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Abstract:

Sex differences in plasma docosahexaenoic acid (DHA) status during adulthood have
been documented previously, and recent studies suggest the effects of DHA supplementation on
human cognition are different in females compared with males during infancy, adolescence, and
early adulthood. Differences in estradiol concentration are believed to be the predominant factor
in sexual dimorphisms in DHA status when DHA is not supplemented. This suggests that sexual
dimorphisms begin during adolescence when fed diets not supplemented with DHA, but this has
not been examined comprehensively. Therefore, this thesis examined: 1) DHA status in rat
maternal, fetal and pup tissues with and without dietary DHA supplementation during
pregnancy; 2) the onset of sex differences in the fatty acid composition of plasma, heart, brain
and liver from birth to adulthood in rats fed chow diets; and 3) the impact of DHA
supplementation during the perinatal period on spatial memory in female and male adolescent
pups, and possible relationships to brain lipidomic profiles. Results from these studies show that
maternal DHA status decreased significantly during the postpartum period when DHA was not
provided in the diet and suggest that DHA could be mobilized from maternal adipose and
possibly maternal heart and liver for milk production. Furthermore, results show that sex
differences in tissue polyunsaturated fatty acids (PUFA) began at 6 weeks of age. In the spatial
memory experiment, DHA supplementation significantly increased latency times during the final
learning session of Morris Water Maze (MWM) testing and reduced arachidonic acid (ARA) and
n-6 docosapentaenoic acid (DPA) containing phospholipid species in the hippocampus of both
males and females. Understanding the effects of DHA supplementation during the perinatal and
adolescent periods on the PUFA composition of maternal and pup tissues, and how these effects
interact with sexual dimorphisms is critical to understanding dietary requirements of DHA

throughout pregnancy and childhood. Additionally, MWM testing and lipidomic analyses
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indicate that DHA supplementation may interact with long chain n-6 PUFA metabolism that may

be important for spatial memory.
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1 General Introduction

Docosahexaenoic acid (DHA) is essential to the development and maintenance of the
central nervous system, and supports learning and spatial memory performance throughout life
[1,2]. The ability of DHA to support learning and spatial memory performance has been linked
to neurogenesis and synaptogenesis [3], particularly in the hippocampus, a brain region
associated with spatial memory [4]. Recent human trials have reported a sex x diet interaction in
young adults supplemented with DHA, where supplementation improved episodic memory in
females, and working memory reaction time in males [5], but the mechanism behind this
interaction has not been fully explained. Animal models could provide further insight into the
mechanisms behind this. Animal models show rats with adequate dietary DHA intakes have
shorter latency times during spatial memory testing as compared with n-3 PUFA deficient rats,
but this research has been largely limited to male rats [6-10]. Additionally, MUFAs, which are
higher in the typical Western diet than regular chow diets used in most studies have been shown
to reduce PUFA metabolism [11]. Examining an animal model that incorporates females and
Western diets could provide further insight into the mechanism behind a sex x diet interaction in

young adults supplemented with DHA.

Sex differences in the interaction between DHA and brain function could be occurring
directly through the effect of estradiol on the brain [12,13] or indirectly via the ability of
estradiol to increase circulating levels of DHA [14,15], which could then affect brain
concentrations [16]. DHA is incorporated at higher levels in the hippocampi of female control
mice as compared with ovariectomized mice [13]. In addition, 17B-estradiol increases mMRNA

and protein expression of hepatic delta 6 desaturase (D6D), providing females with the ability to



synthesize DHA from shorter chain precursors more rapidly than males [14,17], particularly

when DHA status is low [14,15,18,19].

The general consensus is that estrogen largely mediates sexual dimorphisms in DHA
status. However, when sexual dimorphisms in DHA status begin, and how they relate to
differences reported in memory and cognition at infancy [20], adolescence [21], and adulthood
[5,22] is not fully explained. Although overall estrogen levels are low during prepubescence,
levels in females are higher than males [23]. Female rats also begin adolescence earlier than
males [24]. Understanding the influence of estrogen on LCPUFA synthesis and when sexual
dimorphisms begin is important. Most DHA is accumulated in the brain between the third
trimester and two years of age in humans, and prenatal day 7 to postnatal day 21 in rats [3].
Knowing how much the brain needs, at what stages of life, and how sexual dimorphisms affect

DHA supply and demand is important for making dietary recommendations for all stages of life.

Current recommendations for DHA intakes during pregnancy and lactation vary between
authoritative bodies. During pregnancy, the International Society for the Study of Fatty Acids
and Lipids (ISSFAL) recommends 200mg/d [25], and Health Canada recommends that women
continue eating the generally recommended 1509 of fish per week [26]. The Institute of
Medicine (IOM) has general omega-3 recommendations, but no DHA recommendations specific
to pregnancy [27]. Most Canadian women do not meet the recommended 200mg/d of DHA [28].
Quantifying the effect of insufficient DHA consumption during pregnancy and lactation could
help in determining the impact insufficient consumption has on public health, and identify better

dietary recommendations for pregnant women, and for males and females in general.

This thesis aims to better understand sex differences in DHA metabolism from infancy to

adulthood. This will provide insights on the impact of diet on maternal-fetal levels of DHA,
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changes in DHA status, and fatty acid composition in males and females during development and
adulthood, and the potential impact of sex differences and dietary DHA on spatial memory and
lipidomic profiles. Determining what effect these sex differences may have, and how DHA status
changes during development in males and females is critical to understanding the dietary
requirement of DHA throughout pregnancy and childhood development, and their impact on

memory during adolescence.



2  Biochemical Foundations

2.1 DHA status during pregnancy and perinatal uptake

The mechanisms responsible for increasing DHA during pregnancy have not been fully
identified, but dietary intakes and de novo synthesis could both contribute [1,29-32]. Maternal
intakes during pregnancy can be low in North America [28], and are unlikely to match the
amount transferred to the fetus [33] for a considerable proportion of the population. Low DHA
intakes and status in mothers may also affect the amount of DHA supplied to the newborn during
lactation [34,35]. The rate of DHA conversion from alpha linolenic acid (ALA) adults is
generally less than 1% [36], and although de novo synthesis of DHA is upregulated during
pregnancy [30], it may not be adequate to meet fetal and infant demand. Therefore, in situations
where de novo synthesis and dietary intakes are insufficient, mobilization of maternal stores may
be a major provider of DHA for fetuses and newborns, but mothers not consuming DHA can

deplete them within two months of delivery [37].

Most research examining maternal DHA mobilization is focused on the liver and adipose
depots [31,32,38,39]. However, there are other tissues with considerable concentrations of DHA
that could provide DHA during pregnancy and lactation. Skeletal muscle in the rat has both
higher relative, and absolute amounts of DHA as compared with white adipose [40], and fatty
acid levels in muscle decrease near parturition in bovine models [41]. In addition, gene
expression for fatty acid uptake and degradation enzymes are decreased in the muscle during
lactation in the rat [42]. The ability for skeletal muscle to mobilize fatty acids during pregnancy
could allow mothers to provide fetuses and newborns with a minimal supply of DHA. Similarly,
cardiac muscle in rats also has a higher concentration and percentage of DHA relative to white
adipose [40]. Cardiac muscle also has a high fatty acid turnover rate [43] with potential

4



specificity for long chain polyunsaturated fatty acid (LCPUFA) lipolysis [44,45], but whether
these lipids are exported for perinatal supply has not been examined. The expression of proteins
involved in lipid uptake have been shown to decrease during lactation in skeletal muscle[42], and

a similar mechanism could be occurring in cardiac muscle.

Pregnancy-induced lipidemia is well documented [46]. Circulating levels of
triacylglycerols (TAG), phospholipids (PL), and nonesterified fatty acids (NEFA) increase
during gestation in part due to stimulation from placentally derived leptin [37]. In plasma, DHA
increases predominantly in 16:0/DHA phosphatidylcholine (PC) [29]. This increase is due to
repackaging of phosphatidylethanolamine (PE) to PC through the Kennedy pathway by increased
phosphatidylethanolamine methyl transferase (PEMT) activity [29]. Generally, PE has a higher
content of DHA than PC, but PE predominantly resides on the inner cell membrane of
phospholipid bilayers [47]. Hepatic PEMT-derived PC appears to be preferentially partitioned to
the fetus [48]. Converting DHA-rich hepatic PE to PC allows the DHA to be readily incorporated
into the lipoprotein monolayers that are predominantly PC. Once in the circulation, the DHA-
rich PC is then accessible to lipases found on the microvillous membrane of the placenta,
allowing DHA to be delivered as NEFA to the fetus by passive diffusion [33] or through protein

mediated transport [49].

During lactation, circulating NEFA levels are increased by reducing fatty acid oxidation
and increasing lipolysis in maternal adipose [50]. Adipose derived NEFA can then be sent to the
liver for repackaging as triacylglycerol (TAG) dominant lipoproteins such as very low density
lipoproteins (VLDL) before being sent to the mammary gland to support milk synthesis [51],
though uptake of albumin-bound NEFA could be occurring as well [52]. Similar to lipolytic

signalling from the placenta during pregnancy, lipoprotein lipase (LPL) activity at the mammary



gland is increased via increased prolactin levels [51]. The increase in LPL activity is an adaption
to promote the incorporation of DHA into milk, as DHA from the diet is preferentially
incorporated into plasma PL and TAG [53]. Lipids derived from intestinal absorption circulate
primarily as chylomicrons, while those derived from hepatic synthesis or adipose tissue circulate

primarily as VLDL[54].

In all, the combined provision of maternal DHA to the fetus and infant via placental
transfer and lactation are important in ensuring adequate perinatal DHA status. Tracer studies
have confirmed that increases in maternal dietary DHA consumption increase DHA
concentrations in the placenta [55] and breast milk [56], but no tracer studies have yet confirmed
to what degree each mechanism of transfer for maternal DHA to the infant is responsible for
perinatal DHA status. De novo synthesis of DHA during the perinatal period has also been
reported in term and preterm infants [57], but these synthesis pathways do not appear to have as
large an impact on infant DHA status compared to adequate maternal DHA [58]. Increases in
maternal DHA intakes are linked with increases in perinatal DHA status [58]. However, further
research is needed to fully characterize the role of placenta, breast milk, and perinatal de novo

synthesis on infant DHA status.

2.2 Sex differences in DHA metabolism

DHA levels in females are generally higher than those of males when dietary intake is
controlled [15,59]. Females have higher biosynthesis of DHA from ALA [60]. These differences
are believed to be primarily the result of 17p-estradiol, which increases gene expression of
FADS?2, the gene responsible for A6-desaturase (D6D), the rate limiting enzyme in DHA and

ARA synthesis [17].



How estrogen increases D6D activity and circulating levels of DHA has not been fully
uncovered. The three main forms of estrogens in humans are estriol, estrone, and 17p3-estradiol.
17B-estradiol is the most bioactive form in mammals, and functions through genomic and
nongenomic mechanisms. For genomic mechanisms, 17p-estradiol binds to estrogen receptors
(ERo and/or ERB) to up- or downregulate gene expression, while for nongenomic mechanisms, it
binds primarily to G protein-coupled receptor 30 (GPR30) to mediate secondary messengers
through protein phosphorylation and calcium signalling [61]. To date, no mechanisms directly
relating estrogen to D6D have been identified. However, genomic mechanisms explaining the
role of 17B-estradiol in DHA synthesis have been proposed, involving the upregulation of
desaturase, elongase, and peroxisomal enzymes through ERa-activated peroxisome proliferator-

activated receptor alpha (PPARa) upregulation [14].

Determining the exact lipid pools in which DHA differs between males and females
could lead to a better understanding of the metabolic control of DHA partitioning. A recent
review highlighted that sex differences in circulating DHA can be specified to total plasma,
plasma PL, and red blood cell (RBC) PC fractions in humans [18,62] and rats [63]. This is in
agreement with tracer studies showing DHA elongated from ALA leaves its synthesis pathway
as acyl-CoA and incorporates primarily into PC, followed by CE, TAG and NEFA pools in
women of reproductive age [59] The higher content in PC could be a result of higher circulating
levels of 17p-estradiol, which can increase PEMT gene expression, thereby increasing their

conversion of PE 16:0/DHA to PC 16:0/DHA [64].

Sex differences in DHA status may be dependent on low background intakes of omega-3
PUFA [14,65], as these sex differences have been shown to disappear with fish oil

supplementation, and are not observed in countries with a high omega-3 intakes and blood levels



[18,66,67]. Most observations of higher blood DHA levels in females have been observed
between the ages of 13-50 years old [18]. Although it is assumed that sex differences are
associated with the higher concentration of circulating sex hormones that occur during the onset

of puberty, this has not been clearly demonstrated.

2.3 Established DHA biomarkers

For fatty acid biomarkers, various tissues can be used, but blood has significant
advantages as it is routinely collected and stored in clinical settings. Within blood, there are
various fractions and lipid pools that can be examined, including whole blood (that can be
collected as dried blood spots), plasma (or serum), erythrocytes, and the buffy coat. Within
blood, DHA is found primarily in the PL of the various blood fractions with the fatty acid
compositions of plasma and RBC being reported the most often [67,68]. Tissue n-3 LCPUFA
status correlates more strongly with RBC than plasma, given that RBC has a lipid bilayer and is
composed of a more comprehensive phospholipid profile, unlike plasma, which is dominated by
PC lipoproteins [69]. It has also been demonstrated that DHA levels in RBC are better indicators
of dietary adherence than other n-3 LCPUFA measures in plasma, as turnover of DHA in this
pool is slower [70]. However, the recent identification of plasma PC 16:0/DHA as the specific
lipid responsible for most of the increase in plasma DHA during pregnancy suggests that
lipidomic analyses has the potential to identify highly informative biomarkers not possible with

methods that rely on the chemical isolation and derivatization of fatty acids [29].

While blood fatty acids can be used as biomarkers of DHA intake, the brain strongly
retains DHA, even when blood DHA status is low [71]. Although correlations between brain and
blood n-3 LCPUFA can be strong when n-3 PUFA deficient rats (r > 0.95) are included, the
correlations become considerably weaker when all animals are adequate in n-3 PUFA, even
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when it is primarily obtained as ALA and not preformed DHA [69]. When examining intake

ranges above deficiency, correlations between RBC and brain (r = 0.62) are stronger than brain
and plasma (r=0.46) [69]. A lipidomic approach examining different brain regions may identify
acyl specific lipid species that are highly correlated in brain and blood, and potentially serve as

informative biomarkers in the future.

Lipidomic data also have the potential to provide additional insights about metabolism
when examining sex differences. Previously, the identification of increased 16:0/DHA PC in late
pregnancy led to additional evidence that increased expression of PEMT supports maternal-fetal
DHA transfer [29] and not just the synthesis of PC. Changes in acyl specific lipid species allows
for systems biology approaches to identify molecular pathways with sexual dimorphism in
response to physiological changes and diets. However, with known sex differences in
lipoprotein metabolism [72], lipoprotein isolation followed by lipidomic analysis, though
currently technically challenging, needs to be considered to improve characterization of the
plasma lipidome and our understanding of sex differences in hepatic fatty acid and lipid

metabolism.

2.4 Cognitive benefits of DHA

DHA comprises between 15 and 20% of total lipids in the adult rodent brain, and is
critical for optimal brain function [3,73]. The majority of DHA in the brain is incorporated
within PL [16], but the effect of dietary intervention, and the PL fraction most affected by it is
debatable. The PE and PC fractions are the most abundant phospholipids in brain [74], but these
phospholipids and their DHA content are relatively resistant to changes in DHA intake other than
outright n-3 PUFA deficiency [75]. However, DHA supplementation can increase DHA
composition (%wt) of other lipid species, and possibly increase the absolute amounts of DHA

9



containing phosphatidylserine (PS) [74]. Plasmalogens, which make up an important subclass,
and constitute approximately 20% of white matter phospholipid mass [76] may also increase in
DHA content during dietary DHA supplementation [77,78]. DHA supplementation may also
reduce arachidonic acid (ARA) in PC, PE, PS, and phosphatidylinositol (PI) fractions, even
though relative amounts of DHA do not change [75]. Aging may also have a role in sex
differences in brain, as brain DHA in lysoPC is higher in aging female as compared with male
mice [79].

In multi-generational studies of DHA depletion, male rodents show impaired spatial
memory performance in Morris water maze (MWM) studies [6-10]. In vitro studies show
neurons from the hippocampus, an area critical for spatial memory, generate more synapses in
cell cultures with DHA included as compared with cultures without DHA [4]. This observation
of increased neural connections could explain the shorter latency times in MWM performance of
rats with adequate levels of DHA [6-10], as DHA may be supporting memory formation and

increased recall speed.

Cognitive interactions between sex and DHA intake have been reported. In 18-45 year
old adults, DHA supplementation improved episodic memory reaction times and working
memory accuracy in both sexes, episodic memory accuracy in females only, and working
memory reaction times in males only [5]. DHA blood levels also correlate with cognitive test
scores twice as strongly in girls as compared with boys, and DHA supplementation shows an
inverse relationship with blood levels of n-6 PUFA in females only [21]. DHA supplementation
is also linked with reducing depression in women, but not men [22]. Interestingly, in 3 year old
Danish girls, an inverse relationship was shown between DHA in RBC and communication as

determined by the ASQ-3 [20]. Studies examining the effects of DHA on cognition do not
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always reach significance, and its effects remain controversial [80]. This may be partially
explained by studies not accounting for sex differences, only measuring effects in males, or not
accounting for age, as it is possible the effects of DHA supplementation interact with sex
differently at different ages. Understanding the mechanisms behind why DHA supplementation
affects females differently than males is important in understanding the cognitive effects of

DHA.
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3 Rationale, Objectives, and Hypotheses

3.1 Rationale:

Sexual dimorphisms have been overlooked in science [81]. Within the last decade,
policies have been put into place to prevent basic and preclinical research from being focused on
males only [82,83]. A significant amount of basic research on the benefits of DHA has been
conducted using only male specimens [6-10,84—86], despite female and male humans showing
different circulating levels of DHA [15,59,60], different memory improvements from DHA
supplementation [5], and sexually dimorphic cognitive differences in infants following maternal
DHA supplementation [87]. Pregnancy models can provide insights on the effects of sex
hormones on fatty acid and lipid metabolism and need to be examined to understand female
biology. Plasma DHA increases approaching parturition in humans and rats [29,88], and sex
differences in DHA are associated with higher levels of estrogen in females [17,29]. As
Canadian women do not meet ISSFAL recommendations for DHA consumption during
pregnancy [28], examining the effects of a high fat diet that mimics a Western fatty acid profile
with and without DHA on the mother, fetuses, and 7d old pups could provide more insight on

maternal adaptations to DHA supplementation and sexual dimorphisms in pup development.

Additionally, circulating DHA levels are often reported to be greater in females relative
to males [14,15,18]. This increased capacity is associated with circulating estrogen [14,15] and
sex differences in the expression of genes related to PUFA synthesis [14,89]. While the onset of
these differences has not been examined comprehensively, human studies suggest differences in
circulating DHA begin with puberty [18], but sex-DHA status interactions on communication
skills have been observed at 9 months of age [20]. This could be due to differences in DHA
status occurring earlier than previously thought. Animal studies examining tissue DHA status
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have been limited to single time points in mature rats [14,63], and when examined in growing
rats, it has been examined under n-3 PUFA deprivation/repletion models [89]. Puberty in the rat
begins between 40-60 days of age [90]. Examining changes in DHA status from 1 to 9 weeks of

age could provide insight on how sexual dimorphisms in DHA occur in rats during development.

Finally, DHA supplementation causes sexually dimorphic memory improvements in
young adults [5], and multigenerational studies in rats show severe DHA depletion negatively
affects spatial memory in MWM [6,9,10]. However, this effect on spatial memory has only been
examined in males. Spatial memory and MWM performance are highly associated with
hippocampal function [91]. Dietary ALA supplementation increases DHA brain composition in
females more than males [92], and DHA supplementation has been shown to improve memory
differently in females as compared with males [5]. In the hippocampus, DHA accumulation
occurs primarily in PL [93], and DHA uptake and PE levels in the brain are affected by estrogen,
as estrogen treatment appears to maintain brain lipid homeostasis in aging and ovariectomized
rodents [12]. A lipidomic analysis of the hippocampus compared with blood lipidomics may
provide further insight on sexually dimorphic responses to DHA supplementation and identify

novel blood biomarkers that are more informative than fatty acid based blood-brain biomarkers.

3.2 Objectives:

Using a rat model, the main objectives of this thesis are to: 1) assess the effect of dietary
DHA supplementation and high fat Western diets during pregnancy on tissue DHA status of
mothers, fetuses and pups, 2) determine the onset of sex differences in DHA status from birth to
adulthood, and 3) determine the impact of DHA supplementation during pregnancy and lactation

on the spatial memory of adolescent offspring.
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Assessing the effect of dietary DHA on maternal tissue stores involved a pregnancy
model with total Western diets with (TWD+) and without DHA (TWD-), and a standard chow
diet. Maternal and 7-day old pup tissues were analyzed during pregnancy and lactation. Plasma,
RBC, heart, liver, brain, white perirenal adipose and placenta from the mothers were collected to
determine how fetal demand for LCPUFA during pregnancy and lactation affected maternal
tissue stores of LCPUFA.. Brain, heart, and liver from 7-day old pups were also collected and

examined for potential dietary effects and sexual dimorphisms in LCPUFA composition.

Upon examination of sexual dimorphisms in brain DHA concentrations of 7-day old pups
fed TWD+, an objective of determining when sexual dimorphisms in the LCPUFA status of
chow fed Sprague-Dawley rats was established. Plasma, heart, liver, and brain fatty acid

compositions were examined.

The potential interaction between dietary DHA supplementation throughout development
and sexual dimorphisms at 6 weeks of age was also examined. Spatial memory was then assessed
using the Morris water maze, and lipidomic and fatty acid analyses were performed on the
offspring to determine the lipid species of the hippocampus and erythrocytes. Correlations were
performed to determine whether erythrocytes could be an effective biomarker for assessing the

hippocampal lipidome.

3.3 Hypotheses

Study 1: The Effect of Dietary DHA on the Fatty Acid Composition of Maternal Tissues

and 7 Day Old Pups

1. Atdays 20 of pregnancy or 7 days postpartum, mothers fed TWD- and chow will have

lower levels of DHA in their adipose, heart, and liver, as compared with mothers fed
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TWD+. Maternal brain levels throughout pregnancy and postpartum will not change,
regardless of diet.

2. TWD+ pups will have greater levels of DHA in whole body, brain, heart, and liver than
TWD- and chow.

3. The tissue compositions of female and male fetuses and pups will be similar.

Study 2: Sex Differences in Fatty Acid Compositions of Plasma, Liver, Brain, and Heart

from Birth to Adulthood

1. Plasma, heart, and liver DHA composition will be higher in females than males
beginning at 40 days of age.
2. Brain DHA composition (%wt) and concentration will be the same between sexes

throughout the experiment (weeks 1 —9).

Study 3: Examining the Effects of Dietary DHA Supplementation on Spatial Memory and

the Hippocampus in Female and Male Rats

1. Atweek 6, DHA+ females will have shorter latency times than DHA+ males. For both
sexes, the DHA supplemented group will have shorter latency times than controls

2. Females will have greater hippocampal DHA levels than males in the supplemented, but
not the control group at 7 weeks of age with the increased DHA occurring in PC and PE
16:0/DHA and 18:0/DHA, and PS 18:0/DHA at the expense of n-6 LCPUFA.

3. DHA levels in the RBC PE 16:0/DHA and PE 18:0/DHA will correlate with PE

16:0/DHA and PE 18:0/DHA levels in hippocampal PE at 7 weeks of age.
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4  Common Methods

4.1 Animals and Tissue Collection

All animal experiments will be performed in agreement with the policies of the Canadian
Council on Animal Care and submitted for approval by the University of Waterloo Animal Care
Committee. In all experiments, exsanguinated blood will be collected in the presence of
ethylenediaminetetraacetic acid (EDTA) and plasma will be isolated by centrifugation at 4°C and
1,500 g for 10 mins. Tissues will be washed in saline (0.9% v/v), weighed, and flash-frozen in

liquid nitrogen. After collection, samples will be stored at -80°C until analysis.

4.2 Lipid Extraction

Tissue samples will be pulverized, weighed, placed in an ice bath, and homogenized
using a Kinematica PT 1200E Polytron (Kinematica Inc., Bohemia, NY) in 3mL of 2:1
chloroform:methanol containing 50ug/mL 2,6-di-tert-butyl-4-methylphenol (butylated
hydroxytoluene, BHT; Sigma-Aldrich, St. Louis, MO, USA) and 10ug of docosatrienoic acid
(22:3n-3, Nu Chek Prep Inc., Elysian MN) for gas chromatography analysis, or 500pmol of
17:0/17:0 PC for mass spectrometry analysis as internal standard. Homogenized samples will be
left at room temperature overnight in 3mL of 2:1 chloroform:methanol for lipid extraction
following a method modified from Folch et al. [94]. Aqueous and organic phases will be
separated by aqueous buffer of 500uL of 0.2M sodium phosphate, and the organic phase will be

collected.

4.3 Gas Chromatography

The collected organic phase containing the extracted lipids will be dried under nitrogen

and methylated in 1mL BF3-MeOH and 300pL of hexane for one hour at 100°C. The hexane
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layer with fatty acid methyl esters will be collected, dried under nitrogen and reconstituted in
65uL of hexane for analysis with a Varian 3900 gas chromatograph equipped with a DB-FFAP
15 m x 0.1 mm injected dose x 0.1 um film thickness polyethylene glycol capillary column (J
and W Scientific from Agilent Technologies, Mississauga, ON) at a 100:1 split ratio. The inlet
will be heated to 250°C with hydrogen used as a carrier gas. A temperature program will be used
with an initial column temperature of 150°C with a 0.25 minute hold, followed by a 35°C/min
ramp to 200°C and a 8°C/min ramp until 245°C will be reached and held for 15 minutes [95].
Fatty acid methyl esters will be measured using a flame ionization detector set at 300°C and a

sampling frequency of 50Hz [96].
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5 The Effect of Dietary DHA on the Fatty Acid Composition of Maternal Tissues and 7

Day Old Pups

5.1 Introduction

Levels of DHA in plasma increase approaching parturition in both humans [88,97,98] and
rats [29,99], likely as an adaptation to meet fetal demand during fetal brain growth. Mechanisms
responsible for this increase have not been fully identified, but dietary intake, upregulated de
novo synthesis and mobilization from maternal tissues are potential mechanisms [1,29-32].
Evidence suggests DHA is mobilized from maternal liver and adipose depots during pregnancy
and lactation [31,32,38,39], and it is possible that DHA could also be mobilized from other
maternal tissues, particularly those demonstrated to be rich in DHA [40]. The exact roles of these
mechanisms, and how they interact with high fat diets typically found in Western societies could
provide a better understanding as to how mothers meet fetal and infant DHA demand.

The goal of this study was to investigate if DHA can be mobilized from various maternal
tissues in addition to adipose during pregnancy and postpartum, and if this mobilization can be
influenced by DHA supplementation and high fat diets. This was examined with a background
rodent diet designed to emulate a typical human Western diet, including percentages of saturated
fatty acids (SFA), monounsaturated fatty acids (MUFA) and PUFA [100]. A common rodent
chow diet was included as an additional control. Maternal liver, brain, adipose, heart,
erythrocytes, and plasma, as well as placenta, and fetal and pup tissues were examined
throughout pregnancy and into the postpartum period across all diets. To my knowledge, this is
the first study to comprehensively examine changes in the fatty acid compositions of multiple
maternal tissue stores, and that of placenta, fetuses, and pups during Western and chow diet

interventions.
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5.2 Methods

5.2.1 Animals and Pregnancy Model

Seventy-two female Sprague-Dawley rats were purchased from Envigo (Mississauga,
Ontario, Canada) and arrived at the University of Waterloo Central Animal Facility at 7 weeks of
age. Baseline rats were not bred and fed either a fixed-formula 8640 Teklad 22/5 Rodent Diet
(Chow), a TD.110424 total western diet with DHA (TWD+) or a total western diet without DHA
(TWD-) (Table 1) for 7 days prior to being sacrificed (n=6 per diet). Rats assigned to the
pregnancy groups were housed with male breeders and fed chow diets until confirmation of
pregnancy by vaginal plug. Once pregnant, rats were immediately assigned to chow, TWD+, or
TWD- diets (Figure 1). Daily food intakes and body weight were measured at baseline, day 15
and 20 of pregnancy, and postpartum. Following an overnight fast, rats were sacrificed at day 15
of pregnancy, day 20 of pregnancy, or 7 days postpartum by exsanguination after anesthesia
using isoflurane (n=6 per group). Plasma, RBC, adipose, brain, heart, liver, fetuses, 7 day old
pups, and pup brain, hearts, and livers were collected and analysed by gas chromatography as

described in the general methods chapter.

5.2.2 Statistical Analyses

All statistical analyses were performed using SPSS release 20.0 (IBM, Chicago, IL, USA).
The effect of diet and time was examined across maternal parameters using a two-way ANOVA
with interactions. Differences in pup tissues across diets were examined by one-way ANOVA.
Individual means were compared by Tukey post hoc testing after significant F-value by

ANOVA. All data are presented as means = SD with significance accepted when p<0.05.
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5.3 Results

5.3.1 Maternal food intake and body weight

Energy intakes did not differ across the diets despite the higher energy density of the
TWD+ and TWD- as compared with chow. Maternal energy intakes were significantly increased
in all diets at 7 days postpartum as compared with baseline and gestation across all diets (Figure
2). At 7 days postpartum, chow dams consumed a significantly greater mass of food than TWD+
and TWD- dams (47.5 £ 4.37g vs. 34.0 £ 10.0g and 32.33 + 12.45¢, respectively). Maternal
body weight increased from baseline throughout pregnancy with a decrease at postpartum that
remained higher than baseline. This was in agreement with previous reports using this pregnant
rat model [29]. Maternal and fetal body weights did not differ between diets (data not shown).
However, the weights of 7-day old pups from TWD+ and TWD- mothers were significantly
higher than those from chow mothers (14.16 + 2.99g and 14.14 + 2.63g vs 12.63 + 1.68g
respectively. p = 0.0001).
5.3.2 Fatty acid composition of maternal tissues

The TWD+ diet supported increased concentrations of DHA in most maternal tissues
during pregnancy while the TWD- and chow diets did not, although the responses of each tissue
were not similar (Figure 3). In plasma, there was a significant increase in DHA at day 20 of
pregnancy in all three diets, and the DHA concentration with TWD+ feeding was 53% and 78%
higher than the DHA concentrations with chow and TWD- feeding, respectively (Figure 3A).
These concentrations returned to baseline levels by 7 days postpartum in all the diets. These
increases reflected, in part, a general increase in total fatty acids in plasma at 20 days of
pregnancy. However, the relative percentage of DHA was significantly higher at 20 days of

pregnancy for the TWD+ and chow groups, but not the TWD- diet (Appendix Table 5.1, Appendix
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Table 5.2Error! Reference source not found.). Concentrations of ARA also changed,
increasing above baseline at 20 days of pregnancy in TWD+ and chow rats, and decreasing
below baseline at 7 days postpartum in TWD+ rats. The TWD+ and TWD- diets also resulted in
higher percentages of saturated and monounsaturated and lower percentages of n-6 PUFA as
compared with plasma from the chow diet. In erythrocytes, the increase in DHA concentrations
at day 20 was also observed in all the diets, but the increase was more gradual, very subtle in the
chow and TWD-, and extended into postpartum for the TWD+ group (Figure 3 B). In contrast to
plasma, the total fatty acid concentrations of erythrocytes did not increase at day 20 of
pregnancy.

Liver DHA concentrations increased above baseline at day 15 and 20 in the TWD+ group
and decreased below baseline at 7 days postpartum in the TWD- group (Figure 3C). The relative
percentage of DHA was significantly higher at day 20 in both the chow (6.42+0.78 vs
10.96+2.98) and TWD+ groups (7.42+0.90 vs 11.35+2.45, Appendix Table 5.3). Liver ARA
concentrations did not change from baseline in any of the dams. In the TWD+ and TWD- groups,
total fatty acid concentrations significantly increased at 7 days postpartum as compared with day
20 of pregnancy (1.7 — 1.9 fold) and were significantly higher than chow at the 7 days
postpartum (2.5 — 2.7 fold, Appendix Table 5.3). These increases in liver total fatty acids were
driven by very large increases in 16:0 and 18:1n-9, as percentages of n-3 and n-6 PUFA
decreased in the TWD+ and TWD- diets.

Adipose DHA concentrations were decreased throughout pregnancy in the TWD- group
(Figure 3D). The TWD+ and chow groups had similarly higher DHA concentrations in adipose
throughout pregnancy and postpartum with an increase at day 20 of pregnancy that was above

baseline levels. There was a tendency for total fatty acid concentrations of adipose to increase
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during pregnancy and then decrease postpartum across all diets with the decrease at postpartum
in the chow diet being the largest. In the heart, DHA concentrations increased in the TWD+ at
day 20 of pregnancy and then returned to baseline levels (Figure 3E). In the TWD- and chow
groups, heart DHA concentrations did not increase at day 20 and significantly decreased at 7
days postpartum (Figure 3E) and there was evidence of increased percentages of 22:4n-6 and
22:5n-6 in these groups as compared with the TWD+ group (Appendix Table 5.5). Maternal
brain DHA concentrations in the TWD- group were significantly lower than those in the TWD+
group, at day 20 of pregnancy, but none of the values were different from baseline (Figure 3F)
and the percentage of brain DHA did not differ in any of the groups (Appendix Table 5.6).
5.3.4 Fatty acid composition of the placenta and pup whole bodies.

Placental DHA concentrations increased in all diets from day 15 to day 20 of pregnancy
with the increase in the TWD+ placentas being significantly greater than the other diets (Figure
4A). While there was a tendency for total fatty acid concentrations to also increase from day 15
to day 20 (approximately 30-40%), the percentages of DHA at day 20 remained significantly
higher than day 15 for all the diets with TWD+ having the greatest increase (Appendix Table
5.7). In the fetus, whole body DHA concentrations did not differ (Figure 4B) although the
percentage of DHA increased in the TWD+ and chow fetuses from day 15 to day 20 (Appendix
Table 5.8). After birth, DHA concentrations increased in the pups relative to the fetuses in all
the diets with a remarkable increase in the TWD+ diet (7 fold from baseline versus 3.7 fold in
TWD- and 3.6 fold in chow, Figure 4B). After birth, total fatty acid concentrations increased
significantly in all the pups, however, the concentrations in the TWD+ and TWD- 7-day old pup
whole bodies were approximately 3 times the concentration of the chow-fed pups (Appendix

Table 5.8).
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5.3.5 Fatty acid composition of pup brain, liver and heart.

The pups from the TWD+ group had the highest concentrations of DHA all tissues,
although chow had a statistically similar level of DHA in the heart (Figure 5). DHA
concentrations in the brain and heart of TWD- group were also significantly lower than the chow
group. Differences in total fatty acid concentrations appear to have contributed to this
observation as total fatty acid concentrations in the TWD- group were lower in the brain and
heart but higher in the liver relative to the chow group (Appendix Table 5.9). In the brain, the
percentage of DHA was only different (1.2 times higher) in the TWD+ group, while the
percentages of 22:5n-6 and 22:5n-3 were higher in the TWD- and chow pups as compared with
the TWD+ pups (Appendix Table 5.9). In both the heart and liver, there were increases in the
percentages of 18:1n-9 with the TWD+ and TWD- feeding relative to chow. In the heart, this
was offset by lower percentages of 18:2n-6 and 18:3n-6 relative to chow, while in the liver, the

TWD+ and TWD- had lower percentages of 18:0 and 20:4n-6 (Appendix Table 5.9).
5.4 Discussion

Results of this study indicate that including preformed DHA can, in general, increase
DHA status in various maternal, fetal and pup tissues even when fed a background Western style
diet. High fat feeding during pregnancy has been demonstrated to potentially reduce the hepatic
DHA status of neonatal pups [101], but surprisingly, manipulating the DHA content of a Western
style diet fed rodents during pregnancy has not been examined previously to our knowledge.
This is despite the fact that the use of DHA supplements during pregnancy is encouraged for

women in Western countries [102].

