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Abstract. Oxidized low‑density lipoprotein (ox‑LDL) is a key 
inducer of ferroptosis, which is associated with the progression 
of atherosclerosis. Macrophages play a notable role in athero‑
sclerosis development, and ferroptosis in these cells contributes 
to the pathological process of atherosclerosis. However, the 
potential intervention strategy for ox‑LDL‑induced RAW264.7 
cell ferroptosis remains unclear. ACT001 has emerged as 
a novel anti‑inflammation agent; therefore, in vitro experi‑
ments were conducted to elucidate the specific effects and 
mechanism of ACT001 on ox‑LDL‑induced ferroptosis in 
RAW264.7 cells. RAW264.7 cells were treated with ox‑LDL to 
establish an in vitro ferroptosis model and then co‑treated with 
ACT001. Consequently, the expression of ferroptosis‑related 
markers were evaluated via western blotting, PCR/detection 
of lipid peroxidation markers (malondialdehyde, glutathione; 
SOD: Superoxide dismutase; 4‑HNE: 4‑Hydroxynonenal; lipid 
reactive oxygen species (ROS) content)/transmission electron 
microscopy/iron content assay/mitochondrial membrane 
potential assay and ferrous ion staining. The potential molec‑
ular mechanism of ACT001 was further explored by detecting 
the expression and nuclear translocation of nuclear factor 
E2‑related factor 2 (NRF2) via western blotting, confocal 
immunofluorescence/CHIP‑PCR. Ox‑LDL significantly medi‑
ated ferroptosis in RAW264.7 cells, as evidenced by increased 
lipid peroxidation, decreased glutathione content, elevated 
ROS production and downregulated expression of glutathione 

peroxidase 4 (GPX4) and solute carrier family 7 member 
11 (xCT); however, co‑treatment with ACT001 effectively 
reversed these changes. Mechanistically, ACT001 treatment 
significantly increased the nuclear translocation of NRF2 
and enhanced the enrichment of NRF2 level in the promoter 
regions of GPX4 and xCT via binding with NRF2, thereby 
upregulating the expression of GPX4 and xCT. In conclusion, 
ACT001 effectively ameliorated ox‑LDL‑triggered ferroptosis 
in RAW264.7 macrophages through facilitating NRF2 nuclear 
translocation and upregulating GPX4/xCT expression. The 
present in vitro findings revealed a molecular mechanism 
linking ACT001 to the inhibition of macrophage ferroptosis, 
offering preliminary cell‑level evidence of the ACT001 
therapeutic potential against macrophage‑driven pathological 
events in atherosclerosis.

Introduction

Epidemiological research has indicated an annual increase 
in the incidence of ischemic cardiovascular diseases. 
Atherosclerosis is the primary pathological basis of various 
ischemic conditions, including stroke and coronary heart 
disease (1‑4). Contemporary research on therapeutic strategies 
for atherosclerosis predominantly emphasizes lipid‑lowering 
and anti‑inflammatory approaches; however, these strategies 
have not yet substantially reduced the incidence and mortality 
rates linked to atherosclerosis (5,6). Consequently, there is 
a need to explore innovative therapeutic approaches for the 
treatment of atherosclerosis.

Atherosclerosis is characterized as a chronic inflammatory 
disease impacting the vascular wall, with macrophages serving 
as key immune cells integral to the initial and advanced phases 
of the disease (7). During the early phase, endothelial cells 
dysfunction facilitates the adhesion of circulating monocytes 
to the arterial wall, where they differentiate into macrophages 
and engage in lipid phagocytosis  (8). Macrophages that 
ingest lipids are predisposed to differentiate into M1‑type 
pro‑inflammatory macrophages, thereby intensifying the local 
inflammatory response within atherosclerotic plaques (9,10). 
In the advanced stage of atherosclerosis, the phagocytic 
capacity of macrophages declines, and a marked number 
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of macrophages undergo apoptosis, further exacerbating 
the inflammatory response and increasing plaque insta‑
bility (11,12). As a result, targeting the inflammatory response 
and apoptosis of macrophages is regarded as a promising 
strategy for ameliorating atherosclerosis.

Ferroptosis represents a relatively recently identified 
form of programmed cell death, characterized by membrane 
lipid peroxidation and oxidative stress. Previous studies have 
established the involvement of macrophage ferroptosis in the 
progression of atherosclerosis (13‑15). Notable proteins in the 
ferroptotic pathway include glutathione peroxidase 4 (GPX4) 
and solute carrier family 7 member 11 (SLC7A11, also known 
as xCT), which catalyze lipid peroxides and facilitate gluta‑
thione (GSH) transport (16,17). A diminution in the expression 
levels of xCT and GPX4 results in a redox imbalance and 
lipid peroxidation of cell membranes. In advanced athero‑
sclerotic plaques, a pronounced decrease in the expression of 
GPX4 and xCT within macrophages has been documented, 
whereas overexpression of GPX4 ameliorates atherosclerosis 
progression  (18‑20). Consequently, targeting ferroptosis 
in macrophages may be a promising therapeutic strategy 
for attenuating atherosclerosis. Nuclear factor erythroid 
2‑related factor 2 (NRF2) is a prototypical transcription 
factor, which regulates the activity and expression of GPX4, 
xCT and superoxide dismutase (SOD), thereby mitigating 
ferroptosis (21,22).

