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Simple Summary: The placenta is responsible for materno-fetal resource allocation. Placental
insufficiency may disrupt fetal growth trajectory, with negative consequences for maternal and fetal
health. By manipulating a growth-controlling protein named PI3K-p110«, this work, performed
on mice, shows the relevance of the maternal environment and fetal genotype in determining the
conceptus growth and mitochondria bioenergetic reserve in the placental transport zone. Interestingly,
the disruption of maternal and/or fetal PI3K-p110«x exerted these effects in a sex-specific manner,
with male fetuses more affected than females. These data highlight the importance of the sex of the
fetus and placental mitochondrial function in the regulation of fetal growth.

Abstract: Fetal growth is reliant on placental formation and function, which, in turn, requires
the energy produced by the mitochondria. Prior work has shown that both mother and fetus
operate via the phosphoinositol 3-kinase (PI3K)-p110«x signalling pathway to modify placental
development, function, and fetal growth outcomes. This study in mice used genetic inactivation
of PI3K-p110x (a/+) in mothers and fetuses and high resolution respirometry to investigate the
influence of maternal and fetal PI3K-p110« deficiency on fetal and placental growth, in relation to
placental mitochondrial bioenergetics, for each fetal sex. The effect of PI3K-p110« deficiency on
maternal body composition was also determined to understand more about the maternal-driven
changes in feto-placental development. These data show that male fetuses were more sensitive than
females to fetal PI3K-p110« deficiency, as they had greater reductions in fetal and placental weight,
when compared to their WT littermates. Placental weight was also altered in males only of «/+ dams.
In addition, «/+ male, but not female, fetuses showed an increase in mitochondrial reserve capacity,
when compared to their WT littermates in «/+ dams. Finally, «/+ dams exhibited reduced adipose
depot masses, compared to wild-type dams. These findings, thus, demonstrate that maternal nutrient
reserves and ability to apportion nutrients to the fetus are reduced in «/+ dams. Moreover, maternal
and fetal PI3K-p110« deficiency impacts conceptus growth and placental mitochondrial bioenergetic

function, in a manner dependent on fetal sex.

Keywords: mitochondria; placenta; fetus; sex; signaling; maternal PI3K-p110c; fetal PI3K-p110x

1. Introduction

In mammals, adequate placental function is required to support fetal growth and
development. Evidence from human and experimental animal models have shown that
aberrant placental transport function is associated with fetal growth restriction (FGR), a
condition that currently affects approximately 5-10% of pregnancies [1-3]. Moreover, FGR is
associated with an increased risk of perinatal mobility and mortality [4] and poor metabolic
health in adulthood [5,6]. Work performed in rodent models exposed to adverse maternal
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conditions (e.g., maternal undernutrition, hypoxia, or genetic manipulations) has shown
that, even though placental development may be compromised, the placenta may maintain,
or even increase, nutrient supply to the fetus, thus optimising fetal growth in that prevailing
environment [7-13]. Moreover, the ability of the placenta to functionally adapt in response
to an adverse gestational environment has been reported to vary with fetal sex [14,15]. In
particular, there are changes in the expression of nutrient transporters, hormone metabolic
genes, and growth signalling pathways in the placenta of rodents exposed to maternal
hypoxia, endocrine modulation, and suboptimal diets [15-17]. However, further work is
required to delineate the role of the mother and fetus in mediating placental adaptations and
uncover the cellular pathways by which these may occur in female and male fetuses [18].

Several signalling pathways have been described to be involved in the control of
placental growth and function [5,13,18-21]. One key signalling pathway is the phospho-
inositol 3-kinase (PI3K) pathway, which is highly conserved in mammals and fine-tuned
growth, in accordance with nutrient availability [22,23]. Of key importance is the ubig-
uitously and most dominantly expressed Class IA PI3K isoform p110«, which signals
downstream of insulin. In mice, changes in Class IA PI3K signalling have been reported
in maternal and placental tissues, when the ability of the mother or the placenta to pro-
vide substrates to the fetus is compromised [8,9,24,25]. Homozygous deficiency of the
gene encoding p110« (Pik3ca) results in embryonic death, whilst heterozygous deficiency
leads to placental dysmorphogenesis, adaptive up-regulation of nutrient transport, and
FGR in mice [13,18,20,26]. Mice with a heterozygous deficiency in p110« remain smaller
postnatally and exhibit changes in glucose, insulin, and lipid handling prior to and dur-
ing pregnancy, compared to wild-type (WT) females [18,20]. There are also alterations
in placental development and nutrient transport in heterozygous p110x deficient moth-
ers [18]. Together, these data highlight the significance of the mother and fetus operating
via PI3K-p110« to modify placental morphogenesis, function, and fetal outcomes.

Whole body metabolism and energy balance has been reported to be affected in
genetic models with disrupted PI3K-p110« signalling [27]. In metabolically-active tissues,
signalling via p110« plays a role in regulating the ability of the mitochondria to produce
energy via oxidative phosphorylation (OXPHOS) [22,28,29]. In addition, there are emerging
data showing that placental mitochondrial bioenergetic capacity varies, depending on the
sex of the fetus [15,19,21,29]. Therefore, the aim of this study was to determine the influence
of maternal and fetal p110«x deficiency on fetal and placental growth, in relation to placental
mitochondrial bioenergetics for each fetal sex. The effect of p110x deficiency on maternal
body composition was also determined, in order to understand more about the maternal-
driven changes in conceptus physiology.

2. Materials and Methods
2.1. Animals and Experimental Design

This study was performed in accordance with the UK Home Office Animals (Scientific
Procedures) Act 1986 and University of Cambridge ethics committee. Mice were housed
in the University of Cambridge Animal Facility under a 12:12 h light-dark cycle with free
access to chow food (Rodent No. 3 breeding chow; Special Diet Services, Witham) and
water. Non-pregnant WT and heterozygous PI3K-p110c deficient («/+) females were
reciprocally mated with WT and «/+ male mice to generate pregnancies with both WT
and o/ + conceptuses. All mice were on a C57BL/6 background and WT, and o/ + females
were nulliparous and 4 months old at the time of mating. The day a copulatory plug was
detected was designated gestational day 1 (GD1). The generation of «/+ mice has been
previously described [26].

