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Introduction: Inflammation plays an important role in the pathogenesis of acute kidney
injury (AKI). Fibroblast growth factor receptor 1 (FGFR1) signaling is implicated in kidney
pathology. AZD4547 is a small molecule inhibitor of FGFRI1.

Materials and Methods: Here, we investigated whether AZD4547 could mitigate inflamma-
tory responses in AKI. C57BL/6 mice were injected with lipopolysaccharide (LPS) to induce
AKI. FGFR1 was blocked using AZD4547 or CRISPR/Cas9 genome editing. After immuno-
fluorescent double-staining of kidney tissues showing that P-FGFR1 was localized to renal
tubular epithelial cells, a tubular epithelial cell line (NRK-52E) was used for in vitro analysis.
Results: AZD4547 significantly reduced renal inflammation, cell apoptosis, and kidney
dysfunction in AKI mice. In vitro, treatment of NRK-52E cells with AZD4547 attenuated
LPS-induced inflammatory responses and was associated with downregulated P-FGFRI1
levels. These findings were further confirmed in NRK-52E cells by knocking down the
expression of FGFR1.

Conclusion: Our findings provide direct evidence that FGFR1 mediates LPS-induced
inflammation leading to renal dysfunction. We also show that AZD4547 is a potential
therapeutic agent to reduce inflammatory responses in AKI. Both FGFR1 and AZD4547
may interesting therapeutic options to combat AKI.

Keywords: acute kidney injury, lipopolysaccharide, inflammation, AZD4547, renal tubular
epithelial cells

Introduction
Acute kidney injury (AKI), one of the most prominent and clinically critical care
syndrome, increases the risk of mortality during the uncontrolled systemic inflam-
matory response.’” In AKI, renal function degrades rapidly, resulting in increased
serum creatinine levels and decreased urine output.> AKI results from various
events, including sepsis, organ transplantation, cardiac surgery and rheumatic
fever.*® Among these various structural and functional events, sepsis seems to be
the most important cause of acute renal damage and lipopolysaccharide (LPS)
remains the secondary cause of systemic inflammatory response syndrome.'* It is
estimated that the occurrence of AKI leads to 50% mortality in ICU patients.” Thus,
exploring new and effective therapeutic options to prevent this epidemic is
necessary.

AZDA4547 is a highly selective, orally bioavailable, small molecule inhibitor of
fibroblast growth factor receptor 1 (FGFR1). AZD4547 selectively inhibits FGFR1
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phosphorylation and represses the proliferation of cancer
cells by inhibiting FGFR1 signaling.® Several reports have
previously implicated FGFRI1 signaling in kidney
pathology.” "' Baelde et al observed that FGF1/FGFRI1
signaling is downregulated in kidney tissue from diabetic
subjects.” Importantly, with relevance to our study, in
normal kidneys, FGFR1 is expressed in the tubular epithe-
lium, mesangial cells and glomerular endothelial cells. The
expression of FGFR1 is increased over normal above
tubular epithelial cells in inflammatory renal diseases,
including lupus nephritis (LN), chronic allograft nephro-
pathy (CAN), and acute interstitial nephritis (AIN)."
Recently, we have shown that FGFR1 antagonism by
either AZD4547 or siRNA silencing attenuates LPS-
induced activation of hepatic stellate cells via suppressing
inflammation.'? These findings suggest that FGFR1 block-
age may have the potential to reduce the severity of
inflammatory injury in the kidney.

In this study, we investigated the potential activity of
AZDA4547 against inflammatory responses in AKI. Using the
LPS-induced septic mouse model, we show that AZD4547
attenuates indices of inflammatory responses in kidneys and
protects against kidney dysfunction. We found that these
activities were mediated, at least in part, by modulating
FGFR1. We then confirmed the significant contribution of
FGFRI in renal tubular epithelial cells challenged with LPS.
Furthermore, we found that AZD4547 modulated the
TRAF6/nuclear factor (NF)-kB inflammatory pathway by
blocking FGFR1/TRAF6 complex formation.

