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Abstract

Introduction—Maternal obesity creates an adverse intrauterine environment, negatively impacts
placental respiration, is associated with a higher incidence of pregnancy complications and
programs the offspring for disease in adult life in a sexually dimorphic manner. We defined the
effect of maternal obesity and fetal sex on pro- and anti-oxidant status in placenta and placental
mitochondria.

Methods—~Placental villous tissue was collected at term v7a c-section prior to labor from four
groups of patients based on fetal sex and prepregnancy/15t trimester body mass index: lean - BMI
22.1+0.3 (6 male, 6 female) and obese - BMI 36.3+0.4 (6 male, 6 female). Antioxidant enzyme
activity, mitochondrial protein carbonyls, nitrotyrosine residues, total and nitrated superoxide
dismutase (SOD) and nitric oxide synthesis were measured.

Results—Maternal obesity was associated with decreased SOD and catalase activity, and total
antioxidant capacity (TAC), but increased oxidative (protein carbonyls) and nitrative
(nitrotyrosine) stress in a sexually dimorphic manner. Placentas of lean women with a male fetus
had higher SOD activity and TAC (p<0.05) than other groups whereas obese women with a male
fetus had highest carbonyls and nitrotyrosine (p<0.05). Glutathione peroxidase and thioredoxin
reductase activity increased with obesity, significantly with a male fetus, perhaps as a
compensatory response.

Conclusion—Maternal obesity affects oxidative stress and antioxidant activity in the placenta in
a sexually dimorphic manner. The male fetus of a lean women has the highest antioxidant activity,
a protection which is lost with obesity perhaps contributing to the increased incidence of adverse
outcomes with a male fetus.
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Introduction

The prevalence of maternal obesity (body mass index (BMI) > 30) has been steadily
increasing both in the US [1] and worldwide [2]. Maternal obesity deleteriously affects
maternal health and increases delivery complications, as well as negatively impacting short
term and long term health outcomes in the offspring [3]. As BMI increases, preghant women
have an increased incidence of complications such as preeclampsia, gestational diabetes,
cesarean sections, stillbirths, and preterm deliveries [4], as well as increased healthcare costs
due to increased admission of newborns to the neonatal intensive care unit [5-7] and longer
hospital stays [8]. Newborns born to obese mothers have an increased prevalence of cleft
palates, spina bifida, and congenital heart defects [4, 9, 10]. The challenge of intrauterine
stress associated with maternal obesity can disrupt normal placental function thus impacting
fetal growth and development by mechanisms that remain largely unknown [3].

The physiologic balance between production of ROS and scavenging by intracellular
antioxidants is critical to cell survival. In mammalian cells, including trophoblast, a variety
of antioxidant mechanisms operate to control ROS production and action [11]. The primary
antioxidant is superoxide dismutase (SOD), which dismutates superoxide to hydrogen
peroxide, and is found in both cytosol (SOD1) and mitochondria (SOD2). Glutathione
peroxidases (GPx’s) found in both the mitochondrial matrix and cytoplasm, and catalase
(CAT) found in peroxisomes are part of a secondary defense mechanism catalyzing the
conversion of hydrogen peroxide to water. These antioxidant enzymes operate in a
coordinated manner to defend against ROS propagation and action. Pregnancy has been
characterized as a state of oxidative stress, an imbalance of ROS molecules and antioxidant
scavenging capabilities, due to increased placental mitochondrial activity and subsequent
generation of reactive oxygen species (ROS) [12]. Oxidative stress was further increased in
pregnancies complicated by preeclampsia and gestational diabetes, where obesity is a
predisposing factor [12]. Placentas from preeclamptic women showed reduced enzymatic
activity of SOD, GPx, and thioredoxin reductase (TrxR), as well as increased lipid
peroxidation, an oxidative stress marker [13, 14]. However there were no differences in
another marker of oxidative stress, protein carbonyls [14]. Whereas one study of placentas
from pregnancies complicated by gestational diabetes showed increased SOD activity and
protein carbonyls but no differences in GPx activity [15] another study of gestational
diabetes reported no differences in placental SOD and GPx activities but decreased CAT and
antioxidant potential together with increased lipid peroxidation and xanthine oxidase activity
[16]. Since it has been well established that obesity alone increases oxidative stress markers
in the non-pregnant state [17], the aim of the present study was to examine the effect of
maternal obesity on oxidative stress in the placenta in uncomplicated pregnancies.

