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I. Synopsis 
 

Pregnancy is a physiologically demanding process, vulnerable to several modifiable lifestyle 

factors including diet. Malnutrition, or a dietary imbalance, can have severe implications on 

maternal physiology, as well as placental and fetal development. Several aberrant pregnancy 

outcomes have been linked with an abnormal diet disturbing maternal metabolism, hormone 

status and placental function. Dietary changes also disrupt the intrauterine environment for the 

developing fetus, altering growth and predisposing offspring to development of diseases later 

in life. Abnormal pregnancy outcomes are dependent on the specific timing and type of dietary 

insult. A major micronutrient deficiency present in multiple human populations is selenium. 

Deficiencies in micronutrients, such as selenium, have been linked to numerous pregnancy 

complications; however, the specific ramifications of a selenium deficient diet on pregnancy 

outcomes and fetal development is relatively unknown. Selenium is incorporated into 

selenoproteins involved in numerous biological and cellular processes including antioxidant 

function, thyroid hormone metabolism, endoplasmic reticulum stress and skeletal muscle 

development. Given selenium is associated with undesirable pregnancy outcomes, the primary 

aim of this thesis was to investigate the effects of selenium deficiency on pregnancy 

physiology, placental function, fetal development and offspring outcomes.  

Chapter 3 explored the effects of a maternal selenium deficit on gestational physiology, 

placental development and function, as well as fetal development. Although selenium 

deficiency is common, the specific ramifications of a selenium deficit on pregnancy is poorly 

understood. Female C57BL/6 mice were randomly allocated to either a control (>190 µg kg-1) 

or selenium deficient diet (<50 µg kg-1); mice were subjected to their respective diets four 

weeks prior to mating and throughout gestation. Data illustrated that an isolated maternal 

selenium deficit reduced maternal weight gain during gestation and fetal growth. Furthermore, 

thyroid hormone levels were increased in both maternal and fetal plasma, concomitant to a 

reduction in iodothyronine deiodinase expression within the placenta. Fetal blood glucose 

levels were also reduced, which was associated with an increase in placental glycogen content 

and an increase in placental GLUT3 expression. Although there were no changes to placental 

development, gene expression of several nutrient transporters, selenoproteins and antioxidant 

response genes were altered. These pregnancy outcomes likely preceded programmed disease 

outcomes in later life, which prompted further study in offspring models. 
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The effect of exposure to selenium deficiency in utero during fetal development was explored 

in Chapters 4 and 5. The offspring model in Chapter 4 indicated that exposure to a selenium 

deficit during development may induce peripheral insulin resistance in offspring in a sex 

specific manner. Both male and female offspring exhibited glucose intolerance and altered 

thyroid hormone levels. Furthermore, Chapter 5 showed that voluntary exercise was reduced 

by selenium deficiency and subsequently the programmed glucose intolerance was not 

alleviated. These studies both reiterated the importance of adequate selenium intake during 

pregnancy for offspring metabolic health.  

Chapter 6 characterised the expression of fourteen key selenoproteins in maternal, fetal and 

offspring tissues, and how this was impacted by perinatal and antenatal selenium deficiency. 

The gene expression of these selenoproteins was determined in the liver, kidneys and heart of 

all animals, as well as the placenta. A selenium deficit caused a reduction in several 

selenoproteins in all maternal tissues investigated, as well as the placenta. Intriguingly, 

expression of several selenoproteins within the liver, kidneys and heart of male and female 

fetuses was significantly increased. As offspring were placed on normal selenium diets after 

weaning, only slight changes in selenoprotein expression were observed in offspring; however, 

a sexually dimorphic relationship in selenoprotein expression was evident. This was the first 

study to demonstrate that transcriptional regulation of selenoproteins is complex and 

multifaceted, with expression exhibiting tissue-, age- and sex-specificities. This study also 

emphasized the importance of dietary selenium in maintaining the selenotranscriptome, and 

that deficiency of selenium during pregnancy has genomic programming potential. 

Finally, Chapter 7 explored the relationship between different serum selenium levels during 

pregnancy and thyroid function. This study indicated that the selenium status of pregnant 

women in South East Queensland may not be satisfactory. Additionally, this clinical study 

associated reduced serum selenium during pregnancy with reduced free triiodothyronine (fT3) 

levels, increased thyroid peroxidase antibodies (TPOAb), increased free thyroxine/thyroid 

stimulating hormone (fT4/TSH) ratio and an increased incidence in pregnancy complications, 

most notably GDM.  

Overall, this doctoral thesis has identified thyroid and metabolic specific outcomes following 

maternal exposure to a selenium deficit during pregnancy, which may contribute to pregnancy 

complications and programming of metabolic disease. These results highlight that 
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dysregulation of individual micronutrients, such as selenium, can have significant long-lasting 

ramifications on reproductive outcomes. Therefore, atypical levels of micronutrients in 

pregnant women should be considered as a significant risk. 
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1. Introduction 

Cardiovascular disease (CVD), diabetes and chronic kidney disease (CKD) are the 

underlying/associated cause of over 86% of all deaths in Australia [1]. These conditions are 

largely attributed to highly modifiable behavioural and lifestyle factors including consumption 

of a high fat diet, low fruit and vegetable consumption and physical inactivity, all of which 

contribute to disease development [1]. Research into the prevention of these diseases rather 

than disease treatment may reduce the morbidity and mortality of each disease individually and 

as co-morbidities, substantially reducing the financial cost of healthcare and improving the 

quality of life for millions of affected individuals worldwide. It is now widely accepted that 

these same modifiable risk factors that impair systems physiology in adult life are also 

detrimental during pregnancy. This is particularly true for perturbations in the maternal diet, as 

the developing fetus requires specific nutrients at various stages of pregnancy. Research has 

suggested that the risk of developing many debilitating chronic conditions is increased by 

physiological stresses during pregnancy, such that diseases can be programmed by events that 

occur in utero, prior to birth [2]. Therefore, a key strategy for the long-term prevention of 

disease is eliminating adverse pregnancy outcomes to ensure a healthy start to life.  

Good fetal nutrition requires a balanced combination of macronutrients including fats, 

proteins and carbohydrates as well as micronutrients (Table 1.1 – Minerals and Trace Elements 

and Table 2.1 - Vitamins). These micronutrients are essential to metabolic processes as well as 

cell and protein structure. Adverse effects on development are regulated by nutrition during 

multiple periods, including preconception, pre- and post-implantation and throughout 

organogenesis (Figure 1.1) [3-5]. The demand for each key nutrient changes over pregnancy, 

as different organs and systems develop over time. In general, there is an increasing demand 

for most nutrients with advancing gestation, associated with increases in fetal growth. 

However, the oversupply of nutrients during pregnancy can negatively affect fetal development 

and can similarly lead to programmed disease. Interestingly, for several micronutrients the 

recommended dietary intake (RDI) increases during pregnancy though there is no specific 

evidence defining whether these increases are beneficial to pregnancy outcomes [6, 7]. While 

most research has focused on investigating the role of macronutrients or total calorie intake on 

programmed disease, the importance of specific micronutrients on pregnancy outcomes and 

programmed disease is also of significant interest. 
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Deficits in key dietary micronutrients during pregnancy are known to increase the 

maternal risk of developing a range of pregnancy complications, impairing development of 

fetal organs and increasing long term risk of chronic disease in offspring [8]. Astonishingly, it 

has been estimated that 94.6% of adults in Australia don’t meet RDI guidelines for daily food 

and vegetable intake [9] and therefore, many women of reproductive age are likely to be 

deficient in key micronutrients. Associations between maternal micronutrient deficiencies and 

the risk of developing pregnancy disorders including gestational diabetes mellitus (GDM), 

preeclampsia and intrauterine growth restriction (IUGR) has been reviewed in detail in recent 

publications [4, 10, 11]. However, the impact of individual micronutrient deficiencies on 

pregnancy outcomes and offspring disease remains limited. 

1.1 Developmental Origins of Health and Disease 

The “Developmental Origins of Health and Disease” (DOHaD) hypothesis describes 

how adaptive responses to maternal, placental and fetal stressors during pregnancy 

subsequently program disease in offspring [8]. It is important to note that maternal 

perturbations merely increase risk of disease, with postnatal environmental factors also largely 

influencing disease outcomes. Many human studies have linked over and under nutrition of 

key dietary factors to physiological regulation of human growth (Tables 1.1 & 2.1). However, 

for many dietary factors, the underlying mechanisms by which they alter embryonic and fetal 

development remains poorly understood. Due to the challenges surrounding human studies, 

macronutrition has been the primary area of focus in humans, with fewer studies investigating 

the more subtle effects caused by deficiencies in micronutrients. Furthermore, these studies are 

often confounded by the fact that in many cases, multiple nutrients are altered such that it is 

difficult to ascertain the exact mechanisms of action for individual macronutrients, 

micronutrients, trace elements and phytochemicals in embryonic, fetal and neonatal 

development. While studies that investigate how micronutrients interact to regulate outcomes 

are important, studies investigating the impact of individual micronutrients must first be 

completed. In addition, studies in humans often investigate short term outcomes that occur 

during pregnancy such as preterm labour, preterm birth, IUGR and preeclampsia, or those that 

occur during childhood, rather than long term outcomes in adult offspring. 

Despite these inherent difficulties in human research, key studies have investigated 

offspring of women exposed to severe events during pregnancy from which long-term 
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outcomes have been identified. Malnutrition as a result of the Dutch Famine (1944-45) 

impaired fertility and pregnancy success [12] and has led to long term disease in offspring. 

Retrospective observations associated malnutrition in early pregnancy to impaired lipid 

profiles and increased risk of CVD, whereas malnutrition during mid or late gestation led to 

glucose intolerance. Furthermore, malnutrition in the first and second trimesters of pregnancy 

correlated with increased occurrence of obesity, though malnutrition in the third trimester was 

associated with decreased weight in adults [12].  

These studies highlighted the complexity of human development and how timing of 

exposure to perturbations before or during pregnancy can have different ramifications 

dependent on what stage of fetal development the insult occurs (Figure 1.1). However, while 

these individuals were clearly deficient in calories, they were also likely to be severely deficient 

in key micronutrients, which may have contributed to the outcomes reported. Indeed, the 

majority of epidemiological studies have found correlations between under and over nutrition 

and the programming of disease, through measurements of birthweight, placental weight and 

several other birth outcomes in humans [13]. However, they often fail to elucidate which 

components of the diet determine which outcomes or by what mechanisms these processes 

occur, thus animal models examining specific perturbations at different stages of gestation are 

more commonly utilized in programming research. 

2. Maternal nutrition and programming 

Investigating common forms of nutrient restriction as a maternal perturbation has 

traditionally been the most studied model of programming. This includes investigation into the 

effects of global calorie, protein, vitamin and mineral restriction. More recently, there has been 

focus on excessive fat and calorie intake which is known as an atherogenic “western” diet 

(high-fat, low-fibre, low consumption of fruit and vegetables) concomitant with over exposure 

to drugs and alcohol [13]. A recent systematic review and meta-analysis of 90 studies compared 

dietary composition of pregnant women in developed countries (n = 126,242) compared to RDI 

within the specific countries. The results showed that in developed populations, energy, fibre 

and carbohydrate intakes were generally lower whereas total and saturated fat intakes were 

higher than recommendations [13, 14]. Programming of disease is dependent on the type, and 

timing, of atypical nutrient status. Therefore, when investigating programming outcomes, it is 

important to take into consideration both under and over nutrition. 
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2.1 Undernutrition 

Maternal undernutrition can be caused by a range of factors including increased 

maternal or fetal demand, reduced intake or impaired ability for the body to absorb and utilize 

nutrients [5]. Maternal undernutrition is associated with several offspring pathologies including 

poor cognition and reduced lean and fat mass in childhood [15], as well as high blood pressure 

and increased risk of type 2 diabetes mellitus (T2DM) in adulthood [16]. Han and colleagues 

have shown that low maternal body weight increases the risk of preterm birth by 29% and low 

birth weight by 64% [17]. Undernutrition during pregnancy has been linked to several maternal 

pathologies influencing fetal growth and adult onset of disease, dependent on the deficiency 

(Tables 1.1 & 2.1). The effects of perinatal undernutrition led to the development of the 

hypothesis of developmental plasticity and the thrifty phenotype, discussed in detail later.  

The Dutch Famine, as previously stated, clearly illustrates the relationship between 

antenatal and perinatal undernutrition and adverse developmental programming outcomes. 

Ethically, it is not possible to investigate reprogramming mechanisms involved in 

undernutrition and human development, thus animal experimentation must be relied upon. 

Models of maternal protein and folate restriction during gestation have demonstrated 

impairment of metabolic and vascular function in second generation progeny [5] with evidence 

indicating translation to third generation progeny [18]. Transgenerational research on the Dutch 

Famine children indicated there are possible intergenerational effects of undernutrition [19] 

highlighting the significant implications of undernutrition during pregnancy.  

2.2 Overnutrition 

Overnutrition is now common in many regions of the world, with multiple retrospective 

studies conducted on associated programming events. Overnutrition is characterised by 

nutrient intake exceeding required levels and excessive weight gain. In terms of energy 

consumption, overnutrition occurs when caloric intake exceeds energy expenditure (physical 

activity and metabolism) leading to the onset of increased adiposity and obesity [5]. This has 

become a global pandemic leading to an increased number of women being overweight/obese 

when they conceive [20]. In Australia, 26% of mothers who gave birth in 2017 were overweight 

and a further 20% were obese, with just 4% being underweight [21]. Epidemiological studies 

have reported that being overweight during pregnancy increases risk of large for gestational 
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age babies and fetal macrosomia [13]. However, low birth weight, is also a common outcome 

and has been demonstrated in Canada, Australia and New Zealand [13, 22, 23]. The long-term 

effects of over feeding have been examined in several animal models, which have shown 

stimulation of uterine stress and aberrant alteration to normal development of placental 

vasculature. Biological pathways involved in maternal overnutrition and obesity and adverse 

outcomes are yet to be determined. 

While global energy intake can lead to increased maternal weight gain and poor fetal 

outcomes, oversupply of specific nutrients can lead to a range of effects during pregnancy 

(Tables 1.1 & 2.1). Though it is generally well understood that many micronutrients need to be 

supplemented above non-pregnant requirements to meet the requirements of fetal growth, for 

nutrients including thiamine, VitB6 and VitE, there is no significant scientific evidence 

indicating requirements in pregnancy are greater than those of non-pregnant women [7]. 

Adding to this, in first world countries, most females are over supplementing micronutrients 

increasing risk of alternative developmental disorders. This is seen with prenatal folic acid 

supplementation to reduce the risk of neural tube defects (NTD) in children; however, 

mandatory folate fortification of flour in several countries, plus the availability of multi-

micronutrient supplements has led to many pregnant females being over supplemented with 

folate during pregnancy. Recent studies have indicated that this over supplementation has 

contributed to the increased incidence of autism spectrum disorders (ASD) in children [4, 24]. 

Thus, it is important to define the implications of micronutrient deficits in order to determine 

the practicality of supplementing during pregnancy. 

2.3 Long term effects of micronutrient deficiencies on offspring disease 

Developmental plasticity describes specific adaptive responses to stress and 

environmental cues during development that may lead to conditioning of an individuals’ 

phenotype. In severe cases of malnutrition and environmental stress, it is hypothesised that the 

fetus may be capable of compromising development of anatomical structures to ensure 

survival. However, this physiological adaptation leads to the predisposition to disease later in 

life. Animal models have been employed to investigate specific effects of a range of vitamins, 

minerals and trace element deficiencies on fetal growth and offspring disease. While a number 

of these studies have been summarised in tables 1.1 and 2.1, it is important to highlight the 

range of outcomes that occur following inappropriate intake of certain micronutrients.  
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Iodine deficiency is one maternal perturbation known to have multiple effects on fetal 

development and is associated with fetal hypothyroidism, irreversible neural tube defects 

(NTD) and inhibited cognitive development [25]. Iodine deficiency has even been associated 

with offspring attention deficit and hyperactivity disorders in children (ADHD) [26]. 

Magnesium deficiency has been shown to impair fetal growth and alter kidney function leading 

to increased urination in the offspring [27]. Furthermore, magnesium deficiency during 

pregnancy in mice has been shown to induce anxiety like behaviour in adulthood [28]. Maternal 

zinc deficiency has been associated with fetal growth restriction but increased body fat content 

and decreased lean mass in adult offspring. These outcomes were shown to be related to fasting 

plasma insulin levels and be independent of sex [29]. Maternal iron deficiency has been linked 

to organ malformations, including cardiac hypertrophy along with reduced spleen and kidney 

size [30]. Reductions in iron concentrations during pregnancy are also linked to high rates of 

fetal growth restriction, as well as disturbances to blood pressure, iron storage (liver iron 

content) and haematocrit concentrations in offspring [30]. Iron deficiency has even been linked 

to offspring conditions including schizophrenia spectrum disorders [31], renal dysfunction [32] 

and an altered metabolic profile [33]. In contrast, iron supplementation has been shown to 

increase maternal risk of developing GDM, possibly through oxidative stress mechanisms [34] 

A recent study has linked non-essential metals including cadmium, lead and arsenic to 

essential trace elements including iron, zinc, selenium, copper, calcium, magnesium and 

manganese, showing a negative dose-dependent interaction mitigating function of essential 

trace elements associated with low birthweight [35]. This exemplifies the contraindications of 

micronutrient interactions that may have implications for individuals exposed to environmental 

toxins or those that take micronutrient supplements leading to unnecessary excessive levels of 

micronutrients. 

Vitamin deficiencies also have severe implications for offspring development (Table 

2.1). For example, maternal vitamin D deficiency is consistently linked to the adult onset of 

cardiovascular dysfunction that is associated with elevated blood pressure, perturbed heart rate 

and cardiac hypertrophy [36]. This has been associated with increased mesenteric artery 

myogenic tone and decreased nitric oxide evoked dilation with inhibition of endothelium 

derived hyperpolarization factor [37]. Maternal vitamin B deficiencies have been linked to 

epigenetic alterations and DNA methylation, associated with overweight offspring, an impaired 

immune response, hypertension and metabolic insulin resistance [38]. 
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Table 1 Known dietary requirements of specific trace elements during pregnancy, with pathologies associated with under/over nutrition and the role of 

the placenta in fetal development. 

Trace 
Elements 

RDIa 
during 

Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Copper (Cu) 1.3 mg AI 

Oedema, anaemia, bone disease and 
recurrent apnoea in the newborn. Cu 
is required for development of 
lungs, skin, bones and immune 
system [7] 

↑ Cu intake largely prevented by an 
emetic response, but is fatal when 
grams are consumed [39] 

Two placental Cu ATPase transporters identified, 
Meneke’s protein (ATP7A; MNK) and Wilson disease 
protein (ATP7B; WND) where MNK delivers Cu to the 
fetus and WND returns excess Cu to maternal 
circulation stimulated by oestrogen and insulin [40] 

Iodine (I) 220 µg 

Fetal hypothyroidism [25], impaired 
neuropsychological development 
including cretinism, mental 
retardation and brain damage [10] 
associated with hyperactivity 
disorders (ADHD) in offspring [26] 

↓ maternal weight gain and 
haemolysis with inhibitory effects on 
thyroid function which may have 
detrimental effects on fetal outcomes 
[7] 

Iodide transport across the placenta is not fully 
understood but is likely mediated by the sodium iodide 
symporter (NIS) and pendrin. [40]. In addition, placental 
deiodinases likely play a role in this process [41] 

Iron (Fe) 27 mg 

↑ placental size and programmed 
hypertension in offspring [42], 
premature birth, IUGR, ↓ birth 
weight, infant and child mortality, 
impaired neurobehavioral 
development [7] 

↑ risk of T2DM and induces Cu and 
Zn deficiencies. SGA babies, 
generation of ROS and CVD 
development and cancer, ↓ cognition 
and visual motor levels and ↑ 
susceptibility to infection [7] 

Maternal-fetal active transport against concentration 
gradient. Uptake facilitated by maternal diferric-
transferrin binding and endocytosed by placental 
transferrin receptors in apical syncytiotrophoblasts. 
Stored as ferritin in cytoplasm or transported via 
ferroportin into fetal circulation where it is oxidised by 
ferroxidase zyklopen/hephaestin like-1 [10] 

Selenium 
(Se) 

65 µg 

Recurrent miscarriage, 
preeclampsia, GDM, IUGR and 
preterm birth. Leads to retinopathy, 
respiratory distress syndrome in 
children. Inverse relationship with 
fetal and child death in first 2 years 
[43] 

Extreme selenosis can lead to 
gastrointestinal distress, mild nerve 
damage, associated with an ↑ risk of 
T2DM although postnatal effects 
associated with Se over nutrition are 
unknown, may prevent maternal 
hypothyroidism and lymphocytic 
thyroiditis [10] 

Suggested passive or active maternal-fetal transport, 
mechanism unknown, selenoproteins P responsible for 
Se transport between tissues [7], chemically similar to 
sulphur thus transplacental transport may be regulated 
via Slc13a4 

(Continues) 
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Trace 

Elements 

RDIa 

during 

Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Zinc (Zn) 11 mg 

Teratogenic, inhibition of growth 

factor signalling, preeclampsia, 

premature rupture of membranes, 

preterm delivery, growth 

retardation, impaired neurological 

development [44] 

Maternal gastrointestinal stress and 

additionally leads to Cu deficiency, 

no evidence of naturally occurring 

Zn toxicity or evidence of associated 

programming [7]  

Transport is bidirectional and does not occur against a 

concentration gradient, thus low maternal levels of Zn 

depletes fetal levels [39] 

Magnesium 

(Mg) 
350 µg 

Increased risk of preterm birth, ↓ 

birth weight and preeclampsia [43] 

in humans. Animal models 

demonstrate fetal loss, placental 

abnormalities [45] as well as 

anxiety and renal dysfunction in 

offspring [28, 46] 

Rare inducement of toxicity, positive 

effects on bone mineral density, 

neuroprotection [43]. Magnesium 

sulphate is the standard treatment to 

reduce incidence of eclampsia in 

women with preeclampsia and 

reduces risk of cerebral palsy [47] 

Active materno-fetal transport at average rate of 4.5 

mg/day maintaining high fetal plasma levels, mother 

will retain Mg at fetal expense when deficient [48]. Key 

placental magnesium transporters include, TRPM6, 

TRPM7, MAGT1 and SLC41A1, several of which are 

affected by maternal Mg status [45]. Other perturbations 

influence TRPM6 and TRPM7 levels in fetal tissues [49] 

Calcium 

(Ca) 
1000 mg 

↑ risk of preeclampsia, bone 

demineralization, exacerbates effect 

of Vitamin D deficiency [43] 

Hypercalcaemia causes ↓ BP [42] ↑ 

bone mineral density, ↓ gestation 

hypertensive disorders, ↓ risk of 

preterm delivery, ↓ offspring systolic 

BP. Leads to renal failure and cardiac 

arrhythmias in offspring [7]  

Active transport mechanism to satisfy tissue and bone 

development of growing fetus [7]. Transport through 

Ca2+ ATPase isoforms (PMCA 1-4), basolateral 

extrusion as well as through binding with calbindin. 

