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Abstract

Background/Aims: Arteriosclerosis (AS) remains a leading cause of global mortality, with
macrophage senescence playing a crucial role in its progression. Senescent macrophages,
characterized by oxidative stress and inflammation, exhibit dysregulated mitophagy.
However, the underlying mechanisms remain unclear. Materials: This study explores the
role of caveolin-1, a structural protein of caveolae, in NR4AT-mediated mitophagy during
oxLDL-induced macrophage senescence. Using gene knockdown and overexpression models,
we assessed mitochondrial dysfunction, ROS production, cytokine secretion, and mitophagy
activity in murine macrophages. Results: It revealed that NR4A1 promoted mitochondrial
dysfunction and senescence through enhanced ROS production and disrupted mitochondrial
potential. Caveolin-1 mediated this effect by facilitating NR4A1-induced mitophagy, as
evidenced by colocalization of mitochondria and lysosomes and the activation of Parkin-
related pathways. NR4A1 upregulated caveolin-1 expression, forming a signaling axis critical
for senescence-associated pro-inflammatory cytokine production. Conclusion: Overall,
our study unraveled The NR4A1-caveolin-1 axis orchestrates mitophagy and inflammation
in senescent macrophages, shedding light on AS pathogenesis and suggesting potential

therapeutic targets to mitigate macrophage-driven inflammation and oxidative stress.

© 2025 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Arteriosclerosis (AS)-related cardiovascular and cerebrovascular diseases stand as the
foremost cause of global mortality [1]. Despite extensive research, the etiology of AS remains
elusive. The interplay of biological aging and cellular aging contributes significantly to the
onset and progression of AS [2]. Cellular aging is marked by the cessation of cell proliferation,
accompanied by increased cell size, granule accumulation, and metabolic changes. These
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changes result in the secretion of cytokines that disrupt the microenvironment and drive
a cycle of oxidative stress and inflammation, leading to tissue dysfunction [3-5]. Therefore,
unraveling the mechanism of cellular aging offers a therapeutic target for AS.

Evidence underscores the presence of senescent cells within AS plaques, characterized
by diminished proliferation, growth inhibition, heightened apoptosis, elevated DNA damage,
epigenetic modifications, shortened telomeres, and compromised mitochondrial function
[6, 7]. Notably, senescent macrophages are discernible in the nascent stages of AS plaque
development [8]. Patients with unstable AS plaques exhibit augmented macrophage counts
and elevated cholesterol levels [9, 10]. These senescent macrophages express aberrant
proteins that potentiate inflammation and oxidative stress reactions, thereby undermining
AS plaque stability. Our previous study demonstrated that oxLDL-induced senescent
macrophages secrete inflammatory mediators such as matrix metalloproteinases (MMPs)
and IL-6, thereby bolstering MMP activity and enhancing cell migratory process [11]. Single-
cell RNA sequencing analysis of immune cells from murine atherosclerotic aorta showed
that foamy macrophages expressed few inflammatory genes but many lipid-processing
genes, suggesting the complex roles of foamy and non-foamy cells in the development of
atherosclerosis and accompanied inflammatory responses [12]. Overall, these results
implicate the biological functions of macrophages in AS plaque stability modulation.

Mitochondria serve as pivotal drivers of cellular aging. Dysfunction in mitochondria
precipitates the excessive accumulation of reactive oxygen species (ROS), thereby
exacerbating lipid membrane oxidation, perturbing protein synthesis, inducing DNA damage,
and expediting premature cellular senescence [13]. Mitochondrial autophagy, a selective
quality-control process, removes damaged or dysfunctional mitochondria. The serine/
threonine kinase (PINK1/Parkin) pathway orchestrates selective autophagy by tagging
depolarized mitochondria [14]. Studies have found that oxLDL-induced cell senescence
robustly enhances mitochondrial autophagic activity, resulting in heightened engulfment
of mitochondria by lysosomes, precipitating structural and functional mitochondrial
impairment, and subsequently engendering cellular senescence [15, 16]. Nuclear receptor
family 4A1 (NR4A1), a nuclear transcription factor, has been shown active in modulating
mitochondrial red-ox reactions [17]. in the Our previous study also showed the essential
role of NR4A1 in Parkin-mediated mitophagy in aortic endothelial cells [18]. In addition,
the biological roles of NR4A1 in monocytes, which is the key driver of atherosclerosis, has
also been investigated [19]. It was shown that NR4A1 is expressed in atherosclerotic lesion
macrophages and is critical in modulating lipid loading and inflammatory responses [20],
deletion of NR4A1 in macrophages towards an inflammatory phenotype and increases
atherosclerosis [21]. However, clinical study revealed a positive correlation of NR4A1
expression in PBMCs and level of pro-inflammatory cytokines in type 2 diabetes patients,
suggesting complex roles of NR4A1 in regulating the activity of immune cells [22]. Above
all, the precise regulatory relationship between NR4A1 and oxLDL-induced mitophagy in
senescent macrophages remains unclear.

