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Abstract

Preeclampsia is a complication of pregnancy manifested as maternal hypertension and often fetal

growth restriction. Placental ischemia could be an initiating event, but the linking mechanisms

leading to hypertension and growth restriction are unclear. We have shown an upregulation of

matrix metalloproteinases (MMPs) during normal pregnancy (Norm-Preg). To test the role of

MMPs in hypertensive-pregnancy (HTN-Preg), maternal and fetal parameters, MMPs expression,

activity and distribution, and collagen and elastin content were measured in uterus, placenta and

aorta of Norm-Preg rats and in rat model of reduced uteroplacental perfusion pressure (RUPP).

Maternal blood pressure was higher, and uterine, placental and aortic weight, and the litter size

and pup weight were less in RUPP than Norm-Preg rats. Western blots and gelatin zymography

revealed decreases in amount and gelatinase activity of MMP-2 and MMP-9 in uterus, placenta

and aorta of RUPP compared with Norm-Preg rats. Immunohistochemistry confirmed reduced

MMPs in uterus, placenta and aortic media of RUPP rats. Collagen, but not elastin, was more

abundant in uterus, placenta and aorta of RUPP than Norm-Preg rats. The anti-angiogenic factor

soluble fms-like tyrosine kinase-1 (sFlt-1) decreased MMPs in uterus, placenta and aorta of Norm-

Preg rats, and vascular endothelial growth factor (VEGF) reversed the decreases in MMPs in

tissues of RUPP rats. Thus placental ischemia and anti-angiogenic sFlt-1 decrease uterine,

placental and vascular MMP-2 and MMP-9, leading to increased uteroplacental and vascular

collagen, and growth-restrictive remodeling in HTN-Preg. Angiogenic factors and MMP

activators may reverse the decrease in MMPs and enhance growth-permissive remodeling in

preeclampsia.
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1. Introduction

Normal pregnancy (Norm-Preg) is associated with significant uteroplacental, hemodynamic

and vascular changes. Uterine hypertrophy and distention provide sufficient space for the

growing fetus. Placental remodeling and cytotrophoblast invasion of spiral arterioles

maintain adequate blood and nutrient supply to the developing fetus. Hemodynamic changes

in the maternal circulation such as increased heart rate, plasma volume and cardiac output,

and decreased vascular resistance maintain blood supply to different tissues with little

change in blood pressure (BP) [1, 2]. These alterations in uteroplacental and maternal

circulation involve substantial structural changes and functional adjustments in the uterus,

placenta and maternal vasculature [3, 4].

In 5-8% of pregnancies women develop preeclampsia, a condition characterized by

hypertension (HTN). If untreated, preeclampsia could lead to eclampsia with severe

maternal HTN and seizures [5-7]. Preeclampsia is also often associated with intrauterine

growth restriction, accounting for 10-15% of preterm pregnancies [8, 9]. Despite the serious

consequences of preeclampsia to the health of mother and fetus, the underlying mechanisms

are not fully understood. Placental ischemia could be an initiating event [5, 10], but the

linking mechanisms are unclear. Placental ischemia could lead to the release of cytotoxic

factors and cause imbalance between anti-angiogenic factors such as soluble fms-like

tyrosine kinase-1 (sFlt-1, sVEGFR-1) and soluble endoglin (sEng) and angiogenic factors

such as vascular endothelial growth factor (VEGF) and placental growth factor (PlGF) [6, 7,

11-13]. In contrast with the growth-permissive remodelling in Norm-Preg, the extent of

uteroplacental and vascular remodelling and the molecular mechanisms via which placental

ischemia and anti-angiogenic and angiogenic factors could affect tissue remodelling in

HTN-Preg are unclear.

Matrix metalloproteinases (MMPs) are a family of proteases that degrade the extracellular

matrix (ECM) and connective tissue proteins [14, 15]. MMPs are produced as pro-MMPs

which are cleaved into active MMPs [14, 15]. MMPs include collagenases, gelatinases,

stromelysins, matrilysins, and membrane-type MMPs [15]. MMP-2 (gelatinase A) and

MMP-9 (gelatinase B) are expressed in bovine uterus [16, 17] and play a role in endometrial

tissue remodeling during the estrous cycle, menstrual cycle and pregnancy in animals and

human [18-20]. Also, we have previously shown an upregulation of MMP-2 and -9 in the

myometrium and aorta of normal pregnant rats, and suggested a role of MMPs in uterine and

vascular remodeling [21, 22]. However, the role of MMPs in tissue remodeling, the

downstream targets affected, and the upstream mechanisms influencing MMPs activity in

HTN-Preg are unclear.

This study was designed to test the hypothesis that alteration of MMPs expression/activity is

a major molecular mechanism in the uteroplacental and vascular remodeling associated with

placental ischemia and in response to anti-angiogenic factors during HTN-Preg. We used the

uterus, placenta and aorta from Norm-Preg rats and a rat model of HTN-Preg produced by

reduction in uteroplacental perfusion pressure (RUPP) to investigate whether: 1) Alterations

in uteroplacental and vascular tissue remodeling are related to changes in MMP-2 and -9

expression/activity in RUPP compared with Norm-Preg rats, 2) The changes in
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uteroplacental and vascular tissue remodeling and MMP activity reflect changes in the

downstream target protein collagen or elastin, and 3) Anti-angiogenic and angiogenic factors

are upstream modulators of MMPs expression/activity in Norm-Preg and RUPP rats.

2. Methods

2.1. Animals

Time-pregnant (day 11 of gestation) Sprague-Dawley rats (12 week of age) from Charles

River Laboratories (Wilmington, MA, USA) were maintained in the animal facility on ad

libitum standard rat chow and tap water in 12-hr light-dark cycle. On day 13 of pregnancy,

pregnant rats allocated to the RUPP group were anesthetized by inhalation of isoflurane, the

abdominal cavity was opened, the lower abdominal aorta was exposed, and a silver clip

(0.203 mm ID) was placed around the aorta above the iliac bifurcation as previously

described [23-26]. This procedure reduces uterine perfusion pressure in the gravid rat by

~40% [27]. Since compensation of blood flow to the placenta occurs through an adaptive

increase in ovarian blood flow, a silver clip (0.1 mm ID) was also placed on the main uterine

branches of both the right and left ovarian arteries. Norm-Preg rats were sham operated.

RUPP rats in which the clipping procedure resulted in maternal death or total reabsorption

of the fetuses were excluded from the data analyses. All procedures were performed in

accordance with the National Institutes of Health Guide for the Care of Laboratory Animal

Welfare Act, and the guidelines of the Animal Care and Use Committee at Harvard Medical

School.

