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Background: Vascular calcification is related to many diseases. Iron has a certain relationship with
endothelial cells and vascular calcification. The purpose of this study was to assess the effect of iron overload
on endothelial cell calcification and related mechanisms through cell experiments.

Methods: Human umbilical vein endothelial cells were treated with different concentrations of FeSO,
(50, 100, 150, and 200 pM), and deferoxamine (DFO) and ferrostatin. Alkaline phosphatase activity,
malondialdehyde (MDA) level, reactive oxygen species (ROS) level, and lipid superoxidation after FeSO,
treatment were assessed. Alizarin red staining was used to observe calcium deposition. Quantitative
polymerase chain reaction (qPCR) and western blot were adopted to examine the expression of calcification
markers, iron metabolism-related factors, apoptosis pathway-related factors and ferroptosis markers. The
TUNEL method was employed to detect cell apoptosis.

Results: FeSO, of 100 pM significantly promoted the occurrence of cell ferroptosis, increased the levels
of MDA and ROS, and decreased the ratio of glutathione (GSH) or glutathione disulfide (GSSG) and
the expression level of glutathione peroxidase (GPX4). The addition of DFO and ferrostatin significantly
modified the effects of FeSO,. Calcium deposition was most obvious in the cells treated with 100 pM FeSO,.
FeSO, significantly upregulated Runt-related transcription factor 2 (RUNX2) and Bone morphogenetic
protein 2 (BMP2), ferritin heavy chain (FTH) and ferritin light chain (FTL), and downregulated Matrix
Gla Protein (MGP) and divalent metal transporter 1 (DMT1). The results also showed that FeSO, induced
cell apoptosis by TUNEL method. The elevated Bel2-associated death protein (Bad) and Bel2-associated
X protein (Bax) and the reduction in Bcl-2, p-Bad, p-AKT, and t-AKT were found. DFO and ferrostatin
significantly reduced the iron-induced calcification and apoptosis of endothelial cells. DFO significantly
increased the expression level of Bel-2, and reduced the expression level of Bad.

Conclusions: Iron overload contributes to the process of endothelial cell calcification by inducing
apoptosis and ferroptosis. Iron chelators and ferroptosis inhibitors alleviate endothelial cell apoptosis,

ferroptosis, and calcification induced by iron overload.
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Introduction

Vascular calcification mainly involves arteries and can
occur in any part of the human body. The aorta, coronary
arteries, and peripheral arteries are the most commonly
involved vessels. Due to the high density of calcified tissues,
they are easily located using imaging examinations (1,2).
Many studies found that vascular calcification is related
to a variety of diseases. In the past, it was thought that
vascular calcification was beneficial to local plaque stability.
However, subsequent studies increasingly demonstrated
that most vascular calcifications are related to adverse
events and are not conducive to the treatment of local
revascularization, because they increase the difficulty of
passing balloons and stents and dilate blood vessels, and
thus cause difficulty in treatment and poor prognosis (3-7).
The mechanism of vascular calcification is relatively
complicated, which is mainly related to genetics, osteogenic
factors and related cell phenotype transformation, calcium
and phosphorus metabolism imbalance, and the imbalance
between vascular calcification promoting factors and
inhibitors (8). Many previous studies found that iron was
closely related to vascular calcification (9). However, the
results of the research are not consistent and may be related
to different research settings (10).

In mammals, iron is an important element for
maintaining the normal function of cells. It participates in
several key biological processes, including the production
of adenosine triphosphate (ATP), the transport of oxygen,
and the synthesis of DNA (11). The maintenance of iron
homeostasis is regulated by many factors, including the
absorption, storage, and elimination of iron. Some specific
transport systems and membrane carriers are critical to
the maintenance of iron homeostasis (12). Transferrin
(Tf) and transferrin receptor 1 (TfR1) are the main iron
uptake proteins, and cells absorb iron mainly through the
Tt-TfR1 pathway (13). Most of the plasma iron is tightly
bound to Tf, thereby shielding the redox activity of Fe’*.
Subsequently, iron-Tf complexity merge with TfR1 on the
cell surface and take up this complex through endocytosis.
Once inside the cell, Fe’* dissociates from Tf and is
converted to Fe’ by ferric reductase six-transmembrane
epithelial antigen of prostate 3 (STEAP3) (14). Ferritin is
an important storage protein of iron in the cytoplasm, and
its expression level is regulated by the concentration of
iron in the cell (15). Divalent metal transport (DMT1) and
ferroportin (FPN) play an important role in the absorption
and export of iron ions (15).
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Many factors, such as excessive iron supplementation and
genetic mutation, can lead to excessive iron in cells (16,17).
Excess iron and H,0, can generate a large amount of
reactive oxygen species (ROS) through the Fenton reaction,
which promotes the production of lipid peroxides in cells
and promotes cell death (18). Iron overload can induce the
damages of many organ functions, leading to arrhythmias
and cardiac fibrosis, increasing the risk of infection, causing
liver and kidney damage and inducing osteoporosis (15).
In addition, some reports have found that iron overload is
related to calcification of valvular interstitial cells, vascular
smooth muscle cells (9,19). It is well known that endothelial
cells play a crucial role in cardiovascular disease. Studies
have shown that endothelial cells themselves can obtain
osteogenic differentiation potential through endothelial-
mesenchymal transition (EndMT) and can also promote
osteogenic transformation of vascular smooth muscle cells
(VSMCs) and vascular calcification by releasing signal
molecules, cytokines, vesicles and by inducing angiogenesis
(20,21). However, there are no studies to investigate that
whether iron overload can cause endothelial calcification.
Based on this, we carried out this study to observe the effect
of iron overload on endothelial cell calcification and related
mechanisms through cell experiments. We present the
following article in accordance with the MDAR checklist
(available at https://dx.doi.org/10.21037/atm-21-5666).

