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Effects of 17p-estradiol and 2-methoxyestradiol
on the oxidative stress-hypoxia inducible factor-1
pathway in hypoxic pulmonary hypertensive rats
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Abstract. The present study aimed to investigate the effects
of 17p-estradiol (E2) and 2-methoxyestradiol (2ME) on
the oxidative stress-hypoxia inducible factor-1 (OS-HIF-1)
pathway in hypoxic pulmonary hypertensive rats. Female
Sprague-Dawley rats were divided randomly into 4 groups, as
follows: 1) Control (Group A); ii) ovariectomy (OVX) + hypoxia
(Group B); iii) OVX + hypoxia + E2 injection (Group C); and
iv) 2ME injection (Group D). The rats were maintained under
hypoxic conditions for 8 weeks, and mean pulmonary artery
pressure (mPAP) and pulmonary arteriole morphology were
measured. The reactive oxygen species, superoxide dismutase
(SOD), manganese superoxide dismutase (MnSOD), and
copper-zinc superoxide dismutase (Cu/ZnSOD) levels in
serum were also measured. MnSOD and HIF-la expression
levels in lung tissue were determined by western blotting and
reverse transcription-quantitative polymerase chain reaction.
The mPAP and arterial remodeling index were significantly
elevated following chronic hypoxia exposure; however,
experimental data revealed a reduced response in E2 and
2ME intervention rats. Compared with Group A, Group B
had significantly elevated oxidative stress levels, as illustrated
by increased serum ROS levels, decreased serum SOD and
MnSOD levels and decreased MnSOD mRNA and protein
expression levels in lung tissue. Furthermore, HIF-la mRNA
and protein expression in Group B was significantly elevated
compared with Group A. E2 and 2ME intervention signifi-
cantly attenuated the aforementioned parameter changes,
suggesting that E2 and 2ME partially ameliorate hypoxic
pulmonary hypertension. The underlying mechanism of this
may be associated with the increase in MnSOD activity and
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expression and reduction in ROS level, which reduces the
levels of transcription and translation of HIF-1a.

Introduction

Current epidemiologic data suggests that the global prevalence
of pulmonary hypertension (PH) is 1%, and this increases to
10% in individuals >65 years old (1). PH is characterized by
elevated pulmonary vascular resistance, progressive right
ventricle (RV) hypertrophy and, ultimately, RV failure, which is
key in the development of chronic pulmonary heart disease (2).
The development of PH is largely due to hypoxia caused by
chronic obstructive pulmonary disease (3); therefore, inhib-
iting the development of chronic hypoxia-induced PH (HPH)
may effectively prevent the occurrence of many cardiovascular
diseases. Hypoxia may cause disease by increasing the level
of intracellular reactive oxygen species (ROS) (4). Relatedly,
redox signaling has been suggested to be involved in the
regulation of hypoxic pulmonary vasoconstriction under acute
hypoxia, and in cell proliferation during chronic hypoxia (5,6),
the underlying mechanisms remain unknown. ROS, acting as
signaling molecules, modulate diverse physiological processes
including the regulation of growth factor signaling, the hypoxic
response, inflammation and the immune response in mamma-
lian cells (7,8). Hypoxia-inducible factor-1 (HIF-1), a master
regulator of gene expression induced by hypoxia, serves an
important role in the origin and development of HPH (9). A
recent study has demonstrated that ROS serve an important
role in the regulation of HIF-1 expression and activity (10).
Although emerging evidence demonstrates the protective
effect of estrogen and its metabolites on pulmonary arterial
hypertension (11,12), it remains unclear whether this occurs via
adjustments of the oxidative stress-hypoxia inducible factor-1a.
(OS-HIF-10) pathway. Previous research by the current authors
indicated that the mean pulmonary artery pressure (mPAP)
of ovariectomized (OVX) rats increased significantly under
hypoxic conditions and that 17p-estradiol (E2) and 2-methoxy
estradiol (2ME) partially reversed HPH development (13). In
the current study, an HPH animal model was established, using
OVX rats. Alterations to ROS, superoxide dismutase (SOD),
manganese superoxide dismutase (MnSOD), copper-zinc
superoxide dismutase (Cu/ZnSOD) and HIF-1a were examined
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in vivo to determine the effects of E2 and 2ME treatment on the
OS-HIF-1a pathway in this model.