ACT001 is a chemically optimized derivative of 
micheliolide, a natural sesquiterpene lactone derived from 
parthenolide (23,24). Parthenolide has been documented to 
modulate oxidative stress and ferroptosis across various cell 
types (25), and exerts protective effects on cardiomyocytes 
against doxorubicin‑induced ferroptosis by activating NRF2 
signaling (26,27). Similarly, micheliolide has recently been 
shown to mitigate atherosclerosis by inhibiting macro‑
phage ferroptosis through the disruption of the Kelch‑like 
ECH‑associated protein 1 (KEAP1)‑NRF2 interaction (12). 
This provides a chemical and pharmacological basis for the 
hypothesis that ACT001 may exert comparable protective 
effects in oxidized low‑density lipoprotein (ox‑LDL)‑stimu‑
lated macrophages. While existing research on ACT001 has 
primarily focused on its NF‑κB inhibitory anti‑inflammatory 
function (28‑33), there is growing evidence of its intrinsic 
antioxidant capacity, characterized by reactive oxygen species 
(ROS) scavenging and NRF2 pathway activation in microglia, 
alveolar macrophages and cardiomyocytes. Mechanistically, 
ox‑LDL induces macrophage ferroptosis primarily through 
the inactivation of NRF2, depletion of GSH, downregulation 
of GPX4 and xCT, excessive lipid peroxidation and accumu‑
lation of labile iron (34,35). Given that NRF2 serves as the 
central transcription factor mitigating the ferroptotic cascade, 
we hypothesized that ACT001 could mitigate ox‑LDL‑induced 
macrophage ferroptosis by enhancing NRF2‑mediated 
antioxidant signaling, in addition to its well‑documented 
anti‑inflammatory activity through NF‑κB suppression. 
Moreover, ACT001 exhibits superior translational potential 
compared with natural parthenolide, as evidenced by its 
progression to Phase II clinical trials for glioblastoma treat‑
ment with confirmed biosafety (36,37). Despite these indicative 
findings, to the best of our knowledge, no prior research has 
elucidated whether ACT001 modulates ox‑LDL‑induced 

macrophage ferroptosis within AS. Consequently, the present 
in vitro study was designed to elucidate the NRF2‑dependent 
molecular mechanisms underlying the anti‑ferroptotic effects 
of ACT001 in macrophages in the context of atherosclerosis.

Materials and methods

Drugs (ACT0 01).  ACT001 was purchased f rom 
MedChemExpress (HY‑128861B, purity: ≥98%, 250  mg). 
Meanwhile, according to the results of Cell Counting Kit 
(CCK)‑8, the cell viability was significantly reduced at the 
concentration of 20  µM (Fig.  S1). Consequently, 10  µM 
was selected as the treatment concentration for the in vitro 
experiment.

Cell culture. RAW264.7 (Procell; cat. no. CL‑0190) were 
pretreated with 5 µM ML385 (MedChemExpress, HY‑100523) 
for 1  h at 37˚C. RAW264.7 cells were cultured in RAW 
264.7 cell specific medium (Procell; cat. no. CM‑0190). In 
addition, RAW264.7 were treated with 100 µg/ml ox‑LDL 
(MedChemExpress, HY‑NP013) for 48 h at 37˚C (12). Cells 
were passaged at 80‑90% confluence to maintain a stable 
phenotype. Culture medium was removed, and cells were rinsed 
with sterile PBS to remove residual serum. Cells were detached 
using prewarmed (37˚C) trypsin‑EDTA, monitored micro‑
scopically and neutralized with complete serum‑containing 
medium. The cell suspension was centrifuged, the superna‑
tant was discarded and the pellet was resuspended in fresh 
medium. Cells were routinely subcultured at a 1:2 ratio, 
adjusted according to experimental needs. The initial seeding 
density was 5,000‑10,000 cells per cm2.

Experimental design. A model of ox‑LDL‑induced ferrop‑
tosis was developed in RAW264.7 macrophages to initially 
assess the protective effects of 10 µM ACT001 (≥98% purity) 
against ferroptosis. This was achieved by evaluating several 
ferroptosis markers, including lipid peroxidation, GSH levels, 
iron content, mitochondrial damage and the expression of 
GPX4/xCT. Subsequently, cytoplasmic/nuclear fractionation, 
immunofluorescence and chromatin immunoprecipitation 
(ChIP)‑PCR assays were employed to verify that ACT001 
promotes the nuclear translocation of NRF2 and enhances its 
binding to the promoters of GPX4 and xCT. The NRF2‑specific 
inhibitor ML385 was further utilized in rescue experiments to 
confirm the role of NRF2 in the anti‑ferroptotic effects medi‑
ated by ACT001. This comprehensive analysis elucidates the 
molecular mechanism by which ACT001 inhibits ferroptosis 
in macrophages.