Methods
Experimental methods

Cell culture

Human umbilical vein endothelial cells (HUVECs,
ATCC CRL-1730™) were cultured in standard culture
medium, including: Dulbecco’s modified Eagle’s medium/
F12 (DMEM/F12, Thermo Fisher, Waltham, MA, USA),
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 mg/mL streptomycin, and the environment was
controlled at 37 °C and 5% CO,. To induce cell calcification,
the cells were cultured with calcification medium containing
DMEM/F12, 10% FBS, and 10 mM B-glycerophosphate
(Sigma-Aldrich, St. Louis, MO, USA) for 14 days. The
medium was changed every 2 days. To assess the effect
of iron on calcification, 50-200 pmol/L FeSO, (Sigma,
USA) was added to the standard medium for 14 days (19).
Iron deficiency was induced by incubating the cells with
100 pmol/L FeSO, and 100 pmol/L. DFO (Sigma-Aldrich,
St. Louis, MO, USA) for 14 days. 1 pmol/L of ferroptosis
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inhibitor ferrostatin were added for 2 hours, and then
100 pmol/L FeSO, was added for 14 days, and the medium
was changed every 2 days. When studying the mechanism
of ferroptosis, the effects were generally observed after

3 days.

Cell viability assay

Cell Counting Kit-8 (CCK-8, Yeasen, Shanghai, China)
was used to detect cell viability. According to the kit
instructions, the cells were seeded into a 96-well plate at
a density of 1x10* cells/well and treated with different
concentrations of FeSO, for 24 and 48 hours. Then 10 pL
of CCK-8 reagent were added to each well and allowed to
incubate the cells at 37 °C for 2 hours. A microplate reader
(BioTex, Thousand Oaks, CA, USA) was used to measure
the absorbance at 450 nm.

Alizarin red S staining

Alizarin red S staining was used to assess calcium
deposition. HUVECs were seeded in 6-well plates at a
concentration of 2x10°/mL. On the second day, 10 mM
B-glycerophosphate or 100 pmol/L FeSO, (with or without
DFO) were added to the standard medium for 14 days.
During staining, cells were washed twice with phosphate
buffered saline (PBS), fixed with 4% paraformaldehyde
(PFA) at room temperature for 10 minutes, washed
3 times with deionized water, washed with 1% Alizarin Red
(pH 4.2, Solarbio, Beijing, China), and incubated at 37 °C
for 20 minutes. Deionized water was used to remove excess
dye. A Nikon (Tokyo, Japan) inverted microscope was used
to observe and photograph the cells.

Alkaline phosphatase (ALP) activity assay

The cells were seeded in a 6-well plate at a density of
2x10’ cells/well. The treatment of the cells was identical to
that described above. After 14 days, the cells were washed
twice with PBS and lysed with inhibitor-free lysis buffer
(Beyotime Institute of Biotechnology, Jiangsu, China).
According to the kit instructions, the Alkaline Phosphatase
Detection Kit (Beyotime Institute of Biotechnology,
Jiangsu, China) was used to detect ALP activity. Absorbance
at 405 nm was read with a microplate reader. The
ALP activity was calculated using a standard curve and
standardized according to the protein concentration.

Prussian blue staining

According to the instructions, Prussian Blue Iron Staining
Kit (Solarbio, Beijing, China) was used to determine
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cellular iron deposition. The cells were fixed with 4%
paraformaldehyde (PFA) for 20 minutes, and washed twice
with tap water and twice with deionized water. Then the
cells were incubated with Perls stain for 30 minutes at room
temperature.

ROS measurement

ROS Assay Kit (Beyotime Institute of Biotechnology,
Jiangsu, China) was used to detect the level of ROS in cells.
After the cells were seeded in a 6-well plate, 100 pmol/L
FeSO, (with or without 100 pmol/L DFO/1 pmol/L
ferrostatin) were added for 3 days, and the fluorescent probe
DCFH-DA was loaded according to the instruction manual
(1:4,000 dilution). After 20 min, a Nikon (Tokyo, Japan)
fluorescent inverted microscope was used to observe and

photograph of cells.

