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THESIS ABSTRACT

Dietary ω-3 fatty acid deficiency has been demonstrated to induce
hypertension and cognitive impairment. However, the effects of multiple
generations of ω-3 fatty acid deficiency on hypertension and cognitive impairment
in animals remain inconclusive. In addition, oxidative stress may also play a role in
the development of hypertension. This thesis aims, through a number of studies, to
explore the effects of dietary ω-3 fatty acid deficiency on hypertension and cognitive
impairment in animals. The first and second experiments were concerned with the
effects of three generations of ω-3 fatty acid deficiency on blood pressure and
cognitive function in mice. In addition, these studies examined the hypothesis that
increased blood pressure and cognitive impairment in mice on ω-3 fatty acid
deficient diet is due to increased prostaglandin activity by eicosanoid production
from an arachidonic acid (AA)-cyclooxygenase (COX) pathway. Therefore,
naproxen, a COX inhibitor was used in these studies as a treatment to inhibit
prostaglandin activity. The third experiment examined whether elimination of the
antioxidant Se in the ω-3 fatty acid deficient diet would lead to development of
hypertension at an earlier age than when given only an ω-3 fatty acid deficient diet.

In experiment 1 and 2, male and female C57BL/6J mice were bred through
three generations on diets either deficient or sufficient in ω-3 fatty acids. At
postnatal day 21, the third generation mice were maintained on the dam‟s diet or
switched from the dam‟s diet to the opposite diet, creating four groups. In addition,
two groups that remained on the dam‟s diet were treated with naproxen, a COX
inhibitor. The systolic blood pressure of the third generation mice was assessed by
xii

CODA (Non-Invasive Blood Pressure Measurement) non-invasive blood pressure
measure at 25-weeks of age and the spatial recognition memory was tested using the
Y-maze task at 19-weeks of age. In experiment 3, rats were divided into four groups
and placed on diets either sufficient or deficient in ω-3 fatty acids and Se. After
maintaining them on these diets for 18-weeks, tail cuff blood pressure was assessed
using an IITC (IITC Life Science Instruments) blood pressure system.

Findings from the first study provides the first evidence that when mice were
placed on an ω-3 fatty acid deficient diet for three generations they showed an
increased systolic blood pressure compared to the mice that were maintained on an
ω-3 fatty acid sufficient diet for three generations. Furthermore, the systolic blood
pressure of the mice fed with an ω-3 fatty acid deficient diet over three generations
was higher compared to that of the mice maintained on an ω-3 fatty acid deficient
for one generation. Hypertension caused by ω-3 fatty acid deficiency over three
generations can be prevented by feeding the third generation mice an ω-3 fatty acid
sufficient diet for 22 weeks. Findings from the second study showed that mice
maintained on an ω-3 fatty acid deficient diet for three generations demonstrated
impaired spatial recognition memory compared to the mice that were maintained on
an ω-3 fatty acid sufficient diet for three generations. This spatial recognition
memory impairment can be prevented by feeding the third generation mice an ω-3
fatty acid sufficient diet for 16 weeks. However, spatial recognition memory of mice
maintained on an ω-3 fatty acid sufficient diet for three generations was impaired
when they were fed with an ω-3 fatty acid deficient diet for 16 weeks. In addition,
their cognitive performances were not different from the mice that were maintained
on an ω-3 fatty acid deficient diet for three generations. This suggests that the
xiii

increased deficit in ω-3 fatty acids resulting from multi-generational maintenance on
an ω-3 fatty acid deficient diet does not cause any greater cognitive deficit than that
observed within one generation. In addition, hypertension and cognitive impairment
of the mice maintained on an ω-3 fatty acid deficient diet for three generations can
be prevented by treatment with naproxen. These results suggest that hypertension
and cognitive impairment caused by ω-3 fatty acid deficiency over three generations
appears to be mediated by products of the AA-COX pathway. Finally, the third
study found that rats maintained on a diet deficient both in ω-3 fatty acids and Se
developed high blood pressure within 18 weeks. Se deficiency did not alter blood
pressure in animals maintained on the ω-3 fatty acid sufficient diet. Thus, it would
appear that Se, due to its antioxidant actions, can ameliorate the hypertensive effects
that may occur due to an ω-3 fatty acid deficiency.
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COX inhibitor during the last generation.
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thesis in light of previous literature. The methodological limitations of the studies
and directions for future research are explored.
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CHAPTER 1: LITERATURE REVIEW

1.1

Introduction

Dietary ω-3 fatty acid, especially docosahexaenoic acid (DHA) is important
during the period of rapid brain growth and development in the perinatal and early
postnatal period. Cell membranes within the brain contain the highest levels of the
pre-dominant metabolites of α-linolenic acid (ALA), particularly DHA. It has been
shown that dietary ω-3 fatty acid deficiency contributes to the development of
hypertension (Armitage et al., 2003; Begg et al., 2010) and cognitive impairment
(Moriguchi et al., 2000) in animals within one generation as a result of decreased
DHA levels present in the brains. Furthermore, depletion of brain DHA within one
generation has been shown to affect optimal functional development (Carrie et al.,
1999), however, we hypothesize that severe functional deficits by DHA depletion in
the brain could be achieved by feeding animals an ω-3 fatty acid deficient diet for
several generations. Therefore, the aim for my trans-generational studies was to
determine whether dietary ω-3 fatty acid deficiency in animals would contribute to a
higher degree of DHA depletion in the brain when the mice were fed with a diet
deficient of ω-3 fatty acids (these experiments are described in detail in Chapters 3
and 4) and as a result would cause severe hypertension and severe cognitive
impairment in the third generation. In addition, the long generation gaps in humans,
as well as the relative difficulty in quantifying cognitive development and
hypertension in human neonates, remain major obstacles to studying the effects of
ω-3 fatty acid enrichment in the brain and subsequent neural function improvement
in human subjects. Therefore, C57BL/6J breeder mice were used in Chapter 3 and 4
1

because they have a short life span and can reproduce quickly over several
generations.

Hypertension and cognitive impairment may have occurred as a result of
increased ω-6 fatty acid production due to the decreased levels of ω-3 fatty acids in
the diet. Linoleic acid (LA) is an ω-6 fatty acid which acts as a precursor for
arachidonic acid. By the action of cyclooxygenase (COX1 and COX2) pathway,
arachidonic acid produces prostaglandins. The increased prostaglandin levels may
contribute to hypertension and cognitive impairment observed in the ω-3 fatty acid
deficient mice. Therefore, we hypothesized that treatment with naproxen, a COX
inhibitor would reverse the hypertension and improve cognitive functions as a result
of inhibiting prostaglandin activity.

Previous studies have reported that an increased level of oxidative stress is a
feature of ω-3 fatty acid deficiency (Jenkinson et al., 1999). Oxidative stress is a
condition resulting from an imbalance in the reactive oxygen species (ROS) and
antioxidants. An increased oxidative stress has been suggested to contribute to
hypertension (Fortepiani and Reckelhoff, 2005). Antioxidants are capable of
inhibiting ROS production thereby reducing hypertension (Nishiyama et al., 2003).
Essential trace minerals such as Se have antioxidant properties, which are vitally
important in inhibiting ROS levels. Therefore, the aim of my final study was to
examine whether elimination of Se would lead to hypertension in animals
maintained on an ω-3 fatty acid deficient diet (Chapter 5).

2

This literature review includes a review of fatty acids and highlights the
concept of essential ω-3 and ω-6 fatty acid families. It also examines fatty acid
metabolism, particularly, eicosanoid synthesis from phospholipids through
prostaglandin and COX pathway. This includes a discussion about the anti
inflammatory action of COX inhibitors in the prevention of hypertension and
cognitive impairment. Additionally, this review addresses the impact of
hypertension on animals and the consequences of a dietary combination of ω-3 fatty
acid and antioxidant Se associated with hypertension. This review also examines the
current understanding of cognitive function, followed by the possible mechanism
such as long-term potentiation and neurotrophins. The final section of this review
examines the essentiality of ω-3 fatty acids for brain function particularly in animal
cognitive and behavioural functions as well as the potential genetic mechanism
underlying these processes.

1.2

Fatty acids

Fat is a substance containing one or more fatty acids bound to a glycerol
backbone (Rudin & Felix, 1996; for review, see Sprecher, 2000). Fats play major
roles in the metabolic, storage and protective functions of the mammalian body (Gur
& Harwood, 1991). Practically, fatty acids can be from four to twenty-eight carbons
in the chain, with can be classified as short-, medium-, or long-chained. Short-chain
fatty acids are fatty acids with aliphatic tails of fewer than six carbons (i.e butyric
acid). Medium-chain fatty acids are fatty acids with aliphatic tails of 6-12 carbons,
which can form medium-chain triglycerides. Long-chain fatty acids are fatty acids
with aliphatic tails longer than 12 carbons (i.e docosahexaenoic acid). In addition,
3

fatty acids can also be classified as saturated fatty acid (SFA) and unsaturated fatty
acid (UFA) (Rudin & Felix, 1996). In SFA, the carbons in the chain are completely
saturated with hydrogen atoms. The results are a dense and solid fat such as the
white fat in beef and lamb produced butter that does not melt at room temperature
(Rudin & Felix, 1996). However, with UFAs, especially polyunsaturated fatty acids,
the carbons carry less hydrogen. Trans fatty acid is the common name for UFA with
trans-isomer fatty acids. The consumption of trans fatty acids increases the risk of
coronary heart disease by raising levels of “bad” low-density lipoprotein (LDL)
cholesterol lowering levels of “good” high-density lipoprotein (HDL) cholesterol.
Trans fat from partially hydrogenated oils are more harmful than natural occurring
oils (Rudin & Felix, 1996).

1.2.1 Polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) are essential for normal growth and
development. The PUFAs are classified according to the position of the first double
bond from the methyl terminal end. The first double bond in ω-3, is found at the
third carbon atom from the methyl terminal, whereas in ω-6 the first double bond is
located after the sixth carbon atom from the methyl terminal. The precursors of two
families of PUFAs namely, linoleic acid (LA) and -linolenic acid (ALA) are
termed essential because they cannot be produced by the animal or human body and
must be supplied from the diet (Birberg-Thornberg et al., 2006). Sources of ω-6
PUFAs and LA are found mainly in vegetable products such as soybean, corn and
sunflower oils (Bouziane et al., 1992; Madani et al., 1998). However, sources of ω-3
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fatty acids are based on fish (menhaden, mackerel, herring, and salmon) and
vegetable (rapeseed, soybean, chia seed, and nut) oils (Aid et al., 2005). The ALA
is also found in the chloroplast of green leafy vegetables, such as spinach and seeds
of flax (Kitessa et al., 2003). However, non-conventional sources of ω-3 fatty acids
can be found in algal oils.

1.2.2 Fatty acid metabolism in mammals

In mammals, a significant proportion of the fatty acids are present as PUFA
derivatives of the two parent essential fatty acids, ALA and LA. The precursor
essential fatty acids ALA and LA are metabolized by a process of desaturation and
chain elongation, as illustrated in Figure 1.1. These precursors undergo sequential
desaturation through the addition of double bonds and elongation by addition of
carbon atoms. The docosahexaenoic acid (DHA) is synthesised from ALA by
addition of a double bond by a delta-6-desaturase enzyme to form stearidonic acid.
(SDA, C18:4n-3). The elongation of SDA forms eicosatetraenoic acid (ETA,
C20:4n-3) and the addition of another double bond by a delta-5-desaturase produces
eicosapentaenoic (EPA, C20:5n-3). The elongation of EPA forms docosapentaenoic

(DPA, C22:5n-3), and DPA with the final addition of a double bond produces DHA
(for review, see Sprecher et al., 1995). The long chain ω-6 fatty acid synthesis such
as the elongation of LA to DPA occurs via the same alternating desaturation and
elongation steps.
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Figure 1.1. Metabolic pathways of the ω-3 and ω-6 fatty acids.
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1.2.3 Fatty acid and foetus development

The supply and metabolism of ω-3 fatty acids during pregnancy is not only
of importance to the mother but also to the growth of tissue and nerve development
of their foetus (Dunston et al., 2004). The optimal development of the foetus is
dependent on LA and ALA or on exogenous AA and DHA, respectively (for review,
see Hornstra, 2000). In mammals, AA and DHA are preferentially transported across
the placenta into the foetal circulation during foetal development (Ozias et al.,
2007). The maternal supply of DHA, initially through the placenta and then through
maternal milk, is essential for the developing brain especially the development of
grey matter and the eyes (for review, see Koletzko et al., 2007). Previous studies
report that high concentrations of ω-3 fatty acid played an important role in
maintaining neurological and visual development (Innis et al., 2001). Thus, this
could indicate that ω-3 fatty acid especially DHA, delivered to the foetus is
primarily supplied by the mother, thereby emphasizing the importance of the
maternal diet.

DHA sufficiency during the prenatal period is essential for optimal brain
development and function (Moriguchi et al., 2000). In most of the brain, DHA
accumulates during late prenatal and early postnatal development. In humans, rapid
accretion of DHA occurs during the third trimester of pregnancy whereas in rats,
DHA accumulation by the developing rat brain occurs postnatally during the 3
weeks before weaning (Green et al., 1999). The total amount of DHA in the brain
increases dramatically during the brain growth spurt, because of the growth in brain
size and increase in the relative DHA content (for review, see Lauritzen et al., 2001).
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In humans, low DHA availability is associated with decreased visual acuity in
infants and suboptimal cognitive, attentional, and motor skills (Innis & Friesen,
2008; for review, see McCann & Ames, 2005). However, rats studies suggest that
the prenatal DHA can increase some brain processes such as synaptogenesis and
neurogenesis (Green et al., 1999). Overall, this could indicate that ω-3 fatty acid
especially DHA plays a major role during foetal brain development and could
consequently improve brain function in later life.

1.3

Eicosanoid synthesis from membrane phospholipids pool

ω-3 fatty acids especially EPA and DHA appears to be incorporated rapidly
into mammalian cell membrane phospholipids in comparison to ω-6 fatty acids (for
review, see Lauritzen et al., 2001). The results of fatty acid release by the enzyme
action for phospholipase A2 from the membrane phospholipids, mainly from
macrophage in the inflammatory responses, are converted to the various eicosanoid
classes by cyclooxygenases (COX) and lipoxygenases (Figure 1.2). Generally, the 2series prostaglandins such as prostaglandin E2 (PGE2) from ω-6 fatty acids are
considered pro-inflammatory, while the 3-series prostaglandins such as PGE3 and
from ω-3 fatty acids are regarded as less inflammatory (Schnebelen et al., 2009).
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Phospholipids
ω-6 fatty acid

ω-3 fatty acid
3-series prostaglandin

2-series prostaglandin
Pro-inflammatory
Arachidonic acid
AA 20:4n-6

Cyclooxygenase

NSAIDs

PGI2
PGE2

Anti-inflammatory
Eicosapentaenoic acid
EPA 20:5n-3

Lipoxygenase Thromboxane

LTA4
LTE4

TXA2

Cyclooxygenase

PGI3
PGE3

Lipoxygenase

LTA5
LTE5

Figure 1.2. Eicosanoid synthesis from membrane phospholipids.

1.3.1 Cyclooxygenases (COX)

COX is the rate-limiting enzyme that converts AA into prostaglandins and
has been related to various chronic diseases such as Alzheimer disease and
hypertension (Andreasson et al., 2001). Two COX isoforms have been described.
COX-1 is constitutively expressed in healthy cells, whereas COX-2 is associated
with inflammation via production of PGE2 (for review, see Marnett & Kalgutkar,
1999). COX-1 is associated with prostaglandin production and results in a variety of
physiological effects such as platelet aggregation (Borgdorff et al., 2006), vascular
homeostasis and maintenance of renal blood flow (Hong et al., 2008). In contrast,
COX-2 expression in brain has been associated with pro-inflammatory activities,
which are considered as principal contributors to peripheral inflammation via
production of PGE2 associated with neurodegenerative processes (Kotilinek et al.,
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2008; Teismann et al., 2003). In addition, COX-2 is the key element that controls the
generation of pro-inflammatory mediators involved in the progression of
neurodegenerative symptoms such as neuronal apoptosis and cognitive decline
(Andreasson et al., 2001). From this perspective, COX inhibitors are currently
believed to be protective in different settings of neurodegeneration and chronic
diseases. For example, COX inhibitors have been found to have neuro-protective
effects in several models of ischemia, as well as in in vitro and in vivo models of
sclerosis (Drachman et al., 2002), Parkinson‟s (Teismann et al., 2003) and
Alzheimer‟s diseases (Liang et al., 2005).

1.3.2 Non-steroidal anti-inflammatory drugs (NSAIDs)

Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly used for
their anti-inflammatory effects through inhibition of COX activity (Rao & Knaus,
2008). NSAIDs have also been widely used to reduce pain in inflammatory
conditions including traumatic brain injuries (Browne et al., 2006) and depression
(Mazario et al., 1999). It can be explained that NSAID anti-inflammatory properties
is mainly due to their ability to inhibit the activities of COX from production of
prostaglandins and AA. Despite some harmful side-effects with long-term use,
NSAID is associated with anti-inflammatory action which can help in prevention of
cardiovascular or neurological diseases. Depending on their chemical structures,
NSAIDs can classify into six major classes as shown in the following Table 1.1 (for
review, see Bauer & Rondini, 2009; McGeer & McGeer, 2007).
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Table 1.1
Classifications of NSAIDs
No
1.

Class

Example

Acetyl salicylic acid

Aspirin

Acetic acid

Diclofenac, Indomethacin
Ketorolac, Nabumetone,
Sulindac, Tolmetin

2.

Fenamates

Meclofenamate,
Mefenamic acid

3.

Oxicam

Piroxicam, Meloxicam
Tenoxicam, Lornoxicam

4.

