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Abstract: Animal models are a valuable tool in preclinical research. However, limited predictivity
of human biological responses in the conventional models has stimulated the search for reliable
preclinical tools that show translational robustness. Here, we used precision-cut kidney slices (PCKS)
as a model of renal fibrosis and investigated its predictive capacity for screening the effects of
anti-fibrotics. Murine and human PCKS were exposed to TGFβ or PDGF pathway inhibitors with
established anti-fibrotic efficacy. For each treatment modality, we evaluated whether it affected:
(1) culture-induced collagen type I gene expression and interstitial accumulation; (2) expression of
markers of TGFβ and PDGF signaling; and (3) expression of inflammatory markers. We summarized
the outcomes of published in vivo animal and human studies testing the three inhibitors in renal
fibrosis, and drew a parallel to the PCKS data. We showed that the responses of murine PCKS to
anti-fibrotics highly corresponded with the known in vivo responses observed in various animal
models of renal fibrosis. Moreover, our results suggested that human PCKS can be used to predict
drug efficacy in clinical trials. In conclusion, our study demonstrated that the PCKS model is a
powerful predictive tool for ex vivo screening of putative drugs for renal fibrosis.

Keywords: renal fibrosis; precision-cut kidney slices; antifibrotic drugs; pirfenidone; galunisertib;
imatinib

1. Introduction

Animal models are powerful tools in the study of disease mechanisms and preclinical development
of therapeutics. However, modeling human disease, such as chronic kidney disease (CKD), is a very
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challenging task [1]. CKD is a major global health concern characterized by the progressive loss of
renal function [2]. Irrespective of etiology, renal fibrosis is a driving force in the progression of CKD
and it is often regarded as the most damaging process in kidney disease [3,4]. Currently, treatment
options for CKD are limited to blood pressure regulation by renin angiotensin-aldosterone-system
(RAAS) blockade, which only delay the decline in renal function [5]. Despite overwhelming research
efforts, no pharmacological intervention is currently available that effectively halts the progression of
renal fibrosis in CKD patients.

The molecular processes involved in human renal fibrosis are extremely complex,
and the deposition of extracellular matrix (ECM) proteins is orchestrated by numerous cells,
including (myo)fibroblasts, pericytes, fibrocytes, tubular epithelial cells, endothelial cells,
inflammatory cells, and resident and infiltrating stem cells [6–8]. Historically, transforming growth
factor beta (TGFβ) has been regarded as the master regulator of fibrosis, which promotes matrix
synthesis and myofibroblast activation [9,10]. Other growth factors, particularly platelet-derived
growth factor (PDGF), have also been implicated in renal fibrosis. PDGF is a potent inducer of
proliferation, differentiation, and migration of fibrogenic mesenchymal cells [11,12]. Given their
central role in renal fibrosis, the TGFβ and PDGF pathways are important therapeutic targets [13–15].

Despite many successful preclinical studies, only limited advances have been made in the
translation of these findings to the level of patient treatment. Insufficient predictive capability of
current animal models of renal fibrosis and lack of translational models for human disease contribute
to the discrepancies between preclinical and clinical evidence [16]. The ex vivo model of precision-cut
kidney slices (PCKS) has the potential to fill this gap. Several studies have successfully demonstrated
the use of PCKS as a tool to study the development of fibrosis and screen the efficacy of anti-fibrotic
treatments [17–21]. PCKS retain the native three-dimensional architecture of whole kidneys and
preserve cell–cell signaling pathways that are lost in isolated cell culture, although the latter greatly
facilitates basic research. A particular advantage of PCKS is that they can be prepared directly from
human tissue [22], thereby removing cross-species heterogeneity in tissue responses to injury and
drug intervention.

The aim of this study was to demonstrate the predictive value of PCKS as a screening platform for
the anti-fibrotic activity of drug candidates. To this end, we prepared PCKS from healthy and fibrotic,
murine, and human kidneys and evaluated the impact of three compounds with established anti-fibrotic
efficacy—pirfenidone, galunisertib, and imatinib. Pirfenidone is a small synthetic molecule that was
approved for the treatment of idiopathic pulmonary fibrosis. The compound exerts anti-fibrotic
and anti-inflammatory activity in a variety of animal and cell-based models, and its effects seem
to be associated with inhibition of the TGFβ pathway, although the specific mechanism remains
largely unknown [23]. Galunisertib (LY2157299 monohydrate), a small molecule kinase inhibitor,
selectively blocks TGFβ receptor I (ALK5), thereby inhibiting canonical SMAD2 signaling [24].
Galunisertib is mostly known as an anti-cancer agent, and is currently in phase II multi-site trials for
the treatment of hepatocellular carcinoma (NCT01246986), yet there is growing preclinical evidence for
its anti-fibrotic activity [25–27]. Imatinib (also known as STI571 or Gleevec) is a multi-kinase inhibitor
of the c-abl, c-kit, and PDGFR tyrosine kinases [28], which is commonly used in the management
of leukemia and mesenchymal tumors, and has been shown to diminish hepatic and renal fibrosis
in vivo [29–32]. In addition, we investigated whether ex vivo PCKS responses to anti-fibrotics correlate
with the responses of activated (myo)fibroblasts in vitro, considering that the latter are the principle
effector cells in fibrosis. Therefore, next to PCKS, we exposed human renal fibroblasts to pirfenidone,
galunisertib, and imatinib using a “scar in a jar” model (i.e., in vitro enhancement of collagen matrix
deposition, [33]). Lastly, we evaluated the predictive capacity of PCKS by comparing the PCKS
responses to pirfenidone, galunisertib, and imatinib treatment with the outcomes of in vivo animal
studies and human trials testing the efficacy of these compounds in renal fibrosis (in the discussion).
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2. Materials and Methods

2.1. Ethics Statement

This study was approved by the Medical Ethical Committee of the University Medical Center
Groningen (UMCG), according to the Dutch legislation and Code of Conduct for dealing responsibly
with human tissue in the context of health research (www.federa.org), forgoing the need of written
consent for “further use” of coded-anonymous human tissue. All animal experiments were approved
by the Animal Ethics Committee of the University of Groningen, project code DEC6416AA-001 (date of
approval 24.09.2014) and DEC6066B (date of approval 16.02.2015) and by the Danish Veterinary and
Food Administration, project code 2015-15-0201-00658 (date of approval 03.09.2015).

2.2. Chemicals

Three anti-fibrotic compounds were used in this study: pirfenidone (Sigma-Aldrich, Saint Louis,
MO, USA), galunisertib (LY2157299; Selleckchem, Munich, Germany), and imatinib (LC Laboratories,
Woburn, MA, USA). Stock solutions were prepared in dimethyl sulfoxide (DMSO) and stored at −20 ◦C.
During experiments, stocks were diluted in the culture medium with a final DMSO concentration
of ≤0.5%.

2.3. Human Material

Macroscopically healthy renal cortical tissue (n = 16) was obtained from tumor nephrectomies,
whereas fibrotic renal tissue (n = 9) was obtained from end-stage renal disease (ESRD) nephrectomies
or transplantectomies. Table 1 summarizes patient demographics. Renal tissue was kept in ice-cold
University of Wisconsin (UW) organ preservation solution, and cold ischemia time from the moment
of organ retrieval to PCKS incubation was limited to 2–3 h.

Table 1. Patient demographics.

Parameter Healthy Renal Tissue (n = 16) Fibrotic Renal Tissue (n = 9)

Gender (% male) 56 33
Age (in years) 61 ± 14 41 ± 12

Serum creatinine before nephrectomy (umol/L) 76.5 ± 24.2 420.0 ± 407.6
eGFR before nephrectomy (ml/min/1.73 m2) * 86.6 ± 19.3 NA

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

2.4. Experimental Animals and Surgical Procedures

As a healthy control group, we used twelve male and female 8–12-week-old C57Bl/6J mice that
were bred in the Central Animal Facility of the University Medical Center Groningen (The Netherlands).
For the renal fibrosis group, seven male 8–10-week-old C57Bl/6J mice were obtained from Envigo (Horst,
The Netherlands) or Janvier Labs (Saint-Berthevin, France). All animals were housed under controlled
conditions and had ad libitum access to standard rodent chow and tap water. To induce renal fibrosis,
mice were subjected to unilateral ureteral obstruction (UUO) under general anesthesia (isoflurane/O2)
by double-ligation of the left ureter using 6-0 silk sutures. The right contralateral kidneys were used as
controls and were manipulated but not ligated. Mice were sacrificed 3 or 7 days post-UUO. Kidneys
from healthy controls and UUO mice were harvested via a terminal procedure performed under
2% isoflurane/O2 or sevoflurane anesthesia and kept in ice-cold UW organ preservation solution
until slicing.

www.federa.org
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2.5. Preparation, Incubation, and Treatment of Precision-Cut Kidney Slices (PCKS)

Precision-cut kidney slices (PCKS) were prepared using a Krumdieck tissue slicer, as previously
described [17,22]. Slices with a wet weight of 4–5 mg and estimated thickness of 250 µm were incubated
individually in 12-well culture plates filled with Williams’ Medium E + GlutaMAX (Life Technologies,
Carlsbad, CA, USA) that contained 10 µg/mL ciprofloxacin (Sigma-Aldrich, Saint Louis, MO, USA)
and 26 mM D-glucose (Sigma-Aldrich, Saint Louis, MO, USA). To investigate the anti-fibrotic effects of
the test compounds, slices were treated for 48 h with pirfenidone (2.5 mM), galunisertib (1–10 µM),
or imatinib (5–25 µM); slices exposed to DMSO served as a solvent control group. All PCKS were
incubated at 37 ◦C in 80% O2/5% CO2 atmosphere while gently shaken (90 cycles/min). Medium and
added compounds were refreshed at 24 h.

PCKS were collected directly after slicing (0 h) and after 48 h of culture. Biochemical analyses
were performed using three pooled slices from the same animal/donor (technical replicates) from
3–5 animals or 5–7 human donors (biological replicates).

2.6. PCKS Viability

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 [34].
The ATP content of each slice was normalized to its total protein content determined using the DC™
Protein Assay (Bio-rad, Veenendaal, The Netherlands) according to the manufacturer’s instructions.

2.7. PCKS RNA Isolation and RT-qPCR

Total RNA was extracted from three pooled slices using the RNeasy mini kit (Qiagen, Venlo,
the Netherlands), and RNA (1 µg) was reverse transcribed using the Reverse Transcription System
(Promega, Leiden, The Netherlands). Complementary DNA was used for quantitative real-time PCR
performed with a Viia7 Real-Time PCR system (Applied Biosystems, Bleiswijk, the Netherlands)
with specific primers (Table S1) and FastStart Universal SYBR®Green Master (ROX) kit or FastStart
Universal Probe Master (ROX) kit (Roche Diagnostics GmbH, Mannheim, Germany). The mRNA
expression values were calculated using the 2−∆Ct method [35] with GAPDH as reference gene.

2.8. PCKS Histology and Immunohistochemistry

PCKS were fixed in 4% buffered formalin, embedded in paraffin, and sectioned at a thickness
of 4 µm. Tissue damage and renal fibrosis were assessed by Periodic acid–Schiff (PAS)
staining. Additionally, immunohistochemistry was performed for collagen type I and α-SMA.
After deparaffinization, antigen retrieval was achieved by treatment with 0.1 M Tris-EDTA (pH 9.0)
in the microwave for 15 min. Tissue sections were blocked with 2% rat or human serum in PBS/2%
BSA for 10 min and then incubated with the following primary antibodies for 1 h: anti-type I collagen
(COLI, 1:400, 1310-01, SouthernBiotech, Birmingham, AL, USA) and anti-alpha smooth muscle actin
(α-SMA, 1:400, A2547, Sigma-Aldrich, Saint Louis, MO, USA). Binding of primary antibodies was
detected using the appropriate HRP-conjugated secondary and tertiary antibodies (all obtained
from Dako, Glostrup, Denmark) and the ImmPact NovaRed kit (Vector, Burlingame, CA, USA),
followed by hematoxylin counterstaining. Stained tissue sections were scanned using a Nanozoomer
Digital Pathology Scanner (NDP Scan U10074-01, Hamamatsu Photonics K.K., Hamamatsu, Japan).
Computer-assisted morphometric image analysis was used to assess the extent of cortico-interstitial
type I collagen and α-SMA expression. Whole-slide images were processed with Aperio ImageScope
v12.3 (Aperio Technologies, Vista, CA, USA) by applying the Positive Pixel Count V9 algorithm (hue
value set to 0) to every image, with 2–3 regions (i.e., kidney slices) quantified per image. Blood vessels
positively stained for α-SMA were excluded from the quantitative analysis. Staining intensity was
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, as previously described [36].
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2.9. Pro-collagen Iα1 ELISA Measurement in Human PCKS

Culture medium was collected at 48 h from three individual wells for each experimental group.
The level of pro-collagen 1α1 protein secreted by human kidney slices into culture medium was
measured in duplicate by Human Pro-collagen 1α1 DuoSet ELISA kit (R&D Systems, Abingdon, UK),
according to manufacturer’s instructions. The ELISA sensitivity was 31.25–2000 pg/mL.

2.10. Cell Culture, Macromolecular Crowding and Treatments

Normal adult primary human renal fibroblasts (HRFs, 061314CA, DV Biologics, Yorba Linda,
CA, USA) were propagated in Dulbecco’s modified Eagle medium (DMEM, 12-604F, Lonza, Verviers,
Belgium) containing 50 U/L penicillin/streptomycin (pen/strep, 15140122, Thermo Fisher Scientific,
Landsmeer, The Netherlands) and 10% fetal bovine serum (FBS, Sigma-Aldrich). Cells were negative
for mycoplasm contamination. Once cells reached appropriate confluency, they were trypsinized,
reseeded at a density of 10.000 cells/cm2, and serum starved for 18 h in DMEM containing 50 U/L
pen/strep, 0.5% FBS and 0.17 mM ascorbic acid (A8960, Sigma-Aldrich, Saint Louis, MO, USA). As a next
step, in order to enhance extracellular matrix deposition, HRFs were exposed to the macromolecular
crowder polyvinylpyrrolidone PVP 40 kDa (PVP-40, 21.5 mg/mL, Sigma-Aldrich, Saint Louis, MO,
USA) [37] dissolved in DMEM containing 50 U/L pen/strep, 0.5% FBS and 0.17 mM ascorbic acid,
and additionally stimulated with 5 ng/mL TGFβ1 (100-21C, Peprotech, London, UK). At the same time,
cells were treated for 48 or 96 h with pirfenidone (0.5–2.5 mM), galunisertib (0.1–5 µM), or imatinib
(1–10 µM); cells treated with DMSO were used as control. Medium and compounds were refreshed
every 24 h. At least three individual experiments were performed.

