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Abstract

Intrauterine growth restriction (IUGR) is an obstetric complication characterised by
placental insufficiency and secondary cardiovascular remodelling that can lead to car-
diomyopathy in adulthood. Despite its aetiology and potential therapeutics are poorly
understood, bioenergetic deficits have been demonstrated in adverse foetal and car-
diac development. We aimed to evaluate the role of mitochondria in human pregnan-
cies with I[UGR. In a single-site, cross-sectional and observational study, we included
placenta and maternal peripheral and neonatal cord blood mononuclear cells (PBMC
and CBMC) from 14 IUGR and 22 control pregnancies. The following mitochondrial
measurements were assessed: enzymatic activities of mitochondrial respiratory chain
(MRC) complexes I, Il, IV, | + 11l and Il + lll, oxygen consumption (cell and complex I-
stimulated respiration), mitochondrial content (citrate synthase [CS] activity and mi-
tochondrial DNA copy number), total ATP levels and lipid peroxidation. Sirtuin3
expression was evaluated as a potential regulator of bioenergetic imbalance.
Intrauterine growth restriction placental tissue showed a significant decrease of MRC
Cl enzymatic activity (P < 0.05) and Cl-stimulated oxygen consumption (P < 0.05) ac-
companied by a significant increase of Sirtuin3/B-actin protein levels (P < 0.05).
Maternal PBMC and neonatal CBMC from IUGR patients presented a not significant
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1 | INTRODUCTION

Intrauterine growth restriction (IUGR) is a common pregnancy com-
plication that arises when the foetus does not achieve its growth
potential and affects 5%-10% of all pregnancies.l'2 Recent evidence
demonstrated that IUGR is associated with foetal cardiovascular re-
modelling (CVR)>® which may eventually result in a cardiovascular
risk in adulthood.”®

However, the aetiopathology that underlies IUGR is still a matter
of doubt. In many cases, IUGR is associated with placental insuffi-
ciency.'? The placenta is the organ enabling nutrient and oxygen
supply to the foetus.***®> Consequently, it plays a pivotal role for the
adequate foetal development, since it requires high energy produc-
tion for metabolic processes and cell growth.i‘l"17

Mitochondria are key organelles responsible for providing cellular
energy in terms of ATP synthesised in the mitochondrial respiratory
chain (MRC). Thus, mitochondria are essential for successful foetal

1220 and proper cardiac function.?t??> Consequently,

developmen
abnormalities in mitochondrial function and uteroplacental vessels
formation have been associated with both adverse perinatal out-
comes (preterm birth, IUGR, preeclampsia or stillbirth)?® and cardiac
disease.?

Mitochondria are governed by nuclear effectors such as sirtuins,
aimed to modulate mitochondrial disturbances depending on cellular
energetic needs and dietetic habits.?*?° For instance, there is evi-
dence that Sirtuin3 would modulate mitochondrial respiration and
attenuate reactive oxygen species (ROS) production by activating
and deactivating mitochondrial target proteins through deacetyl-
ation of key lysine residues.?®?” The emergent role of Sirtuin3 in
regulating diverse pathways in mitochondrial metabolism and stress
response is evidenced in a situation of nutrient restriction?” and also
in cardiovascular disease.?*?° Interestingly, both nutrient and CVR
have been associated with [UGR.

However, there are few and quite contradictory mitochondrial
studiesin human IUGR pregnancies. Some have reported a mitochon-
drial implication in placenta by transcriptomic analysis,® metabolic
disarrangements in serum of IUGR infants®! or less mitochondrial
DNA (mtDNA) in cytotrophoblast cells.*® Mandé et al have also de-

scribed lower MRC mRNA expression in cytotrophoblast cells but
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decrease in oxygen consumption (cell and Cl-stimulated respiration) and MRC enzy-
matic activities (Cll and CIV). Moreover, CS activity was significantly reduced in [UGR
new-borns (P < 0.05). Total ATP levels and lipid peroxidation were preserved in all the
studied tissues. Altered mitochondrial function of IUGR is especially present at pla-
cental and neonatal level, conveying potential targets to modulate obstetric outcome

through dietary interventions aimed to regulate Sirtuin3 function.

bioenergetics, foetal growth, mitochondria, Sirt 3

no alterations at protein level.®® While others found altered MRC
enzymatic activities in human placental homogenate.32

Overall, these studies pointed out mitochondrial alterations as a
potential target in IUGR but also highlighted the need for deep mi-
tochondrial characterisation where Sirtuin3 implication may also be
explored. Our group previously evidenced mitochondrial transcrip-
tomic, ultrastructural and function alterations in the target tissue of
CVR (heart) and placental insufficiency (placenta) in a rabbit model
of IUGR.%3* To validate these findings in human pregnancies, the
present work hypothesised that similar mitochondrial disarrange-
ments would be present in human placenta.?* This information
could generate fresh insights in disease aetiology that, in turn, could
be useful to develop targeted interventions aimed to reverse this
obstetric outcome. Secondly, the present study was designed to
overcome target tissue limitation of CVR in humans by evaluating
potential mitochondrial deficits in peripheral tissues as maternal pe-
ripheral blood mononuclear cells (PBMC) and neonatal cord blood
mononuclear cells (CBMC). The benefit of finding mitochondrial ab-
normalities in peripheral tissues would be the development of new
potential biomarkers and therapeutic targets.

2 | EXPERIMENTAL

2.1 | Study design

A single-site, cross-sectional and observational study at the
Maternal-Fetal Medicine Department of the Hospital Clinic of

Barcelona (Spain) was conducted for 2 years.

2.2 | Study population

This study included 14 IUGR pregnancies, defined as estimated birth
weight <3rd percentile or, alternatively, <10th percentile in case of ab-
normal uterine artery Doppler or abnormal cerebroplacental ratio.3>3¢
Birth weight percentile was calculated considering birth weight, weeks
of gestation and neonatal gender. Despite final IUGR diagnostic is con-
firmed at delivery, all potential IUGR pregnancies were monitored by
Doppler every week during gestation. In parallel, 22 uncomplicated

pregnancies were considered as the control group.11
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The inclusion criteria were: >18 years, singleton pregnancies,
>22 weeks of gestation and no tobacco consumption in both [UGR
and control pregnancies. Pregnant women taking potentially toxic
drugs for mitochondria and with familial history of mitochondrial
disease were excluded.

The study was approved by the Ethical Committee of our hospi-
tal (2013/8246) and followed the Declaration of Helsinki guidelines.

All participants provided a written informed consent.

2.3 | Sample collection and processing

At delivery, placental samples were weighted and, after discarding
blood residuals, a full thickness section (from both maternal and
foetal side) was obtained and processed as follows: 500 mg were
homogenised (Caframo technologies, Ontario, Canada) with 10%
BSA-SolutionA to isolate fresh mitochondria and immediately per-
form ex vivo oxygen consumption assays.’” The remaining tissue
was immediately cryopreserved at -80°C and further homogenised
at 5% (w/v) in Mannitol for the rest of mitochondrial analysis.

Additionally at delivery, 10-20 mL of maternal peripheral
blood and neonatal cord blood were collected in ethylenedi-
aminetetraacetic acid-tubes to isolate plasma, PBMC and CBMC by a
Ficoll gradient.38 One aliquot of each sample was maintained in fresh
conditions to assess ex vivo oxygen consumption. The remaining ali-
quots were stored at -~80°C for mitochondrial analysis.