Propionic acid

Ibuprofen, Ketoprofen,
Naproxane, Oxaprozin

5.

Coxib

Celecoxib, Rofecoxib
Valdecoxib

1.3.3 COX inhibitors and cognitive function

Several studies have investigated the effect of COX inhibition on
behavioural and cognitive functioning (Sharifzadeh et al., 2005; Sharifzadeh et al.,
2006; Yang et al., 2009). For example, administration of COX inhibitors shortly
after training in the Morris water maze (MWM) task have been shown to impair
spatial memory in rats (Teather et al., 2002). An interaction between COX inhibitors
and PGE2 production influenced long-term synaptic plasticity in mnemonic
processes of C57BL/6J mice (Guzman et al., 2009). In addition, intra-hippocampal
infusion of celecoxib significantly impaired spatial memory in the MWM task with
rats showing difficulty in finding a hidden platform tested 48h after training
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(Sharifzadeh et al., 2005). In a follow up study, the author showed that an
impairment in spatial memory retention was observed 72h after infusion of
celecoxib in the hippocampus (Sharifzadeh et al., 2006).

However, the use of COX inhibitors such as rofecoxib and naproxen could
be useful as a neuro-protective strategy in the treatment of chronic stress (Dhir et al.,
2006), traumatic brain injury (Browne et al., 2006) and Alzheimer disease (In T
Veld et al., 2001). Administration of the COX inhibitor aspirin showed improvement
in cognitive performance in Alzheimer disease patients (Shepherd et al., 2004). In
addition, COX inhibitor ibuprofen reduces amyloid pathology in some transgenic
models of Alzheimer disease (Morihara et al., 2005). Similarly, naproxen can reduce
amyloid plaque production in Alzheimer disease (Martin et al., 2002). Overall, this
could indicate that COX inhibitor as neuro-protective in the treatment of
neurodegenerative disorders.

Currently, there are limited studies examining the mechanism by which COX
inhibitors prevent cognitive problems, however, the number of studies examining
inflammatory processes are increasing (Das & Basu, 2008). For example, inhibition
of COX is expected to enhance insulin secretion by reducing PGE2 production
(Fujita et al., 2007). An in vitro study reported that treatment with a selective COX
inhibitor, celecoxib, increased glucose-stimulated insulin release in a pancreatic βcell line (Luo et al., 2002). Related studies suggested that COX activation in fat
inflammation is important in the development of insulin resistance and fatty liver in
high fat induced obese rats (Hsieh et al., 2009).
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1.4

Hypertension

Hypertension is defined as a condition in which individuals have a systolic
pressure equal to or greater than 140 mmHg and a diastolic pressure equal to or
greater than 90 mmHg (Konishi et al., 2001). Previous studies report that in normal
adult rats, the systolic blood pressure is about 120/80, which means a peak of 120
mmHg each time the heart beats and a minimum of 80 mmHg between heartbeats
(Konishi et al., 2001; Yamaguchi & Kopin, 1980).

1.4.1 Causes of hypertension

There are many factors related to the development of hypertension. These
include family genetic history and lifestyle factors such as stress events, obesity and
lack of exercise (Franciosa et al., 1981). Other factors include the consumption of
alcohol and nicotine (Husain et al., 2004), and some diseases such as renal diseases,
hyper or hypothyroidism and diabetes (Saad et al., 2004). Previous studies report
that hormones such as estrogens may also contribute to hypertension (Fang et al.,
2001). In addition, dietary deficiency including calcium and magnesium (Yang &
Chiu, 1999), ω-3 fatty acids (Armitage et al., 2003), protein content (Begg et al.,
2010) may also be associated with hypertension.

1.4.2 The impact of hypertension

Hypertension causes atherosclerosis. This kind of vascular damage will
advance more quickly if patients also have hyperlipidaemia and diabetes mellitus
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(Barenbrock et al., 1995). Raised blood pressure, especially systolic blood pressure,
is a major risk factor for kidney disease (Feld et al., 1990), heart failure and death
(Klotz et al., 2006). Previous studies demonstrated the relationship between diastolic
blood pressure and the incidence of stroke and coronary heart disease (MacMahon et
al., 1990). An increase of 5 mmHg of diastolic blood pressure contributed to at least
a 34% and 21% increase in stroke and coronary heart disease, respectively. The
most common causes of death in hypertensive patients with systolic blood pressure
between 130 and 150 mmHg are stroke, myocardial infarction, heart and renal
failure (Adler et al., 2000). In addition, hypertension contributes to brain function
impairment, particularly in the case of high diastolic blood pressure (Meneses &
Hong, 1998). Hypertension also reduces the quality of life as a result of
hypertension treatment and its complications. Some hypertensive drugs, such as
clonidine, depress patients‟ mood and cognition (Mann, 1996), and some diuretics,
such as chlorthalidone and the thiazides, increase the incidence of impotence
(Salvetti & Ghiadoni, 2006).

1.4.3 ω-3 fatty acids and hypertension

The beneficial effects of ω-3 fatty acids have been proposed as treatments for
numerous conditions including cardiovascular disease, rheumatoid arthritis and
hypertension (Tempel et al., 1990). Previous studies have reported that dietary ω-3
fatty acid during infancy significantly lowered mean blood pressure in later
childhood compared to ω-3 fatty acid deficient group (Forsyth et al., 2003). In
animal studies, rats fed with lard rich in SFA showed an increase in systolic blood
pressure compared with rats on a fish oil diet rich in ω-3 fatty acid (Ajiro et al.,
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2000). In various model of experimental hypertension, previous studies report that
systolic blood pressure was modestly reduced in ω-3 fatty acid treated rats compared
with dTGR rats (a model of angiotensinogen gene-induced hypertension) (Fischer et
al., 2008). Similarly, ω-3 fatty acid supplementation exacerbate hypertension in
Ren-2 rats (a model of ANG II-induced hypertension) (Jayasooriya et al., 2008).
These authors showed that male Ren-2 rats fed with an ω-3 fatty acid deficient diet
were significantly more hypertensive than those fed with an ω-3 fatty acid sufficient
diet.

Prenatal deficiency of dietary ω-3 fatty acids has been demonstrated to
induce hypertension in Sprague-Dawley rats (Armitage et al., 2003). The offspring
rat dams-maintained on an ω-3 fatty acid deficient diet during gestation had
significantly higher arterial blood pressure compared to the animals fed with an ω-3
fatty acid sufficient diet. However, those animals fed with an ω-3 fatty acid deficient
diet and then switched to the ω-3 fatty acid sufficient diet after weaning appeared to
be protected against the development of hypertension later in life. Similarly, an
adequate ω-3 fatty acid supply after weaning offered protection in the increase in
mean arterial blood pressure in Sprague-Dawley rats (Armitage et al., 2003;
Weisinger et al., 2001). It has been shown that dietary ω-3 fatty acid deficiency and
protein content (20% w/w) interaction during the prenatal period produced
hypertension in the offspring later in life (Begg et al., 2010). In a follow up study,
the authors suggested that hypertension in offspring rats caused by ω-3 fatty acid
deficiency during the prenatal period can be prevented by feeding them with
vegetable oil sources of ω-3 fatty acids such as canola or flaxseed oil (Begg et al.,

15

2010). Thus, this could indicate that supplementation of ω-3 fatty acids during the
prenatal period may reduce the risk of developing hypertension in later life.

It has been suggested that dietary supplementation of fish oil may reduce
blood pressure, as well as have other beneficial effects on heart rate in overweight
hypertensive patients (Bao et al., 1998). A number of mechanisms for the effects of
fish oil on blood pressure have been proposed; these mostly involve incorporation of
ω-3 fatty acids into membrane phospholipids. In such studies, the reduction in blood
pressure caused by fish oil supplementation increased the fatty acid composition of
liver phospholipids and liver microsomal total lipids (Ait-Yahia et al., 2003).
Previous studies suggest that ω-3 fatty acid incorporation may increase membrane
fluidity or elasticity, which may increase erythrocyte deformability and decrease
blood viscosity (Poschl et al., 1999) or affect membrane receptors involved in blood
pressure regulation (Armitage et al., 2003). In addition, fish oil supplementation also
improved vasodilation, which consequently promoted increased blood flow through
an altered balance between the eicosanoids derived from ω-3 and ω-6 fatty acids
(Malis et al., 1991).

1.4.4 COX inhibitor and blood pressure

COX inhibitors are widely used drugs with the potential action of reducing
the development of hypertension by inhibiting prostaglandin synthesis (Mukherjee
et al., 2001). Previous studies report that celecoxib, a COX-inhibitor, can reduce
oxidative stress and the production of vasoconstrictor and proinflammatory
prostonoids that contribute to impaired vasodilator function in hypertension
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(Widlansky et al., 2003). An administration of another COX inhibitor, lumiracoxib,
resulted in less destabilization of blood pressure by blocking the prostaglandin
activity compared with ibuprofen (MacDonald et al., 2010). Similarly, treatment
with celecoxib reduced renal injury and endothelial dysfunction in hypertensive rats
(Hermann et al., 2005). However, endothelial dysfunction of patients with
atherosclerosis can be improved by intravenous aspirin treatment (Campia et al.,
2002; Husain et al., 1998) and this response likely reflected reversal of endothelial
dysfunction in hypertension (Duffy & Meredith, 2002).

Prostaglandins have also been implicated in the regulation of the increase in
renin-angiotensin production that contributes to development of hypertension (Wang
et al., 1999). This study suggested that administration of SC58236, a selective
inhibitor of COX-2, significantly decreased renin production and suggested an
important function for COX regulation of the renin-angiotensin system. Previous
studies have indicated that the selective COX inhibitors refecoxib and nimesulide
reduce superoxide production and prevented or attenuated ANG-II-induced
oxidative stress and hypertension (White et al., 2002; Wu et al., 2005). In addition,
COX inhibitors reduce the ANG-II levels and platelet-dependent thrombotic events
during vasoconstriction and vasodilation process (Hong et al., 2008; Qi et al., 2002).
Based on these findings, COX inhibitors may reduce the development of
hypertension especially those drugs that block the renin-angiotensin system.
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1.5

Selenium and selenoprotein

Selenium (Se) is an essential trace element for the normal growth and
development of organisms (Burk et al., 1991). In biochemistry, Se is incorporated
into an interesting class of molecules known as selenoproteins (SelP) that contain
the 21st amino acid. Previous studies report that SelP mRNA expression is abundant
and especially high expression in the cerebellum (Nakayama et al., 2007),
hippocampus and frontal cortex (Bou-Resli et al., 2002). It is proposed that reduced
dietary Se can have significant effects on levels of SelP involved in oxidative stress
and the action of enzymes such as glutathione peroxidases (GPxs) and thioredoxin
reductases (TRxs) (for review, see Chen & Berry, 2003).

TRx is necessary for embryonic development and is found at high levels in
normal dividing cells (Berggren et al., 1999). Experimental studies have shown that
TRx offers a growth advantage to tumours by suppressing apoptosis (Kayanoki et
al., 1996). GPxs are an important antioxidant and helps to protect biomolecules such
as lipids, lipoproteins and DNA from oxidative damage (Bou-Resli et al., 2002).
Previous studies have demonstrated that mice deficient in GPx showed high
sensitivity to the oxidant, which can make its way to nerve terminals, causing death
of dopamine neurons by oxidative injury (de Haan et al., 1998). Thus, this could
indicate that SelPs such as GPxs and TRxs have important roles in the antioxidant
system by regulating cell development and function.

Selenoenzymes are part of the body‟s antioxidant defense system and are
involved in thyroid hormone metabolism and spermatogenesis (Zuberbuehler et al.,
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2006). The activity of these selenoenzymes depends on adequate Se intake, defining
this trace element as an essential nutrient. It has been shown that low Se status in
human nutrition has indeed been associated with a number of pathological
conditions such as Keshan disease, which reduces immune function and male
fertility (Chen et al., 1980). In addition, Se deficiency may produce adverse effects
in many animal species. For example, a previous research report demonstrated that
12 weeks of Se deficiency in rats resulted to apoptosis of hepatocytes and oxidative
damage in mitochondria (Lu et al., 2008). In mice a Se deficient diet contributes to
the development of neurological dysfunction such as cognitive impairment (Burk et
al., 2007). Conversely, Se supplementation in broiler‟s has been demonstrated to
increase the overall health of the animal and improve product quality for human
consumption (Haug et al., 2007). These findings all indicate that human and animal
health may be improved if dietary intake of Se is increased.

1.5.1 Influence of selenium on fatty acid profile

The relationship between the efficiency of selenoenzyme biosynthesis and ω3 fatty acids is usually considered to be associated with the role of this element in
the system of antioxidant defense (Erbayraktar et al., 2007). Selenium is involved in
fatty acid metabolism. For instance, rats with dietary Se deficiency have
significantly reduced levels of palmitic acid and DHA in liver phospholipids
(Schafer et al., 2004). This finding is in agreement with a previous study that
demonstrated high Se intake increased the concentration of ω-3 fatty acids in broiler
muscle composition (Haug et al., 2007) and supplementation of the maternal diet of
chicks with organo-Se enhances DHA concentration of the chick‟s brain, thereby
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improving brain function (Pappas et al., 2006). Furthermore, dietary Se improved
antioxidant status by increasing concentrations of GPx and increased plasma and
liver concentrations of conjugated linoleic acid (Yu et al., 2008). The changes in
fatty acid composition influenced the levels of selenoenzymes especially SelP, SelW
and GPxs, which are vitally important for neuronal survival and brain function
(Pappas et al., 2006; Schafer et al., 2004). Therefore, Se is involved in the
modulation of fatty acid metabolism.

1.5.2 Selenium and hypertension

Low Se concentrations are associated with an increased risk of
cardiovascular diseases, such as hypertension (Flores-Mateo et al., 2006). This
indicates that Se is an essential trace mineral involved in the protection against
hypertension by reducing oxidative stress via Se-dependent GPx. In addition, the
observed relationship between Se content and severity of oxidative stress suggests
that disturbances in the metabolism of Se plays an important role in the pathogenesis
of myocardial damages (Yakobson et al., 2001). Similarly, it has been shown that
deficiency of the antioxidant Se has been linked to increase incidence of oxidative
stress, consequently contributing to the development of hypertension (Nawrot et al.,
2006).

Deficiency of Se causes a profound reduction in GPx activity and
consequently results in the accumulation of lipid hydroperoxides during oxidative
stress (Satyanarayana et al., 2006). An accumulation of lipid hydroperoxides by Se
deficient diets also increase the production of eicosanoids and contributes to
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endothelial dysfunction (Weaver et al., 2001). Similarly, reduced GPx activity has
been associated with the increased generation of toxic lipid peroxides contributing to
endothelial dysfunction and hypertension of preeclampsia-perinatal mortality
(Mistry et al., 2008). This study suggests that Se deficiency in the mother may
increase oxidative stress in foetal circulation and be a contributing factor to the
pathophysiological mechanisms associated with hypertension. Thus, this suggests
that prenatal Se availability performs an important role in the antioxidant defense of
the development of the functional cardiovascular system particularly in hypertension
of offspring later in life.

1.6

Animal cognitive function

1.6.1 Learning and memory

Generally, learning is the process by which new information about the
environment is acquired, whilst memory can be considered the process by which
that knowledge is retained (Whishaw & Kolb, 2005). It has been reported that
learning or cognitive function is the process by which behaviour is adapted when
conditions such as nutrition in the environment changes (for review, see Lynch,
1998; Lynch, 2004). When applied in the context of animal behaviour, learning and
memory refers to the ability for an animal to be aware of and make judgments about
its environment (Whishaw & Kolb, 2005). In most animal studies, learning and
memory can be monitored through changes in behaviour that occur while an animal
is being trained.
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1.6.2 Long-term potentiation

Long-term potentiation (LTP) is the long-lasting enhancement in
communication between active neurons and is associated with synaptic efficiency
and strength. It was reported that LTP has been found to occur in all excitatory
pathways in the hippocampus and is also important in memory processes (Meiri et
al., 1998). It is well known that the induction of LTP requires activation of
postsynaptic N-methyl-D-aspartate (NMDA) receptors during depolarization (for
review, see Lynch et al., 2004).

There are two events for the NMDA receptor-coupled ion channel to open
and admit Ca2+ and Na+ into the postsynaptic cell (for review, see Fagnou & Tuchek,
1995). Firstly, the α-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA)
receptors are activated by glutamates Na+ and Ca2+ in dendritic spines. This could
indicate that during normal synaptic transmission (resting membrane potential)
glutamate is released from the postsynaptic area and acts on both AMPA and
NMDA receptors (for review, see Lynch, 1998). Interestingly, Na+ and Ca2+ will
move through the AMPA, but not the NMDA receptor, because Mg 2+ blockade the
channel of the NMDA receptor (Kato & Yoshimura, 1993; Qian & Johnson, 2006).

Secondly, the postsynaptic membrane must be sufficiently depolarized to
reduce the Mg2+ blockade of NMDA receptor-coupled ion channels (for review, see
Fagnou & Tuchek, 1995). This could indicate that the AMPA receptor is primarily
coupled to Na+ channels and the influx of Na+ produces the depolarizing current
(Moncada & Viola, 2007). Consequently, when the postsynaptic cell is depolarized
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during the induction of LTP, Mg2+ dissociates from its binding site within the
NMDA receptor channel, allowing Ca2+ as well as Na+ to enter the dendritic spine
(for review, see Lynch, 1998, 2004). The increased intracellular Ca2+ in dendritic
spines can act as a critical trigger for LTP. This was in line with a report that
demonstrated an increase in Ca2+ within the dendritic spine accounts for the inputspecificity of LTP (Kumar & Foster, 2004). These findings showed that the increase
in Ca2+ within dendritic spines due to NMDA receptor activation triggered the LTP.
Thus, Ca2+ increases within dendritic spines may influence the resulting synaptic
plasticity and strength, consequently generating the LTP.

