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ABSTRACT

IMPACTS OF MATERNAL DIETARY FAT ON FETAL DEVELOPMENT IN AN OVINE
MODEL

Maternal diet during pregnancy can influence fetal development and may have lasting effects on
offspring health and disease risk trajectory. Intake of dietary fatty acids has been a major focus in
the biomedical and epidemiological literature given concerns about the adverse effects of
excessive fat intake on cardiometabolic risk and the putative health benefits of supplementing
specific fats such as omega-3 polyunsaturated fatty acids (n3-PUFA). However, a thorough
understanding of how maternal dietary fats impact fetal development and metabolism has been
limited by ethical and logistical challenges of such studies in humans, highlighting the need for
affordable large animal models of human pregnancy for evaluating these interventions. The
primary aim of this dissertation was to establish the utility of the pregnant sheep for this purpose
given its well-established similarities to human pregnancy in terms of gestational length,
primarily singleton or twin births, and substantial mid-gestational fetal size. A series of three
projects were carried out in pregnant white-faced ewes to investigate 1) the effects of maternal
high-fat diet on fetal skeletal muscle metabolism; 2) the effects of maternal dietary n3-PUFA
supplementation on fetoplacental fatty acid composition, transport, and metabolism; and 3) the
role of placental fatty acid transporter-4 (FATP4) on fetoplacental lipid composition and
metabolism. These studies demonstrate close parallels with available data from similar dietary
interventions in humans and non-human primate models, including 1) a metabolic shift favoring
the use of fat over carbohydrate in fetal skeletal muscle during high-fat pregnancies, and 2)

enrichment of fetal tissues with n3-PUFA along with diverse impacts on lipid metabolism



following maternal docosahexaenoic acid (DHA) supplementation, and 3) novel links between
FATP4 expression and fetoplacental fatty acid metabolism at mid-gestation. Taken together,
these studies establish the utility of an ovine model for investigating the impacts of maternal
dietary fatty acid intake on fetal physiology during pregnancy, thereby facilitating future studies

of the longer-term impacts of maternal diet on offspring metabolic health and disease risk.
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CHAPTER I: HYPOTHESES AND EXPERIMENTAL AIMS

Overarching Hypothesis:
Maternal dietary quality has been associated with pregnancy outcomes and the offspring’s
metabolic health and development in both humans and animal models for decades. However,
causal relationships between maternal diet during pregnancy, intrauterine environment
supporting fetal development, and subsequent post-natal health trajectory remain poorly
understood. Studies in rodent models have revealed a wealth of biological insight into
mechanisms that link the intrauterine environment to fetal development and offspring health,
but the studies lack many key parallels with human pregnancy and development.
Translational studies in non-human primates have begun to shed light on the impacts of
maternal diet and metabolic status on fetal metabolism, but they are prohibitively expensive
for most research groups and, thus, not widely available. The aim of this dissertation was to
establish utility of pregnant sheep for modeling the impacts of maternal dietary fat intake on
mid-gestational fetal development and metabolism, with a particular focus on the effects of
high-fat feeding and omega-3 fatty acid supplementation. Our overarching hypothesis was
that the ovine model will exhibit many of the hallmark effects of these dietary interventions
previously reported in humans and non-human primate models and reveal novel biochemical
insights that may link fetal metabolism to offspring metabolic health trajectory in future
studies. We also sought to demonstrate the feasibility of early embryonic targeting of genes
involved in maternal-fetal fatty acid transport to modify fetal metabolism during pregnancy

using methodologies recently established in the ovine model by investigators at Colorado



State University. To address these hypotheses and goals, we performed three separate

research projects to address three specific aims.

Specific Aim 1. Investigate the effects of maternal high-fat diet during pregnancy on fetal

skeletal muscle metabolism and insulin signaling.

Maternal high-fat feeding during pregnancy and its effects on fetal metabolism has been
previously studied using a non-human primate model, where it altered oxidative metabolism
and impaired insulin signaling in fetal skeletal muscle. Therefore, we aimed to establish an
ovine model of maternal high-fat feeding and investigate if outcomes were similar in fetal
skeletal muscle at mid-gestation. To this end, white-faced ewes were fed a diet
supplemented with 6% (w/w) rumen-protected calcium soaps rich in saturated fatty acids or
the control base diet from 2 weeks prior to conception through mid-gestation (75 days after
conception; GD75). At this point, placental and fetal tissues were collected and analyzed
along with serum from the fetoplacental circulation. The results of this study support the
hypothesis that maternal high-fat feeding causes impaired insulin signaling and a metabolic
shift favoring oxidation of fat over carbohydrate fuel sources in fetal skeletal muscle, which
paralleled maternal hyperglycemia, hyperlipidemia and hyperinsulinemia at mid-gestation.
Therefore, we demonstrated the feasibility of the ovine model for investigating the impacts of
excessive fat intake and its consequent metabolic effects on the uterine environment during
pregnancy on fetal health and development, and its potential links to metabolic syndrome

later in life.

Specific Aim 2: Investigate the effect of maternal DHA supplementation on placental and fetal

tissue metabolism



Dietary supplementation with long-chain omega-3 fatty acids such as docosahexaenoic acid
(DHA) is recommended to women during pregnancy to prevent pre-term birth and support
optimal fetal development. DHA supplementation also decreases circulating triglyceride
levels through diverse effects on systemic lipid metabolism, but its impacts on fetal
metabolism are largely unknown due to inherent limitations of such investigations during
human pregnancy. Therefore, we aimed to establish an ovine model suitable for investigating
impacts of prenatal DHA supplementation on fetal development and metabolism. White-
faced ewes were fed either a control diet or the same diet supplemented with 3% algae-
derived DHA from 2-3 weeks before pregnancy until mid-gestation (GD75). At this stage,
serum, placenta and fetal tissues were collected for biochemical analysis of phospholipid
fatty acid composition and fatty acid transporter expression, along with a broader
characterization of nutrient metabolism of fetal heart, skeletal muscle, and liver. Results
confirmed significant DHA enrichment of all six fetal tissues examined from DHA-
supplemented pregnancies, which paralleled tissue-specific impacts on fetal fatty acid
transporters and metabolism, thereby demonstrating the utility of an ovine model for
investigating the biological effects of prenatal DHA supplementation on fetal development
and metabolism. Results also revealed novel insight that highlights the need for a better
understanding of how maternal DHA supplementation during pregnancy impacts the

metabolic health trajectory of the fetus and future offspring.

Specific Aim 3: Investigate the effect of placental fatty acid transporter FATP4 on placental

and fetal tissue metabolism.



Fetal development depends on the tightly regulated transfer of nutrients from the maternal to
the fetal circulation by the placenta. Among the several fatty acid transporters impacted by
maternal diet in our previous studies, placental fatty acid transport protein 4 (FATP4)
expression has been previously associated with the selective transfer of DHA to the umbilical
circulation and increases in response to maternal overnutrition during pregnancy. Therefore,
we sought to investigate the influence of placental FATP4 on the fatty acid composition of
serum phospholipids in the ovine fetoplacental circulation and fetal tissues, along with the
fetal metabolic parameters evaluated in our previous studies. We employed a method for
selective deletion of the FATP4 gene from the trophectoderm (pre-placental layer) of Day 9
ewe embryos (hatched blastocysts 9 days following conception) via lentiviral transduction of
a CRISPR-Cas9 construct targeting the ovine FATP4 gene. Transfected blastocysts were then
implanted into recipient pseudo-pregnant ewes and allowed to develop until GD75 for
fetoplacental metabolic analysis. Results demonstrate successful depletion of FATP4 mRNA
from the GD75 cotyledon (fetal side of the placenta) and decreased levels of DHA in the
umbilical vein relative to the uterine artery, consistent with a role of placental FATP4 in
DHA transfer from the maternal to fetal circulation. However, this was not associated with a
significant reduction in FATP4 protein in the placenta, perhaps indicating migration of
FATP4 transporters from the caruncle (maternal side of the placenta) or the maternal
circulation, with unclear functional consequences. Moreover, early embryonic FATP4 gene
targeting significantly depleted FATP4 protein expression from all five GD75 fetal tissues
examined, which was associated with diverse metabolic effects in fetal muscle and liver.
Taken together, results reveal insight into the role of FATP4 during fetoplacental

development and highlight the potential pitfalls of CRISPR lentiviral transfection of D9



blastocysts as a method for studying impacts of placenta-specific gene targeting on fetal

parameters.



CHAPTER II

HIGH-FAT DIET DURING PREGNANCY PROMOTES FETAL SKELETAL MUSCLE
FATTY ACID OXIDATION AND INSULIN RESISTANCE IN AN OVINE MODEL*

Abstract

Maternal diet during pregnancy is associated with offspring metabolic risk trajectory in humans
and animal models, but the prenatal origins of these effects are less clear. We examined the
effects of a high-fat diet (HFD) during pregnancy on fetal skeletal muscle metabolism and
metabolic risk parameters using an ovine model. White-faced ewes were fed standardized diet
containing 5% fat w/w (CON), or the same diet supplemented with 6% rumen-protected fats
(11% total fat w/w; HFD) beginning two weeks before mating until mid-gestation (GD75).
Maternal HFD increased maternal weight gain, fetal body weight, and low-density lipoprotein
levels in the uterine and umbilical circulation, but had no significant effects on circulating
glucose, triglycerides or placental fatty acid transporters. Fatty acid (palmitoylcarnitine)
oxidation capacity of permeabilized hindlimb muscle fibers was >50% higher in fetuses from
HFD pregnancies, while pyruvate and maximal (mixed substrate) oxidation capacities were
similar to CON. This corresponded to greater triacylglycerol content and protein expression of
fatty acid transport and oxidation enzymes in fetal muscle, but no significant effect on
respiratory chain complexes or pyruvate dehydrogenase expression. However, serine-307
phosphorylation of insulin receptor substrate-1 was greater in fetal muscle from HFD
pregnancies along with c-jun-N terminal kinase activation, consistent with prenatal inhibition of

skeletal muscle insulin signaling. These results indicate that maternal high-fat feeding shifts fetal

*This chapter was published in American Journal of Physiology — Regulatory, Integrative and
Comparative Physiology in October 2023. Citation information: Omar AK, Li Puma LC, Whitcomb
LA, Risk BD, Witt AC, Bruemmer J, Winger QA, Bouma GJ, Chicco AJ. High-fat diet during pregnancy
promotes fetal skeletal muscle fatty acid oxidation and insulin resistance in an ovine model Am J Physiol
Reg Integr Comp Physiol; 325:R523,2023. PMID: 37642284; doi: 10.1152/ajpregu.00059.2023



skeletal muscle metabolism toward a greater capacity for fatty acid over glucose utilization and
favors prenatal development of insulin resistance, which may predispose offspring to metabolic

syndrome later in life.

1. Introduction

Maternal overnutrition during pregnancy has been linked to a greater likelihood of offspring
developing insulin resistance and obesity in early adulthood [1, 2]. This parallels the
longstanding Developmental Origins of Health and Disease (DOHaD) hypothesis originally
proposed by Barker [3, 4], which posits that an adverse intrauterine environment can improperly
“program” fetal and neonatal tissue responses to nutrient availability and thereby increase the
risk of metabolic syndrome and its comorbidities later in life. While epigenetic mechanisms are
suggested to play a mechanistic role in metabolic programming [5, 6], understanding how
maternal diet impacts fetal metabolism and development in humans is less clear due to inherent
logistical and ethical limitations on experimental research in this population. Therefore, robust
animal models must be used to investigate this complex process and develop novel interventions

that support optimal fetal and offspring health.

The majority of experimental evidence supporting the DOHaD hypothesis has come from
rodent models, which have demonstrated impacts of maternal diet and metabolic status on the
central regulation of appetite, nutrient handling and metabolism of peripheral tissues, and
activation of pro-inflammatory signaling cascades linked to adverse outcomes in the developing
fetus and offspring [7-9]. However, significant differences exist between rodent and human

pregnancies, including a short (~ 3 week) gestation period and multiple-birth litters compared to



the much longer duration of singleton pregnancies in humans [10], which may impact fetal
responses to variations in maternal diet. Studies in non-human primates (NHPs) have provided a
highly translatable foundation for understanding the impact of maternal obesity and overnutrition
on fetal and offspring metabolism, behavior, and disease risk trajectories [11-13]. Shifts in fetal
skeletal muscle nutrient metabolism favoring utilization of fatty acids over glucose have emerged
as a signature response to maternal high-fat feeding in NHPs [14], leading to impaired muscle
insulin sensitivity in the developing fetus and offspring, even when juveniles were switched to a
low-fat diet [11]. This may be due to shifts in the capacity of skeletal muscle mitochondrial
capacity to oxidize fatty acid over carbohydrate fuels and reduced efficiency of oxidative
phosphorylation that occur secondary to an accumulation of intramuscular lipids when fuel
supply exceeds energy demands [14-17]. However, the limited availability and high cost of the
NHP model prohibit its use by most of the research community, necessitating development and

characterization of other large animal models suitable for studying maternal-fetal programming.

While no animal model fully recapitulates all aspects of human pregnancy and fetal
development, the pregnant sheep has been used extensively to investigate maternal-fetal
interactions, particularly impacts of placental nutrient transfer and metabolism, which parallel
available evidence from human pregnancies [18]. The long ovine gestational period (~5 months)
and mostly singleton or twin pregnancies are also well-suited for studies of maternal diet on fetal
development. However, dietary interventions are complicated in ruminants, particularly
supplementation of fatty acids that are rapidly degraded in the rumen and may be toxic to the
endogenous microbiota [19]. Therefore, validation studies are required to establish an ovine
model that effectively recapitulates the hallmark findings of high-fat feeding in monogastric

animals and humans. The aim of the present study was to establish an ovine model of fetal



metabolic programming by maternal high-fat feeding during pregnancy using commercially
available rumen-protected fats. A particular focus was placed on characterizing the
aforementioned impacts on fetal skeletal muscle metabolism and insulin sensitivity previously
linked to offspring metabolic risk in NHP and rodent models. We hypothesized that maternal
high-fat feeding would shift fetal skeletal muscle mitochondria to uptake and oxidize fatty acids
over carbohydrate fuels and diminish the capacity or efficiency of oxidative phosphorylation,

supporting the potential role of muscle mitochondria in fetal metabolic programming.

2. Materials and Methods

2.1 Animal Model and Dietary Intervention. All animal procedures were approved by Colorado
State University Animal Care and Use Committee in accordance with recommendations from the
Declaration of Helsinki and the Guiding Principles on the Care and Use of Animals adopted by
the American Physiological Society. White-faced ewes were purchased from a local vendor and
housed in outdoor pens with free access to food and water. Heat cycles were determined using a
vasectomized ram during the typical sheep breeding season (late October-November). Two
weeks before pre-determined conception dates, ewes were randomly assigned to receive the
standard control diet (CON, n = 5; Show-rite NewCo Lamb Feed; 17% protein, 5% Fat;
approximately 12% Kcal from fat) or a high-fat diet consisting of the control diet with 6% w/w
Rumen-protected fat (Alltech Energy BC, Alltech, Lexington, KY, USA) mixed with a few cups
of molasses to facilitate even distribution and palatability (HFD, n = 9; 11% Total Fat w/w;
approximately 23% Kcal from fat). The rumen-protected fats were calcium soaps of primarily
saturated fatty acids (51.2% stearate, 46.3% palmitate, 0.3% myristate, 1.7% oleate) that are

protected from microbial degradation in the rumen without impacting fermentation of dietary

9



fiber, thus providing an efficient means of increasing energy density of the diet in sheep and
other ruminants [20]. Animals on similar heat cycles were synchronized by two 2 mL doses of
intramuscular Dinoprost Tromethamine (Lutalyse, Zoetis) two days prior to breeding with the
same fertile ram to ensure efficient conception and minimize fetal genetic variations from
paternal DNA. Pregnant ewes were maintained on their respective diets until collection of fetal

tissues at mid-gestation as described below.

2.2 Blood and Fetal Tissue Collection. Seventy-five days following conception (GD75),
pregnant ewes (confirmed by ultrasound) were fasted overnight and sedated by intravenous
injection of diazepam (2 mL) and ketamine (10 mL) prior to establishing general anesthesia by
2% isoflurane inhalation. The uterus was exposed to enable collection of blood from umbilical
and uterine circulations, followed by removal of the placenta and fetus for morphological
assessments and tissue collection. Sections of hindlimb skeletal muscle (M. biceps femoris) were
carefully dissected and either snap frozen in liquid nitrogen and stored at -80°C for future
biochemical experiments, or placed in ice-cold BIOPS preservation medium containing (in mM)
10 Ca-EGTA (0.1 uM free calcium), 20 imidazole, 20 taurine, 50 K-MES, 0.5 DTT, 6.56 MgCl,
5.77 ATP, and 15 phosphocreatine, pH 7.1, for respirometry experiments on freshly prepared
permeabilized fiber bundles. Ewes were euthanized following removal of the fetus and placenta

under general anesthesia.

2.3 Serum Analyses. Serum metabolites were determined in venous and arterial blood from the
uterine and umbilical circulations using commercially available assay kits for glucose
(Invitrogen, Cat# EIAGLUC), insulin (Eagle Biosciences, Cat#INO91-KO01), triglycerides

(Abcam, Cat# ab65336), total cholesterol, high-density lipoproteins (HDL), and low/very low-

10



density lipoproteins (LDL+VLDL) (Abcam, Cat# ab65390) according to the manufacturer’s

instructions.