The usefulness of mononuclear cells for the study of mitochon-
drial dysfunction has been previously validated. It offers an acces-
sible and non-invasive approach and the possibility to find new
potential biomarkers for diagnosis and prognosis.®%4°

Protein content was measured through the bicinchoninic acid
colorimetric assay following manufacturer's instructions (Thermo

Scientific, Waltham, MA) to normalise experimental measurements.

2.4 | BNP levelsin cord blood

As a reliable marker of neonatal cardiac remodelling,*? brain natriu-
retic peptide (BNP) levels were measured in neonatal plasma by the

CORE laboratory of our Hospital using an Advia Centaur XP.*3

2.5 | Mitochondrial oxygen consumption

Based on previous transcriptomic results pointing out MRC complex
| (CI) deregulation,®® oxygen consumption was measured through the
stimulation of Cl. Briefly, isolated placental mitochondria, PBMC and
CBMC were used in fresh conditions to determine oxygen consumption
by polarography (Hansatech Instruments, Pentney, UK) in a ‘respiration
medium’ (0.3 mol/L Mannitol, 10 mmol/L KCI, 5 mmol/L MgCl,-6H,0
and 10 mmol/L potassic phosphate).** Cellular oxygen consumption for
endogenous substrates (abbreviated as Cellox) was measured in intact
PBMC and CBMC. Digitonin was then used to permeabilise blood cells.
Manual titration of substrates for Cl stimulation (1 mol/L glutamate and
0.5 mol/L malate or 0.25 mol/L pyruvate and 0.5 mol/L malate; referred
as GM oxidation, GMox and PM oxidation, PMox) was performed using

Hamilton syringes (Hamilton Company, Reno, NV). Respiratory qual-
ity controls were added into the assay by assessing drug response to
phosphate acceptors (50 mmol/L Adenine diphosphate), uncouplers
(0.25 umol/L CCCP) and respiratory inhibitors (0.2 mmol/L antimycin
a). Data were recorded using O,view Software.

The results were expressed as picomoles of consumed oxygen

per second and milligram of protein (pmol O,/s mg prot.).

2.6 | Mitochondria respiratory chain enzymatic
activities and mitochondrial content

2.6.1 | Enzymatic activities of MRC and
citrate synthase

The enzymatic activities of MRC complexes I, II, IV, [ + 1l and Il + 111
(Cl, CllI, CIV, Cl + lll and ClI + 1ll) were measured spectrophotomet-
rically in placenta according to national standardised methods.*®
Following the same protocols, the measurement of enzymatic activi-
ties of MRC in maternal PBMC and neonatal CBMC was restricted
to Cll and CIV based on previous results of mitochondrial function
obtained from the animal model.>*

Citrate synthase (CS) activity was also measured spectrophoto-

metrically,*+4°

as an enzyme belonging to the tricarboxylic acid (TCA)
cycle, widely used as a reliable marker of mitochondrial content.*¢
Absorbance changes along time were monitored in a HITACHI-
U2900 spectrophotometer using the UV-Solution software 2.2 and
were expressed as nanomoles of consumed substrate or generated

product per minute and milligram of protein (hmol/min-mg protein).

2.6.2 | Mitochondrial DNA levels

Alternative measurement to determine mitochondrial content was
performed by analysing mtDNA copy number. Thus, total DNA was
phenol-chloroform-extracted from neonatal CBMC. Multiplex gPCR
7500 Real Time PCR System from Applied Biosystems (Foster City,
CA) was used.”

Briefly, quantification of the mitochondrial 12S ribosomal RNA
(mt12SrRNA) gene and the constitutive nuclear RNAseP gene was per-
formed and results were expressed as the mt12SrRNA/nRNAseP ratio.

2.7 | Total cellular ATP levels

Cellular ATP levels were quantified in each tissue using the
Luminescent ATP Detection Assay Kit (Abcam, Cambridge, UK). The
results were expressed as picomolar of ATP per milligram of protein

(pmol ATP/mg protein).

2.8 | Lipid peroxidation (oxidative damage)

Lipid peroxidation was measured as an indicator of oxidative damage
in to lipid membranes using the BIOXYTECH-LPO-586™ assay by the
spectrophotometric measurement of malondialdehyde (MDA) and
4-hydroxyalkenal (HAE) levels (Oxis International Inc, Los Angeles,
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TABLE 1 Sociodemographic characteristics and perinatal outcomes of the study groups

Control IUGR
Parameter N =22 N =14 P value
Maternal age (y) 33.82+1.12 34.43+1.34 NS
Weeks of gestation at 39.47 £ 0.20 35.42 +1.03 <0.001
delivery
Mode of delivery 20 caesarean section (91%) 14 caesarean section (100%) NS

Two vaginal (9%)

0 vaginal (0%)

OR[95% CI] = 0.28 [0.01-6.34]

Birth weight (g) 3440.27 + 87.59 1742.29 + 171.31 <0.001
Birth weight percentile 58.32+ 594 0.64 +0.23 <0.001
Placental weight (g) 566.67 £ 118.93 329.64 £ 24.26 <0.05
New-born sex 45% women 54% women NS

55% men 46% men OR [95% CI] = 0.70 [0.17-2.85]
pH umbilical artery cord 7.26 £ 0.01 7.24 £ 0.03 NS

blood

Apgar 5’ 21 normal (95%) Nine normal (64%) <0.05

One abnormal (5%) Five abnormal (36%) OR [95% CI] = 11.67 [1.19-114.65]
Preeclampsia 0 (0%) 4 (28.6%) <0.05

OR [95% CI] = 0.05 [0.00-1.06]

Cord blood BNP levels (pg/  26.84 + 3.03 85.68 + 26.28 <0.05

mL)

Values are presented as mean + SEM or percentage of positive cases within the study cohort. Case-control differences were sought by non-parametric

statistical analysis.

BNP, brain natriuretic peptide; Cl, confidence interval; g, grams; IUGR, intrauterine growth restriction; N, sample size; NS, not significant; OR, odds ratio; y, years.
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FIGURE 1 A, Anthropometric measures of the study groups. Birth weight is significantly reduced in new-borns from I[UGR pregnancies
(grey bar) compared to controls (empty bar), as well as placental weight. B, Cardiac remodelling in new-borns from IUGR pregnancies. BNP
levels were significantly increased in neonatal plasma from IUGR pregnancies (grey bars) with respect to controls (empty bars). Results are
expressed as mean + SEM. Mann-Whitney tests were used to seek for statistical analysis between groups. BNP, brain natriuretic peptide;

IUGR, intrauterine growth restriction; “p< 0.001; 'P<0.05

CA, USA). The results were expressed as micromolar of MDA and
HAE per milligram of protein (umol/L MDA + HAE/mg protein).

2.9 | Expression of Sirtuin3 in placenta

The protein content of Sirtuin3, a sensor of mitochondrial and meta-
bolic balance, was determined by Western blot. Forty pg of total
protein placental homogenate were separated using 7/13% SDS-
PAGE and transferred into nitrocellulose membranes (iBlot Gel
Transfer Stacks; Life Technologies, Waltham, MA, USA). The mem-
branes were hybridised with anti-Sirtuin3 (44 KD; 1:250; Merck

Millipore, Burlington, MA, USA) overnight and at 4°C. Sirtuin3 pro-
tein expression was normalised by f-actin protein (47 KD; 1:30 000;
Sigma-Aldrich, St. Louis, MO). The ImageQuantLD program was used
to quantify chemiluminescence and the results were expressed as
the Sirtuin3/p-actin ratio.