Caveolae are microdomains on cell membrane specialized for molecule transportation,
including mitogen-activated protein kinase (MAPK) and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase [23]. Caveolin-1, the structural protein of caveolae, assumes
to have the additional role as regulatory element for numerous signaling pathways [24].
Caveolin-1’s nexus with cellular aging has been subject to divergent observations [25]. For
instance, while inhibition of caveolin-1 attenuates cellular aging in hydrogen peroxide-
induced NIH-3T3 cells [26], its deficiency in human fibroblasts has been correlated with
mitochondrial dysfunction and accelerated cellular aging [27]. Additional evidence showed
that caveolin-1 is located both on the cell membrane and mitochondria, underpinning its
intricate interplay with cellular autophagy [28, 29]. Despite this, the precise role of caveolin-1
in regulating mitophagy in the context of senescent macrophages is still not fully understood.
Previous studies suggest it may participate in mitochondrial dynamics and stress response
pathways, potentially linking it to NR4A1-regulated mitophagy [30].. Overall, the involvement
of caveolin-1 in NR4A1 mediated mitophagy in senescent macrophages has yet to be defined.
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In this study, we unveiled the biological roles of NR4A1 and caveolin-1 in regulating
mitophagy during oxLDL-induced macrophage senescence. Specifically, NR4A1 is involved
in oxLDL induced mitophagy via caveolin-1. The expression of caveolin-1 under stimulation
is regulated by NR4A1. NR4A1-caveolin-1 signaling axis is essential for the expression of
pro-inflammatory effectors in senescent macrophage. Overall, these findings offer novel
insights into the regulatory orchestration of mitophagy during macrophage senescence

Materials and Methods

Statement of Ethics
Human subjects or animals are not invovled in this study.

Key reagents

For cell culture and stimulation, Oxidized Low-Density Lipoprotein (oxLDL) (20605ES10) was
purchased from Yeasen Biotechnology Co. Ltd (Shanghai. CN) for the induction of cell senescence;
lipofectamine 2000 (11668027) was purchased from ThermoFisher (USA) for siRNA and DNA transfection.
For the induction of mouse bone marrow derived macrophage (BMDM), mouse m-CSF recombinant protein
(PMC2044), and red blood cell (RBC) lysis buffer (00-4333-57) were was purchased from ThermoFisher
(UsA).

For RNA extraction and subsequent real-time PCR analysis, MolPure® cell RNA kit (19231ES50), Hieff
UNICON® advanced qPCR SYBR master mix (11185ES08), and Hifair® AdvanceFast One-step RT-gDNA
digestion SuperMix for qPCR (11151ES10) were purchased from Yeasen Biotechnology Co., Ltd (Shanghai.
CN); for Elisa assays, mouse IL-6 ELISA Kit (98027ES96), mouse IL-18 ELISA Kit (98024ES96), and mouse
TNF-a ELISA Kit (98029ES96) were purchased from Yeasen Biotechnology Co., Ltd (Shanghai. CN).

For the analysis of mitophagy via fluorescent microscopy, Lyso-Tracker Red (C1046) and Mito-Tracker
Green (C1048) were purchased from Beyotime Biotech. Inc. (CN). For mitochondria function and related
cell assays, mitochondrial membrane potential assay kit with TMRE (C2001S), the reactive oxygen species
assay kit (S0033M), enhanced mitochondrial membrane potential assay kit with JC-1 (C2003S), senescence
B-galactosidase staining Kit (C0602), and cell mitochondria isolation kit (C3601) were purchased from
Beyotime Biotech. Inc. (CN).

