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Abstract

Introduction
The aim was to determine the mitochondrial content, oxidative and nitrosative status in placentas
from pregnant women who delivery newborns with alteration of intrauterine growth.

Material and methods

Placentas were selected because the newborns were classified as small for gestational age (SGA,
lowest 10th percentile; n = 9), appropriate for gestational age (AGA; n = 9) and large for gestational
age (LGA, tallest 90th percentile; n = 9). In the placenta tissue oxidative and nitrosative status, and
the mitochondrial content were determined.

Results

Lipid peroxidation (TBARS) levels were higher in LGA placentas compared with SGA placentas, but
not compared with AGA placentas. Carbonyl levels were higher in LGA placentas compared with the
AGA and SGA placentas. The 3-nitrotyrosine (3-NT)/actin ratio was higher in the SGA and LGA
placentas than in AGA placentas. Moreover, AGA placentas did have higher cytochrome oxidase
(COX4)/actin ratio compared with the SGA and LGA placentas. The AMP-activated protein kinase
alpha (AMPKL /actin ratio was significantly lower in placentas from SGA compared with the
placentas from AGA and LGA. With respect to the adenosine triphosphatase (ATPase) activity, this
was significantly lower in placentas from LGA compared with the placentas from AGA and SGA.

Conclusions

The placentas of LGA newborns have higher oxidized lipid and protein levels, whereas SGA and
LGA placentas have higher nitrosative damage levels than the AGA placentas; the present data also
suggest that the mitochondrial content is lower in SGA and LGA placentas than in AGA placentas.
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Abstract
Introduction: The aim was to determine the mitochondrial content, oxidative and nitrosative

status in placentas from pregnant women who delivery newborns with alteration of intrauterine

growth.

Material and Methods: Placentas were selected because the newborns were classified as small
for gestational age (SGA, lowest 10th percentile; n = 9), appropriate for gestational age (AGA; n
=9) and large for gestational age (LGA, tallest 90th percentile; n = 9). In the placenta tissue

oxidative and nitrosative status, and the mitochondrial content were determined.

Results: Lipid peroxidation (TBARS) levels were higher in LGA placentas compared with SGA
placentas, but not compared with AGA placentas. Carbonyl levels were higher in LGA placentas
compared with the AGA and SGA placentas. The 3-nitrotyrosine (3-NT)/actin ratio was higher
in the SGA and LGA placentas than in AGA placentas. Moreover, AGA placentas did have
higher cytochrome oxidase (COX4)/actin ratio compared with the SGA and LGA placentas. The
AMP-activated protein kinase alpha (AMPKa)/actin ratio was significantly lower in placentas
from SGA compared with the placentas from AGA and LGA. With respect to the adenosine
triphosphatase (ATPase) activity, this was significantly lower in placentas from LGA compared

with the placentas from AGA and SGA.

Conclusions: The placentas of LGA newborns have higher oxidized lipid and protein levels,
whereas SGA and LGA placentas have higher nitrosative damage levels than the AGA placentas;
the present data also suggest that the mitochondrial content is lower in SGA and LGA placentas

than in AGA placentas.
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Introduction

It has been suggested that the intrauterine environment is a key factor in intrauterine growth and
subsequent metabolic development. Thus, an unhealthy environment may induce intrauterine
growth disorders, resulting in newborns that are small for gestational age (SGA, birthweight
<10th percentile) or large for gestational age (LGA, birthweight >90th percentile). This is a
serious health problem because SGA and LGA infants have higher morbidity and mortality, and
incur higher hospital charges than the newborns who are appropriate for gestational age (AGA)
[1, 2]. However, the etiology of the alteration of intrauterine growth is not completely

understood, but it is thought to be related to maternal, fetal, and placental factors.

There may be a association between intrauterine growth disorders and bioenergetic imbalance,
where the mitochondria play a key role in energy production. A report showed that the placenta
of SGA newborns showed a significant decrease in enzymatic activities of both the
mitochondrial respiratory chain and citrate synthase compared with the placentas of AGA
newborns [2]. In the human placenta, mitochondrial DNA (mtDNA) abundance and oxidative
damage (8-hydroxy-2' deoxyguanosine) are positively associated with intrauterine growth
restriction (IUGR) [3], and the placentas of IUGR pigs had greater reactive oxygen species
(ROS) production and oxidative injury with a concomitant reduction in mtDNA content [4]. In
addition, vitamin C and E levels were significantly decreased in the serum of pregnant women
with IUGR births compared to healthy pregnant women [5]. Importantly, in the guinea pig,
supplementation with N-acetylcysteine, a precursor of the antioxidant glutathione, normalized

endothelial function in IUGR placenta and fetus, and consequently normalized fetal growth [6].



