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Abstract. The present study aimed to evaluate the role and 
mechanism of ferrostatin‑1 (Fer‑1) in oxalate (Ox)‑induced 
renal tubular epithelial cell injury, fibrosis, and calcium 
oxalate (CaOx) stone formation. A CaOx model in mice 
kidneys was established via intraperitoneal injection 
of 80  mg/kg glyoxylic acid for 14  days. The mice were 
randomly divided into three groups (n=6), namely, the 
control (Con), the CaOx group, and the CaOx + Fer‑1 group. 
Cultured human renal tubular epithelial cells (HK‑2 cells) 
were randomly divided into three groups (n=3), namely, the 
control (Con), the Ox group, and the Ox + Fer‑1 group. The 
levels of heme oxygenase 1 (HO‑1), superoxide dismutase 2 
(SOD2), glutathione peroxidase 4 (GPX4), and solute carrier 
family 7 member 11 (SLC7A11) were assessed by immuno‑
fluorescence and western blot analysis. Renal tubular injury 
and apoptosis were evaluated by H&E and TUNEL staining. 
Kidney interstitial fibrosis was evaluated by Masson and 
Sirius red staining, and the levels of E‑cadherin, vimentin 
and α‑SMA were detected by immunofluorescence or 
western blot analysis. Mitochondrial structure was observed 
using a transmission electron microscope. The levels of 
reactive oxygen species (ROS) were determined by flow 
cytometry and CaOx stone formation was evaluated by von 
Kossa staining. The results revealed that in comparison with 
the Con group, mitochondrial injury under glyoxylic acid 
treatment was observed by TEM. The expression of GPX4 
and SLC7A11 in the CaOx and Ox groups was downregu‑
lated (P<0.05), whereas the expression of HO‑1 and SOD2 
was upregulated (P<0.05). Renal tissue damage, apoptosis 
of renal tubular epithelial cells, and interstitial fibrosis 

were increased in the CaOx and Ox groups (P<0.05). In 
comparison with the CaOx or Ox group, the expression of 
GPX4 and SLC7A11 in the CaOx + Fer‑1 or Ox + Fer‑1 
group was upregulated (P<0.05), whereas that of HO‑1 and 
SOD2 was downregulated (P<0.05). Renal tissue damage, 
apoptosis of renal tubular epithelial cells and interstitial 
fibrosis were decreased following Fer‑1 treatment (P<0.05). 
The ROS level was also decreased following Fer‑1 treat‑
ment. Moreover, CaOx stone formation was decreased in the 
CaOx + Fer‑1 group (P<0.05). In conclusion, Fer‑1 alleviated 
Ox‑induced renal tubular epithelial cell injury, fibrosis, and 
CaOx stone formation by inhibiting ferroptosis.

Introduction

Kidney stones are one of the most common urinary diseases 
in the world, causing heavy social and economic burden to 
mankind (1). The occurrence and development of kidney stones 
are closely related to the increased risk of chronic kidney 
disease (CKD) (2). calcium oxalate (CaOx) stones account for 
70‑80% of renal stones, 35% of patients with CaOx stones were 
accompanied by renal injury, and 29% were accompanied by 
CKD (3). The prevention and treatment of CaOx stones focuses 
on the causes of CaOx stones and surgical improvement. The 
treatment of patients with CaOx stones progressing to CKD 
has not attracted enough attention. Renal injury induced by 
CaOx crystals cannot be completely repaired and progresses 
to fibrosis  (4). Therefore, the mechanism of fibrosis after 
CaOx crystal renal injury should be urgently clarified, and the 
progression of patients with CaOx stones to CKD should be 
delayed.

The formation process of CaOx stones includes the 
precipitation of CaOx crystals when oxalate (Ox) and calcium 
(Ca) ions are in a relatively supersaturated state. CaOx crys‑
tals adhere to tubular epithelial cells and interact with other 
cells. The crystals stay in the kidney in various ways and 
finally form kidney stones (5). The adhesion of CaOx crystals 
to renal tubular epithelial cells is the initial process of stone 
formation. CaOx crystals can directly produce cytotoxic 
damage (6). Renal tubular epithelial cells undergo apoptosis 
after injury, resulting in inflammatory response and a fibrotic 
environment (7). The molecular mechanism in which CaOx 
crystals induce renal tubular epithelial cell injury and inter‑
stitial fibrosis should be explored for the clinical prevention 
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and treatment of CaOx stone formation and the progression of 
patients with CaOx stones to CKD.

Ferroptosis is characterized by intracellular iron accumu‑
lation and lipid peroxidation during cell death. Ferroptosis 
can be induced by the downregulation of system XCT activity, 
inhibition of glutathione peroxidase 4 (GPX4), and increase of 
reactive oxygen species (ROS) (8). System XCT is an impor‑
tant intracellular antioxidant system, which takes up cystine 
and excretes glutamate. Inhibiting the activity of system 
XCT affects the synthesis of glutathione (GSH) by inhibiting 
the absorption of cystine, which leads to the occurrence of 
oxidative damage and ferroptosis. Solute carrier family 7 
member 11 (SLC7A11) and GPX4 are the central regulators 
of ferroptosis, and the reduced levels of GPX4 and SLC7A11 
are always regarded as markers of ferroptosis. Ferroptosis 
is involved in tumor development  (9), neurodegenerative 
diseases (10), ischemia‑reperfusion injury (11), and other path‑
ological processes, and the targeted regulation of ferroptosis 
and its signaling pathways have achieved beneficial results. 
Although the interactions between ferroptosis and acute 
kidney injury (AKI) have been continuously explored (12), 
limited studies have focused on ferroptosis and CKD, espe‑
cially the progression of patients with CaOx stones to CKD. 
By high‑throughput screening of small molecule libraries, 
studies have independently reported that ferrostatin‑1 (Fer‑1) 
acts as a potent inhibitor of ferroptosis (13,14). In the present 
study, the role and mechanism of Fer‑1 in Ox‑induced renal 
tubular epithelial cell injury, fibrosis, and CaOx stone forma‑
tion were evaluated.