Methods

Reagents

AZD4547 was purchased from Shanghai Kai Yu
Pharmatech Technology Co., Ltd. (Shanghai China).
AZD4547 was dissolved in dimethyl sulfoxide (DMSO)
for in vitro studies and in 1% sodium carboxymethyl
cellulose (CMC-Na) for in vivo experiments. LPS was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animal Experiments

4-week old male C57BL/6 mice weighing 18-22g were
obtained from Wenzhou Medical University Animal Center
(Wenzhou, China). The mice were housed at constant room
temperature with a 12:12 h light-dark cycle and fed with
a standard rodent diet. All animal care and experimental
in accordance with the

protocols were performed

Guidelines for the Care and Use of Laboratory Animals

(US National Institutes of Health) and were approved by
the Affiliated Hospital of Jiangnan University Animal Policy
and Welfare Committee (No. 2019DWLLO001). The mice
were randomly divided into three weight-matched groups: 1)
saline-treated control mice (intragastric administration of
0.9% saline, Ctrl, n=7), 2) mice challenged with LPS (intra-
peritoneal injection with 15 mg/kg of LPS, LPS, n=7),
and 3) mice challenged with LPS and treated with
AZDA4547 (intragastric administration of AZDA4547 at
40 mg/kg'? for 1 hr before LPS treatment, LPS+ AZD,
n=7). Twenty-four hours following the initiation of the treat-
ments, the mice were anesthetized by intraperitoneal injec-
tion of 1% sodium pentobarbital (40 mg/kg) and sacrificed.
Blood and renal tissues were collected. Serum creatinine
(Cr) and urea nitrogen (UN) were detected using commer-
cial kits (Nanjing Jiancheng, Jiangsu, China). Kidney tissues
were either fixed in 4% paraformaldehyde for histological
analysis or flash-frozen in liquid nitrogen for gene and
protein analyses.

Histological Assessments

Renal tissues from mice were fixed in 4% paraformalde-
hyde and embedded in paraffin. Tissues were then cut into
5 pm sections and stained with hematoxylin and eosin
(H&E) for histology. Stained sections were viewed under
microscope (Nikon, Japan).

Apoptosis was measured by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL)
staining (R&D Systems, Minneapolis, MN). Images were
viewed under fluorescence microscope (Nikon, Japan).

For double labeling, the sections were incubated with both
P-FGFRI antibody and an antibody against Wilms tumor 1
(WT-1, Novus Biologicals, Littleton, CO; NBP2-44607,
1:200) or aquaporin 1 (AQO-1, Santa Cruz Biotechnology;
sc-32737, 1:200). The slides were then incubated with 2
secondary antibodies (TRITC- labeled secondary, Abcam,
ab6786, 1:500 or Alexa Fluor488- labeled secondary,
Abcam, ab150077, 1:500) for 1 h at room temperature.

Determination of Cytokine Levels

TNF-a and IL-6 proteins in kidney tissues were determined
by using cytokine-specific ELISA kits (eBiosciences Inc,
CA, USA).

Cell Culture Studies

Rat tubular epithelial NRK-52E cells were obtained from
the Shanghai Institute of Biochemistry and Cell Biology
(Shanghai, China). NRK-52E cells were grown in
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Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Eggenstein, Germany) containing 5.5 mM D-glucose, 5%
fetal bovine serum (FBS), 100 U/mL penicillin, and
100 mg/mL streptomycin.

FGFR1 knockout NRK-52E cells were achieved by
CRISPR/Cas9 genome editing according to the protocol
described in a previous publication.'* The sgRNA sequence
(5'-GCAACCGTACACGCATCACAGGG-3" for FGFRI1)
was cloned into the pSpCas9 (BB)-2A-Puro (PX459) vec-
tor. Then, the plasmid with sgRNA was transfected into
NRK-52E cells using Lipofectamine LTX. Forty-eight
hours after transfection, the cells were selected by puromy-
cin dihydrochloride (1 pg/mL). Knockdown was verified by
immunoblotting.

The CCKS assay was used to assess the cell viability of
NRK-52E cells according to the manufacturer’s instruc-
tions (WST-8, Dojindo, Kumamoto, Japan).

