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Endogenous hormone 2-methoxyestradiol suppresses venous
hypertension-induced angiogenesis through up- and
down-regulating p53 and id-1
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Abstract

Brain arteriovenous malformations (AVMs) which associate with angiogenesis due to local hypertension, chronic cerebral ischaemia and tissue
hypoxia usually lead to haemorrhage, however, the therapeutic medicine for the disease is still lacking. 2-methoxyestradiol (2-ME) has been
shown effective in the anti-angiogenic treatment. This study was conducted to examine whether and how 2-ME could improve the vascular mal-
formations. Intracranial venous hypertension (VH) model produced in adult male Sprague-Dawley rats and culture of human umbilical vein
endothelial cells (HUVECs) at the anoxia condition were used to induce in vivo and in vitro angiogenesis, respectively. Lentiviral vectors of /D-1
and p53 genes and of their siRNVA were intracranially injected into rats and transfected into HUVECS to overexpress and down-regulate these
molecules. 2-ME treatment not only reduced the in vivo progression of brain tissue angiogenesis in the intracranial VH rats and the in vitro
increases in microvasculature formation, cellular migration and HIF-1a expression induced by anoxia in HUVEGs but also reversed the up-regu-
lation of ID-1 and down-regulation of p53 in both the in vivo and in vitro angiogenesis models. All of the anti-angiogenesis effects of 2-ME
observed in VH rats and anoxic HUVECs were abrogated by ID-1 overexpression and p53 knockdown. Our data collectively suggest that 2-ME
treatment inhibits hypoxia/anoxia-induced angiogenesis dependently on ID-1 down-regulation and p53 up-regulation, providing a potential alter-
native medical treatment for un-ruptured AVM patients.
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Introduction

AVMs are congenital cerebrovascular nidus that often cause
haemorrhage in young adults. Spontaneous bleeding, growth and
recurrence indicate that brain AVMs are lesions with active angiogen-
esis and vascular remodelling [1-4]. Although brain AVMs is consid-
ered to be congenital, the underlying mechanisms of progression are
still unclear. Wall shear stress has been implicated as an important
biomechanical stimulus for vascular remodelling associated with
cerebral AVMSs [5], but it may not be the sole cause [2]. Although ves-
sels in the nidus are exposed to arterial blood therefore unlikely to be
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ischaemic, steal phenomenon may induce hypo-perfusion instead in
surrounding tissue. Local chronic cerebral ischaemia and tissue
hypoxia will lead to the angiogenesis and vascular malformations
[6, 7]. For this reason, rodent intracranial VH model is widely used to
study human brain AVMs and dural arteriovenous fistulas (DAVFs).
Intracranial VH is mainly caused by sinus thrombosis, contribut-
ing to various cerebrovascular diseases such as DAVFs [6]. In our
previous studies, we verified the hypothesis that some acquired
human intracranial vascular malformations can be caused by VH
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through a rat intracranial VH model. We found that angiogenesis was
highly active in the dura mater after modelling, which finally created a
gross malformed vascular mass [8]. Following works using the same
model further confirmed the local hypoxia and angiogenesis status,
marked by relevant factors such as vascular endothelial growth factor
(VEGF), matrix metalloproteinases (MMPs) and hypoxia-inducible fac-
tor-alpha (HIF-1a) [9]. Besides, differentiation-1 (ID-1) as a transcrip-
tion regulator was also found to synchronously change with HIF-1a
in vivo 9], similar with the findings in oncology studies [10]. In addi-
tion, the level of p53 became lower in the brain tissue under chronic
intracranial VH, in our pilot experiments. The susceptibility of
intracranial vascular malformations has already been proved to relate
to sex hormones. Patients of DAVF had lower serum estradiol levels
than control patients [11]. Although estradiol does not have a direct
anti-angiogenesis effect, its metabolite 2-ME is a potent agent [12].
Because of its low binding affinity to oestrogen receptors, 2-ME does
not exhibit direct oestrogenic activity compared to estradiol [13].
Moreover, we recently found that the increasing level of ID-1, HIF-1a
together with angiogenesis factors and microvessel density could be
reduced by 2-ME [9].

Although the origin of intracranial VH can sometimes be cured,
vascular malformations such as AVMs and DAVFs are more thorny
problems. Surgery, endovascular intervention and radiotherapy are
primary treatments for these malformations, but the complexity of
the vascular architecture often limits the effectiveness of those thera-
pies [14]. Moreover, high-grade malformations are more likely to pre-
sent with haemorrhage [15]. Considering the previous findings in the
rat intracranial VH model, we speculated that anti-angiogenesis treat-
ment is a reasonable choice for adjuvant therapy. The aim of this
study was to assess the role of ID-1 and p53 in regulation of HIF-1,
and the mechanism of 2-ME in attenuating angiogenesis in the
intracranial VH rat model and anoxic HUVECs.

