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Abstract. The aim of the present study was to clarify the 
activation of ferroptosis in different breast cancer cells by 
sulfasalazine (SAS) and to explore the relationship between the 
estrogen receptor (ER) and the transferrin receptor (TFRC). 
MDA‑MB‑231 and T47D cells were treated with SAS for 24 h. 
Changes in cell morphology were observed under a microscope. 
CCK‑8 was used to detect the proliferation inhibition rate and 
determine the IC50 values. Western blotting was used to detect 
the expression of glutathione peroxidase 4 (GPX4) and xCT. 
Flow cytometry was used to identify changes in the production 
of reactive oxygen species (ROS). Mitochondrial morpho-
logical changes in T47D were observed using transmission 
electron microscopy. Changes in the mitochondrial membrane 
potential (MMP) were observed using confocal fluorescence 
microscopy. RT‑PCR was used to detect the mRNA expres-
sion levels of TFRC and divalent metal transporter 1 (DMT1). 
Bioinformatics analysis was performed on TFRC expression 
in 1,208 breast cancer samples and its relationship with ER. 
TFRC expression was detected in various breast cancer tissues 

using immunohistochemistry and in various breast cancer 
cells using western blotting. Small interfering RNA (siRNA) 
knocked down ER expression in T47D cells, and changes in 
the TFRC mRNA and protein levels were observed. RT‑PCR 
was used to detect TFRC expression in 87 clinical specimens. 
The results of the present study revealed that SAS could 
inhibit breast cancer cell viability, which was accompanied 
by an abnormal increase in ROS and a depletion of GPX4 
and system  xc

‑. Liproxstatin‑1 reversed the SAS‑induced 
increase in ROS. The cells treated with SAS had shrunken 
mitochondria and decreased MMP. SAS upregulated TFRC 
and DMT1. Knockdown of the ER increased TFRC expression 
in breast cancer cells. Immunohistochemistry indicated that 
TFRC expression was lower in ER+ tissues than in ER‑ tissues. 
After confirmation with RT‑PCR in 87 clinical specimens, 
TFRC expression in ER‑ tissue was revealed to be significantly 
higher than that of ER+ tissue. In conclusion SAS could trigger 
ferroptosis in breast cancer cells, especially in cells with low 
ER expression. Therefore, SAS is a potential agent for breast 
cancer treatment.

Introduction

Breast cancer is the most common form of cancer and the leading 
cause of cancer‑related deaths among females worldwide (1). 
The development of breast cancer therapies is expensive and 
slow. Additionally, substantial heterogeneity exists within and 
between well‑established breast cancer subtypes and drug 
responses (2). Three distinct features can be used to group 
breast tumors based on the following: Morphological criteria 
(e.g., ductal, lobular, invasive and in situ); expression of the 
estrogen receptor (ER), progesterone receptor (PR), and Her2 
receptor tyrosine kinase  (Her2); or molecular phenotypes, 
based on comprehensive mRNA similarities (e.g.,  luminal 
and basal). Approximately one‑fourth of breast tumors are 
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‘triple‑negative’ [ER‑/PR‑/Her2‑; triple‑negative breast cancer 
(TNBC)] and usually have a basal molecular phenotype. Due 
to chemotherapy resistance and the lack of TNBC‑targeted 
therapeutics, patient prognosis is grim. Conversely, 20% of 
breast cancer patients suffer from Her2+ breast cancer. This 
patient population requires expensive targeted therapy. 
Therefore, effective breast cancer treatments are desired by 
doctors and patients.

Ferroptosis is a recently recognized form of regulated cell 
death. It is morphologically characterized by the presence of 
mitochondria that are smaller than normal in size. Ferroptosis 
can be induced by experimental compounds (e.g., erastin) or 
clinical drugs (e.g., sorafenib and artemisinin) in cancer cells 
and certain normal cells (e.g., kidney tubule cells, fibroblasts 
and T cells) (3‑5). Ferroptosis is characterized by the accu-
mulation of lipid peroxidation products and toxic reactive 
oxygen species (ROS) derived from iron metabolism and can 
be pharmacologically inhibited by iron chelators (e.g., defer-
oxamine) and lipid peroxidation inhibitors (e.g., ferrostatin‑1 
and liproxstatin‑1) (5,6). Iron metabolism and lipid peroxida-
tion signaling are increasingly being recognized as central 
mediators of ferroptosis (7). The inhibition of cystine/gluta-
mate antiporters (system xc

‑) and increasing accumulation of 
iron are involved in the induction of ferroptosis (5). xCT is a 
functional subunit of system xc

‑ that regulates the exchange of 
glutamate and cystine in cells. xCT is a light chain encoded 
by the SLC7A11 gene that comprises system xc

‑, and thus, 
xCT  expression can be used as a surrogate of system  xc

‑ 
expression (8).

Sulfasalazine (SAS) is broadly used to treat chronic 
inflammation in the gut, joints, and retina. In addition to 
inhibiting the NF‑κB signaling pathway, SAS inhibits the 
system xc

‑ transporter (9). Given that the disruption of system 
xc

‑‑mediated cystine uptake by erastin is sufficient to induce 
ferroptosis, treatment of cancer cells (e.g.,  HT1080) with 
SAS can also trigger ferroptosis (10). However, the effect of 
SAS on iron metabolic pathways in ferroptosis is not clear. 
Previous studies have revealed that SAS can induce ferrop-
tosis in pancreatic cancer cells, and thus, ferroptosis may be 
a new option for treating pancreatic cancer (11). Nevertheless, 
whether SAS can induce ferroptosis in different breast cancer 
cells has not been clearly reported.

Investigations on this topic may confirm whether SAS 
can induce ferroptosis in different breast cancer cells and 
lead to an improved molecular understanding of how SAS 
induces ferroptosis, especially the relationship of SAS with 
iron metabolism. ER expression is an important basis of breast 
cancer molecular phenotyping. Transferrin receptor (TFRC) is 
a key factor in iron metabolism (12). When exploring the rela-
tionship between ER and TFRC, it was revealed that ER can 
inhibit TFRC expression. Since ER is differentially expressed 
in various breast cancer subtypes, it is possible that this inhibi-
tion can lead to differences in the sensitivity of breast cancer 
cells to SAS‑induced ferroptosis. Therefore, a novel relation-
ship between ER and TFRC in the regulation of ferroptosis 
with important information regarding SAS‑mediated anti-
cancer therapy is presented. The purpose of the present study 
was to determine whether SAS can induce ferroptosis in breast 
cancer cells. It was hypothesized that breast cancer cells have 
different sensitivities to SAS since the different expression 

levels of ER in breast cancer cells have different inhibitory 
effects on TFRC.

