
Chen et al. Molecular Medicine           (2024) 30:90  
https://doi.org/10.1186/s10020-024-00859-y

RESEARCH ARTICLE Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/.

Molecular Medicine

Iron deficiency affects oxygen transport 
and activates HIF1 signaling pathway 
to regulate phenotypic transformation of VSMC 
in aortic dissection
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Abstract 

Background  Aortic dissection (AD) is a macrovascular disease which is pathologically characterized by aortic media 
degeneration.This experiment aims to explore how iron deficiency (ID) affects the function of vascular smooth muscle 
cell (VSMC) and participates in the occurrence and development of AD by regulating gene expression.

Methods  The relationship between iron and AD was proved by Western-blot (WB) and immunostaining experiments 
in human and animals. Transcriptomic sequencing explored the transcription factors that were altered downstream. 
WB, flow cytometry and immunofluorescence were used to demonstrate whether ID affected HIF1 expression 
through oxygen transport. HIF1 signaling pathway and phenotypic transformation indexes were detected in cell 
experiments. The use of the specific HIF1 inhibitor PX478 further demonstrated that ID worked by regulating HIF1.

Results  The survival period of ID mice was significantly shortened and the pathological staining results were 
the worst. Transcriptomic sequencing indicated that HIF1 was closely related to ID and the experimental results 
indicated that ID might regulate HIF1 expression by affecting oxygen balance. HIF1 activation regulates the pheno-
typic transformation of VSMC and participates in the occurrence and development of AD in vivo and in vitro.PX478, 
the inhibition of HIF1, can improve ID-induced AD exacerbation.

Highlights 

1.	 This study demonstrated for the first time that ID can alter HIF1 transcription through oxygen transport and par-
ticipate in the occurrence of AD.

2.	 The promoting effect of ID on phenotypic transformation of VSMC may be through HIF1 signaling pathway.
3.	 Specific inhibition of HIF1 can effectively alleviate the exacerbation of AD disease caused by ID and HIF1 may be 

an important target for drug therapy of AD.
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Introduction
Aortic dissection (AD) is a life-threatening condi-
tion caused by a tear in the intimal layer of the aorta or 
bleeding within the aortic wall, resulting in the separa-
tion (dissection) of the layers of the aortic wall (Akutsu 
2019). Aortic dissection is most common in individuals 
aged 65–75 years, with an incidence rate of 35 cases per 
100,000 people per year in this population (Evangelista 
et  al. 2018). Aortic media degeneration (AMD), char-
acterized by cytoskeleton destruction and dysfunction 
of aortic smooth muscle cells (ASMCs), as well as phe-
notypic switching and apoptosis, is considered to be the 
specific condition that promotes AD development (Shen 
et al. 2020). How to regulate the occurrence and develop-
ment of ADby influencing the structure and function of 
smooth muscle cells has always been a hot topic in car-
diovascular surgery research and finding suitable targets 
to delay the occurrence of AD is what we pursue.

Trace element iron plays crucial roles in various bio-
chemical processes within organisms, such as hemo-
globin synthesis and peroxidase activation (Shi and 
Wang 2020). Iron deficiency (ID) can activate multi-
ple signal transduction pathways and regulate oxida-
tive stress, phenotypic remodeling and inflammatory 
response of vascular smooth muscle cells (VSMC), 
thereby affecting AMD development (Li et  al. 2021).
There is substantial evidence supporting the central 
involvement of hypoxia-inducible factors (HIFs) in 
the iron-deficient environment (Camaschella 2019); 
however, there is currently no clear evidence dem-
onstrating how HIFs are involved in the pathological 
process underlying AD occurrence and development. 
Hypoxia-inducible factor 1 (HIF1) is the central actor 
of an ancient, highly conserved pathway that responds 
to low-oxygen conditions. This transcription factor 
is composed of two subunits: constitutively expressed 
HIF1β and oxygen-sensitive HIF1α.In normoxic condi-
tions, the HIF prolyl hydroxylases (PHDs) and aspar-
aginyl hydroxylase (Factor Inhibiting HIF or FIH, 
respectively) modify residues on HIF1α that target 
the protein for degradation and prevent its transcrip-
tional activity. During hypoxia, these posttranslational 
modifications are limited, allowing HIF1α to enter the 
nucleus, dimerize with HIF1β, and bind to genomic 
hypoxia response elements to promote transcription 
(Knutson et  al. 2021).When it combines with target 
genes, the body produces a series of reactions through 
transcription and post-transcriptional regulation, some 
of which, despite the nature of adaptive compensation, 

often cause pathological damage to the body, such as 
hypoxic pulmonary hypertension (HPH) and acceler-
ated tumor growth (Cyran and Zhitkovich 2022; Chen 
et  al. 2019). Therefore, overactivation of HIF1 signal 
may promote the occurrence of AD by affecting vascu-
lar function.