1.6.3 Neurotrophins and memory

It is known that neurotrophins are a family of proteins, which support the
survival and function of neuronal populations (Auld et al., 2001). It is generally
accepted that most of the biological activities of the neurotrophins such as nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF) and neurotrophins3 (NT-3) bind to the primary receptors TrkA, TrkB and TrkC, respectively
(Klintsova et al., 2004). BDNF is the most abundant neurotrophic factor in the brain
with the highest levels of mRNA and protein expression occurring in the
hippocampus and frontal cortex (Schaaf et al., 2001). Neuronal activity, such as
encoding of information, stimulates BDNF gene transcription, transport of BDNF
mRNA into dendritic spines, and BDNF protein release into the synaptic cleft
(Kanoski et al., 2007).
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Also, BDNF acts on neurons at both presynaptic and postsynaptic sites by
binding to TrkB, and internalizing the BDNF-TrkB complex (Gooney et al., 2002).
For example, mice deficient in BDNF/TrkB signaling have impaired learning and
the neural mechanism of LTP (Croll et al., 1998). Functionally, BDNF increases
after induction of LTP in the hippocampus and increases hippocampal excitability
(Jacobsen & Mork, 2006). Increased levels of BDNF in rats have been associated
with improved learning ability in the MWM task (Sun et al., 2005). Thus, that
BDNF is found in high levels in the adult hippocampus, levels are reduced during
Alzheimer‟s disease, and increased during learning-associated processes suggests
that BDNF may play a role in learning and memory functions.

1.7

Role of ω-3 fatty acids on spatial recognition memory

1.7.1 ω-3 fatty acids and neural membrane function

ω-3 fatty acids are the major structural components of membrane
phospholipids (Bertrand et al., 2006). They influence membrane fluidity and ion
transport across cell membranes (Ehringer et al., 1990). Among the long chain fatty
acids, DHA and AA are important structural components of the highly lipid
biomembrane of the neuron (for review, see Lauritzen et al., 2001). It has been
reported that DHA deficiency caused a reduction in the size of neurons of the brain
region in the hippocampus (Ahmad et al., 2002). These authors showed that neuron
size in the hippocampus, hypothalamus and parietal cortex are decreased in rats,
which are fed a DHA deficient diet containing 1.9gm/100gm safflower oil compared
to those fed a DHA adequate diet (Flaxseed oil, 0.48gm/100gm). The authors also
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reported that the brains of these rats exhibited nearly 90% decrease of DHA. Thus,
these results indicate that membrane neuron cell depends on DHA content for giving
an optimal function in neurons such as signal transduction and synaptic activity.

Further evidence suggests that ω-3 fatty acids promote neurite growth in
hippocampal neurons. It has been demonstrated that DHA supplementation of about
2.6% in culture increased the population of neurons with longer neurite length per
neuron and with a higher number of branches (Calderon & Kim, 2004). The author
suggested that animals containing a lower level of DHA (about 0.1%) showed
decreased neurite length, branches and neuron population, and consequently
impaired cognitive performances. This was supported by previous studies reporting
that the DHA promoted neurite growth and survival in hippocampal neurons (Cao et
al., 2005). These findings suggested that an ω-3 fatty acid family, especially DHA,
selectively promoted the development of hippocampal neurons in vivo, which in
turn, affected the number and quality of synaptic connections.

Another approach valuable for the evaluation of the role of ω-3 fatty acids
comes from a previous study reporting that an ω-3 fatty acid sufficient diet can
promote structural changes in hippocampal neurons (Yoshida et al., 1997). This
study explained that rats with an ω-3 fatty acid deficient diet containing safflower
oil showed a 30% decrease in the density of synaptic vesicles in the terminal of the
brain region compared with those in the DHA group (perilla oil). These results
suggest that an ω-3 fatty acid deficient diet may lead to defects in synaptic vesicle
functions such as synthesis movement to releasable sites and fusion with synaptic
membrane in the hippocampal region. Additionally, ω-3 fatty acid supplementation
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increased the number of synaptic vesicles (Weisinger et al., 1995) and improved
fluidity of the synaptic membrane, which improved interneuron communication and
signal transduction (Ahmad et al., 2002; Calderon & Kim, 2004; Yoshida et al.,
1997). Functionally, the fluidity of neuronal membranes affects the signal
processing properties of neurons and can improve neural performance (Ehringer et
al., 1990). Overall, it can be suggested that ω-3 fatty acids are essential in normal
neurogenesis and synaptogenesis, and are also linked to improvement in learning
and memory function.

1.7.2 ω-3 fatty acids and cholinergic neurotransmitters

Acetylcholine (ACh) is a neurotransmitter which is found in both the
peripheral nervous system and central nervous system (CNS) in many organisms
(Mathew et al., 2007). This neurotransmitter is released from the brain neurons to
extracellular fluids and plays important roles in various biological processes such as
cognitive functioning, memory and emotion (Zhang et al., 2002). In addition, central
cholinergic activity facilitates human and animal cognitive function (Harmon and
Wellman, 2003). A disturbance in the central cholinergic systems, such as decreased
ACh levels is partly responsible for the decline in cognitive functions in Alzheimer‟s
patients (Bennett et al., 2007) and normally aging humans (Leung et al., 2003).
Cholinergic activity facilitates LTP in various areas of the brain such as cerebral
regions and cerebrospinal fluid levels of choline and acetylcholine (Dash et al.,
2007). Thus, this could indicate that high levels of cholinergic neurotransmitters
such as ACh are important for the improvement cognitive and memory functions.
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It is known that dietary supplementation of ω-3 fatty acids can modulate the
ACh in the brain in rats (for review, see Young & Conquer, 2005). Increased ACh
cerebral levels following administration of dietary 5% DHA are correlated with an
improvement in performance of passive avoidance tasks in rats (Minami et al.,
1997). This theory is supported by the finding that ω-3 fatty acid supplementation
through tuna oil acts to enhance the stimulated synaptic release process of ACh in
the hippocampus, which consequently contributes to the improvement of learning
and memory performance in rats (Aid et al., 2005; Aid et al., 2003). This could
indicate that ω-3 fatty acids play a key role in ACh function via changes in the brain
phospholipid composition and may consequently improve learning and memory
functions.

A previous study reported that the behavioural and cognitive changes in rats
induced by ω-3 fatty acid deficiency could be due to changes in cholinergic
neurotransmitters (Delion et al., 1994). Similarly, cholinergic neurotransmission in
the hippocampus is specifically affected by a diet-induced lack of neuronal ω-3 fatty
acids (Aid et al., 2003). Furthermore, there are functional interactions between
cholinergic and monoaminergic systems that are altered by an ω-3 fatty acid
deficient diet (Delion et al., 1994). Both systems contribute to the impairment of
hippocampal function and induce behaviour performance disturbances in rats. Thus,
the hippocampal cholinergic system plays a major role in the regulation of cognitive
functions and its modification might contribute to the cognitive and behavioural
disturbances that occur due to ω-3 fatty acid deficiency.
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1.7.3 Role of ω-3 fatty acids and cognitive functions

A diet rich in ω-3 fatty acids especially DHA helps to maintain a fluid
synaptic membrane and consequently improves learning and memory functions in
mammals (Suzuki et al., 1998). It has been shown that ω-3 fatty acid deficient mice
demonstrated impaired learning in the memory version of the Barnes circular maze
as they spent more time and made more errors in search of an escape tunnel
(Fedorova et al., 2007). This study found a 51% loss of total brain DHA in mice
with an ω-3 fatty acid deficient diet compared to that of the mice fed with a ω-3 fatty
acid sufficient diet. Similarly, it has been reported that the level of brain DHA
decreased about 50% in mice on an ω-3 fatty acid deficient diet compared to control
group on an ω-3 fatty acid sufficient diet (Carrie et al., 1999). These studies suggest
that the ω-3 fatty acid deficient diet significantly decreased learning performances
and retinal DHA level in adult mice. In a follow-up study, the authors confirmed that
an ω-3 fatty acid deficient diet altered the fatty acid composition in certain regions
of the brain and significantly reduced spatial learning in mice (Carrie et al., 2000).

Further evidence that ω-3 fatty acid is required for cognitive function comes
from previous work reporting that dietary ω-3 fatty acid deficiency significantly
decreased learning performance in adult mice (Umezawa et al., 1999). It was
observed that mice fed an ω-3 fatty acid deficient diet consisting of 250.3g/100g
safflower oil had significantly reduced learning performance compared with mice
fed with an ω-3 fatty acid sufficient diet (Perilla oil; 0.24g/100g). Deficiency of ω-3
fatty acid in the diet also leads to reduced brain DHA levels in rats (Moriguchi &
Salem, 2003). The reduced levels of DHA lead to a loss in brain function as
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reflected in poorer spatial task performance. However, the spatial task performance
of DHA deficient rats can be normalized after dietary ω-3 fatty acid supplementation
for 13 weeks to restore brain DHA. Thus, this could indicate that learning and
memory performance are correlated with the brain level of ω-3 fatty acid especially
DHA.

Many studies have shown that ω-3 fatty acids from fish oil enhances
performance in normal neurological development associated with learning and
memory functions (Carrie et al., 2000; Chung et al., 2008; Joshi et al., 2004). One
example of such evidence comes from previous work reporting that a fish oil diet
from sardine oil (100g/kg) induced a significant increase in exploratory activity and
learning ability in young mice (Carrie et al., 2000). A similar effect suggested that
adults mice fed on the sardine oil diet for a long period maintain higher levels of
DHA brain phospholipids and show improved learning ability (Suzuki et al., 1998).
This was in line with the reports that fish oil (70g/kg; cod liver oil) supplementation
during pregnancy improved cognitive performance in dams and their offspring
(Chung et al., 2008; Joshi et al., 2004). In addition, fish oil supplementation might
reduce the risk of memory loss or Alzheimer‟s disease in human populations (Cole
et al., 2005). Overall, it is clear that dietary fish oil is important in neurological
development and is associated with improvement of brain function.
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1.7.4 ω-3 fatty acids and animal behaviour tasks

Previous studies have shown that there are several maze tasks that assess
cognitive function including the MWM, Y-maze and elevated plus maze (Abumrad
et al., 2005; Astur et al., 2004). Dietary ω-3 fatty acid deficiency over three
generations disrupted learning and memory performance in the MWM task in adult
rats (Moriguchi & Salem, 2003). In the case of the MWM task, the ω-3 fatty acid
deficient group showed longer escape latency and delayed acquisition of this task
compared with the ω-3 fatty acid sufficient group. Previous studies have reported
that rats with DHA (1%) and LNA (3.1%) dietary supplementation have a shorter
escape latency in the MWM task compared to the rats with DPA (1%) and LA (1%)
dietary supplementation (Lim et al., 2005; Lim et al., 2005). However, dietary fish
oil induced a significant increase in exploratory and locomotor activity in the MWM
test in young mice (Carrie et al., 2000).

Another approach valuable for evaluation of the role of ω-3 fatty acids in
neuronal and cognitive functions comes from a previous study (Bluthe, 2005). In
this study mice were fed an ω-3 fatty acid deficient diet containing peanut oil and a
control-lipid diet containing a mixture of peanut and rapeseed oil (1200 mg LA and
300 mg ALA per 100 g diet). The spatial task performances of these animals were
then compared using a two-trial recognition task in the Y-maze. The outcome of the
study indicated that during the acquisition phase, the activity (number of visits/2open arms) was the same whatever the dietary treatment administered. However,
during the restitution phase, 45 min after the end of the acquisition phase or when
the three arms were all open for exploration, the ability to recognize the new arm
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was less in the animals in the ω-3 fatty acid deficient group compared to that of the
mice fed with the control-lipid diet. Based on these findings, it is quite evident that
ω-3 fatty acid family (especially ALA) provided in the diet plays a key role in
cognitive functions and is required for optimal brain function.

In the elevated plus maze, a test of anxiety, the time spent on open arms of
the maze was significantly lower in ω-3 fatty acid deficient mice compared to the
sufficient mice that received rapeseed oil 30g/kg and peanut oil 30g/kg (Carrie et al.,
2000). Similarly, the time spent in open arms as well as the frequency of entry into
the open arms tended to be higher in the ω-3 fatty acid sufficient mice compared to
deficient mice in the elevated plus maze of anxiety protocol (Nakashima et al.,
1993). The findings of increased anxiety in ω-3 fatty acid deficient animals are
supported by previous studies which also showed that ω-3 fatty acid deficient rats
spent less time in the open arms compared to the sufficient group, signaling an
anxiogenic response. However, after one week of supplementation with ω-3 fatty
acids, the rats demonstrated a significant improvement in terms of the number of
entries into the open arms.

1.7.5 ω-3 fatty acids and motor function

There is limited understanding of the effects of ω-3 fatty acid sufficiency or
deficiency on motor function, coordination and balance in animals (Coluccia et al.,
2009). Dietary ω-3 fatty acid sufficiency exerts a beneficial effect on the rotarod
performance of rats, indicating a strong and persistent improvement in balance and
motor coordination (Coluccia et al., 2009). This study shows that the latency to fall
31

at the first speed was significantly increased in the supplemented rats as compared to
the deficient rats. In addition, dietary ethyl-EPA to YAC128 mice model for
Huntington‟s disease resulted in significant increased time running in rotarod test
(Raamsdonk et al., 2005). A similar effect was reported previously, treatment diets
with ω-3 fatty acids are able to protect against motor deficits in R6/1 transgenic
mice model of Huntington‟s disease (Clifford et al., 2002). Thus, this evidence could
indicate that ω-3 fatty acid sufficient diets have an important role in the prevention
of motor and coordination dysfunctions. Clearly, further studies are required to
determine the role of ω-3 fatty acids in motor function and coordination.

1.7.6 Effect of ω-3 fatty acids on brain gene expression

Fatty acid regulation of gene expression occurs in unicellular and complex
organisms. Fatty acids also plays a role in controlling gene expression in a variety of
tissues such as nerves and brain tissues (Barcelo-Coblijn et al., 2003). It has become
evident that ω-3 fatty acids can also act as signaling molecules involved in
regulating gene expression, eicosanoid synthesis and membrane structure (Duplus et
al., 2000). Previous studies have reported that several genes are activated by dietary
ω-3 fatty acids and some gene products have beneficial effects on brain functions
such as learning and memory (Kitajka et al., 2002; Kitajka et al., 2004; Puskas et al.,
2003). Further to this, DNA microarray technology is a good approach for
identifying changes in transcription of multiple genes in certain brain regions, such
as hippocampus (Puskas et al., 2003) and dentate gyrus (Burger et al., 2007).
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As has been reported previously, 55 genes were detected as overexpressed
and 47 were suppressed in rats fed ω-3 fatty acid supplementation (Kitajka et al.,
2004). These findings show that the expression of genes can be altered by DHA
supplementation, using cDNA microarray analysis. Several genes such as
transthyretin participating in signal transduction processes were overexpressed in rat
brains receiving a DHA-enriched diet for one month (Barcelo-Coblijn et al., 2003).
Similarly, transthyretin gene expression was increased in the hippocampus of rats
when they were given fish oil for one month (Puskas et al., 2003). This gene binds
thyroid hormones and plays an important role in cognitive function. In such studies,
thyroid hormone deficiency during brain development impaired cognitive function
(Wilcoxon et al., 2007). This finding was similar to a previous study that reported a
low level of calmodulin-dependent protein kinase-II activation in a transgenic mouse
model, resulted in enhanced performance in cognitive function which was associated
with an increased transthyretin transcription (Butler et al., 1995). Thus, these could
indicate that transthyretin gene has a marked influence in synaptic plasticity, and
improves learning and memory.

Further evidence that ω-3 fatty acids can modulate the suppression and
enhancement of expression of genes come from a previous study that reported that
ω-3 fatty acids induced various genes involved in diverse functions in different brain
regions (Kitajka et al., 2004). These findings proposed an experimental feeding
protocol containing perilla oil, which is rich in ALA (39% ALA/29% LA) and fish
oil rich in DHA (27% DHA/23% LA/3% ALA/12% EPA). This resulted in gene
encoding synuclein α and γ over expression. These genes participated in signal
transduction processes, synaptosomes and ion channel formation. In addition,
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synuclein possibly related to cognitive functions in young rats receiving ω-3 fatty
acids from conception until adulthood (Barcelo-Coblijn et al., 2003). The synuclein
is shown to accumulate in the brain of song birds during the period of song learning
(Recchia et al., 2004). In has been shown that over-expression of synucleins appear
to be associated with the development and maturation of neurons and
neurotransmission (Eslamboli et al., 2007). Furthermore, genes participating in
signal transduction processes such as calmodulins also were up-regulated by a diet
high in LNA (perilla oil; 8%) or high in EPA + DHA (fish oil; 8%) (Kitajka et al.,
2002). Interestingly, calmodulins may enhance communication between neurons
during signal transduction processes and have a special role in the stimulant-induced
plasticity of the CNS (Jordan et al., 2007). Overall, dietary ω-3 fatty acids influence
the transcription of key genes involved in cognitive function as well as being
important for normal brain function and exerting protection against the incidence of
neurodegenerative diseases such as Alzheimer‟s disease.