Fetal levels controlled through parathyroid hormone [50] 

Manganese 

(Mn) 
5 mg AI 

↓ cognitive development, IUGR, ↓ 

birth weight [51] 

Mn neurotoxicity, ↓ cognitive 

development, may have implications 

in children with Fe deficiency 

anaemia with serious ramification on 

the developing striatum [7] 

Mn is likely to be actively transported across placenta 

although the transporters involved have not been 

defined. High Mn associated with increase placental 

NR3C1 methylation [51] 

Table 1 (Continued) 

(Continues) 
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aFrom the nutrient reference values for Australia and New Zealand including recommend dietary intakes (6); for 19-30 yr old female individuals lactating 

and in 2nd and 3rd trimesters and infants from 0-6 months of age, recommendations may differ by age of pregnant woman. AI (Adequate Intake) used 

when insufficient data is available to determine a suitable RDI. 

 

Trace 
Elements 

RDIa 
during 

Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Potassium 
(K) 

2800 mg 
Hypokalaemia may have severe 
implication on pregnancy, birth 
outcomes unknown [7] 

Hyperkalaemia associated with 
severe atherosclerotic morbidity 
leading to CVD, indicator for occult 
metabolic/renal dysfunction [52], 
association between high K and 
programming yet to be elucidated 

As the key intracellular electrolyte, potassium 
concentrations are carefully controlled in pregnancy 
[53]. Little is known about the role of the placental in 
potassium regulation 

Phosphorus 
(P) 

1000 mg 
Dietary deficiency extremely rare 
[54] 

No evidence to justify ↑ in RDI, not 
recommended [54] 

Maternal adaption helps keep phosphorus levels constant 
[54] 

Chromium 
(Cr) 

30 µg AI 
May have implication for GDM but 
analysis is inconclusive [55, 56] 

May be associated with increased 
risk of preterm birth, particularly in 
males [57] 

Chromium accumulation in the placenta is associated 
with markers of oxidative stress and altered antioxidant 
expression (57) 

Molybdenum 
(Mo) 

50 µg 

Mo cofactor deficiency- a rare 
genetic disorder results in loss of 
Mo dependent enzymatic functions-
disrupting prenatal neuro-
development [58] 

Molybdenosis or molybdenum 
toxicity is not common in humans 
but may have similar ramifications to 
Cu deficiency [59] 

Mo compounds are thought to easily cross the placenta 
as cord blood levels in newborns and maternal 
concentration are shown to correlate [59] 

Table 1 (Continued) 
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Through models such as these, it has become evident that key organ systems are central 

to long term disease. The fetal kidney, brain, heart and metabolic organs are all commonly 

affected by maternal micronutrient deficiencies. These phenotypic changes range from the 

commonly reported nephron and cardiomyocyte number deficits, reduced liver size and 

decreased skeletal muscle growth [6] through to significantly more subtle defects. Likewise, 

there are multiple mechanisms, including those involved in brain function, tissue metabolism, 

hormonal signalling and cellular processes that may be altered due to maladaptive responses 

without changes to organ structure. It is not always clear if these micronutrient deficiencies 

impair organ development directly or indirectly by affecting formation of the developing 

placenta. Although the placenta is only a transient organ, adaptations in placental development 

in response to a maternal perturbation are likely to have the most significant impacts on 

offspring disease risk. For many micronutrients, it also remains unknown whether placental 

malformation and insufficiency is the cause or consequence of a maladaptive response. 

3. Placental influence on programming 

The placenta is an ephemeral organ, vital for fetal nutrient supply, communication and 

immunologic protection, as well as gas and waste exchange to support normal fetal growth 

requirements and metabolism [10]. Although transient, the placenta is imperative to fetal 

development and survival, acting as an interface between mother and fetus and maintaining 

pregnancy by hormonal control [10]. It is therefore likely that programmed disease outcomes 

are caused not only by direct impairment of fetal organs, but also indirect impairment caused 

by a poorly functioning placenta. The relative contribution of these direct and indirect effects 

is unclear but can often be teased apart by comparing different models.  

The human placenta begins development seven days after fertilisation, with formation 

of the ectoplacental cone leading to implantation of polar trophoblast cells into uterine 

epithelium [60]. The development of the chorionic villi of the human placenta begins to 

resemble its definitive form after rapid proliferation and cell fusion of trophoblast cells [61]. 

These polar trophoblasts fuse to form syncytiotrophoblasts with remaining trophoblasts 

forming cytotrophoblasts. This leads to further invasion into maternal decidua and formation 

of trophoblastic plugs in the spiral arteries. Further differentiation of trophoblast cells results 

in development of the tree like mass of chorionic villi [61]. As gestation advances, key 

signalling events regulate both invasion of the maternal decidua and regulation of villous 
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branching, such that the surface area available for exchange between the maternal and fetal 

systems increases as fetal size increases [60]. These processes regulate cellular oxygen and 

energy substrate availability, which in turn influences continuation of placental development 

[62]. This developmental stage is crucial as it determines the transport efficiency of the 

placenta. Interestingly, mechanisms by which placental differentiation and growth affect 

disease risk are unknown.  

Whilst murine and human placental development differs, the function and development 

are equivocal, as are the molecular mechanisms driving developmental stages [63]. Mouse 

gestation occurs for approximately 19 days, with development of the murine placenta occurring 

at embryonic day (E) 3.5 [64]. At this point, the trophoectoderm layer separates from the inner 

cell mass, which later form trophoblast giant cells at implantation (E4.5). The polar 

trophectoderm differentiate into the extraembryonic ectoderm that later forms the chorion 

trophoblast cells and the labyrinth [64]. Furthermore, the ectoplacental core form several cells 

including the spongiotrophoblasts. The trophoblast giant cells are analogous to human 

cytotrophoblast cells, and together with the spongiotrophoblast layer, form the junctional zone. 

The labyrinth zone develops at E8.5 subsequent to attachment of the allantois to the trophoblast 

derived chorion [65]. The labyrinth zone contains the chorionic villi equivocal to that in the 

human placenta. These villi branch extensively until birth; however, the development of a 

mature murine placenta is essentially complete by E14.5, reaching maximal weight at E16.5 

[65]. 

While the mouse placenta does not reach it’s definitive structure until approximately 

halfway through gestation, similar branching events regulate the formation of the murine 

villous network [63]. The villous networks are the interface between maternal and fetal systems 

and therefore correct formation of these networks is essential for the regulation of fetal growth. 

The invasion process elicits oxidative stress requiring modulation from antioxidant enzymes 

influenced from dietary sources. Micronutrient deficiencies may influence placental 

antioxidant enzymes such as glutathione peroxidase (GPx), thioredoxin reductases (TrxR) and 

superoxide dismutases (SOD) altering the efficacy of the placental vascularisation. Aberrant 

placental development is known to contribute to pregnancy disorders including placental 

insufficiency, preeclampsia, GDM, preterm birth and IUGR [43, 66]. This may potentially limit 

placental blood flow and responsiveness. Failure of the placenta to respond to environmental, 

dietary, metabolic, hormonal or in utero insults can have severe ramifications, predisposing the 

developing fetus to diseases later in life.  
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The size and shape of the placenta is associated with increased risk of hypertension and 

CVD regardless of birth weight, suggesting an influential role of placental morphology on 

biological processes [8]. A small placenta is proposed to restrict maternal nutrient supply to 

the fetus, whereas a large placenta requires a larger fraction of maternal nutrients for self-

maintenance. This U-shaped relationship of the placental ratio (placental weight and birth-

weight ratio) has been linked to CVD [67]. Additionally, placental morphology and dimension 

is linked with programmed hypertension [68]. This has been identified in preeclamptic women 

where the length, width, total area and weight of the placenta is reduced concomitant to an 

increase in thickness [69]. Development of the placenta, including hormonal regulation and 

nutrient exchange capacities, may also be sex dependent, which will be discussed later in 

further detail. Aberrant placental development can also cause placental insufficiency, 

preeclampsia and IUGR [43]. Additionally micronutrient deficiencies have been associated 

with these placental diseases (Tables 1.1 & 2.1) causing disruption to placental development 

and endothelial function [10]. Epigenetic processes in the fetus that are maternally regulated 

may also be affected by micronutrient deficiency, hindering one-carbon metabolism processes 

in the placenta [8]. As several nutrients are transported against concentration gradients, the 

placenta has multiple nutrient-specific receptors and transporters that may be upregulated in 

response to maternal supply and/or fetal demand [70].
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Table 2 Known dietary requirements of specific vitamins during pregnancy, with pathologies associated with under-/over-nutrition and the role of the 

placenta in fetal exposure and disease 

Vitamin 
RDIa 

during 
Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Vitamin A 
(Retinoic 

Acid) 
800 µg 

Failed implantation, embryonic 
death, fetal resorption. Failed 
development of nervous, 
cardiac, respiratory, pancreatic, 
hepatic and skeletal systems 
[39]. Growth reduced in 
postnatal life 

Teratogenic characterisation, 
overexpressed retinoid signalling 
inducing Hox gene malfunction. 
Disrupts genetic control of axial 
patterning inducing CNS 
developmental defects [39] 

No de novo synthesis, all obtained from 
maternal circulation. Retinol secreted from 
hepatic stores with retinol esters packed with 
chylomicrons. Transplacental transfer at the 
cellular level remains to be elucidated but 
placenta is suggested as site for storage until 
development of functional embryonic liver 
(second trimester) [71] 

Vitamin B6 

(Pyridoxine) 
1900 µg 

Clinical deficiency rare, can 
cause maternal seborrheic 
dermatitis, microcytic anaemia, 
convulsions and depression 
[72]. May implications for fetal 
development and programming  

↓ in risk of orofacial clefts and 
cardiovascular malformations [73] 
but pyridoxine intoxication may 
lead to sensory fibre loss [72] 

Bi-directional transport. Mechanism for 
supply regulation to fetal demand is unknown 
[72] 

Vitamin B12 

(Cobalamin) 
2.6 µg 

↑ risk NTD, adiposity, ↓ mean 
mass, insulin resistance, 
impaired neural development 
and altered risk of cancer [74] 
due to altered one-carbon 
metabolism 

May be implicated in the 
development of autism [75] 

Maternal-fetal transport via active transport, 
although mechanisms are unknown. 
Deficiency associated with preeclampsia. 
Reported that placenta synthesizes 
transcobalamin and contains transcobolamin 
receptors [76] 

Vitamin B9 

(Folate)  
600 µg 

Impairs nucleotide synthesis 
supports cell division, leading 
to megaloblastosis and cell 
death (prolific somatic cells) 
Induces NTDs, IUGR [10], 
hepatic and cardiac steatosis 
[77] in offspring 

↑ adiposity, central obesity and 
insulin resistance associated with 
↓ cobalamin [77] with risk of 
developing autism spectrum 
disorders [75] in offspring 

Maternal-fetal transfer of folate occurs against 
the concentration gradient- requires diffusion 
and active transport. Placenta has the ability 
to upregulate folate specific transporters if 
supply is low, vital to early fetal development 
[10] 

(Continues) 
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Vitamin 
RDIa 

during 
Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Vitamin C 
(Ascorbate) 

60 mg 

↑ risk of preeclampsia, 
anaemia and fetal growth 
restriction, specifically bone 
development, infantile scurvy 
may develop [78] 

↑ risk of preterm delivery with 
limited evidence of benefits for 
pregnancy or fetal development 
[78] 

Active transport across the placenta, cellular 
uptake and metabolism occurs on oxidised 
form of ascorbic acid (dehydro-L-ascorbic 
acid) which is reduced and delivered to the 
fetus [79] 

Vitamin D 5 µg AI 

↑ risk of rickets and 
osteoporotic fracture, CVD, 
hypertension, ↓ bone-mineral 
accrual in offspring [4] 

↑developmental risk of atopic 
disorders in offspring [80] 

Can convert VitD  25-hydroxyvitamin D 
[25(OH)D]  active calcitriol. VitD 
promotes placental VEGF production, 
modulates immune function, supports 
implantation and placental metabolism [4] 

Vitamin E (α-
tocopherol) 7 mg AI 

↑ atopic sensitisation in 
offspring including wheezing 
and asthma [81] 

Limited studies demonstrating 
benefits or major malformations 
[82]  

Α-tocopherol transfer protein helps 
transplacental transfer to aid in protection of 
the fetus against oxidative stress [83] 

Vitamin B1 
(Thiamine) 

1400 µg 

Wide-spread metabolic 
disturbance, Intrauterine 
growth retardation and 
hyperglycaemia in offspring 
[84] 

No known toxic effects associated 
with over nutrition 

Slc19a3 gene codes the thiamine transporter 2 
(TrTr-2), the predominant transporter of free 
thiamine in the placenta, expression regulated 
by ER stress [85]. Fetus can sequester 
thiamine, cofactor for oxidative carboxylation 
of pyruvic and α-ketoglutaric acid 

Vitamin B2 

(Riboflavin) 
1400 µg 

Fetal resorption, premature and 
still birth, mesodermal 
abnormalities [86] 

No known toxic effects associated 
with over nutrition  

Active transplacental transport mechanism 
with large retention of thiamine within fetal 
circulation [87]  

Vitamin B3 
(Niacin) 

18 mg 

Associated with pellagra in 
non-pregnant individuals but 
unknown effects on pregnancy 
and programming [7] 

Potentially teratogenic [88] leads 
to dermatological manifestations 
and maternal hepatotoxicity, 
programming effects unknown [7] 

↑ conversion of tryptophan to niacin reflected 
by ↑ urinary secretion of N1-methyl-
nicotinamide. Active transplacental transport 
as fetal plasma levels are higher than that of 
maternal [7] 

(Continues) 

Table 2 (Continued) 
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aFrom the nutrient reference values for Australia and New Zealand including recommend dietary intakes (6); for 19-30 yr old female individuals lactating 

and in 2nd and 3rd trimesters and infants from 0-6 months of age, recommendations may differ by age of pregnant woman. AI (Adequate Intake) used 

when insufficient data is available to determine a suitable RDI. 

 

Vitamin 
RDIa 

during 
Pregnancy 

Perinatal Pathologies and Evidence of Postnatal Programming 
Role of Placenta 

Under Nutrition Over Nutrition 

Vitamin B4 
(Choline) 

440 mg AI 

↑ risk of NTDs and aberrant 
fetal brain development 
specifically of the 
hippocampus [89] 

Hypothesized to improve brain 
structure and function [89]. 
Improves behavioural outcomes in 
rats exposed to alcohol during 
pregnancy [90] 

↑ concentration in fetal circulation, suggesting 
unidirectional, active transport of choline 
against a concentration gradient. Carrier-
mediated with human mechanism unknown 
[89] 

Vitamin B5 
(Pantothenic 

Acid) 
5 mg AI No known effects [7] No known effects [71] 

“Sodium-dependent multivitamin transporter” 
has been characterized for transport of 
pantothenic acid [91] 

Vitamin B7 
(Biotin) 

30 µg AI 

Cleft lip and palate, impaired 
bone growth, immune function 
and CNS abnormalities 
followed by developmental 
delay in children [7]  

No known toxic effects associated 
with over nutrition 

Biotin transporter present in the trophoblastic 
villus membrane, carrier mediated and 
sodium dependent, transport is not rapid and 
there is no substantial fetal-maternal gradient 
[7] 

Vitamin K 60 µg AI 

Deficiency is rare as it is 
recycled by Vitamin K epoxide 
reductase and produced by 
intestinal bacteria [92] 

Increased natural Vitamin K1 is 
not known to be toxic, synthetic 
VitK3 (menadione) can be toxic 
however supplement isn’t 
available [92] 

Transport to the fetus is poor and full-term 
neonates are typically VitK deficient with 
maternal supplementation of phylloquinone 
having no effect [92]  

Table 2 (Continued) 
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The placenta can also influence materno-fetal blood flow, metabolic rate and hormone 

production depending on requirements [4]. This is maintained through the endocrine functions 

of the placenta with release of several hormones including human chorionic gonadotropin 

(hCG), human placental lactogen (hPL), estrogen and progesterone. Materno-fetal transport of 

other micronutrients such as water-soluble vitamins are actively transported and fat-soluble 

vitamins flow via a gradient dependent on maternal status (Table 2.1).  

3.1 Sex specificities of programming 

The sex of the baby is set at conception, as determined by the sex chromosome (X – 

female, Y – male) carried in the sperm that fertilizes the egg, with differentiation of sexual 

organs developing around nine weeks into gestation. Recently, it has been determined that there 

may be sex specificities of the placenta and developmental signals that alter fetal 

responsiveness to certain stressors [93]. This means that one gender might possess greater 

ability to respond and alleviate stress and therefore reduce the risk to predisposition of disease 

later in life. The placenta has exhibited sex dependent structural and functional differences 

altering male and female stress responses [93]. For example, the placenta of a female offspring 

exhibits up-regulation of autosomal genes including immune-regulating genes indicating 

females are more equipped to responding to infection [94]. Males have also previously been 

shown to demonstrate greater in utero vulnerability, which may be attributed to reduced 

maternal-fetal compatibility for males [95]. Evidence shows that this manifests as higher 

impairment to infant and early life developmental outcomes for male fetuses exposed to 

prenatal and perinatal adversities in comparison to female fetuses [96]. 

Sex hormones can regulate the renal renin-angiotensin system with males exhibiting 

heightened hypertensive responses to slight maternal protein restriction compared to females 

in utero. Male offspring have also been identified to exhibit heightened expression of renal 

angiotensin receptor genes in response to corticosterone exposure [97]. Placental insufficiency 

resulting in growth restriction has also been shown to have overt outcomes including 

hypertension and metabolic disease, specific to male offspring [98]. Males have been identified 

to be more susceptible to oxidative stress due to the lack of estrogen, which may infer males 

are more vulnerable to programming mechanisms [99]. O-linked N-acetylglucosamine 

transferase (OGT) is identified as an X-linked gene involved in molecular mechanisms of 

transplacental signals impacting brain development. This gene is X-linked and unlike most 
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other genes, OGT escapes X inactivation within the placenta resulting in higher expression in 

female placenta, which may contribute to sex bias neurodevelopmental disorders programmed 

in males [100]. Biological mechanisms behind sex specific development, placental function 

and responsiveness to changes in maternal environment needs to be further explored in order 

to define potential sex-specific programming mechanisms. 

3.2 Developmental plasticity and compromise 

Developmental plasticity describes specific genotype or epigenetic adaptive responses 

to stress, and environmental cues during development that may lead to conditioning of an 

individuals’ phenotype. In severe cases of malnutrition and environmental stress, it is 

hypothesised that the fetus may be capable of compromising development of anatomical 

structures in order to ensure survival; however, this physiological adaptation leads to the 

predisposition of disease later in life. Nutritional stress responses have been shown to impede 

renal development causing a reduction in the nephron number in kidneys, which cannot be 

restored later in life. This reduction in nephron number may increase the risk for adult onset of 

systemic hypertension [101] increasing susceptibility to CVD. Several phenotypic changes 

associated with fetal compromise that would be associated with programming of disease have 

been identified, including reduction in cardiomyocytes, reduced liver size and decreased 

skeletal muscle growth [8]. However, there are also many mechanisms, including those 

involved in brain function, tissue metabolism, hormonal signalling and cellular processes that 

may be altered (due to maladaptive stress responses) without change to organ structure.  

The fetus may have a way to predict environmental circumstances and make adaptions 

during development to survive in these circumstances after birth [102]. The most commonly 

known example of this is termed the ‘thrifty phenotype’. Long term antenatal and perinatal 

malnutrition programs the fetus to predict a life of starvation, thus the developing fetus 

compromises by increasing metabolic efficiency to deposit fat, which impairs development of 

the pancreas, to induce a survival advantage [103]. However, this mechanism of nutritional 

thrift, greatly increases the susceptibility of developing metabolic syndrome, insulin resistance 

and T2DM, when the offspring develops with adequate or overnutrition [103]. This reiterates 

how stressors during pregnancy not only affect birth weight, but interplays with biological 

mechanisms that are yet to be determined. 
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Figure 1 Micronutrients shown to affect outcomes in offspring, specific to function and timing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A range of key micronutrients are required for fetal development. The concentrations of these micronutrients affect gamete quality, conception 

and blastocyst formation. Similarly, placental and fetal development requires optimal micronutrient concentrations. Over or under nutrition can 

lead to a range of defects, prior to, during and after pregnancy. Information and figure adapted from [3-5]. 
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4. Selenium 

Deficiency of selenium (Se) during human conception and pregnancy has previously 

been associated with placental oxidative stress and impairment of mitochondrial function 

[104]. Decreases in this essential micronutrient also contribute to the occurrence of perinatal 

complications such as preeclampsia, fetal necrobiosis and impaired immune system 

functioning [105]. However, the long-term impact of Se deficiency, prior to and during 

pregnancy on offspring disease, has not been previously investigated. As illustrated in figure 

1.1, Se is important to blastocystogenesis, embryogenesis and fetal development. Maternal Se 

concentrations progressively decline during pregnancy, which is further exacerbated by 

conditions including obesity [43], thus the RDI for the essential trace element increases during 

pregnancy and lactation. Importantly, diets that are deficient in Se may be concomitant with an 

atherogenic diet, and in combination, may be detrimental to fetal and offspring outcomes.  

Selenium exists in either organic (selenocysteine and selenomethionine) or inorganic 

(selenide, selenate and selenite) forms and once absorbed, is incorporated into key 

selenoproteins as selenocysteine (Figure 2) [106]. Selenium is involved in the function and 

synthesis of several selenoproteins including endogenous antioxidants such as GPx, TrxR and 

regulators of endocrine function such as iodothyronine deiodinases (DIO) [43]. It is important 

to note there are multiple selenoproteins with many diverse functions that largely remain 

unknown. Selenoproteins that may be involved in pregnancy and offspring disease include 

selenoprotein H (SelH) involved in mitochondrial biogenesis, SelP for homeostasis and 

distribution of Se and SelN important to oxidative and calcium homeostasis in muscle [10]. 

 Figure 2 Dietary selenium as either inorganic or organic species 

 

 

 

 

 

 

Dietary selenium as selenite, selenate, selenomethionine and selenocysteine, which is 

metabolised and incorporated into proteins via a unique tRNA pathway. Adapted from [107].  
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Given that abnormal Se levels have been associated with maternal disease in a number 

of clinical trials and that Se deficient diets induce preeclamptic like symptoms in rats [108], it 

is important to investigate the role of Se deficiency in the programming of offspring disease. 

Although Se deficiency is linked with reductions in antioxidants and an increased incidence of 

preeclampsia, the role and mechanisms of Se and development of preeclampsia remains unclear 

[109]. Very little research has been performed on the effect of Se status and fetal programming 

even though it is associated with preeclampsia, fetal growth restriction and preterm birth [109]. 

Selenium is known to be involved in several key cellular processes, and the mechanisms by 

which fetal development is disrupted requires further investigation 

4.1 Selenium, pregnancy and the placenta 

Selenium insufficiency in follicular fluid has been linked with reduced fertility in 

women as well as unexplained infertility [105]. The involvement of Se in the formation and 

activity of endogenous antioxidants is known to be important in maternal diseases such as 

preeclampsia [10]. Altered placental regulation of these antioxidant enzymes has been 

suggested to be one mechanism that Se deficiency affects maternal outcomes [109]. Placental 

oxidative stress is likely to be a common pathway affected in many models of programmed 

disease, thus investigations into the role of Se deficiency on placental function is of high 

importance. Reactive oxygen and nitrogen species (RONS) produced from trophoblasts include 

superoxide (O2
-) and nitric oxide (∙NO), which interact to form peroxynitrite (ONOO-) that 

depletes stores of nitric oxide and inhibits smooth muscle relaxation, enhancing dysfunction 

and injury [110]. Deficiency of Se may impair antioxidant systems that combat RONS stress, 

which may also alter morphology of smooth muscle cells in the placenta, further implicating 

physiology and function [111].  