2.2. Body weight and blood pressure

On day 19 of gestation, after measuring body weight, BP was measured via a PE-50 carotid

arterial catheter connected to a pressure transducer.

2.3. Tissue preparation

After measuring BP, rats were euthanized by inhalation of CO2, the abdominal and thoracic

cavities were opened, and the uterus, thoracic aorta, heart and kidneys were excised and

placed in Krebs solution. The pregnant uterus was cut open, the placentae and pups were

separated, gently blotted between filter papers, and the litter size and individual pup and

placenta wet weight were recorded. The uterus, placenta, thoracic aorta (from the heart to

the diaphragm), heart and kidneys were cleaned of adipose tissue, gently blotted and their

wet weight was also recorded. The uterus, placenta and aorta were then cut into 5 mm wide

segments, and experiments were performed on 8 to 12 tissue segments from each rat, 4 to 9

rats per group. Some uterine, placental and aortic segments from Norm-Preg rats were

incubated in the presence of sFlt-1 (0.1 μg/ml, R&D Systems, Minneapolis, MN) with or

without VEGF (0.1 μg/ml, R&D Systems) for 48 hr in tissue culture medium. Also, some

uterine, placental and aortic segments from RUPP rats were incubated with VEGF (0.1

μg/ml) for 48 hr in tissue culture medium. The culture medium was changed and fresh sFlt-1

and/or VEGF was added every 24 hr.
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2.4. Western blots

Uterine, placental and aortic strips were homogenized in a homogenization buffer containing

20 mM 3-[N-morpholino] propane sulfonic acid, 4% SDS, 10% glycerol, 2.3 mg

dithiothreitol, 1.2 mM EDTA, 0.02% BSA, 5.5 μM leupeptin, 5.5 μM pepstatin, 2.15 μM

aprotinin and 20 μM 4-(2-aminoethyl)-benzenesulfonyl fluoride, using a 2-ml tight-fitting

homogenizer (Kontes Glass Co., Vineland, NJ). The homogenate was centrifuged at 10,000

g for 10 min, the supernatant was collected, and protein concentration was determined using

a protein assay kit (Bio-Rad, Hercules, CA). Protein extracts (20 μg) were combined with an

equal volume of 2X Laemmli loading buffer, boiled for 5 min, and size fractionated by

electrophoresis on 8% SDS-polyacrylamide gels. Proteins were transferred from the gel to a

nitrocellulose membrane by electroblotting. Membranes were incubated in 5% nonfat dry

milk in TBS-Tween for 1 hr and then overnight at 4°C with polyclonal rabbit anti-MMP-2

(sc-10736, 1:1000), or anti-MMP-9 antibody (sc-10737, 1:1000) (Santa Cruz Biotechnology,

Dallas, TX). Membranes were washed 3 times for 15 min each in TBS-Tween then

incubated with horseradish peroxidase-conjugated secondary antibody (1:1000) for 2 hr, and

the immunoreactive bands were detected using enhanced chemiluminescence (ECL)

Western blotting detection reagent (GE Healthcare Bio-Sciences, Piscataway, NJ). The blots

were subsequently reprobed for β-actin (1:5000). Data were analyzed by optical

densitometry and ImageJ software (National Institutes of Health, Bethesda, MD). The

densitometry values represented the pixel intensity normalized to β-actin to correct for

loading as previously described [21, 22].

2.5. Gelatin zymography

Uterine, placental and aortic tissue homogenate (without dithiothreitol) was subjected to

electrophoresis on 8% SDS polyacrylamide gel containing 0.1% gelatin (Sigma, St. Louis,

MO). The gel was then incubated in a zymogram renaturing buffer containing 2.5% Triton

X-100 (Sigma) with gentle agitation for 30 min at room temperature. The gel was then

equilibrated in a zymogram developing buffer (pH 6.7) containing 50 mM Tris-base, 0.2 M

NaCl, 5 mM CaCl2, 0.02% Brij35 (Fisher Scientific, Pittsburgh, PA), and 1 μM ZnCl2
(Sigma) for 30 min at room temperature, then incubated in the zymogram developing buffer

at 37°C for 16 hr. The gel was stained with 0.5% coomassie blue R-250 (Sigma) for 30 min,

then destained with an appropriate coomassie R-250 destaining solution (methanol : acetic

acid : water = 50 : 10 : 40). Areas corresponding to MMP-2 and MMP-9 activity appeared as

clear bands against a dark blue background. The clear bands were analyzed by optical

densitometry and ImageJ software, and the integrated protease activity density was

measured as pixel intensity × mm2 normalized to actin intensity as previously described [21,

22].

2.6. Histology and quantitative morphometry

To assess if HTN-Preg is associated with adaptive uterine, placental or vascular tissue

changes in total wall thickness or the relative thickness of the blood vessel intima, media

and adventitia, tissues from Norm-Preg and RUPP rats were cryopreserved in Tissue-Tek

4583 optimal cutting temperature compound (OCT, Fisher Scientific) and stored at −20°C.

Cross-sectional 6 μm thick cryosections from the middle segment of the uterus, placenta and
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aorta were placed on glass slides and prepared for staining with hematoxylin and eosin.

Stained sections were coded and labeled in a blinded fashion. Images were acquired on a

Nikon microscope using the same microscope magnification, light intensity and camera gain

and analyzed using ImageJ software. Outlines of the tissue lumen and external wall were

defined, and the total wall thickness and the relative thickness of the vascular intima, media

and adventitia were measured as previously described [22, 28].

2.7. Collagen and elastin staining

Uterine, placental and aortic cryosections were stained with Picro-Sirius Red for collagen

and Modified Verhoff's-Van Gieson for elastin [29, 30]. Images were acquired on a Nikon

microscope using the same microscope magnification, light intensity and camera gain and

analyzed using ImageJ. Outlines of the tissue lumen and external wall were defined and the

red (collagen) or black (elastin) staining as % of total wall area was measured

2.8. Immunohistochemistry

To determine the tissue distribution of MMP-2 and -9, cryosections of the uterus, placenta

and aorta were thawed and fixed in ice-cold acetone for 30 min. Endogenous peroxidase was

quenched in 1.5% H2O2 solution for 30 min, and nonspecific binding was blocked in 10%

horse serum for 30 min. Tissue sections were incubated with polyclonal MMP-2 (1:100) or

MMP-9 (1:100) antibody. After rinsing with PBS, tissue sections were incubated with

biotinylated anti-rabbit secondary antibody, rinsed with PBS, then incubated with avidin-

labeled peroxidase (VectaStain Elite ABC Kit, Vector Laboratories, Burlingame, CA).

