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Abstract

Fetal growth restriction (FGR) is a major obstetric complication stemming from poor placental development. We have previously

demonstrated that paternal obesity in mice is associated with impaired embryo development and significantly reduced fetal and placental

weights. We hypothesised that the FGR observed in our rodent model of paternal diet-induced obesity is associated with alterations in

metabolic, cell signalling and stress pathways. Male C57BL/6 mice were fed either a normal or high-fat diet for 10 weeks before sperm

collection for IVF and subsequent embryo transfer. On embryonic day 14, placentas were collected and RNA extracted from both male and

female placentas to assess mRNA expression of 24 target genes using custom RT-qPCR arrays. Peroxisome proliferator-activated receptor

alpha (Ppara) and caspase-12 (Casp12) expression were significantly altered in male placentas from obese fathers compared with normal

(P!0.05), but not female placentas. PPARA and CASP12 proteins were localised within the placenta to trophoblast giant cells by

immunohistochemistry, and relative protein abundance was determined by western blot analysis. DNA was also extracted from the same

placentas to determine methylation status. Global DNA methylation was significantly increased in female placentas from obese fathers

compared with normal (P!0.05), but not male placentas. In this study, we demonstrate for the first time that paternal obesity is associated

with changes in gene expression and methylation status of extraembryonic tissue in a sex-specific manner. These findings reinforce the

negative consequences of paternal obesity before conception, and emphasise the need for more lifestyle advice for prospective fathers.
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Introduction

Fetal growth restriction (FGR) is a significant cause of
perinatal mortality and morbidity (Bernstein et al. 2000),
affecting w5–10% of pregnancies (Neerhof 1995). FGR
occurs when the fetus is unable to achieve its genetically
determined potential size and in developed countries is
predominantly due to placental insufficiency, reducing
nutrient and oxygen supply to the developing fetus
(Henriksen & Clausen 2002). Fetal adaptation to this
altered uterine milieu results in permanent changes in
glucose–insulin metabolism (Hales & Barker 2001). As
such, growth-restricted individuals are at an increased
risk of developing metabolic syndrome later in life,
including obesity, hypertension, cardiovascular disease
and type 2 diabetes (Kanaka-Gantenbein et al. 2003,
Ergaz et al. 2005). The underlying aetiology of FGR from
placental insufficiency is unclear.

Paternal diet-induced obesity in a mouse model has
been shown to result in FGR. Fetuses from obese fathers
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are significantly smaller, have decreased crown–rump
length and retarded limb morphology, as well as
significantly smaller placentas (Binder et al. 2012a,
McPherson et al. 2013). Embryos derived from obese
fathers also have an increased propensity for zygote
arrest, delayed preimplantation development, dispropor-
tionate changes in both pre- and post-compaction
metabolism, mitochondrial dysfunction, reduced blas-
tocyst formation, decreased cell number and aberrant
cell lineage allocation to the trophectoderm (TE) or inner
cell mass (ICM) (Mitchell et al. 2011, Binder et al.
2012a,b). Furthermore, paternal obesity increases the
likelihood of metabolic syndrome, namely obesity, in
offspring (Danielzik et al. 2002, Li et al. 2009).

The paternal genome, particularly the epigenome,
plays a critical role in the development and function of the
placenta, which in turn regulates fetal growth (Piedrahita
2011). Genomic imprinting, an epigenetic mechanism
that regulates parental allelic expression, is postulated
to have evolved in response to conflict between the
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maternal and paternal genomes regarding allocation of
resources to the developing fetus (Moore & Haig 1991).
Paternally expressed genes tend to enhance fetal and
placental growth, while maternally expressed genes
have the converse effect (Lim & Ferguson-Smith 2010).
In mice, hypermethylation in as few as one paternally
expressed imprinted gene is sufficient to induce FGR
(Murphy et al. 2001, McMinn et al. 2006, Dilworth et al.
2010). Additionally, global methylation changes and
altered gene expression in non-imprinted genes have
also been identified in FGR placentas (McCarthy et al.
2007, Einstein et al. 2010, Struwe et al. 2010).

