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Abstract

Introduction: There is limited information on the role of selenium in MSK ageing and
function. The overall aim of this PhD thesis was to elucidate the role of selenium in
human MSK ageing using different study designs.

Methods: The Newcastle 85+ Study was used to assess biomarkers of selenium status
(serum selenium, GPx3 activity, SePP) in 757 participants. The associations between
these biomarkers and MSK function, and its rate of change up to 5 years was assessed
using linear correlations and linear mixed models. The PRECISE Study was used to
explore the effects of long-term selenium supplementation on bone turnover markers
(BTMs) (OC, PINP, CTX, BALP) measured in non-fasted samples at baseline, 6 months and
5 years. Data were analysed using ANCOVA to investigate the shape of the dose-
response relationships.

Results: In The Newcastle 85+ Study 82 %, 30 % and 83 % of the population had
suboptimal selenium status when using selected cut-offs for serum selenium, GPx3
activity and SePP respectively. Low (tertile 1) and medium (tertile 2) selenium
concentrations, compared to high (tertile 3) were associated with a greater rate of
change in TUG performance, and severe sarcopenia respectively, and low (tertile 1) SePP
concentrations, compared to high (tertile 3) were associated with a higher prevalence of
disability. In The PRECISE Study, using a 70 pg/L selenium cut-off, 12 % of participants
were classified as having suboptimal selenium concentrations. Plasma selenium
concentrations increased in a dose-dependent manner with selenium supplementation
after 6 months and remained elevated at 5 years. There was no significant effect of
selenium supplementation on any of the BTMs.

Discussion: This PhD thesis shows that that while very old adults have suboptimal
selenium status which may be associated with muscle health, there was no impact of

selenium supplementation on BTMs.

Vi
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ug/L and GPx3 activity y=149+0.25*x R?: 0.006, P = 0.283 C) Serum selenium < 70 pg/L
and SePP y=0.91+0.04*x R2: 0.168, P < 0.001; D) Serum selenium > 70 pg/L and SePP
y=2.82+0.02*x R%: 0.029, P = 0.253.
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Chapter 1. General Introduction

1.1 Introduction

This literature review will focus on musculoskeletal (MSK) function in older adults. Topics
will include definitions, measurements, aetiology and nutritional factors that play a
preventative role in MSK disease. The nutritional focus of the literature review will be on the
trace element, selenium (Se). Selenium has the potential to play an important role in MSK
function through its role as an antioxidant; this will be expanded on further within this
chapter. The chapter will conclude by summarising the gaps in the current literature and

outlining the hypotheses and aims of this PhD thesis.

1.2 MSK Ageing and Function
Ageing Populations

An increasing proportion of the global population are adults aged 80 years and above (Age
UK, 2019). This section of the population is the fastest growing and is expected to increase
more than threefold between 2017 and 2050 (United Nations, 2017) to comprise 5 % of the
world’s population (United Nations, 2012). Within the UK, the proportion of very old adults,
defined as adults aged 85 years and over, is projected to increase from 1024 K in 2018 to
3278 K by 2050 (ONS, 2022b) and to comprise 4.3 % of the UK’s population by 2045 (ONS,
2022a). Despite this increase in life expectancy, older populations are not necessarily living
in optimal health (Murray et al., 2015). This is due to the increased risk of disease, disability
and illness leading to increased social care and health care costs (CRPD 2006-2015). Data
from the English Longitudinal Study of Ageing (ELSA) (Steptoe et al., 2013), a representative
survey of 12 K community-dwelling participants, and the Clinical Practice Research Datalink
(CPRD), a database of GP records, found that adults aged 75 and over with long-term
conditions are on the rise. For example, of those aged 85, only 14 % reported having no
long-term conditions (CRPD 2006-2015; ELSA, 2018). Up until the age of 85, the limitations
to activities of daily living (ADL), consisting of, but not limited to, eating, food prepping,

walking, washing, are less common, affecting around 10 % of adults aged 65-69 years;



however, approximately 40 % of adults aged 85 years and above report requiring help with

ADLs, suggesting a moderate decline in daily function and independence (Raymond, 2021).

Diseases affecting the MSK system are of significant importance due to their prevalence and
devastating impacts including economic, social and personal burdens. Beyond the fifth
decade of life, there is an inevitable decline in muscle mass (1-2 %/ year) and strength (1.5-5
%/ year) (Cruz-Jentoft et al., 2019). This loss of muscle mass, strength and function is
termed “sarcopenia” meaning “loss of flesh.” The European Working Group for Sarcopenia
(EWGSOP) declared that when all three aspects (loss of muscle mass, strength and function)
are present, sarcopenia is considered severe (Cruz-Jentoft et al., 2019). Currently, muscle
guantity and quality are difficult to assess, therefore muscle performance and strength are
the preferred measurements for sarcopenia diagnosis. Sarcopenia is associated with an
increased risk of falls, fractures, lower quality of life and, ultimately, an increased mortality
rate (Moylan and Reid, 2007; Cruz-Jentoft et al., 2019). There are different contributors to
sarcopenia, and categorisations including primary sarcopenia, determined by ageing, or
secondary sarcopenia determined by other factors such as surgery, inflammation, inactivity
or, inadequate nutritional intake (Morris et al., 2020). These factors can contribute to
sarcopenia development as excessive oxidative stress in muscle can create a catabolic
environment that leads to atrophy over time (Baumann et al., 2016; Powers, Radak and Ji,
2016). These processes can occur through reduced muscle protein synthesis (MPS) and
adenosine triphosphate (ATP) production and increased reactive oxygen species (ROS)
production, DNA damage and myofibrillar protein degradation (Cohen, Nathan and
Goldberg, 2015). Chronic low-grade inflammation (LGI), such as higher levels of interleukin 6
(IL-6) and C-reactive protein (CRP), correlates with sarcopenia (Bian et al., 2017) and
reduced functional capacity such as loss muscle strength and muscle mass (Schaap et al.,

2006; Beck et al., 2007; Churchward-Venne, Breen and Phillips, 2014).

Another major MSK disease is osteoporosis (OP). OP is a polygenic disorder, characterised
by a decrease in bone architecture, strength, and density, which increases fracture
prevalence (WHO, 1994). Globally, it is estimated that 200 million women suffer with
osteoporosis (Shen et al., 2022) and in the EU, by 2025, the annual OP fractures are

estimated to reach 4.5 million (Hernlund et al., 2013). Fragility fractures (wrist, hip, spine)

2



occur in one in three women and one in six men over 50 years (Kanis et al., 2021). These
fractures have a wide range of consequences ranging from pain, loss of independence, fear,
healthcare burdens and increased mortality rates (Willers et al., 2022). Risk factors for OP
development include age and postmenopausal status, sex, genetics, ethnicity, body mass
index (BMI), alcohol intake, smoking, thyroid function, parathyroid status, sunlight,
calcitonin, exercise and certain nutritional intakes (NICE, 2017; Wade et al., 2014; Alswat et
al., 2017). Throughout the life-course, bone is remodelled via a tightly coupled process that
involves osteoclasts resorbing mineralised bone and removing old or damaged bone, in
addition to the formation of new bone by osteoblasts (Kenkre and Bassett, 2018). In OP,
there is an imbalance between bone resorption and bone formation, leading to overall bone
loss (Kenkre and Bassett, 2018). Osteoclasts are synthesised from hematopoietic monocyte
precursor cells forming multinucleated cells, this synthesis is dependent upon receptor
activator of nuclear factor kappa B ligand (RANKL), macrophage colony-stimulating factor
(MCSF) release from osteoblasts and ROS-activated signalling pathways (Rucci, 2008). ROS
and inflammatory markers, such as IL-6, are secondary messengers in these signal pathways
during osteoclast differentiation (Lean et al., 2005), can facilitate RANK-L-mediated
osteoclastogenesis (Kenkre and Bassett, 2018) and inhibit osteoblast differentiation (Mody
et al., 2001; Bakker and Jaspers, 2015). Since bone metabolism can be regulated via ROS and
inflammatory markers, it is important to ensure there is balance between bone resorption

and bone formation.

Mechanisms of Ageing

Ageing is often associated with increased oxidative damage, ROS and inflammation leading
to an increased risk of chronic disease (Chrousos, 2009). Oxidative processes become
impaired, causing an imbalance between oxidant and antioxidant status that can increase
ROS (Giorgi et al., 2018). Some levels of ROS are required for optimal functioning, for
example, ROS are produced at low concentrations in healthy muscle to aid in protein
oxidation, excitation-contraction coupling, glucose uptake, mitochondrial processes, and
gene expression (Powers, Radak and Ji, 2016; Arbogast et al., 2009). However, excessive
levels are detrimental, ultimately leading to cellular senescence that accumulates over time

and can contribute to the ageing phenotype (Di Micco et al., 2021; Chrousos, 2009). Usually,
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the negative effects of ROS are counterbalanced by protective antioxidants but when ROS
levels exceed their protective capacity lipid peroxidation and protein oxidation occur leading
to “oxidative stress” and eventually functional decline (Poljsak, Suput and Milisav, 2013).
Decreasing concentrations of ROS may mitigate the effects of excessive oxidative stress. This
can be achieved by antioxidants such as superoxide dismutase (SOD), catalase, glutathione
peroxidase (GPx), thioredoxin reductase (TXNRD), protein disulphide isomerase and
nutrients including selenium, vitamin D, E and C, among others (Poljsak, Suput and Milisav,

2013). Selenium will be discussed later in this chapter.

1.3 Approaches for Assessing MSK Function in Humans

It is important to measure MSK function, including strength, power and mass, in older adults
since it correlates strongly with disability, quality of life, hospital admission, care and
mortality rates (Beaudart et al., 2019; Cruz-Jentoft et al., 2010). Some of the commonly
used approaches for measuring muscle function are detailed in Table 1.1. The EWGSOP2 has
noted that the choice of assessment method can vary depending on healthcare setting, the
patient and monitoring purpose. Some of the tests listed in Table 1.1 have non-linear
relationships, for example there were correlations between gait speed and leg strength in
weaker, but not stronger individuals (Buchner et al., 1996). This is important to consider as
the efficacy of some functional tests may be limited to frailer individuals due to the vast
heterogeneity in older adults (Lowsky et al., 2014; Nguyen et al., 2021). Table 1.2 describes
the main techniques used to assess bone health in humans and summarises the strengths
and limitations of each method, as well as the clinical interpretation. The gold standard for
diagnosing osteoporosis is dual x-ray absorptiometry (DXA) which determines bone mineral
density (BMD) whilst risk of fractures can be estimated using the Fracture Risk Assessment
Tool (FRAX) questionnaire (Kanis et al., 2008). On a molecular level, concentrations of bone
turnover markers (BTMs) can be measured in urine or plasma. BTMs can either represent
bone resorption, such as C-terminal cross link telopeptide (CTX), or bone formation, such as
osteocalcin (OC). Generally, BTMs are responsive to antiresorptive treatment, and have a
shorter response time compared to BMD which can take 2 years to detect noticeable

changes (Ahn et al., 2019), see Hlaing and Compston, (2014) for a review.



For some of the techniques described in Tables 1.1 and 1.2, clinically relevant cut-offs have
been determined for specific populations, such as older or frail populations. However, for
other techniques, consensus or cut-offs are lacking, such as those for muscle power
(Beaudart et al., 2019) or they are extrapolated from younger, healthier populations. Other
issues with these techniques include specific limitations such as costs, availability,
accessibility, interpretation, time and reliability (Mijnarends et al., 2013) and, on a wider

scale, the heterogeneity of functional capacity in older adults (Francis et al., 2017).



Table 1.1: Selection of commonly used techniques to measure muscle function including strength and performance. Strengths, limitations and cut-offs are
summarised (adapted from Beaudart et al., 2019)

Measurement Overview Pros Cons Cut-offs
Muscle Strength
HGS Hand grip dynamometer; usually Widely used, quick, correlates well with lower Floor effects for upper extremity im- EWGSOP proposed general val-
measured during muscular isotonic limb strength, activities of daily living and mortal-  pairments and other complications, ues for grip strength (< 30 kg
contraction ity (Lauretani et al., 2003). Portable, simple, good may use pneumatic dynamometer in- for men and < 20 kg for
test-retest reliability and excellent inter-rater re-  stead women) but also BMI depend-
liability ent value (Cruz-Jentoft et al.,
2010)
Chair Stand Measures lower body power, balance  Useful in standard and clinical settings, minimal Limited data on inter-rate reliability Normative value for Hong Kong
and endurance and relates to most training, widely accessible, good test-retest relia-  and responsiveness older adults 70-74 years for ex-
demanding daily life activities; count bility and very strong inter-rater reliability, chair ample is a mean of 10.1 + 3.8
number of sit-stand-sit cycles in 30 s. rises related to fall and hip fracture risk (Cawthon stands during 30 s and 13
Developed by (Rikli and Jones, 1999) et al., 2008), no floor effect stands during 30 s for US norms
(Macfarlane et al., 2006)
Physical Performance
SPPB Measures gait, balance, strength, en-  Useful in standard and clinical settings, minimal Ceiling effect for high functioning <10 strong predictor to lose
durance through monitoring the abil-  training, widely accessible, associated with in- older adults, floor effects for those un-  ability to walk 400 m
ity to walk 8 ft and rise from a seated  flammation (Cesari et al., 2004), can predict disa-  able to walk (Vasunilashorn et al., 2009)
position 5 times, stand feet together bility and mortality (Guralnik et al., 1994), good < 8 associated with mobility re-
side by side, semi tandem and tan- to excellent test-retest reliability, excellent inter- lated disability
dem (Guralnik et al., 1994) rater reliability in admitted patients Low score 0-6 associated with
risk of death (Guralnik et al.,
2000)
Gait Speed Timing usual gait speed to predict dis-  Useful in standard and clinical settings, minimal Floor effect for frail adults unable to Cut-off <0.8 m/sfor4 m
ability or adverse health events, often  training, widely accessible, good predictor of perform to get minimum score or ceil-  (Lauretani et al., 2003) and < 1
time to walk 4 m in 2 minutes falls, hospitalization and mortality (Studenski et ing effect: physically active older m/s for 6 m indicates poor per-
al., 2011). Excellent test—retest reliability adults may surpass maximum score formance (Cesari et al., 2009)
4- and 10-m distance and very strong inter-rater
reliability
TUG Time taken to rise from a seated posi-  Useful in standard and clinical settings, minimal Responsiveness to change not well de- 14 s risk for falls (Shumway-

tion, walk a specific distance and re-
turn to the seat

training, widely accessible, excellent inter-rater
reliability, moderate to good test-retest reliabil-
ity no floor or ceiling effect

fined in older populations

Cook, Brauer and Woollacott,
2000)

HGS: hand grip strength; EWGSOP: European Working Group on Sarcopenia in Older People; SPPB: short physical performance battery; TUG: Timed Up and Go



Table 1.2: Selection of commonly used techniques to measure bone health. Strengths, limitations and cut-offs are summarised.

Measure-
ment

Description

Pros

Cons

Cut-offs

Bone
turnover
markers
(BTMs)

Products of collagen degrada-
tion by osteoclasts in urine
(C-terminal and N-terminal
cross link telopeptides of
type 1 collagen and deoxy-
pyridinoline), matrix proteins
made by osteoblasts (oste-
ocalcin, procollagen type 1 N-
terminal and C-terminal pro-
peptides), found in serum

Reliable and precise, used in clini-
cal setting, rapid response to anti-
resorptive treatment, can moni-
tor compliance and predict frac-
ture risk (Ahn et al., 2019)

Invasive, no indication of bone min-
eral density, fasting status.

