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h i g h l i g h t s

� Quercetin (QCT) inhibits ferroptosis
but not apoptosis, necrosis or
autophagy of renal proximal tubular
epithelial cells, and ameliorates AKI
induced by ischemia–reperfusion
(I/R) or folic acid (FA).

� Activation transcription factor 3
(ATF3) plays an important role in cell
ferroptosis, while QCT significantly
inhibits the expression of ATF3 and
further blocks the downstream
signaling pathway of ferroptosis.

� Ferroptotic cells induce the
recruitment and chemotaxis of
macrophages through CCL2,
triggering inflammation and
enhancing tissue injury.
g r a p h i c a l a b s t r a c t

A proposed model illustrating the therapeutic effect of QCT on AKI. QCT inhibits the expression of ATF3.
While ATF3 blocks the system Xc-, and then suppresses GPX4, inducing ferroptosis. In another side, fer-
roptotic cells secrete chemokines like CCL2, CCL7, induce the recruitment of macrophages, and then cause
the inflammation in AKI. In summary, QCT ameliorates AKI through the inhibition on ferroptosis and the
following inflammation.Introduction:
a r t i c l e i n f o
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Introduction: Ferroptosis is an iron-dependent regulated necrosis and has been proven to contribute to
the progress of acute kidney injury (AKI). Quercetin (QCT), a natural flavonoid which is commonly found
in numerous fruits and vegetables, has extensive pharmacological effects, such as anti-oxidant, anti-
inflammatory and anti-senescence effects.
Objectives: This study aims to explain whether ferroptosis is a therapeutic strategy to AKI, and to explore
the effect of QCT on AKI ferroptosis.
Methods: NRK-52E cells and HK-2 cells were used for in vitro ferroptosis studies. Morphology of cells was
detected by transmission electron microscopy. Lipid ROS was assayed using flow cytometry. In vivo, AKI
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Acute kidney injury
Activation transcription factor 3
Macrophages
was induced by ischemia–reperfusion (I/R) or folic acid (FA). To explore the molecular mechanisms,
RNA-sequence analysis was performed. Transwell was used to detect macrophage migration.
Results: We discovered that quercetin (QCT), a natural flavonoid, inhibited ferroptosis in renal proximal
tubular epithelial cells. QCT blocked the typical morphologic changes of ferroptotic cells by reducing the
levels of malondialdehyde (MDA) and lipid ROS and increasing the levels of glutathione (GSH). Moreover,
QCT ameliorated AKI induced by I/R or FA. RNA-sequence analysis highlighted activation transcription
factor 3 (ATF3), as it was the dominant one among all the 299 down-regulated genes by QCT.
Knockdown of ATF3 could significantly increase the levels of SLC7A11, GPX4 and increased the cell via-
bility. In addition, ferroptotic cells were found to be extremely pro-inflammatory by recruiting macro-
phages through CCL2, while QCT inhibited the chemotaxis of macrophages induced by ferroptosis in AKI.
Conclusions: Collectively, these results identify QCT as a ferroptosis inhibitor and provide new therapeu-
tic strategies for diseases related to ferroptosis.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cell death is crucial for normal development and homeostasis.
Regulated cell death causes tissue injury, leading to a wide variety
of diseases, including acute kidney injury (AKI). Regulated necrosis
includes necroptosis, pyroptosis, necrosis and ferroptosis [1].
Various types of cell death have different induction factors and
characterized pathways. Better understanding of the dominant type
of cell death is needed to achieve therapeutic strategies of related
diseases.

Acute kidney injury is histologically characterized by tubular
cell death and inflammation, which are recognized as the precipi-
tating factors [2]. Ferroptosis, an iron- and ROS-dependent form
of regulated cell death, was firstly named by Brent R Stockwell in
2012 [3]. It involves a unique constellation of morphological, bio-
chemical, and genetic features, which differs from other kinds of
regulated cell death [3]. Ferroptosis has been implicated inmultiple
physiological and pathological processes, including carcinoma, AKI,
neurodegenerative diseases, ischemia/reperfusion injury and T-cell
immunity [4]. Of note is that, among all the tissues, kidney seems to
be the most sensitive to iron-dependent ferroptosis. Inactivation of
the ferroptosis regulator glutathione peroxidase 4 (GPX4) induces
acute renal failure by triggering ferroptosis in kidney tubular cells
in mice [5]. Also, renal cell carcinomas are particularly susceptible
to GPX4-regulated ferroptosis [6]. In line with these previous stud-
ies, ferroptosis could directly cause necrosis of renal tubules in
models of I/R injury and oxalate crystal-induced AKI [7], and ferrop-
tosis was also proven to be important in nephrotoxic folic acid (FA)–
induced AKI [8]. Following up on these observations, ferroptosis
stands out as a promising therapeutical target for AKI.