An increase in DHA concentrations in maternal plasma has been observed previously

[29,31,38,39,88,103]. This study also confirms a recent report that the DHA increase occurs
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largely in late and not early pregnancy, where it was demonstrated that DHA was specifically
increased into 16:0/DHA PC for incorporation into lipoproteins during pregnancy induced
hyperlipidemia [29]. The present study demonstrates that the DHA increase in plasma during late
pregnancy is even higher when preformed DHA is included in the diet, and that this metabolic
adaptation to mobilize DHA to the plasma for potential fetal uptake was also evident in the
TWD- diet, a high fat diet without preformed DHA. The increase and decrease in DHA
concentrations and percentages in plasma during pregnancy and postpartum have been observed
previously in rodents [29] and in humans [88,97]. This rise and fall is associated with changes in
lipoprotein levels, but also DHA availability for incorporation into PC [29,104]. Erythrocyte
DHA concentrations were also increased above baseline with this increase being higher and

persisting into 7 days postpartum in the TWD+ group.

In the other maternal tissues examined, an increase in DHA concentrations at day 20 of
pregnancy was observed only in tissues of the TWD+ group. Specifically, liver, adipose, heart
and erythrocyte, but not brain DHA concentrations were all increased above baseline at day 20
and they all returned to baseline levels at 7 days postpartum. In the heart and liver, the chow and
TWD- groups were generally similar with the DHA concentrations remaining at baseline levels,
but lower than the TWD+ group throughout pregnancy. However, at 7 days postpartum, DHA
concentrations fell below baseline levels in both the chow and TWD- groups in the heart, and in
the TWD- group in the liver. The decrease in heart tissue DHA in both the chow and TWD- was
not expected, but losses of DHA in the heart could have been anticipated. Heart tissue has a high
concentration of DHA [40] and high fatty acid turnover rate [43], with a potential specificity for

lipolysis of LCPUFA such as DHA by phospholipase A2 enzymes [44,45] . It is not clear if the
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decrease in DHA was caused by metabolic use of DHA by the heart or by release of DHA from

the heart to the circulation. Further examination is required.

In contrast to the response in maternal liver and heart, perirenal adipose tissue DHA
concentrations in the chow and TWD+ groups were similar, while the TWD- group was lower
throughout pregnancy and postpartum. The DHA content of adipose was actually increased at
day 20 in the TWD+ and chow diets suggesting that adipose may have been taking up DHA from
plasma, rather than providing it. Previously it has been reported that DHA concentrations in
periuterine adipose decrease but that perirenal adipose do not change at 18 days of pregnancy in
rats fed low n-3 or ALA adequate diets [38]. In this study, an increase in DHA in perirenal

adipose in the chow and TWD+ diets at day 20 but not day 15 of pregnancy was observed.

The lower levels of DHA in the adipose of the TWD- group throughout pregnancy and
postpartum suggest that the fetal/pup demand was not being met by the intake of dietary DHA
and that adaptations to increase DHA biosynthesis during pregnancy [29,59,105,106] could not
meet the demand as well. The TWD- diet contained only 17 ug DHA/g diet (0.01% of total fat)
while the chow diet had 226 ug DHA/g diet (0.41% of total fat). In regard to DHA biosynthesis,
the total ALA content in the TWD- diet (3.17 mg ALA/g diet) was slightly higher than chow
(2.63 mg ALA/g diet), but the % of ALA in total fat in the TWD- (1.8% of total fatty acids) was
less than half of the chow diet (4.8% of total fatty acids). Based on a previous study that
considered the ratios of linoleic acid (LA) to ALA and the energy % of over 50 diets [107], it is
unlikely that the DHA biosynthesis potential of the chow and TWD- diets would differ.
However, the previous work was completed in male rats and not pregnant females, and this study
included different levels of preformed DHA in the diets. In addition, high MUFA intakes can

reduce ALA metabolism [11] and absolute MUFA content in the TWD- diet was 66.9 mg
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MUFA/g diet as compared with 13.4 mg MUFA/g diet in the chow diet. Additionally, the
different micronutrient composition of the chow and TWD diets could have had an effect on the

metabolic outcomes of the pups[108]. Further research on their impact is necessary.

Placental and whole body pup DHA concentrations from this model are consistent with
previous reports of maternal DHA status affecting fetal and infant DHA status through both
placental transfer [33] and lactation [109]. The TWD+ pups had both higher whole body and
tissue specific DHA concentrations when compared to their chow or TWD- counterparts.
However, it was interesting that the differences in whole body DHA concentrations were only
observed in the 7-day old pups and not in the fetuses. This suggests that maternal adaptations
during pregnancy were meeting fetal demand, but that this did not extend into postpartum
lactation. Fetal synthesis of DHA could also be occurring, but from the current literature, it is
difficult to quantitate DHA synthesis occurring during early infancy from that occurring in utero
[33]. Future research is needed to quantify how much perinatal DHA is synthesized from the
mother relative to the infant. Tissue fatty acid analyses of the pups indicate that while some of
the increased DHA in the TWD+ group is probably excess and accumulating in depots such as
liver and possibly adipose (not measured), diets low in DHA can result in slightly, but
significantly lower levels in brain and heart. Interestingly, the pup heart was the most sensitive
to losses of DHA with the TWD- diet. As mentioned previously, there is the potential for high
DHA turnover in the heart [110], but it remains to be seen if this turnover is to meet the
metabolic need for DHA by the heart itself or if some of the DHA is released to the circulation
for uptake by other tissues. More research understanding DHA metabolism and turnover in the
heart is needed. The postpartum observations in this study may be unique to rodent models and

not extrapolate to humans as rat pup brain development does not reach the same level as a term
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human infant until 12 days postpartum [90]. In this rat model, however, it appears that while
adaptations during pregnancy maintain maternal DHA status before birth, these adaptations

change postpartum and may not support DHA demand by the pup via lactation.

This study has several limitations. While several maternal and fetal/pup tissues across
various time points were screened to identify decreases in tissue levels as evidence of maternal
mobilization for fetal/pup transfer, only static measures of tissue fatty acid levels were
completed. Also, while several maternal tissues were examined, results of decreases in DHA in
heart indicate that maternal skeletal muscle should also be examined, and a recent study suggests
that other adipose sites should be examined as well [38]. While the use of a background diet that
resembled human fat intakes was novel for DHA supplementation during pregnancy, there were
some unanticipated results that made it difficult to compare to the existing literature in the field.
The TWD+ and TWD- resulted in significant increases in hepatic total fatty acids at postpartum,
suggesting the development of fatty liver. The TWD+ and TWD- resulted in significant increases
in hepatic total fatty acids at postpartum only (73.1 £ 25.4 and 77.2 + 33.3 mg/g) that suggested
progression towards fatty liver. Total hepatic fatty acid concentrations of 122 mg/g and
percentage shifts towards higher 18:1n-9 and lower 18:0 has been observed previously in rats
with steatosis [111].This was not present during pregnancy, and was not reflected in maternal
adipose, but it was reflected in the pup whole body total fatty acids. As only one postpartum time
point was measured, the duration of this response and the consequences of these diets on

maternal and pup health need to be examined in more detail.

5.5 Conclusion

In conclusion, this study provides further evidence that DHA is increased in plasma

during late pregnancy across diets with different intakes of DHA and that tissues other than
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adipose and liver may be a source of DHA during pregnancy and lactation in order to meet fetal
and pup accretion and physiological requirements. These observations also suggest that in this
model, maternal adaptations to meet lipid and fatty acid requirements change in the transition
from pregnancy to lactation with the pup requirement for DHA during lactation being
particularly detrimental to maternal tissue levels when dietary DHA levels are low. Additional
work examining the rates of mobilization of DHA from maternal tissues, and the dietary intake

required to prevent tissue decreases, could help define dietary requirements during pregnancy.
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Figure 1: Study design flowchart for pregnancy study. Female Sprague Dawley rats were fed
either a fixed formula 8640 Teklad 22/5 Rodent Diet (Chow), a TD.110424 total western diet
with DHA (TWD+) or a total western diet without DHA (TWD-). Baseline rats were sacrificed
at 9 weeks of age after one week on the diets. Rats assigned to the pregnancy groups were fed
chow diets until confirmation of pregnancy and then immediately assigned to one of the 3 diets,
and sacrificed at 15d of pregnancy, 20d of pregnancy or 7d postpartum (n=6 for each group).
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Figure 2: Food intake across pregnancy and the postpartum period. *Significantly higher than
intakes at other time points for all diets (main effect of time by two-way ANOVA followed by
Tukey post hoc (p<0.05). Mean £ SD, n = 6 for each point.
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Figure 3: Effects of pregnancy and diet on DHA concentrations of maternal tissues. Different
letters indicate diet differences within a timepoint, and * indicate timepoint differences from
baseline within a diet. All differences are as determined by Tukey’s post hoc following
significant (p<0.05) F-value by two-way ANOVA. Mean + SD, n = 6 for each point. TWD+:
DHA-supplemented Total Western Diet, TWD-: Total Western Diet.
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Figure 4: Effects of pregnancy and diet on DHA concentrations of placenta and whole body
fetuses and pups. Different letters indicate diet differences within a timepoint, and * indicate
timepoint differences from baseline within a diet. All differences are as determined by Tukey’s
post hoc following significant (p<0.05) F-value by two-way ANOVA. Mean + SD, n = 6 for
each point. TWD+: DHA-supplemented Total Western Diet, TWD-: Total Western Diet.
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Figure 5: Effects of pregnancy and diet on DHA concentrations of pup tissues. Different letters
indicate diet differences. All differences are as determined by Tukey’s post hoc following
significant (p<0.05) F-value by two-way ANOVA. Mean = SD. TWD+: DHA-supplemented
Total Western Diet, TWD-: Total Western Diet.
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Figure 6: Effects of pregnancy and diet on DHA total lipids, phospholipids, and triacylglycerols
in maternal heart. *Significantly different from baseline (p<0.05) as determined by two-tailed
student’s t-test. Mean £ SEM, n = 6 for each point. TWD+: DHA-supplemented Total Western
Diet, TWD-: Total Western Diet.
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Figure 7: Effects of maternal diet on brain DHA concentrations of male and female pups
*Significant differences between male and female pups from mothers of the same diet (p<0.05),
and letters indicate significant differences between diet as determined by two-tailed student’s t-
test. Mean = SD. n=4 for TWD+ and chow. n=3 for TWD-. TWD+: DHA-supplemented Total
Western Diet, TWD-: Total Western Diet.
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Table 1: Macronutrient and fatty acid composition of chow, and DHA supplemented and

unsupplemented Total Western Diets (TWD).

Diet component Chow TWD-DHA TWD+DHA
Macronutrient mg/g of diet

Protein 22.0 16.8 16.8
Carbohydrate 40.6 54.6 54.6
Fat 55 16.7 16.7
Fatty Acid % composition

C 16:0 13.24 +0.11 18.73 +0.08 18.81 +0.13
C 18:0 3.68 £ 0.02 8.87 £ 0.01 9.16 £ 0.01
Total SFA 18.56 + 0.13 32.78 £ 0.05 32.74 £ 0.16
C16:1 0.77 £0.01 1.18+£0.01 1.14£0.01
C 18:1n-7 1.31+£0.01 1.49 £ 0.02 1.52 £0.06
C 18:1n-9 21.82 +0.26 36.64 £ 0.10 36.79 £ 0.08
Total MUFA 24.34+0.23 39.90 £ 0.10 40.03 £ 0.07
C 18:2n-6 48.51 £ 0.05 20.21 + 0.04 20.86 £ 0.03
C 20:4n-6 0.14 £ 0.02 0.08 +0.01 0.09 £0.01
Total n-6 PUFA 48.82 £ 0.03 20.55 + 0.04 21.23 £ 0.05
C 18:3n-3 4.78 + 0.01 1.83+£0.01 1.90+0.01
C 20:3n-3 0.01+0.01 0.02 +£0.01 0.02+£0.01
C 20:5n-3 0.42+0.01 0.01+0.01 0.01+0.01
C 22:5n-3 0.08 £ 0.01 0.05+0.01 0.03+0.01
C 22:6n-3 0.41 +0.02 1.21+£0.02 0.01+0.01
Total n-3 PUFA 5.71 +0.03 3.12+0.01 1.98£0.01

Data is mean £ SD from triplicate analysis in our laboratory. SFA: saturated fatty acids, MUFA:

monounsaturated fatty acids, PUFA: polyunsaturated fatty acids.
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Table 2 : Macronutrient and fatty acid composition of chow vs DHA supplemented (TWD+) and
unsupplemented (TWD-) Total Western Diets.

Diet component Chow TWD+ TWD-
Energy Density (kcal/g) 3.0 4.4 4.4
Macronutrients (g/100g)

Protein 22.0 16.8 16.8
Carbohydrate 40.6 54.6 54.6
Fat 5.5 16.7 16.7
Fatty Acid (% wt)

C 16:0 13.24 £0.11 18.73 £0.08 18.81+0.13
C18:0 3.68+0.02 8.87+0.01 9.16 +£0.01
Total SFA 18.56 £ 0.13 32.78 £ 0.05 32.74+0.16
C16:1 0.77+0.01 1.18 £0.01 1.14+0.01
C 18:1n-7 1.31+£0.01 1.49 £0.02 1.52 + 0.06
C 18:1n-9 21.82£0.26 36.64 = 0.10 36.79 £ 0.08
Total MUFA 24.34£0.23 39.90 £ 0.10 40.03 £ 0.07
C 18:2n-6 48.51 + 0.05 20.21 £ 0.04 20.86 £ 0.03
C 20:4n-6 0.14 £ 0.02 0.08 £ 0.01 0.09 £0.01
Total n-6 PUFA 48.82 = 0.03 20.55 £ 0.04 21.23£0.05
C 18:3n-3 4.78 £0.01 1.83+0.01 1.90+0.01
C 20:3n-3 0.01+0.01 0.02+0.01 0.02+0.01
C 20:5n-3 0.42+0.01 0.01+0.01 0.01+0.01
C 22:5n-3 0.08+0.01 0.05+0.01 0.03+0.01
C 22:6n-3 0.41+0.02 1.21 £0.02 0.01+0.01
Total n-3 PUFA 5.71+0.03 3.12+0.01 1.98 £ 0.01
Micronutrients

Minerals (mg/kg)

Calcium 11000 2011 2011
Phosphorus 9000 2757 2757
Sodium 4000 7078 7078
Potassium 10000 5333 5333
Magnesium 2000 589 589
Zinc 77.0 25.0 25.0
Copper 24.0 2.6 2.6
Iron 280 31.0 31.0
Vitamins (U/kg)

Vitamin A (1U) 15800 4300 4300
Vitamin D3 (1U) 3000 391 391
Vitamin E (1U) 150 24.6 24.6
Vitamin B1 (mg) 32.0 3.5 35
Vitamin B2 (mg) 9.0 44 4.4
Niacin (mg) 66.0 50.6 50.6
Vitamin B6 (mg) 14.0 3.9 3.9
Vitamin B12 (mg) 0.06 11 11
Folate (mg) 3.0 1.3 1.3
Choline (mg) 2380 648 648
Isoflavones (mg/kg) 350-650 n.d. n.d.

Data is mean £ SD from triplicate analysis in our laboratory. SFA: saturated fatty acids, MUFA:

monounsaturated fatty acids, PUFA: polyunsaturated fatty acids.
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Appendix Table 5.1: Fatty acid composition (weight %) of maternal plasma during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP

16:0 14.54 £ 0.632 15.99+0.752 20.31+1.14° 15.73 £ 1.533!
18:0 1550+ 1.1128 13.56 + 1.422 8.54 + 0.95" 13.76 £ 1.962
Total SFA 33.46 £ 0.81° 31.60 + 1.15%1 30.01 + 1.16%1 31.37 +1.10°!
16:1 0.58+0.14 0.67 £0.17* 0.74 £ 0.14! 0.70 + 0.15!
18:1n-7 1.13 + 0.06? 1.24 +0.03° 1.37 £ 0.06° 1.34 + 0.09%!
18:1n-9 5.73+0.432 8.81+1.64° 11.28 +0.96"* 10.72 + 2.20°!
Total MUFA 8.10+0.412 11.31+1.72° 13.73 +1.017! 13.27 + 2.30°!
18:2n-6 17.96 £ 1.752 20.78 + 3.16%* 22.60 + 1.37°1 21.31 £ 22931
20:4n-6 33.82 £1.09° 26.79 + 3.72° 19.05 + 1.65° 24.16 + 3.56°
22:4n-6 0.22 £0.032 0.36 £ 0.122 1.31+0.231 0.35+0.052
22:5n-6 0.14 £ 0.042 0.26 £ 0.122 1.63 +£0.17°1 0.65 + 0.14¢1
Total n-6 PUFA 52.97 £1.03? 49.34 + 0,991 4572 +1.12¢1 48.38 + 1.40°1
18:3n-3 0.48 £ 0.032 0.73 £ 0.3231 1.09 + 0.10°1 0.48 £ 0.202
20:5n-3 0.58 £0.08 0.89 + 0.34! 0.61+0.19! 0.83+0.15!
22:5n-3 0.42 £ 0.032 0.63+0.10° 1.50 + 0.23%1 0.88 + 0.15¢1
22:6n-3 3.16£0.122 4,25+ 0.76%12 6.28 + 1.00°12 3.24 + 0.49312
Total n-3 PUFA 4.65 £ 0.10? 6.53 + 0.5812 9.49 + 0.89¢! 5.43 + 05931
Total FA (ug/100pL) 235 + 272 187 + 20° 584 + 64° 233 + 50°
TWD+ Baseline 15d Preg 20d Preg 7d PP

16:0 1591+ 0.672 18.00 +0.98° 21.40 £ 0.93c 19.69 + 17252
18:0 1556 £ 0.472 14.19 + 0.59° 10.30 £ 0.93c 12.13 £ 1.06d
Total SFA 34.26 + 0.42® 35.01 + 0.9432 33.24 £ 0.75"2 34.05 + 1.0432
16:1 0.84 £0.122 1.13 £0.19%? 1.12 +£0.25%12 1.55 + 0.27°2
18:1n-7 1.09 + 0.06? 1.17 + 0.08? 1.41+0.11° 1.57 £ 0.14012
18:1n-9 8.42 £ 0.692 12.92 +1.882 18.34 + 2.67°2 20.93 + 5.16"2
Total MUFA 11.11 £ 0.742 16.03 +2.11%® 21.26 + 2,922 24,59 + 5.43¢2
18:2n-6 16.58 £ 0.692 15.72 + 0.62%2 14.25 + 0.49°2 16.11 +1.78%2
20:4n-6 30.28 £ 1.56° 23.59 + 2.09° 16.64 + 1.86° 17.30 £ 5.36°
22:4n-6 0.17 £ 0.02? 0.18 £ 0.05% 0.48 +0.132 0.11+0.052
22:5n-6 0.11 £0.03? 0.10 £ 0.042 0.76 + 0.252 0.07 + 0.0322
Total n-6 PUFA 47.85 + 0.992 40.43 + 1.66"2 33.04 + 1.69°? 34.92 + 4.88%2
18:3n-3 0.40 + 0.05% 0.46 + 0.0822 0.50 + 0.08%2 0.32+0.05°
20:5n-3 0.63 +0.10% 0.78 £ 0.10%! 0.40 + 0.10%%2 0.60 + 0.131
22:5n-3 0.25 £ 0.02%c 0.36 £ 0.112 0.64 +0.11°2 0.21 + 0.05¢2
22:6n-3 4.94 + 0.38% 6.14 + 0.68%! 9.64 +1.11°1 3.73+1.27¢!
Total n-3 PUFA 6.23 £ 0.42% 7.78 £ 0.773! 11.19 +1.03%! 4.86 +1.31%1
Total FA (ug/100pL) 222 +13? 197 + 252 508 + 166° 239 + 232
TWD- Baseline 15d Preg 20d Preg 7d PP

16:0 1444 + 1,172 16.74 + 0.46" 21.26 £ 0.81°¢ 18.33 + 2.21°?
18:0 16.23 £0.942 14.78 + 0.92% 9.58 £ 0.51° 12.89 +2.11°
Total SFA 33.46 + 0.82% 34.23 + 0.8722 32.28 + 0.90°2 33.47 £ 0.15%2
16:1 0.63+0.172 1.19 +£0.1352 1.41 +0.18"2 1.54 +0.4352
18:1n-7 1.06 + 0.05? 1.29 +0.09% 1.43 +£0.05° 1.72 £ 0.31¢?
18:1n-9 7.73+0.912 13.09 +0.63° 21.17 +1.49¢%3 22.82 +6.15%2
Total MUFA 10.14 £ 1.102 16.39 + 0.59° 24.37 +1.57%? 26.58 + 6.66°2
18:2n-6 15.51+0.82 14.89 + 1.012 14.93 +0.902 14.01 +£1.182
20:4n-6 34.22 £2.417 27.09 + 1.30° 1727+ 1.77° 19.46 £ 7.12°
22:4n-6 0.22 £ 0.022 0.24 £ 0.05% 0.68 +0.12°2 0.16 £ 0.042
22:5n-6 0.28 £ 0.042 0.32+£0.13 2.24 +0.48°3 0.34 + 0.08%12
Total n-6 PUFA 50.99 £ 1.61° 43.50 + 0.81°12 36.43 + 1.26%2 35.70 + 5.99¢2
18:3n-3 0.36 £ 0.032 0.47 +0.032 0.51 +0.04°2 0.23+£0.07¢
20:5n-3 0.41+£0.042 0.39 + 0.0622 0.26 + 0.06°2 0.24 +0.04°2
22:5n-3 0.36 £ 0.03? 0.36 £ 0.06° 0.63 + 0.06"2 0.30 + 0.06%2
22:6n-3 3.43+£0.278 3.74 £ 0.30%2 3.96 + 0.36%2 1.65 + 0.7452
Total n-3 PUFA 4.57 £ 0.25° 4.98 + 0.31%:2 5.37 + 0.332 2.42 £0.71%2
Total FA (ug/100pL) 235 + 272 187 + 20° 584 + 64° 233 + 50°

Mean * SD, n=6 for each group. Values with different alphabetical superscripts across time and different numerical superscripts
across diet are significantly different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids, TWD total western diet with (+)

or without (-) docosahexaenoic acid.
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Appendix Table 5.2: Fatty acid composition (weight %) of maternal erythrocytes during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP

16:0 23.25+0.57° 22.14 +0.18"1 25.10 + 0.65%1 24.67 + 0.59¢1
18:0 18.03 £ 0.38 17.96 £ 0.70 16.53 + 1.65 16.66 + 0.65
24:0 1.32+0.09 1.31+0.10* 1.30 + 0.08* 1.24 +0.08!
Total SFA 47.55 + 0.65% 48.21 + 0.49° 47.06 + 1.48%1 46.02 + 1.13%*
18:1n-7 1.91+0.112 2.22+0.09° 2.22+0.10° 2.41+0.22°
18:1n-9 5.35+0.242 6.21 +0.42% 5.97 + 0.75%1 7.32+1.43%1
24:1n-9 0.66 + 0.05 0.64 +0.04 0.66 +0.07* 0.65 + 0.04!
Total MUFA 8.95+0.26° 10.58 + 0.82% 9.55 +0.83%® 11.48 +2.15P
18:2n-6 9.02 + 0.46% 8.28 £ 0.262 8.82 + 0.53%1 9.75 + 0.48%1
20:4n-6 22.70 £ 0.58? 22.47 £ 0.51® 21.18 +1.1012 20.36 + 0.75%!
22:4n-6 1.81 +0.05%! 1.67 + 0.06"1 1.64 + 0.04%! 1.56 + 0.08%!
22:5n-6 0.71 £ 0.03® 0.61+0.072 0.86 + 0.17b¢1 1.00 £ 0.17¢!
Total n-6 PUFA 35.12 + 0.62? 33.81 £ 0.55% 33.26 + 1.31°1 33.55 + 0.98%1
20:5n-3 0.22 £ 0.022 0.27 +0.04°1 0.22 + 0.0321 0.28 +£0.03%*
22:5n-3 1.69 + 0.0431 1.59 + 0.073* 1.54 +0.113* 1.52 +£0.1101
22:6n-3 2.42 +0.08? 2.75 £ 0.1421 3.80 £ 0.75°1 2.70 £ 0.20%!
Total n-3 PUFA 4.44 +0.142 4.73 £ 0.09%12 5.70 + 0.78°1 4.63 +£0.2231
Total FA (mg/g) 2.07 £0.07% 2.16 + 0.062 1.96 + 0.1201 2.11+£0.13®1
TWD+ Baseline 15d Preg 20d Preg 7d PP

16:0 22.81+0.63? 21.44 + 0.5512 23.27 £ 0.8822 23.38 £ 1.0432
18:0 18.18 £ 0.262 18.84 +0.632 16.91 +1.31° 15.94 + 0.32°
24:0 1.26 £ 0.112 1.09 + 0.07>2 1.01 + 0.06"2 0.96 +0.102
Total SFA 47.08 + 0.46° 47.77 £ 0.282 45,16 +0.81°2 44.21 + 1.002
18:1n-7 1.83+0.10% 1.96 +0.11% 2.10 £0.18® 2.23 £0.26°
18:1n-9 6.41 £ 0.25% 7.40 £ 0.58%® 7.84 +0.90°2 9.40 + 1.29¢?
24:1n-9 0.66 £ 0.09 0.69 £0.03 0.70 £ 0.0812 0.74 + 0.0612
Total MUFA 9.94 £ 0.35% 12.00 + 0.78% 11.60 + 1.48% 13.63 + 2.08P
18:2n-6 8.71+£0.45 7.82+£0.40 7.96 + 0.5812 8.62 + 0.932
20:4n-6 22.19+0.49° 21.98 +0.492 20.03 £ 0.27°1 20.10 + 0.79°!
22:4n-6 1.66 + 0.052 1.37 £ 0.03"2 1.26 + 0.04¢2 1.10 + 0.08%2
22:5n-6 0.64 +0.03? 0.51 +0.03% 0.54 +0.082 0.43 £0.07¢2
Total n-6 PUFA 34.05+0.30° 32.50 £ 0.51° 30.51 £ 0.79¢2 31.03 + 1.49b¢2
20:5n-3 0.22 +£0.03%® 0.29 + 0.02¢2 0.21 +0.0321 0.28 + 0.05¢1
22:5n-3 1.45 + 0.05%? 1.24 +0.04°2 1.13 £ 0.04¢2 1.02 + 0.0792
22:6n-3 3.10£0.192 3.83 £0.19%2 5.36 + 0.97¢2 4,57 +£0.27%¢2
Total n-3 PUFA 4.87 +£0.20? 5.45 +0.17%1 6.78 + 0.94¢2 5.96 + 0.312
Total FA (mg/g) 2.09 £ 0.062 2.25 +0.08" 2.19 + 0.07%2 2.34 +0.06%2
TWD- Baseline 15d Preg 20d Preg 7d PP

16:0 22.46 + 0.48° 20.78 + 0.5452 23.36 + 0.49%2 23.46 + 0.56°12
18:0 18.33 £ 0.352 18.76 £ 0.402 16.27 + 0.46° 16.35 + 1.03°
24:0 1.26 +0.112 1.14 + 0.08%12 1.14 +0.07312 1.04 + 0.07"2
Total SFA 46.75 £ 0.32? 47.28 +0.70? 45,52 +0.80°12 44.99 + 0.90>12
18:1n-7 1.88 £ 0.042 2.11+£0.11b¢ 2.06 +0.10%® 2.26 £0.19°
18:1n-9 6.45+0.33% 7.68 £ 0.58° 7.52 £0.37°2 9.07 £ 0.85%2
24:1n-9 0.69 + 0.05% 0.74 £ 0.06® 0.82 +0.07°2 0.82 +£0.07>2
Total MUFA 10.07 £ 0.392 12.52 + 0.75° 11.18 + 0.552 13.09 + 1.11°
18:2n-6 8.74 +0.272 7.30 £ 0.59° 7.35 + 0.40°2 8.32 + 0.90*?
20:4n-6 22.60 +0.37%® 23.15 £ 0.85% 21.76 + 0.45"2 22.14 + 0.73%2
22:4n-6 1.72 +£0.02"2 1.59 + 0.09* 1.70 £ 0.10* 1.61+0.1112
22:5n-6 0.71 £ 0.052 0.61+£0.072 1.19 + 0.20°3 1.03 +0.13%?
Total n-6 PUFA 34.63 £ 0.20? 33.39 £ 0.73% 32.68 + 0.2501 33.91+0.31¢!
20:5n-3 0.18 £ 0.022 0.20 + 0.0233 0.15 +0.01°2 0.18 + 0.0322
22:5n-3 1.53 + 0.08%? 1.29 + 0.06"2 1.21 + 0.08"? 1.16 + 0.03%?
22:6n-3 2.58+0.08? 2.77 £ 0.102! 3.55 + 0.44°1 2.40+0.18*!
Total n-3 PUFA 4.40 + 0.08° 4.35+0.07%2 4.99 + 0.45°1 3.83+0.14¢1
Total FA (mg/g) 2.11+0.06° 2.22 £0.12%® 2.11 +0.0921 2.30 £ 0.072

Mean * SD, n=6 for each group. Values with different alphabetical superscripts across time and different numerical superscripts
across diet are significantly different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids, TWD total western diet with (+)
or without (-) docosahexaenoic acid.
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Appendix Table 5.3: Fatty acid composition (weight %) of maternal liver during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP
16:0 17.40 £ 0.782 16.75 + 0.902 20.77 £ 2.87° 16.22 £ 0.43%!
18:0 20.36 + 1.542 23.25 + 0.9901 19.60 + 1.69%1 23.14 + 0.89°!
Total SFA 39.95+ 1.20° 42.26 +1.20°1 42,50 +1.37°1 41.57 £ 0.80%!
16:1 0.61+0.12 0.50+0.24 0.42+0.10 0.57 £0.10!
18:1n-7 1.70 £ 0.092 1.55 + 0.08% 1.47 +£0.18° 1.77 £0.162
18:1n-9 7.81+2.721 6.42 + 1.441 5.49 + 1.16¢ 7.54 £ 1.20*
Total MUFA 10.46 + 2.841 8.85 + 1.621 7.72£1.39! 10.25 +1.331
18:2n-6 19.11+1.192 15.99 +£2.17° 14.00 £ 2.57° 15.47 £ 0.92°1
20:4n-6 19.80 +1.93 20.97 +1.34* 18.46 + 2.111 19.72 £ 0.571
Total n-6 PUFA 40.45 £ 2.69° 38.68 + 1.37%! 36.53 + 3.130! 38.27 £ 0.4631
18:3n-3 0.66 £ 0.112 0.45+0.18° 0.43 £0.10° 0.27 £0.04°
20:5n-3 0.38 £ 0.07 0.38 + 0.14! 0.26 £ 0.08 0.36 + 0.07*
22:5n-3 0.72+0.19? 0.82 +0.13%! 1.14 + 0.251 1.40 + 0.15%1
22:6n-3 6.42+0.78° 8.02 + 1.4312 10.96 + 2.98"* 7.16 + 0.5431
Total n-3 PUFA 8.22 + 0.55212 9.71 + 1.31212 12.81 + 3.05"* 9.22 + 0.56%!
Total (mg/g) 32.3+46 31.7+35 26.7+5.0 28.4+2.41
TWD+ Baseline 15d Preg 20d Preg 7d PP
16:0 18.76 +1.782 19.10 £ 1.162 21.16 + 1.42% 24.42 + 3.4352
18:0 17.50 £ 3.432 18.48 + 1.98%2 15.24 + 1.79%2 9.64 + 2.84b2
Total SFA 38.61 +2.03® 39.52 £ 0.94212 38.06 + 1.97%2 35.90 + 1.89°2
16:1 0.78 +0.23? 0.86 £ 0.122 0.94 +0.112 2.83 £ 1.09>2
18:1n-7 1.66 + 0.08 1.55 £ 0.07 1.65+0.10 1.72+0.31
18:1n-9 12.73 + 4.09%2 15.47 + 1.66%2 17.27 + 2.50%2 31.46 + 6.802
Total MUFA 15.47 + 4.26312 18.24 + 1.70%? 20.18 + 2.5132 36.30 + 7.5402
18:2n-6 18.73 +1.972 15.26 + 1.65® 13.72 £ 3.10° 12.48 + 2.97°?
20:4n-6 15.84 + 3.522 14.43 £1.72%2 12.38 +£1.33%2 7.30 2,982
Total n-6 PUFA 35.98 +3.132 30.79 + 0.75%2 28.04 + 2.20°2 20.89 + 5.50°2
18:3n-3 0.70+0.13* 0.47 £0.10° 0.48 £ 0.15° 0.31+0.15°
20:5n-3 0.37 £ 0.09% 0.45 + 0.06%! 0.26 £0.11° 0.26 +£0.13012
22:5n-3 0.51+0.142 0.38 + 0.06%2 0.54 + 0.1422 0.18 +0.09>2
22:6n-3 7.42+0.91° 9.01 £ 0.96%1 11.34 + 2.45%1 4.48 + 2.15¢12
Total n-3 PUFA 9.04 +£0.81°1 10.35 + 0.91%1 12.66 + 2.30%1 5.25 + 2.44¢2
Total (mg/g) 38.3+8.9% 43.6+6.32 444 +8.12 77.2 £33.3"2
TWD- Baseline 15d Preg 20d Preg 7d PP
16:0 18.53+1.192 18.71 £ 0.902 20.90 + 0.662 25.22 + 3.07°2
18:0 17.51+1.332 17.20 +£ 3.19%2 16.60 + 1.11312 9.97 + 2532
Total SFA 38.09 = 0.54 38.42 +3.542 39.46 +1.212 37.13 +£1.402
16:1 0.83+0.142 1.04 £ 0.222 1.07 £ 0.23? 3.24 +0.802
18:1n-7 1.82+£0.03 1.67 £ 0.05 1.64 +0.04 1.70 £ 0.29
18:1n-9 14.70 + 1.413? 17.44 + 4.08%? 16.00 + 2.13%? 33.58 + 4.9802
Total MUFA 17.72 + 1.5232 20.47 + 4.252 19.03 + 2.33%? 38.80 + 5.18"2
18:2n-6 17.72 £ 0.692 15.90 £ 2.932 11.95+1.16° 9.39 + 0.922
20:4n-6 16.74 + 1.452 15.42 + 2.83%2 15.02 + 1.13312 8.27 + 3.182
Total n-6 PUFA 35.95 + 1.252 32.87 + 0.68%2 32.36 + 1.2402 19.28 + 4.20%2
18:3n-3 0.62 + 0.06% 0.52 £ 0.19%® 0.35+0.07° 0.16 + 0.03¢
20:5n-3 0.26 + 0.09? 0.23 + 0.06%2 0.15 + 0.04%¢ 0.10 + 0.03¢2
22:5n-3 0.47 £ 0.072 0.42 + 0.06%2 0.68 + 0.06°2 0.27 + 0.09¢2
22:6n-3 5.58 + 0.85% 5.76 + 1.24%2 6.73 + 0.70%2 2.30 £ 1.122
Total n-3 PUFA 6.95 + 0.8132 6.97 + 1.04%2 7.94 + 0.662 2.83 £1.222
Total (mg/g) 37.6 + 2.5 49.3 +12.4° 37.5+8.7° 73.1 + 25.4P2