2.11. RNA Isolation and RT-qPCR (HRFs)

Total RNA was isolated from the cells using the Tissue Total RNA mini kit (Favorgen Biotech
Corp., Taiwan). RNA quantity and quality were determined by UV spectrophotometry (NanoDrop
Technologies, Wilmington, DE, USA). RNA (1 µg) was reverse transcribed using the RevertAid First
Strand cDNA Synthesis kit (Thermo Scientific, Waltham, MA, USA). Real-time quantitative PCR was
performed with Taqman gene expression assays (Table S1) and FastStart Universal Probe Master (ROX)
kit (Roche Diagnostics GmbH, Mannheim, Germany) and the Viia7 Real-Time PCR system (Applied
Biosystems, Bleiswijk, The Netherlands). The mRNA expression values were calculated using the
2−∆Ct method and normalized against GAPDH.

2.12. Immunocytochemistry (HRFs)

Cells were seeded on 8-well chamber slides at 10.000 cells/cm2 and treated with anti-fibrotic
compounds as described above. Afterwards, the cell layer was washed twice with PBS and either fixed
with 4% paraformaldehyde (Sigma-Aldrich) for 10 min for detection of extracellular type I collagen
or fixed with ice-cold methanol/acetone (1:1) for 10 min for detection of α-SMA. Methanol/acetone
fixed cells were first dried and then rehydrated with PBS before further use. Non-specific sites were
blocked with 2.2% BSA (K1106, Sanquin reagents, Amsterdam, The Netherlands) in PBS for 30 min.
Subsequently, cells were incubated with the following primary antibodies (diluted in 2.2% BSA/PBS)
for 1 h at RT: mouse anti-human collagen type I (1:1000, ab90395, Abcam, Cambridge, UK) and mouse
anti-human α-SMA (1:500, M0851, Dako, Glostrup, Denmark). Bound antibodies were visualized
using donkey anti-mouse IgG (H+L) Alexa Fluor 555 (1:1000, A-31570, Thermo Fisher Scientific)
for 1 h at RT. Cell nuclei were counterstained with 4′,6-diamidine-2′-phenylindole dihydrochloride
(DAPI; 1:5000), and slides were mounted with Citifluor AF1 (AF1-25, Brunschwig Chemie, Amsterdam,
the Netherlands). Microphotographs were acquired in a random blind fashion with the use of a Leica
DMRA microscope (Leica Microsystems, Rijswijk, The Netherlands). The extent of collagen type I
and α-SMA deposition was quantified from at least six regions per well per treatment group (40×
magnification) using ImageJ software version 1.52i (http://rsbweb.nih.gov/ij/). Triangle automatic

http://rsbweb.nih.gov/ij/
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thresholding was applied to discriminate between the fore- and background, and the percentage of
collagen or α-SMA positive area in each image was used for statistical analysis.

2.13. Statistical Analysis

The results are expressed as mean ± standard error of the mean (SEM). Statistics were performed
using GraphPad Prism 6.0 (GraphPad Software Inc.) by unpaired one-tailed Student’s t-test (to compare
two groups) or one-way ANOVA followed by Dunnett’s multiple comparisons test (to compare three
or more groups). Non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparisons test
was used to compare protein levels of collagen type I and α-SMA. A p-value lower than 0.05 was
considered to represent statistically significant differences.

3. Results

3.1. Tissue Viability in Response to Ex Vivo Culture and Pharmacological Intervention

Viability of murine and human PCKS was assessed after 48 h of culture with or without treatment
with anti-fibrotic compounds by examining tissue morphology and ATP/protein content, and compared
to 0 h PCKS or untreated 48 h PCKS. Prior to culturing, PCKS from healthy murine (mPCKS) and
human (hPCKS) kidneys displayed normal cortex architecture with preserved glomerular and tubular
structures (Figure 1a). During 48-h culture, mPCKS and hPCKS developed mild tubulointerstitial
injury and cellular damage, i.e., pyknosis and anucleosis, as previously described in more detail by
Stribos et al. [22]. In turn, PCKS from 7d UUO mouse kidneys (fmPCKS) and fibrotic human (fhPCKS)
kidneys already at 0 h showed clear signs of inflammation, tubulointerstitial fibrosis, and glomerular
injury, while 48-h culture induced further expansion of interstitial ECM, thickening and wrinkling
of tubular basement membranes, disappearance of brush borders, tubular atrophy and glomerular
sclerosis. Nevertheless, all slices maintained high ATP levels during incubation (Figure S1a).
PCKS were subjected to pharmacological intervention using several compounds with previously
reported anti-fibrotic activity—pirfenidone, galunisertib, and imatinib—at concentrations similar to
those used in published in vitro studies [38–41]. Of note, for galunisertib and imatinib, we mainly
focused on their effects at 10 µM to stay relatively close to clinically relevant concentrations. Treatment
with 2.5 mM pirfenidone, 10 µM galunisertib, or 10 µM imatinib did not cause evident toxicity in
PCKS, as assessed by histology (Figure 1a) and ATP content that did not show any significant changes
after compound exposure for 48 h (Figure 1b). Lower concentrations of galunisertib and imatinib also
did not affect tissue viability, whereas 25 µM imatinib significantly reduced ATP content of fhPCKS by
46% (Figure S1).
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normalized for total protein content at 48 h with and without treatment (b). Symbols in (a) mark the 
pathological changes observed in PCKS, such as anucleosis (yellow arrow head), disappearance of 
the tubular brush border (open black arrow head), thickening of tubular basement membrane (red 
arrow head), interstitial fibrosis/expansion of interstitial ECM (black arrow head), interstitial 
inflammation (black star), and glomerular sclerosis of various degree (yellow star). Data in (b) are 
expressed as mean ± SEM, n = 3–5 (murine PCKS) or n = 5–7 (human PCKS). An unpaired two-tailed 
Student’s t-test was used to test the differences between 48-h Ctrl and 48-h treatment groups; * p < 
0.05; scale bars are 100 µm. Annotations: mPCKS, murine (healthy control) precision-cut kidney slices; 
fmPCKS, fibrotic murine slices prepared from obstructed for seven days (7dUUO) kidneys; hPCKS, 

Figure 1. Viability of murine and human PCKS prepared from normal and fibrotic kidneys.
PCKS were prepared using Krumdieck tissue slicer and incubated for 48 h with or without
compounds—2.5 mM pirfenidone, 10 µM galunisertib, or 10 µM imatinib. Renal tissue viability was
assessed histomorphologically using Periodic acid–Schiff (PAS) staining (a) and by measuring ATP
levels normalized for total protein content at 48 h with and without treatment (b). Symbols in (a) mark
the pathological changes observed in PCKS, such as anucleosis (yellow arrow head), disappearance of
the tubular brush border (open black arrow head), thickening of tubular basement membrane (red arrow
head), interstitial fibrosis/expansion of interstitial ECM (black arrow head), interstitial inflammation
(black star), and glomerular sclerosis of various degree (yellow star). Data in (b) are expressed as mean
± SEM, n = 3–5 (murine PCKS) or n = 5–7 (human PCKS). An unpaired two-tailed Student’s t-test
was used to test the differences between 48-h Ctrl and 48-h treatment groups; * p < 0.05; scale bars are
100 µm. Annotations: mPCKS, murine (healthy control) precision-cut kidney slices; fmPCKS, fibrotic
murine slices prepared from obstructed for seven days (7dUUO) kidneys; hPCKS, human (healthy
control) kidney slices; fhPCKS, fibrotic human slices prepared from patient diseased renal tissues.
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3.2. Culture-Driven Inflammatory and Fibrogenic State of PCKS

Before elucidating and comparing the impact of the selected drugs in PCKS, we first investigated
the effects of 48-h incubation on murine and human slices. To this end, we analyzed the mRNA
expression of 14 selected genes related to ECM organization (COL1A1, ACTA2, SERPINH1, FN1,
and PLOD2), TGFβ and PDGF signaling (TGFB, TGFBR1, TGFBR2, SERPINE1, PDGFB, and PDGFRB),
and inflammation (TNF, IL-1B, and IL-6). Figure 2a provides a quick comparison of the magnitude of the
culture-induced transcriptional changes across PCKS without detailing marker genes, while Figure 2b–d
and Figure S2 provide detailed expression data. In line with previous reports [22,42], preparation and
culturing of the slices triggered the early onset of fibrosis and inflammation and activated both the
TGFβ and PDGF pathways in PCKS prepared from healthy murine and human kidneys. In particular,
13 out of 14 tested genes were upregulated at 48 h in mPCKS, while hPCKS showed culture-induced
upregulation of eight genes, namely COL1A1, SERPINH1, PLOD2, TGFB, SERPINE1, PDGFRB, TNF,
and IL-6 (Figure 2 and Figure S2). Slices prepared from 7dUUO mouse kidneys and human fibrotic
kidneys showed a clear fibrotic and inflammatory transcriptional profile prior to culturing: fmPCKS
had significantly higher baseline levels of all tested markers, except for Plod2, as compared to
mPCKS; in turn, fhPCKS showed increased baseline expression of COL1A1, SERPINE1, TNF, and IL-1B,
as compared to hPCKS (Figure S3). Culturing of fibrotic slices sustained their diseased transcriptional
profile, as 7 and 2 (out of 14) genes were upregulated at 48 h compared to 0 h in fmPCKS and fhPCKS,
respectively. Interestingly, all PCKS showed reduced expression of ACTA2, whereas TGFBR2 was
downregulated in human but not murine PCKS. Of note, mPCKS prepared from the contralateral
kidneys of the 7dUUO mice had a similar baseline transcriptional profile as mPCKS (Figure S4a).
FmPCKS from obstructed kidneys showed diseased gene expression profile already after three days
of UUO, and culture further induced the transcription of Col1a1, Serpinh1 and Fn1 in mPCKS from
contralateral and ligated kidneys of UUO mice (Figure S4b,c).

The observed culture-induced effects suggest that murine PCKS develop responses to injury
more quickly than human PCKS, as more genes (out of the 14 analyzed genes) were affected by
culture of mPCKS at 48 h. Furthermore, PCKS prepared from healthy kidneys (mPCKS and hPCKS)
displayed more culture-induced changes in gene expression than PCKS prepared from fibrotic tissues
(fmPCKS and fhPCKS). Taken together, 48-h incubation affected all PCKS by inducing and maintaining
a fibrogenic and inflammatory environment, making PCKS suitable for studying anti-fibrotic and
anti-inflammatory effects of pharmacological interventions.
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Figure 2. Culture-induced spontaneous fibrogenic and inflammatory responses in PCKS in relation to
species and healthy/diseased phenotype. (a) Visual summary of changes in the transcription of selected
genes in murine and human PCKS prepared from normal (mPCKS and hPCKS) and fibrotic kidneys
(7dUUO fmPCKS and fhPCKS) after 48-h culture. Each box represents one gene, while the direction of
change is indicated by the color: red, upregulated during 48-h culture; blue, downregulated; and white,
not affected by culturing. This diagram only indicates the number of altered genes (without specifying
the marker genes) and the direction of change, in the following order: upregulation, downregulation,
and no change. Evaluated genes were divided into three categories: extracellular matrix (ECM)
markers (COL1A1, ACTA2, SERPINH1, FN1, and PLOD2), markers of TGFβ and PDGF signaling (TGFB,
TGFBR1, TGFBR2, SERPINE1, PDGFB, and PDGFRB), and inflammation markers (TNF, IL-1B, and IL-6).
(b–d) Examples of regulated transcripts in each category: ECM markers (b); markers of TGFβ and
PDGF pathways (c); and markers of inflammation (d). Regulation of rest of the transcripts is illustrated
in Figure S2. Data are expressed as mean ± SEM, n = 3–5 (murine PCKS) or n = 5–7 (human PCKS);
* p < 0.05.
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3.3. Ex Vivo Effects of Pirfenidone, Galunisertib and Imatinib in PCKS

Next, we evaluated the differences in the effects of pharmacological intervention with pirfenidone,
galunisertib, and imatinib on murine and human PCKS prepared from healthy and fibrotic tissues.
Figure 3a shows a quick overlook of the transcriptional changes in the expression of the tested ECM
markers, markers of TGFβ/PDGF signaling, and inflammation that were observed after 48 h treatment
with these compounds. Figure 3b and Figure S5 provide more details regarding the changes in gene
expression following treatment. Out of the three tested compounds, galunisertib was the most potent
in preventing culture-induced fibrogenic responses in PCKS, and pirfenidone the least.

The effects of pirfenidone at 2.5 mM were limited to significantly inhibited mRNA expression of
Col1a1 and Il-6 in murine PCKS (healthy and fibrotic). Pirfenidone also inhibited Fn1 and reduced
expression of Serpinh1 and Il-1b by 60%, although not significantly, in mPCKS, but upregulated Serpine1
and Il-1b in fmPCKS. In turn, all human PCKS remained largely unaffected: the only significant impact
of pirfenidone on gene expression was the upregulation of PLOD2 in hPCKS (Figure S5). Other effects
of pirfenidone in human PCKS were non-significant, including the reduction in expression of COL1A1
(by 40%), SERPINH1 (by 20%), and FN1 (by 30%) in hPCKS, while its effects in fhPCKS were limited to
65% decrease in IL-1B and 75% decrease in IL-6 (Figure 3b and Figure S5).

Murine PCKS displayed greater responsiveness to pharmacological intervention than human
PCKS (Figure 3a). Additionally, more genes were affected by the compounds in healthy PCKS compared
to those prepared from fibrotic kidneys. For instance, 10 µM galunisertib inhibited mRNA expression
of all tested ECM markers in mPCKS and fmPCKS, while it only significantly downregulated COL1A1
in human slices (Figure 3). In murine PCKS, treatment with galunisertib inhibited Tgfb1, Tgfbr1,
Serpine1, Pdgfb, and Pdgfrb expression, while only SERPINE1 and PDGFB were significantly affected
in human PCKS. Galunisertib had a limited effect on the expression of inflammatory markers, as it
only inhibited Il-6 in murine PCKS. Effects of galunisertib in mPCKS were concentration-dependent:
only one transcript was downregulated at 1 µM and nine transcripts at 10 µM (Figure S6a). Of note,
the inhibitory activity of galunisertib, and not of pirfenidone, on the transcription of ECM markers
was also observed in fmPCKS after three days of UUO (Figure S6b).

