-aldosterone-system (RAAS) blockade. However, despite current treatment 
modalities, CKD can eventually progress to end-stage renal disease (ESRD) where patients 
are in need of renal replacement therapy (dialysis or renal transplantation). Therefore, novel 
treatment options are needed to impede or even reverse fibrogenesis in order to halt CKD 
progression.

Unfortunately, the development of novel antifibrotic therapies is being hampered by 
the lack of translational models that can predict drug efficacy in humans. Fortunately, 
as delineated in this thesis, precision-cut kidney slices (PCKS) could be the long-coveted 
translational model needed for drug development. This unique model encompasses all 
the different cells that constitute an organ and normal architecture is maintained allowing 
for cell-cell and cell-matrix interactions. The current body of work details the use of PCKS to 
unravel the pathophysiology of renal fibrogenesis and in the identification of therapeutic 
targets. 

Chapter 3 describes that the preparation and that the culture of mPCKS induced an early 
inflammatory response followed by fibrogenesis. Inhibition of the profibrotic transforming 
growth factor β (TGF-β) pathway using LY2109761, a TGF-β receptor inhibitor, halted the 
spontaneous onset of fibrosis in mPCKS. These results illustrate that PCKS can be used 
to study the pathophysiology of fibrosis as well as therapeutic targets such as the TGF-β 
pathway.

To improve the translational nature of PCKS, chapter 4 details the use of human tissue to 
prepare PCKS (hPCKS). As with mPCKS, spontaneous onset of fibrogenesis was observed 
during culture of hPCKS as reflected by increased collagen 1a1, heat-shock protein 47 

and fibronectin type 1 gene expression. This process could be further stimulated by the 
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addition of TGF-β1. Moreover, this chapter also demonstrates that hPCKS maintain several 
physiological functions as reflected by the presence of active glucuronidation and 
phenolsulfonphthalein uptake up to 48 hours of incubation.

Subsequently, chapter 5 demonstrates the contribution of cell stress to the observed 
fibrogenesis in PCKS. During incubation, mitochondrial integrity is compromised and 
apoptosis is induced. These findings were confirmed by large-scale electron microscopy 
(nanotomy) demonstrating cell debris from apoptotic cells in the lumen of proximal 
tubules at 3 hours as well as fading of mitochondrial cristae after 24 hours.

Chapter 6 studied the role of tyrosine kinase receptors (RTKs) in renal fibrosis. Murine and 
human PCKS were treated with nintedanib, an inhibitor blocking the activity of several 
RTKs such as platelet-derived growth factor (PDGFR α en β), fibroblast growth factor (FGFR 
1-3) as well as vascular endothelial growth factor (VEGFR 1–3). This study revealed successful 
inhibition of PDGFR and VEGFR phosphorylation by nintedanib. Also, nintedanib inhibited 
the onset of fibrosis in healthy mPCKS and hPCKS, however reversal of fibrosis could not 
be achieved. These results illustrate the potential of PCKS to study promising therapeutic 
targets of renal fibrosis such as RTKs.

To support the successful development of antifibrotic therapies, it is of great importance to 
develop ways to monitor therapeutic efficacy in vivo. In chapter 7, we studied noninvasive 
biomarkers of collagen turnover in urine and plasma using ELISA. In a cohort of renal 
transplant recipients, plasma Pro-C6 (a marker of collagen VI formation) was inversely 
correlated with renal function, while C3M (a marker of collagen III degradation) was 
positively associated with renal function. These findings represent a first step towards 
noninvasive monitoring of renal fibrogenesis.

To conclude, this thesis provides a detailed characterization of PCKS as a novel translational 
model of renal fibrosis, which can be used to study mechanisms of disease and to identify 
potential therapeutic targets such as RTKs and the TGF-β pathway. In addition, the results 
delineated in this thesis will contribute to the reduction of animal experiments in the field 
of fibrosis research. Noninvasive biomarkers as well as PCKS are great tools in the quest 
for antifibrotic therapies, which will immensely improve the quality of life of CKD patients. 
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NEDERLANDSE SAMENVATTING

