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Abstract

Paternal obesity predisposes offspring to metabolic dysfunction, but the underlying mechanisms remain unclear. We investigated whether this
metabolic dysfunction is associated with changes in placental vascular development and is fueled by endoplasmic reticulum (ER) stress-mediated
changes in fetal hepatic development. We also determined whether paternal obesity indirectly affects the in utero environment by disrupting
maternal metabolic adaptations to pregnancy. Male mice fed a standard chow or high fat diet (60%kcal fat) for 8–10 weeks were time-mated
with female mice to generate pregnancies and offspring. Glucose tolerance was evaluated in dams at mid-gestation (embryonic day (E) 14.5)
and late gestation (E18.5). Hypoxia, angiogenesis, endocrine function, macronutrient transport, and ER stress markers were evaluated in E14.5
and E18.5 placentae and/or fetal livers. Maternal glucose tolerance was assessed at E14.5 and E18.5. Metabolic parameters were assessed
in offspring at ∼60 days of age. Paternal obesity did not alter maternal glucose tolerance but induced placental hypoxia and altered placental
angiogenic markers, with the most pronounced effects in female placentae. Paternal obesity increased ER stress-related protein levels (ATF6 and
PERK) in the fetal liver and altered hepatic expression of gluconeogenic factors at E18.5. Offspring of obese fathers were glucose intolerant and
had impaired whole-body energy metabolism, with more pronounced effects in female offspring. Metabolic deficits in offspring due to paternal
obesity may be mediated by sex-specific changes in placental vessel structure and integrity that contribute to placental hypoxia and may lead to
poor fetal oxygenation and impairments in fetal metabolic signaling pathways in the liver.

Summary Sentence
Paternal obesity induces placental hypoxia, impairs blood vessel integrity, and is associated with changes in fetal hepatic development,
underpinning postnatal metabolic compromised in offspring.

Keywords: hypoxia, metabolism, offspring, paternal obesity, placenta

INTRODUCTION

As of 2016, 13% of adults worldwide were classified as obese
[1], increasing their risk of co-morbidities, including coronary
heart disease and type 2 diabetes. Obesity risk has tradition-
ally been explained by genetic predisposition and/or lifestyle
factors, and the contribution of the early life environment
often goes unrecognized [2]. At least some portion of an
individual’s health trajectory is determined early in life, begin-
ning prior to conception (in germ cells) and continuing into
the embryonic, fetal, and early postnatal periods [3]. Early in
development an organism responds to environmental signals
that change its developmental trajectory [3]. One of the most
studied early life signals is fetal exposure to maternal obesity.

Although the relationship between maternal obesity, offspring
obesity, and metabolic dysfunction is well-established [4, 5],
whether the paternal lineage shares a similar contribution is
unknown and been largely overlooked and understudied.

Some clinical data exist demonstrating a link between
paternal diet and/or obesity, and offspring obesity risk and
metabolic dysfunction [6]. Rodent models of paternal diet-
induced obesity show impaired offspring glucose regulation
[7, 8] and altered mitochondrial function [9], but which
specific metabolic organs/pathways are impacted and when,
remains unclear. Furthermore, paternal obesity impacts
offspring in a sex-specific manner, where females appear
to be more vulnerable to paternal lineage-induced early
life adversity. In mice, female embryos derived from obese
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males have delayed development, and far fewer of them
reach the blastocyst stage [10]. In experimental studies, these
impairments in embryonic and offspring development have
largely been attributed to the damaging effects of paternal
obesity on sperm [11–13], and on sperm DNA methylation
[14], chromatin structure, and non-coding RNAs [8, 15].

Despite the fact that the sperm epigenome contributes to
the growth and development of the placenta [16], few studies
have investigated the impact of paternal obesity on placen-
tal development [17–19]. None have investigated whether
placental changes influence maternal metabolic adaptation
to pregnancy. Thus, whether paternal obesity channels indi-
rect effects on the developing fetus/offspring through either
maternal metabolic impairments, or through the placenta, is
virtually unknown. Although we know that maternal obesity
impairs placental vascularization [4, 20], induces hypoxia,
oxidative stress [4, 21], endoplasmic reticulum (ER) stress
[22], and alters fetal metabolic development [23] in humans
and rodents alike, little to no data exist regarding the impacts
of paternal obesity on the placenta, or on maternal or fetal
metabolic development.

We investigated the impacts of paternal obesity on placental
vascular development and the mediating role of cellular stress
(ER stress) in a mouse model of high-fat diet-induced obesity.
We hypothesized that paternal obesity results in placental ER
stress, which impairs placental growth and vascular devel-
opment, and that these placental changes impair fetal hep-
atic metabolism, which would be associated with metabolic
dysfunction in offspring, including changes to whole body
metabolism.

Materials and methods

Animal model
Diet-induced obesity in male mice

All animal experiments were approved by the Animal
Research Ethics Board (Animal Utilization Protocol 16-09-
35) at McMaster University and were in accordance with
the Canadian Council on Animal Care guidelines. We used a
model of high fat (HF) diet-induced obesity in C57BL/6 J male
mice (Supplemental Figure S1). Six-week-old male mice were
randomized to either: 1) Control (CON) group: fed a standard
chow diet (n = 49; 17% kcal fat, 54% kcal carbohydrates,
29% kcal protein, 3 kcal/g; Harlan 8640 Teklad 22/5 Rodent
Diet) or 2) Paternal High Fat (PHF) group: fed a HF diet
(n = 61; 20% kcal protein, 20% kcal carbohydrates, 60%
kcal fat, 5.21 kcal/g; Research Diets Inc. D12492) ad libitum
with free access to water for 8–10 weeks. All male mice
were housed in the same room at 22 ◦C and a 12-hour
(h) light, 12-h dark cycle. Food intake and body mass were
measured weekly. Body adiposity was assessed using a body
composition analyzer (Bruker Minispec LF90-II) prior to diet
randomization (baseline or 0 weeks), and 5 and 7 weeks
after the respective diets. To assess glucose tolerance, a
standard intraperitoneal (i.p.) glucose tolerance test (GTT)
was performed on 12-h fasted male mice at baseline and after
5 weeks of diet consumption. CON and PHF male mice were
injected with glucose (G5767; Sigma-Aldrich; 2 g/kg, i.p.).
Blood glucose was repeatedly measured through tail vein
sampling using a commercial blood glucometer (Accu-Check
Aviva Roche Diagnostics) prior to glucose injection (0) and
at 20, 30, 40, 60, 90, and 120 minutes (min) after glucose
injection [24].

Timed mating and pregnancy

After 8–10 weeks of CON or PHF diet, male mice were
timed-mated with virgin C57BL/6J female mice. One or two
female mice were housed in the same cage with a male
mouse overnight. Mating was confirmed by the presence of
a copulation plug the following morning and designated at
embryonic day (E) 0.5. Pregnant female mice were housed
individually and fed a standard chow diet (17% kcal fat, 54%
kcal carbohydrates, 29% kcal protein, 3 kcal/g; Harlan 8640
Teklad 22/5 Rodent Diet) ad libitum and provided free access
to water throughout gestation. Food intake and body mass
was measured throughout gestation. Pregnant mice either
underwent glucose tolerance testing (see Methods below)
or were sacrificed at mid-gestation (E14.5; n = 10) or late
gestation (E18.5; n = 10–13) by cervical dislocation. During
placental tissue collection, maternal myometrial tissue was
removed so that placental tissue (in the mouse this comprises
a junctional zone and labyrinth zone) was separated from
the decidua. Placental and fetal liver samples were collected
from one randomly selected male and one female fetus in each
litter at E14.5 and E18.5 (see Methods below). Fetal tails were
collected to identify the sex of the feto-placental units; DNA
was extracted from fetal tail samples, and the presence of
the Sry gene was identified with PCR through-amplification
using 5’ TTGTCTAGAGAGCATGGAGGGCCATGTC 3′ and
5’CCACTCCTCTGTGACACTTTAGCCCTCCG 3′ primers.

For offspring studies, a separate cohort of pregnant female
mice was allowed to deliver and at birth, litters were stan-
dardized six pups (three male pups and three female pups)
to ensure standardized nutrition during lactation. Offspring
food intake and body mass were measured weekly. Male and
female CON and PHF offspring were subjected to metabolic
assessments (see Methods below) as young adults at postnatal
day 53 (P53) and P60, after which they were sacrificed by
cervical dislocation at P67.

Maternal glucose assessments

To test whether paternal obesity impacted maternal metabolic
adaptations to pregnancy, separate cohorts of pregnant
females were subjected to a glucose tolerance test (GTT) at
mid-gestation (E14.5, n = 10 per group), and term gestation
(E18.5, n = 10–13 per group). Dams mated with CON and
PHF males were fasted for 6 h prior to a GTT. At E14.5,
glucose was administered via intraperitoneal (i.p.) injection
of glucose (G5767; Sigma-Aldrich; 1.5 g/kg). Due to the
difficulty of i.p. injection with a full gravid uterus at term,
glucose was orally administered to E18.5 pregnant dams by
gavage (G5767; Sigma-Aldrich; 2 g/kg). At both timepoints,
maternal blood glucose was repeatedly measured through
tail vein sampling using a commercial blood glucometer
(an Accu-Check Aviva Roche Diagnostics) prior to glucose
administration (0) and 15, 20, 30, 40, 60, 90, and 120 min
after glucose administration.