Mean + SD, n=6 for each group. Values with different alphabetical superscripts across time and different numerical superscripts
across diet are significantly different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. SFA, saturated
fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids, TWD total western diet with (+)
or without (-) docosahexaenoic acid.
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Appendix Table 5.4: Fatty acid composition (weight %) of maternal adipose during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP
16:0 23.17+0.70 20.47 +2.12 21.33+1.28 20.94 +1.24
18:0 426+0.31 4.88+0.85 3.98+0.32 477+0.48
Total SFA 29.53+0.83 26.94+2.49 26.88+1.35 27.48 +1.30
16:1 3.29+0.46 242 +1.14 2.59+0.63 2.13+0.63
18:1n-7 224+0.11 2.22+0.15 2.05+0.13 212+0.12
18:1n-9 28.63 + 3.56 27.29+151 25.84+0.70 27.24 +0.87
Total MUFA 34.52+4.02 32.28+2.47 30.77 £ 1.16 31.89+1.31
18:2n-6 31.08+4.15 35.38+4.42 36.30+1.89 35.55+2.26
20:4n-6 0.81+£0.22 0.79£0.03 0.86 £0.11 0.79 £ 0.06
22:4n-6 0.21 £ 0.062 0.24 £0.032 0.25+0.022 0.33+0.04°
22:5n-6 0.08 £ 0.022 0.09 £ 0.022 0.12 £ 0.022 0.18 +£0.04°
Total n-6 PUFA 32.68 £ 4.48 37.01£4.47 38.05 £ 2.05 37.41+229
18:3n-3 1.97 £ 0.26% 2.13 £0.25%® 227+0.172 1.71+0.16°
20:5n-3 0.05 £ 0.02 0.08 £0.03 0.08 £ 0.02 0.04 £0.01
22:5n-3 0.14 +0.05 0.17 £ 0.03 0.17 £ 0.03 0.19+0.02
22:6n-3 0.29+0.02 0.36 £ 0.03 0.37 £ 0.06 0.37+0.05
Total n-3 PUFA 2.47 +£0.34%® 2.77+£0.33® 2.91+0.272 2.33+0.20°
Total FA (mg/g) 655 + 1162 602 + 46% 867 + 44° 450 + 115P1
TWD+ Baseline 15d Preg 20d Preg 7d PP
16:0 23.06+1.42 22.51+0.61 22.44 +0.85 22.04 +1.34
18:0 444 +0.11 4.47+0.23 457+045 452 +0.55
Total SFA 29.87 +1.68 29.76 + 0.69 29.82+0.78 29.50 + 0.94
16:1 3.37+£0.71 3.64 £0.27 3.51+£0.46 3.25+£0.77
18:1n-7 2.09£0.212 2.18 £0.20® 2.37 £0.13% 2.50 + 0.06°
18:1n-9 32.43 £ 2.927 39.33 £ 0.54° 39.58 £ 0.71° 40.63 £ 1.08°
Total MUFA 38.26 + 3.537 45,58 + 0.35° 45,90 + 0.84° 46.87 £ 1.09°
18:2n-6 27.53 = 4.447 20.89 + 0.58" 20.65 + 1.18° 20.66 + 1.42°
20:4n-6 0.62+£0.182 0.34 +0.04° 0.35+0.03" 0.30 +£0.04°
22:4n-6 0.15+0.06% 0.07 £0.01° 0.08 +£0.01° 0.09 £ 0.02°
22:5n-6 0.05+0.022 0.03 £0.01° 0.04 £ 0.01® 0.04 £ 0.01%
Total n-6 PUFA 28.78 + 4.76% 21.65 + 0.60° 2143 £1.19° 21.42 £1.51°
18:3n-3 1.74 £ 0.262 1.22 £0.07° 1.19 £ 0.08° 1.02 +0.10P
20:5n-3 0.04+0.01 0.03+0.01 0.02+0.01 0.02+0.01
22:5n-3 0.10 £ 0.04 0.07£0.01 0.06 £ 0.01 0.06 £ 0.02
22:6n-3 0.28 £ 0.082 0.39 +£0.07° 0.40 £ 0.03° 0.31 +0.05%
Total n-3 PUFA 2.17+£0.332 1.72+0.13° 1.69 +0.11° 1.44 +0.13°
Total FA (mg/g) 667 +108? 666 + 722 834 + 22° 673 + 4432
TWD- Baseline 15d Preg 20d Preg 7d PP
16:0 22.03 +0.99% 22.13 £0.97® 23.10 £ 0.61° 20.80 + 1.23°
18:0 4.44 +0.20%® 4.13 £0.16° 4.28 £ 0.16° 4.95+0.51°
Total SFA 28.92 £ 0.96 28.68 £ 1.08 30.09 £0.70 28.60 £ 0.98
16:1 2.04+1.83% 4.00 +£0.33° 4.01+0.32° 2.65 +0.79%
18:1n-7 2.39 +0.06% 1.95+0.11° 2.27+£0.142 2.57 £0.12°
18:1n-9 34.18 + 0.55% 39.60 + 0.83° 39.94 + 0.69° 41.27+0.17¢
Total MUFA 39.01+1.83° 45,99 +1.03° 46.68 + 0.65° 47.01 £0.71°
18:2n-6 26.60 + 1.45° 21.13 £ 1.59° 19.98 + 0.79° 21.37 £ 1.45°
20:4n-6 0.63+0.072 0.43 £0.10° 0.37 £0.07° 0.31+0.04°
22:4n-6 0.18 £ 0.022 0.11+0.03° 0.10 £ 0.02° 0.11+0.03°
22:5n-6 0.07 £ 0.02 0.05 £ 0.02 0.06 £ 0.02 0.07£0.01
Total n-6 PUFA 27.92 + 1.60? 22.08 +1.76° 20.81 + 0.92° 22.19 + 1.49°
18:3n-3 1.64 +0.052 1.25+0.12° 1.14 £ 0.07° 0.91+£0.13°
20:5n-3 0.03 £0.012 0.03 +£0.01® 0.02 +£0.01° 0.02 +£0.01°
22:5n-3 0.10+0.012 0.06 + 0.02° 0.05 +0.01° 0.06 £0.01°
22:6n-3 0.15+0.022 0.12 £ 0.03® 0.09 +0.02° 0.08 £0.01°
Total n-3 PUFA 1.93 +£0.08% 1.47 £0.17° 1.31+0.10% 1.08 £ 0.14°¢
Total FA (mg/g) 700 + 47% 735+ 33%® 861 + 832 589 + 195012

Mean + SD. Values with different alphabetical superscripts across time and different numerical superscripts across diet are
significantly different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. SFA, saturated fatty acids;
MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids, TWD total western diet with (+) or
without (-) docosahexaenoic acid. Tissue collected was white perirenal adipose.
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Appendix Table 5.5: Fatty acid composition (weight %) of maternal heart during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP

16:0 15.72 +1.532 13.03 £ 0.33" 13.27 £ 0.77° 12.59 + 0.59°
18:0 17.82 +3.53 20.96 +0.72 19.45+1.01 19.85+0.88
Total SFA 38.20+2.87° 37.92 £ 0.70%® 36.19 + 0.65% 35.52 + 0.66°
16:1 0.94 + 0.59? 0.28 +0.07° 0.34+0.13° 0.33 +£0.05°
18:1n-7 2.82+0.122 2.93 +0.08%® 2.77 £0.112 3.01+0.11°
18:1n-9 9.68 + 4.66 5.62 +0.90 6.68 + 1.37 6.52 £ 1.321
Total MUFA 14.21 +5.08 9.63+1.04 10.36 £ 1.53 10.57 + 1.461
18:2n-6 19.90 + 3.00 19.52 +1.941 19.34 £ 0.791 22.36 £ 1.28!
20:4n-6 13.62 £2.972 16.61 + 0.88"12 17.67 £ 0.87"! 15.97 + 0.83%®
22:4n-6 0.71+£0.10° 0.88 + 0.10%! 1.23 £ 0.16"1 1.07 £ 0.07°1
22:5n-6 0.89 +0.21% 0.83+0.17%12 1.31 +0.26"! 1.75 + 0.36%!
Total n-6 PUFA 35.62 + 2.22° 38.39 £ 1.17°! 40.16 + 0.59b¢! 41.89 + 0.75¢%1
18:3n-3 0.56 £ 0.35 0.32£0.05 0.38 £0.06 0.27 £ 0.06
22:5n-3 1.32+0.312 1.48 + 0.03%1 1.63 +0.10°1 1.53 + 0.05%1
22:6n-3 8.71+2.69 10.45 + 0.7812 10.08 + 1.00* 8.51 + 1.47%
Total n-3 PUFA 10.70 £2.48 12.36 + 0.69 12.19+1.03* 10.42 +1.381
Total FA (mg/g) 36.8 +8.5° 26.3+1.1° 31.1+5.6%® 27.2+1.2°
TWD+ Baseline 15d Preg 20d Preg 7d PP

16:0 15.22 +1.102 14.90 + 1.53% 13.20 £ 0.51° 13.24 +1.16P
18:0 20.02 +2.37 19.48 +1.98 19.89 +£0.20 19.06 £ 1.55
Total SFA 38.91+2.03? 37.81 £ 0.86% 36.59 + 0.39b¢ 35.62 +0.61°¢
16:1 0.69+0.42 0.77 £ 0.56 0.38 £ 0.07 0.56+0.29
18:1n-7 2.87 £0.062 2.78 £0.092 2.84+£0.132 3.06 £0.10°
18:1n-9 8.61 £ 3.67 11.03£3.51 9.23£0.66 11.07 + 3.68%?
Total MUFA 12.85+ 3.84 15.28 £ 4.02 13.09 £ 0.80 15.47 + 4.141?
18:2n-6 17.48 £ 2.90 15.70 £ 1.022 14.35+0.712 17.15 + 2.262
20:4n-6 15.19 + 1.65% 13.71 £ 1.95%1 16.49 + 0.89"! 14.21 +1.67%®
22:4n-6 0.67 £0.092 0.45 + 0.072 0.63 +0.1122 0.61 +0.14%2
22:5n-6 0.80+0.112 0.33 £0.07°1 0.50 + 0.07¢2 0.39 + 0.05¢2
Total n-6 PUFA 34.64 +1.76° 30.68 + 2.42b2 32.51 + 0.88%2 32.97 + 2.63%2
18:3n-3 0.39+0.22 0.26 £ 0.09 0.20+£0.05 0.19+0.05
22:5n-3 1.16 £0.192 0.74 £ 0.10°2 0.84 + 0.052 0.73 £0.1072
22:6n-3 11.22 +3.492 13.37 + 1.95%2 15.19 + 0.83"2 13.46 + 1.64%2
Total n-3 PUFA 12.87+3.21 14.48 £1.97 16.31 + 0.902 14.48 + 1.692
Total FA (mg/g) 319+42 20.1+3.1 30.3+21 27.7+38
TWD- Baseline 15d Preg 20d Preg 7d PP

16:0 14.56 £ 1.63 13.35+£0.51 12.91+£0.46 12.79+£1.29
18:0 20.03 + 1.28%® 21.22 £ 0.55% 19.68 + 0.42% 18.90 + 1.44°
Total SFA 38.46 £ 1.79° 38.35+0.78? 35.96 + 0.61° 35.22 £0.73°
16:1 0.68 £ 0.28 0.41 £ 0.07 0.45 £ 0.08 0.61+£0.29
18:1n-7 2.94+£0.15 2.93+0.13 2.86 £ 0.08 3.03+£0.18
18:1n-9 8.53 £2.31%® 8.30 £ 0.622 10.81 + 0.85%® 12.30 + 4.05°2
Total MUFA 12.93 + 2.36% 12.48 +0.632 14.65 + 1.03% 16.82 + 4.1352
18:2n-6 16.92 + 1.31% 15.78 + 0.82%2 15.18 + 1.0122 18.09 + 2.1952
20:4n-6 16.37 £1.912 17.95 + 0.53%2 18.88 + 0.53"2 16.36 £ 1.792
22:4n-6 0.83+0.19? 0.84 +0.113! 1.10 £ 0.09°1 1.02 + 0.14%1
22:5n-6 1.20 +£ 0.462 1.06 + 0.35%2 2.06 +0.43°3 2.06 + 0.541
Total n-6 PUFA 35.86 + 1.80 36.12 + 0.541 37.71+£0.97* 38.15+3.10!
18:3n-3 0.36 £ 0.112 0.22 +0.03° 0.20 +0.02° 0.21 +£0.05°
22:5n-3 1.44 +0.222 1.28 + 0.09%! 1.15 + 0.10°3 1.20 + 0.23%3
22:6n-3 9.85+2.712 9.48 + 0.36%! 8.78 + 0.66%* 6.69 +0.77°1
Total n-3 PUFA 11.75 £ 2.542 11.08 £ 0.312 10.19 + 0.63%* 8.18 +0.95"!
Total FA (mg/g) 30.7+4.2 26.7+1.7 30.7+25 20.7+40

Mean + SD, n=6 for each group. Values with different alphabetical superscripts across time and different numerical superscripts
across diet are significantly different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids, TWD total western

diet with (+) or without (-) docosahexaenoic acid.
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Appendix Table 5.6: Fatty acid composition (weight %) of maternal brain during pregnancy and postpartum

Chow Baseline 15d Preg 20d Preg 7d PP
16:0 18.17 £ 0.712 19.91+1.18° 18.70 + 0.89% 19.96 + 0.39°
18:0 18.81+0.34 19.22 + 0.68 19.02 +£ 0.33 18.60 + 0.58
24:0 1.19+0.172 0.89 +0.14° 0.93+0.13° 0.85+0.07°
Total SFA 44,93 £ 0.69? 46.03 + 1.28%® 46.60 + 0.82° 46.40 + 0.67°
18:1n-7 3.52+0.10 3.52+0.19 3.67+0.13 3.59 +0.06
18:1n-9 16.14 £ 0.32 16.06 + 0.41 16.83+0.75 16.72 £ 0.47
24:1n-9 1.68 £ 0.25 1.34+0.27 1.48£0.26 1.30£0.15
Total MUFA 24.80 +0.97 23.73+1.15 25.72+1.70 24.78 +0.88
18:2n-6 0.92 £0.09 0.82 £0.07 0.83£0.07 1.35+1.01
20:4n-6 8.95+0.30 9.10 £ 0.62 8.87 £0.36 8.88+£0.40
22:4n-6 2.96 £ 0.032 2.73+0.12° 2.65 +0.05° 2.74 £0.10°
22:5n-6 0.61 £ 0.05% 0.50 + 0.05° 0.54 + 0.0431 0.63 + 0.05¢1
Total n-6 PUFA 14.09 £ 0.36 13.69 £ 0.68 13.42 £ 0.44 14.19 £ 0.70?
20:5n-3 0.01+£0.01 0.01+£0.01 0.02£0.01 0.02£0.01
22:5n-3 0.16 +0.012 0.13+0.01°* 0.14 +0.01° 0.16 £ 0.0121
22:6n-3 12.12 £0.79 12.08 +£ 0.88 11.82+£0.81 12.20 £ 0.56
Total n-3 PUFA 12.32+£0.79 12.25+0.88 12.00 £ 0.82 12.42 £ 0.53
Total FA (mg/g) 418+1.9 41.3+138 441+15 422+ 1.7
TWD+ Baseline 15d Preg 20d Preg 7d PP
16:0 18.00 £ 0.182 19.01 + 0.64% 18.91 + 1.01% 19.36 + 0.52°
18:0 18.88 £ 0.56 19.00 £ 0.27 18.82 +£ 0.62 18.44 £ 0.36
24:0 1.16 £ 0.122 0.85+0.17° 0.90 £ 0.21% 0.94 +£0.13%
Total SFA 45.41 +0.50 46.18 + 0.95 46.49 + 1.42 46.51 + 0.42
18:1n-7 3.49£0.08 3.50+0.28 295+1.42 3.63+£0.18
18:1n-9 16.13£0.13 16.42 £ 0.96 17.06 £1.15 17.04 £ 0.64
24:1n-9 1.66+0.16 1.28+0.29 1.40+0.35 1.48+0.19
Total MUFA 24.79 £0.39 24.46 £ 2.09 25.18+1.78 25.76 £ 1.42
18:2n-6 0.86 £ 0.08 0.76 £ 0.06 1.08 +£0.79 0.93+0.18
20:4n-6 8.86+0.26 8.96 + 0.42 8.58 £ 0.50 8.44+0.39
22:4n-6 2.91+0.142 2.70 £ 0.03" 2.55+0.10° 2.58 £0.07°
22:5n-6 0.57 £ 0.06? 0.44 £ 0.03° 0.40 + 0.03b¢2 0.35 +0.03¢2
Total n-6 PUFA 13.83 £ 0.402 13.40 + 0.45% 13.16 £ 0.71% 12.90 + 0.4552
20:5n-3 0.01+0.017 0.01 +0.012 0.02 +£0.01° 0.02 +£0.01°
22:5n-3 0.15+0.012 0.13 £ 0.011? 0.14 +£0.01° 0.14 +0.01312
22:6n-3 12.19+£0.22 12.02 £ 0.65 12.34 £1.05 12.47 £ 0.48
Total n-3 PUFA 12.37£0.22 12.17 £ 0.65 1254 £ 1.04 12.66 £ 0.47
Total FA (mg/g) 415+1.8° 41.5+1.0% 449+21° 40.6 £1.42
TWD- Baseline 15d Preg 20d Preg 7d PP
16:0 17.69 £ 0.632 19.45 + 0.86° 19.08 + 0.33%* 19.10 +1.38%®
18:0 18.54 + 0.30% 18.92 + 0.43%* 19.22 £ 0.492 18.36 + 0.64°
24:0 1.28 +0.10? 0.92 +0.13° 0.90 +0.18° 0.95+0.23°
Total SFA 44.96 + 0.382 45,58 +1.19%® 46.69 + 0.74° 46.15 + 1.29%
18:1n-7 3.55+0.04 3.51+0.14 3.59+0.19 3.81+0.31
18:1n-9 16.24 + 0.342 16.45 + 0.28% 16.72 £ 0.71%® 17.40 +1.12°
24:1n-9 1.86 +0.16 1.42+0.28 1.38 £ 0.32 1.62 £ 0.50
Total MUFA 25.45+0.80 24.48 +0.85 25.19 + 1.56 26.81+2.82
18:2n-6 0.82 +0.02%® 0.70 £ 0.05% 0.86 +0.13° 0.85+0.13°
20:4n-6 8.75+0.25 8.79+£0.40 9.20+£0.54 8.32+£0.89
22:4n-6 2.90 £ 0.062 2.64 +0.14° 2.75+0.11® 2.68 +£0.22%
22:5n-6 0.58 + 0.04% 0.47£0.072 0.63 + 0.09%1 0.64 +0.16°*
Total n-6 PUFA 13.71+£0.26 13.12 £ 0.55 13.96 £ 0.63 13.09 + 1.082
20:5n-3 0.01+£0.01 0.01+£0.01 0.01+£0.01 0.04 £ 0.06
22:5n-3 0.15+0.012 0.11 +0.012 0.13+0.01° 0.12 +£0.01¢2
22:6n-3 11.84 +0.58 11.70 £ 0.67 11.84 +0.68 11.52 £ 0.98
Total n-3 PUFA 12.02 + 0.58 11.84 + 0.68 12.01+0.68 11.72 £ 0.98
Total FA (mg/g) 428+1.0 434+15 41.0+53 43.7+1.9

Mean + SD. Values with different alphabetical superscripts across time and different numerical superscripts across diet are significantly different by Tukey’s HSD
following a significant F-value (p< 0.05) by two-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids;

FA, fatty acids, TWD total western diet with (+) or without (-) docosahexaenoic acid.
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Appendix Table 5.7: Fatty acid composition (weight %) of the placenta during pregnancy

Chow TWD+ TWD-
15d Preg 20d Preg 15d Preg 20d Preg 15d Preg 20d Preg

16:0 18.44 +0.742 20.51 £ 0.90° 18.76 + 0.922 20.36 + 0.47° 18.28 + 0.772 20.33 £ 0.63°
18:0 20.32 + 1.522 15.42 + 2.50° 20.21+1.192 17.44 + 0.54° 20.64 + 0.992 17.20+£0.77°
24:0 0.99 £0.162 1.41 +0.44° 0.89 £ 0.102 1.54 +0.23° 0.90£0.132 1.50 +0.17°
Total SFA 44.43 £ 2.052 40.86 + 2.53° 4468 +1.18° 43.88 + 1.19° 4444 +0.732 43.21 + 1.46°
16:1 0.96 +0.27 1.03+£0.56 1.06 £ 0.15 0.83+0.07 1.12+0.23 0.88+0.09
18:1n-7 241+0.172 2.11+0.18° 2.32+0.24%® 2.16 +0.09° 2.41 +0.222 2.15+0.11°
18:1n-9 10.12 £2.122 12.37 £ 5.51% 12.64 + 1.76%® 13.88 + 0.85° 12.48 + 1.24% 14.48 +£1.19°
Total MUFA 15.24 +2.332 16.70 £ 5.91% 17.97 +£1.93® 18.73 +£1.03* 17.96 + 1.54% 19.02 + 1.34°
18:2n-6 13.00 + 2.46° 15.54 £ 3.402 10.75 + 1.15 10.61 + 0.39° 10.18 £ 0.80° 10.36 = 0.75°
20:4n-6 16.23 + 1.60" 12.83 £2.882 15.01 + 1.00" 14.35 + 0.68% 16.29 + 0.89° 14.79 + 0.63"
22:4n-6 3.21+£0.372 2.28 £ 0.89" 2.65+0.23° 1.77 £ 0.25° 3.35+0.362 2.11+£0.23%
22:5n-6 0.48 + 0.09? 1.40 + 0.36" 0.32 £0.092 1.15 + 0.60° 0.57+0.172 2.53+0.77°
Total n-6 PUFA  34.94 £ 1.65% 33.58 + 2.46% 30.56 + 1.36“ 29.37 £ 1.44¢ 32.23 £ 1.10% 31.18+1.11«
20:5n-3 0.25+0.07% 0.21 + 0.06% 0.28 £ 0.092 0.21 +0.05%® 0.17 £ 0.05° 0.17 £ 0.08°
22:5n-3 0.61+0.08° 0.77 £ 0.222 0.54 +0.08% 0.55 +0.12%¢ 0.50 +0.11% 0.43 +0.08¢
22:6n-3 2.33+0.44° 3.13+0.84% 3.26 £ 0.40° 5.15+0.87¢ 2.11 +0.252 3.10 + 0.85%
Total n-3 PUFA 3.65 + 0.36% 4,73 +0.85° 4.44 + 0.46 6.22 + 0.96¢ 3.13+0.292 3.98 £ 0.87%¢
Total FA (mg/g) 1198 +1.31° 17.00 + 5.35°¢ 12.42 + 0.84% 16.40 + 4.59" 11.73+1.192 14.97 + 0.83%¢

Mean + SD, n=6 for each group. Values with a different superscript are significantly different by Tukey’s HSD following a significant F-
value (p< 0.05) by two-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids;
FA, fatty acids, TWD total western diet with (+) or without (-) docosahexaenoic acid.
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Appendix Table 5.8: Fatty acid composition (weight %) of whole body fetuses and pups

Chow 15d Preg 20d Preg 7d PP
16:0 26.55+0.72° 26.46 +0.792 21.99 +0.83°
18:0 14.43 + 0.642 13.14 +0.172 9.10 + 1.88°1
Total SFA 45.55 + 0.61? 4458 + 0.75% 42.16 +1.28°1
16:1 2.59+0.142 2.74 £ 0.262 0.99 +0.12°1
18:1n-7 3.51+0.16% 3.44 +0.162 2.02+0.21°
18:1n-9 15.79 £ 0.88 15.25+ 0.45 15.75 + 1.261
Total MUFA 23.28+0.872 22.35+0.842 19.58 +1.13%!
18:2n-6 3.46 +0.292 7.51+0.70° 18.00 + 2.25¢1
20:4n-6 13.79£0.772 11.57 £ 0.132 8.57 +1.99°1
22:4n-6 2.94 £0.302 1.94 + 0.08° 1.44 + 0.29°1
22:5n-6 1.56 +0.232 1.15+0.13%! 0.44 £ 0.14°
Total n-6 PUFA 22.97 + 0.80%! 23.55+0.77%! 30.72 £ 0.89°1
20:5n-3 0.12 £ 0.082 0.16 + 0.0412 0.25 + 0.04°
22:5n-3 0.26 £ 0.122 0.46 + 0.07%! 1.02 £ 0.11°1
22:6n-3 2.59+0.232 4.37 +0.56°1 2.56 £ 0.6721
Total n-3 PUFA 3.13+0.29? 5.24 +0.72°1 4,65+ 0.52°1
Total FA (mg/g) 8.24 +1.29° 11.37 £2.282 33.57 +11.99°!
TWD+ 15d Preg 20d Preg 7d PP
16:0 26.50 + 0.35% 24.96 + 0.55° 20.89 + 0.68°
18:0 13.91+0.412 13.17 £ 0.372 6.87 £ 0.87°2
Total SFA 45.61 + 0.65? 43.76 £ 0.83° 38.35 + 0.62¢2
16:1 2.65+0.16% 2.59+0.122 1.53 £ 0.19>2
18:1n-7 3.58 £0.112 3.36 £ 0.15° 2.28+£0.14°
18:1n-9 17.09 £ 1.002 16.74 £ 1.112 30.22 + 1.85P2
Total MUFA 24.77 £ 1.07° 24.02 £1.28° 34.94 + 1.82°2
18:2n-6 3.18 £ 0.262 6.33 £ 0.41° 12.64 +0.35%2
20:4n-6 12.60 £ 0.512 10.96 + 0.40° 4,14 +£1.23%2
22:4n-6 2.56 £0.162 1.66 +0.13° 0.83 +0.21¢2
22:5n-6 1.21+0.132 0.69 £ 0.14°2 0.11 + 0.05°
Total n-6 PUFA 20.69 £ 0.792 20.91 +£0.762 19.56 + 1.322
20:5n-3 0.10 + 0.05% 0.21 +0.04°1 0.19 £ 0.02°
22:5n-3 0.27 £ 0.072 0.29 + 0.09212 0.48 £ 0.132
22:6n-3 3.59+0.35° 5.97 + 0.54°2 2.64 +0.81¢1
Total n-3 PUFA 4.10 +£ 0.30? 6.68 + 0.61°2 3.94 + 0.90!
Total FA (mg/g) 8.90 + 0.842 10.03 £ 0.572 94.35 + 35.17°2
TWD- 15d Preg 20d Preg 7d PP
16:0 26.41 + 0.86° 25.87 £ 0.75° 20.86 + 1.52°
18:0 13.82 £ 0.842 12.98 £ 0.372 6.43 +0.81°2
Total SFA 45.16 + 0.942 43.78 + 1.122 38.26 + 2.41°2
16:1 2.68 £0.092 2.70£0.162 1.55 + 0.29"2
18:1n-7 3.53+£0.172 3.45+0.182 2.24 +0.16°
18:1n-9 17.01 +£0.672 17.62 + 1.492 31.36 + 1.2402
Total MUFA 24.44 +0.712 24.87 +1.702 36.06 + 1.30°2
18:2n-6 3.74+1.33 6.21 + 0.52° 12.71 + 0.39%2
20:4n-6 12.92 +1.052 11.73 £ 0.902 4.34 +£1.01°2
22:4n-6 2.64+0.43° 2.06 +0.192 0.99 + 0.39012
22:5n-6 1.63 +£0.30% 1.85+0.30%3 0.30 £ 0.03°
Total n-6 PUFA 22.04 £ 0.97312 23.13 +£1.19312 20.16 + 1.77°2
20:5n-3 0.09 £ 0.022 0.09 + 0.05%2 0.16 +0.02°
22:5n-3 0.20£0.102 0.21 +0.12%2 0.48 +0.10°2
22:6n-3 2.70 £ 0.60° 3.44 +0.4131 0.90 + 0.22°2
Total n-3 PUFA 3.22+£0.68° 3.92 +0.35%3 2.16 +0.262
Total FA (mg/g) 8.15+ 1.20° 10.03 +£ 0.222 97.70 + 19.51°2

Mean + SD, n=6 for each group. Values with different alphabetical superscripts across time and different
numerical superscripts across diet are significantly different by Tukey’s HSD following a significant F-value
(p< 0.05) by two-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; FA, fatty acids, TWD total western diet with (+) or without (-) docosahexaenoic
acid.
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Appendix Table 5.9: Fatty acid composition (weight %) of 7-day old pup tissues

Chow TWD+ TWD-

Brain

14:.0 1.70 £ 0.22° 2.11+£0.37°8 2.04 £ 0.302
16:0 31.52 + 0.652 31.45 +0.87° 30.44 + 0.97°
18:0 16.30 £ 0.46 16.24 £ 0.30 16.50 £ 0.35
Total SFA 53.97 £ 1.21° 52.23+1.17° 50.79 + 1.442
16:1 147 £0.118 1.45+0.192 1.29 + 0.10°
18:1n-7 2.20 £ 0.06 2.21£0.09 2.21 £0.07
18:1n-9 10.49 £0.76 10.59 £ 0.31 10.52 £ 0.39
Total MUFA 14.77 £ 0.88 15.00 £ 0.96 14.51 £ 0.45
18:2n-6 1.37+0.88 0.91+£0.04 0.90£0.08
20:4n-6 12.21 £0.472 11.93 +0.28? 13.40 + 0.61°
22:4n-6 2.40+0.11° 2.44 +0.228 2.89 +0.23°
22:5n-6 1.61+0.11°¢ 1.15+0.128 2.65 + 0.15°
Total n-6 PUFA 18.24 + 0.60° 17.09 + 0.562 20.46 + 0.99°
20:5n-3 0.03 +£0.01® 0.05+0.022 0.03 £0.01°
22:5n-3 0.26 £ 0.02¢ 0.18 £ 0.022 0.30 £ 0.05°
22:6n-3 9.33 £0.39° 11.27 £0.68° 9.37 £ 0.56°
Total n-3 PUFA 9.64 +0.37° 11.52 £0.702 9.72 £ 0.57°
Total FA (mg/g) 20.47 +1.372 20.41 + 2.00? 17.08 + 1.39°
Heart

14:.0 0.82+£0.48 0.95+0.39 1.09 +0.23
16:0 16.19 £ 0.77 16.69 £ 0.77 16.58 + 0.66
18:0 18.93+1.32 19.27 £ 1.54 19.22 £1.25
Total SFA 39.89+1.04 4054 +1.12 39.89+2.19
18:1n-7 3.18+0.38 3.40+0.14 3.37+0.23
18:1n-9 5.60 + 1.58b 9.19 + 3.292 9.19+2.178
Total MUFA 9.91 + 1.42b 14.08 + 3.322 14.92 + 4.36°
18:2n-6 7.18 + 1.090 5.78 +0.762 5.37 + 0.42°
18:3n-6 2.34 +0.88° 0.06 £ 0.022 0.03 +£0.01°
20:3n-6 1.07£0.10 1.17 £0.10 1.04 +0.17
20:4n-6 23.18 +2.03 21.83+2.38 22.89+1.85
22:4n-6 0.39 £ 0.96° 2.24 £0.242 3.70 + 0.45°
22:5n-6 0.18 £ 0.472 0.29 + 0.092 1.33 +£0.22°
Total n-6 PUFA 35.35+ 1.28b 32.13+1.91° 35.24 + 1.99°
20:5n-3 0.15+0.28 0.05+0.02 0.04 £0.01
22:5n-3 0.23 +0.08° 0.15+0.022 0.10 £ 0.022
22:6n-3 6.68 + 1.04°¢ 10.09 + 1.63? 4.67 +0.92°
Total n-3 PUFA 10.30 £ 0.922 11.83 +1.742 7.44 +1.37°
Total FA (mg/g) 23.98 + 3.52b 19.17 + 3.99% 16.38 + 4.062
Liver

16:0 20.77 + 1.05° 19.24 + 1.46% 19.06 + 0.95?
18:0 15.58 + 0.87° 13.29 + 2.262 12.10+1.78°?
Total SFA 39.05 + 0.93b 35.20 + 1.97° 34.21+1.212
18:1n-7 1.38 + 0.06° 1.61+0.132 1.58 +0.102
18:1n-9 3.71+0.94b 10.46 £ 2.47¢ 12.09 + 2.252
Total MUFA 5.83 +0.98° 13.11 £ 2.46° 14.76 £ 2.332
18:2n-6 9.73+1.16 9.40+1.05 9.87 £1.03
20:4n-6 19.79 £ 0.75°¢ 15.71 £ 2.018 17.54 + 0.92°
22:4n-6 0.92 +0.112 1.24 £ 0.342 2.08 £0.75°
22:5n-6 0.43 +0.07¢ 0.23+0.112 1.21 +0.23°
Total n-6 PUFA 32.40 + 1.30° 28.20 £ 1.442 32.40 + 0.94°
20:5n-3 0.39 +£0.11° 0.50 £ 0.082 0.33 £ 0.06°
22:5n-3 2.47 +0.29b 152 +0.272 2.52 + 0.66°
22:6n-3 13.39 + 1.50° 15.79 +£1.132 9.04 + 1.57°
Total n-3 PUFA 16.44 + 1.392 18.03+1.178 12.17 + 1.66°
Total FA (mg/g) 25.12 + 5.06° 33.80 + 9.05% 35.39 +5.812

Mean + SD, n=6 for each group. Values with a different superscript are significantly different by Tukey’s HSD following a significant F-value
(p< 0.05) by one-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty

acids, TWD total western diet with (+) or without (-) docosahexaenoic acid
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6 Sex Differences in Fatty Acid Compositions of Plasma, Liver, Brain, and Heart from Birth to

Adulthood

6.1 Introduction

The effects of estrogen on LCPUFA and long-chain MUFA and SFA synthesis from shorter
chain precursors has been reported [15,105,112]. Sex differences have been reported to occur
predominantly when diets are controlled for low DHA intakes [18]. However, recent studies reporting
sexual dimorphisms in communication skills at 3 years of age following DHA supplementation during
infancy [20], and the results from chapter 5 showing a sexual dimorphism in the brain DHA
concentrations of 7-day pups warrant further investigation into when sexual dimorphisms in fatty status
begin. To my knowledge, the fatty acid compositions of plasma, brain, heart, and liver of female and
male pups from weeks 1 to 9 have not yet been examined. This study is the first, and provides insight

into how tissue fatty acid compositions change during development in rats fed a regular chow diet.

6.2 Methods

6.2.1: Study Design

Five male and five female pups fed Teklad 22/5 Rodent Diet chow were sacrificed each week
from weeks 1 to 9. Pups were sacrificed after an overnight fast, except for pups 1-3 weeks old who were
left with their mothers until sacrifice. Plasma, RBC, brain, hearts, and livers were collected and analyzed

by gas chromatography as described above.

6.2.2 Diets

Rats were fed the chow diets outlined in Table 1 from weeks 4 to 9, and mothers at weeks 1 to

three were fed chow as well. Since 1 to 3-week-old rats were not fasted, stomach contents were
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collected, and their compositions at each week are outlined in Appendix Table 6.1 and Appendix Table

6.2.

6.2.3 Statistical Analyses

All statistical analyses were performed using SPSS release 20.0 (IBM, Chicago, IL, USA). The
effect of sex and time was examined across offspring tissue fatty acid and body weight data using a two-
way ANOVA with interactions. Differences in tissues across time were examined by one-way ANOVA.
Individual means were compared by Tukey post hoc testing after significant F-value by ANOVA. All

data are presented as means + SD with significance accepted when p<0.05.

