Article

The Role of Ferroptosis in the Damage of Human Proximal
Tubule Epithelial Cells Caused by Perfluorooctane Sulfonate

Pingwei Wang !, Dongge Liu !, Shugqi Yan !, Yujun Liang !, Jiajing Cui !, Li Guo 2, Shuping Ren !

and Peng Chen 3*

check for
updates

Citation: Wang, P,; Liu, D.; Yan, S.;
Liang, Y.; Cui, J.; Guo, L.; Ren, S.;
Chen, P. The Role of Ferroptosis in
the Damage of Human Proximal
Tubule Epithelial Cells Caused by
Perfluorooctane Sulfonate. Toxics
2022, 10,436. https://doi.org/
10.3390/ toxics10080436

Academic Editors: Miguel
Machado Santos, Davide Degli
Esposti, Teresa Neuparth and Luis
Filipe C. Castro

Received: 7 July 2022
Accepted: 28 July 2022
Published: 29 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Occupational and Environmental Health, School of Public Health, Jilin University,
Changchun 130021, China; wangpw20@mails jlu.edu.cn (P.W.); liudg21@mails.jlu.edu.cn (D.L.);
yansq21@mails.jlu.edu.cn (5.Y.); liangyj20@mails.jlu.edu.cn (Y.L.); cuijl20@mails.jlu.edu.cn (J.C.);
rensp@jlu.edu.cn (S.R.)

Department of Toxicology, School of Public Health, Jilin University, Changchun 130021, China; gli@jlu.edu.cn
Department of Pediatrics, The Second Hospital of Jilin University, Changchun 130041, China

*  Correspondence: c_p@jlu.edu.cn

Abstract: Perfluorooctane sulfonate (PFOS) is a typical persistent organic pollutant and environmental
endocrine disruptor that has been shown to be associated with the development of many diseases;
it poses a considerable threat to the ecological environment and to human health. PFOS is known
to cause damage to renal cells; however, studies of PFOS-induced ferroptosis in cells have not been
reported. We used the CCK-8 method to detect cell viability, flow cytometry and immunofluorescence
methods to detect ROS levels and Western blot to detect ferroptosis, endoplasmic reticulum stress,
antioxidant and apoptosis-related proteins. In our study, we found that PFOS could induce the
onset of ferroptosis in HK-2 cells with decreased GPx4 expression and elevated ACSL4 and FTH1
expression, which are hallmarks for the development of ferroptosis. In addition, PFOS-induced
ferroptosis in HK-2 cells could be reversed by Fer-1. We also found that endoplasmic reticulum
stress and its mediated apoptotic mechanism and P53-mediated antioxidant mechanism are involved
in the toxic damage of cells by PFOS. In this paper, we demonstrated for the first time that PFOS
can induce ferroptosis in HK-2 cells. In addition, we preliminarily explored other mechanisms of
cytotoxic damage by PFOS, which provides a new idea to study the toxicity of PFOS as well as the
damage to the kidney and its mechanism.

Keywords: perfluorooctane sulfonate; PFOS; kidney; ferroptosis; HK-2 cells

1. Introduction

Perfluorooctane sulfonate (PFOS) is an anthropogenic chemical that falls into the
category of chemicals called per- and polyfluoroalkyl substances (PFAS); it consists of
a hydrophobic carbon—fluorine (CF) chain and a hydrophilic functional group (sulfonate
for PFOS) [1]. The carbon—fluorine bond has one of the highest bond dissociation energies
in any chemical bonds and is firmly stable. Because of the high solubility in water and high
chemical stability, it is widely found on land and in water [2].

PFOS has been identified as a persistent organic pollutant (POP) and was listed into
Annex B of the Stockholm Convention on Persistent Organic Pollutants [3]. The half-life of
PFOS in human is 5.4 years [4]. PFOS can cause endocrine disruption in the body, thus it is
considered to be one of the environmental endocrine disruptors and has been shown to
be associated with the development of various diseases, such as immunotoxicity, kidney
damage, liver damage, developmental toxicity, reproductive toxicity, insulin resistance
and endocrine disrupting effects [5-12]. People are exposed to PFOS through textiles,
paper, leather, paints, general cleaning products, carpets and drapery for decades [13].
PFOS accumulates in and produces toxic effects on humans mainly through ingestion of
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food containing PFOS, inhalation of air and dust containing PFOS and skin contact with
PFOS products [14].