Lipid peroxidation assay

Image-iT Lipid Peroxidation Kit (Thermo Fisher, Waltham,
MA, USA) and Lipid Peroxidation Malondialdebyde (MDA)
Assay Kit (Beyotime Institute of Biotechnology, Jiangsu,
China) were used to detect the level of intracellular lipid
superoxidation. The cell processing method is the same as
above. The Image-iT Lipid Peroxidation Kit is based on
BODIPY 581/591 C11 reagent and is a sensitive fluorescent
reporter for lipid peroxidation. Flow cytometry detection
was performed according to the instruction manual. The
MDA Assay Kit uses a color reaction based on the reaction
of MDA and thiobarbituric acid (TBA) to produce a red
product, which is then used to quantitatively detect MDA in
cell lysates using colorimetry and operated according to the
instructions. The microplate reader reads the absorbance at
532 nm.

GSH/GSSG assay

Glutathione (GSH)/glutathione disulfide (GSSG) Assay
Kit (Beyotime Institute of Biotechnology, Jiangsu, China)
was used to detect the content of GSH/GSSG in cells. The
cell processing method was used as described above, and
according to the instructions the absorbance at 412 nm was
read with a microplate reader.

Process

Observation of the effect of iron overload on
endothelial cell calcification

The CCK-8 experiment was used to detect the effect
of different concentrations of iron on the viability of
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endothelial cells: cells were placed onto 96-well plates,
and the next day cells were treated with 50, 100, 150, and
200 pM FeSO, for 24 and 48 h, and the effects of different
concentrations of FeSO, on cell viability were observed. To
detect the effect of iron overload on alkaline phosphatase
activity, cells were placed onto a 6-well plate and treated with
10 mM B-glyceride phosphate (positive control), and 50 and
100 pM FeSO, for 14 days. Cells were collected and lysed,
the supernatant was collected, and the Alkaline Phosphatase
Activity Detection Kit (Beyotime, Jiangsu, China) was used
to detect the alkaline phosphatase activity in the cell lysate
of each group. Alizarin red staining was used to detect the
effect of iron on endothelial cell calcification: the cells were
passaged to a 6-well plate, and the cells were treated with
10 mM B-glycerol phosphate (positive control), 50 pM,
100 pM FeSO, for 14 days, and stained with Alizarin Red
(Solarbio, Beijing, China) to observe the calcium deposits
in the cells. To detect the effect of iron on the expression of
calcification marker messenger RNA (mRINA) in endothelial
cells, the cells were placed onto 6-well plates and treated
with 10 mM B-glycerol phosphate (positive control) and
100 pM FeSO, for 14 days. The cells were collected, RNA
was extracted with TRIzol (Life Technologies, Carlsbad,
CA, USA), and RNA was reverse-transcribed into circular
DNA (cDNA) using a reverse transcription kit. Quantitative
polymerase chain reaction (QPCR) was used to observe
the mRNA expression of calcification markers RUNX2,
BMP2, and MGP. To detect the effect of iron on the
expression of endothelial cell calcification marker protein,
cells were placed onto 6-well plates and treated with 10 mM
B-glyceride phosphate (positive control) and 100 pM FeSO,
for 14 days. Cells were collected, protein was extracted
with radioimmunoprecipitation assay (RIPA) reagent,
and the protein concentration was determined using the
bicinchoninic acid assay (BCA) method. Then the protein
expression of RUNX2 and BMP2 was measured using
western blot.

Effect of iron overload on iron metabolism-related
factors of endothelial cells

Prussian blue staining was used to detect the effect of
iron on the iron deposition of endothelial cells: cells were
placed onto a 6-well plate and on the next day treated with
10 mM B-glyceride (positive control) and 100 pM FeSO, for
14 days, and the Prussian Blue Iron Staining Kit (Solarbio,
Beijing, China) was used to assess iron deposition in the
cells. To detect the effect of iron overload on the mRINA
expression of iron metabolism-related factors in endothelial
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cells, cells were placed onto 6-well plates and treated with
10 mM B-glycerol phosphate (positive control) and 100 pM
FeSO, for 14 days. Cells were collected, RNA was extracted
with TRIzol (Life Technologies, Carlsbad, CA, USA), and
RNA was reverse-transcribed into cDNA using a reverse
transcription kit. QPCR was used to detect the mRNA
expression of iron metabolism-related factors ferritin heavy
chain (FTH), ferritin light chain (FTL), and divalent metal
transporter 1 (DMT1). To detect the effect of iron overload
on the protein expression of iron metabolism-related factors
in endothelial cells, cells were placed onto 6-well plates,
and cells were treated with 10 mM B-glyceride phosphate
(positive control) and 100 pM FeSO, for 14 days. Cells were
collected, protein was extracted with RIPA reagent, and the
protein concentration was determined using the BCA method.
The protein expression of the iron metabolism-related factors
FT and DMT1 was assessed using western blot.