6.3 Results

6.3.1 Body Weights over Time

Males were significantly heavier than females from week 6 to week 9 (Figure 8). In both sexes,
body weights increased each week except between weeks 2 and 3, and weeks 7 and 8, where body

weights remained equal.

6.3.2 Changes in the Fatty Acid Composition of Plasma

Relative levels of DHA and n-3 docosapentaenoic acid (DPAN-3) were significantly affected by
a sex X time interaction. Both DHA and DPAN-3 decreased below baseline at week 3 and returned to
baseline levels at week 4. DPAN-3 then decreased below baseline again at week 5 in females and week 6
in males (Appendix Table 6.3 and 6.4). At week 9, females had higher plasma relative levels of DHA
than males (Figure 9). Relative levels of ALA were higher in males than females overall, but no sex x
time interaction occurred in ALA relative levels or concentrations. No effect of sex was detected in

DHA concentrations, which were highest in both sexes at weeks 2, 4, and 5.
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Relative levels of ARA increased above baseline at week 5 in females, and week 7 in males and
were higher in females at week 9 (Appendix Table 6.3 and Appendix Table 6.4 13). Conversely, while
LA levels increased above baseline at week 3 and returned to baseline levels at week 4 in both sexes, LA
levels in males increased above baseline again at week 9, and were higher than females at weeks 7, 8,
and 9 (Figure 9). Concentrations of ARA were not different between sexes. Concentrations of LA were

higher in males at weeks 7, 8, and 9.

In both sexes, total MUFA concentrations increased above baseline at week 5, before returning
to baseline at week 7. Additionally, the relative composition of saturates were sexually dimorphic.
Females had higher relative levels of 18:0 acid at weeks 7, 8, and 9, while males had higher levels of

16:0 acid at weeks 8 and 9 (Appendix Table 6.3 and Appendix Table 6.4).

Total fatty acid concentrations in plasma were not significant for sex x time interactions or
sexual dimorphisms but were affected by time. Fatty acid concentrations increased above baseline at 2,

5, and 6 weeks of age (Appendix Table 6.3 and Appendix Table 6.4).
6.3.3 Changes in the Fatty Acid Composition of Liver

Female livers had higher relative amounts of DHA than males at week 9, but males had higher
concentrations at weeks 6 and 9 (Figure 9). In both sexes, relative compositions of DHA and total n-3
PUFA decreased from weeks 2 to 9, while relative percent compositions of ALA increased from weeks
1to 9. In females, relative levels and concentrations of ALA increased and remained above baseline
levels starting a week 3, whereas in males relative levels and concentrations of ALA increased above
baseline levels at week 4 (Appendix Table 6.5 and Appendix Table 6.6). Fatty acid composition (weight %)

of male liver).
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Males had a higher relative composition of total hepatic n-6 PUFA than females at weeks 6, 8,
and 9, but differences within individual fatty acids were subtle. There was a significant sex x time
interaction for relative LA compositions, which increased above baseline at week 2 in females and at
week 3 in males (Appendix Table 6.5 and Appendix Table 6.6). Relative ARA levels were higher in males
than females at week 6, but concentrations of LA and ARA were not significant for sex differences or

sex X time interactions.

Relative compositions of total MUFA increased above baseline at week 3 in both sexes,
suggesting a weaning effect. A sex x time interaction was also shown in 18:1n-7 and 18:1n-9. In
females, 18:1n-7 started at the same relative percentage as males, and remained at baseline levels at
week 9, whereas males increased significantly. Relative percentages of 18:1n-9 for females were equal
to males at baseline, but increased significantly for females while males remained at baseline levels at
week 9. hepatic total SFAs had a significant time effect, and 16:0 and 18:0 were significant for sex x
time interactions. Palmitic acid dropped from week 1 to 9, and at week 8, was significantly lower in
females. Conversely, 18:0 increased from week 1 to 9, and was significantly higher in females at weeks
8 and 9. Total concentrations were significant for sex differences, and were higher in females (Appendix

Table 6.5 and Appendix Table 6.6).

6.3.4 Changes in the Fatty Acid Composition of Heart and Brain

DHA concentrations in the brain were significantly higher in females, but there was no sex x
time interaction, and relative compositions of DHA and ARA, and ARA concentrations showed no
sexual dimorphisms (Figure 9). Interestingly, brain relative percentages of 18:2n-6 began at the same
levels in males and females, but were higher in males at week 9 (Appendix Table 6.7 and Appendix

Table 6.8).
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Relative fatty acid compositions in brain and heart were affected primarily by time. In the brain,
relative compositions of DHA in both sexes peaked at weeks 3, 4 and 5, while ARA composition was
highest at week 1 and decreased until week 9. In the heart, DHA relative composition or concentrations
were not significant for sex x time interactions (Figure 9) but were significantly higher in females
(Appendix Table 6.9 and Appendix Table 6.10). Total fatty acid concentrations in the brain were affected
by time, whereas those in the heart were more stable. Total fatty acid concentrations in the brain

increased above baseline immediately from week 1 to 2, and peaked at weeks 6, 7, and 9, in both sexes.

6.4 Discussion

To my knowledge, this study is the first to demonstrate that in the plasma and liver, 18 carbon
PUFA increase above baseline levels in males before females, whereas LCPUFA increase above
baseline in females first. This also appears to be the first study to show that total fatty acid
concentrations in plasma, liver, brain, and heart peak during adolescence before decreasing entering

adulthood.

Higher levels of ARA in the plasma and liver of adult females, and LA in in that of adult males,
have been reported previously [105,113] and are confirmed in this study. Sexual dimorphisms in
circulating levels of DHA and ARA have been linked to differences in estrogen [14,15,17]. In the rat,
puberty begins in females and males at postnatal days 32-34 and 45-48 respectively [24,114,115]. This
study goes to further show that these differences also interact with development. The relative percentage
of plasma ARA increasing above baseline in females prior to males and remaining higher in females at
adulthood supports the theory of elongation and desaturation being related to estrogen. However, further
research directly linking estrogen to levels of circulating ARA increasing in females before males is

required.
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Elongation and desaturation enzymes critical to fatty acid remodelling and synthesis are found in
the liver [116]. Greater relative percentages of DHA in female livers at week 9 despite similar relative
percentages of ALA found in female and male livers at that time support previous reports of sexual
dimorphisms in the expression and activity of elongase and desaturase enzymes [17,63], hepatic export
and uptake of fatty acids [117-119], and fatty acid metabolism [120]. In particular, higher relative
percentages of DHA in female livers despite similar ALA amounts supports previous data of females
having greater expression and activity of delta 5 and delta 6 desaturase [105]. This increase in the
relative percent of hepatic DHA in females as compared with the higher hepatic relative percentage of
ARA in males, despite similar levels of LA, suggests females may also have a greater selectivity for

elongating and desaturating DHA precursors.

Concentrations and relative percentages of the DHA precursor ALA could be increasing above
baseline earlier in female as compared with male livers due to a variety of mechanisms. Despite being
low compared to adolescence and adulthood, estrogen levels are higher in prepubescent females than
males [23], in rats, females begin adolescence earlier than males [24], and females have a higher
expression of fatty acid transport proteins [117,118,121]. This, combined with the chow diet being
composed of more ALA than DHA could explain the greater amounts of LCPUFA precursors in female
livers, but further research is required to confirm which combination or individual mechanism leads to

the earlier increase of hepatic ALA in females.

Sex differences in liver and plasma fatty acids were not limited to PUFA. Sexual dimorphisms in
relative percent [122] and concentrations of 16:0 and 18:0 of plasma is in agreement with previous
animal models. Differences in plasma 16:0 concentrations alone has been shown in some animal models
[112,123], and differences in 18:0 concentrations alone in others [122], but this study shows differences

in both occurring simultaneously. Females show lower relative percentages of 16:0 starting at week 7,
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and higher percentages of 18:0 at week 8. Relative percentages of 16:0 decrease from week 7 to week 9
in both sexes. However, 18:0 increases from week 7 to week 9 in females only. No sex differences in
MUFA were shown, although higher levels of 16:1 [112] and 18:1n-7 have been reported at later
timepoints than those observed in this study [122]. This suggests that at a young age, females may have
a greater ability to convert 16:0 to other fatty acids and are converting it to 18:0 at a greater rate than

males.

Hepatic sexual dimorphisms in 18:0, 18:1n-9 and 18:1n-7 concentrations [112,123] were
confirmed, but differences in 16:0 [112] were not, possibly as a result of not separating PL from TAG
and other lipid fractions. Higher relative percentages of hepatic 18:1n-7 in males, and nearly
significantly higher hepatic levels of 18:1n9 in females at week 6 (p =0.059), occurred alongside higher
relative percentages of 18:0 in females and higher amounts of 16:0 in males. This is in agreement with
previous studies indicating that estradiol and progesterone increase the protein levels of stearoyl-CoA
desaturase 1 (SCD1) [110], a delta-9 desaturase that desaturates 18:0 to 18:1n-9 [124]. However, these
findings are not in agreement with previous findings of 18:1n-7 in the PL fraction being increased in 12
week old ovariectomized rats given progesterone and estradiol [123]. This could be due to differences
occurring in older age, an interaction with additional sex hormones affected by ovariectomy models, or

differences in PL that were not detected in the total lipid extracts of this study.

In contrast to the plasma and hepatic fatty acid changes, brain and heart tissue were relatively
stable. There were no sex x time interactions for relative percentages or concentrations of DHA or ARA,
but there was a sex difference for DHA concentrations being generally higher in female brain. The lack
of sex differences in the relative percentage of DHA is in agreement with previous data [92,105]. In
contrast to DHA, brain PUFA and MUFA did show sex x time interactions. The 18:1n-9 spike in

females at week 6, and the nearly significant (p=0.055) sex differences in total brain fatty acid
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concentrations were unexpected, but could have implications for sex differences shown in high fat diet

rodent models [125].

The heart had fewer significant concentration sex x time interactions than the brain, but relative
percentage measures were similar, and in both the brain and the heart, LA had a significant sex x time
interaction. The greater amounts of LA in the male brain is in agreement with previous data [126], but
the greater amounts of LA in the male heart is not [105]. These sex differences in tissue LA relative
percentages could be the result of higher levels of plasma LA in males, which are significantly higher

beginning at week 7, being deposited at a greater rate in male tissues.

In both sexes, the peaking of total fatty acids in plasma at weeks 2 and 5 suggest high amounts of
fatty acid turnover during weaning and puberty, and higher circulating fatty acid concentrations at week
5 appeared to increase the fatty acid concentrations of surrounding tissues. Total fatty acid
concentrations in liver appeared to be reflected in plasma total fatty acid concentrations, with amounts
peaking at week 5 before decreasing. This supports studies showing the liver playing a role in fatty acid
remodelling [116], and the sexual dimorphisms in remodelling could play a role in sexual dimorphisms
shown in other tissues [105]. Total fatty acid concentrations in the brain peaked at week 6, and were
maintained at those concentrations for weeks 7 and 9, in agreement with findings that most fatty acid
accumulation in the brain occurs during early development [3]. However, relative levels of fatty acids
continued to change in the brain despite the steady total fatty acid concentration. As the brain developed,
the relative percentage of ARA decreased in both sexes while DHA remained steady, supporting

previous literature showing a specific need for DHA in the brain [73].

The design of this pilot study limited its findings. The fatty acid data is limited to total lipid fatty
acid analyses, and differences between PL, TAG, and other lipid classes were not determined. Pups were

chosen out of convenience and from mothers excluded by a previous study as a result of a failure to
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observe the vaginal plug after breeding. As a result, the block design of the litters were limited to one
litter per time point when multiple litters should have been used [127]. Pups being weaned abruptly at 3
weeks of age could be affecting plasma and tissue concentrations at weeks 4 and 5, as free living rats are
breastfed for longer, and weaned more gradually [128]. Additionally, sex hormones also factor into
adipose tissue lipolysis [129], and sexual dimorphisms have been shown in intestinal fatty acid uptake
[130-132]. Collecting adipose tissue and intestines could have provided more insights into how sexual
dimorphisms in tissues were affecting sexual dimorphisms in the plasma, and vice versa. Finally, these
findings are limited to rats fed a standard chow diet high in LA, and providing the rats with different
diets during development could have interacted with changes in tissue fatty acid composition [126].
Further research including adipose tissue analysis, and the interaction of different diets and maturity on

sexual dimorphisms should be conducted.

6.5 Conclusion

This study confirms previous reports of sexual dimorphisms in n-3 and n-6 PUFA, SFA, and
MUFA, and provides evidence that these dimorphisms interact with development. In chow fed rats,
females have higher levels of circulating ARA beginning at 8 weeks of age, while males have higher
levels of plasma LA beginning at weeks 7, which appear to influence brain and heart LA levels. Relative
percentages of hepatic ALA and LA appear to increase above baseline earlier in females than males,
potentially playing a role in DHA and ARA levels, which could impact development. Finally, the peak
in total fatty acid concentrations occurring around puberty in plasma and brain suggest further research
investigating the influence of diets, developmental stages, and sexual dimorphisms on tissue fatty acid

composition should be conducted.
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Figure 8: Whole Body Weights *Significant sex differences, and letters represent significant time
differences determined by Tukey’s post hoc following significant two-way ANOVA (p<0.05). Mean +

SD, n =5 at each point.
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Appendix Table 6.1: Fatty acid composition (weight %) of female stomach contents

PSexx P Sex

Week 1 Week 2 Week 3 time Effect

14:0 9.53+0.75% 10.67 + 0.55° 7.80 £ 0.54°¢ 0.84 0.14
16:0 22.90 £ 0.992 23.79 £ 0.68° 17.18 £ 0.21° 0.91 0.09
18:0 3.20+0.182 3.26 £0.112 2.98 +0.03° 0.41 0.02
22:0 0.04 £0.012 0.04 £ 0.012 0.08 + 0.02° 0.63 0.66
24:0 0.06 £ 0.012 0.06 £ 0.012 0.10 + 0.02° 0.72 0.75
Total SFA 53.91 +1.942 57.91 +1.43° 50.95 + 2.90° 0.68 0.67
16:1 1.24£0.112 0.86 + 0.06° 1.00 £ 0.05° 0.20 <0.01
18:1n-7 1.34£0.15% 0.96 + 0.06° 1.07 + 0.05° 0.91 0.04
18:1n-9 15.26 + 0.902 13.77+0.57°  14.35,+£0.50®  0.97 0.11
24:1n-9 0.03+0.012 0.02, £ 0.01% 0.02 +0.01° 0.71 0.56
Total MUFA 18.20 + 1.21° 15.89 + 0.69° 16.70 + 0.53° 0.94 0.07
18:2n-6 20.75+0.418 21.02 +0.57° 27.43 + 2.29b 0.62 0.97
18:3n-6 0.52 +0.052 0.32+0.02° 0.13+0.01° 0.14 0.14
20:2n-6 0.59 + 0.06° 0.43 +£0.03" 0.24 £0.02° 0.53 0.03
20:3n-6 0.64 +0.042 0.32+0.02° 0.12+£0.01° 0.84 0.37
20:4n-6 1.40£0.172 0.80 +0.03° 0.50 £ 0.04¢ 0.59 0.04
22:4n-6 0.29 + 0.06° 0.15+0.01° 0.09 +0.02° 0.53 0.02
22:5n-6 0.05+0.018 0.03 +0.01° 0.03 +0.01° 0.24 0.03
Total n-6 PUFA 24.28 +0.76° 23.10 £ 0.66° 28.55 +2.19b 0.62 0.94
18:3n-3 1.79 £ 0.062 2.01+£0.032 2.88 +0.26° 0.57 0.58
20:5n-3 0.45+0.022 0.35+0.01° 0.28 £ 0.02°¢ 0.36 0.91
22:5n-3 0.36 + 0.05° 0.30 +£0.02° 0.22 £0.02¢ 0.76 0.04
22:6n-3 0.43 +£0.042 0.33+0.01° 0.35+0.01° 0.74 0.58
Total n-3 PUFA 3.10+£0.06% 3.06 £0.072 3.77 +£0.26° 0.56 0.79
20:3n-9 0.06 + 0.012 0.04 +0.01° 0.04 +0.01° 0.36 0.03
Total FA (mg/g) 262 £ 17° 264 + 37° 115 + 37° 0.56 0.94

Mean £ SD, n=5. Different alphabetical superscripts represent differences across time and different numerical
superscripts represent sex x time interactions significantly different by Tukey’s HSD following a significant F-value
(p< 0.05) by two-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.2: Fatty acid composition (weight %) of male stomach contents

P Sex x P Sex
Week 1 Week 2 Week 3 time Effect
14:0 9.71+0.76® 11.07 +0.15° 8.33+1.13° 0.84 0.14
16:0 22.88+0.66 24.18+0.33° 17.52+0.49° 0.91 0.09
18:0 3.20+0.142 3.19+0.052 2.85+0.12° 0.41 0.02
22:0 0.04 £0.012 0.04 £ 0.012 0.09 + 0.03° 0.63 0.66
24:0 0.06 £ 0.012 0.06 + 0.012 0.09 + 0.02° 0.72 0.75
Total SFA 54.65+2.16® 5892 +0.518 50.97 + 4.50° 0.68 0.67
16:1 1.18£0.142 0.82+0.03° 0.90 + 0.06° 0.20 <0.01
18:1n-7 1.30£0.142 0.92 +0.03° 1.02 + 0.06° 0.91 0.04
18:1n-9 15.07 £1.012 13.35+0.24° 13.94+0.82%® 0.97 0.11
24:1n-9 0.03+0.012 0.02 +0.012 0.02 £ 0.012 0.71 0.56
Total MUFA 17.91+1.30* 15.37+0.30° 16.13+0.89° 0.94 0.07
18:2n-6 20.54 £0.60* 20.62+0.17% 27.91+3.35" 0.62 0.97
18:3n-6 0.48 £ 0.08? 0.30 £ 0.01° 0.13+0.01° 0.14 0.14
20:2n-6 0.64 +0.072 0.41 +0.02° 0.20 £ 0.02¢ 0.53 0.03
20:3n-6 0.64 +0.042 0.31+0.02° 0.11+£0.01° 0.84 0.37
20:4n-6 1.35+0.13% 0.77 £0.02° 0.46 £ 0.04¢ 0.59 0.04
22:4n-6 0.30 £ 0.042 0.14 £ 0.01° 0.08 £0.01° 0.53 0.02
22:5n-6 0.05+0.012 0.03 £ 0.01° 0.02 +£0.01° 0.24 0.03
Total n-6 PUFA  24.03+0.86% 22.61+0.228 28.92+3.26° 0.62 0.94
18:3n-3 1.78 £0.042 2.01£0.022 2.99 +0.39° 0.57 0.58
20:5n-3 0.46 £ 0.02° 0.34 +0.01° 0.29 +0.04° 0.36 0.91
22:5n-3 0.39 +0.042 0.28 +0.01° 0.20 £ 0.03¢ 0.76 0.04
22:6n-3 0.43+0.032 0.33 £0.01° 0.35 +0.04° 0.74 0.58
Total n-3 PUFA 3.13+0.09% 3.02+0.032 3.87 £ 0.45° 0.56 0.79
20:3n-9 0.06 +0.012 0.04 +0.01° 0.03 +0.01° 0.36 0.03
Total FA (mg/g) 271 £ 15° 272 £ 23° 105 + 31° 0.56 0.94

Mean + SD, n=5. Different alphabetical superscripts represent differences across time and different numerical
superscripts represent sex x time interactions significantly different by Tukey’s HSD following a significant F-value
(p< 0.05) by two-way ANOVA. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.3: Fatty acid composition (weight %) of female plasma

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 2.44 £0.75% 3.14 £ 0.55° 2.17 £0.38 0.68 +0.08° 0.40 £ 0.02° 0.43 £ 0.04° 0.36 % 0.05° 0.31+0.03° 0.25 % 0.03°
16:0 21.44 +1.16578 22,99 +0.47° 19.90 £ 0.27458 18.37 £ 0.33234 17.37 £ 0.48234 19.30 £ 0.97345 19.18 + 1.4634° 16.76 + 1.3212 15.13 £ 0.61"
18:0 9.17 £ 0.4 9.57 £ 0.52! 10.16 + 0.6212 10.30 £ 0.79123 11.80 + 1.20234 11.89 £ 0.6734 13.49 + 0.96%° 15.15 + 1.25°% 16.28 + 0.55°
22:0 0.14 £0.01° 0.20 % 0,020 0.18 + 0.02%* 0.15+0.03® 0.22 % 0.02¢%f 0.20 % 0.02b¢d 0.24 £ 0.02% 0.26 + 0.06° 0.17 £ 0.02%
24:0 0.38 £ 0.07%% 0.39+0.03® 0.42 £ 0.03* 0.28 £ 0.04¢ 0.38 £ 0.03*® 0.45 % 0,030 0.56 % 0.04" 0.59 £ 0.10¢ 0.39 + 0.04*"
¥ SFA 36.29 + 1.35%567 38.70 £ 0.947 35.07 £ 0.47%4 31.26 + 1.3212 30.99 + 0.95'2 34.80 + 1.9134 37.07 + 1.424587 35.53 + 1.28%456 33.50 £ 0.712°
16:1 0.57 + 0.09% 0.43 £ 0.03° 0.47 £ 0.05* 0.74 £ 0.115 0.75 % 0.05" 0.89 £ 0.07° 0.76 + 0.08" 0.57 £ 0.07 0.64 £ 0.11%
18:1n-7 1.11 £ 0.05° 0.86 + 0.02° 1.14 £ 0.04? 153 £0.15° 1.50 £ 0.09° 1.40 £ 0.08% 1.23 £ 0.08% 1.37 £0.11%f 1.19 £ 0.12*
18:1n-9 7.63+1.34® 7.23 £0.46® 7.84 £0.69% 8.17 £ 0.87° 8.33 +0.83" 7.61+0.33® 6.48 £ 0.67" 6.47 0,725 5.57 % 0.35¢
24:1n-9 0.24 +0.04 0.17 £ 0.04° 0.22 +0.03* 0.14 +0.02° 0.19 +0.02%° 0.28 + 0.02¢™ 0.36 + 0.02¢ 0.35 + 0.05°f 0.23 +0.03%"
~ MUFA 9.96 + 1.432345 9.20 +0.491234 9.94 +(.722345 10.78 + 1.003458 11.09 + 0.875¢ 10.37 % 0.3523458 9.04 £ 0.76123 9.02+0.77'2 7.78 £ 0.39
18:2n-6 21.15 + 0.951:234 23.96 + 0.26%5° 29.77 +0.49 22.10 +1.91%% 2412 +2.01458 21.40 + 0.991:234 18.63 £ 1.311 19.78 + 2,512 18.44 +1.15
18:3n-6 0.45 + 0042345 0.33 £0.01%2 0.33 £0.06%2 0.59 £0.11%¢ 0.59 +0.06%5¢ 0.56 +0.033458 0.38 £0.072 0.37 £ 0.092 0.44 +0.04234
20:2n-6 0.38 £ 0.058° 0.34 +£0.0278° 0.26 + 0.03%4° 0.27 £ 0.024587 0.26 £ 0.0134° 0.19 £ 0.01123 0.17 £ 0.02 0.20 % 0.061234 0.17 £ 0.03'2
20:3n-6 0.95 + 0.038 0.67 £0.027 0.41 £ 0.02458 0.28 +0.0212 0.29 +0.0212 0.25 + 0.02 0.29 +0.03'2 0.35 +0.082345 0.31 +£0.04123
20:4n-6 19.78 + 2.591:234 18.09 + 1.3212 16.30 + 1.04! 23.90 + 1.81458 24.43 + 2.29587 25.25 + 1.26%67 27.78 +1.91%7 28.21 +3.3378 32.14 +1.80°
22:4n-6 0.40 £ 0.04% 0.30 £0.02° 0.30 +0.06° 0.39 + 0.04° 0.27 £ 0.02% 0.22 +0.04° 0.23+0.03" 0.24 £ 0.04> 0.26 % 0.04>
22:5n-6 0.20 + 0.03234 0.12 £0.021234 0.23 +0.06*° 0.33 £0.06%° 0.20 £ 0.01234 0.22+0.03* 0.23+0.14* 0.15 % 0021234 0.13 £ 0031234
¥ n-6 PUFA 43.40 +1.74 43.86 + 1.51° 47.64 £1.02° 47.94 +0.85" 50.18 + 0.68 48.20 + 1.54 47.85 +1.84° 49.42 +1.29™ 51.94 +1.03°
18:3n-3* 0.66 £ 0.17® 0.73+0.10% 0.97 +£0.13° 0.92 +0.22® 0.92 +0.15% 0.87 + 0.06® 0.70 £ 0.17® 0.65+0.18® 0.64 +0.10°
20:5n-3* 1.14 £ 0.13% 1.10 £ 0.07%f 0.75 +0.04° 1.36 + 0.23° 1.31£0.13° 0.96 £ 0.11% 0.87 £ 0.16" 0.88 £0.10* 0.84 +0.09"
22:5n-3 1.45 + 0.20%° 1.53 +0.09° 0.99 +0.08* 1.27 £0.09° 0.82 +0.06%* 0.54 +0.06'2 0.39 £0.15! 0.51 +0.0412 0.54 +0.05%2
22:6n-3 5.61 + 0.748 4.44 +0.22458 3.29 £ 0.17"2 5.24 + 0.6478 443 +0.11458 3.81+0.372% 3.71 £ 0.301234 3.67£0.13123 4.15 +0.23348
> n-3 PUFA 8.92 + 0.85° 7.85+0.27" 6.05 £ 0.17° 8.84 +0.82% 7.52 £ 0.40¢ 6.21+0.51° 5.70 + 0.52° 5.74 +0.24° 6.19 £ 0.19°
20:3n-9 0.13 £0.03® 0.14 +0.02° 0.15 + 0.04° 0.15 + 0.02? 0.09 +0.01% 0.06 +0.01¢ 0.04 £ 0.01¢ 0.04 £0.01% 0.05 +0.01%
¥ FA (mg/g) 69 + 13° 144 + 220 92 +18* 94 + 36 132 + pbode 112 +11® 97 £ 7% 98 + 22% 82 + 15°

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.4: Fatty acid composition (weight %) of male plasma

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14.0 2.68 +0.48° 2.94 +0.23° 1.92 +0.59° 0.73 £ 0.04¢ 0.49 £0.07¢ 0.49 £0.07¢ 0.38 +0.14° 0.31+0.01° 0.28 + 0.05°
16:0 22.06 +1.50"8 22.96 +0.58° 19.82 + 0.66*°6 18.90 + 0.44345 18.42 +0.62%%4 20.58 + 1.04567 20.76 + 0.68>57 19.83 +£0.794%6 17.79 £ 0.79%°
18:.0 9.33 + 0.56! 9.89 + 0.36! 10.34 + 0.58123 9.45 + 0.60! 10.58 + 1.3323 10.17 +0.43%? 10.65 + 0.41+23 10.74 + 0.54+23 10.76 + 0.46%%3
22:0 0.17 £0.07® 0.19 + 0.02%° 0.19 + 0.022 0.13+0.01° 0.20 + 0.020<f 0.24 +0.03« 0.25 +0.01¢ 0.25 + 0.02% 0.15 + 0.02%
24:0 0.43 + 0.05* 0.39 £ 0.03%¢ 0.43 £0.03* 0.28 +£0.04° 0.34 +0.04% 0.45 £ 0.04° 0.55 + 0.04¢ 0.56 +0.07¢ 0.36 +£0.01%*
¥ SFA 37.89 + 1.56°57 38.09 + 0.7557 34.62 + 0.86%* 30.78 +1.03* 30.82 +0.80* 34.43 +1.86%* 35.42 + 054345 34.96 + 1.37%4 30.57 +0.44*
16:1 0.56 +0.03? 0.43+0.01° 0.44 £ 0.02° 0.78 £0.11° 0.88 +0.09* 0.96 £ 0.07¢ 0.76 £ 0.15° 0.55+0.072 0.55 +0.042
18:1n-7 1.06 + 0.042 0.88 +£0.03° 1.12 +0.02° 1.54 +0.12% 1.64 +0.06% 1.57 +0.08% 1.43 +0.05¢ 1.75 £ 0.08¢ 1.75 + 0.08°f
18:1n-9 7.46 +0.67%%f 7.10 £ 0.29%f 7.34 +0.59% 8.30 + 0.76% 8.93 +0.65¢ 7.66 + 0.90%f 7.00 + 1.00°¢f 6.61 +0.43f 6.93 + 0.47°f
24:1n-9 0.25 + 0.02 0.18 +0.03" 0.22 +£0.02® 0.14 +0.03° 0.17 £0.03* 0.31 +0.02¢ 0.38 £ 0.02¢ 0.38 £ 0.05¢ 0.17 £0.03*
X MUFA 9.74 + 0.682345 9.05 +0.29123 9.38 + 0.6312345 10.92 + 0.91456 12.00 + 0.68° 10.72 +0.92%3456 9.80 + 1.182345 9.56 + 0.362345 9.61 + 0.462345
18:2n-6 20.57 +0.24423 23.69 + 0.58%45 30.14 + 0.96” 23.32 +1.34345 25.85 + 2.4556 23.74 +1.853456 22.08 +0.77%34 23.78 + 2.453456 27.04 +0.7457
18:3n-6 0.42 +0.03%3 0.34 +£0.01'? 0.38 +0.07? 0.64 +0.15° 0.54 +0.10%456 0.33 £0.03%2 0.21 +0.03! 0.21 +0.02* 0.20 + 0.05!
20:2n-6 0.41 +0.06° 0.34 +0.026789 0.25 + 0.04234 0.27 + 0.044567 0.25 +0.0134 0.25 + 0.04%4 0.23 £0.01%234 0.27 +£0.023458 0.33 +£0.045678
20:3n-6 0.96 + 0.08° 0.67 £0.017 0.44 +0.04° 0.26 + 0.0212 0.29 +0.03%2 0.34 +0.0312345 0.32 +0.031234 0.40 + 0.063456 0.43 +0.06¢
20:4n-6 19.36 + 1.72423 19.24 +0.79%23 17.19 +1.83* 23.04 +1.85%45 21.53 + 2522345 23.20 +1.21345 25.29 + 1.67%67 24,57 +1.62567 24.56 + 1.35567
22:4n-6 0.36 + 0.02%* 0.27 +0.02™ 0.29 +0.04® 0.37 £ 0.05¢ 0.27 +0.03™ 0.22 +0.02¢ 0.24 +0.02™ 0.23 +£0.04% 0.29 +0.05™
22:5n-6 0.13 £ 0.021:234 0.10 +0.01*? 0.23 +0.074° 0.37 £ 0.05° 0.21 +0.0434 0.12 +0.02%234 0.11 +0.01%2° 0.10 +0.02%2 0.07 +£0.01*
2 n-6 PUFA 42.28 +1.68% 44,69 +0.84* 48.99 +1.07° 48.32 +0.75° 49.00 + 0.40° 48.32 +1.22° 48.61 + 1.55° 49.68 + 1.33° 52.97 £ 0.74°
18:3n-3* 0.67 £0.07% 0.73 +£0.06% 0.87 £0.18% 0.99 +0.18% 1.03+0.19° 0.90 + 0.22%® 0.73 £0.12%® 0.76 £ 0.12% 0.98 + 0.15%
20:5n-3* 1.09 + 0.07% 1.07 +0.07% 0.80 £ 0.05° 1.39 +0.20% 1.39 +0.19° 1.13 + .17 0.97 +0.10%" 0.96 + 0.08%" 1.10 £ 0.177"
22:5n-3 1.30+0.13° 1.45+0.115¢ 1.02+0.13* 1.32 +0.10%¢ 0.84 + 0.05%4 0.60 + 0.062 0.58 +0.052 0.59 + 0.042 0.69 +0.1323
22:6n-3 5.10 + 0.49578 4.67 +0.17567 3.29 +0.29'2 4.94 +0.08%"8 4.63 +0.22567 3.43 +0.43123 3.39 +0.1412 3.06 +0.16%2 3.02 £0.22¢
2 n-3 PUFA 8.22 +0.42° 7.95+0.30° 6.01 +0.31° 8.67 +0.38% 7.94+0.37% 6.10 +0.71° 5.70 + 0.16° 5.41 +0.14° 5.83 + 0.49°
20:3n-9 0.11 +0.01% 0.13 +£0.01® 0.16 £0.03° 0.15 +0.02% 0.09 +0.01% 0.05 + 0.01¢ 0.04 +0.01 0.04 +0.01% 0.04 +0.01™
2 FA (mg/g) 88 +17° 136 +13° 94 + 25% 114 + 19® 131 +24° 109 + 24* 109 + 4% 105 + 6% 83+7°

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.5: Fatty acid composition (weight %) of female liver

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 0.91 £0.17% 1.26 +0.15%® 1.43+0.51° 0.59 +0.07% 0.34 +0.02% 0.28 +0.03%9 0.19 + 0.02¢f9 0.16 +0.029 0.18 +0.0299"
16:0 23.26 + 0.46° 23.17 £0.25° 20.16 + 0.50* 18.79 +0.38° 17.49 +£0.332 16.90 +0.312 16.37 £ 0.412 15.02 + 0.80! 16.47 +0.37?
18:0 15.94 +0.41123 15.09 £ 0.53! 15.77 £ 0.9512 16.48 £0.5742%4  17.37 £0.642345  16.89 + 1.30+234 20.03 + 0.48%7 20.84 + 1.637 20.19 +0.88%7
22:0 0.17 £ 0.02234 0.12 +0.01! 0.14 +0.01%? 0.17 £0.02234 0.19 +0.01345 0.15 +0.02%23 0.19 +0.03345 0.21 +0.02458 0.14 +0.01%?
24:0 0.53 £0.0912345 (.54 + 0.0423456 0.49 +0.06%23 0.48 + 0.05%? 0.52 +0.02%2345 0.46 +0.06%2 0.60 + 0.0234567 0.74 +0.06° 0.44 +0.05%?
¥ SFA 4229 £0.512 41.41 +£0.39* 39.51+0.28° 37.59 +0.86° 37.01+£0.47% 35.76 + 1.46¢ 38.55 +0.57 38.21 +1.14% 38.50 + 0.93%
16:1* 0.23 £ 0.04° 0.18 £ 0.02? 0.34 £0.14%® 0.48 £0.07° 0.53 +0.09°d 0.70 +0.09¢ 0.52 +0.08"® 0.46 +0.13° 0.48 +0.08
18:1n-7 1.53 +0.03%4 1.31+0.03'2 1.65 +0.04456 1.74 £ 0.03%87 1.88 £0.0778 1.89 +0.1078° 1.79 + 0.16%87 1.89 +0.15789 1.67 +0.09458
18:1n-9 3.77 £ 0.40¢ 4.96 +0.351.234 7.14 £ 1.3757 6.53 + 0.584567 6.73 +0.50%57 7.70 £0.797 5.87 +0.6623456 6.26 +£0.954%67 591 +0.6123456
24:1n-9* 0.25+0.032 0.21 + 0.022d 0.15 + 0.03f 0.17 +0.01Pcf 0.20 +0.01°% 0.15 +0.02¢ 0.20 + 0.02¢f 0.22 +£0.03% 0.13 +0.02%
= MUFA 6.08 + 0.38! 6.88 + 0.34123 9.49 + 1.55456 9.09 + 0.65*56 9.51 £ 0.62%¢ 10.61 + 0.908 8.53 £ 0.57%4° 9.00 £ 0.87456 8.34 £ 0.61345
18:2n-6 11.87 £ 0.49! 15.17 £ 0.472 19.63 + 0.93%456 18.68 + 0.84° 20.77 +0.58%4567 22,63 +£1.237 19.75 £ 0.9634%6 19,97 £ 1,59%456 19,77 + 1.473456
18:3n-6 0.12 +0.01%? 0.04 £ 0.01! 0.06 + 0.01! 0.45 £ 0.04%¢ 0.43 +0.08%%6 0.50 + 0.06° 0.30 £0.10%45 0.35 +0.15%56 0.38 +0.06%56
20:2n-6 0.48 £ 0.03458 0.56 + 0.02587 0.56 + 0.03%%7 0.47 £0.02345 0.46 +0.03345 0.37 £0.02%23 0.34 +0.081 0.35 +0.09%? 0.34 £0.04!
20:3n-6 0.82 +0.0278 0.75 £ 0.047 0.70 £ 0.0257 0.33 £0.02¢ 0.37 £0.02%23 0.32 +£0.011 0.38 £ 0.04123 0.47 £0.132%45  0.45 + 0.0612345
20:4n-6 19.29 + 0.683456 17.19 £ 0.321:28 15.69 +1.11* 18.17 £ 0.72234 18.54 + 053345 17.62 + 0.8312% 21.39 +1.25878 20.45 + 1.23%67 20.97 +1.09578
22:4n-6 0.76 +0.03%7 0.67 £ 0.04%¢ 0.70 £ 0.13° 0.55 £ 0.024% 0.43 £0.02123 0.40 £ 0.03%23 0.36 +0.04123 0.41 +0.03%23 0.47 £0.0434
22:5n-6 0.24 +0.012%4 0.20 +0.01%234 0.50 +0.12° 0.49 £ 0.08° 0.26 +0.05%* 0.27 £ 0.05%# 0.16 + 0.041.234 0.18 +0.07%234 0.20 £ 0.02%234
¥ n-6 PUFA 33.63 £0.42¢ 34,59 +£0.22¢ 37.86 +0.482 39.14 +0.30%4 41.27 +0.1857 42.14 +0.63"8 42.70 +1.098° 42.21 +0.45"8 42.60 + 0.60%°
18:3n-3 0.21 £0.03! 0.42 £ 0.041234 0.59 +0.123456 0.69 +0.10%¢ 0.75 £ 0.09587 0.99 +0.107 0.71 £0.155¢ 0.77 £0.1857 0.77 £ 0.15%87
20:5n-3 0.43 +0.03% 0.52 + 0.02%¢ 0.35 £0.03° 0.62 +0.14¢ 0.64 + 0.05% 0.63 + 0.06% 0.58 +0.10°9 0.61 + 0.09%" 0.60 + 0.09°
22:5n-3 2.37 +£0.18%¢ 3.39+0.127 2.50 +0.30° 2.02 +0.11* 1.44 +0.10° 1.02 +0.05¢ 0.86 +0.131 0.98 +0.05! 0.98 +0.07*
22:6n-3 14.33 £ 0.697 12.44 + 0.56° 9.44 +1.2245 10.44 £ 0.53° 9.18 +£0.3745 8.19 £ 0.43%4 7.53 £0.5222 7.60 £ 0.34%3 7.69 £ 0.55%3
¥ n-3 PUFA 17.41 £ 0.507 16.85 + 0.537 12.95 + 1.3756 13.82 + 0.64° 12.07 £ 0.334° 10.87 + 0.433* 9.73 £0.522% 10.00 + 0.1523 10.07 + 0.3723
20:3n-9 0.08 +0.01% 0.12 +0.01% 0.12 +0.02° 0.09 £ 0.01% 0.06 + 0.01%" 0.05 + 0.01%f 0.03 +0.01f 0.03 +0.01 0.03 +0.01™
> FA (mgl/g) * 26 + 4° 35+2° 35+ 6% 44 + 4 43 £ 2% 48 £ 5¢ 41+ 3% 36 + 5™ 38 + 5

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.