Materials and methods

Animals. A total of 18 C57BL/6J mice (male; 6‑8 weeks; 
weighing 24‑28 g) were purchased from Hubei Provincial 
Centers for Disease Control and Prevention. All animal 
treatments were approved (approval no. WDRM‑20200604) 
by the Laboratory Animal Welfare and Ethics Committee 
of Renmin Hospital of Wuhan University (Wuhan, China). 
The mice were kept under specific pathogen‑free conditions 
and in a steady temperature (22±2˚C) and humidity (40‑70%) 
barrier system with a 12‑h light/dark cycle, and food and 
water available.

Study design. The 18 mice were divided randomly into three 
groups (n=6 per group), namely, the control (Con), CaOx 
stone, and CaOx stone + Fer‑1 group (CaOx + Fer‑1). The 
CaOx stone model in the kidneys of mice was established 
with intraperitoneal injection of 80 mg/kg glyoxylic acid 
(Sigma‑Aldrich; Merck KGaA) for 14 days (15); 5 mg/kg Fer‑1 
(inhibitor of ferroptosis; MedChemExpress) was injected 
once daily for 3 consecutive days before glyoxylic acid treat‑
ment and seventh after modeling (16). Mice in the control 
group received an intraperitoneal injection of saline solution. 
The experimental mice were anesthetized by intraperitoneal 
injection of pentobarbital (50 mg/kg) for renal tissue and 
blood sampling. The blood was centrifuged (4,000 x g) for 
15 min at 4˚C to obtain the serum, and the kidneys were 
harvested and then stored at ‑80˚C or fixed in paraformalde‑
hyde solution. All animals were sacrificed with pentobarbital 
(100 mg/kg) after surgery.

Cell culture. Human proximal tubular cells (HK‑2 cells; cat. 
no. SCSP‑511) were obtained from the Cell Bank of the Chinese 
Academy of Sciences, maintained in complete DMEM/F12 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.), 1% penicillin and streptomycin and cultured at 37˚C in 
an incubator with 5% CO2. Ox (Sigma‑Aldrich; Merck KGaA) 
was added to the serum‑free DMEM/F12 to prepare the Ox 
intervention solution. When cell confluence reached 80%, the 
cells were exposed to 2 mM Ox intervention solution for 24 h 
prior to analysis. Subsequently, the HK‑2 cells were treated 
with Fer‑1 (100 µM) with or without Ox intervention solution 
(2 mM) for 24 h at 37˚C (17).

Iron measurements. Cells (2x106) were rapidly homog‑
enized in iron assay buffer using an Iron Assay kit (product 
no. MAK025; Sigma Aldrich; Merck KGaA). Briefly, iron is 
released by the addition of an acidic buffer. Samples were 
assessed to measure total iron. Released iron could react with 
the iron probe resulting in a colorimetric (593 nm) product, 
proportional to the iron present. The solution was then centri‑
fuged at 13,000 x g for 10 min at 4˚C to remove insoluble 
material and was measured at 593 nm with a microplate fluo‑
rometer (Bio‑Rad Laboratories, Inc.).

Cell viability assay. The cell viability after the use of Fer‑1 
and Ox was measured by Cell Counting Kit‑8 (CCK‑8; 
Beyotime Institute of Biotechnology) assay. Cells (3x103/well) 
were seeded into 96‑well culture plates at 37˚C for 24 h. The 
cells were then co‑treated with different concentrations of 
Fer‑1 (0, 2, 4, 8, 16, 32, and 64 µM) and oxalate (2 mM) in 
DMEM/F12. A total of 10 µl of CCK‑8 solution was added to 
each well and incubated at 37˚C for another 2 h. The optical 
density at 450 nm was determined using a microplate reader 
(Bio‑Rad Laboratories, Inc.).

Hematoxylin‑eosin (H&E) staining. The kidney tissue (fixed 
with 4% paraformaldehyde solution at 26˚C) was dehydrated 
with gradient ethanol, embedded in paraffin, cut into 4‑µM 
sections, subjected to xylene dewaxing and gradient ethanol 
debenzylation, and washed with distilled water. The tissues 
were stained with hematoxylin for 5 min and eosin for 1 min at 
room temperature using the H&E staining kit (cat. no. C0105; 
Beyotime Institute of Biotechnology) and injuries were scored 
as follows: 0, no tubular injury; 1, <10% tubular damage; 2, 
10‑25% tubular damage; 3, 26‑50% tubular damage; 4, 51‑74% 
tubular damage; and 5, >75% tubular damage.