In the case of imatinib (10 µM), expression of 12 out of 14 genes was decreased in mPCKS after
48 h of treatment. The number of genes significantly affected by imatinib lowered to eight in fmPCKS
and three in hPCKS (i.e., COL1A1, PDGFRB, and IL-1B). Compared to galunisertib, treatment with
imatinib had a more consistent anti-inflammatory activity. Inhibitory effects of imatinib were observed
in mPCKS already at 5 µM, but that was not the case for hPCKS (Figure S6c). Furthermore, imatinib at
10 µM did not significantly affect any of the tested transcripts in fhPCKS (Figure 3a), although it
showed minor effect at 25 µM (Figure S6c).

Interestingly, both imatinib and galunisertib halted culture-induced activation of markers related
to TGFβ and PDGF pathways in murine PCKS, and these effects were diminished in human PCKS.
In turn, pirfenidone only marginally affected TGFβ pathway markers in murine or human PCKS,
showing a 25% decrease in mRNA expression of Tgfb1 in mPCKS and a 30% decrease in SERPINE1 in
both mPCKS and hPCKS, without reaching statistical significance.
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Figure 3. Potency of tested anti-fibrotic compounds to attenuate culture-induced mRNA expression
of fibrosis and inflammation markers in PCKS. (a) Visual summary of changes in the transcription
of selected genes in murine and human PCKS prepared from normal (mPCKS and hPCKS) and
fibrotic kidneys (7dUUO fmPCKS and fhPCKS) after 48 h of treatment with pirfenidone 2.5 mM,
galunisertib 10 µM, or imatinib 10 µM. Each box represents one gene, while the direction of change
is indicated by the color: red, upregulated during 48 h culture; blue, downregulated; and white,
not affected by the compound. This diagram only indicates the number of altered genes (without
specifying marker genes) and the direction of change, in the following order: downregulation,
upregulation, and no change. Evaluated genes were divided in three categories: extracellular matrix
(ECM) markers (COL1A1, ACTA2, SERPINH1, FN1, and PLOD2), markers of TGFβ and PDGF signaling
(TGFB, TGFBR1, TGFBR2, SERPINE1, PDGFB, and PDGFRB), and inflammation markers (TNF, IL-1B,
and IL-6). (b) Examples of regulated transcripts in each category: ECM markers (COL1A1 and ACTA2),
markers of TGFβ and PDGF pathways (TGFB1 and PDGFB), and markers of inflammation (IL-6).
Regulation of rest of the transcripts is illustrated in Figure S5. Data are expressed as mean ± SEM,
n = 3–5 (murine PCKS) or n = 5–7 (human PCKS); * p < 0.05.
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Next, we investigated the changes in protein expression of collagen type I and alpha-smooth
muscle actin (α-SMA), in order to assess the ability of the compounds to modulate ECM deposition.
Culture for 48 h resulted in a significant increase in accumulation of interstitial type I collagen
in mPCKS (p = 0.002), fmPCKS (p = 0.029), and fhPCKS (p = 0.048), but not in hPCKS (p = 0.114)
(Figure 4a). Immunohistochemistry and morphometric analysis showed that the tested compounds only
affected protein expression of collagen type I in murine PCKS (Figure 4a,b). In particular, pirfenidone
significantly reduced collagen type I deposition in mPCKS by 48% (p = 0.004) and in fmPCKS by
66% (p = 0.028). Treatment with 10 µM galunisertib resulted in 34% decrease in collagen type I levels
in mPCKS (p = 0.077) and 68% decrease in fmPCKS (p = 0.022). Of note, lower concentrations of
galunisertib showed no effect on ECM deposition in mPCKS (Figure S7a,b). Imatinib (10 µM) also
affected interstitial accumulation of collagen type I in murine PCKS, although not significantly, showing
31% reduction in mPCKS (p = 0.170) and 51% reduction in fmPCKS (p = 0.312).

Given the fact that immunohistochemistry detects total type I collagen fiber content in the slices,
we measured the amount of biosynthetic precursor of collagen, pro-collagen I α1, secreted by human
PCKS in culture medium to make a distinction between the pre-existing collagen in renal tissue and
newly synthesized collagen. Figure 4c demonstrates that fhPCKS secrete approximately seven times
more pro-collagen I α1 than hPCKS, further supporting the diseased phenotype of fhPCKS. While the
tested compounds did not impact total collagen type I deposition in human PCKS, pirfenidone and
galunisertib clearly reduced the amount of soluble pro-collagen I α1 (Figure 4d), illustrating their
ability to mitigate de novo biosynthesis of collagen type I. In contrast, 10 µM imatinib failed to show
significant effects on both interstitial collagen type I and secreted pro-collagen I in human PCKS.
However, when the concentration of imatinib was increased to 25 µM, it significantly reduced levels of
collagen type I in mPCKS and hPCKS and decreased soluble pro-collagen type I in hPCKS and fhPCKS
(Figure S7c–e).

Figure 5 illustrates the protein expression of α-SMA in murine and human PCKS. Despite the
consistently reduced ACTA2 transcription in PCKS during culture, this effect did not translate to the
protein level, as cortico-interstitial expression of α-SMA did not significantly change at 48 h compared
to 0 h (Figure 5a,b). Neither of the tested compounds significantly affected protein levels of α-SMA
in PCKS after 48 h treatment (Figure 5a,b). Figure S8 shows effects of all tested concentrations of
galunisertib and imatinib on α-SMA expression: the only significant change in α-SMA levels was
observed in hPCKS upon treatment with imatinib at 5 µM, but not at 10 or 25 µM.
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Figure 4. Potency of tested anti-fibrotic compounds to attenuate collagen type I deposition and its
de novo biosynthesis in PCKS. (a) Representative photomicrographs of immunohistochemistry for
collagen type I in murine and human PCKS before (0 h), after culture (48 h), and after treatment with
pirfenidone 2.5 mM, galunisertib 10 µM, or imatinib 10 µM. Scale bars are 50 µm (murine PCKS) or
100 µm (human PCKS). (b) Computerized quantitative analysis of collagen type I protein expression
in PCKS, relative to 48 h control slices. Non-parametric Mann–Whitney test was used to compare
collagen levels at 0 and 48 h (control slices), # p < 0.05. Kruskal–Wallis test followed by Dunn’s multiple
comparisons test was used to compare treated PCKS with 48 h control slices, * p < 0.05. (c) Protein levels
of procollagen type I (α1), a marker of newly synthesized collagen, secreted by human healthy and
fibrotic PCKS during culture, as measured by ELISA in culture supernatants. (d) Protein levels of
procollagen type I (α1) secreted by human PCKS treated with pirfenidone, galunisertib, or imatinib for
48 h. Data are expressed as mean ± SEM, n = 3–4 (murine PCKS) or n = 3–5 (human PCKS); * p < 0.05.
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Figure 5. Effect of pirfenidone, galunisertib, and imatinib on interstitial accumulation of alpha-smooth
muscle actin (α-SMA) in PCKS. (a) Representative photomicrographs of immunohistochemistry for
α-SMA in murine and human PCKS before (0 h), after culture (48 h), and after treatment with pirfenidone
2.5 mM, galunisertib 10 µM, or imatinib 10 µM. Scale bars are 25 µm (murine PCKS) or 50 µm (human
PCKS). Stars indicate α-SMA-positive blood vessels that were excluded from quantitative analysis.
Black arrow heads point α-SMA-positive interstitial and mesangial cells in mPCKS, and show examples
of α-SMA expression sites in 0 h control slices. (b) Computerized quantitative analysis of α-SMA
protein expression in cortico-interstitium in PCKS, relative to 48 h control slices. Non-parametric
Mann–Whitney test was used to compare α-SMA levels at 0 and 48 h (control slices), # p < 0.05.
Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used to compare treated PCKS
with 48 h control slices, * p < 0.05. Data are expressed as mean ± SEM, n = 3–4 (murine PCKS) or
n = 3–5 (human PCKS).
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3.4. In Vitro Effects of Pirfenidone, Galunisertib and Imatinib Treatment in Primary Human Renal Fibroblasts

To complement and compare the observations in tissue slices with a 2D system, we tested
pirfenidone, galunisertib, and imatinib using primary human renal fibroblasts (HRFs). To this end,
HRFs were stimulated with the macromolecular crowder PVP-40 and TGFβ to enhance ECM deposition
(a culture technique called “scar in a jar”), and exposed to the compounds for 48 h or 96 h. An increased
rate of collagen I deposition in the system “scar in a jar” creates a high sensitivity setting to test the
effects of anti-fibrotic compounds, while retaining the same genotypical features of cells compared to
those not exposed to macromolecular crowder. HRFs were treated with maximally 2.5 mM pirfenidone,
5 µM galunisertib, and 10 µM imatinib, keeping the range of tested concentrations comparable to that
used in PCKS experiments. Of note, HRFs were not exposed to 10 µM galunisertib to avoid possible
fibroblast toxicity.

Similar to our PCKS studies, we evaluated changes in the mRNA expression of five ECM markers
(COL1A1, ACTA2, SERPINH1, FN1, and PLOD2), four markers of the TGFβ and PDGF pathways
(TGFB, TGFBR1, SERPINE1, and PDGFRB), and one inflammatory marker (IL-6). Of note, HRFs did not
express PDGFB, as it was not detected by RT-qPCR. Time-dependent culture effects in untreated HRFs
are shown in Figure S9a. Figure 6 summarizes the transcriptional changes in HRFs following treatment
with pirfenidone (2.5 mM), galunisertib (5 µM), and imatinib (10 µM) for 48 and 96 h. Similar to the
results obtained with PCKS, galunisertib was found to be the most potent anti-fibrotic compound in
HRFs among the three tested drugs. At a concentration of 5 µM, galunisertib inhibited 7 out of 10 of
the tested markers at 48 h and 6 out of 10 markers at 96 h (Figure S9b). In contrast, pirfenidone failed
to downregulate any of the markers in HRFs at any tested concentration (Figure 6 and Figure S9b).
Instead, treatment with pirfenidone resulted in an upregulation of COL1A1, ACTA2, and TGFBR1.

Overall, the number of affected genes suggests that galunisertib possesses greater anti-fibrotic
activity in human fibroblasts as compared to human slices. In the case of pirfenidone and imatinib,
the lack of an effect in HRFs is in agreement with the observations made in human PCKS.

Lastly, we evaluated the impact of treatments on collagen type I and α-SMA deposition in HRFs.
Previously, it has been observed that stimulation of human dermal fibroblasts with macromolecular
crowders increased accumulation of collagen type I after 48 h of culture [personal communication].
Similarly, stimulation of HRFs with PVP-40 and TGFβ ensured excessive deposition of both collagen
type I and α-SMA (data not shown). Immunocytochemistry and morphometric analyses revealed
that out of the three tested compounds, only galunisertib reduced collagen type I deposition in HRFs,
showing a 67% (p = 0.049) decrease in area of fluorescence at 48 h, and a 98% (p = 0.019) decrease at
96 h at 5 µM (Figure 7a,b). Similar to PCKS, none of the compounds significantly affected protein
levels of α-SMA in HRFs (Figure 8a,b).
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Figure 6. Potency of tested anti-fibrotic compounds to attenuate TGFβ- and PVP40-induced gene
expression of fibrosis and inflammation markers in human renal fibroblasts (HRFs). (a) Visual summary
of changes in the transcription of selected genes in HRFs after 48 h treatment with pirfenidone
2.5 mM, galunisertib 5 µM, or imatinib 10 µM. Each box represents one gene, while the direction
of change is indicated by the color: red, upregulated during 48-h culture; blue, downregulated;
and white, not affected by the compound. This diagram only indicates the number of altered genes
(without specifying marker genes) and the direction of change, in the following order: downregulation,
upregulation, and no change. Evaluated genes were divided in three categories: extracellular matrix
(ECM) markers (COL1A1, ACTA2, SERPINH1, FN1, and PLOD2), markers of TGFβ and PDGF
signaling (TGFB, TGFBR1, SERPINE1, and PDGFRB), and inflammation marker IL-6. (b) Regulation of
abovementioned markers in treated HRFs in detail. Regulation of these transcripts by pirfenidone,
galunisertib, and imatinib at lower concentrations is illustrated in Figure S9b. Data are expressed as
mean ± SEM, n = 3; * p < 0.05.
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Figure 7. Effect of pirfenidone, galunisertib, and imatinib on extracellular deposition of collagen type
I in human renal fibroblasts (HRFs). HRFs were stimulated with macromolecular crowder PVP-40
and TGFβ, and cultured in the presence of pirfenidone (0.5, 1, and 2.5 mM), galunisertib (0.1, 1,
and 5 µM), or imatinib (1, 5, and 10 µM) for 48 and 96 h. Representative photomicrographs of
immunocytochemistry for extracellular collagen type I fibrils (green) in HRFs treated with compounds
for 48 h (a) and 96 h (b), with respective computerized quantitative analyses. Nuclei (blue); scale bars
are 100 µm. Data are expressed as mean ± SEM, n = 3; * p < 0.05.



Pharmaceutics 2020, 12, 459 18 of 31
Pharmaceutics 2020, 12, x 18 of 31 

 

 
Figure 8. Effect of pirfenidone, galunisertib, and imatinib on accumulation of alpha-smooth muscle 
actin (α-SMA) in human renal fibroblasts (HRFs). HRFs were stimulated with macromolecular 
crowder PVP-40 and TGFβ, and cultured in the presence of pirfenidone (0.5, 1, and 2.5 mM), 
galunisertib (0.1, 1, and 5 µM), or imatinib (1, 5, and 10 µM) for 48 and 96 h. Representative 
photomicrographs of immunocytochemistry for α-SMA (red) in HRFs treated with compounds for 48 
h (a) and 96 h (b), with respective computerized quantitative analyses. Nuclei (blue); scale bars are 
100 µm. Data are expressed as mean ± SEM, n = 3; * p < 0.05. 