NF-kB Activity Assay

NF-xB activity was detected using the NF-«xB-EGFP
NRK-52E stable cell line. The NF-kB-EGFP NRK-52E
stable cell line was prepared by lentiviral infection as
described in our previous publication.'>'® During the
experiment, the NFkB-EGFP NRK-52E stable cells were
incubated with LPS (0.5 pg/mL) for 6 h. Mean fluores-
cence intensity was analyzed by flow cytometry.

In vitro Ubiquitination

Ubiquitination reactions were performed in the presence of
HEPES buffer (10 mmol/L), E1 (0.067 pL; 30 nM), ubi-
quitin (0.13 pL; 0.5 uM), UBC13-UEV1A (0.2 uL; 0.4
uM), TRAF6 and AZD4547 (1 uL; 2.5, 5, 10 or 20 uM).
The reaction mixtures were incubated on ice for 10 min.
ATP was then added, and the samples were incubated at
37°C for 30 min. The reaction was terminated by adding
loading buffer and heating the samples at 85°C for 5 min.

Western Blotting and

Co-lmmunoprecipitation

The general procedure for Western blot analysis was
described in our previous publication.'” Antibodies against
P-FGFRI1, FGFR1, transforming growth factor-f (TGF-f),
collagen (col) IV, Bax, Bcl-2, IkB-a, P-TGF-f activated
kinase 1 (TAKI1), TAK1, GAPDH and the secondary
horseradish peroxidase-conjugated antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibody against Ub was obtained from Cell Signaling

Technology (CST, CA, USA). Antibody against TNF
receptor associated factor-6 (TRAF6) was obtained from
Abcam (Cambridge, MA, USA).

For immunoprecipitation experiments, cell extracts
were incubated with anti-TRAF6-antibody for 4 h and
were then precipitated with protein G-Sepharose beads at
4 °C overnight. FGFR1 and TRAF6 levels were detected
by Western blotting using specific antibodies.

Real-Time Quantitative gPCR

The general procedure for RT-qPCR was described in our
previous publication.'” Primers for genes including TGF-
B, Col-1V, Bax, Bcl-2, TNF-a, IL-6 and B-actin were
synthesized by Invitrogen (Invitrogen, Shanghai, China).
The primer sequences used are shown in Table S1. Target
mRNA was normalized to -actin.

Statistical Analysis

All in vitro data represent 3 independent experiments and
are expressed as the means £ SEM. Statistical analyses
were performed using GraphPad Pro Prism 5.0 (GraphPad,
San Diego, CA). Student’s #-test, one-way ANOVA fol-
lowed by multiple comparisons test with Bonferroni cor-
rection or two-way ANOVA test was employed to analyze
the differences between sets of data. A P value < 0.05 was
considered significant.

Results
AZD4547 Protects Against LPS-Induced
Renal Dysfunction, Cell Apoptosis and

Inflammatory Factor Release

We first investigated the renoprotective effects of
AZDA4547 in LPS-induced acute kidney injury by treating
mice with 40 mg/kg AZD4547."° AKI mice showed
increased serum urea nitrogen (UN) and creatinine (Cr)
levels (Figure 1A and B, respectively). These changes
were not observed in AKI mice treated with AZD4547.
We next analyzed the effects of AZD4547 on kidney
tissues by histology. H&E staining of kidney tissues from
LPS mice showed renal tubular dilation, distortion and
tubular epithelial cell edema (Figure 1C). Administration
of AZD4547 normalized these AKI-associated tubule his-
topathology, indicating that AZD4547 protected kidney
function in LPS-treated mice. We then stained the kidney
tissues with Masson trichrome to assess fibrotic changes.
Our results showed no increased collagen deposition in the
interstitial compartments in diabetic mice (Figure S1A).
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Inconsistent with our histology findings, RT-qPCR analy-
sis of transforming growth factor-f (TGF-f) and collagen
IV showed increased transcript levels in kidney tissues of
AKI mice, and AZD4547 normalized the levels of col-
lagen IV and TGF- (Figure 1D-E, respectively).