In our previous study of the effect of maternal obesity on placental miR-210 expression we
observed evidence of sexual dimorphism as miR-210 expression was increased in placentas
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of obese women with female but not male fetuses compared with placentas from lean
women with a female fetus [18]. Other studies have demonstrated that male animals have
higher oxidant levels under hypertensive [19] and obese [20] conditions. Therefore in the
present study we investigated the role of sex as a biological variable on oxidative stress and
antioxidant status in placenta and predicted sex-dependent outcomes with maternal obesity.

We have previously observed that as maternal adiposity increases there was a parallel
increase in placental ROS generation [21] and nitrotyrosine residues [22], thus indicating
both oxidative and nitrative stress occur in the placenta in obese women. Despite
mitochondria being a major source of ROS and shown to cause oxidative stress during
normal [12] and complicated pregnancies [23], little is known about the effect of maternal
obesity on mitochondria in the placenta. Based on previous evidence, we also hypothesized
that with maternal obesity superoxide and nitric oxide would be increased in placental
mitochondria resulting in peroxynitrite generation leading to nitration of mitochondrial
proteins thus causing further decreased antioxidant defense mechanisms.

Ethical Approval and Study Participants

Assays

Placentas were collected from the Labor and Delivery Unit at University Hospital San
Antonio under a protocol approved by the Institutional Review Board of the University of
Texas Health Science Center San Antonio, with informed consent from the patients.
Placentas were collected from patients with no history of smoking or drug use at c-section at
term from uncomplicated pregnancies in the absence of labor. Prepregnancy/1st trimester
body mass index (BMI) was used to determine adiposity, defined as lean (BMI 18.5-24.9) or
obese (BMI 30-40). Following delivery, villous tissue was randomly sampled, flash frozen,
and stored at —80°C.

Tissue was homogenized in isolation buffer (0.25Msucrose, 10mMTris-HCI, IMMEDTA,
pH7.4) with protease inhibitors (Roche, Indianapolis, IN). Placental homogenates were
assayed according to the manufacturer’s recommendation for SOD, GPx, TrxR and CAT
activity, total antioxidant capacity (TAC), and nitric oxide (NO) (Cayman Chemical, Ann
Arbor, MI).

Mitochondrial preparation

Placental mitochondria were extracted using differential centrifugation. Homogenates were
centrifuged at 1,500x g for 15min at 4°C, the supernatant was removed and transferred into a
new tube then centrifuged at 16,000xg for 10min at 4°C to pellet the mitochondria. The
pellet was resuspended in resolving buffer (0.25Msucrose, ImMTris-HCI, ImMMEDTA, pH
7.8) and centrifuged at 12,000xg for 10min at 4°C. The pellet was washed with isolation
buffer by centrifuging at 12,000xg for 10min at 4°C. The pellet was then suspended in 2%
CHAPS in TBS and agitated for 2hr at 4°C to lyse mitochondria. Mitochondrial extracts
were stored at —80°C.
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Protein Carbonyl Assay—Centrifugation steps were the same as described above.
However, mitochondria were extracted in the buffer recommended by the manufacturer for
protein carbonyl (Cayman Chemical, Ann Arbor, MI). Resuspended mitochondria pellets
were sonicated to lyse the mitochondria and stored at —80°C.

Protein Assays

Protein was quantified from placental and mitochondrial extracts using Bradford protein
analysis (Bio-Rad, Hercules, CA).

