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Abstract: Background: Vascular calcification during aging is highly prevalent in patients with
cardiovascular disease; however, there is still no improvement in clarifying the development of
vascular calcification. FOSL1 is a transcription regulator belonging to the AP-1 family, which has
a unique function in vascular senescence, but its role in vascular calcification needs to be further
explored. Methods: Primary mouse vascular smooth muscle cells were isolated and used to construct
a calcification model in vitro. Seven-week-old male C57BL/6 mice were used to build the vitD3-
induced calcification model in vivo. qRT-PCR and western blot were used to verify the expression
of FOSL1 and other genes expressed in vascular smooth muscle cells and aortas. The level of
calcification was determined by Alizarin Red S (ARS) staining and the calcium content assay. The
level of cellular GSH was detected by the GSH assay kit. Results: Here, we report that FOSL1
was up-regulated after high-calcium/phosphate treatment in both the in vivo and in vitro vascular
calcification models. Functional studies have shown that the reduction of FOSL1 attenuates ferroptosis
and calcification in vascular smooth muscle cells, as indicated by ARS staining, calcium content
assay, and western blot. The inhibition of FOSL1 downregulated the expression of bone-related
molecules including Msh Homeobox 2 (MSX2) and tumor necrosis factor receptor superfamily,
member 11b/osteoprotegerin (OPG), suggesting that FOSL1 promoted osteogenic differentiation of
vascular smooth muscle cells. Furthermore, we found that the ferroptosis-inducing drug erastin can
significantly accelerate calcification in the aortic ring while Ferrostatin-1 (fer-1), a drug to protect cells
from ferroptosis, can alleviate calcification. Further experiments have shown that inhibiting FOSL1
can promote the expression of ferroptosis-related genes and attenuate calcification. Functionally,
cellular GSH levels were increased after the reduction of FOSL1. Conclusions: In this study, we
observed a significant protective effect when we reduced the expression of FOSL1 during vascular
calcification, and this effect might regulate ferroptosis to a great extent.

Keywords: FOSL1; vascular calcification; ferroptosis

1. Introduction

Morbidity and mortality because of cardiovascular disease during aging are the pre-
dominant concerns in both developed and developing countries [1]. Vascular calcification
is a hallmark of vascular stiffness and aging [2]. Physiological aging and its impact on
vascular calcification are complex and multifactorial, which are governed by a set of mech-
anisms that influence vascular calcification progression [3]. Furthermore, cardiovascular
risk factors, as well as metabolic and degenerative diseases occurring during aging share
similar mechanisms that influence vascular aging leading to an increase in vascular cal-
cification [4]. However, by now, very few studies have assessed the specific mechanisms
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of aging implicated in vascular calcification. Vascular calcification is a prevalent compli-
cation that occurs in patients with chronic kidney disease involving mineral metabolism
imbalance [5]. Vascular calcification during aging plays a crucial role in cardiovascular
disease pathophysiology. The development of vascular calcification is tightly associated
with the risk of CVD and all-cause mortality [6], making it a strong independent risk
factor for cardiovascular events. The development of vascular calcification is closely linked
to mineral dysregulation characterized by the elevation of serum phosphate levels and
hypercalcemia. The current hypotheses of vascular calcification development span a wide
range of events including inflammation, apoptosis, disruptions to calcium and phosphate
homeostasis, matrix vesicle extrusions, osteogenic transformations, extracellular matrix
degeneration, and genetic aberrations [6]. Oxidative stress is a state which refers to the
imbalance between the oxidative system and antioxidant system in the body. The imbalance
between oxidant production and antioxidant defense mechanisms can result from deficient
antioxidant capacity caused by the production and distribution of or by an increase in
the amount of ROS generated from either endogenous sources or environmental stressors.
Excess ROS contributes to the pathological processes related to vascular calcification and
the pathogenesis of several vascular calcification-related diseases. Based on the calcification
area, vascular calcification can be categorized as external membrane calcification, medial
calcification, and valve calcification. However, an accurate mechanism underlying vascular
calcification is unclear, making it urgent and meaningful to explore the core causes. The
pathological process of vascular calcification shares many similarities with bone formation,
and recent studies concluded that it is an initiative course involving phenotypic switching
from vascular smooth muscle cells (VSMCs) into osteo/chondroblast-like cells [7]. In
response to pathological stimuli, such as high calcium and phosphate levels, oxidative
stress, and hypoxia, VSMCs undergo osteogenic differentiation [8]. Under basal conditions,
VSMCs in the vessel wall render a contractive phenotype. After the phenotypic switch,
osteogenic factors including runt-related transcription factor 2 (RUNX2), Msh homeobox
2 (MSX2), and bone morphogenetic protein 2 (BMP2) will become upregulated with the
generation of mineralized extracellular matrix, eventually causing vascular calcification.
Senescent vascular smooth muscle cells also play an important role in medial calcification
pathophysiology [9]. Some studies have pointed out that aging can increase osteoblastic
transition and upregulate Runx2, TNAP(tissue-nonspecific alkaline phosphatase), and type
1 collagen [10]. Also, inorganic phosphate stimulation increases the VSMC senescence
during osteochondrogenic dedifferentiation via Sirt-1 inhibition and augmented p53 and
histone-3 acetylation [11]. Furthermore, Pi was found to promote senescence in VSMC and
vascular calcification in a uremic rat model, which is prevented by phosphate binders [12].
According to N. Giuliani et al., DNA damage response and the senescence-associated secre-
tory phenotype, releasing BMP-2, OPG (osteoprotegerin), IL-6(interleukin-6), and other
mediators, which induce the osteogenic phenotype [13]. Although in vitro and in vivo
models demonstrated the importance of senescence in VSMC dedifferentiation and vascular
calcification, future studies should focus on inhibiting cellular senescence in specific tissues
to validate its role in vascular calcification progression.

