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Key Points 

 Inappropriate intake of key micronutrients in pregnancy is known to alter maternal 

endocrine status, impair placental development and induce fetal growth restriction. 

 Selenium is an essential micronutrient required for the function of approximately 25 

important proteins. However, the specific effects of selenium deficiency during 

pregnancy on maternal, placental and fetal outcomes is poorly understood.  

 This study demonstrates that maternal selenium deficiency increases maternal T3 and 

T4, concentrations, reduces fetal blood glucose concentrations and induces fetal 

growth restriction.  

 Placental expression of key selenium dependent thyroid hormone converting enzymes 

were reduced, while the expression of key placental nutrient transporters was 

dysregulated. 

 Selenium deficiency had minimal impact on selenium dependent antioxidants but 

increased placental copper concentrations and expression of SOD1.   

 These results highlight the idea that selenium deficiency during pregnancy may 

contribute to thyroid dysfunction, causing reduced fetal growth that likely precedes 

programmed disease outcomes in offspring.   
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Abstract 

Selenium is a trace element fundamental to diverse homeostatic processes, including 

antioxidant regulation and thyroid hormone metabolism. Selenium deficiency in pregnancy is 

common and increases the risk of pregnancy complications including fetal growth restriction. 

Although altered placental formation may contribute to these poor outcomes, the mechanism 

by which selenium deficiency contributes to complications in pregnancy is poorly 

understood. Female C57BL/6 mice were randomly allocated to control (>190 µg/kg, n = 8) or 

low selenium (<50 µg/kg, n = 8) diets four weeks prior to mating and throughout gestation. 

Pregnant mice were sacrificed at embryonic day 18.5 followed by collection of maternal and 

fetal tissue. Maternal and fetal plasma thyroid hormone concentrations were analysed as was 

placental expression of key selenoproteins involved in thyroid metabolism and antioxidant 

defences. Selenium deficiency increased plasma tetraiodothyronine and triiodothyronine 

concentrations. This was associated with a reduction in placental expression of key 

selenodependent deiodinases, DIO2 and DIO3. Placental expression of selenium-dependent 

antioxidants was unaffected by selenium deficiency. Selenium deficiency reduced fetal 

glucose concentrations leading to reduced fetal weight. Placental glycogen content was 

increased within the placenta as was Slc2a3 mRNA expression. This is the first study to 

demonstrate that selenium deficiency may reduce fetal weight through increased maternal 

thyroid hormone concentrations, impaired placental thyroid hormone metabolism and 

dysregulated placental nutrient transporter expression. This study suggests that the magnitude 

of selenium deficiency commonly reported in pregnant women may be sufficient to impair 

thyroid metabolism but not placental antioxidant concentrations.   
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Introduction  

Selenium is an essential dietary trace element known for its biological actions exerted 

through proteins known as selenoproteins (Reeves & Hoffmann, 2009). Alterations to dietary 

selenium intake can disrupt multiple molecular pathways, especially when selenium demand 

increases, such as during pregnancy (Hofstee et al., 2018). Selenium deficiency has been 

associated with pregnancy disorders, including preeclampsia, gestational diabetes mellitus 

(GDM), neural tube defects, fetal growth restriction, and preterm birth (Richard et al., 2016). 

There are approximately 25 genes in the human selenoproteome, though the physiological 

roles, function and biochemical characterisation of several selenoproteins remains unknown 

(Labunskyy et al., 2014). Research has suggested that in order to maximise activity of the 

essential selenoprotein antioxidant glutathione peroxidase (GPX), plasma selenium 

concentrations in humans should be approximately 100 µg/L (Stoffaneller & Morse, 2015). A 

number of studies have reported average plasma selenium concentrations far below this value 

(Stoffaneller & Morse, 2015), including within cohorts of pregnant women (Wilson et al., 

2018). When below this level, selenoproteins that are essential for pregnancy health, may 

function at suboptimal levels, leading to impaired fetal growth, which may, in turn, program 

disease in offspring.  

Developmental origins of health and disease (DOHaD) defines how events that occur during 

development can influence birth weight and aspects of adult physiology in offspring 

(Gluckman et al., 2007). Maternal nutrition strongly influences both programmed disease 

outcomes and the risk of maternal complications of pregnancy (Wadhwa et al., 2009). A 

normal diet consists of a balance between macronutrients (proteins, fats, carbohydrates and 

fibre) as well as micronutrients (vitamins and trace elements), all of which are required to 

meet the metabolic demands essential to a healthy pregnancy. The placenta regulates multiple 

aspects of maternal physiology and fetal development such that deficits in placental function 
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often contribute to adverse outcomes (Mistry & Williams, 2011). A central hypothesis about 

how selenium deficiency increases the risk of developing pregnancy disorders is through 

reduced placental activity of GPX and other selenium-dependent antioxidants, including 

thioredoxin reductases (TXNRD), which leads to placental oxidative stress (Khera et al., 

2015). Placental oxidative stress disrupts placental function and can alter fetal growth 

through multiple pathways including modulation of key nutrient transporters (such as Slc2a1 

or Slc38a1) and cell death (Umekawa et al., 2008; Araujo et al., 2013; Bartho et al., 2019).  

We have previously utilized a rat model of severe selenium deprivation that demonstrated 

pregnancy specific preeclamptic like symptoms – an increase in systolic blood pressure, 

proteinuria and fetal growth restriction (Vanderlelie et al., 2004). This was associated with 

decreases in GPX and TXNRD activity in maternal liver and increased maternal oxidative 

stress. While selenium dependant antioxidants and oxidative stress levels within the placenta 

have not yet been assessed in an experimental model of moderate selenium deficiency, it is 

possible that other selenoproteins not primarily involved in oxidative stress may also be 

contributing to altered maternal and fetal outcomes. Key selenoproteins that have been linked 

to pathologies unrelated to pregnancy include selenoprotein P (Selenop), selenoprotein N 

(Selenon) and selenoprotein H (Selenoh). Selenop is the most abundant selenoprotein in 

plasma and is the only selenoprotein known to contain multiple selenocysteine residues (10 

selenocysteine residues per polypeptide) (Hill et al., 2003). Selenon is an ER-resident 

transmembrane glycoprotein that has particularly high expression in the developing myotome 

during early embryogenesis (Addinsall et al., 2018). Selenoh is a nuclear-localized DNA-

binding protein that increases other selenoproteins in response to stress, and can be 

particularly sensitive to diet (Bellinger et al., 2009). In response to a decrease in selenium, 

other compensatory mechanisms may also prevent oxidative stress by increasing 

concentrations of other micronutrients, such as copper or zinc, that are important regulators 
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of selenium-independent antioxidant systems (Hofstee et al., 2018). Alternatively, a decrease 

in these selenodependent antioxidant proteins within the placenta may only occur when 

selenium concentrations are severely deficient. It is currently hypothesised that the expression 

of stress-related selenoproteins (such as Gpx1) are significantly reduced under selenium 

deficient conditions, while housekeeping selenoproteins (such as Txnrd1) are preferentially 

preserved (Labunskyy et al., 2014). It is likely that there is a hierarchy for selenoproteins 

with some proteins most strongly impacted by selenium deficiency. Furthermore, this 

hierarchy is likely to be tissue specific and impacted by factors such as pregnancy.  

An additional pathway through which selenium may impact fetal development is via 

modulation of thyroid hormone homeostasis. The iodothyronine deiodinases (DIOs) are 

selenoproteins that allow conversion of the most abundant thyroid hormone, 

tetraiodothyronine (T4), into the most bioactive thyroid hormone, triiodothyronine (T3). 

Studies have shown that even mild selenium deficiency in humans impairs deiodinases and 

thyroid hormone homeostasis (Köhrle, 2005). These DIOs can regulate thyroid homeostasis 

systematically but also locally. As a consequence, alterations to DIO concentrations can alter 

thyroid hormone mediated processes such as cellular proliferation, nutrient transport and 

cellular metabolism (Labunskyy et al., 2014). While less understood, it has been speculated 

that selenium deficiency may also impact a range of other hormones (Hofstee et al., 2018). 

As selenium is an essential micronutrient that is commonly deficient and implicated in 

pregnancy dysfunction, the impact of maternal selenium deficiency on endocrine function in 

pregnancy and placental function warrants investigation. In this study, we aimed to 

investigate the specific effect of moderate dietary selenium deficiency on maternal and fetal 

thyroid hormone concentrations, fetal growth, placental selenodependent antioxidant and 

DIO systems, placental nutrient transporter expression, and adaptive placental processes.  

 



 

This article is protected by copyright. All rights reserved. 