CCK‑8 assay. After treating RAW264.7 (0.00, 1.25, 2.50, 
5.00 µM/10.00 µM/20.00 µM ACT001, 24 h, 37˚C), 10 µl 
CCK‑8 working solution (C0037; Beyotime Biotechnology) 
was added to Dulbecco's Modified Eagle Medium and incu‑
bated in 96‑well plates for 1 h (37˚C). The absorbance was 
then measured at 460 nm.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from treated RAW264.7 cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
In brief, cells were subjected to chloroform phase separation, 
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followed by isopropanol precipitation, serial ethanol washes 
and reconstitution in DEPC‑treated water. The RNA concen‑
tration was determined through UV spectrophotometry 
and any genomic DNA contamination was eliminated via 
DNase I digestion prior to cDNA synthesis. First‑strand cDNA 
synthesis was performed using 0.5 µg of total RNA with a 
Roche reverse transcription kit (Roche Diagnostics), adhering 
to the manufacturer's thermal cycling protocol. RT‑qPCR was 
carried out using the Roche SYBR Green master mix (Roche 
Diagnostics) in a 10 µl reaction system to quantify GPX4 and 
xCT mRNA levels. Thermocycling conditions were as follows: 
Initial 10‑min denaturation step at 95˚C, followed by 40 cycles 
of 95˚C for 15 sec (denaturation), 60˚C for 60 sec (annealing 
and extension), and concluded with melting curve analysis 
for validation. Relative mRNA expression levels were calcu‑
lated using the 2‑ΔΔCq method (38), employing GAPDH as the 
internal reference. Primer sequences are provided in Table I.

Western blot analysis. Total protein was extracted from 
RAW264.7 cells using RIPA buffer (P0013B, Beyotime 
Biotechnology), supplemented with 1 mM phenylmethylsul‑
fonyl fluoride (PMSF) (MedChemExpress, HY‑B0496). Protein 
concentrations were determined utilizing the BCA kit (P0009; 
Beyotime Biotechnology), and samples were standardized to 
a concentration of 3 µg/µl. Proteins were separated on a 10% 
SDS‑PAGE gel (20 µg protein/per lane), initially at 80 V for 
30 min, followed by 120 V for 100 min, and subsequently trans‑
ferred onto PVDF membranes (MilliporeSigma). Membranes 
were blocked with 5% non‑fat milk for 1 h at room temperature 
and then incubated overnight at 4˚C with primary antibodies from 
CST Biological Reagents Co., Ltd. (all 1:1,000: GPX4 (#52455), 
xCT (#98051), GAPDH (#2118), Histone H3 (#4499) and NRF2 
(#12721). Following washes with TBS‑T (0.1% Tween), the 
blots were incubated with HRP‑conjugated secondary antibody 
(1:10,000; A0208; Beyotime Biotechnology) for 1 h at 25˚C, 
rinsed and visualized using an enhanced chemiluminescent 
kit (PE0010; Beijing Solarbio Science & Technology Co., Ltd.) 
on a Tanon imaging system (Tanon Science and Technology 
Co., Ltd.). Band intensities were semi‑quantified with ImageJ 
version 1.4 (National Institutes of Health), using GAPDH as the 
loading control. The data are presented as representative blots 
and quantitative bar graphs.

Nuclear protein/cytoplasmic protein extraction. The 
nuclear/cytoplasmic proteins were extracted by Biyuntian 
nuclear and cytoplasmic isolation kit (P0028; Beyotime 

Biotechnology). Specifically, the cells were rinsed with PBS, 
scraped off with a cell scraper, collected by centrifugation. 
The cell supernatant was removed and the cell precipitation 
was left for later use. A total of 200 µl of PMSF supplemented 
cytoplasmic protein extraction reagent A was added to 20 µl 
of cell precipitation. Following this, the sample was vortexed 
at maximum speed for 5 sec, until the cell precipitate was 
completely suspended and dispersed. The cell mixture was 
then incubated in an ice bath for 10‑15 min. Then 10 µl of 
cytosolic protein extraction reagent B was added, and the 
samples was vortexed at maximum speed for 5  sec, then 
was placed in an ice bath for 1 min. After incubation, the 
sample was vortexed again at maximum speed for 5  sec 
and then centrifuged at 4˚C, 12,000‑16,000 x g for 5 min. 
The supernatant, which contained the extracted cytoplasmic 
protein, was immediately transferred into a precooled plastic 
tube. For precipitation, the remaining supernatant was 
completely aspirated and 50 µl of nuclear protein extraction 
reagent supplemented with PMSF was added. The sample 
was vortexed at maximum speed for 15‑30 sec, until the cell 
precipitate was completely suspended and dispersed. The 
sample was then put back into the ice bath and was subjected 
to high‑speed vigorous vortexing for 15‑30  sec every 
1‑2 min for a total of 30 min. The sample was centrifuged at 
12,000‑16,000 x g for 10 min at 4˚C. After centrifugation, the 
supernatant, which contained the extracted nuclear protein, 
was immediately transferred into a pre‑cooled plastic tube. 
For nuclear proteins, Histone H3 was used as loading control 
protein. For cytoplasmic proteins, GAPDH was used as 
loading control protein.