Positive labeling was visualized using diaminobenzadine and appeared as brown spots.

Negative control slides were run simultaneously with no primary antibody. Specimens were

counterstained with hematoxylin for 40 sec, rinsed with PBS, topped with cytoseal 60, and

covered with slide coverslips. Images were acquired on a Nikon microscope using the same

microscope magnification, light intensity and camera gain, and analyzed using ImageJ

software. The total number of pixels in the tissue section image was defined, then the

number of brown spots (pixels) was counted and presented as % of total pixels. The number

of pixels in the specific vascular layer (intima, media and adventitia) was also defined and

transformed into the area in μM2 using a calibration bar. The number of brown spots (pixels)

representing MMP-2 and MMP-9 in each vascular layer was then counted and presented as

number of pixels/μM2 [28].

2.9. Solutions and drugs

Krebs’ solution was used for tissue dissection and contained (in mM): 120 NaCl, 5.9 KCl,

25 NaHCO3, 1.2 NaH2PO4, 11.5 dextrose, 2.5 CaCl2, 1.2 MgCl2, at pH 7.4, and bubbled

with 95% O2 5% CO2. The tissue culture medium used to pretreat the tissues with anti-

angiogenic or angiogenic factors was composed of Minimum Essential Medium

supplemented with penicillin, streptomycin, and amphotericin B (Invitrogen, Grand Island,

NY). Phosphate buffered saline (PBS) was used to rinse the slides in the

immunohistochemistry experiments and contained (in mM): 137 NaCl, 2.7 KCl, 8

Na2HPO4, 2 KH2PO4, at pH 7.4. Stock solutions of sFlt-1 and VEGF (R&D Systems) were

prepared in distilled H2O. All other chemicals were of reagent grade or better.
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2.10.Statistical analysis

Experiments were conducted on uterus, placenta and aorta isolated from 4 to 9 different rats

per group (Norm-Preg vs. RUPP rats) and cumulative data were presented as means±SEM,

with the “n” value representing the number of rats per group. Data were analyzed and

plotted using Prism (v.5.01; GraphPad software, San Diego, CA). Data were first analyzed

using one way ANOVA. When a statistical difference was observed, data were further

analyzed using Bonferroni's post hoc correction for multiple comparisons. Student's

unpaired t-test was used for comparison of two means. Differences were statistically

significant when P < 0.05.

3. Results

Maternal measurements on day 19 of pregnancy showed that BP was higher in RUPP than

Norm-Preg rats (Fig. 1A). The body weight of intact animals was significantly reduced in

RUPP compared with Norm-Preg rats (Fig. 1B). However, after animal sacrifice and

removing the uterus, placentae and pups, the body weight was not significantly different

between RUPP and Norm-Preg rats (Fig. 1B). Further analysis of the data indicated that the

maternal body weight without uterus vs. with uterus was significantly reduced in Norm-Preg

rats (P<0.01), but not significantly different in RUPP rats (P=0.21) (Fig. 1B). Also, the

maternal body weight without uterus as percentage of body weight with uterus was

significantly reduced (P<0.01) in Norm-Preg (88.5±0.5%) compared with RUPP rats

(94.4±0.4%), further suggesting that the decreased body weight in RUPP vs. Norm-Preg rats

is related to differences in the weight of the uterus, placentae and pups. In effect, the uterus

weight (without placentae or pups), the average individual placenta weight and thoracic

aorta weight were less in RUPP than Norm-Preg rats (Fig. 1C). In contrast, the heart and

average kidney weight was not different between RUPP and Norm-Preg rats (Fig. 1C). Fetal

measurements also showed that both litter size (number of pups) (Fig. 1D) and individual

fetal weight (Fig. 1E) were reduced in RUPP compared with Norm-Preg rats. The decreased

individual pup weight in RUPP rats is unlikely because the dams are smaller, as the maternal

body weight without uterus was not significantly different in RUPP vs. Norm-Preg rats (Fig.

1B).

We then measured the protein amount of uterine, placental and vascular MMPs in Norm-

Preg and RUPP rats. Western blots revealed immunoreactive bands corresponding to pro-

MMP-2 (72 kDa), MMP-2 (63 kDa), pro-MMP-9 (92 kDa) and MMP-9 (82 kDa) in uterus,

placenta and aorta of Norm-Preg rats (Fig. 2). The amount of pro-MMP-2, MMP-2, pro-

MMP-9 and MMP-9 was significantly reduced in uterus (Fig. 2A), placenta (Fig. 2B) and

aorta (Fig. 2C) of RUPP compared with Norm-Preg rats. Further analysis of the Western

blot data showed that the amount of MMP-2 was greater than the pro-MMP-2 form in the

uterus, placenta and aorta of both Norm-Preg and RUPP rats, and the MMP-2/pro-MMP-2

ratio in all tissues tested was not significantly different in RUPP vs. Norm-Preg rats (Fig. 2).

While the amount of MMP-9 was less than the pro-MMP-9 form in the uterus, placenta and

aorta of both Norm-Preg and RUPP rats, the MMP-9/pro-MMP-9 ratio in the three tissues

was not significantly different in RUPP vs. Norm-Preg rats (Fig. 2).
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Gelatin zymography analysis using uterine, placenta and aortic tissue homogenate from

Norm-Preg rats revealed proteolytic bands corresponding to pro-MMP-2, MMP-2, pro-

MMP-9, and MMP-9 (Fig. 3A, 3C, 3E), and the cumulative intensities of the bands were

analyzed and presented in accompanying graphs (Fig. 3). The intensity of the bands was

dependent on the amount of loaded protein and showed concentration-dependent increases

from 0.1, 0.2 to 0.5 μg protein, and clearly discernible bands at 1 and 2 μg protein. Further

increases in loaded protein to 5 and 10 μg showed insignificant increases in proteolytic

activity, and the MMP bands appeared almost saturated (Fig. 3). Gelatin zymography using

different protein concentrations of tissue homogenate of uterus, placenta and aorta of RUPP

rats showed similar concentration-dependent increases in proteolytic activity at 0.1, 0.2 and

o.5 μg, clearly discernible bands at 1 to 2 μg, and almost saturated bands at 5 and 10 μg (Fig.
3B, 3D, 3F). The protein concentration-gelatinase activity curves were reduced in tissues of

RUPP compared with Norm-Preg rats (Fig. 3). However, these assays were performed in

different gels, and it was important to compare the MMPs gelatinase activity of tissues from

Norm-Preg and RUPP rats in the same gel. Because 1 μg protein produced clearly

discernible bands, all further gelatin zymography experiments comparing uterus, placenta

and aorta of Norm-Preg and RUPP rats were performed using 1 μg protein for loading.