Poor within-subject and between-lab
reproducibility (Ahn et al., 2019)

IOF, IFCC, WG-BMS: data on BTMs insufficient to be
included in clinical practice (Vasikaran et al., 2011).
PINP and CTX: reference markers to access clinical
performance (Bauer et al., 2012). Reference inter-
vals: PINP IDS automated assay: Belgium and UK
18-50 ng/l 13.7-71.1 ng/l (Morovat et al., 2013);
CTX IDS automated assay: Germany 30-54 50-670
ng/l mean 230 ng/I (Michelsen et al., 2013; Morris
etal., 2017)

DXA

Weak x-rays, scanner passes
over body, measures how
easily x-ray passes though
body (T score); x-rays pass
easily through brittle, less
dense bones

Gold standard, non-invasive, pre-
cise, safe

Not portable, density does not al-
ways correlate with fracture, less
sensitive to changes in fracture risk
(Hendrickson et al., 2018), fragility
fractures don’t always show as T
scores below 2.5 (Wainwright et al.,
2005)

T score lumbar spine (antero-posterior), femoral
neck, total hip, or 1/3 radius: between -1 and -2.5:
osteopenia; < 2.5: osteoporosis (Cosman et al.,
2014)

FRAX
score
QFracture

Online calculators to predict
fracture risk (Kanis et al.,
2008) https://www.shef-
field.ac.uk/FRAX/tool.aspx?c
ountry=9

Correlates well with fracture, in-
expensive, ease of application,
can determine who needs OP
treatment, available worldwide

Frequent falls not included (Siris,
Baim and Nattiv, 2010), restricted to
one bone mineral density site, racial
and ethnic differences (fracture ref-
erence based on Caucasians from
NHANES), only for untreated pa-
tients (Silverman and Calderon,
2010)

FRAX 10-year risk scores of > 3 % for hip fracture or
> 20 % for major osteoporotic fracture (Cosman et
al., 2014)

BTM: bone turnover markers; CTX: C-terminal cross link telopeptide; PINP: procollagen type 1 N-terminal propeptide; IOF: International Osteoporosis Foundation; IFCC: International Federa-
tion of Clinical Chemistry and Laboratory Medicine; WG-BMS: Joint Working Group on Bone Marker Standards; IDS: Immunodiagnostic Systems Limited; NHANES: National Health and Nutri-
tion Examination Survey; FRAX: Fracture Risk Assessment Tool


https://www.sheffield.ac.uk/FRAX/tool.aspx?country=9
https://www.sheffield.ac.uk/FRAX/tool.aspx?country=9
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1.4 Nutrition and MSK Function: The Case for Selenium

Prolonging physical function through a maintenance of MSK function is crucial to mitigate
MSK disease and this can be achieved via nutrition and physical activity (Clegg and Williams,
2018). There is a large amount of literature discussing the importance of vitamin D, calcium
(Sharkey et al., 2003; Rizzoli et al., 2009), and protein intakes (Kanis et al., 2021; Robinson,
Cooper and Sayer, 2012). For some of these nutrients, such as vitamin D and calcium, the
Daily Recommended Values (DRVs) are based on the relationship between these nutrients
and MSK function (SACN, 2016). However, these are not the only nutrients required for MSK
function; others include antioxidants such as selenium. Selenium was discovered in 1817 as
a by-product of sulphuric acid synthesis. Selenium is a nonmetal, of atomic number 34,
atomic mass 78.96 and exists in the same family as oxygen. Initially selenium was seen as a
carcinogenic, toxic element but its importance for health was realised in 1957 when it was
learned that selenium deficiency in animals was associated with heart, liver and muscle
disease (Schwarz and Folz, 1957). Research continued into humans, leading to the discovery
of the association between selenium deficiency and Keshan disease, an endemic
cardiomyopathy (Delmas et al., 1983). More details on Keshan disease are provided in
Section 1.7. Other discoveries were the associations between supranutritional doses of
selenium and reduced cancer incidence (Clark et al., 1996) and the findings that selenium
was important for biological functions such as thyroid hormone function, fertility and

immunity (Appendix Table 1.1).

Selenium is an essential trace element with antioxidant and anti-inflammatory properties
(Table 1.3 and Appendix Table 1.1). These effects are attributed to selenium’s presence in
selenoproteins as the 21st amino acid, selenocysteine (Sec) (Rayman, 2002; Reeves and
Hoffmann, 2009). The major functional groups of selenoproteins are either antioxidants
involved in redox control; endoplasmic reticulum (ER)-localised; thyroid hormone function
or selenium metabolism. These can be from different families such as glutathione
peroxidases (GPx), thioredoxin reductases (TXNRD) and iodothyronine deiodinases (DIOs). In
1973 the first selenoprotein, glutathione peroxidase 1 (GPx1) was identified in the rat liver.
GPx’s maintain membrane integrity and catalyse peroxide reduction which can cause

cellular damage (Kohrle, 2000). In 1977 selenoprotein P (SePP) was discovered in blood



plasma (Bellinger et al., 2009) and further research led to the discovery of more
selenoproteins (Lescure et al., 2009; Toppo et al., 2008). To date, eight isoforms of GPx have
been identified (Labunskyy, Hatfield and Gladyshev, 2014) however, GPx 5, 7 and 8 are not
selenoproteins (Gladyshev et al., 2016). The remaining GPx selenoproteins differ depending
on their selenium content, cysteine versus Sec composition or, location (Toppo et al., 2008).
DIO’s were the second family of selenoproteins to be characterised, of which there are
three forms (DIO1-3). DIO’s are required to catalyse thyroxine (Ta) into triiodothyronine (T3),
the active thyroid hormone (Labunskyy, Hatfield and Gladyshev, 2014). Another family of
selenoproteins includes thioredoxin reductases (TXNRD) which provide reducing power for
several biochemical processes. TXNRD's plays a regulatory role in metabolic activity, defend
against oxidative stress and aid in DNA synthesis by reducing thioredoxins. The
selenoproteins and their functions are listed in Table 1.3. All selenoproteins contain one Sec
residue per polypeptide, with the exclusion of SePP (Papp et al., 2007). SePP contains ten
residues of selenocysteine (Sec) (Reeves and Hoffmann, 2009) and it contains histidine-rich
regions that may be used in molecule binding for selenium transport, see Persson-Moschos
et al., (2000) for a review. The location of this residue in each selenoprotein determines the
selenoproteins fate. Some selenoproteins have their residue in the C-terminal (TXNRD,
SELENOK, SELENQS, SELENOO, and SELENOI) whilst the remaining selenoproteins have
residues in the N-terminal (Lobanov, Hatfield and Gladyshev, 2009), which may serve in
oxidant defence and selenium transportation (Fairweather-Tait et al., 2010; Labunskyy,

Hatfield and Gladyshev, 2014; Reeves and Hoffmann, 2009; Sunde et al., 2009) (Figure 1.1).

1.5 Selenium Content of Tissues and Hierarchy of Selenoproteins

For efficient functioning, an optimal amount of dietary selenium is required to maximise
selenoprotein synthesis, such as GPx3 (Table 1.3) (Thomson, 2004a). Increasing selenium
concentrations are seen in the liver, spleen, pancreas, heart, brain, lung, bone, with highest
levels in the skeletal muscle, up to 25-50 % (Zachara et al., 2001; Oster, Schmiedel and
Prellwitz, 1988). Selenium retention follows a hierarchy which is generally conserved across
species with highest concentrations in the kidney, liver and pancreas, followed by cardiac
and skeletal muscle whilst in deficiency, the brain, reproductive and endocrine organs are
prioritised (Schomburg and Schweizer, 2009; Burk and Hill, 2009). For example, whole-blood

of selenium-deficient mice dropped to 13 % of selenium-replete mice, however, brain
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selenium content only dropped to 56 %, suggesting selenium retention in the brain (Burk
and Hill, 2009). This has been further corroborated with the connection between the
apolipoprotein E receptor 2 (ApoER2) and SePP. ApoER2 transports SePP to the brain and is
thought to exist in a two-tier mechanism whereby initially SePP crosses the blood-brain
barrier, moving from circulation into the brain through the brain capillaries then once in the
brain, SePP is transported via endocytosis by ApoER2 expressed in the neurons, to help the

brain reserve SePP during deficiency (Burk et al., 2014).

In addition to the tissue hierarchy there is also a selenoprotein hierarchy (Behne et al.,
1988; Brigelius-Flohé, 1999). GPx1 is more sensitive to selenium deficiency than GPx2 and
GPx4 and, in addition, DIO1 is generally retained during deficiency (Schomburg and
Schweizer, 2009; Fairweather-Tait et al., 2010). The less responsive selenoproteins are
thought to be more essential for selenium homeostasis and are termed “housekeeping”
selenoproteins. Other sensitive selenoproteins, in addition to GPx1 are MSRB1, SELENOW
and SELENOH (Labunskyy, Hatfield and Gladyshev, 2014). The responsiveness of GPx to
selenium deficiency is mostly due to the quick turnover of its messenger ribonucleic acid
(mRNA) (Low et al., 2000), and this in turn makes it effective for monitoring a population’s
response to selenium supplementation. It is thought that during selenium deficiency,
translation at the UGA codon is prevented, and when the UGA codon is 50-55 nucleotides
upstream of an exon-exon junction, the exon junction complex remains in place causing
nonsense-mediated decay (Low et al., 2000). However, this hypothesis does not hold true
for all selenoproteins; SELENOW’s UGA is 15 nucleotides upstream, yet SELENOW is affected
by selenium deficiency. An alternative hypothesis is that within 3’-UTR regions,
selenoprotein mRNAs are altered, suggesting a modification to translation efficiency,
although the details are still unclear (Sunde and Raines, 2011). Other ideas revolve around
Sec-transfer ribonucleic acid (tRNA) since these are dependent on selenium concentrations
which can lead to differences in recognition of UGA as stop or Sec codons (Touat-Hamici et

al., 2018). More details on selenoprotein hierarchy are summarised in Table 1.3.
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Figure 1.1: Human selenoproteome. Thioredoxin fold selenoproteins are shown on the blue background. Selenoproteins
evolved by C-terminal extension mechanism are shown on the orange background. Secondary structure end Sec insertion
sites are shown at the right part of the table. B-sheets are shown in blue and a-helices in orange. Taken from http://ge-
nomics.unl.edu/RBC_EDU/sp.html
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Table 1.3: Selenoprotein potential function, tissue distribution, expression, and sensitivity to selenium status (adapted from Fairweather-Tait et al., 2010;

Labunskyy, Hatfield and Gladyshev, 2014; Reeves and Hoffmann, 2009; Sunde et al., 2009).

Selenoprotein

Potential Function

Tissue Distribution

When Se adequate Highly Expressed
In...

Sensitivity to Se Status

Cytosolic glutathi-
one peroxidase
(GPx1)

Maintain membrane integrity and catalyse re-
duction of peroxidases

Lung, kidney, spleen and heart (rats), ubiqui-
tous, intracellular, cytosolic

Liver and kidney

Highly sensitive, but recovers rapidly
compared to other selenoproteins

Gastrointestinal glu-
tathione
Peroxidase (GPx2)

Protects from oxidative damage in Gl and liver
induced by gut microbiota or ingested prooxi-
dants

Cytoplasmic, ER, whole gastrointestinal
tract, liver

Highest in the crypt grounds of intes-
tine, liver

Moderately resistant

Plasma glutathione
peroxidase (GPx3)

Antioxidant, reduces lipid hydroperoxides

Secreted plasma, liver, kidney, heart, lung,
thyroid, Gl, breast EC fluid.
Represents 10-30 % of selenium in plasma

Kidney, heart, third most abundant
selenoprotein mRNA, thyroid

Sensitive

Phospholipid hy-
droperoxide
glutathione peroxi-
dase (GPx4)

Antioxidant, membrane protection from peroxi-

dative degeneration; enzymatic and functional
enzyme; main component of phospholipid hy-
peroxides in membranes

Cytoplasmic, ubiquitously expressed subcel-
lular localization between cytosol, nuclear,
and mitochondria differs between tissues,
testes

Testes

Moderately resistant, only decreaes 40-50 %
of maximal activity in selenium-deficient ani-
mals and mRNA are not largely affected

Glutathione peroxi-
dase (GPx6)

Close homologue to GPx3 (Brigelius-Flohé and
Maiorino, 2013)

Restricted in expression to the developing
embryo and olfactory epithelium in adults

Bowman’s glands and mouse em-
bryos (Brigelius-Flohé and Maiorino,
2013)

Unknown

Thioredoxin reduc-
tase | (TXNDR1)

Antioxidant, regulation of intracellular redox
state, DNA repair

Cytoplasmic, nuclear, ubiquitous

Detected at higher levels than
TXNRD2

Decreased activity, but mRNA unchanged

Thioredoxin reduc- Antioxidant, regulation of intracellular redox Mitochondria, widely expressed Unknown Increases with increased status (Reszka et al.,
tase 2 (TXNRD2) state 2012). Higher resistance to deficiency com-

pared to TXNRDL1 (in rat liver and kidney)
Thioredoxin reduc- Antioxidant and sperm maturation Cytosol, ER, nucleus Testes

tase 3 (TXNDR3)

lodothyronine de-
iodinase | (DIO1)

Converts Ta into T3

Membrane associated

Thyroid, liver, kidney, CNS, brown ad-
ipose tissue

mRNA affected in chicken in liver and muscle
(Liu et al., 2014; Lescure et al., 2009) but
better retained than GPx1 (Bermano et al.,
1995)

lodothyronine de-
iodinase 2 (D102)

Thyroid hormone maturation

Membrane associated

Pituitary, brain, thyroid, placenta,
heart, skeletal, CNS, brown adipose
tissue

Retained under low status

lodothyronine de-
iodinase 3 (DIO3)

Deactivates thyroid hormones

Membrane associated

Brain, placenta, CNS, skin

Higher stability

Selenoprotein F
(SELENOF, SEP15)

Protein folding and secretion

ER, widely expressed

Brain, thyroid, liver, kidney, prostate
and testis

Sensitive

Selenoprotein H
(SELENOH,
Cllorf31)

Transcription factor, DNA-binding protein, up-
regulate selenoproteins in response to stress
(Bellinger et al., 2009)

Nuclear-localised, ubiquitous (Bellinger et
al., 2009)

Relatively high in early stages of em-
bryonic development

Highly dependent of adequate status
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Selenoprotein |
(SELENOI)

Mammalian form of phospholipid-synthesising
enzyme: ethanolamine phosphotransferase
(Bellinger et al., 2009)

Transmembrane, ubiquitous

Selenoprotein K
(SELENOK)

Protein folding in ER, inflammation, immunity,
antioxidant activity

ER, plasma membrane, liver, placenta, pan-
creas (Papp et al., 2007)

Heart and skeletal muscle

Moderately sensitive (Yao et al., 2013a),
muscular dystrophy induced by selenium-
deficiency (Huang et al., 2011)

Selenoprotein M
(SELENOM)

Coincides with osteocalcin and alkaline phos-
phatase expression (Grosch et al., 2013); pro-
tein folding in ER, antioxidant

Localised ER

SELENOM: Staining in mice in bony
skeletal structures (Grosch et al.,
2013), liver, prostate, kidneys, testis,
Dep15: brain

Sepl5 moderatley sensitive, less so brain and
testis

Selenoprotein N
(SELENON, SEPN1)

Ca?* release, slow muscle fibre growth in em-
bryos (Jurynec et al., 2008; Arbogast et al.,
2009)

ER-resident transmembrane glycoprotein,
ubiquitous; 2 isoforms, skeletal muscle,
brain, lung and placenta (Moghadaszadeh et
al., 2001)

Muscle in foetal (Petit et al., 2003),
Brain, lungs

Moderately sensitive (Yao et al., 2013a),
muscular dystrophy induced by selenium-
deficiency (Huang et al., 2011)

Selenoprotein O

Unknown (Bellinger et al., 2009)

Mitochondria, widely distributed (Kryukov,

Muscular dystrophy induced by selenum-defi-

(SELENOO) 2003; Bellinger et al., 2009) ciency (Huang et al., 2011)
Selenoprotein P Selenium transporter taking selenium from liver  Plasma, broad distribution mMRNA highest in brain, testes, liver Moderately sensitive, kidney and liver least
(SELENOP, SEPP) to reproductive organs and brain, redox func- (Burk and Hill, 2009) and one of affected, brain and testes most affected in

tion with metal binding properties

higher levels of selenoproteins

mice, maintained in bone during deficiency
(Pietschmann Nicole et al., 2014)

Methionine sulfox-
ide reductase B1
(MSRB1, SELR)

Reduces sulfoxymethyl groups, aids in methio-
nine metabolism (Bellinger et al., 2009)

Cytoplasmic, nucleus, widely distributed

Liver and kidney

Unknown

Selenoprotein S
(SELENOS, VIMP)

Inflammatory response, cytokine regulation, re-
moval of misfolded proteins (Bellinger et al.,
2009)

Transmembrane ER protein, ubiquitous
(Grumolato et al., 2008)

Unknown

Moderately sensitive in chicken pectoral (Yao
et al., 2013a)

Selenoprotein T

Ca?* regulation

ER, Golgi, widely distributed in foetal and

Adrenal gland during development

Moderately sensitive in chicken pectoral mus-

(SELENOT) adult tissue (Wistar rat (Grumolato et al., 2008) cle (Yao et al., 2013a)

Selenoprotein V Unknown, potentially redox Cytosol (Dikiy et al., 2007) Testes (Bellinger et al., 2009) Unknown

(SELENOV)

Selenoprotein W Antioxidant, muscle development, upregulated Cytoplasmic, skeletal muscle, heart, brain, Skeletal muscle, heart and brain (Yeh Highly dependent on adequate levels, de-
(SELENOW) in response to external stressors (Vendeland et ubiquitous et al., 1997), rats, proliferating my- creases in deficiency especially in heart, lungs,

al., 1995; Lescure et al., 2009)

oblasts, long bone (Kim et al., 2021)

prostate, SI, skin, liver, but retained in the
brain (in sheep) (Yeh et al., 1997).