The potent and specific inhibitor of ferroptosis now widely used
in vitro is the small molecule ferrostatin-1 (Fer-1). However,
despite the overwhelming evidence highlighting the therapeutic
uses of Fer-1, the translational aspect of Fer-1 application in the
clinic is limited due to its instability in vivo [7,9]. Thus, finding a
drug which is more economic and effective is in demand. Quercetin
(QCT), a natural flavonoid which is commonly found in numerous
fruits and vegetables, is an indispensable part of the diet. QCT
comes into the focus of medicinal interest because of its extensive
pharmacological effects, such as anti-cancer, anti-viral, anti-
oxidant, anti-inflammatory and anti-senescence effects [10–14].
A previous study reported that QCT could selectively kill senescent
cells and enhance lifespan in old mice [15]. QCT was also reported
to possess protective effect on diabetic nephropathy [16], and even
have the ability of iron chelation [17,18]. Another recent publica-
tion reported that QCT could protect bone marrow-derived mes-
enchymal stem cell from erastin-induced ferroptosis, possibly
through the antioxidant pathway [19]. In spite of the attention
QCT drew and the wide effects already discovered, the effect of
QCT on AKI ferroptosis remains undescribed. In this study, we
explored a strong inhibition of QCT on ferroptosis and proved
QCT as a promising drug candidate for the treatment of AKI.
Materials and methods

Cell lines

NRK-52E Cells were a gift from Dr. Chunsun Dai, and HK-2 cells
were obtained from China Cell Bank. Both cells were maintained in
DMEM/Ham’s F12 (BI) supplemented with 5% fetal bovine serum
(BI). Bone marrow derived macrophages (iBMDM) cells were a gift
from Dr. Feng Shao, and were cultured with DMEM (Gibco) supple-
mented with 5% fetal bovine serum (Gibco) and 100 units per ml
penicillin and 100 lg/ml streptomycin. All the cells were cultured
in 37 �C incubator with 5% CO2.

Cell viability assay

For cell viability assay, cells were seeded into 96-well plates at a
density of 0.8 � 104 cells per well. Cell viability was measured
using the sulforhodamine B (SRB) assay, as previously described
[20,21].

Transmission electron microscopy

Transmission electron microscopy was performed using stan-
dard procedures by Wuhan biotechnology. Briefly, cells were fixed
with electron microscope fixing solution for 2–4 h. Then cells were
embedded with 1% agarose, dehydrated, and cut to ultrathin sec-
tions (60–80 nm) with ultramicrotome (Leica UC7, Leica). Sections
were stained with uranyl acetate in pure ethanol for 15 min, then
stained with lead citrate for 15 min. Images were acquired with
Transmission Electron Microscope (HT7700, HITACHI). At least 10
images were acquired for each structure of interest and represen-
tative images are shown.

Lipid ROS assay using flow cytometer

Lipid ROS levels were determined using BODIPY-C11 dye (Invit-
rogen, cat# D3861) as previously reported [22,23]. The intensely
fluorescent BODIPY� (4,4-difluoro-3a,4a-diaza-s-indacene) fluo-
rophore is intrinsically lipophilic, unlike most other long-
wavelength dyes. Binding of BODIPY fatty acids to bovine serum
albumin can be monitored by the accompanying fluorescence
quenching caused by charge-transfer interactions with aromatic
amino acid residues. BODIPY 581/591C 11 can be used to measure
antioxidant activity in lipid environments by exploiting its loss of
fluorescence upon interaction with peroxyl radicals. The cells
(1 � 105) were treated with Era or RSL3, with or without QCT or
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Fer-1 for 24 h. Before the end of time, culture media was replaced
with 1 ml media containing 5 lM of BODIPY-C11 dye for 60 min.
Cells were harvested and washed twice with PBS followed by re-
suspending in 500 ll of PBS. The cell suspension was filtered
through cell strainer (70 lm) and subjected to the flow cytometry
analysis to examine the amount of ROS within cells. Cells were
analyzed with the InvitrogenTM AttuneTM NxT Flow Cytometer (Invit-
rogen, USA) and were calculated using the FlowJo Software.
Drug treatment

In vitro experiments: the following reagents were used at the
indicated concentrations: Erastin (Era) (MedChemExpress, cat
number: HY-15763) (1 lM) and RSL3 (MedChemExpress, cat num-
ber: HY-100218A) (0.5 lM) for all experiments. QCT (10 lM) or
Fer-1 (1 lM) (Aladdin, cat number: Q111273 or F129882, respec-
tively) was added at the same time with Era or RSL3. The cell death
inducers were brefeldin A (Bre-A) (1 lM) (Aladdin, cat number:
B102375), hydrogen peroxide (H2O2) (0.5 mM) (Aladdin, cat num-
ber: H112517) and rapamycin (Rapa) (1 lM) (Aladdin, cat number:
S115842). RS102895 hydrochloride (RS102895), (MedChemEx-
press, cat number: HY-18611) 20 lM was added to iBMDMs to
the top chamber. In vivo experiments: the dosage of drugs was
QCT (25 mg/kg), Fer-1 (5 mg/kg), RS102895 (2.5 mg/kg) and FA
(200 mg/kg) separately. QCT was orally gavaged for three times/-
day. The solvents for QCT and Fer-1 in vivo were 0.5% CMC-Na
and 0.5% DMSO respectively.
Mice

