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Abstract

Introduction—More than one-fourth of U.S. women are overweight; more than one-third are
obese. Maternal obesity has been linked to an increased incidence of stillbirths, fetal macrosomia,
fetal intrauterine growth restriction and pre-eclampsia. The placenta plays a key role in the
nutrients and oxygen supply to the fetus. The data about structural changes in the placental villous
membrane (VM), a major component of the feto-maternal nutrient and oxygen exchange barrier,
during obesity are sparse and inconsistent. Our objective was to evaluate the morphometric
changes in the placental exchange barrier in a baboon model of obesity.

Materials and methods—The previously described baboon model of maternal obesity was
studied. We compared 4 obese to 4 non-obese baboons. Placental stereology with the use of
transmission electron microscopy was performed to estimate VM oxygen diffusing capacities and
morphometry.

Results—The specific placental oxygen diffusing capacities per unit of fetal weight were similar
in baboons and humans. Maternal leptin concentrations correlated negatively with placental
basement membrane thickness (r = —0.78, p < 0.05), while fetal leptin levels correlated negatively
with endothelial thickness of fetal capillaries (r = —0.78, p < 0.05). The total and specific villous
membrane oxygen diffusing capacities were not different between the two groups.

Conclusion—To the best of our knowledge this is the first report of placental oxygen diffusing
capacities and placental ultrastructural changes in a baboon model of obesity. Previously reported
placental inflammation in maternal obesity is not associated with changes in the VM diffusing
capacities and ultrastructure.

© 2011 Elsevier Ltd. All rights reserved.
"Corresponding author. nschlabr@uthsc.edu (N.E. Schlabritz-Loutsevitch).
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1. Introduction

The prevalence of obesity (defined as body mass index, or BMI, > 30 kg/m?) has increased
dramatically over the past 20 years [1,2]. Obesity during pregnancy is a serious condition
that adversely impacts both maternal and fetal health and is associated with increased risk of
gestational hypertension, pre-eclampsia, gestational diabetes and fetal macrosomia [3].
Maternal obesity has been linked to an increased incidence of stillbirths in humans and non-
human primates [4-7], intrauterine growth restriction (IUGR) and decreased fetal
oxygenation in ruminants [8]. Studies of stillbirths in the Danish British Cohort identified a
reduction in median birth weight of stillborn babies in obese women compared with live
births suggesting an unrecognized failure to achieve a higher growth potential in these
pregnancies [9].

Fetal growth and wellbeing depend heavily on placental nutrient transport and gas exchange
which is determined—among other factors—nby the structure and function of the placental
exchange barrier. The villous membrane (VM) is the major structure of feto-maternal gas
exchange in the placenta [10]. Abnormal growth of placental villi has been associated with
IUGR and small for gestational age (SGA) fetuses [11,12]. The morphometric structural
parameters of the VM have also been described in obesity-related conditions such as pre-
eclampsia and diabetes [11,13]. The data regarding placental structure in maternal obesity
are sparse and inconsistent [14]. Placental inflammation [6], infiltration by macrophages and
neutrophils [15-17], altered placental vascular structure [15,17,18], increased placental
weight and other ultra-structural changes [18-20] have been reported. Consumption of
higher fat diet in a non-human primate model of obesity decreases utero-placental and feto-
placental blood flow [6], however to our best knowledge, no data exist on placental oxygen
diffusing capacities in maternal obesity. These data are essential for understanding the link
between maternal obesity and stillbirth and for categorizing the origin of fetal hypoxia [21].
The objective of this study was to evaluate the ultrastructural morphometric changes in the
placental gas exchange barrier in a baboon model of obesity.

In a previous study of this animal model of obesity, we described that the placenta
undergoes inflammatory changes and a decrease in the microvillous surface amplification
factor [16]. Presence of inflammatory cells is associated with early overproduction of
basement membrane (BM) components as seen in fibrotic conditions [22-24]. In human
placenta BM thickening is documented in pre-eclampsia [25] and gestational diabetes [26],
both conditions which have been linked to maternal obesity [2]. We hypothesized that the
observed inflammatory placental changes seen in obesity would lead to an increased
thickness of the exchange barrier and a decrease in oxygen diffusing capacities.