Immunofluorescence staining for kidney tissue. Renal tissues 
were fixed in 4% paraformaldehyde at 4˚C for 24 h, embedded 
in paraffin and cut into 4‑µm sections. The sample was then 
washed with pure water, and the slices were transferred into 
0.01 M citrate buffer (pH 6.0), heated in a microwave oven for 
antigen repair, and repaired with medium and high tempera‑
tures for 2‑8 min. The specific time was adjusted according to 
the actual situation of the sample. Subsequently, the sample 
was cooled to room temperature, and a circle was drawn 
around the tissue with a histochemical pen to prevent the incu‑
bation solution from flowing away in the later process. PBS 
was used to wash the sample thrice for 5 min each time. The 
primary antibody: α‑Smooth muscle actin (α‑SMA; 1:200; 
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cat. no. BM0002; Wuhan Boster Biological Technology, Ltd.), 
fibronectin (1:400; cat. no. 15613‑1‑AP; ProteinTech Group, 
Inc.), E‑cadherin (1:500; cat. no.  40772; Abcam), GPX4, 
(1:200; cat. no. 6701; Affinity Biosciences, Ltd.), SLC7A11 
(1:200; cat. no. 26864; ProteinTech Group, Inc.), and super‑
oxide dismutase 2 (SOD2; 1:200; cat. no.  13534; Abcam) 
was incubated with 5% BSA 4˚C overnight. The sample was 
reheated and washed thrice with PBS for 5 min each time. An 
appropriate amount of secondary antibody (goat anti‑rabbit 
HRP; 1:1,000; cat. no. A‑11034; Thermo Fisher Scientific, 
Inc.) working solution was added to the slices, and the sample 
was incubated in a water bath at 37˚C for 30 min in the dark 
and washed thrice with PBS for 5 min each time. DAPI was 
then added dropwise to stain the nuclei, and the mixture was 
incubated in the dark at room temperature for 20‑30 min and 
washed with PBS. Finally, the film was sealed with anti‑fluo‑
rescence quenching sealing agent. All images were observed 
under a fluorescence microscope (Nikon Corporation) and 
figures were analyzed using ImageJ software (version 1.8.0; 
National Institutes of Health).

Immunohistochemistry (IHC) analysis. In brief, 4‑µm 
paraffin‑embedded sections were deparaffinized, subjected 
to antigen retrieval using citrate buffer (pH 6.0) at 95˚C for 
10 min and treated with 0.3% H2O2 to block their endog‑
enous peroxidase activity at room temperature for 10 min. 
Next, the sections were continuously treated with blocking 
reagent QuickBlock™ (cat. no. P0260; Beyotime Institute of 
Biotechnology), then incubated with the primary antibody for 
kidney injury molecular 1 (KIM‑1; 1:100) at 4˚C overnight, and 
then with the secondary antibody (1:5,000; cat. no. TA130017; 
biotinylated goat anti‑rabbit; OriGene Technologies, Inc.) for 
1 h at room temperature. Peroxidase activity was visualized 
using 3,3'‑diaminobenzidine at room temperature for 5 min. 
The positive stained areas of KIM‑1, based on the unit area 
(magnification, x400), were calculated as the percentage of all 
examined areas using ImageJ software (version 1.8.0; National 
Institutes of Health).

TUNEL assay. A TUNEL assay kit (cat. no. MK1015; Wuhan 
Boster Biological Technology, Ltd.) was used to detect 
apoptotic cells according to the manufacturer's instructions. 
Kidney paraffin sections were incubated overnight at 4˚C 
with anti‑neuronal nuclei antibody (cat. no. BM4354; 1:100; 
Wuhan Boster Biological Technology, Ltd.) according to the 
manufacturer's instructions. The sections were incubated 
with TUNEL reaction mixture for 1 h at 37˚C before being 
rinsed three times with PBS. Images were captured using 
an inverted fluorescence microscope at high magnification 
(x400). TUNEL‑positive neurons in five randomly selected 
areas surrounding the injury site were quantified, and the data 
were analyzed using ImageJ software (version 1.8.0; National 
Institutes of Health).

Hoechst staining. Hoechst 33342/PI double staining was used 
for morphological analysis. Cells were plated in replicates at 
1x106 cells per well in 6‑well plates. The cells were collected 
via centrifugation at 300 x g for 5 min at 25˚C, suspended 
in cell staining buffer, and incubated with 5  µl Hoechst 
33342 and 5 µl PI solution (cat. no. CA1120; Beijing Solarbio 

Science & Technology Co., Ltd.) at 4˚C for 30 min. All images 
were observed under a fluorescence microscope (Nikon 
Corporation) and figures were analyzed using ImageJ software 
(version 1.8.0; National Institutes of Health).

Masson staining. Renal tissues were fixed in 4% paraformal‑
dehyde at 4˚C for 24 h, embedded in paraffin and cut into 4‑µm 
sections. Then, a circle was drawn around the tissue with a 
histochemical pen to prevent the incubation solution from 
flowing away in the later process. Subsequently, the sample 
was washed thrice with pure water for 5 min each time. By 
using the Masson staining kit (Wuhan Servicebio Technology 
Co., Ltd.), solution A was added, and the solution was soaked 
at room temperature overnight. The slices soaked in liquid 
were placed into the oven at 62˚C for 30 min, and liquids D 
and F were added for preheating. The sample was then washed 
with tap water until the yellow dye on the tissue was no longer 
evident. Equal quantities of liquids B and C were added to 
dye the samples for 1 min at room temperature, and were then 
washed with tap water. Following differentiation with 1% 
hydrochloric acid and alcohol for 1 min, the nucleus was gray 
black, and the background was almost colorless. The sample 
was washed with tap water and dyed with solution D for 6 min, 
washed with water, and then dyed with solution E for 1 min at 
room temperature. Without washing, the sample was dyed with 
solution F for 8‑15 sec at room temperature. Finally, 1% glacial 
acetic acid was differentiated thrice for several seconds. Renal 
fibrosis was verified using Masson trichrome staining (blue 
area). All images were observed under a light microscope 
(Nikon Corporation) and figures were analyzed using ImageJ 
software (version 1.8.0; National Institutes of Health).