Materials and methods

Animals and experimental design. A total of 32 healthy
6-8 week-old female Sprague-Dawley rats (weight, 170-190 g)
were purchased from the Animal Center of the Hebei Medical
University (Shijiazhuang, China). In accordance with previous
modeling approaches (10), the rats were randomly divided into
4 groups (n=8 per group), as follows: i) Control (group A);
ii) OVX + hypoxia (group B); iii) OVX + hypoxia + E2
(group C); and iv) OVX + hypoxia + 2ME groups (group D).
In groups B, C and D rats were anesthetized with pentobar-
bital sodium (40 mg/kg, intraperitoneal; Shanghai Haling
Biotechnology Co., Ltd., Shanghai, China), the abdominal
cavity was subsequently opened and the bilateral ovaries
were removed. In group A, rats were anesthetized with
pentobarbital sodium (40 mg/kg, intraperitoneal; Shanghai
Haling Biotechnology Co., Ltd.), the abdominal cavity
was opened and the ovaries were located but not removed.
Following the operation, the rats in groups A and B received
subcutaneous injection of physiological saline (0.1 ml/day for
8 weeks), group C received a subcutaneous injection of E2
(20 ug/kg/day for 8 weeks; Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) and group D received a subcutaneous
injection of 2ME (240 pg/kg/day for 8 weeks; Sigma-Aldrich;
Merck Millipore). Exposure to hypoxic conditions and E2,
2ME or physiological saline was initiated simultaneously
1 week after surgery. To provide hypoxic conditions, rats were
maintained in a normobaric chamber (CJ-D02245; Changjin
Science Co., Ltd., Changsha, China) with a controlled O,
concentration of 10.0+0.5%. Soda lime and anhydrous calcium
chloride were used to absorb excess carbon dioxide and water
vapor, maintaining the carbon dioxide concentration at <0.5%.
The rats of group A were housed in normal air. All rats were
housed in a temperature-controlled environment (25°C) with a
12 hlight-dark cycle, fed a standard laboratory diet and provided
with water ad libitum. Bedding was changed once a week. The
rats were maintained under air/hypoxic conditions for 8 weeks
in order to establish a hypoxic PH model. The present study
was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The animal use protocol was
reviewed and approved by the Institutional Animal Care and
Use Committee of Hebei Medical University.

Measurement of mPAP and pulmonary arteriole morphology.
Measurement of mPAP was performed as described previ-
ously (14). Briefly, after 8 weeks, the rats were anesthetized by
an intraperitoneal injection of pentobarbital sodium (40 mg/kg;
Shanghai Haling Biotechnology Co., Ltd.). A longitudinal skin
incision was made on the right side of the neck, and blunt
layer-by-layer separation of the tissues was performed until the
right external jugular vein was exposed. A polyethylene catheter
was gradually inserted into the pulmonary artery through an
incision in the right external jugular vein, and the mPAP was
recorded using a pressure transducer, which was interfaced to a
BL-420S Bio Lab System (Chengdu TME Technology Co., Ltd.,
Chengdu, China). Following measurement of mPAP, blood
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samples (2.0 ml per rat) were drawn from the pulmonary artery
of the rats. These were centrifuged for 10 min at 3,000 x g and
the supernatant was collected and stored at -80°C until use. The
rats were then sacrificed by exsanguination and the lungs were
isolated and washed with physiological saline repeatedly. Three
lobes of the right lung were surgically removed, immediately
snap frozen in liquid nitrogen and stored at -80°C until use.
The upper lobe of the left lung was removed and fixed in a 10%
formalin solution overnight, which was followed by paraffin
embedding. Subsequently, lung sections (4-um) were prepared
and stained with hematoxylin and eosin. Sections were exam-
ined under a light microscope (Eclipse 55i; Nikon Corporation,
Tokyo, Japan) for pulmonary arteriolar morphological analysis.