2.4 Skeletal muscle mitochondrial metabolism. The capacities of fetal skeletal muscle to oxidize
fatty acids, pyruvate and mixed substrate combinations were assessed by high-resolution
respirometry on permeabilized fiber bundles freshly prepared from hindlimb muscle sections as
previously described [21]. Briefly, 10-15 mg of M. biceps femoris was trimmed free of
connective tissue and gently teased with needle tip forceps in ice-cold BIOPS solution, then
incubated with 50 pg/ml saponin for 20 min on ice with gentle rocking to permeabilize cell
membranes while leaving mitochondrial membranes intact [22]. Permeabilized fiber bundles
were then rinsed in mitochondrial respiration medium (MiR05) containing (in mM) 0.5 EGTA, 3
MgCl; hexahydrate, 60 lactobionic acid, 20 taurine, 10 KH>PO4, 20 HEPES, 110 sucrose, and
0.1% BSA, pH 7.1 with KOH by rocking for 2 x 15 min on ice, then gently blotted dry on
Whatman paper and weighed immediately before adding 5-6 mg of fiber bundles to the oxygraph
chamber for respirometry experiments. Mass-corrected muscle oxidative capacities (per mg
fiber bundle) were determined in MiR05 medium at 37°C using an Oxygraph-2k high-resolution
respirometer (Oroboros Instruments, Innsbruck, Austria) by monitoring changes in the negative
time derivative of the chamber oxygen concentration signal (JO.) in response to carbohydrate (5
mM pyruvate + 1 mM malate), fatty acid (0.04 mM palmitoylcarnitine + 1 mM malate), or
mixed substrate combinations (1 mM malate, 0.04 mM palmitoylcarnitine, 5 mM pyruvate, 10
mM glutamate, 10 mM succinate) following standardized instrumental and chemical background
calibrations [23]. Following the addition of substrates, JO> was recorded in the absence of ADP

to assess the capacity for non-phosphorylating “LEAK” JO, (facilitated by proton leak across the

11



inner mitochondrial membrane), followed by the addition of 2.5 mM ADP to generate the
maximal oxidative phosphorylation (OXPHOS)-linked JO,. The extent of respiratory control by
ADP was expressed as the OXPHOS coupling control factor [1-(LEAK/OXPHOS)] for
carbohydrate and fatty acid oxidation, where a maximum value of 1.0 represents fully coupled
mitochondria (100% control of respiration by ADP), and 0 represents fully uncoupled
mitochondria (0% respiratory control). Respirometry chambers were maintained in a narrow
hyperoxygenated environment (325—400 uM O,) during experiments to avoid limitations of

oxygen diffusion on JO; of permeabilized fiber bundles [24].

2.5 Protein Immunoblotting: Proteins were extracted from snap-frozen sections of placentome
and fetal muscle and liver tissue homogenized in lysis buffer containing (in mM): 150 NaCl, 1
EDTA, 1 EGTA, 5 sodium pyrophosphate, 1 sodium orthovanadate, 20 sodium fluoride added to
Mammalian Protein Extraction Reagent (Pierce Cat# 78501) with supplemental Protease
Inhibitor Cocktail (Sigma Aldrich Cat# P8340). Protein concentrations of 10,000 X g
homogenate supernatants were detected by bicinchoninic acid assay (Thermo Scientific, #23225)
using a colorimetric microplate reader (VersaMax, Molecular Devices). Proteins (30 pg) were
electrophoresed on 4-12% Bis-Tris gels and transferred to PVDF membranes, then blocked for 1
h at room temperature with 5% non-fat milk or bovine serum albumin (for phosphorylated
proteins) before incubating with the following primary antibodies (1:1000 dilution) overnight at
4C°: FATPI1 (Abcam, ab81875), FATP4 (Abcam, ab200353), CD36 (Abcam, ab133625),
OXPHOS complex subunits (Abcam, ab110413), FABPpm (Abcam, ab45966), pPDH-Ela
(Abcam, ab92696), PDH-Ela (Abcam, ab110330), PDK4 (Abcam, ab89295), IRS1 (Abcam,

ab52167), pIRS1-Ser307 (Abcam, ab5599), pIRS1-Ser1101 (Cell Signaling, 2385S), pJNK
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(Abcam, ab47337), INK (Abcam, ab199380), PKCO (Abcam, ab52494), PCK1(Abcam,
ab28455), HADHA (Abcam; ab-203114), ACADVL (Abcam, ab376239), CPT13 (Abcam
ab104662). After three washes with Tris-buffered saline + 1% Tween-20 (TBST), the membrane
was incubated in secondary antibodies (goat anti-rabbit-HRP (Abcam, ab6721) or goat anti-
mouse-HRP (Abcam, ab6789) at 1:3000 dilution for one hour at room temperature. Blotted
proteins were imaged using SuperSignal West Dura Extended Duration Substrate
(Lot#VL314742) and a UVP ChemStudio blot imager (Analytik Jena, Germany), normalizing
band densities to total protein staining of a 20-30 kDa range of bands near the target protein

using AmidoBlack (Sigma A8181), quantified using ImageJ software (NIH).

2.6 RNA isolation and quantitative PCR. RNA was isolated from 50 mg fetal muscle using
TRIZOL reagent (Sigma, T9424), with purity confirmed by a A260/280 of > 1.8 using a
Nanodrop 1000. cDNA was made using Bio-Rad iScript cDNA synthesis kit (cat#1706891) on
the same day as qPCR experiments performed on a Roche LightCycler480. Primers against
PPARa (Forward: 5’-TCGGCTGAAGCTGGTGTATGA-3’; Reverse: 5°-
TGAGATCTGCGGTTTCGGAAT-3"), PPARy (Forward: 5’-TGACCCGATGGTTGCAGATT-
3’; Reverse: 5’-CAATGGCCATGAGGGAGTTG-3’) and PGC-1a (5°-
TTGATGCGCTGACAGATGGA-3’; Reverse: 5’-TGGTTTGCATGGTTCTGGGTA-3") were
synthesized by Fisher Scientific and tested by reverse transcription PCR (Invitrogen, Platinum
PCR SuperMix, 12532-016). QPCR was performed using 10 fold serial dilutions of cDNA to
obtain a correlation between Log (concentration) of cDNA and Cp (crossing point) for each
primer set to determine primer efficiency (1.8 -2.1), and relative expression levels of target

mRNAs are presented by plotting mean 24P values using 18S ribosomal RNA as a reference
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gene (Forward: 5’-GAGGCCCTGTAATTGGAATGAG -3’; Reverse: 5°-

GCAGCAACTTTAATATACGCTATTGG -3°).

2.7 Statistics: All data are shown as means £ SEM. Sample numbers per group were determined
by power calculations using metabolic enzyme expression data from offspring of obese ewes in a
previous study [25] and variability in muscle mitochondrial respirometry data from pilot studies
in mice. Uneven sample numbers per groups resulted from some pregnancies being
unsuccessful, the noted occurrence of twins, and inclusion of more HFD-fed ewes in anticipation
of higher variability across ewes and fetuses in this cohort. Accordingly, differences between
control and HFD groups were analyzed using independent sample #-tests with Welch’s
corrections to account for uneven sample sizes and variances per group. Analyses of Variance
were used to test for main effects of diet on metabolites present in both arterial and venous
compartments of the umbilical or uterine circulations, or muscle oxidative metabolism supported
by pyruvate or palmitoylcarnitine substrates. All statistical analyses were performed using
GraphPad Prism 8 software. Statistically significant differences between groups are reported at
both P <0.10 and P < 0.05 to increase probability of capturing potentially important trends with
modest numbers of animals per group in accordance with guidelines from the American

Physiological Society [26].

3. Results

3.1 Maternal and Fetal Morphology: Pregnant ewes fed the HFD were significantly heavier than

CON ewes at GD75 (129 £ 3 vs. 97 £ 5 kg; P <0.001) and gained significantly more weight
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during pregnancy (32 £ 4 vs. 16 £ 3 kg; P <0.01), equating to a 32 + 5 % weight gain in HFD
versus 21 + 5% in CON (P = 0.04). Three ewes were found to be pregnant with twins (1 CON, 2
HFD), with no statistically significant impact on fetal weight or organ morphology. Fetuses from
HFD pregnancies (N =9; 2 female) were significantly heavier and longer than CON (N = 6; 2
female), accounted for largely by heavier viscera (Table 1), with no appreciable deposition of

fetal adipose tissue in either group.

3.2 Serum glucose and lipids. Impacts of maternal HFD on fasting serum glucose, insulin,
triglycerides and lipoprotein levels in the umbilical and uterine arteries and veins at GD75 are
presented in Table 2. Fasting glucose tended to be higher both circulations of animals fed the
HFD, but these did not reach statistical significance (P = 0.10 - 0.35). Fasting insulin levels were
significantly higher in HFD compared to control in the uterine artery and vein, which
corresponded to a higher Homeostatic Model Assessment for Insulin Resistance (HOMA-IR,
calculated as (LWU/mL insulin x mg/dL glucose)/405). Consistent with data from humans [27],
serum insulin was much lower in the umbilical compared to uterine circulation across all
animals, and was slightly lower in HFD compared to control animals (P < 0.05). Triglycerides
were similar between CON and HFD in all vessels sampled, while total lipoprotein cholesterol
levels tended to be higher in HFD, reaching statistical significance in the uterine artery and vein
(P <0.05). This corresponded to significantly higher LDL+VLDL and HDL levels in the uterine
artery and vein of HFD animals (P < 0.05), and higher total, LDL+VLDL and
(LDL+VLDL)/HDL ratio in the umbilical circulation (main effect of venous and arterial samples

by ANOVA; P < 0.05).
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3.3 Placental and fetal muscle fatty acid transporter expression: Given the higher lipid levels
observed in the uterine circulation of HFD-fed ewes, we examined effects of maternal diet on
placental fatty acid transporter expression by immunoblotting homogenates of cotyledon tissue
(fetal side) collected at GD75. In contrast to increases previously reported at mid-gestation in
obese pregnant ewes overfed a standard diet [28], we observed no effects of maternal HFD on
protein levels of placental fatty acid transport proteins (FATP) 1 and 4, or the CD36 fatty acid
translocase (Figure 1). However, expression of fatty acid transporters tended to be higher in
fetal skeletal muscles from HFD compared to CON pregnancies (Figure 2), including FATP1
(33% > CON, P =0.07), FATP4 (26% > CON, P =0.04), CD36 (28% > CON, P =0.09), and
plasmalemmal fatty acid binding protein (FABPpm; 43% > CON, P = 0.08), suggesting a greater

capacity for fatty acid uptake into fetal muscles at mid-gestation.

3.4 Muscle oxidative metabolism. To determine the impact of maternal HFD on the capacity of
fetal muscle to oxidize fatty acids, carbohydrates, and mixed substrates, we performed high-
resolution respirometry on permeabilized muscle fiber bundles prepared from sections of the
same M. biceps femoris tissues collected for immunoblotting analyses. While carbohydrate
oxidation capacity (pyruvate + malate) was similar between CON and HFD in both LEAK and
OXPHOS states (Figure 3A), muscle capacity to oxidize fatty acids (palmitoylcarnitine +
malate) was significantly greater in HFD during both LEAK (P = 0.04) and OXPHOS states (P <
0.01) compared to CON (Figure 3B). This equated to a >2-fold higher capacity of muscle fibers
to oxidize palmitoylcarnitine compared to pyruvate in fetuses from HFD versus CON

pregnancies (Figure 3C). OXPHOS coupling control tended to be lower in HFD compared to
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CON with both pyruvate and palmitoylcarnitine substrates (Figure 3D), but only reached
statistical significance as a main effect by ANOVA (P =0.10). The maximal capacity of muscle
fibers to oxidize a combination of carbohydrate, fatty and amino acid substrates during OXPHOS
was similar between CON and HFD (Figure 3E), indicating that the primary impact of maternal
HFD on fetal muscle mitochondrial metabolism is a preferential increase in fatty acid oxidation

capacity.

3.5 Muscle triglycerides and metabolic enzyme expression. Consistent with results from
respirometry experiments, maternal HFD increased fetal muscle expression of enzymes that
catalyze mitochondrial long-chain fatty acid uptake (carnitine palmitoyltransferase 13; CPT1b; P
= 0.02) and oxidation (very long-chain acyl-CoA dehydrogenase; ACADVL; P = 0.05) (Figure
4A), while the expression and phosphorylation status of pyruvate dehydrogenase (Figure 4B)
and relative abundance of OXPHOS Complexes [-V (Figure 4C) were similar between groups
(P =NS). Consistent with these findings, the relative mRNA levels of peroxisome proliferator
activated receptor-gamma (PPARYy; the primary transcriptional regulator of fatty acid uptake and
metabolism during fetal development [29]) was higher HFD compared to CON fetal muscle (P =
0.04), but not PPARa or PPARy-coactivator-1o (PGC-1a; a primary regulator of muscle
mitochondrial biogenesis) (Figure 4D) and the skeletal muscle triglyceride content was higher in

HFD compared to CON fetuses (P = 0.03; Figure 4E).

3.6 Muscle insulin signaling. Skeletal muscle insulin resistance is a hallmark feature of

metabolic syndrome in humans [30], and has been reported in both fetal and juvenile offspring of
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obese or HFD-fed mothers in NHPs [11]. Serine phosphorylation of insulin receptor substrate-1
(IRS-1) is a primary mechanism of insulin resistance resulting from excess lipids in skeletal
muscle [31], so was evaluated in fetal muscle tissue in the present study (Figure 5).
Immunoblotting revealed distinct bands for IRS-1 protein at ~170 and 80 kDa that exhibited
similar patterns of variation across samples. The 80 kDa bands were more robust and
consistently resolved across all samples and membranes, so were used for quantitative analyses.
While expression of IRS-1 protein was ~50% lower in muscle from HFD pregnancies (P = 0.05),
S307-phosphorylated (p)IRS-1 was ~50% higher (P = 0.02), resulting a 3-fold greater S307/IRS-
1 ratio compared to CON (P = 0.02; Figure 5A). The active (phosphorylated) form of c-jun-N
terminal kinase 1/2 (JNK1/2), the primary enzyme responsible for S307 phosphorylation of IRS-
1 in response to excess lipids and pro-inflammatory signals [31, 32], was 58% higher in HFD
than CON (P = 0.04), leading to a 69% greater pJNK/JNK ratio (P = 0.009; Figure 5B). In
contrast, S1101-pIRS-1 was similar between HFD and CON (Figure 5C), along with levels of
protein kinase C-theta (PKC-0; Figure 5D), the major kinase responsible for S1101
phosphorylation of IRS-1 associated with lipid-induced muscle insulin resistance [33]. Taken
together, these results demonstrate that maternal HFD induces classic inhibition of insulin
signaling at IRS-1 in ovine fetal skeletal muscle, similar to those reported insulin resistant

offspring of humans with type-2 diabetes [34].

3.7 Liver triglycerides and nutrient handling enzymes. Given evidence that maternal HFD
induces fetal hepatic steatosis and gluconeogenesis in NHPs [35], which are also associated with
metabolic syndrome in humans and animal models [36, 37], we hypothesized that fetal liver

triglyceride content along with protein expression of fatty acid transporters, S307-IRS-1, and
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phosphoenolpyruvate carboxykinase 1 (PCK1) may also be elevated in our ovine model (Figure
6). Consistent with findings from NHPs, liver triglyceride content was ~20% greater in HFD
compared to CON fetuses (P = 0.03; Figure 6A), despite no differences in the protein expression
of FATP1 or FATP4 (Figure 6B). While trends generally paralleled those seen in skeletal
muscle, there were no significant differences observed in the protein expression or S307
phosphorylation status of IRS-1 in fetal livers from HFD and CON pregnancies (Figure 6C), nor
any differences in the expression of the gluconeogenesis enzyme PCK1 (Figure 6D). Taken
together, these results indicate that while fetal liver may also be affected by maternal HFD and

insulin resistance during pregnancy, there is a more robust impact on fetal skeletal muscle.

4. Discussion

Maternal overnutrition during pregnancy predisposes her offspring to metabolic
syndrome later in life [38], but the prenatal biology linking these processes is poorly understood.
Skeletal muscle is the principal site of insulin-stimulated glucose disposal in mammals, and
consequently a primary driver of whole-body glycemic control in humans [39]. Accordingly,
impairment of skeletal muscle insulin sensitivity is a hallmark feature of metabolic syndrome
[30], and has been implicated in the pathogenesis of type 2 diabetes [40]. Studies in NHPs have
demonstrated that maternal high-fat feeding impairs fetal muscle oxidative metabolism and
muscle insulin-stimulated glucose uptake in offspring, even in the absence of obesity [11],
suggesting that skeletal muscle may be a primary locus of fetal metabolic programming in utero.
However, given the high-cost and limited availability of NHPs for biomedical research,
additional large animal models are needed to further investigate these maternal-fetal interactions.

Herein, we describe a novel ovine model of maternal high-fat feeding during pregnancy utilizing
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rumen-protected saturated fats that phenocopies many of the hallmark responses reported in

NHPs [11, 14] and offspring of humans with type 2 diabetes [34, 40].

Hyperlipidemia is a primary component of metabolic syndrome and cardiovascular risk
in adults, and a common response to high-fat feeding in humans [41] and animals [42].
Lipoproteins are the primary form of circulating lipids in mammals, being formed and released
primarily by the liver in response to dietary lipid intake and other metabolic factors [43].
During pregnancy, cholesterol and fatty acids are removed from lipoproteins in the maternal
circulation by the placenta, then resynthesized and released into the umbilical vein for transport
to the developing fetus [44]. Maternal hyperlipidemia has been linked to fetal aortic LDL
accumulation and early atherosclerotic lesion development in childhood [45], indicating that
excessive lipids in the maternal circulation are transferred to the developing fetus and increase
cardiometabolic risk. Consistent with these observations in humans, we reported higher non-
HDL cholesterol and a greater (VLDL+LDL)/HDL ratio in the umbilical circulation during HFD
pregnancies, despite no changes in placental fatty acid transporter expression. An excessive
supply of lipids to the developing fetus is further reflected by higher triglyceride content in the
fetal liver and muscle, and greater expression of fetal muscle fatty acid transporters. These
findings are also consistent with reports from NHPs [14, 35], and may be mediated in part by
lipid-dependent activation of PPAR-y, the canonical regulator of fatty uptake and oxidation
enzyme expression during development [29]. Indeed, PPAR-y has been previously reported to
be elevated by maternal obesity or HFD in skeletal muscle of fetal sheep [46] and rodent
neonates [47, 48], and is postulated be an important mechanistic link between maternal
overnutrition and postnatal obesity [49]. While several mechanisms are likely involved, an

oversupply of fatty acids relative to energy demands favors a dysregulation of nutrient
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metabolism that is associated with hepatic steatosis and skeletal muscle insulin resistance in
adolescent humans [30], both of which are primary predictors of type 2 diabetes and

cardiovascular disease in adulthood [40, 50].

