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Abstract: Maternal obesity has been associated with short- and long-term risks of pregnancy-perinatal
adverse events, possibly due to alterations of placental mitochondrial bioenergetics. However, several
detrimental mechanisms occurring in the placentas of women with obesity still need to be clarified.
Here, we analyzed placental mitochondrial features and oxidative environment of 46 pregnancies in
relation to pre-pregnancy BMI. Seventeen Caucasian normal-weight (NW) and twenty-nine women
who were obese (OB) were enrolled. The protein expression of mitochondrial CypD and electron
transfer chain complexes (C) I-V were measured, as well as ATP production and oxygen consumption
rates (OCRs). The protein levels of the pro/anti-oxidant enzymes TXNIP, SOD2, and PON2 were
also analyzed. Despite no differences in CypD expression, OCRs were significantly lower in OB
vs. NW women. Accordingly, ATP synthase (CV) levels and ATP content were decreased in OB
women, positively correlating with placental efficiency, suggesting a link between ATP deficiency
and placental dysfunction. SOD2 expression negatively correlated with maternal BMI, indicating a
possible impairment of antioxidant defenses with increasing BMI. These changes were worsened in
10 OB women presenting with gestational diabetes mellitus. Overall, these results suggest alterations
of placental bioenergetics in pregnancies of women with obesity, possibly leading to placental
dysfunction and altered fetal development and programming.
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1. Introduction

The 2023 World Obesity Atlas [1] showed alarming rates of overweight and obesity
worldwide, suggesting that over 4 billion people may be affected by 2035, compared with
over 2.6 billion in 2020. This leads to increased risks of non-communicable disease and a
consequent global economic impact.

Becoming pregnant with obesity involves numerous risks, with short- and long-term
consequences both for the mother and the baby. Many studies reported associations be-
tween maternal obesity and increased risks of pregnancy-perinatal adverse events, with
lifelong consequences for the offspring [2-9]. Indeed, the fetal programming can be de-
ranged by the maternal obese environment [10-15]. Obesity acts on many cellular mecha-
nisms, playing a pivotal role in the pathogenesis of inflammaging [12,16] and establishing
a vicious negative circle characterized by systemic oxidative stress and chronic low-grade
inflammation. During pregnancy, the physiological increase in inflammatory cytokines
and insulin resistance is exacerbated in the presence of maternal obesity [17-20]. These
conditions heighten the risk of adverse pregnancy outcomes, most notably gestational
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diabetes mellitus (GDM) [21-24], also representing a key mechanism involved in Type 2
Diabetes Mellitus occurrence and cardiovascular diseases after pregnancy [25].

The placenta is a high energy-demanding and metabolically active tissue as it allows
oxygen and nutrient supply to the fetus and waste removal. The placental efficiency
can be affected by maternal obesity, leading to altered fetal development and program-
ming [26-35]. However, many of the molecular mechanisms occurring in the placentas of
women with obesity still need to be clarified. Previous studies reported alterations of the
placental mitochondrial bioenergetics and oxidative status in pregnancies with placental
insufficiency [36—40]. Reactive oxygen species (ROS) are by-products of oxidative phospho-
rylation (OXPHOS), which takes place in the mitochondrial inner membrane. OXPHOS
occurs via the electron transport chain, which is composed of five multi-subunit protein
complexes responsible for the coupled electron and proton transfer across the membrane,
powering oxygen consumption and ATP synthesis [41]. Alterations in OXPHOS capacity
may, therefore, lead to excessive ROS production and oxidative stress, which in turn can
impair mitochondrial function and ATP generation. Indeed, only a small fraction of ATP is
produced by cytoplasmic glycolysis, whereas the majority of ATP production occurs at the
level of the mitochondria.

The aim of this study was to elucidate some of the placental alterations occurring in
women with pregestational obesity, with a specific focus on bioenergetics and the oxidative en-
vironment. Indeed, placental mitochondria play a key role in maintaining pregnancy [37,38,42].
Identifying specific impairments of the placental bioenergetic and oxidative state in preg-
nancies of women with obesity could, therefore, represent an important therapeutic target
for fetal reprogramming.

2. Materials and Methods
2.1. Population

Pregnant women were enrolled in the Department of Woman, Mother and Child of
the Vittore Buzzi Children’s Hospital (ASST Fatebenefratelli-Sacco) in Milan.

The study was conducted in accordance with the Declaration of Helsinki and in
compliance with all current Good Clinical Practice guidelines, local laws, regulations, and
organizations. The protocol was approved by the Hospital ethical committee (Prot. N.
17739/2018). All participants provided their informed consent to collect personal data and
biological samples.

Forty-six Caucasian pregnant women with spontaneous single-term pregnancies
were consecutively recruited at the time of elective cesarean section. Gestational age
was calculated from the last menstrual period and confirmed by an ultrasound crown-rump
length measurement performed at 11-13 gestational weeks [43].

The enrolled patients were grouped in relation to pregestational Body Mass Index
(BMLI, kg/m?), according to the 2009 Institute of Medicine (IOM) guidelines [44]: healthy
Normal-Weight (NW) women (18.5 < BMI < 25, n = 17) and Obese (OB) women (BMI > 30,
n=29).