 De nier is een uiterst complex orgaan dat er onder andere voor zorgt dat afvalstoffen via 
de urine het lichaam kunnen verlaten. Hiervoor is de nier uitgerust met ongeveer 1 miljoen 
filtereenheden, de nefronen, die zijn opgebouwd uit zeeflichaampjes (glomeruli) en een 
buizensysteem (tubuli). Dit systeem zorgt ervoor dat het bloed wordt gefilterd, nuttige 
stoffen worden teruggewonnen en afvalstoffen en overtollig vocht worden uitgescheiden. 
Per uur filteren de nieren ongeveer 60 liter bloed. Daarnaast spelen de nieren een 
belangrijke rol bij het regelen van de bloeddruk, de aanmaak van rode bloedcellen en 
de productie van vitamine D. Schade aan de nieren door bijvoorbeeld diabetes mellitus, 
hypertensie en infecties kan leiden tot chronische nierziekte (CKD). Veel CKD-patiënten 
ontwikkelen uiteindelijk eindstadium nierfalen, waarbij levensreddende therapieën, zoals 
nierdialyse of een niertransplantatie, nodig zijn. Nieuwe behandelingen gericht op het 
afremmen van nierfunctieverlies zijn van groot belang om het hoge sterftecijfer onder 
CKD-patiënten te verminderen.

Overtollige littekenvorming in de nier, ook wel nierfibrose genoemd, ligt ten grondslag 
aan nierfunctieverlies. Daarom zijn therapieën gericht op het voorkomen of remmen 
van fibrose, een goede manier om nierfunctieverlies te voorkomen. Bij de ontwikkeling 
van nieuwe medicijnen worden potentiële geneesmiddelen eerst getest in gekweekte 
(menselijke) cellen. Daarna volgen dierproeven en uiteindelijk klinische studies. Helaas 
zijn veelbelovende resultaten van de geteste middelen verkregen bij dierproeven geen 
garantie voor succesvolle klinische studies. Er is daarom grote behoefte aan translationele 
modellen die de effectiviteit van stoffen in de mens beter kunnen voorspellen. Hiermee 
kunnen medicijnen efficiënter ontwikkeld worden en kan dierenleed bespaard blijven. In 
dit proefschrift wordt de ontwikkeling van een nieuw experimenteel model beschreven 
dat uitermate geschikt is voor translationeel onderzoek, namelijk precision-cut kidney 
slices (PCKS). Middels dit model werd onderzoek gedaan naar de moleculaire en cellulaire 
mechanismen van nierfibrose en de mogelijke therapieën. 

PCKS werden eerder al gebruikt voor kortdurende toxiciteit studies. In dit proefschrift is 
onderzocht of PCKS een mogelijk model is voor nierfibrose. Hoofdstuk 3 beschrijft de 
inflammatoire en fibrotische processen, die plaatsvinden tijdens het kweken van muizen 
PCKS (mPCKS). We laten zien dat een vroege ontstekingsreactie gevolgd wordt door 
het ontstaan van fibrose. Door gebruik te maken van LY2109761, een remmer van de 
groeifactor TGF-β, hebben we verder aangetoond dat dit eiwit een belangrijke rol speelt 
in de ontwikkeling van fibrose. Al met al laat dit hoofdstuk zien dat mPCKS geschikt zijn als 
ex vivo model om de mechanismen van nierfibrose te bestuderen en om antifibrotische 
therapieën te testen.
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In hoofdstuk 4, wordt het translationele karakter van PCKS verbeterd door het gebruik 
van humaan nierweefsel. De bevindingen in dit hoofdstuk tonen aan dat in humane 
PCKS (hPCKS) nierfibrose ontstaat gedurende de periode waarin hPCKS in kweek zijn. Dit 
proces kan worden versterkt door behandeling met TGF-β1. Ook werd aangetoond dat de 
metabole functies van hPCKS tot 48 uur in kweek gehandhaafd kan worden. 

In navolging van de eerder behaalde resultaten met PCKS, wordt in hoofdstuk 5 celstress 
als oorzaak van spontane fibrose in PCKS onderzocht. Onze resultaten toonden aan dat er 
mitochondriële schade ontstond gedurende kweek met apoptose (celdood) tot gevolg. 
Deze bevindingen werden bevestigd met elektronen microscopie (nanotomie). Opvallend 
was de aanwezigheid van cel restanten in het lumen van proximale tubuli in een vroeg 
stadium (3 uur) van de kweekperiode. Na 24 uur vervaagden de mitochondriële cristae. 

In hoofdstuk 6 wordt gekeken naar de rol van tyrosine kinase receptoren in nierfibrose. 
Hiervoor werden PCKS behandeld met nintedanib, een remmer van verscheidene 
receptoren voor groeifactoren, waaronder PDGFR, FGFR en VEGFR. Uit onze studies met 
mPCKS en hPCKS blijkt dat nintedanib fibrose en inflammatie kan verminderen door middel 
van het blokkeren van PDGFR en VEGFR-activatie. Dit positieve effect treedt in mindere 
mate op in fibrotische hPCKS, een model van eindstadium nierfalen. Deze bevindingen 
passen bij het idee dat het remmen van tyrosine kinase receptoren bescherming kan 
bieden tegen nierfibrose.