Materials and methods

Surgical and intervention protocols

Experimental protocols for animals were approved by the Huashan Hospi-
tal Institutional Board, Fudan University, Shanghai, China. Study design
was in accordance with the ARRIVE guidelines. Fifty two male Sprague-
Dawley rats weighing 300-350 g, aged about 11 weeks were used in this
study. All rats were bred and kept in a pathogen-free animal facility. Rats
underwent surgical procedures after intraperitoneal injection of 10% chlo-
ral hydrate at a dose of 0.2 ml/100 g and with 1% lidocaine local anaes-
thesia. Surgical procedures for rat VH model were described in our
previous studies [8, 9].

Animal grouping

Rats were randomly grouped into eight groups. Sham group: rats were
only exposed with external jugular vein and common carotid artery.
Sham/2ME group: rats after sham operation were treated by 2-ME for
28 days. VH group: rats were received VH modelling. VH/2ME group: rats
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after VH modelling were treated by 2-ME for 28 days. VH/ID-1+ group:
rats were received VH modelling and right basal ganglia injection of ID-1
overexpression lentiviral vector. VH/ID-1+/2ME group: rats were received
VH modelling and right basal ganglia injection of ID-1 overexpression len-
tiviral vector, then treated with 2-ME for 28 days. VH/p53- group: rats
were received VH modelling and right basal ganglia injection of shRNA of
p53 lentiviral vector. VH/p53-/2ME group: rats were received VH mod-
elling and right basal ganglia injection of shRNA of p53 lentiviral vector,
then treated with 2-ME for 28 days. The dose of 2ME was 60 mg/kg/day,
dissolved by DMSO as 300 mg/ml. All the animals underwent bypass sur-
gery were checked for vascular patency by dissection before sampling.
Rats with vascular occlusion were excluded. Intervention, vessel dissec-
tion and sampling were performed by blinded investigators. Animal mod-
elling and grouping diagram were presented in Figure S1.

Local lentivirus vectors injection

The peri-cranial muscles and fascia were retracted laterally after a mid-
line scalp incision. Next, a bone hole (1 mm diameter) was drilled
1 mm posterior and 4 mm lateral to the bregma following the coordi-
nates of the stereotaxic atlas. Through this hole, 100 pl lentivirus vec-
tors (10° pfu) were injected over a period of 5 min. into basal ganglia
at a depth of 5 mm using a microinjection syringe. The needle was held
in place for an additional 60 sec. to prevent reflux.

Cell preparation, culture, anoxia incubation and
2-ME treatment

The primary HUVECs were isolated from fresh human umbilical veins of
32-34 weeks old and seeded on a 6-well plate in Endothelial Cell Medium
(ECM, ScienCell Research Laboratories, Santiago, CA, USA) containing
5% FBS, 100 U/ml P/S solution and 100 U/ml ECGs at 37 and 5% CO,.
The 2-3 passages of HUVECs were used and cultured at 5 x 10%well in
this study. Before treatments, HUVECs were cultured in serum-free ECM
for 24 hrs. Anoxia culture was performed using a three gas incubator
(1% 0y). 2-ME (Sigma-Aldrich, St. Louis, MO, USA) diluted with DMSO
was added to HUVECs at the concentration of 10 uM.

Lentiviral vectors and cellular transfection

Construction of lentiviral vectors encoding p53 and /D-1 has been previ-
ously described [10, 16]. Small interfere RNA (siRNA) of /D-1 and p53,
and their scramble sequences were synthesized by PCR based method
and purchases from Genepharma, Inc. (Shanghai, China). These con-
structs were inserted into lentiviral vectors (Invitrogen, Carlsbad, CA,
USA). Transfection of lentiviral vectors encoding /D-7 and p53, and their
SIRNA into cultured cells were performed as reported previously. Effi-
cacy of adenoviral vector transfection was evaluated by examining the
ID-1 and p53 protein expressions using Western blotting.

Cell migration assay

HUVECs transfected with relative lentivirus vectors were seeded at
1 x 10%well in the plates with an Ibidi-silicone insert (Ibidi,
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Martinsried, Germany) according to the product instruction. This insert
allows for the formation of a well-defined ‘edge’ without physically
scratching or wounding the cell monolayer. The cells were cultured for
24 hrs to form a confluent monolayer prior to careful removal of the
insert. After removal of the insert using sterile tweezers, cells were then
rinsed twice with media, and fresh ECM with or without 2-ME was
added to the dish prior to the anoxia or normoxia incubation. After
24 hrs incubation, the cells were observed under a microscope (x25).
The NIH image processing software was used to measure the cell-cov-
ered area.