Sirius red staining. Renal tissues were fixed in 4% parafor‑
maldehyde at 4˚C for 24 h, embedded in paraffin and cut into 
4‑µm sections. Then, a circle was drawn around the tissue with 
a histochemical pen to prevent the incubation solution from 
flowing away in the later process. The sample was washed thrice 
with pure water for 5 min each time. Subsequently, Sirius red 
staining was carried out for 30 min at room temperature. The 
slices were directly divided into absolute ethanol for several 
seconds. Renal fibrosis was verified using Sirius red staining 
(red area). All images were observed under a light microscope 
(Nikon Corporation) and figures were analyzed using ImageJ 
software (version 1.8.0; National Institutes of Health).

Von Kossa staining. Renal tissues were fixed in 4% parafor‑
maldehyde at 4˚C for 24 h, embedded in paraffin and cut into 
4‑µm sections. The sections were then placed in 1% silver 
nitrate solution under ultraviolet light for 45 min. Subsequently, 
the sample was washed with distilled water, treated with 3% 
sodium thiosulphate for 5  min at room temperature, and 
washed with water. Finally, the sample was counterstained 
with van Gieson for 5 min at room temperature and washed 
with alcohol. The crystal deposition area (black area) was 
quantified using ImageJ software (version 1.8.0; National 
Institutes of Health).

Western blotting. Renal tissue homogenates and cell lysates 
were prepared in RIPA buffer containing phenylmethylsul‑
fonyl fluoride and a phosphatase inhibitor cocktail (Wuhan 
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Servicebio Technology Co., Ltd.). The protein content 
was measured using a bicinchoninic acid assay (Bio‑Rad 
Laboratories, Inc). After BCA quantification, 30 µg protein 
samples were obtained from each hole, separated by 10% 
SDS‑PAGE gel electrophoresis, and transferred to polyvi‑
nylidene fluoride membranes. The membrane was sealed 
with 5% milk for 1 h at 26˚C, and then with 0.5% skim. It 
was then washed thrice using Tris‑buffered saline containing 
1% Tween‑20 (TBST) for 10 min each time. The membrane 
was then incubated with a primary antibody: SOD2 (1:1,000; 

cat. no.  ab137037; Abcam), heme oxygenase 1 (HO‑1; 
1:2,000; cat. no.  ab52947; Abcam), GPX4 (1:1,000; cat. 
no. DF6701; Affinity Biosciences, Ltd.), SLC7A11 (1:1,000; 
cat. no. D F12509; Affinity Biosciences, Ltd.), caspase‑3 
(1:2,000; cat. no. AF7022; Affinity Biosciences, Ltd.), fibro‑
nectin (1:1,000; cat. no. sc‑8422; Santa Cruz Biotechnology, 
Inc.), E‑cadherin (1:5,000; cat. no.  20874‑1; ProteinTech 
Group, Inc.), vimentin (1:5,000; cat. no. 10366‑1; ProteinTech 
Group, Inc.), α‑SMA (1:1,000; cat. no. B M0002; Wuhan 
Boster Biological Technology, Ltd.) and GAPDH (1:5,000; 

Figure 1. Activation of ferroptosis in mouse kidneys with CaOx stones. (A) Renal cortex expression of SLC7A11, GPX4, HO‑1 and SOD2 determined by immu‑
nofluorescence staining in mice after glyoxylic acid treatment (magnification, x400). (B‑E) Quantification of (B) SLC7A11, (C) GPX4, (D) HO‑1 and (E) SOD2 
in mouse kidneys assessed using immunofluorescence. (F) Western blot analysis of SLC7A11, GPX4, HO‑1 and SOD2 in renal tissue lysates from these groups. 
(G‑J) The ratio of the optical density of (G) SLC7A11, (H) GPX4, (I) HO‑1, and (J) SOD2 to GAPDH was statistically analyzed. (K) Representative images of 
mitochondrial injury under glyoxylic acid treatment were observed by TEM. White triangles represent the injured mitochondria. The data are presented as the 
mean ± SD; n=6. *P<0.05 vs. the control group. CaOx, calcium oxalate; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; HO‑1, 
heme oxygenase 1; SOD2, superoxide dismutase 2; TEM, transmission electron microscopy.
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cat. no. 60004‑1; ProteinTech Group, Inc.) overnight at 4˚C. 
The sample was then washed thrice with TBST for 10 min 
each time. The membrane was removed and incubated 
with the secondary antibody (1:1,000; cat. no. SA00001‑2; 
ProteinTech Group, Inc.) at 37˚C for 2 h. TBST was then 
used to wash the membrane for 10 min each time. Finally, 
ECL (cat. no. BL520A; Biosharp Life Sciences) color was 
developed with GAPDH as an internal reference to analyze 
the protein expression level on the membrane. ImageJ soft‑
ware (version 1.8.0; National Institutes of Health) was used 
to semi‑quantify protein expression with GAPDH as the 
loading control.