There are multiple studies of Se status and conditions of pregnancy; however, none 

have elucidated the specific requirements of Se during pregnancy and which selenoproteins 

may be key for a healthy pregnancy. For example alcohol consumption during pregnancy has 

been shown to decrease hepatic stores of Se, reducing GPx1 expression while increasing GPx4 

and SelP expression and serum Se levels [112]. Dietary supplementation of sodium selenite 

has also been shown to improve recovery of cardiac function by reducing ischemic-induced 

oxidative damage to cardiomyocytes in rat offspring [113, 114]. A recent epidemiological 

study has shown a correlation between Se status and neurodevelopment, specifically language 
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and motor development [115]. There is also a correlation between low serum Se of pregnant 

women and the incidence of NTDs, especially anencephaly and rachischisis [105]. Selenium 

supplementation has also been associated with enhanced mitochondrial biogenesis and 

respiration within human trophoblastic cells [116]. Furthermore low serum Se has been 

associated with increased incidence of preterm birth independent to the occurrence of 

preeclampsia [117]. Despite increasing evidence of Se status and the involvement in pregnancy 

and oxidative stress, the role of specific selenoproteins in placental oxidative stress and 

mitochondrial function remains unclear. How Se deficiency impairs maternal stress responses 

and the impact of this on fetal development also remains to be elucidated.  

4.2 Selenium and metabolic diseases 

Recently there has been increasing interest in the involvement of Se in metabolic 

processes and diseases including GDM and T2DM [118]. It is speculated that Se may be 

essential to the regulation of cellular absorption and uptake of glucose, reducing insulin 

resistance. Epidemiological studies have revealed an association between high serum Se levels 

and T2DM, hyperglycemia and dyslipidemia due to disruption of insulin induced signalling 

pathways related to carbohydrate and lipid metabolism [119]. GDM pregnancies have also been 

linked with significantly lower serum Se levels [118, 120]. Insulin resistance increases in 

normal pregnancy concomitantly with increased oxidative stress. This is more prominent in 

women with GDM due to accumulation of free radicals from glucose oxidation, lipid 

peroxidation and protein glycation. Selenium is insulin-mimetic as it is able to promote the 

transport and entry of glucose into tissue for storage or conversion into energy via activation 

of key proteins involved in the insulin-signalling cascade [121]. As such, high concentrations 

of serum Se have been associated with T2DM, thus it is suggested that there may be additional 

mechanisms involved with low serum Se concentrations and impaired glucose tolerance in 

pregnancy.  

A recent study demonstrated that maternal consumption of a diet high in fructose alters 

the systemic distribution of Se in prepubertal rat offspring [122]. In these offspring, Se was 

depleted from cardiac and skeletal muscle, two highly metabolic and insulin dependent organs. 

There was repletion of Se in the kidneys, pancreas and thyroid in both sexes as well as the liver 

but only in female offspring [122]. While these other organs play a key role in regulating 

metabolic processes, they are not insulin dependent. This demonstrates that Se not only 
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influences metabolic processes, but metabolic abnormalities can program aberrant effects on 

Se distribution, dependent on sex. It is important to determine the relationship between Se 

levels and metabolic diseases as combined stressors may be extremely detrimental to offspring 

development. 

4.3 Selenium and the HPT axis 

As selenoproteins play a significant role in the biosynthesis of thyroid hormones, 

deficiency may also impact fetal outcomes through interactions with maternal-fetal thyroid 

hormones. Maternal thyroid function during pregnancy is critical for fetal neurogenesis and 

neonatal neural development, with thyroid stimulating hormones influenced by total levels of 

dietary proteins [123]. Maternal human chorionic gonadotropin (hCG) levels produced by the 

placenta during early pregnancy are known to alter plasma thyroid hormone concentrations due 

to structural similarity to thyroid stimulating hormone (TSH) [25]. Maternal hCG therefore 

stimulates the thyroid by binding to TSH receptors causing synthesis and secretion of thyroid 

hormones. In addition, placental estrogen increases maternal proteins that bind to circulating 

thyroid hormones such that the amount of free thyroid hormones, most notably free thyroxine 

(fT4), are reduced. Together these factors cause additional stress on the maternal HPT axis, 

such that additional insults may have greater impacts on thyroid hormone concentrations. 

Given that low maternal fT4 (hypothyroxinemia) is known to have negative impact on fetal 

development outcomes and increases the maternal risk of GDM it is important to understand 

the relationship between selenium deficiency and thyroid function in pregnancy, and 

maternal/fetal outcomes [25].  

A key set of proteins that are essential from normal thyroid function are the 

iodothyronine deiodinases (DIOs). These proteins mediate the conversion between different 

forms of thyroid hormones as well as the deactivation of these hormones. As such they are 

important coordinators of both tissue and systemic thyroid hormone concentrations [25]. The 

three iodothyronine deiodinase isoforms (DI, DII and DIII) specifically require selenocysteine 

at their active site for catalytic activity [124]. Both DII and DIII have been identified in the 

placenta, where DII deiodinates T4 to triiodothyronine (T3). DIII inactivates both T3 to 

diiodothyronine (T2) and T4 to reverse-triiodothyronine (rT3). Thyroxine is the most abundant 

iodothyronine in circulation and is converted to T3 in target tissues, whereas T2 is seen to 

stimulate mitochondrial respiration [125] as it targets cytochrome C reducers and oxidizers and 
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stimulates reactions involved in substrate oxidation [126]. It is not known whether modern 

diets have adverse effects on iodine levels and the efficiency of fetal hypothalamic-pituitary-

thyroid (HPT) development. This in turn would have significant alterations in DIO activity and 

TH levels in offspring.  

4.4 Selenium and the HPA axis 

Selenium deficiency may also impact fetal outcomes and offspring disease by altering 

key hormonal systems causing dysregulation of fetal adrenal hormones such as 

dehydroepiadosterone (DHEA) [127]. Pregnancy induces extreme physiological stresses and 

naturally activates the hypothalamic-pituitary-adrenal (HPA) axis, regulating the stress axis 

with corticosterone releasing hormone (CRH) activating release of adrenocorticotropic 

hormone (ACTH). Dysfunction of the HPA axis during pregnancy alters fetal brain growth and 

increases susceptibility to chronic diseases including metabolic and cardiovascular diseases 

[128]. Increased release of ACTH during the final stages of gestation inhibits secretion of 

gonadotropin-releasing hormone (GnRH) from the hypothalamus [129]. This cross talk 

between the HPA and the hypothalamic-pituitary-gonadal axes leads to the suppression of sex 

steroids. Importantly, a major steroid produced by the fetal adrenal zone is sulfoconjugated 

DHEA with the majority of cortisol in fetal circulation appearing to be of maternal origin [130]. 

DHEA has been shown to reduce abdominal fats, improve insulin resistance and reduce arterial 

inflammation. Secretion of DHEA is increased under the influence of ACTH, with genes 

regulating DHEA significantly increasing following placental stress [131]. In contrast, a 

decrease in DHEA impairs metabolic processes and is implicated in CVD and hypothyroidism 

[132, 133]. Interestingly, long-term elevated levels of DHEA have been associated with 

subfertility and polycystic ovarian syndrome [134]. 

Selenium supplementation has clinically been shown to significantly decrease serum 

DHEA levels [135]; however, the effect of Se deficiency on DHEA remains to be elucidated. 

Additionally, Se deficiency is linked to several muscular dystrophies and increases in creatine 

phosphokinase III levels in blood (CPKIII) [136, 137]. Impairment of the HPA axis and DHEA 

is also correlated with myotonic dystrophy and fibromyalgia, although mechanisms supporting 

this remain to be determined. There is an inverse relationship between CPKIII levels and T3 

and T4, where an increase in CPKIII is also indicative of hypothyroidism [138].  
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Overall, regulation of adrenal glucocorticoid secretion during pregnancy is driven by 

circadian variations in the HPA axis [139]. It has previously been demonstrated that insults 

such as alcohol in pregnancy alters offspring HPA [140]. It is important to determine whether 

periconceptional and maternal micronutrient deficiencies induce modulation of the HPT and 

HPA axis. This may help define pathophysiological processes or teratogenic risk factors 

associated with micronutrient deficiency, maternal health and susceptibility of programmed 

offspring disease. The experimental plan in this study will further attempt to identify 

mechanisms of Se deficiency as a maternal stress in modulating developmental processes that 

may induce fetal programming. 

4.5 Selenium induced programming and one-carbon metabolism 

One-carbon metabolism involves biochemical reactions involved in amino acid and 

nucleotide metabolism and is the best understood mechanism of regulated DNA methylation 

due to diet. The result is biosynthesis of lipids, nucleotides, proteins and the maintenance of 

redox status and substrates for methylation reactions [10]. Folate, VitB6, B12, choline and 

homocysteine levels are crucial to this process and thus to cell division of granulosa cells 

(oogonia), oxidative stress, inflammatory cytokine production, apoptosis and defective 

methylation reactions important to oocyte development [141]. Reductions in folate and VitB12 

in sheep have been associated with epigenetic changes in offspring DNA methylation, 

increasing susceptibility to obesity, insulin resistance and hypertension in adults [4]. Both 

folate and Se deficiencies have been shown to induce global DNA hypomethylation, increasing 

susceptibility to cancers including colorectal cancer [8] and has been associated in preterm 

placenta [10].  

Homocysteine levels are also elevated in women with vitamin deficiencies, 

preeclampsia and GDM [142, 143]. Homocysteine is an amino acid produced when methionine 

is demyelinated and is involved in key methylation and sulphuration pathways. 

Hyperhomocysteinemia (HHCY) is associated with several pregnancy complications and is 

induced by a decrease in folate and VitB12, which has been shown to have an inverse 

relationship to Se [144]. Thus, by increasing dietary Se it may be possible to decrease total 

homocysteine (tHCY) caused by GDM and a high fat diet [145]. Alternatively, Se deficiency 

has also been shown to ameliorate the effect of folate deficiency [146]. It is important to 

determine methylation capacity and whether the mechanism of one-carbon metabolism is 
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disturbed by Se status through DNA methyltransferases (DNMT), as changes in regulatory 

enzymes may cause epigenetic disturbances which may program disease in offspring. 

5. Exercise, pregnancy and programming 

Maternal perturbations merely increase the risk of developing disease in offspring, with 

the development of disease dependent on interactions with other events both prior to birth and 

throughout postnatal life. While exposure to additional insults may increase disease risk or 

unmask a subtle disease phenotype, exposure to beneficial treatments may reduce the 

development of disease. Recent studies have trialled nutritional supplementation during 

pregnancy to help alleviate the effects of stressors on programmed disease outcomes [147]. 

Another common intervention is exercise during pregnancy. Pregnancy has profound effects 

on cardiac output, hemodynamics, tidal volume, centre of gravity and basal metabolic rate. 

Intense and prolonged exercise during pregnancy greatly increases stress and hormone 

responses and has been associated in reduced fetoplacental weight [148], which may have 

intergenerational consequences [149]. However, it is evident that moderate intensity, aerobic 

exercise induces positive respiratory and thermoneutral adaptations [150].  

Maternal undernutrition-induced fetal programming alters metabolic systems and 

increases morbidity and mortality from CVD and metabolic disease in offspring [151]. 

Therefore, exercise as an intervention may be more appropriate in programmed offspring at 

risk of disease. Maternal undernutrition has been shown to alter endocrine communication of 

the HPA axis causing metabolic disturbances and behavioural abnormalities including over 

eating, concomitant with diminished exercise behaviour [149]. Regardless, given these 

findings, offspring postnatal exercise may be a more appropriate intervention than exercise in 

pregnancy. Others have successfully used offspring postnatal exercise to minimise the impact 

of prenatal perturbations on offspring disease. Exercise may also be a suitable intervention to 

ameliorate any programmed disease outcomes in offspring exposed to selenium deficiency 

during pregnancy [152]. As it is not yet clear whether exercise by the offspring alleviates the 

effects of programming on metabolic and cardiovascular programming of disease, it important 

to delineate this relationship. 
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6. Characterising the effect of multiple micronutrients on gestation 

disorders  

The importance of maintaining adequate nutritional status prior to and during 

pregnancy has been highlighted; however, currently, micronutrient status it often unknown in 

pregnant women and therefore appropriate intervention strategies cannot be employed to 

reduce long term risk for offspring. Furthermore, while micronutrient status is linked to dietary 

intake, calculated micronutrient status is often very different to measured micronutrient intake 

due to factors including evolving metabolic demands, varying fetal development and 

differences in feeding methods affecting nutritional intake [153]. As such, assessment of the 

micronutrient status of pregnant women may prove to be a valuable means to reduce both 

complications of pregnancy and programmed disease. Through these analyses, it may be 

possible to predict and therefore intervene with supplementation to prevent these outcomes. 

Furthermore, we may be able to ascertain the impact of over-supplementation on the 

micronutrient in question, other micronutrients it may influence and health outcomes for the 

mother and child.  

Previously published review articles on biomarkers of oxidative stress in pregnancy 

disorders and placental derived biomarkers of pregnancy disorders [154, 155], indicate that 

disease risk could be predicted based on plasma concentrations of a range of micronutrients. 

Future research may utilise methods that simultaneously assess a large panel of vitamins and 

elements through various techniques of mass spectrometry to determine disease risk and 

suggest which supplements may be of most benefit. The various water or fat soluble vitamins 

can be quantified by liquid chromatography double mass spectrometry (LC-MS/MS) and gas 

chromatography double mass spectrometry (GS-MS/MS) [156]. Recent research has shown 

that up to 29 trace elements are reproducibly quantifiable in a single sample through inductively 

coupled plasma mass spectrometry (ICP-MS) and this number of elements should be able to 

be expanded [157]. This technology has the ability to comprehensively analyse multiple trace 

elements at once in a cost effective manner, providing a broad vitamin and elemental summary 

for any given individual. Initially, investigations such as this may aid in filling gaps of 

knowledge concerning how multiple vitamins, micronutrients and elements interact during 

gestation. By analysing a wide range of analytes specific signalling pathways can be targeted 

and interrogated for further investigation, increasing our understanding of the placental 

adaptations that occur in complex gestational diseases and programmed disease.  
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7. Final comments 

 It is becoming evident that the prevalence of non-communicable diseases may be due 

to adversity during fetal development and early life, increasing the risk of disease later in life 

through programming. Unfortunately, poor maternal nutritional status during pregnancy is 

largely attributed to poor fetal outcomes. While research traditionally is focused on other 

detrimental modifiable life-style risk factors such as smoking and alcohol consumption and 

atypical macronutrient status, subtle changes in micronutrient status may significantly 

contribute to poor pregnancy outcomes. Delineating the effects of poor micronutrient status, 

such as selenium deficiency, on pregnancy outcomes, placental function, fetal development 

and DOHaD is an important step in preventing adverse pregnancy outcomes and preventing 

the programming of non-communicable disease.  
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PROJECT AIMS 
 

 Atypical selenium levels during pregnancy appear to be involved in aberrant pregnancy 

outcomes; however, the specific impacts of isolated selenium deficiency in pregnancy remains 

obscure. Abnormal endocrine function and pregnancy complications may stem from an 

isolated, independent selenium deficit. While dysregulation of oxidative stress due to 

selenoprotein dysfunction remains well-defined, studies suggest other selenoproteins important 

for maintaining cellular and thyroid hormone metabolism may also influence pregnancy 

outcomes. This doctoral project aims to: i) examine the effect of a selenium deficit on pregnancy 

outcomes, placental function and fetal development in vivo; ii) assess the independent impact 

of selenium deficiency on the Developmental Origins of Health and Disease in vivo; iii) 

characterise the effects of selenium deficiency on maternal, placental, fetal and offspring 

selenoprotein gene expression; and iv) investigate correlations between serum selenium levels 

during pregnancy on thyroid function.   

Study 1: Maternal selenium deficiency during pregnancy in mice increases 

thyroid hormone concentrations, alters placental function and reduces fetal 

growth 

a) Assess the independent impact of selenium deficiency on a model of pregnancy in 

vivo 

b) Identify physiological effects of a selenium deficit on gestational progression, 

placental function and fetal development 

Study 2: Maternal selenium deficiency in mice alters offspring thyroid status and 

carbohydrate metabolism in a sexually dimorphic manner. 

a) Determine whether exposure to a selenium deficit during development influences 

the Developmental Origins of Health and Disease, specifically in terms of; 

i. Metabolic status 

ii. Thyroid hormone status 

Study 3: Exercise does not alleviate programmed metabolic dysfunction in male 

C57/BL6 offspring exposed to a selenium deficit during development 

a) Investigate the effects of an intervention, such as exercise, on mitigating 

programming of disease associated with developmental selenium deficiency  
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Study 4: Analysis of the selenoprotein expression in mice response to dietary 

selenium deficiency indicates distinct patterns by tissue and sex in maternal, fetal 

and offspring tissues. 

a) Determine the effects of selenium deficiency on selenoprotein gene expression in 

maternal tissues, fetal tissues and the placenta at embryonic day 18.5 

b) Examine the effects of selenium deficiency during development on offspring 

selenoprotein gene expression in multiple tissues at postnatal day 180 

Study 5: Low serum selenium during pregnancy is associated with reduced 

triiodothyronine and increased risk of gestational diabetes in humans. 

a) Investigate the relationship between serum selenium content and serum thyroid 

hormone concentrations in apparent euthyroid pregnant women 

b) Assess whether there is a relationship between serum selenium levels, thyroid 

function and incidence of pregnancy complications 
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Chapter 2 
 

General Methods 
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1. General Methods 

This chapter provides a general outline of materials and methods used throughout the 

thesis. All methods are described here in length; however, further details pertaining to 

specific experiments are described within their respective chapters. 

2. Animals (Chapters 3, 4, 5 & 6) 

2.1 Ethics 

All animal ethics were approved by the Griffith University Animal Ethics Committee 

(MSC/01/16/AEC) prior to the commencement of animal work. All mice were stored in 

environmentally controlled conditions of 22 °C and standard 12h light/ dark cycles. C57Bl/6 

mice are obtained from the Animal Resources Centre (ARC) and acclimatised to housing 

conditions for one week prior to dietary manipulation. The experimental design, as well as the 

housing and husbandry of animals, was in accordance with the ‘Animals in Research: 

Reporting In Vivo Experiments’ (ARRIVE) guidelines for DOHaD research. 

2.2. Selenium deficient diet  

The diet used in the current model contains torula yeast (30% total weight), corn starch 

(42%), sucrose (10%), coconut oil (7%), fibre and appropriate vitamins and minerals (5%) 

(Table 2.1). For the control diet, selenium was added back into the selenium deficient diet in 

the form of sodium selenite (Na2SeO3, Sigma-Aldrich, Germany) at 1 ml/kg of 1000 µg/mL. 

This restored selenium concentrations to levels found in standard animal feed. The custom diet 

was based on a torula yeast diet that is very low in selenium content that has been used for 50 

years to investigate the impact of selenium deficiency on health. The current formulation has 

been modified from the original diet to more closely match the commonly used standard mouse 

chow (AIN-93) and move away from the original AIN-76A style diet due to concerns of very 

high sucrose content. This diet is expected to have a higher selenium content than the original 

diet but is more representative of the degree of selenium deficiency that occurs in humans. 

2.3 Animal mating (Chapter 3) 

After one week of acclimatisation, female mice were divided into two groups, those 

placed on a control diet (normal selenium – NS) and those placed on a selenium deficient diet 



69 
 

(low selenium – LS) (Figure 2.1). Mice were provided with ad libitum access to these diets for 

four weeks prior to mating with males on a standard diet. Mice were mated once per week until 

pregnant (max 5 weeks). After confirmation of pregnancy, female mice were culled at E18.5 

via cervical dislocation for collection of tissues and further analysis. 

 

Table 1 Animal Diet.  

Dietary composition for the low selenium diet. Note, approximately 80 mL of Milli-Q water 

was added to each kilogram of food made with an added 1 ml/kg of 1000 µg/mL sodium 

selenite added to the normal diet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Ingredient g/kg diet 

Corn-starch 427 

Torula yeast 300 

Sucrose 100 

Coconut oil 70 

Cellulose 50 

Mineral mix* 35 

AIN-93G vitamin mix 10 

L-Cysteine 3.5 

L-Methionine 2.9 

Choline bitartrate 1 

L-Tryptophan 0.16 

total 999.56 

 

 *Mineral Mix g/kg 

Calcium carbonate, anhydrous 555.26 

Powdered sucrose 369.152 

Sodium chloride 73.5 

Sodium meta-silicate, 9 hydrate 1.45 

   mg/kg 

Chromium potassium sulfate, 12 hydrate 0.275 

Copper carbonate 0.143 

Boric acid 0.082 

Sodium fluoride 0.064 

Nickel carbonate 0.032 

Lithium chloride 0.017 

Potassium iodate 0.01 

Ammonium paramolybdate, 4 hydrate 0.008 

Ammonium vanadate 0.007 
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2.4 Post-mortem Tissue Collection 

Number of animals utilized for each group is included in subsequent chapters. Maternal 

blood was collected via cardiac puncture in lithium heparin (HEP) tubes. Each fetus and 

placenta were individually removed from uterine horns and wet weighed, followed by 

measurements of crown-rump length, and placental length, width and thickness. 

Approximately one quarter of the placenta was collected for immediate mitochondrial 

respiration analysis using an Oxygraph-2k (Oroboros Instruments, Austria). Fetal blood was 

also collected and pooled in HEP. All blood HEP tubes were spun at 5000 rpm for 5 minutes 

followed by collection of blood plasma. Glucose levels were measured in blood using an Accu-

Chek Performa Glucometer (Mannheim, Germany). Maternal and fetal organs including heart, 

liver, kidney, adrenals and brain were collected and wet weighed. Maternal thyroid, fat and 

skeletal muscles from hind limbs were also collected. After weighing, each organ was snap 

frozen in liquid nitrogen and stored at -80 °C. Fetal tails were also collected for gender 

phenotyping. 

2.5 Fetal sex determination (Chapter 3) 

DNA was isolated and purified from fetal tails using the DNeasy Blood & Tissues Kit 

(Qiagen, Melbourne, Australia). Fetal tails were collected at E18.5 for the sole purpose of sex 

identification. Sex was determined by measuring for the sex-determining region Y (Sry, 

NM_011564) expression with Taqman Gene expression technology. Samples were measured 

in duplicate on StepOnePlus Real-Time PCR System (Applied Biosystems, California, USA). 