2. Material and methods

2.1. Animal housing and handling

All animals were maintained in a social group environment with partly controlled climate
conditions. They were fed and given water ad libitum (LEO5, Purina). The characteristics of
the two groups, obese (n = 4) and non-obese (n = 4), of pregnant female baboons (Papio
spp.) have been reported previously [16]. Briefly, the animals were selected based on weight
(16.7 + 1.1 kg vs. 15.2 + 0.7 kg) and obesity index (Rh index) (48.7 + 1.0 kg/m? vs 39.1 +
3.2 kg/m?) at the time of delivery. Cesarean sections were performed at 165 days gestation
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(0.9 G; term = 185 days). The Animal Care and Use Committee of the Texas Biomedical
Research Institute approved all procedures.

2.2. Placental sampling and processing

2.2.1. Stereology—The placenta was removed manually and immediately processed as
described previously [27]. Blocks of placenta were randomly selected, using a grid system.
Five to eight blocks per placenta were collected, formalin fixed, paraffin embedded,
sectioned at 5 mm, and stained with hematoxylin & eosin (H&E). From each section, two
randomly selected areas were chosen to assess morphology.

2.2.2. Placental transmission electron microscopy [TEM]—From the above
described blocks two slices of placental tissue were randomly selected with the roll of a dice
[28] and fixed in 4% glutaraldehyde, 0.5% formaldehyde in 0.1 M Pepers buffer.
Postfixation in 1% Zetterqvist's buffered osmium tetroxide occurred for 30 min followed by
alcohol dehydration (70-100%). Resin embedding was performed with 1:1 propylene oxide/
resin (30 min) and 100% resin (30 min) under 25 psi vacuum. TEM was performed using a
JEOL2000EX microscope (JEOL Ltd, Tokyo, Japan).

2.3. Placental morphometry

2.3.1. Morphometric estimation of placental composition—Placental capillary
volume fraction was calculated by dividing placental capillary volume by the villous
volume. Placental intervillous space star volume and placental capillary volume fraction
were derived from previously published data [16]. 190-200 point intersections were
measured per sample, and estimation of villous and capillary surface areas was performed as
previously described [27].

2.3.2. Morphometric estimations of maternal—fetal oxygen exchange barrier

2.3.2.1. Villous membrane and syncytiotrophoblast thicknesses: Systematic random
uniform sampling was applied to choose the visual fields. The position of the first window
was randomly selected with the roll of a dice [28]. The syncytiotrophoblast (ST) and VM
thickness were measured by superimposing a series of test lines in a random orientation on
the histological images. Intersections were counted over the randomly selected specimens.
Twenty villi were randomly measured at 1000fold magnification. The intersection of the
grid with the villous surface at the base of the microvillus was taken as a random start point
to measure the shortest distance (orthogonal intercept length) to the inner surface of the fetal
capillary (for VM) or to the inner surface of ST (for ST) [29]. The measurements
(orthogonal intercepts) were performed by the same investigator who was blinded to the
specimen origin (obese vs. non-obese).

2.3.2.2. Fetal endothelium and basement membrane thickness: The thickness of the fetal
endothelium at the vascular-syncytial membrane (VSM) was measured on randomly
selected images of VSM membrane (36 per placenta). The photomicrographs were taken at
7500-fold magnification in order to measure endothelial thickness, as described elsewhere
[30]. A grid was superimposed on the images, and the thicknesses of the endothelium and of
basement membrane (endothelial and ST laminas and stromal tissue) (BM) were measuredat
various points around the extent of the capillary, as demonstrated in Fig. 1.

2.3.2.3. Arithmetic and harmonic thicknesses calculation: The arithmetic (THa) and
harmonic thicknesses (THh) were calculated by multiplying the arithmetic mean intercept
length by n/4 and the harmonic mean intercept length by 8/3x respectively. The final
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measurements were corrected for tissue shrinkage. Additionally, the uniformity index was
derived using the formula THa/THh [10].

2.3.2.4. Shrinkage factor: Tissue shrinkage (artifact) from TEM processing was estimated
by calculating the diameter of maternal erythrocytes (n = 300). These data were compared to
the erythrocyte diameter in a fresh blood smear [31]. Following this calculation, corrections
to the TEM measurements were made by multiplying these measurements by 1.63.