Om nieuwe antifibrotische therapieën te ontwikkelen is het van groot belang om de 
therapeutische effectiviteit van een potentieel geneesmiddel te kunnen monitoren. 
Daarom wordt in hoofdstuk 7 onderzoek gedaan naar mogelijke niet-invasieve biomarkers 
van extracellulaire matrix homeostase in urine en plasma middels ELISA. In een cohort 
van niertransplantatie patiënten, werd aangetoond dat op grond van plasma Pro-C6 (een 
marker van collageen VI formatie) en urine C3M (een marker van collageen III degradatie) 
patiënten gestratificeerd kunnen worden naar CKD stadium. Dit is een veelbelovende 
eerste stap voor niet-invasieve monitoring van het fibrose proces in de nieren.

Concluderend laat dit proefschrift zien dat PCKS een veelbelovend model is om de 
pathogenese van nierfibrose te bestuderen, evenals om kennis te verkrijgen over geschikte 
‘drug targets’ zoals tyrosine kinase receptoren en de TGF-β signaalroute. Ook heeft de 
PCKS techniek zich ontwikkeld tot een sterk translationeel model dankzij het gebruik van 
humane nierslices en draagt het bij aan het verminderen van proefdieronderzoek. De 
resultaten beschreven in dit proefschrift bieden een goede fundering voor het ontwikkelen 
van nieuwe en effectieve therapieën voor nierfibrose.
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RÉSUMÉ FRANÇAIS

Le rein est un organe exceptionnel avec de multiples fonctions. Les glomérules régulent 
l’élimination des toxines des capillaires glomérulaires pour former l’urine primitive. 
Cette dernière passe ensuite par le système tubulaire où une grande partie de l’eau est 
réabsorbée et où la sécrétion et la réabsorption de certaines molécules à lieu. Le rein filtre 
le plasma sanguin approximativement 60 fois par jour. De plus il assure plusieurs autres 
fonctions dont la régulation de la pression artérielle, l’homéostasie électrolytique et acido-
basique ainsi que la sécrétion de vitamine D et l’érythropoïétine.

L’insuffisance rénale chronique est le résultat d’une perte progressive des fonctions rénales. 
Malgré les traitements contemporains, l’insuffisance rénale chronique peut évoluer 
graduellement jusqu’au stade terminal. Arrivé à ce dernier, un traitement de suppléance 
(dialyse ou greffe rénale) est nécessaire. L’évolution du phénomène est marquée par 
la cicatrisation progressive des reins (c’est-à-dire des lésions de fibrose), associée à la 
dysfonction rénale. Plusieurs possibilités d’interventions thérapeutiques sont actuellement 
utilisées pour ralentir sa progression. Elles reposent généralement sur le contrôle de la 
pression artérielle et le blocage du système rénine-angiotensine. De nouveaux traitements 
visant à retarder la fibrogenèse rénale sont nécessaires pour stabiliser les lésions de fibrose 
rénale.

Malheureusement le développement de nouvelles interventions thérapeutiques est limité 
par les modèles expérimentaux utilisés. Les expériences sur les cellules et les animaux 
ne reflètent pas correctement la situation humaine. Par conséquent, il existe un grand 
besoin pour des modèles translationnels. Ceux-ci permettent d’accélérer le transfert des 
découvertes de la recherche fondamentale vers la recherche clinique pour l’évaluation de 
nouveaux médicaments antifibrotiques.

Precision-cut kidney slices (PCKS) pourraient représenter ce modèle préclinique 
longuement attendu. PCKS possèdent plusieurs avantages comparés à des modèles 
traditionnels: les tranches retiennent l’architecture tridimensionnelle des reins avec toutes 
ses différentes cellules, l’utilisation du tissu humain améliore l’impact translationnel et les 
expériences avec PCKS contribuent à la réduction des animaux en recherche. Cette thèse 
tente de décrire PCKS comme un nouveau modèle ex vivo pour la fibrogenèse rénale. 
L’objectif est d’obtenir plus de connaissances sur les mécanismes en rapport avec la fibrose 
rénale et d’étudier des interventions thérapeutiques avec PCKS. 

