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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.



Tyrosine kinase receptors in renal fibrosis 

103

6

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



124

Chapter 6

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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