For western blot analysis, HRP Labeled Goat Anti-Mouse IgG (H+L) (A0216), GAPDH mouse
monoclonal antibody (AF0006), Bcl rabbit polyclonal antibody (AF6285), HRP-Labeled goat anti-rabbit IgG
(H+L) (A0208), cytochrome C antibody (AC909), BAX antibody (AB026), ATG-5 rabbit monoclonal antibody
(AF2269), Caveolin-1 mouse monoclonal antibody (AF0087) were purchased from Beyotime Biotech. Inc.
(CN), phospho-Parkin (Ser65) antibody (36866), LC3A/B Antibody (4108) and cleaved caspase-9 (Asp315)
antibody (9595S) were purchased from Cell Signaling Technology. Inc. (USA).

Cell culture

Raw264.7 cell was purchased from the American Type Culture Collection (ATCC) (Rockville, MD, USA)
and cultured in lab within 8 passages. RPMI-1640 medium supplemented with 10% fetal bovine serum,
1% penicillin &streptomycin, and 25mM HEPES buffer (Complete Culture Medium or CCM) was used cell
culture. Mouse bone marrow derive macrophages (BMDMs) were obtained by isolation of bone marrow
cells from 6 weeks old C57BL/6 mice and differentiated via L cell media (10%) conditioned CCM. To induce
cellular senescence in vitro, cells were cultured with 100 uM oxidized low-density lipoprotein for 24 h [11,
18].

For the overexpression of NR4A1, C-FLAG tagged mouse NR4A1 (pCMV3-NR4A1-FLAG: MG53939-CF,
Sinobiological, CN) or empty vector were transiently transfected into cells via lipofectamine 2000 according
to the manufacturer’s protocols. 24hr after transfection, the overexpressing efficiency was verified via real-
time PCR, cells were used for stimulation and downstream analysis.

For small RNA interference-based gene knock-down, 5-GCCGGUGACGUGCAACAAUUU-3" was used
for NR4A1 knock down, 5'-GUGACUGAGAAGCAAGUGUAU-3' was used for mouse caveolin-1 knockdown,
and 5'-GAGCGAGAAGCAAGUGUACGA was used for human caveolin-1 knockdown. All RNA sequences were
designed via siRNA Wizard Software 3.1 (Invivogen. Inc). The siRNA transfection was performed using

498



Cellular Physiology Cell Physiol Biochem 2025;59:496-510

. . DOI: 10.33594/000000796 © 2025 The Author(s). Published by
and BIOChemIStry Published online: 5 August 2025 |Cell Physiol Biochem Press GmbH&Co. KG

Li et al.. NR4A1-Caveolin-1 Axis in Mitophagy and Macrophage Senescence

lipofectamine 2000 transfection reagent according to the manufacturer’s protocol [31]. The knockdown
efficiency of caveolin-1 was verified via real-time PCR.

Induction of bone marrow derived macrophage (BMDM)

As previously described [32], For the induction of BMDM, 5-6 C57BL/6 mouse were euthanized by
appropriate method approved by ICUAC. Mouse bodies were soaked with 70% ethanol, skin was removed
to expose lower limb. Major muscles near the base of the lower limb were cut to expose the hip joint, femurs
were cut near the base, remining major muscles around tibia were removed. Cut at knee joint, remove major
muscles around tibia, and remove fibula to get femur for subsequent performance. For the isolation of bone
marrow cells, remove the epiphyses of femur that bone marrow can be accessed from the ends with a 23G
needle. Flush the bone marrow into a 50 mL tube on ice by slowly injecting approximately 2-3 mL PBS per
bone. The bone marrow then come out from the other end. Centrifuge bone marrow suspension at 200 x g,
5 min at 4°C, aspirate PBS.

For the differentiation into bone marrow-derived macrophages, resuspend bone marrow (1 x 107 live
cells per mouse) in 1 mL culture medium (pre-warmed DMEM, supplemented with 10% FBS, 1% Penicillin
streptomycin, 10% L cell media), and filter through a 100 pm cell strainer. Pipette suspension (1 x 107 live
cells) into total volume of culture medium. Add bone marrow culture medium to wells (1 mL/well for 12
well plate). Culture at 37°C 5% CO,.Add half volume of culture medium on day 4 (500 pL/well for 12 well
plate). BMDMs were ready for in vitro stimulation and subsequent analysis at day 6-7.