The purpose of this study is to explore the direct cor-
relation between ID and HIF1, and how ID affects the 
phenotypic transformation of VSMC through HIF1 to 
participate in the development of AD, so as to provide 
more feasible research ideas for the treatment of AD.

Materials and methods
Human tissues
The experimental ethics were reviewed and approved 
by the Clinical Research Ethics Committee of Renmin 
Hospital of Wuhan University(China). All human speci-
mens were used with the informed written consent of 
all patients and donors (WDRY2020-K230). Six aortic 
specimens were obtained from patients with type A aor-
tic dissection who underwent aortic replacement surgery 
between April 2021 and August 2023 and who did not 
exhibit any phenotypic characteristics of known genetic 
disorders, such as Marfan syndrome and loeysdietz 
syndrome. In addition, 6 samples of normal aorta were 
obtained from brain-dead patients or heart transplant 
patients who were registered as heart donors. Human 
aorta samples are mainly used for immunostaining and 
western-blot.

Animals and cells
Male C57 mice (average weight: 12 g; age: 3 weeks) were 
purchased from Mouse Treasure Corporation (China). 
Mice were randomly assigned to each group (6 mice per 
group) and mice were fed a special diet containing 0.25% 
β-Aminopropionitrile (BAPN) (Yuanye company, S44439, 
China) to construct an AD model (Pan et al. 2022). Feed 
for 4 weeks to build AD model and when some mice died 
during the course, the samples were fixed in time. BAPN 
feed and iron-deficient feed were purchased from Bei-
jing Huafukang Company. All animal experiments were 
approved by the Ethics Committee of Renmin Hospital of 
Wuhan University (WDRM20201107).The mouse aorta 
smooth muscle cell line of MOVAS (Enzyme-link Bio-
technology, ML096614, Shanghai) was used in cell exper-
iments (Xiao et al. 2023). The cells were cultured in a 37 
degree incubator with 5% CO2. Angiotensin-II (Ang-II) 
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reatment of MOVAS cells can induce their transforma-
tion from contractile to synthetic, simulating the process 
of AD. Deferoxamine (DFO) is an iron chelating agent 
that reduces the deposition of free iron ions in cells and 
simulates iron-deficient environments.

Transcriptomic sequencing
Whole transcriptomic sequencing was performed on 
freshly obtained human aorta specimens (3 independ-
ent samples per group), and the sequencing technology 
was provided by Sangon Biotech (Shanghai). After ana-
lyzing the sequencing results, the treated MOVAS cells 
were sequenced again in order to exclude the large differ-
ences in the human tissue itself (3 independent samples 
per group). The two sequencing results were basically 
consistent, which verified the reliability of the experi-
ment.Ten thousand sequences were randomly selected 
from Clean data and compared with NCBI NT data-
base for blastn comparison. Comparison results with 
evalue <  = 1e−10, similarity > 90% and coverage > 80% 
were used to calculate their species distribution.

Flow cytometry
To detect the expression changes of ROS, iron and HIF1s 
(CST,#36,169,USA) in vivo and in vitro experiments, flow 
cytometry was performed on mouse blood and movas 
cell lines after modeling.

Peripheral blood was collected from the eye socket and 
red blood cells were removed with red blood cell lysate 
to eliminate the influence of blood color on fluorescence 
intensity.HIF1 antibody and iron ion fluorescent probe 
(Solarbio,#121,714,China) were used for 37 °C dark stain-
ing 30 min.

The evaluation of ROS changes in movas cells involved 
the use of flow cytometry to detect dihydroethidine 
(DHE) (Beyotime, #S0063, China) probe for measur-
ing ROS concentrations. The fluorescence intensity (FI) 
emitted by DHE was quantified in the control group, and 
initially, DHE (blank) was not added during analysis to 
ensure undisturbed fluorescence emission.