Male C57BL/6J mice (20–22 g, 7–8 week) were used for all stud-
ies. Mice were housed in a room with a 12 h/12 h light/dark cycle,
and habituated in the room 3 days before experiments. All animal
experiments were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals, with the approval of Center for New Drug Safety Evaluation
and Research, China Pharmaceutical University.
Animal model

Renal ischemia /reperfusion model

Renal ischemia was induced in male mice according to the pre-
vious reports [24,25]. Before operation, the drug QCT or Fer-1 was
administered. Mice were anesthetized to expose the both kidneys
through flank incision. Then mice were kept on a homeothermic
plate to induce ischemia for 30 min by clamping the renal pedicle
with nontraumatic clamps. Sham groups were subjected to sham
operation without induction of ischemia. Blood samples were col-
lected at the time of euthanasia. After reperfusion for 24 h, all the
mice were sacrificed. One kidney was fixed in 4% phosphate-
buffered formaldehyde for histological analyses, and the other
one was snap frozen for subsequent molecular analysis.
Acute folic acid nephropathy model

Folic acid nephropathy, a classic model of kidney tubulointersti-
tial injury and inflammation, was induced by a single i.p. injection
of FA (200 mg/kg) in 0.3 mol/L sodium bicarbonate as reported pre-
viously [8]. All the mice were euthanized 24 h after drug treat-
ment. Blood samples were collected at the time of euthanasia.
One kidney was fixed in 4% phosphate-buffered formaldehyde for
histological analyses, and the other one was snap frozen for subse-
quent molecular analysis.
Detection of MDA and GSH levels in cell and kidney tissue samples

Individual levels of MDA and GSH in cell and kidney tissue were
measured using MDA and GSH activity assay kits respectively
according to the manufacturer’s protocol. Individual contents of
MDA and GSH were measured at 450 and 405 nm, respectively,
with a microplate fluorometer. Total protein concentration was
measured using the Bradford method (Beyotime Institute of
Biotechnology, Haimen, China).

Renal function, histology and immunohistochemistry

Serum creatinine and BUN were determined to monitor renal
function as previously described [26,27]. Kidney sections (5 lm)
were stained with hematoxylin & eosin (H&E). Tubular injury
was evaluated by a pathologist in a blindedmanner and was scored
based on the degree of damage, as previously described [7,8].
Brush border loss, vacuolization, cell desquamation, tubule dilata-
tion, and tubule degeneration were all scored from 0 to 3, and then
all scores were added to yield the tubular injury score, which had a
maximal value of 15. Images were obtained with an Olympus BX41
microscope.

Masson stain of kidney tissue

Tubular injury in kidney sections was evaluated after Masson
staining by a pathologist who was blinded to the nature of the
samples. Evidence of cell injury (loss of brush border or vacuoliza-
tion), cell desquamation, and tubular dilation and signs of regener-
ation were scored on a semiquantitative zero to three scale, and
results from each itemwere added to yield the tubular injury score,
which had a maximal value of 18 [8].

Iron measurements

Cells (2 � 106) were rapidly homogenized in iron assay buffer
with iron assay kit (sigma Aldrich, cat number: MAK025) as previ-
ously described [28]. Briefly, iron is released by the addition of an
acidic buffer. Samples were tested to measure total iron (Fe2+ and
Fe3+). Released iron could react with the iron probe resulting in a
colorimetric (593 nm) product, proportional to the iron present.
Then the solution was centrifuged at 13,000g for 10 min at 4 �C
to remove insoluble material and was measured at 593 nm with
a microplate fluorometer.

Real time PCR analysis

Total RNA from tissues or cells were extracted using Trizol
(Invitrogen), and reverse transcribed into cDNA using a cDNA syn-
thesis kit (Takara). Quantitative PCR was done with a Step one plus
Real-Time PCR system (Applied Biosystems, USA) with gene-
specific primers. The amount of RNA was calculated by the com-
parative threshold cycle method. All primers were custom-made
by Genscript. The primer sequences are shown in supplementary
Table 1.