Figure 8. Effect of pirfenidone, galunisertib, and imatinib on accumulation of alpha-smooth muscle
actin (α-SMA) in human renal fibroblasts (HRFs). HRFs were stimulated with macromolecular crowder
PVP-40 and TGFβ, and cultured in the presence of pirfenidone (0.5, 1, and 2.5 mM), galunisertib
(0.1, 1, and 5 µM), or imatinib (1, 5, and 10 µM) for 48 and 96 h. Representative photomicrographs
of immunocytochemistry for α-SMA (red) in HRFs treated with compounds for 48 h (a) and 96 h
(b), with respective computerized quantitative analyses. Nuclei (blue); scale bars are 100 µm. Data are
expressed as mean ± SEM, n = 3; * p < 0.05.
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4. Discussion

Our current understanding of renal fibrosis is for a large part derived from animal studies. In the
last decades, a wide variety of models have been established to study renal fibrosis using surgical
interventions or the administration of toxic substances to initiate fibrogenesis [1]. Despite great
advances in preclinical research, many anti-fibrotics have failed to realize their potential in clinical
trials, showing no or limited ability to ameliorate progressive renal disease. Precision-cut kidney
slices (PCKS), as an ex vivo translational model, provide a unique opportunity for target validation in
patient kidney tissues, which can complement and reinforce in vivo findings in animal models [43].
In this study, we prepared PCKS from murine and human, healthy and fibrotic, renal tissues and
established the impact of species and pre-existing pathology on PCKS responses to injury and drug
intervention. In particular, we showed that PCKS responded to culturing by undergoing an ECM
remodeling (e.g., interstitial accumulation of collagen type I), activation of TGFβ and PDGF pathways
and by overexpressing inflammatory genes. Furthermore, murine PCKS responded to injury faster than
human PCKS, highlighting species-differences; while culture impacted healthy PCKS to a greater extent
than PCKS prepared from fibrotic tissues, suggesting a role of pre-existing inflammatory and fibrotic
state in response to injury of the latter. We observed similar trends upon exposure of PCKS to TGFβ
and PDGF pathway inhibitors: murine PCKS displayed greater responsiveness to pharmacological
intervention than human PCKS (species-differences), while pre-existing pathology of PCKS prepared
from fibrotic kidneys limited the effects of compounds as compared to healthy PCKS. Out of the
three tested compounds, galunisertib consistently showed the most pronounced anti-fibrotic activity
across PCKS, and pirfenidone the least. Lastly, we showed that the anti-fibrotic activity of pirfenidone,
galunisertib, and imatinib tested in a 2D system of primary human renal fibroblasts was largely
reflected in human PCKS, a 3D ex vivo model.

4.1. PCKS Injurious Responses to the Culturing

In this study, we showed that PCKS are suitable for evaluating the potency of therapeutics to
directly mitigate fibrosis, since the spontaneous onset of fibrosis in healthy PCKS, triggered by slice
preparation and culturing or the diseased state of PCKS obtained from fibrotic kidneys, circumvent the
need for an exogenous “hit” to induce fibrogenesis. That is in fact in sharp contrast to many rodent
models of renal fibrosis (such as UUO, diabetic nephropathy, lupus nephritis, or chronic allograft
nephropathy) that do not allow discriminating whether reduction of established fibrosis by therapeutics
was due to amelioration of the underlying disease or the fibrosis itself [31], and to in vitro studies using
cell cultures that often require exogenous profibrotic stimuli, such as TGFβ, to augment fibrogenesis.

While responses of PCKS to culturing were previously described [17,20], our study provides for the
first time a close comparison of culture-associated changes in PCKS of normal and diseased phenotypes
across species. We showed that injury inflicted by slice preparation and sustained by culturing for
48 h affects the transcriptional program of PCKS, dictating faster changes in gene regulation in murine
PCKS compared to human PCKS. Independent of the species, PCKS responded to culturing by an
increased expression of ECM- and inflammation-related gene markers accompanied by the activation
of TGFβ and/or PDGF signaling pathways, in line with previous reports [22,42]. Species differences in
injurious responses included unchanged mRNA levels of fibronectin, TGFβ receptor 1, PDGFB ligand
and interleukin (IL)-1B in human PCKS as opposed to their increased transcription in mouse PCKS,
which might suggest a delayed response of human PCKS, and, therefore, a longer incubation time
(beyond 48 h) might be needed to induce changes in these transcripts.

PCKS prepared from (human) fibrotic kidneys have a particular value in basic and translational
research, since in clinical practice drug intervention is often initiated in patients at late stages of
the disease. We demonstrated that PCKS prepared from fibrotic kidneys are less susceptible to
culture-induced changes than PCKS prepared from healthy renal tissues. The pre-existing disease
phenotype imposes high baseline expression of ECM- and inflammation-related gene markers, as well
as genes involved in TGFβ and PDGF pathways in fibrotic slices, which seems to preclude further
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induction of their expression by culturing. Consistent with our findings, a study with human liver
slices (PCLS) showed that healthy PCLS responded to injury stronger than PCLS prepared from
cirrhotic livers: while culture upregulated mRNA levels of collagen type I, fibronectin, HSP47, TGFβ1,
and PAI-1 in healthy slices, it failed to do so in cirrhotic liver slices [25]. Nevertheless, we recently
showed that culturing of human fibrotic PCKS or cirrhotic PCLS preserves the disease phenotype,
while favoring the inflammatory and fibrogenic responses [44].

Myofibroblasts, key activated effector cells during tissue fibrogenesis, are conventionally identified
by co-expression of collagen I and α-SMA [45,46]. In contrast to culture-induced increase in collagen
type I transcription and protein accumulation, all PCKS showed a dramatic reduction in mRNA
levels of α-SMA at 48 h, which in turn was inconsistent with its protein expression. A similar
expression pattern of α-SMA was reported in human liver slices [25]. Indeed, it has been shown that,
in murine fibrotic lung and kidney, only a minority of collagen-producing cells co-expresses α-SMA,
concluding that α-SMA was an inconsistent marker of fibrogenesis [47]. Moreover, in the kidney,
expression of α-SMA is not exclusive to myofibroblasts, as it is also present in vascular smooth muscle
cells and pericytes [48,49]. Therefore, we advise a cautious assessment of the importance of α-SMA as
a fibrosis marker in tissue slices.

4.2. PCKS Responses to Pharmacological Treatment in Perspective

Figure 9 summarizes the observed ex vivo and in vitro effects of pirfenidone, galunisertib,
and imatinib in the present study. A critical step in evaluating the predictive capacity of the PCKS
model is to compare the experimental data derived from PCKS with the published in vivo data obtained
with the use of established animal models of renal fibrosis. Therefore, in this discussion, we summarize
the current knowledge of in vivo responses to pirfenidone, galunisertib, and imatinib in renal fibrosis
from animal studies and human trials, and we attempted to draw a parallel between the ex vivo,
in vivo and in vitro findings.
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Figure 9. Summary of the observed anti-fibrotic effects of pirfenidone, galunisertib, and imatinib
in precision-cut kidney slices (PCKS) and human renal fibroblasts (HRFs). Blue color indicates
a significant inhibition, red color shows significant increase, and markers that were not tested in
any particular condition are colored in grey. Numbers represent mean percent reduction in gene
or protein expression that did not reach statistical significance (only reduction ≥20% is taken into
account). Concentration-dependent effects of tested compounds are illustrated in Figure S6 (PCKS)
and Figure S9 (HRFs). Annotations: mPCKS, murine (healthy control) precision-cut kidney slices;
fmPCKS, fibrotic murine slices prepared from obstructed for seven days (7dUUO) kidneys; hPCKS,
human (healthy control) kidney slices; fhPCKS, fibrotic human slices prepared from patient diseased
renal tissues.



Pharmaceutics 2020, 12, 459 21 of 31

4.2.1. Pirfenidone

Discovered in 1976, pirfenidone is a pyridone derivative with anti-fibrotic and anti-inflammatory
properties that has been most extensively studied in lung fibrosis. Early studies in bleomycin-induced
pulmonary fibrosis model in hamsters indicated that pirfenidone reduced expression of TGFβ and
prevented the accumulation of hydroxyproline and procollagen I in lung tissue [50,51]. Although the
exact mechanism of action of pirfenidone remains unclear, its anti-TGFβ activity has been implicated
to play an important role. Pirfenidone is also known for its anti-fibrotic effects in experimental animal
models of renal fibrosis. Table 2 lists the main studies that evaluated the potency of pirfenidone
to ameliorate renal fibrosis in vivo. Commonly reported in vivo effects of pirfenidone include:
(1) histological improvement of tubulointerstitial fibrosis and glomerulosclerosis (to various degrees);
(2) inhibition of cortical collagen type I mRNA and protein expression; and (3) inhibition of TGFβ1
mRNA and protein expression. Several studies also showed that pirfenidone inhibited other fibrogenic
factors, such as PAI-1, fibronectin, α-SMA, and MMP2 (Table 2). Three studies demonstrated
anti-inflammatory activity of pirfenidone in rodent kidneys (from rats subjected to anti-Thy1
administration or antibodies against glomerular basement membrane to induce glomerulonephritis,
or rats subjected to subtotal nephrectomy), illustrated by reduced interstitial inflammatory cell
infiltration, reduced accumulation of ED-1 positive macrophages and expression of macrophage
markers TNFα and IL-6 [52–54]. Ex vivo pirfenidone treatment of murine PCKS from healthy and
obstructed kidneys resulted in clear and consistent inhibition of culture-induced collagen type I
transcription and protein expression, reflecting in vivo findings. Pirfenidone also mildly reduced
mRNA levels of TGFβ1, PAI-1, α-SMA, and HSP47, and significantly inhibited transcription of
fibronectin in mPCKS (Figure 9). Similar to animal studies, pirfenidone exerted anti-inflammatory
properties in murine PCKS by downregulating gene expression of IL-6 and, to a lesser extent, TNFα.

Still, the promising anti-fibrotic effects observed in animals did not reflect the performance of
pirfenidone in patients. In particular, in clinical trials on patients with focal segmental glomerulosclerosis
(FSGS) and diabetic kidney disease (DKD), pirfenidone showed conflicting results failing to prevent
proteinuria or glomerular filtration rate (GFR) decline [55–58]. The lack of clinical efficacy was reflected
in human PCKS. Ex vivo, pirfenidone did not show strong inhibitory activity in PCKS from normal or
fibrotic human kidneys, although it mitigated de novo biosynthesis of collagen type I. Furthermore,
pirfenidone failed to affect primary human renal fibroblasts (Figure 9). To our surprise, we were
not able to find any other study investigating the effects of pirfenidone in human renal fibroblasts.
However, a recent study using human lung fibroblasts revealed that pirfenidone decreased fibroblast
proliferation and directly inhibited TFGβ-induced production of collagen type I, α-SMA and HSP47
mRNA, and protein [38,59]. Other in vitro studies showed that pirfenidone suppressed TFGβ-induced
effects in rat and human renal tubular epithelial cells [60,61]. Interestingly, Chen et al. [54] suggested
that pirfenidone has a protective effect on mitochondria by limiting apoptosis and oxidative stress in
proximal tubular cells, a phenomenon that can also be studied in PCKS.
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Table 2. Studies reporting in vivo effects of pirfenidone.

Model of Renal Fibrosis Intervention Main Reported Effects on Renal Fibrosis Ref

Mesangial proliferative
(anti-Thy1)
glomerulonephritis
(Wistar rats)

500 mg/kg;
daily, mixed in the food, for
42 days

- Pirfenidone reduced mesangial matrix expansion and interstitial fibrosis
(evaluated by HE, PAS and PAM staining);
- reduced protein expression of type I collagen and α-SMA in glomeruli,
affecting mesangial cell transdifferentiation to myofibroblasts (evaluated by
immunofluorescence);
- suppressed accumulation of ED-1 positive macrophages;
- attenuated interstitial inflammatory cell infiltration.

[52]

Streptozotocin-induced
diabetes
(Wistar rats)

200 mg/kg,
daily, mixed in drinking water,
for 4 weeks (treatment started
2 weeks after ablation)

- Pirfenidone attenuated fibrotic changes in the kidneys of diabetic rats;
- reduced collagen deposition (evaluated by % Sirius red staining);
- decreased renal and plasma concentration of fibronectin;

[62]

Salt-depletion model
with ciclosporin-induced
renal fibrosis
(Sprague-Dawley rats)

salt-depleted diet for 7 days prior
to the 28-day treatment with PFD
at 250 mg/kg alone or in
combination with CSA; daily
treatment; 0.5% PFD mixed in the
low-salt diet

- Pirfenidone attenuated CSA-induced tubulointerstitial fibrosis (by 48%)
and tubular atrophy (histological score on PAS stained sections);
- reduced renal cortical TGFβ1 mRNA and protein expression in
CSA-treated rats;
- reduced CSA-induced mRNA expression of PAI-1 and biglycan.

[63]

Salt-depletion model
with ciclosporin-induced
renal fibrosis
(Sprague-Dawley rats)

salt-depleted diet for 7 days prior
to the 28-day treatment with PFD
at 250 mg/kg, 500 mg/kg or
750 mg/kg in combination with
CSA or tacrolimus (FK). Daily
treatment; PFD was mixed in the
low-salt diet.

- Pirfenidone did not significantly affect CSA-induced mRNA expression
of TGFβ1;
- reduced CSA-induced mRNA expression of type III collagen and TIMP-1;
- restored CSA-inhibited mRNA expression of MMP2, and showed no effect
on MMP9;
- this model failed to display histological tubulointerstitial fibrosis with the
addition of CSA or FK, so any effect of pirfenidone on structural parameters
could not be seen.

[64]

Diabetic nephropathy
(C57BL6 db/db mice)

25 mg/day;
0.5% PFD mixed in the food;
for 4 weeks total from week 17 to
week 21

- Pirfenidone reduced mesangial matrix expansion;
- reduced the diabetic stimulation of renal type I collagen, type IV collagen,
and fibronectin gene expression to control levels.

[65]

Anti-glomerular
basement membrane
glomerulonephritis
(Wistar rats)

500 mg/kg;
daily by oral gavage,
for 8 weeks

- Pirfenidone attenuated glomerular segmental sclerosis and tubular
degeneration (evaluated by histological score on PAS); only minor interstitial
fibrosis was observed;
- reduced podocyte injury;
- reduced mRNA expression of type I collagen;
- showed increased number of ED-1 positive glomerular macrophages, but
reduced number of ED-1 positive interstitial cells.

[53]

Focal segmental
glomerulosclerosis
(FGS/Kist mice)

50 mg/kg;
daily, 0.5% PFD mixed in the food;
for up to 3 months

- Pirfenidone attenuated the development of glomerulosclerosis and
tubulointerstitial fibrosis after 3 months of treatment (histological score);
- reduced mRNA expression of TGFβ1 after 2 months;
- showed no clear effect on mRNA expression of TIMP-1 and MMP3.

[66]

Subtotal nephrectomy
(rats)

500 mg/kg;
daily, mixed in the food, for
12 weeks

- Pirfenidone reduced collagen accumulation (detected by hydroxyproline
content) in the cortex of the remnant kidney;
- reduced mRNA expression of type IV and type I collagen
- suppressed the increased mRNA expression of TGFβ1.