Methods 

Animal procedures 

All experiments were approved by Griffith University Animal Ethics Committee (Ethics no. 

MSC/01/16/AEC) and were conducted in accordance with the Australian Code of Practice for 

Care and Use of Animals for Scientific purposes. The following experimental protocols 

comply with policies and regulations approved by the Griffith University Animal Ethics 

Committee (MSC/01/16/AEC). All investigators within the study understand the ethical 

requirements and have fully complied with principles and standards for reporting animal 

experiments in The Journal of Physiology and Experimental Physiology checklist (Grundy, 

2015). Experimental design as well as housing and husbandry of animals was in accordance 

with the “Animals in Research: Reporting In Vivo Experiments” (ARRIVE) guidelines for 

DOHaD research (Dickinson et al., 2016). 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 one week of acclimatisation, mice were randomly allocated 

to either a control (>200 µg/kg, n = 8) or low selenium (<50 µg/kg, n = 8) diet four weeks 

prior to mating and throughout gestation. The custom diet used in this model was based on a 

torula yeast diet that is very low in selenium content and has been used extensively to 

investigate the impact of selenium deficiency on health (Burk Jr et al., 1968; Vanderlelie et 

al., 2004). The current formulation has been modified from the original diet to more closely 

match the commonly used standard mouse chow (AIN-93) (Reeves, 1997) and move away 

from the original AIN-76A style diet due to concerns of very high sucrose content. This 

modified diet is expected to contain a higher selenium content than the original diet but be 

more representative of the degree of selenium deficiency that occurs in humans. The 

composition of this diet is described in detail in tables 1 and 2. For the control diet, 200 µg/kg 
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of selenium was added into the selenium deficient diet in the form of sodium selenite 

(Na2SeO3, Sigma-Aldrich, Germany) dissolved in distilled water. This restored selenium 

concentrations to levels found in standard animal feed. Mice had access to water and their 

respective diets ad libitum. Food intake and water consumption were assessed daily. After 

confirmation of pregnancy, mice were culled at embryonic day 18.5 (E18.5) via cervical 

dislocation for collection of tissues and further analysis. No animals remained after the 

completion of this study. 

Post-mortem tissue collection 

Maternal blood was collected via cardiac puncture into lithium heparin tubes (HEP; 

Microvette CB 300 µL, Lithium Heparin, SARSTEDT, Nümbrecht, Germany; Cat. no. 

16.443). Each fetus and placenta was individually removed from the uterine horns and 

weighed before measurements of crown-rump length and placental length, width and 

thickness were taken. 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 tubes. All blood HEP tubes were 

centrifuged at 2000 x g for 5 minutes followed by collection of blood plasma. Glucose levels 

were measured in blood using an Accu-Chek Performa II Glucometer (Mannheim, Germany). 

Maternal and fetal organs including heart, liver, kidney and brain were collected and 

weighed. Each organ was snap frozen in liquid nitrogen and stored at -80 °C. Fetal tails were 

also collected for sex genotyping as described.  

Mitochondrial respiration 

Mitochondrial respiration was assessed as previously described (Holland et al., 2017; Fisher 

et al., 2019) with minor modifications. Briefly, placental tissue samples were placed 

immediately in ice-cold BIOPS solution (2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 5.77 
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mM Na2ATP, 6.56 mM MgCl2⋅6H2O, 20 mM taurine, 15 mM Na2 phosphocreatine, 20 mM 

imidazole, 0.5 mM dithiothreitol, 50 mM MES, pH 7.1). Tissue samples were gently 

dissected and shredded with fine‐tipped forceps, then plasma membranes were permeabilized 

by incubating in 50 μg/mL saponin in 1 mL BIOPS solution for 30 minutes on ice. Samples 

were washed twice for 10 minutes on ice in MiR05 respiration medium (0.5 mM EGTA, 3 

mM 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) (Gnaiger et al., 2000) and 

blot-dried before measuring weight.  

Oxygraph 2K (Oroboros Instruments, Austria) chambers were primed and calibrated with 

MiR05 at 37°C and approximately 6-10 mg of the permeabilized placental sample was 

transferred into each chamber. Mitochondrial respiration was measured using a substrate-

uncoupler-inhibitor-titration (SUIT) protocol. 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 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.  
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In addition to the SUIT protocol described above, a separate set of tissues were subjected to 

hypoxia/reoxygenation to assess how reperfusion impacted oxidative phosphorylation. This 

was performed as previously described (Holland et al., 2018) with minor modifications. 

Placental samples from the same litter were assessed simultaneously, with one sample 

maintained at atmospheric oxygen while the other was allowed to respire in anoxia. Anoxia 

was maintained for 20 minutes before reintroduction of oxygen. Flux control factors and leak 

control ratio (LCR) were calculated from tissues following reoxygenation. Oxidative 

phosphorylation as a proportion of maximum respiratory capacity was calculated following 

addition of substrates for complex I (FCF CI) and when substrates for complex I and II were 

available (FCF CI + CII). The LCR was calculated as the respiratory flux with CI substrates 

(pyruvate, glutamate and malate) divided by the respiratory flux with these substrates and the 

addition of ADP to stimulate OXPHOS. In addition, the FCR was calculated following the 

addition of cytochrome C (FCFc). Data analysis was conducted using Datlab software 

(Oroboros Instruments, Austria), with respiratory states expressed relative to tissue weight as 

previously described (Holland et al., 2017).  

Fetal Genotyping 

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

(Qiagen, Melbourne, Australia; Cat. no. 69506). Sex was then determined through measuring 

the sex-determining region Y (Sry, NM_011564) expression with Taqman Gene expression 

technology. Samples were analysed in duplicate on StepOnePlus Real-Time PCR System 

(Applied Biosystems, California, USA) as previously described (Cuffe et al., 2012). 

Inductively coupled plasma mass spectrometry (ICP-MS) 

Wet tissue digestions were performed on maternal liver, fetal liver and placental samples, due 

to the availability of sample and accurate representation of biological systems. Teflon 
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digestion vessels were rinsed in Milli-Q water and loaded with samples before addition of 

distilled nitric acid (Seastar Chemicals Inc, Sidney, British Columbia, Canada; Cat. no. 

S010101-CHEQ09, batch no. 1118010), instrument quality hydrochloric acid (Seastar 

Chemicals Inc; Cat. no. S010401-CHEQ09, batch no. 4117120) and instrument quality 

hydrogen peroxide (Seastar Chemicals Inc; Cat. no. S021001-CHEF04, batch no. 17217043). 

Samples were digested in a MARS 6 microwave (CEM, Tokyo, Japan) and ramped to 180oC 

for 5 minutes for digestion with temperature and pressure monitored. Samples were diluted 

1:50 with milli-Q water for assessment of 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; Cat. no. 00045827, batch no. 000849) was used as an internal standard. 

The Agilent 7900 ICP-MS (Agilent Technologies, Tokyo, Japan) was used for ICP-MS 

analysis. ICP-MS setup and analysis was controlled by ICP-MS MassHunter 4.2 workstation 

software (Agilent Technologies, Tokyo, Japan; RRID: SCR_015040). ICP-MS multi-element 

calibration standard (High purity standards, South Carolina, USA; Cat. no. HPS-152-100-

100, batch no. 1826305) was used for the creation of standard curves for machine calibration 

and sample analysis. Four elements (Sc, Y, In, Tb) were used as internal standards. 

Activity assays 

Placental Samples were homogenized manually using a 5 ml glass dounce tissue grinder in 2x 

RIPA buffer (Merck Millipore, Billerica, MA, USA; Cat. no. 20-188) followed by 

centrifugation at 4°C for 10 minutes at 750 rpm. 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 (Pierce BCA Protein Assay Kit, 

Thermo Scientific, Rockford, Illinois, USA; Cat. no. 23227). 
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Glutathione Peroxidase (GPX) activity was measured using a Cayman Glutathione 

Peroxidase Colorimetric Assay Kit (Cayman Chemical Company, Michigan, USA; Cat. no. 

703102) as described previously (Bartho et al., 2019). Extracted protein was normalised to 1 

µg/µL of protein in phosphate buffered saline (PBS) with 10 µL used per reaction in 

duplicate. This GPX assay measures activity via a coupled reaction with glutathione 

reductase. Following the reduction of hydroperoxide by GPX, it is recycled to its reduced 

state by GR (ubiquitous enzyme) and NADPH, which is oxidised to NADP+, causing a 

decrease in absorbance at 340 nm; therefore, the rate of decrease is directly proportional to 

the GPX activity in the sample. Assay absorbance was measured using a Tecan Sunrise 

Absorbance Reader with Magellan Standard software (Tecan Sunrise, Tecan, Melbourne, 

Victoria, Australia). 

