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Am J Physiol Renal Physiol 318: F117–F134, 2020. First published
November 18, 2019; doi:10.1152/ajprenal.00108.2019.—Poor trans-
lation from animal studies to human clinical trials is one of the main
hurdles in the development of new drugs. Here, we used precision-cut
kidney slices (PCKS) as a translational model to study renal fibrosis
and to investigate whether inhibition of tyrosine kinase receptors, with
the selective inhibitor nintedanib, can halt fibrosis in murine and
human PCKS. We used renal tissue of murine and human origins to
obtain PCKS. Control slices and slices treated with nintedanib were
studied to assess viability, activation of tyrosine kinase receptors, cell
proliferation, collagen type I accumulation, and gene and protein
regulation. During culture, PCKS spontaneously develop a fibrotic
response that resembles in vivo fibrogenesis. Nintedanib blocked
culture-induced phosphorylation of platelet-derived growth factor
receptor and vascular endothelial growth factor receptor. Furthermore,
nintedanib inhibited cell proliferation and reduced collagen type I
accumulation and expression of fibrosis-related genes in healthy
murine and human PCKS. Modulation of extracellular matrix homeo-
stasis was achieved already at 0.1 �M, whereas high concentrations (1
and 5 �M) elicited possible nonselective effects. In PCKS from
human diseased renal tissue, nintedanib showed limited capacity to
reverse established fibrosis. In conclusion, nintedanib attenuated the
onset of fibrosis in both murine and human PCKS by inhibiting the
phosphorylation of tyrosine kinase receptors; however, the reversal of
established fibrosis was not achieved.

nintedanib; precision-cut kidney slices; renal fibrosis; tyrosine kinase
receptor

INTRODUCTION

Renal fibrosis, defined by the progressive deposition of
connective tissue, is a hallmark of chronic kidney disease

(CKD), which affects an estimated 10% of the population in
developed countries (19). CKD progresses to end-stage renal
disease, which eventually requires replacement therapy (dial-
ysis or transplantation). Current research investigates strategies
to halt CKD progression or even to reverse renal fibrosis (6,
37). However, no effective therapy has been clinically imple-
mented.

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 (3, 5,
29, 36, 44). The PDGF receptor (PDGFR) is an attractive
molecular target for antifibrotic therapies (37a) since
PDGFR signaling is involved in the transdifferentiation of
collagen-producing myofibroblasts (7, 9, 18). PDGFR� and
PDGFR� are expressed in renal tissue mainly by glomerular
mesangial cells, interstitial fibroblasts, and vascular smooth
muscle cells (4). Several studies have reported an increased
expression of both receptors in murine and human renal
disease (7, 12). Activation of PDGFR leads to glomerulo-
sclerosis and (tubulo)interstitial fibrosis (29). Therefore,
blocking PDGFR signaling is a promising strategy to halt
the progression of renal fibrosis.

Nintedanib is a small-molecule tyrosine kinase inhibitor
approved in several countries worldwide for the treatment of
idiopathic pulmonary fibrosis and for the second-line treat-
ment of non-small-cell lung carcinoma with adenocarci-
noma histology. Nintedanib affects signaling pathways of
multiple growth factors, including VEGF, FGF, and PDGF,
as well as lymphocyte-specific protein tyrosine kinase and Src
nonreceptor kinases (32, 41). In a phase II randomized clinical
trial, nintedanib showed antiangiogenic effects and had an accept-
able safety profile in patients with advanced renal cell carcinoma
(10). To our knowledge, the impact of nintedanib on human renal
fibrosis has not been published.

The lack of translational models of human renal fibrosis
hampers the search for effective antifibrotic therapies (33).
In vitro models lack cellular heterogeneity, and animal
models have limited implications for human disease. To
partly overcome these limitations, we used precision-cut
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kidney slices (PCKS) as an ex vivo model of renal fibrosis
(13, 34, 43). PCKS replicate the organotypic multicellular
characteristics, as one slice maintains the complex three-
dimensional architecture of the kidney, and have a high
translational impact, as both murine and human tissue,
healthy and diseased, can be used. In addition, PCKS culture
is reproducible and allows for a substantial reduction of
animal use, making it a promising preclinical tool for drug
development.

In the present study, we aimed to investigate the therapeutic
effects of nintedanib in PCKS and to find whether inhibition of
nintedanib’s molecular targets may prevent renal fibrosis in
murine and, more importantly, human kidneys.

MATERIALS AND METHODS

Ethics Statement

This study was approved by the Medical Ethical Committee of the
University Medical Center Groningen according to Dutch legislation
and the Code of Conduct for dealing responsibly with human tissue in
the context of health research (https://www.federa.org/), forgoing 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 end-stage renal disease nephrectomies or transplantec-
tomies. Table 1 shows patient demographics. Renal tissue was stored
in ice-cold University of Wisconsin organ preservation solution, and
the cold ischemia time was limited to 2–3 h.

Murine tissue was obtained from male C57BL/6 mice with an
average weight of 28.3 � 2.4 g and 12.1 � 2.2 wk of age. 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, Haarlem, The Netherlands),
and stored in ice-cold University of Wisconsin solution until further
use.

Preparation and Treatment of PCKS

PCKS were prepared according to the protocol by Poosti et al.
(30) (mouse) and Stribos et al. (34) (human) using a Krumdieck
tissue slicer. Slices were incubated in Williams’ medium E with
GlutaMAX (Life Technologies, Carlsbad, CA) containing 10
�g/mL ciprofloxacin and 26 mM glucose at 37°C in an 80% O2-5%
CO2 atmosphere while gently shaken. Culture medium was used
without serum supplementation to avoid the associated batch-to-
batch variability (i.e., to establish fully controlled environment).
Nintedanib was kindly provided by Boehringer Ingelheim (Biber-
ach, Germany). We treated murine and human PCKS with nint-
edanib (0.1–10 �M) for 48 h. Analyses were performed using three
pooled slices from the same animal/donor (technical replicates)
from at least three to five animals or donors (biological replica-
tes).

Viability of PCKS

Viability of the slices was assessed by measuring ATP content
using the ATP bioluminescence kit (Roche Diagnostics, Mannheim,
Germany), as previously described in Ref. 39.

Quantitative Real-Time PCR and Low-Density Array

Total RNA was extracted with the RNeasy mini kit (Qiagen,
Venlo, The Netherlands) and reverse transcribed using the Reverse
Transcription System (Promega, Leiden, The Netherlands). cDNA
was used for quantitative real-time PCR performed with a Viia7
Real-Time PCR system (Applied Biosystems, Bleiswijk, The Neth-
erlands). Gene expression was calculated using the 2��Ct method
(where Ct is threshold cycle) (26) and corrected for GAPDH. The
Taqman gene expression assays used in this study are described in
Supplemental Table S1 (all Supplemental Data for this article are
available online at https://doi.org/10.6084/m9.figshare.9999557.v1).