2.3.2.5. Villous membrane diffusing capacity (VMDC): The morphometric VMDC for
oxygen is given by the equation:

VMDC=K [ villous surface+capillary surface area]

2 - harmonic thickness of villous membrane

where K is Krogh's diffusion coefficient with a value of 2.3 - 1078 cm? - min~1 - Torr=1 [10].
Specific diffusing capacities were calculated by dividing VMDC by fetal weight.

2.4. Serum leptin measurements

Serum leptin concentration in fetal and maternal serum was measured by radioimmunoassay
in a single assay according to the manufacturer's instructions (LINCO Research, Inc., St.
Charles, MO), as described previously [32]. The intra-assay coefficients of variation (%CV)
were 3.0% at a leptin concentration of 4.9 ng/mL [16].

2.5. Statistical analysis

Comparisons between obese and non-obese groups were made with one-tailed Student's t-
tests for fetal and maternal morphometry [16]. Two-tailed test was applied for analyses of
placental morphometry. We also calculated the effect size using Cohen's d calculation as a
measurement of biological relevance [33]. Correlation of certain variables was performed
with linear regression analysis and calculation of Pearson's correlation coefficient. Data
throughout are presented as mean + SEM; n = 4 for all data in each group. Statistical
significance was set at p < 5%.

3. Results

3.1. Placental and fetal morphometry

As described previously [16], there were no differences in fetal body weight, fetal organ
weight, and placental weight between obese and non-obese animals (Table 1).

3.2. Morphometry of materno—fetal gas exchange barrier in relationship to placental
macrostructure and fetal morphometry

The analyses of placental structure showed a negative correlation between villous capillary
volume fraction and villous membrane arithmetic thickness (r = —0.684, p < 0.05) (Fig. 2).
Placental VMDC had a weak positive correlation with fetal weight (r = 0.6, p = 0.056) and
intervillous space star volume (r = —0.58, p = 0.066).

3.3. Morphometry of the materno—fetal gas exchange barrier in relation to maternal and
fetal leptin concentrations

The fetal leptin concentration correlated positively with fetal weight (r = 0.7, p < 0.05),
placental oxygen diffusing capacity (r = 0.77, p < 0.05) and negatively with endothelial

Placenta. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samson et al.

Page 5

thickness of fetal capillaries (r = —0.78, p < 0.05). The thickness of basement membrane
negatively correlated with the maternal leptin concentration (r = —0.84, p < 0.01) (Fig. 3).

3.4. Morphometry of materno—fetal gas exchange barrier in obese and non-obese groups

In the obese group, there was a non-significant decrease in the arithmetic and harmonic
thicknesses of the VM (THaVM and THhVM respectively). The effect size was 0.48 for
THaVM and 0.75 for THhVVM. The decrease in the arithmetic thickness of BM approached
significance (p = 0.66). The effect size for this BM thinning was 1.49 and for BM harmonic
thickness 1.59. The mean arithmetic and harmonic thicknesses of ST and fetal endothelium
did not differ between obese and non-obese groups (Table 2). Calculated VMDC and
specific VMDC did not reveal differences between obese and non-obese groups.

4. Discussion

4.1. Structure of the placental exchange barrier in the baboon

To our knowledge, this is the first report describing the placental morphometric oxygen
diffusing capacity in the baboon (Papio spp). Oxygen transport across the placenta depends
on the oxygen diffusing capacities, placental oxygen consumption, maternal-placental blood
flow, fetal placental blood flow, oxygen affinity of fetal blood, and the direction of blood
flow [34]. While baboon implantation is considered to be shallow when compared to
humans [35], the maternal uterine blood flow [36], umbilical blood flow [37], and fetal
blood oxygen affinity and capacity [34] are very similar to human values. The calculated
THhaVM and THhVVM values for baboons are in agreement with [38,39], higher [40-46] or
lower [47] than published human data. Interestingly, in the baboon, the uniformity index
indicates VM shape closely resembles that estimated in humans (1.24 + 0.04 vs. 1.26
respectively) [39]. While the VMDC in the baboon is generally lower, compared to humans,
the specific oxygen diffusing capacity calculated per unit of fetal weight (1.60 cm3 - min~1 .
Torr1. Kg™1) is very close to values reported for human pregnancy (1.48 and 1.72 cm?3 -
min~1 . Torr™1 . Kg™1) [40,48]. The BM harmonic thickness in our study (range 0.52-0.89
um) is greater than reported BM thickness in human placenta [0.1-0.3 um] [49,50].
Differences noted between previous studies and our study could be due to species
differences or differences in tissue fixation and processing.

