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Abstract
The progression of atherosclerotic plaque is accelerated by death of foam cells during the development of the plaque. There 
are several forms of foam cell death, such as autophagy and ferroptosis forms of cell death together are commonly predomi-
nant. Therefore, it is particularly important to study the crosstalk between various forms of cell death in atheroscler and 
ferroptosis. Although there is a dominant form of cell death that plays a role in the disease, motic plaques. Nuclear factor 
NF-E2-related factor (Nrf2) has been considered as a major regulator of antioxidant in previous studies, but recent studies 
have revealed that insufficient cellular autophagy can turn off Nrf2-mediated antioxidant defense while initiating Nrf2-
manipulated iron deposition and lipid peroxidation, leading to the development of iron ferroptosis. The present experiment 
aimed to explain the regulatory mechanism between autophagy and ferroptosis through Nrf2. In this experiment, differentiated 
human THP-1 macrophages were used, which were treated with ox-LDL into foam cells with the addition of the autophagy 
inhibitor chloroquine (CQ), the inhibitor of Nrf2 (ML385), the promoter of Nrf2 (t-BHQ), and the inhibitor of ferroptosis 
(Liproxstatin-1), and the expression levels of autophagy-related proteins p62 and LC3, as well as Nrf2 and ferroptosis-related 
proteins xCT and GPX4 by WB, foam cell survival by CCK8, and intracellular reactive oxygen levels by Flow cytometry 
analysis and fluorescence microscopy. The effect of autophagy through Nrf2 on ferroptosis in foam cells was determined. 
The results revealed that insufficient autophagy in CQ-induced foam cells could lead to foam cell death in atherosclerotic 
plaques, and the cause of cell death was that insufficient autophagy in foam cells turned off the positive effect of Nfr2 anti-
oxidant, initiated the negative effect of Nrf2 to promote intracellular reactive oxygen species production, and this negative 
effect promoted ferroptosis in foam cells.
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Abbreviations
AS  Atherosclerosis
AP  Atherosclerotic plaque
ATG5  Autophagy-related gene5
ATG7  Autophagy-related gene7
CQ  Chloroquine
CCK8  Cell Counting Kit-8
DFC  Iron chelator desferricoprogen
FCM  Flow cytometry analysis
FBS  Fetal bovine serum
Hmox1  Heme oxygenase-1
GPX4  Glutathione Peroxidase 4

LC3  Microtubule-associated protein 1 light 
chain 3

Lipro-1  Liproxstatin-1
Nrf2  Nuclear factor erytheroid-derived-2-like 2
ox-LDL  Oxidized-low-density lipoprotein
p62/SQSTM1  Sequestosome 1
PMA  Phorbol-12-myristate-13-ace-tate
ROS  Reactive oxygen species
tBHQ  Tert-butylhydroquinone
Xct  Cystine-glutamic acid reverse transporter 

light chain protein
WB  Western blot

Introduction

Atherosclerosis (AS) is a progressive lesion with age, and 
cardiovascular diseases caused by AS remain the leading 
cause of death in humans worldwide, seriously threatening 
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people's health and lives [1]. To date, a large number of 
domestic and international articles have investigated the role 
of cell death pathways in AS, especially foam cells formed 
by macrophages play an important role in promoting the 
progression of AS [2]. Among the various forms of cell 
death, ferroptosis and autophagy are the hot spots of research 
in recent years. Ferroptosis was initially considered to be 
an iron-dependent death distinct from other programmed 
deaths, and some studies have shown that ferroptosis plays 
an important role in AS [3].