Thioredoxin reductase (TXNRD) activity was quantified using a Cayman Thioredoxin 

Reductase Colorimetric Assay Kit (Cayman Chemical Company, Michigan, USA; Cat. no. 

10007892). Extracted protein was normalised to 3 µg/µL of protein in PBS with 10 µL used 

per reaction in duplicate. The TXNRD assay 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 412 nm as described. This is done in the presence and absence of 

aurothiomalate, a specific TXNRD inhibitor. This corrects for non-thioredoxin reductase-

independent DTNB reductions. Thus, the difference between both these results is the 

reduction of DTNB due to TXNRD activity.  

Total superoxide dismutase (SOD – cystolic and mitochondrial) activity was quantified using 

a Cayman Superoxide Dismutase Colorimetric Assay Kit (Cayman Chemical Company, 

Michigan, USA; Cat. no. 706002). 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). It is based on the detection of superoxide radicals through 
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tetrazolium salt. The free radicals are generated by hypoxanthine and xanthine oxidase. One 

unit of SOD activity is equal to the amount of enzyme needed to exhibit 50% dismutation of 

a superoxide radical. Absorbance was read at 450 nm as described. 

Hydrogen peroxide (H2O2) levels were measured as previously described (Bartho et al., 

2019). In brief, a set of fresh standards were prepared in MiR05, ranging from 10 to 0.04 µM, 

using premium grade H2O2. A reaction mix containing horseradish peroxidase, SOD and 

Amplex Ultra Red (Invitrogen, Carlsbad, CA, USA) was prepared and added to samples. 

Standards and samples were added into a 96-well plate. After a 5-minute incubation, 

fluorescence was recorded (excited at 545 nm, detection at 587 nm). Concentrations of H2O2 

within the sample were calculated from the standard curve. 

Quantitative PCR 

RNA was extracted from placental tissue using the RNAeasy mini kit (Qiagen, Melbourne, 

Australia; Cat. no. 74106) as described previously (Cuffe et al., 2012), and measured via 

absorbance spectrophotometry using the NanoDrop 2000/2000c. The Bio-Rad iScript gDNA 

clear cDNA synthesis kit was used to convert 1 μg of RNA into cDNA for qPCR analysis 

(Hercules, California, USA; Cat. no. 172-5035). All PCR reactions were performed in 

correspondence with the MIQE guidelines (Bustin et al., 2009). QPCR was performed using 

20 ng of cDNA in 10 µL per reaction on the StepOne real-time PCR system (Applied 

Biosystems) 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.  

KiCqStart SYBR green PCR primers (Sigma-Aldrich, Missouri, USA) were used to measure 

mRNA expression of genes indicated in Table 3. A single spike was demonstrated within the 

melt curve analysis for all genes assessed and no product was detected in the non-template 
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control on any run. All expression was normalised to the geometric mean of beta actin (Actb, 

NM_007393) and ubiquitin C (Ubc, NM_019639). These genes were selected after 

assessment of several potential reference genes and were demonstrated to be consistently 

expressed in the placental tissue and not impacted by sex or treatment. Eight samples were 

run per group in duplicate, with final expression calculated using the 2-ΔΔCt method. 

Hormone analysis 

Tetraiodothyronine (T4) and triiodothyronine (T3) was measured in maternal and fetal plasma. 

T4 was measured using a competitive ELISA Kit (Invitrogen, California, USA; Cat. no. 

EIAT4C). Euthyroid concentrations of serum T4 range from 50 – 100 ng/ml. T3 was measured 

using a total T3 radioimmunoassay (RIA) kit (Beckman Coulter, Czech Republic: Cat. no. 

IM1699) with functional and analytical sensitivities of 0.26 and 0.49 nmol/L, respectively. 

Concentration of T3 in plasma was measured at the same time as calibrators, obtained from 

the standard curve via interpolation. Euthyroid concentrations of T3 are expected at 1.2 – 2.8 

nmol/L. 

Corticosterone levels were measured in maternal plasma in duplicate within a single assay 

using the DetectX Corticosterone Enzyme Immunoassay kit (Arbor Assays, USA; Cat. no. 

K014-H1) following the manufacturer’s protocol (n = 5-6).  

Insulin levels were also measured in maternal plasma in duplicate. This was done using a 

single assay with the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem Inc., USA; Cat. 

no. 90080) following the manufacturer’s guidelines (n = 6-7).  

Statistical analysis 

Maternal weight gain was analysed by a two-way repeated measures analysis of variance 

(ANOVA- GraphPad Prism 8; RRID:SCR 002798) with the main effects of selenium 

deficiency (Treatment; Ptrt) and time from conception (Time; Ptime) with any interactions 
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between treatment and time also assessed (Interaction; Pint). When a major effect of time, 

treatment or an interaction between treatment and time was detected, a Sidak post hoc 

analysis performed to indicate at which particular time a treatment effect had taken place. All 

other maternal parameters as well as chow micronutrient content and maternal and fetal 

plasma thyroid hormone levels were analysed using an Unpaired t-test. For all remaining fetal 

data, fetal sex was take into account. For allometric parameters (e.g. body weight, placenta 

weight etc.), mean values were calculated for each sex per litter with the litter regarded as the 

biological replicate. For molecular and biochemical analysis, one male and one female 

placenta was analysed per litter with each being selected at random to avoid any bias (n = 8 

from 8 litters per group). Sexed fetal and placental data were analysed by two-way ANOVA 

with the main effects of selenium deficiency (Treatment; Ptrt) and sex (Sex; Psex) with any 

interactions between Trt and sex assessed (Interaction; Pint). When a major effect of 

treatment, sex or an interaction between treatment and sex was detected, Sidak post hoc 

analysis was performed. All data were checked for normality and nonparametric analyses 

performed if required. All data is presented as means ± SEM and P < 0.05 was considered 

statistically significant. 

Results  

Selenium concentrations 

To initially establish the suitability of the selenium deficient diet used in the current study, 

selenium concentrations were measured in the diet using ICP-MS. Selenium levels were 

significantly lower within the specially prepared diet (P < 0.0001, Fig. 1A) compared to the 

control diet. It should also be noted that the mouse water (0.12 ± 0.07 µg/L) and mouse 

bedding (0.06 ± 0.03 µg/kg) had very low selenium concentrations and would not have made 

a significant contribution to this trace element in circulation.  
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Maternal weight, food and water intake 

As selenium deficiency in humans is associated with reduced birth weight, it was important 

to monitor how a low selenium diet impacted gestational weight gain and maternal food 

intake. Throughout gestation, maternal weight gain of mice on a low selenium diet was 

significantly reduced (Pint < 0.0001, Fig. 2A), most notably from E15.5 onward. However, at 

the time of tissue collection at E18.5, maternal body weight and organ weights were not 

significantly different between groups (Table 4). There was no significant difference in food 

intake throughout gestation between normal and selenium deficient mice (Fig. 2B); however, 

water consumption was significantly increased in the low selenium group (Ptrt < 0.05, Fig. 

2C).  

Elemental analysis of maternal tissues 

To confirm that the selenium deficient diet reduced selenium stores within the maternal liver 

and to investigate if compensatory increases in other trace elements occurred subsequently, 

elemental analysis of liver tissue was completed using ICP-MS. Consumption of a low 

selenium diet resulted in a 65% reduction in liver selenium content at E18.5 (Fig. 1B, P < 

0.01) while the other 9 minerals/trace elements investigated were unaffected (Table 4). 

Maternal endocrine parameters 

As iodothyronine deiodinases are selenodependent, the effect of selenium deficiency on 

maternal thyroid hormone levels was explored. Selenium deficiency increased maternal 

plasma T3 and T4 levels (P < 0.05, Fig. 3A and 3B) at E18.5 compared to the control group. 

At E18.5, maternal plasma corticosterone, insulin levels and blood glucose concentrations 

were unaffected by a selenium deficient diet (Fig. 3C, 3D and 3E).  
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Fetal allometry and elemental analysis 

Maternal selenium deficiency resulted in a 12% reduction in fetal body weight (Ptrt < 0.05, 

Fig 4C) but no change in the crown-rump length at E18.5 was observed (Table 5). Litter size 

at E18.5 was not affected by diet (Table 4). At E18.5, there were no changes in placental 

weight or placental dimensions. This contributed to an increase in the placenta-to-body-

weight ratio (Table 6, Ptrt < 0.01). Fetal kidney weight (Ptrt < 0.001, Fig. 4D) and heart weight 

(Ptrt < 0.05, Fig. 4E) was significantly reduced in the low selenium group compared to the 

controls regardless of fetal sex. Fetal brain weight and liver weight was not impacted by 

maternal selenium deficiency (Fig. 4F and Table 5). Selenium deficiency significantly 

reduced fetal blood glucose (Ptrt < 0.05, Fig. 4B). Elemental analysis using the ICP-MS 

showed fetal liver selenium levels were significantly decreased in the low selenium pups (Ptrt 

< 0.0001). Magnesium and calcium concentrations were lower in fetal liver samples from 

females compared to males (Psex < 0.001). 