Selenophosphaste
synthetase 2
(SEPHS2)

Synthesises selenophosphate from selenide
and ATP

Cytoplasmic, ubiquitous

mRNA in liver

SePP deleted mice had lower mRNA levels for
all selenoproteins in brain and testes, except
SPS2

Gl: gastrointestinal; ER: endoplasmic reticulum; EC: extracellular; mRNA: messenger ribonucleic acid; Ts: Triiodothyronine; Ta: thyroxine; Ca?*: calcium; CNS: central nervous system
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1.6 Selenium Dietary Sources, Assessment of Intake and Status and Recommendations

Selenium Concentrations in Soil and Food Sources of Selenium

Within the earth’s crust, selenium concentration ranges from 0.05 to 0.10 mg/kg (Lopes et
al., 2017). Selenium is formed as by-product of metal, such as copper-mining which occurs
largely in the USA, Japan and Canada (Haug et al., 2007). Other processes such as sulphuric
acid-rich polluted rain, elemental extraction and petroleum and coal combustion release
selenium into the atmosphere (Haug et al., 2007). Selenium is also present in fossil fuels,
soils, plants, and water (Lopes et al., 2017). Within soil, selenium concentration averages at
0.40 mg Se/kg (Fordyce, 2007), although concentrations vary widely even within the same
soil types and regions (Fordyce, 2007). The USA, China, and India present large areas where
soil selenium is high enough to cause toxicity (Lopes et al., 2017). However, most soils on
the Earth’s surface, especially in UK, Australia, central Siberia, New Zealand, Thailand, Africa,
Finland, Turkey, Nepal, northeast to south central of China, Denmark, and parts of
Bangladesh and India, as well as tropical zones have suboptimal concentrations of selenium
(0.05-0.09 mg Se/kg) (Lopes et al., 2017). For example, in the UK more than 95 % of soil
samples contain less than 1 mg Se/kg (Broadley et al., 2006). These suboptimal soil
concentrations have led to selenium deficiency disorders in livestock and suboptimal
selenium status in humans (Combs, 2001; Rayman, 2000). Many factors affect soil selenium
availability and distribution. These vary from soil drainage, temperature, pH, selenium
oxidation state, soil compounds and microorganisms to agricultural practices and
atmospheric deposition (Lopes et al., 2017; Fordyce, 2007; Broadley et al., 2006; Combs,
2001).

Humans obtain selenium primarily through the consumption of food, followed by
supplements (Fairweather-Tait et al., 2010). The content of selenium in food varies from 5-
690 pg Se/100 g (Rayman, 2008a; Fairweather-Tait et al., 2010) and is mostly determined by
its origin due to the concentration of soil selenium (Kieliszek and Blazejak, 2016). Selenium-
rich foods are generally higher in protein, including meats, organ products (liver, heart,

kidney), fish, seafood, cereals, and Brazil nuts (Outzen et al., 2015; Fairweather-Tait et al.,
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2010; Kieliszek and Blazekaj, 2016). Seasonality can alter the selenium content, for example,
milk concentrations were higher in winter compared to summer (Roca-Perez et al., 2010).
Furthermore, cooking methods can reduce selenium content due to volatilisation (Dumont,
Vanhaecke and Cornelis, 2006) or absorption to utensils (Bratakos et al., 1988) and these
factors can depend on the species (Lu et al., 2018). For example, up to 50 % of selenium is
lost during the boiling of vegetables, cereals (Khanam and Platel, 2016) and dairy produce
(Dumont, Vanhaecke and Cornelis, 2006). However, Higgs, Morris and Levander (1972)
found that selenium concentrations remained consistent with different cooking methods
whilst Navarro-Alarcon and Cabrera-Vique (2008) reported selenium concentrations to

increase with processing.

Animal produce often provides a reliable source of selenium with high bioavailability (Finley,
2006) and due to animal feed often been supplemented with selenium, this holds true in
areas with lower soil selenium concentrations (Fairweather-Tait et al., 2010). While
selenium is essential for all animals, it is not essential for all plants (White, 2016) although
plants do accumulate selenium in different amounts (White, 2016). Selenium-accumulating
species (Asteraceae, Brassicaceae and Fabaceae, Brazil nut) contain higher concentrations
of sulphur, which is similar to selenium, allowing selenium to use the same uptake,
translocation and metabolism pathways thereby increasing the concentration (White, 2016).
With the exception of onions, brassicas and asparagus, vegetables do not contain high levels
of selenium (0.001-0.022 ug Se/g) (Kieliszek and Blazejak, 2016) while legumes contain
higher concentrations (Pappa, Pappas and Surai, 2006). Cereal products contain some
selenium (10-550 pg Se/kg fresh weight) and are classified as having sufficient bioavailability
(Fairweather-Tait et al., 2010; Tamas et al., 2010) and furthermore, cereals equate to more
than 50 % of intakes in some populations, especially in low selenium areas (Tamas et al.,

2010).

Bioavailability of Selenium Sources

This section will provide details on the bioavailability of selenium, introducing the different
forms and their metabolism. Bioavailability is the amount of an element that is absorbed

through the intestinal membrane to reach the systemic circulation, where it is distributed to
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organs and tissues to become bioactive (loM, 2000). The form of selenium is important to
consider as it can influence selenium bioavailability, absorption, and ultimately selenium
status (Schiimann et al., 1997). Factors that affect bioavailability are bioaccessibility
(transportation within intestines or lungs in soluble form) (Reeder, Schoonen and Lanzirotti,
2006) and bioactivity (increased activity of some selenoproteins due to assimilation of
specific selenium forms) (Bodnar et al., 2016). Other influential factors are genetic variation
in selenoprotein genes that can influence selenoprotein activity (Hu and Diamond, 2003)
and responses to dietary selenium (Méplan et al., 2007). There are two types of selenium,
organic (including selenomethionine (SeMet), Sec, Se-methyl-selenocysteine, Se-yeast) and
inorganic forms (selenate, selenite, selenide). Organic forms such as SeMet, contribute
greatly to the selenium content in meat products, whilst Sec and Se-methyl-selenocysteine
are found in cereals, nuts, meat, and fish (Rayman, 2008a). In general, bioavailability is
higher for organic forms of selenium compared to inorganic (Fairweather-Tait, 2010; Bodnar
et al., 2016; Thomson, 1986; loM, 2000). Furthermore, organic forms maintain selenium
status for longer (Rayman, 2004; Levander et al., 1983; Luo et al., 1985; Thomson et al.,
1982) and have been more effective at increasing selenium concentrations. For example,
SeMet increased plasma selenium 1.6 times more than sodium selenite (Burk et al., 2006)
and half the dose of SeMet was required for selenoprotein plateau compared to selenite

(Rayman, 2008c).

Dietary selenium, most commonly in the form of SeMet and Sec, is digested and released
from selenoproteins and absorbed by the small intestine, often in the form of selenide
(Fairweather-Tait and Collings, 2010). Most species share sulphur analogues in the small
intestine during absorption, which may lead to competition for absorption (Thomson, 1986).
SeMet uses sodium (Na*) dependent pathways and can be added non-specifically into
proteins by replacing methionine (Fairweather-Tait and Collings, 2010). The similarity in
ionic radius means that SeMet can use the same active transport mechanism as methionine
and can substitute sulphide atoms (Vendeland et al., 1994). Unlike SeMet, Sec is not
inhibited by sulphur compounds (Navarro-Alarcon and Cabrera-Vique, 2008) but
incorporation into selenoproteins is highly regulated (Combs, 2015). Selenite, on the other
hand, is absorbed passively and metabolised into selenide (Navarro-Alarcon and Cabrera-

Vique, 2008). Once absorbed, the selenium species are transported to the liver; ingested
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selenium is taken up from SeMet or portal vein blood and added to Sec-specific tRNA for
selenoprotein synthesis during translation (Rotruck et al., 1973; Labunskyy, Hatfield and
Gladyshev, 2014). The alternative route, in the case of large quantities, is excretion via urine
or breath (Fairweather-Tait and Collings, 2010; EFSA, 2014). Studies suggest that excretion
rather than absorption is the key in regulating selenium homeostasis (EFSA, 2014).

In the subsequent sections, | will summarise dietary assessments and the selenium intakes
of older adults. After this, | will move on to discuss the measurements of selenium status
using biomarkers, providing insight into their use, and then discuss the current selenium
status of adults. Lastly, | will discuss the DRVs for selenium that are used to dictate selenium

requirements.

Dietary Assessment and Selenium Intakes in Older Adults

Dietary assessment can be undertaken using a variety of methods. These can be prospective
methods, such as food records (weighted or estimated), checklists, and more recently,
photographic apps or, retrospective methods, such as multiple pass recalls (MPR), diet
history and food frequency questionnaires (FFQ). However, individuals differ in the quantity
and types of food consumed, therefore accurately measuring dietary intakes can be
challenging and all methods have errors (Naska, Lagiou and Lagiou, 2017; Ahmed and
Haboubi, 2010). One major issue with self-reporting dietary data is unintentionally under- or
over-reporting, in addition to the “Hawthorne effect” whereby individuals alter their diet
due to the perception others may have of their habitual diet (McCambridge, Witton and
Elbourne, 2014). There are also practical challenges, such as levels of literacy to perform the
assessments, willingness, and cognitive ability, which can be affected by older age.
Furthermore, there can be analytical problems such as missing data, measurement errors,
collinearity in nutrients, recipes, fortified foods, and unreliable estimations of intakes from
databases. This is especially important for selenium intakes due to the varied food origin
and can be complicated in countries that rely on imports from higher soil selenium countries
(Fairweather-Tait et al., 2010; Keck et al., 2006). Therefore, certainty surrounding selenium

intakes are poor, especially in older adults.
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Generally, with an increase in age, there is a decrease in food intake including
micronutrients such as selenium (Gonzalez et al., 2006). Selenium intakes vary widely
globally by orders of magnitude (Combs, 2001), for example in North America, intakes range
from 60-220 pg Se/d, whilst in the Europe, average intakes range from 30-50 pg Se/d
(Rayman, 1997; Navarro-Alarcon and Cabrera-Vique, 2008), whereas in China, where Keshan
disease occurs, intakes range from 7-11 pg Se/d, (Combs, 2001), see Section 1.7 for more
details on Keshan Disease. European populations have shown declines in selenium intake
over 25 years (Rayman, 2002; MoA, 1997), some of which have fallen below the Reference
Nutrient Intake (RNI) (75 pg/d for males and 60 pg/d for females) and in some cases, below
the Lower Reference Nutrient intake (LRNI) in certain populations such as the very old
(Roberts et al., 2018; Flynn et al., 2009; Rayman, 2008a; Perri et al., 2020). In the UK,
according to the National Diet and Nutrition Survey (NDNS), selenium intake averaged at 41-
43 pg/d and for adults aged above 75 years, 39 % of men and 76 % of women did not meet
the LRNI of 40 ug/d (Roberts et al., 2018; SACN, 2013). These declines are most likely from a
drop in selenium- and protein-rich wheat imports often from North America (Rayman,
2002). This issue has been amplified in the UK since the 1980s which has coincided with a
reduction in plasma selenium (MoA, 1997; Rayman, 1997; Ysart et al., 1999; Sunde et al.,
2008; Fordyce et al., 2009). This was exacerbated due to the use of sulphur fertilisers that
competed with selenium or, the change from single superphosphate to triple
superphosphate (Fordyce et al., 2009), along with other environmental factors described in
earlier in this Chapter. Data relating to micronutrient intakes often come from surveys, such
as the NDNS which looks at intakes of adults aged 19-64 years, then > 65 years (Bates et al.,
2002) excluding detailed data from very old adults who are at greater risk (Ahmed and
Haboubi, 2010). However, in the MRes component of my PhD programme, | contributed to
this understanding by exploring the selenium intakes in a population of very old adults aged
85 years and over (Perri et al., 2020). As suspected, the average selenium intake was

suboptimal, with more than 50 % consuming below the LRNI (Perri et al., 2020).

Selenium Status Assessment and Selenium Status in Older Adults

As previously discussed, measuring nutritional intakes can be unreliable, therefore assessing
biomarkers of nutrient status can help overcome this (Kuhnle, 2012; Ashton et al., 2009;

Combs, 2015; Fairweather-Tait et al., 2010). Status is the amount of (potentially) biologically
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active nutrient in the body. Intake, tissue concentration, excretion and retention form a
nutrient status which can be used to determine requirements for deficiency, toxicity, and
disease-prevention (Combs, 2015). The association between dietary selenium intakes and
status are described in the subsequent paragraphs in addition to these studies (Yang, 1989;

Burk et al., 2006).