On gestational day 18 (GD18), between 08:00 h and 09:00 h, dams were killed by
cervical dislocation. The gravid uterus was removed, and each fetus and its corresponding
placenta were weighed. Maternal organs were also dissected and weighed. Fetal tails were
taken for sex and genotype determination by PCR. Fetal sex was determined by detection
of the Sry gene using the Taq Ready PCR system (Sigma) and specific primer sequences
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(F: 5’-GTGGGTTCCTGTCCCACTGC-3/, R: 5-GGCCATGTCAAGCGCCCCAT-3' and F:
5-TGGTTGGCATTTTATCCCTAGAAC-3, R: 5-GCAACATGGCAACTGGAAACA-3' as
a PCR autosomal gene control) and «/+ mice identified by genotyping using primers
5-TTCAAGCACTGTTTCAGCT-3' and 5'-TTATGTTCTTGCTCAAGTCCTA-3’, as previ-
ously described [20,22]. After weighing the placenta, the labyrinth zone (Lz; transport
region) was mechanically separated from the endocrine junctional zone, weighed, and
immediately placed in cryopreservation media prior to snap freezing (0.21 M mannitol,
0.07 M sucrose, 30% DMSO, pH 7.5) and storage at —80 °C for subsequent mitochondrial
respiratory analyses 1 month later.

2.2. Placental Lz Mitochondrial Respirometry

High resolution respirometry (Oxygraph 2k respirometer; Oroboros Instruments,
Innsbruck, Austria) was used to assess the placental capacity for mitochondrial OX-
PHOS, namely substrate use and electron transfer system (ETS) function, as previously
described [21]. Briefly, cryopreserved Lz samples were gently thawed in sucrose solution
(pH 7.5) and permeabilized in biopsy preservation (BIOPS) solution (pH 7.1, containing
10 mM Ca-EGTA bulffer, 0.1 uM free Ca?*, 1 mM free Mg2+, 20 mM imidazole, 20 mM
taurine, 50 mM K-MES, 0.5 mM DTT, 6.56 mM MgCl,, and 5.77 mM ATP and 15 mM
phosphocreatine) containing saponin (5 mg/mL, Sigma-Aldrich, UK) for 20 min, followed
by 3 washes of 5 min in respiratory medium (MiR05; pH 7.1 solution containing 20 mM
HEPES, 0.46 mM EGTA, 2.1 mM free Mg2+, 90 mM K%, 10 mM Pi, 20 mM taurine, 110 mM
sucrose, 60 mM lactobionate, and 1 g/L BSA). Samples were blotted on filter paper to deter-
mine wet tissue mass, and then 15-20 mg of the Lz sample was placed into a pre-calibrated
chamber of an Oxygraph-2k respirometer with respiratory medium MiR05. Samples were
analyzed at 37 °C, and oxygen concentration was kept between 250 and 300 uM. DatLab
software (V7, Oroboros Instruments) was used for real-time acquisition and analysis of
oxygen consumption. A sequential substrate, inhibitor, and uncoupler titration protocol
was then performed, as described previously [21]. Addition of cytochrome C (10 uM) at
the end of the protocol provided information on the integrity of mitochondrial membranes.
Samples were excluded if respiration increased by >30% (a total of 7 placentas were ex-
cluded). Respiratory rates were expressed as oxygen consumption per mg of wet mass of
placental Lz tissue. Details of the parameters measured, including calculations performed,
are shown in Table 1.

Table 1. List of the parameters measured during the substrate, inhibitor, and uncoupler titration
assay for mitochondprial respirometry using an Oroboros oxygraph.

Parameter Measured

Function

Reagents

Required Calculations

Comp lex T OXPHOS

O, consumption linked to
ATP synthesis via
Complex I

Pyruvate (20 mM) and
glutamate (10 mM)

Raw O, consumption after
glutamate addition

O, consumption linked to

Difference between O,

Complex I ATP synthesis via Malonate (1 uM) consumption before and after
Complex II adding malonate
Complex Tand IT Raw O, consumption after
Complex I + II oxpros dependent oxidative Succinate (10 mM) su czcinate a dlcaiition
phosphorylation
Trifluoromethoxy
Total ETS Maximal uncoupled carbonyl-cyanide Raw O, consumption after
0 ETS-respiratory capacity phenylhydrazone (FCCP, 2 doses of FCCP addition
3 doses of 0.5 mM)
Sodium ascorbate (2 mM), Correction for chemical
N, N, N’, N'-tetramethyl- background oxygen
Complex IV Complex IV activity p-phenylenediamine consumption in the presence of

(TMPD, 0.5 mM), and
sodium azide (200 mM).

sodium azide after sodium
ascorbate and TMPD addition

Mitochondrial capacity to

Succinate (10 mM) and

The difference between total

Reserve capacity roduce extra ATP b ETS and CI + IIP values:
P oxPHOs FCCP (3 doses of 0.5mM)  pogerve = Total ETS—(CI + I)P
FAO Fatty acid oxidation ADP (5 mM) Raw O, consumption after

ADP addition
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3. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9 (GraphPad, CA,
USA). Maternal body composition and litter size composition (sex and genotype) were
analysed using Student f-test or Mann—-Whitney test, based on a prior analysis of the
normality and homogeneity of all variables assessed using the Shapiro-Wilk test. The effect
and interaction of maternal and fetal «/+ genotype was evaluated by two-way ANOVA,
followed by Tukey post hoc tests, for each fetal sex separately. Litter composition (sex and
genotype) was analyzed by student ¢-test. Outliers were detected by the Prisms Grubbs’
test. Data are shown as mean &= SEM and individual points when possible. Data were
considered statistically significant at values of p < 0.05.

