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ABSTRACT
INTRODUCTION
It is now well understood that the maternal environment encountered as a fetus can
profoundly influence an individual’s risk of developing a myriad of diseases in later life. In
particular, maternal nutritional challenges can have significant developmental impacts to the
fetus and this concept is generally referred to as the Developmental Programming of
Adulthood Health and Disease. As many developed nations, including Australia, shift to
states of nutritional excess, research focusing on adverse maternal conditions such as obesity,
diabetes and high fat feeding is becoming critically relevant. Whilst numerous studies have
begun to characterise the role of maternal obesity on offspring health, there is almost no
understanding of how consumption of a maternal high fat diet, that does not cause frank
obesity, might contribute to the programming of offspring health. Maternal obesity is not an
isolated condition, and confounding factors such as altered hormonal profiles and gestational
diabetes can make it difficult to delineate what factors are driving the varied developmental
changes observed in offspring.
While the longer term impacts of maternal high fat feeding on adult offspring is
relatively well understood, there is limited information on the impact of high fat intake on the
in utero environment, including the amniotic fluid and placenta.

Furthermore, greater

characterisation of the fetal phenotype is needed following maternal high fat feeding. In
particular, limited information is available on the role of maternal fat intake and renal
development. Finally, although several studies have assessed the role of maternal fat intake
on aspects of postnatal vascular and cardiovascular function, adult renal function has not been
fully assessed, despite strong evidence that disrupted renal development may increase the risk
of developing disease in later life.
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AIMS & OBJECTIVES
We aimed to investigate the impact of high maternal dietary saturated fat intake on
fetal and postnatal development, including identifying the in utero adaptations to amniotic
fluid lipid composition, fetal (including kidney) and placental growth and function. Longterm aims included investigation of the postnatal phenotype of offspring born to fat fed
mothers, with particular focus on evaluating the long-term effects on renal, cardiovascular
and sympathetic function.
We hypothesised that maternal high fat feeding would modify placental transport of
nutrients, resulting in a hyperlipidaemic fetal amniotic environment. As a result, fetal growth
trajectory and organ development, specifically the kidneys, would be disrupted. Furthermore,
we postulated that exposure to maternal high fat feeding would result in augmented blood
pressure and renal dysfunction in offspring in later life and that increased sympathetic nerve
activity may be responsible for these disruptions in physiological function.
METHODS
Investigations were carried out using Sprague-Dawley rats. For embryonic studies,
female breeders were fed either a control (C; 7% canola oil) or a lard rich high fat (HF) (3%
canola oil and 20% lard) diet for 3 weeks prior to mating and throughout pregnancy until
embryonic day (E) 14.25, E17.25 or E20.
weighed.

At collection, embryos and placentas were

Amniotic fluid and maternal plasma lipid profiles were determined using a

lipidomics approach facilitated by liquid chromatography mass spectrometry (LCMS). Renal
development was examined via culturing of embryonic kidneys and quantification of
branching morphogenesis. In addition, gene expression of placental transporters and fetal
liver substrates involved in lipid metabolism were determined using qPCR.
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For postnatal studies, female Sprague-Dawley rats were exposed to either C or HF
diet for 3 weeks prior to mating, throughout pregnancy and lactation.

From weaning,

offspring were chow fed ad libitum. Physiological experiments were undertaken at 6 and 12
months of age. Renal glomerular filtration rate (GFR), effective renal plasma (eRPF) and
blood flow (eRBF) were estimated in anaesthetized rats by 3H-inulin and
aminohippurate clearance.

14

C-para-

Mean arterial pressure (MAP) and heart rate (HR) were

determined in conscious animals using radiotelemetry.

At 1 year of age, whole body

noradrenaline spillover was estimated in anaesthetized rats.

3

H-noradrenaline was infused

and whole body noradrenaline spillover was calculated. Sodium nitroprusside (SNP) was
then infused to determine changes in sympathetic arousal in response to acute hypotension.
In addition, renal noradrenaline content was determined during development (E20) and in
postnatal animals at 21 days and 1 year as a proxy measure of sympathetic nerve
development and long-term sympathetic nerve activity respectively.
RESULTS & DISCUSSION
Maternal high fat feeding resulted in hyperlipidaemia, and this was reflected in
amniotic fluid lipid content, with significant increases in amniotic fluid triglyceride
concentrations in late gestation. In contrast to our hypothesis, fetal renal development did not
differ between C and HF exposed embryos, however minor changes were observed in
placental growth and transporter expression. These placental modifications do not fully
explain the significant increases in amniotic fluid lipid content in late gestation. Further
investigation indicated that increased fetal hepatic lipogenic gene expression was not a
mechanism involved with increased triglyceride concentration in amniotic fluid.
To further characterise our phenotype, development of offspring was followed into
the postnatal period. We found that maternal high fat feeding was associated with
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significantly increased blood pressure in both male and female offspring at 12 months. In
addition, sexually dimorphic renal dysfunction was evident in offspring of fat fed dams at 12
months of age. To our knowledge, this is one of the first studies to analyse renal function in a
model of maternal high fat feeding, using gold standard techniques. Again, in contrast to our
hypothesis, investigation into sympathetic nervous system revealed there was no difference in
sympathetic activity between experimental groups, and that this was not a mechanism
contributing to the renal and cardiovascular dysfunction in offspring exposed to in utero HF
conditions. As such, it appears that other factors are driving the physiological dysfunction in
this model. We hypothesise that vascular function may be impaired in HF exposed offspring
and that this may be the major mechanisms driving the observed renal and cardiovascular
dysfunction.
CONCLUSION
The findings from this thesis clearly demonstrate that even modest increases in
saturated fat intake can alter the in utero environment, and the consequences of these early
life modifications are seen in postnatal life, with significant renal and cardiovascular
dysfunction. Importantly, this model of high fat feeding is not dissimilar to what many
women are consuming during pregnancy – that is, the consumption of high saturated fats
without apparent obesity. From an obstetrics perspective, it is clear that there is more to the
picture than factors such as maternal obesity, and that dietary levels of saturated fatty acids
should also be monitored. Whilst it appears that maternal obesity leads to a more severe
phenotype in models of programming, high saturated fat intake during pregnancy cannot be
ignored, and increased intake of this fatty acid has long term detrimental effects on the fetus.
As we move to an increasing burden of chronic diseases, such as kidney and
cardiovascular disease, it is vitally important to understand the impact of the early life
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environment on health and disease in later life.

Furthermore, an understanding of the

mechanism contributing to perturbed tissue and organ development may aid early
intervention and as such disease prevention in later life. Controlling saturated fat intake
during pregnancy may be a small but significant step in reducing the risk of developing
adulthood diseases in later life.
Finally, from a clinical perspective, the dietary model used in this project is not
dissimilar to what many pregnant women in developed nations would be consuming. It
highlights an important concept that women who consume a high fat diet during pregnancy,
but do not develop obesity, are still placing the developing fetus at risk. Furthermore, it
highlights that early intervention may be clinically important in potentially reducing the
prevalence of adult chronic diseases.
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CHAPTER 1: GENERAL INTRODUCTION
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1.1.

BACKGROUND
It is now well understood that the maternal environment encountered during fetal life

can profoundly influence an individual’s risk of developing a myriad of diseases in adulthood
(Barker and Osmond, 1986, Barker, 1999, Stocker et al., 2005, Armitage et al., 2008, Stocker
and Cawthorne, 2008). In particular, maternal nutritional challenges can have significant
developmental impacts to the fetus. A shift in dietary conditions toward that of nutritional
excess has seen an increase in the prevalence of non-communicable disease, including
diabetes, obesity and dyslipidaemia over the past 30-50 years. However, in addition to the
health burdens associated with consumption of a high fat diet, there are also significant
consequences of maternal high fat intake on fetal health and development.
1.2.

DEVELOPMENTAL PROGRAMMING OF ADULTHOOD HEALTH AND DISEASE
It is now widely accepted that nutritional and environmental cues in utero can lead to

permanent alterations to developing tissue structure and function (Barker et al., 1989). This
phenomenon is known as “fetal” or “developmental programming”.

An important

implication of this phenomenon is that a suboptimal in utero environment during critical
periods of development may have long lasting effects on the structure and function of an
organism (Lucas, 1991), including an increased risk of cardiovascular diseases (CVD),
including hypertension, in later life (Barker et al., 2006) (Figure 1.1). A variety of factors
appear to promote a suboptimal intrauterine environment, and the level of insult is dependent
on the stage of fetal development. These factors include maternal smoking, alcohol intake,
increased fetal exposure to stress hormones such as glucocorticoids and dietary imbalance
(Nwagwu et al., 2000, Wilcoxon et al., 2003, Goodlett et al., 2005, Kapoor et al., 2006, Tong
et al., 2009a).
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Early
Disadvantage

•Sub-optimal in utero conditions
• Malnutrition
• Obesity
• Placental insufficiency

•In utero adaptions to suboptimal conditions

Structural
Perturbations

• Alteraration in blood supply to central and peripheral organs
• Brain sparing
• Reduced nephron number
• Decreased pancreatic beta cell number

•Stress of growth and aging

Postnatal Stress

• Glomerular sclerosis
• Obesity
• Islet cell exhaustion
• Blunted vascular function

•Disease onset

Dysfunction

• Hypertension
• Renal Disease
• Diabetes

FIGURE 1.1 - THE DEVELOPMENTAL PROGRAMMING OF ADULTHOOD DISEASE.
Examples of maternal challenges that may represent an early life disadvantage to the developing fetus. These adverse
conditions in utero may trigger adaptations that result in permanent alterations in developing organs. The long-term
consequences of this are observed in postnatal life, and when faced with the stress of growth and ageing can increase an
individual’s susceptibility to developing disease in adult life (Barker et al., 2006, Armitage et al., 2008, Henry et al., 2011,
Kett and Denton, 2011).

1.2.1. MATERNAL MALNUTRITION
David Barker and colleagues hypothesised that fetal programming caused by maternal
malnutrition and/or fetal growth restriction predisposes individuals to developing CVD in
adult life (Barker et al., 1989).

The hypothesis is that inadequate nutrition during

development could lead to long-term structural and physiological alterations in the fetus in
order to maximise the likelihood of survival in utero. In support of this hypothesis, women
who are malnourished during pregnancy tend to have offspring with relatively lower birth
weight compared to offspring of adequately nourished mothers (Franco et al., 2003). The
pathophysiology of this low birth weight relates to the fact that in the face of nutrient
restriction, it is more advantageous (from an evolutionary perspective) to complete
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organogenesis early to avoid running out of metabolic substrate. In a clinical setting, low
birth weight (less than 2500 g) is often used as a marker of inadequate fetal nutrition and is
associated with an increased predisposition for the development of diseases later in life,
including coronary heart disease, hypertension and diabetes (Granger, 2002). Long term
studies support this, and for example, a longitudinal study in Finnish males found an inverse
relationship between birth weight and death from coronary heart disease in adulthood
(Eriksson et al., 1999).
It is important to note that low birth weight is a surrogate marker for fetal nutrition,
and is not the primary cause or hallmark of developmental programming. It is surmised that
suboptimal conditions during development triggers an adaptive ‘thrifty’ fetal phenotype in
order to ensure short term survival (Hales and Barker, 1992). As such, development is
impaired and a maladaptive phenotype ensues, leading to an increased risk of metabolic
disorders in later life. Studies of individuals who were in utero during the Dutch Hunger
Winter of 1944-45 illustrate the presence of a relationship between maternal nutrition and the
development of cardiovascular disease (CVD) in offspring (Roseboom et al., 2000b).
Furthermore, the onset of diseases including diabetes or dyslipidaemia is dependent on the
stage of gestation that exposure to decreased nutrition occurred. This evidence strongly
supports the hypothesis that suboptimal conditions during pregnancy result in fetal
adaptation, thus programming an individual to disease in later life (Erhuma et al., 2007).
Although the ‘thrifty’ phenotype ensures short term survival of the fetus, problems arise
when there is a mismatch between the predicted and actual environment encountered in
postnatal life. This ‘predictive adaptive response’ hypothesis states that in response to
environmental cues in utero, fetal programming occurs to benefit a predicted postnatal
environment (Hales and Barker, 1992, Gluckman and Hanson, 2004, Armitage et al., 2005b,
Gluckman et al., 2007).

Individuals that experience a mismatch between the predicted
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environment and the actual environment have an increased risk of disease manifesting in later
life (Armitage et al., 2005b).

For example, if an infant exposed to in utero dietary

deficiencies is born into a nutrient poor environment, the predictive environment ensues. As
such, the individual is biologically prepared to withstand a nutritionally poor environment
(Hales and Barker, 1992). The immediately obvious analogy is that individuals who are born
to undernourished mothers and then continue to suffer the effect of malnutrition do not
develop metabolic or cardiovascular disease. Indeed, CVD is low in rural China and sub
Saharan Africa where both in utero and adult undernutrition are prevalent (Lore, 1993, He et
al., 1994, Forrester, 2004, Stewart et al., 2012). The problem arises when there is a mismatch
between the pre- and postnatal environment. This difference between the expected and actual
environment is believed to lead to the development of metabolic syndrome (Barker et al.,
1993, Hales and Barker, 2001, Gluckman and Hanson, 2004, Gluckman et al., 2008).
Another potential consequence of this mismatch between the pre- and postnatal
environment is catch-up growth. Babies that are born small for gestational age but placed in
a high nutrient environment often have rapid periods of growth postnatally, known as catchup growth. Human infants that demonstrate catch-up growth have an increased risk of
developing CVD and its associated risk factors; augmented blood pressure, insulin resistance
and obesity. Interestingly this postnatal catch-up growth does not only have deleterious
effects in small babies.

In 2004, Singhal et al. examined the effects of growth on

cardiovascular outcomes in pre-term and term infants. Those infants with more rapid growth
in the first 2 weeks of postnatal life, independent of birth weight, had augmented endothelial
dysfunction, which is often associated with the development of atherosclerosis in later life
(Singhal et al., 2004). This has also been observed in rodents subject to lifelong (in utero and
postnatal) dietary insult. Hoppe et al., (2007) reported that lifelong protein restriction in male
rats prevented catch-up growth and resulted in 31% less nephrons, the filtering units of the
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kidney, at postnatal day (PN) 135 compared with control animals. Importantly, mean arterial
pressure was significantly lower in protein restricted than protein replete rats. Thus, in the
absence of catch-up growth, reduced nephron endowment was associated with relative
hypotension in male protein restricted rats.
Initially, the majority of programming models focused predominantly on studying the
long-term consequences of maternal undernutrition (see Armitage et al., 2004, McMillen et
al., 2005). While maternal caloric deprivation promotes a ‘thrifty’ fetal phenotype, the
emergence of global nutrient excess has shifted the research focus in the developmental
origins of disease to that of maternal overnutrition. In contrast to maternal malnutrition,
obesity during pregnancy does not appear to fit this predictive adaptive hypothesis.
According to the predictive adaptive response, one could predict that exposure to maternal
nutrient excess may better prepare offspring for a postnatal obesogenic environment.
However, it appears that maternal obesity does not protect, but rather may exacerbate the
development of obesity and metabolic disorders in offspring (Khan et al., 2004, Parlee and
MacDougald, 2013). As such, with numerous individuals throughout Asia, South America,
Africa and the Pacific Islands (Elisaia et al., 2010) beginning to have greater access to
Western diets, programming research focusing more on dietary conditions in industrialised
nations have been developed.
1.2.2.

NUTRITIONAL EXCESS
Although obesity is a global public health problem, Australia is one of the fattest

nations in the world with over 9 million adults classified as overweight or obese (Stewart et
al., 2008, Australian Bureau of Statistics, 2012). In addition to the issue of overweight and
obesity, excess nutrition can contribute to aberrant plasma lipid profile. Increased plasma
lipid concentrations are significant predictors of CVD, including coronary heart disease and
atherosclerosis (Criqui, 2007, Vergeer et al., 2010, Mackey et al., 2012). The relevance of
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high lipid intake becomes evident when analysing national consumption levels. Individuals
in many Westernised nations consume over 3000 calories per day, with over 900 calories/day
sourced from sugars, oils and fats (WHO, 2006). In addition, in many nations, including
Australia, men and women derive up to 43% of their total dietary consumption from fats
(FAO Statistics Division, 2010). Considering that Australian dietary recommendations
suggest that fat intake should be limited to no more that 35% daily energy intake (Australian
National Health and Medical Research Council, 2006, Australian National Health and
Medical Research Council, 2013), Australia sits well above this average.
1.2.2.1.NUTRITIONAL EXCESS AND ALTERED PLASMA LIPID PROFILES
The impact of both a high fat intake and altered plasma lipid profiles is particularly
relevant to nations such as Australia, with epidemiological data demonstrating that a large
percentage of the Australian population is affected by dyslipidaemia. Plasma lipid screening
in individuals aged between 25-44 revealed abnormal cholesterol and triglyceride profiles in
39.3% and 15% of the population respectively (Figure 1.2) (Dunstan et al., 2001). Separation
of males and females in this age bracket revealed that 35% of women in the Australia
population have abnormal cholesterol concentrations and 9.7% have increased triglyceride
concentrations (Figure 1.2).
While high dietary fat intake is associated with negative health outcomes, it is
important to recognise that lipids are a vital part of biological systems. In addition to a major
role in energy storage, lipids are important structural and functional components of cell
membranes, signalling and energy homeostasis (Institute of Medicine of the National
Academies, 2005). Dietary fats are consumed mainly bound as triglycerol, which consists of
three esterified fatty acids bound with a glycerol molecule. These molecules are extremely
high in energy (providing 9 kcal/g) therefore daily recommended intakes suggest no more
than 30% of daily energy intake is derived from fats (Institute of Medicine of the National
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Academies, 2005, Kohlmeier, 2003). While it is well understood that aberrant lipid profiles
increase the risk of chronic diseases, it is now becoming evident that dyslipidaemic profiles
during pregnancy may have a significant and detrimental impact on the developing fetus
(Palinski et al., 2001).
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FIGURE 1.2 - PREVALENCE (%) OF ABNORMAL PLASMA LIPID CONCENTRATIONS FOR
AUSTRALIANS AGED 25-44
A large proportion of the Australian population has dyslipidaemia. This is of particular significance for women in their
reproductive years, as abnormal lipid profiles may be associated with aberrant fetal development. Data shows that in
women, plasma cholesterol and triglycerides concentrations were abnormal in 35.1% and 9.7% of the population Adapted
from Dunstan et al (2001).

Abnormal lipid profiles are of particular relevance for females in their reproductive
years, with abnormal maternal lipid profiles associated with adverse consequences for fetal
development and long-term health outcomes for offspring. Maternal hypercholesterolaemia
has been linked with an increased density of fatty streaks in human fetal aortas (Napoli et al.,
1997) and research suggests atherosclerosis may have its origins in early life (Palinski et al.,
2001, Palinski and Napoli, 2002).

Furthermore plasma triglyceride concentrations in

31

controlled diabetic women are positively associated with birth weight of full-term offspring
(Schaefer-Graf et al., 2008). Although increased plasma lipid concentrations are prevalent
amongst women in many developed nations (Stewart et al., 2008, Dayspring, 2011, Go et al.,
2013, Scheidt-Nave et al., 2013), there is still a lack of detailed investigation into how
excessive dietary fat intake resulting in maternal hyperlipidaemia may affect fetal growth and
development. Moreover, the apparent contribution of maternal obesity versus the effects of a
high fat diet on fetal health outcomes is not well delineated. Maternal obesity is often used to
represent a state of nutritional excess, however, obesity represents a severe physiological
state, with numerous comorbidities, including diabetes, dyslipidaemia and hypertension.
These additional dynamics make it difficult to delineate what exactly is the major
contributing factor to disease onset in offspring following maternal overnutrition. Thus,
specifically defining the role of maternal diet, particularly the role of high saturated fat
intake, will allow the identification of the dietary factors contributing to the disease
phenotype in models of maternal overnutrition.
1.3.

DEVELOPMENTAL PROGRAMMING AND HIGH FAT FEEDING

1.3.1. SATURATED FATTY ACIDS
It well established that fatty acids, particularly the essential fatty acids, are vital for
fetal growth and development and that an aberrant supply can have detrimental effects to fetal
health. As we shift to conditions of dietary excess, it is becoming exceedingly relevant to
understand how high fat intake, and the composition of dietary fats during pregnancy, may
affect offspring development and increase an individual’s risk of developing disease in later
life.
Fatty acids are essential during fetal development, and both the amount and type of
dietary fat source can influence pregnancy outcomes and child growth. In particular, several
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lines of research in both humans and animal models indicate that the absolute amount,
relative ratio and type of fats consumed in the diet can have profound impacts on
cardiovascular, behavioural, cognitive and visual development (Sinclair and Crawford, 1972,
Ghebremeskel et al., 1999, Crawford, 2000, Crawford et al., 2003, Friesen and Innis, 2006,
Sinclair et al., 2007, Niculescu and Lupu, 2008, Escolano-Margarit et al., 2011).
Despite the fact that excessive saturated fatty acid (SFA) intake occurs in many
Westernised countries, there is limited understanding of the role that saturated fats have
during fetal development (Sinclair and Crawford, 1972, Crawford et al., 2003, Sinclair et al.,
2007). SFAs are aliphatic compounds, with a straight carbon chain fully saturated with
hydrogen atoms (Figure 1.3). Animal products are the major source of dietary SFA, but they
may also be synthesised de novo from excess glucose. Daily dietary recommendations
suggest that no more than 10% of daily energy intake be sourced from SFA (Institute of
Medicine of the National Academies, 2005).

FIGURE 1.3 - AN EXAMPLE OF THE CHEMICAL STRUCTURE OF A SATURATED FATTY ACIDS
This class of fatty acid is characterised by a straight hydrocarbon chain, with no double bond in the acyl chain. Above is an
example of Palmitic Acid (C16H32O2).

The SFAs are important components of cell membrane throughout the body, however
imbalances in the fatty acid makeup of a membrane can have deleterious effects on structure
and function. For example, a greater ratio of saturated fats in cellular membranes reduces
fluidity (Keddad et al., 1996, Coskun and Simons, 2011).
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This can be important for

components of the central nervous system, such as in myelin sheathing (O'Brien and Rouser,
1964, Leray et al., 1994). Although saturated fats are important for development of fetal
tissue, such as the brain, kidney and liver (Luit et al., 1975, Marbois et al., 1992, Leray et al.,
1994, Edmond et al., 1998) research in humans indicates that high levels of saturated fats are
associated with a reduced reproductive viability (Aardema et al., 2011, Jungheim et al., 2011,
Chavarro et al., 2012). As the Westernised diet is high in saturated fatty acids (Australian
Bureau of Statistics, 1998, Berglund et al., 1999, Zhou et al., 2012) it is important to
understand how high intakes of this fatty acid during pregnancy may affect the developing
child. There is strong evidence that an environment of nutritional excess prior to and during
pregnancy can have adverse effects on the developing fetus, with increased risk of developing
cardiometabolic diseases in later life (Khan et al., 2003, Armitage et al., 2005a, McCurdy et
al., 2009, Cerf et al., 2010, Krasnow et al., 2011, Mark et al., 2011), however the risks
associated with increased saturated fat are not fully understood.
Given that high fat intake, particularly saturated fat intake, is a major composition of
many diets across the globe (Australian Bureau of Statistics, 1998, Henderson et al., 2003,
Lloyd-Williams et al., 2008), it is clear that programming models with high levels of dietary
fatty acids are extremely relevant in representing the pregnant condition in developed nations.
An overview of the research investigating maternal high fat feeding is given in Table 1.1.
Research focus into maternal nutritional excess and the developmental origins of adulthood
disease has often focused on stimuli such as maternal body mass index (BMI) or dietaryinduced obesity. Nonetheless, it is becoming increasingly evident that the dietary lipid
composition during pregnancy may be just as deleterious to the offspring as maternal obesity
(Siemelink et al., 2002, Rudyk et al., 2011). There are however, few studies that have
delineated the effects of the maternal high lipid diet without the confounding effects
associated with maternal obesity, which represents a more extreme physiological state.
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1.3.2. POLYUNSATURATED FATTY ACIDS
The importance of polyunsaturated fatty acids (PUFAs) in the diet has been
documented extensively (Sinclair and Crawford, 1972, Crawford et al., 1997, Crawford,
2000, Crawford et al., 2003, Li et al., 2006, Hughes et al., 2011). Polyunsaturated fatty acids
are defined as carboxy acids attached to an aliphatic compound, with two or more double
bonds. While this thesis focuses primarily on the role of saturated fatty acids intake during
pregnancy, it is important to understand the critical role of fatty acid intake is during
development. The configuration of carbon bonds in a fatty acid defines whether they are
saturated (single carbon bond) or unsaturated fatty acids (at least one double or triple carbon
bond). The polyunsaturated fatty acids (PUFAs) are essential for optimal fetal growth. Two
families of PUFAs in particular are of key importance during development, the omega (n-) 3
and n-6 fatty acids. The parent fatty acids required for the synthesis of n-3 and n-6 fatty acids
synthesis are the essential fatty acids (EFAs) α-linolenic acid (n-3) and linoleic acid (n-6)
respectively. These EFAs are not able to be synthesised de novo and thus supply is reliant
from dietary intake. Metabolism of the parent EFA occurs via desaturation and elongation,
with ∆-6 and ∆-5 desaturase required for the metabolism of either linoleic acid or α-linolenic
acid to each respective end fatty acid substrate (see Figure 1.3).
Changes in the supply of EFA to the fetus, whether through deficiency or via
excessive intake of alternate fatty acids, can have deleterious effects on development. During
pregnancy the fetus has a limited capacity to synthesise the longer chain n-6 and n-3 fatty
acids from EFA precursors, and is reliant on a supply from the maternal circulation (DuttaRoy, 2009, Desforges and Sibley, 2010). Particular polyunsaturated species, such as
docosahexaenoic (n-3), are associated with a reduced risk of premature birth, increased
gestation length and reduced risk of intrauterine growth retardation. Adequate supply of
these lipids is vital during development, and numerous developing organs and tissue,
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FIGURE ERROR! NO TEXT OF SPECIFIED STYLE IN DOCUMENT..2 - DESATURATION AND ELONGATION
OF TWO FAMILIES OF POLYUNSATURATED FATTY ACIDS.
The essential fatty acids (EFAs), linoleic and α-linolenic acid are not synthesised de novo, and as such, these EFAs and their
metabolites must be derived from the diet. The major enzymes involved in this metabolism are ∆-5 and ∆-6 desaturases.
Final products include vital fatty acids, such as DPA and DHA. Alterations in the supply of these fatty acids to the
developing fetus can have detrimental effect offspring health and disease in later life.

including the brain and central nervous system, accumulate polyunsaturated fatty acid in high
amounts (Neuringer et al., 1986, Uauy et al., 1990, Weisinger et al., 2001, Li et al., 2006,
Nguyen et al., 2008, Wakefield et al., 2008, Harauma et al., 2010, Hughes et al., 2011, Novak
et al., 2012). Deficiency, or altered supply ratios to the fetus can have significant effects on
developing tissue (Galli et al., 1971, Jumpsen et al., 1997, Niu et al., 2004, Mitchell et al.,
2012). Docosahexaenoic acid (n-3 DHA) deficiency during neurogenesis results in a 55-60%
reduction in the phospholipid component of developing rat brains at E19 (Bertrand et al.,
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2006). Interestingly, deficiencies in DHA are compensated for by a significant increase in
the fraction of docosapentaenoic acid (n–6 DPA) in brain phospholipids compared with
controls (Bertrand et al., 2006). The long-term consequences of this were not investigated,
however, altered incorporation of fatty acids into membranes are associated with altered
membrane function (Niu et al., 2004, Mitchell et al., 2012). Supplementation of n-6 and n-3
supplementation to women during pregnancy and the lactation period resulted in higher
mental processing in 4 year olds when compared to those supplemented only with n-6 PUFA
(Helland et al., 2003).

Furthermore, studies examining fatty acid metabolism in pre-

implantation human embryos show that accumulation of unsaturated fatty acids (oleic,
linoleic) seem to be important for improving the developmental potential of embryos.
Embryos with low levels of linoleic acid did not develop past the 4 cells stage (Haggarty et
al., 2005). Thus it is clear that during development, lipids supplied from the maternal
compartment to the fetus can have significant impacts on fetal growth. As many nations shift
to dietary conditions replete in saturated fats, it is increasingly important to understand how
exposure to high levels of saturated fatty acids during early life may increase an individual’s
risk for developing adulthood disease.
1.3.3. HUMAN STUDIES – DEVELOPMENTAL PROGRAMMING AND HIGH FAT FEEDING
Although there is a well-established correlation between high saturated fat intake
during adulthood and increased risk of metabolic diseases (Riccardi et al., 2004, Chien et al.,
2011, de Oliveira et al., 2012), in humans, there is limited information on the effects of a
maternal diet high in saturated fats on the developing fetus. The role of maternal
hypercholesterolaemia in the early life genesis of atherosclerosis has been described
previously and provides clear evidence that the impacts of aberrant maternal lipid status
appear very early in life.

Examination of aortas from fetuses exposed to maternal

hypercholesterolemia revealed significantly increased fatty lesion formation when compared
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to the fetal aortas from mothers that are normocholesterolaemic (Napoli et al., 1997, Napoli
et al., 1999). This further highlights the significance of maternal lipid status on offspring
health. More recent investigations have found that in diabetic women, circulating plasma
triglycerides were positively associated with macrosomia, even when maternal glucose
concentrations were well managed (Schaefer-Graf et al., 2008). This compounding evidence
demonstrates a clear pathological effect of maternal dyslipidaemia on the developing fetus,
and furthermore, implicates maternal lipid status in the fetal origins of cardiovascular
diseases such as atherosclerosis.
1.3.4. ANIMAL STUDIES – DEVELOPMENTAL PROGRAMMING AND HIGH FAT FEEDING
The aetiology of diseases such as hypertension, diabetes and other non-communicable
diseases in the human population is often complex. Animal models have provided valuable
insight into the effects of maternal high fat feeding on offspring. Furthermore, animal models
have allowed in depth investigation into both the in utero and postnatal periods following
maternal nutritional manipulation.
1.3.4.1.

EMBRYONIC PERIOD

Even in very early development, the composition of dietary fat can influence
development. Maternal diets high in saturated fat were found to adversely affect embryonic
development compared to diets rich in polyunsaturated fats (Thangavelu et al., 2007).
Blastomere number, a marker of embryonic development, was reduced in blastocysts
collected from Holstein cows fed high levels of saturated fats compared with cows fed diets
enriched with polyunsaturated fat.

Specific understanding of how fetal development is

affected by high levels of saturated fat is limited, and to date there are inconsistent data on the
effects of maternal saturated fat intake on the embryo. For example, Fouladi-Nashta and
colleagues (2007) demonstrated that Holstein cows had improved blastocyst production and
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embryo quality following high fat feeding. Thus, it is clear that there is a need to better
understand the role of high-saturated fatty acid exposure in development.
Further examples of altered development following exposure to increased maternal fat
intake is shown by Wakefield and colleagues (2008). Ovulated oocytes or fertilised zygotes
were collected from mice exposed to either a control or high omega (ω) 3 polyunsaturated
fatty acids (PUFA) for 3 to 5 weeks. It was found that a diet high in ω-3 PUFA adversely
affected both oocyte and zygote development.

It was hypothesised that reduced

developmental potential was a result of increased cellular stress, with altered distribution of
active mitochondria and ratios of mitochondrial calcium observed in exposed oocytes. In
addition, embryo quality was decreased, with significantly fewer embryos developing past
the two cell stage in those exposed to high ω-3 PUFA in culture. Studies in later pregnancy
provide further evidence of altered development following maternal high fat feeding. Finally,
McCurdy and colleagues (2009) found that dietary induced obesity in pregnant non-human
primates increased fetal hepatic triglyceride content at 130 days gestation. The changes in
fetal liver triglyceride levels persisted into postnatal life and were associated with increased
adiposity in exposed offspring.
While it is clear that the maternal fat intake is implicated in disrupted development, a
greater understanding of the adaptations in the fetus and the fetal environment following high
fat exposure during the developmental period is needed. This includes investigation into the
related mechanism contributing to fetal programming.
1.3.4.2.

POSTNATAL PERIOD

In programming models, adult offspring exposed to high fat diets in utero have an
increased risk of developing metabolic-like syndrome. More recent programming studies
investigating high saturated fat diets during pregnancy have ranged in composition between
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16 to 40% (see Table 1.1). Hyperinsulinaemia, hyperleptinaemia and hypercholesterolaemia
have all been observed in offspring exposed to a maternal high fat diet (Taylor et al., 2005,
Muhlhausler et al., 2007a, Morris and Chen, 2009). Early studies carried out by Guo and
colleagues (1995) found that maternal high fat feeding (45% sourced from partially
hydrogenated vegetable oil) increased adiposity, liver weight and liver lipid content in 22 day
old rat offspring. Blood glucose and triglyceride concentrations were also higher compared
with control pups at weaning (Guo and Jen, 1995).
Both the prenatal and early postnatal environment are critical growth periods, thus an
understanding of how each contributes to the developmental programming of disease is
warranted.

Animal models that use cross fostering have been particularly useful in

delineating the contribution of the in utero and early postnatal period in developmental
programming (Khan et al., 2004, Parente et al., 2008). For example, rats exposed to a high
fat diet in utero were cross-fostered to a dam fed a control diet, and offspring of control dams
are weaned to an experimental dam (Khan et al., 2005, Wlodek et al., 2007, Matthews et al.,
2011). Cross fostering of rat offspring exposed to a control diet in utero and high fat
conditions during lactation were found to be hypertensive and have increased body weight by
6 months of age when compared to controls. Moreover, cross fostered offspring had blunted
endothelium-dependent relaxation in mesenteric arteries,, indicative of diminished vascular
function (Khan et al., 2005). This suggests that while the maternal environment has a
significant role in offspring health, the early postnatal environment is also important in
determining offspring health in later life.
During pregnancy, dietary-induced obesity results in the development of obesity in
postnatal offspring (Khan et al., 2003, Taylor et al., 2004, Armitage et al., 2010). Numerous
studies report that offspring of obese high fat fed dams become hypertensive (Khan et al.,
2003, Khan et al., 2005, Samuelsson et al., 2008, Elahi et al., 2009, Liang et al., 2009, Rudyk
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et al., 2011), although sexual dimorphism has been observed, with one study (Khan et al.,
2003) suggesting that only females developed raised arterial pressure following maternal high
fat feeding. Vascular dysfunction and morphological remodelling are also seen in adult
offspring following exposure to maternal obesity and hyperlipidaemia.

Increased aortic

stiffness, believed to be a precursor for the development of cardiovascular disease such as
hypertension, was observed in 6 and 12 month old offspring of saturated fat fed dams
(Armitage et al., 2005a). Furthermore, blunted vasodilation in major (Armitage et al., 2005a)
and minor (Khan et al., 2003, Taylor et al., 2004) vessels from offspring of fat fed dams was
hypothesised to be the result of lower endothelial cell volume and reduced vascular smooth
muscle cell numbers (Armitage et al., 2005a).

The vascular dysfunction observed in

offspring of fat fed dams is of significance, as vascular abnormalities are often associated
with development of metabolic syndrome, atherogenesis (Torres et al., 2012) and
atherosclerosis (Armitage et al., 2007, Kelsall et al., 2012). Offspring of dams exposed to
high fat conditions during pregnancy are also insulin resistant and have pancreatic beta cell
dysfunction, identified by reduced glucose stimulated insulin secretion from the pancreas
(Siemelink et al., 2002, Taylor et al., 2005, Cerf and Louw, 2010). Significant increases in
hepatic (McCurdy et al., 2009, Zhang et al., 2009) and plasma triglycerides (implicated in
endothelial cell dysfunction) (Koukkou et al., 1998, Ghosh et al., 2001, Taylor et al., 2005),
as well as aortic fatty acid abnormalities (Ghosh et al., 2001) have been observed in offspring
following exposure to in utero high fat conditions.
There are many phenotypic similarities in offspring following exposure to maternal
dietary manipulation. Exposure to either over- or undernutrition during pregnancy results in
a number of similar traits in exposed offspring, and these are typically associated with the
onset of cardio metabolic disease. In particular, augmented blood pressure (Woods, 2001,
Khan et al., 2003), endothelial dysfunction (Taylor et al., 2004, Sathishkumar et al., 2009),
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increased adiposity (Bispham et al., 2003, Armitage et al., 2012) and altered appetite (Kirk et
al., 2009, Sebert et al., 2009, Armitage et al., 2012) have all been reported in offspring
following maternal under- and overnutrition. In addition, dyslipidaemia (McCurdy et al.,
2009, Alfaradhi et al., 2014, Liu et al., 2014), insulin resistance and impaired glucose
homeostasis (Fernandez-Twinn et al., 2005, Taylor et al., 2005) are also commonly reported
following maternal dietary insult.
The biological mechanisms that are involved in maternal nutrition and the
development of offspring disease in later life are highly complex and still not clearly
understood.

However there are a number of programming mechanisms that appear to be

present in both under- and overnutrition. These include, but are not limited to, changes in the
placenta, maternal hormonal profiles and supply to the fetus and epigenetic modifications.
Altered placental function is consistently reported in studies of maternal dietary
manipulation (Boileau et al., 1995, Akyol et al., 2009, Belkacemi et al., 2010, Burton and
Fowden, 2012). The placenta is responsible for the supply of nutrients to the developing
fetus, and as such, changes in placental structure and function can have significant impacts on
fetal growth. Altered glucose transport (Boileau et al., 1995), reduced blood flow (Frias et
al., 2011) and changes in placental morphology (Coan et al., 2010) are all implicated in the
programming of the fetus following both maternal under- and overnutrition.
The maternal hormonal profile, including levels of circulating adipokines and
cytokines, is also implicated in the developmental programming of offspring following
maternal under- and overnutrition.

In particular, leptin, a hormone related to appetite

regulation in adulthood, is a critical neurotrophic factor involved in fetal central nervous
system development (Bouret et al., 2004b).
circulating leptin levels are increased.

In maternal high fat feeding and obesity,

These increased leptin levels in the maternal
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circulation is associated with altered neural networks in offspring (Bouret et al., 2004b,
Bouret and Simerly, 2006) and increased circulating leptin levels and leptin resistance in
adulthood (Ferezou-Viala et al., 2007).

In addition, offspring exposed to maternal

undernutrition demonstrate reduced leptin sensitivity and obesity in adulthood (Eckert et al.,
2000, Barbero et al., 2013). As such, the hormonal profile of the mother is an important
determinant of offspring health and appears to be one mechanisms contributing to disease
onset in offspring in later life.
Manipulation of the maternal diet can also induce epigenetic modifications of DNA
structures in the developing fetus, via DNA methylation or histone modification (Smith and
Ryckman, 2015). Importantly, these changes in offspring DNA expression patterns affect
gene expression, and as a result can impact offspring phenotype (Fernandez-Twinn et al.,
2015). Modifications in DNA patterning are also heritable, and evidence suggests that
alterations in phenotype through epigenetic modification can be passed down to progeny,
indicating that effects are transgenerational(Fernandez-Twinn et al., 2015, Smith and
Ryckman, 2015).
There are a range of mechanisms involved in the programming of offspring following
maternal under- and overnutrition. A full review of these mechanisms, with a focus on
maternal high fat feeding and disease onset in later life is discussed in Section 1.6.
Despite extensive research into maternal high fat feeding and the postnatal phenotype,
there is a lack of information regarding the developmental programming of the renal system
following conditions of nutritional excess.

Although numerous studies demonstrate

augmented cardiovascular function following maternal high fat feeding, the role of the
kidneys in disease onset is poorly investigated. This is a primary focus for this thesis, in
which we try to gain a better understanding of how the renal system is affected following
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maternal high saturated fat intake. Furthermore, the consequences of high fat exposure on
renal development and physiology over the long-term life are critical for understanding
disease onset in this model.
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TABLE 1.1 - OVERVIEW OF PROGRAMMING MODELS OF MATERNAL HIGH FAT FEEDING

Studies*^

Maternal Diet

Maternal
Weight

Animal Model

Outcomes


(Armitage et al.,
2005a)



(Cerf and Louw,
2010)
(Cerf et al., 2010)

(Ghebremeskel et
al., 1999)

(Ghosh et al., 2001)

20% energy from fat
(animal lard)

Sprague-Dawley rat



40% energy from fat
(mainly saturated)

Wistar rat





20.68% energy from fat
31% energy from fat
40.17% energy from fat



32,9% (mainly
saturated)

(Khan et al., 2003)

Sprague-Dawley rat

↑ maternal weight
during pregnancy only

data not available





glucose intolerance





Altered growth
↑ brain GLUT2 and NPY immunoreactivity
The amount of fat in the maternal diet had an impact on
neonatal growth and brain development



Altered hepatic fatty acid composition

↓in the incorporation of DHA into liver
phosphoglycerols and neutral lipids of neonates

↓ratio of DHA:AA at PN16





Altered vascular function
↓DHA and AA content in vascular plasma membrane
Altered plasma lipid profile

↓ HDL cholesterol

↑ triglycerides



no change in maternal
weight



20% energy from fat
(animal lard)

Sprague-Dawley rat

no change in maternal
weight



40% energy from fat
(hydrogenated vegetable
oil)

Wistar rat

no change in maternal
weight





↓plasma glucose in neonates
↑hepatic lipid concentration at birth and weaning
↑adiposity in weanling rats

↑ maternal weight
(including ↑ fat pad
mass)




↑ fetal growth at E18.5
↑ protein expression of placental GLUT1 and SNAT2




Abnormal endothelial function in males and females
Sex-dependent alterations in females only

↑ blood pressure

↑ plasma glucose

↑ plasma cholesterol

(Guo and Jen, 1995)
(Jones et al., 2009)

Wistar rat

data not available

↓ aortic endothelial cell number and smooth muscle cell
volume
Vascular dysfunction

↓EDR
↓ renal renin
↓renal Na+/K+ATPase activity





32% energy from fat

25.7% energy from fat
(animal lard)

C57BL/6J mice

Sprague-Dawley rat

data not available
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(Koukkou et al.,
1998)

(Kępczyńska et al.,
2013)

(Liang et al., 2009)




20% energy from fat
30% energy from fat
(both sourced
from
animal lard)



42% energy from fat



60% energy from fat
(mainly saturated)

Sprague-Dawley rat

C57BL/6J mice

no change in maternal
weight



C57BL/6J mice

↑ maternal weight

data not available




Altered vascular function
Increased plasma triglycerides in young adult rats





↑ fetal weight at E18
Placental weight unchanged
↑ expression of cytokines (IL10 & IFNγ) in maternal plasma




Hyperglycaemic at 6 and 12 months
Obesity at 6 month

Maternal supplementation with antioxidants
prevented obesity in offspring
↑ blood pressure at 12 months of age

Maternal antioxidant supplementation prevented
onset of hypertension in offspring at 1 year
Altered bone mineral density (6 months) and composition (12
months)






(Mark et al., 2011)



45% energy from fat

Wistar rat




(McCurdy et al.,
2009)




32% energy from fat

Japanese macaques

↑ maternal weight
until day 16 of
gestation
↑ fat pad mass at
E21
↑ adiposity in some
animals
Animals were
further categorised
as obese or obeseresistant



Fetal and placental junctional zone growth restriction at E21



Fetal changes

↓ fetal growth

↑ liver triglycerides

↑ hepatic oxidative stress

↑ plasma glycerol and triglycerides

Alterations to the hepatic gluconeogenic pathway
Postnatal changes

↑adiposity at PN90 and PN180

↑ liver triglycerides at PN30 and PN180
Diet reversal in dams improved offspring outcome regardless
of obesity
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(Morris and Chen,
2009)
(Muhlhausler et al.,
2007b)
(Niculescu and
Lupu, 2008)

(Prior et al., 2014)



34% energy from fat



↑ metabolizable energy
intake
by
55%
(compared to controls)





60% energy from fat

13.3% energy from fat
(animal lard)

Sprague-Dawley rat




Merino ewes

C57BL/6J mice

New Zealand White
rabbits

↑ maternal weight
↑ fat pad mass

data not available








↓ plasma leptin levels at birth
Alterations in the hypothalamic expression of key proteins
involved appetite regulation

↓ mRNA expression of NPY, POMC, (MC4R),
leptin receptor, STAT3, SOCS3 and mTOR



↑ mRNA expression of fetal adipogenic factors

↑ PPARγ, lipoprotein lipase, adiponectin, and leptin



Altered fetal hippocampal development at E17

↑ neural progenitors in neuroepithelium from the
hippocampus and cortex

↓ neural progenitors in neuroepithelium from the
dentate gyrus

↓apoptosis in the hippocampus





↑ adiposity
↑ MAP, HR & RSNA
↑ renal sympathetic nerve activity responses
intracerebroventricular leptin
↑ sympathetic response to intracerebroventricular ghrelin

↑ maternal weight

↑ maternal weight



(Rebholz et al.,
2011)
(Rudyk et al., 2011)



15.6% energy from fat
(corn oil)

C57BL/6J mice

no change in maternal
weight



23.6% energy from fat
(animal lard)

Sprague-Dawley rat

no change in maternal
weight



(Samuelsson et al.,
2008)




16% energy from fat
(animal lard)
33% energy from sugar

C57BL/6J mice
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↑ maternal weight
gain until late
gestation
↑ in BAT and
abdominal fat at
G18

to




↑ fetal weight at E18.5
↑ expression of proteins involved in fatty acid oxidation and
metabolism

CPT 1

PPARα




↑ in systolic blood pressure in response to salt-loading
↑ cardiovascular reactivity to restraint test





Hyperphagia
↓ locomotor activity
↑ adiposity

Adipocyte hypertrophy

Altered abdominal adipose tissue mRNA
expression of β-adrenoceptor 2 and 3-11βHSD1,
and PPARγ2
Endothelial dysfunction at 3 months
↑ systolic blood pressure at 6 months
↓ skeletal muscle mass at 3 and 6 months
Altered insulin and glucose metabolism








(Samuelsson et al.,
2010)

(Siemelink et al.,
2002)
(Taylor et al., 2003)
(Taylor et al., 2004)

(Taylor et al., 2005)



20% energy from fat



18% w/w menhaden fish
oil
18% w/w coconut oil

Wistar rat



25.7% energy from fat
(animal lard)

Sprague-Dawley rat



25.7% energy from fat
(animal lard)

Sprague-Dawley rat





25.7% energy from fat
(animal lard)

Sprague-Dawley rat

data not available








Maternal dietary lipid composition effects offspring
development
Alterations in pancreatic islet cells number

↓large islet cells number in SFA offspring

↑islet cell number in UFA

↑ body weight until day
15 of gestation




↓ fetal length and weight at E20
↓ placental weight

↑ body weight until day
16 of gestation & from
birth to postnatal day 8




Central obesity
Altered vascular function

Blunted vascular EDR





Enlarged pancreatic insulin secretory granules
Insulin resistance
Altered plasma lipid profile

↓ HDL cholesterol
↓ mt copy number in liver and kidney

↓ weight gain in dams
fed diet supplemented
with fish oil

Sprague-Dawley rat

data not available





(Tong et al., 2009a)

↑ metabolizable energy
intake
by
50%
(compared to controls)



Rambouillet/Columbia
ewes

↑ maternal weight





(Zhang et al., 2009)



22.6% energy from fat

↑ blood pressure by 3 months of age including ↑
cardiovascular reactivity to restraint test
Enhanced pressor response to leptin infusion
↑ renal noradrenaline content
↑ renal renin
↑ low:high heart rate frequency ratio at 12 months

C57BL/6J mice

data not available


*Keywords: maternal high fat feeding, developmental programming, maternal obesity
^Databases: PubMed
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↓ myogenesis in fetal sheep at E75

↓ MyoD, myogenin, and desmin contents in fetal
semitendinosus
↓diameter of primary muscle fiber
↓ Wnt/βcatenin signaling pathway
Altered hepatic mRNA expression at 15 weeks

↑ PPARα, CPT1a and IGF2 mRNA expression

↓LETc mRNA expression
Altered miRNA expression

1.4.