As maternal plasma thyroid hormone levels were elevated in the low selenium group, thyroid 

hormone concentrations were also measured in the fetal circulation. Plasma T4 levels were 

significantly increased in fetal circulation in the low selenium group compared to the control 

group (P < 0.05, Fig. 4A). Fetal plasma T3 concentrations were below detection limits of the 

assay used and insufficient plasma was available for further optimisation.  

Placental hydrogen peroxide concentrations, elemental analysis and mitochondrial function 

Placental hydrogen peroxide concentrations were not affected by selenium status (Table 6). 

Elemental analysis demonstrated that placental concentrations of selenium were significantly 

reduced in the low selenium group (Ptrt  < 0.001, Table 6). Furthermore, copper was 

significantly higher in the low selenium groups, regardless of sex (Ptrt  < 0.05, Table 6).  
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There were minimal changes to the oxidative phosphorylation capacity of placental tissue 

analysed using the SUIT protocol or following hypoxia/reoxygenation. Oxidative 

phosphorylation capacity was not affected by treatment group or sex following addition of 

pyruvate, glutamate, malate and ADP (OXPHOS CI), succinate (OXPHOS CI + CII) or 

N,N,N′,N′-tetramethyl-p-phenylenediamine dihydrochloride and ascorbate (OXPHOS CIV). 

Selenium deficiency also had no impact on ETS (Table 7). Following hypoxia/reoxygenation, 

FCF through complex I and FCF through complex I and II were unaffected by treatment or 

sex. The LCR/CI was significantly decreased in low selenium placentas (P < 0.05) but FCF 

following addition of cytochrome C was unaffected by treatment. 

Placental metabolic parameters and nutrient transporter gene expression 

We evaluated placental glycogen stores and glucose transporters within the placenta as 

selenium deficiency is implicated in atypical carbohydrate metabolism. At E18.5, there was 

an increase in glycogen content in the placentas from selenium deficient dams (Ptrt < 0.01, 

Fig. 5A). Analysis of glucose transporter genes in the placenta from the low selenium group 

showed a marked increase in solute carrier family 2 (facilitated glucose transporter), member 

3 (Slc2a3 – GLUT3) expression (Ptrt < 0.05, Fig. 5B), though more so in females (P < 0.05). 

Placental Slc2a1 (GLUT1) expression was not affected by maternal selenium diet or the sex 

of the fetus (male control 1.02 ± 0.07, male low selenium 0.97 ± 0.20, female control 0.92 ± 

0.11, female low selenium 0.94 ± 0.23). Analysis of amino acid transporters in the placenta of 

low selenium dams showed a decrease in solute carrier family 38, member 4 (Slc38a4) 

expression and solute carrier family 13, member 4 (Slc13a4) expression (Ptrt < 0.01, Fig. 5C 

and 5D), though more so in females (P < 0.05). Placental Slc38a1 (male control 1.06 ± 0.14, 

male low selenium 1.05 ± 0.16, female control 1.12 ± 0.15, female low selenium 1.05 ± 

0.14), Slc38a2 (male control 1.04 ± 0.11, male low selenium 1.3 ± 0.16, female control 1.3 ± 

0.15, female low selenium 1.4 ± 0.21), Hsd11b2 (male control 0.53 ± 0.044, male low 
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selenium 0.56 ± 0.09, female control 0.49 ± 0.03, female low selenium 1.02 ± 0.33) and 

Nr3c1 (male control 1.03 ± 0.09, male low selenium 0.93 ± 0.09, female control 1.03 ± 0.10, 

female low selenium 0.88 ± 0.11) expression was not affected by maternal selenium diet or 

the sex of the fetus. 

Placental selenoprotein gene expression and antioxidant activity 

One key mechanism by which selenium may impair placental nutrient transport and reduce 

fetal growth is by disrupting the involvement of essential selenoproteins in metabolic 

processes. As such, expression of key selenoproteins was assessed. Maternal selenium 

deficiency did not alter expression of DIO1 (Fig. 5E), but reduced mRNA levels of both 

DIO2 and DIO3 (Ptrt < 0.05, Fig. 5F and 5G). Post hoc analysis demonstrated that the 

reduction in DIO2 expression occurred predominantly in placentas of female fetuses (P < 

0.05). Maternal selenium deficiency also reduced mRNA expression of selenoprotein N 

(Se1enon, Ptrt < 0.001, Fig. 5H) and selenoprotein P (Selenop, Ptrt < 0.05, Fig. 5I) regardless 

of sex. No change was seen in the expression of selenoprotein H (Selenoh, Fig. 5J).  

Glutathione and thioredoxin are two reducing systems involved in physiological, 

developmental and signalling processes, both requiring selenoproteins for metabolic function. 

At E18.5, there was no change in placental mRNA expression of Gpx1 (Fig. 6A), Gpx3 (Fig. 

6B) or activity of GPX (Fig. 6C). There was also no change in mRNA expression of Txnrd1 

(Fig. 6D), Txnrd2 (Fig. 6E) or activity of TXNRD (Fig. 6F).  

Selenium independent antioxidants 

As seleno-independent antioxidant systems may compensate for seleno-dependent 

antioxidant systems, superoxide dismutase (SOD) expression and activity was investigated. 

Placental mRNA expression of SOD1 was significantly increased in placental tissue from low 

selenium dams (Ptrt < 0.05, Fig. 6G), though more so in males (P < 0.05) with no change in 
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SOD2 expression (Fig. 6H). Overall activity of SOD within the placenta remained unchanged 

(Fig. 6I). 

Antioxidant response gene expression 

The kelch-like ECH-associated protein 1 (Keap1)-nuclear factor-like 2 (Nfe2l-2) (Keap1- 

Nfe2l-2) pathway is the key regulator of cytoprotective responses to oxidative stress. The 

survival gene, Keap1 was significantly increased in placentas from the low selenium group 

(Ptrt < 0.05, Fig. 6K) with no changes to Nfe2l-2 (Fig. 6J). Heme oxygenase 1 (Hmox1) is a 

marker of antioxidant responsive element transcription. Gene expression of Hmox1 was also 

significantly increased (Ptrt  < 0.05, Fig. 6L) in the low selenium group. 

Discussion  

Previous animal models have demonstrated that severe selenium deficiency may contribute to 

poor pregnancy outcomes by reducing the function of key selenium dependent antioxidant 

systems (Pieczyńska & Grajeta, 2015). Few studies to date have investigated other metabolic 

processes that may be disrupted when selenium depletion is less severe and more 

representative of the deficiency frequently reported in human populations. In addition to its 

key role in antioxidant function, selenium is required for optimal thyroid health and mediates 

additional endocrine processes (Kohrle et al., 2005). Given the importance of these hormones 

for a successful pregnancy, this study examined the effects of selenium deficiency on 

maternal endocrine status, placental antioxidant properties and placental regulators of fetal 

growth (findings summarised in figure 7).  

We observed that a maternal diet low in selenium increased maternal and fetal plasma T4 and 

T3 levels indicative of hyperthyroidism in pregnancy. Previous studies have demonstrated 

that selenium deficiency outside of pregnancy alters thyroid status but very few studies have 

investigated this relationship in pregnancy. Data from a 6,152-participant study from China 
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demonstrated that the risk of both hypothyroidism and hyperthyroidism is greatest in non-

pregnant individuals from the bottom quintile for blood selenium status (Wu et al., 2015). A 

study from turkey demonstrated that plasma selenium concentrations in the first trimester of 

pregnancy were lower in women with hyperthyroidism compared to healthy pregnant women 

(Arikan, 2015). Importantly, these women had elevated T3 and T4, a phenotype similar to 

that presented in the current study. Using the current animal model we aimed to investigate 

possible mechanisms linking selenium deficiency to increased thyroid hormone levels. This is 

of significant importance as hyperthyroidism in pregnancy is associated with a range of 

adverse pregnancy outcomes, including low birth weight (LBW), intra-uterine growth 

restriction (IUGR), pregnancy-induced hypertension and pregnancy loss (Carroll & Matfin, 

2010; Ross, 2017; Nguyen et al., 2018). A number of recent clinical trials have demonstrated 

that selenium supplementation can reduce thyroid autoimmunity (Mantovani et al., 2019) and 

improve thyroid function (Negro et al., 2007; Mao et al., 2016) in pregnancy although sample 

sizes have been perhaps too small to identify any significant reductions in pregnancy 

complication risk. Thus additional studies are required to interrogate the relationship between 

selenium intake and complications of thyroid dysfunction in pregnancy. 