1.8

Conclusion

Dietary ω-3 fatty acid deficiency has been demonstrated to induce
hypertension and cognitive impairment in animals within one generation as a result
of decreased DHA levels present in the brains. The depletion of brain DHA within
one generation has been shown to affect optimal functional development and we
hypothesize that severe functional deficit by DHA depletion in the brain could be
achieved by feeding animals an ω-3 fatty acid deficient diet for several generations.
However, the effects of multiple generations of ω-3 fatty acid deficiency on
hypertension and cognitive impairment in animals remain inconclusive. Therefore,
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the overall aims of this study, to explore the effects of dietary ω-3 fatty acid
deficiency on hypertension and cognitive impairment in animals. The first and
second experiments were concerned with the effects of three generations of ω-3 fatty
acid deficiency on hypertension and cognitive function in mice. In addition,
oxidative stress may also play a role in the development of in hypertension. The
third experiment examined whether elimination of the antioxidant Se in the ω-3 fatty
acid deficient diet would lead to development of hypertension at an earlier age than
when given only an ω-3 fatty acid deficient diet.
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CHAPTER 2: GENERAL MATERIALS AND METHODS

2.1

Introduction

This chapter details the general materials and methods utilized in
experiments in this thesis. The different techniques and experimental procedures for
the specific experiments are outlined in the experimental sections of the relevant
chapters. However, animal preparation, analytical methods and most experimental
procedures are outlined in this chapter.

2.2

Experimental location and animal housing

All animals were maintained in the La Trobe University Central Animal
house. All animals were housed in plastic cages, with stainless steel mesh cover and
sawdust as the bedding material. Cages were generally cleaned when bedding
appeared soiled or at least once a week. Animals also were provided with an
environmental enrichment such as tissue paper as material for chewing, which is
important as mouse teeth overgrow if not ground down in the normal process of
eating. The animal room was air-conditioned and regulated at an ambient
temperature of 232oC with a relative humidity of 5010%. Room lighting consisted
of 12 h of light and dark. All animals were tested during their inactive phase (light).
Under normal conditions, animals were allowed ad libitum access to water and food.
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2.3

Nutrient composition of experimental diets

Different dietary protocols were used in the studies described in this thesis,
in order to probe the effect of ω-3 fatty acid deficiency at different periods of life.
The composition of the diets used in Experiment 1 and 2 are shown in Table 2.1 and
the composition of the diets used in Experiment 3 is shown in Table 2.2. Diets were
manufactured by Glenforrest Stockfeeders (Speciality Feeds, WA, Australia)
according to the American Institute of Nutrition (AIN-93) guidelines. Diets in
Experiment 1 and 2 were ordered from the manufacturer by a diet number (e.g. LIP
16 and LIP 20). The diets were prepared three times a week and stored at -20oC
before use. Clean drinking water was provided ad libitum throughout the entire
experiment.

In Experiment 1 and 2, two types of diets were provided to the animals; ω-3
fatty acid sufficient and ω-3 fatty acid deficient (termed “SUF” and “DEF” diets,
respectively throughout the thesis). There are four types of diets in Experiment 3.
These are: 1) ω-3 and Se sufficient (termed ω-3+/Se+ diet throughout the thesis), 2)
ω-3+/Se- 3) ω-3-/Se+ and 4) ω-3-/Se-.
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Table 2.1
Composition of treatment diets (Experiment 1 and 2)

Sufficient ω-3 fatty acid

Deficient ω-3 fatty acid

(SUF)

(DEF)

(g/100g)

(g/100g)

Sucrose

10.692

10.692

Casein (acid)

20.000

20.000

Cellulose

5.000

5.000

Starch

39.750

39.750

Dextrinised starch

13.200

13.200

dl methionine

0.300

0.300

Lime (Fine calcium carbonate)

1.312

1.312

Salt (Fine sodium chloride)

0.259

0.259

Potassium dihydrogen phosphate

0.686

0.686

Potassium sulphate

0.163

0.163

Potassium citrate

0.248

0.248

Choline chloride 50% w/w

0.250

0.250

AIN93G Vitamins

1.000

1.000

AIN93G Trace minerals

0.140

0.140

Safflower oil (High linoleic)

5.500

7.000

Flax oil

1.000

-

Tuna oil

0.500

-

Total

100

100

Group/
Ingredients
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Table 2.2
Composition of treatment diets (Experiment 3)

Group diets

ω-3+/Se+

ω-3+/Se-

ω-3-/Se+

ω-3-/Se-

Sucrose

10%

10%

10%

10%

Wheat starch

30.2%

30.2%

30.2%

30.2%

Dextrinised Starch

13.2%

13.2%

13.2%

13.2%

Cellulose

5%

5%

5%

5%

Protein (Torula yeast, 30%w/w)

15%

15%

15%

15%

Mathionine

0.3%

0.3%

0.3%

0.3%

Choline Choride

0.25%

0.25%

0.25%

0.25%

AIN93M Vitamins

1%

1%

1%

1%

AIN93M Minerals

3.5%

3.5%

3.5%

3.5%

ω-3 sufficient (ω-3+; Canola oil)

7%

7%

-

-

ω-3 deficient (ω-3-; Safflower oil) -

-

7%

7%

Se sufficient (Se+)

4.2mg/kg

-

4.2mg/kg

-

Se deficient (Se-)

-

<0.05mg/kg

-
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<0.05mg/kg

2.4

Experimental design

This study comprised of three experiments. Experiment 1 and 2 are focusing
on breeding animals over 3 generations. 10-week old C57BL/6J breeder mice (n=
24; 12 males and 12 females) were purchased from the Australian Resource Centre
(WA, Australia). The breeders were used to produce the second and third
generations of mice. One week before mating, the breeder mice were given one of
the following diets: ω-3 fatty acid sufficient (SUF) diet or ω-3 fatty acid deficient
(DEF) diet (n=12/group; male=6 and female=6). After one week on the treatment
diets, animals in the two diet groups were mated in the Central Animal House, La
Trobe University. Approximately 28 pups (F1 generation) were delivered in each
group. The treatment diets were given continuously during pregnancy until weaning
at 3 weeks. After weaning, breeder mice were removed from the cage and pups were
given free access to the same treatment diets and ad libitum access to water.

At 8 weeks of age, selected mice from F1 generation were mated and raised
on their respective diet group (n=20/group; male=10 and female=10).
Approximately 70 pups (F2 generation) were delivered in each group and animals
were also weaned on the same diet as their dams.

When the F2 generation was 8 weeks old, they were mated and raised again
on same treatment diet group (n=60/group; male=30 and female=30). After
parturition, the F3 generation pups (n=90/group; male=45 and female=45) were
maintained on the same diet as their dams until weaning. After weaning at the age of
3 weeks, all mice in F3 generation were divided into four groups (n=30/group;
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male=15 and female=15) from each dietary condition and mice were maintained on
the same diet or switched from dam‟s diet to the opposite diet, creating four groups
[F3 SUF-SUF; F3 DEF-DEF; F3 SUF-DEF; F3 DEF-SUF; n=15/group]. In
addition, two groups that remained on the dam‟s diet were treated with a COX
inhibitor [naproxen, 0.07 mg/ml in drinking water; F3 SUF-SUF(+); F3 DEFDEF(+); n=15/group].

In Experiment 1 (Chapter 3), the blood pressure of the F3 male mice was
assessed using the tail-cuff non-invasive blood pressure monitoring system (CODA,
Kent Scientific). In Experiment 2 (Chapter 4), the spatial recognition of memory of
the F3 mice was assessed using the Y-maze task and motor balance performance
using the rotarod test. At the end of the measurements, all animals were placed
under general anaesthesia and blood samples were drawn from the heart. Animals
were killed by excision of the heart and tissues such as liver, epididymal fat,
hypothalamus and skeletal muscle were removed. The experimental design is
schematically presented in Figure 2.1.

Experiment 3 (Chapter 5) was conducted to determine the effects of dietary
ω-3 fatty acids and selenium (Se) on hypertension and molecular function in
animals. A total of 40, 7-week old Sprague-Dawley (SD) male rats were used in this
experiment. Rats were divided into four groups and placed on semi-synthetic diets
that contained identical amounts of protein (15%; from torula yeast 30% w/w),
carbohydrate (53% w/w), fat (7% w/w), AIN-93G vitamins and minerals except for
Se. The diets were either sufficient (ω-3+; 7% canola oil; α-linolenic acid) or
deficient (ω-3-; 7% safflower oil; linoleic acid) in ω-3 fatty acids, and were either
41

sufficient (Se+, 4.2 mg/kg) or deficient (Se-, less than 0.05 mg/kg) in Se. After 18
weeks on the diets, tail cuff blood pressure was assessed using an IITC blood
pressure system. At the end of the measurements, all animals were killed by excising
the hearts and tissues such as liver were removed and weighed. Liver samples were
obtained for molecular analysis for gene mRNA expression (e.g Glutathione
peroxidase-GPx and Thioredoxin reductase-TRx) involved in blood pressure and
antioxidant activity.
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Mice (10-weeks old)
6 male: 6 female
Sufficient ω-3 fatty acid (SUF)

Mice (10-weeks old)
6 male: 6 female
Deficient ω-3 fatty acid (DEF)

28 pups

F1

28 pups

F1

Mate F1 generation
10 male: 10 female
(Excess 8 were killed)

Mate F1 generation
10 male: 10 female
(Excess 8 were killed)

70 pups

F2

Mate F2 generation
30 male: 30 female
(Excess 10 were killed)

Mate F2 generation
30 male: 30 female
(Excess 10 were killed)

F3

70 pups

F2

F3

90 pups

SUF-DEF
n=15 (males)
n= 15 (females)

90 pups

DEF-SUF
n=15 (males)
n=15 (females)

SUF-SUF
n=15 (males)
n= 15 (females)

DEF-DEF
n=15 (males)
n=15 (females)

SUF-SUF (+; Naproxen Sodium)
n=15 (males)
n=15 (females)

DEF-DEF (+; Naproxen Sodium)
n=15 (males)
n= 15 (females)

After 18 weeks of the treatment diet, the following measures were obtained.
Experiment 1
1) Blood pressure was assessed using tail-cuff non-invasive blood pressure monitoring system (male;
n=90)
Experiment 2
2) Cognitive performance was assessed using the Y-Maze (male; n=90 and female; n=90)
3) Motor performance was measured using a rotarod (male; n=90 and female; n=90)
At the end of the experiments, animals were placed under general anaesthesia and blood samples
withdrawn from the heart. Animals were killed by blood loss and tissues were removed and weighed.
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Experiment 3
SD rats (7-weeks old)
n= 10
ω-3+/Se+
SD rats (7-weeks old)
n= 10
ω-3+/SeSD rats (7-weeks old)
n= 10
ω-3-/Se+
SD rats (7-weeks old)
n= 10
ω-3-/Se-

Testing
1) Animals were checked daily with
feed and water intake
2) Body weight was recorded weekly
After 18 weeks of diet, the following
measures were obtained.
1) Blood pressure measurement
2) Gene mRNA expressions

Figure 2.1. A flowchart diagram summarizing the entire research

2.5

Measurement of blood pressure

The blood pressure methodology consists of utilizing a tail-cuff placed on
the tail to occlude the blood flow. Blood pressure was measured by two different
methods during the study of the experiments based on sample animals; rat‟s blood
pressure tail-cuff system and mice CODA blood pressure system.

2.5.1 Rats blood pressure tail-cuff method

Blood pressure was measured using tail-cuff blood pressure monitor (model
29, 229 and model 179 amplifiers, IITC Life Science Inc, Woodland Hills,
California, USA). The heater room was set at 27-29oC for optimal tail arterial
dilatation to allow the measurement of the blood pressure. Animals were wrapped in
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a towel to limit movement and the tail placed in an inflatable rubber cuff. Inside the
cuff is a photoelectric cell, which is capable of detecting movement induced by
pulse pressure. When the cuff is inflated to a pressure greater than systolic blood
pressure, tail arteries are occluded and there is no pulse. As the pressure in the cuff
is lowered to a pressure close to that of the systolic blood pressure, the arteries begin
to open and the pulse causes movement, which is detected by the photoelectric cell.
The cuff/sensor was inflated by the computer system to a maximum pressure of
between 250 mm/Hg. The systolic blood pressure and pulse were determined using
the optical cuff/sensor. Animals were acclimatized to the system for 4 consecutive
days prior to measurement on day 5. Approximately 3 to 5 readings were taken from
each rat before the animals were returned to their cages.

2.5.2 Mice CODA Non-invasive blood pressure system

The CODA non-invasive blood pressure system was obtained from Kent
Scientific (Torrington, CT) and can measure blood pressure in up to eight mice
simultaneously. The CODA utilizes volume–pressure recording (VPR) technology
to detect changes in tail volume that correspond to systolic and diastolic blood
pressures. The VPR technology was validated by comparison to simultaneous radiotelemetry blood pressure measurements. The VPR method underestimates telemetry
systolic blood pressure measurements by 0.25 mmHg and telemetry diastolic blood
pressure measurements by 12.2 mmHg, on average. The VPR were measured six
blood pressure parameters simultaneously: systolic blood pressure, diastolic blood
pressure, mean blood pressure, heart pulse rate, tail blood volume and tail blood
flow.
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All mice were acclimated to the restrainer for 10–20 min per day for at least
3 days before starting the comparison study. Following this acclimation period, mice
typically remained relatively calm and still in the restrainer on the day of testing. To
facilitate the acclimation process, the mice were handled gently and not forced to
enter the restrainer and the ambient temperature was maintained at warm room
temperature (25–30 °C). Special care was taken to not overheat the mice or
excessively restrict movement. Data segments were collected throughout the
duration of each non-invasive measurement session (5 acclimation cycles followed
by 20 measurement cycles). The systolic blood pressure, diastolic blood pressure
and mean arterial pressure were collected and the corresponding telemetry blood
pressures were used for comparison to systolic blood pressures and diastolic blood
pressures measured noninvasively.
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CHAPTER 3
Experiment 1: Hypertension of 3rd generation ω-3 fatty acid-deficient mice

3.1

Introduction

Dietary ω-3 fatty acid deficiency is associated with cardiovascular
dysfunction such as hypertension (Armitage et al., 2003; Begg et al., 2010; Begg et
al., 2010). The development of hypertension is associated to the length of time on
dietary ω-3 fatty acid deficiency. For instance, dietary ω-3 fatty acid deficiency
induced hypertension at 24 weeks, but not at 18 weeks in Sprague-Dawley (SD) rats
(Begg et al., 2010). It has also been reported that ω-3 fatty acid deficiency induced
hypertension at 28-29 weeks of age (Armitage et al., 2003). Ren-2 rats (a rat model
of ANG II-induced hypertension) maintained on an ω-3 fatty acid deficient diet had
higher systolic blood pressure at 10 weeks of age than those on the sufficient diet
(Jayasooriya et al., 2008). In addition, prenatal deficiency of dietary ω-3 fatty acids
has been demonstrated to induce hypertension in the next generation of SD rats
(Armitage et al., 2003; Weisinger et al., 2001). It has been shown that the brain
docosaheaxonic acid (DHA) profile decreased in F2 and F3 generations compared to
F1 generation associated with dietary ω-3 fatty acid deficiency (Moriguchi et al.,
2000). This could indicate that several generations of ω-3 fatty acid deficiency
causes greater DHA depletion than in just one generation. Therefore, the
physiological effects of consuming an ω-3 fatty acid deficient diet on hypertension
between the first generation and the third generation remain unknown.
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It is important to understand the effects of an ω-3 fatty acid deficient diet on
hypertension and the reversal of this effect once a diet containing adequate of ω-3
fatty acids are consumed. An ω-3 fatty acid deficiency in the perinatal period
resulted in increased blood pressure in the F1 rats unless the F1 rats were
subsequently provided with ω-3 fatty acids (Weisinger et al., 2001). Also, it has
been reported that when perinatal rats fed on an ω-3 fatty acid deficient diet until
weaning and then when switched to an ω-3 fatty acid sufficient diet for 33 weeks,
appeared to be prevented against the development of hypertension (Armitage et al.,
2003). In addition, hypertension in the F1 rats caused by an ω-3 fatty acid deficient
diet can be prevented by additional treatment with two different sources of αlinolenic acid such as canola and flaxseed oil (Begg et al., 2010). Thus, this could
indicate that at least some of the adverse effects of ω-3 fatty acid deficiency during
development may be reversible by supplementation of ω-3 fatty acids.

The mechanism by which ω-3 fatty acid deficiency induces hypertension is
still to be determined. However, some evidence suggests that COX inhibitors may
protect against cardiovascular diseases by inhibiting prostaglandin E2 (PGE2)
thereby formation of AA and ω-6 fatty acids (Kotilinek et al., 2008). It has been
demonstrated that increased blood pressure is due to increased prostaglandin activity
via the COX pathway (Rutkai et al., 2009). Inhibiting the synthesis of prostaglandins
using a COX inhibitor has been shown to reduce the systolic blood pressure in
hypertensive rats (Jaimes et al., 2008; White et al., 2002). It has been shown that
treatment with aspirin resulted a significantly lower systolic blood pressure in
hypertensive rats (Okumura et al., 2002). Furthermore, treatment with aspirin
resulted in an improvement in endothelial function and improved vasodilation in
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hypertensive patients (Husain et al., 1998). Administration of COX inhibitors such
as celecoxib reversed vessel endothelial dysfunction in hypertensive patients
(Widlansky et al., 2003). In addition, naproxen reduced prostaglandin activity and
consequently prevented endothelial dysfunction in hypertensive rats (Muscara et al.,
2000; Muscara et al., 1998). Moreover, treatment with naproxen is effective in
decreasing PGE2 production and reduced oxidative stress-induced hypertension
(Strelkov et al., 1989). Overall, the above evidence indicates that COX inhibitors
play a role in preventing the development of hypertension by inhibiting
prostaglandin activity.