To assess whether the effects of AZD4547 on preser-
ving renal function in AKI are mediated through the mod-
ulation of cell apoptosis, we measured the proapoptotic
gene Bax and the antiapoptotic gene Bcl-2. RT-qPCR
analysis showed an increased Bax: Bcl-2 ratio
(Figure 1F). AZDA4547 significantly alleviated this LPS-
induced change. TUNEL staining of kidney specimens
from LPS mice showed increased TUNEL-positive apop-
totic cells in renal tubules (Figure 1G). However, treat-
ment with AZD4547 prevented this increase.

We next assessed whether inflammation was involved in
the actions of AZD4547. We measured renal TNF-a and IL-6
levels by ELISA and found that these proinflammatory fac-
tors were increased in AKI mice (Figure 1H and I, respec-
tively). Such an increase was not observed in LPS mice
treated with AZD4547. Renal inflammation is a sum effect
of tubular epithelial cells, podocytes and glomeruli cells
expressing various proinflammatory cytokines, cell surface
molecules, and chemokines that recruit macrophages.
Recruited cells substantially increase inflammatory factors
in the kidney. Thus, we performed an additional analysis to
detect the infiltration of macrophages in the kidney tissues of
AKI mice. We stained kidney tissues for CD68 and found
increased immunoreactivity in AKI mice compared to that in
Ctrl mice (Figure S1B). CD68 immunoreactivity was
reduced in kidney tissues of AZD4547-treated mice, suggest-
ing decreased infiltration. These findings strongly suggest
that AZD4547 protects against LPS-related renal dysfunc-
tion, cell apoptosis and inflammation in mouse kidneys.

FGFR| Activation Is Upregulated in Renal
Tubular Epithelial Cells in LPS-Induced

AKI Mice
AZD4547 is a small-molecule inhibitor that specifically
inhibits FGFR1 activity.® To confirm the role of FGFR1
in LPS-related renal inflammation and dysfunction, we
examined the activation and localization of FGFRI1 in
kidney tissues to identify the cellular source. FGFR1
phosphorylation was robustly increased in the
kidneys of AKI mice as detected by Western blotting
(Figure 2A).

P-FGFR1 immunoreactivity in cells expressing AQP-1

Immunofluorescence staining showed

implicating renal tubular epithelial cells as the cellular
source/target (Figure 2B). P-FGFR1 immunoreactivity,
although significantly reduced, was also observed in
WT-1 positive podocytes and glomeruli cells
(Figure 2C). These findings show the role of FGFR1 in
LPS-induced AKI and that renal tubular epithelial cells
are perhaps the major contributor to the inflammatory
responses.

AZD4547 Inhibits LPS-Induced
Inflammatory Deficits in Cultured Renal
Tubular Epithelial Cells

To provide mechanistic insights into the role of AZD4547
and FGFR1 in LPS-induced kidney dysfunction, we chal-
lenged a cultured rat tubular epithelial cell line (NRK-52E)
with LPS to model renal proximal tubular epithelial cells in
AKI. As shown in Figure S2, AZD4547 significantly inhib-
ited cell proliferation at a concentration of 20 uM in
NRK-52E cells. Thus, we selected 10 uM for our study.
NRK-52E cells were pretreated with AZD4547 for 1 h and
then stimulated with 0.5 pg/mL LPS for the indicated times.
LPS induced a robust increase in FGFR1 phosphorylation
that was inhibited by AZD4547 pretreatment (Figure 3A).
To evaluate the effect of AZD4547 on LPS-induced inflam-
matory injury, we determined the cell viability of NRK-52E
cells. AZD4547 pretreatment increased cell viability of
LPS-stimulated NRK-52E cells (Figure 3B). Upon sus-
tained LPS stimulation for 24 h, the protein expression of
Bax increased and Bcl-2 decreased (Figure 3C and D).
Pretreatment with AZD4547 reversed these changes. As
shown in Figure 3E and F, LPS treatment induced expres-
sion of TGF-f and collagen IV, both of which were reduced
by AZD4547. We also measured TGF-§, Col-IV, Bax, and
Bcl-2 using RT-qPCR in vitro. We have included these data
in Figure S2B-D, which showed that under LPS stimula-
tion, the mRNA levels of TGF-B, Col-IV and Bax: Bcl-2
ratio were increased, all these changes were reversed by
AZDA4547.