Fig. 1. A: schematic illustration of the workflow. Renal tissue of murine or human origin was used to obtain cylindrical cores. By placing the tissue cores in a
Krumdieck tissue slicer filled with ice-cold Krebs-Henseleit buffer, we prepared precision-cut kidney slices (PCKS) with a wet weight of 4–5 mg and estimated
thickness of 250–300 �m. Slices were subsequently incubated in 12-well plates (1 slice/well) in culture medium with or without nintedanib for 48 h at 37°C.
Medium was refreshed at 24 h. At the end of culture period, samples were collected by pooling three slices from each animal/donor for each type of analysis.
Visualization of kidney slices prepared from healthy tissue is represented by the blue color, and diseased tissue is represented by the orange color. B: viability
of murine PCKS (mPCKS), human PCKS (hPCKS), and fibrotic human PCKS (fhPCKS) treated with nintedanib for 48 h was measured by ATP and total protein
content. Data are shown as values relative to nontreated control slices at 48 h and are expressed as means � SE; n � 4–5. *P � 0.05. C: representative images
of periodic acid-Schiff staining of untreated slices at 0 h and 48 h as well as of slices treated with 5 �M nintedanib (scale bar � 100 �m).

Table 1. Patient demographics

Healthy Renal Tissue Fibrotic Renal Tissue

n 9 10
Sex, % male/femle 67/33 40/60
Age, yr 66 � 8 47 � 15
Nephrectomy side, % left 37.5 50
Creatinine before nephrectomy, �mol/L 81 � 13 545 � 403
Estimated glomerular filtration rate before

nephrectomy, mL·min�1·1.73 m�2*
81 � 9 NA

Time on dialysis (mean), mo NA 116 � 136
Time since (first) transplantation (mean), mo NA 132 � 150
Type of renal tissue NA Nonfunctioning kidney allograft (n � 4), kidney allograft with infected abscess

(n � 1), nonfunctioning native kidney with end-stage renal disease (n � 5)

Values are presented as means � SD unless otherwise indicated. NA, not applicable. *Calculated using the Modification of Diet in Renal Disease
formula.
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The expression of 44 genes related to fibrosis (Supplemental
Table S2) was examined using a custom-designed low-density
array (Applied Biosystems) (31). cDNA from renal tissue of
C57BL/6 control mice that underwent unilateral ureteral obstruc-
tion (UUO) microsurgery was kindly provided by Dr. Bram

Piersma. A total of 100 �L of reaction mixture containing 6 ng/�L
cDNA and 50 �L 2	 Taqman Universal PCR Master Mix (Applied
Biosystems) was loaded per sample. PCR amplification
was performed on a Viia7 Real-Time PCR system (Applied Bio-
systems).
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Western Blot Analysis

Total protein was extracted from PCKS with ice-cold RIPA buffer
(Thermo Scientific, Waltham, MA) supplemented with a protease
inhibitor cocktail and PhosStop (Sigma-Aldrich, St. Louis, MO). A
total of 80–100 �g of protein was separated via SDS-PAGE using
10% polyacrylamide gels and blotted onto polyvinylidene fluoride
membranes (Trans-Blot Turbo Transfer System, Bio-Rad, Veenendal,
The Netherlands). 2,2,2-Trichloroethanol (TCE; Sigma-Aldrich) al-
lowed for visible detection of total protein load (22). Membranes were
blocked in 5% nonfat milk and Tris-buffered saline-Tween 20 (Bio-
Rad) and incubated with primary antibody (Supplemental Table S3)
overnight at 4°C followed by incubation with the appropriate horse-
radish 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 the relative value to the
control group.

Phosphoproteomic Analysis of RTKs by Multiplex

A human RTK phosphoprotein magnetic bead panel (Merck
Millipore, Billerica, MA) was used according to the manufactur-
er’s instructions. Total protein was extracted using the supplied
lysis buffer supplemented with protease inhibitor cocktail. Samples
were diluted to a concentration of 1.5 �g/�L and passed through a
0.45 �m syringe filter (Whatman, Maidstone, UK). Detection was
performed with the MAGPIX Multiplexing Instrument (Luminex,
Austin, TX). Mean fluorescent intensity was used for quantifica-
tion.

Histology

PCKS were fixed in 4% buffered formalin, embedded in paraf-
fin, and sectioned 2 �m thickness. Tissue damage and renal fibrosis
were assessed by periodic acid-Schiff (PAS) and picrosirius red
(PSR) staining. Additionally, we performed immunohistochemis-
try for Ki-67, �-smooth muscle actin (�-SMA), and collagen type
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Fig. 2. Spontaneous fibrogenic and inflammatory response in murine precision-cut kidney slices (PCKS) during culture. A: mRNA expression of fibrosis
markers. B: protein levels of heat shock protein 47 (HSP47) and �-smooth muscle actin (�-SMA) with representative Western blot images. C: mRNA
expression of inflammation markers. Data are expressed as means � SE; n � 4 –5. Gene expression levels were compared using an unpaired Student’s
t test; protein levels were compared using a nonparametric Mann-Whitney test. *P � 0.05. Color code is as in Fig. 1. Acta2, �2-smooth muscle actin;
Col1a1, collagen type I-�1; Cxcl1, chemokine (C-X-C motif) ligand 1; Fn1, fibronectin type 1; Serpinh1, serine proteinase inhibitor clade H (HSP47)
member 1; Tnf, tumor necrosis factor.
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Fig. 3. Antifibrotic, anti-inflammatory, and antiproliferative effect of nintedanib in healthy mouse kidneys. Murine precision-cut kidney slices (mPCKS) were cultured in the
presence of nintedanib (1, 5, or 10 �M) for 48 h. A: mRNA expression of fibrosis markers after 48-h incubation. B: representative sections with interstitial collagen type I
accumulation visualized by immunohistochemistry (scale bar � 50 �m) and quantitative analysis of staining intensity. C: protein levels of heat shock protein 47 (HSP47)
and �-smooth muscle actin (�-SMA) at 48 h with representative Western blot images. D: mRNA expression of inflammation markers after 48 h incubation. E: expression
of cell proliferation marker Ki-67 in mPCKS during culture and after 48 h of treatment with 5 �M nintedanib was visualized by immunohistochemistry and quantified
as relative intensity values. Data are expressed as means � SE; n � 3–5. *P � 0.05. Color code is as in Fig. 1. Acta2, �2-smooth muscle actin; Col1a1, collagen type
I-�1; Cxcl1, chemokine (C-X-C motif) ligand 1; Fn1, fibronectin type 1; Serpinh1, serine proteinase inhibitor clade H (HSP47) member 1; Tnf, tumor necrosis factor.
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I. After deparaffinization and antigen retrieval with 0.1 M Tris-
EDTA (pH 9.0) in a microwave oven for 15 min, tissue sections
were blocked with 2% rat serum in PBS and 2% BSA for 10 min
and then incubated with primary antibodies (Supplemental Table
S3) for 1 h. The antibodies were localized using the appropriate
horseradish peroxidase-conjugated secondary and tertiary antibod-
ies and the ImmPact NovaRed kit (Vector, Burlingame, CA)
followed by hematoxylin counterstaining. Stained tissue sections
were scanned using a Nanozoomer Digital Pathology Scanner
(NDP Scan U10074-01, Hamamatsu Photonics). To quantify the
stained areas, whole slide images were processed with Aperio
ImageScope (v12.3, Aperio Technologies, Vista, CA) by applying
the Positive Pixel Count V9 algorithm (hue value set to 0). The