Ferroptosis is a newly identified type of regulated cell death discovered in recent years
that involves metabolic dysfunction [14]. Ferroptosis is usually accompanied by a large
amount of iron accumulation and lipid peroxidation during the cell death process. Many
studies have shown that ferroptosis is related to the pathology of many diseases, such as
cancer, neuron system disease, kidney injury, and blood disease. A recent study revealed
that nuclear erythroid 2-related factor 2 (Nrf2) signaling is activated during the regulation
of vascular calcification by metformin, suggesting that anti-ferroptosis may be a therapeutic
target in calcification [15]. Recent studies have shown that necrosis and apoptosis have
unique functions in the progress of vascular development [15], but there is no evidence
to show the mechanism of ferroptosis in regulating calcification. The association between
atherosclerotic calcification and lipid deposition is well known [16], so it is possible for us
to speculate that ferroptosis might play an important role in vascular calcification.
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Fra-1, also known as FOSL1, is highly expressed in most solid tumors and is closely
related to the proliferation and apoptosis of tumor cells [17]. FOSL1 is a transcription factor,
and its own transcriptional activity is regulated at different levels, such as transcriptional
regulation and post-translational regulation [18]. FOSL1 can form heterodimer transcription
factor complexes with JUN family proteins, thereby regulating the expression of target
genes [19]. More recently, studies have reported that FOSL1 regulates several cellular
processes that are implicated in inflammation and cell death [20]. However, the potential
role of FOSL1 in mediating vascular calcification and ferroptosis has not yet been elucidated.

In this study, we sought to determine how FOSL1 contributes to vascular calcification
and aging. We provide evidence that FOSL1 has high expression in vascular calcification
both in vivo and in vitro. Inhibiting FOSL1 blocks high calcium and phosphate-induced
calcification in VSMCs. Here, we infer that the protective effect of inhibiting FOSL1 might
occur through the inhibition of ferroptosis.

2. Materials and Methods
2.1. Experimental Animals and I/R Models
2.1.1. Animal Experiments

All animal experiments were performed in accordance with the US National Insti-
tutes of Health guidelines and were approved by the Institutional Animal Care and Use
Committee at Southern Medical University (Guangzhou, China). To avoid the interference
of the hormonal changes and exclude the influence of estrogen on vascular calcification,
only male mice were used in this study. Adult male C57BL/6 mice aged 6–8 weeks were
obtained from Guangzhou Dien Genic Technic (Guangzhou, China) and were allowed free
access to standard chow and tap water in temperature and humidity control conditions
with a 12 h dark/light cycle. Male C57 mice were randomly divided into the control group
(n = 12) and the vitD3 model group in this study. The vitd3 vascular calcification model was
induced by subcutaneous injection of cholecalciferol vitd3 in Cremophor EL and dextrose
that was delivered for three consecutive days (5 × 105 IU /kg; [21]. Seven days after the
injection, blood samples were collected from the ophthalmic veins and the mice were then
sacrificed and animal aortic tissues were excised for further analysis.

2.1.2. Cell Culture

Primary mouse VSMCs were isolated from the thoracic aortas of healthy C57BL/6 mice
as previously described [22]. Cells from the first passage were chosen for further experi-
ments and incubated with an osteogenic induction medium to stimulate osteogenic differen-
tiation. VSMCs were grown to confluence and treated with control (1.0 mM Pi/1.8mM Ca)
or calcifying media (50 µg/mL ascorbic acid/2.5 mM Pi/2.7 mM Ca) for up to seven days.

2.2. Cell Transfection

VSMCs were seeded in 6-well plates and grown in a MEM supplemented with 10%
FBS to reach 80% confluence. VSMCs were transfected with siRNA FOSL1 or siRNA NC
(RiboBio, Guangzhou, China) with lipofectamine RNA iMAX (Invitrogen, Waltham, MA,
USA) in an Opti-MEM (Gibco, Waltham, MA, USA) reduced serum medium. Transfected
cells were harvested at indicated time points for further analysis.

2.3. Quantitative Real-Time Polymerase Chain Reaction

Total RNA was isolated from VSMCs using a TRIzol (Invitrogen) reagent and reverse-
transcribed into cDNA. The polymerase chain reaction primers were as follows: RUNX2
forward: ACCATAACAGTCTTCACAAATCCT, reverse: CAGGCGATCAGAGAACAAACTA;
BMP2 forward: GCTTCTTAGACGGACTGCGG, reverse: GCAACACTAGAAGACAGCGGGT;
SP7 forward: ATGGCGTCCTCTCTGCTTG, reverse: TGAAAGGTCAGCGTATGGCTT; MSX2
forward: GGAGCACCGTGGATACAGG, reverse: TAGAAGCTGGGATGTGGTGAA; OPG for-
ward: CAGAGAAGCCACGCAAAAGTG, reverse: AGCTGTGTCTCCGTTTTATCCT; FOSL1
forward: ATGTACCGAGACTACGGGGAA, reverse: CTGCTGCTGTCGATGCTTG; P53 for-



Biomedicines 2023, 11, 635 4 of 13

ward: TCACAGCGTCTGTTGACATTT, reverse: ACCAAGCTCATTACCCTGACA; SLC7A11
forward: GGCACCGTCATCGGATCAG, reverse: CTCCACAGGCAGACCAGAAAA. Each
experiment was repeated at least four times with b-actin as an internal control. Relative gene
expression was quantified by the comparative Ct (∆∆Ct; Life Technologies)

2.4. Western Blot Analysis

Protein was extracted from VSMCs and vascular tissue using a radioimmunopre-
cipitation assay lysis buffer, and the bicinchoninic acid method was used for protein
quantification. The protein samples were denatured at 95 ◦C for 5 min with 1× loading
buffer. Proteins were separated by SDS-PAGE and transferred to PDVF membranes. After
being blocked with 5% BSA for 1 h, blots were incubated with primary antibodies as
follows: Anti-RUNX2 (1:2000; Abcam, Cambridge, UK), Anti-MSX2 (1:2000; Santa Cruz
Biotechnology, Dallas, TX, USA), Anti-FOSL1 (1:2000; Affinity, Cincinnati, OH, USA),
Anti-SLC7A11 (1:5000; Abcam,), Anti-P53 (1:2000; Cell Signaling Technology, Boston, MA,
USA), Anti-SP7 (1:2000; Abcam), Anti-OPN (1:2000, Proteintech, Rosemont, IL, USA), or
Anti-β-actin (1:2000, Santa Cruz Biotechnology) at 4 ◦C overnight. After being washed, the
membranes were incubated with the HRP-conjugated anti-mouse (1:4000, Cell Signaling
Technology Danvers, MA, USA) or anti-rabbit (1:4000, Cell Signaling Technology Danvers,
MA, USA) secondary antibodies at room temperature for 1 h before washing. The signal
was detected using the AI600 imaging system.