Materials and methods

Cell culture. MDA‑MB‑231, T47D, BT549 and MCF7 human 
breast cancer cells were purchased from the American 
Type Culture Collection  (ATCC) and grown in medium 
supplemented with 10% heat‑inactivated fetal bovine serum 
(HI‑FBS), 100 µg/ml streptomycin, and 100 units/ml penicillin 
(Invitrogen; Thermo Fisher Scientific, Inc.) in a humidified 
incubator with 5% CO2 at 37˚C.

Detection of ROS. The intracellular ROS level in the form 
of cellular peroxides was assessed using a Reactive Oxygen 
Species Assay Kit (Beyotime Institute of Biotechnology) after 
treatment with or without SAS (Abcam) and liproxstatin‑1 
(MedChemExpress). In the liproxstatin‑1‑treatment group, 
the cells were treated with 300 nM liproxstatin‑1 for 24 h 
before the addition of SAS. The cells were collected, exposed 
to 10 µM 2',7'‑dichlorofluorescein diacetate (DCFH‑DA), and 
incubated at 37˚C for 20 min. The cells were washed three 
times with PBS, and fluorescence intensity was analyzed by 
flow cytometry (excitation at 488 nm; emission at 525 nm). 
ROS levels were expressed as the mean fluorescence inten-
sity of 20,000 cells. Three independent experiments were 
performed.

RNA isolation and real‑time PCR (RT‑PCR). Total RNA from 
MDA‑MB‑231 and T47D cells was extracted with a total RNA 
extraction kit and reverse‑transcribed using the PrimeScript RT 
reagent kit (Promega Corporation). Quantitative RT‑PCR was 
performed using SYBR Premix Ex TaqTM II (Takara Bio, Inc.) in a 
10‑µl PCR mixture on a Bio‑Rad CFX96 Real‑Time PCR system 
(Bio‑Rad Laboratories, Inc.) according to the manufacturer's 
standard protocols. An initial cycling for 2 min at 95˚C, followed 
by 39 cycles at 95˚C for 30 sec, 30 sec at 58˚C and 20 sec at 72˚C. 
The primer sequences were as follows: Divalent metaltrans-
porter 1 (DMT1) forward, 5'‑AGC​TCC​ACC​ATG​ACA​GGA​ACC​
T‑3' and reverse, 5'‑TGG​CAA​TAG​AGC​GAG​TCA​GAA​CC‑3'; 
TFRC forward, 5'‑ATC​GGT​TGG​TGC​CAC​TGA​ATG​G‑3' and 
reverse, 5'‑ACA​ACA​GTG​GGC​TGG​CAG​AAA​C‑3'; glyceral-
dehyde 3‑phosphate dehydrogenase (GAPDH) forward, 5'‑TGA​
CTT​CAA​CAG​CGA​CAC​CCA‑3' and reverse, 5'‑CAC​CCT​GTT​
GCT​GTA​GCC​AAA‑3'; and estrogen receptor 1 (ESR1) forward, 
5'‑GGT​CAG​TGC​CTT​GTT​GGA​TG‑3' and reverse, 5'‑CAG​
GTT​GGT​GAG​TAA​GC‑3'. Three independent experiments were 
performed for each group. Relative gene expression was normal-
ized to GAPDH and calculated using the 2‑ΔΔCq method (13).

Cell viability assay. Cell growth and SAS‑mediated inhibition 
were detected using the Cell Counting Kit‑8 (CCK‑8; Beyotime 
Institute of Biotechnology). According to the manufacturer's 
instructions, cells were plated at a density of 2.5x104/well in 
96‑well plates with or without different concentrations of SAS, 
and cell viability was assessed at 24 h. The absorbance of each 
well was measured at a wavelength of 450 nm using a Synergy 
H1 microplate reader (BioTek Instruments, Inc.). Empty wells 
served as blank controls. The test was performed three times 
under the same operating conditions. The cells were treated with 
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SAS at concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, and 3.0 mM, and 
cell viability was determined using the CCK‑8 assay at 24 h. 
The half maximal inhibitory concentration (IC50) of SAS for 
different cells was calculated according to the standard curve.

Western blot analysis. Cell were washed twice with cold 
PBS and harvested. Protein lysates were prepared from 
MDA‑MB‑231 and T47D cells using a protein extraction kit 
(Nanjing KeyGen Biotech. Co. Ltd.). Protein concentrations 
were assessed using a BCA Protein Assay kit (Beyotime Institute 
of Biotechnology). Equal amounts of proteins (40 µg/lane) 
from each group were separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis on 12.5% gels (Bio‑Rad 
Laboratories, Inc.) and transferred to polyvinylidene difluoride 
membranes (EMD Millipore). After blocking with 5% skim 
milk for 1 h at room temperature, the membranes were incu-
bated with specific primary antibodies at 4˚C overnight. Then, 
after washing three times with Tris‑buffered saline containing 
Tween‑20, the membranes were incubated with horseradish 
peroxidase‑conjugated secondary antibodies for 1 h at room 
temperature. Proteins were visualized by chemiluminescence 
using enhanced chemiluminescent substrate (Beyotime 
Institute of Biotechnology). Immunoreactive bands were 
examined using the ChemiDoc Imaging System (Bio‑Rad 
Laboratories, Inc.). The following antibodies were used: 
Rabbit anti‑xCT antibody (cat. no. 12691S; dilution 1:800; Cell 
Signaling Technology, Inc.); rabbit anti‑glutathione peroxi-
dase 4 (GPX4) antibody (cat. no. SAB2108670; dilution 1:1,000; 
Sigma‑Aldrich; Merck KGaA); rabbit anti‑ESR1 (cat. no. 13258; 
dilution 1:1,000) and rabbit anti‑TFRC (cat. no. 13113; dilu-
tion 1:1,000; both from Cell Signaling Technology, Inc.); and 
rabbit anti‑GAPDH (cat. no. ATGA0181; dilution 1:1,000; 
4A Biotech Co., Ltd.). Horseradish peroxidase‑conjugated 
goat anti‑rabbit antibodies were used as secondary antibodies 
(cat. no. 7074S; dilution 1:1,000; Cell Signaling Technology, 
Inc.). GAPDH was used as an internal control for each 
membrane.

