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Trophoblast Invasion and Blood Vessel
Remodeling Are Altered in a Rat Model
of Lifelong Maternal Obesity
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Abstract
Maternal obesity is associated with an increased risk of a number of pregnancy complications, including fetal demise, which may be
linked to impaired placental development as a result of altered trophoblast invasion and vessel remodeling. Therefore, we
examined these parameters in pregnant rats fed a control (normal weight) or high fat (HF) diet (obese) at 2 critical times of rat
placental development. Early trophoblast invasion was increased by approximately 2-fold in HF-fed dams with a concomitant
increase in the expression of matrix metalloproteinase 9 protein, a mediator of tissue remodeling and invasion. Furthermore,
we observed significantly higher levels of smooth muscle actin surrounding the placental spiral arteries of HF-fed dams, suggesting
impaired spiral artery remodeling. Taken together, the results of this study suggest that altered placental development is an
important contributor to the poor pregnancy outcomes and increased fetal demise in our model of lifelong maternal obesity.
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Introduction

Obese women have an increased risk of a number of pregnancy

complications, including preeclampsia, miscarriage, stillbirth,

as well as delivering both large-for-gestational-age and small-

for-gestational-age (SGA) babies.1-3 The SGA or growth-

restricted fetuses are at higher risk of fetal demise, poor neonatal

health, and of adult onset diseases.4 At this time, the mechanisms

involved in the development of these complications in the

context of maternal obesity are not well understood. Utilizing

a previously characterized rat model of lifelong maternal obe-

sity, which mimics many of the adverse pregnancy outcomes,

observed in human populations, we can begin to elucidate the

link between obesity and these pregnancy complications. The

adverse outcomes in our animal model include increased fetal

death and impaired fetal growth in association with altered

placental development.5

Altered trophoblast invasion and aberrant spiral artery

remodeling have been implicated in many of the pregnancy

complications associated with obesity, including preeclampsia,

fetal growth restriction, and stillbirth.6,7 Trophoblast cells are

stimulated to invade into the maternal decidua/myometrium

through a complex interaction of cytokines, growth factors, and

other signaling molecules in the local environment.8 In the rat,

the onset of such trophoblast invasion occurs at approximately

gestational day (GD) 15 and peaks at approximately GD18.9

The extent of this invasion into the mesometrial compartment

follows a similar pattern as that observed in the human myome-

trium,10 making the rat an ideal model to study this process.

The invasive trophoblasts migrate/invade into maternal uterine

tissue to reach the spiral arteries through either endovascular

trophoblast (ENVT) or interstitial trophoblast (IST) migratory

pathways and contribute to the remodeling of these arteries.11,12

This remodeling process is essential for converting the spiral

arteries into high-capacity, low-resistance vessels to increase

blood flow to the placenta.13 In addition to trophoblasts, recent
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evidence demonstrates that decidua natural killer (dNK) cells

may be important for the remodeling process.14 In normal preg-

nancy, the progressive disruption of smooth muscle cell layer

surrounding the spiral arteries is an important component in the

remodeling of these arteries. Although it is accepted that the

failure to disrupt the vascular smooth muscle cell (VSMC) layer

surrounding the spiral arteries can lead to a number of

pregnancy-related pathologies,15 the mechanisms by which this

process may be affected in obese pregnancies are not well under-

stood. Importantly, the disorganization of the smooth muscle cell

layer surrounding the spiral arteries plays an important role in

the remodeling of these arteries in both rats and humans.16

Obesity is associated with a state of chronic systemic

inflammation.17 Obesity during pregnancy can contribute to

altered levels of circulating proinflammatory cytokines in the

maternal circulation as well as in placental tissues.18 Interest-

ingly, in vitro trophoblast invasion has been shown to be

affected by a number of these proinflammatory cytokines.

Some attenuate invasion (eg, tumor necrosis factor a and

8-isoprostaglandin F2a) and others increase invasion (eg,

interleukin [IL]-6, IL-8).19-23 In addition, adipocyte-derived

factors have been shown to affect VSMC proliferation and

inflammation.24 Although experiments detailing the effects of

individual cytokines and adipokines on these processes have

been documented in vitro, the effects of obesity on trophoblast

invasion and spiral remodeling are yet to be determined in vivo.