Role of iron overload in endothelial cell calcification
The TUNEL staining method was used to assess the effect
of iron on endothelial cell apoptosis: cells were placed
inside the chamber and treated with 10 mM B-glyceride
(positive control) and 100 pM FeSO, for 7 days on the
next day, and the TUNEL Staining Kit (US Evervbright
Inc., Jiangsu, China) was used to observe cell apoptosis. To
detect the effect of iron overload on the mRNA expression
of endothelial cell apoptosis pathway-related factors, cells
were placed onto 6-well plates and treated with 10 mM
B-glyceride (positive control) and 100 pM FeSO, for 7 days.
The cells were collected, RNA was extracted with TRIzol
(Life Technologies, Carlsbad, CA, USA) and reverse-
transcribed into ¢cDNA using a reverse transcription kit.
qPCR was used to detect the mRNA expression of apoptosis
pathway-related factors Bcl-2, Bad, and Bax. To detect the
effect of iron overload on the protein expression of iron
metabolism-related factors in endothelial cells, cells were
placed onto 6-well plates and treated with 10 mM B-glycerol
phosphate (positive control) and 100 pM FeSO, for 7 days.
Cells were collected, protein was extracted with RIPA
reagent, and the protein concentration was determined
using the BCA method. The protein expression of apoptosis
pathway-related factors p-AKT, t-AKT, Bcl-2, Bad, p-Bad,
and Bax was assessed using western blot.

Effect of inhibition of iron overload on endothelial cell
calcification

Alizarin red staining was used to detect the effect of
inhibitors on iron-induced endothelial cell calcification: cells
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were placed onto a 6-well plate, and the next day the cells
were treated with 100 pM FeSO,, FeSO, + DFO and FeSO,
+ ferrostatin (Fers) for 14 days, and the calcium deposits
in the cells were assessed using Alizarin Red (Solarbio,
Beijing, China) staining. To detect the effect on the
mRNA expression of endothelial cell calcification marker,
the cells were placed onto a 6-well plate and treated with
100 pM FeSO,, FeSO,+ DFO and FeSO, + Fers for 14 days.
The cells were collected, RNA was extracted with TRIzol
(Life Technologies, Carlsbad, CA, USA), and RNA was
reverse-transcribed into cDNA using a reverse transcription
kit. qPCR was used to detect the mRNA expression of
calcification marker RUNX2. Cells were placed onto 6-well
plates, and 100 pM FeSO,, FeSO, + DFO and FeSO, +
Fers were used to treat cells for 14 days. The cells were
collected, the protein was extracted with RIPA reagent, and
the protein concentration was determined using the BCA
method. The effect of the protein expression of calcification
marker RUNX2 was observed using western blot.

Deferoxamine’s effects on endothelial cell apoptosis
The TUNEL staining method was used to observe the
effect of DFO on endothelial cell apoptosis. The cells
were placed into the chamber and treated with 100 pM
FeSO, and FeSO, + DFO on the next day for 7 days, and a
TUNEL staining kit was used to observe cell apoptosis. To
detect the effect of deferoxamine on the mRNA expression
of the related factors of endothelial cell apoptosis induced
by iron overload, the cells were placed onto 6-well plates
and treated with 100 pM FeSO, and FeSO, + DFO for
7 days. The cells were collected, RNA was extracted with
TRIzol (Life Technologies, Carlsbad, CA, USA), and
RNA was reverse-transcribed into cDNA using a reverse
transcription kit. QPCR was used to assess the mRNA
expression of the apoptosis pathway-related factors Bel-2
and Bad. To detect the effect of deferoxamine on the
expression of proteins related to the apoptosis of endothelial
cells induced by iron overload, the cells were placed onto a
6-well plate and treated with 100 pM FeSO, and FeSO, +
DFO for 7 days. The cells were collected, the protein was
extracted with RIPA reagent, and the protein concentration
was determined by the BCA method. Western blot was used
to observe the protein expression of apoptosis pathway-
related factors Bel-2, Bad, and p-Bad.