Malondialdehyde (MDA) level and SOD activity. MDA 
content and SOD activity in RAW264.7 were determined 
using commercial assay kits (S0131 and S0101M, respectively; 
Beyotime Biotechnology). Absorbance values were measured 
at 532 and 450 nm, respectively, following the manufacturer's 
instructions. Data are presented as bar graphs.

GSH levels. Intracellular GSH levels in RAW264.7 were 
measured using a GSH assay kit (A006‑2‑1; Nanjing Jiancheng 
Bioengineering Institute) according to the provided protocol. 
After treatment, cells were treated with 100 µl ice‑cold PBS 
and 100 µl precipitating solution. The mixture was centrifuged 
at 1,348 x g for 10 min, and the supernatant was incubated 
with 125 µl working solution for 5 min. Absorbance at 405 nm 
was detected using an LMax Microplate Reader (Molecular 

Table I. Primer sequences of GPX4, xCT and GAPDH.

Gene name	 Forward	 Reverse

GPX4	 TGTGCATCCCGCGATGATT	 CCCTGTACTTATCCAGGCAGA
xCT	 GGCACCGTCATCGGATCAG	 CTCCACAGGCAGACCAGAAAA
NRF2	 CTTTAGTCAGCGACAGAAGGAC	 AGGCATCTTGTTTGGGAATGTG
HO‑1	 AGGTACACATCCAAGCCGAGA	 CATCACCAGCTTAAAGCCTTCT
GAPDH	 TGGCCTTCCGTGTTCCTAC	 GAGTTGCTGTTGAAGTCGCA

GPX, glutathione peroxidase; xCT, solute carrier family 7 member 11; HO, heme oxygenase.
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Devices, LLC), and GSH concentrations were normalized to 
total protein content. Results are shown as bar graphs.

Measurement of 4‑HNE. Measurement of 4‑HNE levels was 
performed using the 4‑HNE assay kit (cat. no.  ab238538, 
Abcam). In total, 50 µl standards or samples were added to 
each well of the 4‑HNE conjugate‑coated plate, followed by 
a 10‑min incubation. Fifty microliters of diluted anti‑4‑HNE 
antibody was then added to each well, and the plate was 
incubated for 1 h. Each well was washed with 250 µl 1X 
Wash Buffer. One hundred microliters of diluted secondary 
antibody‑HRP conjugate was added to every well, and samples 
were incubated for another 1 h before repeating the washing 
procedure using 1x Wash Buffer. Next, 100 µl of substrate solu‑
tion was dispensed into each well, and incubation was carried 
out for 2‑20 min. The enzymatic reaction was terminated by 
adding 100 µl of stop solution to each well. Absorbance values 
were immediately measured with a microplate reader at a 
wavelength of 450 nm.

Iron content assay. Iron concentrations in macrophages were 
quantified using an Iron Assay Kit (Leagene; cat. no. TC1016, 
Beijing Regen Biotechnology Co., Ltd.). Following the manu‑
facturer's protocol, absorbance was measured in blank wells, 
iron standard solutions and experimental samples. Iron levels 
were calculated via colorimetric analysis and displayed as bar 
graphs.

Transmission electron microscopy. Mitochondrial ultrastruc‑
ture was observed using transmission electron microscopy. 
Macrophages were centrifuged (25˚C) at 1,000 x g for 20 min 
and the supernatant was removed. Cells were pre‑fixed with 
2.5% glutaraldehyde overnight at 4˚C, followed by post-
fixation with 1% osmium tetroxide in cacodylate buffer for 1 h 
at 25˚C, dehydrated in a graded ethanol series and embedded in 
Poly/Bed 812 resin at 60˚C for 24 h. Ultrathin sections (70 nm) 
were prepared and stained with uranyl acetate for 15 min and 
lead citrate for 10 min at 25˚C. Mitochondrial morphology 
was compared among groups. Representative images and 
quantitative bar graphs are shown.

Lipid peroxidation determination (lipid ROS levels). Lipid 
peroxidation in RAW264.7 was detected by flow cytometry. 
After treatment, cells were washed with PBS (BL302A; 
Biosharp Life Sciences) and digested with trypsin‑EDTA 
(C0201; Beyotime Biotechnology). Harvested cells were 
stained with 10 µM C11‑BODIPY 581/591 lipid peroxida‑
tion sensor (S0043M; Beyotime Biotechnology, excitation: 
581 nm, emission: 591 nm) in serum‑free medium at 37˚C for 
30 min in the dark. Cells were resuspended in ice‑cold PBS, 
filtered through a 40 µm mesh, and analyzed by flow cytom‑
etry (Attune NxT, Thermo Fisher). Data were processed with 
FlowJo v10.8.1, (BD Biosciences). Data are presented as flow 
cytometric histograms and bar graphs.