[67]

Subtotal nephrectomy
(Wistar rats)

700 mg/kg;
daily, 1% PFD mixed in the food,
for 8 weeks

- Pirfenidone attenuated interstitial fibrosis in the cortex (evaluated by
Azan staining), although did not show prominent effects on glomerular and
tubular degeneration;
- reduced mRNA expression of TGFβ1 and protein expression of
fibronectin;
- had little effect on the expression of α-SMA (i.e., myofibroblast
differentiation);
- showed no effect on infiltration of inflammatory cells in the cortical
interstitium.

[68]

Subtotal nephrectomy
(Sprague-Dawley rats)

500 mg/kg;
once a day by oral gavage for
12 weeks

- Pirfenidone attenuated interstitial fibrosis in the cortex and reduced the
scores of glomerulosclerosis (evaluated by PAS and Masson staining);
- decreased protein expression of TGFβ1, CTGF, α-SMA, fibronectin, and
fibroblast-specific protein-1 (FSP-1);
- inhibited mRNA and protein expression of chemokines MCP-1 and
MIP-1α, as well as TNFα, IL-6 and iNOS expressed by M1 macrophages, and
CD206 and CD86 expressed by M2 macrophages;
- decreased the infiltration of inflammatory cells in the cortical interstitium;
- decreased tubulointerstitial and glomerular macrophage infiltration.

[54]

UUO model
(Sprague-Dawley rats)

500 mg/kg;
daily, mixed in the food, for up to
21 days

- Pirfenidone reduced collagen accumulation (detected by hydroxyproline
content) at 14 and 21 days of UUO;
- reduced type IV collagen mRNA expression at 14 and 21 days of UUO
(and not after 7 days);
- reduced type I collagen mRNA expression at 21 days UUO;
- inhibited mRNA expression of MMP2 at 14 and 21 days;
- inhibited increases in TGFβ1 mRNA after 7 days;
- attenuated fibrotic lesions;
- pirfenidone does not reverse the increased collagen accumulation in the
acute phase of UUO (i.e., 3 and 7 days).

[69]

HE, hematoxylin-eosin; PAS, periodic acid- Schiff; PAM, periodic acid-silver methenamine; PFD, pirfenidone; CSA,
cyclosporine; FK, tacrolimus; FGS, focal glomerular sclerosis; UUO, unilateral ureteral obstruction.
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4.2.2. Imatinib

In adult human and murine kidneys, both PDGFRα and PDGFRβ are exclusively expressed in renal
mesenchymal cells, i.e., glomerular mesangial cells, vascular smooth-muscle cells, interstitial cortical
fibroblasts, and medullary pericytes [12]. During renal fibrosis, all PDGF isoforms and both receptors
are upregulated or expressed de novo [32,70]. Indeed, we showed that murine and human PCKS
displayed an increased transcription of PDGFB ligand and/or its receptor PDGFRβ during culture,
in line with previous studies [17,71]. The clinically available anti-cancer agent imatinib was developed
in the late 1990s as a specific inhibitor of bcr-abl protein tyrosine kinase and has been shown to selectively
block the PDGF receptor [28]. Due to its ability to attenuate PDGF signaling, imatinib might have
therapeutic potential in fibrotic diseases. Table 3 provides an overview of in vivo studies that elucidated
the anti-fibrotic activity of imatinib in animal models of renal fibrosis. The most commonly reported
in vivo effects of imatinib include: (1) histological improvement of glomerular injury (i.e., reduction of
mesangial matrix expansion, glomerular sclerosis, and hypercellularity) and tubulointerstitial damage;
(2) inhibition of mRNA and protein expression of PDGFB and its receptors PDGFRα and PDGFRβ;
(3) inhibition of TGFβ1 mRNA and protein expression; (4) inhibition of interstitial and/or mesangial
expression of α-SMA; and (5) decrease in collagen type IV accumulation, a major glomerular ECM
protein. Only two studies demonstrated that imatinib attenuated collagen type I gene expression
and protein deposition [72,73], whereas its anti-inflammatory activity (e.g., reduced infiltration of
inflammatory cells) was reported by a vast majority of animal studies. It has been shown that the
inhibitory effect of imatinib on monocyte/macrophage infiltration is due to abrogation of macrophage
colony-stimulating factor (M-CSF)/c-fms signaling [74,75]. Furthermore, the immune modulating
properties of imatinib extend to inhibition of B cell and T cell development [76].

The observed effects of imatinib in murine PCKS are largely in line with the aforementioned animal
studies. We demonstrated that imatinib attenuated PDGF signaling by inhibiting mRNA expression
of PDGFB ligand and its receptor PDGFRβ, and affected transcription of TGFβ1, TGFβ receptor I
and PAI-1 in murine PCKS prepared from healthy and 7dUUO kidneys (Figure 9). Furthermore,
the anti-fibrotic impact of imatinib was reflected by a consistent reduction in collagen type I gene
expression and its interstitial accumulation, as well as by the mitigated transcription of α-SMA, HSP47,
and fibronectin. Imatinib exerted strong anti-inflammatory activity in all PCKS, inhibiting expression
of TNFα, IL-6, and IL-1B, commonly released by M1 macrophages.

Unfortunately, clinical evidence for the therapeutic efficacy of imatinib in kidney diseases is scarce:
despite promising results in animal models of renal fibrosis, only two case reports describe the use
of imatinib in patients [77,78]. In one report, imatinib improved renal function and proteinuria in
a patient with biopsy-proven membranoproliferative glomerulonephritis (MPGN) and concurrent
chronic myeloid leukemia [77]. In the second case, a patient with idiopathic type II cryoglobulinemia
with severe kidney involvement showed improved creatinine levels, proteinuria and cryocrit upon
imatinib treatment [78]. To date, imatinib has, unfortunately, not been studied in the context of other
kidney diseases. Ex vivo effects of imatinib in human PCKS indicate, to some extent, its clinical potential
as therapeutic agent for the treatment of renal fibrosis. We demonstrated that imatinib attenuated
culture-induced increase in collagen type I transcription and interstitial accumulation in human
PCKS from healthy kidneys (Figure 9). Imatinib, at a higher concentration (25 µM), also mitigated
de novo synthesis of collagen type I. Furthermore, imatinib blocked PDGFRβ, mildly inhibited
TGFβ1 expression, and showed clear anti-inflammatory activity in human PCKS. Nonetheless,
imatinib’s capacity to halt established renal fibrosis was very limited, as observed in fhPCKS. Similarly,
in liver fibrosis, Neef et al. [79] showed that the beneficial effects of imatinib are limited to the early
onset of fibrogenesis and the treatment was rather inefficient in advanced liver injury.

Imatinib did not exert any anti-fibrotic activity in human renal fibroblasts (Figure 9). The majority
of animal studies associate the therapeutic efficiency of imatinib with its inhibitory effect on PDGF,
however Wang et al. [80] demonstrated that the renoprotective effects of imatinib in UUO rats may
result from blocking c-abl kinase, rather than attenuating PDGF signaling. Furthermore, the authors
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reported that TGFβ selectively activated c-abl in renal fibroblasts, and not in renal mesangial or
tubular epithelial cells [80]. In our study, neither of the proposed mechanisms of action of imatinib
seemed to be sufficient to attenuate enhanced ECM deposition in human renal fibroblasts. As for
anti-inflammatory effects, treatment with imatinib upregulated IL-6 mRNA expression in fibroblasts.
It has been previously demonstrated that IL-6 not only promotes pathological inflammatory responses,
but can also play a renoprotective role through a mechanism called trans-signaling [81,82].

Table 3. Studies reporting in vivo effects of imatinib.

Model of Renal Fibrosis Intervention Main Reported Effects on Renal Fibrosis Ref

Mesangial proliferative
(anti-Thy-1)
glomerulonephritis
(Wistar rats)

50 mg/kg;
daily by intraperitoneal
injections, for 6 days

- Imatinib ameliorated glomerular hypercellularity;
- reduced mesangial cell proliferation (ED-1 and BrdU double IHC);
- reduced activation of mesangial cells (α-SMA IHC) and type IV
collagen deposition;
- no effect on glomerular macrophage infiltration and proliferation.

[83]

Chronic allograft
nephropathy
(allografts from Dark Agouti
to Wistar-Furth rats)

10 mg/kg;
daily by oral gavage for 5 or
90 days

- Imatinib inhibited the development of fibrosis associated with chronic
allograft nephropathy (Masson trichrome staining);
- reduced protein expression of ligands PDGFA and PDGFB, and
receptors PDGFRα and PDGFRβ;
- inhibited infiltration of macrophages and CD4+ T cells into the grafts.

[84]

Diabetic nephropathy
(C57BL6 apolipoprotein
E–knockout mice)

10 mg/kg;
daily by oral gavage for 20
weeks

- Imatinib reduced glomerular injury (attenuated increased glomerular
size and mesangial area) and tubulointerstitial area;
- prevented the increase in α-SMA–positive cell expression in the
glomeruli and in the tubulointerstitium in diabetic mice;
- reduced accumulation of collagen type I and type IV;
- reduced expression of Ki-67–positive cells;
- reduced PDGFB protein and gene expression;
- reduced PDGFRβ gene expression;
- reduced TGFβ1 protein expression, but not gene expression;
- reduced CTGF protein and gene expression;
- decreased macrophage infiltration.

[72]

Lupus nephritis
(MRL/lpr mice)

10 mg/kg or
50 mg/kg;
daily by oral gavage 4 times
per week up to 8 weeks

Imatinib at 50 mg/kg:
- ameliorated glomerulonephritis (reduced proliferation of glomerular
cells, infiltrating inflammatory cells and reduced mesangial matrix);
- reduced proportional area of glomeruli staining positive for PDGFRβ;
- reduced expression mRNA levels of PDGFRβ and TGFβ1.
- Treatment with 10 mg/kg imatinib did not affect PDGF signaling, and
thus failed to ameliorate the nephritis.

[85]

Lupus nephritis
(New Zealand Black/White
(NZB/W) F1 hybrid mice)

50 mg/kg;
twice a day by oral gavage
for 3 months (or longer for
survival studies)

- Imatinib limited glomerular hypercellularity, IgG deposits, and
tubulointerstitial damage;
- reduced interstitial expression of α-SMA in fibroblasts;
- reduced mRNA expression of TGFβ1;
- reduced infiltrates of monocytes/macrophages.

[86]

Cryoglobulinemic MPGN
(TSLP-transgenic mice)

50 mg/kg;
daily by intraperitoneal
injection for 2, 4 or 8 weeks

- Imatinib decreased accumulation of collagen IV;
- reduced mesangial cell activation (measured by % GTA occupied by
α-SMA–positive cells);
- parenchymal injury and fibrosis were attenuated in a time-dependent
manner.
- reduced the infiltration of inflammatory cells;
- inhibited B cell development;

[87]

Anti-glomerular basement
nephritis
(Wistar-Kyoto rats)

50 mg/kg; intraperitoneal
injection, from one day
before up to 13 days (early
treatment) or from day 7 to
20 (late treatment)

- Imatinib reduced glomerular fibrin deposition;
- ameliorated glomerular injury (reduced crescents formation and
necrosis evaluated by morphological analysis);
- attenuated the PDGFRβ mRNA upregulation;
- attenuated the c-fms and M-CSF mRNA expression;
- reduced glomerular macrophage accumulation, along with an
inhibition of IL-1b or MCP-1 expression.

[75]

Anti-glomerular basement
nephritis
(Wistar-Kyoto rats)

25 mg/kg;
daily by intraperitoneal
injection, from day 7 to day
49 (long-term treatment) or
from day 7 to 13 (short-term
treatment)

- Imatinib reduced glomerulosclerosis and improved tubulointerstitial
damage in rats with NTS nephritis (evaluated by histological analysis);
- decreased collagen type I gene expression;
- reduced TGFβ1 gene and protein expression.

[73]

UUO model
(Sprague-Dawley rats)

dose-accelerating schedule
for 7 days (days 1-2: 50
mg/kg; days 3-4: 100 mg/kg;
days 5–7: 150 mg/kg), once
daily by intraperitoneal
injection

- Imatinib blocked TGFβ-stimulated c-abl activity in fibroblasts in
obstructed kidneys;
- did not block increased PDGFB expression, neither affected increased
PAI-1 levels;
- reduced proliferation of vimentin-expressing fibroblasts in obstructed
kidneys, although induction of α-SMA in fibroblasts was not mitigated;
- reduced fibrogenesis, as indicated by reduced accumulation of
collagen type III and IV and fibronectin in the renal interstitium;
- did not reduce interstitial macrophage infiltration.

[80]
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Table 3. Cont.

Model of Renal Fibrosis Intervention Main Reported Effects on Renal Fibrosis Ref

UUO model (C57BL6
wild-type or Coll-GFP mice)

50 mg/kg;
2h before the surgery, then
twice a day until sacrifice on
day 4 or 14

- Imatinib decreased PDGFRα and PDGFRβ phosphorylation in
pericytes in UUO kidneys;
- decreased the expanded population of myofibroblasts by inhibiting
cell proliferation;
- attenuated fibrosis development in UUO kidneys (measured by %
Sirius red area);
- attenuated macrophage infiltration.

[88]

Unilateral IRI model
(C57BL6 wild-type or
Coll-GFP mice)

50 mg/kg;
2h before the surgery, then
twice a day until sacrifice on
day 4 or 14

- Imatinib inhibited pericyte activation and expansion of myofibroblasts
in IRI kidneys on days 4 and 14 post IRI;
- attenuated interstitial fibrosis on day 14 post IRI (measured by Sirius
red staining).

[88]

IHC, immunohistochemistry; IgG, immunoglobulin G; MPGN, membranoproliferative glomerulonephritis; TSLP,
thymic stromal lymphopoietin; GTA, glomerular tuft area; NTS, nephrotoxic serum; UUO, unilateral ureteral
obstruction; IRI, ischemia/reperfusion injury.

4.2.3. Galunisertib

Galunisertib is a highly selective inhibitor of TGFβR1 that has been demonstrated to completely
inhibit phosphorylation and activation of SMAD2/3 [89]. Although the anti-fibrotic properties of
galunisertib have not been widely explored, there is an emerging evidence for its therapeutic efficacy
in liver fibrosis [26,27]. To date, the only report showing a potential benefit of galunisertib for the
treatment of renal fibrosis in vivo is the study by Ding et al. [90]. This study demonstrated that
co-administration of angiotensin II and galunisertib significantly improved renal function in a murine
model of hypertensive nephropathy; however, no fibrosis parameters were evaluated.