LGA human newborns are more likely to become obese adolescents compared with AGA
newborns [7]; moreover, women with pregestational obesity have an increased risk of delivering
LGA newborns at term compared with pregnant women with normal weight [8]. However, the
mitochondrial content in the placentas of LGA newborns is unknown. Therefore, the present
study aimed to determine the mitochondrial content and oxidative and nitrosative status in

placental biopsies from healthy women who delivered SGA, AGA, and LGA infants at term.

Material and Methods

Patients and sample collection

A cross-sectional study was performed on two groups of patients. All the pregnant women were
recruited from the General Regional Hospital in the city of Le6én Gto., México, and the study was
approved by the ethics committee of the General Regional Hospital (Reg. no. HGRL06022007).
First, pregnant women were screened for preeclampsia, gestational or type 2 diabetes,
antiphospholipid syndrome, connective tissue diseases, chronic infection, alcohol consumption
or smoking habit during the current pregnancy, and all women participating in the study had a
negative screen. We included mothers between 18 and 35 years of age and their term (37-40
weeks) newborns, born from vaginal delivery or non-elective cesarean section, without perinatal
asphyxia or acute fetal suffering signs, and with an Apgar score of >7 at the first minute. The
mothers provided signed informed consent before inclusion into the study. Second, we included
newborns that met the inclusion criteria according to their birthweight and gestational age (37—

40 weeks) using tables currently validated for the Mexican population [9]. Only 9 newborns of



healthy mothers met the inclusion criteria for SGA. Therefore, the 3 groups were adjusted to 9
cases per group as follows: SGA (birthweight <10th percentile; n = 9), AGA (11th-89th
percentile; n = 9), and LGA (birthweight >90th percentile; n = 9), resulting in a total of 27
newborns. Although the sample size was relatively modest, the statistical power for the marker
of mitochondrial content (COX 4) was 0.97, and that for the marker of oxidative damage

(carbonyls) was 0.9.

Placentas were obtained within 15 min of delivery and dissected fragments, including fetal and
maternal sides, were stored at -70 °C until further processing. Later, a placental lobule
(cotyledon) was removed from the region next to umbilical cord, the basal plate and chorionic
surface were removed from the cotyledon, and villous tissue was obtained from the middle cross
section. Placental tissues were blunt dissected to remove visible connective tissue and calcium
deposits as previously described [10]. Then, 100 mg of the placental tissue were dissected and
were homogenized in buffer (10 mM HEPES, 0.6% Nonidet p-40, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA) containing protease inhibitors (Complete, Boehringer
Mannheim, Germany). Whole protein lysates were assayed for protein concentration using
bicinchoninic acid (BCA) protein assay (Pierce Chemical Co., Rockford, IL, USA) with bovine

serum albumin (BSA) as the reference standard.

SDS-PAGE and western blotting

Thirty ug of placenta lysate was separated on 10% polyacrylamide gel, and resolved proteins

were transferred to nitrocellulose membrane. Then, the blots were probed with antibodies (Santa



Cruz Biotechnology, Inc.) at the following dilutions: 3-nitrotyrosine 1:1500, Subunit IV of
COX4 1:1500, AMPKa1/2 1:800 and B-actin 1:3000. For more detailed description see

Ramirez-Emiliano et al. 2017 [10].

Determination of ATPase activity

It is important to consider that the ATPase activity is an indirect indicator of mitochondrial
content, and it does not rule out other activities that have been described in the placenta as non-
gastric H+/K+ATPase [11], Na*/K*-ATPase [12], and Ca?* ATPase [13]. In the present study the
ATPase activity was performed by determining the adenosine triphosphate (ATP) consumption
using a High-performance liquid chromatography (HPLC) system as we previously described
[10]. Moreover, the content of ATP in placentas was also determined and considered to calculate

the ATPase activity, which is expressed as pmols of ATP consumed/mg prot-min.

Measurement of lipid peroxidation and oxidized protein

The most common way to measure the levels of lipid peroxidation is to estimate

malondialdehyde (MDA) content by the thiobarbituric acid-reactive substances (TBARS) assay,
whereas the oxidized proteins are quantified by measuring the carbonyls content. Therefore, the
total homogenate of placenta tissue were used to quantify the MDA levels by the TBARS assay,

and the carbonyls content as we previously described [10, 14, 15].