Assessment of pulmonary arteriolar ultrastructural changes.
To assess the pulmonary arteriolar ultrastructure, lung tissue
was fixed in 4% glutaraldehyde, and postfixed in 1% OsO,.
Ultrathin sections were cut on a microtome, placed on copper
grids, stained with uranyl acetate and lead citrate, and exam-
ined with a transmission electron microscope.

Determination of ROS, SOD, MnSOD, and Cu/ZnSOD. Serum
ROS levels were measured using the Fenton reaction and
Griess color rendering principle according to the ROS detec-
tion kit instructions (cat. no. AO18; Jiancheng Bioengineering
Institute, Nanjing, China).

SOD, Cu/ZnSOD, and MnSOD levels in serum were deter-
mined using the xanthine oxidase method according to the
instructions in the SOD activity detection kit (cat. no. A0OI;
Jiancheng Bioengineering Institute).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). RT-qPCR was used to detect the expression of
MnSOD and HIF-1a mRNA, as follows: Total RNA was extracted
from lung tissue using TRIzol (Takara Biotechnology Co., Ltd.,
Dalian, China) and 2 ug of each RNA sample was reverse
transcribed to cDNA. The RNA concentration and purity were
determined using an ultraviolet spectrophotometer (756MC;
Shanghai Precision & Scientific Instrument Co., Ltd., Shanghai,
China). RT was performed as follows: 2 ug of total RNA was
added into an RT reaction system tube containing 10 ul avian
myeloblastosis virus (AMV) buffer, 5 ul dNTPs, 2.5 pl oligo(dT)
primer, 2.5 ul AMYV and 2.5 ul RNase inhibitor (cat. no. 2313A;
all Takara Biotechnology Co., Ltd.). Diethyl pyrocarbonate
(DEPC) solution was added to make up 50 ul total reaction
volume. After mixing and centrifuging at 4°C and 256 x g for
5 sec, the reaction system was subjected to RT. The conditions
for RT were as follows: 42°C for 30 min, 99°C for 5 min and 5°C
for 5 min. The following specific oligonucleotide primers were
used: Forward, 5'-GCCTCAGCAATGTTGTGTCG-3"; and
reverse, 5" TGATTAGAGCAGGCGGCAAT-3' for MnSOD;
and forward, 5'-CTCAGAGGAAGCGAAAAATGG-3"; and
reverse, 5-AATTCTTCACCCTGCAGTAGG-3' for HIF-1a
(Sangon Biotech Co., Ltd., Shanghai, China). GAPDH (Forward,
5-CACCTTTGATGCTGGGGCTG-3"; and reverse, 5-TGG
TATTCGAGAGAAGGGAGGG-3'; Sangon Biotech Co., Ltd.)
was used as an internal reference to normalize the mRNA
expression levels of MnSOD and HIF-1a. The gPCR reaction
system contained 5 pl 10xTaq buffer, 3 1 MgCl, (25 mmol/l),
0.5 ul ANTP (10 mmol/l), 1 ul forward primer (10 gmol/l), 1 ul



EXPERIMENTAL AND THERAPEUTIC MEDICINE 13: 2537-2543, 2017

Figure 1. Effect of E2 and 2ME on pulmonary arteriole morphological
changes in rats, illustrated by hematoxylin and eosin staining. Scale bar,
50 um. (A) Control group; (B) OVX + hypoxia group; (C) OVX + hypoxia +
E2 group; (D) OVX + hypoxia + 2ME group. OVX, ovariectomized; E2,
estradiol; ME, methoxyestradiol.