Therefore, the goal of these experiments was to assess

changes in trophoblast invasion and vascular smooth muscle

remodeling associated with maternal obesity in the established

rat model of lifelong obesity.5

Materials and Methods

Animal Experiments

All animal procedures for this study were approved by the

McMaster University Animal Research Ethics Board (AUP #

070740). A total of 50 female Sprague-Dawley rats, aged 21

days (84-100 g), were purchased from Charles River Labora-

tories (Wilmington, Massachusetts). Rats were maintained

under controlled lighting (12-hour light–dark cycle) and tem-

perature (22�C) with ad libitum access to food and water. Dams

were randomly assigned to receive either standard rat chow

(control [CON]; 16% kcal fat, 3.82 kcal/g; Harlan Teklad,

Madison, Wisconsin) or a high fat (HF) diet (45% kcal fat,

4.70 kcal/g; Research Diets, New Brunswick, New Jersey).

In all, 20 dams were assigned to the CON group and 30 to the

HF-fed group (due to a diet-induced reduction in fertility5).

Dams were maintained on their respective diets for 16 weeks

before being mated with age-matched Sprague-Dawley males

fed the CON diet. One female and 1 male per cage were paired

until copulation was confirmed by visualization of sperm in a

vaginal flush. The presence of sperm indicated day 0 of preg-

nancy (GD0). The HF and CON-fed dams underwent laparot-

omy at either GD15 (early trophoblast invasion) or GD18

(invasion completed, spiral artery remodeling completed).

These time points were selected based on the work of Pijnen-

borg and colleagues25 who demonstrated that invasive ENVTs,

in the rat, are observed at GD15, while maximal invasion of

ISTs can be seen at approximately GD18.9 Blood sampling was

performed by cardiac puncture prior to euthanasia. Two entire

conceptuses from the second position from the cervix, in each

uterine horn, were removed and preserved in 10% neutral-

buffered formalin for immunohistological analysis. The remain-

ing placentae were removed from the uterus, and the underlying

mesometrial triangles were excised and frozen at �80�C for

Western blot analysis.

Immunohistochemistry

Placental tissues were fixed in formalin and embedded in par-

affin. Placentae were embedded upright with the fetal side of

the placental disc perpendicular to the cross-sectional plane.

Sections of 5 mm from the central area of the placenta contain-

ing a main spiral artery were cut and mounted on Superfrost

Plus microslides (VWR, Mississauga, Ontario). Immunohisto-

chemistry was performed to determine localization and expres-

sion of the protein or antigen of interest within placental and

uterine tissue. Slides were deparaffinized in xylene and

rehydrated in graded alcohol solutions. Endogenous peroxidase

activity was inhibited with 3% hydrogen peroxide in methanol

for 15 minutes at room temperature (RT). Retrieval of smooth

muscle actin (SMA) antigen was achieved by immersing slides

in 10 mmol/L citrate buffer at 90�C for 12 minutes. Antigen

retrieval for cytokeratin analysis was achieved using micro-

waving slides just until boiling in a commercial citrate-based

antigen unmasking solution (Vector Laboratories, Burlingame,

California). Tissues were blocked using 1% (wt/vol) bovine

serum albumin (BSA) with 10% (vol/vol) normal donkey serum

for 1 hour at RT followed by incubation with antipan cytokeratin

(a trophoblast marker; 1:300 dilution; Sigma-Aldrich, St Louis,

Missouri) or anti-a-SMA (a VSMC marker; 1:200 dilution;

Sigma-Aldrich) overnight at 4�C in a humidified chamber.

Sections were washed in phosphate buffered saline, and immu-

nostaining was identified using antimouse biotinylated second-

ary antibody (Millipore, Billerica, Massachusetts) and the

Vectastain kit (Vector Laboratories, Burlingame, California)

with diaminobenzidine (Sigma-Aldrich Canada Ltd, Oakville,

Ontario) as the chromogen. Tissue sections were counterstained

with Harris hematoxylin (Sigma-Aldrich), dehydrated, and

mounted with Permount (Fisher Scientific, Fair Lawn, New

Jersey).