DEVELOPMENTAL PROGRAMMING AND THE KIDNEYS

1.4.1. RENAL STRUCTURE AND PHYSIOLOGY
While a number of organ systems can be adversely affected by the maternal diet
during pregnancy, the present study focuses on both the cardiovascular and renal effects
following maternal high fat exposure. Offspring of fat fed dams often exhibit augmented
blood pressure following maternal fat feeding, however there has been little investigation into
the role of the kidney using a model of maternal nutritional excess. In addition, the interplay
between renal function and sympathetic activity is also of interest. A predominant focus for
the current study has been to investigate how renal development and adult renal function are
altered following maternal high fat feeding.
Blood exits the glomerular tuft via the efferent arteriole and enters into the peritubular
capillaries (Lote, 2000, Vander, 1995). Anatomically, for the glomerular filtrate to form,
plasma must pass through a filtration barrier consisting of three layers; the capillary
endothelium, the basement membrane (the main filtration barrier) and the visceral epithelial
layer of the Bowman's capsule.

FIGURE 1.4 - HISTOLOGICAL SECTION OF A GLOMERULUS
A histological section of a rat kidney shows the glomerular ‘tuft’- the ball of capillaries that form the glomerulus. Filtrate
passes through the Bowman’s space to the tubules and collecting duct. Tissue is stained with Periodic acid Schiff’s (PAS).
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From here, the filtrate flows through the tubule system and out through the collecting duct
and ureters (Menon et al., 2012). As the filtrate flows through the tubules substances can be
either secreted or reabsorbed by the peritubule capillaries. Once within the tubules, the
regulation of the filtrate by the kidney is tightly controlled.

Both active and passive

mechanisms are carried out within the tubules, and tubular sodium reabsorption is vital for
fluid homeostasis. Disturbances in fluid homeostasis can have severe consequences, and
renal disease states have been linked with increased blood pressure (Lote, 2000, Koeppen and
Stanton, 2001).
The well-established link between blood pressure control and renal function makes
investigation into the potential high fat induced aberrations in renal development and renal
function vital. As mentioned previously, the kidneys are central in the regulation of longterm blood pressure and fluid homeostasis. In addition, the kidneys have important endocrine
functions and also prevent the build-up of toxins and metabolic wastes through urine
excretion (Vander, 1995). Compromised renal function dramatically reduces an individual’s
quality of life and places a large economic burden on the community. It is believed that the
onset of certain kidney diseases in later life may be a result of suboptimal intrauterine
conditions. Therefore, this makes it imperative to understand the mechanisms that may alter
renal organogenesis (Schreuder et al., 2006).
1.4.2. KIDNEY DEVELOPMENT
The developing kidney is highly sensitive to the in utero environment. In humans,
development of the permanent kidney (metanephros) begins during week 5 of gestation when
branching of the ureteric bud occurs. Renal organogenesis is tightly regulated throughout
fetal growth through a series of molecular interactions between the ureteric bud and the
metanephric mesenchyme (Burrow, 2000). At the molecular level, the secretion of glial cell
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line-derived neurotrophic factor (GDNF) from the metanephric mesenchyme stimulates the
outgrowth of the ureteric bud from the Wolffian duct via the c-ret receptor (Figure 1.5).
Signals from the ureteric bud induce condensation of the metanephric mesenchyme,
ultimately leading to the formation and maturation of nephrons (Burrow, 2000). While this
process is still not completely understood, it is known that in humans, nephrogenesis is
completed by birth, and that an individual born at term has their full complement of nephrons
(Rasch et al., 2004). This process is highly conserved in mammals, however in some species,
such as rodents, nephrogenesis is completed in the postnatal period.

FIGURE 1.5 - RENAL ORGANOGENESIS
During development of the kidneys, reciprocal interactions between the metanephric mesenchyme and the Wolffian duct,
stimulates the outgrowth of the ureteric bud (UB). At a molecular level, the metanephric mesenchyme secretes GDNF to
stimulate ureteric bud growth from the Wolffian duct. The ureteric bud also secretes a range of growth factors, such as
WNTs, as it invades into the metanephric mesenchyme. These reciprocal interactions result in condensation of the
metanephric mesenchyme and nephron formation.
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Renal development in mammals is highly sensitive to insults and even small
environmental perturbations in utero may disrupt the tightly controlled molecular regulation
of renal organogenesis (Schreuder and Nauta, 2007). As described previously, ureteric
branching is an important process in kidney (metanephric) development, and involves a series
of closely regulated interactions between the ureteric bud and the metanephric mesenchyme.
During metanephric development, condensation of the metanephric mesenchyme results in
the formation of the nephrons, the functional units of the kidney (Clark and Bertram, 1999).
Disruption of branching morphogenesis is believed to result in reduced nephron endowment,
potentially increasing the susceptibility in later life to the development of a broad range of
diseases (Shah et al., 2004).
1.4.2.1.

HUMAN STUDIES
In humans, nephrogenesis is completed prior to birth, therefore nephron number is

determined almost entirely by prenatal factors (Bertram et al., 2011). Adults with essential
hypertension have reduced nephron number and increased mean glomerular volume (Keller
et al., 2003).

Moreover, low birth weight individuals have increased glomerular size,

suggestive of hyperfiltration (Hughson et al., 2003). A reduced nephron number is believed
to reduce the total renal filtration surface area, thus leading to a greater single nephron
glomerular filtration rate (GFR) (Keller et al., 2003). Hyperfiltration of glomeruli is believed
to eventually lead to the development of glomerulosclerosis, particularly following renal
injury (Gross et al., 2005). Interestingly, Keller et al (2003) investigated the kidneys of
hypertensive patients and found that kidneys from hypertensive individuals did not have
obsolescent glomeruli.

Obsolescent glomeruli would have been suggestive of ongoing

glomerular loss. Rather, it was hypothesized that hypertensive individuals most likely had a
lower nephron number at birth, further supporting the concept that reduced nephron
endowment is associated with the development of essential hypertension.
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Research into renal programming in humans is currently limited and quantitative data
come mainly from the study of whole kidneys obtained at autopsy. Examination of whole
kidneys from infants who died at birth revealed that those born small for gestational age (due
to intrauterine growth restriction (IUGR)) had fewer nephrons than those born within the
normal weight range (Hinchliffe et al., 1992, Hughson et al., 2003). Similarly, data taken
from a study cohort in Mississippi indicate that birth weight and glomerular number are
directly correlated. These data indicated that nephron number increased by approximately
232,000 for each 1 kg increase in birth weight (Hughson et al., 2003). These studies,
although preliminary, suggest that low birth weight brought on by a suboptimal environment
in utero causes deficits in kidney structure, which may in turn affect an individual’s health in
later life. Data from ultrasound examination of human fetal kidneys support this histological
evidence. Konje et al (1996) examined the kidneys of normal or small-for-gestational age
(SGA) fetuses via serial ultrasound. They found that fetal renal growth was slowed in SGA
fetuses compared to appropriate age controls.

Furthermore, sampled umbilical blood

contained higher concentrations of the hormone renin, the rate-limiting enzyme in the reninangiotensin system (RAS). Konje et al (1996) reported that this slowing of kidney growth
combined with the raised renin levels could potentially lead to reno-vascular remodelling that
in later life are implicated in hypertension. Population studies in Indigenous Australians also
demonstrate renal abnormalities in those of low birth weight. Hoy et al (1999) found that
Indigenous Australians of low birth weight were more likely to suffer from albuminuria,
which is a marker for renal disease and also a predictor of renal failure. They hypothesised
that malnutrition during pregnancy may impair nephrogenesis, so reducing nephron
endowment. This could be a contributing factor towards the incidence of renal failure
amongst this population. Hoy et al (2006) subsequently found that kidneys of Indigenous
Australians contained significantly fewer nephrons than kidneys of non- Indigenous
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Australians from the same geographic region. These data further support the concept of renal
programming in humans, and illustrate that further investigation of the mechanisms and
outcomes of altered renal organogenesis are needed.
Unfortunately, human data available on maternal high fat feeding or obesity on renal
programming is limited. Recent population based data indicates that maternal overweight
and obesity is a risk factor for the development of kidney disease in childhood. In a study of
nearly 2000 children, it was found that maternal BMI was a risk factor for developing
obstructive uropathy in childhood (Hsu et al., 2014), however this is an area warranting
significant research.

Evidence for renal programming in humans is hard to establish,

specifically with regard to developmental processes such as renal branching morphogenesis.
Furthermore, obtaining human kidney samples, particularly fetal tissue, is often difficult.
Therefore, animal studies are imperative for better understanding whether renal
developmental plasticity is occurring following maternal high saturated fat intake.
1.4.2.2.

ANIMAL MODELS
Animal models provide a useful tool for further understanding the effects of

developmental programming on the kidneys. Multiple animal models of induced low birth
weight demonstrate that renal development is influenced when perturbations occur in the
intra-uterine environment. Maternal nutrient restriction (NR) in pregnant ewes during early
to mid-gestation results in alterations to both blood pressure and renal morphology in
offspring (Gilbert et al., 2005). In particular, absolute glomerular number was significantly
less in offspring of NR animals than controls, although kidney weight relative to body weight
was similar in NR and control sheep. Specifically, a negative relationship between blood
pressure and glomerular number was observed in offspring of NR animals, and blood
pressure of offspring exposed to NR in utero was 17 mmHg higher than that of control sheep
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(Gilbert et al., 2005). These observations further support an important role of the kidney in
the development of hypertension through in utero programming.
Limited information is available on the role of maternal fat intake and renal
programming. Conflicting research is available on how the kidney is affected structurally
following pre-natal exposure to high fat conditions, and highlights the need for greater
research into how this system is affected. Recently, Jackson et al (2011) showed that a high
fat and fructose diet during pregnancy and lactation resulted in renal pathology in offspring at
17 weeks of age. Continuation of this high fat and fructose diet in offspring post weaning
revealed that renal pathology was greater in male offspring exposed to both prenatal and
postnatal excess energy, with increased glomerulosclerosis and tubulointerstitial fibrosis. In
addition, renal function, as measured by urinary albumin excretion, was impaired, with
exposed offspring having a 200% increase in urinary albumin excretion (UAE) compared
with controls at 17 weeks of age (Jackson et al., 2011). Taylor et al (2005) demonstrated
that offspring had reduced renal mitochondrial copy number compared with controls. In
other organ systems, defects in pancreatic mitochondria DNA copy number lead to reduced
pancreatic functioning, and this may therefore be true for the renal system. Increased early
postnatal nutrition, induced through reductions in litter size, resulted in an increase in
nephron number in male exposed offspring compared to controls, with no effect on renal
function as determined by endogenous creatinine clearance (Boubred et al., 2007, Boubred et
al., 2009). In contrast, Armitage and colleagues (2005a) found, using unbiased stereology,
that there was no effect of the maternal diet on offspring glomerular volume or number.
Renal Na+/K+ATPase dysfunction has also been observed in offspring of fat fed dams.
Na+/K+ATPase function is vital for cardiovascular and renal function, and is thought to be
modulated by the lipid environment. Thus it was hypothesised that the observed decrease in
Na+/K+ ATPase activity could be a result of a lower membrane content of docosahexaenoic
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acid (DHA), previously observed in the aorta and liver of fat fed offspring (Armitage et al.,
2005, Ghosh et al., 2001).
Despite a lack of functional studies, these data provide preliminary evidence of
programming in the kidney following high fat exposure during development.

Further

research is needed to determine the effects of high fat feeding on renal development,
specifically into renal branching morphogenesis, a key process in determining final kidney
structure.

Finally, an in-depth analysis of adult renal function, including sympathetic

function, in both male and female offspring exposed to early life overnutrition is critical.
DEVELOPMENTAL PROGRAMMING – SEXUAL DIMORPHIC OUTCOMES IN
OFFSPRING

1.5.

Sex specific differences have been observed in high fat models of programming.
Khan et al (2003) demonstrated gender-linked hypertension in female offspring of fat fed
dams (27.5%) from as early as 6 months of age. In contrast, there was blunted endothelial
dilation in arteries in both male and female offspring exposed to a high fat diet. The vascular
dysfunction observed in both sexes suggests that in females there may be other mechanisms
involved in the onset of hypertension other than the endothelial dysfunction. The authors
suggest that the hypothalamic pituitary adrenal axis (HPA) axis, previously implicated in
programming studies, may be one system altered in female offspring that results in the
development of hypertension. Males may have delayed onset of hypertension as altered
endothelial function is often seen prior to the development of hypertension (Puddu et al.,
2000, Savoia et al., 2011).
Further evidence of sex specific programming is seen in offspring exposed to ‘junk
food’ in utero.

Prenatal ‘junk’ food exposure programmed the mesolimbic pathways

involved in appetite regulation in male and female offspring, with increased preference for fat

56

intake at 3 months of age (Ong and Muhlhausler, 2011, Ong and Muhlhausler, 2014).
However, switching in utero ‘junk’ food exposed offspring to a low fat diet from weaning
until adulthood ameliorated the programmed effects to the mesolimbic pathways in males
only. In contrast, females showed a trend for increased fat intake when exposed to ‘junk
food’ at 6 months of age, and had increased adiposity when compared to controls (Ong and
Muhlhausler, 2014).
The sexually dimorphic outcomes reported in numerous studies highlight the
importance of investigating both males and females in models of developmental
programming.
1.5.1. SUMMARY
In summary, it appears that saturated fatty acids, a major constituent in Westernised
diets, may adversely affect the fetal environment and that offspring of saturated fat fed
mothers are programmed with a phenotype that resembles the metabolic syndrome.
Numerous studies (see Table 1.1) demonstrate that rat offspring exposed to a lard rich diet are
typically insulin resistant, demonstrated by reduced pancreatic function (Khan et al., 2003,
Siemelink et al., 2002, Taylor et al., 2005), altered vascular structure and function (Ghosh et
al., 2001, Koukkou et al., 1998, Siemelink et al., 2002, Taylor et al., 2004) and increased
adiposity (Khan et al., 2004, Khan et al., 2003, Taylor et al., 2004) when compared to
controls.

Despite characterisation of the adult phenotype, there is currently limited

information on the in utero mechanisms that may be driving changes in offspring phenotype.
In addition, in pre and postnatal life, the role of the sympathetic nervous system in driving
disease progression has been little investigated, although current research suggests that there
may be a role for this system in high fat programming (Samuelsson et al., 2010, Prior et al.,
2014). Finally, the lack of research into the effects of maternal high fat feeding on both
kidney development and postnatal kidney function highlights a key area of focus. The
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kidneys are sensitive to suboptimal conditions in utero and have been implicated in numerous
programming models of maternal malnutrition (Woods, 2001, Hoppe et al., 2007).
Preliminary research suggests that high fat feeding during pregnancy may result in
programmed deficits to the kidney (Armitage et al., 2005a, Jackson et al., 2011), and this may
have serious consequences for both cardiovascular and renal health in later life. Although the
literature clearly demonstrates that developmental programming occurs in offspring
following maternal high fat feeding, information pertaining to the in utero mechanism is less
well understood.
1.6.

MECHANISMS OF DEVELOPMENTAL PROGRAMMING
Fetal developmental adaptations are thought to occur in response to a suboptimal

environment in utero. Extensive research has detailed the fetal adaptations that occur
following maternal malnutrition, however examination of the mechanisms of fetal
programming that occur following maternal nutritional excess is less developed.
1.6.1. NEURAL ADAPTATIONS
One adaptation that may occur is programming of neural structures and modifications
in brain development may be a major mechanism involved in disease onset following
maternal fat feeding (Mühlhäusler, 2007). Programming of neural structures have been
observed in fetal mice exposed to maternal obesity, with reductions in apoptotic markers in
the hippocampus and neuroepithelial neural progenitors from the dentate gyrus (Niculescu
and Lupu, 2008). Importantly, these early life neural adaptations are associated with long
long-term dysfunction (McMillen et al., 2005, Mühlhäusler, 2007). Many brain regions,
including the hypothalamus, are highly plastic during early postnatal life (Bouret et al.,
2004a). For example, in rodents, circulating leptin levels during the first two weeks of life
has significant influence on the formation of hypothalamic circuitry, and consequently
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appetite regulation (Bouret et al., 2004a, Bouret and Simerly, 2006). As such, early life
nutrition may have long term impacts on feeding behaviour and obesity onset in adulthood.
In postnatal life, rats exposed to maternal obesity demonstrate appetite dysregulation, with
hyperphagia and leptin resistance in exposed offspring at 90 days when compared to controls
(Kirk et al., 2009, Morris and Chen, 2009). These effects may be attributable to changes in
neuronal number, synaptic connections and neurotransmitter concentrations in offspring
exposed to maternal obesity. Further evidence from rats exposed to maternal ‘junk food’
intake exhibit alterations in the mesolimbic pathway, associated with appetite dysregulation.
Altered expression of key molecules within the ‘reward circuit’ of the brain resulted in
preferential fat intake in exposed offspring from weaning until 3 months of age (Ong and
Muhlhausler, 2011).

Programming of discrete brain regions may also have significant

physiological consequences in later life, with a range of homeostatic functions disrupted,
including sympathetic nervous system function.
1.6.2. ENDOCRINE ADAPTATIONS
Endocrine adaptations are believed to occur in the fetus to accommodate perturbations
in the maternal environment following maternal high fat feeding or obesity. Hyperglycaemia
is often reported in pregnancies complicated by maternal obesity (Kępczyńska et al., 2013),
and this is often mirrored in the fetal compartment. Fetal hyperinsulinaemia results as a
compensatory mechanism to regulate the increased fetal blood glucose levels (O'Dowd and
Stocker, 2013).

Both glucose and insulin lead to increased growth and this has been

proposed to be a mechanism contributing to increased fetal adiposity and macrosomia in
maternal obesity (Ericsson et al., 2007, Norman and Reynolds, 2011). It has been speculated
that fetal adaptations in pancreatic development, driven by accelerated β-cell maturation, are
associated with premature age-related loss in pancreatic function in adulthood (Rkhzay-Jaf et
al., 2012, O'Dowd and Stocker, 2013). This may contribute to many of the metabolic
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disorders reported in offspring exposed to maternal high fat feeding, including
hyperglycaemia, β-cell failure and other cardiometabolic illnesses (Ford et al., 2009, Zhang et
al., 2011, Bringhenti et al., 2013).
1.6.3. MATERNAL PLASMA LIPID COMPOSITION
Maternal plasma lipid composition has also been implicated as a major mechanism
driving fetal adaptions following high fat feeding. A number of important receptors involved
in fatty acid metabolism are triggered by lipids and their proinflammatory derivatives,
including the liver X receptor and members of the peroxisome proliferator-activated receptors
(PPAR) family. Evidence comes from studies in pregnant mice, treated with a LXR agonist,
in which immediate effects on lipid metabolism were observed in both dam and fetus. Fetal
hepatic LXR activation was increased, with a corresponding increase in lipogenesis (van
Straten et al., 2009). Thus is appears that increased lipid exposure during pregnancy may
effect a number of metabolic systems, including fatty acid metabolism.

The long-term

consequences could include significant adaptations in energy storage and expenditure, and
perhaps obesity onset in offspring. Thus a major focus of this thesis is to determine whether
maternal dietary lipid composition leads to a hyperlipidaemic environment for the developing
fetus, and to explore the long-term consequences of this high fat exposure.
1.6.4. EPIGENETICS
Epigenetics has also been proposed as a mechanism programming fetal metabolism
following maternal obesity (Nicholas et al., 2013, Nicholas et al., 2014). Research in this
area has typically focused on maternal dietary restriction, and evidence shows that embryonic
development is affected (Zhang et al., 2010, O’Sullivan et al., 2012, Cantone and Fisher,
2013, Lie et al., 2013, Zhang et al., 2013, Lie et al., 2014). Limited information is available
following dietary manipulations involving maternal obesity and/or high fat feeding, however
new evidence suggests that epigenetic modifications may programme adaptations in

60

metabolic processes such as glucose and lipid metabolism (Ng et al., 2010, Lie et al., 2013,
Lie et al., 2014). This may contribute to the increased risk of developing in obesity or
cardiometabolic diseases in offspring in later life.

In fetal tissue, maternal obesogenic

conditions result in reduced DNA methylation in the Zfp423 promoter region compared to
controls (Yang et al., 2013). Zfp423 expression is linked with adipocyte development and
the authors reported an increase in both Zfp423 expression and adipocyte differentiation in
fetal tissue.

Further research is needed however, to identify how maternal obesogenic

conditions may alter expression of genes through adaptations in DNA methylation and
histone modification (Sookoian et al., 2013) and is not within the scope of this thesis.
1.6.5. ADIPOCYTE ADAPTATIONS
Early life adaptations to adipocyte development following maternal high fat feeding
may also be a key mechanism involved in the programming of adulthood disease. The final
determinants of an individual’s total adipocyte number and total adipose tissue volume are
currently unknown. Epidemiological data from the World War II Dutch Hunger Winter
Famine illustrates that offspring of mothers exposed to malnutrition during the first trimester
were more likely to develop cardiovascular disease in later life, compared to those individuals
that were exposed to famine conditions in late gestation alone. More specifically, offspring
experiencing malnutrition during the early gestational period went on to develop obesity in
adulthood (Roseboom et al., 2000a, Roseboom et al., 2000b).

This suggests that

adipogenesis can be modulated by the intrauterine environment and that the timing of the in
utero insult could influence the patterning of adipose tissue depots see Figure 1.6) (Henry et
al., 2012).
Adipose tissue has a major endocrine function and as such altered fat patterning
during development could have significant long-term health effects. Maternal obesity in
mice is associated with increased expression of key genes involved in adipocyte
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FIGURE 1.6 - PROGRAMMING OF THE ADIPOCYTE
While factors such as lifestyle may contribute to the onset of obesity, it is also now understood that the maternal
environment encountered in early life may contribute to the development of adult-onset obesity. It is hypothesised that
individuals with low adipocyte endowment or adipocytes with limited lipid storage capacity may be more susceptible to
obesity related diseases because they experience “lipid overflow” at a lower level of body fat than individuals with more
adipocytes (adapted from Henry et al (2012)).
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differentiation during fetal development (Yang et al., 2013).

Furthermore, male mouse

offspring exposed to maternal dietary-induced obesity had increased expression of PPARγ,
C/EBPα and C/EBPβ; key genes involved in the regulation of adipogenesis (Borengasser et
al., 2013).

These modifications were associated with increased differentiation of white

adipose tissue cells in male exposed offspring compared to controls.
Thus, it appears that several features of the adipocyte make it highly susceptible to
developmental programming, including its plasticity (Mostyn and Symonds, 2009). As such,
programming of the adipocyte during fetal life, and in turn adipose tissue, is strongly
implicated as a mechanism contributing to adult-onset obesity.
1.6.6. SYMPATHETIC NERVOUS SYSTEM ADAPTATIONS
The renal nerves provide a direct link between the central nervous system and kidney.
The role of the renal nerves in control of fluid and cardiovascular homeostasis has been
studied extensively and elevated renal sympathetic nerve activity (RSNA) has been
implicated in many disease states, including hypertension (Katholi et al., 1982, Koepke and
DiBona, 1985, Lee et al., 2006). The importance of the renal sympathetic activity in disease
progression is highlighted through renal denervation studies, in which renal denervation can
prevent, attenuate or delay the onset of hypertension (DiBona and Jones, 1998, DiBona,
2005, Machino et al., 2014, Ott et al., 2015).
Physiologically, through the release of catecholamines such as noradrenaline, the
renal nerves play an important role in fluid and electrolyte balance, and significantly
influence renal functioning (Kalaitzidis et al., 2013). Innervation of the kidney occurs via the
renal nerve plexus (Lote, 2000, Snell, 2004) and activation of this system stimulates a
number of neurohormonal events that drive fluid retention and augmented blood pressure.
One example of this is via sympathetic activation to granular cells within the juxtaglomerular
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apparatus. Activation of these cells triggers the release of renin, a hormone with vasoactive
properties that is part of the renin angiotensin system (Vander, 1995, Lote, 2000, Koeppen
and Stanton, 2001).

Increased renal sympathetic nerve activity also stimulates sodium

reabsorption across the renal tubules via activation of α1-adrenoreceptors in the tubular
epithelial cells (DiBona, 1985).

The resulting increase in sodium reabsorption is a

contributing factor to the increase in blood volume and pressure. Finally, renal blood flow is
decreased as vasoconstriction of blood vessels occurs. The reduction in renal blood flow in
turn reduces glomerular filtration rate and urine excretion, and as such elevated blood
pressure is sustained (DiBona, 2005).
Recent research has demonstrated that perturbations in the in utero environment can
detrimentally impact the sympathetic nervous system, and increase the risk of cardiovascular
diseases, such as hypertension, in later life. Franco and colleagues (2008) found a link
between low birth weight, a marker of fetal malnutrition, and circulating catecholamine
levels. They found that plasma noradrenaline levels, a marker of noradrenergic activity, were
increased in females, suggestive of overactivity of this system. Children born small for
gestational age (SGA) have also been shown to have increased urinary dopamine excretion,
suggestive of increased sympathetic nervous tone (Johansson et al., 2007). Cross sectional
studies examining low birth weight children have also shown elevated sympathetic nerve
activity when compared to those born appropriate for gestational age. Direct measurements
of sympathetic nerve activity in muscle vascular beds showed that sympathetic nerve activity
was increased in SGA children compared with age matched control subjects (Boguszewski et
al., 2004).
Perhaps a mechanism contributing to sympathetic activity dysfunction in adulthood
starts from a disturbance in development of the renal nerve itself. Previous investigations
into renal nerve development have shown that the fetal renal nerves influence kidney
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development and also renal function (Robillard et al., 1993).

If suboptimal maternal

conditions affect renal nerve development this may have long term consequences, including
altered renal development and increased risk of renal dysfunction in later life. Ojeda and
colleagues (2007) showed that IUGR induced by placental insufficiency resulted in
hypertension in rat offspring at 6 weeks of age. This was associated with increased renal
noradrenaline content, indicative of increased sympathetic innervation and activity to the
kidneys. Following renal denervation, arterial pressure was normalised or reduced compared
to controls.

These findings suggest a role of the renal nerves in the early onset of

hypertension in this model of induced IUGR (Ojeda et al., 2007).
Maternal high fat feeding has also demonstrated that elevated saturated fatty acid
intake during pregnancy and lactation leads to obesity related hypertension in obese rabbit
offspring at 4 months of age. Direct recordings of RSNA via renal nerve electrodes revealed
that RSNA was elevated in high fat offspring and provides compelling evidence that the
environment encountered early in life can have long-term physiological effects (Armitage et
al., 2010, Prior et al., 2014).

Siedler and colleagues (1990) induced either under- or

overnutrition by manipulation of litter size at birth. It was found that there was a dimorphic
effect on sympathetic function in neonatal rats dependent on nutritional status, with
undernutrition attenuating and overnutrition enhancing noradrenergic turnover respectively.
Importantly these alterations in noradrenergic turnover remained even after nutritional status
was returned to control levels, indicating that early life nutritional status results in permanent
alterations to sympathetic function. Overnutrition in the early postnatal period in this study
was also associated with increased renal noradrenaline content, an index of renal innervation
density and often linked to conditions such as hypertension in later life. Samuelsson et al
(2010) has shown that maternal obesity is associated with enhanced sympathoexcitory

65

responsiveness in juvenile rats. These findings strongly suggest a role for early life exposure
to overnutrition in programming sympathetic dysfunction and cardiovascular disease onset.
Although it appears that suboptimal conditions during pregnancy can result in altered
renal sympathetic nerve activity in later life, to date there are few studies examining how
maternal high fat feeding during the in utero period may effect renal sympathetic innervation.
A greater understanding and identification of how and when sympathetic alterations occur
following in utero perturbations will be important identifying the early life mechanisms that
may be contributing to disease onset in offspring exposed to maternal overnutrition. In
addition, identifying whether elevations in sympathetic activity are ubiquitous, regardless of
maternal BMI will be important for delineating the role of maternal fat intake vs. adiposity in
the programming of adulthood disease.
1.6.7. THE PLACENTA
As discussed, the long-term impacts of maternal dietary excess on offspring includes
programming of metabolic-syndrome-like disorders, with offspring showing increased
adiposity, vascular dysfunction and insulin resistance (Taylor et al., 2004, Taylor et al.,
2005).

However, the in utero adaptations that may contribute to these programmed

alterations are poorly investigated. The placenta is sensitive to in utero signals, and is a
major determinant of fetal growth.

There are data implicating the placenta as a key

mechanism effecting fetal development in models of maternal obesity (Fowden et al., 2008,
Frias et al., 2011, Higgins et al., 2011, Sferruzzi-Perri et al., 2013). However, it is unclear as
to whether placental dysfunction occurs in response to excess circulating lipids or as a direct
response to the maternal obesity. The paucity of information on placental function following
high fat feeding, without the confounding effects of obesity, and the long-term consequences
in exposed offspring, is a major focus of this thesis. We propose that increases in circulating
lipids are a major mechanism contributing to disease onset in offspring.
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The placenta is a selective barrier, controlling nutrient supply to the fetus. Thus,
placental morphology and structure is extremely important during fetal life. Numerous
studies have demonstrated that insufficiencies in placental nutrient transfer have severe
consequences for fetal development and health in later life (Amusquivar and Herrera, 2003,
Fowden et al., 2006, Ericsson et al., 2007, Fowden et al., 2008, Coan et al., 2010). Delivery
of essential nutrients is critical to fetal development. Amino acids, glucose and carbohydrates
are all critical for growth. Of particular importance are fatty acids. Essential fatty acids
(EFA) cannot be synthesised de novo by mammals, and therefore can only be sourced
through the maternal diet.

FIGURE 1.7 - PLACENTAL FATTY ACID TRANSPORT
Lipases liberate non-esterified fatty acids (NEFA) from triglycerides in the maternal circulation. These are transported across
the syncytiotrophoblast to the fetal circulation by fatty acid translocase (FAT) and a range of binding proteins (FABP).
Diglyceride and triglyceride production (by phosphatidic acid phosphohydrolase; PAP and diacylglycerotransferase; DGAT)
in the placenta may occur but it is limited and the transporters are yet to be described. Fatty acids are carried as NEFA in
fetal albumin, red blood cells (RBC) and α-fetoprotein (α-FB) and the fetal liver is responsible for metabolism of these fatty
acids (Henry et al., 2011) .
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In addition to providing a selective barrier to the fetus, the placenta has a role in
nutrient transport, and has metabolic and hormonal functions, including progesterone
secretion for pregnancy maintenance.

The transport of metabolic substrates across the

placenta is shown in Figure 1.7.
1.6.7.1.

PLACENTAL DEVELOPMENT

In the human, placental development begins when the blastocyst implants into the
maternal endometrium. The outer layer of the blastocyst forms the trophoblastic cells of the
placenta.
Anatomically, the placenta consists of both a maternal and fetal side. The maternal
side of the placenta develops from the endometrium, whereas the fetal portion, known as the
chorion, is derived from the trophoblastic cells of the developing blastocyst. Finger like
projections from the chorion, known as chorionic villi, invade into the adjacent maternal
endometrium. The chorionic villi are highly vascularised and secrete a range of factors that
induce the formation of an intervillous sinus between the maternal and fetal tissue (Harding
and Bocking, 2001, Carlson, 2004). Importantly, the intervillous sinus is the site of nutrient
and substrate exchange between mother and fetus. From the maternal circulation, arterioles
branching from the uterine artery drain into the intervillous sinus. Blood within the sinus is
removed via the uterine vein (Widmaier et al., 2004). On the fetal side of the placenta, blood
flows from the umbilical artery to the capillaries of the chorionic villi, and is drained via the
umbilical vein. These vessels are enclosed within the umbilical cord and this structure
connects the fetus to the placenta.

Fetal blood circulating within the chorionic villi is

separated from maternal blood within the sinus by two cellular layers; the endothelial cells of
the fetal capillaries and the epithelial cells of the chorionic villi. Through both passive and
active diffusion, this membrane ensures optimal substrate exchange between the maternal and
fetal circulation. Finally, hormones and growth factors secreted from trophoblastic layer of
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the placental also are added to both fetal and maternal circulation (Fowden and Forhead,
2009, Desforges and Sibley, 2010).
The structure of the placenta differs vastly between species, and can be categorised
into four different placental types; diffuse, cotyledonary, zonary and discoid/bidiscoid
placenta (Carlson, 2004, Carter, 2007). This shape is defined by the patterning of placental
tissue that makes contact with the chorionic sac (Furukawa et al., 2011, Soares et al., 2012).
Diffuse placenta typically have a large surface area in contact with uterine epithelium and are
found in horses and pigs (Furukawa et al., 2014). The large contact area allows for the
efficient exchange of nutrients between mother and fetus.

Cotyledonary placentae are

associated with ruminants (cows, goats and sheep) and, in contrast to diffuse placentae, have
numerous contact point with the chorionic sac (Furukawa et al., 2011, Furukawa et al., 2014,
Gundling and Wildman, 2015). The zonary placenta is characterised by interdigitating villi,
which form a ring-like structure around the middle of the chorion sac and fetus (Soares et al.,
2012, Furukawa et al., 2014). This type of placenta is seen in carnivores, including cats and
dogs. Finally, placentae that have a single or double disc-like attachment to the chorionic sac
are categorised as discoid or bidiscoid respectively. Humans and rodents both have discoidal
placenta, where the chorion comes in direct contact with maternal blood (Furukawa et al.,
2014).

Developmentally, the basic organisation of the human placenta is present by

approximately day 20 of gestation (Carlson, 2004). In the rat, the utero-placental unit is
identifiable from day 4 of gestation (De Rijk et al., 2002). The rat placental organisation has
many structural similarities to that of the primate placenta, making it an excellent model for
study (see Table 1.2). In contrast to the human placenta, the rat has two distinct cellular areas
are present within the placenta, the labyrinth and junctional zones. The labyrinth zone is
primarily for providing a barrier between the maternal and fetal compartments, and allows for
the selective passage of nutrients. The junctional zone consists of range of cells types, all
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with major endocrine function (Ain et al., 2006a, Ain et al., 2006b). In addition, rodents have
a hemotrichorial placenta, made up of three trophoblastic epithelial layers between the
maternal blood space and fetal capillaries. In humans however, the placental barrier in is
hemomonochorial, consisting of a continuous syncytiotrophoblastic layer between the
maternal and fetal membranes (Furukawa et al., 2011). An overview of the similarities and
differences in the human and rodent placenta is shown in Table 1.2 (Adapted from Furukawa
et al., 2011).
1.6.7.2.

PLACENTAL TRANSPORT OF NUTRIENTS

The placenta has an important role in fetal development and in humans is fully
functional by approximately week 5 of gestation (Widmaier et al., 2004).

In rodents,

development of the junctional and labyrinth zones, regions where a number of important
transporters are located, begins from approximated day 12 of gestation. At this stage, five
distinct cellular layers of the rat placenta are visible (De Rijk et al., 2002). Movement of
nutrients from the maternal compartment to the fetal circulation occurs via membrane bound
placental transporters. Since the fetus is reliant on the mother for its supply of nutrients,
placental transport plays a critical role in fetal growth and development. Abnormal placental
structure and function has been implicated in the developmental programming of adulthood
disease, however there is limited information into the effects of increased maternal dietary
lipid intake in the absence of maternal obesity on placental function. An understanding of
whether maternal lipid content alone is sufficient to programme nutrient transport in the
placenta is vital for understanding early life disease genesis. Below outlines the major
transporters involved in placental nutrient transfer, described on the basis of their transport
function and their role in suboptimal development.
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TABLE 1.2 - COMPARISON OF THE RODENT AND HUMAN PLACENTA

Placental
Structures

Rodent

Human

Implant Type

Eccentric implantation

Interstitial implantation

Choriovitelline
(yolk sac) Placenta

The choriovitelline placenta has specialised
functions throughout gestation

The yolk sac is a temporary structure needed
for organogenesis during early gestation. The
choriovitelline placenta becomes nonfunctioning by the end of the first trimester

Haemochorial

Haemochorial

Labyrinthine type

Villous type

Placental Shape



Placental Structure





Trophoblast
Invasion

Placental Barrier








Vascular
Remodeling

Hormonal

Labyrinth zone
o Syncytiotrophoblast
o Cytotrophoblast
Basal zone
o Spongiotrophoblast
o Glycogen cell
o Trophoblastic giant cells
Decidua basalis






Deep intrauterine

Deep intrauterine

Hemotrichorial

Hemomonochorial





Maternal blood
Cytotrophoblast
Syncytiotrophoblast 1
Syncytiotrophoblast 2
Basement membrane
Fetal capillary

Remodeling of vasculature via endovascular
trophoblast cells




Fetal placenta
o Syncytiotrophoblast
Basal plate
o Cytotrophoblast cell column
o Interstitial trophoblast
o Endovascular trophoblast
Decidua basalis

Remodeling of vasculature via endovascular
trophoblast cells


Androgens synthesised from cholesterol
Oestrogen produced by the rodent ovary
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Maternal blood
Syncytiotrophoblast
Basement membrane
Fetal capillary



Pregnenolone synthesised from
cholesterol
Oestrogen produced in the placenta

1.6.7.2.1. AMINO ACIDS
Amino acids are the building blocks of proteins and are therefore extremely important
during development. Fetal plasma amino acids are present in higher concentration that the
maternal circulation (Jones et al., 2007) and movement of amino acids from the maternal to
fetal side is therefore an active process. A number of amino acid transport systems are
present within the placenta. A major transporter system located in the microvillous plasma
membrane (MVM) of the syncytiotrophoblast are the System A transporters. The System A
transporters have a significant role in contributing to the high intracellular concentrations of
amino acids found within the placental MVM (Cleal and Lewis, 2008, Lager and Powell,
2012). The three isoforms found in the System A family include; SNAT1, SNAT2 and
SNAT4 and these are expressed during the first and third trimester of pregnancy. The SNAT
transporters actively control the passage of small neutral amino acids from the maternal
circulation to the placenta (Cleal and Lewis, 2008, Lager and Powell, 2012). Another amino
acid transport system within the placenta is System L, a major Na+-independent system that
contributes to the active transfer of large neutral amino acid (Gaccioli et al., 2015). Both
System A and L transporter expression and activity have been found to be altered by maternal
nutritional status. Human (Jansson et al., 2002b) and rodent pregnancies (Rosario et al.,
2011) complicated by fetal IUGR have significant reductions in System A transport L
transporters. Furthermore, the activity of System L amino acid transporters is increased in
the human placentas taken from women with pregnancies complicated by gestational diabetes
(Jansson et al., 2002a). This is accompanied by fetal overgrowth, demonstrating that altered
placental nutrient transport can contribute to abnormal fetal growth trajectory (Jansson et al.,
2002a, Magnusson et al., 2004, Jansson et al., 2009). Interestingly, although research is
limited, there appears to be no effect of maternal overweight or obesity on human placental
System L transporter activity (Gaccioli et al., 2015). Whilst there are least 15 different
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placental amino acid transporters characterised, extensive discussion of these is not within the
scope of this thesis.
1.6.7.2.2. GLUCOSE TRANSPORTERS
Glucose is a major source of nutrition and is vital for fetal growth. Glucose supply to
the fetus is mediated by both the fetal plasma glucose concentration and the placental
transport capacity (Hay, 2006). The demand for glucose varies throughout pregnancy and,
for example, in late gestation placental glucose transport capacity increases to match
increased demand in the fetus. The major glucose transporters found in the placenta belong
to the GLUT family, with GLUT 1, GLUT 3 and GLUT 8 all identified as major transporters
involved in the placental movement of glucose (Knipp et al., 1999). These transporters are
located within the maternal endometrium, and also the fetal villous membranes. Dietary
induced obesity in mice is associated with increased placental glucose transfer, mediated by a
significant increase in the expression of placental GLUT1 transporters (Jones et al., 2009).
The authors speculated that this may be a major mechanism involved with fetal overgrowth in
models of maternal obesity or high fat feeding (Jones et al., 2009). Despite the evidence that
there is an important role for placental glucose transporters in fetal nutrient supply, there is
still limited information into the placental modifications that occur following maternal high
fat feeding.
1.6.7.2.3. FATTY ACID TRANSPORTERS
In humans and rodents, dietary fatty acids are readily transferred across the placenta,
thus the fetal circulation generally reflects the maternal lipid profiles (Hausman et al., 1991,
Haggarty, 2010). Importantly, certain fatty acids, such as DHA are not readily produced by
the fetus and therefore fetal supply must occur via transfer from the maternal circulation
(Bertrand et al., 2006).
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There appears to be a preferential uptake and transfer of particular fatty acids,
specifically the long chain polyunsaturated fatty acids (LC-PUFAs), such as AA and DHA.
The placenta selectively transports AA and DHA from the maternal to fetal compartment,
resulting in an enrichment of LC-PUFAs in circulating fetal plasma lipids (Herrera and
Amusquivar, 2000). Infants born to mothers with high intakes of LC- PUFAs have a higher
percentage of these fatty acids in circulating triglycerides and adipose tissue stores
(Widdowson et al., 1975, Hausman et al., 1991, Arbuckle and Innis, 1993), demonstrating
that the fetal circulation of fatty acids is reflective of the maternal lipid profile.
The movement of fatty acids across the placenta occurs in a highly directional manner
via a number of transporter proteins, and favours a maternal-fetal gradient.

These

transporters include the cytoplasmic fatty acid binding proteins (FABP), plasma membrane
FABP, fatty acid translocase (FAT/CD36) and fatty acid transport proteins (FATP).
1.6.7.2.4. CYTOPLASMIC FATTY ACID BINDING PROTEINS
The fatty acid binding proteins are primarily located within the cell cytosol and have a
key role in the intracellular distribution of fatty acids (Larqué et al., 2006). In addition to the
cytosolic FABPs, a membrane bound protein known as FABPpm is found in high
concentrations within the placental plasma membrane (Dutta-Roy, 2000). These binding
proteins are an important part of the metabolism, transport and membrane incorporation of
fatty acids. There are several different types of FABP, however the three identified within
the placenta are the FABPpm, heart (H)-FABP and liver (L)-FABP.

These have been

characterised in both the human and rat placenta (Knipp et al., 2000).
1.6.7.2.5. FATTY ACID TRANSLOCASE/CLUSTER OF
DIFFERENTIATION 36
Fatty Acid Translocase (FAT)/Cluster of Differentiation (CD36) is localised in the
plasma membrane of mammalian cells. Similarities between the membrane protein FAT and
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the human glycoprotein CD36 mean that this molecule is commonly referred to as
FAT/CD36.

Abumrad and colleagues (1993) carried out protein sequencing in rodent

adipocytes and found that FAT is homologous to CD36, including in functionality (Abumrad
et al., 1993). This transporter facilitates the uptake of fatty acids, particularly the long chain
fatty acids, into a variety of cell types, including the placenta (Knipp et al., 2000, Gil-Sanchez
et al., 2011).

Along with the FABPpm, it is one of the main proteins found in the

trophoblastic membrane of the placenta. In humans, term placentas collected from obese
women demonstrated increased expression of placental FAT when compared to lean controls
(Dubé et al., 2012). Furthermore, when compared to controls, obese ewes showed enhanced
expression of the FAT transporter in placental cotyledonary tissue during midgestation (Zhu
et al., 2010b).
1.6.7.2.6. FATTY ACID TRANSPORT PROTEINS
Fatty acid transport proteins (FATPs) are a plasma membrane transporter and are
important in facilitating transport of long chain and very long chain fatty acids. In addition,
the FATPs have inherent acyl-CoA synthetase activity, and as such are integral in the
conversion of free fatty acids into acyl-CoA, a co-enzyme involved in lipid metabolism (Jia
et al., 2007). To date, five FATPs (FATP1, 2, 3, 4 and 6) have been identified within
placental tissue (Gil-Sanchez et al., 2010) and the critical role of the FATPs in the maternalfetal transport of lipids is demonstrated via loss of function studies. For example, in mice,
embryonic lethality is reported following the targeted deletion of the FATP4 gene (Gimeno et
al., 2003). The concentrations of fatty acids supplied during pregnancy can also affect the
placental expression of FATPs. Studies in healthy pregnant women supplemented with
PUFAs demonstrate a positive correlation between the percentage of DHA in maternal
plasma, placental phospholipids and the mRNA expression of FATP1 and 4 in the placenta
(Larque et al., 2006). In animal studies, dietary induced obesity in sheep increases placental
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cotyledonary FATP mRNA expression and activity (Zhu et al., 2010b).

In addition,

triglyceride and cholesterol plasma concentrations were higher in both obese ewes and their
fetuses (Zhu et al., 2010b). This suggests that maternal obesity and lipid status can affect
placental FATP function, contributing to fetal dyslipidaemia and potentially suboptimal
development.
As such, it is clear that the placenta and placental transporters are vital for an adequate
supply of nutrients from the maternal environment to the developing fetus. Alterations in
placental growth and function, potentially mediated through the maternal environment, could
have profound impact on the developing fetus. While numerous programming studies have
examined adaptations to the developing fetus, the role of the placenta in the programming of
adulthood diseases is only beginning to be explored. Furthermore, the effects of increased
maternal saturated fat intake and placental development are still relatively unknown and, as
such, require further investigation.
1.6.8. THE PLACENTA AND DEVELOPMENTAL PROGRAMMING
Alterations in placental function are a possible mechanism leading to suboptimal fetal
growth, and previous studies have demonstrated that placental manipulation is sufficient to
elicit changes similar to those seen in models of developmental programming involving
maternal dietary intervention (Taylor et al., 2003, Fowden et al., 2008, Fowden and Forhead,
2009). Although these models provide an excellent way of identifying the role of the
placenta in fetal growth, programming studies examining maternal dietary intake on placental
function give further evidence to the early life origins of adulthood disease.
nutrition may alter or affect the growth of the fetus in a number of ways.

Maternal
Firstly,

modifications in the materno-fetal concentration gradient will alter diffusion across the
placental membrane, and for example increases in circulating maternal nutrients could
increase the diffusion of this across the placenta (Higgins et al., 2011). Secondly, variations
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in maternal nutrient concentration can alter expression and activity of placental transporters.
This is seen in pregnancies complicated by obesity where a significant reduction in taurine
transporter activity is reported (Desforges et al., 2013, Ditchfield et al., 2015). In addition,
maternal protein restriction results in reduced placental amino acid transport prior to the onset
of IUGR in offspring (Jansson et al., 2006). Finally, the concentration of specific nutrients
with the maternal circulation can stimulate or inhibit the secretion of growth-promoting
hormones from the placenta (Higgins et al., 2011).
Placental adaptations occur following maternal nutritional manipulation.