2.6 Offspring studies (Chapter 4 & 5) 

In addition to the animals treated for embryonic tissue collection at E18.5, a second 

cohort of animals were treated as above and randomly selected to litter down to produce 

offspring for longitudinal studies (Figure 2.1). Mice littered down after approximately 19 days 

of gestation followed by daily monitoring with weighing of mice beginning at postnatal day 

(PN) eight. Offspring were weaned at PN24 and group housed with animals of the same 

treatment and sex. From this point all mice were monitored and weighed three times a week 

and placed on a standard Animal Housing chow diet. At PN30, one male and one female 

offspring were culled for collection of plasma and tissues as described above, with the 

remaining mice in each litter continuing into the PN180 cohort. All maternal mice that littered 

down were also culled at PN30. At PN60, male mice were also randomly allocated to sedentary 
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or exercise groups at to investigate exercise behaviour, performance and metabolic 

improvements. At three months of life (PN90), all animals were fasted overnight and 

underwent a tail snip to collect approximately 50 μl of blood in a HEP tube for fasting glucose 

concentrations and hormone analysis. Furthermore, at approximately six months of life mice 

underwent a glucose tolerance test (GTT). Following recovery from the GTT (PN180), mice 

were also culled via cervical dislocation and collection of tissues as previously stated. 

Approximately 10 mg of cardiac tissue from the apex of the murine heart was collected for 

immediate mitochondrial respiration analysis using an Oxygraph-2k (Oroboros Instruments, 

Austria). 

Figure 1 Summary of mouse model.  

Schematic representation of the period from dietary exposure till PN24, with collection of 

maternal and fetal tissues at E18.5 as well as offspring tissue at PN30 and PN180. 

  

Normal Selenium 

1 Week Acclimatisation 

4 Week Pre-Pregnancy 
Dietary Exposure 

Mating 

19 Day Gestational Period 

Postnatal Day 180 

Embryonic Day 18.5 

Low Selenium 

PN24 Weaned 

PN30 Cull 

PN90 Tail Snip 

PN170 GTT 

PN60 Exercise 
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2.7 Exercise intervention (Chapter 5) 

Male offspring were randomly assigned into sedentary and exercised groups at PN60 

to PN180, with exercising mice cages equipped with a plastic composite, solid-surface, 

bidirectional wheel (20cm diameter/6.5cm wide solid-surface Wodent Wheels; Transoniq, 

Flagstaff, AZ) (Figure 2.1). Running activity and behaviour of the exercised group was 

monitored daily and recorded using bicycle odometers that detect bidirectional movement 

(model BC-506/509; Sigma Sport, Olney, IL). 

3. Specific Investigations 

3.1 Glucose tolerance test (Chapter 4 &5) 

At PN180 mice were tested for glucose tolerance. Animals were fasted overnight, 

weighed and the tail swabbed with lignocaine. A tail snip was made to collect approximately 

2-5 μl of blood to assess fasting blood glucose. Approximately 1 g/kg of glucose in saline (0.9% 

sodium chloride) was administered by intraperitoneal injection. Glucose readings were made 

at baseline as well as 0, 30, 60, 90, 120 and 180 minutes post intraperitoneal injection using an 

Accu-Chek Performa Glucometer. Approximately 2-5 μl of blood was collected at each time 

point. Following the last time point, the mouse was placed back in the cage with access to food 

and water ad libitum and monitored carefully for the following hour.  

3.2 Mitochondrial respiration (Chapters 3 & 5) 

Full techniques describing measurements of mitochondrial respiration are described in 

chapters 3 and 5. Briefly, oxygraph 2K chambers were primed and calibrated with 

mitochondrial respiration medium 5 (MiR05 - 0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM 

K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM Hepes, 110 mM sucrose and 1 g L–

1 BSA essentially fatty acid free, pH 7.1) at 37°C. Approximately 6-10 mg of tissue from each 

placenta was shredded in biopsy preservation solution (BIOPS, MiPNet03.02, Oroboros) and 

saponified using 5 mg/mL saponin with gentle agitation for 30 mins. The tissue was dry 

weighed and transferred into chambers with MiR05 solution. Mitochondrial respiration and 

functional ability was measured using the substrate-uncoupler-inhibitor-titration (SUIT) 

protocol 1 and a hypoxic like protocol where placental tissues were exposed to zero oxygen for 

20 minutes before reperfusion. Analysis was conducted using Datlab software (Oroboros 

Instruments, Austria). Cardiac tissue from offspring mice at PN180 was analysed utilizing the 
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same protocol, albeit tissue was homogenized utilising a glass dounce (Duall 22, Kimble 

Chase, Atlanta, GA, USA) rather than saponified, and then diluted in MiR06 to 1 mg/ml.  

3.3 Inductively coupled plasma mass spectrometry (ICP-MS) (Chapters 3 & 7)  

Elemental analysis of tissue, plasma and serum samples was performed using ICP-MS 

with an Agilent 7900 ICP-MS (Agilent Technologies, Tokyo, Japan). Teflon digestion vessels 

were rinsed in Milli-Q water and loaded with samples after being weighed using a balance. 

Vessels were then loaded with distilled HNO3 (Seastar Chemicals Inc, Sidney, British 

Columbia), instrument quality HCl (Seastar Chemicals Inc) and instrument quality hydrogen 

peroxide (Seastar Chemicals Inc).  

Samples were digested in a MARS 6 microwave (CEM, Tokyo, Japan) and ramped to 

180 oC for five minutes for digestion; both temperature and pressure were monitored. Samples 

were diluted 1:50 with milli-Q water for Mn, Cu and Zn with the solution altered to include 

3% ammonia for Se and I. DOLT-5 Dog Fish liver (National Research Council Canada, 

Ottawa, Canada) was used as an internal standard for digestions. Analysis was controlled by 

ICP-MS MassHunter 4.2 workstation software (Agilent Technologies). ICP-MS multi-element 

calibration standard (Agilent Technologies) was used for the creation of standard curves for 

machine calibration and sample analysis, fully described in chapters 3. Four elements (Sc, Y, 

In, Tb) were used as an internal standard. 

3.4 Biochemical activity assays (Chapter 3) 

Samples were homogenized manually using a 5 ml glass dounce tissue grinder (Duall 

22, Kimble Chase, Atlanta, GA, USA) in 2x radioimmunoprecipitation assay (RIPA) buffer 

(Merck Millipore, Billerica, MA, USA) followed by centrifugation at 4°C for 10 minutes at 

100 g. Supernatant was collected and treated with 1% Triton X (Sigma Aldrich, Castle Hill, 

NSW, Australia). Final protein concentration was measured using a bicinchoninic acid (BCA) 

assay kit (#23227 Pierce BCA Protein Assay Kit, Thermo Scientific). 

Glutathione peroxidise: Activity of glutathione peroxidise (GPx) was measured using a 

Cayman Glutathione Peroxidase Colorimetric Assay Kit (Cayman Chemical Company, 

Michigan, USA). Extracted protein was normalised to 1 µg/µL of protein in phosphate buffered 

saline (PBS) with 10 µL used per reaction in duplicate. Assay absorbance was measured at 340 

nm using a Tecan Sunrise Absorbance Reader with Magellan Standard software (Tecan 

Sunrise, Tecan, Melbourne, Victoria, Australia) 
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Thioredoxin reductase (TrxR): Activity of thioredoxin reductase (TrxR) was quantified 

using a Cayman Thioredoxin Reductase Colorimetric Assay Kit (Cayman Chemical Company, 

Michigan, USA). Extracted protein was normalised to 3 µg/µL of protein in PBS with 10 µL 

used per reaction in duplicate. It is based on the reduction of 5,5’-dithiobis (2-dinitrobenzoic 

acid) (DNTB) with NADPH to 5-thio-2-nitrobenzoic acid (TNB), the resulting product was 

measured at 410 nm as described.  

Superoxide dismutase: Total superoxide dismutase (SOD), cystolic and mitochondrial, 

activity was quantified using a Cayman Superoxide Dismutase Colorimetric Assay Kit 

(Cayman Chemical Company, Michigan, USA). Extracted protein was normalised to 1 µg/µL 

of protein in PBS with 10 µL used per reaction in duplicate. The assay measures all three types 

of SOD:Cu/Zn, Mn and FeSOD. Absorbance was read at 450 nm as described. 

3.5 Hormone analysis (Chapters 3 & 4) 

Thyroid hormones: Thyroid hormones, specifically tetraiodothyronine and triiodothyronine, 

were measured in maternal, fetal and offspring plasma using the thyroxine (T4) a competitive 

enzyme-linked immunosorbent assay (ELISA) kit (EIAT4C, Invitrogen, California, USA) and 

triiodothyronine was measured using the total T3 radioimmunoassay kit (Beckman Coulter, 

Hostivaˇr, Czech Republic: catalogue no. IM1699) with functional and analytical sensitivities 

of 0.26 and 0.49 nmol L–1, respectively.  

Corticosterone: Plasma corticosterone levels were measured in plasma samples from mothers 

and offspring at PN180. Measurements were completed in duplicate within a single assay using 

the DetectX Corticosterone Enzyme Immunoassay kit (Arbor Assays, Ann Arbor, MI, USA; 

catalogue no. K014-H1) in accordance with the manufacturer’s instructions. 

Insulin: Plasma insulin levels were also measured in plasma samples from mothers and 

offspring at PN180. This was performed using a single assay with samples measured in 

duplicate using the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem Inc., Elk Grove 

Village, IL, USA; catalogue no. 90 080) in accordance with the manufacturer’s instructions. 

3.6 Western Immunoblotting (Chapter 4) 

Total protein was extracted from approximately 60 mg of frozen gastrocnemius tissue. 

Quantitation of total protein was conducted using a bicinchoninic acid (BCA) protein assay, 

with all samples normalised to 2 µg/µL for use in western blotting procedures. Protein (15µL) 

was loaded into each well of the 12% polyacrylamide gels, followed by separation via 
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electrophoresis at 120 V for approximately 2 hrs. Following electrophoresis, membranes were 

blocked using Odyssey blocking buffer for 1 hr, then incubated with primary antibodies 

overnight. Membranes were washed, followed by an hour incubation with Li-Cor secondary 

antibodies. Finally, protein expression was visualized with the Li-Cor Odyssey CLX imaging 

system. Protein expression of targets were normalised to a housekeeper on the same blot. 

Specific details pertaining to individual primary antibodies and housekeepers are provided 

within Chapter 4. 

3.7 Real time – PCR (Chapters 3, 4, 5 & 6) 

RNA was extracted from all tissues investigated using the RNeasy mini kit (Qiagen, 

Melbourne Australia). Purity and quantity of purified RNA was determined using the 

NanoDrop 2000/2000c (ThermoFisher, Waltham, MA, USA). RNA was of sufficient quality 

if the sample had an optical density (OD) ratio (absorbance at 260 nm divided by the 

absorbance at 280 nm) between 1.8 and 2.0. An iScript gDNA clear cDNA synthesis kit was 

used to convert 1 μg of RNA into cDNA for quantitative PCR analysis (Bio-Rad, Hercules, 

California, USA; catalogue no. 172–5035). Approximately 20μl of each sample was diluted in 

180μl of RNase free, DNase free H2O and was used for subsequent gene expression Δassays. 

Real-time PCR was performed using 20 ng of cDNA per reaction on the StepOne real-

time PCR system (Applied Biosystems). All PCR reactions were performed in accordance with 

the MIQE guidelines. Quantitative PCR was performed using 20 ng of cDNA in 10 μL per 

reaction on the StepOne real-time PCR system (Applied Biosystems) with thermocycling 

parameters comprising: initial activation step at −95 °C for 2 min, followed by 40 cycles of 

denaturation at 95 °C for 5 s and combined annealing/extension at 60 °C for 10 s. KiCqStart 

SYBR green PCR primers (Sigma-Aldrich, St Louis, MO, USA) were used to investigate all 

genes of interest. A single peak was demonstrated within the melt curve analysis for all genes 

assessed and no product was detected in the non-template control on any run. All expression 

analysis was normalized to the geometric mean of at least two housekeeper genes that were 

selected after assessment of several potential reference genes. Housekeepers were chosen after 

demonstrated consistent expression in target tissue, without being affected by either treatment 

or sex. All samples were run in duplicate, with final expression calculated with the 2-ΔΔCt 

method. Stability of all internal housekeeping genes was demonstrated for all reference genes 

within the respective tissues investigated, allowing comparability between target and reference 

gene.  
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4. Human Ethics (Chapter 7) 

Pregnant women in South East Queensland from either Gold Coast University Hospital 

(GCUH) or the Royal Brisbane and Women’s Hospital (RBWH) were used in the cohort for 

this study. Women between 26- and 30-weeks’ gestation presenting for an Oral Glucose 

Tolerance test at GCUH or RBWH were recruited and informed consent, prior to biological 

sampling, was obtained. Ethics was approved by both the Griffith University Human Ethics 

Committees (HREC 2016/423) and Health Service Human Ethics (HREC 16/QGC/70). 

Written consent for the release of perinatal data from medical records was provided from all 

women included in the cohort. A description defining inclusion criteria and final group 

numbers is provided in Chapter 7. 

4.1 Thyroid analysis in human serum 

In human samples free thyroxine (fT4), free triiodothyronine (fT3), thyroid stimulating 

hormone (TSH) and thyroid peroxidase antibodies (TPOAb) were determined in serum by 

enzyme-linked immunosorbent assay (ELISA) using commercial kits (Demeditec, Kiel, 

Germany). All samples from individual patients were run, at minimum, in duplicate. 

fT4: Quantitative in vitro levels for fT4 in serum were determined using a Demeditec 

commercial ELISA kit (Cat. no. DE3775). Absorbance of each well was determined at 450 nm 

on a microtiter plate reader. Reference values for the fT4 analysis were between 0.22 – 8.0 

ng/dL. 

fT3: The Demeditec fT3 ELISA kit was utilized to determine quantitative in vitro serum fT3 

levels (Cat. no. DE3801) with absorbance of each well also determined at 450 nm. The dynamic 

range for the fT3 assay was between 0.38 – 20 pg/mL. 

TSH: Quantitative in vitro levels for TSH in serum were determined using a Demeditec 

commercial ELISA kit (Cat. no. DE4171). The protocol is based on the sandwich principle, 

with absorbance read at 450 nm. Reference values for TSH were 0.06 – 15 mIU/L. 

TPOAb: Quantitative serum measurements of TPOAb were conducted in vitro by measuring 

IgG class autoantibodies against TPO with a Demeditec commercial ELISA kit (Cat. no. 

DE7580). Absorbance was also measured photometrically at 450 nm. The dynamic range for 

the TPOAb assay was between 0 – 3000 IU/ml where; < 50 IU/L was considered negative, 50 

– 75 IU/ml borderline and > 75 IU/L positive. 
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5. Statistical analysis 

All data were analysed using GraphPad Prism 8.3 are presented as mean ± standard error of 

mean. Unpaired t-testing was used to determine differences between two groups. One- or two-

way Analysis of Variance (ANOVA) with planned comparisons was applied, removing 

nonsensical contrasts constraining power with three or more groups. Post hoc analysis was 

conducted following significance of ANOVA analysis using Fisher’s LSD analysis. 

Kolmogorov-Smirnov testing was conducted to assess normality of distribution, followed by 

Kruskal-Wallis nonparametric testing if the data was not normally distributed with Dunn’s test 

for multiple comparisons. All data with P < 0.05 was considered statistically significant.  
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Maternal selenium deficiency during 

pregnancy in mice increases thyroid 

hormone concentrations, alters placental 

function and reduces fetal growth  

  



79 

LINKING STATEMENT 

The previous chapters present the background, aims and general methods of the thesis. This is 

the first results chapter of the thesis and assessed the independent impact of selenium 

deficiency on a model of pregnancy in vivo. This chapter specifically examines the impact of 

a combined periconceptional and antenatal selenium deficit on pregnancy outcomes including: 

maternal physiology during gestation, placental physiological function and fetal development. 
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LINKING STATEMENT 

The previous chapter assessed the impact of a selenium deficit on pregnancy outcomes in vivo. 

It found that thyroid hormone status was altered in maternal and fetal circulation, concomitant 

to altered glucose metabolism in the placenta and fetus. Furthermore, it found placental 

expression of key selenium-dependent iodothyronine deiodinases were reduced synergistic to 

dysregulation of key placental nutrient transporters. In combination, these factors significantly 

reduced to maternal weight gain during gestation and induced intrauterine growth restriction. 

Additionally, the literature review (Chapter 1) identified that there is very limited research on 

the impact of selenium deficiency on the developmental origins of health and disease. This next 

chapter determines the impact of a selenium deficit during development on DOHaD 

parameters, specifically thyroid hormone status and carbohydrate metabolism.  
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Exercise does not alleviate programmed 

metabolic dysfunction in male C57/BL6 

offspring exposed to selenium deficiency 

during pregnancy   
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LINKING STATEMENT 

The previous chapter investigated the impact of selenium deficiency during development on 

DOHaD and offspring metabolic function. It demonstrated that selenium levels during 

pregnancy can significantly alter offspring metabolic health, including thyroid hormone status 

and carbohydrate metabolism in skeletal muscle. Furthermore, Chapter 3 also indicated fetal 

blood glucose levels are disturbed by selenium deficiency. As indicated in Chapter 1, exercise 

may be a significant intervention for negating the effects of programmed metabolic disease. 

The following chapter determines the effect of selenium deficiency during development on 

voluntary exercise behaviour and selenium-deficiency programmed glucose intolerance in 

male mice offspring.   
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Abstract 

Selenium deficiency has previously been implicated in several pregnancy and fetal pathologies; 

however, the impact of selenium deficiency during development on the Developmental Origins 

of Health and Disease is poorly understood. We recently demonstrated that selenium deficiency 

around pregnancy programmed impaired hormone secretion and glucose intolerance in adult 

offspring. Given that exercise is known to improve metabolic health, the current study aimed 

to investigate whether postnatal exercise could alleviate the programmed metabolic 

dysfunction in offspring of selenium deficient mothers. Female C57BL/6 mice were randomly 

allocated to Normal (>190 μg/kg, n = 8) or Low selenium (<50 μg/kg, n = 8) diets prior to 

mating and throughout gestation and the early postnatal period. Only male mice offspring were 

utilized for this study. Male offspring were monitored from postnatal day (PN) 8 and weaned 

at PN24 at which point they were placed on a normal chow diet. At PN60, mice were placed 

in cages with bi-directional running-wheels and monitored until PN180. Offspring exposed to 

selenium deficiency during development had reduced average weekly running speed and 

distance (P < 0.05), which resulted in reduced cumulative running distance (Ptrt < 0.0001) 

from PN60-180. Mice exposed to selenium deficiency in utero also exhibited glucose 

intolerance, with increased area under the curve following intra-peritoneal injection of glucose 

(P < 0.05) and peak blood glucose 30 minutes following the IP injection of glucose (P < 0.05). 

Furthermore, expression of selenoproteins F, S and P were increased within the hearts (P < 

0.05) of the treatment mice, with SelenoF expression concomitantly increased within the 

gastrocnemius muscle too (P < 0.05). There were no changes in mitochondrial respiration 

within the heart indicating a different mechanism is likely responsible for decreased voluntary 

running behaviour. This study indicates that exposure to selenium deficiency during 

development reduces exercise behaviour, further inhibiting amendments to programmed 

glucose intolerance. This may have significant implications to the morbidity of selenium 

deficiency-programmed metabolic disease. 
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Introduction 

Exercise and physical activity are known to positively stimulate body systems leading 

to beneficial physiological responses at both the cellular level and across multiple organ 

systems [1]. Physical inactivity substantially contributes to the development of cardiovascular 

and metabolic diseases [2]. Individuals at risk of such chronic diseases, can benefit significantly 

from increasing their physical activity, if they are physically capable of doing so. Exercise 

ability and performance is heavily dependent on dietary intake of macro- and micronutrient 

[3]. Numerous clinical and epidemiological studies have demonstrated significant benefits in 

exercise ability when individuals consume a modified or controlled diet. These benefits for 

exercise ability are seen not only in athletes, they similarly benefit individuals with metabolic 

diseases [3-5]. While macronutrients are often the focus of such studies, there is now a large 

body of evidence indicating micronutrients are important for exercise capacity. 

Micronutrients, including vitamins and minerals, are required for the continuous 

maintenance of muscle energy production and preservation of metabolic pathways [6]. Regular 

endurance exercise causes adaptations that lead to a shift in oxidative metabolism, upregulating 

mitochondrial systems and biogenesis in addition to triggering cell proliferation, enhancing 

oxidative capacity and substantially improving mitochondrial respiration [7]. This allows for a 

greater exercise capacity due to metabolic and vascular changes allowing for greater oxygen 

utilisation; however, imbalances in micronutrients can have detrimental effects to cellular 

homeostasis and function due to excessive oxidative stress [6]. One micronutrient particularly 

important to endogenous antioxidant systems is selenium [8].  

Selenium is essential to ~25 gene products known as selenoproteins, which are 

necessary for a variety of developmental and metabolic processes including muscle 

development and annulling oxidative stress. The importance of selenium and selenoproteins in 

muscle function is well known, with selenium deficiency having severe ramifications for 

muscle development, function and remodelling [9]. For example, Keshan disease is a 

cardiomyopathy associated with selenium deficiency, which became endemic to eastern China 

due to low selenium content in soil, and thus, in diet [10]. Additionally, selenium deficiency is 

associated with nutritional muscular dystrophy, characterised by myalgia, muscle weakness 

and fatigue [11]. Lack of selenoproteins, specifically selenoprotein N, is also linked to genetic 

disorders inducing congenital muscular dystrophy [12].  
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Recently, the importance of selenium for skeletal muscle development in relation to the 

Developmental Origins of Health and Disease (DOHaD) has gained interest. We have 

previously demonstrated that exposure to selenium deficiency in utero has severe implications 

to offspring metabolic health. Male offspring from mothers that were fed a selenium deficient 

diet from before pregnancy to weaning developed glucose intolerance and alterations to the 

insulin signalling pathway in skeletal muscle despite being given a selenium replete diet for all 

of their adult life (Chapter 4) [13]. As the benefits of exercise to metabolic disease are 

indisputable, we aimed to assess if male offspring from selenium deficient mothers had any 

impairments in exercise behaviour. Furthermore, we aimed to investigate if the postnatal 

exercise could alleviate the programmed effects of selenium deficiency on male offspring 

metabolic disease.  
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Methods 

Animal procedures 

All experiments were approved by the Griffith University Animal Ethics Committee, 

conducted in accordance with the Australian Code of Practice for Care and Use of Animals for 

Scientific purposes, with all experimental protocols complying with policies and regulations 

approved by the Griffith University Animal Ethics Committee (MSC/01/16/AEC). Animal 

procedures including mating and diet have been previously described, with housing and 

husbandry of animals, as well as conceptualisation of experimental design, was done so in 

accordance with DOHaD research “Animals in Research: Reporting In Vivo Experiments” 

(ARRIVE) guidelines.  

Briefly, female C57BL/6 mice were obtained from the Animal Resources Centre (ARC, 

Perth, Western Australia) and stored in environmentally controlled conditions of 23 °C and 

standard 12h light/dark cycles, with additional environmental enrichment. After 

acclimatisation for one week, mice were randomly allocated to either a control (Normal, > 190 

µg/kg, n = 8) or low selenium (Low, < 50 µg/kg, n = 8) diet four weeks prior to mating, 

throughout gestation and lactation. The custom diet used in the model has been previously 

described [14]. Quantities of selenium, in the form of sodium selenite, within the diet were 

verified using inductively coupled plasma mass spectrometry. After mice gave birth, offspring 

were monitored and weighed daily from postnatal (PN) day 8. Offspring were weaned at PN24 

and after which, were placed on normal animal chow (230 µg selenium/kg, Teklad Global 18% 

Protein Rodent Diet Irradiated, ENVIGO, Madison, WI, USA) and group housed according to 

sex. All mice had access to water and their respective diets ad libitum. 

