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Abstract 

While the impacts of maternal obesity on placental development have been extensively 

studied, the role of the father’s health in regulating placentation is less understood. Paternal 

obesity is associated with offspring metabolic dysfunction, but the mechanism regulating this 

association is unclear. We investigated how paternal diet-induced obesity impacted placental 

vascular development, associated cellular stress pathways, and markers of placental endocrine 

function and macronutrient transport across gestation in a murine model. We found that paternal 

obesity is associated with placental hypoxia as measured by CAIX and HIF1α at E14.5 which 

persisted to E18.5. Hypoxia was associated with increased VEGF protein levels, as well as its 

pro-angiogenic receptor, VEGFR2 in male and female E14.5 placentae, although, this increase 

was apparent only in females at E18.5. The proportion of placental tissue that was 

immunopositive for the endothelial cell marker CD31 was increased in female but not male 

E18.5 placentae. Paternal obesity was associated with cellular stress as measured by the three 

branches of the unfolded protein response (UPR): ATF6, PERK, and IRE1α. However, despite 

increased phosphorylation of PERK and IRE1α in placental tissue derived from obese fathers, 

there was no impact on downstream signal transducers. Pro-apoptotic Bcl2 family members’ 

transcript levels were reduced at E18.5 in placentae from obese fathers, but this did not 

correspond to any changes in cleaved casp-3 protein levels. Placental lactogen and macronutrient 

transporter transcript levels were similar between groups across gestation, although Igf2 

transcripts were increased in female placenta from obese fathers at both mid and late gestation. 

Thus, paternal obesity results in placental hypoxia and VEGF mediated sex specific changes in 

vascularization with a pro-angiogenic response occurring in females. Future studies will 
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investigate whether paternal obesity impairs early placental implantation, resulting in poor 

vascularization and hypoxia at E18.5. 
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Chapter 1.0 Introduction 

Canadian obesity rates have reached epidemic proportions. Approximately 46% of adult 

females and 62% of adult males are classified as overweight or obese ​1​. Obesity is an 

immunometabolism disorder that results in changes to glucose metabolism ​2​ and adipose 

accumulation ​3​. Obese individuals have impaired glucose clearance, resulting in poorer 

regulation of blood glucose. This is associated with increased insulin secretion and progressively 

poorer β cell function ​4​. Over time, this leads to insulin resistance and ultimately β cell 

dysfunction, a key physiological characteristic of type 2 diabetes mellitus (T2D) ​5​. In healthy 

individuals, insulin signaling inhibits lipolysis through protein kinase B (PKB), as insulin is 

associated with glucose uptake and increased glycolysis (glucose breakdown for energy) ​6​. 

However, in obese individuals with insulin resistance, the chronic elevated insulin levels due to β 

cell dysfunction  maintain this lipolysis inhibition, and lead to an accumulation of triglycerides 

(stored fatty acids), promoting lipid accumulation and increasing adiposity ​7,8​. Lipid 

accumulation triggers a pro-inflammatory response ​9​, by promoting nuclear factor kappa B 

(NF-κB) activation, which increases pro-inflammatory cytokine secretion ​10,11​. These 

pro-inflammatory cytokines, such as tumour necrosis factor (TNF), interleukin 6 (IL-6) and 

IL-1β may be the underlying cause of some obesity-associated diseases such as chronic 

inflammation, T2D, and hypertension/cardiovascular problems ​12​.  

Pregnancy is also associated with insulin resistance ​13​, and increased inflammation ​14​. 

While these metabolic changes are normal during healthy pregnancy, in pregnancies complicated 

by maternal obesity, there are adverse impacts on the developing fetus, resulting in increased 

offspring disease risk ​15​. This concept that metabolic stressors during pregnancy alter fetal 

1 
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development and increase disease risk forms the basis for the Developmental Origins of Health 

and Disease (DOHaD) hypothesis ​16​. 

 The DOHaD hypothesis was established based on epidemiological data correlating the 

birth weight of children with a risk of developing hypertensive disorders later in life ​17,18​. Barker 

et al. found that infant birth weights at the extrema were at the greatest risk for dying from 

cardiovascular disease ​18​. They hypothesized that there are critical windows of development 

where adverse events occurring in the intrauterine environment will have lasting effects on the 

developmental trajectory of offspring ​17,19​. Obesity during pregnancy is one such event where the 

fetus is exposed to adversity, and thus makes adaptations that often lead to postnatal disease risk 

20,21​.  

Maternal obesity is associated with increased circulating lipids ​7,8​, glucose ​2​, and insulin ​4​, 

which influence placental nutrient transport via changes in placental macronutrient transporter 

expression ​22–24​. The placenta receives environmental stimuli, (i.e. heighted macronutrient 

availability), and makes the adaptive response of increasing macronutrient transport to the fetus 

to increase fetal growth. In the context of maternal obesity, the fetus is preparing for a 

nutrient-rich postnatal environment ​25​, however, in a proper nutritionally-supported postnatal 

environment, fetal adaptations prove to be maladaptive and lead to increased risk of metabolic 

disorders like T2D ​26,27​. Although a number of intrauterine adversities  may exist, including 

caloric restriction ​28​, stress ​29​, and micronutrient deficiencies ​30​, this review will concentrate on 

obesity and its effects on fetoplacental development. The placenta is of particular interest in the 

field of DOHaD as this is the main site for maternal-fetal exchange, and adapts to the maternal 

environment to mediate fetal growth ​31​.  

2 
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1.1 Placental development 

The placenta is of particular interest in the field of DOHaD as it controls maternal-fetal 

exchange, and adapts to the maternal environment to mediate fetal growth ​31​. The placenta is the 

principal mediator of fetal development, and must itself grow alongside the fetus to regulate fetal 

growth ​32–35​. The placenta is a highly metabolic organ composed of two primary regions: the 

maternal region where endocrine signaling occurs, and the fetal region where nutrient transport 

from the placenta to the fetus occurs. In humans these regions are called the intervillous space 

(filled with maternal blood perfusing from maternal arteries) and chorion respectively ​36​. In mice, 

these regions are called the junctional zone and labyrinth zone respectively. This review will 

primarily focus on mouse placentae.  

In the mouse placenta, the junctional zone is largely avascular ​37​, and is the primary site 

of hormone production, directly influencing fetal growth and development ​38​. The junctional 

zone contains three types of trophoblast cells: parietal trophoblast giant cells, spongiotrophoblast 

cells, and glycogen trophoblast cells ​39,40​. Conversely, the labyrinth zone is highly vascularized ​37​, 

and is the primary site of maternal nutrient transport from mother to fetus ​41​. This layer contains 

spiral artery trophoblast giant cells, maternal blood canal trophoblast giant cells, 

syncytiotrophoblast cells, and fetal capillary endothelium cells ​39,40​. These placental cell types 

have specific functions based on their location, gene expression, and environmental signals ​42 

(Figure 1.1.1, adapted from ​39​). 
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Trophoblast giant cells, which are present in both the junctional and labyrinth zones 

regulate a number of processes, including implantation and early placental vasculogenesis (​de 

novo ​blood vessel development), vascular remodeling and angiogenesis (blood vessel 

development from preexisting blood vessels), and mediate maternal spiral artery remodeling and 

growth factor/hormonal secretion ​43​. The junctional zone parietal trophoblast giant cells primarily 

line the implantation site and are necessary during early embryonic development for proper 

placental implantation, and early vasculogenesis ​44​. These trophoblast giant cells are the first 

cells to invade the maternal uterine lining, and promote vascular remodeling to facilitate 

adequate placental perfusion ​43,45​. This process is regulated by vascular endothelial growth factor 

4 
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(VEGF) to promote vasculogenesis and decidual invasion into the uterus ​45,46​. VEGF promotes 

vascular mitogenic signaling by increasing cyclin dependent kinase (CDK) expression, which 

initiates mitosis, promoting cell proliferation ​47​ thus facilitating proper placental implantation ​45​.  

In the labyrinth, spiral artery trophoblast giant cells and maternal blood canal trophoblast 

giant cells regulate spiral artery remodelling ​48​ and maternal vascular remodelling ​49​ respectively. 

Spiral artery remodelling involves the breakdown of the extracellular matrix (ECM) ​50​, which 

allows for blood vessel widening to increase perfusion ​51​, which is regulated by heme oxygenase 

1 (HMOX1) ​50​. HMOX1 promotes matrix metalloproteinases (MMPs) ​52​, to degrade the ECM 

basement membrane ​53​, facilitating blood vessel widening ​50,52​. While the exact function of the 

maternal blood canal trophoblast cells is unknown ​54​, they are believed to play a structural role in 

maternal vascular remodeling ​49,54​. Similar to the junctional zone, labyrinth vascular remodeling 

is regulated by VEGF, and is required to for proper placental vascular development ​46,55,56​.  

Spongiotrophoblasts in the junctional zone work together with glycogen trophoblasts to 

maintain placental glycogen stores for quick access to glycogen as a reserve energy source. 

Placental glycogen can be broken down to produce energy for the placenta via glycogenolysis 

and subsequent glycolysis ​57,58​, and this reserve capacity is key for mediating fetal growth as it 

facilitates constant glucose supply to the fetus, in the absence of constant maternal glucose intake 

(i.e. between meals) ​59,60​. Syncytiotrophoblast cells and fetal capillary endothelial cells both 

regulate  maternal blood flow to the fetus ​61,62​, and form the fetal capillary network that makes up 

the majority of the labyrinth zone ​62​. This fetal capillary network is regulated by 

hypoxia-inducible factor 1 alpha (HIF1α). During placental development, the placenta is in a 

state of hypoxia ​63​, which activates HIF1α, a transcription factor that binds to the ​Vegf ​promoter 
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to increase placental vasculogenesis and angiogenesis forming a fetoplacental capillary network 

through CDK-regulated cell proliferation ​64​. It is in this capillary network that nutrient transport 

occurs ​62​. 

The transport of macronutrients (glucose, fatty acids, and amino acids) ​32​, micronutrients 

23,24​, gases (O​2​, CO​2​) ​65​, and waste products ​65​, is essential for fetal development ​35​. While all 

macronutrients are necessary ​66​, glucose is the most important fuel source as it is required to not 

only ensure fetal growth but also to maintain placental glycogen stores in the glycogen 

trophoblast cells of the junctional zone ​59​. These glycogen stores give the placenta its reserve 

capacity to supply the fetus with glucose in the absence of a glucose gradient between mother 

and fetus ​59,60​.  

Glucose transport across the mouse placenta is regulated primarily by glucose transporter 

1 (GLUT1), GLUT3, and GLUT4, with GLUT1 levels increasing across gestation ​67​. Placental 

glucose transport is regulated at two key locations: maternal to placental transport ​68​, and 

placental to fetal transport ​69​. Maternal to placental glucose transport sustains placental glucose 

levels, required for maintaining placental growth and reserve energy from placental glycogen 

stores ​68​. Unique to the maternal side of placental glucose transport is the presence of the GLUT4 

transporter ​67​, which is insulin-dependent ​67,70​. This glucose transporter is advantageous for 

placental growth as the mother is in a state of insulin resistance during pregnancy, leading to 

increased circulating insulin ​13​ and subsequently increased GLUT4 translocation to the cell 

membrane, promoting placental glucose uptake ​67​. These glucose transporters are regulated by a 

key placental growth factor, insulin-like growth factor 2 (IGF2) ​71​, which promotes placental 

growth via mitogenic pathways, promoting trophoblast proliferation ​72​. Glucose is then rapidly 

6 

https://paperpile.com/c/PFZD45/qy6N
https://paperpile.com/c/PFZD45/ek4C
https://paperpile.com/c/PFZD45/494Kn
https://paperpile.com/c/PFZD45/U89n+EqsI
https://paperpile.com/c/PFZD45/ASiO
https://paperpile.com/c/PFZD45/ASiO
https://paperpile.com/c/PFZD45/7BZhu
https://paperpile.com/c/PFZD45/pfg0
https://paperpile.com/c/PFZD45/aV1w
https://paperpile.com/c/PFZD45/aV1w+v4kc
https://paperpile.com/c/PFZD45/tPTO
https://paperpile.com/c/PFZD45/6SUi
https://paperpile.com/c/PFZD45/i18u
https://paperpile.com/c/PFZD45/6SUi
https://paperpile.com/c/PFZD45/tPTO
https://paperpile.com/c/PFZD45/tPTO+qII3
https://paperpile.com/c/PFZD45/oNLp
https://paperpile.com/c/PFZD45/tPTO
https://paperpile.com/c/PFZD45/hGYeC
https://paperpile.com/c/PFZD45/SKDq


MSc. Thesis – B. Patterson 

McMaster University – Biochemistry and Biomedical Sciences 

broken down with glycolysis for energy to maintain cell proliferation, or stored as glycogen for 

future use in glycogen trophoblast cells ​72–74​. Conversely, placental to fetal glucose transport is 

primarily regulated by insulin independent glucose transporters, GLUT1 and GLUT3 ​68​, 

maintaining a constant glucose transport to the developing fetus, promoting fetal growth by 

providing the energy required for fetal organogenesis and mitogenic development ​74,75​. 

Amino acids are transported by sodium-coupled neutral amino acid transporters (SNATs) 

and large amino acid transporters (LATs). Mouse placentae express SNAT1, 2, and 4 ​76​, and 

LAT1 ​77​ and 2 ​78​. The SNATs transport neutral amino acids including serine, threonine, alanine, 

glycine, cysteine, asparagine, methionine, and glutamine ​75,79,80​. SNATs are particularly 

important for fetal development as they transport glucogenic amino acids to the developing fetus, 

which can be converted to glucose if needed ​81​. Fetal glycolysis is very high while endogenous 

gluconeogenesis is very low ​82​ to maintain a high glucose gradient between mother and fetus ​83​. 

While gluconeogenesis is low, it is predominantly mediated by glucogenic amino acid transport 

to the developing fetus as an alternative fuel source ​84​. Conversely, LATs transport branched 

amino acids including phenylalanine, proline, valine, leucine, isoleucine, tryptophan, and 

tyrosine ​85,86​. Of particular note are the essential amino acids isoleucine, leucine, phenylalanine, 

valine, and tryptophan transported by LATs. These amino acids cannot be synthesized in mice 

and must be consumed from food sources ​87​. Since the fetus receives all nutrients from maternal 

sources, fetal protein synthesis is dependent on placental transport of essential amino acids ​81​. 

While the exact mechanism of fatty acid transport across the placenta is not fully known, 

it has been established to be mediated by fatty acid binding proteins (FABPs): plasma membrane 

associated FABP (FABPpm), FABP1, 3, 4, and 5 ​88,89​, fatty acid translocase (FAT) ​90​, and fatty 
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acid transport proteins (FATP1, 2, 3, 4, and 6) ​91–93​. Maternal triglycerides are hydrolyzed via 

lipase proteins (lipoprotein lipase, endothelial lipase, and hormone sensitive lipase) ​94,95​ into free 

fatty acids after which, FABPpm, FATPs, and FAT facilitate their transport to the cytosol of 

placental trophoblast cells ​96​. Here, fatty acids bind to FABPs, and promote mitochondrial β 

oxidation of fatty acids for placental energy production ​97​, or shuttle fatty acids to labyrinth 

trophoblast FATPs and FAT enzymes. These are located on labyrinth endothelial and trophoblast 

cells, where fatty acids are transferred to the developing fetus ​41​.  

Macronutrient transport and availability are regulated by factors including maternal 

glucose ​98​, fatty acids ​99​, and endocrine signaling (insulin) ​100​. During pregnancy increased levels 

of maternal circulating fatty acids promote increased fatty acid transport via upregulation of 

placental FAT ​7​. Maternal hyperglycemia and hyperinsulinemia ​13,101​ increase placental glucose 

uptake from passive diffusion through GLUT1 and GLUT3, and insulin-dependent transport via 

GLUT4 ​67​. The placenta also secretes endocrine factors to mediate maternal pregnancy 

adaptations and regulate fetoplacental development ​98​. The placenta secretes a number of 

hormones that regulate maternal metabolic adaptations ​102​. In mice, placental lactogen 1 and 2 are 

produced in the first half and second half of pregnancy respectively ​102​. Placental lactogen 1, and 

prolactin secretion promote fetal growth through stimulating IGF2 secretion ​103​, leading to the 

insulin-sensitive anabolic state in the first half of pregnancy to prepare for the nutrient demands 

of later fetal development and lactation ​104​. This insulin-sensitive state shifts to an insulin 

resistant state, as fetal growth rapidly increases in late pregnancy ​105​, promoting increased 

glucose transport to the placenta and fetus ​98​, as glucose is the primary fuel source for the 

developing fetus ​106​. The fetus facilitates this increased glucose transport by maintaining low 
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levels of gluconeogenesis and high rates of glycolysis ​82,107​, establishing a large glucose gradient 

between mother and fetus, keeping glucose transport to the fetus high ​83​, and promoting placental 

and fetal growth ​108​. 