4. Results
4.1. PI3K-p110a Deficiency Affects Maternal Body Composition

Female o¢/+ mice were lighter at the start of the pregnancy and showed a tendency for
lighter hysterectomised weight at the end of the pregnancy (Table 2). Pregnant «/+ mice
also had lighter gonadal and mesenteric fat pads, whilst the weight of other fat pads and
other organs, namely the kidneys and spleen, were not different from WT pregnant females
(Table 2). Thus, p110«x deficiency has specific impacts on maternal adipose tissue stores in
late pregnancy.

Table 2. The effect of PI3K-p110« deficiency on maternal body weight. Data were obtained on
GD18, except for starting weight, which corresponded to GD1. Ratios were obtained by dividing the
absolute weight of the organ by the hysterectomised weight of the dam. Statistical analysis performed
by Student t-test or Mann-Whitney test (spleen weight and spleen ratio), based on the normality of
the variable.

WT Female X o/+ Male o/+ Female x WT Male

(1 = 5) =7 p Value
Starting weight (g) 22.7 £ 0.40 20.2 + 0.54 0.006
ngetfgrﬁ?(og‘)ny 24 +1.26 214+ 0.67 0.08
Absolute weights
Gonadal fat (mg) 505 =+ 31 318 + 435 0.009
Retroperitoneal fat (mg) 78.3 £9.29 58.1 £9.50 0.17
Renal fat (mg) 111 + 18.60 97.4 4+ 19.40 0.64
Mesenteric fat (mg) 267 £+ 28.7 136 + 15.8 0.001
Subcutaneous inguinal 444 + 26.7 380 =+ 28.7 0.14
fat (mg)
Subcutaneous dorsal 299 + 36.5 236 + 31.2 0.21
at (mg)
Kidneys (mg) 279 +7.97 246 + 145 0.11
Spleen (mg) 70.8 £ 2.54 90.7 & 15.1 0.30
Ratios
Gonadal fat (%) 212 +0.15 147 +£0.17 0.025
Retroperitoneal fat (%) 0.32 £0.03 0.26 £0.03 0.28
Renal fat (%) 0.46 + 0.08 0.44 + 0.07 0.85
Mesenteric fat (%) 1.10 + 0.07 0.62 & 0.05 0.0005
Subc“ta?eo‘js inguinal 1.87 4 0.12 1.76 + 0.09 0.50
at (%)
Subcutaneous dorsal 125+ 0.13 1.09 + 0.11 0.38
at (%)
Kidneys (%) 1.17 £ 0.04 1.15 + 0.03 0.68

Spleen (%) 0.30 £ 0.02 0.42 £+ 0.07 0.20
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4.2. Fetal and Maternal PI3K-p110a Deficiency Induces Sex-Specific Changes in
Feto-Placental Growth

There was no difference in litter size, genotype, or sex frequency at GD18 between the
WTxa/+ and o/ +xWT parental crosses (Table 3). There was an overall effect of fetal ot/ +
to reduce the weight of female fetuses by 11%, regardless of maternal genotype (Figure 1A).
The effect of fetal o/ + was stronger in males, as «/+ males were significantly smaller than
WT littermates, irrespective of maternal genotype (—23%). Whereas, both female and male
WT and «/+ fetuses developed in a a/+ mother were significantly smaller (—17% females
and —15% males), compared to WT and «/+ fetuses carried by WT dams (Figure 1A).

Fetal sex Fetal genotype
l : Females (] :wr
. . Males NN : +a
A P, <0.0001 p,,< 00001
P, =00052 P<00001 p_ <00001
P<005 P<0.
12007 peoor o T2007a
= 8 = : :
25800 o & O 2 Tg00 5
g m Es ZE
IS & 15 =
S 4001 N & 400+
\
N
0- BN |
B WTdams  +/adams WTdams  +/adams
P, =0.0025
200 _ 2007 Pl < 0.0001
= < P <005 P<0001
S 1501 =
g S
Z B 100 =
S E 2
& g
_8 50 A t_%
o | o

WT dams +/a dams WT dams +/at dams

@)

- -~ Praea™ 00402 p . 5 001
P,,=0.0313
80 P,,=00129

Lz weight
(mg)
Lz weight

(mg)

WT dams +/a dams WT dams +/a dams

O

w
(=]

Fetal weight/
Lz weight (%)
s 8

Fetal weight/
Lz weight (%)

WTdams  +/a dams WT dams +/0 dams

Figure 1. Fetal-placental growth in response to fetal or maternal p110«x deficiency in the two fetal
sexes. Fetal weight (A), placental weight (B), Lz weight (C), and fetal weight/Lz weight (D) in
females and males on day 18 of pregnancy. Data are displayed as individual data points with
mean + SEM. Data were analyzed by two-way ANOVA with Tukey post hoc pairwise comparisons.
Lz: labyrinth zone.
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Table 3. Litter size and composition. Crosses are shown as female parent x male parent. Data are
from 5-7 dams per group on Gd18 and presented as mean + SEM. Data were analyzed using the
unpaired Student’s f-test.