Tube formation experiments

HUVECs transfected with relative lentivirus vectors were resuspended in
2% FBS-ECM, implanted onto the matrigel (BD Inc., San Jose, CA,
USA) in 24-well plate in a density of 5 x 10* cells/well and grown for
18 hrs under the normoxia or anoxia condition with or without 2-ME
pre-treatment for 24 hrs. The capillary formation was observed under a
microscope (x100) and quantified by calculating the total numbers of
branch points in whole well.

Immunohistochemistry staining

Rabbit polyclonal antibodies against VEGF (1:250 dilution; Abcam, Cam-
bridge, UK, ab46154), MMP-9 (1:100 dilution; Abcam, ab7299), ID-1
(1:200 dilution; Abcam, ab134163), p53 (1:100 dilution; Abcam,
ab131442) and HIF-1o (1:200 dilution; Abcam, ab51608) were used for
immunohistochemical staining. The secondary antibody was goat anti-
rabbit immunoglobulin (1:500 dilution; Abcam).

Immunofluorescent staining

Rabbit polyclonal antibodies against CD31 (1:200 dilution; Abcam,
ab64543) were used for immunofluorescent staining. The secondary
antibody was goat anti-rabbit immunoglobulin  (1:500 dilution;
Abcam). Nuclei were visualized with 4/,6-diamidino-2-phenylindole
(DAPI). Slides were photographed for red (Alexa Fluor 594), green
(Alexa Fluor 532) and blue (Alexa Fluor 488) fluorescence with a
fluorescent microscope (Olympus, Tokyo, Japan). Microvessels
marked by CD-31 (lumen diameter < 10 cells) were measured in
five random 200x fields in five sections, and the microvessel den-
sity (MVD) was calculated. The assessment of the micro vessels
was performed by two independent observers who were blinded to
each group.

Western blot analysis

Total proteins extracted from the tissues or cells were subjected to Wes-
tern blot analysis for HIF-1a (1:1000 dilution; Abcam, ab51608), 1D-1
(1:1000 dilution; Abcam, ab134163), p53 (1:1000 dilution; Abcam,
ab131442), VEGF (1:1000 dilution; Abcam, ab46154), MMP-9 (1:1000
dilution; Abcam, ab7299) or GAPDH (1:2000 dilution; Boster, BM3876) in
standard routine with relative antibodies (Santa Cruz Biotechnology, CA,
USA). Quantitative analysis was performed by LAS-3000 imaging system
(FUJIFILM Inc, Tokyo, Japan).

© 2017 The Authors.

J. Cell. Mol. Med. Vol 22, No 2, 2018

Statistical analyses

All statistical significance was determined by one-way or two-way Anova
with Newman—Keuls test for post hoc analysis. A P value of < 0.05 was
considered statistically significant. All results are presented as
mean + S.D. of the mean.

Results

Effects of 2-ME on the expression of ID-1 and
P53 proteins in the basal ganglia of VH rats and
HUVECs

As ID-1 and p53 have been known to be the important regulators
for angiogenesis, we therefore first examined the effects of 2-ME
on ID-1 and p53 protein expressions in the basal ganglia of rat
VH model. The mortality among the VH rats was 10% (4/40).
Four rats died secondary to operator error or surgical failure dur-
ing VH modelling. VH was successfully induced by the surgical
bypass procedure in 48 rats and a sham operation was per-
formed on the other 12 rats. The patency of the bypass was
confirmed by dissection during tissue sampling. Expression levels
of ID-1 and p53 in the basal ganglia were analysed among sham
and VH groups with and without 2-ME intervention. Compared
with those in the Sham group, the protein expression levels of
ID-1 were markedly higher and of p53 were obviously lower in
the VH rats (Fig. 1A and B). Interestingly, 2-ME treatment not
only suppressed the increase in the expression of ID-1 but also
ameliorated the down-regulation of p53 expression significantly in
VH rats (Fig. 1A and B). In addition, the levels of ID-1, p53 and
HIF-1oc were analysed on HUVECs with or without anoxic culture
and 2-ME treatment (Fig. 1C). As a hypoxia sensitive factor, HIF-
1o level was remarkably raised in response to anoxia culture for
24 hrs as we expected in HUVECs (Fig. 1C). By 2-ME pre-treat-
ment for 24 hrs, HIF-1a level was significantly lower than vehicle
treated HUVECs. For ID-1, Western blotting illustrated the similar
variation trends (Fig. 1C). Furthermore, p53 levels were presented
with opposite changes in response to anoxia and 2-ME treatment
(Fig. 1C).