60



Appendix Table 6.6: Fatty acid composition (weight %) of male liver

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 1.23+0.44% 1.12 +0.04% 1.23+0.22° 0.57 +0.14° 0.32 £0.03% 0.26 + 0.04% 0.16 £0.01¢ 0.14 +0.01 0.19 +0.04%
16:0 23.20 + 0.96° 23.02 +0.36° 20.39 + 0.45* 18.71 £ 0.58° 17.52 + 0.49? 17.43 + 0.612 17.38 + 0.462 16.68 + 0.372 17.48 + 0.642
18:0 15.07 + 1.48! 15.12 + 0.24* 15.88 +1.18'2 15.75+1.13%2 17.65 + 0.84%345 17.28 + 0.63%345 19.05 + 0.44557 18.40 +0.33456 17.95 + 0.67%45
22:0 0.17 £0.032° 0.14 +£0.01'? 0.15 +0.02"? 0.19 +0.02345 0.19 +£0.03345 0.19 +£0.01345 0.24 +0.02° 0.22 +£0.015¢ 0.14 +£0.01?
24:0 0.62 +0.09*567 0.64 +0.025678 0.51 +0.06-234 0.48 +0.07*? 0.50 + 0.0412345 0.48 +0.032 0.65 +0.055%78 0.68 +£0.03"8 0.41+0.02*
¥ SFA 41.88 +£0.27% 41.27 +0.35%® 39.56 + 0.73% 36.84 + 1.50° 37.28 £ 1.34% 36.72 £ 0.90° 38.77 + 0.46%f 37.43 £ 0.23" 37.39+£0.57%
16:1* 0.23 £ 0.02% 0.17 £ 0.01° 0.31+£0.11% 0.55 + 0.09™ 0.51 +0.06™ 0.60 +0.09° 0.44 + 0.06%f 0.34 +0.03%% 0.40 +0.11%
18:1n-7 1.45 +0.08%3 1.22 +0.01! 1.61 +0.04345 1.81 +0.03%7 1.89 +0.0678° 2.06 +0.08° 1.99 + 0.058%° 2.30 £0.12%° 2.26 +£0.12%°
18:1n-9 4.34 +0.68'2 451+0.21123 6.37 £0.744567 7.03 +£1.13%7 6.68 +1.21567 6.07 £ 0.4934567 4.92 +0.381234 5.11 +0.1512345 5.35 + 0.6542345
24:1n-9* 0.25+0.03? 0.24 +£0.01* 0.18 +0.02" 0.18 + 0.02¢ 0.20 + 0.030cce 0.17 +0.02° 0.23 +0.02% 0.23+£0.01% 0.14 +0.01f
~ MUFA 6.57 +0.59'? 6.34 +0.20* 8.66 + 0.85%° 9.75+1.215¢ 9.45 + 1.22456 9.08 + 0.50*6 7.74 +£0.391234 8.19 + 0.152%45 8.36 + 0.7634°
18:2n-6 12.72 +1.32%2 14.42 + 0.382 19.36 + 1.46%4 19.67 + 1.973456 19.91 + 1.53%456 21.95 + 0.88%67 19.47 +0.89%45 21.62 +0.80*587 22.03 +0.58%7
18:3n-6 0.14 +0.04+23 0.06 + 0.04* 0.05+0.01* 0.50 +0.145 0.41 £0.17458 0.27 +0.032%4 0.14 +0.02123 0.16 +0.03%23 0.16 + 0.02*23
20:2n-6 0.52 +0.03*%67 0.52 +0.014567 0.59 +0.05" 0.47 +0.024% 0.45 +0.032%* 0.50 + 0.064%67 0.46 +0.0334° 0.51 + 0.06*%67 0.58 + 0.06°7
20:3n-6 0.89 +0.108 0.73+0.017 0.74 +£0.077 0.34 +0.02"? 0.37 +£0.04*23 0.47 +0.0534% 0.45 + 0.061%34 0.58 +0.115¢ 0.58 + 0.06*>¢
20:4n-6 18.40 + 1.40%45 18.10 + 0.41%34 16.05 + 1.09%2 17.79 + 1.23%23 18.80 + 1.35%4° 19.97 + 0.65567 22.69 +0.83° 21.30 £ 0.54578 21.64 +0.5378
22:4n-6 0.82 +0.05" 0.68 + 0.02° 0.64 +0.105¢ 0.55 + 0.04%° 0.44 +0.06%%* 0.31+0.08" 0.33 +0.03? 0.33 £ 0.03? 0.33 £ 0.02'?
22:5n-6 0.25 +0.0334 0.19 +0.011234 0.48+0.13° 0.50 + 0.09° 0.29 +0.10* 0.13 +£0.03123 0.09 +£0.01* 0.10 +0.01*? 0.09 +0.02*
¥ n-6 PUFA 33.77 £0.38 34.72 +0.28! 37.93 £ 0.40%° 39.84 £ 1.074° 40.69 + 0.55%¢ 43.62 +0.38°%1° 43.66 + 0.49%1° 44.63 + 0.45101 45.44 +0.761
18:3n-3 0.30 +0.10"? 0.39 + 0.02123 0.51 +0.122%45 0.78 £0.1757 0.67 +0.164%6 0.77 £ 0.13587 0.53 + 0.062%456 0.69 + 0.075¢ 0.70 + 0.08%¢
20:5n-3 0.51 + 0.07°cehi 0.56 + 0.03% 0.36 +£0.05° 0.69 +0.12¢ 0.58 + 0.09°9 0.62 + 0.09f 0.51 + 0.03%an 0.60 + 0.03%" 0.61 + 0.09
22:5n-3 2.67 +£0.32° 3.25+0.137 2.69 +0.16° 2.02 +0.24%5 1.40 +0.102° 1.17 + 0.06%23 1.14 +0.12123 1.19 +0.10%23 1.08 +0.10*?
22:6n-3 13.86 + 1.01%7 13.17 +0.35%7 10.05 +0.98° 9.69 +0.98° 9.53 + 0.54%° 7.39+0.16%° 7.20 +£0.292° 6.51 +0.40'2 5.71 +0.29"
¥ n-3PUFA 17.40 + 0.537 17.44 +0.457 13.69 + 0.74° 13.24 +0.89%5 12.24 +0.41° 10.00 +0.29%3 9.43 +0.28'? 9.04 +0.372 8.16 + 0.20*
20:3n-9 0.07 £ 0.01° 0.11+0.01° 0.12 +£0.03° 0.10 +0.02° 0.06 +0.01° 0.04 +0.01° 0.03+0.01° 0.03+0.01° 0.03 +£0.01°
X~ FA (mg/g) * 30+ 34+12 32+ 46+ 6 41 + 20 42 + 3 36+3* 3Bv+22 36 + 2

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,

saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.7: Fatty acid composition (weight %) of female brain

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 1.67 +0.097 0.95 + 0.05° 0.46 £ 0.06%345 0.33 £0.05%23 0.32 £ 0.09123 0.27 £ 0.0412 0.33+£0.10'23  0.39 +£0.031:234 0.55 + 0.05%5
16:0 29.14 £0.512 26.23 £ 0.44° 21.34+1.01° 19.22 +1.16% 18.63 + 1.58¢f 17.61 +1.97% 20.24 +0.65° 19.59 + 1.29% 19.26 +0.93%
18:0 15.78 £ 0.052 17.34 £0.18° 18.61 £ 0.23¢ 19.17 £ 0.32% 19.25 + 0.22¢d 19.56 + 0.68% 20.09 £ 0.78¢ 19.38 + 0.32¢¢ 19.71 + 0.34%f
22:0 0.06 £ 0.022 0.18 £ 0.04® 0.41 £0.10% 0.53 £0.13¢ 0.57 £ 0.15% 0.64 £ 0.22¢ 0.44 + 0.02bcf 0.48 £ 0.14% 0.61 £0.11
24:0 0.09 £ 0.032 0.28 £0.072 0.74 £0.19° 1.01 £0.22° 1.12 £0.29° 1.17 £0.34° 0.88 +£0.03" 0.98 +£0.25° 1.14 £0.20°
¥ SFA 51.02 £ 0.472 50.39 £ 0.432 48.07 +0.59 47.06 + 0.74%¢ 46.32 £0.87° 47.24 + 1.47% 48.22 £0.91° 47.34 +0.84% 4750 £ 0.62b¢
16:1 1.35+0.03% 0.82 +0.03* 0.47 £0.0323 0.36 + 0.032 0.31+£0.03! 0.37 £ 0.06%23 0.38 £ 0.02123 0.38 £ 0.03123 0.37 £ 0.05123
18:1n-7 2.32 £0.092 2.70 £ 0.08° 3.00 £ 0.14%¢ 3.16 £ 0.08¢ 3.37 £ 0.23¢dfn 3.88 £0.36° 3.65 + 0.05¢f 3.58 £0.16% 3.74 £0.19¢
18:1n-9 10.36 £ 0.312 11.19 +0.55% 13.10 + 0.83% 14,51 +0.72¢ 1557 + 1,154M 18.24 £1.78° 16.88 + 0.29¢f 16.24 + 1.309%0 17.43 +1.03¢"
24:1n-9 0.07 £0.012 0.18 £ 0.042 0.51 £0.16® 0.96 + 0.25% 1.15 +0.36% 1.36 + 0.50°49 0.92 +0.03bce 1.12 + 0.34°f0 1.56 £ 0.309
~ MUFA 14.62 £ 0.412 15.75+£0.752 18.73 +1.42% 21.34 +1.520¢ 23.14 £2.42% 28.09 +3.97¢ 24.69 + 0.45¢de 24.15 + 2.37¢df 26.56 + 2.064%
18:2n-6 1.22 +0.07% 1.20 £0.05° 1.30 £0.05° 1.04 +0.06%4 1.02 £0.0434 0.96 + 0.07234 0.84 +£0.0412 0.79 £ 0.06! 0.76 £ 0.03!
18:3n-6 0.07 £0.017 0.02 £0.01456 0.01 £0.01%23 0.01 £0.01%23 0.03 £0.01° 0.01 +£0.011234 0.01 £0.01%23 0.01 +£0.01123 0.01 £0.012
20:2n-6 0.16 £ 0.01! 0.19 £ 0.01%234 0.24 £0.02234  0.23 £0.021.234 0.24 +0.04234 0.25 + 0.06* 0.18 £ 0.02%23 0.17 £ 0.0212 0.18 £ 0.021234
20:3n-6* 0.48 £ 0.02% 0.54 £0.022 0.62 +0.05° 0.56 +0.03%® 0.54 +0.06% 0.50 £0.07% 0.43 £0.01¢ 0.38 +£0.03¢ 0.39 + 0.02¢
20:4n-6 13.52 £0.182 13.20 £ 0.302 11.50 + 0.65° 10.25 + 0.51% 9.99 +0.86° 8.17 +0.99¢ 9.75 £ 0.83¢ 9.00 * 0.69¢f 9.02 + 0.48¢9
22:4n-6 3.01 £ 0.0734567 3.07 £0.07%%7 3.14 £ 0.067 3.01 +£0.1034567 3.13+£0.0987 2.75+0.0412 283 £0.17%234 270+0.17* 2.80 +£0.08123
22:5n-6 1.42 £0.072 1.21 £ 0.06° 0.89 £0.07¢ 0.77 £0.10« 0.70 £ 0.10¢ 0.38 £ 0.08° 0.51 £0.04¢ 0.47 £0.09¢ 0.41 £0.07¢
¥ n-6 PUFA 19.89 +0.182 19.45 + 0.25¢2 17.73 +0.66° 15.91 + 0.69¢ 15.69 + 0.83° 13.06 + 0.88¢ 1457 +0.97¢ 13.54 +0.83¢ 13.58 +0.57¢
18:3n-3 0.01 £0.012 0.01 £0.012 0.03 + 0.0180c 0.03 +0.01b° 0.02 +0.018 0.04 £0.01° 0.03 +0.01¢d 0.03 + 0.01bce 0.04 +0.01¢f
20:5n-3 0.04 £ 0.012 0.03 +0.01% 0.03 + 0.0180c 0.03 £ 0.012 0.03 + 0.018bc 0.02 + 0.01bce 0.01 £0.01°%¢ 0.02 + 0,07bede 0.01 £0.01°
22:5n-3* 0.33 +0.022 0.34 £ 0.012 0.29 + 0.02b° 0.26 + 0.02¢ 0.24 +0.014 0.15 +0.02¢ 0.15+0.01® 0.15 +0.02¢ 0.14 £ 0.01°
22:6n-3 12.19 +0.26% 12,53 +0.18% 13.31 £ 0.63¢2 13.40 £ 0.822 13.66 +0.822 11.08 + 1.56° 12.19 +0.41% 12.75 +1.20% 11.93 +1.07%
¥ n-3PUFA 12.58 +0.27% 12.92 +0.18% 13.67 £ 0.632 13.75 £ 0.842 13.95 +0.83¢ 11.30 + 1.56° 12.40 +0.42% 12.96 +1.20% 12.14 +1.06%
20:3n-9 0.13 +0.01% 0.14 £ 0.012 0.11 +0.02b° 0.09 + 0.01°¢9 0.10 + 0.02¢de 0.08 £ 0.02% 0.07 + 0.01¢f 0.06 £ 0.01¢ 0.07 £ 0.019"
> FA (mg/g) 22+12 30+1P 34+6P 36 +4° 36+2P 56+ 6° 48 + 5¢ 45 + 44 48 + 3¢

Mean £ SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.
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Appendix Table 6.8: Fatty acid composition (weight %) of male brain

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 1.82 +0.257 1.05 +0.048 0.44 +0.0412345 0.25+0.11* 0.60 £0.11° 0.35+0.04123  0.42 +£0.031:2345 0.52 + 0.06345 0.62 £0.10°
16:0 29.82 £ 0.562 26.50 + 0.36° 21.86 +0.78¢ 18.45 + 0.60¢ 19.19 + 1.48¢ 19.73 + 1.76% 20.07 £ 0.81% 18.85 + 0.63¢ 18.61 + 1.34¢
18:0 15.75 £ 0.252 17.06 £ 0.20° 19.06 £ 0.57¢ 19.07 £0.32¢ 19.33 £ 0.68° 19.52 +0.60° 19.60 £ 0.24¢ 19.70 £ 0.43¢ 19.40 £ 0.59¢
22:0 0.05 £ 0.012 0.19 +0.05® 0.40 £ 0.02%¢ 0.59 £ 0.09¢ 0.62 £ 0.16% 0.48 £0.17¢ 0.44 +0.08< 0.62 £ 0.04% 0.64 £0.18"
24:0 0.09 £0.012 0.29 +0.08%® 0.70 + 0.020de 1.14 £0.17¢ 1.23+£0.32° 0.89 + 0.29 0.89 £0.15¢ 1.28 £0.09¢ 1.16 £0.30°¢
¥ SFA 51.52 +£0.392 50.28 + 0.262 47.80 + 1.19b9 46.23 £0.27% 46.40 + 1.06% 48.34 +1.23¢ 48.40 £ 0.53¢f 47.61 +0.320%0 46.57 + 1,02¢
16:1 1.49+0.18° 0.86 + 0.03* 0.49 +0.03° 0.34 +0.01! 0.33 £0.02¢ 0.40 + 0.05%23 0.36 + 0.032 0.35+0.02! 0.32 £ 0.05!
18:1n-7 2.28 £0.052 2.65+0.11® 2.99 +0.09%¢ 3.20 £0.12¢ 3.33 £0.28%¢ 3.65 +0.33¢%" 3.63 £ 0.15¢M 3.55 + 0.16°%" 3.83+0.29"
18:1n-9 10.22 £ 0.362 11.17 +0.52% 13.14 +0.36" 14.70 + 0.76% 15.83 +1.21% 16.44 + 1.78%9 16.66 * 0.909f 17.29 £ 0.42¢% 17.77 +1.35%
24:1n-9 0.12 £0.102 0.18 £ 0.052 0.50 + 0.06® 1.07 £0.17°9 1.22 +0.38% 0.94 +0.38b«d 0.98 +0.12bce 1.53 +0.13¢f0 1.59 £ 0.549
~ MUFA 14.61 £ 0.402 15.70 £0.722 18.54 + 0.34% 21.86 + 1.490¢ 23.32 £2.53% 24.71 + 3.63¢d9 24.85 £ 1.50¢¢9 25.90 + 0.84¢f0 27.21 £3.03%
18:2n-6 1.23+0.115 1.23 +£0.03% 1.23 £0.04% 1.06 +0.05* 1.07 £0.05* 1.04 +£0.06%4 0.98 + 0.0534 0.91 + 0.05%3 0.98 + 0.03%4
18:3n-6 0.07 £0.017 0.03 £ 0.015¢ 0.02£0.01345  0.02 +£0.012345 0.03 £0.01%¢ 0.01 £0.01%23 0.01 £0.01%23 0.01 +£0.01123 0.01 £0.01!
20:2n-6 0.16 £ 0.01! 0.19£0.01%234  0.22 £0.021.234 0.25 + 0.04* 0.24 £ 0.05%* 0.24 +0.05234 0.24 £0.02234  0.23 £0.021:234 0.24 +0.05%4
20:3n-6* 0.46 £ 0.022 0.55 +0.03° 0.62 +£0.01° 0.59 +0.05° 0.57 +0.06° 0.46 £ 0.062 0.46 £0.032 0.44 £ 0.022 0.44 £ 0.042
20:4n-6 13.34 £0.162 13.21 £ 0.42% 11.81 +0.26" 10.59 + 0.76% 10.17 + 0.99% 9.32 +1.01%9 9.27 + 0.634f 8.88 £ 0.339 8.99 +0.99¢"
22:4n-6 2.97 £0.06234567 3,02 +£0.0234567 3.14 +£0.137 3.16 £0.117 3.06 £ 0.064567 2.71+0.12! 2.80£0.13123 2,89 +0.1412345 2,90 + 0.071.23456
22:5n-6 1.49+£0.122 1.19 £ 0.04° 0.89 £ 0.04¢ 0.81 £0.10« 0.71+0.12¢ 0.49 £0.11° 0.42 £ 0.06° 0.41 £0.03¢ 0.35+0.05°
¥ n-6 PUFA 19.76 £ 0.232 19.43 +0.42% 17.96 + 0.43% 16.55 + 0.84¢%d 15.90 + 1.02% 14.31 + 1.07¢f 14.22 +0.69f 13.78 + 0.40 13.94 +0.97M
18:3n-3 0.02 +0.01% 0.01 £0.012 0.03 + 0.072bcf 0.02 + 0.0180c 0.01 +0.018 0.04 +0.01¢f 0.04 + 0.07¢df 0.04 + 0.01¢f 0.04 +0.01f
20:5n-3 0.04 £ 0.012 0.03 + 0.0130¢ 0.03 + 0.0180c 0.04 +0.022 0.02 +0.01bcd 0.02 +0.01¢d 0.01 +0.014 0.01 +0.01% 0.02 + 0.01¢df
22:5n-3* 0.34 +0.022 0.34 £ 0.032 0.29 +0.03b 0.30 + 0.022 0.25 +0.01° 0.19 +0.024 0.18 +0.024 0.17 +0.014 0.17 +0.014
22:6n-3 12.10 £0.17% 12.57 +0.22% 13.50 £ 0.342 13.56 + 0.862 13.11 +£0.75% 12.06 + 1.48% 11.93 +£0.74% 11.61 +0.83° 11.98 +1.09%
¥ n-3PUFA 12,51 +0.17% 12.98 +0.21% 13.86 + 0.35% 13.95 + 0.862 13.40 +0.75% 12.32 +1.48% 12.18 +0.74% 11.85+0.83° 12.21 +1.09%
20:3n-9 0.13 +0.022 0.14 £ 0.012 0.10 + 0.01b° 0.11 +0.022 0.10 +£0.01° 0.07 +0.02¢f 0.07 + 0.071.cdf 0.07 + 0.01.¢f 0.06 +0.01°
2 FA (mg/g) 22 +12 30+ 1% 34+ 20 32 + 3tc 37 + 3bdf 47 £5° 47 £ 2° 46 + 4¢f 47 + 9°

Mean £ SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.



Appendix Table 6.9: Fatty acid composition (weight %) of female heart

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 1.23+£0.18% 1.39+£0.25% 1.61+£0.432 0.65+0.27° 0.39 £0.23% 0.15+0.10° 0.22 +£0.11% 0.33 £ 0.09% 0.24 £0.13%
16:0 18.62 £ 0.492 18.53 £0.312 17.69 £ 0.492 14.41 £0.63° 13.74 £ 0.46" 13.11 £ 0.85% 12.72 £0.93¢ 13.15 + 0.49 13.17 £ 1.31%
18:0 19.01 + 0.45% 18.73 £ 0.53% 17.80 £0.712 19.15 + 0.89% 19.72 £0.79% 20.20 + 1.05%® 20.49 £1.23° 20.08 +2.25% 20.16 + 1.35%
22:0 0.17 £0.022 0.19 +0.01™ 0.25 +0.01% 0.31+£0.02¢ 0.25 +0.03% 0.25 +0.02° 0.21 + 0.020f 0.24 +0.02f 0.10 £0.019
24:0 0.23 +0.022d 0.25 £ 0.012 0.27 £0.012 0.25 +0.022 0.17 £0.02° 0.19 £ 0.02%¢ 0.17 £0.03° 0.20 + 0.02 0.09 £ 0.02¢

+

¥ SFA 43:%3’_“5 43.09 +0.20%45 41.13 +0.44° 38.24 +0.452 37.22 +0.3712 37.12 +0.4512 37.64 +0.5012 37.63 +2.0012 37.15 +0.4712
16:1 0.47+£0.14 0.22 £ 0.02 0.20 £0.05 0.21 £0.05 0.35+0.09 0.39+0.18 0.31+0.18 0.38+0.15 0.39+0.19
18:1n-7 3.42 £ 0.07% 3.46 £ 0.10% 3.71+£0.17° 3.49 +0.13% 3.40 £ 0.12% 3.48 £ 0.20% 3.22 +0.15% 3.14 + 0.04¢d 3.01 +0.12d
18:1n-9 6.48 £1.082 4.43 £ 0.52% 3.82 +0.65° 423 +1.12% 5.09 + 0.922 4,95 + 1,52% 4.34 +1.38» 5.14 +1.22% 4,83 +1.87%
24:1n-9 0.16 £ 0.012 0.12+0.01b 0.11 £0.02° 0.10 £0.01° 0.06 £ 0.01°¢ 0.06 £ 0.01°¢ 0.07 £0.01°¢ 0.07 £0.01°¢ 0.05+0.01¢
¥ MUFA 11.27 £1.152 8.95 + 0.47% 8.38 + 0.54° 8.61 + 1.04% 9.44 +0.89% 9.47 + 1.54% 8.71+1.41% 9.46 + 1.34% 9.02 + 1.95%
18:2n-6 8.88 +0.79! 10.73 +£0.67* 15.74 + 0.652 17.05 £ 2.47%8 19.85 +1.37345 18.17 £ 1.46%%*  18.85 +1.202345 19.87 £ 2.57345 19.53 +£0.53345
18:3n-6 0.04 £0.01 0.04 £0.01 0.03+0.01 0.03+0.01 0.04 £0.01 0.04 £0.01 0.04 £0.01 0.04 £0.01 0.03+0.01
20:2n-6* 0.74 £0.042 0.80 +£0.01° 0.60 £ 0.01¢ 0.48 +0.03¢ 0.35+0.03¢ 0.33 £ 0.02¢f 0.28 +£0.01% 0.27 £ 0.029 0.26 +0.03¢"
20:3n-6 1.03 £ 0.062 1.10 £ 0.022 0.82 +0.03° 0.51 +£0.03¢ 0.39 +£0.01¢ 0.36 +0.04¢ 0.34 +0.02¢ 0.33 +£0.03¢ 0.32 +£0.04¢
20:4n-6 21.97 £1.028 20.22 £ 0.84% 16.00 = 0.55P 17.28 £1.03° 17.32 £0.87° 18.26 + 1.43% 17.65 £ 1.37° 16.17 +1.09° 16.94 +0.93°
22:4n-6 2.09 +0.197 1.81 +£0.025 1.43 £0.05° 1.26 £0.0345 1.05 +0.0334 1.06 £0.1734 0.92 +0.0723 0.84 +0.05123 0.84 +0.16123
22:5n-6 0.51 +0.05%34 0.56 +0.02345 0.75 £ 0.047 0.98 +0.108 0.72 +£0.07%87 0.77 £0.127 0.67 +0.034567 0.60 +0.104567 0.61 +0.054567
¥ n-6 PUFA 35.29 + 0.4012 35.29 + 0.2012 35.41 +0.4512 37.61 +1.89234 39.73 £ 0.48456 38.99 + 0.4845 38.76 + 1.2845 38.14 +1.4234 38.55 +0.73*
18:3n-3 0.21 £0.04 0.25+£0.04 0.34 £0.09 0.27 £0.17 0.41+£0.15 0.39+£0.16 0.37 £0.18 0.50 £0.18 0.41+£0.16
20:5n-3* 0.19 +0.022 0.19 £0.012 0.15 +0.02% 0.15 +0.02% 0.15 +0.01® 0.13+0.01° 0.14 +0.01k¢ 0.15 +0.03 0.13 +£0.02%
22:5n-3 2.54 £ 0.262 4.40 £ 0.14° 4.70 £0.23° 3.25 +0.39¢ 2.32+0.18 1.88 +0.16% 1.72 + 0.05¢ 1.80 +0.15¢f 1.74 +0.08%
22:6n-3* 6.93 £0.672 7.33£0.302 9.33 +0.79% 11.01 + 2.08" 10.48 +0.97c¢ 11.71 + 0.970de 12.26 £ 0.85® 11.91 +1.15¢f 12.81 £1.58%
¥ n-3 PUFA* 9.92 £ 0.842 12.22 +0.36% 14.59 + 0.89°" 14.73 + 2,380 13.39 + 0.98bdh 14.12 + 0.94%n 14.51 + 0.70H 14.38 + 1.025n 15.12 + 1.46"
20:3n-9 0.03 £0.012 0.03 £0.01® 0.04 +0.01%¢ 0.05+0.01¢ 0.03 £0.012 0.02 £0.012 0.02 £0.012 0.02 £0.012 0.02 £0.012
¥ FA (mg/g) 21 +32 26 + 20 27 +1b 29 + 20 29 +2b 26 +1° 26 +1° 28 +1° 27 +1°

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,

saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.



Appendix Table 6.10: Fatty acid composition (weight %) of male heart

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
14:0 1.39+£0.422 1.50 £ 1.162 1.71£0.512 0.75 £ 0.35% 0.25+0.17° 0.14 £0.11b¢ 0.34 +0.29 0.16 +0.08% 0.21 +0.06"f
16:0 1945+£1.272 18.91£1.762 17.64 £ 0.552 14.34 +0.62° 13.44 +0.50% 12,94 +1.41% 13.25 + 1.41% 11.88 £0.83° 12,12 +0.73%
18:0 19.64 £2.30 18.51 £2.00 17.70 £ 0.89 18.75 £ 0.87 20.17 £0.68 20.78 £1.52 19.80 £2.40 20.49£1.10 19.86 £0.79
22:0 0.19 £0.022 0.20 +0.04® 0.25 + 0.01bcef 0.30 £0.01¢ 0.26 + 0.03¢def 0.23 £0.02% 0.21 +0.04% 0.21 £0.01% 0.10 £0.01"
24:0 0.27 £0.032 0.26 £ 0.042 0.29 +£0.012 0.24 +£0.022 0.18 £ 0.04° 0.17 £0.01° 0.14 £0.03° 0.17 £0.03" 0.08 £ 0.02¢
¥ SFA 4452 +2.17° 43.40 +1.414° 41.41 £0.57%4 37.94 +£0.3212 37.37 £0.38%2 37.41 +0.59%2 37.30 £ 1.14%2 36.71 £ 0.582 35.88 +0.45!
16:1 0.29 £0.03 0.23+0.15 0.20 £0.07 0.29+0.11 0.29£0.10 0.37+0.33 0.40 £0.30 0.20£0.11 0.28 £0.11
18:1n-7 3.27 £0.24® 3.45+0.31® 3.59 £0.152 3.50 £0.18% 3.61 £ 0.08? 3.40 £0.17® 3.16 £0.16° 3.35 £0.15%® 3.19 £ 0.10%¢
18:1n-9 5.78 £0.91 428+211 405+£1.11 4,67 £0.79 451+1.00 421+£191 515+291 3.73+£1.36 4.67 £0.85
24:1n-9 0.17 £0.012 0.13£0.01° 0.12 +£0.01%¢ 0.10 % 0.01¢f 0.06 = 0.02¢ 0.07 £0.01¢ 0.08 +0.01% 0.07 £ 0.019f 0.05 = 0.02¢
¥ MUFA 10.25 £ 0.89 8.77£1.89 8.60 £ 1.03 9.18 £0.85 9.03+1.09 8.64+2.12 9.52 +3.00 8.16 £ 1.39 8.99 +0.94
18:2n-6 8.34 +1.36! 1043 £1.741 16.00 + 0.892 17.53 £ 1.05%3 19.55 + 1.42345 19.90 +£0.93345 21.63 +£2.92456 22.07 +1.38%6 23.74 +1.228
18:3n-6 0.04 £0.01 0.04 £0.02 0.04 £0.01 0.04 £0.01 0.03£0.01 0.02 £0.01 0.03 £0.01 0.03 £0.02 0.02 £0.01
20:2n-6* 0.80 £0.132 0.83 £0.042 0.59 +0.01° 0.46 +£0.03¢ 0.37 £0.03« 0.36 +0.02 0.34 +0.02¢ 0.33 £0.01% 0.31 £ 0.039f
20:3n-6 1.08 £ 0.09% 1.08 £0.08% 0.85 +0.02° 0.51 +£0.02¢ 0.40 = 0.02¢ 0.37 £0.02¢ 0.34 +0.01¢ 0.36 +0.02¢ 0.33 +£0.02¢
20:4n-6 21.68 £1.282 19.75 + 2.712cdefg 16.04 + 1.06° 17.16 +0.81% 17.76 +0.91M 17.64 + 1.54% 16.15 + 2.46° 17.28 +0.97° 16.44 +0.4159
22:4n-6 2.26 +0.207 1.75+0.198 1.48 +£0.05° 1.25 +0.0845 1.07 £0.10%4 0.94 + 0.0623, 0.77 £ 0.052 0.69 + 0.0212 0.66 + 0.09!
22:5n-6 0.51 £ 0.03%3%4 0.56 + 0.093456 0.72 £0.04567 0.97 £0.098 0.74 £ 0.16%7 0.54 +0.03234 0.42 £0.07123 0.39 + 0.0412 0.34 £0.02!
¥ n-6 PUFA 34.75+2.311 34.48 +1.421 35.76 +£0.47123 37.95 + 1.2545 39.93 + 0.44456 39.78 +1.19456 39.71 £0.474556 41.16 +0.835%6 41.85+1.03%
18:3n-3 0.20 £ 0.06 0.27 £0.20 0.36 £0.12 0.38+0.11 0.33+0.11 0.33+0.16 0.48 +0.37 0.32+0.15 0.45+0.12
20:5n-3* 0.21 +0.032 0.20 £ 0.012 0.16 +0.01P 0.16 +0.01P 0.14 +0.01b 0.14 +0.01b 0.15+0.01° 0.15+0.01° 0.15+0.01°
22:5n-3 2.58 +0.27%¢ 4.60 +0.75P 4.52 +0.50P 3.06 £ 0.242 2.35 +0.22% 2.10 £ 0.25° 1.94 +0.30% 2.10+£0.17°% 1.95 +0.19¢f
22:6n-3* 6.28 + 0.462 7.98 +1.47% 8.58 + 1.0 10.47 + 1.15% 10.59 + 1.06°d 11.35+0.97¢ 10.51 + 2,17bde 11.03 +1.119 10.46 + 0.430d9
¥ n-3 PUFA* 9.32 +0.582 13.09 +2.01° 13.68 +1.33° 14.12 +1.30° 1343 +1.18° 13.95 + 1.05° 13.11 +£2.10° 13.63 +1.14° 13.03 + 0.48°
20:3n-9 0.02 + 0.01% 0.03+0.012 0.04 £0.01° 0.05 +0.01° 0.02 +0.01 0.02 +0.01 0.02 + 0.013 0.01 +0.014 0.02 +0.01%
2 FA (mg/g) 21+2 23+2 272 271 27%3 262 266 25+1 27%2

Mean + SD, n=5. Different numerical superscripts represent sex x time interactions and different alphabetical superscripts represent differences across time that are significantly
different by Tukey’s HSD following a significant F-value (p< 0.05) by two-way ANOVA. *Indicates a significant main effect of sex by two-way ANOVA (p< 0.05). SFA,

saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids.