Western Blotting

Statistics

Results

Placental mitochondria extracts (15ug) were loaded onto 4-20%Tris-HCI gel,
electrophoresed, and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA).
Membranes were blocked with 5%BSA in PBS for 1hr before being probed with
nitrotyrosine (1:1000) or MnSOD (1:500) 1° antibody (Millipore, Temecula, CA), and
normalized to voltage-dependent anion channel protein (VDAC, 1:1000) (Abcam,
Cambridge, MA) overnight at 4°C. Membranes were washed with 10%Tris-buffered saline
with Tween20 (TBST), incubated with appropriate horseradish peroxidase 2° antibody (Cell
Signaling, Danvers, MA) in 1%milk+TBST for 2hr at RT, then visualized using enhanced
chemiluminescence (Roche, Indianapolis, IN).

Immunoprecipitation of nitrated proteins—Placental mitochondria extracts (200ug)
were incubated with anti-nitrotyrosine antibody(1:50) and EZview Red Protein A Affinity
Gel (Sigma, St. Louis,MI). The immunoprecipitated nitrated proteins were then
electrophoresed as previously described prior to western blotting with antibody to MnSOD
and band density normalized to 1gG used as the loading control..

Results are expressed as mean = SEM where n is the number of individual placental samples
studied. Student’s #test was used to compare differences between lean and obese groups.
Comparisons between groups were made using a two-way ANOVA with maternal BMI and
fetal sex as factors. If mean values were found to be significantly different (p<0.05), a
Student-Newman-Keuls post hoc test was applied to analyze differences between treatments.
p<0.05 indicates statistical significance between groups (n values = number of placentas).
All statistical analysis was performed using Sigma Stat Version 2.03 (Systat Software, San
Jose, CA).

By design pre-pregnancy or first trimester BMI was significantly different between the
groups. The subjects were predominantly Hispanic. There were no differences in gestational
age or hirth weight between groups (Table 1).

To assess the antioxidant status of placental homogenates between lean and obese groups,
SOD and CAT activity and TAC were measured. Interestingly SOD, CAT (p<0.05) and TAC
(Figure 1A, 1B, 1C respectively) were lower in placentas from obese women. Of note,
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placentas from lean women with a male fetus had significantly (p<0.05) higher SOD activity
than placentas from lean women with a female fetus. Whereas SOD activity was
significantly (p<0.05) reduced in placentas from obese women with a male fetus compared
to lean women with a male fetus, there was no effect of obesity on placental SOD activity
with a female fetus. CAT activity was not different between male and female placentas of
lean women however it was significantly reduced with obesity in placentas of either male or
female fetuses (Figure 1B). Differences in TAC between groups (Figure 1C) paralleled the
observations seen with SOD activity. Thus, TAC was significantly (p<0.05) higher in
placentas from lean women with a male fetus compared to a female fetus. In addition, TAC
was significantly (p<0.05) decreased with obesity in women with a male fetus compared to
lean women with a male fetus. There was no effect of obesity on placental TAC with female
fetuses

In addition to CAT, GPx and TrxR scavenge hydrogen peroxide [24]. In placental
homogenates, both GPx and TrxR activity (Figure 2A, B) increased with obesity, although
the effect was only significant for GPx. Surprisingly, the increase in GPx activity with
obesity was totally accounted for by a significant (p<0.05) increase in placentas from a male
fetus with no change from the lean state with a female fetus. TrxR activity also significantly
(p<0.05) increased with obesity in placentas with a male fetus vs their lean counterparts and
vs placentas from obese women with a female fetus. TrxR activity however was also
significantly (p<0.05) greater in placentas from lean women with female fetus compared to
lean women with a male and to obese women with a female fetus.

Since we previously showed increased ROS in the placenta with obesity [21], placental
mitochondrial ROS were assessed. Protein carbonyls, which can be used as an indirect
measure of oxidative stress were significantly (p<0.05) increased in placental mitochondria
with obesity (Figure 3). Further stratification of data by fetal sex revealed that this increase
with obesity could be accounted for by a significant increase in placentas of a male fetus,
with no effect of obesity if the fetus was female. These data with oxidized protein are the
reciprocal of the measurements of antioxidant enzyme activity, SOD, CAT and of TAC.