We hypothesise that FGR as a result of paternal obesity
is associated with alterations in metabolic, cell signalling
and stress pathways in both the embryo and placenta.
This would provide a possible mechanism underpinning
the deleterious effect of male diet-induced obesity on
offspring health. As such, the aim of this study was to
examine gene expression, methylation and protein
changes associated with FGR as a result of paternal
obesity. Identifying any alterations is paramount to
developing strategies to minimise or rectify the effect of
paternal obesity on health of the ensuing generation.
Blastocyst analysis Placental analysis
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Materials and methods

Experimental animals and diets

Six week old male C57BL/6 mice (nZ20; all mice from
Monash Animal Services, Clayton, VIC, Australia) were
randomly assigned to one of the two diets for 10 weeks:
control diet (4.8% fat, meat free rat and mouse chow), or
high-fat diet (22% fat, SF00-219; Specialty Feeds, Glen Forrest,
WA, Australia) manufactured to emulate a ‘Western-style fast
food diet’. Body weight was recorded weekly, and mice on
these diets were designated as normal and obese respectively.
This high-fat diet feeding regime does not affect fasting plasma
glucose levels but does induce dyslipidaemia (Bakos et al.
2011, Mitchell et al. 2011, Palmer et al. 2012). Animals were
maintained in a 12 h light:12 h darkness photoperiod with food
and water supplied ad libitum.
Norm-G n=1 Ob-G n=1 

Norm-H n=1 Ob-H n=1 

Norm-I n=1 Ob-I n=1 

Norm-J n=1 Ob-J n=1 

mRNA extraction mRNA extraction
DNA extraction

Protein extraction

Figure 1 Experimental design flow chart. Sperm were collected from ten
normal male mice and ten obese male mice. IVF was used to generate
Gamete collection

Following the 10-week feeding period, male mice were killed
and cauda epididymal sperm was collected and cryopreserved
for IVF as described previously (Binder et al. 2012a). Control
diet-fed 4–6-week-old Swiss female mice were superovulated
with i.p. injections of 5 IU pregnant mare serum gonadotrophin
(Folligon, Intervet, Milton Keynes, UK) followed, 48 h later, by
5 IU human chorionic gonadotrophin (Chorulon, Intervet), and
oocytes were collected the following morning.
embryos. These embryos were either snap frozen in pools of at least 100
blastocysts for mRNA extraction or transferred to seven recipient dams.
Five normal male and five normal female placentas and five obese male
and five obese female placentas were snap frozen on E14 and divided
into three wedges for mRNA, DNA and protein extraction. Norm,
generated from sperm from normal male; Ob, generated from sperm
from obese male; _, male placenta; \, female placenta.
Mouse IVF and embryo culture

Embryos were generated in vitro from the cryopreserved sperm
of normal and obese males and fresh oocytes due to decreased
fecundity with high-fat feeding (Binder et al. 2012a). Following
Reproduction (2015) 149 435–444
a 4 h fertilisation period, pronucleate oocytes were cultured to
the blastocyst stage in sequential G1/G2 media supplemented
with 5 mg/ml human serum albumin under paraffin oil
(Vitrolife, Goteborg, Sweden; Gardner & Lane 2004, 2014).
A humid environment of 6% CO2, 5% O2 and 89% N2 at 37 8C
was maintained throughout the 4-day culture with a multi-
gas incubator (Sanyo, Osaka, Japan). Expanded and hatching
blastocysts were either snap frozen or used for embryo transfer
(Fig. 1). At least 100 snap-frozen blastocysts from eight IVF
cultures were pooled per male mouse (four normal pooled
samples and four obese pooled samples) for RNA extraction.
Mouse embryo transfer

Embryos were transferred on day 4 of culture to an
asynchronous pseudopregnant female reproductive tract
staged at day 3.5 of pregnancy, as described previously (Binder
et al. 2012a). Briefly, pseudopregnancy was induced by mating
8–12-week-old F1 (C57BL/6!CBA/Ca) female mice with
vasectomised F1 males. Seven pseudopregnant females
received five embryos into the lumen of each uterine horn,
with one horn receiving embryos derived from a normal father
and the other horn receiving embryos derived from an obese
father. Alternate paternal groups were transferred to both the
www.reproduction-online.org
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right and left horn per recipient, to avoid any preferential
uterine bias. There is no trans-uterine migration of blastocysts
after embryo transfer in mice (Rulicke et al. 2006). On
embryonic day 14 (E14), pregnant females were killed, fetuses
were collected and sexed by examining gonadal morphology
(!20 magnification) and placentas were collected and either
snap frozen or fixed in neutral buffered formalin. Five male
placentas and five female placentas per paternal group (in total
ten placentas generated from normal fathers and ten placentas
generated from obese fathers) were selected. Each placenta
was divided into three relatively equal wedges and randomly
allocated for i) RNA, ii) DNA and iii) protein extraction.
Custom RT-qPCR array