Electron microscopy. After the indicated treatment, cells on a 
100‑mm dish were fixed in 2.5% glutaraldehyde in 0.1 M PBS 
(pH 7.4) at room temperature for 1 h, post‑fixed in 1% OsO4 in 
0.1 M PBS (pH 7.4) at room temperature for 1 h, dehydrated 
using a graded series of ethanol and embedded with epoxy 
resin and sectioned. Ultrathin (60‑nm) sections were collected 
on grids and stained with uranyl acetate and lead citrate. 
Images were obtained using an H‑7100 transmission electron 
microscope (Hitachi, Ltd.).

siRNA transfection assay. Cells were plated in six‑well plates 
and transfected with specific siRNAs using Lipofectamine™ 
2000 transfection reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
Two siRNA sequences were used to ensure the accuracy of 
the experiment. The sequences of siRNA were as follows: 
ESR1‑siRNA1 (sense 5'‑GGA​GGA​UGU​UGA​AAC​ACA​
ATT‑3', antisense 5'‑UUG​UGU​UUC​AAC​AUU​CUC​CTT‑3') 
and ESR1‑siRNA2 (sense 5'‑GGA​UUU​GAC​CCU​CCA​
UGA​UTT‑3', antisense 5'‑AUC​AUG​GAG​GGU​CAA​AUC​
CTT‑3'). All siRNA oligomers were purchased from Shanghai 
GenePharma Co., Ltd.

Immunohistochemistry (IHC). The human tissues were fixed 
with 4% formaldehyde buffer, the fixed time of the specimens 
was 12‑24 h at room temperature 15‑28̊C. Deparaffinized 
specimens were then sectioned at 4‑µm‑thick slices. The slices 
were autoclaved at 115˚C for 5 min for antigen retrieval in citric 
acid buffer (pH 6.0) and quenched for endogenous peroxidase 
activity with 0.3% H2O2 solution for 10‑15 min. Then, the 
samples were blocked for nonspecific binding with normal 
goat serum for 10‑15 min and incubated with the specific 
rabbit primary antibody against TFRC (cat. no. PB9233; dilu-
tion 1:700; Boster Biological Technology Co., Ltd.) overnight 
at 4˚C. Subsequently, the sections were treated with the goat 
anti‑rabbit antibody for 30 min at room temperature. After 
staining with diaminobenzidine (DAB) (cat. no. PV‑9000; 
Beijing Zhongshan Golden Bridge Biotechnology Co., 
Ltd.; OriGene Technologies), images were captured using a 
Nikon Eclipse 80i microscope (Nikon Corporation).

Mitochondrial membrane potential assay. The mitochondrial 
membrane potential (MMP) was assayed using tetramethylrho-
damine methyl ester (TMRM) according to the manufacturer's 
instructions (AAT Bioquest, Inc.). TMRM is readily seques-
tered by healthy mitochondria, but its fluorescence is rapidly 
lost when the MMP dissipates. Cells were seeded in confocal 
dishes before treatment with or without SAS. The cells were 
washed twice with PBS and incubated for 20 min at 37˚C with 
100 nM TMRM for staining mitochondria and then carefully 
washed three times with PBS. To ensure the accuracy of MMP 
detection, cell activity should be maintained when staining 
for TMRM; the cells should not be killed by reagents such 
as formaldehyde. Finally, the cells were analyzed by confocal 
fluorescence microscopy (Nikon N‑SIM; Nikon Corporation) 
to assess the intensity of red fluorescence (excitation at 549 nm; 
emission at 573 nm).

Collection of clinical tissue samples and RNA extraction. 
In the present study, clinical tissue samples were collected 
from 87 patients with breast cancer, and RNA was extracted. 
The human breast cancer specimens used in this study 
were collected in the operating room of the Department of 
Endocrine and Breast Surgery, First Affiliated Hospital of 
Chongqing Medical University, from July 2015 to June 2017. 
All clinical specimens were diagnosed by clinical and patho-
logical examinations, and all patient information data were 
true and valid. The First Affiliated Hospital of Chongqing 
Medical University Ethics Committee reviewed and approved 
the use of human tissue specimens and all patients provided 
written informed consent. Additional information for these 
patients is provided in Table I. RNA from the tissue samples 
from 87 patients was extracted with a total RNA extraction kit 
and reverse‑transcribed using the PrimeScript RT reagent kit 
(Promega Corp.).

Bioinformatics analysis. Data was downloaded from The 
Cancer Genome Atlas (TCGA) database (https://cancerge-
nome.nih.gov) for 1,208 breast cancer samples. TFRC 
expression was analyzed in different subtypes of breast cancer 
cells and the correlation between TFRC and ESR1 with 
ggstatspot (a package in R, version 3.5.1). TFRC expression in 
cancer tissues and normal tissues was determined using Gene 
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Expression Profiling Interactive Analysis (GEPIA; http://gepia.
cancer‑pku.cn/index.html).

Statistical analysis. All experiments were independently 
performed at least three times. The mean ± SD was determined 
for each group. Statistical analyses were performed using 
one‑way analysis of variance (ANOVA) for multiple group 
comparisons or Student's t‑test for individual comparisons. 
Multiple comparisons between the groups were performed 
using the Student‑Newman‑Keuls method. Statistical signifi-
cance was considered at P<0.05.