2.10 | Statistical analysis

Statistics were performed using the ‘IBM SPSS Statistics 20’ software.
Clinical and experimental results were filtered once for outliers and

expressed as percentage, means + SEM or percentage of increase/
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FIGURE 2 A, Oxygen consumption in placental mitochondria of the study groups. A significant decrease in MRC Complex I-stimulated
oxygen consumption (both PM and GM Oxidation) was observed in the IUGR cohort (grey bars) compared to controls (empty bars). B,
Enzymatic activities of the complexes of the MRC and CS in placental tissue of the study groups. A significant decreased was observed

of complex | activity in placenta from IUGR pregnancies (B1: grey bars) while other complexes (B2, B3, B4, B5) and also CS (Bé) activity

remained conserved. C, Total ATP levels in placental tissue of the study groups. No significant differences were observed between IUGR
pregnancies (grey bars) and controls (empty bars). D, Lipid peroxidation as an indicator of oxidative damage in placental tissue of the study
groups. No significant differences were evidenced in placental tissue between IUGR pregnancies (grey bars) and controls (empty bars).
Results are expressed as mean + SEM and Mann-Whitney tests were used to seek for statistical analysis between groups. ATP, adenosine

triphosphate; Cl, complex I; Cll, complex II; CIV, complex IV; Cl + IlI, complex | + 11I; CIl + lll, complex Il + IlI; CS, citrate synthase; GM
oxidation, glutamate/malate oxidation; HAE, 4-hydroxyalkenal; IUGR, intrauterine growth restriction; MDA, malondialdehyde; PM oxidation,
pyruvate/malate oxidation; MRC, mitochondrial respiratory chain; ‘P <0.05

decrease of IUGR cases compared to controls. Comparisons at pla-
cental, maternal or neonatal level were always done between cases
and controls (IUGR versus control pregnancies). Nonparametric tests
were used to determine: case-control differences (Mann-Whitney
independent sample analysis or odds ratio by Fisher's exact test) and
parameter correlation (Spearman's rank coefficient). Significance
was set at P < 0.05.

3 | RESULTS

3.1 | Clinical parameters

Table 1 shows sociodemographic characteristics and perinatal out-

comes of study groups. No differences were found between groups

regarding maternal age, mode of delivery, new-born sex or pH um-
bilical artery cord blood.

As expected, IUGR pregnancies presented abnormal 5-minute
Apgar score (P < 0.05; Table 1) and an earlier gestational age at de-
livery compared to controls (P < 0.001; Table 1) because our clinical
protocol for IUGR indicate induction of delivery about 37 weeks
of gestation. Additionally, birth weight, birth weight percentile and
placental weight were significantly decreased in IUGR cases with
respect to controls (P < 0.001; P < 0.001 and P < 0.05, respectively;
Figure 1A; Table 1). Moreover, IUGR group showed higher preva-
lence of preeclampsia (P < 0.05; Table 1).

Brain natriuretic peptide levels were significantly increased by
219.23 £97.91% in IUGR neonatal plasma compared to controls
(P < 0.05; Figure 1B; Table 1).
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3.2 | Mitochondrial study in placenta

3.2.1 | Mitochondrial oxygen consumption

Significant decreases of 46.12 + 5.79% and 49.71 + 19.54% in
Cl-stimulated oxygen consumption (PMox and GMox, respec-
tively) were observed in placental mitochondria from IUGR
pregnancies compared to controls (P < 0.05; Figure 2A; Table
S1).

3.2.2 | Mitochondria respiratory chain enzymatic
activities and mitochondrial content

Mitochondria respiratory chain Cl enzymatic activity was also sig-
nificantly decreased in placenta from IUGR pregnancies compared
to controls (-32.95 + 10.36%; P < 0.05; Figure 2B; Table S1), despite
other MRC complexes (ClII, CIV, CI + Il and ClI + lll) were preserved
(Figure 2B; Table S1).

Citrate synthase activity was conserved in placenta between
groups (Figure 2B; Table S1).

3.2.3 | Total cellular ATP levels

No remarkable differences were observed in ATP content between
groups (Figure 2C; Table S1).

3.2.4 | Lipid peroxidation (oxidative damage)

No relevant changes were observed in lipid peroxidation between

groups (Figure 2D; Table S1).

3.2.5 | Sirtuin3 protein expression

A significant 117.78+51.11% (according to Table S1) increase of
Sirtuin3/B-actin protein expression was observed in IUGR placenta
with respect to controls (P < 0.05; Figure 3A,B; Table S1).

A Representative Sirtuin 3 blot

Control IUGR

1T 2 3 4 5 6

e e —
[

Sirtuin 3

——— — — — [B-actin

Sirt3/g-actin ratio (AU)

3.3 | Mitochondrial study in maternal and neonatal
mononuclear cells

3.3.1 | Mitochondrial oxygen consumption

Peripheral blood mononuclear cells from IUGR pregnant women pre-
sented conserved cellular oxygen consumption (p = NS; Figure 4A,
Table S2) and trends to decrease of Cl-stimulated oxygen consump-
tion compared to controls (PMox: -31.55+ 11.36% and GMox:
-25.00 + 10.45%; p = NS; Figure 4A; Table S2).

Despite not reaching statistical significance, CBMC from IUGR
new-borns presented a tendency to decrease of cellular and CI-
stimulated oxygen consumption compared to controls (Cellox:
45.63 + 14.19%; PMox: -49.90 + 11.39; GMox: -55.73 = 11.45; all
p = NS; Figure 4A; Table S3). Noticeably, IUGR new-borns presented

greater mitochondrial deficits compared to mothers.

3.3.2 | Mitochondria respiratory chain enzymatic
activities and mitochondrial content

No differences in MRC Cll and CIV enzymatic activities were ob-
served in maternal PBMC or in neonatal CBMC (Figure 4B; Tables S2
and S3) between IUGR cases and controls.

Moreover, despite conserved CS activity in PBMC from IUGR
pregnant women (Figure 4B; Table S2), there was a significant
39.19 £ 12.61% decrease in CBMC from IUGR new-borns compared
to controls (P < 0.05; Figure 4B; Table S3).

In order to elucidate if the decrease of CS in CBMC from IUGR
new-borns was due to abnormalities in TCA cycle or in mitochon-
drial content, we measured alternative markers of mitochondrial
mass such as levels of mtDNA that resulted unaltered between
IUGR and control groups (Table S3).

3.3.3 | Total cellular ATP levels

No differences in ATP content were observed in IUGR group com-
pared to controls (Figure 4C; Tables S2 and S3).