At PN60, male mice from Normal (n = 6) and Low (n = 6) dams were randomly 

allocated to exercising cages with access to a bidirectional wheel (20cm diameter/6.5cm wide 

solid-surface Wodent Wheels; Transoniq, Flagstaff, AZ) allowing voluntary running. Only 

male mice were assessed in this study due to a limited number of running wheels and a more 

overt metabolic phenotype in male offspring. For many parameters, the results for sedentary 

animals form part of chapter 4 and have been previously published [13], thus no direct 

comparisons to those animals are made in the current study. The animals used in this study 

have not been used for any other study. 
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 Running activity and behaviour of the exercised group was monitored daily and 

recorded from calibrated bicycle odometers that detected bidirectional movement via a reed-

switch mechanism (model BC-506/509; Sigma Sport, Olney, IL). After 4 months of exercise, 

at PN180, mice were culled via cervical dislocation. Blood samples were immediately collected 

via cardiac puncture into lithium heparin tubes (HEP; Microvette CB 300 µL, Lithium Heparin, 

SARSTEDT, Nümbrecht, Germany; Cat. no. 16.443), which were subsequently centrifuged at 

2000 x g for 5 minutes followed by collection of blood plasma. Tissue was then removed, wet 

weighed and snap frozen into liquid nitrogen and stored at -80 °C. 

Glucose tolerance testing  

Glucose levels were measured using an Accu-Chek Performa II Glucometer 

(Mannheim, Germany) as recently described for the sedentary animals in Chapter 4 [13]. At 

PN90 mice were fasted overnight, followed by a tail snip to assess fasting blood glucose. At 

PN180, mice were again fasted overnight, and a tail snip was made to assess fasting blood 

glucose prior to a glucose tolerance test (GTT). Mice were subsequently administered with 1 

g/kg of glucose (D-(+)-Glucose, Sigma-Aldrich, Darmstadt, Germany) in saline (0.9% sodium 

chloride solution, Sigma-Aldrich) via intraperitoneal (IP) injection (20% Glu in 0.9% NaCl 

solution). Glucose levels were measured at 0-, 30-, 60-, 90-, 120- and 180-minutes post 

injection. Glucose levels were further measured in whole blood at time of death at PN180. 

Mitochondrial respiration 

To investigate if altered exercise capacity was due to impaired mitochondrial function 

within the heart, mitochondrial respiratory capacity was measured in cardiac apex tissue for 

exercised animals only using the Oxygraph 2k (Oroboros Instruments, Austria) instrument as 

previously described in Chapter 3 [14]. Briefly, approximately 4 mg of heart tissue was 

homogenised in mitochondrial respiration media (MiR06 – catalase with MiR05 - 0.5 mM 

EDTA, 3mM MgCl2·6H2O, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM 

HEPES, 110 mM sucrose, 1 g/L BSA essentially fatty acid free, pH 7.1) in a 5 mL glass dounce 

(Duall 22, Kimble Chase, Atlanta, GA, USA), and then diluted in MiR06 to 1 mg/ml [15]. 

Oxygraph 2K chambers were primed and calibrated with MiR06 at 37°C. After addition 

of homogenate sample into Oxygraph 2K chambers, mitochondrial respiration was determined 

using the substrate-uncoupler-inhibitor-titration (SUIT) protocol 1. The activity of specific 

respiratory states was determined by the addition of electron transport chain (ETC) substrates 

and inhibitors; pyruvate (5 mM), glutamate (10 mM) and malate (2 mM) were added to 
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determine complex I (CI) mediated LEAK (non-phosphorylating respiration) respiration, then 

oxidative phosphorylation (OXPHOS) through CI was stimulated by the addition of ADP (1–

5 mM). Cytochrome C (10 μM) was then added to test the integrity of the outer mitochondrial 

membrane. Succinate (10 mM) addition then stimulated OXPHOS through complex II (CII), 

and this was followed by titration of the uncoupler carbonyl cyanide m-chloro phenyl 

hydrazone (CCCP; 1 mM) to investigate ETC capacity with CII mediated flux alone. Rotenone 

(1 μM) was added to inhibit CI. The addition of antimycin A inhibited complex III (CIII), and 

residual oxygen consumption was measured (indicating non-ETS respiration). N,N,N′,N′-

tetramethyl-p-phenylenediamine dihydrochloride (TMPD; 0.5 mM) and ascorbate (2 mM) 

were added to determine OXPHOS through complex IV. The data obtained is indicative of 

mitochondrial respiration functional ability of the tissue samples and analysed using Datlab 

software (Orboros Instruments GmbH, Innsbruck, Austria) with respiratory states expressed 

relative to tissue weight.  

Quantitative PCR 

While our previous study assessed mRNA expression differences between Low and 

Normal offspring in a sedentary cohort, no analysis had previously been performed in the 

exercised cohort. For this study, RNA was extracted from the gastrocnemius using the 

RNAeasy mini kit (Qiagen, Melbourne, Australia; Cat. no. 74106) as described previously [14], 

with the addition of proteinase K (20 mg/mL) and incubated at 55 °C after homogenisation to 

remove contractile proteins, collagen and connective tissue from interference. Final RNA 

concentration was measured via absorbance spectrophotometry using the NanoDrop 

2000/2000c. Conversion of RNA into cDNA for qPCR analysis was completed using the Bio-

Rad iScript gDNA clear cDNA synthesis kit (Hercules, California, USA; Cat. no. 172-5035). 

All PCR’s were performed with thermocycling parameters as follows: initial activation step 

95°C for 2 min, followed by 40 cycles of denaturation 95°C for 5 s and combined 

annealing/extension 60°C for 10 s on the StepOne real-time PCR system (Applied Biosystems). 

Approximately 20 ng of cDNA in 10 µL per reaction was used to perform qPCR, with samples 

run in duplicate. All PCR reactions were performed in correspondence with the MIQE 

guidelines [16]. 

Measurement of mRNA expression of selenium dependent genes was conducted using 

KiCqStart SYBR green PCR primers (Sigma-Aldrich, Missouri, USA) as described in Table 

1. No product was detected in the non-template control on any run and melt curve analysis 
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demonstrated a single spike for all genes measured. Several potential reference genes were 

assessed; the two genes selected demonstrated consistent expression in the skeletal muscle 

tissue and were not impacted by treatment. All expression was normalised to the geometric 

mean of the reference genes; hypoxanthine phosphoribosyltransferase 1 (Hprt1, NM_013556) 

and beta-2-microglobulin (B2m, NM_009735). Final expression was calculated using the 2-

ΔΔCt method, with n = 6-8 per group.  

Statistical analysis 

All data at PN180, other than cumulative running distance, was analysed using an 

Unpaired t-test (GraphPad Prism 8.3; RRID:SCR 002798) comparing Low and Normal 

offspring from the exercised cohort. Direct statistical analysis between sedentary and exercised 

animals was not conducted. Cumulative running distance was analysed by one-way repeated 

measures analysis of variance (ANOVA). The main effects analysed were maternal selenium 

status (Treatment; Ptrt) and time (Time; Ptime), with any interactions between treatment and 

time also assessed (Interaction; Pint). When a major effect of treatment, time or an interaction 

between treatment and time was detected, Sidak post hoc analysis was performed. All data is 

presented as means ± SEM and P < 0.05 was considered statistically significant. 
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Table 1. qPCR Primer List 

Group Gene Name Gene Acronym Accession Number Primer Sequence 

S
el

en
o
p
ro

te
in

s 

Thioredoxin Reductase 1 Txnrd1 NM_001042513 F’ TCCCAACGAAAATTGAACAG 

R’ TGTTAAATTCGCCCTCTATG 

Thioredoxin Reductase 2 Txnrd2 NM_013711 F’ GAATCACAAGTGACGACATC 

R’ AAAGATGACATTTGCTGGTC 

Glutathione Peroxidase 1 Gpx1 NM_008160 F’ GGAGAATGGCAAGAATGAAG 

R’ TTCGCACTTCTCAAACAATG 

Glutathione Peroxidase 3 Gpx3 NM_008161 F’ ACAAGAGAAGTCTAAGACAGAC 

R’ TGTAGTGCATTCAGTTCAAG 

Iodothyronine Deiodinase Type 1 Dio1 NM_007860 F’ GATCTGCTACAAGGGTAAAG 

R’ TAGTACTTCATCTGGGAACAC 

Iodothyronine Deiodinase Type 2 Dio2 NM_010050 F’ CAGTCTTTTTCTCCAACTGC 

R’ CCAGTTTAACCTGTTTGTAGG 

Iodothyronine Deiodinase Type 3 Dio3 NM_172119 F’ AAGAAAGTCAAAGGTTGTGG 

R’ AAAACGTACAAAAGGGAGTC 

Selenoprotein F SelenoF NM_053102 F’ CTACAGATCAAGTATGTTCGAG 

R’ TATATGCGTTCCAACTTCTC 

Selenoprotein S SelenoS NM_024439 F’ ACCTGATGTTGTTGTTAGC  

R’ CTCTTCTTCAAGCTGTCTTAG 

Selenoprotein K SelenoK NM_019979 F’ TGATTCCAGATACGACGATG 

R’ CATTTACCTTCCTCATCCAC 

Selenoprotein M SelenoM NM_053267 F’ GACAGTTGAATCGCCTAAAG 

R’ TGGTAATTTCGGCTTAACAG 

Selenoprotein T SelenoT NM_001040396 F’ GTTCCAGATTTGTGTATCCTG 

R’ GTGTCTATAAATTGGTTGAGGG 

(Continues) 
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Selenoprotein N SelenoN NM_029100 F’ CTTCAAGAAGGTCAACTACC 

R’ AGCAAGATGGAATGAACAAG 

Selenoprotein P SelenoP NM_001042613 F’ ATGACTTCCTCATCTATGACAG 

R’ GAGGTCACAGTTTACAGAAG 

H
o
u
se

 K
ee

p
er

s Beta-Actin Actb NM_007393 F’ GATGTATGAAGGCTTTGGTC 

R’ TGTGCACTTTTATTGGTCTC 

Beta-2-Microglobulin B2m NM_009735 F’ GTATGCTATCCAGAAAACCC 

R’ CTGAAGGACATATCTGACATC 

Hypoxanthine Phosphoribosyltransferase 1 Hprt1 NM_013556 F’ AGGGATTTGAATCACGTTTG 

R’ TTTACTGGCAACATCAACAG 

 Table 1 Continued 
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Results 

Offspring weight, food and water consumption 

As selenium deficiency may have impacted offspring body weight and dietary 

behaviour differently in an exercising cohort compared to our previous sedentary cohort, these 

parameters were carefully monitored. Body weight at PN180 (Fig. 1A), as well as food (Fig.1B) 

and water (Fig. 1C) consumption from weaning until PN180 was not different between 

treatment groups.  

 

 

 

 

 

 

 

 

 

 

Figure 1. Exercising mice bodyweight, food and water consumption 

Exercising male mice (A) body weight at PN180 as well as average (B) food and (C) water 

consumption from weaning to PN180. Data are mean ± SEM and analysed by unpaired t-test. 

Dotted line represents average value of Normal, sedentary male mice from Chapter 3 [13]. 

Significance determined by P < 0.05. n = 6.  
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PN180 allometry 

At PN180, there were no differences in weight of any organs between animals from the 

Normal and Low exercising groups. This data reflects the body weight data in Figure 1A, where 

there was also no change.  

 

Table 2. PN180 organ weights of exercising male offspring from mothers on a normal 

selenium compared to a low selenium diet.   

 
Normal Low P 

Heart 149.15 ± 0.10 186.90 ± 19.4 0.0972 

Liver 1308.54 ± 48.91  1322.95 ± 98.30 0.8982 

Kidney 160.01 ± 7.11 171.63 ± 4.10 0.1873 

Adrenal 1.64 ± 0.10 2.07 ± 0.21  0.0900 

Brain 419.85 ± 10.46 438.82 ± 7.96 0.1797 

Gastrocnemius 133.06 ± 3.83 149.05 ± 8.98  0.1325 

Tibialis Anterior 42.37 ± 4.00 44.98 ± 0.92 0.5397 

Soleus 9.33 ± 0.73 10.17 ± 0.32 0.3160 

EDL  9.90 ± 0.32 9.31 ± 0.66 0.4383 

Testes 88.97 ± 2.23 87.30 ± 3.05  0.6684 

Data are mean ± SEM with all weights in milligrams. All 

measurements of kidneys, adrenals, gastrocnemius, tibialis anterior, 

soleus, extensor digitorum longus and testes include left and right. 

Data analysed by unpaired t-test. n = 6. EDL, extensor digitorum 

longus. 
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Exercise behaviour 

Mice were allocated to cages with 24 hr access to a bi-directional running wheel from 

PN60 to monitor volunteer exercise behaviour to determine whether exercise would alleviate 

programmed outcomes induced by maternal selenium deficiency. Cumulative voluntary 

running distance (Fig. 2A) was significantly reduced (Ptrt < 0.0001) in the low selenium group. 

Posthoc analysis demonstrated this reduction in cumulative distance began approximately from 

10 weeks of exercise (P < 0.05). Mice from selenium deficient dams also had reduced (P < 

0.05) average weekly running distance (Fig. 2B) and speed (Fig. 2C) over the four-month 

period. There was no difference in average time (Fig. 2D) spent running each week between 

the two groups. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Exercise behaviour from PN60 to PN180 

Exercise behaviour between male mice from Normal and Low selenium litters. (A) Cumulative 

running distance from PN60 to PN180. Average weekly running (B) distance, (C) speed and 

(D) time over four months. Cumulative data is mean ± SEM and analysed by two-way ANOVA 

with treatment (Ptrt) and time (Ptime) as major factors. Pint represents the interaction between 

trt and time. Multiple comparisons were determined by Sidak posthoc testing. Distance, speed 

and time data analysed by unpaired t-test. * = P < 0.05, ** = P < 0.01 compared to control 

exercise group. n = 6. 
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Glucose metabolism 

We have previously demonstrated that glucose intolerance was observed in sedentary 

offspring from the Low selenium group. In the exercising animals, offspring from the low 

selenium group had a greater area under the glucose tolerance curve (Fig. 3A) (P < 0.05) 

compared to the offspring from the Normal group. Furthermore, approximately 30 mins post 

IP glucose injection, peak blood glucose (Fig. 2B) was also greater (P < 0.05) in the Low 

selenium offspring. Three hours post IP injection of glucose (Fig. 2C) glucose levels were no 

longer different between Low and Normal selenium offspring. Fasting blood glucose levels 

were also determined at PN90 (Fig. 2D) and PN180 (Fig. 2E); however, this was not different 

between groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Glucose tolerance and resting blood glucose analysis 

PN180 glucose tolerance testing showing (A) GTT AUC as well as (B) peak blood glucose 30 

minutes post IP and (C) 180 minutes post IP. (D) PN90 and (E) PN180 fasting blood glucose 

levels. Data are mean ± SEM and analysed by unpaired t-test. Dotted line represents average 

value of Normal, sedentary male mice. * = P < 0.05. n = 6 per group. 
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Mitochondrial respiration of the heart 

Although oxidative phosphorylation capacity of complex I (following addition of 

pyruvate, glutamate, malate and ADP), complex II (following addition of succinate) and 

electron transport capacity at PN180 appears to be decreased in mitochondria from the apex of 

the heart of exercising mice from selenium deficient litters, this did not reach significance 

(Table 3). Additionally, there were no changes in flux control factors at PN180.  

 

Table 3. Mitochondrial respiration capacity within the apex of the heart of exercising mice 

on normal or low selenium diets 

SUIT Protocol Heart Apex 

Normal Low P 

Fluxes CI 140.61 ± 56.68 88.66 ± 40.43 0.4727 

Cic 210.22 ± 68.65 173.20 ± 67.00 0.7077 

CII 523.47 ± 60.75 381.87 ± 108.53 0.2815 

ETS 517.33 ± 61.40 402.62 ± 120.83 0.4171 

CIV 832.62 ± 146.89 1017.73 ± 242.13 0.5281 

ROX 7.18 ± 2.29 7.89 ± 4.78 0.8966 

Flux control 

factors 

(FCF) 

FCF CI 0.24 ± 0.08 0.20 ± 0.04 0.6552 

FCF CI+CII 0.78 ± 0.08 0.78 ± 0.06 0.9834 

FCFc 0.45 ± 0.08 0.41 ± 0.10 0.8051 

L/ETS 0.04 ± 0.00 0.11 ± 0.04 0.1670 

Data are mean ± SEM and analysed by unpaired t-test. n = 6 per group. CI, complex I-

linked respiration; Cic, cytochrome control factor; CII, complex II-linked respiration; 

ETS, electron transfer capacity; CIV, complex IV-linked respiration; ROX, residual 

oxygen capacity. In addition to these parameters collected following the SUIT protocol, 

Flux control factors (FCF) were assessed. FCF CI (Flux control factor; OXPHOS CI as 

a proportion of maximal respiratory capacity), LCR/CI (LEAK control ratio to 

OXPHOS CI), FCFc (Flux control factor of cytochrome c). 
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Selenoprotein expression in the heart and gastrocnemii  

One mechanism by which selenium may impair exercise performance and disturb 

metabolic processes is through the reduction of key selenoproteins implicated in muscle 

development or metabolic functioning. As such, expression of several key selenoproteins was 

assessed in both the heart and gastrocnemius. Table 4 illustrates that mRNA expression of 

SelenoF, SelenoS and SelenoP were all increased (P < 0.05) within the heart of exercising mice 

from Low selenium litters compared to Normal selenium litters. Table 4 also demonstrates that 

SelenoF mRNA expression was also higher (P < 0.05) within the gastrocnemius of the Low 

selenium offspring compared to offspring from the Normal selenium group.  

 

Table 4. Expression of selenoproteins within the heart and gastrocnemius of exercising mice 

at PN180 

 

 

 

  

 
Heart Gastrocnemius 

 
Normal Low P Normal Low P 

TrxR1 0.93 ± 0.15 1.11 ± 0.20 0.4764 0.79 ± 0.34 0.88 ± 0.43 0.8674 

TrxR2 0.79 ± 0.10 1.09 ± 0.20 0.1976 0.52 ± 0.26 0.44 ± 0.24 0.8262 

GPx1 1.73 ± 0.35 1.79 ± 0.29 0.9023 0.17 ± 0.04 0.32 ± 0.11 0.2153 

GPx3 1.37 ± 0.46 1.21 ± 0.43 0.8115 0.26 ± 0.12 0.27 ± 0.08 0.9594 

DIO2 1.28 ± 0.43 1.16 ± 0.30 0.8121 0.33 ± 0.04 0.54 ± 0.09 0.0428 

SelenoF 0.98 ± 0.24 1.80 ± 0.18 0.0286 1.05 ± 0.49 1.1 ± 0.27 0.9331 

SelenoS 0.81 ± 0.16 1.58 ± 0.26 0.028 0.97 ± 0.26 1.11 ± 0.34 0.7408 

SelenoK 1.49 ± 0.38 1.63 ± 0.25 0.7652 0.12 ± 0.06 0.22 ± 0.10 0.4479 

SelenoM 1.65 ± 0.46 1.43 ± 0.30 0.7012 0.98 ± 0.20 0.98 ± 0.18 0.9940 

SelenoT 1.08 ± 0.28 0.63 ± 0.09 0.1908 0.79 ± 0.34 0.88 ± 0.43 0.8674 

SelenoN 1.34 ± 0.51 1.25 ± 0.40 0.8849 - - - 

SelenoP 0.92 ± 0.23 1.68 ± 0.09 0.0204 0.36 ± 0.07 0.51 ± 0.07 0.1585 

Data are mean ± SEM and analysed by unpaired t-test. Bold text indicates significance (P < 

0.05). n = 6 per group. – indicates expression was not determined. TrxR, thioredoxin 

reductase; GPx, glutathione peroxidase; DIO, iodothyronine deiodinase; Sel, selenoprotein. 
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Discussion 

The effect of atypical micronutrient status on pregnancy outcomes and DOHaD is of 

growing interest. Previously, we demonstrated that exposure to selenium deficiency in utero 

has significant implications to development, causing aberrant metabolic processes in skeletal 

muscle of offspring (Chapters 3 and 4) [13, 14]. The effect of exercise on attenuating non-

communicable diseases, including metabolic diseases, is well documented [17]. In this study, 

we investigated whether exercise could attenuate programmed glucose intolerance in offspring 

exposed to selenium deficiency during development.  

Our observations show that voluntary exercise was reduced and did not alleviate 

programmed glucose intolerance in male offspring at PN180 exposed to selenium deficiency 

during development. In exercised individuals, glucose tolerance improves as glucose uptake 

by tissues, specifically skeletal muscle, increases with re-localisation of insulin independent 

glucose receptors to the cell surface. This adaptation is generally associated with increased 

insulin sensitivity [18]. Furthermore, improved glucose tolerance in athletes is also associated 

with reduced secretion of insulin from the pancreas in response to a glucose load [19]. 

Together, these two phenomena result in a blunted insulin response with the result being 

improved glucose tolerance. Previously, we demonstrated sedentary male mice from selenium 

deficient litters had reduced glucose tolerance and increased insulin, concomitant with reduced 

GLUT4 protein expression and a blunting of several genes involved in the insulin receptor 

pathway in skeletal muscle, including the insulin receptor [13]. Furthermore, dietary selenium 

deficiency is associated with nutritional pancreatic atrophy and metabolic disorder of glucose 

in broiler chickens [20]. It is proposed that exposure to selenium deficiency during 

development may program glucose intolerance due to reduced sensitivity to insulin and 

physiological changes to pancreatic function. Although this may be attenuated by exercise, 

mice were unable to voluntarily exercise to an extent of improving programmed glucose 

intolerance; however, the pancreas and insulin receptor pathway were not investigated in this 

study.  

Mice from selenium deficient backgrounds exhibited reduced average weekly running 

distance and speed, resulting in a reduced cumulative running distance over the 17 weeks 

exposure to a bi-directional running wheel. Suboptimal selenium status has previously been 

associated with reduced muscle function, specifically eccentric muscular contractions [21]. 

Furthermore, selenium is associated with a nutritional muscular dystrophy known as white 
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muscle disease (WMD) in cattle and humans, responsible for extensive calcification of skeletal, 

as well as cardiac, muscle fibre [22]. A combination of these factors may be contributing to 

reduced exercise observed in this model; however, the programming effects of selenium 

deficiency skeletal muscle morphometry have not previously been examined. Additionally, 

exercise is known to increase free radical production as well as stimulate GPx activity, though 

several studies indicate selenium supplementation has no beneficial effects on improving 

oxidative stress induced by exercise [23]. It has been proposed that selenium deficiency impairs 

antioxidant capacity, increasing reactive oxygen species and impairing mitochondrial function 

in exercising individuals. Investigations into heart mitochondrial function and respiration in 

exercised mice shows that exposure to mild selenium deficiency during development does not 

impair mitochondrial function. This also indicates dysfunctional mitochondria was not 

responsible for reduced exercise behaviour; however, forced endurance exercise may have 

revealed that mitochondria in the heart were dysfunctional.  