Gestational diabetes mellitus (GDM) was diagnosed in a subgroup of OB women
(OB GDM(+), n = 10) according to the International Federation of Gynecology and Ob-
stetrics (FIGO) guidelines, by the Oral Glucose Tolerance Test (OGTT-75 g) performed at
24-28 weeks of gestation [45,46]. Briefly, the OGTT procedure consisted of a fasting blood
glucose test (OGTT I) and then glycemia checks after 60 min (OGTT II) and after 120 min
(OGTT III) from the administration of 75 g of anhydrous glucose dissolved in 300 mL of
water. Blood glucose quantification was performed in maternal venous blood using a
standardized clinical biochemistry laboratory dosage using enzymatic spectrophotometric
analysis (the hexokinase/glucose-6-phosphate dehydrogenase (g6pd) method). GDM was
diagnosed for one or more glycemic curve values higher than 92,180,153 mg/dL, respec-
tively, at 0, 60, and 120 min. Only diet-controlled GDM without medication was included
in the present study.
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Any maternal chronic comorbidity (i.e., chronic hypertension, autoimmune diseases,
or pregestational diabetes) or pregnancy complications different from GDM (e.g., preeclamp-
sia, infections, or congenital/genetic abnormalities), non-Caucasian ethnicity, maternal
smoking/alcohol use and ART conception represented exclusion criteria. Women under-
going any pharmacological therapy in pregnancy were additionally excluded, including
metformin and insulin.

Maternal and neonatal clinical characteristics were recorded.

Maternal and cord blood values were measured in a subgroup of pregnancies (13 NW
and 21 OB), as previously described [47]. Briefly, both umbilical venous blood (UV, which
transports oxygen and nutrients from the maternal to the fetal compartment) and umbilical
arterial blood (UA, blood flow from the fetus towards the mother) were immediately sam-
pled from a doubly clamped segment of the cord. All samples were collected in heparinized
syringes that were sealed and stored on ice. Blood gases (pO, and pCO;), pH, O, saturation,
lactate, and glucose concentrations were measured using a blood/gas/electrolyte analyzer.

2.2. Placental Tissue Collection

Placentas were collected in sterile conditions immediately after cesarean section,
cleaned of excess blood, and weighed after the membranes and cord were discarded from
the disc. Biometric measurements were performed as previously described [48]. Briefly,
the placental area was estimated by calculating the area of an ellipse from the diameters
(D x d x 7r/4). Assuming constant density, the placental thickness was obtained as the
weight divided by area. Placental efficiency was calculated as the ratio between neonatal
weight and placental weight.

Chorionic villi biopsies were sampled from different sites of the placental disc (cen-
tral, median, and peripheral) on the maternal side. The maternal decidua was carefully
discarded from the maternal side of the placenta, and the villous portion of the tissue was
picked up by coring 1 cm? biopsies. Samples were thoroughly washed with phosphate-
buffered saline to eliminate excessive blood and either immediately stored at —80 °C for
protein expression and ATP production analysis or placed in ice-cold BIOPS buffer for
cryopreservation and subsequent analysis by high-resolution respirometry (HRR) [49].

2.3. Protein Expression Analysis—SDS PAGE and Western Blot

Proteins were extracted from placental biopsies of 16 NW, 18 OB GDM(—), and 10 OB
GDM(+) women.

Total protein extracts were obtained with a lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate) with added protease inhibitors
(10 ug/mL of Leupeptin, 10 ug/mL of Aprotinin and 1 mM of Phenylmethylsulfonyl
fluoride, PMSF) and phosphatase inhibitors (1 mM of sodium fluoride, 1 mM of sodium
vanadate, 5 mM of sodium phosphate). A syringe was used to obtain better homoge-
nization of the samples. Total protein extracts were quantified with a Bradford assay and
20-30 pug of proteins were separated using an SDS-PAGE on Mini-PROTEAN TGX Stain-
free Gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose membranes using
a Trans-Blot TurboTM Transfer Pack (Bio-Rad). The stain-free membrane was acquired
with a ChemiDoc MP Imaging System (Bio-Rad) and used as a loading control.

After blocking with bovine serum albumin (BSA), western blot analysis was performed
using primary antibodies against the antioxidant enzymes Paraoxonase 2 (PON2) and
Superoxide Dismutase 2 (SOD2), the pro-oxidant thioredoxin interacting protein (TXNIP),
the mitochondrial protein cyclophilin D (CypD), and actin. Details on primary antibodies
(product number and manufacturer, dilution) are reported in Supplementary Table S1.
Mitochondrial electron transfer system complexes I-IV and ATP synthase (complex V)
expression were analyzed with oxPhos Rodent WB antibody cocktail (45-8099, Thermo
Fisher Scientific, Waltham, MA, USA).