Analysis of IST Trophoblast Invasion

Analysis of IST invasion was carried out on cytokeratin-stained

sections containing a cross-section of the central maternal

artery by a single investigator who was blinded to the treatment

groups, as described previously.9,26 The entire mesometrial

triangle was scanned at 4� magnification, and cytokeratin-

positive cells within the mesometrial triangle were selected

using a threshold analysis after elimination of nonspecific
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binding. The area covered by the mesometrial triangle was

manually delineated and quantified, and the extent of IST

invasion (ie, percentage of the mesometrial triangle with

cytokeratin-positive cells) was reported as a percentage of the

total area of the mesometrial triangle.

Analysis of ENVT Invasion

Analysis of ENVT invasion was carried out on sections

containing a cross-section of the central maternal artery,

as described previously.27 The entire mesometrial triangle was

imaged at 4� magnification, and the arteries within the

mesometrial triangle were counted and classified as (1) fully

invaded, (2) partially invaded, or (3) not invaded. Values were

reported as the percentage of arteries in the mesometrial trian-

gle that were invaded by ENVTs.27-29

Analysis of Spiral Artery Remodeling

Pijnenborg and colleagues25 report that spiral artery remodel-

ing in rats occurs primarily between GD17 to GD22. Therefore,

we evaluated maternal spiral artery remodeling at GD18 on

fetal–placental unit cross sections containing a central mater-

nal artery, as described previously.29 Serial tissue sections

were stained for a-SMA (Sigma-Aldrich) and scanned using

the 4� objective. Spiral arteries in adjacent tissue sections

were identified and analyzed for the presence of ENVTs and

SMA-positive cells.

The length of the blood vessel contour with SMA-positive

cells was traced and quantified using NIS Elements Software

(Nikon Canada, Mississauga, Ontario), and the percentage of

SMA coverage for each invaded (full and partially invaded)

artery in the mesometrial triangle was calculated based on the

total contour length of the same vessels. A minimum of 3

arteries per dam were quantified, and the values were averaged

to obtain the amount of SMA coverage for each animal in the

CON and HF groups.

Western Blotting

Decidual tissue samples were homogenized in a 1:20 ratio of

tissue to homogenization buffer (5 mmol/L 4-(2-hydro-

xyethyl)-1-piperazineethanesulfonic acid, 100 mmol/L KCl,

70 mmol/L sucrose, 220 mmol/L mannitol, 1 mmol/L ethylene

glycol tetraacetic acid; pH 7.2) containing protease inhibitor

cocktail tablets (Roche Diagnostics, Indianapolis, Indiana).

Levels of matrix metalloproteinase 2 (MMP-2) and metallopro-

teinase 9 (MMP-9) were quantified using Western blotting, as

described previously.30 Briefly, 10 mg of decidual homogenate

was separated by 10% (for the analysis of MMP-2 and MMP-9)

sodium dodecyl sulfate–polyacrylamide gel and transferred to

nitrocellulose membranes. Membranes were blocked in 5%
BSA (MMP-2; Roche) or 5% milk (MMP-9) in Tris-buffered

saline (TBST: 137 mmol/L NaCl, 2.7 mmol/L KCl, 25

mmol/L Tris-Cl, pH 8.0) supplemented with 0.1% Tween-20

overnight at 4�C. Membranes were then incubated with anti-

MMP-2 (1:5000 in 3% BSA in TBST; Abcam Inc, Cambridge,

Massachusetts), anti-MMP-9 (1:20 000 in 3% milk in TBST;

Abcam Inc) for 2 hours, and washed with TBST before incuba-

tion with antimouse immunoglobulin G secondary antibody

(1:5000; GE Healthcare, Mississauga, Ontario) in 3% BSA or

3% milk in TBST. Blots were developed using enhanced che-

miluminescence (Millipore), and densitometric quantification

was carried out using ImageJ software (ImageJ, Version

1.37; NIH, Bethesda, Maryland).