Dietary

restriction in pregnant mice resulted in marked alterations to placental morphology and
function (Coan et al., 2010). Coan et al (2010) showed reductions in labyrinth zone volume
following exposure to a maternal undernutrition. As the labyrinth zone is the major nutrient
exchange region within the rodent placenta, reduced volume is likely to impinge on fetal
growth. Moreover, placental glucose and System A amino acid transporters were both upand down regulated respectively, further demonstrating the adaptations that occur to maintain
fetal growth.

Studies using models of maternal obesity and gestational diabetes also

implicate the placenta as a mechanism involved in altered fetal growth trajectory
(Amusquivar and Herrera, 2003, Radaelli et al., 2005, Hay, 2006, Larque et al., 2006,
Ericsson et al., 2007, Jones et al., 2009, Gatford et al., 2010, Zhu et al., 2010a, Higgins et al.,
2011, Jawerbaum and Capobianco, 2011).

For example, increased placental glucose

transport may result in fetal hyperinsulinaemia (Rkhzay-Jaf et al., 2012, O'Dowd and
Stocker, 2013). This hyperinsulinaemic state stimulates lipogenesis and leads to increased fat
deposition in the fetus, which is associated with obesity and type II diabetes in later life.
Even transient fluxes in maternal blood glucose are sufficient to alter both placental and fetal
growth. Ericsson et al (2007) showed, in sheep, that brief exposure to hyperglycaemia during
early gestation was sufficient to drive an increase in placental and fetal weights, reconfirming
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that maternal nutritional state is an important factor for the developing fetus. C57BL/6J
female mice fed a high fat diet before and during gestation had significantly heavier offspring
at embryonic day 18.5. As well as this, increased expression of the glucose transporter,
GLUT1 and amino acid transporter, SNAT2 was significantly increased in the placental
microvillus membrane of high fat fed dams (Jones et al., 2009).
Consequently, these findings identify the placenta as a major mechanism involved in
altered fetal growth. As such, altered placental function could potentially be an important
predictor of adult onset disease.
A consequence of altered placental transport may be changes to amniotic fluid
composition (Thornburg et al., 2010, Eriksson et al., 2011). For example, maternal protein
restriction in rodents decreased placental amino acid transporters, resulting in IUGR
(Jansson et al., 2006). Furthermore, protein restriction during pregnancy in swines decreased
amino acid composition of the amniotic fluid (Wu et al., 1998). Altered placental transported
and amniotic fluid composition has also been reported in human diabetic pregnancies, where
maternal hyperglycaemia leads to increased GLUT3 mRNA expression in the rodent placenta
(Boileau et al., 1995). In addition, there is a positive correlation between maternal and
amniotic fluid glucose levels (Dashe et al., 2000), suggesting an important role of placental
transporter function in amniotic fluid glucose composition. The amniotic fluid provides
nutrition for the developing fetus via fetal swallowing, and as such, changes in the nutritional
composition of amniotic fluid will be reflected in the types of substrates incorporated into
developing tissue (Mulvihill et al., 1985, Friesen and Innis, 2006). Research suggests that
altered amniotic fluid composition may be one mechanism contributing to significant
alterations in fetal growth (Friesen and Innis, 2006) and as a result, disease onset in later life.
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1.6.9. AMNIOTIC FLUID
Amniotic fluid (AF) is vital during fetal development, providing both protection and
nutritional support (Mulvihill et al., 1985, Schmidt, 1992, Gilbert and Brace, 1993, Tong et
al., 2009b). Studies in ovine models show the importance of amniotic fluid for optimal fetal
organ development (Trahair and Harding, 1992, Trahair and Harding, 1995, Kimble et al.,
1999, Bloomfield et al., 2002). In early to mid-gestation, oesophageal ligation in fetal sheep
prevents amniotic fluid intake during fetal swallowing. The oesophageal obstruction results
in significant retardation of gastro-intestinal development. Severe decreases in villi number,
crypt density (Trahair and Harding, 1992, Trahair and Harding, 1995) and bowel wall
thickness (Kimble et al., 1999) have been reported.

Importantly, correction of the

oesophageal ligation in late gestation restored gastro-intestinal growth trajectory toward
control values (Trahair and Harding, 1995). Furthermore, experimentally induced IUGR in
fetal sheep was partially reversed following intra-amniotic infusion of IGF-1 in late gestation
(Eremia et al., 2007). Significant improvements were observed in IUGR fetal growth rate,
liver and perirenal fat weights following intra-amniotic infusion of IGF-1. This provides
clear evidence that amniotic fluid is vital for optimal growth and development of the fetus.
Amniotic fluid is primarily composed of water but contains carbohydrates, proteins
lipids electrolytes, enzymes and hormones (Cheung and Brace, 2005, Burjonrappa et al.,
2010). There are numerous ways in which amniotic fluid formation and circulation occurs,
but is predominantly through fetal urine, fetal breathing, fetal swallowing and
intramembranous pathways across the placenta and cord surfaces (Ross et al., 1988, Brace,
1995, Ross and Nijland, 1997, Brace and Cheung, 2014).
The amniotic fluid serves several functions, including protection for the fetus, yet the
influence on fetal nutrition and ultimately fetal growth and development is not well
understood.

It has recently been established that AF composition can be an important
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determinant in fetal health (Perluigi et al., 2009). Proteins such as hcG are biomarkers
commonly analysed for pathological condition such as Down syndrome (Wolf et al., 1992).
Thus AF composition could be an important indicator for fetal health and development.
1.6.9.1.

MATERNAL DIET AND AMNIOTIC FLUID COMPOSITION

During development, amniotic fluid is initially formed from the maternal plasma
(Gilbert and Brace, 1993, Brace, 1995, Bacchi Modena and Fieni, 2004). Water freely passes
from the maternal circulation through the fetal membranes and into the amniotic fluid via
osmotic forces (Brace, 1997). During early development (10 – 20 weeks in humans) there is
a bi-directional flow of substrates between the amniotic fluid and fetus (Gilbert and Brace,
1993, Underwood et al., 2005). As such, during these early stages of development, fetal
plasma is very similar to AF composition (Bauer, 1972, Hardman et al., 1999). Thus,
analysis of AF in early gestation could reveal indications of physiological or pathological
conditions of the fetus. Indeed, examination of insulin-like growth factors (IGFs) levels in
amniotic fluid provides strong evidence that alterations in fluid composition can retard fetal
growth (Hakala-Ala-Pietila et al., 1993, Ogunsola and Arikawe, 2014). For example, high
fructose feeding in rodents during pregnancy increased levels of IGF-1 in amniotic fluid at 18
days gestation. These hormones are important in modulating fetal growth and the increased
IGFs in amniotic fluid was associated with heavier placentas and decreased fetal weight at
this timepoint (Ogunsola and Arikawe, 2014). Early research into lipid content of amniotic
fluid has demonstrated that phospholipid composition and lecithin to sphingomyelin ratio is
an important marker of fetal lung maturity in humans (Mariona et al., 1983, Zapata et al.,
1988) and rodents (Vojnik and Hurley, 1977).
Maternal diet is now understood to play a role in the composition of amniotic fluid.
This has significance as fetal swallowing of large volumes of amniotic fluid, particularly in
late gestation, may have significant effects on fetal fatty acid accretion and also fetal tissue
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and organ development (Koski and Fergusson, 1992, Gurekian and Koski, 2005, Friesen and
Innis, 2006) Friesen and colleagues (2006) have demonstrated that exposure to an increased
ratio of ω-6 (linoleic acid) in the maternal diet was reflected in amniotic fluid composition at
19 days gestation. This increased amniotic fluid linoleic acid composition was reflected in
the developing fetal intestinal membrane. Maternal carbohydrate intake also impacts on
amniotic fluid composition and fetal growth (Koski and Fergusson, 1992, Gurekian and
Koski, 2005). Decreased carbohydrate intake in pregnant dams is associated with altered
levels of amino acids in amniotic fluid in late gestation, including reduced concentrations of
the amino acids cysteine, lysine and methionine (Gurekian and Koski, 2005). In addition,
this decrease in amino acid concentration in amniotic fluid was associated with retarded fetal
growth (Gurekian and Koski, 2005). As such, it is clear that maternal dietary intake has
significant impacts on both amniotic fluid and fetal development.
Compositional changes in amniotic fluid may a have significant impact on fetal
development. To date there is almost no research into amniotic fluid in models of high fat
feeding and developmental programming.

As this fluid is so vital to the fetus, it may be a

key mechanism involved in alterations in organ and tissue development. Despite a detailed
characterisation of the adult phenotype, the developmental alterations that occur during fetal
life are largely unknown.

Furthermore, the effects of increased amniotic fluid lipid

composition on fatty acid incorporation into fetal tissue are unknown. An imbalance in the
tissue composition of fatty acids may explain some of the functional deficits observed in
offspring of high fat exposed dams, however these areas requires further investigation.
1.7.

CONCLUSION
The phenomenon of developmental programming suggests that the early life

encountered can have a significant influence on the development of diseases in later life.
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Although maternal obesity is a well-established risk factor for the development of obesity and
cardio-metabolic disease in offspring, to date there has been limited research into how the
maternal dietary lipid composition, as opposed to maternal BMI, may alter fetal development
(Figure 1.8). While there is a significant lack of information characterising the in utero
period in models of maternal high fat feeding, examination of the placenta and amniotic fluid
lipid composition may give insight into the mechanisms driving developmental programming
of the fetus (Figure 1.8). In addition, there is lack of research into renal development in high
fat programming and renal function in later life. The kidneys are vital for cardiovascular
homeostasis, and perturbed development of this organ system following maternal high fat
feeding could have long-term effects on physiological function in later life.

Indeed,

numerous studies report that increased blood pressure and vascular dysfunction as phenotypic
characteristic of high fat models of programming. Thus, there may potentially be a role for
the renal system in the programming of disease in models of high fat feeding. Answering
these key questions will help to resolve some of the unknown factors contributing to disease
onset in this model.
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FIGURE 1.8 - THE IMMEDIATE AND LONG TERM OUTCOMES OF MATERNAL FAT FEEDING ON
OFFSPRING HEALTH AND DISEASE
A greater understanding is needed into how high levels of saturated fat effect the in utero environment. In particular,
adaptations in placental function and amniotic fluid composition may be key mechanisms contributing to the long term
programming of disease in models of maternal high fat feeding. Moreover, postnatal body composition, cardiovascular
function and in particular, renal function, are of key interest in this thesis.
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1.8.

AIMS AND HYPOTHESES
The overall aims of this thesis were to investigate how a maternal diet high in

saturated fat may affect the fetus and fetal environment, and to examine the long term
consequences in adult offspring. Of particular interest was characterising the in utero period,
with the aim of determining whether there were alterations in fetal development, placental
function and amniotic fluid composition.

In addition, we aimed to investigate how

adaptations that occur during the developmental period may have long-term consequences for
renal and cardiovascular health in later life, including investigation into the mechanisms
involved.
We hypothesised that high levels of saturated fat during pregnancy would result in a
maternal hyperlipidaemic environment, and that this would be mirrored by the fetus,
including alterations in fetal development and in amniotic fluid composition. Furthermore,
we hypothesised that this would result in reduced renal function and onset of cardiovascular
dysfunction in adult offspring, and that this dysfunction may be a result of increased
sympathetic nerve activity.
1.8.1. CHAPTER 3 – THE EFFECT OF MATERNAL HIGH FAT INTAKE ON PLACENTAL
FUNCTION AND AMNIOTIC FLUID LIPID COMPOSITION
Aim: To characterise the maternal and fetal environment following exposure to a high
saturated fat diet, including profiling lipids in the maternal plasma and amniotic fluid. In
particular, we aimed to understand the mechanisms contributing to alterations in AF lipid
profiles by firstly determining whether maternal high fat feeding affected the expression of
genes that encode for placental fatty acid transporters. Secondly, we aimed to understand
whether there was a fetal contribution to the altered AF lipid profiles by studying the
expression of genes contributing to lipid synthesis in the fetal liver.
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Hypotheses:
i)

Exposure to high levels of saturated fat will increase fetal and placental growth

ii)

Maternal high fat feeding will increase lipid concentrations in maternal plasma

iii)

Amniotic fluid lipid concentrations will increase following exposure to a high
maternal saturated fat diet

iv)

In the presence of increased maternal and amniotic fluid lipid levels, placental
genes involved in the movement of fatty acids and glucose will be both increased
and decreased.

v)

The expression of factors responsible for lipid metabolism in the fetal liver will
increase following exposure to a dyslipidemic environment

1.8.2. CHAPTER 4 – THE IMPACT OF MATERNAL HIGH FAT FEEDING ON THE
DEVELOPMENT OF THE RODENT KIDNEYS
Aim: To determine whether kidney development is effected following maternal high fat
feeding, specifically branching morphogenesis and renal innervation
Hypotheses:
i)

Maternal high fat feeding will decrease fetal branching morphogenesis

ii)

Maternal high fat feeding will increase innervation to the kidney during
development and this would be reflected by increased sympathetic nervous system
activity in later life
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1.8.3. CHAPTER 5 – THE EFFECT OF MATERNAL HIGH FAT FEEDING ON OFFSPRING
CARDIOVASCULAR AND SYMPATHETIC NERVOUS SYSTEM FUNCTION
Aim: To characterise the adult phenotype following maternal high fat feeding, and to establish
the effects of maternal high fat feeding on offspring cardiovascular and sympathetic nervous
system function in adulthood.
Hypotheses:
i)

Offspring exposed to maternal high fat feeding will have increased growth and
adiposity compared to controls

ii)

Maternal high fat feeing will result in augmented blood pressure in adult offspring

iii)

Maternal high fat feeding will lead to increased whole body sympathetic nervous
system activity

1.8.4. CHAPTER 6 – THE LONG TERM EFFECTS OF MATERNAL HIGH FAT FEEDING ON
OFFSPRING RENAL STRUCTURE AND FUNCTION
Aim: To determine the effects of maternal high fat feeding on offspring renal function in
adulthood and to identify if offspring are more likely to develop signs of renal pathology.
Hypotheses:
i)

Maternal high fat feeding will contribute to significant renal dysfunction in adults,
with deficits in both glomerular filtration rate and effective renal blood flow

ii)

Maternal high fat feeding will regionally increase sympathetic activity to the
kidney in adulthood, as seen through increase renal noradrenalin content

iii)

Maternal high fat intake would increase the risk of glomerulosclerosis in offspring
in adulthood
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CHAPTER 2: GENERAL METHODS
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2.1.

ETHICS APPROVAL
Experiments were conducted in accordance with the National Health and Medical

Research Council of Australia ‘Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes’ (7th edition, 2004). Approval was granted in advance by the Monash
University School of Biomedical Sciences Animal Ethics Committee.
2.2.

FETAL STUDIES
Male and female Sprague-Dawley rats weighing 200 to 300g were obtained from

ARC (Animal Resources Centre, WA) and housed under standard animal facility conditions
(22-23°C, 30-33% humidity, 12-hour light/dark cycle). Water and food were given ad
libitum. Female breeder rats were fed either a normal (C) (7% wt./wt. fat, 16.1 MJ/Kg
digestible energy; Product AIN93G; Specialty Feeds, Glen Forest, WA) or high fat (HF) diet
(23.3% wt./wt. fat, 19.6MJ/Kg digestible energy; Product SF08-023; Specialty Feeds) for the
3 weeks prior to mating and throughout pregnancy. This time period was chosen to ensure
that offspring were exposed to a high fat diet throughout the developmental period (PelegRaibstein et al., 2012, Prior et al., 2014). Male breeder rats were fed a control diet and were
only exposed to an experimental diet when housed with a HF breeder female during mating.
Following mating, male breeders were returned to a control diet.
The Sprague-Dawley rat was selected as the animal model for this project for
numerous reasons. Firstly, life course experiments are typically better suited to rodents due
to their shorter life-span when comparing to other species such as rabbits or sheep. Secondly,
Sprague-Dawley rats are relatively resistant to dietary induced obesity. As this was a model
of maternal high fat feeding, without frank obesity, the Sprague-Dawley rat was ideal.
Finally, an important determinant for selecting this species were the similarities between
placental structures in humans and Sprague-Dawley rats.
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2.2.1. BREEDING FOR FETAL EXPERIMENTS
During the early stages of development there can be significant variations in
embryonic growth. Variations are caused by differences in fertilisation time of the ova,
implantation time of the fertilised egg and fluctuations in mating time (Erb, 2006). To
increase and ensure accurate aging of embryos, embryological studies used strict breeding
protocols. Although staging systems are used for identification of embryonic age in many
species, these are not precise definitions of embryonic age (Erb, 2006), particularly in the rat
at the developmental time points analysed in the present study. Short-time mating protocols
were therefore used to maximise the likelihood that embryos were collected at the specified
time points for all experiments (Torres et al., 2008, Weyrauch et al., 2009).
For early and mid-gestation studies (E14.25 and E17.25) female rats (13 weeks) were
placed with male breeders for 3 hour timed matings. As the developmental process slows in
late gestation, female breeders were mated for 6 hours for late gestation studies (E20) to
increase the success rate of pregnancy. Females went through a single round of breeding.
Female breeders that failed to fall pregnant were humanely killed. An outline of the breeding
and collection protocol is shown in Figure 2.1. Animal allocation for each experiment for is
given in Figure 2.2.

Three Weeks

Time Mated

Embryonic Time Points
 E20
 E17.25
 E14.25

Pregnancy

Dietary Acclimatisation

FIGURE 2.1 - OVERVIEW OF THE EXPERIMENTAL PROTOCOL FOR FETAL STUDIES
At 10 weeks of age, female Sprague-Dawley rats were placed on either a C or HF diet. After 3 weeks, animals were timemated and maintained on their respective diets throughout pregnancy. Embryological collections took place at E14.25,
E17.25 and E20.
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FIGURE 2.2 - OVERVIEW OF ANIMAL ALLOCATION FOR FETAL STUDIES
An overview of the numbers of animals allocated to each study from each litter at E14.25, E17.25 and E20 timepoints.

2.2.2. EXPERIMENTAL DIET
The HF diet contained 18% (3.5MJ/kg) more digestible energy than the control diet.
The HF diet was made hypercaloric through the addition of saturated fats (sourced mainly
from pork lard) and sucrose, thereby rendering it a high sucrose/high fat diet.

Table 2.1,

Table 2.2 and Table 2.3 provide the diet composition for the C and HF diets.

2.2.3. EMBRYO COLLECTION
At embryonic days 14.25, 17.25 and 20, non-fasted female breeders were surgically
anaesthetised with inhaled isoflurane (10 -15 minutes) (Isorane, Abbott Healthcare, Botany,
NSW, Australia) and blood was collected from the abdominal aorta. Following this, breeders
were humanely killed with an overdose of Pentobarbitone Sodium anaesthetic (100mg/kg
with 25 gauge (G) needle, i.p) and embryos were collected (see Figure 2.2). These time
points were selected as they correlated with specific periods of kidney development in the rat
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TABLE 2.1 - OVERVIEW OF NUTRITIONAL PARAMETERS FOR THE C AND HF DIETS
Nutritional Parameters

Diet

Ingredients
Protein
Total Fat
Total Saturated Fat
Digestible Energy

C

HF

19.5%

23.3%

7%

23.5%

0.5%

6.07%

16.1 MJ/Kg

19.6 MJ/Kg

TABLE 2.2 - CALCULATED NUTRITIONAL PARAMETERS FOR THE C AND HF DIETS
Nutritional Parameters

Diet

Ingredients

C (g/kg)

HF (g/kg)

Casein

200

233

DL Methionine

3.0

3.0

Sucrose

100

200

Wheat Starch

404

121

Dextrinised Starch

132

117

Cellulose

50

50

Canola Oil

70

29

Pork Lard

n/a

207

Calcium Carbonate

13.1

13.1

Sodium Chloride

2.6

2.6

Potassium Citrate

2.5

2.5

Potassium Dihydrogen Phosphate

6.9

6.9

Potassium Sulphate

1.6

1.6

AIN93G Trace minerals

1.4

1.4

Choline Chloride

(60%) 2.5

(65%) 2.5

AIN93G Vitamins

10

10
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TABLE 2.3 - CALCULATED FAT PARAMETERS FOR THE C AND HF DIET
Fat Composition

Diet

Ingredients

C (%)

HF (%)

Myristic Acid 14:0

No data

0.3%

Palmitic Acid 16:0

0.4%

5.6%

Stearic Acid 18:0

0.1%

0.1%

Arachidic Acid 20:0

No data

0.07%

Palmitoleic Acid 16:1

n/a

0.4%

Oleic Acid 18.1

4.2%

8.6%

Gadoleic Acid 20:1

0.1%

0.2%

Linoleic Acid 18:2 n6

1.30%

3.6

α-Linolenic Acid18:3 n3

0.7%

No data

Eicosapentaenoic acid 20:5 n3

Trace

No Data

No Data

0.1

Total n3

0.78%

No data

Total n6

1.33%

3.6%

Total Saturated Fats

0.5%

6.07%

Total Monounsaturated Fats

3.98%

9.2%

Total Polyunsaturated Fats

2.5%

3.7%

20:2

(Cullen-McEwen et al., 2005, Singh et al., 2007, Cullen-McEwen et al., 2011). At embryonic
day 14.25, early stages of kidney branching morphogenesis are occurring. Embryonic day
17.25 of gestation correlates with late branching morphogenesis and early nephrogenesis. By
embryonic day 20, branching morphogenesis is complete and nephrogenesis is in the stages
of arcade formation (Cullen-McEwen et al., 2005, Singh et al., 2007, Cullen-McEwen et al.,
2011). Maternal fat pads and organs were collected and weighed at each timepoint.
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Embryological
Experiments

E14.25

E17.25

E20

• Fetal Growth

• Fetal Growth

• Fetal Growth

• Lipidomics
•Plasma lipid profiling
•Amniotic fluid lipid
profiling

• Lipidomics
•Plasma lipid profiling
•Amniotic fluid lipid
profiling

• Lipidomics
•Plasma lipid profiling
•Amniotic fluid lipid
profiling

• Placental Gene Expression
•Real Time PCR

• Placental Gene Expression
•Real Time PCR

• Placental Gene Expression
•Real Time PCR

• Kidney Culture
•Analysis of branching
morphogenesis

• Hepatic Gene Expression
•Real Time PCR
• Renal Noradrenaline
Content
• High Performance Liquid
Chromatography

FIGURE 2.3 - AN OVERVIEW OF FETAL EXPERIMENTS
Three time points were examined for embryological studies. Time points correlated with a specific period of kidney
development and were selected to help characterise the fetus and fetal environment during development.

2.2.4. KIDNEY CULTURE: STUDY OF BRANCHING MORPHOGENESIS
Pregnant Sprague-Dawley rats (at E14.25) were surgically anaesthetised with inhaled
isoflurane. In the anaesthetized rat, a midline incision was made and the skin and muscle
were retracted. Blood (approximately 3ml) was collected from the abdominal aorta via a 19G
needle and transferred into an Ethylenediaminetetraacetic acid (EDTA) vacutainer tube
(5ml). To allow for separation of plasma from erythrocytes, maternal blood was centrifuged
(3000 x g; Jouan Centrifuge; Thermo Fischer Scientific, MA, USA) for 10 minutes at 4˚C.
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Plasma was aspirated and stored at -80ºC for subsequent analysis. The anaesthetized rat was
humanely killed as described in Section 2.2.3.
Embryos were removed from the uterus and to ensure an RNAase free environment
were placed in a bath of ice cold phosphate buffered saline (PBS) with Diethylpyrocarbonate
(DEPC; 1:1000; Sigma-Aldrich, Castle Hill, NSW, Australia) to preserve RNA integrity.
Fetal amniotic fluid was collected using a 25G needle and immediately snap frozen using
liquid nitrogen.
Embryos were detached from the placenta and decapitated. The kidneys from every
second embryo were located with the aid of a dissecting microscope and cultured in serumfree Dulbecco's modified Eagle's medium (DMEM): Ham's F12 liquid medium (Trace
Biosciences, Castle Hill, NSW, Australia) supplemented with 5μg/ml transferrin (SigmaAldrich Pty. Ltd., Castle Hill, Australia) and 12.9μl/ml L-glutamine (Trace Biosciences,
Castle Hill, NSW, Australia) on a transfilter polycarbonate membrane (3µm, 13mm; Labquip,
Ferntree Gully, VIC, Australia) at an air-media interface. Kidneys were incubated in a
humidified chamber at 37°C for 48 hours. When culturing organs and tissue, it is important
to note that the presence of serum in media may potentially confound outcomes, with the
stimulation or inhibition of growth in tissue previously reported (Brunner et al., 2010). To
allow precise evaluation of how the maternal diet impacted on kidney development, all tissue
was cultured in serum-free media. At the end of the culture period kidneys were fixed in 10%
methanol and stored at 4°C. The remaining kidneys were collected for future gene expression
studies and immediately snap frozen.
2.2.4.1.

IMMUNOHISTOCHEMISTRY

For visualisation and analysis of ureteric branching morphogenesis, cultured kidneys
were whole-mount immunostained with an antibody targeted against cytokeratin to mark the
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ureteric epithelium (Cullen-McEwen et al., 2002, Gray et al., 2011).
Following kidney culture, tissue was fixed in 10% methanol at 4°C for 20mins, and
then rinsed (PBS; 10mins at room temperature). Embryonic kidneys were permeabilised
(0.1% Triton X in PBS; Sigma-Aldrich, Castle Hill, NSW, Australia) for 10 mins at room
temperature and then rinsed (PBS; 10 mins at room temperature). The primary antibody,
monoclonal anti-pan cytokeratin (1:100; Sigma-Aldrich, Castle Hill, NSW, Australia) was
added, and tissue was incubated in a humidified chamber at 37°C for 1 hour (Cullen-McEwen
et al., 2002, Gray et al., 2011). Tissue was then rinsed (PBS; 30 mins at room temperature)
and a secondary antibody (Alexa Fluor 488 goat anti–mouse IgG antibody in pH 8.0 buffer.
1:500; Invitrogen, Mulgrave, VIC, Australia) was added. The plate was wrapped in foil and
incubated in a humidified chamber at 37°C for 1hr. Tissue was then washed in PBS and
stored at 4°C before imaging using epifluorescence microscopy (Olympus Provis microscope,
Olympus, Japan).
2.2.4.2.

QUANTIFICATION OF KIDNEY BRANCHING MORPHOGENESIS

Branching morphogenesis was assessed at a final magnification of x10 with an
epifluorescence microscope (Olympus Provis microscope, Olympus, Japan). Each kidney
was manually skeletonised, allowing both ureteric branch points and tips to be quantified
(Singh et al., 2007) (see Figure 2.3). As each individual embryonic kidney was viewed under
the epifluorescence microscope, an image was captured and printed. Skeletonisation was
manually drawn onto the corresponding image printout. Branch points were defined as a
point of division of the ureteric tree. A branch point was counted if the ureteric bifurcation
was twice the width of the ureter it was branching from. If this criterion was not met, it was
categorised as a branch tip. A tip was considered the terminal end point of a ureteric branch.
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FIGURE 2.4 - ANALYSIS OF BRANCHING MORPHOGENESIS
Manual skeletonisation of an E14.25 kidney and quantification of branch points and branch tips. Circles indicate branch
points and crosses indicate branch tips.

2.2.5. COLLECTION OF EMBRYOS AT MIDGESTATION (E17.25)
Mid-gestation embryo collections were performed as described above for E14.25 (see
Section 2.2.3). Kidneys collected at E17.25 were used for gene expression studies and
histological analysis.
2.2.6. COLLECTION OF EMBRYOS IN LATE GESTATION (E20)
For studies at E20, pregnant rats were anaesthetised and humanely killed as described
above for E14.25 (see Section 2.2.3). Embryonic kidneys, adrenals, liver, pancreas and heart
were dissected out from the first half of the litter. This tissue was immediately snap frozen
and used for future gene expression studies.
2.2.7. GENE EXPRESSION STUDIES
Placental gene expression studies were performed at E14.25, E17.25 and E20.
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Examination of fetal hepatic gene expression was carried out at E20 to determine whether
amniotic fluid lipid profiles may be altered via modifications to fetal de novo lipid
metabolism. In brief, at the specified time points, pregnant Sprague-Dawley rats were
surgically anaesthetised with inhaled isoflurane (10 -15 minutes) (Isorane; Abbott Healthcare,
Botany, NSW, Australia). Prior to being humanely killed, maternal plasma was collected as
described in Section 2.2.3. Embryos were removed from the uterus and to preserve RNA
integrity, were placed in a bath of ice cold DEPC PBS. Embryos were detached from the
placenta. Placentas were weighed and immediately snap frozen for future gene expression
studies. For studies in fetal hepatic lipid metabolism, livers were collected at E20 and
immediately snap frozen in liquid nitrogen.
2.2.7.1.

RNA EXTRACTION

For gene expression studies, RNA extraction and isolation was carried out using a
commercially available kit (mirVana miRNA Isolation Kit; Applied Biosystems, Scoresby,
VIC, Australia). This methodology allows for the isolation of high quality and high yield
RNA and was adapted from the method of Chomczynski and Sacchi (1987).
To disrupt placental tissue for RNA extraction, 100mg frozen tissue was placed in a 2ml
eppendorf tube containing TRI Reagent (Applied Biosystems, Scoresby, VIC Australia) (1ml
per 100mg of tissue). Tissue was immediately homogenized using a rotor-homogenizer for
60 seconds. Samples were then centrifuged at 12,000 x g for 10 minutes and the supernatant
transferred to a sterile 1ml tube and incubated at room temperature for 5 minutes. For phase
separation, chloroform (0.2ml per 1ml of TRI Reagent added) was added to the supernatant
and incubated at room temperature for 10 minutes. The supernatant mix was then centrifuged
at 12,000g for 15 minutes at 4˚C. The aqueous upper phase was then collected for RNA
isolation.
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For RNA isolation, the supernatant was mixed with 100% ethanol (1.25 volumes
100% ethanol per sample) and applied to a filtered column. This was centrifuged (15
seconds, at 10,000x g) and the flow through discarded.
Following this, each filter cartridge was washed with 700 µl miRNA Wash Solution 1
and centrifuged for 10 seconds at 10,000x g, and the flow through discarded. Each filter
cartridge was washed with 500 µl Wash Solution 2/3. This was centrifuged (15 seconds at
10,000x g) and the flow through discarded. This step was repeated for further purification of
RNA. To elute the RNA from the glass-fibre membrane, the filter cartridge was transferred
to a sterile 1.5ml collection tube. The filter cartridge was then rinsed with 50 µl RNase-free
water. The RNase-free water altered the pH of the RNA, causing the wash out of the RNA
from the membrane. Following 60 seconds incubation at room temperature, the spin-column
was centrifuged for 2 minutes (20,000 x g). The elute was collected and samples were stored
at -80ºC for future studies.
2.2.7.2.

ANALYSIS OF RNA SAMPLES

To determine RNA quality and quantity, samples were analysed using a Nanodrop
spectrophotometer (Thermo Scientific, Wilmington, DE, USA).

The Nanodrop was

calibrated with 1 µl of distilled water. Once calibrated, 1 µl sample was pipetted onto a
microvolume pedestal. Absorbance readings were taken at 260 nm and 280 nm. RNA
concentration (µg/µl) was calculated using Nanodrop software (ThermoScientific). RNA
quality and integrity were calculated using the 260nm/280nm ratio. Very high quality RNA
typically has a ratio of 1.8. For the purposes of this study, ratios between 1.8 and 2.2 were
accepted. These concentration data were then used to calculate the required volume of RNA
extract to yield 1µg.
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2.2.7.3.

CDNA PRODUCTION

For placental and fetal liver cDNA synthesis, SuperScript® VILO™ cDNA Synthesis
Kit (Invitrogen, Mulgrave, Australia) was used. In detail, 10x Superscript Enzyme mix (1µl),
5x VILO reaction mix (2µl), and the calculated nuclease-free water and extracted RNA (1µg)
were mixed in 0.7ml tubes. For the cDNA synthesis reaction to take place, samples were
heated for 10 minutes at 25˚C, 60 minutes at 42˚C (first strand synthesis), and 5 minutes at
85˚C to inactivate the reaction process. cDNA was then diluted 10 fold.
2.2.7.4.

REAL-TIME PCR REACTION MIX

The following reactions (Table 2.4) were set up in a 96 well PCR plate, with a final
volume of 25 µl. Sensimix Plus SYBR Green fluorescent dye (Quantace, Alexandria, NSW,
Australia) was used to detect accumulating PCR products during the PCR cycles. All plates
were run with triplicate samples, with both a no template control (NTC) and positive control.
Primers were added to each sample and were obtained from Qiagen (Qiagen, Doncaster, VIC,
Australia) and are listed in Table 2.5 and Table 2.6.
Plates were capped and cycled using an iQ5 Multicolour Real-Time PCR Detection
system (BioRad Laboratories, Gladesville, NSW). Cycling conditions consisted of heating
samples for 95˚C for 3 minutes. Samples were then heated and cooled over 40 cycles with
the following steps; 95˚C for 15 seconds, 55˚C for 45 seconds, 72˚C for 45 seconds, 95˚C for
1 minute and 55˚C for 1 minute. A melt curve analysis was programed (iQ Standard Edition
Software) from 55˚C to 95˚C (1˚C intervals) and held for 20 seconds.

99

TABLE 2.4 - SUMMARY OF PLATE REACTIONS USED FOR THE ANALYSIS OF PLACENTAL AND
HEPATIC GENE EXPRESSION

cDNA (µl)

Water
(ul)

SYBR (ul)

Primer
(ul)

2 (of 1/10 dilution)

9.5

12.5

1

-

11.5

12.5

1

Positive Control
(Placenta)

2 (placenta cDNA)

9.5

12.5

1

Positive Control
(Liver)

2 (rodent liver cDNA)

9.5

12.5

1

Sample
No Template Control

TABLE 2.5 - OVERVIEW OF FETAL HEPATIC PROTEINS AND RECEPTORS EXAMINED USING
REAL-TIME PCR

Class

Primer


Diacylglycerol
Acyltransferase

Fatty Acid Desaturases

Peroxisome ProliferatorActivated Receptor
(PPAR)

Function

Diacylglycerol
Acyltransferase 1
(DGAT1)

Membrane proteins that functions as an enzyme. Within the
liver, DGAT is involved in triglyceride synthesis, and functions
to catalyze diglycerides to triglycerides (Harris et al., 2011).



Diacylglycerol
Acyltransferase 2
(DGAT2)



Fatty Acid Desaturase 1
(FADs1)



Fatty Acid Desaturase 2
(FADs2)



Peroxisome ProliferatorActivated Receptor 2α
(PPAR2α)

Regulates the unsaturation of fatty acids via insertion of a
double bond into a
monounsaturated fatty acid chain
(Murayama et al., 2006). FADs are vital for the production of
PUFAs.
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Involved in fatty acid metabolism in a range of tissue, including
the liver, via activation of FAT/CD36 (Burri et al., 2010).

TABLE 2.6 - OVERVIEW OF PLACENTAL PROTEINS, RECEPTORS AND LIPASES EXAMINED
USING REAL-TIME PCR

Class

Fatty Acid Binding
Proteins

Primer

Function



Fatty Acid Binding
Protein 3 (FABP3)



Fatty Acid Binding
Protein 5, epidermal
(FABP5)



Fatty Acid Binding
Protein 4 (FABP4)



Glutamic-oxaloacetic
Transaminase 2,
mitochondrial
(GOT2/FABPpm)



Fatty acid Transport
Protein 4 (FATP4)

Peroxisome Proliferator-



PPARγ

Activated Receptor



PPARδ

(PPAR)



PPARα

Glucose Transporters



GLUT1

(GLUT)



GLUT4

Fatty Acid Transport
Protein

GLUTs are ubiquitously expressed and function to uptake and
transport glucose across blood tissue barriers. GLUTs can be
insulin sensitive, and when stimulated, these receptors
translocate from intracellular vesicles to the plasma membrane
(Zhao and Keating, 2007).
FAT is scavenger receptor that can translocate between the
plasma membrane and intracellular endosomes (Bonen et al.,
2007). This receptor has been identified in the placenta and
other tissues such as the heart and muscle. FAT/CD36 has a
range of functions including lipid metabolism, angiogenesis and
inflammation (Bonen et al., 2007). In addition, FAT has a high
binding affinity for long-chain and very long chain fatty acids
and is involved in the transport of these fatty acids into the cell
(Dutta-Roy, 2009).



Fatty Acid
Translocase/CD36



Hormone Sensitive Lipase
(HSL)



Lipoprotein Lipase (LPL)



Lipase, endothelial (LIPG,
EL)



Lysosomal Acid Lipase
(LAL)

(FAT/CD36)

Lipases

Liver X Receptors



Integral membrane proteins found in numerous tissue, including
the placenta, heart and adipose tissue (Kazantzis and Stahl,
2012). FATPs have dual functionality. FATPS are involved
with adipocyte differentiation and act as transporters of fatty
acids across cell membranes. FATPs also have an enzymatic
role, with an ability to catalyze the formation of coenzyme A
(Gimeno, 2007).
Nuclear hormone receptors found expressed in numerous tissues
including the placenta with a major role in lipid metabolism
(Dutta-Roy, 2009). These ligand-activated receptors produce
transcription factors that regulate the gene expression and
control lipid and energy metabolism (Matsuda et al., 2013).

Fatty Acid
Translocase

The FABPs are intracellular proteins that function as lipid
chaperones (Furuhashi and Hotamisligil, 2008). The FABPs are
involved in the trafficking of FA to specific compartments
within in the cell and the incorporation of fatty acid into cellular
membranes. In contrast, placental FABPpm is localized to
placental tissue and functions as transporter with preferential
uptake of long-chain PUFA (Dutta-Roy, 2009).

Functions to release lipoprotein-bound triglycerides and
phospholipids within the circulation. Once release, the free
fatty acids are to be transported across the cell membrane
(Lindegaard et al., 2005)

Ligand activated nuclear receptor that plays a role in controlling
cholesterol levels within the cell. LxRα has a role in fatty acid
metabolism in the trophoblast cells of the placenta, and is
involved in the transfer of cholesterol from the maternal
circulation to the fetus via upregulation of the ATP-binding
cassette (ABC) transporters ABCA1 and ABCG1 (Palinski,
2009, Stefulj et al., 2009)

Liver X Receptor α
(LxRα)
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2.2.7.5.

ANALYSIS OF REAL-TIME PCR

The fluorescent threshold value was set during the amplification phase of the cycle,
where exponential increase was occurring. This was used to generate the cycle threshold (Ct)
value for each amplification curve. The Ct value indicates the number of cycles at which the
fluorescence generated by the amplified target gene crosses a fixed threshold (Livak and
Schmittgen, 2001). The average Ct values for each gene were normalised to the Ct values of
the housekeeping gene β-actin for each corresponding sample. Fetal liver gene expression
used the average Ct values for each gene normalised to the Ct values of the housekeeping
gene 18S for each corresponding sample. Fold differences were calculated using the 2- ΔΔCt
method (Livak and Schmittgen, 2001). Ct ranges for all genes of interest have been included
in Appendix 1. The data was compared using one-way ANOVA, looking at the effect of
maternal diet. P values of ≤ 0.05 were considered significant.
2.2.8. LIPID PROFILING
Lipid profiling was carried out on maternal plasma and fetal amniotic fluid at
embryonic ages 14.25, 17.25 and 20. All major lipid categories including triglycerides,
diglycerides, phospholipids, ceramides and cholesterol esters were analysed (Table 2.7).
TABLE 2.7 - OVERVIEW OF THE LIPIDS ANALYSED DURING THE LIPID PROFILING OF
MATERNAL PLASMA AND AMNIOTIC FLUID

Lipid Species

Totals

Ceramides

12

Cholesterol

19

Triglycerides

35

Diglycerides

20

Phospholipids

28
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2.2.8.1.

LIPID EXTRACTION

Lipids were extracted following the Folch method (Folch et al., 1959). For both
plasma

and

amniotic

fluid

samples,

hydrophobic

lipids

were

separated

using

chloroform/methanol (2:1v/v). In brief, 10µl of sample were transferred to 2ml tube. Using a
positive displacement pipette, an internal standard (10µl; see Table 2.8) (Tandy et al., Meikle
et al., 2011, Sozo et al., 2011, Weir et al., 2013) was added to each sample. Lipids within a
sample were quantified by comparison to the internal standard.

An H 2O blank with no

internal standard, and an H2O blank containing the internal standard were also included. To
each sample, 200µl of chloroform/methanol (2:1v/v) was added, vortexed for 5 seconds and
spun on a rotary mixer (low speed) for 10 minutes. Samples were transferred to a water bath,
sonicated for 30 minutes and then incubated at room temperature for a further 20 minutes.
Samples were centrifuged (13,000 rpm; Heraeus Fresco 17; Thermo Fischer Scientific, MA,
USA) for a further 10 minutes to ensure a precipitate had pelleted (Folch et al., 1959). The
supernatant was transferred to a 96 well plate (0.5ml polypropylene) and samples were
dehydrated under a steady stream of nitrogen at 40˚C. Samples were reconstituted with water
saturated butanol (1:1v/v) and sonicated in a water bath for 10 minutes. For separation of
hydrophilic gangliosides, 50µl MeOH with 10mM Ammonium Formate was added to each
sample in the 96 well plate. Samples were then centrifuged (Heraeus multifuge 1S-R;
Thermo Fischer Scientific, MA, USA) at 4000 rpm for 5 minutes. The supernatant was
transferred to a Teflon capped glass vial (32 x 11.6mm with a 0.2ml micro-insert; Jomar
Diagnostics, Kensington, SA, Australia) for analysis using liquid chromatography
electrospray ionization tandem mass spectrometry (LC ESI-MS/MS).
2.2.8.2.

LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY

Samples were partially separated prior to mass spectrometry using liquid
chromatography (Zorbax C18, 1.8 μm, 50 × 2.1 mm column, Agilent Technology, Mulgrave,
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VIC, Australia) and were analysed and quantitated using mass spectrometry with turbo
ionspray source (350°C, Applied Biosystems API 4000 Q/TRAP mass spectrometer,
Scoresby, VIC, Australia) . During transition from a liquid to a gaseous state, lipids ionise to
form a charged particle (Van Bramer, 1997, Meikle et al., 2009, Wenk, 2010).

Mass

spectrometry allows measurement of the mass of the gas charged particles (measures mass to
charge ratio of an ion). Lipids were extracted from plasma and amniotic fluid samples using
LC ESI-MS/MS. Columns were heated to 50°C and the auto-sampler regulated to 25°C. For
species separation of di- and triglycerides, a 1µl sample of plasma or amniotic fluid was
injected under isocratic conditions (flow rate 100µl/min) using 85% solvent containing
tetrahydrofuran:methanol:water (ratio of 75:20:5, containing 10 mM ammonium formate) for
6 minutes (Sozo et al., 2011, Weir et al., 2013, Barzel et al., 2014).

All other lipids

(ceramides, cholesterols and phospholipids) were separated using a gradient elution
containing tetrahydrofuran:methanol:water (ratio: 30:20:50 containing 10 mM ammonium
formate). Gradient conditions (flow rate 300 μl/min) were as follows: 0% solvent to 100%
solvent over 8.0 min, followed by 2.5 min at 100% solvent, 30 seconds at 0% and 10.5 min at
0% solvent prior to the next injection(Sozo et al., 2011, Weir et al., 2013, Barzel et al., 2014).
Final data analysis was carried out using Analyst 1.5 and MultiQuant software (Applied
Biosystems). Correct peaks were identified using the retention time from an internal standard
(Figure 2.4 and Table 2.8).
2.2.9. AMNIOTIC FLUID
To confirm that changes in the concentrations of amniotic fluid lipid levels were not a
result of altered osmotic concentration, osmolality of amniotic fluid was determined using an
osmometer (Model 2020 Multi-Sample Osmometer; Advanced Instruments, Norwood, MA,
USA). For each run, 20µl standardised controls (100, 900 and 1500 mOsm/kg) and 20 µl
samples were loaded into 1ml tubes and the total osmolar concentration was calculated.
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Peak retention time

FIGURE 2.5 - PEAK IDENTIFICATION CURVES FOR INTERNAL STANDARD
Peaks for each different lipid were identified using the retention time from an internal standard.
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TABLE 2.8 - COMPOSITION OF THE INTERNAL STANDARD USED FOR PEAK IDENTIFICATION
IN LIPIDOMIC ANALYSIS OF MATERNAL PLASMA AND AMNIOTIC FLUID

Concentration
(pmol/100µl)

Lipid
Bis(monoacylglcero)phosphate (BMP) C14:0/14:0

100

Sphingosine (Sph) C17:1

100

Ceramide (Cer) C17:0

100

Sphingomyelin (SM) C12:0

100

Phosphatidylethanolamine (PE) C17:0/17:0 –

100

Lysophosphatidylcholine (LPC) C13:0

100

Phosphatidylcholine (PC) C21:0/21:0

100

Phosphatidylglycerol (PG) C17:0/17:0

100

Diacylglycerol (DAG) C15:0/15:0 –

200

D-7 cholesterol

1000

CE 18:0 d6

1000

Lysophosphatydicacid (LPA) C17:0

100

Phosphatidylserine (PS) C17:0/17:0

100

Phosphatidic Acid (PA) C17:0/17:0

100

Galactosylceramide (GalCer) C15:0

100

Ceramide-1-phosphate (Cer-1-P) C12:0

100

Dihydroceramide (dhCer) C8:0

100

Phosphatidylcholine (PC) C13:0/13:0

100

Sphingosine-1-phosphate (Sph-1-P) C17:1

100

Sphinganine (Sphn) C17:0

100

Sphinganine-1-phosphate (Sphn-1-P) C17:0

100

Glyceryl triheptadeconate C17:0/17:0/17:0 –

100

1-O-acylceramide 17:0/18:1

100
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2.3.

POSTNATAL EXPERIMENTS

2.3.1. BREEDING FOR POSTNATAL STUDIES
Female breeder rats were fed either a control (C) or high fat (HF) diet as described
above (Table 2.1, Table 2.2 and Table 2.3) for the 3 weeks prior to mating and throughout
pregnancy and during lactation. While the environment encountered in utero is important,
research now demonstrates that the early postnatal period is also a critical developmental
period, particularly in rodents, where maturation of many organ systems is occurring
(Holemans et al., 1996, Siebel et al., 2010). Female breeders were maintained on their
respective diets during lactation and offspring were weaned at postnatal day 21 (PN21).
Male breeder rats were fed a C diet and were only exposed to a HF diet when housed with a
HF breeder female during mating. Following mating, male breeders were then returned to a C
diet. To increase the likelihood of pregnancy, pairs were housed together for 1 week.
Offspring from litters ranging between 8 to 12 pups were kept for experiments. At PN1,
litters with greater than 12 pups had additional animals humanely killed. Litters with less
than 8 animals were excluded from the study. Offspring were weaned from mothers at PN21.
Weaned offspring were switched to and maintained on standard chow fed ad libitum. At
PN180 and PN360, studies were undertaken in male and female offspring for analysis of
mean arterial pressure (MAP), heart rate (HR), glomerular filtration rate (GFR), effective
renal plasma flow (eRPF) and effective renal blood flow (eRBF). Kidneys were collected for
pathological analysis. An overview of the postnatal studies and the experimental timeline is
shown in Figure 2.5 and Figure 2.6 respectively.
2.3.2. FOOD AND WATER INTAKE
Food and water intake was measured periodically in C and HF breeder females
throughout the dietary acclimatisation period, pregnancy and lactation. For determination of
food and water consumption, a known quantity of both food and water was provided to
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female breeders. After a 48 hour period, food and water was reweighed. These time periods
were selected to minimise human interference with feeding behaviour.