After extensive washing, nitrocellulose membranes were incubated with secondary
antibodies conjugated with horseradish peroxidase (GE Healthcare, Waukesha, WI, USA).
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The immunoreactive proteins were detected using a Clarity™ Western ECL substrate
(Bio-Rad), and images were acquired using a ChemiDoc MP Imaging System (Bio-Rad).
Densitometry of the bands was performed using the software ImageLab (version 6.0.1 build
64 standard edition, Bio-Rad).

2.4. Placental ATP Production

A luminescence assay (CellTiter-Glo Luminescent Cell Viability Assay, G7570, Promega,
Madison, WI, USA) was used to determine the ATP content in placental specimens [13 NW,
14 OB GDM(—) and 10 OB GDM(+)]. Specifically, frozen placentas (~20 mg) were homoge-
nized in 0.3 mL of cold lysis buffer (0.25 M sucrose, 10mM of HEPES-NaOH at pH 7.4), with
ultra-turrax (10 s at max speed), and the homogenates were cleared by centrifugation at
1000x g, at 4 °C for 10 min. A total of 250 uL of supernatant was quickly added to an equal
volume of ice-cold 10% trichloroacetic acid (TCA), shaken for 20 s, and then centrifuged
for 10 min at 10,000 g at 4 °C. After TCA extraction, TCA was neutralized adding 200 uL
of Tris-acetate buffer (1 M pH 8) to 400 pL of supernatant. Following a 10-fold dilution
with deionized water, the extract was used for luciferin-luciferase assay. The reaction mix,
containing luciferase and substrate, was added, and the light emission was measured using
a GloMax luminometer (Promega) and quantified according to an ATP standard curve.
ATP values (nM) were normalized on protein content [50-52].

2.5. Mitochondrial Respiration Analysis—High-Resolution Respirometry (HRR)

Oxygen Consumption Rates (OCRs) of placental specimens [5 NW and 6 OB GDM(—)]
were measured in the 2 mL O2K oxygraph chambers (Instruments Oroboros, Innsbruck,
Austria) at 37 °C in a stirring MIR06 buffer [49,53]. The HRRs were performed using
~20 mg wet weight of placental tissue with a high oxygen concentration (400 pM) setting by
the addition of hydrogen peroxide. OCRs were expressed in pmol O, /s-mg of sample to
measure the steady-state oxygen fluxes (respiratory rates). A specific Substrate-Uncoupler-
Inhibitor-Titration (SUIT) protocol 11, with a few modifications, was used. Pyruvate
(5 mM), glutamate (10 mM), and malate (2 mM) were added to determine LEAK respiration
(L). Then, the complex I (CI) oxidative phosphorylation (OXPHOS) capacity was stimulated
by the addition of ADP (2.5 mM). The addition of cytochrome C (10 uM) was performed to
test the integrity of the outer mitochondrial membrane. Subsequent titration with succinate
(10 mM) was used to evaluate the maximal oxidative phosphorylation capacity through
complexes I and II (CI + II). The maximal capacity of the Electron Transfer System (ETS)
was evaluated by 0.5 uM steps titration of the uncoupler protonophore carbonyl cyanide
p-trifluoro-methoxyphenyl hydrazone (FCCP). Uncoupled complex II-linked respiration
(CII) was achieved by the addition of the CI inhibitor rotenone (0.5 uM). The respiratory
system was inhibited with the complex III inhibitor antimycin A (2.5 uM) to obtain the non-
mitochondrial residual oxygen consumption flux (ROX). Complex IV (CIV) activity was
stimulated using N,N,NO,NO-Tetramethyl-p-phenyl-enediamine dihydrochloride (TMPD)
(0.5 uM) and ascorbate (2 mM), recorded for 5 min, and hence stopped with the addition
of CIV inhibitor sodium azide (100 mM) to calculate the TMPD autoxidation oxygen
consumption. Oxygen fluxes were corrected by subtracting ROX from each steady state.
The DatLab7 software (version 7, Instruments Oroboros, Innsbruck, Austria) was used for
data acquisition and analysis.

2.6. Statistical Analysis

The database was cleaned by eliminating the outliers after double-checking with the
original anamnestic questionnaire and correcting typing errors.

Maternal characteristics, placental and fetal /neonatal data, protein expression data,
and ATP levels were compared among groups using a One-way ANOVA /Student’s t-test or
the Kruskal-Wallis/Mann-Whitney U test according to data distribution (assessed by the
Kolmogorov-Smirnov test). In post-hoc analyses, Tukey’s HSD test and the Mann-Whitney
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U test with Bonferroni correction (thus considering statistical significance when p < 0.017)
were used.

Grouped analyses of mitochondrial OCR states were performed using a two-way
ANOVA followed by post-hoc Tukey’s multiple comparisons test.

The results are expressed as the means =+ standard deviation of the indicated values.

Correlations between variables were assessed using the Spearman rank order correla-
tion. Differences and correlations were considered significant when p < 0.05.

Analyses were performed using the statistical package SPSS, v.29 (IBM; Armonk, NY,
USA). High-resolution Respirometry results were analyzed using GraphPad Prism software
package (version 8.4, Graph Software, La Jolla, CA, USA).

3. Results
3.1. Clinical Data

Clinical characteristics of the study population are summarized in Tables 1 and 2.