Detection of ROS by flow cytometry. Intracellular ROS 
production was detected using the probe DCF‑DA (Beyotime 
Institute of Biotechnology). Cells (3x106/well) were seeded in 
a 6‑well plate and stimulated by Ox, followed by incubation 
with 10 µM DCF‑DA for 20 min at 37˚C. The cells were then 
collected and washed with PBS. After resuspending the pellet 
in 200 µl PBS, fluorescence was detected using a BD Accuri 
C6 Plus flow cytometer and FACSDiva software (version 6.13) 
(BD Biosciences).

Transmission electron microscopy (TEM). The kidney tissues 
were fixed for 2 h with 2.5% glutaraldehyde in a 0.05 M 
sodium cacodylate buffer at pH 7.2 and at 25˚C, followed by 
2 h in 2% OsO4 in a 0.1 M sodium cacodylate buffer and 18 h 
in 1% aqueous uranyl acetate. Following dehydration through 
an ethanol series, the specimens were embedded in epoxy 
resin 618 at 40˚C and cut into 60‑80 nm ultrathin sections 
and then subjected to uranium lead double staining at 4˚C for 
20 min. TEM (Hitachi, Ltd.) was used to observe renal tubular 
epithelial cells and for image acquisition.

Assessment of blood urea nitrogen (BUN) and (creatinine) Cr. 
Renal tissues and blood were collected for biochemical anal‑
ysis. BUN and Cr serum levels in renal tissues were assessed 
using the corresponding detection kits (cat. no. C011‑2 and 
C013‑1; Nanjing Jiancheng Bioengineering Institute) in accor‑
dance with the manufacturer's instructions.

Statistical analysis. Statistical analysis of the data was 
performed using GraphPad Prism 5.0 (GraphPad Software, 
Inc.). The data are presented as the mean ± standard deviation. 
The unpaired Student's t‑test was used to compare the mean 

Figure 2. Fer‑1 inhibits renal injury induced by CaOx stones. (A) Representative images of the renal cortex by H&E staining, immunohistochemical staining 
(magnification, x200) and TUNEL assay (magnification, x400) following Fer‑1 treatment. Black arrows represent the injured renal tubule. (B) Tissue injury 
scores in each group were statistically analyzed. (C) Semi‑quantitative statistical analysis of KIM‑1. (D) Quantification of renal apoptosis by TUNEL assay. 
(E and F) Serum BUN and Cr levels of three groups following Fer‑1 treatment. The data are presented as the mean ± SD; n=6. *P<0.05 vs. the control group; 
#P<0.05 vs. the CaOx group. Fer‑1, ferrostatin‑1; CaOx, calcium oxalate; H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase‑medi‑
ated dUTP nick end labeling; KIM‑1, kidney injury molecule‑1; BUN, blood urea nitrogen; Cr, creatinine.
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values between two groups. One‑way analysis of variance and 
Bonferroni's post hoc test were used to evaluate the differences 
among groups. P<0.05 was considered to indicate a statisti‑
cally significant difference.

Results

Activation of ferroptosis in the CaOx kidney stone mouse model. 
To explore the role of ferroptosis in CaOx stones, a CaOx kidney 

stone mouse model was established with intraperitoneal injection 
of 80 mg/kg glyoxylic acid for 14 days. Through immunofluo‑
rescence staining of kidney tissue, the levels of SLC7A11 and 
GPX4 were revealed to be significantly decreased (Fig. 1A‑C), 
and the levels of SOD2 and HO‑1 in renal tissue in the CaOx 
group were significantly increased (Fig. 1A, D and E). Through 
western blotting of kidney tissue, the levels of SLC7A11 and 
GPX4 were revealed to be significantly decreased (Fig. 1F‑H), 
and the levels of SOD2 and HO‑1 in renal tissue in the CaOx 

Figure 3. Ferrostatin‑1 inhibits renal fibrosis after renal injury induced by CaOx stones. (A) Representative images of Masson's staining (blue), Sirius red 
staining (red), immunofluorescence staining of fibronectin and α‑SMA (red) in renal tissue (magnification, x400). (B) Quantification of renal fibrosis by 
Sirius red staining. (C) Quantification of renal fibrosis by Masson's staining. (D) Quantification of α‑SMA in mouse kidneys assessed by immunofluorescence 
staining. (E) Quantification of fibronectin in mouse kidneys assessed by immunofluorescence staining. The data are presented as the mean ± SD; n=6. *P<0.05 
vs. the control group; #P<0.05 vs. the CaOx group. CaOx, calcium oxalate; α‑SMA, α‑smooth muscle actin; PSR, Picrosirius red; Fer‑1; ferrostatin‑1.

Figure 4. Ferrostatin‑1 inhibits CaOx stone formation. (A) Histopathological analysis of Von Kossa staining (magnification, x200). (B) Quantification analysis 
of stone deposition by Von Kossa staining. The data are presented as the mean ± SD; n=6. *P<0.05 vs. the control group; #P<0.05 vs. the CaOx group. CaOx, 
calcium oxalate.
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group were significantly increased (Fig. 1F, I and J). By using 
TEM, it was observed that compared with the control group, 
the mitochondrial morphology in the CaOx group exhibited the 
characteristic changes of ferroptosis, including the vanishing 
of mitochondria cristae and rupture of the outer mitochondrial 

membrane (Fig. 1K). Therefore, ferroptosis occurred in the 
mouse kidney of CaOx stone.