The difference

between the two measurements was calculated and this was defined as total consumption for
the period. The data was averaged over a daily period.
In postnatal offspring, food and water intake was measured at 12 months of age using
the methodology described above.

Postnatal
Experiments
PN21

6 Months

12 Months

• DEXA

• DEXA

• DEXA

• Organ & Tissue Collection

• Organ & Tissue Collection

• Organ & Tissue Collection

• Renal Function
•Renal noradrenaline
Content

• Renal Function
•GFR, eRBF and eRPF

• Renal Function
•GFR, eRBF and eRPF
•Renal noradrenaline
content

• Cardiovascular Function
•Telemetry

• Cardiovascular Function
•Telemetry
• Sympathetic Nervous
System Function
•Wholebody noradrenaline
spillover
• Renal Pathology
•Examination of
glomerulosclerosis

FIGURE 2.6 - OVERVIEW OF STUDIES UNDERTAKEN IN POSTNATAL OFFSPRING
Three postnatal time points were examined in adult offspring. Time points were selected to allow long term characterisation
of offspring growth and physiological function.
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Maternal Dietary Exposure

Diet Acclimatisation

Pregnancy

Standard Chow

Postnatal
6 months

Lactation

Postnatal
12 Months

FIGURE 2.7 - OVERVIEW OF POSTNATAL (PN) EXPERIMENTAL PROTOCOL
At 10 weeks of age, female Sprague-Dawley rats were fed either a C or HF diet. After 3 weeks, animals were mated and maintained on their respective diets throughout pregnancy and lactation.
At weaning (PN21), offspring were placed on standard laboratory rodent chow, of which they had ad libitum access for the remainder of their life. Physiological studies were performed at 6 and
12 months of age.
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FIGURE 2.8 - OVERVIEW OF POSTNATAL ANIMAL ALLOCATION
At PN1, litter size was controlled to between 8 - 12 pups. Equal numbers of males and females were kept within a litter. At PN21, the body composition of two animals per litter were analysed
by DEXA. These same animals were then allocated toward tissue collection, including for tissue for the analysis of renal noradrenaline content. At PN180, six animals were used from each
litter for physiological experiments and tissue collection. At PN360, 8 -10 animals were used from each litter for physiological experiments and tissue collection. Two animals per litter were
allocated toward cardiovascular studies, two for renal function studies and two were taken for analysis of sympathetic activity.
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2.3.3. DUAL ENERGY X-RAY ABSORPTIOMETRY
DEXA provides a detailed analysis of both total skeletal and soft tissue mass
(Albanese et al., 2003). The data output from DEXA provides comprehensive information
about rodents body composition, including total and regional body fat, lean tissue mass, bone
density and bone mineral content (Karahan et al., 2002, Miller et al., 2011). Although other
means for measuring body composition are available, for example underwater weighing
(Jackson et al., 2010), DEXA is advantageous in that it is simple to perform and data can be
obtained quickly. DEXA enables the user to comprehensively evaluate body composition,
and has a high degree of accuracy and precision. Furthermore, it can also be used in a range
of clinical settings (Albanese et al., 2003). Studies in obese patients found that DEXA
accurately measured body composition before and after weight loss, and also enabled
researchers to understand the composition of the weight loss (Hendel et al., 1996).
Furthermore, DEXA has been used to detail changes in body composition and total and
regional fat distribution following short term weight gain in anorexic patients (Orphanidou et
al., 1997).
In the present study, male and female rats at PN21, and 6 and 12 months of age were
taken for total DEXA body scans to determine body fat, lean tissue and bone mineral content.
Prior to scans, instruments were calibrated using a graduated step made of aluminium and
polymethlymethacrylate. To perform DEXA scans (QDR 2000, Hologic Inc., Bedford, MA,
USA) light anaesthesia was induced by placing the rat in an induction box with gauze soaked
in 1ml anaesthetic (Isoflurane). When animals were anaesthetised they were placed on the
scanning bed and a whole body scan was carried out. Test-retests were undertaken to ensure
reliability of the scans.
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2.3.4. RENAL FUNCTION STUDIES
2.3.4.1.
FLOW

GLOMERULAR FILTRATION RATE AND ESTIMATED RENAL PLASMA AND BLOOD

At 6 and 12 months of age, male and female rats were taken for renal function studies.
The injected long acting anaesthetic (Inactin; thiobutabarbital sodium, Sigma-Aldrich Co, St
Louis, USA) was administered at a dose of 150mg/kg (i.p) in saline (0.9% NaCl; Baxter
Healthcare Pty Ltd, NSW, Australia). The rat was then placed on a heated operating table to
maintain body temperature throughout surgery.

Although conscious physiological

measurements remain the ultimate goal, this can be difficult to simulate. While conscious
measurements can be obtained through the use of metabolic cages, results have shown that
this methodology significantly alters cardiovascular parameters. Placing mice in metabolic
cages can result in sustained tachycardia even after metabolic cage habituation (Hoppe et al.,
2009). This augmentation in cardiovascular function may potentially have an effect on renal
function. As a result, radiolabelled infusion of inulin and para-aminohippuric acid (PAH) in
unconscious animals remains the gold standard for measuring renal function and this
methodology is used widely (Thomal et al., 2010, Komers et al., 2011, Lim et al., 2011,
Solling et al., 2011). The major drawback of anaesthesia is the difficulty in simulating
conscious physiological parameters, therefore the use of the correct anaesthetic is imperative
in trying to minimise the effects of anaesthesia.

In addition, anaesthetics can cause

physiological side effects such as depression of cardiovascular function and respiratory
distress (Moldestad et al., 2009, Constantinides et al., 2011). These can have significant
impacts on renal physiology. Studies examining the effects of thiobutabarbital sodium on
renal function have shown it is has minimal effects on renal physiology (Walter et al., 1989,
Rieg et al., 2004). For this reason, during renal function studies, thiobutabarbital sodium was
used as a long lasting anaesthetic.
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Surgery began once full anaesthesia was induced and this was confirmed through the
abolition of pedal reflexes. A rectal probe (Cole-Palmer Instrument Company, Chicago,
USA) was used during the surgery to monitor body temperature. This was maintained at 3739°C. The neck region was shaved and a local anaesthetic (2ml bolus 1% Lignocaine;
Xylocaine; AstraZeneca, NSW, Australia) was injected subcutaneously and a midline
incision was made (Gray et al., 2010, Lim et al., 2011). Skin and muscle were retracted and
blunt dissection was used to locate the trachea (Figure 2.9). An incision, one-third the
diameter of the trachea was made and a catheter (3cm, 110 polyvinylchloride (PVC) tubing,
Microtube Extrusions, NSW, Australia) was inserted to allow unobstructed ventilation.
Animals were also provided with oxygen (100% low flow, BOC, Australia) during surgery to
prevent hypoxia. Blunt dissection was used to expose the right jugular vein (Lim et al., 2011,
Hilliard et al., 2012). To help occlude flow, ligatures were placed around the jugular vein
above and below the site at which the catheter (SV45, Critchely Electrical Products, NSW,
Australia) was to be inserted. A small (1mm) incision was made in the jugular vein between
the ligatures and the catheter was inserted approximately 2cm toward the heart. The ligatures
were then tied off to secure the catheter in place. To replace and maintain fluid balance
during surgery, 2% bovine serum albumin (BSA, Sigma-Aldrich Co, St Louis, USA) was
infused (1ml/hr/100g) (Gray et al., 2010, Lim et al., 2011, Hilliard et al., 2012). Blunt
dissection was used to expose the left carotid artery (Hilliard et al., 2011, Hilliard et al.,
2012). Ligatures (Dysilk 5/0, Dynek Pty Ltd, SA, Australia) were placed around the artery
above and below the site at which a catheter was to be inserted. The catheter was constructed
using SV45 tubing (Critchley Electrical Products, NSW, Australia) with a Teflon tip (812e;
Atlantic Tubing Company). A small incision in the artery allowed the insertion of the
catheter. The catheter was inserted approximately 1.5cm toward the heart and secured using
ligatures (Hilliard et al., 2011, Hilliard et al., 2012). To ensure proper insertion and to
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prevent blockages, the catheter was flushed with heparinised saline. The carotid artery
catheter was then connected to a pressure transducer (Cobe Arvada, USA). This analogue
signal was amplified (Grass Model 7 polygraphy, Quincy, MA, USA) and the signal relayed
to a PC running specialised data acquisition software (Universal Acquisition, University of
Auckland, NZ).

MAP and HR were measured in unconscious rats throughout the

experimental period using a carotid artery catheter.
A local anaesthetic (1% Xylocaine) was administered subcutaneously into the abdominal
region. The area was shaved and a midline incision was made. The skin and muscle were
retracted. To prevent tissue damage, blunt dissection was used to locate the bladder. A

FIGURE 2.9 - DIAGRAM OF RENAL PHYSIOLOGY SURGICAL PROCEDURE
For renal function studies, a tracheal catheter (black arrow) was inserted to maintain ventilation throughout the experimental
procedure. Following this, a catheter was inserted into the jugular vein (blue arrow). The jugular catheter was connected to
an infusion pump for fluid maintenance (2% bovine serum albumin) and for the administration of 14C-PAH and 3H-inulin
(4ml/hr/100g). The carotid arterial catheter (red arrow) was connected to a pressure transducer for continuous measurement
of MAP and HR in the unconscious rats throughout the experimental period. Blood samples were also collected using the
arterial catheter. A bladder catheter (orange arrow) allowed free flowing urine collection into a pre-weighed tube.
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clamp was used to hold the bladder outside the abdomen. A small (1mm) incision was made
in the bladder wall and a bladder catheter (SV10) was inserted (Gray et al., 2010, Lim et al.,
2011). To hold the catheter in place, a ligature (5/0 Dysilk) was then tied around the bladder.
The neck and abdominal wound were sutured closed (60mm cutting needle, Sherwood, Davis
& Geck, St Louis, USA).
radiolabelled PAH (0.5μCi/hr

To determine GFR, eRBF, eRPF and filtration fraction,
14

C-PAH, Perkin Elmer, Glen Waverley, VIC, Australia) and

inulin (1μCi/hr 3H-inulin, Perkin-Elmer, Glen Waverley, VIC, Australia) were infused
(0.4ml/hr/100g) via the right jugular vein for 100 minutes (Gray et al., 2010, Hilliard et al.,
2011, Lim et al., 2011, Hilliard et al., 2012). The first 60 minutes of PAH/Inulin infusion
was allowed for the animal to stabilize after surgery and for the solution to reach
equilibration in the plasma. Clearance measurements began following the 1 hour PAH/Inulin
infusion. Urine produced by left and right kidneys was collected for 40 mins in pre-weighed
tubes.
Following clearance measurements, blood (approximately 2ml) was collected from
the carotid artery catheter into a heparinised tube. A small sample of this blood was collected
into heparinised micro haematocrit tubes (Gray et al., 2010, Lim et al., 2011) (Drummond
Scientific Co, Broomall, PA) and centrifuged (2.5 min, 3000 x g) to allow separation of
plasma from erythrocytes. Haematocrit concentration was then determined by calculating the
ratio of plasma to erythrocytes (Microhaematocrit Reader, Hawksley & Sons Ltd, England).
The remainder of the blood was centrifuged (3000 x g; Jouan Centrifuge; Thermo Fischer
Scientific, MA, USA) for 10 minutes and plasma was aspirated and stored at -20ºC prior to
analysis.
To determine urine and plasma levels of

14

C-PAH and 3H-inulin, 20μl aliquots of

plasma were placed in vials with 2ml scintillation fluid (Aqueous Counting Scintillation
Fluid; Amersham Biosciences/GE Healthcare, Rydalmere, NSW, Australia) in triplicate.
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Samples were first allowed to stabilize in the dark for 24 hours. To determine the levels of
radioactive tracer, these samples were placed in a scintillation counter (Beckman LS6000TA,
Beckman Coulter, USA). Each sample was counted for 10 minutes and the disintegrations
per minute (DPM) from each triplicate was averaged. GFR and eRPF were then calculated
(Deen et al., 1972, Vander, 1995, Lote, 2000) as the clearance of 3H-inulin and

14

C-PAH

respectively, where:

Clearance =

[dpm] urine × volume (ml)
[dpm] plasma × collection time (mins)

Direct measurement of renal blood flow is extremely difficult to obtain and therefore,
the estimated plasma flow and haematocrit values are used to calculate effective renal blood
flow (Deen et al., 1972, Vander, 1995, Lote, 2000), where:
Effective Renal Blood Flow = Effective Renal Plasma Flow × (1/(1 − Haematocrit))
Filtration fraction (FF) was also measured to determine the ratio of plasma filtered by
the kidneys. FF can be used to determine changes in renal function, and can be indicative of
disease states (Gates, 2004, Fliser, 2008). The following equation was used to calculate FF
(Vander, 1995, Lote, 2000).

Filtration Fraction =

Glomerular Filtration Rate (ml/min)
Effective Renal Plasma Flow (ml/min)

The fractional excretion of electrolytes (FEx) measures the percentage of electrolytes
filtered by the kidneys. Importantly, changes in FEx have been shown to change in some
renal disease states, and for example, the fractional excretion of sodium (FENa+) is
particularly useful as a diagnostic tool for determining the location of renal failure (Anderson
and Barry, 2004). Electrolyte concentration in urine and plasma was determined using the
RapidChem 744 Electrolyte Analyser (Bayer Australia Limited, Pymble, NSW, Australia).
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To determine FEx the following equation was used (Vander, 1995, Lote, 2000):

FEx = (

[x] urine × Urine Flow Rate (ml/min)
) × 100
[x] plasma × Glomerular Filtration Rate (ml/min)

2.3.5. PLASMA AND URINE ANALYSIS
2.3.5.1.

PLASMA AND URINARY OSMOLALITY

Osmolality in urine and plasma was determined using an osmometer (Model 2020
Multi-Sample Osmometer; Advanced Instruments, Norwood, MA, USA). For each run, 20µl
standardised controls (100, 900 and 1500 mOsm/kg) and 20µl samples were loaded into 1ml
tubes and the total osmolar concentration (mOsm/kg) were calculated (Gray et al., 2010, Lim
et al., 2011).
2.3.5.2.

PLASMA AND URINARY ELECTROLYTES
2.3.5.2.1. PLASMA

Plasma Na+, K+ and Cl- concentrations were analysed using the RapidChem 744
Electrolyte Analyser (Bayer Australia Limited, Pymble, NSW, Australia). The electrolyte
analyser was cleaned and calibrated before use. For each sample, 55µl was aspirated and
analysed for Na+, K+, Cl- (mmol/l) (Gray et al., 2010, Lim et al., 2011).
2.3.5.2.2. URINE
A 1:10 dilution was used for analysis of urine Na+, K+, Cl- (mmol/l). The electrolyte
analyser was cleaned and calibrated before use. A 300µl sample was aspirated for analysis of
urinary electrolyte levels (Gray et al., 2010, Lim et al., 2011).
2.3.6. WHOLE BODY NORADRENALINE SPILLOVER
At 12 months of age, whole body noradrenaline spillover studies were conducted in
male and female rats. Studies were carried out under resting conditions to estimate basal
sympathetic nervous system activity, and following sodium nitroprusside (SNP; Sigma-
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Aldrich, Castle Hill, Australia) induced hypotension to maximally stimulate the sympathetic
nervous system.
Radiotracer methodologies are widely used for measuring noradrenaline clearance in
both animals and humans (Esler et al., 1979, Esler et al., 1984, Keeton and Biediger, 1988,
King et al., 2008) under both conscious (Dunning et al., 2002) and unconscious conditions
(Burke et al., 2007, Evans et al., 2010). As discussed above (see Section 2.3.4.1), while
conscious physiological experiments provide the best indicator of physiological parameters,
unconscious radiotracer studies of noradrenaline spillover are routinely used, and inactin is
commonly used in studies examining sympathetic activity (Ditting et al., 2005, Ditting et al.,
2007). The surgical protocol for whole body assessment of sympathetic activity is described
in Section 2.3.4.1.
The following protocol for measurement of plasma noradrenaline (NA) was modified
from Jansson and Lambert (1999). To determine NA spillover, radiolabelled NA (PerkinElmer, Glen Waverley, VIC, Australia) was infused (6µl 3H-noradrenaline in 7.5ml saline
with ascorbic acid; 0.024ml/min) via the right jugular vein for 30 minutes. This 30 minutes
of NA infusion allowed for the animal to stabilize after surgery and for the solution to reach
equilibration in the plasma.

A baseline blood sample was collected (1ml) into tubes

containing a glutathione and EGTA solution (20µl/ml) (Sigma-Aldrich, Castle Hill, NSW,
Australia). Samples were centrifuged at 4˚C (10 min, 3000 x g) to allow separation of plasma
from red blood cells. Once baseline blood sampling had been completed, animals were
allowed to recover for 5 minutes before being subjected to a haematological stress in order to
increase sympathetic activity to near maximum levels.
To assess sympathetic function under conditions of stress, SNP was administered to
rapidly induce controllable hypotension. SNP is a short acting, vasodilatory agent (Verner,
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1974) that acts on smooth muscle in both venous and arterial beds. It is understood that a
rapid drop in arterial pressure caused by SNP results in arousal of baroreceptors, and the
sympathetic nervous system and the renin angiotensin system are triggered (Degoute, 2007).
Cardiac output is therefore increased, as well as the release of noradrenaline and renin and
these factors help return blood pressure to baseline levels (Degoute, 2007). SNP was infused
for 5 minutes and blood pressure was maintained at approximately 50% of baseline values
using small continuous bolus injections (modified from Hines (2000)). At the end of the 5
minute period, a blood sample (2ml) was collected into a tube containing glutathione and
EGTA solution and centrifuged (10 min, 3000 x g) to allow separation of plasma from red
blood cells. A small sample (1ml) of the infusate was also collected and snap frozen.
Samples were analysed for catecholamine content via HPLC by Dr Nina Eikelis from the
Human Neurotransmitters Laboratory (Baker IDI, Prahran, VIC, Australia).
To measure the kinetics of 3H-NA in plasma, the following calculations were used:

NA spillover rate =

[dpm] NA infusion rate
[dpm] NA plasma

NA plasma clearance =

[dpm] NA infusion rate
[dpm]NA plasma

2.3.7. RENAL NORADRENALINE CONTENT
Frozen kidneys at E20, PN21 and PN360 were analysed for renal NA content. Frozen
tissue was homogenized in 1 - 2ml of buffer containing citrate–acetate and 10% methanol.
Samples were centrifuged and the supernatant aspirated for analysis of NA content.
Measurement of renal NA content was carried out by Dr Nina Eikelis from the Human
Neurotransmitters Laboratory (Baker IDI, Prahran, VIC, Australia) using HPLC with
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electrochemical detection (HPLC/ED) (Esler et al., 1984, Esler et al., 1988, Lambert and
Jonsdottir, 1998).
HPLC and a triple electrode detector separated and quantified noradrenaline content
from renal tissue samples.

Liquid chromatography (4.6 mm × 25 cm, 5-μm particle size,

Beckman Instruments ) was performed at 24°C (Medvedev et al., 1990, Lambert and
Jonsdottir, 1998, Lambert et al., 2011, Straznicky et al., 2012). A 100µl sample of was
injected under isocratic conditions (flow rate 1.2/min) using solvent containing 100 mmol/l
NaH2P04, 50mmol/l, EDTA, 0.16 mmol/l octane sulfonic acid and 0.3% acetonitrile)
electrode colorimetric detector (5100 model, Environmental Sciences Associates, Bedford,
MA, USA) hade conditioning cells set at +0.35V and analytical cells set at 0.35V and -0.30V
(Medvedev et al., 1990, Lambert and Jonsdottir, 1998, Lambert et al., 2011, Straznicky et al.,
2012). The elute was directed from the analytical cell with a fraction collector for separation
of noradrenaline.

This was mixed with scintillation fluid and analysed using a liquid

scintillation analyser (Medvedev et al., 1990, Lambert and Jonsdottir, 1998, Lambert et al.,
2011, Straznicky et al., 2012). All samples were run in a single batch
Final data analysis was carried out using Chromeleon 3.03 chromatography data
system (Gynkotek, Germering, Germany). Correct peaks were identified using the retention
time from an internal standard solution (Medvedev et al., 1990, Lambert and Jonsdottir, 1998,
Lambert et al., 2011, Straznicky et al., 2012).
2.3.8. CARDIOVASCULAR FUNCTION STUDIES
2.3.8.1.

MEAN ARTERIAL PRESSURE AND HEART RATE MEASUREMENTS

MAP and HR were measured over a 7 day period using an implanted telemetry
device. Implantation of a telemetry device allows for conscious, unrestrained and long-term
measurement of blood pressure, heart rate and activity. This methodology is considered the
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gold standard for measuring cardiovascular parameters (Braga and Prabhakar, 2009). Prior to
surgery, body weight of rats was recorded. Room temperature was maintained between 2224°C, with humidity ranging between 25-35%. Anaesthesia was induced by placing the rat in
an induction box and the gaseous anaesthetic isoflurane (5% v/v isoflurane plus oxygen;
Rhodia Australia P/L, Notting Hill, Australia) was allowed to flow through the box. The
anaesthetized rat was taken from the box and placed on a heating pad at 36-37°C to maintain
body temperature during surgery.

Throughout the surgery, the rat received anaesthetic

continuously through a nose cone and breathed in the anaesthetic (2-3% v/v maintenance
dose Isoflurane plus oxygen) spontaneously. When a surgical level of anaesthesia had been
reached, as confirmed by abolition of the pedal reflex, surgery commenced. Depth of
anaesthesia was regularly monitored throughout the operation.
The abdomen was shaved and a midline incision was made. The skin and muscle
were retracted and blunt dissection was used to expose the abdominal aorta below the renal
arteries.

Arterial clips (Micro Serrefine, Fine Science Tools, North Vancouver, B.C.,

Canada) were placed on the aorta above and below the site at which the telemetry probe was
to be inserted. With flow occluded in the aorta, the telemetry probe (TA11-PAC40; Data
Sciences International, St Paul, MN, USA) was inserted. A small incision was made in the
aorta using a 23G needle and the probe inserted for approximately 2cm, such that the tip of
the catheter lay below the level of the renal arteries. Cyanoacylic glue was used to seal the
aorta and hold the probe firmly in place. The battery of the probe was placed within the
abdomen and anchored to the abdominal wall with the use of non-absorbable suture
(Supramid White 3/0; Lyppard, Keysborough, VIC, Australia). The wound was then closed
with an absorbable suture (MonoPlus C 3/0; Lyppard, Keysborough, VIC, Australia) for the
muscle wall and for the skin. At completion of surgery, animals were administered fluid to
replace surgical losses (7ml saline s.c), an analgesic (0.4ml carprofen i.m; Lyppard,
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Keysborough, VIC, Australia) and an antibiotic (0.3ml Tribactral s.c; Lyppard, Keysborough,
VIC, Australia) to aid recovery. The surgery took approximately 30 minutes to perform. The
rats were kept in a heated box until fully recovered from anaesthesia. Animals were then
returned to their home cage and continuous measurement of blood pressure began 1 week
following surgery, in freely moving animals.
2.3.8.2.MEASUREMENT OF BLOOD PRESSURE AND DATA COLLECTION
Animals were given 1 week to recover from surgery (Figure 2.7). Systolic (SBP) and
diastolic (DBP) blood pressure, heart rate and locomotor activities were then recorded
continuously in the unrestrained rat via a telemetry system (Data Sciences International, St
Paul, MN, USA). The signal was relayed to PC, equipped with an analogue digital converter
(LabView 8.2, National Instruments, Texas, USA). The sampling rate was set to average over
a 2 second period. Continuous cardiovascular recordings were obtained, and measurements
were pooled for 12 hourly average readings over a 5 – 7 day period. An overview of
cardiovascular studies are shown in Figure 2.10.
Blood pressure is tightly regulated by both vascular tone and sympathetic drive,
however several programming models have demonstrated exaggerated cardiovascular
response to acute stress in adulthood (Phillips and Barker, 1997, Lesage et al., 2002a,
Igosheva et al., 2004, Igosheva et al., 2007). As well as this, sympathetic hyperactivity is
often present in individuals predisposed to hypertension (Phillips and Barker, 1997, Malpas,
2010). Measurement of sympathetic activity via regional plasma NA spillover demonstrates
that there is increased activation of the sympathetic nervous system in borderline
hypertensive individuals, with increased sympathetic outflow identified to organs such as the
heart and kidneys (Esler et al., 1986, Esler et al., 1990). Therefore, at day 10 post-surgery, the
cardiovascular reactivity to varying stimuli was monitored. A novel ‘shaker stress’ as
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FIGURE 2.10 - TIMELINE FOR MEASUREMENT OF CARDIOVASCULAR PARAMETERS USING AN INDWELLING TELEMETRY DEVICE IN OFFSPRING AT 6 AND
12 MONTHS OF AGE
Offspring were given 7 days to recover from surgical implantation of an indwelling telemetry device. Cardiovascular parameters were measured over a 5-7 day period, including exposure to a
stress challenge on day 10 post surgery.
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described by Davern et al (2010), has been shown to induce a rapid and acute cardiovascular
stress response in mice. This protocol was adapted and used to monitor cardiovascular
parameters before, during and after exposure to stressor. A prestress recording was taken 5
minutes prior to commencement of the stress test. A platform mixer (Ratek, Boronia, VIC,
Australia) was used for all stress tests. Animals were kept in their home box and this was
placed and secured to the shaker. Moderate shaking (100rpm) took place for 10 minutes. At
completion of the stress test, post stress recordings were taken for a further 30 minutes
(Figure 2.11).
Measurements were pooled to obtain 12 hourly (day and night) average readings over
a 5-7 day period. At completion of the experiment, rats were placed in an induction box with
4% Isoflurane to induce anaesthesia. Once anaesthetised, rats were humanely killed with an
anaesthetic overdose (2ml Lethobarb).
2.3.9. ORGAN COLLECTION
Organs and tissues were collected from male and female rats at weaning, 6 and 12
months. Anaesthesia was induced by placing the rat in an induction box and the gaseous
anaesthetic Isoflurane (5% v/v Isoflurane plus oxygen; Rhodia Australia P/L, Notting Hill,
Australia) was allowed to flow through the box. The anaesthetised rat was taken from the
box and placed in a nose cone, where it received anaesthetic (2-3% v/v maintenance dose
isoflurane plus oxygen) continuously.

When a surgical level of anaesthesia had been

reached, as confirmed by abolition of the pedal reflex, a midline incision was made and the
abdominal vena cava located. Blood was collected in a 10ml syringe (19G needle) and
centrifuged at 3000 x g for 10 minutes. The right kidney was immediately dissected and the
renal capsule was quickly removed. The kidney was immediately snap frozen in liquid
nitrogen for subsequent studies of noradrenalin content. This was then stored at -80ºC. The
left kidney, adipose tissue (omental, mesenteric, peri-renal fat pads), liver, pancreas, lung,
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heart, aorta and brain were collected and weighed. In weanlings, fat deposition is limited, and
as such, only subscapular brown fat was collected at this timepoint. Excess blood was
removed by dragging each organ along film (Parafilm M; Pechiney Plastic Packaging,
Chicago, IL) for a defined distance (5cm). The decapsulated left kidney was immersion fixed
in formalin (10% Neutral Buffered Formalin, Chemicon, Australia) for histological studies.
The remaining tissue was snap frozen and stored at -80ºC.

FIGURE 2.11 - LIVE RECORDINGS USING A TELEMETRY SYSTEM ALLOWING FOR CONTINUOUS,
CONSCIOUS AND UNRESTRAINED MEASUREMENT OF BLOOD PRESSURE, HEART RATE AND
ACTIVITY
The image shows blood pressure (red line), heart rate (blue line) and activity (green line). These measurements were pooled
to obtain 12 hourly (day and night) average readings over a 5 – 7 day period. Cardiovascular parameters before, during and
after exposure to a behavioural stressor were also measured.
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2.3.10. KIDNEY PATHOLOGY
2.3.10.1.

TISSUE PROCESSING

Formalin fixed tissue was sliced into 1cm sagittal pieces. The largest slice of tissue
was chosen for analysis of glomerulosclerosis. In brief, the slice was dehydrated through
graded alcohols, embedded in paraffin and sectioned at 5um (Moritz et al., 2009, Lim et al.,
2011, Chong et al., 2012). Three random sections were collected onto poly-lysine coated
slides and placed in a drying rack for 24 hours prior to staining.
2.3.10.2.

PERIODIC ACID SCHIFF’S STAINING

To dewax, sections were immersed in xylene for approximately 10 minutes, and then
placed in a series of graded alcohols and briefly rehydrated in distilled water. Tissue was
incubated in 1% Periodic acid for 5 minutes to oxidize the tissue. Sections were rinsed again
in distilled water and placed in Schiff’s reagent (Amber Scientific, Belmont, WA) for 5
minutes. Slides were placed under running tap water for 3-4 minutes to complete the Schiff’s
reaction. Slides were then stained in haematoxylin for 3-4 minutes. Excess haematoxylin
was rinsed off under running tap water. To complete the staining process, slides were placed
in Scott’s tap water (Sigma-Aldrich Pty. Ltd., Castle Hill, Australia) for 3-4 minutes (Moritz
et al., 2009, Chong et al., 2012). To preserve and protect tissue, slides were cover slipped
using xylene as a mounting medium.
2.3.10.3.

ANALYSIS OF RENAL PATHOLOGY

To eliminate observer bias during pathological analysis, rat identification numbers
were coded. Slides were imaged on the Olympus Dotslide system. Sections were analysed
using OlyVIA software (OlyVIA 2.4, Olympus) for glomerulosclerosis. Sclerotic glomeruli
displayed collapse of the glomerular capillary walls due to accumulation of extracellular
matrix and 100 glomeruli were analysed (33 to 34 per section) per rat. The extent of sclerosis
in each glomerulus was scored using a five tier grading system (Figure 2.12) (Saito et al.,
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1987, Cahill et al., 1996): glomeruli with no sclerosis were graded 0; glomeruli with sclerosis
accounting for up to 25% of the area of the tuft were classified as Grade 1; glomeruli with
sclerosis accounting for 25.1% to 50% of the area of the tuft were classed as Grade 2;
sclerosis accounting for 50.1% to 75% of the area of the tuft were classified as Grade 3 and
sclerosis occupying 75.1% to 100% of the tuft were classified as Grade 4. The sclerotic index
for each kidney was calculated using the following (Cahill et al., 1996):

𝑆𝑐𝑙𝑒𝑟𝑜𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 =

((𝑛 × 0) + (𝑛 × 1) + (𝑛 × 2) + (𝑛 × 3) + (𝑛 × 4))
100

where the n in is the number of glomeruli graded 0, 1, 2, 3 or 4.
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FIGURE 2.12 - SCLEROTIC GLOMERULI WERE CLASSIFIED USING A USING A FIVE-TIER GRADING
SYSTEM
Glomeruli with no pathology were graded 0 (A); Sclerosis in <25% of the glomerular tuft was defined as Grade 1 sclerosis
(B); Grade 2 was defined as sclerosis in 25.1-50% of the glomerular tuft (C). Sclerosis 50.1-75% capillary tuft was
categorised as Grade 3 sclerosis (D). Grade 4 sclerosis was defined as sclerosis in >75% of the glomerular tuft (E). Arrows
indicate areas of sclerosis in the glomerular tuft.
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2.4.

STATISTICAL ANALYSIS
Data presented are mean ± SEM, with the exception of maternal and fetal lipidomics

data, which represent the percentage change from controls. As sex was not determined in all
fetal tissue, male and female data were pooled for statistical analysis of these parameters.
All data was analysed using SPSS 19 Software (version 19.0, IBM SPSS Statistics, USA).
Graphs were created using GraphPad Prism (version 5.04, GraphPad Software Inc.).
Power calculations were undertaken to determine the minimum number of animals
required to successfully complete each protocol in order to achieve the adequate statistical
power. To determine biologically significant changes for all embryological experiments the
minimum number of animals needed per group was 10.
For postnatal studies, to detect a 10 mmHg difference in blood pressures between the
groups; with a sample standard deviation of 7.5mm Hg (α=0.05 Power=0.8). A power
calculation indicates a minimum of 10 animals per gender per diet group should be studied.
A 1-way ANOVA, testing for the main effect of maternal diet was used to determine
the effects of high fat feeding on single time point maternal parameters. A 1 way ANOVA
was used to analyse offspring data when intra litter bias was controlled for, and includes
analysis of placental and hepatic gene expression and lipidomic analysis of plasma and
amniotic fluid.
A repeated measure ANOVA was used to determine the effects of high fat feeding on
maternal growth, maternal water, food and energy intake over the dietary acclimatisation
period and during pregnancy.
When numerous samples from a litter were used, data was analysed in SPSS using a
mixed linear model to allow for weighting for litter. As such placental and embryonic
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weights were analysed using this statistical methodology. Postnatal offspring body organ and
tissue measurements and all physiological studies were analysed using mixed linear model to
allow for weighting for litter (Wittenburg et al., 2008, Zhou, 2009). All n values represent
litter and a probability of 5% (p ≤ 0.05) was taken to indicate statistical significance in all
analyses.
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CHAPTER 3: THE EFFECT OF MATERNAL
HIGH FAT INTAKE ON PLACENTAL
FUNCTION AND AMNIOTIC FLUID LIPID
COMPOSITION

131

3.1

INTRODUCTION

3.1.1. MATERNAL OBESITY AND HIGH FAT DIET INTAKE IN PREGNANCY: ARE THEY THE
SAME?
Data from the World Health Organisation (2003) suggests that populations in
industrialised nations source large quantities of their nutritional requirements from energydense foods, such as oils, fats and sugars. Excessive consumption of energy dense foods is
associated with obesity and obesity during pregnancy is associated with poor birth outcomes.
For example, neonates born to obese mothers have increased adiposity and greater insulin
resistance compared with offspring from lean mothers (Catalano et al., 2009). Further
evidence from longitudinal studies indicates that children born large for gestational age and
to obese mothers are at a significantly greater risk for developing childhood metabolic
syndrome compared to those born to lean mothers (Boney et al., 2005). Further evidence for
adverse phenotypic outcomes in offspring comes from animal models of maternal obesity and
high fat feeding.

Typically, offspring of obese and fat fed rodents develop increased

adiposity (Samuelsson et al., 2010) and preferential fat consumption (Ong and Muhlhausler,
2011) augmented blood pressure (Khan et al., 2003, Khan et al., 2005, Samuelsson et al.,
2010), dyslipidaemia (Chechi and Cheema, 2006) and demonstrate changes in vascular
structure and function.
While obesity during pregnancy and lactation appears to be a major risk factor in the
programming of adulthood disease, it is becoming increasingly evident that the dietary lipid
composition may be equally as important for optimal fetal development. There is a gap in the
literature as to whether maternal obesity or merely the consumption of a high fat diet can
programme changes in offspring. Human studies examining the effect of maternal obesity on
both pregnancy and offspring health are limited as food intake is not controlled in such
observational studies (Crozier et al., 2010, Reynolds et al., 2010, Hochner et al., 2012).
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Therefore, it is not possible to determine whether obesity or the maternal diet per se are
responsible for the onset of disease in offspring. Moreover, many experimental animal
studies use the consumption of a high fat diet to induce frank obesity in the mother, making it
difficult to determine whether offspring phenotype is driven by maternal obesity or from
consumption of the high fat diet (Akyol et al., 2009, Kirk et al., 2009, Oben et al., 2010,
Shankar et al., 2010).
Recent research demonstrates that maternal lipid status during pregnancy is an
independent risk factor for altered fetal growth (Schaefer-Graf et al., 2008). Diets rich or
poor in a particular fatty acid can programme offspring tissue fatty acid profiles and therefore
the function of organ systems (Ghebremeskel et al., 1999, Ghosh et al., 2001, Weisinger et
al., 2001, Armitage et al., 2003). Variation in the supply of specific fatty acids can impact
early oocyte and embryonic development (Wakefield et al., 2008), and adequate supply is
essential for both brain (Bertrand et al., 2006, Escolano-Margarit et al., 2011) and retinal
development (Neuringer et al., 1986). Programmed alterations in membrane phospholipid
profiles can have direct effects on cell function by modulating the way membrane-bound
protein complexes, such as receptors, pores and membrane channels, function. It is also
known that alterations in membrane fatty acid composition initiated in early life may be
maintained over the long term (Armitage et al., 2003, Li et al., 2006). Thus, defining how the
maternal dietary lipid composition affects the developing fetus, without the complications of
maternal obesity, may significantly increase our understanding of how the early life
environment impacts physiological function in the long term.
Although a number of studies have indicated that both the in utero and early postnatal
environment can affect offspring in later life, few studies have isolated and examined how the
in utero environment affects the developing fetus following maternal high fat feeding.
Determining what changes occur during the in utero period may provide insight into the
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mechanisms contributing to the postnatal phenotype observed in this model of maternal high
fat feeding. To our knowledge, this is one of the first studies to investigate how the fetus is
affected following maternal high fat feeding, without the presence of frank obesity.
While the exact mechanisms contributing to fetal adaptations following exposure to
excess maternal lipids are not well understood, altered delivery of fatty acids via the placenta,
or changes in the transfer of particular fatty acids, could be of key importance.
3.1.2. FETAL FATTY ACID SUPPLY: ROLE OF THE PLACENTA
As discussed in Chapter 1, the major nutritional and hormonal pathway from the
maternal compartment to the fetus is via the placenta. Maternal cues, such as nutrition during
gestation, can significantly effect placental growth, morphology and function. It is clear that
the maternal diet can affect the supply of nutrients and endocrine signals to the developing
fetus, implicating this organ as a potential mediator for the programming of offspring health
in later life (Banister et al., 2011, Longtine and Nelson, 2011). As such, maternal dietary
lipid composition may be one such cue contributing to altered placental development and
programming of adulthood disease in offspring.
3.1.3. DOES MATERNAL OBESITY OR FAT INTAKE ALTER PLACENTAL FUNCTION?
Delineating the role of the maternal diet in placental function has been relatively
difficult in models of high fat feeding, as pregnancy is often complicated with confounding
factors such as obesity or diabetes. However, in recent times, greater focus has been placed
on the relative contribution of high lipid levels on placental function (Ethier-Chiasson et al.,
2007, Magnusson-Olsson et al., 2007, Swanson and Bewtra, 2008, Zhu et al., 2010a, Zhu et
al., 2010b, Mark et al., 2011, Sferruzzi-Perri et al., 2013).

High concentrations of

triglycerides have been associated with altered placental LPL receptor expression
(Magnusson-Olsson et al., 2007). An inverse association in LPL activity was documented in
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human isolated cytotrophoblast cells taken from term placentas and cultured in varying
concentrations of triglycerides and free fatty acids (FFA). Reduced cellular lipase activity
was observed with increasing concentrations of both triglyceride and fatty acids (MagnussonOlsson et al., 2007). This suggests that decreases in placental lipase activity may occur as a
compensatory mechanism to modulate fatty acid efflux to the fetus. Notwithstanding this,
there is also evidence that the placenta does not fully protect the fetus from maternal
dyslipidaemia (Napoli et al., 1997, Napoli et al., 1999, Napoli et al., 2000, Palinski et al.,
2001, Palinski and Napoli, 2002).

Maternal hypercholesterolaemia has been shown to

increase fatty streak formation, a risk factor for development of atherosclerosis, in both
human and animal studies (Napoli et al., 1997, Napoli et al., 2000). Rabbits exposed to
hypercholesterolaemic conditions during pregnancy and fed a mild hypercholesterolaemic
diet postnatally demonstrated a greater number and total area of fatty streaks in the aorta
compared with controls (Palinski et al., 2001).

This indicates that the placenta is not

completely protective against maternal dyslipidaemic conditions, with programmed changes
in the fetus enhancing the risk for atherosclerosis in later life (Palinski et al., 2001, Palinski
and Napoli, 2002).
Despite this evidence, there is still a limited understanding of the contribution of
increased maternal lipid composition on placental transfer of fats. Although the placenta
offers a degree of protection to the fetus against fluctuations in maternal circulating plasma
lipids, adaptations in placental function that may benefit fetal development in the short term
may have long standing consequences for offspring. For example, alterations in fatty acid
transporters in the placenta may lead to changes in the uptake of free fatty acids from the
maternal circulation (Desforges and Sibley, 2010, Dekker Nitert et al., 2013). The role of the
placenta, and in particular, placental transporters and receptors, as a mechanism contributing
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to developmental programming is poorly understood and thus, is an area that warrants further
research.
3.1.4. MECHANISMS OF LIPID TRANSFER ACROSS THE PLACENTA
As the fetus relies predominantly on the maternal circulation for fatty acid supply,
placental fatty acid transporters are of particular importance. Transfer from mother to fetus is
highly directional and there are a number of major transporters involved in fatty acid
transport across the placenta. Changes in either the density or activity of these receptors and
transporters have the potential to effect fetal development (Larque et al., 2006, Tabano et al.,
2006, Magnusson-Olsson et al., 2007, Zhu et al., 2010b) (see Section 1.6.7.2; Figure 1.7).
3.1.5. AMNIOTIC FLUID LIPID COMPOSITION
As discussed in Chapter 1, evidence now suggests that the composition of amniotic
fluid may have significant effects on the developing fetus. To date, there are only a handful
of studies examining how maternal fat feeding influences amniotic fluid composition despite
a large percentage of women consuming high saturated fat diets during pregnancy. The lipid
composition of amniotic fluid may useful to assess fetal fatty acid profiles. Importantly,
amniotic fluid can be used as a proxy marker for fetal circulation prior to skin keratinisation
(Bacchi Modena and Fieni, 2004)
Alterations in maternal dietary lipid status can increase fatty acid profiles in amniotic
fluid, potentially a consequence of altered transport of lipids across the placenta (Figure 1.7).
Importantly, altered fatty acid composition in amniotic fluid is indicative of fetal cellular lipid
composition, with previous research demonstrating that reduced amniotic fluid concentrations
of omega-3 PUFA resulted in altered n-3/n-6 ratio of lipids incorporated into cell membranes
of the gastrointestinal tract of rat fetuses (Friesen and Innis, 2006). These changes could
have significant consequences in terms of membrane structure, fluidity and signalling. Fetal
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swallowing is a major controller of amniotic fluid dynamics and by late gestation, averages
about 750ml/day in human fetuses (Bacchi Modena and Fieni, 2004). In addition, amniotic
fluid provides up to 15% of the nutritional requirements of the fetus (Mulvihill et al., 1985).
Thus, alterations in both the composition and concentration of lipids within the amniotic fluid
will significantly affect fetal nutrition.
In addition to the trans-placental movement of fatty acids, there may be a role for the
fetal liver in contributing to altered lipid composition of amniotic fluid. However, fetal de
novo synthesis of fatty acids is limited, contributing to only approximately 20% of the fatty
acid demand for growth in late gestation (Zimmermann et al., 1986). Therefore, while some
FFA from de novo synthesis will be incorporated into triglycerides (TAGs) and phospholipids
by the fetus, the majority are supplied by the mother. In the rat fetus, serum free fatty acids
are metabolised into both triglycerides and phospholipids in the liver. These are released
back into the fetal circulation (Zimmermann et al., 1986). Thus, fatty acid accretion in
tissues and membranes will predominantly be reflective of the maternal diet, with a smaller
contribution from de novo synthesis.

Consequently, in addition to altered placental

movement of FFA, a maternal high saturated fat diet may impact either the fatty acid
composition of lipids packaged within the fetal liver or potentially the de novo hepatic
synthesis of fatty acids. Models of developmental programming have shown altered hepatic
metabolism in adult offspring exposed to high fat conditions in utero (Elahi et al., 2009,
Zhang et al., 2009, Gregorio et al., 2010), suggesting the liver is sensitive to maternal
nutritional excess during development (Rattanatray et al., 2010, Rattanatray et al., 2014).
However, little is understood about hepatic changes in utero. Thus, the effect of maternal
dietary fat to the contribution of altered fetal hepatic lipid needs further investigation.
Altered hepatic production of fatty acids and lipids may affect the incorporation of these into
tissues and membranes, which may have long term functional consequences (Rattanatray et
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al., 2010, Rattanatray et al., 2014). In addition, changes in hepatic metabolism may alter
serum and amniotic fluid lipid composition. This is of significant importance as amniotic
fluid is a major source of nutrition to the developing fetus.

Accordingly, altered lipid

composition of the amniotic fluid, whether driven by placental transfer or increased fetal
lipogenesis, may be a pathway for altered fatty acid accretion in the developing fetus.
3.1.6. EFFECTS OF FETAL LIPID EXPOSURE
Although many studies clearly demonstrate the importance of maternal diet on fatty
acid intake during development on offspring health in later life, there is a paucity of
information focusing on the in utero environment. In addition, greater understanding of how
amniotic fluid composition may contribute to programmed changes in offspring in later life is
needed.
3.1.6.1.METHODS TO STUDY LIPID COMPOSITION WITHIN A SAMPLE
Advancements in technologies have meant that extremely detailed investigation and
analysis of lipid species within biological systems is now possible (Wenk, 2010, Li et al.,
2011). Improvements in technology have allowed for the recognition that particular species
of lipids are correlated with disease states. Thus, the study of lipids within biological systems
has become increasingly important (Graessler et al., 2009). Lipidomics defines the analysis
of lipids within a biological system, and new methodologies have emerged allowing for
detailed identification and quantification of the lipid molecular species present within a
sample (Meikle et al., 2009, Meikle and Christopher, 2011). Typically, lipidomics has been
used in human disease studies as a potential diagnostic tool for altered lipid metabolism
(Shahar et al., 2003, Sorensen et al., 2010, Lundstrom et al., 2011, Ollero et al., 2011).
However, this technology may eventually lead to the discovery of targeted therapeutic
intervention during development.
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To date, it has not been established whether changes to lipid profiles in the maternal
compartment are mirrored by that of the fetus, or if fetal fatty acid profiles are altered in a
manner that is different to that of the mother. By understanding how lipid classes differ
between these two compartments we will better understand how a fat rich maternal diet can
programme offspring phenotype. We have developed a model representative of a non-obese
population. By removing the confounding effects of maternal obesity and ensuring all fatty
acids are provided in sufficient quantities, we can define how a high fat diet during pregnancy
affects the developing fetus.

We will characterise both the maternal and fetal lipid

environment by analysing maternal plasma, amniotic fluid and fetal renal tissue, and
determine whether changes occurring in fetal tissue are analogous or disparate to that in the
mother.
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3.1.7. SUMMARY AND AIMS
At present, further characterisation of the fetus and the fetal environment following
maternal high fat feeding, without the confounding effects of obesity, is needed.

