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Estrogen Deficiency Modifies Matrix Metalloproteinases Activity and Vascular
Function of Mesenteric Arteries in Female Rats
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Objective: Estrogen possesses vasoprotective effects and its deficiency has been implicated in the pathogenesis of postmenopausal
hypertension. Reduced matrix metalloproteinases (MMPs) activity is accompanied with extracellular matrix (ECM) accumulation
in large arteries, leading to the hypertensive arterial remodeling in resistance arteries. In the present study, we investigate
whether estrogen deficiency induces alteration of MMP-mediated cleavage of vascular collagen in rats with ovariectomy (Ovx).
Materials and Methods: Adult female rats were ovariectomized bilaterally to induce estrogen deficiency. Evolution of systolic
blood pressure, diastolic blood pressure (DBP), and mean blood pressure (MBP) was monitored weekly until 12 weeks after Ovx in
conscious rats. The vascular reactivity and time-course changes of collagen type I, MMP-2, membrane type 1-MMP (MT1-MMP),
and tissue inhibitor of metalloproteinase-2 (TIMP-2) protein expression in mesenteric arteries were evaluated. Results: Compared
with sham group, DBP and MBP significantly increased 5 weeks after Ovx, lasting to at least 12 weeks. Acetylcholine-induced
vasodilatation of precontracted mesenteric rings significantly reduced 9 weeks after Ovx. Collagen type I accumulation in
mesenteric arteries appeared 6 weeks after Ovx, which persisted till 12 weeks. The levels of latent and active MMP-2 did not
show significant change until 12 weeks after Ovx. Moreover, MT1-MMP significantly downregulated during 1-4 weeks and
soon recovered to normal levels. TIMP-2 reduced at 4™ week and gradually returned to normal levels during 6-12 weeks.
Conclusion: Long-term estrogen deficiency results in a shift in ECM profiles and diminished MMPs activities, leading to
remodeling of small arteries, which may be associated with postmenopausal hypertension. This study provides new insight into
the pathophysiology of vascular remodeling in estrogen-deficient conditions.
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INTRODUCTION production and decreasing collagen deposition in human

arteries that have been linked to lower arterial stiffness.®

Postmenopausal status with estrogen deficiency seems to
play an important role in the prevalence of the hypertension,
which is one of the leading causes for cardiovascular
diseases (CVDs).! The previous report demonstrated the
incidences of CVD are much lower in premenopausal women
as compared to men of the same age, and this sexual advantage
disappears after menopause, suggesting estrogen possesses
beneficial effects in cardiovascular system.>* Loss of estrogen
triggers impairment in endothelium-dependent vasodilation
that may contribute to increases in hypertension and CVD in
postmenopausal women.* Furthermore, vessels with lower
compliance result in increased arterial blood pressure.’
Estrogen alters arterial wall remodeling by elevating elastin
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Protective effects of estrogen may also result from limited
activation of the renin-angiotensin system as a result of
prevention of hypertension.’

The stability and compliance of the arterial wall are
maintained by a well-regulated balance of extracellular
matrix (ECM) proteins, including collagen and elastin.
The alteration of ECM contents has been proposed as
major determinants of the arterial compliance and vascular
remodeling.® The process of vascular remodeling is regulated
by balance of matrix metalloproteinases (MMPs), their
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activators membrane type-membrane type (MT) MMPs, and
their inhibitors tissue inhibitors of MMP (tissue inhibitor
of metalloproteinases [TIMPs]). They are a family of
zinc-containing enzymes capable of degrading components
of ECM and connective tissues.>'® MMP-2 is the most
commonly expressed enzyme to degrade collagen, elastin,
and fibronectin.!" Clinical studies revealed that the attenuation
of MMP-2 expression was observed in plasma from patients
with hypertension.”> Animal investigations from adult
spontaneously hypertensive rats (SHRs) also indicated that
pro-MMP2 and activated MMP-2 activities were diminished
in mesenteric arteries, contributing to accumulation of
collagen and fibronectin.” The remodeling of large and small
arteries may be the major causes of the development of ECM
accumulation and hypertension.'*

Pro-MMP-2 is a zymogen (also called gelatinase A) and its
activation involves forming a complex on the cell surface with
MT1-MMP, and TIMP-2, in which a neighboring MT1-MMP
cleaves proMMP-2 at the pro-domain.’® Imbalance among
MMPs, MT-MMP and TIMPs result in alterations in MMP
activity and contribute to pathological deposition in vascular
collagen as well as remodeling of resistance arteries in
hypertension.'® Aging and estrogen loss induce changes in
MMPs as well as TIMP concentrations that mainly contributes
to ECM remodeling.!”!'® Estrogen also exerts antifibrotic
effects by both inhibiting collagen synthesis and enhancing
its degradation. In our previous report, estrogen deficiency
caused by Ovx in female rats reduces active MMP2 expression
in large artery (aorta) which is associated with collagen type I
accumulation and MT1-MMP induction.'” However, little
is known about the effect of estrogen deficiency in small
artery remodeling. Thus, the objective of this study is to
determine time-course changes of MMP-2 and MMP-2-related
modulators, MT1-MMP, and TIMP-2 expression and vascular
function in mesenteric arteries of Ovx-induced estrogen
deficiency in female rats.