Increased synthesis of NO and superoxide can lead to the generation of peroxynitrite and so
NO generation was measured in placenta homogenates. The effect of obesity and fetal sex
on NO generation (Figure 4A) paralleled changes in protein carbonyls, being significantly
(p<0.05) increased with obesity. Nitric oxide was significantly (p<0.05) higher in placentas
from obese women with a male fetus than obese women with a female fetus and both lean
groups.

Nitrotyrosine residues are an indirect measure of peroxynitrite generation and an indicator of
nitrative stress. We have previously reported increased nitrotyrosine residues in the placenta
with obesity [22]. Mitochondrial nitrotyrosine residues, assayed by western blot and
normalized to voltage-dependent anion channel (VDAC) (Figure 4B), were significantly
(p<0.05) increased with obesity in placentas with either a male or female fetus compared to
their respective lean counterparts. The NO and nitrotyrosine data suggest that increased
generation of NO with obesity leads to a parallel increase in peroxynitrite.
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Manganese superoxide dismutase (MnSOD) is the mitochondrial isoform and is readily
nitrated resulting in loss of enzymatic activity [25]. We found no overall significant
differences in MnSOD protein expression in mitochondrial extracts between placentas of
lean and obese women (Figure 5A). However again there was a sexually dimorphic effect
with MnSOD protein being significantly decreased (p<0.05) in placentas from obese women
with a male fetus vs a female fetus and compared to lean women with a male fetus. Nitrated
mitochondrial proteins were immunoprecipitated and probed with an antibody for MnSOD
by western blot (Figure 5B). Levels of nitrated MnSOD paralleled those of total MnSOD
being significantly (p<0.05) decreased with obesity. Nitrated MnSOD was significantly
(p<0.05) higher in placentas from lean women with a male fetus compared to female fetuses
and placentas from obese women. The ratio of nitrated MnSOD to total MnSOD (Figure 5C)
showed no significant difference across groups although there was a trend to increase in
nitrated MnSOD with obesity with the effect predominantly being in obese women with a
male fetus. As nitration of MnSOD decreases catalytic activity [25] the combination of
decreased MnSOD protein and increased MnSOD nitration with maternal obesity may
downregulate the ability of SOD to scavenge ROS.

Discussion

Increased placental oxidative stress has been shown with preeclampsia and gestational
diabetes [12-16] and with maternal obesity, which increases the risk of preeclampsia and
gestational diabetes [21, 22, 26]. However the effect on antioxidants in these studies were
variable being increased [26], decreased [27], or not different [22], perhaps due to different
patient populations, different levels of adiposity, and inclusion of both male and female
placentas. We have addressed this variability by studying obesity in the absence of other
medical conditions, analyzing the data based on maternal BMI and fetal sex, as well as using
mitochondrial extracts. Additional strengths of the study include defined conditions for
collection of placental tissue at cesarean section in the absence of labor to avoid generation
of oxidative stress, random sampling of tissue and matching for gestational age.

Stratification by fetal or placental sex reveals some interesting points. Firstly in the lean
women the male placenta has increased antioxidant defenses as illustrated by greater SOD
activity and TAC. However this advantage is lost with maternal obesity where SOD and CAT
activity are both reduced and no different from that seen in the female placenta of an obese
woman. TAC is also reduced compared to lean women but is still higher than the female
placenta of an obese woman. Male fetuses are known to be at increased risk of adverse
outcomes compared to the female fetus [28, 29] potentially due to decreased antioxidant
defenses in situations such as obesity and the greater response, e.g. the change in antioxidant
enzymes, to the adverse environment. Recently in a mouse study of sex-specific placental
responses to chronic hypoxia [30], male placentas were less susceptible to oxidative stress
than females and the offspring were less growth restricted. Our results reinforce the case that
all future studies of the placenta in adverse pregnancy conditions such as preeclampsia,
diabetes, and IUGR should consider the effect of placental sex.