Fetal exposure to excess blood lipids may impact skeletal muscle substrate metabolism
and mitochondrial function [5], which can contribute to dyslipidemia and cardiometabolic risk by
altering the distribution of postprandial energy storage later in life [S1]. Consistent with findings
from NHP fetuses and offspring of obese or HFD-fed mothers [11, 14], the present study
suggests that maternal HFD shifts ovine fetal skeletal muscle to favor the uptake and oxidation
fatty acids over glucose. However, the extent of fatty acid oxidation in vivo is dependent on fetal
muscle metabolic demands, which are unlikely to be appreciably higher in HFD pregnancies.
When fatty acid supply exceeds metabolic demands, an accumulation of fatty acids can trigger
deleterious effects on muscle metabolism, including a loss of OXPHOS coupling efficiency [15,
52], as observed in the present study and in NHPs [14]. While loss of muscle OXPHOS
coupling efficiency may protect against muscle insulin resistance [53], the observed trend for
lower OXPHOS Complex I levels in HFD fetal muscle has been associated with impaired muscle
insulin signaling in vitro [54], and also aligns with findings from HFD-fed humans [55] and
offspring of rats fed a HFD during pregnancy [56]. Importantly, these changes were not
associated with impairment of the maximal OXPHOS-linked respiratory capacity using a
combination of substrates, consistent with accumulating evidence that loss of muscle
mitochondrial capacity in adults with obesity or type 2 diabetes is likely a consequence of

prolonged sedentary activity rather than primary cause of insulin resistance [16, 57].

An oversupply of fatty acids can contribute to skeletal muscle insulin resistance by

disrupting insulin signaling through inhibitory serine phosphorylation of IRS-1 [58].
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Accumulation of incompletely oxidized lipids within muscle leads to a state of “lipotoxicity” that
promotes pro-inflammatory signaling and activation of kinases capable of phosphorylating IRS-1
through multiple mechanisms [59]. Phosphorylation of serine-307 (pS307) is a classic
mechanism of IRS-1 inactivation by c-jun-N terminal kinases (JNK1/2) [60], which are activated
in response to lipid overload [61] and related pro-inflammatory signals [17, 32] in skeletal
muscle. This often precedes loss of muscle IRS-1 protein, further favoring the development of
insulin resistance [62]. Activation of this JNK1/2-pS307-IRS-1 axis was observed in fetal
muscle from HFD pregnancies in the present study, and is consistent with previous findings in
fetal sheep heart [25] and skeletal muscle [46] following maternal overnutrition, as well as mice
following prenatal HFD exposure [63]. In contrast, phosphorylation of IRS-1 at S1101, which is
accomplished by PKCB in response to diacylglycerol accumulation in humans [33], was not
altered by maternal HFD in fetal skeletal muscle, nor implicated in previous studies. In fetal
liver, non-significant trends for activation of INK1/2-pS307-IRS-1 axis paralleled significant
accumulation of triglycerides, further implicating this pathway as a potential link between
maternal HFD and prenatal development of insulin resistance resulting from an oversupply of
lipids to the development fetus. However, it is important to note that regulation of insulin
sensitivity by serine/threonine phosphorylation of IRS proteins is complex and likely differs
across tissues and species through many more sites than examined herein [31]. Finally, while
umbilical vein insulin levels were very low across all pregnancies and difficult to interpret, the
much higher insulin and HOMA-IR in the uterine circulation during HFD pregnancy further
supports the development of maternal insulin resistance, which may have contributed to the

observed effects on fetal tissues.
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In summary, we describe an ovine model of fetal metabolic programming by maternal
high-fat feeding that recapitulates many of the hallmark findings reported in NHP models and
metabolic syndrome in adolescent humans. Even a modest increase in dietary fat (from 5 to 11%
w/w) during pregnancy resulted in maternal dyslipidemia and hyperinsulinemia, fetal hepatic and
skeletal muscle lipid accumulation, and a shift in fetal skeletal muscle metabolism that favors
greater uptake and oxidation of fatty acids over carbohydrates and impaired insulin signaling at
mid-gestation. Additional studies are needed to determine the extent to which these metabolic
perturbations persist in the developing offspring and any interactions they may have with
postnatal diet and lifestyle modifications. Given the biological and logistical advantages of the
pregnant ewe for studying maternal-fetal interactions during human pregnancy, the model
described herein provides a strong foundation for addressing these important links between the

intrauterine environment and offspring health.
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Table 1. Impact of maternal HFD on fetal parameters.

CON HFD
Body Weight (g) 206 £ 19 253 + 20*
Body Length (cm) 19.1 £ 04  20.1 £ 0.3*
Heart (g) 1.6 £ 0.1 1.9 £ 0.1*
Liver (g) 143+ 0.9 17.8 £ 0.6*
Kidneys (g) 2.2+ 0.1 2.6 £0.1%
Brain (g) 6.0+ 0.3 6.7+ 0.2

Total Visceral Weight (g) 242+1.6 29.1 £ 0.7*

Visceral/Body Weight (%) 120+ 05 11.8 £ 0.6

Data are means £ SEM collected from GD75 fetuses obtained from pregnant ewes maintained on
a control diet (CON; N = 5) or high-fat diet (HFD; N = 9). Total visceral weight is the sum mass
of the four organs collected. * P <0.05 vs. CON.
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Table2. Serum glucose and lipids in uteroplacental circulation.

Uterine artery Uterine vein Umbilical Artery
CON HFD CON HFD CON HFD

Glucose (mg/dl) 93 £ 3 113 = 82 TT=4 91 = 122 54=0 63 = 62
Insulin (uIU/ml) 2313 194 = 4.7% 35123 294 £ 0.6% 07 =01 03 = 0.0%
HOMA-IR 063041 632 2042 066 =047 890 = 3.692 009 =001 005=0.002
Triglycerides (mg/dl) 13008 136 =13 1532009 166 =19 18202 173 =028
Total cholestercl (mg/dl) 313 =31 474 = 34% 286 = 33 429 = 22% 130 = 13 166 = 242
LDL+VLDL (mg/dl) 118 =12 177 = 19* 103 = 11 157 = 24% 105 = 11 21 = 112
HDL cholesterol (mgz/dl) 196 = 23 296 £ 24% 182 £ 25 232 £33 427 44 = 18
(LDL+VLDL}/HDL ratio 063 =007 0.62 = 0.08 061 =007 081 =015 32009 52+12&

Umbilical Vein
CON HFD
52 =2 LY ES

1.0

012

17.6

107

=01 0.4=01%
= 0.01  0.06 = 0.00&

=11 173=11

21 125 = 238
=15 104 = 202
203

54= 168

Data are means = SEM collected at GD75 from fasted anesthetized ewes maintained on a control
diet (CON; N = 5) or high-fat diet (HFD; N = 7). HOMA-IR, Homeostatic Model Assessment for
Insulin Resistance, calculated as (WUI/mL Insulin x mg/dL Glucose)/405; HDL, high-density
lipoproteins; LDL, low-density lipoproteins; VLDL, very low-density lipoproteins; * P <0.05 vs.
CON in the same compartment. # P < 0.05 for main effect of HFD vs. CON in the uterine or

umbilical circulation
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Figure 1

A 2.5+ B 1.5
W 0
T 2.0 z
= = 1.0- =
2 154 T A T
= S
£ 104 4_ £
0.5+
E 0.5 . E
. £
0.0- T 0.0- T
CON  HFD CON HFD

C HF C HF

FATPA e e e w09 kDa

FATP1 60 kDa
AB 65 kDa AB 65 kDa
(: 1.5
m
= [ 1]
S T
/] 1.0 -
= Ll
£
)
@
= 0.5
o0
e
[a]
Q
0.0- ,
CON HFD
C HF C HF
e 100 kDa
AB 65 kDa

Figure 1. Placental fatty acid transporter expression. Maternal high-fat diet (HFD) had no effect
on the placental (cotyledon) protein expression of fatty acid transport protein 1 (FATP1; A),
FATP4 (B), or the fatty acid translocase CD36 (C) compared to Control (CON). Data are means
+ SEM (n = 5-6/group) expression normalized to total sample protein by Amido Black (AB)
staining.
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Figure 2
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Figure 2. Fetal skeletal muscle fatty acid transporter expression. Maternal high-fat diet (HFD)
led to greater fetal M. biceps femoris protein expression of fatty acid transport protein 1 (FATP1;
A), FATP4 (B), fatty acid translocase/CD36 (C) and the plasmalemmal fatty acid binding protein
(FABPpm; D) compared to control (CON) fetuses. Data are means + SEM (n = 5-9/group) of
relative expression normalized to total sample protein by Amido Black (AB) staining. #P < 0.10,
*P <0.05.

27



Figure 3
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Figure 3. Fetal skeletal muscle oxidative capacities. Maternal high-fat diet (HFD) had no
significant effect on the capacity of permeabilized fetal M. biceps femoris fibers to oxidize
carbohydrates (pyruvate + malate; CHO) during OXPHOS (+ ADP) or LEAK states (no ADP)
(A), but increased capacities to oxidize fatty acids (palmitoylcarnitine + malate; FAT) during
both states (B), which equates to a much greater relative capacity to oxidize fats over
carbohydrates during OXPHOS (C). Maternal HFD decreased OXPHOS coupling control with
both substrates (main effect of diet by ANOVA); D), but had no effect on maximal OXPHOS-
linked oxidative capacity supported by a combination of CHO, FAT and amino acid substrates
(E). Data are means = SEM (n = 5-9/group) of oxygen consumption rates expressed per mg of
permeabilized muscle tissue. *P < 0.05.
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Figure 4
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Figure 4. Expression of oxidative metabolism enzymes in fetal skeletal muscle. Maternal high-
fat diet (HFD) led to greater fetal M. biceps femoris expression of enzymes involved in the
transport and oxidation of long-chain fatty acids (A), but had no effect on the expression or
phosphorylation of pyruvate dehydrogenase (B), or electron transport chain complexes (C).
Muscle triacylglycerol content (D) and mRNA expression of PPARY, a transcriptional regulator
of fetal muscle fatty acid metabolism (E), were also greater in HFD compared to CON fetuses.
ACADVL, very long-chain acyl-CoA dehydrogenase; CI-V, respiratory chain complexes I-V;
CPTI1B, carnitine palmitoyltransferase-13; HADHA long-chain hydroxyacyl-CoA
dehydrogenase-A; (p)PDH, (phospho) pyruvate dehydrogenase; PDK1, PDH kinase-1; PPAR,
peroxisome proliferator activated receptor; PGCla, PPAR gamma coactivator 1-apha. TAG,
triacylglycerol. Data are means = SEM (n = 5-9/group) of relative expression normalized to total
sample protein by Amido Black (AB) staining. *P < 0.10, *P < 0.05.
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Figure 5
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Figure 5. Fetal muscle insulin signaling. Maternal high-fat diet (HFD) decrease protein
expression of insulin receptor substrate-1 (IRS-1), but increased its phosphorylation at serine-307
(A) along with the phosphorylated (active) c-Jun N-terminal kinase (JNK1/2) (B). In contrast,
maternal HFD had no effect on IRS-1 phosphorylation at serine-1101 (C) or protein kinase C
(PKC; D). Data are means £ SEM (n = 5-9/group) of relative expression normalized to total
sample protein by Amido Black (AB) staining or ratio of phosphorylated:total enzyme
expression.*P < 0.05.
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Figure 6
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Figure 6. Fetal liver triglyceride content and enzyme expression. Maternal high-fat diet (HFD)
increased fetal liver triglyceride content (A), but had no effect on protein expression of fatty acid
transporter-1 (FATP1) or FATP4 (B), expression or serine-307 phosphorylation of insulin
receptor substrate-1 (IRS-1; C), or the gluconeogenesis enzyme phosphoenolpyruvate
carboxykinase-1 (PCK1; D). Data are means = SEM (n = 5-9/group) of relative expression
normalized to total sample protein by Amido Black (AB) staining or ratio of
phosphorylated:total enzyme expression.*P < 0.05.
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CHAPTER III:

OMEGA-3 FATTY ACID INTAKE DURING PREGNANCY ALTERS FETAL TISSUE
MEMBRANE COMPOSITION AND LIPID METABOLISM IN AN OVINE MODEL*

Abstract

Dietary supplementation with long-chain omega-3 fatty acids such as docosahexaenoic acid
(DHA) is recommended to women during pregnancy to prevent pre-term birth and support
optimal fetal development. DHA supplementation also decreases circulating triglyceride levels
through diverse effects on systemic lipid metabolism, but its impacts on fetal metabolism are
largely unknown due to inherent limitations of such investigations during pregnancy. The aim of
the present study was to establish a large animal model suitable for investigating impacts of
prenatal DHA supplementation on fetal development and metabolism. White-faced ewes were
fed either a control diet (Show-rite NewCo Lamb Feed) or a DHA-supplemented diet (control
diet + 0.3% algae-derived DHA) from 2-3 weeks before pregnancy until mid-gestation (75 days),
after which serum, placenta and fetal tissues were collected for biochemical analysis of
phospholipid fatty acid composition and fatty acid transporter expression, and a broader
characterization of nutrient metabolism of fetal heart, skeletal muscle, and liver. Prenatal DHA
supplementation reduced maternal serum triglycerides and significantly enriched all six fetal
tissues examined. These results were paralleled by tissue-specific impacts on fetal fatty acid
transporters and metabolism, a greater capacity of fetal muscle and heart to oxidize lipids over
carbohydrate substrates, and reduced expression of insulin receptor substrate-1 in fetal muscle

and liver. In conclusion, this study demonstrates the utility of an ovine model for investigating

*This chapter was submitted to the Journal of Nutiritional Biochemistry in May 2025 and is
currently under review. Citation information: Omar AK, Li Puma LC, Risk BD, Witt AC, Izon
CS, Whitcomb LA, Kareng DJ, Winger QA, Bouma GJ, Chicco AJ. Omega-3 fatty acid intake
during pregnancy alters ovine fetoplacental membrane composition and lipid metabolism.
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the biological effects of prenatal DHA supplementation on fetal development and metabolism
and highlights the need for a better understanding of its impacts on fetal and offspring metabolic

health trajectory.

1. Introduction

Long-chain omega-3 polyunsaturated fatty acids (n3-PUFA), specifically
docosahexaenoic acid (DHA; 22:6n3) and eicosapentaenoic acid (EPA; 20:5#3), are among the
most widely consumed dietary supplements in the world [1,2]. Purported benefits range from
prevention of cardiovascular disease, diabetes and cancer to optimization of prenatal
development and neurocognitive function [3,4]. The majority of evidence-based support for n3-
PUFA supplementation in humans comes from studies of its effects on cardiovascular risk
parameters, where despite some controversy over the extent of benefit and outcomes affected
[5,6], there is longstanding evidence for dose-dependent decreases in circulating triglycerides
(TAGs) [7,8]. This likely results from multiple effects of #3-PUFA on systemic lipid metabolism
[9], with additional putative benefits arising from their anti-inflammatory derivatives or
displacement of n6-PUFA in biological membranes [10]. However, widespread discrepancies in
the findings of clinical and epidemiological studies highlight the need for more basic and
translational research to better understand the biological effects of dietary n3-PUFA on systems
relevant to human health and disease.

Intake of n3-PUFA as 350-1000 mg of DHA per day is currently recommended for
women during pregnancy [11], based primarily on consistent evidence that consumption at these
levels reduces risk of preterm birth [12,13]. DHA is an essential component of retinal and brain

phospholipids [14,15], leading to suggestions that dietary supplementation during pregnancy
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may also be important for optimizing offspring cognitive and visual development [16,17].
However, randomized clinical trials (RCTs) have generally found evidence supporting these
benefits to be lacking or inconclusive in children aged 18 months to 7 years [18-20]. Consistent
with prevention of pre-term births, prenatal DHA supplementation can increase infant
birthweight [21], particularly in populations with routinely low n3-PUFA intake [22], which may
persist as a higher body mass index (BMI) into early childhood [23]. While not seen in all studies
[24], recent observational follow-ups of two separate RCTs investigating impacts of prenatal n3-
PUFA supplementation reported greater offspring fat mass at 24 months [25] and higher
metabolic syndrome scores at 10 years of age [26]. These studies suggest that in addition to
affecting maternal lipid metabolism, n3-PUFA supplementation during pregnancy may have
lasting effects on fetal metabolism that impact offspring metabolic risk trajectory. However,
establishing causal links between these outcomes is difficult due to inherent technical and ethical
limitations of experimental research during fetal and early childhood development in humans,
highlighting the need for studies in relevant animal models.

While no animal model fully recapitulates all aspects of human pregnancy and fetal
development, the pregnant sheep has been used extensively to investigate placental nutrient
transfer and maternal-fetal interactions, the results of which have generally paralleled available
evidence from humans [27]. In contrast to rodent models, the long ovine gestational period (~5
months) and predominantly singleton or twin pregnancies are also well suited for studies of
maternal diet on fetal development. As in humans, n3-PUFAs prevent preterm delivery in sheep
[28], and perinatal dietary supplementation with rumen-protected n3-PUFA calcium salts led to
their enrichment of some fetal and offspring tissues [29,30]. However, the broader impacts of

prenatal n3-PUFA supplementation on maternal and fetal metabolism during ovine pregnancy

39



are unknown. Therefore, the aim of the present study was to establish an ovine model for
investigating the impacts of prenatal n3-PUFA supplementation on fetal development and
metabolism, with a particular focus on the extent of #3-PUFA distribution to several fetal tissues
and impacts on fetoplacental fatty acid transport and metabolism.

