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Abstract

Abstract
When studying the relationship of trace elements with human health, it becomes increasingly
evident that keeping a balanced level of minerals in every cell of the human body may be
crucial to optimising health and preventing disease. Dietary deficiencies of trace elements
have been reported to alter various aspects of reproductive physiology, however, there is an
alarming weighting towards studies focusing on their involvement in male reproductive
function. Furthermore, those studies which are female focused have a tendency to investigate
the role of trace elements in maintaining a healthy pregnancy, and the impact on offspring, as
opposed to addressing preconception ovarian function.
This research predominantly used a combination of two synchrotron-based X-ray
techniques, X-ray absorption spectroscopy (XAS) and X-ray fluorescence (XRF) imaging, to
investigate the role that trace elements play in female reproductive function. More
specifically, by probing the in situ bioaccumulation of trace elements in bovine ovaries,
important findings were made regarding the distribution of iron (Fe), selenium (Se), and zinc
(Zn) which were localised to specific structures. Additionally, widespread high levels of
bromine (Br) were observed across all imaged tissues.
By classifying the ovarian follicles according to their health status, as well as their size
(follicular diameter), and extracting average elemental concentrations for these follicles from
the XRF images, it was possible to quantitatively analyse the cohort of 97 imaged follicles.
Statistically significant differences were found for the elements Fe and Br (health status), and
for Se (size). Se appeared to be the element which most greatly distinguished large (> 10 mm)
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Abstract
antral follicles from smaller counterparts and PCA scores plots supported this notion with the
large follicles deviating from the rest of the cohort.
Owing to the statistically significant and very precise localisation of Se to the granulosa
cells of large healthy follicles, a suite of additional biologically-based experiments were
performed (quantitative real-time reverse transcription polymerase chain reactions (qRTPCR), immunohistochemical staining, and Western immunoblotting) in order to identify the
Se species as glutathione peroxidase 1 (GPx1). Taking into account what is already known
about this selenoprotein, it was concluded that Se and selenoproteins may play a critical role
as an antioxidant during late follicular development.
There has been much debate about the essentiality of Br to human and animal life. Owing
to its high levels across all ovarian tissues imaged, subsequent experimentation was carried
out to probe the chemical form of this element. Analyses of the X-ray absorption near-edge
structure (XANES) spectra of a variety of mammalian tissues and fluids led to the conclusion
that the form of Br in all samples, detected under normal physiological conditions, was
bromide.
The application of synchrotron radiation to measure trace elemental distributions in
bovine ovaries at such high resolutions has provided new insights into this organ. While this
research was intended to form a baseline study for healthy ovaries, if extended to disease
states in the future, our understanding of the biochemical mechanisms occurring in this
complex organ could be significantly enhanced.
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Linkage between Chapters
This thesis is comprised of eight chapters including five manuscripts which form the results
chapters (Chapters 2 to 6). All the manuscripts were completed during candidature and
Chapters 2 to 6 are intended to be published in peer-reviewed, international journals. Chapter
7 is a results chapter for which the decision was made not to publish the results owing to the
lack of additional insight the analysis provided into the raw data.
Below is a list of the manuscripts that constitute Chapters 2 to 6 of this thesis: with
Chapter 2 having already been published in Food Chemistry; Chapter 3 submitted to the
Journal of Analytical Atomic Spectrometry; and Chapters 4, 5 and 6 ready to be submitted to
the preferred journals. The broader research group is seeking more data to enhance the impact
of Chapter 6, delaying submission of that manuscript and of those corresponding to Chapters 4
and 5 which refer to Chapter 6. Statements of Authorship which outline the contribution of the
candidate and the co-authors to each chapter can be found at the beginning of Chapters 2 to 6.
It should be noted that the methods presented in the manuscripts forming Chapters 3 to 6 are
highly repetitious. Appropriate cross referencing of the materials and methods sections will be
carried out dependent upon the order in which the papers are accepted for publication. Each
chapter has been presented in the format which is appropriate for the journal it is intended to
be published in.
Chapter 2: Ceko, M. J., Aitken, J. B., and Harris, H. H. (2014) Speciation of Cu in a
range of food types by X-ray Absorption Spectroscopy. Food Chemistry, 164, 50-54
Chapter 3: Ceko, M. J., Hummitzsch, K., Hatzirodos, N., Bonner, W., James, S. A.,
Spiers, K. M., Kirby, J. K., Rodgers, R. J., and Harris, H. H. (2014) Distribution and
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speciation of bromine in mammalian tissue and fluids by X-ray fluorescence imaging and Xray absorption spectroscopy. Submitted to Journal of Analytical Atomic Spectrometry
02/08/2014.
Chapter 4: Ceko, M. J., Hummitzsch, K., Bonner, W., Aitken, J. B., Rodgers, R. J., and
Harris, H. H. (2014) Localization of the Trace Elements Iron, Zinc and Selenium in Relation
to Anatomical Structures in Bovine Ovaries by X-ray Fluorescence Imaging. To be submitted
to Microscopy and Microanalysis.
Chapter 5: Ceko, M. J., Hummitzsch, K., Hatzirodos, N., Rodgers, R. J., and Harris, H.
H. (2014) Quantitative elemental analysis of bovine ovarian follicles using X-ray
Fluorescence Micro-spectroscopy. To be submitted to Metallomics.
Chapter 6: Ceko, M. J., Hatzirodos, N., Hummitzsch, Bonner, W., Aitken, J. B.,
Rodgers, R. J., and Harris, H. H. (2014) X-ray Fluorescence Microscopy identifies a role for
selenium in bovine female reproductive function. Submitted, including additional data not
presented in this thesis, to Metallomics.
Chapter 1 is intended to serve as an introduction and provides a review of each of the five
elements researched during candidature; namely, Br, Cu, Fe, Se and Zn. A general
introduction into the biological relevance of each element is presented, in addition to a
discussion surrounding its bioavailability, absorption in vivo, and anything that is known
regarding its role in female reproductive function. The second half of the chapter is intended
to introduce the key methodologies of this research and provides a theoretical introduction to
XAS, XRF imaging, and ICP-MS, as well as discussing examples from the literature where
XRF imaging techniques have been applied to animal systems.
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Linkage between Chapters
In Chapter 2 the chemical form of Cu in a range of foods is analysed by fitting a suite of
Cu model compound spectra to the XANES spectrum for each sample. ICP-MS is additionally
employed to quantify the concentrations.
The aim of Chapter 3 was to distinguish the chemical form of Br across a wide range of
predominantly mammalian tissues and fluids. ICP-MS analyses supported the high levels of
Br that were initially observed in bovine ovarian tissue through XRF imaging, and these
results are also presented.
Chapters 4 to 7 analyse the findings of two significant XRF imaging experiments, in
which a number of subsections (n = 97 for the follicles alone) were imaged for Br, Fe, Se and
Zn distributions. Chapters 4 and 5 may appear to have repetitious content but it should be
pointed out that the focus of the former chapter is predominantly on qualitative observations
and more specifically on the ability to differentiate between key structures in bovine ovarian
tissues using elemental localisations alone. On a few occasions it was considered
advantageous to quote approximate quantitative findings to more clearly articulate the
differences in elemental levels between structures. In Chapter 5 not only does the focus
become significantly more quantitative, but the content focuses purely on a single structure
within the bovine ovaries (follicles) and explores the potential for differences in trace element
levels, perhaps implying different protein expression, being used to distinguish between
follicles at different stages of growth or atresia, or follicles of different sizes.
Chapter 6 builds on the key conclusions of Chapter 4 and 5; that being that Se is localised
to the granulosa region of large healthy follicles. In this chapter a suite of biological
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Linkage between Chapters
techniques are employed (qRT-PCR, immunohistochemical staining, and Western
immunoblotting) to identify this protein.
Chapter 7 aims to address a common shortcoming of synchrotron-based XRF imaging;
that being that it has a tendency to be purely observational in its nature. Having already
extended beyond this in the quantitative analyses of Chapter 5, Chapter 7 explores the
application of a multivariate statistical analysis technique to the sets of XRF generated
elemental distribution maps collected for many of the ovarian sub sections.
Finally, Chapter 8 summarises the conclusions from this research and discusses potential
future directions. Topics addressed include the significance of the work, its contribution to the
discipline, problems encountered, and the necessity for further studies.
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Chapter 1: Introduction

Chapter 1.

Introduction

1.1. The role of trace elements in biology
When living organisms migrated to the land from sea water in the course of evolution, they
had to depend on the soil for access to biological trace elements.1 At present, 26 of the 90
naturally occurring elements are known to be essential for animal life including the following
inorganic substances, generally referred to as trace elements: copper (Cu), iron (Fe), selenium
(Se), zinc (Zn), arsenic, chromium (Cr), cobalt (Co), fluorine (F), iodine (I), manganese, (Mn)
molybdenum (Mo), nickel (Ni), silicon (Si), tin (Sn), and vanadium (V).2-4 If the symptoms
induced by a diet deficient in an element are uniquely reversed by an adequate supply of this
element in subsequent experimentation, then this provides evidence for its essentiality.5
Essentiality is generally acknowledged when it has been demonstrated by more than one
independent investigator and in more than one animal species.6 The molecular basis for the
evolutionary selection of these elements remains a mystery; the only property that this suite of
elements has in common is that they ordinarily occur and function in living organisms at low
concentrations. Interest in the potential role of trace elements in human and animal physiology
began over a century ago with the discovery that a number of compounds in living organisms
contained metals not previously considered to be of biological significance. It has been
asserted that our physical wellbeing is more directly dependent upon the minerals we take into
our system than upon calories or vitamins, or upon the precise proportion of fats, protein or
carbohydrates we consume.7 When studying the relationship of trace elements with human
health, it becomes increasingly evident that keeping a balanced level of minerals in every
organ, tissue and cell of the human body may be a key to maintaining a healthy existence.8
Minerals assist in every aspect of life, from the production of hormones and energy, digestion,
nerve transmission and muscle contraction, to the regulation of pH, metabolism, cholesterol,

3

Chapter 1.

Introduction

and blood sugar.8 Stress and exposure to environmental pollution raise our requirements for
these minerals and scientists are becoming increasingly aware that trace element deficiencies
can affect both physical and mental processes.
In addition to identifying these trace elements, elucidating the roles they might be playing
on a biochemical level, and considering the optimum dietary intake of them, bioavailability, or
the amount of utilisable element relative to the amount present in the daily diet, is an
important consideration.9 Trace element bioavailability is influenced by a complex matrix of
interacting variables, including the chemical form of the element found in food, the nature of
the food ingested, the composition of the total diet, and the health and nutritional well-being
of the individual.3,10 Dietary deficiencies of trace elements have been reported to alter various
aspects of reproductive physiology11 however to date the majority of these studies focus on
their roles in male reproductive function. The first half of this chapter addresses each of the
following elements: bromine (Br), Cu, Fe, Se, and Zn in turn, providing a brief introduction
into the known biological role of the element, addressing its bioavailability and absorption in
mammalian systems, and finally, presenting a brief synopsis on what is already known with
regard to this element’s role in reproductive function. Although not considered an essential
trace element in mainstream literature at the time of writing, a recent study has demonstrated
that Br is required as a cofactor for peroxidasin-catalysed formation of sulfilimine crosslinks
in Drosophila.12 In addition, Br dietary deficiency is lethal in this species, whereas Br
replenishment restores viability, a key criterion for justifying essentiality.
1.1.1.

Bromine as an essential element

Br is one of the most abundant and ubiquitous trace elements in the biosphere but until
recently had not been conclusively shown to perform any essential function in plants,
4
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microorganisms, or animals.2 Up until the mid 1980s only weak evidence existed to support
the view that Br was essential, with one of the key findings being that bromide (Brˉ(aq)) could
substitute for part of the chloride (Cl-) requirement for chicks.13 In 1990, one additional study
reported that, when compared to goats fed a 20 mg Br/kg diet, goats fed a 0.8 mg Br/kg diet
exhibited depressed growth and fertility, increased abortions, and reduced life expectancy.14 In
addition, microscopic examination of tissues and organs of Br deficient goats showed
abnormalities in tissue sections of the thyroid, heart, lungs, pancreas and ovaries.15 In 1998 it
was suggested that although these additional studies gave more credibility to the concept of Br
essentiality, the findings were still too limited.16 The evidence provided little insight into a
possible biochemical role for this element, beyond saying that it may serve as an electrolyte.16
This led to the general assumption that the biological behavior of Br was similar to chlorine
(Cl) in that the administration of it results in some displacement of body Cl-, and vice versa.17
This assumption has since been found to be invalid for the thyroid gland. In studies on the
interaction of Br with I in the rat thyroid, under the conditions of enhanced Br intake, Pavelka
et al. found that contrary to other tissues, Brˉ(aq) replaced iodide (I-) as opposed to Cl-.18,19 As
previously mentioned, a recent study demonstrated that Br is required as a cofactor for
peroxidasin-catalysed formation of sulfilimine crosslinks in Drosophila.12 Br dietary
deficiency led to physiologic dysfunction in Drosophila, while repletion of this trace element
reversed the dysfunction.
1.1.1.1. Biological activity of brominated species
Potential biological roles of brominated species have been under scrutiny for the past thirteen
years with several authors making important contributions to this area of knowledge. Hawkins
et al. (2001) conducted an experiment to show that hypochlorous acid (HOCl) and
5
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hypobromous acid (HOBr) reacted with different selectivity with cellular targets, and that the
resultant radical formation may result in cell lysis.20 The reactivity of HOBr with biological
molecules is not well characterised but amino acids and proteins appear to be major targets,
with the species reacting with fatty acid side chains and lipid-soluble antioxidants to a much
greater extent than HOCl.21-23 This species has also been reported to induce red blood cell
lysis approximately 10 times more rapidly than HOCl.20 In a later study to ascertain the rate
constants for reactions of HOBr with protein components, most residues reacted 30-100 fold
faster with this species than with the Cl- containing acid.21 More recently, the contribution of
HOBr to optimal and efficient microbial killing has been recognised as essential.24
Marcinkiewicz et al. (2005) investigated the role of another brominating oxidant, taurine
bromamine, and found that this species exerted strong bactericidal effects on E. coli.25 Maines
et al. (2006) investigated the cytotoxic effects of activated Br on human foetal osteoblasts in
vitro and showed that sodium bromide (NaBr) is more cytotoxic than either of sodium
hypochlorite or activated sodium hypobromite.26 Thus, it appears that there are a range of
chemical modifications induced by Brˉ(aq) based species which are still in the process of being
fully elucidated.
1.1.1.2. Bromine byproducts and reproduction
In nature Br is found mostly as Brˉ; bound to metals in the form of inorganic salts.27 The main
natural source of Brˉ(aq) is in the sea where the average concentration is several orders of
magnitude larger than in freshwater systems,28 however, it is also found naturally in soils29
and a range of plant and animal based foods.28 Major contributors to the anthropogenic release
of Br into the environment include mining, industrial emissions, and the use of fertilisers and
pesticides in agriculture.28 These processes can significantly increase the concentration of Br
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in the environment. With such prevalent exposure to Br, coming from natural and
anthropogenic sources, it is not surprising that numerous studies have been conducted into the
impact of chronic Br exposure on mammalian systems. Throughout the 1980s several authors
confirmed that large doses of Br- could reduce fertility, impact the rate of survival of
offspring, and result in depressed production of thyroxine because the excess Brˉ(aq) competes
with I- in the synthesis of this hormone.30-32 Flury et al. (1993) suggested that chronic Br
toxicity affects mainly the endocrine and reproductive systems of mammals28 and Pavelka et
al. (2004) further suggested that high Brˉ(aq) levels can influence I metabolism by either
decreasing the I accumulation in the thyroid and skin and/or by increasing the excretion of I
by the kidneys.27 More recent studies have focused less on Brˉ(aq) and more on the potential
toxicology of brominated disinfection by-products. Several authors focusing on dibromoacetic
acid have concluded that chronic exposure to even low levels of this chemical (1 mg/kg body
weight per day) adversely affects reproductive function in male rabbits, and delays pubertal
development and compromises sperm quality in rats.33-35
1.1.2.

Copper as an essential element

Cu’s essentiality was first discovered in 1928 when Hart et al. demonstrated that rats fed a Cudeficient milk diet were unable to produce sufficient red blood cells.36 Their anemia was
corrected by the addition of ash from vegetable or animal sources. Cu is an essential trace
element for humans and animals as it forms a critical functional component of a number of
essential enzymes, known as cuproenzymes.37 Both Cu deficiency and Cu excess produce
adverse health effects, resulting in a U-shaped dose-response curve. The precise form of this
curve however has not yet been well characterised, but maintaining appropriate Cu
homeostasis involves coordination between Cu uptake, distribution, storage, and efflux.38 In
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humans Cu deficiency is rare although it may occur when there is a genetic defect in the
functioning of a Cu transporter, resulting in either Menkes disease or Occipital Horn
Syndrome.39 Conversely, the consequences of accumulating too much Cu in the body are
highlighted through the genetic disorder known as Wilson’s disease.40
Exposure of humans to Cu occurs primarily from the consumption of food and drinking
water with the intake being highly dependent on geographical location. Depending on the
source of the biological material, Cu concentrations can range from parts per billion (ppb) to
parts per million (ppm).38 In the body, Cu shifts between the cuprous (Cu+) and the cupric
(Cu2+) forms, though more than 90% of the Cu exported into peripheral blood is bound to
ceruloplasmin in the Cu2+ form.8,41,42 The ability of Cu to easily accept and donate electrons
and ultimately cycle between these two forms accounts for its important role in oxidationreduction reactions, and the scavenging of free radicals. Excess dysregulated Cu may promote
oxidative stress in vivo, contributing to pathology in a range of diseases, such as
atherosclerosis and neurodegeneration.43 Both Turnlund et al. (2004) and Krewski et al.
(2010) summarised that short-term high Cu intake does not appear to affect indices of Cu
status or functions related to Cu status, but the potential adverse health effects of long-term
high Cu intake remain unknown.44,45
1.1.2.1. Copper’s bioavailability and absorption
The transport and cellular metabolism of Cu is the subject of active research. From a
nutritional perspective, only food and supplements are usually considered as sources for intake
of essential metals but the likelihood of drinking water being an important supplemental
source of Cu has been raised by several authors in recent years. More specifically, they have
suggested that chronic water based intake of Cu, when ingested in conjunction with an already
8
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Cu sufficient diet, leads to a gradual breakdown of the tightly controlled Cu homeostasis that
exists within the body, thereby producing symptoms of toxicity.43,46-50 Like many metals, the
chemical form of Cu affects both its bioavailability and its toxicity. It is known that highly
soluble species such as the sulfate or nitrate are readily absorbed, while others such as Cu
carbonate are absorbed only after dissolving in the acid secretions of the stomach.3 Less
soluble forms such as Cu oxide are less bioavailable, while insoluble Cu compounds such as
Cu sulfide are not taken up by the body at all. Most Cu in plant or animal derived foods is
tightly bound to specific proteins, with a small proportion chelated by amino acids such as
histidine.51
Several authors have investigated the mechanism by which dietary Cu is absorbed. In
mammals, Cu is absorbed in the stomach and small intestine, although there appear to be
differences among species with respect to the site of maximal absorption.38 The liver is central
to Cu homeostasis, and most of the newly absorbed Cu first enters this organ. Here it is
supplied to endogenous enzymes, incorporated into ceruloplasmin, and secreted into the
blood; if in excess, it is secreted in the bile.52,53 A portion of endogenous Cu is reabsorbed
from digestive juices. In the mid 1990s studies on isolated segments of the duodenum
suggested that Cu ions enter mucosal cells lining the intestine by simple diffusion.51 More
recent work has shown the existence of Cu transporters that can move Cu across the cell
membranes, and indicate that dietary Cu, like Fe, must be reduced from Cu(II) to Cu(I) for
transport across the apical membrane into enterocytes.53 Amino acids, particularly histidine,
methionine, and cysteine, bind to Cu to allow absorption through an amino acid transport
system.54 These Cu-binding peptides and proteins have little affinity for Cu(II), but their thiol
functions may also act as effective reductants.55 Once reduced, the metal is likely transported
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into the enterocyte by Cu transporter 1 (CTR1).56 The precise mechanism of this transport
process is not currently clear, as intestine-specific knockout of CTR1 leads to increased
enterocyte Cu levels, with the Cu being apparently trapped in an intracellular compartment
where it is not biologically available.48,51 The transport of Cu(II) across the apical brush
border membrane involves both a non-energy-dependent saturable carrier, and diffusion.38,39 It
has been shown that the amount of Cu absorbed increases as the amount in the diet increases,
but absorption is much more efficient and a higher percentage is absorbed when intake is
low.41
1.1.2.2. Copper and reproduction
Studies pertaining to the dietary intake of Cu and fertility outcomes in mammals are sparse
with an inadvertent focus coming in the form of CuZn superoxide dismutase (SOD) deficiency
being implicated in impaired sperm motility and reduced in vivo fertility in male mice.57
Similarly, in a study designed to investigate the physiological role of CuZn SOD in mouse
ovaries Noda et al. (2012) determined that CuZn SOD insufficiency impaired progesterone
secretion and subsequent fertility in the experimental mice.58 Studies around Cu toxicity and
reproductive function are equally limited and generally inadequate to assess reproductive and
developmental hazards of excess Cu intake.38 It is well documented that Cu blood levels are
elevated in combination oral contraceptive users and although these levels are not considered
toxic, there are suggestions that such Cu increase could be implicated in oxidative
pathophysiological processes in the body.59 Cu has been used as a contraceptive agent in
intrauterine contraceptive devices and the toxicity of this metal to sperm, along with its ability
to inhibit blastocyst implantation in utero are well known.60 In a 2010 study designed to
investigate potential fluctuations of Cu and Zn plasma levels during the menstrual cycle in
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healthy women, and whether this correlated with the physiological fluctuations of
progesterone and estradiol, the Cu plasma levels correlated negatively with the expression of
estradiol. Conversely the changes in the Zn plasma levels correlated positively with those of
estradiol suggesting that these trace elements might be involved in the regulation of sex
hormones.61 A recent study to investigate serum Cu levels and vascular dysfunction in lean
women diagnosed with polycystic ovary syndrome (PCOS) found that the concentrations of
serum Cu in PCOS women were significantly higher than the controls.62 Finally,
abnormalities in the offspring of mothers with untreated Wilson’s disease (a genetic disorder
in which Cu accumulates predominantly in the brain and liver tissues) were not reported,
although women with untreated Wilson’s disease have a higher than average incidence of
spontaneous abortions.63
1.1.3.

Iron as an essential element

Fe has the longest and best described history among all the trace elements however it was not
until 1932 that the importance of Fe was finally confirmed with the evidence that inorganic Fe
was needed for haemoglobin synthesis.64 It is a key element in the metabolism of almost all
living organisms and various cellular mechanisms have evolved to capture Fe from the
environment in biologically useful forms. Examples include siderophores secreted by
microbes to capture Fe in a highly specific complex,65 or mechanisms to reduce Fe from the
insoluble ferric form (Fe3+) to the soluble ferrous form (Fe2+), as occurs in yeasts.66 Similar to
Cu, Fe’s biological functioning depends upon its ability to readily accept or donate electrons,
inter-converting between Fe3+ and Fe2+ forms, as it does in enzymes and cytochromes.67 In the
human body, Fe is an essential component of hundreds of proteins and enzymes8 where it
mainly exists in complex forms bound to protein (hemoprotein), as haem compounds
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(haemoglobin or myoglobin), as haem enzymes, or as nonhaem compounds (flavin-iron
enzymes, transferrin, and ferritin).68 In haemoglobin Fe is in the Fe2+ form, whereas Fe
transported on transferrin in the blood, or stored intracellularly in ferritin, is in the Fe3+ form.67
An understanding is emerging on how these proteins, both individually and in unison,
maintain cellular and whole body homeostasis of this crucial trace element.69
Although low Fe intake and its poor bioavailability are responsible for most anemia in
industrialised countries, this accounts for only about half of the causes of anemia in
developing countries.70 In these regions infectious and inflammatory diseases such as malaria,
blood loss caused by parasitic infections, and nutrient deficiencies including vitamins A, B2,
B9, and B12 are also important causes.71 The role of Fe deficiency in detrimentally influencing
pregnancy outcomes is well established and governments and researchers have focused a
significant amount of attention on this aspect.72-77 There has been little research however into
the relationship between Fe deficiency and unexplained infertility.78
1.1.3.1. Iron’s bioavailability and absorption
The fraction of Fe absorbed relative to the amount ingested is typically quoted in the range of
5% to 35% depending on the combination of foods ingested and the chemical form of Fe.68 A
recent review by Collings et al. (2013) suggested that the vast majority of populations, even
those with low Fe stores, are more likely to absorb less than 15% of Fe, particularly if they are
consuming a diet low in bioavailable Fe.79 Fe absorption predominantly takes place in the
duodenum and upper jejunum80 and occurs by the enterocytes by divalent metal transporter 1;
a member of the solute carrier group of membrane transport proteins. From here it is
transferred across the duodenal mucosa into the blood, where it is transported by transferrin to
the cells or the bone marrow for red blood cell production.81,82 It is now generally accepted
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that Fe absorption is controlled by ferroportin which allows or does not allow Fe from the
mucosal cell into the plasma.83 A feedback mechanism either enhances Fe absorption in
people who are deficient or dampens absorption in people with Fe overload. Internalised Fe is
transported to mitochondria for the synthesis of haem or Fe-sulfur (S) clusters, and excess Fe
is stored and detoxified in cytosolic ferritin.83 Despite being identified over a decade ago the
precise mechanisms of ferroportin facilitated Fe absorption are not well understood. In a
recent study to explore its functional properties and molecular mechanisms, Mitchell et al.
(2014) established that rate constants describing Fe efflux were maximal at an extracellular
pH of 7.5 – 7.8, and that efflux was inactivated at an extracellular pH less than 6.0, suggesting
that an acidic environment would inhibit ferroportin activity.84
The chemical form of Fe entering the duodenum greatly influences its absorption, and
physiological pH (≈ 7.365) facilitates the rapid oxidation of Fe2+ to the insoluble Fe3+ form.
Gastric acid lowers the pH in the proximal duodenum thereby reducing the Fe3+ in the
intestinal lumen by ferric reductases so that it can be transported as Fe2+ across the apical
membrane of enterocytes. This process enhances the solubility and uptake of ferric Fe.83
Dietary haem can also be transported across the apical membrane by a yet unknown
mechanism and is metabolised in the enterocytes by haem oxygenase 1 to liberate Fe2+.85 This
process is more efficient than the absorption of inorganic Fe and is independent of duodenal
pH. Dietary Fe occurs in both haem and nonhaem forms.86 Primary sources of haem Fe are
hemoglobin and myoglobin from consumption of red meat, poultry, and fish, whereas
nonhaem Fe is obtained from cereals, pulses, legumes, fruits, and vegetables.87 The difference
in bioavailability of the two Fe forms, 15 – 35 % and 2 – 20 % for haem and nonhaem,
respectively, in addition to the fact that dietary factors have little effect on haem Fe’s
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absorption, make red meats an excellent nutrient source of this trace element.86 Major
inhibitors of Fe absorption are phytic acid, polyphenols, Ca, and peptides from partially
digested proteins.86 Enhancers include ascorbic acid and muscle tissue which may reduce Fe3+
to Fe2+ and bind it in soluble complexes which are available for absorption.86
1.1.3.2. Iron and reproduction
As previously mentioned the effect of Fe deficiency in the mother on pregnancy, and more
specifically its negative impact on foetal growth and development, has been the focus of many
studies.88 Pregnancy increases the Fe requirement to nearly 6 mg/day by the second and third
trimesters due to the high growth rates of the placenta and foetus, and the expansion of the
maternal red blood cell mass.89 Few studies have been published on the effect of Fe on female
fertility however the preliminary consensus is that a greater intake of Fe, either due to
increased dietary intake or supplementation, increases fertility levels in women, with the
ovary’s utilisation of this element being the likely reason for this observation.90 In a study to
evaluate whether Fe supplement use or greater intake of total haem and nonhaem Fe is
associated with lower risk of ovulatory infertility, Chavarro et al. (2006) reported that women
who consumed Fe supplements had a significantly lower risk of ovulatory infertility than
women who did not use Fe. More specifically, total nonhaem Fe intake consumed as
multivitamins and Fe supplements, was inversely associated with the risk of infertility,
whereas haem Fe intake was unrelated to ovulatory infertility in multivariable adjusted
analyses.91 In a recently published study to ascertain the effects of severe Fe deficiency on
fertility in female rats, Li et al. (2014) found that there was a significantly lower conception
rate and a disruption of estrous in the Fe-deficient group relative to the controls.78 These
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results suggest that the importance of Fe in female reproductive function occurs well before
pregnancy.
1.1.4.