Total RNA was extracted from mouse embryos and placentas
using the Roche High Pure RNA Isolation Kit (Roche). Snap-
frozen embryos were pooled in 200 ml PBSC400 ml lysis buffer
(provided with kit). Samples were incubated on ice for 2 min
before being vortexed for 15 s. For each placenta sample,
35 mg of tissue were incubated on ice for 5 min in 200 ml
PBSC400 ml lysis buffer before being disrupted with a rotor–
stator homogeniser (Bio-gen PRO200 Homogenizer, Pro
Scientific, Oxford, MS, USA). RNA extraction was carried out
according to the manufacturer’s instructions for both sample
types. Concentration and quality of eluted RNA were
determined using a Nanodrop ND 1000 spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE, USA). One
hundred nanograms of RNA per pooled embryo sample and
550 ng RNA/placenta sample were converted into cDNA using
the Roche Transcriptor High Fidelity cDNA Synthesis Kit,
according to the manufacturer’s instructions. The Roche
RealTime ready Configurator (http://www.realtimeready.
roche.com) was used to generate Custom RealTime ready
Panels in 384-well format, containing function tested, pre-
plated qPCR assays for 24 genes of interest, three housekeeping
genes, and five quality controls, in triplicate (four biological
samples in triplicate per plate). The quality control assays
include three positive controls to test for degradation of initial
RNA and quality of cDNA synthesis, and two negative controls
to control for any potential residual genomic DNA. The genes
of interest were selected based on previous findings related to
the effects of paternal obesity on embryo, fetal and placental
development (Binder et al. 2012a,b; Table 1). Each assay well
contained a gene specific primer and a Universal ProbeLibrary
Probe (short FAM-labelled hydrolysis probe containing locked
nucleic acid). Then, 8 ml of master mix (LightCycler 480 Probes
Master, Roche) and 2 ml of 1:10 (embryo) or 1:20 (placenta)
diluted cDNA were added to each assay well. Quantification
of gene expression levels by qPCR was carried out on the
LightCycler 480 Instrument (Roche), with the run conditions:
95 8C for 10 min; 95 8C for 10 s, 60 8C for 30 s and 72 8C for 1 s
(45 cycles; with 40 cycles chosen as the cut-off point); and
40 8C for 30 s. The technical plate-to-plate variance using
RealTime ready assays in conjunction with the LightCycler 480
Probes Master and the LightCycler 480 Instrument is negligible;
inter-plate correction with a universal calibrator was not
necessary. Relative quantification was determined by the
comparative CT method.
www.reproduction-online.org
Immunohistochemistry

Peroxisome proliferator-activated receptor alpha (PPARA) and
CASP12 were localised by immunohistochemistry in mouse
placental tissue derived from both normal (nZ10) and obese
(nZ10) fathers. In brief, paraffin sections (5 mm) were dewaxed in
xylene and rehydrated through descending grades of ethanol
(unless otherwise stated, all chemicals were obtained from
Sigma–Aldrich). Sections underwent antigen retrieval using
0.01 mol/l sodium citrate buffer (pH 6.0) for 15 min and then
incubation in the hot buffer for a further 20 min. Sections were
washed for 5 min in PBS, pH 7.6. Following endogenous
peroxidase quenching and blocking of non-specific binding,
sections were incubated overnight at 4 8C with rabbit anti-PPARA
(ab8934, Abcam, Cambridge, UK) at a concentration of 5 mg/ml
in PBS or rabbit anti-caspase-12 (CASP12; ab18766, Abcam) at a
concentration of 1 mg/ml in PBS. For isotype controls, primary
antibody was substituted with rabbit IgG. Staining was visualised
using the SuperPicture Kit (Invitrogen) followed by peroxidase
substrate 3,3 0-diaminobenzidine (DAB) (Dako, Glostrup,
Denmark), and lightly counterstained with Harris hematoxylin.
Sections were then dehydrated and mounted. Staining was
visualised and captured using a Leica microscope and camera.
Global methylation ELISA

DNA was extracted from mouse placenta using the DNeasy
Blood & Tissue Kit (Qiagen). For each placenta sample, 35 mg
of tissue were minced before being incubated in lysis buffer for
2.5 h at 56 8C, with regular vortexing. DNA extraction was
carried out according to the manufacturer’s instructions.
Concentration of eluted DNA was determined using a
Nanodrop. Global methylation status was quantified using a
5-methyl-cytosine ELISA-like assay (MethylFlash Methylated
DNA Quantification Kit – Colorimetric, Epigentek, Farming-
dale, NY, USA). A negative control (10.0 ng unmethylated
polynucleotide containing 50% cytosine), a five-point standard
curve (0.5, 1.0, 2.0, 5.0 and 10.0 ng of methylated poly-
nucleotide containing 50% 5-methylcytosine) and 100 ng of
DNA/sample (in duplicate) were pipetted into a 96-well plate
(treated to have high DNA affinity) and incubated at 37 8C for
90 min. The plate was then washed and capture antibody
applied for 60 min at room temperature. Capture antibody was
washed away and detection antibody added for 30 min at room
temperature. Detection antibody was washed away and signal
enhancer applied for 30 min at room temperature. Wells were
then washed and the signal was developed. The plate was
monitored away from light for up to 10 min until developed
(both the standard curve wells and sample wells). Stop solution
was added and the plate shaken for 1 min before absorbance
was read at 450 nm on a microplate reader (xMark, Bio-Rad).
Absolute quantification of the amount of methylated DNA in
each sample was determined from the standard curve.
Western blot