RNA-Seq Profiling

RNA-Seq Profiling was performed by Novogene. Briefly, the cells
were treated with Era (1 lM) with or without QCT (10 lM) for 24 h
in the incubator. Then the RNA was isolated using the Trizol
reagent. A total amount of 3 mg RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries
were generated using NEBNext� UltraTM RNA Library Prep Kit
for Illumina� (NEB, USA) following manufacturer’s recommenda-
tions and index codes were added to attribute sequences to each
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sample. Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. First strand cDNA was synthesized
using random hexamer primer and M-MuLV Reverse Transcriptase.
Second strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. PCR products were purified
(AMPure XP system) and library quality was assessed on the Agi-
lent Bioanalyzer 2100 system. Gene Ontology (GO) enrichment
analysis of differentially expressed genes was implemented by
the clusterProfiler R package, in which gene length bias was cor-
rected. ClusterProfiler R package was used to test the statistical
enrichment of differentially expressed genes in KEGG pathways.
Transcripts expression with |Log2 Fc|＞1.5, adjusted P value＜
0.05 were deemed statistically significant. All genes detected are
shown in supplementary file.

Western blotting

Briefly, protein samples were boiled for 5 min, electrophoresed
in 10% SDS polyacrylamide gel, and transferred onto PVDF mem-
branes (Millipore, Billerica, MA, USA). The blots were blocked with
5% skimmed milk in Tris-buffered saline–Tween 0.1% for 1 h at
room temperature and probed with GPX4 (Abcam, cat number:
ab125066, 1:2000) or ATF3 (Abcam, cat number: ab58668,
1:1000) primary antibody at the appropriate dilutions over night
at 4 �C. The blots were washed and incubated for 1 h at room tem-
perature with the HRP-conjugated secondary antibody, then devel-
oped with enhanced chemiluminescence reagents (Millipore). The
densitometry of protein bands was quantified using Image J soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Transfection

For transfection of siRNAs, cells were cultured on plates for 24 h
and then transfected with ATF3 siRNA (GenePharma, China), or
Control siRNA (GenePharma, China) using jetPRIME transfection
reagent (Polyplus, Lot#16Y0304K4) according to a protocol pro-
vided by the manufacturer.

Cell migration assay

The 52E cells (2 � 105) were seeded into the bottom chamber of
an 8 mm pore transwell insert (Corning, NY) in a 24-well plate,
while iBMDMs (5 � 104) were seeded into the top chamber. Era
or DMSO was added to the bottom chamber for 24 h. Then the
chambers were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet to stain the migrated iBMDMs. Images were
taken using a Leica DMI 3000B microscope. Number of cells
migrated was counted using image J.

Statistical analysis

Data are presented as mean ± SEM. Statistical significance was
determined by Student’s t test between two groups, and one-way
ANOVA when groups were more than two. P < 0.05 was considered
statistically significant.

Results

QCT inhibited renal tubular cell ferroptosis

The recognition of ferroptosis as a unique form of regulated cell
death emerged from characterizing the lethal mechanism of action
of Era and RSL3, which could inhibit the cystine/glutamate antipor-
ter or GPX4 respectively [3,29]. We then firstly treated NRK-52E
cells (52E Cells) and HK-2 cells with Era or RSL3 to induce ferrop-
tosis. Intriguingly, QCT abolished cell death induced by Era or RSL3
in 52E cells or HK-2 cells, just as Fer-1 did, which is a selective inhi-
bitor of ferroptosis (Fig. 1A, Fig S1A). As ferroptosis coincided with
morphologic changes, transmission electron microscopy studies
revealed that QCT or Fer-l could significantly protect Era-induced
mitochondrial cristae disappearance and outer membrane rupture
in 52E cells (Fig. 1B). As lipid peroxidation is a character of ferrop-
tosis, we next determined the lipid-associated products and ROS of
cells. MDA and GSH serve key roles in maintaining the balance of
oxidation and reduction. Along with the increase of MDA induced
by Era, a decrease of GSH was observed in both 52E and HK-2 cells.
Consistently, QCT or Fer-1 blocked the effects of Era on MDA and
GSH (Fig. 1C). Furthermore, treatment of 52E cells with Era or
RSL3 resulted in an increase in lipid ROS, while incubation with
QCT or Fer-1 terminated the increase of lipid ROS (Fig. 1D, E). These
were also confirmed in HK-2 cells as shown in Fig. S1B. Remark-
ably, QCT could not rescue the cell viability in Bre-A-induced apop-
tosis, H2O2-induced necrosis, or Rapamycin-induced autophagy in
both 52E and HK-2 cells (Fig. S1C, D). These results suggest QCT
was a selective ferroptosis inhibitor.