Monocyte Chemoattractant Protein 1 Enzyme-Linked
Immunosorbent Assay

Total monocyte chemoattractant protein 1 (MCP-1) in serum,

from CON- and HF-fed dams, collected during sacrifice at

GD15 and GD18 was quantified using a rat MCP-1 enzyme-

linked immunosorbent assay kit (Pierce, Rockford, Illinois),

according to the manufacturer’s instructions. Serum samples

were diluted 1:25 for the assay.

Statistics

Statistical analyses were performed in GraphPad Prism v4.0

(GraphPad Software Inc, La Jolla, California). The MCP-1 lev-

els, IST invasion, and ENVT invasion were analyzed using a 2-

way analysis of variance (ANOVA) with diet and age as the

independent variables; Bonferroni’s post hoc testing was per-

formed if a significant interaction effect of these variables was

observed. The extent of spiral artery remodeling and Western

blot data were analyzed using a 2-tailed Student t test. Statistics

were performed using each dam as a single statistical unit.

Results with P values of <.05 were considered to be statistically

significant.

Results

Invasion of IST and ENVT Cells Is Increased Early in
Gestation in HF-fed Dams

We assessed trophoblast invasion through both the IST and

ENVT pathways at GD15 and GD18. Gestational day 15 is

thought to represent the initial stages of invasion,25 and we

observed approximately 2-fold greater invasion by IST cells at

this stage in implantation sites from HF-fed dams (Figure 1;

P < .05) compared to the CON-fed dams. When comparing the

progression of invasion from GD15 to GD18 in CON-fed dams,

the mesometrial triangle of GD18 dams exhibited approximately

43% greater cross-sectional surface area coverage by ISTs (P <

.05). However, when comparing GD15 to GD18 in HF-fed

dams, the mesometrial triangle of GD18 dams exhibited only

approximately 26% more cross-sectional surface area coverage.

Interestingly, at GD18, the peak of the trophoblast invasion

process, the HF-fed dams had reduced cross-sectional surface

area relative to CON-fed dams (P < .05).

Trophoblast invasion through the ENVT pathway was also

quantified by assessing the percentage of blood vessels in the
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mesometrial triangle invaded either partially or fully by ENVT

cells. Examples of fully, partially, and invaded blood vessels

within the mesometrial triangle are illustrated in Figure 2A and

B and compared to blood vessels that have not been invaded

(Figure 2C). Analysis by 2-way ANOVA demonstrated that the

presence of ENVT in spiral arteries was significantly altered by

gestational age (main effect: P < .05), but there was no main

effect of diet (P > .05). There was, however, a significant

interaction between gestational age and diet. The percentage

of vessels invaded by ENVT was more than 2-fold higher in

implantation sites from HF-fed dams compared to CON-fed

dams (Figure 2; P < .05) at GD15. However, no significant dif-

ference in the percentage of vessels covered by ENVT was

observed at GD18 between diet groups. In addition, there was

a significant effect of gestational age within the CON-fed

group (P < .05); an effect that was absent in the HF-fed group.

The increased invasion early in gestation in HF-fed dams is

associated with an increase in MMP-9 levels in the mesome-

trial triangle.

We measured the protein expression of MMP-2 and MMP-9

in decidua tissue homogenates, as these proteins are known to

be important mediators of invasive trophoblast cells.31 We

observed a 2-fold increase in MMP-9 levels in decidual tissue

homogenates from HF-fed dams at GD15 (P < .05; Figure 3B).

The mean MMP-2 level was also higher at GD15, although this

did not reach statistical significance (P¼ .21; Figure 3A). Both

MMP-9 and MMP-2 protein expression levels at GD18 were

not significantly different (data not shown).