To the best of my knowledge, none of the previous studies have compared
the effects of consuming an ω-3 fatty acid deficient diet on hypertension between the
first generation and the third generation. The brain-DHA depletion within one
generation would affect optimal functional development, however, we hypothesize
that higher degree of brain-DHA depletion through three generations would cause
severe functional deficits in the brain and hypertension. Therefore, the aim of the
current study was to determine the effects of dietary ω-3 fatty acid deficiency on
hypertension over a period of three generations. This was achieved by raising and
maintaining the third generation mice (F3 mice) either on a diet sufficient or
deficient of ω-3 fatty acids or on a cross over diet.
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3.2

Objectives

1) To determine whether the blood pressure of the F3 mice was higher than the
blood pressure of the first generation (F1) mice when maintained on an ω-3
fatty acid deficient diet.
2) To determine whether or not hypertension produced by 3 generations of ω-3
fatty acid deficiency is attenuated by providing an ω-3 fatty acid sufficient
diet to the F3 generation.
3) To determine whether hypertension in ω-3 fatty acid deficient mice was due
to eicosanoid production from an AA-COX pathway.

The following notation will be used for the F3 mice: F3 X-Y,

X= diet used from initial mating until mice weaning of the F3 pups
Y= diet used from weaning (week 3) until end of experiment of the F3 pups
+ COX inhibitor

The following working hypotheses will be tested:

H1: F3 DEF-DEF mice would have a higher blood pressure than F3 SUF-DEF mice.

H1: F3 DEF-SUF mice would have a lower blood pressure than F3 DEF-DEF mice.

H1: F3 DEF-DEF(+) mice would have a lower blood pressure than F3 DEF-DEF
mice.
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3.3

Materials and methods

A detailed description of the methods is described in Chapter 2. The
following gives a brief overview.

3.3.1 The animal model

The animal model used throughout this study were C57BL/6J mice after
breeding for three generations, F3 male (n=90). The average of body weight of F3
male mice is 29 g. The detailed experimental design including animal breeding is
described in Chapter 2 and all results presented concern the offspring of mice after
three generations.

3.3.2 Animal husbandry

The animal house was well ventilated and ambient temperature was
maintained at 21oC and room lighting cycled on a 12/12 hour dark/light cycle. The
F3 mice were allowed ad libitum access to water and food.

3.3.3 Diets

All the F3 mice were fed with diets either deficient (DEF) or sufficient
(SUF) in ω-3 fatty acid. The compositions of these diets have been described in
Chapter 2 (Table 2.1).
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3.3.4 Non-steroidal anti-inflammatory drug (NSAID) treatment

Naproxen sodium (Naprelan; Sigma Aldrich) was administered daily by
drinking water (0.07 mg/ml). The dose of naproxen was 11.1-17.3 mg/kg/day.

3.3.5 Experimental design

The experimental design is described in full detail in Chapter 2. In this
chapter, male and female C57BL/6J mice were bred through three generations on
diets either deficient (DEF) or sufficient (SUF) in ω-3 fatty acid. At postnatal day
21, offspring of mice after three generations (F3 mice) were kept on the dam‟s diet
or switched from the dam‟s diet to the opposite diet, creating four groups [F3 SUFSUF; F3 DEF-DEF; F3 SUF-DEF; F3 DEF-SUF; n=15/group]. In addition, two
groups that remained on the dam‟s diet were treated with a COX inhibitor
[naproxen, 0.07 mg/ml in drinking water; F3 SUF-SUF(+); F3 DEF-DEF(+);
n=15/group] (Figure 3.1). The systolic blood pressure, diastolic blood pressure and
heart rate were assessed by CODA non-invasive blood pressure at week-25 of age.
♂+♀

♂+♀

♂+♀

weaning
Blood pressure

F1

F2

F3

3 wks

22 wks
F3 SUF-SUF
F3 DEF-DEF
F3 SUF-DEF
F3 DEF-SUF
F3 SUF-SUF(+)
F3 DEF-DEF(+)

Figure 3.1. A flow diagram illustrating experimental design. The overall scheme
was to switch the ω-3 DEF diet to the ω-3 SUF diet after weaning (3 weeks) in order
52

to determine the reversibility of ω-3 deficiency at various stages of development.
The COX inhibitor was added to drinking water after weaning (3 weeks) in F3 SUFSUF(+) and F3 DEF-DEF(+) groups.

3.3.6 Experimental timetables

3.3.6.1 Blood pressure measurement

Blood pressure was measured in the F3 male mice at 25 weeks of age using
the tail-cuff method (CODA non-invasive blood pressure system). The full method
is described in Chapter 2

3.4

Statistical analysis

A two-way analysis of variance (ANOVA), with repeated measures on one
variable followed by a post hoc least significant difference (LSD) test (Statistica 7,
StatSoft, Tulsa, USA) was used to analyze and compare the blood pressure of F3
mice. All data are reported as mean ± standard error of the mean (mean ± SEM) in
tables and figures. Statistical significance was accepted at P<0.05
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3.5

Results

3.5.1 Blood pressure

The systolic blood pressure results are shown in Figure 3.2. A two-way
ANOVA indicated a significant interaction between pre-weaning and post-weaning
diet for systolic blood pressure (F (1, 56) = 8.4348, P < 0.05) (see Figure 3.2-a), but
not for diastolic blood pressure (P = 0.59) or heart rate (P = 0.94) (see Table 3.1).

The F3 DEF-DEF mice showed significantly increased systolic blood
pressure compared with the F3 SUF-SUF mice (F3 DEF-DEF vs F3 SUF-SUF;
108.7 ± 1.6 vs 96.8 ± 1.2 mmHg, P < 0.001). However, when F3 DEF mice were
switched to SUF diet after weaning they had a systolic blood pressure not different
from F3 SUF-SUF mice (F3 DEF-SUF vs F3 SUF-SUF; 98.4 ± 0.9 mmHg vs 96.8 ±
1.2 mmHg; P > 0.05). The F3 SUF mice switched to the DEF diet after weaning
showed higher systolic blood pressure than F3 SUF-SUF but not as high as F3 DEFDEF mice (F3 SUF-DEF = 104.2 ± 1.5 mmHg; P < 0.05 vs F3 SUF-SUF or F3
DEF-DEF).

A two-way ANOVA indicated a significant interaction between pre-weaning
and post-weaning diet (COX inhibitor or no COX inhibitor) for systolic blood
pressure (F (1, 56) = 9.4411, P < 0.05) (see Figure 3.2-b), but not for diastolic blood
pressure (P = 0.94) or heart rate (P = 0.59) (see Table 3.1).
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Treatment with the COX inhibitor prevented the elevated blood pressure
observed in the F3 DEF-DEF(+) mice (F3 DEF-DEF(+) = 100.1 ± 1.9 mmHg).
However, treatment with the COX inhibitor on the F3 SUF-SUF(+) mice had no
significant effect on systolic blood pressure (F3 SUF-SUF(+) = 100.4 ± 1.1 mmHg;
P > 0.05).
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Figure 3.2. The effect of (a) dietary ω-3 fatty acid supply and (b) treatment of COX
inhibitor on systolic blood pressure. Values are presented by mean ± SEM for n = 15
per group. Significant differences between groups are indicated on the graph with
different lower case letters (P < 0.05). SUF= sufficient; DEF= deficient; (+) = COX
inhibitor.

56

Table 3.1
The effect of dietary ω-3 fatty acid supply and treatment of COX inhibitor on
diastolic blood pressure and heart rate.
Animal groups

Diastolic blood pressure

Heart rate

(mmHg)

(mmHg)

F3 SUF-SUF

70.26 ± 4.4

473.56 ± 49.2

F3 DEF-DEF

75.89 ± 5.6

464.73 ± 50.3

F3 SUF-DEF

75.22 ± 4.3

508.3 ± 61.5

F3 DEF-SUF

69.68 ± 5.1

472.41 ± 62.5

F3 DEF-DEF(+)

73.06 ± 4.8

409.76 ± 67.1

F3 SUF-SUF(+)

73.22 ± 3.9

425.16 ± 52.3

All data are expressed in mmHg as mean ± SEM for n = 15 per group. SUF=
sufficient; DEF= deficient; (+) = COX inhibitor.
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3.6

Discussion

As showed in Figure 3.2, the F3 SUF-DEF mice had higher blood pressure
than F3 SUF-SUF mice, but not as high as F3 DEF-DEF mice. This could suggest
that the systolic blood pressure of animals on an ω-3 fatty acid deficient diet over
three generations is higher than animals deprived for only one generation. It is well
established that animals fed on an ω-3 fatty acid sufficient diet and then switched to
the ω-3 fatty acid deficient diet at weaning had increased blood pressure than
animals raised and maintained on their initial diet sufficient with ω-3 fatty acids,
however the increased blood pressure was not as high as those animals raised and
maintained on their initial diets deficient with ω-3 fatty acids (Armitage et al., 2003;
Weisinger et al., 2001). This could indicate that dietary ω-3 fatty acid deficiency
supplied in the early developmental period, affected blood pressure later in life.
Also, the current study provides the first evidence that higher systolic blood pressure
caused by an ω-3 fatty acid deficient diet over three generations can be prevented by
giving the F1 DEF mice an ω-3 fatty acid sufficient diet for 22 weeks. It has
previously been established that higher mean arterial blood pressure caused by an ω3 fatty acid deficient diet in one generation can be prevented by giving the F1 DEF
animals an ω-3 fatty acid sufficient diet for 33 weeks (Armitage et al., 2003;
Weisinger et al., 2001). Clearly, this could suggest that dietary ω-3 fatty acid
sufficiency at early age in animals offered protection against the increase in systolic
blood pressure.

The current study showed that naproxen, a COX inhibitor, prevented higher
systolic blood pressure in the F3 DEF-DEF(+) mice. Based on this finding, it was
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suggested that an administration of naproxen for 22 weeks inhibited the
prostaglandin production and resulted in reducing higher systolic blood pressure in
the F3 DEF-DEF(+) mice. It has been shown previously that COX inhibitors may
protect cardiovascular disease by inhibiting the PGE2 activity from formation of AA
and ω-6 fatty acid (Kotilinek et al., 2008). Indeed, as increased activity of
prostaglandins is a feature of ω-3 fatty acid deficiency (Mollard et al., 2005; Song et
al., 2008). Additionally, treatment with COX inhibitors resulted in inhibition of
prostaglandin synthesis with consequences for blood pressure control, and are of
particular relevance in patients with pre-existing hypertension (Morgan et al., 2000).
Thus, this could indicate that naproxen inhibits prostaglandin synthesis and this
mechanism may explain the benefits of COX inhibitors in reducing systolic blood
pressure in F3 DEF-DEF(+) mice.

The COX inhibitor had no effect on systolic blood pressure in the F3 SUFSUF mice. It could be explained that ω-3 fatty acid sufficient diet in the F3 SUFSUF(+) mice decreased tissue AA levels (Wainwright et al., 1997) and consequently
decreased the PGE levels (Song et al., 2008). In the current study, the F3 SUF-SUF
mice were fed with fish oil (Tuna 0.5 g/100kg) which is rich in ω-3 fatty acids. This
resulted in a reduction in the availability of AA (Wainwright et al., 1997). Dietary
fat intake may change the fatty acid composition of the membrane and modulate the
types of eicosanoids produced in the AA pathway (Yin et al., 2009). Indeed,
increased consumption of EPA and DHA results in a decrease in the amount of AA
in the cell membranes consequently reducing synthesis of PGE2 from AA
(Broughton et al., 2010). Previous studies demonstrated that fish oil rich in DHA
may act as an anti-inflammatory modulator and inhibit PGE2 activity (Kobayashi et
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al., 2006). Thus, reduced AA in the membrane phospholipids, resulting in decreased
PGE2 production and thus avoidance of higher blood pressure in the F3 SUFSUF(+) mice.

3.7

Conclusions and hypotheses testing

The study described in this chapter offers evidence that the systolic blood
pressure of animals on an ω-3 fatty acid deficient diet over three generations is
greater than animals deprived for only one generation. It is shown here that
hypertension can be prevented such as in the case of the F3 DEF-SUF mice. In
addition, the F3 DEF-DEF(+) mice showed no hypertension, thus, hypertension
caused by 3 generations of ω-3 fatty acid deficiency appears to be mediated by
products of AA-COX pathway and can be prevented by 22 weeks of dietary
repletion with ω-3 fatty acid or COX inhibition. Overall, these findings supported
the working hypotheses:

H1: F3 DEF-DEF mice would have a higher blood pressure than F3 SUF-DEF mice.

H1: F3 DEF-SUF mice would have a lower blood pressure than F3 DEF-DEF mice.

H1: F3 DEF-DEF(+) mice would have a lower blood pressure than F3 DEF-DEF
mice.
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CHAPTER 4
Experiment 2: Behavioural effects of 3rd generation ω-3 fatty acid-deficient
mice

4.1

Introduction

Dietary ω-3 fatty acid deficiency is associated with impaired cognitive
function. For example, rats on ω-3 fatty acid deficient diet showed significantly less
time to locate the platform during swimming test in the Morris water maze (MWM)
test (Frances et al., 1996). Previous studies report that dietary ω-3 fatty acid
deficiency had significantly shorter latencies in the passive avoidance test in rats
(Carrie et al., 1999). In addition, mice on ω-3 fatty acid deficient diet demonstrated
impaired learning in the reference-memory version of the Barnes circular maze as
they spent more time and made more errors in search of an escape tunnel (Fedorova
et al., 2007). However, ω-3 fatty acid deficient diet resulted more time and number
of entries made by mice in the maze-learning task in a single generation of mice
(Suzuki et al., 1998). Overall, this could suggest that ω-3 fatty acid deficient diet
influenced learning and memory functions in animals by impaired their performance
in the spatial recognition memory task.

Previous studies have shown that mice raised on an ω-3 fatty acid deficient
diet over 2 or 3 generations, have impaired learning performance in the MWM task
(Moriguchi et al., 2000; Wainwright et al., 1994). Dietary ω-3 fatty acid deficiency
in the F2 and F3 rats demonstrated a longer escape latency and delayed acquisition
of the MWM task compared with those an ω-3 fatty acid sufficient diet for both
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generations (Moriguchi et al., 2000). In a subsequent paper, F3 rats were fed on ω-3
fatty acid deficient diet since birth or at weaning were had a lower mean swimming
speed to locate the platform of the MWM task (Moriguchi & Salem, 2003). It has
been reported that feeding mice on an ω-3 fatty acid deficient diet for three
generations resulted in reduced swimming performance in the MWM test
(Wainwright et al., 1994). Interestingly, feeding rats with lower levels of DHA for
four generations had significantly longer latencies in MWM task compared to the
rats fed on higher DHA diet (Jensen et al., 1996). Therefore, this could indicate that
multi-generational depletion of ω-3 fatty acids leads to impaired spatial recognition
of memory in animals.

Importantly, after several generations of ω-3 fatty acid deficiency, when
switched to a sufficient diet at birth, the performance on the spatial learning and
memory tasks was restored to normal (Moriguchi & Salem, 2003). Similarly, dietary
ω-3 fatty acid deficiency through two generations protects cognitive impairment in
the brightness discrimination test when ω-3 fatty acid sufficiency is reversed after
weaning to the mice (Ikemoto et al., 2001). It was demonstrated that learning and
memory performance in the MWM test was not different to that of the ω-3 fatty acid
group, when mice were switched at age of 7 weeks from ω-3 fatty acid deficient diet
to ω-3 fatty acid sufficient diet (Carrie et al., 2000). Overall, this could indicate that
the dietary ω-3 fatty acid deficiency induced learning and memory impairments are
reversed by supplementation with an ω-3 fatty acid sufficient diet.
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Previous studies have been shown that cognitive and memory deficits of a
transgenic animal are due to increased prostaglandin activity from formation of
cyclooxygenase (COX) (Kotilinek et al., 2008). It has been suggested that dietary ω3 fatty acid deficiency increased the prostaglandin activity in animals (Mollard et al.,
2005). Therefore, an administration of a COX inhibitor may protect against
cognitive impairment in the elevated plus maze task by inhibiting the synthesis of
prostaglandin (Jain et al., 2002). A previous study reported that treatment of COX
inhibitor improved open-field activity exploration in mice by inhibiting the synthesis
of prostaglandin (Teeling et al., 2010). Similarly, COX inhibitors such as celecoxib
inhibits the prostaglandin E2 (PGE2) levels and consequently improves cognitive
performance in rats by elevated plus maze test (Casolini et al., 2002). In addition,
administration of naproxen, a COX inhibitor showed protection against motor and
cognitive impairment by decreasing oxidative stress in rats (Kumar et al., 2007).
Moreover, naproxen reduced oxidative stress levels and prevented neurological
disorders especially in cognitive and memory deficits in an animal model of
excitotoxic neuronal injury (Silakova et al., 2004). Clearly, this could indicate that
COX inhibitors may protect against cognitive and memory deficits in animals by
inhibiting the prostaglandin activity.

In the present study, the issue of the reversibility of impairment in cognitive
function associated with ω-3 fatty acid deficiency was explored over a period of
three generations. The performance of cognitive function between third generation
and first generation of mice would contribute to a better understanding of the factors
contributing to any differences found in cognitive deficits as a result of dietary ω-3
fatty acid deficiency. This was achieved by raising and maintaining the third
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generation mice (F3 mice) either on a diet sufficient or deficient of ω-3 fatty acids or
on a cross over diet. The spatial recognition memory task in the F3 mice were tested
by the Y-maze and the motor function of the F3 mice were examined by the rotarod
test.

4.2

Objectives

1) To determine whether or not cognitive deficits produced in the F3 ω-3 fatty
acid deficient mice is attenuated by providing an ω-3 fatty acid sufficient diet
to the F3 generation.
2) To determine whether or not cognitive deficits occurring in the ω-3 fatty acid
deficient F3 mice is different from the cognitive deficits seen in ω-3 fatty
acid deficient F1 mice.
3) To determine whether impaired cognitive function observed in ω-3 fatty acid
deficient mice was due to eicosanoid production from an arachidonic acidCOX pathway.
4) To investigate the effects of dietary ω-3 fatty acid deficiency over 3
generations with and without dietary ω-3 fatty acid supplementation to the
F3 generation on motor activity.