Role of ferroptosis in the process of iron overload-
induced cell calcification
FeSO, of 100 pM, FeSO, + DFO or FeSO, + ferrostatin
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were used to treat the cells for 3 days. To observe the effects
of iron overload on the level of lipid oxidation in cells,
the cells were placed onto a 6-well plate, the cells were
treated as described above for 3 days, and The Image-iT
Lipid Peroxidation Kit (Thermo Fisher, Waltham, MA,
USA) and the MDA detection kit (Beyotime Institute of
Biotechnology, Jiangsu, China) was used to detect the
level of lipid superoxidation in the cells. To investigate
the effect of iron overload on the level of Glutathione
(GSH)/glutathione disulfide (GSSG) in the cells, the cells
were placed onto a 6-well plate, the cells were treated as
described above, and the GSH/GSSG Detection Kit was
used (Beyotime Institute of Biotechnology, Jiangsu, China).
To examine the effect of iron overload on the level of
reactive oxygen species in cells, the cells were placed onto
a 6-well plate, the cells were treated as described above for
3 days, and the ROS Detection Kit (Beyotime Institute
of Biotechnology, Jiangsu, China) was used. To detect
the effects of iron overload on the mRINA expression of
ferroptosis marker, cells were placed onto a 6-well plate,
and after 7 days of treatment of the cells according to
the above method, RNA was extracted with TRIzol (Life
Technologies, Carlsbad, CA, USA), and RINA was reverse-
transcribed into cDNA using a reverse transcription kit.
qPCR was used to assess the mRNA expression level of
ferroptosis marker GPX4. To detect the effect of iron
overload on the expression of ferroptosis marker protein,
cells were placed onto a 6-well plate, the cells were treated
for 3 days according to the above method, the cells were
collected, the protein was extracted with the RIPA reagent,
and the protein concentration was determined using the
BCA method. The protein level of ferroptosis marker
GPX4 was observed using western blot.

Statistical analysis

SPSS22.0 statistical software was used to perform statistical
analyses. The data were normally distributed and were
described using means (standard deviations), and the #-test
or F-test was used for comparisons between groups. P<0.05
indicates that differences were statistically significant.

Results
Effect of iron overload on endothelial cell calcification

Cells were treated with 50, 100, 150, and 200 pM FeSO, for
48 h. As the concentration increased, cell viability decreased
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(Figure 1A4). The results showed that the ALPase activity
of the 10 mM B-glyceride phosphate (positive control),
and the 50 and 100 pM FeSO, treatment groups increased
(Figure 1B). Calcium deposition in the cells treated with
100 pM FeSO, was the most obvious (Figure 1C). The results
of qPCR and western blot showed that 100 pM FeSO,
significantly upregulated the mRINA and protein expression
levels of RUNX2 and BMP2 and downregulated the mRNA
expression levels of Matrix Gla Protein (MGP) (Figure 1D-11).

Effect of iron overload on the iron metabolism-related
factors of endothelial cells

The results of Prussian blue staining showed that after
treatment with 100 pM FeSO, for 14 days, iron deposition
increased significantly (Figure 24). The results of qPCR
showed that 100 pM FeSO, treatment significantly
upregulated the mRNA expression levels of FTH and
FTL, while it downregulated the mRNA expression levels
of divalent metal transporter 1 (DMT1) (Figure 2B-2D).
Western blot results showed that iron overload (100 pM
FeSO, treatment) significantly upregulated the expression
level of ferritin and downregulated the protein expression of
DMT1 (Figure 2E-2G).

Effect of iron overload on endothelial cell apoptosis

TUNEL staining results showed that 100 pM FeSO,
significantly promoted cell apoptosis (Figure 34). The
results of gPCR showed that 100 pM FeSO, significantly
upregulated the mRNA expression levels of Bad and Bax
and downregulated the mRNA expression levels of Bcl-2
(Figure 3B-3D). Western blot results show that iron
overload (100 pM FeSO,) significantly reduced the protein
expression level of p-Bad, Bel-2, p-AKT, and t-AKT, and
simultaneously increased the protein expression level of Bax.
The effect was not significant, but it significantly reduced
the ratio of p-Bad/t-Bad and had no significant effect on the
ratio of p-AKT/t-AKT (Figure 3E-3%).

Use of inhibitors reduces the occurrence of cell calcification

Alizarin red staining test results showed that DFO and
ferrostatin significantly reduced iron-induced endothelial
cell calcification (Figure 44). At the same time, the results
of PCR and western blot showed that DFO and ferrostatin
significantly reduced the increase in the expression of iron-
induced calcification marker RUNX2 (Figure 4B-4D).
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Iron chelator affects endothelial cell calcification by
inbibiting cell apoptosis

TUNEL staining results showed that DFO significantly
reduced endothelial cell apoptosis induced by iron overload
(Figure 5A). At the same time, after adding DFO, the
expression level of Bcl-2 was significantly higher than
that of the Fe group, and the expression level of Bad was
significantly lower than that of the Fe group (Figure SB-5E).
However, the effect on the ratio of p-Bad/t-Bad did not
show a statistically significant difference (Figure 5F).