Table 1. Clinical characteristics of the study population: 17 NW, 19 OB GDM(—), 10 OB GDM(+).
Data are presented as average + standard deviation. BMI: Body Mass Index; GWG: Gestational
Weight Gain; Placental efficiency N/P: neonatal weight/placental weight ratio; n.s.: not significant.
*p <0.05 *p<0.01, *** p <0.001 vs. NW.

Average + Standard Deviation p
NW 21.64 +1.93
pregestational OB_GDM(—) 33.48 + 2.69 ** <0.001
BMI (kg/m?) OB_GDM(+) 34.38 £ 2.34 ***
OB_all 33.80 = 2.57 *+* <0.001
NW 343 +3.6
maternal age OB_GDM(—) 302 +£6.0 n.s
(years) OB_GDM(+) 34.8 + 4.4
OB_all 31.8 +5.9 n.s
NW 12.19 + 2.64
OB_GDM(—) 8.39 + 5.36 * 0.017
GWG (kg)
OB_GDM(+) 6.17 + 6.56 **
OB_all 7.65 4 5.76 ** 0.006
NW 4 (23%)
nulliparous, OB_GDM(-) 1 (5%) ns
n (%) OB_GDM(+) 2 (20%)
OB_all 3 (10%) n.s
NW 39.1+02
gestational age OB_GDM(—) 39.1+0.3 n.s
(weeks) OB_GDM(+) 39.1+02
OB_all 39.1 £ 0.3 n.s
NW 3468 + 285
neonatal weight, OB_GDM(—) 3374 £ 332 n.s
N (g) OB_GDM(+) 3329 + 346
OB_all 3358 + 331 n.s
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Table 1. Cont.
Average + Standard Deviation 4
NW 9/8
neonatal sex, OB_GDM(-) 6/12 n.s
females/males (n) OB_GDM(+) 5/5
OB_all 11/17 n.s
NW 18.8 £2.0
placental major OB_GDM(—) 184+ 1.6 ns
diameter (cm) OB_GDM(+) 19.9 £ 3.7
OB_all 189 £25 n.s
NW 157+ 19
placental minor OB_GDM(—) 154 +22 n.s
diameter (cm) OB_GDM(+) 15.7 £ 1.0
OB_all 155+1.9 n.s
NW 4464 £+ 76.4
placental weight, OB_GDM(—) 488.2 + 76.28 ns
P (g) OB_GDM(+) 509.0 + 65.9
OB_all 495.6 £72.2* 0.04
NW 234.7 £ 50.0
placental surface OB_GDM(—) 224.0 +44.5 ns
(em?) OB_GDM(+) 245.6 4+ 49.6
OB_all 231.2 £ 46.5 n.s
NW 1.97 + 0.46
placental thickness OB_GDM(-) 2.24 +046 n.s
(cm) OB_GDM(+) 2.16 & 0.54
OB_all 221 +0.48 n.s
NW 7.99 +1.38
placental efficiency OB_GDM(—) 7.03 +£1.04* 0.002
N/P OB_GDM(+) 6.25 £ 0.63 ***
OB_all 6.77 £ 0.98 * 0.04

Table 2. Maternal and fetal blood values in the study population: 17 NW, 19 OB GDM(—),
10 OB GDM(+). Data are presented as average + standard deviation. UA: Umbilical Arterial
blood; UV: Umbilical Vein blood; satO,: oxygen saturation; OGTT: Oral Glucose Tolerance Test;
n.s.: not significant. * p < 0.05 vs. NW; +1 p < 0.01; ++t p < 0.001 vs. OB GDM(+).

Average + Standard Deviation p
NW 7.32 £ 0.049
DHUA OB_GDM(—) 7.29 4 0.052 n.s.
OB_GDM(+) 7.31 £ 0.049

OB_all 7.30 £ 0.052 n.s.
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Table 2. Cont.
Average + Standard Deviation 4
NW 7.37 £ 0.044
OB_GDM(—) 7.34 £+ 0.060 ns
pHUV
OB_GDM(+) 7.35 £ 0.044
OB_all 7.34 £ 0.055 n.s
NW 26.44 + 5.08
OB_GDM(-) 21.33 £8.72 n.s
pO; UV (mmHg)
OB_GDM(+) 21.38 + 6.39
OB_all 21.35+7.69* 0.045
NW 54.57 + 16.74
OB_GDM(—) 39.98 + 23.69 n.s
satO, UV (g/dL)
OB_GDM(+) 41.57 + 18.98
OB_all 40.54 + 21.54 n.s
NW 4190 + 5.64
OB_GDM(—) 46.85 + 8.66 ns
pCO, UV (mmHg)
OB_GDM(+) 47.17 + 6.09
OB_all 46.97 £ 7.63 * 0.047
NW 66.62 + 7.46
glucose UV OB_GDM(—) 62.83 £+ 9.35 ns
(mg/dL) OB_GDM(+) 64.25 +9.38
OB_all 63.40 +9.14 n.s
NW 1.59 +£0.37
lactate UV OB_GDM(—) 1.90 £+ 0.70 n.s
(mmol/L) OB_GDM(+) 1.80 + 0.45
OB_all 1.86 + 0.60 n.s
NW 83.09 £ 3.51
OB_GDM(—) 81.00 +7.20 ns
OGTT I (mg/dL)
OB_GDM(+) 84.63 + 13.23
OB_all 82.53 £ 10.01 n.s
NW 130.55 + 21.68
OB_GDM(—) 117.64 + 30.77 tt 0.015
OGTTII (mg/dL)
OB_GDM(+) 159.00 £ 33.91
OB_all 135.05 £ 37.60 n.s
NW 108.82 + 32.74 t+
OB_GDM(—) 99.82 + 24.26 t1+ 0.003
OGTT II (mg/dL)
OB_GDM(+) 159.63 + 32.89
OB_all 125.00 £ 40.84 ns