ROS production analysis

ROS production was measured by DCFH-D staining. According to the manufacturer’s protocol, 96-well
plate seeded samples were washed three times with cold-PBS and then stained with serum-free medium
diluted DCFH-D fluorescent probe (final concentration 10uM) and incubated at 37°C in the dark for 20-
30min. Later, samples were washed 3 times with serum free medium and the fluorescent signal at 525nm
was detected via microplate reader. For flow cytometry analysis, cells were detached, stained with DCFH-D
and washed as above, fluorescent intensity of ROS was then monitored via flow cytometer.

mPTP opening analysis

For mPTP opening assay, tetramethylrhodamine ethyl ester (TMRE) fluorescence was used according
to the manufacturer’s protocol. Similar to ROS staining & plate reading analysis described above, the
fluorescence intensity of TMRE at 575nm was recorded for mPTP opening rate analysis.

Mitochondrial potential analysis

JC-1 staining was used to monitor mitochondrial potential. According to the manufacturer’s protocol,
96-well plate seeded samples were washed three times with cold-PBS and then 10 mg/ml of JC-1 were
added into the medium for approximately 10 min at 37 °C in the dark [33, 34]. Subsequently, cold-PBS was
used to wash the samples three times at room temperature. The mitochondrial potential was analyzed by
the measurement of fluorescent signals at 529nm and 585nm via microplate reader.

Immunofluorescent microscopy

Localization between lysosome and mitochondria were monitored by co-staining of Lyso-Tracker
Red (Excitation wavelength: 577nm; Emission wavelength: 590nm) and Mito-Tracker Green (Excitation
wavelength: 490nm; Emission wavelength: 516nm). According to the manufacturer’s protocol, samples
were stained with Lyso-Tracker Red (final concentration 50nM) and Mito-Tracker Green (100nM) at 37°C
in the dark for 30min. Samples were then washed with warmed PBS before monitoring. Leica SP8 LSCM
confocal microscope was used for image recording and Image ] software 1.53t (NIH, USA) was used for
subsequent analysis.

B-Galactosidase assay

B-Galactosidase staining was performed according to the manufacturer’s protocol. Briefly, samples
were washed 3 times with PBS and fixed with 1ml -Galactosidase fix solution at room temperature for
15min. Later, samples were washed 3 times with PBS and stained with -Galactosidase staining mixture at
37°C overnight and monitored under microscope.
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Mitochondria isolation

As previously described [35], mitochondria were isolated via the mitochondria isolation kit. Briefly,
the cells were minced and suspended in Reagent A on ice for 10 min and then homogenized with a glass
dounce homogenizer. Then, the lysates were centrifuged at 800 x g for 10 min at 4 °C. The supernatant
was centrifuged at 12000g for 20 min at 4 °C, and the remaining pellet was resuspended in Reagent C
supplemented with phosphatase/protease inhibitor for further experiments.

Western blot

Samples were washed three times with PBS. Samples were then lysed in RIPA buffer to extract proteins
and were then centrifuged at 12000rpm for 10 min at 4 °C. The supernatants were then collected and
subjected to immunoblotting analysis. All primary antibodies used in western blot analysis were specified
in the Reagent section.

Real time PCR

For real-time PCR analysis, samples were washed three times with PBS and mRNA was extracted
via the RNA extraction kit according to the manufacturer’s protocol. The concentration of mRNA was
measured and cDNA was synthesized via reverse transcription PCR according to the manufacturer’s
protocol. qPCR SYBR master mix was used for real time PCR reactions and was performed under CFX Real-
Time PCR System (BioRad, USA). For real-time PCR primers, 5’- GGTGACTGAGAAGCAAGTGTAT-3’ and 5'-
AGGAAGGAGAGAATGGCAAAG-3’ were used for mouse caveolin-1; 5’- GTCAGTGGTCAGTGTGATTGT-3’ and
5’-GTAGTGAAGGCAGAGGTGAAAG-3’ were used for mouse NR4A1. All RNA sequences were designed via IDT
(Integrated DNA Technologies, USA).

Elisa

The concentration of mouse IL-6, TNF-a.and IL-1B in cell supernatants were detected viacommercialized
Elisa kit following the manufacturer’s protocols. Briefly, samples were incubated in pre-coated 96-well
Elisa plate at room temperature for 2hrs, then washed 3 times with PBST buffer. 100ul diluted detection
antibodies, HRP-conjugated antibody and TMB solution were sequentially added for incubation and interval
with 3 times of washing. At last, 50 pl of stop solution was added into each well before plate reading at
450nm.