Offspring metabolic assessments

Metabolic profiling was performed on male and female CON
(n = 14/sex) and PHF (n = 8/sex) offspring using a Compre-
hensive Lab Animal Monitoring System (CLAMS; Columbus
Instruments) at P53 [25], which monitors the mice and records
a number of outcome measures. Offspring were placed into
individual CLAMS cages at 15:00 h and acclimatized for
24 h prior to acquiring measurements. These included: food

Downloaded From: https://complete.bioone.org/journals/Biology-of-Reproduction on 02 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac066#supplementary-data


576 Paternal obesity impacts the placenta and offspring, 2022, Vol. 107, No. 2

consumption, total horizontal motor activity, heat produc-
tion, oxygen consumption (VO2), carbon dioxide production
(VCO2), respiratory exchange ratio (RER), carbohydrate oxi-
dation (carbOx), and lipid oxidation (lipOx). Measurements
were acquired every 20 min for 48 h.

At P60, a standard i.p. GTT was performed on fasted male
and female CON (n = 6/sex) and PHF (n = 7–8/sex) offspring.
Offspring were injected with glucose (G5767; Sigma-Aldrich;
2 g/kg, i.p.) and blood glucose was repeatedly measured
through tail vein sampling using a commercial blood glucome-
ter (an Accu-Check Aviva Roche Diagnostics) prior to glucose
injection (0) and 20, 30, 40, 60, 90, and 120 min after glucose
injection.

Insulin ELISAs

Serum insulin concentrations were quantified using a
commercially available insulin immunoassay kit (32380;
Toronto Bioscience) as per manufacturer’s instructions
using a Synergy H4 Hybrid microplate reader (BioTek
Instruments). Insulin concentrations were interpolated from
a standard curve determined by curve of 4-parameter
as per manufacturer’s instructions. Homeostatic model
assessment of insulin resistance (HOMA-IR) was calculated
by multiplying blood glucose concentrations (mmol/L) by
serum insulin concentrations (mU/mL), and dividing this value
by 22.5 [26].

Molecular analyses
RNA extraction and complementary DNA synthesis

Placentae and livers from one randomly chosen male and
one female fetus were collected from each pregnancy
per sire and homogenized in TRIzol reagent (15596018;
Invitrogen) using glass homogenizing beads (10064583;
ACROS Organics) and a homogenizer (MP116004500; MP
Biomedicals). Homogenates were centrifuged at 12 000 g
for 10 min at 4 ◦C. Supernatant was removed, added to
chloroform (BP1145-1; FisherBioReagents), and thoroughly
mixed. Samples were incubated at room temperature (RT)
for 3 min, and centrifuged 12 000 g for 10 min at 4 ◦C.
The aqueous layer was removed, mixed with isopropanol
(BP26181; FisherBioReagents), incubated at RT for 20 min,
and then centrifuged at 12 000 g for 10 min at 4◦C.
Supernatant was removed, the remaining RNA pellets
were washed twice in 75% ethanol (EtOH), and then
reconstituted in 20 μL of ultrapure water (UP-H2O). RNA
was quantified using a NanoDrop 2000 spectrophotometer
(ThermoScientific). RNA quality was determined using ratio
of absorbance at 260:280 nm (A260/A280) and 260:230 nm
(A260/A230). RNA samples with an A260/A280 and A260/A230
ratio of >2.0 and >1.5, respectively, were used to generate
complementary (cDNA). RNA was stored at −80 ◦C until
2μg of RNA was used for first strand cDNA (cDNA) synthesis
using SuperScript IV VILO Master Mix with ezDNase
enzyme (11766050; Invitrogen) as per the manufacturer’s
instructions. Complementary DNA samples were diluted to
1:100 in UP-H2O and stored at −80 ◦C until required for
quantitative PCR (qPCR) assays.

Quantitative PCR Assays

Quantitative PCR assays were performed as previously
described [4]. Primer sets of candidate genes (Supplemental
Table S1, S2) were designed using Primer Basic Local
Alignment Search Tool (Primer-BLAST) software available at

the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/, NCBI). Primer
conditions were adjusted to the following cycling conditions:
PCR Product Size: min: 50 bp, max: 150 bp; primer melting
temperatures (Tm): min: 58 ◦C, opt: 60 ◦C, max: 62◦C; Max
Tm Difference: 2 ◦C. Primer pairs were designed to span exon–
exon junctions. Primers were manufactured by Invitrogen
(Invitrogen Life Technologies).

The LightCycler 480 SYBR Green I Master and the Light-
Cycler 480 system (Roche Diagnostics) were used for quan-
tifying transcript levels. Each reaction consisted of cDNA
(1:100 dilution), 5 μM forward primer, and 5 μM reverse
primer for the gene of interest, ultrapure-H2O, and Lightcycler
480 SYBR Green I Master (04887352001; Roche Diagnos-
tics). The cycling conditions were enzyme activation at 95
◦C for 5 min, amplification of the gene product through 60
successive cycles of 95 ◦C for 10 s, 60 ◦C for 10 s, and 72 ◦C
for 10 s, and melting curve beginning at 65 ◦C and ending at
95 ◦C. Each qPCR assay contained a standard curve (10-fold
serial dilution of pooled cDNA), cDNA of samples, and a non-
template control (UP-H2O). Transcript levels were quantified
in triplicate for each standard and sample. Gene expression
data were normalized to the geometric mean of at least two
housekeeping genes (Supplemental Table S3).

Placental histology
Placental trophoblast giant cells

A subset of placental samples at E14.5 were processed to
quantify the number of parietal trophoblast giant cells as a
marker of placental lactogen (PL) production. These cells are
responsible for the secretion of PL [27], which modulates
maternal glucose metabolism. Placental samples were fixed in
modified Davidson Fixative (MDF) for 8 h at RT, prior to
being processed, paraffin-embedded, and serially sectioned at
8 μm. Three replicate placental sections (including the junc-
tional zone and labyrinth zones) 80 μm apart were stained
for polysaccharides (including glycogen) as a marker for
giant cells using Periodic Acid Schiff (PAS, 395B-1KT, Sigma-
Aldrich) (n = 7–11/group/sex). Parietal trophoblast giant cells
were counted using Nikon NIS Imaging Analysis Software
(v.5.20.02).

Placental immunostaining and histology

To investigate markers of angiogenesis and hypoxia, a subset
of E14.5 and E18.5 placentae were immersion-fixed in MDF
or in 4% paraformaldehyde (50980486; FisherScientific),
respectively. Fixed tissues were paraffin-embedded and
serially sectioned at 4 μm. Three replicate sections from each
placental sample (which included both the junctional zone
and labyrinth zone together as a total) were immunolabeled
for: hypoxia marker carbonic anhydrase 9 (CA IX), pro-
angiogenic factors vascular endothelial growth factor A
(VEGF-A) and vascular endothelial growth factor receptor 2
(VEGFR-2), endothelial cell marker cluster of differentiation
31 (CD31), and pericyte marker α-smooth muscle actin (α-
SMA) (antibodies used shown in Supplemental Table S4).
Antigen retrieval was performed with 10 mM sodium citrate
buffer with Tween at 95 ◦C for 12 min (pH 6.0, washed
2 x 5 min in TBS). Non-specific binding was blocked
with 5% bovine serum albumin (BSA; in TBST pH 7.4,
A2153; Sigma-Aldrich). Sections were incubated with primary
antibody (diluted in 1% BSA/TBST) in a humidified chamber
overnight at 4 ◦C. Sections were then incubated with a
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biotinylated secondary antibody (1:100 dilution in TBST,
PK6101; Vector Laboratories) or fluorescently-conjugated
secondary antibodies (Sigma-Aldrich, Canada and Vector
Laboratories) for 1 h. Sections were counterstained with 4′-6-
diamidino-2-2phenylindole (DAPI), and mounted with cover-
slips using fluorescence mounting media. For chromogenic
immunohistochemistry, sections were incubated with an
avidin–biotin peroxidase complex following VectaStain ABC
kit protocols (PK-4000; Vector Laboratories). Biotinylated
antibody was visualized with chromagen development using
3,3′ diaminobenzidine (DAB) peroxidase (SK-4100; Vector
Laboratories), then sections were counterstained with Mayer’s
Hematoxylin (MHS32; Sigma-Aldrich), and mounted with
coverslips using Permount Mounting Media (SP15500;
FisherScientific).

