Research Article

Kidney

Diseases

Kidney Dis 2022;8:319-333
DOI: 10.1159/000523852

Received: August 13, 2021
Accepted: February 28, 2022
Published online: April 11,2022

Delayed Administration of Nintedanib
Ameliorates Fibrosis Progression in CG-Induced
Peritoneal Fibrosis Mouse Model

Binbin Cui? Chao Yu? Shenglei Zhang?® Xiying Hou? YiWang?® Jun Wang?

Shougang Zhuang®® Feng Liu?®

2Department of Nephrology, Shanghai East Hospital, Tongji University School of Medicine, Shanghai, China;
bDepartment of Medicine, Rhode Island Hospital and Alpert Medical School, Brown University, Providence, RI, USA

Keywords

Nintedanib - Receptor tyrosine kinases - Peritoneal fibrosis -
Epithelial-to-mesenchymal transition - Inflammation -
Chlorhexidine gluconate

Abstract

Background: A multiple-target tyrosine kinase inhibitor,
nintedanib, which is approved for treatment of interstitial
pulmonary disease, has been demonstrated to have anti-fi-
brotic activity outside of the lungs. We explored its thera-
peutic effect in a murine model of peritoneal fibrosis. Meth-
ods: Daily intraperitoneal injections of chlorhexidine gluco-
nate (CG) induced peritoneal fibrosis in mice. The effects of
delayed administration of nintedanib (given at day 21 after
CG injection and then given daily for 14 days) were deter-
mined by immunohistochemical staining, ELISA, and immu-
noblot analysis. Results: Delayed administration of ninte-
danib significantly inhibited peritoneal fibrosis progression
as indicated by decreasing deposition and expression of ex-
tracellular matrix (ECM) proteins (fibronectin and type | col-
lagen). Treatment with nintedanib also upregulated MMP-2
and reciprocally downregulated TIMP-2, along with reduc-
ing expression of a-SMA, 3-vimentin, and two transcription
factors (Snail and Twist), and retaining E-cadherin expres-
sion. Nintedanib also inhibited co-expression of -vimentin
with Snail or Twist as shown by immunofluorescent staining.

Moreover, nintedanib decreased the number of CD31-posi-
tive blood vessels and CD31 expression in the injured peri-
toneum. Moreover, delayed application of nintedanib inhib-
ited the expression of several cytokines/chemokines, includ-
ing monocyte chemoattractant protein-1, tumor necrosis
factor-q, interleukin-1f (IL-1B), and IL-6, and infiltration of
CD68* macrophages to the injured peritoneum. Finally, nint-
edanib blocked phosphorylation of STAT3, NF-kB, and
Smad3 during the development of peritoneal fibrosis. Con-
clusions: Delayed administration of nintedanib inhibits pro-
gression of peritoneal fibrosis and partially reverses estab-
lished peritoneal fibrosis by attenuating epithelial-mesen-
chymal transition, inflammation, and angiogenesis, as well
as promoting ECM degradation. We conclude that ninte-
danib has a therapeutic potential to treat peritoneal fibrosis.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Nintedanib is a small multiple-target tyrosine kinase
inhibitor (TKI) that abrogates activation of platelet-de-
rived growth factor receptor (PDGFR), fibroblast growth
factor receptor (FGFR), vascular endothelial growth fac-
tor receptor (VEGFR), and Src family kinases [1]. Because
of its anti-fibrotic properties, nintedanib was one of the
first drugs approved for use in idiopathic pulmonary fi-
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brosis (IPF) and has recently further been approved for
treatment of progressive fibrosing interstitial lung diseas-
es (ILDs) and systemic sclerosis-associated ILD [2, 3]. In-
spired by this breakthrough, many researchers, including
our team, have examined the anti-fibrotic effect of ninte-
danib in other tissues and organs and found its anti-fibrot-
ic effects in the liver, skin, kidney, and peritoneum [4-9].

Regardless of the disease type, there is currently no ef-
fective treatment for the established tissue fibrosis [1]. For-
tunately, nintedanib offers a glimmer of hope because of
its efficacy and safety in treating IPF or ILDs in clinical
studies [3], as well as its therapeutic potential in other ani-
mal models of organ fibrosis. In the lung, fibroblasts iso-
lated from IPF patients and murine models, Wollin et al.
[10] demonstrated that nintedanib significantly reduced
tissue inhibitors of metalloproteinases-2 (TIMP-2) and in-
creased matrix metalloproteinases-2 (MMP-2), leading to
reduction of total collagen production. Oztiirk Akcora et
al. [5] showed that nintedanib ameliorated inflammation,
angiogenesis, and fibrosis in carbon tetrachloride-induced
liver fibrogenesis in a mouse model. Juhl et al. [6] revealed
that nintedanib halts skin fibrosis induced by transforming
growth factor- (TGF-f) or PDGEF. Our recent study veri-
fied that delayed administration of nintedanib could in-
hibit renal fibrosis and inflammation induced by unilat-
eral ureteral obstruction in mice [4, 8]. We also found that
nintedanib can attenuate peritoneal fibrosis in a murine
model of peritoneal fibrosis induced by chlorhexidine glu-
conate (CG) when given before peritoneal damage. How-
ever, the effect of this drug on established peritoneal fibro-
sis remains unknown and is examined here.