The roles of ID-1 and P53 in the inhibitory
effects of 2-ME on intracerebral angiogenesis in
VH rats

We therefore asked whether the changes of ID-1 and p53 expres-
sion play roles in 2-ME-exerted inhibitory effects on intracerebral
angiogenesis in VH Rats. The microvessel density (MVD) in the
basal ganglia of rats was measured to verify angiogenesis. In the
VH group, MVDs were elevated significantly compared with Sham
group, and was attenuated by 2-ME intervention (Fig. 2A). Also,
angiogenesis factors such as VEGF and MMP-9 in the local tissue
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and plasma were changed synchronously with MVDs, indicating the
contribution of these factors to intracerebral angiogenesis (Fig. 2B
and C). Up to now, those findings were similar with our previous
study, in which rats were observed during a longer time length.
Interestingly, by local overexpression of ID-1 (ID+) or knockdown
of p53 (p53-), the inhibitory effects of 2-ME on intracerebral angio-
genesis in VH rats were abolished (Fig. 2A). MVD was increased,
but the inhibition of MVD by 2-ME became weaker in VH/ID+
group. Similar phenomenon was observed in VH/p53- group. In
addition, ID-1 overexpression or p53 knockdown could significantly
enhance the expression of MMP-9 but not VEGF after VH mod-
elling. However, the effect of 2-ME on VEGF and MMP-9 was
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attenuated either by ID-1 overexpression or p53 knockdown
(Fig. 2B and C). These results suggest that 2-ME exerts inhibitory
effects on intracerebral angiogenesis in VH Rats dependently on
ID-1 down-regulation and p53 up-regulation.

Involvement of ID-1 and P53 in 2-ME-
induced inhibition of HIF-1a expression in VH
rats

Given the above, we hypothesized that ID-1 elevation and p53
depression after VH modelling might regulate angiogenesis, by
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enhancing the expression of angiogenesis factors. Then, HIF-1a
protein expression level was detected in this VH model. By
immunohistochemistry staining, the number of ID-1 or p53-posi-
tive cells in the basal ganglia was examined among the VH rats
with or without local ID-1 overexpression and p53 knockdown
(Fig. 3A and B). Also, both local ID-1 overexpression and p53

© 2017 The Authors.

knockdown were confirmed in the brain tissue by Western blotting
(Fig. 3C). Thereafter, HIF-1o. expression was examined by Western
blotting. 2-ME treatment suppressed VH modelling-induced eleva-
tion of HIF-1 expression, and either overexpression of ID-1 or
knockdown of pd3 significantly weakened the effect of 2-ME on
HIF-1a: suppression (Fig. 3C).
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ID-1 and P53 regulated 2-ME-induced inhibitory
effects of tube formation and migration in anoxic
HUVECs

Although the results given partially showed the role of ID-1 and
p53 in 2-ME-exerted inhibitory effects on angiogenesis in brain
of VH rats, the complex cell compositions in the basal ganglia
may confuse the behaviour of endothelial cells we mainly
concerned about. We therefore employed anoxic culture of
HUVECs to elucidate the mechanism. Tube formation assay and
wound healing test were first performed on HUVECs (Fig. 4A and
B). After anoxic culture for 18 hrs, microvasculature was signifi-
cantly increased compared with normoxic HUVECs, which was
obviously suppressed by 2-ME meanwhile. However, the inhibi-
tory effect of 2-ME on anoxia-induced tube formation was weak-
ened either in shRNA-p53- or ID-1-transfected HUVECs. In
addition, there was no such phenomenon in p53 or shRNA-ID-1/
HUVECs (Fig. 4C). Similar findings were apparent in wound heal-
ing test (Fig. 4D). An attenuated effect of 2-ME was observed
both in shRNA-p53 and ID-1/HUVEGs, while p53 overexpression
or ID-1 knockdown is invalided. These results suggest that the

A
Normoxia
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inhibitory effects of 2-ME on anoxia-induced angiogenesis
responses in HUVECs are dependent on ID-1 down-regulation
and p53 up-regulation.

ID-1 and P53-mediated 2-ME-induced inhibitory
effects on HIF-1o expression in HUVECs