Remodeling of Spiral Arteries Is Compromised in
Implantation Sites From HF-Fed Dams at GD18

The SMA-positive VSMCs, situated around the periphery of

the spiral arteries, are lost when these vessels are converted

to high-capacity, low-resistance vessels. In addition, the

proportion of the spiral artery that is SMA positive decreases

with the normal remodeling seen during pregnancy.25,32 There-

fore, we assessed spiral artery remodeling by examining the

Figure 1. Percentage of cross-sectional surface area covered by IST cells in the MT is increased at GD15 and reduced at GD18 in HF-fed dams.
Central slides (5 mm thick) were stained with antipan cytokeratin. Cytokeratin staining (brown) indicates the presence of trophoblast cells. Rep-
resentative images of GD15 uteroplacental unit from CON-fed (C) and HF-fed dams (D) are shown; scale bar ¼ 600 mm. Panels A and B are
magnified images of boxed region of panels C and D. respectively; scale bar ¼ 150 mm. E, Graphical representation of the percentage of the
mesometrial triangle invaded by IST cells at GD15 and GD18. P < .05 was calculated by 2-way ANOVA; * indicates significantly different from
the GD15 CON-fed group; y, significantly different from the HF-fed GD15 group; d, significantly different from the CON-fed GD18 group, 1
implantation site was examined per dam, with a minimum of 5 dams per group; IST, interstitial trophoblast; MT, mesometrial triangle; GD, gesta-
tional day; HF, high fed; CON, control; ANOVA, analysis of variance.
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loss of SMA-positive VSMCs in invaded spiral arteries at

GD18 (Figure 4). The percentage of the total contour of par-

tially and fully invaded arteries that were covered by VSMCs

was analyzed (Figure 4A-C). At GD18, the arteries in the

mesometrial triangle of HF-fed dams were covered by signifi-

cantly greater amounts of VSMCs compared to that seen in

CON-fed dams (Figure 4D; P < .05).

HF-Fed Dams Show Evidence of Systemic Inflammation
During Pregnancy

Since increased inflammatory stimuli are known to impact tro-

phoblast invasion,20,23 we assessed levels of MCP-1, as a marker

of systemic inflammation, in serum from CON- and HF-fed

dams (Figure 5). At GD15, MCP-1 levels were 1.4-fold higher

in plasma from HF-fed dams; while at GD18, the MCP-1 levels

were 1.7-fold higher in plasma from HF-fed dams (all Ps < .01).

Discussion

We developed a rat model of lifelong maternal obesity that

results in increased fetal and neonatal death as well as in

reduced birth weight.5 In the human population, obese women

are more likely to develop complications including preeclamp-

sia as well as delivering SGA babies.1,2 These complications

have been linked with reduced trophoblast invasion and incom-

plete spiral artery remodeling,7,33 and the current literature

suggests that this may be partially mediated by inflammatory

signals.34 The parallels in outcome between our model and

what is observed in the human population prompted a focus

on the consequences of obesity during pregnancy and its impact

on pregnancy-induced uterine modifications.

In HF-fed dams, we observed significantly increased IST and

ENVT invasion at GD15. By GD18, these dams exhibited

decreased IST invasion while there were no significant differ-

ences in the ENVT invasion between CON- and HF-fed animals.

Taken together, this demonstrates a dramatically altered progres-

sion of trophoblast invasion in the placenta of HF-fed dams.