To confirm the roles of AZD4547 and FGFR1 in LPS-
associated renal inflammation, we investigated the levels of
proinflammatory factors in NRK-52E cells. AZDA4547
reduced LPS-induced TNF-a and IL-6 mRNA levels
(Figure 4A and B, respectively). We know from previous
studies that LPS-induced activation of NF-«B signaling
causes renal inflammation.'®'® To test this hypothesis, we
generated a stable NRK-52E cell line expressing the NF-xB
reporter (EGFP) and exposed the cells to LPS. AZD4547

Drug Design, Development and Therapy 2020:14

submit your manuscript

837

Dove


https://www.dovepress.com/get_supplementary_file.php?f=224343.docx
https://www.dovepress.com/get_supplementary_file.php?f=224343.docx
https://www.dovepress.com/get_supplementary_file.php?f=224343.docx
http://www.dovepress.com
http://www.dovepress.com

Chen et al Dove

A Ctrl LPS LPS+AZD

P-FGFR[m— —— e — —— ——

**

I\IJOO

GAP D H | s s s S—

—
1

Relative density
(fold change)
H

Ctrl LPS LPS+AZD
B AQP-1

Figure 2 FGFRI activation is upregulated in kidney tissues in LPS mice. (A) Western blot and densitometric analysis of P-FGFRI and FGFR1 levels in kidney tissues [n=5 per
group; 2 Ctrl, 2 LPS and 2 LPS+AZD samples shown in immunoblots]. (B) Immunofluorescence staining for P-FGFRI (red) and AQO-I (green) showing immunoreactivity of
P-FGFRI in tubular epithelial cells [scale bar = 50 pm]. Merged images (yellow) showing colocalization. (C) Immunofluorescence staining of kidney tissues for P-FGFRI (red)
and WT-1 (green) [scale bar = 50 um]. WT-1 was used as a marker of podocytes. (¥, vs Ctrl group; #, vs LPS group; #P<0.05, ¥P<0.01.)

838 submit your manuscript Drug Design, Development and Therapy 2020:14

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

A Ry

ot W ¢

P-FGFR1|# = oo o |
FGFR1| s s s

GAPDH [ s |

?1,0
O\S\ \?6 \/Q%x
Bax M S o |

B|-2 | em— e

GAPDH [ s

E ROy

X
RSN
J— ._‘

o

TGF-B|

CO|-|V‘ e — .—‘

GAPDH [

Relative density

CCK8
120~
2 #
> 80+
3 *%k%
©
2 40-
(]
(@]
Ctrl  LPS LPS+AZD
D Bax/Bcl-2
%6“51 * k%
§53
G2 #t
=)
53010 .
Ctrl LPS LPS+AZD
1 Ctrl
4. EE LIPS
_ 47 mm LPS+AZD
(0]
§3‘ ** *%
S 2 # #
o
iinl | s ﬂ

TGF-B/GAPDH Col-IV/GAPDH

Figure 3 AZD4547 inhibits LPS-induced cell apoptosis and fibrosis in NRK-52E cells. NRK-52E cells were pretreated with 10 uM AZD4547 for | h, and then exposed to 0.5
pg/mL LPS for the indicated times. (A) Incubation with LPS for |5 min. p-FGFRI levels was detected by immunoblots. (B) Incubation with LPS for 24 h. The cell viability of
NRK-52E cells was detected by CCK8 assay [n= 3 per group]. (C, D) Exposure to LPS for 24 h. The expression of Bax and Bcl-2 in cell lysates were detected by
immunoblots [n= 3 per group]. (E, F) Exposure to LPS for 24 h, the levels of TGF-$ and Col-IV protein were detected by Western blot [n= 3 per group]. (*, vs Ctrl group;

#, vs LPS group; #P<0.05, * and **P<0.01, **P<0.001.)

diminished LPS-induced NF-kB activity (Figure 4C).
Furthermore, we also observed reduced activation of NF-xB
by AZD4547, as evidenced by decreased degradation of
IkB-a (Figure 4D) in LPS-stimulated NRK-52E cells. TAK1
has been shown to be involved in NF-kB activation.*’
Consistent with these findings, AZD4547 inhibited the phos-
phorylation of TAK1 (Figure 4D). These results indicate that
AZDA4547 attenuates LPS-induced inflammatory factors by
reducing the TAK1/NF-kB signaling pathway in NRK-52E
cells.