Autophagy is a subcellular process that facilitates the 
turnover of intracellular material, and the initial under-
standing of autophagy in AS was limited to its favorable 
aspect of impeding the disease process [4]. A large number 
of recent studies have confirmed that autophagy has a bidi-
rectional role in the regulation of AS during the AS process. 
Autophagy at the basal level protects the cells of AP from 
various stressful environments [5]. In contrast, dysregula-
tion of autophagy as well as excessive levels of autophagy 
during late AS can promote the formation and rupture of AP 
[6]. In late AS, severe stress can cause defects in the forma-
tion of autophagosomes or in the fusion and degradation 
of autophagosomes with lysosomes. Defective autophagy 
can disrupt the balance of lipid metabolism, promote lipid 
deposition in the vessel wall, and significantly increase AP 
formation [7]. However, excessive autophagy can lead to 
the release of inflammatory factors and severe oxidative 
stress as well as the formation of autophagic wax-like bod-
ies, which are complexes of oxidized lipids and proteins 
that are not digested by lysosomes and also limit the bind-
ing of autophagosomes to lysosomes, reduce collagen fiber 
synthesis in smooth muscle cells leading to thinning of the 
fibrous cap, promote thrombosis by endothelial cell death 
and death of macrophages Increased AP load and instability 
[8]. It has been shown that knockdown of autophagy-related 
gene5 (ATG5) and autophagy-related gene7 (ATG7) reduces 
intracellular iron levels and lipid peroxidation thereby inhib-
iting ferroptosis induced by the ferroptosis activator Erastin 
[9]. Therefore, ferroptosis is considered to be an autophagy-
dependent death under specific circumstances, but the role 
of autophagy and ferroptosis in AS has not been explored.

Nrf2 has been regarded as a major regulator of antioxi-
dant in previous studies, and Nrf2 inhibits ferroptosis by 
promoting iron storage and reducing iron uptake and reac-
tive oxygen species(ROS) production [10] Zang et al. [11] 
found that diabetes causes insufficient autophagy in cardio-
myocytes, which shuts down Nrf2-mediated antioxidant 
defense, while initiating Nrf2-mediated iron deposition 
and lipid peroxidation, leading to the development of fer-
roptosis. And the ferroptosis inducer Eaststin inhibited the 
autophagic flux, suggesting that autophagy inhibition may 
play an important role in Nrf2-mediated ferroptosis. Nrf2 
is commonly expressed in the cardiovascular system, and 

Nrf2 is a key regulator in maintaining cardiovascular homeo-
stasis by inhibiting oxidative stress [12]. However, Mimura 
et al. [13] found that Nrf2 showed both pro-atherogenic AS 
effects and anti-AS effects in experimental animal models. It 
was found that defective autophagy can trigger non-classical 
activation of Nrf2 leading to sustained activation of Nrf2, 
and that abnormal activation of Nrf2 exacerbates cellular 
inflammatory responses, promotes cell death, and is path-
ogenic [14]. It has also been shown in numerous studies 
that upregulation of Nrf2 can lead to the development of 
autophagy deficiency [15, 16]. Therefore, we hypothesized 
that in the case of insufficient autophagy in advanced AS, 
Nrf2 likely also undergoes non-classical activation, and a 
vicious cycle between non-classical activation of Nrf2 and 
insufficient autophagy promotes foam cell death. Nrf2 may 
be expected to link autophagy and ferroptosis in the disease 
to become a new target for AS therapy.

Materials and methods

Cell culture and differentiation

The cells used in this experiment were human-derived 
THP-1 cell line, provided by BeNa Culture Collec-
tion (BNCC, Beijing, China).The cells were cultured in 
RPMI1640 (Hyclone, USA): fetal bovine serum (FBS) 
(Hyclone, USA) in a 9:1 ratio of complete medium, and the 
content of the culture medium in the dishes was adjusted 
to approximately 7–9 ml according to the number of cells, 
and the cells were cultured in a 5%  CO2, 37 °C cell culture 
incubator. According to the growth status of the cells, the 
medium was changed every 2–3 days. After the cells reached 
the logarithmic growth phase, the cells were diluted with 2% 
FBS RPMI1640 to 1 × 106/ml and spread in 6-well plates 
or 96-well plates. The cells were treated with 100 ng/ml 
phorbol-12-myristate-13-ace-tate (PMA) (Sigma, USA) for 
48 h to induce THP-1 monocytes into macrophages.

Construction of foam cell model

Cells grown in logarithmic phase (cell density reached 
5 × 105/ml) were taken, diluted to 1 × 106/ml with 2% FBS 
RPMI1640 and spread in 6-well plates or 96-well plates, 
treated with PMA for 24  h. After induction into mac-
rophages, the old medium was discarded, and new medium 
with 2% FBS RPMI1640 was added with 25, 50, 75 µg/ml 
concentrations ox-LDL to treat the THP-1 macrophages for 
48 h, then observed by microscopy, and the ox-LDL concen-
tration of 50 µg/ml, which had less cell damage and higher 
success rate of foam cell construction, was selected for sub-
sequent experiments.
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Western blot (WB)