Mouse placenta protein lysates were prepared with RIPA buffer
(150 mM NaCl; 50 mM Tris, pH 8.0; 1% Triton X-100; 0.5%
sodium deoxychloride; 0.1% SDS; 1% protease inhibitor and
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Table 1 Genes assessed using pathway-focused RT-qPCR arrays.

Category Gene Name

Paternally expressed – imprinted Peg10 Paternally expressed 10
acatgaacaggcagtttgagaatatgaacctgctggatcaggtggagttgcttgcacagagg

Peg3 Paternally expressed 3
gagaagcggagagatgtccaccctgggctggtggcgccgccgggcgcccggttcagtgtggggtgcactagactgcc-

gaccctggtcggggtgtgtgcgtagagtgctgtgctccgggagccctaccttcttgatcttctatcct
Mest Mesoderm specific transcript

caccataaagagtctctgtctgtcgaatggaggtatctttcctgagacgcatcgtcctctcccttctccaaaagc
Igf2 Insulin-like growth factor 2

cgcggcttctacttcagcaggccttcaagccgtgccaaccgtcgcagccgtggcatcgtggaagagtgctgcttccg-
cagctgcgacctggccctcctggagacatactgtgccacccccgccaagtccgagagggacgtgtctacct

Metabolic Pdk4 Pyruvate dehydrogenase kinase, isoenzyme 4
cgcttagtgaacactccttcggtgcagctggtgaagagctggtatatccagagcctgatgggatttggtggagttccatgagaa-

gagcccagaag
Ppara Peroxisome proliferator activated receptor alpha

aactggatgacagtgacatttccctgtttgtggctgctataatttgctgtggagatcggcctggccttctaaacataggctacatt-
gagaagttgcaggaggggat

Cytokines and growth factors Tnf Tumour necrosis factor
gggcttccagaactccaggcggtgcctatgtctcagcctcttctcattcctgcttgtggcaggggccaccacgctcttctgtc-

tactgaacttcggggtgatcggtccccaaagggatgagaagttccc
Il6ra Interleukin 6 receptor, alpha

atcctctggaaccccacacaggtctctgttgaagactctgccaaccacgaggatcagtacgaaagttc
Prok1 Prokineticin 1

acccaggaagccacaagatccccttcttgaggaaacgccaacaccatacctgtccctgctcacccagcctgctgtgctc-
caggttcccggacggcaggtaccgctgcttccgggacttgaagaatgccaacttttagtttg

Cxcr4 Chemokine (C-X-C motif) receptor 4
tggaaccgatcagtgtgagtatatacacttctgataactactctgaagaagtgggttctggagactatgactccaacaag-

gaaccctgcttccgggatgaaaacgtccatttcaataggatcttcctgccc
Egfr Epidermal growth factor receptor

ccacctatctgcaccatcgatgtctacatgatcatggtcaagtgctggatgatagatgctgatagccgcccaaagtt
Trophectoderm and

peri-implantation
Mmp2 Matrix metalloproteinase 2

aactttgagaaggatggcaagtatggcttctgcccccatgaagccttgtttaccatgggtggca
Lif Leukaemia inhibitory factor

tgcagctcatgggtcaaatcagagagctggctagctcctctgtctcccactgtgactcact
Oxidative and ER stress Casp12 Caspase 12

aaacaaacccaagattctcatcatgcaggcctgcagaggcagatataatggaactatttgggtatccaca
Sod1 Superoxide dismutase 1, soluble

cgcatctcaactttcacactgcaaccgaggcgcgctgtgcaaagtcagtgacaatccgcatttccagacacagtgggt
Signalling, receptors,

transcription and translation
Bmpr2 Bone morphogenic protein receptor, type II

ggacatcaatcttgtgaaacaaggatgttggtctcacatcggtgatccccaagagtgcca
Ctnnb1 Catenin (cadherin associated protein), beta 1

gctgaccagttccctcttcaggacagagccaatggcttggaatgagactgcagatcttggactggacatt
Stat3 Signal transducer and activator of transcription 3

tggcaccttggattgagagtcaagactgggcatatgcagccagcaaagagtcacatgccacgttg
Nr3c1 Nuclear receptor subfamily 3, group C, member 1

caaagattgcaggtatcctatgaagagtatctctgtatgaaaaccttactgcttctctcctcagttcctaaggaaggt
ctgaagagccaag