2. Materials and Methods:
2.1 Animal Model and Dietary Intervention

All animal procedures were approved by Colorado State University Animal Care and Use
Committee in accordance with recommendations from the Declaration of Helsinki and the
Guiding Principles on the Care and Use of Animals adopted by the American Physiological
Society. White-faced ewes were purchased from a local vendor and housed in outdoor pens with
free access to food and water. Heat cycles were determined using a vasectomized ram during the
typical sheep breeding season (late October-November). Two weeks before pre-determined
conception dates, ewes were randomly assigned to receive the standard control diet (CON;
Show-Rite NewCo Lamb Feed D22.7; Mankato, MN, USA; containing 17% crude protein, 12%
fiber, and 5% Fat) or a DHA-supplemented diet (DHA; control diet + 0.32% DHA w/w). DHA
was added to feed as 3% w/w All-G-Rich™ (Alltech Inc., Nicholasville, KY), a commercial
source of unextracted DHA from dehydrated, heterotrophically grown, whole-cell microalgae
(Aurantiochytrium limacinum; CCAP 4087/2) containing 16% DHA w/w, 37% palmitic acid and
11% crude protein. Algae-sourced DHA is increasingly popular as an environmentally
sustainable vegetarian n3-PUFA supplement that is equally effective at increasing DHA status in
humans [31,32]. Moreover, All-G-Rich has been previously shown to be well-tolerated and
effective at raising serum DHA levels in ruminants [33] by largely escaping the lipolysis and

biohydrogenation of directly ingested PUFA oils by rumen bacteria [34]. Ewe weights prior to
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dietary intervention averaged 83 £ 5 and 86 + 5 kg in CON and DHA groups, respectively (N =5
per group), and 3 kg of feed was provided daily to meet recommendations for nutrient
requirements for pregnant sheep during early gestation [35]. Animals on similar heat cycles
were synchronized by two 2 mL doses of intramuscular Dinoprost Tromethamine (Lutalyse,
Zoetis) two days prior to breeding with the same fertile ram to ensure efficient conception and
minimize fetal genetic variations from paternal DNA. Pregnant ewes were maintained on their

respective diets until collection of fetal tissues at mid-gestation as described below.
2.2 Blood and Fetal Tissue Collection

Seventy-five days following conception (GD75), pregnant ewes (confirmed by ultrasound) were
fasted overnight and sedated by intravenous injection of diazepam (2 mL) and ketamine (10 mL)
prior to establishing general anesthesia by 2% isoflurane inhalation. A Caesarean-section was
performed to enable collection of blood from umbilical and uterine circulations, followed by
removal of the placenta and fetus for morphological assessments and tissue collection. Blood
was stored on ice for at least 60 min to enable clotting before being centrifuged at 10000 x g at
4°C for 10 min to generate serum, which was subsequently extracted and stored at -80°C for
future analyses. Sections of heart (left ventricle) and hindlimb skeletal muscle (M. biceps
femoris) were carefully dissected and either snap frozen in liquid nitrogen and stored at -80°C, or
placed in ice-cold BIOPS preservation medium containing (in mM) 10 Ca-EGTA (0.1 uM free
calcium), 20 imidazole, 20 taurine, 50 K-MES, 0.5 DTT, 6.56 MgCl,, 5.77 ATP, and 15
phosphocreatine, pH 7.1, for mitochondrial respirometry experiments on freshly prepared
permeabilized fiber bundles. Sections of placental (cotyledon) tissue and fetal liver, kidney and
brain (frontal cortex) were also frozen in liquid nitrogen and stored at -80°C for future analyses.

Ewes were euthanized following removal of the fetus and placenta under general anesthesia.

41



2.3 Analysis of serum triglycerides, total cholesterol and glucose

To determine the impact of DHA supplementation on circulating metabolites relevant to
cardiometabolic health in the maternal and feto-placental circulation, commercially available
assay kits were used to measure levels of total triglycerides (TAGs, Abcam, Cat# ab65336) and
total cholesterol (lipoproteins; Abcam, Cat# ab65390) according to the manufacturer’s
instructions. Serum was extracted from venous and arterial blood that was collected from the

uterine and umbilical circulations.

2.4 Serum and Tissue Phospholipid Fatty Acid Composition

The impact of maternal DHA supplementation on the fatty acid composition of the serum,
placenta (cotyledon), fetal muscle, heart, liver, kidney, and brain was determined by gas
chromatography of fatty acid methyl esters (FAMESs) hydrolyzed from the total phospholipid
fraction as previously described [36]. Briefly, 10 mg of tissue was homogenized in 800 uL of
precooled methanol in a glass homogenizer to solubilize the total phospholipid fraction [37]. For
serum, 50 uL was directly added to 600 uL of precooled methanol in a glass tube. After
vortexing samples for 30 seconds, tubes were centrifuged at 900 x g for 5 min to pellet the non-
phospholipid fraction. The supernatant (containing phospholipids) was transferred to a fresh
glass tube, to which 25 uL of methoxide solution was added to synthesize methyl esters from
hydrolyzed phospholipids. The reaction was stopped after 3 min by adding 75 pL of methanolic
HCI, and FAMEs were extracted by adding 700 pL of hexane, transferring the upper hexane
layer to 2 mL chromatography vials. FAMEs were dried under nitrogen flow and resuspended in
hexane for gas chromatography (GC) analysis using an Agilent Technologies DB-225 30m x

0.250mm x 0.25um column (model 122-2232, J&W Scientific) on an Agilent 6890 Series Gas
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Chromatograph with a flame ionization detector [36]. A fatty acid standard solution of 1 mg/mL
was injected into the GC every 6-7 runs to recalibrate the fatty acid peaks on the chromatograph,
enabling relative quantitation of up to 18 fatty acids commonly found in mammalian membranes
expressed as a percentage of total phospholipid fatty acids. In addition, total levels of saturated
fatty acid (SFA) monounsaturated (MUFA) and polyunsaturated fatty acids (PUFA) were

calculated, along with total N3-PUFA, N6-PUFA and their ratio.

2.5 Fetal cardiac and skeletal muscle oxidative metabolism

The capacities of fetal cardiac and skeletal muscle to oxidize fatty acids, pyruvate, and mixed
substrate combinations were assessed by high-resolution respirometry on permeabilized fiber
bundles freshly prepared from hindlimb muscle or myocardial tissue sections as previously
described [38]. Briefly, 10-15 mg of M. biceps femoris or 1-2 mg of left ventricular tissue was
trimmed free of connective tissue and gently teased with needle tip forceps in ice-cold BIOPS
solution, then incubated with 50 pg/ml saponin for 20 min on ice with gentle rocking to
permeabilize cell membranes while leaving mitochondrial membranes intact [39]. Permeabilized
fiber bundles were then rinsed in mitochondrial respiration medium (MiR05) containing (in mM)
0.5 EGTA, 3 MgCl> hexahydrate, 60 lactobionic acid, 20 taurine, 10 KH>PO4, 20 HEPES, 110
sucrose, and 0.1% BSA, pH 7.1 with KOH by rocking for 2 x 15 min on ice, then gently blotted
dry on Whatman paper and weighed immediately before adding 5-6 mg of muscle or 1-2 mg of
cardiac fiber bundles to the oxygraph chamber for respirometry experiments. Mass-corrected
oxidative capacities (per mg fiber bundle) were determined in MiR05 medium at 37°C using an
Oxygraph-2k high-resolution respirometer (Oroboros Instruments, Innsbruck, Austria) by

monitoring changes in the negative time derivative of the chamber oxygen concentration signal
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(rate of sample oxygen consumption; JO») following standardized instrumental and chemical
background calibrations [40]. Maximal oxidative phosphorylation (OXPHOS)-linked JO»
supported by carbohydrate (CHO; 5 mM pyruvate + 1 mM malate), fatty acid (FA; 0.05 mM
palmitoylcarnitine + 1 mM malate), and mixed substrate combinations (CHO + 10 mM
glutamate, 10 mM succinate with and without FA) was measured in the presence of 2.5 mM
adenosine diphosphate (ADP) to determine the absolute and relative capacities of fetal heart and
skeletal muscle mitochondria to oxidize carbohydrate- versus lipid-derived substrates.
Respirometry chambers were maintained in a narrow hyperoxygenated environment (325-400
puM O2) during experiments to avoid limitations of oxygen diffusion on JO; of permeabilized

fiber bundles [38].

2.6 Protein Immunoblotting

Proteins were extracted from snap-frozen sections of placenta and fetal tissues homogenized in
lysis buffer containing (in mM): 150 NaCl, 1 EDTA, 1 EGTA, 5 sodium pyrophosphate, 1
sodium orthovanadate, 20 sodium fluoride added to Mammalian Protein Extraction Reagent
(Pierce Cat# 78501) with supplemental Protease Inhibitor Cocktail (Sigma Aldrich Cat# P8340).
Protein concentrations of supernatants, following centrifugation of homogenates at 10,000 x g,
were detected by bicinchoninic acid assay according to the manufacturer’s instructions (Thermo
Scientific, #23225) using a colorimetric microplate reader (VersaMax, Molecular Devices).
Extracted proteins (30 pg) were electrophoresed on 4-12% Bis-Tris gels and transferred to PVDF
membranes, then blocked for 1 h at room temperature with 5% non-fat milk or bovine serum
albumin (for phosphorylated proteins) before incubating with the following primary antibodies
overnight at 4C°: Fatty acid transfer protein-1 (FATP1; Abcam, ab81875), FATP4 (Abcam,

ab200353), the fatty acid translocase cluster of differentiation 36 (CD36; Abcam, ab133625), a
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cocktail of antibodies recognizing a subunit of each of the four mitochondrial respiratory chain
complexes and ATP Synthase (OXPHOS; Abcam, ab110413), plasmalemmal fatty acid binding
protein (FABPpm; Abcam, ab45966), pyruvate dehydrogenase subunit Ela (PDH-Ela; Abcam,
ab110330), phosphorylated PDH-Ela (pPDH-Ela (Abcam, ab92696), PDH kinase-4 (PDK4;
Abcam, ab89295), insulin receptor substrate-1 (IRS1; Abcam, ab52167), and serine-307
phosphorylated IRS1 (pIRS1-Ser307; Abcam, ab5599). All antibodies were applied at 1:1000
dilution based on optimization in our previous study in sheep [41]. After three washes with Tris-
buffered saline + 1% Tween-20 (TBST), the membrane was incubated with goat anti-rabbit-HRP
(Abcam, ab6721) or goat anti-mouse-HRP (Abcam, ab6789) secondary antibodies (1:3000
dilution) for one hour at room temperature. Blotted proteins were imaged using SuperSignal
West Dura Extended Duration Substrate (Lot#VL314742) and a UVP ChemStudio blot imager
(Analytik Jena, Germany), normalizing band densities to total protein staining of a 20-30 kDa
range of bands near the target protein using AmidoBlack (Sigma A8181), quantified using

Imagel software (NIH).

2.7 Statistical analyses

All data are presented as means = SEM. Data from CON and DHA groups were compared using
independent samples #-tests using GraphPad Prism 8 software, with statistically significant
differences between groups being reported at both #P < 0.10 and *P < 0.05 to increase
probability of capturing potentially important trends with modest numbers of animals per group,

in accordance with guidelines from the American Physiological Society [42].
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3. Results

3.1 Maternal and Fetal Morphology

Pregnant ewes fed the DHA diet were similar in body weight to CON ewes at GD75 (108 £ 7 vs.
109 £ 9 kg; P =NS), representing a 26% and 31% weight gain in both groups, respectively (22 +
5vs. 26 £ 6 kg; P<0.05 vs. baseline in DHA and CON), with no significant difference between
groups. One ewe from the DHA group was found not to be pregnant, and multiple birth
pregnancies occurred in four ewes (2 CON, 2 DHA), resulting in collection of six fetuses from
DHA-supplemented pregnancies, and seven from CON pregnancies. Birth multiplicity had no
significant effect on fetal weight, length or organ morphology within either group, and mean

values for all morphological outcomes were similar between groups (P = NS; Table 1).

3.2 Serum lipids in the placental circulation

Fig. 1A illustrates the distinct maternal (uterine) and fetal (umbilical) sides of the placental
circulation from which serum was collected to measure levels of metabolites relevant to
cardiometabolic health. As predicted, DHA supplementation during pregnancy significantly
decreased serum TAGs in the maternal circulation (uterine artery and vein; P < 0.05) but had no
effect on levels in the umbilical circulation (Fig.1B). DHA feeding tended to decrease total
cholesterol (lipoprotein) levels in both circulations, but this only reached statistical significance

in the umbilical artery (P < 0.05; Fig. 1C). Taken together, these results demonstrate that
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prenatal DHA supplementation significantly impacts levels of lipids in the maternal and fetal
circulation, potentially reflecting impacts on the fetal supply and/or uptake of lipids during

pregnancy.

3.3 Fatty acid composition of phospholipids in the placental circulation

PUFAs are predominantly esterified to phospholipids found in cellular membranes and
circulating lipoproteins in vivo [43]. Therefore, we analyzed the fatty acid composition of total
phospholipids extracted from serum and placental (cotyledon) tissue to determine the effects of
maternal DHA supplementation on the relative abundance of PUFA in the fetoplacental
circulation (Table 2). As expected, DHA supplementation led to significantly higher DHA levels
in maternal circulation (uterine artery and vein) and placental tissue (P < 0.05). Interestingly,
DHA feeding did not result in higher DHA levels in the umbilical circulation, but DHA feeding
led to >2-fold increases in its metabolic precursor, eicosapentaenoic acid (EPA, 20:5 n3), in the
umbilical artery and vein (P < 0.05). Similar increases in serum EPA were seen in the uterine
artery (P < 0.05) and vein (P < 0.10), but not placental tissue. Levels of the n6-PUFA linoleic
acid (LA, 18:2 n6) and its downstream desaturation-elongation product, dihomo-gamma
linolenic acid (DGLA, 20:3 n6), were also ~2-fold greater in the umbilical circulation of DHA
supplemented ewes (P < 0.05) Taken together, these effects resulted in significantly higher total
PUFA levels in the uterine and umbilical arteries (P < 0.05), but the serum omega-3/6 ratio was
only increased in the umbilical artery (P < 0.05). Higher circulating levels of PUFAs were
accounted for largely by proportionate decreases in levels of saturated fatty acids (SFA),
particularly palmitic acid (16:0) and stearic acid (18:0), reaching statistical significance in the
umbilical artery and vein (P < 0.05). In contrast, SFAs tended to increase in placental tissue (P =

0.07) due largely to a significant increase in 16:0 (P < 0.05). Collectively, these results
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demonstrate that maternal DHA feeding during pregnancy significantly increases long-chain n3-
PUFA (DHA and/or EPA) in the uterine and umbilical circulation, with potentially relevant

impacts on levels of n6-PUFA and SFAs in the fetal circulation.

3.4 Fatty acid composition of fetal tissue phospholipids

The impact of maternal DHA supplementation on the fatty acid composition of total
phospholipids extracted from fetal muscle, heart, liver, kidney and brain (frontal cortex) tissue is
presented in Table 3. Most notably, DHA feeding during pregnancy led to significantly higher
levels of DHA in all six fetal tissues examined (P < 0.05), and higher EPA (P <0.05) in all
tissues except brain, where levels were nearly undetectable. This accounted for significantly
higher total N3-PUFA levels in all fetal tissues except brain, which was associated with trends
for reciprocally lower monounsaturated fatty acids (largely oleic acid, 18:1 n9) across all tissues,
reaching statistical significance in all tissues except liver (P < 0.05). DHA feeding also tended to
decrease levels of total n6-PUFA driven largely by lower levels of ARA (20:4 »6) in all tissues,
reaching statistical significance for both outcomes in fetal heart, kidney and brain (P < 0.05).
These trends led to a significantly higher phospholipid #3/n6-PUFA ratio in all fetal tissues
except liver from DHA supplemented pregnancies (P > 0.05), with variable effects on the
proportion of SFAs across tissues. Taken together, these results demonstrate a significant DHA
enrichment of mid-gestation fetal tissues following maternal DHA supplementation, which
together with higher EPA, tend to displace n6-ARA and MUFA from tissue phospholipids.
While generally consistent with our serum analyses and results from other species, variations
across tissues and serum compartments suggest changes in the uptake and/or metabolism of fatty

acids by the placenta and fetal tissues that were further investigated below.
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3.5 Placental and fetal tissue fatty acid transporter expression

Maternal DHA supplementation differentially affected the protein expression of the four major
fatty acid transport proteins FATP1, FATP4, CD36 and FABPpm in placenta and fetal tissues at
GD75 (Fig. 2). In placenta, maternal DHA feeding tended to suppress expression of fatty acid
transporters (Fig. 2A), but this only reached statistical significance for FATP4 (P < 0.05).
Consistent with its exclusive expression on the maternal facing membranes of the human
placenta [44], FABPpm was not detected in the fetal (cotlydeon) placental tissue. In fetal skeletal
muscle (Fig. 2B), maternal DHA feeding led to lower expression of FATP1 and FATP4 (P <
0.05) but tended to increase levels of CD36 and FABPpm (P < 0.10). A similar trend for higher
CD36 and FABPpm was seen in fetal heart (Fig. 2C; P < 0.10), while FATP4 tended to decrease
(P <0.10) and FATPI1 was unaffected. CD36 was also higher in fetal liver (Fig. 3D; P <0.05),
while FATP4 tended to be higher (P < 0.10) and FATP1 lower (P < 0.10). There were no
significant effects of maternal DHA feeding on expression of any of these four fatty acid
transporters in fetal kidney (Fig. 2E) or brain (Fig. 2F). Taken together, these results indicate
that DHA supplementation during pregnancy differentially impacts expression of fatty acid
transporters across the fetoplacental unit in a tissue-specific manner, with the most robust effects
suggesting changes in the uptake and/or handling of fatty acids by the fetal heart, skeletal muscle

and liver.

3.6 Maternal DHA feeding promotes greater fetal cardiac fatty acid oxidation capacity

To determine if DHA supplementation during pregnancy altered cardiac energy metabolism, we

determined the OXPHOS-linked respiratory capacity of permeabilized cardiac muscle fibers
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supported by saturating concentrations of substrates derived from carbohydrate catabolism (CHO
OXPHOS; pyruvate + malate), lipolysis/fatty acids (FA OXPHOS; palmitoylcarnitine + malate),
and mixed substrate combinations (CHO + glutamate + succinate) in the presence or absence of
palmitoylcarnitine (Max OXPHOS £ FA). CHO OXPHOS was significantly lower in fetal
cardiac fibers from DHA pregnancies (P < 0.05), while FA OXPHOS was higher (P < 0.10),
with similar non-significant trends for Max OXPHOS in the presence and absence of FA,
respectively (Fig. 3A). Consequently, the ratio of FA:CHO OXPHOS capacity was significantly
higher in DHA cardiac fibers (P < 0.05), which was paralleled by a higher ratio of Max
OXPHOS capacity in the presence:absence of FA (P < 0.10) (Fig. 3B). Consistent with the
greater expression of the sarcolemmal fatty acid transport proteins CD36 and FABPpm (Fig.
2C), DHA feeding also increased expression of CPT-1 involved in mitochondrial fatty acid
uptake (P < 0.05), but had no significant effects on regulators of pyruvate oxidation (Fig. 3C).
There were also no differences in the expression of OXPHOS Complexes -V between groups
(Fig. 3D), indicating specific effects of DHA feeding on myocardial utilization pathways that

favors a greater capacity for fatty acid over carbohydrate oxidation.

