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Abstract. — OBJECTIVE: Roxadustat is used
to treat renal anemia. The renoprotective effect
of roxadustat needs to be further confirmed, and
the mechanism of action is unknown. This study
aims to evaluate the effect and mechanism of
roxadustat in hypoxia-related nephropathy with
the renal tubular epithelial cell line NRK-52E.

MATERIALS AND METHODS: The cell Count-
ing Kit-8 (CCK-8) assay was employed to assess
cellular proliferation in the current investigation.
Flow cytometry was used to conduct cell apop-
tosis analysis. The utilization of electron micros-
copy facilitated the identification of changes
in cellular ultrastructure. Immunofluorescence
was used to detect the expression trend of hy-
poxia-inducible factor-1a (HIF-1a). The connec-
tive tissue growth factor (CTGF), transforming
growth factor-g1 (TGF-B1), Smad family mem-
ber 3 (Smad3), p-Smad3, a-smooth muscle actin
(a-SMA), collagen I, and HIF-1a were assessed
by western blotting. Real-time fluorescent quan-
titative PCR (RT-qPCR) was used to measure
TGF-B1 and Smad3 mRNA.

RESULTS: Significant growth inhibition and
increased apoptosis were observed in NRK-
52E cells cultured under hypoxic conditions (1%
and 5% O,), which can be rescued by roxadu-
stat. From a morphological perspective, it has
been observed that roxadustat can counteract
cellular damage features produced by hypox-
ia. These features include the contraction of the
nuclear envelope and an increase in the forma-
tion of apoptotic bodies. Roxadustat increases
HIF-1a expression acutely at 24 h, followed by
a gradual reduction of HIF-1a expression to lev-
els significantly below that of the hypoxia group
by 72 h. Roxadustat can also inhibit hypoxia-in-
duced increased expression of CTGF, TGF-pB1,
p-Smad3, a-SMA, collagen |, and HIF-1a. Com-
bined treatment with roxadustat and siRNA
against TGF-B1 synergistically reduced the ex-
pression of CTGF and HIF-1a, while the effect on
TGF-B1 and p-Smad3 were comparable to that of
the individual treatment alone. Comparably, the
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combined administration of roxadustat and siR-
NA targeting Smad3 had a synergistic impact on
diminishing the expression of CTGF.

CONCLUSIONS: These findings indicate that
roxadustat attenuates experimental renal fibro-
sis likely by inhibiting the TGF-$1/Smad3 path-
ways, while its effect on CTGF and HIF-1a may
involve other signaling pathways.

Key Words:
Roxadustat, Hypoxia, Renal injury, TGF-B1/Smad,
NRK-52E.

Introduction

Roxadustat is a pharmacological agent that
functions as an inhibitor of hypoxia-inducible
factor prolyl hydroxylase. It has exhibited both
safety and efficacy in treating renal anemia'~.
Nevertheless, renal-protective effects and their
association with signaling pathways remain un-
certain. Recent studies®* showed that roxadustat
attenuates experimental pulmonary fibrosis in vi-
tro and in vivo and markedly reduces myocardial
ischemia-reperfusion injury in mice. Neverthe-
less, research is scarce on the potential protective
effects of kidney injury. Our previous clinical
studies’ have shown that roxadustat can reduce
the expression of serum transforming growth fac-
tor-pl1 (TGF-B1) and fibronectin (FN) in patients
with renal anemia, suggesting that roxadustat
may have a protective effect on the kidney. How-
ever, additional research is necessary to validate
these data and investigate the underlying mecha-
nism of action.

Hypoxia is an inherent pathophysiological
characteristic of chronic kidney disease (CKD)
and is closely associated with the development
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of renal fibrosis®. The proximal tubule is par-
ticularly vulnerable to injuries such as hypoxia,
which may be related to the high concentration of
mitochondria in these cells and the dependency
on oxidative phosphorylation. Tubular epithelial
cells are susceptible to both inflammation and
fibrogenesis. A growing body of evidence’ indi-
cates that when exposed to hypoxia, these cells
suffer functional changes such as cell death or
atrophy, maladaptive repair, metabolic switching,
and senescence. Additionally, they release a range
of bioactive substances that contribute to intersti-
tial inflammation and fibrosis.

