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Folic acid- (FA-) induced kidney injury is characterized by the tubule damage due to the disturbance of the antioxidant system and
subsequent interstitial fibrosis. FG-4592 is an inhibitor of prolyl hydroxylase of hypoxia-inducible factor (HIF), an antioxidant
factor. The present study investigated the protective role of FG-4592 pretreatment at the early stage of the kidney injury and
long-term impact on the progression of renal fibrosis. FG-4592 was administrated two days before FA injection in mice. On the
second day after FA injection, the mice with FG-4592 pretreatment showed an improved renal function, compared with those
without FG-4592 pretreatment, indicated by biochemical and histological parameters; meanwhile, the cellular content of iron,
malondialdehyde, and 4-hydroxynonenal histologically decreased, implying the suppression of iron accumulation and lipid
peroxidation. Simultaneously, upregulation of HIF-1a was found, along with Nrf2 activation, which was reflected by increased
nuclear translocation and high-expression of downstream proteins, including heme-oxygenasel, glutathione peroxidase4, and
cystine/glutamate transporter, as well as ferroportin. Correspondingly, the elevated levels of antioxidative enzymes and
glutathione, as well as reduced iron accumulation, were observed, suggesting a lower risk of occurrence of ferroptosis with
FG-4592 pretreatment. This was confirmed by reversed pathological parameters and improved renal function in FA-treated
mice with the administration of ferrostatin-1, a specific ferroptosis inhibitor. Furthermore, a signal pathway study indicated that
Nrf2 activation was associated with increased phosphorylation of Akt and GSK-3, verified by the use of an inhibitor of the
PI3K that phosphorylates Akt. Moreover, FG-4592 pretreatment also decreased macrophage infiltration and expression of
inflammatory factors TNF-a and IL-1f3. On the 14™ day after FA injection, FG-4592 pretreatment decreased collagen deposition
and expression of fibrosis biomarkers. These findings suggest that the protective role of FG-4592 pretreatment is achieved
mainly by decreasing ferroptosis at the early stage of FA-induced kidney injury via Akt/GSK-3f-mediated Nrf2 activation,
which retards the fibrosis progression.

1. Introduction

Acute kidney injury (AKI) is characterized by an acute and
transient renal dysfunction and often progressively develops
into chronic kidney disease (CKD) without adequate treat-
ment [1-4]. At present, clinical approaches are insufficient
to prevent the development of AKI [5]. FA-induced AKI is

a widely used model for studying the mechanisms underlying
nephrotoxic tubule damage and gradual progression of renal
fibrosis [6, 7]. In the clinic, the use of high-dose folinic acid
combining with other antitumor drugs for chemotherapy of
metastatic gastrointestinal cancer has raised the incidence
rate of FA-induced kidney injury [8]. Kidney injury caused
by high-dose FA injection is mainly due to the direct toxicity
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to the epithelium and partly to the formation of luminal
crystals. Water and vacuole degeneration and cellular swell-
ing are the initial pathological features of tubular damage [9,
10]. These pathological features in mice are comparable
with those in human kidney injury, and the experimental
model recapitulates all the major processes in human kidney
injury [11]. The production of reactive oxygen species
(ROS) and consequent disturbance of the antioxidation sys-
tem followed by apoptosis, ferroptosis, or even necrosis are
the generally accepted mechanisms for oxidative stress-
mediated kidney injury [12, 13]. Ferroptosis, which can be
inhibited by specific inhibitors such as ferrostatin-1 (Fer-1),
is characterized by iron-dependent lipid peroxidation [14].
Glutathione (GSH) and antioxidant enzymes can eliminate
ROS and therefore decrease the level of lipid peroxidation,
reflected mainly by two indexes, malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE) [15]. In addition, the inflam-
matory responses caused by ferroptosis have been thought to
be a driver for the occurrence of other cell death, such as
apoptosis or necroptosis [16].

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays
an important role in antiferroptosis; it is a master regulator
that transcriptionally regulates almost all Nrf2-antioxidant
reactive element (ARE) pathways [17]. Also, Nrf2 regulates
an iron export protein, ferroportin that modulates cellular
iron homeostasis [18]. Activation of Nrf2 could upregulate
a battery of ROS-detoxifying enzymes, such as heme-
oxygenasel (HO-1), glutathione peroxidase4 (GPX4), and
quinone oxidoreductase (NQOL1) etc. [19]. Of these, GPX4
participates in decreasing ferroptosis by promoting reduction
of GSSG into GSH [20]. Moreover, cysteine/glutamate trans-
porter, SLC7A11 that involves in GSH synthesis, is regulated
by Nrf2 [21]. Nrf2 hyperactivation in the early phase of renal
injury prevents tubular damage progression [22]. Kelch-like
ECH-associated protein 1 (Keapl) is an inhibitory protein
that binds to Nrf2 and promotes its degradation by the
ubiquitin proteasome pathway which is the primary point
of regulation in the Nrf2 pathway [23]. In addition to
Keapl-dependent Nrf2 regulation, Keapl-independent regu-
latory pathways also play a key role in governing impaired
Nrf2 activity. What is more, burgeoning evidence suggests
that GSK-33 mediated Keapl-independent regulatory path-
way is a key pathway involved in Nrf2 activation, thus pro-
tecting from kidney injury [24].