PFOS is likely to cause damage to the kidney after it enters the human body [15]. The
kidney is one of the main excretory organs for PFOS and its related compounds are excreted
through the kidney with no biotransformation [16]. PFOS enters the body and binds to
serum proteins and renal transport proteins, but the reabsorption by the kidneys limits the
discharge of some PFOS in the urine [10]. Epidemiological investigations have shown that
PFOS can lead to kidney damage by reducing the glomerular filtration rate [6,17]. In a mice
model, PFOS was found to induce glomerular atrophy and cloudy swelling of the renal
tubules, suggesting that PFOS can induce kidney injury [6,18,19]. However, fewer studies
have been conducted on animals, and mice appear to be the only animal model in which
PFOS has been found to have adverse effects on the kidney. Since PFOS is still produced
and applied in many developing countries, it is of great significance to explore the damage
of PFOS to the kidney and its relevant mechanisms.

Ferroptosis is a new form of regulated cell death, characterized by the overwhelming
iron-dependent accumulation of lethal lipid ROS [20-22]. There are several specific markers
of ferroptosis, including phospholipid peroxidation, impaired glutathione peroxidase
4 (GPx4) activity and Fe?* accumulation [23]. Downregulation of GPx4, mRNA level for
lipid peroxidation remover and upregulation of Acyl-CoA synthetase long-chain family
member 4 (ACSL4) are the dominant features of ferroptosis. [24,25]. Iron homeostasis is
essential for normal renal function [26], because the tubular cells of the kidney are rich
in polyunsaturated fatty acids, which are more sensitive to lipid peroxidation, making
them more susceptible to ferroptosis [27]. Inhibition of ferroptosis significantly reduces
inflammatory cell accumulation and kidney fibrosis, and targeting ferroptosis attenuates
interstitial inflammation and kidney fibrosis [28,29]. However, our current understanding
of the effect of PFOS on kidney cell injury remains unclear.

In this study, we chose human proximal tubule epithelial cells (HK-2) as our subject of
study and aimed to investigate the role of ferroptosis in the toxic effect of PFOS on HK-2
cells and to elucidate the pathways of PFOS-induced HK2 cell injury and death to provide
new insights into the nephrotoxicity of PFOS.

2. Materials and Methods

A simple diagram has been drawn to aid in the reading of the Materials and Methods
section (Figure 1).
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Figure 1. Schematic diagram of materials and methods.
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2.1. Cell Culture

The human proximal tubular epithelial cell (HK-2) was a gift from Professor Jinyu
Liu from the Department of Toxicology, School of Public Health of Jilin University. HK-2
cells were cultured in MEM (Solarbio, Beijing, China) supplemented with 10% fetal bovine
serum (FBS, Bl. Kibbutz Beit-Haemek, Israel), 1% penicillin-streptomycin (NCM Biotech,
Suzhou, China) at 5% CO,, 37 °C.

2.2. Determination of PFOS Concentration

HK-2 cells were plated into a 96-well plate with each well of 1 x 10* cells. When the
confluence of the cells reached 70-80%, PFOS (Swift River Reagent, China) was added
to the cells at the concentration of 0 uM, 50 uM, 100 uM, 150 uM, 200 uM and 250 uM,
respectively. PFOS and HK-2 cells were cocultured for 12 h. Then, 10 uL of the Enhanced
Cell Counting Kit-8 (CCK-8) was added to each well and the cells were cultured with
CCK-8 for one or two hours. A microplate reader (PerkinElmer Inc., Boston, MA, USA)
was used to determine the absorbance of each well.

2.3. Determination of Fer-1 Concentration

HK-2 cells were seeded into a 96-well plate with each well of 1 x 10* cells. When the
confluence of the cells was 70-80%, the ferroptosis specific inhibitor Fer-1 (Fer-1, APExBIO,
Houston, TX, USA) was added to the cells at the concentration of 0 uM, 1 uM, 2 uM and
5 uM, respectively, and Fer-1 was cocultured with the cells for 2 h. Then, PFOS was added
to the cells at the concentration of 200 uM and cultured for 12 h. 10 uL. CCK-8 was added to
each well and the cells were cultured with CCK-8 for one or two hours. A microplate reader
(PerkinElmer Inc., Boston, MA, USA) was used to determine the absorbance of each well.