2.5. Determination of Calcification

Alizarin Red S (ARS) staining was used to detect VSMC and arterial calcification. For
cell staining, cells were fixed in paraformaldehyde for 10 min and then incubated with 2%
ARS (pH 4.2) for 30 min at room temperature. To remove excess ARS, cells were washed
with ddH2O. For tissue staining, aortas were fixed in 95% ethyl alcohol at 4 ◦C for 24 h,
then washed in 0.5% KOH and stained with 0.0016% alizarin red for 12 h. Samples were
stored in 50% glycerin until use. Photos were taken by a stereomicroscope and calcium
content was measured using a calcium colorimetric assay kit (Sigma-Aldrich, St. Louis,
MO, USA) per the manufacturer’s instructions.

2.6. Arterial Ring Organ Culture

Thoracic aortas were isolated from 6–8-week-old male C57BL/6 mice and then in-
cubated in calcifying medium for seven days. Arterial rings were grown to confluence
and treated with control (1.0 mM Pi/1.8 mM Ca) or calcifying media (50 µg/mL ascorbic
acid/2.5 mM Pi/2.7 mM Ca) for up to seven days.

2.7. GSH Assay

The GSH contents in cells were quantified using a commercial GSH determination
kit (Promega, Madison, WI, USA). Cells were plated in a 96-well luminometer-compatible
plate and allowed to grow overnight at 37 ◦C in a 5% CO2 culture incubator. At the end
of the treatment, the growth medium was removed and replaced with a test compound
medium. Detection was performed by measuring the absorbance value at a wavelength of
562 nm using a microplate reader (Bio-Rad 680, Hercules, CA, USA). The GSH level was
calculated by subtracting the amount of GSSG from the total GSH.

2.8. ROS Assay

The intracellular ROS content was measured with the fluorescent probe DCFH- DA
(Solarbio, China), which itself is nonfluorescent. After freely passing through the cell mem-
brane, Tt is hydrolyzed to impenetrable DCFH and remains inside the cells. Intracellular
ROS oxidizes DCFH to fluorescent DCF, which indicates the intracellular ROS levels ac-
cording to the fluorescence intensity. VSMCs with five different treatments were incubated
with serum-free DMEM with a DCFH-DA final concentration of 10 uM for 30 min at 37 ◦C.
Next, we washed the VSMC-DCFH-DA mixture with serum-free DMEM three times and
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resuspended it in 1× PBS solution. The prepared VSMC samples were analyzed using flow
cytometry (Life Attune NxT, Thermo Fisher Scientific, Waltham, MA, USA). The results
were analyzed with Flowjo 10 software.

2.9. Statistical Analysis

All results are expressed as the mean ± SEM. Statistical analysis was performed using
SPSS statistical software. Independent student’s t-tests were used to test the differences
between the two groups, and comparisons among multiple groups were performed by
one-way ANOVA. Differences were accepted as statistically significant at p < 0.05.

3. Results
3.1. FOSL1 Expression Is Induced after vitD3 Treatment In Vivo

To identify genes involved in vascular calcification, we first established a vitd3 mouse
model as previously described [23] (Figure 1A). ARS staining showed that the calcification
of the aorta is well developed a week after vitd3 treatment, with no obvious change in the
control group. Both RT-qPCR and western blot analysis revealed that the osteogenic genes
BMP2 and RUNX2 were significantly increased in the vitD3-treated group compared with
the control group (Figure 1E). Consistently, paraffin sections showed that the aortas of vitD3
group mice had serious mineral deposits (Figure 1B). We then sent samples of calcified
aortas for silicon screening, and we found many differentially expressed genes between the
two groups, with FOSL1 being one of the most up-regulated genes (Figure 1G,H).

3.2. Expression of FOSL1 Was Increased in Vascular Calcification Both In Vivo and In Vitro

To verify the expression of FOSL1, we utilized primary-culture VSMCs. Methods for
isolating mouse primary cells were as previously described [24]. VSMCs were treated with a
high concentration of Pi and Ca2+, which can efficiently recapitulate vascular calcification as
shown in our previous study [25]. ARS showed that VSMCs treated with high amounts of Pi
and Ca2+ markedly promoted calcification at day seven (Figure 1C). Consistently, calcium
content assays revealed that high Pi- and Ca2+-treated cells showed increased calcium
levels compared with the control group (Figure 1F). Also, high Pi and Ca2+ treatment
promoted osteogenic differentiation of VSMCs, as indicated by the increased expression of
BMP2, RUNX2, MSX2, and OPN, both at the mRNA and protein level. Next, we confirmed
that the expression of FOSL1 was also upregulated at both the mRNA and protein level
(Figure 1J,I) and the quantitative analysis of the western blotting (Figure S1). We further
analyzed the expression of FOSL1 in vivo by extracting mRNA and protein from vitD3
mice. Consistent with previous results, FOSL1 was significantly upregulated in the vitd3
group compared with the control group (Figure 1K,L) and the quantitative analysis of the
western blotting (Figure S2).

3.3. Knockdown of FOSL1 Attenuated VSMC Calcification

Given the fact that the FOSL1 gene is significantly amplified and overexpressed in
calcification areas, we next investigated whether the alteration of the transcriptional master
regulator FOSL1 affects VSMC calcification. As FOSL1 was identified as one of the most
effective reduction targets in protecting vascular calcification in the tissue silicon screen,
we next asked whether FOSL1 can actually have a function in the process of vascular
calcification. Using specific FOSL1-targeting siRNAs, we first sought to validate the most
effective one which can reduce the expression of FOSL1 at both the mRNA and protein level
in primary VSMCs (Figure 2A). FOSL1 deficiency noticeably alleviated VSMC calcification,
and ARS staining of aortas and calcium content showed a decrease in VSMC calcification
in the siFOSL1-treated group (Figure 2C,D). Moreover, qPCR and western blotting showed
reduction of FOSL1 can also decrease the expression of the osteogenic genes MSX2, SP7,
and OPN (Figure 2B,E), and the quantitative analysis of the western blotting showed the
same trend.(Figure S3). These results together demonstrate that FOSL1 has a function in
the regulation of vascular calcification.
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staining.; n = 4 per group. (E) mRNA expression levels of osteogenesis genes in animal aortas were 
analyzed by RT-qPCR, n = 12 per group. (F) Mouse vascular smooth muscle cells (VSMCs) were incu-
bated in the presence of calcifying medium for seven days. Mineral deposition in VSMCs was detected 
by ARS staining, n = 5 per group. (G) Heatmap of differentially expressed genes, n = 5. (H) Volcano 
plot showing FOSL1 as one of the most upregulated genes in microarray analysis: log 2-fold change 
versus log 2-fold regulation, n = 50 per group. (I) Western blot analysis of RUNX2, MSX2, OPN, and 
BMP2 protein expression, n = 3 per group. (J) Quantitative real-time polymerase chain reaction analy-
sis of FOSL1, BMP2, RUNX2, and OPN mRNA expression in mouse VSMCs, n = 5 per group. (K) 
FOSL1 mRNA expression in animal arteries, n = 12 per group. (L) FOSL1 protein expression in mouse 
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significant difference post hoc test) * p < 0.05, ** p < 0.01,*** p < 0.001,**** p < 0.0001. 