WT Female x o/+ o/+ Female x WT

Male (n = 5) Male (n =7) p Value
Litter size 7.20 + 0.99 7.27 £ 0.57 0.85
% Females 41.67 +0.35 55.77 £ 0.34 0.28
% Males 58.33 £+ 0.36 44.23 +0.36 0.41
% of/+ Females 18.69 £ 6.58 28.57 + 8.32 0.42
% WT Females 25.63 +9.96 2429 +4.88 0.91
% o/+ Males 22.74 +7.14 17.43 £4.92 0.59
% WT Males 32.94 +2.93 29.71 +10.43 0.79

In females, there was not an effect of fetal or maternal «/+ on placental weight
(Figure 1B). However, placentas from «/+ males were lighter than WTs, an effect that
was significant in o/+ mothers (—22%; p < 0.001; Figure 1B). Moreover, male placentas
in o/ + mothers were overall heavier, compared to those from WT mothers, an effect that
was significant by pairwise comparison for WT fetuses (+18%, Figure 1B). There was an
overall effect of fetal «/+ to reduce Lz weight for both female (—12%) and male fetuses
(—24%; Figure 1C). In the case of males, the effect of fetal «/+ to decrease Lz weight was
significant by pairwise comparisons in «/+ dams (—32%; p < 0.001), and this was reflected
by an interaction between fetal and maternal ot/ + genotype. In female fetuses only, there
was an overall effect of maternal «/+ to reduce Lz weight by 11% (Figure 1C). There was
no effect of fetal or maternal «/+ genotype on placental Lz efficiency (defined as the ratio
between fetal weight and Lz weight) (Figure 1D). However, placental Lz efficiency was
lower for males in ot/ + dams, with pairwise comparisons identifying a significant effect on
WTs (—28%; p < 0.001). Together, these data indicate that the effect of fetal and maternal
p110« deficiency on fetal-placental growth is modified by fetal sex, with more dramatic
effects observed in male fetuses.

4.3. Fetal and Maternal PI3K-p110a Deficiency Has Only a Minor Effect on Lz Mitochondrial
Respiratory Capacity and Does So in a Sex-Specific Manner

Accounting for the changes in feto-placental growth, the effect of maternal and fetal
o/ + to induce alterations in the placental Lz mitochondria function of female and male
fetuses was then evaluated. Surprisingly, no major changes in Lz oxygen consumption, due
to fetal or maternal p110c deficiency in either sex, were detected, with the exception that
mitochondprial reserve capacity (calculated as Total ETS-CI + Cllpxpros) was significantly
greater for male «/+ fetuses, compared to their respective WT littermates in «/+ dams
(+235%, p = 0.0388; Figure 2A). Moreover, there was a tendency for an interaction between
the fetal and maternal «/+ genotype for maximum mitochondrial ETS capacity (Total ETS)
in females (Pt = 0.0642) and CI + ClIp OXPHOS in males (P, = 0.0628) (Figure 2B,C,
respectively). There was no effect of fetal or maternal p110x deficiency on any other
respirometry parameter measured (CI LEAK, CII OXPHOS, FAO, CI LEAK or OXPHOS
flux control ratios, or CIV activity) (Figure 2). These results indicate that, despite changes
in feto-placental growth, fetal and maternal p110c deficiency has only modest sex-related
effects on Lz mitochondrial respiration.
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Figure 2. Placental labyrinth mitochondrial respiration in response to fetal or maternal p110x
deficiency in the two fetal sexes. Mitochondrial complexes I and II substrate-driven respiration (A-C),
maximum electron transfer system capacity (total ETS) (D), mitochondrial complex IV substrate-
driven respiration (E), reserve capacity (F), and total fatty acid oxidation (G). Data are from all
fetuses generated by female x male parental crosses, i.e., WTxo/+ and oo/ +xWT, and displayed as
individual data points with mean + S.E.M. Data were analyzed by two-way ANOVA with Tukey post

hoc pairwise comparisons.

5. Discussion

Using genetic manipulations, this study demonstrates that a deficiency in PI3K-p110«
signalling in the mother and/or fetus modified, in a sex-specific manner, the conceptus
mass and mitochondrial bioenergetic capacity in the mouse placental Lz. For instance,
male fetuses were more sensitive than females to fetal PI3K-p110« deficiency, as they
presented less fetal, placental, and Lz weight, when compared to their WT littermates.
Placental weight was also altered in males only of «/+ dams. In addition, «/+ male
fetuses showed an increase in Lz mitochondrial reserve capacity, when compared to their
WT male littermates in o/+ dams. Sexual dimorphism, in response to genetic and/or
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gestational perturbations in placental function, has been extensively reported in the recent
years [30-33]. This study provides valuable information on how signalling via PI3K-p110«
is important for mediating both intrinsic and extrinsic impacts on the placenta, as well as
its relevance for female and male fetal growth.

Previous data reported that PI3K-p110« deficiency in the fetus negatively affects fetal
growth and placental development [13,18]. This study shows that this effect is most pro-
nounced for the males, who showed a ~15-25% reduction in fetal weight, as well as lighter
placentas with a smaller Lz. Whether the Lz morphological defects previously reported
for o/ + fetuses are also only seen for males [13,18] requires further study. Reductions
in placental Lz size was greatest in male «/+ fetuses from «/+ dams. Despite this, only
male «/+ fetuses from «/+ dams presented an increased reserve capacity, in line with the
observed statistical tendency for the fetal and maternal p110x genotype to interact and
determine the (CI + CII)oxpHos-related oxygen flux. The mitochondrial reserve capacity is
a parameter used to describe the amount of extra ATP that can be produced by OXPHOS,
in case of a sudden increase in energy demand [34]. This increase in reserve capacity seems
to be related to an apparent tendency for reduced (CI + CII)OXPHOS-related oxygen flux in
Lz from o/+ male fetuses. Impaired CI- and CllI-related respiration is frequently described
in diseases such as obesity and diabetes [35]. Interestingly, male guinea pig placentas
subjected to chronic hypoxia show inhibited mitochondrial complexes I and IV, and this
effect was not seen in females [36]. There are also moderate effects of other gestational
manipulations, e.g., maternal obesity on placental mitochondrial function that are partly
influenced by fetal sex [15,37]. Together these data suggest that the metabolic adaptation
of placental Lz mitochondria in male «/+ fetuses would enable them to better draw on
their reserve capacity and meet increasing bioenergetic needs, which may be particularly
important, given their growth-compromised placental Lz. There was also a tendency for an
interaction between the fetal and maternal p110x genotype in dictating the total ETS of the
placental Lz for female fetuses only. Together, these data reinforce the idea of a sex-specific
response of placental mitochondrial respiratory capacity, which is consistent with recent
work published on mice [15,20] or trophoblast [38] isolated from the human placenta,
where efforts have been made to compare males and females. Whether these findings have
relevance for understanding the different age-related metabolic outcomes of ot/ + male and
female mice postnatally, which have previously [39] been reported, is unclear.