In

particular, a greater understanding is necessary to determine the role of the placenta and the
amniotic environment in models of maternal high fat feeding. To further investigate this, the
following experiments were conducted as part of this thesis:
Experiment 1
Aim: To characterise maternal growth and fat deposition following exposure to a high
saturated fat diet.
Hypothesis:
i)

That high fat feeding for three weeks prior to, and throughout pregnancy would
not induce obesity in female breeders

Experiment 2
Aim: To determine fetal and placental growth profiles following fat feeding in mothers.
Hypothesis:
i)

That following in utero exposure to maternal high saturated fat intake, both fetal
and placental growth will be increased

Experiment 3
Aim: To ascertain whether maternal high fat feeding is associated with altered maternal and
fetal amniotic lipid profiles using detailed lipidomic analysis
Hypothesis:
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i)

Maternal high fat feeding will result in elevated maternal plasma lipid levels and
this will be reflected in the fatty acid composition of amniotic fluid

Experiment 4
Aim: To determine whether alterations in lipid profiles are related to changes in placental
transport genes and/or lipid synthesis in the fetal liver using real time PCR.
Hypothesis:
i)

That in the presence of increased maternal plasma and amniotic fluid lipids,
placental genes involved in the movement of fatty acids and glucose will be
altered

ii)

Genes responsible for lipid metabolism in the fetal liver will be increased
following exposure to a dyslipidemic environment
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3.2.

METHODS

3.2.1. ANIMAL AND HOUSING
Female breeder Sprague-Dawley rats were fed either a normal (C) (7% wt./wt. fat) or
high fat (HF) diet (23.3% wt./wt.) for 3 weeks prior to mating and throughout pregnancy.
Animals had ad libitum access to food and water and were weighed every 2-3 days over this
period. Strict time-mating protocols were used for all embryonic studies, as detailed in
Chapter 2 (see Section 2.2.1).
3.2.2. EXPERIMENTAL PROTOCOL
At embryonic ages 14.25, 17.25 and 20, female breeders were anesthetised with
inhaled isoflurane. Once anaesthetised, a midline abdominal incision was made and blood
collected from the abdominal aorta. The dam was then humanely killed with an overdose of
Pentobarbitone Sodium anaesthetic. The uterus was located and embryos and placentas were
collected and weighed.

Amniotic fluid was collected and immediately snap frozen for

lipidomic studies. From the anesthetised dam, individual fat pads (abdominal, mesenteric,
and peri-renal), pancreas, liver, heart, aorta and brain were collected and weighed.

3.2.3
3.2.3.1

REAL-TIME PCR
PLACENTAL AND FETAL LIVER GENE EXPRESSION
Total RNA was extracted from placental tissue at E14.25, E17.25 and from both

placental tissue and fetal livers at E20. Tissue RNA extraction was carried out using the
Trizol-chloroform extraction method (see Section 2.2.7). In addition, cDNA was synthesised
from all tissues at the abovementioned time points. For relative quantification of gene
expression in placental and embryonic tissues, Sensimix Plus SYBR Green fluorescent dye
(Quantace) was used to detect accumulating PCR products during the PCR cycles. Detailed
methodology for all gene expression studies is described in Chapter 2 (Section 2.2.7).
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Placental primers were selected to probe for glucose and fatty acid placental transporters and
receptors. Primers used for determination of fetal liver gene expression were selected to
probe for enzymes involved in hepatic fatty acid synthesis. All primers used for these studies
are listed in the Chapter 2 (see Section 2.2.7.4; Figure 2.5 and 2.6). For placental gene
expression studies, the average Ct values for each gene were normalised to the Ct values of
the housekeeping gene β-actin for each corresponding sample. Fetal liver gene expression
used the average Ct values for each gene and these were normalised to the Ct values of the
housekeeping gene 18S for each corresponding sample. Fold differences were calculated
using the 2- ΔΔCt method (Livak and Schmittgen, 2001). Intra litter bias was controlled and
data were compared using one-way ANOVA, comparing maternal diet. P values of ≤ 0.05
were considered significant.
3.2.4

MEASUREMENT OF MATERNAL PLASMA AND AMNIOTIC FLUID LIPID PROFILES
Lipid profiling was performed on maternal plasma and fetal amniotic fluid at

gestational 14.25, 17.25 and 20.

Major lipid species (TAGs, DAGs, phospholipids,

ceramides and cholesterol esters) were analysed for determination of the lipidomic profile.
Individual and total lipid concentrations within each species were plotted. Individual lipid
concentrations were totalled to give the ‘sum total’ for each species. In addition, the sum
totals for saturated triglycerides and diglycerides were calculated.

A triglyceride or

diglyceride was classified as saturated when it contained two or more saturated fatty acid
chains.
Lipids were extracted from both amniotic fluid and maternal plasma using the Folch
extraction method (Section 2.2.8.1) (Folch et al., 1959). Samples were partially separated
and then quantified using high performance liquid chromatography (HPLC)/mass
spectrometry (MS). The HPLC/MS was carried out by Jacquie Weir of the Metabolomics
Laboratory at the Baker IDI Heart and Diabetes Institute (Commercial Road, Prahran,
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Australia). All data were analysed using MultiQuant 1.2 software (Applied Biosystems).
Correct peaks were identified using the retention time from an internal standard.
3.2.5

AMNIOTIC FLUID OSMOLALITY
To confirm that alterations in the amniotic fluid lipid levels were not a result of

changes in osmolar concentration, osmolality of amniotic fluid was determined using an
osmometer (Model 2020 Multi-Sample Osmometer; Advanced Instruments, Norwood, MA,
USA ). For each run, 20µl standardised controls (100, 900 and 1500 mOsm/kg) and 20µl
samples were loaded into 1ml tubes and the total osmolar concentration was calculated.
3.2.6

STATISTICAL ANALYSIS
Data presented are mean ± SEM, with the exception of maternal and fetal lipidomics

data, which represent the percent change from controls. All data was analysed using SPSS 19
software (IBM SPSS Software, St Leonards NSW Australia) and graphs were created in
GraphPad Prism
A repeated measure ANOVA was used to determine the effects of high fat feeding on
maternal growth, maternal water, food and energy intake over the dietary acclimatisation
period and during pregnancy.
A 1-way ANOVA, testing for the main effect of maternal diet was used to determine
the effects of high fat feeding on maternal organs and fat pads, placental and hepatic gene
expression and for lipidomic analysis of plasma and amniotic fluid. Data was analysed using
SPSS 19 software.
When numerous samples from a litter were used, data were analysed in SPSS using a
mixed linear model to allow for weighting for litter. As such placental and embryonic
weights were analysed using this statistical methodology. As sex was not determined in all
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fetal tissue, male and female data were pooled for statistical analysis of these parameters. A
probability of 5% (p ≤ 0.05) was taken to indicate statistical significance in all analyses.

145

3.3

RESULTS

3.3.1. MODERATE HIGH FAT FEEDING DOES NOT ALTER MATERNAL WEIGHT
High fat feeding had no observable effect on absolute or percentage weight gain in
female breeders in either the diet acclimatisation period (Figure 3.1A and B; repeated
measures ANOVA P=0.47 and P=0.78 respectively) or during pregnancy (Figure 3.2A and B
repeated measures ANOVA P=0.52 and P=0.33 respectively), indicating that dams were
regulating caloric intake appropriately even in the face of a high fat and high calorie diet.
Daily food (Figure 3.3) and energy (Figure 3.4) intake in female breeders was similar
across groups throughout diet acclimatisation (food intake, repeated measures ANOVA
P=0.62; energy intake, repeated measures ANOVA P=0.08) and pregnancy (food intake,
repeated measures ANOVA P=0.62; energy intake, repeated measures ANOVA P=0.15).
Only on one day (day 8 of pregnancy) was there any difference in energy intake with high fat
fed female breeders eating 52.2% more kilojoules/g than control breeders (P<0.05) (Figure
3.4B).
Fat intake did not affect water intake in female breeders over the diet acclimatisation
(Figure 3.5A, repeated measures ANOVA P=0.42) or gestational period (Figure 3.5B,
repeated measures ANOVA, P=0.23).
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FIGURE 3.1 - GROWTH CURVES OF FEMALE BREEDERS FED EITHER A CONTROL OR HIGH FAT DIET
DURING THE 3 WEEK DIET ACCLIMATISATION
Data represents growth of female rats on either a normal (C; n=9) (7% wt./wt. fat) or high fat (HF; n=7) (23% wt./wt. fat)
diet. Body weight is expressed as mean ± SEM. P values represent the outcomes of a repeated measures ANOVA, testing
for the effects of fat intake (PDiet) on body weight (A) and % weight change (B) during a 3 week diet acclimatisation period.
The effects of time on growth (P Time) and the interactions between diet and time on growth (PTime*Diet) are also shown.
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FIGURE 3.2 - GROWTH CURVES OF FEMALE BREEDERS FED EITHER A CONTROL OR HIGH FAT DIET
DURING PREGNANCY
Data represent growth of female rats on either a normal (C; n=9) (7% wt./wt. fat) or high fat (HF; n=7) (23% wt./wt. fat)
diet. Body weight is expressed as mean ± SEM. P values represent the outcomes of a repeated measures ANOVA, testing
for the effects of fat intake (PDiet) on body weight (A) and % weight change (B) during pregnancy. The effects of time on the
growth (PTime) and the interactions between time and diet on growth (PTime*Diet) are also shown.
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FIGURE 3.3 - FOOD INTAKE OF FEMALE BREEDERS FED EITHER A CONTROL OR HIGH FAT DIET
DURING DIETARY ACCLIMATISATION AND PREGNANCY
Data represent food intake during diet acclimatisation (A) and pregnancy (B) in female rats on either a control (C; n=11)
(7% wt./wt. fat) or high fat diet (HF; n=10) (23% wt./wt. fat). Food intake is expressed as mean ± SEM. P values represent
the outcomes of a repeated measures ANOVA, testing for the effects of fat intake (PDiet). The effects of time on food intake
(PTime) and the interactions between diet and time on food intake (P Time*Diet) are also shown.
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FIGURE 3.4 - ENERGY INTAKE (KJ/G) OF FEMALE BREEDERS FED EITHER A CONTROL OR HIGH
FAT DIET DURING DIETARY ACCLIMATISATION AND PREGNANCY
Data represent energy intake of female rats on either a control (C; n=11) (7% wt./wt. fat) or high fat diet (HF; n=10) (23%
wt./wt. fat) during diet acclimatisation (A) or pregnancy (B). Values are means ± SEM. P values represent the outcomes of
a repeated measures ANOVA, testing for the effects of fat intake (P Diet). The effects of time on energy intake (P Time) and the
interactions between time and diet (P Time*Diet) are also shown. Single day analysis using one-way ANOVA showed a
significant (*) increase in energy intake in high fat fed breeders only on Day 8 of pregnancy (P<0.05).
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FIGURE 3.5 - WATER INTAKE OF FEMALE RATS FED EITHER A CONTROL OR HIGH FAT DIET
DURING DIETARY ACCLIMATISATION AND PREGNANCY
Data represent water intake of female rats fed either a control (C; n=11) (7% wt./wt. fat) or high fat diet (HF; n=10) (23%
wt./wt. fat) during diet acclimatisation (A) or pregnancy (B). Values are means ± SEM. P values represent the outcomes of
a repeated measures ANOVA, testing for the effects of fat intake (P Diet). The effects of time on the water intake (P Time) and
the interactions between time and diet (PTime*Diet) are also shown.
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3.3.2. HIGH FAT DIET CAUSES TRANSIENT MODERATE INCREASES IN MATERNAL
ADIPOSITY
At gestational day 14.25, no significant effects of high fat feeding were observed on
the body weight of female rats (P=0.33; Table 3.1). Similar findings were observed for the
absolute weights of all organs and fat pads, except for the omental fat pads, which were
significantly heavier for both absolute (P<0.05; Table 3.1) and adjusted measurements
(P=0.03; Table 3.1) in high fat fed rats.
At gestational day 17.25, no significant effects of high fat feeding were observed on
either body (P=0.86) or absolute organ weights in female rats (Table 3.2). However, after
correcting for body weight, omental fat pads (P<0.05; Table 3.2) and total fat pad mass
(P<0.05; Table 3.2) were significantly higher in rats fed the high fat diet. Therefore, in midpregnancy, a high fat diet was associated with a modest increase in adiposity, even though
body weight was maintained within normal limits.
By gestational day 20, no significant effects of high fat feeding were observed on
either body or absolute organ weights (Table 3.3).
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TABLE 3.1 – THE EFFECTS OF HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN FEMALE RATS AT GESTATIONAL DAY 14.25
Control

Body Weight

High Fat

P values

Absolute
g

Corrected
mg/g

Absolute
g

Corrected
mg/g

Absolute
g

Corrected
mg/g

325.67±13.07

325.67±13.07

343.86±11.48

343.86±11.48

0.33

0.33

Fat Pads
Omental

8.20±1.26

24.54.66±3.01

12.26±1.46

35.14±2.94

0.05

0.03

Peri-Renal

4.85±0.68

14.52±1.45

5.78±0.83

16.45±1.82

0.42

0.42

Mesenteric

2.59±0.34

7.80±0.75

2.87±0.19

8.31±0.38

0.52

0.60

15.65±2.21

46.87±4.95

20.86±2.36

59.90±4.68

0.13

0.08

Pancreas

0.75±0.05

2.33±0.1.76

0.69±0.03

2.03±0.12

0.38

0.21

Heart

0.97±0.03

3.01±0.11

0.96±0.05

2.79±0.11

0.80

0.19

Liver

12.80±0.35

39.51±1.10

13.48±0.41

39.25±0.83

0.23

0.86

Total

Values are means ± SEM; C n=9; HF n=7. Female Sprague-Dawley rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) 3 weeks prior to pregnancy and throughout gestation.
P values were obtained using a 1-way ANOVA for the main effect of diet (PDiet).
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TABLE 3.2 – THE EFFECTS OF HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN FEMALE RATS AT GESTATIONAL DAY 17.25
Control

High Fat

P values

Absolute
g

Corrected
mg/g

Absolute
g

Corrected
mg/g

349.78±19.98

349.78±19.98

345.28±11.74

345.28±11.74

0.86

0.86

Omental

7.20±1.15

19.97±2.52

9.44±0.80

27.15±1.56

0.15

0.05

Peri-Renal

4.41±0.39

12.53±0.63

5.06±0.40

14.73±1.18

0.27

0.10

Mesenteric

3.00±0.34

8.44±0.07

2.87±0.19

9.11±0.07

0.81

0.51

14.61±1.76

40.94±3.32

17.60±1.00

50.99±2.19

0.19

0.03

Pancreas

0.80±0.08

2.36±0.29

0.76±0.04

2.22±0.12

0.73

0.69

Heart

0.94±0.06

2.68±0.08

0.95±0.02

2.75±0.05

0.26

0.48

Liver

14.74±0.66

42.46±1.34

13.71±0.52

39.75±1.34

0.23

0.20

Body Weight

Absolute
g

Corrected
mg/g

Fat Pads

Total

Values are means ± SEM; C n=9; HF n=7. Female Sprague-Dawley rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) 3 weeks prior to pregnancy and throughout gestation.
P values were obtained using a 1-way ANOVA for the main effect of diet (PDiet).
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TABLE 3.3 – THE EFFECTS OF HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN FEMALE RATS AT GESTATIONAL DAY 20
Control

High Fat

P values

Absolute
g

Corrected
mg/g

Absolute
g

Corrected
mg/g

379.63±13.80

379.63±13.80

372.00±15.91

372.00±15.91

0.72

0.72

Omental

7.163±0.96

18.66±2.18

8.173±1.07

22.08±2.80

0.50

0.35

Peri-Renal

4.21±0.55

10.92±1.14

4.40±0.67

11.65±1.37

0.83

0.69

Mesenteric

2.63±0.30

6.83±0.57

2.80±0.32

7.48±0.72

0.70

0.49

14.01±1.68

36.40±3.43

15.39±1.77

41.21±4.09

0.58

0.38

Pancreas

0.63±0.12

1.68±0.35

0.74±0.05

1.98±0.09

0.45

0.43

Heart

0.91±0.03

2.39±0.04

0.84±0.12

2.22±0.33

0.61

0.62

Liver

14.79±0.78

38.84±0.86

14.12±0.79

38.33±2.61

0.56

0.86

Body Weight

Absolute
g

Corrected
mg/g

Fat Pads

Total

Values are means ± SEM; C n=8; HF n=8. Female Sprague-Dawley rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) 3 weeks prior to pregnancy and throughout gestation.
P values were obtained using a 1-way ANOVA for main effects of diet (PDiet).
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3.3.3. EMBRYO AND PLACENTAL WEIGHTS
At E14.25, the embryo:placenta weight ratio in HF exposed animals was significantly
less than in control animals (C, 0.10 ± 0.04 vs. HF 0.89± 0.04, P<0.05; Figure 3.7C). In
contrast, maternal consumption of the HF diet had no observed effect on embryonic weight at
this time point.

There were no statistically significant differences in embryo weight,

placental weight or the embryo: placental weight ratio at E17.25 or E20 following high fat
exposure (Figure 3.6).
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FIGURE 3.6 - EFFECTS OF IN UTERO HIGH FAT EXPOSURE ON RAT EMBRYO AND PLACENTAL
WEIGHT AND EMBRYO:PLACENTA WEIGHT RATIO
Columns and error bars represent mean ± SEM, weighted for litter. Graphs show embryonic and placental growth parameters
at E14.25 (C. n=6; HF, n=7) (A), E17.25 (C. n=8; HF, n=7) (B) and E20 (C. n=7; HF, n=7) (C). Developing rat fetuses were
exposed to either a C or HF diet in utero. Data was analysed using a mixed linear model to allow weighting for litter, testing
for the main effects of diet (PDiet). Data shows a significant (*) decrease in embryo:placenta weight ratio at E14.25 (C).
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3.3.4. LIPIDOMICS
3.3.4.1.MATERNAL LIPID PROFILES
At E14.25, HF fed dams (n=7) had significant dyslipidaemia compared with control
dams (n=8) (Figure 3.7, 3.8 and 3.9). Maternal plasma concentrations of both total (72%;
P<0.05) and saturated (277%; P<0.01) triglycerides were increased compared to control dams
(Figure 3.7 and 3.8).

In addition, total (63%; P<0.01) and saturated (153%; P<0.01)

diglyceride concentrations were significantly raised (Figure 3.7 and 3.8). By E17.25, plasma
concentrations of TAGs and DAGs in HF fed dams had normalised to control concentrations
(C; n=7; HF; n= 3) (Figure 3.10 and 3.11). However, total ceramide concentrations were
decreased at this time point in HF animals relative to controls (-10.5%; P<0.05) (Figure 3.10
and 3.12). There were no effects of high fat feeding on plasma lipid concentrations at E20
(C, n=7; HF, n=7) (Figure 3.13, 3.14 and 3.15).

158

su m D G

*

p < 0 .0 5

**

p < 0 .0 1

*

su m sa tu ra te d D G

**

su m T G

**

su m sa tu ra te d T G

**

su m C er

su m C h o l

su m P C
-1 0 0

0
%

100

200

300

c h a n g e fr o m c o n tr o l

FIGURE 3.7 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN MATERNAL
PLASMA AT E14.25
Columns represent percentage change from control. Lipids are categorised by class. Pregnant dams were exposed to a
control (n=8) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid groups analysed included the
diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides (Cer). P values were
obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.8 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA TRIGLYCERIDE AND
DIGLYCERIDE PROFILES AT E14.25
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=8) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the
diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (C) and the ceramides (Cer). P values were
obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.9 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA CERAMIDE,
PHOSPHOLIPID AND CHOLESTEROL ESTER PROFILES AT E14.25
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=8) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the,
phospholipids (PC), cholesterol esters (C) and the ceramides (Cer). P values were obtained using a 1-way analysis of
variance, testing for the main effects of diet (P Diet).
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FIGURE 3.10 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN
MATERNAL PLASMA AT E17.25
Columns represent percentage change from control. Lipids are categorised by class. Pregnant dams were exposed to a
control (n=7) or HF (n=3) diet for 3 weeks prior to mating and during gestation. Lipid groups analysed included the
diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides (Cer). P values were
obtained using a 1-way analysis of variance, testing for the main effects of diet (PDiet).
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FIGURE 3.11 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA TRIGLYCERIDE AND
DIGLYCERIDE PROFILES AT E17.25
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=7) or HF (n=3) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the
diglycerides (DG) and triglycerides (TG). P values were obtained using a 1-way analysis of variance, testing for the main
effects of diet (PDiet).

163

*

p < 0 .0 5

**

p < 0 .0 1

C e r 2 4 .1
C e r 2 4 .0
C e r 2 2 .0
C e r 2 0 .0
C e r 1 8 .0

*

C e r 1 6 .0

C 2 4 .6
C 2 4 .5
C 2 4 .1
C 2 2 .6
C 2 2 .5
C 2 2 .4
C 2 0 .5

**
*

C 2 0 .4
C 2 0 .3
C 2 0 .2
C 2 0 .1
C 1 8 .3
C 1 8 .2
C 1 8 .1
C 1 8 .0

*

C 1 7 .1
C 1 7 .0

*

C 1 6 .2
C 1 6 .1
C 1 6 .0
C 1 5 .0
C 1 4 .0

P C 4 0 .7
P C 4 0 .6
P C 3 9 .6
P C 3 8 .7

*

P C 3 8 .6 b
P C 3 8 .6 a
P C 3 8 .5

**

P C 3 8 .4
P C 3 8 .3

**

P C 3 8 .2
P C 3 6 .6
P C 3 6 .5

*
**

P C 3 6 .4 b
P C 3 6 .4 a
P C 3 6 .3
P C 3 6 .2
P C 3 6 .1
P C 3 4 .5

*
*

P C 3 4 .4
P C 3 4 .3

*

P C 3 4 .2
P C 3 4 .1
P C 3 4 .0
P C 3 2 .1
P C 3 2 .0
P C 3 0 .0
P C 2 8 .0
-1 0 0

-5 0

0
%

50

100

150

c h a n g e fr o m c o n tr o l

FIGURE 3.12 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA CERAMIDE,
PHOSPHOLIPID AND CHOLESTEROL ESTER PROFILES AT E17.25
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=7) or HF (n=3) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the
phospholipids (PC), cholesterol esters (C) and the ceramides (Cer). P values were obtained using a 1-way analysis of
variance, testing for the main effects of diet (P Diet).
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FIGURE 3.13 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN
MATERNAL PLASMA AT E20
Columns represent percentage change from control. Lipids are categorised by class. Pregnant dams were exposed to a
control (n=7) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid groups analysed included the
diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides (Cer). P values were
obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.14 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA TRIGLYCERIDE AND
DIGLYCERIDE PROFILES AT E20
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=7) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the
diglycerides (DG) and triglycerides (TG). P values were obtained using a 1-way analysis of variance, testing for the main
effects of diet (PDiet).
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FIGURE 3.15 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON PLASMA CERAMIDE,
PHOSPHOLIPID AND CHOLESTEROL ESTER PROFILES AT E20
Columns represent percentage change from control. Lipids are categorised by species. Pregnant dams were exposed to a
control (n=7) or HF (n=7) diet for 3 weeks prior to mating and during gestation. Lipid species analysed included the
phospholipids (PC), cholesterol esters (C) and the ceramides (Cer). P values were obtained using a 1-way analysis of
variance, testing for the main effects of diet (P Diet).
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3.3.5. AMNIOTIC FLUID LIPID PROFILES
At E14.25 (C, n= 8; HF, n=8) and E17.25 (C, n= 7; HF, n=7) there was no effect of
maternal diet on the calculated sum totals for each lipid species examined in amniotic fluid
(Figure 3.16). However, although sum lipid totals in amniotic fluid were not affected, HF
feeding had significant effects on concentrations of a number of individual lipids at both
E14.25 (Figure 3.17 and 3.18) and E17.25 (Figure 3.19, 3.20 and 3.21). In addition, by late
gestation (E20), maternal HF feeding was associated with hypertriglyceridemia of the
amniotic fluid, with concentrations of total and saturated triglycerides increased by 96% and
64% respectively (P<0.05, Figure 3.22). Furthermore, amniotic fluid levels of numerous
individual triglycerides were increased in HF exposed fetuses compared to controls at E20
(C, n=7; HF, n=7) (Figure 3.23). There were significant effects on concentrations of a
number of individual lipids, including the diglycerides and ceramides at E20 in HF exposed
fetuses (Figure 3.23 and 3.24).
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FIGURE 3.16 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN AMNIOTIC
FLUID AT EMBRYONIC DAY 14.25
Columns represent percentage change from control (C, n=8; HF, n=8). Lipids are categorised by class. Lipid groups
analysed included the diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides
(Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.17 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON AMNIOTIC FLUID
TRIGLYCERIDE AND DIGLYCERIDE PROFILES AT E14.25
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=8; HF, n=8). Lipid species analysed included the diglycerides (DG) and triglycerides
(TG). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.18- THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON CERAMIDE, PHOSPHOLIPID AND
CHOLESTEROL ESTER PROFILES AT E14.25
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=8; HF, n=8). Lipid species analysed included the phospholipids (PC), cholesterol esters
(C) and the ceramides (Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet
(PDiet).
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FIGURE 3.19 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN AMNIOTIC
FLUID AT E17.25
Columns represent percentage change from control (C, n=7; HF, n=7). Lipids are categorised by class. Lipid groups
analysed included the diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides
(Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.20 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON AMNIOTIC TRIGLYCERIDE AND
DIGLYCERIDE PROFILES AT E17.25
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=7; HF, n=7). Lipid species analysed included the diglycerides (DG) and triglycerides
(TG). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.21 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON AMNIOTIC FLUID CERAMIDE,
PHOSPHOLIPID AND CHOLESTEROL ESTER PROFILES AT E17.25
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=7; HF, n=7). Lipid species analysed included the phospholipids (PC), cholesterol esters
(C) and the ceramides (Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet
(PDiet).
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FIGURE 3.22 - THE EFFECTS OF HIGH FAT FEEDING ON SUM LIPID CONCENTRATIONS IN AMNIOTIC
FLUID AT E20
Columns represent percentage change from control (C, n=7; HF, n=7). Lipids are categorised by class. Lipid groups
analysed included the diglycerides (DG), triglycerides (TG), phospholipids (PC), cholesterol esters (Chol) and the ceramides
(Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.23 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON AMNIOTIC FLUID
TRIGLYCERIDE AND DIGLYCERIDE PROFILES AT E 20
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=7; HF, n=7). Lipid species analysed included the diglycerides (DG) and triglycerides
(TG). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet (P Diet).
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FIGURE 3.24 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON AMNIOTIC FLUID CERAMIDE,
PHOSPHOLIPID AND CHOLESTEROL ESTER PROFILES AT E20
Columns represent percentage change from control. Lipids are categorised by species. Amniotic fluid was collected and
lipid species were analysed (C, n=7; HF, n=7). Lipid species analysed included the phospholipids (PC), cholesterol esters
(C) and the ceramides (Cer). P values were obtained using a 1-way analysis of variance, testing for the main effects of diet
(PDiet).
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3.3.6. AMNIOTIC FLUID OSMOLALITY
There were no significant differences in amniotic fluid osmolality between control
and HF groups at either E14.25 (C, n=7; HF, n=8) (C; 319.14 ± 11.41 vs. HF; 321.94 ±
10.64 mOsm/Kg), E17.25 (C, n=7 ; HF, n=7) (C; 320.43 ± 16.83 vs. HF; 320.00 ±16.83
mOsm/Kg) or E20 (C, n=6; HF, n=6) (C; 334.57±15.92 vs. HF; 357.70 ± 13.32 mOsm/Kg),
indicating that the observation of lipid accumulation in late gestation in offspring of HF fed
dams was not due to fatty acid concentration changes resulting from reduced amniotic fluid
volume that occurs with gestational age.
3.3.7. PLACENTAL GENE EXPRESSION
At E14.25, expression of GLUT4 was significantly less in the placentas of HF
exposed dams than in control placentas (P<0.05; Table 3.4). However, no other differences
in placental gene expression were observed between the two groups at this timepoint (Table
3.4). There was also no significant effect of maternal high fat intake on placental gene
expression at E17.25 (Table 3.5). There were no significant differences in expression levels
of placental transporters between the two groups at E20 (Table 3.6).
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TABLE 3.4 - THE EFFECTS OF HIGH FAT FEEDING ON PLACENTAL TRANSPORTERS GENE
EXPRESSION AT E14.25
Transporters

ddCt values (normalized)
Control

HF

P values
PDiet

FABP
FABP3

1.00±0.24

0.76±0.11

0.39

FABP4

1.00±0.42

0.73±0.11

0.57

FABP5

1.00±0.32

0.76±0.15

0.52

FABPpm

1.00±0.38

0.93±0.19

0.89

FATP1

1.00±0.35

0.66±0.11

0.41

FATP2

1.00±0.30

1.46±0.33

0.33

FATP4

1.00±0.26

0.65±0.13

0.35

PPARα

1.00±0.32

0.45±0.10

0.15

PPAR
PPARγ

1.00±0.45

0.82±0.16

0.73

1.00±0.26

0.98±0.08

0.94

GLUT1

1.00±0.22

0.72±0.06

0.15

GLUT4

1.00±0.14

0.58±0.12

0.04

LPL

1.00±0.35

0.50±0.20

0.26

EL

1.00±0.28

0.44±0.12

0.10

LAL

1.00±0.54

0.37±0.17

0.31

HSL

1.00±0.26

1.59±0.27

0.14

LxRα

1.00±0.30

0.65±0.13

0.33

FAT

1.00±0.39

0.58±0.10

0.29

FATP

PPARs

Glucose Transporters

Lipases

Other

P values were obtained using a 1-way ANOVA for main effects of diet (PDiet). Female Sprague-Dawley rats were fed a C
(7% wt./wt. fat, n=8) or HF (23% wt./wt. fat, n=7) diet 3 weeks prior to pregnancy and throughout gestation.
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TABLE 3.5 - THE EFFECTS OF HIGH FAT FEEDING ON PLACENTAL TRANSPORTERS GENE
EXPRESSION AT E17.25
Transporters

ddCt values (normalized)
Control

HF

P values
PDiet

FABP
FABP3

1.00±0.10

0.74±0.07

0.06

FABP4

1.00±0.15

0.94±0.20

0.81

FABP5

1.00±0.08

0.78±0.08

0.09

FABPpm

1.00±0.12

0.96±0.18

0.87

FATP1

1.00±0.18

0.81±0.15

0.45

FATP2

1.00±0.29

0.83±0.23

0.67

FATP4

1.00±0.14

1.33±0.08

0.07

PPARα

1.00±0.21

0.89±0.08

0.65

PPAR
PPARγ

1.00±0.22

0.57±0.09

0.10

1.00±0.14

0.88±0.10

0.52

GLUT1

1.00±0.22

0.72±0.06

0.80

GLUT4

1.00±0.14

0.58±0.12

0.60

LPL

1.00±0.28

1.14±0.15

0.69

EL

1.00±0.24

1.09±0.14

0.76

LAL

1.00±0.29

0.45±0.10

0.11

HSL

1.00±0.25

0.95±0.27

0.90

LxRα

1.00±0.28

1.16±0.27

0.70

FAT

1.00±0.33

0.88±0.16

0.76

FATP

PPARs

Glucose Transporters

Lipases

Other

P values were obtained using a 1-way ANOVA for main effects of diet (PDiet). Female Sprague-Dawley rats were fed a C
(7% wt./wt. fat, n=8) or HF (23% wt./wt. fat, n=7) diet 3 weeks prior to pregnancy and throughout gestation.
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TABLE 3.6 - THE EFFECTS OF HIGH FAT FEEDING ON PLACENTAL TRANSPORTERS GENE
EXPRESSION AT E20
Transporters

ddCt values (normalized)
Control

HF

P values
PDiet

FABP
FABP2

2.00±0.86

2.89±0.85

0.47

FABP4

1.05±0.12

1.31±0.36

0.50

FABP5

1.02±0.08

0.93±0.10

0.51

FABPpm

1.01±0.05

1.12±0.09

0.31

FATP1

1.22±0.27

0.84±0.15

0.24

FATP2

1.12±0.19

1.06±0.10

0.76

FATP4

1.11±0.22

1.05±0.16

0.82

PPARα

1.05±0.12

1.10±0.10

0.74

PPAR
PPARγ

1.04±0.10

1.17±0.09

0.36

1.07±0.14

1.17±0.13

0.62

GLUT1

1.02±0.08

1.06±0.08

0.73

GLUT4

1.07±0.15

1.20±0.18

0.58

LPL

1.02±0.08

1.15±0.17

0.51

EL

1.04±0.10

1.10±0.08

0.64

LAL

1.02±0.08

0.99±0.07

0.75

HSL

1.05±0.13

1.04±0.09

0.91

LxRα

1.01±0.05

1.07±0.14

0.71

FAT

1.02±0.08

0.93±0.10

0.51

FATP

PPARs

Glucose Transporters

Lipases

Other

P values were obtained using a 1-way ANOVA for main effects of diet (PDiet). Female Sprague-Dawley rats were fed a C
(7% wt./wt. fat, n=8) or HF (23% wt./wt. fat, n=8) diet 3 weeks prior to pregnancy and throughout gestation.
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3.3.8. HEPATIC GENE EXPRESSION
At E20, expression levels of diacylglycerol acyltransferase 1 and 2 (DGAT1 and
DGAT2), peroxisome proliferator-activated receptor 2 (PPAR2α) and the fatty acid
desaturases (FADS1 and FADS2) in fetal livers were similar in the Control and HF groups
(Table 3.7).

TABLE 3.7 - THE EFFECTS OF HIGH FAT FEEDING ON GENE EXPRESSION OF FETAL LIVER
ENZYMES AND RECEPTORS INVOLVED IN FATTY ACID SYNTHESIS AT E20
Transporters

ddCt values (normalized)
Control

HF

P values
PDiet

DGAT
DGAT1

1.00±0.32

1.22±0.43

0.67

DGAT2

1.00±0.37

1.32±0.54

0.66

FADS1

1.00±0.35

1.03±0.38

0.95

FADS2

1.00±0.34

0.95±0.38

0.92

1.00±0.32

1.25±0.49

0.67

FADs

PPARs
PPAR2α

P values were obtained using a 1-way ANOVA for main effects of diet (PDiet). Developing embryos were exposed to either
a C diet (n=7) or HF (n=7) diet in utero. Fetal livers were collected at embryonic day 20. DGAT; diacylglycerol
acyltransferase, FADs; fatty acid desaturases, PPARs; peroxisome proliferator-activated
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3.4.

DISCUSSION
Maternal overweight and obesity are well documented as having significant adverse

birth outcomes for the developing offspring. In developed nations, a large percentage of
caloric intake is sourced from fats and oils, and is most likely a driving factor behind this
increase in adiposity in women in their reproductive years. However, a large proportion of
women who consume high levels of lipids throughout pregnancy do not become obese, or
have only moderate increases in adiposity. Compared with the available information on the
long-term effects of maternal obesity on offspring health, there is a paucity of information
describing how the developing fetus is affected throughout gestation by high levels of lipids
in the maternal diet. In addition, the novelty of the current study is the use of the model of
high fat feeding without frank obesity Thus the major aims of this study were to investigate
this gap in the literature. We hypothesised that growth profiles in the developing offspring of
fat fed mothers would be altered, and that this change may be associated with increased
maternal and fetal lipid profiles. In addition, we hypothesised that alterations in lipid profiles
were related to changes in expression levels of placental transport genes or lipid synthesis in
the fetal liver. To our knowledge, this is one of the first studies to document how increased
maternal lipid intake affects both the developing fetus and the fetal environment, without the
related complications of maternal obesity.
Maternal high fat feeding did not affect maternal weight during pregnancy. Maternal
adiposity was moderately and transiently increased during mid-gestation, but was normalised
to control dam values by term. Thus, this model of high fat feeding did not result in frank
obesity, however hyperlipidaemia was observed at embryonic day 14.25 (Table 3.8). In
addition, and as hypothesised, maternal fat feeding altered amniotic fluid lipid profiles. Total
amniotic fluid lipidomic profiles were significantly increased compared to controls at E20
(Table 3.8), and significant alterations were seen in specific fatty acids in all lipid classes
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across the three gestational time points studied. Fetal growth was unaffected by these altered
lipid profiles, however at E14.25 there was some effect of maternal hyperlipidaemia, with
changes in fetal:placental ratio observed in HF exposed fetuses (Table 3.8).
TABLE 3.8 - SUMMARY OF FETAL GROWTH, PLACENTAL GENE EXPRESSION AND LIPID
COMPOSITION OF MATERNAL PLASMA AND AMNIOTIC FLUID AT E14.25, E17.25 AND E20

Parameter
Maternal
Lipid Profile

E14.25
↑ total and saturated DAGS
↑ total and saturated TAGS

E17.25

E20

↓ total ceramides

no change

Fetal
Lipid Profile

no change

no change

↑ total and saturated TAGS

Fetal:Placental Ratio

↓

no change

no change

Placental
Transporters

no change

↓ GLUT4

no change

There is limited research into how the fetus is affected throughout gestation following
maternal high fat feeding, with only a handful of studies investigating this early
developmental period (Nonogaki et al., 1994, Kubow and Koski, 1995, Friesen and Innis,
2006, Fouladi-Nashta et al., 2007, Thangavelu et al., 2007, Wakefield et al., 2008). In
addition, many programming models of nutritional excess focus on maternal obesity
(Catalano et al., 2009, Tong et al., 2009a, Zhu et al., 2010a, Zhu et al., 2010b) or gestational
diabetes (Ben-Haroush et al., 2009, Jawerbaum and Capobianco, 2011, Martínez et al., 2011),
which represent more severe physiological states of change. Increasingly common during
pregnancy are women who are either mildly overweight, or importantly, those who fall
within a healthy weight range and consume high fat diets. The implications of this may be
relevant to a large population of developed nations, where both moderately overweight and
easy access to high fat diets, are prevalent.
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An increase in maternal lipid concentrations is a normal metabolic adaptation that
occurs throughout pregnancy, and usually results in a 3-fold increase in circulating lipid
levels that reach a peak at term (Salameh and Mastrogiannis, 1994).

This catabolic

adaptation is typically associated with decreased insulin sensitivity and increased lipolysis
from adipocytes, and occurs to meet the nutritional demand of the rapidly growing fetus,
particularly during the third trimester when fat accretion predominantly occurs.

Early

significant increases in lipid profiles were observed in the present study in dams exposed to
high fat feeding, with a 72% and 63% increase in total concentrations of TAGs and DAGs
respectively. However by E17.25 circulating lipids were comparable to controls (Table 3.8).
While high fat feeding will have contributed to the hyperlipidaemia observed in dams at
gestational day 14.25, we hypothesise that the high saturated fat intake may have also
contributed to an earlier onset of the catabolic state. This finding is in accordance with
previous studies that have found altered lipid metabolism in obese pregnant women. A
longitudinal study by Catalano et al (1998) found an earlier shift from the anabolic to
catabolic state in obese pregnant women compared to lean controls.

Importantly, a

consequence of this earlier shift to a catabolic state may be an increase in nutrients available
to the developing fetus. Although embryonic growth appeared to be unaffected by maternal
diet in the present study, changes in nutritional availability, particularly in circulating lipids,
may result in altered incorporation of fatty acids in developing fetal tissue. The ratio and
type of fatty acids incorporated into developing tissue could have longstanding consequences
for physiological functioning in later life (Weisinger et al., 2001, Armitage et al., 2003).
As mentioned previously, few studies have focused solely on the impact of maternal
high lipid intake on fetal development, and the present findings strongly suggest an important
role for maternal dietary lipid composition and developmental programming of adulthood
disease. During pregnancy, hyper- or dyslipidaemia may have adverse effects on fetal health.
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Maternal hyperlipidaemia is associated with enhanced fatty streaks in human fetal aortas
(Napoli et al., 1997). Moreover, fasting concentrations of plasma triglycerides in the third
trimester are positively associated with macrosomia in women with controlled diabetes (Di
Cianni et al., 2004). Animal studies also demonstrate negative outcomes following exposure
to

elevated

lipid

concentrations

during

development.

Rabbit

offspring

of

hypercholesterolaemic mothers had enhanced atherogenesis and fatty streak formation
(Napoli et al., 2000), potentially indicative of an increased risk of developing atherosclerosis
in later lifer. The barrier between the maternal and fetal circulation is the placenta, and this
organ is influenced by the maternal environment. In the current study, both triglycerides and
diglycerides were increased in the maternal plasma, particularly the saturated components of
these lipids. Triglycerides and diglycerides are unable to cross the placenta and are broken
down via numerous receptors and lipases located on the maternal facing side of the placenta.
Data from the current study indicated that while fetal and placental weight were unaffected
by maternal high fat feeding, there was a significant reduction in the feto-placental weight
ratio at E14.25. The fetal to placental weight ratio is an important indicator of placental
efficiency (Wilson and Ford, 2001). In healthy human pregnancy, there is a 40-fold increase
of the feto-placental weight ratio, mainly driven by an increase in the volume of placental
villous vasculature, and in the trophoblastic surface area. A reduction in this weight ratio
may be indicative that placental morphology is altered, and may point toward a mechanism
underlying the programming of the fetus during development. Indeed, altered placental
function has been reported, including upregulation of both glucose and amino acid
transporters following high fat feeding, with placental weight unchanged (Jones et al., 2009).
Maternal obesity can also result in growth restriction of the placental junctional zone, the
major endocrine region of rodent placentas, resulting in IUGR in offspring (Mark et al.,
2011). Thus, it appears that high fat feeding and excess adiposity have an effect on placental
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function. In the current study, differences in the feto-placental weight ratio observed at
E14.25 correlate with the increase in circulating lipids. A consequence of this may be
changes in placental lipid accumulation, and while this was not measured in the current study,
it is an area that warrants further research.

Thus, maternal dyslipidaemia represents a

significant dysregulation of physiology, and is a mechanism that can result in placental fat
deposition and alterations in placental function.
We hypothesised that changes in placental function, perhaps driven by maternal
hyperlipidaemia at E14.25, could explain the increased amniotic fluid lipid composition
observed throughout gestation, particularly in later gestation. Movement of lipids across the
placenta is a result of a number of different membrane-bound and intracellular transporters.
Somewhat surprisingly, we found the expression level of only one transporter to be altered in
the placentas of HF-exposed embryos. GLUT4, a major insulin sensitive glucose transporter,
was found to be down regulated at E14.25 in dams fed a high fat diet.

In humans,

hyperlipidaemia has been found to modulate GLUT4 gene expression. Hyperlipidaemia
resulted in a 30% reduction in cardiac GLUT4 protein expression and incubating cardiac cells
in varying concentrations of arachidonic acid resulted in a dose-dependent decrease in
GLUT4 promoter activity (Armoni et al., 2005). Reduced cellular expression of GLUT4 is
associated with both insulin resistance (Kahn and Pedersen, 1993) and Type 2 Diabetes in
adults (Gaster et al., 2001, Kampmann et al., 2011). Glucose is a major lipogenic substrate
during fetal development, and in late gestation may be responsible for 70% of the lipolysis
occurring (Morgan and Dickerson, 2003). Thus, changes in glucose uptake by the placenta
may result in altered homeostasis and placental function, and correlates with a change in the
feto-placental weight ratio at E14.25. It appears that changes in the expression levels of
placental transporters are not the driving factor behind these alterations in amniotic fluid lipid
composition. In future studies it would be useful to examine levels of placental transporter
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protein expression and activity. In addition, placental amino acid transporters, previously
reported to be programmed by maternal nutritional status, may have been affected in the
present study (Jansson et al., 2002a, Gurekian and Koski, 2005, Cleal et al., 2007a, Jones et
al., 2009). We analysed whole placental homogenates in this study, therefore isolation of the
maternal and fetal compartments, and the various placental zones, may provide further
insights into the mechanisms involved in altered amniotic fluid lipid composition.
Total amniotic fluid triglyceride composition was significantly increased in late
gestation in high fat fed dams, indicative of a hyperlipidaemic fetal environment. However,
changes in levels of individual lipids were observed in all lipid species measured at the three
different timepoints. This is one of the first studies to characterise the lipid composition of
amniotic fluid throughout gestation following maternal high fat feeding.

In humans,

dyslipidaemia during pregnancy can have negative health outcomes for both the developing
fetus and neonate (Napoli et al., 1997, Napoli et al., 2000, Di Cianni et al., 2004).
Importantly, the composition of maternal dietary fatty acids has previously been shown to
influence amniotic fluid lipid status. Amniotic fluid composition is reflective of fetal health,
and changes in the composition have the potential to impact development. Fetal swallowing
has a major contribution to the nutrition of the fetus, and it has been found that the
composition of particular nutrients in the amniotic fluid can affect fetal growth and
incorporation of these into tissues. For example, the amino acid composition of amniotic
fluid has been shown to be negatively correlated with birth weight (Tisi et al., 2004).
Pregnant rats fed a diet deficient in ω-3 had decreased docosahexaenoic acid (DHA)
concentrations in amniotic fluid. This deficiency was further reflected in the membrane fatty
acid composition of the gastro-intestinal tract, where ratios of ω 6 to ω 3 were altered
(Friesen and Innis, 2006). Alterations in membrane composition could potentially impact
membrane signalling, function and fluidity.
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Indeed, maternal deprivation of ω 3 was

associated with increased blood pressure in Sprague-Dawley rats at 33 weeks of age
(Armitage et al., 2003). Analysis of liver lipid composition in neonate and suckling pups
following maternal high fat feeding illustrated that a high saturated fat diet resulted in
significant reductions in DHA liver lipid components compared to controls, and as a result,
alterations in the DHA: arachidonic acid (AA) ratio (Ghebremeskel et al., 1999). Changes in
the ratios of fatty acids present within cell membranes may have significant physiological
effects, including changes in membrane fluidity and excitability (Uauy et al., 1992, Cotogni
et al., 2011). In fact, models of disease, including hypertension, implicate altered fatty acid
composition of membranes (Chi and Gupta, 1998, Rosales-Corral et al., 2012). The altered
lipid composition of AA and DHA observed in the Ghebremeskel study (1999) was most
pronounced in the newborn pups, and the authors suggested that these changes may result
from an alteration in placental transport of these PUFA, as the fetus is reliant on the placental
supply. In addition, suckling pups had a reduction in the intermediate metabolites required
for synthesis of DHA, primarily in the phospholipid class. These alterations in fatty acid
accretion in the fetus, and reflected in the weanling pups, may be one mechanism behind the
early genesis of cardiovascular diseases. Follow up studies by the same group (Ghosh et al.,
2001) support this notion, and the authors demonstrated that in later life, female offspring
exposed to high fat conditions during development had altered vascular function at 4 months,
with blunted endothelium-dependent relaxation in femoral arteries. In addition, fatty acid
composition of the aortic membranes was significantly altered, with decreases in both AA
and DHA (Ghosh et al., 2001). These follow-up studies provide evidence that the fatty acid
accretion established during prenatal and early postnatal life can have long-standing
consequences for offspring health. Collectively these data indicate that altered maternal and
amniotic lipid profiles during development can potentially affect the fetal development in
terms of the incorporation of lipids into cellular membranes. A limitation of the lipidomics
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analysis was the inability to identify individual fatty acids chains in each TAG, DAG, and
PCs. Despite this, the increase in saturated TAGs seen in the present study may be one
mechanism contributing to early life genesis of disease.
Although the major contribution of total fatty acids available to the fetus is still
supplied predominantly the maternal circulation, de novo synthesis of fatty acids by the fetus
does occur in late gestation. Importantly, the maternal diet has been shown to influence fetal
liver lipogenesis.