Our data regarding the association between villous capillary volume fraction and THaVM
agree with human data published by Burton and Feneley [51], indicating that the mechanism
of villous membrane [VM] thinning in the baboon involves capillary peripheralization in the
same manner as it has been described for the human placenta. The weak correlation of
placental VMDC with fetal weight and IVS star volume, compared to the significant
correlations found in experimental models and humans in vivo [52] may be explained by the
smaller sample size (n = 8) in our study compared to available human data.

4.2. Placental structure and leptin (maternal and fetal) concentrations

Leptin is a hormone released by adipocytes and the placenta [53]. Fetal leptin has been
recognized as a unique signaling molecule that can regulate fetal and placental growth [54].
IUGR, for example, is associated with low leptin concentration in the fetal circulation, and
treatment of IUGR in piglets with leptin reversed the negative effect of IUGR programming
by preventing subsequent obesity [55]. Fetal leptin concentration in sheep inversely
correlated with the fetal arterial PO, [56]. However, the mechanisms of leptin's influence on
placental nutrient and oxygen transport to the fetus remain unclear. In human placentae, the
fetal leptin concentration did not correlate with villous and intervillous space volumes,
villous and placental vascularization [46]. In our study fetal leptin concentration had a direct
correlation with placental VMDC and a negative correlation with endothelial thickness of
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fetal capillaries, while maternal leptin levels had an inverse correlation with basement
membrane thickness. In other words, increases in both maternal and fetal leptin
concentrations decreases the distance of oxygen travel across the placenta. Interestingly, in
vitro studies have shown that leptin decreases the thickness of the BM in ranine lungs [57].
In mammals, the development of the placenta and lung blood-air—tissue exchange barriers
comprise fundamental mechanisms of evolution [58,59]. Thinning of this barrier permitted
development of hemochorial placentation. There is an increase in leptin concentration
among species as you move up the evolutionary tree [60]. Therefore the negative correlation
between leptin concentration and basement membrane thickness represents an evolutionary
phenomenon. Our data suggest that maternal and fetal leptin might regulate placental
oxygen and nutrient transfer to the fetus through the mechanism of placental structural
changes.

4.3. Obesity and placental structural changes

Data regarding placental structural changes in maternal obesity remain sparse. In humans,
pregnancy weight gain (but not pre-pregnancy weight) correlated positively with placental
oxygen diffusing capacities [60]. We expected that inflammatory changes found in placentas
from obese women [15,17] and baboons [16] would increase villous membrane thickness
and thus decrease placental diffusion capacities as well. For example inflammatory changes
have been described for sheep placenta in an overnutritional model of maternal obesity [61].
Maternal over nutrition from early to late gestation leads to IUGR, a 30% reduction in fetal
oxygenation, and a 25% reduction in fetal umbilical vein oxygen uptake in sheep [8]. These
findings indicate possible changes in placental oxygen diffusion capacities. In our study, we
found no difference in the placental oxygen diffusing capacities in the obese group, as
compared to non-obese. Our finding parallels the results of the studies in preeclamptic
placentas, where despite the inflammatory changes and oxidative stress, placental diffusing
capacities were not diminished [11].

Interestingly, Lutsenko [18] reported decreased placental VM thickness in obese women.
However, the authors did not estimate surface area and VM volume; therefore it is
impossible to make a conclusion regarding VM oxygen diffusing capacities. In humans,
diffusing capacity has been reported as either unchanged [46] or increased in maternal
diabetes [13], unchanged in pre-eclampsia [11], decreased in small for gestational age
fetuses and fetuses with IUGR [11,12], and unchanged or increased with advanced gestation
(Table 3) [45,62-72].