We demonstrated that, among the three tested compounds, galunisertib showed the most
compelling ex vivo anti-fibrotic effect. In murine PCKS from normal and obstructed kidneys,
galunisertib consistently inhibited culture-induced collagen type I mRNA expression and interstitial
accumulation (Figure 9). Galunisertib also reduced the mRNA expression of α-SMA, HSP47, PLOD2,
and fibronectin, suggesting a profound effect on ECM. The impact of galunisertib on ECM remodeling
is in line with our previous study demonstrating that galunisertib inhibited the transcription of several
collagens in murine PCKS, including collagen type III, V and VI, along with 22 other genes involved in
ECM regulation [91]. Furthermore, galunisertib consistently attenuated TGFβ and PDGF signaling
(already at 5 µM) and exerted moderate anti-inflammatory activity. We previously reported that
besides inhibiting TGFβ1, TGFβRI and PAI-1 transcription, galunisertib blocks phosphorylation of
SMAD2 and is selective towards canonical TGFβRI/ALK5 signaling in murine PCKS [91]. The strong
anti-fibrotic effects of galunisertib observed in murine PCKS may predict its performance in animal
models of renal fibrosis.

Remarkably, galunisertib showed promising anti-fibrotic activity in the early onset of fibrogenesis
and in established fibrosis. In human PCKS, galunisertib consistently inhibited collagen type I
transcription and de novo synthesis, and showed moderate reduction of HSP47, PLOD2, and fibronectin
mRNA levels (Figure 9). In addition, galunisertib, attenuated TGFβ and PDGF signaling in human
PCKS prepared from healthy and fibrotic kidneys, as illustrated be a reduction in PAI-1 and PDGFB
transcription. Previously, Luangmonkong et al. [25] showed that 10 µM galunisertib blocked
phosphorylation of SMAD2 and inhibited transcription of TGFβ1 and collagen type I in human
liver slices prepared from healthy and cirrhotic livers, supporting the notion that the anti-fibrotic effects
of galunisertib extend to advanced tissue injury. Furthermore, in contrast to pirfenidone and imatinib,
treatment with galunisertib effectively mitigated TGFβ-induced ECM deposition in the “scar in a jar”
model. Galunisertib displayed strong inhibitory effects on collagen type I and α-SMA transcription in
human renal fibroblasts, which also translated to the protein level, reduced the expression of genes
encoding HSP47, PLOD2 and fibronectin, and attenuated TGFβ signaling. We have to note that the
anti-fibrotic activity of galunisertib in primary human fibroblasts was more pronounced than in human
PCKS. There are a few possibilities to consider: (1) cell culture experiments are often narrowed down
to elucidating treatment effects in one cell type, therefore some of these effects might be “masked” in a
multicellular model as PCKS; and (2) fibroblast stimulation with exogenous TGFβ might result in biased
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assessment of anti-fibrotic drug activity, especially when testing TGFβ inhibitors. Taken together,
marked ex vivo therapeutic efficacy of galunisertib in human renal tissue suggests that it may be a
promising treatment for progressive renal fibrosis in patients.

5. Conclusions

In summary, our study demonstrates that PCKS is a powerful predictive tool for ex vivo screening
of putative drugs for renal fibrosis. We showed that the anti-fibrotic activity of compounds targeting
TGFβ and PDGF pathways in murine PCKS corresponded to their therapeutic efficacy in vivo.
Considering the poor translation from animal studies to the clinic, the use of human PCKS provides
an excellent opportunity for target and therapy validation directly in healthy as well as patient kidney
tissue. This does not forego the advantages of cell cultures, murine PCKS, and animal studies in
providing insights into the mechanism of action of a drug. Overall, the PCKS model appears to be an
important addition to the available toolkit used to advance preclinical drug discovery.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/5/459/s1,
Table S1: List of primers used for qRT-PCR, Figure S1: Viability of PCKS treated with increasing concentrations of
galunisertib and imatinib, Figure S2: Complementary information on culture-induced spontaneous fibrogenic and
inflammatory responses in murine and human PCKS, Figure S3: Baseline transcriptional profiles of murine and
human PCKS showcasing the pre-existing diseased state of PCKS prepared from fibrotic kidneys prior culturing,
Figure S4: Baseline and culture-driven transcriptional regulation of fibrosis and inflammation markers in murine
PCKS from healthy and UUO mice, Figure S5: Complementary information on potency of tested anti-fibrotic
compounds to attenuate culture-induced expression of fibrosis and inflammation markers in PCKS, Figure S6:
Visual summary of concentration-dependent effects of pirfenidone, galunisertib, and imatinib in PCKS, Figure S7:
Concentration-dependent effects of galunisertib and imatinib on collagen type I deposition and its de novo
biosynthesis in PCKS, Figure S8: Concentration-dependent effects of galunisertib and imatinib on accumulation
of alpha-smooth muscle actin (α-SMA) in PCKS, Figure S9: Transcriptional changes in human renal fibroblasts
(HRFs) during culture and concentration-dependent anti-fibrotic effects of tested compounds.

Author Contributions: Conceptualization, E.B., M.B., R.A.B., and P.O.; data curation, E.B. and N.P.C.; methodology,
M.B., R.N., J.-L.H., R.A.B., and P.O.; formal analysis, E.B., N.P.C., E.G.D.S., and C.B.; investigation, E.B., N.P.C.,
E.G.D.S., and A.J.d.J.; visualization, E.B. and N.P.C.; resources, M.S.J., A.M.L., I.J.d.J., J.-L.H., and H.v.G.;
project administration, M.B. and P.O.; supervision, H.A.M.M., M.B., R.A.B., and P.O.; funding acquisition,
H.A.M.M. and P.O.; writing—original draft preparation, E.B. and N.P.C.; and writing—review and editing E.G.D.S.,
C.B., H.A.M.M., M.S.J., R.N., J.-L.H., M.B., R.A.B., and P.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was kindly supported by ZonMw (the Netherlands Organization for Health Research
and Development), grant number 114025003, and by Lundbeckfonden, grant number R231-2016-2344 (to
H.A.M. Mutsaers).

Acknowledgments: The authors thank the abdominal transplantation surgeons of the University Medical
Center Groningen for providing the human renal tissue. We would also like to thank Annemieke Smit-van
Oosten at Central Animal Facility (University Medical Center Groningen, The Netherlands) for performing
UUO microsurgeries.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Yang, H.-C.; Zuo, Y.; Fogo, A.B. Models of chronic kidney disease. Drug Discov. Today Dis. Model 2010, 7,
13–19. [CrossRef] [PubMed]

2. Levey, A.S.; Schwartz, W.B.; Coresh, J. Chronic kidney disease. Lancet 2012, 379, 165–180. [CrossRef]
3. Liu, Y. Cellular and molecular mechanisms of renal fibrosis. Nat. Rev. Nephrol. 2011, 7, 684–696. [CrossRef]
4. Schanstra, J.P.; Zürbig, P.; Alkhalaf, A.; Argiles, A.; Bakker, S.J.L.; Beige, J.; Bilo, H.J.G.; Chatzikyrkou, C.;

Dakna, M.; Dawson, J.; et al. Diagnosis and prediction of CKD progression by assessment of urinary peptides.
J. Am. Soc. Nephrol. 2015, 26, 1999–2010. [CrossRef]

5. Breyer, M.D.; Susztak, K. The next generation of therapeutics for chronic kidney disease. Nat. Rev.
Drug Discov. 2016, 15, 568–588. [CrossRef] [PubMed]

http://www.mdpi.com/1999-4923/12/5/459/s1
http://dx.doi.org/10.1016/j.ddmod.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21286234
http://dx.doi.org/10.1016/S0140-6736(11)60178-5
http://dx.doi.org/10.1038/nrneph.2011.149
http://dx.doi.org/10.1681/ASN.2014050423
http://dx.doi.org/10.1038/nrd.2016.67
http://www.ncbi.nlm.nih.gov/pubmed/27230798


Pharmaceutics 2020, 12, 459 27 of 31

6. Boor, P.; Ostendorf, T.; Floege, J. Renal fibrosis: Novel insights into mechanisms and therapeutic targets.
Nat. Rev. Nephrol. 2010, 6, 643–656. [CrossRef]

7. Fligny, C.; Duffield, J.S. Activation of pericytes. Curr. Opin. Rheumatol. 2013, 25, 78–86. [CrossRef]
8. Humphreys, B.D.; Lin, S.-L.; Kobayashi, A.; Hudson, T.E.; Nowlin, B.T.; Bonventre, J.V.; Valerius, M.T.;

McMahon, A.P.; Duffield, J.S. Fate Tracing Reveals the Pericyte and Not Epithelial Origin of Myofibroblasts
in Kidney Fibrosis. Am. J. Pathol. 2010, 176, 85–97. [CrossRef]

9. Meng, X.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-β: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016,
12, 325–338. [CrossRef]

10. Hu, H.-H.; Chen, D.-Q.; Wang, Y.-N.; Feng, Y.-L.; Cao, G.; Vaziri, N.D.; Zhao, Y.-Y. New insights into
TGF-β/Smad signaling in tissue fibrosis. Chem. Biol. Interact. 2018, 292, 76–83. [CrossRef]

11. Ostendorf, T.; Eitner, F.; Floege, J. The PDGF family in renal fibrosis. Pediatr. Nephrol. 2012, 27, 1041–1050.
[CrossRef] [PubMed]

12. Klinkhammer, B.M.; Floege, J.; Boor, P. PDGF in organ fibrosis. Mol. Asp. Med. 2018, 62, 44–62. [CrossRef]
[PubMed]

13. Györfi, A.H.; Matei, A.-E.; Distler, J.H.W. Targeting TGF-β signaling for the treatment of fibrosis. Matrix Biol.
2018, 68–69, 8–27. [CrossRef] [PubMed]

14. Isaka, Y. Targeting TGF-β Signaling in Kidney Fibrosis. Int. J. Mol. Sci. 2018, 19, 2532. [CrossRef]
15. Kok, H.M.; Falke, L.L.; Goldschmeding, R.; Nguyen, T.Q. Targeting CTGF, EGF and PDGF pathways to

prevent progression of kidney disease. Nat. Rev. Nephrol. 2014, 10, 700–711. [CrossRef]
16. Klinkhammer, B.M.; Goldschmeding, R.; Floege, J.; Boor, P. Treatment of Renal Fibrosis—Turning Challenges

into Opportunities. Adv. Chronic Kidney Dis. 2017, 24, 117–129. [CrossRef]
17. Poosti, F.; Pham, B.T.; Oosterhuis, D.; Poelstra, K.; van Goor, H.; Olinga, P.; Hillebrands, J.-L. Precision-cut

kidney slices (PCKS) to study development of renal fibrosis and efficacy of drug targeting ex vivo.
Dis. Models Mech. 2015, 8, 1227–1236. [CrossRef]

18. Genovese, F.; Kàrpàti, Z.S.; Nielsen, S.H.; Karsdal, M.A. Precision-Cut Kidney Slices as a Tool to Understand
the Dynamics of Extracellular Matrix Remodeling in Renal Fibrosis. Biomark. Insights 2016, 11, 77–84.
[CrossRef]

19. Zhang, S.; Liu, Q.; Xiao, J.; Lei, J.; Liu, Y.; Xu, H.; Hong, Z. Molecular validation of the precision-cut kidney
slice (PCKS) model of renal fibrosis through assessment of TGF-β1-induced Smad and p38/ERK signaling.
Int. Immunopharmacol. 2016, 34, 32–36. [CrossRef]

20. Stribos, E.G.D.; Hillebrands, J.-L.; Olinga, P.; Mutsaers, H.A.M. Renal fibrosis in precision-cut kidney slices.
Eur. J. Pharmacol. 2016, 790, 57–61. [CrossRef]

21. Jensen, M.S.; Mutsaers, H.A.M.; Tingskov, S.J.; Christensen, M.; Madsen, M.G.; Olinga, P.; Kwon, T.;
Nørregaard, R. Activation of the prostaglandin E2 EP2 receptor attenuates renal fibrosis in unilateral ureteral
obstructed mice and human kidney slices. Acta Physiol. 2019, 227, e13291. [CrossRef] [PubMed]

22. Stribos, E.G.D.; Luangmonkong, T.; Leliveld, A.M.; de Jong, I.J.; van Son, W.J.; Hillebrands, J.-L.; Seelen, M.A.;
van Goor, H.; Olinga, P.; Mutsaers, H.A.M. Precision-cut human kidney slices as a model to elucidate the
process of renal fibrosis. Transl. Res. 2016, 170, 8–16.e1. [CrossRef] [PubMed]

23. Schaefer, C.J.; Ruhrmund, D.W.; Pan, L.; Seiwert, S.D.; Kossen, K. Antifibrotic activities of pirfenidone in
animal models. Eur. Respir. Rev. 2011, 20, 85–97. [CrossRef] [PubMed]

24. Herbertz, S.; Sawyer, J.S.; Stauber, A.J.; Gueorguieva, I.; Driscoll, K.E.; Estrem, S.T.; Cleverly, A.L.; Desaiah, D.;
Guba, S.C.; Benhadji, K.A.; et al. Clinical development of galunisertib (LY2157299 monohydrate), a small
molecule inhibitor of transforming growth factor-beta signaling pathway. Drug Des. Devel. Ther. 2015, 9,
4479–4499.