Gelatin zymography revealed that the gelatinase activity corresponding to pro-MMP-2,

MMP-2, and pro-MMP-9 was reduced in uterus (Fig. 4A), placenta (Fig. 4B) and aorta (Fig.
4C) of RUPP vs. Norm-Preg rats. Also, the gelatinase activity of MMP-9 was significantly

reduced in uterus (Fig. 4A) and aorta (Fig. 4C), and insignificantly reduced in placenta (Fig.
4B) of RUPP vs. Norm-Preg rats. The zymography data also showed a consistent

gelatinolytic band at ~74 kDa adjacent to the pro-MMP-2 band. The nature of this band is

unclear, but its intensity appeared to follow the same pattern as pro-MMP-2 (see Fig. 3 and

4). Quantitative analysis of this putative 74 kDa band in Fig. 4 indicated that its integrated

density relative to actin in the uterus, placenta and aorta was significantly reduced in RUPP

(1.45±0.19, 1.41±0.18, and 0.90±0.13, respectively) compared with Norm-Preg rats

(2.68±0.34, 2.31±0.37, and 1.78±0.15, respectively). The zymography data also showed that

MMP-2 was less than pro-MMP-2 in the uterus, placenta and aorta of both Norm-Preg and

RUPP rats (Fig. 4), which is different from the Western blot data demonstrating that the

amount of MMP-2 was greater than pro-MMP-2 in tissues of Norm-Preg and RUPP rats (see

Fig. 2). On the other hand, the gelatinase activity of MMP-9 was comparable to pro-MMP-9

in uterus and aorta, but markedly less than pro-MMP-9 in the placenta of both Norm-Preg

and RUPP rats, (Fig. 4). These zymography data are different from the Western blot data

demonstrating that the amount of MMP-9 was less than pro-MMP-9 in the three tissues of

Norm-Preg and RUPP rats (see Fig. 2). However, in both methods, the MMP-2/pro-MMP-2

and MMP-9/pro-MMP-9 ratios in the uterus, placenta or aorta were not significantly

different in RUPP vs. Norm-Preg rats (Fig. 2, 4).

The pregnancy-associated changes in tissue structure and MMPs distribution were then

examined using histology and immunohistochemistry. Because the pregnant rat uterus and

placenta are large, only a small portion of the tissue section could be imaged even when

using a 4× objective. Also, the uterine wall thickness was not homogeneous (Fig. 5). To

circumvent this difficulty, and to perform quantitative analysis in the whole tissue section,
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10 to 16 picture frames of sequential parts of the uterine tissue section were acquired using

4× objective, and the composite image of the whole uterine section was reconstituted and

analyzed (Fig. 5). Similar procedure was followed to obtain composite image of the whole

placenta tissue section.

Quantitative morphometry of H&E stained uterine sections showed reduction in the total

area and wall area in RUPP vs. Norm-Preg rats (Fig. 6A, 6B, 6C, 6D).

Immunohistochemical analysis revealed MMP-2 and MMP-9 brown staining in uterine

sections of Norm-Preg (Fig. 6A) and RUPP rats (Fig. 6B). Quantitative image analysis

showed that the brown staining for MMP-2 and MMP-9 was less in uterus of RUPP than

Norm-Preg rats (Fig. 6E, 6F).

In the placenta, H&E staining and quantitative morphometry showed that the placenta

central thickness and total cross-sectional area were less in RUPP than Norm-Preg rats (Fig.
7A, 7B, 7C, 7D). Immunohistochemistry revealed that MMP-2 and MMP-9 immunostaining

was less in the placenta of RUPP than Norm-Preg rats (Fig. 7A, 7B, 7E, 7F).

H&E staining of the aorta showed insignificant decrease in total wall thickness (Fig. 8A,
8D), and no significant difference in the relative thickness of the intima, media and

adventitia (Fig. 8G) in RUPP vs. Norm-Preg rats. Immunohistochemistry revealed less

MMP-2 in the aorta of RUPP than Norm-Preg rats (Fig. 8B, 8E), and the reduction was

more apparent in the media compared to other layers of the vascular wall (Fig. 8H).

Similarly, MMP-9 immunostaining was less in aortic sections, particularly in aortic media of

RUPP compared with Norm-Preg rats (Fig. 8C, 8F, 8I).

In all tissues tested, collagen staining could be detected and was more abundant in tissue

sections of the uterus (Fig. 9A, 9B), placenta (Fig. 9C, 9D) and aorta (Fig. 9E, 9F) of RUPP

than Norm-Preg rats (Fig. 9G). In comparison, elastin staining was sparse and diffuse in the

uterus (Fig. 10A, 10B) and placenta (Fig. 10C, 10D) of Norm-Preg and RUPP rats. On the

other hand, elastin staining was strong and well-defined in the aorta of Norm-Preg and

RUPP rats (Fig. 10E, 10F). Nevertheless, quantitative analysis of the black staining

indicated no significant difference in elastin content in the uterus, placenta or aorta of RUPP

compared with Norm-Preg rats (Fig. 10G).

To test the effects of growth modulators, the protein amount of pro-MMP-2, MMP-2, pro-

MMP-9 and MMP-9 was significantly reduced in uterus (Fig. 11A), placenta (Fig. 11B) and

aorta (Fig. 11C) isolated from Norm-Preg rats and treated with sFlt-1 (0.1 μg/ml) in organ

culture for 48 hr. In tissues of Norm-Preg rats treated with sFlt-1 plus VEGF (0.1 μg/ml) for

48 hr, no significant reduction in the amount of MMP-2 or MMP-9 was observed (Fig. 11).

Also, in uterus, placenta and aorta isolated from RUPP rats and treated with VEGF, the

amount of MMP-2 and MMP-9 was not significantly different from that in control Norm-

Preg rats (Fig. 11), and was enhanced when compared to that in non-treated RUPP tissues

(see Fig. 2).