The following notation will be used for the F3 mice: F3 X-Y,

X= diet used from initial mating until mice weaning of the F3 pups
Y= diet used from weaning (week 3) until end of experiment of the F3 pups
+ COX inhibitor
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The following working hypotheses will be tested:

H1: F3 DEF-SUF mice would perform better on the spatial recognition memory
than F3 DEF-DEF and F3 SUF-DEF mice.

H1: F3 SUF-DEF mice would show impair spatial recognition memory task than
F3 SUF-SUF and F3 DEF-SUF mice.

H1: Treatment with the COX inhibitor prevented the spatial recognition memory
deficits in the F3 DEF-DEF animals [F3 DEF-DEF(+) vs F3 SUF-SUF(+)].

H1: Dietary ω-3 fatty acid deficiency and treatment of COX inhibitor would not
produce deficits in motor activity in the F3 mice.

4.3

Materials and methods

The methods have been described in detail in Chapter 2. The following gives
a brief overview.

4.3.1 The animal model

The animal model used throughout the study described in this thesis was the
offspring of C57BL/6J mice after three generations, F3 male (n=90) and F3 female
(n=90). The average body weight of F3 male and female mice are 29 g and 21 g,
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respectively. The detailed experimental design including animal breeding is
described in Chapter 2 and all results presented concern the offspring of mice after
three generations.

4.3.2 Animal husbandry

The animal house was well ventilated and ambient temperature was
maintained at 21oC and room lighting cycled on a 12/12 hour dark/light cycle. The
F3 mice were allowed ad libitum access to water and food.

4.3.3 Diets

All the F3 mice were fed diets either deficient (DEF) or sufficient (SUF) in
ω-3 fatty acids. The composition diets used in this study have been described in
Chapter 2 (Table 2.1).

4.3.4 Non-steroidal anti-inflammatory drug (NSAID) treatment

Naproxen sodium (Naprelan; Sigma Aldrich) was administered daily by
drinking water (0.07 mg/ml). The dose of naproxen was 11.1-17.3 mg/kg/day.
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4.3.5 Experimental design

The experimental design has been described in detail in Chapter 2. In this
chapter, male and female C57BL/6J mice were bred for three generations and were
maintained on diets either deficient (DEF) or sufficient (SUF) in ω-3 fatty acids. At
postnatal day 21, offspring of mice after three generations (F3 mice) were kept on
the dam‟s diet or switched from dam‟s diet to the opposite diet, creating four groups
[F3 SUF-SUF; F3 DEF-DEF; F3 SUF-DEF; F3 DEF-SUF; n=15/group]. In
addition, two groups that remained on the dam‟s diet were treated with a COX
inhibitor [naproxen, 0.07 mg/ml in drinking water; F3 SUF-SUF(+); F3 DEFDEF(+); n=15/group] (Figure 4.1). At 19 weeks of age, spatial recognition memory
was tested on a Y-maze task. The motor function of the F3 mice was tested by
rotarod test at week-22 of age.

♂+♀

♂+♀

F1

♂+♀

F2

weaning

F3

3 wks

Y-maze and
rotarod test

19 wks
F3 SUF-SUF
F3 DEF-DEF
F3 SUF-DEF
F3 DEF-SUF
F3 SUF-SUF(+)
F3 DEF-DEF(+)

Figure 4.1. A flow diagram illustrating experimental design. The overall scheme
was to switch ω-3 DEF diet to the ω-3 SUF diet after weaning (3 weeks) in order to
determine the reversibility of ω-3 deficiency at various stage of development. The
COX inhibitor was added to drinking water after weaning (3 weeks) in F3 SUFSUF(+) and F3 DEF-DEF(+) groups.
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4.3.6 Experimental timetables

4.3.6.1 The Y-maze test

The spatial recognition of memory of the F3 mice was assessed by the Ymaze test at 19 weeks of age. The Y-maze was constructed from grey PVC and
consisted of three arms with an angle of 120o between each two arms. Each arm was
8 cm x 30 cm x 15 cm (width x length x height). The three identical arms were
randomly designated: Start arm, in which the mouse is first placed (always open),
familiar arm (always open), and novel arm, which was blocked during the first trial,
but open during the second trial (see Figure 4.2). Different visual cues were placed
on the wall at the end of each arm of the maze. The maze was cleaned between each
mouse trial and the observer was not in the room during the trials, to minimize
olfactory stimuli. To minimize mice anxiety the floor of the maze was covered with
sawdust from the animal‟s home cage.

The Y-maze test consisted of two trials separated by an interval of 1 hour.
The first trial was 10-min duration and allowed the mouse to explore only two arms
(Start arm and familiar arm) of the maze, with the third arm (novel arm) being
blocked. After 1 hour, the second trial was conducted; mice were placed in the maze
in the same starting arm as in trial 1, with free access to all three arms for 5 min.
Trials were recorded using a ceiling-mounted camera. Recordings were then
watched to count the number of entries and the time spent in each arm. The better Ymaze performance occurred when the number of entries and time spent in the novel
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arm were higher compared to the other arms. The total arm entries and time spent
(sec) in novel arm are indicators of spatial working memory.

Novel
arm

Familiar
arm

Free
access

1 arm blocked

Figure 4.2. The Y-maze task

4.3.6.2 Rotarod test

The motor function of the F3 mice was assessed using the rotarod test (IITC,
Woodland Hills, CA) at 22 weeks of age. The rotarod consisted of a rotating
cylinder with a diameter of 11/4 inches, and the cylinder was divided by flanges into
five compartments, allowing the simultaneous testing of up to five mice. Mice were
placed on the stationary rod and rotation speed of the rod was steadily increased to a
speed of 33rpm over a period of 300 seconds, and the time when the mice fell from
the rotating cylinder was recorded. If the mice remained on the rotarod for the whole
testing period, time was recorded as 300 seconds.
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4.4

Statistical analysis

A two-way analysis of variance (ANOVA), with repeated measures on one
variable followed by a post hoc least significant difference (LSD) test (Statistica 7,
StatSoft, Tulsa, USA) was used to analyze the Y-maze and rotarod test between
each F3 group male and female mice. All data are reported as mean ± SEM.
Statistical significance was accepted at P<0.05
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4.5

Results

4.5.1 The Y-maze test

4.5.1.1 Diet reversal

The effects of dietary ω-3 fatty acid supplementation on the novel arm entry
of the F3 male mice are shown in Figure 4.3 (a). A two-way ANOVA indicated a
significant interaction between pre-weaning and post-weaning diet on novel arm
entries (F (3, 56) =5.677, P<0.05). The total number of novel arm entries of F3
SUF-SUF mice was significantly higher compared to the F3 DEF-DEF mice (F3
SUF-SUF= 15.6±0.7 vs F3 DEF-DEF= 11.8 ± 0.8; P<0.05). The F3 SUF-DEF mice
had significantly lower number of novel arm entries compared to the F3 SUF-SUF
mice (F3 SUF-DEF= 9.6 ± 0.7 vs F3 SUF-SUF= 15.6 ± 0.7; P<0.05). However, the
number of novel arm entries of F3 DEF-SUF mice was similar to the F3 SUF-SUF
mice (F3 DEF-SUF= 14.73 ± 1.1; P<0.05).

The results of dietary ω-3 fatty acid supply on time spent in novel arm of F3
male mice are shown in Figure 4.3 (b). A two ANOVA indicated a significant
interaction between pre-weaning and post-weaning diet on time spent in the novel
arm (F (3, 56) = 7.1163, P<0.05). The F3 SUF-SUF mice spent more time in the
novel arm compared to the F3 DEF-DEF mice (F3 SUF-SUF= 109.56 ± 4.7 sec vs
F3 DEF-DEF= 88.9 ± 4.9 sec). The F3 SUF-DEF mice had spent less time in the
novel arm compared to the F3 SUF-SUF mice (F3 SUF-DEF= 89.13 ± 3.3 sec vs F3
SUF-SUF= 109.56 ± 4.7 sec; P< 0.05). However, the time spent in the novel arm of
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F3 DEF-SUF mice was similar to the F3 SUF-SUF (F3 DEF-SUF= 111.87±5.4 sec;
P>0.05).

Figure 4.3. The effect of dietary ω-3 fatty acid supply on (a) novel arm entries and
(b) time spent in novel arm of the F3 male mice in the Y-maze task. All data are
reported as mean ± SEM for n=15 per group. Significant differences between groups
are indicated on the graph with different lower case letters (P<0.05). SUF=
sufficient; DEF= deficient.
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The effects of dietary ω-3 fatty acid supplementation on novel arm entries of
F3 female mice are shown in Figure 4.4 (a). A two-way ANOVA indicated a
significant interaction between pre-weaning and post-weaning diet on novel arm
entries (F (3, 56) = 6.825, P<0.05). The total novel arm entries of F3 SUF-SUF mice
were significantly higher compared to the F3 DEF-DEF mice (F3 SUF-SUF= 16.53
± 0.79 vs F3 DEF-DEF= 9.2 ± 0.67; P<0.05). The F3 SUF-DEF mice had
significantly lower number of novel arm entries compared to the F3 SUF-SUF mice
(F3 SUF-DEF= 8.6 ± 0.97 vs F3 SUF-SUF= 16.53 ± 0.79; P<0.05). However, the
number of novel arm entries of the F3 DEF-SUF mice was significantly higher
compared to the F3 DEF-DEF and F3 SUF-DEF mice, but less than the F3 SUFSUF mice (F3 DEF-SUF= 12.93±0.9; P<0.05).

The effects of dietary ω-3 fatty acid supplementation on the time spent in the
novel arm by the F3 female mice are shown in Figure 4.4 (b). A two-way ANOVA
indicated a significant interaction between pre-weaning and post-weaning diet on
novel arm entries (F (3, 56) = 3.6527, P<0.05). The F3 SUF-SUF mice spent more
time in the novel arm compared to the F3 DEF-DEF mice (F3 SUF-SUF= 101.9 ±
3.6 sec vs F3 DEF-DEF= 90.1 ± 4.9 sec; P<0.05). The F3 SUF-DEF mice spent less
time in the novel arm compared to the F3 SUF-SUF mice (F3 SUF-DEF= 85.9 ± 5.4
sec vs F3 SUF-SUF= 101.9 ± 3.6 sec; P<0.05). However, the time spent in the novel
arm was not different between F3 DEF-SUF mice and F3 SUF-SUF (F3 DEF-SUF=
103.2±3.8 sec; P>0.05).
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Figure 4.4. The effect of dietary ω-3 fatty acid supplementation on (a) novel arm
entries and (b) time spent in the novel arm of the F3 female mice in the Y-maze task.
All data are reported as mean ± SEM for n=15 per group. Significant differences
between groups are indicated on the graph with different lower case letters (P<0.05).
SUF= sufficient; DEF= deficient.
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4.5.1.2 COX-inhibition restores behavioural deficits in ω-3 deficient
mice

The effects of treatment with a COX inhibitor on the number of novel arm
entries of F3 male mice are shown in Figure 4.5 (a). A two-way ANOVA indicated a
significant interaction between pre-weaning and post-weaning diet (COX inhibitor
and no COX inhibitor) on the number of novel arm entries (F (3, 56) = 4.575,
P<0.05). The F3 DEF-DEF(+) mice had significantly higher total novel arm entries
compared to the F3 DEF-DEF mice (F3 DEF-DEF(+)= 13.6 ± 0.8 vs F3 DEF-DEF=
11.8 ± 0.9; P<0.05). However, no significant differences in the number of entries of
F3 SUF-SUF(+) mice compared to F3 SUF-SUF mice (F3 SUF-SUF(+)= 14.73 ±
0.7 vs F3 SUF-SUF=15.6 ± 0.7; P>0.05).

The effects of treatment with a COX inhibitor on time spent in the novel arm
of the F3 male mice are shown in Figure 4.5 (b). A two-way ANOVA indicated a
significant interaction between pre-weaning and post-weaning diet (COX inhibitor
and no COX inhibitor) on the amount of time spent in the novel arm (F (3, 56) =
2.8468, P<0.05). The F3 DEF-DEF(+) mice spent a longer time in the novel arm
compared to the F3 DEF-DEF mice (F3 DEF-DEF(+)= 109.47 ± 6.9 sec vs F3 DEFDEF= 88.9 ± 4.9 sec; P<0.05). However, no significant difference in the time spent
in the novel arm of F3 SUF-SUF(+) mice compared to F3 SUF-SUF mice (F3 SUFSUF(+)= 107.2 ± 6.6 sec vs F3 SUF-SUF= 109.56 ± 4.7 sec; P>0.05).

75

Figure 4.5. The effect of treatment of COX inhibitor on (a) novel arm entries and (b)
time spent in novel arm of the F3 male mice in the Y-maze task. All data are
reported as mean ± SEM for n=15 per group. Significant differences between groups
are indicated on the graph with different lower case letters (P<0.05). SUF=
sufficient; DEF= deficient; (+)= COX inhibitor.
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The effects of treatment with a COX inhibitor on the number of novel arm
entries of the F3 female mice are shown in Figure 4.6 (a). A two-way ANOVA
indicated a significant interaction between pre-weaning and post-weaning diet (COX
inhibitor and no COX inhibitor) on novel arm entries (F (3, 56) = 6.639, P<0.05).
The F3 DEF-DEF(+) mice had significantly higher total novel arm entries compared
to F3 DEF-DEF mice (F3 DEF-DEF(+)= 14.8 ± 0.9 vs F3 DEF-DEF= 9.2 ± 0.67;
P<0.05). However, no significant differences in the number of entries of F3 SUFSUF(+) mice compared to F3 SUF-SUF mice (F3 SUF-SUF(+)= 13.8 ± 0.7 vs F3
SUF-SUF=16.53 ± 0.79 ; P>0.05).

The effects of treatment with a COX inhibitor on the time spent in the novel
arm of F3 female mice are shown in Figure 4.6 (b). A two-way ANOVA indicated a
significant interaction between pre-weaning and post-weaning diets (COX inhibitor
or no COX inhibitor) on the time spent in novel arm (F (3, 56) = 5.0298, P<0.05).
The F3 DEF-DEF(+) mice spent more time in the novel arm compared to the F3
DEF-DEF mice (F3 DEF-DEF(+)= 115.3 ± 4.3 sec vs F3 DEF-DEF= 90.1 ± 4.9 sec;
P<0.05). However, no significant differences in the time spent in the novel arm of
F3 SUF-SUF(+) mice compared to the F3 SUF-SUF mice (F3 SUF-SUF(+)= 103.4
± 5.41 sec; F3 SUF-SUF=101.9 ± 3.6 sec; P>0.05).
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Figure 4.6. The effect of treatment of COX inhibitor on (a) novel arm entries and (b)
time spent in novel arm of the F3 female mice in the Y-maze task. All data are
reported as mean ± SEM for n=15 per group. Significant differences between groups
are indicated on the graph with different lower case letters (P<0.05). SUF=
sufficient; DEF= deficient; (+)= COX inhibitor.
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4.5.2 Rotarod test

The results of the rotarod test of F3 male and female mice are shown in
Table 4.1. A two-way ANOVA indicated no significant interaction between preweaning and post-weaning diet on rotarod test (male: F (3, 56) = 5.7995, P=0.11;
female: F (3, 56) = 2.4517, P= 0.23). Similarly, a two-way ANOVA indicated no
significant interaction between pre-weaning and post-weaning diets (COX inhibitor
or no COX inhibitor) on rotarod test (male: F (3, 56) = 8.7075, P=0.27; female: F
(3, 56) = 3.0550, P=0.61). There were no significant differences observed in either
male or female F3 mice for the latency to fall from the rotarod.

Table 4.1
The effect of dietary ω-3 fatty acid supply and treatment of COX inhibitor on the
rotarod test.
Animal groups

Latency to fall off rotarod

Latency to fall off rotarod

(sec; male)

(sec; female)

F3 SUF-SUF

156.34 ± 8.23

159.52 ± 13.49

F3 DEF-DEF

132.58 ± 10.35

138.62 ± 12.44

F3 SUF-DEF

130.72 ± 11.07

122.47 ± 8.62

F3 DEF-SUF

154.87 ± 5.57

141.44 ± 14.58

F3 SUF-SUF(+)

153.98 ± 11.40

150.61 ± 8.58

F3 DEF-DEF(+)

150.68 ± 6.94

154.07 ± 10.01

All data are reported as mean ± SEM time taken for the F3 mice to fall from the
rotarod for each group. n=15 per group. SUF= sufficient; DEF= deficient; (+)= COX
inhibitor
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4.6

Discussion

The current study shows that the F3 DEF-SUF mice performed better than
the F3 DEF-DEF mice in the spatial recognition memory task. Based on the
findings, this study shows that cognitive impairment caused by an ω-3 fatty acid
deficiency over three generations can be prevented by giving the F1 DEF mice an ω3 fatty acid sufficient diet for 16 weeks. These results are consistent with previous
studies that have used different measures to assess the visuospatial memory
(Ikemoto et al., 2001; Moriguchi et al., 2000; Moriguchi & Salem, 2003). In
contrast, spatial recognition performance of the F3 SUF mice was impaired after 16
weeks of ω-3 fatty acid deficient diet and, interestingly, the cognitive performance
of the F3 SUF-DEF mice was not different from that of the F3 DEF-DEF mice. This
suggests that the increased deficit in ω-3 fatty acids resulting from multigenerational maintenance on an ω-3 fatty acid deficient diet does not cause any
greater cognitive deficit than that observed within one generation.