The treated cells in the 6-well plate were washed three 
times with PBS after discarding the medium. An appro-
priate amount of prepared protein lysate (RIPA:sodium 
orthovanadate:PMSF in the ratio of 200:1:1) was added to 
each well, and the total protein was extracted and crushed 
with an ultrasonic crusher for 1 min. The protein concen-
tration was measured with a BCA kit (Solarbio, Beijing, 
China). An equal amount of SDS-PAGE electrophoresis was 
performed with 30 mg of egg added to each well. The run 
was transferred to cellulose acetate membrane and incubated 
for 16–20 h at 4 °C. The primary antibody was diluted as 
follows: LC3B (abcam, USA, dilution ratio 1:3000), β-actin 
(abcam, USA, dilution ratio 1:5000), p62 (abcam, USA, 
dilution ratio 1:3000), xCT (abcam, USA, dilution 1:3000), 
GPX4 (abcam, USA, dilution 1:2000), and Nrf2 (abcam, 
USA, dilution 1:2000). Afterwards, the secondary antibodies 
were incubated for 1 h on a room temperature shaker at the 
following dilutions: goat anti-mouse IgG (abcam, USA, dilu-
tion ratio 1:10,000) and goat anti-rabbit IgG (abcam, USA, 
dilution ratio 1:50,000).The incubated strips were exposed 
with an imager (Tanon 5200) and the exposed strips were 
measured in grayscale using Image J.

CCK8 cell activity assay

Cell viability was measured using the Cell Counting Kit-8.
Cells treated with different conditions were discarded from 
the original medium in a 96-well plate, and 100 μl of Cell 
Counting Kit-8 reagent at a concentration of 10 mg/ml was 
added to each well, and the cells were incubated in a cell 
incubator for 5 h after adding the reagent. The optical den-
sity (OD) values at 450 nm were measured with an enzyme 
marker, and each group of experiments was repeated three 
times, and each result was repeated three times to take the 
average value as the result.

Intracellular ROS assay

Intracellular ROS levels were measured using the Reactive 
Oxygen Species Assay Kit. The drug-treated foam cells were 
digested down with trypsin, and a positive control with the 
addition of reactive oxygen species and a negative control 
without stimulation were set up. Dilute the fluorescent probe 
DCFH-DA with serum-free culture medium according to 
1:1000, remove the cell culture medium and add 1 ml of 
diluted DCFH-DA so that it can adequately cover the cells. 
incubate the cells in a cell culture incubator at 37 °C for 
20 min, mix upside down every 3–5 min, and wash the cells 
three times with serum-free cell culture medium to ade-
quately remove the DCFH-DA that has not entered the cells. 
Cells loaded with the probe were observed for intracellular 

ROS levels by fluorescence microscopy, and intracellular 
ROS levels were quantified by FCM.

Statistical analysis

The experimental data were statistically analyzed using 
GraphPad Prism 7.0 software. The measurement data were 
expressed as mean ± standard deviation, firstly, normality 
test, independent sample t test was used for samples between 
two groups, and one-way ANOVA was used for samples 
between multiple groups. P indicates significant difference, 
and P < 0.05 (two-sided) was considered a statistically sig-
nificant difference.

Results

Nrf2 was increased by ox‑LDL stimulation and xCT 
and GPX4 were decreased by ox‑LDL stimulation

Foam cell formation was a distinctive feature of AS [17]. 
THP-1 macrophages were treated with 25, 50 and 75 µg/ml  
of ox-LDL for 48 h, respectively, to induce foam cell for-
mation. The expression of Nrf2, xCT, and GPX4 proteins 
within the fine was detected by WB. It was found that the 
expression of Nrf2 increased and the expression of xCT and 
GPX4 decreased with the increase of ox-LDL concentration 
(Fig. 1a). It was also found that the expression of Nrf2 in 
cells treated with 50 µg/ml ox-LDL was significantly higher 
than that in cells treated with 25 µg/ml ox-LDL (Fig. 1b), 
and the expression of xCT and GPX4 in cells treated with 
25 µg/ml and 50 µg/ml ox-LDL was significantly lower than 
that in cells not treated with ox-LDL (Fig. 1c, d), demon-
strating that Nrf2, xCT, GPX4 protein expression may be 
correlated with AS.