The proportion of positive immunostaining relative to total
placental area (including both the junctional and labyrinth
zones) was determined using a threshold for DAB-positive
staining or the proportion of fluorescent-positive cells using
NIS Elements Software (Nikon Instruments Inc). Image anal-
ysis was performed using an Olympus BX-61 microscope
and integrated morphometry software (MetaMorph) (CA IX,
VEGF-A, and α-SMA) or on a Nikon Eclipse NI microscope
and Nikon NIS Elements Imaging Software (v.4.30.02). The
ratio of CD31 to α-SMA immunopositive area was used as
a marker of vessel integrity. All image analyses were per-
formed by an investigator blinded to the study groups. To
investigate the proportion of area that each placental zone
(junctional and labyrinth zones) occupied of the total tis-
sue section area in CON and PHF placentae at E14.5 and
E18.5, placental sections 80 μm apart were stained using
Periodic Acid Schiff (PAS, 395B-1KT, Sigma-Aldrich) (n = 4-
/group/sex). Image analysis was performed using a Nikon
Eclipse NI microscope and Nikon NIS Imaging Analysis Soft-
ware (v.5.20.02). All image analyses were performed by an
investigator blinded to the study groups.

Immunoblotting
Total protein extraction

Placental and fetal hepatic tissues were homogenized in
extraction buffer (50 mM HEPES, 150 mM NaCl, 100 mM
NaF, 10 mM sodium pyrophosphate, 5 mM EDTA, 250 mM
sucrose, 1% Triton-X, 1 mM sodium orthovanadate, 1%
protease inhibitor tablet) using ceramic homogenizing beads
(19-646-3; Omni International). Total protein concentration
was quantified using the Pierce BCA Protein Assay Kit (23225;
ThermoFisher Scientific) according to the manufacturer’s
protocol.

Nuclear protein extraction

Liver tissue was homogenized in hypotonic lysis buffer
(10 mM HEPES, pH 7.9, 1.5 mM MgCl2•6 H2O, 10 mM KCl,
1% protease inhibitor tablet) using ceramic homogenizing
beads (19-646-3, Omni International), centrifuged at 11 000 g
for 20 min, and the supernatant was discarded (cytoplasmic
fraction). The pellet (nuclei) was resuspended in extraction
buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2•6 H2O,
420 mM NaCl, S671–3, 0.2 mM EDTA, 25% v/v glycerol,
1% protease inhibitor tablet) and homogenized again as
described above. Homogenates were incubated at RT for
30 min, centrifuged at 21 000 g for 5 min, and nuclear
fractions were quantified using the Pierce BCA Protein Assay

Kit (23225, ThermoFisher Scientific) as per manufacturer’s
protocol.

Total and nuclear protein detection

Total and nuclear protein was separated using SDS-PAGE
(7.5–15% separating gel). Proteins were transferred to
membranes (1620177, BioRad) using a TransBlot Turbo
Transfer System (1704150, BioRad). Blots were then blocked
in 5% BSA (in TBST, A2153-1KG, Sigma-Aldrich) and
incubated overnight in rabbit anti-mouse primary antibody
for proteins of interest (Supplemental Table S5) and with
horseradish peroxidase-conjugated goat anti-rabbit IgG
secondary antibodies (ab6721, Abcam). Proteins of interest
were detected using Clarity Western ECL Blotting Substrate
(1705061; BioRad) or Clarity Max Western ECL Blotting
Substrate (1705062; BioRad) and images were captured
using a ChemiDoc MP Imaging System (1708280; BioRad).
Densitometric quantification was completed using ImageLab
software (ImageLab Software for PC Version 6.0.1 SOFT-LIT-
170-9690-ILSPC; Bio-Rad).

Phosphorylated protein detection

Phosphorylated proteins were separated using SDS-PAGE
(7.5–15% separating gel), transferred to membranes (1620177,
BioRad) using a TransBlot Turbo Transfer System (1704150,
BioRad), and blocked in 5% BSA (in TBST, A2153-1KG,
Sigma-Aldrich). Blots were incubated overnight in rabbit
anti-mouse primary antibody for phosphorylated protein
of interest (Supplemental Table S5), then incubated in a
horseradish peroxidase-conjugated goat anti-rabbit IgG sec-
ondary antibody (ab6721, Abcam). Phosphorylated proteins
of interest were detected using Clarity Western ECL Blotting
Substrate (1705061; BioRad). Images were captured using
a ChemiDoc MP Imaging System (1708280; BioRad). Blots
were incubated in stripping buffer (21059, ThermoFisher
Scientific), washed twice in TBST, then blocked in 5% BSA
(in TBST, pH 7.4, A2153; Sigma-Aldrich). Blots were probed
with the rabbit anti-mouse primary antibody binding to
the total protein (phosphorylated and unphosphorylated;
Supplemental Table S5) protein of interest. Total protein was
detected by incubating blots in Clarity Western ECL Blotting
Substrate (1705061; BioRad). Images were captured using a
ChemiDoc MP Imaging System (1708280; BioRad).

Protein quantification

Total and nuclear protein levels are expressed as fold change
relative to loading control β-actin and TBP, respectively. Phos-
phorylated proteins levels are expressed as a ratio relative
to unphosphorylated (total) protein levels. To control for
inter-gel variability, protein levels were then normalized to a
quality control pool composed of all samples in that gel. All
immunoblotting data were analyzed using ImageLab software
(Image Lab Software for PC (Version 6.0.1 SOFT-LIT-170-
9690-ILSPC).

Statistical analyses

For all pregnancy and offspring analyses, the experimental
unit is the sire and the sample size represents the number
of litters analyzed. For each analysis, one random male and
female fetus/placenta were analyzed from one pregnancy (or
litter) that was sired by a CON or PHF male mouse. Therefore,
each placental and hepatic sample and each offspring measure,
was sired by an individual male and represents a replicate
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of one wherever possible. Where one sire impregnated more
than one female, all outcomes measures were meaned for litter
to account for this. All data (except for metabolic activity in
offspring assessed using Comprehensive Lab Animal Moni-
toring System (CLAMS)) were analyzed either by a Student
t-test, repeated measures two-way ANOVA or mixed-effects
model with paternal diet and time as factors, or two-way
ANOVA with paternal diet and feto-placental sex as factors.
Bonferroni’s post-hoc was used for multiple comparisons
where appropriate. Data that were not normally distributed
were analyzed using a Mann–Whitney U test or Student t-test
with Welch correction, respectively. All data are presented as
mean ± standard error of the mean (SEM) unless otherwise
indicated. In all cases, significance (∗) was set at P < 0.05.
Data were analyzed using GraphPad Prism (GraphPad Prism
6.01 for Windows and GraphPad Prism 8.4.2 for MacOS,
GraphPad Software, La Jolla California USA, www.graphpa
d.com).

Offspring metabolic activity (CLAMS) data were analyzed
using linear mixed-effects model (LMM) using the lme4
package (R package, RRID:SCR_015654) with the main
effects and multiple comparisons determined by Satterth-
waite method of approximation in lmerTest (R package,
RRID:SCR_015656). Response variable data were separated
into light (7:00 to 19:00) and dark (19:00 to 7:00), and
average values were taken for heat production, VO2, VCO2,
RER, carbOx, and lipOx. Sums were taken for food
consumption, and activity. Linear mixed-effects model was
performed with time period, mouse sex, and paternal diet as
fixed variables, and mouse ID and litter as nested random
effects.

Results

Male mice fed a HF diet are obese, glucose
intolerant, and insulin resistant

At baseline, prior to diet feeding, fasting blood glucose
levels and glucose tolerance were similar between sires ran-
domized to CON or HF diet (Supplemental Figure S2A–C).
Consistent with previous work in mice [24], males con-
suming a HF diet became obese, characterized by increased
body mass and body adiposity, compared to CON males
(Supplemental Figure S2D and E). After 5 weeks of con-
suming a HF diet, PHF males were hyperglycemic, glu-
cose intolerant, hyperinsulinemic, and insulin resistant
(Supplemental Figure S2F–J). Therefore, PHF males were
metabolically compromised prior to mating.

Paternal obesity impairs mating efficiency and does
not impact feto-placental growth

Diet-induced obesity in males decreases sperm count and
sperm motility, reduces the number of sperm with normal
morphology [28], increases sperm oxidative stress-induced
DNA damage [29], and is associated with reduced fertility
[28]. We found that more male–female pairings were
necessary to produce a pregnancy in females mated with
PHF males, compared to females mated with CON males
(P = 0.0424; Figure 1A). We also observed significantly fewer
pregnancies generated as a proportion of total copulation
plugs in PHF-mated females (P = 0.0006; Figure 1B). We
observed significantly fewer copulation plugs generated as
a proportion of the total number of pairings with PHF males

Figure 1. Paternal obesity impairs mating efficiency. CON and PHF males
were time-mated with females to generate pregnancies. (a) More mating
attempts were necessary to produce a pregnancy in females mated with
PHF males compared to females mated with CON males. (b) There were
significantly fewer pregnancies generated as a proportion of total
copulation plugs in PHF-mated females. (c) Fewer copulation plugs were
generated as a proportion of total pairings in PHF-mated females. (d) It
took moderately longer for females paired with PHF males to produce a
copulation plug compared to those paired with a CON male. CON;
n = 43–45, PHF; n = 40–55. Data are presented as truncated violin plots
with the center line representing the median. ∗P < 0.05 compared to
CON using Student t-test or Mann–Whitney U test. CON = Control (open
plots); PHF = Paternal high fat diet-induced obesity (gray plots).