FGFRI Regulates LPS-Related

Proinflammatory Pathway Activation in
Renal Tubular Epithelial Cells
To confirm the importance of FGFR1 in mediating LPS-

induced inflammatory deficits, we knocked out the expres-
sion of FGFR1 by using the CRISPR/Cas9 genome editing.

Transfection of NRK-52E cells with plasmids targeting
FGFRI led to decreased FGFR1 expression as expected
(Figure 5A) and ameliorated the LPS-induced reduction in
cell viability (Figure 5B). Similarly, FGFRI1 knockout
reversed the LPS-induced increases in Bax, TGF-B and
collagen IV and decreases in Bcl-2 (Figure 5C). We found
that FGFR1 knockout caused decreases in TNF-a and IL-6
mRNA upon LPS stimulation (Figure 5D and E, respec-
tively). We then examined NF-kB activity using a stable
NRK-52E cell line expressing an NF-kB reporter (EGFP).
FGFRI1 knockout diminished LPS-induced NF-kB activity
(Figure 5F). Upon sustained LPS stimulation for 1 h, degra-
dation of IkB-a and phosphorylation of TAK1 increased
(Figure 5G). FGFR1 knockout reversed these changes.
These results suggest that FGFRI inhibition directly
reduces LPS-induced inflammatory responses and cell
apoptosis in cultured tubular epithelial cells.
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AZDA4547 Modulates TRAF6-Related
Polyubiquitination by Blocking FGFR1/

TRAF6 Complex Formation

In LPS-induced TAK1/NF-xB signaling activation, protein
ubiquitination of key accessory proteins such as TNF receptor
associated factor-6 (TRAF6) may be involved.*’ The interac-
tion of TRAF6 with the ubiquitin-conjugating enzymes El
and Ubc13-Uev2 (E2), catalyzes the formation of polyubi-
quitin chains.”® Therefore, we reasoned that AZD4547 may
modulate TAKI1/NF-«B signaling through alteration of
TRAF6 ubiquitination. We first investigated the effect of
AZDA4547 on TRAF6-related ubiquitination in vitro. The
ubiquitination reaction was carried out in the presence of
El, Ubcl13—Uev2 (E2), TRAF6 (E3) and ubiquitin. Ubc13—
Uev2 was activated by adding ATP. Polyubiquitination
(polyUb) was significantly inhibited by AZD4547 in a dose-
dependent manner (Figure 6A). These data show that
AZD4547 blocks TRAF6-related polyUb and possibly inhi-
bits TAK1/NF-xB through this mechanism. Based on our
previous research,'” we tested whether LPS could induce
the formation of the FGFR1/TRAF6 complex in NRK-52E

cells. As shown in Figure 6B, co-immunoprecipitation
showed that LPS challenge of NRK-52E cells for 15 to 30
min markedly increased the recruitment of TRAF6 to
FGFRI1, while the FGFR1 blocker AZD4547 completely
prevented the FGFR1/TRAF6 interaction in NRK-52E cells
(Figure 6C). These findings show a novel mechanism by
which AZD4547 modulates inflammatory deficits in NRK-
52E cells that involves LPS-mediated FGFR1/TRAF6 com-
plex formation and protein ubiquitination.