intensities were measured as percentages (number of positive and
strong positive pixels divided by the total number of pixels) and
expressed as relative values to the control group.

Statistics

Results are expressed as means � SE of a minimum of three
independent experiments. Statistics were performed using Graph-
Pad Prism 6.0 (GraphPad Software) by an unpaired Student’s t test
or one-way ANOVA followed by a Dunnett’s multiple-compari-
sons test. The protein levels of heat shock protein (HSP)47 and
�-SMA were compared using a nonparametric Kruskal-Wallis test
followed by a Dunn’s multiple-comparisons test. Differences be-
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Fig. 4. Transcriptional changes in the extracellular matrix (ECM) homeostasis genes in murine precision-cut kidney slices (mPCKS) as measured by TaqMan
low-density array. A: heatmap illustrating log2 fold changes in the expression of ECM-related genes in murine kidneys subjected to 3 days (3d) or 7 days (7d)
of unilateral ureteral obstruction (UUO) and in mPCKS during 48-h culture. Fold changes are relative to the average expression in the corresponding control
group (i.e., 3-day UUO relative to 3-day sham, 7-day UUO relative to 7-day sham, or 48-h mPCKS relative to 0-h mPCKS). B: heatmap of ECM modulation
profiles in mPCKS at 0 h, 48 h, and treated with nintedanib (0.1–5 �M) for 48 h. Fold changes are relative to the average expression in the 0-h mPCKS group.
Red and blue indicate relatively high and low expression, respectively (gray color indicates undetermined values). Average linkage hierarchical clustering
(supervised in A and unsupervised in B) was performed using Pearson correlation. Complementary statistical analyses performed on 
threshold cycle (Ct) values
are shown in Supplemental Figs. S3 and S4. Full gene names are listed in Supplemental Table S2.
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tween groups were considered to be statistically different when
P � 0.05. For the low-density array heatmap, average linkage
clustering was performed using Pearson correlation. The heatmap
was generated using the online tool Morpheus (https://software.
broadinstitute.org/morpheus/).

RESULTS

A brief summary of the study workflow is shown in Fig. 1A.
Murine PCKS (mPCKS) and human PCKS (hPCKS) remained
viable during 48 h of incubation, as reflected by unchanged
ATP and total protein content (Fig. 1B). In addition, periodic
acid-Schiff staining revealed typical structural changes in
slices because of the culturing in accordance with previously
reported results (34, 35). In particular, mPCKS and hPCKS
from healthy kidneys showed signs of cellular damage (i.e.,
pyknosis and anucleosis), tubulointerstitial injury, and glomer-
ular injury at 48 h. In turn, culture of human fibrotic PCKS
(hfPCKS) induced further expansion of interstitial extracellular
matrix (ECM), tubular atrophy, and glomerular sclerosis. Nint-
edanib at 5 �M showed no indication toward worsening of the
morphology (Fig. 1C).

Nintedanib in mPCKS

Mitigation of fibrosis and inflammation by nintedanib. Dur-
ing 48-h incubation, spontaneous onset of fibrosis occurred
in mPCKS, as reflected by an upregulation of mRNA levels
of collagen type I, fibronectin, and HSP47 [encoded by
Col1a1, fibronectin-1 (Fn1), and serine proteinase inhibitor
clade H member 1 (Serpinh1), respectively] and by in-
creased protein levels of HSP47 (Fig. 2, A and B). Nint-
edanib effectively mitigated fibrogenesis, as it clearly re-
duced Col1a1 gene expression (Fig. 3A), with an IC50 value
of 0.7 �M (Supplemental Fig. S1A). Furthermore, nint-
edanib reduced mRNA levels of Fn1 and �-SMA (Acta2)
(IC50 values of 4.4 �M and 6.2 �M, respectively), whereas
it affected Serpinh1 only at the highest concentration (IC50

value of 5.8 �M). Treatment with 5 �M nintedanib signif-
icantly decreased interstitial accumulation of collagen type
I and protein expression of HSP47 but did not affect �-SMA
(Fig. 3, B and C). Collagen mRNA and protein levels
declined below baseline expression (at 0 h) when mPCKS
were treated with 5 and 10 �M nintedanib. The spontaneous
onset of fibrosis in mPCKS was accompanied by an inflam-
matory response after 48 h (Fig. 2C). We observed a
significant decrease in mRNA levels of TNF, IL-1�, and
IL-6 (encoded by Tnf, Il-1�, and Il-6, respectively) in the

presence of nintedanib, whereas chemokine (C-X-C motif)
ligand 1 (Cxcl1) expression was not affected (Fig. 3D).

Antiproliferative activity of nintedanib in mPCKS. Previous
studies have reported the antiproliferative effects of nint-
edanib (15, 40, 41). We evaluated these effects in mPCKS
by Ki-67 immunohistochemistry, a marker of cell prolifer-
ation (Fig. 3E). We observed a 3.5-fold culture-induced
increase in proliferation that was ~30% attenuated by 5 �M
nintedanib.