L’objectif du chapitre 3 est de mettre le point sur les processus inflammatoires et 
fibrotiques durant l’incubation des PCKS de souris (mPCKS). La préparation et l’incubation 
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des mPCKS induit une réaction inflammatoire qui est suivie par la fibrogenèse. L’inhibition 
du cytokine profibrotique transforming growth factor β (TGF-β) bloque la progression de 
la fibrose rénale dans les mPCKS. Ceci confirme l’aptitude de ce modèle pour simuler la 
pathophysiologie de l’insuffisance rénale chronique ainsi que d’étudier des cibles pour des 
médicaments antifibrotiques.

Dans le chapitre 4 de cette thèse, l’impact translationnel de PCKS a été amélioré grâce à 
l’utilisation de tissus humains pour faire des tranches rénales (hPCKS). Comme avec mPCKS, 
la fibrogenèse spontanée est observée lors de l’incubation de hPCKS. Avec l’addition de 
TGF-β1 dans le medium d’incubation, ce processus de fibrose a pu être renforcé. De plus, 
ce chapitre démontre la maintenance des fonctions cellulaires grâce à la mesure de l’ATP, 
la glucuronidation et la réabsorption du phénolsulfonephtaléine durant 48h d’incubation.
 
Ensuite, le chapitre 5, dans lequel ces résultats ont été élaborés, se concentre sur le stress 
cellulaire contribuant à la fibrogenèse spontanée dans PCKS. Il démontre que durant 
l’incubation de PCKS, le dommage à l’intégrité mitochondriale ainsi que le déclenchement 
de l’apoptose peuvent contribuer à la progression de la fibrose rénale dans PCKS. De plus, 
ces résultats furent confirmés par la microscopie électronique (nanotomie) de hPCKS : 
les crêtes mitochondriales disparaissent après 24h et étonnement des débris cellulaires 
s’accumulent dans le lumen des tubules proximaux à partir de 3h d’incubation. 

Le chapitre 6 étudie le rôle des récepteurs à activité tyrosine kinase (RTK) dans la fibrose 
rénale. PCKS ont été traités avec nintedanib, un inhibiteur de multiples RTK tels que le 
récepteur du facteur de croissance dérivé des plaquettes (PDGFR α en β), le récepteur 
du facteur de croissance du fibroblaste (FGFR 1-3) ainsi que le récepteur du facteur de 
croissance endothélial vasculaire (VEGFR 1–3). Les résultats de cette étude démontrent que 
nintedanib réduit de façon significative la fibrogenèse en inhibant la phosphorylation de 
PDGFR et VEGFR. Non seulement nintedanib inhibe la progression de fibrose dans mPCKS 
et hPCKS mais aussi dans une moindre mesure dans hPCKS fibrotiques. Ces derniers sont 
coupés d’un rein avec de l’insuffisance rénale chronique. En utilisant PCKS comme modèle 
de fibrose, ces résultats démontrent que l’inhibition des RTK représente un traitement 
prometteur ciblant la fibrose rénale.

Dans le cadre du développement des médicaments antifibrotiques, il est important 
de pouvoir surveiller l'efficacité des traitements. En conséquence, le chapitre 7 décrit 
une méthode non invasive pour mesurer la formation et la dégradation de la matrice 
extracellulaire dans l’urine et le plasma. Dans une cohorte de receveurs d’une greffe 
rénale, deux biomarqueurs corrèlent avec le débit de filtration glomérulaire (DFG). Pro-C6 
(marqueur de la formation de collagène VI), mesuré dans le plasma, est inversement 
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associé avec la fonction rénale, tandis que C3M (marqueur de la dégradation du collagène 
III), mesuré dans l’urine, est positivement corrélé avec le DFG. Ceci est un premier pas vers 
une surveillance non invasive de la fibrose rénale.

En conclusion, cette thèse est axée sur le développement du modèle prometteur de 
PCKS pour étudier la pathophysiologie de la fibrose rénale ainsi que d’évaluer des cibles 
potentielles pour des médicaments antifibrotiques comme les RTK et le TGF-β. PCKS sont 
devenu un vrai modèle translationnel avec l’utilisation du tissu rénal de souris (mPCKS), 
humain normal (hPCKS) et humain fibrotique (fhPCKS). De surcroît, ces études vont 
directement contribuer à la réduction des animaux en recherche. L’étude de biomarqueurs 
non invasifs ainsi que les PCKS sont d'excellents outils dans la quête de nouvelles thérapies, 
qui amélioreront énormément la qualité de vie des patients atteints d’insuffisance rénale 
chronique.
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ABBREVIATIONS