A hypoxia-inducible factor (HIF) is an endogenous anti-
oxidative stress modulator that consists of a constitutively
expressed 3 subunit and a short-lived, oxygen-regulated «
subunit [25]. HIF can be degraded by prolyl hydroxylases
(PHD) in normoxia [26]. HIF-1a precondition has been
shown to enhance the antioxidant activity in neuroprotection
[27]. Moreover, it has been reported that HIF-1a can activate
the Nrf2-ARE pathway to protect from ischemia-reperfusion
cardiac and skeletal muscle injuries [25, 28]. We therefore
proposed that pharmacological preconditioning, aiming at
activating and stabilizing endogenous HIF-1la, enhances
antioxidant capacity and efficiently attenuates AKI.

FG-4592 is a novel, small-molecule stabilizer of HIF by
inhibiting PHD that can hydroxylate the « subunit of HIF
for degradation in normoxia [26]. Presently, FG-4592 is
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orally administered to CKD patients to improve the anemia
[29]. In the present study, the protective role of FG-4592 pre-
treatment at the early stage of FA-induced kidney injury was
demonstrated to be associated with HIF-1« stabilization and
Nrf2 activation, thus retarding the progression of renal fibro-
sis. The underlying mechanisms were further investigated.

2. Materials and Methods

2.1. Animals. All animal experiments were conducted per the
NIH Guidelines for the Care and Use of Laboratory Animals,
approved by the local Institutional Animal Care and Use
Committee. C57BL/6 male mice, 6 to 8 weeks old, were
purchased from Liaoning Changsheng Biotechnology Co.
(Liaoning, China). The animals were housed in controlled
temperature and humidity according to a 12h light/dark
cycle. The animal experiment was conducted in three parts.
In the first part, mice were randomly divided into 4 groups
(n=12/group): (1) control group that received an intraperi-
toneal injection of saline, (2) FG-4592 group that received
intraperitoneal injection of FG-4592 once (10mg/kg, dis-
solved in DMSO at 50 mg/ml and then further diluted in ster-
ile phosphate-buffered saline to 1 mg/ml), (3) FA group that
received intraperitoneal injection of a single dose of FA
(250 mg/kg, dissolved in 0.3M sodium bicarbonate), and
(4) FA+FG-4592 group that received FG-4592 two days prior
to FA single-dose injection. Kidney specimens and blood
samples were collected on the second day (n = 6/group) and
the fourteenth day (n = 6/group) after FA injection for fur-
ther examination.

In the second part, mice were treated with a ferroptosis
inhibitor (Fer-1). Mice were randomly divided into 3 groups
(n=6/group): (1) control group, (2) FA group, and (3) FA
+Fer-1 group that received an intraperitoneal injection of
Fer-1 (5 mg/kg) 30 minutes before FA injection. Kidney spec-
imens and blood samples were collected on the second day
(n=6/group) after FA injection for further examination.

In the third part, mice were treated with a PI3K inhib-
itor (wortmannin). Mice were randomly divided into 4
groups (n=6/group): (1) FA group, (2) FA+FG-4592
group, (3) FA+Wort group that received intraperitoneal
injection of wortmannin (0.5mg/kg) and FA, and (4) FA
+FG-4592+Wort group that received FG-4592 two days
prior to injection of wortmannin (0.5 mg/kg) and FA. Kidney
specimens and blood samples were collected on the second
day (n = 6/group) after FA injection for further examination.

2.2. Reagents and Antibodies. FG-4592 was purchased from
Selleck (Houston, Texas, USA), while wortmannin and anti-
bodies to p-Akt, Akt, p-GSK-3, GSK-33, IL-13, and F4/80
were purchased from CST (Danvers, MA, USA). FA was
obtained from Dalian Meilun Biotechnology Co. (Dalian,
China), and Fer-1 was obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibodies to f-actin, HIF-1a,
KIM-1, Nrf2, GPX4, 4-HNE, vimentin, fibronectin (Fn),
SLC7A11, ferroportin, histone H3, and assay kits for Perls’
iron staining were acquired from Abcam (Cambridge, MA,
USA). Antibody to MDA was purchased from Novus Biolog-
icals (Littleton, CO, USA). Antibodies to TNF-a, HO-1, and
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collagen IV were obtained from Proteintech (Wuhan,
China). Antibody to Keapl was acquired from Wanlei
(Shenyang, China). Assay kits for GSH (A-006-2) and
MDA (BC0025) were acquired from Solarbio (Beijing,
China). Assay kits for creatinine (C011-2), urea nitrogen
(BUN) (C013-2), and iron (A039-2) were obtained from
Jiancheng (Nanjing, China). TUNEL assay was acquired
from Roche (Basel, Switzerland). An assay kit for nuclear
extract was purchased from Active Motif (Tokyo, Japan).

2.3. Assays for Renal Function and for Lipid Peroxidation,
GSH, and Iron. Serum was prepared for blood BUN and cre-
atinine measurement in accordance with the manufacturer’s
protocol to analyze renal function. Renal tissues were pre-
pared for the quantitation of MDA, GSH, and iron using assay
kits to assess the lipid peroxidation and iron homeostasis.