Up to now, we have already demonstrated that 2-ME could reduce
HIF-1o in VH rats as well as in anoxic HUVECs above. Then we wish
to know whether 2-ME reduces HIF-1o mediated by ID-1 and p53 in
HUVECs. In shRNA-ID-1-HUVECs, HIF-1o level was not highly
increased as sSCRNA-HUVEGs in response to 24 hrs anoxia culture. At
the same time, pre-treatment with 2-ME showed a better intervention
effect on HIF-1a suppression. For ID-1-HUVECs, HIF-1o level was
raised much more than controls after anoxic culture. Moreover, 2-ME
treatment brought little effect on HIF-1o suppression (Fig. 5A and B).
Furthermore, we repeated the similar experiment on shRNA-p53-
HUVECs. As we hypothesized, HIF-1o. was up-regulated more, and
2-ME pre-treatment had less effect on HIF-1ac suppression than
SCRNA-HUVECs, when cultured with anoxia. Overexpression of p53 in
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Fig. 5 The roles of ID-1 and p53 in the effects of 2-ME on anoxia-induced expression of HIF-1a proteins in HUVECs. The HUVECs were transfected
with p53 genes (A), siRNA of p53 (B), ID-1 genes (C), siRNA of ID-1 (D) or their empty vectors (Vector) or scramble sequence of RNA (scRNA) for
24 hrs. The cells were then added with 2-ME or vehicle and subjected to normoxia (-) or anoxia (+) incubation for 24 hrs. The protein expressions
of ID-1, HIF-1oc and p53 were analysed by Western blotting. GAPDH expression was used as the loading control. A, B, C and D, representative blots
from six independent experiments are shown. Expressions of ID-1, HIF-1o and p53 proteins were quantified as folds of GAPDH expression in the
cells subjected to normoxia with vehicle. Data are expressed as mean + S.D. of six independent experiments (n = 6).*P < 0.05 versus normoxia

with Vehicle; *P < 0.05 versus Anoxia with Vehicle.

HUVECs down-regulated the expression of HIF-1o to a pretty lower
level than that in the control, especially with anoxic culture (Fig. 5C
and D). Interestingly, all of above manipulation of p53 and ID-1
expression in HUVECs did not interfere with each other. Besides, p53
did not participate in 2-ME-mediated inhibition of anoxia-induced
phosphorylation of Akt1 (See Fig. S2). These results suggest that the
inhibitory effects of 2-ME on anoxia-induced HIF-1a. expression in
HUVECs are separately dependent on ID-1 down-regulation and p53
up-regulation.

Discussion

This study has revealed the importance of ID-1 and p53 in endothelial
cells in response to hypoxia-induced angiogenesis. Either [D-1
up-regulation or p53 down-regulation promotes HIF-1a expression
and angiogenesis, in the basal ganglia of intracranial VH rat model
and HUVECs. The knowledge of ID-1 protein is mainly from oncology
researches. ID-1 is a member of the ID protein family, proved to regu-
late cell differentiation, cell-cycle progression and apoptosis [17]. Kim
et al. [10]. found the possibility of cross talk between ID-1 and HIF-
1q, either from normoxic or hypoxic conditions. ID-1 can enhance
HIF-1o protein stability, nuclear translocation and transcriptional
activity in breast cancer cells probably through ERK pathway. As a
critical tumour suppressor protein, p53 has long been the study focus
in the cancer researches. One involvement between p53 and HIF-1o is
the protein—protein interaction [18], existing as a molecular complex
in vivo and in vitro. in vivo, p53 can repress the HIF-1-stimulated tran-
scription on a sufficient level [19]. This p53-dependent suppression
of HIF-1 has been ascribed to a decrease in HIF-1o: stability [20-22].

ID-1 and p53 are strongly implicated in regulation of angiogene-
sis. ID-1 has been shown to induce angiogenesis through up-regula-
tion of HIF-1o, and p53 has been reported as a suppressor of
angiogenesis through inhibition of HIF-1o. However, there are few
reports showing the correlation between ID-1 and p53 in angiogene-
sis. In one study on breast cancer cell, ID-1 was reported to activate
the Akt pathway by inhibition of phosphatase and tensin homologue
deleted on chromosome 10 transcription through down-regulation of
p53 [23], suggesting an ID-1-mediated change of p53 level. Although
our in vivo experiments also showed the marginal down-regulation of
p53 after ID-1 local overexpression, the in vitro study in HUVEC
revealed that p53 level could not be changed by overexpression
or knockdown of ID-1. On the other hand, neither in vivo nor
in vitro experiments showed any changes of ID-1 levels after up- or
down-regulation of p53. Collectively, our present study indicates the
simultaneous but independent role of p53 and ID-1 in the regulation
of HIF-1o and angiogenesis.

© 2017 The Authors.