Figure 1. FOSL1 is up-regulated in vascular calcification both in vivo and in vitro. (A) Representative
ARS staining of whole aortic arteries isolated from C57 mice (original magnification scale bars =),
n = 3 per group. (B) Mouse arteries were isolated from vitD3 animal models, mineral deposition in
the aortic section was detected by ARS staining. (C) Calcium content of arteries was measured by a
calcium assay kit, n = 5 independent experiments. (D) Calcium deposition in aortas was detected by
ARS staining.; n = 4 per group. (E) mRNA expression levels of osteogenesis genes in animal aortas
were analyzed by RT-qPCR, n = 12 per group. (F) Mouse vascular smooth muscle cells (VSMCs) were
incubated in the presence of calcifying medium for seven days. Mineral deposition in VSMCs was
detected by ARS staining, n = 5 per group. (G) Heatmap of differentially expressed genes, n = 5.
(H) Volcano plot showing FOSL1 as one of the most upregulated genes in microarray analysis: log
2-fold change versus log 2-fold regulation, n = 50 per group. (I) Western blot analysis of RUNX2,
MSX2, OPN, and BMP2 protein expression, n = 3 per group. (J) Quantitative real-time polymerase
chain reaction analysis of FOSL1, BMP2, RUNX2, and OPN mRNA expression in mouse VSMCs,
n = 5 per group. (K) FOSL1 mRNA expression in animal arteries, n = 12 per group. (L) FOSL1 protein
expression in mouse arteries, n = 3 per group. Statistical analysis was performed using one-way
ANOVA (Tukey honestly significant difference post hoc test) * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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transfected with siFOSL1 and siNC under calcium medium for seven days. ARS staining was used 
to detect mineral deposition. (D) In accordance with C, calcium content was measured by a calcium 
content assay kit, n = 5 per group. (E) Western blot analysis of FOSL1, MSX2, OPN, and SP7, n = 3 
per group. Statistical analysis was performed using one-way ANOVA (Tukey honestly significant 
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Many studies have pointed out that apoptosis has an important role in regular min-

eral balance, which is the core mechanism in VSMC calcification [26]. However, there is 
no specific explanation for the role of ferroptosis in the process of VSMC calcification. As 
shown in Figure 3A,B, high Pi concentration can induce serious calcification in the aortic 
ring, which was more aggregate in the presence of the ferroptosis-inducing drug erastin, 

Figure 2. Effect of FOSL1 on vascular calcification of VSMCs. (A) mRNA expression of FOSL1 was
analyzed after being knocked down by three siRNAs for 48 h, n = 6 per group. (B) RT-qPCR was
used to detect the expression of FOSL1, SOX9, and OPG, n = 6 per group. (C) Mouse VSMCs were
transfected with siFOSL1 and siNC under calcium medium for seven days. ARS staining was used to
detect mineral deposition. (D) In accordance with C, calcium content was measured by a calcium
content assay kit, n = 5 per group. (E) Western blot analysis of FOSL1, MSX2, OPN, and SP7, n = 3
per group. Statistical analysis was performed using one-way ANOVA (Tukey honestly significant
difference post hoc test) * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.4. Ferroptosis Can Aggravate VSMC Calcification and ROS Generation

Many studies have pointed out that apoptosis has an important role in regular mineral
balance, which is the core mechanism in VSMC calcification [26]. However, there is no
specific explanation for the role of ferroptosis in the process of VSMC calcification. As
shown in Figure 3A,B, high Pi concentration can induce serious calcification in the aortic
ring, which was more aggregate in the presence of the ferroptosis-inducing drug erastin,
and the calcification can be relieved by Ferrostatin-1 (fer-1), a drug to protect cells from
ferroptosis [27]. These data show that ferroptosis can aggravate VSMC calcification.
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Figure 3. Ferroptosis can aggregate vascular calcification and cellular ROS generation. (A) Mineral
deposition in mouse aortic rings incubated with erastin (5 mM) or fer-1 (5 mM) in the presence of
calcifying medium for five days, n = 4. (B) Calcium content was measured as described in the Section 2.
(C) P53, SLC7A11, GSS, and FSP1 mRNA expression were determined by western blot, n = 8 per
group. (D) ROS generation with Pi, Pi+siFOSL1, Pi+erastin, and Pi+Fer-1 treatments compared with
normal control, n = 3 per group. Statistical analysis was performed using one-way ANOVA (Tukey
honestly significant difference post hoc test) * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Inhibition of FOSL1 Can Attenuate VSMC Calcification and ROS Generation through
Upregulation of SLC7A11 and Inhibiting Ferroptosis

Next, we investigated whether the protective effect of inhibiting FOSL1 in VSMC
calcification is attained through regulating ferroptosis.

We harvested mouse aortic VSMCs and assigned five treatments: normal control,
Pi+calcium, Pi+calcium+siFOSL1, Pi+calcium+erastin, and Pi+calcium+Fer-1. The ROS
content calculated by fluorescence intensity significantly increased under high Pi and
calcium treatments compared with the normal control. In addition, the ROS content also
increased after adding erastin to the Pi treatment. These results indicated that high Pi
and calcium conditions promoted oxidative stress in VSMCs. Conversely, ROS generation
significantly decreased after knocking down FOSL1 and Fer-1 treatment. These results
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suggested that FOSL1 is closely related to intracellular oxidative stress in VSMCs under
calcification conditions. Moreover, ferroptosis might aggravate vascular calcification by
upregulating intracellular ROS production.