Inadequate autophagy of foam cells accelerates 
foam cell death

In order to simulate the autophagy deficiency of foam cells 
within the late AS plaques, we added the autophagy inhibi-
tor chloroquine (CQ) to the constructed foam cell model 
and detected the expression of LC3 and p62, proteins that 
can determine the autophagy status within the fine by WB. 
It was found that the level of LC3II/LC3I was significantly 
reduced in the foam cells with CQ added (Fig. 2a, b), and 
the expression level of p62 was significantly increased 
(Fig. 2a, c), which indicated that the foam cell autophagy 
deficiency was successfully constructed. Cell survival was 
detected with CCK8 and it was found that the deficiency 
of autophagy within foam cells could accelerate foam cell 
death (Fig. 2d). However, the death of foam cells within the 
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AS plaques could increase the instability of the plaques and 
accelerate the progression of AS [18].

Insufficient autophagy in foam cells leads 
to the shutdown of Nrf2 antioxidant action

To investigate the effect of foam cell autophagy deficiency 
on the role of intracellular Nrf2, we treated foam cells with 
autophagy inhibitor CQ, Nrf2 promoter t-BHQ and Nrf2 
inhibitor ML385. It was found that CQ-induced insufficient 
autophagy in foam cells could increase the expression of 
intracellular Nrf2 (Fig. 3a, b), while treatment of foam cells 
with Nrf2 promoter t-BHQ increased the expression of 
autophagy-negative protein p62, and treatment of foam cells 
with Nrf2 promoter t-BHQ decreased the expression of p62 
(Fig. 3a, c). The above results suggest a positive feedback 
regulation of intracellular autophagy deficiency and Nrf2. 
Insufficient autophagy in foam cells reduced cell survival, 
and further promotion of Nrf2 expression in the presence 
of insufficient autophagy in foam cells further reduced cell 
survival, while inhibition of Nrf2 expression in the pres-
ence of insufficient autophagy in foam cells increased cell 
survival and reversed the reduction in cell survival caused 
by insufficient autophagy (Fig. 3d). This result indicates that 
the decrease in cell survival caused by insufficient autophagy 
in foam cells is likely due to the shutdown of the antioxi-
dant effect of Nrf2 and the enhancement of the negative 
effect of Nrf2 caused by insufficient autophagy. Therefore, 

the positive feedback effect of insufficient intracellular 
autophagy and Nrf2 deposition is detrimental to cell survival 
and is a vicious cycle process. However, how the negative 
effect generated by Nrf2 drives foam cells toward death is a 
question we continue to explore in the following.

Insufficient autophagy in foam cells initiates 
Nrf2‑induced ROS accumulation

With further probing, it was found that intracellular ROS 
levels were significantly elevated when autophagy was defi-
cient in foam cells, and this intracellular ROS accumulation 
became more pronounced with the addition of the Nrf2 pro-
moter t-BHQ, which in turn decreased intracellular ROS lev-
els with the addition of ML385, an inhibitor of Nrf2 (Fig. 4a, 
b). This result suggests that the negative effect of Nrf2 initi-
ated by insufficient autophagy in foam cells may be shaped 
by Nrf2-induced ROS accumulation, and the accumulation 
of intracellular ROS leads the cells toward death.

The negative effect of Nrf2 further promotes 
ferroptosis in foam cells

Interestingly, we further found that the reduced cell sur-
vival due to insufficient autophagy in foam cells could 
be reversed by the ferroptosis inhibitor Liproxstatin-1 
(Fig. 5a). Moreover, the expression of ferroptosis-associ-
ated protein GPX4 was significantly reduced when foam 

Fig. 1  ox-LDL induces 
upregulation of Nrf2 and 
downregulation of xCT and 
GPX4. a THP-1 macrophages 
were treated with 25, 50, and 
75 µg/ml of ox-LDL for 48 h, 
respectively, and intracellular 
Nrf2, xCT, and GPX4 protein 
expression was detected by 
WB. b–d Protein expression 
levels of Nrf2, xCT, and GPX4, 
respectively. Each band was 
analyzed and calculated using 
Image J, and each set of data 
were obtained from three inde-
pendent tests and expressed as 
the mean value. ***P < 0.001, 
****P < 0.0001, ns indicates 
not significant between specific 
designated groups
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cell autophagy was insufficient, and the addition of fer-
roptosis inhibitor Liproxstatin-1 reversed this phenom-
enon (Fig. 5b, d). In contrast, treatment of cells with the 
ferroptosis inhibitor Liproxstatin-1 failed to affect the 
intracellular Nrf2 expression level (Fig. 5b, c). Whereas 
the addition of t-BHQ, a promoter of Nrf2 in the pres-
ence of autophagy inhibition in foam cells, revealed that 
the expression of intracellular ferroptosis-related proteins 
GPX4 and xCT was decreased, the addition of ML385, 
an inhibitor of Nrf2, revealed that the expression of intra-
cellular ferroptosis-related proteins GPX4 and xCT was 
increased and was higher than that in the group of cells 
with only CQ (Fig. 6a, c, d). The above results suggest 
that the negative effect of Nrf2 may promote ferroptosis 
in foam cells, and the specific mechanism may be related 
to the accumulation of intracellular ROS caused by Nrf2.