Iron participates in the occurrence of cell calcification by
inducing cell ferroptosis

To investigate whether the iron overload induces the
ferroptosis in the endothelial cells, lipid superoxidation by
the BODIPY 581/591 C11 reagent and MDA test, ROS,
GSH/GSSG and GPX4 expression were measured. And
results showed that the levels of lipid superoxidation and
ROS in cells treated with 100 pM FeSO, were significantly
increased, the ratio of GSH/GSSG was decreased, and
the expression level of GPX4 was decreased. Iron chelator
and ferrostatin significantly reduced the level of MDA and
ROS, increased the ratio of GSH/GSSG (Figure 64-6D), and
upregulated the expression level of GPX4 (Figure 6E-6G).

Discussion

This study proved that iron overload reduced the viability
of endothelial cells and induced calcium deposition and
calcification of endothelial cells. In this process, iron
overload increased the expression of FTH and FTL and
decreased the expression of DMT1. At the same time, iron
overload promoted endothelial cell apoptosis, which led
to changes in the expression of apoptosis-related proteins.
Iron chelator alleviated the apoptosis and calcification of
endothelial cells induced by iron overload. Further studies
found that iron overload was involved in the process of
calcification and that it is also related to the induction
of cell ferroptosis. As far as we know, this study reveals
for the first time that iron overload leads to endothelial
cell calcification, and that it is the first study to elucidate
possible mechanisms at the cellular and molecular levels.
Calcification can occur in both veins and arteries, but
the clinical focus is mainly on arterial calcification. Arterial
calcification can be roughly divided into two types. One
type occurs in the atherosclerosis of the heart valve and
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Figure 1 Effect of iron overload on endothelial cell calcification. (A) Cells are treated with 50, 100, 150, and 200 pM FeSO, for 48 h. As
the concentration increased, cell viability decreased. (B) Alkaline Phosphatase Activity Detection Kit (Beyotime, Jiangsu, China) was used
to detect the alkaline phosphatase activity in the cell lysate of each group. The activities of 10 mM B-glyceride phosphate (positive control),
50 pM, and 100 pM FeSO, ALPase all increased. (C) Alizarin Red Staining (Solarbio, Beijing, China) to assess calcium deposition in cells
(x100). (D-F) quantitative polymerase chain reaction (QPCR) experiment to observe the mRNA expression of calcification markers RUNX2,
BMP2, and MGP. (G-I) Western blot to observe the protein expression of calcification markers RUNX2 and BMP2. Ctrl: cells not treated
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© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(22):1658 | https://dx.doi.org/10.21037/atm-21-5666



Zhao et al. Effect of iron overload on EC calcification

F100

Page 8 of 15
A
Ctrl Gp
B C
2.0+ 2.0
% 1.5 g 1.5+
< <
£ 1.0 Z 1.01
€ =
T ~
£ o5 £ 054
0.0+ 0.0+
& R Q\QQ
E
Ctrl Gp F100 54
Ferritin -.. £ 44
c £
T 0
gL 5]
DMTT [ — - o o
Ko
GAPDH | cnmmme e s g 17
0_

&

Q

0.94

0.6+ *

DMT1 mRNA level

0.0 T

&

1.5+

1.0

Relative protein
expression of DMT1

0.0-

R <<\°0 & R Q\QQ

Figure 2 Effect of iron overload on the iron metabolism-related factors of endothelial cells. (A) Prussian blue staining was used to detect the
effect of iron on the iron deposition of endothelial cells. After the cells were treated with 100 pM FeSO, for 14 days, iron deposition increased
significantly (x200). (B-D) qPCR assessed the effect of iron overload on the expression of FTH, FTL, and DMT1 mRNA. (E-G) Western blot
assessed the effect of iron overload on the protein expression of ferritin and DMT1. Cul: cells not treated in any way; Gp: 10 mM B-glyceride
phosphate added; F100: 100 pM FeSO, treated cells. *, compared with Ctrl, P<0.05; **, compared with Ctrl, P<0.001. qPCR, quantitative
polymerase chain reaction; FTH, ferritin heavy chain; FTL, ferritin light chain; DMT1, divalent metal transporter 1; mRNA, messenger RINA.

the arterial intima. It is related to macrophages, lipids, and
arterial smooth muscle cells, including intimal calcification,
media calcification, and aortic valve calcification and
calcification defense (22). The other is the calcification
of the arterial media due to the mineralization of elastic
fibers in end-stage kidney disease or diabetes (23). To date,
studies have shown that both intimal and media calcification

© Annals of Translational Medicine. All rights reserved.