3.7 Maternal DHA feeding increases FA OXPHOS and decreases IRS-1 in fetal muscle

Similar to results in cardiac muscle, DHA supplementation during pregnancy increased FA
OXPHOS capacity in skeletal muscle (P < 0.05; Fig. 4A), but had no significant effect CHO
OXPHOS or Max OXPHOS in the presence or absence of FA, and no effect on ratios of these
indices (data not shown). Similarly, consistent with higher expression of CD36 and FABPpm

(Fig. 2B), DHA feeding increased CPT-1[3 expression in fetal muscle tissue (P < 0.05), but had
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no significant effects on regulators of pyruvate oxidation (Fig. 4B) or OXPHOS complex
expression (Fig. 4C). However, given the importance of skeletal muscle in whole-body glucose
homeostasis and insulin sensitivity [45], we also examined effect of maternal DHA feeding on
fetal muscle insulin receptor substrate-1 (IRS-1), and found >50% lower IRS-1 protein

expression compared to CON, with no impact on Ser*"’

-phosphorylation status (Fig. 4D).
Collectively, these findings suggest that DHA supplementation during pregnancy promotes a

greater capacity to utilize fatty acid oxidation over glucose catabolism to meet energy demands.

3.8 Maternal DHA feeding alters hepatic oxidative metabolism and decreases IRS-1

In contrast to fetal cardiac and skeletal muscle, DHA supplementation during pregnancy led to
significantly lower protein expression of CPT-1f in liver tissue (P < 0.05), with no significant
effect on PDH or PDH kinase expression (Fig. SA). Despite inducing higher FATP4 and CD36
expression (Fig. 2D), DHA feeding had no effect on liver triglyceride content (Fig. SB).
Interestingly, hepatic protein expression of OXPHOS Complexes I-1V were significantly higher
in DHA vs. CON fetuses, but not Complex V (ATP synthase) (Fig. 5C). Finally, similar to
findings in fetal muscle, DHA feeding decreased hepatic IRS-1 protein expression by >50%

307

compared to CON, with no impact on Ser’”’-phosphorylation status (Fig. 5D).

4. Discussion

The primary aim of this study was to establish the feasibility of using a large animal
model for investigating the impacts of prenatal n3-PUFA supplementation on fetal development
and metabolism. The ovine model was selected based on an extensive literature of studies on
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placental and fetal development demonstrating similarities with human pregnancy and placental
nutrient transport [27,46], including investigations of maternal diet on fetal and offspring
metabolism [41,47,48], and studies modeling dozens of human diseases [49,50]. We found that
dietary microalgae-sourced DHA supplementation during pregnancy significantly decreased
triglycerides and increased DHA in the ovine maternal circulation, replicating the signature
effects of DHA supplementation in humans [8]. This was associated with DHA enrichment of
phospholipids in the placenta and all five fetal tissues examined, thereby validating the efficacy
of this model for studying impacts of prenatal DHA supplementation on fetal development and
related pregnancy outcomes. Consistent with broad impacts of #3-PUFA on systemic lipid
metabolism [9], our studies revealed diverse tissue-specific effects of DHA supplementation on
fetoplacental fatty acid transporter expression and oxidative metabolism. These changes
collectively favor greater uptake and oxidation of fatty acids over glucose in fetal heart and
skeletal muscle, with distinct effects on fetal liver enzyme expression that suggest alterations in
fetal nutrient metabolism. Taken together, these results provide a foundation for use of the ovine
model to further investigate the mechanisms and longer-term implications of prenatal DHA

supplementation on offspring health and disease risk parameters.

Consistent with evidence from human pregnancies [51,52], our study demonstrates an
important regulatory role of the placenta in the selective transfer of long-chain PUFAs from the
ovine maternal to fetal circulation. This process, known as “biomagnification” [53], is
demonstrated by the ~3-fold enrichment of DHA and ARA in serum phospholipids in the
umbilical (fetal) compared to uterine (maternal) circulation in CON ewes (Table 1), and results
from the complex interplay of placental fatty acid transport and metabolism enzymes that remain

incompletely understood [54,55]. Evidence from humans and sheep indicates that the expression
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of these proteins can be modified by maternal metabolism and supply of lipids [41,56,57], and
perhaps DHA in particular [29,58], in part via regulation of peroxisome proliferator activated
receptor-gamma activity [30,59]. While elucidating these mechanisms is beyond the scope of
the present study, it is worth noting that DHA supplementation tended to decrease placental
protein expression of fatty acid transporters, particularly FATP4 that has been previously
associated with DHA enrichment in human cord blood [58]. This may reflect a suppressive effect
of hypolipidemia in the uterine circulation induced by DHA feeding on placental lipid transfer
mechanisms [56], which also tended to decrease lipoprotein levels in the umbilical circulation
(Fig 1). However, despite these effects and no augmentation of phospholipid-bound DHA in the
umbilical circulation, DHA supplementation still significantly enriched fetal tissue phospholipids
with DHA. This aligns with previous evidence from humans for retention of DHA levels in cord
blood despite significant downregulation of placental FATPI, CD36 and FABP3 in adolescent
pregnancies [60], and emphasizes the complexity of mechanisms that regulate placental transfer
and fetal accretion of DHA in response to maternal supplementation. Interestingly, DHA feeding
also increased phospholipid 20:5#3 (eicosapentaenoic acid; EPA) concentrations in both the
uterine and umbilical circulations in the present study, but not in the placenta. This likely reflects
a slowing of endogenous maternal EPA metabolism rather than retro-conversion of DHA to EPA
[61], and perhaps its preferential shunting to the fetus, further highlighting the diverse impacts of
DHA feeding on maternal lipid metabolism and placental n3-PUFA transport. Finally, since
DHA supplementation was initiated prior to conception, we cannot rule out lasting biological

effects on the oocyte on the observed effects in mid-gestation fetal tissues.

In contrast to the placenta, DHA supplementation tended to increase expression of CD36

and FABPpm in fetal heart and skeletal muscle, which are thought to work together to mediate
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sarcolemma fatty acid uptake into myocytes [62,63]. Expression of both proteins is promoted by
PUFA-activated transcription factors such as peroxisome proliferator activate receptors (PPARs)
[64], which also induce expression of CPT-1B [65]. Positive regulation of these enzymes by
PUFA generally favors a partitioning of fatty acids towards mitochondrial oxidation pathways
[66], which is consistent with the greater capacity of DHA-enriched fetal heart and muscle tissue
to oxidize fatty acid over carbohydrate substrates in the present study. However, expression
FATP1 and FATP4, which are also transcriptionally regulated by PPARs [67], were markedly
lower in fetal skeletal muscle and unaffected (FATP1) or only marginally lower (FATP4) in
heart. While the distinct functions of FATPs remain under investigation, both FATP1 [68] and
FATP4 [69] possess long-chain (16-24 carbon) acyl-CoA transferase activity that is
downregulated by the accumulation of long-chain acyl-CoAs [70]. Therefore, we speculate that
the very low metabolic demand of fetal skeletal muscle in utero favors accumulation of acyl-
CoA that downregulates FATP expression, thereby preventing excessive intracellular
accumulation of lipids in the presence of higher CD36/FABPpm expression. The fetal heart has
much higher metabolic demands at mid-gestation, which are met primarily by oxidation of
glucose and lactate at mid-gestation [71]. However, the greater contribution of fatty acid
oxidation in DHA-enriched cardiomyocytes may prevent excessive accumulation of acyl-CoAs,
thereby attenuating the suppression of FATPs observed in fetal muscle. Whether such
mechanisms explain this discrepancy and lack of effects of DHA feeding on fatty acid
transporter expression on fetal kidney and brain despite similar tissue DHA enrichment merits

further investigation.

An upregulation of fetal skeletal muscle fatty acid transport and oxidation observed

following DHA supplementation herein has also been reported in response to maternal high-fat
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feeding in sheep [41] and non-human primates [72]. This is not surprising given the overlapping
mechanisms by which DHA and other long-chain fatty acids regulate lipid metabolism [73-75].
However, excessive fatty acid uptake by muscle and liver can contribute to the pathogenesis of
insulin resistance and type 2 diabetes [76]. Indeed, the upregulation of fetal muscle fatty acid
transport and oxidation by maternal high-fat feeding was associated with fetal insulin resistance
and hepatic steatosis in sheep [41] and primates [77,78]. In the present study, we found no

397 phosphorylation of IRS-1 in fetal muscle or liver

evidence for hepatic steatosis or Ser
following prenatal DHA supplementation that was seen following maternal high-fat feeding in
the same species [41]. The diverse effects of DHA feeding on fetal liver fatty acid transporters
and OXPHOS proteins are difficult to interpret in this context, but demonstrate significant effects
on hepatic nutrient metabolism that could impact handling of glucose and fatty acids. However,
our observed reduction in muscle and liver IRS-1 protein expression in DHA group has been
reported in primate fetal muscle following maternal high-fat feeding, which was associated with
impaired insulin-stimulated muscle glucose uptake that persisted in offspring for at least 14
months [77]. While lower IRS-1 protein in fetal tissues may predispose offspring to insulin

397 phosphorylation status argues against the

resistance in the offspring, the absence for Ser
classic induction of this process in response to excessive exposure to lipids or inflammatory
signaling [79]. Moreover, n3-PUFA supplementation has been shown to improve insulin
sensitivity through actions on adult skeletal muscle [80], liver [81], and adipose tissue [82] in the
presence of high-fat feeding, which extended to the offspring when fed in combination with a
high-fat diet during pregnancy in rats [83]. However, such benefits have not been consistently

demonstrated in humans [84], and there have been reports of greater adiposity and metabolic

syndrome risk in children from DHA supplemented pregnancies [23,25,26]. Given the diverse
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and complex interactions between DHA intake, fatty acid uptake, metabolism, and insulin
signaling, future studies are clearly needed to better understand how of prenatal DHA

supplementation impacts offspring metabolic risk trajectory.

In summary, the present study demonstrates the utility of an ovine model for
investigating the biological effects of DHA supplementation on fetal development and
metabolism. Reductions of maternal serum triglycerides and DHA enrichment of six fetal tissues
were paralleled by tissue-specific impacts on fetal fatty acid transporters and metabolism that
favor a greater capacity to oxidize lipids over carbohydrate substrates. These results are
consistent with the diverse impacts of DHA on lipid metabolism observed in humans and other
species and highlight the need for further study to understand its impacts on fetal and offspring

metabolic health trajectory.
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Table 1: Fetal characteristics

CON DHA
Body Weight (g) 225+245 209+12.2
Body Length (cm) 19.3+04  20.1£0.3
Heart (g) 1.9+0.2 1.8+0.1
Liver (g) 156+11 146+15
Kidneys (g) 25402 221041
Brain (g) 6.0£0.3 6.4+0.2

Total Visceral Weight (g) 242+1.1 24919
Visceral/Body Weight (%) 12.0+£0.5 11.9+£0.2

Data are means £+ SEM collected from GD75 fetuses obtained from pregnant ewes maintained
on a control diet (CON; N = 7) or DHA-supplemented diet (DHA; N = 6). Total visceral weight
is the sum mass of the four organs collected. There were no significant differences observed in

any parameters between groups.
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Table 2. Fatty acid composition of phospholipids in the placental circulation

Uterine artery Uterine vein Placental Tissue Umbilical Artery Umbilical Vein

Fatty acid CON DHA CON DHA CON DHA CON DHA CON DHA

16:0 155+0.3 154+04 141+17 145+04 13.5%1.5 18.2*0.7 21.1*0.4 17.6*x1.0 20.8*0.3 18.0%0.6
16:1 06+01 05+02 1.0+£05 09+05 25+03 25+05 16+01 1.8+01 1.2+03 1.7+0.1
18:0 255+0.6 23.9+1.3 229+3.1222+26 141+17 157+20 19.1£0.3 16.3+x0.9 189%03 16.9+0.8
18:1n9  14.7+£29 138+08 148+1.9 13.5+06 24.0+34 30.3+55 14.9+0.8 146+£0.8 155+£09 134106
18:1n7 1.2+06 03+01 15+07 09+08 49+04 49+05 1.7+0.7 14+£07 13+£07 15+06
18:2n6  17.2+1.7 158+1.8 145+21 135+03 4.1+10 3.8+03 1.0%x0.2 1.8%+0.3 1.1%£0.1 1.9%02
18:3n3 52+15 1301 57+14 15+02 09+05 04x03 02+01 02+02 01+00 05+0.0
20:0 03+03 01+01 08+06 06+03 1.0+06 06+05 0.0%*00 0.6*02 0101 09+0.1
20:1 02+01 0000 0805 0504 15+05 05+04 03+01 05102 07%01 0.1*0.0
20:2 01+£01 0.0£00 09+£05 0403 2005 09+08 21+06 15+02 29%02 1.0*0.1
20:3n6 08+03 04+02 09+05 10+£03 11+05 06+05 03*01 07*0.2 03*01 07%*0.0
20:4n6 48+06 46+05 43+04 42+04 62+05 64+07 141+£13 13.0+£1.0 135+1.2 11.9+£0.7
20:3n3 04+03 02+01 07+05 01+01 06+05 00+00 0000 02+02 0000 0.0+0.0
20:5n3 21*0.7 44%08 26+06 44+06 23+06 1.2+10 1.9%+08 55%06 27%0.7 53%0.2
22:5n3 36+06 2.8+0.7 38+05 20+02 27+03 25+02 68+08 63+04 69+09 58104
22:6n3 32%0.2 12.0%£1.2 35%03 11.5%19 37%0.2 48%*03 11.8+£05 13.1£12 121+£04 11.9£05
SFA 414405 393+15 384+£37 379+22 29.6+20 350122 40.2*0.7 348*1.6 39.8%0.6 36.3*0.6
MUFA 16.5+£3.0 14.6£1.0 18.7+£06 16.2+22 33.7+28 386+58 184+0.5 185+1.0 188%0.5 17.1+0.4
PUFA 37.6%1.2 426*0.9 39.0+14 39.7+14 26.0+3521.9+33 383%1.543.0%+1.4 398+1.0404+06

n3 PUFA 145+3.0 206+2.2
n6 PUFA 22.8+2.1 215126
n3/n6 0.7+02 1.0£0.2

16.2+£2.5 19.5+2.1
20.5+1.8 18.8+0.3
0902 1.0+0.1

10.1+£1.6 88+17
12113 11.2+£1.2
0.8+0.1 0.8+0.

20.6+2.1 254+1.8
156.3+1.2 156+0.9
09203 1.7x0.2

21.8+£2.0 235038
148+12 14.9+0.7
1.6+£03 1.6%0.1

Values are mean + SEM percentages of all fatty acids detected in the total phospholipid fraction
extracted from serum or placental (cotyledon) tissue collected from CON (N =5) and DHA (N =
4) ewes at GD75. Fatty acid nomenclature is C:BnX where C is the number of carbons, B is the
number of double bonds present, and #nX in the location of the first carbon in the double bond
counting from the methyl (omega) end of unsaturated fatty acids. SFA, sum of all saturated fatty
acids; MUFA, sum of all monounsaturated fatty acids; PUFA, sum of all polyunsaturated fatty
acids. n3 and n6 represent the sum of all detected omega-3 and omega-6 PUFA in the sample,
and the mean ratio of the totals for each group. Boldfaced italicized pairs of data are significantly
different by independent samples #-test at P < 0.05, whereas underlined font italicized differ at P

<0.10.
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Table 3. Fatty acid composition of fetal tissue phospholipids

Fetal Muscle Fetal Heart Fetal Liver Fetal Kidney Fetal Brain

Fatty acid CON DHA CON DHA CON DHA CON DHA CON DHA

16:0 216+13 235+£12 16.9%0.1 21.1x1.1 258+04 24.3+0.5 27.9%19 249*09 354+07 358+1.4
16:1 2001 1.7+01 1.5+01 1.2x01 1501 15+00 1702 14+02 32+02 29+0.1
18:0 16.1£04 16.7£05 142+22 175104 20.1%£0.5 18.5+£0.6 16.0+£0.7 170£06 13.8+£0.2 13.8+£0.8
18:1n9  35.7%1.7 31.620.5 272+22 23.7+£08 144+£03 139+£01 25.8%0.4 24.7+0.2 16.1£0.3 15.0%0.5
18:1n7 23+10 18+08 64+£33 15+08 21+06 22+04 4600 4101 3701 3.5%0.1
18:2n6 09%0.2 02*02 21*02 1.2*03 00*00 04*02 1.1*01 20*02 01+01 0.0+0.0
18:3n3 01+£00 00+£00 02%00 0000 00+00 00+£00 00£00 00+£00 0.0£00 0000
20:0 02+0.1 00+00 02+01 00+00 00+00 0.0+0.0 00+00 00+00 0.0%0.0 0.0£00
20:1 06+£02 02+01 1.5%01 07%02 00+00 00+00 00+00 00+00 01+01 0.0+0.0
20:2 3.6%X0.1 24*x00 36*03 08*x03 1.5*x03 0702 2506 20x03 0202 0.0x£0.0
20:3n6 02+01 01+01 05+00 03+02 00+00 01+01 00+£00 0.0+0.0 0.0+0.0 0.0£00
20:4n6 7.0£0.7 6.0+£04 12510 9505 136+09 127+04 122*09 9.8*05 6.6x03 55%*0.2
20:3n3 00+£00 00+00 00+00 00+00 00+00 00+00 00+£00 0.0£00 0000 00£00
20:5n3 04%01 09*03 24*07 6.2*x07 07*04 32*04 1.6*07 43*03 01x01 0.0x0.0
22:5n3 21%0.2 28*01 30+£02 26x02 46x04 47+x03 21+01 22+02 0303 0.0£0.0
22:6n3 21%0.2 38%0.2 30*02 4503 11.7%02 13.6x03 3.7*x06 56*02 11.1*0.2 124*0.5

SFA 379+14 40216
MUFA  40.7£1.3 35.4%1.0
PUFA 18.1+£1.3 16.6+£1.2

n3PUFA 4.6%£04 7.6£04
n6 PUFA 81+09 6406
n3/n6 0.6x0.1 1.2%0.1

31.3£2.2 387113
36.6%£1.8 27.2x0.7
28.5%£0.6 26.311.0
86x1.0 13.3£0.8
15.2+£1.2 11.0£0.8
0.6x0.1 1.3x0.1

459%0.6 42.9%0.8
18.0+0.8 17.6+0.3
32.1£0.5 355105
17.0£0.9 21.5£0.7
13609 13.2+05
1.3+02 1.6%0.1

439+26 420+0.9
321%0.5 30.2%£0.5
22.3£2.1 254%0.6
7.1£1.4 12.2%0.6
12.7£0.9 11.3£0.3
0701 1.1%0.1