Selenium is present in various fluids and tissues in different forms (Combs, 2015; Ashton et
al., 2009; Thomson, 2004a), for example, blood samples can provide measurements of
whole-blood, serum, plasma and erythrocytes, whereas urine, the selenite-pool, saliva, hair
or toenails can provide other measurements (Longnecker et al., 1996). Assessment of
biomarkers can be short-term or long-term; short-term status is derived from plasma,
serum, platelet and urinary excretion (Néve, Vertongen and Molle, 1985), whilst long-term
status is derived from whole-blood, toenail, hair and erythrocytes (Ashton et al., 2009;
Oakes et al., 2008). Within the measurements of selenium, there are two forms of
selenoproteins, structural and enzymatic (Elsom et al., 2006; Rayman, 2008b). A well-
studied selenoprotein is GPx3 which represents 10-25 % of selenium in plasma, with the
remainder likely bound to albumin as SeMet (Reszka et al., 2012; Deagen et al., 1993; Burk,
Hill and Motley, 2001). Some studies have suggested that for maximum expression of GPx
activity, where enzyme function is optimised, plasma/serum selenium concentrations of 70-
100 pg/l are required (Neve, 1995; SACN 2013; Combs, 2001; loM, 2000; Daniels, 2004),
equating to intakes of 40-50 pg/d (Xia et al., 2005; Yang, 1987; Duffield et al., 1999).
However, this concentration is not consistent as other studies have suggested higher
selenium concentrations are required, ranging from 80-122 ug/L (Xia et al., 2010; Lyons et
al., 2004; Rayman, 2005; Thomson et al., 1993; Thomson et al., 1977; Rea et al. 1979;
Rayman, 1997) with overall levels ranging from 40-200 pg/L (Néve, 1991). Another, more
recently quantified selenoprotein, is SePP, which can be used as a short-term indicator
because of its shorter half-life (Burk, Read and Bellew, 1991). SePP represents 40-70 % of
selenium in plasma (Burk, Hill and Motley, 2001; Deagen et al., 1993) and requires higher
concentrations of serum/plasma selenium in the range of 90-125 pg/L (Hurst et al., 2010;
Xia et al., 2010; EFSA, 2014) which equates to selenium intakes of 100-150 pg/d (Burk et al.,
2006; Brodin et al., 2020; Combs, 2015; Hurst et al., 2010). However, in selenium-deficient

populations, 20-90 pg/L of selenium was sufficient for optimisation of SePP (Xia et al., 2010).
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These discrepancies emphasise the need for a standardised protocol using the same
research design to determine selenium requirements. Studies suggest sensitivity can be
limited in those with higher baseline intakes or status, for example, SePP concentrations did
not significantly increase when supplementing with 200 pg/d of sodium selenite in
participants with a habitual intake of 100 ug/d (Persson-Moschos and Alfthan, 1998), nor
when supplementing with 200-600 pg/d with either Se-yeast, sodium selenite, or selenate in
those with a baseline plasma of 122 pg/L (Burk et al., 2006). However, therapeutic dosages
of selenite (1.1 to 15.3 m? intravenous) in participants with baseline serum selenium of 59
ug/L led to increased SePP concentrations, independent of age or sex, indicating there may

be a higher upper threshold than anticipated (Brodin et al., 2020).

After considering these points, it is important to assess the habitual intake of a population,
as this will influence the suitability of a particular biomarker. For example, plasma selenium
can be more responsive than whole-blood GPx activity when selenium status is suboptimal,
making it suitable for studying older populations in the UK (Ashton et al., 2009; Bates et al.,
2002). Meanwhile, hair and toenail concentrations are suitable options for non-invasive
measures and correlate well with blood or plasma concentrations (Yang et al., 1989).
Nevertheless, each biomarker has limitations, for example, the assumption that hair and
toenail selenium indicate selenium status is not validated, and contamination can occur with
selenium sulphide shampoo. Likewise, the enzymatic activity of selenoproteins can plateau
at lower serum selenium concentrations depending on an individual’s threshold (Thomson
et al., 1982) making certain biomarkers such as GPx3 activity less suitable in populations
with higher intakes. Inflammation has also been noted to underestimate selenium
concentrations (MacDonell et al., 2018), or to be associated with lower concentrations
(Tseng et al., 2013; Walston et al., 2006). This could be due to cytokines increasing capillary
permeability so that albumin and bound proteins are redistributed into the interstitium,
leading to lower serum selenium concentrations (Oakes et al., 2008). Therefore, measuring
a combination of these biomarkers, including selenoprotein concentrations and activity, can
be more useful in determining selenium status (Fairweather-Tait et al., 2010; Thomson,

2004a).
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Despite the knowledge built upon biomarkers of selenium status over the years, there are
few studies determining the selenium status of very old adults. This is important as ageing is
associated with increased heterogeneity, disease risk and micronutrient deficiencies,
including selenium. The earlier sections summarised the importance of selenium in the
human body by incorporation into selenoproteins and later sections will detail the
importance of selenium in MSK ageing, laying the rationale for the importance of assessing
selenium status. Following this, the rationale will be further highlighted by revealing the
suboptimal intakes of selenium in older adults which raises the concern that selenium status
of older adults will also be suboptimal. The subsequent section will now summarise the

available literature on selenium status of older adults.

A review in 2019 compiled the results of older adults across the globe and found that serum
selenium varied greatly from 50.0 pg/L in Brazilian 71-83-year-olds to 147.4 pg/L in Chinese
adults aged 65 years and above (Robberecht et al., 2019; Rita Cardoso et al., 2016). Another
review by Fairweather-Tait et al., (2011) compiled studies exploring the associations
between selenium status and health outcomes and concluded that a selenium
concentration of 60-140 ug/L is adequate. In New Zealand, older adults (mean 84.6 years)
had selenium concentrations of 63.2 pg/L (MacDonell et al., 2018) and, in Australia,
participants aged over 81 years had lower selenium status compared to younger adults
(Lymbury et al., 2008). In Sweden, adults aged between 70-80 years had selenium
concentrations of 67.1 ug/L (Alehagen et al., 2016) and in Turkey (mean 73 years), the
average selenium concentration was 65.5 pg/L (Kog et al., 2015). Compiling selenium
concentrations from 10 European countries, the EPIC-Europe cohort study (25-70 years)
reported a mean concentration of 85.6 pg/L (Hughes et al., 2015), however, there was no
data on the age range from 85-90 years old. Nonagenarians and centenarians had selenium
concentrations ranging from 37.3 pg/L in Polish 101-105-year-olds to 102.6 pg/L in Chinese
90—-99-year-olds, however, these populations are unique and likely have additional lifestyle
and dietary patterns helping them live such long lives, and therefore not generalisable to
other older adults (Robberecht et al., 2019). One of the few studies looking at selenium
status over time, a 9-year longitudinal study in France, found that 65-year-olds who survived
the duration of the follow-up had a higher baseline serum selenium of 1.10 umol/L (86.5

ug/L) compared to those who died (1.01 umol/L; 79.5 pg/L) (Akbaraly et al., 2005).
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Furthermore, a study in Italian adults (> 65 years) found mean selenium concentrations of
0.94 umol/L (74.0 pg/L), whilst institutionalised adults of > 85 years had lower
concentrations of 0.8 umol/L (62.9 ug/L) (Olivieri et al., 1995); similarly, using NDNS data
from the UK, Bates et al., (2002) found that free-living older adults (> 85 years) had higher
concentrations of 0.94 umol/L (74.0 ug/L) than institutionalised older adults (0.89 pmol/L;
70.0 pg/L). As seen above, despite some studies reporting selenium status in older adults,
very few studies assess selenium status in very old adults (> 85 years) or use multiple
biomarkers. This PhD thesis will address this gap in using The Newcastle 85+ Study in
Chapter 3.

Dietary Selenium Recommendations

The previous sections revealed that selenium intakes and status in older adults are
suboptimal. Determining whether these intakes and status are suboptimal is based on
dietary recommendations. A nutritional requirement is defined as the minimum amount of
a nutrient requirement to avoid deficiency; this can be clinical, biochemical or physiological.
Dietary recommendations have been in place for hundreds of years and most likely date
back to the 1860s where recommendations were used to help unemployed populations due
to the economic hard times. Following this, many other recommendations have been

devised to help plan food supplies during war and food shortages, or to prevent deficiency.

Across the globe, many countries have devised their own recommendations for national
policies, nutritional programmes and food regulations; these often change across age-
ranges, life-stages and gender. In 1993, the European Commission (EC) devised the
population reference intake to aid in food labelling throughout Europe. In 1994, dietary
reference intakes (DRIs) for the US and Canada were created by the Food and Nutrition
Board of the Institute of Medicine (loM), including aspects from the UK report. DRIs added a
new level to the recommendations by also considering optimisation of health, as opposed to
solely focusing on nutrient deficiency. Within DRIs there are four different
recommendations: estimated average requirement (EAR), recommended daily allowance
(RDA), adequate intake (Al) and tolerable upper intake level (UL). As mentioned above,

there is a lack of consistency between countries in their recommendations. For example, the
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UK recommendations pool adults aged 51 years and above, whilst other countries have
recommendations for adults up to 75 years. Population reference intakes (PRIs), akin to RNIs
and RDAs, in the EC are established for adults aged over 18 years, the rationale being that
despite the lower intakes in older adults, there is a lack of evidence suggesting older adults

have different nutrient requirements.

Nutritional recommendations for selenium were initially based on extrapolations from
experimentally-derived requirements in animals (NRC, 1980). Following this, Keshan disease
was identified (see Section 1.7) and selenoproteins with enzymatic functions were
characterised. In the UK, initial dietary recommendations for selenium established by the
Committee on Medical Aspects of Food and Nutrition Policy (COMA) were based on the
selenium intake required to maximise the activity of GPx3. It was suggested that 100 ug/L of
selenium whole-blood was the level at which GPx3 activity plateaued and was therefore
saturated (Thomson et al., 1977). At the time of setting this DRV in 1991, selenium
concentrations in the UK were above 100 pg/L and the RNI (1 pg Se/kg/BW) was set to
maintain these levels (DoH, 1991). In 2013, the Scientific Advisory Committee on Nutrition
(SACN, 2013) produced a position statement reiterating the use of the same DRVs for
selenium, with no change in criteria. This was due to insufficient data to indicate a public
health issue with selenium status in the UK, or sufficient rationale to justify a full risk
assessment. Other organisations have also used GPx3 activity saturation as a basis for
recommendations (Table 1.4). The majority of recommendations (loM, World Health
Organisation/Food and Agriculture Organisation, WHO/FAO, Scientific Committee for Food
(SCF)) are based on a study exploring the effect of selenium supplementation on GPx3
activity in Chinese participants where the recommendations were based on a graph in the
published article (Yang, 1987). In this Chinese population (mean intake 11 pg/d), L-SeMet
supplementation to reach a daily total selenium intake of 41 pg/d (including
supplementation) was sufficient to optimise GPx3 activity; this was then weight-adjusted for
the desired population equating to 0.87 ug/kg/BW. The WHO/FOA firstly adopted a
requirement using estimates for normative selenium concentrations from that study (Yang,
1987). This was later revised to account for different diets and selenium intakes from
various populations across countries by increasing the coefficient of variation (CV) from

16 % to 25 %. The IoM incorporated another study into their recommendations, using a New
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Zealand population (Duffield et al., 1999) where mean intakes were 28 pg/d, plus 10 ug of
supplementation creating an EAR of 38 ug/d. These two studies averaged at an EAR of 45
ug/d, the RDA is 120 % of the EAR and rounded to the nearest 5 pg, creating an RDA value of
55 ug/d. New Zealand and Australia derived their average requirements from two studies,
these were Duffield et al., (1999) and another dose-response study, Xia et al., (2005) where
L-SeMet supplementation for 20 weeks led to a plateau of GPx3 activity at 40 ug/d and 2/3™
of this concentration was used to devise the RDI. The Australian and New Zealand
committee disregarded the Yang, (1987) study due to a difference in the population and
dietary components, a lack of peer preview process and the low quality study with missing
details or statistical analyses. More recently, other organisations have used SePP, although
initially there was insufficient data or validated techniques to use SePP concentrations to
devise recommendations in the earlier statements such as loM, COMA and SCF. However, D-
ACH, the combination of Germany, Austria and Switzerland, revised their recommendations
in 2015 considering a dose-response relationship between selenium intakes and SePP (Kipp
et al., 2015; Xia et al., 2010). That study used individuals from a selenium-deficient area of
China where SePP saturation occurred with a daily intake of 49 ug/d, equating to
approximately 1 pug/kg/BW, which was then adapted for average European weights. Finally,
in their review of studies, EFSA, (2014) considered the adequate intake to be 70 pg/d of

selenium.
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Table 1.4: Review of selenium dietary reference values from different organisations including the
type of recommendation and values, and studies used to derive the recommendation.

Organisation

Recommendation

Men

Women

Type

Study

Reference

Committee of loM
National Academy of
Sciences Food and Nutri-
tion Board 2000 (USA
and Canada)

55

55

RDA

Dose-response and graph estimation
Saturation of GPx3 at 41 pg/d in Yang and
38 ug/d averaged at 45 pg for EAR. Then
added twice CV of 10 %

US re-analysis suggested plateau at 10
ug/d without statistical confirmation of
plateau

Didn’t consider additional health benefits
from higher intakes as evidence was lack-
ing

(Yang, 1987;
Duffield et al.,
1999)

COMA/Department of
Health 1991 (UK)

75
40

60
40

RNI
LRNI

(Yang, 1987)

FAO/WHO 2002/2004

33

25

NR
RNI

Derived from average Se normative re-
quirements + 2 x assumed standard error
(of 12.5 %)

Adult men 19-65 y: 0.42 ug/kg/day; > 65
y: 0.41 pg/kg/day. Adult women 19-65 y
and > 65 vy: 0.37 pg/kg/day

Normative requirement from Yang
1987(Yang, 1987), but 2/3 of this (24.3
ug) then adjusted for weight, equating 40
and 30 pg

(Walzel, 1988)

NHMRC Australia and
New Zealand

70
60

60
50

RDI
EAR

Dose-response

L SeMet 20 wk 10-40 pg/d GPx3 plat-
eaued 40 ug; SePP increased more than
Se and GPx. Upper estimation of 90 ug to
maximise plasma GPx3. RDI was set as-
suming CV of EAR of 10 %, then rounded
to nearest 5 pg. Xia et al showed plateau
at 47 pug/d SeMet or 76 with selenite. Av-
eraged EAR of 58 and 49 pg/d for men
and women, rounded to 60 and 50 pg/d

(Duffield et
al., 1999) (Xia
et al., 2005)

NNR 2014 (Nordic)

60
35
70
20

50
30
60
20

RNI
AR
RI
LI

Dose-response

Reference body weights for Western pop-
ulations: estimated 60 pg/d men; 50 pg/d
women

(Xia et al.,
2010)

Scientific Committee for
Food 1992

40
55
20

40
55
20

AR
PRI
LI

Saturation of GPx3 at 41 pg/d

(Yang, 1987)

D-A-CH Germany (D),
Austria (A) and Switzer-
land (CH)

2015 (Kipp et al., 2015)

70

60

RNI

Dose-response
Reference body weights for D-A-CH: esti-
mated 70 pg/d men; 60 pug/d women

(Xia et al.,
2010)

loM: Institute of Medicine; RDA: Recommended Daily Allowance; GPx3: glutathione peroxidase 3 activity; EAR: Estimated Average Require-
ment; COMA: the Committee on Medical Aspects of Food and Nutrition Policy; RNI: Reference Nutrient Intake; LRNI: Lower Reference Nu-
trient Intake; FOA/WHO: World Health Organisation/ Food and Agriculture Organisation; NHMRC: National Health and Medical Research
Council; NR: normative requirement; L SeMet: L-selenomethionine; SePP: selenoprotein P; Se: selenium; CV: coefficient of variance; NNR:
Nordic Nutrition Recommendations; AR: Average Requirement; Rl: Recommended Intake; LI: Lower Intake; D-A-CH: Germany (D), Austria

(A) and Switzerland (CH)
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1.7 Selenium Deficiency and Toxicity