Previous data has also identified that placental development is influenced by whether
the mother herself carries the p110x mutation («/+) [18]. Placental and Lz weights were
greater specifically for males of «/+ dams, an effect most evident for the WT fetuses. Thus,
o/ + placentas are unable to adapt. Fetal weight was, however, less for both females and
males in «/+ dams, regardless of whether they were WT or «/+. Moreover, prior work has
reported that pregnant «/+ dams show reduced liver and pancreas weights, elevated circu-
lating leptin and insulin concentrations, and increased insulin sensitivity, when compared
to WT dams that had been mated to either WT males or «/+ males [18]. Here, this study
finds that maternal PI3K-p110c deficiency affects the size of specific maternal adipose
tissues in late pregnancy, with reduced sizes of the gonadal and mesenteric fat depots in
«/+ dams mated to WT males. These data indicate that both maternal nutrient reserves
and the ability to apportion nutrients to the fetus are reduced in «/+ dams. Moreover,
the current study shows that the nature of the changes observed in conceptus outcome
depends, in part, on whether the fetus was male or female. It may be that male fetuses,
which have a greater intrinsic drive for growth than females [21], are more negatively
affected by this reduced ability of the /+ dam to support the pregnancy.

6. Conclusions

In summary, this work, using genetic manipulations of the growth and metabolic
regulator PI3K-p110«, has established that changes in the fetal genetic ability to grow, as
well as the genetically-determined maternal environment, affect feto-placental development
and placental respiratory function in a sex-specific manner. Moreover, the effects detected
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in mitochondria respiratory function seem to depend on an interaction between the mother
and/or fetus carrying the mutation for each sex. These findings may have importance
for understanding the fetal outcomes in pregnancies reporting alterations in the PI3K-
AKT signalling pathway in the placenta [40,41], and/or the mother [42-44], as well as for
growth dimorphism between male and female fetuses more generally. They also highlight
the relevance of mitochondria in mediating genotypic and environmental influences on
the placental support of male and female fetal growth and suggest that agents targeting
placenta mitochondria may be beneficial in optimising fetal outcomes [45,46].

Author Contributions: Conceptualization, J.L.-T. and A.N.S.-P.; methodology, ].L.-T. and A.N.S.-P;
software, D.P.-C., E.S.-P. and J.L.-T.; formal analysis, D.P.-C., E.S.-P. and ]J.L.-T.; investigation, D.P-C.,
E.S.-P, J.L.-T. and A.N.S.-P,; resources, J.L.-T. and A.N.S.-P,; data curation, D.P.-C., E.S.-P. and ]J.L.-T.;
writing—original draft preparation, D.P-C. and E.S.-P.; writing—review and editing, D.P.-C., E.S.-
P,J.L.-T. and A.N.S.-P; visualization, D.P--C., E.S.-P,, J.L.-T. and A.N.S.-P;; supervision, J.L.-T. and
A.N.S.-P; project administration, J.L.-T. and A.N.S.-P; funding acquisition, J.L.-T. and A.N.S.-P. All
authors have read and agreed to the published version of the manuscript.

Funding: D.P-C. was supported by Program Institucional de Internacionalizagao (PRINT) (grant
number: 88887.508140/2020-00). E.S.-P. was supported by a Beca-Chile, ANID Postdoctoral (grant
number: 74190055). J.L.-T. holds a Sir Henry Wellcome fellowship from the Wellcome Trust UK
(grant number: 220456/7/20/Z). AN.S.-P. holds an MRC New Investigator Award (grant number:
RG93186) and Lister Institute of Preventative Medicine (grant number: RG93692).

Institutional Review Board Statement: All animal work was performed under the U.K. Animals
(scientific procedures) Act of 1986, following ethical approval by the University of Cambridge.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All relevant data are within the paper and available upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Pantham, P; Rosario, EJ.; Weintraub, S.T.; Nathanielsz, PW.; Powell, T.L.; Li, C.; Jansson, T. Down-Regulation of Placental
Transport of Amino Acids Precedes the Development of Intrauterine Growth Restriction in Maternal Nutrient Restricted Baboons.
Biol. Reprod. 2016, 95, 98. [CrossRef]

Glazier, ].D.; Cetin, I; Perugino, G.; Ronzoni, S.; Grey, A.M.; Mahendran, D.; Marconi, A.M.; Pardi, G.; Sibley, C.P. Association
between the Activity of the System A Amino Acid Transporter in the Microvillous Plasma Membrane of the Human Placenta and
Severity of Fetal Compromise in Intrauterine Growth Restriction. Pediatr. Res. 1997, 42, 514-519. [CrossRef]

Watson, E.D.; Cross, J].C.; Shen, H.; Cavallero, S.; Estrada, K.D.; Sandovici, I.; Kumar, S.R.; Makita, T.; Lien, C.; Constancia, M.; et al.
Development of Structures and Transport Functions in the Mouse Placenta Development of Structures and Transport. Physiology
2015, 20, 180-193. [CrossRef]