Studies in non-human primates exposed to high fat feeding during

pregnancy report that high fat exposed fetuses have significantly raised liver lipids, as seen
through increases in Oil Red O staining. In addition, liver TAG content was dramatically
increased in high fat exposed fetuses when compared to controls (McCurdy et al., 2009). To
investigate if disturbances in fetal lipid metabolism were involved in the increased amniotic
fluid TAGs in the current project, the expression of lipogenic factors in the fetal liver was
quantified at E20. Although preliminary findings suggest that in this model, altered fetal
lipid metabolism is not responsible for the increased amniotic fluid lipid content at E20,
further investigation to examine the function of transporters and metabolic enzymes is
warranted. In addition, analysis of fetal liver triglyceride content using stains such as Oil Red
O, or morphological analysis of the fetal liver may be beneficial.
Conversely, placental transport of fatty acids may be mediated by receptorindependent processes. Schmid et al (2003) showed that 35% of total cholesterol uptake was
mediated by receptor-independent transport processes in human BeWo cell monolayers. In
addition, radio-tracer studies have demonstrated that transport of maternal lipoproteins to the
fetal circulation is mediated by both receptor dependent and independent processes, and via a
number of different maternally derived tissue, including the yolk sac (Wyne and Woollett,
1998).

Infusion of radiolabelled LDLs in pregnant guinea pigs showed that by E14.5,

lipoprotein movement across the placenta via receptor dependent processes was decreased.
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In contrast, clearance of the methylated human LDL, a lipoprotein utilising receptorindependent transport, was unchanged in the placenta, and was elevated in the yolk sac when
compared to maternal LDL transported via receptor dependent process. This demonstrates
that efflux of lipids from the maternal to fetal compartments will occur, even when maternal
lipid substrates are increased. Furthermore, it appears that transport of fatty acids can occur
via a number of maternal tissue, including the placenta and yolk sac (Wyne and Woollett,
1998). As such, future radiotracer studies would be extremely useful in identifying whether
this is the case.
The findings from the present investigation into the mechanisms responsible for
changes in lipid composition within the amniotic fluid are unclear. Changes in placental
expression of key transporters and enzymes were not significant. Moreover, expression of
genes involved in lipid synthesis by the fetus appears to be unaffected by the hyperlipidaemic
environment. Further investigation is warranted, as it may be likely that activity of the
placental transporters or fetal hepatic lipogenic enzymes are altered. In conclusion, high fat
feeding during pregnancy in the present study programmed changes in the feto-placental
weight ratio, and significantly altered amniotic fluid lipid status, particularly in late gestation.
These alterations in placental growth and fetal lipid accumulation occurred in the absence of
maternal obesity and importantly highlights that a high fat diet alone is sufficient to change
fetal and placental development. There are few, if any, published studies that display key
features of the human condition of a high consumption of fat during pregnancy, without the
complications of obesity and/or diabetes, and thus the present study provides a new insight
into changes that occur during critical periods of development. Previous studies of maternal
high fat programming have demonstrated that adult offspring are programmed with a
metabolic-like syndrome. To date however, limited research has been conducted on the
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effects of maternal high fat feeding on kidney and cardiovascular function in offspring. The
experiments in the following Chapter address this issue.
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CHAPTER 4: THE IMPACT OF MATERNAL
HIGH FAT FEEDING ON THE
DEVELOPMENT OF THE RODENT KIDNEYS
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4.1

INTRODUCTION
Numerous studies have demonstrated that suboptimal conditions during development

can lead to permanent alterations in developing tissues (Barker, 1992, Khan et al., 2005, Cerf
et al., 2010).

Insults during critical periods of development may have long term

consequences, including an increased risk of disease onset in later life. The kidneys, key
organs involved in cardiovascular homeostasis, are susceptible to suboptimal conditions
during pregnancy, and thus, adverse developmental outcomes may lead to cardiovascular,
renal and metabolic complications in later life.
Australian statistics suggest that approximately 13% of adults have chronic kidney
disease (CKD). CKD is diagnosed when estimated GFR ≤ 60 mL/min/1.73 m2 or if renal
damage is present (White et al., 2010).

In addition to the costs of dialysis and renal

transplantation, even minor declines in renal function are associated with increased risk of
cardiovascular events and mortality and thus contribute to the national health burden of
chronic disease. Whilst numerous health strategies exist to reduce the impact of CKD
through lifestyle modification, data now suggest that suboptimal conditions during
development can increase an individual’s risk to developing cardiovascular and renal diseases
in later life (Armitage et al., 2005a, Cleal et al., 2007b, Hoppe et al., 2007b). The number of
nephrons in the kidney has been closely linked with renal function, and evidence suggests
that a reduction in nephron number is a risk factor for cardiovascular and renal disease
(Brenner et al., 1988, Brenner and Mackenzie, 1997, Keller et al., 2003, Bertram et al., 2011).
In humans, nephron endowment is determined before birth, thus suboptimal conditions,
commonly observed through models of malnutrition or preterm birth, can affect an
individual’s final nephron compliment. However, over the last 20 to 30 years there has been
a shift in dietary habits, such that a maternal diet high in fat is more reflective of Western
societies. There is currently a lack of research focusing on maternal nutritional excess during
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pregnancy and the effects on the developing fetus, particularly the developing kidney, organs
known to be susceptible to suboptimal conditions during development.
In humans, development of the permanent or metanephric kidney begins during the
fourth to fifth week of fetal life and is completed by term (Saxen, 1987, Gubhaju et al., 2009).
In rats, metanephric development begins at approximately E12 and continues postnatally until
approximately day 8 (Abrahamson and Steenhard, 2008, Cullen-McEwen et al., 2011).
Metanephric development begins from the caudal end of the mesonephric (Wolffian) duct
with outgrowth of the ureteric bud in response to an inductive signal from the surrounding
metanephric mesenchyme (Dressler, 2006). Reciprocal molecular interactions then occur
between the ureteric bud and the metanephric mesenchyme, resulting in ureteric branching
morphogenesis and nephrogenesis. Importantly, branching morphogenesis is vital for renal
development, and is an important predictor of final nephron compliment.

Suboptimal

conditions that disrupt branching morphogenesis result in structural alterations in the kidney,
including ureteric malformation and nephron deficits (Gray et al., 2011, Hokke et al., 2013).
Importantly, these early life perturbations can have adverse long term consequences for renal
health.

FIGURE 4.1 - EXAMPLE OF AN E14.25 KIDNEY WITH COMPROMISED BRANCHING
Branching morphogenesis is an important stage in renal development and has an impact on final nephron compliment.
Compromised renal branching morphogenesis is linked to low nephron endowment and renal dysfunction in later life.
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The role of maternal fat intake on renal development is poorly defined. In postnatal
offspring, a small number of studies have begun to characterise the adult renal phenotype,
including determination of nephron number and renal pathology in adult offspring of obese
rats (Armitage et al., 2005a, Boubred et al., 2007, Jackson et al., 2011). Moreover, the
offspring of obese rats demonstrate hypertension and evidence of augmented renal
sympathetic nerve activity (Samuelsson et al., 2010). While there is no research evaluating
the effects of maternal high fat feeding on the development of the kidney, there is however,
some evidence to suggest that high levels of maternal dietary lipids alter the ratios of fatty
acids incorporated into the membranes of developing tissue (Weisinger et al., 2001, Armitage
et al., 2003, Friesen and Innis, 2006, Li et al., 2006), and this alteration may have long term
functional consequences for affected membranes and tissue, specifically the kidneys. Studies
of maternal hyperglycaemia provide some evidence that maternal nutritional excess
programmes changes to the kidney during development. Hyperglycaemia during pregnancy
leads to reduced ureteric branching morphogenesis in embryonic rat kidneys at E14.5
compared to controls. In addition, exposure of the fetus to hyperglycaemic conditions
resulted in renal malformations of the ureter at this time (Hokke et al., 2013). In contrast,
culturing mouse kidney explants at E13 in high D-glucose (25mM) stimulated ureteric
branching morphogenesis compared to explants cultured in a normal glucose media (5mM).
High glucose media resulted in a dose-dependent increase in ureteric tip number, with a twofold increase observed in kidneys cultured in 25mM glucose compared with those cultured in
control media (Zhang et al., 2007).

Although findings are conflicting, it appears that

exposure to nutritional excess during metanephric development can have significant effects
on renal growth.
Investigation into ureteric branching morphogenesis following high fat exposure may
provide insights into the early life mechanisms driving some of the phenotypic changes
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observed in offspring in later life. Branching morphogenesis is a critical process in kidney
development and is susceptible to suboptimal conditions. Despite this, there is little to no
research available into whether this key process of renal development is affected in offspring
following high fat exposure. To date, only postnatal analysis of the kidneys in animals
exposed to maternal overnutrition has been carried out. Boubred et al (2007) found that
hypernutrition during the first 3 weeks of postnatal life resulted in a 20% increase in
glomerular number in male rats, with reduced glomerular volume compared to control rats at
22 months of age. However, using unbiased stereology, results from our laboratory have
demonstrated that glomerular number and volume are unchanged in offspring of fat fed dams
at 1 year of age compared to controls (Armitage et al., 2005a). Finally, Jackson et al (2011)
reported that exposing male rats to overnutrition during the in utero period only, resulted in
significant renal pathology, with a 64% increase in the number of sclerotic glomeruli
compared with age-matched controls. It is clear however, that to better understand the adult
phenotype, research focusing on the in utero adaptations following maternal fat feeding is
required.
It has yet to be determined whether high levels of maternal dietary fats effect renal
development. In Chapter 3, maternal fat feeding was shown to result in hyperlipidaemia at
E14.25 and this increased lipid concentration was reflected in the amniotic fluid by E20.
Elevated amniotic fluid lipid concentrations may have long term effects for the developing
fetus. By late gestation, fetal swallowing of amniotic fluid constitutes a significant source of
nutrition (Bacchi Modena and Fieni, 2004). An increase in lipid content in amniotic fluid
content could result in altered incorporation of fatty acids in developing renal tissue,
including the kidneys, and this may potentially impact renal function in the long term.
In addition to changes in branching morphogenesis, alterations in renal innervation
following exposure to suboptimal conditions may programme changes in renal function,
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which may only become evident in later life. Catecholamines are known to have trophic
effects on target tissues during development (Tucker and Gist, 1986, Tucker and Torres,
1992). Treatment of neonatal rats with the beta adrenergic agonist isoproterenol accelerated
sympathetic innervation to the heart, lungs and kidneys, resulting in early onset cellular
maturation (Slotkin et al., 1987) Renal innervation also contributes significantly to renal
function, and again perturbations during development can alter renal function in later life.
Indeed, impaired sympathetic innervation during development via renal denervation results in
altered renal sodium handling and filtration in the newborn (Slotkin et al., 1988a). To our
knowledge, it remains to be determined whether sympathetic innervation to the developing
kidneys is accelerated or diminished following maternal high fat feeding.

Tissue

noradrenaline content is representative of local sympathetic nerve activity (Chen et al., 1998),
and thus, increases in the levels of this catecholamine may be indicative of increased
innervation to this organ.
To increase our understanding of renal development following maternal overnutrition,
the experiments conducted in this Chapter were aimed to determine whether maternal fat
feeding in rats results in changes in ureteric branching morphogenesis, and to determine
whether sympathetic innervation to the kidney is altered during the developmental period.
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4.1.1. SUMMARY AND AIMS
At present, the effect of maternal high fat feeding on fetal renal development is poorly
defined. In addition, limited information is available on sympathetic innervation to the
kidney following exposure to excess maternal fat intake during development. To further
investigate this, the following experiments were conducted as part of this thesis:
Experiment 1
Aim: To determine whether there are changes in ureteric branching morphogenesis in rat
embryos at E14.25 exposed to a high fat maternal environment.
Hypothesis:
i)

That maternal high fat feeding will result in suboptimal intrauterine conditions
that will alter branching morphogenesis at E14.25

Experiment 2
Aim: To determine the effect of maternal fat intake on renal sympathetic innervation during
embryonic development through analysis of renal noradrenaline content at E20.
Hypothesis:
i)

That maternal high fat feeding will result in increased sympathetic innervation to
the developing kidney at E20
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4.2

METHODS

4.2.1 ANIMALS AND HOUSING
Female breeder rats weighing between 200-300g were fed either a normal (C) (7%
wt./wt. fat) or high fat (HF) diet (23.3% wt./wt. fat) for the 3 weeks prior to mating and
throughout pregnancy. Animals had ad libitum access to food and water and were weighed
every 2-3 days over this period. Strict time-mating protocols were used and all female
breeders were time-mated for a 3 (E14.25) and 6 hour (E20) period.
4.2.2 EXPERIMENTAL PROTOCOL
At embryonic day 14.25 and 20, female breeders were anesthetised with inhaled
isoflurane. Once anaesthetised, a midline abdominal incision was made and blood collected
from the abdominal aorta.

The dam was then humanely killed with an overdose of

Pentobarbitone Sodium anaesthetic. The uterus was located and embryos and placentas were
collected and weighed.

From the anesthetised dam, individual fat pads (abdominal,

mesenteric, perirenal), pancreas, liver, heart, aorta and skeletal muscle were collected and
weighed.
4.2.3 KIDNEY CULTURE AT E14.25
At E14.25 metanephric kidneys were collected from time-mated breeders for kidney
culture experiments. Embryos were collected from the uterus and placed in an ice-cold bath
of DEPC PBS. The kidneys from every second embryo were collected with the aid of a
dissecting microscope.

Dissected metanephric kidneys were placed on a transfilter

membrane in serum-free Dulbecco's modified Eagle's medium (DMEM): Ham's F12 liquid
medium (Trace Biosciences, Castle Hill, NSW, Australia) supplemented with 5μg/ml
transferrin (Sigma-Aldrich Pty. Ltd., Castle Hill, Australia) and 12.9μl/ml L-glutamine
(Trace Biosciences, Castle Hill, NSW, Australia) on a transfilter polycarbonate membrane

200

(3µm, 13mm; Labquip, Ferntree Gully, VIC, Australia) at an air-media interface. Kidneys
were incubated in a humidified chamber at 37°C for 48 hours.
Following culture experiments, tissue was fixed with 10% methanol and wholemount
immunostained with the primary antibody, monoclonal anti-pan cytokeratin and a secondary
antibody, Alexa Fluor 488 for determination of branching morphogenesis.

Branching

morphogenesis was quantified by observing kidneys under a fluorescent microscope
(Olympus) at 10x magnification. Each kidney was manually skeletonised, allowing both
ureteric branch points and tips to be quantified (Figure 4.2). Branch points were defined as
the intersection of three or more skeleton lines and a tip was considered the terminal end
point of a ureteric branch. To differentiate between branch points and tips, a tip was
classified only if the width of the dilated end was twice the width of the branch.

FIGURE 4.2 - MANUAL SKELETONISATION OF AN E14.25 KIDNEY
Manual skeletonisation of the metanephric kidney allowing for quantification of branch points and branch tips. Red dots
indicate branch points and red crosses indicate branch tips.
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4.2.4 RENAL NORADRENALINE CONTENT
Frozen kidneys at E20 were homogenized in 1ml of buffer containing citrate–acetate
and 10% methanol. Samples were centrifuged and the supernatant aspirated for analysis of
noradrenaline content. The HPLC measurement of renal noradrenaline content was carried
out by Dr Nina Eikelis from the Human Neurotransmitters Laboratory (Baker IDI, Prahran,
VIC, Australia) as described in Chapter 2 (Section 2.3.7).
4.2.5 STATISTICAL ANALYSIS
To account for differences in litter representation, data was analysed in using a mixed
linear model to allow for weighting for litter (version 19.0, IBM SPSS Statistics, USA). N
values represent litter, and values are expressed as mean ± SEM, whereby PDiet represents the
effect of maternal diet. A probability of 5% (p ≤ 0.05) was taken to indicate statistical
significance in all analyses.
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4.3

RESULTS

4.3.1 EMBRYO AND PLACENTAL WEIGHTS
Embryo and placental weights are also presented in Chapter 3 (Section 3.3.3). At
E14.25 there were no significant effects of maternal diet on either embryo or placental weight
(C, n=6; HF, n=7) (Figure 4.3A-B).

However, the embryo:placental weight ratio was

reduced in high fat exposed fetuses (C, n=6; HF, n=7) (Figure 4.3C). There were no
statistically significant differences in embryo or placental weights or embryo:placental weight
ratio at E20 following high fat exposure (C, n=7; HF, n=7) (Figure 4.3 A-C).
4.3.2 URETERIC BRANCHING MORPHOGENESIS
At E14.25, no significant effects of maternal high fat intake on ureteric branch
number (Figure 4.4A) or tip number (Figure 4.4B) was observed.
4.3.3 RENAL NORADRENALINE CONTENT
Indirect analysis of sympathetic innervation to the kidneys showed no significant
effects of maternal diet on renal noradrenaline content at E20 (Figure 4.5).
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FIGURE 4.3 - THE EFFECTS OF A MATERNAL HIGH FAT DIET ON EMBRYONIC AND PLACENTAL
GROWTH AT E14.25 AND E20
Columns and error bars represent mean ± SEM, weighted for litter. Data indicates embryonic weight (A), placental weight
(B) and the embryo:placental weight ratio (C). Developing rat fetuses were exposed to either a control or HF diet in utero.
P values were obtained using a mixed linear model to allow for weighting for litter, testing for the main effects of diet (P Diet).
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FIGURE 4.4 - EFFECTS OF A MATERNAL HIGH FAT DIET ON BRANCHING MORPHOGENESIS IN
EMBRYONIC KIDNEYS CULTURED AT E14.25
Columns and error bars represent mean ± SEM, weighted for litter and indicate ureteric branching morphogenesis (A) and
ureteric tips (B) Developing embryos were exposed to either a control (n=9) or HF (n=7) diet in utero. P values were
obtained using a mixed linear model, weighted for litter, testing for the main effects of diet (P Diet).
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effects of diet (PDiet).
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4.4. DISCUSSION
This is one of the first studies to characterise how a maternal diet high in saturated fat
may influence fetal renal development. We found that exposure to maternal fat feeding did
not affect early branching morphogenesis at E14.25. In addition, there was no effect of
maternal fat feeding on renal noradrenaline content in embryos in late gestation (E20).
Numerous programming studies have demonstrated that the kidneys are susceptible to
suboptimal in utero conditions, as observed by reduced kidney weight in neonates and
accompanied with structural deficits, most notably, reduced nephron number. In contrast, the
present findings demonstrate that ureteric branching morphogenesis is unaffected by the
maternal high saturated fat diet.

Branching morphogenesis is vital for optimal renal

development, as the number of ureteric tips available for nephron induction is a significant
contributor to the final nephron endowment.

Our timepoint for study (E14.25) was

specifically selected to correlate with the commencement of ureteric branching
morphogenesis, and the use of a whole kidney culture assay allowed accurate enumeration of
branch points and tips. In addition, at this time, female breeders exposed to high fat feeding
are hyperlipidaemic, with an associated reduction in the feto:placental weight ratio. Despite
altered growth ratio at this early developmental stage, it appears that the early processes of
branching morphogenesis are unaffected by the high circulating levels of lipids in the
maternal plasma.
It is possible that alterations in renal structure occurred later in development than the
E14.25 timepoint studied here. Nephrogenesis in the rat begins at approximately E16-17 and
continues until approximately PN8.

Consequently, the late pre- and early postnatal

environments can be important regulators of nephron endowment, and presumably branching
morphogenesis. Indeed, overnutrition for the first 3 three weeks of postnatal life results in an
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increase in glomerular number in offspring at 22 months of age (Boubred et al., 2007).
Cross-fostering studies have highlighted that the early postnatal period is just as important as
the prenatal environment for renal development (Wlodek et al., 2007). Although the small
body of research relating to offspring renal structure following a maternal high fat diet is
limited to adults, the present findings are in line with previous research demonstrating that
nephron number is unaffected in adult offspring of fat fed dams (Armitage et al., 2005a). We
can therefore confirm that in the present model, structural deficits in the kidney do not appear
to be the driving factor behind the phenotypic outcomes observed in offspring in later life
(see Chapters 5 and 6).
In addition to structural changes, we investigated other mechanisms that may explain
some of the physiological alterations observed in adult offspring exposed to maternal high fat
feeding as described in Chapters 5 and 6.

There is now evidence that the central or

sympathetic nervous system may be altered in animals exposed to high fat conditions during
development (Kirk et al., 2009, Armitage et al., 2010, Cerf et al., 2010, Samuelsson et al.,
2010), however the early life genesis of this has yet to be identified.

We examined

noradrenaline content of the developing kidney as an indirect determinant of sympathetic
innervation. We found that this system was unaffected by maternal fat feeding during late
gestation. Although previous programming studies have implicated the sympathetic nervous
system in the onset of hypertension in postnatal life, it is important to note that these were
models of maternal obesity (Samuelsson et al., 2010). A defining factor from our study is
that the maternal high fat diet did not induce maternal obesity, and we have therefore been
able to delineate the effects of the high lipid content of the diet on offspring development.
Both fetal and placental weights were unaffected by the high fat maternal diet at
E14.25, however the fetal to placental weight ratio was reduced in these offspring at this time
point. This suggests that as a result of high lipid exposure, adaptations may result to maintain
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optimal nutrient supply to the developing fetus. However, it appears that the changes in renal
and cardiovascular function that we observed in older offspring (Chapter 5 and 6) are not
driven by deficits in branching morphogenesis, nephron number, or changes in renal
sympathetic innervation.
Analysis of gene expression during development may provide some interesting insight
into the early life molecular changes that may initiate disease onset in offspring exposed to a
maternal high fat diet. The renin angiotensin system (RAS) is expressed within the kidney
from very early in development across numerous species, including the rat (Gomez et al.,
1993, Vehaskari et al., 2004, Moritz et al., 2010), however, very little is known about renal
RAS expression following maternal nutritional excess. In addition to the role of the RAS in
maintaining fetal fluid balance, this system regulates apoptosis (via angiotensin (AT) 2
receptors) and renal growth and organogenesis (via AT1 receptors). Suboptimal conditions
during critical developmental periods are known to adversely affect the RAS, which in turn
can inhibit development of several organs, including the kidneys (Woods, 2001, Mesquita et
al., 2010).
A greater understanding of the lipid profile of embryonic kidneys may also shed light
on how maternal hyperlipidaemia effects fetal development.

Lipidomic analysis could

determine whether cellular fatty acid composition has altered. Altered incorporation of fatty
acids into cell membranes can alter cellular signalling and thus tissue function. Indeed,
studies of maternal high fat feeding show that adult offspring vasculature is adversely
affected, most likely a result of altered fatty acid incorporation into major vessels (Ghosh et
al., 2001, Armitage et al., 2005a).
Nephron number and renal function are intrinsically linked, and although this initial
study of ureteric branching morphogenesis in the setting of maternal hyperlipidaemia found
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no abnormalities, new imaging technologies such as optical projection tomography (OPT)
may offer greater insight into more subtle modifications in renal development. OPT would
allow for visualisation and detailed analysis of branching morphogenesis including length
and angle of branching segments in the developing kidney (Hokke et al., 2013). Other
applications may include investigation into vascularisation (Anderson et al., 2013) of the
embryonic kidneys following high fat exposure, and potentially provide important insight
into the early genesis of disease in this model.
In closing, this is one of the first studies to investigate how maternal fat feeding
effects fetal renal development. It appears that at this early stage (E14.25), the developing
kidney is relatively unaffected by the high lipid content of the mother, however further
investigations into the early life mechanisms that may be affecting adult renal function and
physiology are required.
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CHAPTER 5: THE EFFECT OF MATERNAL
HIGH FAT FEEDING ON OFFSPRING
CARDIOVASCULAR AND SYMPATHETIC
NERVOUS SYSTEM FUNCTION
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5.1

INTRODUCTION
Australian statistics indicate that nearly 50% of women aged between 20 and 44 years

are either overweight or obese (Stewart et al., 2008). Furthermore there is also a large
percentage of women in this age category who have abnormal lipid profiles (Dunstan et al.,
2001). Although hyperlipidaemia is not formally recognised as a risk factor for offspring
health, preliminary evidence suggests that maternal hyperlipidaemia may independently
programme changes in the developing offspring. In humans, maternal lipid status has been
found to correlate with birth weight, and hypertriglyceridemia during pregnancy has been
linked with macrosomia at birth (Di Cianni et al., 2004). Maternal hypercholesterolaemia has
also been found to lead to fatty streaks in fetal aortas (Napoli et al., 1997), highlighting the
importance of maternal dietary lipid content on offspring health. In addition, data suggest
that Australians derive up to 43% of their nutritional requirements from oils, fats and sugars
(FAO Statistics Division, 2010). Thus, there appears to be a strong need to delineate the
contribution of overnutrition, rather than maternal obesity per se, to the programming of adult
disease.
In animal models, maternal high saturated fat consumption is associated with the
development of metabolic-like syndrome in offspring (Ghosh et al., 2001, Armitage et al.,
2005a, Khan et al., 2005, Taylor et al., 2005, Liang et al., 2009, McCurdy et al., 2009). In
particular, models of high fat feeding have shown that offspring are programmed with
increased blood pressure (Khan et al., 2003, Liang et al., 2009, Samuelsson et al., 2010).
Khan et al (2005) found that exposure to high fat feeding during gestation alone programmed
female rat offspring with augmented blood pressure at 6 months of age. Control animals
cross-fostered to a high fat environment during the suckling period also exhibited increased
systolic blood pressure at 6 months of age. This further confirms the importance of both
gestation and the early postnatal period on development, but invariably many of these studies
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do not report whether maternal weight was affected by the high fat diet, leaving the question
open as to whether the changes induced in offspring are driven by maternal obesity or the diet
itself.
In light of limited research delineating the programming effects of maternal high fat
feeding in the absence of obesity, we have developed an animal model in which we show
compelling evidence that increased fatty acid intake alone during gestation results in changes
in the fetal compartment during development.

The findings presented in Chapter 3

demonstrated reduced feto:placental weight ratio and lipid accumulation in the fetal
compartment during mid to late gestation.

Accordingly, this model provides a unique

opportunity to remove the confounding effects of maternal obesity and highlights the
importance of maternal lipid status in the programming of offspring health and disease.
We therefore ask the question as to whether maternal obesity is required to
programme disease in offspring or whether a maternal diet high in saturated fat is alone
sufficient to induce phenotypic changes in exposed offspring. In addition, we have tried to
elucidate the underlying mechanisms contributing to disease onset in offspring exposed to
high fat conditions during development. One such mechanism is the sympathetic nervous
system. This system is a major regulator of blood pressure and findings from numerous
studies have implicated the sympathetic nervous system in the development of hypertension
(Grassi et al., 2012).

Direct sympathetic nerve recordings and indirect noradrenaline

spillover studies indicate that sympathetic outflows to kidneys and blood vessels in skeletal
muscle are elevated in hypertensive individuals (Grassi et al., 1997, Zoccali et al., 2002, Hall,
2003, Esler et al., 2006, Prior et al., 2010, Armitage et al., 2012). There is a paucity of
studies investigating the role of the sympathetic nervous system in the programming of adult
disease following maternal high fat feeding, but preliminary data suggest that this system
may have an important role. In humans, higher pre-pregnancy BMI and fetal weight has been
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positively associated with fetal cardiac sympathetic activation, measured by ECG (Ojala et
al., 2009). Prior et al (2014) found that offspring of rabbits fed a high fat diet during
pregnancy develop obesity-related hypertension and increased renal sympathetic nerve
activity. Perturbations to the ghrelin and leptin signalling systems in the hypothalamus
suggest these changes were centrally driven (Armitage et al., 2010, Prior et al., 2014). Rat
offspring of obese dams have been shown to have increased basal mean arterial pressure, and
an increased pressor response to leptin infusion by 1 month (Samuelsson et al., 2010).
Moreover, renal tissue norepinephrine content was significantly raised, and the authors
suggested that their observation of augmented blood pressure was driven by an increased
sympathoexcitatory response. While this research clearly demonstrates that maternal dietary
excess can programme changes in the sympathetic system, it is important to note that these
studies used models of dietary-induced obesity. The model of maternal high fat feeding
employed in the present study allows investigation into the direct effects of high saturated fat
intake on sympathetic development and function in offspring.
In the present study, we investigated the effects of maternal high fat feeding, without
maternal obesity, on offspring cardiovascular function at 6 and 12 months of age. Although
the exact mechanisms for changes in cardiovascular function are unclear, alterations to the
sympathetic nervous system may be involved. We therefore investigated whether maternal
high fat feeding resulted in increased sympathetic nerve activity using whole body
noradrenaline spillover studies.
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5.1.1. SUMMARY AND AIMS
At present, the effects of maternal high fat feeding (without frank obesity) upon
offspring cardiovascular function in adulthood are not known.

In addition, limited

information is available on the mechanism involved in programmed cardiovascular changes.
To further investigate this, the following experiments were conducted as part of this thesis:
Experiment 1
Aim: To determine the effects of maternal high fat feeding on body composition in male and
female rats at PN21, 6 and 12 months of age using DEXA.
Hypothesis:
i)

That maternal high fat feeding will cause transient increases in adiposity in
offspring exposed to in utero high fat conditions

Experiment 2
Aim: To determine the effects of maternal high fat feeding on cardiovascular function in male
and female rats at 6 and 12 months of age using an implanted telemetry device
Hypothesis:
i)

That maternal high fat feeding will result in augmented blood pressure in
offspring in adulthood

Experiment 3
Aim: To determine the effects of maternal high fat feeding on the sympathetic nervous system
in male and female rats at 12 months of age
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Hypothesis:
i)

That offspring exposed to maternal high fat feeding will developed increased
sympathetic nervous system activity at 12 months of age
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5.2

METHODS

5.2.1 ANIMALS AND HOUSING
Female Sprague-Dawley rats weighing between 200-300g were fed either a normal
(C) (7% wt./wt. fat) or HF (23.3% wt./wt.) diet for 3 weeks prior to mating, throughout
pregnancy and lactation. Female breeders had ad libitum access to food and water and were
weighed every 2-3 days over this period. Offspring from litters ranging between 8 to 12 pups
were kept for experiments. Litters with greater than 12 offspring were humanely killed to
maintain animal numbers within this range. Animals were weaned at PN21 and fed a control
diet (ad libitum) until taken for physiological experiments. A 12hr:12hr light dark cycle was
maintained and animals had ad libitum access to both standard pelleted rodent chow
(Specialty Feeds, Glen Forest, WA) and water. Animal weights were recorded every 5 days
from PN25 to 6 months of age, and every 15 days until 12 months of age. At both 6 and 12
months, tissue and blood collection occurred in one cohort of animals, while another subset
was subjected to assessment of body composition, cardiovascular function and sympathetic
nerve activity.
5.2.2 TISSUE COLLECTION
5.2.2.1.

MATERNAL TISSUE COLLECTION

At weaning, dams were anaesthetised using inhaled isoflurane and an abdominal
incision was made. Blood was collected from the abdominal vena cava and spun at 4˚C at
3000 x g for 10 minutes. Individual fat pads (abdominal, mesenteric, peri-renal), skeletal
muscle, pancreas, liver, heart and aorta were collected, immediately snap frozen and stored at
-80˚C for future studies.
5.2.2.2.

OFFSPRING TISSUE COLLECTION

At PN21, 6 and 12 months of age, male and female offspring were anaesthetised using
inhaled isoflurane and an abdominal incision was made. Blood was collected from the
217

abdominal vena cava and spun at 4˚C at 3000 x g for 10 minutes. The right kidney was
immediately located, decapsulated and snap frozen. The left kidney was immersion fixed
(4% PFA) for histological analysis (see Chapter 5).

Individual fat pads (abdominal,

mesenteric, perirenal) were collected from offspring at 6 and 12 months. As fat deposits are
minimal (or non-existent) in rat offspring at PN21, brown adipose tissue was collected.
Skeletal muscle, pancreas, liver, heart, aorta and brain were also collected from offspring,
immediately snap frozen and stored at -80˚C for future studies.
5.2.3 MEASUREMENT OF BODY COMPOSITION
Male and female rats were taken for total body scans at 21 days, 6 and 12 months of
age to determine body fat, lean tissue and bone mineral content. Prior to scans, instruments
were calibrated. To perform DEXA scans (QDR 2000, Hologic Inc., Bedford, MA, USA),
light anaesthesia was induced by placing the rat in an induction box with gauze soaked in
isoflurane. When animals were anaesthetised they were placed on the scanning bed and a
whole body scan was carried out.
5.2.4 MEASUREMENT OF CARDIOVASCULAR FUNCTION
5.2.4.1.

TRANSMITTER IMPLANTATION

Rats were anaesthetised and prepared for surgery using aseptic techniques. The
telemetric implantation procedures have been described previously (Douglas et al., 2006,
Braga and Prabhakar, 2009). Prior to surgery, rats were administered antibiotics (0.3ml
Tribactral s.c; Lyppard, Keysborough, VIC, Australia) and an analgesic (0.4ml carprofen i.m;
Lyppard, Keysborough, VIC, Australia). In brief, a midline abdominal incision was made
and the abdominal aorta was located. The vessel was isolated using cotton swabs and clamps
were placed above and below the site of probe implantation. A small incision was made in
the aorta and the probe was inserted approximately 2cm toward the heart. The probe was
secured with tissue adhesive and sutured to the abdominal wall. The abdominal wall and skin
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wounds were sutured closed individually.

Following surgery, animals were given a

subcutaneous bolus injection of saline for fluid replacement. After completion of surgery,
rats were kept on a heated pad with free flowing oxygen until conscious.

Once fully

recovered from surgery, animals were housed individually and allowed 1 week recovery from
surgery before telemetric recordings began.
5.2.4.2.

TELEMETRIC RECORDINGS AND DATA ACQUISITION

Blood pressure (mmHg) and heart rate (bpm) were recorded continuously for 5 to 7
days. At day 2 of telemetric recordings, animals were exposed to a moderate stressor
(Davern et al., 2010). The stressor consisted of placing animals in their home cage on an
oscillating table. The home cage was oscillated for a 10 minute period at 100rpm and blood
pressure and heart rate were continuously recorded. At completion of the experiment, blood
pressure was monitored for a further 30 minutes to observe a ‘post stress’ response.
5.2.5 MEASUREMENT OF WHOLE BODY NORADRENALINE SPILLOVER
Rats were anesthetised using an intraperitoneal injection of Inactin (150mg/kg). A
tracheal catheter was inserted and oxygen was supplied throughout the terminal experiment.
The jugular vein was isolated and a catheter inserted approximately 2cm upstream. The
catheter was secured and an infusion of 2% BSA in saline (1ml/100g/kg) was started and
maintained throughout surgery. The carotid artery was then located and a Teflon tipped
catheter was inserted to allow measurement of blood pressure and heart rate throughout the
experimental period.

An infusion of 3H-Noradrenaline was started (0.0235ml/min) and

maintained for 30 minutes. After this time, a 1ml blood sample was collected. Blood was
spun at 3000xg for 10 minutes at 4˚C. Once baseline blood sampling had been completed,
animals were allowed to recover for 5 minutes before an infusion of sodium nitroprusside
(SNP) began.

SNP was infused for 5 minutes and blood pressure was maintained at

approximately 50% of baseline values using small continuous bolus injections. At the end of
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the 5 minute period, a blood sample (2ml) was centrifuged (10 min, 3000 x g). A small
sample (1ml) of the infusate was collected and snap frozen
To measure the kinetics of 3H-noradrenaline in plasma, the following calculations
were used (Straznicky et al., 2012):

NA clearance (L/min) =
NA spillover rate (ng/min) = (

[dpm/min] NA infusion rate
[dpm] NA plasma

[dpm/min] NA infusion rate
) × [pg/ml]NA plasma
[dpm] NA plasma

The following calculation was used for relative noradrenaline spillover

Relative NA spillover =

maximal NA spillover rate − baseline NA spillover rate
baseline spillover rate

5.2.6 STATISTICAL ANALYSIS
Maternal data were compared using a 1-way ANOVA, testing for the main effect of
maternal diet (PDiet). Offspring data were compared using a mixed linear model, testing for
the main effects of maternal diet (PDiet) and sex (PSex), and for interactions between these
factors (PDiet*Sex). For growth curve measurement, P values represented the outcomes of a
repeated measures ANOVA, testing for the effects of maternal fat intake (PDiet), sex (PSex) and
time (PTime).

The effects and interactions of these parameters were also examined

(PTime*Diet*Sex). All data were weighted for litter. Data were analysed using SPSS (version
19.0, IBM SPSS Statistics, USA). Graphs were created using GraphPad Prism (version 5.04,
GraphPad Software Inc.). A value of P ≤ 0.05 was considered to be statistically significant.
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5.3 RESULTS
5.3.1 ANALYSIS OF BODY COMPOSITION
5.3.1.1.FEMALE BREEDER BODY AND ORGAN WEIGHTS
There was no effect of maternal diet on the body weight of breeding dams at weaning
(21 days post birth). In contrast, there were significant effects of the maternal high fat diet on
female breeder omental, peri-renal and mesenteric fat pad weights and on total fat mass at 21
days post birth (P < 0.05; Table 5.1). However, when adjusted for body weight there was no
effect of high fat feeding on any of these parameters. Interestingly, following adjustment for
body weight, there was a significant effect of high fat feeding on maternal liver weight, with
high fat breeders showing significantly reduced adjusted liver weight compared to controls
(C; 0.05g/gBw ± 0.002 vs. HF; 0.041g/gBw ±0.002; Table 5.1).
5.3.1.2.POSTNATAL GROWTH
There was a significant effect of maternal diet on offspring growth, with offspring of
high fat fed dams showing increased growth compared to control offspring (Figure 5.1;
PTime*Diet <0.01).
5.3.1.3. POSTNATAL OFFSPRING BODY AND ORGAN WEIGHT
5.3.1.3.1. PN 21 BODY COMPOSITION
At PN21 there was no effect of maternal diet on offspring body or organ weights
(Table 5.2), however, maternal high fat feeding significantly increased offspring brown
adipose tissue (BAT) weight in offspring (P<0.01; Table 5.2), although when adjusting for
body weight, the weight of total dissected fat pads was unchanged. In addition, body fat as a
percentage of body weight was also significantly increased in offspring of fat fed dams as
measured by DEXA (P=0.03, Table 5.3 & Figure 5.2). DEXA scans indicated that there was
no effect of maternal diet on either lean mass, or bone mineral composition and density at
PN21 (Table 5.3).

221

5.3.1.3.2. 6 MONTH BODY COMPOSITION
There was no significant effect of maternal fat intake on offspring body weight,
dissected fat pad weight or organ weights at 6 months of age (absolute weights; Table 5.4).
However, DEXA scans showed a small (~5%) but significant effect of maternal high fat
feeding on both total and percentage adiposity in male and female rats at 6 months (P<0.05;
Figure 5.3); (HF male, 29.20% ± 1.67 vs. C male, 23.97% ± 2.54) and females (HF female,
27.87% ± 1.67 vs. C female, 23.29% ± 2.54). In contrast, there were no observed effects of
maternal diet on total or lean tissue mass (Table 5.5), nor was there any effect of maternal
diet on offspring bone mineral density or composition at 6 months of age (Table 5.5).
5.3.1.3.3. 12 MONTH BODY COMPOSITION
At 12 months of age, there was no significant effect of maternal diet on either body or
absolute organ weights (Table 5.6) in male and female rats. DEXA scans (Table 5.5) showed
that there was no change in total adiposity or fat mass represented as a percentage of total
body weight between groups at 12 months. Maternal diet had no effect on total or lean tissue
mass at 12 months of age. In addition, no differences were observed in bone mineral density
or composition in control or HF-fed offspring. There was no difference in food or water
intake in offspring of the two groups, indicating that appetite control was regulated (Figure
5.4).
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TABLE 5.1 - THE EFFECTS OF HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN FEMALE BREEDER RATS AT PN21
Control
Absolute
g

Body Weight

High Fat
Corrected
mg/g

Absolute
g

P values
Corrected
mg/g

Absolute
g

Corrected
mg/g

283.50±15.26

283.50±15.26

324.70±13.65

324.70±13.65

0.06

0.06

Omental

1.99±0.59

0.007±0.0020

3.78±0.52

0.012±0.0020

0.04

0.12

Peri-Renal

1.91±0.42

0.007±0.0010

3.34±0.37

0.010±0.0010

0.02

0.09

Mesenteric

0.82±0.26

0.003±0.0010

1.72±0.23

0.005±0.0010

0.02

0.07

Total

4.71±1.23

0.020±0.0040

8.84±1.10

0.030±0.0040

0.02

0.09

Pancreas

0.74±0.09

0.003±0.0002

0.75±0.08

0.002±0.0002

0.90

0.38

Heart

1.02±0.04

0.004±0.0002

1.056±0.04

0.003±0.0002

0.69

0.18

Liver

13.28±0.77

0.050±0.0020

13.42±0.69

0.041±0.0020

0.90

0.05

Fat Pads

Values are means ± SEM; C n=8; HF n=10. Female Sprague-Dawley rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) 3 weeks prior to pregnancy, throughout gestation
and lactation. P values were obtained using a 1-way ANOVA for main effects of diet (PDiet). P values <0.05 were considered significant.
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FIGURE 5.1 -OFFSPRING GROWTH OVER A 12 MONTH PERIOD
Symbols and error bars represent mean ± SEM, weighted for litter (C male, n=13, C female n=13, HF male, n=13; HF female, n=13; n = litter). There was a significant effect of maternal diet on
offspring growth, with offspring of HF fed dams having increased growth compared to control offspring. P values were obtained using a repeated measures ANOVA, testing for the main effects
of maternal diet (PDiet), sex (PSex), time (PTime) and for interactions between these factors (P Time* Diet, P Diet *Sex, P Time* Diet *Sex).
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TABLE 5.2 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN MALE AND FEMALE RATS AT PN21
Control
Male

High Fat
Female

Male

P values
Female

PDiet

PSex

PDiet*Sex

Absolute, g
Kidney
Left

0.30±0.014

0.30±0.014

0.31±0.016

0.30±0.014

0.74

0.68

0.43

Right

0.32±0.017

0.33±0.018

0.32±0.018

0.32±0.015

0.93

0.84

0.44

Total

0.62±0.030

0.63±0.032

0.63±0.032

0.63±0.030

0.81

0.98

0.48

0.23±0.023

0.25±0.023

0.33±0.024

0.30±0.021

<0.01

0.63

0.23

Pancreas

0.14±0.068

0.10±0.068

0.28±0.073

0.18±0.061

0.13

0.39

0.69

Heart

0.28±0.018

0.28±0.018

0.32±0.019

0.31±0.016

0.13

0.61

0.65

Brain

1.39±0.030

1.38±0.030

1.38±0.032

1.39±0.027

0.93

0.83

0.79

Fat Pads
BAT

Values are means ± SEM; Control male, n=8; female n=8 and HF male, n=7 and female n=10 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt.
fat) in utero and postnatally until weaning. P values were obtained using a mixed linear model, for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors
(PDiet*Sex). BAT; brown adipose tissue.
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TABLE 5.3 - THE EFFECTS OF A MATERNAL HIGH FAT DIET ON BODY COMPOSITION IN FEMALE AND MALE RATS AT PN21 AS MEASURED BY
DEXA
Control
Male

High Fat
Female

Male

P values
Female

PDiet

PSex

PDiet*Sex

PN21
Total Mass (g)

639.14±32.64

329.52±32.64

691.81±21.28

351.79±21.78

0.14

<0.01

0.81

Lean Mass (g)

465.60±18.78

239.85±18.78

469.06±12.25

238.90±12.25

0.43

<0.01

0.89

Total Fat (g)

155.26±19.05

76.37±19.05

203.82±12.42

101.63±12.42

0.06

<0.05

0.54

Total Fat (%)

23.97±2.55

23.29±2.55

29.20±1.66

27.87±1.66

0.03

0.18

0.94

BMD

0.20±0.01

0.19±0.01

0.21±0.01

0.18±0.01

0.44

0.40

0.41

BMC

18.29±1.31

13.32±1.31

18.86±0.86

11.27±0.86

0.16

<0.01

0.90

Values are means ± SEM; C male, n=7; female n=8 and HF male, n=5 and female n=5 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) in
utero and postnatally until weaning. P values were obtained using a mixed linear model, for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors
(PDiet*Sex). BMD: bone mineral density; BMC: bone mineral composition.
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FIGURE 5.2 - THE EFFECTS OF A MATERNAL HIGH FAT DIET ON PERCENTAGE FAT IN FEMALE AND
MALE RATS AT WEANING (PN21) AS MEASURED BY DEXA
Percentage adiposity in male and female offspring of C and HF dams (C male, n=7; C female n=8; HF male, n=5; HF
female, n=5,). Columns and error bars represent mean ± SEM, weighted for litter. P values were obtained using a mixed
linear model, testing for the main effects of maternal diet (PDiet) and sex (PSex) and the interactions (PDiet*Sex).
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TABLE 5.4 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN MALE AND FEMALE RATS AT 6 MONTHS OF AGE
Control
Male

High Fat
Female

P values

Male
Female
Absolute values, g

PDiet

PSex

PDiet*Sex

Kidney
Left

1.657±0.113

0.966±0.108

1.727±0.092

0.943±0.097

0.86

<0.01

0.54

Right

1.704±0.132

0.953±0.126

1.814±0.113

1.056±0.119

0.48

<0.01

0.97

Total

3.361±0.240

1.923±0.230

3.551±0.212

1.965±0.222

0.68

<0.01

0.65

Omental

5.605±2.014

5.714±1.938

10.911±1.674

8.880±1.744

0.96

0.14

0.53

Peri-Renal

16.347±3.725

8.598±3.604

19.064±3.171

7.266±3.291

0.88

<0.01

0.37

Mesenteric

6.322±0.977

4.660±0.873

7.328±0.774

4.518±0.802

0.70

<0.01

0.32

Total

29.551±6.719

18.982±5.978

37.253±5.272

20.605±5.469

0.54

<0.01

0.45

Pancreas

0.803±0.130

0.710±0.122

0.983±0.096

0.807±0.102

0.29

0.19

0.58

Heart

1.569±0.074

0.942±0.070

1.598±0.057

0.943±0.060

0.85

<0.01

0.80

Liver

22.679±2.171

11.344±2.065

23.070±1.717

9.816±1.801

0.81

<0.01

0.54

Brain

1.943±0.090

1.710±0.080

1.780±0.070

1.674±0.073

0.33

<0.01

0.27

Fat Pads

Values are means ± SEM; Control male, n=5; female n=5 and HF male, n=6 and female n=5 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt.
fat) in utero and postnatally until weaning. P values were obtained using a mixed linear model, for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors
(PDiet*Sex).
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TABLE 5.5 - THE EFFECTS OF A MATERNAL HIGH FAT DIET ON BODY COMPOSITION IN FEMALE AND MALE RATS AT 6 AND 12 MONTHS OF AGE
AS MEASURED BY DEXA
Control
Male

High Fat
Female

Male

P values
Female

PDiet

PSex

PDiet*Sex

6 Months
Total Mass (g)

639.14±32.64

329.52±32.64

691.81±21.28

351.79±21.78

0.18

<0.01

0.56

Lean Mass (g)

465.60±18.78

239.85±18.78

469.06±12.25

238.90±12.25

0.94

<0.01

0.89

Total Fat (g)

155.26±19.05

76.37±19.05

203.82±12.42

101.63±12.42

0.03

<0.01

0.47

Total Fat (%)

23.97±2.55

23.29±2.55

29.20±1.66

27.87±1.66

0.03

0.64

0.88

BMD

0.20±0.01

0.19±0.01

0.21±0.01

0.18±0.01

0.91

<0.01

0.29

BMC

18.29±1.31

13.32±1.31

18.86±0.86

11.27±0.86

0.51

<0.01

0.24

12 Months
Total Mass (g)

758.37±38.35

394.72±32.64

682.49±46.42

458.06±47.06

0.89

<0.01

0.12

Lean Mass (g)

441.99±21.33

235.78±23.52

405.87±25.82

256.21±26.18

0.75

<0.01

0.25

Total Fat (g)

295.15±20.54

147.62±22.65

255.05±24.87

187.55.±25.22

0.99

<0.01

0.09

Total Fat (%)

38.76±1.63

37.14±1.79

36.99±1.97

39.71±2.00

0.83

0.79

0.25

BMD

0.21±0.01

0.19±0.01

0.21±0.01

0.19±0.01

0.99

<0.01

0.46

BMC

21.21±0.75

12.52±0.82

20.04±0.90

14.30±0.92

0.72

<0.01

0.09

Values are means ± SEM. At 6 months, C male, n=9; female n=9 and HF male, n=9 and female n=9 rats, n = litter. At 12 months, C male, n=10; female n=9 and HF male, n=8 and female n=8
rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat) in utero and postnatally until weaning. P values were obtained using a mixed linear
model for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors (PDiet*Sex). BMD: bone mineral density; BMC: bone mineral composition.
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TABLE 5.6 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON BODY AND ORGAN WEIGHTS IN MALE AND FEMALE RATS AT 12 MONTHS OF
AGE

Control
Male

High Fat
Female

P values

Male
Female
Absolute values, g

PDiet

PSex

PDiet*Sex

Kidney
Left

1.702±0.196

1.395±0.359

2.102±0.130

1.222±0.129

0.61

0.01

0.21

Right

2.064±0.139

1.360±0.139

1.968±0.139

1.372±0.129

0.76

<0.01

0.70

Total

3.976±0.221

2.677±0.221

3.902±0.205

2.634±0.205

0.79

<0.01

0.68

Omental

10.789±1.762

8.174±3.229

10.982±1.171

11.188±1.157

0.43

0.55

0.49

Peri-Renal

16.558±6.179

10.540±11.321

30.140±4.105

12.870±4.057

0.27

0.11

0.43

Mesenteric

6.947±1.373

6.348±2.515

7.680±0.912

6.460±0.901

0.79

0.57

0.84

Total

34.294±8.325

25.063±15.254

48.531±5.531

30.518±5.467

0.30

0.16

0.64

Pancreas

1.140±0.078

0.771±0.143

0.993±0.052

0.681±0.051

0.19

<0.01

0.75

Heart

1.671±0.149

1.172±0.272

1.567±0.099

1.064±0.098

0.54

<0.01

0.99

Liver

22.133±2.558

13.355±4.403

23.094±1.597

12.087±1.578

0.96

<0.01

0.70

Brain

2.030±0.088

1.703±0.162

1.840±0.059

1.752±0.058

0.49

0.05

0.25

Fat Pads

Values are means ± SEM; Control male, n=11; female n=7 and HF male, n=8 and female n=9 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt.
fat) in utero and postnatally until weaning. P values were obtained using a mixed linear model for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors
(PDiet*Sex).
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FIGURE 5.3 - EFFECTS OF A MATERNAL HIGH FAT DIET ON BODY COMPOSITION IN FEMALE AND
MALE RATS AT 6 MONTHS OF AGE AS MEASURED BY DEXA
Male and female offspring of HF fed dams (HF male, n=9; HF female, n=9; blue filled bars) had greater adiposity at 6
months of age than controls (C male, n=9; C female n=9; white filled bars). Data shows total body fat (A) and % body fat
(B). Columns and error bars represent mean ± SEM, weighted for litter. P values were obtained using mixed linear model
testing for the main effects of maternal diet (PDiet) and sex (PSex) and the interactions (PDiet*Sex)
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FIGURE 5.4 - EFFECT OF A MATERNAL HIGH FAT DIET ON OFFSPRING FOOD AND WATER INTAKE
AT 12 MONTHS OF AGE
Daily food (A) and water (B) intake was comparable between groups at 12 months of age (HF male, n=5; HF female, n=8;
blue filled bars, C male, n=7; C female n=5; white filled bars). Columns and error bars represent mean ± SEM, weighted for
litter. P values were obtained using a mixed linear model testing for the main effects of maternal diet (PDiet) and sex (PSex)
and the interactions (PDiet*Sex)
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5.3.2.