(P = 0.0089; Figure 1C), and it took moderately longer for
females paired with PHF males, to produce a copulation
plug (Figure 1D), although this difference was not statistically
significant (P = 0.0856).

Although previous studies show that paternal obesity
reduces fertilization success, reduces implantation rate [10],
and alters fetoplacental development [10], in our study, litter
size, number of resorptions per litter, fetal sex ratio, maternal
body mass, and fasting blood glucose levels were similar
between CON and PHF pregnancies at E14.5 and E18.5
(Table 1). Placental and fetal body mass were similar between
male and female CON and PHF litters at E18.5 (Table 1) as
were the areas of the junctional and labyrinth zones, and as
proportions of the total placental area (Table 1).

Paternal obesity alters markers of placental
angiogenesis and results in placental hypoxia

As angiogenesis is critical for placental vascular development,
a process regulated by hypoxia [30], we quantified placental
immunostaining of hypoxia marker CA IX, in total placental
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Table 1. Maternal and fetal outcomes at mid-gestation (E14.5) and late gestation (E18.5)∗

E14.5

Maternal/litter outcomes Sire group P-value

CON

(n = 25–26)

PHF

(n = 19–20)

Dam gestational mass gained (g) 5.0 ± 0.2 5.0 ± 0.2 0.8328

Dam fasting blood glucose (mmol/L) 5.4 ± 0.2 5.3 ± 0.2 0.9518

Litter size (Fetuses/Litter) 7.4 ± 0.2 7.7 ± 0.2 0.4720

Number of resorptions (Resorptions/Litter) 1.3 ± 0.2 0.8 ± 0.2 0.1660

Fetal sex ratio (Male:Female) 1.5 ± 0.3 1.1 ± 0.3 0.1989

Feto-placental outcome Male

(n = 11–22)

Female

(n = 10–22)

Male

(n = 7–19)

Female

(n = 7–19)

P-value or main effect

Fetal body mass (g) 0.247 ± 0.005a 0.226 ± 0.005b 0.236 ± 0.005a 0.228 ± 0.005a PDiet = 0.3874

PSex = 0.0062

PInt = 0.2246

Placental mass (g) 0.097 ± 0.002 0.092 ± 0.002 0.093 ± 0.002 0.086 ± 0.002 Male:0.0530

Female:0.0530

Feto:Placental ratio 2.577 ± 0.042 2.556 ± 0.055 2.575 ± 0.075 2.706 ± 0.048 Male: 0.5448

Female: 0.0834

Junctional zone area (μm2) 3102391.97 ± 164857.35 2980740.14 ± 152920.19 3105712.66 ± 124421.81 2732668.80 ± 170987.22 PDiet = 0.4604

PSex = 0.1409

PInt = 0.4484

Relative junctional zone area (% Total

placental area)

46.919 ± 1.671 46.237 ± 1.202 45.377 ± 0.945 43.662 ± 1.996 PDiet = 0.1999

PSex = 0.4517

PInt = 0.7441

Labyrinth zone area (μm2) 3485096.06 ± 111125.47 3444137.95 ± 84331.12 3723331.52 ± 48886.97 3498763.54 ± 122712.91 PDiet = 0.1630

PSex = 0.2046

PInt = 0.3772

Relative labyrinth zone area (% Total

placental area)

53.083 ± 1.671 53.763 ± 1.202 54.623 ± 0.945 56.338 ± 1.996 PDiet = 0.1999

PSex = 0.4517

PInt = 0.7441

Total placental area (μm2) 6587488.03 ± 164766.62a 6424878.09 ± 193723.61a 6829044.17 ± 152886.52a 6231432.34 ± 157951.19a PDiet = 0.8943

PSex = 0.0425

PInt = 0.2351

E18.5

Maternal/litter outcomes Sire group Main effect

CON

(n = 17–23)

PHF

(n = 12–18)

Gestational mass gained (g) 14.8 ± 0.5 13.9 ± 0.5 0.2072

Dam fasting blood glucose (mmol/L) 5.0 ± 0.8 4.7 ± 0.6 0.1902

Litter size (Fetuses/Litter) 7.9 ± 0.3 7.5 ± 0.4 0.7046

Number of resorptions (Resorptions/Litter) 0.7 ± 0.2 1.5 ± 0.5 0.1538

Fetal sex ratio (Male:Female) 1.7 ± 0.2 2.1 ± 0.5 0.8504

Feto-placental outcome Male

(n = 4–23)

Female

(n = 4–23)

Male

(n = 4–18)

Female

(n = 4–18)

P-value or main effect

Fetal body mass (g) 1.09 ± 0.02 1.06 ± 0.02 1.09 ± 0.02 1.08 ± 0.02 Male: 0.8101

Female: 0.4843

Placental mass (g) 0.093 ± 0.004 0.082 ± 0.003 0.083 ± 0.004 0.086 ± 0.004 PDiet = 0.4045

PSex = 0.2980

PInt = 0.0689

Feto:Placental ratio 11.89 ± 0.53 13.15 ± 0.66 13.18 ± 0.79 12.83 ± 0.77 PDiet = 0.4776

PSex = 0.5039

PInt = 0.2432

Junctional zone area (μm2) 3762725.50 ± 551856.55 3787909.98 ± 302281.50 3332501.32 ± 170759.64 3725924.90 ± 145544.67 PDiet = 0.4754

PSex = 0.5426

PInt = 0.5916

Relative junctional zone area (% Total

placental area)

62.168 ± 3.014 59.855 ± 1.319 59.230 ± 2.555 65.593 ± 2.196 PDiet = 0.5632

PSex = 0.4067

PInt = 0.0902

Labyrinth zone area (μm2) 2209887.36 ± 23153.38 2560082.88 ± 210013.19 2292216.65 ± 148755.98 1966416.26 ± 188691.09 PDiet = 0.1360

PSex = 0.9405

PInt = 0.0563

Relative labyrinth zone area (% Total

placental area)

37.832 ± 3.014 40.145 ± 1.319 40.770 ± 2.555 34.407 ± 2.196 PDiet = 0.5632

PSex = 0.4067

PInt = 0.0902

Total placental area (μm2) 5972612.84 ± 550822.52 6372232.20 ± 475808.37 5624717.97 ± 154743.68 5692341.16 ± 237044.51 PDiet = 0.2128

PSex = 0.5608

PInt = 0.6783

CON, dams mated with CON males or pregnancies generated by CON males; PHF, dams mated with high fat diet-fed males or pregnancies generated by
high fat diet-fed males. ∗Data are presented as mean ± SEM. Unpaired Student t test, Mann–Whitney test, or two-way ANOVA using Bonferonni post-hoc
for multiple comparison. Groups that do not share the same letter indicate significance P < 0.05.
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Figure 2. Paternal obesity results in hypoxic placentae and blood vessels with reduced integrity. Male and female CON and PHF placentae were
immunostained for carbonic anhydrase 9 (CA IX, hypoxia marker), cluster of differentiation 31 (CD31, endothelial cell marker), and α-smooth muscle actin
(α-SMA, pericyte marker). Box plots represent proportions (%) of immunopositive staining in whole placental sections. Representative images are from
the labyrinth zone of female placentae. Magnification 20x, scale bars = 100 μm. (a) Percent immunopositive area of CA IX staining in E14.5 and (b) E18.5
placentae. (c) Ratio of CD31 (red, closed arrowhead) to α-SMA (green, open arrowhead) in E14.5 and (d) E18.5 placentae. CON; n = 5–7, PHF; n = 3–6.
Data are presented as box and whisker plots; min to max with the center line representing the median. Two-way ANOVA with main effects of paternal
diet and placental sex as factors. Box plots with different letters indicate significance P < 0.05 using Bonferroni’s post-hoc for multiple comparison.
CON = Control (open box plots); PHF = Paternal high fat diet-induced obesity (gray box plots).

area in tissue derived from CON and PHF males. CA IX
immunostaining was increased in PHF placentae compared
to CON (PDiet = 0.0003) in male (P = 0.0174) and female
(P = 0.0077; Figure 2A) placentae at E14.5, and this differ-
ence persisted to E18.5 (PDiet < 0.0001, PSex < 0.0001) in
PHF male (P < 0.0001) and female placentae (P < 0.0001;
Figure 2B). Consistent with the presence of hypoxia, we also
found increased protein levels of hypoxia-inducible factor 1-
alpha (HIF-1α) in PHF placentae at E14.5 (PDiet = 0.0207;
Supplemental Figures S3A). HIF-1α protein levels were also
greater in female placentae than male placentae at E18.5
(PSex = 0.0208; Supplemental Figures S3C).