reverse primer (10 zmol/l), 2.5 ul cDNA, 0.5 ul Taqg DNA poly-
merase and DEPC solution to give a total reaction volume of
50 pl (all Takara Biotechnology Co., Ltd.). The conditions for
gPCR were as follows: Initial denaturation at 94°C for 3 min;
30 cycles of denaturation at 94°C for 40 sec, annealing at 54°C
for 30 sec, and extension at 72°C for 1 min; final extension at
72°C for 10 min. Afterwards, 6 pl of PCR product was used to
perform 1.5% agarose gel electrophoresis. The electrophoresis
image was analyzed using Quantity One Analysis Software
(version 4.6; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Western blotting. Western blot analysis was used to detect the
expression of MnSOD and HIF-la protein. Total protein was
extracted from lung tissue using radioimmunoprecipitation
assay lysis buffer (BestBio, Shanghai, China), and the protein
content was determined by the improved Lowry method (15).
Equal amounts of protein (60 pg/lane) from each sample were
separated by SDS-PAGE on a 15% polyacrylamide gel, and
were subsequently electrophoretically transferred to a nitrocel-
lulose membrane. The membranes were blocked with a 5%
nonfat dry milk solution in TBS with 0.1% Tween-20 (TBS-T,
pH 8.0) for 2 h at room temperature and incubated in primary
antibody dissolved in the blocking solution at 4°C overnight.
The MnSOD protein was detected using a rabbit anti-MnSOD
monoclonal antibody (1:1,000; ab68155; Abcam, Cambridge,
MA, USA) and HIF-1a was detected using a mouse anti-HIF-1a
monoclonal antibody (1:1,000; NB100-123; Novus Biologicals
LLC, Littleton, CO, USA); a mouse anti-GAPDH monoclonal
antibody (1:1,000; ab9484; Abcam) was used to confirm equal
loading. Following three washes for 5 min in TBS-T, the
membranes were incubated with horseradish peroxidase-conju-
gated immunoglobulin g (1:1,000; MAB1799; R&D Systems,
Inc., Minneapolis, MN, USA) corresponding to the primary
antibody in the blocking buffer for 2.5-3.0 h at room tempera-
ture. Following three washes, the proteins were detected using
luminol detection reagent (Santa Cruz Biotechnology, Inc.) and
developed on X-ray film.
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Figure 2. Effect of E2 and 2ME on pulmonary hypertension induced by
chronic hypoxia in rats. (A) Control group; (B) OVX + hypoxia group;
(C) OVX + hypoxia + E2 group; (D) OVX + hypoxia + 2ME group. “P<0.01
vs. A; #P<0.01 vs. B. n=8 rats in each group. OVX, ovariectomized; E2,
estradiol; ME, methoxyestradiol; mPAP, mean pulmonary artery pressure.

Statistical analysis. All quantitative data are expressed as
mean + standard deviation. Statistical analysis was performed
using a one-way analysis of variance, followed by a least signifi-
cant difference test for post hoc multiple comparisons. A P<0.05
was considered to represent a statistically significant difference.
Analyses were performed using SPSS 13.0 (SPSS, Inc., Chicago,
IL, USA).

Results

The animal model of PH. During the experiments, rats in the
control group were active, gained weight gradually and their
body fur was smooth and lustrous, whereas in hypoxic groups,
the fur of the rats was less healthy, they took shorter breaths,
their food intake was lower, their bodies were smaller and their
activity decreased gradually. Following 8 weeks of hypoxia
exposure, OVX rats exhibited pulmonary vascular structural
remodeling and PH characteristics, including a visible pulmo-
nary arterial wall and smooth muscle layer thickening, luminal
stenosis (Fig. 1) and a significant increase in mPAP compared
with the control rats (Fig. 2). However, the above changes were
lessened in the rats treated with E2 and 2ME as compared with
the OVX + hypoxia rats.