Statistical analysis

The statistical analyses were performed with Statistics for Windows 8 (StatSoft, Inc.). Data were
analyzed with ANOVA followed by post hoc tests to find the differences between groups. The

significance level set at p < 0.05.

Results

Anthropometric characteristics of participants

The anthropometric characteristics of the newborns are shown in Table 1. The newborns were
classified based on their birthweight and gestational age using the tables currently validated for
the Mexican population [9] (10th, 11-89th and 90th percentiles). LGA newborns had a higher
birthweight (p < 0.01) and were longer (p < 0.05) than the SGA and AGA newborns, and the

AGA group had a higher birthweight (p < 0.05) and were longer (p < 0.05) than the SGA group.

Mitochondrial content in the placenta

To indirectly analyze the mitochondrial content, the expression levels of COX4 and AMPK, and
the ATPase activity were determined. The COX4, AMPK, and actin protein levels were
determined by western blotting; thereafter, variations in the expression levels were corrected by
determining the COX4, AMPK, and 3-NT/actin ratios. As shown in Figures 1a and b,
COX4/actin ratios were significantly lower (p < 0.01) in placentas from the SGA and LGA
groups (0.25 £ 0.1 and 0.62 = 0.08, respectively) than the placentas from the AGA group (1.08 =

0.1). Moreover, the COX4/actin ratio was significantly lower (p < 0.05) in placentas from the
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SGA group than in placentas from the LGA group. No significant differences were observed in
AMPK/actin ratios between the placentas from the AGA and LGA groups (0.2 + 0.03 and 0.22 +
0.04, respectively; Fig. 1a and 1c). However, the AMPK/actin ratio was significantly lower in
placentas from the SGA group (0.12 = 0.01, p < 0.05) compared with the placentas from the
AGA and LGA groups. ATPase activity was similar in the placentas from the AGA and SGA
groups (11.86 = 1.6 and 10.7 + 0.9 pmols of ATP consumed/mg prot.min, respectively), but was
significantly lower in placentas from the LGA group (8 + 0.6 pmols of ATP consumed/mg

prot.min, p < 0.05) compared with the placentas from the AGA and SGA groups (Fig. 2).

Oxidative and nitrosative damage in placentas

The levels of TBARS were lower in SGA group placentas than in AGA group placentas (4.6 +
0.4 vs. 6.2 £ 0.5 nmoles/mg protein, respectively), but this difference was not statistically
significant. In contrast, TBARS levels were higher in LGA group placentas than in SGA group
placentas (7.3 + 0.9 nmoles/mg protein, p < 0.01) (Fig. 3a). Moreover, the carbonyls levels were
higher in LGA group placentas (1048.6 + 83 ng/mg protein, p < 0.01) than in the placentas from
the AGA and SGA groups (583.6 + 106.8 and 673.6 + 83 nmoles/mg protein, respectively; Fig.
3b). No significant differences were observed between the placentas from the AGA and SGA

groups.

With respect to nitrosative damage, the levels of nitrated proteins were determined by measuring
the 3-nitrotyrosine (3-NT) content by western blotting, as shown in the Figure 4a; thereafter, the

3-NT/actin ratios were determined. The 3-NT/actin ratio was higher in placentas from the SGA



group (2.7 = 0.6, p < 0.05) than in placentas from the AGA group (1.2 + 0.09), but these ratios
were similar in the placentas from the AGA and LGA groups (1.2+0.09 vs. 1.7 = 0.14, p > 0.05)
(Fig. 4b). The 3-NT/actin ratio was higher in placentas in the SGA group than in placentas from

the LGA group, but this difference was not statistically significant (Fig. 4b).

Discussion

In the Mexican population, intrauterine growth disorders are classified as SGA and LGA in
comparison with AGA, based on birthweight and gestational age [9]. The present study aimed to
compare the mitochondrial content and oxidative and nitrosative damage levels in placentas of
healthy women who delivered at term, and whose newborns were from vaginal delivery or non-
elective cesarean section. We observed low expression levels of COX4 and AMPK and
decreased ATPase activity, suggesting that the placentas of SGA and LGA newborns have less
mitochondrial content compared with the placentas of AGA newborns; however, it is important
to consider that the ATPase activity that we determined represents the activity of all the ATPases
in the placenta. The low expression levels of COX4 observed in the present study suggest
decreased complex IV activity, which is important because a low complex IV activity is closely
associated with a decrease in the corresponding mitochondrial oxidative phosphorylation
capacity [16]. In addition, AMPK is important for inducing mitochondrial biogenesis [17];
therefore, the low expression levels of AMPK observed in the present study also suggest a
reduction in mitochondrial biogenesis in the placentas of SGA newborns. The low ATPase
activity observed in the present study also supports the hypothesis that the placentas of SGA and