Low-density array for genes related to ECM homeostasis.
To investigate whether the observed onset of fibrogenesis in
mPCKS approximates in vivo fibrogenesis, we measured
and compared the expression of 43 genes related to ECM
homeostasis in kidneys from mice with renal injury induced
by UUO and in mPCKS. Figure 4A shows that both obstruc-
tion of murine kidneys (for 3 or 7 days) and culture of
mPCKS introduced considerable changes in the expression
of ECM-related genes: the majority of the tested genes were
upregulated in the obstructed kidneys and cultured mPCKS.
We performed a detailed statistical analysis on a subset of
these samples and compared transcriptional changes that
occured during the obstruction of murine kidneys for 7 days
and during 48 h culture of mPCKS (Fig. 5). The analysis
revealed that 31 of 43 tested genes (72%) were regulated in
the same direction (i.e., upregulated) in the UUO kidneys
and mPCKS, whereas only three genes [elastin (Eln), fibro-
modulin (Fmod), and procollagen C-endopeptidase en-
hancer (Pcolce)] were regulated in the opposite direction.
Additionally, seven genes were regulated during culture of
mPCKS but not during 7-day UUO, including prolyl 4-hy-
droxylase-�1 (P4ha1), prolyl 4-hydroxylase-�3 (P4ha3),
prolyl 4-hydroxylase-� (P4hb), leprecan-like 1 (Leprel),
leprecan-like 2 (Leprel2), lysyl oxidase-like 1 (Loxl1), and
matrix metalloproteinase (MMP)-13 (Mmp13)]. Among
tested transcripts, only expression of ADAM metallopepti-
dase with thrombospondin type 1 motif 14 (Adamts14) was
unaltered by the obstruction or culturing. Taken together,
culturing of PCKS for 48 h induced changes in ECM
homeostasis that, for the large part, mirrored changes ob-
served in UUO kidneys, indicating that PCKS resemble in
vivo fibrogenesis.

Next, we investigated the impact of nintedanib on mPCKS.
Figure 4B shows that nintedanib manifested its inhibitory
activity already at the lowest concentration (0.1 �M). A de-
tailed statistical analysis of the subset of these samples showed
that 0.1 �M nintedanib significantly reduced the expression of

Fig. 5. Detailed analysis of the transcriptional changes in the extracellular matrix (ECM) homeostasis determined by TaqMan low-density array in the unilateral
ureteral obstruction (UUO) mouse kidneys and murine precision-cut kidney slices (mPCKS). A: heatmap that illustrates changes in the gene expression patterns
(log2 fold changes) in kidneys from mice subjected to 7-day (7d) UUO and in mPCKS cultured for 48 h, as these groups were included for the statistical analysis.
Red and blue indicate relatively high and low expression, respectively (gray color indicates undetermined values). Supervised average linkage hierarchical
clustering was performed using Pearson correlation. B: statistical analysis on the 
threshold cycle (Ct) values of the transcriptional changes in ECM homeostasis
in the murine kidneys obstructed for 7-day murine kidneys and in culture for 48-h mPCKS (as determined by TaqMan low-density array). Fold changes were
calculated as relative to the corresponding control (i.e., 7-day UUO vs. 7-day sham or 48-h mPCKS vs. 0-h mPCKS). Fold changes in red indicate significant
upregulation (with P � 0.05), fold changes in blue indicate significant downregulation (with P � 0.05), and fold changes in black indicate no significant
regulation of a gene. Data are expressed as means � SE; experimental groups (7-day UUO vs. 7-day sham or 48-h mPCKS vs. 0-h mPCKS) were compared by
an unpaired two-tailed Student’s t test. C and D: numbers of genes that were not regulated or statistically significantly altered in expression during 7-day UUO
or during 48-h culture of mPCKS. Adamts, a disintegrin and metalloproteinase with thrombospondin motif; Plod, procollagen-lysine 2-oxoglutarate
5-dioxygenase 1; Bmp, bone morphogenetic protein; Timp, tissue inhibitor of metalloproteinase; Fkbp, FK506-binding protein; Bgn, biglycan; Dcn, decorin;
Ctsk, cathepsin K; Ddr, discoidin domain receptor; Eln, elastin; Fmod, fibromodulin; Fn, fibronectin; Lepre, leprecan; Leprel, leprecan-like; Lox, lysyl oxidase;
Loxl, lysyl oxidase-like; Mmp, matrix metalloproteinase; P4h, prolyl 4-hydroxylase; Pcolce, procollagen C-endopeptidase enhancer; Serpinh1, serine proteinase
inhibitor clade H (heat shock protein 47) member 1; Slc, solute carrier; Tnf, tumor necrosis factor.
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80% of the tested ECM-related genes, including collagen
subtypes Col1a1, Col1a2, Col3a1, Col4a1, Col5a1, and
Col6a1 and ECM degradation MMPs encoded by Mmp2,
Mmp9, and Mmp13 (Fig. 6). In turn, treatment of mPCKS with

nintedanib at 5 �M significantly inhibited only 59% of ECM-
related transcripts. This was accompanied by the observation
that at high concentrations (1 and 5 �M) nintedanib regulated
different mRNA clusters than at lower concentrations (0.1 and

UUO for 7 days
Fold change relative

to 7d SHAM

mPCKS in culture
Fold change relative

to 0h PCKS
Extracellular matrix component
Col1a1 21.47 ± 1.77 8.98 ± 1.39
Col1a2 16.35 ± 1.74 3.34 ± 0.51
Col3a1 16.27 ± 1.19 13.93 ± 2.26
Col4a1 5.95 ± 0.53 4.42 ± 0.34
Col5a1 3.49 ± 0.23 11.45 ± 0.99
Col6a1 4.48 ± 0.44 7.34 ± 0.82
Fn1 14.57 ± 1.41 41.32 ± 2.79
Eln 3.44 ± 0.17 0.11 ± 0.03
Dcn 3.71 ± 0.22 2.40 ± 0.24
Bgn 4.09 ± 0.19 4.07 ± 0.22
Fmod 1.38 ± 0.07 0.11 ± 0.04
Collagen processing
Plod1 1.94 ± 0.31 2.10 ± 0.18
Plod2 1.90 ± 0.10 3.84 ± 0.34
Plod3 2.62 ± 0.44 4.37 ± 0.10
P4ha1 1.23 ± 0.10 2.50 ± 0.37
P4ha2 2.07 ± 0.07 2.83 ± 0.71
P4ha3 1.69 ± 0.27 7.03 ± 1.72
P4hb 1.07 ± 0.04 1.37 ± 0.12
Lepre1 2.31 ± 0.15 4.54 ± 0.49
Leprel1 0.89 ± 0.06 0.42 ± 0.04
Leprel2 0.84 ± 0.04 3.20 ± 0.08
Lox 26.72 ± 1.16 8.49 ± 1.16
Loxl1 1.76 ± 0.40 2.71 ± 0.32
Loxl2 5.90 ± 1.04 9.91 ± 1.80
Loxl3 4.26 ± 0.20 3.56 ± 0.45
Loxl4 2.65 ± 0.11 3.21 ± 0.42
Serpinh1 4.05 ± 0.67 5.84 ± 1.88
Adamts2 6.71 ± 0.80 3.59 ± 0.44
Adamts3 2.42 ± 0.22 2.69 ± 0.07
Adamts14 1.04 ± 0.13 0.91 ± 0.30
Bmp1 7.39 ± 0.34 33.55 ± 4.96
Pcolce 1.90 ± 0.10 0.57 ± 0.06
Pcolce2 2.68 ± 0.17 6.17 ± 1.47
Fkbp10 8.76 ± 0.50 10.95 ± 1.53
Slc39a13 1.38 ± 0.09 1.73 ± 0.17
Extracellular matrix remodelling
Mmp2 17.25 ± 1.48 1.84 ± 0.14
Mmp9 5.14 ± 0.23 133.62 ± 61.25
Mmp13 0.64 ± 0.05 23.62 ± 7.97
Mmp14 18.30 ± 2.98 21.41 ± 1.16
Timp1 158.96 ± 18.37 1234.88 ± 75.85
Ctsk 9.53 ± 1.01 2.28 ± 0.28
Extracellular matrix protein receptor
Ddr1 2.54 ± 2.29 1.54 ± 0.06
Ddr2 5.66 ± 0.38 4.45 ± 0.37