Immunohistochemistry/immunofluorescence
To assess the expression and subcellular localization of 
relevant proteins in aortic smooth muscle cells, immu-
nostaining was performed on aortic sections. After the 
sections were hydrated with xylene and gradient alco-
hol, they were repaired by microwave heating in sodium 
citrate buffer (Servicebio,#G1201,Wuhan). The sections 
were sealed with goat serum and incubated overnight at 
4 ℃ for primary antibody. After incubation of the cor-
responding goat secondary antibody the next day, DAB 
(Servicebio, #G1212, Wuhan) was used for positive signal 
color development DAPI (Servicebio, #G1012, Wuhan) 

was used for immunofluorescence staining). A standing 
microscope was used to take pictures under different 
fields of view (Image magnification is 10× and 40×, the 
confocal shooting multiple is 200×) and the acquired pic-
tures were analyzed by Image J software.

Western blotting (WB)
Tissues and cells were washed with a PBS and lysed 
in RIPA buffer (Beyotime, #P0013K, China) contain-
ing cocktail (Servicebio, #G2006-250UL, China) and 
phenylmethylsulfonyl fluoride (Servicebio, #G2008-
1ML, China) on ice. Tissue fragments and cell debris 
were extracted by centrifugation(10,000g, 4  °C, 12  min) 
after ultrasonication, and the protein concentration 
of the supernatant was determined by a BCA assay 
(Beyotime, #P0010, China). Equal amounts of proteins 
(MOVAS, 20 μg; human tissue, 200 μg; and mouse aor-
tic tissue, 120 μg) were resolved by 8%–10% SDS PAGE 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Merck Millipore, # ISEQ00010, USA). 
After being blocked with 5% skimmed milk in PBST for 
1.5  h, the membranes were incubated overnight with 
anti-HIF1 antibodies (1: 600,CST,#36,169, USA), anti-
VEGF antibodies (1:500, ThermoFisher, MA5-13,182, 
USA), anti-iNOS antibodies (1: 600,CST,#2982, USA), 
anti-eNOS antibodies (1: 600,CST,#5880, USA) anti-α-
SMA antibodies (1: 800, Servicebio, #GB111364, China), 
anti-SM-22α antibodies (1: 1000; Beyotime, #AF5318, 
China), anti-OPN antibodies (1: 1000; Proteintech, 
#22,952–1-AP, USA), anti-MMP2 antibodies (1: 1000; 
Servicebio, #GB11130, China), anti-MMP9 antibodies 
(1: 1000; Beyotime, #AF5234, China), and anti-β-actin 
(1: 1000; Proteintech, #66,009–1-Ig, USA) primary anti-
bodies at 4  °C. The membranes were washed and incu-
bated with IRDye-800CW-conjugated goat anti-mouse 
IgG (1: 20 000; Li-Cor, #926–32,210, USA) or goat anti-
rabbit IgG (1: 20 000; Li-cor, #925–32,211, USA) and 
HRP-conjugated goat anti-mouse IgG (1: 20 000; Li-cor, 
#926–80,010, USA) or goat anti-rabbit IgG (1: 20 000; 
Li-Cor, #926–80,011, USA) secondary antibodies. The 
membranes were scanned using an Odyssey (Li-Cor Bio-
sciences, USA) and chemiluminescence apparatus (BIO-
RAD, USA), and the grayscale value of each band was 
qualified using paired software. At least 3 independent 
experiments were performed.

Masson and Elastic van Gieson
Aortic tissue was fixed, dehydrated and embedded in 
paraffin, and sectioned as described above. As for Mas-
son staining, sections were stained with hematoxy-
lin (Servicebio, #G1004, Wuhan) solution for 10  min, 
differentiated with 1% hydrochloric acid ethanol, 
and then stained with ponceau acid fuchsin solution, 
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phosphomolybdic acid solution and aniline blue solution 
(Servicebio, #G1032, Wuhan) successively. Subsequently, 
sections were dehydrated with gradient ethanol, made 
transparent with xylene, and mounted with neutral resin. 
Images were captured by an optical microscope. The red 
part represents elastic fibers and the blue part represents 
collagen.