Hypoxia can cause epithelial-mesenchymal
transition (EMT) in the kidney, leading to re-
nal fibrosis®. EMT is characterized by a de-
crease of the epithelial marker E-cadherin and
an increase of the mesothelial marker a-smooth
muscle actin (a-SMA). Increased expression of
other proteins, such as connective tissue growth
factor (CTGF), collagen I, and collagen III, has
also been associated with renal fibrosis’. Our
previous studies!®!! showed that roxadustat can
reduce the expression of TGF-BI in serum. The
TGF-B1/Smad signaling pathway plays a crucial
role in the pathogenesis of fibrosis. TGF-B1 is
a multifunctional cytokine that participates in
inflammation, cell growth, apoptosis, and dif-
ferentiation in the formation of tissue fibrosis'.
The Smad protein family is the downstream
substrate molecules of TGF-P1 signaling and are
categorized as receptor-activated, universal, or
inhibitory types depending on their structure.
The receptor-activated Smad3 can bind directly
to the promoter region of collagen to promote
renal fibrosis®.

In this study, we aimed to evaluate the ability
of roxadustat to protect against hypoxia-induced
cell injury, focusing on signaling mechanisms
involving TGF-p1, Samd3, p-Samd3, CTGF, hy-
poxia-inducible factor-la (HIF-1a), a-SMA, and
collagen 1.

Materials and Methods

Cell Culture

NRK-52E cells (Procell, Wuhan, China) were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine
serum and maintained at 37°C and 5% CO,.
Cells were grown until confluent, then used in
experiments. All media and supplements were
purchased from GENOM (Guangzhou, China).

Hypoxia and Roxadustat Treatment

Experimental hypoxia can be generated
chemically with a HIF-1 inducer (cobalt chlo-
ride, CoCl,)" or with a three-system incubator
by controlling the input of O,, N, and CO,.
Three-gas incubator-generated hypoxia mod-
els have been used to study kidney injury!'>!6,
We adopted a similar system to culture cells
under hypoxic (1, 5, or 10% O,) conditions
using a three-system incubator (Heal Force,
Shanghai, China). Roxadustat (51007, Selleck,
Houston, USA) was dissolved in the Division
Medical Supply Office (DMSO) and prepared
as a stock solution (20 mM) with Phosphate
Buffer Saline (PBS). The stock solutions were
diluted in serum-free medium to give a final
concentration of 0.3, 1, 3, 10, and 15 mM for
experiments.

Cell Proliferation Assay

NRK-52E cells were seeded into 96-well plates
at a density of 1x10° cells/well and incubated in
normal oxygen concentration (21% O,) for 24 h,
followed by a medium change and incubation at
different O, concentrations (1%, 5%, 10%, 21%)
for 24, 48 and 72 h. The cell Counting Kit-8
(CCK-8) solution (10 puL) was added to each well
and incubated for 4 h, and the absorbance was
measured at 450 nm on a Diatek microplate read-
er (R-200Bs, Jiangsu, China).

Apoptosis Measurement by
Flow Cytometry

Cells were seeded into 6-well plates and cul-
tured for 72 h, then, washed with PBS and
collected into flow tubes. Cells precipitate were
resuspended with 300 uL. binding buffer, then,
permeabilized with 0.25% trypsin, stained with
annexin V-FITC, and the mixture was incubated
in the dark for 10 min. After adding 5 puL PI, the
mixture was incubated in the dark for 5 min and
analyzed using flow cytometry (CytoFlex, Beck-
man, Germany) within 1 hour.

HIF-10. Measurement by
Immunofiluorescence

Cells were cultured for 24, 48, and 72 h and
fixed with 4% formaldehyde, stained with pri-
mary antibody against HIF-la (1:100, Abcam,
Cambs, UK) overnight, and anti-rabbit-CY3
secondary antibody (1:100, Aspen, Wuhan, Chi-
na). Nuclei were stained with the Diamidino
Phenylindole (DAPI). Stained cells were viewed
and imaged with a fluorescence microscope
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(IX51, Olympus, Japan). The Ipwin32 software
(Bethesda, MD, USA) was used to quantify flu-
orescence intensity.