MATERIALS AND METHODS

Animal preparation

Female Sprague-Dawley rats (8-week-old, 250-380 g)
were purchased from National Laboratory Animal Breeding
and Research Center of Ministry of Science and Technology,
Taiwan. Handling of the animals was in accordance with the
guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
No. 85-23, revised in 1996). This study was approved by
the National Defense Medical Center Institutional Animal
Care and Use Committee, Taiwan. All animals were housed
at an ambient temperature of 22 + 1°C and humidity of
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55% £5%. To induce the estrogen-deficient condition, female
rats were anesthetized with sodium pentobarbital (50 mg/kg)
by intraperitoneal and underwent bilateral ovariectomy (Ovx).
Small incisions were made bilaterally on the sides of their
backs to expose the ovaries retroperitoneally. The ovaries were
clamped and removed and the uterine tubes were ligated, and
finally, the muscle and skin were sutured. The sham procedure
consisted of anesthesia, visualization of the ovaries through
incisions into the abdominal cavity, and closure of the wounds.
The rats were divided into two groups: (i) sham group: rats
were undergone sham operations (n = 21); (ii) Ovx group: rats
were ovariectomized bilaterally (n = 18).

Plasma E, assay

Blood samples (1 ml) were withdrawn from the abdominal
aorta in heparinized syringes under anesthesia at 12 weeks after
Ovx and centrifuged for 10 min at 4°C. Plasma concentration
of E, was determined by 1251 radioimmunoassay using a
commercially available kit (Diagnostic Products, Los Angeles,
CA, USA). The protocol provided by the manufacturer was
strictly followed. All samples and standards were measured in
duplicate and repeated twice.

Measurements of blood pressure

The systolic blood pressure (SBP), diastolic blood pressure
(DBP), and mean blood pressure (MBP) was determined
in conscious rats by a tail-cuff method using an automatic
blood pressure monitoring system (MK-2000; Muromachi
Kikai, Tokyo, Japan). In brief, conscious rats were placed in
restraints, and an occlusion cuff containing a piezoelectric
pulse sensor was placed around the tail. The blood pressure
was measured after 15 min of acclimatization. A minimum of
10 serial measurements were made, and the average value was
calculated.

Measurement of mesenteric vascular reactivity
in vitro

The preparation of mesenteric artery rings and vascular
reactivity assessment were performed as described
previously.?” Nine weeks after Ovx or sham operation, rats were
reanesthetized, and the mesentery arteries quickly removed and
placed in Krebs buffer (mM: NaCl 118.0, NaHCO, 25.0, KClI
3.6, MgSO, 1.2, KH PO, 1.2, glucose 11.0, CaCl,2.5) at room
temperature. A segment (2 mm in length) of the mesentery
was carefully cleared of adherent tissue and mounted in Krebs
buffer at 37°C in a small vessel myograph (model 400A,
Danish Myotechnology, Denmark). The rings were allowed
to equilibrate for 30 min under an optimal resting tension of
1 g and the experimental protocols begun once the mesenteric
artery reached a steady basal resting tension. NE (1 uM) and



acetylcholine (Ach) (1 uM) were applied to establish control
responsiveness. Then, concentration-response curves to NE
and ACh (1-10 uM) were obtained to evaluate the in vitro
vascular reactivity in each group.

Western blot analysis of collagen type I,
matrix metalloproteinase-2, membrane
type 1-matrix metalloproteinase, and tissue inhibitor
of metalloproteinase-2 protein expression in the
mesenteric artery