7 Examining the Effects of Dietary DHA Supplementation on Spatial Memory and the

Hippocampus in Female and Male Rats

7.1 Introduction

Interactions between DHA supplementation and biological sex on episodic and working
memory have been reported in young adults [5], but cognitive sexual dimorphisms may begin
earlier [20,125]. Modelling these differences in animals could help uncover the mechanisms
behind the interactions shown in humans. To date, studies reporting the effects of DHA on
spatial memory in animal models have generally included only adult males and n-3 PUFA
deficient diets [6,8,9,73]. Additionally, lipidomic analysis on the hippocampus, an area of the
brain critical to spatial memory [91], has not been performed in both sexes following dietary
DHA supplementation. An animal model of DHA supplementation including both sexes and
provided Adequate Fat Western Diets (AFWD), could generate findings more applicable to
humans. Combining spatial memory analyses with an examination of the hippocampal lipidome
could provide further insight as to how DHA supplementation affects spatial memory in the rat,
and examining the erythrocyte lipidome could reveal potential biomarkers for hippocampal DHA
status [133]. Therefore, the aim of this study was to determine the effect of DHA
supplementation in a rat model using ALA adequate [134,135] AFWDs [100] to provide insight

into how sexual dimorphisms affect spatial memory in rats.

7.2 Methods

7.2.1 Animals and Study Design

Six female rats were bred on campus and placed on AIN-93G based AFWDs with or

without 2% of total fatty acid mass DHA supplementation (Table 3) after confirmation of
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pregnancy by vaginal plug. Diets were purchased from Envigo (Mississauga, Ontario, Canada).
The AFWD used in this study is designed to contain a fatty acid profile typically consumed in
Western societies, but at an adequate amount of total fat for rodents as outlined in the AIN-93G
formulation [136]. This reduction in fat compared to the typical Total Western Diet (TWD) [100]
is important, as a high consumption of SFAs is related to mastitis and inflammation during
lactation [137]. The 2% DHA supplementation was chosen as this amount has been suggested to
maximize brain DHA levels [138]. Rats and their pups were kept in a temperature controlled
room with a 12hr light cycle at 10pm-10am. After weaning, pups were placed on the same diets
as their mothers, underwent behavioural testing as outlined below at 6 weeks of age, and were
sacrificed at 7 weeks of age. Plasma, erythrocytes, whole blood, heart, and liver were collected
whole and snap frozen in liquid nitrogen. Brain was separated into brainstem, cerebellum, cortex,
hippocampus, striatum, and rest of brain sections over wax sheeting cooled by dry ice, then snap
frozen in liquid nitrogen. Tissues were then stored at -80°C until analysis. Culling litters to 10
pups each was considered. However, the reductions in variability from culling on pup weight,
nutrient availability, and behaviour are still controversial [128,139,140], and mothers may
already have natural adaptations to adjust milk volume to litter sizes [141]. For these reasons,
litters were not culled to avoid introducing a confounding factor by reducing perinatal demand

for maternal DHA between placental transfer and breast milk production.

7.2.2 Behavioural Testing

During testing, rats were placed in clear, polypropylene cages with heating pads
underneath. At the end of testing, rats were dried and returned to their individual cage. The order
of testing was chosen at random, and swim patterns were recorded using a Noldus Ethovision XT

v8.5 video tracking system (Noldus Information Technology, Leesburg, VA, USA).
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The testing protocol began with the learning phase, which consisted of 4 trials per day
for 4 days, starting once at each of the 4 starting positions (NW, N, E, SE) with approximately 10
min intertrial intervals. Starting positions were approximately equidistant from the platform and
the order of the starting positions was sorted at random. Timers started as the rats were released
into the pool facing the wall and stopped when rats touched the platform. Rats had 60s to reach
the platform and were allowed to remain on it for 30s to orientate themselves. Unsuccessful rats

were guided to the platform after 60s and allowed to remain on it for 30s.

Memory retention was then assessed using a probe test 24h after the last day of the
learning phase. After the platform was removed, rats were given 30s to search for the platform
and the time spent in the target quadrant was recorded. Finally, a visual test using a styrofoam
ball above a platform placed in a different quadrant was performed after the probe test to ensure

animals could locate visual cues.

7.2.3 Lipidomic Analyses

Levels of DHA containing lipid species were determined using ultra high pressure liquid
chromatography with tandem mass spectrometry (UHPLC-MS/MS). Lipid extracts, spiked with
500pmol 1,2-diheptadecanoyl-sn-glycero-3-phosphatidylcholine (17:0/17:0 PC) as the internal
standard, were dried under nitrogen gas and resuspended into 100uL of 65:35:5 acetonitrile-

isopropanol-water + 0.1% formic acid and stored at 4 °C until analysis.

The UHPLC-MS/MS system was a Waters Synapt G2Si QTOF coupled to a Dionex
UltiMate 3000 UHPLC system (Mississauga, ON) equipped with a Waters ACQUITY CSH C18
column with dimensions 1.7um x 2.1mm x 150mm. A reverse-phase, binary multistep HPLC

protocol using A, 60:40 acetonitrile-water + 0.1% formix acid + 10 mM ammonium formate and
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B, 90:10 isopropanol-acetonitrile + 0.1% formic acid + 10 mM ammonium formate to separate

polar and nonpolar lipids. Column temperature was set at 45 °C and tray temperature at 4 °C.

The QTOF (quadrupole time of flight) mass spectrometer was operated under positive
electrospray ionization for PC, PE, and TAG analysis. Data dependent acquisition (DDA) for
top-5 ions was used with a scan range of m/z 50-1000, a scan frequency of 0.1 sec, and transfer
cell collision energy ramps of 20-30V at low mass and 30-50V at high mass. All data were lock-
mass corrected using leucine enkephalin (m/z 556.2771) and processed using ProGenesis QI
software (Nonlinear Dynamics, Newcastle upon Tyne, UK). Data are expressed as relative
abundancies (ratios of analyte/internal standard) with PC data presented as concentrations as the

internal standard was 17:0/17:0 PC.

7.2.4 Fatty Acid Analyses

RBC and hippocampal tissues were collected for fatty acid analyses. Lipids were
extracted using the methods described in section 4.2, and fatty acids were analysed by gas

chromatography as described in section 4.3.

7.2.5 Statistical Analyses

Behavioural data were analysed in two ways: 1) with session data analyzed by pup, or 2)
with session data analyzed by litter. When sessions were analyzed by pup, the four trials of each
pup in a given session were averaged and analyzed as a function of the overall performance of
the individual pups. The data of each pup were then divided into a 2x2 factorial for diet and sex
(n=14-16). When sessions were analyzed by litter, the trials of the males and females of each
litter were averaged and analyzed as one entity. Groups were then divided into a 2x2 factorial for

diet and sex (n=3). No adjustments for sex ratio imbalances outlined in Table 5 were made.
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Mean comparisons for behavioural, fatty acid, and identified lipid species analyses were
performed using SPSS release 20.0 (IBM, Chicago, IL, USA). The effect of diet, sex, and a diet
X sex interaction was examined using a two-way ANOVA. Individual means were compared by
Tukey post hoc testing after significant F-value by ANOVA. Fatty acid and lipidomic data are
presented as means + SD with significance accepted when p<0.05, and behavioural data are

presented as means + SEM with significance accepted when p<0.05.

Analyses to determine significantly different compounds detected by UHPLC-MS prior
to manual identification were performed using ProGenesis QI software (Nonlinear Dynamics,
Newcastle upon Tyne, UK). Erythrocyte compounds were identified using the ProGenesis g-
value system, which adjusted p-values according to multiple testing by adjusting for each
individual test, reducing the chances of identifying false positives. Erythrocyte species were
identified with a g-value of g<0.05, and hippocampal species were identified with a p-value of
p<0.05. These values were used to reduce the number of detected species into a manageable

amount that could be manually identified.

Pearson’s correlations were used to examine the association between hippocampal and

erythrocyte fatty acids and lipid species. Significance was accepted when p<0.05.
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7.3 Results

7.3.1 Body Weight and Food Intake

DHA fed rats were significantly heavier than controls from 21 to 47 days of age (Figure
10). Males were heavier than females from 28 to 47 days of age. DHA fed rats consumed more

diet at day 21, and males consumed more than females at 28, 35, and 42 days of age (Figure 11).

7.3.2 Behavioural Testing

Statistical analyses for behavioural testing were performed in two ways: with session
times analyzed 1) by individual pup, or 2) by litter. A priori analyses revealed no differences
between litters or treatment groups during the first trial (data not shown). Maulchy’s test of
sphericity also confirmed that within-subject variances for repeated measures were equal (data
not shown). When session times were analyzed by pup, no significant dietary effects or sexual
dimorphisms were detected for latency times, distance travelled, or velocity when all learning
phase sessions were pooled together. The final session of the learning phase was then analyzed
individually to determine if the learning phase concluded differently between groups. This two-
way ANOVA anlalysis indicated a significant effect of diet on latency time (p=0.048) (Figure
12), but not distance travelled (p=0.084) (Figure 13) or velocity (p=0.622, data not shown), with
the supplemented group taking longer to reach the platform, suggesting greater difficulty
memorizing the platform position. For the probe test, no significant dietary effects or sexual
dimorphisms were detected for time spent in the correct quadrant, average distance from the
platform, or velocity (Figure 14). Conversely, when data were analyzed by litter, no significant
effect of diet or sex was detected on latency time (Figure 15), distance travelled (Figure 16), or

velocity (p=0.640, data not shown) in either the pooled sessions or during the final day of the
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learning phase. Similarly, no significant differences were detected during the probe test (Figure

17).

7.3.3 Lipidomic Analyses of the Hippocampus

DHA supplementation reduced ARA-containing lipid species in the hippocampus. Both
normalized abundance and concentration measures of PC 18:1 20:4 and PC 18:0_20:4 were
lower in the DHA supplemented group (Figure 18). The normalized abundancies of 22:5
containing PE, alkenyl-PE, and a PS species were also lower in the DHA supplemented group
(Figure 18). Of note, the normalized abundancies of the 22:5 containing species PE 16:0_22:5
and alkenyl-PE 18:0_22:5 were the most affected, being 2.55 and 2.36 fold higher, respectively,

in the control group hippocampi.

7.3.4 Lipidomic Analyses of Erythrocytes

Erythrocytes in DHA supplemented rats also showed reductions in ARA-containing lipid
species, and some changes in the hippocampus were mirrored in the erythrocyte fraction (Figure
19). Of the lipid species affected in the hippocampus, PC 18:0 _20:4, PC 18:1 20:4, and PE
18:0 22:5 we also reduced in the erythrocytes of the supplemented group but showed an
additional sex effect not shown in the hippocampus. In the erythrocytes, the effects of DHA
supplementation on fatty acids appeared to have lipid class specificity. Reductions in ARA
occurred primarily in the PC fraction, while reductions in 18:2 occurred primarily in PE.

Conversely, both PS changes were due to increases in DHA.

Both normalized abundance and concentration of PC 18:0_20:4 was lower in the DHA

supplemented group. The normalized abundance of PC 18:1 20:4 was lower in the DHA group
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as well, but concentrations were only nearly significant ( p = 0.076). Interestingly, PC 18:0_20:4

was also higher in females, while PC 18:1 20:4 was higher in males.

DHA containing lipid species also differed by diet and sex. PC 18:0_22:6 was higher in
females, and PS 16:0_22:6 in males. Alkenyl-PE 18:0_22:6 was nearly significantly higher (p =
0.084) in supplemented females than males, and higher in the DHA group. The normalized
abundancies of PS were particularly sensitive to DHA supplementation. Both PS 16:0_22:6 and
18:1_22:6 were higher in the supplemented group. Interestingly, PS 16:0_22:6 was higher in

males than females.

Sexual dimorphisms were also present in LA and adrenic acid containing species. In
alkenyl-PE, 16:0_22:4 was higher in control males than control females, and lowest in DHA
supplemented rats. The ARA precursor LA was also affected by sexual dimorphisms, and PE

16:0_18:2 was higher in males.

7.3.5 Fatty Acid Composition of Hippocampi and Erythrocytes

Fatty acid analyses of total lipid extracts indicated that DHA supplementation increased
the relative percentages of all hippocampal n-3 PUFA except 20:3n-3 (Appendix Table 7.5)
Interestingly, DHA supplementation also increased hippocampal relative percent and
concentrations of ARA precursors, though ARA, adrenic acid, DPAN-6, and total n-6 PUFA
concentrations were lower in the DHA supplemented group. The relative percentage of adrenic
acid was significant for a sex x diet interaction, being higher in control females than males, and
both sexes of the control group being higher than rats fed the supplemented diet. Concentrations

and relative levels of hippocampal LA were higher in males.
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Some of the differences in the relative percentages of hippocampal fatty acids also
occurred in the erythrocytes. Like the hippocampus, the relative percentages of LA, EPA, DPAnN-
3 and DHA were higher in the supplemented group, while the relative percentages of adrenic
acid, DPAN-6, and total n-6 PUFA were lower in the DHA group (Appendix Table 7.6). Males
also had higher relative percentages of LA and 18:1n-7 in erythrocytes. The relative percentages
of erythrocyte fatty acids also had additional differences as compared with the relative
percentages of the hippocampal fatty acids. Females had higher relative percentages of DHA,
EPA, and DPAN-6, and males had higher relative percentages of DPAn-3 and total MUFA

(Appendix Table 7.6) .

7.3.6 Correlations between Erythrocyte and Hippocampal Fatty acids and Lipid Species

Correlations between the concentrations and relative percentages of erythrocyte and
hippocampal ARA, DPAN-6, and DHA were not significant within male or female dietary
groups, but relative percentages of adrenic acid was significantly correlated in control males, and

concentrations of adrenic acid in control females (Appendix Tables 7.7 and 7.8).

Correlations between lipid species were performed with sex and dietary groups pooled
together to compare the results to a previous study[142], and with the groups separated as
originally proposed. At the lipidomic level, the acyl lipid species of PE 18:0 22:5, PC 18:0_20:4
and PC 18:1_20:4 in erythrocyets and the hippocampus were correlated. When sex and dietary
groups were pooled, all species had significant correlations in normalized abundance or
concentration (). When divided by sex or diet only, only nearly significant correlations were
observed. In normalized abundance, PC 18:0 _20:4 was nearly significantly correlated in the
DHA group (r=0.74,p=0.060), and in males (r=0.74, p=0.055), and PE 18:0_22:5 was nearly

significant in males (r=0.72, p=0.070). Some p<0.10 correlations were observed in concentration
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values as well, with PC 18:1_20:4 in the control group (r=0.65, p=0.082) and in males (r=0.66,
p=0.088) (Tables 7 and 8). Finally, when divided by sex and diet as originally proposed, these
correlations were no longer significant except for concentrations of PC 18:1 20:4 in DHA males

(Table 6).

7.4 Discussion

This study shows that dietary DHA supplementation reduces hippocampal n-6 PUFA
containing lipid species and increases latency times of the final day of the learning phase in
adolescent female and male rats. This is the first report of adolescent males and females fed
AFWDs with dietary DHA supplementation being assessed for spatial memory performance, and
changes in hippocampal and erythrocyte lipid species at a medio lipidomic level [143]. No sex
differences in behavioural performance were detected, and the DHA supplemented group
unexpectedly had significantly longer latency times during the final day of the learning phase.
Both diets in this study contained sufficient amounts of ALA [134,135]. This study agrees with
reported increases in total fatty acid levels of DHA, but not with reported increases in DHA
containing lipid species in the hippocampi of the supplemented group as shown in studies with
deficient [78] or unreported [93] amounts of dietary ALA. The findings confirm previous reports
of DHA supplementation reducing normalized abundancies of ARA-containing PC lipid species
in the hippocampus [78], and also show that these reductions occur in erythrocytes as well.
Behavioural results did not support the original hypothesis, and supplemented females did not
perform differently than supplemented males, nor did the supplemented group perform better
than the unsupplemented group in the MWM. Spatial memory analysis by MWM suggest that
the reductions of n-6 PUFA in the hippocampus during DHA supplementation in ALA-sufficient

diets could be increasing latency times in female and male adolescent rats. These observations
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appear to support recent reports that a balance between ARA and DHA supplementation is most

effective when supplementing LCPUFA perinatally[144,145].

The DHA diet used in this model was composed of 2%wt of total fatty acids as DHA.
This amount is similar to amounts given to young adults in recent human trials [5] and consumed
in populations with regular fish consumption [146]. Compared to previous animal trials
examining DHA and spatial memory, the amount of DHA in the supplemented diet was higher
than some previously used diets that used 1.1%wt of total fatty acids [6-9,73], but lower than
others that used 11.2%wt [78]. This study is unique in that both diets provided to the mothers
and dam reared pups were ALA sufficient [134,135]. While DHA supplementation increased
normalized abundancies of DHA-containing lipid species in erythrocytes, DHA-containing lipid
species in the hippocampus did not change, and ARA- containing lipid species were reduced.
The similar brain DHA composition of the control group compared with the supplemented group
agrees with previous reports that whole body synthesis rates of ALA are sufficient to supply the
brain with adequate DHA [86]. The reductions in DPAN-6 but not DPAN-3 fatty acids in the
hippocampus suggest reductions in 22:5-containing lipid species to be DPAN-6. These reductions
in the 22:5- and ARA-containing lipid species in the hippocampus agree with previous research
reporting a preference in the brain for DHA over DPANn-6 and ARA [147,148]. The reductions of
ARA and DPAN-6 in PC, PE, alkenyl-PE, and PS are in agreement with previously reported data
[78]. Although no DHA-containing lipid species were significantly increased in the hippocampus
following supplementation, the relative percent of DHA in total fatty acids was higher in the
supplemented group. These observations suggest that in rats fed adequate amounts of ALA and

LA, DHA supplementation does not increase the normalized abundance of specific DHA-
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containing lipid species but does reduce DPAN-6 and ARA-containing lipid species in the

hippocampus.

Statistical analyses for the behavioural data were run in two ways to explore how the
benefits of each would affect the interpretation. The first approach analyzes the data of each rat
individually and reduces the impact of litter sex ratio imbalances, which was important for the
interpretation of sex effects in this study. The second approach analyzes the data of each litter as
a whole, and calls for a balanced subset of multiple litters to be used [125]. The use of a greater
number of litters reduces the risk of a model with low genetic variability, and provides greater
power as n=15 litters could be more powerful than n=15 individual rats from genetically similar
backgrounds. However, the time and financial resources required to perform this method
properly could be restrictive, and in this study, only 3 litters were used to meet the power
requirements outlined in an a priori power analysis performed for ethics clearance, in which
studies using similarly small genetic backgrounds were cited [105]. Unfortunately, this study
design does not provide the genetic diversity that would provide the additional advantages of

testing by litter.

No overall effects of diet or sex were detected in the MWM. However, latency times of
the DHA supplemented group during the final day of the learning phase were longer than
controls. This may be due to the imbalance between LCPUFA supplementation, and the
specificity for DHA over DPAN-6 in the brain [147-149], or due to competition with ARA [150].
A previous study has shown that high consumptions of DHA without ARA leads to reduced
water maze performance that is improved with ARA supplementation, but these DHA
consumptions were excessive, with DHA composing 5.42-5.45% total energy [150]. However,

ARA is essential to water maze performance [145], and the reductions in ARA and 22:5-
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containing species in the brain without increases in DHA containing species could be
detrimental. PL balance is also critical to brain function [151,152]. The observed reduction of all
quantitatively measured PC species without any observed increases in other PC leaves the
possibility that the supplementation of DHA without any n-6 LCPUFA supplementation could be

altering PC/PE balance, but further research would be necessary.

The correlations between the concentrations of ARA containing PC species in the
hippocampus and those in the erythrocytes, and the normalized abundances of 22:5-containing
PE species in the hippocampus and erythrocytes are in partial agreement with previous reports of
DHA composition by %wt correlating between PE species in erythrocytes and the hippocampus,
when animals are not divided by dietary DHA consumption [142]. However, while previous
reports only correlated total DHA fatty acids within the PE lipid class, this study demonstrates
that reductions in the concentrations of ARA-containing PC, and the normalized abundancies of
22:5-containing PE, can be correlated between erythrocytes and the hippocampus as well in both
males and females. Additionally, this study shows that dividing lipidomic data according to the
dietary DHA intakes and sex produces some nearly significant correlations, suggesting that
lipidomic analyses of human trials with more even distributions of dietary intakes could uncover

potential biomarkers.

The lack of a lipidomic and fatty acid analyses of all litters in this study is a limitation. In
the interest of time, all litters have completed behavioural assessments, but only 4 rats per diet x
sex group have undergone fatty acid and lipidomic analyses. The inclusion of all rats to meet the
a priori criteria of a 5% type 1 error rate and 80% test power could change the aforementioned
results. Future directions should include the addition of a dietary group with a 1:1 ARA:DHA

supplementation ratio. Providing rats with this diet would provide further insight into whether
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the reduction in ARA is due to an imbalance in dietary LCPUFA, and has implications related to
the previously reported hypothesis that in male rats, dietary 18-carbon PUFA consumption plays
a larger role in LCPUFA synthesis than gene expression [153]. Erythrocyte fatty acid analysis
seems to provide an additional dimension to this hypothesis, as it appears the DHA group had
significantly reduced ARA synthesis as compared with controls, which did not have high levels
of dietary DHA to impede LA elongation. Lipidomic, genomic, and protein analysis of the
collected hepatic tissues and plasma could provide further insight into how DHA
supplementation affected ARA synthesis relative to how gene expression affected ARA
synthesis. Additionally, kinetic analyses could uncover whether in-vivo incorporation rates of
DHA and ARA into the brain differ between diets and sex. These incorporation rates change
with availability [148], and data from erythrocytes suggest LCPUFA availability differed
between sexes and diets. The balance between PE and PC could be investigated as well. With
current lipidomic data suggesting reductions in hippocampal concentrations of PC, a potential
imbalance in lipid class homeostasis could be occurring. This could be confirmed by quantitative
analysis using a Splash Lipidomix mix containing multiple deuterated phospholipid internal
standards [154]. Finally, the 1:1 ARA:DHA diet could provide rats with the spatial memory
benefit originally hypothesized. Recent reports in children fed exclusively through infant formula
with varying levels of DHA and a consistent amount of ARA during infancy found that those fed
formula with either a lower or equal amount of DHA relative to ARA exhibited greater
connectivity between frontal and parietal lobes, and greater white matter volume as compared to

those fed the higher amount of DHA and controls [144].
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7.5 Conclusion

In conclusion, this study demonstrates that dietary DHA supplementation in rats with
adequate ALA consumption affects spatial memory and increases latency times during the final
day of the learning phase in the MWM. These results were significant for a diet effect. This
study also reports that in the hippocampus, DHA supplementation reduced ARA- and 22:5-
containing lipid species, but did not increase DHA containing lipid species. However, increases
in the relative composition of DHA in total fatty acids of the hippocampus were detected.
Finally, significant correlations between 22:5- and ARA-containing PE and PC lipid species
were identified between erythrocytes and the hippocampus, but further research into how these

findings can translate into identifying biomarkers is required.
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Figure 10: Body weights of male and female pups from weaning until adolescence. & indicates
significant interaction between diet and sex, # indicates significant differences between dietary
groups, and * indicates significant difference between sexes as determined by two-way ANOVA
followed by Tukey post hoc (p<0.05). Mean = SD. DHA females n = 21, DHA males n = 15,
Control females n = 20, Control males n = 16.
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Figure 11: Food intakes of male and female pups from weaning until adolescence. # indicates
intakes are significantly different between dietary groups, and * Intakes are significantly
different between sexes as determined by two-way ANOVA followed by Tukey post hoc
(p<0.05). Mean = SD, n=15-21.
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Figure 12: Effect of DHA-supplementation on escape latency in the Morris water maze. The
escape latency (time required for a rat to find and climb onto the hidden platform) is presented as
the mean of four trials £ SEM, n = 14-16. Significant differences between dietary groups
determined by repeated measures one-way ANOVA followed by Tukey post hoc (p<0.05).
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Figure 13: Effect of DHA-supplementation on distance travelled during the Morris water maze
The escape latency (time required for a rat to find and climb onto the hidden platform) is
presented as the mean of four trials + SEM, n = 14-16. Significant differences between dietary
groups determined by repeated measures one-way ANOVA followed by Tukey post hoc
(p<0.05).
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Figure 14: Performance of DHA and Control males and females during the probe test. (A) time
in the former platform containing quadrant. (B) average distance from the former platform
containing quadrant. No significant differences were detected by F test with (p>0.05) two-way
ANOVA. n = 14-16 per group.
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Figure 15: Effect of DHA-supplementation on escape latency in the Morris water maze The time
required (escape latency, mean of four trials) for a rat to find and climb onto a hidden platform is
presented as the mean + SEM, n = 3. Significant differences between dietary groups by repeated
measures one-way ANOVA followed by Tukey post hoc (p<0.05).
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Figure 16: Effect of DHA-supplementation on distance travelled during the Morris water maze
The time required (escape latency, mean of four trials) for a rat to find and climb onto a hidden
platform is presented as the mean + SEM, n = 3. Significant differences between dietary groups
by repeated measures one-way ANOVA followed by Tukey post hoc (p<0.05).
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Figure 17: Performance of DHA and Control males and females during the probe test. (A) time
in the former platform containing quadrant. (B) average distance from the former platform
containing quadrant. No significant differences were detected by F test with (p>0.05) two-way

ANOVA. n = 3 per group.
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Figure 18: Significant differences in hippocampal PC (A), PE (B), alkenyl-PE (C) and PS (D)
concentrations and relative abundancies between DHA and Control groups. Concentrations and
relative abundancies are significantly different between diets as determined by two-way
ANOVA followed by Tukey post hoc at * being (p<0.05), ** being (p<0.01). Mean + SD, n=4.
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Figure 19: Differences in erythrocyte PC. Relative abundancies between diets (A), sex(B).
Relative abundancies are significantly different by as determined by two-way ANOVA followed
by Tukey post hoc at by p<0.05 signified by * or #, or by p<0.01 as signified by ** or ## for sex
or diet, respectively. Mean + SD, n=4.

86



Table 3: Macronutrient and fatty acid composition of control and DHA supplemented diets used

in the behavioural study.

Diet component Control DHA+
Macronutrient mg/g of diet

Protein 17.70 17.70
Carbohydrate 60.10 60.10

Fat 7.20 7.20
Fatty Acid % composition

16:0 14.60 + 0.08 14.58 +0.18
18:0 7.02 £0.05 6.46 £ 0.22
Total SFA 27.95+0.19 2491 +0.16
16:1 0.72+0.01 0.82+0.01
18:1n-7 1.51+0.05 1.41+£0.09
18:1n-9 37.13+£0.23 38.02+0.14
Total MUFA 39.77 £0.21 40.67 £0.10
18:2n-6 27.95+0.11 27.92 + 0.06
20:4n-6 0.05+0.01 0.03+£0.01
Total n-6 PUFA 28.07 £0.12 28.02 + 0.06
18:3n-3 3.87+£0.01 3.86 £ 0.02
20:3n-3 <0.01 <0.01
20:5n-3 0.01+0.01 0.01+0.01
22:5n-3 0.01+0.01 0.04 £0.01
22:6n-3 0.02+0.01 2.10 £ 0.04
Total n-3 PUFA 3.91+0.01 6.01 £ 0.04

Data is mean £ SD from triplicate analysis in our laboratory. SFA: saturated fatty acids, MUFA:
monounsaturated fatty acids, PUFA: polyunsaturated fatty acids. tr: trace amounts (<0.01 mg/qg)
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Table 4: Energy composition of control and DHA supplemented diets used in the behavioural
study.

Diet component Control DHA+
Energy Density (kcal/g) 3.8 3.8
Macronutrient % of energy

Protein 18.8 18.8
Carbohydrate 63.9 63.9
Fat 17.2 17.2
Fatty Acid % of energy

16:0 2.51+£0.01 2.51+£0.03
18:0 1.21+£0.01 1.11+0.04
Total SFA 4.81£0.03 4.28 £0.03
16:1 0.12+0.01 0.14 +0.01
18:1n-7 0.26 £ 0.01 0.24 £0.01
18:1n-9 6.39 + 0.04 6.54 + 0.02
Total MUFA 6.84 £ 0.04 6.99 £ 0.02
18:2n-6 4.81 +0.02 4.80 +0.01
20:4n-6 0.01+£0.01 0.01+£0.01
Total n-6 PUFA 4.83 £ 0.02 4.82 +0.01
18:3n-3 0.67 £0.01 0.66 £ 0.01
20:3n-3 <0.01 <0.01
20:5n-3 <0.01 <0.01
22:5n-3 <0.01 0.01+0.01
22:6n-3 <0.01 0.36 £0.01
Total n-3 PUFA 0.67 £0.01 1.03+£0.01

Data is mean £ SD from triplicate analysis in our laboratory. SFA: saturated fatty acids, MUFA:

monounsaturated fatty acids, PUFA: polyunsaturated fatty acids.
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Table 5: Dam and sire pairings and sex ratios of litters and groups used for behavioural analyses

Number of Pups Used in

Total Number of Pups MWM
Litter# Dam Sire Diet Female Male Female Male
1 1 1 DHA 9 4 6 4
2 2 1 Control 6 4 6 4
3 3 2 Control 7 8 4 6
4 4 2 DHA 6 6 5 5
5 5 3 DHA 6 5 4 6
6 6 3 Control 7 4 6 4
Total: DHA 21 15 15 15
Control 20 16 16 14

Each dam was bred once. Each sire was bred with one dam per diet. Total number of pups
indicates total litter size, broken down by sex. Number of pups used in MWM (Morris Water
Maze) indicates the ratio of female:male pups from the indicated litter used for behavioural
analyses.

Table 6: Sex Differences in normalized abundance of erythrocyte lipid species

Female Male P Sex Effect
PC 16:0 20:4 40.80 £ 12.77 40.73+12.11 <0.01
PC 20:4 20:4 2.19+2.00 2.11+1.92 0.90
PE 18:1 18:2 15.20 £ 4.65 16.22 + 3.66 0.03
PE 18:1 22:6 4.83+2.18 431+1.85 0.50
PE 38:6 17.66 +£7.18 14.17 £ 4.17 0.07
PE 40:8 5.62 +1.07 3.61 +0.57 <0.01
Alkenyl-PE 16:0 22:4 15.44 + 6.45 17.26 £8.71 0.01
Alkenyl-PE 18:0 22:6 20.58 + 7.46 19.56 + 4.35 0.39
Alkenyl-PE 18:1 22:6 12.01 £ 3.34 12.60 + 3.74 0.52
PS 16:0 22:6 1.38 +1.05 2.73+1.79 <0.01
PS 18:1 22:6 6.96 + 3.74 6.74 + 3.27 0.80

Abundance represented as analyte abundance divided by ISTD. Mean = SD. n=4. P values
determined by Tukey’s HSD following two-way ANOVA.
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Table 7: Correlations between hippocampal and erythrocyte lipid species (normalized abundance)

Group Total DHA Female DHA Male Control Female Control Male
n 15 4 3 4 4
Lipid Species Pearson’s r p Pearson’s r p Pearson’s r p Pearson’s r p Pearson’s r p
PC 18:0_20:4 0.39 0.15 -0.90 0.11 0.91 0.27 0.15 0.85 0.69 0.31
PC 18:1 20:4 0.61* 0.02 0.52 0.48 -1.00** <0.001 -0.03 0.97 -0.25 0.75
PE 18:0_22:5 0.54* 0.04 -0.52 0.48 -0.31 0.80 -0.66 0.34 0.08 0.92

Correlations of lipid species between hippocampi and erythrocytes. Total group includes all rats analyzed by mass spectrometry.
Correlations could only be determined for lipid species identified in erythrocytes and the hippocampus. DHA and control groups
include rats of both sexes from the respective dietary group. Male and female groups include rats that consumed both diets from the
respective sex. Pearson’s r: Pearson’s correlation coefficient. *p<0.05; **p<0.01

Table 8: Correlations between hippocampal and erythrocyte lipid species (concentrations)

Group Total DHA Female DHA Male Control Female Control Male
n 15 4 3 4 4
Lipid Species  Pearson’sr p Pearson’s r p Pearson’s r p Pearson’s r p Pearson’s r p
PC 18:0_20:4 55" 0.03 0.19 0.81 0.76 0.45 0.10 0.90 0.52 0.48
PC 18:1 20:4 70" <0.001 0.83 0.17 -0.20 0.87 -0.77 0.23 0.59 0.41

Correlations of lipid species between hippocampi and erythrocytes. Total group includes all rats analyzed by mass spectrometry.
Correlations could only be determined for lipid species identified in erythrocytes and the hippocampus. DHA and control groups
include rats of both sexes from the respective dietary group. Male and female groups include rats that consumed both diets from the
respective sex. Pearson’s r: Pearson’s correlation coefficient;**p<0.01; *p<0.05
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Appendix Table 7.1: Normalized abundancies of hippocampal lipid species in all groups

DHA Control Control P Sex xtime P Sex P Diet
DHA Male Female Male Female Interaction Effect Effect
PC 16:0_16:1 5.95+1.84 6.55+1.42 10.40+231 8.54+0.77 0.06 0.18 >0.01
PC 18:0 20:4 1551+2.89 18.67+0.74 2533+851 22.14+4.14 0.23 1.00 0.02
PC 18:1 _20:4 7.37+1.12 8.18 £ 0.85 1446 +421 10.21+1.96 0.62 0.85 0.03
PC 38:5 0.05 + 0.06 0.11+0.12 1.03+0.70 1.22 +0.50 0.64 0.44 >0.01
PE 16:0 _22:5 1.89 + 0.60 1.73+0.20 5.53+2.94 3.70+1.65 0.42 0.73 >0.01
PE 18:0 22:5 10.40+1.28 8.62+1.61 18.35+457 19.07 +3.18 0.35 0.27 0.01
Alkenyl-PE
16:0 22:5 8.18 + 3.56 7.47+151 15.62+4.49 1534+ 2.73 0.28 0.94 >0.01
Alkenyl-PE
18:0 22:5 2.71+£0.73 3.07+1.08 7.14+2.05 6.47 +£2.16 0.86 0.78 >0.01
27.78 =
PS 18:0 22:5 15.49+0.89 13.78+3.21 10.63 28.04 +9.81 0.80 0.85 >0.01
PG 18:1 16:0 2.31+£0.15 3.82+0.59 5.63 +1.59 4,40 +1.02 0.01 - -

Abundance represented as analyte abundance divided by ISTD. Mean £ SD. n=4. P values determined by Tukey’s
HSD following two-way ANOVA.