B Sirtuin 3 levels
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FIGURE 3 Sirtuin3 protein levels in placenta of the study groups. A, A representative Western Blot of Sirtuin3 protein expression in
human placenta is shown in both controls (1-3) and IUGR pregnancies (4-6). p-actin was used as the loading control. B, Graph showing the
significant increase of Sirtuin3 levels (Sirt3/p-actin ratio) in IUGR pregnancies (grey bars) compared with controls (empty bars). Results
are expressed as mean + SEM. Mann-Whitney tests were used to seek for statistical analysis between groups. AU, Arbitrary units; IUGR,

Intrauterine growth restriction; Sirt3, Sirtuin3; *P < 0.05
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FIGURE 4 A, Oxygen consumption in maternal and neonatal blood cells of the study groups. Maternal PBMC from I[UGR pregnant women
(grey bars) presented conserved cellular oxygen consumption (A1) and trends to decrease of oxygen consumption stimulated for CI (A2-3)
compared to controls (empty bars). Despite not reaching statistical significance, neonatal CBMC from IUGR new-borns (grey bars) presented

a tendency to decrease of both cellular and Cl-stimulated oxygen consumption (A1-3) compared to controls (empty bars). Additionally, IUGR
new-borns presented higher oxygen consumption deficiencies compared to mothers. B, Enzymatic activities of the complexes of the MRC and

CS in maternal and neonatal blood cells of the study groups. IUGR cohort is presented as grey bars and controls as empty bars. No remarkable
differences were evidenced in maternal PBMC. However, a significant decrease of CS activity was found in neonatal CBMC (B3). C, Total ATP
levels in maternal and neonatal blood cells of the study groups. No significant differences were observed either in maternal PBMC or in neonatal
CBMC between IUGR pregnancies (grey bars) and controls (empty bars). D, Lipid peroxidation as an indicator of oxidative damage in maternal and
neonatal blood cells of the study groups. No significant differences were evidenced either in maternal PBMC and neonatal CBMC between IUGR
pregnancies (grey bars) and controls (empty bars). Results are expressed as a percentage of increase or decrease with respect to controls + SEM
(A,B) and as mean + SEM (C,D). Mann-Whitney tests were used to seek for statistical analysis between groups. ATP, adenosine triphosphate;
CBMC, cord blood mononuclear cells; cell oxidation, cellular endogen oxidation (without substrates); Cl, complex | activity; Cll, complex Il activity;
CIV, complex IV activity; ClI + IIl, complex | + Il activity; CIl + IIl, complex Il + Ill activity; CS, citrate synthase activity; GM oxidation, glutamate and
malate oxidation); HAE, 4-hydroxyalkenal; IUGR, intrauterine growth restriction; MDA, malondialdehyde; MRC, mitochondrial respiratory chain;
PBMC, peripheral blood mononuclear cells; PM oxidation, pyruvate and malate oxidation; 'P<0.05

3.3.4 | Lipid peroxidation (oxidative damage) 3.4 | Associations between clinical data and
experimental results

No changes were observed in lipid peroxidation between IUGR and Birth weight, as well as placental weight, were negatively corre-
control groups (Figure 4D; Tables S2 and S3). lated with BNP levels, confirming the association of IUGR with
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FIGURE 5 Association between clinical data and experimental results from pregnancies complicated by IUGR and controls. Decreased birth
weight characteristic of IUGR is associated to increased BNP levels (as sign of cardiovascular remodelling) (A), decreased MRC Cl in placenta

(B) and enhanced Sirtuin3 protein expression (C). Additionally, impairment in MRC Cl in placenta was directly associated to increased neonatal
BNP levels (D) and placental Sirtuin3 protein expression (E), demonstrating the strong association among all these parameters. Spearman Rho
tests were used to seek for statistical analysis. AU, Arbitrary units; BNP, Brain natriuretic peptide; CBMC, Cord blood mononuclear cells; Cl,
MRC complex |; g, grams; IUGR, intrauterine growth restriction; MRC, Mitochondrial respiratory chain; Sirt3, Sirtuin3

CVR (P < 0.001 and P < 0.01, respectively; Figure 5A; Table S4).
Secondly, birth weight was also positively correlated with Cl-
stimulated oxygen consumption (PMox and GMox P < 0.05; Table
S4) and Cl enzymatic activity (P < 0.05; Figure 5B; Table S4) in
placenta, suggesting that a proper new-born weight promotes
optimal MRC CI function in placenta, or more likely, that efficient
placental Cl function is required to reach a proper birth weight.
Additionally, birth weight was negatively correlated with placen-
tal Sirtuin3 levels (P < 0.05; Figure 5C; Table S4), suggesting the
adaptation mechanism of Sirtuin3 up regulation in response to
IUGR.

Brain natriuretic peptide levels were also negatively correlated
with Cl enzymatic activity in placenta (P < 0.01; Figure 5D; Table S4)
which additionally was negatively correlated with placental Sirtuin3
levels (P < 0.05; Figure 5E; Table S4). Those associations suggest
that CVR is characterised by Cl impairment and adaptive increase of
Sirtuin3 levels in the placenta (Figure 6).

Moreover, maternal and neonatal Cl-stimulated oxygen con-
sumption were positively correlated (GMox; P < 0.05; Table S4),
demonstrating the strong dependence of neonatal metabolism on
maternal status. Additionally, neonatal oxygen consumption posi-
tively correlated with neonatal CS activity (Cell oxidation: P < 0.05;
PM oxidation: P < 0.05; and GM oxidation: P < 0.001; Table S4),

suggesting the dependence of a proper mitochondrial function in

TCA activity. Finally, this neonatal oxygen consumption also posi-
tively correlated with placental Cl-stimulated oxygen consumption
(P < 0.05; Table S4), pointing out the dependence of neonatal health

on accurate placental function.

4 | DISCUSSION

The molecular basis of IUGR and CVR is still a matter of doubt, but
major concerns are raised due to the high prevalence of this obstet-
ric problem and the putative consequences in adulthood. Previous
experimental studies pointed out that mitochondrial deficits play a
relevant role in IUGR and associated CVR.3*** However, few and
contrasting studies were found in the literature investigating mito-
chondrial alterations in human pregnancies, pointing out the need
for a wider study of mitochondrial involvement in patients with this
obstetric complication.

Human mitochondrial function alterations in IUGR have been
previously demonstrated in placenta, specifically in isolated mito-
chondria or derived cultured cells.*®3%32 Besides, only scarce data
studying mitochondrial function in neonatal CBMC have been pub-
lished so far.*® Herein, we present a wide characterisation of mito-
chondrial function in human placenta together with simultaneous
studies in maternal PBMC and neonatal CBMC.
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FIGURE 6 Mitochondrial and cardiac features of human
pregnancies in two contexts, complicated by intrauterine growth
restriction (right side in red) and with no apparent obstetric
problems (left side in green). In IUGR new-borns, low birth weight
was associated to a higher levels of BNP in new-borns (indicating
a potential cardiac remodelling), lower mitochondrial complex

| function in placenta and decreased neonatal citrate synthase
activity (representative of metabolic mitochondrial activity). In
this context, there was an increase of placental protein Sirtuin3
levels, probably as a potential adaptation mechanism aimed to
modulate the adverse mitochondrial phenotype reported in this
obstetric complication. On the other hand, all these mitochondrial
parameters were found within normal ranges in healthy children
with no apparent IUGR. BNP, brain natriuretic peptide; Cl,
mitochondrial respiratory chain complex |; IUGR, intrauterine
growth restriction

Our results provided evidence of mitochondrial imbalance in
placenta from IUGR pregnancies focused on Cl-stimulated ox-
ygen consumption and enzymatic activity (Figure 6). This sig-
nificant Cl deficiency was previously described by our group at
transcriptional level in heart tissue of an [UGR animal model®®
and also by Beyramzadeh et al in placenta from high risk preg-
nancies.>? Conversely to our findings, Mandé et al observed
higher oxygen consumption stimulated either through Cl + ClI
or CIV in placenta from IUGR cases.'® Such discrepancies may
be due to differential stimulation of specific MRC complexes
and the presence of different cell linages (cytotrophoblasts and
syncytiotrophoblasts) that have multiple functions, different mi-
tochondria and also respond differently to stimulus.*’ In accor-
dance with placental MRC Cl impairment in the studied patients,
placental Sirtuin3 protein expression significantly increased,
probably, as an adaptation mechanism to modulate the adverse
mitochondrial phenotype.