Spermatogenesis Kdm3a Lysine (K)-specific demethylase 3A
aaagctgttgtacaagaagcagtaataaaacccagactcccccagcccggaagtcagttttgacagacc

Tnp1 Transition protein 1
gccgcaagctaaagactcatggcatgaggagaggcaagaaccgagctcctcacaagggcgtcaagagaggtggaagcaa-

gagaaaataccggaagagcgtcctgaaaagtaggaaacggggcgatgatgcaagtcgcaattaccgatcc
Prm1 Protamine 1

ctgggagcaggggccagtagcagcacccacgtccaccttctgtctagtaatgtccaacacctccctc
Mitochondria (nuclear encoded) Cox4i1 Cytochrome c oxidase subunit IV isoform 1

cgagatgaacaggggcaccaatgaatggaagacagttgtgggcatggccatgttcttcattggcttc
Nrf1 Nuclear respiratory factor 1

gcagacacgtttgcttcggaaactcagagccacgttggatgagtacacgacgcgagtgggacagcaagcgattgtactctg-
catctcacc

Housekeeping Hprt Hypoxanthine guanine phosphoribosyl transferase
ggagcggtagcacctcctccgccggcttcctcctcagaccgctttttgccgcgagccgaccggtcccgtcatgccgacccg-

cagtcccagcgtcgtgattagcgatgatgaaccag
Tbp TATA box binding protein

ggggagctgtgatgtgaagttccctataaggctggaaggccttgtgctgacccaccagcagttcagtagctatgagccagaat-
tatttcctgg

B2m Beta-2 microglobulin
tacgcctgcagagttaagcatgccagtatggccgagcccaagaccgtctactgggatcgagacatgtgatcaagcatcat-

gatgctctgaagattcatttgaacc
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1% phenylmethylsulphonyl fluoride). Briefly, 25 mg of each
placental sample were homogenised in 600 ml RIPA buffer
before being rotated at 4 8C for 2 h. Lysates were then centrifuged
at 12 000 g for 20 min at 4 8C and the supernatant transferred
to a new tube. Total protein was quantitated in each sample using
a colorimetric bicinchoninic acid protein assay (Pierce BCA
Protein Assay Kit, Thermo Scientific, Waltham, MA, USA). Thirty
micrograms of placental lysate per sample were separated on
12% polyacrylamide gels and were then transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). Membranes were
blocked overnight in 1% BSA TBS before overnight incubation
with rabbit anti-PPARA (ab8934, Abcam, 1:1000 dilution) or
rabbit anti-CASP12 (ab18766, Abcam, 1:200 dilution). Mem-
branes were subsequently stripped and blocked with 5% skim
milk TBS for 1 h before overnight incubation with rabbit anti-
GAPDH (3683S, Cell Signalling Technology, Danvers, MA, USA,
1:10 000 dilution). Bands were visualised using a chemi-
luminescence detection system (GE Healthcare Life Sciences,
Little Chalfont, UK) and ChemiDoc XRS (Bio-Rad). GAPDH
was used as a protein loading control. Relative densitometry
was determined using the QuantityOne Software (Bio-Rad).
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Figure 2 The expression of Cox4i1 tended to be higher in mouse
blastocysts derived from obese fathers. Graphical representation of
12 genes (24 investigated) with detectable levels of mRNA in
Statistical analysis

After testing the distribution of data with the D’Agostino-Pearson
omnibus normality test, statistical analysis was performed on
raw data. Mouse weight and body fat composition were
normally distributed and statistically analysed using a parametric
t-test. Implantation and ongoing pregnancy rate were statistically
analysed using a contingency table and Fisher’s exact test. Fetal
outcomes including fetal and placental weights, crown–rump
length and sex ratio were not normally distributed and
statistically analysed non-parametrically using the Mann–
Whitney U test. Relative protein abundance by densitometry
was not normally distributed and statistically analysed non-
parametrically using the Mann–Whitney U test. Global DNA
methylation was not normally distributed and statistically
analysed non-parametrically using the Mann–Whitney U test.
For qPCR array data, each gene detectable below the limit
of detection (cycle 40) was analysed individually, without
assuming a consistent S.D. and correction for multiple compari-
sons using the Holm–Sidak method. Statistical analysis was
performed using PRISM version 6.00 for Windows (GraphPad,
San Diego, CA, USA). P values !0.05 were considered
statistically significant.