2.4. TUNEL Staining for Detecting Cell Death. Terminal deox-
ynucleotidyl transferase-mediated digoxigenin-deoxyuridine
nick-end labeling (TUNEL) staining was performed in 3 ym
thick sections of paraffin-embedded tissue with the in situ cell
death detection kit fluorescein according to the manufac-
turer’s instructions.

2.5. Renal Tissue Preparation for Histopathologic Examination.
The kidneys were fixed with paraformaldehyde overnight,
dehydrated in graded ethanol, embedded in paraffin, and
cut into 3 ym thick sections. The sections were stained with
hematoxylin and eosin (H&E) and Masson’s trichrome (Jian-
cheng) to assess the histopathologic changes in the kidneys.
The H&E sections were blindly examined to score signs of
tubular damage, such as loss of brush border, tubular dila-
tion, interstitial edema, cellular necrosis, and vacuolization.
The criteria were as follows: 0, no damage; 1, <20%; 2, 20—
50%; 3, 50-70%; and 4, >70%. For each animal, at least 10
fields were examined (Brooks, Wei, Cho, & Dong, 2009).

2.6. Immunohistochemical Staining for 4-HNE, MDA, GPX4,
HO-1, F4/80, TNF-a, and IL-1. The paraffin-embedded tis-
sue sections were dewaxed in xylene and rehydrated in an
ethanol gradient. Subsequently, sections were immersed in
0.01 M sodium citrate buffer (pH6.0) or EDTA (pH=38.0)
and were boiled for 2 min 30 s at high power using a pressure
cooker. The sections then were cooled at room temperature
and washed in phosphate-buffered saline (PBS) 3 times for
5min each time, followed by incubation with 3% H,O,
10 min and goat serum for approximately 30 min preincuba-
tion. The sections were then incubated with primary antibod-
ies, including anti-4-HNE (1:200), anti-MDA (1:50), anti-
GPX4 (1:200), anti-HO-1(1:200), anti-TNF-a (1:100),
anti-IL-1f3 (1:100), anti-F4/80 (1:250), anti-Fn (1:150),
and anti-collagen IV (1:200) overnight at 4°C. On the next
day, the sections were washed and incubated with biotinyl-
ated goat anti-rabbit/mouse IgG for 1h. The reaction results
were visualized with diaminobenzidine (DAB) (1809270031,
MXB-BIO, Fuzhou, China). Hematoxylin was used as a
counterstain. Images were taken with a camera mounted on
a Nikon microscope (90i, Nikon, Tokyo, Japan).

2.7. Perls’ Staining. Cellular iron accumulation was detected
by Perls’ staining, as described in a book (American Registry
of Pathology, Prophet, Edna B, 1992). The image of iron
accumulation was obtained using a Nikon microscope (90i,
Nikon, Tokyo, Japan).

2.8. Immunofluorescence Staining for Nrf2. After deparaffini-
zation, the sections were boiled in 0.01 M sodium citrate
buffer (pH 6.0), then cooled at room temperature and washed
in PBS 3 times for 5min each. The tissue was then disinte-
grated for 10 min with 0.3% Triton-X-100 and then blocked
in goat serum for approximately 30 min and subsequently
incubated with the primary rabbit anti-Nrf2 antibody
(1:150) overnight at 4°C. On the next day, the sections were
washed and then incubated in the dark with TRITC-
conjugated goat anti-rabbit IgG (1:200) (Dako, Glostrup,
Denmark). Subsequently, the sections were exposed to DAPI
for 5 min and then observed under a fluorescence microscope
(Nikon 90i, Tokyo, Japan).

2.9. Western Blotting Analysis. A nuclear extract kit was used
to separate nuclear and cytoplasmic proteins of kidney tis-
sues, according to the manufacturer’s protocol. Kidney gen-
eral proteins were extracted with lysis buffer plus RIPA
(Beyotime, Shanghai, China), 1% phenylmethylsulfonyl fluo-
ride (Beyotime, China), and 1% phosphatase inhibitors
(Solarbio). The protein concentration was determined using
a BCA kit (Beyotime). Subsequently, 50 ug of protein samples
was separated by electrophoresis through a 10% sodium
dodecyl sulfate-polyacrylamide gel. The samples were then
transferred to a polyvinylidene difluoride membrane, which
was blocked in 5% milk for 1h at room temperature. The
membrane was then incubated with primary antibodies,
including anti-KIM-1 (1:500), anti-HIF-1a (1:500), anti-
Nrf2 (1:1000), anti-4-HNE (1:3000), anti-GPX4 (1:5000),
anti-HO-1 (1:1000), anti-Keapl (1:500), anti-p-Akt
(1:1000), anti-Akt (1:1000), anti-p-GSK3f (1:1000), anti-
GSK33 (1:1000), anti-IL-13 (1:1000), anti-TNF-«
(1:1000), anti-vimentin (1:500), anti-collagen IV (1:1000),
anti-Fn (1:1000), anti-B-actin (1:3000), and anti-histone
H3 (1:500) antibodies overnight at 4°C. The samples were
incubated with horseradish peroxidase- (HRP-) conjugated
goat anti-rabbit/anti-mouse secondary antibodies (1:10000,
Dako) for 1h at room temperature. The signals were
detected via an enhanced chemiluminescence (ECL) system
using an ECL kit. The expression levels were normalized to
that of S-actin or histone H3 and were quantified with the
Image-Pro Plus 6.0 program (Media Cybernetics, Bethesda,
MD, USA).