The included groups were homogeneous for maternal age and parity. All pregnancies
delivered at term, between 38 + 2 and 40 weeks of gestation, as an inclusion criterion.

OB women gained significantly less weight compared to NW women (p < 0.01), as
recommended by the Institute of Medicine [44].

However, OB women had significantly heavier placentas than NW women (p < 0.05).



Antioxidants 2024, 13, 858

8 of 18

Furthermore, placental efficiency was significantly lower in OB women compared to
NW women (p < 0.05) (Figure 1a), with women affected by GDM having increasingly less
efficient placentas vs. NW women (p < 0.001) (Figure 1b). Moreover, placental efficiency
was significantly inversely related to pre-pregnancy BMI (r = —0.38, p = 0.01), as well as to
placental thickness (r = —0.52, p < 0.001) (Figure 1c,d).
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Figure 1. Placental efficiency in the study population [17 NW, 19 OB GDM(—), 10 OB GDM(+)].
(a,b) Comparison of placental efficiency, calculated as neonatal/placental weight ratio, among (a) OB
and NW, and (b) OB GDM(+), OB GDM(—), and NW groups. Data are shown as box plots, indicating
the median and the 25th and 75th percentiles. Placental efficiency resulted significantly lower in OB
((a), * p < 0.05 vs. NW—Mann-Whitney U test), and specifically in OB GDM(+) ((b), *** p < 0.001
Mann-Whitney U test as post-hoc analysis following Kruskal-Wallis test), compared to NW.
(c,d) Significant correlations between placental efficiency and (c) maternal pre-pregnancy BMI
(r=—0.38, p=0.011) or (d) placental thickness (r = —0.52, p < 0.001) (Spearman rank order correlation).

While umbilical artery (UA) and umbilical vein (UV) pH were not different among
the analyzed groups, UV pO; values were significantly lower (p = 0.045) and UV pCO,
significantly higher (p = 0.047) in OB vs. NW women. UV O, saturation also tended to be
lower in OB women, and UV lactate was slightly higher in OB vs. NW women, though not
reaching statistical significance.

OGTT-II and III values were higher in OB GDM(+) women compared to healthy
women, as expected.

3.2. Molecular Data
Detailed protein expression data values are reported in Supplementary Table S2.

3.2.1. Cyclophilin D Protein Expression

CypD placental protein expression was not different among groups. Nevertheless,
it was significantly positively related to both UV pO; (r = 0.51, p = 0.004) and UV satO,
(r=0.56, p = 0.002) and negatively correlated with UV pCO, (r = —0.43, p = 0.018) (Figure 2).
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Figure 2. CypD protein expression in placenta of 16 NW, 18 OB GDM(—), 10 OB GDM(+). Significant
correlations between CypD placental expression and umbilical vein (a) pO, (r = +0.51, p = 0.004),
(b) O, saturation (r = +0.56, p = 0.002) or (c) pCO; (r = —0.43, p = 0.018) (Spearman rank order
correlation).

3.2.2. Mitochondrial Respiratory Chain Proteins Expression

The expression of placental mitochondrial complex V (mt-C-V), the downstream
protein complex directly involved in ATP production, tended to be lower in OB vs. NW
women, though it did not reach statistical significance. However, when considering OB,
depending on the presence of GDM, mt-C-V expression was significantly different across
groups (p = 0.05), with decreasing values in the presence of GDM. The post-hoc test showed
significantly lower levels in OB GDM(+) compared to NW women (p = 0.008) (Figure 3).
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Figure 3. Mitochondrial complex V (mt-C-V) protein expression in the placenta of 16 NW, 18 OB
GDM(—), 10 OB GDM(+). Comparison of placental mt-C-V expression among (a) OB and NW
(Mann-Whitney U test), (b) OB GDM(+), OB GDM(—), and NW groups. Data are shown as box plots,
indicating the median and the 25th and 75th percentiles. mt-C-V expression resulted significantly
lower in OB GDM(+) placentas ((b), ** p < 0.01 vs. NW—Mann-Whitney U test as post-hoc analysis
following Kruskal-Wallis test). (c) Western blot of three representative samples for each group of
mt-C-V, and stain-free membrane as loading control.