25. Luangmonkong, T.; Suriguga, S.; Bigaeva, E.; Boersema, M.; Oosterhuis, D.; de Jong, K.P.; Schuppan, D.;
Mutsaers, H.A.M.; Olinga, P. Evaluating the antifibrotic potency of galunisertib in a human ex vivo model of
liver fibrosis. Br. J. Pharmacol. 2017, 174, 3107–3117. [CrossRef]

26. Hammad, S.; Cavalcanti, E.; Werle, J.; Caruso, M.L.; Dropmann, A.; Ignazzi, A.; Ebert, M.P.; Dooley, S.;
Giannelli, G. Galunisertib modifies the liver fibrotic composition in the Abcb4Ko mouse model. Arch. Toxicol.
2018, 92, 2297–2309. [CrossRef]

27. Masuda, A.; Nakamura, T.; Abe, M.; Iwamoto, H.; Sakaue, T.; Tanaka, T.; Suzuki, H.; Koga, H.; Torimura, T.
Promotion of liver regeneration and anti-fibrotic effects of the TGF-β receptor kinase inhibitor galunisertib in
CCl4-treated mice. Int. J. Mol. Med. 2020, 46, 427–438. [CrossRef]

http://dx.doi.org/10.1038/nrneph.2010.120
http://dx.doi.org/10.1097/BOR.0b013e32835b656b
http://dx.doi.org/10.2353/ajpath.2010.090517
http://dx.doi.org/10.1038/nrneph.2016.48
http://dx.doi.org/10.1016/j.cbi.2018.07.008
http://dx.doi.org/10.1007/s00467-011-1892-z
http://www.ncbi.nlm.nih.gov/pubmed/21597969
http://dx.doi.org/10.1016/j.mam.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29155002
http://dx.doi.org/10.1016/j.matbio.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29355590
http://dx.doi.org/10.3390/ijms19092532
http://dx.doi.org/10.1038/nrneph.2014.184
http://dx.doi.org/10.1053/j.ackd.2016.11.002
http://dx.doi.org/10.1242/dmm.020172
http://dx.doi.org/10.4137/BMI.S38439
http://dx.doi.org/10.1016/j.intimp.2016.01.026
http://dx.doi.org/10.1016/j.ejphar.2016.06.057
http://dx.doi.org/10.1111/apha.13291
http://www.ncbi.nlm.nih.gov/pubmed/31054202
http://dx.doi.org/10.1016/j.trsl.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26687735
http://dx.doi.org/10.1183/09059180.00001111
http://www.ncbi.nlm.nih.gov/pubmed/21632796
http://dx.doi.org/10.1111/bph.13945
http://dx.doi.org/10.1007/s00204-018-2231-y
http://dx.doi.org/10.3892/ijmm.2020.4594


Pharmaceutics 2020, 12, 459 28 of 31

28. Buchdunger, E.; O’Reilly, T.; Wood, J. Pharmacology of imatinib (STI571). Eur. J. Cancer 2002, 38 (Suppl. 5),
S28–S36. [CrossRef]

29. Yoshiji, H.; Noguchi, R.; Kuriyama, S.; Ikenaka, Y.; Yoshii, J.; Yanase, K.; Namisaki, T.; Kitade, M.; Masaki, T.;
Fukui, H.; et al. Imatinib mesylate (STI-571) attenuates liver fibrosis development in rats. Am. J. Physiol.
Gastrointest. Liver Physiol. 2005, 288, 907–913. [CrossRef]

30. Yoshiji, H.; Kuriyama, S.; Noguchi, R.; Ikenaka, Y.; Yoshii, J.; Yanase, K.; Namisaki, T.; Kitade, M.; Yamazaki, M.;
Asada, K.; et al. Amelioration of liver fibrogenesis by dual inhibition of PDGF and TGF-β with a combination
of imatinib mesylate and ACE inhibitor in rats. Int. J. Mol. Med. 2006, 17, 899–904. [CrossRef]

31. Boor, P.; Sebekova, K.; Ostendorf, T.; Floege, J. Treatment targets in renal fibrosis. Nephrol. Dial. Transplant.
2007, 22, 3391–3407. [CrossRef] [PubMed]

32. Floege, J.; Eitner, F.; Alpers, C.E. A New Look at Platelet-Derived Growth Factor in Renal Disease. J. Am. Soc.
Nephrol. 2008, 19, 12–23. [CrossRef] [PubMed]

33. Chen, C.; Peng, Y.X.; Wang, Z.B.; Fish, P.V.; Kaar, J.L.; Koepsel, R.R.; Russell, A.J.; Lareu, R.R.; Raghunath, M.
The Scar-in-a-Jar: Studying potential antifibrotic compounds from the epigenetic to extracellular level in a
single wellb. Br. J. Pharmacol. 2009, 158, 1196–1209. [CrossRef] [PubMed]

34. De Graaf, I.A.M.; Olinga, P.; de Jager, M.H.; Merema, M.T.; de Kanter, R.; van de Kerkhof, E.G.;
Groothuis, G.M.M. Preparation and incubation of precision-cut liver and intestinal slices for application in
drug metabolism and toxicity studies. Nat. Protoc. 2010, 5, 1540–1551. [CrossRef]

35. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR
and the 2−∆∆CT Method. Methods 2001, 25, 402–408. [CrossRef]

36. Ruigrok, M.J.R.; Tomar, J.; Frijlink, H.W.; Melgert, B.N.; Hinrichs, W.L.J.; Olinga, P. The effects of oxygen
concentration on cell death, anti-oxidant transcription, acute inflammation, and cell proliferation in
precision-cut lung slices. Sci. Rep. 2019, 9, 16239. [CrossRef]

37. Rashid, R.; Lim, N.S.J.; Chee, S.M.L.; Png, S.N.; Wohland, T.; Raghunath, M. Novel Use for
Polyvinylpyrrolidone as a Macromolecular Crowder for Enhanced Extracellular Matrix Deposition and Cell
Proliferation. Tissue Eng. Part C Methods 2014, 20, 994–1002. [CrossRef]

38. Nakayama, S.; Mukae, H.; Sakamoto, N.; Kakugawa, T.; Yoshioka, S.; Soda, H.; Oku, H.; Urata, Y.; Kondo, T.;
Kubota, H.; et al. Pirfenidone inhibits the expression of HSP47 in TGF-β1-stimulated human lung fibroblasts.
Life Sci. 2008, 82, 210–217. [CrossRef]

39. Molina-Molina, M.; Machahua-Huamani, C.; Vicens-Zygmunt, V.; Llatjós, R.; Escobar, I.; Sala-Llinas, E.;
Luburich-Hernaiz, P.; Dorca, J.; Montes-Worboys, A. Anti-fibrotic effects of pirfenidone and rapamycin in
primary IPF fibroblasts and human alveolar epithelial cells. BMC Pulm. Med. 2018, 18, 63–75. [CrossRef]

40. Kim, Y.; Fiel, M.I.; Albanis, E.; Chou, H.I.; Zhang, W.; Khitrov, G.; Friedman, S.L. Anti-fibrotic activity and
enhanced interleukin-6 production by hepatic stellate cells in response to imatinib mesylate. Liver Int. 2012,
32, 1008–1017. [CrossRef]

41. Holmgaard, R.B.; Schaer, D.A.; Li, Y.; Castaneda, S.P.; Murphy, M.Y.; Xu, X.; Inigo, I.; Dobkin, J.; Manro, J.R.;
Iversen, P.W.; et al. Targeting the TGFβ pathway with galunisertib, a TGFβRI small molecule inhibitor,
promotes anti-tumor immunity leading to durable, complete responses, as monotherapy and in combination
with checkpoint blockade. J. Immunother. Cancer 2018, 6, 47. [CrossRef] [PubMed]

42. Stribos, E.G.D.; Seelen, M.A.; van Goor, H.; Olinga, P.; Mutsaers, H.A.M. Murine Precision-Cut Kidney Slices
as an ex vivo Model to Evaluate the Role of Transforming Growth Factor-β1 Signaling in the Onset of Renal
Fibrosis. Front. Physiol. 2017, 8, 1026. [CrossRef] [PubMed]

43. Sands, J.M. Translating Kidney Fibrosis: Role of the EP2 Receptor. Acta Physiol. 2019, 227, e13318. [CrossRef]
44. Bigaeva, E.; Gore, E.; Simon, E.; Zwick, M.; Oldenburger, A.; de Jong, K.P.; Hofker, H.S.; Schlepütz, M.;

Nicklin, P.; Boersema, M.; et al. Transcriptomic characterization of culture-associated changes in murine and
human precision-cut tissue slices. Arch. Toxicol. 2019, 93, 3549–3583. [CrossRef] [PubMed]

45. Wynn, T.A. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases.
J. Clin. Invest. 2007, 117, 524–529. [CrossRef]

46. Hinz, B. Myofibroblasts. Exp. Eye Res. 2015, 142, 56–70. [CrossRef]
47. Sun, K.-H.; Chang, Y.; Reed, N.I.; Sheppard, D. α-Smooth muscle actin is an inconsistent marker of fibroblasts

responsible for force-dependent TGFβ activation or collagen production across multiple models of organ
fibrosis. Am. J. Physiol. Cell. Mol. Physiol. 2016, 310, L824–L836. [CrossRef]

http://dx.doi.org/10.1016/S0959-8049(02)80600-1
http://dx.doi.org/10.1152/ajpgi.00420.2004
http://dx.doi.org/10.3892/ijmm.17.5.899
http://dx.doi.org/10.1093/ndt/gfm393
http://www.ncbi.nlm.nih.gov/pubmed/17890247
http://dx.doi.org/10.1681/ASN.2007050532
http://www.ncbi.nlm.nih.gov/pubmed/18077793
http://dx.doi.org/10.1111/j.1476-5381.2009.00387.x
http://www.ncbi.nlm.nih.gov/pubmed/19785660
http://dx.doi.org/10.1038/nprot.2010.111
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1038/s41598-019-52813-2
http://dx.doi.org/10.1089/ten.tec.2013.0733
http://dx.doi.org/10.1016/j.lfs.2007.11.003
http://dx.doi.org/10.1186/s12890-018-0626-4
http://dx.doi.org/10.1111/j.1478-3231.2012.02806.x
http://dx.doi.org/10.1186/s40425-018-0356-4
http://www.ncbi.nlm.nih.gov/pubmed/29866156
http://dx.doi.org/10.3389/fphys.2017.01026
http://www.ncbi.nlm.nih.gov/pubmed/29311960
http://dx.doi.org/10.1111/apha.13318
http://dx.doi.org/10.1007/s00204-019-02611-6
http://www.ncbi.nlm.nih.gov/pubmed/31754732
http://dx.doi.org/10.1172/JCI31487
http://dx.doi.org/10.1016/j.exer.2015.07.009
http://dx.doi.org/10.1152/ajplung.00350.2015


Pharmaceutics 2020, 12, 459 29 of 31

48. Strutz, F.; Zeisberg, M. Renal Fibroblasts and Myofibroblasts in Chronic Kidney Disease. J. Am. Soc. Nephrol.
2006, 17, 2992–2998. [CrossRef]

49. Campanholle, G.; Ligresti, G.; Gharib, S.A.; Duffield, J.S. Cellular Mechanisms of Tissue Fibrosis. 3. Novel
mechanisms of kidney fibrosis. Am. J. Physiol Cell Physiol. 2013, 304, C591–C603. [CrossRef]

50. Iyer, S.N.; Wild, J.S.; Schiedt, M.J.; Hyde, D.M.; Margolin, S.B.; Giri, S.N. Dietary intake of pirfenidone
ameliorates bleomycin-induced lung fibrosis in hamsters. J. Lab. Clin. Med. 1995, 125, 779–785.

51. Iyer, S.N.; Gurujeyalakshmi, G.; Giri, S.N. Effects of Pirfenidone on Procollagen Gene Expression at the
Transcriptional Level in Bleomycin Hamster Model of Lung Fibrosis. J. Pharmacol. Exp. Ther. 1999, 289,
211–218. [PubMed]

52. Shimizu, F.; Fukagawa, M.; Yamauchi, S.; Taniyama, M.; Komemushi, S.; Margolin, S.B.; Kurokawa, K.
Pirfenidone prevents the progression of irreversible glomerular sclerotic lesions in rats. Nephrology 1997, 3,
315–322. [CrossRef]

53. Leh, S.; Vaagnes, Ø.; Margolin, S.B.; Iversen, B.M.; Forslund, T. Pirfenidone and candesartan ameliorate
morphological damage in mild chronic anti-GBM nephritis in rats. Nephrol. Dial. Transplant. 2005, 20, 71–82.
[CrossRef] [PubMed]

54. Chen, J.-F.; Ni, H.-F.; Pan, M.-M.; Liu, H.; Xu, M.; Zhang, M.-H.; Liu, B.-C. Pirfenidone inhibits macrophage
infiltration in 5/6 nephrectomized rats. Am. J. Physiol. Ren. Physiol. 2013, 304, 676–685. [CrossRef]

55. Cho, M.E.; Smith, D.C.; Branton, M.H.; Penzak, S.R.; Kopp, J.B. Pirfenidone Slows Renal Function Decline in
Patients with Focal Segmental Glomerulosclerosis. Clin. J. Am. Soc. Nephrol. 2007, 2, 906–913. [CrossRef]

56. Cho, M.E.; Kopp, J.B. Pirfenidone: An anti-fibrotic therapy for progressive kidney disease. Expert Opin.
Investig. Drugs 2010, 19, 275–283. [CrossRef]

57. Sharma, K.; Ix, J.H.; Mathew, A.V.; Cho, M.; Pflueger, A.; Dunn, S.R.; Francos, B.; Sharma, S.; Falkner, B.;
McGowan, T.A.; et al. Pirfenidone for Diabetic Nephropathy. J. Am. Soc. Nephrol. 2011, 22, 1144–1151.
[CrossRef]

58. Allinovi, M.; De Chiara, L.; Angelotti, M.L.; Becherucci, F.; Romagnani, P. Anti-fibrotic treatments: A review
of clinical evidence. Matrix Biol. 2018, 68–69, 333–354. [CrossRef]

59. Conte, E.; Gili, E.; Fagone, E.; Fruciano, M.; Iemmolo, M.; Vancheri, C. Effect of pirfenidone on proliferation,
TGF-Î2-induced myofibroblast differentiation and fibrogenic activity of primary human lung fibroblasts.
Eur. J. Pharm. Sci. 2014, 58, 13–19. [CrossRef]

60. Takakura, K.; Tahara, A.; Sanagi, M.; Itoh, H.; Tomura, Y. Antifibrotic Effects of Pirfenidone in Rat Proximal
Tubular Epithelial Cells. Ren. Fail. 2012, 34, 1309–1316. [CrossRef]

61. Yuan, Q.; Wang, L.; Zhang, F.; Wang, R.; Fu, X.; Peng, Z.; Ning, W.; Hu, G.; Wang, Z.; Tao, L.; et al.
Fluorofenidone suppresses epithelial-mesenchymal transition and the expression of connective tissue growth
factor via inhibiting TGF-/Smads signaling in human proximal tubular epithelial cells. Pharmazie 2011, 66,
961–967. [PubMed]

62. Miric, G.; Dallemagne, C.; Endre, Z.; Margolin, S.; Taylor, S.M.; Brown, L. Reversal of cardiac and renal
fibrosis by pirfenidone and spironolactone in streptozotocin-diabetic rats. Br. J. Pharmacol. 2001, 133, 687–694.
[CrossRef] [PubMed]

63. Shihab, F.S.; Bennett, W.M.; Yi, H.; Andoh, T.F. Pirfenidone Treatment Decreases Transforming Growth
Factor-beta1 and Matrix Proteins and Ameliorates Fibrosis in Chronic Cyclosporine Nephrotoxicity.
Am. J. Transplant. 2002, 2, 111–119. [CrossRef] [PubMed]