 It was originally hypothesised that selenium depletion would reduce activity of 

iodothyronine deiodinases resulting in reduced T3 concentrations but perhaps an increase in 

the less bioactive T4. As expected, placental expression of DIO2 and DIO3 was decreased, 

however DIO1 expression was similar between groups. DIO2 is the predominant enzyme 

responsible for the conversion of T4 to T3 while DIO3 reduces both T4 and T3 concentrations. 

Given that the expression of both enzymes was decreased, this may contribute to the 

elevation in T3 and T4 levels in maternal circulation. It is important to note however that the 

major DIO responsible for regulating circulating thyroid hormone concentrations is DIO1 

which was not affected in the current study. Conversely, DIO2 and DIO3 are proposed to 
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play a greater role in local deiodination and therefore loss of thyroid signalling capacity 

within the tissue they are expressed (Labunskyy et al., 2014). Thus, it is possible that the 

reduced DIO2 and DIO3 levels within the placenta may be further increasing local 

concentrations of T3 and T4. Given the important role of thyroid hormone signalling in 

placental nutrient transport, it is likely that selenium deficiency has altered fetal growth 

through regulation of placental nutrient transporter activity. This proposed mechanism of 

action requires further investigation and future studies should directly measure the impact of 

selenium deficiency on placental deiodinase activity and thyroid hormone signalling within 

placental tissue.  

An additional pathway through which selenium may mediate circulating T3 and T4 

concentrations is modulation of GPX activity in the maternal thyroid gland. Optimal GPX 

activity within the thyroid is essential to prevent excessive oxidative stress within the thyroid, 

a process required to ameliorate the autoimmune responses implicated in thyroid dysfunction 

(McGregor, 2015). When GPX activity is insufficient within the thyroid gland, thyroid 

autoimmunity can result with the formation of thyroid stimulating hormone receptor 

antibodies (TSHRAb) contributing to hyperthyroidism, or formation of thyroid peroxidase 

(TPO) or thyroglobulin (TG) antibodies contributing to hypothyroidism (Ventura et al., 

2017). Future animal studies are required to tease apart these mechanisms to determine if 

selenium supplementation may reduce the frequency of thyroid disorders in pregnancy.  

While selenium deficiency had no impact on maternal corticosterone or insulin 

concentrations in the current study, fetal glucose concentrations were decreased, likely 

contributing to the decrease in fetal weight reported at E18.5. This reduction in fetal glucose 

may be linked to the increase in glycogen stores observed within the placenta. 

Hyperthyroidism is known to increase glycogen stores and reduce circulating glucose in both 

adult and fetal hepatic tissue (Boelen, 2009); however, how it impacts placental glycogen 
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stores has not been previously reported. Furthermore, in the current study, we also 

demonstrate that selenium deficiency increased mRNA levels of Slc2a3, which facilitates 

glucose uptake from the maternal sinusoids into the syncytium (Winterhager & Gellhaus, 

2017). To validate these findings, subsequent studies should measure protein levels of this 

transporter and perform radio labelled glucose transport experiments to measure glucose 

transporter activity. T3 is known to increase Slc2a3 expression in other cell types (Zoidis et 

al., 2012) and therefore this increase in Slc2a3 mRNA expression may be mediated by 

alterations to the maternal thyroid hormone concentrations as well as local thyroid hormone 

conversion mediated by DIOs within the placenta. In contrast, expression of Slc38a4 was 

reduced, which may have also contributed to the growth restriction reported. A novel finding 

of the current study is that selenium deficiency reduced the expression of Slc13a4, which is 

believed to play a role in placental transport of selenium to the fetus (Miyauchi et al., 2006).  

Growth restriction is linked to the predisposition of chronic diseases in offspring (Cheong et 

al., 2016). This study is the first to demonstrate that selenium deficiency, prior to and during 

pregnancy, induces fetal growth restriction, with significant decreases in fetal heart and 

kidney size. Furthermore, fetal brain sparing was also observed in this model. Brain sparing 

has previously been identified as an indicator for asymmetrical IUGR. To further investigate 

how this brain sparing phenotype may be occurring, future studies should investigate 

alterations to blood flow redistribution in the fetus. Such studies may further explain why 

brain weight has been preserved while heart and kidney weights have been reduced. The 

reduction in heart and kidney weight may predispose offspring to cardiovascular and renal 

dysfunction in later life, phenotypes that have previously been demonstrated following fetal 

growth restriction and IUGR (Briffa et al., 2018).  

In contrast to previous studies with more overt selenium deficiency (Vanderlelie et al., 2004), 

we demonstrate minimal impairments in antioxidant systems within the placenta, but identify 
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reduced expression of other selenoproteins including the well-characterised DIO2, DIO3 and 

the less well-characterised Selenon and Selenop. This study supports the concept that a 

hierarchy exists for the transcriptional regulation of selenoproteins in response to selenium 

deficiency in pregnancy. These findings particularly highlight the importance of optimal 

selenium intake in pregnancy for healthy thyroid function. Given that thyroid dysfunction in 

pregnancy is highly prevalent and increases the risk of preeclampsia, GDM and fetal growth 

restriction (Smith et al., 2017), we highlight an important relationship between selenium 

intake and thyroid function that may have implications for many pregnant women.  

A novel finding from this study was the significant changes in placental elemental 

concentrations of copper. Severe selenium deficiency has been previously shown to increase 

blood concentrations of multiple elements including copper within the liver (Chareonpong-

Kawamoto & Yasumoto, 1995). A number of these elements are required for homeostatic 

function of SOD (Keshavarz et al., 2017). Interestingly, the expression of the cytoplasmic 

SOD1 was also increased in the placenta and requires copper to function optimally. Overall 

activity of SOD within the placenta was not different and is likely an implication of total 

SOD activity encompassing multiple SOD isoforms. These alterations in placental elemental 

concentrations may be a consequence of increased SOD1 driven by alterations to the 

antioxidant response pathway. Keap1 expression was increased within placentas at E18.5 

although Nfe2l-2 was not different. Despite no change in the mRNA levels of Nfe2l-2, 

Hmox1, a marker of antioxidant response signalling was elevated, further supporting 

antioxidant adaptations to a challenge. Further studies are required to explore how these 

systems may interact in response to selenium deficiency to prevent overt tissue damage 

caused by oxidative stress.  

A surprising result in the current study is that hydrogen peroxide levels were not impacted by 

selenium deficiency at E18.5. Thus in contrast to our previous study of severe selenium 
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deficiency (Vanderlelie et al., 2004), the current study suggests that the placenta has been 

able to adapt to the challenge of moderate selenium deficiency and prevent oxidative stress 

from occurring. However, it is possible that selenium deficiency had induced oxidative stress 

earlier in pregnancy and stimulated the adaptive processes that allowed the placenta to no 

longer experience oxidative stress in late gestation. Future studies should investigate how 

selenium deficiency may impact oxidative stress and antioxidant regulation earlier in 

pregnancy.  

Many recent studies have demonstrated that the placenta responds to maternal perturbations 

in a sexually dimorphic manner. In the current study, we identify a number of changes in 

gene expression that occur predominantly in one sex but were not statistically different in the 

other. Such changes occurred despite no sex specific effects of selenium deficiency on any of 

the other parameters measured. Unfortunately, we were unable to determine fetal T4 

concentrations in a sex specific manner as this might have provided additional insight into the 

sex specific changes in gene expression and allowed correlations between fetal plasma 

thyroid levels and sex specific placental deiodinase expression to be performed.  

It is evident that the low selenium diet diminished selenium levels in maternal and fetal liver, 

as well as the placenta at E18.5. The recommended daily intake (RDI) of selenium for 

Australia and New Zealand is approximately 60 µg/day, increasing to 65 µg/day during 

pregnancy and 75 µg/day during lactation (NHMRC, 2006; Hofstee et al., 2018). 