Placental complex V expression was also positively correlated with the umbilical vein
glucose concentration (r = 0.46, p = 0.009).
No significant differences were found in the expression of placental mitochondrial

complexes [, II, I1I, and IV.

3.2.3. Pro/ Antioxidant Proteins Expression

SOD2, PON2, and TXNIP proteins, the first two involved in the anti-oxidant defense
of the cells and the latter a pro-oxidant triggering ROS generation, did not show any
significant difference in expression.

However, SOD2 expression was significantly negatively correlated with maternal
pre-pregnancy BMI (r = —0.41; p = 0.006).
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TXNIP levels were significantly positively correlated with the placental thickness and

negatively correlated with the placental surface (r = +0.37, p = 0.01; r = —0.38, p = 0.01,
respectively).

3.2.4. ATP Production

Placental ATP levels were measured in 13 NW and 24 OB women [14 OB GDM(—)

and 10 OB GDM(+)].

In accordance with the trend of complex V protein levels (Figure 3), ATP levels were

significantly lower in OB compared to NW placentas (p = 0.010) (Figure 4a). When analyzing
data considering OB groups depending on the presence or the absence of GDM, the Kruskal-
Wallis test showed a statistically significant difference in placental ATP levels across groups
(p = 0.04). The post-hoc analysis revealed that NW had significantly higher levels compared
to both OB GDM(—) (p = 0.02) and OB GDM(+) groups (p = 0.04) (Figure 4b).
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Figure 4. Placental ATP levels across groups [13 NW, 14 OB GDM(—), 10 OB GDM(+)]. Comparison
of placental ATP levels among (a) OB and NW, and (b) OB GDM(+), OB GDM(—), and NW groups.
Data are shown as box plots, indicating the median and the 25th and 75th percentiles. ATP levels
resulted significantly lower in OB placentas ((a), ** p < 0.01 vs. NW—Mann-Whitney U test)—and, in
more details (b), both in OB GDM(—) and in OB GDM(+) compared to NW (* p < 0.05 Mann-Whitney
U test as post-hoc analysis following Kruskal-Wallis test).

(r

Placental ATP was significantly negatively correlated with pre-pregnancy BMI
—0.43, p = 0.009) and positively correlated with placental efficiency (r = +0.41,

p = 0.017) and with the umbilical vein oxygen saturation (r = +0.41, p = 0.047) (Figure 5).
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Figure 5. Placental ATP levels. Significant correlations between placental ATP levels and (a) maternal
pre-pregnancy BMI (r = —0.43, p = 0.009), (b) placental efficiency (r = +0.41, p = 0.017), or (c) umbilical
vein O, saturation (r = +0.41, p = 0.047) (Spearman rank order correlation).

3.2.5. Mitochondrial Respiration

Respirometric analysis was performed in NW and OB GDM(—) placentas, indicating
a reduced maximal oxygen consumption rate in OB GDM(—) placentas compared to NW.
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In particular, the ATP production-coupled OXPHOS capacity, sustained by complexes I
and II, was significantly lower in OB GDM(—) placentas (p < 0.05) as well as the uncoupled
mitochondrial maximal capacity state (ETS) (p < 0.01). Moreover, complex IV activity
was impaired in OB GDM(—) placentas (p < 0.01) globally, highlighting a diffuse defect
throughout the mitochondrial electron transport system (Figure 6a).
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Figure 6. Placental oxygen consumption rate values [5 NW, 6 OB GDM(—)]. Oxygen flux values
(pmol/s-mg tissue) of NW and OB GDM(—) placentas in the indicated respiratory states (L: leak state;
CI: complex I activity; CI + II: complex I + II activity; ETS: electron transfer system maximal capacity;
CII: complex II activity; CIV: complex IV activity). (a) Values are expressed as mean + standard
deviation; * p < 0.05, ** p < 0.01 vs. NW placentas (post-hoc Tukey’s multiple comparisons test
following ANOVA). (b,c) Significant correlations between maternal pre-pregnancy BMI and O, flux
values of placentas in (b) complex I + II activity (r = —0.67, p = 0.025) or (c) electron transfer system
maximal capacity (r = —0.72, p = 0.013). (d) Significant correlation between placental thickness and
O; flux values in complex IV activity (r = —0.67, p = 0.025). Correlations between variables were

assessed using the Spearman rank order correlation.

The measured oxygen consumption values of the complexes positively correlated with
each other (p < 0.01).

Values measured for CI + CII and ETS were significantly inversely correlated with
maternal pre-pregnancy BMI (r = —0.67, p = 0.025 and r = —0.72, p = 0.013, respectively),
while complex IV activity negatively correlated with the placental thickness (r = —0.67,
p = 0.025) (Figure 6b-d).
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4. Discussion

Although women with obesity and GDM differ in some clinical and metabolic char-
acteristics from women with obesity without GDM, they share a common obesity-driven
altered metabolic profile characterized by increased inflammatory cytokines, insulin resis-
tance, fatty acids, and further alterations, compared to healthy pregnant women with a
normal weight [17,18,54]. These conditions may affect placental bioenergetics and oxidative
status in all women with obesity, with increasing severity depending on the further coex-
istence of gestational diabetes mellitus [18,54,55]. Therefore, we first performed analyses
by comparing all pregnant women with obesity to normal-weight controls, and we then
tested whether the increased metabolic severity in GDM could differently impact on the
analyzed parameters.