49.2%0.6 51.410.2
23.1£0.3 21.4%10.6
184+0.7 17.9+0.6
11.6+0.5 124+0.5
6.7£0.2 55102
1.7£0.1 23%0.1

Values are mean + SEM percentages of all fatty acids in the total phospholipid fraction extracted
from GD75 fetal tissues of collected CON (N = 7) and DHA-supplemented pregnancies (N = 6).
Fatty acid nomenclature is C:BnX where C is the number of carbons, B is the number of double
bonds present, and #X in the location of the first carbon in the double bond counting from the
methyl (omega) end of unsaturated fatty acids. SFA, sum of all saturated fatty acids; MUFA,
sum of all monounsaturated fatty acids; PUFA, sum of all polyunsaturated fatty acids. #»3 and n6
represent the sum of all detected omega-3 and omega-6 PUFA in the sample, and the mean ratio
of the totals for each group. Boldfaced italicized pairs of data are significantly different by
independent samples #-test at P < 0.05, whereas underlined font italicized differ at P <0.10.
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Figure 1: Serum lipids in the placental circulation.
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Figure 1. Serum lipids in the placental circulation. A) Schematic of placental circulation
illustrating the relative positions and blood flow directions of the uterine artery (UtA), umbilical
vein (UmV), umbilical artery (UmA), and uterine vein (UtV) from which sera were collected.
Data are means =+ SEM of total serum triglycerides (TAG) (B), and total cholesterol (TC) (C)
collected at GD75 from fasted anesthetized ewes maintained on a control (CON; N = 5) or DHA-
supplemented diet (DHA; N =4). * P <0.05 vs. CON in the same vessel.
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Figure 2. Placental and fetal tissue fatty acid transporter expression
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Figure 2. Placental and fetal tissue fatty acid transporter expression. DHA supplementation
during pregnancy differentially affected the protein expression of the major fatty acid transport proteins
in placental (colyedon) tissue (A), fetal skeletal muscle (M. biceps femoris) (B), fetal heart (left
ventricular myocardium) (C), fetal liver (D), fetal kidney (E), and fetal brain (frontal cortex)
tissue (F). FATPI1, fatty acid transport protein 1; FATP4, fatty acid transport protein 4; CD36,
fatty acid translocase; FABPpm, plasmalemmal fatty acid binding protein. Data are means *
SEM (n = 5-7/group) of relative expression normalized to total sample protein by Amido Black
(AB) staining with representative immunoblot scans and molecular weights from each
experiment. #P < 0.10, *P < 0.05 compared to CON of the same protein and tissue.
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Figure 3: Impacts on fetal cardiac metabolism
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Figure 3: Fetal cardiac metabolism. A) Impacts of maternal DHA supplementation on the
oxidative phosphorylation (OXPHOS)-linked respiratory capacities of permeabilized fetal
cardiac muscle fibers supported by 5 mM pyruvate + 1 mM malate (CHO OXPHOS), 0.05 mM
palmitoylcarnitine + 1 mM malate (FA OXPHOS), or mixed substrate combinations (Max
OXPHOS; CHO + 10 mM glutamate and 10 mM succinate) in the presence (+FA) or absence
(no FA) of 0.05 mM palmitoylcarnitine. B) Relative expressions of respiratory capacities
presented in panel A, demonstrating higher OXPHOS capacities in DHA fetuses when fatty acid
substrates are present. Tissue protein expression of enzymes known to regulate mitochondrial
pyruvate and fatty acid oxidation (C) and each of the five mitochondrial OXPHOS complexes
CI-V (D) normalized to total sample protein by Amido Black (AB) staining with representative
immunoblots and molecular weights from each experiment. PDH, pyruvate dehydrogenase;
PDK4, PDH kinase-4, CPT1p, carnitine palmitoyltransferase-1[3; Data are means £ SEM (N = 5-
7/group). #P < 0.10, *P < 0.05 compared to CON of the same protein and tissue.
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Figure 4. Fetal skeletal muscle metabolism
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Figure 4. Fetal skeletal muscle metabolism. A) Impacts of maternal DHA supplementation on
the oxidative phosphorylation (OXPHOS)-linked respiratory capacities of permeabilized fetal M.
biceps femoris muscle fibers supported by 5 mM pyruvate + 1 mM malate (CHO OXPHOS),
0.05 mM palmitoylcarnitine + 1 mM malate (FA OXPHOS), or mixed substrate combinations
(Max OXPHOS; CHO + 10 mM glutamate and 10 mM succinate) in the presence (+FA) or
absence (no FA) of 0.05 mM palmitoylcarnitine. Tissue protein expression of enzymes known to
regulate mitochondrial pyruvate and fatty acid oxidation (B), each of the five mitochondrial
OXPHOS complexes CI-V (C), and the total and ser-307 phosphorylated levels of insulin
receptor substrate-1 (IRS-1) (D) normalized to total sample protein by Amido Black (AB)
staining, with representative immunoblots and molecular weights from each experiment. PDH,
pyruvate dehydrogenase, PDK4, PDH kinase-4, CPT1p, carnitine palmitoyltransferase-1f3; Data
are means + SEM (N = 5-7/group). *P < 0.05 compared to CON of the same protein and tissue.

71



Figure 5. Fetal liver metabolism
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Figure S: Fetal liver metabolism. Impacts of maternal DHA supplementation on fetal liver
protein expression of A)enzymes known to regulate mitochondrial pyruvate and fatty acid
oxidation, B) each of the five mitochondrial OXPHOS complexes CI-V, and C) the total and ser-
307 phosphorylated levels of insulin receptor substrate-1 (IRS-1). Immunoblot data are
normalized to total sample protein by Amido Black (AB) staining, with representative blots and
molecular weights from each experiment. PDH, pyruvate dehydrogenase, PDK4, PDH kinase-4,
CPT18, carnitine palmitoyltransferase-1f; Data are means = SEM (N = 5-7/group). *P < 0.05
compared to CON of the same protein and tissue.
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CHAPTER 1V:

IMPACTS OF PLACENTAL FATP4 GENE TARGETING ON FETOPLACENTAL SERUM
FATTY ACID COMPOSITION AND FETAL TISSUE METABOLISM

Asma K. Omar, Ali Asghar, Quinton A. Winger, Gerrit J. Bouma, and Adam J. Chicco

Department of Biomedical Sciences, Colorado State University, Fort Collins, CO 80523-1617

Abstract

Fetal development depends on regulated transfer of nutrients from the maternal to the fetal
circulation by the placenta. In the previous two chapters, we examined the impacts of maternal
high-fat feeding and docosahexaenoic acid (DHA) supplementation on placental and fetal fatty
acid transport and metabolism. Among the several fatty acid transporters affected by these
interventions, placental fatty acid transport protein 4 (FATP4) expression has been previously
associated with the selective transfer of DHA to the umbilical circulation and increases in
response to maternal overnutrition during pregnancy. Therefore, in the present study, we sought
to investigate the influence of placental FATP4 on the fatty acid composition of serum
phospholipids in the ovine fetoplacental circulation and fetal tissues, along with the fetal
metabolic parameters evaluated in our previous studies. Methods: To this end, we employed a
method for selective deletion of the FATP4 gene from the trophectoderm (pre-placental layer) of
Day 9 ewe embryos (hatched blastocysts) via lentiviral transduction of a CRISPR-Cas9 construct
targeting the ovine FATP4 gene in vitro. The transfected blastocysts were then implanted into
recipient pseudo-pregnant ewes and allowed to develop until gestational day (GD) 75, after
which the resulting placentomes and fetal tissues were collected for biochemical analyses.
Results: As expected, transfection of D9 blastocysts with the lentiviral CRISPR construct

successfully depleted FATP4 mRNA from the GD75 cotyledon (fetal side of the placenta).
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However, this was not associated with a significant reduction in FATP4 protein in the cotyledon,
perhaps due to migration of FATP4 transporters from the caruncle (maternal side of the placenta)
where protein expression was higher compared to untreated animals. Despite this, FATP4 gene
targeting decreased levels of DHA in the umbilical vein relative to the uterine artery, suggesting
a possible disruption of DHA transfer from the maternal to fetal circulation. In contrast to the
placenta, FATP4 gene targeting of blastocysts significantly decreased FATP4 protein expression
in all five GD75 fetal tissues examined, with a >75% depletion in muscle, heart, liver and kidney
compared to untreated animals. This was associated with an upregulation of FATP1 in fetal
muscle and liver, and higher CD36 fatty acid transporter levels in fetal muscle, perhaps reflecting
a compensatory response to maintain fetal uptake of long-chain fatty acids. The fatty acid
composition of the fetal muscle and heart phospholipids was not significantly impacted by the
loss of FATP4 proteins. However, fetal muscle capacity to oxidize pyruvate was significantly
lower in transfected animals, which corresponded to >95% depletion of insulin receptor
substrate-1 (IRS-1) and c-Jun N-terminal kinase (JNK) expression from both fetal muscle and
liver. Conclusions: Taken together, these results highlight the potential pitfalls of CRISPR
lentiviral transfection of D9 blastocysts as a method for selectively deleting a target protein from
the GD75 placenta, both in terms of its placental selectivity and the possibility of protein
migration from the caruncle or other tissues despite gene deletion from the cotyledon. Depletion
of FATP4 protein in fetal tissues did not impact membrane fatty acid composition in heart or
muscle, while its role in the placental fatty acid transfer remains inconclusive. The striking links
between depletion of FATP4 with loss of IRS-1 and JNK protein from fetal muscle and liver are
difficult to interpret, potentially reflecting co-regulation of these genes/protein, or more likely,
off-target effects of the CRISPR-Cas9 constructs applied to D9 embryos and observed after two

months of fetal development.
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1. Introduction

Fetal development relies on the proper transfer of essential nutrients from the maternal
circulation to the fetal circulation, which is the primary function of the placenta, an organ that
develops during pregnancy. The placenta transfers nutrients such as glucose, fatty acids, amino
acids and vitamins from the maternal circulation to the fetus, and transfers waste products from
the fetus to the mother [1-3]. Any disruptions in maternal-fetal nutrient exchange, either due to
maternal metabolic diseases or placental insufficiency, can lead to adverse outcomes in fetal
growth and development [4].

Fatty acids play an important role in fetal growth and development through a variety of
essential biological functions. Long-chain saturated fatty acids provide energy for cellular
activities along with pyruvate derived from glucose catabolism [5]. Long-chain polyunsaturated
fatty acids (PUFA) are primarily incorporated into cellular phospholipids where they contribute
to membrane fluidity and structure [6] and may be mobilized to participate in cellular signaling
[7], including regulation of nutrient uptake and metabolism [8]. As discussed in the previous
chapter, long-chain omega-3 PUFA such as docosahexaenoic acid (DHA) also play a key role in
retinal and nervous system development and may impact the metabolic risk trajectory of the
developing fetus and offspring. Therefore, it is important to understand the mechanisms that
regulate the transfer and utilization of fatty acids during pregnancy to optimize fetal growth and
development [9].

Fatty acid transport proteins (FATPs) are membrane-bound proteins that transport long-
chain fatty acids into cells [8, 10, 11]. Several transporters contribute to the effective transport of
long-chain fatty acids across the placenta, including FATP4, FATP1, CD36 and fatty acid-binding

proteins (FABPs) [10]. Among these, FATP1 and FATP4 are most highly expressed in the human
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term placenta [12]. FATP4 transports long-chain fatty acids across the apical membrane of the
trophoblast cells, then converts fatty acids into acyl-CoA derivatives [13], which is an important
step in intracellular fatty acid utilization for energy production and lipid synthesis [5]. In
addition, placental FATP4 is thought to regulate the transport of poly-unsaturated fatty acids to
fetal circulation [12, 14] and is upregulated at mid-gestation in response to maternal
overnutrition [15] and physical activity [16] during pregnancy. In our previous studies in the
ewe model, we found that maternal high-fat feeding increases expression of FATP4 along with
other fatty acid transporters in mid-gestation fetal tissues, but not placenta, with consequent
upregulation of fatty acid oxidation capacity [17]. In contrast, maternal DHA supplementation
decreased mid-gestation placental FATP4 expression and elicited diverse effects on the
expression of FATP4 and other transporters in fetal tissues. Therefore, understanding the precise
biological role and regulation of FATP4 during fetoplacental development merits further
investigation.

The present study was the first to investigate the role of FATP4 in fetoplacental
development using a loss-of-function approach in the pregnant ewe model. We utilized a method
designed to selectively delete the FATP4 gene from the trophectoderm in D9 blastocysts using
CRIPSR-Cas9 lentiviral transfection in hopes of generating mid-term placenta that lacks FATP4
protein on the fetal side of the placenta (cotyledon). We predicted that placental FATP4 deletion
would impair the transport of long-chain PUFA (perhaps specifically DHA) to the offspring,
which would perhaps have broader effect on fetal tissue membrane composition and nutrient

metabolism.
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2. Materials and Methods

2.1 Experimental Model. All animal procedures were approved by Colorado State University
Animal Care and Use Committee in accordance with recommendations from the Declaration of
Helsinki and the Guiding Principles on the Care and Use of Animals adopted by the American
Physiological Society. White-faced ewes were purchased from a local vendor and housed in
outdoor pens with free access to food and water. Heat cycles were determined using a
vasectomized ram during the typical sheep breeding season (late October-November). Two
weeks before pre-determined conception dates, ewes were started on standard control diet to
support optimal pregnancy outcomes as used in our previous studies (Show-rite NewCo Lamb
Feed; 17% protein, 5% Fat), and were maintained on this diet for the duration of the study. Ewes
were randomly assigned to either control/natural pregnancy group (CON; N = 5), donor ewes
from which blastocysts were collected for FATP4 gene targeting (N = 5), or recipient ewes
within which the transfected blastocytes would develop with targeted deletion of FATP4 (KO; N
= 5) until gestational day 75 (GD75). Prior to the breeding season, three CRISPR guide RNAs
targeting exons 2, 3 and 4 of the ovine FATP4 gene were designed and tested by Ali Asghar the
Winger lab at CSU. The RNA targeted exon 2 below was ultimately selected and assembled into
a LCV2 vector for in vitro lentiviral transduction of blastocysts obtained from donor ewes by Dr.

Winger at the Animal Reproduction and Biotechnology Laboratory.

CRISPR Guide RNA used in the present study targeting exon 2 of the ovine FATP4 gene:

ATGCTGCTTGGGGCGTCTCTGTTGGGGGTGCTGCTGTTCTCCCGGCTGGTGCTGAAACTGCCCTGGACCC

AAGTGGGGTTCTCCCTGTTCTTCCTCTACCTGGGGTCTGGCGGCTGGCGCTTCATCCGAATCTTTATCAA

GACTGTCAGGCGTGATATCTT

FW Oligo 5’ CACCGGGCTGGTGCTGAAACTGCCC 3’
REV Oligo 5’ AAACGGGCAGTTTCAGCACCAGCCC 3’
GGCTGGTGCTGAAACTGCCCTGG Score (60.4 recommended is >66) +
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Ewes on similar heat cycles were synchronized by two 2 mL doses of intramuscular
Dinoprost Tromethamine (Lutalyse, Zoetis) two days prior to breeding with the same fertile ram
to ensure efficient conception and minimize fetal genetic variations from paternal DNA. On
gestational day 9 (D9), the uterus of donor ewes was removed and flushed to obtain the D9
hatched blastocyst, which was immediately exposed to the FATP4 CRISPR-Cas9 lentivirus
construct in vitro for 4-5 hours. The outermost single-cell layer of D9 blastocysts, the
trophectoderm, will eventually develop into the fetal side of the placenta known as the cotyledon.
In 2009, Georgiades et al. reported that short-term transduction of mouse blastocysts with a
green fluorescent protein (GFP) transgene led to expression of GFP in the trophectoderm, but not
in the inner cell mass/embryo, leading the authors to conclude that this lentivirus lineage-specific
infection system facilitates early embryonic placental-specific gene targeting in the mouse and
potentially other mammalian species [18]. This approach was subsequently adopted for use in
D9 ovine blastocysts by research groups at CSU to target genes involved in placental
development [19-23], which provided the basis for the methods used in the present study.
Following 4-5 hours of incubation with the lentivirus, single transduced embryos were
transferred to synchronized recipient ewes in the right or left horn ipsilateral to the corpus luteum
on the ovary. The recipient ewes were maintained on antibiotics and were fed control diet until

collection of placentomes and fetal tissues at mid-gestation as described below.

2.2 Blood and Fetal Tissue Collection. Seventy-five days following conception (GD75),
pregnant ewes (confirmed by ultrasound) were fasted overnight and sedated by intravenous
injection of diazepam (2 mL) and ketamine (10 mL) prior to establishing general anesthesia by

2% isoflurane inhalation. Following confirmation of deep anesthesia, the fetoplacental blood
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vessels were surgically accessed for collection of blood from umbilical and uterine circulations,
followed by removal of the placenta and fetus for morphological assessments and tissue
collection. Sections of fetal heart, hindlimb skeletal muscle (M. biceps femoris), liver, kidney and
brain (frontal cortex) were carefully dissected and snap frozen in liquid nitrogen prior to storage
at -80°C for future biochemical experiments. In addition, 25-30 mg sections of skeletal muscle
were placed in ice-cold BIOPS preservation medium containing (in mM) 10 Ca-EGTA (0.1 uM
free calcium), 20 imidazole, 20 taurine, 50 K-MES, 0.5 DTT, 6.56 MgCl,, 5.77 ATP, and 15
phosphocreatine, pH 7.1, for respirometry experiments on freshly prepared permeabilized fiber
bundles on the same day. Following collection of the placental and fetal tissues, ewes were

euthanized under general anesthesia.

2.3 Serum Lipids and Glucose. To determine if FATP4 gene targeting in D9 embryos impacted
levels of major nutrients in the GD75 fetoplacental circulation, we used commercially available
assay kits to measure serum levels of glucose (Invitrogen, Cat# EIAGLUC), triglycerides
(Abcam, Cat# ab65336), total cholesterol, high-density lipoproteins (HDL), and low/very low-
density lipoproteins (LDL+VLDL) (Abcam, Cat# ab65390) in venous and arterial blood from the

uterine and umbilical circulations according to the manufacturer’s instructions.