Compared with hemodialysis, peritoneal dialysis is a
renal replacement therapy with superior quality-of-life
measures and cost savings [11-14]. However, long-term
usage and continuous exposure to hyperglycemic and
acidic dialysis solutions lead to peritoneal fibrosis and
dysfunction [15] due to accumulation of extracellular
matrix (ECM), thickening of the sub-mesothelial cell lay-
er, and vasculopathy [15]. Therefore, we explored the
therapeutic effect and mechanisms of delayed adminis-
tration of nintedanib on CG-induced peritoneal fibrosis
in a mouse model.

Materials and Methods

Chemicals and Antibodies

Antibodies to type I collagen and fibronectin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibod-
ies to a-SMA, CD31, MMP-2, TIMP-2, E-cadherin, B-vimentin,
Snail, Twist, MCP-1, TNF-q, interleukin-13 (IL-1p), IL-6, and
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ELISA assay kits were purchased from Abcam Inc (Cambridge,
UK). Antibodies to p-STAT3, STAT3, p-Smad3, Smad3, p-NF-«B,
NF-kB, and B-actin were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Antibody to CD68 was purchased from
Servicebio (Wuhan, China). Nintedanib was purchased from Cay-
man (Arbor, MI, USA). CG and all other chemicals were pur-
chased from Sigma (St. Louis, MO, USA).

Establishment of Mouse Peritoneal Fibrosis Models and

Nintedanib Administration

The peritoneal fibrosis model was established in male C57/BL6
mouse that weighed 24-28 g (Shanghai Super-B&K Laboratory
Animal Corp. Ltd.), as described in our previous study [9]. Briefly,
peritoneal fibrosis in mice was generated by intraperitoneal injec-
tion 0f 0.1% CG dissolved in 0.9% saline every other day for 21 days
or 35 days. To examine the effect of delayed nintedanib adminis-
tration on peritoneal fibrosis, nintedanib at 50 mg/kg was given by
gavage on day 21 after CG injection and then daily for 14 days.
Mice were randomly divided into four groups with 6 mice per
group: mice were administered with an equivalent amount of sa-
line and DMSO (Group 1); mice were administered with 0.1% CG
and an equivalent amount of DMSO for 21 days (Group 2) or 35
days (Group 3); mice were administered with 0.1% CG for 35 days,
and nintedanib (50 mg/kg/daily) for 14 days, starting at 21 days
after first injection of CG (Group 4). At 21 (Group 2) or 35 (Group
1, 3, 4) days, mice were euthanized and the parietal peritoneum
apart from the injection points was harvested for further analysis.
All the animal experiments were performed according to the
guidelines of the Institutional Animal Care and Use Committee at
Tongji University and Shanghai East Hospital.

Histochemical and Immunofluorescent Staining

Formalin-fixed samples of peritoneum were embedded in paraf-
fin and processed to prepare 3-um-thick sections. Immunohisto-
chemical staining was conducted as described in our previous study
[9]. To evaluate peritoneal fibrosis, Masson trichrome staining was
performed according to the protocol provided by the manufacturer
(Sigma-Aldrich). The collagen tissue area (blue color) was quantita-
tively measured using Image Pro-Plus software (Media-Cybernetics,
Silver Spring, MD, USA) by drawing a line around the perimeter of
the stained area, and the average ratio to each microscopic field
(x200) was calculated and graphed. The thickness of the sub-meso-

Fig. 1. Delayed administration of nintedanib attenuates progres-
sion of peritoneal fibrosis, deposition of ECM induced by CG in-
jury. Mice received CG-injection and nintedanib treatment as de-
scribed in Materials and Methods. a Photomicrographs illustrate
Masson trichrome staining of the peritoneum with or without
nintedanib treatment (x200). b The graph shows the score of the
Masson-positive sub-mesothelial area (blue) from 10 random
fields (x200) (means + SEM) (n = 6). Photomicrographs illustrat-
ing immunohistochemistry staining of fibronectin (c) or collagen
I (d) in the peritoneum treated with or without nintedanib. The
graph shows the percentage of immunohistochemistry-positive
area (brown) for fibronectin (e) or collagen I (f) relative to the
whole area from 10 random cortical fields (x200) (means + SEM)
(n=6). **@p < 0.05 versus sham control. Means with different su-
perscript symbols (**@) are significantly different from one an-
other. (For figure see next page.)
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thelial tissue was evaluated (in micrometers), and the average of ten
independent measurements was calculated for each section (original
magnification, x200). Fibronectin, collagen I, CD31, and CD68 ex-
pression in peritoneum tissue were assessed by immunohistochemi-
cal staining. Co-expression of f-vimentin and Snail or Twist in peri-
toneum tissue was assessed by co-focal immunofluorescent staining
using a Zeiss 710 Duo microscope (Zeiss, Germany).

Immunoblot Analysis

Immunoblot analysis of peritoneum tissue samples was con-
ducted as described previously [9]. The densitometry analysis of
immunoblot results was conducted using Image J software devel-
oped at the National Institute of Health. The quantification data
are given as the ratio between target protein and loading control.