2.10. Real-Time PCR Quantification for GPX4 and HO-1
mRNA. The kidney tissue (60mg) was cut into pieces in
1 ml TRIzol solution (Vazyme, Nanjing, China) and then
incubated with 0.2ml of chloroform on ice for 5min.
The supernatants were extracted via centrifugation at
12,000 rpm for 15 min and were mixed with the same volume
of isopropanol on ice for 15 min. The mixtures were centri-
fuged at 12,000 g for 10 min, and the upper phase was dis-
carded. Next, 1ml of 75% ethanol/ml TRIzol was added,



and the solutions were centrifuged at 8,000 g for 5min.
DEPC water was added to the dissolved RNA. The RNA con-
centrations were determined and standardized to 1000 ng/ul.
The total RNA was reverse-transcribed (RT) to cDNA using
a PrimeScript RT reagent kit (Vazyme). Subsequently, a
polymerase chain reaction (PCR) was performed on the
resulting cDNA with a SYBR Green Mix (Vazyme) on a
Roche 4800 RT-PCR detection system. The specific primers
(Dingguo Changsheng, Beijing, China) used were as follows:
GPX4 forward: 5'-GGTTTCGTGTGCATCGTCAC-3' and
reverse: 5'-GGGCATCGTCCCCATTTACA-3'; HO-1 for-
ward: 5'-AGGGCAGAAGGGAATTGCTC-3" and reverse:
5'-AAAGAGCTGGAGAGCCAACC-3'; p-actin forward:
5'-GGCTGTATTCCCCTCCATCG-3" and reverse: 5'-CC

AGTTGGTAATGCCATGT-3'. The relative mRNA expres-
sion levels were determined using the 2~*““* method.

2.11. Statistical Analysis. The data were shown as the
means * standard deviations (SD). All analyses were carried
out using SPSS software, version 21.0 (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance followed by the
Bonferroni test was used to compare the treated groups with
the control group. A P value of <0.05 was considered statis-
tically significant.

3. Results

3.1. FG-4592 Pretreatment Alleviated FA-Induced Tubular
Damage and Renal Function. Our present study indicated
that the FA group showed increased serum levels of BUN,
creatinine, and KIM-1, a marker of tubular damage, as com-
pared to the control group on the second day after FA admin-
istration. Consistent with the results, the histological analysis
of the FA group showed severe tubular damage. Some tubules
were dilated with thin-walled epithelia and hyaline casts in
their lumen, some tubule lumens were narrowed with swol-
len epithelial cells filled with multivacuoles, and exfoliative
cells were seen in the lumen occasionally. In addition, inter-
stitial infiltration of inflammatory cells was often observed
around cortical vessels. The tubular damage was significantly
improved in the FA+FG-4592 group. The results are summa-
rized in Figure 1. Both the control group and the FG-4592
group showed normal kidney tissue morphology.

3.2. FG-4592 Pretreatment Decreased Ferroptosis in FA-
Induced AKI. To determine if there was ferroptosis-related
kidney dysfunction on the second day after FA administra-
tion, we detected the levels of lipid peroxidation and iron
accumulation. In the FA group, the levels of MDA and iron
increased in both tissue and section staining. The expression
of 4-HNE also increased in both western blotting and
immunohistochemical staining while the GSH tissue level
decreased. These changes were reversed in the FA+FG-
4592 group, as shown in Figure 2.

To further validate the antiferroptosis effect of FG-4592
pretreatment in FA-induced AKI, the FA-treated mice were
administrated with Fer-1. As compared to the FA group,
serum levels of BUN and creatinine decreased in the FA
+Fer-1 group. Similarly, the histologic analysis showed
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noticeably alleviated renal injury, immunostaining showed
decreased levels of MDA and 4-HNE, and TUNEL staining
showed decreased cell death, as shown in Supplementary
Fig. SI.

3.3. FG-4592 Pretreatment Prevented FA-Induced HIF-l«
Reduction and Enhanced Nrf2 Activation. As shown in
Figure 3, we examined the role of FG-4592 pretreatment in
HIF-1a stabilization and Nrf2 activation using western
blotting and immunofluorescence staining. As compared to
that in the control group, the expression of HIF-1« as well
as both cytoplasmic and nuclear Nrf2 significantly decreased
in the FA group, while FG-4592 pretreatment reversed the
decreased levels. The FG-4592 group showed the highest
level among all groups. Likewise, immunofluorescence stain-
ing revealed an extensive translocation of Nrf2 in the nuclei
in the FG-4592 group and FA+FG-4592 group.

As shown in Figure 4, immunohistochemical staining
demonstrated a lower level of expression of GPX4 and HO-
1 in the FA group, compared to that in the control group,
while the expression of those in the FA+FG-4592 group
increased. Consistently, the FA+FG-4592 group also
increased the expression levels of both protein and mRNA
of HO-1 and GPX4, two downstream targets of Nrf2, but
not as high as that in the FG-4592 group. In addition, two
more downstream targets of Nrf2, SLC7A11 and ferroportin,
were both upregulated in the FG-4592 group and the FA
+FG-4592 group as compared to the FA group (Figure 5),
which were consistent with the results of an enhanced GSH
level and reduced iron content (Figure 2).