Appendix Table 7.2: Normalized abundancies of erythrocyte lipid species in all groups

P Sexxtime PSex P Diet
DHA male DHA female Control Male  Control Female  Interaction Effect  Effect

PC 16:0 20:4 30.22+2.36 29.88 £5.17 51.24+6.11 51.73+5.98 0.60 <0.01 0.34
PC 18:0 20:4 1.25+0.66 2.37+£0.56 2.69+0.17 4.88+1.18 0.88 0.98 <0.01
PC18:0 22:6 8.91+1.00 15.38 £ 2.61 8.39 £ 1.63 13.67 £ 2.54 0.19 <0.01 <0.01
PC18:1 20:4 6.29+1.19 3.30£0.49 11.01+179 6.70£1.36 0.35 <0.01 <0.01
PC20:4 20:4 0.36+0.18 0.79+0.68 3.86 + 0.64 3.59+1.90 0.56 0.90 <0.01
PE 18:1 22:6 5.69+1.92 6.56 £1.35 2.93+0.25 3.09+1.13 0.60 0.44 <0.01
PE 16:0 18:2 5.41+0.33 4.09 £ 0.56 8.24 +2.00 6.04 £ 0.60 0.47 0.01 <0.01
PE 18:0 22:;5 251+0.97 5.61+1.28 7.59+£1.60 7.94+124 0.07 0.03 <0.01
PE 18:1_18:2 13.34£1.03 11.88 +1.28 19.10 + 2.67 18.51 +4.41 0.77 0.50 <0.01
PE 38:6 17.61+1.36 23.41 +2.59 10.73+253  11.92+5.03 0.21 0.07 <0.01
PE 40:8 3.31+£0.37 5.16 + 0.97 3.91+0.59 6.09 +1.08 0.71 <0.01 0.10
Alkenyl-PE

16:0 22:4 9.16 £ 0.13 9.52+1.48 25.37+122 21.36+1.20 0.01 0.01 <0.01
Alkenyl-PE

18:0 22:6 22.96 + 3.88 27.38 £1.97 16.15+1.15 13.79%+1.71 0.01 0.39 <0.01
Alkenyl-PE

18:1 22:6 15.71+£1.75 14.82 £ 0.95 9.49+£1.96 9.19+201 0.75 0.52 <0.01
PS16:0 22:6 4.29+0.76 2.28+£0.46 1.18 £ 0.69 0.48 +0.47 0.06 <0.01 <0.01
PS18:1 22:6 9.21+2.66 10.30+1.14 4.27+£1.65 3.62+1.27 0.34 0.80 <0.01

Abundance represented as analyte abundance divided by ISTD. Mean + SD. n=4. P values determined by Tukey’s
HSD following two-way ANOVA.
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Appendix Table 7.3: Concentrations of hippocampal phosphatidylcholine species in all groups

P Sexx P Sex .
Control time Effect P Diet
DHA male DHA female  Control Male Female Interaction Effect
PC 18:1_20:4 10.19+2.29 10.13+3.01 18.64 + 6.96 13.69 +2.24 0.26 0.25 0.01
PC 18:0_20:4 21.02+111 23.07x539 31.53+9.78 29.76 £5.11 0.59 0.97 0.03
PC 16:0_16:1 8.06 £ 2.05 8.25 + 3.37 13.70 £ 5.36 11,75+ 3.11 0.57 0.64 0.03
PC 38:5 0.07 £ 0.08 0.12+0.15 1.16 £ 0.69 1.57£0.37 0.38 0.27 >0.01
Concentration reported in ng/mg. Mean + SD. n=4. P values determined by Tukey’s HSD following two-way
ANOVA.
Appendix Table 7.4: Concentrations of erythrocyte phosphatidylcholine species in all groups
Control P Sex xtime P Sex P Diet
DHA male DHA female  Control Male  Female Interaction Effect  Effect
PC 16:0_20:4 5.54 +0.81 5.12 + 2.07 10.08 £5.87 7.41+1.45 0.36 0.11 0.44
PC 18:0_20:4 0.22+0.11 0.41+0.18 0.51+0.23 0.68 £ 0.10 0.53 0.40 0.08
PC 18:0_22:6 1.63+£0.24 252 +0.46 1.68 £1.09 1.93+£0.28 0.95 0.07 0.01
PC 18:1 20:4 1.15+£0.24 0.57x+0.21 218+131 0.95+0.21 0.40 0.03 0.08
PC 20:4 20:4 0.07 £ 0.03 0.13+0.11 0.73+0.35 0.47+£0.18 0.17 0.38 <0.01

Concentration reported in ng/mg. Mean + SD. n=4. P values determined by Tukey’s HSD following two-way

ANOVA.
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Appendix Table 7.5: Fatty acid composition (weight %) of hippocampi

Control P Sex x_time P Sex Effect _
DHA Female DHA Male Female Control Male Interaction P Diet Effect

14:0 0.30+£0.01 0.37 £ 0.05 0.29+0.01 0.31+0.03 0.13 <0.01 0.04
16:0 21.19+126 22.15+049 20.95+142 20.66+1.16 0.29 0.57 0.16
18:0 20.66 +0.23 20.89+0.30 20.99+0.15 20.43+0.42 0.02 - -
20:0 0.38+0.10 0.41+0.08 0.40 £ 0.05 0.46 £0.12 0.75 0.33 0.48
22:0 0.46 £ 0.15 0.48 +0.08 048 £0.11 0.60+0.19 0.49 0.31 0.32
24:0 0.69 +0.32 0.66 + 0.02 0.78 £0.29 0.94+0.34 0.49 0.63 0.21
SFAs 48.13+£0.61 49.11+0.79 48.11+0.68 47.79+1.15 0.14 0.45 0.13
16:1 0.38 +0.03 0.43+£0.02 0.36 £ 0.04 0.36 £ 0.05 0.35 0.18 0.04
18:1n-7 2.71+0.10 256 +0.12 2.72+0.11 2.95+0.20 0.02 - -
18:1n-9  1356+1.12 1245+0.86 13.28+1.86 14.35+1.63 0.15 0.98 0.28
20:1n-9 0.46 +0.12 0.40+0.08 0.44 £0.15 0.54 +0.17 0.25 0.77 0.37
22:1n-9 0.34 +0.09 0.43+0.15 0.28+0.14 0.20 £ 0.09 0.20 0.94 0.03
24:1n-9 0.47+0.21 0.32+0.13 0.45+0.29 0.63+£0.33 0.21 0.95 0.28
MUFAs 18.84+1.79 17.33+139 18.46+2.63 20.14+2.64 0.17 0.94 0.29
18:2n-6 0.68 + 0.05 0.78 £ 0.06 0.53+0.04 0.58 +0.01 0.27 <0.01 <0.01
18:3n-6 0.01+£0.01 0.01+0.01 0.01+£0.01 <0.01 0.16 0.68 0.08
20:2n-6 0.09+0.01 0.11+0.01 0.07 £ 0.02 0.09+£0.01 0.69 <0.01 0.03
20:3n-6 0.49+0.01 0.51+0.04 0.34 £ 0.05 0.35+0.04 0.67 0.44 <0.01
20:4n-6 11.17+081 11.41+£053 1231+1.16 11.50+0.59 0.22 0.50 0.16
22:2n-6 0.03+£0.02 0.03+0.01 0.04 £0.01 0.03+0.01 0.67 0.60 0.95
22:4n-6 2,52 +0.03 2.64 +0.08 3.06 +0.11 2.85+0.14 <0.01 - -
22:5n-6 0.34+0.04 0.38 +0.03 0.95+0.17 0.91+0.13 0.50 0.92 <0.01
N-6 1531+0.88 15.88+0.60 17.30%x1.34 16.31+0.61 0.11 0.65 0.02
18:3n-3 0.02+0.01 0.03+0.02 0.01+0.01 0.02+0.01 0.44 0.08 0.03
20:3n-3 0.01+0.01 0.02+0.01 0.01+0.01 0.02+0.01 0.79 0.11 0.42
20:5n-3 0.04+0.01 0.04 £ 0.01 0.03+0.01 0.02+0.01 0.50 0.29 <0.01
22:5n-3 0.18 +0.01 0.19+0.01 0.16 £ 0.02 0.18 +0.02 0.49 0.14 0.01
22:6n-3  1437+068 1477+£1.02 1293+1.02 12.32+1.08 0.32 0.84 <0.01
N-3 1462+068 15.05+1.02 13.14+1.00 1255+1.06 0.31 0.87 <0.01
20:3n-9 0.10+£0.02 0.08 +0.01 0.09 £ 0.02 0.10+0.03 0.19 0.68 0.70
PUFAs 30.03+154 31.00+0.98 30.53+232 28.96%1.64 0.16 0.73 0.38
N-6/N-3  1.05+0.02 1.06 £0.09 1.32£0.02 1.30£0.06 0.66 0.99 <0.01
Total

(mg/g) 38.2+5.1 38.6+3.2 40476 41.4+34 0.90 0.80 0.35

Mean + SD, n=4. P values determined by Tukey’s HSD following two-way ANOVA. SFA, saturated fatty acids;

MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids
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Appendix Table 7.6: Fatty acid composition (weight %) of erythrocytes

Control P Sex xtime P Sex P Diet
DHA Female DHA Male Female Control Male Interaction Effect Effect

14:0 0.45+0.02 0.48 +0.03 0.42 +0.02 0.46 £ 0.01 0.41 0.01 0.04
16:0 24.88+0.30 27.98+1.22 2437+042  26.84+0.58 0.40 <0.01 0.04
18:0 14.17 £ 0.62 11.11 +0.59 15.03 £ 0.55 11.89+£0.73 0.91 <0.01 0.02
20:0 0.17 £0.02 0.22+0.10 0.15+0.01 0.16 £ 0.03 0.58 0.33 0.17
22:0 0.46 +0.03 0.48+0.15 0.40+0.03 0.42 +0.03 0.93 0.63 0.16
24:0 1.14£0.08 1.10£0.22 1.18+£0.04 1.14£0.06 0.98 0.51 0.58
SFAs 4589+£1.02 4479+£125 4575+135 4527+0.38 0.57 0.17 0.76
16:1 0.30+£0.05 0.35+0.04 0.31+0.04 0.40 £ 0.04 0.30 <0.01 0.17
18:1n-7 2.11+0.06 2.39+£0.08 2.19+£0.02 2.61+£0.11 0.09 <0.01 <0.01
18:1n-9 7.91+0.14 8.25+0.18 8.05+0.15 8.58 £ 0.17 0.27 <0.01 0.01
20:1n-9 0.12+0.01 0.14+0.01 0.12+0.01 0.14+0.01 0.98 0.01 0.48
22:1n-9 0.60 £ 0.40 0.78 £ 0.62 0.28 +0.31 0.49+0.61 0.95 0.46 0.25
24:1n-9 0.77 £0.51 0.94+0.10 1.02£0.06 1.16 £0.11 0.93 0.28 0.10
MUFAs 13.50+0.84 14.60+0.28 13.68 + 0.36 15.19 £ 0.57 0.46 <0.01 0.19
18:2n-6 7.47+£0.21 8.92+0.18 6.91+0.38 8.00 £ 0.29 0.22 <0.01 <0.01
18:3n-6 0.06 +0.01 0.04 £0.01 0.08 +0.01 0.05+0.01 0.59 <0.01 0.01
20:2n-6 0.25+0.02 0.29+0.01 0.24+0.01 0.30£0.02 0.35 <0.01 0.87
20:3n-6 0.49+0.01 0.58 +0.01 0.40+0.01 0.47 £0.03 0.20 <0.01 <0.01
20:4n-6 21.89+0.71  20.00+0.23 2492+0.24 23.37+0.50 0.49 <0.01 <0.01
22:2n-6 0.05+0.01 0.04+0.01 0.04 +0.01 0.04 £ 0.02 0.49 0.58 0.62
22:4n-6 0.77 £0.02 0.72+0.05 1.47£0.13 1.47 £0.10 0.64 0.62 <0.01
22:5n-6 0.24 +0.02 0.21+0.02 0.60 £ 0.05 0.55 +0.03 0.65 0.04 <0.01
N-6 31.21+0.67 30.81+025 34.66+0.16  34.25+0.62 1.00 0.12 <0.01
18:3n-3 0.32+0.48 0.08 +0.01 0.08 +0.01 0.09 +0.02 0.33 0.36 0.36
20:3n-3 0.03+0.01 0.03+0.01 0.03+0.01 0.03+0.02 0.73 0.72 0.78
20:5n-3 0.71+0.04 0.65+0.04 0.32+0.02 0.30 £ 0.02 0.16 0.03 <0.01
22:5n-3 1.64 £0.03 1.74 £0.04 1.80 £ 0.07 1.84 £0.06 0.28 0.03 <0.01
22:6n-3 6.04+0.21 5.53+0.17 3.01+0.12 2.77+0.12 0.12 <0.01 <0.01
N-3 8.74 £ 0.55 8.03+0.14 5.24+0.15 5.03+0.19 0.13 0.01 <0.01
20:3n-9 0.05+0.01 0.05+0.01 0.06 +0.01 0.07 £0.01 0.25 0.12 <0.01
PUFAs 40.00£0.91 38.89+036 3996+0.19 39.35+0.57 0.39 0.01 0.48
N-6/N-3  3.58+0.22 3.84+0.05 6.62 £0.20 6.82 +0.32 0.81 0.06 <0.01
Total

(mg/g) 4.24 +0.44 4.26 +0.30 474+211 5.01+0.45 0.82 0.79 0.28

Mean + SD, n=4. P values determined by Tukey’s HSD following two-way ANOVA. SFA, saturated fatty acids;
MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; FA, fatty acids
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Appendix Table 7.7: Correlations between hippocampal and erythrocyte fatty acid concentrations (mg/g)

Group Total DHA Female DHA Male Control Female Control Male
n 16 4 4 4 4
Fatty Acid Pearson’s r Pearson’s r Pearson’s r Pearson’s r Pearson’s r
20:4n-6 0.679™ -0.089 -0.772 0.841 0.531
22:4n-6 0.832™ -0.446 -0.743 0.979" 0.875
22:5n-6 0.874™ 0.630 -0.720 0.475 -0.822
22:6n-3 0.484 -0.384 -0.844 0.897 -0.513

Correlations of fatty acid concentrations (mg/g) between hippocampi and erythrocytes. Total group includes all rats analyzed by GC-
FID. Pearson’s r: Pearson’s correlation coefficient.*p<0.05; **p<0.01

Appendix Table 7.8: Correlations between hippocampal and erythrocyte fatty acid compositions (wt %)

Group Total DHA Female DHA Male Control Female Control Male
n 16 4 4 4 4
Fatty Acid Pearson’s r Pearson’s r Pearson’s r Pearson’s r Pearson’s r
20:4n-6 0.306 -0.940 0.414 -0.124 -0.374
22:4n-6 0.849** -0.479 -0.541 0.276 0.967"
22:5n-6 0.932** -0.434 -0.075 0.268 -0.249
22:6n-3 0.714** -0.950 -0.467 -0.166 0.465

Correlations of fatty acid compositions (wt %)between hippocampi and erythrocytes.

FID. Pearson’s r: Pearson’s correlation coefficient.*p<0.05; **p<0.01
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8 General Discussion

The main objectives of this thesis were to assess the effects of DHA supplementation in
the context of Western diets on maternal tissue stores and the spatial memory of female and male
pups at adolescence. These objectives were approached through a series of three experiments: the
first to identify the effect of DHA supplementation on pups and mothers in mothers fed high fat
TWDs compared to controls; the second to examine when sexual dimorphisms in LCPUFA
begin in selected tissues of pups fed chow diets; and the third to determine the effect of DHA
supplementation in AFWDs on spatial memory in adolescent rats. Altogether, these studies
aimed to address the gap between recommendations and actual intakes of DHA during
pregnancy, and better understand the effects of dietary supplementation on spatial memory in

males and females during adolescence.

The hypotheses and limitations of individual studies are discussed within their individual
chapters, however there are general hypotheses and limitations to this thesis. Currently,
recommendations for omega-3 PUFA intakes, and more specifically DHA intakes during
pregnancy, are broad and are not tailored to individual dietary habits. For example, Health
Canada and the IOM recommend 150g of fish per week to women of childbearing age [26], and
the ISSFAL recommends at least 200mg of DHA/d for pregnant women [25]. However, the
combined findings of studies 1 and 3 suggest recommendations for dietary n-3 PUFA could be
more effective if they were provided relative to total fat or caloric intakes, such as the general
recommendations provided by the Brazilian Dietary Guide [155]. Current ISSFAL
recommendations to pregnant women suggest that increased DHA consumption is unlikely to
affect maternal plasma and tissue contents of ARA [25]. However, because fetal ARA accretion

predominantly occurs postnatally[156], potential changes to maternal ARA status during
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lactation could affect infant ARA status. Further research on the effect of increased dietary DHA

consumption on perinatal ARA status should be considered.

DHA accounted for between 0.3 and 0.5% of total caloric intakes in the supplemented
diets used in studies 1 and 3. However, 34.5% of total caloric intakes in study 1 were from fat,
while in study 3 only 17.2% of total caloric intakes were from fat. In these studies, DHA
appeared to be beneficial to the mothers in study 1, as those on the supplemented diets
maintained or improved tissue DHA status during pregnancy and postpartum. However, it may
have been harmful to adolescent pups in study 3, as those from the DHA group had longer
latency times during the final day of the learning phase during the MWM as compared with
controls. Providing consumers with the tools necessary to contextualize DHA recommendations
to their daily fat intakes could improve their DHA status and optimize their health benefits from

DHA consumption.

Although spatial memory outcomes were only measured in study 3, diet significantly
affected the fatty acid composition of arachidonic acid in both studies 1 and 3. In the pregnancy
study, mothers fed TWD+ and TWD- had significantly lower ARA in maternal livers and whole
body fetuses than mothers fed chow. Additionally, ARA was significantly lower in plasma at
postpartum compared to baseline in all diets, but ARA in maternal liver and adipose was lower
during the postpartum period in both the TWD groups. These findings of low tissue ARA levels
despite high LA intakes are in accordance with previous research [157], and suggest that the
consumption of the high amounts of SFAs and MUFAs in high fat diets could be displacing
ARA, much like how DHA supplementation appeared to displace ARA in the spatial memory

study.
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The TWDs and AFWDs used in the pregnancy and spatial memory studies are worth
discussing. The fatty acid composition of the diets used in these studies are based on fatty acid
intakes reported in the 2005 NHANES study [100]. These data, however, are based on USDA
standard references that have been shown in the past to under-report ARA content, and over-
report n-3 PUFA content in red meat and poultry [158]. Since ARA is predominantly consumed
in meat, confirming the ARA and n-3 PUFA content in red meat and poultry for recent USDA
standard references may be important. Regardless, low levels of ARA consumption are also
reported in studies using a mix of the French food consumption table and USDA standard
references [159], in pregnant African-Americans[160], and in developing countries [161]. The
results of the spatial memory study suggest this prevalent low consumption of ARA is
detrimental when combined with long term DHA supplementation. A 1:1 ratio of ARA:DHA
appears to be optimal when supplementing the LCPUFA perinatally [144], and further research

into using this ratio of fatty acids should be conducted.

Limitations in this thesis include the differences between puberty in humans and in rats.
In rats, females begin puberty earlier than males [24,114,115]. This complicates translating
findings of adolescence in rats studied at a single time point to stages of adolescence in humans
between both sexes, as female rats may be more developed than males during a single time point,
whereas humans would be similar. Additionally, the estrous cycle has been reported to affect
fatty acid status [162] and Morris water maze performance in rats [163]. Measuring estradiol
levels in females and males could assist in contextualizing the findings between animal and

human studies, and between stages of the estrous cycle in animal studies.

The interpretation of this thesis is also limited by differences in lipoproteins and fatty

acid metabolism between rodents and humans. Although lipoprotein profiles of rats and humans
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are similar, rats can have higher amounts of circulating TAG and VLDL compared to healthy
humans [164]. Additionally, the elongation enzyme ELOVL2 which can elongate both 18 and
20-carbon PUFA to 22-carbon PUFA in rodents, appears to only operate on 20-carbon PUFA in
humans [165]. The potential interaction of these lipoprotein profiles and enzymes with sex, diet,
or pregnancy, and the differences they may have between rodents and humans should be taken

into consideration when interpreting these findings.

The aim of this thesis was to determine the effects of DHA supplementation in the
context of western diets on maternal tissue status and spatial memory in female and male pups
during adolescence. Examination of maternal tissues during pregnancy and the postpartum
period revealed that maternal adaptations to meet lipid and fatty acid requirements change in the
transition from pregnancy to lactation with the pup requirement for DHA during lactation being
particularly detrimental to maternal tissue levels when dietary DHA levels are low. These
findings can be used to guide examinations of the kinetics of a potential DHA mobilization from
maternal tissues, or as a guide to examine previously understudied candidates for maternal stores
of DHA that could be mobilized to meet fetal demand. Furthermore, the examination of DHA
supplementation from the confirmation of pregnancy to adolescence on spatial memory in males
and females revealed that DHA supplementation in diets adequate for LA and ALA displaces
ARA and 22:5n-6 containing lipid species in the hippocampus, and increases latency times in the
Morris Water Maze. These findings corroborate recent suggestions that a 1:1 ratio of ARA:DHA
supplementation is optimal for cognitive benefits [144], and could be used to guide future
recommendations for dietary LCPUFA recommendations. Altogether, these findings show that
further research is needed in determining appropriate LCPUFA recommendations for the early

stages of life. Considering the impact of dietary DHA supplementation in the context of Western
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diets in future study designs could provide valuable insight into its effects on maternal and

perinatal health.

100



9

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

References:

S.M. Innis, Dietary (n-3) fatty acids and brain development, J. Nutr. 137 (2007) 855-859.
H. Bisgaard, J. Stokholm, B.L. Chawes, N.H. Vissing, E. Bjarnadottir, A.-M.M. Schoos,
H.M. Wolsk, T.M. Pedersen, R.K. Vinding, S. Thorsteinsdottir, N.V. Fglsgaard, N.R.
Fink, J. Thorsen, A.G. Pedersen, J. Waage, M.A. Rasmussen, K.D. Stark, S.F. Olsen, K.
Bannelykke, Fish Oil-Derived Fatty Acids in Pregnancy and Wheeze and Asthma in
Offspring, N. Engl. J. Med. 375 (2016) 2530-2539. d0i:10.1056/NEJM0al1503734.

C. Joffre, A. Nadjar, M. Lebbadi, F. Calon, S. Laye, n-3 LCPUFA improves cognition:
The young, the old and the sick, Prostaglandins Leukot. Essent. Fat. Acids PLEFA. 91
(2014) 1-20. d0i:10.1016/j.plefa.2014.05.001.

H.-Y. Kim, H.-S. Moon, D. Cao, J. Lee, K. Kevala, S.B. Jun, D.M. Lovinger, M. Akbar,
B.X. Huang, N -Docosahexaenoylethanolamide promotes development of hippocampal
neurons, Biochem. J. 435 (2011) 327-336. doi:10.1042/BJ20102118.

W. Stonehouse, C.A. Conlon, J. Podd, S.R. Hill, A.M. Minihane, C. Haskell, D. Kennedy,
DHA supplementation improved both memory and reaction time in healthy young adults:
a randomized controlled trial, Am. J. Clin. Nutr. 97 (2013) 1134-1143.
doi:10.3945/ajcn.112.053371.

T. Moriguchi, N. Salem, Recovery of brain docosahexaenoate leads to recovery of spatial
task performance: Recovery of brain DHA and behavioral function, J. Neurochem. 87
(2003) 297-309. d0i:10.1046/j.1471-4159.2003.01966.X.

T. Moriguchi, R.S. Greiner, N. Salem Jr, Behavioral Deficits Associated with Dietary
Induction of Decreased Brain Docosahexaenoic Acid Concentration, J. Neurochem. 75
(2000) 2563-2573.

R.S. Greiner, T. Moriguchi, A. Hutton, B.M. Slotnick, N. Salem, Rats with low levels of
brain docosahexaenoic acid show impaired performance in olfactory-based and spatial
learning tasks, Lipids. 34 (1999).

S.-Y. Lim, J. Hoshiba, T. Moriguchi, N. Salem, N-3 Fatty Acid Deficiency Induced by a
Modified Artificial Rearing Method Leads to Poorer Performance in Spatial Learning
Tasks, Pediatr. Res. 58 (2005) 741-748. doi:10.1203/01.PDR.0000180547.46725.CC.

N. Salem, T. Moriguchi, R.S. Greiner, K. McBride, A. Ahmad, J.N. Catalan, B. Slotnick,
Alterations in brain function after loss of docosahexaenoate due to dietary restriction of n-
3 fatty acids, J. Mol. Neurosci. 16 (2001) 299-307.

M.J. Picklo, E.J. Murphy, A High-Fat, High-Oleic Diet, But Not a High-Fat, Saturated
Diet, Reduces Hepatic a-Linolenic Acid and Eicosapentaenoic Acid Content in Mice,
Lipids. 51 (2016) 537-547. doi:10.1007/s11745-015-4106-9.

R. Marin, M. Diaz, Estrogen Interactions With Lipid Rafts Related to Neuroprotection.
Impact of Brain Ageing and Menopause, Front. Neurosci. 12 (2018).
d0i:10.3389/fnins.2018.00128.

M. Diaz, N. Fabelo, V. Casafias-Sanchez, R. Marin, T. Gdbmez, D. Quinto-Alemany, J.A.
Pérez, Hippocampal Lipid Homeostasis in APP/PS1 Mice is Modulated by a Complex
Interplay Between Dietary DHA and Estrogens: Relevance for Alzheimer’s Disease, J.
Alzheimers Dis. 49 (2015) 459-481. doi:10.3233/JAD-150470.

A.P. Kitson, C.K. Stroud, K.D. Stark, Elevated Production of Docosahexaenoic Acid in
Females: Potential Molecular Mechanisms, Lipids. 45 (2010) 209-224.
d0i:10.1007/s11745-010-3391-6.

101



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

E.J. Giltay, L.J. Gooren, A.W. Toorians, M.B. Katan, P.L. Zock, Docosahexaenoic acid
concentrations are higher in women than in men because of estrogenic effects, Am. J.
Clin. Nutr. 80 (2004) 1167-1174.

R.P. Bazinet, S. Layé, Polyunsaturated fatty acids and their metabolites in brain function
and disease, Nat. Rev. Neurosci. 15 (2014) 771-785. doi:10.1038/nrn3820.

A. Kitson, K. Marks, B. Shaw, D. Mutch, K. Stark, Treatment of ovariectomized rats with
17B-estradiol increases hepatic delta-6 desaturase enzyme expression and
docosahexaenoic acid lelves in hepatic and plasma phospholipids., Prostaglandins Leukot.
Essent. Fatty Acids. 89 (2013) 81-88. doi:http://dx.doi.org/10.1016/j.plefa.2013.05.003i.
S. Lohner, K. Fekete, T. Marosvoélgyi, T. Decsi, Gender Differences in the Long-Chain
Polyunsaturated Fatty Acid Status: Systematic Review of 51 Publications, Ann. Nutr.
Metab. 62 (2013) 98-112. doi:10.1159/000345599.

L.C. Saga, K.H. Liland, R.B. Leistad, A. Reimers, E.-O. Rukke, Relating fatty acid
composition in human fingertip blood to age, gender, nationality and n -3 supplementation
in the Scandinavian population, Int. J. Food Sci. Nutr. 63 (2012) 790-795.
d0i:10.3109/09637486.2012.681631.

S. Engel, K.M.H. Tronhjem, L.I. Hellgren, K.F. Michaelsen, L. Lauritzen,
Docosahexaenoic acid status at 9 months is inversely associated with communicative
skills in 3-year-old girls: RBC DHA and development in toddlers, Matern. Child. Nutr. 9
(2013) 499-510. d0i:10.1111/j.1740-8709.2012.00411.x.

W.D. Lassek, S.J.C. Gaulin, Sex Differences in the Relationship of Dietary Fatty Acids to
Cognitive Measures in American Children, Front. Evol. Neurosci. 3 (2011).
d0i:10.3389/fnev0.2011.00005.

L.A. Colangelo, K. He, M.A. Whooley, M.L. Daviglus, K. Liu, Higher dietary intake of
long-chain »-3 polyunsaturated fatty acids is inversely associated with depressive
symptoms in women, Nutrition. 25 (2009) 1011-1019. doi:10.1016/j.nut.2008.12.008.
C. Ankarberg-Lindgren, J. Dahlgren, M.X. Andersson, High-sensitivity quantification of
serum androstenedione, testosterone, dihydrotestosterone, estrone and estradiol by gas
chromatography—tandem mass spectrometry with sex- and puberty-specific reference
intervals, J. Steroid Biochem. Mol. Biol. 183 (2018) 116-124.
d0i:10.1016/j.jsbmb.2018.06.005.

J.E. McCutcheon, M. Marinelli, Age matters, Eur. J. Neurosci. 29 (2009) 997-1014.
doi:10.1111/j.1460-9568.2009.06648.x.

B. Koletzko, I. Cetin, J. Thomas Brenna, for the Perinatal Lipid Intake Working Group,
Dietary fat intakes for pregnant and lactating women, Br. J. Nutr. 98 (2007).
d0i:10.1017/S0007114507764747.

Health Canada, Prenatal nutrition guidelines for health professionals fish and omega-3
fatty acids., (2009). http://epe.lac-bac.gc.ca/100/200/301/hcan-
scan/prenatal_nutrition_guidelines-ef/H164-109-4-2009E.pdf (accessed December 19,
2018).

Institue of Medicine, Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat,
Fatty Acids, Cholesterol, Protein, and Amino Acids, The National Academies Press,
Washington, D.C., 2005. https://doi.org/10.17226/10490.

J. Denomme, K.D. Stark, B.J. Holub, Directly quantitated dietary (n-3) fatty acid intakes
of pregnant Canadian women are lower than current dietary recommendations, J. Nutr.
135 (2005) 206-211.

102



[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

A. Chalil, A.P. Kitson, J.J. Aristizabal Henao, K.A. Marks, J.L. Elzinga, D.M.E.
Lamontagne-Kam, D. Chalil, F. Badoud, D.M. Mutch, K.D. Stark, PEMT, A6 desaturase,
and palmitoyldocosahexaenoyl phosphatidylcholine are increased in rats during
pregnancy, J. Lipid Res. 59 (2018) 123-136. doi:10.1194/jlr.M080309.

C.E. Childs, S.P. Hoile, G.C. Burdge, P.C. Calder, Changes in rat n-3 and n-6 fatty acid
composition during pregnancy are associated with progesterone concentrations and
hepatic FADS2 expression, Prostaglandins Leukot. Essent. Fatty Acids. 86 (2012) 141-
147. doi:10.1016/j.plefa.2012.03.007.

F.S. Fernandes, M. das G. Tavares do Carmo, E. Herrera, Influence of Maternal Diet
During Early Pregnancy on the Fatty Acid Profile in the Fetus at Late Pregnancy in Rats,
Lipids. 47 (2012) 505-517. doi:10.1007/s11745-012-3660-7.

J.P. McNamara, Role and regulation of metabolism in adipose tissue during lactation, J.
Nutr. Biochem. 6 (1995) 120-129.

P. Haggarty, Fatty Acid Supply to the Human Fetus, Annu. Rev. Nutr. 30 (2010) 237-255.
doi:10.1146/annurev.nutr.012809.104742.

N. Fidler, T. Sauerwald, A. Pohl, H. Demmelmair, Koletzko, Berthold, Docosahexaenoic
acid transfer into human milk after dietary supplementation: a randomized clinical trial., J.
Lipid Res. 41 (2000) 1376-1383.

D.L. Hachey, M.R. Thomas, E.A. Emken, C. Garza, L. Brown-Booth, R.O. Adlof, P.D.
Klein, Human lactation: maternal transfer of dietary triglycerides labeled with stable
isotopes, J. Lipid Res. 28 (1987) 1185-1192.

A.F. Domenichiello, A.P. Kitson, R.P. Bazinet, Is docosahexaenoic acid synthesis from a-
linolenic acid sufficient to supply the adult brain?, Prog. Lipid Res. 59 (2015) 54-66.
d0i:10.1016/j.plipres.2015.04.002.

P. Haggarty, Effect of placental function on fatty acid requirements during pregnancy,
Eur. J. Clin. Nutr. 58 (2004) 1559-1570. doi:10.1038/sj.ejcn.1602016.

A.H. Metherel, A.P. Kitson, A.F. Domenichiello, R.J.S. Lacombe, K.E. Hopperton, M.-O.
Trépanier, S.M. Alashmali, L. Lin, R.P. Bazinet, Maternal liver docosahexaenoic acid
(DHA) stores are increased via higher serum unesterified DHA uptake in pregnant long
Evans rats, J. Nutr. Biochem. 46 (2017) 143-150. doi:10.1016/j.jnutbio.2017.05.011.

R.S. Gonzalez, M. Rodriguez-Cruz, J. Maldonado, F.J. Saavedra, Role of maternal tissue
in the synthesis of polyunsaturated fatty acids in response to a lipid-deficient diet during
pregnancy and lactation in rats, Gene. 549 (2014) 7-23. doi:10.1016/j.gene.2014.06.057.
N.M. Salem, Y.H. Lin, T. Moriguchi, S.Y. Lim, N. Salem, J.R. Hibbeln, Distribution of
omega-6 and omega-3 polyunsaturated fatty acids in the whole rat body and 25
compartments, Prostaglandins Leukot. Essent. Fat. Acids PLEFA. 100 (2015) 13-20.
d0i:10.1016/j.plefa.2015.06.002.

B. Kuhla, G. Nirnberg, D. Albrecht, S. Gors, H.M. Hammon, C.C. Metges, Involvement
of Skeletal Muscle Protein, Glycogen, and Fat Metabolism in the Adaptation on Early
Lactation of Dairy Cows, J. Proteome Res. 10 (2011) 4252-4262. doi:10.1021/pr200425h.
X.Q. Xiao, K.L. Grove, M.S. Smith, Metabolic Adaptations in Skeletal Muscle during
Lactation: Complementary Deoxyribonucleic Acid Microarray and Real-Time Polymerase
Chain Reaction Analysis of Gene Expression, Endocrinology. 145 (2004) 5344-5354.
doi:10.1210/en.2004-0721.

103



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

C. Heier, G. Haemmerle, Fat in the heart: The enzymatic machinery regulating cardiac
triacylglycerol metabolism, Biochim. Biophys. Acta BBA - Mol. Cell Biol. Lipids. (2016).
doi:10.1016/j.bbalip.2016.02.014.

S. Magne, D. Couchie, F. Pecker, C. Pavoine, B 2 -Adrenergic Receptor Agonists Increase
Intracellular Free Ca 2* Concentration Cycling in Ventricular Cardiomyocytes through p38
and p42/44 MAPK-mediated Cytosolic Phospholipase A 2 Activation, J. Biol. Chem. 276
(2001) 39539-39548. doi:10.1074/jbc.M100954200.

E.A. Dennis, J. Cao, Y.-H. Hsu, V. Magrioti, G. Kokotos, Phospholipase A > Enzymes:
Physical Structure, Biological Function, Disease Implication, Chemical Inhibition, and
Therapeutic Intervention, Chem. Rev. 111 (2011) 6130-6185. doi:10.1021/cr200085w.

L. Lauritzen, S.E. Carlson, Maternal fatty acid status during pregnancy and lactation and
relation to newborn and infant status: Transfer of fatty acids from mother to child, Matern.
Child. Nutr. 7 (2011) 41-58. doi:10.1111/}.1740-8709.2011.00303.x.

W.W. Christie, Rapid separation and quantification of lipid classes by high performance
liquid chromatography and mass (light-scattering) detection., J. Lipid Res. 26 (1985) 507—
512.

J. Yan, X. Jiang, A.A. West, C.A. Perry, O.V. Malysheva, J.T. Brenna, S.P. Stabler, R.H.
Allen, J.F. Gregory, M.A. Caudill, Pregnancy alters choline dynamics: results of a
randomized trial using stable isotope methodology in pregnant and nonpregnant women,
Am. J. Clin. Nutr. 98 (2013) 1459-1467. doi:10.3945/ajcn.113.066092.

A. Duttaroy, Transport of fatty acids across the human placenta: A review, Prog. Lipid
Res. 48 (2009) 52—61. doi:10.1016/j.plipres.2008.11.001.