Results

SAS reduces breast cancer cell growth. The effects of SAS on 
breast cancer were investigated. Different human breast cancer 
cell lines (MDA‑MB‑231 and T47D, representing TNBC and 
ER+ breast cancer, respectively) were used. Previous studies 

have reported that higher levels of SAS can reduce glioma cell 
growth (14). Both breast cancer cell lines were treated with two 
different concentrations of SAS for 24 h. Microscopic observa-
tion revealed that cell growth and viability were significantly 
inhibited. The two cell lines displayed a significant reduction 
in cell viability in response to 1.0 and 2.0 mM SAS (Fig. S1). 
To better understand the effect of SAS in breast cancer cells, 
the inhibition rate for MDA‑MB‑231 cells was determined by 
treating the cells with 1.0 or 2.0 mM SAS at 3, 6, 12 and 24 h. In 
fact, 2.0 mM SAS induced death in >70% of the breast cancer 
cells in a time‑dependent manner, peaking at 24 h. With an 
increase in SAS treatment time, the cell growth inhibition rate 
also increased, and the inhibition rate in the 2.0 mM group 
was higher than that in the 1.0 mM group (Fig. 1A). Similar 
results were obtained in T47D cells (Fig. 1B). To confirm 
the effects of SAS in breast cancer, two other breast cancer 
lines (BT549 and MCF7, representing TNBC and ER+ breast 
cancer, respectively) were included. The four breast cancer 
cell lines were treated with different concentrations of SAS for 
24 h. The inhibition rates were dependent on the SAS concen-
tration (Fig. 1C). From the trend indicated in the figure, ER+ 
breast cancer cells (T47D and MCF7) were less sensitive to 
SAS than TNBC cells (MDA‑MB‑231 and BT549) at the same 
concentrations. To confirm our hypothesis, the half maximal 
inhibitory concentration (IC50) of the four cell lines for SAS, 
was examined. The results revealed that the IC50 values of 
MDA‑MB‑231 and BT549 cells were significantly lower than 
those of T47D and MCF7 cells (Fig. 1D). Therefore, SAS 
reduced the growth of breast cancer cells; however, the sensi-
tivity varied for different breast cancer cells.

Ferroptosis is induced by SAS in breast cancer cells. It 
was demonstrated that SAS could reduce cell growth, 
however, whether this effect was due to ferroptosis required 
more evidence. A large and growing body of literature has 
demonstrated that xCT and GPX4 play important roles in 
ferroptosis (15). Previous studies have indicated that inhibi-
tion of xCT triggers ferroptosis and that GPX4 plays a role 
in preventing ferroptosis (5). Traditionally, western blotting 
has been used to assess the expression of xCT and GPX4. 
A clear decreasing trend in xCT and GPX4 expression with 
an increasing concentration of SAS were observed. Similar 
results were obtained in MDA‑MB‑231 and T47D  cells 
(Fig.  2A). The accumulation of ROS in cells is a direct 
cause of ferroptosis (16). Flow cytometry is currently the 
most popular method for detecting ROS. MDA‑MB‑231 
cells treated with 1.0 or 2.0 mM SAS displayed increased 
ROS production than untreated and negative control cells 
(Fig.  2B). Similar results were obtained in T47D  cells 
(Fig.  2C). Detailed flow cytometric data is revealed in 
Fig. S1.

Many studies have revealed that iron is closely related to 
oxidative stress. If iron ions cannot bind to proteins or other 
ligands in an appropriate manner, they can catalyze the forma-
tion of metabolically toxic ROS through the H:O: Dependent 
Fenton reaction. Iron chelators (DFO) and ferroptosis‑specific 
inhibitors (liproxstatin‑1) have no significant effects on other 
forms of cell death (7). Therefore, these reagents can be used 
to confirm that the death mode caused by SAS is ferroptosis. 
Liproxstatin‑1 prevents ROS accumulation and cell death in 

Table I. Characteristics of all patients (n=87).

Parameters	 Number (%)

Age (years)	
  <50	 30 (34.5)
  ≥50	 57 (65.5)
Subtypes of cancer	
  TNBC	 20 (23.0)
  Her2	 21 (24.1)
  Luminal A	 22 (25.3)
  Luminal B	 24 (27.6)
Tumor size	
  <2 cm	 23 (26.4)
  2‑4 cm	 58 (66.7)
  >4 cm	 6 (6.9)
Histological grade	
   I	 2 (2.4)
  II	 57 (55.0)
  III	 17 (15.0)
  Unknown 	 11(27.6)
ER statusa	

  Positive	 46 (52.9)
  Negative 	 41 (47.1)
PR statusa	

   Positive	 43 (49.4)
   Negative	 44 (50.6)
Her2 status	
  Positive	 32 (36.8)
  Negative	 55 (63.2)
Ki‑67(%)	
  <14	 28 (32.2)
  ≥14	 59 (67.8)

aPositive >1%. TNBC, triple negative breast cancer; ER, estrogen 
receptor; PR, progesterone receptor.
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cells. Moreover, liproxstatin‑1 inhibits ferroptosis induced by 
ferroptosis‑inducing agents (FINs; a series of small molecule 
inducers, e.g., erastin) in vitro (17). Liproxstatin‑1 has also 
been used to determine whether SAS‑induced cell death is 
ferroptosis (18). The results, as revealed in Fig. 2D, indicated 
that SAS‑induced ROS generation can be inhibited by liprox-
statin‑1 in MDA‑MB‑231 cells; similar results were obtained 
in T47D cells (Fig. 2E).

Change in mitochondrial morphology is also a character-
istic of ferroptosis (19). Transmission electron microscopy 
revealed that compared with untreated cells (Fig.  3A), 
T47D cells treated with 1.0 mM SAS for 24 h had shrunken 
mitochondria with increased membrane density (Fig. 3B). 
The white arrow in the figure indicates the mitochondria 
of T47D cells. This phenomenon was more pronounced in 
cells treated with 2.0 mM SAS for 24 h (Fig. 3C). Notably, 
numerous autophagosomes were found in cells treated with 
2.0  mM SAS (Fig.  3D), indicating that SAS may induce 
autophagy. Literature studies have indicated that ferroptosis 
may be related to autophagy (20). However, further research 
is required to demonstrate this hypothesis. The same positive 
result was not obtained in MDA‑MB‑231 cells. Next, MMP 
was examined using the probe TMRM, which accumulates 
in the mitochondria and produces bright red fluorescence 
in living cells. Confocal microscopy analysis of red fluores-
cence intensity revealed that compared with untreated cells, 

SAS‑treated MDA‑MB‑231 cells displayed a reduction in red 
fluorescence; similar results were obtained for T47D cells 
(Fig.  3E). These data indicated that SAS induced mito-
chondrial depolarization, consistent with the morphological 
characteristics of ferroptosis observed by transmission elec-
tron microscopy. In summary, the mode of death caused by 
SAS was in fact ferroptosis.