Electron Microscopy

Cells were cultured for 72 h, washed, and
processed for transmission electron microscopy
(TEM), including fixation, dehydration, embed-
ding, slicing, and uranyl acetate dye staining.
First, the cells were rinsed 15 min with pH 7.2
phosphate buffer three times and then fixed with
1% hungry acid for 2 h, using ethanol concen-
tration gradients of 45%, 55%, 70%, 85%, 95%,
100% I, and 100% II to dehydrate. Epon812
resin was used in infiltration, embedding and
polymerization. Trimming and sectioning were
performed with a 60-70 nm ultra-thin microtome.
Then stained with 100 uL of 50% ethanol satu-
rated solution of uranyl acetate for 15-100 min,
rinsed with double distilled water, and stained
with 100 uL of lead citrate for 15 min. Cells were
observed on the FEI (TECNAI G2 SPIRIT, MA,
USA).

Western Blotting

Cells were cultured for 72 h and washed
with ice-cold PBS. Proteins were extracted with
the whole-cell extraction kit (Keygen Biotech,
Beijing, China) and quantified using the BCA
method (Keygen Biotech, Beijing, China). 40 pg
of proteins were separated by Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE) and transferred to nitrocellulose
membranes. Membranes were incubated over-
night at 4°C with primary antibodies against
TGF-B1 (1:2000, Wuhan Sanying biotech, Wu-
hanm, China), CTGF (1:3000, Wuhan Sany-
ing biotech, Wuhan, China), Smad3 (1:3000,
CSH, MA, USA), p-Smad3 (1:500, CSH, MA,
USA), HIF-1a (1:1000, CSH, MA, USA), a-SMA
(1:100, Abcam, Cambs, UK), collagen I (1:1000,

Table I. Sequences of siRNAs against TGF-1 and Smad3.

Abcam, Cambs, UK) and B-Actin (1:10000, Bei-
jing TGY Biotech, Beijing, China). Detection
was performed with secondary Goat Anti-Rab-
bit Horseradish Peroxidase (HRP) (1:10000, As-
pen, Wuhan, China) and Electro Chemilumines-
cence (ECL) reagent (Aspen, Wuhan, China).
Immunoreactive bands were quantified using
an Imaging System (Bio-RAD, Berkeley, CA,
USA). Values were corrected with the internal
control (B-actin).

SiRNA and RT-QPCR

siRNAs against TGF-B1 and Smad3 were syn-
thesized using Ribobio (Guangzhou, China) ac-
cording to the sequences in Table I.

For RT-QPCR, RNA was extracted using
the TRIpure Total RNA Extraction Reagent
(EP013, ELK Biotechnology, Wuhan, China).
According to the manufacturer’s protocol, the
first-strand ¢cDNA was synthesized using the
EntiLink™ 1%t Strand cDNA Synthesis Super
Mix test kit (EQ031, ELK Biotechnology, Wu-
han, China). Real-time PCR was performed
and analyzed on a QuantStudio 6 Flex System
(Life Technologies, MA, USA) using the En-
Turbo™ SYBR Green PCR SuperMix (EQO001,
ELK Biotechnology, Wuhan, China). The prim-
ers used were:

TGF-1 forward: 5~AAGGAGACGGAATACAG-
GGCT-3/,

TGF-B1 reverse: 5-ACCTCGACGTTTGGGACT-
GA-3,

Samd3 forward: 5-CCAGCACACAATAACTTG-
GACC-3,

Samd3 reverse: 5“TGAAGCCATCTACTGTCAT-
GGAC-3,

Actin forward: 5-CGTTGACATCCGTAAAGA-
CCTC-3,

Actin reverse: 5-TAGGAGCCAGGGCAGTAA-
TCT-3'

Name Species Sequences

R-TGF-B1 NM_021578.2 Rat NM_021578.2_stealth 638 GAGCAACACGTAGAACTCTACCAGA
NM_021578.2_stealth_809 CACTGCTCTTGTGACAGCAAAGATA
NM_021578.2_stealth 1125 CCTACATTTGGAGCCTGGACACACA
SiRNA_NC GAGCACAGATGTCAACATCCACAGA

R-Samd3 NM_013095 Rat NM_013095_stealth_544 CATGAAGAAGGATGAAGTGTGTGTA
NM_013095_stealth_976 TGGCTTCACTGATCCCTCCAATTCA
NM_013095_stealth 1277 GGCTTTGAGGCTGTCTACCAGTTGA
SiRNA_NC TGGCACTTAGTTCCCAACCTTCTCA
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Statistical Analysis

SPSS 25.0 statistical software (IBM Corp.,
Armonk, NY, USA) was used to analyze the data.
The normal distribution of measurement data was
expressed as mean + standard deviation (£SD).
No-nnormally distributed data are represented
by median and quartile. The #-test or Wilcoxon
test was used to compare the measurement data
between the two groups. The significance level
was set at p < 0.05.