ELISA Analysis

To examine the expression of MCP-1, TNF-q, IL-1p, and IL-6,
mouse peritoneum was homogenized in an extraction buffer. The
supernatant recovered after centrifugation was used for determi-
nation of these chemokine/cytokines by commercial Quantikine
ELISA Kkits in accordance with the protocol specified by the manu-
facturer (Abcam Inc, Cambridge, UK). Total protein levels were
determined using a bicinchoninic acid protein assay kit. The con-
centration of cytokines in the peritoneum was expressed as pico-
grams per milligram of total proteins.

Statistical Analysis

All the experiments were conducted at least three times. Data
depicted in graphs represent the means + SEM for each group. For
all the experiments, the differences between two groups were made
using one-way ANOVA followed by the Tukey test. Statistically
significant difference between mean values was marked in each
graph. p < 0.05 was considered a statistically significant difference
between mean values. The statistical analyses were conducted by
using IBM SPSS Statistics 20.0.

Results

Delayed Administration of Nintedanib Attenuates

Progression of Peritoneal Fibrosis and Deposition of

ECM Induced by CG Injury

To explore the therapeutic effect of nintedanib on
peritoneal fibrosis, nintedanib at 50 mg/kg was given late
at day 21 after CG injection, when peritoneal fibrosis had

Fig. 2. Delayed administration of nintedanib reduces expression
and metabolism of ECM induced by CG injury. a The peritoneum
was taken for immunoblot analysis of fibronectin, collagen I,
Timp-2, MMP-2, and B-actin as indicated. Representative immu-
noblots from 3 experiments are shown. Expression levels of fibro-
nectin (b), collagen I (c), Timp-2 (d) and MMP-2 (e) were quanti-
fied by densitometry and normalized with B-actin as indicated.
Data are means + SEM (n = 6). **@p < 0.05 versus sham control.
NS means no significance versus sham control. Means with differ-
ent superscript symbols (**@) are significantly different from one
another.

Nintedanib Ameliorates Peritoneal
Fibrosis

already developed to an advanced stage. Following addi-
tional 14 days of treatment, peritoneum was collected to
assess the degree of peritoneal fibrosis and deposition of
ECM. As shown in Figure 1a, b, our results from Masson
trichrome staining demonstrated that the increased
thickness of the sub-mesothelial compact zone and Mas-
son-positive areas were observed at 21 days and were fur-
ther increased at 35 days after CG injection; delayed ad-
ministration of nintedanib significantly decreased Mas-
son-positive blue areas in the peritoneum.

The deposition of ECM proteins (mainly including fi-
bronectin and collagen I) in the peritoneum are the hall-
mark of peritoneal fibrosis. As shown in Figure 1c-f, the
results from immunohistochemical staining demonstrat-
ed that the expression levels of fibronectin and collagen I
increased in the sub-mesothelial compact zone at 21 days
and were elevated at 35 days after CG injury; delayed ad-
ministration of nintedanib significantly reduced their de-
position induced by CG injury.

Delayed Administration of Nintedanib Reduces
Expression and Metabolism of ECM Induced by CG
Injury

Consistent with the results of immunohistochemical
staining, our immunoblot analysis results showed that ex-
pression of fibronectin and collagen I increased after CG
injury, and delayed administration of nintedanib signifi-
cantly reduced their expression to a level below that ob-
served on day 21 after CG injection (Fig. 2a—c).

The metabolism of ECM proteins is regulated by
MMPs and TIMPs. Figure 2a, d, e showed that MMP-2
and TIMP-2 expression levels increased after CG injury;
delayed administration of nintedanib inhibited TIMP-2
expression but increased MMP-2 expression. Hence,
these data demonstrated that nintedanib not only pre-
vents ECM overproduction and deposition but also par-
tially promotes ECM degradation in the injured perito-
neum through a mechanism regulating expression of
TIMP-2 and MMP-2.

Delayed Administration of Nintedanib Inhibits EMT

of PMCs after CG Injury

The epithelial transition to mesenchymal cells (EMT)
of PMCs has been identified as a major mechanism con-
tributing to peritoneal fibrosis [15]. As shown in Figure
3, co-staining of P-vimentin (markers of mesenchymal
cell) and Snail or Twist (transcription factors) indicated
that f-vimentin is expressed mostly in Snail- or Twist-
positive cells, and the number of double-positive cells in-
creased in CG21d and CG35d groups and decreased in
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the CG35d treated with nintedanib. Moreover, our results
from immunoblot analysis showed an inhibitory effect of
nintedanib on the development of EMT. Following ad-
ditional 14 days of treatment, beginning at day 21 after
CG injection, nintedanib significantly decreased expres-
sion of a-SMA, B-vimentin, Snail and Twist, while ex-
pression of E-cadherin was preserved (Fig. 4a—f). These
results suggest delayed treatment of nintedanib inhibits
the EMT in PMCs exposed to CG.

Delayed Administration of Nintedanib Reduces

Angiogenesis in the Peritoneum after CG Injury

Angiogenesis in the fibrotic sub-mesothelial zone is
another feature of peritoneal fibrosis, which leads to peri-
toneal functional decline [16]. We examined the expres-
sion of CD31, a marker of endothelial cells, in the perito-
neum by immunohistochemical staining and immunob-
lot analysis. As shown in Figure 5a, b, CG injection for 21
days induced an increase of CD31 (+) vessels increased to
the peak at 35 days; delayed administration of nintedanib
significantly suppressed this response. Our immunoblot
analysis results (Fig. 5¢, d) confirmed the inhibitory effect
of nintedanib on CD31 expression. This suggested that
nintedanib may reduce the formed angiogenesis in the
peritoneum after CG injury.