As PHF placentae appeared hypoxic, we set out to
determine whether paternal obesity impacted placental blood
vessel structure. We measured the proportion of cells with
positive immunostaining of pro-angiogenic factor VEGF-A,
its receptor VEGFR-2, endothelial cell marker CD31, and
pericyte marker α-SMA. Both human [31] and mouse [32]
placenta are abundant in pericytes, which are perivascular
cells that stabilize and regulate endothelial function. The
ratio of CD31:α-SMA was decreased (PDiet < 0.0001) in
male and female PHF placentae (P < 0.0001; Figure 2C)
compared to CON at E14.5, but similar between groups
at E18.5 (PDiet = 0.0575; Figure 2D; total placental area).
Positive VEGF-A placental immunostaining was increased in
male (PDiet < 0.0001, P < 0.0001) and female PHF placentae
(P = 0.0002; Figure 3A), although at E18.5 this difference
persisted only in PHF female placentae (PInt = 0.0009,
PDiet = 0.0061; P = 0.0014; Figure 3B). This is consistent
with an increased VEGFR-2 immunostaining in PHF male
(PDiet = 0.0002, P = 0.0209) and female placentae (P = 0.0029;
Figure 3C) at E14.5, and in female (but not male) PHF
placentae at E18.5 (PDiet = 0.0015, P = 0.0096; Figure 3D).
These data suggest that placentae derived from PHF sires
have increased angiogenesis but may result in vessels
that lack pericyte integrity which might impact vessel
function.

In keeping with this notion, we found reduced expression
of transcription factors that mediate blood vessel develop-
ment in PHF placentae. Heme oxygenase (HO, encoded
by Hmox1) facilitates blood vessel development through
regulating matrix metalloproteinases MMP14 and MMP2
[33]. Paternal obesity reduced transcript levels of Hmox1
in male and female placentae at E14.5 (PDiet = 0.0203), but
not at E18.5 (Supplemental Table S6). Mmp14 transcript
levels were decreased in PHF female placentae at E14.5
(PDiet = 0.0014, P = 0.0152), but these effects did not persist to
E18.5 (Supplemental Table S6). Mmp2 transcript levels were
unchanged at E14.5 and at E18.5 (Supplemental Table S6).
Therefore, it appears that paternal obesity may interfere with
placental development by altering factors associated with
blood vessel development and cellular matrix integrity.

Paternal obesity has little impact on ER stress
proteins in the placenta

Since placental hypoxia induces angiogenic processes and
placental ER stress [34, 35], we set out to determine whether
disruptions in placental angiogenesis were associated with
ER stress. We measured protein levels of the ER stress
chaperone GRP78, as well as regulators and effectors of three
branches of the UPR: ATF6, IRE1α, and PERK. Paternal
obesity increased GRP78 protein levels in male (but not
female) PHF placentae at E14.5 (PDiet = 0.0039, P = 0.0022;
Figure 4A and C) and at E18.5 (PSex = 0.0247, PInt = 0.0247,
P = 0.0407; Figure 4B and D), although these data were quite
variable. Although Atf6, and Edem1 transcript levels were
similar between groups (Figure 4E–H), Pdia2 levels were
lower in E14.5 PHF female (but not male) placentae compared
to CON (PDiet = 0.0139, PInt = 0.0051; P = 0.0038; Figure 4I),
but not at E18.5 (Figure 4J).

The IRE1α arm of the UPR is ubiquitously expressed
and elicits an adaptive response to ER stress, working to
increase ER capacity and decrease ER load [36]. Paternal
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Figure 3. Paternal obesity alters angiogenic factors in the placenta. Male and female CON and PHF placentae were immunostained for vascular
endothelial growth factor A (VEGF-A, proangiogenic factor), and vascular endothelial growth factor receptor 2 (VEGFR-2, proangiogenic factor). Box plots
represent proportions (%) of immunopositive staining in whole placental sections; representative images are from the labyrinth zone of female
placentae. Magnification 20x, scale bars = 100 μm. (a) Percent immunopositive area of VEGF-A staining in E14.5 and (b) E18.5 placentae. (c) Percent
immunopositive area of VEGFR-2 staining in E14.5 and (d) E18.5 placentae. CON; n = 5–7, PHF; n = 3–6. Data are presented as box and whisker plots;
min to max with the center line representing the median. Two-way ANOVA with main effects of paternal diet and placental sex as factors. Box plots with
different letters indicate significance P < 0.05 using Bonferroni’s post-hoc for multiple comparison. CON = Control (open box plots); PHF = Paternal high
fat diet-induced obesity (gray box plots).

obesity had no impact on phosphorylated IRE1α at E14.5
although showed a significant interaction (PInt = 0.0488;
Supplemental Figure S5A and I). Levels were similar between
groups at E18.5 (Supplemental Figure S5B and J). Levels of
the downstream transcriptional target Xbp1, were similar
between groups, including spliced (Xbp1 (spliced)), total
(Xbp1 (total)), and the ratio of spliced Xbp1 to total Xbp1
(Xbp1 (spliced): Xbp1 (total); Supplemental Figure S5C,D,I,J,
Table S7). We also investigated ER stress-activated proin-
flammatory signaling pathways that involve nuclear factor-B
(NF-κB). At E14.5 and E18.5, NF-κB activity and transcript
levels of inflammatory cytokines regulated by NF-κB,
including Traf6, Tnf and Il1b, were similar between groups
(Supplemental Table S7), although Il6 transcript levels were
moderately higher in PHF placental samples compared to
CON (Supplemental Table S7).

The PERK arm of the UPR inhibits ribosomal function
and globally diminishes protein production to accommodate
protein stress adaptation [36]. Paternal obesity had a
modest effect on the ratio of phosphorylated (phospho-
) PERK to total PERK protein levels in E14.5 male (but
not female) PHF placentae compared to CON, by an
interaction only (PInt = 0.0018, PSex = 0.0010; P = 0.0356;
Supplemental Figure S5E). Similarly, phospho-PERK to total
PERK protein levels were modestly increased in PHF placen-
tae at E18.5 (PDiet = 0.0031, P = 0.0277; Supplemental Figure
S5F). Downstream of PERK activity, the phosphorylation of
eukaryotic initiation factor 2A (eIF2α) promotes apoptosis,
and the transcriptional activation of pro-apoptotic Atf4 and
Ddit3 (the gene encoding CHOP) induce proteins involved in
amino acid transport, autophagy, folding chaperones, redox
regulatory proteins, and pro-apoptotic molecules [36]. The
ratio of phospho-eIF2α to total eIF2α protein levels and
transcript levels of Atf4 and Ddit3 were unchanged with
PHF (Supplemental Table S8, Supplemental Figure S4). Pro-
apoptotic Bax transcript levels were unchanged in PHF
placentae at E14.5 and E18.5 (Supplemental Table S8);

however, anti-apoptotic Bcl2 transcript levels were increased
in female (but not male) PHF placentae at E18.5 (PDiet = 0.0253,
P = 0.0312) but not E14.5 (Supplemental Table S8). The ratio
of Bax to Bcl2 transcripts levels was unchanged at E14.5
(Supplemental Figure S5G); however, at E18.5, the ratio of
Bax to Bcl2 transcript levels was significantly reduced in PHF
female placentae (PInt = 0.0380, PDiet = 0.0014, P = 0.0031,
Supplemental Figure S5H). Collectively, our data suggest
that while paternal obesity may modestly increase PERK
and IRE1α in total PHF placental homogenates, there is
no significant impact on downstream signaling pathways
through either the PERK or IRE1α branches, or that apoptosis
markers are altered in PHF placenta at E14.5 or E18.5.
However, future studies are warranted to investigate whether
paternal obesity induces ER stress in specific placental
components (i.e. junctional zone versus labyrinth zone).