Ferroptosis has been reported to be involved in many pathological processes including
cancer development, traumatic brain injury, and coronary artery disease, and SLC7A11
is a critical key factor in the processing of ferroptosis. As shown in Figure 3C, the level
of SLC7A11 was significantly reduced in the calcifying group, and inhibiting FOSL1 can
enhance the expression of SLC7A11 (Figure 4C,D). In addition, we measured the GSH
levels of VSMCs. GSH level is an indicator of redox reactions in cells, which is the main
convert in the process of ferroptosis. As shown in Figure 4E, GSH levels were significantly
upregulated when we knocked down FOSL1. So far, our data suggested the protection of
reducing FOSL1 in VSMC calcification was partly through inhibiting ferroptosis.

Biomedicines 2023, 11, x FOR PEER REVIEW 11 of 15 
 

 
Figure 4. Inhibition of FOSL1 can attenuate VSMC calcification through upregulation of SLC7A11 
and inhibition of ferroptosis. (A) Mineral deposition in VSMCs was detected by ARS staining and 
(B) calcium content assay; n = 5 per group. (C) P53, SLC7A11, GSS, and FSP1 mRNA expression 
were determined by RT-qPCR; n = 6 per group. (D) Western blot analysis of FOSL1, P53, SLC7A11, 
SP7, and MSX2 protein expression; n = 3 per group. (E) Cellular GSH levels were measured as de-
scribed in the methods section; n = 3 per group. Statistical analysis was performed using one-way 
ANOVA (Tukey honestly significant difference post hoc test) * p < 0.05, ** p < 0.01,*** p < 0.001,**** p 
< 0.0001. 

4. Discussion 
Cellular senescence is defined as an irreversible loss of proliferation potential. Cellu-

lar senescence contributes to vascular aging and vascular calcification. Characterized as a 
permanent cell cycle arrest of mitotic cells, which does not respond to various stimuli and 

Figure 4. Inhibition of FOSL1 can attenuate VSMC calcification through upregulation of SLC7A11
and inhibition of ferroptosis. (A) Mineral deposition in VSMCs was detected by ARS staining and



Biomedicines 2023, 11, 635 10 of 13

(B) calcium content assay; n = 5 per group. (C) P53, SLC7A11, GSS, and FSP1 mRNA expression were
determined by RT-qPCR; n = 6 per group. (D) Western blot analysis of FOSL1, P53, SLC7A11, SP7,
and MSX2 protein expression; n = 3 per group. (E) Cellular GSH levels were measured as described
in the Section 2; n = 3 per group. Statistical analysis was performed using one-way ANOVA (Tukey
honestly significant difference post hoc test) * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4. Discussion

Cellular senescence is defined as an irreversible loss of proliferation potential. Cellular
senescence contributes to vascular aging and vascular calcification. Characterized as a
permanent cell cycle arrest of mitotic cells, which does not respond to various stimuli and
undergo proinflammatory and proatherosclerotic phenotypic changes. Vascular calcifica-
tion is a very complex pathological process that is characterized by reduced vascular wall
elasticity and compliance [28]. It is an independent risk factor and an established predic-
tor for cardiovascular disease. Recent studies have considered it an active cell-regulated
process, and osteogenic differentiation of vascular smooth muscle cells plays a vital role
in the development of vascular calcification. The imbalance of ROS generation systems
and antioxidant systems can cause oxidative stress, which is closely related to key events
in vascular calcification progress, such as phosphate imbalance, VSMC differentiation,
inflammatory reaction, DNA damage, and extracellular matrix remodeling. Therefore,
understanding and elucidating the relationship between ROS generation and vascular
calcification might emphasize the role of antioxidants in treating vascular calcification. Our
study’s main aim is to find a therapeutic target for vascular calcification by exploring the
regulatory mechanism during the progression of vascular calcification.

In this study, we identified a transcriptional factor, FOSL1, that is involved in the
processes of high-phosphate and calcium-induced calcification in VSMCs. Additionally,
for the first time, we demonstrated the contribution of ferroptosis in the regulation of
vascular calcification. We found that FOSL1 inhibition attenuates vascular calcification and
decreases the expression of osteogenesis genes. In addition, we observed that reducing
FOSL1 also has an effect on SLC7A11 and P53, which are two major genes in regulating
ferroptosis. Our findings provide new insights into the mechanisms of the protection
caused by inhibiting FOSL1 in vascular calcification, which is not only through traditional
osteogenic differentiation but also through the regulation of ferroptosis.

FOSL1 has been shown to be involved in a wide range of cellular events, such as cell
proliferation, cell growth, and apoptosis [17]. FOSL1 is a transcription factor belonging to
the AP-1 family, which consists of many homodimers and heterodimers [29]. FOSL1 is one
of the most important subunits of the AP-1 complex. Many clinical studies have shown
that FOSL1 has considerably high expression in many solid tumors and is associated with
poor prognosis in patients [30]. In this study, we found that FOSL1 expression is strongly
up-regulated in vascular smooth muscle cells and aortas during vascular calcification.
FOSL1 has also been shown to regulate cartilage development. Until now, it has not been
clear whether FOSL1 contributes to the development of vascular calcification, but we show
that inhibiting FOSL1 by siRNA attenuates the calcification of VSMCs. For the first time,
we show that ferroptosis is involved in FOSL1-mediated VSMC calcification. These finding
could provide new insights into the pathogenesis of vascular calcification.

Previous studies have demonstrated that FOSL1 is essential for chondrogenesis and
bone mineralization [31]. One study revealed that FOSL1 can directly activate P21 and P16
signaling to promote vascular senescence [32], and vascular aging is one of the principal
risk factors owing to the high mortality of cardiovascular disease. In the endothelial
domain, Fosl1−/− embryos develop vascular defects in extraembryonic tissues and die [32].
Embryonic stem cells lacking FOSL1 differentiate into endothelial cells but do not form
primitive capillaries or tube-like structures, and FOSL1 is required for human umbilical
vein endothelial cell (HUVEC) assembly into vessels [33]. FOSL1 has also been reported to
modulate angiogenesis and β3 integrin and endothelial cell adhesion [33]. FOSL1 can also
act as a transcriptional regulator of angiogenesis-related genes [34]. The potential function
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of FOSL1 in vascularity is highly probable, and the mechanism of FOSL1 regulating vascular
angiogenesis and calcification is worth exploring.