Statistical analysis

All data in the present study were presented as the mean * standard deviation (Standard Error of the
Mean) of three replicates. Difference between two groups were analyzed by t-test. Difference among more
than 2 groups were analyzed by one-way ANOVA followed by post hoc test. Statistical significance threshold
was set as follows: P < 0.05, *; P < 0.01, **; P < 0.001, ***; P < 0.0001, ****,

Results

NR4A1 promotes mitochondria dysfunction during macrophage senescence

To investigate the biological role of NR4A1 in regulating mitochondria functions during
macrophage senescence, we specifically knocked down the expression of NR4A1 in murine
macrophage Raw264.7, the knockdown efficiency was verified via RT-PCR (Fig. 1a) and the
activity of mitochondria were tested with or without oxLDL stimulation. As shown in Fig. 1b,
oxLDL treatment significantly reduced mitochondrial membrane potential (representative
indicator for mitochondria function) in wild type cells, while it was restored by NR4A1
knock down (Fig. 1b). To verify this, we tested the mPTP opening rate, which is another
indicator for mitochondria activity, in different groups. The results revealed that the mPTP
opening rate was remarkably increased in wild type cells upon treatment, while it was
substantially suppressed in NR4A1 knock down group (Fig. 1c). In supporting this, ROS
production of various groups were also accessed via both flow cytometry (Fig. 1d) and plate
reading assay (Fig. 1e). As showed, NR4A1 deficiency efficiently inhibited oxLDL induced
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Fig. 1.NR4A1 promotes oxLDLinduced macrophage senescence.a). RT-PCRverification of NR4A1 expression
in different Raw264.7 cell lines. b) JC-1 staining based membrane potential analysis of wild type and NR4A1
knock down Raw264.7 cells with or without oxLDL stimulation. n=3 (technical repeats). ¢). mPTP opening
analysis of wild type and NR4A1 knocking-down Raw264.7 cells with or without oxLDL stimulation. n=3.
d-e). ROS production analysis of wild type and NR4A1 knock down Raw264.7 cells with or without oxLDL
stimulation via flow cytometry (d) and plate reading (e). n=3. f). RT-PCR verification of NR4A1 expression in
BMDM. g) JC-1 staining based membrane potential analysis of wild type and NR4A1 knocking-down BMDM
with or without oxLDL stimulation. n=3 (technical repeats). h). mPTP opening analysis of wild type and
NR4A1 knocking-down BMDM with or without oxLDL stimulation. n=3. i) ROS production analysis of wild
type and NR4A1 knocking-down BMDM with or without oxLDL stimulation via plate reading analysis. WT:
wild type; NR4A1 KD: NR4A1 knock down; CTRL: control.

ROS production. To recapitulate our observations on primary cells, mouse bone marrow
derived macrophages (BMDM) were generated for analysis (Fig. 1f). It showed that NR4A1
knockdown in BMDM restores the biological functions of mitochondria in response to oxLDL
stimulation, as revealed by membrane potential staining (Fig. 1g). mPTP opening rate (Fig.
1h) and ROS production (Fig. 1i).

To investigate the underlying mechanism of NR4A1 regulated mitochondria dysfunction
in response to oxLDL, the levels of critical proteins involved in the process were also
detected. It showed that oxLDL treatment induced the elevation of cleaved caspase 9 and
BAX, the reduction of Bcl-2, as well as the cytosol leakage of cytochrome C in wild type
cells, indicating the dysfunction of mitochondria. However, these effects were substantially
attenuated in NR4A1-deficient cells. (Fig. 2a). To further clarify the regulating activity of
NR4A1 in mitophagy, the mitochondria and lysosome of various groups of cells were stained
and monitored under confocal microscope. It revealed that oxLDL treatment induces the
colocalization between mitochondria and lysosome in wild type group, indicating the
presence of mitophagy, while it was diminished in NR4A1 knock down group (Fig. 2b-c).
Overall, these results highlighted the potential role of NR4A1 in promoting oxLDL induced
macrophage senescence.