2.4. Cell Treatment

HK-2 cells were plated into flasks. When the confluence of the cells was 60-70%, the
cells were assigned to either of the three groups: the control group in which the cells were
treated with 0.1%DMSO, the PFOS group in which the cells were treated with 200 uM for
12 h or the PFOS+Fer-1 group in which the cells were treated with Fer-1 (1 uM) for 2 h prior
to exposure to PFOS (200 uM) for 12 h.

2.5. Measurement of ROS Production by Flowcytometry

From each group, 1 x 10° cells were mixed with fluorescent probe (DCFH-DA, So-
larbio, Beijing, China) at the final concentration of DCFH-DA 10 umol/L and the mixture
was cultured at 37 °C for 20 min. The mixture was shaken every 5 min to ensure the
complete contact of cells with DCFH-DA. An MEM medium without FBS was used to
wash the cells three times to remove DCFH-DA that had not entered into the HK-2 cells.
The fluorescence intensity was detected by Cytation 3 Cell Imaging Multi-Mode Reader
(BioTek, San Diego, CA, USA). The excitation wavelength and emission wavelength were
488 nm and 525 nm, respectively.

2.6. Determination of ROS Production by Immunofluorescence

From each group, 1 x 10° cells were mixed with DCFH-DA (final concentration
10 pmol/L) and they were incubated at 37 °C for 20 min. At a total of 20 min later, the
cells were washed with MEM without FBS three times to remove DCFH-DA that had not
entered into the cells. Direct observation and photography were conducted by using a laser
scanning confocal microscope (BioTek, San Diego, CA, USA); the excitation wavelength
and emission wavelength were 488 nm and 525 nm, respectively.

2.7. Cell Apoptosis Determined by Immunofluorescence

From each group, 1 x 10° cells were washed with PBS twice. The cell pellets were
resuspended using 500 pL of binding buffer and successively mixed with 5 uL of Annexin
V-EGFP and 5 puL of propidium iodide. The cells were analyzed on a FACSCalibur (Becton,
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Dickinson & Co., Franklin Lakes, NJ, USA) following reaction in the dark for 5-15 min. The
excitation wavelength and emission wavelength were 488 nm and 530 nm, respectively.

2.8. Expression Analysis of Ferroptosis, Endoplasmic Reticulum Stress, Oxidative Stress and
Apoptosis Related Protein by Western Blot Analysis

The information on antibodies is as follows: GAPDH (Proteintech, Chicago, IL,
USA; 1:2000), ACSL4 (Abcam, Boston, MA, USA; 1:10,000), GPx4 (Abcam, USA; 1:1000),
FTH1(Abcam, USA; 1:1000), GRP78 (Proteintech, Chicago, IL, USA; 1:1000), IRE1 (Pro-
teintech, Chicago, IL, USA; 1:1000), ATF6(Proteintech, Chicago, IL, USA; 1:500), PERK
(Proteintech, Chicago, IL, USA; 1:500), P53(Proteintech, Chicago, IL, USA; 1:5000), HO-
1(Proteintech, Chicago, IL, USA; 1:500), Caspasel2 (Proteintech, Chicago, IL, USA; 1:500),
Caspase3 (Proteintech, Chicago, IL, USA; 1:1000), Bax(CST, Danvers, MA, USA; 1:1000). The
images were obtained by a chemiluminescence imaging analysis system (ECL from Tanon
5200, Shanghai, China) and the band intensities were analyzed by Tanon Gis analytical
software (Shanghai, China).

2.9. Statistical Analysis

GraphPad Prism version 8.0.2 (GraphPad Software, San Diego, CA, USA, 2018) and
IBM SPSS 24.0 (IBM Corp., Armonk, NY, USA, 2016) were used for all analyses and
preparations of graphs. All data represented in graphs were expressed as the mean =+ SD.
ANOVA and LSD methods were used to analyze significant differences; p-value was
considered significant at p < 0.05.