Results

Roxadustat Rescues Hypoxia-Induced
Growth Inhibition

The tubular epithelial cell line (NRE-52E) was
selected for our study. Using an in vitro hypoxia
system, we establish the growth characteristics
of these cells with different concentrations of
oxygen (1, 5, 10, and 21% O,) for 24, 48, and
72 hours. All cells grew comparatively within
the first 24 hours. At 48 hours, cells in the 1%
and 5% O, conditions showed significantly lower
proliferation rates than the control group (21%
0,) (p <0.05), and by 72 hours, all three hypoxic
conditions (1, 5, and 10% O,) showed significant-
ly delayed proliferation compared to control (p <
0.05; Figure 1A).

Previous studies' showed that 1% O, can in-
duce renal fibrosis in tubular epithelial cells.
Hence, we decided to evaluate the effect of dif-
ferent concentrations of roxadustat (0.3, 1, 3, 10,
15 uM) in this hypoxic condition. Roxadustat
(RXD) at 1 pM partially restored the growth in-
hibitory effect of hypoxia at the 72 h time point.
With 3 uM RXD, growth recovery was observed
at both the 48 and 72 h time points (p < 0.05; Fig-
ure 1B). Higher concentrations of RXD did not
significantly rescue the growth inhibitory effect
of hypoxia.

Roxadustat Inhibits Hypoxia-Induced
Apoptosis

Culturing NRK-52E cells in hypoxic condi-
tions of 1% or 5% O, resulted in a significant
increase in apoptosis compared to the control
at 72 h (p < 0.05; Figure 2). Even though a 10%
concentration of O, similarly resulted in a de-
crease in cell proliferation (Figure 1A), there was
no considerable increase in apoptosis when com-
pared to the control group (p > 0.05; Figure 2). In
addition, 3 uM roxadustat significantly decreased
apoptosis in both the 1% and 5% O, conditions

compared to hypoxia treatment alone (p < 0.05),
indicating that roxadustat inhibits hypoxia-in-
duced apoptosis.

Roxadustat Improves the Morphology of
Hypoxic Cells

We observed the differences in cell morpholo-
gy among the three groups. Most of the NRK-52E
cells were round- or oval-shaped in the control
group, whereas 1% O, hypoxia treatment for 72 h
significantly increased many cells’ volume. Cells
also became sparser, with increased dead cells
observed. Cultures with the addition of 3 pM
RXD showed healthy cells adhering well on the
plate, resembling control cells (Figure 3A). The
examination of cellular ultrastructure using elec-
tron microscopy revealed that the control cells
had intact organelles and maintained membrane
integrity. Cells experiencing hypoxia displayed
characteristic signs of injury, such as abnormal
nuclei, chromatin condensation, nuclear mem-
brane shrinkage, and an increase in apoptotic
bodies (shown by red arrows). The administration
of roxadustat resulted in enhanced cellular ultra-
structure, similar to that observed in the control
group (Figure 3B).