QCT protects the kidney in both I/R and FA induced AKI

According to previous reports, ferroptosis of renal tubular cells
contributes significantly to the process of AKI [7,8]. Based on the
potent inhibitory effect of QCT on ferroptosis, we explored the pos-
sible role of QCT in AKI. QCT itself did not have an effect on normal
mice, including kidney coefficient and the levels of blood urea
nitrogen (BUN) and blood creatinine (CRE) (Fig. S2A). The experi-
mental procedure of I/R induced AKI and administration of drugs
is depicted in schematic diagram (Fig. 2A). QCT displayed a protec-
tive role by reducing kidney coefficient and the content of BUN and
CRE in I/R-AKI (Fig. 2B). Tubular injury was evaluated in kidney
sections by Masson staining (Fig. 2C) and HE staining (Fig. S2B),
which showed that QCT significantly reduced histologic injury.
To confirm these findings, we performed another AKI model using
FA (Fig. 2D). Consistently, QCT protected the functional acute renal
failure (Fig. 2E) and structural organ damage (Fig. 2F and Fig. S2C)
in mice of FA-induced AKI model. Lipid peroxidation in kidney tis-
sues was measured by levels of GSH and MDA. QCT increased the
level of GSH and reduced MDA content in the kidney of both AKI
models (Fig. 2G). Immunofluorescence staining of kidney tissue
section showed QCT reduced kidney cell death with TUNEL assay
kit (Fig. S2D). Together, these data support the hypothesis that
QCT is a promising drug candidate for treatment of AKI by inhibit-
ing ferroptosis of tubular epithelial cells

The inhibitory effect of QCT on ferroptosis was depended
on the repression of ATF3

Next, we embarked to decipher the molecular mechanisms that
may account for the QCT’s inhibition of ferroptosis. As ferroptosis is
dependent upon intracellular iron and occurs due to lipid peroxide
accumulation, we first determined the influence of QCT on intra-
cellular iron levels and expression of acyl-CoA synthetase long-
chain family member 4 (ACSL4), which is an essential component
for lipid peroxide accumulation [30]. No obvious differences of
intracellular iron and expression levels of ACSL4 mRNA were found
in all groups (Fig. 3A, B). We then explored the antioxidant
defenses of the cell, and results revealed a dramatic decrease of
GPX4 mRNA and protein accompanied by ferroptosis, while QCT
rescued the defective expression (Fig. 3C, D). To further explore
the molecular mechanisms, we performed 52E cell RNA-sequence
analysis. Compared with Era group, activation transcription factor
3 (ATF3) was predominately low among all the down-regulated
genes, while SLC7A11, a subunit unique to system Xc�, was higher



Fig. 1. QCT significantly and specially inhibited ferroptosis in 52E and HK-2 cells. (A) Cell viability assayed by SRB. (n = 6). The cells were treated with drugs for 24 h. (B)
Representative pictures acquired by transmission electron microscopy. Red arrows indicated mitochondrial cristae disappearance and outer membrane rupture. The 52E cells
were treated for 24 h with Erastin (Era, 1 lM) with or without QCT (10 lM) or Fer-1 (1 lM). The scale bar represents 1 lm. (C) MDA and GSH levels in 52E and HK-2 cells.
(n = 3). The cells were treated for 24 h. (D) and (E) The 52E cells were treated with indicative drugs for 24 h and lipid ROS level was assayed by flow cytometry using C11-
BODIPY. (n = 3). *P < 0.05, ***P < 0.001, compared with normal group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with Era or RSL3 group.
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in the QCT treated group (Fig. 3E). Enrichment analysis revealed that
QCT-changed genes were correlated with the glutathione metabolic
pathway (Fig. 3F). PCR results also confirmed QCT could upregulate
the levels of on SLC7A11 and SLC3A2, and downregulate the levels
of ATF3 as well as Heme Oxygenase 1 (Hmox-1) (Fig. 3G). To elucidate
whether impaired expression of ATF3 was responsible for the inhibi-
tion of ferroptosis, we knocked down the expression of ATF3 with
siRNA, and the knockdown efficiency was confirmed both at the
mRNA and protein levels as shown in Fig. 3H. Interestingly, knock-
down of ATF3 significantly increased the expression of SLC7A11
and GPX4, while it decreased the lipid ROS levels, and resulted in
an increase of cell viability (Fig. 3I). These results suggest that the
ATF3 block by QCT may contribute to its inhibition on ferroptosis.
The mechanism of action of QCT was confirmed in vivo. Similar
to the in vitro studies, QCT had no effect on levels of ATF3 and
Hmox1 in normal mice, but significantly decreased the levels of
ATF3 as well as Hmox-1 in mice subjected to the I/R-AKI model
(Fig. 4A, B, Fig. S4A, B). The mRNA and protein levels of GPX4 were
not influenced by QCT in normal mice (Fig. S4B, C). But they were
diminished in the I/R group and were significantly restored after
QCT treatment (Fig. 4B, C). In accordance with the I/R-AKI model,
all the results were repeatable in mice of the FA-AKI model (Fig. 4-
D-F). In addition, no obvious iron accumulation was found in all
groups in both models (Fig. S3A, B). These in vivo findings fit well
with in vitro evidence that QCT inhibits ferroptosis through the
reduction of ATF3.