Caveolin-1 mediates NR4A1 induced mitochondria dysfunction

To furtherunravel therole of caveolin-1in NR4A1 mediated mitochondriadysfunction, we
performed mitochondrial membrane potential analysis as described above. The knockdown
efficiency of caveolin-1 and NR4A1 was verified by RT-PCR (Fig. 3a-b). It showed that NR4A1
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Fig. 2. NR4A1 contributes to mitochondria dysfunction during macrophage senescence. a). Western blot
analysis of key proteins in cell death. b-c). Confocal images (b) and colocalization rate analysis (c) between
mitochondria (green) and lysosome (red) of wild type and NR4A1 knock down Raw264.7 cells with or
without oxLDL stimulation. n=3.

overexpression significantly promoted the reduction of mitochondrial membrane potential
under oxLDL treatment, while it was blocked by the knock down of caveolin-1 (Fig. 3c). To
verify this, we tested ROS production of various groups with or without oxLDL stimulation.
As showed in Fig. 2b, caveolin-1 deficiency significantly reduced the production of ROS,
which promoted by NR4A1 overexpression (Fig. 3d). Western blot analysis revealed that
in the presence of oxLDL, NR4A1 overexpression promoted mitochondrial originated cell
death, characterized by cytochrome C leakage, caspase 9 cleavage, elevation of BAX and
reduction of Bcl-2, while it was efficiently restored by the knock down of caveolin-1 (Fig.
3e). B-galactosidase staining analysis was used to investigate the role of NR4A1-caveolin-1
axis in oxLDL induced cell senescence. As expected, NR4A1 overexpression increased oxLDL
induced senescence while it was inhibited by caveolin-1 knocking down (Fig. 3f). Collectively,
these results revealed the biological role of caveolin-1 in mediating NR41 transduced
mitochondria dysfunction under oxLDL.

NR4A1 upregulates caveolin-1 expression during macrophage senescence

Given the synergistic roles of NR4A1l and caveolin-1 in regulating mitochondrial
dysfunction, we next examined whether NR4A1 directly regulates caveolin-1 expression.
Real-time PCR analysis showed that oxLDL stimulation significantly elevated caveolin-1
mRNA levels, while NR4A1 knockdown markedly suppressed this induction (Fig. 4a).
Consistent with this, western blot analysis confirmed reduced caveolin-1 protein levels in
NR4A1-deficient cells under oxLDL treatment (Fig. 4b). These findings were further validated
in primary BMDMs (Fig. 4c-d), indicating that NR4A1 acts upstream of caveolin-1 during
macrophage senescence. These data suggest a regulatory axis where NR4A1 modulates
caveolin-1 transcription, possibly through direct promoter interaction, contributing to the
mitophagic and inflammatory phenotype of senescent macrophages.

Caveolin-1 promotes NR4A1 mediated mitophagy during macrophage senescence

Previous studies have revealed the essential role of NR4A1 in Parkin related mitophagy
[18, 36]. Here we investigated the involvement of caveolin-1 in mitophagy induction in
the downstream of NR4A1. Western blot analysis showed that NR4A1 overexpression
increased the level of phosphorylated Parkin (P-Parkin), Mitochondrial-retained LC3II, ATG-
5, indicating the positive regulating activity of NR4A1 in Parkin related mitophagy (Fig. 5a).
However, the effect of NR4A1 overexpression was blocked by the knock down Caveolin-1
(Fig. 5a).

To further investigate the activity of caveolin-1 in regulating NR4A1 mediated mitophagy,
mitochondria and lysosome were stained and monitored under confocal microscope. It
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Fig. 3. Caveolin-1 mediates NR4A1l induced mitochondria dysfunction. a). RT-PCR verification of
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in different Raw264.7 cell lines. n=3. c). JC-1 staining based membrane potential analysis of wild type,
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NR4A1 overexpression plus caveolin-1 knock down Raw264.7 cells with or without oxLDL stimulation via
flow cytometry. e). Western blot analysis of key proteins in cell death. f). 3-Galactosidase staining images
of wild type, NR4A1 overexpression, and NR4A1 overexpression plus caveolin-1 knock down Raw264.7
cells with or without oxLDL stimulation. NR4A1 OE: NR4A1 overexpression; NR4A1 OE & Cavl KD: NR4A1
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revealed that NR4A1 overexpression promoted the colocalization between mitochondria and
lysosome under oxLDL stimulation, while it was inhibited in caveolin-1 knock down group
(Fig. 5b). Colocalization analysis showed that the colocalizing rate between mitochondria and
lysosome was significantly reduced by the knock down of caveolin-1 (Fig. 5c). Collectively,
these data demonstrated that caveolin-1 is critical in promoting NR4A1 mediated mitophagy
during the senescence of macrophage.