Roxadustat Inhibits Hypoxia-Induced
HIF-1a Expression

To assess the impact of roxadustat on the
expression of HIF-la, we employed Immunoflu-
orescence as an approach to measure the levels
of HIF-la protein in cells that were cultured
at varying oxygen concentrations, both in the
presence and absence of roxadustat (Figure 4).
All hypoxia conditions significantly increased
HIF-la expression compared to the control at
24, 48 and 72 hours (p < 0.05). The addition of
3 uM roxadustat significantly increased HIF-la
expression in the 1% and 5% O, conditions but
not in the 10% O, condition at the 24 h time point
(p <0.05). However, by the 48 h time point, RXD
treatment no longer increased HIF-la expression
in all hypoxia groups (p > 0.05), and after 72 h
significantly decreased HIF-1a expression in both
the 1% and 5% O, hypoxia conditions (p < 0.05).
Subsequently, the expression levels of TGF-B1
and CTGF were determined through Western
blot analysis after 24 h to ascertain any potential
changes in their expression resulting from the
upregulation of HIF-la induced by roxadustat.
The results showed that there is no increased ex-
pression of TGF-B1 and CTGF in the RXD group
compared with the hypoxic group (p > 0.05;
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Figure 1. Roxadustat rescues hypoxia-induced growth inhibition. A, Proliferation of NRK-52E cells cultured with different
oxygen concentrations (1, 5, 10, and 21%) for 24, 48, and 72 hours were detected by CCK-8 analysis. The 21% O, condition is
the standard cell culture condition and is included as a control (NS). B, NRK-52E cells were cultured in normoxia (NS; 21%
0,) or hypoxia (HS; 1% O,) conditions with different concentrations of roxadustat (RXD: 0, 0.3, 1, 3, 10, and 15 pM) for 24,
48, and 72 hours, followed by cell viability detection with CCK-8 analyses. Data are expressed as mean + SD; n = 3; *p <0.05
vs. NS, #p < 0.05 vs. HS + no RXD, #p < 0.01 vs. HS + no RXD (comparisons were made with the corresponding time points).

Figure 5). Thus, the acute increase in HIF-la
induced by roxadustat does not increase TGF-p1
and CTGF expression.

Roxadustat Inhibits Hypoxia-Induced
Protein Expression

Since roxadustat inhibits hypoxia-induced
HIF-1la expression at the 72 h time point, we eval-
uated whether other proteins, including TGF-B1,
CTGF, Smad3, p-Smad3, a-SMA, and collagen
I, are also affected at this time point. Figure 6
shows that, except for Smad3, all protein levels
were increased by 1% O, hypoxia compared
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with the control group (p < 0.05). Roxadustat
treatment significantly reduced the expression of
these proteins to approximately 50% of the level
induced by hypoxia (p < 0.05), to a level that is
more comparable with control cells.

Roxadustat Inhibits TGF-f1/Smad3
Signaling

To determine whether TGF-B1/Smad3 signal-
ing is directly involved in roxadustat regulation of
hypoxia-induced changes in the above proteins,
we first established TGF-f1 and Smad3 knock-


file:///Users/imac/Desktop/Dicembre%201/Art.%2013540%20%e2%80%93%20PM.%2031709%20-%20M.-Z.%20Zhao%20-%20SUPERFAST/javascript:;

Roxadustat attenuates experimental renal fibrosis

o
A NS 1%0, 5%0, 10%0,
79 7 74 7
10 31 Q2 10 31 10 31 Q2 10 21
1.70 517 6 1.95 19.0 0.82 13.6 6 0.084
10° = 10 7 10° = 10% 4
< < < <
(S i g s gos
x o Q10”3 & 10° 4 & 054
x < < < <
o g E o 4 2 ' 4 2 1t 4
. ey a &
Z ¢ g g g
£ 5 £ 5
o © 3] o 3] © 3]
10 10 10
P Q4 , ]04
1073714 - 764 10”3810 10° J89.1
1 T T T

4 5
10 10 104 105 10 10 10 10 10 10 10
Comp-FLE-A :: FITC-A Comp-FLE-A :: FITC-A

10 10 104 105 10 10 10 10:3 104 105 10 10
Comp-FL6-A :: FITC-A Comp-FLE-A :: FITC-A

0 3a1

0.34 121

0.32 9.45 0.67 6.12

Comp-FL9-A :: PE-A
»

3uM RXD

Q4
1073850

Comp-FL9-A :: PE-A
~
Comp-FL9-A :: PE-A

10 103 104 105 10
Comp-FLE-A :: FITC-A

Apoptosis Rate (%)

102 103 104 105 10 10 10 103 104 105 10 10
Comp-FL6-A : FITC-A Comp-FLE-A :: FITC-A

= NS
semee - Hypoxia
= HypoxiatRXD

Hypoxia condition (%0, )

Figure 2. Roxadustat inhibits hypoxia-induced apoptosis. NRK-52E cells were cultured in normoxia (NS; 21% O,) or hypoxia
(HS; 1, 5, and 10% O,) conditions with 3 uM of roxadustat for 72 h. A, Representative flow cytometry plots showing the
percentage of apoptotic cells in each condition. B, Bar graph summarizing the flow cytometry data. Data presented as mean +

SD; n=3; *p <0.05 vs. NS; “p < 0.05 vs. HS.

down cells with siRNAs against these two pro-
teins (Figure 7). Three siRNAs were generated
for each protein, and RT-qPCR data showed that
the non-template siRNA control did not affect
the mRNA expression of either protein. On the
other hand, their respective siRNAs significant-
ly decreased mRNA expression of TGF-B1 and
Smad3. In both cases, siRNA-1 was more effec-
tive in knocking down their respective genes and
was chosen for the next experiment.