Mitochondrial membrane potential assay and ferrous ion 
staining. RAW264.7 were seeded in 48‑well plates and treated 
according to experimental groups. Mitochondrial membrane 
potential was measured using a detection kit (C2006; 
Beyotime Biotechnology), and ferrous ions were stained 

with FerroOrange (F374; Dojindo Laboratories, Inc.), after 
staining, live‑cell fluorescence images were captured using 
an inverted fluorescence microscope. The mean fluorescence 
intensity of each channel was quantified from five randomly 
selected fields of view/well using ImageJ (version 1.8.0.345) 
software (National Institutes of Health) and normalized to the 
number of DAPI‑stained nuclei. All staining procedures were 
performed following the manufacturer's protocols. Results are 
shown as fluorescence images and quantitative bar graphs.

Total ROS/mitochondrial ROS. Total intracellular 
and mitochondrial ROS levels were measured using 
Dich lorod ihydrof luorescein d iacetate  (Beyot ime 
Biotechnology) and MitoSOX Red mitochondrial superoxide 
indicator (Thermo Fisher Scientific, Inc.), respectively. After 
treatment, RAW 264.7 were washed twice with ice‑cold PBS 
and incubated with DCFH‑DA or MitoSOX at room tempera‑
ture for 30 min in the dark. After two additional washes, 
fluorescence intensity was observed under a fluorescence 
microscope and quantitatively analyzed with Image‑Pro Plus 
(version 11.1) (39). The mean fluorescence intensity of each 
group was normalized to the control group and the results 
were presented as fold‑change relative to the control.

Immunofluorescence. Samples were fixed in cold acetone for 
10 min at 25˚C and washed three times with PBS. Cells were 
blocked with 5% bovine serum albumin (Beijing Solarbio 
Science & Technology Co., Ltd.) containing 0.3% Triton 
X‑100 at room temperature for 1 h. The primary antibody 
against NRF2 (1:300; #12721; Cell Signaling Technology, Inc.) 
was applied and incubated overnight at 4˚C. After washing, 
fluorescently labeled goat anti‑rabbit secondary antibody 
(1:500; ab150077; Abcam) was added and incubated for 2 h 
at room temperature. Nuclei were counterstained with DAPI 
for 5 min at 25˚C. Images were captured using a fluorescence 
microscope (LSM 800, Zeiss).

ChIP‑PCR. The binding of NRF2 to the promoters of HO‑1, 
GPX4 and xCT was analyzed using the Pierce™ Agarose 
ChIP Kit (Thermo Fisher Scientific, Inc.; cat. no 26156). 
Protein‑DNA complexes were cross‑linked with 4% parafor‑
maldehyde for 15 min at 25˚C and fragmented by sonication. 
Immunoprecipitation was performed using anti‑NRF2 anti‑
body (1:100; #12721; Cell Signaling Technology, Inc.) or rabbit 
IgG (1:100; #66362; Cell Signaling Technology, Inc.). 30 µl of 
agarose beads were added overnight at 4˚C with gentle rota‑
tion. The bead‑antigen‑antibody complexes were sequentially 
washed with low‑salt wash buffer, once with high‑salt wash 
buffer, once with LiCl wash buffer and twice with TE buffer to 
remove non‑specifically bound proteins and DNA. Cross‑links 
were reversed by heating at 65˚C for 4 h in the presence of 
proteinase K to digest bound proteins, and DNA was puri‑
fied. Enrichment of target promoter regions was quantified by 
RT‑qPCR. Results are presented as bar graphs.

Statistical analysis. All experimental data are presented 
as the mean ± standard error of the mean, and each dataset 
was derived from at least three independent experimental 
replicates. For statistical comparisons, data conforming 
to a normal distribution were analyzed using an unpaired 
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two‑tailed Student's t‑test when comparing two groups. For 
multiple group comparisons, one‑way analysis of variance was 
performed, followed by the Bonferroni post hoc test to assess 
pairwise differences. All statistical analyses were carried out 
using SPSS software (version 21.0; IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