TFRC and DMT1 are activated after the SAS treatment of 
breast cancer cells. Iron metabolism and lipid peroxida-
tion signaling are increasingly being recognized as central 
mediators of ferroptosis  (21). Fe3+ is imported into cells 
through the membrane protein TFRC and then sequestered in 
endosomes. In the endosome, Fe3+ is reduced to ferrous iron 
(Fe2+). DMT1, also known as natural resistance‑associated 
macrophage protein 2, belongs to the soluble carrier family 
member (solute carrier family 11 member 2, SLC11A2) and is 
a proton‑dependent metal ion transporter. DMT1 can mediate 
transmembrane transport, including Cu2+, Fe2+, Zn2+, and Mn2+ 
ions and is considered to be a transporter of various divalent 
metal ions in mammalian cells. When the concentration 
of metal ions in the body changes, DMT1 expression may 
change accordingly, and it plays an important physiological 
role in the metabolism and balance of divalent metal ions in 
cells. The literature indicates that DMT1 mediates the release 
of Fe2+ from the endosome into a labile iron pool in the 

Figure 1. SAS reduces breast cancer cell growth. (A and B) Growth inhibition rates for MDA‑MB‑231 and T47D cells treated with 1.0 or 2.0 mM SAS at 
different time‑points were detected by CCK‑8 assays in at least three independent experiments. Bar graphs represent the mean ± SD. *P<0.05, **P<0.01, 
***P<0.005 and ****P<0.001 compared with the group treated with 1.0 or 2.0 mM SAS for 3 h. #P<0.05 and ##P<0.01 compared with the group treated with 
1.0 mM SAS for same time. ns, indicates no significant difference. (C) Growth inhibition rates for MDA‑MB‑231, BT549, MCF7 and T47D cells treated with 
0.1, 0.5, 1.0 and 2.0 mM SAS for 24 h were detected by CCK‑8 assays in at least three independent experiments. (D) IC50 for ER‑ cells (MDA‑MB‑231 and 
BT549) and ER+ cells (T47D and MCF7) were detected by CCK‑8 assays in at least three independent experiments. Bar graphs represent the mean ± SD; 
***P<0.005. SAS, sulfasalazine; ER, estrogen receptor.
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cytoplasm (22). Therefore, the accumulation of iron in cells is 
closely related to TFRC and DMT1. However, the role of SAS 
in iron metabolic pathways is unknown. To explore the func-
tion of SAS in iron metabolic pathways, RT‑PCR was used to 
detect the expression of TFRC and DMT1 in cells treated with 
different concentrations of SAS. As revealed in Fig. 4A and B, 
as the SAS concentration increased, the expression of TFRC 
and DMT1 increased in MDA‑MB‑231 cells. Consistent with 
the results in MDA‑MB‑231 cells, TFRC and DMT1 expres-
sion also increased in T47D cells in response to increasing 
SAS concentrations (Fig. 4C and D), indicating that SAS may 
activate TFRC and DMT1 to induce ferroptosis.

ER inhibits TFRC expression in breast cancer cells. TFRC is 
a key factor in iron metabolism, and after determining the role 
of TFRC in ferroptosis in breast cancer cells, its expression 
in breast cancer tissues was also investigated. First, TFRC 
expression was determined in cancer tissues and normal 
tissues using GEPIA. As revealed in Fig. 5A, TFRC expression 
in tumor tissues was significantly higher than that in normal 
tissues. TFRC expression was detected in different breast 
cancer tissues using immunohistochemistry. Next, bioinfor-
matics was used to analyze TFRC expression in breast cancer 
subtypes. As revealed in Fig. 5B, TFRC expression in basal 
(TNBC usually has a basal molecular phenotype) and Her2 

Figure 2. Ferroptosis is induced by SAS in breast cancer cells. (A) Expression of GPX4, xCT and GAPDH in MDA‑MB‑231 and T47D cells treated with 0.1, 
0.5, 1.0 and 2.0 mM SAS for 24 h was detected by western blotting. (B) ROS accumulation in MDA‑MB‑231 cells without the DCFH‑DA probe and treated 
with 1.0 and 2.0 mM SAS and exposed to the DCFH‑DA probe was determined using flow cytometry. Bar graphs represent the mean ± SD. **P<0.01 and 
***P<0.005 compared with the normal group. ns, indicates no significant difference. (C) ROS accumulation in T47D cells without the DCFH‑DA probe and 
treated with 1.0 and 2.0 mM SAS and exposed to the DCFH‑DA probe was determined using flow cytometry. Bar graphs represent the mean ± SD. *P<0.05 
and **P<0.01 compared to normal group. ns, indicates no significant difference. (D) MDA‑MB‑231 cells were treated with 1.0 or 2.0 mM SAS with or without 
liproxstatin‑1. Flow cytometry was used to detect ROS accumulation in at least three independent experiments. Bar graphs represent the mean ± SD. *P<0.05. 
(E) T47D cells were treated with 1.0 or 2.0 mM with or without liproxstatin‑1. Flow cytometry was used to detect ROS accumulation in at least three inde-
pendent experiments. Bar graphs represent the mean ± SD. *P<0.05 and **P<0.01. SAS, sulfasalazine; GPX4, glutathione peroxidase 4; ROS, reactive oxygen 
species; DCFH‑DA, 2',7'‑dichlorofluorescein diacetate.
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subtypes was higher than that in luminal and normal subtypes. 
The expression of ER is negative in TNBC and Her2+ breast 
cancer. Therefore, the relationship between ER and TFRC 
was determined. Bioinformatics was used again to analyze 
the correlation between TFRC and ER. Notably, a negative 
correlation between TFRC and ER (Fig. 5C) was revealed. 

