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Estrogen inhibits vascular
calcification in rats via hypoxia-induced
factor-1a signaling
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Abstract

Objective: Calcification serves as a surrogate for atherosclerosis-associated vascular diseases, and coronary artery

calcification is mediated by multiple pathogenic factors. Estrogen is a known factor that protects the arterial wall against

atherosclerosis, but its role in the coronary artery calcification development remains largely unclear. This study tested

the hypothesis that estrogen inhibits coronary artery calcification via the hypoxia-induced factor-1a pathway.

Methods: Eight-week-old healthy female Sprague–Dawley rats were castrated, and vitamin D3 was administered orally

to establish. Hypoxia-induced factor-1 inhibitor was administered to test its effect on vascular calcification and expres-

sion of bone morphogenetic protein 2 and runt-related transcription factor-2. Vascular smooth muscle cell calcification

was induced with CaCl2 in rat aortic smooth muscle cells in the presence or absence of E2(17b-estradiol) and bone

morphogenetic protein 2 siRNA intervention.

Results: The estrogen levels in ovariectomized rats were significantly decreased, as determined by ELISA. Expression of

hypoxia-induced factor-1a mRNA and protein was significantly increased in vascular cells with calcification as compared

to those without calcification (p< 0.01). E2 treatment decreased the calcium concentration in vascular cell calcification

and cell calcium nodules in vitro (p< 0.05). E2 also lowered the levels of hypoxia-induced factor-1a mRNA and protein

(p< 0.01). Oral administration of the hypoxia-induced factor-1a inhibitor dimethyloxetane in castrated rats alleviated

vascular calcification and expression of osteogenesis-related transcription factors, bone morphogenetic protein 2 and

RUNX2 (p< 0.01). Finally, bone morphogenetic protein 2 siRNA treatment decreased the levels of p-Smad1/5/8 in A7r5

calcification cells (p< 0.01).

Conclusion: Estrogen deficiency enhances vascular calcification. Treatment with estrogen reduces the expression of

hypoxia-induced factor-1a as well as vascular calcification in rats. The estrogen effects occur in a fashion dependent on

hypoxia-induced factor-1a regulation of bone morphogenetic protein-2 and downstream Smad1/5/8.
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Introduction

Vascular calcification refers to the pathologic process

of minerals, such as calcium phosphate (mainly calcium

hydroxyphosphate) deposited in the vasculature1 and is

mainly characterized by intimal, medial, and valvular

calcification.2 In the past 30 years, vascular calcification

has been identified as a process of aging and degener-

ative change, which involves the passive deposition of

calcium and phosphorus on the vessel wall.3 Recent

studies have shown that vascular calcification is a reg-

ulated and active process.4 Coronary artery calcifica-

tion (CAC) is the most important type of vascular
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calcification and is closely related to the clinical diag-
nosis and treatment of coronary heart disease. A new
concept has proposed that CAC is not a marker
of plaque vulnerability, but severe calcification of the
coronary artery remains a big challenge for coronary
arterial intervention therapy.5 Thus, there is an urgent
need to understand the natural history of vascular
calcification.

CAC scores are associated with the atherosclerotic
plaque formation, as reported by several large observa-
tional studies that have confirmed that coronary calcifi-
cation assessment predicts future cardiovascular
events.6–8 An adverse CAC score change often develops
with osteoporosis, particularly in postmenopausal
women.9 Researchers have focused on estrogen in a cal-
cification model; however, the findings are controversial.
Data have shown that estrogen may retard vascular
smooth muscle cell (VSMC) osteoblast-like transforma-
tion and downregulate the related osteogenic transcrip-
tion factors.10 Osako et al.11 and Choi et al.12 found in
in vivo and in vitro experiments that E2(17b-estradiol)
inhibits RANKL signaling by ERa and reduces calcifi-
cation. Peng et al.13 reported that estrogen inhibits arte-
rial calcification by promoting autophagy via the ERa
signaling pathway. More recent data have shown that in
advanced atherosclerotic lesions, E2 can drive, but not
inhibit calcification by promoting the differentiation of
VSMCs to osteoblast-like cells.14

Hypoxia-inducible factor (HIF)-1a was first discov-
ered in hypoxic hepatoma cells. It is well-established
that HIF-1a plays an important role in the progression
of atherosclerosis by activating and promoting foam cell
formation, inducing endothelial cell dysfunction, apopto-
sis, and increasing inflammation and angiogenesis.15,16

In contrast, HIF-1a is a marker of the atherosclerotic
lesions17 and is considered to be involved in vascular
calcification. Osteocalcin, an osteogenic factor, has
been shown to induce cartilage ossification of VSMCs
and promote vessel calcification via the HIF-1a signaling
pathway.18,19 Oral HIF-1a inhibitors inhibit osteoclast
activity in ovariectomized mice and prevent bone loss
caused by estrogen deficiency.20 It has also been shown
that the serum HIF-1a level may be an independent risk
factor for the presence of CAC. Nevertheless, the mech-
anisms underlying CAC have not been established.