Delayed Administration of Nintedanib Suppresses

Production of Multiple Proinflammatory Cytokines/

Chemokines and Infiltration of Macrophages in the

Peritoneum after CG Injury

Nintedanib had been proved to possess a strong anti-
inflammation effect during the process of respiratory, liv-
er, and renal fibrosis [4, 5, 10]. Hence, we examined the
effect of delayed administration of nintedanib on the in-
flammation response induced by CG in the peritoneum.
As shown in Figure 6a-d, delayed administration of nint-
edanib reduced the elevation of inflammatory cytokines/
chemokines, including MCP-1, TNF-a, IL-1p, and IL-6
after CG injury by ELISA assay. Immunohistochemical
staining showed that the number of CD68 (a marker of

Fig. 3. Delayed administration of nintedanib decreased co-staining
expression of B-vimentin and Snail in the peritoneum after CG
injury. a Double (Con-focal) immunofluorescence staining shows
the co-staining of B-vimentin and Snail in the peritoneum after CG
injury (21 or 35 days) treated with or without nintedanib for an-
other 14 days. b Double immunofluorescence staining shows the
co-staining of P-vimentin and Twist in the peritoneum after CG
injury (21 or 35 days) treated with or without nintedanib for an-
other 14 days.

Nintedanib Ameliorates Peritoneal
Fibrosis

macrophages)-positive macrophages increased in the
sub-mesothelial layer after CG injury, while delayed ad-
ministration of nintedanib significantly reduced this
macrophage infiltration (Fig. 6e, f). Therefore, ninte-
danib may also inhibit the progression of peritoneal fi-
brosis via its anti-inflammation effect.

Delayed Administration of Nintedanib Blocks

Phosphorylation of STAT3, NF-«kB, and Smad3 after

CG Injury

Because of multiple fibrotic signaling pathways, in-
cluding STAT3, NF-xB, and Smad3, activated and in-
volved in peritoneal fibrosis [9], we explored the effect of
nintedanib on the CG-induced activation of these path-
ways in the peritoneum. A significant increase of STAT3,
NF-kB, and Smad3 phosphorylation was observed at 21
days and increased to a peak at 35 days after CG injury
(Fig. 7a-g). Delayed administration of nintedanib result-
ed in reducing phosphorylation of these signaling mole-
cules. Notably, nintedanib did not affect expression levels
of total STAT3, NF-kB, and Smad3 (Fig. 7a, ¢, e, g). Thus,
delayed administration of nintedanib can suppress CG-
induced phosphorylation of STAT3, NF-kB, and Smad3
in the fibrotic peritoneum.

Discussion

Peritoneal fibrosis is a serious complication for pa-
tients undergoing long-term peritoneal dialysis, which is
closely associated with EMT, deposition of ECM compo-
nents, angiogenesis, and inflammation [17]. Despite mul-
tiple factors and mechanisms identified contributing to
peritoneal fibrosis, so far available therapeutic treatments
are scarce. In the current study, we demonstrated that de-
layed administration of nintedanib, multiple tyrosine ki-
nase receptors (RTKs) inhibitor, significantly attenuated
peritoneal fibrosis as indicated by decreasing accumula-
tion of collagen fibrils, inhibiting EMT phenotype, and
diminishing inflammatory responses and angiogenesis in
the peritoneum of mice exposed to CG. Given that nint-
edanib has been approved to treat human IPF, progres-
sive fibrosing ILDs, and systemic sclerosis-associated
ILD, we believe that our findings have potential to be
translated to clinical application for patients with perito-
neal fibrosis.

Previous studies have demonstrated that multiple
TKIs contribute to peritoneal fibrosis. Among the RTKs
targeted by nintedanib [18], PDGFR activation can stim-
ulate ECM deposition in an animal model of peritoneal
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E-cadherin (d), Snail (e), and Twist (f) were quantified by densi-
tometry and normalized with f-actin as indicated. Data are means
+ SEM (n = 6). **@p < 0.05 versus sham control. Means with dif-
ferent superscript symbols (**@) are significantly different from
one another.
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was taken for immunoblot analysis of CD31 and fB-actin as indi-
cated. Representative immunoblots from 3 experiments are shown.
d Expression levels of CD31 was quantified by densitometry and
normalized with B-actin as indicated. Data are means + SEM (n =
6). **@p < 0.05 versus sham control. Means with different super-
script symbols (**@) are significantly different from one another.
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fibrosis and the EMT of PMCs in culture [19]. FGFR ac-
tivation is required for interstitial fibrosis of the perito-
neum [20], and VEGEFR activation is associated with an-
giogenesis and increased permeability of peritoneal capil-
laries [21, 22]. Moreover, Src, an nRTK, is involved in the
pathogenesis of peritoneal fibrosis [23]. As a potent in-
hibitor of all these kinases, nintedanib was shown to in-
hibit the progression of tissue fibrosis in lung and other
organs, including the liver, skin, and kidney [4-6]. In
agreement with findings in these organs, our previous
study showed that nintedanib was able to prevent the de-
velopment of peritoneal fibrosis when it was given at the
beginning of CG injection [9]. Our current study extend-
ed this observation by illustrating that delayed adminis-
tration of nintedanib not only halted the progression of
peritoneal fibrosis but also in part reversed established
peritoneal fibrosis. This was evidenced by the finding that
application of nintedanib at 21 days after CG injection for
additional 14 days reduced deposition of collagen fibrils
and expression of fibronectin and collagen I to the levels
below that seen at 21 days.