This mitochondrial imbalance was also evident in CBMC of IUGR
new-borns through the significant decrease of CS activity, not de-
scribed so far. Citrate synthase is a reliable marker of mitochondrial
content,* but it is also an enzyme participating in the TCA cycle.
As parallel measurement of alternative markers of mitochondrial

content (mtDNA levels) yielded to results suggestive of preserved

mitochondrial mass, we concluded that alterations in CS activity
would be mainly related to new-born metabolic imbalance of TCA
cycle. Previous studies in obstetric complications associated with
placental insufficiency such as IUGR or preeclampsia, showed con-
trasting results for mitochondrial content.*®°%> Noticeably, in this
study, mitochondrial content was maintained also in placenta and in
maternal PBMC.

Maternal PBMC were neither affected for mitochondrial func-
tion alterations, reinforcing both the placenta and the new-born as
the main targets of this obstetric complication.

Remarkably, in the present study, BNP levels were significantly
higher in IUGR new-borns, confirming the neonatal CVR previously
reported by our group and others.*>*> Additionally, birth weight
was inversely associated with BNP levels confirming the strong as-
sociation between IUGR and CVR; moreover, birth weight was also
directly correlated to placental Cl activity and inversely correlated
with placental Sirtuin3 expression, thus reinforcing mitochondrial
implication in this obstetric complication.

In regard to Sirtuin3, its expression has been associated to in-

24,25

creased bioenergetic demands, oftenin the context of cardiovas-

cular disease, acting as a protective mechanism in front of different
stimulus, such as mitochondrial function and oxidative damage.?%>¢
This molecule is becoming of high interest as a potential target to
overcome metabolic disarrangements. Additionally, it can be mod-
ulated by diet,”” emerging as a promising intervention for obstetric
complications in which pharmacological interventions are highly dis-
couraged. In the present study, we hypothesised that Cl deficiency
in placenta may promote the expression of nuclear effectors such as
Sirtuin3 to compensate for depressed mitochondrial function, as we
previously observed in an IUGR rabbit model.*® To our knowledge,
this is the first study suggesting up-regulation of Sirtuin3 in human
IUGR pregnancies, suggesting its usefulness as a therapeutic target.

On the other hand, maternofoetal correlations were observed in
mitochondrial parameters, confirming the dependence of neonatal
bioenergetics in maternal health status.

Our results showed preserved total ATP levels either in pla-
cental tissue, maternal PBMC or neonatal CBMC, suggesting a
potential switch from aerobic to faster anaerobic metabolism to
preserve ATP supply.58 Similarly, we found no differences in lipid
peroxidation, as an indicator of oxidative stress, between groups,
in any tissue. Previous studies in IUGR reported controversial re-
sults in oxidative damage®”°%¢C but in other pregnancy complica-
tions caused by placental insufficiency, such as preeclampsia, it
is described an induction of oxidative stress in the placenta and
maternal blood,”? as well as in certain risk pregnancies depend-
ing on the type of delivery (specially vaginal delivery because of
intermittent perfusion of intervillous space of the placenta during
uterine contractions).®® In our cohort of IUGR pregnancies, we
reduced preeclampsia comorbidity and vaginal delivery to avoid
potential confounders. Whether preserved oxidative damage in
our sample is linked to deficient oxygen supply due to placental
insufficiency and consequent mitochondrial decreased a\ctivity,62
the presence of antioxidant defences or other compensatory
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mechanisms such as Sirtuin3, is still a matter of doubt. Some lim-
itations and technical considerations should be acknowledged in
our study. First, IUGR is known to be a multifactorial obstetric
condition where many pathways and aetiologies could finally lead
to a unique phenotype. Further studies are warranted to better
clarify the functional consequences of the decrease of placental
MRC CI function and neonatal TCA activity in order to elucidate
whether such a deficiency is a consequence or the cause of this
obstetric complication. Additionally, larger sample size cohort
studies should be used to strengthen statistical findings, in which
additional measurements may ideally be studied to investigate
mechanistic pathways, as well as the potential contribution of the
different cell types of affected tissues in the context of IUGR (as
lymphocytes and monocytes in PBMC or syncytiotrophoblast and
cytotrophoblast in placenta). For instance, we cannot dismiss that
cell composition and type may change in pathological conditions,
thus conditioning IUGR or potential blood contamination in pla-
cental tissue. Similarly, we cannot exclude that the difference in
gestational age at delivery between cases and controls could have
influenced the results. This limitation is difficult to overcome as
most clinical protocols indicate finalisation of gestation in IUGR
with signs of placental insufficiency at 37-38 weeks. Finally, sev-
eral potential confounders influencing mitochondrial and metabo-
lism regulation (such as vaginal delivery, preeclampsia prevalence,
maternal diet and lifestyle) were not considered in this study and
may play a role in observed results. Despite these considerations,
the consistency of our results, as well as the different associations
found between clinical parameters and experimental findings in
human pregnancies, or the similarities between human findings
and experimental model results,®® strengthen the validity of the
present findings.

In conclusion, IUGR is associated with depressed mitochondrial
function, especially at placental and neonatal level. Placental insuffi-
ciency seems to directly affect birth weight, CVR and mitochondria,
highlighting the necessity to focus therapeutic efforts on those tar-
gets, such as dietary interventions aimed to regulate Sirtuin3.

ACKNOWLEDGEMENTS

We would like to sincerely thank all the pregnant women for par-
ticipating in the study and the involvement of the clinical staff from
the Maternity Unit of the Hospital Clinic of Barcelona. The samples
used in this Project were provided by the Hospital Clinic-IDIBAPS
Biobank with an appropriate ethical approval. We also thank all
the financial support by Fondo de Investigacion Sanitaria [FIS
P111/01199, P114/00226, P115/00817, PI115/00903, PI15/00130
and INT16/00168], CIBERER (an initiative of ISCIIl) and InterCIBER
[PIE1400061] granted by Instituto de Salud Carlos Ill, integrated in
Plan Estatal de Investigacion Cientifica y Técnica y de Innovacion
2013-2016 and co-founded by European Regional Development
Fund (FEDER), ‘A way to build Europe’; Suports a Grups de Recerca
[SGR893/2017 and SGR928/2017] and CERCA Programme from
the Generalitat de Catalunya; CONACYyt; Erasmus + Programme of

WILEY--27*

the European Union (Framework Agreement number: 2013-0040);
“laCaixa” Foundation; Cerebra Foundation for the Brain Injured Child
(Carmarthen, Wales, UK); Fundacié La Maraté de TV3 [87/C/2015]
and Fundacié Privada Cellex [CP042187].

CONFLICT OF INTEREST

Authors report no conflict of interest.

AUTHOR CONTRIBUTION

GG and FCa obtained funds to support the study. GG conceived
the study and organised the project in collaboration with FCa,
FCr, EG and MG. LY and LG-O were responsible for the diagnosis
and inclusion of all patients and collected clinical data together
with DLJ-F. All of the experimental, data collection and statistical
analysis was closely supervised by GG, CM and MG-M. MG-M,
with help from VR-A, MC-G, ET and IG-C performed all the experi-
mental procedure to evaluate mitochondrial function. Concretely,
MG-M and ET were in charge of processing all samples in the labo-
ratory. MG-M, together with MC-G and IG-C, performed in vivo
measurement of oxygen consumption of each sample. The remain-
ing molecular measurements were performed by MG-M with the
support of VR-A. The first draft of this manuscript was written by
MG-M, and GG, FC, FC, LY, LG-O, DLJ-F, JCM and JMG profoundly
reviewed and critiqued the manuscript, adding concepts of high

relevance.