NR4A1-Caveolin-1 signaling axis promotes inflammatory cytokine expression in senescent

macrophage

As reported previously, senescent cells produce proinflammatory factors to recruit
immune cells and promote inflammation [37, 38]. To investigate the activity of NR4A1
and caveolin-1 in regulating inflammation of senescent macrophages, we detected the
extracellular level of proinflammatory cytokines TNF-a, IL-6 and IL-1f of various groups
of Raw264.7 cells with or without oxLDL treatment. As revealed, oxLDL stimulation
modestly increased the secretion of the above cytokines, which were significantly enhanced
by the overexpression of NR4A1. However, caveolin-1 knockdown efficiently reduced the
proinflammatory effect of overexpressed NR4A1 (Fig. 6a-c). Additionally, we detected the
expression of Toll-like receptor 4 (TLR4), another proinflammatory receptor on innate
immune cells. It showed the similar pattern as in Fig. 5a to c (Fig. 6d). Overall, these data
indicate that the NR4A1-caveolin-1 signaling axis is essential in the onset of inflammation in
senescent macrophages.
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Fig. 5. Caveolin-1 promotes NR4A1 induced mitophagy during macrophage senescence. a). Western blot
analysis of key proteins in mitophagy activation. b-c). Confocal images (b) and colocalization rate analysis
(c) between mitochondria (green) and lysosome (red) of wild type, NR4A1 overexpression, and NR4A1
overexpression plus caveolin-1 knock down Raw264.7 cells with or without oxLDL stimulation. n=3.
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Discussion

Oxidative stress is a primary mechanism in the acceleration of aging [39]. Prolonged
oxidative stress can induce premature cellular senescence, leading to a state of heightened
inflammatory response [40]. Mitochondria and NADPH are the main sources of reactive
oxygen species (ROS) in vascular cells [41]. Previous studies have found that ROS produced
via NADPH can induce the senescence of macrophage [42]. Interestingly, it has been found
that caveolin-1 participates in ROS generation from NADPH, thus affecting the process
of macrophage senescence [11]. Meanwhile, mitochondria also play a crucial role in the
regulation of senescence. Dysfunction of mitochondria leads to excessive accumulation of
ROS, significantly increasinglipid membrane oxidation, disrupting protein synthesis, inducing
DNA damage, and promoting premature cell senescence [43]. Activation of autophagy is
a potential protective mechanism in the early stage of cellular senescence, promoting cell
growth and survival [44]. Oxidative stress enhances mitochondrial autophagy, which, in turn,
can regulate antioxidant levels and maintain cellular homeostasis [45]. However, excessive
autophagy can exacerbate senescence and cell death [46]. Previous studies have shown that
defects in mitochondrial autophagy may increase ROS generation from NADPH [47], while
inhibition of ROS derived from NADPH can downregulate cellular mitochondrial autophagy
levels [48]. Nevertheless, the regulatory mechanisms of mitochondrial autophagy during the
aging process are not yet clear. Our previous study found that nuclear receptor subfamily
4A1 (NR4A1) is an important nuclear transcription factor regulating mitochondrial redox
reactions [18]. In the present work, we found that caveolin-1 can promote mitochondrial
autophagy during oxLDL-induced cell aging, and this process is further regulated by NR4A1.
This discovery provides novel insights into the mechanisms of mitochondrial autophagy and
cellular aging. As a nuclear transcription factor, NR4A1 can potentially upregulate caveolin-1
expression through direct transcriptional regulation by binding to promoter regions of the
caveolin-1 gene. This possibility is supported by the observed increase in caveolin-1 mRNA
and protein levels following NR4A1 overexpression. However, indirect mechanisms—such
as NR4A1-mediated signaling cascades or epigenetic modifications—may also contribute to
this regulation, and further studies are required to dissect these pathways in detail.
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Signaling cascades of autophagy and senescence are tightly correlated, while the specific
mechanism regulating autophagy and cellular senescence are not yet clear. Mammalian
target of rapamycin (mTOR) is the initiator of autophagy, which is further regulated by
several pathways including adenosine monophosphate activated protein kinase (AMPK)/
mTOR, phosphatidylinositol 3-kinase (PI3K)/serine-threonine kinase (Akt)/mTOR, and
AMPK/silent information regulation 1 (Sirtl) [49-52]. In the context of mitochondrial
autophagy or mitophagy, it is regulated by critical elements including PINK1/Parkin, BNIP/
NIX, and FUNDC1 [53-55]. Consequently, outer mitochondrial membrane proteins directly
or indirectly interact with microtubule-associated protein 1A/1B-light chain 3 (LC3) and
p62 to initiate mitophagy and selectively remove damaged mitochondria [56]. In summary,
mitophagy is a double-edged sword in regulating oxidative stress-induced premature
cellular senescence. Moderate activation of mitophagy has anti-senescence effect, while
excessive mitophagy can accelerate cellular senescence or even cell death [57]. Therefore,
how to modulate the degree of mitophagy activation is of great clinical significance for
treating aging-related diseases.