Fer‑1 inhibits renal injury induced by CaOx stones. Fer‑1 acts 
as a specific inhibitor of ferroptosis, which plays an important 

Figure 5. Activation of ferroptosis in Ox‑induced injury of HK‑2 cells. Cells were exposed to 2 mM Ox intervention solution for 24 h. (A) Western blot analysis 
of HO‑1 and SOD2 in Ox‑induced injury of renal tubular epithelial cells. (B and C) The ratio of the optical density of (B) HO‑1 and (C) SOD2 to GAPDH was 
statistically analyzed. (D) Western blot analysis of SLC7A11 and GPX4 in Ox‑induced injury of renal tubular epithelial cells. The ratio of the optical density of 
(E) SLC7A11 and (F) GPX4 to GAPDH was statistically analyzed. The data are presented as the mean ± SD; n=3. *P<0.05 vs. the control group. Ox, oxalate; 
HO‑1, heme oxygenase 1; SOD2, superoxide dismutase 2; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 4.

Figure 6. Fer‑1 inhibits Ox‑induced apoptosis of HK‑2 cells. (A) Cells were incubated with various concentrations of Fer‑1 (0, 2, 4, 8, 16, 32 and 64 µmol/l) and 
Ox (2 mM) and cell viability was assessed by CCK‑8 assay. (B) Intracellular iron levels in HK‑2 cells. (C) Representative images of HK‑2 cells by Hoechst 
staining (green) after Fer‑1 treatment. (D) Quantification of HK‑2 cells apoptosis by Hoechst staining. (E) Representative images cleaved caspase‑3 in HK‑2 
cells. (F) Quantification of cleaved caspase‑3 in HK‑2 cells assessed by western blotting. The data are presented as the mean ± SD; n=3. *P<0.05 vs. the control 
group; #P<0.05 vs. the Ox group. Fer‑1, ferrostatin‑1; Ox, oxalate; CCK‑8, Cell Counting‑Kit‑8.
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role in various diseases. H&E staining revealed a higher injury 
score of renal tubules in the CaOx group than in the control 
group. Following Fer‑1 treatment, renal tubular injury was 
decreased compared with the CaOx group (Fig. 2A and B). 
Through immunohistochemical staining of kidney tissue, 
the level of KIM‑1 was revealed to be significantly increased 
compared with the control group, and the level of KIM‑1 in renal 
tissue in the CaOx + Fer‑1 group was significantly decreased 
compared with that of the CaOx stone group (Fig. 2A and C). 
Terminal deoxynucleotidyl transferase‑mediated dUTP nick 
end labeling (TUNEL staining) revealed a higher rate of apop‑
tosis of renal tubules in the CaOx model group compared with 
the control group, and renal tubular apoptosis was decreased 

in the CaOx + Fer‑1 treatment group compared with that of the 
CaOx stone group (Fig. 2A and D). Moreover, serum BUN and 
Cr levels were increased compared with the control group and 
decreased in the CaOx + Fer‑1 treatment group compared with 
those of the CaOx stone group (Fig. 2E and F).

Fer‑1 inhibits renal fibrosis after renal injury induced by 
CaOx stones. Renal injury is closely associated with the 
increased risk of developing CKD, and the risk of CKD inci‑
dence is dependent on the severity of renal injury (18). The 
results of Picrosirius red (PSR) staining showed that renal 
fibrosis in the CaOx group was increased compared with 
the control group. Following Fer‑1 treatment, renal fibrosis 

Figure 7. Fer‑1 inhibits EMT and renal fibrosis following Ox‑induced injury of HK‑2 cells. Cells were treated with Fer‑1 with or without Ox intervention solu‑
tion for 24 h. (A) Representative images of immunofluorescence staining of α‑SMA, vimentin (red) and E‑cadherin (green) (magnification, x400) following 
Fer‑1 treatment. (B‑D) Semi‑quantitative statistical analysis of (B) α‑SMA, (C) vimentin and (D) E‑cadherin. (E) Representative images of fibronectin, 
vimentin, α‑SMA and E‑cadherin in HK‑2 cells by western blotting. (F‑I) Quantification of (F) fibronectin, (G) vimentin, (H) E‑cadherin and (I) α‑SMA 
in HK‑2 cells assessed by western blotting. The data are presented as the mean ± SD; n=3. *P<0.05 vs. the control group; #P<0.05 vs. the Ox group. Fer‑1, 
ferrostatin‑1; EMT, epithelial‑mesenchymal transition; Ox, oxalate; α‑SMA, α‑smooth muscle actin,
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in mice was significantly lower than that in the CaOx group 
(Fig. 3A and B). Similarly, Masson staining revealed that 
renal fibrosis in the CaOx group was significantly increased 
compared with the control group. Following Fer‑1 treatment, 
renal fibrosis in mice was significantly lower than that in the 
CaOx group (Fig. 3A and C). Through immunofluorescence 
staining of kidney tissue, the levels of fibronectin and α‑SMA 
in renal tissue of the CaOx group were revealed to be signifi‑
cantly increased compared with the control, whereas the levels 
of fibronectin and α‑SMA were significantly decreased in the 
CaOx + Fer‑1 treatment group compared with the levels in the 
CaOx group (Fig. 3A, D and E).