Discussion

The salient finding of our study includes the demonstration
that AZD4547 protects against LPS-associated renal inflam-
mation, cell apoptosis, and functional deficits. We also
showed that these activities of AZD4547 are, at least in
part, mediated through the suppression of FGFR1. Analysis
of kidney tissues showed upregulated activation of FGFR1 in
renal tubular epithelial cells of LPS-induced AKI mice.
Knocking down the expression of FGFR1 in cultured renal
tubular epithelial cells challenged with LPS mirrored the
results obtained from AZD4547 treatment. Finally,
AZDA4547 modulated the TRAF6/NF-«xB inflammatory

submit your manuscript

840

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

O '\\(\O
A <© ?:\\(\O
&
FOFRI[fm —]  BaX(— = — ]
GAPDH[===—]  Bol-Zlmmm e
B_ 120 TGF-B[ = - o |
gigﬂ ﬁﬂ Col-IV [ 0
g GAPDH [ e e =
3 0K e S O
?C’?@?G&
R E
<Z( 54 *% <z( 61 *kk
£ 4 :
2 3 : "
S 2 4t g o ki
S 11 :
S NN AN A R NN
OFC CaPca
X )(? ?
oS o O
\® ?\’\\l\
. moom e &
— LPS+FGFR1 KO 21.6 SRS ?6?
FGFR1 KO 19.8 IKb-G\— — — —“
. =3 7.\ G ———
O._.1
/ \\ TAK'”“'-“
N GAPDH| s s

FL1 EGFP

Figure 5 FGFRI knockout decreases LPS-induced inflammatory deficits in NRK-52E cells. (A) Western blot analysis of FGFRI in lysates generated from wild type
(WT) and FGFRI knockout (KO) NRK-52E cells. WT and FGFRI KO NRK-52E cells were stimulated with LPS (0.5 pg/mL) for the indicated times. (B) Cells were
incubated with LPS for 24 h. Cell viability was detected by CCK8 assay [n= 3 per group]. (C) Cells were exposed to LPS for 24 h. The levels of Bax, Bcl-2, TGF-f,
and Col-IV were detected by immunoblots. (D, E) Cells were exposed to LPS for 6 h. TNF-a and IL-6 mRNA levels were detected by RT-qPCR [n= 3 per group].
(F) Cells were incubated with LPS (0.5 ug/mL) for 6 h. NF-kB activity is shown as the mean fluorescence intensity (MFl) detected by flow cytometry. (G) Cells were
exposed to LPS for | h. Western blot analysis of IkB-a, P-TAKI and TAKI levels in WT and FGFRI KO NRK-52E cells. (¥, vs WT group; #, vs LPS group; ** and

#p<0.01, *** and ##P<0.001.)

pathway by blocking FGFR1/TRAF6 complex formation
(Figure 6D). Collectively, our findings provide evidence
that FGFRI1 is a potential therapeutic target to normalize
inflammation in AKI and that AZD4547 may be a feasible
strategy for treating acute renal injury.

FGFR1 expression has been reported in the tubular epithe-
lium, glomerular endothelial cells and mesangial cells in nor-

mal human kidneys.'' We found that FGFR1 activation was

upregulated in renal tubular epithelial cells in LPS-induced
AKI mice (Figure 2). Although studies are needed to examine
the contribution of FGFR1 in other renal cells, we do show
that suppression of FGFR1 by either AZD4547 (Figures 3
and 4) or CRISPR/Cas9 genome editing (Figure 5) reduces
NF-kB activity, and downstream expression of IL-6, TNF-a,
as well as molecular markers of fibrosis and apoptosis in renal
tubular epithelial cells (NRK-52E cells).
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Figure 6 AZD4547 modulates TAKI/NF-kB signaling by increasing the interaction between P-FGFRI and TRAF6. (A) Ubiquitination was carried out in the presence
of TRAF6 and blocked by AZD4547 in a dose-dependent manner. Immunoblotting was performed with an anti-Ub antibody. (B) Lysates from LPS-stimulated
(indicated times) NRK-52E cells were immunoprecipitated with TRAF6 antibody (IP) and immunoblotted (IB) for P-FGFRI. (C) Immunoprecipitation (IP) of lysates
from LPS-stimulated (30 min) NRK-52E cells with AZD4547; IP of TRAF6 and immunoblotting (IB) for P-FGFRI proteins [n= 3 per group]. (D) Schematic illustration
of the potential mechanisms: LPS activates FGFRI and increases the interaction between P-FGFRI and TRAF6 to produce TAKI/NF-kB signaling activation and the
production of inflammatory cytokines. These inflammatory deficits cause acute kidney injury. (¥, vs Ctrl group; #, vs LPS group; *** and **P<0.001.)