The mechanism by which nintedanib reverses estab-
lished peritoneal fibrosis remains elusive, but may be
associated with its regulation on the expression of
TIMPs and MMPs. It is known that a balance between
matrix production and degradation determines the de-
gree of peritoneal fibrosis under various pathological
conditions [24]. MMPs, a family of zinc-containing en-
dopeptidases, play a critical role in the degradation of
various ECM components including collagens, while
TIMPs is a family of endogenous inhibitors of MMPs
[24]. On this basis, increased expression/activation of
MMPs and decreased expression/activation of TIMPs
could lead to reduce deposition of ECM and less peri-
toneal fibrosis. In the present study, we observed that
delayed administration of nintedanib increased MMP-

Fig. 6. Delayed administration of nintedanib suppresses produc-
tion of multiple proinflammatory cytokines/chemokines and infil-
tration of macrophages in the peritoneum after CG injury. Protein
was extracted from the peritoneum of mouse after CG injury with
or without delayed administration of nintedanib, and subjected to
the ELISA assay for MCP-1 (a), TNF-a (b), IL-1P (c), and IL-6 (d).
e Photomicrographs illustrating immunohistochemical staining
of CD68-positive cells in the peritoneum treated with or without
nintedanib. f The graph shows the number of CD68-positive mac-
rophages was calculated from 10 random fields (x200) (means +
SEM) (n = 6). **@p < 0.05 versus sham control. Means with differ-
ent superscript symbols (**@) are significantly different from one
another.

Nintedanib Ameliorates Peritoneal
Fibrosis

2 expression, along with reducing TIMP-2 expression,
suggesting that nintedanib-elicited-upregulation of
MMP2 and/or downregulation of TIMP-2 contributes
to reversal of the established peritoneal fibrosis. In line
with our observations, other researchers also found in
the lung fibroblasts isolated from IPF patients and IPF
murine models that nintedanib significantly decreased
TIMP-2 but increased MMP-2, which is correspond to
reducing total collagen [10, 25]. In addition, delayed
administration of nintedanib was also reported to sup-
press TIMP-1 expression in an animal model of CCL4-
induced liver fibrosis [5]. Further studies are needed to
investigate the detailed mechanism(s) by which ninte-
danib differentially regulates the expression/activation
of MMPs/TIMPs in tissue fibrosis.

The EMT is an important mechanism by which PMCs
contribute to peritoneal fibrosis. In response to many
stimuli such as high glucose and inflammatory factors,
PMCs can undergo EMT that is characterized by loss of
cell adhesion, decreased expression of E-cadherin, and
increased expression of a-SMA and B-vimentin [15, 26].
Twist and Snail, the two major transcription factors, play
acritical role in driving EMT process [9, 27]. In this study,
we found that delayed administration of nintedanib in-
hibited CG-stimulated upregulation of Snail or Twist,
along with downregulation of B-vimentin, a-SMA, and
retained E-cadherin expression. These results are similar
to what have been observed in animal models of IPF and
liver fibrosis treated with nintedanib [5, 10]. Therefore,
nintedanib-mediated suppression of the EMT might
serve as one important mechanism to inhibit peritoneal
fibrosis and even to reverse established peritoneal fibro-
sis.

Angiogenesis is another important event in the patho-
genesis of peritoneal fibrosis [16]. Angiogenesis and fi-
brosis are closely connected through initiating growth
factors and inflammatory cytokines as well as the EMT
process [15]. In the current study, we found that delayed
administration of nintedanib was effective in suppressing
CD31 (a marker of vascular endothelial cells) expression
and the number of CD31-positive cells in the thickened
peritoneum area induced by CG injury. This suggests that
nintedanib is a powerful inhibitor of angiogenesis in the
peritoneum. The mechanism of nintedanib-mediated
suppression of angiogenesis may be due to its inhibition
of VEGFR or other signaling molecules. In this context,
peritoneal effluent derived mesothelial cells with typical
EMT were shown to be the main source of VEGF, and
exposure PMCs to TGF-f promotes VEGF production
[28]. Furthermore, TGF-f and its downstream signaling
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partner, Smad3, was able to activate VEGFR and Src to
stimulate peritoneal angiogenesis [9].

Inflammation plays an essential role in the develop-
ment of peritoneal fibrosis, including monocytes/macro-
phages filtration, proinflammatory cytokines produc-
tion by inflammatory cells, fibroblasts, and mesenchy-
mal cells via EMT from PMCs, and this process can
promote ECM protein synthesis, EMT, angiogenesis,
and inflammation [29]. In this study, we observed that
CG injury induced a significant elevation of multiple

proinflammatory factors, including MCP-1, TNF-q, IL-
6, and IL-1p, as well as CD68-positive macrophage infil-
tration in the peritoneum, and delayed administration of
nintedanib inhibited these inflammatory cytokines.
Here, we speculate that the anti-inflammatory effect of
nintedanib could aid in alleviating progression of perito-
neal fibrosis.