Gelatin zymography showed that the gelatinase activity corresponding to pro-MMP-2,

MMP-2, and pro-MMP-9 was significantly reduced in uterus (Fig. 12A), placenta (Fig.
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12B) and aorta (Fig. 12C) isolated from Norm-Preg rats and treated with sFlt-1 for 48 hr in

organ culture. Also, MMP-9 gelatinase activity was significantly reduced in uterus (Fig.
12A) and aorta (Fig. 12C), and insignificantly reduced in placenta (Fig. 12B) isolated from

Norm-Preg rats and treated with sFlt-1 for 48 hr in organ culture. In tissues of Norm-Preg

rats treated with sFlt-1 plus VEGF for 48 hr, the gelatinase activity was not significantly

different from that in non-treated tissues of Norm-Preg rats (Fig. 12). Also, in isolated

uterus, placenta and aorta of RUPP rats treated with VEGF for 48 hr, the MMP-2 and -9

gelatinase activity was not significantly different from that in Norm-Preg rats (Fig. 12), and

was enhanced when compared to that in non-treated RUPP tissues (see Fig. 4).

4. Discussion

The main findings of the present study are: 1) Maternal BP is increased, uterine, placental

and aortic tissue weight and cross-sectional area are decreased, and fetal litter size and pup

weight are decreased in RUPP model of HTN-Preg compared with Norm-Preg rats, 2)

MMP-2 and -9 expression/activity are reduced in uterus, placenta and aorta of RUPP vs.

Norm-Preg rats, 3) Collagen, but not elastin, is increased in uterus, placenta and aorta of

RUPP vs. Norm-Preg rats, and 4) The anti-angiogenic factor sFlt-1 decreases MMPs

expression/activity in uterus, placenta and aorta of Norm-Preg rats, and the angiogenic

factor VEGF reverses the effects of sFlt-1 in tissues of Norm-Preg rats and the decreases in

MMP expression/activity in tissues of RUPP rats.

Preeclampsia is a complication of pregnancy with unclear mechanisms. Because of the

difficulty to perform mechanistic studies in pregnant women, animal models of HTN-Preg

have been developed [24, 25, 31-33]. RUPP during late pregnancy in sheep, dog, rabbit and

rat induces a hypertensive state that closely resembles preeclampsia [24, 25]. Consistent

with previous reports [34, 35], the present study showed that BP was increased, and the litter

size and individual pup weight were decreased in RUPP vs. Norm-Preg rats. Importantly,

the total body weight including uterus, placentae and pups was less in RUPP than Norm-

Preg rats; however, the weight difference disappeared when the uterus with the placentae

and pups were removed, suggesting growth-restrictive remodeling in the uterus and placenta

of RUPP rats.

We further examined the specific changes in three important tissues during pregnancy; the

uterus which undergoes remodeling to accommodate the growing fetus, the placenta which

provides nutrient supply to the developing fetus, and the aorta for the vascular changes in

the maternal circulation. The uterus, placenta, and aortic tissue weight was reduced in RUPP

rats. Also, histological morphometry showed significant reduction in uterine and placental

cross-sectional area, and insignificant reduction in aortic cross-sectional area in RUPP vs.

Norm-Preg rats, supporting growth-restrictive remodeling in the uterus, placenta and

vasculature of RUPP rats.

In search for the mechanisms involved in the changes in uteroplacental and vascular

remodeling, Western blots and gelatin zymography revealed that MMP-2 and -9 were

abundantly expressed and showed prominent gelatinase activity in tissues of Norm-Preg

rats. Immunohistochemical analysis confirmed prominent MMP-2 and -9 immunostaining in
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the uterus, placenta and aorta of Norm-Preg rats. These findings are consistent with previous

reports [22] and support a role of MMPs in the uteroplacental and vascular remodeling

associated with Norm-Preg. Importantly, MMPs immunostaining was particularly apparent

in the aortic media, consistent with reports that vascular smooth muscle cells (VSMCs) are a

major source of MMPs [36, 37].

In comparison with Norm-Preg rats, the uterus, placenta and aorta of RUPP rats appeared to

have less MMP-2 and MMP-9 because: 1) Western blots revealed decreased protein amount

of MMP-2 and MMP-9 in tissues of RUPP rats. 2) MMP-2 and MMP-9 gelatinase activity

was reduced in tissues of RUPP rats. Further analysis of the ratio of MMP to pro-MMP

forms as an estimate of the relative MMP activity in the tested tissues indicated that the

MMP-2/pro-MMP-2 ratio in the uterus, placenta and aorta from either Norm-Preg or RUPP

rats was >1 in the Western blots and <1 in the zymography studies. Also, MMP-9/pro-

MMP-9 ratio in the uterus, placenta and aorta from either Norm-Preg or RUPP rats was <1

in the Western blots, and was ~1 in the uterus and aorta and was markedly reduced and

reached ~0.1 in the placenta in the zymography studies. The cause of these differences is

unclear but could be related to specific changes in MMP activity in the placenta as compared

to other maternal tissues. This is supported by previous reports of tissue-specific changes in

MMP activity in the placenta as compared to the uterus and aorta of late-Preg vs. mid-Preg

rats [22]. Nevertheless, in both the Western blot and zymography experiments the MMP-2/

Pro-MMP-2 and MMP-9/pro-MMP-9 ratios in all tissues tested were not significantly

different in RUPP compared with Norm-Preg rats, supporting that the observed decreases in

the amount/activity of MMP-2 and MMP-9 in RUPP rats are not due to relative changes in

the cleaved vs. uncleaved form, but rather due a decrease in the total amount of the

respective MMP. 3) MMP-2 and MMP-9 immunostaining was also reduced in uterine and

placenta tissue sections and less intense in the aortic media of RUPP vs. Norm-Preg rats.

The decreases in MMPs expression/activity, in parallel with the decreases in uterine,

placental, and aortic tissue weight and cross-sectional area suggest a role for reduced MMPs

expression/activity in growth-restrictive remodeling in tissues of RUPP rats.

To search for the downstream targets linking the changes in MMPs to the growth-restrictive

tissue remodeling, we investigated possible changes in MMPs substrates. MMPs degrade

different substrates including gelatin, collagen, and other proteins [14, 15, 38]. Picro-Sirius

Red staining revealed an increase in collagen content in uterus, placenta and aorta of RUPP

compared with Norm-Preg rats. Because MMPs facilitate cell growth and migration by

promoting proteolysis of ECM, the decreased MMPs and increased collagen deposition in

RUPP tissues could impede smooth muscle cell growth, proliferation and migration, and

thus interfere with uteroplacental tissue invasion and decrease uterine and placental growth.