increase the risk of adverse events, including coronary
ischemic events, diastolic dysfunction after left ventricular
hypertrophy, and heart failure (24-29). Bourantas et al.
found that coronary artery calcification increased the risk of
all-cause death [hazard ratio (HR): 1.33; 95% CI: 1.00-1.77;
P=0.047] and the risk of fatal myocardial infarction (HR:
1.23; 95% CI: 1.02-1.49; P=0.031) (24). In an 8-year follow-
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Figure 3 Effect of iron overload on endothelial cell apoptosis. (A) TUNEL staining method to observe the effect of iron on endothelial cell
apoptosis, 100 pM FeSO, promotes apoptosis (x200). (B-D) qPCR to assess the effect of iron overload on the expression of Bad, Bax, Bcl-2
mRNA. (E-J) Western blot assessed the effect of iron overload on the protein expression of Bad, p-Bad, Bax, Bcl-2, p-AKT, and t-AKT. Ctrl:
cells not treated in any way; Gp: 10 mM B-glyceride phosphate added; F100: 100 pM FeSO, treated cells. *, compared with Ctrl, P<0.05;
** compared with Ctrl, P<0.001. Bad, Bel2-associated death protein; Bax, Bel2-associated X protein; Bel2, B-cell lymphoma-2; AKT(PKB),
protein kinase B; qPCR, quantitative polymerase chain reaction; mRINA, messenger RNA.
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Figure 4 Ferroptosis inhibitors reduce the occurrence of cell calcification. (A) Alizarin red staining to detect the effect of iron chelator and

ferroptosis inhibitor ferrostatin on iron-induced endothelial cell calcification (x100). (B,C) Western blot to assess the effect of iron chelator

and ferroptosis inhibitor on the protein expression of calcification marker RUNX2. (D) PCR experiment to assess the effect of iron chelator
and ferroptosis inhibitor on the expression of RUNX2 mRNA. Cerl: cells without any treatment; Fe: 100 pM FeSO, treated cells; Fe + DFO:
100 pM FeSO, + iron chelator treated cells; Fe + Fers: 100 pM FeSO, + ferroptosis inhibitor ferrostatin treated cells. *, compared with Ctrl,
P<0.05; **, compared with Ctrl, P<0.001; ¥, compared with Fe, P<0.05; * compared with Fe, P<0.001. RUNX2, Runt-related transcription

factor 2; PCR, polymerase chain reaction; mRNA, messenger RINA.

up study, Niu et 4/. found that abdominal aortic calcification
increased the risk of all-cause death (HR =2.089; 95% CI:
1.089-4.042; P=0.029) and cardiovascular death risk in
peritoneal dialysis patients (HR =4.660; 95% CI: 1.852—
11.725; P=0.001), and that femoral artery calcification also
increased the associated risk (26). Studies have also found
that breast artery calcification increased the risk of all-
cause death and cardiovascular death (25). The mechanism
of vascular calcification is very complicated and is not fully
understood at present. It is generally believed that blood
vessel or valve cells, especially VSMCs, quiescent valve
interstitial cells (VICs), and resident fibroblasts, are the main
cells behind the osteogenic process that leads to calcification
of blood vessels and heart valves. It is generally believed

© Annals of Translational Medicine. All rights reserved.

that atherosclerosis is due to endothelial dysfunction
that causes lipoproteins to stay in the arteries where the
laminar flow is disturbed by arterial branches (30). The
inflammatory and immune cells, including macrophages,
T cells, and mast cells, are recruited in atherosclerotic area
and produce pro-inflammatory mediators and enzymes (31).
Macrophages oxidize and catabolize lipoproteins in the
arterial wall. The oxidized lipoproteins will cause the death
of macrophages and eventually merge into the necrotic
core. At the same time, VSMCs migrate to the intima
and promote the formation of a fibrous cap dominated by
collagen (32). The calcification of atherosclerotic plaque is
a healing response to inflammatory activity and also leads to
the transformation of osteogenic VSMCs (33,34). Recently
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Figure 5 Use of iron chelator affects endothelial cell calcification by inhibiting apoptosis. (A) TUNEL staining method to observe the effect

of iron chelator on endothelial cell apoptosis (x200). (B,C) The effect of iron chelator on the expression of apoptosis related factors Bad and