!
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Number of genes
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Regulated in the same direction (i.e., upregulated) 31 72
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0.5 �M). In particular, seven genes (16%) were regulated
significantly differently (i.e., not in the same direction) by
nintedanib at 0.1 �M versus at 5 �M (Fig. 6C). Among these
genes, Adamts3, Pcolce, Slc39a13, discoidin domain receptor 1

(Ddr1), and discoidin domain receptor 2 (Ddr2) were down-
regulated by nintedanib at low concentrations but not regulated
at high concentrations. Two transcripts, Dcn (encodes decorin)
and Leprel1, “switched” their expression from unaltered or

Effect of nintedanib in mPCKS
Fold change relative to 48h control PCKS

Regulation
“switch”

0.1 M 5 M 0.1 M vs 5 M
Extracellular matrix component
Col1a1 0.24 ± 0.01 0.05 ± 0.00 *
Col1a2 0.32 ± 0.04 0.13 ± 0.00 *
Col3a1 0.59 ± 0.05 0.28 ± 0.02 *
Col4a1 0.36 ± 0.06 0.47 ± 0.04 ns
Col5a1 0.23 ± 0.05 0.13 ± 0.01 *
Col6a1 0.23 ± 0.03 0.10 ± 0.02 *
Fn1 0.34 ± 0.06 0.46 ± 0.03 ns
Eln 0.94 ± n.a. 2.98 ± n.a. n.a.
Dcn 0.75 ± 0.12 5.10 ± 0.73 *
Bgn 0.24 ± 0.00 0.23 ± 0.05 ns
Fmod 0.38 ± 0.14 0.99 ± 0.23 ns
Collagen processing
Plod1 0.45 ± 0.03 0.65 ± 0.12 ns
Plod2 0.60 ± 0.12 0.80 ± 0.02 ns
Plod3 0.57 ± 0.04 0.58 ± 0.05 ns
P4ha1 0.45 ± 0.06 0.45 ± 0.10 ns
P4ha2 0.46 ± 0.05 0.51 ± 0.04 ns
P4ha3 0.17 ± 0.13 0.41 ± 0.14 ns
P4hb 0.45 ± 0.05 0.65 ± 0.04 *
Lepre1 0.26 ± 0.03 0.46 ± 0.06 *
Leprel1 0.67 ± 0.01 2.11 ± 0.11 *
Leprel2 0.35 ± 0.01 0.48 ± 0.05 ns
Lox 0.35 ± 0.02 0.44 ± 0.06 ns
Loxl1 0.49 ± 0.05 0.38 ± 0.05 ns
Loxl2 0.26 ± 0.02 0.39 ± 0.07 ns
Loxl3 0.36 ± 0.04 0.39 ± 0.04 ns
Loxl4 0.52 ± 0.04 0.91 ± 0.23 ns
Serpinh1 0.43 ± 0.12 0.43 ± 0.04 ns
Adamts2 0.27 ± 0.03 0.39 ± 0.06 ns
Adamts3 0.33 ± 0.07 0.72 ± 0.12 *
Adamts14 0.18 ± 0.04 0.33 ± 0.09 ns
Bmp1 0.30 ± 0.02 0.26 ± 0.02 ns
Pcolce 0.48 ± 0.05 0.93 ± 0.07 *
Pcolce2 0.35 ± 0.07 0.50 ± 0.04 ns
Fkbp10 0.31 ± 0.04 0.15 ± 0.04 ns
Slc39a13 0.43 ± 0.07 0.91 ± 0.08 *
Extracellular matrix remodelling
Mmp2 0.48 ± 0.15 0.45 ± 0.14 ns
Mmp9 0.17 ± 0.05 0.05 ± 0.01 ns
Mmp13 0.29 ± 0.01 0.13 ± 0.02 ns
Mmp14 0.33 ± 0.02 0.45 ± 0.04 *
Timp1 0.39 ± 0.01 0.30 ± 0.03 ns
Ctsk 0.35 ± 0.08 0.59 ± 0.24 ns
Extracellular matrix protein receptor
Ddr1 0.38 ± 0.05 0.87 ± 0.05 *
Ddr2 0.31 ± 0.01 1.31 ± 0.21 *
Mrc2 0.24 ± 0.04 0.26 ± 0.07 ns
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downregulated after the treatment with 0.1 �M nintedanib to
being upregulated by 5 �M nintedanib.

Nintedanib in Healthy Human PCKS

Targeted inhibition of gene expression and tyrosine ki-
nase receptor activation. Culturing of the slices led to a
significant downregulation of VEGF receptor (VEGFR)1,
VEGFR2, and FGF receptor 2 (FGFR2) mRNA (Fig. 7A).
Nintedanib already reduced expression of PDGFR�,
VEGFR1, and VEGFR3 in hPCKS at 0.1 �M (Fig. 7B). The
treatment did not affect expression of VEGFR2; however, it
increased FGFR2 expression at 5 �M.

Four phospho-RTKs (p-RTKs) were upregulated during in-
cubation of hPCKS: p-PDGFR�, p-PDGFR�, p-VEGFR1, and
p-VEGFR2 (Fig. 7C). This suggests that the onset of fibrosis in
healthy hPCKS was associated with the activation of PDGF
and VEGF signaling pathways. Figure 7D shows that nint-
edanib reduced phosphorylation of p-PDGFR� and
p-VEGFR1 at 0.3 �M (by 39.8% and 55%, respectively) and
of PDGFR� and VEGFR2 at 0.1 �M (by 45.3% and 23%). In
contrast, the activation of VEGFR3 and FGFR1 in hPCKS was
neither affected by 48-h incubation nor by treatment with
nintedanib (Fig. 7, C and D).