The current study showed that naproxen treatment prevented the occurrence
of spatial recognition memory deficits in F3 DEF-DEF(+) mice. The spatial
recognition of memory deficits observed in the F3 DEF-DEF mice may be due to the
presence of high levels of prostaglandins. It has been reported that in a transgenic
model of memory deficit, a COX inhibitor reduced memory deficit by reducing
PGE2 production through AA and ω-6 fatty acids (Kotilinek et al., 2008). As
increased activity of prostaglandins is a feature of ω-3 fatty acid deficiency (Mollard
et al., 2005; Song et al., 2008). Therefore, an administration of COX inhibitors may
protect against cognitive impairment in the elevated plus maze task by inhibiting the
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synthesis of prostaglandin (Jain et al., 2002). In the current study, an administration
of naproxen for 16 weeks inhibited the prostaglandin production and resulted in an
improvement in the number of novel arm entries and times spent in the novel arm
compared to familiar and starts arms in the Y-maze task. Previous findings report
that anti-inflammatory treatment with a COX inhibitors resulted in decreased risk of
memory impairment and reduction in the number of plaques associated in
neurological disease such as Alzheimer‟s disease (In T Veld et al., 2001; Liang et
al., 2005). Overall, these findings suggest that treatment with a COX inhibitor may
protect against memory impairments by inhibiting the production of prostaglandins
in F3 DEF-DEF(+) mice.

However, the number of novel arm entries and the time spent in novel arm
by the F3 SUF-SUF(+) male and female mice were not different to the F3 SUF-SUF
mice. It can be explained that when ω-3 fatty acids are supplemented, the levels of
DHA would increase to a certain degree instead of AA (Guesnet et al., 1997). In
fact, DHA-supplemented in animals have lower brain AA levels (Wainwright et al.,
1997). Previous studies have suggested that fish oil rich in DHA reduced the
availability of AA (Carlson et al., 1993). Therefore, reduced AA in the membrane
phospholipids may lead to decreased PGE2 production and thus prevents spatial
recognition memory deficits in the F3 SUF-SUF(+) mice.

The time spent in the novel arm of the Y-maze task is generally believed to
be a parameter reflecting spatial learning and cognitive capacity (Conrad et al.,
2003). This includes reference and working memory and is reflected by
discriminating between entered and not entered in the novel arms (Gamoh et al.,
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1999; Olton, 1987). In the Y-maze task, the F3 DEF-DEF and F3 SUF-DEF mice
spent less time in the novel arm compared to familiar and start arms, than the F3
SUF-SUF and F3 DEF-SUF mice. This result is likely to be an indicator of impaired
spatial working memory in the F3 DEF mice on an ω-3 fatty acid deficient diet.
Also, when the three arms were all open for exploration, the F3 DEF-DEF and F3
SUF-DEF mice showed less activity in the novel arm compared to the familiar and
start arms, than the F3 SUF-SUF and F3 DEF-SUF mice. These findings may
suggest a poorer working and reference memory for the F3 DEF mice on ω-3 fatty
acid deficient diet. The results of the current study are generally consistent with the
previous observation reporting that mice on an ω-3 fatty acid deficient diet had
impaired cognitive function as shown by decreased exploration and activity in the
novel arm of the Y-maze task compared to mice on ω-3 fatty acid sufficient diet
(Arendash et al., 2007; Lamptey & Walker, 1976). This indicates that dietary ω-3
fatty acid deficiency in the F3 mice impaired their cognitive and memory functions.

The current study showed that supplementation of an ω-3 fatty acid
sufficient diet for 16 weeks of is essential for maintaining and improving the ability
of spatial recognition memory in the F3 DEF-SUF mice. This may indicate that the
brain membrane takes up ω-3 fatty acids especially DHA within several weeks to
recover. It has been shown that young rats on a DHA deficient diet for two
generations needed 8 weeks for the brain to recover DHA levels when they were fed
an ω-3 adequate diet (Moriguchi et al., 2000). This result suggests that the length of
time is important to restore DHA levels in the brain consequently improving
cognitive function. Thus, a large amount of ω-3 fatty acid is necessary for brain
DHA to recover since the recovery of DHA in the brain nervous system is slow
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compared to other organ (Bourre et al., 1984; Youyou et al., 1986). Clearly,
strategies to promote the recovery of brain DHA is important to prevent cognitive
impairments, as shown in the current study, the F3 DEF-SUF mice demonstrated an
improvement spatial recognition memory performance in 16 weeks of ω-3 fatty acid
sufficient diet.

The motor activity in rotarod test did not significantly differ between dietary
groups in F3 male or female mice. The current study is consistent with previous
studies that have reported that rats fed an ω-3 fatty acid deficient diet did not find
any changes in locomotor activity and coordination (Coluccia et al., 2009; Frances et
al., 1996). Similarly, there are no significant differences in locomotor activity in the
open field test between ω-3 adequate and ω-3 deficient mice (Fedorova et al., 2007;
Nakashima et al., 1993). There are several possible factors that could explain the
motor activity associated with ω-3 fatty acid diets. Previous studies in mice
suggested that locomotion activity was not modified by ω-3 fatty acid deficiency
(Carrie et al., 2000; Coluccia et al., 2009; Ikemoto et al., 2001). Other possible
factors that could influence the locomotor activity are motivational and sensory
factors (Fedorova et al., 2007; Wainwright et al., 1999). The current study suggests
that the F3 DEF-DEF mice are capable of exploring during the Y-maze test. Thus,
this could indicate that motor activity did not contribute to the cognitive memory
impairment associated with ω-3 fatty acid deficiency.
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4.7

Conclusions and hypotheses testing

In conclusion, the findings in this chapter indicate that ω-3 fatty acid
deficiency leads to impaired spatial recognition memory performance in the mice
over three generations. Cognitive deficits associated with ω-3 fatty acid deficiency
of the F3 mice may be prevented by 16 weeks of dietary repletion with ω-3 fatty
acids. The cognitive performance of the F3 SUF-DEF mice was not different from
that of the F3 DEF-DEF mice, indicating that an increased deficit in ω-3 fatty acids
resulting from 3 generations on an ω-3 fatty acid deficient diet does not cause any
greater cognitive deficit than that observed within one generation. The spatial
recognition memory deficits can be prevented when naproxen is administrated to the
F3 DEF-DEF(+) mice. In addition, motor activity was not modified by ω-3 fatty
acid deficiency and COX inhibition. Motor activity also did not contribute to the
cognitive memory impairment associated with ω-3 fatty acid deficiency or COX
inhibition. Thus, this study supports the working hypotheses:

H1: F3 DEF-SUF mice would perform better on the spatial recognition memory
than F3 DEF-DEF and F3 SUF-DEF mice.

H1: F3 SUF-DEF mice would show impair spatial recognition memory task than
F3 SUF-SUF and F3 DEF-SUF mice.

H1: Treatment with the COX inhibitor prevented the spatial recognition memory
deficits in the F3 DEF-DEF animals [F3 DEF-DEF(+) vs F3 SUF-SUF(+)].
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H1: Dietary ω-3 fatty acid deficiency and treatment of COX inhibitor would not
produce deficits in motor activity in the F3 mice.
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CHAPTER 5
Experiment 3: Selenium deficiency increased the hypertensive effect of an ω-3
fatty acid deficient diet

5.1

Introduction

Oxidative stress is a condition resulting from an imbalance in the reactive
oxygen species (ROS) and antioxidants. Oxidative stress damages proteins and
lipids, as well as contributing to the development of cardiovascular disease such as
hypertension (Touyz et al., 2005). An increased level of oxidative stress is a feature
of ω-3 fatty acid deficiency (Jenkinson et al., 1999). Previous studies report that
dietary ω-3 fatty acid deficiency has been shown to increase oxidative stress
associated with hypertension in animals (Xun et al., 2010). Dietary ω-3 fatty acid
deficiency from docosaheaxonic acid (DHA) and eicosapentaenoic acid (EPA)
resulted in increased oxidative stress and inflammation in vascular wall in
hypertensive rats (Diep et al., 2002; Mori et al., 2003). In addition, feeding an ω-3
fatty acid deficient diet showed higher systolic blood pressure and was associated
with increased oxidative stress in Sprague-Dawley (SD) rats (Nyby et al., 2005).
However, the increase in oxidative stress is not caused by increased blood pressure
only but is also accompanied by increased superoxide production by angiotensin II
(ANG II) (Hinojosa-Laborde et al., 2004).

Antioxidants are thought to prevent the development of hypertension through
the inhibition of the ANG II pathway and through reducing ROS production
(Nishiyama et al., 2003). Essential trace minerals such as selenium (Se) possess
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antioxidant properties which are vitally important in inhibiting ROS levels induced
by ANG II (Zhou et al., 2009). Moreover, selenium-dependent enzymes, such as
glutathione peroxidase (GPx) and thioredoxin reductase (TRx) are involved in
oxidative stress (de Haan et al., 1998) and as antioxidants inhibiting the ROS (Zhou
et al., 2009). In addition, selenoenzyme GPx and TRx have been shown to improve
cell functions and to inhibit apoptosis-induced cell death and organ failure
(Kayanoki et al., 1996). Previous studies report that the expressions of
selenoenzymes were regulated by different mechanisms; regulation of TRx
expression was mediated by ROS, but of GPx by Se status in arterial wall (Wu et al.,
2003). Thus, this could indicate that antioxidant enzymes GPx and TRx are capable
of protecting against oxidative stress and inhibiting ROS production.

The activity of GPx can be altered by manipulating the Se content of the diet
(Hill et al., 1997; Schomburg et al., 2003). For example, Se deficient diet results in a
reduction in serum GPx and contributes to hypertension that is essentially caused by
ROS increases (Babalola et al., 2007). Previous studies report that an increased risk
of hypertension occurs when the body has low levels of serum Se and the GPx
enzyme (Nawrot et al., 2006; Raij et al., 1993; Yakobson et al., 2001). Reduced GPx
could be associated with increased of toxic lipid peroxides contributing to the
endothelial dysfunction and hypertension of preeclampsia-prenatal mortality (Mistry
et al., 2008). It has been demonstrated that a significant decrease in the plasma GPx
level was observed in hypertensive rats suggesting that GPx decreasing lipid
peroxidation and cell damage (Kashyap et al., 2005). Overall, this could indicate that
Se correlates positively with the levels of GPx and disturbances in Se metabolism
results in development of hypertension.
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The ability to elucidate any combinatorial effects of both Se and ω-3 fatty
acids will help to establish the understanding of mechanisms that underline
occurrences of hypertension, and develop means of explaining the occurrences of
such diseases in humans. In the current study, male SD rats at 7 weeks of age were
divided into four treatment groups consisting of either sufficient or deficient in Se or
ω-3 fatty acid diets. The blood pressure in these animals was tested at 18 weeks on
diet. The current study also determined the effects of Se in mRNA expression of
TRx and GPx in the liver.

5.2

Objectives

The objectives of this study was to determine whether elimination of Se
would lead to hypertension in rats maintained on an ω-3 fatty acid deficient diet, and
to determine if there is an effect on mRNA expression of GPx and TRx in the liver.

The following working hypotheses will be tested:

H1: Dietary sufficiency of Se, due to its antioxidant actions, would ameliorate
hypertensive effects of rats maintained on an ω-3 fatty acid deficient diet.

H1: Dietary deficiency of Se would not alter blood pressure in rats maintained on
an ω-3 fatty acid sufficient diet.

H1: Dietary deficiency of Se would decrease the GPx mRNA expression in the
liver.
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5.3

Materials and methods

The detailed methodology is described in Chapter 2, the following gives a
brief overview.

5.3.1 The animal model

As detailed in Chapter 2, the animal model used throughout the study was
the Sprague-Dawley rat (7 weeks of age; n=40). The average of body weight of rats
is 636.6 ± 25.8 g.

5.3.2 Animal husbandry

Animals were house in a well ventilated room, ambient temperature was
maintained at 21oC, and room lighting cycled on a 12/12 hour dark/light cycle.
Animals were allowed ad libitum access to water and food.

5.3.3 Diets

The diets used in this experiment have been described in Chapter 2 (see table
2.2). Rats were divided into four groups and placed on semi-synthetic diets that
contained identical amounts of protein (15%; from torula yeast 30% w/w),
carbohydrate (53% w/w), fat (7% w/w), AIN-93G vitamins and minerals except for
Se. The diets were either sufficient (ω-3+; 7% canola oil; α-linolenic acid) or
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deficient (ω-3-; 7% safflower oil; linoleic acid) in ω-3 fatty acid, and were either
sufficient (Se+, 4.2 mg/kg) or deficient (Se-, less than 0.05 mg/kg) in Se.

5.3.4 Experimental timetables

5.3.4.1 Blood pressure

Blood pressure was measured at 18 weeks of age using the tail-cuff blood
pressure monitor (model 29, 229 and model 179 amplifiers, IITC Life Science Inc,
Woodland Hills, California, USA) described in Chapter 2. At the end of blood
pressure measurement, all rats were killed and the liver tissues were collected for
analysis.

5.3.4.2 Analysis of expression of mRNA

Total RNA was extracted from liver (~10 mg) using the TRI-reagent (PE
Applied Biosystems, USA). Nanodrop 1000 (Thermo Fisher Scientific Inc, MA,
USA) was used to determine the purity of RNA and the ratio (A260/A280) values were
close to 2.0. Complementary DNA (cDNA) was prepared by calculating the volume
of 2 X RT-PCR master mix based on the required number of reactions. The reaction
tube contained 2.0 µl of 10 X RT Buffer, 0.8 µl 25 X dNTP mix (100 mM), 2.0 µl
10 X RT Random Primers, 1.0 µl MultiScribe TM Reverse Transcriptase, 1.0 µl
RNase Inhibitor and 3.2 µl Nuclease-free water, giving a total volume of 10 µl in
each reaction tube.

A total 10 µl of RNA sample were mixed gently before

incubation at 25oC for 10 min, 37 oC for 120 min, 85oC for 5 sec and 4oC until the
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thermal cycler completely. The cDNA were amplified in a polymerase chain
reaction (PCR) with the specific primer sets (Table 5.1). These primers were
designed from the published nucleic acid sequences available from Genebank
database (NCBI Blast). PCR amplification was carried out with a total volume 25.0
µl of reaction mixture contained 12.5 µl RT2 qPCR Master mix, 10.5 µl ddH2O, 1.0
µl of liver cDNA template and 1.0 µl RT 2 qPCR Primers. The RT-PCR reactions
were carried out in a 96 well plate using SYBR Green one step RT-PCR master mix
Reagent kit (SABiosciences, USA). The temperature program for the PCR consisted
of 1 cycle at 95oC for 10 min, then 40 cycles of 95oC for 15 s and 60oC for 1 min.
Real-time PCR was performed using the fluorometric thermal cycler (7500 Fast
Real-Time PCR System, PE Applied Biosystems, USA) where target expression was
normalised to the amount of endogenous control (-actin) relative to control value,
given by ΔΔCT method.
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Table 5.1
Gene specific forward and reverse primer sequences used for RT-PCR
Gene

Forward primer

Reverse primer

NCBI

(5‟ – 3‟)

(5‟ – 3‟)

Accession
Number

GPx

5‟-GTC CAC CGT GTA TGC 5‟-GGT CGG ACA TAC TTG NM_030826.3
CTT CT-3‟

TRx

5‟-TAT GTC GCC TTG GAA 5‟-CCT GCT TCA ATC TGT NM_031614.2
TGT-3‟

β-actin

TCA AT-3‟

5‟-CAA CCT TCT TGC AGC 5‟-TTC TGA CCC ATA CCC NM_031144.2
TCC TC-3‟

5.4

AGG GA-3‟

ACC AT-3‟

Statistical analysis

Data are reported as mean ± standard error of the mean (mean ± SEM) in
tables and figures. The differences between the four diets groups on blood pressure
were analyzed by a two-way ANOVA, followed by a post-hoc least significant
difference (LSD) test (Statisca 7; Statsoft, Tulsa, OK). A significant difference was
accepted at P<0.05
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5.5

Results

5.5.1

Blood pressure

The systolic blood pressure results are shown in Figure 5.1. A two-way
ANOVA indicated a significant interaction between dietary ω-3 fatty acids and Se
for systolic blood pressure (F (1, 36) = 7.025, P < 0.05), but not for diastolic blood
pressure (P = 0.90) or heart rate (P = 0.51) (see Table 5.2). The systolic blood
pressure in animals with ω-3-/Se- group was 136.10 ± 3.45 mmHg, significantly
higher than the sufficient in ω-3 fatty acid and Se groups (P<0.05). However, all
groups displayed similar diastolic blood pressure and heart rate, and did not
significantly change in all groups throughout the study (P>0.05; see Table 5.2).

*

Systolic Blood Pressure (mmHg)

150
140
130
120
110
100
90
80
ω-3+/Se+

ω-3+/Se-

ω-3-/Se+

ω-3-/Se-

Figure 5.1. The effect of dietary ω-3 fatty acid and Se on systolic blood pressure.
Values are expressed as mean ± SEM for n=10 per group. ω-3 = ω-3 fatty acid; Se =
selenium; (+) = sufficient; (-) = deficient. * indicate statistical significance at P<0.05
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Table 5.2
The effect of dietary ω-3 fatty acids and Se on diastolic blood pressure and heart
rate.
Animal groups

Diastolic blood pressure

Heart rate

(mmHg)

(mmHg)

ω-3+/Se+

89.8 ± 9.75

330.2 ± 22.18

ω-3+/Se-

89.3 ± 5.38

321.0 ± 35.20

ω-3-/Se+

84.6 ± 6.88

328.0 ± 28.81

ω-3-/Se-

95.1 ± 6.95

332.6 ± 41.18

Values are expressed as mean ± SEM for n=10 per group. ω-3 = ω-3 fatty acid; Se =
selenium; (+) = sufficient; (-) = deficient.
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5.5.2 GPx and TRx mRNA expressions

A two-way ANOVA indicated a significant interaction between dietary fatty
acid and Se for GPx mRNA expression F (3, 30) = 8.3427, P< 0.001 (see Figure
5.2-a), but not for TRx mRNA expression, P = 0.69 (see Figure 5.2-b).