E. Herrera, H. Ortega-Senovilla, Maternal lipid metabolism during normal pregnancy and
its implications to fetal development, Clin. Lipidol. 5 (2010) 899-911.
doi:10.2217/clp.10.64.

E. Herrera, D. Gomez-Coronado, M.A. Lasuncién, Lipid Metabolism in Pregnancy,
Neonatology. 51 (1987) 70—-77. doi:10.1159/000242635.

A. Gutgesell, R. Ringseis, K. Eder, Short communication: Dietary conjugated linoleic acid
down-regulates fatty acid transporters in the mammary glands of lactating rats, J. Dairy
Sci. 92 (2009) 1169-1173. doi:10.3168/jds.2008-1640.

H.M. Vidgren, J.J. \AAgren, U. Schwab, T. Rissanen, O. Hanninen, M.I. Uusitupa,
Incorporation of n-3 fatty acids into plasma lipid fractions, and erythrocyte membranes
and platelets during dietary supplementation with fish, fish oil, and docosahexaenoic acid-
rich oil among healthy young men, Lipids. 32 (1997) 697-705.

M. Del Prado, S. Villalpando, J. Gordillo, H. Hernandez-Montes, A High Dietary Lipid
Intake during Pregnancy and Lactation Enhances Mammary Gland Lipid Uptake and
Lipoprotein Lipase Activity in Rats, J. Nutr. 129 (1999) 1574-1578.
d0i:10.1093/jn/129.8.1574.

E. Larqué, A. Pagan, M.T. Prieto, J.E. Blanco, A. Gil-Sanchez, M. Zornoza-Moreno, M.
Ruiz-Palacios, A. Gazquez, H. Demmelmair, J.J. Parrilla, B. Koletzko, Placental Fatty
Acid Transfer: A Key Factor in Fetal Growth, Ann. Nutr. Metab. 64 (2014) 247-253.
d0i:10.1159/000365028.

N. Fidler, T. Sauerwald, A. Pohl, H. Demmelmair, B. Koletzko, Docosahexaenoic acid
transfer into human milk after dietary supplementation: a randomized clinical trial, J.
Lipid Res. 41 (2000) 1376-1383.

104



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

V. Carnielli, M. Simonato, G. Verlato, I. Luijendijk, M. De Curtis, P. Sauer, P. Cogo,
Synthesis of long-chain polyunsaturated fatty acids in preterm newborns fed formula with
long-chain polyunsaturated fatty acids, Am. J. Clin. Nutr. 86 (2007) 1323-1330.

S. Cunnane, V. Francescutti, J. Brenna, M. Crawford, Breast-fed infants achieve a higher
rate of brain and whole body docosahexaenoate accumulation than formula-fed infants not
consuming dietary docosahexaenoate, Lipids. 35 (2000) 105-111.

G.C. Burdge, S.A. Wootton, Conversion of alpha-linolenic acid to eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids in young women., Br. J. Nutr. 88 (2002)
411-20.

G.C. Burdge, P.C. Calder, Conversion of a -linolenic acid to longer-chain polyunsaturated
fatty acids in human adults, Reprod. Nutr. Dev. 45 (2005) 581-597.
doi:10.1051/rnd:2005047.

L. Bjornstrom, M. Sjoberg, Mechanisms of estrogen receptor signaling: convergence of
genomic and nongenomic actions on target genes, Mol. Endocrinol. 19 (2005) 833-842.
S.M. Innis, H.V. Kuhnlein, D. Kinloch, The composition of red cell membrane
phospholipids in Canadian Inuit consuming a diet high in marine mammals, Lipids. 23
(1988) 1064-1068.

C.E. Childs, M. Romeu-Nadal, G.C. Burdge, P.C. Calder, The Polyunsaturated Fatty Acid
Composition of Hepatic and Plasma Lipids Differ by Both Sex and Dietary Fat Intake in
Rats, J. Nutr. 140 (2010) 245-250. doi:10.3945/jn.109.115691.

M. Resseguie, J. Song, M. Niculescu, K. da Costa, T. Randall, S. Zeisel,
Phosphatidylethanolamine N-methyltransferase (PEMT) gene expression is induced by
estrogen in human and mouse primary hepatocytes, FASEB J. 21 (2007) 2622-2632.
A.A. Welch, S. Shakya-Shrestha, M.A. Lentjes, N.J. Wareham, K.-T. Khaw, Dietary
intake and status of n—3 polyunsaturated fatty acids in a population of fish-eating and non-
fish-eating meat-eaters, vegetarians, and vegans and the precursor-product ratio of a-
linolenic acid to long-chain n—3 polyunsaturated fatty acids: results from the EPIC-
Norfolk cohort, Am. J. Clin. Nutr. 92 (2010) 1040-1051. doi:10.3945/ajcn.2010.29457.
A. Metherel, J. Armstrong, A.C. Patterson, K. Stark, Assessment of blood measures of n-3
polyunsaturated fatty acids with acute fish oil supplementation and washout in men and
women, Prostaglandins Leukot. Essent. Fatty Acids. 81 (2009) 23-29.
d0i:10.1016/j.plefa.2009.05.018.

K.D. Stark, M.E. Van Elswyk, M.R. Higgins, C.A. Weatherford, N. Salem, Global survey
of the omega-3 fatty acids, docosahexaenoic acid and eicosapentaenoic acid in the blood
stream of healthy adults, Prog. Lipid Res. 63 (2016) 132-152.
doi:10.1016/j.plipres.2016.05.001.

J.T. Brenna, M. Plourde, K.D. Stark, P.J. Jones, Y.-H. Lin, Best practices for the design,
laboratory analysis, and reporting of trials involving fatty acids, Am. J. Clin. Nutr. (2018).
doi:10.1093/ajcn/nqy089.

K.D. Stark, The Percentage of n-3 Highly Unsaturated Fatty Acids in Total HUFA as a
Biomarker for Omega-3 Fatty Acid Status in Tissues, Lipids. 43 (2008) 45-53.
doi:10.1007/s11745-007-3128-3.

A.C. Patterson, A. Metherel, R. Hanning, K. Stark, The percentage of DHA in
erythrocytes can detect non-adherence to advice to increase EPA and DHA intakes, Br. J.
Nutr. 111 (2014) 270-278.

105



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]
[82]

[83]

[84]

H.-W. Kim, J.S. Rao, S.l. Rapoport, M. Igarashi, Regulation of rat brain polyunsaturated
fatty acid (PUFA) metabolism during graded dietary n-3 PUFA deprivation,
Prostaglandins Leukot. Essent. Fatty Acids. 85 (2011) 361-368.
doi:10.1016/j.plefa.2011.08.002.

M.J. Caslake, E.A. Miles, B.M. Kofler, G. Lietz, P. Curtis, C.K. Armah, A.C. Kimber, J.P.
Grew, L. Farrell, J. Stannard, Effect of sex and genotype on cardiovascular biomarker
response to fish oils: the FINGEN Study, Am. J. Clin. Nutr. 88 (2008) 618-629.

S.-Y. Lim, J. Hoshiba, N. Salem, An extraordinary degree of structural specificity is
required in neural phospholipids for optimal brain function: n-6 docosapentaenoic acid
substitution for docosahexaenoic acid leads to a loss in spatial task performance, J.
Neurochem. 95 (2005) 848-857. doi:10.1111/j.1471-4159.2005.03427 .x.

H.-Y. Kim, B.X. Huang, A.A. Spector, Phosphatidylserine in the brain: Metabolism and
function, Prog. Lipid Res. 56 (2014) 1-18. doi:10.1016/j.plipres.2014.06.002.

S.J. Little, M.A. Lynch, M. Manku, A. Nicolaou, Docosahexaenoic acid-induced changes
in phospholipids in cortex of young and aged rats: A lipidomic analysis, Prostaglandins
Leukot. Essent. Fatty Acids. 77 (2007) 155-162. doi:10.1016/j.plefa.2007.08.009.

N. Nagan, R.A. Zoeller, Plasmalogens: biosynthesis and functions, Prog. Lipid Res. 40
(2001) 199-229. doi:10.1016/S0163-7827(01)00003-0.

K. Kitajka, L.G. Puskas, A. Zvara, L. Hackler, G. Barcelo-Coblijn, Y.K. Yeo, T. Farkas,
The role of n-3 polyunsaturated fatty acids in brain: Modulation of rat brain gene
expression by dietary n-3 fatty acids, Proc. Natl. Acad. Sci. 99 (2002) 2619-2624.
d0i:10.1073/pnas.042698699.

C. Bascoul-Colombo, I.A. Guschina, B.H. Maskrey, M. Good, V.B. O’Donnell, J.L.
Harwood, Dietary DHA supplementation causes selective changes in phospholipids from
different brain regions in both wild type mice and the Tg2576 mouse model of
Alzheimer’s disease, Biochim. Biophys. Acta BBA - Mol. Cell Biol. Lipids. 1861 (2016)
524-537. d0i:10.1016/j.bbalip.2016.03.005.

I. Rappley, D.S. Myers, S.B. Milne, P.T. Ivanova, M.J. LaVoie, H.A. Brown, D.J. Selkoe,
Lipidomic profiling in mouse brain reveals differences between ages and genders, with
smaller changes associated with a-synuclein genotype, J. Neurochem. 111 (2009) 15-25.
d0i:10.1111/j.1471-4159.2009.06290.X.

J. McCann, B. Ames, Is docosahexaenoic acid, an n-3 long-chain polyunsaturated fatty
acid, required for development of normal brain function? An overview of evidence from
cognitive and behavioral tests in humans and animals, Am. J. Clin. Nutr. 82 (2005) 281-
295.

A.K. Beery, I. Zucker, Sex bias in neuroscience and biomedical research, Neurosci.
Biobehav. Rev. 35 (2011) 565-572. doi:10.1016/j.neubiorev.2010.07.002.

J.A. Clayton, F.S. Collins, Policy: NIH to balance sex in cell and animal studies, Nat.
News. 509 (2014) 282.

Y. Zakiniaeiz, K.P. Cosgrove, M.N. Potenza, C.M. Mazure, Focus: Sex and gender health:
Balance of the sexes: Addressing sex differences in preclinical research, Yale J. Biol.
Med. 89 (2016) 255.

M. Quellet, V. Emond, C.T. Chen, C. Julien, F. Bourasset, S. Oddo, F. LaFerla, R.P.
Bazinet, F. Calon, Diffusion of docosahexaenoic and eicosapentaenoic acids through the
blood—brain barrier: An in situ cerebral perfusion study, Neurochem. Int. 55 (2009) 476—
482. doi:10.1016/j.neuint.2009.04.018.

106



[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

D. Arsenault, C. Julien, C. Tremblay, F. Calon, DHA Improves Cognition and Prevents
Dysfunction of Entorhinal Cortex Neurons in 3xTg-AD Mice, PLoS ONE. 6 (2011)
e17397. doi:10.1371/journal.pone.0017397.

A.F. Domenichiello, C.T. Chen, M.-O. Trepanier, P.M. Stavro, R.P. Bazinet, Whole body
synthesis rates of DHA from a-linolenic acid are greater than brain DHA accretion and
uptake rates in adult rats, J. Lipid Res. 55 (2014) 62—74. doi:10.1194/jlr.M042275.

M. Makrides, R.A. Gibson, A.J. McPhee, L. Yelland, J. Quinlivan, P. Ryan, others, Effect
of DHA supplementation during pregnancy on maternal depression and neurodevelopment
of young children: a randomized controlled trial, Jama. 304 (2010) 1675-1683.

M.D. Al, A.C. Van Houwelingen, A.D. Kester, T.H. Hasaart, A.E. De Jong, G. Hornstra,
Maternal essential fatty acid patterns during normal pregnancy and their relationship to the
neonatal essential fatty acid status, Br. J. Nutr. 74 (1995) 55-68.

A. Extier, B. Langelier, M.-H. Perruchot, P. Guesnet, P.P. Van Veldhoven, M. Lavialle, J.-
M. Alessandri, Gender affects liver desaturase expression in a rat model of n—3 fatty acid
repletionsk, J. Nutr. Biochem. 21 (2010) 180-187. doi:10.1016/j.jnutbio.2008.10.008.

R. Quinn, Comparing rat’s to human’s age: How old is my rat in people years?, Nutrition.
21 (2005) 775-777. doi:10.1016/j.nut.2005.04.002.

C.V. Vorhees, M.T. Williams, Morris water maze: procedures for assessing spatial and
related forms of learning and memory, Nat. Protoc. 1 (2006) 848-858.
d0i:10.1038/nprot.2006.116.

R.K. McNamara, J. Able, R. Jandacek, T. Rider, P. Tso, Gender differences in rat
erythrocyte and brain docosahexaenoic acid composition: Role of ovarian hormones and
dietary omega-3 fatty acid composition, Psychoneuroendocrinology. 34 (2009) 532-539.
doi:10.1016/j.psyneuen.2008.10.013.

G. Barcelo-Coblijn, E. Hogyes, K. Kitajka, L.G. Puskas, A. Zvara, L. Hackler, C. Nyakas,
Z. Penke, T. Farkas, Modification by docosahexaenoic acid of age-induced alterations in
gene expression and molecular composition of rat brain phospholipids, Proc. Natl. Acad.
Sci. 100 (2003) 11321-11326.

J. Folch, M. Lees, G. Sloane, A simple method for the isolation and purification of total
lipides from animal tissues, J Biol Chem. 226 (1957) 497-5009.

K. Stark, N. Salem, Fast gas chromatography for the identification of fatty acid methyl
esters from mammalian samples, Lipid Technol. 17 (2005) 181.

A.H. Metherel, L.M. Buzikievich, P. Charkhzarin, A.C. Patterson, A.C. Peel, A.M.
Howorth, D.M. Kishi, K.D. Stark, Omega-3 polyunsaturated fatty acid profiling using
fingertip-prick whole blood does not require overnight fasting before blood collection,
Nutr. Res. 32 (2012) 547-556. doi:10.1016/j.nutres.2012.06.016.

K. Stark, S. Beblo, M. Murthy, M. Buba-Abela, J. Janisse, H. Rockett, J. Whitty, S.
Martier, R. Sokol, J. Hannigan, N. Salem Jr, Comparison of bloodstream fatty acid
composition from African-American women at gestation, delivery, and postpartum, J.
Lipid Res. 46 (2005) 516-525. doi:10.1194/jlr.M400394-JLR200.

B.J. Meyer, C.C. Onyiaodike, E.A. Brown, F. Jordan, H. Murray, R.J.B. Nibbs, N. Sattar,
H. Lyall, S.M. Nelson, D.J. Freeman, Maternal Plasma DHA Levels Increase Prior to 29
Days Post-LH Surge in Women Undergoing Frozen Embryo Transfer: A Prospective,
Observational Study of Human Pregnancy, J. Clin. Endocrinol. Metab. 101 (2016) 1745—
1753. doi:10.1210/jc.2015-3089.

107



[99] Z.-Y.Chen, J. Yang, S.C. Cunnane, Gestational hyperlipidemia in the rat is characterized
by accumulation of n- 6 and n- 3 fatty acids, especially docosahexaenoic acid, Biochim.
Biophys. Acta BBA-Lipids Lipid Metab. 1127 (1992) 263-269.

[100] K.J. Hintze, A.D. Benninghoff, R.E. Ward, Formulation of the Total Western Diet (TWD)
as a Basal Diet for Rodent Cancer Studies, J. Agric. Food Chem. 60 (2012) 6736-6742.
doi:10.1021/jf204509a.

[101] K. Ghebremeskel, D. Bitsanis, E. Koukkou, C. Lowy, L. Poston, M.A. Crawford,
Maternal diet high in fat reduces docosahexaenoic acid in liver lipids of newborn and
sucking rat pups, Br. J. Nutr. 81 (1999) 395-404.

[102] T.I. Shireman, E.H. Kerling, B.J. Gajewski, J. Colombo, S.E. Carlson, Docosahexaenoic
acid supplementation (DHA) and the return on investment for pregnancy outcomes,
Prostaglandins Leukot. Essent. Fat. Acids PLEFA. 111 (2016) 8-10.
doi:10.1016/j.plefa.2016.05.008.

[103] S. Cunnane, J. Armstrong, Long-Chain Fatty Acid Composition of Maternal Liver Lipids
during Pregnancy and Lactation in the Rat: Comparison of Triglyceride to Phospholipid,
Lipids. 120 (1990) 328-335.

[104] G. Desoye, M.O. Schweditsch, K.P. Pfeiffer, R. Zechner, G.M. Kostner, Correlation of
hormones with lipid and lipoprotein levels during normal pregnancy and postpartum, J.
Clin. Endocrinol. Metab. 64 (1987) 704-712.

[105] A. Kitson, T. Smith, K. Marks, K. Stark, Tissue-specific sex differences in
docosahexaenoic acid and A6-desaturase in rats fed a standard chow diet, Appl. Physiol.
Nutr. Metab. 37 (2012) 1200-1211. doi:10.1139/h2012-103.

[106] R. Pawlosky, J. Hibbeln, Y. Lin, N. Salem, n-3 Fatty acid metabolism in women, Br. J.
Nutr. 90 (2003) 993. d0i:10.1079/BJN2003985.

[107] R.A. Gibson, M.A. Neumann, E.L. Lien, K.A. Boyd, W.C. Tu, Docosahexaenoic acid
synthesis from alpha-linolenic acid is inhibited by diets high in polyunsaturated fatty
acids, Prostaglandins Leukot. Essent. Fat. Acids PLEFA. 88 (2013) 139-146.
doi:10.1016/j.plefa.2012.04.003.

[108] F. Rioux, G. Lindmark, O. Hernell, Does inadequate maternal iron or DHA status have a
negative impact on an infant’s functional outcomes?, Acta Paediatr. 95 (2006) 137-144.
doi:10.1080/08035250500281814.

[109] S.M. Innis, Impact of maternal diet on human milk composition and neurological
development of infants, Am. J. Clin. Nutr. 99 (2014) 734S-741S.
d0i:10.3945/ajcn.113.072595.

[110] B.-H. Park, Y. Lee, M. Walton, L. Duplomb, R.H. Unger, Demonstration of reverse fatty
acid transport from rat cardiomyocytes, J. Lipid Res. 45 (2004) 1992-1999.
d0i:10.1194/jlr. M400237-JLR200.

[111] M. Hennebelle, M. Roy, V. St-Pierre, A. Courchesne-Loyer, M. Fortier, A.-K. Bouzier-
Sore, J.-L. Gallis, M.-C. Beauvieux, S.C. Cunnane, Energy restriction does not prevent
insulin resistance but does prevent liver steatosis in aging rats on a Western-style diet,
Nutrition. 31 (2015) 523-530. d0i:10.1016/j.nut.2014.09.009.

[112] K.A. Marks, A.P. Kitson, K.D. Stark, Hepatic and plasma sex differences in saturated and
monounsaturated fatty acids are associated with differences in expression of elongase 6,
but not stearoyl-CoA desaturase in Sprague—Dawley rats, Genes Nutr. 8 (2013) 317-327.
d0i:10.1007/s12263-012-0325-3.

108



[113] C.E. Childs, M. Romeu-Nadal, G.C. Burdge, P.C. Calder, Gender differences in the n-3
fatty acid content of tissues, Proc. Nutr. Soc. 67 (2008) 19-27.
doi:10.1017/S0029665108005983.

[114] L.P. Spear, The adolescent brain and age-related behavioral manifestations, Neurosci.
Biobehav. Rev. 24 (2000) 417-463. doi:10.1016/S0149-7634(00)00014-2.

[115] E.M. Lewis, J.F. Barnett, L. Freshwater, A.M. Hoberman, M.S. Christian, Sexual
Maturation Data For CRL Sprague-Dawley Rats: Criteria And Confounding Factors, Drug
Chem. Toxicol. 25 (2002) 437-458. doi:10.1081/DCT-120014794.

[116] J. Pearce, Fatty acid synthesis in liver and adipose tissue, Proc. Nutr. Soc. 42 (1983) 263—
271. d0i:10.1079/PNS19830031.

[117] N. Stahlberg, E. Rico-Bautista, R.M. Fisher, X. Wu, L. Cheung, A. Flores-Morales, G.
Tybring, G. Norstedt, P. Tollet-Egnell, Female-Predominant Expression of Fatty Acid
Translocase/CD36 in Rat and Human Liver, Endocrinology. 145 (2004) 1972-1979.
doi:10.1210/en.2003-0874.

[118] C. Améen, J. Oscarsson, Sex Difference in Hepatic Microsomal Triglyceride Transfer
Protein Expression Is Determined by the Growth Hormone Secretory Pattern in the Rat,
Endocrinology. 144 (2003) 3914-3921. doi:10.1210/en.2003-0518.

[119] M.J. McArthur, B.P. Atshaves, A. Frolov, W.D. Foxworth, A.B. Kier, F. Schroeder,
Cellular uptake and intracellular trafficking of long chain fatty acids, J. Lipid Res. 40
(1999) 1371-1383.

[120] B.A. Luxon, D.C. Holly, M.T. Milliano, R.A. Weisiger, Sex differences in multiple steps
in hepatic transport of palmitate support a balanced uptake mechanism, Am. J. Physiol.-
Gastrointest. Liver Physiol. 274 (1998) G52-G61. doi:10.1152/ajpgi.1998.274.1.G52.

[121] R.K. Ockner, N. Lysenko, J.A. Manning, S.E. Monroe, D.A. Burnett, Sex Steroid
Modulation of Fatty Acid Utilization and Fatty Acid Binding Protein Concentration in Rat
Liver, J. Clin. Invest. 65 (1980) 1013-1023. do0i:10.1172/JCI109753.

[122] Y.-H. Lin, J.A. Brown, C. DiMartino, I. Dahms, N. Salem Jr., J.R. Hibbeln, Differences in
long chain polyunsaturates composition and metabolism in male and female rats,
Prostaglandins Leukot. Essent. Fatty Acids. 113 (2016) 19-27.
d0i:10.1016/j.plefa.2016.08.008.

[123] K.A. Marks, A.P. Kitson, B. Shaw, D.M. Mutch, K.D. Stark, Stearoyl-CoA desaturase 1,
elongase 6 and their fatty acid products and precursors are altered in ovariectomized rats
with 17B-estradiol and progesterone treatment, Prostaglandins Leukot. Essent. Fatty
Acids. 89 (2013) 89-96. doi:10.1016/j.plefa.2013.05.002.

[124] M. Miyazaki, S.M. Bruggink, J.M. Ntambi, Identification of mouse palmitoyl-coenzyme
A A9-desaturase, J. Lipid Res. 47 (2006) 700—704. doi:10.1194/jlr.C500025-JLR200.

[125] J.-L. Robb, I. Messa, E. Lui, D. Yeung, J. Thacker, E. Satvat, J.G. Mielke, A maternal diet
high in saturated fat impairs offspring hippocampal function in a sex-specific manner,
Behav. Brain Res. 326 (2017) 187-199. doi:10.1016/j.bbr.2017.02.049.

[126] C. Rodriguez-Navas, E. Morselli, D.J. Clegg, Sexually dimorphic brain fatty acid
composition in low and high fat diet-fed mice, Mol. Metab. 5 (2016) 680—689.
doi:10.1016/j.molmet.2016.06.014.

[127] M.J. Justice, P. Dhillon, Using the mouse to model human disease: increasing validity and
reproducibility, Dis. Model. Mech. 9 (2016) 101-103. doi:10.1242/dmm.024547.

109



[128] I.A.S. Olsson, K. Westlund, More than numbers matter: The effect of social factors on
behaviour and welfare of laboratory rodents and non-human primates, Appl. Anim. Behav.
Sci. 103 (2007) 229-254. doi:10.1016/j.applanim.2006.05.022.

[129] Y. Giudicelli, M.-N. Dieudonne, D. Lacasa, Y.-N. Pasquier, R. Pecquery, Modulation by
sex hormones of the membranous transducing system regulating fatty acid mobilization in
adipose tissue, Prostaglandins Leukot. Essent. Fatty Acids. 48 (1993) 91-100.
d0i:10.1016/0952-3278(93)90015-0.

[130] S. Ghasemifard, K. Hermon, G.M. Turchini, A.J. Sinclair, Metabolic fate (absorption, -
oxidation and deposition) of long-chain n-3 fatty acids is affected by sex and by the oil
source (krill oil or fish oil) in the rat, Br. J. Nutr. 114 (2015) 684-692.
doi:10.1017/S0007114515002457.

[131] N.M. Bass, J.A. Manning, R.K. Oeckner, Regulation of the Biosynthesis of Two Distinct
Fatty Acid-binding Proteins in Rat Liver and Intestine, J. Biol. Chem. 250 (n.d.) 1432—
1436.

[132] L.B. Agellon, L. Drozdowski, L. Li, C. lordache, L. Luong, M.T. Clandinin, R.R.E.
Uwiera, M.J. Toth, A.B.R. Thomson, Loss of intestinal fatty acid binding protein increases
the susceptibility of male mice to high fat diet-induced fatty liver, Biochim. Biophys. Acta
BBA - Mol. Cell Biol. Lipids. 1771 (2007) 1283-1288. doi:10.1016/j.bbalip.2007.08.004.

[133] C.N. Kuratko, N. Salem, Biomarkers of DHA status, Prostaglandins Leukot. Essent. Fatty
Acids. 81 (2009) 111-118. doi:10.1016/j.plefa.2009.05.007.

[134] S.M. Innis, Essential fatty acids in infant nutrition: lessons and limitations from animal
studies in relation to studies on infant fatty acid requirements, Am. J. Clin. Nutr. 71 (2000)
238S-244S. doi:10.1093/ajcn/71.1.238S.

[135] R.T. Holman, The Slow Discovery of the Importance of n3 Essential Fatty Acids in
Human Health, J. Nutr. 128 (1998) 427S-433S. doi:0022-3166/98.

[136] P.G. Reeves, F.H. Nielsen, G.C. Fahey, AIN-93 Purified Diets for Laboratory Rodents:
Final Report of the American Institute of Nutrition Ad Hoc Writing Committee on the
Reformulation of the AIN-76A Rodent Diet, J. Nutr. 123 (1993) 1939-1951.
d0i:10.1093/jn/123.11.19309.

[137] Y. Du, M. Yang, S. Lee, C.L. Behrendt, L.V. Hooper, A. Saghatelian, Y. Wan, Maternal
western diet causes inflammatory milk and TLR2/4-dependent neonatal toxicity, Genes
Dev. 26 (2012) 1306-1311. doi:10.1101/gad.191031.112.

[138] S.K. Orr, J.Y.M. Tong, J.X. Kang, D.W.L. Ma, R.P. Bazinet, The Fat-1 Mouse has Brain
Docosahexaenoic Acid Levels Achievable Through Fish Oil Feeding, Neurochem. Res. 35
(2010) 811-819. d0i:10.1007/s11064-010-0139-x.

[139] N.D. Agnish, K.A. Keller, The rationale for culling of rodent litters, Toxicol. Sci. 38
(1997) 2-6.

[140] A.K. Palmer, B.C. Ulbrich, The cult of culling, Fundam. Appl. Toxicol. 38 (1997) 7-22.

[141] 1. Chahoud, F.J.R. Paumgartten, Influence of litter size on the postnatal growth of rat pups:
Is there a rationale for litter-size standardization in toxicity studies?, Environ. Res. 109
(2009) 1021-1027. doi:10.1016/j.envres.2009.07.015.

[142] A. Létondor, B. Buaud, C. Vaysse, L. Fonseca, C. Herrouin, B. Servat, S. Layeé, V. Pallet,
S. Alfos, Erythrocyte DHA level as a biomarker of DHA status in specific brain regions of
n-3 long-chain PUFA-supplemented aged rats, Br. J. Nutr. 112 (2014) 1805-1818.
doi:10.1017/S0007114514002529.

110



[143] J.J. Aristizabal Henao, R.M. Bradley, R.E. Duncan, K.D. Stark, Categorizing and
qualifying nutritional lipidomic data: defining brutto, medio, genio, and infinio lipid
species within macrolipidomics and microlipidomics, Curr. Opin. Clin. Nutr. Metab. Care.
(2018) 1. doi:10.1097/MC0.0000000000000495.

[144] R.J. Lepping, R.A. Honea, L.E. Martin, K. Liao, I.-Y. Choi, P. Lee, V.B. Papa, W.M.
Brooks, D.J. Shaddy, S.E. Carlson, J. Colombo, K.M. Gustafson, Long-chain
polyunsaturated fatty acid supplementation in the first year of life affects brain function,
structure, and metabolism at age nine years, Dev. Psychobiol. (2018).
d0i:10.1002/dev.21780.

[145] A. Harauma, E. Hatanaka, H. Yasuda, M.T. Nakamura, N. Salem, T. Moriguchi, Effects of
arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid on brain development
using artificial rearing of delta-6-desaturase knockout mice, Prostaglandins Leukot.
Essent. Fatty Acids. 127 (2017) 32—-39. doi:10.1016/j.plefa.2017.10.001.

[146] K. Kuriki, T. Nagaya, Y. Tokudome, N. Imaeda, N. Fujiwara, J. Sato, C. Goto, M. Ikeda,
S. Maki, K. Tajima, Plasma concentrations of (n-3) highly unsaturated fatty acids are good
biomarkers of relative dietary fatty acid intakes: a cross-sectional study, J. Nutr. 133
(2003) 3643-3650.

[147] K.D. Stark, S.-Y. Lim, N. Salem, Artificial rearing with docosahexaenoic acid and n-6
docosapentaenoic acid alters rat tissue fatty acid composition, J. Lipid Res. 48 (2007)
2471-2477. doi:10.1194/jlr.M700317-JLR200.

[148] C.T. Chen, J.T. Green, S.K. Orr, R.P. Bazinet, Regulation of brain polyunsaturated fatty
acid uptake and turnover, Prostaglandins Leukot. Essent. Fatty Acids. 79 (2008) 85-91.
d0i:10.1016/j.plefa.2008.09.003.

[149] S.I. Rapoport, M.C.J. Chang, A.A. Spector, Delivery and turnover of plasma-derived
essential PUFAs in mammalian brain, 42 (2001) 678-685.

[150] P.E. Wainwright, H.-C. Xing, L. Mutsaers, D. McCutcheon, D. Kyle, Arachidonic Acid
Offsets the Effects on Mouse Brain and Behavior of a Diet with a Low (n-6):(n-3) Ratio
and Very High Levels of Docosahexaenoic Acid, J. Nutr. 127 (1997) 184-193.
d0i:10.1093/jn/127.1.184.

[151] T. Harayama, H. Riezman, Understanding the diversity of membrane lipid composition,
Nat. Rev. Mol. Cell Biol. 19 (2018) 281-296. doi:10.1038/nrm.2017.138.

[152] I. Nesic, F.X. Guix, K. Vennekens, V. Michaki, P.P. Van Veldhoven, F. Feiguin, B. De
Strooper, C.G. Dotti, T. Wahle, Alterations in phosphatidylethanolamine levels affect the
generation of AP: Role of phosphatidylethanolamine in the proteolytic processing of APP,
Aging Cell. 11 (2012) 63-72. d0i:10.1111/j.1474-9726.2011.00760.X.

[153] W.C. Tu, R.J. Cook-Johnson, M.J. James, B.S. Mihlh&usler, R.A. Gibson, Omega-3 long
chain fatty acid synthesis is regulated more by substrate levels than gene expression,
Prostaglandins Leukot. Essent. Fatty Acids. 83 (2010) 61-68.
doi:10.1016/j.plefa.2010.04.001.

[154] A.H. Metherel, R.J.S. Lacombe, J.J. Aristizabal Henao, D. Morin-Rivron, A.P. Kitson,
K.E. Hopperton, D. Chalil, M. Masoodi, K.D. Stark, R.P. Bazinet, Two weeks of
docosahexaenoic acid (DHA) supplementation increases synthesis-secretion kinetics of n-
3 polyunsaturated fatty acids compared to 8 weeks of DHA supplementation, J. Nutr.
Biochem. 60 (2018) 24-34. doi:10.1016/j.jnutbio.2018.07.002.

111



[155] M.S. da S. Oliveira, L. Silva-Amparo, Food-based dietary guidelines: a comparative
analysis between the Dietary Guidelines for the Brazilian Population 2006 and 2014,
Public Health Nutr. 21 (2018) 210-217. doi:10.1017/S1368980017000428.

[156] M. Fleith, M.T. Clandinin, Dietary PUFA for Preterm and Term Infants: Review of
Clinical Studies, Crit. Rev. Food Sci. Nutr. 45 (2005) 205-229.
doi:10.1080/10408690590956378.

[157] B.S. Rett, J. Whelan, Increasing dietary linoleic acid does not increase tissue arachidonic
acid content in adults consuming Western-type diets: a systematic review, Nutr. Metab. 8
(2011) 36. d0i:10.1186/1743-7075-8-36.

[158] L. Taber, C.-H. Chiu, J. Whelan, Assessment of the arachidonic acid content in foods
commonly consumed in the American diet, Lipids. 33 (1998) 1151-1157.
doi:10.1007/s11745-998-0317-4.

[159] P. Astorg, N. Arnault, S. Czernichow, N. Noisette, S. Hercberg, Dietary Intakes and Food
Sources of n-6 and n-3 PUFA in French Adult Men and Women, Lipids. 39 (2004) 527—
536.

[160] S. Beblo, K. Stark, M. Murthy, J. Janisse, H. Rockett, J. Whitty, M. Buda-Abela, S.
Martier, R. Sokol, J. Hannigan, N. Salem Jr, Effects of Alcohol Intake During Pregnancy
on Docosahexaenoic Acid and Arachidonic Acid in Umbilical Cord Vessels of Black
Women, Pediatrics. 115 (2005) e194-203. doi:10.1542/peds.2004-0202.

[161] S. Forsyth, S. Gautier, N. Salem Jr., Estimated Dietary Intakes of Arachidonic Acid and
Docosahexaenoic Acid in Infants and Young Children Living in Developing Countries,
Ann. Nutr. Metab. 69 (2016) 64—74. doi:10.1159/000448526.

[162] K.A. Marks, Characterization of the effect of the menstrual cycle, estradiol and Fads2
transcript variants on fatty acid composition and enzyme expression, University of
Waterloo, 2016.

[163] J. Willing, C.M. Drzewiecki, B.A. Cuenod, L.R. Cortes, J.M. Juraska, A role for puberty
in water maze performance in male and female rats., Behav. Neurosci. 130 (2016) 422—
427. doi:10.1037/bne0000145.

[164] W. Yin, E. Carballo-Jane, D.G. McLaren, V.H. Mendoza, K. Gagen, N.S. Geoghagen,
L.A. McNamara, J.N. Gorski, G.J. Eiermann, A. Petrov, M. Wolff, X. Tong, L.C. Wilsie,
T.E. Akiyama, J. Chen, A. Thankappan, J. Xue, X. Ping, G. Andrews, L.A. Wickham,
C.L. Gai, T. Trinh, A.A. Kulick, M.J. Donnelly, G.O. Voronin, R. Rosa, A.-M. Cumiskey,
K. Bekkari, L.J. Mitnaul, O. Puig, F. Chen, R. Raubertas, P.H. Wong, B.C. Hansen, K.S.
Koblan, T.P. Roddy, B.K. Hubbard, A.M. Strack, Plasma lipid profiling across species for
the identification of optimal animal models of human dyslipidemia, J. Lipid Res. 53
(2012) 51-65. doi:10.1194/jlr.M019927.

[165] A.E. Leonard, B. Kelder, E.G. Bobik, L.-T. Chuang, C.J. Lewis, J.J. Kopchick, P.
Mukerji, Y.-S. Huang, Identification and expression of mammalian long-chain PUFA
elongation enzymes, Lipids. 37 (2002) 733-740. doi:10.1007/s11745-002-0955-6.

112