IGF1 and IGF2 are key hormones involved in placental growth and signaling ​109​. IGF1 

and IGF2 promote placental growth through increased placental perfusion rates ​110​, and mediate 

fetal macronutrient uptake from the placenta by regulating glucose and amino acid transport 

through GLUT3 and SNAT4 respectively ​111​. IGFs are shuttled to their receptors by binding to 

IGF binding protein 3 (IGFBP3) ​112​, facilitating binding to insulin receptors (IR), IGF receptor 1 

(IGFR1), and IGFR2 (though they have the strongest affinity for their respective receptors), all 

of which are present in the placenta ​109​. Elevated levels of IGF1 and IGF2 stimulate IGFBP3 

synthesis, which can target excess IGFs for degradation ​113​. Binding of both IGF1 and IGF2 to 

IGFR1 results in signal transduction (though this is stronger with binding of IGF1 binding than 

IGF2), while binding to IGFR2 inhibits signal transduction by degradation of excess IGF1 and 

IGF2 ​106​. Ligand binding to IGFR1 promotes the recruitment of insulin receptor substrate (IRS) 1 

and 2 ​72,114​, inducing phosphoinositide-3-kinase (PI3K) and PKB ​114​. PKB promotes GLUT1 

translocation to the cell membrane ​115​, and also inhibits glycogen synthase beta, leading to the 

transcriptional activation of glycolysis-regulating genes hexokinase and pyruvate kinase ​116​. PKB 

also activates mechanistic target of rapamycin (mTOR) ​114​ to regulate fatty acid and amino acid 

uptake through FAT ​117​ and SNATs ​118​ respectively. mTOR promotes vasculogenesis and 

angiogenesis by inducing the transcriptional activation of HIF1α, which in turn promotes VEGF 

activation ​119​. This pathway is intimately involved with placental growth and vascular 

development, via mitogenic CDK-mediated signaling ​47,120​. 
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Proper placental vascularization ​37​ is key for facilitating nutrient and gas exchange 

between mother and fetus ​34,121,122​. It begins in mice at approximately embryonic day (E)8.0 and 

persists until E9.5, where angiogenesis begins and continues until term ​123​. Placental 

vasculogenesis is mediated VEGF, beginning with the development of angioblasts, which 

differentiate into endothelial cells ​124​. In the hypoxic environment of early pregnancy ​63​, this 

promotes the expression of HIF1α, a transcription factor that induces ​Vegf ​transcription ​64​. This 

activates Wnt/β-catenin signaling ​125​, which further promotes ​Vegf ​transcription due the presence 

of Wnt-specific promoter sites in the ​Vegf ​gene ​126​. Wnt/β-catenin signaling is also mitogenic by 

activation of CDK which promotes endothelial cell proliferation to facilitate vasculogenesis ​47​. 

This increases VEGF protein levels, where its paracrine signaling induces a shift from 

angioblasts (primordial endothelial cells) to endothelial cells, and facilitates the development of a 

primitive fetal capillary network ​62,127​. From this primitive capillary network, placental 

angiogenesis expands to establish the mature placental vasculature ​124,127​.  

VEGF paracrine signaling is also required for branching angiogenesis (villi maturation) 

and elongation of mature villi ​124,127​ through binding of two primary receptors, VEGFR1 and 

VEGFR2 ​128​. These are transmembrane receptors when active, however, soluble VEGFR1 (in the 

cytosol) binds VEGF but does not provide signal transduction, essentially inhibiting VEGF to 

reduce vasculogenesis or angiogenesis ​129​. Conversely, membrane-bound VEGFR1 and VEGFR2 

are pro-angiogenic receptors located primarily on endothelial cells, and facilitate rapid 

endothelial cell expansion required for blood vessel formation (vasculogenesis), branching, and 

elongation (angiogenesis) ​130​.  
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Under typical, healthy pregnancy conditions, vasculogenesis and angiogenesis lead to the 

development of sufficient placental vasculature to support fetal growth ​131​. These pathways are 

regulated by IGF2 promoting vascularization through proliferation and mitogenic activity ​47,120​. 

Of note, IGF2 is also regulated by paternal genomic inheritance, where paternally inherited 

genes (such as ​Igf2​) promote fetoplacental growth, while maternally inherited genes (such as 

Igfr2​) work antagonistically to ensure maternal survival ​111​. Despite this fact, the role of the 

father in placental development is often overlooked. 

 

1.1.1 Paternal contributions to placental development 

Paternal contributions to placental development occur primarily through genomic 

imprinting, ​132​ when one parental allele of a gene is silenced, via DNA or histone methylation ​133​, 

or activated via DNA or histone acetylation ​134​. These imprinted genes are epigenetically 

modified in the oocyte (maternal inheritance) ​135​ and in the sperm (paternal inheritance) ​136​ which 

regulate genomic activity by altering access to transcriptional machinery ​137​. These epigenetic 

modifications often target genes that are maintained through cell divisions that persist throughout 

gestation and in the postnatal environment ​137​. Thus, epigenetic regulation of these target genes 

could be modified by stressors during development ​138​.  

Several paternally inherited genes including ​Igf2 ​139​, ​Peg1​, and ​Peg3 ​promote fetal 

growth ​111​. While the exact function of  ​Peg1 ​and ​Peg3 ​is not known, they have been suggested 

to play a role in placental vasculogenesis and angiogenesis because of their appearance at E8.0 in 

placental labyrinth trophoblast and endothelial cells (coinciding with the initiation of 

vasculogenesis) ​140–142​. Conversely, maternally inherited genes including ​H19 ​133​, ​Igfr2​, and 
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Phlda2​ reduce fetal growth ​111​. ​H19 ​is expressed ubiquitously in the placenta and regulates 

trophoblast cell proliferation by inhibiting CDK, preventing cell proliferation ​143,144​. ​Phlda2 ​is 

located in the spongiotrophoblast and glycogen trophoblast cells of the junctional zone, and 

regulates the size and growth of these trophoblast cells ​145​. ​Phlda2 ​knockout mice show increased 

junctional zone size and glycogen trophoblast cell hyperplasia and hypertrophy ​145​. Deletions of 

H19​ and ​Igf2​ are associated with fetal overgrowth (in the case of maternal gene allele silencing) 

146​ and fetal undergrowth (in the case of paternal gene allele silencing) respectively ​71​. IGF2 

promotes feto-placental growth and development by maximizing trophoblast proliferation ​139​, 

while H19 works antagonistically to minimize trophoblast proliferation and protect the mother 

from excessive fetal growth ​133,143​. These genomic imprints work together to regulate 

fetoplacental development. Although methylation is commonly thought of when epigenetics is 

considered, paternal genes are also tightly regulated by the inheritance of microRNAs (miRNAs) 

from the paternal spermatozoa. 

MicroRNAs are short (19-24 nucleotides) single strand non-coding RNAs that function 

by forming complementary base pairing to the mRNA of specific genes, leading to either 

reduced mRNA stability, or direct promotion of mRNA degradation ​147​. MicroRNAs are formed 

when RNA polymerase II transcribes an elongated pri-miRNA which contains a hairpin loop on 

one end, and a 5’ cap and 3’ polyA tail on the other. The 5’ cap and 3’ polyA tail are cleaved 

from this pri-miRNA by RNase III, Drosha, forming a pre-miRNA ​148​. The hairpin loop is then 

removed by an RNase III enzyme, Dicer, forming two sets of mature miRNA complementary 

sequences ​149​, one of which is incorporated into the RNA-induced silencing complex, where it 

can now target mRNA for post-transcriptional regulation. If the miRNA forms exact 
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complementarity to the target gene, then the mRNA will be targeted for degradation, if the 

complementarity is not exact however, then the mRNA will undergo translation inhibition ​147​. In 

spermatozoa, these miRNAs play roles in embryo development, specifically mediating embryo 

preimplantation development ​150​. 

Spermatozoa miRNAs are integral to fetal survival. Conditional knockouts of 

Drosha/Dicer complexes result in miRNA changes that reduced testis weight, sperm motility, 

and number ​151​. These altered miRNA profiles are also associated with reduced preimplantation 

potential, and increased risk of embryonic lethality ​151​. Paternally inherited miRNAs also regulate 

placental development and function ​152,153​, and disruptions in miRNAs are associated with 

pregnancy complications. The C19MC cluster of paternal miRNAs, is associated with 

preeclampsia (improper placental implantation into the uterine wall) and fetal growth restriction 

152​. This cluster contains 15 unique miRNAs which regulate the transcription of hundreds of 

placental genes, however, of particular interest is miR-520h, which regulates placental vascular 

development ​152​, and is predicted to transcriptionally regulate up to 462 different genes in the 

developing placenta, including VEGF and HIF1α ​152,154​.  

 

1.2 Prenatal adversity and endoplasmic reticulum stress activation 

It is well established that the developing organism is vulnerable to adversity and makes 

physiological adaptations to this adversity in a manner that maximizes postnatal fitness at the 

expense of increased disease risk ​17,18,27,29,155​. Although many studies have reported that early life 

adversity increases postnatal disease risk ​17,156,157​, the signaling pathways are still unclear. Given 
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that cellular stress is often associated with metabolic dysfunction ​29,158–160​, this has become a 

prime target of investigation. 

Endoplasmic reticulum (ER) stress is the cellular response to  dysregulated homeostasis, 

in order to remove the stressor and restore cell functionality ​161​. ER stress is often initiated in 

response to hypoxia or obesity ​25,162​. This occurs through hypoxia-mediated HIF1α activation. 

HIF1α binds to the ​Vegf​ gene, mediating placental mitogenesis through CDK ​47​. This rapid cell 

expansion leads to an accumulation of misfolded proteins ​25,163​, triggering the unfolded protein 

response (UPR). There are three branches of UPR signaling: protein kinase R-like ER protein 

kinase (PERK) ​164​, activating transcription factor 6 (ATF6) ​165​, and inositol-requiring enzyme 1 α 

(IRE1α) ​164,166​. Under homeostatic conditions, glucose-regulated protein 78 (GRP78) binds to 

each of these transmembrane proteins, preventing their signal transduction ​164–166​. However, 

under ER stress conditions, the binding affinity of GRP78 to misfolded proteins is greater than to 

each of the UPR mediators, promoting GRP78 dissociation and subsequent UPR activation ​167​. 

The ATF6 branch primarily promotes the transcriptional activation of pro-survival genes 

during the early stages of UPR activation ​168​. ATF6 signaling is mediated by protein disulfide 

isomerase (PDI), which breaks disulfide bonds in misfolded proteins to facilitate proper protein 

folding ​169​. The PERK branch of ER stress further attempts to restore cellular homeostasis 

through phosphorylation of eukaryotic initiation factor 2 alpha (eIF2α). eIF2α attenuates 

translation of complex proteins by altering ribosomal conformation to prevent further translation 

170​, and can initiate apoptosis via activation of ATF4 and DNA damage-inducible transcript 3 

(CHOP), which activate transcription of the pro-apoptotic B cell lymphoma 2 (Bcl2) family 

members ​158​. Bcl2-mediated apoptosis is initiated by weakening of the mitochondrial membrane 
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by Bcl2-associated X protein (Bax) and BH3 interacting-domain death agonist (Bid) ​171​, this 

promotes the release of cytochrome C from the mitochondria, activating caspase-3 (casp-3) ​172​. 

Casp-3 is a protease that cleaves proteins indiscriminately leading to cell death ​173​. Lastly, IRE1α 

functions as a kinase, promoting pro-inflammatory signaling via phosphorylation of c-Jun 

N-terminal kinase (JNK) which promotes NF-κB transcription ​174​. IRE1α also has RNase 

activity, cleaving X-box binding protein 1 (XBP1) to produce the active transcript ​175​, which is a 

transcription factor that promotes transcriptional activity of pro-survival UPR-associated genes, 

including ​Pdi​ and ​Grp78​ ​176​. In addition to regulating cell stress responses, the PERK ​55​ and 

IRE1α ​56​ branches of ER stress are also associated with placental vascular development. While 

the exact mechanism is unclear, placental PERK and IRE1α are associated with increased VEGF 

activation through the unconventional signaling of ATF4 and XBP1 respectively ​55,56​. 

 

 

1.2.1 Maternal obesity 

1.2.1.1 Epidemiological studies 

Maternal obesity has been well established to negatively impact pregnancy and placental 

outcomes. Three main impacts are increased incidence of pregnancy complications ​21,177​, 

impaired placental vascular development during gestation ​178​, and dysregulated placental insulin 

signaling and IGF2-mediated growth ​179​. These developmental and functional disruptions to the 

placenta are associated with adverse outcomes for the offspring later in life ​20,180,181​, such as 

increased risk of developing obesity ​180​, T2D ​182​, and cardiovascular disease ​183​. These poor 
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offspring outcomes are due to the combination of impaired placental development, and altered 

fetal growth trajectory ​121​. 

Maternal obesity contributes to pregnancy complications including preeclampsia ​1​, 

gestational diabetes ​21​, and increases risk of caesarean delivery ​177​. Maternal obesity and 

preeclampsia are thought to impair placental vascular development ​178​ through increased 

maternal circulating insulin ​184​ and reduced placental lactogen secretion from the placenta 

respectively ​185,186​. These disruptions occur through impairment of proper endothelial cell 

proliferation, resulting in placental lesions in the fetal capillary network ​187​, reducing placental 

perfusion and fetal growth ​188​.  

Maternal obesity is associated with disrupted vascular circulation and blood flow in the 

developing placenta ​178​. This impaired vascularization and blood circulation increases the risk of 

fetal blood supply abnormalities ​178​, and can promote fetal hypoxia ​189​. In hypoxic environments, 

the placentae promotes increased angiogenesis ​190​ to compensate for the reduced oxygen and 

nutrient availability for the fetus. However, during gestation this compensatory angiogenesis 

may not develop properly and prove insufficient in maintaining nutrient and oxygen transport to 

the fetus ​191,192​. These hypoxic conditions mediate fetal metabolic adaptations during pregnancy, 

and predispose the fetus to negative metabolic outcomes such as cardiovascular disease ​193​. A 

contributing factor to this hypoxic environment is the risk of poor placental implantation, 

resulting in preeclampsia which further limits fetal growth ​1​. 

Studies have shown that in cases of preeclampsia ​102,186​, there is reduced placental 

lactogen secretion ​102,186​. Placental lactogen mediates maternal pregnancy adaptations, and 

facilitates increased placental uptake of maternal nutrients, showing a positive correlation 
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between placental lactogen secretion and offspring birth weight ​194​. Preeclampsia is a common 

pregnancy complication occurring in up to 10% of pregnancies ​195​ and is characterized by 

improper placental implantation, causing exacerbated placental hypoxia and fetal growth 

restriction. This poor intrauterine environment is associated with increased risk of stillbirth (OR 

1.3; 95% CI 1.1-1.7) ​196​, increased risk of offspring stroke later in life (OR 1.9; 95% CI 1.2-3.0) 

197​, and increased offspring blood pressure (2.39 mm Hg; 95% CI 1.74-3.05) ​157​. In cases of 

impaired placental growth, it is also very common for macronutrient transport to be significantly 

impacted possibly due to disrupted placental vascularization, especially in the context of 

maternal obesity ​32,198​. Maternal obesity increases risk of macrosomia through increased 

macronutrient transport (Figure 1.2.1.1.1, adapted from ​199​), and in the offspring is associated 

with obesity, cardiovascular disease, and T2D ​15,32,33​. This increased macronutrient transport has 

been implicated to be associated with ER stress and the UPR ​25​. 
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1.2.1.2 Experimental studies 

Animal models are an effective method for analyzing pathways and mechanisms behind 

adverse outcomes, such as offspring metabolic disease risk. Maternal obesity has been shown to 

impair vascularization and placental development ​35,200​, increase placental macronutrient 

transport ​32,200​, and subsequently increase offspring risk of developing metabolic disease ​15​, 

possibly mediated through changes in placental ER stress and UPR-mediated signaling ​25,55,56​. 
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Maternal obesity impairs placental vasculature through increased VEGF signaling ​201​, similar to 

human pregnancies complicated by preeclampsia ​195​, and is associated with hypoxia-mediated 

factors, carbonic anhydrase IX (CAIX) ​202​, and HIF1α ​203​. VEGF regulation has also been 

demonstrated to be mediated by the IRE1α and PERK branches of the UPR ​55,56​. In conditional 

knockout studies, both IRE1α and PERK have been shown to be directly associated with VEGF 

activity, although the exact mechanism is unclear. The evidence suggests that these branches of 

the UPR mediate VEGF activity through unconventional signaling via XBP1 ​56​ and ATF4 ​55​. 