Many of the mechanisms underlying the association between maternal obesity and
intrauterine programming still need to be elucidated in order to identify potential target
mechanisms for reprogramming strategies [56].

In obese pregnancies, the increase in the levels of proinflammatory cytokines and
chemokines and the lipotoxic environment can impact placental oxidative stress and impair
mitochondria [57]. A mammal’s placenta requires high oxygen levels from the uterine
circulation and massively depends on OXPHOS ATP supply by the mitochondria that need
to metabolically comply with gestation stages [53,58-60].

In this study, we characterized the placental tissue in relation to pre-pregnancy BMI
and the presence of GDM by analyzing mitochondrial function and molecular features, as
well as the placental oxidative environment.

The clinical characteristics of the study population were carefully considered. All
pregnant women were enrolled at the time of an elective cesarean section in the absence of
labor, thus avoiding any bias related to labor-induced molecular and metabolic changes.
Both NW and OB groups did not present any associated pathology, except for GDM in
OB GDM(+) women. All women were Caucasian, which eluded any genetic contribution
to complex disorders [61-63]. The study subgroups were homogeneous for all baseline
characteristics and neonatal sex, making further comparisons reliable. Possible confounding
factors were attentively checked during the statistical analysis and did not affect the
molecular variables’ results.

All mothers had received nutritional and lifestyle counseling, particularly on weight
gain recommendations during pregnancy, which differed depending on pre-gestational
BML. Indeed, all groups, on average, did not exceed gestational weight gain in accordance
with the IOM guidelines, and, therefore, women with obesity gained less weight compared
to women with normal weight. In addition to the low-calorie diet recommended for OB
GDM(+) women, this allowed them to avoid any pharmacologic therapy (e.g., insulin or
metformin). The compliance with IOM guidelines on gestational weight gain might also
explain why the newborns of women with obesity, who are frequently heavier, instead had
a birth weight similar to those of women with a normal weight [64,65].

Despite that, placental efficiency, estimated by calculating the ratio between neona-
tal and placental weight, was significantly lower in pregnancies of women with obesity,
with an additive effect of GDM, compared to women with a normal weight. Further-
more, placental efficiency was negatively correlated with pre-pregnancy BMI and placental
thickness, accounting for a progressive impairment of placental function with the increase
in maternal pre-pregnancy BMI. These results are in line with previous data from our
group [29-31,66,67], confirming a placental insufficiency in obese pregnancies. Addition-
ally, although a hyperdynamic circulation was shown in obese pregnancies, a mild chronic
fetoplacental hypoxia was univocally described as a possible consequence of maternal
respiratory maladaptation, iron-deficient anemia, and a chronic low-grade inflammatory
state resulting in deranged systemic and fetoplacental vascular perfusion [68-70].

In line with these data, we detected significantly lower pO, and higher pCO,, as well
as a trend towards higher lactate concentrations in the umbilical vein of OB vs. NW groups,
likely indicating fetal disadvantages and the impairment of developmental programming.
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This is in line with our previous findings, reporting that fetuses from OB mothers were
more hypoxic and acidemic compared to NW mothers [29].

In order to evaluate the placental mitochondrial features, we investigated a range of
mitochondprial proteins, as well as placental oxygen consumption and ATP production,
accounting for the mitochondrial function. We also evaluated the placental oxidative
environment by measuring the protein levels of pro- and anti-oxidant enzymes involved in
the cell oxidative balance. We chose SOD2, PON2 (anti-oxidants), and TXNIP (pro-oxidants)
as their deregulation can strongly impact mitochondrial function, cell oxidative stress and
inflammation, and placental function [71-73].

Cyclophilin D (CypD), a peptidyl-prolyl isomerase of the cyclophilin family, is a mito-
chondrial matrix protein with a critical role in modulating mitochondrial permeability. It is
an index of mitochondrial mass. Our data showed no differences in placental CypD protein
expression, suggesting no changes in the mitochondrial amount among the placentas of the
analyzed groups. However, placental CypD expression was positively correlated to both
UV pO; and UV satO, and negatively correlated with UV pCO,, accounting for a potential
link between the number of placental mitochondria and fetal oxygenation.

Despite no differences in CypD protein expression, the placental oxygen consumption
rate was significantly lower in OB GDM(—) compared to NW placentas. Both the coupled
OXPHOS respiration and the maximal capacity were impaired, indicating a lower mito-
chondrial efficiency and an overall reduced bioenergetic spare capacity in obese placentas
compared to NW placentas, with a progressive reduction as BMI increased. Accordingly,
placental ATP content was significantly lower in both OB GDM(—) and OB GDM(+) com-
pared to NW women and further negatively correlated with pre-pregnancy BMI. This
is in accordance with other studies reporting reduced ATP production in pregnancies
affected by obesity and GDM, possibly due to the increased oxidative stress, which impairs
mitochondrial functions. Sobrevia and colleagues reported that the placentas from GDM
women showed higher ROS-induced mtDNA damage and lipid peroxidation, limiting
mitochondrial respiration and ATP generation [74]. Other studies described significantly
higher ROS generation and peroxidase activity with increasing maternal adiposity, along
with lower mitochondrial respiration and deficient ATP generation in the placenta [75,76].
Interestingly, in the present study, placental ATP levels were also positively correlated
with placental efficiency, suggesting that ATP deficiency may be linked to placental dys-
function. Moreover, the placental ATP production also correlated with the umbilical vein
oxygen saturation, likely accounting for better placental efficiency when ATP availability
is increased.