The decrease of BM thickness in obese animals in our study had “large” biological
relevance (Cohen's d > 0.8) [33]; however the difference was not statistically significant. We
expected to find the BM thickening, associated with inflammatory changes in the obese
placentas. Such thickening has been described in the chronic inflammation associated with
asthma (lungs), and higher fat diet (kidney) in humans and rodents [24,73]. In the human
placenta, BM thickening has been associated with diabetes [74], advanced gestational age
[75] maternal smoking [69] and pre-eclampsia [25]. Emmrich etal. [63] found thinning of
the endothelial basal laminae associated with delay of villi maturation in obesity in diabetes
mellitus. In the placenta, the BM is an important component of the transport structure and
might act to filter or possibly provide transient storage capacity [76]. The thinning of the
placental BM in the obese mother might facilitate the passive diffusion of nutrients (e.g.,
fatty acids) and oxygen to the fetus, contributing to the fetal macrosomia and lipid overload
observed in maternal over nutrition and obesity [77].
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5. Conclusion

To the best of our knowledge this is the first report of placental oxygen diffusing capacities
and placental ultrastructural parameters in a baboon model of obesity. Despite differences in
the THaVM, THhVM and the VM oxygen diffusing capacities, the specific VM oxygen
diffusing capacities (per unit of fetal weight) are essentially the same in baboons and
humans. Maternal leptin concentration in our study correlated negatively with placental
basement membrane thickness, while fetal leptin concentration correlated negatively with
endothelial thickness of fetal capillaries. The total and specific villous membrane diffusing
capacities were not influenced by maternal obesity in this non-human primate model.
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Fig. 1.

A. Vasculo-syncytial membrane at 7,500x magnification. The following structures have
been marked: fetal endothelium (*); basement membrane (**); syncytiotrophoblast (***). B.
Vasculo-syncytial membrane with the superimposed grid and randomly selected
intersections for measurement of basement membrane thickness. Bar = 2 um.
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Fig. 2.
Negative correlation between the villous capillary volume fraction and the arithmetic
thickness of villous membrane (r = —0.684, p < 0.05).
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Fig. 3.
Negative correlation between harmonic thickness of the basement membrane and maternal
leptin concentration (r = —0.84, p < 0.01).
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Combined fetal and placental morphometry in obese (n = 4) and non-obese (n = 4) baboons.

Table 1

Obese Non-obese Combined
(n=4) (n=4)
Fetal weight (g) 7675+655 810.3+17.8 788.9+32.4
Fetal Organ weights (g)
Liver 2536 +4.85 2493157 2514+333
Brain 76.1+6.88 80.22+ 154 78.16+4.74
Lungs 22.28+3.63 23.01+294 22.65+3.06
Heart 45+05 4.4 +0.6 44+04
Placental weight (g) 203.0+125 1746+205 188.79+12.35
Thickness of mid-placenta (cm) 55 4 g o2 1302 17+02

Data represent means £ SEM.

ap < 0.05, compared to non-obese group.
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Morphometry of the materno—fetal gas exchange barrier in in obese (n = 4) and non-obese (n = 4) baboons.
Data represent means + SEM.

Obese group  Non-obese group p*
(n=4) (n=4)
Villous membrane
Arithmetic thickness (THaVM) (um) 12.38+0.65 13.05+0.76 0.52
Harmonic thickness (THhVM) (um) 9.59+0.79 10.52 +0.87 0.46
Uniformity index 1.3+0.04 1.24+0.04 0.42
Oxygen diffusing capacity (cm® - min~t . Torr™%) 1.41+0.26 1.13£0.19 0.42
Specific diffusing capacities (cm®- min~ - Torrt - kg™!) 1.80+£0.24 1.38+0.21 0.24
Syncytiotrophoblast
Arithmetic thickness (THaST) (um) 9.09 + 0.59 9.12 +0.58 0.96
Harmonic thickness (THhST) (um) 6.06 £ 0.51 6.72+£0.76 0.50
Uniformity index 1.51+0.05 1.38 £0.07 0.19
Fetal endothelium
Arithmetic thickness (um) 0.92+0.11 0.89 £ 0.03 0.76
Harmonic thickness (um) 0.81 +£0.68 0.78 £ 0.04 0.74
Basement membrane
Arithmetic thickness (um) 0.72+0.058  0.89+0.05 0.066
Harmonic thickness (um) 0.63+0.043 0.76 £0.04 0.092

*
Student's t-test.
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