Under ER stress conditions, such as hypoxia ​159​, placental perfusion is compromised ​204​ which 

limits fetal access to maternal blood and nutrients ​52​. 

Fetal macronutrient supply is integral for regulating fetal growth ​121​, and is upregulated in 

pregnancies complicated by maternal obesity ​22,32,200​. Maternal obesity increases glucose and 

amino acid transporters, GLUT1 and SNAT2 respectively ​32​, which may be an adaptive response 

to the vascularization changes and placental hypoxia. Similar outcomes are found in hypoxic 

placentae from non-obese mothers with increases in GLUT3 ​205​ and LATs ​206​. Excess nutrient 

transport to the fetus is harmful as it greatly increases the risk of the offspring being born large 

for gestational age (LGA), and these offspring have a greater risk for developing metabolic 

disorders later in life ​15,32​. 

 

 

1.2.2 Paternal obesity 

Paternal impacts on perinatal development are equally as important as maternal 

mediators, however, are much more frequently overlooked. While mechanistic links between 

19 

https://paperpile.com/c/PFZD45/Gr23B
https://paperpile.com/c/PFZD45/woe6F
https://paperpile.com/c/PFZD45/EKmdV
https://paperpile.com/c/PFZD45/PxDBP
https://paperpile.com/c/PFZD45/hKtgi+9pY2m
https://paperpile.com/c/PFZD45/9pY2m
https://paperpile.com/c/PFZD45/hKtgi
https://paperpile.com/c/PFZD45/EKd0v
https://paperpile.com/c/PFZD45/KEFo
https://paperpile.com/c/PFZD45/lPsy
https://paperpile.com/c/PFZD45/Z7W8H
https://paperpile.com/c/PFZD45/494Kn+5Ekg+yLwJu
https://paperpile.com/c/PFZD45/494Kn
https://paperpile.com/c/PFZD45/wuaS
https://paperpile.com/c/PFZD45/qYNR
https://paperpile.com/c/PFZD45/anQTr+494Kn


MSc. Thesis – B. Patterson 

McMaster University – Biochemistry and Biomedical Sciences 

paternal obesity and offspring disease risk are not fully understood, a few studies have correlated 

paternal obesity with increased risk of obesity, T2D, hypertensive disorders ​20​, fetal growth 

restriction, and increased placental GLUT1 and SNAT2 transporter levels in rodent models ​32​. 

Whether these impairments are associated with poor placental development and function has 

been suggested ​32,34​, but the signalling pathways are unclear.  

 

1.2.2.1 Epidemiological studies 

Overweight and obese men are significantly more likely to experience infertility 

compared to healthy weight individuals (OR 1.20; 95% CI 1.04-1.38 and OR 1.36; 95% CI 

1.13-1.63 respectively) even when controlling for other parameters such as maternal BMI, 

smoking, age, and coital frequency ​207​. This outcome worsens when both partners are obese, even 

with assisted reproduction such as ​in vitro ​fertilization (OR 1.37; 95% CI 0.90-2.08) ​208​. This 

reduced fertility is largely mediated by obesity-induced changes in spermatozoa health and 

function. Spermatozoa quality is reduced by paternal obesity showing reduced motility, reduced 

concentration, and increased DNA fragmentation ​209​. These negative impacts are believed to be 

mediated by endocrine differences in obese males compared to healthy males ​210,211​.  

Sex hormone-binding globulin (SHBG) is a glycoprotein that binds to the sex hormones 

testosterone and estradiol, inhibiting their activity ​211​. An inverse correlation exists between 

SHBG and circulating insulin levels, and evidence suggests this relationship may be mediated by 

fat mass ​211,212​. In obese males, hyperinsulinemia leads to lower SHBG levels, increasing the 

amount of bioavailable testosterone ​211​, which is converted into estradiol in adipocytes by 

aromatase, increasing circulating estradiol levels ​213​. This increased circulating estradiol signals 
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the pituitary gland to reduce follicle stimulating hormone secretion, impairing Sertoli cell 

proliferation, negatively affecting spermatogenesis ​214​, and reducing spermatozoa number ​214​. 

Furthermore, mature sperm in this obese environment are exposed to elevated levels of 

circulating lipids ​7,8​, which increases sperm oxidative stress by triggering pro-inflammatory 

signaling ​9,215​.  

Although studies investigating male obesity and spermatozoon health are still somewhat 

controversial; some studies show paternal obesity has a negative impact ​209,216​, while others report 

that it has no effect ​217,218​. While the debate of paternal obesity on spermatozoa health continues, 

this review will focus on studies showing paternal obesity negatively impacting spermatozoa 

parameters and impairing male fertility.  

One key impairment in spermatozoa health is the impact on spermatozoon epigenetic 

inheritance, specifically, DNA methylation ​219​ and miRNA profiling ​220​. Two key imprinted 

genes in the spermatozoa, ​Igf2 ​and ​H19​, which are paternally expressed and silenced 

respectively, have decreased methylation in obese humans compared to healthy controls ​219​. This 

hypomethylation of ​Igf2​, a key factor regulating fetoplacental growth has been shown to be 

associated with increased risk of macrosomia and offspring birth weight ​221​.​ ​López et al. (2018) 

found that two miRNAs, miR-155 and miR-122 were significantly elevated in obese men 

compared to healthy controls. miR-155 is known to promote a shift to the M1 macrophage 

phenotype, increasing pro-inflammatory macrophages ​222​, while miR-122 mediates iron 

metabolism ​223​. Based on López et al.’s findings, this would suggest developing embryos from 

obese fathers are more pro-inflammatory and have disruptions in micronutrient metabolism. 
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These preimplantation changes may dictate how the fetoplacental unit develops 

postimplantation, and form the framework for the harmful postnatal outcomes. 

 

1.2.2.2 Experimental studies 

Paternal obesity impacts embryo viability largely through disruptions in spermatozoa, 

including increased DNA damage ​224​, and aberrant miRNA inheritance ​225​. In animal studies, 

obesity in males has been shown to reduce fertility through reduced embryo viability and 

changes to embryo development ​32,224​, and to induce impairments as early as the 2-cell stage in 

the preimplantation embryo by increasing mitochondrial lipids ​32​. This accumulation of lipids in 

the mitochondria predisposes the developing embryo to ER stress, and increases reactive oxygen 

species (ROS), promoting oxidative stress ​32​.  

In male mice, obesity results in reduced fertility by reducing spermatozoa motility, 

increasing spermatozoa mitochondrial ROS, and increasing spermatozoa DNA damage. 

Spermatozoa motility is regulated by mitochondrial production of energy via the Krebs cycle ​226​. 

In obese males, the accumulation of circulating lipids disrupts this signaling pathway, reducing 

spermatozoa motility by preventing sufficient energy production required for flagellar movement 

226–229​. Dysregulation of the Krebs cycle increases spermatozoa ROS levels as the Krebs cycle 

produces many antioxidant intermediates (pyruvate, oxaloacetate, and α-ketoglutarate) ​230​. These 

intermediates contain a keto acid group (carboxylic acid and ketone) which can be reduced by 

ROS and protect mitochondrial energy output ​230​. These functional impairments of sperm health 

due to paternal obesity directly influence embryo development and mediate changes in 

fetoplacental growth ​32​.  
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Paternal obesity impacts spermatozoa epigenetic regulators, such as DNA methylation 

225,231​, and miRNAs ​225,232​, impairing tightly regulated epigenetic inheritance patterns ​225​ (Figure 

1.2.2.2.1, adapted from ​233​). In high fat-fed mice, these are associated with altered DNA 

methylation ​136,232​. Paternal obesity-induced DNA methylation is associated with increased 

miRNA let-7c in the spermatozoa, as well as in the offspring ​225​. The miRNA let-7c regulates 

glucose homeostasis and has been associated with a predisposition to T2D in mouse models ​234​. 

While the full extent of this miRNA has not been studied in the developing fetus, in offspring, it 

has been shown to be strongly expressed in adipose tissue targeting lipid synthesis genes such as 

Plpp1 ​235​. Frost et al. (2011) found that overexpression of let-7c results in impaired glucose 

clearance and reduced insulin secretion ​234​. Taken together with the correlation of paternal 

obesity and elevated offspring let-7c levels ​225​, this suggests that paternal obesity may mediate 

offspring metabolism and disease risk through epigenetic inheritance. 
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1.2.2.3 Fetoplacental development 

Paternal obesity increases spermatozoa DNA damage ​224,236​, oxidative stress ​32​, and alters 

epigenetic inheritance ​232​. In mice, these obesity-regulated changes in spermatozoa have been 

correlated with reduced placental growth ​32​, and increased apoptosis ​34​. Paradoxically, paternal 

obesity in mice has been shown to decrease placental weight and growth ​32,34​, while maternal 

obesity has been shown to increase placental weight and growth in mice ​32,38​. Despite this 
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reduction in fetoplacental growth, evidence suggests increased glucose and amino acid transport 

through elevated GLUT1 and SNAT2​ ​transporter levels respectively ​32​. This paternal 

obesity-mediated reduction in placental growth could be partially mediated by oxidative stress, 

which impairs placental development by promoting apoptotic signaling through UPR-mediated 

PERK and IRE1α activity in the developing placenta ​34,132,237​. Increased placental apoptosis is 

associated with small for gestational age (SGA) offspring, and often with postnatal catch-up 

growth, leading to increased risk of obesity, T2D, and cardiovascular disease later in life ​28​. 

Conversely, increased placental weight and growth is correlated with excessive gestational 

weight gain and LGA offspring, and increased risk of pregnancy complications ​15,32​. This is an 

interesting observation as it shows that maternal and paternal obesity predispose poor offspring 

metabolic outcomes later in life through apparently different pathways.  

While paternal obesity has often been overlooked in the context of fetoplacental 

development, some evidence suggests that paternal obesity mediates fetal growth through 

increased macronutrient transport ​32​. This is similar to what occurs in pregnancies complicated 

by maternal obesity ​32​, although, the mechanisms and related developmental pathways in the 

context of paternal obesity, are poorly understood. 

 

1.3 Rationale 

The negative effects of maternal obesity on the developing offspring have been well 

established to increase disease risk later in life ​15,20,21,32,33,177​. Maternal obesity is known to impair 

placental function ​17,25,32,132​, and alter the growth trajectory of the developing fetus. However, the 

effects of paternal obesity are not as well understood.  
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Paternal obesity is known to disrupt spermatozoa health through increased DNA damage, 

altered DNA methylation ​224​, and altered miRNA inheritance ​220,222,234​, however, the specific 

interactions between spermatozoa damage and placental health and growth have not been 

thoroughly studied, apart from correlational studies ​32,34​. It has been shown that increased global 

DNA methylation in spermatozoa is correlated with increased placental DNA methylation ​34,224​. 

These changes in placental DNA methylation status have been shown to be correlated with 

impaired placental development and function ​32,34​. Conversely, paternal obesity has also been 

correlated with hypomethylation of the paternally-inherited gene, ​Igf2 ​219​, leading to increased 

fetoplacental growth ​221​. This increased risk for fetoplacental over- and undergrowth is similar to 

cases of maternal obesity ​22,32​. Associated with this upregulated placental growth, paternal 

obesity is correlated with increased macronutrient transport across the placenta ​32​ and increased 

placental apoptosis ​34​, but the signalling pathways are not clear and have not been characterized. 

While maternal obesity-induced inflammation ​35,38​ has been suggested to act through the UPR 

and placental ER stress, it has not been studied in the context of paternal obesity. 

Since male obesity results in increased mitogenic dysfunction and ROS inducing 

epigenetic changes in sperm ​32,224,225​, and is associated with poor placental development ​32​, this 

study set out to investigate whether paternal obesity alters placental vascular development 

through hypoxia-mediated ER stress signaling at two key time points during mouse gestation, 

E14.5 (when the placenta is maximally efficient) and E18.5 (term). These time points were 

selected as placental development persists until approximately E12.5-E14.5, at which point 

angiogenesis remodelling continues for the rest of gestation ​122​.  
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1.4 Hypothesis 

We hypothesize that paternal obesity impairs placental vascular development and growth 

through UPR-mediated signaling in the placenta. This dysregulated vascular development 

impairs placental growth, and is associated with apoptosis and inflammation. As a result, 

placental macronutrient transport and endocrine function will be impaired. These effects will be 

sex and gestational age-dependent. 

 

1.5 Aims 

Aim 1​ – To determine the impacts of paternal obesity on placental vasculogenesis and 

angiogenesis and to determine whether these changes are associated with increased endoplasmic 

reticulum stress.  

Aim 2​ – To determine whether paternal obesity-induced impairments in placental vasculature 

negatively impact placental macronutrient transporter expression and endocrine function. 

Aim 3​ – To establish whether the negative impacts of paternal obesity on placental development 

are sex specific and worsen with advancing gestation. 
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Chapter 2.0 Materials and methods 

 

2.1 Animal model assessment and tissue collection 

2.1.1 Diet-induced obesity model 

All experiments were approved by the Animal Ethics Committee at McMaster University 

(Animal Utilization Protocol #: 16-09-35). Six week old wild type C57BL/6J male mice were fed 

a control (Con; n = 31, 17% kcal from fat; Harlan 8640 Teklad 22/5 Rodent diet; Appendix 

Table 9.1.1 ​238​) or high fat (Pat obs; n = 30, 60% kcal from fat; Research Diets Inc. D12492; 

Appendix Table 9.1.2 ​239​) diet for 10 weeks (two cycles of mouse spermatogenesis ​224​) prior to 

mating with nine-week-old, control-fed females (Figure 2.1.1.1). Prior to mating males and 

females, and throughout gestation, mice were weighed and food intake recorded to confirm 

adequate food consumption and proper weight gain.  
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2.1.2 Male in vivo metabolic testing 

In males, intraperitoneal glucose tolerance tests (IPGTT) were performed at 0, 5, and 7 weeks of 

intervention. Mice were fasted overnight for 9h and injected with 2g/kg of glucose 

(G5767-500G, Sigma-Aldrich) in 0.9% saline (LC234602, Thermo Fisher) ​240​ at 9 am using a 

26G x ½ inch needle (305111, BD). Whole blood glucose was measured at 0, 20, 30, 40, 60, 90, 

and 120 minutes post-injection using a glucometer (Accu-Chek Performa). Adiposity was 

measured via echoMRI (Bruker Minispec LF90-II) at weeks 0, 5, 8, and 13 (Figure 2.1.1.1). 
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2.1.3 Mating and pregnancy 

At week 10 of dietary intervention, males were housed with control-fed females overnight. The 

presence of a vaginal plug the following morning was defined as embryonic day (E)0.5. Two 

cohorts of pregnant females were generated: E14.5 (CON-M, n = 9; HF-M, n = 8) and E18.5 

(CON-T, n = 9; HF-T, n = 6). In both cohorts, pregnant females were housed individually and 

fed standard control chow diet and water ​ad libitum​ throughout pregnancy. Maternal pregnancy 

weight gain and food intake was measured at E0.5, E10.5, and E14.5 for CON-M and HF-M 

females, and at E0.5, E10.5, E15.5, and E18.5 for CON-T and HF-T females.  

 

2.1.4 Collection of male tissues 

After confirmation of successful pregnancy (approximately 11-14 weeks of dietary intervention), 

males were sacrificed via cervical dislocation, and body weight and overnight (12hr) fasting 

blood glucose levels were recorded. Whole blood was collected using heparinized capillary tubes 

(22-362566, Thermo Fisher), incubated at room temperature for 30 minutes then centrifuged at 

7500 rpm for 5 minutes where the serum fraction was collected and stored to measure fasting 

blood insulin levels. Liver, gonadal fat, mesenteric fat, and gonadal tissues (testes, epididymides, 

and empty seminal vesicles) were dissected, weighed, and banked for use in other studies. 

 

2.1.5 Collection of maternal, placental, and fetal tissues  

Females were sacrificed via cervical dislocation at either E14.5 or E18.5, and body weight and 

overnight (12 hr) fasting blood glucose levels were recorded. Serum was collected as in males 

(see above). Maternal liver, gonadal fat, and mesenteric fat were weighed and collected as above 
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and banked for use in other studies. For the collection of fetal and placental tissues, the gravid 

uterus was removed from the maternal abdominal cavity, and placed in a petri dish containing 

Hank’s balanced salt solution (HBSS, 14025-134, Thermo Fisher). The fetuses were removed 

from the uterus, the amniotic sac was opened, and fetuses were separated from their placentae. 