ORCID

Gloria Garrabou https://orcid.org/0000-0001-8973-9933

REFERENCES

1. Visentin S, Grumolato F, Nardelli GB, Di Camillo B, Grisan E,
Cosmi E. Early origins of adult disease: low birth weight and vas-
cular remodeling. Atherosclerosis. 2014,;237:391-399. https://doi.
org/10.1016/j.atherosclerosis.2014.09.027

2. Lausman A, McCarthy FP, Walker M, Kingdom J. Screening, di-
agnosis, and management of intrauterine growth restriction. J
Obstet Gynaecol Can. 2012;34:17-28. https://doi.org/10.1016/
$1701-2163(16)35129-5

3. Sharma D, Shastri S, Sharma P. Intrauterine growth restric-
tion: antenatal and postnatal aspects. Clin Med Insights Pediatr.
2016;10:67-83. https://doi.org/10.4137/CMPed.S40070

4. Temming LA, Dicke JM, Stout MJ, et al. Early second-trimes-
ter fetal growth restriction and adverse perinatal outcomes.
Obstet  Gynecol. 2017;130:865-869. https://doi.org/10.1097/
AOG.0000000000002209

5. Crispi F, Miranda J, Gratacés E. Long-term cardiovascular con-
sequences of fetal growth restriction: biology, clinical implica-
tions, and opportunities for prevention of adult disease. Am J
Obstet Gynecol. 2018;218:5869-5879. https://doi.org/10.1016/j.
ajog.2017.12.012

6. Akazawa Y, Hachiya A, Yamazaki S, et al. Cardiovascular remod-
eling and dysfunction across a range of growth restriction se-
verity in small for gestational age infants—implications for fetal


https://orcid.org/0000-0001-8973-9933
https://orcid.org/0000-0001-8973-9933
https://doi.org/10.1016/j.atherosclerosis.2014.09.027
https://doi.org/10.1016/j.atherosclerosis.2014.09.027
https://doi.org/10.1016/S1701-2163(16)35129-5
https://doi.org/10.1016/S1701-2163(16)35129-5
https://doi.org/10.4137/CMPed.S40070
https://doi.org/10.1097/AOG.0000000000002209
https://doi.org/10.1097/AOG.0000000000002209
https://doi.org/10.1016/j.ajog.2017.12.012
https://doi.org/10.1016/j.ajog.2017.12.012

3972
@2 | wiLey

10.

11.

12.
13.

14.

15.

16.
17.

18.
19.
20.
21.
22.

23.

24.

GUITART-MAMPEL ET AL.

programming. Circ J. 2016;80:2212-2220. https://doi.org/10.1253/
circj.CJ-16-0352

Sarvari Sl, Rodriguez-Lopez M, Nuiiez-Garcia M, et al. Persistence
of cardiac remodeling in preadolescents with fetal growth restric-
tion. Circ Cardiovasc Imaging. 2017;10. https://doi.org/10.1161/
CIRCIMAGING.116.005270

Sehgal A, Skilton MR, Crispi F. Human fetal growth restriction: a car-
diovascular journey through to adolescence. J Dev Orig Health Dis.
2016;7:626-635. https://doi.org/10.1017/S2040174416000337
Cruz-Lemini M, Crispi F, Valenzuela-Alcaraz B, et al. Fetal cardiovas-
cular remodeling persists at 6 months in infants with intrauterine
growth restriction. Ultrasound Obstet Gynecol. 2016;48:349-356.
https://doi.org/10.1002/u0g.15767

Ortigosa N, Crispi F, Baildn R, et al. Heart morphology differences
induced by intrauterine growth restriction and premature birth mea-
sured onthe ECGin pre-adolescents. J Electrocardiol. 2016;49:401-409.
https://doi.org/10.1016/j.jelectrocard.2016.03.011

Figueras F, Gratacos E. An integrated approach to fetal growth
restriction. Best Pract Res Clin Obstet Gynaecol. 2017;38:48-58.
https://doi.org/10.1016/j.bpobgyn.2016.10.006

Figueras F, Gardosi J. Intrauterine growth restriction: new con-
cepts in antenatal surveillance, diagnosis, and management. Am
J Obstet Gynecol. 2011;204:288-300. https://doi.org/10.1016/j.
2jog.2010.08.055

Vedmedovska N, Rezeberga D, Teibe U, Melderis |, Donders
G. Placental pathology in fetal growth restriction. Eur J Obstet
Gynecol Reprod Biol. 2011;155:36-40. https://doi.org/10.1016/j.
ejogrb.2010.11.017

Lanir N, Aharon A, Brenner B. Haemostatic mechanisms in human
placenta. Best Pract Res Clin Haematol. 2003;16:183-195. https://
doi.org/10.1053/ybeha.2003.251

John R, Hemberger M. A placenta for life. Reprod Biomed Online.
2012;25:5-11

Cetin |, Antonazzo P. The role of the placenta in intrauterine growth
restriction (IUGR). Semin Speech Lang. 2009;213:84-88. https://doi.
org/10.1055/5-0029-1224143

Cetin I, Alvino G. Intrauterine growth restriction: implications for
placental metabolism and transport. A review. Placenta. 2009;
30:77-82. https://doi.org/10.1016/j.placenta.2008.12.006

Mando C, De Palma C, Stampalija T, et al. Placental mitochondrial
content and function in intrauterine growth restriction and pre-
eclampsia. AJP Endocrinol Metab. 2014;306:E404-E413. https://doi.
org/10.1152/ajpendo.00426.2013

Cohen J, Scott R, Schimmel T, Levron J, Willadsen S. Birth of in-
fant after transfer of anucleate donor oocyte cytoplasm into re-
cipient eggs. Lancet. 1997;350:186-187. https://doi.org/10.1016/
S0140-6736(05)62353-7

Morén C, Hernandez S, Guitart-Mampel M, Garrabou G.
Mitochondrial toxicity in human pregnancy: an update on clinical
and experimental approaches in the last 10 years. Int J Environ
Res Public Health. 2014;11:9897-9918. https://doi.org/10.3390/
ijerph110909897

Bertero E, Maack C. Metabolic remodelling in heart failure.
Nat Rev Cardiol. 2018;15:457-470. https://doi.org/10.1038/
s41569-018-0044-6

Chistiakov DA, Shkurat TP, Melnichenko AA, Grechko AV, Orekhov
AN. The role of mitochondrial dysfunction in cardiovascular dis-
ease: a brief review. Ann Med. 2018;50:121-127. https://doi.org/10.
1080/07853890.2017.1417631

Niemann B, Schwarzer M, Rohrbach S. Heart and mitochondria: patho-
physiology and implications for cardiac surgeons. Thorac Cardiovasc
Surg. 2018;66:11-19. https://doi.org/10.1055/s-0037-1615263

Sun W, Liu C, Chen Q, Liu N, Yan Y, Liu B. SIRT3: a new regulator of
cardiovascular diseases. Oxid Med Cell Longev. 2018;3:1-11. https://
doi.org/10.1155/2018/7293861

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Koentges C, Bode C, Bugger H. SIRT3 in cardiac physiology and
disease. Front Cardiovasc Med. 2016;3:38. https://doi.org/10.3389/
fcvm.2016.00038

Lin L, Chen K, Khalek WA, et al. Regulation of skeletal muscle oxida-
tive capacity and muscle mass by SIRT3. PLoS One. 2014;9:€85636.
https://doi.org/10.1371/journal.pone.0085636