As for Elastic van Gieson (EVG) staining, alcohol 
hematoxylin, ferric chloride, and iodine solution were 
mixed with EVG dye solution according to a certain 
proportion. The sections were immersed in the EVG 
dye solution for 30  min and then rinsed under running 
water. Iron trichloride differentiation liquid differenti-
ated, to the elastic fibers appeared dark purple against an 
almost colorless background. Saturated picric acid was 
mixed with ponceau S (Servicebio, #G2011, Wuhan)stain 
to form the EVG dye solution. Sections were stained for 
1–3 min, then rapidly washed, dehydrated, and mounted.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 6.0 (GraphPad Software, USA), and the results are 
presented as the mean ± standard deviation (SD). Mouse 
survival was compared using the logrank test. For ex vivo 
experiments, the analysis of variance (one-way ANOVA) 
followed by Dunnett’s test was used to compare differ-
ences among multiple groups. Other measurements were 
performed using unpaired Student’s t-test. P < 0.05 were 
considered statistically significant.

Results
Iron deficiency increases the incidence of aortic dissection 
and aggravates the degree of aortic lesions
Free iron ions were detected in the serum of 12 patients, 
and a significant reduction in serum iron levels was 
observed among individuals with AD, providing evi-
dence for the presence of iron deficiency in AD patients 

Fig. 1  ID promotes the development of AD and increases the extent of the lesions. A Serum iron content of patients (n = 6). B Western-blotting 
results and statistical analysis of relevant indicators in human. C Detection of serum iron in modeling mice (n = 6). D Survival curve of mice. 
E Appearance of mouse aorta. F Lesion involvement length. G and H EVG and Masson staining results and statistics.All data were presented 
as mean ± SD. Survival curve was compared using the logrank test (HR = hazard ratio). ns means that thereis no statistical significance, **p < 0.01, 
*p < 0.05
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(Fig.  1A). The human aortic protein was extracted for 
Western blot analysis, which revealed an up-regulation of 
TF expression in response to iron deficiency and signifi-
cant alterations in indices associated with AD (Fig. 1B). 
After establishing an animal model of iron deficiency, 
we quantified the levels of serum iron ions in mice and 
observed a significant reduction associated with an iron-
deficient diet, thereby validating our modeling outcomes 
(Fig. 1C). Survival curves (Fig. 1D) demonstrated that an 
iron-deficient diet exacerbated BAPN-induced aortic dis-
section occurrence, making it more challenging for mice 
to survive. The ruptured aorta was imaged for compara-
tive analysis and the extent of aortic involvement in aor-
tic dissection was quantified for all mice (Fig. 1E and F). 
The findings revealed that iron deficiency exacerbated 

the extent of aortic dissection lesions and amplified the 
area of aortic rupture. The aorta of the mouse was sub-
jected to EVG and Masson staining for the analysis of 
pathological alterations (Fig.  1G and H). The findings 
revealed that iron deficiency compromised the structural 
integrity by augmenting smooth muscle fiber breakdown 
while diminishing their content.

Iron deficiency leads to oxidative stress and increases HIF1 
expression
Initially, transcriptomic sequencing was performed on 
human specimens to investigate potential downstream 
alterations (Fig. 2A). The sequencing results revealed a 
significant increase in the expression of HIF1 and TF in 
the AD group, indicating a strong correlation between 