Selenium as an essential element

The trace element Se was discovered in 1817 by the Swedish physician and chemist Berzelius,
however, its essentiality in mammals was not discovered until the 1950s.92 Conclusive
evidence for the essentiality of Se in humans came with publication of the results of largescale trials in China that showed the protective effect of Se supplementation on children and
young adults suffering from Keshan’s disease, a cardiomyopathy endemic in regions with low
soil Se levels.93 Whole body Se is about 15 mg, as estimated by direct tissue analysis and
radioisotope techniques, with the tissue concentrations of this essential trace element being
highest in the kidney and liver, followed by the other organs.94 The most important
biologically active compounds contain selenocysteine, where Se is substituted for S in
cysteine. The insertion of selenocysteine to form a selenoprotein is specified by the UGA
codon in mRNA under specific conditions.95,96
In human beings, the nutritional functions of Se are achieved by its incorporation into 25
selenoproteins (including the glutathione peroxidases, thioredoxin reductases and deiodinases)
that have selenocysteine at their active centre.95 These selenoproteins play an important role in
many biological functions, such as antioxidant defense, formation of thyroid hormones, DNA
synthesis, fertility, and reproduction.97 By working synergistically with vitamin E, glutathione
peroxidases play an important role in the body, catalysing the conversion of peroxides to nontoxic alcohols and thus protecting cells from membrane damage and oxidative stress.98,99 The
concentrations of Se in whole blood and in plasma and/or serum are related to dietary intake
with 50 – 60% of the total plasma Se being present as selenoprotein P,93,94 about 30% being
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present as glutathione peroxidase 3 (GPx3), and the remainder incorporated into albumin as
selenomethionine.100 Low serum Se levels have been linked to higher cancer risk based on
evidence from observational studies, conducted over a 40-year period, and reviewed
elsewhere.101-104 Thus adequate Se intake may have an anti-cancer effect due to its
contribution to antioxidant function or to immune system function, but the precise mechanism
is uncertain. Weekley et al. (2013) highlight that epidemiological studies have reported an
inverse relationship between Se status and the incidence of various diseases, but subsequent
studies of Se supplementation and disease prevention have presented mixed results, with
concerns about this trace element’s toxicity being detrimental to its reputation.102
1.1.4.1. Selenium’s bioavailability and absorption
The Se content of food is dependent upon the Se content of the soil in which the plants are
grown or the animals are raised. Se is found in highest amounts in organ meats such as kidney
and liver, while some seafood contains nearly as much.105 That said, plant foods such as
grains, legumes and cruciferous vegetables are the major dietary sources of Se in most
countries, where it enters the food chain predominantly as selenomethionine.94,106 Se, which is
initially taken up from the soil and concentrated by plants, is absorbed in the small intestine
and incorporated into proteins by complex mechanisms that remain to be fully elucidated.107
Pre-intestinal absorption of Se is negligible so the absorption operates mainly in the
duodenum and caecum.97 Similar to both Cu and Fe, the mechanisms of intestinal absorption
are different depending on the chemical form of the element. A recent study designed to
investigate the bioavailability of four Se species using an in vitro model of the intestinal
barrier, determined that the efficiency of Se absorption decreased in the following order:
selenomethionine, methylselenocysteine, selenate (SeO42-), and selenite (SeO32-).108 An earlier
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report presented by the U.S. Institute of Medicine however summarised that Se from the
inorganic salts, SeO42- and SeO32-, is more rapidly incorporated into glutathione peroxidase
and other selenoproteins than Se from organic sources containing selenomethioine. SeO32- is
absorbed by simple diffusion and its subsequent reduction to selenide (Se2-) is a well
characterised metabolic pathway in animals.109 In detail, the SeO32- crosses the plasma
membrane and reacts with cytoplasmic thiols in the reduction pathway forming Se2−, which is
then methylated, giving rise to methylated Se derivatives.110,111 Organic forms such as
selenomethionine and selenocysteine follow the mechanisms of amino acid uptake whereby
ingested selenomethionine is absorbed in the small intestine by an active mechanism similar to
that used for methionine.112,113 For SeO42- Thiry et al. (2013) observed the highly polarised
passage of this species from the apical to basolateral pole, indicating that a substantial fraction
of its transport was transcellular.108 Similar to Cu regulation, the proportion of ingested Se
excreted is dependent upon dietary intakes with high consumption resulting in high urinary
and faecal excretion and vice versa.112,114 In cases of dietary Se deprivation, the synthesis of
some selenoproteins (e.g., glutathione peroxidase 4, GPx4) is prioritised over that of others.96
Conversely glutathione peroxidase 1 (GPx1) is one of the most highly sensitive selenoproteins
to changes in Se status, with levels of mRNA and protein dramatically reduced under low Se
conditions.115

1.1.4.2. Selenium and reproduction
Se has long being recognised in animal husbandry as being essential for successful
reproduction.2 Of particular importance to reproduction and pregnancy are the glutathione
peroxidases which play a crucial role in reducing hydrogen peroxide (H2O2) and lipid
peroxides to harmless products, thereby reducing cellular damage by reactive oxygen species
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(ROS).116 The emerging role of Se in maintaining healthy reproductive function has been
extensively studies in males but data pertaining to Se status and fertility in females are sparse,
with the majority of female based studies having a tendency to focus on the role of this
element in pregnancy.117-121
Over 30 years ago Behne et al. conducted several studies in male rats and observed that
during insufficient Se intake the supply of this trace element to the testes was prioritised over
other tissues. This suite of studies led the authors to postulate the involvement of Se in the
biosynthesis of testosterone122,123 and it is now commonly known that testicular tissue contains
high concentrations of Se, predominantly as GPx4, and that this element is essential for
testosterone biosynthesis and the formation and normal development of spermatozoa.124,125
Some evidence suggests that increasing Se dietary intake increases antioxidant GPx activity,
thereby increasing male fertility.126 In a study of sub-fertile Norwegian men the Se
concentration of seminal plasma correlated positively with the concentration of
spermatozoa.127 Scott et al. (1998) supplemented sub-fertile men with 100 µg of Se per day
for three months and in addition to their sperm motility significantly increasing, 11% of men
receiving the active supplement fathered a child compared with none in the placebo group.128
It should be noted however that a similar study carried out over a similar length of time but
with double the daily dose of Se showed no beneficial effect on sperm motility in sub-fertile
Polish men.129 Closer observation of the form of Se administered in each of these studies
indicates that they differed, with the first being selenomethionine versus SeO32- in the latter
Polish study. This highlights that it is not necessarily the quantity of the trace element ingested
that matters with regard to exerting a beneficial biological effect, but more so its
bioavailability and subsequent absorption by the body.
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With regard to Se status and fertility in females, Paszkowski et al. (1995) completed a
study of 135 follicular fluid samples collected from patients during transvaginal oocyte
retrieval and it was found that patients with unexplained infertility had significantly decreased
follicular Se concentrations compared with those with other known causes of infertility.130 A
case-controlled study from Turkey found lower Se concentrations in the serum and follicular
fluid of women undergoing in vitro fertilisation treatment compared with age matched, nonpregnant control women131 and a recent study, also from Turkey, found that plasma Se levels
were significantly lower in women with PCOS relative to the control group, indicating that
this element may play a role in the pathogenesis of PCOS related with hyperandrogenism.132
Finally, women presenting with unexplained infertility or premature ovarian failure were
found to have significantly increased serum levels of the ovarian autoantibody protein,
selenium binding protein-1.133 Ultimately, Se plays a significant role in living organisms, and
owing to its contribution to the formation of selenoproteins combined with its antioxidant
action, a low Se status in the body induces a low free radicals resistance.97
1.1.5.

Zinc as an essential element

Zn is an essential element in the nutrition of human beings, animals, and plants8 and is
required in the genetic make-up of every cell. Zn plays an important role in growth and
development, the immune response, neurological function, and reproduction.134,135 Zn is
needed in all DNA and RNA syntheses and is required at every step of the cell cycle including
proliferation, differentiation, and apoptosis.135 Zn plays an important role in the structure of
proteins and cell membranes and is an integral component of over 300 metalloenzymes,
including carbonic anhydrase, alcohol dehydrogenase, thymidine kinase carboxypeptidase,
glutamic dehydrogenase, lactic dehydrogenase, and alkaline phosphatase, as well as hormones
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such as thymulin, testosterone, prolactin, and somatomedin.5,136 Zn additionally participates in
the synthesis and degradation of carbohydrates, lipids, proteins, and nucleic acids.3
Furthermore, Zn finger proteins, formed when Zn atoms become tetrahedrally coordinated
with histidine and cysteine,137 are implicated in the genetic expression of steroid hormone
receptors,138,139 and this trace element has been shown to have anti-apoptotic and antioxidant
properties.140-142 Inadequate intake of this trace element in people and animals results in
immunodeficiency, increased numbers of infections, increased severity of infections, stunted
growth, and delayed sexual maturation, as summarised by Qureshi et al (2005).8
1.1.5.1. Zinc’s bioavailability and absorption
It has been suggested that Zn is found as organic complexes with protein in meats and as
inorganic salts in plant foods,143,144 however no absorption studies have been conducted in
humans to determine whether these forms of Zn differ in bioavailability.145 Based on limited
published data on the absorption of Zn from supplements ingested by humans, it appears that Zn
gluconate, Zn citrate, and Zn sulfate are absorbed to a similar extent, and that Zn oxide is slightly
less well absorbed.146,147 A recent rat study, however, found all four of these species to be equally
bioavailable.148 Similar to the aforementioned trace elements (Cu, Fe and Se), inadequate dietary
intakes of Zn can arise from low intakes, poor bioavailability, or a combination of these dietary
factors. Low dietary Zn intakes are often synonymous with developing countries owing to the
prohibitive cost of Zn rich foods (i.e., meat, poultry and fish), or religious concerns.149 The total

Zn content of one’s diet is influenced, not only by the range of food items selected and their
relative bioavailability, but also by the degree of refinement of any constituent cereals. In
addition, a diet rich in saturated or unsaturated fats tends to dilute the uptake of Zn.3
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Zn is absorbed in the small intestine by a carrier-mediated mechanism150 with ongoing
research over the last decade indicating that its transport across membranes is mediated by two
subfamilies of mammalian Zn transporters, ZnT (Slc30) and Zip (Slc39).151-154 Following
absorption through the enterocyte, the dietary Zn is transported into the circulation and then to the
tissues where it is needed. Active transport of Zn into portal blood is mediated by

metallothionein.155 The fraction of this trace element absorbed is difficult to determine
because it is also secreted into the gut. Studies suggest that Zn administered in aqueous
solutions to fasting subjects is absorbed far more efficiently (60-70%) than when it is ingested
as food.156 Zn is released from food as free ions during digestion and the liberated ions may
then bind to endogenously secreted ligands before their transport into the enterocytes in the
duodenum and jejunum.156,157 In contrast to Fe, the body regulates Zn homeostasis through
gastrointestinal secretion and excretion of endogenous Zn, in addition to the absorption of
exogenous Zn.158,159 Loss of Zn through the gastrointestinal tract accounts for approximately
half of all Zn eliminated from the body with pancreatic and biliary pathways being other
modes of excretion. This is an important process in the regulation of Zn balance160 and similar
to Cu and Se, larger Zn intakes are balanced by larger secretions and vice versa.161
As alluded to earlier in this section, plant-based foods are the major source of dietary Zn
in many low income countries. Of the plant based foods, cereals and legumes contain high
levels of phytic acid and their magnesium (Mg), Ca and potassium (K) associated salts, called
phytates. While amino acids and peptides in chyme facilitate Zn’s absorption, the binding of
Zn by phytate and dietary fibres forms insoluble complexes, rendering the Zn
indigestible.162,163
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1.1.5.2. Zinc and reproduction
Countless studies have focused on the role of Zn in male fertility, paying particular attention
to its role in male sex hormone synthesis as well as the resultant impact on sperm production
and motility. Zn content is high in the adult testis, and the prostate has a higher concentration
of Zn than any other organ of the body.1 Zn deficiency first impairs angiotensin converting
enzyme activity which leads to depletion of testosterone and inhibition of spermatogenesis.
Defects in spermatozoa are frequently observed in Zn-deficient rats.164,165 In females, Zn also
seems to be important in reproduction but relatively few investigations have been
performed.166 Shaw et al. (1974) found that Zn deficiency in female rabbits resulted in
disinterest in their male counterparts and ovulatory failure.167 Another study suggested that Zn
deficiency in female rats led to abnormal estrous cycles168 and the effects of Zn deficiency in
two species of monkeys led the authors to conclude that normal reproduction was impaired in
both the species through abnormal ovarian development.169 Over 30 years ago Sato et al.
(1982) reported that even marginal Zn deficiency could affect oocyte maturation by doubling
the number of degenerating oocytes and increasing chromosomal anomolies in metaphase II
oocytes.170 Despite the authors suggesting that preconception was a crucial time for women to
ensure a sufficient intake of Zn, it would appear that attention in subsequent decades has
shifted to Fe, folate and in more recent years, iodine supplementation.171-176 In studies
designed to ascertain the reproductive effects of feeding virgin female mice a Zn deficient
diet, Taneja and Kaur observed retardation of ovarian follicular growth with varying degrees
of atresia, lack of preovulatory Graafian follicles, a reduced and shrunken corpus luteum, and
a fragmented zona pellucida and vitelline membrane, indicating the cessation of oogenesis and
ovulation.177,178
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Similar to the alleged role of Se in reproduction, Zn is important for several antioxidant
functions which provide protection of cells against oxidative and electrophilic stress caused by
ROS. Many investigations have shown evidence for the role of ROS in the physiology and
pathology of both male and female reproductive functions179,180 suggesting that the focus
should shift to elucidating the biochemical roles these trace metals play in the process.
1.2. Role of trace metals in female reproductive function
Over the last four decades it is apparent that countless studies have been conducted into the
role of dietary trace metals and reproductive function; however, a review of the literature
quickly highlights how heavily the research has been weighted towards male reproductive
function as opposed to females. In addition, of the five elements discussed above, there is
relatively little research that has gone into Se and Br, particularly given that the latter element
is yet to be deemed essential in mammals. Buhling et al. (2013) astutely observed that studies
on the impact of micronutrients on female fertility with high level of evidence are rare.90
Although there are a plethora of human and animal studies focusing on the dietary intake of
trace metals by pregnant females, and the resultant effects on her offspring, very few studies
take into account the preconception period, or even focus on general reproductive health when
it comes to ovarian function, including hormone synthesis and follicular development. Given
the unknown etiology of such ovarian disorders as PCOS, anovulation, and the comparatively
poor prognosis of ovarian cancer relative to other cancer types,181 it seems remiss that the
potential role these essential trace elements might play in either preventing or exacerbating the
incidence of these disorders has not been extensively studied.
Infertility is a clinically common disease, with recent studies from Europe and Canada
suggesting that it occurs in approximately 10% of women of child-bearing age,182,183 and it has
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serious physiological and psychological impacts on both patients and their families. Although
functional infertility is declining owing to rapid developments in reproductive medicine,
unexplained infertility still accounts for 10 – 20% of female infertility.78 Many environmental
and biochemical factors are involved in female reproduction with the importance of many of
these factors not yet clearly understood. In the late 1990s Xu et al. hypothesised that a
disorder in the metabolism of trace elements may be one of the important factors causing
unexplained infertility.184 Recent studies, which are reviewed elsewhere,185 have reported that
changes in the levels of the trace elements Cu, Fe, Zn, and Ca play an important role in female
infertility but there is still debate about the relationship between Fe and unexplained
infertility. A better understanding of the underlying mechanisms in infertility, as well as more
rigorous studies clarifying the effectiveness of nutritional and biochemical factors, are
important to improve diagnosis and treatment.166 Despite the paucity of studies dealing with
preconceptional dietary intake, it is clear that there is a strong relationship between an
imbalance of trace elements prior to conception, successful conception, as well as the healthy
development of pregnancy.186
In order to address this gap in knowledge a series of experiments were devised to focus
on the distribution of trace elements in the bovine ovary, their speciation, and the potential
role these trace elements might be playing in reproductive function. Herein we justify the
selection of a bovine ovarian model and describe the synchrotron based analytical techniques
employed throughout this research.
1.3. The bovine ovary as a model for studying female reproductive function
Ovary function is perhaps most studied and best understood in the bovine species with
ultrasound imaging being used to elucidate physiological mechanisms related to ovarian
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function in many species, including humans.187,188 Previous studies have documented that
follicular growth in cattle occurs in a wave-like fashion and that the majority of estrous cycles
are comprised of two or three such waves. The adult bovine ovary is a popular experimental
model for elucidating mechanisms related to ovarian function in humans owing to structural
and physiological similarities between both species’ ovaries, and the fact that both species are
monovulatory. Follicles are ordinarily categorised according to their stage of growth as:
primordial follicles, containing an oocyte surrounded by one layer of flattened pregranulosa
cells; after activation as primary follicles, with one layer of cuboidal granulosa cells; as
preantral follicles with increasing layers of granulosa cells; and, after formation of a follicular
fluid-filled antrum and a specialised thecal layer, as antral follicles. Granulosa cells serve two
main functions by supporting the growth of the oocyte, and secreting oestrogens in late
follicular development, which are essential for normal reproductive function. Most ovarian
follicles do not mature to ovulation but rather undergo atresia which is initially characterised
by apoptosis of the granulosa cells.189,190
Emergence of a follicular wave and selection of the dominant follicle are associated with
a rise and fall in circulating concentrations of follicle stimulating hormone (FSH). As detailed
in Chapter 6, the dominant follicle will eventually ovulate, whereas all other follicles will
undergo atresia.191,192 For the most part, ovulation is facilitated by the frequent stimulation of
luteinising hormone (LH)193 coupled with the follicle’s capacity to continue differentiating in
a low FSH environment.194 Following ovulation the remnants of the follicle wall transform
into the corpus luteum, and after further regression it is termed the corpus albicans. Figure 1
schematically depicts the complete life cycle of a single follicle.
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In addition to the aforementioned stages of follicular growth, follicles can be classified
according to their health status based on histologic examination, or quantitatively, by
measuring the diameter of the follicle. In this thesis the majority of follicles examined are
antral follicles and thus their subsequent classifications are based on both their health status as
well as their size. Chapters for which these classifications are relevant (Chapters 4 and 5)
provide definitions for how the health status was determined, as well as a reference table for
the different size categories.
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Figure 1: Schematic diagram depicting the complete life cycle of a follicle: from primordial stage, through to large antral, and finally, the formation of a corpus
luteum following ovulation. Images depict haematoxylin and eosin (H&E) histological stains at each stage of growth.
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Many authors have explored the reproductive effects of supplementing dairy cattle with
organic trace metals with factors measured including milk production, follicular growth,
embryo quality, and tissue mineral concentrations.11,195-197 The majority of these studies
however has placed little emphasis, or observed little effect, on the preconception aspects of
fertility, such as ovarian function. The imaging of bovine ovaries to ascertain the localisation
of trace metals within healthy organs has not been documented before.
1.4. Techniques for analysing trace elements
In a paper designed to evaluate laboratory methods for trace element determination, Bolann et
al. (2007) summarised that the analysis of trace elements in biological fluids and tissues
serves multiple purposes, including determination of the concentration and distribution of
essential trace elements in normal and disease conditions, detection and allocation of
potentially toxic metals, diagnosis of trace element deficiency states, and trace element related
diseases.198 According to their findings the four most commonly used techniques for trace
element analysis in human biological material are flame atomic absorption spectrometry,
graphite furnace atomic absorption spectrometry, inductively coupled plasma atomic emission
spectrometry, and inductively coupled plasma mass spectrometry (ICP-MS), with ICP-MS
being preferable for the screening of multiple elements.198 In another study designed to
ascertain the most effective means of analysing the elemental composition of a geological
sample (lake bottom sediment samples) Phedorin et al. (2000) compared synchrotron-based
XRF, traditional XRF, ICP-MS, atomic absorption spectrometry, and instrumental neutron
activation analysis, and concluded that synchrotron XRF was superior from the point of view
of its speed, ease of application, cost, non-destructive nature, and sensitivity.199 These factors
coupled with the simultaneous determination of multiple elements of geochemical interest (in
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the aforementioned example) or biochemical interest (in the case of this research) make
synchrotron based XRF a highly sought after technique.
Weekley et al. (2011) assert that synchrotron X-ray fluorescence (XRF) imaging and Xray absorption spectroscopy (XAS) are ideal techniques for investigating the chemical
speciation and distribution of elements heavier than Si in biological systems, with minimal
sample preparation required.200 Nowadays, XRF imaging is a well-established, nondestructive analytical method applicable across a large variety of fields including materials
science, environmental science, geology, life science, and archaeometry.201 Although this is
not the first time research has combined quantitative XRF imaging with ICP-MS validation of
the total trace element concentrations,202 this is the first time these combined techniques have
been employed in mammalian ovaries with a view to elucidating key elemental differences
between structures (Chapter 4), as well as differentiating between follicles at different stages
of growth or atresia (Chapter 5).
1.4.1.

X-ray fluorescence imaging

When the energy of an X-ray is greater than the absorption edge of an element, it causes the
excitation of core electrons, creating a photoelectron and a core hole. The ejected electron
leaves a vacancy in the innermost shell which is rapidly filled by the decay of an outer
electron and the concurrent emission of an XRF photon. The characteristic XRF emission
lines of the elements occur at unique energies, equivalent to the difference between the two
binding energies of the corresponding shells. In this research, the process of detecting and
analysing these XRF photons was carried out using the Maia detector system, which employs
a new approach to rapid full-spectral data acquisition, at the XFM beamline at the Australian
Synchrotron, Victoria, Australia.203,204
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Synchrotron XRF imaging is a powerful technique which harnesses the spectrally pure
and finely focused X-ray beam from a synchrotron. Digital images of microscopic samples are
built, pixel by pixel, by scanning the sample through the beam, and mathematical
deconvolution of the fluorescence spectrum reveals the elemental composition, from which
quantitative elemental distribution maps of the sample are assembled.157 The resultant maps
detail the spatial organisation of trace elements within samples with high spatial resolution
and sensitivity (to ppm or better) for a large number of elements,205 and most importantly, do
so without having to destroy the tissue under study.206 Developing a thorough understanding
of the strict homeostatic control of trace elements, from the perspective of their detailed
spatial distributions, could be crucial to fully elucidating their biochemical relevance in health
and disease.207
1.4.1.1. Applications of XRF imaging to biological systems
Based on the assumption that elucidating the distribution of both essential and toxic trace
elements will provide new insights into diseases, XRF imaging is finding increasing
applications to biological systems, reviewed recently by Pushie et al. (2014).208 Despite a
plethora of studies focusing on everything ranging from the elemental profiles and migration
of toxic metals in human teeth,209-211 to determining the levels of Ca and phosphorous (P) in
the bones of osteoporosis model rats and human patients,212,213 and, comparing liver samples
from untreated cirrhosis patients with healthy controls,209,214 a limited number of XRF
imaging studies have been carried out involving male or female reproductive organs.
Quantitative analysis of Zn and Ca in human prostate cancer and normal tissues by XRF
imaging was undertaken by Ide- Ektessabi et al. (2002) in order to investigate differences in
the distribution and concentrations of Zn in these tissues.215 Ortega et al. (2001) mapped the
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distribution of Cr in the reproductive organs of male mice after exposure to CrCl3 to elucidate
the specific cellular regions where it had accumulated.216 Two recent papers presented XRF
imaging of the ovaries in the crustacean Daphnia magna, a common ecotoxicological
model.217,218 In both cases the researchers set out to investigate the bioaccumulation of dietary
Zn in this species, based on the hypothesis that this trace element selectively accumulates in
female reproductive tissues and adversely effects reproduction.
XRF has been used in recent years to analyse the trace elemental composition of human
breast tissue and has revealed statistically significant elevation of a multitude of elements in
neoplastic tissue versus normal samples.219-223 Although the application of this synchrotron
based technique to comparing diseased tissue states with healthy controls can be extremely
insightful, in the context of studying female reproductive organs, sourcing control tissues from
healthy cycling women could prove difficult. This provides justification for the use of
scavenged healthy bovine ovaries in this research, and additionally supports the notion of
carrying out a baseline study in healthy ovaries.
1.4.2.

X-ray absorption spectroscopy (XAS)

XAS is a widely used (mostly) synchrotron-based technique for determining the local
geometric and/or electronic structure of a particular element of interest in matter.224 More
specifically information can be gleaned on bond lengths, coordination numbers, local
coordination geometry, and the oxidation state of atoms for a wide range of solid or liquid
samples. Throughout this research experiments were performed at the XAS beamline at the
Australian Synchrotron, which provided the intense and tunable X-ray beams imperative to
this procedure. The materials and methods sections of Chapters 2 and 3 provide specific
details of the experimental setup but in general terms, XAS data were obtained by tuning the
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photon energy using a crystalline monochromator to a range where core electrons for the
element of interest would be excited. As the energy of an absorption edge corresponds to the
core-level energy, which is characteristic to each element, XAS is an element-selective
technique.224 Throughout this research, reference to the ‘K-edge’ indicates the excitation of a
1s electron.
Traditionally, the XAS spectrum is divided into two regions: the low energy region,
which covers photon energy up to about 50 eV above the absorption edge, herein referred to
as X-ray absorption near-edge structure (XANES); and, the higher energy region, from 50 1000 eV above the absorption edge, called extended X-ray absorption fine-structure (EXAFS)
(Figure 2).225,226 Although the two regions have the same physical origin, this distinction is
convenient for their interpretation.227 XANES is strongly sensitive to spectral oxidation state
and coordination chemistry of the absorbing atom, while the EXAFS is used to determine the
distances, coordination number, and identity of the neighbouring atoms. Owing to the lower
elemental concentrations in the experimental samples, this research focused purely on
XANES interpretation, with the analysis based on linear combinations of known spectra from
model compounds.
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Figure 2: Theoretical depiction of an XAS spectrum indicating the XANES (grey) and EXAFS (violet) regions.

1.4.3.

Synergy of XRF imaging with other methods

1.4.3.1. Inductively-coupled plasma mass spectrometry
The multi-elemental capability of ICP-MS for the analysis of biological samples makes this an
ideal supplementary technique for quantifying the trace elements identified by XRF imaging.
Throughout the course of this research there were numerous times when quantitative
validation of elemental concentrations was required; either to compare experimentally
determined values with the literature or to ensure that the order of magnitude of
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concentrations, obtained through XRF imaging, could be replicated by an alternative
technique.
Briefly, ICP-MS is a type of mass spectrometry which is capable of detecting metals and
several non-metals at concentrations as low as one part per trillion (ppt). The instrument used
throughout this research (an Agilent 7500cs ICP-MS mass spectrometer) combined an ion
source and a mass spectrometer with an Octopole Reaction System or collision cell.228 In the
first instance, the ICP ionised the sample and then the mass spectrometer separated and
detected the ions according to their mass to charge ratio, and measured the analyte
concentration by mass fractionation. The helium/hydrogen collision cell was used to bleed
either of these elements into the path of the ions, facilitating the removal of polyatomic and
isobaric interferences, common in samples of complex matrices.229 As detailed in the
materials and methods sections of Chapters 2, 3 and 6, digestion of the organic matter was
acid-based and facilitated by the use of closed-vessel microwave heating, as this minimised
contamination and the loss of volatile organic compounds from the sample, pertinent to the Se
based analyses.230-233
1.5. Aims of this research
Based on the literature it became evident that the amount of research pertaining to the role of
trace elements in male reproductive function significantly outweighed that which focused on
female reproductive function. In addition, few authors have explored the potential role of trace
elements in disorders of the ovary and female reproductive system, including but not limited
to PCOS, endometriosis, anovulation, and unexplained infertility. Thus, in the first instance
this research took on an exploratory role as XRF imaging enabled the localisation of a suite of
elements to be probed over the course of a single experiment. It was initially envisaged that
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Cu, Fe and Zn would be the predominant focus but the discovery of high Br levels across all
imaged tissue, as well as the precise localisation of Se around specific follicles, warranted the
inclusion of these elements in subsequent research.
From a methodological perspective one of the main goals of this research was to move
from the XRF observational type imaging as presented in Chapter 4 to a place where
quantitative data was extracted for subsequent analysis (Chapters 5 – 7). Owing to the time
consuming nature of XRF based imaging, coupled with limited accessibility, the majority of
studies report observations on a limited number of samples. Thus, the second goal of this
research was to collect XRF data in a much larger population of bovine ovaries thus enabling
the conclusions to have some statistical power behind them. As articulated in Chapters 5 and 6
this is the first time XRF imaging has been applied to mammalian ovaries and most certainly
the first time a synchrotron based technique has been used to extract quantitative data for the
trace element analysis of ovaries in any species, excluding Daphnia magna.
Given the multidisciplinary nature of this research, the findings contribute to two distinct
disciplines with the first one being that of metallobiochemistry, owing to the trace elemental
analysis of biological tissues by X-ray synchrotron-based techniques. The second discipline to
which this research contributes is that of the health sciences, with the Se based findings of
Chapter 6 having the potential to guide epidemiological studies. Investigating whether an
increased intake of dietary Se influences follicular development, or ameliorates infertility
caused by anovulation, could reveal an important relationship between Se-based nutritional
chemistry and female reproductive function, which is yet to be explored.
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Bromine is one of the most abundant and ubiquitous trace elements in the biosphere and until recently had
not been shown to perform any essential biological function in animals. A recent study demonstrated that
bromine is required as a cofactor for peroxidasin-catalysed formation of sulfilimine crosslinks in
Drosophila. In addition, bromine dietary deficiency is lethal in Drosophila, whereas bromine
replenishment restores viability. The aim of this study was to examine the distribution and speciation of
bromine in mammalian tissues and fluids to provide further insights into the role and function of this
element in biological systems. In this study we used X-ray Fluorescence (XRF) imaging and Inductively
Coupled Plasma – Mass Spectrometry (ICP-MS) to examine the distribution of bromine in bovine ovarian
tissue samples, follicular fluid and aortic serum, as well as human whole blood and serum and X -ray
Absorption Spectroscopy (XAS) to identify the chemical species of bromine in a range of mammalian
tissue (bovine, ovine, porcine and murine), whole blood and serum samples (bovine, ovine, porcine,
murine and human), and marine samples (salmon (Salmo salar), kingfish (Seriola lalandi) and
Scleractinian coral). Bromine was found to be widely distributed across all tissues and fluids examined.
Statistical comparison of the near-edge region of the X-ray absorption spectra with a library of bromine
standards led to the conclusion that the major form of bromine in all samples analysed was bromide .