In summary, FG-4592 pretreatment increased the expres-
sion of HIF-1a and activated the Nrf2 signaling pathway.
This implied that FG-4592 pretreatment decreased tubular
damage by enhancing the antioxidant capacity and iron
turnover, ultimately reducing ferroptosis in the tubular cells.

3.4. FG-4592 Pretreatment Decreased Ferroptosis by
Akt/GSK-3/Nrf2 Pathway. To explore the mechanism of
the upregulation of Nrf2 activity by FG-4592, the level of
Akt and GSK-33, upstream proteins of Nrf2, and their phos-
phorylated levels were examined using western blotting. As
shown in Figure 6, the ratios of their phosphorylated levels
to their general levels increased in the FG-4592 group and
the FA+FG-4592 group as compared to those in the FA
group. Meanwhile, the FA group had lower levels of phos-
phorylated- (p-) Akt and p-GSK-3f3, as compared to the con-
trol group.

To further confirm whether PI3K/Akt was involved in
Nrf2 activation, western blotting showed that wortmannin
significantly attenuated Akt activation (decreased p-Akt
expression) and enhanced GSK-3f activation (decreased p-
GSK-3p), which resulted in the downregulation of nuclear
accumulation of Nrf2 and its downstream proteins HO-1
and GPX4. The effect of FG-4592 pretreatment on the activa-
tion of Nrf2 was abolished in the presence of the specific
inhibitor, as shown in Figure 6.

3.5. FG-4592 Pretreatment Decreased Inflammation in FA-
Induced AKI. Based on an increasing body of evidence,
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cytokines and macrophages play a pivotal role in the pro-
gression of AKI [30]. In the present study, both immuno-
histochemical staining and western blotting detected lower
expression of the proinflammatory cytokines, TNF-a and
IL-1B3, in the FA+FG-4592 group as compared to the
FA group. Meanwhile, immunohistochemical staining for

F4/80, a marker for macrophage, showed significantly
decreased expression in the FA+FG-4592 group versus
the FA group (Figure 7).

3.6. FG-4592 Pretreatment Mitigated FA-Induced Renal
Fibrosis on the 14" Day after FA Injection. We evaluated
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the long-term effect of FG-4592 pretreatment on the progres-
sion of kidney fibrosis induced by FA injection. To this end,
Masson staining showed a decreased collagen deposition in
the FA+FG-4592 group as compared to the FA group on
the 14™ day after FA injection. Immunohistochemical stain-
ing of fibronectin and collagen IV exhibited deceased expres-
sions in the FA+FG-4592 group versus the FA group,
consistent with the results from western blotting for fibro-
nectin, collagen IV, and vimentin (Figure 8).

4. Discussion

Renal tubule damage is a common pathological process of
AKI caused by various factors [31]. The transition from
AKI to CKD gradually occurs without adequate and prompt
treatment [32]. FA-induced kidney injury is characterized by
tubule epithelium degeneration, interstitial infiltration of
immunocytes, and the release of inflammatory factors in
the early stage, as well as an incremental extracellular matrix
in the advanced phase [33, 34]. The mechanism of tubular
damage has been reported to be associated with a disturbance
of the antioxidation system, consequently causing the death
of epithelial cells [35-38].

It is well known that exposure to special medical inter-
ventions, such as cisplatin for cancer chemotherapy and con-

trast agent for imaging examination, enhances the risk of
AKI. Thus, prophylactic medication before the use of neph-
rotoxic medicine is promising for protecting the kidney from
injury. FG-4592 is an inhibitor of PHD that degrades HIF in
normoxia and therefore is a stabilizer of HIF. Currently, FG-
4592 is used to improve the anemia of CKD patients since it
can enhance the erythropoietin (EPO), a downstream gene of
HIF [39]. In the present study, FG-4592 pretreatment was
anticipated to protect from FA-induced AKI by stabilizing
HIF-1a and therefore to strengthen the antioxidation system.
According to the analysis of histological and biochemical
parameters of kidney tissues and blood samples at multiple
time points after FA injection, we selected the second day
for representing AKI and the 14" day for representing
CKD. As a result, on the second day after FA injection, as
compared to the control group, HIF-1« expression decreased
in the FA group, while FG-4592 pretreatment reversed the
decreased levels. It was consistent with the study of Weide-
mann et al., where HIF transactivation and HIF-1a protein
are not induced but rather suppressed by cisplatin in renal
tubular cells in vivo and in vitro [40]. In contrast, another
study showed that HIF-1« is activated in renal tubules in cis-
platin nephropathy [41]. These controversial results may be
associated with the HIF biological metabolism, varying with
the duration, intensity, and the causes of the injuries, such