Furthermore, univariate general linear modelling was per-
formed with paternal phenotype (normal or obese) as a fixed
factor and recipient dam, transfer horn, implantation rate, fetal
number per horn, transfer date (season), fetal weight and
placental weight as covariates. Despite mice being housed in a
constant light/darkness cycle, seasonality had a confounding
effect on the data. As such, all fetal and placental samples used in
the present study were generated within a 6-week period to avoid
any seasonal effect.
blastocysts derived from normal and obese fathers. The dark horizontal
line represents relative gene expression in blastocysts derived from
normal fathers and light bars represent relative gene expression in
blastocysts derived from obese fathers. Data are expressed as
meanGS.E.M., normalised to normal. #PZ0.056, nZ4 pools of
102–219 blastocysts/sample per paternal group.
Animal ethics

This study was carried out in strict accordance with the
Australian code of practice for the care and use of animals for
www.reproduction-online.org
scientific purposes. Ethical approval was obtained from
the University of Melbourne Animal Ethics Committee
(#1011628.1) before experimentation.
Results

Dietary effects on weight gain and fat deposits

Male C57BL/6 mice fed the high-fat diet for 10 weeks
(obese) gained significantly more weight than mice fed the
control diet (normal) (19.9G1.5 g vs 12.8G0.8 g respect-
ively; P!0.01). Importantly, the obese mice were
significantly heavier at the time of sperm collection than
the normal mice (36.4G1.5 g vs 29.4G0.8 g respectively;
P!0.01). Obese mice also had significantly increased
peritoneal fat deposits compared with normal mice, which
did not normalise with weight (6.0G0.2% vs 2.8G0.4%
respectively; P!0.001). Similar changes to body compo-
sition with high-fat feeding in this mouse strain have been
reported previously (Binder et al. 2012a,b).
Obesity effects on blastocyst gene expression

Twenty-four target genes involved in metabolic, cell
signalling and stress pathways were selected based on
our observations of the effect of paternal obesity on
embryo and fetal/placental development, including
altered preimplantation metabolism, delayed cell cycle
kinetics and FGR. In blastocysts, Peg10, Mest, Igf2, Il6ra,
Lif, Sod1, Bmpr2, Ctnnb1, Stat3, Kdm3a, Cox4i1 and
Nrf1 had detectable levels of mRNA present (Fig. 2).
Of these, Cox4i1 mRNA was increased in blastocysts
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Table 2 Pregnancy outcomes of transfer of embryos generated from the
sperm of normal and obese males into pseudopregnant recipient
female mice.

Parameter Normal Obese P value

Implantation (%) 79.00 67.29 !0.01
Fetuses (as % of transferred

embryos)
54.00 43.93 !0.05

Fetal weight (mg) 131.91G3.38 122.16G3.30 !0.05
Placental weight (mg) 139.67G4.48 125.49G4.44 !0.05
Fetal/placental ratio 0.98G0.03 1.02G0.04 NS
Crown–rump length (mm) 10.25G0.11 9.86G0.11 !0.01

Data are expressed as meanGS.E.M., except for percentage data.
nZ100 embryos transferred/paternal group (from which placentas
were collected for RNA, DNA and protein extraction);
NS, not significant.
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derived from obese fathers compared with those derived
from normal fathers, although this was of borderline
significance (PZ0.056).
Paternal obesity effects on fetal and placental weight

Embryos derived from the sperm of obese males had a
reduced ability to implant into the uterine wall of a
recipient female following blastocyst transfer, resulting in
fewer viable fetuses (Table 2). Paternal obesity did not
affect the fetal sex ratio at E14 (Fig. 3). Fetal and placental
weights were significantly reduced in conceptuses of
obesemales comparedwithnormal and their crown–rump
lengths were shorter (Table 2). Both male and female
placentas derived from obese fathers weighed on average
10.2% less than those derived from normal fathers.
Paternal obesity was also associated with a fourfold higher
rate of fetal growth below the 10th centile compared with
normal (15.7% vs 3.7% respectively; P!0.001).
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Sex-specific obesity effects on placental
gene expression

Expression of Cxcr4 was significantly reduced in
placentas derived from obese fathers (Fig. 4A); however,
this significance was no longer observed when male and
female placentas were assessed separately. In male
placentas only, paternal obesity was associated with
significantly decreased expression of Ppara and Casp12
(P!0.05), and reduced expression of Tnf and Mmp2
(P!0.1) (Fig. 4B). No significant changes in gene
expression were observed in female placentas derived
from obese fathers (Fig. 4C).
0.0
Normal Obese

Paternal phenotype

Figure 3 Mouse fetal sex ratio was not affected by paternal obesity.
The graph depicts the proportion of male fetuses present at E14
following embryo transfer. Each data-point represents the sex ratio
determined per individual recipient female. Horizontal lines represent
the meanGS.E.M., nZ7 recipient females/paternal group.
Sex-specific obesity effects on placental DNA
methylation