2.4 Serum and Tissue Phospholipid Fatty Acid Composition. The impacts of FATP4 gene
targeting in D9 embryos on the fatty acid composition of phospholipids in the GD75
fetoplacental circulation, fetal muscle and heart were determined by gas chromatography of fatty
acid methyl esters (FAMEs) hydrolyzed from the total phospholipid fraction as previously

described [24]. Briefly, 10 mg of tissue was homogenized in 800 pL of precooled methanol in a
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glass homogenizer to solubilize the total phospholipid fraction [25]. For serum, 50 uL was
directly added to 600 pL of precooled methanol in a glass tube. After vortexing samples for 30
seconds, tubes were centrifuged at 900 x g for 5 min to pellet the non-phospholipid fraction. The
supernatant (containing phospholipids) was transferred to a fresh glass tube, to which 25 pL of
methoxide solution was added to synthesize methyl esters from hydrolyzed phospholipids. The
reaction was stopped after 3 min by adding 75 pL of methanolic HCI, and FAMEs were extracted
by adding 700 uL of hexane, transferring the upper hexane layer to 2 mL chromatography vials.
FAMEs were dried under nitrogen flow and resuspended in hexane for gas chromatography (GC)
analysis using an Agilent Technologies DB-225 30m x 0.250mm x 0.25pum column (model 122-
2232, J&W Scientific) on an Agilent 6890 Series Gas Chromatograph with a flame ionization
detector [24]. A fatty acid standard solution of 1 mg/mL was injected into the GC every 6-7 runs
to recalibrate the fatty acid peaks on the chromatograph, enabling relative quantitation of up to
18 fatty acids commonly found in mammalian membranes expressed as a percentage of total
phospholipid fatty acids. In addition, total levels of saturated fatty acid (SFA) monounsaturated
(MUFA) and polyunsaturated fatty acids (PUFA) were calculated, along with total N3-PUFA,

N6-PUFA and their ratio.

2.5 Skeletal muscle oxidative metabolism. The capacities of fetal skeletal muscle to oxidize fatty
acids, pyruvate and mixed substrate combinations were assessed by high-resolution respirometry
on permeabilized fiber bundles freshly prepared from hindlimb muscle sections as previously
described [26]. Briefly, 10-15 mg of M. biceps femoris was trimmed free of connective tissue
and gently teased with needle tip forceps in ice-cold BIOPS solution, then incubated with 50

ug/ml saponin for 20 min on ice with gentle rocking to permeabilize cell membranes while
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leaving mitochondrial membranes intact [27]. Permeabilized fiber bundles were then rinsed in
mitochondrial respiration medium (MiR05) containing (in mM) 0.5 EGTA, 3 MgCl,
hexahydrate, 60 lactobionic acid, 20 taurine, 10 KH>PO4, 20 HEPES, 110 sucrose, and 0.1%
BSA, pH 7.1 with KOH by rocking for 2 x 15 min on ice, then gently blotted dry on Whatman
paper and weighed immediately before adding 5-6 mg of fiber bundles to the oxygraph chamber
for respirometry experiments. Mass-corrected muscle oxidative capacities (per mg fiber bundle)
were determined in MiR05 medium at 37°C using an Oxygraph-2k high-resolution respirometer
(Oroboros Instruments, Innsbruck, Austria) by monitoring changes in the negative time
derivative of the chamber oxygen concentration signal (JO:) in response to carbohydrate (5 mM
pyruvate + 1 mM malate), fatty acid (0.04 mM palmitoylcarnitine + 1 mM malate), or mixed
substrate combinations (1 mM malate, 0.04 mM palmitoylcarnitine, 5 mM pyruvate, 10 mM
glutamate, 10 mM succinate) following standardized instrumental and chemical background
calibrations [28]. Following the addition of substrates, JO: was recorded in the absence of ADP
to assess the capacity for non-phosphorylating “LEAK” JO: (facilitated by proton leak across the
inner mitochondrial membrane), followed by the addition of 2.5 mM ADP to generate the
maximal oxidative phosphorylation (OXPHOS)-linked JO:. The extent of respiratory control by
ADP was expressed as the OXPHOS coupling control factor [1-(LEAK/OXPHOS)] for
carbohydrate and fatty acid oxidation, where a maximum value of 1.0 represents fully coupled
mitochondria (100% control of respiration by ADP), and 0 represents fully uncoupled
mitochondria (0% respiratory control). Respirometry chambers were maintained in a narrow
hyperoxygenated environment (325400 uM O2) during experiments to avoid limitations of

oxygen diffusion on JO2 of permeabilized fiber bundles [29].
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2.6 Protein Immunoblotting. Proteins were extracted from snap-frozen sections of placenta, fetal
muscle and liver tissue by homogenization in lysis buffer containing (in mM): 150 NaCl, 1
EDTA, 1 EGTA, 5 sodium pyrophosphate, 1 sodium orthovanadate, 20 sodium fluoride added to
Mammalian Protein Extraction Reagent (Pierce Cat# 78501) with supplemental Protease
Inhibitor Cocktail (Sigma Aldrich Cat# P8340). Protein concentrations of 10,000 X g
homogenate supernatants were detected by bicinchoninic acid assay (Thermo Scientific, #23225)
using a colorimetric microplate reader (VersaMax, Molecular Devices). Proteins (30 pug) were
electrophoresed on 4-12% Bis-Tris gels and transferred to PVDF membranes, then blocked for 1
h at room temperature with 5% non-fat milk or bovine serum albumin (for phosphorylated
proteins) before incubating with the following primary antibodies (1:1000 dilution) overnight at
4C°: FATP1 (Abcam, ab81875), FATP4 (Abcam, ab200353), CD36 (Abcam, ab133625),
FABPpm (Abcam, ab45966), IRS1 (Abcam, ab52167), pIRS1-Ser307 (Abcam, ab5599), pJNK
(Abcam, ab47337), JNK (Abcam, ab199380). After three washes with Tris-buffered saline + 1%
Tween-20 (TBST), the membrane was incubated in secondary antibodies (goat anti-rabbit-HRP
(Abcam, ab6721) or goat anti-mouse-HRP (Abcam, ab6789) at 1:3000 dilution for one hour at
room temperature. Blotted proteins were imaged using SuperSignal West Dura Extended
Duration Substrate (Lot#VL314742) and a UVP ChemStudio blot imager (Analytik Jena,
Germany), normalizing band densities to total protein staining of a 20-30 kDa range of bands
near the target protein using AmidoBlack (Sigma A8181), quantified using ImageJ software

(NTH).

2.7 RNA isolation and quantitative PCR. RNA was isolated from 50 mg fetal muscle using

TRIZOL reagent (Sigma, T9424), with purity confirmed by a A260/230 of > 1.8 using a
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Nanodrop 1000. cDNA was made using Bio-Rad iScript cDNA synthesis kit (cat#1706891) on
the same day as qPCR experiments performed on a Roche LightCycler 480. Primers against
FATP1 (Forward: TGGTTCCTGTGGCTTCAACAG ; Reverse:
TCTTCTTGTTCGTGGCGCTCT ), FATP4 (Forward: TTGGGGGTGCTGCTGTTCT ; Reverse:
CATCTCGCTGCCAAAGACGA), MCAD (Forward: ACGGCTCCGTGAAGGACAA,;
Reverse: TTAAAGCCGCCTCCGACTTC), IRS-1 (Forward:
GCTACGTGGACACCTCACCTGT; Reverse: GTTGCGGTTGGGACTGAGGT), SCHAD
(Forward: GCATCCAAGGAGGACATCGAC ; Reverse: GGGCTGAAACAGGGGGTTCT),
vLCAD (Forward: GGGCCTGGCAGACATCTTTA; Reverse:
GTTCTCTGCTGGCACCCGTA) were synthesized by Fisher Scientific and tested by reverse
transcriptase PCR (Invitrogen, Platinum PCR SuperMix, 12532-016). PCR amplification
efficiencies were between 1.8 - 2.1, and qPCR was performed using with serial dilutions of
cDNA to obtain a correlation between Log (concentration) of cDNA and Cp (crossing point) for
each primer to confirm high primer efficiency, and relative expression levels of target mRNAs

are presented by plotting mean 2P values using 18S ribosomal RNA as a reference gene.

2.8 Statistical Analyses. All data are presented as means £+ SEM. Data from CON and DHA
groups were compared using independent samples t-tests using GraphPad Prism 8 software, with
statistically significant differences between groups being reported at both #P < 0.10 and *P <
0.05 to increase probability of capturing potentially important trends with modest numbers of

animals per group, in accordance with guidelines from the American Physiological Society [30].
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3. Results and Discussion

3.1 Impacts on fetal characteristics

This study compared the fetal morphology of CON and KO groups. The results are shown in
Table 1, presented as mean +SEM, demonstrated a trend toward reduced overall body and organ
weights in the KO group compared to the CON group; however, none of these differences
reached statistical significance.

Table 1. Impact of placental FATP4 gene targeting on GD75 fetal morphology

CON KO
Body weight, g 225.0+£24.5 181.3 +8.0
Body length, cm 19.3+0.4 18.8 +0.2
Heart, g 1.9+0.2 1.5+0.1
Liver, g 15.6+1.1 13.0+1.2
Kidneys, g 2.5+0.2 2.3+0.2
Brain, g 6.01£0.3 5.5+0.1
Total visceral weight, g 24.2+1.1 22.2+1.4
Visceral/ body weight, % 11.24+0.8 12.340.5

Data are means = SEM collected from GD75 fetuses obtained from natural bred ewes (CON; N
=7) or ewes implanted with CRISPR transfected D9 blastocysts target FATP4 (KO; N = 4).
Total visceral weight is the sum mass of the four organs collected.

3.2 FATP4 gene targeting by CRISPR in D9 embryos selectively deleted FATP4 mRNA from the
GD75 cotyledon

Figure 1 illustrates the mRNA expression of genes related to fatty acid transport and metabolism
in the cotyletdon. FATP4 expression was essentially undetectable in the KO group compared to
CON, confirming the successful knockout of this gene from the GD75 cotyledon following
CRISPR targeting of D9 embryos. There was no effect of FATP4 gene targeting on FATP1
mRNA expression, indicating no compensatory upregulation in response to FATP4 KO.
Similarly, other genes involved in fatty acid metabolism such as VLCAD (very long-chain acyl-

CoA dehydrogenase), SCHAD (short-chain 3-hydroxyl-CoA dehydrogenase) and MCAD
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(medium-chain acyl-CoA dehydrogenase) also showed no statistically significant difference

between groups.

N
]

mm C
= KO

il | i I;

FATP1 FATP4 vLCAD SCHAD MCAD

Relative mRNA expression
N
|

Figure 1: Selective deletion of FATP4 mRNA in the GD75 placenta (cotyledon) following CRISPR
gene targeting of D9 embryos. Data are means £ SEM of mRNA expression by gPCR relative to
18S ribosomal RNA. Results demonstrate a complete lack of FATP4 mRNA in the FATP4-KO (KO)
group compared to control (C), with no significant effect on mRNA expression of FATP1 or other
fatty acid metabolism enzymes. FATP, fatty acid transport protein; vLCAD, very long-chain acyl-
CoA dehydrogenase; SCHAD, short-chain acyl-CoA dehydrogenase, MCAD, medium-chain acyl-
CoA dehydrogenase.

3.3 FATP4 mRNA deletion from the GD75 cotyledon was not associated with lower FATP4
protein expression in the GD75 cotyledon or caruncle

Despite successful deletion of FATP4 mRNA from the cotyledon, the protein expression of
FATP4 was not significantly reduced in the same tissue (cotyledon) (Fig 2A) and was
significantly greater in the KO compared to CON group on the maternal side of the placenta
(caruncle) (Fig 2B; P=0.05). This may indicate a compensatory upregulation of FATP4 in the

maternal side leading to trafficking of the protein to the fetal side of the placenta, but confirming

such a hypothesis would require further study. Examination of the full immunoblots of FATP4 in
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the cotyledon suggests partial disruption of the expected band in at least two KO sample,
indicating that the CRISPR targeting might have at least partially disrupted protein expression as

expected. Therefore, we decided to proceed with phenotypic analyses.
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Figure 2: Protein expression of FATP4 in the fetal side of the placenta (cotyledon; A) and maternal side
of the placenta (caruncle; B) at GD75 following CRISPR gene targeting of D9 embryos (KO) or no
intervention (CON) normalized to total sample protein by Amido Black (AB) staining, with representative
immunoblots and molecular weights from each experiment. Data are means = SEM of 5-7 blots per
group, with representative full immunoblotted membranes and associated total protein (Amido Black)-
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stained images demonstrating uniform sample loading across lanes, with corresponding molecular
weight markers indicated on the right margins. *P = 0.05 vs CON.

3.4 FATP4 mRNA deletion from the GD75 cotyledon was not associated with upregulation of
FATP1 or CD36 in the GD75 cotyledon or caruncle tissue.

To confirm that FATP4 gene targeting by CRISPR in D9 embryos had no effect on the protein
expression of other fatty acid transporters in the placenta at GD75, immunoblotting was
performed and indicated no effect on the expression of FATP1 in the cotyledon (Fig 3A) or
caruncle (Fig 3B), and no significant effect on expression of the fatty acid translocase CD36 in

the cotyledon (Fig 3C) or caruncle (Fig 3D).
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Figure 3. Protein expression of FATP1 in the cotyledon (A) and caruncle (B), and fatty acid translocase
CD36 in the cotyledon (C) or caruncle (D) at GD75 following CRISPR gene targeting of D9 embryos (KO)
or no intervention (CON) normalized to total sample protein by Amido Black (AB) staining, with

representative immunoblots and molecular weights from each experiment. Data are means * SEM of 5-
7 blots per group.

3.5 FATP4 gene targeting by CRISPR in D9 embryos alters GD735 fetoplacental serum fatty acid
composition.

Given the evidence for potential selective disruption of cotyledonal FATP4 in the KO group and

the putative effects of placental FATP4 on transfer of long-chain PUFA and DHA in particular
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[31], we performed a detailed analysis of the phospholipid fatty acid composition of serum in the
fetoplacental circulation (Fig 4). The schematic in Figure 4 illustrates the relative locations of
the 4 distinct serum compartments of the maternal (uterine) and fetal (umbilical) circulations.
The most notable effects of the KO treatment were a consistent trend for lower relative
proportion of PUFAs and higher proportion of saturated fatty acids (SFA) and monounsaturated
fatty acids (MUFA) in all four serum compartments, although this only reached statistical
significance in the uterine artery (UtA; Fig 4A) uterine vein (UtV; Fig 4B), and umbilical artery
(UmA; Fig 4D), with similar effect sizes in the umbilical vein (UmV; Fig 4C). As a rough
estimate of the selective transfer of particular fatty acids from the maternal to fetal circulation,
we expressed the proportion of major individual fatty acids (as % total within each compartment)
in the UmV/UtA (Fig 4E). This ratio was significantly lower in the KO for serum DHA (22:6n3)
and oleic acid (18:1n9), while 20:5n3 eicosapentaenoic acid (EPA) was greater (P < 0.05). These
results are consistent with a potential role of placental FATP4 in regulating transfer of PUFA
from the maternal to fetal circulation, with a potential preference for DHA as suggested by
previous evidence for a correlational between placental FATP4 expression and DHA levels in the
umbilical circulation [31]. However, the absence of clear FATP4 protein deficiency in the

placenta weakens our ability to definitively conclude this connection.
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Figure 4. Impacts of CRISPR targeting of the FATP4 gene in D9 embryos on the serum fatty acid
composition of phospholipids in the fetoplacental circulation from untreated (CON) and gene
targeted embryos (KO) at GD75 (N = 4-5 samples/group). The central schematic illustrates the
relative locations of the four distinct serum compartments of the maternal (uterine) and fetal
(umbilical) circulations investigated, including the uterine artery (UtA; A) uterine vein (UtV; B),
umbilical vein (UmV; C), and umbilical artery (UmA; D). Values are mean + SEM percentages of
all fatty acids detected for fatty acid classes including saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA). The relative
proportion of major individual fatty acids in the UmV/UtA is presented as a rough estimate of
the transfer of particular fatty acids from the maternal to fetal circulation (E). Fatty acid
nomenclature is C:BnX where C is the number of carbons, B is the number of double bonds
present, and nX in the location of the first carbon in the double bond counting from the methyl
(omega) end of unsaturated fatty acids. Data are means = SEM of 3-5 samples per group. *P <

0.05 compared to CON.
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3.6 Impacts of FATP4 gene targeting by CRISPR in D9 embryos on GD75 serum glucose,
cholesterol and triglycerides in the fetoplacental circulation.

To investigate the impact of FATP4 gene targeting of D9 embryos on the levels of major fuel
sources in the fetoplacental circulation, we also measured levels of serum glucose,
lipoproteins/cholesterol, and triglycerides in uterine and umbilical veins and arteries (Fig 5).
While there was no effect of FATP4 gene targeting on total cholesterol lipoproteins (Fig SA),
glucose (Fig SE), or low-density lipoproteins (LDL; Fig 5B), levels of high-density lipoproteins
(HDL) trended lower in all four serum compartments (Fig 5C; P =0.01 — 0.10), while levels of
triglycerides tended to be higher in both the uterine and umbilical circulations (Fig SD). Fig SF
presents a schematic of the fetoplacental circulation for reference. This suggests a broader
impact of the CRISPR FATP4 gene targeting intervention in D9 embryos on GD75 fetoplacental
lipid metabolism and/or transfer that is difficult to interpret, but consistent with potential

importance of FATP4 in regulating lipid homeostasis during pregnancy.
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Figure 5. Impacts of CRISPR targeting of the FATP4 gene in D9 embryos on the serum levels of glucose,
cholesterol and triglycerides in the fetoplacental circulation from untreated (CON) and gene targeted
embryos (KO) at GD75. Values are mean + SEM of the units indicated for total cholesterol lipoproteins
(A), low-density lipoproteins (LDL; B), high-density lipoproteins (HDL; C), triglycerides (D), and glucose
(E), with panel F presenting a schematic of the fetoplacental circulation for reference. Values of each
metabolite are provided for the maternal (uterine) and fetal (umbilical) circulations investigated,
including the uterine artery (UtA) uterine vein (UtV), umbilical vein (UmV), and umbilical artery (UmA).
Data are means +SEM of 3-5 samples per group. *P < 0.05, #P = 0.05- 0.10 compared to CON.