10 Oxidative Medicine and Cellular Longevity

2.0 *
5 T &
g 1.5
= = ]
T —— 2 .
__ % ' *##
A S S 0 KD S
Z 05~
A
B-Actin |— S — —— |42 KD 0
—_ T T
e 8 = 8 Control FG4592  FA FA+FG4592
§ 3 R
O = =
=
=
() (b)
Qe\ 2.5 *
] 1
S 2.0 &
£z
p-GSK3F [ == J4KkD F 157
N4
B 1.0 4
GSK-3f |we s W @ |46 KD 2
o 05
—— é
ﬁ_ACﬁn|_._. |2 k0 2 . | |
g & & 8 Control FG4592  FA FA+FG4592
§ 3 O
@) = =
+
=
(c) (d)
p-Akt | == == == | 60 KD
Akt|-—- — — —|6()KD
p-GSK-3p [ == e — |46 KD
GSK-3f | w s s s | 46 KD
3.0 —
Nrf2 |_.— — — -—I 100 KD
3
E T
H3|——-——|17KD §2.0—
Q
g
GPX4 |"'- — -—-| 17 KD g
; = 1.0+ *# #
HOl [ s Mo |39kD 3
a
B-Actin | S S S ) KD .
T I
= FA  FA+FG4592 FA+Wort FA+FG4592+Wort

FA+FG4592
FA+Wort

FA+FG4592+Wort

FiGUre 6: Continued.



Oxidative Medicine and Cellular Longevity

S 2.5 %
g
3 2.0
2
S 15
% #
G 10 ot
-
0 05+
w
(i 0 T T
FA  FA+FG4592 FA+Wort FA+FG4592+Wort
(g)
2.5 - .
. T

& 0

g 15+ #&

2 #

< 1.0 -

)

[a )

© 0.5

0 T T

FA  FA+FG4592 FA+Wort FA+FG4592+Wort
@

11

2.5

2.0 - *

1.5

1.0 4

Nrf2 (vs control)

0.5

0 T T
FA FA+FG4592

(B)

FA+Wort FA+FG4592+Wort

2.5
*

1

2.0

1.5

1.0 —H st

HO-1 (vs control)

0.5 —

0 T T
FA FA+FG4592 FA+Wort

)

FA+FG4592+Wort

FIGURE 6: FG-4592 pretreatment increases the phosphorylation of Akt/GSK-3 in FA-induced AKI. (a) Western blotting of phosphorylated
and total Akt. (b) Semiquantitative measurements of ratio of phosphorylated to total Akt. (c) Western blotting of phosphorylated and total
GSK-38. (d) Semiquantitative measurements of ratio of phosphorylated to total GSK-3. The values are expressed as the means + SEM.
*P < 0.05 versus the control group. #P < 0.05 versus the FG-4592 group. P < 0.05 versus the FA group; These effects were inhibited by
treatment with wortmannin, a PI3K inhibitor. (e) Western blotting of p-Akt and total Akt, p-GSK-3 and total GSK-3, nuclear Nrf2,
GPX4, and HO-1. Semiquantitative measurements of (f) the ratio of p-Akt to total Akt, (g) ratio of p-GSK-3p to total GSK-3, (h) nuclear
Nrf2, (i) GPX4, and (j) HO-1. The values are expressed as the means + SEM. * P < 0.05 versus the FA group. “P < 0.05 versus the FA+FG-4592

group. &P <0.05 versus the FA+Wort group.

as ischemia, hypoxia, and nephrotoxic drugs. With FG-4592
pretreatment, HIF-1« significantly increased parallel to an
alleviated tubule damage and improved renal function indi-
cated by pathological and biochemical parameters. This
might be due to the increasing capacity of antioxidative
stress. A recent study also showed that HIF-1a activation
can protect kidneys from CKD development through
increasing stress-responsive transcription factors which can
be activated for adaptions to counteract hypoxic insults in
the renal IRI [42]. In the pilot experiment, we compared
the effect of both FG-4592 posttreatment and FG-4592 pre-
treatment, Masson staining showed more fibrils in the renal
interstitial (data not shown) in FG-4592 posttreatment. This
result is consistent with the finding that HIF activation in the
UUO model aggravates fibrosis [43]. Another study has also
shown that preischemic targeting of HIF prolyl hydroxyl-
ation inhibits fibrosis caused by renal IRI, while postischemic
PHD inhibition does not impact AKI-associated fibrosis [44].
These data suggest that HIF-1 dependent transcriptional
activation appeared to change with a time-dependent man-
ner, which affected the progression of fibrosis.

To explore the protective mechanism of FG-4592 pre-
treatment, we detected one of the HIF-1a regulating proteins,
Nrf2, a transcriptive factor, as well as downstream genes of
Nrf2. It was reported that HIF-1la can activate the Nrf2-

ARE pathway protecting organs from injuries in some dis-
eases [24, 26, 27]. In this study, the upregulation of Nrf2
was observed, and the expressions of its downstream pro-
teins were also correspondingly upregulated, including
GPX4, HO-1, SLC7A11, and ferroportin. According to the
common hypothesis, GPX4 reduces ferroptosis in the pres-
ence of GSH with SLC7A11 mediation [20, 45, 46]. The
recent study has shown that circadian control of brain-
derived neurotrophic factor- (BDNF-) mediated Nrf2 activa-
tion protects dopaminergic neurons from ferroptosis by
increasing GSH synthesis [47]. It has been reported that
HO-1 has the capacity to catalyze the breakdown of the pro-
oxidant heme into biliverdin, acting as an antioxidant against
terroptosis [48, 49]. In addition, HO-1 is observed to upreg-
ulate ferritin; therefore, another role of HO-1 is to regulate
iron metabolism [50], together with ferroportin [18, 51,
52]. Studies have shown that glycyrrhizin activates the
Nrf2-ARE pathway and protects liver cell against ferroptosis
through upregulation of antioxidant enzymes, e.g., GPX4
and HO-1 [53]. Moreover, ferroportin activated by the
Nrf2 improves iron mobility and therefore is involved in
antiferroptosis [54]. Several studies also show that recovery
of the ferroportin expression could alleviate ferroptosis in
cardiomyocytes and neurons [52, 55]. Lipid peroxidation,
decreased by increased downstream antioxidative enzymes