Elevated and sustained inflammation, including
increased levels of proinflammatory cytokines IL-6 and
TNF-q, is intricately linked to renal injuries.”' It is
believed that increased IL-6 and TNF-a play a role in
increased permeability, glomerular filtration rate, hemody-
namic changes and renal fibrosis.?' * In addition, inflam-
matory cytokines may also cause cell apoptosis by

inducing the expression of pro-apoptotic factors such as

Bax.”* Huang et al showed that AZD4547 improved the
survival of cecal ligation and puncture (CLP) model mice
and exhibited a protective function against lung injury via
inhibiting the expression of the pro-inflammatory
factors.?® In the present study, we showed that AZD4547
reduced LPS-induced inflammation, cell apoptosis and
renal dysfunction in vivo (Figure 1). These findings sug-
gest that FGFR1 pharmacological inhibition is protective
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against AKI and that FGFR1 plays an important role in
kidney inflammatory responses, and structural and func-
tional characteristics of AKI.

LPS does not directly interact with renal epithelial cells
in the AKI model, as no evidence has shown that LPS
penetrates the glomerular filtration barrier. LPS enters
peripheral circulation and stimulates TNF-o and other
proinflammatory cytokines, which induce inflammatory
responses in cells. Therefore, we exposed NRK-52E cells
to TNF-a with or without AZD4547. Our results show that
TNF-a induced FGFRI1 phosphorylation and that
AZDA4547 counteracted the TNF-a-induced increase in
mRNA levels of TGF-B, Col-IV, and Bax: Bcl-2 ratio in
NRK-52E cells (Figure S3). These results indicate that
AZDA4547 attenuates TNF-a-induced renal tubular epithe-
lial cell injury.

Studies have shown that overactivation of TRAF6/NF-
kB inflammatory signaling leads to inflammation in kidneys
and the progression of AKIL'®!19242627 Activation of NF-
kB results in increased pro-inflammatory cytokine produc-
tion in LPS-induced renal damage.'®'® Recent studies have
also linked TRAF6 to sepsis complications, including
AKI? Further implicating this pathway in AKI are studies
that show inhibition of inflammation upon TRAF6
deficiency.?® In the Toll-like receptor 4 (TLR4) pathway,
TRAF6 serves as the signal transducer that activates IxB
kinase (IKK) in response to proinflammatory mediators
LPS. IKK activation by TRAF6 requires
a ubiquitin-conjugating enzyme complex composed of El
and Ubcl3-Uev2 (E2). This complex, together with
TRAFG6, catalyzes the formation of a polyubiquitin chain

such as

that mediates IKK activation.”® LPS-induced phosphoryla-
tion of key proteins of the NF-kB/MAPK/STAT3 pathways
in RAW264.7 macrophages were inhibited by AZD4547.%
Based on these data, we hypothesized that AZD4547
reduces the polyubiquitination of TRAF6 and suppresses
NF-kB activation. Indeed, our results show that AZD4547
reduced TRAF6-related ubiquitination (Figure 6A). The
result of this suppression was reduced phosphorylation of
TAK1. Furthermore, we identified for the first time that LPS
increased the interaction between P-FGFR1 and TRAF6
(Figure 6B), while AZD4547 prevented the recruitment of
TRAF6 to FGFR1 (Figure 6C).

In summary, our findings demonstrated that pharmacolo-
gical inhibition of FGFR1 by AZD4547 and knockdown of
FGFRI attenuates LPS-associated renal inflammation, apop-
tosis and renal dysfunction. Our results revealed that
P-FGFRI1 is primarily localized to renal tubular epithelial

cells and that inhibiting FGFR1 normalizes LPS-induced
inflammatory factor expression by dampening NF-kB activa-
tion. Collectively, our study provides evidence that FGFR1
plays a significant role in inflammatory responses in renal
tubular epithelial cells. Both FGFR1 and AZD4547 may
represent interesting therapeutic options to combat AKI.
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