3.7 FATP4 gene targeting by CRISPR in D9 embryos depletes FATP4 protein from GD75 fetal
tissues.

To determine of CRISPR FATP4 gene targeting of D9 embryos impacted expression of FATP4
protein in the GD75 fetus, we immunoblotted five fetal tissues for FATP4 protein (Fig 6).
Strikingly, we found that FATP4 gene targeting was associated with a >75% depletion of FATP4
protein in the fetal skeletal muscle (Fig 6A), heart (Fig 6B), liver (Fig 6C), and kidney (Fig 6D),
with comparatively minor effects on the fetal brain (Fig 6E). Inspection of full immunoblots
from each tissue revealed highly consistent evidence of protein depletion in all KO samples of
the muscle, heart, liver and kidney, with highly specific antibody binding and good resolution.
Interestingly, the comparatively minor effects in the brain on protein bands at the same molecular
weight seen in other tissues (~65 kDa) was associated with faint expression of a band at ~ 140
kDA that was notably depleted in the KO samples. We speculate that this could represent FATP4
protein dimers or perhaps a larger molecular weight FATP4 enzyme complex in brain that was
deleted by the D9 embryonic gene targeting; however, this would require further investigation to
confirm. An alternative explanation for the comparatively minor effect of FATP4 gene targeting
on the fetal brain despite its marked depletion in other fetal tissues is that the fetal brain arises
from the ectoderm of the D9 blastocyst inner-cell mass, which is likely to be the least affected by

lentiviral transduction. However, we have not demonstrated lentiviral transfection of the inner-

cell mass in these experiments, as such would require direct evidence of Cas9-mediated excision
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of the CRISPR-targeted nucleotide sequence within the FATP4 gene in fetal tissues, which we
have not provided.

In their study, Georgiades et al. found that short-term lentiviral transduction of mouse
blastocysts results in placental-specific gene targeting based on evidence that detectable GFP
protein was only observed in the trophectoderm and lack of observed GFP expression in the
inner-cell mass or later-stage embryo [18]. Importantly, subsequent studies using this technique
in ovine D9 blastocysts at CSU have primarily evaluated impacts of gene deletion on early
placental development [19-23]. To our knowledge, this is the first study to examine multiple
GD75 ovine fetal tissues for expression of the protein encoded by the gene targeted in D9
blastocysts. While the widespread deletion of FATP4 in fetal tissues is consistent with some
CRISPR-Cas9 construct reaching the D9 blastocyst inner cell mass during lentiviral transfection,
we have not demonstrated this directly and so cannot rule out explanations for the depletion of

FATP4 protein in fetal tissues by other mechanisms.
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Figure 6. Protein expression of FATP4 in GD75 fetal tissues following CRISPR gene targeting of D9
embryos (KO) or no intervention (CON). FATP4 gene targeting was associated with a marked (>75%)
depletion of FATP4 protein in the fetal skeletal muscle (A), heart (B), liver (C), and kidney (D), with
comparatively minor effects on the fetal brain (E) normalized to total sample protein by Amido Black (AB)
staining, with representative immunoblots and molecular weights from each experiment. Data are mean
+SEM of 5-7 blots per group, with representative full immunoblotted membranes and associated total
protein (Amido Black)-stained images demonstrating uniform sample loading across lanes, with
corresponding molecular weight markers indicated on the right margins. Data are means +£SEM of 5-7

blots per group.*P < 0.05 vs CON.

bl
¥

@
S

f 1‘4
i&!!!f!!
tm‘
"".ﬂlc

§ ,"1.

v 0

[
S

Lo 250
e W -;:3 .-

= s

@
3

@
S

3.8 Cas9 protein is undetectable in KO placental and fetal tissue at GD75.

In an effort to specifically demonstrate that the CRISPR-Cas9 viral construct transfected in
blastocyst inner cell mass that ultimately developed into GD75 fetal tissues, we performed
immunoblotting of fetal liver samples from control and KO for Cas9 protein. Despite trying
three separate Cas9 antibodies (Abcam ab203933; Active Motif cat#61577; and Invitrogen
prod#MAS5-23519, Lot#TK266566431), we were not able to detect any Cas9 protein in fetal liver.

However, we were also unable to detect any Cas9 protein in either cotyledon or caruncle
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placental tissue of any KO animals. Therefore, based on the findings in Fig 1 and Fig 6, we
question the reliability of blotting for Cas9 protein in mid-term placenta or fetal tissues as a
means of confirming transfection of a CRISPR-Cas9 construct to D9 blastocysts following over

two months of cell differentiation, proliferation, and fetal development.

3.9 FATP4 deletion from fetal muscle and heart has minimal effects on membrane fatty acid
composition.

Given the marked effects of CRISPR FATP4 gene targeting of D9 embryos to deplete FATP4
protein from fetal muscle (Fig 6A) and heart (Fig 6B), we decided to investigate impacts on the
fatty acid composition of membrane phospholipid extracted from these tissues (Fig 7). As noted
in earlier chapters, phospholipids were evaluated as the primary locus of PUFA incorporation in
biological tissues given the putative role of FATP4 in PUFA transport [31]. Somewhat
surprisingly, there was no significant effect of tissue FATP4 depletion on the relative proportions
of membrane SFAs, MUFAs or PUFAs in the fetal muscle (Fig 7A) or heart (Fig 7B). To
determine if FATP4 depletion impacted the class of PUFA incorporated into tissue phospholipids,
we calculated the total proportion of n3-PUFA and n6-PUFA in each tissue and found no effect of
FATP4 KO in fetal muscle (Fig 7C), with a trend for lower levels of both classes in fetal heart
(Fig 7D; P =0.05-0.10 for n3-PUFA). A more detailed evaluation of specific fatty acid levels
revealed mildly significant impacts of FATP4 KO on three fatty acids in fetal muscle (Fig 7E; P
=0.05-0.10) and lower 22:5n3 (DPA) in fetal heart (Fig 7F; P = 0.05-0.10), but no other notable
trends. Taken together, we conclude that protein expression of FATP4 does not play a major role
in regulating the proportions of fatty acid classes or individual species incorporated into fetal

membranes during development — at least in muscle and heart.
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Figure 7. Impacts of CRISPR targeting of the FATP4 gene in D9 embryos on the fatty acid composition of
phospholipids in the fetal muscle and heart. Values are mean + SEM percentages of all fatty acids
detected for fatty acid classes including saturated fatty acids (SFA), monounsaturated fatty acids (MUFA),
and polyunsaturated fatty acids (PUFA) detected in the fetal muscle (A) and heart (B) of untreated (CON)
and gene targeted (KO) at GD75 (N = 4-5 samples/group). The total proportion of all n3 and n6-PUFA
detected in muscle (C) and heart (D), along with proportions of all major individual fatty acids detected
in muscle (E) and heart (F) are also presented. Fatty acid nomenclature is C:BnX where C is the number
of carbons, B is the number of double bonds present, and nX in the location of the first carbon in the
double bond counting from the methyl (omega) end of unsaturated fatty acids. Data are means +SEM of

4-5 samples per group. *P = 0.05 - 0.10 compared to CON.

3.10 Deletion of FATP4 triggers upregulation of FATP1 and CD36, but not FABPpm, in fetal
muscle.

To determine if the depletion of FATP4 protein from fetal muscle was associated with
compensatory changes in the expression of other fatty acid transport proteins, we immunoblotted
fetal muscle homogenates expression of FATP1 (Fig 8A), CD36 (Fig 8B) and the plasmalemmal
fatty acid binding protein (FABPpm; Fig 8C). Not surprisingly, we found significantly higher
levels of FATP1 and CD36 in the FATP4 KO muscle, consistent with a compensatory
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upregulation of these transporters in response to FATP4 depletion. Interestingly, levels of

FABPpm were lower in KO compared to CON, perhaps indicating an interaction of these

proteins in coordinated uptake/transfer of fatty acids into fetal muscle tissue [32].
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Figure 8. Protein expression of fatty acid transporters other than FAP4 in GD75 fetal muscle. Protein
levels of FATP1 (A), fatty acid translocase CD36 (B) and plasmalemmal fatty acid binding protein (C) at
GD75 following CRISPR FATP4 gene targeting of D9 embryos (KO) or no intervention (CON) normalized to
total sample protein by Amido Black (AB) staining, with representative immunoblots and molecular

weights from each experiment. Data are means =SEM of 5-7 blots per group. *P < 0.05 vs CON.

3.11 FATP4 deletion is associated with loss of IRS-1 and impaired carbohydrate oxidation in

fetal muscle.

Given our previous studies demonstrating impacts of higher fetal muscle fatty acid transporter
expression on metabolic parameters [17], we investigated the effect of FATP4 depletion with
FATP1 and CD36 upregulation on fetal muscle metabolism (Fig 9). Consistent with the favoring
of fatty acid of carbohydrate oxidation capacity observed in the presence of higher FATP1 and
CD36 in our previous study [17], we observed a non-significant trend for higher
palmitoylcarnitine oxidation capacity in permeabilized muscle fibers from KO compared to CON
fetuses (Fig 9A) that paralleled a significantly lower capacity to oxidize pyruvate (Fig 9B; P <
0.05). Unexpectedly, this was associated with complete deficiency in insulin receptor substrate-1
(IRS-1) protein expression in the KO muscle (Fig 9C), as well post-translational regulator kinase
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c-Jun N-terminal kinase (JNK) expression (Fig 9D). The depletion of these proteins is difficult to
interpret in the context of FATP4 deletion, suggesting that expression of IRS-1 and JNK may be
linked to that of FATP4 in some way not previously described. Along these lines, it is
interesting to note that ~50% lower FATP4 levels in GD75 fetal muscle following maternal DHA
supplementation in our previous study (Chapter 3; Fig 2B) was associated with 50% lower IRS-
1 protein levels as well (Chapter 3; Fig 4D). While there is no literature precedence for such a
relationship, there is evidence that FATP4 regulates glucose handling and insulin sensitivity [33,
34]. Alternatively, while there is no sequence homology between FATP4 with either IRS-1 or
JNK, we cannot definitively rule out off-target effects of the CRISPR-Cas9 transfection of Day 9

blastocysts on the proteins in developing embryo and fetal tissues 2 months later.
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Figure 9. FATP4 gene targeting on D9 embryos impacts GD75 fetal muscle metabolism. A) Oxidative
phosphorylation (OXPHOS)-linked respiratory capacities of permeabilized fetal M. biceps femoris muscle
fibers supported by 0.05 mM palmitoylcarnitine + 1 mM malate (FA OXPHOS) (A), and 5 mM pyruvate + 1
mM malate (CHO OXPHOS) (B). Tissue protein expression of the total and ser-307 phosphorylated levels
of insulin receptor substrate-1 (IRS-1) (C) and c-Jun N-terminal Kinase (JNK; D) normalized to total
sample protein by Amido Black (AB) staining, with representative immunoblots and molecular weights
from each experiment. Data are means+ SEM (N = 5-7/group). *P < 0.05 compared to CON of the same
protein and tissue.
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3.12 FATP4 depletion is associated with higher FATP1, loss of IRS-1 and JNK, and triglyceride
accumulation in GD75 fetal liver.
Given the findings in fetal muscle above and the dual roles of muscle and liver in regulating
systemic glucose homeostasis, we decided to also investigate impacts of FATP4 depletion in fetal
liver on expression of other fatty acid transporters, levels of tissue triglycerides, and protein
expression of IRS-1 and JNK (Fig 10). Consistent with findings in fetal muscle, loss of FATP4
protein in the fetal liver was associated with an increase in FATP1 protein expression (Fig 10A),
with no effect on CD36 (Fig 10B) or FABPpm (Fig 10C). Interestingly, this was associated with
significantly higher levels of triglycerides (TAGs) in liver tissue (Fig 10D) and a similar
depletion of IRS-1 (Fig 10E) and JNK protein (Fig 10F).

Taken together, these effects strongly favor disruption of glucose and fatty acid handling
by hepatocytes in a manner consistent with the development of severe insulin resistance [35, 36],
although the interconnected relationships of these pathways are complex and still a matter of
debate [37]. Development of fetal hepatic steatosis is consistent with elevated levels of
triglycerides observed in the maternal and fetal circulation (Fig 5D) and has been reported
previously in the context of maternal overnutrition [38], suggesting that disruption of fetal
FATP4 expression favors a pathologic metabolic health trajectory. Indeed, FATP4 deficiency and
inhibition has been shown to shift hepatic fatty acid toward greater triglyceride synthesis and
export to the circulation [39]. However, drawing concrete biological insights from these results
is difficult given the unclear effects of FATP4 gene targeting on the placenta and our inability to
rule out potential off-target effects of CRISPR gene targeting in early embryos on GD75 fetal

tissue [40].
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Figure 10. FATP4 gene targeting on D9 embryos impacts GD75 fetal liver metabolism. A) Fetal liver
tissue protein expression of fatty acid transfer protein 1 (FATP1; A), fatty acid translocase (CD36; B),
plasmalemmal fatty acid binding protein (FABPpm; C), levels of triglycerides in liver tissues (D), and the
total and ser-307 phosphorylated levels of insulin receptor substrate-1 (IRS-1; E) and c-Jun N-terminal
Kinase (JNK; F). All blots were normalized to total sample protein by Amido Black (AB) staining, with
representative immunoblots and molecular weights from each experiment. Data are means = SEM (N =
5-7/group). *P < 0.05 compared to CON of the same protein and tissue.
3.13 Summary and Conclusions
This study represents the first attempt to specifically examine the role of FATP4 in fetoplacental
biology using a loss-of-function gene targeting approach during early embryonic development.

Our results confirm that lentiviral transfection of the CRISPR-Cas9 construct targeting the

FATP4 gene in D9 hatched blastocyst successfully deleted FATP mRNA on fetal side of the
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placenta (cotyledon) as expected. However, persistent FATP4 protein expression in both the fetal
and maternal sides of the placenta at GD75 suggests that trafficking of FATP4 protein might have
occurred from the maternal side of the placenta where expression was higher in KO animals, or
perhaps supply from the maternal circulation [41]. Despite this, FATP4 gene targeting increased
serum and fetal hepatic triglycerides and altered phospholipid fatty acid composition in the
fetoplacental circulation, consistent with a disruption of placental DHA transfer and overall
handling of serum lipids during pregnancy. However, marked depletion of FATP4 protein from
several fetal tissues could also have impacted serum lipids in the fetoplacental circulation. As
discussed above, as we have not provided conclusive evidence for lentiviral transfection of the
inner cell mass during D9 blastocyst incubation. we cannot rule out alternative explanation for
the depletion of FATP4 in fetal tissues in this study.

Depletion of FATP4 protein from fetal tissues presented an opportunity to examine its
role on fetal metabolism, which tended to favor a compensatory increase in FATP1 expression
and an impairment of carbohydrate utilization in fetal muscle and liver, including a loss of IRS-1
and its regulator kinase JNK by mechanisms that require further investigation. While we cannot
rule out off-target effects of CRISPR-Cas9 transfection in D9 blastocysts on GD75 fetal tissues,
these results are consistent with induction of a pathologic metabolic risk trajectory when FATP4
expression is deficient. Such findings have potential relevance to human pregnancy
complications, including gestational diabetes [42] and intrauterine growth restriction [43, 44]
when placental lipid transport and metabolism are disrupted [45]. Therefore, further
investigation of fetoplacental FATP4 expression and its dysregulation during fetoplacental
development could reveal insights relevant to placental insufficiency and pathologic fetal

metabolic programming.
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CHAPTER V:
CONCLUDING REMARKS AND FUTURE DIRECTIONS

Maternal diet during pregnancy has been associated with offspring metabolic health later in life;
however, the specific biological links between diet, the intrauterine environment, and fetal
metabolism that provide the bases for this relationship are not well understood. The studies in
this dissertation established the feasibility of using an ovine model to study these interactions,
specifically demonstrating impacts of maternal high-fat feeding on circulating fetoplacental
nutrient supply and fetal muscle metabolism in Chapter 2 that parallel recent evidence from non-
human primates. In particular, results of this study corroborated evidence for impaired insulin
signaling and a shift in utilization of fat over carbohydrates for energy production, which may
predispose offspring to develop metabolic disease later in life. Future studies are recommended
to investigate the longer-term consequences of these effects during pregnancy in this model,
along with potential mechanisms responsible for fetal “programming” of offspring metabolic
status in utero (e.g., epigenetic modifications such as DNA methylation and histone acetylation
impacting nutrient metabolism or insulin action). Such studies are also recommended to
elucidate the longer-term impacts of prenatal DHA supplementation on offspring metabolic
phenotype given the diverse tissue-specific effects on fetal fatty acid transporter expression and
metabolism revealed by our studies in Chapter 3. This study also revealed parallels between
maternal DHA supplementation and high fat feeding that merit further study, particularly in light
of emerging evidence from human observation studies suggesting potential adverse effects of

prenatal DHA supplementation on offspring metabolic risk.
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There are several limitations of these studies that are worth noting, including the
generally small sample size that reduced statistical power and prevented our ability to detect fetal
sex differences in responses to the high-fat or DHA supplemented diets. We also acknowledge
that only a single dose/level of supplemental fat and DHA were studied in Chapters 2 and 3, so
we cannot rule out different response to higher or lower doses than those used in our studies.
This being said, we did select levels of excess fatty acid and DHA supplementation that are well
within the range of doses used in previous experimental studies in both ruminants and
monogastric mammals, which reasonably parallel achievable intake levels in humans. It is also
important to note that our static measurements of fetal tissue and serum fatty acids and
metabolism in the fetoplacental circulation are insufficient for determining actual rates placental
transfer or fetal uptake or in vivo metabolic flux. Perhaps most importantly, we reveal the
potential pitfalls of using CRISPR-Cas9 targeting genes of D9 blastocysts via lentiviral
transfection for selectively deleting a target protein from the GD75 placenta in Chapter 4, both in
terms of placental selectivity and the possibility of protein migration from the caruncle or
maternal circulation despite mRNA depletion from the cotyledon. In addition, the striking links
between depletion of FATP4 with loss of IRS-1 and JNK protein from fetal muscle and liver in
this study may reflect either co-regulation of these genes/proteins during development or oft-
target effects of the CRISPR-Cas9 constructs applied during early embryo development.
Clearly, additional studies are needed to resolve true biological effects from experimental
artifacts regarding the impacts of FATP4 on fetoplacental metabolism, as well as to further
establish the feasibility of selective gene targeting in the trophectoderm of D9 ovine blastocysts
as means of studying impacts of placental gene expression on fetal development — particularly

when the target gene is highly expressed in fetal tissues.
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