Introduction
Bromine (Br) is one of the most abundant and ubiquitous trace elements in the biosphere and until recently had not
been shown to perform any essential function in plants, microorganisms, or animals . 1, 2 Between 1970 and 1984, it was
suggested that bromine, along with ten other elements, should be added to the list of essential ultratrace elements
which had previously only included chromium, molybdenum and selenium.3 By the end of this 14-year period, only
weak evidence existed to support the view that bromine is essential, with one of the key findings being that bromide
(Brˉ (aq) ) can substitute for part of the chloride (Clˉ ) requirement for chicks. In particular, dietary supplementation (676 1352 mg/kg) counteracted most of the symptoms of Clˉ deficiency in chicks fed a Clˉ deficient diet.4 In 1990, one
additional study reported that, when compared to goats fed 20 mg bromine/kg diet, goats fed a 0.8 mg bromine/kg diet
exhibited depressed growth, fertility, reduced life expectancy and more abortions.5 Microscopic examination of tissues
and organs of bromine deficient goats has shown abnormalities in tissue sections of the thyroid, heart, lungs, pancreas
and ovaries.6 These findings provide little insight into a possible biochemical role for this element, beyond indicating
that it may serve as an electrolyte. 3 This led to the general assumption that the biological behaviour of bromine is
similar to chlorine in that the administration of Brˉ(aq) results in some displacement of body Clˉ, and vice versa.7 This
assumption has however been found to be invalid for the thyroid gland. In studies on the interaction of bromine with
iodine in the rat thyroid under the conditions of enhanced Brˉ(aq) intake, Pavelka et al. found that contrary to other
tissues, Brˉ (aq) replaced iodide (I-) as opposed to Clˉ. 8, 9 A recent study demonstrated that bromine is required as a
cofactor for peroxidasin-catalysed formation of sulfilimine crosslinks in Drosophila. Bromine dietary deficiency led to
physiologic dysfunction in Drosophila, while repletion of this trace element reversed the dysfunction. 2

Biological activity of brominated species
The potential biological roles of brominated species in biological organisms ar e still to be fully elucidated. Hawkins et
al. (2001) conducted an experiment to show that hypochlorous acid (HOCl) and hypobromous acid (HOBr) react with
different selectivity with cellular targets, and that the resultant radical formation may result in cell lysis. 10 With regard
to the original generation of HOBr, they articulate that myeloperoxidase can catalyse the reaction of hydrogen peroxide
with Brˉ(aq) . However, under physiological conditions Clˉ is the preferred substrate. This is not the case for eosinophil
peroxidase which preferentially generates HOBr. 11 The reactivity of HOBr with biological molecules is less well
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characterised but amino acids and proteins appear to be major targets, with the species reacting with fatty acid side
chains and lipid-soluble antioxidants to a much greater extent than HOCl. 12-14 This species has also been reported to
induce red blood cell lysis approximately 10 times more rapidly than HOCl. 10 In a later study to ascertain the rate
constants for reactions of HOBr with protein components, most residues reacted 30 -100 fold faster with this species
than with the Clˉ containing acid. 12 More recently, the contribution of HOBr to optimal and efficient microbial killing
has been recognised as essential. 15
Marcinkiewicz et al. (2005) investigated the role of another brominating oxidant, taurine bromamine, and found that
this species exerted strong bactericidal effects on E. coli. 16 They surmised that bromination pathways may be
physiologically relevant given that they still operate even when the Clˉ concentrations are 1000 to 10 000 times higher
than Brˉ(aq) concentrations. Maines et al. (2006) investigated the cytotoxic effects of activated bromine on human fetal
osteoblasts in vitro and showed that sodium bromide (NaBr) is more cytotoxic than either sodium hypochlorite or
activated sodium hypobromite. 17 Thus, it appears that there are a range of chemical modifications induced by Brˉ(aq)
based species which are still not completely understood. As part of the study which demonstrated the essentiality of Br
to Drosophila, the authors showed that bromine is an essential trace element for assembly of collagen IV scaffolds in
tissue development and architecture. 2 More specifically, McCall et al. (2014) established that Brˉ (aq) converted to HOBr
is required for sulfilimine formation within collagen IV.
Bromine in nature and from anthropogenic sources
In nature bromine is found mostly as Brˉ; bound to metals in the form of inorganic salts.18 The main natural source of
Brˉ(aq) is in the sea where the average concentration of 65-71 mg/L is several orders of magnitude larger than in
freshwater systems. 19 In natural soils the common range for bromine concentrations varies from 5 to 40 mg/kg. 20
Bromine occurs naturally in food for humans and feed for animals. 19
The three major contributors to manmade release of bromine into the environment are: mining; industrial emissions
e.g. 1,2-dibromomethane (a scavenger in leaded fuel); and from the use of fertilisers and pesticides in agriculture where
brominated hydrocarbons such as methyl bromide are employed for pre-planting fumigation of soils and post-harvest
fumigation of agricultural products. 19 These processes can significantly increase the concentration of bromine in the
environment.
Chemical disinfectants, such as those used to reduce concentrations of microorganisms in potable water, react with
natural organic matter, Brˉ(aq) , and iodide, to form complex mixtures of potentially toxic disinfection by-products. The
types and concentrations of the by-products formed during disinfection vary depending on factors such as source water
conditions, disinfectant type (e.g. chlorine, ozone, chloramine), and treatment conditions.21 It is worth noting that
although strict regulations exist in developed countries for the maximum threshold of certain bromine-based
disinfection by-products, Brˉ(aq), specifically, is not regulated.22
Finally, polybrominated diphenyl ethers (PBDEs) are used as flame retardants in plastics and in textile coatings with
commercial products consisting predominantly of penta-, octa-, and decabromodiphenyl ether mixtures. PBDEs can be
bioaccumulated and biomagnified in the environment, and comparatively high concentrations are often found in
terrestrial (e.g. through application of biosolids) and aquatic biotopes from different parts of the world.23-25

Bromine toxicity in mammalian systems
With such prevalent exposure to bromine, coming from natural and anthropogenic sources, it is not surprising that
numerous studies have been conducted into the impact of chronic bromine exposure on mammalian systems. In 1985,
Owens et al. showed that bromine can be extremely harmful to organisms. In a tracer experiment involving the
widespread application of potassium bromide to a field plot (16.8g/m 2), 25 adult beef cows were allowed to graze on
the test area two weeks after the Brˉ(aq) application.26 Three days later 19 of the animals had died, highlighting the need
for an evaluation of the toxicity of the Brˉ(aq) ion.19 Throughout the 1980s several authors confirmed that large doses of
Brˉ(aq) could reduce fertility, impact the rate of survival of offspring, and result in reduced production of thyroxine
because the excess Brˉ(aq) competes with I- in the synthesis of this hormone.27, 28 In 1993, Flury et al. suggested that
chronic bromine toxicity affects mainly the endocrine and reproductive systems of mammals and Pavelka et al. further
suggested that high Brˉ(aq) levels can influence iodine metabolism by either decreasing the iodine accumulation in the
thyroid and skin and/or by increasing the excretion of iodine by the kidneys .18 More recent studies have focused less on
Brˉ(aq) and more on the potential toxicology of brominated disinfection by-products. Several authors focusing on
dibromoacetic acid have concluded that chronic exposure to even low levels of this chemical (1 mg/kg body weight per
day) adversely affects reproductive function in male rabbits, and delays pubertal development and compromises sperm
quality in rats. 29-31
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Speciation of bromine in terrestrial and mammalian systems
Synchrotron X-ray fluorescence imaging and X-ray absorption spectroscopy (XAS) are ideal techniques for
investigating the chemical speciation and distribution of elements heavier than silicon in biological systems, with
minimal sample preparation required. 32 X-ray absorption spectra of a number of organic bromine compounds of
biological relevance have been measured previously. 33 Although Feiters et al. (2005) selected model compounds with
the specific metabolism of brown algae in mind, the relevance of their data to any biological X-ray absorption studies
at the bromine K edge, is unquestionable. More specifically their model compounds depict the most probable chemical
environments bromine would be found in, with the most distinctive spectrum being that of NaBr . While there are no
previous reports of bromine K-edge XAS conducted on mammalian systems, Leri et al. (2012) have recently shown
that the X-ray absorption spectra of several bromine containing isolated humic materials and organic-rich surface soil
profiles are sufficiently different to allow the identification of species within these terrestrial matrices. These recent
XAS studies have dramatically changed the view of bromine in the environment to a more complex system that
involves biogeochemical cycling between inorganic and organic species as opposed to being an unreactive inorganic
species.34
Herein we investigate the distribution of bromine in bovine ovarian sections using X-ray fluorescence (XRF)
imaging and validate the observed widespread distribution of this element in bovine and human biological fluids using
Inductively Coupled Plasma – Mass Spectrometry (ICP-MS). X-ray Absorption Near-Edge Structure (XANES)
spectroscopy is then employed to investigate the speciation of bromine in a range of mammalian (bovine, ovine,
porcine, murine and human) ovary, liver, whole blood, and serum samples. The main rationale for selecting bovine
ovarian tissue included: it is a highly structured organ crucial to female reproduction; there are extensive structural and
physiological similarities between the adult bovine ovary and the human ovary; and the potential for chronic bromine
toxicity to adversely affect the endocrine and reproductive systems of mammals. The demonstration that bromine exists
in different forms in different tissues by XANES would indicate that its presence is more than simply adventitious.

Experimental
Sample collection and preparation for XRF analysis
Bovine ovaries were collected from T&R Pastoral’s abattoir, Murray Bridge, South Australia. Ovaries were collected
in pairs from non-pregnant heifers and transferred into ice-cold Hank’s balanced-salt solution and transported on ice to
the laboratory. Sections for XRF imaging were selected on the grounds that they contained a mix of anatomical
structures; chosen specimens (n = 45) were then frozen in O.C.T. compound (P roSciTech, Thuringowa, QLD,
Australia) and stored at -80 °C until sectioning.
Ovaries were sectioned at a thickness of 30 µm for XRF imaging with an adjacent 6 µm section taken for
haematoxylin and eosin (H&E) staining to subsequently align with XRF data. Sectioning was performed on a CM1800
Leica cryostat (Adeal Pty Ltd., Altona North, VIC, Australia). Sections for XRF analysis were supported on Ultralene
thin film affixed to a 24 x 36 mm photographic slide frame. Sections were transferred from the cryostat to the thin film
using a combination of stainless steel tweezers and an artist grade Filbert type synthetic paint brush with care being
taken to only contact frozen O.C.T. compound. Tissues were then desiccated under vacuum overnight (1-2 kPa) and
stored in a dry environment until analysis.
Sample collection and preparation for ICP-MS analysis
For the follicular fluid samples, bovine ovaries were collected from a local abattoir as described above and the
follicular fluid of the largest healthy follicles individually extracted with a sterile needle and syringe (n = 29).
Approximately 0.7 g of follicular fluid was transferred into 1.5 mL microcentrifuge tubes and frozen at -80 °C. Aortic
whole bloods from non-pregnant heifers (n = 12) were collected into 15 mL falcon tubes at the abattoir and transported
on ice to the laboratory. After 2 - 3 h on ice the samples were centrifuged for 15 min at 1500 g, with the resultant
serum (~ 1 g) being aliquoted, in triplicate, into 5 mL plastic vials. All bovine blood related samples were stored at 20 °C until microwave assisted acid digestion and ICP-MS analysis.
Whole blood was taken from one male (40 years old, healthy) and one female patient (30 years old, healthy) in the
Discipline of Pharmacology, The University of Adelaide, SA and dispensed into four weighed heparin containing 9 mL
centrifuge tubes. The samples were allowed to settle upright at room temperature for 30 min before one tube for each
patient was aliquoted into three 5 mL plastic vials (~ 2 g per vial) and placed on dry ice. The frozen samples were
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weighed and stored at -80 °C until digestion and ICP-MS analysis.
For the serum samples, following 30 min settling at room temperature, the remaining three whole blood samples for
each patient were centrifuged for 15 min at 2000 g at 22 °C and the separated serum pipetted into three weighed 5 mL
plastic vials (~ 1 g per vial). The samples were weighed and stored at -80 °C until digestion and ICP-MS analysis.
Sample collection and preparation for XAS analysis
Bovine, porcine, ovine and murine ovary and liver samples were collected from a minimum of three animals. Bovine (n
= 3) and ovine (n = 3) samples were collected from T&R Pastoral’s abattoir, Murray Bridge, South Australia; porcine
(n = 3) samples from Menzel's Meats Pty Ltd., Kapanda, South Australia; and murine (n = 4) samples scavenged postmortem from mice donated by Professor Kennaway, The University of Adelaide, South Australia. The liver was
additionally analysed given the suite of biological functions it performs and the possibility that bromine may be
associated with this organ’s detoxification processes. Relative to the ovary, this organ has greater homogeneity and
thus any piece dissected for analysis was likely to contain bromine species representative of the organ as a whole. For
all species, representative 4 mm3 tissue sections were dissected from each organ, stored in quadruplicate in 5 mL
specimen containers and frozen at -80 °C until XAS analysis. Two marine fish samples: Salmo salar and Seriola lalandi
(sourced from a local restaurant), and one coral sample (SA Museum sample code H382 Scleractinian coral) were also
included to provide a comparison with the marine environment, where bromine concentrations are far higher than in the
terrestrial one.
Aortic whole blood was sourced from the same four species and collected into heparin-containing tubes and initially
stored on wet ice for 2 - 3 h. Half the blood volume was then aliquoted into clean 5 mL tubes and frozen on dry ice.
The remaining aliquot was centrifuged for 15 min at 4000 rpm, the resultant serum aliquoted into clean 5 mL tubes and
frozen on dry ice. All blood samples were then stored at -80 °C until XAS analysis.
Preparation of standard solutions for XAS
Eleven bromine standards as displayed in Table 1 were selected for their chemically distinct forms and purchased from
Sigma Aldrich (Castle Hill, NSW, Australia) at the highest available analytical grade. Solids were pre -weighed into 12
mL glass vials and resuspended to 10 mL using ultrapure deionised water (Milli -Q, Millipore) just prior to analysis
(final concentration 2 mM). Water insoluble species were solubilised using a micellar sodium dodecyl sulphate (SDS)
(16.2 mM) solution, into which a methanol or DMSO stock solution of the compound was dispersed ( Table 1). All
solutions were carefully inverted several times to homogenise the solutions, but in the case of SDS dispersed standards,
vigorous inversion was avoided to prevent excess bubble formation.
Table 1: Summary of bromine standards analysed by XAS

Standard

Solubility

Sodium bromate

Water

Sodium bromide

Water

Dibromoacetic acid

Water

2-bromohexadecanoic acid

Methanol/SDS

Tralomethrin

DMSO/SDS

Bromodichloromethane

Water

Bromochloroacetic acid

Water

Bromoacetonitrile

Water

Decabromodiphenyl ether

DMSO/SDS

3,3’,5,5’-tetrabromobisphenol A Methanol/SDS
3-bromodiphenyl ether

DMSO/SDS
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Instrumentation and operating conditions
XRF
The distribution of elements (i.e. Br, Fe, and Zn) throughout selected 30 μm bovine ovarian sections was mapped at the
XFM beamline at the Australian Synchrotron, Clayton, Victoria, Australia. An incident beam of 15.75 keV X-rays was
chosen to induce K-shell ionisation of elements with atomic numbers below 37 (Z ≤ Rb), while providing adequate
separation of the Rayleigh and Compton peaks from the elemental fluorescence of interest, i.e. bromine
(Supplementary Material S1). The incident beam was focused to a ~6 μm spot for coarse scans and to a ~2 μm spot for
fine scans (full-width at half maximum) using a Kirkpatrick–Baez mirror pair and specimens were fly-scanned through
the X-ray focus. The resulting XRF was collected in event-mode using the low-latency, 384-channel Maia XRF
detector (positioned in the backscatter geometry) and the full XRF spectra were used to reconstruct elemental maps of
the specimen using a virtual pixel size of 2 or 5 μm (fine and coarse scans, respectively). The effective per pixel dwell
times for the fine and coarse scans were 7.81 ms or 2.44 ms, respectivel y and the largest scan depicted in this
manuscript was 1291 × 1579 pixels in size. Single element foils of Mn and Pt (Micromatter, Canada), were scanned in
the same geometry and used as references to establish elemental quantitation. Deconvolution of the M aia data was
performed using the GeoPIXE v6.5g (CSIRO, Australia) that incorporates a linear transformation matrix to perform
spectral deconvolution. 35 Spectra were calibrated using the metal foil measurements, and corrections made for self absorption in the sample, absorption in air, and the efficiency response of the detector.36 The detected X-ray photons
from each pixel were related to calculated-model fluorescence X-ray yields for an assumed specimen composition and
thickness. The composition and thickness of the Ultralene film was known from the manufacturer’s specifications and
the composition and average density typical of dried organic material (C 22H10N2O4 and 1.42 g cm-3 respectively), was
used to model the tissue. Absorption effects for XRF from the lowest atomic number element relevant to this study (Ca
Kα) were negligible for this specimen type.
Micowave digestion and ICP-MS analysis
Frozen pre-weighed aliquots of whole blood (1.6 – 2.5 g), serum (1.1 – 1.7 g), and follicular fluid (0.26 – 1.1 g) were
digested and analysed at CSIRO’s Land and Water Laboratory, Waite Campus, Glen Osmond, South Australia.
Samples were closed-vessel microwave digested using a modified US EPA 3052 method in a MARS CEM microwave
oven. The samples were cold digested overnight in 7 mL of concentrated nitric acid (Fisher Scientific, AR Grade, 70%)
and 3 mL of concentrated hydrogen peroxide (Chem Supply, AR Grade, 30%). The samples were then microwave
digested using the following time and temperature program: 50 min ramp to 180 °C and then held at 180 °C for 55 min.
Following cooling, the digest solutions were diluted to 50 mL with ultrapure deionised water (Milli -Q, Millipore). The
digest solutions were then filtered through 0.45 μm syringe filters and analysed for total Br concentrations by ICP-MS
(Agilent 7500ce).
The standard reference material NIST bovine liver 1577b was used to assess the accuracy of the digestion and
analysis procedures (Supplementary Material S2).
XAS
Bromine K-edge X-ray absorption spectra of the dissected frozen tissues (ovary and liver) or 50 µL aliquots of whole
blood or serum for each mammalian species were recorded on the XAS beamline at the Australian Synchrotron,
Clayton Victoria, Australia. Samples were secured in polymethylmethacrylate cells, secured using kapton tape and
maintained at 77K in liquid nitrogen before loading into a Cryo Industries (Manchester, NH, USA) cryostat for
analysis.
The X-ray beam was monochromated by diffraction from a pair of Si(111) crystals. Spectra were recorded in
fluorescence mode on a 100-pixel Ge detector array at 90° to the incident beam. The energy ranges used for XANES
data collection were as follows: pre-edge region, 13 272 – 13 452 eV (10 eV steps); XANES region, 13 452 – 13 522
eV (0.25 eV steps); post-edge region, 13 522 – 13 855 eV (0.1 Å-1 steps in k space to k = 7 Å-1). The beamline energy
was externally calibrated using the spectrum of a Se foil recorded in transmission mode. The first peak of the first
derivative of this spectrum was assumed to be at 12 658 eV.
Data analysis, including calibration, averaging, and background subtraction of all spectra was performed using
EXAFSPAK (G. N. George, Stanford Synchrotron Radiation Laboratory, Stanford, CA). Linear combination fits of
XANES spectra were performed over the region 13.45-13.50 keV. Interpolation of data within the narrow XANES
energy range 13.46 – 13.49 keV was carried out in OriginPro 7.5 and Principal Component Analysis (P CA) of the
XANES spectra was carried out in The Unscrambler X 10.1.0.
Analysis of bovine ovarian tissue by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
Liquid chromatography-mass spectrometry-mass spectrometry (LC-MS/MS) (TSQ Quantum, Thermo Finnigan) was
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performed at CSIRO’s Land and Water Laboratory, Waite Campus, Glen Osmond, South Australia in order to validate
the XANES fitting which suggested the bovine ovarian samples contained around 12% tetrabromobisphenol A
(TBBPA). Approximately 2 g of wet mass ovarian tissue (sourced from five separate ovarian samples) was ground with
anhydrous sodium sulphate and extracted with dichloromethane and hexane (3:1; 400 ml) for 16 h in a Soxhlet
apparatus. The subsequent LC-MS/MS protocol was modified from that previously reported by Johnson-Restrepo et al.
(2008) 37 and can be found in the Supplementary Material S3.

Results and discussion
Distribution of bromine in bovine ovarian tissue by XRF imaging
The XFM beamline was used to image key structural features within 45 different bovine ovarian cross sections. From a
qualitative perspective several elemental distribution trends were identified for Br, Fe and Zn, with all ovaries showing
a strong signal for these three elements (Figs. 1 and 2). Bromine was widely distributed across all ovarian sections with
higher levels apparent in what appears to be the sub-endothelial basal lamina of blood vessels and capillaries (Fig. 1B)
and arterioles (Fig. 2B), in the smooth muscle cells, and in regions of comparative ly higher cell density as suggested by
the Compton maps (Supplementary Material S4). In addition, elevated bromine (relative to the background) was
observed across all stromal compartments, and was often correlated with higher than background Zn levels. Ba sed on
the recent findings of McCall et al.2, which state that bromine is essential for the assembly of collagen IV scaffolds, in
conjunction with the immunohistochemistry results of Rodgers et al.38 and Irving-Rodgers et al. 39, one would expect to
see higher bromine levels in the aforementioned regions based on this observable expression of collagen IV, in addition
to the collagen IV rich basal laminae of follicles.

Figure 1: (A) H&E stained section of a bovine ovary containing portions of three small (< 4 mm) to small-medium (4-8 mm) follicles
alongside Br (B), Fe (C) and Zn (D) elemental distribution maps generated by XRF imaging. Maximum pixel values for Br, Fe and Zn are
36.2 ppm, 506 ppm and 67.3 ppm, respectively. an represents antral cavity of follicle; * represents vessels;  represents capillaries. Scale
bar: 300 µm.
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Figure 2: (A) H&E stained section of a bovine ovary containing arterioles alongside Br (B), Fe (C) and Zn (D) elemental distribution maps
generated by XRF imaging. Maximum pixel values for Br, Fe and Zn are 24.7 ppm, 338 ppm and 56.7 ppm, respectively. * represents
arterioles. Scale bar: 200 µm.

Quantity of bromine in mammalian fluids by ICP-MS
ICP-MS was used to quantify bromine and four other trace metals (Cu, Zn, Se and Fe) in 14 samples of bovine
follicular fluid and serum, as well as two human samples of whole blood and serum. The experiment produced
elemental concentrations (Cu, Zn, Se, and Fe) in the same order of magnitude as the concentrations observed in XRF
experiments (Table 2). The estimated mean concentration of bromine obtained through XRF imaging of bovine follicle
walls was found to be 8.56 ppm (SD = 6.30) compared with the follicular fluid at 23.5 mg/kg (SD = 3.8). This
suggested that the follicular fluid contained within the antral cavities concentrated the bromine to a much greater extent
than in the surrounding tissue. Bromine concentrations in bovine serum were significantly higher (p < 0.01) than those
in human serum (Table 2). Conversely, Se concentrations in bovine serum were significantly lower (p < 0.01) when
compared with the human serum. For the other trace elements analysed (Cu, Zn and Fe) no significant differences were
observed between the bovine and human fluids.
Table 2: ICP-MS mean trace metal concentrations (±SD) for all blood, serum and follicular fluid samples

Human blood
Human serum
Bovine serum
Bovine follicular
fluid

Cu
mg/kg
0.8(0.1)
1.0(0.1)

Zn
mg/kg
5.2(0.3)
0.9(0.1)

Se
mg/kg
0.4(0.1)
0.3(0.2)

Br
mg/kg
9.2(1.5)
9.5(1.2)

Fe
mg/kg
475(45)
1.9(0.2)

1.2(0.3)
0.9(0.2)

1.0(0.5)
1.1(0.5)

0.07(0.02)
0.05(0.02)

30.7(4.9)
23.5(3.8)

1.7(0.8)
1.8(1.0)

According to the findings of Underwood et al. (1971) bromine occurs at naturally low concentrations of 3 - 4 mg/L in
human serum; the values reported here are significantly higher, but still within the same order of magnitude. 1 This
discrepancy could be justified by the fact that our NIST bovine liver stand ard (1577b) was not certified for bromine,
preventing validation of the above concentrations. The cause of tenfold higher concentrations of bromine in bovine
[journal], [year], [vol], 00–00 | 71
This journal is © The Royal Society of Chemistry [2014]

CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

PAPER

www.rsc.org/xxxxxx|XXXXXX

serum versus normal human serum concentrations raises some important questions about the cattles’ dietary and
environmental exposure to bromine.
Identification of bromine in mammalian tissues and fluids by XAS
Compilation of bromine standards
Figure 3 depicts the bromine K-edge XANES spectra of the eleven standards summarised in Table 1. Collection of
these data enabled the compilation of a model compound library. This allowed quantitative comparisons to be made
with the mammalian tissue (liver and ovary) and fluids (whole blood and serum) based spectra, with the ultimate aim
being to deduce the speciation of bromine within these samples.

Figure 3: Library of Br K-edge X-ray absorption near edge spectra of organic and inorganic Br 2mM standards. a) sodium bromate (solid),
sodium bromide (dotted). b) 3-bromodiphenyl ether (solid), 2-bromohexadecanoic acid (dotted), tetrabromobisphenol A (dashed). c)
decabromodiphenyl ether (solid), bromochloroacetic acid (dotted), tralomethrin (dashed), bromodichloromethane (long dashed),
bromoacetonitrile (dot dashed). d) dibromoacetic acid (solid).

Comparison of Figure 3 with the bromine standard library produced by Leri et al. (2012) supports their observation that
the energy absorption maximum shifts to higher values with an increase in bromine oxidation state (e.g. potassium
bromide at 13 477.3 eV to a bromate salt at 13 478.1 eV). Furthermore, organic bromine compounds give rise to sharp
lower-energy peaks around 13,473 eV. Our model compound library supports the assertion by Feiters et al. (2005) that
it is not possible to use the bromine K-edge spectra to easily classify compounds as aliphatic or aromatic on the basis
of their bromine edge.