Because estrogen is closely related to vascular calcifi-
cation and osteoporosis, and the HIF-1a signaling path-
way plays an important role in vascular calcification.
In the present study, we hypothesized that HIF-1a is
involved in vascular calcification regulation by estrogen.

Materials and methods

1. Materials: Eight-week-old SD female rats were pur-
chased from Hunan Jingda Experimental Animal

Company (Certificate No. 43004700040271).
Calcium chloride, 2-methoxyestradiol (2ME2), E2
(17b-estradiol), ICI182780, vitamin D3, and
calcium content detection kit were purchased from
Sigma (Milwaukee, WI, USA). HIF-1a and bone
morphogenetic protein (BMP)-2 antibodies were
purchased from Abcam (Cambridge, UK). Rat
aortic smooth muscle cell line A7r5 cells were pur-
chased from the Cell Bank of the Chinese Academy
of Sciences (Wuhan, China). Fetal bovine serum and
DMEM/high glucose medium were purchased
from Israel Biological (Tel Aviv, Israel). BMP-2
siRNA, siRNA Transfection Medium, and siRNA
Transfection Reagent were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
A real-time fluorescence quantitative polymerase
chain reaction (RT-PCR) kit and reverse transcrip-
tion kit were purchased from Promega (Madison,
WI, USA). Primers were synthesized by Nanjing
Jinsrui Biotechnology (Nanjing, China).

2. In vivo procedure: The animals used in the study
received humane care in compliance with the
Guiding Principles for the Care and Use of
Animals of Dali University. Forty female Sprague–
Dawley rats, eight-weeks old, with oneweek of
adaptive feeding were used. Ovariectomized rats
underwent oophorectomies, and sham operation
refers to the removal the ovarian peripheral adipose
tissue. After three weeks of adaptive feeding, the vas-
cular calcification groups were given vitamin D3
(300,000U/kg every day at 9 am) by intraperitoneal
injection for three consecutive days. The HIF-1a
inhibitor, 2ME2, was injected intraperitoneally with
10mg/kg for another 28days. Dimethylsulfoxide
(DMSO) (2%) with dimethoxy estradiol solution
served as the negative control. The doses of 2ME2
and DMSO were adjusted weekly based on the body
weight, and the rats were sacrificed by intravenous
infusion of air on the 29th day, after which the
aorta was harvested.

3. In vitro experiments: The rat A7r5 VSMC line was
cultured in DMEM/high glucose medium containing
10% fetal bovine serum. The fifth to eighth generation
cells were used. When the cells were fused at 70–80%
confluence, we applied 5mmol/L CaCl2 treated
for nine days to establish the calcification model.
The cells were collected for downstream experiments.

4. Determination of calcification: For VSMC calcifica-
tion measurement, alizarin red staining was carried
out as previously described.21 The calcium concen-
tration, as well as the estrogen concentration, was
measured according to the ELISA kit instructions.

5. RT-PCR was used to detect the expression of
HIF-1a and BMP-2 mRNA in the aorta and A7r5
cells. Briefly, total RNA was extracted from rat
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aortas and A7r5 cells using Trizol. Total RNA

concentration and purity were determined by UV

spectrophotometry. According to the reverse tran-

scription kit instructions, 2 lg of total RNA was

added to a 20-ll system to synthesize cDNA.