Mitigation of fibrosis and inflammation markers by nintedanib.
In line with previously published data (34), fibrogenesis was
initiated during incubation of hPCKS, as revealed by the
increase in COL1A1 and SERPINH1 transcription and protein
levels of HSP47 (Fig. 8, A and B). Expression of ACTA2
significantly dropped after 48 h, whereas FN1 expression
remained unchanged. Treatment with nintedanib resulted in a
concentration-dependent inhibition of all tested fibrosis mark-
ers except for ACTA2 (Fig. 9A). IC50 values were 0.6 �M for
COL1A1, 1.5 �M for SERPINH1, and 1.7 �M for FN1 (Sup-
plemental Fig. S1B). Nintedanib at 5 �M reduced the accu-
mulation of collagen type I to the baseline levels (at 0 h) and
affected the protein level of HSP47 (Fig. 9, B and C). In
concordance with gene expression, nintedanib had no influence
on �-SMA expression.

Similar to mPCKS, a substantial increase in mRNA levels of
cytokines, such as TNF, IL-1B, IL-6, and CXCL8/IL-8, oc-
curred in hPCKS during the culture period (Fig. 8C). Nint-
edanib significantly reduced the expression of these inflamma-

tion markers at the highest tested concentration (5 �M; Fig.
9D). Interestingly, the IL-1B mRNA level was inhibited at
0.5 �M.

Antiproliferative activity of nintedanib in hPCKS. We ob-
served comparable results of Ki-67 expression in hPCKS as
in mPCKS: expression increased during culture (fold induc-
tion of 10.4) and nintedanib reduced proliferation by ~73%
(Fig. 9E).

Nintedanib in Established Fibrosis PCKS

Characterization of fhPCKS. fhPCKS showed high basal
gene expression of COL1A1, SERPINH1, and FN1 as well as
clear inflammatory profiles compared with healthy kidneys
(Fig. 10, A and B). Histological analysis confirmed the fibrotic
phenotype by showing an extensive tubular atrophy, ECM
accumulation, and interstitial fibrosis (Fig. 10, C and D).

To analyze the processes occurring during culture of fhPCKS,
we studied viability and gene expression up to 72 h. Similar to
healthy hPCKS (34), the ATP content of fhPCKS increased
during first 24 h, after which levels plateaued (Fig. 10E). As
described above, healthy PCKS develop a fibrotic response
during incubation. We observed a different pattern in fhPCKS:
mRNA expression of COL1A1, SERPINH1, and FN1 re-
mained unchanged (Fig. 10F). On the other hand, elevated
collagen type I deposition and highly increased protein expres-
sion of HSP47 might indicate that fibrogenesis was still ongo-
ing during incubation (Fig. 10, G and H). Similar to hPCKS,
ACTA2 expression dropped in fhPCKS during culture, whereas
�-SMA protein expression remained unchanged. Regarding
the inflammation markers, fhPCKS showed unaffected gene
expression of TNF and IL-1B during culture. Levels of IL-6
and CXCL8/IL-8 increased at 24 h and then gradually declined
(Fig. 10I).

Effect of nintedanib on fibrosis and inflammation markers.
Treatment of fhPCKS with nintedanib did not affect fibrosis
markers on gene expression. Only the highest tested concen-
tration (5 �M) numerically, but not statistically significantly,
reduced expression of COL1A1 and SERPINH1 (Fig. 11A). We
detected nonsignificant effects on interstitial accumulation of
collagen type I and protein expression of �-SMA; however,
nintedanib at 5 �M significantly affected HSP47 (Fig. 11, B
and C). Interestingly, 1 and 5 �M nintedanib downregulated

Fig. 6. Detailed analysis of the transcriptional changes in the expression of extracellular matrix-related genes in murine precision-cut kidney slices (mPCKS)
treated with nintedanib for 48 h. A: heatmap illustrating changes in the gene expression patterns (log2 fold changes) in mPCKS cultured in the absence of
nintedanib or treated with nintedanib at 0.1 or 5 �M for 48 h, as these groups were included for the statistical analysis. Fold changes were calculated as relative
to the average expression in the untreated mPCKS (48 h). Red and blue indicate relatively high and low expression, respectively (gray color indicates
undetermined values). Unsupervised average linkage hierarchical clustering was performed using Pearson correlation. B: statistical analysis on the 
threshold
cycle (Ct) values of the transcriptional changes in the expression of extracellular matrix (ECM)-related genes in mPCKS after treatment with nintedanib at the
lowest (0.1 �M) and highest (5 �M) tested concentration (as determined by TaqMan low-density array). Fold changes were calculated as relative to the untreated
slices (48 h). Fold changes in blue indicate significant downregulation (with P � 0.05), fold changes in red indicate significant upregulation (with P � 0.05),
and fold changes in black indicate no significant change in the expression of a gene. Data are expressed as means � SE; experimental groups (48-h untreated
mPCKS, mPCKS treated with 0.1 �M nintedanib, and mPCKS treated with 5 �M nintedanib) were compared by one-way ANOVA followed by a Dunnett’s
multiple-comparisons test. *Statistical differences between mPCKS treated with 0.1 vs. 5 �M nintedanib. The red asterisks indicate genes that were considered
as “switched” in their expression between 0.1 and 5 �M nintedanib treatment groups. C: numbers of genes that were statistically significantly inhibited by
nintedanib (0.1 and 5 �M) as well as numbers of genes that “switched” their expression when mPCKS were exposed to the highest tested concentration of
nintedanib compared with the lowest tested concentration. Adamts, a disintegrin and metalloproteinase with thrombospondin motif; Plod, procollagen-Lysine
2-oxoglutarate 5-dioxygenase 1; Bmp, bone morphogenetic protein; Timp, tissue inhibitor of metalloproteinase; Fkbp, FK506-binding protein; Bgn, biglycan;
Dcn, decorin; Ctsk, cathepsin K; Mrc, mannose receptor C type; Col, collagen; Ddr, discoidin domain receptor; Eln, elastin; Fmod, fibromodulin; Fn, fibronectin;
Lepre, leprecan; Leprel, leprecan-like; Lox, lysyl oxidase; Loxl, lysyl oxidase-like; Mmp, matrix metalloproteinase; P4h, prolyl 4-hydroxylase; Pcolce,
procollagen C-endopeptidase enhancer; Serpinh1, serine proteinase inhibitor clade H (heat shock protein 47) member 1; Slc, solute carrier; ns, not significant;
n.a., not available (e.g., because of undetermined values).
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Fig. 7. Tyrosine kinase receptor (RTK) expression and activation in human precision-cut kidney slices (hPCKS) after 48-h culture and after nintedanib treatment.
A: RTK mRNA expression in hPCKS after 48-h culture, as measured by real-time quantitative PCR. B: RTK mRNA expression in hPCKS after 48-h treatment
with nintedanib (0.1–5 �M). Blue color in A and B indicates that kidney slices were prepared from healthy tissue. C: phosphorylation of RTKs in hPCKS was
measured by multiplex magnetic bead assay and expressed as relative mean fluorescence intensity (MFI) to the 0-h control. D: phosphorylation of RTKs in
hPCKS treated with nintedanib (0.1–5 �M) for 48 h, shown as mean MFI relative to untreated hPCKS. Data are expressed as means � SE; n � 4–5. *P � 0.05.
FGFR, fibroblast growth factor receptor; FLT, Fms-related tyrosine kinase; KDR, kinase insert domain receptor; PDGFRA, platelet-derived growth factor
receptor �; PDGFRB, platelet-derived growth factor receptor �; VEGFR, vascular endothelial growth factor receptor.
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IL-1B in fhPCKS by 82.5% and 86.3%, respectively (Fig.
11D).