3D   Three-dimensional
3R   Refinement, reduction and replacement
7-HCG  7-hydroxycoumarin glucuronide
ACTA2  α-smooth muscle actin (gene)
AEC  Aminoethyl carbazole
AKI   Acute kidney injury
ANOVA  One-way anlaysis of variance
α-SMA  α-smooth muscle actin (protein)
ATP  Adenosine triphosphate
AUC  Area under the curve
BAX  BCL2 associated X protein
BCL2  B-cell lymphoma 2
BCRP  Breast cancer resistance protein
CFTR  Cystic fibrosis transmembrane conductance regulator
CKD  Chronic kidney disease
COL1A1  Collagen type I alpha 1
CT   Computed tomography
CTGF  Connective tissue growth factor
CXCL1  Chemokine (C-X-C motif) ligand 1
CXCL8  Chemokine (C-X-C motif) ligand 8
DMSO  Dimethyl sulfoxide
ECM  Extracellular matrix
eGFR  Estimated glomerular filtration rate
EIF3C  Eukaryotic translation initiation factor 3 subunit C
EGF  Epidermal growth factor
ELISA  Enzyme-linked immunosorbent assay
EMT  Epithelial to mesenchymal transition
EndoMT  Endothelial to mesenchymal transition
ESRD  End-stage renal disease
FGF  Fibroblast growth factor
FGFR  Fibroblast growth factor receptor
fhPCKS  Fibrotic human precision-cut kidney slices
FN1  Fibronectin type I
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
GSH  Glutathione
GSSG  Glutathione disulfide
H2O2  Hydrogen peroxide
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hESC  Human embryonic stem cell
HIF1a  Hypoxia-inducible factor 1-alpha
hiPSC  Human induced pluripotent stem cell
HMOX  Heme oxygenase
hPCKS  Human precision-cut kidney slices
HPLC  High-performance liquid chromatography
HSP47  Heat-shock protein 47 (protein)
IF/TA  Interstitial fibrosis and tubular atrophy
IL   Interleukin 
IRI   Ischemia-reperfusion injury
KIM-1  Kidney injury molecule 1
LLOQ  Lower limit of quantification
MDRD  Modification of Diet in Renal Disease (formula)
METC  Medical ethical committee 
MFI  Mean fluorescent intensity
MMP  Matrixmetalloproteinase
mPCKS  Murine precision-cut kidney slices
MRI  Magnetic resonance imaging
NA   Not applicable
NGAL  Neutrophil gelatinase-associated lipocalin
NOS2  Nitric oxide synthase 2
LDA  Low density assay
LDH  Lactate dehydrogenase
OAT  Organic anion transporter
OATP4C1 Organic anion transporter polypeptide 4C1
OXPHOS  Oxidative phosphorylation
PAS  Periodic acid Schiff
PCKS  Precision-cut kidney slices
PCLS  Precision-cut liver slices
PCNA  Proliferating cell nuclear antigen
PDGF  Platelet-derived growth factor
PDGFR  Platelet-derived growth factor receptor
PET  Positron emission tomography
PSR  Picro-Sirius Red
PTEC  Proximal tubular epithelial cells
qPCR  Quantitative real-time polymerase chain reaction
RCC  Renal cell carcinoma
ROS  Reactive oxygen species
RTK  Tyrosine kinase receptor
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RTR  Renal transplant recipient
SD   Standard deviation
SEM  Standard error of the mean
SERPINH1 Serpin Family H Member 1 (gene)
SFN  Stratifin
SHG  Second harmonic generation
siRNA  Small interfering RNA
STEM  Scanning transmission electron microscopy
SULF2  Sulfatase 2
TGFB  Transforming growth factor
TIMP  Tissue inhibitor metalloproteinase
TNF  Tumor necrosis factor
TOM20  Mitochondrial import receptor subunit 20
TOM40  Mitochondrial import receptor subunit 40
UGT  Uridine 5’-diphospho-glucuronosyltransferase
UMCG  University Medical Center Groningen
UUO  Unilateral ureteral obstruction
UW  University of Wisconsin (organ preservation solution)
VEGFR  Vascular endothelial growth factor receptor
ZonMw  The Netherlands organisation for Health Research and Development
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DANKWOORD

Promoveren is een groot avontuur waarbij je ongebaande wegen bewandeld. Er bestaat 
geen kaart of handleiding voor dit academisch avontuur. Dit maakt wetenschap een 
prachtige uitdaging en houdt je hersenen scherp. Deze ongebaande wegen heb ik niet 
alleen bewandeld. Vele mensen hebben een bijdrage geleverd aan de totstandkoming 
van dit proefschrift en hebben deze reis zo bijzonder gemaakt. Ik wil een aantal mensen 
in het zonnetje zetten.