Fig. 2. QCT possessed the protective effect to the kidney in both I/R and FA induced AKI. QCT or Fer-1 was administrated 3 times/day, first at the time of model induction, and
then 8 h intervals. (A) The scheme of I/R-induced AKI model and drug treatment. (B) Kidney coefficient and BUN and blood CRE levels in I/R-AKI mice. Kidney
coefficient = Kidney weight/body weight � 100. (C) Representative Masson staining, and pathological scores of the kidney in I/R-AKI groups. The scale bar represents 50 lm.
(D) The scheme of FA-induced AKI model and drug treatment. (E) Kidney coefficient and BUN and blood CRE levels in FA-AKI mice. Kidney coefficient = Kidney weight/body
weight � 100. (F) Representative Masson staining, and pathological scores of the kidney in FA-AKI groups. The scale bar represents 50 lm. (G) MDA and GSH levels in kidney
tissues in both I/R-AKI and FA-AKI groups. (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, compared with Control (CON) group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with
I/R or FA group.
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Fig. 3. Inhibitory effect of QCT on ferroptosis was depended on the repression of ATF3. The cells were treated with drugs as indicated ahead for 24 h. (A) Intracellular iron
levels in 52E cells. (n = 3). (B) RT-PCR results of ACSL4 in 52E cells. (n = 4). (C) RT-PCR results of GPX4 in 52E cells. (n = 4). (D)Western blot results of GPX4 in 52E cells. (n = 3).
(E) Changed genes in Era + QCT treated group compared with Era group displayed in volcano plot assayed by RNA-sequence. The 52E cells were treated with Era (1 lM) with
or without QCT (10 lM) for 24 h. (F) Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathway in Era + QCT group compared with Era
group assayed by RNA-sequence in 52E cells. (G) RT-PCR results of SLC7A11, SLC3A2, ATF3, Hmox-1 in 52E cells. (n = 4). (H) and (I) After transfected with siRNA for 24 h, the
cells were treated with Era (1 lM) for 24 h and the level of ATF3, SLC7A11, GPX4, lipid ROS levels, and cell viability in 52E cells were determined. (n = 4–6). *P < 0.05, **P < 0.01,
***P < 0.001, compared with CON group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with Era or RSL3 group.
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Fig. 4. QCT decreased ATF3 and increased GPX4 expression in AKI mice. (A) RT-PCR results of ATF3 in I/R-AKI mice. (B) RT-PCR results of GPX4, Hmox-1 in I/R-AKI mice. (C)
Western blot results of GPX4 in I/R-AKI mice. (D) RT-PCR results of ATF3 in FA-AKI mice. (E) RT-PCR results of GPX4, Hmox-1 in FA-AKI mice. (F)Western blot results of GPX4 in
FA-AKI mice. (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, compared with CON group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with I/R or FA group.

238 Y. Wang et al. / Journal of Advanced Research 28 (2021) 231–243
Ferroptotic cells induced the recruitment and chemotaxis
of macrophages through CCL2

AKI is histologically characterized by tubular cell death and
inflammation. Regulated necrosis including ferroptosis is thought
to be extremely pro-inflammatory and immunogenic [1]. But
how ferroptosis trigger inflammation is poorly understood.
Through RNA-sequence and enrichment analysis of KEGG signaling
pathways in the Era group compared with the Control group of 52E
cells, we found that changed genes in the Era group were enriched
in inflammatory pathways, such as ‘‘response to tumor necrosis
factor”, ‘‘response to molecules of bacterial origin”, ‘‘response to
lipopolysaccharide” and ‘‘response to cytokine” (Fig. 5A). Many
inflammation related genes were up-regulated by Era, such as
MMP9, Ptgs2, Lcn2 (Fig. 5B). Of note, macrophage chemokines,
CCL2 and CCL7, were also increased in the Era group compared with
the Control group (Fig. 5B). RT-PCR results confirmed the increase
of chemokines induced by Era, whereas QCT treatment signifi-
cantly decreased both levels of CCL2 and CCL7 (Fig. 5C). To test
whether ferroptotic cells could promote macrophage migration,
we added 52E cells treated with Era or DMSO in the lower chamber
of the transwell and iBMDMs in the upper chamber for 24 h.