Comparison of bromine XANES across species
Figure 4 compares the ovary, liver, blood and serum bromine XANES spectra for all mammalian species analysed, as
well as the marine samples. The spectra have been grouped according to species to ascertain in the first instance
whether there was a discernible difference between the bromine form within a species, and then to visually compare
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whether there were any obvious differences between species. The ovary was the first organ of choice given that high
bromine had already been observed in the bovine ovaries through XRF imaging. The liver was additionally analysed
given the suite of biological functions it performs and the possibility that bromine may be associated with any of these
processes. On first inspection it would appear that all the spectra in Figure 4 are essentially identical, however the
spectrum of the sodium bromide standard has a somewhat broader peak, implying that the mammalian spectra must
either have a small contribution from at least one other bromine based species, or that the loc al environment
surrounding bromide in the biological matrices is somehow different to the simple aqueous standard. One phenomenon
which may account for this discrepancy is the nature of the halogen bonding occurring in the biological samples. More
specifically, in the biological samples the bonding of polarisable Br with backbone carbonyls and/or carboxylate
groups of amino acid residues would not be well emulated in the aqueous bromide standard. Additionally, the bromine
in the biological samples may be halogen bonding to amide groups which would not be represented in the NaBr
standard. Interestingly, the marine samples show the greatest spread in spectral features with the coral spectrum most
strongly resembling that of the sodium bromide suggesting the biological matrix of this species is less complicated than
that of the mammalian samples.

Figure 4: Br K-edge X-ray absorption near edge spectra of five different species’ ovary (solid), liver (dotted), blood (dashed; solid for human)
and serum samples (long dashed; dotted for human), and three marine species (solid for coral; dotted for kingfish; dashed for salmon) beneath
the most closely-matching standard, sodium bromide. a) bovine, b) porcine, c) ovine, d) murine, e) human (only blood and serum spectra
collected), f) marine, and g) sodium bromide.

The majority of non-ovarian spectra were fitted with NaBr alone but the residual for TBBPA from target analysis
was sufficiently low to include it in the linear combination fitting. Significant structure was evident in the red residual
plots (Fig. 5), with high residual values (> 1×10 -3) indicating a poor fit and an incomplete representation of the
bromine speciation. The result of the linear combination fitting of the Brˉ(aq) and TBBPA model compounds to the
XANES spectrum of the bovine ovary is shown in Figure 5.
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Figure 5: Comparison of Br K-edge XANES spectrum of bovine ovary tissue (black trace) against the best linear combination fit of Br model
compound spectra (green trace). The percentage of the NaBr model compound fitted is 89(2)* and that of TBBPA is 12(2)*. The residual is
shown in red.

The possibility of a TBBPA-resembling compound in the ovaries of the mammalian species was concerning given
that TBBPA’s molecular structure is similar to that of the thyroid hormone thyroxine (T4), except that the iodine atoms
have been replaced by bromine atoms. This halogenated derivative of bisphenol A is widely used throughout the world
as a flame retardant for building materials, paints, synthetic textiles, and plastic products . 40 It is a persistent and
lipophilic substance which has been shown to bioaccumulate, suggesting that environmental exposure is to blame for
its presence in our experimental animals.41 Although the TBBPA model compound contributed no greater than 12% to
the bromine XANES spectra for bovine, ovine and porcine ovaries, based on previous quant itative experiments (ICPMS and XRF imaging) that still suggests an extremely high concentration of 2 – 3 ppm.
In order to confirm this finding, LC-MS/MS was performed on bovine ovary tissue extracts. Despite the
quantification limit for analysis being ≈ 0.25 ng/g wet mass for TBBPA, no TBBPA was detected in the extracted
bovine ovaries. This finding suggests the identification of the TBBPA component by XANES fitting in samples was
spurious (results presented in Supplementary Material S5). Thus, although the fit error was reduced by the addition of
the TBBPA model compound, the visual quality of the residual did not improve markedly and supplementary analysis
provided no evidence for this compound being present in samples. The discrepancy between the model spectra
compared with the sample spectra is then presumably due to the fact our simplified model compound of Brˉ (aq)
dissolved in water did not accurately represent the in vivo environment for Brˉ (aq).
Principal component analysis of XANES spectra
Given the apparent similarity of the XANES spectra of all mammalian tissues and fluid samples, a PCA was performed
on the spectra of the set of samples across the energy range 13.46 – 13.49 keV. The scores plot of PC2 versus PC1
(Fig. 6) clearly indicates that all samples lie in the same quadrant as the standard (NaBr), with the only deviations from
the cluster appearing in the form of the four murine samples. Hence, this is most likely attributable to the extremely
low concentrations of bromine present in the murine tissue and fluids and the subsequent PC differences likely arise
from spectral noise, as opposed to any variation in chemical form. Given that these were laboratory reared mice their
environmental exposure to Br would have been significantly less than that experienced by the other mammals, and their
feed is also likely to have been of higher purity than that ingested by the other species.
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Figure 6: Scores plot of PC2 versus PC1 depicting all mammalian tissue and fluid samples (pink) clustered together with six of the Br
standards (blue) predominantly separated along PC1. NaBr can be visualised as a circled point amidst the cluster of mammalian samples. For
clarity bromoacetonitrile, tralomethrin, bromodichloromethane, bromochloroacetic acid, and decabromodiphenyl ether are not shown, but lie
further to the left along PC1.

Conclusion
XRF imaging of bovine ovaries uncovered a widespread and consistent distribution of bromine throughout ovarian
sections from 45 cows at a surprisingly high concentration. ICP-MS analysis of bovine follicular fluid and aortic
serum, as well as human whole blood and serum verified this presence of bromine and suggested elemental
concentrations in the same order of magnitude as the XRF analysis. Bromine K-edge X-ray absorption spectra were
collected for a variety of mammalian tissue and fluids from different species (bovine, ovine, porcine, murine and
human), and marine samples. Qualitative observation of the XANES region of the spectra coupled with PCA of all
XAS data over the energy range 13.46 – 13.49 keV led to the conclusion that the form of bromine evident in all
biological samples analysed was Brˉ(aq), indicating that biotransformation of ingested Brˉ(aq), which may have
suggested a biological role, was not apparent.
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Supplementary Material S1

Supplementary Figure 1: XRF spectrum of a bovine ovarian section (green) showing fit (red) and background (violet). The K
lines of Br are marked in orange.
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Supplementary Material S2

Supplementary Table 1: ICP-MS mean trace metal concentrations for NIST 1577b bovine liver compared with certified values

Cu
mg/kg
Experimental value 166
Certificate value
160±8

Zn
mg/kg

Se
mg/kg

Br
mg/kg

Fe
mg/kg

126
127±16

0.72
0.73±0.06

NA
NA

175
184±15
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Supplementary Material S3
Experimental
TBBPA analysis of ovarian tissue by LC-MS/MS
The extraction method was modified from that previously reported by Johnson-Restrepo et al.(2008)1. Approximately 2 g of
wet mass ovarian tissue was ground with anhydrous sodium sulphate and extracted with dichloromethane and hexane (3:1;
400 mL) for 16 h in a Soxhlet apparatus.
Liquid chromatography separations occurred using a Surveyor MS plus pump consisting of four solvent pumps, a
Surveyor autosampler plus and a Rheodyne injector with a 25 µL loop. Separation was carried out at 30°C on a RESTEK
ultra IBD column (3 µm, 100 x 2.1 mm, Restek Bellefonye, PA USA) with a C18 guard column (4 mm × 4 mm i.d., Restek).
10 µL of reconstituted sample (0.5 mL acetonitrile) was injected onto the column. The mobile phase used was (A) acetonitrile
and (B) a mixture of 0.1% formic acid and 10 mM ammonium formate, at a flow rate of 0.25 mL/min. The gradient started
with 5% of solvent A, increased to 95% in 2 min, kept isocratic for 6 min, and then returned to initial conditions within 0.1
min, the column was then equilibrated for 15 min before injecting the next sample.
Identification and quantification of TBBPA was carried out with a Thermo-FINNIGAN TSQ triple quadrupole mass
spectrometer (Thermo-FINNIGAN, USA), fitted with ESI interface operating in negative mode. The capillary temperature
was 350°C and spray voltage was 4000 V. Nitrogen was used as both drying and nebulising gas and argon were used as the
collision gas. The collision voltage, as well as other MS parameters, were optimised by direct infusion of TBBPA and HBCD
standards in acetonitrile at a flow rate of 5 µL/min. Multiple Reaction Monitoring (MRM) mode was used for MS detection.
The parent ions [M-H]- and their respective product ions were monitored at the following transitions: 540.78 > 419.9 and
540.78 > 445.8 for TBBPA and 640.30 > 78.90 and 640.30 > 81 for HBCD.

1.

B. Johnson-Restrepo, D. H. Adams and K. Kannan, Chemosphere, 2008, 70, 1935-1944.
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Supplementary Material S4
Results
The following figures depict the Compton scatter maps corresponding to Figures 1 and 2 respectively. Presenting this data is
designed to give the reader an appreciation for the density of the imaged ovarian tissues and how cell density can correspond
to perceived elevation of analysed elements, in particular Br.

Supplementary Figure 1: XRF generated Compton map for Figure 1. Scale bar: 300 µm.

Supplementary Figure 2: XRF generated Compton map for Figure 2. Scale bar: 200 µm.
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Supplementary Material S5
Results
The following chromatograms depict three TBBPA calibration standards (1, 10 and 100 µg/L) (Suppl. Figs. 1 to 3), a sample
blank (Fig. 4), a spiked (100 μg/L TBBPA)-sample (Suppl.Fig. 5) and two bovine ovarian samples (R1 and R2) (Suppl. Figs.
6 and 7). Neither TBBPA nor hexabromocyclododecane (HBCD) were detected in the ovarian tissues.

Supplementary Figure 1: Plot of relative abundance versus time of the 1 µg/L TBBPA calibration standard

Supplementary Figure 2: Plot of relative abundance versus time of the 10 µg/L TBBPA calibration standard .
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Supplementary Figure 3: Plot of relative abundance versus time of the 100 µg/L TBBPA calibration standard .

Supplementary Figure 4: Plot of relative abundance versus time for the sample blank.
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Supplementary Figure 5: Plot of relative abundance versus time for the spiked (100 µg/L TBBPA) sample.

Supplementary Figure 6: Plot of relative abundance versus time for the bovine sample R1 indicating no TBBPA was detected.
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Supplementary Figure 7: Plot of relative abundance versus time for the bovine sample R2 indicating that no TBBPA was detected.
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Abstract: X-ray Fluorescence (XRF) imaging was used to image 40 histological cross
sections of bovine ovaries (n = 19), focusing on structures including: antral follicles at
different stages of growth or atresia, corpora lutea at three stages of development (II-IV) and
capillaries, arterioles and other blood vessels. This method identified three key trace metals
(Fe, Zn, and Se) within the ovarian tissue which appeared to be localized to specific
structures. Owing to minimal preprocessing of the ovaries, important high-resolution
information regarding the spatial distribution of these elements was obtained with elemental
trends and colocalizations of Fe and Zn apparent, as well as the infrequent appearance of Se
surrounding large follicles, as previously reported. The ability to use synchrotron radiation to
measure trace metal distributions in bovine ovaries at such high resolutions, and over such
large areas, could have a significant impact on understanding the mechanisms of ovarian
development. This research is intended to form a baseline study of healthy ovaries which
could later be extended to disease states, thereby improving our current understanding of
infertility and endocrine diseases involving the ovary.

Key words: X-ray fluorescence, bovine ovaries, trace metals, iron, zinc, selenium
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INTRODUCTION
The ovary, together with its hormonal secretions, governs physiological events regulating
somatic and psychological health at puberty, across the reproductive cycle, during the
establishment and maintenance of pregnancy, and during parturition, lactation, and menopause
(Leung, 2004). Despite recent advances, many aspects of the ovary are poorly understood and
the majority of ovarian disorders, such as polycystic ovary syndrome (PCOS), and infertility
arising from anovulation, remain without successful prevention or treatment. PCOS is the
most common endocrine disorder in women of reproductive age and is characterized by
hyperandrogenism, menstrual dysfunction and polycystic ovaries (March, et al., 2010).
Despite the cause being unknown, March et al. (2010) summarize a plethora of important
long-term health implications associated with the disorder, including: type 2 diabetes; risk
factors for cardiovascular disease (Dokras, 2008); and, endometrial carcinoma (Dahlgren, et
al., 1991). Consequently, this disorder is a significant public health concern in society which
therefore necessitates further research into its possible causes.
Of the nine biological trace elements iron (Fe), zinc (Zn), and selenium (Se) are important
in reproduction in both males and females (Bedwal & Bahuguna, 1994). Food quality, feeding
habits and the deficiency or excess of trace elements can undeniably affect the fertility of a
population (Taneja & Kaur, 1990). A recent study to elucidate the link between Fe deficiency
and conception outcomes in rats confirmed that Fe deficiency significantly lowered the rate of
conception relative to the control group, and also appeared to disrupt the length of the estrous
cycle (Li, et al., 2014). Zn deficiency in the female can lead to such problems as impaired
synthesis and/or secretion of follicle-stimulating hormone and luteinizing hormone, abnormal
ovarian development, disruption of the estrous cycle, frequent abortion, a prolonged gestation
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period, still births, pre-eclampsia, and low birth weight of infants (Bedwal & Bahuguna,
1994). Several authors have investigated the relationship between Se and fertility and
ascertained that reproductive disorders may be due not only to abnormal secretion of pituitary
and/or sex hormones, but also to nutritional deficiencies arising from Se poor food sources
(Basini & Tamanini, 2000). In 2000, Basini et al. reported that the incidence of ovarian cysts
and retained placenta is higher in Se deficient cows.
Ovarian function is well studied and understood in the bovine species (Adams, 2007) with
a significant focus being the factors influencing growth and the inevitable atresia of follicles
within a cohort. Follicles can be categorized according to their stage of growth from
primordial follicles which potentially get activated and differentiate into primary, then
preantral, and at last antral follicles, prior to ovulation. The vast majority of ovarian follicles
does not mature to ovulation, but rather undergo degeneration by an apoptotic process termed
atresia (Irving-Rodgers, et al., 2001; Tsai-Turton & Luderer, 2006). After ovulation the
remnants of the follicle wall transform into the corpus luteum. New technologies, such as
synchrotron-based techniques, have the potential to enhance our real-time picture of ovarian
function to the near-cellular level (Singh, et al., 2003) and have the advantage of requiring
minimal preprocessing of the tissue; thus capturing the distribution of trace metals in the
organ as they would have appeared in vivo (Pushie, et al., 2014). XRF has been used in recent
years to analyze the trace elemental composition of human breast tissue and has revealed
statistically significant elevation of a multitude of elements in neoplastic tissue versus normal
samples (Al-Ebraheem, et al., 2013; Al-Ebraheem, et al., 2010; Farquharson, et al., 2007;
Geraki, et al., 2008; Piacenti da Silva, et al., 2012).
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In the current research we investigated the accumulation of such trace metals as Fe, Zn,
and Se in ovarian tissue to elucidate the role of these trace metals in ovarian development. Xray Fluorescence (XRF) imaging was used to explore the distribution of these trace metals in a
statistically significant number of 30 µm sections of bovine ovarian tissue. Comparison of the
resultant elemental distribution maps with adjacent H&E sections revealed distinct elemental
patterns in such structures as large antral follicles, corpora lutea, capillaries, arterioles and
other blood vessels. Fine scans further elucidated these elemental trends and colocalizations.
The ability to probe the in situ bioaccumulation of trace metals to a specific ovarian structure
or cell type has the potential to provide unprecedented insights into the biochemistry of this
organ (Ceko, et al., 2014).

MATERIALS AND METHODS
Sample Collection and Preparation for XRF Analysis
Bovine ovaries were sourced from T&R Pastoral’s abattoir, Murray Bridge, South Australia.
Ovaries were collected from non-pregnant heifers (n = 19) and collected in pairs into ice-cold
Hank’s balanced-salt solution (Sigma-Aldrich Pty Ltd, Castle Hill, NSW, Australia) and
stored on ice. Tissue areas for XRF imaging were preselected on the grounds that they
contained the most structural information and were then frozen in Tissue-Tek® OCT
compound (ProSciTech Pty Ltd, Thuringowa, QLD, Australia) on dry ice and stored at -80oC
until further sectioning.
Each of these ovaries (gross section of approximately 20 - 30 mm diameter) was
sectioned at a thickness of 30 µm for XRF imaging and an adjacent 6 µm section taken for
hematoxylin and eosin (H&E) histological staining to subsequently align with XRF data.
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Sectioning was performed on a cryostat CM1800 Leica cryostat (Adeal Pty Ltd., Altona
North, VIC, Australia). Each XRF section was supported on Ultralene thin film affixed to a 24
x 36 mm photographic slide frame. Transfer of the section from the cryostat to the thin film
was facilitated by a combination of stainless steel tweezers and an artist grade Filbert type
synthetic paint brush with care being taken to only contact frozen OCT. The sections were
then desiccator dried under vacuum overnight and stored in a desiccator until synchrotron
analysis.

Classification of Follicles
The H&E stains were analysed in order to classify the follicles as healthy or atretic, as
previously described (Clark, et al., 2004; Irving-Rodgers, et al., 2001). Follicles with greater
than 5% of granulosa cells showing apoptotic nuclei were classified as atretic, and those with
less than or equal to 5% apoptotic nuclei were designated healthy. In addition, the surface
diameter of the follicle was measured after the tissue was embedded and sectioned, and
classified as small, small-medium, medium-large, large antral, or preovulatory according to
the values in Table 1.
Table 1. Classification of antral follicles
according to their surface diameter
Classification

Size (mm)

Small

<4

Small-medium

4-8

Medium-large

8-10

Large

10-16

Preovulatory

>16
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Instrumentation and Operating Conditions
The distribution of elements throughout selected 30 μm bovine ovarian sections was mapped
at the XFM beamline at the Australian Synchrotron, Clayton, VIC, Australia as previously
reported (Ceko, et al., 2014). Briefly an incident beam of 15.75 keV X-rays was chosen to
induce K-shell ionization of elements with atomic numbers below 37 (Z ≤ Rb), while
providing adequate separation of the Rayleigh and Compton peaks from the elemental
fluorescence of interest, up to and including K-shell fluorescence for Se. The incident beam
was focused to a ~2 μm (fine scans) or ~6 μm spot [coarse scans (full-width at half
maximum)] using a Kirkpatrick–Baez mirror pair and specimens were fly-scanned through Xray focus. The resulting XRF was collected in event-mode using the low-latency, 384-channel
Maia XRF detector (positioned in the backscatter geometry) and the full XRF spectra were
used to reconstruct elemental maps of the specimen with a virtual pixel size of 2 or 6 μm (fine
and coarse scans, respectively). The effective per pixel dwell times for the fine and coarse
scans were 7.81 ms or 2.92 ms, respectively, and the largest scan depicted in this manuscript
is 1091 × 2501 pixels in size. Single element foils of Mn and Pt (Micromatter, Vancouver,
Canada), were scanned in the same geometry and used as references to establish elemental
quantitation. De-convolution of the Maia data was performed using the GeoPIXE v6.5h
(CSIRO, Melbourne, Australia) that incorporates a linear transformation matrix to perform
spectral de-convolution (Ryan, 2000). Spectra were calibrated using the metal foil
measurements, and corrections made for self-absorption in the sample, absorption in air, and
the efficiency response of the detector (Ryan, 2001). The detected X-ray photons from each
pixel were related to calculated-model fluorescence X-ray yields for an assumed specimen
composition and thickness. The composition and thickness of the Ultralene film was known
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from the manufacturer’s specifications and the composition and average density typical of
dried organic material (C22H10N2O4 and 1.42 g cm-3 respectively), was used to model the
tissue. Absorption effects for XRF from the lowest atomic number element relevant to this
study (Ca Kα) were negligible for this specimen type.

RESULTS AND DISCUSSION
Distribution of Fe, Zn, and Se in the Bovine Ovary
Figure 1 shows an exemplary section of a fresh frozen bovine ovary alongside XRF generated
elemental distribution maps of Fe, Zn, and Se which have been previously described (Ceko, et
al., 2014). The most perceptible patterns of elemental distribution include: a homogeneous
high elevation of Zn corresponding to the stromal tissue compartments of the ovary (as
distinct from antral cavities), as well as many Zn-positive elliptical structures with higher
intensity in the stromal areas (Fig. 1b, marked by arrows); three relatively large regions of
highly elevated Fe levels which colocalize with regressed follicles and a corpus luteum, as
well as clusters of Fe rich small ellipses (Fig. 1c); and, two ‘rings’ of Se around what appears
to be the largest two antral follicles in the ovary (Fig. 1d). Comparison of these elemental
distribution maps with an adjacent H&E section enabled us to identify the specific structures
giving rise to each of the fluorescence patterns, as well as develop some hypotheses regarding
the localization of Fe, Zn, and Se to specific structures. The following subheadings deal with
each of these key observations in turn.
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Figure 1. Distribution of Zn, Fe, and Se in a bovine ovarian section as imaged by μ-XRF. Comparison with
the adjacent fresh frozen tissue (a) indicates that regions of high Zn (b, pink) intensity correspond to arterioles
and capillaries; high Fe (c, pink) corresponds to corpora lutea; and, high Se (d, pink) surrounds the two largest
healthy antral follicles. * indicates healthy antral follicle;  indicates atretic follicle;  indicates corpus luteum;
 indicates regressed/collapsed follicle;  indicates vasculature. Scale bar: 4 mm.
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Elevation of Zn in Capillaries and Arterioles
Both Figures 2c and 3c show distinct patterns of elevated Zn concentrations. Histological
staining enabled the identification of these Zn-rich ellipses as either capillaries or arterioles
with the latter being larger and having a thicker wall containing smooth muscle cells. Owing
to their thin endothelial lining and small size, capillaries were best visualized in fine scan
form. Regressed antral follicles as shown in the center of Fig. 3c were negative for Zn. A total
of 21 ovarian sections captured capillaries consistently showing the pattern of upregulated Zn,
and 31 different arterioles were imaged across the 19 sectioned ovaries (Supp. Table S1).
Based on average elemental concentrations the intensity of Zn across these two structures did
not differ significantly and was generally associated with an upregulation of Fe. The
correlation between this pair of elements was explored by constructing scatter plots of the
concentrations of the two elements, and then regions of interest (ROI) were analyzed within
the plot to see whether they coincided with actual structures in the ovarian tissue (Supp. Figs.
S1, S2). This technique revealed that the highest Zn region always corresponded to either the
arterioles or capillaries, and was associated with above background Fe concentrations (Fig. 4)
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Figure 2. Distribution of Fe and Zn in a regressed corpus luteum (stage IV). (a) Fresh-frozen ovarian section
alongside (b) the H&E stained serial section showing region of interest for XRF (square-shaped box); (c) Zn
elemental distribution map highlighting surrounding arterioles (marked with arrows); (d) Fe elemental
distribution map highlighting the corpus luteum. Maximum pixel values for Fe and Zn are 586 ppm and 39.7
ppm, respectively.  indicates atretic follicle;  indicates regressed/collapsed follicle; corpus luteum is
surrounded by dotted line. Scale bars: (a) and (b) 4 mm, (c) and (d) 0.5 mm.
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Figure 3. Localization of Fe to vessels and Zn to
capillaries. (a) Fresh frozen ovarian section
alongside (b) the H&E stained serial section
showing region of interest for XRF (c) Zn elemental
distribution map highlighting fields of capillaries
(marked with arrows); (d) Fe elemental distribution
map highlighting two predominant vessels (marked
with block arrows). Maximum pixel values for Fe
and Zn are 249 ppm and 42.5 ppm, respectively.
* indicates healthy antral follicle;  indicates
regressed/collapsed follicle. Scale bars: (a) and (b)
2 mm, (c) and (d) 0.25 mm

The higher content of Zn in smooth muscle cells of arterioles has been reported in at least
one other XRF based study examining atherosclerotic plaques derived from mice (Gajda, et
al., 2008). Although no previous studies have analysed the trace element content of arterioles
within ovarian tissue, several authors have confirmed the expression of CuZn-superoxide
dismutase (SOD) in coronary and cerebral arterioles of various species suggesting this species
could be in part contributing to the high Zn signal observed here (Rush, et al., 2000; Williams,
et al., 2007; Woodman, et al., 1999). Furthermore, Baumbach and colleagues provide the first
direct evidence in murine cerebral arterioles that CuZn-SOD normally inhibits vascular

101

Chapter 4.

XRF imaging of ovarian structures

hypertrophy, suggesting that this species plays a major role in regulation of vascular growth
(Baumbach, et al., 2006)
.

Figure 4. Correlation of Fe and Zn in capillaries
and arterioles. Sub-regions of (a) Figure 2 and (b)
Figure 3 where highest Zn concentrations are
correlated with high Fe concentrations (green).
These correspond with the arterioles and capillaries,
respectively.
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Localization of Fe to Corpora Lutea
Comparison of the Fe distribution map in Figure 1 with its adjacent H&E, led to the
conclusion that this element was highly localized to corpora lutea and to regressed antral
follicles. The gross morphology of 11 corpora lutea was examined to classify the structures as
either: early (I); early-mid (II); late (III); or, regressing (IV) (Ireland, et al., 1980). Further
analysis through histological examination showed that all tissue imaged fell into one of the
three stages II, III or IV, with the majority being regressed (IV). Imaging of ovarian sections
containing corpora lutea showed elevated Fe in the region of the corpus luteum for all
samples, irrespective of their age. Figure 2d depicts a representative XRF generated Fe map
for a regressed corpus luteum showing the characteristic high Fe levels observed throughout
this study. The concentration of the Fe did vary across different corpora lutea stages and
tended to increase according to the developmental stage, with younger corpora lutea showing
weaker Fe signals than the regressed corpora lutea. This observation is consistent with the fact
that the expression of the major steroidogenic enzyme, cytochrome P450scc, whose active site
contains a heme iron centre, varies across the four different stages of corpora lutea
development and increases substantially upon further maturation of the corpora lutea
(Rodgers, et al., 1986). Although P450scc reaches its maximum around mid-stage growth, and
then declines again through to the regressed stage, it is possible that stronger vasculogenesis
throughout the corpus luteum during differentiation would increase the quantity of
hemoglobin, thus justifying a progressively stronger Fe signal.
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Elevation of Fe in Vessels
Figures 3d and 5c show elevated Fe levels in two long elliptical, thin-walled voids (marked by
block arrows) which were histologically identified as blood vessels. Twenty-two ovarian
tissue sections containing vessels were imaged and consistently showed an upregulation of Fe
in and around the blood vessel, potentially attributable to the regulated passage of blood
through these structures. At least one other author has reported high Fe concentrations in
vessels and in smooth muscle cells imaged by XRF (Gajda, et al., 2008). They hypothesized
that the elevated levels are due to Fe’s presence in smooth muscle myoglobin. In this study the
intensity of Fe in the vessels was approximately five times that of the levels seen in the
arterioles, with Zn in surrounding tissue being approximately five times lower than that of
either the arterioles or the capillaries (Supp. Table S1).