Also, while the aortic collagen content increased there was a significant decrease in aortic

tissue weight and insignificant decrease in aortic thickness in RUPP rats, likely because the

decreased MMPs and increased collagen content would interfere with VSMC growth. This

is supported by reports that upregulation of MMP-1 enhances flow-induced VSMC motility

in cell culture, and MMP-1 inhibition attenuates flow-induced migration [39]. Also, MMP-2

knockout (KO) is associated with decreased VSMC migration and neointima formation in

the mouse carotid ligation model [40, 41]. Additionally, MMP-9 KO is associated with

reduced VSMC migration and neointima formation in mouse carotid occlusion model [42],
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and reduces VSMC migration and proliferation and neointima formation in mouse model of

carotid artery injury [43]. The decreased MMPs activity and increased vascular collagen

content could also increase vessel rigidity and decrease its plasticity and thus contributes to

increased vascular resistance and HTN. This is consistent with reports that MMP-1, -2, and

-9 gelatinolytic activity is decreased and collagen deposition is increased in internal

mammary artery from hypertensive compared with normotensive patients undergoing

coronary artery bypass surgery [44]. Angiotensin II infusion and high salt diet in mice are

also associated with HTN and increased MMP-9 activity in carotid artery, and MMP-9 KO

is associated with vessel stiffness and increased pulse pressure, suggesting a beneficial role

of MMP-9 in preserving vessel compliance and alleviating the increase in BP in early HTN

[45]. Also, in adult spontaneously hypertensive rat, a decrease in MMP-1, -2, and -3 may

contribute to remodeling of resistance arteries and the setting of HTN [46]. It is important to

note that collagen has 18 types and different subtypes [47], and MMP-2 can degrade

collagen I, II, III, IV, V, VII, X, and XI while MMP-9 can degrade collagen IV, V, VII, X,

XIV [14, 15, 38]. Future Western blot and immunohistochemistry studies should measure

the changes in the various collagen types and subtypes in HTN-Preg. RT-PCR experiments

should also determine whether any increases in a specific collagen type or subtype are solely

due to decreased degradation or could also involve decreased de novo collagen mRNA

expression and protein biosynthesis.

In contrast with collagen, elastin is less likely to be involved in the observed changes in

tissue growth and remodeling because elastin staining of uterus and placenta was sparse and

diffuse and not different in RUPP vs. Norm-Preg rats. Although prominent and well-defined

elastin bands could be observed in the aorta, no significant changes were noted between

RUPP and Norm-Preg rats, suggesting little role of elastin in the observed changes in aortic

growth and remodeling.

In addition to their proteolytic effects on ECM proteins, MMPs may also affect uterine and

vascular function and the mechanisms of smooth muscle contraction. We have shown that

MMP-2 and -9 cause relaxation of precontracted rat uterus [21], aorta [30], and inferior vena

cava [48, 49]. Thus the decrease in uterine MMPs expression/activity could lead to increased

uterine contraction and premature labor. Also, the decrease in vascular MMPs expression/

activity could lead to increased vascular contraction and HTN-Preg. This is consistent with

previous reports that vascular contraction is enhanced in RUPP rats [25].

We also searched for the upstream mechanisms linking placental ischemia to the changes in

MMPs expression/activity, and examined the effects of potential factors released during the

course of preeclampsia and HTN-Preg. Studies in preeclamptic women have shown an

imbalance between the pro-angiogenic factors VEGF and PlGF, and the anti-angiogenic

factor sFlt-1 [13, 50-58]. Also, experimental studies showed that placental ischemia in

RUPP rats is associated with increased serum sFlt-1 [12] and sEng [13], and that infusion or

adenoviral overexpression of sFlt-1 in Norm-Preg rats results in increased BP and decreased

plasma VEGF [58-60]. These observations led to the suggestion that sFlt-1 could cause

generalized endotheliosis in blood vessels leading to HTN, in the glomeruli leading to

proteinuria, and in brain vessels leading to seizures and eclampsia [60]. However, in these in

vivo sFlt-1 infusion experiments it is often difficult to determine if any observed effects are
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caused directly by sFlt-1 or involve a cascade of biochemical events and other mediators and

pathways, and therefore the direct targets of sFlt-1 have not been clearly defined.

Specifically, little information is available on whether sFlt-1 could target tissue MMPs

particularly during pregnancy. Some studies have shown that sFlt-1-induced inhibition of

VEGFR2 decreases visfatin-induced endothelial VEGF production and MMP-2 and -9

expression/activity [61]. Other studies in mouse model of abdominal aortic aneurysm have

shown that treatment with sFlt-1 reduces aneurysm size and attenuates MMP-2 and -9

activity in periaortic tissue [62]. The present study supports a role of sFlt-1 as a potential

upstream mechanism linking placental ischemia to the decrease in MMPs in HTN-Preg

because: 1) sFlt-1 reduced MMPs amount/activity in uterine, placental and vascular tissues

of Norm-Preg rats, 2) VEGF reversed the sFlt-1 induced decreases in MMPs amount/activity

in tissues of Norm-Preg rats, and 3) VEGF increased MMPs levels in tissues of RUPP rats to

levels similar to those observed in Norm-Preg rats. These observations are consistent with

the report that infusion of the pro-angiogenic factor VEGF reduces BP in RUPP rats [63].

Angiogenic growth factors such as VEGF and TGF-β are secreted by endothelial cells and

other cells and act in an autocrine or paracrine fashion to accelerate angiogenesis, and

MMPs may mediate these effects by virtue of their proteolytic activity and other

mechanisms including helping to detach pericytes from the vessels undergoing angiogenesis,

releasing ECM-bound angiogenic growth factors, exposing cryptic pro-angiogenic integrin

binding sites in the ECM, generating pro-migratory ECM component fragments, and

cleaving endothelial cell-cell adhesions [64]. This is supported by reports that MMP-1, -3,

-7, -8, -9, -10, -13, and -19 expression is upregulated in human umbilical vein endothelial

cells treated with VEGF, and that VEGF induces MMP-10 expression via PI3K and MAPK

pathways [65]. Also, trophoblast- and VSM-derived MMP-12 could mediate proteolysis and

uterine spiral artery remodeling during pregnancy [66].

We should note that MMPs is a large family of at least 28 proteolytic enzymes [14, 15, 38].