While no changes were observed in the expression of
imprinted genes Peg10, Peg3, Mest and Igf2, epigenetic
modification across the genome might contribute to the
FGR observed with paternal obesity. Global DNA
Reproduction (2015) 149 435–444
methylation was detected with a 5-methyl-cytosine
antibody in an ELISA-like approach. Paternal obesity
did not affect global DNA methylation when no
distinction was made between male and female
placentas (Fig. 5A). However, taking sex into consider-
ation, in female placentas only, paternal obesity was
associated with significantly increased global DNA
methylation (Fig. 5C). There was no change in global
DNA methylation status in male placentas (Fig. 5B).
Obesity effects on PPARA and CASP12 placental protein

In the placenta, both PPARA and CASP12 strongly
localised to the junctional zone and trophoblast giant
cells, with CASP12 showing distinct peri-nuclear
staining (Fig. 6A, B, D and E respectively). PPARA was
also observed in peri-vascular cells in some placental
vessels (Fig. 6C). PPARA protein abundance in male
(Fig. 6G) and female placentas and CASP12 protein
abundance (both pro and cleavage forms) in male and
female placentas were not affected by paternal obesity
(data not shown).
Discussion

While a negative effect of male obesity on reproductive
health is now more widely recognised, the underlying
mechanisms resulting in reduced fecundity and sub-
sequent FGR are yet to be fully elucidated. The data from
this study demonstrate for the first time that paternal
obesity is associated with changes in placental gene
expression and global DNA methylation in a sex-specific
manner.

In the current study, genomic analysis identified a
tendency for increased levels (PZ0.056) of cytochrome
c oxidase subunit IV isoform 1 (Cox4i1) mRNA in
www.reproduction-online.org
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Figure 5 Global DNA methylation of mouse female placenta was
significantly increased with paternal obesity. The dark and light bars
represent relative global DNA methylation in total placentas (A), male
placentas (B) and female placentas (C) derived from normal and obese
fathers respectively. Data are expressed as meanGS.E.M. *P!0.05, nZ5
male and five female placentas (ten total placentas)/paternal group.
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Figure 4 The expression of Ppara and Casp12 were significantly
downregulated in mouse male placenta derived from obese fathers.
The graph depicts 23 genes (of 24 investigated) with detectable levels of
mRNA in total placentas (A), male placentas (B) and female placentas
(C) derived from normal and obese fathers. The dark horizontal line
represents relative gene expression in placentas derived from normal
fathers and light bars represent relative gene expression in placentas
derived from obese fathers. Data are expressed as meanGS.E.M.,
normalised to normal. *P!0.05, #P!0.1, nZ5 male and five female
placentas (ten total placentas)/paternal group.
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blastocysts derived from obese fathers compared with
normal. Nuclear encoded Cox4i1 localises to the inner
mitochondria membrane and forms part of the electron
transport chain (Blake et al. 2014). Dysregulation of
Cox4i1 affects mitochondrial membrane potential
(Miceli et al. 2012); this finding is consistent with our
previous report of altered pre-compaction mitochondrial
metabolism with paternal obesity (Binder et al. 2012a).
Importantly, we also identified significantly increased
www.reproduction-online.org
levels of Cox4i1 mRNA in spermatozoa from obese males
(Binder et al. 2015), and the increased Cox4i1 mRNA in
the blastocyst may be direct carryover from the sperma-
tozoa. This provides further evidence that mRNA present
in the spermatozoa likely has a functional role in early
embryonic development (Hosken & Hodgson 2014).
Recently, it has been established that a paternal load of
RNA is selectively delivered into the oocyte by the
fertilising sperm, and this RNA is translated in the zygote,
Reproduction (2015) 149 435–444
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Figure 6 PPARA and CASP12 localise strongly to the junctional zone
trophoblast giant cells in the mouse placenta. Immunolocalisation of
PPARA (A, B and C) and CASP12 (D and E) in placental tissue from E14
mice. PPARA localises to trophoblast giant cells (B) and some vessels
(C), and CASP12 localises to trophoblast giant cells, with distinct
peri-nuclear staining (E). This staining is not present in the negative
control (F). A and D: !100 magnification and B, C, E and F: !250
magnification. Arrows indicate areas of staining. PPARA protein
(52 kDa) abundance decreased modestly in male mouse placentas
derived from obese fathers compared with those from normal fathers
(representative image of western blot probed with a PPARA antibody,
normalised to the GAPDH loading control (G), nZ5 male
placentas/paternal group).
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having a direct role in early embryogenesis. Work in
model organism Caenorhabditis elegans has identified
hundreds of paternally derived mRNA present in the
1-cell embryo, before initiation of transcription
(Stoeckius et al. 2014).