Fig. 2  ID promotes the expression of HIF1 through inducing oxidative stress. A Human transcriptomic sequencing results. B WB detection 
and analysis of HIF1 and TF in human. C Immunofluorescence of HIF1 and TF in human aortic. D Immunofluorescence of α-SMA and 8-OHdg 
in human aortic. E Immunofluorescence of α-SMA and 8-OHdg in mouse aortic. F MOVAS transcriptomic sequencing results. G WB detection 
and analysis of HIF1 and TF in MOVAS. H The contents of ROS, HIF1 and iron were determined by cytometry. I Quantification of iron ion levels 
and enumeration of HIF1-positive cells. Data are representative of three independent experiments and presented as mean ± SD. ns means 
that thereis no statistical significance, **p < 0.01
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iron deficiency and HIF1 expression. Subsequently, 
protein extraction from the human aorta was per-
formed to validate the sequencing results at the protein 
level, accompanied by an investigation into the cor-
relation between HIF1 and TF (Fig.  2B). The Western 
blot experiments revealed a significant up-regulation of 
TF and HIF1 expression in the aorta of the AD group, 
demonstrating a positive correlation. Immunofluores-
cence staining of human aorta sections confirmed the 
findings obtained from WB experiments, thereby fur-
ther validating the elevated expressions of TF and HIF1 
observed in the sequencing results (Fig. 2C). To validate 
the induction of oxidative stress by iron deficiency, we 
assessed alterations in 8-OHdg levels (a reliable marker 
for oxidative stress) within aortic specimens obtained 
from both human subjects and animal models (Fig. 2D 
and E). The immunofluorescence results revealed a sig-
nificant increase in 8-OHdg expression and elevated 
levels of oxidative stress induced by iron deficiency. To 
minimize inter-individual tissue variations in human 
specimens during experimentation, transcriptome 
sequencing was conducted on movas cells subjected 
to diverse experimental conditions (AngII + DFO vs 
AngII). In line with our findings derived from human 
sequencing data, both HIF1 and TF expressions exhib-
ited a significant up-regulation in the context of iron 
deficiency (Fig.  2F). The protein extraction from cells 
for Western blot detection revealed a positive cor-
relation between TF and HIF1 expression (Fig.  2G), 
suggesting that iron deficiency may contribute to the 
up-regulation of HIF-1 expression induced by oxida-
tive stress. The flow cytometry analysis conducted on 
iron-deficient cells revealed a significant increase in 
intracellular levels of reactive oxygen species (ROS), 
accompanied by an up-regulation of HIF1 expression 
(Fig. 2H and I).

HIF1 signal activation leads to phenotypic transformation 
of smooth muscle cells in vivo
According to the results of KEGG analysis (Fig.  3A), 
there is a significant alteration observed in the HIF1 sign-
aling pathway in AD patients, which may be intricately 
associated with the pathogenesis and progression of 
this disorder. According to the sequencing results, there 
were significant alterations observed in the downstream 
proteins of the HIF1 signaling pathway (Fig.  3B). The 
expression of HIF1 in the human aorta was preliminarily 
correlated with α-SMA, an established marker for VSMC 
transformation, as determined by immunofluorescence 
and Immunohistochemistry detection (Fig.  3C and D). 
The human aortic protein was detected using Western 
blot analysis, revealing a significant up-regulation in 

downstream protein expression within the HIF1 signal-
ing pathway (Fig. 3E). Immunohistochemistry and immu-
nofluorescence staining were performed in animal aorta 
sections (Fig. 3F and G), the staining results showed that 
iron deficiency could activate HIF1 signaling pathway, 
promote the transformation of aortic smooth muscle 
cells into synthetic and accelerate the progression of AD.

The activation of HIF1 leads to the phenotypic 
transformation of VSMCs through VEGF in vitro
According to the Gene Ontology (GO) analysis con-
ducted after cell sequencing, iron deficiency was found 
to primarily induce alterations in cellular processes and 
components (Fig. 4A). Specifically, the GO analysis indi-
cated significant alterations in vascular function and 
structure, as well as modifications and remodeling of cel-
lular intima organs (Fig. 4B). To validate these sequenc-
ing results, WB detection was performed on extracted 
cells which confirmed that HIF activated VEGF expres-
sion promotes phenotypic transformation of smooth 
muscle cells in  vitro (Fig.  4C). Immunofluorescence co-
localization was employed to demonstrate the interac-
tion between HIF1 and VEGF (Fig. 4D). WB experiments 
indicated a significant increase in expression of the HIF1 
signaling pathway after ID treatment (Fig. 4E). Following 
ID + AngII treatment, cellular morphology changed from 
elongated shuttle-like shape to oval shape while exhibit-
ing a significant alteration in HIF1 downstream signaling 
pathway (eNOS) as well (Fig. 4F).