In accordance with a reduced placental ATP production, when comparing the three
groups of NW, OB GDM(—), and OB GDM(+), we found a different expression of the
mitochondrial complex V, also known as ATP synthase, that couples the dissipation of the
proton gradient to the phosphorylation of ADP into ATP. Complex V expression was lower
in OB, more so when GDM occurred. Its placental expression was also correlated with
umbilical vein glucose, suggesting a role in powering the placental function of nutrient
transfer to the fetus.

Taken together, these results suggest that in OB placentas, an altered function and
expression of complexes involved in the electron transport system leads to impaired mito-
chondrial respiration and reduced total placental ATP content. In addition, reduced ATP
generation could also likely result from mitochondrial inner membrane cristae disorganiza-
tion, which we previously reported in OB pregnancies [30].

The protein expression of the pro- and anti-oxidant enzymes that were analyzed
in the present study was not different among groups. However, the expression of the
anti-oxidant enzyme SOD2 was significantly negatively correlated with maternal pre-
pregnancy BMI, suggesting partial impairment of anti-oxidant defenses with increasing
BMI, possibly driving a ROS increase in placental cells. Moreover, the pro-oxidant enzyme
TXNIP was significantly positively correlated with the placental thickness and negatively
correlated with the placental surface, which are morphological characteristics inversely
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related or directly related, respectively, to the capacity of the placenta to transfer oxygen
and nutrients to the fetus. This suggests a relationship between the placental oxidative
status and placental efficiency. In accordance with these results, in a previous study, our
group showed lower expression of the antioxidant genes Catalase, Glutathione Synthetase,
and Glutathione Peroxidase 1, with a significant relation between their expression and
placental efficiency, thus reinforcing the hypothesis of an alteration of anti-oxidant defenses
in relation to pre-pregnancy maternal BMI and to placental inefficiency. This is also in
agreement with previously reported changes in the placental metabolic profile in obese
pregnancies, showing differences in metabolites involved in antioxidant defenses and
energy production [29,30].

We did not find any difference in molecular data depending on neonatal sex. However,
the small size of the population, when divided into females and males, could be the cause
of a failure to detect differences between the two neonatal sexes. The limited sample size
may represent a limitation of this study. Nevertheless, the study population was carefully
selected, thus excluding several pregnancies, in order to minimize the confounding effect of
parameters that could have influenced the results, such as labor or the use of therapies. This
led to the selection of a lower number of patients, who nevertheless showed substantial
differences in numerous study parameters. Another possible limitation of this study is
the lack of data on possible maternal supplement use, which could have impacted the
intrauterine environment. However, all women underwent the same antenatal nutritional
counseling, which is routine in the obstetric clinic where the women were enrolled, thus
exposing all women to the same potential biases. Finally, although interesting and sig-
nificant, correlations should be taken with caution, as they do not demonstrate causality.
Nevertheless, they are indicative of an association providing clues for the interpretation of
the data and representing an initial pointer for further investigation.

5. Conclusions

Pregnancy is a period of great sensitivity for the developing individual, and the mater-
nal nutritional status can strongly influence fetal programming and the short and long-term
health of the unborn child [77,78]. In the present study, the simultaneous analysis of multi-
ple factors relating to the bioenergetic and oxidative state of the placenta allowed us to paint
a multifaceted picture of placental characteristics in pregnancies of women with different
BMI or affected by gestational diabetes. Overall, the results of this study suggest alterations
of placental bioenergetics in pregnancies of women with obesity, which is linked with de-
fects of the pro/anti-oxidative machinery, possibly leading to placental dysfunction and to
the impairment of oxygen and nutrient transport to the fetus. An unbalanced pregestational
nutritional status can, therefore, compromise placental mitochondrial functions, impacting
placental efficiency and, consequently, maternal-fetal exchanges. To our knowledge, this is
the first study simultaneously analyzing placental mitochondrial proteins, functions, and
products, as well as the pro/anti-oxidative machinery, in relation to pregestational BMI
and to the placental efficiency of pregnant women with or without GDM. These results fill
a further gap in the knowledge of placental dysfunction in the presence of maternal obesity,
paving the way for the identification of biomarkers and therapeutic agents or targets for
the diagnosis and treatment of placental dysfunction. Further studies will be necessary to
unravel specific molecular processes below this observation, also taking into account the
possible contribution of other soluble factors in the obese environment, such as the increase
in the circulating and placental levels of proinflammatory cytokines and chemokines.
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