Allereerst wil ik mij richten tot mijn promotoren, prof. dr. P. Olinga en prof. dr. H. van Goor. 

Beste Peter, ik wil je bedanken voor de vrijheid die je mij hebt gegeven. Ik heb bewondering 
voor de werk-privé balans die je gevonden hebt, dank voor dit voorbeeld. Onze manier 
van wetenschap bedrijven is verschillend, maar onze discussies hebben geleid tot een 
prachtig product (dit proefschrift) waar ik trots op ben. Tot slot, het is mooi om te zien hoe 
onze ‘slice’ groep gegroeid is de afgelopen jaren.

Harry, je bent een geweldige begeleider geweest bij wie ik altijd terecht kon. Jouw kennis 
over nierziekten en je kritische blik op resultaten zijn van groot belang geweest. Je steun 
en pragmatische aanpak bij mijn nieuwe projecten om dit proefschrift completer te maken 
betekenen veel voor mij. Harry, bedankt voor al je adviezen.

Het was mij een waar genoegen om omringd te zijn met een groot en heel divers team 
van begeleiders. Het was soms een hele uitdaging om een datum te vinden voor een 
bespreking waarop iedereen aanwezig kon zijn, maar deze diversiteit heeft dit traject 
alleen maar verrijking gegeven.

Dr. M.A. Seelen, beste Marc, het project is een andere richting op gegaan dan origineel 
gepland. Een avontuur heeft nou eenmaal onverwachte wendingen. Je bent een 
onuitputbare bron van ideeën en je enthousiasme voor onderzoek is aanstekelijk! Het is 
geen vaarwel maar tot ziens.

Prof. dr. W.J. van Son, beste Willem, je enthousiasme had mij direct overtuigd en jij hebt 
mij geïntroduceerd in de wetenschappelijke wereld. Het begon als student op het lab, 
daarna met de unieke mogelijkheid om mijn wetenschappelijk stage te doen bij prof. 
dr. S.J. Chadban in Sydney, en nu sta ik op het punt om mijn proefschrift af te ronden. 
Willem, bedankt dat je me deze kansen hebt geboden. Dit had ik nooit willen missen! 
Onze gesprekken, met uitzicht op het prachtige Groningen vanuit je kamer, heb ik als 
ontzettend waardevol ervaren.
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Dr. H.A.M. Mutsaers, beste Rick. Samen delen we de passie voor de nieren. Je bent essentieel 
geweest bij het opzetten van het project ‘precision-cut kidney slices’. Ook bewonder ik 
hoe jij mijn artikelen soms kon omtoveren door ‘enkel’ een betere verwoording. Verlies niet 
je gedrevenheid voor de wetenschap, ik wens je het allerbeste toe in Äarhus.

Dr. M. Boersema, lieve Miriam. Jij bent van onschatbare waarde! Ik kan mij niet voorstellen 
wat wij zonder jouw kennis en innovatieve ideeën hadden moeten doen. Dank voor de 
kritische blik op mijn artikelen en vooral voor de prettige samenwerking. Jij bent een 
voorbeeld voor iedereen als onderzoeker, je gaat het ver schoppen.

Leden van de beoordelingscommissie, prof. dr. R.A. Bank, prof. dr. G.M.M Groothuis en prof. 
dr. R. Goldschmeding hartelijk dank voor het beoordelen van mijn proefschrift. 

Dit proefschrift was nooit tot stand gekomen zonder de inzet van prof. dr. I.J. de Jong en 
dr. A. Leliveld van de afdeling Urologie. Bedankt voor jullie enthousiasme voor onderzoek 
doen. Ook wil ik iedereen van het operatieteam bedanken voor jullie praktische hulp bij 
het ontvangen van materiaal.

Never underestimate the value of good colleagues! Thank you for sharing our moments 
of joy and sadness: Bao Tung Pham, Dorenda Oosterhuis, Emilia Bigaeva, Emilia (a.k.a. 
Emma) Gore, Gerian Prins, Jasper van Praagh, Jo Luangmonkong, Louise van Wijk, Miriam 
Boersema, Mitchel Ruigrok, Naomi Teekamp, Nia Sari, Radit Iswandana, Stefan Russel, Su 
Suriguga en Tobias van Haaften. 