Inhibition of HIF1 can attenuate the phenotypic 
transformation of VSMC and ameliorate the occurrence 
and progression of AD
The survival analysis revealed that PX478, a specific 
inhibitor of HIF1, significantly extended the survival 
period in mice with ID + AngII-induced AD (Fig.  5A). 
External examination revealed that PX478 reduced the 
incidence of aortic dissection and mitigated the extent 
of dissection rupture (Fig.  5B and C). EVG and Mas-
son staining results also indicated that PX478 improved 
elastic fiber integrity and decreased elastic collagen 
deposition in mouse aortas (Fig.  5D and E).The WB 
analysis in vitro experiments demonstrated the suppres-
sive effect of PX478 on the expression levels of pheno-
typic transformation markers in smooth muscle cells, 
while showing no significant impact on iron metabolism 
(Fig. 5F). Moreover, the inhibition of HIF1 was validated 
by cell fluorescence staining, which demonstrated a 
significant reduction in VEGF expression. This finding 
further strengthens the potential of HIF1 inhibitors to 
enhance smooth muscle cell phenotypic transformation 
(Fig. 5G).
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Discussion
Aortic dissection, a life-threatening condition, is primar-
ily managed through surgical intervention due to the 
absence of viable pharmacological treatment options 
(Tadros et  al. 2019; Zhu et  al. 2020). The prognosis is 
unfavorable, and the quality of life remains unsatisfac-
tory; therefore, it is imperative to investigate the underly-
ing pathological changes associated with AD occurrence 
and conduct fundamental research on potential pharma-
cological interventions that can ameliorate its progres-
sion. This study demonstrates the crucial role of trace 
element iron in maintaining aortic health within the 

body (Klip et al. 2017). Iron deficiency triggers hypoxia-
induced activation of HIF1, which subsequently regulates 
downstream gene transcription alterations, promotes 
phenotypic transformation of VSMCs, and exacerbates 
AD severity (Liu et al. 2023). By inhibiting HIF1 activity, 
it is possible to ameliorate VSMC phenotype transfor-
mation and thereby decelerate disease progression while 
extending survival in mouse models. Given its prevalence 
among humans as a nutritional state, iron deficiency 
plays a pivotal role in cardiovascular diseases (Janbandhu 
et  al. 2022). Our previous investigation revealed that 
iron deficiency worsens aortic expansion by disrupting 

Fig. 3  HIF1 signaling activation promotes phenotypic transformation of VSMC in vivo. A KEGG analysis of human aorta. B HIF1 signaling pathway. C 
Immunofluorescence of α-SMA and VEGF in human aorta. D Immunohistochemistry of eNOS in human aorta. E WB detection and analysis of HIF1 
pathway protein in human. F Immunofluorescence of α-SMA and VEGF in mouse aorta. G Immunohistochemistry of eNOS in mouse aorta. Data are 
representative of three independent experiments and presented as mean ± SD. ns means that thereis no statistical significance, **p < 0.01
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cytoskeletal integrity (Prabhakar et  al. 2020). Osteo-
pontin (OPN) can promote inflammation by promot-
ing the chemotaxis and adhesion of macrophages and 
T cells, and increase the cell-mediated underwear buy-
ing process. OPN can also participate in the activation 
of MMP-9 precursors to promote the transformation of 
VSMC from systolic to synthetic. Phenotypic switching 
of VSMCs from contractile cells to secretory and prolif-
erative cells constitutes the primary underlying mecha-
nism for AMD; however, how iron deficiency modulates 
gene expression and transcription in VSMCs leading to 
altered phenotypic transformation remains unknown 
(Yao et al. 2021). In this experiment, we initially explored 
the impact of iron deficiency on AD occurrence and 
established an association between iron levels and AD 

pathogenesis across human samples, animal models, and 
cell experiments. Results indicate that iron significantly 
contributes to maintaining the contractile form of human 
VSMCs based on these investigations. The overall idea of 
this study is shown in Fig. 6.