This section will summarise selenium deficiency and toxicity, including associated diseases
and symptoms. Due to its narrow ranges between toxicity and deficiency, selenium has
been termed as a “double-edged sword” element (Levander and Raymond, 2006; Kieliszek,
2013; Navarro-Alarcon and Cabrera-Vique, 2008). However, globally, it is estimated that 15
% of the world’s population are selenium deficient (Fordyce, 2013; White, Broadley and
Gregory, 2012; Tan et al., 2016). Signs of deficiency occur at intake levels below 30 pg/d and
have been characterised as impaired immune and fertility function, cancer, cardiovascular
disease (CVD) risks, hepatitis B infections, asthma, muscle disease, thyroid issues and mor-
tality (EFSA, 2014). Low intakes can occur for a range of reasons, some of which are men-
tioned in Section 1.4; others include malabsorption, metabolic disease and parenteral nutri-
tion (Bodnar et al., 2016). Severe selenium deficiency has been linked to the endemic
Keshan disease and Kashin-Beck disease, a cardiomyopathy and osteoarthropathy, respec-
tively. Keshan disease is endemic to rural areas of China (Northeast to Southwest) and was
given the name due to its unknown occurrence in a Keshan country of Heilongjiang Province
in Northeast China. Keshan disease generally affects young children and disadvantaged
women with low socioeconomic backgrounds (Combs, 2001) and symptoms range from con-
gestive heart failure, cardiac arrhythmias, necrotic lesions and myocardium calcification
(Lescure et al., 2009). Aetiology is thought to occur via infections by the enterovirus Cox-
sackie, intoxication, and nutrient deficiency (Lescure et al., 2009). Another endemic condi-
tion is Kashin-Beck disease which occurs in Northeast to Southwest China, N Korea and
Southeast Siberia (Yao et al., 2011). Kashin-Beck is an osteoarthropathy and presents as
swelling, joint pain, stiffness and myalgia leading to shortened fingers and toes and dwarf-
ism (Guo et al., 2014). Various hypotheses for its development have been created such as
Fusarium mycotoxin poisoning, imbalances between macro and trace elements, genetic fac-
tors, fulvic acid in drinking water and a combined iodine and selenium deficiency (Yao et al.,
2011). Although the mechanisms behind selenium’s effect on Kashin-Beck disease are un-

clear, supplementation can reverse the disease (Guo et al., 2014; Yao et al., 2011).
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Detailed above, and as with any other micronutrient, deficiency and toxicity are associated
with health-related problems. The safe upper level of selenium intake has recently been up-
dated to 255 pg/d for adults (ESFA, 2023) (previously it was estimated at 400 ug/d (loM,
2000)). A peer-reviewed article quoted a safety intake recommendation at 800 pg/d for no
observed adverse effect level (NOAEL), 1540 to 1600 pg/d for low observed adverse effect
level (LOAEL) and 5000 pg/d for a toxic level, where selenosis occurs (Whanger, 2004). Some
geographical locations are exposed to excessive environmental selenium, such as Central
China where high soil concentrations can lead to intakes of 1600 pg/d (Combs, 2001). Symp-
toms are characterised by a loss of hair and nails, hepatomegaly, garlic odour breath, gas-
trointestinal issues, irritability, acute respiratory distress syndrome, myocardial infarction,
renal failure, fatigue and mild nerve damage (Fordyce, 2007; EFSA, 2014). Selenium toxicity
is thought to occur due to the production of superoxide and hydrogen peroxide when sele-
nocompounds react with glutathione and thiols (Spallholz, 1994; Suzuki et al., 2006). This
can alter protein functions involved in DNA repair causing free radicals and oxidative stress
(Letavayova, VIckova and Brozmanova, 2006). There is still controversy over how much sele-
nium is required for optimal functioning but, more than often, excessive amounts lead to
disruption of energy metabolism, growth hormone, IGF-1, and thyroid hormone (Navarro-
Alarcon and Cabrera-Vique, 2008). This can be a risk for individuals who supplement with
excessive amounts of selenium to help with disease prevention (Rayman, 1997). However,
deficiency is more prominent than toxicity as the safe upper limit is often far greater than

the average intake in most populations (Whanger, 2004).

Outside of the clinical symptoms of selenium deficiency and toxicity lies suboptimal sele-
nium status. Research has highlighted the U-shape relationship between selenium intake or
status (Rayman, 2012). For example, serum selenium above 100 ug/L has been associated
with improved cognition and reduced all-cause mortality (Giovaninni et al., 2018), and
plasma concentrations of 120 pg/L have been associated with protection of some cancers
(Combs, 2001). However, another review found that concentrations beyond 120 pg/L led to
no further protection from cancer (Rayman, 2012). Furthermore, selenium concentrations
between 130-150 pg/L were associated with minimal mortality (Bleys et al., 2008), however,

beyond this, there has been an increased risk of mortality and type 2 diabetes (Stranges et
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al., 2010). Thus, this U-shaped relationship needs to be considered when exploring selenium

status and its impact on health.

1.8. Selenium and MSK Function

The subsequent sections of the PhD thesis will now focus on selenium and its role in MSK
function, first summarising the mechanisms behind selenium’s role in MSK function, then
summarising selenium’s role in muscle in animals and humans. The following sections will
repeat this order but instead focus on the role of selenium in bone health. Additional details
of studies for this section are summarised in Table 1.5, 1.6 and Appendix Table 1.3. There
have been various hypotheses created to determine the mechanism between selenium defi-
ciency and MSK function, ranging from altered calcium signalling, oxidative stress, inflamma-
tion, apoptosis and selenoprotein disruption (Lescure et al., 2009; Rederstorff, Krol and
Lescure, 2006). Suboptimal selenoprotein levels may upregulate inflammatory cytokines,
leading to muscle weakness and oxidative damage and higher levels of IL-6 have been asso-
ciated with low selenium status, suggesting a bi-directional pathway (Prystupa et al., 2017,
Tseng et al., 2013). Selenium deficiency can target muscles leading to dystrophy through ox-
idative stress and apoptosis via downregulation of selenoprotein genes involved in muscle
(Huang et al., 2011; Yao et al., 2013a; Yao et al., 2013b) which may affect MPS and muscle
function, although the mechanisms are still unclear (Rederstorff, Krol and Lescure, 2006;
Chariot and Bignani, 2003; van Dronkelaar et al., 2018). Skeletal muscle requires calcium for
signalling, muscular contraction, and enzymatic sites (Berchtold, Brinkmeier and Miintener,
2000). Different calcium channels control the influx and efflux of calcium ions; these include
ryanodine receptor (RyR) and calcium pump channels for intracellular calcium release. RyR1
(ryanodine receptor 1) is a calcium channel required in muscle for excitation-contraction
coupling; disruption in calcium channels has been related to selenoprotein interference,
suggesting a potential mechanistic role of selenoproteins in MSK function (Lescure et al.,

2009; Jurynec et al., 2008; Reeves, Bellinger and Berry, 2010).

Muscle and Selenium: Evidence from animal models

There is a wealth of evidence to suggest how selenium deficiency causes muscle dysfunction

in animals (Table 1.5). Selenium’s potential role in muscle function was first noted in animals
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grazing on low selenium soils which led to white muscle disease (WMD) (Whanger, 2009).
Selenoprotein W (SELENOW) was the first selenoprotein associated with muscular function
and has a conserved gene sequence 10CXXU13 (Cis cysteine and U is Sec) across mamma-
lian species (Whanger, 2009). Selenoprotein N (SELENON) mRNA and its associated protein
are in most human and murine tissues. Alterations of SELENON gene expression have been
associated with early onset, autosomal, recessive neuromuscular disorders termed SEPN1-
related myopathy (Castets et al., 2009; Petit et al., 2003). SEPN1-related myopathies have
been characterised by weakness of the trunk and neck muscles and global muscle atrophy
which can cause spinal rigidity, severe scoliosis, and respiratory insufficiency during younger
years. SELENON concentrations are generally higher in embryonic tissues than adult tissues,
such as somites, precursors of muscular tissues, and SELENON expression decreases during
myoblast differentiation, implying SELENON’s role in muscle development (Castets et al.,
2009; Petit et al., 2003; Thisse et al., 2003). Research alludes to SELENON interacting with
ryanodine receptors responsible for calcium release in the sarcoplasmic reticulum (SR)
(Jurynec et al., 2008). Without SELENON, calcium concentrations can increase impairing mi-
tochondrial homeostasis leading to stress and apoptosis as well as a conversion to slower
twitch muscle fibres and sarcomeric disorganisation through cellular proteolysis (Berchtold,
Brinkmeier and Miintener, 2000) which can then increase protein breakdown (Michelucci et
al., 2021). Selenium may also play a role in other areas of muscle function, for example, old
rats given an antioxidant-rich diet containing selenium had an improved MPS response
(Marzani et al., 2008) and selenium supplementation in muscle contusion of rats led to
lower inflammatory markers (creatine kinase in muscle, IL-6 and IL-1B) and improved gait

performance compared to those not receiving supplementation (Goenawan et al., 2022).

Muscle and Selenium: Evidence from Human Epidemiology

In humans, selenium-deficient patients can have elevated serum levels of creatine kinase,
muscle fatigue, pain and proximal weakness associated with skeletal muscle disorders
(Chariot and Bignani, 2003). In older women, higher intakes of dietary selenium plus other
antioxidants was associated with enhanced performance in chair rises and walking (Roberts
etal., 2011). Low dietary intakes of selenium, among other micronutrients, were associated

with poor muscle strength, frailty and physical performance (Bartali et al., 2006). In an
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observational study, higher nail selenium concentrations were associated with improved
Timed-Up-and-Go (TUG) performance (Islam et al., 2007). However, when intakes were dou-
ble the RDA, Chaput et al., (2007) did not find any associations between selenium intakes
and muscle mass. Focusing on selenium status, community-living women (> 65 years) with
low serum selenium and other antioxidant concentrations, compared to those with high in-
takes, had poor physical performance (Martin et al., 2011) and in another observational
study, plasma selenium status was positively associated with hand grip strength (HGS) (Beck
et al., 2007). Plasma selenium in the lowest quartile, when compared to the highest, was as-
sociated with worse hip, knee and grip strength (Lauretani et al., 2007) and in community-
dwelling adults, serum selenium has been associated with muscle strength (Lauretani et al.,
2007), sarcopenia prevalence (van Dronkelaar et al., 2018) and muscle mass (Chen et al.,
2014). Aside from clinical case reports, often in those receiving parenteral nutrition, sele-
nium’s role in MSK function is generally not considered and there are even fewer studies
looking at long-term selenium supplementation. In one study, males using selenium supple-
mentation for 1-24 years were compared to non-supplemented males where supplementa-
tion was associated with higher muscle selenium in thigh biopsies (Behne, Alber and

Kyriakopoulos, 2010).

Muscle and Selenium: Evidence from Case Control Studies and Randomised Controlled Trials

There are few studies exploring the effects of selenium supplementation on muscle function
in humans using randomised controlled trials (RCT). Ten selenium-deficient patients pro-
vided with selenium supplementation (200 pg/d) showed improvements in plasma selenium
and type 1 muscle fibre diameter (Rannem et al., 1995). Likewise, selenium supplementa-
tion improved muscle pain and tenderness in case control supplementation studies
(Robinson, 1981; Robinson et al., 1978; Reinhard et al., 1998), For example, intravenous se-
lenious acid (400 pg/d for 6 weeks) provided to a parenteral nutrition patient (severely sele-
nium-deficient female, 33 years) was associated with enhanced proximal muscle strength

(Brown et al., 1986).
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Table 1.5: Evidence for the associations between selenium intake or status and muscle function in animals and humans, including species, sample size,
study design, selenium status, and/or dosage and outcomes.

Animal Demographics, Sample Size Study Design, Duration Dosage, Form Outcomes
Equine New-born foals WMD Case report Increased serum muscle enzymes, low GPx; muscle necrosis in non-survivors
(Delesalle et (n=28)
al., 2017)
(White et al., Adult, untrained thoroughbred Experimental: 2h submax. Control Se+: increased serum Se and TXNRD; no difference in plasma GPx activity, RBC,
2016) (n=12) training 36 d Se+: sodium selenite 0.3 ug/kg DM serum creatinine kinase; lipid hydroperoxides reduced immediately
Se may reduce oxidative muscle damage
Goat (Tian et 3 groups Experimental Control Both Se+: no differences in growth and muscle composition
al., 2022) (n=6/group) 60 d Se+: 2.4 ug/kg Se-yeast High Se+: increased total antioxidant capacity, GPx and scavenging activity; re-
High Se+: 4.8 ug/kg Se-yeast duced shear force and oxidative stress
Turkey 1-day old male, 8 groups Experimental Control < 0.010 pg/kg Control: muscle damage markers increased; reduced liver GPx activity
(Fischer, (n=18/group) 35d Se+: 0.10 to 0.40 pg/kg sodium selenite
Bosse and Vitamin E in all diets

Pallauf, 2008)

Fish

Juvenile rainbow trout

Experimental

Control

Se+: increased muscle protein content and retention, mTOR activity, postpran-

(Wang et al., (n =600) 6 wk Se+: 4 pug/kg Se-yeast dial MPS
2020)
(Jurynec et 14-18 somite stage embryo Experimental SELENON- Reduced fibres, calcium influx and defective slow muscle cells.
al., 2008) Zebra fish Se+: ryanodine binding and oxidative response normalised
Chicken 24 wk, Maternal Se+, Experimental Control Se+: increased muscle, insulin, muscle markers and SELENOW mRNA; reduced
(Gaoetal., (n=720) 8 wk Organic (Se/0) 0.5 mg/kg serum uric acid, skeletal muscle Atrogin-1 and MuRF1 mRNA.
2018) 3 treatments, 6 replicates Inorganic (Se/l) 0.5 mg/kg) Se/0 vs Se/l: no difference in muscle development
(n = 40) male offspring Offspring: sodium selenite 0.15 mg/kg
(Wuetal., 1d old male chicks (n = 250) Experimental Se-: 0.033 mg Se/kg Se-: increased inflammatory-related genes; reduced SELENOW mRNA in muscles
2014) 2 groups (125/group) Euthanized from 15-55d Se+: sodium selenite 0.15 mg Se/kg
Guinea pig Weanling, male Experimental Control, Se- diet, Vitamin E- Se and Vitamin E-: 54 % euthanised: severe weakness; muscle damage increased
(Hill, 2001) 4 groups Combined Se + Vitamin E- with highest levels in Se- diet.
Se+: 0.5 mg/kg sodium selenate Fatal myopathy (VESD) lipid peroxidation, muscle affection, low GPx
Rats Old (20 mo) and young (8 mo) Experimental Control MPS lower in older compared younger rats
(Marzani et Wistar 7 wk Se+: Antioxidant-rich Se+: improved MPS response
al., 2008)
(Goenawan et  Male, 3 groups (n=5/group) Experimental Control Se+: IL- 1B and 1L-6 lower and improved step gait in Se+ compared to contusion;
al., 2022) Wistar Contusion no difference in serum CK-MM
Se+: 0.0513 pg/kg/d 3d
Mice 18 mo C57/BL6J, male Experimental 7mo Control Antioxidant- 7mo: increased fatigue; reduced muscle strength compared to con-
(van Dijk et 2 groups: control (n = 33) Se+: casein-based antioxidant trol
al., 2016) diet (n =133) + leucine enriched protein Protein+: improved grip strength, muscle power; reduced fatigue Antioxidant+:

improved mitochondrial dynamics, oxidative status and grip strength; reduced
fatigue
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(Bodnar et