Fig. 5. Ferroptotic cells induced the recruitment and chemotaxis of macrophages through CCL2. (A) Enrichment analysis of KEGG signaling pathway in Era group compared
with Control group assayed by RNA-sequence in 52E cells. (B) Changed inflammation-related genes in Era group compared with Control group displayed in heatmap assayed
by RNA-sequence in 52E cells. (C) RT-PCR results of CCL2, CCL7 in 52E cells after treatment for 24 h. (n = 4). (D) Left, iBMDMmigration assay (visualized by crystal violet stain)
using 52E cells treated with Era or DMSO for 24 h. Right, Quantitative analysis of the cell migration number. (n = 3). The scale bar represents 50 lm. ***P < 0.001, compared
with CON group; ##P < 0.01, ###P < 0.001, compared with Era group.
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Results showed a significant increase of migrated cells by ferrop-
totic cells, while administration of RS102895, an inhibitor of
CCR2 to the upper chamber, curtailed the migration of macro-
phages (Fig. 5D). In addition, Era alone without 52E cells didn’t
improve the migration of macrophages (Fig. S5A), and RS102895
had no influence on cell viability of iBMDMs (Fig. S5B), which
excluded a non-specific effect of the drugs. Collectively, these
results prove that ferroptotic cells induce a pro-inflammatory state
by triggering the recruitment of macrophages through CCL2, and
that QCT can inhibit ferroptosis-induced inflammation in vitro.
QCT diminished the inflammation in mice of AKI models

To further confirm the pro-inflammatory effect of ferroptotic
cells induced by chemotaxis of macrophages in vivo, we treated
the mice with RS102895. The results showed a protective effect
of RS102895 in FA-AKI, reducing kidney coefficient and blood
CRE and BUN (Fig. 6A). Masson staining of kidney tissues also
showed that RS102895 significantly reduced histologic injury
(Fig. 6B). We further investigated the effect of QCT or Fer-1 on
kidney inflammation. Infiltrated macrophages were increased in



Fig. 6. QCT diminished the inflammation in murine AKI models. (A) Kidney coefficient and BUN and blood CRE levels in FA-AKI mice. (n = 6). (B) Representative Masson
staining, and pathological scores of the kidneys in FA-AKI groups. The scale bar represents 50 lm. (n = 6). (C) Representative F4/80 staining photographs, and mean F4/80
positive cells in I/R-AKI mice counted in 5 fields. Black arrows indicate positive F4/80 staining cells; statistic results of F4/80+ cells/field are listed on the right. The scale bar
represents 50 lm. (n = 6). (D) RT-PCR results of IL-1b, IL-6, TNF-a in I/R-AKI mice. (n = 6). (E) Representative F4/80 staining photographs, andmean F4/80 positive cells in FA-AKI
mice counted in 5 fields. Black arrows indicate positive F4/80 staining cells; statistic results of F4/80+ cells/field are listed on the right. The scale bar represents 50lm. (n = 6). (F)
RT-PCR results of IL-1b, IL-6 in FA-AKI mice. (n = 6). *P < 0.05, ***P < 0.001, compared with CON group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with I/R or FA group.
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mice of the I/R-AKI model, and were then reduced after QCT or
Fer-1 administration (Fig. 6C). In addition, IL-1b, IL-6 and TNF-a
levels in kidney were reduced by QCT or Fer-1 (Fig. 6D). Consis-
tently, upsurge of infiltrated macrophages and pro-inflammatory
cytokines were also mitigated by QCT in FA-AKI (Fig. 6E, F). All
these results suggest that ferroptotic cells trigger inflammation
in kidney by promoting pro-inflammatory cytokine release and
the recruitment of macrophages, and inhibition of ferroptosis
by QCT can alleviate the inflammation-mediated kidney injury.

Discussion

AKI is caused by factors such as kidney I/R, sepsis or nephrotox-
ins and is characterized by impaired kidney-filtration function. The
damage of the kidney tubular epithelial cells causes loss of kidney
function and increases morbidity and mortality. Unfortunately, AKI
still remains a headache condition which lacks specific tools for
treatment until now. Understanding the pathophysiology of one
disease is always the cornerstone for exploration of novel diagnos-
tic and therapeutic strategies. Emerging evidence supports the
concept that ferroptosis, among all the types of cell death, plays
critical role in the pathophysiology of AKI, highlighting ferroptosis
as a promising target for treatment of AKI.