Ultrastructural changes of the pulmonary arteriole. Pulmonary
arteriolar ultrastructural changes were observed via transmis-
sion electron microscopy. In the control group, the mitochondria
were distributed evenly and arranged orderly, and their double
membrane structure was clear without obvious swelling. In
the OVX + hypoxia group, the mitochondria were reduced in
number, swollen, and deformed with fractured cristae. These
changes were less apparent the E2 and 2ME intervention groups
than in the OVX + hypoxia group (Fig. 3).

Serum ROS levels. Compared with the control group, the serum
ROS level of the OVX + hypoxia group was significantly higher
(P<0.01). Additionally, compared with the OVX + hypoxia
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Figure 3. Transmission electron microscopic examination of pulmonary
arteriole. Scale bar, 50 gm. (A) Control group; (B) OVX + hypoxia group;
(C) OVX + hypoxia + E2 group; (D) OVX + hypoxia + 2ME group. OVX,
ovariectomized; E2, estradiol; ME, methoxyestradiol.

group, the serum ROS levels in E2 and 2ME intervention groups
decreased significantly (P<0.01), and there was no significant
difference between these two groups (P>0.05) (Fig. 4).

SOD, MnSOD, and Cu/ZnSOD levels. Compared with the
control group, SOD and MnSOD levels in serum were signifi-
cantly decreased (P<0.05 or P<0.01). In addition, compared
with the OVX + hypoxia group, levels of these enzymes were
significantly higher (P<0.01) in the E2 and 2ME intervention
groups. In the E2 intervention group, MnSOD was significantly
increased compared with the 2ME group (P<0.01). There was no
significant difference in Cu/ZnSOD activity between the groups
(P>0.05) (Fig. 4).

MnSOD mRNA and protein expression. Compared with the
control group, MnSOD mRNA (Fig. 5) and protein expression
(Fig. 6) in lung tissues of the other groups were significantly
decreased (P<0.01). Compared with the OVX + hypoxia group,
the expression of these in the E2 and 2ME intervention groups
was significantly increased (P<0.01), and this increase was
greater in the 2ME group.

HIF-1a mRNA and protein expression. Compared with the
control group, HIF-la mRNA (Fig. 5) and protein expression
(Fig. 6) in lung tissues was significantly increased in all experi-
mental groups (P<0.01). Compared with the OVX + hypoxia
group, the HIF-lo. mRNA and protein levels in the E2 and 2ME
intervention groups was significantly reduced (P<0.01). There
was no significant difference between these two groups with
regard to mRNA expression level (P>0.05), but HIF-1a protein
expression was significantly lower in the 2ME group than the E2
group (P<0.01).

Discussion

HPH is characterized by pulmonary vasoconstriction and
pulmonary vascular remodeling, of which the main patho-
logical change is medial thickening, caused by enhanced
proliferation of pulmonary artery smooth muscle cells (16,17).
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Figure 4. Comparison of the ROS, SOD, MnSOD, Cu/ZnSOD levels in
serum among the groups. (A) Control group; (B) OVX + hypoxia group;
(C) OVX + hypoxia + E2 group; (D) OVX + hypoxia + 2ME group. "P<0.05;
“P<0.01 vs. A; P<0.01 vs. B; “4P<0.01 vs. C. n=38 rats in each group. ROS,
reactive oxygen species; SOD, superoxide dismutase; MnSOD, manganese
superoxide dismutase; Cu/ZnSOD, copper-zinc superoxide dismutase; OVX,
ovariectomized; E2, estradiol; ME, methoxyestradiol.