Expression of selenoproteins were also affected in both muscle and heart in selenium 

deficient mice. Gene expression of SelenoS and SelenoP was increased in the heart and mRNA 

expression of SelenoF was increased in both heart and gastrocnemii. There is significant 

evidence supporting the antioxidant function of SelenoS, with overexpression associated with 

protection against hydrogen peroxide induced cell toxicity [24]. Gao et. al. demonstrate that 

SelenoS is regulated by glucose deprivation and endoplasmic reticulum stress [25]. 

Furthermore, SelenoS deficiency has been shown to impair contractile function of hind limb 

fast-twitch muscle [26]. SelenoP in plasma supplies selenium to cells and the increased 

expression observed in this model may be associated with improved distribution of selenium; 

however, increased SelenoP expression increases with age as it plays an imperative role with 

ameliorating oxidative stress, especially in the brain [27]. SelenoF is a 15 kDa, ER-resident 

selenoprotein. Interestingly, deficiency studies indicate SelenoF may have a regulatory role in 

glucose metabolism as it is involved in the quality control of glycoprotein folding, interacting 

with UDP-glucose:glycoprotein glucosyltransferase, with a SelenoF -/- model inducing 

cataracts [28]; however, the implications of increased SelenoF expression remains unknown. 

Together, the observed increase in selenoprotein expression in response to selenium deficiency 

exposure during development had no role in ameliorating programmed glucose intolerance; 

however, this may have been a compensatory mechanism, without which both the running and 

glucose intolerance may have been worse. 
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Given these findings, the relationship between selenium deficiency, DOHaD and 

programming of glucose intolerance is of growing interest. As voluntary exercise was not able 

to attenuate programmed glucose intolerance in our current model, it is important for future 

studies to investigate other interventions. Additionally, future studies should aim to delineate 

the relationship between selenium, selenoproteins and carbohydrate metabolism. 

Conclusions 

Investigation into the effects of micronutrients, such as selenium, on DOHaD remains 

sparse. Previously, we demonstrated that exposure to selenium deficiency ante- and perinatally 

inducing glucose intolerance in offspring, with alterations to insulin receptor mediated 

pathways in skeletal muscle. In this study, we demonstrate that voluntary exercise is reduced 

and does not alleviate programmed glucose intolerance in offspring exposed to selenium 

deficiency during development. With no observed changes in mitochondrial function within 

the heart, the reduction in voluntary running was attributed to the programming effects of 

selenium deficiency on muscle development. Alteration in selenoprotein expression, including 

SelenoF, SelenoS and SelenoP within muscle tissue may have significant roles in the 

remodelling of muscle function in response to programming associated to selenium deficiency. 

This model emphasizes the importance of selenium during pregnancy and that moderate 

selenium deficiency during pregnancy may have implications in programming non-

communicable disease, including metabolic disease. 
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Chapter 6 
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model of dietary selenium deficiency 
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LINKING STATEMENT 

The previous chapters assessed the impact of a selenium deficit on maternal physiology, 

placental function, fetal development and offspring outcomes. Several of the changes observed 

in these previous chapters may be due to significant changes in selenoprotein gene expression. 

Although the correlation between dietary selenium deficiency and gene expression of 

selenoproteins has been investigated, the effects of selenium deficiency during pregnancy on 

these processes remains rudimentary. Furthermore, the risk of aberrant pregnancy outcomes is 

increased due to selenium deficiency, which may be due to changes in selenoprotein gene 

expression. Additionally, the long-term impact of a specific selenium deficit during pregnancy 

on offspring disease outcomes is largely unknown, though may be invoked by changes in 

selenoproteins. In this next chapter we characterise, using real-time PCR, the effect of selenium 

deficiency in a model of pregnancy on selenoprotein gene expression in maternal, fetal and 

offspring tissues. The gene expression of fourteen selenoproteins were determined in the liver, 

kidneys and heart of all animals, as well as the placenta. 
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Low serum selenium during pregnancy 

associated with reduced triiodothyronine 

and increased risk of gestational diabetes   
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LINKING STATEMENT 

Previous chapters (1, 3, 4 & 6) identified relationships between selenium status and thyroid 

hormone metabolism in an experimental mouse model. Chapter 3 found maternal selenium-

deficiency during pregnancy increased maternal and fetal thyroid hormone levels and reduced 

placental deiodinase expression. Chapter 4 indicated that thyroid hormone status remained 

elevated in female offspring and was reduced in male offspring compared to control. 

Furthermore, Chapter 4 demonstrated thyroid hormone transporters and receptors are altered 

in skeletal muscle of offspring exposed to a selenium deficit during development. Chapter 6 

indicated that selenium has a significant impact on iodothyronine deiodinase expression in 

maternal and fetal tissues. This chapter specifically examines serum selenium levels and 

compares this to thyroid function in apparent euthyroid pregnant women at 26-30 weeks 

gestation. These results were further correlated to incidence of pregnancy complications.  
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Abstract 

Context: Thyroid disorders are the most common endocrine disorders affecting women 

commencing pregnancy. Thyroid hormone metabolism is strongly influenced by selenium 

status, although the relationship between serum selenium concentrations and thyroid hormones 

in apparent euthyroid pregnant women is unknown.  

Objective: This study investigated the relationship between maternal selenium and thyroid 

hormone status during pregnancy. 

Design: Retrospective cross-sectional study on the Maternal Outcomes and Nutrition Tool 

(MONT) cohort. 

Participants and Main Outcome Measures: Pregnant women were recruited at 26-30 weeks 

gestation. Serum selenium concentrations were assessed using inductively coupled plasma 

mass spectrometry. Thyroid function was measured in serum samples from women with the 

lowest serum selenium concentrations (51.2 ± 1.2 µg/L), mean levels of the entire cohort (78.8 

± 0.4 µg/L) and optimal serum selenium levels (106.9 ± 2.3 µg/L).  

Setting: Two tertiary care hospitals in South East Queensland, Australia.  

Results: Women with low serum selenium concentrations demonstrated reduced fT3 levels (P 

< 0.05) and increased TPOAb (P < 0.01). Serum selenium was positively correlated with fT3 

(P < 0.05) and negatively correlated with TPOAb (P < 0.001). Serum fT4 and TSH was not 

different between all groups, though the fT4/TSH ratio was increased in the low selenium 

cohort (P < 0.05). Incidence of pregnancy disorders, most notably gestational diabetes mellitus, 

were also increased within the low serum selenium cohort (P < 0.01). 

Conclusions: These results suggest selenium status in pregnant women of South East 

Queensland may not be satisfactory with possible implications for atypical thyroid function 

and undesirable pregnancy outcomes.  

Precis 

Thyroid function testing conducted on pregnant women with reduced serum selenium levels 

demonstrated concomitant reductions in triiodothyronine and increased incidence of pregnancy 

disorders.  
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Introduction 

 Thyroid dysfunction is the most common endocrine condition affecting women of 

reproductive age (1). It is reported that thyroid dysfunction affects one in ten women of 

childbearing age, and approximately 5% of all pregnant women, with up to 18% of women 

presenting as thyroid antibody positive in their first trimester of pregnancy (1). Due to the 

necessity of thyroid hormones for maternal metabolic health and normal fetal development, 

thyroid dysfunction is associated with increased risk of adverse maternal and fetal outcomes 

(2). The most abundant thyroid hormone in circulation is tetraiodothyronine (T4), which is 

subsequently deiodinated to form the most bioactive thyroid hormone triiodothyronine (T3). T3 

is transported into the nucleus to regulate thyroid responsive gene transcription (3). Appropriate 

production of T4 as well as conversion from T4 to T3 is therefore essential to maintain maternal 

physiology throughout pregnancy.  

 Routine thyroid function screening for hyper/hypothyroidism is generally not 

recommended unless a patient has previous or family history of thyroid disease or is over the 

age of 30 (4). Clinically, maternal thyroid status is initially assessed through quantification of 

thyroid stimulating hormone (TSH), with serum T4 measurements conducted if maternal levels 

of TSH are either elevated or reduced (4). However, T3 concentrations are generally not 

assessed and it is possible that women may have normal T4 concentrations but low T3 levels.  

 It is estimated that, in populations with relative iodine-sufficiency, overt 

hypothyroidism affects 0.3-0.5% pregnancies with a further 3-5% pregnancies affected by 

subclinical hypothyroidism (5,6). Adverse pregnancy outcomes such as hypertensive disorders 

of pregnancy (HDP), preterm birth (PTB), gestational diabetes mellitus (GDM), preeclampsia, 

placental abruption and recurrent miscarriage have all been associated with hypothyroidism 

(7). Hypothyroidism is commonly caused by iodine deficiency or when iodine intake is 

adequate, and conditions such as Hashimoto’s autoimmune thyroiditis (8). In addition to these 

two major causes of thyroid dysfunction, inappropriate concentrations of selenium have been 

shown to be a contributing factor. Although selenium toxicity (selenosis) is rare, selenium 

deficiency during pregnancy is much more common and is associated with many of the 

conditions commonly associated with thyroid dysfunction in pregnancy including HPD, PTB, 

GDM, preeclampsia and recurrent miscarriage (9).  
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 Selenium is required for the functioning of approximately 25 essential selenoproteins; 

these selenoproteins are predominantly involved in regulating oxidative stress and thyroid 

hormone metabolism. Three selenium-dependent iodothyronine deiodinases (DIO I, II and III) 

control activation/deactivation of thyroid hormones and so selenium deficiency can impair DIO 

activity and reduce thyroid hormone levels. Additionally, the process of thyroid hormone 

synthesis produces reactive oxygen species (ROS) and selenium deficiency can reduce the 

activity of selenodependent antioxidant systems such as glutathione peroxidase (GPx) leading 

to ROS induced thyrocyte damage and subsequent production of thyroid antibodies such as 

thyroid peroxidase antibodies (TPOAb) (10).  

 During pregnancy and lactation, there is increased demand and requirement for 

selenium. Currently, the recommended dietary intake (RDI) of selenium during pregnancy is 

65 µg/day, which is only slightly greater than the 60 µg/day recommended for non-pregnant 

women. While this small increase in the RDI during pregnancy is expected to be sufficient for 

most women, it is unlikely to maximise the activity of individual selenoproteins. For optimal 

plasma and cellular activity of key selenium-dependent proteins, an intake level of 100 ug/day 

of selenium is required (11,12). Therefore, for some women, dietary intake greater than 65 

µg/day may be beneficial. Studies have shown that it is relatively safe to consume much larger 

amounts of selenium, with studies demonstrating that minor adverse effects start to occur when 

selenium intake reaches over 1600 µg/day, with toxic levels occurring at 5000 µg/day (11,12). 

It is more concerning that large numbers of individuals are predicted to be selenium deficient 

with estimates from the early 2000’s suggesting that 500 million to 1 billion people around the 

world may be selenium deficient (9,13,14). Importantly, these numbers are based on people 

consuming the minimum recommended selenium levels, thus it’s likely that there are more 

people currently below selenium concentrations that are required to maximise selenoprotein 

activity. We have recently published findings from the Gold Coast, Australia, demonstrating 

serum selenium concentrations were on average 74.1 µg/L (15), where 90-100 µg/L would be 

optimal to ensure adequate selenoprotein activity (12). Data presented in a World Health 

Organisation report has demonstrated impaired thyroid activity occurs when plasma levels of 

selenium fall to approximately 71 µg/L, which is similar to the mean plasma concentration 

detected in women from our cohort (16). 

Currently, the effect of different serum selenium levels on thyroid hormone status 

during pregnancy has not been investigated. Recent research has advocated for the 

supplementation of selenium during pregnancy; however, it is not yet clear whether thyroid 
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abnormalities during pregnancy are related to selenium deficiency, and if so, how (18). 

Furthermore, many studies investigating the effect of selenium supplementation of thyroid 

function in pregnancy do not measure selenium concentrations prior to, during, or after 

supplementation, with primary outcomes measured through thyroid antibody levels (10). This 

study aimed to delineate the relationship of maternal selenium concentrations during pregnancy 

on thyroid hormone status in a sample of pregnant women with no known thyroid disorders in 

South East Queensland, Australia.   
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Methods 

Study design and population 

 Pregnant women recruited for the Maternal Outcomes and Nutrition Tool (MONT) 

study in South East Queensland from the Gold Coast University Hospital (GCUH) and Royal 

Brisbane and Women’s Hospital (RBWH) were used as the cohort for this study. Women 

between 26- and 30-weeks’ gestation presenting for an Oral Glucose Tolerance test at GCUH 

or RBWH were recruited and informed consent, prior to biological sampling, was obtained.  

 At recruitment, fasting blood samples were collected by venepuncture into serum 

separator tubes (SST; BD Vacutainer SST II Advance; Cat. no. 367953). Samples were 

transported and processed at the School of Medical Science, Griffith University Gold Coast 

Campus. Once blood samples were collected, the SST was inverted 5-10 times, rested and 

allowed to clot for a further 30 minutes. SSTs were centrifuged at 4°C at 1500 x g for ten 

minutes. Serum was aliquoted into 1.5 mL Eppendorf tubes and stored at -80oC for subsequent 

analysis. 

Inductively coupled plasma mass spectrometry 

 Elemental analysis of serum samples was performed using inductively coupled plasma 

mass spectrometry (ICP-MS) as recently described (19). This allowed us to measure serum 

concentrations of 29 different elements including selenium, iodide, manganese, copper, zinc, 

calcium, magnesium and iron. An Agilent 7900 ICP-MS (Agilent Technologies, Tokyo, Japan) 

was used to measure samples with quality control standards between 10-100 µg/L analysed 

every 12 samples. All samples were prepared in a 1:10 dilution using our standard protocol 

(19) (20). Scandium, Yttrium, Indium, and Terbium were added to all samples as an internal 

standard to account for instrument drift (final concentration of 10 µg/L). The limit of detection 

was set at three times the standard deviation of twenty blank replicates. The limit of 

quantification was set at ten times the standard deviation of the twenty blank replicates.  

Inclusion criteria 

 A total of 206 blood samples were collected for the study and serum elemental analysis 

was performed using ICP-MS on all samples. Samples were sorted according to serum 

selenium levels and three groups were determined according to concentration of serum 

selenium. The optimal selenium group (106.9 ± 2.3 µg/L, n = 21) consists of serum samples 
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that had selenium levels detected over 90 µg/L, as this is considered optimal for function of all 

selenoproteins (12). This was matched to a low selenium group (51.2 ± 1.2 µg/L, n = 21) 

consisting of the serum samples with the lowest levels of selenium detected in the entire cohort. 

The mean selenium group (78.8 ± 0.4 µg/L, n = 21) consists of serum samples with the mean 

levels of selenium detected in the entire cohort.  

Exclusion criteria 

 The final dataset comprised of 63 women. Serum concentrations of fT4, fT3, TSH, and 

TPOAb were determined in the samples collected from these women. One woman had TSH, 

fT3 and fT4 indicative of subclinical hypothyroidism. As it was important to investigate the 

parameters of interest within a group of individuals that would be clinically assessed as being 

euthyroid, her sample was excluded from subsequent analysis. Women with obstetric 

complications including hypertensive disorders of pregnancy, intrauterine growth restriction, 

low birth weight, small for gestational age, preterm birth, placenta previa and gestational 

diabetes were not excluded from the study. Clinical definitions for the aforementioned 

pregnancy complications are provided by the Australian Clinical Practice Guidelines: 

Pregnancy care (21). 

Thyroid function testing 

 Serum levels of fT4, fT3, TSH and TPOAb were determined by enzyme-linked 

immunosorbent assay (ELISA) using commercial kits (Demeditec, Kiel, Germany). All the 

samples from the individual patients were analysed in duplicate over two plates for each assay. 

 Free thyroxine 

 Quantitative in vitro levels for fT4 in serum were determined using a commercial 

ELISA kit (Demeditec Cat. no. DE3775) as per the manufacturer’s instructions. Reference 

values for the fT4 analysis were between 0.22-8.0 ng/dL. The intra-assay coefficient of 

variation was 3.8% and the inter-assay coefficient of variation was 3.1%. 

 Free triiodothyronine 

 A fT3 ELISA kit was utilized to determine quantitative in vitro serum fT3 levels 

(Demeditec Cat. no. DE3801) as per the manufacturer’s protocol. The range for the fT3 assay 

was between 0.38-20 pg/mL. The intra-assay coefficient of variation was 3.8% and the inter-

assay coefficient of variation was 4.9%. 
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 Thyroid stimulating hormone 

 Quantitative in vitro levels for TSH in serum were determined using a commercial 

ELISA kit (Demeditec Cat. no. DE4171) as per the manufacturer’s protocol. Reference values 

for TSH were 0.06-15 mIU/L. The intra-assay coefficient of variation was 3.9% and the inter-

assay coefficient of variation was 2.4%. 

 Thyroid peroxidase antibodies 

 Quantitative serum measurements of TPOAb were conducted in vitro by measuring IgG 

class autoantibodies against TPO with a commercial ELISA kit (Demeditec Cat. no. DE7580) 

as per the manufacturer’s protocol. The range for the TPOAb assay was between 0-3000 

IU/mL, where; < 50 IU/L was considered negative, 50-75 IU/mL borderline and > 75 IU/L 

positive. The intra-assay coefficient of variation was 15.2% and the inter-assay coefficient of 

variation was 1.1%. 

Statistical analysis 

All data are presented as mean ± standard error. For quantitative analysis of thyroid 

function testing, nonlinear regression was used with the optical density of each calibrator 

plotted against the calibrator concentration to create a standard curve. Patient sample 

concentrations were subsequently estimated by interpolation from the calibration curve 

(GraphPad 8.2.1; RRID:SCR_002798). A 4-Parameter-Fit with lin-log coordination for optical 

density and concentration was used. One-way analysis of variance (ANOVA) was used to 

compare the low, mean and optimal selenium pregnancy groups. Normality of distribution 

testing was conducted using Kolmogorov-Smirnov testing. If data was not normally 

distributed, Kruskal-Wallis nonparametric testing was used, with Dunn’s test utilised for 

multiple comparisons. Correlations between serum selenium and thyroid status were analysed 

by correlation analysis using Pearson’s tests. When data was not normally distributed, 

Spearman rank correlation analysis was utilised. Correlations between selenium group and 

incidence of pregnancy complication were analysed with chi-square analyses (𝜒2 (df), P value).  

Ethical considerations  

This research was approved by both the Griffith University Human Ethics Committees 

(HREC 2016/423) and Health Service Human Ethics (HREC 16/QGC/70). Written consent for 

the release of perinatal data from medical records was provided from all women included in 

the cohort.  
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Results 

Clinical characteristics of groups 

From the entire cohort of 206 women, blood samples taken at 26-30 weeks, details for 

fetal sex at birth was available for 172 women and a complete history of key pregnancy 

outcomes was available for 182 women (Table 1). The mean selenium concentration from all 

206 women was 73.43 ± 1.15 µg/L (Table 1). Further analysis was performed on 63 samples 

(Table 2), with no difference between maternal age, body mass index (BMI), gender ratio, birth 

weight, gestational length, parity, gravidity, ethnicity, alcohol intake, smoker status, or vitamin 

intake between the low, mean and optimal serum selenium cohorts. Of the total cohort of 

selected samples, 28 women had female offspring and 35 had male offspring. Furthermore, 

four pregnancies within the low serum selenium group were preterm (< 37 weeks gestation), 

with a further three preterm pregnancies in the mean selenium group and one within the optimal 

serum selenium.  

Serum micronutrient levels 

Serum trace element concentrations were measured using ICP-MS. From these results, 

three groups from the cohort where selected (Fig. 1). Serum selenium levels were significantly 

decreased (P < 0.0001) in the low (n = 21) serum selenium group (51.2 ± 1.2 ug/L) compared 

to the mean serum selenium (78.8 ± 0.4 ug/L) group (n = 21). The optimal selenium (106.9 ± 

2.3 ug/L) group (n = 21) had significantly higher (P < 0.0001) serum selenium levels compared 

to the mean serum selenium group.  

In addition to selenium, several other trace elements were analysed in serum using ICP-

MS (Table 3). Micronutrient levels between the mean serum selenium group and the low serum 

selenium group were not different. Within the optimal serum selenium group, there was a 

significant increase in iodine (P = 0.016), calcium (P = 0.004) and magnesium (P = 0.001) 

levels. 

fT3 and fT4 levels and fT3/fT4 ratio within the selenium groups 

Thyroid function was determined by measuring serum concentrations of fT3, fT4 and 

TSH. As shown in Figure 2A, fT3 was significantly different between selenium groups (P = 

0.022). Specifically, fT3 was significantly reduced (P = 0.045) within the low serum selenium 

group (3.45 ± 0.13 pg/mL) when compared to the mean (3.89 ± 0.12 pg/mL) and optimal serum 
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selenium groups (3.91 ± 0.13 pg/mL). There was no significant difference in serum fT4 when 

comparing low (3.4 ± 0.12 pg/mL), mean (3.54 ± 0.11 pg/mL) and optimal (3.48 ± 0.18 pg/mL) 

serum selenium levels (Fig. 2B). Furthermore, the fT3/fT4 ratio did not differ between low (1.04 

± 0.07), mean (1.12 ± 0.05) and optimal (1.16 ± 0.07) serum selenium groups (Fig. 2C).  

TSH levels and TSH ratios 

Figure 3A shows that there were no statistical differences in serum TSH levels between 

the low serum selenium (0.88 ± 0.11 mIU/L), mean serum selenium (1.18± 0.14 mIU/L) or 

optimal serum selenium women (1.10 ± 0.11 mIU/L). The fT3/TSH ratio (Fig. 3B) also did not 

differ significantly between women with low (5.20 ± 0.68), mean (4.02 ± 0.37) or optimal (4.36 

± 0.54) serum selenium. The fT4/TSH in low serum selenium women (5.33 ± 0.76) was 

significantly higher (P = 0.0258) than those within the mean (3.62 ± 0.32) and optimal (3.6 ± 

0.33) serum selenium groups (Fig. 3C). The fT3/fT4-TSH (Fig. 3D) ratio did not differ between 

the low (1.51 ± 0.20), mean (1.17 ± 0.12) or optimal (1.38 ± 0.22) serum selenium groups.  

Correlations of clinical characteristics with thyroid status 

 There was no correlation associated with maternal age or gravidity regarding fT3, fT4, 

TSH, and TPOAb (Table 4). There was a statistically significant positive correlation between 

BMI and fT3 (R
2 = 0.1144, P = 0.0306, Table 4). The addition of serum selenium to BMI for 

multivariate analysis also correlated to fT3 with statistical significance (R2 = 0.1933, P = 

0.0168, Table 4). 

Correlations of serum selenium with thyroid status 

 Correlation analysis showed that fT3 was positively correlated with serum selenium 

levels (P = 0.0201, Fig. 4A). There was no correlation between serum selenium levels and fT4 

(Fig. 4B). Correlation analysis also showed that TSH was positively correlated with serum 

selenium (Fig. 4C); however, this did not reach statistical significance (P = 0.077). Levels of 

TPOAb were significantly different between serum selenium groups (Table 2, P = 0.005) and 

further correlation analysis showed that TPOAb is negatively correlated with serum selenium 

levels (Fig. 4D, P = 0.0002).  