Fer‑1 inhibits CaOx stone formation. Von Kossa staining 
showed that CaOx crystals were deposited in the renal inter‑
stitium of mice in the CaOx group. Following Fer‑1 treatment, 
the CaOx crystals in mice were significantly lower than those 
in the CaOx group (Fig. 4).

Activation of ferroptosis in Ox induces injury of renal 
tubular epithelial cells. This experiment aimed to further 
explore the role of ferroptosis in the Ox‑induced injury of 
renal tubular epithelial cells. Western blot analysis revealed 
that the levels of HO‑1 and SOD2 in tubular cells in the 
Ox group were significantly increased (Fig. 5A‑C), and the 
levels of GPX4 and SLC7A11 were significantly decreased 
compared with the control group (Fig. 5D‑F). Therefore, 
ferroptosis occurred in the Ox‑induced injury of renal 
tubular epithelial cells.

Fer‑1 inhibits Ox‑induced injury of renal tubular epithelial 
cells. Renal tubular epithelial cells were treated with different 
concentrations of Fer‑1 and 2 mM Ox to explore the function 
of Fer‑1 in Ox‑induced renal tubular epithelial cell injury. It 
was determined that the peak protective dose of Fer‑1 was 
8  µM (P<0.01). Therefore, co‑culturing with 8  µM Fer‑1 

and 2 mM Ox was used in the present study (Fig. 6A). The 
intracellular iron level was significantly increased under the 
stimulation of Ox and decreased following the Fer‑1 treatment 
(Fig. 6B). Hoechst staining revealed a higher apoptotic rate 
of renal tubules in the Ox group than in the control group. 
Following Fer‑1 treatment, the renal tubular apoptotic rate 
was decreased compared with the Ox group (Fig. 6C and D). 
The results of western blot analysis of caspase‑3 revealed 
a higher rate of apoptosis of renal tubules in the Ox group 
compared with the control group, and renal tubular apoptosis 
was decreased in the Ox + Fer‑1 group compared with the Ox 
group (Fig. 6E and F).

Fer‑1 inhibits epithelial‑mesenchymal transition (EMT) and 
renal fibrosis following Ox‑induced injury of renal tubular 
epithelial cells. Through immunofluorescence staining of 
kidney tissue, the levels of vimentin and α‑SMA were revealed 
to be significantly increased in the Ox group while the levels 
of E‑cadherin were significantly decreased, compared with the 
control group. In addition, the levels of vimentin and α‑SMA 
were significantly decreased, and the levels of E‑cadherin 
were significantly increased in the Ox + Fer‑1 treatment group 
compared with the Ox group (Fig. 7A‑D). The results of western 
blot analysis revealed that the levels of fibronectin, vimentin 
and α‑SMA were significantly increased and E‑cadherin was 
decreased in the Ox group, compared with the control group. 
Furthermore, the levels of fibronectin, vimentin and α‑SMA 
were significantly decreased and E‑cadherin was increased in 
the Ox + Fer‑1 treatment group compared with the Ox group 
(Fig. 7E‑I).

Fer‑1 inhibits renal fibrosis after Ox‑induced injury of renal 
tubular epithelial cells via inhibition of ferroptosis. The 
ferroptosis level in renal tubular epithelial cells was evaluated 
to analyze the effect of Fer‑1. The expression levels of both 
SLC7A11 and GPX4 were increased in the Ox + Fer‑1 group 

Figure 8. Fer‑1 inhibits renal fibrosis following Ox‑induced injury of HK‑2 cells via inhibition of ferroptosis. Cells were treated with Fer‑1 with or without 
Ox intervention solution for 24 h. (A) Western blot analysis of SLC7A11 and GPX4 in HK‑2 cells following Fer‑1 treatment. (B and C) Quantification of 
(B) SLC7A11 and (C) GPX4 in HK‑2 cells assessed by western blotting. (D) ROS levels in HK‑2 cells following Fer‑1 treatment. (E) Quantification of ROS in 
HK‑2 cells. The data are presented as the mean ± SD; n=3. *P<0.05 vs. the control group; #P<0.05 vs. the Ox group. Fer‑1, ferrostatin‑1; Ox, oxalate; SLC7A11, 
solute carrier family 7 member 11; GPX4, glutathione peroxidase 4; ROS, reactive oxygen species.
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compared with the Ox group (Fig. 8A‑C). Furthermore, the 
levels of ROS were highest in the Ox group, followed by the 
Ox + Fer‑1 and control group (Fig. 8D and E). Therefore, Fer‑1 
alleviated Ox‑induced injury of renal tubular epithelial cells by 
inhibiting ferroptosis, which plays a key role in renal fibrosis.