Elevation of Zn around Follicles
Eighty-five antral follicles were imaged with each structure being retrospectively classified as
healthy, atretic, or regressed, based on its adjacent H&E stain. To estimate the elemental
concentrations of these follicles a curve or spline shaped ROI was drawn within GeoPIXE to
capture the follicle wall (inclusive of granulosa and thecal cells) but intentionally placed to
avoid other structures of interest such as surrounding arterioles, capillaries, or close proximity
follicles. A concentration estimate was then made by integrating an average over that ROI.
With regard to Fe levels, 64% of healthy and atretic antral follicles showed Fe colocalized
with Zn, and at levels higher than the background. This can be compared with the regressed
cohort for whom only 37% showed elevated (above background) Fe. Figure 5c depicts a
portion of three atretic antral follicles with each of them showing elevated Zn in the tissue
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Figure 5. Elevation of Zn in follicle granulosa
and thecal layers. (a) Fresh frozen ovarian section
alongside (b) the H&E stained serial section
showing region of interest (rectangle) for XRF. (c)
Three element distribution map as generated by
GeoPIXE showing Fe (red), Zn (green) and Se –
below background.  indicates atretic antral
follicle; g – granulosa cell layer; t – thecal cell
layer,  indicates corpus luteum; arrow indicates
capillary; block arrow indicates vessel. Scale bars:
(a) and (b) 4 mm, (c) 0.5 mm.

surrounding the follicles. Closer observation of this fine scan suggests that Zn is most elevated
in the thecal and granulosa cell layers. Relative to the stromal tissue, the level of Zn was
significantly higher across all follicle groups with the general trend being that concentrations
decreased from healthy through to regressed (with the healthy cohort containing an average
three times more Zn than the regressed structures) (Supp. Table S2).
Based on XRF imaging alone it is impossible to deduce what species are giving rise to
this consistent signal, but likely candidates based on the literature include: CuZn-SOD; GATA
proteins including GATA-4 and GATA-6; early growth response factor (EGR-1); RUSH; and,
gonadotropin-inducible transcription factor 1 (GIOT1) (Laitinen, et al., 2000; Mizutani, et al.,
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2001; Rendon, et al., 2000; Suzuki, et al., 1999; Valdez, et al., 2005; Virgone, et al., 2012).
CuZn-SOD expression in both the theca interna and the granulosa cell layer suggests this
protein is closely correlated with steroidogenesis in the human ovary and may play an
important antioxidant role (Suzuki, et al., 1999; Valdez, et al., 2005). GATA proteins, and in
particular GATA-4, are a family of zinc finger transcription factors regulating gene
expression, differentiation, and proliferation in various tissues (Virgone, et al., 2012). Laitinen
and colleagues showed by in situ hybridization and immunohistochemistry that GATA-4 and
GATA-6 messenger RNA (mRNA), and GATA-4 protein, are present in granulosa and thecal
cells of human preantral and antral follicles (Laitinen, et al., 2000). EGR-1 is an inducible zinc
finger transcription factor that binds specific GC-rich enhancer elements and impacts female
reproduction. Russell et al. showed that follicle stimulating hormone (FSH) rapidly induces
the zinc finger encoding gene EGR-1 in the granulosa cells of small growing follicles in rats
and may mediate molecular programs of proliferation and/or differentiation during follicle
growth, ovulation, and luteinization (Russell, et al. 2003). Their immunohistochemical
analyses also showed gonadotropin induced EGR-1 in thecal cells. Expression of RUSH,
which contains a Zn finger in the C-terminal region that binds two Zn2+ atoms, has been found
to be high in granulosa cells of antral follicles in mature rabbit ovaries but is negligible in latestage atretic follicles and in corpora lutea (Rendon, et al., 2000). This supports the diminishing
levels of Zn expression we observed from healthy through to regressed follicles in the XRF
imaging. Finally, an in situ hybridization study revealed that expression of GIOT1, another
member of the Zn finger protein family, was induced in theca interna cells in the rat ovary and
may play a significant role at the transcription level during folliculogenesis (Mizutani, et al.,
2001).
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Localization of Se around Large Antral Follicles
Figure 6c depicts the accumulation of Se in the granulosa cell layer of a large antral follicle as
previously reported (Ceko, et al., 2014). As this phenomenon was rarely seen in this study (n
= 2), but supported the observation of
Figure 1d, our hypothesis that Se was actively mobilized to the granulosa cell region of large
antral follicles, was not disproved. An array of large healthy through to regressed antral
follicles was imaged in order to explore this hypothesis further with the findings being
reported elsewhere (Ceko, et al., 2014). Although the mechanisms of Se distribution in
mammals have not been comprehensively investigated (Malinouski, et al., 2012), the majority
of well characterized selenoproteins act as either antioxidants, or are involved in steroid
hormone synthesis (Mehdi, et al., 2013; Weekley & Harris, 2013). It is possible that the
selenoprotein(s) imaged in this study are performing one or both of these roles in the large Serich antral follicles.
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Figure 6. Localization of Se to large follicle granulosa cells. (a) Fresh frozen ovarian section alongside (b) the
H&E stained serial showing region of interest for XRF; (c) three element distribution map as generated by
GeoPIXE showing Fe – below background, Zn (green) and Se (blue).  indicates atretic follicle; g – granulosa
cell layer; t – thecal cell layer. Scale bar: (a) and (b) 3 mm, (c) 0.5 mm.

CONCLUSIONS
In this study XRF imaging was used to image 40 histological cross sections of bovine ovaries
(n = 19), focusing on antral follicles at different stages of growth or atresia, corpora lutea,
capillaries, arterioles and other vessels. This method enabled us to identify three key elements
(Fe, Zn, and Se) within the ovarian tissue which appeared to be localized to specific
structures. Owing to minimal preprocessing of the ovaries, important high-resolution
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information regarding the spatial distribution of these elements within specific structures was
obtained with elemental trends and colocalizations of Fe and Zn apparent in arterioles and
capillaries. The infrequent appearance of Se surrounding antral follicles supported our
hypothesis that this element appears to be actively mobilized to the granulosa cell region of
large antral follicles.
The ability to use synchrotron radiation to measure trace metal distributions in bovine
ovaries at such high resolutions could have a significant impact on understanding the
mechanisms of ovarian development, particularly when combined with other techniques
which enable the identification of molecules containing these elements. This research is
intended to form a baseline study of healthy ovaries which could later be extended to disease
states. It is hoped that in the future elucidating the distribution and speciation of these trace
metals could be used to differentiate between healthy and diseased states, provide an
understanding of underlying mechanisms in this organ, and ultimately improve our current
understanding of infertility and endocrine diseases involving the ovary.
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SUPPLEMENTARY MATERIAL

Figure S1: The concentrations of Fe and Zn at each pixel in the image presented in Figure 2.
The color legend indicates the relative frequency of each combination of Fe and Zn. The green
circle is the region of interest which corresponded to arterioles and capillaries in Figure 4a.
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Figure S2: The concentrations of Fe and Zn at each pixel in the image presented in Figure 3.
The color legend indicates the relative frequency of each combination of Fe and Zn. The green
circle is the region of interest which corresponded to arterioles and capillaries in Figure 4b.
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Table S1. Mean (± SD) elemental concentrations of capillaries, arterioles
and vessels as estimated by XRF imaging
n

Fe (ppm)

Zn (ppm)

Capillaries

21

2 ± 6.2

18 ± 8.5

Arterioles

31

12 ± 17.4

21 ± 8.7

Vessels

22

58 ± 37

4±4

Table S2. Mean (± SD) elemental concentrations of follicles as estimated
by XRF imaging
Follicle

n

Fe (ppm)

Zn (ppm)

Healthy

28

4.7 ± 4.9

9.6 ± 5.8

Atretic

22

3.8 ± 4.5

5.9 ± 5.1

Regressed

35

1.6 ± 2.5

3.4 ± 4.2

classification
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Quantitative elemental analysis of bovine ovarian
follicles using X-ray fluorescence imaging
M.J. Ceko,a K. Hummitzsch b, N. Hatzirodos b, R.J. Rodgers b and H.H. Harrisa
The X-ray Fluorescence Micro-spectroscopy (XFM) beamline at the Australian Synchrotron was used
to image 97 follicle histological sections from 45 different bovine ovaries focusing on healthy antral
follicles ranging from small (< 4 mm) up to preovulatory sizes (> 16 mm) and on antral follicles
undergoing atresia. This analysis identified five elements (Cu, Fe, Zn, Se and Br) consistently
present within the ovarian tissue with Fe, Zn and Se localised to specific structures. GeoPIXE v6.4g
was subsequently used to extract quantitative information pertaining to the elemental
concentrations surrounding each of these follicles. Statistical analysis suggested that significant
elemental differences were evident between follicle groups sort ed according to their health status
(Fe and Br), and their size (Se). Se appeared to be the element which most greatly distinguished
large antral follicles from smaller counterparts. The ability to use synchrotron radiation to measure
trace metal distributions in bovine follicles at such high resolutions could have a significant impact
on understanding the mechanisms of follicular development. This research is intended to form a
baseline study of healthy cycling ovaries which could later be extended to disease states, thereby
improving our current understanding of infertility and endocrine diseases involving the ovary.

Introduction
The function of the ovary is to produce and release
oocytes to be fertilised, leading to the production of
offspring.1 The adult bovine ovary is a popular
experimental model for elucidating mechanisms
related to ovarian function in humans owing to
structural and physiological similarities between both
species’ ovaries, and the fact that both species are
monovulatory. Follicles are ordinarily categorised
according to their stage of growth: primordial
follicles; primary follicles; preantral follicles; and,
antral follicles having distinct features of their
granulosa cells, as well as the formation of a
specialised thecal layer at the antral stage, used to
differentiate between them. After ovulation of the
selected dominant follicle, the remnants of the follicle
wall transform into the corpus luteum. During
follicular development the vast majority of follicles do
not mature to ovulation, but rather regress by an
apoptotic process termed atresia.2 New technologies,
such as synchrotron-based techniques, have the
potential to enhance our understanding of ovarian
function to the near-cellular level3 and have the
advantage of requiring minimal preprocessing of the
tissue; thus capturing the distribution of trace metals
in the organ as they would have appeared in vivo.4 The
use of synchrotron light in medical imaging has been
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rarely used to image ovarian tissue of any species and
to our knowledge this is the first application of X-ray
Fluorescence (XRF) imaging to mammalian ovarian
tissue.
Of the nine biological trace elements copper (Cu),
iron (Fe), zinc (Zn), and selenium (Se) are important
in reproduction in both males and females and the
deficiency or excess of these metals can affect both
the reproductive organs and overall fertility of an
individual.5,6 Cu is an essential element required as a
functional component of numerous metalloenzymes.
Comparisons of Cu concentrations in non-cancerous
versus cancerous human ovarian tissues using atomic
absorption
spectrometry,
showed
significantly
increased Cu concentrations in the cancerous ovarian
samples.7 A study to investigate the relationship
between Fe deficiency and conception outcomes in
rats confirmed that Fe deficiency significantly lowered
the rate of conception relative to the control group,
and also appeared to disrupt the length of the oestrous
cycle.8 Zn deficiency in females can lead to such
problems as: impaired synthesis and/or secretion of
follicle stimulating hormone and luteinising hormone;
abnormal ovarian development; and, disruption of the
oestrous cycle.5 In addition, Cu and Zn plasma
concentrations have been found to fluctuate
throughout the menstrual cycle of healthy women and
are correlated with oestradiol levels, suggesting
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important interplay between these trace metals and
female sex hormones. 9 Several authors have
investigated the relationship between Se and fertility,
and with regard to ovarian function it has been
demonstrated that nutrient restriction and/or Se level
in the maternal diet affects cell proliferation in
follicles, blood vessels, and stromal tissues in ovine
foetal ovaries.10 Se deficiency has additionally been
shown to lead to degeneration of ovaries and atresia of
follicles in rats.11 Finally, potential biological roles of
Br based species have been under scrutiny for the past
thirteen years with several authors making important
contributions to this area of knowledge. 12 A recent
ground breaking study has suggested for the first time
that Br is actually essential to life. The authors
demonstrated an essential role for this element in
basement
membrane
architecture and tissue
development, and showed that dietary depletion of Br
is lethal in Drosophila.13
In this research we investigated the accumulation
of such trace elements as Cu, Fe, Zn, Se and Br in
ovarian tissue with a view to investigating whether the
elemental distribution can be used to distinguish
between antral follicles of different sizes, or between
healthy and atretic antral follicles. XRF imaging was
used to explore the distribution of these elements in
sections of bovine ovarian tissue from 45 different
animals which captured portions of 97 antral follicles.
Extraction of the elemental concentrations from
GeoPIXE v6.4g coupled with statistical analyses
indicated that the greatest elemental differences lay in
large (10 – 16 mm) and preovulatory (> 16 mm)
follicles compared with their smaller counterparts for
Se. When grouped according to their health status, the
mean elemental concentrations of Br, Fe and Zn could
be used to differentiate between early atretic and
regressed (Fe), healthy and regressed (Br), and early
atretic and regressed (Br) follicles. The ability to
probe the in situ bioaccumulation of trace metals to a
specific ovarian structure or cell type has the potential
to provide unprecedented insights into the
biochemistry of this organ.14

Experimental
Sample collection and preparation for XRF analysis

Metallomics
staining to subsequently align with XRF data.
Sectioning was performed on a cryostat CM1800
Leica cryostat (Adeal Pty Ltd., Altona North, VIC,
Australia). Each XRF section was supported on
Ultralene thin film affixed to a 24 x 36 mm
photographic slide frame. Transfer of the section from
the cryostat to the thin film was facilitated by a
combination of stainless steel tweezers and an artist
grade Filbert type synthetic paint brush with care
being taken to only touch frozen OCT. Tissue was
then desiccator dried under vacuum overnight and
stored in a desiccator until synchrotron analysis.
Classification of follicles
The H&E stains were analysed to determine the health
status of the antral follicles as healthy, early atretic,
atretic, or regressed. Follicles with greater than 5%
apoptotic granulosa cells were classified as early
atretic or atretic, and those with less than or equal to
5% apoptotic granulosa cells were designated healthy.
In addition, the surface diameter of the follicle was
measured and classified as small, small-medium,
medium-large, large, or preovulatory according to the
values in Table 1.
Table 1 Classification of antral follicles
according to their surface diameter
Classification
Size (mm)
Small

<4

Small-medium

4-8

Medium-large

8-10

Large

10-16

Preovulatory

> 16

It should be noted that the diameter measuring
technique was altered during tissue collection with
87% of the follicles being measured after the tissue
was embedded and sectioned. Dependent upon the
depth of the section, the diameter measured off the
histological stain may not have represented the
maximum diameter of the follicle. In light of this
realisation the remainder of the follicle cohort was
measured upon collection and prior to sectioning.
Possible implications of this change in protocol are
discussed in Critique of the analysis.

Bovine ovaries were sourced from T&R Pastoral’s
abattoir, Murray Bridge, South Australia. Ovaries
were collected from non-pregnant heifers (n = 45) and
collected in pairs into ice-cold Hank’s Balanced-Salt
Solution (HBSS) and stored on ice. Sections for XRF
imaging were preselected on the grounds that they
contained the most structural information and were
then frozen in Tissue-Tek® OCT compound
(ProSciTech Pty Ltd, Thuringowa, QLD, Australia) on
dry ice and stored at -80oC until further sectioning.
Each of these ovaries was sectioned at a thickness
of 30 µm for XRF imaging with adjacent 6 µm
sections taken for haematoxylin and eosin (H&E)
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The total cohort consisted of 97 imaged antral follicles
with the distribution of follicles across groups being
summarised in Fig. 1.

Fig. 1 Population of antral follicles in H&E stained ovarian
sections classified by (A) follicle size and (B) health status.

Instrumentation and beamline operating conditions
The distribution of elements throughout selected 30
μm thick bovine ovarian sections was mapped at the
XFM beamline at the Australian Synchrotron,
Clayton, VIC, Australia. An incident beam of 15.75
keV X-rays was chosen to induce K-shell ionisation of
elements with atomic numbers below 37 (Z ≤ Rb),
while providing adequate separation of the Rayleigh
and Compton peaks from the elemental fluorescence
of interest, i.e. Se and Br. The incident beam was
focused to a ~6 μm spot for coarse scans and a ~2 μm
spot for fine scans (full-width at half maximum) using
a Kirkpatrick–Baez mirror pair and specimens were
fly-scanned through X-ray focus. The resulting XRF
was collected in event-mode using the low-latency,
384-channel Maia XRF detector (positioned in the
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backscatter geometry) and the full XRF spectra used
to reconstruct elemental maps of the specimen using a
virtual pixel size of 2 or 6 μm (fine and coarse scans,
respectively). The effective per pixel dwell times for
the fine and coarse scans were 7.81 ms or 2.92 ms,
respectively. Single element foils of Mn and Pt
(Micromatter, Canada), were scanned in the same
geometry and used as references to establish elemental
quantitation. Deconvolution of the Maia data was
performed using GeoPIXE v6.4g (CSIRO, Australia)
that incorporates a linear transformation matrix to
perform spectral deconvolution. 15 Spectra were
calibrated using the metal foil measurements, and
corrections made for self-absorption in the sample,
absorption in air, and the efficiency response of the
detector.16 The detected X-ray photons from each
pixel were related to calculated-model fluorescence Xray yields for an assumed specimen composition and
thickness. The composition and thickness of the
Ultralene film was known from the manufacturer’s
specifications and the composition and average
density typical of dried organic material (C 22H10N2O4
and 1.42 g cm-3 respectively), was used to model the
tissue. Absorption effects for XRF from the lowest
atomic number element relevant to this study (Ca Kα)
were negligible for this specimen type.
Quantitative analysis within GeoPIXE v6.4g
In order to quantitatively compare trace elemental
concentrations across antral follicles any XRF image
which captured an entire follicle, or a portion thereof,
was included for analysis. In all cases the image
regions analysis tool was used within GeoPIXE to
obtain average elemental concentrations in regions of
interest (ROI) which represented a portion of the
follicle circumference. It should be noted that in the
majority of cases the coarse nature of the scans did not
provide sufficient resolution to deduce whether the
granulosa and thecal cell layers were being
exclusively selected. Thus, the portion of the follicle
wall selected in each case was intentionally thick
enough to incorporate the membrana granulosa, theca
interna, theca externa and in some cases a small
portion of the adjacent stromal tissue (ranging from
100 µm to 350 µm). For the elements Br, Cu, Fe, Se
and Zn, average elemental concentrations (reported in
ppm) were exported into Microsoft Excel. Some
follicles showed evidence of other trace elements
including cobalt (Co), chromium (Cr), manganese
(Mn), nickel (Ni), and titanium (Ti) but as these were
not in particularly high concentrations, nor were they
found in a significant portion of samples (≤ 10%),
these elements were excluded from subsequent
analysis. In order to minimise artificial elevation of
Metallomics, 2014, 00, 1-3 | 123
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elements due to density effects, the Compton map was
used to guide selection of the tissue. More
specifically, regions where the tissue may have folded
in on itself, or regions where bubble artefacts appeared
as a result of the vacuum drying process, were
excluded from selection.
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Bonferroni correction however suggested this was not
the case.

Statistical analysis of data
All statistical calculations were performed using
Microsoft
Excel
2010.
For
the
elemental
concentrations between follicle groups, results are
presented as means ± standard error of the mean
(SEM). To compare the elemental concentrations
between follicle groups (differentiated by both size
and state of health), a one way ANOVA with post hoc
t-tests was employed and a Bonferroni corrected value
of p < 0.005 was considered statistically significant.
When analysing the Cu concentrations between
different follicle groups the F value was less than
Fcritical in both size and health status comparisons.
Thus the results were deemed to be not significant at
the 5% confidence level and this element has been
excluded
from
further
discussion.
Principal
Component Analysis (PCA) of the data was carried
out in The Unscrambler X 10.1.0 (CAMO Software,
Oslo, Norway).

Results and discussion
One way analysis of variance (ANOVA) in Excel
One way ANOVA analyses were conducted for each
of Fe, Zn, Se and Br within each of the two follicle
classifications, size and health status. The analysis of
follicles sorted into size groups showed a significant
difference in the level of Se. Bonferroni corrected post
hoc t-tests (two sample assuming equal variances, α =
0.05) enabled these statistically significant differences
to be elucidated to small versus large, and small
versus preovulatory follicles (Fig. 2).
When the follicles were sorted according to their
health status, significant elemental differences were
seen in Fe (early atretic versus regressed), and Br
(healthy versus regressed and early atretic versus
regressed) (Fig. 3).
For the health status classified Fe analysis, the F
value was found to be greater than Fcritical but
application of the conservative Bonferroni correction
to the post hoc t-Tests produced only one statistically
significant difference (i.e. p exceeded 0.005). The
general trend however was for Fe levels to decline as
follicles progressed from early atretic through to
regressed.
Initial visual inspection of the health status
classified Se analysis suggested that there may be
significant differences between the healthy versus
atretic, healthy versus regressed, and early atretic
versus atretic groups. Application of the conservative
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Fig. 2 Summary of mean elemental concentrations (± SEM)
of (A) Fe, (B) Zn, (C) Se, and (D) Br in antral follicles
classified by size as imaged by XRF µ-spectroscopy.
*denotes statistically significant differences between groups
at each end of the bar p < 0.005 (Bonferroni corrected)
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It should be noted that the ovary collection and
dissection was carried out in two separate sets with the
latter 15% of follicles being measured prior to
dissection, and prior to the extraction of follicular
fluid. This cohort also predominantly consisted of
large and preovulatory follicles to address this gap in
the first cohort. With regard to size classifications in
the original cohort, diameter measurements were
based on the H&E stained sections following
embedding and sectioning. In reality these
measurements would represent the minimum diameter
the follicle would have had. Thus there could be some
overlap between size classified follicle groups and this
is reflected by the fact that no statistically significant
differences were seen for any elements when
comparing small versus medium-large, small-medium
versus large, medium-large versus preovulatory antral
follicles, nor any other pair of adjacent size groups.
Principal component analysis (PCA) in The
Unscrambler X 10.0.1
PCA was conducted on the entire follicle cohort for
the elements Fe, Zn, Se and Br. Score plots of PC2,
PC3 and PC4 versus PC1 were produced and sample
grouping enabled follicles of different sizes, and then
at different stages of growth or atresia to be visualised.
Although this analysis did not produce any remarkable
insights into the data, it did support the statistical
conclusion that the trace metal composition of large
antral follicles differs significantly from that of all
other sizes, owing mainly to the presence of Se (Fig.
4). Fig. 5 also provides evidence that healthy and early
atretic follicles, irrespective of their size, show
similarities in their trace metal composition. This is
likely due to high structural similarities between these
two states and the limitations of classifying follicles
based on the H&E stains. Table 2 suggests that the Br
data most significantly contributed to PC1, with Fe
and Zn heavily contributing to PC2. PC3 consists
almost entirely of the Zn data not captured in PC2, and
finally, PC4 is almost entirely loaded onto by the Se
data.

Fig. 3 Summary of mean elemental concentrations (± SEM)
of (A) Fe, (B) Zn, (C) Se, and (D) Br in antral follicles
classified by health status as imaged by XRF µ-spectroscopy.
*denotes statistically significant differences between groups
at each end of the bar p < 0.005 (Bonferroni corrected)
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Table 2 Summary of PC loadings for covariance matrix
Component

Fe

Zn

Se

Br

PC1

-0.389

0.198

-0.021

0.900

PC2

0.850

0.451

0.039

0.269

PC3

-0.352

0.870

-0.021

-0.344

PC4

-0.048

0.005

0.999

0.001
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Fig. 4 PC4 versus PC1 scores plot derived from average elemental concentrations data. Follicle health statuses are highlighted in
different colours: small (royal blue); small-medium (purple); medium-large (orange); large (red); and, preovulatory (green).
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Fig. 5 PC3 versus PC1 scores plot derived from average elemental concentrations data. Follicle health statuses are highlighted by
different colours: healthy (green); early atretic (orange); atretic (red); and, regressed (blue).

An unconventional depiction of PC4 versus PC1 (Fig.
4) supports a conclusion that was drawn from the oneway ANOVA testing of size-grouped follicles; large
follicles, irrespective of their health status, tend to be
dissimilar to follicles of all other sizes. From a PCA
perspective Se loads almost entirely onto PC4 and
thus it is the differences in Se expression which
separates these follicles from the majority of the
cohort. The relationship of Se presence with the size
of the follicle suggests an important biological role
with the most likely function being that the
selenoproteins are providing a defence against
oxidative stress and inevitable atresia or damage to
DNA in the oocyte.14 As presented by Ceko et al.
glutathione peroxidase 1 (GPx1) is the most likely
candidate for the selenoprotein imaged through XRF.
It would be remiss to ignore the fact that although
the majority of outlier follicles are large and
preovulatory in Fig. 4 (quadrants one and two), there
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are three small and one small-medium follicle lying
within this region. One conclusion would be to simply
assign these follicles as anomalous given that in the
case of the small follicles they represent less than 6%
of the small follicle population, or perhaps the wrong
size classification was given if the H&E only showed
the edge of the follicle as opposed to its maximum
diameter. An alternative hypothesis would be that
these follicles may in fact be destined for dominant
follicle selection given that their trace metal content is
closely aligned with all other follicles that have
reached this stage of growth.
Fig. 5 highlights the stage classification of all 97
follicles included in this PC analysis. By plotting PC3,
which was most heavily loaded onto by Zn (more
specifically the Zn that was anticorrelated with the
Fe/Zn of PC2) against PC1 (Br) one notices a
tendency for the healthy and early atretic follicles to
cluster in the first quadrant. One can hypothesise that
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with a larger data set and perhaps more elements
included in the analysis, the follicle group clustering
would become more pronounced.
Although this is the first study to investigate the
differences in trace elemental concentration of bovine
ovarian follicle tissue, other authors have explored the
differences in trace metal concentration in follicular
fluid to examine whether relationships between
follicle size and trace metal content were evident. In a
study of small and large antral follicles in goat ovaries
by atomic absorption spectrometry it was found that
the concentrations of Zn and Fe were significantly
higher in small follicles, while the levels of Cu did not
differ significantly between groups. 17 Sadeghi and
colleagues investigated the trace metal content of
follicular fluid in follicles derived from bovine ovaries
but found no statistically significant difference
between size groups (small, medium and large) for
Cu, Fe, Zn and Se.18 Iodine and manganese however
were significantly different across the groups and thus
they concluded that the levels of trace elements in
follicular fluid were related to follicle size in dairy
cows.
With regard to XRF imaging of animal-derived
biological tissue, only a handful of studies have
previously employed this technique for quantitative
means, with many studies choosing to report
concentrations in relative terms.19,20,21,22,23 Malinouski
et al. acknowledged that although alternative
techniques such as Inductively Couple Plasma Mass
Spectrometry (ICP-MS) can quantify trace elements in
various organs, this technique does not address the
element’s spatial distribution within cells and tissues,
which is perhaps the most useful information. 21 It is
commonplace for authors to report localisation of
elements to specific structures in the form of
qualitative elemental distribution maps, and describe
elemental co-localisations, but many err on the side of
caution when it comes to providing quantitative data.
A handful of authors however do present validation of
their quantitative XRF data either by using an
alternative analytical technique, 24,25 or imaging a
standard reference material in conjunction with their
tissue of interest.26,27 James and colleagues show how
well XRF derived trace metal concentrations in the
hippocampus of a rat brain compare with values
obtained by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES). They report
percentage differences not exceeding 11%.24 In an
attempt to render our data comparable with the trace
elemental content of follicles which may be captured
by alternative analytical techniques (ICP-OES, ICPMS, electron paramagnetic resonance (EPR)
spectroscopy), we chose to present the data as ppm
estimates.
Critique of the analysis
Data were collected over two separate beamtime
experiments with the follicle measurement technique
being modified partway through (as detailed in the
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Classification of follicles section). This may have led
to erroneous determination of the size (diameter) of
the follicles as a follicle measured post embedding and
dissection is likely to be smaller than it was in vivo
due to the drainage of follicular fluid.
Two types of scans were collected at the beamline
with the step sizes being 6 µm and 2 µm for the coarse
and fine scans, respectively. Taking into consideration
the beam size of 6 µm or 2 µm (coarse and fine,
respectively) neither scan type resulted in under or
over sampling in the y direction, with the ratio of
beam size to step size being 1:1. Owing to the longer
dwell time, however, a fine scan captured more detail
and thus produced an elemental distribution map of
higher resolution. Due to time constraints at the
beamline the majority of follicles were captured as
coarse scans. To maintain consistency the quantitative
data presented in this research stems primarily from
the coarse scans excluding one case where the fit was
so poor that the fine scan was used as a substitute.
Ultimately the user selected ratio of beam size to step
size could lead to different quantitative results. As
discussed in the Statistical analysis of data section, it
was initially envisaged that the Cu results would be
included here. The ANOVA results however,
combined with the actual elemental distribution maps
which showed no structural accumulation of Cu, led to
this expectation being reversed. Additionally, 85% of
follicles contained Cu at levels less than or equal to
the background concentrations. There were a handful
of sections depicting high Ti with the pattern of
expression suggesting metallic contamination during
the cryostat sectioning process. For this reason this
element was not considered for subsequent analysis.
With regard to selecting the follicular ROIs, it was
challenging to ascertain what portion of the follicle
should be analysed and how some form of consistent
analysis could be employed across sections to allow
valid comparisons. Initially the possibility of
analysing a region that represented 25% of the total
follicle wall was considered. In many cases however
only a tiny portion of the follicle was captured in the
scan, possibly representing less than 25%, and thus it
was decided that in all cases a region of the follicle
wall would be selected as long as the tissue appeared
unique to that follicle (based on comparison with the
adjacent H&E stain) and independent of any other
structures. To clarify, there were many scenarios were
a cluster of follicles appeared in a scan and care was
taken to position the image region analysis tool on an
area exclusively associated with the follicle in
question (i.e. no shared follicle edges and a tighter
region which aimed to avoid communal stromal
tissue).
With regard to the health status grouping
producing statistically significant results for only a
handful of the Br and Zn comparisons, it should be
acknowledged that a great deal of subjectivity exists
when differentiating between a healthy and an early
atretic follicle, as well as those follicles in late atresia
versus regressing. This subjectivity could ultimately
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lead to overlap between the follicle groups and
thereby lead to such elements as Fe having no
statistical differences despite the general trend being
for this element’s levels to steadily decrease from
early atretic though to regressed follicles.
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Conclusions
In this research XRF imaging has been used for the
first time in mammalian ovaries to quantitatively
compare the concentrations of Cu, Fe, Zn, Se and Br
in follicles of different sizes and at different stages of
health. Cu, Fe, Zn and Se all play an important role in
female reproductive function with deficiency studies
highlighting the negative effects on ovarian function
and follicular development. Subregions of 97 imaged
antral follicles were analysed within GeoPIXE v6.4g
and the average elemental concentrations of the
granulosa and thecal cell layers extracted for
comparison. One-way ANOVA indicated statistically
significant elemental differences amongst the cohort
of 97 follicles when they were categorised according
to size or health status. Post hoc t-testing showed
statistically significant elemental differences existed
between the following follicle pairs: early atretic
versus regressed for Fe; small versus large, and small
versus preovulatory follicles for Se; and healthy
versus regressed, and early atretic versus regressed for
Br (p < 0.005, Bonferroni corrected). PCA highlighted
that when follicles were divided into size groups the
main element differentiating the large follicles from
their smaller counterparts was Se. With regard to stage
differentiated antral follicles the elemental intricacies
are more complex with PCA suggesting that the
relationship between Br and Zn (specifically Zn
uncorrelated with Fe) sets the healthy and early atretic
follicles aside from the remaining categories. This
research provides insights into the challenges of
quantitative XRF and more importantly highlights
how this innovative technique can be used to
differentiate between biological structures on trace
metal grounds alone. It is envisaged that a larger data
set, a fixed follicle measurement protocol, and the
addition of diseased state tissue would provide further
insights into the biochemistry of this organ.
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Identification of Se species in granulosa cells