Interestingly the activity of the antioxidant selenoprotein enzymes, glutathione peroxidase
and thioredoxin reductase, show different patterns of change with obesity and with fetal sex
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compared to SOD, CAT, and TAC. GPx and TrRx activity were significantly increased in
placentas from obese women with a male fetus. A possible explanation for this result is that
since there are two pathways that scavenge hydrogen peroxide, the SOD-CAT pathway is
prone to nitration and downregulated, an increase in GPx and TrRx could compensate for
this effect. Interestingly, upregulation of GPx and TrRx expression was seen in several
tissues of obese pigs fed a high fat diet [31] while reduced selenium levels are found in
plasma of obese children [32] and morbidly obese women [33]. Regional differences in soil
selenium levels have been related to the inverse association reported between selenium
intake and the incidence of preeclampsia [34], a state of oxidative stress [12—-14]. Our data
do illustrate that not all antioxidant enzymes are regulated or respond to oxidative stress in
the same way. Enzymatic generation of ROS occurs at specific sites within cells and their
radius of action is governed by their short half-lives [12]. The expression of antioxidant
enzymes is similarly compartmentalized within the cell and each may respond differently
depending on the ROS that are generated locally and need to be inactivated.

The downregulation of specific antioxidant enzyme activity and total antioxidant capacity,
could subsequently result in oxidative and nitrative stress as evidenced by increased protein
carbonyls and nitrotyrosine residues respectively in placental mitochondria which we have
previously reported in whole placental tissue with maternal obesity [21, 22]. Nitration of
antioxidant enzymes such as MnSOD participates in a vicious feedback cycle resulting in a
further buildup of reactive oxygen species thus consuming the antioxidant defenses of the
placenta. This may be an important effect of maternal obesity that could result in nitration of
mitochondrial proteins [35] and the decrease placental mitochondrial respiration we have
reported with obesity [21].

We continue to demonstrate sexual dimorphism in the placenta as previously reported [18,
36]. Sexual dimorphism of antioxidants and markers of oxidative and nitrative stress has also
been demonstrated in the human placenta in response to glucocorticoid exposure in preterm
deliveries [37] where male placentas had a higher pro-oxidant state (increased protein
carbonyls, lipid hydroperoxides, and nitrotyrosine), but lower glutathione peroxidase activity
when compared to female placentas [37]. These studies indicate that antioxidant defense
mechanisms are decreased in the male in the setting of an adverse event, preterm labor, and
may be responsible for increased mortality/morbidity and poor fetal outcomes in males [28-
30]. In addition, a fetal sheep study using male-female twins demonstrated organ specific
sexual dimorphism of antioxidant expression [38] with increased SOD activity in male
brains and female livers, and increased glutathione content (reduced and oxidized) in male
liver and skeletal muscle. Sexually dimorphic expression of the selenoproteins including
GPx has also been reported in murine tissues [39]. Several studies have shown sexual
dimorphism of gene expression in the human placenta [40-42] and in response to adverse
environments e.g. maternal distress [43]. In murine models obesity alters placental
morphology, cell proliferation and inflammation [44] and maternal diet alters placental gene
expression [45] and epigenetic systems [46] in a sexually dimorphic manner. Maternal
dietary n-3 polyunsaturated fatty acid administration gave sexually dimorphic changes in
gene expression in placentas in mice [47] and in humans [41]. The underlying basis for these
sexually dimorphic differences in gene expression in placenta remains unknown. The
sexually dimorphic genes appear to arise both from autosomes and sex chromosomes [40].
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While there is evidence that sex steroids can affect antioxidant enzymes [39, 48] and
oxidative stress [49], there is a paucity of data on differences in placental sex steroids in
adverse environments. Overall there are a limited number of studies focusing on the sexual
dimorphism of the pro- and anti-oxidant status of the fetus, hence more studies are needed to
clarify the mechanisms involved.
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Highlights
In the lean woman the placenta of a male fetus has the highest antioxidant
enzyme activity
Maternal obesity is associated with decreased placental antioxidant enzyme
activity
In the obese woman the placenta of a male has the highest oxidative and

nitrative stress

Selenoprotein antioxidant enzymes may increase as a compensatory response
to oxidative stress.