Nardozza, L.M.M.; Caetano, A.C.R.; Zamarian, A.C.P,; Mazzola, ].B.; Silva, C.P,; Margal, VM.G.; Lobo, T.F,; Peixoto,
A.B.; Araujo Junior, E. Fetal Growth Restriction: Current Knowledge. Arch. Gynecol. Obstet. 2017, 295, 1061-1077. [CrossRef]
Burton, G.J.; Jauniaux, E. Expert Reviews Pathophysiology of Placental-Derived Fetal Growth Restriction. Am. |. Obstet. Gynecol.
2018, 218, S745-5761. [CrossRef]

Sferruzzi-perri, A.N.; Camm, E.J. The Programming Power of the Placenta. Front. Physiol. 2016, 7, 33. [CrossRef]

Coan, PM.; Vaughan, O.R;; Sekita, Y.; Finn, S.L.; Burton, G.J.; Constancia, M.; Fowden, A.L. Adaptations in Placental Phenotype
Support Fetal Growth during Undernutrition of Pregnant Mice. ]. Physiol. 2010, 588, 527-538. [CrossRef]

Sferruzzi-Perri, AN.; Vaughan, O.R.; Haro, M.; Cooper, WN.; Musial, B.; Charalambous, M.; Pestana, D.; Ayyar, S.;
Ferguson-Smith, A.C.; Burton, G.J.; et al. An Obesogenic Diet during Mouse Pregnancy Modifies Maternal Nutrient Partitioning
and the Fetal Growth Trajectory. FASEB . 2013, 27, 3928-3937. [CrossRef]

Higgins, ].S.; Vaughan, O.R.; Fernandez de Liger, E.; Fowden, A.L.; Sferruzzi-Perri, A.N. Placental Phenotype and Resource
Allocation to Fetal Growth Are Modified by the Timing and Degree of Hypoxia during Mouse Pregnancy. J. Physiol. 2016, 594,
1341-1356. [CrossRef]

Ganguly, A.; McKnight, R.A.; Raychaudhuri, S.; Shin, B.C.; Ma, Z.; Moley, K.; Devaskar, S.U. Glucose Transporter Isoform-3
Mutations Cause Early Pregnancy Loss and Fetal Growth Restriction. Am. J. Physiol.-Endocrinol. Metab. 2007, 292, E1241-E1255.
[CrossRef]


http://doi.org/10.1095/biolreprod.116.141085
http://doi.org/10.1203/00006450-199710000-00016
http://doi.org/10.1152/physiol.00001.2005
http://doi.org/10.1007/s00404-017-4341-9
http://doi.org/10.1016/j.ajog.2017.11.577
http://doi.org/10.3389/fphys.2016.00033
http://doi.org/10.1113/jphysiol.2009.181214
http://doi.org/10.1096/fj.13-234823
http://doi.org/10.1113/JP271057
http://doi.org/10.1152/ajpendo.00344.2006

Vet. Sci. 2022, 9, 501 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

Constancia, M.; Angiolini, E.; Sandovici, I.; Smith, P.; Smith, R.; Kelsey, G.; Dean, W.; Ferguson-smith, A.; Sibley, C.P,; Reik,
W.; et al. Adaptation of Nutrient Supply to Fetal Demand in the Mouse Involves Interaction between the Igf2 Gene and Placental
Transporter Systems. Proc. Natl. Acad. Sci. USA 2005, 102, 19219-19224. [CrossRef]

Wyrwoll, C.S.; Seckl, J.R.; Holmes, M.C. Altered Placental Function of 113-Hydroxysteroid Dehydrogenase 2 Knockout Mice.
Endocrinology 2009, 150, 1287-1293. [CrossRef]

Lopez-Tello, J.; Pérez-Garcia, V.; Khaira, J.; Kusinski, L.C.; Cooper, W.N.; Andreani, A.; Grant, I.; de Liger, E.F; Lam, B.Y.H;
Hemberger, M.; et al. Fetal and Trophoblast PI3K P110x Have Distinct Roles in Regulating Resource Supply to the Growing Fetus
in Mice. eLife 2019, 8, e45282. [CrossRef]

Siragher, E.; Sferruzzi-Perri, A.N. Placental Hypoxia: What Have We Learnt from Small Animal Models? Placenta 2021, 113, 29-47.
[CrossRef]

Napso, T.; Lean, S.C.; Lu, M.; Mort, E.J.; Desforges, M.; Moghimi, A.; Bartels, B.; El-Bacha, T.; Fowden, A.L.; Camm, E.J.; et al.
Diet-Induced Maternal Obesity Impacts Feto-Placental Growth and Induces Sex-Specific Alterations in Placental Morphology,
Mitochondrial Bioenergetics, Dynamics, Lipid Metabolism and Oxidative Stress in Mice. Acta Physiol. Oxf. Engl. 2022, 234, e13795.
[CrossRef]

Culffe, ].5.M.; Walton, S.L.; Singh, R.R.; Spiers, J.G.; Wilkinson, L.; Little, M.H.; Moritz, KM. Mid- to Late Term Hypoxia in the
Mouse Alters Placental Morphology, Glucocorticoid Regulatory Pathways and Nutrient Transporters in a Sex-Specific Manner.
J. Physiol. 2014, 14, 3127-3141. [CrossRef]

Culffe, ].5.M.; Dickinson, H.; Simmons, D.G.; Moritz, K.M. Sex Specific Changes in Placental Growth and MAPK Following Short
Term Maternal Dexamethasone Exposure in the Mouse. Placenta 2011, 32, 981-989. [CrossRef]

Sferruzzi-Perri, A.N.; Lépez-Tello, J.; Fowden, A.L.; Constancia, M. Maternal and Fetal Genomes Interplay through Phosphoinosi-
tol 3-Kinase(PI3K)-P110« Signaling to Modify Placental Resource Allocation. Proc. Natl. Acad. Sci. USA 2016, 113, 11255-11260.
[CrossRef]

Aye, LL.M.H.; Aiken, C.E.; Charnock-Jones, D.S.; Smith, G.C.S. Placental Energy Metabolism in Health and Disease—Significance
of Development and Implications for Preeclampsia. Am. J. Obstet. Gynecol. 2022, 226, S928-5944. [CrossRef]