This result may explain why T47D cells are less sensitive than 
MDA‑MB‑231 cells to SAS‑induced ferroptosis (Fig. 1D). To 
obtain more convincing results, clinical samples of different 
tissue types were selected for IHC. The results revealed that 
TFRC expression was significantly higher in breast cancer 
tissues of basal and Her2+ cells than in luminal type cancer 

Figure 3. Morphological changes in the mitochondria of breast cancer cells treated with SAS. T47D cells were treated with 1.0 and 2.0 mM SAS for 24 h, 
and images were captured with a transmission electron microscope. (A) Images of T47D cells without SAS under an electron microscope. The white arrow 
refers to the mitochondria. (B) Morphological changes in the mitochondria of cells treated with 1.0 mM SAS. The white arrow indicates the mitochondria. 
(C) T47D cells treated with 2.0 mM SAS observed by transmission electron microscopy. The white arrow indicates the smaller mitochondria. (D) Transmission 
electron microscopy revealed the presence of many autophagosomes in the cells treated with 2.0 mM SAS. The white arrow indicates the autophagosomes. 
(E) Representative fluorescence microscopic images of MDA‑MB‑231 and T47D cells treated with different concentrations of SAS and stained with TMRM. 
SAS, sulfasalazine; TMRM, tetramethylrhodamine methyl ester.
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tissues. This finding was consistent with the results of our 
previous bioinformatics analysis (Fig. 5D). Similar results were 
obtained in different breast cancer cells. TFRC expression was 
lower in ER+ breast cancer cell lines (T47D and MCF7) than in 
TNBC cells (BT549 and MB231) (Fig. 5E). Due to the different 
TFRC expression levels, the sensitivity to SAS‑induced 
ferroptosis varies. The difference in TFRC expression may 
be due to differences in ER expression in different breast 
cancer cells. To verify our speculation, siRNAs were used to 
knockdown ESR1 (the gene encodes the ER) in T47D cells. As 
revealed in Fig. 5F and H, the expression of ER was success-
fully knocked down at both the RNA and protein levels. In 
response to ER knockdown, an increase in TFRC expression 
(Fig. 5G and H) was observed. These results demonstrated that 
ER may inhibit TFRC. As revealed in Fig. 1C, MDA‑MB‑231 
and T47D cells had the greatest difference in sensitivity to 
SAS at concentrations of 0.1 and 0.5 mM. Therefore, these 
two concentrations were selected for the following experi-
ments. Low concentrations of SAS (0.1 and 0.5 mM) were 
used to treat ER‑knockdown T47D cells. Subsequently, CCK‑8 
assays were used to assess the SAS‑mediated inhibition of 
T47D cells. The inhibition rate was significantly increased 
after knocking down ER (Fig. 5I). Collectively, our findings 
indicated that ER has a protective effect on SAS‑induced 
ferroptosis, and the inhibition of TFRC expression may be 
one of the underlying mechanisms. To determine TFRC 

expression in breast cancer tissues, 87 clinical tissue samples 
from patients with breast cancer were collected and total RNA 
was extracted. RT‑PCR was used to detect TFRC expression in 
these different breast cancer tissues. Concurrently, to identify 
new relationships between TFRC and clinical characteristics, 
the clinical data was analyzed. As revealed in Fig. 6A, TFRC 
was expressed at lower levels in ER+ breast cancer tissues than 
in ER‑ breast cancer tissues, indicating that ER may inhibit 
TFRC. This result was consistent with our findings in the 
in vitro cell experiments. TFRC expression in tissues repre-
senting different breast cancer subtypes was also consistent 
with TCGA database analysis results. Compared with other 
subtypes, the Her2 subtype had the highest expression of TFRC 
(Fig. 6B). Indicative of the relationship between the Her2 gene 
and TFRC, a high expression of TFRC in Her2+ breast cancer 
tissues (Fig. 6C) was observed. Estrogen is a messenger that 
must bind to cellular receptors to function. Once combined 
with estrogen, the ER is activated and transported into the 
nucleus. After gene transcription leads to PR synthesis, PR 
synthesis must be achieved by the action of ER synthesis. PR 
synthesis occurs in conjunction with ER synthesis. Therefore, if 
the PR is expressed, the ER must also be expressed. Therefore, 
the expression patterns of the two receptors are similar. The 
expression of TFRC in PR‑ breast cancer tissues was higher 
than that in PR+ breast cancer tissues (Fig. 6D). The relation-
ship between TFRC expression and TNM stage, histological 

Figure 4. TFRC and DMT1 activation contributes to SAS‑induced ferroptosis. (A and B) Expression of TFRC and DMT1 in MDA‑MB‑231 cells treated with 
0.1, 0.5, 1.0 and 2.0 mM SAS for 24 h was detected by RT‑PCR from at least three independent experiments using GAPDH as an internal reference. Bar graphs 
represent the mean ± SD, *P<0.05 and **P<0.01 compared with the normal group. ns, indicates no significant difference. (C and D) T47D cells were treated 
as aforementioned and detected by RT‑PCR from at least three independent experiments using GAPDH as an internal reference. Bar graphs represent the 
mean ± SD. *P<0.05, **P<0.01 and ***P<0.005 compared with the normal group. ns, indicates no significant difference. TFRC, transferrin receptor; DMT1, 
divalent metaltransporter 1; SAS, sulfasalazine.
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Figure 5. ER inhibits TFRC expression in breast cancer cells. (A) TFRC expression patterns in tumor tissues and normal tissues were determined using 
GEPIA (http://gepia.cancer‑pku.cn/index.html). (B and C) Data for 1,208 breast cancer samples were downloaded from TCGA (https://cancergenome.nih.gov). 
TFRC expression in different subtypes of breast cancer and the correlation between TFRC and ESR1 were analyzed with ‘ggstatspot’ (an R language plugin). 
(D) Different types of breast cancer tissue specimens were collected and organized. Immunohistochemistry was used to detect TFRC expression in tissues. 
(E) Proteins from different breast cancer cells were extracted, and the expression of TFRC was detected by western blotting. (F and G) T47D cells were 
transfected with 2 siRNAs against ESR1 for 24 h. Expression of ESR1 and TFRC was determined by RT‑PCR. Bar graphs represent the mean ± SD. **P<0.01, 
***P<0.005 and ****P<0.001. (H) T47D cells were transfected with 2 siRNAs against ESR1 for 24 h. Expression of ER and TFRC was determined by western 
blotting. (I) T47D cells were transfected with 2 siRNAs against ESR1 for 24 h and treated with 0.1 or 0.5 µM SAS for 24 h. Growth inhibition rate was 
determined using CCK‑8 assays in at least three independent experiments. Bar graphs represent the mean ± SD. *P<0.05 and **P<0.01. ER, estrogen receptor; 
TFRC, transferrin receptor; GEPIA, Gene Expression Profiling Interactive Analysis; ESR1, estrogen receptor 1.
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grade and Ki‑67 expression was also explored, however, no 
significant associations were revealed (Fig. S1).