RTKSs and Src may induce activation of multiple intra-
cellular signaling pathways including Akt and STAT3
pathways [1]. The activation of STAT3 dramatically in-

Fig. 8. Mechanism of delayed administra-

PDGFR

(OXOXOXOXOXS)

Cell membrane

FGFR VEGFR

tion of nintedanib on peritoneal fibrosis.
Nintedanib can block both RTKs (PDGFR,

Downstream signaling pathways

FGFR, VEGFR) and non-RTKs receptors,
such as Src superfamily (Src, Lck, Lyn) ac-
tivation simultaneously, resulting in inhib-
iting downstream signaling pathways
(STAT3, NF-kB, Smad3, etc.). Therefore, it

\ l l \

may inhibit the EMT of peritoneal mesen-
chymal cells, regulate the deposition and
degradation of ECM, decrease angiogene-
sis, reduce inflammation, and ultimately
ameliorates the progression of peritoneal
fibrosis.

l—

Fig. 7. Delayed administration of nintedanib blocks phosphoryla-
tion of STAT3, NF-kB and Smad3 after CG injury. a The perito-
neums were taken for immunoblot analysis of phospho-STAT3
(p-STAT3), phospho-NF-«xB (p-NF-kB) and phospho-Smad3 (p-
Smad3), and total STAT3, NF-kB, Smad3 and B-actin as indicated.
Representative immunoblots from 3 experiments are shown. Ex-
pression levels of p-STAT3 (b), p-NF-kB (d), and p-Smad3 (f)
were quantified by densitometry and normalized with total STAT3,
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NF-xB and Smad3 as indicated, respectively. Expression levels of
total STAT3 (c), NF-kB (e), and Smad3 (g) were quantified by
densitometry and normalized with B-actin as indicated, respec-
tively. Data are means + SEM n = 6). **@p < 0.05 versus sham con-
trol. ns, no significance versus sham control. Means with different
superscript symbols (**@) are significantly different from one an-
other.
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duces the expression of Twist and Snalil, leading to the
initiation of EMT programs [30]. Akt, STAT3, and NF-
kB activation also promote macrophage infiltration and
release of proinflammatory factors [15]. Along with its
downstream signaling partner, Smad3, TGF-p is recog-
nized as the most important fibrogenic factor involved in
the whole process of peritoneal fibrosis [15]. In addition,
there exists “cross-talk” between various fibrotic signal-
ing pathways. In this study, we found that delayed admin-
istration of nintedanib suppressed phosphorylation of
STAT3,NF-«B, and Smad3 induced by CG injection, sug-
gesting that nintedanib could simultaneously block the
transduction of fibrotic signals initiated from RTKs and
Src, suppressing and partially reversing established peri-
toneal fibrosis. Several clinical trials have provided evi-
dence for the effectiveness, safety and tolerability of nint-
edanib in patients with IPF. Therefore, our data support
that nintedanib may be a suitable choice to treat perito-
neal fibrosis clinically.

Conclusion

Our current study supports the application of ninte-
danib for treatment of peritoneal fibrosis. The underlying
mechanism may be related to blocking multiple RTKs, Src,
and downstream signaling pathways simultaneously, in-
hibiting EMT, regulating ECM synthesis and degradation,
and suppressing inflammation and angiogenesis (Fig. 8).
Our preclinical findings may be helpful to promote ninte-
danib for clinical application to treat peritoneal fibrosis.

Acknowledgments
We acknowledge the laboratory support provided by the Trans-

lational Medicine Platform of Shanghai East Hospital, Tongji Uni-
versity School of Medicine, Shanghai, China.

References

Statement of Ethics

The animal experiments conform to internationally accepted
standards and have been approved by the Ethics Committee of
Tongji University (reference number 81670623).

Conflict of Interest Statement

We declare that Professor Shougang Zhuang, the correspond-
ing author of this article, is one of the editorial board members of
Kidney Diseases. We promise that this article has not been affected
by this situation in the writing and submission process.

Funding Sources

This study was supported by the grants from the Academic
Leader Training Plan of Health System of Pudong New District of
Shanghai, China (PWRd2019-13 to Feng Liu), the Science and
Technology Development Fund by Science and Technology and
Economic Commission of Pudong New Area of Shanghai Munic-
ipality (PKJ2017-Y19 to Feng Liu), the National Nature Science
Foundation of China (82070700 and 81830021 to Shougang
Zhuang), and the National key R&D Program of China
(2018YFA0108802 to Shougang Zhuang).

Author Contributions

F.L. and S.Z. designed the research; B.C., F.L,, C.Y., S.Z., X.H,,
Y.W., and J.W. performed experiments; B.C. and F.L. analyzed the
data; F.L. and S.Z. contributed to reagents; B.C., F.L., and S.Z.
wrote the manuscript. All the authors read and approved the final
manuscript.

Data Availability Statement

All data generated or analyzed during this study are included
in this article. Further inquiries can be directed to the correspond-
ing author.