Since our study design focused on the analysis of 2 time

points, GD15 (initiation) and GD18 (peak), we cannot deline-

ate between 2 possible trajectories for the progression of

invasion as a consequence of lifelong HF diet. The first is a

complete shift in the temporal regulation of trophoblast inva-

sion (ie, early initiation of invasion and an early retraction); and

Figure 2. The percentage of blood vessels invaded by endovascular trophoblast cells in the entire MT is higher in HF-fed dams at GD15 but not
at GD18. Central slides (5 mm thick) were stained with antipan cytokeratin. All blood vessels in the MT were traced and vessels fully invaded (A),
partially invaded (B), and not invaded (C) by endovascular trophoblast (brown positive staining) were counted. Scale bars ¼ 50 mm. Panel D
demonstrates the zoomed out image of the MT from which the image of the fully invaded spiral artery (A) was taken; scale bar ¼ 250 mm. Panel
E shows graphical representation of the percentage of total blood vessels that were fully or partially invaded, which was calculated for each
implantation site before being averaged. P < .05 was calculated by 2-way ANOVA. * indicates significantly different from the CON-fed group,
one implantation site was examined per dam, with a minimum of 4 dams per group; JZ, junctional zone; Lab, labyrinth; MT, mesometrial triangle;
GD, gestational day; CON, control; ANOVA, analysis of variance.
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Figure 3. MMP-9 levels are elevated in the mesometrial triangle of HF-fed rats at GD15. MMP-2 (panel A) and MMP-9 (panel B) protein levels
were measured by Western blot and normalized to cellular levels of LDH. Mesometrial triangle homogenates, 10 mg, were separated on a 10%
polyacrylamide gel, transferred to nitrocellulose, and incubated in 3% milk with anti-MMP-9 monoclonal antibody or anti-MMP-2 monoclonal
antibody; n ¼ 7 per group. All values represent mean + SEM; P values were calculated using 2-tailed Student t test; *P < .05. MMP indicates
metalloproteinase; HF, high fed; GD, gestational day; LDH, lactate dehydrogenase; SEM, standard error of the mean.

Figure 4. Vascular smooth muscle cell layer remodeling in invaded spiral arteries is compromised in HF-fed dams at GD18. A-C, Representative
images of slides stained with anti-SMA. The vessels that were partially or fully invaded by ENVT were analyzed. A representative blood vessel of a
nonremodeled SpA (A), a partially remodeled artery (B), and an almost fully remodeled artery (C); scale bar ¼ 50 mm. D, The percentage of
contour length covered by SMA-positive VSMCs was quantified in relation to the entire artery contour of fully or partially invaded arteries.
Sections containing 3 to 6 spiral arteries were analyzed in each animal, and an average value per animal was obtained; 2-tailed Student t tests
were performed on these averages. n¼ at least 5 dams per group; *P < .05. HF, high fed; GD, gestational day; SMA, smooth muscle actin; ENVT,
endovascular trophoblast; SpA, spiral artery; VSMCs, vascular smooth muscle cells.
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the second is a situation where early invasion is dramatically

increased and is followed by halted progression (ie, greater

levels of initial trophoblast invasion into the mesometrial com-

partment that is inhibited before reaching the peak). In both of

these scenarios, the increased invasion at an earlier gestational

time point results in an early arrival of an abundance of tropho-

blasts within the proximity of the uterine spiral arteries.

Comparison of the temporal relationship in trophoblast inva-

sion profile for the CON-fed and HF-fed dams demonstrated

that while HF-fed dams exhibited increased early invasion at

GD15, there is no significant difference in the extent of inva-

sion between GD15 and GD18. In contrast, CON-fed dams

exhibited significant effect of gestational age for both ENVT

and IST invasion, as demonstrated by a dramatic increase in the

area occupied by ENVT and IST at GD18 compared to GD15.

We observed significantly greater staining for a-smooth

muscle actin around the spiral arteries that had been invaded by

ENVT in mesometrial triangle of HF-fed dams. The increased

levels of a-SMA staining, characteristic of VSMCs, suggest a

deficiency associated with the normal loss of VSMCs, which is

important for the progression of vascular remodeling in

pregnancy.15 Much of the early evidence suggested that the remo-

deling of the spiral arteries might have been the result of tropho-

blast-mediated stimulation of apoptosis of the VSMCs.32,35,36

More recent findings implicate VSMC migration, rather than

apoptosis, as having a major contributory role in remodeling the

spiral arteries.37 The mechanisms underpinning the removal of

the VSMCs surrounding the spiral artery require further investi-

gation. Our data demonstrate that in the HF-fed dams, a premature

increase in the presence of trophoblasts within the mesometrial

triangle along with the deficiencies in the spiral artery remodeling

process (ie, the disruption of the uterine VSMCs layer surround-

ing the spiral arteries) is associated with an increased rate of

stillbirths and a reduction in birth weight (P ¼ .05).