LGA newborns have reduced mitochondrial content compared with the placentas of AGA
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newborns. Other studies support these findings; Guitar-Mampel et al. showed a reduction in the
enzymatic activities of mitochondrial respiratory chain complexes | and citrate synthase in the
placentas of SGA newborns [2]. In another study, the expression of genes involved in three
complexes of the mitochondrial respiratory chain was decreased in [IUGR placentas [18]. In
addition to the above, low mtDNA content and mtDNA-encoded gene expression was also
observed in placentas of IUGR pig fetus, suggesting a reduction of the mitochondrial content.
Further, in another study, the activation of MAPK pathways was observed because the ERK1/2
phosphorylation was increased whereas the phosphorylation of p38 and JNK was decreased [4],
possibly because the activation of MAPK pathways is a response to an increase in the low
mitochondrial biogenesis observed in these placentas. Interestingly, low messenger RNA
(mRNA) levels of complex I, 111, and IV were observed in [JUGR cytotrophoblast cells but with
no differences at the protein level, which suggests a posttranscriptional compensatory regulation.

In contrast, mtDNA was increased in the placentas of [IUGR infants [19].

Children who were LGA at birth and were exposed to an intrauterine environment of maternal
diabetes or obesity are at an increased risk of developing metabolic syndrome [20], and maternal
obesity is also associated with an increased risk of delivering LGA newborns, resulting in an
increased obesity risk in early childhood [21]. In addition, Rosado-Yépez et al. also showed that
women with pregestational obesity have an increased risk of delivering at term newborns that are
LGA compared with normal-weight women, and the placentas of LGA infants had a lower
placental maturity index (PMI = number of vasculo-syncytial membranes [VSM] in 1 mm?/VSM
thickness) [8]. Moreover, Lekva et al. reported that serum adiponectin was lower in mothers who
gave birth to LGA newborns, whereas adiponectin receptor 2 and system A amino acid

transporter mMRNA expression were lower in the placentas of LGA infants [22]. Together, these
11



findings show that the obesogenic intrauterine environment increases the risk of LGA newborns;
however, there is no evidence regarding the mitochondrial content in placentas and LGA
newborns. Thus, to our knowledge, our study is the first to assess and compare the mitochondrial

content in placentas of SGA, AGA and LGA newborns.

It is widely known that oxidative and nitrosative injuries are involved in the dysfunction of
organelles and tissues. As described above, the TBARS levels were significantly higher in the in
placentas of LGA newborns than in those of SGA newborns, with these levels being intermediate
in AGA-newborn placentas. Importantly, the carbonyl levels were congruent with the TBARS
levels, because the LGA group placentas had higher carbonyl levels than the placentas from the
AGA and SGA groups. In all, these findings show that the placentas of LGA newborns
experience more oxidative damage than the placentas of SGA newborns, possibly because the
former placentas have a higher energetic demand than the latter placentas. It is reasonable to
assume that a large fetus requires more energy than a small fetus; therefore, the placentas of
LGA fetuses must increase their metabolism to meet the energy requirements of the fetus and
placenta. It is well known that tissues with higher energy demand are more oxidized; for
example, the metabolism in the liver is higher than that in the kidney, and TBARS and carbonyl
levels are higher in the liver than in the kidney [23]. In contrast to that, Lou et al. found that in
pig placentas, ROS production and lipid peroxidation were increased in the placentas of IUGR

pigs compared with those of AGA pigs; however, they did not analyze the placentas of LGA pigs

[4].

With respect to nitrosative damage, the 3-NT content was surprisingly higher in placentas from

SGA newborns than in the placentas from AGA and LGA newborns, and no significant
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differences were found between placentas from AGA and LGA newborns. This nitrosative
damage profile differs with respect to the profile of oxidative damage. These findings are in
concordance with previously reported data, which showed that oxidative damage might decrease,
whereas nitrosative damage may increase in the placentas of women with gestational diabetes

mellitus [10].