As previously mentioned, several studies have found that multiple forms of cell death
may play a role in the pathogenesis of vascular calcification, and preventing VSMC death
can be an effective strategy for vessel protection [28]. Lipid peroxidation and inflammation
are two major risk factors contributing to atherosclerosis [16]. One study found that
atherosclerosis-prone apolipoprotein E-deficient (ApoE−/−) mice induced atherosclerosis
in the presence or absence of a commonly used ferroptosis inhibitor fer-1. Inhibition of
ferroptosis can significantly attenuate atherosclerotic lesions and partially inhibit iron
accumulation and lipid peroxidation, and reverse the enhanced expression of SLC7A11 and
GPX4 compared with the wide type [35]. Also, atherosclerosis has been known to cause
ischemia reperfusion (IR) with severe cell damage and death [36]. In a rat model of IR with
diabetes, Li et al. found that inhibition of ferroptosis by fer-1 attenuated ER stress and
alleviated myocardial damage, whereas promoting ferroptosis by erastin aggravated cell
damage [14]. In summary, accumulating evidence appears to demonstrate that ferroptosis
is involved in cardiovascular disease, so the role of ferroptosis is worthy of exploration.

Although this study presents significant novel findings, it still has several limitations.
First, the direct regulated relationship between FOSL1 and SLC7A11 needs to be further
validated, and the specific signaling needs to be confirmed. Second, as a transcription
factor, we speculate that there is a strong possibility that FOSL1 directly regulates SLC7A11,
and further experiments are needed to prove this theory. Third, to better illustrate the
relationship between ferroptosis and vascular calcification, clinical patient blood samples
could be used to provide this evidence. Finally, detecting ferroptosis levels in patients with
serious vascular calcification could show the potential relationship between the disease
and pathology process in a more intuitive way.

5. Conclusions

In conclusion, this study advances a better understanding of vascular calcification
during aging by providing a novel mechanistic link between ferroptosis and vascular
calcification. We observed a significant protective effect when we inhibited the expression
of FOSL1 during vascular calcification, which may occur through regulating ferroptosis.
We also demonstrated for the first time that inhibition of FOSL1 can attenuate vascular
calcification and osteogenic differentiation of VSMCs in the context of the P53-SLC7A11
axis, though the next step is providing evidence of the direct regulatory relationship. Our
data suggest that reducing the levels of FOSL1 could become a potential treatment strategy
for vascular calcification.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines11020635/s1, Figure S1: Semi-quantitative analysis of
the western blotting data presented in Figure 1I; Figure S2: Semi-quantitative analysis of the western
blotting data presented in Figure 1L; Figure S3: Semi-quantitative analysis of the western blotting
data presented in Figure 2E; Figure S4: quantitative analysis of the ROS generation data presented in
Figure 3D; Figure S5: Semi-quantitative analysis of the western blotting data presented in Figure 4D;
Figure S6: Semi-quantitative analysis of the western blotting data presented in Figure 4D.

Author Contributions: L.J. and N.T. designed the research. S.S. and W.H. carried out the analyses.
S.S. and Y.L. performed the molecular cell experiments. S.S., F.S. and Y.M. performed the animal
experiments. S.S. wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the National Natural Science Foundation (grant no. 82170339
and 82270241) and the NSFC Incubation Project of Guangdong Provincial People’s Hospital (grant
no. KY0120220021). The work was not funded by any industry sponsors. The funders had no role in
the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
The work was not funded by any industry sponsors.

https://www.mdpi.com/article/10.3390/biomedicines11020635/s1
https://www.mdpi.com/article/10.3390/biomedicines11020635/s1


Biomedicines 2023, 11, 635 12 of 13

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of NAME OF INSTITUTE (protocol code KY2020-475-01 and 1
September 2020 of approval) for studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Dubowitz, T.; Heron, M.; Basurto-Davila, R.; Bird, C.E.; Lurie, N.; Escarce, J.J. Racial/Ethnic Differences in US Health Behaviors:

A Decomposition Analysis. Am. J. Health Behav. 2011, 35, 290–304. [CrossRef] [PubMed]
2. Abedin, M.; Tintut, Y.; Demer, L.L. Vascular Calcification. Arter. Thromb. Vasc. Biol. 2004, 24, 1161–1170. [CrossRef] [PubMed]
3. László, A.; Reusz, G.; Nemcsik, J. Ambulatory arterial stiffness in chronic kidney disease: A methodological review. Hypertens.

Res. 2015, 39, 192–198. [CrossRef] [PubMed]
4. Lanzer, P.; Boehm, M.; Sorribas, V.; Thiriet, M.; Janzen, J.; Zeller, T.; St Hilaire, C.; Shanahan, C. Medial vascular calcification

revisited: Review and perspectives. Eur. Heart J. 2014, 35, 1515–1525. [CrossRef] [PubMed]
5. Shanahan, C.; Crouthamel, M.H.; Kapustin, A.; Giachelli, C.M. Arterial Calcification in Chronic Kidney Disease: Key Roles for

Calcium and Phosphate. Circ. Res. 2011, 109, 697–711. [CrossRef]
6. Lanzer, P.; Hannan, F.M.; Lanzer, J.D.; Janzen, J.; Raggi, P.; Furniss, D.; Schuchardt, M.; Thakker, R.; Fok, P.-W.; Saez-

Rodriguez, J.; et al. Medial Arterial Calcification. J. Am. Coll. Cardiol. 2021, 78, 1145–1165. [CrossRef]
7. Rensen, S.S.; Doevendans, P.A.; van Eys, G.J. Regulation and characteristics of vascular smooth muscle cell phenotypic diversity.

Neth. Heart J. Mon. 2007, 15, 100–108. [CrossRef]
8. Lexander, M.R.; Owens, G.K. Epigenetic Control of Smooth Muscle Cell Differentiation and Phenotypic Switching in Vascular

Development and Disease. Annu. Rev. Physiol. 2012, 74, 13–40. [CrossRef]
9. Ballantyne, M.D.; Pinel, K.; Dakin, R.; Vesey, A.T.; Diver, L.; MacKenzie, R.; Garcia, R.; Welsh, P.; Sattar, N.; Hamilton, G.; et al.