Paternal obesity alters placental amino acid system
A nutrient transporter expression

Since we observed changes with PHF indicative of pla-
cental hypoxia and altered vessel integrity, we next inves-
tigated whether placental nutrient transporter expres-
sion was impacted by PHF. Transcript levels of Slc38a2,
which encodes sodium-coupled neutral amino acid pro-
tein 2 (SNAT2), were similar between groups at E14.5
(Supplemental Table S9) but were higher in female PHF
placentae compared to CON at E18.5 (PInt = 0.0282,
PDiet = 0.0837; P = 0.0493; Supplemental Table S9). In con-
trast, transcript levels of genes that encode glucose transporter
1 (GLUT1, Slc2a1) and GLUT3 (Slc2a3) were similar
between groups (Supplemental Table S9), as were transcript
levels of Fabp4, which encodes fatty acid binding protein
(Supplemental Table S9). These data suggest that paternal
obesity may change amino acid transport in late gestation but
does not appreciably impact the expression levels of other
placental nutrient transporters.
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Figure 4. Paternal obesity has modest effects on the UPR in E14.5 and
E18.5 placentae. GRP78 protein levels were semi-quantified using
Western blotting in CON and PHF E14.5 and E18.5 whole placental
homogenates. All data were normalized to loading control β-actin.
Transcript levels of Atf6 pathway and downstream targets were
quantified using RT-qPCR in CON and PHF E14.5 and E18.5 whole
placental homogenates. (a) Representative Western blot bands for
GRP78 protein and loading control β-actin in male and female CON and
PHF E14.5 and (b) E18.5 placentae. (c) GRP78 protein levels in E14.5 and
(d) E18.5 placentae. (e) Atf6 transcript levels in E14.5 and (f) E18.5
placentae. (g) Edem1 transcript levels in E14.5 and (h) E18.5 placentae. (i)
Pdia2 transcript levels in E14.5 and (j) E18.5 placentae. CON; n = 7–9,
PHF; n = 5–8. Data are presented as box and whisker plots; min to max
with the center line representing the median. Two-way ANOVA with main
effects of paternal diet and placental sex as factors. Box plots with
different letters indicate significance P < 0.05 using Bonferroni’s post-hoc
for multiple comparison. CON = Control (open box plots); PHF = Paternal
high fat diet-induced obesity (gray box plots).

Paternal obesity alters placental IGF2 and IRS
transcripts at mid-gestation

Insulin-like growth factor 2 (Igf2) is paternally imprinted.
In human studies, paternal obesity is associated with

newborn hypomethylation of insulin-like growth factor 2
(IGF2) protein and ER stress altered this IGF2 bioactivity
[37]. Transcript levels of Igf2 were elevated in PHF placentae
at E14.5 (PDiet = 0.0002, P = 0.0009; Figure 5A), particularly
in females. This increase did not persist to E18.5 (Figure 5D).
IGF2 binds to IGF-1R, IGF-2R, and insulin receptors (IR)
[38] and targets insulin receptor substrate 1 (IRS1) and IRS2,
to promote placental growth and development through cell
proliferation, survival, and mitogenesis [39]. Consistent with
increased Igf2 levels, Irs1 transcripts were elevated in PHF
placentae at E14.5 (PDiet = 0.0483, PSex = 0.0041; Figure 5B)
but were similar between groups at E18.5 (Figure 5E).
Transcript levels of Irs2 were similar between groups at
E14.5 (Figure 5C). At E18.5 transcript levels were affected
by paternal diet and placental sex (PInt = 0.0068; Figure 5F).

Paternal obesity does not impact maternal
metabolic adaptation to pregnancy

Since maternal adaptations to pregnancy directly impact the
intrauterine environment and thus fetal development, we next
investigated whether paternal obesity indirectly modified the
in utero milieu via changes to maternal glucose metabolism.
The placenta secretes endocrine factors, including placental
lactogen (PL), which facilitate maternal metabolic adaptations
to pregnancy [40]. Since we observed significant changes
in placental development in pregnancies sired by PHF, we
investigated whether paternally induced placental-mediated
changes in maternal glucose tolerance were impacted. We
observed that at both time points in pregnancy, maternal
glucose tolerance is unaltered by PHF (Figure 5G–J). Tran-
script levels of placental lactogen I coding-gene (Prl3d1) were
unaltered at E14.5 (Figure 5K) by PHF, although at E18.5
levels were lower in female compared to male placentae
(PSex = 0.0021; P = 0.0140; Figure 5M). Expression levels of
Prl3b1 were similar between groups at E14.5 (Figure 5L)
and E18.5 (Figure 5N). Histological analyses of parietal tro-
phoblast giant cell number, one of the cell types that produce
PL (Figure 5O–Q), were unchanged. Our findings suggest that
maternal glucose tolerance, as well as placental capacity to
produce PL, was unaffected by obesity in the father.

Paternal obesity alters factors that regulate fetal
hepatic gluconeogenesis

Paternal obesity is associated with glucose intolerance in
adult offspring, particularly in females [36]. Since fetal hep-
atic gluconeogenesis contributes to postnatal glucose toler-
ance, and maternal obesity is associated with changes in
fetal gluconeogenic enzyme expression [5], we investigated
whether paternal obesity similarly impacts fetal metabolic
development. Hepatocyte nuclear factors (HNFs) play an
important role in embryonic hepatic development. HNF4A is
a key regulator of many genes involved in hepatic function,
and its targeted deletion in the liver results in steatosis and
severe disruption of gluconeogenesis [41]. Although tran-
script levels of Hnf4a were unaltered at E14.5, levels were
higher in PHF male (but not female) livers compared to
CON at E18.5 (PInt = 0.0229, PSex = 0.0008, PDiet < 0.0001;
P = 0.0001; Supplemental Figure S6A and B). Transcript lev-
els of the HNF4A co-activator, peroxisome proliferative acti-
vated receptor gamma coactivator 1-alpha (Ppargc1α), were
also similar between groups at E14.5, but increased at E18.5,
albeit only in female PHF livers (PDiet = 0.0213, P = 0.0334;
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Figure 5. Paternal obesity alters placental Igf2, Irs1, and Irs2 transcripts in a sex-specific manner but does not impact maternal glucose tolerance or
placental lactogen. (a) Transcript levels of Igf2, (b) Irs1, and (c) Irs2 in E14.5 placentae. (d) Transcript levels of Igf2, (e) Irs1, and (f) Irs2 in E18.5 placentae.
(g) Maternal glucose tolerance, and (h) glucose area under the curve (AUC) at E14.5. (i) Maternal glucose tolerance, and (j) glucose AUC at E18.5. (k)
Prl3d1 transcript levels at E14.5 and at (l) E18.5. (m) Prl3b1 transcript levels at E14.5 and at (n) E18.5. (o) Number of parietal trophoblast giant cells in
CON and PHF placentae. (p) Representative photos of E14.5 CON and (q) PHF placental samples stained for glycogen using PAS. Arrowheads show
placental parietal trophoblast giant cells. Magnification 20x, scale bars = 50 μm. CON; n = 7–13, PHF; n = 6–10. Data are presented as mean ± SEM for
glucose tolerance, and as box and whisker plots; min to max with the center line representing the median for transcript levels. Glucose tolerance was
measured using two-way repeated measures ANOVA or mixed-effects model with main effects of paternal diet and time as factors using Bonferroni
post-hoc for multiple comparison; or by unpaired Student t-test. Placental transcripts were measured using two-way ANOVA with main effects of
paternal diet and placental sex as factors. Box plots with different letters indicate significance P < 0.05 using Bonferroni post-hoc for multiple
comparison. CON = Control (open circles and box plots); PHF = Paternal high fat diet-induced obesity (gray circles and box plots).

Supplemental Figure S6C and D). Transcript levels of hepatic
glucose-6-phosphatase (G6pc), which hydrolyzes glucose-6-
phosphate and frees glucose, were higher in females compared
to males at E14.5 (PSex = 0.0216), but PHF did not affect G6pc
levels at E18.5 (Supplemental Figure S6E and F). Levels of the
rate-limiting enzyme in gluconeogenesis, phosphoenolpyru-
vate carboxykinase 1 (Pck1), were similar between groups
(Supplemental Figure S6G and H). These results suggest that
expression of hepatic gluconeogenic transcriptional activators
is increased in PHF fetuses at E18.5, but expression of key
downstream gluconeogenic enzymes is unaffected.

Paternal obesity has modest impacts on ER stress
proteins in the fetal liver

Maternal obesity has been associated with ER stress in
offspring [42]. We investigated whether paternal obesity
similarly impacts ER stress-induced effectors, but extended
investigations to much earlier in development. Transcript

levels of Hspa5, the gene that encodes for ER stress chaperone
GRP78, were increased in female PHF livers compared
to CON at E14.5 (PDiet = 0.0013, P = 0.0202; Figure 6A).
GRP78 protein levels however, were unchanged at E18.5
(CON male; 1.000 ± 0.167, CON female; 1.000 ± 0.109,
PHF male; 0.919 ± 0.075, PHF female; 1.531 ± 0.449).
Hepatic expression of Eif2ak3, the gene that encodes for
PERK, was increased in PHF fetuses at E14.5 (CON male;
1.162 ± 0.189, CON female; 1.118 ± 0.219, PHF male;
1.930 ± 0.215, PHF female; 1.533 ± 0.366; PDiet = 0.0333).
Due to lack of sufficient sample, we were unable to measure
transcript levels of Eif2ak3 at E18.5. However, protein levels
of fetal hepatic phospho-PERK at E18.5 were increased in
male PHF fetuses but not females (PDiet = 0.0018; P = 0.0127;
Figure 6B). Activation of the PERK arm of the UPR was
associated with increased transcript levels of pro-apoptotic
factor, Ddit3, the CHOP-encoding gene, in fetal PHF livers
at E14.5 (PDiet = 0.0075, P = 0.0234; Figure 6C) and in fetal
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Figure 6. Paternal obesity activates the unfolded protein response in fetal
liver. Transcript levels of Hspa5, PERK, and apoptosis-related genes were
quantified using RT-qPCR in CON and PHF E14.5 and/or E18.5 liver. Ratio
of protein levels of phospho-PERK:total PERK were semi-quantified using
Western blotting in CON and PHF E18.5 liver. Total PERK protein levels