While the present study examined the changes in MMP-2 and -9, other MMPs have been

detected in the uterus, placenta and aorta, and the changes in these MMPs in HTN-Preg need

to be investigated. Importantly, MMPs activity could be influenced by other MMP activators

and inhibitors. For example, some MMPs may cleave other pro-MMPs, and membrane-type

(MT)1-MMP is a key activator of pro-MMP-2 [14, 15, 38, 67]. On the other hand, tissue

inhibitors of MMPs (TIMP-1 and TIMP-2) are endogenous modulators of MMPs activity

[14, 15, 38, 67], and the changes in their expression/activity in HTN-Preg need to be

examined. Also, in the present study the changes in uterine, placental and aortic MMPs were

measured at day 19 of gestation, and the progressive changes during the course of pregnancy

and their reversal in the postpartum period need to be examined. Plasma levels of MMPs

have also been shown to increase during pregnancy [68], suggesting a role for MMPs in

different maternal tissues. Instead of measuring plasma MMPs levels, which often reflect

global changes in multiple tissues, the present study focused on examining three important

pregnancy-relevant tissues. While we were able to detect significant changes in uterine,

placental and aortic MMPs in HTN-Preg rats, that should not minimize the importance of

measuring the structural changes and MMPs expression in other tissues particularly the

small resistance vessels which affect BP. Another limitation is that RUPP during pregnancy

may cause the release of not only anti-angiogenic factors, but also other vasoactive factors
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including cytokines, reactive oxygen species and hypoxia-inducible factors, which could in

turn lead to uteroplacental and vascular dysfunction during HTN-Preg [6, 12, 13, 32, 33, 69,

70]. Interestingly, cytokines, reactive oxygen species and hypoxia-inducible factors have

been shown to affect MMPs expression/activity [71, 72], and studying their differential

effects as well as the effects of their inhibitors on MMPs activity in Norm-Preg and HTN-

Preg should be examined in future investigations.

In conclusion, HTN-Preg is associated with decreased uterine, placental and aortic tissue

weight and cross sectional area, decreased expression/activity of MMP-2 and -9, and

increased collagen content, suggesting a role for MMPs in growth-restrictive remodeling in

HTN-Preg. Anti-angiogenic factors such as sFlt-1 decrease MMPs expression/activity in

uterus, placenta and aorta of Norm-Preg rats, and the angiogenic factor VEGF reverses the

effects of sFlt-1 in tissues of Norm-Preg rats and the decreases in MMPs expression/activity

in tissues of RUPP rats. Targeting MMPs could provide a new approach for the detection

and management of HTN-Preg and preeclampsia.
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Fig. 1.
Maternal and fetal measurements in Norm-Preg and RUPP rats. On day 19 of pregnancy, BP

(A) and body weight (B) were measured in Norm-Preg and RUPP rats. The animals were

sacrificed and the whole uterus weight (without placentae or pups), average placenta weight,

thoracic aorta, heart and average kidney weight were measured and presented as percentage

of maternal body weight without uterus (C). Also, the pups were separated and the litter size

(D) and average fetal weight (E) were measured. Bar graphs represent means±SEM, n = 6 to
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7/group. * Measurements in RUPP rats are significantly different (P<0.05) from

corresponding measurements in Norm-Preg rats.
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Fig. 2.
Protein amount of uterine, placental and aortic MMP-2 and MMP-9 in Norm-Preg and

RUPP rats. Tissue homogenates of the uterus (A), placenta (B), and aorta (C) of Norm-Preg

and RUPP rats were prepared for Western blot analysis using antibodies to MMP-2 (1:1000)

and MMP-9 (1:1000). Immunoreactive bands corresponding to pro-MMP-2, MMP-2, pro-

MMP-9 and MMP-9 were analyzed by optical densitometry and normalized to β-actin to

correct for loading. The MMP-2/pro-MMP-2 and MMP-9/pro-MMP-9 ratios were also

measured. Bar graphs represent means±SEM, n = 9/group. * Measurements in RUPP rats

are significantly different (P<0.05) from corresponding measurements in Norm-Preg rats.
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Fig. 3.
Concentration-dependent MMP-2 and MMP-9 gelatinase activity in uterus, placenta and

aorta of Norm-Preg and RUPP rats. Uterine (A and B), placental (C and D) and aortic tissue

strips (E and F) from Norm-Preg (A, C and E) and RUPP rats (B, D and F) were

homogenized and prepared for gelatin zymography analysis using different concentrations

of loaded protein (0.1 – 10 μg). The densitometry values of the proteolytic bands was

presented as pixel intensity × mm2. Line graphs represent means±SEM, n = 4/group. For

pro-MMP-2, MMP-2, pro-MMP-9 and MMP-9, * Significantly different (P<0.05) from
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preceding protein concentration, † Not significantly different from preceding protein

concentration.
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Fig. 4.
Uterine, placental and aortic MMP-2 and MMP-9 gelatinase activity in Norm-Preg and

RUPP rats. Equal protein amount (1 μg) of tissue homogenates from the uterus (A), placenta

(B) and aorta (C) of Norm-Preg and RUPP rats were prepared for gelatin zymography

analysis. The densitometry values of the proteolytic bands corresponding to pro-MMP-2,

MMP-2, pro-MMP-9 and MMP-9 was presented as pixel intensity × mm2 and normalized to

β-actin to correct for loading. The MMP-2/pro-MMP-2 and MMP-9/pro-MMP-9 ratios were

also measured. Bar graphs represent means±SEM, n = 9/group. * Measurements in RUPP

rats are significantly different (P<0.05) from corresponding measurements in Norm-Preg

rats.
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Fig. 5.
Representative reconstructed composite image of Norm-Preg rat uterus tissue section stained

with hematoxylin and eosin. Because the rat uterus is large, only a small portion of the tissue

section could be imaged using a 4× objective. To circumvent this difficulty, and to perform

quantitative histological analysis in the whole tissue section, 15 picture frames of sequential

parts of the uterine tissue section were acquired using 4× objective and inserted as individual

raw images in Powerpoint (A), the image frames were aligned to produce a reconstructed
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image of the uterus (B), then the individual images were grouped and saved as a composite

JPG image of the whole reconstituted uterine tissue section for image analysis (C).
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Fig. 6.
Distribution of MMP-2 and MMP-9 in uterus of Norm-Preg and RUPP rats. Cryosections (6

μM) of the uterus of Norm-Preg (A) and RUPP rats (B) were prepared for hematoxylin and

eosin staining (H&E), or immunohistochemical staining using MMP-2 and MMP-9

antibodies. Because the rat uterus is large, 10 to 16 picture frames of sequential parts of the

uterine tissue section were acquired using 4× objective, and the composite image of the

whole uterine section was reconstituted as described in Figure 5, then analyzed using ImageJ

software. For the H&E stained tissues, the total number of pixels in the tissue section image
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was defined and translated into total area (mm2) using calibration bar (C), or the wall area

(total - lumen) in pixels was measured and presented in mm2 (D). For MMP

immunostaining, the total number of pixels in the tissue section wall was first defined, then

the number of brown spots (pixels) was counted and presented as % of total wall area (E and

F). Total magnification = 40. Bar graphs represent means±SEM, n = 4 to 6/group. *

Measurements in RUPP rats are significantly different (P<0.05) from corresponding

measurements in Norm-Preg rats.