12 Oxidative Medicine and Cellular Longevity

Control FG4592 FA+FG4592

TNF-«

F4/80

B-Actin e wm— -] ) KD R Actin [m— — | 42D

= 3 = g 3
O = = O =~ 59
+ +
= =
(b) (c)
40 sft
4 2.5 it —
o
. *# 5 E 30 4
g3 7% %
: E i
5 g 1.5 & S’ 20
2 2 2 g
= & - 1.0 -T— g &
£ - = € 10
E = 0.5 - F 1 o
=)
0 T T 0 T T 0 T T
Control FG4592 FA FA+FG4592 Control FG4592 FA FA+FG4592 Control FG4592 FA FA+FG4592

(d) (e) ()

FIGURE 7: FG-4592 pretreatment decreases expression of TNFa and IL-1f levels and F4/80 infiltration in FA-induced AKIL (a)
Immunohistochemical staining of TNF-a (brown), IL-18 (brown), and F4/80-positive interstitial macrophages (black arrowheads).
Black arrows for folic acid crystals in tubule lumen. Bar, 50 ym. (b) Western blotting of TNF-a. (c) Western blotting of IL-18. (d)
Semiquantitative measurements of TNF-a. (e) Semiquantitative measurements of IL-1f3. (f) Absolute counting of the number of
F4/80-positive interstitial macrophages per high-power field (Hpf). The values are expressed as the means+ SEM. *P < 0.05 versus
the control group. #P < 0.05 versus the FG-4592 group. ¥P < 0.05 versus the FA group.



Oxidative Medicine and Cellular Longevity 13

Control FG4592 ‘ FA ~ FA+FG4592

Fibronectin

Collagen IV

Fibronectin | ==« wam wem] 220kp CollagenV [ S5 S wul|i6s KD Vimentin | o

B-Actin | e e emm— 42 KD PActin | =— —— — —— | DKD  f-Actin [ = | 42KD
£ g £ § g g £ 8 g g £ §
- B - = ¢ ¢
O = o O = 59 O = 54
+ + +
2 z z
(b) (0 (d)
5 —_
4 2.5 —
f—g *# % *# = #
£, 2 20 g
3 3 & g
© © S 3
E & g 1.5 2 &
5?2 2 1o 1 £ 2-
3] a k=]
ER T g 5 T
s 1 B | g 14
= = 0.5 =
=2 =) =
< O
0 T T 0 T T 0 T T
Control FG4592 FA FA+FG4592 Control FG4592 FA FA+FG4592 Control FG4592 FA FA+FG4592

(e) (f) (9]

FIGURE 8: FG-4592 pretreatment restrains fibrosis progression on the 14th day after FA injection. (a) Deposition of fibrils (blue) and
infiltration of inflammatory cells around vessels are indicated with Masson’s trichrome staining. Bar, 50 ym. Immunostaining of
fibronectin and collagen IV is shown in brown. (b) Western blotting of fibronectin. (c) Western blotting of collagen IV. (d) Western
blotting of vimentin. (e) Semiquantitative measurement of fibronectin. (f) Semiquantitative measurement of collagen IV. (g)
Semiquantitative measurement of vimentin. The values are expressed as the means + SEM. *P < 0.05 versus the control group. “P < 0.05
versus the FG-4592 group. ¥P < 0.05 versus the FA group.

of Nrf2, and iron accumulation, decreased by increased fer-  antioxidative enzymes and ferroportin increased with the
roportin, are the main causes for cellular ferroptosis [56].  FG-4592 pretreatment. Thus, the protective effect of the
Our results were consistent with these mechanisms, i.e, lipid =~ FG-4592 pretreatment may be associated with antiferropto-
peroxidation and iron accumulation decreased as GSH, and  sis via Nrf2 activation. To verify this, Fer-1, the first
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generation of ferroptosis inhibitor [57], was administrated
in FA-treated mice. As a result, the antiferroptosis effect of
Fer-1 was demonstrated by improved renal function and
pathological parameters, which confirmed the hypothesis
that ferroptosis might be the principal pathological process
in FA-induced AKL