However, the potential mechanism of HPH is complicated and
remains poorly defined. HIF-1 is an important transcriptional
factor, which serves an essential role in the hypoxia response
and is a ‘molecular switch’, regulating target gene expression
and affecting hypoxia-induced vascular remodeling (18,19).
HIF-1 is a heterodimeric transcription factor composed of
a regulatory a subunit (HIF-1a) and a constitutive 3 subunit
(HIF-1p) (20). HIF-1a is a functional subunit that regulates
the expression of >100 types of target genes involved in
hypoxic stress and thus serves a crucial role in the response
to hypoxia (21). The expression and activity of HIF-la are
regulated mainly by cellular oxygen concentration (21);
however, it is difficult to change a patient's anoxia status. A
previous study demonstrated that factors other than hypoxia
may enhance HIF-1ao mRNA expression, as the HIF-1 level
did not increase in direct correlation to oxygen concentra-
tion (22). Accumulating evidence suggests that oxidative
stress is involved in the regulation of HIF-1 expression and
activity (23-27).

Oxidative stress (OS) is an imbalance between the produc-
tion of ROS, which includes superoxide anion free radicals,
hydrogen peroxide and hydroxyl radicals and the antioxidant
capacity of the body (28). SOD provides a cellular defense
mechanism by scavenging ROS, which constitutes one of the
major defense mechanisms of cells against OS (29). In patho-
logical conditions, such as hypoxia, excessive ROS interact
with cellular proteins, lipids and DNA, resulting in oxidative
cell and tissue damage, and/or behave as second messengers,
promoting pulmonary vascular remodeling (30). Mitochondria
are a key site of ROS production, but also represent a target for
ROS and are compromised by severe or prolonged oxidative
stress; this creates a vicious cycle to amplify mitochondrial
ROS, which leads to subsequent mitochondrial dysfunc-
tion and oxidant generation (31). Accumulating evidence
suggests that ROS serve an important role in HIF-1a regu-
lation; hypoxic exposure may increase ROS, and ROS,
behaving as signaling molecules, activate HIF-1a, inhibit
voltage-gated potassium channel expression and increase
cytosolic calcium concentration, thereby leading to smooth
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Figure 5. mRNA levels of (A and B) MnSOD and (A and C) HIF-1a in lung
tissues among the groups. (a) Control group; (b) OVX + hypoxia group; (c)
OVX + hypoxia + E2 group; (d) OVX + hypoxia + 2ME group. "P<0.01 and
“P<0.05 vs. a; "P<0.01 vs. b; and ¥4P<0.01 vs. c. n=8 rats for each group.
MnSOD, manganese superoxide dismutase; HIF-1a, hypoxia-inducible
factor-la; OVX, ovariectomized; E2, estradiol; ME, methoxyestradiol.

muscle contraction (23). Previous research demonstrated that
augmenting SOD2-increased hydrogen peroxide-mediated
redox signaling inhibited HIF-1a activity and reduced pulmo-
nary artery smooth muscle cell proliferation (24). Recent
studies have reported that oxidative stress regulates the expres-
sion of HIF-1a at both the protein and mRNA levels (25-27).
A study on arsenic-induced carcinogenesis demonstrated that
arsenic-induced ROS increases HIF-1a transcription via inhi-
bition of miR-199a expression (25). Sasabe et al (26) revealed
that intracellular ROS, produced following the knockdown
of Mn-SOD, enhanced HIF-1a expression in oral squamous
cell carcinoma cells through transcriptional, translational
and posttranslational regulation under normoxic and hypoxic
conditions. Fijalkowska ef al (27) demonstrated that decreased
expression of mitochondrial MnSOD, which influences
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Figure 6. Protein levels of (A and B) MnSOD and (A and C) HIF-1a in lung
tissues among the groups. (a) Control group; (b) OVX + hypoxia group; (c)
OVX + hypoxia + E2 group; (d) OVX + hypoxia + 2ME group. “P<0.05 vs. a;
"P<0.01 vs. b; and ¥P<0.05; “4P<0.01 vs. c. n=8 rats for each group. MnSOD,
manganese superoxide dismutase; HIF-1a, hypoxia-inducible factor-la;
OVX, ovariectomized; E2, estradiol; ME, methoxyestradiol.

mitochondrial ROS levels and/or NO bioavailability, may be
mechanistically implicated in the enhanced HIF-1a expres-
sion in cultured endothelial cells from patients with idiopathic
pulmonary arterial hypertension. A previous study indicated
that oxidative stress and tissue hypoxia may serve as triggering
signals for HIF-1a activity and expression in irradiated lungs,
leading to radiation-induced inflammation, angiogenesis and
fibrosis (32).