CARDIOVASCULAR HAEMODYNAMICS

5.3.2.1 6 MONTHS
There was no effect of maternal diet on offspring cardiovascular function at 6 months
of age over an averaged 24 hour period (Figure 5.5). Similarly, there was no effect of
maternal diet on these parameters when analysed individually as active and inactive periods
(Figure 5.6 and 5.7 respectively) (C male, n=5; C female n=7; HF male, n=4; HF female,
n=5). However, exposure to a stressful stimulus resulted in a significant sexually dimorphic
effect on DBP in offspring of fat fed dams compared to controls (C male, n=5; C female n=6;
HF male, n=4; HF female, n=5; Figure 5.8 D; P <0.05). Cardiovascular function was similar
between groups during the post-stress period (Figure 5.9).
5.3.2.2 12 MONTHS
At 12 months of age, heart rate was similar in offspring from the two dietary groups
(Figure 5.10 A) (C male, n=8; C female n=7; HF male, n=7; HF female, n=8). However,
MAP (Figure 5.10B) was significantly elevated in HF offspring compared with C in both
males (HF male; 98.7 ± 4.4 vs. C 95.0 ± 3.9 mmHg, P<0.05) and females (HF female; 100.5
± 4.1 vs. C 86.8 ± 4.4 mmHg, P<0.05; Figure 5.13B). There were however, no differences in
either systolic or diastolic blood pressure in male and female offspring of HF dams (Figure
5.10 C and D). Analysis of cardiovascular parameters over the active (Figure 5.11) and
inactive (Figure 5.12) periods showed no differences between groups. Animals showed no
difference in their responses to stress during (C male, n=8; C female n=7; HF male, n=6; HF
female, n=8). Figure 5.13) and following exposure to an oscillating stress challenge (Figure
5.14).
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FIGURE 5.5 -THE EFFECTS OF A MATERNAL HIGH FAT DIET ON AVERAGED 24 HOURLY HEART
RATE AND BLOOD PRESSURE IN FEMALE AND MALE RATS AT 6 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate heart rate (A), mean arterial pressure
(B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C (C male, n=5; C
female n=7) or HF (HF male, n=4; HF female, n=5) diet during pregnancy and lactation, and were maintained on a standard
rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet
(PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.6 - HEART RATE AND BLOOD PRESSURE DURING THE ACTIVE PERIOD FOR FEMALE AND
MALE RATS AT 6 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate heart rate (A), mean arterial pressure
(B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C (C male, n=5; C
female n=7) or HF (HF male, n=4; HF female, n=5) diet during pregnancy and lactation, and were maintained on a standard
rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet
(PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.7 - HEART RATE AND BLOOD PRESSURE DURING THE INACTIVE PERIOD FOR FEMALE
AND MALE RATS AT 6 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate heart rate (A), mean arterial pressure
(B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C (C male, n=5; C
female n=7) or HF (HF male, n=4; HF female, n=5) diet during pregnancy and lactation, and were maintained on a standard
rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet
(PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.8 - CHANGE () TO HEART RATE AND BLOOD PRESSURE IN FEMALE AND MALE RATS AT
6 MONTHS OF AGE DURING EXPOSURE TO AN OSCILLATING STRESS CHALLENGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate change () in heart rate (A), mean
arterial pressure (B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C
(C male, n=5; C female n=6) or HF (HF male, n=4; HF female, n=5) diet during pregnancy and lactation, and were
maintained on a standard rodent chow from weaning. P values were obtained using a mixed linear model, testing for the
main effects of maternal diet (PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.9 - CHANGE (Δ) TO HEART RATE AND BLOOD PRESSURE IN FEMALE AND MALE RATS AT
6 MONTHS OF AGE FOLLOWING EXPOSURE TO AN OSCILLATING STRESS CHALLENGE (POST
STRESS PERIOD)
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate change () in heart rate (A), mean
arterial pressure (B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C
(male, n=5; female n=6) or HF (male, n=4; female, n=5) diet during pregnancy and lactation, and were maintained on a
standard rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of
maternal diet (PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.10 - THE EFFECTS OF A MATERNAL HIGH FAT DIET ON THE AVERAGE 24 HOURLY
HEART RATE AND BLOOD PRESSURE IN FEMALE AND MALE RATS AT 12 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate heart rate (A), mean arterial pressure
(B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C (male, n=8;
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chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet (PDiet)
and sex (Psex) and for interactions between these factors (PDiet*Sex).
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MALE RATS AT 12 MONTHS OF AGE
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FIGURE 5.12 - HEART RATE AND BLOOD PRESSURE DURING THE INACTIVE PERIOD FOR FEMALE
AND MALE RATS AT 12 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate heart rate (A), mean arterial pressure
(B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C (male, n=8;
female n=7) or HF (male, n=7; female, n=8) diet during pregnancy and lactation, and were maintained on a standard rodent
chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet (P Diet)
and sex (Psex) and for interactions between these factors (P Diet*Sex).
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FIGURE 5.13 - CHANGE () TO HEART RATE BLOOD PRESSURE IN FEMALE AND MALE RATS AT 12
MONTHS OF AGE DURING EXPOSURE TO AN OSCILLATING STRESS CHALLENGE
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate change () in heart rate (A), mean
arterial pressure (B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C
(male, n=8; female n=7) or HF (male, n=6; female, n=8) diet during pregnancy and lactation, and were maintained on a
standard rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of
maternal diet (PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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FIGURE 5.14 - CHANGES () TO HEART RATE AND BLOOD PRESSURE IN FEMALE AND MALE RATS
AT 12 MONTHS OF AGE FOLLOWING EXPOSURE TO AN OSCILLATING STRESS CHALLENGE (POST
STRESS PERIOD)
Columns and error bars represent mean ± SEM, weighted for litter. Graphs indicate change () in heart rate (A), mean
arterial pressure (B), systolic (C) and diastolic blood pressure (D). Male and female rat offspring were exposed to either a C
(male, n=8; female n=7) or HF (male, n=6; female, n=8) diet during pregnancy and lactation, and were maintained on a
standard rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of
maternal diet (PDiet) and sex (Psex) and for interactions between these factors (PDiet*Sex).
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5.3.3 WHOLE BODY NORADRENALINE SPILLOVER
Indirect determination of whole body sympathetic activity demonstrated there was no
significant effect of maternal diet on offspring sympathetic function (Figure 5.15 and 5.16) at
12 months of age.

Baseline measurements showed no change in either clearance of

noradrenaline or spillover (Figure 5.15). In addition, offspring showed no differences in
sympathetic function following a stressor challenge with a sodium nitroprusside (SNP)
infusion (Figure 5.16). Calculation of relative noradrenaline spillover (Figure 5.17) suggests
that sympathetic nervous system function is maintained in both control and HF exposed
offspring.
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FIGURE 5.15 - BASELINE MEASUREMENT OF WHOLE BODY NORADRENALINE CLEARANCE AND
SPILLOVER IN MALE AND FEMALE RATS AT 12 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Data shows baseline noradrenaline (NA) clearance (A)
and spillover (B). Male and female rat offspring were exposed to either a C (male, n=5; female n=7) or HF (male, n=6;
female, n=9) diet during pregnancy and lactation, and were maintained on a standard rodent chow from weaning. P values
were obtained using a mixed linear model, testing for the main effects of maternal diet (P Diet) and sex (Psex) and for
interactions between these factors (PDiet*Sex).

245

A
P

D ie t

= 0 .6 5

P

S e x

P

D ie t* S e x =

< 0 .0 1
0 .1 0

N A C le a r a n c e ( m l/m in )

400

C o n tro l
H ig h F a t
300

200

100

0
M a le

F e m a le

B
P

D ie t

= 0 .2 9

P

S e x

P

D ie t* S e x =

= 0 .9 9
0 .1 4

N A S p illo v e r ( n g /m in )

250

200

150

100

50

0
M a le

F e m a le

FIGURE 5.16 - WHOLE BODY NORADRENALINE CLEARANCE AND SPILLOVER FOLLOWING
ADMINISTRATION OF SNP AT 12 MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Data shows noradrenaline (NA) clearance (A) and
spillover (B) following SNP infusion. Male and female rat offspring were exposed to either a C (male, n=5; female n=7) or
HF (male, n=6; female, n=9) diet during pregnancy and lactation, and were maintained on a standard rodent chow from
weaning. P values were obtained using a mixed linear model, testing for the main effects of maternal diet (P Diet) and sex
(Psex) and for interactions between these factors (P Diet*Sex).
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FIGURE 5.17 - NORADRENALINE SPILLOVER RELATIVE TO SNP CHALLENGE IN OFFSPRING AT 12
MONTHS OF AGE
Columns and error bars represent mean ± SEM, weighted for litter. Male and female rat offspring were exposed to either a C
(male, n=5; female n=7) or HF (male, n=6; female, n=8) diet during pregnancy and lactation, and were maintained on a
standard rodent chow from weaning. P values were obtained using a mixed linear model, testing for the main effects of
maternal diet (PDiet) and sex (Psex) and for interactions between these factors (P Diet*Sex).
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5.4

DISCUSSION
Findings from the studies described in this Chapter indicate that maternal fat feeding

results in significant changes in blood pressure in both males and females at 12 months of
age. We observed an approximate 10-12mmHg increase in mean arterial blood pressure in
offspring of fat fed dams. In addition, there was an increase in adiposity in offspring of fat
fed dams at weaning and 6 months of age. This study is unique in that maternal obesity was
not a variable, and thus we are able to delineate that maternal lipid status during pregnancy
and lactation was sufficient to drive significant increases in offspring adiposity and blood
pressure in later life.
The present findings are in line with previous reports that high blood pressure is a
phenotypic outcome following exposure to excess nutrition during development. Although
MAP was augmented in male and female HF exposed offspring, neither SBP nor DBP was
changed at 1 year. Although somewhat unexpected, the strong trend for both SBP and DBP
to be increased in exposed offspring suggests that at this timepoint, the cardiovascular study
may be underpowered, with an increase in sample size likely to resolve this. In addition,
accelerated postnatal growth was observed in offspring of fat fed dams, with increased
adiposity until 6 months. Interestingly, the increase in adiposity was not maintained and
normalised to control values by 12 months.

However, accelerated growth during the

postnatal period has been associated with increased risk for developing hypertension in later
life, although this ‘catch up’ growth is often correlated with low birth weight (Barker et al.,
2002). Furthermore, epidemiological research indicates that accelerated growth during the
early postnatal period, independent of birth weight, increases an individual’s risk of
developing increases in both systolic and diastolic blood pressure (Ben-Shlomo et al., 2008).
This is particularly relevant to the current cohort, in which birth weight of offspring from fat
fed dams was comparable to control neonates. Measurement of food and water consumption
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indicates that appetite was appropriately regulated in offspring, with no difference in energy
intake between groups. Although the exact mechanism contributing to accelerated growth
and increased adiposity is unclear, there is evidence to suggest that developmental
programming may alter adipocyte number or function, however this is an area in need of
further investigation. Despite limited research directed into the programming of adipose
tissue, studies have demonstrated adipocyte plasticity following suboptimal conditions during
development (Muhlhausler and Smith, 2009, Desai and Ross, 2011). Studies in guinea pigs
demonstrate that the lipid composition of diet during early postnatal life can programme
changes in adiposity, and that this can be fat pad specific. Low levels of dietary α-linolenic
acid resulted in a significant increase in epididymal fat pads at 4 months of age, and increased
proliferation of subcutaneous adipocytes (Pouteau et al., 2010). These findings highlight the
susceptibility of developing adipose tissue to suboptimal conditions, and that the effects of
developmental programming may be depot specific (Castañeda-Gutiérrez et al., 2011). Thus,
in the current model, high dietary levels of maternal saturated fatty acid intake during the preand early postnatal period may be one mechanism driving the increased adiposity observed.
Changes in adipocyte number, size and or metabolic function may have long-standing
consequences and is an area of increasing interest for understanding the onset of obesity and
metabolic diseases such as diabetes.
While changes in offspring growth and adipose patterning may be one mechanism
contributing to the development of augmented blood pressure in the present model, another
key mechanism involved in blood pressure regulation is the sympathetic nervous system.
The sympathetic nervous system is often implicated in models of essential hypertension
(Esler, 2000), however to date, there is limited research into what role this system plays in the
developmental programming of adulthood disease. As such, we have tried to determine
specific mechanisms that may be driving these changes in blood pressure. This is one of the
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first studies to examine whole body changes in sympathetic activity in a model of maternal
high fat feeding without the confounding variable of maternal obesity.
The present findings suggest that from a whole-body perspective there is no change in
sympathetic nervous activity following exposure to a maternal HF diet.

Noradrenaline

spillover data following SNP challenge is noisy however, and there seems to be some
evidence that when activated, SNA is increased in offspring of HF dams. In models of
maternal obesity, sympathetic activity is augmented in exposed offspring. For example,
sympathetic activity is increased in offspring of obese rats as early as 30 days of age, and
persists through to adulthood (Samuelsson et al., 2010). In addition, offspring of obese
rabbits have greater adiposity, increased blood pressure and increased renal sympathetic
nervous activity compared to controls (Armitage et al., 2010, Prior et al., 2014). Our findings
appear to support the notion that the level of dysfunction observed in offspring is on a
spectrum, and is dependent on the severity of the maternal insult. The differing outcome
between the current and previous studies demonstrates the importance of delineating the
effects of maternal fat intake from maternal obesity in the programming of disease. In
addition, it is important to note that sympathetic activity to specific organs and tissue is
regional and thus, any increases or decreases in sympathetic activity to specific organs and
tissues may be lost using the whole-body spillover method.

However, analysis of

noradrenaline content in embryonic kidneys at E20 and PN21 suggest that development of
sympathetic innervation to the kidneys is normal, and this was confirmed when renal
noradrenaline content was analysed at 12 months of age (see Chapter 6) potentially ruling out
a major role of the sympathetic nervous system in the current model.
The exact mechanisms contributing to the rise in blood pressure in the present model
are unclear, however there may be a role for the vascular system in the onset of this disease.
Maternal high fat feeding has been shown to lead to changes in both blood vessel structure
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and function, including alterations in endothelial dependent relaxation, and this is often seen
as a risk factor for the development of hypertension. Although vascular function was not
assessed in the present study, the findings from the experiments described in Chapter 3
demonstrated development in a dyslipidaemic environment during mid to late gestation. This
may alter the incorporation of fatty acids in developing tissues, including the vasculature.
Abnormal fatty acid composition in membranes is known to alter vessel function (Ghosh et
al., 2001) and may be one reason for the observed increases in blood pressure seen in the
present model.
Changes in renal function may also be important in the present model, given that
blood pressure and renal function are so closely associated. To date, very little research has
focussed on the effects of high fat programming of kidney function. This is the focus of the
experiments described in Chapter 6.
The studies described in this Chapter demonstrate the important effects of maternal
high fat feeding on cardiovascular function in offspring, without the confounding effects of
maternal obesity. Accelerated growth and increased adiposity were observed at 21 days and
6 months of age. In later life we observed increased blood pressure in offspring without
programmed changes in adiposity.

Interestingly, the sympathetic nervous system, often

implicated in models of hypertension, does not appear to be driving the augmented blood
pressure. The mechanisms underlying the increase in blood pressure remain to be elucidated,
however it is likely that changes in both renal and vascular function are involved.
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CHAPTER 6: THE LONG TERM EFFECTS OF
MATERNAL HIGH FAT INTAKE ON
OFFSPRING RENAL STRUCTURE AND
FUNCTION
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6.1

INTRODUCTION
While the effects of dietary-induced maternal obesity on fetal development has been

well studied in recent years, the detrimental impact of the maternal diet per se on offspring
development is less clear. The studies described in Chapter 5 demonstrate that maternal high
fat feeding results in significant elevations in mean arterial pressure in offspring at 12 months
of age. As such, the findings are supportive of the hypothesis that high levels of saturated fat
intake throughout gestation and lactation program the genesis of cardiovascular dysfunction
in later life. Despite this, the pathways involved with augmented blood pressure in offspring
are unclear. Increased neurogenic function may contribute to disease onset in this model,
however elevated blood volume homeostasis, secondary to sodium retention may also be
involved. The kidneys play a key role in cardiovascular homeostasis, and renal dysfunction
has a significant impact on disease onset.
Compromised renal function decreases an individual’s quality of life and in Australia,
presents a large economic burden.

Moreover, kidney function in adulthood can be

programmed by a range of perturbations to the fetal environment. For example, maternal
malnutrition throughout pregnancy results in marked structural deficits in the kidneys,
including reduced glomerular number and glomerular volume (Desai et al., 1996, Woods,
2001, Woods et al., 2005, Hoppe et al., 2007, Woods, 2007, Hoppe et al., 2007b). It is not
clear, however, whether exposure to a high fat diet during development programmes renal
dysfunction. This is of great relevance across the globe, where easy access to energy-dense
foods means that a high percentage of daily calorie intake is derived from oils and fats (FAO
Statistics Division, 2010). Jackson et al (2011) reported that maternal obesity, induced by a
diet rich in both saturated fats and fructose, resulted in significant renal pathology, including
glomerulosclerosis and tubulointerstitial fibrosis in male rats at 17 weeks of age. In addition,
lifelong exposure to a high fat and high fructose diet resulted in more severe presentations of
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renal pathology in offspring when compared with both controls and offspring exposed to high
fat conditions during pregnancy only. Furthermore, male offspring of fat fed dams had a
209% increase in urinary albumin excretion (UAE) when compared with controls. When
effected offspring were exposed to a lifelong high fat feeding regimen, deterioration of renal
function was even greater, and resulted in an even greater urinary albumin excretion, with a
450% increase in UAE compared with controls (Jackson et al., 2011). These findings
provide evidence that maternal obesity programmes renal dysfunction in offspring, and that a
secondary insult to offspring in postnatal life also has important consequences on offspring
health. Although maternal obesity appears to adversely affect the renal system in adulthood,
there is a clear lack of information as to the role of maternal dietary fat intake per se on the
programming of renal function.
The consequences of altered renal function are far-reaching. In addition to the RAS,
activity of the sympathetic nervous system is a major determinant and modulator of renal
control.

In terms of renal function, both diminished and augmented renal sympathetic

activity can have a significant physiological impact on cardiovascular and renal homeostasis.
The sympathetic nervous system is important for controlling a number of renal functions
involved in fluid homeostasis (Malpas, 2010, Grassi et al., 2012). Vascular resistance and
blood flow to the kidney is tightly controlled via sympathetic input to the adrenoreceptors,
located in both the afferent and efferent arterioles. There is direct sympathetic input to the
granular cells of the juxtaglomerular apparatus. Increased sympathetic activity to these cells
triggers the release of renin (and thereby circulating levels of the vasoconstrictive hormone,
angiotensin II), which stimulates vasoconstriction and sodium reabsorption within the
kidneys.

Finally, the sympathetic nervous system regulates renal tubule sodium

concentrations via stimulation of the peritubular cells. In numerous disease states, including
the onset of hypertension, increased sympathetic activity to the kidneys has been implicated
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(Hall, 2003, Michaels et al., 2009, Prior et al., 2010, Armitage et al., 2012), and a regional
increase to this organ system may be one mechanism for the observed hypertension seen in
the experiments described in Chapter 5.
Homeostatic set-points of the sympathetic nervous system are sensitive to suboptimal
conditions during pregnancy.

For example, maternal glucocorticoid treatment during

pregnancy results in suppression of sympathetic nervous system development and activity,
with decreased cardiac noradrenaline levels and turnover (Bian et al., 1993). The sensitivity
of the developing sympathetic nervous system to maternal nutritional challenge or metabolic
disease has been less extensively studied, but evidence suggests that nervous system
development is subject to programming. Following maternal obesity in rodents, Samuelsson
et al (2010) reported significant increases in blood pressure in rat offspring at 30 days, as well
as increased renal noradrenaline and renal renin (Samuelsson et al., 2010), indicative of
increased sympathetic activity to this organ.
In rodents, renal innervation begins during the in utero period and by E16, both the
afferent and efferent nerves are developing. (Liu and Barajas, 1993). Afferent innervation is
completed by birth in rats, however efferent nerve development continues postnatally, with
innervation occurring until the early postnatal period. By PN21 innervation of the rodent
kidney is complete (Liu and Barajas, 1993). Reduced renal innervation during development
is known to impair organogenesis, including reduced kidney growth and increased fractional
sodium excretion in newborns (Slotkin et al., 1987, Slotkin et al., 1988b). Thus, it appears
that during development, sympathetic innervation to the kidney is sensitive to suboptimal in
utero conditions. In addition, deficits in renal innervation during the in utero period may
have long-term consequences for postnatal physiology. Thus, investigation into whether
renal sympathetic innervation is altered in early life is warranted as this may be one
mechanism contributing to the renal dysfunction observed in offspring exposed to maternal
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nutritional excess.

In particular, research involving models of nutritional excess are of

critical relevance to nations such as Australia, where both energy dense diets and obesity are
prevalent (Stewart et al., 2008).
The control of sodium and water balance, vital for cardiovascular and fluid
homeostasis, is also poorly understood in models of maternal fat feeding. Basic renal function
studies have demonstrated that either increases or decreases in sodium excretion are
indicative of renal dysfunction, and altered renal sodium handling has been implicated in
numerous models of hypertension.

Suboptimal conditions during development can

programme renal sodium handling in later life, and is therefore a potential mechanism for
renal and cardiovascular dysfunction in offspring. For example, prenatal dexamethasone
treatment is strongly associated with the development of hypertension in offspring, with the
onset of high blood pressure associated with increased renal sodium transport. In rats,
proximal tubule volume absorption was increased by 8 weeks of age following prenatal
dexamethasone exposure, and this change appeared to be in part driven by increased activity
of the Na+/H+ exchanger, as well as increased Na+/H+ exchanger 3 (NHE3) protein abundance
in brush border membranes (Dagan et al., 2007). There is also evidence that maternal dietary
manipulation during pregnancy can have longstanding effects on offspring water and sodium
balance. Weisinger et al (2010) demonstrated that offspring of ω-3 deficient rats showed
increased sodium appetite in adulthood, which can lead to volume loading and hypertension.
However, to date the effects of maternal high fat exposure on offspring sodium
handling in the kidney is unknown. Armitage et al (2005a) demonstrated that maternal high
fat exposure resulted in decreased renal Na+ /K+ ATPase activity in rat offspring at 1 year of
age. Na+/ K+ ATPase activity modulates the tubule transport of Na+ and K+ (Bertorello and
Katz, 1993), and is therefore vital for the control of urinary excretion of these electrolytes.
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Decreased Na+/ K+ ATPase activity may affect renal function, and therefore the effects of
maternal high fat feeding on renal sodium handling warrants further investigation.
The findings from the studies described in Chapter 5 indicate that maternal fat feeding
during pregnancy and suckling did not induce maternal obesity, but did lead to elevated blood
pressure in both male and female offspring at 1 year of age. The noradrenaline spillover
studies suggested that from a whole-body perspective, the sympathetic nervous system was
not driving the increase in blood pressure observed in offspring in this model. However,
sympathetic activity has regional differences (Esler et al., 1990). Numerous studies report the
significance of regional increases in sympathetic activity to a target organ, including a role in
disease onset (Esler et al., 1984, Esler et al., 1990, Grisk and Rettig, 2004). Therefore,
identifying whether specific increases in sympathetic activity are occurring at the level of the
kidney requires further investigation. Renal noradrenaline content is commonly used as an
index of renal innervation (Gattone et al., 1990, Maduwegedera et al., 2007) and previous
studies demonstrate that abnormal noradrenaline content in the kidney is associated with
renal damage (Gattone et al., 1990) and hypertension (Maduwegedera et al., 2007).
Accordingly, in the present Chapter, renal noradrenaline content was quantified to understand
whether renal hyperinnervation was involved in the pathophysiology of hypertension in the
present model. Furthermore, extensive investigation into renal physiology was carried out to
determine if renal dysfunction is a mechanism contributing to the augmented blood pressure
often observed in offspring exposed to maternal high fat feeding.
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6.1.1. SUMMARY AND AIMS
Kidney function in adulthood is known to be programmed by a range of perturbations
to the fetal environment. However, it is not known if renal dysfunction is programmed by
excessive maternal fat intake throughout pregnancy. To further investigate this, the following
experiments were conducted and described in this Chapter:
Experiment 1
Aim: To determine the effects of maternal high fat feeding on renal function in male and
female rats at 6 and 12 months of age.
Hypothesis:
i)

That offspring of fat fed dams will exhibit renal dysfunction at 12 months of age,
as determined by diminished GFR, eRBF and renal sodium handling

Experiment 2
Aim: To determine whether high levels of maternal dietary fat consumption results in
increased renal sympathetic activity in offspring.

Renal noradrenaline content will be

analysed in tissues of weanling (PN21) and adult (PN360) offspring.
Hypothesis:
i)

That renal noradrenaline content will be increased in the offspring of fat fed dams
at weaning and 12 months

Experiment 3
Aim: To determine whether maternal high fat feeding results in renal pathology in male
offspring at 12 months of age.
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Hypothesis:
i)

Offspring of fat fed dams will exhibit greater renal pathology when compared to
controls

259

6.2

METHODS

6.2.1 ANIMALS AND HOUSING
Male and female Sprague-Dawley rats were studied at both 6 and 12 months of age
for assessment of renal function. A 12hr:12hr light dark cycle was maintained and animals
had ad libitum access to standard pelleted rodent chow (Speciality Feeds) and water.
6.2.2 RENAL PHYSIOLOGY
A detailed description of the methodologies for renal physiology experiments are
given in Section 2.3.4. In brief, animals were anaesthetised using an intraperitoneal injection
of a long lasting anaesthetic (Inactin; 150mg/kg) and tracheal, bladder, jugular vein and
carotid artery catheters introduced.
To determine renal function, radiolabelled para-aminohippuric acid (0.5μCi/hr 14CPAH, Perkin Elmer, Boston, MA) and inulin (1μCi/hr 3H-inulin, Perkin-Elmer Life Sciences,
Victoria, Australia) were infused (1.5ml/hour) via the right jugular vein for 100 minutes. The
first 60 minutes of PAH/Inulin infusion allowed for solution equilibration in the plasma.
Clearance measurements began following the 1 hour PAH/Inulin infusion.

Urine was

collected for 40 mins in pre-weighed tubes. At the completion of the experiment a 2ml
arterial blood sample was collected and spun for 10 minutes at 3000 x g. A small volume of
blood was collected for determination of haematocrit. Blood was collected into capillary
tubes and centrifuged at 3000 x g for 2.5 minutes. Haematocrit proportion was measured
using a calibrated scale. Then, right and left kidneys were collected and weighed.
To determine urine and plasma levels of

14

C-PAH and 3H-inulin, 20μl aliquots of

plasma were placed in vials with 2ml scintillation fluid in triplicate. Each sample was
counted for 10 minutes and the disintegrations per minute (DPM) from each triplicate were
averaged and allowed for determination of both GFR , eRPF and eRBF.
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6.2.3 PLASMA AND URINE OSMOLALITY
Osmolality in urine and plasma was determined using an osmometer (Model 2020
Multi-Sample Osmometer; Advanced Instruments, Norwood, MA, USA). For each run, 20µl
standardised controls (100, 900 and 1500 mOsm/kg) and 20µl samples were loaded into 1ml
tubes and total osmolar concentration was calculated (see Section 2.3.5).
6.2.4 ANALYSIS OF PLASMA URINE NA+, K+ AND CL6.2.4.1.

PLASMA

Plasma Na+, K+ and Cl- concentrations were analysed using the RapidChem 744
Electrolyte Analyser (Bayer Australia Limited, Pymble, NSW, Australia). The electrolyte
analyser was cleaned and calibrated before use. For each sample, 55µl was aspirated and
analysed for Na+, K+, Cl- (mmol/l).
6.2.4.2.

URINE

A 1:10 dilution was used for analysis of urine Na+, K+, and Cl- (mmol/l). The
electrolyte analyser was cleaned and calibrated before use. A 300µl sample was aspirated for
analysis of urinary electrolyte concentrations.
Fractional excretion (Fe) of electrolytes (Na+, K+ and Cl-) was calculated using the
following equation:

FEx =

[x] urine × plasma 3 H inulin [dpm]
× 100
[x] plasma × urine 3 H inulin [dpm]

6.2.5 RENAL PATHOLOGY
6.2.5.1.

RENAL HISTOLOGY

For analysis of renal histopathology, kidneys were sliced into 1mm thick slices and
stored in 80% ethanol. The largest slice of tissue containing both cortex and medulla was
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selected for analysis. This slice was processed and embedded in paraffin as described in
Chapter 2 (Section 2.3.10). Three full sections from the mid-hilar region were selected
randomly and mounted onto glass slides. Sections were stained with Periodic acid Schiff’s
(PAS).
6.2.5.2.

SEMI-QUANTITATIVE GRADING OF GLOMERULOSCLEROSIS

To eliminate observer bias during pathological analysis, rat identification numbers
were coded.

Each section was scanned (dotSlide Desktop 2.4; Olympus Soft Imaging

Solutions Pty. Ltd, SA, Australia) and 100 glomeruli were analysed (33 to 34 per section) per
rat.

Sclerotic glomeruli displayed collapse of the glomerular capillary walls due to

accumulation of extracellular matrix (Saito et al., 1987, Cahill et al., 1996, Takizawa et al.,
1997). The extent of sclerosis in each glomerulus was scored as follows: glomeruli with no
sclerosis were graded 0 (Figure 6.1A); glomeruli with sclerosis accounting for up to 25% of
the area of the tuft were classified as Grade 1 (Figure 6.1B); glomeruli with sclerosis
accounting for 25.1% to 50% of the area of the tuft were classified as Grade 2 (Figure 6.1C);
glomeruli with sclerosis accounting for 50.1% to 75% of the area of the tuft were classified as
Grade 3 (Figure 6.1D) and glomeruli with sclerosis occupying 75.1% to 100% of the tuft
were classified as Grade 4 (Figure 6.1E). The sclerotic index for each kidney was calculated
using the following:

𝑆𝑐𝑙𝑒𝑟𝑜𝑡𝑖𝑐 𝐼𝑛𝑑𝑒𝑥 =

((𝑛 × 0) + (𝑛 × 1) + (𝑛 × 2) + (𝑛 × 3) + (𝑛 × 4))
100

where the n in is the number of glomeruli graded 0, 1, 2, 3 or 4.
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A

B

C

D

E

FIGURE 6.1 - SCLEROTIC GLOMERULI WERE CLASSIFIED USING A USING A FIVE-TIER GRADING
SYSTEM
Glomeruli with no pathology were graded 0 (A); Sclerosis in <25% of the glomerular tuft was defined as Grade 1 sclerosis
(B); Grade 2 was defined as sclerosis in 25.1-50% of the glomerular tuft (C). Sclerosis 50.1-75% capillary tuft was
categorised as Grade 3 sclerosis (D). Grade 4 sclerosis was defined as sclerosis in >75% of the glomerular tuft (E). Arrows
indicate areas of sclerosis in the glomerular tuft.
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6.2.6 STATISTICAL ANALYSIS
Maternal data were compared using a 1-way ANOVA, testing for the main effects of
maternal diet (PDiet). To account for litter, offspring data were compared using a mixed linear
model, testing for the main effects of maternal diet (PDiet) and sex (PSex), and for interactions
between these factors (PDiet*Sex). For growth curve measurement, P values represented the
outcomes of a repeated measures ANOVA, testing for the effects of maternal fat intake
(PDiet), sex (PSex) and time (PTime). The effects and interactions of these parameters were also
examined (PTime*Diet*Sex). All data were weighted for litter. Data were analysed using SPSS
(version 19.0, IBM SPSS Statistics, USA). Graphs were created using GraphPad Prism
(version 5.04, GraphPad Software Inc.). N values represent litter. A value of p ≤ 0.05 was
considered to be statistically significant
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6.3

RESULTS

6.3.1 RENAL FUNCTION
6.3.1.1 GFR, ERBF, ERPF AND FF
At 6 months of age, there was no observed effect of maternal diet on any of the
studied physiological parameters, including GFR, eRBF, eRPF (absolute; Figure 6.2 and
corrected; Figure 6.3), FF and UFR (6.4). At 1 year of age, no significant effects of maternal
fat intake on absolute or corrected GFR (Figure 6.6A and 6.7A respectively) were observed,
with these parameters being indistinguishable between the two dietary groups. A strong trend
for sex-dependent differences in kidney weight-corrected GFR was observed in both males
(46% increase; P=0.09 and females (28% decrease; P=0.09) (Figure 6.7A) exposed to a
maternal high fat diet compared with control counterparts.
In contrast, there was an interaction between maternal diet and offspring sex on renal
blood and plasma flow at 1 year of age (Figure 6.6 B-C and 6.7B-C) (PDiet*Sex<0.05). Male
HF offspring had greater eRBF (4.95 ± 0.44ml/min/gkw) than male C offspring (2.88 ± 0.67
ml/min/gkw, P<0.01).

In contrast, eRBF in HF females (4.6 ± 1.5 ml/min/gkw) was

significantly less than in C female offspring (7.7 ± 1.9ml/min/gkw, P<0.01). A similar sexdependent effect was observed for eRPF in male and female HF offspring (Figure 6.6C and
6.7C). Maternal diet had a significant sex-dependent effect on FF (Figure 6.8A) in HF
offspring (PDiet*Sex<0.05). Male HF offspring had reduced FF (%) (0.22 ± 0.02) compared
with C (0.27 ± 0.03), whereas HF female offspring had significantly greater FF (0.32 ± 0.02)
than C (0.25 ± 0.02). There was no effect of maternal diet on UFR in offspring at 1 year of
age (Figure 6.8 B-C).
6.3.2 UNCONSCIOUS MEAN ARTERIAL PRESSURE (MAP) AND HEART RATE (HR)
Blood pressure and heart rate in anesthetised animals were similar in the two groups
at both 6 (Figure 6.5) and 12 months (Figure 6.9). Sexual dimorphic differences were
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observed in systolic blood pressure at 6 months of age, with male offspring having a
13mmHg higher pressure than females (Males; 139.4 ± 4.9mmHg vs. Females; 126.0 ± 5.5
mmHg; P=0.04).
6.3.3 PLASMA AND URINARY ELECTROLYTE CONCENTRATIONS
At 6 months of age, there was no significant effect of maternal diet on offspring
plasma and urinary electrolyte levels (Table 6.1). Similarly, there was no observable effect
of maternal diet on the fractional excretion (Fe) of electrolytes or offspring plasma or urinary
osmolality (Table 6.1). In contrast, offspring sex had significant effects on urinary sodium
and potassium levels, with females exhibiting a significantly greater urinary sodium
concentration than males (Table 6.1) (Males; 38.21 ± 11.14 vs. Females; 87.80± 12.54,
P<0.01). In addition, female offspring had a 63.4% lower urinary potassium concentration
than males (P<0.05) (Table 6.1).
A direct effect of sex was also observed in the Fe of both sodium and chloride, with
females showing significantly greater excretion of these electrolytes than males (P<0.05 and
P=0.01 respectively).

In addition, there was a clear sex dependant difference in urine

osmolality at 6 months of age, with females having lower urinary osmolality than males
(Males; 1247.81 ± 75.56 vs. Females; 822.912 ± 87.25 mOsm/kg; P<0.01) (Table 6.1).
At 12 months, there was no observable effect of maternal diet on plasma and urinary
electrolyte concentrations and osmolality. However there was a clear sex dependant
difference in urine osmolality, with a 1.3-fold greater urine osmolality in male offspring
compared to females at this timepoint (Table 6.2; P<0.05). In addition, there was a clear
effect of offspring sex on Fe of sodium, with males exhibiting a reduced percentage of Na
excretion compared with females (Table 6.2).
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FIGURE 6.2 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON RENAL FUNCTION IN OFFSPRING
AT 6 MONTHS
Male and female rats were exposed to either a C (male, n=8, female, n=5) or HF (male, n=8; female, n=6) diet throughout
pregnancy and lactation. Graphs indicated glomerular filtration rate (A), effective renal blood (B) and plasma flow (C)
Values are mean ± SEM, weighted for litter and represent absolute values. P values were obtained using a mixed linear
model, testing for the main effects of maternal diet (P Diet) and sex (PSex) and for interactions between these factors (P Diet*Sex).

267

A

P

D ie t

P

S e x

= 0 .3 8

P

D ie t* S e x =

= 0 .0 3
0 .4 2

1 .0

G F R ( m l/m in /g k w )

C o n tro l
H ig h F a t

0 .8

0 .6

0 .4

0 .2

0 .0
M a le

B

F e m a le

P

D ie t

P

S e x

= 0 .3 3

P

D ie t* S e x =

= 0 .1 2
0 .4 6

E R B F ( m l/m in /g k w )

5 .0

4 .0

3 .0

2 .0

1 .0

0 .0
M a le

C

F e m a le

P

D ie t

= 0 .4 8

P

S e x

= 0 .1 8

P

D ie t* S e x =

0 .7 9

E R P F ( m l/m in /g k w )

2 .0

1 .5

1 .0

0 .5

0 .0
M a le

F e m a le

FIGURE 6.3 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON OFFSPRING RENAL FUNCTION
(NORMALISED TO KIDNEY WEIGHT) AT 6 MONTHS
Values are means ± SEM, weighted for litter C male, n=8, female, n=5; HF male, n=8; female, n=6). Data represents GFR
normalized for total kidney weight (GFR/gKW) (A), eRBF normalized for total kidney weight (eRBF/gKW) (B), and
corrected eRPF (eRPF/gKW) (C). Data were analysed using a mixed linear model, weighted for litter, testing for the main
effects of maternal diet (PDiet) and sex (PSex) and for interactions between these factors (P Diet*Sex).
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FIGURE 6.4 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON FILTRATION FRACTION AND
URINE FLOW RATES IN OFFSPRING AT 6 MONTHS OF AGE
Male and female rats were exposed to either a control (C male, n=8, female, n=5) or high fat (HF male, n=8; female, n=6)
diet throughout pregnancy and lactation. Graphs indicate filtration fraction (A), absolute urine (B) and corrected urine flow
rate (C). Values are means ± SEM, weighted for litter. Data were analysed using a mixed linear model, weighted for litter,
testing for the main effects of maternal diet (P Diet) and sex (PSex) and for interactions between these factors (P Diet*Sex).
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FIGURE 6.5 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON UNCONSCIOUS HEART RATE
AND BLOOD PRESSURE IN OFFSPRING AT 6 MONTHS OF AGE
Male and female rats were exposed to either a control (C male, n=8, female, n=5) or high fat (HF male, n=8; female, n=6)
diet throughout pregnancy and lactation. Graphs indicate mean arterial pressure (A) heart rate (B), (systolic (C) and diastolic
blood pressure (D). Values are means ± SEM. Data were analysed using a mixed linear model, weighted for litter, testing
for the main effects of maternal diet (P Diet) and sex (PSex) and for interactions between these factors (P Diet*Sex).
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TABLE 6.1 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON OFFSPRING URINARY AND PLASMA ELECTROLYTE CONCENTRATIONS AT 6
MONTHS OF AGE

Control
Male
Fe Na (%)

High Fat
Female

Male

P values
Female

PDiet

PSex

PDiet*Sex

0.30±0.85

1.48±0.93

0.35±0.74

3.79±0.93

0.18

<0.05

0.13

Fe K (%)

71.10±30.89

65.95±34.97

31.04±26.86

125.41±33.50

0.78

0.15

0.11

Fe Cl (%)

1.62±1. 27

2.95±1.42

1.14±1.10

7.25.±1.39

0.17

0.01

0.08

739.92±123.39

0.12

<0.01

0.86

Urine Osmolality

1351.13±106.85

905.92±123.39

Urine Na

35.52±16.27

86.77±17.95

40.91±15.22

88.83±17.52

0.84

<0.01

0.92

Urine K

153.94±19.56

99.41±21.69

128.51±18.31

79.79±21.00

0.32

<0.05

0.88

Urine Cl

125.22±19.13

134.66±20.66

135.74±17.90

138.27±20.67

0.72

0.76

0.86

298.00±102.15

444.44±113.37

610.41±101.99

525.88±109.57

0.17

0.66

0.13

136.66±9.27

122.80±10.97

131.38±8.67

153.74±10.97

0.22

0.68

0.09

Plasma K

3.45±0.28

3.15±0.33

3.50±0.26

4.11±0.33

0.11

0.61

0.24

Plasma Cl

108.41±6.50

97.82±7.69

102.31±6.08

118.32±7.69

0.31

0.70

0.07

Plasma Osmolality
Plasma Na

1144.50±106.86

Values are means ± SEM; Control male, n=6; female n=4; HF male, n=8 and female n=5 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt. fat) or HF diet (23% wt./wt. fat)
in utero and postnatally until weaning. P values were obtained using a mixed linear model, weighted for litter, testing for main effects of maternal diet (PDiet) and sex (PSex) and for interactions
between those factors (PDiet*Sex). Fe: Fractional excretion.