3. Results
3.1. Determination of PFOS and Fer-1 Concentration

As shown in Figure 2, with the increase in PFOS, the HK-2 cell viability decreased
(p < 0.05). The cell viability decrease presented a dose-response pattern. When the PFOS
concentration was at 200 uM, the cell viability was 72.47%. By examining the cell viability
as well as the cell status in combination with the literature data, we selected PFOS at 200 uM
for the subsequent experiments. As shown in Figure 2, when the Fer-1 was at 1 uM, the cell
viability was 129.52%; by examining the cell viability as well as the cell status in combination
with the literature data, we selected Fer-1 at 1 uM for the subsequent experiments.
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Figure 2. Cell viability after HK-2 cells were exposed to PFOS. HK-2 cells were exposed to PFOS at
the concentration of 0 uM, 50 uM, 100 uM, 150 uM, 200 uM and 250 uM for 12 h and CCK-8 was used
to detect the cell viability; the results were from three independent experiments. Cell viability was
expressed as mean + SD (n = 3). * vs. control, ** p < 0.01, *** p < 0.001.
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3.2. ROS Production in HK-2 Cells by Exposure to PFOS

As shown in Figures 3 and 4, PFOS significantly induced the production of ROS in HK-
2 cells after the cells were exposed to PFOS for 12 h, and Fer-1 was able to inhibit the ROS
production caused by PFOS. The above results indicate that PFOS could induce oxidative
stress and Fer-1 could alleviate oxidative stress. Figures 5 and 6 further demonstrate
that PFOS could trigger the significant production of ROS and Fer-1 could inhibit the
ROS production.
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Figure 3. Cell viability after HK-2 cells exposed to PFOS or/and Fer-1. HK-2 cells were exposed to
PFOS for 12 h or cultured with Fer-1 for 2 h at the concentration of 0 uM, 1 pM, 2 uM and 5 uM prior
to exposure to PFOS and CCK-8 was used to detect the cell viability; the results were from three
independent experiments. Cell viability was expressed as mean & SD (n = 3); * vs. control, p < 0.05;
ns—no significant difference.
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Figure 4. (A) ROS production determined by flowcytometry. HK-2 cells were exposed to PFOS at
200 pM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior to exposure to PFOS. The excitation
wavelength and emission wavelength were 488 nm and 525 nm, respectively. (B) Comparison of
fluorescence intensity in HK-2 cells exposed to PFOS or/and Fer-1. HK-2 cells were exposed to PFOS
at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior to exposure to PFOS; the results
were from three independent experiments. Data were expressed as mean £ SD (n = 3); *** p < 0.0001.
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Control PFOS+Fer-1

Figure 5. ROS production determined by immunofluorescence in HK-2 cells exposed to PFOS or/and
Fer-1. HK-2 cells were exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1uM for 2 h
prior to exposure to PFOS; the results were from three independent experiments.

80 — *
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Control PFOS PFOS+Fer-1
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Figure 6. Comparison of immunofluorescence intensity of HK-2 cells exposed to PFOS or/and Fer-1.
HK-2 cells were exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior
to exposure to PFOS; the results were from three independent experiments. Data were expressed as
mean + SD (n = 3), * p < 0.05.

3.3. Ferroptosis in HK-2 Cells Induced by PFOS

To determine whether PFOS is able to induce ferroptosis, we detected the expression
of ferroptosis-related proteins ACSL4, GPx4 and FTH1 in HK-2 cells. As shown in Figure 7,
PFOS induced the increased expression of ACSL4 and decreased the expression of GPx4 and
FTH1. HK-2 cells treated with Fer-1 prior to exposure to PFOS had significantly decreased
the expression of ACSL4 and increased the expression of GPx4 and FTH1 compared
with HK-2 cells exposed to PFOS (p < 0.05). The results suggest that PFOS could induce
ferroptosis and Fer-1 could inhibit the ferroptosis triggered by PFOS and alleviate the
damage of HK-2 cells exposed to PFOS.