The fetal tail was collected and snap frozen in liquid N​2​ and stored at - 80 °C for subsequent 

genotyping to determine fetal sex (see below). Placentae were separated from maternal decidual 

tissue, and cut sagittally where one half was snap frozen in liquid N​2​ and stored at - 80 °C, and 

the other half was fixed either in Modified Davidson’s fixative (MDF; E14.5; 50% distilled H​2​O, 

30% of 37-40% formaldehyde, 15% anhydrous ethanol, 5% glacial acetic acid) for 8h and 

transferred to 70% ethanol, or in 4% paraformaldehyde (PFA; E18.5) for 24h and transferred to 

70% ethanol.  

 

2.2 Fetal genotyping 

Fetal tails were thawed and placed in lysis buffer (100 mM Tris-HCl pH 8-8.5, T5941-1KG, 

Sigma-Aldrich; 5 mM EDTA pH 8.0, E478-500, Thermo Fisher; 200 mM NaCl, S671-3, Thermo 

Fisher; 0.2% w/v SDS, SDS001.500, BioShop; 0.5% proteinase K, EO0491, Thermo Fisher) and 

incubated at 37 °C overnight. The samples were shaken to mix and centrifuged at 13 000 rpm for 

20 minutes at 4 °C, the supernatant was removed and transferred to 500 µL 100% isopropanol. 

The tubes were gently shaken to precipitate DNA and centrifuged for 13 000 rpm for 15 minutes 

at 4 °C. The solution was decanted and 75% ethanol was added to wash the samples. The 

solution was decanted and the ethanol wash was repeated, the samples were incubated at room 

temperature for 10 minutes and 50 µL ultra-pure RNase/DNase-free distilled water (UP-H​2​O, 
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10977015, Thermo Fisher) was added. The samples were added to a PCR mixture prepared 

following the Thermo Fisher iTaq manual (#EP402, Thermo Fisher). In brief, PCR buffer, 50 

mM MgCl​2​, 10 mM dNTP mix, 10 μM forward primer, 10 μM reverse primer, Redi Load, and 5 

U/μL Taq DNA polymerase were mixed as per kit specifications and placed in a BioRad C1000 

Touch thermal cycler (1851148, BioRad). The forward and reverse primer sequences used for 

the ​Sry​ gene were 5’ TTGTCTAGAGAGCATGGAGGGCCATGTC 3’ and 5’ 

CCACTCCTCTGTGACACTTTAGCCCTCCG 3’ respectively (Table 2.3.3.1). The samples 

were incubated for 3 minutes at 95 °C, then the following 3 steps were repeated 30 times: 95 °C 

for 30 seconds, 58 °C for 30 seconds, and 72 °C for 1 minute. The samples were then incubated 

at 72 °C for 5 minutes. The samples were analyzed using electrophoresis through a 1% agarose 

gel at 110 V for 25 minutes, with an adult male and adult female DNA sample included as a 

positive and negative control respectively. Bands imaged using a ChemiDoc MP Imaging 

System (1708280, BioRad) with Sybr Safe DNA gel stain (S33102, Thermo Fisher), and males 

were identified by the presence of a band at ~900 bp, females by the absence of a band (data not 

shown). From this point forward, one male and one female placenta from each litter were used 

for all analyses. 

 

2.3 Gene expression analyses 

2.3.1 RNA isolation 

Total RNA was isolated using Trizol (15596018, Ambion). Approximately one quarter of a 

frozen placenta was homogenized in 900 µL Trizol with 0.2 g glass acid-washed homogenizing 

beads (G4640-100G, Sigma-Aldrich) for 60 seconds at 5 m/s. The homogenate was centrifuged 
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at 12 000 g for 10 minutes at 4 °C, the supernatant was removed and washed in 300 µL 

chloroform, then incubated for 3 minutes. Tubes were centrifuged again as before and the 

aqueous supernatant was added to 500 µL 100% isopropanol. Samples were mixed and 

incubated for 20 minutes at room temperature. Tubes were centrifuged again as above, the 

supernatant was discarded and pellet washed in 75% ethanol, samples were mixed and 

centrifuged at 12 000 g for 5 minutes at 4 °C. The supernatant was removed and samples washed 

again as before in 75% ethanol, then centrifuged at 12 000 g for 10 minutes at 4 °C. The 

supernatant was removed and the samples were dried in a fume hood for 5 minutes, 20 µL 

pre-heated UP-H​2​O was added and concentration was determined on a NanoDrop 2000 

spectrophotometer (ND2000, Thermo Fisher).  

 

2.3.2 Complementary (c)DNA synthesis 

For cDNA generation, placental RNA (2000 ng) was added to 1 µL 10X ezDNase Buffer and 1 

µL ezDNase enzyme. The samples were incubated at 37 °C for 2 minutes, then 4 µL SuperScript 

IV VILO Master Mix and 6 µL UP-H​2​O was added. The samples were incubated in a BioRad 

C1000 Touch thermal cycler (1851148, BioRad) at 25 °C for 10 minutes, 50 °C for 10 minutes, 

and 85 °C for 5 minutes. The cDNA was diluted 1:100 for reverse transcriptase quantitative 

polymerase chain reaction (RT-qPCR) analysis (see below). 

 

2.3.3 Primer design for reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) 

Primer pairs were designed using the primer basic local alignment search tool (Primer-BLAST, 

NCBI) ​241​ and purchased from Invitrogen (custom DNA oligos). Primer conditions were 
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optimized as follows: 50-150 base pair PCR product size, primer melting temperatures between 

58 °C and 62 °C with up to a 2 °C difference between forward and reverse primers, and primer 

pairs spanned exon-exon junctions within the target gene. Primer pairs were then analyzed using 

NetPrimer ​242​ to determine the spontaneity of hairpin loops, primer dimers, and other 

non-specific binding. Only primers with a ΔG value greater than or equal to -8.00 for each 

non-specific binding possibility were used. NCBI’s nucleotide BLAST ​243​ was used to 

automatically detect the highest affinity targets of the primers generated. This was referenced to 

the gene of interest to confirm that the target gene for each primer was the highest affinity 

binding target (Table 2.3.3.1). 

 

Table 2.3.3.1: Primer sequences used in RT-qPCR and PCR analyses. 

Gene Accession number Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

Β actin NM_007393.5 AGATCAAGATCATTGCTCCT ACGCAGCTCAGTAACAGTC 

Hprt NM_013556.2 CAGTCCCAGCGTCGTGATTA TCGAGCAAGTCTTTCAGTCCT 

Ipo8 NM_001081113.1 AGACGGAGCTTAACCAGTCCT GCAAGCTGGGGGCAAAAT 

Ywhag NM_018871.3 GTGACCGAGCTGAACGAAC GATGCTCCTGATGACCCTCC 

Ppia NM_008907.1 CTTCGAGCTGTTTGCAGACA TGGCGTGTAAAGTCACCAC 

B2m NM_009735.3 CTCGGTGACCCTGGTCTTTC TTGAGGGGTTTTCTGGATAGCA 

Nono NM_001252518.1 GCCAGAATGAAGGCTTGACTAT TATCAGGGGGAAGATTGCCCA 

Sry NM_011564.1 TTGTCTAGAGAGCATGGAGGGCCATGTC CCACTCCTCTGTGACACTTTAGCCCTCCG 

Igf2 NM_010514.3 CCAGCCCTAAGATACCCTAAAGA GAAGCACCAACATCGACTTCC 

Igfbp3 NM_008343.2 TAAGAAGAAGCAGTGCCGCC TTTCCCCTTGGTGTCGTAGC 

Irs1 NM_010570.4 GGACATCACAGCAGAATGAAGAC AGACGTGAGGTCCTGGTTGT 

Irs2 NM_001081212.2 TCCAGGCACTGGAGCTTTG CTTCACTCTTTCACGACTGTGG 

Wnt4 NM_009523.2 GAAGGTGGTGACACAAGGGAC TGTTGTCCGAGCATCCTGAC 

Csh1 NM_001205322.1 TGGAGCCTACATTGTGGTGGA CATTCCTGCGGAGCCTGAAAG 
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Csh2 NM_008865.3 GTCCACCAGACAACATCGGA CTGCTGCCACCATGTGTTTC 

Hmox1 NM_010442.2 AGGCTTTAAGCTGGTGATGGC GGGGCATAGACTGGGTTCTG 

Tgfb1 NM_011577.2 CCCGAAGCGGACTACTATGC CTCATAGATGGCGTTGTTGCG 

Hif1α NM_010431.2 ACTAGACAAAGTTCACCTGAGAGAC AGGCTGGGAAAAGTTAGGAGTG 

Vegf NM_001317041.1 GCAGACTATTCAGCGGACTCA CCTCAAACCGTTGGCACGAT 

Vegfr2 NM_010612.2 GCATACCGCCTCTGTGACTT AAATCGCCAGGCAAACCCAC 

Mmp2 NM_008610.3 AACGGTCGGGAATACAGCAG GGTAAACAAGGCTTCATGGGG 

Mmp14 NM_008608.4 GATAAGCCCAAAAACCCCGC AACCATCGCTCCTTGAAGACA 

Grp78 NM_001163434.1 TTCAGCCAATTATCAGCAAACTCT TTTTCTGATGTATCCTCTTCACCAGT 

Atf6 NM_001081304.1 AGAAAGCCCGCATTCTCCAG CTCACTCCCAGAATTCCTACTGAT 

Pdi NM_007952.2 AGAGGCGGCTCAGATTGTTC GAAGTGTACCTTCCGAGCTTTT 

Gadd34 NM_008654.2 CCAGCGTTGTCTACCAGGAG AGTGTACCTTCCGAGCTTTTAGA 

Edem1 NM_138677.2 CTACCTGCGAAGAGGCCG GTTCATGAGCTGCCCACTGA 

Atf4 NM_009716.3 GGGTTCTGTCTTCCACTCCA AAGCAGCAGAGTCAGGCTTTC 

Chop NM_007837.4 CCACCACACCTGAAAGCAGAA AGGTGAAAGGCAGGGACTCA 

Bcl2 NM_009741.5 CACTCTGGGTGCATACCTGG GTTTGGGGCAGGTTTGTCG 

Bax NM_007527.3 GATCCAAGACCAGGGTGGCT CCTTCCCCCATTCATCCCAG 

Bad NM_007522.3 CAGGATCCAAATGGGAACCCC GGAACATACTCTGGGCTGCTG 

Bid NM_007544.4 CGCAAACCTTTGCCTTAGCC CAGGGAATCACCACGCAGA 

Bim NM_207680.2 GTGCAATGGCTTCCATACGAC CAGCTCCTGTGCAATCCGTA 

sXbp1 NM_001271730.1 CTGAGTCCGAATCAGGTGCAG GTCCATGGGAAGATGTTCTGG 

tXbp1 NM_013842.3 TGGCCGGGTCTGCTGAGTCCG GTCCATGGGAAGATGTTCTGG 

Traf6 NM_009424.3 GCACGGAAACTTGGGTCTT CTCTGTTGTCAGTCGACTTG 

Tnf NM_013693.3 TAGCCACGTCGTAGCAAAC ACAAGGTACAACCCATCGGC 

Il6 NM_001314054.1 GGGACTGATGCTGGTGACAA ACAGGTCTGTTGGGAGTGGT 

Il1β NM_008361.4 GCCACCTTTTGACAGTGATGAG GACAGCCCAGGTCAAAGGTT 

Glut1  NM_011400.3 GGCTTGCTTGTAGAGTGACG TGTAGAACTCCTCAATAACCTTCTG 

Glut3 NM_011401.4 AATAGGTAGGCTGGGCTTCG AGAGATGGGGTCACCTTCGTT 

Fabp4 NM_024406.3 AAGCTGGTGGTGGAATGTGTTA CCTCTTCCTTTGGCTCATGC 

Snat2 NM_175121.3 GCAGTGGAATCCTTGGGCTT TAAAGATCCTCCTTCGTTGGCAG 
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2.3.4 Quantitative (q)PCR assays 

Quantitative PCR was carried out in 384-well plates with 10 µL reaction volumes, prepared 

under sterile fume hood conditions to minimize contamination. Each reaction consisted of 2.5 µL 

of template cDNA (1:100 dilution) prepared from placental tissue samples, 1 µL of 5 µM 

forward and reverse oligonucleotide primers for the gene of interest (Invitrogen), 0.5 µL 

UP-H​2​O, and 5 µL Lightcycler 480 SYBR Green I Master (Roche, 04887352001, Canada). Each 

RT-qPCR plate consisted of the placental samples of interest, non-template control (consisting of 

2.5 µL UP-H​2​O instead of template cDNA), and 5 standards (generated from a serial 1:10 

dilution from placental cDNA made by pooling cDNA from all samples, see below) for 

quantification purposes, all samples were plated in triplicate. 

 

2.3.5 Standard curve generation and sample analysis 

An equal portion of each sample was collected and pooled to generate a standard that was used 

to construct a standard curve. The standard was serially diluted (1:10, 1:100, 1:1 000, 1:10 000, 

1:100 000) along with a negative control (UP-H​2​O). The standard curve and diluted samples 

were centrifuged at 3000 rpm for 2 minutes at 4 °C, and incubated at 95 °C for 5 minutes, 

followed by these cycling conditions (LightCycler 480 II, 05015243001, Roche), 45 successive 

cycles of 95 °C for 10 seconds, 60 °C for 10 seconds, and 72 °C for 10 seconds. Following 

which, samples were incubated at 95 °C for 5 seconds, 65 °C for 1 minute, and 97 °C for 5 

minutes, and 40 °C for 30 seconds. 
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2.3.6 RT-qPCR data analysis and verification 

An absolute amplification ​244​ and melting point analysis ​245​ were performed on all placental 

cDNA samples for each gene of interest. The geometric mean of constitutively activated genes 

(housekeeping genes) was used as a correction factor for all genes of interest. All housekeeping 

genes showed no difference with diet or placental sex (data not shown). The housekeeping genes 

used for E14.5 placentae were beta actin (​β actin)​, cyclophilin (​Ppia​), beta-2-microglobulin 

(​B2m​), 14-3-3 protein gamma (​Ywhag​), and non-POU domain containing octamer binding 

protein (​Nono​). The housekeeping genes used for E18.5 placentae were ​β actin​, 

hypoxanthine-guanine phosphoribosyltransferase (​Hprt​), and importin 8 (​Ipo8​). Data from genes 

of interest were expressed as the ratio of the gene of interest to the geometric mean of the 

housekeeping genes. A melting point analysis was used to identify the heterogeneity of the 

genomic products amplified by RT-qPCR. Only samples which generated a single melting curve 

peak (homogenous, amplifying a single genomic target) ​245​ were used. 

 

2.3.7 nCounter Nanostring 

In order to investigate novel pathways, a custom nCounter reporter codeset (designed by Dr. 

Kjetil Ask, McMaster University) was used to analyze the transcript levels of 184 genes 

associated with ER stress, apoptosis, inflammation, and placental growth (Table 2.3.7.1) in a 

subset of E18.5 placental tissues (n = 4 per group). One hundred ng RNA was incubated 

overnight with the nCounter reporter codeset, capture probeset, and hybridization buffer. The 

samples were then processed with the nCounter prep-station. Raw data were normalized to six 
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housekeeping genes (​Ubc​, ​Tuba1a​, ​Hprt​, ​Ipo8​, ​Gusb​, and ​β actin​). Fold change from controls 

was automatically determined using nSolver analysis software version 2.5. 
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Table 2.3.7.1: Genes used in the Nanostring custom nCounter codeset. 