Mitophagy is closely related to the occurrence and development of AS [58-60]. In AS
lesions, endothelial cells, macrophages, and smooth muscle cells exhibit abnormalities
in mitophagy [61]. Current research suggests that mitophagy has a dual role in the
pathogenesis of AS: basal or moderate mitophagy is an important protective measure for
plaque cells against inflammation and oxidative stress reactions [62]. However, excessive
cellular autophagy leads to the release of large amounts of inflammatory factors and reactive
oxygen species, exacerbating inflammation and oxidative stress reactions [63]. Previous
study found that in mice with macrophage-specific deletion of autophagy-related gene ATGS5,
high-fat diet treatment elevated cell apoptosis, local inflammation, oxidative stress, and
necrosis in AS plaques [64]. Basal autophagy of macrophages protects plaque macrophages
from various stresses; however, in the late stage of AS, macrophage autophagy is abnormal,
leading to changes in macrophage activity, promoting the release of inflammatory factors
within the plaque, and thus promoting the progression of AS [65]. It suggested that clearance
of macrophage-derived foam cells may delay the progression of AS, while the underlying
mechanism, in particular the involvement of mitophagy, has not been defined yet [66].

While the findings presented in this study provide insights into the role of NR4A1
and caveolin-1 in regulating mitochondrial dysfunction during macrophage senescence,
several limitations should be considered. First, our study primarily relies on in vitro models,
specifically Raw264.7 macrophage cell lines and murine bone marrow-derived macrophages
(BMDMs), which may not fully recapitulate the complexity of macrophage behavior in vivo
[67]. Although BMDMs provide a more physiologically relevant model, they are still subject to
the limitations of in vitro culture conditions and difficulties in genetic manipulations, which
may not reflect the systemic and microenvironmental factors present in living organisms.
Future studies should aim to validate these findings in vivo using macrophage specific
gene overexpression or deletion mouse models, to better understand the physiological
relevance of NR4A1 and caveolin-1 in regulating macrophage functions during aging and
disease progression. Additionally, while the study highlights the interaction between NR4A1
and caveolin-1 in mitochondrial dysfunction and inflammation, the underlying molecular
mechanisms linking these two factors remain incompletely defined. Our findings indicate
that NR4A1 enhances the expression of caveolin-1 at both the transcriptional and protein
levels during oxLDL-induced senescence. Given that NR4A1 functions as a nuclear receptor,
it is plausible that it directly activates caveolin-1 gene transcription. This may occur via
binding to response elements in the caveolin-1 promoter region, although indirect regulation
through secondary signaling molecules cannotbe ruled out. Chromatin immunoprecipitation
(ChIP) or promoter reporter assays would be valuable in confirming this direct regulatory
relationship.Further research is needed to investigate the detailed signaling pathways that
mediate the NR4A1-caveolin-1 axis, particularly focusing on how caveolin-1 modulates
mitophagy and mitochondrial integrity [68, 69] . Additionally, the role of other potential
regulators of NR4A1 and caveolin-1 expression, such as transcription factors or post-
translational modifications, should be explored [70].
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Conclusion

In summary, this study elucidates the crucial role of NR4A1 and caveolin-1 in regulating
mitophagy during oxLDL-induced macrophage senescence, highlighting a novel regulatory
axis that influences cellular aging processes implicated in AS. The findings reveal that NR4A1
plays a pivotal role in oxLDL-induced mitophagy through caveolin-1, and that caveolin-1
itself regulates the expression of NR4A1l under stimulation. This NR4A1l-caveolin-1
signaling pathway is essential for the expression of pro-inflammatory cytokines in senescent
macrophages, thereby impacting the stability of atherosclerotic plaques.
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