Smooth Muscle Enriched Long Noncoding RNA (SMILR) Regulates Cell Proliferation. Circulation 2016, 133, 2050–2065. [CrossRef]
10. Nakano-Kurimoto, R.; Ikeda, K.; Uraoka, M.; Nakagawa, Y.; Yutaka, K.; Koide, M.; Takahashi, T.; Matoba, S.; Yamada, H.;

Okigaki, M.; et al. Replicative senescence of vascular smooth muscle cells enhances the calcification through initiating the
osteoblastic transition. Am. J. Physiol.-Heart Circ. Physiol. 2009, 297, H1673–H1684. [CrossRef]

11. Bartoli-Leonard, F.; Wilkinson, F.L.; Schiro, A.; Serracino Inglott, F.; Alexander, M.Y.; Weston, R. Loss of SIRT1 in diabetes
accelerates DNA damage-induced vascular calcification. Cardiovasc. Res. 2021, 117, 836–849. [CrossRef] [PubMed]

12. Grootaert, M.O.J.; Moulis, M.; Roth, L.; Martinet, W.; Vindis, C.; Bennett, M.R.; De Meyer, G.R.Y. Vascular smooth muscle cell
death, autophagy and senescence in atherosclerosis. Cardiovasc. Res. 2018, 114, 622–634. [CrossRef] [PubMed]

13. Giuliani, N.; Lisignoli, G.; Magnani, M.; Racano, C.; Bolzoni, M.; Palma, A.B.D.; Spolzino, A.; Manferdini, C.; Abati, C.;
Toscani, D.; et al. New Insights into Osteogenic and Chondrogenic Differentiation of Human Bone Marrow Mesenchymal Stem
Cells and Their Potential Clinical Applications for Bone Regeneration in Pediatric Orthopaedics. Stem Cells Int. 2013, 2013, 1–11.
[CrossRef] [PubMed]

14. Li, J.; Cao, F.; Yin, H.; Huang, Z.; Lin, Z.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis. 2020,
11, 88. [CrossRef] [PubMed]

15. Huang, F.; Yang, R.; Xiao, Z.; Xie, Y.; Lin, X.; Zhu, P.; Zhou, P.; Lu, J.; Zheng, S. Targeting Ferroptosis to Treat Cardiovascular
Diseases: A New Continent to Be Explored. Front. Cell Dev. Biol. 2021, 9, 737971. [CrossRef] [PubMed]

16. Zhong, S.; Li, L.; Shen, X.; Li, Q.; Xu, W.; Wang, X.; Tao, Y.; Yin, H. An update on lipid oxidation and inflammation in cardiovascular
diseases. Free. Radic. Biol. Med. 2019, 144, 266–278. [CrossRef] [PubMed]

17. Talotta, F.; Casalino, L.; Verde, P. The nuclear oncoprotein Fra-1: A transcription factor knocking on therapeutic applications’ door.
Oncogene 2020, 39, 4491–4506. [CrossRef] [PubMed]

18. Fan, F.; Podar, K. The Role of AP-1 Transcription Factors in Plasma Cell Biology and Multiple Myeloma Pathophysiology. Cancers
2021, 13, 2326. [CrossRef]

19. Angel, P.; Karin, M. The role of Jun, Fos and the AP-1 complex in cell-proliferation and transformation. Biochim. Biophys. Acta
1991, 1072, 129–157. [CrossRef]

20. Shaulian, E.; Karin, M. AP-1 as a regulator of cell life and death. Nature 2002, 4, E131–E136. [CrossRef]
21. Cobb, A.M.; Yusoff, S.; Hayward, R.; Ahmad, S.; Sun, M.; Verhulst, A.; D’Haese, P.C.; Shanahan, C.M. Runx2 (Runt-Related

Transcription Factor 2) Links the DNA Damage Response to Osteogenic Reprogramming and Apoptosis of Vascular Smooth
Muscle Cells. Arter. Thromb. Vasc. Biol. 2021, 41, 1339–1357. [CrossRef]

22. Patel, J.J.; Srivastava, S.; Siow, R.C.M. Isolation, Culture, and Characterization of Vascular Smooth Muscle Cells. In Angiogenesis
Protocols; Martin, S.G., Hewett, P.W., Eds.; Springer: New York, NY, USA, 2016; Volume 1430, pp. 91–105. [CrossRef]

23. Metz, R.P.; Patterson, J.L.; Wilson, E. Vascular Smooth Muscle Cells: Isolation, Culture, and Characterization. In Cardiovascular
Development; Peng, X., Antonyak, M., Eds.; Humana Press: Totowa, NJ, USA, 2011; Volume 843, pp. 169–176. [CrossRef]

http://doi.org/10.5993/AJHB.35.3.4
http://www.ncbi.nlm.nih.gov/pubmed/21683019
http://doi.org/10.1161/01.ATV.0000133194.94939.42
http://www.ncbi.nlm.nih.gov/pubmed/15155384
http://doi.org/10.1038/hr.2015.137
http://www.ncbi.nlm.nih.gov/pubmed/26631849
http://doi.org/10.1093/eurheartj/ehu163
http://www.ncbi.nlm.nih.gov/pubmed/24740885
http://doi.org/10.1161/CIRCRESAHA.110.234914
http://doi.org/10.1016/j.jacc.2021.06.049
http://doi.org/10.1007/BF03085963
http://doi.org/10.1146/annurev-physiol-012110-142315
http://doi.org/10.1161/CIRCULATIONAHA.115.021019
http://doi.org/10.1152/ajpheart.00455.2009
http://doi.org/10.1093/cvr/cvaa134
http://www.ncbi.nlm.nih.gov/pubmed/32402066
http://doi.org/10.1093/cvr/cvy007
http://www.ncbi.nlm.nih.gov/pubmed/29360955
http://doi.org/10.1155/2013/312501
http://www.ncbi.nlm.nih.gov/pubmed/23766767
http://doi.org/10.1038/s41419-020-2298-2
http://www.ncbi.nlm.nih.gov/pubmed/32015325
http://doi.org/10.3389/fcell.2021.737971
http://www.ncbi.nlm.nih.gov/pubmed/34527678
http://doi.org/10.1016/j.freeradbiomed.2019.03.036
http://www.ncbi.nlm.nih.gov/pubmed/30946962
http://doi.org/10.1038/s41388-020-1306-4
http://www.ncbi.nlm.nih.gov/pubmed/32385348
http://doi.org/10.3390/cancers13102326
http://doi.org/10.1016/0304-419X(91)90011-9
http://doi.org/10.1038/ncb0502-e131
http://doi.org/10.1161/ATVBAHA.120.315206
http://doi.org/10.1007/978-1-4939-3628-1_6
http://doi.org/10.1007/978-1-61779-523-7_16