Metabolism Inflammatory markers ER stress and autophagy EMT and vascular development Other 

Acc1 Arg1 Il4 Ap1 Angpt1 sfrp1 C myc 

Enpp1 Arg2 Il1a Ask1 Angpt2 sfrp2 Coli 

Fas B2m Il1b Pkb Bdnf sfrp4 Fn1 

Irs1 Baff Il2 Atf4 Bmp2 snail1 Gata4 

Irs2 C1qc Il6 Atf6 Bmp4 snail2 Mmp1 

Mapk14 P38 Ccl20 Il6ra Bak1 Bmp7 Scf Mmp2 

Pcsk9 Ccr3 Il13 Bax Bmpr1a Ror2 Mmp3 

Pparg Ccr4 Il15 Bbc3 Bmpr2 Tie1 Mmp7 

Ppia Ccr5 Il17a Bim Cd44 Timp3 Mmp9 

Srebp1 c Ccr8 Il21 Bcl2 Col3a1 Twist Mmp14 

  Cxcl1 Il23 Bad Dkk1 TrkA Rab9 

  Cxcl17 Nos2 Beclin 1 E Cadherin TrkB Tac1 

  Cd8 Ido1 Bid Fzd1 TrkC Tacr1 

  Cd11b Ip10 Calnexin Fzd3 Trp53 Taok3 

  Cd11c Lys6g Calreticulin Gremlin Vip Tbp 

  Cd23 Cd206 Chop Hmox1 Vpac1 Timp1 

  Cd68 Mapk8 Edem1 Perk Hsp 27 Vpac2   

  Cd103 Mcp1 Faslg Hsp47 Vegf   

  Cxcr3 Myd88 Fkbp13 Lrp5/6 Wnt1   

  Cxcr6 Nfkb1 Fkbp65 Lgals1 Wnt10b   

  Cgrp Nlrp3 Grp78 Lgals3 Wnt11   

  Csf2 Nod1 P4h Lgals9 Wnt2   

  Emr1 Nod2 Xbp1 Loxl2 Wnt3a   

  Foxp3 Ngf Vps34 Lrp6 Wnt4   

  Gp130 Stat3 Vps15 Osm Wnt5a   

  Ifng Tgfb1   OsmRb Wnt7b   

  Traf2 Tgfbr1   Ntf3 Wnt8a   

  Tlr2 Tlr4         

    Tnf         
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2.4 Immunoblotting analyses 

2.4.1 Total protein extraction 

Total protein was extracted by taking approximately one quarter of placental tissue and adding 

two 2.8 mm ceramic homogenization beads (19-646-3, Omni International) and 300 µL 

extraction buffer (50 mM HEPES, H3375-100G, Sigma-Aldrich; 150 mM NaCl, S671-3, 

Thermo Fisher; 100 mM NaF, S299-500, Thermo Fisher; 10 mM sodium pyrophosphate, 

P8010-500G, Sigma-Aldrich; 5 mM EDTA, E478-500, Thermo Fisher; 250 mM sucrose, 

SUC507.500, BioShop; 1% Triton-X, X100-500ML, Sigma-Aldrich; 1 mM sodium 

orthovanadate, S6508-10G, Sigma-Aldrich; 1% protease inhibitor tablet, 04693159001, Roche). 

Samples were homogenized for 30 seconds at 4.5 m/s, centrifuged at 14 000 g for 15 minutes at 

4°C and the lysate was pipetted into fresh tubes and protein concentration determined using a 

BCA protein assay (detection range of 0.025-2 mg/mL). Using a Pierce BCA protein assay kit 

(23225, Thermo Fisher), a standard curve was generated with BSA concentrations from 0 to 2 

mg/mL (0, 0.025, 0.125, 0.250, 0.500, 0.750, 1.0, 1.5, 2) from a 2 mg/mL stock. Placental 

protein samples were diluted 1:25, 2:25, and 3:25 in distilled H​2​O. For each BSA standard and 

placental sample, 25 µL was added to a 96-well plate (07-200-95, Thermo Fisher) in triplicate. 

The working reagent was prepared as per kit specifications (50:1 ratio of reagent A to B), and 

200 µL was added to each well. The plate was lightly shaken to mix the samples and incubated at 

37 °C for 30 minutes. The sample absorbance was measured at 562 nm using a BioTek Synergy 

H4 Hybrid microplate reader (BioTek). Placental protein sample absorbance was used to 

calculate protein concentration, all samples were normalized to 1 µg/µL using extraction buffer 
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(above) as a diluent. Protein samples were aliquoted and stored at - 80 °C for immunoblotting 

and ELISA analyses. 

 

2.4.2 Nuclear protein extraction 

This protocol was adapted from ​246​ and used on E14.5 placental samples only - no E18.5 tissue 

was available for nuclear protein extraction. Nuclear protein was extracted from half of a frozen 

E14.5 placenta, washed twice in 1 mL phosphate-buffered saline (PBS) and then re-suspended in 

500 µL hypotonic lysis buffer (10 mM HEPES, pH 7.9, H3375-100G, Sigma-Aldrich; 1.5 mM 

MgCl​2​・6 H​2​O, 242964, Sigma-Aldrich; 10 mM KCl, PX1405-1, EMD Millipore; 1% protease 

inhibitor tablet, 04693159001, Roche). Three 2.8 mm ceramic homogenization beads (19-646-3, 

Omni International) were added and the samples were homogenized at 4.5 m/s for 60 seconds 

then centrifuged at 11 000 g for 20 minutes. The supernatant was discarded (cytoplasmic 

fraction) and the nuclei pellet was resuspended in 70 µL of extraction buffer (20 mM HEPES, 

pH 7.9, H3375-100G, Sigma-Aldrich; 1.5 mM MgCl​2​・6 H​2​O, 242964, Sigma-Aldrich; 420 mM 

NaCl, S671-3, Thermo Fisher; 0.2 mM EDTA E478-500, Thermo Fisher, 25% v/v glycerol, 

5350-1, Caldeon; 1% protease inhibitor tablet, 04693159001, Roche), and the samples were 

homogenized again as above. The samples were incubated at room temperature for 30 minutes 

on a rotating platform at 60 rpm then centrifuged for 5 minutes at 21 000 g. The supernatant was 

transferred to fresh tubes and the protein concentration was determined using a BCA assay as 

above. 
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2.4.3 Immunoblotting 

Protein from each sample was denatured as follows: 10 μg of protein was mixed with loading 

buffer (4% w/v sodium dodecyl sulfate, SDS, SDS001.500, BioShop; 20% v/v glycerol, 5350-1, 

Caldeon; 120 mM Tris-HCl, T5941-1KG, Sigma-Aldrich; 0.02% w/v bromophenol blue, 

114391-5G, Sigma-Aldrich; and 50 mM dithiothreitol, DTT, 646563-10X.5ML, Sigma-Aldrich) 

in a 1:3 protein to loading buffer ratio and incubated at 55 °C for 10 minutes. The samples were 

loaded into an acrylamide (1610148, BioRad) gel. The stacking gel was 12.5% acrylamide, 125 

mM Tris-HCl pH 6.8, 10% SDS, 10% ammonium persulfate (APS, 161-0700, BioRad), and 1% 

tetramethylethylenediamine (TEMED, 161-0801, BioRad). The separating gel was 7.5-15% 

acrylamide (based on protein size; Table 2.4.3.1), 250 mM Tris HCl pH 8.8, 10% SDS, 10% 

APS, 1% TEMED. The samples were separated using electrophoresis at 100 V for at least 105 

minutes using a running buffer (0.3 % w/v Tris base, BP152-5 Thermo Fisher; 14.4% w/v 

glycine, BP38-1, Thermo Fisher; 1% w/v SDS). Polyvinylidene fluoride (PVDF, 1620177, 

BioRad) membranes were incubated in 100% methanol for 5 minutes, then the membranes, filter 

paper (1703959, BioRad), and the separating gels were incubated in transfer buffer (25 mM Tris, 

192 mM glycine, 10% v/v methanol) for 10 minutes. The proteins were then transferred to the 

PVDF membranes using the semi-dry transfer method with a Trans-BlotⓇ Turbo™ Transfer 

System (1704150, BioRad), and blocked in 5% bovine serum albumin (BSA, A2153-1KG, 

Sigma-Aldrich) in tris-buffered saline with 0.1% v/v tween 20 (TBST; twn508.500, BioShop) for 

1 hour. The membranes were incubated overnight with a rabbit anti-mouse primary antibody 

(Table 2.4.3.1). The following day, the membranes were washed for 4x15 minutes in TBST, 

incubated in goat anti-rabbit IgG secondary antibody (ab6721, Abcam) for one hour at room 
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temperature, and washed 4x15 minutes in TBST. The membranes were rinsed in distilled water, 

and incubated for 5 minutes in Clarity Western ECL Blotting Substrate (1705061, BioRad). The 

membranes were imaged using a ChemiDoc MP Imaging System (1708280, BioRad). In the case 

of phosphorylated proteins, membranes were then washed 2x15 minutes in TBST, incubated in 

stripping buffer (21059, Thermo Fisher) for 5 minutes, and washed for 2x15 minutes in TBST, 

then blocked in 5% BSA in TBST for 1 hour. The membranes were then probed with the primary 

antibody binding to the total (phosphorylated and non-phosphorylated) protein of interest, and 

repeated as above. Beta actin (5125S, CST) was used as a positive internal control in each gel; 

TATA-box binding protein (TBP, 8515S, CST) was used as a positive internal control for 

nuclear protein extracts. All protein data are expressed as a relative concentration to the internal 

controls. All immunoblotting data were analyzed using ImageLab software (Image Lab™ 

Software for PC Version 6.0.1 SOFT-LIT-170-9690-ILSPC). 
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Table 2.4.3.1: Immunoblotting antibodies and gel conditions. 

Target 
protein 

Primary 
antibody 
dilution 

Secondary 
antibody 
dilution 

Gel % Primary 
antibody 

product code 

Primary 
antibody 
supplier 

GRP78 1:2000 1:100 000 10 ab21685 Abcam 

Phospho-PERK 1:500 1:150 000 7.5 MA-01533 Thermo Fisher 

PERK 1:1000 1:150 000 7.5 3192 CST 

Phospho-IRE1α 1:1000 1:200 000 7.5 ab48187 Abcam 

IRE1α 1:1000 1:150 000 7.5 ab37073 Abcam 

Phospho-eIF2α 1:1000 1:100 000 12 9721 CST 

eIF2α 1:1000 1:100 000 12 9722 CST 

Cleaved casp-3 1:1000 1:50 000 12 9661 CST 

Total casp-3 1:1000 1:100 000 12 9662 CST 

GLUT1 1:1000 1:100 000 12 12939 CST 

HIF1α​# 1:1000 1:100 000 7.5 NB100-479 Novus 
Biologicals 

β-actin* 1:5000 N/A (based on 
protein of 
interest) 

5125 CST 

TBT*​# 1:1000 1:20 000 (based on 
protein of 
interest) 

8515 CST 

* Indicates a positive internal control 

#​ Indicates these antibodies were only used on samples of nuclear protein extracts, all others were 

used on samples from total protein extracts. 
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2.5 Enzyme-linked immunosorbent assays (ELISAs) 

2.5.1 Insulin ELISA 

Serum insulin levels were measured using a high sensitive mouse insulin immunoassay kit 

(32380, Toronto Bio Sciences). In brief, 10 μL of sample or standard (detection range of 

200-7000 pg/mL) was added to each well, then 100 μL of detection antibody was added. The 

plate was incubated at room temperature for 90 minutes at 600 rpm. The wells were washed 4 

times with wash buffer, and 100 μL of substrate solution was added to each well. The plate was 

protected from light and incubated at room temperature for 15 minutes. 100 μL of the stop 

solution was added to each well and the absorbance of 450 nm was measured using a BioTek 

Synergy H4 Hybrid microplate reader (BioTek) the sample concentrations were determined by 

log-log curve fitting and linear regression (GraphPad Prism 6.0 © GraphPad Software Inc. 

1994-2013). 

 

2.5.2 NF-κB ELISA 

NF-κB protein levels were measured using a TransAM NF-κB p65 transcription factor assay kit 

(40096, Cedarlane). In brief, 30 μL of complete binding buffer and 20 μg of total placental 

protein was added to each well. 10% v/v of Jurkat nuclear extract in complete lysis buffer was 

used as a positive control, and complete lysis buffer was used as a negative control. The samples 

were then incubated at room temperature for one hour at 300 rpm. The wells were then washed 

three times with wash buffer and 1:1000 NF-κB primary antibody was added to each well. The 

samples were incubated for one hour at room temperature and then washed again as above. 

1:1000 HRP-conjugated secondary antibody was added and the plate was incubated at room 

45 



MSc. Thesis – B. Patterson 

McMaster University – Biochemistry and Biomedical Sciences 

temperature for one hour, and then washed as above. The developing solution was added to each 

well, then the samples were incubated in the dark for 5 minutes, and lastly, stop solution was 

added. The absorbance of 450 nm light was measured using a BioTek Synergy H4 Hybrid 

microplate reader (BioTek), absorbance at 655 nm was used as a reference. 

 

2.6 Immunohistochemical analyses 

2.6.1 Fixed tissue processing 

Fixed placental tissues were incubated in 70% ethanol for 4x1h, then 95% ethanol 2x1 hr, and 

incubated overnight in 95% ethanol. Samples were then incubated in 100% ethanol for 2x1 hr, 

then 1:1 100% ethanol:histoclear for 1h, followed by 2x1h histoclear. Lastly, the samples were 

incubated in 1:1 histoclear:paraffin overnight. In preparation for the paraffin embedding, the 

samples were incubated in pre-heated paraffin wax at 60 °C 3x1 hr and embedded in paraffin 

wax using a standard tissue embedding machine (EG1160, Leica Biosystems). The samples were 

then placed on a cold plate for the wax to solidify and stored at room temperature for 

immunohistochemistry. 

 

2.6.2 Immunohistochemistry 

Placental tissues were cut (4 µm except for cleaved caspase-3 staining where 7 µm sections were 

used; Microm HM325, Thermo Fisher), placed on microscope slides (12-550-15, Thermo 

Fisher), and incubated overnight at 37°C. Sections (3 per placenta) were immunostained with 

anti-carbonic anhydrase IX  (CAIX) as a hypoxia marker (1:600; ab15086, Abcam), anti-CD31 

as an endothelial cell marker (1:25; ab24590, Abcam; only used for E18.5 placentae), 
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anti-vascular endothelial growth factor (VEGF, 1:400; sc152, Santa Cruz), and anti-VEGFR2 

antibody (1:200; sc6251, Santa Cruz) as angiogenesis markers, and anti-cleaved caspase-3 as an 

apoptosis marker (1:100; 9661, CST). In brief, the sections were deparaffinized (3x5 mins 

histoclear, 50-329-50, Thermo Fisher; 2x2 mins anhydrous ethanol, 2x2 mins 90% ethanol, 2x2 

mins 70% ethanol, and 2x5 mins tris buffered saline, TBS, pH 7.4). Antigen retrieval was 

performed with citrate buffer (pH 6.0, incubated at 95°C for 20 minutes and washed 2x5 mins in 

TBS). The sections were blocked with 1% BSA in TBST (pH 7.4) and 5% goat serum (ZC0620, 

Vector) in a humidified chamber for one hour. The blocking reagent was removed and each 

section was incubated with each primary antibody (diluted in 1% BSA/TBST) overnight at 4°C 

and washed the next day in TBS for 2x5 mins. Endogenous peroxidases were inhibited by 

incubating sections in 0.2% v/v H​2​O​2​ (H324-500, Thermo Fisher) diluted in TBS and next 

washed in TBS for 2x5 mins. The sections were incubated for one hour in a humidified chamber 

with a biotinylated secondary antibody (1:100 in TBST, PK6101, Vector), and washed in TBS 

for 2x5 mins. Each section was labeled with avidin-biotin peroxidase complex following 

VectaStain ABC kit protocols (PK-4000, Vector) for one hour and then washed in TBS for 2x5 

mins. Protein was visualized via incubation with 3,3’ diaminobenzidine (DAB) peroxidase 

(HRP; SK-4100, Vector). The sections were counterstained with Meyer’s hematoxylin 

(MHS32-1L, Sigma-Aldrich), washed in running water and dehydrated (2x2 mins 70% ethanol, 

2x2 mins 90% ethanol, 2x2 mins anhydrous ethanol, and 3x5 mins histoclear). Coverslips 

(P35G-0-14-C, MatTek Corporation) were mounted (permount mounting media; sp15-500, 

Thermo Fisher) and left to dry for 24 hours prior to analysis using NIS elements software. The 
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proportion of positive staining relative to placental area was determined using a threshold for 

DAB-positive staining. 