ACT001 inhibits RAW 264.7 ferroptosis mediated by ox‑LDL. 
First, the cytotoxicity of ACT001 on RAW264.7 cells was 
evaluated in vitro (treated for 24 h) and the cell viability was 
significantly reduced at the concentration of 20 µM (Fig. S1). 
Consequently, 10 µM was selected as the treatment concentra‑
tion for the in vitro experiment. Subsequently, ox‑LDL was 
used to induce ferroptosis in RAW264.7 cells and ACT001 to 
pretreat RAW264.7 cells in vitro. RT‑qPCR and western blot 
analyses revealed a significant reduction in the expression 
levels of GPX4/xCT in ox‑LDL group, which was improved 

after ACT001 administration (Fig. 1A‑C). Meanwhile, the 
up‑regulation of total and mitochondrial ROS levels in 
RAW264.7 cells induced by ox‑LDL was ameliorated by 
ACT001 (Fig. 1D). Furthermore, lipid peroxidation, a hallmark 
of ferroptosis, was evaluated by measuring the levels of MDA 
and 4‑Hydroxynonenal (4‑HNE), which serve as biomarkers 
of this process. In vitro assays indicated a significant increase 
in MDA and 4‑HNE concentrations in the ox‑LDL‑treated 
group, which were notably ameliorated by ACT001 treat‑
ment. Additionally, ox‑LDL treatment resulted in decreased 
SOD and GSH levels, which were also improved by ACT001 
administration (Fig. 1E‑H).

Additionally, ACT001 effectively reduced the elevated 
concentration of iron ions in RAW264.7 induced by ox‑LDL 
(Fig. 1I). Furthermore, the present findings indicated that 
ox‑LDL increased lipid ROS levels, a condition that could be 
ameliorated by ACT001 (Fig. 1J). In addition, the mitochon‑
drial membrane potential was assessed using JC‑1 staining, 
revealing that ACT001 significantly mitigated the loss of 

Figure 1. ACT001 inhibits RAW 264.7 cell ferroptosis in vitro. (A) The GPX4 mRNA level of RAW 264.7 cells under ox‑LDL administration with or 
without ACT001 pre‑treatment, (n=5). (B) The xCT mRNA level of RAW 264.7 under ox‑LDL administration with or without ACT001 pre‑treatment, (n=5). 
(C) The GPX4 and xCT protein level of RAW 264.7 under ox‑LDL administration with or without ACT001 pre‑treatment, (n=5). (D) The total ROS and 
mitochondrial ROS level of RAW 264.7 under ox‑LDL administration with or without ACT001 pre‑treatment, (n=5). (E) The MDA content of RAW 264.7 
under ox‑LDL administration with or without ACT001 pre‑treatment, (n=5). (F) The GSH content of RAW 264.7 under ox‑LDL administration with or without 
ACT001 pre‑treatment, (n=5). (G) The SOD activity of RAW 264.7 under ox‑LDL administration with or without Fer‑1 pre‑treatment, (n=5). (H) The 4‑HNE 
content of RAW 264.7 under ox‑LDL administration with or without ACT001 pre‑treatment, (n=5). (I) The iron relative level of RAW 264.7 under ox‑LDL 
administration with or without ACT001 pre‑treatment, (n=5). (J) Lipid ROS level was evaluated by flow cytometry using C11‑Bodipy fluorescent probe, 
(n=5). (K) Representative images for mitochondrial membrane potential, (n=5). (L) Representative transmission electron microscopy images of RAW 264.7 
and the quantification of relative mitochondrial length, (n=5). Arrow, mitochondria. (M) Representative ferrous iron concentration images and quantification 
of RAW 264.7 in different treatment groups by confocal immunofluorescence assay (n=5). Results are expressed as mean ± SD. Comparisons of parameters 
were performed with one‑way ANOVA with Bonferroni post hoc test. **P<0.01; ***P<0.001; ****P<0.0001. GPX4, glutathione peroxidase 4; xCT, solute carrier 
family 7 member 11; ROS, reactive oxygen species; ox‑LDL, oxidized low density lipoprotein; SOD, superoxide dismutase; MDA, malondialdehyde; GSH, 
glutathione; 4‑HNE, 4‑hydroxynonenal.
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membrane potential caused by ox‑LDL (Fig. 1K). Transmission 
electron microscopy was used to examine the mitochondrial 
morphology of RAW264.7 cells. The results indicated that 
RAW264.7 cultured with ox‑LDL exhibited mitochondrial 
damage and characterized by reduced mitochondrial size 
and swollen or absent mitochondrial cristae. By contrast, 
pretreatment with ACT001 significantly prevented these ultra‑
structural mitochondrial alterations in RAW264.7 (Fig. 1L). 
Additionally, ACT001 administration could reduce the ferrous 
iron concentrations in RAW264.7 treated with ox‑LDL 
(Fig. 1M). Hence, these findings suggested that ACT001 could 
inhibit RAW264.7 ferroptosis mediated by ox‑LDL.

ACT001 administration inhibited RAW 264.7 ferroptosis via 
mediating NRF2 nuclear translocation. It was hypothesized 
that ACT001 might mediate the NRF2 nuclear transloca‑
tion, thereby increasing the expression of GPX4 and xCT 
in RAW264.7. To investigate this, cytoplasmic and nuclear 

lysates were extracted from RAW264.7 subjected to different 
treatment conditions. The findings indicated that ox‑LDL 
down‑regulated NRF2 protein expression in nuclear lysates 
while significantly increasing its levels in cytoplasmic lysates 
(Fig. 2A); these observations were corroborated by immu‑
nofluorescence analyses (Fig. 2B). Furthermore, ChIP‑PCR 
experiments revealed that NRF2 bound to the promoter 
sequences of GPX4 and xCT. Compared with the ox‑LDL 
group, ACT001 administration significantly increased the 
enrichment of NRF2 levels at the heme oxygenase‑1 (HO‑1), 
GPX4 and xCT promoter sequences (Fig. 2C).