ABSTRACT
Studies of selenium (Se) deficiency and supplementation have suggested that Se is necessary
for fertility but how precisely is not known. The elemental distribution of Se in the bovine
ovary (n = 45 sections) was identified by X-ray fluorescence (XRF) imaging. Se was
consistently localized to the granulosa cell layer of large (> 10 mm) healthy follicles. Gene
expression analysis of selenoprotein genes GPx1, GPx3, VIMP and SELM in granulosa cells
revealed that GPx1 was significantly up regulated in large healthy follicles compared to the
small healthy or atretic follicles (P < 0.05); the other examined genes showed no significant
differences. Western immunoblotting identified GPx1 protein in granulosa cells of large
healthy follicles, but not of small healthy follicles. We conclude that Se and selenoproteins are
present in large healthy follicles and may play a critical role as an antioxidant during late
follicular development.
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INTRODUCTION
Selenium (Se) is a trace element and an essential component of selenoproteins, playing an
important role in such biological functions as: antioxidant defense; formation of thyroid
hormones; immune response; DNA synthesis; fertility; and, reproduction1,2. The
selenoproteins incorporate Se co-translationally as a selenocysteine residue that acts as a very
efficient redox catalyst3, by protecting cells against the toxic and damaging effects of reactive
∙

oxygen species (ROS)4,5. ROS such as the superoxide radical anion (O2 ˉ) and hydrogen
peroxide (H2O2), are produced as byproducts of normal cellular metabolism and can react
spontaneously with DNA, RNA, protein, and lipids6. Oxidative stress occurs when levels of
ROS overwhelm the cell’s antioxidant defenses7. Well-characterized selenoproteins include
the families of: glutathione peroxidases; thioredoxin reductases; and, iodothyronine
deiodinases. The essential role of selenoproteins in peroxide degradation, maintenance of
cellular redox status, transcription regulation, and thyroid hormone deiodination is evident,
but several additional unknown biochemical pathways remain to be elucidated8.
Information regarding the importance of Se in female reproduction is sparse3. However,
reduction in fertility is possibly related to selenium deficiencies, even if the target organ for Se
action is, at present, unclear1,9. Se has been linked to function in epidemiological studies but
no biochemical pathway has been identified. With regard to ovarian function specifically, it
has been demonstrated that nutrient restriction and/or Se level in the maternal diet affect cell
proliferation in follicles, blood vessels, and stromal tissues in ovine fetal ovaries10 and Se
deficiency has additionally been shown to lead to degeneration of ovaries and atresia of
follicles in rats11. There are many factors which control oocyte growth and follicular
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maturation, including: nutritional imbalances; hormonal disturbances; and, physical conditions
of the microenvironment, of which oxidative stress is an important component4. Elevated ROS
levels, which disrupt the peritoneal fluid balance of oxidants and antioxidants, are thought to
establish infertility in women where other etiological factors are not identified12.
Ovarian function has been extensively studied in bovine species owing to the structural
similarities between the adult bovine ovary and human ovary, and the fact that both species
are monovulatory. Ultrasound imaging of bovine animals has served as a model for
elucidating mechanisms related to ovarian function and for characterizing reproductive events
in many species, including humans13. Ultrasonic imaging monitoring follicle populations in
different size categories and in individual follicles has demonstrated that follicular growth in
cattle occurs in a wave-like manner and that the majority of estrous cycles in this species are
comprised of two or three such waves13. Follicles are ordinarily categorized according to their
stage of growth as: primordial follicles, containing an oocyte surrounded by one layer of
flattened pregranulosa cells; after activation as primary follicles, with one layer of cuboidal
granulosa cells; as preantral follicles with increasing layers of granulosa cells; and, after
formation of a follicular fluid-filled antrum and a specialized thecal layer, as antral follicles.
Granulosa cells support the growth of the oocyte, and in late follicular development secrete
estrogens which are essential for normal reproductive function. Most ovarian follicles do not
mature to ovulation but rather undergo atresia7; characterized in the first instance by apoptosis
of granulosa cells. In the current study, the terms ‘small’ and ‘large’ are used to describe
antral follicles which are less than 4 mm and greater than 10 mm, respectively.
During a follicular growth wave, an increase in follicle-stimulating hormone (FSH) levels
induces the further growth and differentiation of a cohort of follicles beyond 4 mm in
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diameter. From this cohort, only one follicle will be selected as the dominant follicle and
continue to grow beyond 8 mm. The dominant follicle will eventually ovulate, whereas all
other follicles will undergo atresia14,15. Cohort follicles, therefore, require elevated
concentrations of FSH while the dominant follicle, in contrast, has a higher FSH
responsiveness, demonstrated by its enhanced growth and estradiol synthesis in a low FSH
environment16. At this point the dominant follicle requires frequent stimulation by luteinizing
hormone (LH) to continue differentiation leading up to ovulation17, after which the remnants
of the follicle wall transform into the corpus luteum. Understanding the mechanisms by which
a single follicle is selected for dominance from a pool of follicles is vital to understanding
preovulatory follicular development17. Furthermore, understanding the cellular mechanisms
that permit the transition from the FSH- to the LH-dependent developmental stage in the
dominant follicle is essential, as ovarian conditions resulting in anovulation are one of the
major causes of infertility in both bovine and human species18-20.
New technologies, such as three-dimensional ultrasonography and MRI, ultrasound-based
biomicroscopy, and synchrotron-based techniques have the potential to enhance our real-time
picture of ovarian function to the near-cellular level21. The use of synchrotron light in medical
imaging has been rarely used to image ovarian tissue of any species nor have the mechanisms
of Se distribution in mammals been comprehensively investigated, excluding a study on the
role of GPx4 in sperm maturation in murine species22-24. Data collected by various other
technologies support the notion that follicles within a given ovary have unique characteristics;
at any given stage the structural and functional status of an individual follicle may be entirely
different from that of others within its cohort21. The ability to probe the in situ
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bioaccumulation of trace metals to a specific ovarian structure or cell type has the potential to
provide unprecedented insights into the biochemistry of this organ.
In this study we use X-ray Fluorescence (XRF) imaging, a synchrotron-based technique,
to explore the distribution of Se in 30 µm thick sections of bovine ovarian tissue. Comparison
of the resulting elemental distribution maps with adjacent hematoxylin and eosin (H&E)stained sections revealed statistically significant localization of Se to the granulosa cells of
large healthy follicles. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) was
subsequently used to quantify the elevation of Se in the thecal/granulosa layer region relative
to corpus luteum tissue. Microarray data from granulosa cells from small and large healthy
follicles was analyzed to identify possible selenoprotein candidates for the species imaged at
the Australian Synchrotron: glutathione peroxidase 1 (GPx1); glutathione peroxidase 3
(GPx3); VCP-interacting membrane protein (VIMP), also known as selenoprotein S (SELS);
and selenoprotein M (SELM). Gene expression levels from quantitative real time reverse
transcription polymerase chain reactions (RT-PCR) suggested this species was a glutathione
peroxidase. Finally, immunohistochemistry confirmed that VIMP was actively mobilized to
the granulosa and thecal cell region of large follicles irrespective of their stage of health, while
Western immunoblotting confirmed the presence of enhanced GPx1 protein levels in the
granulosa cells of large healthy follicles.
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RESULTS
XRF imaging of bovine follicles
A pilot study which collected XRF elemental distribution images for the entire surface area of
a single ovary led to the hypothesis that Se was actively mobilized to the thecal/granulosa cell
region of large follicles (Fig. 1). X-ray Fluorescence (XRF) imaging was subsequently
utilized to image key structural features within bovine ovarian cross sections of 45 different
animals including: granulosa and thecal cells of primordial, primary, preantral and antral
follicles, including healthy follicles and those undergoing atresia; corpora lutea at different
stages of development (Stages I (early) through to IV(regressing)25); corpus albicans
(regressed corpora lutea); arterioles; vessels; and, capillaries. From a qualitative perspective
several elemental distribution trends were identified for Fe, Zn and Se, with all ovaries
showing strong signals and distinct localizations of the first two elements. Zn was consistently
present throughout the ovarian tissue but upregulated around arterioles and capillaries, while
Fe was highly concentrated in the corpora lutea and in blood vessels26. These observations
indicate significant biological localization and perhaps function, for these elements, but here
we focus on Se.
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Figure 1: Distribution of Zn, Fe and Se in a
bovine ovarian section as imaged by μ-XRF.
Comparison with the adjacent fresh frozen tissue (a)
indicates that regions of high Zn (b, pink) intensity
correspond to arterioles and capillaries; high Fe (c,
pink) correspond to corpora lutea; and, high Se (d,
pink) is localized to the granulosa cell layers of the
two largest healthy follicles.  indicates atretic
follicle; * indicates healthy antral follicle; ---indicates corpus luteum;  indicates vasculature.
Scale bar: 4 mm.

Selenium was found to be localized to the granulosa cell layer of large healthy follicles
(Fig. 2b), with a regularity and intensity that was not observed in the small (< 4 mm), smallmedium (4-8 mm), medium-large (8-10 mm) or, large atretic counterparts (Fig. 2d). The
health status of the follicles was determined in a subsequent serial section stained for H&E.
Selenium signals in large follicles were observed in 100% of healthy (n=10) whereas only
30% of atretic follicles (n=10) showed Se. No Se signal was observed in large regressing
follicles (n=2) (Supplementary Data Set 1).
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Figure 2: Localization of Zn, Fe and Se in large antral follicles. (a) H&E stained serial section of a 15 mm
diameter healthy follicle. (b) The corresponding RGB image has been generated from XRF elemental distribution
maps and depicts the distribution of Zn (green), Fe (red) and Se (blue). The virtual pixel size for this fine scan
was 2 µm with an effective per pixel dwell time of 7.81 ms. (c) H&E stained serial section of an 11 mm atretic
follicle. (d) The corresponding RGB image has been generated from XRF elemental distribution maps and
depicts the distribution of Zn (green) and Fe (red). No Se was detected. The virtual pixel size for this fine scan
was 5 µm with an effective per pixel dwell time of 2.44 ms. * indicates vasculature; ----- indicates the separation
between granulosa layer and thecal layer; gc indicates granulosa cells. Scale bar: 500 µm.

Quantification of Se using ICP-MS
In order to validate the elevated Se levels observed via XFM a pair of bovine ovaries was
collected from a non-pregnant heifer and subsequently dissected to obtain samples
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representative of the corpus luteum (n = 3) and the follicle wall (granulosa and thecal cells) (n
= 2). National Institute of Standards and Technology (NIST) bovine liver (1577b) was used as
a concentration standard. Granulosa cells alone would have provided an inadequate mass for
digestion and thus a relatively crude dissection was carried out to capture these cells in
addition to surrounding tissue. All samples were freeze dried and subjected to microwave
assisted acid based digestion prior to solution-phase ICP-MS. The concentration of Se
determined in the NIST bovine liver (1577b) was found to be 0.8 ± 0.03 ppm which lies
within the range of certification. We found the mean Se concentration for the corpora lutea
samples to be 2.6 ± 1.3 ppm as compared with the mean experimentally determined
concentration for the follicle wall of 26 ± 5.0 ppm. Although the sample sizes are insufficient
to carry out rigorous statistical analyses if an assumption of normality is made, a Student’s ttest (two sample, assume equal variance) indicated that the Se levels in thecal/granulosa layer
region were significantly higher than in corpora lutea. This result supports the qualitative XRF
observation that large healthy follicles contain a Se rich component as opposed to the corpora
lutea, for which this element was not detected.
Analysis of microarray data
As the XRF data showed Se signals in the granulosa cell layer of large follicles we consulted
previously collected microarray data, deposited in the Gene Expression Omnibus (GEO)
under accession numbers GSE39589 and GSE4950527, to identify possible selenoproteins
candidates (Supplementary Data Set 2). The mean intensity for the expression of 19
different selenoproteins was investigated and compared in both the thecal and granulosa cells
of small healthy, large healthy, and small atretic bovine follicles. We identified four potential
candidates which were differentially expressed between small and large healthy follicles, and
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small atretic and large healthy follicles: GPx1, GPx3, VIMP and SELM (Supplementary
Table 1).
PCR of granulosa cDNA
Quantitative RT-PCR for GPX1, GPX3, VIMP and SELM in granulosa cells from small
healthy (n = 5) and atretic (n = 5), and large healthy (n = 5) follicles showed a significant up
regulation of GPX1 in large healthy follicles compared to small healthy or atretic follicles (P <
0.05), whereas the other three genes were not differentially expressed between the follicle
groups (Fig. 3).
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Figure 3: Mean levels of selenoprotein mRNA.
Mean levels ± SEM of (a) GPX1, (b) GPX3, (c)
VIMP and (d) SELM mRNA relative to 18S
ribosomal RNA in granulosa cells derived from
small healthy, small atretic and large healthy
follicles (n = 5 follicles per group). * denotes a
statistically significant difference between groups
(P < 0.05).

Immunohistochemical localization of VIMP in ovarian sections
Immunohistochemistry for the selenoprotein VIMP in large bovine follicles showed that it is
expressed in the granulosa cell layer of large healthy follicles (Fig. 4b) and to a lesser extent
in the granulosa cell layer of large atretic follicles (Fig. 4d). Furthermore, VIMP is also
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expressed in the thecal cell layer of large healthy follicles, which is separated from the
granulosa cell layer by a basal lamina.

Figure 4: Immunostaining for VIMP in large
follicles. (a) H&E of serial section of a large 15 mm
diameter healthy follicle. The square shows the area
shown in (b). Scale bar: 250 µm. (b) VIMP (red) is
localized to the granulosa cell (g) layer and the
thecal cell (t) layer. an indicates the antral cavity.
The basal lamina (------) separating the two cell
layers is stained for perlecan (green). Nuclei are
counterstained with DAPI (blue). Scale bar: 100
µm. (c) H&E of continuously followed serial
section in a large 17 mm atretic follicle. The square
identifies the area shown in (d). Scale bar: 500 µm.
(d) VIMP (red) is localized to the granulosa cell (g)
layer and the thecal cell (t) layer. The basal lamina
(------) separating the two cell layers is stained for
perlecan (green). Scale bar: 100 µm.
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Detection of GPx1 in different follicular cell types
Fig. 5 depicts Western immunoblotting of granulosa cell proteins extracted from fresh ovaries.
Comparison of blots a and b indicates that none of the small follicle granulosa cell samples
had measurable levels of GPx1, while three of the five large follicle samples were positive for
GPx1.