3.4. Endoplasmic Reticulum Stress in HK-2 Cells Caused by PFOS

To determine whether PFOS will induce the endoplasmic reticulum stress in HK-2
cells, we detected the expression of endoplasmic reticulum stress-related proteins GRP7S,
IRE-1, ATF6 and PERK. As shown in Figure 8, compared with the expression of GRP7S,
IRE-1 and PERK in HK-2 cells from control group, the expression of GRP78, IRE-1 and
PERK in HK-2 cells from PFOS group was significantly increased (p < 0.05). Compared
with the expression of GPR78 and PERK in HK-2 cells from PFOS group, the expression
of GPR78 and PERK in HK-2 cells from PFOS+Fer-1 group was significantly decreased
(p < 0.05). There was no significant difference in the expression of IRE1 between the PFOS
and the PFOS+Fer-1 groups. Moreover, there was no significant difference in the expression
of ATF6 in HK-2 cells among the control, the PFOS and the PFOS+Fer-1 groups. These
results suggest that PFOS could cause endoplasmic reticulum stress in HK-2 cells and that
Fer-1 could alleviate the endoplasmic reticulum stress state caused by PFOS. Therefore, it
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is indicated that endoplasmic reticulum stress is involved in the onset of PFOS-mediated
ferroptosis and the mechanism underlying involves the PERK pathway in endoplasmic

reticulum stress.
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Figure 7. Expression of ACSL4, GPx4 and FTH1 in HK-2 cells exposed to PFOS or/and Fer-1. HK-2
cells were exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior to
exposure to PFOS; the results were from three independent experiments. Data were expressed as

mean =+ SD (n = 3), *p < 0.05, ** p < 0.01, ns—no significant difference. (A) Western blot analysis of
ACSL4, GPx4 and FTH1; (B) comparison of ACSL4 expression among control, PFOS and PFOS+Fer-1
group cells. (C) comparison of GPx4 expression among control, PFOS and PFOS+Fer-1 group cells;

(D) comparison of FTH1 expression among control, PFOS and PFOS+Fer-1 group cells.
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Figure 8. Expression of GRP78, IRE1, ATF6 and PERK in HK-2 cells exposed to PFOS or/and Fer-1.
HK-2 cells were exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior
to exposure to PFOS; the results were from three independent experiments. Data were expressed as
mean =+ SD (n = 3), * p <0.05, ** p < 0.01, *** p < 0.001; ns—no significant difference. (A) Western blot
of GRP78, IRE1, ATF6 and PERK; (B) comparison of GRP78 expression among control, PFOS and
PFOS+Fer-1 group cells; (C) comparison of IRE1 expression among control, PFOS and PFOS+Fer-1

group cells; (D) comparison of ATF6 expression among control, PFOS and PFOS+Fer-1 group cells;

(E) comparison of PERK expression among control, PFOS and PFOS+Fer-1 group cells.
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3.5. Antioxidation Suppression by PFOS Exposure

We detected the expression of P53 and HO-1 in HK-2 cells exposed to PFOS to explore
the effects of PFOS on the antioxidation. As shown in Figure 9, compared with HK-2 cells
from the control group, HK-2 cells from the PFOS group had a significantly increased
expression of P53 (p < 0.05). As shown in Figure 9C, there was a decline in HO-1 expression
in the PFOS group compared with the control group. Compared with the PFOS group,
HO-1 expression was increased in the PFOS+Fer-1 group. The above results suggest that
PFOS could inhibit the antioxidant status in HK-2 cells and that P53 is involved in this
process. Fer-1 improved these indicators and attenuated the suppression of antioxidation,
which is involved in the development of ferroptosis.
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Figure 9. Expression of P53 and HO-1 in HK-2 cells exposed to PFOS or/and Fer-1. HK-2 cells were
exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior to exposure
to PFOS; the results were from three independent experiments. Data were expressed as mean + SD
(n=3),*p<0.05*p<0.01, ** p <0.001. (A) Western blot of P53and HO-1; (B) comparison of P53
expression among control, PFOS and PFOS+Fer-1 group cells; (C) comparison of HO-1 expression
among control, PFOS and PFOS+Fer-1 group cells.

3.6. Apoptosis of HK-2 Cells Caused by PFOS

To confirm whether apoptosis is involved in the PFOS-mediated onset of ferroptosis
in HK-2 cells, we detected the expression of Bax, Caspasel2 and Caspase3 in HK-2 cells by
Western blot. As shown in Figure 10B-D, PFOS increased the expression of Bax, Caspasel2
and Caspase3, while Fer-1 decreased the expression of Bax, Caspasel2 and Caspase3, which
indicate that PFOS could lead to endoplasmic reticulum stress-mediated apoptosis in cells
and Fer-1 could alleviate the apoptosis of HK-2 cells.