Emilia, I could not have wished for a better friend to work together with. Our working hours 
are controversial, but we also know when to go home on time. You were always there for 
me to share moments of happiness, as well as moments of sadness. It is very reassuring 
to know you will be my paranimph. Let's toast on visiting each other around the world! 
Emma, you are always in for a party or a night together! Going on your adventures gave us 
some memorable moments such as our aurora borealis trip, game nights and series. Thank 
you for making me a little less ignorant in the world of celebrity gossips and please keep 
me updated for new series suggestions! Be reassured, this is definitely not a farewell. The 
best is still to come: 29th of June. Gerian and Su, thank you for all the fun times at the lab 
but certainly also outside of it. I wish you all the best for finishing you PhD. Tobias, bedankt 
voor de fijne gesprekken samen en je adviezen. Ik bewonder je doorzettingsvermogen als 
onderzoeker. Veel succes nog met de laatste loodjes!

Mijn ‘niet-slice groep’ collega’s en oud-collega’s van de afdeling Farmaceutische 
Technologie en Biofarmacie: Anne de Boer, Anne Lexmond, Annemarie Broesder, Anko 
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Eissens, Caroline Visser, Doetie Gjaltema, Ed Schmidt, Floris Grasmeijer, Gaurav Kanojia, 
Hans de Waard, Herman Woerdenbag, Imco Sibum, Jan Ettema, Jasmin Tomar, Maarten 
Mensink, Marcel Hoppentocht, Marianne Luinstra, Marinella Visser, Max Beugeling, Niels 
Grasmeijer, Nguyen Nhat D. , Paul Hagedoorn, Philip Born, Renée van der Kooij, Sonja 
Graver, Wouter Hinrichs, Wouter Tonnis, Yu Tian. Ik wil jullie allemaal bedanken voor de 
gezellige tijd. Prof. dr. H.W. Frijlink, beste Erik: bedankt voor je wijze woorden en zeker ook 
je leerzame verhalen van patenten tot vakanties.

Op het lab van de Experimentele Nefrologie is het allemaal begonnen. Maaike van 
Werkhoven en Jeffrey Damman, jullie leerden mij de ‘basics of research’ en niet onbelangrijk, 
jullie passie voor de wetenschap. Anita Meter-Arkema, wat een geweldige analist ben je! 
Felix Poppelaars, onderzoeksideeën en enthousiasme kom je nooit tekort! Ryanne Hijmans, 
we hebben helaas maar weinig tijd samen op het lab doorgebracht maar een ding is zeker: 
je ligt zo dubbel van het lachen met jou (iets met verkeerde wekkers is een van de vele 
voorbeelden). Tina Jager, ik wens je heel veel succes met promotietraject. 
I also would like to thank all other (ex)-colleagues: Cordelia Hempel, Ditmer Talsma, Edwin 
de Vrij, Julian Kok, Katarina Mirkovic, Kirankumar Katta, Laura Kist de Ruijter, Leandro Cunha 
Baia, Luud Roorda, Maartje ten Brinke, Mariana Gaya Costa, Pramod Kumar Agarwal, Rosa 
Lammerts, Saleh Yazdani, Saritha Adepu, Saskia Italianer, Stefan Broeren, Wendy Dam en 
Wouter Lollinga. Also my special thanks to Jaap van den Born.

I also would like to thank my colleagues from the FTT slicing group for their grateful help 
and time spent together at the slice-lab: Catharina Reker-Smit, Eduard Post, Fransien van 
Dijk, Inge de Graaf, Jan Visser, Marina de Jager, Marjolijn Merema, Natalia Estrada, Roberta 
Bartucci, Suresh Vatakuti, Viktoriia Starokozhko. Can you imagine how some of our weekly 
sentences can be quite terrifying to strangers? ‘I’m slicing human kidney today’ is one of 
the many examples.

Zonder samenwerken kom je nergens! De afgelopen jaren hebben meerdere afdelingen 
van het UMCG bijgedragen aan dit proefschrift. Dank aan de Medische Biologie, de 
Experimentele Cardiologie, de Pathologie en de Nefrologie voor de fijne samenwerking 
en hulp. In het bijzonder wil ik Marian Bulthuis bedanken, wat had ik zonder jouw hulp en 
expertise moeten doen? Bedankt voor alles. Ook wil ik prof. dr. J.L. Hillebrands bedanken. 
Beste Jan-Luuk, ik heb het erg gewaardeerd om met je samen te werken, ook al heeft niet 
elk project het gehaald. Rik Mencke, jij ook heel erg bedankt voor de fijne samenwerking. 
Ik kijk uit naar je prachtig proefschrift. Niet te vergeten is prof. dr. S.J. Bakker, zonder 
jouw bijdrage was hoofdstuk 7 nooit van de grond gekomen. Ook wil ik de pathologen 
bedanken die mij over de jaren hebben geholpen met het beoordelen van kleuringen en 
tevens dr. A. Diepstra voor de hulp met de analyse van de elektronen microscopie plaatjes. 
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Voor dit laatste, wil ik ook prof. dr. B. Giepmans en Anouk Wolters bedanken voor hun hulp 
om een nieuwe dimensie toe te voegen aan nierslices.