Li et al. Page 27

Biochem Pharmacol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 7.
Distribution of MMP-2 and MMP-9 in placenta of Norm-Preg and RUPP rats. Cryosections

(6 μM) of placenta of Norm-Preg (A) and RUPP rats (B) were prepared for hematoxylin and

eosin staining (H&E), or immunohistochemical staining using MMP-2 and MMP-9

antibodies. Because the rat placenta is large, 10 to 16 picture frames of sequential parts of

the placental tissue section were acquired using 4× objective, and the composite image of

the whole placental tissue section was reconstituted and analyzed using ImageJ software.

For the H&E stained tissues, a line scan was drawn in the center of placenta, the number of
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pixels in the line were counted and translated into central tissue thickness (mm) using

calibration bar (C), or the total number of pixels in the tissue section image was defined and

translated into total area (mm2) using calibration bar (D). For MMP immunostaining, the

total number of pixels in the tissue section image was first defined, then the number of

brown spots (pixels) was counted and presented as % of total area (E and F). Total

magnification = 40. Bar graphs represent means±SEM, n = 4 to 6/group. * Measurements in

RUPP rats are significantly different (P<0.05) from corresponding measurements in Norm-

Preg rats.
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Fig. 8.
Distribution of MMP-2 and MMP-9 in aorta of Norm-Preg and RUPP rats. Cryosections (6

μM) of aorta of Norm-Preg and RUPP rats were prepared for hematoxylin and eosin staining

(H&E) (A), or immunohistochemical staining using MMP-2 (B) and MMP-9 antibodies (C).

For the H&E stained tissues, a line scan was drawn across the tissue wall, the number of

pixels in the line were counted and translated into total wall thickness (μM) using calibration

bar (D), or the thickness of the different tissue layers, intima, media and adventitia, was

measured and presented as % of total wall thickness (G). For MMP immunostaining, the

total number of pixels in the tissue section wall was first defined, then the number of brown

spots (pixels) was counted and presented as % of total wall area (E and F). The number of

pixels in the specific vascular layer (intima, media and adventitia) was also defined and

transformed into the area in μM2 using a calibration bar. The number of brown spots (pixels)

representing MMP-2 and MMP-9 in each vascular layer was then counted and presented as

number of pixels/μM2 (H and I). Bar graphs represent means±SEM, n = 4 to 6/group. *

Measurements in RUPP rats are significantly different (P<0.05) from corresponding

measurements in Norm-Preg rats.
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Fig. 9.
Distribution of collagen in uterus, placenta and aorta of Norm-Preg and RUPP rats.

Cryosections (6 μM) of uterus (A and B), placenta (C and D) and aorta (E and F) of Norm-

Preg and RUPP rats were prepared for Picro-Sirius Red staining for collagen. Because the

rat uterus and placenta are large, 10 to 16 picture frames of sequential parts of the tissue

section were acquired using 4× objective, and the composite images of the whole uterine and

placental tissue section were reconstituted. Representative images of the aorta were acquired

using both 10× and 40× objectives. Images of tissue sections were acquired then analyzed
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using ImageJ software. The total number of pixels in the tissue section image was first

defined, then the number of red spots (pixels) corresponding to collagen was counted and

presented as % of total area (G). For uterus and placenta, total magnification = 40. For aorta,

total magnification = 100 or 400. Bar graphs represent means±SEM, n = 6/group. *

Measurements in RUPP rats are significantly different (P<0.05) from corresponding

measurements in Norm-Preg rats.
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Fig. 10.
Distribution of elastin in uterus, placenta and aorta of Norm-Preg and RUPP rats.

Cryosections (6 μM) of uterus (A and B), placenta (C and D) and aorta (E and F) of Norm-

Preg and RUPP rats were prepared for Modified Verhoff's-Van Gieson staining for elastin.

Because the rat uterus and placenta are large, 10 to 16 picture frames of sequential parts of

the tissue section were acquired using 4× objective, and the composite images of the whole

cross section of uterus and placenta were reconstituted. Representative images of the aorta

were acquired using both 10× and 40× objectives. Images of tissue sections were acquired
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then analyzed using ImageJ software. The total number of pixels in the tissue section image

was first defined, then the number of black spots (pixels) corresponding to elastin was

counted and presented as % of total area (G). For uterus and placenta, total magnification =

40. For aorta, total magnification = 100 or 400. Bar graphs represent means±SEM, n = 6/

group.
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Fig. 11.
Effect of growth modulators sFlt-1 and VEGF on protein amount of uterine, placental and

aortic MMP-2 and MMP-9 in Norm-Preg and RUPP rats. Tissue homogenates of the uterus

(A), placenta (B), and aorta (C) of Norm-Preg rats were treated with sFlt-1 (0.1 μg/ml) with

or without VEGF (0.1 μg/ml), and tissues of RUPP rats were treated with VEGF for 48 hr in

organ culture. Tissues were homogenized and prepared for Western blot analysis using

antibodies to MMP-2 (1:1000) and MMP-9 (1:1000). Immunoreactive bands corresponding

to pro-MMP-2, MMP-2, pro-MMP-9 and MMP-9 were analyzed by optical densitometry

Li et al. Page 35

Biochem Pharmacol. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and normalized to β-actin to correct for loading. Bar graphs represent means±SEM, n = 6/

group. * Significantly different (P<0.05) from corresponding measurements in control non-

treated tissues of Norm-Preg rats.
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Fig. 12.
Effect of growth modulators sFlt-1 and VEGF on gelatinase activity of uterine, placental and

aortic MMP-2 and MMP-9 in Norm-Preg and RUPP rats. Tissue homogenates of the uterus

(A), placenta (B), and aorta (C) of Norm-Preg rats were treated with sFlt-1 (0.1 μg/ml) with

or without VEGF (0.1 μg/ml), and tissues of RUPP rats were treated with VEGF for 48 hr in

organ culture. Tissue homogenates were prepared for gelatin zymography analysis. The

densitometry values of the proteolytic bands was presented as pixel intensity × mm2 and

normalized to β-actin to correct for loading. Bar graphs represent means±SEM, n = 6/group.
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* Significantly different (P<0.05) from corresponding measurements in control non-treated

tissues of Norm-Preg rats.
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