Morbidity rates of pregnancy complications 

 Incidence of HDP, IUGR/LBW/SGA, PTB and PP were not significantly different 

between the three serum selenium groups (Table 5). Incidence of GDM was significantly 
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different between the three selenium groups (𝜒2 = 7.370, df = 2, P = 0.025) with Fisher’s exact 

test demonstrating the incidence of GDM within the low selenium group was significantly 

increased compared to the mean serum selenium group (P = 0.044). In the low selenium group 

7/21 women (33.3%) experienced gestational diabetes mellitus, whereas the incidence of GDM 

in the mean and optimal Se group was 1/21 (4.76%) and 2/21 (9.52%) respectively. 

Furthermore, the total incidence of all complicated pregnancies (Fig. 5) was significantly 

different between the three selenium groups (𝜒2 = 12.85, df = 2, P = 0.002) with Fisher’s exact 

test indicating the incidence of a pregnancy complications within the low selenium group 

(61.9%) was significantly higher than the mean serum selenium group (42.86%, P = 0.007).  
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Discussion 

 The relationship between selenium and thyroid hormone status has been extensively 

explored and published (10,22). Previous studies have demonstrated that aberrant selenium 

levels during pregnancy can have severe adverse effects on maternal and fetal outcomes 

through thyroid pathologies (9,23). In most studies that investigate the potential benefit of 

selenium supplementation for thyroid dysfunction, changes in selenium concentrations are not 

measured as primary outcomes (24). In this study, we have retrospectively investigated serum 

selenium status and thyroid hormone concentrations in pregnant women and further related 

these findings to the incidence of pregnancy complications.  

 We observed that women with low serum selenium levels (51.2 ± 1.2 µg/L) had a 

decrease in serum levels of fT3 in comparison to the mean serum selenium group (78.8 ± 0.4 

µg/L). This was concomitant with no changes in fT4 and TSH. Clinically, the assessment of 

fT3 is only made if levels of TSH and fT4 are abnormal (4). Consequently, the implications of 

independently decreased fT3 during pregnancy is unknown. However, reduced fT3 may be a 

consequence of reduced serum selenium levels, limiting iodothyronine deiodinase (DIO) 

function. DIOs are selenoproteins that have critical roles in determining and maintaining 

intracellular and circulating levels of T3. Reduced function of selenodependent DIOs would 

result in reduced conversion of T4 to T3, subsequently reducing fT3 levels (10). Our findings 

suggest that selenium deficiency inhibits thyroid hormone metabolism during pregnancy, 

which may be implicated in hypothyroidism.  

Although the reduction in fT3 concentrations were only modest (12% decreased), this 

hormone is normally maintained within a tight reference range. Maintaining a fT3 concentration 

within a very stable range is the primary target in subtle adjustments in TSH and T4 

concentrations (26). Previous studies have demonstrated that even a moderate decline in fT3 of 

10% may contribute to conditions such as diabetic nephropathy (27). Other studies 

demonstrates that moderate decreases is fT3 are associated with insulin resistance in non-

diabetic individuals (28). While the reference range used differs depending on gestational age, 

the population studied and the methodology employed, if a reference range of 3.1-6.35 pm/L 

for fT3 is employed, 23% (5/21) of samples from the low selenium cohort were below this 

threshold, while all samples from the mean and optimal groups were within this range (29).  



181 
 

 Additionally, a positive correlation between serum selenium levels and fT3 levels was 

also observed. This further supports that the bioavailability of fT3 in pregnancy is dependent 

on serum selenium levels, likely due to maintenance of DIO homeostatic function; however 

previous studies indicate DIO function is maintained during prolonged selenium deficiency 

(30). Thus, it is important for future studies to confirm that selenium deficiency impacts thyroid 

function via reducing DIO function and to determine if this is unique to the pregnant state (31). 

Alternatively, there may be additional mechanisms linking selenium deficiency to changes in 

serum thyroid levels. Reference intervals for thyroid hormones during pregnancy, specifically 

fT3, fT4 and TSH, are shown to be lower than non-pregnant women (32,33). We reiterate the 

importance of developing gestational age specific reference intervals when analysing thyroid 

function. Interestingly, a study on pregnant Chinese women defining gestation-related 

reference intervals for thyroid hormones indicates the median serum levels for fT3 is 3.1-3.2 

pmol/L with the lowest 2∙5th centile 2.3-2.5 pmol/L (33). This indicates fT3 levels within this 

cohort remained within the reference range of healthy pregnant women. 

 The fact that thyroid hormone concentrations and pregnancy outcomes were similar in 

women from the mean group and the optimal group might suggest that in the absence of other 

major risk factors, selenium concentrations at mean values may be sufficient. However, 

previous studies have demonstrated adverse outcomes for thyroid function in non-pregnant 

individuals when levels reach approximately 71 µg/L, which is similar to the mean plasma 

concentration detected in women from our cohort (16). It is therefore likely that although 

adverse effects were not detected in women that would otherwise be considered mildly 

selenium deficient, a larger sample size might be required to detect more subtle effects that 

may be occurring in this group. 

Dietary selenium intake has particularly been associated with autoimmune disorders, 

regarding thyroid pathology. In a study investigating the effects of selenium supplementation 

on 2,143 pregnant women with autoimmune thyroiditis, pregnant women who received 200 

μg/day selenomethionine were seen to have reductions in TPOAb levels and autoimmune 

thyroiditis progression, with improved thyroid echogenicity and a decreased incidence of 

thyroid dysfunction postpartum (24). We have observed that TPOAb levels were increased in 

pregnant women with low serum selenium concentrations. We also demonstrate that TPOAb 

levels were negatively correlated with serum selenium levels of women at 26-30 weeks of 

gestation. This supports research demonstrating that selenium deficiency may have 

implications with autoimmune thyroid disorders during pregnancy. Currently, selenium 
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supplementation is documented to improve anti-thyroid antibody levels for pregnant women 

with high levels of TPOAb, significantly reducing the percentage of postpartum thyroiditis and 

definitive hypothyroidism (22).  

 The human HPT axis maintains a physiologically inverse relationship between TSH 

and thyroid hormones. There was no change in fT4 or TSH levels between the three selenium 

groups; however, the fT4/TSH ratio was significantly increased within the low selenium group 

compared to both the other groups. This indicates the standardized estimate of T4 production 

per unit of TSH is increased within the low selenium cohort. This imbalance may be indicative 

of early stage capacity stress, where a compensatory increase in conversion efficiency is 

attempting to maintain a euthyroid state. This mechanism has been proposed as an early 

indicator of a progressively failing thyroid gland in conditions such as autoimmune thyroiditis 

(34). Although our samples are from 26-30 weeks of gestation, these results may suggest a 

minor form of hypothyroidism earlier in pregnancy in the low selenium group, though a 

compensatory mechanism has caused the thyroid to increase sensitivity to TSH in order to re-

establish normal thyroxine levels. This compensatory shift in HPT function would permit re-

establishment of the fT3/fT4 ratio; however, the reduction in fT3 suggests reduced selenium 

levels are reducing the capacity to produce fT3 even with sufficient fT4, which may be a result 

of reduced DIO capacity. 

 Other than selenium, several other essential trace elements were measured within 

serum. Iodine, calcium and magnesium, along with selenium, were all significantly increased 

in the optimal selenium group compared to the mean group. There were no differences in serum 

micronutrient levels, other than selenium, between the low and mean groups. One possible 

suggestion for the elevation in these key micronutrients in the optimal selenium group may be 

that these women have been supplementing during pregnancy and that the supplements 

contained each of these micronutrients; however, there is no dietary intake and supplement use 

data of key micronutrients in the current study (15,35). Interestingly, this had no significant 

impact on thyroid status and minimal impact on the incidence of pregnancy complication. It is 

important to note that we recently demonstrated that women who do supplement with 

micronutrients containing selenium do not have significantly greater selenium levels than 

women who do not (15). This is likely due to the fact that current supplements contain inorganic 

forms of selenium. We suggest that supplementing women that are selenium deficient with 

organic forms of selenium may be more effective at increasing plasma selenium concentrations 

with beneficial effects on pregnancy outcomes. We acknowledge more research is to be done 
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before recommendation for selenium supplementation in women of childbearing age with 

thyroid dysfunction. 

 Clinical characteristics were observed to have no direct impact on selenium 

concentration; however, BMI was indicated to be positively correlated to fT3. When BMI and 

selenium status were used in conjunction, they correlated significantly with both fT3 and TPO-

Ab. Previous studies have noted an association between T3/T4 ratio with body mass index in 

obese Nigerian children, and adolescents (25). It was reported that as BMI increases there is an 

alteration in the T3/T4 ratio, predominantly due to an increase in T3 without changes in T4. It 

was not stated that the increased BMI was a result of altered thyroid hormones, or cause of 

(25). With the main aim of this investigation being the effect of selenium on thyroid hormone 

status within these pregnant women, our data showed no difference in the BMI reported across 

the 3 study groups selected on selenium status 

Of interest, the incidence of GDM was significantly increased within the low selenium 

cohort, implicated in approximately one third of pregnancies within the group. The association 

between serum selenium levels and GDM has been shown to be complex. A recent meta-

analysis conducted by Kong et al. attempted to elucidate the relationship between GDM and 

serum selenium. This study suggested that serum selenium levels are lower in women with 

GDM (36). Previous studies have also demonstrated the beneficial effects of selenium 

supplementation in pregnant women with GDM on biomarkers of oxidative stress and well as 

glucose metabolism (37). Conversely, dietary selenium intake above recommended levels has 

also been implicated in the development of insulin resistance and type 2 diabetes mellitus 

(38,39). These studies have suggested that in excess selenium may act as an insulin mimetic, 

though mechanisms remain unclear (40). These effects may also be dependent on the extent of 

selenium supplementation, with a study demonstrating that nearly three years of selenium 

supplementation (200 µg/day) had no effect on insulin sensitivity or β-cell function when 

compared to a placebo group (41). As biochemical alterations (reduced glutathione blood levels 

and prothrombin times) occur at intakes of selenium ranging from 700-850 µg/day, and 

clinically relevant signs of selenosis are only apparent between 1200 and 5000 µg/day, we 

highlight the need to further research to investigate the relationship between selenium intake, 

serum selenium levels and metabolic health status. Maternal body mass index (BMI) is also 

significantly associated with incidence of GDM (42), thyroid dysfunction (43) and selenium 

status (44). In future studies, maternal BMI should be considered when investigating these 
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relationships as it may significantly modify or mediate the relationship between selenium, 

thyroid function and pregnancy complications. 

 Given these findings, the importance of sustaining selenium status to maintain thyroid 

health during pregnancy is imperative. Future studies should further aim to delineate the 

relationship between selenium, selenoproteins and thyroid hormone function during 

pregnancy, which may also be implicated in metabolic disorders such as GDM. 

 

Conclusion 

 Thyroid disorders are a predominant endocrine disorder affecting women of 

reproductive age, with thyroid dysfunction affecting approximately 2-3% of all pregnant 

women (1). This study identified that euthyroid women from Queensland, Australia had low 

serum selenium levels at 26-30 weeks of gestation, which was associated with reduced fT3 and 

increased TPOAb, though not at physiologically detrimental levels. Importantly, this study also 

identified a positive correlation between serum selenium and fT3, as well as a negative 

correlation between serum selenium and TPOAb. We provide further insight into the effect of 

different serum selenium levels during pregnancy on thyroid hormone levels, and that selenium 

deficiency is implicated in aberrant thyroid status during pregnancy. Importantly, this may be 

associated with increased morbidity of pregnancy complications, most notably GDM.  
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Tables 

Table 1. Maternal outcome data for the MONT cohort. 

Average Cohort Data (n = 206) 

Baby Gender (M/F) 88/84 

Ave Birth weight (g) 3212 ± 51.60 

Gestational length 38 ± 0.18 

Pregnancy complications Negative Positive 

HDP 166 16 

IUGR/LBW/SGA 145 37 

PTB 151 31 

PP 166 16 

GDM 160 22 

Total 99 83 

Average maternal serum elemental concentrations (26-30 wks) 

Selenium 73.43 ± 1.15 µg/L 

Iodine 93.05 ± 1.47 µg/L 

Manganese 1.16 ± 0.02 µg/L 

Copper 2.41 ± 0.04 mg/L 

Zinc 0.08 ± 0.01 mg/L 

Calcium 55.11 ± 0.30 mg/L 

Magnesium  17.55 ± 0.13 mg/L 

Iron 1.09 ± 3.45 mg/L 

 

Data are mean ± SEM. M, Male; F, Female; HDP, hypertensive disorder pregnancy; 

IUGR/LBW/SGA, intra-uterine growth restriction/low birth weight/small for gestational age; 

PTB, preterm birth; PP, Placental previa; GDM, gestational diabetes mellitus.  
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 Table 2. Clinical characteristics of the study population (N = 63) from the MONT cohort. 

 

Data are shown as mean ± SEM. Gender, ethnicity, alcohol, smoke, and vitamins were analysed 

by Chi-square testing. Age, BMI, Parity, Gravidity, Birth weight, and Gestation length 

differences were analysed by linear regression. TPOAb differences were analysed by one-way 

ANOVA with post hoc comparisons performed with Tukey’s tests. Bold text indicates 

significance (P < 0.05). a Any alcohol consumption during gestation. b Any smoking during 

pregnancy. BMI; Body Mass Index; TPOAb, thyroid peroxidase antibody.   

   Serum Selenium Concentration P 

Value 
  

 Low (n = 21) Mean (n = 21) Optimal (n = 21) 

Maternal Age (years) 32.00 ± 1.62 29.88 ± 1.25 30.50 ± 1.85 0.5296 

Baby Sex M  11, 52.4% 11, 52.4% 13, 61.9% 0.7733 

F  10, 47.6% 10, 47.6% 8, 38.1%  

BMI 
 

 27.73 ± 2.02 27.59 ± 1.76 23.96 ± 1.49 0.1018 

Ethnicity Caucasian  18, 85.7% 16, 76.2% 17, 81.0% 0.7343 

 Indigenous  1, 4.8% 2, 9.5% 0, 0%  

 Indian/Pakistani/Bangladeshi/ Sri Lankan  2, 9.5% 0, 0% 0, 0%  

 Maori/Pacific islander  0, 0% 2, 9.5% 0, 0%  

 Papua New Guinean/ Timorese  0, 0% 1, 4.8% 0, 0%  

 Chinese/ Korean/Japanese  0, 0% 0, 0% 3, 14.2%  

 Central/ South American  0, 0% 0, 0% 1, 4.8%  

Alcohola Any No 21, 100% 16, 76.2% 19, 90.5% 0.3261 

  Yes 0, 0% 5, 23.8% 2, 9.5%  

Smokeb Any No 20, 95.2% 20, 95.2% 21, 100% 0.5967 

  Yes 1, 4.8% 1, 4.8% 0, 0%  

Birth 

weight (g) 

  2956 ± 184.2 3316 ± 121.7 3245 ± 106.0 0.8138 

Parity   0.71 ± 0.29 0.88 ± 0.32 0.93 ± 0.33 0.9213 

Gravidity   2.50 ± 0.57 2.41 ± 0.38 2.71 ± 0.42 0.8662 

Gestation period (wk)  37.48 ± 0.70 38.43 ± 0.51 38.67 ± 0.29 0.1623 

TPOAb (IU/L)  11.45 ± 7.27 2.711 ± 0.65 1.37 ± 0.54 0.0052 

Vitamins Any No 6, 28.6% 11, 52.4% 6, 28.6% 0.1805 

  Yes 15, 71.4% 10, 47.6% 15, 71.4%  

 Multivitamin  15 10 15  

 Selenium  0 0 0  
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Table 3. Serum levels of other trace elements in women with low, mean and optimal serum 

selenium levels at 26-30 weeks of gestation (N = 63). 

Element 

Selenium Group 

P 

Low (n = 21) Mean (n = 21) Optimal (n = 21) 

(µ
g
/L

) Iodine  89.10 ± 4.68 89.71 ± 3.03 105.90 ± 5.53* 0.016 

Manganese 1.17 ± 0.06 1.04 ± 0.05 1.25 ± 0.14 0.28 

(m
g
/L

) 

Copper  2.32 ± 0.13 2.32 ± 0.15 2.41 ± 0.12 0.86 

Zinc 0.76 ± 0.04 0.76 ± 0.02 0.82 ± 0.04 0.39 

Calcium 52.24 ± 0.70 54.46 ± 0.56 59.16 ± 1.84* 0.004 

Magnesium  16.46 ± 0.39 17.19 ± 0.27 19.25 ± 0.76* 0.001 

Iron 1.01 ± 0.12 1.19 ± 0.20 1.26 ± 0.10 0.46 

 

Data are mean ± SEM. Difference between multiple groups were tested by one-way analysis 

of variance (ANOVA) with bold text indicating significance (P < 0.05). Post hoc comparisons 

performed with Tukey’s tests where *p < 0.05 compared to the mean selenium group. 
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Table 4. Linear regression analysis of possible covariates with thyroid hormones 

 
fT3 fT4  TSH TPO-Ab 

Variable/s F R2 P value F R2 P value F R2 P value F R2 P value 

Age 0.2336 0.005 0.6314 0.0827 0.0019 0.775 0.5178 0.01247 0.4759 1.678 0.03932 0.2024 

Age + BMI 2.464 0.1148 0.0985 0.9942 0.04497 0.3984 1.093 0.05439 0.3455 1.099 0.05467 0.3437 

Age + Selenium 1.229 0.0578 0.3035 0.7953 0.03649 0.4581 0.2704 0.01334 0.7645 3.443 0.1469 0.0417 

Age + Gravidity 0.3961 0.02042 0.6757 0.1907 0.00944 0.8271 0.3005 0.01557 0.7422 0.8191 0.04133 0.4484 

BMI 5.036 0.1144 0.0306 1.931 0.04497 0.1722 2.217 0.05379 0.1445 1.208 0.03004 0.2785 

BMI + Selenium 4.553 0.1933 0.01689 1.332 0.06244 0.2754 1.089 0.05422 0.3467 3.125 0.1412 0.05542 

BMI + Gravidity 2.111 0.1049 0.1359 1.322 0.06506 0.2785 1.015 0.05339 0.3724 0.6384 0.03425 0.534 

Gravidity 0.7037 0.0177 0.4067 0.2821 0.0068 0.5982 0.4343 0.011 0.5138 0.08437 0.0021 0.773 

Gravidity + Selenium 0.7151 0.03627 0.4956 0.7779 0.03744 0.4662 0.3395 0.01755 0.7143 2.969 0.1351 0.06339 

Age + BMI + Gravidity 1.38 0.1058 0.2649 0.8603 0.06521 0.4702 0.6602 0.05356 0.5821 0.7412 0.05974 0.5347 

Age + BMI + Gravidity 

+ Selenium 1.491 0.1492 0.2268 0.7153 0.07363 0.587 0.4884 0.05433 0.7442 1.639 0.1616 0.1872 

 

Data analysed through simple or multiple linear regression of variables in relation to hormones. Presented as the F-statistic, R2 value, and P value 

for each of the models with bold indicating significance (P < 0.05). BMI, Body Mass Index; fT3, free triiodothyronine; fT4, free thyroxine; TSH, 

thyroid stimulating hormone; TPOAb, thyroid peroxidase antibody.
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Table 5. Presentation of complications analysed by chi-square. 

 

Chi-square analysis of morbidity incidence within the low, mean and optimal selenium groups 

of females at 26-30 weeks of gestation with bold text indicating significance (P < 0.05). * 

indicates significance from Fisher’s exact test (p < 0.05) compared to mean selenium group. 

HDP, hypertensive disorder pregnancy; IUGR/LBW/SGA, intra-uterine growth restriction/low 

birth weight/small for gestational age; PTB, preterm birth; PP, Placental previa; GDM, 

gestational diabetes mellitus. 

 

  

  Serum Selenium Concentration 

𝜒2 (df) P 

  
Low 

(51.2 ± 1.2 µg/L) 

Mean 

(78.8 ± 0.4 µg/L) 

Optimal 

(106.9 ± 2.3 µg/L) 
  

Negative Positive Negative Positive Negative Positive 

HDP 

Count (N) 19 2 18 3 19 2 

0.3214 0.8515 % within Group (N = 21) 90.48% 9.52% 85.71% 14.29% 90.48% 9.52% 

% of Total (N = 63) 30.16% 3.17% 28.57% 4.76% 30.16% 3.17% 

IUGR/ 

LBW/ 

SGA 

Count (N) 16 5 16 5 19 2 

1.853 0.3959 % within Group (N = 21) 76.19% 23.81% 76.19% 23.81% 90.48% 9.52% 

% of Total (N = 63) 25.40% 7.94% 25.40% 7.94% 30.16% 3.17% 

PTB 

Count (N) 17 4 17 4 20 1 

2.333 0.3114 % within Group (N = 21) 80.95% 19.05% 80.95% 19.05% 95.24% 4.76% 

% of Total (N = 63) 26.98% 6.35% 26.98% 6.35% 31.75% 1.59% 

PP 

Count (N) 20 1 20 1 19 2 

0.5339 0.7657 % within Group (N = 21) 95.24% 4.76% 95.24% 4.76% 90.48% 9.52% 

% of Total (N = 63) 31.75% 1.59% 31.75% 1.59% 30.16% 3.17% 

GDM 

Count (N) 14 7 20 1 19 2 

7.370 0.0251 % within Group (N = 21) 66.67% 33.33%* 95.24% 4.76% 90.48% 9.52% 

% of Total (N = 63) 22.22% 11.11%* 31.75% 1.59% 30.16% 3.17% 
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Figure Legends 

Figure 1. Serum levels of selenium within the low, mean and optimal selenium groups of 

females at 26-30 weeks of gestation. Bars show mean ± SEM. Statistical analysis was 

performed by one-way ANOVA followed by Tukey’s multiple comparisons test. ****p < 

0.0001 versus the mean group. 

Figure 2. Serum levels of (A) fT3 and (B) fT4 within the low, mean and optimal selenium 

groups of females at 26-30 weeks of gestation. (C) The fT3/fT4 ratio. Bars show mean ± SEM. 

Statistical analysis was performed by one-way ANOVA followed by Tukey’s multiple 

comparisons test. *p = 0.045. fT3, free triiodothyronine; fT4, free thyroxine. 

Figure 3. Serum levels of (A) TSH and the (B) fT3/TSH ratio, (C) fT4/TSH ratio and the (D) 

fT3/fT4-TSH within the low, mean and optimal selenium groups of females at 26-30 weeks of 

gestation. Bars show mean ± SEM. Statistical analysis was performed by one-way ANOVA 

followed by Tukey’s multiple comparisons test. *p = 0.034. TSH, thyroid stimulating hormone; 

fT3, free triiodothyronine; fT4, free thyroxine.  

Figure 4. Correlation of serum selenium levels with (A) fT3, (B) fT4, (C) TSH and (D) TPOAb 

concentrations within the low, mean and optimal selenium groups of females at 26-30 weeks 

of gestation. Correlations between the different variables were analysed by correlation analysis 

using Pearson’s tests for fT3 and fT4 and Spearman’s test for TSH and TPOAb. P < 0.05 was 

considered statistically significant. fT3, free triiodothyronine; fT4, free thyroxine; TSH, thyroid 

stimulating hormone; TPOAb, thyroid peroxidase antibody. 