cDNA (2ll) was added to a 20-ll reaction system

containing 0.2ll of each of the up- and down-stream

primers of the target gene and 2�GoTaq qPCR

Master Mix (10 ll) and amplified on a real-time

PCR system. The experiment was repeated three

times, and the results were analyzed using the fol-

lowing equation: F¼ 2 – DD ct. The primer sequen-

ces are shown in Table 1.
6. Western blotting was used to detect HIF-1a, BMP-2,

and p-Smad1/5/8 protein levels in aortas and A7R5

cells. Briefly, total protein in rat aortas and cells was

extracted with RIPA lysate supplemented with pro-

tease inhibitor. The BCA micro-tube assay was used

to determine the protein concentration. An equal

amount of protein sample was transferred to a

PVDF membrane for 10% SDS–PAGE electropho-

resis at 200mA constant flow for 90min. The PVDF

membrane was placed in a 5% skim milk blocking

solution at 4 �C overnight, and the primary antibody

diluted with TBST solution was added (HIF-1a, 1:1
000; BMP-2, 1: 1 000, and p-Smad1/5/8, 1:1000) and

then incubated at 4�C for 8 h. The next day, the

membrane was thrice-washed with TBST (10min

for each wash), and then the secondary antibody

was added (1:5000) for 4 h at 4 �C and thrice-

washed in TBST again (10min) before HRP chemi-

luminescence. The membrane was placed on the

imaging panel of the instrument for film acquisition.

The data were analyzed by using Image J software.

The experiment was repeated three times, and the

results were analyzed.
7. Histology: Paraffin specimens were prepared from

rat aortic arch segments; 2–3 lm sections were

stained with hematoxylin and eosin and von

Kossa.22

8. Statistical analysis: All values are expressed as the

mean�SD. Raw data were analyzed with SPSS

software (version 22.0; Chicago, IL, USA).

Statistical analysis for multiple group comparisons

was performed using one-way ANOVA, followed by
Tukey’s multiple comparison procedure. p values
<0.05 were considered to indicate the statistical
significance.

Results

1. During vascular calcification in ovariectomized rats,
the serum levels of estrogen decreased, and HIF-1a
expression in the aortas increased.

To detect the changes in estrogen and HIF-1a during
vascular calcification, rats in sham group (sham oper-
ation) and Ovx group (ovariectomy operation) were
then treated with 300,000U/kg of vitamin D3 (VD).
The calcification of arteries was stained with Von
Kossa, which showed black aggregates deposited at
the elastic layers. The calcification area measurement
showed that the calcification area of the calcification
group increased significantly compared with the
normal group (p< 0.05; Figure 1). ELISA results
showed a decreased estrogen expression after castration
in rats with vascular calcification (Figure S1).
The expression of HIF-1a mRNA and protein in calci-
fied aortas was significantly higher than the normal
control group (p< 0.01; Figure 2).

2. E2 inhibits the protein level of HIF-1a in rat VSMCs
and reduces cell calcification.

To clarify the relationship between E2 and HIF-1a, the
A7r5 cell calcification model was successfully estab-
lished by treatment with 5mmol/L CaCl2 for nine days.
Different concentrations of E2 (10, 100, and
1000 nmol/L) were used to demonstrate the effect on
VSMCs calcium. Compared with the calcified control
group (Cal control), the orange–red-calcified nodules
under alizarin red staining were remarkably reduced
in the E2 intervention group, and we found that E2
reduced the concentration of calcium at the same
time (Figure 3). Then, E2 receptor antagonist interven-
tion was applied to verify the effect of E2 on calcifica-
tion, and on HIF-1a, with ethanol as a vehicle control
(eth group), we found that E2 could reduce the mRNA
and protein level of HIF-1a, estrogen receptor antago-
nist ICI182780 abolished the effect of HIF-1a and
HIF-1a induced by E2 (Figure 4).

3. HIF-1a inhibitor intervention reduces vascular cal-
cification as well as expression of BMP-2 and Runx2
protein levels in ovariectomized rats.

To explore the possible role of HIF-1a regulation by
E2, the effect of HIF-1a inhibitor intervention in vivo
was evaluated. With 2ME2 treatment of ovariecto-
mized calcification rats for 28 days, von Kossa staining

Table 1. Primers sequence.

Primer sequence

HIF-1a F: 50-GCTACAAGAAACCGCCTA-30

R: 50-GTTCTTCTGGCTCATAACCC-30

BMP-12 F: 50-CCATCACGAAGAAGCCATCGAG-30

R: 50-CTTCCTGCATTTGTTCCCGAA-3
b-Actin F: 50-TGTGCTGGACTCTGGAGATG-30

R: 50-GAAGGAATAGCCACGCTCAG-3
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showed that the area of calcification in 2ME2þ
OvxþVD group was significantly smaller than that
in the OvxþVD group (p< 0.05 Figure 5(a)). At the
same time, the protein levels of BMP-2 and Runx2 in
2ME2þOvxþVD group on aortas were significantly
lower than the OvxþVD group (p< 0.01; Figure 5(b)).