Antiproliferative activity of nintedanib in fhPCKS. Similar to
hPCKS, culture for 48 h induced Ki-67 expression in fhPCKS
(Fig. 11E), whereas nintedanib inhibited cell proliferation by
~48%.

DISCUSSION

PCKS provide a unique opportunity to translate the obtained
results from rodent models to human models, which is impor-
tant for clinical drug development (38). In the present study,
we expanded the experimental application of PCKS: we used
healthy renal tissue of murine and human origin and explored
PCKS from human fibrotic renal tissue as a model of estab-
lished fibrosis. With this translational ex vivo model, we
investigated the effects of nintedanib in healthy and diseased
tissue. The PCKS model replicates some of the main charac-
teristics of CKD, such as cellular damage, tubulointerstitial

fibrosis, (local) inflammation, accumulation of ECM proteins,
and dysregulated matrix turnover, as shown in this study and as
previously reported by others (30, 34, 35). We demonstrated
that spontaneous induction of fibrogenesis in PCKS resembles
in vivo fibrogenesis, making this model suitable to study the
mechanism of action and efficacy of antifibrotic compounds.
We showed that nintedanib blocks the expression and phos-
phorylation of tyrosine kinase receptors and inhibits cell pro-
liferation. Additionally, nintedanib attenuated the onset of
fibrosis not only in mPCKS but also in hPCKS, although
reversal of established fibrosis could not be achieved.

Nintedanib engaged its intended targets in human kidneys: it
inhibited gene expression of PDGFR�, VEGFR1, and VEGFR3
as well as culture-induced phosphorylation of PDGFR�,
PDGFR�, VEGFR1, and VEGFR2 starting at 0.1 �M, a concen-
tration that is in the range of its maximum human exposure of 0.07
�M in patients with idiopathic pulmonary fibrosis after standard
dosing (3a, 11, 28). The attenuation of PDGFR� and PDGFR�
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Fig. 8. Spontaneous fibrogenic and inflammatory response in human precision-cut kidney slices during culture. A: mRNA expression of fibrosis markers. B:
protein levels of heat shock protein 47 (HSP47) and �-smooth muscle actin (�-SMA) with representative Western blot images. C: mRNA expression of
inflammation markers. Data are expressed as means � SE; n � 4–5. Gene expression levels were compared using an unpaired Student’s t test; protein levels
were compared using a nonparametric Mann-Whitney test. *P � 0.05. ACTA2, �2-smooth muscle actin; COL1A1, collagen type I-�1; CXCL8, chemokine
(C-X-C motif) ligand 8; FN1, fibronectin type 1; SERPINH1, serine proteinase inhibitor clade H (heat shock protein 47) member 1; TNF, tumor necrosis factor.
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Fig. 9. Effects of nintedanib in healthy human kidneys. Human precision-cut kidney slices (hPCKS) were cultured in the presence of nintedanib (0.1–5 �M) for
48 h. A: mRNA expression of fibrosis markers after 48-h incubation. B: representative sections with interstitial collagen type I accumulation visualized by
immunohistochemistry (scale bar � 100 �m) and quantitative analysis of staining intensity. C: protein levels heat shock protein 47 (HSP47) and �-smooth
muscle actin (�-SMA) at 48 h with representative Western blot images. D: mRNA expression of inflammation markers after 48-h incubation. E: expression of
cell proliferation marker Ki-67 in hPCKS during culture and after 48-h treatment with 5 �M nintedanib was visualized by immunohistochemistry and quantified
as relative intensity values. Data are expressed as means � SE; n � 4–5. *P � 0.05. ACTA2, �2-smooth muscle actin; COL1A1, collagen type I-�1; CXCL8,
chemokine (C-X-C motif) ligand 8; FN1, fibronectin type 1; SERPINH1, serine proteinase inhibitor clade H (heat shock protein 47) member 1; TNF, tumor
necrosis factor.
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signaling by nintedanib is of therapeutic interest for renal fibrosis,
as PDGF signaling leads to the differentiation of pericytes
and resident fibroblasts to profibrotic ECM-producing myo-
fibroblasts (9). The literature presents conflicting results on

the role of VEGFR signaling in fibrosis and peritubular
capillary restoration (2, 20, 24, 27). Therefore, beneficial
inhibition of VEGFR signaling by nintedanib in renal fibro-
sis is subject to further studies.
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The inhibitory effects of nintedanib on RTKs were investi-
gated by Liu et al. (25) in a UUO mouse model. They reported
that nintedanib effectively blocked UUO-induced phosphoryla-
tion of PDGFR�, VEGFR2, FGFR1, and FGFR2. In hPCKS,
both FGFR1 and FGFR2 were not affected by nintedanib, possi-
bly because of the differences in fibrogenic processes in murine
and human tissues.

PCKS develop an early inflammatory response during culture
followed by the onset of fibrosis (34). Nintedanib exerted anti-
inflammatory activity in mPCKS and hPCKS. The observed
effects are in line with earlier studies of nintedanib in mouse
models of lung fibrosis (23, 40). This anti-inflammatory activity
of nintedanib might translate into attenuation of renal injury.

Nintedanib also exerted antifibrotic effects in mPCKS and
hPCKS, as demonstrated by a marked reduction of Col1a1
mRNA and protein expression. Furthermore, in mPCKS, nint-
edanib modulates ECM homeostasis even at the lowest con-
centration. Downregulation of these genes might lead to the
altered secretion and fibril formation of collagen, as previously
reported in primary human lung fibroblasts treated with trans-
forming growth factor (TGF)-� (21). High concentrations of
nintedanib regulate different mRNA clusters than low concen-
trations, reflected by a partial switch from inhibitory profile at
0.1 and 0.5 �M to the induction of some ECM-related genes at
1 and 5 �M. This could be explained by possible nonselective
activity of nintedanib at high concentrations, whereas low
concentrations have a more specific kinase-inhibitory profile
(14). Despite the fact that nintedanib at 1 and 5 �M has an
altered impact on ECM homeostasis, its overall effect remains
antifibrotic.