1 Liu F, Bayliss G, Zhuang S. Application of
nintedanib and other potential anti-fibrotic
agents in fibrotic diseases. Clin Sci. 2019 Jun
28;133(12):1309-20.

Lamb YN. Nintedanib: a review in fibrotic in-
terstitial lung diseases. Drugs. 2021 Apr;
81(5):575-86.

Makino S. Progressive fibrosing interstitial
lung diseases: a new concept and indication of
nintedanib. Mod Rheumatol. 2021 Jan;31(1):
13-9.

4 LiuF, Wang L, Qi H, Wang ], Wang Y, Jiang
W, et al. Nintedanib, a triple tyrosine kinase
inhibitor, attenuates renal fibrosis in chronic
kidney disease. Clin Sci. 2017 Aug 15;131(16):
2125-43.

5 Oztiirk Akcora B, Storm G, Prakash J,
Bansal R. Tyrosine kinase inhibitor
BIBF1120 ameliorates inflammation, an-
giogenesis and fibrosis in CCl4-induced liv-
er fibrogenesis mouse model. Sci Rep. 2017
Mar 14;7:44545.

332

DOI: 10.1159/000523852

Kidney Dis 2022;8:319-333

6 Juhl P,Bondesen S, Hawkins CL, Karsdal MA,
Bay-Jensen AC, Davies MJ, et al. Dermal fi-
broblasts have different extracellular matrix
profiles induced by TGF-@, PDGF and IL-6 in
amodel for skin fibrosis. Sci Rep. 2020 Oct 14;
10(1):17300.

7 Wollin L, Togbe D, Ryffel B. Effects of ninte-
danib in an animal model of liver fibrosis.
Biomed Res Int. 2020;2020:3867198.

Cui/Yu/Zhang/Hou/Wang/Wang/
Zhuang/Liu


https://www.karger.com/Article/FullText/523852?ref=1#ref1
https://www.karger.com/Article/FullText/523852?ref=2#ref2
https://www.karger.com/Article/FullText/523852?ref=3#ref3
https://www.karger.com/Article/FullText/523852?ref=4#ref4
https://www.karger.com/Article/FullText/523852?ref=5#ref5
https://www.karger.com/Article/FullText/523852?ref=6#ref6
https://www.karger.com/Article/FullText/523852?ref=7#ref7

10

11

12

13

14

FengL,Li W, Chao Y, Huan Q, LuF, Yi W, et
al. Synergistic inhibition of renal fibrosis by
nintedanib and gefitinib in a murine model of
obstructive nephropathy. Kidney Dis. 2021
Jan;7(1):34-49.

LiuF, YuC, Qin H, Zhang S, Fang L, Wang Y,
et al. Nintedanib attenuates peritoneal fibro-
sis by inhibiting mesothelial-to-mesenchymal
transition, inflammation and angiogenesis. |
Cell Mol Med. 2021 May 5;25(13):6103-14.
Wollin L, Maillet I, Quesniaux V, Holweg A,
Ryffel B. Antifibrotic and anti-inflammatory
activity of the tyrosine kinase inhibitor nint-
edanib in experimental models of lung fibro-
sis. ] Pharmacol Exp Ther. 2014 May;349(2):
209-20.

Cameron JI, Whiteside C, Katz J, Devins GM.
Differences in quality of life across renal re-
placement therapies: a meta-analytic compar-
ison. Am ] Kidney Dis. 2000 Apr;35(4):629—
37.

Korevaar JC, Jansen MA, Merkus MP, Dekker
FW, Boeschoten EW, Krediet RT. Quality of
life in predialysis end-stage renal disease pa-
tients at the initiation of dialysis therapy. The
NECOSAD Study Group. Perit Dial Int. 2000
Jan-Feb;20(1):69-75.

Moist LM, Port FK, Orzol SM, Young EW,
Ostbye T, Wolfe RA, et al. Predictors of loss
of residual renal function among new dialysis
patients. ] Am Soc Nephrol. 2000 Mar;11(3):
556-64.

Karopadi AN, Mason G, Rettore E, Ronco C.
Cost of peritoneal dialysis and haemodialysis
across the world. Nephrol Dial Transplant.
2013 Oct;28(10):2553-69.

Nintedanib Ameliorates Peritoneal
Fibrosis

15

16

17

18

19

20

21

22

23

Balzer MS. Molecular pathways in peritoneal
fibrosis. Cell Signal. 2020 Nov;75:109778.
Zhang Z, Jiang N, Ni Z. Strategies for prevent-
ing peritoneal fibrosis in peritoneal dialysis
patients: new insights based on peritoneal in-
flammation and angiogenesis. Front Med.
2017 Sep;11(3):349-58.

Zhou Q, Bajo MA, Del Peso G, Yu X, Selgas R.
Preventing peritoneal membrane fibrosis in
peritoneal dialysis patients. Kidney Int. 2016
Sep;90(3):515-24.

Roth GJ, Binder R, Colbatzky F, Dallinger C,
Schlenker-Herceg R, Hilberg F, et al. Ninte-
danib: from discovery to the clinic. ] Med
Chem. 2015 Feb 12;58(3):1053-63.

Seeger H, Braun N, Latus J, Alscher MD, Fritz
P, Edenhofer I, et al. Platelet-derived growth
factor receptor-f expression in human perito-
neum. Nephron Clin Pract. 2014;128(1-2):
178-84.