Figure 5. Percentage of normal and complicated pregnancies categorized according to serum 

selenium levels at gestational weeks 26-30. HDP, hypertensive disorder pregnancy; 

IUGR/LBW/SGA, intra-uterine growth restriction/low birth weight/small for gestational age; 

PTB, preterm birth; PP, Placental previa; GDM, gestational diabetes mellitus. 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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Thesis summary  

Nearly half of all women in Australia have an atypical Body-Mass Index (BMI), with 

an increased risk of a range of metabolic diseases including diabetes. For pregnant women, this 

means an increased risk of pregnancy complications such as Gestational Diabetes Mellitus 

(GDM) with 13% of women developing GDM or gestational hypertension, which impacts 

4.6% of pregnant women [1]. Furthermore, thyroid dysfunction affects at least 2-3% of all 

pregnant women, with up to 18% of women presenting as thyroid antibody positive in their 

first trimester of pregnancy. Though there are many factors that influence pregnancy and 

atypical pregnancy outcomes, there is uncertainty as to whether the status of individual 

micronutrients may be of significant influence. Selenium is an essential micronutrient that has 

been previously linked to several atypical pregnancy outcomes; however, the specific effects 

of an isolated selenium deficit on pregnancy outcomes remains elusive. Furthermore, the long 

term impact of selenium deficiency on metabolic health of offspring is unknown.  

 

This doctoral project investigated the effects of selenium deficiency on pregnancy 

outcomes including maternal physiology, placental function and fetal development, and 

subsequent alterations to selenoprotein expression [2]. In addition to the direct impact of 

selenium deficiency on pregnancy outcomes, this thesis also investigated the potential 

involvement of selenium deficiency during fetal development on DOHaD and whether an 

intervention such as exercise could alleviate possible metabolic programming in offspring. 

Furthermore, serum status of selenium and thyroid function was assessed in a cohort of 

pregnant women in South East Queensland.  

 

This thesis identified that selenium deficiency alters maternal physiology, placental 

function and fetal development, through changes in thyroid hormone status, glucose 

metabolism and selenoprotein expression. Subsequently, such changes in development were 

likely the key factors that contributed to the long-term alterations in offspring thyroid hormone 

status and glucose metabolism. Our study that investigated exercise as an intervention for 

DOHaD demonstrated that additional dysfunction may have contributed to disease outcomes, 

as offspring were less able or willing to exercise, which suggests some degree of impaired 

muscle formation, inefficient cellular respiration or general lethargy. Lastly, assessment of 

serum selenium status in pregnant women suggested that like many women around the world, 
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women from South East Queensland have plasma selenium concentrations less than what is 

optimal with a subset of women falling in the deficient category. Within this selenium deficient 

group of women we noted atypical thyroid function that would not be detected with standard 

screening procedures, with these women having almost a 50% incidence of GDM. This chapter 

will focus on further summarising the findings of this thesis and placing them in context with 

the current literature.  

Selenium and pregnancy outcomes  

The first goal was to characterise the specific effects of selenium deficiency on maternal 

parameters as well as placental and fetal development, in a mouse model of selenium deficiency 

during pregnancy. Initially, it was hypothesized that selenium deficiency would significantly 

impair placental function through alterations in placental development, morphology, 

selenoprotein antioxidant status and mitochondrial respiration, subsequently causing placental 

insufficiency and fetal growth restriction. The selenium deficit induced was approximately 

30% of the RDI for mice (70% reduction), reflecting the level of selenium deficiency 

commonly observed in human populations [3].  

 

This study was the first to show that a four-week pre-pregnancy, and gestational, 

exposure to a selenium deficient diet in mice is capable of reducing maternal weight gain over 

gestation and reduce fetal growth; however, the placenta was able to maintain normal 

mitochondrial function, selenodependent antioxidant function and morphological 

development. This indicated that the placenta can maintain development and function, to an 

extent, during a selenium deficient pregnancy, with priority over fetal development. This is in 

contrast to previous studies of more overt selenium deficiency [4] where key selenium 

dependant antioxidants were depleted within the placenta. It is important to clarify that all culls 

and post-mortem tissue collection were completed at specific times of day to avoid fluctuations 

in hormone and glucose levels. 

 

Maternal weight gain was reduced in pregnant mice, specifically from E15.5 onwards, 

and was concomitant to increased water consumption over gestation. Polydipsia is a 

behavioural change associated with condition such as preeclampsia and GDM, both of which 

are also associated with selenium deficiency [5, 6]. Interestingly, there were no other overt 



203 

 
 

changes to maternal physiology at E18.5; however, plasma levels of both T3 and T4 were 

significantly increased indicating hyperthyroidism. Previous studies have demonstrated that 

the risk of either hypo- or hyperthyroidism increases in individuals with low blood selenium 

status [7, 8]. It was originally hypothesized that selenium deficiency would induce 

hypothyroidism through reduced placental iodothyronine deiodinase function and therefore 

lower T3 induced transcription of thyroid responsive genes. DIO2 plays a key role in converting 

T4 into T3 and we hypothesised that given selenium is required for this protein to function, that 

T3 levels would be decreased, with T4 levels elevated. However, DIO3 is known to be the major 

iodothyronine deiodinase within the placenta and this particular isoform is known to metabolise 

both T3 and T4 into inactive forms. As such, given the more prominent role of DIO3 over DIO2, 

the results from the current study are not surprising. It must be noted however, that we did not 

assess DIO activity in the placenta or any of the maternal or fetal tissues. It is likely that 

development of hypo- or hyperthyroidism is determined by the severity of impact of selenium 

deficiency on specific tissues and which DIO isoforms are influenced. 

 

Furthermore, this study revealed that selenium deficiency induced fetal growth 

restriction, with reductions in fetal heart and kidney weight despite exhibiting a brain-sparing 

phenotype, a typical indicator of asymmetrical IUGR [9]. Fetal T4 was also increased, 

reflecting maternal thyroid hormone status. Surprisingly, fetal blood glucose was reduced, 

associated with increased placental glycogen levels and alterations to placental nutrient 

transport expression. Although no overt changes in placental development were noted, our 

results indicated that selenium deficiency induced subtle changes in placental function as 

indicated by changes in the expression of key selenoproteins and nutrient transporters, 

ultimately inducing fetal growth restriction and reducing gestational weight gain.  

DOHaD and selenium  

 Characterising the longitudinal effects of exposure to a selenium deficit during 

development on offspring programming of disease was the second goal of this doctoral project. 

As the maternal selenium deficit had significant implications on pregnancy outcomes and fetal 

development, it was hypothesized that selenium deficiency may have significant influences on 

DOHaD. Offspring mice were exposed to a selenium deficit from blastocystogenesis and 

throughout lactation until they were weaned at PN24, when they were placed on standard 



204 

animal chow containing normal levels of selenium. The implications of selenium deficiency 

on DOHaD has not been previously investigated, although re-supplementation of selenium 

after experiencing a deficit has been shown to alleviate the effects of an initial insufficiency 

when the deficit occurred during adulthood [10]. To clarify the effects of the selenium deficit 

during the vulnerable developmental period on later life physiology in offspring, mice were 

investigated at both PN30 and PN180. PN30 represents adolescence, a time which often 

precedes programmed disease; although, in the current model PN30 was only a few days after 

animals were put back on a selenium replete diet. The PN180 cohort represents mature 

adulthood that is the time, at which, programmed disease often eventuates. By comparing these 

two time points, we were able to investigate changes over the life course.  

The specific parameters investigated in this DOHaD study were based off the 

observations from the initial study that demonstrated altered glucose transport, thyroid 

hormone function and fetal growth restriction. As such, pathways related to hormone signalling 

and glucose intolerance were the focus of this study. A major finding of this thesis was that 

exposure to a selenium deficit during development induced glucose intolerance in mice at 

PN180. Both male and female offspring had increased blood glucose levels 30 minutes and 

180 minutes after a glucose insult. When plasma insulin levels were measured, an increase in 

insulin was observed in males but not females. Due to these observations, the insulin receptor 

pathway was investigated in skeletal muscle (the gastrocnemius) as it is the major site for 

insulin and glucose metabolism and a major store for glycogen. Skeletal muscle development, 

function and metabolism is also extremely dependent on selenium and thyroid hormone status 

[11]. It is important to clarify that all culls, post-mortem tissue collection, glucose tolerance 

testing and tail snips were confined to specific times of day to avoid fluctuations in hormone 

and glucose levels. 

Males exhibited reduced expression in several key genes of the insulin receptor 

pathway including: Insr, Pik3c3, Akt2 as well as GLUT4 gene (Slc2a4). Western 

immunoblotting was performed on a subset of these genes with the protein results supporting 

the reported changes in mRNA levels. Furthermore, we demonstrated a decrease in plasma T4 

levels and reduced gene expression of thyroid responsive genes: Thrα, MCT10 and Ucp3. 

Together, these results indicate that exposure to selenium deficiency may induce insulin 

resistance in male offspring through alteration to thyroid hormone status and peripheral 

carbohydrate metabolism. In females, glucose intolerance was more severe; however, there 
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were no changes in plasma levels of insulin, indicating sexually dimorphic programming 

outcomes. When investigating the insulin receptor pathway within females, gene expression of 

Akt2 and protein expression of GLUT4 were increased. This was associated with increased 

plasma levels of T4 and increased expression of MCT10 and Ucp3. These results indicate that 

exposure to selenium deficiency causes glucose intolerance in females through different 

pathways, although atypical thyroid hormone status and peripheral glucose metabolism were 

still central to this programmed change.  

We previously demonstrated in Chapter 3 that maternal weight gain and fetal weight at 

E18.5 is reduced in mice exposed to selenium deficiency [2]. Here, we demonstrate that 

offspring weight is not different at PN30 or at PN180 between normal and selenium deficient 

litters, indicating catch-up growth may have occurred in the model and has been maintained. 

In a rat model of uteroplacental insufficiency, pups were observed to develop insulin resistance 

early in life, subsequently catch-up growth was observed, followed by development of diabetes 

at 6 months of age; although the extent, of which, was dependent on the severity of the IUGR 

and level of postnatal nutrition [12]. At PN30, skeletal muscle size was increased, specifically 

the tibialis anterior and the EDL; however, at PN180, there was no difference. Studies by Xin 

et. al. also showed that catch-up growth secondary to IUGR induces insulin resistance in 

skeletal muscle tissues, associated with alterations to the insulin signalling cascade [13]. 

We proposed several key mechanisms that may explain these sex specific differences. 

As there were signs of positive adaptations in the skeletal muscle to glucose intolerance, the 

reduced glucose uptake was attributed most significantly to differences in hormone status. We 

did not measure sex steroid concentrations in these animals but did demonstrate large sex 

differences in one of the hormones that was assessed. Corticosterone levels in our female mice 

were approximately three times higher than that of males. Given that previous research 

indicated that corticosterone inhibits insulin stimulated glucose uptake in skeletal muscle [14], 

this is the strongest data we have to partially explain the sex differences in outcomes in the 

current study; however, corticosterone levels in females are normally higher than males. It is 

also important to acknowledge that mothers remained on a selenium deficient diet during 

lactation. Some programming outcomes depicted in Chapter 4 may in-fact be initiated during 

lactation as opposed to pregnancy. 



206 

 
 

Effect of exercise as an intervention to programmed metabolic disease 

Additional to the previous study, the effect of exercise as an intervention, to prevent the 

programming of peripheral metabolic dysfunction due to selenium deficiency, was investigated 

in male offspring. As exercise is a behavioural intervention able to stimulate muscle 

metabolism, increase mitochondrial function and insulin sensitivity [15, 16], mice were given 

24 hr access to a bidirectional running wheel from PN60 until the time of tissue collection. 

After 4 months of exercising, mice from selenium deplete litters still exhibited glucose 

intolerance when compared to exercising mice from normal litters. Although there were no 

differences in fasting blood glucose levels at PN90 and PN180, glucose tolerance testing 

demonstrated an increased area under the curve and blood glucose levels 30 minutes post 

glucose intake; although, 180 minutes after the glucose intake, blood glucose levels were no 

longer different indicating exercise may have had some small beneficial impact.  

Running data was obtained to assess exercise behaviour and indicated that mice from 

selenium deficient litters ran, on average, slower and less far. This resulted in a reduction in 

cumulative distance ran over the 4 months; however, there was no difference in time spent 

running between both groups. This indicated mice from selenium deficient litters had reduced 

capacity to exercise and that this may have minimised any potential benefits of exercise on 

metabolic function. Given this unusual finding, we sought to investigate potential mechanisms 

that might explain the reduced exercise behaviour. It was hypothesized that impaired 

cardiovascular mitochondrial function and oxidative stress may have been responsible for 

reduced exercise behaviour. After extensive analysis utilising Oxygraph-2k instruments to 

investigate heart mitochondrial function it was evident that this was not the case.  

 

Furthermore, the expression of 14 genes of the selenotranscriptome were investigated 

in both cardiac and skeletal muscle, which showed minimal changes in the low selenium group. 

Interestingly, we found in Chapter 6 that selenium deficiency decreased the expression of 

several selenoproteins in the heart of sedentary animals including SelenoP. In contrast, in the 

exercising animals from Chapter 5, the expression of several selenoproteins were increased 

including SelenoS, SelenoP and SelenoF. We postulated that this indicates that exercise may 

have altered selenium distribution in response to a greater need for selenium in the heart of 

exercising animals, possibly to counteract any possible deficits in mitochondrial function or 

ROS production.  
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Currently, the exact mechanisms of how selenium deficiency impaired exercise 

capacity remains elusive. Indeed it may simply be that selenium deficient offspring were 

capable of exercise but chose not to due to alterations to pleasure related pathways or perhaps 

due to a reduced attention span, two factors previously demonstrated to be dysregulated in 

offspring with programmed metabolic disease [17, 18]. Interestingly, selenoprotein P in 

humans may be implicated in the nigrostriatal pathway as Sepp1 is expressed by neurons of the 

substantia nigra. The interaction between Sepp1 and its receptor apolipoprotein E receptor 2 

(apoER2) in the brain is responsible for the ability of the tissue to retain selenium better than 

other tissues during times of deficiency [19]. It has been further proposed that the Sepp1-

apoER2 interaction allows neural supply of selenium to neurons, further providing 

neuroprotection and preventing significant neurodegeneration and necrosis in mild selenium 

deficiency [20]. Selenium deficiency during neural development may alter the nigrostriatal and 

dopamine reward pathway due to selenium prioritisation for the development of other 

significant neural structures and pathways. Alterations to the nigrostriatal pathway and 

dopamine reward system may account for the reduced exercise behaviour in the offspring, 

though this was not specifically investigated. From the current study it is evident that voluntary 

exercise behaviour, relevant to behaviour seen in humans, is not enough to offset programming 

of metabolic dysfunction that may be a result of programming due to selenium deficiency.  

 

Selenium deficiency and the selenotranscriptome  

 

 Currently, there are conflicting findings on the effect of dietary selenium levels on the 

selenotranscriptome [21-23]. All selenoproteins contain at least one selenocysteine (Sec) 

residue, with all selenium incorporated into Sec as selenophosphate, obtained from dietary 

means. The effect of atypical selenium status during pregnancy on selenoprotein gene 

expression in mothers, fetuses or offspring has not previously been characterised. The aim of 

this study was to characterise and define the effects of a selenium deficit on maternal, placental, 

fetal and offspring selenoprotein gene expression. 

 

Selenium deficiency knocked down the mRNA expression of several selenoproteins in 

all maternal tissues investigated. The placenta also exhibited a reduction in selenoprotein 

expression; however, to a lesser extent in comparison to maternal tissues, indicating that the 
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placenta may have the capacity to buffer some effects of selenium deficiency. A novel finding 

in this study was that there was a near universal increase in selenoprotein expression within 

fetal tissues. All selenoproteins characterised were upregulated within the fetal kidney, with 

over half of the selenoproteins investigated also exhibiting increased expression in the liver 

and heart. Mechanisms causing the increase in selenoprotein expression in fetal tissues, in a 

pregnant mouse model of selenium deficiency, remains elusive; although, understanding of the 

biosynthesis of Sec and incorporation of Sec into proteins provides some insight. 

 

 Sec Lyase (SCL) is an enzyme that can degrade Sec to produce selenium and L-alanine 

[24]. Due to lack of selenium, premature stop codons cause nonsense-mediated decay to 

eliminate mRNA transcripts responsible for selenoprotein production [23]. Upregulation of 

SCL would allow for recycling of selenium, increasing selenium levels in circulation providing 

an alternative source of selenium for Sec biosynthesis. Furthermore, SCL interacts with both 

isoforms of selenophosphate synthetase (SPS1 & 2), enzymes responsible for producing 

selenophosphate, the bio-active form of selenium that is incorporated into Sec [23]. It may be 

possible that, in the occasion of a selenium deficit during pregnancy, maternal selenium is 

recycled by SCL and preferentially transported to the fetus where it is biosynthesized into Sec, 

increasing expression to promote translation of selenoproteins to maintain homeostatic 

functions and development within the fetus. This mechanism however, was not investigated 

and remains speculative. 

  

Offspring selenoprotein expression was also investigated and reiterates a sexual 

dimorphic relationship of selenoprotein expression. Minimal treatment effects were observed 

in tissues at PN180. This is attributed to the normal selenium diet that offspring are placed on 

after weaning at PN180, further supporting the ability for the selenoproteome to respond to 

dietary selenium status.  

Selenium levels and thyroid hormones in pregnancy 

 A major finding of this thesis is that serum selenium status in pregnancy may 

correspond with thyroid hormones status as well as atypical pregnancy outcomes. Although 

the relationship between selenium and thyroid hormone status has been extensively explored 

[25, 26], fewer studies have investigated this relationship in pregnancy. Furthermore, previous 
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studies investigating the potential benefits of selenium supplementation for improving thyroid 

disease have not measured selenium prior to, during, or after supplementation, and primary 

outcomes are measured through thyroid function changes [25]. The current thesis demonstrated 

in Chapter 7 that fT3 is reduced in women with the lowest serum selenium concentrations. The 

fT4/TSH ratio was also increased within the low selenium group, indicating the standardized 

estimate of T4 production per unit of TSH is increased. This has been previously demonstrated 

as a compensatory mechanism to increase conversion efficiency in an attempt to maintain a 

euthyroid status during early stage capacity stress to the thyroid [27]. Furthermore, this 

mechanism has been proposed as an early indicator of a progressively failing thyroid gland in 

conditions such as autoimmune thyroiditis [27]. The levels of TPOAb were also increased in 

the low selenium group, and negatively correlated to serum selenium levels, further supporting 

the importance for selenium for healthy thyroid function.  

 An interesting finding in this study was incidence of pregnancy disorders in the low 

selenium group was also increased. Approximately 70% of women with low serum selenium 

had a complication during their pregnancy, with over 30% developing GDM. The association 

between low serum selenium and incidence of GDM is gaining interest [28, 29], though exact 

mechanisms of this relationship remains elusive. Although this was a relatively small cohort, 

this study provided further insight into the relationship between different serum selenium levels 

during pregnancy on thyroid hormone levels. Together, the results indicate that selenium 

deficiency is implicated in aberrant thyroid status during pregnancy and may be associated with 

increased incidence of GDM. Importantly, this indicates several implications for offspring. 

Firstly, it would be of interest to see if the children born to women from the lowest selenium 

group develop metabolic dysfunction similar to that observes in our animal model. Secondly, 

previous studies have demonstrated that women with GDM have an increased risk of having 

children with diabetes. It would be interesting to investigate what contribution micronutrient 

status may play in mediating this relationship. While these studies would be of interest, they 

would be almost impossible to perform in clinical cohorts and so, for now, we can only 

speculate based on our DOHaD studies in animals alongside clinical studies of pregnancy 

outcomes.  
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Limitations of current studies  

As this thesis progressed, several limitations became apparent. Firstly, the sample size 

employed for animal studies was not large enough for offspring interventions that were initially 

warranted for investigation. This was attributed to variability in litter sizes and sex ratios and 

must be accounted for in future studies. Increasing the number of animals available for 

offspring investigation may provide further insight into the effects of atypical micronutrient 

status on DOHaD. Careful consideration of tissue excision was made, although failure to 

collect thyroid tissue was a limitation to chapters 3 and 4. Morphological investigations into 

thyroid structure and follicular histology may have provided more insight into the effect of 

selenium deficiency on thyroid hormone status in mothers and offspring. In the DOHaD model, 

metabolic pathways were characterised; however, skeletal muscle only represents one site of 

glucose metabolism and it would have been a stronger study if pathways were additionally 

characterised in liver and adipose tissue. Additionally, it would have been more appropriate to 

investigate phospho-AKT levels as more specific indicators of glucose/insulin signalling. In 

the selenoprotein study, the importance of characterising the gene expression of SECIS binding 

protein 2 (SBP2) only became apparent after the model was complete and thus was not 

conducted. SPB2 is hypothesized to be a major regulator in selenoprotein synthesis and is also 

a selenoprotein. Investigations into SBP2 expression within the selenoprotein characterisation 

study may have provided more insight into the effect of selenium deficiency on the 

selenotranscriptome. Finally, our clinical study that investigated the relationship between 

serum selenium levels, thyroid function and pregnancy disease risk is under-powered with only 

21 patients in each group. It would be of interest to repeat this study with a much larger cohort 

of women. 

Future directions  

This doctoral project provided novel insights into the impact of atypical selenium levels 

on pregnancy development and outcomes. It also highlights that selenium plays an imperative 

role in thyroid function and carbohydrate metabolism. These findings have generated 

additional questions necessitating further study. Future studies may aim to investigate the effect 

of atypical selenium levels on thyroid morphology and function in a model of selenium 

deficiency and during pregnancy. It would also be advantageous to employ a rat model to do 
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this as the thyroid gland is larger in rats compared to mice, thus easier to excise. In addition, 

characterising the effect of selenium deficiency on offspring liver, adipose tissue and pancreatic 

function is pertinent, as it may allow full delineation of how selenium induces atypical 

metabolic function in both male and female offspring. These studies should also assess which 

tissues remain selenium deficient after animals are placed back on a selenium replete diet and 

the time it takes for each tissue to return to optimal concentrations. In addition to the direct 

impact of selenium deficiency on the transcription of selenoproteins, it is possible that changes 

to these proteins may indirectly impact the expression of a range of other genes. As such, it 

may also be worthwhile to explore how wide reaching this impact may go by employing 

microarray techniques to study the effect of selenium deficiency on genes in metabolically 

active tissues, including the placenta.  

In addition, although findings form the current study are of significant interest, further 

investigations into the selenium status of women during pregnancy warrants more 

investigation. Given that selenium deficiency may be common in many regions around 

Australia, the causal relationship between selenium status and thyroid dysfunction requires 

further study. Current evidence suggests that the selenium status of pregnant women in 

Australia is inadequate for appropriate endocrine requirements of pregnancy; however, given 

that selenium requirements increase with increasing body mass, these deficits may be 

understated due to growing incidence in overweight, obese and GDM pregnancies. Finally, 

while selenium is an important micronutrient, consideration of all trace elements when 

assessing micronutrient status is important and this must be taken into consideration when 

planning a pregnancy. While much work needs to be undertaken prior to clinical trials, a really 

important study would be to assess the individual micronutrient status of a large number of 

pregnant women and correct each micronutrient to healthy levels using customised 

supplementation to determine if treatment can reduce adverse pregnancy and offspring 

outcomes. 
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