Biomedicines 2023, 11, 635 13 of 13

24. Chen, N.X.; O’Neill, K.D.; Duan, D.; Moe, S.M. Phosphorus and uremic serum up-regulate osteopontin expression in vascular
smooth muscle cells. Kidney Int. 2002, 62, 1724–1731. [CrossRef] [PubMed]

25. Skouta, R.; Dixon, S.J.; Wang, J.; Dunn, D.E.; Orman, M.; Shimada, K.; Rosenberg, P.A.; Lo, D.C.; Weinberg, J.M.;
Linkermann, A.; et al. Ferrostatins Inhibit Oxidative Lipid Damage and Cell Death in Diverse Disease Models. J. Am.
Chem. Soc. 2014, 136, 4551–4556. [CrossRef] [PubMed]

26. Karohl, C.; Gascón, L.D.; Raggi, P. Noninvasive imaging for assessment of calcification in chronic kidney disease. Nat. Rev.
Nephrol. 2011, 7, 567–577. [CrossRef] [PubMed]

27. Han, Y.; Zhao, X.; Sun, Y.; Sui, Y.; Liu, J. Retracted: Effects of FOSL1 silencing on osteosarcoma cell proliferation, invasion and
migration through the ERK/AP-1 signaling pathway. J. Cell. Physiol. 2018, 234, 3598–3612. [CrossRef] [PubMed]

28. Chen, Y.; Zhao, X.; Wu, H. Arterial Stiffness. Arter. Thromb. Vasc. Biol. 2020, 40, 1078–1093. [CrossRef] [PubMed]
29. Eferl, R.; Wagner, E.F. AP-1: A double-edged sword in tumorigenesis. Nat. Rev. Cancer 2003, 3, 859–868. [CrossRef] [PubMed]
30. Matsuo, K.; Owens, J.M.; Tonko, M.; Elliott, C.; Chambers, T.J.; Wagner, E.F. Fosl1 is a transcriptional target of c-Fos during

osteoclast differentiation. Nat. Genet. 2000, 24, 184–187. [CrossRef]
31. Yang, D.; Xiao, C.; Long, F.; Wu, W.; Huang, M.; Qu, L.; Zhu, Y. Fra-1 plays a critical role in angiotensin II—Induced vascular

senescence. FASEB J. 2019, 33, 12. [CrossRef]
32. Evellin, S.; Galvagni, F.; Zippo, A.; Neri, F.; Orlandini, M.; Incarnato, D.; Dettori, D.; Neubauer, S.; Kessler, H.; Wagner, E.F.; et al.

FOSL1 Controls the Assembly of Endothelial Cells into Capillary Tubes by Direct Repression of αv and β3 Integrin Transcription.
Mol. Cell. Biol. 2013, 33, 1198–1209. [CrossRef]

33. Galvagni, F.; Orlandini, M.; Oliviero, S. Role of the AP-1 transcription factor FOSL1 in endothelial cell adhesion and mi-gration.
Cell Adhes. Migr. 2013, 7, 4. [CrossRef]

34. Nitkin, C.R.; Xia, S.; Menden, H.; Yu, W.; Xiong, M.; Heruth, D.P.; Ye, S.Q.; Sampath, V. FOSL1 is a novel mediator of
endotoxin/lipopolysaccharide-induced pulmonary angiogenic signaling. Sci. Rep. 2020, 10, 13143. [CrossRef] [PubMed]

35. Cui, L.; Bai, Y.; Zhang, J.; Zhang, S.; Xu, J. Effects of extracellular acid stimulation on rat vascular smooth muscle cell in Gas6/Axl
or PI3K/Akt signaling pathway. Clin. Exp. Hypertens. 2016, 38, 451–456. [CrossRef] [PubMed]

36. Chen, Y.; Fan, H.; Wang, S.; Tang, G.; Zhai, C.; Shen, L. Ferroptosis: A Novel Therapeutic Target for Ischemia-Reperfusion Injury.
Front. Cell Dev. Biol. 2021, 9, 688605. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1046/j.1523-1755.2002.00625.x
http://www.ncbi.nlm.nih.gov/pubmed/12371973
http://doi.org/10.1021/ja411006a
http://www.ncbi.nlm.nih.gov/pubmed/24592866
http://doi.org/10.1038/nrneph.2011.110
http://www.ncbi.nlm.nih.gov/pubmed/21862991
http://doi.org/10.1002/jcp.27048
http://www.ncbi.nlm.nih.gov/pubmed/30471098
http://doi.org/10.1161/ATVBAHA.120.313131
http://www.ncbi.nlm.nih.gov/pubmed/32237904
http://doi.org/10.1038/nrc1209
http://www.ncbi.nlm.nih.gov/pubmed/14668816
http://doi.org/10.1038/72855
http://doi.org/10.1096/fj.201801671RRRR
http://doi.org/10.1128/MCB.01054-12
http://doi.org/10.4161/cam.25894
http://doi.org/10.1038/s41598-020-69735-z
http://www.ncbi.nlm.nih.gov/pubmed/32753701
http://doi.org/10.3109/10641963.2016.1163366
http://www.ncbi.nlm.nih.gov/pubmed/27362907
http://doi.org/10.3389/fcell.2021.688605
http://www.ncbi.nlm.nih.gov/pubmed/34447746

	Introduction 
	Materials and Methods 
	Experimental Animals and I/R Models 
	Animal Experiments 
	Cell Culture 

	Cell Transfection 
	Quantitative Real-Time Polymerase Chain Reaction 
	Western Blot Analysis 
	Determination of Calcification 
	Arterial Ring Organ Culture 
	GSH Assay 
	ROS Assay 
	Statistical Analysis 

	Results 
	FOSL1 Expression Is Induced after vitD3 Treatment In Vivo 
	Expression of FOSL1 Was Increased in Vascular Calcification Both In Vivo and In Vitro 
	Knockdown of FOSL1 Attenuated VSMC Calcification 
	Ferroptosis Can Aggravate VSMC Calcification and ROS Generation 
	Inhibition of FOSL1 Can Attenuate VSMC Calcification and ROS Generation through Upregulation of SLC7A11 and Inhibiting Ferroptosis 

	Discussion 
	Conclusions 
	References