4. BMP-2-p-Smad1/5/8 pathway contributes to the
HIF-1a regulation of vascular calcification.

We further used the siRNA interference strategy to
silence BMP-2 gene in A7r5 cells and detect the down-
stream factors. The real-time PCR results confirmed
the efficacy of siRNA (Figure 6(a)). Western blotting
results showed that the level of p-Smad1/5/8 protein in
the calcified group was significantly higher than the
control group (p< 0.01). The level of p-Smad1/5/8 pro-
tein in the BMP-2 siRNA group was significantly

lower than in the calcification group, suggesting

that BMP-2 may affect vascular calcification by

p-Smad1/5/8 (Figure 6(b)).

Discussion

Using a model of arterial calcification in ovariecto-

mized rats, we found that E2 and HIF-1a changed

during vascular calcification. After it was confirmed

that E2 regulates HIF-1a in vitro, we showed that a

HIF-1a inhibitor effectively alleviated vascular calcifi-

cation in the rat model and further confirmed that this

process was achieved by HIF-1a regulation of BMP-2

and downstream Smad1/5/8.

Figure 1. Histopathological examination of thoracic aorta on Vit D3 fed rats treated with or without ovariectomy: (a) histological
analyses of thoracic aorta were applied Von Kossa stain (�100); (b) the proportion of calcification area measurement results showed
the remarkable increase of calcification in aorta of D3 fed ovariectomized rats (n¼ 5). #p< 0.05. Compared with the control group,
*p< 0.05.

Figure S1. Serum estrogen in ovariectomized vascular calcifi-
cation rats. Note: Serum estrogen level were measured by ELISA.
#: P< 0.05.Compared with the control group (n¼ 8) **:P< 0.01.

Figure 2. Effect of ovarian resection on the expression of
HIF-1a mRNA (a) and protein (b) in aorta of vitamin D3-treated
rats (n¼ 3). ##p< 0.01. Compared with the control group,
*p< 0.05, **p< 0.01.
Abbreviations: sham: sham operation; Ovx: ovariectomized;
VD: vit D3 fed.
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Figure 3. Calcification of A7r5 cells treated with E2: (a–d) Alizarin Red staining in A7r5 calcification cells showed that E2 could
statistically significant decrease in cellular calcium in dose-dependent manner (�100); (e) calcium contents determined by ELISA.
Compared with the control group (n¼ 3). **p< 0.01.

Figure 4. Calcified A7r5 cells treated with E2 and its antagonist: (a) calcified A7r5 cells treated with E2 and its antagonist, with
ethanol as a vehicle control (eth group), alizarin red staining showed that calcification reduction induced by E2 were alleviated by
ICI182780 treatment (�100); (b and c) real-time PCR and western blotting demonstrated that HIF-1a were upregulated in the A7r5
calcification treatment, and this augment of HIF-1a in calcification was inhibited by E2. (n¼ 3) *p< 0.05, **p< 0.01.
Abbreviations: cal: calcification; eth: ethanol vehicle.
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The prevalence of cardiovascular disease in preme-

nopausal women is only 10–30% of the prevalence in

men of the same age. With menopause, the cardiovas-

cular benefits of this gender difference gradually dimin-

ish, and cardiovascular disease frequently occurs in

older women. The risk is significantly higher, which is

approximately fourfold that before menopause.23

Coronary calcification is part of vascular calcification,

and the CAC score is an independent predictor of car-

diovascular adverse events in postmenopausal women.