Among the different collagen types described until now,
type I collagen is the major fibrillary collagen detectable in
vessels.?! It is the common substrates of MMP-2. Therefore,
we chose collagen type I as the representative to examine the
possible role of vascular MMP-2 in the E_-deficiency condition
in rats. Mesenteric artery samples were collected 1, 2, 4, 6, 8§,
and 12 weeks after Ovx and ground in a mortar containing
liquid nitrogen and pulverized using a pestle whereas the
tissue was kept frozen by the addition of liquid nitrogen.
The powdered tissue was then suspended in 1 ml of lysis
buffer (5 mM ethylenediaminetetraacetic acid, 50 mM NacCl,
and 50 mM HEPES, pH 7.5) containing protease inhibitors
(10 pg/ml aprotinin, 1 mM phenylmethanesulfonyl fluoride,
and 10 pg/ml leupeptin). Samples containing equal amounts
of protein were subjected to electrophoresis in a 10% sodium
dodecyl sulfate-polyacrylamide gel for 1 h at 100 V. The
separated proteins were then transferred electrophoretically
to nitrocellulose membranes (Millipore, Bedford, MA, USA).
Membranes were blocked with Tris-buffered saline, pH 7.4,
containing 0.1% Tween 20 and 5% skim milk and then
incubated overnight at 4°C with primary antibodies, including
mouse collagen type I (1:1000 dilution), MT1-MMP (1:2000
dilution), and TIMP-2 (1:2000 dilution), and MMP-2 (1:2000
dilution; above all are purchased from Calibiochem,
Darmstadt, Germany). The membrane was washed and
incubated for 1 h at room temperature with horseradish
peroxidase  conjugated secondary antibody (1:2000
dilution; Cell signaling Technology), followed by enhanced
chemiluminescent substrate (Pierce, Rockford, IL, USA).
A bioimaging analyzer (Pierce, Rockford, IL, USA) was used
for visualization and band densities were quantified using
Image-Pro software (Media Cybernetics, Inc., Bethesda,
MD, USA).

Statistical analysis

The data are expressed as mean =+ standard error of the
mean. Statistical evaluation was performed with Student’s
t-test and one-way ANOVA followed by the post hoc
Student—Newman—Keuls test to identify significant differences.
A two-way ANOVA and least significant difference post hoc
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comparison test were used to compare the means of arterial
blood pressure between the groups and time. P < 0.05 was
accepted as indicating statistical significance.

RESULTS

Plasma E, concentration

Nine weeks after sham operation and Ovx, the plasma
E, concentration averaged 120 + 4.7 and 38 + 6.1 pg/mL,
respectively, which showed a significant difference between
group (P < 0.05, n =3 in each group) [Figure 1].

Time-course changes of blood pressure in conscious
sham-operated and ovariectomy rats

No marked changes in SBP, DBP, and MBP were observed
in sham group during the long-term observation to 12 weeks
after Ovx. There were no significant different in time-course
changes of SBP between sham and Ovx group, except at
6 weeks after Ovx [Figure 2a]. In Ovx group, DBP increased
progressively and exhibited a marked increase at 5 weeks
after Ovx (P < 0.05), which was significantly higher than that
of sham group and maintained at high levels till 12 weeks
after Ovx [Figure 2b]. As shown in Figure 2¢, MBP of Ovx
group gradually elevated and appeared a dramatic increase at
5 weeks as compared with sham group and lasted to the end of
experimental period.

Effects of E, deficiency on vascular reactivity in
vitro

As shown in Figure 3a, the mesenteric arterial rings were
contracted by cumulative concentrations of NE (1-10 uM)
9 weeks after Ovx or sham operation, in which vasoconstriction
between sham and Ovx groups is not significantly different.
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Figure 1: Plasma levels of E, at 9 weeks after ovariectomy. Data are given as
mean + standard error of the mean (n = 3). *P < 0.05 versus sham
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Endothelium-dependent vasodilatation elicited by ACh was
conducted to evaluate endothelial function. The ACh (1 and
10 uM)-induced vasodilatation of precontracted mesenteric
rings in the Ovx group was significantly less than that of sham
group (P < 0.05) [Figure 3b].

Time-course changes in mesenteric collagen
type I, matrix metalloproteinase-2, membrane
type 1-matrix metalloproteinase, and tissue inhibitor
of metalloproteinase-2 protein expression after
ovariectomy

The levels of collagen type I, pro- and active form of
MMP-2, MT1-MMP, and TIMP-2 protein expression in
mesenteric arteries of sham-operated rats were not significantly
changed at the time points evaluated (1-12 weeks; data not
shown). As shown in Figure 4, the level of collagen type I was
significantly increased 6 weeks after Ovx when compared to
sham group (P < 0.05) and lasted at high level till 12 weeks.
To evaluate whether collagen type I deposition was associated
with alterations of MMPs, we measured time-course changes
of MMP-2, MT1-MMP, and TIMP protein expression. As
shown in Figure 5, the levels of pro- and active-MMP-2
protein expression were not significantly changed before
12 weeks of Ovx. At 12 weeks of Ovx, the levels of pro- and
active-MMP-2 significantly decreased when compared to
sham group (P < 0.05). Figure 6 demonstrated the level of
MTI1-MMP expression was also attenuated by Ovx. During
1-4 weeks after Ovx, MT1-MMP was significantly lower
than that of sham group. However, no significant changes
in MT1I-MMP were observed during 6—12 weeks after Ovx.
Compared with sham group, the levels of TIMP-2 in Ovx rats
significantly decreased at 4 weeks after Ovx (P < 0.05). No
significant changes were observed in other time points after
Ovx [Figure 7].