Als half nefro, half farmacie PhD was het niet altijd makkelijk om overal bij aanwezig te zijn. 
Ik wil jullie, mijn collega’s van de nefrologie, bedanken voor de leuke congressen samen en 
de interessante Kidney Center Meetings.

My experience in Australia at the University of Sydney was wonderful. Prof. dr. S.J. Chadban, 
dear Steve, I am very grateful for the opportunity you gave me. Eithne, Huiling Wu, Jin, 
Mamdouh, Maya, Moumita and Tony thank you for welcoming me and teaching me all the 
complex techniques. I hope that one day we will meet again.

Lieve Annemieke, het is een zeer geruststellend idee om te weten dat jij als paranimf naast 
me staat. We kennen elkaar al sinds dag 1 geneeskunde en kijk ons nu zoveel jaar later! 
Ik waardeer ons vriendschap ontzettend, geen dag gaat voorbij met Annemieke zonder 
een gek avontuur of een lachbui. Dank voor al de gezellige momenten. Je wordt een 
geweldige tropenarts.

Lieve PK13 en coaches. Waar moet ik beginnen? Jullie zijn een geweldig hockeyteam. Zoveel 
leuke herinneringen van de hockeywedstrijden (niet te vergeten ons kampioenschap), de 
teamuitjes, de BDD’s en Libo’s. Dit was precies wat ik nodig had als afwisseling naast mijn 
coschappen en onderzoek. Bedankt hiervoor.

Jorijn: mijn NJN-, studie-, PhD-, schaats- en fietsmaatje! We hebben vele gezellige 
momenten gedeeld, een welkome afwisseling voor ons. Kinderen boffen met zo’n aardige 
arts! Laat je niet aan de kant duwen.

Lieve Danieke, Puck en Sab. Jullie mogen ook zeker niet ontbreken, ik had geen betere 
huisgenootjes kunnen wensen. Wat was het altijd fijn om thuis te komen als jullie al waren 
begonnen aan een van onze culinaire hoogstandjes of altijd bij jullie terecht te kunnen 
voor een gezellig kopje thee. Ik kijk uit naar ons volgend recept!

Ma chère Pascaline, merci pour tous nos moments (avec des rires de larmes) ensemble. 
Amies depuis la maternelle et amies pour toujours!

Opa en Oma, lieve familie. Jullie onvoorwaardelijke steun heb ik zeer gewaardeerd.

Mijn ouders, dank voor alle kansen die jullie voor mij hebben gecreëerd. Een 
promotieonderzoek tijdens mijn master was gelukkig niet gek genoeg voor jullie. In een 
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paar zinnen uitleggen wat een PhD inhoudt is niet makkelijk, maar ik ben blij dat ik deze 
dag samen met jullie kan delen zodat jullie toch een kijkje hebben kunnen nemen in het 
leven van een promovendus. Lieve Marike, ik bewonder je toewijding als je ergens voor 
gaat. Gijs, wat hebben wij het toch prachtig gehad in Rixensart. Gek genoeg onthoudt 
men alleen de goede herinneringen, het was een voorrecht om je grote zus te zijn. Last, 
but certainly not least, komen de twee ukkies: Lokke en Sofie. Lokke, ik wens je heel veel 
plezier en vertrouwen toe voor je komend avontuur, en ik kom je zeker opzoeken. Ik ga je 
zeker missen, mijn lieve clown en mijn kook-maatje. Sofie (a.k.a. Fietje), c’est un privilège 
d’être ta soeur. Je geeft ons allemaal zoveel liefde, onze lach momenten tot aan huilen toe 
koester ik.

Liefste Tjalling, ik ben je erg dankbaar voor je oprechtheid, gezelligheid en liefde. Jij hebt 
als geen ander het werk achter dit proefschrift kunnen meemaken, tot zelf helpen er aan 
toe. Ook al was dit hele traject niet altijd makkelijk te begrijpen voor je, ik kon altijd mijn 
hart luchten bij je. Jouw ‘wat is stress?’ instelling wist mij altijd weer tot rust te brengen. Er 
zou meer onderzoek gedaan moeten worden naar onze succesformule ‘alles of niets’. Ik 
kijk uit naar onze nieuwe avonturen!
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