As shown in Figures 11 and 12, Annexin V-EGFP was used to detect the apoptosis of
cell apoptosis. HK-2 cells exposed to PFOS had more intensive green fluorescence than
the control and the PFOS+Fer-1 cells (p < 0.05), which indicates that PFOS could trigger
the apoptosis of HK-2 cells and Fer-1 could alleviate the apoptosis. In addition, there were
significantly more dead cells in the PFOS group than in the other two groups, indicating
that PFOS can cause cells death.
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Figure 10. Expression of Bax, Caspasel2 and Caspase3 in HK-2 cells exposed to PFOS or/and Fer-1.
HK-2 cells were exposed to PFOS at 200 uM for 12 h or/and cultured with Fer-1 at 1 uM for 2 h prior
to exposure to PFOS; the results were from three independent experiments. Data were expressed
as mean + SD (n = 3), * p < 0.05, ** p < 0.01. (A) Western blot of Bax, Caspasel2 and Caspase3;
(B) comparison of Bax expression among control, PFOS and PFOS+Fer-1 group cells; (C) comparison
of Caspasel2 expression among control, PFOS and PFOS+Fer-1 group cells; (D) comparison of
Caspase-3 expression among control, PFOS and PFOS+Fer-1 group cells.

EGFP PI EGFP+PI

Control

PFOS

PFOS+Fer-1

Figure 11. Annexin V-EGFP staining of HK-2 cells exposed to PFOS or/and Fer-1. Normal living cells
are not colored by Annexin V-EGFP and PI, cells with early apoptosis are only stained by Annexin
V-EGFP and colored green; those stained by PI are dead cells and colored red; necrotic cells and cells
with late apoptosis can be stained by Annexin V-EGFP and PI at the same time.
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Figure 12. Comparison of apoptosis fluorescence intensity in HK-2 cells exposed to PFOS or /Fer-1.
Data are expressed as mean £ SD (n = 3). (*** p < 0.001).

4. Discussion

PFOS has been listed as one of the 10 pollutants that should receive the most concern
worldwide and that poses a tremendous threat to the ecosystems and human health [30,31].
Diet and drinking water are the main routes of exposure to PFOS globally [32-34]; other
routes of exposure include consumer products, household articles, cleaning products,
personal care products and indoor air and dust [35,36]. The kidney is the major organ
for excretion of all kinds of toxicants and the toxicants can also do damage to the kidney.
A cohort study from Sweden shows that exposure to PFOS is able to increase the risk of
developing kidney cancer [37]. In the present study, we explored the effect of PFOS on
the human proximal tubular epithelial cell line (HK-2). Our findings show that PFOS
can reduce the cell viability of HK-2 cells in a dose-dependent manner and can trigger
ferroptosis. To the best of our knowledge, there are no available reports on the ferroptosis
caused by PFOS.

Oxidative stress is a risk factor for the development and worsening of kidney diseases [10].
Our study showed that PFOS could induce the development of oxidative stress, which
caused damage to HK-2 cells. Our results are in accordance with previous studies showing
that PFOS could trigger oxidative stress [38-40].

Ferroptosis occurs due to the elevation of the intracellular iron level, which results
in the increased level of ROS production and the depletion of antioxidant glutathione
(GSH), leading to the death of cells [41]. GPx4 is an antioxidant enzyme that neutralizes
lipid peroxides and protects membrane fluidity by using GSH, as a cofactor of GPx4, to
protect cells and membranes against peroxidation [42,43]. Inhibiting GPx4 can lead to
increased ROS, while overexpression of GPx4 can reduce ROS and subsequently prevent
cells from ferroptosis [44]. Our findings demonstrate that PFOS exposure inhibits the
expression of GPx4, and when we used ferroptosis inhibitor Fer-1 to treat HK-2 cells
prior to exposure to PFOS, the expression of GPx4 was increased, which indicates that
PFOS mediated ferroptosis through the GPx4 pathway. ACSL4 is a critical determinant
of ferroptosis sensitivity [45]. Compared with ferroptosis-sensitive cells, the expression
of ACSL4 was remarkably downregulated in ferroptosis-resistant cells [24]. In our study,
PFOS induced the increased expression of ACSL4 in HK-2 cells, and Fer-1 decreased the
expression of ACSL4. Ferritin heavy chain 1 (FTH1), a key subunit of ferritin, plays a critical
role in maintaining the balance of intracellular iron metabolism and its expression level
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reflects susceptibility to ferroptosis by in vitro stimuli [20]; our study showed that PFOS
could decrease the expression of FTH1. In summary, our study found that GPx4 and
FTH1 expression decreased, and ACSL4 expression increased, in HK-2 cells after PFOS
exposure, which is a typical marker of ferroptosis [29], indicating that ferroptosis can occur
in HK-2 cells after PFOS exposure. Fer-1, a ferroptosis inhibitor [46], can improve the
above ferroptosis-related indicators, suggesting that Fer-1 can inhibit the occurrence of
PFOS-mediated ferroptosis, which further confirms that ferroptosis occurs in HK-2 cells
exposed to PFOS.