The results of the Framingham study suggest that the

incidence of coronary calcification in men is significant-

ly higher than women, especially for men<60 years of

age; the incidence of coronary calcification in women is

only 50% that of men.24,25 The lower incidence of cor-

onary calcification in women than men may be related

to the protective effect of E2; however, after extensive

animal studies and some attempts in treating CAC with

estrogen,26,27 the recommendation for hormone thera-

py is not universal. The reason for this uncertainly lies

in the complex biologic effects and multiple pathways

of estrogen. Specifically, activation of the RANKL-

osteoprotegerin (OPG) axis inhibits calcification, but

promotes long-term mortality and HF development

in patients with ACS.28 Clearly, we need to identify

more direct targets.
HIF-1a is regulated by the hypoxia signaling path-

way, and the expression of HIF-1a is significantly

increased in hypoxic states. Similar to our animal

experiment results, Li et al.29 reported that the serum

HIF-1a concentration was also significantly increased

with the progression of coronary calcification and pos-

itively correlated with the CAC score. Mokas et al.30

found that HIF-1a accelerates osteogenic differentia-

tion and calcification of VSMCs in an inorganic

phosphorus-induced cell calcification model. With the

exception of the discovery of HIF-1a downregulation

by E2, Monsonego-Ornan et al.18 also found that

osteocalcin can increase the level of HIF-1a protein

in VSMCs, which may involve the glucose metabolic

pathway. In our study, we investigated the relationship

between HIF-1a and some osteogenic inducers. The

Figure 5. Calcification and expression of osteogenic factors after 2ME2 intervention in rats with vascular calcification: (a) histological
analyses of thoracic aorta stained by von Kossa (�100) and the proportion of stained calcification area were showed that 2ME2 could
reduce vascular calcification in vivo (n¼ 5); (b) the expression of BMP-2 and Runx2 protein level in aorta of ovariectomized vascular
calcification rats after 2ME2 intervention (n¼ 3). #p< 0.05, ##p< 0.01. Compared with the control group, *p< 0.05.
Abbreviations: VD: vit D3 fed; 2ME2: 2-methoxyestradiol; Ovx: ovariectomized; DMSO: DMSO vehicle.
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similarity between vascular calcification and the osteo-

genesis process lies in the transformation of VSMCs

into osteoblast-like cells. In the process of osteogenic

differentiation of VSMCs, BMP-2 and Runx2 can par-

ticipate in the process of vascular calcification, which

are considered to be osteogenic differentiation-

inducing factors.31,32 In agreement with our findings,

it has been shown that HIF-1a can enhance BMP-2-

induced stem-cell osteogenic differentiation,33 mainly

via the classical Smads and non-canonical MAPK sig-

naling pathways to regulate the expression of key tran-

scriptional regulators (Sox9 and Runx2). Of note, with

the exception of HIF-1a, many estrogen targets

involved in bone metabolism and/or postmenopausal

osteoporosis may also be involved in the development

of arterial calcification. Monocyte chemoattractant

protein (MCP)-1, transforming growth factor (TGF-

b), M-CSF, matrix metalloproteinases (MMPs), and

MMPs tissue inhibitory factor (TIMP) may be the

estrogen targets involved in arterial calcification.34

In the current study, after intervention with HIF-1a
inhibitor (2ME2), in the ovariectomized calcification

group, vascular calcification was alleviated, and the

expression of BMP-2 gene and protein was significantly

lower than the vehicle group. We silenced the BMP-2

gene in vitro and found that the high calcium-induced

VSMC calcification could be effectively alleviated. To

further validate the role of BMP-2 in the pathway,

Western blotting results showed that p-Smad1/5/8 pro-

tein level was downregulated by BMP-2 siRNA. A pre-

vious report11 suggested that E2 inhibits the OPG/

RANKL signaling pathway by ERa, reduces phos-

phorylation of Smad-1/5/8, increases the expression

of bone matrix Gla protein, and reduces the expression

of BMP-2 and the bone transcription factor, Runx2.

With the exception of estrogen, gallic acid, a natural

compound found in gallnut and green tea, inhibits vas-

cular calcification via the BMP-2-Smad-1/5/8 pathway.35

Together with our results, the data indicated that

HIF-1a is closely related to the bone-associated protein,

BMP-2, and the p-Smad1/5/8 signaling pathway during

vascular calcification. Nevertheless, BMP-2 induced vas-

cular calcification in multiple ways. Hyzy et al.36

reported that BMP-2 induces osteoblast apoptosis. Shu

Figure 6. Impact of BMP-2 siRNA interference on expression of p-Smad1/5/8: (a) BMP-2 mRNA measured by real-time PCR showed
a successful influence of siRNA on the BMP-2 (n¼ 3); (b) Western blot showed that BMP-2 siRNA could reduce the protein level of
p-Smad1/5/8 (n¼ 3). **p< 0.01.
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et al.37 showed that BMP-2 induces calcification of

VSMCs and upregulates the expression of b-catenin
and Runx2, when b-catenin is silenced, the effect of

BMP-2 on apoptosis and calcification of VSMCs disap-

pears. There is also a report that BMP-2 downregulates

the expression of mir-30b and mir-30c, then increases

the expression of Runx2 in cells, and promotes vascular

calcification.38

The possible roles of estrogen and HIF-1a in

VSMCs osteogenic differentiation and vascular calci-

fication are summarized in Figure 7. During the pro-

cess of VSMC calcification, E2 may affect the protein

levels of BMP-2-p-Smad1/5/8 via HIF-1a and affect

VSMC calcification, which may play an important

role in vascular calcification and become a new ther-

apeutic target.
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