Ahn B-h, Kim H-s, Song S, et al. A role for the mitochon-
drial deacetylase Sirt3 in regulating energy homeostasis. Proc
Natl Acad Sci. 2008;14447-14452. https://doi.org/10.1073/
pnas.0803790105

Wang Q, Li L, Li Cy, Pei Z, Zhou M, Li N. SIRT3 protects cells
from hypoxia via PGC-la- and MnSOD-dependent pathways.
Neuroscience. 2015;286:109-121. https://doi.org/10.1016/j.
neuroscience.2014.11.045

Sack MN. The role of SIRT3 in mitochondrial homeostasis and
cardiac adaptation to hypertrophy and aging. J Mol Cell Cardiol.
2012;52:520-525. https://doi.org/10.1016/j.yjmcc.2011.11.004
Madeleneau D, Buffat C, Mondon F, et al. Transcriptomic analysis
of human placenta in intrauterine growth restriction. Pediatr Res.
2015;77:799-807. https://doi.org/10.1038/pr.2015.40
Ruis-Gonzédlez MD, Caifete MD, Goémez-Chaparro JL, Abril N,
Canete R, Lépez-Barea J. Alterations of protein expression in
serum of infants with intrauterine growth restriction and differ-
ent gestational ages. J Proteomics. 2015;119:169-182. https://doi.
org/10.1016/j.jprot.2015.02.003

Beyramzadeh M, Dikmen ZG, Erturk NK, Tuncer ZS, Akbiyik F.
Placental respiratory chain complex activities in high risk pregnan-
cies. J Matern Neonatal Med. 2017;30:2911-2917. https://doi.org/10
.1080/14767058.2016.12685%94

Gonzalez-Tendero A, Torre |, Garcia-Canadilla P, et al. Intrauterine
growth restriction is associated with cardiac ultrastructural and
gene expression changes related to the energetic metabolism in
a rabbit model. Am J Physiol Circ Physiol. 2013;305:H1752-H1760.
https://doi.org/10.1152/ajpheart.00514.2013

Guitart-Mampel M, Gonzalez-Tendero A, Niferola S, et al.
Cardiac and placental mitochondrial characterization in a rab-
bit model of intrauterine growth restriction. Biochim Biophys
Acta Gen Subj. 2018;1862:1157-1167. https://doi.org/10.1016/j.
bbagen.2018.02.006

Figueras F, Gratacos E. Update on the diagnosis and classification
of fetal growth restriction and proposal of a stage-based man-
agement protocol. Fetal Diagn Ther. 2014;36:86-98. https://doi.
org/10.1159/000357592

Savchev S, Figueras F, Gratacos E. Survey on the current trends
in managing intrauterine growth restriction. Fetal Diagn Ther.
2014;36:129-135. https://doi.org/10.1159/000360419
Casademont J, Perea M, Lépez S, Beato A, Miré O, Cardellach F.
Enzymatic diagnosis of oxidative phosphorylation defects on mus-
cle biopsy: better on tissue homogenate or on a mitochondria-en-
riched suspension? Med Sci Monit. 2004;10:CS49-CS53.

Prilutskii AS, Khodakovskii AV, Mailian EA. A method of separating
mononuclears on a density gradient. Lab Delo. 1990:20-23.

Tyrrell DJ, Bharadwaj MS, Jorgensen MJ, Register TC, Molina A.
Blood cell respirometry is associated with skeletal and cardiac mus-
cle bioenergetics: Implications for a minimally invasive biomarker
of mitochondrial health. Redox Biol. 2016;10:65-77. https://doi.
org/10.1016/j.redox.2016.09.009

Kramer PA, Ravi S, Chacko B, Johnson MS, Darley-Usmar VM. A
review of the mitochondrial and glycolytic metabolism in human
platelets and leukocytes: Implications for their use as bioenergetic
biomarkers. Redox Biol. 2014;2:206-210. https://doi.org/10.1016/j.
redox.2013.12.026

Catalan-Garcia M, Garrabou G, Moren C, et al. Mitochondrial DNA
disturbances and deregulated expression of oxidative phosphory-
lation and mitochondrial fusion proteins in sporadic inclusion body


https://doi.org/10.1253/circj.CJ-16-0352
https://doi.org/10.1253/circj.CJ-16-0352
https://doi.org/10.1161/CIRCIMAGING.116.005270
https://doi.org/10.1161/CIRCIMAGING.116.005270
https://doi.org/10.1017/S2040174416000337
https://doi.org/10.1002/uog.15767
https://doi.org/10.1016/j.jelectrocard.2016.03.011
https://doi.org/10.1016/j.bpobgyn.2016.10.006
https://doi.org/10.1016/j.ajog.2010.08.055
https://doi.org/10.1016/j.ajog.2010.08.055
https://doi.org/10.1016/j.ejogrb.2010.11.017
https://doi.org/10.1016/j.ejogrb.2010.11.017
https://doi.org/10.1053/ybeha.2003.251
https://doi.org/10.1053/ybeha.2003.251
https://doi.org/10.1055/s-0029-1224143
https://doi.org/10.1055/s-0029-1224143
https://doi.org/10.1016/j.placenta.2008.12.006
https://doi.org/10.1152/ajpendo.00426.2013
https://doi.org/10.1152/ajpendo.00426.2013
https://doi.org/10.1016/S0140-6736(05)62353-7
https://doi.org/10.1016/S0140-6736(05)62353-7
https://doi.org/10.3390/ijerph110909897
https://doi.org/10.3390/ijerph110909897
https://doi.org/10.1038/s41569-018-0044-6
https://doi.org/10.1038/s41569-018-0044-6
https://doi.org/10.1080/07853890.2017.1417631
https://doi.org/10.1080/07853890.2017.1417631
https://doi.org/10.1055/s-0037-1615263
https://doi.org/10.1155/2018/7293861
https://doi.org/10.1155/2018/7293861
https://doi.org/10.3389/fcvm.2016.00038
https://doi.org/10.3389/fcvm.2016.00038
https://doi.org/10.1371/journal.pone.0085636
https://doi.org/10.1073/pnas.0803790105
https://doi.org/10.1073/pnas.0803790105
https://doi.org/10.1016/j.neuroscience.2014.11.045
https://doi.org/10.1016/j.neuroscience.2014.11.045
https://doi.org/10.1016/j.yjmcc.2011.11.004
https://doi.org/10.1038/pr.2015.40
https://doi.org/10.1016/j.jprot.2015.02.003
https://doi.org/10.1016/j.jprot.2015.02.003
https://doi.org/10.1080/14767058.2016.1268594
https://doi.org/10.1080/14767058.2016.1268594
https://doi.org/10.1152/ajpheart.00514.2013
https://doi.org/10.1016/j.bbagen.2018.02.006
https://doi.org/10.1016/j.bbagen.2018.02.006
https://doi.org/10.1159/000357592
https://doi.org/10.1159/000357592
https://doi.org/10.1159/000360419
https://doi.org/10.1016/j.redox.2016.09.009
https://doi.org/10.1016/j.redox.2016.09.009
https://doi.org/10.1016/j.redox.2013.12.026
https://doi.org/10.1016/j.redox.2013.12.026

GUITART-MAMPEL ET AL.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

myositis. Clin Sci. 2016;130:1741-1751. https://doi.org/10.1042/
CS20160080

Perez-Cruz M, Crispi F, Fernandez M, et al. Cord blood biomarkers of
cardiac dysfunction and damage in term growth-restricted fetuses
classified by severity criteria. Fetal Diagn Ther. 2017;44:271-276.
https://doi.org/10.1159/000484315