Braun N, Reimold F, Biegger D, Fritz P, Kim-
mel M, Ulmer C, et al. Fibrogenic growth fac-
tors in encapsulating peritoneal sclerosis.
Nephron Clin Pract. 2009;113(2):c88-95.
Li]J, Li SX, Gao XH, Zhao LF, Du J, Wang TY,
etal. HIF1A and VEGF regulate each other by
competing endogenous RNA mechanism and
involve in the pathogenesis of peritoneal fi-
brosis. Pathol Res Pract. 2019 Apr;215(4):
644-52.

He Q,WenL, WangL, ZhangY, Yu W, Zhang
F, et al. miR-15a-5p suppresses peritoneal fi-
brosis induced by peritoneal dialysis via tar-
geting VEGF in rats. Ren Fail. 2020 Nov;
42(1):932-43.

Wang J, Wang L, Xu L, Shi Y, Liu F, Qi H, et
al. Targeting Src attenuates peritoneal fibrosis
and inhibits the epithelial to mesenchymal
transition. Oncotarget. 2017 Oct 13;8(48):
83872-89.

24

25

26

27

28

29

30

Parrish AR. Matrix metalloproteinases in kid-
ney disease: role in pathogenesis and potential
as a therapeutic target. Prog Mol Biol Transl
Sci. 2017;148:31-65.

Hostettler KE, Zhong ], Papakonstantinou E,
Karakiulakis G, Tamm M, Seidel P, et al. Anti-
fibrotic effects of nintedanib in lung fibro-
blasts derived from patients with idiopathic
pulmonary fibrosis. Respir Res. 2014 Dec 12;
15:157.

Ji S, Deng H, Jin W, Yan P, Wang R, Pang L,
et al. Beta-catenin participates in dialysate-
induced peritoneal fibrosis via enhanced peri-
toneal cell epithelial-to-mesenchymal transi-
tion. FEBS Open Bio. 2017 Feb;7(2):265-73.
Miyake T, Sakai N, Tamai A, Sato K, Kami-
kawa Y, Miyagawa T, et al. Trehalose amelio-
rates peritoneal fibrosis by promoting Snail
degradation and inhibiting mesothelial-to-
mesenchymal transition in mesothelial cells.
Sci Rep. 2020 Aug 31;10(1):14292.
Pérez-Lozano ML, Sandoval P, Rynne-Vidal
A, Aguilera A, Jiménez-Heffernan JA, Albar-
Vizcaino P, et al. Functional relevance of the
switch of VEGF receptors/co-receptors dur-
ing peritoneal dialysis-induced mesothelial to
mesenchymal transition. PLoS One. 2013;
8(4):e60776.

LiQ, Zheng M, Liu Y, Sun W, ShiJ, NiJ, etal.
A pathogenetic role for M1 macrophages in
peritoneal dialysis-associated fibrosis. Mol
Immunol. 2018 Feb;94:131-9.

Sullivan NJ, Sasser AK, Axel AE, Vesuna F,
Raman V, Ramirez N, et al. Interleukin-6 in-
duces an epithelial-mesenchymal transition
phenotype in human breast cancer cells. On-
cogene. 2009 Aug 20;28(33):2940-7.

Kidney Dis 2022;8:319-333

DOI: 10.1159/000523852

333


https://www.karger.com/Article/FullText/523852?ref=8#ref8
https://www.karger.com/Article/FullText/523852?ref=9#ref9
https://www.karger.com/Article/FullText/523852?ref=9#ref9
https://www.karger.com/Article/FullText/523852?ref=10#ref10
https://www.karger.com/Article/FullText/523852?ref=11#ref11
https://www.karger.com/Article/FullText/523852?ref=12#ref12
https://www.karger.com/Article/FullText/523852?ref=13#ref13
https://www.karger.com/Article/FullText/523852?ref=14#ref14
https://www.karger.com/Article/FullText/523852?ref=15#ref15
https://www.karger.com/Article/FullText/523852?ref=16#ref16
https://www.karger.com/Article/FullText/523852?ref=17#ref17
https://www.karger.com/Article/FullText/523852?ref=18#ref18
https://www.karger.com/Article/FullText/523852?ref=18#ref18
https://www.karger.com/Article/FullText/523852?ref=19#ref19
https://www.karger.com/Article/FullText/523852?ref=20#ref20
https://www.karger.com/Article/FullText/523852?ref=21#ref21
https://www.karger.com/Article/FullText/523852?ref=22#ref22
https://www.karger.com/Article/FullText/523852?ref=23#ref23
https://www.karger.com/Article/FullText/523852?ref=24#ref24
https://www.karger.com/Article/FullText/523852?ref=24#ref24
https://www.karger.com/Article/FullText/523852?ref=25#ref25
https://www.karger.com/Article/FullText/523852?ref=26#ref26
https://www.karger.com/Article/FullText/523852?ref=27#ref27
https://www.karger.com/Article/FullText/523852?ref=28#ref28
https://www.karger.com/Article/FullText/523852?ref=29#ref29
https://www.karger.com/Article/FullText/523852?ref=29#ref29
https://www.karger.com/Article/FullText/523852?ref=30#ref30
https://www.karger.com/Article/FullText/523852?ref=30#ref30