25 wk, BDF1 male

Experimental

Control: 0.3 ppm Se

Se+: grip force unaffected; increased amplitude of EDL and SOL single twitches

al., 2016) 3wk Se+: Selenate + NanoSe (equivalent 4 and Higher Se+: increased voluntary running speed and distance
40 pg/kg/BW/d) Lower Se+: increased SOL fatigue resistance, calcium release and SELENON ex-
pression in EDL
(Fodor et al., Old (22 mo) and young (4 mo) Experimental Control + running Older mice: reduced voluntary running, maximal tetanic and twitch force, cal-
2020) C57BL/6 mice 2 mo Young: control cium release, SELENON and RyR1; increased ROS and degraded RyR1
5 groups Old: control, compact mutation mice or Se+ and running: Improved muscle force, fatigue resistance, SR calcium and SE-
NanoSe (equivalent 40 pg/kg/BW/d) LENON content
Human Demographics, Sample Size Study Design, Duration Dosage, Form Outcomes
(Arbogast et Patients with SELENON deficient myo-  Experimental SELENON- and oxidative activity and protein oxidation: higher compared to con-
al., 2009) tubes (n=6) trols
(vanRijetal., 28-72y Review of Case Studies IV SeMet 100 pg/d 24h Se+: increased erythrocyte and GPx activity

1979)

Total parental nutrition (10-40 d)
(n=22)

1wk Se+: improved muscle tenderness, pain in thighs and walking ability

(Brown et al.,
1986)

33y female
Short bowel syndrome
Home parental nutrition 4 y

Case Study
6 wk

IV selenious acid 400 pg/d 6 mo
Plasma Se: 5 ng/ml (normal: 60-140)
GPx3 activity: 0.02 U/ml (normal: 0.19-
0.33)

Se+: reversed muscle weakness and fatigue; improved Se and GPx activity with
increases to 117 ng/ml and 0.21 U/ml by 4 mo

Human

Demographics, Sample Size

Study Design, Duration

Dosage, Form

(Robinson et
al., 1978)

Mean 35y (n =24)

muscular complaints, low soil area Ta-
panui, NZ

CC, 3 subjects supplemented

Case Control

1. 100 pg SeMet for 12 wk

2. 100 pg SeMet or sodium selenite 10-
11 wk or 65 pg Se in mackerel 4 wk

Outcomes

1. Blood Se increased; decreased 2-mo post supplementation; 50% symptom
relief

2. Whole-blood, plasma and erythrocyte Se, urinary and faecal excretion in-
creased

SeMet and mackerel Se: better absorbed than sodium selenite

(Reinhard et
al., 1998)

Mean 47 y, fibromyalgia patients
(9 men, 59 women, n = 68)
Female controls (n = 57), Germany

Observational

Serum Se patients: 71 pg/I
Se Controls: 77 pg/|

Se: difference between groups

(Helmersson

50y, men (n =615)

Longitudinal 27 y follow-up

urinary 8-iso-PGF2a, 15-keto-dihydro-

Serum Se highest quartile at 50 y: lower oxidative stress and lipid peroxidation

et al., 2005) Sweden PGF2a, hsCRP, serum amyloid A protein,
IL-6
65y > 65y men and women Observational Plasma Se: 0.95 + 0.15 umol/L Se and IGF-1: positive association
(Maggio et (n=951) IGF-1: 113.4 £ 31.2 ng/ml
al., 2010) INCHIANTI study, Italy
(Lauretani et > 65y men and women Observational Plasma Se: 0.95 + 0.15 umol/L Lower Se quartile and hip, knee and GS: negative association
al., 2007) (n=981) Q1< 0.839; Q2 0.839-0.934; Q3 0.935—-

INCHIANTI study, Italy

1.037; Q4 > 1.037

(Bartali et al., > 65y women (n = 643) Longitudinal Serum Se Incidence Rate: Lower Se quartile and disability risk: positive association

2006) Women's Health and Aging Study, US 6 mo Lowest Q: 21.6; Upper 3 Q: 10.8

(Sembaetal, =265ywomen Observational Se Frail: 112 pg/L (109-114 95% Cl) Se and frailty: negative association

2006) (n = 766:250 frail, 516 non-frail) 3y Se Non-frail: 118 (116-120 95% Cl) Upper vs lower quartile: no difference in frailty incidence rates

Women'’s Health and Aging Study, US

(Beck et al.,
2007)

> 65 y women, moderately to severely
disabled (n = 676)
Women'’s Health and Aging Study, US

Observational

Mean plasma Se: 1.49 umol/L (0.23 SD)
Mean HGS: 18.2 kg (4.9 SD)

Serum Se and HGS: positive association
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(Islam et al.,
2007)

62-67 y, adults
(n = 507) Freemasons Health
North Island, New Zealand

Cross sectional

Hair and toenail Se, 24 h dietary recall
Se intake pg/d: Men 48.8; Women 37.6
Hair Se pg/g: Men 0.47 Women 0.40
Nail Se pg/g: Men 0.59 Women 0.60

Se and TUG: negative association

(Martin et al.,
2011)

63-73 y men (348) and women (280)
(n=628)
Hertfordshire cohort study

Observational

Men Se: 52.5 pg/d
Women Se: 52.1 pg/d

Se intake and 3MWT: negative association in women

(Chen et al.,
2014)

Mean 71y (n =327)
Taipei

Cross sectional

Serum Se quartiles

Estimated Se and muscle mass: negative association

(de Jong et
al., 2001)

Mean 75y, women (n = 103)
Nonusers of Se-supplementation
(n=80)

Dunedin, Urban, New Zealand

Cross sectional

Mean Se: 34 + 10 pg/L

80 % of non-supplement users Se < 1
umol/L

83 % consuming below 42 pg/L

Se tertile and physical performance (HGS and TUG): positive association
Plasma Se and GPx activity: positive association

(Heffernan et

128 studies, Se (n =5)

RCT Systematic Review

1. 200 pg/d, trained cyclists, 4 wk

1.  No effect on testosterone or lactate accumulation

al., 2019) 124 participants, males Mineral + trace elements (Shafiei Neek, Gaeini and Choobineh, 2.  No effect on mitochondrial activity, aerobic performance, myosin heavy
in exercise performance 2011) chain expression
2. SeMet 180 pg/d, 24 males, untrained 3.  Increased GPx in exercise compared to placebo
endurance, 10 wk (Margaritis et al., 4.  Reduced exercise-induced mitochondrial density and biogenesis
1997) 5.  Reduced lipid hydroperoxide in OW
3. Organic Se 240 pg, 24 non-smoking
males, mean 23y (Tessier et al.,
1995)
4.  Se, 24 males, 10 wk endurance train-
ing (Zamora et al., 1995)
5. 200 pg sodium selenite (Savory et
al., 2012)
RCT RCT Control Se+: increased blood Se and GPx1 activity; 50 % improved muscular symptoms
(Robinson, Se+ 3 dosing trials: 2 double blinded 100
1981) pg/d sodium selenite or SeMet
(Rannem et 25-65y, Se- (n =10) RCT Placebo Se+: improved serum Se and mean diameter of type 1 muscle fibres; no improve-
al., 1995) Short bowel syndrome 5-7 times/wk IV sodium selenite 200 pg/d ment in quadriceps strength
Long-term parental nutrition 4 mo Plasma Se increased 0.21 to 1.25 pmol/L

WMD: white muscle disease; GPx: glutathione; Se+: selenium-supplemented; DM: dry mass; Se: selenium; TXNRD: thioredoxin reductase; RBC: red blood cell; BW: body weight; Se-: selenium-deficient; mTOR: mammalian target of rapamycin; MPS:
muscle protein synthesis; DIO: deiodinase; T3: Triiodothyronine; FT3: free T3; TSH: thyroid stimulating hormone; GH: growth hormone; IGF-1: insulin-like growth factor 1; T,: thyroxine; FT,: free T,; diol: type 1 deiodinase; SELENON: selenoprotein
N; AKT: Protein kinase B (PKB); P70S6K: p70 ribosomal S6 kinase; Myf5: Myogenic factor 5; MyoD: Myogenic Differentiation Antigen; MyoG: Myogenic Factor; SELENOW: selenoprotein W; FOXO: forkhead box transcription factors; MuFRI: NF-kB:
Nuclear factor kappa B; TNFa: Tumour Necrosis Factor alpha; iNOS: Inducible nitric oxide synthase; COX-2: Cyclooxygenase-2; PTGES: Prostaglandin E Synthase; VESD: vitamin E selenium deficiency; IL-1B: Interleukin 1 beta; IL-6: interleukin 6; CK-
MM: Creatine Kinase, muscle; ppm: parts per million; ROS: reactive oxygen species; RyR1: Ryanodine receptor 1; SR: sarcoplasmic reticulum; SeMet: selenomethionine; IV: intravenous; EMG: electromyography; WBC: white blood cell; 8-iso-PGF2a:
8-iso-prostaglandin F2a; hsCRP: high sensitivity c reactive protein; SAA: Serum amyloid A; ADL: activities of daily living; GS: hand grip strength; TUG: timed up and go; RCT: randomised controlled trial; FFQ: food frequency questionnaire; 3MWT: 3 m

walking test; BIA: body impedance analysis; SMM: skeletal muscle mass; OW: overweight; FA: fatty acid
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Selenium and MSK Function: Bone

The role of selenium in bone metabolism has been demonstrated in numerous studies (Ta-
ble 1.7). Furthermore, bone holds the second highest proportion of selenium content (16
%), followed by muscle stores (27.5 %) (Zachara et al., 2001; Oster, Schmiedel and Prellwitz,
1988) suggesting a requirement of selenium in bone health. Additionally, at least 9 seleno-
proteins are identified in foetal osteoblasts or osteoclasts, the bone formation and resorp-
tion cells, respectively (Zhang, Zhang and Xiao, 2014; Jakob et al., 2002; Zeng, Cao and
Combs, 2013; Pietschmann et al., 2014; Ebert et al., 2006; Dreher et al., 1998; Kohrle et al.,
2005). Selenium supports bone formation through the TXNRD1 selenoprotein which is ex-
pressed in the osteoblast differentiation pathway (Zhang, Zhang and Xiao, 2014) and re-
quires 1,25(0OH),Ds upregulation. Without selenium, 1,25(0OH),Ds fails to improve TXNRD1
activity indicating that selenium deficiency would be detrimental to osteoblastic differentia-
tion (Jakob et al., 2002). Osteoclast apoptosis is induced at high levels of selenium (5-10 uM
sodium selenite) and osteoblast defence systems are improved (through a reduction in oxi-
dative stress (Zeng, Cao and Combs, 2013; Chung et al., 2006; Liu et al., 2012; Dreher et al.,
1998; Cao, Gregoire and Zeng, 2012). As described in Section 1.2, inflammatory molecules,
such as IL-6, and ROS, both of which stimulate bone resorption (Garrett et al., 1990; Evans
and Ralston, 1996; Key et al., 1994) and increase RANK-L signalling respectively, (Zhang,
Zhang and Xiao, 2014) are neutralised by selenoproteins, thereby reducing bone resorption
and maintaining redox balance (Kim et al., 2021; Prabhu et al., 2002). Additionally, sele-
nium, as mentioned, is also involved in thyroid hormone function. DIO selenoproteins are
required to convert the inactive T4 to the active Ts; when selenoprotein concentrations are
suboptimal less Ts is synthesised and free T4 levels remain high which has been associated
with hip BMD and non-vertebral fracture risk and, interestingly, inversely associated with
serum selenium and SePP (Hoeg et al., 2012). Despite selenium’s involvement in bone, only

a few other studies have examined the effect of selenium experimentally (Table 1.6).
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Selenium and Bone: Evidence from animal models

Experimental studies in animals indicate the role of selenium in bone metabolism. For exam-
ple, an osteo-chondroprogenitor-specific deletion in the Sec tRNA gene in transgenic mice
showed impaired skeletal growth and ossification, further suggesting selenium’s importance
in bone health (Downey et al., 2009). In mice, increasing glutathione reduced oestrogen-de-
ficiency bone loss whilst glutathione depletion increased bone loss (Lean et al., 2005) and, at
supranational doses, GPx1 was capable of degrading hydrogen peroxide and TXNRD1 pre-
vented nuclear factor kappa light chain enhancer of activated B cells (NF-kB) activation
(Prabhu et al., 2002; Kim et al., 2007; Christensen et al., 2007). Overexpressing GPx in
mouse osteoclasts resulted in prevention of osteoclast formation and suppression of RANK-
L which included NF-kB activation (required for osteoclast formation) with enhanced oxida-
tive stress resistance (Lean et al., 2005; Zhang, Zhang and Xiao, 2014). Regarding bone qual-
ity and growth, compared to selenium-supplemented mice, selenium-deficient mice had
poorer bone microarchitecture due to improper mineralisation with higher inflammatory
and bone resorption markers (Cao, Gregoire and Zeng, 2012). In selenium-deficient rats,
studies have found abnormal skeletal growth and poor bone health (Moreno-Reyes et al.,
2001; Hurt, Cary and Visek, 1971; Thompson, Haibach and Sunde, 1995), lower BMD and fe-
mur ash weight (Sasaki et al., 1994), shortening of epiphyseal plates (Min et al., 2015) and
combined selenium and iodine deficiency (< 0.02 pg/g) reduced cartilage and bone growth
(Ren et al., 2007). In second generation selenium-deficient rats, trabecular bone volume,
surface, and diameter decreased with fewer, thinner trabeculae. These experimental studies

in animal models provide further evidence for selenium’s role in MSK function.

Selenium and Bone: Evidence from human epidemiology

There is a growing body of evidence from human observational studies that selenium is in-
volved in bone metabolism. One potential indicator of selenium’s importance in bone me-
tabolism is that even during selenium deficiency, a supply of selenium to the bone is main-
tained and transported by SePP (Pietschmann et al., 2014). In observational trials, selenium,
either as dietary intakes, or status, has been associated with osteoporosis prevalence, BMD

and fractures which will be described in the following text below and in Table 1.6. Selenium
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intake was negatively associated with osteoporotic hip fracture risk in US adults (> 20 years)
(Zhang et al., 2006) and in a case control study of elderly Chinese adults (Sun et al., 2014).
Using the National Health And Nutrition Examination Survey (NHANES) selenium intakes
were positively associated with total femur BMD, especially in postmenopausal women and,
negatively associated with FRAX scores (Wu et al., 2021). A cross-sectional study found a
negative association between selenium intakes and osteoporosis prevalence assessed using
phalange BMD (Wang et al., 2019) and hair selenium levels were positively associated with
BMD (Park et al., 2020). Similarly, serum selenium was positively associated with estimated
heel and forearm BMD (Qu et al., 2021). Likewise, in elderly men (= 70 years), selenium con-
centrations (mean 92 ug/l) and SePP (3.4 mg/L) were positively associated with total and
femoral trochanter BMD (Beukhof et al., 2016) and in a cohort of postmenopausal women
there was a negative association between concentrations of selenium and SePP and BTM
whilst there was a positive association between selenium concentrations and BMD (Hoeg et

al., 2012).