Belenky A, Smith A, Zhang B, et al. The effect of class-specific pro-
tease inhibitors on the stabilization of B-type natriuretic peptide
in human plasma. Clin Chim Acta. 2004;340:163-172. https://doi.
org/10.1016/j.cccn.2003.10.026

Casademont J, Garrabou G, Miré O, et al. Neuroleptic treat-
ment effect on mitochondrial electron transport chain: periph-
eral blood mononuclear cells analysis in psychotic patients. J Clin
Psychopharmacol. 2007; 27:284-288. https://doi.org/10.1097/
JCP.0b013e318054753e

Medja F, Allouche S, Frachon P, et al. Development and implemen-
tation of standardized respiratory chain spectrophotometric assays
for clinical diagnosis. Mitochondrion. 2009;9:331-339. https://doi.
org/10.1016/j.mit0.2009.05.001

Barrientos A. In vivo and in organello assessment of OXPHOS
activities. Methods. 2002;26:307-316. https://doi.org/10.1016/
5$1046-2023(02)00036-1

Morén C, Gonzalez-Casacuberta |, Alvarez-Fernandez C, et al.
HIV-1 promonocytic and lymphoid cell lines: an in vitro model
of in vivo mitochondrial and apoptotic lesion. J Cell Mol Med.
2017;21:402-440. https://doi.org/10.1111/jcmm.12985

Novielli C, Mando C, Tabano S, et al. Mitochondrial DNA content
and methylation in fetal cord blood of pregnancies with placental
insufficiency. Placenta. 2017;55:63-70. https://doi.org/10.1016/j.
placenta.2017.05.008

Holland O, Dekker Nitert M, Gallo LA, Vejzovic M, Fisher JJ, Perkins
AV. Review: placental mitochondrial function and structure in ges-
tational disorders. Placenta. 2017;54:2-9. https://doi.org/10.1016/j.
placenta.2016.12.012

Poidatz D, Dos Santos E, Duval F, et al. Involvement of estrogen-re-
lated receptor-y and mitochondrial content in intrauterine growth
restriction and preeclampsia. Fertil Steril. 2015;104:483-490.
https://doi.org/10.1016/j.fertnstert.2015.05.005

Lattuada D, Colleoni F, Martinelli A, et al. Higher mitochondrial DNA
content in human IUGR placenta. Placenta. 2008;29:1029-1033.
https://doi.org/10.1016/j.placenta.2008.09.012

Lee H-C, Yin P-H, Lu C-Y, Chi C-W, Wei Y-H. Increase of mitochon-
dria and mitochondrial DNA in response to oxidative stressin human
cells. Biochem J. 2000;348:425-432. https://doi.org/10.1042/
bj3480425

Vuorinen K, Remes A, Sormunen R, Tapanainen J, Hassinen IE.
Placental mitochondrial DNA and respiratory chain enzymes in
the etiology of preeclampsia. Obstet Gynecol. 1998;91:950-955.
https://doi.org/10.1016/50029-7844(98)00081-7

54.

55.

56.

57.

58.

59.

60.

62.

WILEY--27

Crispi F, Hernandez-Andrade E, Pelsers MM, et al. Cardiac dysfunc-
tion and cell damage across clinical stages of severity in growth-
restricted fetuses. Am J Obstet Gynecol. 2008;199:254.e1-254.e8.
https://doi.org/10.1016/j.ajog.2008.06.056

Girsen A, Ala-Kopsala M, Mikikallio K, Vuolteenaho O, Rasanen J.
Cardiovascular hemodynamics and umbilical artery N-terminal pep-
tide of proB-type natriuretic peptide in human fetuses with growth
restriction. Ultrasound Obstet. Gynecol. 2007; 29:296-303. https://
doi.org/10.1002/u0g.3934

Sack MN. Emerging characterization of the role of SIRT3-medi-
ated mitochondrial protein deacetylation in the heart. AJP Hear
Circ Physiol. 2011;301:H2191-H2197. https://doi.org/10.1152/
ajpheart.00199.2011

Sandoval-Acuia C, Ferreira J, Speisky H. Polyphenols and mito-
chondria: an update on their increasingly emerging ROS-scaveng-
ing independent actions. Arch Biochem Biophys. 2014;559:75-90.
https://doi.org/10.1016/j.abb.2014.05.017

llisley NP, Caniggia |, Zamudio S. Placental metabolic reprogram-
ming: do changes in the mix of energy-generating substrates mod-
ulate fetal growth? Int J Dev Biol. 2010;54:409-419. https://doi.
org/10.1387/ijdb.082798ni

Lefebvre T, Roche O, Seegers V, et al. Study of mitochondrial func-
tion in placental insufficiency. Placenta. 2018;67:1-7. https://doi.
org/10.1016/j.placenta.2018.05.007

Myatt L. Placental adaptive responses and fetal programming. J
Physiol. 2006;572:25-30.

. Jauniaux E, Poston L, Burton GJ. Placental-related diseases of preg-

nancy: involvement of oxidative stress and implications in human
evolution. Hum Reprod Update. 2006;12:747-755. https://doi.
org/10.1093/humupd/dml016

Zhang S, Regnault T, Barker P, et al. Placental adaptations in growth
restriction. Nutrients. 2015;7:360-389. https://doi.org/10.3390/
nu7010360

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Guitart-Mampel M, Juarez-Flores
DL, Youssef L, et al. Mitochondrial implications in human
pregnancies with intrauterine growth restriction and
associated cardiac remodelling. J Cell Mol Med.
2019;23:3962-3973. https://doi.org/10.1111/jcmm.14282



https://doi.org/10.1042/CS20160080
https://doi.org/10.1042/CS20160080
https://doi.org/10.1159/000484315
https://doi.org/10.1016/j.cccn.2003.10.026
https://doi.org/10.1016/j.cccn.2003.10.026
https://doi.org/10.1097/JCP.0b013e318054753e
https://doi.org/10.1097/JCP.0b013e318054753e
https://doi.org/10.1016/j.mito.2009.05.001
https://doi.org/10.1016/j.mito.2009.05.001
https://doi.org/10.1016/S1046-2023(02)00036-1
https://doi.org/10.1016/S1046-2023(02)00036-1
https://doi.org/10.1111/jcmm.12985
https://doi.org/10.1016/j.placenta.2017.05.008
https://doi.org/10.1016/j.placenta.2017.05.008
https://doi.org/10.1016/j.placenta.2016.12.012
https://doi.org/10.1016/j.placenta.2016.12.012
https://doi.org/10.1016/j.fertnstert.2015.05.005
https://doi.org/10.1016/j.placenta.2008.09.012
https://doi.org/10.1042/bj3480425
https://doi.org/10.1042/bj3480425
https://doi.org/10.1016/S0029-7844(98)00081-7
https://doi.org/10.1016/j.ajog.2008.06.056
https://doi.org/10.1002/uog.3934
https://doi.org/10.1002/uog.3934
https://doi.org/10.1152/ajpheart.00199.2011
https://doi.org/10.1152/ajpheart.00199.2011
https://doi.org/10.1016/j.abb.2014.05.017
https://doi.org/10.1387/ijdb.082798ni
https://doi.org/10.1387/ijdb.082798ni
https://doi.org/10.1016/j.placenta.2018.05.007
https://doi.org/10.1016/j.placenta.2018.05.007
https://doi.org/10.1093/humupd/dml016
https://doi.org/10.1093/humupd/dml016
https://doi.org/10.3390/nu7010360
https://doi.org/10.3390/nu7010360
https://doi.org/10.1111/jcmm.14282