Figure 5: Western immunoblotting of GPx1 in granulosa cells from small and large healthy follicles. Each
lane marks granulosa cell extracts from individual follicles. (a) GPx1 expression (marked with arrow, 20 kDa) in
granulosa cells of small healthy follicles (n = 4, 3-5 mm). (b) GPx1 expression (marked with arrow, 20 kDa) in
granulosa cells of large healthy follicles (n = 5, 13.5 mm ± 0.8 mm). (c) Corresponding actin expression (marked
with arrow, 37 kDa) in the same blot as (a). (d) Actin expression (marked with arrow, 37 kDa) in the same blot as
(b).
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DISCUSSION
Here we present the first XRF imaging of mammalian ovaries showing that Se is consistently
localized to the granulosa cells of large healthy follicles. Subsequent experiments including
quantitative real time RT-PCR and Western immunoblotting identify the source of the Se to
be the selenoprotein GPx1, a ubiquitous homotetrameric cytosolic enzyme expressed by many
cell types in mammals3,28. GPx1 is abundant in the liver and erythrocytes, with its
concentration being dependent on the nutritional Se status. It is also one of the most highly
sensitive selenoproteins to changes in Se status, with levels of mRNA and protein
dramatically reduced under low Se conditions29. It should be noted however that previous
studies have shown the extent of GPx1 regulation varies from organ to organ under Se
deficit30. In a study designed to ascertain the effects of dietary Se deficiency on tissue Se
content and deiodinase activity (by another member of the selenoprotein family), the authors
concluded that all of the tissues studied maintained substantial deiodinase activity (>50%)
during prolonged Se deficiency31. In addition to Se status, other factors including oxidative
stress influence the expression of GPx1. Synthesis of GPx1, GPx3 and thioredoxin reductase 1
(TR1) are also up regulated during thyroid hormone synthesis, providing the thyrocytes with
considerable protection from peroxidative damage3.
Whilst the role of Se in regulation of ovarian function in the fetus is unclear10, in adult
ovaries it has been demonstrated that Se intake may modulate granulosa cell proliferation and
estradiol-17β synthesis in vitro9,10,32. Moreover, its effect could be mediated, at least in part,
through an inhibition of nitric oxide. It has been shown that culture of preantral follicles in the
presence of sodium selenite increases GPx activities and decreases ROS levels, thereby
improving the development rate of mouse follicles in vitro4. On this basis sodium selenite was
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suggested to be a proliferating factor which increased cell proliferation in thecal and granulosa
cells. Additionally, this study led to the hypothesis that low levels of GPx activity in preantral
follicles when cultured in selenium-free media, and the resultant high concentration of ROS,
may be the major factors responsible for follicular regression4. With regard to the theca,
evidence exists to suggest that antioxidants such as Vitamin E and ebselen are capable of
inducing apoptosis in rat ovarian theca-interstitial cells. In other words these cells are sensitive
to the level of ROS but somewhat counterintuitively, reduced levels of oxidants trigger
apoptosis33. This finding may have important clinical relevance to Polycystic Ovary
Syndrome (PCOS), a condition associated with excessive growth and activity of thecainterstitial cells33. This condition affects 5-10% of women in the reproductive age and there is
emerging evidence that chronic low-level inflammation is often present in women with PCOS
with the possible effect of increasing oxidative stress34. A recent study of Turkish women with
PCOS found that the plasma Se levels of these women were significantly lower than the
control groups suggesting that Se may play a role in the pathogenesis of this condition35.
These findings should however be contrasted with much earlier research which suggested that
inhibition of oxidative stress suppressed apoptosis of granulosa cells in cultured follicles,
indicating that effects of antioxidants on apoptosis are cell-type dependent33,36. Exploring the
potential link between FSH and glutathione found firstly that the onset of apoptosis in
preovulatory follicles is preceded by a rise in follicular ROS and secondly, that treatment with
FSH enhances follicular glutathione content and suppresses ROS levels7. Finally, in two
related studies in bovine mammary epithelial cells, oxidative stress was found to increase the
number of apoptotic cells, decrease cell viability, and perturb cell morphology, without
affecting cell proliferation, in vitro37,38. Selenomethionine was able to reverse these negative
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effects of H2O2 by increasing absolute GPx activity (GPx1 and GPx3, specifically) and by
reducing intracellular levels of H2O238. This result, viewed in conjunction with numerous
ovary based studies, creates a strong case for further studies of Se supplementation in women
experiencing infertility.
The relationship of Se presence with both size of follicle and state of health suggests an
important biological role with the most likely function being that the selenoproteins are
providing a defense against oxidative stress and inevitable atresia or damage to DNA in the
oocyte. In particular the highest levels of Se and GPx1 were observed in granulosa cells of
large follicles which are known to express higher levels of cytochrome P450s (cholesterol
side-chain cleavage and aromatase)39 to enable large dominant follicles to synthesize
progesterone and estradiol-17. Cytochrome P450 enzymes produce superoxide free radical
anions and H2O2 as part of their chemical reactions40 and hence their up regulation may
constitute an oxidative stress, necessitating the expression of GPx to counter this. Bovine
follicular development is regulated by numerous molecular mechanisms and biological
pathways. In attempting to characterize the regulation of apoptotic death of granulosa cells in
dominant bovine follicles during the first wave of follicular development, researchers
concluded that the expression of GPx was highest on day 8 (relative to days 4 and 6), in
vivo41. The work however makes no specific mention as to the form of GPx identified, making
us reluctant to draw comparisons with the findings of our own quantitative real time RT-PCR.
Other authors have conducted gene expression studies to probe the differences between
dominant versus subordinate follicles. Interestingly, it has been reported that GPx1 has the
highest level of expression in the granulosa cells of the most estrogenic cohort follicle,
followed by the dominant follicle (down regulated) and then the subordinate follicle (further
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down regulated)16. This finding could suggest that the large Se-rich follicles we imaged using
XRF were not necessarily the dominant follicle but had the highest estrogen content. At least
one other study, which used a combination of microarray and quantitative real-time PCR
analysis in an attempt to identify differentially expressed genes between largest and secondlargest follicles, found a GPx3 up-regulation in the dominant follicle, but did not report Gpx1
levels42. These experimental observations have lead some researchers to hypothesize that
follicular oxidative stress-response enzymes are expressed in a stage-dependent manner, since
mRNA expression of other anti-oxidative stress enzymes in bovine granulosa cells was
increased in atretic dominant follicles relative to healthy dominant follicles41,42. With regard to
interpreting the impact of our own experimental observations, the fact that expression of GPx1
is so strongly associated with large follicles suggests that this antioxidant could be involved in
the signaling process leading to dominance, or that it is simply scavenging the reactive oxygen
species (ROS) which would otherwise accelerate atresia in competing follicles.
Immunostaining for the selenoprotein VIMP showed it is mainly localized to the
granulosa cells of large healthy and atretic follicles and also expressed in the thecal layers.
This does not contradict the low expression levels seen in the PCR experimentation, but
suggests that this selenoprotein provides a small contribution to the strong granulosa cellspecific fluorescence we observe through XRF imaging. Alignment of the VIMP antibody
sequence with Bos taurus GPx1 shows only 2% sequence identity eliminating the possibility
that this antibody is cross reacting with more common members of the GPx family. Taken in
conjunction with our gene expression results from the quantitative real time RT-PCR
however, we conclude that VIMP is not exclusively localized to the granulosa of large
follicles (differences in gene signal expression between small healthy, small atretic and large
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healthy derived granulosa were not significant), nor is it highly expressed relative to GPx1.
This suggests that other selenoproteins are present at background levels throughout the
ovarian tissue, but it is only GPx1 that is at sufficiently high concentrations as to be observed
through XRF imaging. Additionally the expression of VIMP is not highly dependent on the
stage of follicular development.
Computational secondary structure analysis indicates that VIMP is a single
transmembrane helix and electron microscopy-assisted immunostaining shows that this
species is a plasma and endoplasmic reticulum (ER) membrane protein43,44. It has been
suggested to participate in the removal of misfolded proteins from the ER lumen for
degradation45 and to protect cells from oxidative damage46 and ER stress-induced apoptosis47.
Further experimental results lead to the conclusion that the selenocysteine moiety in the
protein may reduce the susceptibility of low density lipoprotein (LDL) to oxidation46. A
negative association has been found between VIMP and bacterial lipopolysaccharide-induced
production of ROS, indicating that VIMP plays an important role in influencing inflammatory
response48. In a recent attempt to identify its enzymatic function it was concluded that VIMP
is primarily a thioredoxin-dependent reductase capable of reducing H2O2, but is not an
efficient or broad-spectrum peroxidase49.
In conclusion, XRF imaging has enabled us to provide possible links between cell
specific accumulation of Se and reproductive effects of specific selenoproteins in bovine
ovarian tissue23. The results presented demonstrate expression of GPx1 and VIMP in the
granulosa cells of large healthy follicles. Given that a similar distribution of GPx1 was not
observed in smaller follicles, our findings suggest that this selenoprotein may play a role in
the follicle achieving dominance, thus supporting the gene expression based findings of
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numerous researchers. The fact that many authors have shown a marked decrease in the
expression of the GPx1 gene under conditions of dietary Se reduction leads to the hypothesis
that ovarian disorders could, to some extent, be ameliorated by Se supplementation. Our
findings could be used to guide epidemiological studies into dietary intake of Se, GPx1
expression in vivo, and the incidence of ovulation disorders, thereby building on the limited
body of knowledge in this area.
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ONLINE METHODS
Sample collection for XRF analysis
Bovine ovaries were sourced from T&R Pastoral’s abattoir, Murray Bridge, South Australia.
Ovaries were collected from Bos taurus non-pregnant heifers (n = 32) and collected in pairs
into ice-cold Hank’s Balanced-Salt Solution (HBSS) and transported on ice to the laboratory.
For XRF imaging sections were cut into halves longitudinally, frozen and stored in O.C.T.
compound (ProSciTech, Thuringowa, QLD, Australia) at -80°C until sectioning.
Sample collection for ICP-MS analysis
A pair of bovine ovaries was collected from a non-pregnant heifer at T&R Pastoral’s abattoir,
Murray Bridge, South Australia and subsequently dissected to obtain tissue samples
representative of the corpus luteum and follicle wall (granulosa and thecal cells). The first
ovary was dissected to obtain three representative samples of the corpus luteum (Stage III) it
contained. The second ovary was dissected to obtain theca cells from all of its follicles with
the first sample (th-1) containing the thecal layer from a single 9 mm follicle and the second
sample (th-2) containing the pooled thecal layers from the four remaining follicles: 6 mm, 7
mm, 7 mm and 10 mm. As we did not scrape the granulosa cells off before collecting the
thecal layer it is probable that the apical granulosa cells will have flushed out upon dissection,
however some residual basal granulosa cells will have remained with the thecal tissue. The
samples were weighed, the wet weight recorded, and then freeze dried for a period of six
hours, after which the dry weights were recorded.
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Histology and preparation of tissue for XRF analysis
Each O.C.T. embedded ovary was sectioned at a thickness of 30 µm for XRF analysis and
adjacent 6µm sections for H&E staining. Sectioning was performed on a CM1800 Leica
cryostat (Adeal Pty. Ltd., Altona North, Vic, Australia). Each XRF section was transferred on
Ultralene thin film (SPEX SamplePrep, New Jersey, USA) affixed to a 24 × 36 mm
photographic slide frame with stainless steel tweezers and an artist grade Filbert type synthetic
paint brush. Tissue was then dried in a desiccator under vacuum overnight and stored in a
desiccator until analysis. Sections intended for H&E staining were mounted on glass slides
treated with 0.01 % poly L-ornithine hydrobromide (Sigma-Aldrich Pty. Ltd., Castle Hill,
NSW, Australia), and stored at -20°C until use.
Classification of follicles
The H&E stained follicle sections were observed by light microscopy and assessed as healthy
or atretic based upon the morphology of the membrana granulosa and the percentage of
pyknotic nuclei, as previously described 50,51. Briefly, the follicle was deemed atretic if the
proportion of apoptotic granulosa cells exceeded 5 %.
XFM beamline operating conditions
The distribution of elements throughout selected 30 μm bovine ovarian sections was mapped
at the XFM beamline at the Australian Synchrotron, Clayton, VIC, Australia. An incident
beam of 15.75 keV X-rays was chosen to induce K-shell ionization of elements with atomic
numbers below 37 (Z ≤ Rb), while providing adequate separation of the Rayleigh and
Compton peaks from the elemental fluorescence of interest, i.e. Se. The incident beam was
focused to a ~2 μm (fine scans) or ~6 μm spot [coarse scans (full-width at half maximum)]
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using a Kirkpatrick–Baez mirror pair and specimens were fly-scanned through X-ray focus.
The resulting XRF was collected in event-mode using the low-latency, 384-channel Maia
XRF detector (positioned in the backscatter geometry) and the full XRF spectra were used to
reconstruct elemental maps of the specimen using a virtual pixel size of 2 or 6 μm (fine and
coarse scans, respectively). The effective per pixel dwell times for the fine and coarse scans
were 7.81 ms or 2.44 ms, respectively and the largest scan depicted in this manuscript was
1291 × 1579 pixels in size. Single element foils of Mn and Pt (Micromatter, Vancouver, BC,
Canada), were scanned in the same geometry and used as references to establish elemental
quantitation. Deconvolution of the Maia data was performed using the GeoPIXE v6.5h
(CSIRO, Australia) that incorporates a linear transformation matrix to perform spectral
deconvolution52. Spectra were calibrated using the metal foil measurements, and corrections
made for self-absorption in the sample, absorption in air, and the efficiency response of the
detector53. The detected X-ray photons from each pixel were related to calculated-model
fluorescence X-ray yields for an assumed specimen composition and thickness. The
composition and thickness of the Ultralene film was known from the manufacturer’s
specifications and the composition and average density typical of dried organic material
(C22H10N2O4 and 1.42 g cm-3, respectively), was used to model the tissue. Absorption effects
for XRF from the lowest atomic number element relevant to this study (Ca Kα) were
negligible for this specimen type.
ICP-MS of granulosa and thecal cells, and corpus luteum
Three samples along with two samples of NIST 1577b bovine liver standard (Gaithersburg,
MD, USA) were taken to CSIRO’s Land and Water Laboratory (Glen Osmond, SA, Australia)
for microwave assisted acid based digestion. Briefly, the specimens were cold digested
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overnight in 7 mL of concentrated nitric acid (Fisher Scientific AR Grade 70%, VIC,
Australia) and 3 mL of concentrated H2O2 (Chem Supply AR Grade 30%, SA, Australia). All
solutions underwent a standardized 105 min digestion in a laboratory grade microwave, with
the temperature gradually increasing up to 180˚C, and then maintained at this temperature to
ensure complete digestion. Following adequate cooling the resultant digests were diluted up to
50 mL using milliQ water.
The digests were then run neat through the Solution ICP-MS instrument (Agilent 7500cs
with Octopole Reaction System, Mulgrave, VIC, Australia) with detection of the second most
abundant isotope of Se, namely 78Se, avoiding interference from 40Ar2. Calibration standards
made up from multi elemental solution were run prior to the bovine samples and the resultant
curve produced a correlation coefficient of 0.9993 for 78Se. Concentrations were reported in
mg/kg relative to the dry weight of material.
Microarray analysis
Previously collected microarray data27, deposited in the Gene Expression Omnibus (GEO)
under accession numbers GSE39589 and GSE49505, was examined to compare the values of
the mean intensity for the expression of 19 different selenoproteins in both the theca and
granulosa cells of small healthy, large healthy, and small atretic bovine ovaries. Original data
can be found in the Supplementary Data Set 2. In this analysis expression was considered
high if the log2 transformed mean intensity across the three different follicle types exceeded
6.0. Based on analysis of the XFM data it was apparent that the Se species of interest was
localized to the granulosa cells, and of markedly higher concentrations in large healthy
follicles. Thus, up regulation of selenoproteins was examined in small healthy versus large
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healthy follicles as well as small atretic versus large healthy follicles. Supplementary Table
1 provides a summary of the selenoproteins considered for further analysis with a detailed
legend indicating the most likely candidates for the species imaged via XRF.
A shortlist of potential Se proteins up regulated in the granulosa cells of healthy large
follicles was identified from the microarray analysis as being: GPX1, GPX3, SEP15, VIMP,
SELK, SELT, SELM, and SEPHS2. This was narrowed further by eliminating those
selenoproteins for which the up regulation was minor (indicated in italics) in both groups
(SEP15) or minor in one group and moderate (indicated with underlining) in another (SELK,
SELT and SEPHS2), leaving: GPX1, GPX3, VIMP and SELM.
RNA extraction and cDNA synthesis
Total RNA was extracted from granulosa cells using Trizol reagent as per the manufacturer’s
instructions. The quantity of total RNA was determined by spectrophotometry (absorbance at
260 nm; 1000V 3.3 spectrophotometer, NanoDrop Technologies Inc., Wilmington, DE, USA).
Two micrograms of RNA was DNase-treated (DNA-free, Ambion, Supplied by Applied
Biosystems, Melbourne, VIC, Australia). Complementary DNA (cDNA, 20μl) was
synthesized according to the manufacturer’s instructions using 500 ng random hexamers
(GeneWorks, Adelaide, SA, Australia), 10 nmol dNTP mix, 20U RNaseOUT and 200U of
Superscript III RT (Life Technologies, Mulgrave, VIC, Australia). The RNA, random
hexamers and dNTPs were pre-incubated at 65°C for 5 min before adding to a reaction
mixture including 4μl 5× First Strand Buffer, 1μl of 0.1M dithiothreitol, 4U RNAseOUT
(Life Technologies) and enzyme, with further incubation at 50°C for 60 min followed by 70°C
for 15 min to inactivate enzymes prior to PCR.
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Quantitative real time RT-PCR
To identify the Se species imaged in the granulosa via XRF, quantitative real time RT-PCR
for GPx1, GPx3, VIMP and SELM was performed on granulosa cells derived from small
healthy (n = 5), small atretic (n = 5), and large healthy (n = 5) follicles. All primers were
designed using Primer Express software (Life Technologies), and are specific for the full
length cDNA based on available knowledge from the National Centre for Biotechnology
Information (NCBI) at the time of design (Supplementary Table 2). Expression for each
gene was normalized to the expression of the house-keeping gene 18S rRNA and our results
are expressed as fmol of mRNA per nmol of 18S rRNA. The PCR was carried out using a
Corbett Rotor Gene 6000 (Qiagen, Hilden, Germany) with 2 μl of diluted cDNA in a SYBR
Green Master Mix (Applied Biosystems, Foster City, CA, USA). Each run was performed
with water blanks and non-reverse transcribed RNA as negative controls. Samples were
amplified in duplicate with an initial denaturation at 95°C for 10 min, followed by 40 cycles of
2-step amplification at 95°C for 15 s and 60°C for 60 s. The concentration of each target was
generated from the Ct value and standard curve (amplification efficiency > 0.9), and was
normalized to the concentration of 18S ribosomal RNA in each sample (calculated by the Ct
and standard curve for 18S). For each PCR reaction, melt curve analysis was conducted to
confirm the correct product was amplified based on initial gel electrophoresis and DNA
sequencing.
Statistical analyses
All statistical calculations were performed using SPSS version 20 (SAS Institute Inc., Cary,
NC, USA). For the ICP-MS data, results are presented as means ± standard deviation. To
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compare the level of gene expression between granulosa cell groups a Kruskal-Wallis one way
ANOVA with post hoc Mann-Whitney test were employed. Results are presented as means ±
standard error of the mean (SEM) and a value of P < 0.05 was considered statistically
significant.
Immunohistochemistry
Portions of the previously collected bovine ovaries were used for localization using an indirect
immunofluorescence method. Frozen tissue sections were dried under vacuum for 5 min, fixed
in 10% neutral buffered formalin for 5 min, and rinsed three times for 5 min in hypertonic
PBS (10 mM sodium/potassium phosphate with 0.274 M NaCl and 5 mM KCl, pH 7.2) before
treatment with blocking solution [10% normal donkey serum (D-9663; Sigma Chemical, St.
Louis, MO, USA) in antibody diluent containing 0.55 M NaCl and 10 mM sodium phosphate,
pH 7.1] for 30 min at room temperature. The primary antibodies used were polyclonal rabbit
anti-human VIMP (also known as SELS) (1:100 dilution; NBP1-89558; Novus Biologicals
distributed by Sapphire Bioscience Pty. Ltd., Waterloo, NSW, Australia) in combination with
rat anti-mouse Perlecan A7L6 (1:100 dilution; Millipore Pty. Ltd., Kilsyth, VIC, Australia).
The ovarian sections were incubated with the primary antibodies overnight at room
temperature. After three washes with PBS the ovarian sections were incubated for 2 h at room
temperature with FITC-conjugated AffiniPure donkey anti-rat (#712-096-153) and biotin-SPconjugated AffiniPure donkey anti-rabbit IgG (#711-065-152) and after three washes with
PBS, subsequently incubated for 1 h at room temperature with Cy3-conjugated streptavidin
(#016-160-084). All secondary antibodies and conjugated streptavidins were purchased from
Jackson ImmunoResearch Laboratories (distributed by Abacus ALS Australia, Brisbane,
QLD, Australia) and used at 1:100 dilutions. Finally, sections were treated with the nuclear
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stain 4’,6’-diamidino-2-phenylindole dihydrochloride (DAPI) solution (Molecular Probes,
Eugene, OR, USA) to identify cell nuclei. Coverslips were attached with mounting medium
for fluorescence (S3023; Dako, Carpinteria, CA, USA) and photographed with an Olympus
BX50 microscope (Olympus, Tokyo, Japan) with an epifluorescence attachment and a Spot
RT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA).
Protein extraction and Western immunoblotting
Following collection (previously described) the follicles were dissected from each ovary and
the diameter measured. A small piece of the follicle wall, approximately 1 mm3, was removed
and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.25) for subsequent
classification of follicle health status54. The granulosa cells were removed from the remainder
of the follicles by gentle rubbing with a glass Pasteur pipette, previously modified by heat
sealing the tip into a rounded smooth surface. The HBSS without Mg2+ and Ca2+ containing
the granulosa cells was centrifuged at 500 x g for 7 min at 4°C, the medium was removed by
aspiration and the cells washed twice in PBS pH 7.4, and then frozen at -80°C.
Following fixation overnight, the follicle wall portions of each follicle were rinsed several
times with 0.1 M PBS, pH 7.25, post-fixed in 2% (v/v) aqueous osmium tetroxide for 1 h at
4°C and embedded in epoxy resin as described previously55. For light microscopic
examination, 0.5 m thick epoxy sections were cut using a glass knife and a Richert-Jung
Ultracut E ultramicrotome (Leica Microsystems Pty Ltd., VIC, Australia), stained with 1%
(w/v) aqueous methylene blue and examined using an Olympus BX50 microscope (Olympus
Australia Pty Ltd., Mt Waverly, VIC, Australia). Healthy and atretic follicles were identified
as described previously50,56 wherein healthy follicles had less than 5 % apoptotic granulosa
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cells and atretic follicles had more than 5 % apoptotic granulosa cells. Only granulosa cells
from healthy follicles were examined for expression of GPx1.
For Western blotting a total of nine granulosa cell samples (small healthy follicles, n = 4,
3-5 mm and large healthy follicles, n = 5, 13.5 mm ± 0.8 mm) from nine different animals
were used. Total protein was extracted from samples using RIPA buffer [1 % NP-40, 1 %
sodium deoxycholate, 0.1 % sodium dodecyl sulfate (SDS), 0.15 M sodium chloride, 50 mM
Tris-hydrochloric acid and 1 mM ethylenediaminetetraacetic acid (EDTA)] containing 1 µl of
protease inhibitor cocktail (Sigma Aldrich, St Louis, MO, USA) per 100 µl . Cells in RIPA
buffer were disrupted with a 5 s pulse at 3500 rpm using a MO BIO Powerlyzer 24
Homogenizer (MO BIO, Carlsbad, Ca, USA). The homogenates were centrifuged at 10 000 g
for 10 min to pellet insoluble material and the supernatants were taken for analysis. Proteins
were quantified using the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA) and
20 µg of protein for each sample were separated on a 4-15 % gradient SDS-PAGE gel and
then transferred overnight at 4°C to PVDF transfer membrane (Amersham Hybond TM-P, GE
Healthcare, Buckinghamshire, UK), at a constant voltage (33 V). All washes and incubations
of the membranes were performed at room temperature. The PVDF membrane was washed
three times for 5 min with Tris-buffered saline containing 0.1 % Tween-20 (TBS-T; 50 mM
Tris, 100 mM sodium chloride, pH 7.5, Sigma-Aldrich, St Louis, MO, USA). Non-specific
binding was inhibited by incubating with 10 % skim milk in TBS-T for 1 hr. For GPx1
detection, the membranes were then incubated with the rabbit anti-GPx1 antibody (ab22604,
Abcam, Cambridge , UK) for 2 h at a 1 in 1000 dilution in 10% skim milk/TBS-T. After
incubation, membranes were again washed and then incubated (for 1 h at room temperature)
with a goat anti-rabbit secondary antibody conjugated with horseradish peroxidase diluted
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1:10 000 in 10% skim milk/TBS-T. After incubation with the secondary antibody, the
membranes were washed five times (3 x 30 s, 1 x 5 min and 1 x 10 min wash) with TBS-T.
For actin detection, membranes were incubated for 2 h with monoclonal anti-βActin−peroxidase antibody (A3854, Sigma Aldrich, St. Louis, MO, USA) diluted 1:20 000 in
10% skim milk/TBS-T. The membranes were then washed five times (3 x 30 s, 1 x 5 min and
1 x 10 min wash at room temperature) in Tris-buffered saline with 0.5% Tween-20 and 0.1%
SDS. All membranes were finally incubated with ECL ClarityTM western blotting detection
reagent for 5 min and exposed to Amersham HyperfilmTM ECL (GE Healthcare,
Buckinghamshire, UK) for protein detection by chemiluminescence.
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Supplementary information
Supplementary Table 1: Expression of selenoprotein signals in the granulosa cells of small healthy versus large
healthy, as well as small atretic versus large healthy follicles

Selenoprotein
GPX1
GPX4
GPX3
SEP15
SELH
VIMP
SELK
SELT
SELM
SEPHS2
GPX1
GPX3
GPX2
SEP15
VIMP
SELK
SELT
SELM
SEPN1
SEPHS2

Small healthy
12.3
10.6
8.6
10.8
9.3
8.6
8.8
8.9
6.6
7.4
Small atretic
12.1
6.2
5.3
10.9
9.7
9.6
8.8
7.7
7.7
7.8

Granulosa cells
Fold difference
Large healthy
1.5
12.9
1.3
10.9
3.2
10.3
1.2
11.1
1
9.7
2.2
9.8
1.9
9.7
1.2
9.2
2.9
8.1
1.7
8.1
Large healthy
1.7
12.9
17.4
10.3
3.0
6.9
1.1
11.1
1.1
9.8
1.1
9.7
1.3
9.2
1.3
8.1
1.3
7.4
1.3
8.1

Species is upregulated in both comparisons
(GPX1, GPX3, SEP15, VIMP, SELK, SELT, SELM,
SEPHS2)
Italics
Upregulation is minor (<1.5)
Underlined Upregulation is moderate (1.5-2.0)
Bold
Upregulation is large (>2.0)
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Supplementary Table 2: Details of PCR primers

Gene name

Gene

Amplicon Forward primer

symbol

size (bp)

Reverse primer

GenBank
accession
number

Glutathione peroxidase 1

GPX1

112

CATCGCTCTGAGGCACAACGGT

TGCCCAAACTGGTTGCAGGGGA NM_174076.3

Glutathione peroxidase 3

GPX3

76

CTAGCCACCCTCAAGTATGTTCG TCACATCGCCTTTCTCAAACAGT NM_174077.3

VCP-interacting membrane

VIMP

93

CTTACGCACGCTTTTCACAG

TATGCTGCCTTCAACCCTTG

NM_001046114.2

SELM

135

TTAATCGCCTGAAGGAGGTG

TTCGCTCCAGTTCCTCAAAG

NM_001163171.1

protein
Selenoprotein M
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Application of PCA to imaging datasets

7.1. Abstract
This chapter contains a summary of the Principal Component Analysis (PCA) conducted
in BILKO v3.3 on X-ray Fluorescence (XRF) generated elemental distribution maps of
bovine ovary sections. In the first instance the PCA was applied to sets of elemental
distribution maps (Cu, Br, Fe, Se, Zn) for individual ovaries and was then expanded to
arrays of bovine ovarian elemental distribution map ‘montages’. This analysis was
intended to determine the efficacy of montaging several elemental distribution maps in
ImageJ 1.46r and analysing them as if they were a whole. Observation of the PC loadings
tables in conjunction with the eigenimages suggested that the montage technique provided
no more insight into the nature of the data than simply observing the raw elemental
distribution maps for each of the elements Fe, Br and Zn (PCs 1 – 3). On one occasion
where the montaged structures were pre-selected on the grounds of structural similarity
(corpora lutea) the PC loadings table highlighted a colocalisation between Fe and Zn.
However, in this instance the resultant eigenimages were challenging to interpret. In most
cases it seemed that the pre-processing of the data (required to form the elemental
distribution map montages) removed a lot of the fine detail and thus important elemental
differences, such as those found in Se, were lost in the subsequent PCA. It is possible that
if a greater cohort of elements was included in the original analyses the application of
PCA would facilitate enhanced interpretation of the data.
7.2. Introduction
The function of the ovary is to produce and release oocytes to be fertilised, leading to the
production of offspring. 1 To date, the adult bovine ovary has been a popular experimental
model for elucidating mechanisms related to ovarian function in humans; this is due to the
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structural similarities between both species’ ovaries, and the fact that both species are
monovulatory. Follicles can be categorised according to their stage of growth with
primordial follicles potentially going on to form primary, preantral, and antral follicles
prior to ovulation. The dominant follicle continues its growth until the point of ovulation,
after which the remnants of the follicle wall transform into the corpus luteum. The vast
majority of ovarian follicles does not mature to ovulation, but rather undergoes
degeneration by an apoptotic process called atresia. 2 Synchrotron-based techniques, such
as X-ray fluorescence (XRF) imaging enable simultaneous quantitative analysis of the
multi-elemental composition of samples and have the potential to enhance our real-time
picture of ovarian function to the near-cellular level.3,4 XRF imaging was previously
employed to image multiple bovine ovarian sections, focusing on structures including:
antral follicles at different stages of growth or atresia; corpora lutea at Stages II-IV; and,
capillaries, arterioles and vessels. 5 This method identified: three key trace metals (iron
(Fe), zinc (Zn), and selenium (Se)) within the ovarian tissue which appeared to be
localised to specific structures; consistently high levels of bromine (Br) across all ovarian
sections; and, from a quantitative perspective, copper (Cu) was detected in 13% of the
imaged sections.
Many authors have employed principal component analysis (PCA) as a means of
accelerating the interpretation of their XRF imaging data.6-9 In these published studies
PCA has been applied to raw spectral data however it is possible to directly apply this
analytical tool to XRF generated images. This multivariate statistical method provides a
powerful tool for data analysis and pattern recognition which is often used in signal and
image processing as a technique for data compression or reduction of the dimensionality

174

Chapter 7

Application of PCA to imaging datasets

of the data.10 An XRF data set consisting of a series of elemental distribution maps may
contain: images which are highly correlated, which implies redundancy in the data as some
information is being repeated in different bands; and, some images which do not convey
any information.11 PCA defines the number of dimensions that are present in a data set and
the principal axes of variability, and generates principal component (PC) images th at
encompass this variability.
In this research we applied PCA to sets of elemental distribution images (Br, Cu, Fe,
Se and Zn) of bovine ovarian sections, acquired by XRF. In the first instance the PCA was
applied to elemental image stacks of a single section in order to explore the physical
significance of the PC loadings and resultant eigenimages. Following this, multiple
ovarian sections (up to 16) were montaged together and PCA was employed across these
combined sections. Comparison of the composite eigenimages showing PCs 1 – 3 in red,
green and blue, respectively, with the red, green, and blue (RGB) raw elemental
distribution maps of Fe, Zn and Br, suggested that in this instance PCA provided no
further insights into the data than the preliminary analyses did.
7.3. Methods
7.3.1.

Sample collection

Bovine ovaries (n = 45) were sourced from T&R Pastoral, Murray Bridge, SA as
previously described.12 Briefly, ovaries were collected from non-pregnant heifers and
collected in pairs into ice-cold Hank’s balanced salt solution (Sigma-Aldrich Pty Ltd,
Castle Hill, NSW, Australia) and stored on ice. Tissue areas for XRF imaging were
preselected on the grounds that they contained the most structural information and were
then frozen in in Tissue-Tek® OCT compound (ProSciTech Pty Ltd, Thuringowa, QLD,
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Australia) on dry ice and stored at -80oC until further sectioning.
7.3.2.

Tissue preparation for XRF imaging

Ovaries were sectioned at a thickness of 30 µm with an adjacent 6 µm section taken for
haematoxylin and eosin (H&E) histological staining, as previously described. 12 The H&E
stained sections were observed by light microscopy to identify such key structures as:
follicles at different stages of growth or atresia; corpora lutea; arterioles; capillaries; and,
vessels. Follicles were assessed as healthy or atretic based upon the morphology of the
membrana granulosa and the percentage of pyknotic nuclei, as previously described.13,14
Briefly, the follicle was deemed atretic if the percentage of apoptotic granulosa cells
exceeded 5%.
7.3.3.

Beamline operating conditions

The distribution of elements throughout selected 30 μm bovine ovarian sections was
mapped at the XFM beamline at the Australian Synchrotron, Clayton, VIC, Australia, as
previously described. 15
7.3.4.

Preparation of data and software employed for PCA

A freely available online image processing software package BILKO v3.3 was used for
conducting the PCA. For each ovarian section of interest the Br, Cu, Fe, Se, and Zn XRF
generated elemental distribution maps were converted to tag image file format (.tiff) files
in GeoPIXE v6.4g and then imported into BILKO v3.3. Here the images were overlaid to
form a single set, and the covariance and PC loadings matrices generated. In addition to
the aforementioned matrices, images corresponding to the five PCs were also generated,
herein referred to as eigenimages. The first three PCs (PC1-PC3) were overlaid to produce
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a three coloured RGB composite.
7.3.5.

Interpretation of results

For each PC band the eigenvalue was calculated, which represents the amount of the
original variance explained by each of the newly derived bands. Essentially the PCA
repartitioned the total variance among the new decorrelated PC bands. As the eigenvalues
for each PC band were derived from the covariance and PC loadings matrices, the
examples in the Results and discussion present both these tables. The percentage of the
variance accounted for by each PC was then calculated and is presented in tabulated form
in each example. The cumulative percentage variance was observed to gain an
understanding of how many PCs were necessary to explain most of the variance (say 85 –
90%) in the data set. Usually the first few eigenimages, which are associated with large
eigenvalues, will show a high contrast and a low noise level while the remaining ones will
convey less information. 11 In the case of our XRF derived data sets, the fourth and fifth
eigenimages were dominated by noise and had no physical significance, thereby
warranting exclusion from this chapter.
7.4. Results and discussion
7.4.1.

Application of PCA to individual sets of elemental distribution maps

Example 1
In order to test the capabilities of BILKO v3.3 within our unique data set, initial PC
analyses were run on three ovarian sections of interest. The first section, presented as a
RGB colour composite at Figure 1, contained four antral follicles and a well regressed
corpus luteum. The three colour bars underneath the image indicate that it is composed of
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three eigenimages, each displayed through a different colour channel. The covariance
matrix, PC loadings for the covariance matrix, and cumulative percentage variance
accounted for by each PC are presented in Tables 1-3, respectively.
Table 1: Covariance matrix of Maia number 36180 11/R104
Band 1

Band 2

Band 3

Band 4

Band 5

Br

153.94

-8.83

24.97

-16.76

38.59

Cu

-8.83

71.12

-23.55

3.29

5.08

Fe

24.97

-23.55

13008.71

-10.63

30.87

Se

-16.76

3.29

-10.63

53.19

-1.59

Zn

38.59

5.08

30.87

-1.59

126.32

Table 2: PC loadings for covariance matrix of Maia 36180 11/R104
PC1

PC2

PC3

PC4

PC5

Br

0.002

0.821

-0.506

0.197

0.177

Cu

-0.002

-0.042

0.282

0.957

-0.063

Fe

1.000

-0.003

0.000

0.002

0.001

Se

-0.001

-0.114

0.162

0.012

0.980

Zn

0.002

0.558

0.799

-0.215

-0.065

Table 3: Cumulative percentage variance
accounted for by each PC
Component

Cumulative variance (%)

PC1

92.05

PC2

93.37

PC3

99.14

PC4

99.64

PC5

100.00
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Figure 1: Composite image depicting PC1 (red), PC2 (green), PC3 (blue). * represents early atretic antral
follicles,  represents old corpus luteum,  represents regressing follicle, v represents vasculature. Scale bar:
300 µm

Consideration of the values in Table 2 suggested that PC1 consisted entirely of the Fe
data, while Br and Zn loaded onto PC2, and Zn (uncorrelated with the data in PC2) loaded
onto PC3. These values viewed in conjunction with the composite image at Figure 1
showed that PC1 consisted almost entirely of the regressed corpus luteum, in addition to
some vasculature at the bottom left hand side of the section. PC2 was predominant in the
granulosa and thecal cell region of the regressing follicle (as opposed to the other three
early atretic follicles) but interestingly was quite pronounced across all bubble artefacts
within the section. This suggests that the Br and Zn species captured by this data were
water soluble and more labile than other elements, thereby providing little insight into the
structures these elements may have been associated with in vivo. The Zn of PC3 however
was localised to the granulosa and thecal cell layers of the three early atretic follicles, and
was detected in the majority of capillaries. Although the PCs in this instance can be
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related to the data and hold some actual structural significance it should be pointed out
that this analysis was no more insightful than simply observing the XRF generated
elemental distribution maps as was done previously. 5 In addition, Alfeld and colleagues
caution that PCA does not always yield physically meaningful representations as it often
contains negative values.16 This limitation can be overcome, by employing factor analysis
that is restricted to non-negativity, or in the case of this research, by simply regarding the
magnitude of the resultant PC loadings.
Example 2
In the next example a section containing only follicles at different stages of growth or
atresia was analysed with the hope that PCA may pick up subtle nuances within the
follicular structures; in the previous example it was clear that the variance in the well
regressed corpus luteum and capillaries, in addition the high number of bubble artefacts,
predominated in the RGB composite image. Unfortunately the formation of bubbles could
not always be avoided and predominantly arose during the original transfer of the ovarian
section onto the Ultralene thin film, or formed during the overnight desiccator drying
under vacuum phase (methods described in detail in Chapters 3 – 6). The covariance
matrix, PC loadings for the covariance matrix, and cumulative percentage variance
accounted for by each PC are presented in Tables 4-6, respectively.
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Table 4: Covariance matrix of Maia number 36198 11/R98
Band 1

Band 2

Band 3

Band 4

Band 5

Br

139.01

-9.79

23.92

-11.83

42.59

Cu

-9.79

66.26

33.09

8.81

-3.82

Fe

23.92

33.09

1694.37

12.87

64.68

Se

-11.83

8.81

12.87

27.35

0.66

Zn

42.59

-3.82

64.68

0.66

341.05

Table 5: PC loadings for covariance matrix of Maia 36198 11/R98
PC1

PC2

PC3

PC4

PC5

Br

0.016

0.197

0.962

0.167

0.092

Cu

0.020

-0.026

-0.147

0.972

-0.183

Fe

0.999

-0.050

-0.002

-0.023

-0.005

Se

0.008

-0.008

-0.121

0.165

0.979

Zn

0.048

0.979

-0.199

-0.007

-0.016

Table 6: Cumulative percentage variance
accounted for by each PC
Component

Cumulative variance (%)

PC1

75.08

PC2

90.33

PC3

96.08

PC4

98.96

PC5

100.00
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Similar to the first example, observation of the bold values in Table 5 suggests that
PC1 was most heavily loaded onto by the Fe data. In this section Zn was almost the sole
contributor to PC2, and Br to PC3. An interesting comparison can be made between the
values in Tables 3 and 6, and in particular between the percentage variance accounted for
by PC1 in each of these examples. For example one, the percentage variance accounted for
by PC1 was an extremely high 92% whereas in this current example it was a more modest
75%. To investigate whether this had any relevance to the actual data and the structures
contained within the section, the RGB composite map was generated (Figure 2).