Discussion

We explored the relationship between autophagy and fer-
roptosis in AS by constructing a human foam cell model 
and found that deficient autophagy in late stage AS foam 
cells can lead to abnormal accumulation of Nrf2. Deficient 
autophagy in AS may initiate a pathogenic gene program 
that manipulates Nrf2 to downregulate Nrf2-mediated 
defense through the accumulation of p62 [19]. Abnormal 
functioning Nrf2 can lead to the accumulation of intracel-
lular ROS and even further promote the development of 
cellular ferroptosis.

The present experimental study overturned the inher-
ent view that Nrf2 only facilitates cell survival such as 
anti-oxidative stress and promoting iron metabolism [20]. 

Fig. 2  Insufficient autophagy of CQ-induced foam cells leads to 
reduced survival of foam cells. a THP-1 macrophages treated with 
50 µg/ml ox-LDL in 6-well plates for 48 h, followed by 30 µMCQ for 
12 h. Intracellular expression of LC3 and p62 was detected by WB. 
b–c The expression levels of LC3 and p62 were calculated using 
Image J for each band. Bands were analyzed and calculated, with 
each data set from three independent tests and expressed as mean 
values. d THP-1 cells were added to a 96-well plate and induced 
into macrophages with PMA, and then the cells were divided into 4 

groups, and each experiment was repeated three times. The first group 
was a blank control group. The second group was treated with 30 µM 
CQ for 12  h after 48  h of culture, the third group was treated with 
50 µg/ml ox-LDL for 48 h after 12 h of culture, and the fourth group 
was treated with 50 µg/ml ox-LDL for 48 h and 30 µM CQ for 12 h. 
2% FBS RPMI1640 culture medium was changed every 12 h during 
this period. After treatment, CCK8 reagent was added and cell activ-
ity was detected by enzyme marker. *P < 0.05, ****P < 0.0001, ns 
indicates not significant between specific designated groups
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It shows that Nrf2 also has a dual role in the general envi-
ronment of the organism, and the abnormal accumulation 
and activation of Nrf2 promotes the development of AS. 
However, the mechanism by which Nrf2 promotes cel-
lular ferroptosis in the presence of aberrant activation 
remains to be further explored. Although Basit et al. [21]
showed that the accumulation of intracellular ROS is one 
of the important mechanisms of ferroptosis formation, and 
the present experiment also confirmed that activation of 
Nrf2 in the presence of insufficient autophagy leads to the 
accumulation of intracellular ROS, this is not sufficient 
to elucidate the specific mechanism by which Nrf2 pro-
motes ferroptosis. It has been shown that iron overload 
can lead to damage of vascular endothelial cells by reac-
tive oxygen ROS and lipid peroxidation, and that down-
regulation of the ferroptosis-related protein GPX4 and 

upregulation of ACSL4 caused by the ferroptosis inducer 
Erastin exacerbate the development of AS by causing fer-
roptosis in endothelial cells [22]. In addition, iron overload 
can aggravate AS plaque formation and instability by pro-
moting foam cell formation and inflammatory response in 
AS and damaging smooth muscle cells [23]. It has been 
found that in oxidized low-density lipoprotein (OX-LDL)-
treated mouse aortic endothelial cells, the ferroptosis 
inhibitor ferrostatin-1 inhibited iron overload state and 
lipid peroxidation, and enhanced the activity of xCT and 
GPX4, improving cell viability and reducing cell death 
[24]. However, the iron chelator desferricoprogen (DFC) 
inhibited plaque lipid oxidation and reduced plaque for-
mation in  APOE−/− mice on an AS-causing diet [25]. All 
of the above experimental studies illustrate the important 
role of iron overload in promoting the AS process. And 