ACT001 treatment inhibited RAW264.7 ferroptosis via 
promoting the activation of NRF2 pathway. ML385, a specific 
NRF2 inhibitor, was used to pretreat the RAW264.7 cells. 
The findings indicated that the upregulation in GPX4 and 
xCT mRNA/protein expression in the ox‑LDL + ACT001 
group was significantly reversed by ML385 (Fig.  3A‑C). 

Figure 2. ACT001 promotes NRF2 nuclear translocation in vitro. (A) NRF2 protein level of RAW 264.7 under ox‑LDL administration, (n=5). (B) Confocal 
fluorescent staining is used to evaluate the nuclear translocation of NRF2. (C) The enrichment ability of NRF2 on HO‑1, GPX4 and xCT promoter using 
Chromatin immunoprecipitation‑PCR; (n=5). Results are expressed as mean ± SD. Comparisons of parameters were performed with one‑way ANOVA with 
Bonferroni post hoc test. **P<0.01; ***P<0.001; ****P<0.0001. GPX4, glutathione peroxidase 4; xCT, solute carrier family 7 member 11; HO‑1, heme oxygenase‑1; 
NRF2, Nuclear factor erythroid 2‑related factor 2; c‑, cytoplasmic; n‑nuclear.
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Furthermore, compared with the ox‑LDL + ACT001 group, 
a marked increase in both total and mitochondrial ROS was 
observed in the ox‑LDL + ACT001 + ML385 group (Fig. 3D). 
Additionally, in comparison with the ox‑LDL + ACT001 
group, the levels of iron content, 4‑HNE and MDA were 
also increased in the ox‑LDL + ACT001 + ML385 treated 
group. Alternatively, ML385 decreased GSH levels and SOD 
activity in the ox‑LDL + ACT001 + ML385 group (Fig. 3E‑I). 
C11‑BODIPY staining revealed that ML385 also increased the 
lipid ROS levels in the ox‑LDL + ACT001 + ML385 group 
(Fig. 3J). Transmission electron microscopy and JC‑1 staining 
revealed that ML385 aggravated mitochondrial damage 
(Fig.  3K  and  L). Meanwhile, ML385 treatment increased 
the concentration of ferrous iron in RAW264.7 treated with 
ox‑LDL + ACT001 (Fig.  3M). These data indicated that 
ACT001 treatment inhibited RAW 264.7 ferroptosis via 
promoting the activation of the NRF2 pathway.

Discussion

Macrophage ferroptosis contributes to the advancement of 
atherosclerosis by intensifying the inflammatory response 

and enlarging the necrotic core (40,41). Therefore, targeting 
ferroptosis in macrophages may represent a transformative 
therapeutic strategy. ACT001 has shown considerable efficacy 
in alleviating inflammatory diseases (23,24). Nevertheless, 
the role and underlying mechanisms of ACT001 in macro‑
phage ferroptosis triggered by ox‑LDL remain inadequately 
elucidated. In the present in vitro cellular experiments, two 
principal findings were identified: i)  ACT001 inhibited 
ox‑LDL‑mediated macrophage ferroptosis by up‑regulating 
GPX4 and xCT; and ii) the protective effect relied on NRF2 
pathway activation. These cellular observations provide 
mechanistic insights into the pathological events that drive 
atherosclerosis.

NRF2 possesses a zinc f﻿﻿inger domain that facilitates its 
binding to DNA sequences, thereby enabling its function as 
a transcription factor (42,43). NRF2 regulates the transcrip‑
tion of proteins involved in anti‑inflammatory and antioxidant 
responses, positioning it as a potential therapeutic target for 
various chronic diseases  (44,45). In the context of athero‑
sclerosis, several compounds have been identified to enhance 
oxidative stress homeostasis by activating NRF2, thereby 
inhibiting the progression of atherosclerosis. For example, 