Despite these associations between selenium intakes, or status, and BMD (Beukhof et al.,
2016; Hoeg et al., 2012; Wu et al., 2021; Park et al., 2020; Pedrera-Zamorano et al., 2012;
Wang et al., 2019) and fractures (Sun et al., 2014; Galvez-Fernandez et al., 2021; Zhang et
al., 2006), some studies have not found significant associations between selenium intakes or
status, and osteoporosis, BMD or fractures (Odabasi et al., 2008; Wolf et al., 2005; Arikan et
al., 2011; Galvez-Fernandez et al., 2021; Wang et al., 2015; Liu et al., 2009; llich et al., 2009;
Chan et al., 2009). There was no association between selenium status and BMD (Arikan et
al., 2011), nor any differences between selenium status in healthy, osteoporotic or, osteo-
penic Chinese women (Liu et al., 2009). Other studies have suggested both low and high
concentrations of selenium can be detrimental to bone, for example, a U-shaped dose-re-
sponse was found with higher baseline selenium (84.9 pg/l) and OP fractures (Galvez-
Fernandez et al., 2021); plasma selenium below 105 pg/l was associated with lower BMD,
whilst levels above 105 g/l were associated with an increased fracture risk. Plasma sele-
nium beyond 105 pg/L may allow selenium to be non-specifically incorporated into proteins
as SeMet (Monsen, 2000) which could alter osteoblast differentiation and osteoclast activity
(Zeng, Cao and Combs, 2013). These variances between studies could be from differences in

methodology, measurements of osteoporosis, biomarkers of selenium status, geographical
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regions, age ranges of participants and genetic variation in selenium-related genes (Hesketh
and Méplan, 2011). In addition to these nutritional associations, there have also been asso-
ciations between genetic polymorphisms and selenoproteins whereby there is an inter-indi-
vidual variation in micronutrient metabolism (Hesketh and Méplan, 2011). Furthermore,
there is genetic variation associated with bone metabolism (Cusack and Cashman, 2003;
Tranah et al., 2008). The arachidonate 12-lipoxygenase (ALOX12) gene aids in oxygen inser-
tion into polyunsaturated fatty acids and is part of the arachidonate lipoxygenase enzyme
super-family (Deng et al., 2002; Devoto et al., 1998). A by-product of ALOX12 activity, 12-
hydroperoxyeico-satetraenoic acid (12-HPETE) acts as a ligand for peroxisome proliferator-
activated receptors (PPARs). PPARs inhibit osteogenesis and increase adipogenesis from
bone-marrow derived mesenchymal stem cells (MSCs) (Gimble et al., 2006; Lecka-Czernik et
al., 2002). ALOX12 activity could increase PPAR binding and decrease osteoblast generation,
leading to a reduction in BMD (Kawaguchi et al., 2005). Single nucleotide polymorphisms
(SNPs) within ALOX12 have been associated with femoral neck BMD (Al-e-Ahmad, 2018).
Other SNPs associated with bone health are between GPx1 and BMD (Mlakar et al., 2010),
osteoporosis prevalence postmenopausal women (Ozgocmen et al., 2007) and between SE-

LENOS and osteoarthritis risk (Bos et al., 2009).

Selenium and Bone: Evidence from randomised controlled trials

To my knowledge, there is only one RCT exploring the effect of selenium supplementation
on bone health. This RCT measured the effect of sodium selenite supplementation (50 and
200 pg/d) on BTMs, BMD and inflammatory markers in postmenopausal women with osteo-
porosis or osteopenia. Supplementation over 6 months had no significant effect on these
outcomes, although the mean baseline status was 79.4 pg/L suggesting this population was

selenium replete, which may explain the lack of results (Walsh et al., 2021).

These last sections of this chapter have clearly shown that more research is required, using
different study designs to improve the understanding of selenium’s role in MSK ageing and
function. Section 1.9 below presents a summary of the aims and objectives of each experi-

mental chapter in this PhD thesis.
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Table 1.6: Evidence for associations between selenium intake or status and bone metabolism in animals and humans, including species, sample size, study
design, selenium status, and/or dosage and outcomes.

Animal Demographics, Sample Size Study Design, Duration Dosage, Form Outcomes

Mice (Cao, 18 wk, male c57BL/6J (n = 33) Experimental Se-: 0.9 pg Se/kg Se-: reduced GPx1 activity, femoral trabecular bone volume; increased tra-
Gregoire and 4 mo Se+: SeMet or pinto 100 pg Se/kg becular bone separation and serum CRP, TRAP and PTH

Zeng, 2012)

Rats (Sasaki et 3-11 mo, 2nd generation Se- Experimental Se- Se-: reduced whole and distal femur and tibia BMD and BMC

al., 1994)

(Moreno-Reyes
etal., 2001)

12 wk, female Wistar
Pups Se- diet (n = 24)

Experimental
72d

Se-: 0.005 mg/kg
Se+: 0.19 mg/kg

Se+: PTH and 1,25(0H)2D; doubled; reduced weight, tail length, plasma cal-
cium, osteocalcin, femur and tibia BMD

(Yao et al., 2012)

Weaned, Wistar (n = 96)

Experimental
12 wk

Control

KBD diet 0.031 mg/kg
Se+: 0.14 mg/kg

Se + lodine+

Se+ and Se + lodine+: increased trabecular number, thickness, bone: tissue
volume; reduced trabecular separation

KBD diet: reduced total serum protein, albumin; increased tibial growth
plate, chondrocyte necrosis

(Min et al., 2015)

8-12 wk, Dark Agouti (n = 8-10/group)

Experimental

Se-: 0.018 pg/g

2nd generation Se- rats: reduced GPx4, GPx1 type Il collagen, GPx1 activity,

2 mo Se+:0.288 pg/g epiphyseal plate lesion

(Ren et al., 2007) Weanling Sprague-Dawley (SDR) (n = 48) Experimental, Se-: Se <0.02 pg/g, iodine 0.4-0.5 pg/g Se+: increased PTHrP expression; reduced ColX expression irrespective of
4 groups Se +iodine +: Se 0.1-0.3 pg/g, iodine 0.4-0.5 pg/g lodine
3 mo lodine-: Se 0.1-0.3 pg/g, iodine 0.04 ug/g Combined-: reduced tibial length and growth plate cartilage thickness

Combined-: Se 0.01 ug/g, iodine 0.04 ug/g

Human Demographics, Sample Size

Study Design, Duration Dosage, Form

Outcomes

Younger Adults

>18'y, women (n = 280)

Cross Sectional

Control 104.0 + 27.1 pg/d

Se and BMD: no association

(Rivas et al., Spain 24hr FFQ, Hip and LS BMD OP group: 96.5 + 33.8 ug/d
2012)
(Chan etal., >20-35y, women (n = 441) Cross Sectional Beijing Se: 46.4 + 14.5 pg/d Se and BMD: no association
2009) China 5d food record, Hip, LS and Hongkong Se: 80.6 + 27.2 pg/d
FN BMD
(zhang et al., >20vy, adults (n =17150) Longitudinal Se quartile: Q1: 20 £5 Se and fracture: non-linear association
2021) China 3d food record Q2:31.8+3 U shaped response: varied by gender and urbanization
Self-reported fracture Q3:42.5+4
Q4:71.2 + 45 (ug/d)
(Park et al., 220y, mean 53y, adults (n = 1167) Cross Sectional Control: Hair Se 0.06 pg/g Lower hair Se (quartiles) and BMD: positive association
2020) Korea OP: Hair Se 0.05 pg/g
(Wangetal., Mean 52y, adults (n = 6267) Cross Sectional Control: 44.0 + 23.3 pg/d Se Lower Se and OP prevalence: positive association
2019) China Validated, SQ FFQ, Phalanges OP:39.1+31.1 ug/d Se OR 0.72 (0.55-0.94)
BMD
PMW (Odabasi Mean 61y, OP: 77, control: 61 (n = 138) Case Control Control: 79.0 ng/ml Se Se: no difference between groups
et al., 2008) Turkey BMD OP: 77.0 ng/ml Se

(Arikan et al.,
2011)

48-60y, OP: 35; Osteopenia: 37;
Control: 35 (n =107)
Turkey

Case Control
BMD

Control: 67.12 + 11.6 pg/L
OP: 66.16 + 12.1 pg/L
Osteopenia: 66.89 + 15.5 ug/L

Se: no difference between groups

(Liu et al., 2009)

45-65y, OP: 123; Osteopenia: 127; Con-
trol: 31 (n =290)
China

Cross Sectional
BMD

Control: 0.065 + 0.01 mg/L
OP: 0.067 +0.02
Osteopenia: 0.069 + 0.02

Se: no difference between groups
Se and BMD: no association
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(Wolfetal.,
2005)

50-79y (n = 11068)
Women'’s Health Initiative Observational
Study, USA

Cross Sectional
Semi quantitative FFQ, total
BMD

Se antioxidant: 85.9 + 38.6 pg/L
Total group Se: 94.1 + 43.2 pg/d

Se and BMD: no association, after adjustments

(llich et al., 2009)

Mean 60y (n =120)
Croatia

Cross Sectional
3d food record, FFQ, LS and
hip BMD

Control group: 104.0 +27.1 pg/L
OP: 96.5 + 33.8 pg/L

No association between BMD and Se deficiency

(Pedrera- Mean 61y (n =335) Cross Sectional Se: 95.5 ug/L Higher Se intake and Ad-SoS score: negative association when Ca2* lower
Zamorano, 2012) Spain 7d food record, Ad-SoS pha-
langes, calcium intake

Older Men 75-807, men (n = 387) Cohort Se: 91.9 pg/ Se + SePP + BMD: positive association
(Beukhof et al., Netherlands Total and femoral BMD SePP: 3.4 mg/L
2016) 0.5 % selenium-deficient
(Wangetal., 50-80 y, men, OP: 30; Osteopenia: 31; Case Control Control: 133.97 + 29.0 ppm Se: no difference between groups
2015) Control: 30 (n =91) BMD OP:125.53+22.8 Se and BMD: no association

China Osteoporosis: 144.88 + 26.8
Older Adults (Al- > 60y, OP: 90; Control: 90 (n = 180) Case Control Control: 81.09 + 25.6 pg/L SeFs Se: different between groups
e-Ahmad et al., Iran 2 ALOX12 SNPs, BMD OP: 57.58 + 25.5 pg/L Se Se and BMD: positive association
2018)
RCT > 55y, post-menopausal women (n = 120) RCT 6 mo 1:1:1 placebo: 50: 200 pg sodium selenite Se: no difference in outcome measures
(Walsh et al., with OP or osteopenia uNTX:Cr, BMD, BTM, antioxi-
2021) dant and inflammatory mark-

ers

Systematic Re-
view (Xie et al.,
2018)

KBD patients (n = 2931 from 15 RCT), UK

Systematic Review
Efficacy of supplementation

Se salt, sodium selenite + vitamin E

Se-yeast, sodium selenite and sodium selenite + vitamin C

from high to lowest

Se+: all increased repair of metaphyseal lesions compared to placebo
Overall evidence quality: low

Se: selenium; BM: body mass; CAT: catalase ; PTH: parathyroid hormone; TRAP: Tartrate-resistant acid phosphatase; CRP: c-reactive protein; SeMet: selenomethionine; BMD: bone mineral
density; BMC: bone mineral content; BW: body weight; KBD: Kashin-Beck disease; PTHrP: Parathyroid hormone related protein ; ColX: type X collagen ; OC: osteocalcin; IGF-1: insulin-like
growth factor 1; PMW: postmenopausal women; FFQ: food frequency questionnaire; LS: lumbar spine; OP: osteoporosis; CS: cross-sectional; FN: femoral neck; HR: hazard ratio; CC: case
control; Ad-SoS: amplitude dependent speed-of-sound; TSH: thyroid stimulating hormone; Ta: thyroxine ; BMI: body mass index; T2DM: type 2 diabetes mellitus; SNP: single nucleotide poly-
morphism; uNTX:Cr: urinary cross-linked N-telopeptide of type 1 collagen corrected for urine creatinine.

39



1.9 Summary

Using a comprehensive, integrated approach, this PhD thesis will help elucidate the role of
selenium in MSK ageing, using two different study designs, observational and experimental.
This will be achieved by assessing biomarkers of selenium status in very old adults, exploring
this association with MSK function cross-sectionally and prospectively, and determining the
clinical effects of selenium supplementation on BTMs. This PhD thesis combines both epide-
miological and experimental data and therefore provides a greater understanding of the ef-

fects of selenium on MSK function, combining different age populations and study designs.

1.10 Hypotheses, Aims and Objectives

The evidence collated over the past three decades indicates that selenium is essential for
optimal biological functioning, as well as MSK function. Experimental results from animal
models suggest that selenium supplementation can modulate bone and muscle metabolism.
In human epidemiology studies, selenium status has been associated with BMD and fracture
risk. However, despite the evidence so far, further studies are required to explore the rela-
tionship between selenium status and a wider panel of MSK measures such as TUG, HGS,
disability, sarcopenia and BTMs. Therefore, this PhD thesis aims to address this in three
chapters using two different study designs, which will be discussed in more detail in Chapter
2. These different skills and expertise will be gained through different universities; Sheffield
University will provide the metabolic aspect through analysis of BTMs; Newcastle University
will enhance skills related to nutritional assessments and dietary analysis; and Charité Uni-
versitatsmedizin Berlin will provide the molecular analysis for assessing the biomarkers of

selenium status.

The outputs and knowledge generated from this PhD thesis could help build a robust evi-
dence base that will inform and influence public health nutrition policy regarding selenium
nutrition, as well as providing underpinning knowledge to relevant stakeholders and indus-

trial partners.
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Chapter 3: Selenium Status in Very Old Adults: The Newcastle 85+ Study

Research Question: Are there any associations between the biomarkers of selenium status
(serum selenium, GPx3 activity and SePP) and selenium intakes? What are the determinants
of the biomarkers of selenium status? Is there a relationship between serum selenium and

the selenoproteins, GPx3 activity and SePP?

Hypothesis: It was hypothesised that there will be high prevalence of suboptimal selenium
status in this population-based cohort of very old adults. Serum selenium will predict the se-
lenoproteins (GPx3 activity and SePP) in a linear relationship due to the estimated limiting
concentrations of serum selenium thereby not allowing for full expression of selenopro-
teins.

Objectives

1. Assess the selenium status (by measuring concentrations of serum selenium, GPx3
activity and SePP) and prevalence of suboptimal selenium status in baseline samples

2. Compare The Newcastle 85+ Study population selenium status with the DRVs for se-
lenium

3. Explore the associations between selenium status (serum selenium, GPx3 activity
and SePP) and dietary selenium intakes

4. ldentify the determinants of the biomarkers of selenium status including

socioeconomic, health and lifestyle factors

5. Quantify the relationship between serum selenium concentrations and GPx3 activity

and SePP
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Chapter 4: Selenium Status and MSK Function in Very Old Adults: The Newcastle 85+
Study
Research Question: Do biomarkers of selenium status (serum selenium, GPx3 activity and
SePP) predict baseline MSK function (HGS, TUG, sarcopenia)? Do biomarkers of selenium
status (serum selenium, SePP, GPx3 activity) predict the change in MSK function over 5
years?
Hypothesis: Participants in The Newcastle 85+ Study with optimal selenium status, com-
pared to those with suboptimal selenium status, will have better MSK function, and a slower
rate of change in MSK function over 5 years.
Objectives

1. Explore associations between selenium status (serum selenium, GPx3 activity and

SePP) and MSK function (HGS, TUG, sarcopenia)
2. ldentify the determinants of MSK function including biomarkers of selenium status,

socioeconomics, health and lifestyle factors

3. Determine the relationships between selenium status and MSK function at baseline

and the rate of change in MSK function over 5 years

Chapter 5: Selenium Status and Disability in Very Old Adults: The Newcastle 85+ Study
Research Question: Do biomarkers of selenium status (serum selenium, GPx3 activity and
SePP) predict baseline disability? Do biomarkers of selenium status (serum selenium, SePP,
GPx3 activity) predict the change in disability over 5 years?
Hypothesis: Participants in The Newcastle 85+ Study with optimal selenium status, com-
pared to those with suboptimal selenium status, will have lower disability and a slower de-
cline over 5 years.
Objectives

1. Explore associations between selenium status (serum selenium, GPx3 activity and

SePP) and disability
2. ldentify the determinants of disability including biomarkers of selenium status,

socioeconomics, health and lifestyle factors

3. Determine the relationships between selenium status and disability at baseline and

the rate of change in MSK function over 5 years
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Chapter 6: The Effect of Selenium Supplementation on Biomarkers of Bone Turnover
Research Question: What are the long-term effects of Se-yeast supplementation on BTMs?
Hypothesis: Long-term selenium supplementation will influence BTMs in older people.
Objectives
1. Assess concentrations of biomarkers of BTMs in serum, at baseline, 6 months, and 5
years
2. Investigate the short-term (6 months) and long-term (5 years) effects of selenium
supplementation (placebo, 100, 200, 300 pg Se-yeast/d) on the following BTMs:
osteocalcin (OC), procollagen type 1 N-terminal propeptide (PINP), collagen type 1
cross-linked C-telopeptide (CTX) and bone alkaline phosphatase (BALP)
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1.11 Appendix

Table 1.1: Selenium’s role in the human body (adapted from Rayman, 2012; SACN, 2013; Kdhrle et al., 2005).