Interestingly, several key studies suggest that doses greater than 100 µg/day may be required 

to minimise the risk of thyroid dysfunction (Stoffaneller & Morse, 2015). The estimated 

nutrient requirements for mice is at 150 µg/kg (NRC, 1995) – our low selenium diet 

contained approximately one third of this (45.81 ± 11.32 µg/kg) compared to the control diet 

(191.3 ± 14.63 µg/kg). Suboptimal selenium intake has been reported throughout the Middle 
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East, New Zealand, the UK, and Europe, with levels as low as 20 µg/day in Poland 

(Stoffaneller & Morse, 2015; Jin et al., 2019).  

The diet used in the current study was tightly controlled for all other micronutrients. We have 

previously stated the importance of controlling and clarifying the effects of single 

micronutrient deficits in pregnancy models (Hofstee et al., 2018; McKeating et al., 2019) 

however, we acknowledge that in humans there may be deficiencies in multiple 

micronutrients (Gernand et al., 2016). There was no change in food consumption within the 

group, indicating changes seen in weight gain and fetal weight were not associated with food 

restriction. Interestingly, a selenium deficient diet was associated with increased maternal 

water consumption throughout gestation in our model. Polydipsia is linked to GDM (ADA, 

2010) and preeclampsia (Schrier & Briner, 1991), two conditions that are also linked to 

selenium deficiency in pregnancy, and so further studies should investigate these disease 

states in the current model. Given these findings, the long-term impact of selenium deficiency 

on offspring outcomes is of high interest. Future studies should aim to further understand the 

role of these factors in selenium deficiency induced maternal disease and long-term effects on 

offspring health and disease.  

Conclusion 

This is the first study to investigate how a diet moderately deficient in selenium impairs 

maternal endocrine status, alters placental function, and alters fetal growth in an animal 

model that can be used to follow-up long-term health deficits. This model is clinically 

representative of the degree of selenium deficiency commonly seen in women. At these 

selenium concentrations, the predominant maternal phenotype demonstrated was 

hyperthyroidism. With thyroid disorders being the most common endocrine disorder affecting 

women of reproductive age (Jefferys et al., 2015), and selenium deficiency being common in 

pregnant women, further research that delineates the relationship between these two factors is 
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of paramount importance. Importantly, this study has also demonstrated that a decrease in 

dietary selenium disturbs elemental distribution within the placenta and fetal liver, as well as 

placental expression of amino acid and glucose transporters, deiodinases, selenoproteins and 

metabolic controllers. We provide insight into the physiological changes that may occur in 

women who experience micronutrient deficiency during pregnancy and identify atypical 

thyroid and glucose metabolism as key factors in fetal growth restriction as a result of a 

selenium deficient pregnancy.  
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Authors’ Translational Perspective  

With selenium deficiency being common in many nations across Europe, Oceania and Asia, 

it is essential to determine how this may impact key physiological processes that occur in 

pregnancy. This study used an animal model representative of the degree of selenium 

deficiency commonly found in humans and determined severe alterations to thyroid hormone 

concentrations, placental function and fetal growth restriction. Given that thyroid dysfunction 

in pregnancy can have profound effects on fetal outcomes, this study highlights the 

importance of maintaining healthy selenium concentrations during pregnancy. 
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Table 1. Composition of the custom diet used to make animals selenium deficient. 200µg of 

sodium selenite dissolved in distilled water was added to the diet to make it selenium replete 

for the control group. An equal volume of water without the sodium selenite was added for 

the selenium deficient group. 

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 
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Table 2. Mineral Mix composition added to the custom diet at 35 g/kg.  

 

 *Mineral Mix g/kg 

Calcium carbonate, anhydrous (Ca) 555.26 

Powdered sucrose 369.152 

Sodium chloride, 39.34% (Na) 73.5 

Sodium meta-silicate, 9 hydrate, 9.88% (Si) 1.45 

   mg/kg 

Chromium potassium sulfate, 12 hydrate (Cr) 0.275 

Copper carbonate (Cu) 0.143 

Boric acid (B) 0.082 

Sodium fluoride, (F) 0.064 

Nickel carbonate (Ni) 0.032 

Lithium chloride (Li) 0.017 

Potassium iodate (I) 0.01 

Ammonium paramolybdate, 4 hydrate (Mo) 0.008 

Ammonium vanadate (V) 0.007 
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Table 3. qPCR Primer List 

Role within the 
Placenta 

Gene Name 

Gen

e 
Acro
nym 

Accessio

n 
Number 

Primer Sequence 

Selenoproteins 

Selenoprotein N 
Sele

non 

NM_029

100 

F’ 

CTTCAAGAAGGTC
AACTACC 

R’ 
AGCAAGATGGAAT
GAACAAG 

Selenoprotein H 
Sele

noh 

NM_001

033166 

F’ 

GGAAGAAAGCGT
AAGGCGGG 

R’ 
GGTTTGGACGGGT
TCACTTGC 

Selenoprotein P 
Sele

nop 

NM_001
042613 

F’ 
ATGACTTCCTCAT
CTATGACAG 

R’ 
GAGGTCACAGTTT

ACAGAAG 

Glutathione Peroxidase 1 
Gpx

1 

NM_008
160 

F’ 
GGAGAATGGCAA
GAATGAAG 

R’ 
TTCGCACTTCTCA

AACAATG 

Glutathione Peroxidase 3 
Gpx

3 

NM_008
161 

F’ 
ACAAGAGAAGTCT
AAGACAGAC 

R’ 
TGTAGTGCATTCA

GTTCAAG 

Thioredoxin Reductase 1 
Txnr
d1 

NM_001
042513 

F’ 
TCCCAACGAAAAT

TGAACAG 
R’ 
TGTTAAATTCGCC

CTCTATG 

Thioredoxin Reductase 2 
Txnr
d2 

NM_013
711 

F’ 
GAATCACAAGTGA

CGACATC 
R’ 
AAAGATGACATTT

GCTGGTC 

Iodothyronine Deiodinase 
Type 1 

Dio
1 

NM_007
860 

F’ 
GATCTGCTACAAG
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GGTAAAG 
R’ 
TAGTACTTCATCT

GGGAACAC 

Iodothyronine Deiodinase 
Type 2 

Dio
2 

NM_010
050 

F’ 
CAGTCTTTTTCTCC

AACTGC 
R’ 

CCAGTTTAACCTG
TTTGTAGG 

Iodothyronine Deiodinase 
Type 3 

Dio
3 

NM_172
119 

F’ 
AAGAAAGTCAAA

GGTTGTGG 
R’ 

AAAACGTACAAA
AGGGAGTC 

Selenium 

Independent 
Antioxidants 

Superoxide Dismutase 1 
Sod
1 

NM_011
434 

F’ 
CCAGTGCAGGACC

TCATTTT 
R’ 

CACCTTTGCCCAA
GTCATCT 

Superoxide Dismutase 2 
Sod
2 

NM_013
671 

F’ 
GGCCAAGGGAGA

TGTTACAA 
R’ 

GAACCTTGGACTC
CCACA 

Survival Genes 

Nuclear Factor, Erythroid 
Derived 2, like 2 

Nfe2
l-2 

NM_010

902 

F’ 

CATTCCCGAATTA
ACAGTGC 
R’ 

GGAGATCGATGAG
TAAAAATGG 

Kelch-Like ECH-
Associated Protein 1 

Kea
p1 

NM_001

110306 

F’ 

GTGGAGAGATATG
AGCCAG 
R’ 

CTCTCTGGATAGT
AACATTCTG 

Stress Markers 

Hydroxysteroid 11-Beta 
Dehydrogenase 

Hsd
11b

2 

NM_008

289 

F’ 

TCCCTGGGGTATC
AAGGTCAG 
R’ 

CTCCCAGAGGTTC
ACATTAGTCAC 

Nuclear Receptor 
Subfamily 3, Group C, 
Member 1 

Nr3
c1 

NM_008

173 

F’ 

ATCATACAGACAA
GCAAGTGGAA 

R’ 
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AGGGTAGAGTCAT
TCTCTGCTC 

Metabolism and 

Transport 
 

Heme Oxygenase 1 
Hmo
x1 

NM_010

442 

F’ 

CATGAAGAACTTT
CAGAAGGG 
R’ 

TAGATATGGTACA
AGGAAGCC 

Solute Carrier Family 13, 
Member 4 

Slc1
3a4 

NM_172

892 

F’ 

TGTCAATCTCCTT
CGTGTG 
R’ 

CCGGTCAGTTTGT
GAGGTTT 

Solute Carrier Family 2, 
Member 1 

Slc2
a1 

NM_011

400 

F’ 

TCTCTGTCGGCCT
CTTTGTT 
R’ 

GCAGAAGGGCAA
CAGGATAC 

Solute Carrier Family 2, 
Member 3 

Slc2
a3 

NM_011

401 

F’ 

GAGGAGAACCCTG
CATATGATAGG 
R’ 

CAAAGCTCATGGC
TTCATAGTCA 

Solute Carrier Family 38, 

Member 2 

Slc3

8a2 

NM_023

805 

F’ 

TAATCTGAGCAAT
GCGATTGTGG 

R’ 
AGATGGACGGAGT
ATAGCGAAAA 

Solute Carrier Family 38, 

Member 4 

Slc3

8a4 

NM_027

052 

F’ 

AAAATTTAGGCTA
CCTTGGC 

R’ 
GTTGTTGAACGTC
AGATTTC 
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Table 4. Maternal characteristics and trace element analysis of maternal liver. 