Discussion

Ferroptosis is a new type of non‑apoptotic programmed cell 
death characterized by iron‑dependent lipid peroxidation, 
which is closely related to the occurrence of blood, neuro‑
logical, respiratory, cardiovascular, and reproductive system 
diseases and tumors (19‑21). However, related studies on the 
role of ferroptosis in urinary system diseases have mainly 
focused on renal failure and renal tumors  (22,23), and to 
date, limited studies are available on the topic of urolithiasis 
formation and the progression of patients with urolithiasis 
to CKD. The present study, to the best of our knowledge, is 
the first to explore the pathogenic mechanism of ferroptosis 
in Ox‑induced renal tubular epithelial cell injury and fibrosis 
and the role of inhibiting ferroptosis in improving Ox‑induced 
renal tubular epithelial cell injury and fibrosis. The mechanism 
of fibrosis following CaOx stone renal injury was clarified and 
the progression of patients with CaOx stones to CKD was 
delayed. An in vivo CaOx stone animal model was established 
using glyoxylic acid and Ox‑induced renal tubular epithelial 
cell injury and fibrosis were also established in vitro. The 
results of the experiments demonstrated that Ox promoted lipid 
peroxidation. Moreover, Ox activated the ferroptosis‑related 
signaling pathway proteins (HO‑1 and SOD2) and decreased 
the relative expression levels of SLC7A11 and GPX4. Thus, 
renal tubular epithelial cell injury and the degree of ferroptosis 
exhibited a positive association with Ox.

To further investigate the association between ferroptosis and 
injury to renal tubular epithelial cells induced by exposure to Ox, 
the ferroptosis inhibitor, Fer‑1, was used. Fer‑1 is the first ferrop‑
tosis inhibitor, and is widely used in vitro and in vivo (13,24). 
The function of Fer‑1 against ferroptosis mainly depends on the 
inhibition of lipid peroxidation (25). In the present study, Fer‑1 
was applied in both in vitro and in vivo models and exhibited a 
marked effect against ferroptosis. Fer‑1 significantly decreased 
the relative expression of the ferroptosis‑promoting signaling 
pathway proteins, HO‑1 and SOD2, and induced the relative 
expression of the ferroptosis‑inhibiting signaling pathway 
proteins, SLC7A11 and GPX4. Ox could induce ferroptosis, and 
the increase in ferroptosis levels aggravated lipid peroxidation 
levels, leading to an overload of ROS in cells and an increase in 
the degree of cell injury. In addition, a previous study revealed 
that ferroptosis and apoptosis are closely linked, that apoptosis 
can be converted to ferroptosis under certain conditions, and 
that ferroptosis promotes the susceptibility of cells to apop‑
tosis (26). By reducing the degree of ferroptosis, the damage 
and death of tubular cells could be reduced, and this damage to 
renal tubular epithelial cells plays a vital role in the formation 
of CaOx kidney stones (17). Consistent with the results of the 
present study, with the increase in the degree of ferroptosis, the 
deposition of crystals in the kidneys significantly increased as 
was determined by performing Von Kossa staining. These data 
confirm the promotive effect of ferroptosis in the formation of 
urolithiasis.

Ferroptosis participates in various pathological models 
of kidney injury, and in vivo and in vitro experiments have 
revealed that ferroptosis inhibitors are effective against kidney 
injury (27,28). Mice with GPX4 deletion could spontaneously 
develop kidney injury, while GPX4 upregulation prevented 
kidney injury  (12). In the kidneys, lipid peroxidation is an 
important factor that contributes to the aggravation of kidney 
injury, particularly in kidney injury induced by ischemia‑reper‑
fusion (29). Hence, classical ferroptosis inhibitors can interfere 
with key molecules in the ferroptosis signaling pathway to 
resist kidney injury. Notably, ferroptosis inhibitors are effective 
against Ox‑induced kidney injury in vivo and in vitro (30,31).

Ferroptosis is involved in multiple pathological conditions, 
including renal injury. However, whether ferroptosis is induced 
during renal fibrosis and its potential role in renal fibrosis have 
not been studied. Repeated and severe episodes of kidney 
injury are recognized as major risk factors for the development 
of CKD (32). The inhibition of ferroptosis can mitigate renal 
fibrosis in CKD rats by inhibiting TGF‑β1/Smad3, inflamma‑
tion, and oxidative stress pathways (33). Ferroptosis played an 
important role in unilateral ureteral obstruction (UUO)‑induced 
renal fibrosis, and the ferroptosis inhibitor attenuated 
UUO‑induced kidney fibrosis by inhibiting ferroptosis‑mediated 
tubular cell death (34). The ferroptosis‑dependent mechanisms, 
including GPX4 depletion, lipid peroxidation, ferritinophagy, 
and p53, are involved in liver and pulmonary fibrosis (35,36), 
and non‑targeted agents that regulate the ferroptosis signaling 
pathway also exhibit antifibrotic effects (37). Therefore, the 
perspective that ferroptosis is considered a therapeutic target 
for organ fibrosis has been gradually accepted. Current studies 
focus on the relationship between ferroptosis and Ox‑induced 
EMT. Ferroptosis inhibitors effectively inhibit EMT (22,38).

In conclusion, ferroptosis plays an important role in 
Ox‑induced renal tubular epithelial cell injury, fibrosis and 
CaOx stone formation. Moreover, Fer‑1 alleviates Ox‑induced 
renal tubular epithelial cell injury, fibrosis, and CaOx stone 
formation via regulating ferroptosis. Therefore, the present 
study demonstrated that ferroptosis, a novel form of regulated 
cell death, occurred in Ox‑induced renal tubular epithelial cell 
injury, fibrosis, and CaOx stone formation. Ferroptosis could 
become a novel therapeutic target in Ox‑induced renal tubular 
epithelial cell injury, fibrosis, and CaOx stone formation. 
Finally, a ferroptosis inhibitor may be an effective type of drug 
to delay the progression of patients with CaOx stones to CKD.
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