Maternal obesity affects placental oxidative stress but in a sexually dimorphic
manner which may contribute to increased adverse outcomes for the male
fetus

Placenta. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Evans and Myatt Page 12

06 -
0.5 -
04 -

a a
0.3 4
a
0.2 4
0.1 - l

lean obese lean lean obese obese
female male female male

SOD activity
(Ulmg protein)

w

0.5
04 -

0.3

* a a
0.2 -
0.1

lean obese lean lean obese obese
female male female male

CAT activity
(nmol FCOH/min/mg protein)

o

30 -

a
20 - a
a. b
10 -

lean obese lean lean obese obese
female male female male

TAC
(umole Trolox / mg protein)

Figure 1.
Effect of obesity on antioxidant activity in the placenta of lean and obese women. A.

Superoxide dismutase (SOD) activity was expressed as SOD U/mg protein. Values are mean
+ SEM. (a = p<0.05 vs lean male, n=5). B. Catalase (CAT) activity was measured as nmol
formaldehyde (FCOH)/min/mg protein. Values are mean = SEM. (* = p<0.05 vs lean, a =
p<0.05 vs lean male, n=5). C. Total antioxidant capacity (TAC) was measured as pmole
Trolox/mg protein in lean and obese women. Values are mean + SEM. (a = p<0.05 vs lean
male, b = p<0.05 vs obese male, n=5).
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Effect of obesity on selenoproteins in placenta of lean and obese women. A. Glutathione
peroxidase (GPx) activity was measured as nmol NADP*/min/mg protein. Values are mean
+ SEM. (a = p<0.05 vs obese male, n=6). B. Thioredoxin reductase (TrxR) activity was
measured as nmol 2-nitro-5-thiobenzoate (NTB)/min/mg protein. Values are mean + SEM.
(a = p<0.05 vs lean male, b = p<0.05 vs obese female, n=5)
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Figure 3.
Effect of obesity on oxidative stress in placental mitochondria. Protein carbonyls were

measured as mmol/mg protein in lean and obese women. Values are mean + SEM. (a =
p<0.05 vs lean male, n=5)
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Figure 4.

Effect of obesity on placental nitric oxide (NO) generation and mitochondrial nitrative
stress. A. NO generation was measured as Total nitrate/nitrite levels (pmol/mg protein) in
lean and obese women. Values are mean £ SEM. (* = p<0.05 vs lean, a = p<0.05 vs obese
male, n=5). B. Western analysis of placental mitochondrial nitrotyrosine (3-NT) residues.
Density for each band was normalized to its loading control (VDAC). Values are mean +
SEM. (* = p<0.05 vs lean, a = p<0.05 vs lean female, b = p<0.05 vs lean male).
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Figure 5.
Effect of obesity induced nitrative stress on mitochondrial manganese superoxide dismutase

(MnSOD). A. Western analysis of placental mitochondrial MnSOD. Density of each band
was normalized to its loading control voltage-dependent anion channel (VDAC). Values are
mean + SEM. (a = p<0.05 vs obese male, n=6). B. Western analysis following
immunoprecipitation of placental mitochondrial nitrated MnSOD. Density of each band was
normalized to its loading control 1gG from the immunoprecipitation. Values are mean
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SEM. (a = p<0.05 vs lean female, b = p<0.05 vs lean male, n=6). C. Ratio of nitrated
MnSOD to Total MnSOD. Values are mean = SEM. (n=6)
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Table 1
Clinical Characteristics of Subjects.
LEAN OBESE
Pre-pregnancy/15t trimester BMI (kg/m?) | 22.1+0.3 | 36.3£0.4*
Gestational Age at delivery (weeks) 39.0+0.2 40.0+£0.2
Birthweight (gms) 3451 + 113 3731+ 92
Fetal Sex (F/M) 6/6 6/6

Values are mean + SEM. (* = p<0.05 vs lean)
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