Figure 2: Composite image depicting PC1 (red), PC2 (green), PC3 (blue). * represents healthy antral follicles, 
represents regressing follicle. Scale bar: 350 µm
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Although this section contained undesirable artefacts in the form of PC3 loaded
bubbles and a PC1 intense (implying high Fe) piece of hair (bottom left hand corner of the
section) it is obvious that the distinct localisations of Fe, Zn, and Br were captured around
the follicle walls. More specifically each of the healthy antral follicles appeared to be
dominated by PC2 (green) which was contributed to by Zn. In most cases these follicles
were Zn rich within the granulosa and thecal cell layers but had some pockets of Fe
intensity in what appeared to be the adjacent stromal tissue. Contrasting the healthy
follicles with the regressing follicle, the most striking difference was the PC2 dominated
centre of this follicle, surrounded by PC3 (Br) variance. Two other intense PC3 regions
were seen in the section (not marked in the legend) and these were retrospectively
classified as regressed follicles.
Example 3
The third and final example examined a section dominated by arterioles and capillaries.
Application of PCA to every section containing follicles showed a general trend; that
being that Fe most heavily loaded onto PC1, followed by either of Zn or Br. In no case did
the variance accounted for by the Se data appear anywhere higher than PC5. Based on
previous statistical analyses it was actually the Se data which most strongly differentiated
large follicles from follicles of all other sizes, so it is perhaps disconcerting to note that
had PCA been the only choice of analytical tool, this subtle nuance would have been
overlooked. The covariance matrix, PC loadings for the covariance matrix, and cumulative
percentage variance accounted for by each PC are presented in Tables 7-9, respectively.
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Table 7: Covariance matrix of Maia number 36222 11/R99b fine
Band 1

Band 2

Band 3

Band 4

Band 5

Br

21.72

-0.19

37.69

-1.40

23.53

Cu

-0.19

26.74

15.31

5.04

3.14

Fe

37.69

15.31

3087.04

-2.52

98.83

Se

-1.40

5.04

-2.52

8.37

1.30

Zn

23.53

3.14

98.83

1.30

112.43

Table 8: PC loadings for covariance matrix of Maia 36222 11/R99b fine
PC1

PC2

PC3

PC4

PC5

Br

0.013

0.232

-0.117

0.955

0.145

Cu

0.005

0.029

0.960

0.146

-0.237

Fe

0.999

-0.035

-0.003

-0.005

0.001

Se

-0.001

0.011

0.254

-0.117

0.960

Zn

0.033

0.972

-0.004

-0.231

-0.038

Table 9: Cumulative percentage variance
accounted for by each PC
Component

Cumulative variance (%)

PC1

95.23

PC2

98.75

PC3

99.30

PC4

99.79

PC5

100.00

Despite focusing on a completely different ovarian structure it can be seen that the PC
loadings presented in Table 8 showed little variation from the results of the previous two
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examples. In the absence of follicles, PC1 (still dominated by Fe) was localised to the
tissue surrounding vasculature and contained within arterioles. PC2 (dominated by Zn)
was most prevalent in the smooth muscle walls of the arterioles and in capillaries, and in
this particular section the Br did not appear localised to any specific structures but merely
looked like a background element, homogenously expressed where the other elements
were not, and loading almost entirely onto PC3 (Figure 3).

Figure 3: Composite image depicting PC1 (red), PC2 (green), PC3 (blue). * represents arterioles, ∆ represents
broken arteriole, v represents vasculature. Scale bar: 200 µm
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Application of PCA to imaging datasets
Application of PCA to a montaged set of elemental distribution maps

In order to develop the PCA, we experimented with the ‘montaging’ of multiple XRF
generated elemental distribution maps in ImageJ 1.46r (National Institute of Health, USA)
and then employed the same analytical technique in BILKO v3.3 as was described in
Section 7.3.3. Sixteen previously imaged ovarian sections were selected for montaging in
ImageJ 1.46r. For each section the XRF generated elemental distribution maps were
compiled for Br, Cu, Fe, Se, and Zn and compiled as a 4 x 4 montage. Figures 4 – 8 depict
these raw elemental montages below.

Figure 4: 4x4 XRF generated Br elemental distribution maps depicting a range of follicles
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Figure 5: 4x4 XRF generated Cu elemental distribution maps depicting a range of follicles

Figure 6: 4x4 XRF generated Fe elemental distribution maps depicting a range of follicles
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Figure 7: 4x4 XRF generated Se elemental distribution maps depicting a range of follicles

Figure 8: 4x4 XRF generated Zn elemental distribution maps depicting a range of follicles
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It can be seen in the preceding maps that the pre-processing required to bring these
ovarian sections together as equally sized distribution maps resulted in a loss of detail but
ultimately still provided sufficient resolution to enable key structures to be distinguished.
Similar to the results of Section 7.4.1., Tables 10 – 12 depict the covariance matrix, PC
loadings for the covariance matrix, and cumulative percentage variance accounted for by
each PC. The important distinction to be made for this PCA is that the analysis was being
applied across 16 sections simultaneously and was undertaken to ascertain whether or not
this was a more efficient method for analysing large sets of data.
Table 10: Covariance matrix of Maia numbers 42396-42404, 42407-42413
Band 1

Band 2

Band 3

Band 4

Band 5

Br

98.06

3.97

246.20

-7.83

50.91

Cu

3.97

69.23

-85.08

-2.58

6.44

Fe

246.20

-85.08

34481.20

-51.89

334.82

Se

-7.83

-2.58

-51.89

43.38

-16.54

Zn

50.91

6.44

334.82

-16.54

269.74

Table 11: PC loadings for covariance matrix of Maia numbers 4239642404, 42407-42413
PC1

PC2

PC3

PC4

PC5

Br

0.007

0.257

0.945

-0.183

0.085

Cu

-0.003

0.040

0.173

0.982

0.071

Fe

1.000

-0.011

-0.004

0.004

0.001

Se

-0.002

-0.074

-0.080

-0.054

0.993

Zn

0.010

0.963

-0.265

0.004

0.050
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Table 12: Cumulative percentage
variance accounted for by each PC
Component

Cumulative variance (%)

PC1

97.99

PC2

98.79

PC3

99.69

PC4

99.88

PC5

100.00

Surprisingly the PC loadings in Table 11 suggested that this analysis did not render
values that different from the values obtained in Examples 1-3. In an attempt to elucidate
what PC1 – PC3 may have actually been representing (in raw data terms) the eigenimages
for each of these three bands was generated and is presented in Figures 9 – 11. As
suggested by the PC loadings, the PC1 eigenimage most strongly resembled the raw
elemental distribution montage for Fe, PC2 looked remarkably like that of the raw
elemental montage for Zn, and finally PC3 resembled the original Br montage.
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Figure 9: PC1 eigenimage which strongly resembles Fe elemental distribution maps

Figure 10: PC2 eigenimage which strongly resembles XRF Zn elemental distribution maps
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Figure 11: PC3 eigenimage which strongly resembles XRF Br elemental distribution maps

An alternative depiction of the above eigenimages, a RGB composite map of PCs 1 –
3, was generated and is shown at Figure 12.
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Figure 12: Composite image showing PC1 (red), PC2 (green) and PC3 (blue).

The above montage highlighted how the many subtleties in the original elemental
distribution maps had been lost. Specifically there were only two sections (a and o) which
contained the remnants of the Fe distribution map. In a, a small pocket of vasculature is
highlighted in the bottom left hand corner of the image and in o a significant blood clot is
the only other Fe rich feature to be apparent in PC1. With regard to PCs 2 and 3 , which
were loaded onto by Zn and Br respectively, PC2 generally correlated to any area where
there was tissue, while PC3 occasionally represented tissue, bubble artefacts, and in many
cases (a, b, c, f, k, and p), little more than tissue free regions. Compared with the XRF
generated three element RGB distribution map below (Figure 13) it can be seen that very
little insight was gained by performing PCA on a large montage of ovarian sections. Based
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on the similarities between Figures 12 and 13 one could conclude that a significant amount
of information was lost in the pre-processing required to form the original montage. Thus,
one would not expect to harness a great amount of insight when subtle structures and the
ability to differentiate between granulosa and thecal layers relative to the stromal tissue,
have been already lost.

Figure 13: Composite image showing raw Fe (red), Zn (green) and Br (blue) elemental distribution maps thereby
highlighting that in this instance PCA has provided no additional insights into the data.

7.4.3.

Application of PCA to a montaged set of elemental distribution maps pre selected
on the grounds of structural similarities in the tissue

Based on the disappointing findings of Section 7.4.2., a final attempt was made to analyse
montaged data using PCA but this time by carefully pre-selecting tissue on the grounds of

194

Chapter 7

Application of PCA to imaging datasets

structural similarities. More specifically, one of the most recognisable ovarian structures
throughout all the XRF imaging was the corpus luteum owing to its high iron levels
relative to all other structures.
The prevalence of some unusual elements in the corpora lutea data (manganese (Mn),
cobalt (Co) and occasionally chromium (Cr)) suggested that performing PCA with a
higher number of elements could produce some new insights into the data. Unfortunately
the resultant PCs failed to even vaguely resemble the structures that were seen in the
original elemental distribution maps, and so the analysis was repeated for the standard five
elements (Br, Cu, Fe, Se, Zn). The XRF generated raw elemental distribution map
montages (3 x 4) for each of these elements can be found Supplementary material 7A. The
covariance matrix, PC loadings for the covariance matrix, and cumulative percentage
variance accounted for by each PC are presented below (Tables 13 – 15). Interestingly the
differences between the PC1 and PC2 eigenimages (Figures 18 and 19) were barely
discernible in this instance and both greatly resembled the raw Fe elemental distribution
map.

Table 13: Covariance matrix of corpora lutea data set
Band 1

Band 2

Band 3

Band 4

Band 5

Br

77.06

-6.59

118.38

-9.34

-82.76

Cu

-6.59

49.60

21.16

8.43

-228.40

Fe

118.38

21.16

6436.22

1.76

-649.18

Se

-9.34

8.43

1.76

39.40

-179.28

Zn

-82.76

-228.40

-649.18

-179.28

6290.53
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Table 14: PC loadings for covariance matrix of corpora lutea data sets
PC1

PC2

PC3

PC4

PC5

Br

0.021

0.003

0.937

0.216

0.273

Cu

0.024

-0.027

-0.246

0.965

0.079

Fe

0.742

0.670

-0.017

-0.004

-0.002

Se

0.017

-0.023

-0.246

-0.142

0.958

Zn

-0.669

0.741

-0.006

0.034

0.034

Table 15: Cumulative percentage
variance accounted for by each PC
Component

Cumulative variance (%)

PC1

54.51

PC2

98.96

PC3

99.49

PC4

99.79

PC5

100.00
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Figure 14: PC1 eigenimage which strongly resembles Fe elemental distribution map

Figure 15: PC2 eigenimage which strongly resembles PC1
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Figure 16: PC3 eigenimage resembling a combination of the raw Br and Zn elemental distribution maps

In this instance the RGB composite image of PCs 1 – 3 was much harder to interpret
with regard to the raw data (Figure 21). Firstly, the prevalence of a yellow colour
corresponded to areas where PC1 and PC2 were highly correlated. Fe significantly loaded
onto both PCs 1 and 2, and in the case of PC2 was highly correlated with Zn. The
perceived overlap of the first two components, when in fact the first two components were
uncorrelated, suggested that a lot of information was lost in the pre-processing and
compression of the data into the original montage form.
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Figure 17: Composite image showing PC1 (red), PC2 (green) and PC3 (blue).

In the above montage the original corpora lutea can only be made out in 5 of the 12
sections (e, h, i, j and, l) with bubble artefacts strongly featured in a and j. The only other
discernible structures appeared in d where a couple of arterioles and a vessel are
surrounded by a green-yellow border. This composite image was contrasted with the XRF
generated three element RGB distribution map below (Figure 18) which suggested that in
this instance PCA had diminished the relevance of the data to a point where the resultant
eigenimages allowed no meaningful interpretation.
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Figure 18: Composite image showing raw Fe (red), Zn (green) and Br (blue) elemental distribution maps thereby
highlighting that in this instance, regions of Fe and Zn overlapped.

7.4.4.

Additional examples, summary, and critique of the PCA

In addition to the previous examples, a PCA of the arterioles, vessels and capillaries was
conducted which included more extensive pre-processing of the elemental distribution
map montages in ImageJ 1.46r. More specifically outliers were removed between adjacent
pixels if their brightness differed by 50 spectral units. Following this the “enhance
contrast” function was applied. The resultant images, and suggested elemental
relationships from the PC loadings table were interesting but the validity questionable
owing to the large amount of pre-processing of the data. Thus the results were not
presented in this chapter.
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Throughout the course of these analyses PC1 was almost always loaded entirely upon
by Fe and thus the resulting PC1 eigenimages looked like poorly resolved versions of the
raw Fe elemental distribution maps. In all cases, PC2 was due predominantly to Br or Zn
or some combination of these two key elements. This led to either the Br or Zn bands
loading heavily onto PC3. In most cases PC5, which accounted for the least variance in the
data set, was most heavily contributed to by Se. It was interesting to note that in a 4 x 4
analysis of predominantly arterioles, vessels and capillaries (Supplementary material 7B),
PC3 was heavily loaded onto by Se and thus the eigenimage of this PC highlighted the Se
that was observed in one of the 16 ovarian sections. The cumulative percentage variance
tables showed that in all cases almost the entire variance (minimum 90%) was explained
using the first two PCs. Thus, the examples presented in this chapter confirmed that PCA
can be a useful method of data compression, concentrating most of the information in the
original five bands into the first two or three PCs .
From a qualitative perspective, the only potentially insightful discovery occurred
when examining the corpora lutea PCA. The PC loadings matrix in this instance revealed
the standard heavy loading of Band 3 (Fe) onto the first PC, but interestingly showed a
second loading of Fe combined with Zn in the second PC. This insight was probably
assisted by the careful pre-selection of all corpus luteum containing sections prior to
montaging. No further meaning could be derived from the resultant eigenimages however,
and the PC composite image compared the RGB three element distribution map suggested
a significant amount of data was lost at the ImageJ 1.46r pre-processing stage.
It is possible that with a relatively small initial set of elements, PCA was unlikely to
provide any greater insight than had already been acquired through creating RGB three
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elemental distribution maps in GeoPIXE v6.4g. Although the inclusion of Mn and Co to
the corpora lutea analysis was not particularly fruitful it is possible that if the biological
tissue had had a greater number of significant elements originally (perhaps 10 or more)
then the ability to compress the 10 or more elemental distribution maps into a PC colour
composite would be of great benefit to condensing and interpreting the data.
Finally, the possibility of performing PCA across carefully selected subsections within
the XRF imaged sections should be considered as it was seen that careful pre-selection of
similar structures elucidated some elemental colocalisations.
7.5. Conclusions
The application of PCA to XRF generated elemental distribution maps ultimately showed
that the pre-processing of raw images, required to generate the elemental distribution map
montages, caused a significant loss in data. Similarly, the greater the number of sections
montaged together, the less insight was acquired with the PCA. More specifically, PCA
applied across the five elements Br, Cu, Fe, Se, and Zn, irrespective of whether it was a
single section or 16 montaged sections, occasionally gave an indication of elemental
colocalisations by way of the PC loadings matrix, but the resultant eigenimages gave no
more information than simply combining the original elemental distribution maps for Fe,
Zn and Br. In the case where elements like Se play a significant role in differentiating
between structures, the application of PCA alone would be problematic as these subtle
nuances would be overlooked.
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Supplementary material 7A
Figures 19 - 23 show the XRF generated raw elemental distribution maps of the montaged
corpora lutea analysed in Section 7.4.3.

Figure 19: 3x4 XRF generated Br elemental distribution maps depicting a range of corpora lutea
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Figure 20: 3x4 XRF generated Cu elemental distribution maps depicting a range of corpora lutea

Figure 21: 3x4 XRF generated Fe elemental distribution maps depicting a range of corpora lutea
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Figure 22: 3x4 XRF generated Se elemental distribution maps depicting a range of corpora lutea

Figure 23: 3x4 XRF generated Zn elemental distribution maps depicting a range of corpora lutea
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Supplementary material 7B
Application of PCA to a 4 x 4 montage of ovarian sections pre-selected on the grounds
they contained arterioles, capillaries and/or vessels resulted in the covariance and PC
loadings matrices presented below (Tables 16 and 17).

Table 16: Covariance matrix of 4 x 4 arterioles, capillaries and
vessels
Band 1

Band 2

Band 3

Band 4

Band 5

Br

81.38

-1.77

126.87

5.63

-82.94

Cu

-1.77

66.16

-632.81

14.49

-260.63

Fe

126.87

-632.81

51622.35

-56.68

-1122.98

Se

5.63

14.49

-56.68

225.08

-177.08

Zn

-82.94

-260.63

-1122.98

-177.08

6636.65

Table 17: PC loadings for covariance matrix of 4 x 4 arterioles,
capillaries and vessels
PC1

PC2

PC3

PC4

PC5

Br

0.003

-0.012

0.024

0.994

0.109

Cu

-0.012

-0.042

0.035

-0.110

0.992

Fe

1.000

0.024

0.002

-0.004

0.013

Se

-0.001

-0.028

0.999

-0.021

-0.038

Zn

-0.025

0.998

0.030

0.007

0.042
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8.1. Conclusion
8.1.1.

Significance of the work

The predominant focus of this thesis was to investigate the distribution, speciation, and
potential role of trace metals in bovine ovarian function through the use of XAS and XRF
imaging.
It was envisaged that Cu would play an important role in reproductive biology and initial
experimentation focused on the chemical form contained within food and water samples
owing to its potentially deleterious effect on fertility which has been well documented in
males.1,2 XANES was used to determine the chemical forms of Cu in a range of foods that
would make significant contributions to total Cu intake in a standard diet and analysis of the
Cu K-edge XANES spectra suggested that this trace metal existed in both Cu(I) and Cu(II)
forms (Chapter 2). This research proposed that the absorption of dietary Cu could vary
markedly dependent on the types of food consumed and the different bioavailability of the Cu
species they contain. Despite these novel results, subsequent experimentation focusing on the
ovaries revealed Cu levels not exceeding background concentrations and thus the focus was
shifted away from this element.
Conversely, early XRF imaging of bovine ovaries revealed consistently high levels of Br
across all tissues analysed. Although Br was not a trace element we had intended to
investigate, it seemed remiss to ignore this finding and thus an experiment was devised to
determine the quantity and more importantly the chemical form of Br in a range of
mammalian tissues and biological fluids (Chapter 3). More specifically ICP-MS and XRF
imaging were used to show significant levels of Br in bovine ovarian tissue samples, follicular
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fluid and serum, as well as human whole blood and serum. XAS was used to identify the
chemical form of Br in a range of mammalian tissue (bovine, ovine, porcine and murine),
whole blood and serum samples (bovine, ovine, porcine, murine and human), and marine
samples in an attempt to elucidate a potential role in these species. In the latter stages of the
manuscript preparation an article appeared in print which showed that Br should be added to
the list of essential elements owing to its crucial role in the formation of collagen IV
scaffolds.3 Our analyses, which included statistical comparison of the near-edge region of the
X-ray absorption spectra with a library of Br standards, led to the conclusion that the major
form of Br in all samples analysed was bromide and thus we found no evidence that Br was
carrying out a specific biological function in these samples.
Chapters 4 and 5 focused on XRF imaging of bovine ovarian tissue and aimed to
qualitatively (Chapter 4) and quantitatively (Chapter 5) summarise the findings of two
significant XRF imaging experiments. In the first instance XRF imaging identified three key
trace metals (Fe, Zn and Se) which appeared to be localised to specific ovarian structures:
antral follicles at different stages of growth or atresia; corpora lutea at three stages of
development (II-IV); and, capillaries, arterioles and other blood vessels. Comparison with
adjacent H&E stains enabled these distinct elemental trends to be described and further
probing of regions of interest was carried out to describe the colocalisation of Fe and Zn.
Although this work was innovative in the sense it is the first time mammalian ovaries have
been imaged using XRF, we were eager to move beyond an observational type study and so
conducted quantitative analysis in the subsequent chapter (Chapter 5).
The focus of Chapter 5 was shifted from gross ovarian sections to a single structure,
namely follicles. Rather than describing elemental trends in general terms, careful
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classification of these follicles according to their size and health status enabled average
elemental concentrations to be extracted for each follicle type. The application of basic
statistics (ANOVA and post hoc t-testing) followed by principal component analysis enabled
conclusions about the trace metal content of the different follicle types to be drawn. More
specifically, statistical analysis suggested that significant elemental differences were evident
between follicle groups sorted according to their health status (Fe and Br), and their size (Se).
Se appeared to be the element which most greatly distinguished large antral follicles from
smaller counterparts.
Owing to the distinct and comparatively rare occurrence of ‘rings’ of Se surrounding
what appeared to be the largest antral follicle in many ovarian sections, alternative
biologically-based techniques (RT-PCR, immunohistochemical staining, and Western
immunoblotting) were conducted to identify the selenoprotein(s) present in a range of bovine
ovarian follicles (Chapter 6). We concluded that Se was consistently localised to the granulosa
cell layer of large (> 10 mm) healthy follicles. RT-PCR of selenoprotein genes GPx1, GPx3,
VIMP and SELM in granulosa cells revealed that GPx1 was significantly up regulated in large
healthy follicles compared to the small healthy or atretic follicles. Western immunoblotting
identified GPx1 protein in the granulosa cells of large healthy follicles, but not of small
healthy follicles. Additionally, immunohistochemical staining confirmed that VIMP was also
present within the granulosa and thecal regions of most healthy follicles tested, irrespective of
their size. Based on these findings it was concluded that Se and selenoproteins are present in
large healthy follicles and may play a critical role as an antioxidant during late follicular
development.
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Finally, image-based PCA, a powerful technique for pattern recognition and data
compression,4 was conducted across a range of bovine ovarian elemental distribution maps to
ultimately compress the data into three-coloured components or eigenimages (Chapter 7). In
the first instance the PCA was applied to sets of elemental distribution maps (Cu, Br, Fe, Se,
Zn) for individual ovaries and was then expanded to arrays of bovine ovarian elemental
distribution map ‘montages’. The analysis was intended to determine the efficacy of
montaging several elemental distribution maps and analysing them as if they were a whole.
Observation of the PC loadings tables in conjunction with the resultant eigenimages suggested
that the montage technique provided no more insight into the nature of the data than simply
observing the raw elemental distribution maps for each of the elements Fe, Br, and Zn.
8.1.2.

Contribution to the discipline

Although the specific findings of each chapter and contributions to the field are outlined
above, in general terms this research has used a combination of XAS and XRF imaging
techniques to address a variety of questions not previously addressed by any other research
team. In Chapter 2, XAS was used to distinguish the chemical form of Cu in a range of foods
which could have important implications for ascertaining its bioavailability and potential
toxicity for members of the population with inborn errors of Cu metabolism. Chapter 3
quantified and explored the speciation of Br in a range of mammalian tissues and fluids for the
first time, and aimed to add to the rapidly evolving debate of whether or not this element is
essential for mammalian life. The work of Chapters 3 – 7 aimed to address the significant gap
with regard to the role that trace elements play in female reproductive function with the organ
of choice being a bovine ovary. The fact that both the bovine species are monovulatory, in
addition to structural similarities between both species’ organs, made this an appropriate
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choice for the work. Given that this is the first time a mammalian ovary has been probed via
synchrotron based XRF imaging, resulting in images that define specific localisations and
colocalisations of biologically important elements, the contribution is evident. Our decision to
move beyond a purely observational based study by quantifying the trace elements,
conducting a suite of statistical analyses with the most significant one being PCA, and using a
suite of biological techniques to identify the predominant species imaged as GPx1, has shown
how powerful synchrotron based techniques can be as a catalyst to unlocking the previously
unrecognised importance of trace elements to bovine ovarian function.
8.1.3.

Problems encountered

The first issue that arose was in developing a sample collection, sectioning, and mounting
technique for the bovine ovaries which minimised incidental contact with any metallic
substances and simultaneously minimised the chance of trace metal migration through the
tissue. The optimum technique has been described extensively in the materials and methods
sections of Chapters 3 – 6. The ability to create Br model compounds which mimicked the
form of Br likely to be encountered in vivo was a challenge that was dealt with in Chapter 3
and owing to the relatively poor final fit of the bromide spectrum to the experimentally
obtained spectra, was not completely overcome. Both Chapters 5 and 7, which presented
quantitative analysis of XRF derived data, discuss a plethora of challenges when it comes to
ascertaining the validity of the extracted average elemental concentrations. A critique of the
process was presented in Chapter 5 and addressed such issues as the follicle measurement
technique changing halfway through experimentation leading to potential overlap between
size classified groups, the fact that two types of scans were collected at the beamline (coarse
and fine) which could ultimately lead to different average concentration estimates, and the
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selection of the follicular regions of interest being somewhat subjective as it was guided by an
adjacent H&E stain. It is hoped that by addressing all of these shortcomings, future XRF
imaging of bovine or other mammalian tissue will be conducted with greater awareness and
precision. Finally, Chapter 7 and the innovative application of montaged based PCA to sets of
elemental distribution maps did not yield any insightful results. This was more than likely due
to excessive preprocessing of the raw images which should be avoided in future image-based
multivariate statistical analyses.
Despite these challenges, this research made significant progress in elucidating the trace
element content of bovine ovaries using predominantly XAS and XRF imaging. Key
conclusions regarding the identity and potential role of the Se species, as well as the chemical
form of Br were made.
8.2. Future directions
8.2.1.

Application of XRF imaging to study pathological disorders in the ovary

The findings of this research, as well as the challenges brought about by quantitatively
analysing the XRF derived data lends itself to two future directions. First and foremost this
research has endeavoured to move synchrotron generated data into an area where quantitative
analyses can be conducted and conclusions can be drawn, as opposed to the more prevalent
observational type studies frequently presented in the literature. In the first instance, basic
statistical tests were applied to extracted elemental concentration estimates and conclusions
drawn about the localisation of these elements to specific structures within bovine ovaries.
The ability to elucidate the in situ accumulation of these trace elements could be used as a
starting point for identifying the chemical forms of the species present, identifying the
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biological roles of the proteins present, and somewhat more importantly, determining whether
there are differences in the expression of specific proteins in tissues in different states of
health. The application of XRF imaging to ovaries in different states of health would lend
itself not so much to a diagnosis of disease, but could be a means of ascertaining the
biochemical mechanisms which have led to the ill health in the first place. Ultimately, the
ability to distinguish between healthy versus diseased tissue types, based on their relative
levels of trace element expression (either excessive or deficient bioaccumulation), could
improve our current understanding of infertility and endocrine diseases involving the ovary.
8.2.2.

Application of alternative multivariate statistical analysis techniques

The final results chapter of this research (Chapter 7) used PCA as a means of comparing XRF
images and unfortunately found that in this instance this multivariate statistical technique was
no more insightful than simply overlaying the raw elemental distribution maps. This is not to
say that future work with perhaps a larger suite of initial elements or less preprocessing, and
which employed any one of principal component regression, K-means clustering, or nonnegative matrix factorisation,5 would not yield important insights into the data. The ultimate
desire would be for a form of modelling to be achieved through one of these techniques which
initially could be used to distinguish between different ovarian structures, but in the future
could differentiate between different states of health, assuming the trace elemental
concentrations differed to a statistically significant level as was seen in this study.
8.2.3.

Necessity for further studies

In addition to the quantitative developments and the possibility of modeling ovarian tissue
based on synchrotron imaging, an important future direction with clinical significance stems
from our Se findings within the large healthy antral follicles (Chapter 6). As previously
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discussed, gene expression analysis and Western immunoblotting techniques identified GPx1
as a potentially crucial selenoprotein in the proliferation of healthy follicles. GPx1 is a
selenoprotein that is known to be heavily influenced by dietary Se intake6 and thus it seems
logical that in cases of anovulation or unexplained infertility it could be helpful to assess the
Se status of the women concerned. Our findings could be used to guide epidemiological
studies into dietary intake of Se, GPx1 expression in vivo, and the incidence of ovulation
disorders, thereby building on the limited body of knowledge in this area. To date only one
study has observed a correlation between ovarian diseases (PCOS) and depressed plasma Se
levels.7 Perhaps the most effective way to test the hypotheses that ovarian disorders could to
some extent be ameliorated by Se supplementation, or that fertility outcomes could be
improved by dietary intake of this element, would be to develop a clinical trial which
administered Se supplements and placebos to a carefully selected cohort of women.
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