64. Brook, N.R.; Waller, J.R.; Bicknell, G.R.; Nicholson, M.L. The Novel Antifibrotic Agent Pirfenidone
Attenuates the Profibrotic Environment Generated by Calcineurin Inhibitors in the Rat Salt-Depletion
Model. Transplant. Proc. 2005, 37, 130–133. [CrossRef]

65. RamachandraRao, S.P.; Zhu, Y.; Ravasi, T.; McGowan, T.A.; Toh, I.; Dunn, S.R.; Okada, S.; Shaw, M.A.;
Sharma, K. Pirfenidone Is Renoprotective in Diabetic Kidney Disease. J. Am. Soc. Nephrol. 2009, 20, 1765–1775.
[CrossRef] [PubMed]

66. Park, H.S.; Bao, L.; Kim, Y.J.; Cho, I.H.; Lee, C.H.; Hyun, B.H.; Margolin, S.; Park, Y.H. Pirfenidone Suppressed
the Development of Glomerulosclerosis in the FGS/Kist mouse. J. Korean Med. Sci. 2003, 18, 527–533.
[CrossRef]

67. Shimizu, T.; Fukagawa, M.; Kuroda, T.; Hata, S.; Iwasaki, Y.; Nemoto, M.; Shirai, K.; Yamauchi, S.;
Margolin, S.B.; Shimizu, F.; et al. Pirfenidone prevents collagen accumulation in the remnant kidney in rats
with partial nephrectomy. Kidney Int. Suppl. 1997, 63, S239–S243.

http://dx.doi.org/10.1681/ASN.2006050420
http://dx.doi.org/10.1152/ajpcell.00414.2012
http://www.ncbi.nlm.nih.gov/pubmed/10087006
http://dx.doi.org/10.1111/j.1440-1797.1997.tb00249.x
http://dx.doi.org/10.1093/ndt/gfh562
http://www.ncbi.nlm.nih.gov/pubmed/15561744
http://dx.doi.org/10.1152/ajprenal.00507.2012
http://dx.doi.org/10.2215/CJN.01050207
http://dx.doi.org/10.1517/13543780903501539
http://dx.doi.org/10.1681/ASN.2010101049
http://dx.doi.org/10.1016/j.matbio.2018.02.017
http://dx.doi.org/10.1016/j.ejps.2014.02.014
http://dx.doi.org/10.3109/0886022X.2012.718955
http://www.ncbi.nlm.nih.gov/pubmed/22312703
http://dx.doi.org/10.1038/sj.bjp.0704131
http://www.ncbi.nlm.nih.gov/pubmed/11429393
http://dx.doi.org/10.1034/j.1600-6143.2002.020201.x
http://www.ncbi.nlm.nih.gov/pubmed/12099512
http://dx.doi.org/10.1016/j.transproceed.2004.12.150
http://dx.doi.org/10.1681/ASN.2008090931
http://www.ncbi.nlm.nih.gov/pubmed/19578007
http://dx.doi.org/10.3346/jkms.2003.18.4.527


Pharmaceutics 2020, 12, 459 30 of 31

68. Takakuta, K.; Fujimori, A.; Chikanishi, T.; Tanokura, A.; Iwatsuki, Y.; Yamamoto, M.; Nakajima, H.; Okada, M.;
Itoh, H. Renoprotective properties of pirfenidone in subtotally nephrectomized rats. Eur. J. Pharmacol. 2010,
629, 118–124. [CrossRef]

69. Shimizu, T.; Kuroda, T.; Hata, S.; Fukagawa, M.; Margolin, S.B.; Kurokawa, K. Pirfenidone improves renal
function and fibrosis in the post-obstructed kidney. Kidney Int. 1998, 54, 99–109. [CrossRef]

70. Ostendorf, T.; Boor, P.; van Roeyen, C.R.C.; Floege, J. Platelet-derived growth factors (PDGFs) in glomerular
and tubulointerstitial fibrosis. Kidney Int. Suppl. 2014, 4, 65–69. [CrossRef]

71. Bigaeva, E.; Stribos, E.G.D.; Mutsaers, H.A.M.; Piersma, B.; Leliveld, A.M.; de Jong, I.J.; Bank, R.A.;
Seelen, M.A.; van Goor, H.; Wollin, L.; et al. Inhibition of tyrosine kinase receptor signaling attenuates
fibrogenesis in an ex vivo model of human renal fibrosis. Am. J. Physiol. Physiol. 2020, 318, F117–F134.
[CrossRef] [PubMed]

72. Lassila, M.; Jandeleit-Dahm, K.; Seah, K.K.; Smith, C.M.; Calkin, A.C.; Allen, T.J.; Cooper, M.E.
Imatinib Attenuates Diabetic Nephropathy in Apolipoprotein E-Knockout Mice. J. Am. Soc. Nephrol. 2005,
16, 363–373. [CrossRef] [PubMed]

73. Iyoda, M.; Shibata, T.; Wada, Y.; Kuno, Y.; Shindo-Hirai, Y.; Matsumoto, K.; Akizawa, T. Long-and short-term
treatment with imatinib attenuates the development of chronic kidney disease in experimental anti-glomerular
basement membrane nephritis. Nephrol. Dial. Transpl. 2013, 28, 576–584. [CrossRef] [PubMed]

74. Dewar, A.L.; Cambareri, A.C.; Zannettino, A.C.W.; Miller, B.L.; Doherty, K.V.; Hughes, T.P.; Lyons, A.B.
Macrophage colony-stimulating factor receptor c-fms is a novel target of imatinib. Blood 2005, 105, 3127–3132.
[CrossRef] [PubMed]

75. Iyoda, M.; Shibata, T.; Kawaguchi, M.; Yamaoka, T.; Akizawa, T. Preventive and therapeutic effects of imatinib
in Wistar-Kyoto rats with anti-glomerular basement membrane glomerulonephritis. Kidney Int. 2009, 75,
1060–1070. [CrossRef] [PubMed]

76. Wallace, E.; Gewin, L. Imatinib: Novel Treatment of Immune-Mediated Kidney Injury. J. Am. Soc. Nephrol.
2013, 24, 694–701. [CrossRef] [PubMed]

77. Dwyer, J.P.; Yates, K.M.; Sumner, E.L.; Stone, W.J.; Wang, Y.; Koury, M.J.; Fogo, A.B.; Zent, R. Chronic myeloid
leukemia-associated membranoproliferative glomerulonephritis that responded to imatinib mesylate therapy.
Clin. Nephrol. 2007, 67, 176–181. [CrossRef] [PubMed]

78. Wallace, E.; Fogo, A.B.; Schulman, G. Imatinib Therapy for Non–Infection-Related Type II Cryoglobulinemia
With Membranoproliferative Glomerulonephritis. Am. J. Kidney Dis. 2011, 59, 122–125. [CrossRef]

79. Neef, M.; Ledermann, M.; Saegesser, H.; Schneider, V.; Widmer, N.; Decosterd, L.A.; Rochat, B.; Reichen, J.
Oral imatinib treatment reduces early fibrogenesis but does not prevent progression in the long term.
J. Hepatol. 2006, 44, 167–175. [CrossRef]

80. Wang, S.; Wilkes, M.C.; Leof, E.B.; Hirschberg, R. Imatinib mesylate blocks a non-Smad TGF-β pathway and
reduces renal fibrogenesis in vivo. FASEB J. 2005, 19, 1–11. [CrossRef]

81. Nechemia-Arbely, Y.; Barkan, D.; Pizov, G.; Shriki, A.; Rose-John, S.; Galun, E.; Axelrod, J.H. IL-6/IL-6R axis
plays a critical role in acute kidney injury. J. Am. Soc. Nephrol. 2008, 19, 1106–1115. [CrossRef] [PubMed]

82. Su, H.; Lei, C.-T.; Zhang, C. Interleukin-6 Signaling Pathway and its Role in Kidney Disease: An Update.
Front. Immunol. 2017, 8, 405. [CrossRef] [PubMed]

83. Gilbert, R.E.; Kelly, D.J.; Mckay, T.; Chadban, S.; Hill, P.A.; Cooper, M.E.; Atkins, R.C.; Nikolic-Paterson, D.J.
PDGF signal transduction inhibition ameliorates experimental mesangial proliferative glomerulonephritis.
Kidney Int. 2001, 59, 1324–1332. [CrossRef] [PubMed]

84. Savikko, J.; Taskinen, E.; von Willebrand, E. Chronic allograft nephropathy is prevented by inhibition of
platelet-derived growth factor receptor: Tyrosine kinase inhibitors as a potential therapy. Transplantation
2003, 75, 1147–1153. [CrossRef]

85. Sadanaga, A.; Nakashima, H.; Masutani, K.; Miyake, K.; Shimizu, S.; Igawa, T.; Sugiyama, N.;
Niiro, H.; Hirakata, H.; Harada, M. Amelioration of autoimmune nephritis by imatinib in MRL/lpr mice.
Arthritis Rheumatol. 2005, 52, 3987–3996. [CrossRef]

86. Zoja, C.; Corna, D.; Rottoli, D.; Zanchi, C.; Abbate, M.; Remuzzi, G. Imatinib ameliorates renal disease and
survival in murine lupus autoimmune disease. Kidney Int. 2006, 70, 97–103. [CrossRef]

87. Iyoda, M.; Hudkins, K.L.; Becker-Herman, S.; Wietecha, T.A.; Banas, M.C.; Guo, S.; Meyer-Bahlburg, A.;
Kowalewska, J.; Liu, G.; Ziegler, S.F.; et al. Imatinib Suppresses Cryoglobulinemia and Secondary
Membranoproliferative Glomerulonephritis. J. Am. Soc. Nephrol. 2009, 20, 68–77. [CrossRef]

http://dx.doi.org/10.1016/j.ejphar.2009.12.011
http://dx.doi.org/10.1046/j.1523-1755.1998.00962.x
http://dx.doi.org/10.1038/kisup.2014.12
http://dx.doi.org/10.1152/ajprenal.00108.2019
http://www.ncbi.nlm.nih.gov/pubmed/31736352
http://dx.doi.org/10.1681/ASN.2004050392
http://www.ncbi.nlm.nih.gov/pubmed/15625075
http://dx.doi.org/10.1093/ndt/gfs414
http://www.ncbi.nlm.nih.gov/pubmed/23045430
http://dx.doi.org/10.1182/blood-2004-10-3967
http://www.ncbi.nlm.nih.gov/pubmed/15637141
http://dx.doi.org/10.1038/ki.2009.43
http://www.ncbi.nlm.nih.gov/pubmed/19242505
http://dx.doi.org/10.1681/ASN.2012080818
http://www.ncbi.nlm.nih.gov/pubmed/23431076
http://dx.doi.org/10.5414/CNP67176
http://www.ncbi.nlm.nih.gov/pubmed/17390742
http://dx.doi.org/10.1053/j.ajkd.2011.08.016
http://dx.doi.org/10.1016/j.jhep.2005.06.015
http://dx.doi.org/10.1096/fj.04-2370com
http://dx.doi.org/10.1681/ASN.2007070744
http://www.ncbi.nlm.nih.gov/pubmed/18337485
http://dx.doi.org/10.3389/fimmu.2017.00405
http://www.ncbi.nlm.nih.gov/pubmed/28484449
http://dx.doi.org/10.1046/j.1523-1755.2001.0590041324.x
http://www.ncbi.nlm.nih.gov/pubmed/11260393
http://dx.doi.org/10.1097/01.TP.0000062836.93496.CE
http://dx.doi.org/10.1002/art.21424
http://dx.doi.org/10.1038/sj.ki.5001528
http://dx.doi.org/10.1681/ASN.2008010036


Pharmaceutics 2020, 12, 459 31 of 31

88. Chen, Y.-T.; Chang, F.-C.; Wu, C.-F.; Chou, Y.-H.; Hsu, H.-L.; Chiang, W.-C.; Shen, J.; Chen, Y.-M.; Wu, K.-D.;
Tsai, T.-J.; et al. Platelet-derived growth factor receptor signaling activates pericyte—myofibroblast transition
in obstructive and post-ischemic kidney fibrosis. Kidney Int. 2011, 80, 1170–1181. [CrossRef]

89. Yingling, J.M.; McMillen, W.T.; Yan, L.; Huang, H.; Sawyer, J.S.; Graff, J.; Clawson, D.K.; Britt, K.S.;
Anderson, B.D.; Beight, D.W.; et al. Preclinical assessment of galunisertib (LY2157299 monohydrate),
a first-in-class transforming growth factor-β receptor type I inhibitor. Oncotarget 2018, 9, 6659–6677.
[CrossRef]

90. Ding, H.; Zhou, Y.; Huang, H. MiR-101a ameliorates AngII-mediated hypertensive nephropathy by blockade
of TGFβ/Smad3 and NF-κB signalling in a mouse model of hypertension. Clin. Exp. Pharmacol. Physiol. 2019,
46, 246–254. [CrossRef]

91. Bigaeva, E.; Gore, E.; Mutsaers, H.A.M.; Oosterhuis, D.; Kim, Y.O.; Schuppan, D.; Bank, R.A.; Boersema, M.;
Olinga, P. Exploring organ-specific features of fibrogenesis using murine precision-cut tissue slices. Biochim.
Biophys. Acta Mol. Basis Dis. 2020, 1866, 165582. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ki.2011.208
http://dx.doi.org/10.18632/oncotarget.23795
http://dx.doi.org/10.1111/1440-1681.13042
http://dx.doi.org/10.1016/j.bbadis.2019.165582
http://www.ncbi.nlm.nih.gov/pubmed/31676376
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Chemicals 
	Human Material 
	Experimental Animals and Surgical Procedures 
	Preparation, Incubation, and Treatment of Precision-Cut Kidney Slices (PCKS) 
	PCKS Viability 
	PCKS RNA Isolation and RT-qPCR 
	PCKS Histology and Immunohistochemistry 
	Pro-collagen I1 ELISA Measurement in Human PCKS 
	Cell Culture, Macromolecular Crowding and Treatments 
	RNA Isolation and RT-qPCR (HRFs) 
	Immunocytochemistry (HRFs) 
	Statistical Analysis 

	Results 
	Tissue Viability in Response to Ex Vivo Culture and Pharmacological Intervention 
	Culture-Driven Inflammatory and Fibrogenic State of PCKS 
	Ex Vivo Effects of Pirfenidone, Galunisertib and Imatinib in PCKS 
	In Vitro Effects of Pirfenidone, Galunisertib and Imatinib Treatment in Primary Human Renal Fibroblasts 

	Discussion 
	PCKS Injurious Responses to the Culturing 
	PCKS Responses to Pharmacological Treatment in Perspective 
	Pirfenidone 
	Imatinib 
	Galunisertib 


	Conclusions 
	References