 Control Low P 

Maternal Characteristics 

Body Weight at E18.5 (g) 35.3 ± 0.84 33.2 ± 0.99 0.13 

Litter Size 7.75 ± 0.65 6.75 ± 0.56 0.26 

Male:Female Pup Ratio 1.17 ± 0.30 1.2 ± 0.58 0.10 

Heart (mg) 152.2 ± 7.29 150.2 ± 9.77 0.87 

Liver (mg) 1829 ± 101.1 1697 ± 168.7 0.50 

Kidney (left and right, mg) 141.9 ± 3.54 139.9 ± 4.34 0.99 

Adrenal (left and right, mg) 4.73 ± 0.25 5.03 ± 0.26 0.07 

Brain (mg) 450.1 ± 6.74 413.8 ± 19.26 0.10 

Gastrocnemius (mg) 126.3 ± 3.68 138.2 ± 5.02 0.07 

Tibialis Anterior (mg) 44.39 ± 4.44 40.89 ± 6.35 0.65 

Soleus (mg) 7.49 ± 0.25 7.14 ± 0.21 0.31 

Extensor Digitorum Longus (mg) 9.54 ± 0.78 10.08 ± 0.81 0.64 

Maternal Liver Elemental Concentrations (ug/g) 

Se 0.25 ± 0.34 0.09 ± 0.13 0.003 

Mg 216.55 ± 13.61 227.86 ± 16.36 0.22 

K 3084.96 ± 367.81 3191.09 ± 188.67 0.57 

Ca 60.19 ± 27.50 61.06 ± 22.35 0.96 

Mn 0.64 ± 0.2242562 0.73 ± 0.15 0.45 

Fe 45.09 ± 26.63 37.57 ± 5.32 0.55 

Cu 4.38 ± 0.98 4.35 ± 0.19 0.96 

Zn 34.52 ± 8.44 35.32 ± 2.44 0.84 

Mo 0.74 ± 0.26 0.61 ± 0.10 0.31 

I 0.67 ± 0.34 0.55 ± 0.23 0.52 

Data are the mean ± SEM. Maternal unpaired t-test. Number per group: Control = 7-8, Low = 

6-8 at E18.5. 
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Table 5. Fetal characteristics and trace element analysis of fetal liver. 

 

Male Female 
Ptrt Psex Pint 

Control Low Control Low 

Fetal Characteristics 

Liver (mg) 
62.12 ± 

4.67 

52.99 ± 

1.401 

56.15 ± 

3.377 

52.49 ± 

1.957 

0.057

1 

0.32

42 

0.40

23 

Crown-Rump 
Length 

22.12 ± 
0.44 

21.26 ± 
0.794 

21.94 ± 
0.259 

21.04 ± 
0.799 

0.150
5 

0.73
71 

0.97
24 

Fetal Liver Elemental Concentrations (ug/g) 

Selenium 0.17 ± 0.2  
0.10 ± 

0.01* 

0.15 ± 

0.01  

0.09 ± 

0.01* 

<0.00

01 
0.20 0.58 

Magnesium 
483.95 ± 

85.05 
358.49 ± 

60.25 
187.52 ± 

6.87 
193.38 ± 

9.28 
0.28 

0.00

03 
0.24 

Potassium 
3882.77 ± 

306.36 

3534.69 ± 

139.15 

3370.72 ± 

152.52 

3399.11 ± 

159.30 
0.45 0.14 0.38 

Calcium 
925.37 ± 
247.57 

540.54 ± 
150.22 

112.43 ± 
39.06 

128.18 ± 
30.67 

0.24 
0.00

06 
0.21 

Manganese 
0.26 ± 
0.06 

0.20 ± 
0.06 

0.18 ± 
0.03 

0.21 ± 
0.05 

0.79 0.58 0.38 

Iron 
59.24 ± 

4.46 
58.07 ± 

4.75 
54.48 ± 

9.38 
51.61 ± 

5.87 
0.76 0.41 0.90 

Copper 
11.27 ± 

1.49 
10.55 ± 

1.11 
9.18 ± 
0.83 

9.87 ± 
1.80 

0.10 0.31 0.61 

Zinc 
56.02 ± 

8.79 

40.05 ± 

4.38 

55.45 ± 

18.357 

39.13 ± 

4.30 
0.17 0.95 0.10 

Molybdenum 
0.19 ± 
0.04 

0.12 ± 
0.02 

0.11 ± 
0.02 

0.10 ± 
0.01 

0.12 0.06 0.18 

Iodine 
1.20 ± 

0.28 

0.78 ± 

0.17 

0.67 ± 

0.06 

1.03 ± 

0.22 
0.87 0.50 0.06 

Data are the mean ± SEM. Data analysed by Two-way ANOVA with treatment (Ptrt) and sex 
(Psex) as major factors. Pint represents an interaction between treatment and sex. When a 

major effect was detected, a Sidak posthoc test was performed. * = P < 0.05 compared to 
control of same sex. Number per group for fetal allometry n = litter averages from 6-8 litters. 
Number per group for elemental analysis: n = 1 fetal liver per litter from 6-8 litters per group. 
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Table 6. Placental characteristics and trace element analysis of the placenta 

 

Male Female Ptr

t 

Pse

x 

Pin

t Control Low Control Low 

Placental Characteristics 

Weight (mg) 
87.96 ± 

2.80 
91.3 ± 
5.16 

82.74 ± 
2.65 

90.69 ± 
6.19 

0.2
0 

0.5
0 

0.6
0 

Length (mg) 
8.80 ± 

0.17 

8.53 ± 

0.32 

8.53 ± 

0.20 

8.70 ± 

0.26 

0.8

3 

0.8

4 

0.3

6 

Width (mg) 
7.74 ± 
0.2794 

7.72 ± 
0.21 

7.49 ± 
0.18 

7.44 ± 
0.19 

0.8
7 

0.2
4 

0.9
3 

Thickness (mg) 
2.08 ± 

0.13 

1.95 ± 

0.18 

2.12 ± 

0.11 

2.04 ± 

0.21 

0.5

1 

0.6

9 

0.8

8 

Estimated Placental 
Volume (EPV) 

141.9 ± 
10.9 

131.4 ± 
18.21 

135.6 ± 
8.67 

134 ± 
17.85 

0.6
7 

0.9
0 

0.7
5 

Width:Length Ratio 
0.88 ± 
0.03 

0.91 ± 
0.02 

0.89 ± 
0.01 

0.86 ± 
0.03 

0.8
6 

0.2
8 

0.3
2 

Placental:Fetal Body 
Weight Ratio 

0.080 ± 
0.003 

0.093 ± 
0.006 

0.077 ± 
0.003 

0.093 ± 
0.007* 

0.0

06 
0.8
601 

0.6
649 

Hydrogen Peroxide 
concentration (μM) 

1.42 ± 
0.29 

1.05 ± 
0.06 

1.13 ± 
0.12 

1.43 ± 
0.24 

0.8
8 

0.8
2 

0.1
1 

Placental Elemental Concentrations (ug/g) 