Discussion

Research on ferroptosis has been continuing at a steady 
pace since this phenomenon was discovered in 2012. From 
numerous previous studies, it is recognized that iron metabo-
lism and lipid peroxidation are two important pathways 
leading to ferroptosis (7). The inhibition of system xc

‑ plays a 
role during the beginning of lipid peroxidation, which triggers 
ferroptosis. System xc

‑ is a heterodimeric cell surface amino 
acid antiporter composed of the twelve‑pass transmembrane 
transporter protein SLC7A11(xCT) linked by a disulfide 
bridge to the single‑pass transmembrane regulatory protein 
SLC3A2 (23). Therefore, it is common to detect the expression 
of system xc

‑ by assessing the level of xCT. System xc
‑ imports 

extracellular cystine into cells in exchange for intracellular 
glutamate (5,22).

xCT is highly expressed in diverse malignancies, including 
TNBC and is induced by chemotherapy  (24,25). Previous 
studies have indicated that targeting the novel MUC1‑C/xCT 
pathway could represent a potential therapeutic approach 
for promoting TNBC cell death (26). A breakthrough study 
published in 2013 stated that xCT inhibition with the clini-
cally approved anti‑inflammatory agent SAS decreases tumor 
growth, thereby revealing a therapeutic target in breast cancer 
patients with the poorest prognosis and identifying a lead 
compound for rapid and effective drug development (25). The 
study clearly stated that xCT is a compelling therapeutic target 
for TNBC and that the combination of SAS and carboplatin is 
very effective for TNBC and may even be recommended for 

clinical use. However, the study did not explain the relation-
ship between SAS and ferroptosis or address the role of SAS 
in other molecular subtypes of breast cancer.

Many small molecules or drugs, such as erastin, SAS, 
and sorafenib, have been revealed to trigger ferroptosis 
by inhibiting xCT. Notably, the molecular structures of 
the three drugs are very similar (15). SAS, a widely used 
drug for chronic inflammation, can have the same effect 
as antitumor drugs such as sorafenib, and is therefore 
of research interest. Inhibition of the NF‑κB signaling 
pathway may be one of the underlying mechanisms (27). 
Even more notable is the fact that SAS can induce cell death 
in a variety of malignancies, such as pancreatic cancer (11) 
and glioma (14). Recently, Tang et al reported that cystine 
deprivation triggered necrosis in TNBC cells  (28), and 
Wang and Yang revealed that ADR increased the expression 
of SLC7A11 in TNBC, while the inhibition of the SLC7A11 
antiporter system sensitized TNBC cells to ADR (29). These 
results indicated that SLC7A11 is a potential target for the 
enhancement of the anticancer efficacy of conventional 
therapies in patients with TNBC. However, these studies are 
limited to TNBC and SLC7A11 (xCT) and do not address 
other molecular subtypes of breast cancer or explore iron 
metabolism pathways.

Iron is essential for the execution of ferroptosis. Both 
membrane permeable and membrane impermeable iron chela-
tors prevent cells from undergoing ferroptosis, irrespective 
of whether it is induced by erastin, RSL3 or a physiological 
stimulus such as a high concentration of extracellular gluta-
mate (30,31). Likewise, ferroptosis induced by erastin or Cys2 
deprivation can be prevented by the genetic silencing of the 
TFRC gene, which encodes the transferrin receptor required 

Figure 6. A total of 87 breast cancer tissue samples were collected, and total RNA was extracted. TFRC expression was detected by RT‑PCR. (A) TFRC 
expression in breast cancer tissues with different ER levels. (B) TFRC expression in breast cancer tissues of different molecular types. (C) TFRC expression in 
breast cancer tissues with different Her2 levels. (D) TFRC expression in breast cancer tissues with different PR levels. *P<0.05, **P<0.01 and ***P<0.005. TFRC, 
transferrin receptor; PR, progesterone receptor.
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for the uptake of transferrin‑iron complexes into cells (32). 
These results firmly establish the need for iron in ferroptosis. 
However, how iron promotes ferroptosis inside the cell remains 
unclear. A recent study revealed that clinically approved 
SAS enhanced the death of pancreatic cancer cells induced 
by piperlongumine (PL) and that the combined effects were 
abrogated by ferroptosis inhibitors and DFO (33). Therefore, it 
was hypothesized that the activity of SAS is related to the iron 
metabolic pathway.

In the present study, using microscopy and CCK‑8 anal-
ysis, it was demonstrated that SAS could inhibit the growth 
of TNBC cells (MDA‑MB‑231) and ER+ breast cancer cells 
(T47D). It was also revealed that these two cell lines had 
different sensitivities to SAS. However, whether this growth 
inhibition is due to ferroptosis required more evidence. 
Western blotting was used to detect the expression of GPX4 
and xCT. Flow cytometry was used to determine changes 
in ROS, and changes in mitochondrial morphology were 
detected by transmission electron microscopy. Confocal 
fluorescence microscopy was used to observe the changes in 
the MMP. By combining the results of these experiments, 
it was confirmed that SAS in fact triggered ferroptosis in 
different breast cancer cells. This result was consistent with 
the findings of previous studies, revealing that SAS‑induced 
ferroptosis is caused by the inhibition of xCT and an increase 
in the accumulation of ROS. The present research has some 
limitations, including the lack of evidence from in vivo experi-
ments. Several in vivo experiments were attempted, however 
the results were all negative. The primary explanation for this 
result is that SAS is a drug mainly used for gastrointestinal 
inflammation, and it is absorbed in the gastrointestinal tract. 
When SAS reaches the tumor, the drug concentration is 
very low, and it will not affect tumor growth in vivo. A large 
body of literature was searched and relevant experiments 
were revealed in a study published in 2013 (25). This study 
revealed that SAS can reduce the volume of breast tumors 
in vivo, which can be used as a supplement to our research. 
Iron metabolism, another important pathway for ferroptosis, 
has not been reported to be affected by SAS. Therefore, a 
preliminary exploration of the relationship between SAS and 
iron metabolism was performed. As revealed in Fig. 4, the 
expression of TFRC and DMT1 increased with increasing 
concentrations of SAS, indicating that SAS may activate 
TFRC and DMT1 to induce ferroptosis.