It is important to note that in the present study, the causes of the intrauterine growth disorders
were not identified. Other studies have been conducted to determine the etiology of intrauterine
growth disorders, and it is not clear how or when these disorders occur. However, a retrospective
population-based cohort study described that women with Miillerian anomalies have an
increased risk (odds ratio, 1.9) of delivering newborns with [IUGR [24]. In a study, overweight
and obese women with gestational diabetes mellitus had maternal vascular malperfusion lesions
in the placenta, and these lesions were associated with a 2-fold increased risk for the delivery of
an SGA newborn [25]. With respect to LGA newborns, a cross-sectional study including
Mexican women showed that the weight and length of newborns at birth were greater in women
with pregestational obesity than in women with normal weight [8]. In Iranian pregnant women, a
significant correlation was found between the increase in fasting plasma glucose, triglyceride
(TG), and TG/HDL-C ratio and the risk of gestational diabetes mellitus and LGA infant
occurrence in the first trimester [26]. This was previously suggested by Gutaj et al., who
described that the decreased HDL and increased triglycerides during pregnancy might contribute
to the development of LGA infants in women with type 1 diabetes [27]. Moreover, the LGA

newborns of women with a high BMI demonstrated higher levels of leptin compared to LGA
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newborns of mothers with a normal BMI, whereas leptin levels in AGA neonates were similar

regardless of the nutritional status of their mothers [28].

There are some strengths and limitations of the present study. With regard to the study strengths,
although the newborns in the study presented with intrauterine growth disorders, their mothers
were healthy, which reduced the population variability. Further, to our knowledge, this is the first
study to assess and compare the mitochondrial content in placentas of SGA, AGA, and LGA
newborns. However, our study was limited by its small sample size, we did not separately
analyze the fetal and maternal sides of the placenta, and the causes of the intrauterine growth

disorders were not identified.

The present results have some implications for clinicians. First, because intrauterine growth
disorders are accompanied by oxidative stress, antioxidant supplementation is important in the
diet of pregnant women whose fetus have such disorders. Moreover, it is important to determine
the total antioxidant status, total oxidant status, and oxidative stress index values in the serum of

pregnant women in order to stablish the severity of oxidative stress.

Finally, the present results need to be further validated by: (1) additional studies including a
greater number of patients, (2) obtainning results regarding the two sides of the placenta, (3)
determining the correlation between intrauterine growth disorders and their etiology, and (4)
determining the effectiveness of treatment with antioxidant supplements for intrauterine growth
disorders. Moreover, ascertaining when there may be a shift in the balance between nitrosative

and oxidative stress is desirable. Further, in the newborn, long-term follow-up is crucial to
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determine the clinical consequences of the reduction of the mitochondrial content and of

nitrosative and oxidative damage in the placenta.

Conclusions

Our findings strongly suggest that the oxidative damage in placentas is proportional to
birthweight because the placentas of LGA newborn had higher TBARS and carbonyl levels than
the placentas of SGA newborns. The placentas of SGA and LGA newborns were more
susceptible to nitrosative damage than AGA placentas. Moreover, the present results suggest that
both mitochondrial biogenesis and content are decreased in the placentas of SGA and LGA

newborns.
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Legends of Figures

Figure 1. Expression levels of the COX4 and AMPK protein in placentas. A) Representative
western blotting of the COX4, AMPK and actin. Densitometry analysis of the COX4/actin ratio
(A) and AMPK/actin ratio (C). Data are given as the means =+ standard error (n=9). AGA,
appropriate for gestational age; SGA, small for gestational age; LGA, large for gestational age.

“p < 0.01 vs. SAG and LGA,; #p < 0.05 vs. SAG; &p < 0.05 vs. AGA and LGA.

Figure 2. ATPase activity in placentas. Data are given as the means + standard error (n=9).
AGA, appropriate for gestational age; SGA, small for gestational age; LGA, large for gestational

age. "p < 0.05 vs. AGA and SGA.
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Figure 3. (A) TBARS and (B) carbonyl levels in placentas. Data are given as the means +
standard error (n=9). AGA, appropriate for gestational age; SGA, small for gestational age;

LGA, large for gestational age. "p < 0.01 vs. SGA; #p < 0.001 vs. NPW.

Figure 4. Nitrosative damage in placentas. A) Representative western blotting of the 3-
nitrotyrosine (3-NT) and actin. B) Densitometry analysis of the 3-NT/actin ratio. Data are given
as the means + standard deviation (n=9). AGA, appropriate for gestational age; SGA, small for

gestational age; LGA, large for gestational age. “p < 0.05 vs. AGA.
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Table 1. Newborns characteristics.

SGA AGA LGA
Birth weight (g) 2413+ 162 2887 +260 3584.4 +443.6
Birth length (cm) 474+1.1 493+1.2 51.9+1.4
Gender (male/female) 0/9 4/5 5/4

SGA, Small for gestational age; AGA, Appropriate for gestational age;
LGA, Large for gestational age.
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