To explore whether there are other signaling pathways involved in the onset of iron
death in HK-2 cells due to PFOS, we examined endoplasmic reticulum stress, antioxidant
mechanisms and parts related to apoptosis. ROS is a key factor that causes protein misfold-
ing in the endoplasmic reticulum and ultimately triggers endoplasmic reticulum stress [47].
Our studies have demonstrated that ROS is involved in the PFOS-mediated onset of iron
death in HK-2 cells. In our assay of endoplasmic reticulum stress-related proteins, we
showed that the PERK pathway may be involved in the onset of iron death. This suggests
that PFOS can lead to endoplasmic reticulum stress in HK-2 cells. The P53 is a tumor
suppressor that is stimulated by P53-mediated apoptosis-stimulating proteins in response
to DNA damage, induction of apoptosis and ferroptosis [48]. It has been shown that PERK
regulates P53 expression, causing P53 to be upregulated [49]. Our results showed that the
PERK pathway was significantly upregulated and activated in HK-2 cells in the presence
of PFOS and we also found that the expression of P53 was upregulated; therefore, we
speculate that PFOS can affect the expression of P53 by activating the PERK pathway in
the endoplasmic reticulum stress pathway. Ferrostatin-1(Fer-1) can promote the activation
of antioxidant systems and reduces the accumulation of ROS [50]. HO-1 shows cytopro-
tective effects through antioxidant, anti-apoptotic and anti-inflammatory pathways [51].
There is increasing evidence that under oxidative stress, P53 can inhibit the activation and
functional expression of HO-1 by regulating Nrf2 signaling and thereby affecting HO-1
expression [49,50,52,53]. In the presence of Fer-1, P53 expression was downregulated and
HO-1 expression was upregulated; this suggests that intracellular antioxidant mechanisms
are activated and cells mitigate cellular damage by PFOS by initiating antioxidant defense
mechanisms [50]. Our experimental results are only a preliminary speculation that the
PERK pathway is associated with the P53-mediated antioxidant pathway. More in-depth
mechanisms of endoplasmic reticulum stress and antioxidant pathways, and whether
they are cross-linked with the ferroptosis pathways, need to be specifically explored in
subsequent studies, which provides a new research direction to explore the mechanism of
PFOS toxicity to cells and ferroptosis.

In addition to ferroptosis-related indicators, we also examined some apoptosis-related
indicators to explore whether PFOS could mediate apoptosis in HK-2 cells. Although
the unfolded protein reaction (UPR) usually helps cell survival by removing unfolded
or misfolded proteins, prolonged or excessive endoplasmic reticulum stress may induce
activation of Caspasel2 [54]. Caspasel2 is a specific molecule for endoplasmic reticulum
stress-mediated apoptosis and its activation induces activation of the pro-apoptotic protein
Bax and fully triggers apoptosis in the caspase pathway [55-57]. Our results tentatively
suggest that PFOS can lead to endoplasmic reticulum stress-mediated apoptosis in HK-2,
but the detailed mechanism needs to be specifically explored in subsequent experiments.
Here, we only make a preliminary presentation to more fully assess the cytotoxicity of PFOS.

5. Conclusions

In conclusion, our results provide the first evidence that PFOS can lead to the onset of
ferroptosis in HK-2 cells and we found that PFOS could reduce HK-2 cell viability in a dose-
dependent manner, produce toxic effects on cells and induce ferroptosis and apoptosis in
HK-2 cells. In addition, we found that the endoplasmic reticulum stress pathway and the
P53-mediated antioxidant pathway are involved in the toxic damage to HK-2 cells by PFOS.
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These findings provide a new direction to study the mechanism of PFOS toxicity and its
damage to the kidney.
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