Lopez-Tello, J.; Salazar-Petres, E.; Webb, L.; Fowden, A.L.; Sferruzzi-Perri, A.N. Ablation of PI3K-P110alpha Impairs Maternal
Metabolic Adaptations to Pregnancy. Front. Cell Dev. Biol. 2022, 10, 928210. [CrossRef]

Salazar-Petres, E.; Carvalho, D.P,; Lopez-Tello, J.; Sferruzzi-Perri, A.N. Placental Structure, Function and Mitochondrial Phenotype
Relate to Fetal Size in Each Fetal Sex in Mice. Biol. Reprod. 2022, 106, 1292-1311. [CrossRef]

Engelman, J.A.; Luo, J.; Cantley, L.C. The Evolution of Phosphatidylinositol 3-Kinases as Regulators of Growth and Metabolism.
Nat. Rev. Genet. 2006, 7, 606—-619. [CrossRef]

Kriplani, N.; Hermida, M.A.; Brown, E.R; Leslie, N.R. Class I PI 3-Kinases: Function and Evolution. Adv. Biol. Regul. 2015, 59, 53-64.
[CrossRef]

Sferruzzi-Perri, A.N.; Vaughan, O.R.; Coan, PM.; Suciu, M.C.; Darbyshire, R.; Constancia, M.; Burton, G.J.; Fowden, A.L. Placental-
Specific Igf2 Deficiency Alters Developmental Adaptations to Undernutrition in Mice. Endocrinology 2011, 152, 3202-3212. [CrossRef]
Vaughan, O.R; Sferruzzi-Perri, A.N.; Coan, PM.; Fowden, A L. Adaptations in Placental Phenotype Depend on Route and Timing
of Maternal Dexamethasone Administration in Mice. Biol. Reprod. 2013, 89, 80. [CrossRef]

Foukas, L.C.; Claret, M.; Pearce, W.; Okkenhaug, K.; Meek, S.; Peskett, E.; Sancho, S.; Smith, A.J.H.; Withers, D.].; Vanhaesebroeck,
B. Critical Role for the P110& Phosphoinositide-3-OH Kinase in Growth and Metabolic Regulation. Nature 2006, 441, 366-370.
[CrossRef]

Nelson, V.L.B; Ballou, L.M.; Lin, R.Z. Energy Balancing by Fat Pik3ca. Adipocyte 2015, 4, 70-74. [CrossRef]

Li, M.E.; Lauritzen, HPM.M.; O'Neill, B.T.; Wang, C.H.; Cai, W.; Brandao, B.B.; Sakaguchi, M.; Tao, R.; Hirshman, M.F;; Softic, S.; et al.
Role of P110a Subunit of PI3-Kinase in Skeletal Muscle Mitochondrial Homeostasis and Metabolism. Nat. Commun. 2019, 10, 3412.
[CrossRef]

Napso, T.; Hung, Y.P,; Davidge, S.T.; Care, A.S.; Sferruzzi-Perri, A.N. Advanced Maternal Age Compromises Fetal Growth and
Induces Sex-Specific Changes in Placental Phenotype in Rats. Sci. Rep. 2019, 9, 16916. [CrossRef]

Aykroyd, B.R.L.; Tunster, S.J.; Sferruzzi-Perri, A.N. Igf2 Deletion Alters Mouse Placenta Endocrine Capacity in a Sexually
Dimorphic Manner. J. Endocrinol. 2020, 246, 93-108. [CrossRef]

Barke, T.L.; Money, K.M.; Du, L.; Serezani, A.; Gannon, M.; Mirnics, K.; Aronoff, D.M. Sex Modifies Placental Gene Expression in
Response to Metabolic and Inflammatory Stress. Placenta 2019, 78, 1-9. [CrossRef]

Kalisch-Smith, J.I.; Simmons, D.G.; Dickinson, H.; Moritz, K.M. Review: Sexual Dimorphism in the Formation, Function and
Adaptation of the Placenta. Placenta 2017, 54, 10-16. [CrossRef]

Rosenfeld, C.S. Sex-Specific Placental Responses in Fetal Development. Endocrinology 2015, 156, 3422-3434. [CrossRef]

Desler, C.; Hansen, T.L.; Frederiksen, ].B.; Marcker, M.L.; Singh, K.K.; Juel Rasmussen, L. Is There a Link between Mitochondrial
Reserve Respiratory Capacity and Aging? J. Aging Res. 2012, 2012, 192503. [CrossRef]

Hastie, R.; Lappas, M. The Effect of Pre-Existing Maternal Obesity and Diabetes on Placental Mitochondrial Content and Electron
Transport Chain Activity. Placenta 2014, 35, 673-683. [CrossRef]

Song, H.; Telugu, B.P.; Thompson, L.P. Sexual Dimorphism of Mitochondrial Function in the Hypoxic Guinea Pig Placentat. Biol.
Reprod. 2019, 100, 208-216. [CrossRef]


http://doi.org/10.1073/pnas.0504468103
http://doi.org/10.1210/en.2008-1100
http://doi.org/10.7554/eLife.45282
http://doi.org/10.1016/j.placenta.2021.03.018
http://doi.org/10.1111/apha.13795
http://doi.org/10.1113/jphysiol.2014.272856
http://doi.org/10.1016/j.placenta.2011.09.009
http://doi.org/10.1073/pnas.1602012113
http://doi.org/10.1016/j.ajog.2020.11.005
http://doi.org/10.3389/fcell.2022.928210
http://doi.org/10.1093/biolre/ioac056
http://doi.org/10.1038/nrg1879
http://doi.org/10.1016/j.jbior.2015.05.002
http://doi.org/10.1210/en.2011-0240
http://doi.org/10.1095/biolreprod.113.109678
http://doi.org/10.1038/nature04694
http://doi.org/10.4161/21623945.2014.955397
http://doi.org/10.1038/s41467-019-11265-y
http://doi.org/10.1038/s41598-019-53199-x
http://doi.org/10.1530/JOE-20-0128
http://doi.org/10.1016/j.placenta.2019.02.008
http://doi.org/10.1016/j.placenta.2016.12.008
http://doi.org/10.1210/en.2015-1227
http://doi.org/10.1155/2012/192503
http://doi.org/10.1016/j.placenta.2014.06.368
http://doi.org/10.1093/biolre/ioy167