The demonstrated attenuation of fibrosis concurs with pre-
vious results: nintedanib reduced lung fibrosis in bleomycin- or
silica-treated mice and rats (1, 40, 41) and showed antifibrotic
effects in various mouse models of systemic sclerosis (16, 17).
Liu et al. (25) found that administration of nintedanib for 7
days after UUO injury attenuated renal fibrosis. Nintedanib
inhibited TGF-�1-induced renal fibroblast to myofibroblast
transition and expression of ECM proteins in vitro in renal
interstitial fibroblasts, indicating that nintedanib affects early
events of TGF-� signaling. Wollin et al. (40, 41) also reported
that nintedanib at higher concentrations possesses anti-TGF-�
activity. We hypothesize that the observed antifibrotic effects
of nintedanib in PCKS might be attributable to a combination
of RTK inhibition and (perhaps nonselective) anti-TGF-�
activity.

The cultures of mPCKS, hPCKS, and fhPCKS induced a
strong spontaneous proliferative response, and, in line with
published data (15, 40, 41), nintedanib effectively inhibited
culture-induced cell proliferation in PCKS.

Our newly established translational PCKS model with
tissue from fibrotic human kidneys showed a clear fibrotic
phenotype compared with renal tissue from control donors.
Culture of fhPCKS did not further increase the assessed
markers of fibrosis, although an inflammatory peak was
observed after the first day of culture. The preexisting
fibrotic phenotype of fhPCKS might explain the difference
with healthy PCKS.

Nintedanib showed diminished reduction in fibrosis markers
in fhPCKS compared with hPCKS, most likely because of an
increased interindividual variability (underlying primary renal
disease, dialysis time, time since transplantation, and medica-
tion) in the fibrotic kidney slices. Nintedanib seems to be more
effective in preventing or halting the onset of fibrosis in healthy
PCKS rather than in reversing the established fibrosis, as
modeled by fhPCKS. Our data in human diseased tissue is in
conflict with the data in murine diseased tissue: delayed ad-
ministration of nintedanib to UUO mice by Liu et al. (25)
resulted in partial reversal of established renal fibrosis. How-
ever, even prolonged kidney obstruction in mice is not as
severe as the late-stage fibrosis seen in patients with CKD,
emphasizing the need for models that more closely resemble
human pathology. PCKS, especially the culture of fhPCKS,
can serve as a model for human CKD. Nevertheless, limitations
of the ex vivo PCKS model are 1) the relatively short culture
period (48–72 h) is not always sufficient to detect posttrans-
lational events, 2) the availability of freshly resected human
renal tissue is limited, 3) interorgan interactions cannot be
directly assessed, and 4) circulating immune cells that contrib-
ute to the fibrogenesis are absent because slices lack blood
circulation even though PCKS retain the native vascular net-
work. Considering the significant role of infiltrating inflamma-
tory cells and associated cytokines in renal fibrosis, a coculture
system of PCKS with immune cells (or subsets of immune
cells) can be established for future studies, which will better
reflect the immunological interactions during the fibrogenic
process in renal tissue.

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. Treat-
ment of PCKS with nintedanib inhibited cell proliferation and
attenuated the onset of inflammation and fibrosis, although
reversal of established fibrosis could not be achieved. Nint-
edanib successfully inhibited PDGFR and VEGFR phosphor-
ylation, demonstrating the potential use of these receptors as
therapeutic targets to attenuate renal fibrosis. Therefore, along
with the benefit of reducing animal use, hPCKS might provide
direct and clinically relevant insights into human renal disease
and therapeutic strategies.

Fig. 10. Characterization of fibrotic human precision-cut kidney slices (PCKS). PCKS were prepared from fibrotic human renal tissue obtained during end-stage
renal disease nephrectomies or transplantectomies. A: baseline (prior incubation) mRNA expression of fibrosis markers in fibrotic compared with healthy tissue
slices. B: baseline (prior incubation) mRNA expression of inflammation markers in fibrotic compared with healthy tissue slices. C: representative photomicro-
graphs of human healthy and fibrotic PCKS before incubation (scale bar � 250 �m). Histological analyses by periodic acid-Schiff (PAS) and picrosirius red
(PSR) staining showed extensive tubular atrophy and interstitial fibrosis, whereas �-smooth muscle actin (�-SMA) and collagen type I immunohistochemistry
further confirmed the fibrotic phenotype. D: quantitative analysis of collagen type I immunohistochemistry in healthy and fibrotic PCKS (before incubation). E:
viability of fibrotic PCKS during incubation presented as the average of picomoles of ATP per microgram of total protein. F: effect of incubation on mRNA
expression of fibrosis markers. G: representative images of immunohistochemistry of collagen type I (scale bar � 100 �m) in fibrotic PCKS during 72-h culture
with quantitative analysis. H: protein levels of heat shock protein (HSP47) and �-SMA (n � 5) during incubation with representative Western blot images. I:
effect of incubation on mRNA expression of inflammation markers in fibrotic human PCKS (fhPCKS). Data are expressed as means � SE; n � 9 for healthy
PCKSs and n � 8–9 for fibrotic PCKSs. *P � 0.05. ACTA2, �2-smooth muscle actin; COL1A1, collagen type I-�1; CXCL8, chemokine (C-X-C motif) ligand
8; FN1, fibronectin type 1; SERPINH1, serine proteinase inhibitor clade H (heat shock protein 47) member 1; TNF, tumor necrosis factor.
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Fig. 11. Antifibrotic and anti-inflammatory effect of nintedanib in fibrotic human precision-cut kidney slices (fhPCKS). fhPCKS were cultured in the presence of nintedanib
(0.1–5 �M) for 48 h. A: mRNA expression of fibrosis markers after 48-h incubation. B: representative sections with interstitial collagen type I accumulation visualized by
immunohistochemistry (scale bar � 100 �m) and quantitative analysis of staining intensity. C: protein levels of heat shock protein 47 (HSP47) and �-smooth muscle actin
(�-SMA) at 48 h with representative Western blot images. D: mRNA expression levels of inflammation markers after 48 h incubation. E: expression of cell proliferation marker
Ki-67 in fhPCKS during culture and after 48-h treatment with 5 �M nintedanib was visualized by immunohistochemistry and quantified as relative intensity values. Data are
expressed as means � SE; n � 4–5. *P � 0.05. ACTA2, �2-smooth muscle actin; COL1A1, collagen type I-�1; CXCL8, chemokine (C-X-C motif) ligand 8; FN1, fibronectin
type 1; SERPINH1, serine proteinase inhibitor clade H (HSP47) member 1; TNF, tumor necrosis factor.
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