 

2.7 Statistical analysis 

All data were analyzed either by a Student’s t test (male data as a result of high fat diet, mating 

data, pregnancy outcomes, and E18.5 Casp-3 IHC due to limited sample size where placentae 

could not be separated by sex) or by two-way ANOVA where paternal diet and placental sex 

were factors. Bonferroni’s post-hoc analysis was used where appropriate. nCounter nanostring 

data were analyzed using a log-linear model in R, with Tukey’s HSD post-hoc analysis used 

where appropriate. A repeated measures ANOVA was used for measures conducted over time 

(weight gain, glucose clearance, adiposity), all data are presented as mean +/- standard error of 

the mean (SEM) unless otherwise stated. In all cases, significance (*) was set at p < 0.05. All 

data were analyzed in GraphPad Prism version 6.0 (GraphPad Prism 6.0 © GraphPad Software 

Inc. 1994-2013). 
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Chapter 3.0 Results 

 

3.1 Paternal phenotype and pregnancy outcomes 

The purpose of this study was to investigate the impacts of paternal obesity on placental 

development, thus we verified our model by performing measures of adiposity and metabolic 

indices of diet-induced obesity. High fat fed male mice were heavier than controls after 3 weeks 

of diet (Figure 3.1.1A) and consumed more energy per body weight per day until week 5, where 

food intake was normalized (Figure 3.1.1B). Glucose clearance was similar between groups at 

week 0 (Figure 3.1.1C), however, by week 5 high fat fed males showed impaired glucose 

clearance (Figure 3.1.1D) and this was maintained to week 7 (Figure 3.1.1E). There was no 

difference in adiposity at week 0, but high fat fed males had significantly higher relative fat mass 

compared to controls by week 5 and this was maintained throughout the rest of the dietary 

intervention (Figure 3.1.1F). This suggests our mouse model induces an obese phenotype, 

characterized by impaired glucose clearance and increased adiposity ​247​. 
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After 13 weeks of dietary intervention, high fat fed males had increased gonadal fat 

weight (Figure 3.1.2A), mesenteric fat weight (Figure 3.1.2B), liver weight (Figure 3.1.2C), and 

epididymal weight (Figure 3.1.2D), without changes in testicular (Figure 3.1.2E) or seminal 
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vesicle weights (Figure 3.1.2F) compared to controls. This is expected as a high fat diet increases 

overall body weight, and has been previously shown to be associated with increased liver weight 

248​. High fat fed males had significantly elevated fasting blood glucose and insulin levels 

compared to controls (Figure 3.1.2G). The homeostatic model assessment of insulin resistance 

(HOMA-IR) was calculated by the formula: HOMA-IR = glucose (mmol/L) * insulin 

(mU/L)/22.5 ​249,250​ (Figure 3.1.2H). High fat fed males had a significantly higher HOMA-IR 

index, indicating insulin resistance. This supports the glucose clearance data collected at weeks 5 

and 7 as impaired glucose clearance is associated with insulin resistance ​3​.  

We used several metrics to characterize mating efficacy (Table 3.1.1) and embryo 

viability (Table 3.1.2). There was no difference between groups in the number of overnight 

pairings required for the first pregnancy, or in the number of plug-producing pairings required 

for the first pregnancy (Table 3.1.1). Maternal weight gain across gestation, maternal fasting 

glucose levels, fetal sex ratio, fetal weight, and placental weight were not different between 

groups (Table 3.1.2).  
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Table 3.1.1: Mating efficacy.​ Data are presented as mean +/- standard error of the mean. * 
denotes p<0.05, after Student’s t-test for number of pairings required for first pregnancy; 
Mantel-Cox log-rank survival test used for the number of plug-producing pairings required for 
first pregnancy. 

Mating efficacy 
parameter 

Control fed 
(mean ± SEM) 

n = 15 

High fat fed 
(mean ± SEM) 

n = 15 

P value 

Number of male and 
female pairings 
required for first 

pregnancy 

3 ± 0.6 4 ± 1.4 0.4746 

Number of 
plug-producing 

pairings required for 
first pregnancy 

2 ± 0.3 3 ± 0.3 0.1047 
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Table 3.1.2: Pregnancy outcomes.​ Data are presented as mean +/- standard error of the mean. * 
denotes p<0.05, after Student’s t-test for maternal data and fetal sex ratios, 2-way ANOVA used 
for fetal data with paternal diet and fetal sex as main factors. 

Pregnancy 
parameter 

Control fed  
(mean ± SEM) n = 9 

High fat fed  
(mean ± SEM) n = 6-8 

P value(s) 

E14.5 pregnancies 

Pregnancy weight 
gain (g) 

5.2 ± 0.23 5.4 ± 0.29 0.7032 

Maternal fasting 
glucose (mmol/L) 

5.6 ± 0.40 5.8 ± 0.26 0.7575 

Fetal sex ratio 
(male to female) 

0.439 ± 0.069 0.414 ± 0.078 0.8199 

Number of 
resorptions  

1 ± 0.3 1 ± 0.3 0.7513 

Litter size 8 ± 0.4 8 ± 0.3 > 0.9999 

 ♂ ♀ ♂ ♀ Main 
effect of 

diet 

Main 
effect of 

sex 

Interaction (diet, 
sex) 

Fetal weight (g) 0.25 ± 0.004 0.23 ± 0.008 0.24 ± 0.006 0.23 ± 0.005 0.8126 *0.0382 0.6012 

Placental weight 
(g) 

0.01 ± 0.002 0.09 ± 0.003 0.09 ± 0.002 0.09 ± 0.003 0.9846 *0.0310 0.5264 

Fetal glucose 
(mmol/L) 

2.0 ± 0.18 2.2 ± 0.14 2.0 ± 0.13 1.8 ± 0.10 0.2242 0.8292 0.1771 

E18.5 pregnancies 

Pregnancy weight 
gain (g) 

14.2 ± 0.86 14.1 ± 0.67 0.9419 

Maternal fasting 
glucose (mmol/L) 

6.7 ± 0.38 6.1 ± 0.33 0.2336 

Fetal sex ratio 
(male to female) 

0.636 ± 0.064 0.484 ± 0.071 0.1392 

Litter size 8 ± 0.4 8 ± 0.5 > 0.9999 

 ♂ ♀ ♂ ♀ Main 
effect of 

diet 

Main 
effect of 

sex 

Interaction (diet, 
sex) 

Fetal weight (g) 1.14 ± 0.034 1.09 ± 0.016 1.12 ± 0.033 1.12 ± 0.023 0.9009 0.3938 0.3747 
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3.2 Angiogenesis and hypoxia 

The placenta is a highly vascularized organ and angiogenesis plays a key role in placental 

development ​46,75​. We used carbonic anhydrase IX (CAIX) as a hypoxia marker, and found 

increased CAIX immunostaining in E14.5 Pat obs placentae (Figure 3.2.1A, C) and E18.5 Pat 

obs placentae compared to controls (Figure 3.2.1B, D), suggesting that paternal obesity is 

associated with placental hypoxia. This is consistent with the fact that hypoxia-inducible factor 1 

alpha (HIF1α) protein levels were elevated in E14.5 Pat obs male placentae (Figure 3.2.1E, F), 

despite no difference in ​Hif1α ​transcript levels at E14.5 (Figure 3.2.1G) and E18.5 (Figure 

3.2.1H). Since hypoxia promotes angiogenesis ​190​, we measured transcript levels of vascular 

endothelial growth factor (​Vegf​) and its pro-angiogenic receptor (​Vegfr2​). Female Pat obs E14.5 

placentae had reduced transcript levels of ​Vegf ​compared to controls (Figure 3.2.2A), yet there 

was no difference between groups at E18.5 (Figure 3.2.2B). There was no difference between 

groups in ​Vegfr2 ​transcripts at both time points (Figure 3.2.2C, D). Immunopositive VEGF was 

increased in male and female E14.5 Pat obs placental tissue (Figure 3.2.3A, C) and increased in 

female but not male Pat obs E18.5 placental tissue (Figure 3.2.3B, D), consistent with this, 

VEGFR2 positive staining was increased in both male and female E14.5 Pat obs placental tissue 

compared to controls (Figure 3.2.3E, G), and in female but not male E18.5 Pat obs placental 

tissue (Figure 3.2.3F, H). Similarly, there was an interaction between diet and sex in 

immunopositive CD31 staining where female E18.5 Pat obs placentae showed increased 

immunopositive staining compared to controls (Figure 3.2.4A, B). 
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The notion that paternal obesity induces changes in placental vascular development is 

supported by lower levels of heme oxygenase 1 (​Hmox1​) transcript levels in E14.5 Pat obs 

placentae compared to controls (Figure 3.2.5A), with no difference between groups at E18.5 

(Figure 3.2.5B). ​Hmox1​ mediates matrix metalloproteinase 2 (​Mmp2​), and ​Mmp14 ​to facilitate 

blood vessel widening and maturation ​251,252​. While there was no difference in ​Mmp2 ​transcript 

levels at E14.5 (Figure 3.2.5C), or E18.5 (Figure 3.2.5D), ​Mmp14 ​transcript levels were lower in 

E14.5 female Pat obs placental tissue compared to controls (Figure 3.2.5E). This was not 

maintained until E18.5 (Figure 3.2.5F), but, ​Mmp1 ​and ​Mmp9 ​transcript levels were lower in 

E18.5 Pat obs placentae compared to controls (Figure 3.2.6A, B). Consistent with these data, we 

show increased transcript levels of hypoxia-regulated ​Snail1 ​in E18.5 Pat obs placentae 

compared to controls (Figure 3.2.6C), a transcription factor which regulates trophoblast 
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differentiation during placental vascular development ​253​. There were hypoxia-regulated 

decreases in transcript levels of ​Wnt1 ​254,255​, and ​Wnt10b ​256​ ​in E18.5 Pat obs placentae compared 

to controls (Figure 3.2.6D, E), which may indicate poor trophoblast invasion ​254​. 
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3.3 UPR and ER stress 

Hypoxia and angiogenesis are strongly associated with ER stress in other models of poor 

placental development including preeclampsia ​162​ and maternal obesity ​257,258​, thus we 

investigated the role of ER stress in mediating paternal obesity induced hypoxia in the placenta. 

There are three branches of ER stress: protein kinase R-like ER protein kinase (PERK), 

inositol-requiring enzyme 1 alpha (IRE1α), and activating transcription factor 6 (ATF6). Each 

branch is activated by the binding of glucose-regulated protein 78 (GRP78) to the respective 

protein ​168,170​. GRP78 protein levels were higher in male Pat obs placentae compared to controls 

at both E14.5 (Figure 3.3.1A, I) and E18.5 (Figure 3.3.1B, J). Protein levels of phosphorylated 

(phospho-)PERK to total PERK were higher in male but not female placentae at E14.5 (Figure 

3.3.1C, I) and at E18.5 were higher in both male and female Pat obs placentae but differences 

were statistically significant only in females (Figure 3.3.1D, J). Protein levels of phospho-IRE1α 

to total IRE1α were higher in female but not male Pat obs placentae at E14.5 (Figure 3.3.1E, I), 

and at E18.5 levels were similar between groups (Figure 3.3.1F, J). There was no difference 

between groups in relative ​Atf6 ​mRNA levels at both E14.5 (Figure 3.3.1G) and E18.5 (Figure 

3.3.1H). This is consistent with the fact that transcript levels of the downstream ATF6 targets, 

Gadd34 ​and ​Edem1 ​were unaltered (Table 3.3.1). Protein disulfide isomerase (​Pdi​) transcript 

levels however, another downstream ATF6 target, were lower at E14.5 but not at E18.5 in 

female Pat obs placentae compared to controls (Table 3.3.1). PDI can act as a chaperone for 

misfolded proteins to promote their degradation to restore homeostasis ​169​.  
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Table 3.3.1: Placental ATF6 signaling.​ Data are presented as mean +/- standard error of the 
mean. * denotes p<0.05, after 2-way ANOVA was used to compare data between groups. 

Gene Control fed 
(mean ± SEM) 

n = 9 

High fat fed 
(mean ± SEM) 

n = 6-8 

P values 

♂ ♀ ♂ ♀ Main 
effect of 

diet 

Main 
effect of 

sex 

Interaction 
(diet, sex) 

E14.5 Placentae 

Relative mRNA transcription levels 

Gadd34 1.007 ± 
0.102 

1.160 ± 
0.082 

0.956 ± 
0.013 

0.844 ± 
0.214 

0.1694 0.8742 0.3186 

Edem1 0.782 ± 
0.051 

0.815 ± 
0.057 

0.752 ± 
0.070 

0.715 ± 
0.023 

0.2645 0.9722 0.5516 

Pdi 0.810 ± 
0.077 

1.023 ± 
0.060 

0.843 ± 
0.103 

*0.561 ± 
0.075 

*0.0139 0.6739 *0.0051 

E18.5 Placentae 

Relative mRNA transcription levels 

Gadd34 2.070 ± 
0.366 

2.402 ± 
0.323 

2.075 ± 
0.253 

1.792 ± 
0.408 

0.4064 0.9461 0.3993 

Edem1 0.756 ± 
0.093 

0.854 ± 
0.093 

0.866 ± 
0.125 

0.939 ± 
0.149 

0.3978 0.4599 0.9151 

Pdi 1.219 ± 
0.228 

1.249 ± 
0.147 

0.996 ± 
0.092 

0.838 ± 
0.128 

0.0894 0.7252 0.6057 

 

 

Our data suggest there may be an ER-stress mediated accumulation of misfolded proteins 

as evidenced by increased protein levels of UPR-associated proteins. To further explore this, we 

measured the downstream activity of PERK which promotes apoptosis through phosphorylation 

of eukaryotic initiation factor 2 alpha (eIF2α), and the subsequent transcriptional activation of 

pro-apoptotic genes​ ​158​. Protein levels of phospho-eIF2α to total eIF2α were similar between 
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groups at both time points (Table 3.3.2), consistently, ​Atf4​ and ​Chop ​transcription levels were 

unchanged (Table 3.3.2). The Bcl2 family consists of pro- and anti-apoptotic factors that work 

antagonistically to regulate mitochondrial-induced apoptosis ​259​, which is promoted through ER 

stress ​158​. ​Bcl2​ is anti-apoptotic, while ​Bad, Bid, Bim, ​and ​Bax​, are pro-apoptotic. ​Bcl2 ​and ​Bax 

are antagonistic and their overall activity can be estimated by measuring the ratio between their 

transcripts ​260​. The transcript levels of ​Bax ​were similar between groups at both time points 

(Figure 3.3.2A, B). ​Bcl2 ​mRNA levels were not different between groups at E14.5 (Figure 

3.3.2C), but, transcript levels were increased in female Pat obs placentae compared to controls at 

E18.5 (Figure 3.3.2D). The ratio of ​Bax​:​Bcl2​ transcript levels was not different between groups 

at E14.5 (Figure 3.3.2E), but was decreased in female Pat obs placentae at E18.5 (Figure 3.3.2F). 

This is consistent with the transcript levels of ​Bad, Bid, ​and​ Bim, ​which​ ​were similar between 

groups in E14.5 placentae (Figure 3.3.2G, I, K) and lower in E18.5 Pat obs placentae, with the 

effects predominantly in females (Figure 3.3.2H, J, L). Caspase-3 (casp-3) cleavage is a key last 

step in apoptosis ​172,261,262​, protein levels of cleaved casp-3 were similar between groups at both 

time points as measured by immunoblotting (Figure 3.3.3A-D) and immunostaining (Figure 

3.3.3E-H). This suggests that ER stress-mediated apoptosis is not occuring as a result of paternal 

obesity.  
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Table 3.3.2: Placental PERK signaling.​ Data are presented as mean +/- standard error of the 
mean. * denotes p<0.05, after 2-way ANOVA was used to compare data between groups. 

Target Control fed 
(mean ± SEM) 

n = 9 

High fat fed 
(mean ± SEM) 

n = 6-8 

P values 

♂ ♀ ♂ ♀ Main 
effect of 

diet 

Main 
effect of 

sex 

Interaction 
(diet, sex) 

E14.5 Placentae 

Protein levels (fold change relative to controls) 

Phospho to 
total eIF2α 

1.024 ± 
0.116  

1.023 ± 
0.086 

1.204 ± 
0.097 

1.104 ± 
0.189 

0.3195 0.7009 0.7032 

Relative mRNA transcription levels 

Atf4 1.001 ± 
0.072 

1.157 ± 
0.088 

1.115 ± 
0.112 

1.347 ± 
0.235 

0.2754 0.1655 0.7824 

Chop 0.916 ± 
0.050 

0.997 ± 
0.087 

0.861 ± 
0.076 

0.869 ± 
0.085 

0.2346 0.5586 0.6365 

E18.5 Placentae 

Protein levels (fold change relative to controls) 

Phospho to 
total eIF2α 

1.100 ± 
0.176 

1.1045 ± 
0.148 

1.295 ± 
0.432 

0.892 ± 
0.327 

0.9360 0.3863 0.5085 

Relative mRNA transcription levels 

Atf4 1.019 ± 
0.090 

1.079 ± 
0.140 

1.120 ± 
0.107 

1.188 ± 
0.193 

0.4456 0.6391 0.9779 

Chop 1.213 ± 
0.210 

1.085 ± 
0.175 

0.940 ± 
0.069 

0.983 ± 
0.167 

0.3186 0.8189 0.6468 
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Since we observed elevated levels of phospho-IRE1α to total IRE1α in E14.5 placental 

tissue (Figure 3.3.1E, I), we expected that downstream transcriptional targets would be higher at 

E14.5 and similar between groups at E18.5. At both E14.5 and E18.5, NF-κB activity was 

similar between groups (Table 3.3.3). Consistent with this, transcript levels of inflammatory 

cytokines regulated by NF-κB, including ​Traf6, Tnf, Il6, ​and​ Il1β​ were similar between groups at 

both time points (Table 3.3.3). Similarly, there was no difference in the spliced or total ​Xbp1 

mRNA levels at both time points, and no difference in the ratio of these transcripts at both time 

points (Table 3.3.3).  
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Table 3.3.3: Placental IRE1α signaling.​ Data are presented as mean +/- standard error of the 
mean. * denotes p<0.05, after 2-way ANOVA was used to compare data between groups. 