Vet. Sci. 2022, 9, 501 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Muralimanoharan, S.; Guo, C.; Myatt, L.; Maloyan, A. Sexual Dimorphism in MiR-210 Expression and Mitochondrial Dysfunction
in the Placenta with Maternal Obesity. Int. |. Obes. 2015, 39, 1274-1281. [CrossRef]

Wang, Y.; Bucher, M.; Myatt, L. Use of Glucose, Glutamine and Fatty Acids for Trophoblast Respiration in Lean, Obese and
Gestational Diabetic Women. J. Clin. Endocrinol. Metab. 2019, 104, 4178-4187. [CrossRef]

Foukas, L.C.; Bilanges, B.; Bettedi, L.; Pearce, W.; Ali, K.; Sancho, S.; Withers, D.].; Vanhaesebroeck, B. Long-Term P110 a PI3K
Inactivation Exerts a Beneficial Effect on Metabolism. EMBO Mol. Med. 2013, 5, 563-571. [CrossRef]

Yung, HW.,; Calabrese, S.; Hynx, D.; Hemmings, B.A.; Cetin, I.; Charnock-Jones, D.S.; Burton, G.J.; Street, M.E.; Viani, I.; Ziveri,
M.A; et al. Impairment of Insulin Receptor Signal Transduction in Placentas of Intra-Uterine Growth-Restricted Newborns and
Its Relationship with Fetal Growth. Eur. . Endocrinol. 2011, 164, 45-52. [CrossRef]

Yung, HW.,; Calabrese, S.; Hynx, D.; Hemmings, B.A.; Cetin, I.; Charnock-Jones, D.S.; Burton, G.J. Evidence of Placental
Translation Inhibition and Endoplasmic Reticulum Stress in the Etiology of Human Intrauterine Growth Restriction. Am. J. Pathol.
2008, 173, 451-462. [CrossRef] [PubMed]

Musial, B.; Vaughan, O.R.; Fernandez-twinn, D.S.; Voshol, P.; Ozanne, S.E.; Fowden, A.L.; Sferruzzi-perri, A.N. A Western-Style
Obesogenic Diet Alters Maternal Metabolic Physiology with Consequences for Fetal Nutrient Acquisition in Mice Key Points.
J. Physiol. 2017, 595, 4875-4892. [CrossRef] [PubMed]

Musial, B.; Fernandez-Twinn, D.S.; Duque-Guimaraes, D.; Carr, S.K.; Fowden, A.L.; Ozanne, S.E.; Sferruzzi-Perri, A.N. Exercise
Alters the Molecular Pathways of Insulin Signaling and Lipid Handling in Maternal Tissues of Obese Pregnant Mice. Physiol. Rep.
2019, 7, €14202. [CrossRef] [PubMed]

Maattd, J.; Sissala, N.; Dimova, E.Y.; Serpi, R.; Moore, L.G.; Koivunen, P. Hypoxia Causes Reductions in Birth Weight by Altering
Maternal Glucose and Lipid Metabolism. Sci. Rep. 2018, 8, 13583. [CrossRef]

Nuzzo, A.M.; Camm, E.J.; Sferruzzi-Perri, A.N.; Ashmore, T.J.; Yung, H.-W.; Cindrova-Davies, T.; Spiroski, A.M.; Sutherland,
M.R;; Logan, A.; Austin-Williams, S.; et al. Placental Adaptation to Early-Onset Hypoxic Pregnancy and Mitochondria-Targeted
Antioxidant Therapy in a Rodent Model. Am. |. Pathol. 2018, 188, 2704-2716. [CrossRef] [PubMed]

Ganguly, E.; Kirschenman, R.; Spaans, F.; Holody, C.D.; Phillips, T.E.].; Case, C.P.; Murphy, M.P,; Lemieux, H.; Davidge, S.T.
Nanoparticle-Encapsulated Antioxidant Improves Placental Mitochondrial Function in a Sexually Dimorphic Manner in a Rat
Model of Prenatal Hypoxia. FASEB J. 2021, 35, €21338. [CrossRef]


http://doi.org/10.1038/ijo.2015.45
http://doi.org/10.1210/jc.2019-00166
http://doi.org/10.1002/emmm.201201953
http://doi.org/10.1530/EJE-10-0752
http://doi.org/10.2353/ajpath.2008.071193
http://www.ncbi.nlm.nih.gov/pubmed/18583310
http://doi.org/10.1113/JP273684
http://www.ncbi.nlm.nih.gov/pubmed/28382681
http://doi.org/10.14814/phy2.14202
http://www.ncbi.nlm.nih.gov/pubmed/31466137
http://doi.org/10.1038/s41598-018-31908-2
http://doi.org/10.1016/j.ajpath.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/30248337
http://doi.org/10.1096/fj.202002193R

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Placental Lz Mitochondrial Respirometry 

	Statistical Analysis 
	Results 
	PI3K-p110 Deficiency Affects Maternal Body Composition 
	Fetal and Maternal PI3K-p110 Deficiency Induces Sex-Specific Changes in Feto-Placental Growth 
	Fetal and Maternal PI3K-p110 Deficiency Has Only a Minor Effect on Lz Mitochondrial Respiratory Capacity and Does So in a Sex-Specific Manner 

	Discussion 
	Conclusions 
	References