In addition, as a mechanism underlying the activation of
Nrf2, Keapl is accepted to be the main governor of Nrf2
activity. In a state of low oxidative stress, the cysteine residues
on Keapl are oxidized, leading to the release of Nrf2 from the
Keapl/Nrf2 complex and subsequent translocation into the
nucleus [29]. However, in the present study, there was no sig-
nificant difference in the expression of Keapl between the
control group and FG-4592 group, as well as between the
FA group and FA+FG-4592 group (as shown in Supplemen-
tary Fig. S2), suggesting FG-4592 mediated changes in Nrf2
expression may not be due to the regulation of Keap1 expres-
sion level. It has been reported that GSK-3pf-mediated
Keapl-independent regulatory pathway plays a key role in
both AKI and CKD caused by severe oxidative stress injury
[58, 59]. What is more, impaired activation of Nrf2 is
involved in severe oxidative stress injury [60]. In our study,
the transcriptive activity of Nrf2 in the FA group was demon-
strated to be diminished, and FG-4592 pretreatment reversed
the level of Nrf2. It is speculated that the GSK-3 8 mediated
Keapl-independent regulation may occur mainly with
FG-4592 pretreatment. It has been reported that salvianolic
acid A prevents progression of CKD by activating the
Akt/GSK-3 8/Nrf2 signaling pathway in 5/6 nephrectomized
rats [23]. Another study also suggests that fenofibrate pre-
vents the progress of diabetic nephropathy via activating
the PI3K/Akt/GSK-35/Nrf2 pathway [58]. Our results indi-
cated that p-Akt and p-GSK-3 decreased in the FA group,
while they were upregulated with FG-4592 pretreatment. It
was consistent with the fact that HIF-1« is involved in the
activation of the Akt signaling pathways [61, 62] and the
phosphorylated Akt/GSK-3f prevents the nuclear export of
Nrf2, thus maintaining Nrf2 transcriptional function in the
nuclei [63]. To further clarify the hypothesis that activation
of the PI3K/Akt pathway played a crucial role in modulating
Nrf2 expression, we showed that Nrf2 activation was abol-
ished by treatment with a PI3K inhibitor through the inhibi-
tion of Akt and GSK-3 phosphorylation.

What is more, ferroptosis and inflammation were insep-
arably linked as they generated a vicious cycle. FG-4592 pre-
treatment played a role in anti-inflammation on the second
day after FA injection. It led to the downregulation of inflam-
matory factors TNF-a and IL-1f3 and the decreased expres-
sion of F4/80 (a macrophage marker). Ferroptosis is a
regulated cell death, which is more immunogenic and proin-
flammatory. The study has shown that ferroptosis triggers
initial inflammation in steatohepatitis and may be a thera-
peutic target for preventing the onset of steatohepatitis [64].
Ferroptosis inhibition may result in the prohibition of the
inflammatory cascade in the spinal cord injury [65]. Our
results suggested that ferroptosis may be a driver of inflam-
matory responses; however, the upregulation of cytokines
and macrophage infiltration could be both quenched by
FG-4592 pretreatment.

Oxidative Medicine and Cellular Longevity

Furthermore, ferroptosis and inflammation have been
reported to be implicated in the development of organ fibro-
sis, although the mechanism remains uncertain [66-68].
The recent study suggests that ferroptosis plays a critical
role in radiation-induced lung fibrosis (RILF) and ferropto-
sis inhibitor liproxstatin-1 alleviates RILF by decreasing fer-
roptosis and inflammation via Nrf2-mediated upregulation
of HO-1 and GPX4 [67]. One of the driving factors in pro-
gressive interstitial fibrosis after AKI could be interstitial
inflammation. Inflammation is involved in the pathogenesis
of AKI and plays a key role in the following transition to
CKD [34]. The present study revealed that FG-4592 pre-
treatment decreased the expression of collagen IV, fibronec-
tin, and vimentin, the parameters representing the level of
renal fibrosis. Hence, the results above may imply that the
alleviation of renal fibrosis was associated with the
decreased ferroptosis and inflammation at the early stage
of kidney injury.

In conclusion, FG-4592 pretreatment plays a protective
role at the early stage of FA-induced renal injury through
alleviating ferroptosis, which may be achieved by stabilizing
HIF-1a and activating the Nrf2 signaling pathway. Accord-
ingly, alleviating ferroptosis and subsequently suppressing
inflammation could have a long-term protective effect against
fibrosis. Thus, the present study emphasized the use of FG-
4592 pretreatment as a preventive approach to improve the
prognosis of AKI in the clinic. Hopefully, the complex pro-
tective roles of FG-4592 would be further disclosed in the
near future, such as whether more signal pathways are
involved in the regulation of the antioxidative capacity.
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Supplementary Materials

Supplemental Fig. 1: the renoprotective effects of Fer-1 treat-
ment in FA-induced AKI. (A and B) Renal function is
assessed by (A) plasma creatinine and (B) BUN levels. (C)
Renal tubular injury was assessed by H&E staining; immuno-
histochemical staining of 4-HNE and MDA Bar, 50 ym. (D)
Kidney tubular injury score based on H&E staining. (E)
Quantification of 4-HNE. (F) Quantification of MDA. The
values are expressed as the means + SEM. (n=6) *P <0.05
versus the control group. “P < 0.05 versus the FA group.
Supplemental Fig. 2: effects of FG-4592 pretreatment on
the Keapl/Nrf2 pathway in FA-induced AKI. (A) Western
blotting of Keapl. (B) Semiquantitative measurements of
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Keapl. The values are expressed as the means + SEM. *P < 0.05
versus the control group. “P<0.05 versus the FG-4592
group. ¥P<0.05 versus the FA group. (Supplementary
Materials)
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