The HIF-1 is a transcription factor that interacts with hypoxia-
response elements. The transcription of over 60 genes can be
up-regulated by HIF-1, many of them are in relevance with angio-
genesis. One important insight into the mechanism of 2-ME on
anti-angiogenesis is thought to be associated with HIF-1o. It is
speculated that 2-ME block the transcription of HIF-1a, as well as
other proangiogenic genes dependent on HIF-1a [24]. There are
reports suggest microtubule is the major target of 2-ME that medi-
ated HIF-1a inhibition [25, 26]. As a result, numerous angiogenic
genes can be regulated by 2-ME directly or indirectly. Previous
studies have already demonstrated that 2-ME can disrupt angiogen-
esis effectively at different stages in the formation of new blood
vessels. Despite the studies in oncology, 2-ME exhibited anti-angio-
genic activity in the corneal micropocket vascularization in vivo
[12] and inhibited development of neovascularization in rat aortic
ring assay [27, 28]. From our data, 2-ME plays an effective role in
anti-angiogenesis in vivo and in vitro. However, with 1D-1 overex-
pression or p53 knockdown, the effectiveness of 2-ME was limited,
restored MVDs and angiogenesis factors in the basal ganglia, as
well as endothelial cells functions. In a breast cancer mouse model,
Huh et al. confirmed that ID-1 level was repressed by 2-ME in
tumour and vascular endothelial cells with a dose-effect relation-
ship [29]. Several reports showed that 2-ME-induced apoptosis in
different cancer cell lines through p53 pathway up-regulation [30,
31]. In the present study, we first find that 2-ME can suppress ID-
1 and increase p53 level in the VH brain tissue and hypoxic
HUVECs, resulting in HIF-1o suppression and low angiogenesis
activation, indicating a novel medical drug for chronic ischaemia-
related intracranial vascular malformations. According to a
Phase | clinical trial, the maximal 2-ME administration dose is
1000 mg/day, and its half-life is 10 hrs in the human body with a
daily dose [32]. In another trial, 2-ME was given from
200-1000 mg/day orally and last for 28 days in one circle and con-
tinued for a maximum of six cycles [33]. Based on previous in vivo
studies [9, 12, 34], 2-ME injection at a dose of 60 mg/kg/day was
safe and proper for the rats in this study.

Brain AVM is not so common, with young adults’ prevalence,
but is associated with neurological morbidity and death [35].
Treatment strategies for brain AVM include surgical resection,
embolization and stereotactic radiotherapy. However, indication of
these invasive treatments for un-ruptured AVM is still under
debate [36]. Some types of brain AVM, such as those with large
volume and deep drainage vein, are still associated with high
risks, and the outcome of existing interventional treatments or
radiotherapy is poor [36-39]. Recently, a report from the un-rup-
tured brain arteriovenous malformations trial (ARUBA) indicated
that medical management alone could be superior to
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Fig. 6 Proposed mechanism underlying the inhibitory effects of 2-ME on anoxia-induced angiogenesis.

interventional therapy, in purpose of preventing death or stroke
in patients with un-ruptured AVM [36]. This trial highlights alter-
native medical treatments to control AVM development without
invasive therapy, leading future investigations of medicine for
such diseases. In the current study, we use the VH rat model to
simulate the conditions of human brain AVMs. This model was
firstly introduced by Lawton et al in 1997 [6], highlighting the
VH as the cause of aberrant angiogenesis. Because of the surgi-
cal difficulties of common carotid artery-external jugular vein
(CCA-EJV) anastomosis, this kind of model was mainly per-
formed on rats. On the other hand, the use of HUVECs in vitro
can well represent the human species, confirming the mechanism
of 2-ME as the complementarity of in vivo data. There are sev-
eral limitations in this study. Firstly, we used a local in vivo
injection of lentiviral vectors to knockdown p53 or overexpress
ID-1 genes, but did not use the p53 knockout and ID-1 trans-
genic animals. Secondly, as it is very difficult to obtain the
endothelial cells from rat intracranial vessels, we used culture
HUVEC to perform in vitro experiments. There might be some
differences between the two cells types. Thirdly, we focused here
the roles of ID-1 and p53 in the effects of 2-ME on HIF-1 and
angiogenesis. Other angiogenesis-regulating molecules such as
Akt and Notch may be also involved and should be investigated
in our future study.

We present here novel in vivo findings that 2-ME treatment
reduces the progression of brain tissue angiogenesis in the intracra-
nial VH rats mediated by ID-1 and p53 regulations. in vitro studies
further confirm the role of ID-1 and p53 in 2-ME effectiveness. The
proposed mechanism was displayed in Figure 6D. Taken together,
these observations indicate that 2-ME treatment may be a potential
alternative medical treatment for un-ruptured AVM patients, which
still need future clinical investigations.

966

Acknowledgements

This study was funded by Project supported by the National Science Founda-
tion of China (Grant No. 81571117, 81601706 and 81400962), National Basic
Research Program of China 973 Program (Grant No. 2015CB755500) and
Shanghai Sailing Program (Grant No. 15441904500).

Author contributions

L.C, Y.M. and W.Z. conceived and designed experiments. X.Z. and
ZW. performed in vivo experiments. L.Z., J.Y. and C.Y. performed
in vitro experiments. X.Z., L.Z. and J.Y. involved in data analysis. J.S.

involved in clinical data. X.Z. and L.Z. wrote and edited the manu-
script. L.C. involved in approval of the submitted version.