Following the establishment of the TGF-f1
and Smad3 knockdown cell lines, we evaluated
roxadustat’s effect after culturing in hypoxia
conditions for 72 hours. RXD decreased the pro-
tein levels of TGF-P1, p-Smad3, CTGF, and HIF-
la. but not Smad3 (Figure 8). siRNA-TGF-p1
treatment also reduced the expression of these
proteins compared with the hypoxia group

(Figure 8A). Combining siRNA-TGF-f1 with
RXD did not further decrease the expression of
TGF-B1 and p-Smad3 (p > 0.05) but significant-
ly reduced CTGF and HIF-1a (p < 0.05). When
siRNA-Smad3 was used, all protein expressions
were reduced compared with the hypoxia group,
except for TGF-B1 (Figure 8B). Combining siR-
NA-Smad3 with RXD did not further decrease
the protein expression of p-Smad3 and HIF-la
compared with the siRNA-Smad3 group (p >
0.05) but significantly reduced the expression
of TGF-B1 and CTGF (p < 0.05). The results of
this study suggest that roxadustat exerts a mit-
igating effect on experimental kidney fibrosis
by suppressing the activation of p-Smad3 and
TGF-B1. Additionally, roxadustat may modulate
the expression of CTGF and HIF-la via other
signaling pathways.
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Figure 3. Roxadustat improves the morphology of hypoxic cells. A, Representative light microscopy images of eosin-stained
NRK-52E cells cultured in standard conditions (NS) or 1% O, hypoxia with and without 3 uM RXD for 72 h. Magnification:
x200; (B) Representative electron microscopy images of NRK-52E cells cultured in the same conditions as part (A). Red
arrows: apoptotic bodies.
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Figure 4. The expression of HIF-1a present “A” pattern. A, Representative fluorescence images showing HIF-la staining
in NRK-52E cells cultured in normoxia and hypoxia (1, 5, and 10% O,) conditions with and without 3 uM RXD for 72 h.
Magnification x400. B, Bar graph summarizing the staining intensity of HIF-1o in the same culture conditions. Data presented
as mean + SD; n = 3; *p < 0.05 vs. NS, #p < 0.05 vs. HS. Comparisons were made with the corresponding time points.

11377


file:///Users/imac/Desktop/Dicembre%201/Art.%2013540%20%e2%80%93%20PM.%2031709%20-%20M.-Z.%20Zhao%20-%20SUPERFAST/javascript:;
file:///Users/imac/Desktop/Dicembre%201/Art.%2013540%20%e2%80%93%20PM.%2031709%20-%20M.-Z.%20Zhao%20-%20SUPERFAST/javascript:;

F.-F. Zheng, Y.-Y. Zhao, L.-J. Cai, G. Wu, J.-N. Wang, M.-Z. Zhao

A NS HS  HS+RXD NS
CTGF 35 kDa TGF-B1
B-Actin 43 kDa B-Actin
B 6-

protein level (relative fold change)

uxmxxxxmww.\m\\mmw

HS

"

HS+RXD

44 kDa

43 kDa

memen - Tlypoxia
= [Jypoxia l RXD

"

PR R R R R R AT RN

TGF-p1
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h. B, Bar graph summarizing the Western blot intensity as an indication of the protein level. Data presented as mean + SD; n
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Figure 7. siRNA knockdown of TGF-f1 and Smad3. RT-qPCR bar graphs summarize the relative expression after treatment
with their respective siRNAs. A, TGF-f1 and (B) Smad3. Data presented as mean + SD; n = 3; *p < 0.05 vs. siRNA-NC.

Discussion

Roxadustat is a hypoxia-inducible factor (HIF)
prolyl hydroxylase inhibitor that can enhance
HIF transcriptional activity, activate the function
of early response target genes encoding proteins
such as erythropoietin (EPO) and EPO receptor,
promote iron absorption and transport, resulting
in coordinated erythropoiesis'. Roxadustat has
demonstrated favorable safety and efficacy in the
treatment of renal anemia.