Fig. 3  Insufficient autophagy of foam cells initiates the negative 
effect of Nrf2 and accelerates the death of foam cells. a THP-1 mac-
rophages were treated with 50  µg/ml ox-LDL in 6-well plates for 
48 h, followed by 30 µM CQ for 12 h and then t-BHQ or ML385 for 
12  h. The expression of Nrf2 and p62 in the cells was detected by 
WB. b–c Nrf2 and p62 expression levels were calculated for each 
band using Image J analysis, each data set is from three independent 
tests and is expressed as a mean value. d THP-1 cells were added to a 
96-well plate and induced into macrophages with PMA, and then the 
cells were divided into 5 groups, and each experiment was repeated 
three times. The first group was a blank control group. The second 

group was treated with 50 µg/ml ox-LDL for 48 h after 24 h of cul-
ture, and the third group was treated with 50 µg/ml ox-LDL for 48 h 
after 12  h of culture, followed by 30  µM CQ for 12  h. The fourth 
group was treated with 50 µg/ml ox-LDL for 48 h, followed by 30 µM 
CQ for 12 h, and then t-BHQ for 12 h. The fifth group was treated 
with 50 µg/ml ox-LDL for 48 h, 30 µM CQ for 12 h, and then ML385 
for 12 h. During this period, the culture medium was changed every 
12  h with 2% FBS RPMI1640. After treatment, CCK8 reagent was 
added and cell activity was detected by enzyme marker. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, ns indicates non-signifi-
cant between specific designated groups



1603Molecular and Cellular Biochemistry (2022) 477:1597–1606 

1 3

Fig. 4  Insufficient autophagy 
of foam cells initiates Nrf2-
induced ROS accumulation. a 
THP-1 cells were added to a 
6-well plate and induced into 
macrophages with PMA, and 
then the cells were divided into 
4 groups. The first group was 
treated with 50 µg/ml ox-LDL 
for 48 h after 24 h of culture, 
and the second group was 
treated with 50 µg/ml ox-LDL 
for 48 h after 12 h of culture, 
followed by 30 µM CQ for 12 h. 
The third group was treated 
with 50 µg/ml ox-LDL for 48 h, 
followed by 30 µM CQ for 12 h, 
and t-BHQ for 12 h. The fourth 
group was treated with 50 µg/ml 
ox-LDL for 48 h, 30 µM CQ for 
12 h, and then ML385 for 12 h. 
The cells were changed every 
12 h in 2% FBS RPMI1640 
culture medium. After treatment 
the cells were digested down 
with trypsin, loaded with a good 
fluorescent probe DCFH-DA, 
and the intracellular ROS levels 
were observed by fluorescence 
microscopy. b The intracellular 
ROS levels were quantified by 
FCM
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Nrf2 can cause ferroptosis in cardiomyocytes of mice with 
cardiomyopathy by mediating the upregulation of heme 
oxygenase-1 (Hmox1), which results in accelerated heme 
degradation and systemic non-heme iron accumulation 

[26]. Therefore, whether the aberrant accumulation and 
activation of Nrf2 can regulate ferroptosis through its 
regulation of intracellular iron metabolism is a question 
that deserves further investigation.

Fig. 5  Reduced cell survival and reduced GPX4 expression due 
to insufficient autophagy in foam cells can be reversed by Liprox-
statin-1. a THP-1 cells were added to a 96-well plate and induced 
into macrophages with PMA, and then the cells were divided into 4 
groups, and each experiment was repeated three times. The first group 
was the control group. The second group was treated with 50 µg/ml 
ox-LDL for 48  h after 12  h of culture. The third group was treated 
with 50 µg/ml ox-LDL for 48 h followed by 30 µM CQ for 12 h. The 
fourth group was treated with 50 µg/ml ox-LDL for 48 h followed by 
30  µM CQ and 10  µM Liproxstatin-1 for 12  h. During this period. 

The cells were changed every 12  h in 2% FBS RPMI1640 culture 
medium. After treatment, CCK8 reagent was added and cell activ-
ity was detected by enzyme marker. b The above experiments were 
repeated in 6-well plates, and intracellular Nrf2 and GPX4 expres-
sion was detected by WB. c and d The expression levels of Nrf2 and 
GPX4 were calculated by analyzing each band using Image J, with 
each data set from three independent tests and expressed as mean 
values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns indi-
cates non-significant between specific designated groups
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