Conflicts of interest

The Authors declare that there is no conflict of interest.

Supporting information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Figure S1 Operation schematic diagram for rat VH model and group-
ing illustration of the experiment.

Figure 82 The roles of p53 in 2-ME-mediated inhibition of anoxia-

induced phosphorylation of Akt1.The HUVECs were transfected with
p53 genes or SiRNA of p53 for 24 hrs.

© 2017 The Authors.

Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.



References

1.

Kader A, Goodrich JT, Sonstein WJ, ef al.
Recurrent cerebral arteriovenous malforma-
tions after negative postoperative angio-
grams. J Neurosurg. 1996; 85: 14-8.
Hashimoto T, Emala CW, Joshi S, ef al.
Abnormal pattern of tie-2 and vascular
endothelial growth factor receptor expres-
sion in human cerebral arteriovenous mal-
formations. Neurosurgery. 2000; 47: 910-8;
discussion 918-919.

Duong DH, Young WL, Vang MC, et al.
Feeding artery pressure and venous drainage
pattern are primary determinants of hemor-
rhage from cerebral arteriovenous malfor-
mations. Stroke. 1998; 29: 1167-76.
Hashimoto T, Mesa-Tejada R, Quick CM,
et al. Evidence of increased endothelial cell
turnover in brain arteriovenous malforma-
tions. Neurosurgery. 2001; 49: 124-31; dis-
cussion 131-122.

Alaraj A, Shakur SF, Amin-Hanjani S, ef al.
Changes in wall shear stress of cerebral arteriove-
nous malformation feeder arteries after emboliza-
tion and surgery. Stroke. 2015; 46: 1216-20.
Lawton MT, Jacobowitz R, Spetzler RF.
Redefined role of angiogenesis in the patho-
genesis of dural arteriovenous malforma-
tions. J Neurosurg. 1997; 87: 267-74.

Zhu Y, Lawton MT, Du R, et al. Expression
of hypoxia-inducible factor-1 and vascular
endothelial growth factor in response to
venous hypertension. Neurosurgery. 2006;
59: 687-96; discussion 687-696.

Chen L, Mao Y, Zhou LF. Local chronic hypoper-
fusion secondary to sinus high pressure seems
to be mainly responsible for the formation of
intracranial dural arteriovenous fistula. Neuro-
surgery. 2009; 64: 973-83; discussion 983.

Zou X, Zhou L, Zhu W, et al. Effectiveness of
2-methoxyestradiol in alleviating angiogene-
sis induced by intracranial venous hyperten-
sion. J Neurosurg. 2016; 125(3): 746-53.
Kim HJ, Chung H, Yoo YG, et al. Inhibitor of
DNA binding 1 activates vascular endothelial
growth factor through enhancing the stabil-
ity and activity of hypoxia-inducible factor-
1alpha. Mol Cancer Res. 2007; 5: 321-9.
Kurata A, Miyasaka Y, Oka H, et al. Sponta-
neous carotid cavernous fistulas with special
reference to the influence of estradiol
decrease. Neurol Res. 1999; 21: 631-9.
Fotsis T, Zhang Y, Pepper MS, ef al. The
endogenous oestrogen metabolite 2-methox-
yoestradiol inhibits angiogenesis and suppresses
tumour growth. Nature. 1994; 368: 237-9.

© 2017 The Authors.
Journal of Cellular and Molecular Medicine published by John Wiley & Sons Ltd and Foundation for Cellular and Molecular Medicine.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hughes RA, Harris T, Altmann E, ef al. 2-meth-
oxyestradiol and analogs as novel antiprolifera-
tive agents: analysis of three-dimensional
quantitative structure-activity relationships for
DNA synthesis inhibition and estrogen receptor
binding. Mol Pharmacol. 2002; 61: 1053-69.
Hanakita S, Koga T, Shin M, ef al. Role of
gamma knife surgery in the treatment of
intracranial dural arteriovenous fistulas.
J Neurosurg. 2012; 117: 158-63.

Gross BA, Du R. The natural history of cerebral
dural arteriovenous fistulae. Neurosurgery.
2012; 71: 594-602; discussion 602-593.

Zou Y, LiJ, MaH, et al. Heat shock transcription
factor 1 protects heart after pressure overload
through promoting myocardial angiogenesis in
male mice. J Mol Cell Cardiol. 2011; 51: 821-9.
Ruzinova MB, Benezra R. Id proteins in
development, cell cycle and cancer. Trends
Cell Biol. 2003; 13: 410-8.