Bcl-2 mRNA. (D,E) Iron chelator on cell apoptosis, influence of related factors Bad, p-Bad, Bcl2 protein expression. (F) Ratio of p-Bad/
t-Bad in different groups. Ctrl: cells not treated; Fe: 100 pM FeSO, treated cells; Fe + DFO: 100 pM FeSO, + iron chelator treated cells.
*, compared with Ctrl, P<0.05; **, compared with Ctrl, P<0.001; *, compared with Fe, P<0.05; *, compared with Fe, P<0.001. Bad, Bcl2-
associated death protein; Bax, Bel2-associated X protein; Bel2, B-cell lymphoma-2; AKT(PKB), protein kinase B; mRNA, messenger RNA.
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Figure 6 Tron participates in the occurrence of cell calcification by inducing ferroptosis. (A) Tmage-iT® Lipid Peroxidation Kit detects the
lipid peroxidation in cells. (B) The MDA Detection Kit (Beyotime Institute of Biotechnology, Jiangsu, China) detects the level of superoxide
lipid in cells. (C) ROS detection kit to detect intracellular ROS levels (x200). (D) GSH/GSSG detection kit to detect changes in the ratio
of GSH/GSSG; (E) GPX4 mRNA expression (F,G) GPX4 protein expression. Ctrl: cells without any treatment; Fe: 100 pM FeSO, treated
cells; Fe + DFO: 100 pM FeSO, + iron chelator treated cells; Fe + Fers: 100 pM FeSO, + ferroptosis inhibitor ferrostatin treated cells. *,
compared with Ctrl, P<0.05; **, compared with Ctrl, P<0.001; ¥, compared with Fe, P<0.05; ®, compared with Fe, P<0.001. GSH/GSSG,
glutathione/glutathione disulfide; GPX4, glutathione peroxidase; MDA, malondialdehyde; ROS, reactive oxygen species.
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it has been recognized that endothelial cells also play an
important role in the formation of calcification (21). Studies
have found that endothelial cells can participate in vascular
calcification through EndMT. This process involves the
TGEF-B signaling pathway, the Wnt signaling pathway, and
the Notch signaling pathway and is related to inflammation
and hypoxia (35). Endothelial cells also participate in
vascular calcification through autocrine or paracrine action,
including hydrogen sulfide (H,S), nitric oxide (NO), carbon
monoxide (CO), and small active peptides (36). In addition,
extracellular particles derived from endothelial cells are also
involved in the process of vascular calcification (37).

Iron overload is divided into idiopathic and secondary
overload (38). Idiopathic iron overload is a congenital
metabolic disorder that leads to excessive iron accumulation
in the body and is an autosomal recessive genetic disease.
Secondary iron overload is often caused by massive blood
transfusions, long-term oral iron, chronic alcohol addiction,
ingestion of iron-containing diets, and certain blood
diseases (38). Iron overload often leads to liver cirrhosis,
impaired myocardial function, renal tubular damage,
diabetes, impaired hematopoietic function, arthritis,
osteoporosis, muscle atrophy, and skin pigmentation (39).
Iron overload is closely related to atherosclerosis (40,41).
However, there are few studies on the relationship with
vascular calcification. Nonetheless, vascular calcification is
also a manifestation of atherosclerosis (33). Our research
results proved that in addition to the above-mentioned
adverse effects, iron overload can affect iron homeostasis
and cause endothelial cell calcification. In our study,
we found that iron overload increase iron deposition in
endothelial cell, increased the expression levels of ferritin
and decreased the expression levels of DMT. Ferritin is an
iron-storage protein, and DMT is one protein participate in
transport iron into cell. The expression changes of ferritin
and DMT in endothelial cells suggest that the cells might
attempt to reduce intracellular iron intake, which is similar
to the results of Hou ez 4/.’s study in human periodontal
ligament cells (42). Furthermore, our results show that iron
overload can participate in endothelial cell calcification
in two ways. One way is that iron overload can promote
endothelial cell apoptosis, which leads to endothelial
calcification. Studies have found that in the early stage
of cardiovascular endothelial calcification, cell apoptosis
occurs, including apoptosis of mesenchymal cells, apoptosis
of endothelial cells, and apoptosis of VSMCs (21,43,44).
Moreover, vascular calcification may be closely related
to the apoptotic bodies released during cell apoptosis
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(43-45). The other way is to participate in endothelial cell
calcification by inducing cell ferroptosis. Ferroptosis is a
new type of cell death that is different from apoptosis and
necrosis. It is manifested as liposome peroxidation of the
polyunsaturated fatty acids highly expressed on the cell
membrane under the action of divalent iron, and it thereby
induces cell death (18). Studies have shown that ferroptosis
may be related to the calcification of VSMCs (46). The
relationship with endothelial cell calcification has not yet
been studied, and our results confirm for the first time that
ferroptosis is involved in the process of endothelial cell
calcification.

Based on the current research results, we believe that for
patients at high risk of iron overload, attention should be
paid to monitoring the possibility of iron overload. At the
same time, necessary measures should be taken to reduce
the chance of iatrogenic iron overload. For patients who
receive unavoidable iron therapy, the risk of cardiovascular
disease in these patients should be actively assessed.
For patients who already have vascular calcification and
must receive iron therapy, specific preventive measures
should be considered to reduce the occurrence of adverse
cardiovascular events.

The shortcomings of this study should be mentioned.
Although this study initially revealed the effects and
mechanisms of iron overload on endothelial cell apoptosis,
ferroptosis, and calcification, it did not specifically analyze
the signal transduction mechanism, and it is still not clear
through which signaling pathway iron overload causes
endothelial cell apoptosis and calcification. Subsequent
studies should use the results of this study to further
explore the influence of iron overload on possible signaling
pathways and its relationship with endothelial cell apoptosis
and calcification. At the same time, the results can also
be used in conjunction with clinical cases to analyze the
relationship between actual iron overload in different
patients and vascular calcification, as well as the relationship
with adverse events during long-term follow up.
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