Unlike previous studies, the present study was not limited 
to TNBC. When the present results were reviewed, an inter-
esting phenomenon was observed. The ER+ breast cancer 
cell line T47D did not behave the same as the TNBC cell 
line MDA‑MB‑231 (Fig. 1C). This finding may be related 
to differences in the expression of xCT in different cell 
lines (25). However, the most important difference between 
T47D and MDA‑MB‑231 cells was the expression of the ER. 
To confirm this notable phenomenon, two other breast cancer 
lines (BT549 and MCF7, representing TNBC and ER+ breast 
cancer, respectively) were included. Notably, similar results as 
with MDA‑MB‑231 and T47D cells were obtained. Therefore, 
it was hypothesized that ER has a potential inhibitory effect on 
SAS‑induced ferroptosis.

ER was then knocked down in T47D cells with siRNAs 
and the cells were treated with a low dose of SAS for 24 h, 

and the growth inhibition rate in the cells was assessed. 
Notably, the inhibition rate for T47D cells was increased 
after ER‑specific siRNA transfection. However, it is still 
unclear how ER functions. Bioinformatics analysis indicated 
that ER expression may be associated with TFRC expression. 
After knocking down ER, RT‑PCR was used to detect some 
of the key factors in ferroptosis. Among the many factors, 
TFRC expression was revealed to be significantly increased 
(Fig. 5G); the same effect was observed at the protein level 
(Fig. 5H). Usually, expression in in vitro cell experiments 
may differ from expression in tissues; thus, the expression 
at the histological level was verified. To this end, 87 clinical 
tissue samples were collected as well as their related infor-
mation. It was revealed that TFRC was expressed at lower 
levels in ER+ breast cancer tissues than in ER‑ breast cancer 
tissues. Similar results were observed for PR+ and PR‑ breast 
cancer tissues. In contrast, TFRC was more highly expressed 
in Her2‑ breast cancer tissues than Her2‑ breast cancer 
tissues. Thus, ER inhibits the expression of TFRC. It is 
worth mentioning that the presence of SAS does not alter the 
expression of TFRC in different breast cancer cells. Simply 
put, the two are not causal. TFRC expression in TNBC and 
ER+ breast cancer cells does not change due to the pres-
ence or absence of SAS. TFRC expression is altered by the 
different expression levels of ER in different breast cancer 
cells (TFRC is highly expressed in low‑ER TNBC cells 
and is low in ER+ breast cancer). TFRC expression varies in 
breast cancer, which in turn produces different sensitivities 
to SAS in the different breast cancer cells. It is not SAS that 
changes the expression of TFRC. In conclusion, SAS can 
trigger ferroptosis in breast cancer cells, especially cells with 
low ER expression. Therefore, SAS is a potential agent for 
breast cancer treatment.

The present study still has some limitations. Firstly, due 
to the characteristics of the mitochondrial membrane poten-
tial detection experiment, DAPI could not be used to stain 
the nucleus. The purpose of our experiment was to detect 
mitochondrial membrane potential. For the accuracy of the 
experiment, cell activity should be maintained during the 
labeling process. Staining of the nucleus of living cells with 
DAPI was attempted; however, DAPI could penetrate the cell 
membrane and enter the nucleus. Of note, if the cells were 
fixed with formaldehyde and the permeability of the cell 
membrane was increased with some relevant reagents, then 
DAPI could enter the cells to stain the nucleus. However, 
this process would kill the cells, and the authenticity of the 
results could not be guaranteed. For a variety of complex 
reasons, only a preliminary exploration of the increase in 
iron metabolism caused by SAS was performed. In a future 
study, the effects of SAS on iron will be explored, e.g., 
by detecting changes in the accumulation of iron in cells. 
Another key issue is where the ER participates in the effects 
of SAS on TFRC. This question is in fact difficult to answer 
from our current experimental results since the relationship 
between the ER and TFRC has not been observed in previous 
studies. This phenomenon was only revealed; to determine 
a mechanism, siRNA was used to knock down the ER and 
detect TFRC expression. The results were confirmed by 
bioinformatics technology and finally verified by clinical 
tissue samples. However, the specific mechanisms and 
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locations of participation are not very clear in the present 
findings. In our subsequent research, through the analysis 
of STRING (https://string‑db.org), it was revealed that the 
relationship between ER and TFRC may be through AKT1, 
SRC, p53 as well as other genes. Therefore, the answer to 
this question may be addressed in future studies. In addi-
tion, a high expression of TFRC in Her2+ breast cancer tissue 
samples was revealed. A study by Miller et al revealed that an 
iron‑regulatory gene signature predicted outcomes in breast 
cancer (34). Therefore, iron metabolism is closely related to 
the occurrence and development of breast cancer. However, 
the exact relationship between the Her2 gene and TFRC 
remains unknown. These issues are worthy of further study. 
Finally, the present experiments did not use normal breast 
epithelial cells for comparison for the following reasons. The 
main purpose of our study was to investigate the role of SAS 
in breast cancer, rather than the role in normal breast tissue. 
In addition, TFRC expression in normal tissues and cancer 
tissues was also compared by bioinformatics in Fig.  5A. 
Conversely, it is difficult to find a suitable cell line as a repre-
sentative of the normal epithelium of the breast. It has been 
reported that MCF10A cells (cells used as normal controls in 
many studies) are not representative of normal breast cancer 
cells (35).

In conclusion, the present study proposed for the first 
time that SAS can induce ferroptosis in breast cancer cells 
not only by the inhibition of xCT but also by the activation 
of iron metabolism. Furthermore, the inhibitory effect of ER 
on TFRC may explain why breast cancer cells with different 
molecular types have different sensitivities to SAS‑induced 
ferroptosis. The present results further revealed the functions 
of the ER in the ferroptosis network and indicated SAS as a 
potential agent for breast cancer treatment.
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