PHF livers at E18.5 (PDiet = 0.0126, PSex = 0.0023; Figure 6D),
suggesting that the process of apoptosis may be elevated
in PHF fetal livers. Consistent with this, protein levels of
cleaved caspase 3 were also increased in PHF livers in E18.5
(CON male; 1.051 ± 0.119, CON female; 1.003 ± 0.090,
PHF male; 1.811 ± 0.643, PHF female; 1.595 ± 0.402;
PDiet = 0.0347, Supplemental Figure S4). Transcript levels of
Bax were unchanged at E14.5 (Figure 6E) and decreased in
females at E18.5 (PSex = 0.0378; Figure 6F). Expression of
Bcl2 was increased in PHF male livers compared to CON
male livers (PDiet = 0.0140, P = 0.0120; Figure 6G) at E14.5,
but these changes did not persist to E18.5 (Figure 6H).
The ratio of Bax to Bcl2 transcript levels were unchanged
(Supplemental Table S10). These data suggest that further
investigation into the balance of fetal hepatic apoptosis and
proliferation is required. Matched protein levels of ER stress
markers coupled with histological sections of markers of
proliferation (Ki67) and apoptosis could elucidate whether
PHF alters fetal hepatic development.

The native ER protein, ATF6, controls one of the three
branches of the UPR and has been shown to be assisted by
EDEM1. ATF6 is selectively translated by the phosphoryla-
tion of eIF2α and participates in a feedback loop by inducing
expression of eIF2α phosphatase, GADD34 [43]. Transcript
levels of Atf6 were increased in PHF livers at E14.5, but
not at E18.5 (Supplemental Table S10). Ppp1r15a, the gene
that encodes for GADD34, was similar between groups at
E14.5 and E18.5 (Supplemental Table S10). Transcript levels
of Edem1 were higher in female PHF compared to female
CON liver at E14.5 (PInt = 0.0418, PDiet = 0.0095, P = 0.0112;
Figure 6I) but not at E18.5. In general, Edem1 transcripts
were lower in female compared to male livers at E18.5
(PSex = 0.0317; Figure 6J). In addition to the main branches
of the UPR, there are many genes that have crucial functions
in protein folding that are altered with ER stress. PDIA2 is
responsible for protein folding and thiol-disulfide exchanges
and is mediated by transcription factor AFT6 [44]. Transcript
levels of Pdia2 were increased in PHF (PDiet = 0.0005) male
(P = 0.0094; Figure 6K) and female (P = 0.0366; Figure 6K)
livers at E14.5, but at E18.5, Pdia2 expression levels were
decreased in female CON liver compared to male CON liver
(PSex = 0.0401, P = 0.0477; Figure 6L).

Finally, we investigated whether the IRE1 branch of the
UPR was altered in PHF fetal livers. Neither IRE1α transcript
nor protein levels were altered in CON and PHF E14.5
and E18.5 liver; the ratio of spliced Xbp1 to total Xbp1
was similar between groups (Supplemental Table S10). Thus,
although it appears that the PERK and ATF6 arms of the UPR

Figure 6. were normalized to β-actin. (a) Hspa5 transcript levels in E14.5
liver. (b) Representative Western blot bands and densitometry data for
Phospho-PERK: Total PERK protein levels and loading control β-actin in
male and female CON and PHF E18.5 liver. (c) Ddit3 transcript levels in
E14.5 and (d) E18.5 liver. (e) Bax transcript levels in E14.5 and (f) E18.5
liver. (g) Bcl2 transcript levels in E14.5 and (h) E18.5 liver. (i) Edem1
transcript levels in E14.5 and (j) E18.5 liver. (k) Pdia2 transcript levels in
E14.5 and (l) E18.5 liver. CON; n = 6–9, PHF; n = 5–8. Data are presented
as box and whisker plots min to max; with the center line representing
the median. Two-way ANOVA with main effects of paternal diet and fetal
sex as factors. Box plots with different letters indicate significance
P < 0.05 using Bonferroni’s post-hoc for multiple comparison.
CON = Control (open box plots); PHF = Paternal high fat diet-induced
obesity (gray box plots).
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may be altered in fetal liver in response to paternal obesity, the
IRE1 branch is not.

Paternal obesity impacts offspring whole body
energetics and glucose tolerance

Paternal obesity significantly impacts offspring metabolism
[7]. CON and PHF male and female offspring gained similar
amounts of weight (Supplemental Figure S7A and B). Despite
this, offspring gonadal fat mass was affected by both off-
spring sex and paternal diet (PSex < 0.0001, PInt = 0.0153;
Supplemental Figure S7C); whereas PHF male offspring had
lower fat mass, PHF females had higher fat mass. Although
paternal obesity did not affect liver weight, overall females had
lighter livers compared to males (PSex < 0.0001, P = 0.0007;
Supplemental Figure S7D).

We also investigated whether paternal obesity alters whole
body energy metabolism in offspring. Using a sophisticated
metabolic assessment system of indirect calorimetry [45], we
calculated whether paternal obesity changed the type and rate
of substrate utilization by offspring, while also measuring
48-h activity and food consumption light and dark cycles
for 24 h. Food consumption was higher in PHF female and
male offspring (PDiet = 0.011; Figure 7A) and was especially
higher during the dark compared to light cycle of the day.
Heat production, a marker of overall energy consumption,
tended to be lower in PHF offspring (PDiet = 0.055; Figure 7B)
and greater in female offspring. Total activity was lower in
male (PSex = 0.041; Figure 7C) compared to females overall
and tended to be even lower in PHF females compared to
CON—particularly during the light cycle. Oxygen consump-
tion (VO2 = O2 inhaled per unit time) was lower in male
PHF offspring (PSex < 0.0001; Figure 7D), as was CO2 pro-
duction (VCO2 = CO2 exhaled from the body per unit time;
PSex = 0.004; Figure 7E), and tended to be lower in females—
again especially during the light cycle.

Using VO2 and VCO2 we calculated the RER to estimate
the respiratory quotient (RQ), an indicator of which fuel (e.g.
carbohydrate or fat) is being metabolized [45]. An RER value
near 0.7 suggests that fat is the predominant fuel source, a
RER value near 1.0 suggests that carbohydrate is the pre-
dominant fuel source, and a RER value between 0.7 and
1.0 suggests a combination of fat and carbohydrate is being
used. Although RER tended to be lower in PHF offspring
during the light cycle, this difference was not statistically
significant (Figure 7F), although lipid oxidation was lower in
male offspring (PSex = 0.012; Figure 7G). These data suggest
that basal metabolic rate appears moderately lower in PHF
offspring and impacts of paternal obesity on whole body
energy metabolism in offspring is sex-specific [7].

Consistent with other work, paternal obesity increased
fasting blood glucose levels in male and female offspring
at P60 (CON male; 8.7 ± 0.2, CON female; 7.6 ± 0.1,
PHF male; 9.5 ± 0.2, PHF female; 8.1 ± 0.3, PDiet = 0.017,
PSex < 0.0001). Paternal obesity impaired glucose toler-
ance in both female (PDiet < 0.0001; Figure 7H) and male
(PDiet = 0.0042; Figure 7I) offspring. Thus, paternal obesity is
associated with changes in both whole body metabolism and
glucose intolerance in young adult offspring.

Discussion

Although the first experimental data showing that paternal
diet/obesity impaired offspring glucose tolerance were

published over a decade ago [7], we still know very little
of the mechanisms underpinning this relationship. We
show that paternal obesity alters markers suggestive of
placental hypoxia, altered placental angiogenesis, and blood
vessel integrity. Placentae associated with a female fetus
are especially vulnerable, showing changes to transcription
factors that regulate placental vascular remodeling, as well
as increased placental Igf2, and increased expression of
amino acid transporter SNAT2. Paternal obesity significantly
impacts the fetus, possibly activating hepatic ER stress
through PERK and ATF6 arms of the UPR, which may have
downstream impacts on gluconeogenesis. These changes,
however, are not the result of modifications to maternal
metabolic adaptation to pregnancy, since we show that
paternal obesity does not affect maternal glucose metabolism
or the number of parietal trophoblast giant cells that
contribute to PL production. Thus, we believe that paternal
obesity impacts fetal metabolic signaling pathways and
offspring glucose intolerance and whole-body energetics
via impairments in placental vasculature and possibly
reducing in utero oxygenation. Overall, our data suggest that
intrauterine changes in placental function may drive changes
in fetal hepatic development which could underpin metabolic
dysfunction in male and female offspring, and changes in
offspring metabolic rate.