As shown in Figure 5.2 (a), in the statue of Se deficiency, the liver GPx
mRNA expression in ω-3+/Se- group was decreased 4.32% compared to in the ω3+/Se+ group (P<0.05; n=10). The GPx mRNA expression in the ω-3-/Se+ group
was increased 59.17% compared with only an induction of 4.34% by ω-3-/Se- group
(P<0.001). However, there were no significant differences on TRx mRNA
expression in rat‟s liver (P>0.05; see Figure 5.2-b).
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Figure 5.2. The effect of dietary ω-3 fatty acid and Se on (a) GPx and (b) TRx
mRNA expression in the liver. The values are analyzed between the mRNAs (GPx
and TRx) and the corresponding β-actin mRNA. Data are expressed by percentage
compared with control group (ω-3+/Se+). All values are expressed as mean ± SEM
for n=10 per group. ω-3 = ω-3 fatty acid; Se = selenium; (+) = sufficient; (-) =
deficient. * indicate statistical significance at P<0.05 between ω-3+/Se+ and ω-3/Se+; *** indicate statistical significance at P<0.001 between ω-3+/Se- and ω-3-/Se96

5.6

Discussion

The systolic blood pressure does not increase in rats maintained on an ω-3
fatty acid deficient diet sufficient in Se. The failure of hypertension to develop in
these animals is that the diets contain sufficient antioxidants to prevent oxidative
stress. It was suggested that Se sufficient diet, due to its antioxidant action, prevents
hypertension by oxidation of phospholipids (Nawrot et al., 2006). It has been
demonstrated that antioxidant systems associated with prevention of oxidative
damage and reduction of excessive production of ROS consequently prevents the
development of hypertension (Kashyap et al., 2005). In addition, antioxidant
supplementation improves endothelium dependent vasodilation by reducing oxidants
in nitric oxide synthesis activity (McCarty, 1999). Interestingly, it has long been
established that incorporation of Se in rats suppressed an increase in blood pressure,
in response to ANG II which has a pro-oxidant activity (Hilse et al., 1979). Indeed,
administering antioxidants prevent the ANG-II induced increase in oxidative stress
and the hypertension (Ortiz et al., 2001). Overall, due to the role of Se as an
antioxidant, the current study suggests that rats on Se deficient diets show an
increase in blood pressure, compared to rats on Se sufficient diets.

The present study also showed that rats maintained on a Se deficient diet do
not become hypertensive unless the diet is also deficient with ω-3 fatty acids. The
reason for this is that ω-3 fatty acids decrease oxidative stress and ROS production
(Nyby et al., 2005), and consequently prevent the hypertension in ω-3+/Se- group.
Previous evidence demonstrates that administration of ω-3 fatty acids attenuated
oxidative stress and inflammation, and therefore, reduced hypertension in rats (An et
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al., 2009). Similarly, diets rich in ω-3 fatty acids, such as those supplemented with
fish oil have been shown to reduce oxidative stress and therefore improve
endothelial functions and increase arterial compliance (Kikugawa et al., 2003; Xun
et al., 2010). This evidence is consistent with the results of the current study that ω-3
fatty acid sufficient diet (7% canola oil) prevents the oxidative stress and reduces
hypertension in rats maintained on Se deficient diet. In fact, if an ω-3 fatty acid
sufficient diet had been provided to the ω-3-/Se- rats, their blood pressure was
similar to the controls (ω-3+/Se+), indicating that ω-3 fatty acids reduced oxidative
stress by lowering plasma cholesterol and triglycerides (Nyby et al., 2005). Thus, the
results from the current study suggest that ω-3 fatty acid sufficient diets can prevent
oxidative stress and consequently reduce hypertension.

The GPx displays different tissue distribution; the activity and expression of
GPx are regulated by the Se status of tissues (Sugihara et al., 2005). It has been
reported that Se deficient rats had decreased total GPx expression in the liver and
heart (Hama et al., 2008). In the present study, an increased expression of GPx
mRNA was observed in the liver of the Se sufficient animals. The results suggest
that the mRNA expression of GPx in rat liver is modulated by the Se in the diet.
Furthermore, the activity and expression of GPx mRNA are regulated by the Se
status of rat‟s arterial wall (Wu et al., 2003). However, there is also evidence that Se
deficient diets cause a significant decrease in GPx mRNA expression in articular
cartilage (Kurz et al., 2002). Hence, the current study suggests that the activity and
mRNA levels of GPx in liver are regulated by dietary Se content.

98

The role of selenoenzyme GPx as a mechanism to counteract oxidative stress
has been previously established (de Haan et al., 1998). Also, GPx may function as
an antioxidant defense and may prevent the occurrence of hypertension (Yakobson
et al., 2001). Furthermore, the protective effects of GPx as an antioxidant system
inhibits ROS generation (Zhou et al., 2009), consequently reducing the development
of hypertension. Reduced GPx activity could be associated with increased
generation of toxic lipid peroxides contributing to the endothelial dysfunction and
hypertension (Mistry et al., 2008). Based on the evidence, the current study suggests
that Se deficient diet increased systolic blood pressure caused by decreases
expression of GPx mRNA in the liver. Thus, selenoenzyme GPx from Se sufficient
diet has a positive effect as antioxidant enzyme and offers protection from oxidative
stress induced hypertension.

There were no differences between groups in TRx expression in the liver.
One explanation is that TRx expression is decreased in the liver, lung and kidney,
but not in brain and prostate, of rats fed a Se-deficient diet (Berggren et al., 1999;
Hill et al., 1997). Some studies have reported that TRx expression is significantly
increased in the intestine and brain but not in the ileum and liver (Burgos et al.,
2006; Schomburg et al., 2003). In fact, TRx activity has been reported to be
maintained during Se deficiency (Newland et al., 2006), an observation that is
similar with the results from the current study. The reason for these findings is
unknown, however, it may reflect the fact that the abundant ROS induced by Sedeficiency altered the regulation of TRx activity in rat‟s liver (Schomburg et al.,
2003; Sun et al., 1999). It is also possible that an interaction between dietary ω-3
and Se could have resulted in similar levels of TRx expression. Previous studies
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report that Se deficient diets affect the metabolism of selenoenzyme in rats when
combined with a ω-3 sufficient diet from fish oil (Schafer et al., 2004). Overall, TRx
expression is dependent on dietary content of Se, and may play an important
function in antioxidant defense particularly in hypertension by reducing vascular
ROS production (Widder et al., 2009).

5.7

Conclusions and hypotheses testing

In conclusion, this study demonstrated that rats maintained on an ω-3 fatty
acid and Se deficient diet had significantly increased systolic blood pressure
compared to rats on an ω-3 fatty acid and Se sufficient diet. These results suggest
that Se sufficient diet, due to its antioxidant actions, can ameliorate the hypertensive
effects in rats maintained on an ω-3 fatty acid deficient diet. The results also found
that rats maintained on an ω-3 fatty acid sufficient diet showed a decrease in
oxidative stress, and consequently, had normal blood pressure. Additionally, this
study has shown that a positive interaction exists between selenoenzyme GPx and
that antioxidant capacity contributes significantly to the regulatory mechanism of
oxidative stress in rat liver. This study suggest that antioxidant Se and ω-3 fatty
acids play significant roles in the regulation of ANG II and ROS systems, and are
thus important in the development of future treatments for cardiovascular diseases
such as hypertension. Overall, these findings support the following working
hypotheses:

H1: Dietary sufficiency of Se, due to its antioxidant actions, would ameliorate
hypertensive effects of rats maintained on an ω-3 fatty acid deficient diet.
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H1: Dietary deficiency of Se would not alter blood pressure in rats maintained on
an ω-3 fatty acid sufficient diet.

H1: Dietary deficiency of antioxidant Se would decrease the GPx mRNA
expression in the liver.
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CHAPTER 6: GENERAL DISCUSSION, LIMITATIONS AND FUTURE
STUDIES

6.1

Diet reversal on blood pressure and spatial recognition memory

The experiment described in Chapter 3 provides the first evidence that an
increase in systolic blood pressure after three generations of ω-3 fatty acid deficient
diet is greater than increase in systolic blood pressure after one generation. This
result may suggest that higher systolic blood pressure over three generations is
associated with higher degree of docosahexaenoic acid (DHA) depletion in the brain
than depletion after just one generation. It has previously been established that
feeding rats an ω-3 fatty acid deficient diet caused depletion of DHA in brain over
two generations (Xiao et al., 2006). In addition, higher systolic blood pressure as a
result of an ω-3 fatty acid deficient diet over three generations can be prevented by
providing F1 DEF mice an ω-3 fatty acid sufficient diet for 22 weeks. Previous
studies report that dietary ω-3 fatty acid supplementation can restore impaired
responses to endothelium-dependent vasodilators in patients with hypertension
(Fleischhauer et al., 1993; Mori et al., 2000). Similarly, endothelial-dependent
relaxation is impaired in subjects with high cholesterol levels and this impairment
can be reversed by dietary supplementation with ω-3 fatty acids (Chin & Dart,
1994). Based on this evidence, this could suggest that higher systolic blood pressure
that occurs when fed an ω-3 fatty acid deficient diet can be prevented once a diet
containing adequate amounts of ω-3 fatty acids are consumed. However, the F3
mice maintained and raised on an ω-3 fatty acid sufficient diet can become
hypertensive when the F1 animals are given an ω-3 fatty acid deficient diet. This
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suggests that prenatal ω-3 fatty acid deficiency increases systolic blood pressure in
offspring later in life. It has been shown that when dietary ω-3 fatty acid deficiency
is reversed later in life, the levels of ω-3 fatty acids in the brain are essentially
restored but hypertension remains (Armitage et al., 2003). Thus, this could indicate
that prenatal ω-3 fatty acids perform an important role in preventing the occurrence
of hypertension.

The spatial recognition memory of the F3 SUF mice was impaired after
feeding them with an ω-3 fatty acid deficient diet for 16 weeks, indicating that the
cognitive performance of the F3 SUF-DEF mice was not different from that of the
F3 DEF-DEF mice. This suggests that after three generations of feeding an ω-3 fatty
acid deficient diet, spatial recognition memory performance were not different to
animals deprived for only one generation. A previous study reported that poorer
learning ability was similar between F2 and F3 generation mice on ω-3 fatty acid
deficient diet (Moriguchi et al., 2000). However, the spatial recognition memory
deficits of the F3 DEF mice maintained on an ω-3 fatty acid deficient diet can be
reversed by feeding an ω-3 fatty acid sufficient diet for 16 weeks. There are many
possible aspects that could explain why the deficits can be reversed after dietary ω-3
fatty acid sufficiency. For instance, spatial recognition memory deficits in the
brightness-discrimination learning test (Ikemoto et al., 2001) and Morris water maze
task (Moriguchi & Salem, 2003) is reversed when animals were switched from ω-3
fatty acid deficient diet to an ω-3 fatty acid sufficient diet particularly DHA at
weaning. Previous studies have demonstrated that spatial recognition memory
deficits in rats on a DHA deficient diet can be reversed after DHA was added to the
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diet (Bertrand et al., 2006). Another possibility is that the differences in spatial
recognition memory performance reflected irreversible structural damage to the
brain induced by the period of ω-3 fatty acid deficiency in early development. This
concept is supported by the observation that adult rat brain hippocampal neuron and
density in the neuron brain are reduced after ω-3 fatty acid deficiency (Ahmad et al.,
2002; Ahmad et al., 2002; Calderon & Kim, 2004). However, it is also possible that
with a longer period of neural ω-3 fatty acid repletion, a more complete spatial
recognition recovery would occur. Thus, this could suggest that some of the adverse
effects such as brain cognitive function during neurodevelopment may be reversible
with an ω-3 fatty acid supplemented diet.

6.2

COX-inhibition restores hypertension and spatial recognition memory

deficits in ω-3 fatty acid deficient mice

The experiments described in Chapters 3 and 4 evaluated the hypothesis that
higher systolic blood pressure and spatial recognition memory deficits of ω-3 fatty
acid deficient mice is due to increased prostaglandin activity. The results showed
that naproxen, a cyclooxygenase (COX) inhibitor, inhibited prostaglandin
production and resulted in an improvement in spatial recognition memory
performance and reduced higher systolic blood pressure in the F3 DEF-DEF(+)
mice. Based on this finding, it was suggested that the effect of naproxen is probably
due to its ability to inhibit prostaglandin synthesis from formation of arachidonic
acid (AA) and ω-6 fatty acid (Kotilinek et al., 2008; Morgan et al., 2000). Indeed, ω3 fatty acid deficient diet increased the levels of prostaglandin E2 (PGE2) via the
COX pathway particularly in cardiovascular and neurological diseases (Song et al.,
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2008). In addition, administration of naproxen was found to be effective in
inhibiting prostaglandin synthesis in the brain and improve neurobehavioral
performance on a variety of cognitive tasks such as plus maze task and mirror
chamber test (Dhir et al., 2006; Silakova et al., 2004). Also, naproxen significantly
reduced the development of hypertension in normal and hypertensive rats (Muscara
et al., 2000). Thus, this could suggest that higher systolic blood pressure and spatial
recognition memory deficits in the F3 DEF-DEF mice caused by ω-3 fatty acid
deficiency appears to be mediated by products of AA-COX pathway.

6.3

Effects of dietary ω-3 fatty acids and Se on blood pressure

The final experiment described in Chapter 5 found that in rats higher systolic
blood pressure can be caused by dietary ω-3 fatty acid and Se deficiency. However,
systolic blood pressure was not found to increase in rats that were maintained on a
ω-3 fatty acid deficient diet with adequate amounts of Se. The failure of
hypertension to develop in these animals is due to the diet containing sufficient
antioxidants Se (Nawrot et al., 2006) and selenoenzyme glutathione peroxidase
(GPx) (Yakobson et al., 2001). The protective effects of selenoenzyme GPx as an
antioxidant system inhibits oxidative stress and reactive oxygen species (ROS)
generation and, consequently, reducing the development of hypertension (Zhou et
al., 2009). However, the results also showed that rats maintained on a Se deficient
diet did not become hypertensive unless the diet was also deficient with ω-3 fatty
acids. The reason for this is that ω-3 fatty acids decreased oxidative stress (Nyby et
al., 2005), and therefore improved endothelial functions and prevented hypertension
(Kikugawa et al., 2003; Xun et al., 2010). Thus, it would appear that Se and
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selenoenzyme GPx, due to their antioxidant actions, can ameliorate the hypertensive
effects in rats maintained on an ω-3 fatty acid deficient diet.

6.4

Limitations of these studies and future studies

The mechanism by which ω-3 fatty acids reduces hypertension is yet to be
explored. However, there is some evidence to suggest that ω-3 fatty acids may
reduce high blood pressure caused by increased angiotensin II (ANG II)-induced
oxidative stress (Juan & Sametz, 1986; Juan et al., 1987). Previous studies also
suggest that metabolites of ω-3 fatty acids from eicosapentaenoic acid (EPA) such as
vasodilator eicosanoids may counteract the vasoconstriction caused by ANG II
(Jayasooriya et al., 2008). Also, this fatty acid may ameliorate ANG-II induced
oxidative stress at the endothelial level and may block superoxide anion production
(Polizio et al., 2007). The influence of ω-3 fatty acids on the regulation of blood
pressure remains unresolved, therefore future studies need to be conducted to
address this issue.

Although Chapter 4 did not examine the effect of how ω-3 fatty acids
modulate the expression of genes associated with cognitive function, it is important
to understand these possible effects since this area of study is limited. Dietary ω-3
fatty acids can influence the expression of many genes in the brain associated with
cognitive function (Kitajka et al., 2002). For example, ω-3 fatty acids affect several
genes such as transthyretin, which participates in signal transduction (BarceloCoblijn et al., 2003) and α-synuclein, which participates in synaptosomes and ion
channel formation. Furthermore, the genes participating in signal transduction
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processes such as calmodulins were also up-regulated by dietary supplementation of
fish oil rich in EPA and DHA (Kitajka et al., 2004). These genes may enhance
communication between neurons and have a special role in the stimulant-induced
plasticity of the central nervous system (Jordon et al., 2007). Thus, further
experiments need to be conducted to demonstrate the effects of ω-3 fatty acids on
expression of genes associated with cognitive function.

6.5

Conclusions

In summary, the studies presented in this thesis offer evidence that an ω-3
fatty acid deficient diet increased systolic blood pressure and impaired spatial
recognition memory performance in the mice over three generations. Furthermore,
higher systolic blood pressure and spatial recognition memory deficits can be
prevented by dietary repletion with ω-3 fatty acids, such as in the case of the F3
DEF-SUF mice. This could indicate that the supply of ω-3 fatty acids early in life
appear to be important for normal brain function and development, such that
adequate intake of ω-3 fatty acids especially DHA in the perinatal period may
reduce the risk of hypertension and cognitive deficits later in life. In addition, when
mice were fed an ω-3 fatty acid deficient diet for 3 generations were treated with
naproxen, the blood pressure became normal and they showed improved spatial
recognition memory functions. Thus, the implications of this study are that at least
higher systolic blood pressure and spatial recognition memory deficits associated
with ω-3 fatty acid deficient diet through three generations in the F3 mice may be
prevented by dietary repletion of ω-3 fatty acids or COX inhibition. In addition, Se
sufficient diet, due to its antioxidant actions, can ameliorate the hypertensive effects
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in rats maintained on an ω-3 fatty acid deficient diet. Rats maintained on an ω-3
fatty acid sufficient diet showed a decrease in oxidative stress and consequently had
normal blood pressure. These findings also suggest that Se and Selenoenzyme GPx,
due to their antioxidant actions, can ameliorate the hypertensive effects caused by ω3 fatty acid deficiency.
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