In the present study, female rats were used and a model of
HPH was successfully established by treatment with bilateral
OVX and 8 weeks of hypoxia. Rats in group B had signifi-
cantly increased mPAP, thickened pulmonary arteriolar walls
and an increased number of smooth muscle cells, in which
mitochondrial swelling, and crista fragmentation and disap-
pearance were observed. Compared with the control group,
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serum ROS levels increased significantly, SOD and MnSOD
levels markedly decreased, lung tissue MnSOD mRNA and
protein expression decreased and HIF-la mRNA and protein
expression were significantly increased in the model group.
These results suggest that oxidative stress may contribute to
the occurrence and development of HPH through the upregu-
lation of HIF-1a transcription and translation.

Previous studies have focused on the protective effects
of E2 on the pulmonary vasculature, but the mechanisms
behind these are unknown. Miyamoto et al (33) reported
that E2 reduced the HIF-lo mRNA level under hypoxic
conditions. Determining whether E2 inhibits the expression
of HIF-1a by regulating oxidative stress will help to further
the understanding of the mechanism of action of E2 in HPH.
Wang et al (34) previously revealed that E2 protects against
light-induced retinal damage via its antioxidative effect, and
the etiology of this involves the upregulation of the gene expres-
sion levels of SOD. Liu er al (35) suggested that E2 upregulates
SOD?2 expression, resulting in reduced ROS generation, which
largely favors cardiovascular function. In the present study,
administration of E2 significantly ameliorated mitochondrial
ultrastructural damage, and alleviated oxidative stress, as indi-
cated by a significant decrease in the ROS level in serum, a
significant increase in SOD and MnSOD levels in serum and a
significant increase in MnSOD mRNA and protein expression
in lung tissues. E2 therapy also significantly reduced tissue
HIF-1lao mRNA and protein expression. The improvement
in the aforementioned parameters was correlated with the
observed amelioration of histological changes of pulmonary
arteries. Hence, the protective effects of E2 on HPH may be
mediated by its ability to decrease HIF-1a. mRNA and protein
expression through its antioxidant potential.

2ME, an estrogen derivative, was recently reported to
have antitumor and anti-angiogenesis functions. Recently,
2ME has been reported to downregulate HIF-1a and inhibit
the expression of its downstream target genes in tumor
cells (36). However, the exact mechanism of the inhibition
of HIF-1a by 2ME is remains unclear, which may be due to
a promoting effect on HIF-1la protein degradation (36), an
inhibitory effect on the translation and nuclear translocation
of HIF-1a protein (37), or a promoting effect on microtubule
disruption (38). Previous research indicated that 2ME inhibits
ROS generation whilst enhancing SOD activity, which may
be responsible for its anti-angiogenic effect (39). The present
study demonstrated that 2ME intervention significantly
ameliorated mitochondrial ultrastructural injury, decreased
the serum ROS level, increased serum SOD and MnSOD
activities, increased MnSOD mRNA and protein expression
in lung tissues, significantly reduced tissue HIF-la mRNA
and protein expression and reduced mPAP and attenuated
pulmonary vascular remodeling. These results suggest that
2ME may also inhibit HPH development by relieving oxida-
tive stress and thereby downregulating HIF-lo. mRNA and
protein expression.

In conclusion, the present report suggests that E2 and
2ME administration attenuates hemodynamic and remodeling
parameters in ovariectomized female HPH rats, and suggests
that the protective effects of E2/2ME may, in part, be mediated
by the OS-HIF-1 pathway; however, the detailed mechanism
of this requires additional study.
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