DISCUSSION

In the present study, we demonstrated that long-term
estrogen deficiency caused by Ovx resulted in elevated blood
pressure and reduced endothelium-dependent vasodilatation
as well as remodeling of mesenteric arteries evidenced
by increased collagen deposition and diminished MMP-2
expression. These results suggested that estrogen modulated
MMPs activity to facilitate collagen turnover in small arteries
that might be associated with postmenopausal hypertension.

Abnormalities of resistance arteries may play a
pivotal role in the pathogenesis and pathophysiology of
hypertension. Remodeling of resistance arteries results from
the deposition of collagen and other components of the
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Figure 2: Time-course changes of (a) systolic blood pressure, (b) diastolic
blood pressure, and (¢) mean blood pressure were measured by the tail-cuff
method in conscious rats after ovariectomy (1-12 weeks). Data are given
as mean + standard error of the mean (ovariectomy, n = 20; Sham, n = 8).
*P < 0.05 versus sham
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Figure 3: Concentration-responsive curves of NE (1-10 uM)-induced force
(a) and acetylcholine (1-10 uM)-induced relaxation (b) in the mesenteric
arteries at 9 weeks after ovariectomy. Data are given as mean + standard error
of the mean (n =5). *P < 0.05 versus sham
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Figure 4: Time-course changes in collagen type I protein expression in the
mesenteric arteries after ovariectomy in rats. Data are given as mean + standard
error of the mean (n = 3 for each time point). *P < 0.05 versus sham
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Figure 5: Time-course changes in latent and active matrix metalloproteinase-2
protein expression in the mesenteric arteries after ovariectomy in rats. Data
are given as mean + standard error of the mean (n = 3 for each time point).
*P<0.05 versus sham. matrix metalloproteinase-2, matrix metalloproteinase-2

ECM which contributes to the alterations of arterial structure
and impairments of endothelium-dependent relaxation,
leading to the development of hypertension.’*?* In essential
hypertension, peripheral vascular resistance is increased due
to abnormal vascular reactivity, and decreased lumen diameter
may originate from functional and structural changes of
blood vessels.® The vasculature is the site of critical changes
with estrogen loss, including increased atherosclerosis and
abnormal function (relaxation and constriction). Estrogen
has key actions in the vasculature enhancing relaxation
through upregulation of NO production.*® In this study,
ACh-induced vasodilation was damaged 9 weeks after Ovx,
indicating the NO production by endothelium of mesentery
artery was attenuated, which might be a consequence of
high blood pressure elicited by chronic estrogen deficiency.
Furthermore, reduced endothelium-dependent vasodilation in
mesenteric artery caused by Ovx can result from decreased
endothelium-dependent hyperpolarization.” Therefore, the
prevalence of hypertension could be related to endothelial
dysfunction caused by endogenous estrogen deficiency.
Besides vascular endothelial dysfunction, alterations of
ECM composition in small arteries are involved in the elevated
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Figure 6: Time-course changes in membrane type 1-matrix metalloproteinase
protein expression in the mesenteric arteries 1—12 weeks after ovariectomy in
rats. Data are given as mean =+ standard error of the mean (n = 3 for each time
point). *P < 0.05 versus sham. membrane type 1-matrix metalloproteinase,
membrane type-1-matrix metalloproteinase