271

A

P

D ie t

P

S e x

= 0 .2 9

P

D ie t* S e x =

< 0 .0 1
0 .1 0

3 .0

C o n tro l

(m l/m in )

H ig h F a t

G F R

2 .0

1 .0

0 .0
M a le

B

F e m a le

P

D ie t

= 0 .1 1

P

S e x

P

D ie t* S e x <

< 0 .0 1
0 .0 1

E R B F ( m l/m in )

2 5 .0

2 0 .0

1 5 .0

1 0 .0

5 .0

0 .0
M a le

C

F e m a le

P

= 0 .0 9

D ie t

P

< 0 .0 1

S e x

P

D ie t* S e x <

0 .0 1

E R P F ( m l/m in )

1 5 .0

1 0 .0

5 .0

0 .0
M a le

F e m a le

FIGURE 6.6 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON OFFSPRING RENAL FUNCTION
AT 12 MONTHS OF AGE
Male and female rats were exposed to either a control (C male, n=7, female, n=7) or high fat (HF male, n=6; female, n=7)
diet throughout pregnancy and lactation. Values are means ± SEM, and represent (A) GFR (B) eRBF and (C) eRPF. Data
were analysed using a mixed linear model, weighted for litter, testing for main effects of maternal diet (P Diet) and sex (PSex)
and for interactions between those factors (P Diet*Sex).
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FIGURE 6.7 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON OFFSPRING RENAL FUNCTION
(NORMALISED TO KIDNEY WEIGHT) AT 12 MONTHS OF AGE
Values are means ± SEM and represent (A) GFR normalized for total kidney weight (GFR/gKW), (B) eRBF normalized for
total kidney weight (eRBF/gKW) and (C) corrected eRPF (eRPF/gKW). Values are means ± SEM. Data were weighted for
litter and analysed using a mixed linear model, for main effects of maternal diet (P Diet) and sex (PSex) and for interactions
between those factors (PDiet*Sex). (C male, n=7, female, n=7; HF male, n=6; female, n=7).
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FIGURE 6.8 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON FILTRATION FRACTION AND
URINE FLOW RATES IN OFFSPRING AT 12 MONTHS OF AGE
Graphs indicate filtration fraction (A), absolute urine (B) and normalised urine flow rate (C). Values are means ± SEM Data
were analysed using a mixed linear model, weighted for litter, testing for the main effects of maternal diet (P Diet) and sex
(PSex) and for interactions between these factors (P Diet*Sex). Absolute UFR (B) and UFR normalized for total kidney weight
(C) are shown. (C male, n=7, female, n=7; HF male, n=6; female, n=7)
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FIGURE 6.9 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON UNCONSCIOUS HEART RATE AND
BLOOD PRESSURE IN OFFSPRING A 12 MONTHS OF AGE
Male and female rats were exposed to either a control (C male, n=7, female, n=8) or high fat (HF male, n=6; female, n=7)
diet throughout pregnancy and lactation. Graphs indicate mean arterial pressure (A) heart rate (B), (systolic (C) and diastolic
blood pressure (D). Values are means ± SEM, weighted for litter. Data were analysed using mixed linear model, weighted
for litter, testing for the main effects of maternal diet (P Diet) and sex (PSex) and for interactions between these factors
(PDiet*Sex).
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TABLE 6.2 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON OFFSPRING URINARY AND PLASMA ELECTROLYTES AT 12 MONTHS OF AGE
Control
Male

High Fat
Female

Male

Female
12 month
0.08±0.09
0.44±0.10

Fe Na (%)

0.22±0.09

0.32±0.09

Fe K (%)

18.58±4.36

17.73±4.36

24.25±4.36

Fe Cl (%)

0.56±0.09

0.71±0. 09

0.65±0. 09

Urine Osmolality
Urine Na

1780.85±188.62 1619.19±182.328

P values

2104.18±230.32

PDiet

PSex

PDiet*Sex

0.89

<0.05

0.15

18.88±5.84

0.45

0.49

0.62

0.58.±0.10

0.78

0.64

0.25

0.99

<0.05

0.08

1291.00±190.16

36.89±6.77

46.14±6.92

24.66±6.90

38.32±7.31

0.20

0.10

0.74

Urine K

106.14±24.22

98.28±24.22

134.77±24.22

107.28±26.16

0.45

0.48

0.70

Urine Cl

97.36±15.04

123.69±15.04

115.01±15.04

99.27±16.24

0.83

0.73

0.18

443.85±114.13

605.04±109.72

503.10±116.98

634.10±114.33

0.73

0.17

0.88

141.06±4.32

142.99±3.81

145.56±4.32

141.57±4.32

0.72

0.81

0.49

Plasma K

3.85±0.12

3.51±0.11

3.75±0.12

3.72±0.12

0.67

0.14

0.21

Plasma Cl

115.94±2.93

113.21±2.58

118.66±2.93

114.16±2.93

0.53

0.22

0.76

Plasma Osmolality
Plasma Na

Values are means ± SEM; Control male, n=7; female n=6; HF male, n=6 and female n=7 rats, n = litter. Male and female rats were exposed to a C (7% wt./wt fat) or HF diet (23% wt./wt. fat)
in utero and postnatally until weaning. P values were obtained using a mixed linear model, for main effects of maternal diet (PDiet) and sex (PSex) and for interactions between those factors
(PDiet*Sex), weighting for litter. Fe: Fractional excretion.
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6.3.3 RENAL NORADRENALINE CONTENT
There was no effect of maternal diet on renal noradrenaline content at weaning or 1 year of
(Figure 6.10A and B).
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FIGURE 6.10 - THE EFFECTS OF MATERNAL HIGH FAT FEEDING ON RENAL NORADRENALINE
CONTENT IN OFFSPRING AT WEANING AND AT 12 MONTHS OF AGE
Male and female rats were exposed to either a control or HF diet throughout pregnancy and lactation. Renal noradrenaline
content was analysed at weaning (A) (C male, n=6, female, n=6; HF male, n=5; female, n=5) or 12 months of age (B) (C
male, n=5, female, n=5; HF male, n=5; female, n=5). Values are means ± SEM, weighted for litter.
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6.3.4 RENAL PATHOLOGY
Sclerotic glomeruli were observed only in male offspring (Figure 6.11), and as such
females were excluded from the analysis. Analysis of glomerular morphology revealed no
effect of maternal diet on renal pathology. Male offspring of fat fed dams had a higher
number of lesions graded at 1 or more compared to control counterparts, however this did not
reach statistical significance (C male; n=5, HF male; n = 5).
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FIGURE 6.11 - INDEX OF GLOMERULOSCLEROSIS IN MALE RATS AT 12 MONTHS OF AGE
Male rats were exposed to either a control (n=5) or HF diet (n=5) throughout pregnancy and lactation. At 12 months, a
sclerotic grading system was used subsequently determine a sclerotic index for each kidney. Values are means ± SEM,
weighted for litter.
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6.4

DISCUSSION
The experiments described in Chapter 5 showed that at 12 months of age, male and

female offspring of fat fed dams had elevated blood pressure, but the mechanisms involved in
this increase in ambulatory blood pressure were unclear. The experiments described in the
present Chapter evaluated the role of maternal high fat feeding on offspring renal function at
6 and 12 months of age and aimed to identify whether renal dysfunction contributed to the
elevated blood pressure at 12 months of age. In addition, while data from the noradrenaline
spillover studies (Chapter 5) suggested that whole-body sympathetic function was maintained
in offspring of fat fed dams when compared to controls, it was unclear as to whether regional
differences in sympathetic activity, specifically to the kidney, were increased. Finally,
evaluation of renal sodium handling, often diminished in disease states, was undertaken in
this Chapter. This is one of the first studies to examine the long term effects of high maternal
dietary fat intake and the long term effects on renal function. This study is novel in that
modifications in offspring phenotype may be attributed to the fatty acid composition of the
maternal diet.

The present findings indicate that both male and female offspring had

significant renal dysfunction at 12 months of age compared with controls.
Suboptimal in utero conditions have been associated with permanent alterations to the
developing kidney.

In addition, numerous studies have confirmed that impaired renal

development is associated with increased risk of hypertension and renal disease in adulthood
(Brennan, 2006, Harrison and Langley-Evans, 2009, Armitage et al., 2010). On the basis of
this, it was hypothesised that maternal nutritional excess may lead to abnormal renal
development and adult renal function. Preliminary studies in models of nutritional excess
have confirmed that while nephron endowment is normal, there are programmed
modifications in the kidney in male and female offspring in adulthood (Armitage et al.,
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2005a, Jackson et al., 2011), and this could potentially translate to alterations in renal
physiology in exposed offspring.
A novel finding from the present study was the significant sexual dimorphic
alterations in renal function in offspring exposed to maternal HF feeding at 12 months of age.
It appears that males have an exaggerated vasodilatory response, potentially due to nitric
oxide sensitivity or perhaps an augmented endothelial dependent relaxation (Ahmed et al.,
2007). For male offspring of fat fed dams, GFR is relatively unchanged, suggesting that renal
glomerular pressure is maintained (Lote, 2000). Renal glomerular pressure is influenced and
maintained through both the afferent and efferent arterioles. If hydrostatic forces within the
glomerulus are conserved, vasodilation of these vessels may augment both eRBF and eRPF
without a resultant increase in GFR (Lote, 2000).

This may explain why GFR was

unchanged in the current study. However, the decrease in calculated filtration fraction, an
important marker of renal dysfunction, shows that the proportion of the blood filtered by the
kidney is reduced. In contrast, females offspring of high fat fed rats have reduced renal blood
flow, suggesting enhanced vasoconstriction. As reported earlier, the present findings indicate
that offspring are hypertensive (Chapter 5), and the change in renal function may be a
compensatory mechanism to protect the kidney from higher perfusion pressure. It is clear
however, that a greater understanding of mechanisms involved in the sexual dimorphic
differences in renal blood flow in offspring of fat fed dams is needed.
Numerous studies in both humans and animals have demonstrated that females and
males have differing susceptibility to adverse events that may affect renal function. In the
setting of CKD, females demonstrate slower progression rates than males (Neugarten et al.,
2000). A report by the Australian Institute of Health and Welfare determined that males had
a higher incidence of end-stage kidney disease than females.

Age-standardised results

indicated that diagnosis of end stage kidney disease (ESKD) was 24.4 per 100,000 population
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for males vs. 16.3 per 100,000 for females (Australian Institute of Health and Welfare, 2011).
In animal studies, castrated male rats had lower plasma renin activity and circulating
angiotensin levels following salt loading than sham-operated controls. Furthermore, castrated
males had greater sodium and creatinine excretion, thus implicating male androgens in the
activation of the RAS and sodium retention in response to salt loading (Hu et al., 2011). It is
believed that female hormones may have a renoprotective role. Supplementation of 17βoestradiol in female diabetic rats slowed the progression of diabetic nephropathy compared
with non-supplemented diabetic controls, suggesting a protective role of oestrogen.
Supplemented females had reduced renal expression of collagen and fibronectin, factors
found to contribute to the development of glomerulosclerosis and tubulointerstitial fibrosis.
In addition, 17β-oestradiol stimulated degradation of the extracellular matrix as seen through
increased expression of matrix metalloproteinase 2 and 9, with expression levels above that
seen in non-diabetic controls (Mankhey et al., 2007). However, in contrast to this, female
offspring in the present study appeared to be more severely affected by a maternal high fat
diet than males, and exhibited symptoms more commonly associated with renal disease, such
as reduced eRBF and hyperfiltration.
Sexual dimorphic dysfunction in other organs systems has been reported in offspring
following maternal fat feeding. In offspring of lard fed rats, female offspring developed
higher blood pressure than males (Khan et al., 2003). Interestingly, both male and female
offspring of fat fed dams had attenuated endothelial-dependent relaxation in mesenteric
vessels. The dissociation in male offspring between endothelial dysfunction and augmented
blood pressure highlights that dimorphic outcomes exist between the sexes (Khan et al.,
2003).

This suggests that endothelial dysfunction was not the mechanism driving the

observed hypertension in the Khan study. This may also be true for the current model, in
which both males and females had augmented blood pressure at 1 year of age, and an
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interaction between diet and sex on both renal blood flow and renal plasma flow was
observed. Females had a significant decrease in renal plasma and blood flow, resulting in
significant renal hyperfiltration. In humans and animals, males show greater age-related
declines in renal function, however post menopause, females show rapid decline in renal
function and increased blood pressure compared to males (Suzuki and Kondo, 2012). Thus,
sex dependant mechanisms appear to result in dimorphic deterioration in renal function, with
HF females showing signs of a greater, or more rapid age-related decline in renal function,
perhaps as a result of diminished levels of protective hormones such as oestrogen.
The mechanisms involved in these sexually dimorphic alterations in renal function are
unclear. In male control and high fat exposed offspring, renal histological examination
showed no differences in the presentation of glomerulosclerosis between groups.

This

suggests that overt structural damage to the kidney is not contributing to the renal dysfunction
observed in this model, however increasing sample sizes may provide greater insight.
Investigations into sympathetic function indicate that this system is not augmented at the
level of the kidney or the whole body. Additionally, physiological examination of wholebody noradrenaline spillover (Chapter 5) demonstrated that sympathetic activity was normal
in offspring of fat fed dams. In addition, renal noradrenaline content was found to be normal
in offspring of fat fed dams at E20, PN21 and 12 months, providing further evidence of a
limited role of this system in the current model of renal dysfunction.
The renal RAS, not investigated in the current study, is one candidate system that may
be involved in the elevation in blood pressure observed in the present model. The RAS is a
powerful regulator of blood pressure and blood volume, and there have been numerous
reports of sex-specific differences in the RAS. For example, ovariectomy (OVX) in rats
results in increased mRNA expression of renal AT1 receptors (Silva-Antonialli et al., 2004).
However, supplementation of OVX rats with oestrogen reverses the AT1 receptor expression
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to that of control females. AT1 receptors are potent mediators of the vasoconstrictive and
antinatriuretic effects of the RAS, and upregulated expression of these receptors is believed to
be involved in the development of hypertension (Lavoie and Sigmund, 2003). Hilliard et al
(2011) found significant sex differences in rats in the renal pressure-natriuresis and
autoregulatory responses of the kidney.

AT2 receptor blockade resulted in a blunted

autoregulatory response in female rats compared with males. In addition, AT2R blockade
significantly enhanced the vasoconstrictor response in females but not males.
Mechanistically, changes in vascular structure and function may explain the altered
renal function observed in the present study . Previous programming studies have shown sex
specific alterations in vascular structure and function following maternal high fat feeding
(Khan et al., 2003, Chechi et al., 2009), although studies from the Poston laboratory
(Armitage et al., 2005a, Khan et al., 2005) did not show gender specific differences in
endothelial dysfunction, with both sexes exhibiting similar differences in vascular function
and structure.

Sex specific alterations in vascular dynamics may affect physiological

functioning and may explain the differences in eRBF and eRPF in male and female offspring
of high fat fed dams observed at 12 months of age in the present study. As such, we
hypothesise that a driving mechanism behind the change in renal function observed in the
present study may be via programmed vascular biology, although further investigations are
warranted. Membrane fatty acids are critical for membrane fluidity, cell signalling and
secondary messenger pathways.

Human studies have characterised discordances in the

plasma lipidome of hypertensive individuals. Shotgun lipidomic analysis of hypertensive and
normotensive individuals found that hypertension was associated with reductions in plasma
glycerophospholipids,

specifically

the

phosphatidylcholines

(PC)

and

phosphatidylethanolamines (PE). This reduction was reflected in the composition of both
arachidonic and docosapentaenoic acid (Graessler et al., 2009), important as altered plasma
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membrane eicosanoids are linked with cardiovascular disease (De Caterina, 2011). We did
not conduct lipidomic analyses in adult offspring of fat fed rats to determine whether long
term perturbations in fatty acid composition continued beyond the fetal period. Nonetheless,
compelling evidence from offspring exposed to an energy rich diet during development
suggests that vascular structure may be a factor behind many of the cardiovascular
abnormalities observed (Ghebremeskel et al., 2000, Ghosh et al., 2001, Khan et al., 2003,
Khan et al., 2005, Armitage et al., 2007, Chechi et al., 2009). Aortic membrane fatty acid
composition was modulated in female offspring of saturated fat fed dams at 4 months of age,
with significant reductions observed in the fraction of AA and DHA in a number of major
phospholipid species (Ghosh et al., 2001).

In addition, blunted endothelium-dependent

relaxation in femoral arteries in response to acetylcholine was observed (Ghosh et al., 2001).
Regulation of sodium and water excretion by the kidneys is crucial for cardiovascular
and fluid homeostasis. It is well documented that altered renal sodium handling can have
detrimental effects on cardiovascular function, including increased blood pressure (Guyton,
1991, Hall et al., 1996, Hall, 2003). Given that we have shown renal dysfunction and
increased blood pressure (see Chapter 5) in offspring of fat fed dams at 12 months of age, we
anticipated that there may be alterations in renal sodium handling. However, no significant
effects of maternal diet on offspring fractional excretion of electrolytes or urine and plasma
osmolality were observed. While previous research has shown that renal Na+/K+ ATPase
activity was decreased in offspring of fat fed dams at 1 year of age (Armitage et al., 2005a),
no evidence of altered sodium handling by the kidney was observed in the present study,
suggesting Na+/K+ ATPase activity is maintained in this model.
In summary, the present findings suggest that maternal high fat feeding has sexually
dimorphic effects on renal function in offspring at 1 year of age. While the mechanism/s
responsible for these effects remain to be elucidated, it appears that female offspring are more
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susceptible to age-related declines in renal function than males, a likely result of reduced
levels of protective sex hormones.
Future studies may benefit from a more detailed investigation into the renal pathology
following prenatal exposure to a high fat diet. In particular, quantification of glomerular
number and size with age may provide greater insights into susceptibility to renal damage. A
detailed analysis of the function of the renal RAS in this model may also prove beneficial.
Indeed, the RAS appears to be susceptible to programming following suboptimal intrauterine
conditions and may therefore be an important system to characterize.

Finally, further

research is needed into the direct mechanisms controlling kidney function in this model.
Although GFR was unchanged, a ‘second hit’ such as exposure to high salt conditions, may
further exacerbate the renal dysfunction. Indeed, when exposed to a second hit such as
lifelong high fat feeding, data shows that offspring have increased renal pathology and
urinary albumin excretion compared with controls and offspring exposed to high fat
conditions in utero only (Jackson et al., 2011). The effects of a ‘second hit’ may be organspecific, as demonstrated by Khan et al (2004). Exposure to high fat conditions only during
the in utero period lead to greater deterioration of endothelial function compared with
lifelong-exposed offspring and controls.
Although the findings from this chapter suggest that renal dysfunction is not driven by
increased sympathetic activity to the kidney, this is in contrast to similar studies, in which the
sympathetic nervous system has been implicated in disease onset in offspring of fat fed dams
(Armitage et al., 2010, Samuelsson et al., 2010). It is therefore possible that direct analysis of
renal sympathetic nerve activity may provide a greater understanding of sympathetic function
of this organ.
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From a human perspective, the high fat diet used in the present study is similar to
what many women are consuming during pregnancy. This highlights that maternal dietary
lipid content alone is sufficient to program physiological dysfunction in later life. With high
rates of renal disease placing enormous burdens on health care systems, it is imperative to
understand how early life conditions contribute to the onset of renal dysfunction and renal,
and to further clarify the mechanisms involved. In closing, the current study is one of the
first to provide evidence that renal function can be programmed by in utero high fat exposure.
However, greater understanding of the mechanism/s involved in this sexual dimorphic
phenotype is needed.

286

CHAPTER 7: GENERAL DISCUSSION
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7.1.

DISCUSSION
Several lines of research have confirmed that the environment encountered early in

life is of critical importance for fetal development and long term health.

As food

consumption in many nations shifts to that of nutritional excess, research focusing on adverse
maternal conditions such as obesity, diabetes and high fat feeding have become critically
relevant. Many reports have confirmed that suboptimal conditions brought on by maternal
nutritional excess can programme disease in offspring in later life (Eriksson et al., 2000,
Armitage et al., 2005a, Samuelsson et al., 2008, Kirk et al., 2009, Cerf and Louw, 2010,
Duong Van Huyen et al., 2010, Samuelsson et al., 2010, Jackson et al., 2011).
Importantly, whilst numerous studies have begun to characterise the role of maternal
obesity on offspring health, there is a limited understanding of how consumption of a
maternal high fat diet that does not cause frank obesity, might contribute to the programming
of offspring health. Maternal obesity is not an isolated condition, and confounding factors
such as altered hormonal profiles and gestational diabetes can make it difficult to delineate
what factors are driving the varied developmental changes reported in humans (Ben-Haroush
et al., 2009, Gaudet et al., 2012, Hochner et al., 2012) and animals (Shankar et al., 2008, Ford
et al., 2009, Kirk et al., 2009, Oben et al., 2010). Thus, understanding how high levels of
dietary saturated fats, typically consumed in high quantities in Western diets, may
programme offspring with increased disease susceptibility in later life is of particular
relevance.
Saturated fatty acids consumed in high quantities are to some extent necessary
metabolic substrates for development. Indeed, culturing embryos in media supplemented
with saturated fatty acids has often been found to promote development. However, findings
have been inconsistent, with strong evidence that exposure to high levels of saturated fatty
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acids may have detrimental effects on development, with reduced developmental outcomes
reported in pre-implantation embryos (Jungheim et al., 2011). What is clear, however, is that
while saturated fats are vital for development, excessive delivery via the maternal diet can
have significant effects on the fetus. Furthermore, whilst maternal obesity is considered a
high risk state, the effects of nutritional excess in the absence of maternal obesity, although
less obvious, may also be detrimental to fetal development.
Consequently, the global aims of the experiments described in this thesis were to
i) Delineate the effects of maternal high saturated fat intake, without frank obesity, on
the fetus and fetal environment.
ii) Characterise over the long term, the physiological phenotype of adult offspring, with
particular focus on the renal, cardiovascular and sympathetic nervous system.
For this thesis, we developed a model of maternal high saturated fat feeding to
investigate the development of offspring both in utero and during the postnatal period.
Importantly, the model was not one of frank maternal obesity, and therefore allowed a better
understanding of offspring phenotype following high saturated fat exposure As such it is
relevant to a large percentage of women globally who, while not severely overweight or
obese, consume high levels of fat throughout their pregnancy with only mild increases in
adiposity. As stated previously, whilst maternal obesity is considered a high risk state, the
ramifications of increased nutrition, particularly through high saturated fat intake during
pregnancy, needs to be better understood.
There is scant understanding of how a maternal diet high in fat might alter fetal
growth and development. The first experimental study (Chapter 3) clearly identified that a
maternal diet high in saturated fat did not result in frank obesity in rats during pregnancy,
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however the increased intake of saturated fat was sufficient to drive increases in the lipid
status of both maternal plasma and fetal amniotic environment. Maternal high saturated fat
intake resulted in hyperlipidaemic conditions of amniotic fluid at E20. In addition, while the
total summed concentration of fatty acids in amniotic fluid was not increased at E14.25 or
E17.25, there were significant increases in concentrations of a number of fatty acids
following high fat exposure. The significance of this may be long standing. Across the three
developmental periods examined in this thesis, we see that in all lipid categories studied there
were significant changes in levels of individual fatty acids. For example, at E14.25 whilst
there was no increase in the total sum of cholesterol esters in amniotic fluid, there were
significant increases in the concentrations of individual cholesterol esters (CE), such as
CE22:4, 20:4 and 17:0. Moreover, we found that changes in individual lipids were not
necessarily a response to higher circulating levels of the same fatty acid in the maternal
plasma. For example, at E20, there were increases in several tri and diglycerides in amniotic
fluid, which were not increased in the maternal circulating lipid pool. These findings were
highly suggestive that placental lipid transport or fetal lipid metabolism is altered in fetuses
exposed to a maternal high saturated fat diet.

As such, we examined placental gene

expression of fatty acid transport and binding proteins, as well as lipases and receptors
(peroxisome proliferator-activated receptors) and glucose transporters.

However, no

significant differences in levels of mRNA expression were found between control and high
fat groups. This was somewhat surprising, given that the placenta is vulnerable to suboptimal
conditions, including maternal obesity (Lesage et al., 2002b, Amusquivar and Herrera, 2003,
Radaelli et al., 2005, Mairesse et al., 2007, Challier et al., 2008, Belkacemi et al., 2010, Coan
et al., 2010, Desforges and Sibley, 2010, Gatford et al., 2010, Burton and Fowden, 2012).
Studies of maternal obesity in sheep have reported distinct increases and decreases in
placental transporters (Zhu et al., 2010a, Zhu et al., 2010b). Notwithstanding the lack of
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observable change in placental mRNA expression in the present study, it is possible that
placental receptor or enzyme activity is altered, and may explain why nutrient transport is
affected following high saturated fat intake. Furthermore, the studies in Chapter 3 also
identified that the expression of hepatic receptors involved in fetal lipogenesis at E20 were
unaltered. As such, we hypothesise that there is perhaps an increase in placental activity of
key transporters involved in the movement of lipids from the placental compartment to the
fetus, and that this may drive the increase in amniotic fluid fatty acids. To answer this, yet
unanswered question, radiotracer studies may help to identify whether there are alterations in
the preferential movement of fatty acids across the placenta. These functional tests would
provide a more detailed understanding into placental function and help determine whether the
hyperlipidaemic conditions observed in the fetal compartment are due to preferential uptake
of fatty acids by the placenta, or increased activity of placental transporters. In addition,
there may be adaptions in placental morphology, including an increased ratio of
labyrinth:junctional zones (Mark et al., 2011) that may affect the movement of substrates
across the placenta. As such, histological analysis of the placenta may be useful.
Amniotic fluid is critically important for fetal health and development, and is an
important source of fetal nutrition (Mulvihill et al., 1985, Koski and Fergusson, 1992, Tisi et
al., 2004, Gurekian and Koski, 2005). Alterations in the composition of maternal dietary fat
have been associated with adaptations in the ratios of fatty acids incorporated into developing
tissue. For example, deficiencies in PUFA fatty acid concentrations are known to drive
abnormal neural development (Bertrand et al., 2006), and can lead to hypertension in later
life (Weisinger et al., 2001).

To date, the vast majority of studies focus on the

polyunsaturated fatty acids, with little information available on altered saturated fat level in
amniotic fluid. Furthermore, the consequences of alterations in individual lipids in amniotic
fluid are not well understood, particularly in the long term. The findings from this thesis
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demonstrate just how sensitive the developing fetus is to changes in the supply of fatty acids
from the mother, with long term physiological consequences observed in later life. As such,
changes in the concentrations or ratios of fatty acids have the potential to alter the ‘normal’
developmental process. Characterisation of amniotic fatty acid composition could be used to
identify important biomarkers of fetal health. Indeed, the ratio of lecithin/sphingomyelin in
amniotic fluid is currently used to determine lung maturity (Whitfield et al., 1972, Wijnberger
et al., 2010). However, a more detailed understanding of the lipid status of amniotic fluid and
how it may be used to assess broader areas of development would be highly valuable. In
addition, it could potentially provide details into fetal metabolic status at particular
gestational points.

With advances in diagnostic testing, including lipidomics analysis,

profiling lipids within biological systems during development is now possible, and may help
with identification of abnormal fatty acids profiles in utero. The implications of this are far
reaching. Intervention during a critical period of development may rescue the phenotype
typically observed in adult offspring following in utero high fat exposure.
An understanding of kidney development following maternal high saturated fat intake
is key to further understanding the phenotypic outcomes in exposed offspring. Numerous
studies employing maternal malnutrition have demonstrated that the kidneys are susceptible
to developmental programming and increase the risk of renal dysfunction in adulthood.
There has, however, been very little previous research on the effects of maternal high
saturated fat intake on fetal renal development and postnatal kidney function in offspring.
Therefore, the studies in Chapter 4 sought to identify how maternal high fat feeding affected
renal development and whether this translated to alterations in renal physiology in later life.
The studies described in Chapter 4 examined kidney development during the critical period
of branching morphogenesis. Branching morphogenesis is an important determinant of final
nephron number and numerous studies have demonstrated that alterations in branching
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morphogenesis influence final nephron endowment.

One study of early postnatal

hypernutrition reported a 64% increase in nephron endowment in male rats at 22 months
(Boubred et al., 2007).

Conversely, we found that during development, branching

morphogenesis was maintained. These findings are in line with data from our laboratory in
which we demonstrate that maternal high fat feeding does not effect nephron number in male
rats at 1 year of age (Armitage et al., 2005a). However, it is important to note that the
methodologies used to quantify postnatal nephron number differed between the
aforementioned studies (physical disector/fractionator technique (Armitage et al., 2005a) vs.
acid maceration (Boubred et al., 2007)) and may explain differences in findings. Taken
together, the present findings suggest that differences in renal function observed in this model
are most likely driven by factors other than nephron number. Advancements in imaging
technology may now provide greater insights into whether structural defects during
development are present in this model. For example, optical projection tomography can
provide three dimensional analysis of the developing kidney, with quantification of branching
and detailed exploration of renal spatial development possible (Short et al., 2010, Hokke et
al., 2013).

This could provide a greater understanding of complex structural changes

occurring during kidney development and the early life origins of renal disease.
Numerous studies have reported that offspring of fat fed dams that are programmed to
become obese also develop hypertension. Although it is well understood that obesity is a risk
factor for the development of hypertension, there is less information available as to whether
hypertension is programmed independently of offspring obesity in models of high fat feeding.
Rydyk et al (2011) found that offspring of non-obese fat fed dams were normotensive and of
normal body weight, although telemetric recordings showed there was increased
cardiovascular reactivity in response to acute restraint stressors. Samuelsson et al (2010)
identified that mean arterial pressure was increased in non-obese offspring of fat fed mice at
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30 days of age. It is important to note that the aforementioned study was a model of maternal
obesity, and supports the notion that development of cardiovascular dysfunction may be a
continuum, with more severe phenotypic outcomes associated with the levels of maternal
adiposity. Thus, it is difficult to delineate whether the phenotype observed in offspring result
from maternal obesity, and how much is a result of high dietary fatty acid exposure.
Accordingly, the studies described in Chapter 5 were designed to investigate the longstanding
cardiovascular consequences of a high fat maternal diet. The present findings are amongst
the first to show that the composition of the maternal diet programmes offspring hypertension
in the absence of obesity. At 1 year of age, both male and female offspring of fat fed dams
had significant increases in mean arterial pressure compared with control offspring. This is
significant as the fat fed offspring were neither overweight nor obese at the time blood
pressure was increased. However, it is important to note that offspring of fat fed dams had
altered growth trajectory, with both males and females demonstrating increased adiposity at 3
weeks and 6 months of age, with normalisation of growth by 1 year of age. Accelerated
growth during childhood and adolescence has been associated with increased risk of
cardiovascular diseases (Eriksson et al., 1999). Measurement of offspring food and water
intake in the present study suggests that appetite was not deregulated, and DEXA scans
indicated that lean tissue mass was similar to control offspring. Thus, it is likely that the high
fat offspring in the present study developed alterations in metabolic rate. Future research
identifying the basal metabolic rate in these animals may provide greater understanding of
why adiposity was increased. Interestingly, it has previously been postulated that in models
of catch-up growth there is greater metabolic efficiency, leading to decreased glucose
utilisation and enhanced de novo lipogenesis and fat storage (Dulloo, 2009). It would be
interesting to characterise pre- and postprandial metabolic efficiency in these offspring to
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determine whether subtle alterations in metabolic function arise as a result of maternal high
fat feeding.
The studies described in Chapter 6 investigated whether maternal high fat feeding
affected renal physiology.

The kidneys are key regulators of long-term cardiovascular

function, however despite the importance of this system, there has been little research into the
renal physiology of offspring of fat fed dams. Previous studies have reported increased renal
pathology (Jackson et al., 2011), increased nephron endowment (Boubred et al., 2007),
increased urinary albumin excretion (Jackson et al., 2011) and increased levels of renal renin
(Armitage et al., 2005a), indicating that the kidneys are influenced by maternal nutritional
excess. To shed more light on the renal consequences of high fat feeding, the present study
used gold standard techniques to measure glomerular filtration rate and effective renal plasma
flow, key determinants of renal function.

In addition, renal electrolyte handling was

assessed. The present study identified sexually dimorphic effects of the maternal high fat diet
on renal function, with hyperaemia observed in male offspring and decreased renal blood
flow observed in female offspring, compared with control offspring. However, it is unclear
as to what is driving these changes. Studies of urine osmolality and electrolyte concentration
revealed that renal handling of electrolytes was intact in both male and female offspring.
Perhaps investigation into offspring vascular function may improve our understanding into
the changes in renal blood flow observed at this age.

Analysis of renal pathology

demonstrated no change in glomerular sclerosis in offspring of fat fed dams, however further
investigation, perhaps into renal fibrosis, is warranted. Jackson et al (2011) demonstrated
increased glomerular sclerosis and tubulointerstitial fibrosis in male rats at 4 months of age
following in utero high fat/fructose exposure. The authors concluded that activation of proinflammatory pathways were likely driving this pathology, via activation of renal cortical
TGF-β1 expression, and decreased podocin and nestin expression. These findings strongly
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suggest that animals exposed to overnutrition during development are susceptible to renal
pathology in later life. It should also be borne in mind that offspring exposed to a maternal
high fat diet in the present study may have been more sensitive or susceptible to a ‘second
hit’ in postnatal life. Indeed, the findings from Jackson et al (2011) confirm this possibility in
males, as they found that lifelong exposure to high fat/high sugar resulted in even greater
renal pathology in rodents compared to both controls and offspring exposed to in utero
overnutrition only.
An important finding from the present study was the sexual dimorphic alterations in
renal function associated with the maternal high fat diet. Studies of the RAS in this model
may be useful for better understanding the physiological dysfunction observed, since the
RAS is a powerful regulator of blood pressure via control of vascular tone and excretory
capacity. Moreover, sex-specific differences in RAS function have been reported widely
(Moritz et al., 2010, Hilliard et al., 2011, Hu et al., 2011, Hilliard et al., 2012) and
accumulating evidence suggests that vasodepressive actions of the RAS are enhanced in
females (Lemarié and Schiffrin, 2010, Hilliard et al., 2011, Hilliard et al., 2012) with
increased expression of the vasodilator and natriuretic promoting AT2 receptor. Defining
whether there is a sex-specific role of the RAS in modulating either renal dysfunction or
augmented blood pressure will increase our understanding of the mechanisms involved in
disease onset in this model.
It remains to be determined as to whether the myogenic response and/or TGF are
involved in the renal dysfunction in the current model. Future research using single nephron
GFR may help elucidate this.

The myogenic response and TGF are autoregulatory

mechanisms of the kidneys and control of cardiovascular and fluid homeostasis. Numerous
lines of research have demonstrated that in disease states such as hypertension, the
autoregulatory capacity of the kidneys is compromised (Johnson et al., 2005, Cupples and
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Braam, 2007). In addition, whilst limited information is available for maternal high fat
feeding, there is evidence that perturbations during the developmental period program renal
autoregulatory capacity, whether this is through changes in vascular function (Turner et al.,
2007) or driven by structural deficits (Gray et al., 2010). For example, dexamethasone
exposure in fetal sheep resulted in enhanced TGF sensitivity in both fetal and neonatal life
(Turner et al., 2007). In addition, maternal ethanol exposure during development results in a
reduced nephron endowment and an increase in both GFR and eRPF in male offspring at 1
month of age (Gray et al., 2010). Gray et al. (2010) surmised that impaired autoregulatory
capacity may be a factor leading to renal dysfunction in this model.
Importantly, while the mechanisms involved in the observed increased blood pressure
in offspring of fat fed dams at 12 months of age in the present study are unclear, as discussed
above, renal dysfunction may be one driving factor. However, increased sympathetic activity
is also associated with hypertension, and maternal obesity has been shown to programme
sympathetic function, with increases in the sympathoexcitatory response in offspring of obese
mice (Samuelsson et al., 2008, Samuelsson et al., 2010). Maternal obesity in rabbits has been
shown to increase RSNA in obese rabbit offspring at 4 months of age (Armitage et al., 2010,
Prior et al., 2014). However, in the current model we found no evidence for dysfunction of
the sympathetic nervous system. A major difference between the current study and other
published reports is primarily that we did not have a model of maternal obesity. Thus,
sympathetic activation may be on a continuum in models of nutritional excess, with maternal
obesity demonstrating more significant programmed outcomes, and in models with little or
no maternal obesity, there may be only low levels of sympathetic nervous system
hyperactivity. Perhaps a trigger for increased sympathetic nervous system activation is
through a ‘second hit’ in later life, such as a high salt diet. A limitation of the present study
was the use of whole body noradrenaline spillover analyses, which may have masked organ-
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specific regional increases in SNS activity. However, as well as whole body sympathetic
analysis, we also measured renal noradrenaline content across the lifespan (E20, PN21 and
PN360). The results of this analysis indicated no elevation of sympathetic activity to the
kidneys in offspring of fat fed dams. Direct studies of renal sympathetic nerves may provide
greater insight into sympathetic activity to this organ, and feasibly a study that considers the
fall in blood pressure following renal denervation may further clarify the role of the
sympathetic nervous system in this model.
Previous research (Ghosh et al., 2001, Armitage et al., 2004) has shown that a typical
phenotypic outcome for the dietary model used in the present study is altered vascular
function in offspring. We hypothesise that vascular function may be affected by maternal
high fat feeding and that this may be a driving factor behind the increased blood pressure
observed, however further investigation is required. Indeed, research suggests that blood
vessel function, including blunted endothelium-dependent relaxation in arteries, is altered
following in utero exposure to high fat conditions (Taylor et al., 2004, Armitage et al., 2007).
In addition, modifications in the fatty acid composition of offspring blood vessels have also
been observed following maternal high fat feeding (Chechi et al., 2009, Kelsall et al., 2012).
This ties in closely with the results from the present fetal study, in which lipid accumulation
was identified in amniotic fluid at E20. It is possible that altered incorporation of lipids into
cell membranes of the vasculature influenced cardiovascular function in the present study.
In conclusion, the experiments conducted in this thesis clearly demonstrate the significance
of high levels of saturated fat intake during pregnancy on health outcomes for the developing
offspring, in both the fetal period and postnatally. Increases in maternal dietary saturated fatty
acid intake resulted in altered fetal growth trajectories and hyperlipidaemia during late fetal
development. Long-term effects of the diet were seen in offspring at 1 year of age, when
both cardiovascular and renal function were shown to be abnormal. The significance of these
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findings is clear, with direct relevance to human populations. Epidemiological studies in
Australia have demonstrated that a large percentage of the population is affected by
dyslipidaemia. Importantly when considering developmental programming, plasma lipid
screening in females aged between 25 and 44 years revealed that 35% of women have
abnormal cholesterol concentrations and 9.7% have increased triglyceride concentrations
(Dunstan et al., 2001). The dietary model used in the present study is particularly relevant as
it isolates and characterises the effects of the maternal dietary lipid content on fetal health,
without the confounding variables associated with maternal obesity. The significance of this
is clear in that women who consume high fat diets, but do not develop obesity, also place the
developing fetus at risk. As we shift to increased prevalence of non-communicable diseases
such as CVD and diabetes, it is important to understand how early life conditions may
contribute to the development of disease in later life. Evidence such as that produced in this
thesis provide insights into how early intervention may potentially reduce the prevalence of
these adult chronic diseases.
7.2.

FUTURE PERSPECTIVES

This study has provided important insights into the fetal mechanisms that may be driving
changes in offspring phenotype following maternal high saturated fat exposure. However,
further research is needed.
A better understanding of metabolic function in exposed offspring would be helpful.
Perhaps increased fat deposition may be a result of decreased metabolic efficiency and this
may be a mechanism driving the augmented cardiovascular and altered renal function in
offspring of fat fed dams.
Little research to date has been conducted on associations between the early life
environment and the subsequent development of adipose tissue, although two studies have
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described adipocyte plasticity in animals exposed to IUGR during development (Sarr et al.,
2010, Desai and Ross, 2011). In addition, adipocyte plasticity, whether it be hypertrophy or
hyperplasia, is not well understood and is a topic that requires considerable research. Low
levels of dietary α-linolenic acid have been shown to result in significant increases in the size
of epididymal fat pads at 4 months of age and increased proliferation of subcutaneous
adipocytes (Pouteau et al., 2010). These findings are indicative of the susceptibility of
developing adipose tissues to the effects of programming, and that this may be depot specific
(Castañeda-Gutiérrez et al., 2011). These studies highlight that the early life period may be
critical for fat deposition, and that this may be susceptible to maternal nutritional excess.
Changes in adipocyte number, size and or metabolic function may have long-standing
consequences and is an area of increasing interest for understanding the onset of obesity and
metabolic diseases such as diabetes.
An understanding of the role of the RAS in the onset of the sexual dimorphic changes
in renal function would provide greater understanding of the mechanisms involved in the
altered renal blood flow observed in offspring of fat fed dams. Direct recordings of renal
sympathetic nerve activity may also provide increased understanding of the role, if any, of the
central nervous system in the development of renal dysfunction. Preliminary data also
suggest that these animals may have an insulin resistant phenotype, thus further studies
utilising a euglycaemic hyperinsulinaemic clamp may further elucidate the phenotype in this
model.
Lipidomic profiling provides in-depth analysis of biological systems and enables the
identification of potential biomarkers of disease. Using this platform, the present analysis of
the fetal environment indicated a significant effect of maternal high fat feeding on the lipid
composition of amniotic fluid. It would be worthwhile to follow up animals at 1 year of age
to determine if the lipid profiles were altered. Indeed, increased levels of ceramides and LDL
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cholesterol are associated with diseases such as hypertension (Gulbins and Li, 2006, Symons
et al., 2008, Graessler et al., 2009, Mackey et al., 2012), and may be one mechanism
contributing to disease onset in the present model.
Greater understanding of the fetal environment is also required to better understand
the model phenotype. A more in-depth understanding of placental mechanisms is needed,
including an understanding of placental receptor activity, perhaps including radiotracer
studies that may give further insight into the movement of fatty acids across the placenta. In
addition, understanding whether gene expression changes occur in the kidneys may be useful
in identifying the early life causes of the adult renal phenotype.
The animal model used in the present study is relevant to a large percentage of
women who consume energy dense diets, without presenting as severely overweight or obese.
Understanding the impact of the maternal environment may allow early intervention and
therefore prevention of disease onset in later life.
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APPENDICES
APPENDIX 1 - CT RANGES FOR GENE EXPRESSION STUDIES
TABLE 8.1 - THE ABSOLUTE CT RANGES
PLACENTA AT E14.25, E17.25 AN E20
Transporters

E14.25 Ct values (ranges)
Control

HF

FOR TARGET GENES EXAMINED IN THE RAT

E17.25 Ct values (ranges)
Control

HF

E20 Ct values (ranges)
Control

HF

FABP
FABP2

nil

nil

nil

nil

36.36 – 40.00

37.42 – 40.00

FABP3

20.28 – 26.97

20.81 – 22.16

20.89 – 22.60

21.14 – 22.47

nil

nil

FABP4

28.37 – 35.96

27.43 – 29.13

26.56 – 28.37

25.87 – 28.74

32.49 – 34.47

31.82 – 34.48

FABP5

21.71 – 30.15

21.58 – 25.44

21.66 – 22.74

21.65 – 22.66

29.67 – 31.02

29.20 – 31.46

FABPpm

24.93 – 36.29

24.27 – 31.37

23.86 – 26.25

24.00 – 30.65

31.00 – 33.10

31.05 – 32.88

FATP1

26.48 – 36.26

27.13 – 31.23

27.34 – 30.78

26.81 – 28.92

29.11 – 31.12

29.42 – 31.34

FATP2

27.46 – 33.94

26.87 – 28.88

28.08 – 32.17

28.06 – 30.87

32.08 – 34.82

32.34 – 33.68

FATP4

26.22 – 36.05

24.82 – 28.12

25.26 – 27.67

25.03 – 25.91

29.03 – 31.12

30.04 – 30.27

PPARα

28.67 – 36.86

29.10 – 34.57

29.70 – 32.16

30.00 – 31.40

34.40 – 35.74

34.50 – 35.68

PPAR

24.66 – 38.56

24.54 – 37.83

25.09 – 26.69

25.81 – 28.79

33.11 – 34.97

33.21 – 34.69

PPARγ

22.53 – 24.41

22.44 – 23.82

22.53 – 24.41

22.44 – 23.82

28.69 – 30.82

28.26 – 31.28

GLUT1

18.60 – 26.12

19.66 – 20.94

19.05 – 23.67

19.11 – 20.86

25.70 – 27.50

24.96 – 27.16

GLUT4

28.87 – 35.38

39.33 – 34.85

30.35 – 35.39

29.48 – 33.10

35.20 – 37.51

35.32 – 37.31

LPL

24.34 – 33.72

23.84 – 28.65

24.56 – 27.27

25.07 – 36.16

28.09 – 29.74

28.18 – 30.51

EL

22.76 – 32.51

23.41 – 27.23

22.92 – 36.52

23.01 – 24.10

28.44 – 30.87

27.73 – 30.41

LAL

21.45 – 29.22

20.81 – 27.99

23.05 – 27.36

23.85 – 27.77

27.57 – 29.23

27.39 – 28.95

HSL

30.08 – 36.81

30.51 – 32.38

25.23 – 33.26

30.47 – 31.92

35.28 – 36.92

35.21 – 36.65

LxRα

27.83 – 36.23

28.34 – 29.96

28.56 – 35.44

28.57 – 32.44

32.23 – 34.12

32.35 – 34.05

FAT

24.91 – 33.48

25.89 – 27.83

24.79 – 31.81

24.84 – 26.38

29.67 – 31.02

29.20 – 31.46

FATP

PPARs

Glucose

Lipases

Other

Placental tissue was collected from dams fed either a C or HF diet at E14.25 (C, n=8; HF, n=7), E17.25 (C, n=8; HF, n=7)
and E20 (C, n=8; HF, n=8). FABP; fatty acid binding protein, FATP, fatty acid transport protein, PPARs; peroxisome
proliferator-activated receptors, GLUT; glucose transporter, LPL; lipoprotein lipase, EL; endothelial lipase, , LAL:
lysosomal acid lipase, HSL; hormone sensitive lipase, LxRα; liver X receptor α, FAT; Fatty acid translocase
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TABLE 8.2 - THE ABSOLUTE CT RANGES FOR TARGET GENES EXAMINED IN THE FETAL RAT
LIVER E20
Transporters

Ct values (ranges)
Control

HF

DGAT
DGAT1

24.27 – 27.28

23.27 – 26.00

DGAT2

27.88 – 25.03

24.72 – 27.62

FADS1

20.97 – 24.11

21.38 – 23.34

FADS2

14.94 – 19.20

14.23 – 20.29

22.81 – 25.99

22.47 – 24.56

FADs

PPARs
PPAR2α

Developing embryos were exposed to either a C diet (n=7) or HF (n=7) diet in utero. Fetal livers were collected at
embryonic day 20. DGAT; diacylglycerol acyltransferase, FADs; fatty acid desaturases, PPARs; peroxisome proliferatoractivated receptors
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APPENDIX 2 - TISSUE PROCESSING, EMBEDDING AND SECTIONING
Tissue processing was carried out by the Monash Research Histology Platform using
an automated tissue processor (Peloris II Rapid Tissue Processor, Leica Biosystems, North
Ryde, NSW, Australia). Kidney sections were placed in a series of graded alcohol solutions
and following dehydration, kidney specimens were immersed in a clearing agent (xylene),
and infiltrated with paraffin wax.
Following tissue processing, kidney sections were embedded into paraffin blocks for
sectioning.

An embedding unit was used for all paraffin blocking (EG1150 Paraffin

Embedding Station, Leica Biosystems, North Ryde, NSW, Australia). Kidney specimens
were placed in a liquid paraffin bath (58°C) for 20 minutes. Metal moulds were placed on a
heated block on the embedding station and liquid paraffin was added. Using forceps, kidney
sections were placed in the heated mould. Tissue was moved to the desired orientation and
then placed onto a cold plate. A labelled tissue cassette was placed as a backing for the
paraffin block. Paraffin blocks were left to set on a cold plate for at least 30 minutes, and
metal moulds were removed.
All paraffin blocks were sectioned on a rotary microtome (RM 2125 Rotary
microtomes, Leica Biosystems, North Ryde, NSW, Australia). For each kidney, blocks were
placed onto the microtome chuck and sections were initially cut at 10µm until a smooth
surface plane was sustained. Following this, block sectioning was set at 5µm. A start section
(between the first and tenth cut section of tissue) was selected randomly and every 10th
sample was then selected and placed into a water bath (for three samples only). The three
single sections were taken and mounted onto glass slides. These were dried at 90ºC prior to
staining.
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