Placental increases in hypoxia markers HIF-1α and CA IX,
pro-angiogenic markers VEGF and VEGFR-2, and decreases
in the vessel integrity marker CD31:α-SMA ratio at E14.5 sug-
gests that paternal obesity induces placental hypoxia through
pro-angiogenic pathways and may impair pericyte develop-
ment and blood vessel stability at mid-gestation. Our data
are consistent with the hypothesis that hypoxia can activate
a sequence of events starting with upregulation of HIF-1α

production [46]. As the increase in HIF-1α and reduction in
CD31:α-SMA ratio were observed in PHF placentae at E14.5,
but not at E18.5, we hypothesize that vessel compromise may
be a result of the timing of angiogenesis being perturbed
by PHF. Angiogenesis begins in the murine placenta after
E8.5 [47], thus it is possible that early impairments manifest
as hypoxia and reduced vessel integrity at E14.5, which is
resolves by E18.5. Future studies further investigating whether
paternal obesity delays placental blood vessel development are
warranted.

Experimental studies in mice have shown that maternal
obesity induces placental ER stress and impairs placental
vascularization [4, 5]. ER stress promotes VEGF expression
[48] through enhanced phosphorylation of HIF-1α [49]. Our
data suggest the impact of paternal obesity on placental
angiogenesis is not driven by ER stress, markers of which
were only modestly increased in whole placental homogenate.
An alternative hypothesis may be a reduced rate of arterial
oxygen delivery to the placenta and/or an increase in oxygen
consumption/requirement in PHF placenta. No data exist
describing the impacts of paternal obesity on either placental
blood flow or oxygen consumption, but future work should
investigate whether reduced oxygen delivery via maternal
arteries or increased placental oxygen consumption underpin
the observed hypoxia in PHF placentae. Interestingly, data
exist in humans to suggest that fetal sex impacts maternal vas-
cular adaptation to pregnancy [50] and highlight the need to
investigate whether sex-specific alterations occur in placental
blood flow and/or placental oxygen delivery in pregnancies of
high fat-fed fathers.
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Figure 7. Paternal obesity alters whole body energy metabolism and induces glucose intolerance in offspring. Young adult CON and PHF male and
female offspring were subjected to in vivo metabolic assessment at P53 and a glucose tolerance test at P60. (a) Adult CON and PHF male and female
offspring food consumption, (b) heat production, (c) total horizontal motor activity, (d) oxygen consumption, (e) carbon dioxide production, (f) respiratory
exchange ratio, and (g) lipid oxidation. (h) Adult CON and PHF glucose tolerance and glucose AUC in male, and (i) female offspring. Metabolic
assessments data are presented as box and whisker plots; min to max with the center line representing the median. Glucose tolerance test and AUC
are presented as mean ± SEM. CON; n = 6–7, PHF; n = 5–8. Two-way repeated measures ANOVA with main effects of paternal diet and time as factors
using Bonferroni post-hoc for multiple comparison or Student t-test. Metabolic assessments presented as box plots with different letters denote
P < 0.05 in a linear mixed-effects model with main effects and multiple comparisons determined by Satterthwaite’s method of approximation.
CON = Control (open circles and box plots); PHF = Paternal high fat diet-induced obesity (gray circles and box plots).

This is of particular relevance since many of our out-
comes appear to be predominant in female placenta and
offspring. In human pregnancy, female fetal sex is associated
with increased risk for early preterm preeclampsia, one of the
pregnancy complications associated with placental hypoxia
[35], in association with proinflammatory cytokines in the
first trimester [51, 52]. Our finding that female placentae
are particularly impacted by PHF is consistent with these
observations in humans preeclamptic placentae [53]. We have
previously reported that maternal obesity results in placental
inflammation at mid-gestation [5]. Whether proinflammatory
cytokines are involved in sex-specific changes in PHF placen-
tae is beyond the objectives of the current study, although we
show some evidence of an increase in IL6 transcript levels in
PHF placentae at term gestation. We also found sex-specific
impacts of PHF on the placental nutrient transporter Slc38a2
(SNAT2), which was increased in females E18.5. SNAT2
transports neutral amino acids, including gluconeogenic sub-
strates alanine and glutamine [54, 55]. SNAT2 expression
is induced by hypoxia in in vitro and in vivo in cancer

models [56] and may be similarly induced by hypoxia in PHF
placentae, although further experiments are required to test
this hypothesis. It may be that an increase in placental transfer
of gluconeogenic amino acids in PHF pregnancies, contributes
to changes in fetal hepatic gluconeogenic signaling molecules
at E18.5.

Placental growth is regulated by IGFs [57]. We show
increased Igf2 transcript levels in PHF placentae, consistent
with increased levels of Irs1. IGFs have both proliferative and
anti-apoptotic effects on trophoblasts [58]. IGF2 may also be
activating downstream signaling pathways through IRs. In
placental arterial endothelial cells, activation of IR induces
endothelial nitric oxide synthase (eNOS), which has been
proposed to facilitate angiogenesis through HIF-1α, VEGF,
and VEGFR-2 [59]. Indeed, in mice, IGF2 increases labyrinth
zone volume and surface area dedicated to transport [60].
If this is happening in our model, increased surface area
may protect against the negative impacts of hypoxia on fetal
growth, which would explain the similar fetal and placental
weights of PHF and controls.
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Prenatal stressors, including improper nutrition or hypoxia,
induce fetal adaptations in metabolic organs including the
liver. Maternal obesity in mice, results in ER stress in offspring
liver [61]. Although paternal obesity leads to impaired glucose
tolerance and liver steatosis in murine offspring [62], few
studies have investigated whether changes in the fetal liver
contribute to offspring metabolic dysfunction. We observed
increased transcript levels of key markers of the UPR in PHF
fetal livers. These increases were accompanied by elevated
levels of cleaved caspase-3, suggesting paternal obesity may
increase fetal hepatic apoptosis. As hepatic ER stress is asso-
ciated with changes in hepatic glucose metabolism, we inves-
tigated transcriptional regulators of gluconeogenesis. Paternal
obesity modestly increased fetal hepatic transcript levels of
pro-gluconeogenic factor Ppargclα and its co-regulator Hnf4a
[63] at term gestation, although we did not test whether
these changes in Ppargclα and Hnf4a persist postnatally. As
previously discussed, it is possible that these fetal hepatic
changes are downstream of increases in gluconeogenic sub-
strates; where PHF results in poor placental oxygenation and
increased SNAT2 activity and placental transfer of gluco-
neogenic amino acids. This hypothesis however needs to be
tested in future studies.

We propose that impacts of PHF on the fetal liver are
evident postnatally. We show that paternal obesity induces
offspring glucose intolerance but also impairs whole body
energy utilization and metabolism. Previous work suggests
that in utero adversity activates the hepatic UPR, increases
expression of gluconeogenic genes in pups, and results in
glucose intolerance in male offspring [64]. No data exist
describing the impacts of paternal obesity on offspring basal
metabolic rate. We show alterations in whole body energetics,
including physical activity, heat production, and O2 and CO2
dynamics in PHF offspring. Offspring of obese fathers were
glucose intolerant, ate more, and moved less throughout the
day, which may contribute to or be a function of a reduction
in their basal metabolic rate. This appeared more prevalent in
female offspring, particularly during the light cycle of the day.
Our data contribute to early work showing that female, but
not male, offspring born to high fat-fed fathers have impaired
glucose tolerance and insulin deficiency [7] and extend these
data showing that young female offspring have higher fat
mass, and reduced activity and basal metabolism as early as
∼60 days of age. Although it is unknown what underlying
mechanisms are responsible for these changes to metabolism,
our data suggest that an adverse hypoxic intrauterine envi-
ronment, particularly in females, which appears to include
impaired placental vessel development, may fuel changes to
whole body energetics and could fuel long-term development
of obesity and result in insulin resistance.

We recognize that our study has limitations. We performed
a global investigation of paternal obesity on placental markers
of hypoxia, ER stress, and nutrient transport using whole
placental homogenate. Future studies should investigate junc-
tional and labyrinth zones of placentae to assess markers of
interest in specific placental regions. Additionally, we did not
perform placental stereology to determine whether the vas-
cular changes we observe also impact maternal–fetal surface
exchange. It is unknown whether the placental hypoxia that
we observe is a result of reduced arterial oxygen delivery to the
placenta or increased oxygen consumption. Subsequent stud-
ies investigating the source of placental hypoxia are necessary.
Although we observe some evidence of potential fetal hepatic

ER stress, experiments that specifically investigate the UPR
signaling and ER stress (potentially using transgenic mice or
pharmacological agents) in both fetuses and offspring should
be conducted. Finally, we do not know whether placental
hypoxia results in fetal hypoxia, which could be a driver of
hepatic ER stress; these studies are now warranted.

In conclusion, paternal obesity-induced glucose intolerance
and metabolic dysfunction in offspring appears driven by
impaired placental vascular development and placental
hypoxia. We postulate that impaired placental function results
in an adverse intrauterine environment that could promote
ER stress-mediated adaptations in fetal hepatic development,
predisposing offspring to postnatal impaired energetics and
metabolic compromise.
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