Figure 3. ACT001 treatment inhibits RAW 264.7 ferroptosis via promoting the activation of NRF2 pathway. (A) The GPX4 mRNA level of RAW264.7 
under ox‑LDL administration with or without ML385 pre‑treatment, (n=5). (B) The xCT mRNA level of RAW264.7 under ox‑LDL administration with or 
without ML385 pre‑treatment, (n=5). (C) The GPX4 and xCT protein level of RAW264.7 under ox‑LDL administration with or without ML385 pre‑treatment, 
(n=5). (D) The total ROS and mitochondrial ROS level of RAW264.7 under ox‑LDL administration with or without ML385 pre‑treatment, (n=5). (E) The 
MDA content of RAW264.7 under ox‑LDL administration with or without ML385 pre‑treatment, (n=5). (F) The GSH content of RAW264.7 under ox‑LDL 
administration with or without ML385 pre‑treatment, (n=5). (G) The SOD activity of RAW264.7 under ox‑LDL administration with or without ML385 
pre‑treatment, (n=5). (H) The 4‑HNE content of RAW264.7 under ox‑LDL administration with or without ML385 pre‑treatment, (n=5). (I) The iron relative 
level of RAW264.7 under ox‑LDL administration with or without ML385 pre‑treatment, (n=5). (J) The lipid ROS level was evaluated by flow cytometry 
using C11‑Bodipy fluorescent probe, (n=5). (K) Representative images for mitochondrial membrane potential, (n=5). (L) Representative transmission electron 
microscopy images of RAW264.7 and the quantification of relative mitochondrial length, (n=5). (M) Representative ferrous iron concentration images and 
quantification of RAW264.7 in different treatment groups by confocal immunofluorescence assay (n=5). Results are expressed as mean ± SD. Comparisons 
of parameters were performed with one‑way ANOVA with Bonferroni post hoc test. ***P<0.001; ****P<0.0001. GPX4, glutathione peroxidase 4; xCT, solute 
carrier family 7 member 11; ROS, reactive oxygen species; ox‑LDL, oxidized low density lipoprotein; SOD, superoxide dismutase; MDA, malondialdehyde; 
GSH, glutathione; 4‑HNE, 4‑hydroxynonenal.
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quercetin, a flavonoid, has been demonstrated to attenuate 
atherosclerosis development through activation of the NRF2 
pathway (46). In the present study, ACT001 was identified as a 
novel small‑molecule NRF2 agonist, and the findings indicated 
that ACT001 increases nuclear NRF2 levels and enhances 
the expression of GPX4/xCT in macrophages treated with 
ox‑LDL. Furthermore, ACT001 ameliorated lipid peroxida‑
tion and reduced oxidative stress; however, the NRF2‑specific 
inhibitor ML385 negated the protective effects of ACT001 on 
ferroptosis, demonstrating that ACT001 effectively inhibits 
macrophage ferroptosis, which demonstrate that ACT001 
exerts anti‑ferroptotic activity on macrophages, a critical cell 
type participating in atherosclerotic lesion formation.

Previous research has established that KEAP1 modulates 
the activity of NRF2 through direct binding. This interaction 
inhibits NRF2 stability, facilitating its ubiquitination and 
degradation. Conversely, disruption of the KEAP1/NRF2 
interaction enhances NRF2 nuclear translocation and activa‑
tion (47‑49). Direct binding to NRF2 can also augment its 
activity (42,50).

The anti‑tumor efficacy of ACT001 in the treatment of lung 
cancer and glioma is well‑documented (37,51‑53). The present 
in  vitro cellular data demonstrated that ACT001 relieved 
ox‑LDL‑induced macrophage ferroptosis, a pathological 
process linked to cardiovascular atherosclerotic injury. This 
observation suggests at potential cardiovascular protective 
properties of ACT001 beyond its known anti‑tumor activity, 
although further in vivo atherosclerosis models are required 
for validation. Furthermore, existing studies have suggested 
that ACT001 may attenuate neurological and joint inflam‑
mation (24,54). Future research should focus on elucidating 
the potential role of ACT001 in the management of chronic 
inflammatory diseases.

The present study has several limitations. First, there is a 
lack of subsequent investigations at the animal level concerning 
the protective effects of ACT001 against atherosclerosis and 

macrophage ferroptosis. Second, the concentration‑dependent 
mechanisms by which ACT001 modulates ferroptosis have 
not been comprehensively examined. Third, the present 
study utilized a singular concentration of 10 µM ACT001 for 
all in vitro functional and mechanistic validations, without 
constructing a comprehensive dose‑response curve. CCK‑8 
cytotoxicity assay confirmed that a concentration of 20 µM 
ACT001 resulted in significant cell death in RAW264.7 cells, 
whereas 10 µM was identified as a safe, non‑toxic concen‑
tration that provided substantial protective effects against 
ox‑LDL‑induced ferroptosis. The primary aim of the present 
study was to elucidate the downstream molecular pathways 
connecting ACT001 to NRF2 activation and the subsequent 
up‑regulation of GPX4/xCT, rather than to systematically 
explore the full pharmacological dose‑response profile of 
ACT001. Future in vivo atherosclerosis experiments should 
incorporate multi‑gradient concentration treatments and quan‑
titative pharmacodynamic curve analyses to characterize the 
dose‑dependent efficacy of ACT001.

In conclusion, ACT001 interacts with NRF2 to facilitate 
NRF2 nuclear translocation, upregulate GPX4 and xCT 
expression and suppress ox‑LDL‑triggered macrophage 
ferroptosis. This cell‑level mechanism provides preliminary 
mechanistic evidence for targeting macrophage ferroptosis as 
a means to interfere with the pathological processes driving 
atherosclerosis; further in vivo studies are necessary to verify 
its efficacy against systemic atherosclerotic lesions (Fig. 4).
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