Increased trophoblast invasion in association with reduced

fetal growth has also been observed in a rat model of pree-

clampsia27 as well as following maternal exposure to hypoxia

during gestation.38 Indeed, we previously reported evidence of

increased placental hypoxia in placentas from HF-fed dams at

GD15.5 This was associated with reduced fetal growth and

increased stillbirth in our model. This reduced level of oxygen

may be the consequence of altered trophoblast invasion and poor

remodeling of the spiral arteries. The low-oxygen tension is likely

an important contributor to the observed fetal outcomes5 that are

similar to what has been reported in rat models, which directly

evaluate the consequences of exposure to reduced levels of

oxygen during pregnancy on birth outcomes.39 These observa-

tions are consistent with a recent report by Rosario et al, suggest-

ing that hypoxia-inducible factor 1a , a well-accepted marker

of hypoxia, is an important regulator of trophoblast invasion.26

Coinciding with the increase in trophoblast invasion in

mesometrial triangles from HF-fed dams at GD15, we observed

a 2-fold higher level of MMP-9 protein expression (Figure 3).

This protease is involved in extracellular matrix cleavage and is

important for trophoblast invasion; it is secreted by invasive

trophoblast cells and also by various cells of the decidua

including dNK cells.40-42 The important role of both MMP-2

and MMP-9 in placental development is supported by the

observation that the inhibition of these gelatinases is associated

with a reduction in trophoblast invasion.29 Additionally, the

upregulation of MMP-9 (and MMP-2) has also been associated

with obesity and may contribute to the increased invasiveness

of cancers such as oesophagal adenocarcinoma.43 The

increased MMP levels in obesity may be a consequence of

increased dietary fat consumption, including oleate,44 or of

increased levels of adipocytokines such as resistin.45 In addi-

tion, the expression of these enzymes is also known to be

potentiated under hypoxia conditions.10,46 Under short-term

hypoxic conditions (ie, 24 hours), Lash et al report that

HTR8/SVneo cells (immortalized and invasive first trimester

human trophoblasts47) exhibit increased invasion in vitro48; a

result that in part supports our findings at GD15. In contrast

to the increased expression of MMP-9 at GD15, levels of both

MMP-9 and MMP-2 were not significantly different at GD18,

suggesting that the decreased trophoblast invasion observed at

this time point maybe the result of HF diet-induced alterations

in regulatory factors other than MMPs. Interestingly, prolonged

exposure to reduced levels of oxygen (72 hours) results in

reduced trophoblast invasion.48 These seemingly divergent

observations regarding the effects of hypoxia on invasion may

be due, in part, to the role of paracrine factors such as vascular

endothelial growth factor VEGF-A165 whose increased release

as a consequence of prolonged exposure to hypoxia has been

shown to inhibit HTR8/SVneo invasion.49 These in vitro

studies provide a potential explanation to the altered invasion

patterns observed at both gestational ages in our model. It

should be borne in mind that while in vitro models provide

valuable mechanistic information on individual factors affect-

ing trophoblast function, they do not accurately address the

influences of multiple cell types present in the mesometrial

triangle during the process of spiral artery remodeling. One

such cell type is the dNK cells.

Figure 5. MCP-1 is elevated in the serum of HF-fed dams at GD15
and GD18. MCP-1 was measured using a commercially available ELISA
according to the manufacturer’s instructions. P < .01 was calculated by
2-way ANOVA. * indicates significantly different from the GD15
CON-fed group; d, significantly different from the GD18 CON-fed
group; HF, high fed; GD, gestational day; MCP-1, monocyte chemoat-
tractant protein 1; ELISA, enzyme-linked immunosorbent assay;
ANOVA, analysis of variance.
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The dNK cells are thought to play a central role in spiral