Ferroptosis is a regulated form of cell death driven by loss of
activity of the lipid repair enzyme GPX4 and subsequent accumu-
lation of lipid-based ROS. Researchers found that ferroptosis inhi-
bitor Fer-1 prevented AKI [7,8]. N-acetylcysteine, a lipid
oxidation reducer, shows a protective role in FA and star fruit-
induced AKI [31,32]. Era could inhibit cystine uptake by the
cystine/glutamate antiporter (system xc�), and act on voltage
dependent anion channels 2 and 3 (VDAC2/3), destroying the
antioxidant defenses and promoting ROS production by the cell
and ultimately leading to ferroptosis [3,29]. RSL3, a glutathione
(GSH) peroxidase (GPX) 4 inhibitor, is another popularly used
inducer of ferroptosis [3]. We found that QCT, an anti-oxidant, sig-
nificantly inhibited both Era and RSL3 induced-ferroptosis,
increased the cell viability and decreased cellular lipid ROS. As
expected, QCT also showed as a therapeutic drug candidate for
both I/R-AKI and FA-AKI, protecting from functional acute renal
failure and structural organ damage. Meanwhile, lipid peroxidation
in kidney tissues was blocked by QCT, consistent with previous
studies that showed that QCT possessed the effect of alleviating
intracellular ROS generation [33,34]. Interestingly, QCT is also a
main component of ‘‘Huangkui capsule”, which was proven to have
wide renal protective effect and is widely used for diabetic
nephropathy and other kidney diseases in China [35,36]. But the
mechanisms behind ‘‘Huangkui capsule” remain poorly under-
stood. The inhibitory effect of QCT on ferroptosis of kidney tubular
epithelial cells shown here might provide the possible mechanism
for ‘‘Huangkui capsule”. However, QCT has poor bioavailability and
solubility, which limits its application [37–39]. Also, unlike in vitro
studies of QCT, the in vivo studies are more complex, considering
the possible effect of its metabolites. The absorption and pharma-
cokinetics of QCT should be further studied. QCT in this manuscript
was orally administrated 25 mg/kg for three times/day based on
several exploration tests, while oral administration of QCT at
10 mg/kg daily was unable to protect against isoproterenol car-
diotoxicity as reported [40]. Optimization of the structure of QCT
to get a new compound with higher bioavailability and solubility
is needed in further studies.

Ferroptosis is dependent upon intracellular iron, accumulation
of lipid ROS, and loss of activity of the lipid repair enzyme GPX4.
In the present study, no increasing iron content was found in cells
developing ferroptosis or kidney tissues of AKI mice. While disrup-
tion of GPX4 was repaired by QCT, and lipid ROS was abrogated.
According to the RNA-sequence analysis, we identified ATF3 as a
core factor that contributed to the ferroptosis. ATF3 belongs to a
member of the ATF/cyclic AMP response element-binding (ATF/
CREB) family of transcription factors, considered as a stress
response-inducing gene. And ATF3 was proven to be involved in
various types of cell regulation, including stress response, cell cycle
regulation, apoptosis and immune regulation [41]. ATF3 has also
been reported to change in various diseases such as atherosclerosis
[42], cardiac hypertrophy [43], breast cancer [41], colorectal cancer
[44] and other tumors. Recently, ATF4, another member of ATF/
CREB family of transcription factors, was found to promote angio-
genesis and neuronal cell death through ferroptosis in an Xct-
dependent manner [45]. Wolfram reported that high levels of
ATF3 correlated with low glutathione during sepsis [46]. Recently,
ATF3 was proven to promote ferroptosis [47]. We also found that
ATF3 was increased in AKI, and that knockdown of ATF3 increased
the cell viability of the renal proximal tubular epithelium and the
expression of GPX4. Our data revealed that QCT could markedly
inhibit ATF3 and suggested that QCT may inhibit ferroptosis
through the repression of ATF3. In addition, a strong repression
by QCT of Hmox-1 was also found. Hmox-1, the enzyme that is
responsible for heme degradation, is upregulated in proximal
tubule cells in response to oxidant stress. But its role in ferroptosis
is controversial, some reported Hmox-1 mitigated ferroptosis [48],
while others found Hmox-1 accelerated ferroptosis [49]. Based on
our results, the effect of QCT on Hmox-1 was more likely to be
accompanied by the inhibition on ferroptosis.

Besides tubular cell death, inflammation is also an important
characteristic of AKI, histopathologically correlated with renal dys-
function [50]. It is known that dying cells release inflammatory fac-
tors which amplify tissue injury. Ferroptosis, together with other
types of regulated necrosis, is thought to be immunogenic and
extremely pro-inflammatory, but how ferroptosis causes inflam-
mation remains poorly characterized. Through the RNA-sequence
analysis, we found that molecular inflammatory pathways were
activated in ferroptotic cells. Many inflammation related genes,
especially macrophage chemokines CCL2 and CCL7, were triggered
by ferroptosis. Ferroptotic cells did induce the recruitment of
macrophages according to our experiments. Many references
showed an important role of macrophages in AKI, stimulating
and amplifying inflammatory responses [51,52]. QCT and Fer-1,
inhibitors of ferroptosis, significantly reduced the infiltration of
macrophages and levels of inflammatory cytokines in kidney. Our
findings here clearly link cell death-immune crosstalk to AKI devel-
opment and define important cellular and molecular mediators
which may serve as effective targets in AKI.
Conclusion

In conclusion, this study provides evidences that QCT possess a
protective role on AKI via inhibiting ferroptosis. Our studies sug-
gest that (i) QCT is a potent ferroptosis inhibitor and ameliorates
AKI; (ii) QCT reduces ATF3 expression and further influences the
downstream signaling pathway of ferroptosis; (iii) Ferroptosis
could induce the recruitment of macrophages, triggering inflam-
mation. We view this work as a first step toward developing treat-
ments for AKI targeting ferroptosis, and provide the basis for the
development of new therapeutic strategies for diseases related to
ferroptosis.
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