An WG, Kanekal M, Simon MC, ef al. Stabi-
lization of wild-type p53 by hypoxia-induci-
ble factor 1alpha. Nature. 1998; 392: 405-8.
Blagosklonny MV, An WG, Romanova LY, ef al.
P53 inhibits hypoxia-inducible factor-stimulated
transcription. J Biol Chem. 1998; 273: 11995-8.
Ravi R, Mookerjee B, Bhujwalla ZM, ef al.
Regulation of tumor angiogenesis by p53-
induced degradation of hypoxia-inducible
factor 1alpha. Genes Dev. 2000; 14: 34-44.
Kaluzova M, Kaluz S, Lerman MI, ef al.
DNA damage is a prerequisite for p53-
mediated proteasomal degradation of hif-
1alpha in hypoxic cells and downregulation
of the hypoxia marker carbonic anhydrase
ix. Mol Cell Biol. 2004; 24: 5757-66.

Kamat CD, Green DE, Warnke L, et al. Mutant
p53 facilitates pro-angiogenic, hyperproliferative
phenotype in response to chronic relative hypox-
ia. Cancer Lett. 2007; 249: 209-19.

Lee JY, Kang MB, Jang SH, ef al. |d-1 acti-
vates akt-mediated wnt signaling and p27
(kip1) phosphorylation through pten inhibi-
tion. Oncogene. 2009; 28: 824-31.

Semenza GL. Oxygen sensing, homeostasis,
and disease. N Engl J Med. 2011; 365: 537-47.
Chua YS, Chua YL, Hagen T. Structure activity
analysis of 2-methoxyestradiol analogues reveals
targeting of microtubules as the major mecha-
nism of antiproliferative and proapoptotic activ-
ity. Mol Cancer Ther. 2010; 9: 224-35.
Mabjeesh NJ, Escuin D, LaVallee TM, ef al.
2me2 inhibits tumor growth and angiogene-
sis by disrupting microtubules and dysregu-
lating hif. Cancer Cell. 2003; 3: 363-75.

J. Cell. Mol. Med. Vol 22, No 2, 2018

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nicosia RF, Ottinetti A. Growth of microves-
sels in serum-free matrix culture of rat aorta.
A quantitative assay of angiogenesis in vitro.
Lab Invest. 1990; 63: 115-22.

Bauer KS, Dixon SC, Figg WD. Inhibition of
angiogenesis by thalidomide requires metabolic
activation, which is species-dependent. Biochem
Pharmacol. 1998; 55: 1827-34.

Huh JI, Calvo A, Charles R, ef al. Distinct
tumor stage-specific inhibitory effects of 2-
methoxyestradiol in a breast cancer mouse
model associated with id-1 expression. Can
Res. 2006; 66: 3495-503.

Mukhopadhyay T, Roth JA. Induction of
apoptosis in human lung cancer cells after
wild-type p53 activation by methoxyestra-
diol. Oncogene. 1997; 14: 379-84.

Seegers JC, Lottering ML, Grobler CJ, ef al.
The mammalian metabolite, 2-methoxyestradiol,
affects p53 levels and apoptosis induction in
transformed cells but not in normal cells. J Ster-
oid Biochem Mol Biol. 1997; 62: 253-67.

Dahut WL, Lakhani NJ, Gulley JL, ef al. Phase i
clinical trial of oral 2-methoxyestradiol, an antian-
giogenic and apoptotic agent, in patients with
solid tumors. Cancer Biol Ther. 2006; 5: 22—7.
Lakhani NJ, Sarkar MA, Venitz J, ef al. 2-meth-
oxyestradiol, a promising anticancer agent.
Pharmacotherapy. 2003; 23: 165-72.

Cicek M, Iwaniec UT, Goblirsch MJ, ef al.
2-methoxyestradiol suppresses osteolytic
breast cancer tumor progression in vivo.
Can Res. 2007; 67: 10106-11.

Halim AX, Johnston SC, Singh V, ef al. Lon-
gitudinal risk of intracranial hemorrhage in
patients with arteriovenous malformation of
the brain within a defined population. Stroke.
2004; 35: 1697-702.

Mohr JP, Parides MK, Stapf C, et al. Medi-
cal management with or without interven-
tional therapy for unruptured brain
arteriovenous malformations (aruba): a mul-
ticentre, non-blinded, randomised trial. Lan-
cet. 2014; 383: 614-21.

Bradac O, Charvat F, Benes V. Treatment
for brain arteriovenous malformation in the
1998-2011 period and review of the litera-
ture. Acta Neurochir. 2013; 155: 199-209.
Crowley RW, Ducruet AF, McDougall CG, ef al.
Endovascular advances for brain arteriovenous
malformations. Neurosurgery. 2014; 74: S74-82.
Hamilton MG, Spetzler RF. The prospective
application of a grading system for arteri-
ovenous  malformations.  Neurosurgery.
1994; 34: 2-6; discussion 6-7.

967