artery remodeling. Indeed, Robson et al demonstrated that

conditioned culture medium from dNK cells induced vascular

smooth muscle disorganization in human myometrial

arteries.14 This disorganization process is important in that it

provides the invading IST cells access to the underlying spiral

artery endothelium layer. Furthermore, in vitro studies have

demonstrated that the interaction between trophoblasts and

dNK cells may attenuate the vascular remodeling capability

of the dNK cells.14 Additionally, factors secreted from dNK

cells have also been shown to impact the ability of trophoblasts

to form a network of vascular tubes and exhibit endothelium-

like markers such as VEGF-C.50 The importance of the interac-

tion between dNK cells and trophoblasts is also supported by in

vivo evidence. Fraser et al demonstrated that dNK cells isolated

from pregnancies with poor spiral artery remodeling secreted

reduced levels of proinvasive factors and could not induce

remodeling changes in VSMC in culture.51 Although the full

extent of the interaction between dNK cells and trophoblasts

is yet to be appreciated, this may be an important regulatory

point that has impacted obese dams. The changes in the

temporal progression of the trophoblast invasion process

observed in the HF dams at GD15 may impact this important

intercellular relationship and alter time-sensitive cellular

functions.

Although the exact mechanism behind the altered progres-

sion of trophoblast invasion remains elusive, it is possible that

cytokines may play an important role in this process. Cytokine

levels are known to be altered in obese individuals52 and such

changes may impact both the progression of trophoblast

invasion and the interaction between the trophoblasts and dNK

cells and ultimately impact spiral artery remodeling. Cytokines

such as IL-1553 and macrophage inflammatory protein 1b44

may be important for recruiting dNK cells during the initial

stages of placentation. We have confirmed that obesity during

pregnancy significantly increases systemic levels of the proin-

flammatory cytokine MCP-1. Although we did not directly

quantify placental inflammation, Frias et al have reported sig-

nificantly elevated levels of placental MCP-1 and IL-1b in their

nonhuman primate model of maternal obesity.54 In addition,

Bar et al have also reported increased inflammatory placental

lesions, which are characterized by multiple sites of neutrophil

infiltration on the chorionic plate and extraplacental mem-

brane,55 in association with obesity during pregnancy and have

attributed these lesions to proinflammatory cytokines.56 While

in vitro experiments assessing the effects of inflammatory

cytokines on trophoblast invasion have shown both stimulatory

and inhibitory effects,19,20,23 the mechanisms underlying these

effects in the context of obesity are less clear.

Failure to remodel the uterine spiral arteries can lead to

increased contractile function that can result in decreased pla-

cental perfusion and adverse pregnancy outcomes. In humans,

a decreased luminal area of the arteries feeding the placenta can

lead to increased blood pressure entering the exchange surface;

this can cause rupture of the delicate placental villous tissue

and may contribute to reduced fetal growth57 or fetal death. We

have previously reported5 that our HF-fed dams have increased

blood pressure at GD18; while Frias et al have demonstrated that

maternal obesity and the resulting increase in placental inflamma-

tion lead to reduced placental blood flow.54 In both cases, the

changes in blood pressure/blood flow were associated with

increased incidence of stillbirth.

Impaired vascular remodeling and relaxation are often asso-

ciated with obesity in humans58 and such impairments can

complicate pregnancy.59 In the placenta, poor vascular function

may be associated with increased placental inflammation.54

Furthermore, cytokines are also thought to play an important

role in the remodeling of the vascular smooth muscle around

the spiral arteries.34,60 In addition, immune cells within the

decidua can also influence the remodeling process. Recent

evidence suggests that the dNK cells may impact vascular

remodeling, and these cells isolated from pregnancies that are

complicated by hypertension are less able to affect the remo-

deling process.51 Such observations may help elucidate the

connection between altered immune response and poor

vascular function. Furthermore, understanding the defects in

regulating the release of pro- and anti-inflammatory signaling

molecules may be central to placental dysfunction in a variety

of pathologies including those arising from maternal obesity.

Taken together, our results suggest that lifelong exposure to

a HF diet alters the progression of trophoblast invasion into rat

mesometrial triangle during pregnancy, and this change may

be an important contributor to the reduced remodeling of

the vascular smooth muscle surrounding the spiral arteries.

We propose that altered trophoblast invasion in this model may

be responsible, in part, for the increased fetal death and

decreased birth weight as reported previously. Understanding

the mechanisms by which maternal obesity can impact placen-

tal development will have profound implications for designing

intervention strategies to improve pregnancy outcomes in

obese women.
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