Selenium 
0.28 ± 

0.05  

0.14 ± 

0.11*  

0.25 ± 

0.03  

0.14 ± 

0.02*  

0.0

01 

0.4

1 

0.3

0 

Magnesium 
141.27 ± 

14.59 
149.47 ± 

6.792 
136.74 ± 

11.39 
160.73 ± 

17.73 
0.2
4 

0.8
0 

0.5
5 

Potassium 
2643 ± 

258 

2838 ± 

181 

2418 ± 

64 

2761 ± 

92 

0.1

3 

0.3

9 

0.6

7 

Calcium 
366 ± 
133 

362± 35 
379 ± 
143 

586 ± 
250 

0.9
1 

0.9
8 

0.9
3 

Manganese 
0.23 ± 

0.12 

0.19 ± 

0.04 

0.14 ± 

0.04 

0.51 ± 

0.24 

0.5

7 

0.9

2 

0.3

2 

Iron 
53.09 ± 

6.92 
48.67 ± 

3.07 
49.09 ± 

4.15 
63.95 ± 
13.43 

0.5
0 

0.4
7 

0.2
2 

Copper 
2.86 ± 

0.30 

3.49 ± 

0.24 

3.02 ± 

0.33 

4.03 ± 

0.38 

0.0

2 

0.2

8 

0.5

6 

Zinc 
39.7 ± 
10.94 

50.39 ± 
15.21 

27.27 ± 
3.46 

36.72 ± 
6.46 

0.3
2 

0.2
0 

0.9
5 

Molybdenum 
0.09 ± 
0.03 

0.07 ± 
0.01 

0.03 ± 
0.01 

0.14 ± 
0.07 

0.1
7 

0.7
7 

0.0
6 

Iodine 
0.77 ± 
0.20  

0.93 ± 
0.24 

1.18 ± 
0.47 

1.54 ± 
0.55 

0.5
2 

0.2
2 

0.7
9 

Data are the mean ± SEM. Data analysed by Two-way ANOVA with treatment (Ptrt) and sex 
(Psex) as major factors. Pint represents an 

interaction between treatment and sex. When a major effect was detected, a Sidak posthoc 
test was performed. * = P < 0.05 compared to 

control of same sex. Number per group for placental allometry n = litter averages from 6-8 
litters. Number per group for elemental analysis: n 
= 1 placenta per litter from 6-8 litters per group. 
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Table 7. Placental mitochondrial respiration 

SUIT Protocol 
Male Female Pt

rt 

Ps

ex 

Pi

nt Control Low Control Low 

Fluxes 

OXPHOS CI 7.75 ± 1.13 
8.23 ± 
1.85 

7.90 ± 
1.51 

8.54 ± 
1.90 

0.
74 

0.
89 

0.
96 

OXPHOS CI 
+ CII 

19.36 ± 
2.39 

16.75 ± 
2.17 

19.21 ± 
1.60 

19.39 ± 
3.24 

0.
61 

0.
60 

0.
56 

OXPHOS 

CIV 

32.62 ± 

3.78 

33.63 ± 

2.65 

36.1 ± 

3.38 

38.6 ± 

5.01 

0.

65 

0.

28 

0.

85 

ETS 
19.55 ± 

2.13 
17.18 ± 

2.32 
20.21 ± 

1.83 
20.75 ± 

3.79 
0.
72 

0.
43 

0.
8 

Flux control 

factors (FCF) 

FCF CI 0.47 ± 0.04 
0.51 ± 

0.06 

0.47 ± 

0.06 

0.50 ± 

0.06 

0.

51 

0.

93 

0.

94 

LCR/CI 0.58 ± 0.12 
0.45 ± 
0.06 

0.54 ± 
0.08 

0.43 ± 
0.03 

0.

04 

0.
81 

0.
99 

FCF CI + 

CII 
0.10 ± 0.03 

0.99 ± 

0.04 

0.96 ± 

0.02 

0.98 ± 

0.04 

0.

75 

0.

54 

0.

85 

FCFc 0.08 ± 0.03 
0.05 ± 
0.02 

0.04 ± 
0.03 

0.04 ± 
0.01 

0.
54 

0.
29 

0.
63 

Data are the mean ± SEM. Data analysed by Two-way ANOVA with treatment (Ptrt) and sex 

(Psex) as major factors. Pint represents an 
interaction between treatment and sex. When a major effect was detected, a Sidak posthoc 
test was performed. Number per group: n = 1 

placenta per litter from 6-8 litters per group. Oxidative phosphorylation (OXPHOS) CI, CII, 
CIV (oxidative phosphorylation through mitochondrial complexes I, II and IV of the electron 

transport chain), ETS (Maximum capacity of the electron transport chain). In addition to 
these parameters collected following the SUIT protocol, Flux control factors (FCF) were 
assessed following hypoxia/reoxygenation. 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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Legends to figures 

 

Figure 1. Concentration of selenium in the mouse chow (A), Maternal Liver (B), Male and 

Female Fetal Liver (C) and Male and Female Placenta (D) in mice fed a normal (open bars) 

or low selenium (Closed bars) diet throughout pregnancy. Data are the mean ± SEM. Chow 

and maternal liver selenium concentrations analysed by unpaired t-test. Fetal liver and 

placental samples analysed by two-way ANOVA with treatment (Ptrt) and sex (Psex) as 

major factors. Pint represents an interaction between treatment and sex and a Sidak posthoc 

test was performed for multiple comparisons. ** indicates P < 0.01 n = 5-8 litters. 
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Figure 2. Maternal Weight (A), Food Consumption (B) and Water Consumption (C) over 

pregnancy in mice exposed to a normal (white) or low (black) selenium diet. Data are the 

mean ± SEM. Data analysed by Two-way repeated measures ANOVA with treatment (Ptrt) 

and time (Ptime) as major factors. Pint represents an interaction between treatment and time. 

A Sidak posthoc test was used for multiple comparisons. * P < 0.05, ** P < 0.01. n = 5-8 

dams. 
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Figure 3. Maternal plasma concentrations of triiodothyronine (A), tetraiodothyronine (B), 

corticosterone (C), insulin (D) and blood glucose (E) at E18.5 in mice fed a normal (open 

bars) or low selenium (Closed bars) diet throughout pregnancy. Data are the mean ± SEM. 

Unpaired t-test, * indicates P < 0.05. n = 5-8 dams. 
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Figure 4. Fetal plasma tetraiodothyronine (A), plasma blood glucose (B), body weight (C), 

kidney weight (D), heart weight (E) and brain weight (F) at E18.5 in mice fed a normal (open 

bars) or low selenium (Closed bars) diet throughout pregnancy. Data are the mean ± SEM. 

Tetraiodothyronine levels were analysed by unpaired t-test. All other data analysed by Two-

way ANOVA with treatment (Ptrt) and sex (Psex) as major factors. Pint represents an 

interaction between treatment and sex and a Sidak posthoc test was performed for multiple 

comparisons. * P < 0.05, ** P < 0.01. n = 5-8 litters. 



 

This article is protected by copyright. All rights reserved. 

 

Figure 5. Placental glycogen content (A) and mRNA expression of Slc2a3 (B), Slc38a4 (C), 

Slc313a4 (D), DIO1 (E), DIO2 (F), DIO3 (G), Selenon (F), Selenop (G) and Selenoh (H) at 

E18.5 5 in mice fed a normal (open bars) or low selenium (closed bars) diet throughout 

pregnancy. Data are the mean ± SEM. Data analysed by Two-way ANOVA with treatment 

(Ptrt) and sex (Psex) as major factors. Pint represents an interaction between treatment and 

sex and a Sidak posthoc test was performed for multiple comparisons. * P < 0.05, **P < 

0.01. n = 5-8 litters. 
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Figure 6. Placental GPX mRNA expression (Gpx1 - A, Gpx3 - B) and activity (C), TrxR 

mRNA expression (TRX1 - D, TRX2 - E) and activity (F), SOD mRNA expression (SOD1 - 

G, SOD2 - H) and activity (I) as well as placental mRNA expression of Nfe2l-2 (J), Keap1 

(K) and Hmox1 (L) in mice fed a normal (open bars) or low selenium (Closed bars) diet 

throughout pregnancy. Data are the mean ± SEM. Data analysed by Two-way ANOVA with 

treatment (Ptrt) and sex (Psex) as major factors. Pint represents an interaction between 

treatment and sex and a Sidak posthoc test was performed for multiple comparisons. * P < 

0.05, *** P < 0.001. n = 5-8 litters. 
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Figure 7. Diagrammatic representation of the impact of moderate selenium deficiency 

on maternal, placental and fetal outcomes . The expression of key deiodinases (DIO) 

involved in conversion of tetraiodothyronine (T4) into triiodothyronine (T3) were decreased 

by selenium deficiency. This likely contributed to the increased concentrations of thyroid 

hormones in maternal and fetal circulation, alterations to placental nutrient transporters and 

placental glycogen accumulation. This may have caused the decrease in fetal plasma glucose 

and intrauterine growth restriction (IUGR) identified in this model. The expression and 

activity of selenodependant antioxidants were not impacted by selenium deficiency. This 

suggests that a hierarchical preservations of key placental selenoproteins exist at the expense 

of others when selenium consumption is at 30% of recommended daily intake (RDI).  