We have previously shown that paternal obesity is
associated with significantly altered cell lineage
allocation in the blastocyst, resulting in a decreased ICM
to TE ratio (Binder et al. 2012a). Having fewer ICM cells
can contribute to observed differences in blastocyst
gene expression due to the unique expression profiles of
the ICM and TE (Guo et al. 2010). However, in vitro
culture as performed in this study is known to diminish
the differential expression of genes between the two
cell lineages (Giritharan et al. 2012), meaning that a
reduced ICM:TE is unlikely to affect gene expression in
this instance.
Reproduction (2015) 149 435–444
Ppara expression was significantly downregulated in
male placentas derived from obese fathers. PPARA is
a nuclear transcription factor belonging to the steroid
hormone receptor superfamily, targeting genes involved
in cell proliferation and inflammation responses.
PPARA is the transcriptional master regulator of lipid
metabolism (Jump 2008) and can function to protect
cells against reactive oxygen species (ROS)-induced
apoptosis (Ashibe & Motojima 2009, Tang et al. 2014).
Inhibition of PPARA induces apoptosis and cellular
damage, and the reduced Ppara expression observed in
male placentas derived from obese fathers may lead to
increased cellular damage (Tang et al. 2014). Resvera-
trol, a polyphenol found in a number of plants protects
against ROS-induced apoptosis by upregulating Ppara
expression (Qin et al. 2014). Interestingly, resveratrol
has been suggested as a therapeutic to improve fetal
outcomes and growth trajectories in pregnancies com-
plicated by FGR (Poudel et al. 2013), and resveratrol
administration postnatally may protect against diet-
induced metabolic syndrome in FGR offspring (Dolinsky
et al. 2011, Rueda-Clausen et al. 2012).

Casp12 expression was also significantly down-
regulated in male placentas derived from obese fathers;
however, this same effect was not translated to relative
protein abundance of either the pro- or cleavage form.
In rodents, Casp12 mediates apoptosis in response to
endoplasmic reticulum stress. Decreased Casp12
expression might suggest that ROS-induced apoptosis
due to downregulation of Ppara is a caspase-indepen-
dent process (Martinvalet et al. 2005).

Several paternally expressed, imprinted genes (Peg10,
Peg3, Mest and Igf2) were investigated, with no significant
change induced by paternal obesity. Global DNA
methylation was, however, significantly higher in female
placentas derived from obese fathers compared with
normal. In FGR placentas, there have been reports of
altered methylation patterns of non-imprinted genes
(Einstein et al. 2010), as well as altered expression of
imprinted genes without altered methylation patterns
(Diplas et al. 2009). Paternally expressed genes tend to
enhance fetal and placental growth, while maternally
expressed genes have the converse effect (Lim &
Ferguson-Smith 2010), and as such, hypermethylation of
paternally expressed genes may result in FGR. Placental
hypermethylation has also been linked to other compli-
cations of pregnancy including preeclampsia and
placental mesenchymal dysplasia, both of which are
associated with increased rates of FGR and fetal death
(Anton et al. 2014, Chen et al. 2014, Liu et al. 2014).
Interestingly, a rodent model of gestational diabetes has
shown overlap between differentially methylated genes in
the placenta and fetal tissues, which affect metabolic
pathways (Petropoulos et al. 2015). The effect of paternal
obesity on fetal methylation status also warrants attention.

Fetal sex ratio was not affected by paternal obesity;
however, the population was skewed toward males
www.reproduction-online.org
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(median proportion of males for both paternal
groupsZ0.60), as is common in IVF cohorts (Maalouf
et al. 2014). Both gene expression and global DNA
methylation showed sex-specific alterations in FGR
placentas. There are known sex-specific differences in
fetal growth, mortality and morbidity (Stevenson et al.
2000, Di Renzo et al. 2007, Engel et al. 2008), and males
experience significantly poorer outcomes in pregnancies
complicated by preeclampsia, preterm delivery and FGR
(Vatten & Skjaerven 2004). It has been suggested that
male and female fetuses employ different mechanisms to
deal with an adverse in utero environment, such as the
one caused by placental insufficiency, to try and maintain
their growth trajectories (for review, see Clifton (2010)).

In conclusion, this is the first study to identify
differences in both embryonic and placental gene
expressions as a result of paternal diet-induced obesity.
Paternal obesity also affects placentas in a sex-specific
manner at the molecular level. Studies expanding on
the genomic and epigenomic analysis of both male and
female placentas as well as the maternal and fetal
components of the placenta will likely yield significant
insights into the mechanism underlying the deleterious
effect of paternal obesity on the ensuing generation.
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