cardiovascular morbidity and mortality associated with
hypertension.?® Progressive increases in collagen deposition
may enhance the stiffness of wall components, and result
in narrowing of small arteries and decreasing compliance.
MMPs have long been recognized as key regulators of tissue
remodeling in a variety of pathophysiological conditions of
hypertension, due to their ability to degrade ECM.?"® In this
study, collagen type I deposition occurred at 6 weeks and lasted
to 12 weeks after Ovx, but the reduction of MMP-2 activity
occurred till 12 weeks. This result implicates that besides
MMP-2, there are other types of MMPs involved in collagen
type 1 degradation, which may lose function earlier than
MMP-2. MMP-9 (known as gelatinase B) shares the structural
similarity with MMP-2 and has been widely investigated
the ability to degrade native collagen types I and IV.* The
absence of MMP-9 activity results in collagen accumulation,
vessel stiffness as well as increased pulse pressure, eventually
leading to the progression of hypertensive vascular disease
in vivo.®* Estrogen treatment increased the expression and
activity of MMP-9 in in mesangial cells isolated from
glomerulosclerosis-resistant mice, predominantly through
estrogen receptor (ER) o activation.’! Hence, we suggest that
MMP-9 activity reduced after Ovx, which may participate
in the collagen deposition in this experiment. MMP-2 is the
most constitutively expressed enzyme by vascular cells which
plays a key role in the regulation of vascular remodeling and
contributes to the decreased vessel thickness and increased
arterial compliance.’? Altered MMP-2 activity in the mesenteric
artery of estrogen-deficient rodent is believed to drive the
chronic structural remodeling associated with hypertensive
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Figure 7: Time-course changes in tissue inhibitor of metalloproteinase-2
protein expression in the mesenteric arteries 1-12 weeks after ovariectomy
in rats. Data are given as mean + standard error of the mean (n = 3 for each
time point). *P < 0.05 versus sham. tissue inhibitor of metalloproteinase-2,
tissue inhibitor of metalloproteinase-2

vascular disease.* It has been shown that mesenteric MMP-2
activity was downregulated in aged rats while estrogen
replacement reversed MMP-2 activity, accompanying with
decreased arterial wall thickness.** Evidence has also showed
MMP-2 activity was inhibited in mesenteric artery from adult
SHR, leading to accumulation of collagen and fibronectin.'
Estrogen has been found to decrease collagen synthesis and
increase MMP-2 release from vascular smooth muscle cells
in a dose-dependent manner.** As an endogenous antioxidant,
estrogen possesses genomic and nongenomic regulation to
reduce oxidative stress on the cardiovascular system through
ER-dependent and -independent mechanisms. Estrogen
stimulates MMP-2 activity in a dose-dependent manner
which is mediated by upregulation of the transcription factor
activator protein-2 through extracellular signal-regulated
kinase/mitogen-activated protein kinase signaling cascade.*
These findings support the evidence that estrogen plays an
important role on maintaining vascular integrity.

MT1-MMP mediates cell surface activation of proMMP-2
and possesses collagenase activity on type I, II, and III
collagens.’” By forming a trimolecular complex with MMP-2
and TIMP-2, MT-1MMP plays a crucial role in the activation
of pro-MMP. TIMP-2 has dual functions of activating
pro-MMP-2 and when in excess it also inhibits active
MMP-2.3%% The present results show that estrogen deficiency
causes reduction of MT1-MMP protein expression in early
phase (1-4 weeks after Ovx), accompanied a normal level of
active form MMP-2 and collagen type I, suggesting the level of
MT1-MMP in this period is still enough to activate MMP-2 to
prevent collagen accumulation. In the late phase (6—12 weeks
after Ovx), MT1-MMP rebounds to normal levels, but the
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collagen deposition still not be prevented. Because MT1-MMP
also can degrade type I collagen, this indicates that MT1-MMP
may not play an important role in the prevention of vascular
remodeling in small arteries in estrogen-deficient status.
However, in aorta, collagen deposition, reduction of MMP-2
and elevation of MT1-MMP appeared 1 week after Ovx'
demonstrating different characteristics in conduct arteries and
small arteries.

Oxidative stress increases in postmenopausal women** and
Ovx rats.*! Our previous report revealed superoxide anion
formation in the aortas of Ovx rats is significantly higher than
that of age-matched sham-operated rats.** Long-term treatment
of estrogen and tempol (an antioxidant) significantly reduced
the accumulation of collagen type I and reversed the reduction
of active MMP-2 protein in aorta of Ovx rats.”” Based on
the evidence, increased oxidative stress caused by estrogen
deficiency may also diminish MMPs activities leading to
remodeling of small arteries.

CONCLUSION

Long-term estrogen deficiency results in a shift in
ECM profiles and diminished MMPs activities, leading
to remodeling of small arteries that are associated with
postmenopausal hypertension. Although the mechanisms
responsible for increases in blood pressure in postmenopausal
women remain to be elucidated. Estrogen deficiency-induced
collagen accumulation and impaired MMP-2 activation in
resistance arteries may play a crucial role for postmenopausal
hypertension. Our study hence unravels the time-course
modulation of MMP-2, MT1-MMP, and TIMP-2 expression
in small arteries and provides new insight into the
pathophysiology of vascular remodeling in estrogen-deficient
conditions. For clinical perspective, hormone replacement
therapy may ameliorate the arterial stiffness by an increase in
MMP-2 activity to prevent postmenopausal hypertension.
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