The results show that ID can promote the increase of 
ROS content in cells, while HIF1 plays a role as a tran-
scription factor that is stimulated by hypoxic envi-
ronment and its expression is increased (Waypa and 
Schumacker 2019; Cheu et  al. 2023). When the aorta is 
in ID and subjected to external stimulation such as AngII, 
it will rapidly promote the phenotypic transformation 
of cells, resulting in increased disease occurrence and 
expanded lesion involvement. Since iron is an important 
component of hemoglobin, which is the main component 

Fig. 4  HIF1 activation significantly altered phenotypic transformation of VSMC in vitro. A GO analysis of MOVAS. B KOG analysis of MOVAS. C 
WB detection and analysis of phenotypic transformation-related proteins.D Immunofluorescence of HIF1 and VEGF in MOVAS. E WB detection 
and analysis of HIF1 signaling. F MOVAS under confocal microscope. Data are representative of three independent experiments and presented 
as mean ± SD. ns means that thereis no statistical significance, **p < 0.01
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of transporting oxygen, ID and hypoxia should be closely 
related (Corradi et  al. 2023). Our experimental results 
also prove that the increase of ROS and 8-OHdg in the 

body during ID induces oxidative stress. HIF is sensitive 
to hypoxia, so we speculate that ID may affect the expres-
sion of HIF by regulating oxygen levels in the body.

Fig. 5  Inhibition of HIF1 can attenuate the phenotypic transformation of VSMC and ameliorate the occurrence and progression of AD. A Survival 
curve of mice. B Appearance of mouse aorta. C Lesion involvement length. D and E EVG and Masson staining results and statistics. F WB detection 
and analysis of phenotypic transformation and HIF1 signaling pathway related proteins. G Immunofluorescence of HIF1 and VEGF in MOVAS. Data 
are representative of three independent experiments and presented as mean ± SD. ns means that thereis no statistical significance, **p < 0.01

Fig. 6  Graphics summarizes that ID promotes ROS expression and activates HIF1 signaling pathway. After activation, HIF1 enters the nucleus 
and participates in the transcription and expression of VEGF gene, thereby regulating the transformation of VSMC from contractility to synthesis. 
Phenotypic transformation of VSMC leads to the development of aortic dissection in mice
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So how does HIF1 function as a hypoxic transcrip-
tion factor in the ID environment? According to tran-
scriptome sequencing results, the expression of HIF1 
increases in ID environment and leads to activation of 
multiple downstream signals (Silagi et  al. 2021; March-
Diaz et  al. 2021). According to the sequencing results, 
HIF1 also has a certain feedback effect on TF, and also 
affects the functional structure of smooth muscle cells 
(Xue et al. 2023). Therefore, HIF1 can not only affect iron 
metabolism, but also affect the functional structure of 
cells downstream. According to HIF1 signaling pathway, 
VEGF is most closely associated with the development of 
AD (Jiang et al. 2019; Wang et al. 2023).Previous studies 
have shown that VEGF is closely related to AD and can 
regulate the phenotypic transformation of smooth mus-
cle cells to promote disease occurrence (Ren et al. 2020).
As a transcription factor, HIF1 can enter the nucleus, 
regulate the transcription expression of VEGF and affect 
the phenotypic transformation of smooth muscle cells 
by binding to the DNA in the nucleus (Nazari-Khan-
amiri and Ghasemnejad-Berenji 2022). When HIF1 is 
inhibited, the exacerbation of the disease caused by iron 
deficiency is alleviated (Li et al. 2019; Patko et al. 2023). 
Therefore, we concluded that ID can affect the pheno-
typic transformation of VSMC by regulating the HIF1 
signal axis, thus affecting the progression of AD. Rational 
iron supplementation and HIF1 inhibitors may be a new 
drug therapy to delay AD.

This experiment still has some problems that can be 
improved. For example, we have proved that ID may 
regulate oxidative stress to affect the expression of 
HIF1 (Zhang et  al. 2022). Can iron directly participate 
in the synthesis and function of transcription factors as 
a cofactor? As a transcription factor, HIF1 can regulate 
the expression of multiple genes, and we only adopted 
VEGF as the downstream target protein according to the 
sequencing results (Xu et al. 2022). Whether HIF1 affects 
phenotypic transformation of aortic smooth muscle cells 
through other pathways remains to be further explored 
(Cao et al. 2022).

Conclusion

1.	 Iron deficiency leads to an increase in oxidative stress 
levels in the aorta, thereby stimulating the expression 
of HIF1.

2.	 HIF1 induces the expression of downstream proteins 
including eNOS/iNOS/VEGF, thereby contributing 
to alterations in vascular functionality.

3.	 The up-regulation of VEGF facilitates the phenotypic 
transition of vascular smooth muscle cells (VSMCs) 
from a contractile phenotype to a synthetic pheno-
type, thereby expediting the progression of AD.
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