The function of HIF-1a is not invariable, with
effects on renal fibrosis depending on the level
of content’. Numerous studies’’ have demon-
strated that HIF-la can mitigate cellular damage
resulting from ischemia and hypoxia, hence re-
tarding the advancement of renal fibrosis. This is
achieved by regulating downstream target genes’
expression during the initial phases of chronic
kidney disease. However, HIF-1a. may aggravate
renal fibrosis and promote the development of
end-stage renal disease when present in sufficient
amounts'®.

Therefore, this study was conducted to ob-
serve the changing trend of HIF-la after roxa-
dustat treatment. Although HIF-la expression
in the roxadustat group was significantly higher
at 24 h compared with the hypoxia and con-
trol groups, this was reduced at 48 h, with no
significant difference between the groups. By
72 h, roxadustat reduced HIF-lo expression
compared to the hypoxia group. To determine
whether the acute stimulation of HIF-la by
roxadustat is physiologically significant, we
examined the protein expression of CTGF and
TGF-p1 since CTGF is an HIF target gene and
TGF-B1 is recognized as an essential cytokine

in the development of renal tubulointerstitial
fibrosis. Its overexpression can stimulate me-
sangial cells, renal tubular epithelial cells, and
interstitial cells to synthesize many collagen
fibers, fibronectin, and laminin'’. Our results
showed that at 24 h, TGF-f1 and CTGF were
significantly increased by hypoxia, but roxa-
dustat treatment did not affect the expression
of TGF-B1 and CTGF proteins. This is likely
because roxadustat activation of HIF-la is low
and insufficient to increase TGF-B1 and CTGF
expression but sufficient to increase erythro-
poiesis to treat renal anemia.

At 72 h, the expression of TGF-B1, HIF-1a,
p-Samd3, CTGF, a-SMA, and collagen [ were
significantly reduced by roxadustat. Electron
microscopy showed that roxadustat can reverse
the nuclear envelope shrinkage and increase
apoptotic bodies caused by hypoxia. These re-
sults suggest a renal-protective effect of roxa-
dustat.

TGF-B1 is a central regulator of cell differ-
entiation, migration, proliferation, and gene
expression and can regulate multiple biological
processes such as cell proliferation, apoptosis,
and autophagy. TGF-B1 can activate myofibro-
blasts through Smad-dependent or independent
pathways, producing an excessive extracellu-
lar matrix. Thus, activation of the TGF-B1/
Smad3 pathway stimulates fibrosis**. We in-
vestigated the mechanism of TGF-f1/Smad3
using siRNA. Our study showed that TGF-B1
and p-Smad3 were significantly decreased by
siRNA-TGF-B1 with no further additive effect
from roxadustat, while CTGF and HIF-la can
be synergistically decreased by combined treat-
ment with siRNA-TGF-1 and roxadustat. This
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Figure 8. Roxadustat inhibits TGF-B1/Smad3 signaling. NRK-52E cells were cultured in hypoxia (1% O,) conditions for 72
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suggests that roxadustat regulates the expres-
sion of TGF-B1 and Smad3 directly, while CT-
GF and HIF-1a are downstream, and roxadustat
likely regulates their expression via additional

pathways. The siRNA-Smad3 treatment also
showed CTGF can be synergistically decreased
by combined treatment with siRNA-Smad3 and
roxadustat.
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Limitations

Although this work offers initial observations
into the mechanism of renal protection by roxa-
dustat, it is essential to acknowledge certain lim-
itations. We only demonstrated that CTGF and
HIF-1a may be regulated via additional pathways,
not only TGF-B1/Smad3 signaling, which may also
be regulated by other HIF-1a related pathways. It
should be elucidated with further investigations.

Conclusions

Roxadustat caused a transiently increased ex-
pression of HIF-1a, which is insufficient to raise
TGF-B1 and CTGF expression. Roxadustat inhib-
its hypoxia-induced apoptosis in vitro and reduc-
es the expression of TGF-B1, CTGF, a-SMA, col-
lagen I, and p-Smad3. Therefore, the renal-pro-
tective effect of roxadustat may be mediated, in
part, by TGF-B1/Smad3 signaling.
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