Target Control fed (mean ± SEM) n=9 High fat fed (mean ± SEM) n=6-8 P values 

♂ ♀ ♂ ♀ Main effect 
of diet 

Main effect 
of sex 

Interaction 
(diet, sex) 

E14.5 Placentae 

Protein levels (arbitrary units) 

NF-κB 0.169±0.002 0.173±0.003 0.173±0.002 0.171±0.017 0.7462 0.8483 0.4041 

Relative mRNA transcription levels 

Traf6 0.888±0.037 0.920±0.079 0.830±0.070 1.007±0.020 0.8149 0.1067 0.2584 

Tnf 0.868±0.089 1.309±0.197 0.950±0.117 0.981±0.164 0.4129 0.1231 0.1774 

Il6 0.882±0.082 0.925±0.143 1.023±0.109 0.906±0.085 0.5857 0.7438 0.4755 

Il1β 1.128±0.093 1.470±0.142 0.868±0.079 1.614±0.192 0.6708 *0.0004 0.1493 

Spliced ​Xbp1 0.906±0.065 1.083±0.070 0.960±0.089 1.097±0.175 0.7467 0.1444 0.8495 

Total ​Xbp1 0.922±0.046 0.992±0.083 0.848±0.064 0.989±0.125 0.6443 0.2133 0.6714 

mRNA ratio 

Spliced to total​ Xbp1 1.041±0.053 0.922±0.056 0.895±0.032 0.943±0.056 0.2310 0.4915 0.1121 

E18.5 Placentae 

Protein levels (arbitrary units) 

NF-κB 0.140±0.016 0.207±0.017 0.159±0.023 0.184±0.036 0.9366 *0.0492 0.3440 

Relative mRNA transcription levels 

Traf6 0.595±0.059 0.622±0.074 0.576±0.039 0.725±0.070 0.5543 0.2182 0.3869 

Tnf 1.394±0.291 1.386±0.191 1.121±0.112 0.850±0.107 0.0833 0.5398 0.5623 

Il6 0.731±0.080 0.635±0.088 0.939±0.206 *1.989±0.845 *0.0431 0.2049 0.1309 

Il1β 0.692±0.134 1.033±0.162 0.976±0.217 1.037±0.185 0.4179 0.2602 0.4296 

Spliced ​Xbp1 1.062±0.260 0.983±0.163 0.907±0.097 0.687±0.120 0.2709 0.4620 0.7267 

Total ​Xbp1 0.721±0.091 0.773±0.074 0.763±0.065 0.802±0.094 0.6756 0.5933 0.9396 

mRNA ratio 

Spliced to total​ Xbp1 1.158±0.105 1.225±0.123 1.208±0.129 0.835±0.073 0.1556 0.1989 0.0696 
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3.4 Placental nutrient transport 

One key function of the placenta is to transport nutrients from the mother to the fetus ​121​. 

We found no difference between groups in either glucose transporter 1 (​Glut1​)​ ​transcript levels, 

or protein levels in placentae at both time points (Table 3.4.1). Correspondingly, we observed no 

change in ​Glut3, ​or fatty acid binding protein 4 (​Fabp4​) transcript levels with paternal obesity at 

both time points (Table 3.4.1). Transcript levels of sodium-coupled neutral amino acid 

transporter 2 (​Snat2​), a neutral amino acid transporter ​263​, were not different between groups at 

E14.5 (Table 3.4.1), but we observed an interaction between diet and sex at E18.5 where 

transcript levels in female Pat obs placentae, but not males, were higher compared to controls 

(Table 3.4.1). 
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Table 3.4.1: Placental macronutrient transporters. ​Data are presented as mean +/- standard error 
of the mean. * denotes p<0.05, after 2-way ANOVA was used to compare data between groups. 

Target Control fed 
(mean ± SEM) 

n = 9 

High fat fed  
(mean ± SEM) 

n = 6-8 

P values 

♂ ♀ ♂ ♀ Main 
effect of 

diet 

Main 
effect of 

sex 

Interaction 
(diet, sex) 

E14.5 Placentae 

Protein levels (fold change relative to controls) 

GLUT1 1.159 ± 
0.291 

1.020 ± 
0.146 

1.262 ± 
0.241 

0.945 ± 
0.160 

0.9469 0.2960 0.6801 

Relative mRNA transcription levels 

Glut1 1.618 ± 
0.097 

1.353 ± 
0.068 

1.442 ± 
0.080 

1.476 ± 
0.121 

0.7770 0.2216 0.1168 

Glut3 1.025 ± 
0.064 

1.015 ± 
0.055 

0.895 ± 
0.081 

1.124 ± 
0.056 

0.8671 0.0990 0.0723 

Fabp4 1.271 ± 
0.101 

1.514 ± 
0.180 

1.258 ± 
0.077 

1.348 ± 
0.094 

0.4922 0.2083 0.5587 

Snat2 1.155 ± 
0.033 

1.414 ± 
0.126 

1.234 ± 
0.111 

1.361 ± 
0.107 

0.9026 0.0715 0.5259 

E18.5 Placentae 

Protein levels (fold change relative to controls) 

GLUT1 1.058 ± 
0.129 

1.057 ± 
0.142 

1.171 ± 
0.231 

1.379 ± 
0.245 

0.2436 0.5739 0.5697 

Relative mRNA transcription levels 

Glut1 0.762 ± 
0.030 

0.804 ± 
0.065 

0.738 ± 
0.110 

0.830 ± 
0.033 

0.9849 0.3222 0.7030 

Glut3 0.748 ± 
0.026 

1.060 ± 
0.089 

0.873 ± 
0.109 

0.904 ± 
0.137 

0.8685 0.0775 0.1438 

Fabp4 0.580 ± 
0.066 

0.727 ± 
0.082 

0.756 ± 
0.050 

0.848 ± 
0.175 

0.1413 0.2315 0.7795 

Snat2 0.725 ± 
0.027 

0.658 ± 
0.051 

0.700 ± 
0.067 

*0.860 ± 
0.028 

0.0837 0.3475 *0.0282 

 

72 



MSc. Thesis – B. Patterson 

McMaster University – Biochemistry and Biomedical Sciences 

3.5 Placental growth factors 

The placenta secretes a number of endocrine factors throughout gestation. One such 

factor is placental lactogen (in the mouse two placental lactogens exist),  PLI and PLII during the 

first and second half pregnancy, encoded by the ​Csh1 ​and ​Csh2 ​genes respectively ​264​. Paternal 

obesity did not alter the transcript levels of ​Csh1 ​or ​Csh2 ​at E14.5 (Figure 3.5.1A, C) or E18.5 

(Figure 3.5.1B, D). 

Insulin-like growth factors and insulin signaling directly regulate placental growth ​71,265​. 

Transcript levels of paternally regulated insulin-like growth factor 2 (​Igf2​) ​132​, were increased in 

female but not male Pat obs placentae at E14.5 (Figure 3.5.1E) but similar between groups at 

E18.5 (Figure 3.5.1F), however, we observed similar transcript levels of ​Igfbp3​ between groups 

at both time points (Figure 3.5.1G, H). IGF2 binds to downstream targets insulin receptor 

substrate (IRS) 1 and 2, promoting cell proliferation and placental development ​31​.  At E14.5 ​Irs1 

transcript levels were higher in Pat obs placentae compared controls (Figure 3.5.1I), with no 

difference between groups at E18.5 (Figure 3.5.1J). There was no difference between groups in 

Irs2 ​transcript levels at E14.5 (Figure 3.5.1K), however, we observed an interaction between diet 

and sex at E18.5 (Figure 3.5.1L), with an increase in female Pat obs transcript levels compared to 

controls. 
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Chapter 4.0 Discussion 

In this study, we show that paternal obesity is associated with placental hypoxia, leading 

to increased vasculogenesis and blood vessel development, and that these changes are sex- and 

gestational age-dependent. At E14.5, hypoxia-inducible factor 1 alpha (HIF1α)  and carbonic 

anhydrase IX (CAIX) protein levels were higher in placentae from obese fathers, suggesting 

placental hypoxia ​266​. This is maintained to E18.5, where CAIX protein levels remain higher in 

placentae from obese fathers. Placental hypoxia was associated with increased angiogenesis 

marker, vascular endothelial growth factor (VEGF), and its pro-angiogenic receptor, VEGFR2 in 

E14.5 placentae, however, this was only maintained in female but not male E18.5 placentae. 

Consistent with this, CD31, an endothelial cell marker was increased in E18.5 female but not 

male placentae. These were associated with reduced transcript levels of blood vessel maturity 

factors ​Hmox1​, ​Mmp1​, ​9​, and ​14​. Despite the cellular stress typically associated with 

hypoxia-mediated angiogenesis ​55,56​, these changes appear to be largely independent of the 

unfolded protein response (UPR) and endoplasmic reticulum (ER) stress.  

 

4.1 Paternal obesity does not change pregnancy outcomes 

Our findings are consistent with previous studies that showed a HF diet results in: 

increased body weight/caloric intake ​267​, increased adiposity ​268​, and impaired glucose clearance 

and metabolism ​269​. Since this obese phenotype has been associated with reduced male fertility 

270​, semen quality ​271​, and spermatozoa health ​272​, we investigated the impacts of paternal obesity 

on mating efficacy. We found no differences in mating efficacy as measured by the number of 

male and female pairings required for the first pregnancy, number plug-producing pairings 
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required for the first pregnancy, resorptions per litter, fetal sex ratio, or litter size. These results 

contradict previous findings ​32,34,200,273​, however, previous reports have used superovulation in 

determining embryo number ​32,34,200,273​, which in itself has adverse outcomes ​274–276​. 

Superovulation has been shown to impair ova quality ​274​, result in poor offspring outcomes ​275​, 

and alter the epigenome ​276​. Thus, our results may differ due to influences of superovulation 

methods. Furthermore, we show no differences in the fetal sex ratio, with data from all groups 

showing a slight female bias, similar to previous reports ​277​. The role of paternal obesity on 

altered pregnancy outcomes and spermatozoa parameters in humans is inconsistent, some studies 

show poor outcomes due to paternal diet ​209,216​, while others show it has no effect ​217,218​. A large 

confounding variable these studies have in common is that men are typically recruited from 

fertility clinics, introducing inherent biases. Since our study did not explicitly investigate 

spermatozoa parameters, it is difficult to make any conclusions at this time. While we show no 

evidence of paternal obesity influencing pregnancy outcomes, our data indicates high fat-fed 

male mice require more pairings that do not produce a pregnancy compared to controls to 

produce equal numbers of viable pregnancies (Appendix Figure 9.1.1), possibly suggesting some 

evidence of fertility impairment due to paternal high fat diet. 

 

4.2 Paternal obesity induces placental hypoxia and impaired vascularization and 

angiogenesis 

We show that paternal obesity results in placental hypoxia as early as E14.5 and that this 

condition persists to E18.5, and we show that placental hypoxia is associated with impairments 

in key factors that mediate vascular development. Although previous studies have investigated 
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the role of paternal obesity on placental function and embryo development ​32,34​, placental 

vascular development was not investigated. Others investigating placental outcomes in the 

context of maternal obesity find impaired vascularization ​178​, and increased ER stress and 

inflammation ​25​. 

Placental vascular development is critical as it is the primary site of oxygen and 

macronutrient transport between the mother and fetus ​32–35​. Disruptions to fetal blood supply such 

as pregnancies complicated by preeclampsia, are associated with placental hypoxia and result in 

developmental abnormalities including  growth retardation, and reduced embryo viability ​195​. In 

our study, paternal obesity increased VEGF and its pro-angiogenic receptor, VEGFR2 in E14.5 

placentae, consistent with observations made in preeclamptic hypoxic placentae ​278​. Interestingly, 

this hypoxia-mediated pro-angiogenic signaling is only maintained to E18.5 in female but not 

male placentae, suggesting sex-specific placental adaptations to the hypoxic environment. 

Consistent with this, CD31, an endothelial cell marker, is increased in female E18.5 placentae, 

suggesting increased hypoxia-mediated endothelial cell proliferation in female but not male 

placentae. Hypoxia promotes the dissociation of hydroxyl groups from HIF1α prolyl residues ​266​, 

freeing up HIF1α to bind to target genes, including ​Vegf​,​ ​to promote transcriptional activation in 

response to the hypoxic environment ​279​. VEGF promotes endothelial cell differentiation and 

proliferation via cyclin dependent kinase (CDK) ​47,280​, and this expansion of endothelial cells 

increases CD31 protein levels, as CD31 is a key endothelial cell adhesion protein necessary for 

endothelial cell proliferation ​281​. Our data suggest that paternal obesity-induced hypoxia and its 

downstream impacts are sex-specific, since CD31, VEGF, and VEGFR2 changes were found in 

female but not male E18.5 placentae. Others have suggested sex-specific changes in pregnancies 
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complicated by pregnancy-induced hypertension and preeclampsia ​282,283​ where females may be 

more vulnerable. Despite this, others suggest that males may be more vulnerable ​284​. These 

associations also appear to be modulated by gestational age, where the female (but not male) sex 

is associated with very early preterm preeclampsia ​284,285​. These observations are not dissimilar to 

our findings that changes in key regulators of vascular development are sex and gestational age 

dependent. 

Transcript levels of heme oxygenase 1 (​Hmox1​) in males, and matrix metalloproteinase 

14 (​Mmp14​) in females were lower in E14.5 placenta from obese fathers. At E18.5, ​Mmp2​, and ​7 

(which play a role in blood vessel development ​286,287​) were decreased in males but not females. 

HMOX1, MMP2, MMP7, and MMP14 promote the breakdown of the extracellular matrix 

between endothelial cells to promote blood vessel widening during proper vascular development 

286​. These key vascular modulators are regulated by hypoxia and lower transcript levels have 

been associated with preeclampsia ​288​. The increased angiogenesis and possible reduced blood 

vessel maturity, as seen with preeclampsia ​288​, are precursors to placental ER stress ​289​. 

 

4.3 Paternal obesity is associated with placental UPR activation 

The upstream drivers of hypoxia-mediated induction of placental angiogenesis 

(potentially as a compensation method to maintain transport to the fetus in spite of an oxygen 

deficiency ​290​) are unknown. Hypoxia and ER stress are known to independently promote VEGF 

expression ​55,291​ and ER stress enhances the phosphorylation of HIF1α and potentiates HIF1α 

activity to induce VEGF expression (at least in cultured neuronal cells) ​159​. Increased protein 

demand is often followed by the UPR and subsequent ER stress ​292​, and it has been suggested 
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that the placenta is in a state of mild chronic ER stress ​56​. In our study, GRP78 is increased at 

both E14.5 and E18.5, albeit in male placentae only. This may be due to sex differences in 

placental adaptations to an adverse environment ​35,156​, where female placentae make more 

compensatory adaptations (such as increased angiogenesis) while male placentae induce UPR 

activation. GRP78 regulates all three arms (PERK, IRE1α, and ATF6) of the UPR ​293​, which is 

consistent with our observation that phospho-PERK is increased at these time points. Although 

induction of the PERK arm of the UPR typically induces caspase-3 (casp-3) mediated apoptotic 

signaling via CHOP ​158​, we did not find any changes in apoptotic signaling in placentae from 

obese fathers. We observed increased transcripts of anti-apoptotic Bcl2 which inhibits casp-3 

activation ​158,294​.  

Conventional PERK signaling promotes casp-3 mediated apoptosis ​158,294​, however, a 

report investigating placental development found PERK is also associated with vascular 

development via unconventional signaling ​55​. Using PERK knockout mice, Ghosh et al. (2010) 

found that PERK and placental ER stress mediate VEGF activity through ATF4, a downstream 

transcription factor. A report investigated placental development in IRE1α knockout mice, and 

similarly, found IRE1α plays a role in placental ER stress. They go on to show that IRE1α 

mediates VEGF expression through unconventional pathways via its RNase activity and 

cleavage of X-box binding protein (XBP1) ​56​. They found mutant mice showed no changes in 

placental apoptosis ​56​, this is further supported by findings showing anti-apoptotic Bcl2 activity 

is associated with HIF1α and VEGF to facilitate maintained angiogenesis in carcinoma cell lines 

295,296​, which is partially mediated by the PERK branch of the UPR ​158​. 
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We show signs of increased phospho-PERK in male and female Pat obs placentae, at 

E14.5 and E18.5 respectively. Consistent with the suggestions by Iwawaki et al. and Ghosh et al. 

that the placenta appears to be under a baseline state of ER stress ​55,56​. The source of this ER 

stress, however, and how it regulates placental development is unclear. In these studies using 

PERK and IRE1α knockout mice, it was shown that both are separately necessary for placental 

labyrinth VEGF expression and placental angiogenesis ​55,56​. In the present study, we do observe 

an increase in phospho-IRE1α in female E14.5 placentae, but whether this increase directly 

participates in VEGF induction is unknown. 

Assuming conventional UPR signaling pathways are operating in the placenta, since we 

show increased levels of phospho-PERK and phospho-IRE1α, we would expect increased levels 

of pro-inflammatory cytokines induced by IRE1α ​174​ and hypoxia ​288​. Instead, we found little 

evidence of inflammation or changes in pro-inflammatory cytokine expression in placentae from 

obese fathers. This could be due to the fact that while the placentae are hypoxic, there is no 

robust ER stress occurring and as a result, no changes in inflammatory and apoptotic signaling. 

An explanation for this could be that maternal and placental adaptations to hypoxia (such as 

increased angiogenesis and increased perfusion) are sufficient in maintaining protein 

homeostasis and preventing ER stress.  

  

4.4 Paternal obesity has modest effects on placental nutrient transport 

A primary function of the placenta is to transport nutrients from the mother to the fetus, 

including glucose, fatty acids, and amino acids ​121​. Previous studies have reported that 

disruptions in placental development, disrupt nutrient transport and lead to intrauterine growth 
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restriction ​32,74​. We do not show any change in the expression of glucose transporter 1 (GLUT1, 

mRNA and protein), ​Glut3​, or fatty acid binding protein 4 (​Fabp4​) transcript levels at both E14.5 

and E18.5 with paternal obesity. However, sodium-coupled neutral amino acid transporter 2 

(​Snat2​)​ ​transcript levels were increased in female E18.5 placentae from obese fathers. SNAT2 is 

a key amino acid transporter which transports neutral amino acids including alanine and 

glutamine ​79​, which are particularly important as they are glucogenic amino acids ​81​. It is possible 

that paternal obesity may increase fetal gluconeogenesis, in females, but gluconeogenesis was 

not measured. This notion however, is consistent with offspring studies showing increased 

expression of gluconeogenic markers in female F​1 ​and F​2​ progeny of obese fathers ​160​.  

IGF2 is is a key growth factor which promotes fetal growth through increased 

transplacental nutrient diffusion ​110​. We show increased ​Igf2 ​transcript levels at E14.5 in 

placentae from obese fathers, without associated changes in insulin-like growth factor binding 

protein 3 (​Igfbp3​), which shuttles and transports IGF2 to its receptors ​112​. ​Igf2 ​expression is 

regulated by a number of factors, but most notably its expression is regulated by DNA 

methylation during development ​297​. ​Igf2​ is paternally inherited ​132​ where the ​Igf2 ​maternal allele 

is methylated, gene expression is paternally inherited ​139​. This imprinting is the result of an 

interaction between ​Igf2 ​and ​H19​, which is expressed only from the maternal allele ​133​ and is 

maintained by epigenetic mechanisms, primarily DNA methylation. One study has shown that 

paternal obesity alters paternal allelic activity and is associated with ​Igf2 ​hypomethylation in 

sperm​ ​219​. This sperm hypomethylation is transferred to the developing placenta, and is associated 

with hypomethylation in placental tissues ​298​. Similarly, hypomethylation of ​Igf2 ​in placental 
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tissues is associated with increased risk of macrosomia and placental overgrowth ​221​, similar to 

other reports showing increased IGF2 activity ​299​. 

It has been suggested, in other tissue types, that oxidative stress may impose a loss of 

imprinting of the ​Igf2 ​gene ​300​ resulting in increased ​Igf2 ​expression. Whether this has occurred 

in placental tissue from obese fathers is unknown, but it is consistent with the notion that 

paternal obesity results in placental hypoxia and provides another explanation for paternal 

obesity-regulated increased ​Igf2 ​expression. This increase in ​Igf2 ​transcription levels is 

consistent with increased E14.5 ​Irs1 ​and E18.5 ​Irs2 ​levels (in females) in Pat obs placentae 

compared to controls. IRS1 primarily promotes cell growth and proliferation through 

phosphoinositide-3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) ​301​ and IRS2 

promotes anti-apoptotic signaling and mediates macronutrient homeostasis through extracellular 

signal-related kinase (ERK) signaling ​302​. These changes in IGF2-IRS signaling could be 

reflective of hypoxia-mediated angiogenesis occuring at E14.5 and then at E18.5, a shift to 

anti-apoptotic signaling. HIF1α-mediated IRS2 has been shown to promote ​Bcl2 ​transcription 

through IGF2 signaling pathways ​303,304​, to protect cells against apoptosis in rapidly proliferating 

environments, such as during hypoxia-mediated angiogenesis ​303,305​. This would be cohesive with 

our data showing a shift to anti-apoptotic Bcl2 signaling from E14.5 to E18.5 placentae, as IRS2 

has been previously shown to be increased in hypoxic environments ​306​ and mediate 

anti-apoptotic signaling through Bcl2 ​304​. This would suggest that IGF2-IRS2 signaling may in 

part, mediate some of the anti-apoptotic transcriptional changes observed in E18.5 placentae 

from obese fathers. 
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4.5 Data summary 

Our data suggest that paternal obesity is associated with placental hypoxia, possibly 

mediated by obesity-induced changes in the spermatozoa, such as micro RNA (miRNA) ​225 

and/or DNA methylation inheritance ​219​ (Figure 4.5.1). This hypoxia is associated with increased 

HIF1α and CAIX protein levels in Pat obs placentae at E14.5 and E18.5, which is associated 

with increased angiogenesis as evidenced by elevated VEGF and VEGFR2 immunopositive 

staining (Figure 4.5.1, Figure 4.5.2). While E14.5 male and female Pat obs placentae have 

increased VEGF and VEGFR2, this only persists to E18.5 in female, but not male placentae 

suggesting sex-specific interactions with the obesity-induced hypoxic environment (Figure 4.5.1, 

Figure 4.5.2). Placental hypoxia is typically associated with ER stress and subsequent UPR 

activation in response to the adverse environment ​55,56,159​.  

We show increased GRP78 protein levels at E14.5 and E18.5 in male placentae (Figure 

4.5.1, Figure 4.5.2), suggesting that there may be an accumulation of misfolded proteins (and ER 

stress, possibly due to hypoxia) ​159​. Despite this, we show no evidence of conventional 

downstream PERK-mediated apoptosis, IRE1α-mediated inflammation, or ATF6-mediated 

pro-survival responses in Pat obs placentae (Figure 4.5.1, Figure 4.5.2). Furthermore, there is 

increased phospho-PERK and phospho-IRE1α protein levels in Pat obs E14.5 male and female 

placenta respectively (Figure 4.5.1, Figure 4.5.2), despite no conventional downstream signal 

transduction. This may suggest unconventional PERK and IRE1α placental signaling, which 

promotes VEGF activity through ATF4 and XBP1 respectively ​55,56​ (Figure 4.5.1). VEGF and 

VEGFR2 are pro-angiogenic proteins which promote placental angiogenesis and vascular 

development ​46,55,56​. 
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Placental hypoxia-mediated angiogenesis involves rapid endothelial cell proliferation via 

VEGF, which promotes CDK-mediated mitogenic signaling ​47​, this process is very demanding on 

the ER and is associated with ER stress ​55,56​ (Figure 4.5.1). We show evidence of an interaction 

between diet and sex in CD31 immunopositive staining in E18.5 placentae, with females 

showing elevated CD31 levels. Furthermore, we show a reduction in ​Hmox1​ and ​Mmp14 ​in 

E14.5 Pat obs male placentae, and ​Mmp1​ and ​Mmp9 ​in E18.5 Pat obs male placentae (Figure 

4.5.1). HMOX1 regulates MMP activity, and these are involved in blood vessel maturation via 

breakdown of the ECM ​53​ to facilitate blood vessel widening ​50,52​. This poor vascular 

development, combined with placental hypoxia may indicate poor placental perfusion to the 

fetus ​50,52,204,253​. In response to inadequate placental perfusion, a key placental growth factor, IGF2 

is activated to increase placental growth ​299​ and macronutrient transport ​115,307,308​. 

We show increased ​Igf2 ​transcript levels in E14.5 female placentae (Figure 4.5.1, Figure 

4.5.2), this promotes activation of the downstream targets, IRS1 and IRS2 ​31,307​. We show a main 

effect of diet, with increased ​Irs1 ​transcript levels in E14.5 placentae and increased ​Irs2 

transcript levels in E18.5 placentae (Figure 4.5.1, Figure 4.5.2). This shows gestational 

age-specific differences in downstream ​Igf2 ​signaling. IRS1 primarily promotes proliferation via 

CDK-mediated mitogenic signaling ​301​, which in turn is associated with ER stress ​47​. 

Alternatively, IRS2 promotes antiapoptotic signaling through mTOR-mediated inhibition of 

pro-apoptotic Bcl2 family members ​304​. Consistent with this, we show no difference between 

groups in Bcl2 family members at E14.5, however, there is a significant reduction in ​Bad ​and 

Bid​, two pro-apoptotic factors in Pat obs E18.5 placentae (Figure 4.5.1, Figure 4.5.2). mTOR 

regulates placental macronutrient transport by mediating glucose transporter translocation ​115​, 

84 

https://paperpile.com/c/PFZD45/kvL0
https://paperpile.com/c/PFZD45/9pY2m+hKtgi
https://paperpile.com/c/PFZD45/jK6M
https://paperpile.com/c/PFZD45/GWTw+lPsy
https://paperpile.com/c/PFZD45/KEFo+GWTw+lPsy+iXUPq
https://paperpile.com/c/PFZD45/F9qm
https://paperpile.com/c/PFZD45/QTbL+RlUZ+3RMA
https://paperpile.com/c/PFZD45/3fXA9+RlUZ
https://paperpile.com/c/PFZD45/u9yXs
https://paperpile.com/c/PFZD45/kvL0
https://paperpile.com/c/PFZD45/QqkdF
https://paperpile.com/c/PFZD45/QTbL


MSc. Thesis – B. Patterson 

McMaster University – Biochemistry and Biomedical Sciences 

fatty acid synthesis and availability for fatty acid transport ​308​, and protein synthesis and amino 

acid availability for transport ​307,308​. Despite this, we show no difference between groups in ​Glut1 

and​ Glut3​, or ​Fabp4​ at both time points for glucose and fatty acid transport respectively (Figure 

4.5.1, Figure 4.5.2). However, we have evidence of increased ​Snat2 ​transcript levels in female 

E18.5 Pat obs placentae compared to controls (Figure 4.5.1, Figure 4.5.2). SNAT2 transports 

glucogenic amino acids to the fetus ​81​, suggesting that perhaps female but not male fetuses are 

more impacted by placental hypoxia, and require increased amino acid transport. 
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Chapter 5.0 Limitations 

There were a few limitations in this study due to study design and feasibility. The control 

and high fat diets are not manufacturer-matched, and as such have differences in the 

micronutrient and vitamin content ​238,239​. One key difference between the diets is that the high fat 

diet contains no phytoestrogens, while the control diet contains 350-650 mg/kg isoflavones (the 

predominant phytoestrogen of this diet) ​238​. Phytoestrogens have been shown to improve steatosis 

and reduce adipose and triglyceride accumulation associated with a high fat diet ​309​. 

Phytoestrogens have also been associated with reduced male and female fertility ​310​, possibly 

explaining the observed lack of difference in fertility due to paternal diet. However, complete 

loss of phytoestrogens has been demonstrated to be associated with increased weight gain, 

impaired glucose clearance, and insulin resistance ​311​. As such, it is unclear if our results are due 

to the high fat diet alone, or if they are due to the conjunction of increased dietary fat and 

complete ablation of dietary phytoestrogens. 

The males used for E14.5 pregnancies and E18.5 pregnancies were different and this 

could produce cohort-specific biases. This could be improved by using one group of males to 

produce pregnancies at both time points, to minimize variability between groups. 

The majority of the data collected at both time points represents data collected from 

reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) and immunoblotting. As 

such, our data reflect overall changes in transcription and translation respectively. Changes at the 

transcriptional level do not necessarily reflect changes in protein levels, as evidenced by some 

our of data. Finally, the placenta is a heterogenous organ and contains two primary zones: the 

junctional and labyrinth zones ​98​. As such, our RT-qPCR and immunoblotting data do not reflect 
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zone-specific changes. This could have been improved by using immunohistochemical analysis 

for all proteins of interest in the placentae at both time points. 
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Chapter 6.0 Future directions 

We have begun to characterize the impacts of paternal obesity on placental vascular 

development, hypoxic status, and macronutrient transport across gestation. While this is 

important, the primary concern is offspring outcomes and overall health. The placenta is a key 

organ responsible for adequate fetal growth and development, and hypoxia may alter fetal 

growth and result in changes in offspring risk of metabolic compromise. In order to fully 

understand the impacts of paternal obesity, it would be ideal to investigate fetal tissue 

development and offspring metabolic outcomes. Our preliminary evidence suggests that there 

may be impaired fetal hepatic development,  hepatic ER stress, and increased hepatic apoptosis. 

This could explain how disruptions in placental development from paternal obesity influence 

offspring metabolic outcomes. Lastly, characterizing metabolic changes that occur in the 

offspring would give further insight into what developmental pathways may be influenced by 

paternal obesity.  
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Chapter 7.0 Conclusions 

We conclude that paternal obesity is associated with placental hypoxia and angiogenesis. 

This hypoxic environment was not associated with ER stress-mediated apoptosis or 

inflammation as we hypothesized, but did increase PERK and IRE1α levels which could be 

associated with HIF1α-mediated hypoxia, and ER stress-mediated activation of VEGF via 

unconventional signaling pathways ​55,56​. While we have some evidence of increased amino acid 

transporter levels in female E18.5 placentae, overall, paternal obesity does not appear to have 

any significant impacts on placental glucose or fatty acid transporter levels. Placental hypoxia is 

a strong predictor of fetal hypoxia and while our data do not suggest significant impacts on 

placental growth, there may be implications for fetal growth and development. 
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Chapter 9.0 Appendix 

 

9.1 Supplemental figures and tables 

Appendix Table 9.1.1: Control mouse dietary contents​. 
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Appendix Table 9.1.2: High fat mouse dietary contents. 
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FHS Research Plenary Excellence in Oral Presentation Award 

McMaster University, Hamilton, ON, May 2018 
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Presented a poster titled “Maternal and Paternal obesity negatively influence placental 

development in a sex-specific manner in mice” at the Southern Ontario Reproductive Biology 

Conference held in April 2016 at Queen’s University, Kingston, ON 

Abstract accepted for an oral presentation titled “The effects of paternal obesity on fetoplacental 

development” at the 4th annual Canadian National Perinatal Research Meeting held in February 

2017 at the Fairmont hotel, Montebello, QC 

Presented a poster titled “Paternal obesity reduces Bcl2-mediated apoptosis in term placentae in 

a murine model” at the Faculty of Health Sciences Research Plenary held in May 2017 at 

McMaster University, Hamilton, ON 

Presented a poster titled “Paternal obesity reduces Bcl2-mediated apoptosis in term placentae in 

a murine model” at the Southern Ontario Reproductive Biology Conference held in April 2017 at 

Western University, London, ON 

Gave an oral presentation titled “Paternal obesity disrupts placental development and is 

associated with fetal hepatic ER stress in a murine model” at the 5​th​ annual Canadian National 

Perinatal Research Meeting held in February 2018 at the Banff Centre, Banff, AB 
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Gave an oral presentation titled “Paternal obesity impairs fetal liver development and is 

associated with ER stress in a mouse model at mid-gestation” at the Faculty of Health Sciences 

Research Plenary held in May 2018 at McMaster University, Hamilton, ON 
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