Physiological Area

Impact of Selenium

Thyroid gland Synthesis and function of thyroid hormones lodothyronine deiodinases (DIO) 1-3: Regulates and synthesises 3,3'5-triiodothyronine (T3, active form)
via conversion of thyroxine (T4). DIO1 and DIO2 modulate the synthesis of active T3 from Ta.
Thioredoxin reductase: Regenerates antioxidant systems, nucleotide reduction in DNA production, maintains intracellular redox state, protects thy-
roid from reactive oxygen species (ROS), required for cell proliferation and gene expression regulation

Brain Protective of lipid peroxidation and modulates neurotoxicity

Cardiometabolic

Involvement in metabolic syndrome, cardiovascular disease, blood pressure, haemorrhage

Antioxidative prop-
erties

Glutathione peroxidase (GPx) 1-4: Neutralises ROS (i.e. hydrogen peroxide) and modifies inflammation and oxidative damage

Antimutagenic and
anticancerogenic

Reduces cancer risks and DNA damage

Reproduction

Improves sperm membrane and fertilizing ability
Sperm mitochondrial capsule: Produced through GPx4: aids sperm maturation and protects against oxidative damage

Growth and devel-
opment

Regulates development and differentiation
Selenophosphate synthetase, SPS2: Helps produce donor for selenocysteine (Sec) synthesis (Fordyce, 2007)

Gl tract

Aids rumen microorganisms and digestive enzymes, anti-inflammation and suppression of cytotoxic cytokines protects intestinal mucosa during chem-

otherapy

Liver, lungs, kidney

Protects liver from hepatic steatosis damage, inflammation and oxidative stress protection in the lungs and heavy metal detoxification in kidneys
Selenoprotein P: selenium transporter between liver and other organs

Antimicrobial and
antiparasitic

Antiviral, antibacterial, antifungal and anti-helminthic effects, immunity (Fordyce, 2007)

Musculoskeletal

Selenoprotein N: Located in endoplasmic reticulum (ER) membrane: first to be associated with inherited disorders including muscular dystrophy; gene
mutations at multiple loci cause the diseases (Rederstorff, Krol and Lescure, 2006)

Selenoprotein W: 10 kDa muscle protein required for muscle function (Whanger, 2009)

Some selenoproteins buffer against oxidative damage proving protection against muscle weakness and bone deterioration (Beck et al., 2007; Kim et
al., 2021)
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Table 1.2: Summary of muscular diseases induced by selenium deficiency (adapted from Rederstorff,
Krol and Lescure, 2006)

Animal Disease Symptoms
Calves, White muscle disease associated with low selenopro- calcification and stiffening of skeletal and cardia
lambs tein W concentration muscle tissue due to improper calcium regulation
of muscle sarcoplasmic reticulum, weakness and
recumbency
Foals White muscle disease and yellow fat disease Degradation of adipose tissue replaced by connec-
tive tissue
Pigs Vitamin E and Selenium Deficiency (VESD) associated Mulberry heart disease, hepatosis dietetica, nutri-
with low intakes (Rammell, Pearson and Bentley, tional myopathy
1988)
Chick- Nutritional muscular dystrophy associated with low Cardiac and skeletal muscle affections
ens, tur-  selenium intakes
key,
salmon
Chickens Exudative diathesis (Huang et al., 2015) Greenish enema, subcutaneous haemorrhage
associated with vitamin E and selenium deficiency
Lambs Rigid lamb syndrome associated with vitamin E and Spine and limb rigidity
selenium deficiency
Guinea Fatal myopathy associated with vitamin E and sele- Lipid peroxidation, muscle affection, low glutathi-
pig nium deficiency one peroxidase
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Table 1.3: Additional details from studies providing evidence for the involvement of selenium in
muscle and bone function including species, sample size, study design, selenium status, and/or dos-
age and outcomes.

Species De- Study De- Dosage, Form Outcomes
mographics, sign, Dura-
Sample Size  tion
Muscle
Chicken 1d, Experi- Control: 10 ug Se/kg Control 3 wk: 93 % NMD, 36 % mortality
(Huang et (n= mental 6 Se- Vit. E+: all-rac-a-to- Se-: increased muscle damage; decreased antioxidant
al., 2015) 40/group) wk copheryl acetate 50 mg/kg and GPx activity, selenoprotein mRNA
Nutritional Se+ Vit. E-: sodium selenite
muscular 0.3 mg/kg
dystrophy Se+ and Vit. E+
(NMD)
(Wuetal., 1d, male Experi- Se-: 0.033 mg Se/kg Se-: downregulated 11 antioxidative selenoproteins
2014) (n=180) mental Se+: sodium selenite 0.2
55d mg/kg
25 seleno-
protein
mRNAs
(Yaoetal., 12dem- Experi- SELENOW overexpression Increased selenoprotein expression and ROS interac-
2013a) bryo mental tions
isolated Reduced oxidative damage
myoblasts
Humans Statin-asso- Experi- CoQ10 + selenium Se+: improved CoQ10 and SAM; reduced muscle pain
(Fedacko et ciated myo-  mental 0-3 weakness, cramps, fatigue
al., 2013) pathy treat- mo Additional Se+: no effect on SAM
ment pa-
tients
( n=60)
Bone
Rat Sprague Experi- Se+: 0.5 mg Se/kg Se+: no reduction in Se or Cu in femur of cancer rats; Fe
(Skrajnowska  Dawley, mental Long-term Se and Cu supple-  and K increased (bone health importance)
etal., 2022) male Healthy fe-  mentation Se may slow osteolytic changes from metastasis
(n=41) mur or
LNCaP
prostate
cancer
cells
Human Media for Experi- Standard cell cultures (5-10 Higher Se+: restored basal selenoprotein activity and
BMSC, cell culture mental % foetal calf serum) 5-10 mMRNA and expression; reduced ROS accumulation
hMSC-TERT from foetal nM selenite Lower Se+: reduced expression GPx in osteoblasts; in-
(Ebert et al., calf serum creased chromosome damage
2006)
Human >20y Cross Sec- Low BMD 82.8 pg/L Se and BMD: negative association Se < 105 pg/L; posi-
(Galvez- adults tional High BMD 85.7 pg/L tive association Se > 105 pg/L
Fernandezet (n=1365), Se and Fracture: positive association Se > 100 pg/L
al., 2021) Spain
(Wuetal., 240y Cross Sec- Se Intake: 102 pg/d Se intake and total femur BMD: positive association, es-
2021) (n=2938) tional Whole-blood Se: 197 pg/L pecially post-menopausal women
NHANES, US Serum Se: 131 pg/L Se intake and whole-blood and FRAX score: negative as-
sociation
All Se markers and fracture history: negative association
(Hoeg etal., Post-meno- Cohort, Se: 94.3 pg/L Se and SePP and BTM: negative association
2012) pausal Prospec- SePP: 3.2 mg/L Se and total hip and lumbar BMD: positive association
women tive Se and SePP and non-vertebral and vertebral fractures:
(n=1144), no association
OPUS, Eu-
rope (from
5 cities)

NMD: nutritional muscular dystrophy; Se+: selenium-supplemented; Se-: selenium-deficient; Vit.E+: vitamin E supplemented; Vit.E-:
vitamin E deficient; GPx: glutathione peroxidase; SePP: selenoprotein P; SELENOW: selenoprotein W; CoQ10: co enzyme Q10; SAM:
statin-associated myopathy; LNCaP: Lymph Node Carcinoma of the Prostate ; Cu: copper; Fe: iron; K: phosphorus; BMSC: bone mar-
row stromal cell; hMSC-TERT: telomerase-immortalized human mesenchymal stem cells; BMD: bone mineral density; NHANES: na-

tional health and nutrition examination survey; FRAX: fracture risk assessment tool
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Chapter 2. General Methodology

2.1 Overview of Study Designs for each Experimental Chapter

The framework for the experimental chapters (Chapters 3-6) of this PhD thesis, including
both study designs, observational and experimental can be seen in Figure 2.1. Briefly,
Chapters 3-5 involved cross-sectional and longitudinal aspects from an observational study,
The Newcastle 85+ Study. These analyses were the first known to assess three biomarkers
of selenium status (serum selenium, GPx3 activity and SePP) in a very old population and
explore the baseline associations with MSK function and disability, as well as the rate of
change in these outcomes over time. Chapter 6 involved performing secondary analyses
using a RCT, The PRECSE study (Prevention of Cancer by Intervention with Selenium). This
final experimental chapter of the thesis explored the effect of selenium supplementation on
BTMs, analysed as per protocol. In accordance with my focus on bone health, as part of my
PhD programme, | visited the Bone Biochemistry Laboratory in the first year of my PhD
programme to shadow the laboratory technician. The analyses | shadowed used the Cobas
E411 analyser to measure BTMs (CTX, PINP, OC) in serum plasma and formed part of a RCT
that explored the effects of selenium supplementation on BTM'’s in osteoporotic, post-

menopausal women (Walsh et al., 2021), see Chapter 1, Section 1.8.
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Figure 2.1: A schematic depicting the experimental chapters in this PhD thesis, created in Biorender.com. The epidemiology
study design used The Newcastle 85+ Study, whilst the randomised controlled trial used The PRECISE Study (Prevention of
Cancer by Intervention with Selenium). Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity and
selenoprotein P) were measured in serum selenium of 757 participants aged 85 years and older. These were used to explore
associations with musculoskeletal measures (hand grip strength, Timed-Up-and-Go, sarcopenia and disability) at baseline and
up to 5 years. In The PRECISE Study, selenium yeast supplementation was provided as a placebo, or 100-300 pg/d for 5 years
and plasma selenium and bone turnover markers (osteocalcin, procollagen type | N-terminal propeptide, collagen type |
cross-linked C-telopeptide and bone alkaline phosphatase) were measured in 481 non-fasted samples at baseline, 6 months,
and 5 years.
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2.2 Study Methodology
2.2.1 The Newcastle 85+ Study

2.2.1.1 The Newcastle 85+ Study Details

The Newcastle 85+ Study is a longitudinal study of health outcomes and trajectories which
consists of 1042 participants born in 1921. Participants were registered with GPs from North
Tyneside or Newcastle upon Tyne primary care trusts and were recruited from 64 centres
(Northeast England) allowing the cohort to be sociodemographically representative of the
general UK population. The only exclusions were individuals with end-stage terminal illness
and those who could not be visited by a lone nurse without posing risks. Of the suitable
individuals, a letter was sent out and initial assessment was undertaken between 2006 and
2007 (Figure 2.2A). The aims of The Newcastle 85+ Study were to 1) assess the spectrum of
health in the very old (85 years and over); 2) explore health outcomes and trajectories
through time and determine any associations between these outcomes and the
psychosocial, biological, and clinical measures taken; 3) identify factors contributing to the
maintenance of health and independence; and 4) advance understanding of the biological
nature of human ageing (Collerton et al., 2007). A timeline and overview of the study,
including attrition can be seen in Figure 2.2B. Sample size was based on a pilot study
estimating the expected recruitment number of those turning 85 years old within a single
year and considering blood samples and analyses, statistical calculations from the pilot
study indicated sufficiency in estimating main effects and, a similar study in 85-year-olds
(Leiden 85+ Study) recruited 599 participants which proved to be sufficient to draw

statistically significant conclusions (von Faber et al., 2001; Collerton et al., 2007).

Ethics Approval

The study was conducted in accordance with the Declaration of Helsinki and The Newcastle
and North Tyneside local research ethics committee (06/Q0905/2) approved the research
and all participants provided written and informed consent. For those who lacked capacity,
a carer or relative provided consent in line with the UK Mental Capacity Act 2005. Capacity
was also gauged by the research nurse during the first visit using a consent checklist and

pathway, and information from the participant, family and other close members.
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2.2.1.2 Socioeconomic, Lifestyle and Health Measures

Assessments were undertaken in each participant’s place of residence (home or an institu-
tion) by research nurses who underwent 6 weeks of training (Collerton et al., 2009). Partici-
pants who were temporary hospital patients were assessed following discharge. Question-
naires, functional tests, fasting blood samples, medical record reviews, dietary intakes and
body weight measurements were taken at the initial health assessment and three other vis-
its (1.5, 3, 5 year), excluding dietary intakes which were only taken at baseline (Table 2.1)
(Collerton et al., 2007; Martin-Ruiz et al., 2011). General practice medical records were ana-
lysed to obtain information on current medication, service usage and disease information.
Assessments took place over one month, unless participants were particularly frail in which
assessments could be spread over a longer duration. GPs were informed about the partici-
pants involvement, giving consent was provided, and abnormal assessment findings were
reported. The inter-reliability was assessed in GP record extraction between the trained

nurses and indicated a moderate-to-good agreement (Collerton et al., 2007).

Participants were classified into the National Statistics Socio-Economic Classification (NS-
SEC) three class scheme based on their previous main occupation, these were: higher
managerial, administrative and professional occupations (Class 1); intermediate occupations
(Class 2); and routine and manual occupations (Class 3) (Chandola and Jenkinson, 2000).
Education was determined by the duration of full-time higher education. Self-rated health
was assessed from baseline through to 5 years, and was categorised as excellent/very good,
good, fair/poor. Cognitive impairment was classified as scores < 25 points out of 30, on the
Standardised Mini-Mental State Examination (SMMSE). This questionnaire is a dementia-
screening instrument and asks questions related to the performance of daily activities of
living (ADL), basing these on time and place orientation, attention, recall and language
(Vertesi et al., 2001). The SMMSE questionnaire was taken at baseline, 3 and 5-year follow-
ups. BMI was calculated as kg weight/m? height at baseline through to 5 years. Fat-free
mass (FFM) (kg) was calculated using the Tanita-305 body fat bioimpedance instrument
(Tanita Corp., Tokyo, Japan) and was available at baseline and 3 years. Medication use,
including non-prescribed medication was determined from baseline through to 5-year

follow-ups using GP records and packaging at participant interviews. Smoking and alcohol
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guestionnaires were taken at baseline and involved habit status, type of product, frequency,
past habits and duration. Physical activity was assessed from baseline through to 5 years,
using a purpose-built questionnaire. The questionnaire was validated in this population by
trialling a pilot study, in addition to comparing outcomes to an objective measure using
accelerometery (Innerd et al., 2015). Participants answered questions regarding how
regularly they participated in mild, moderate, and highly energetic activities, such as light
gardening, heavy housework, and swimming, respectively. The available answers and
corresponding scores were as follows: > 3 times per week (3); 1-2 times per week (2); 1-3
times per month (1); and hardly ever (0). Overall scores out of 18 were calculated using the
following formula: (3 x highly energetic activity score) + (2 x moderately energetic activity
score) + mildly energetic activity score. This was then categorised as low/moderate/high
(score 0—1/score 2—6/score 7-18, respectively). Total energy intake (kcal) and protein intake
(g) were determined using the 24 h MPR. Disease count was calculated using a select list of
chronic diseases (Table 2.2). If a participant had a disease, a score of 1 was given, otherwise
a score of 0 was given (Collerton et al., 2009). A molecular marker of inflammation, high
sensitivity CRP (hsCRP), which is known to affect MSK function was included in fasted

samples at baseline through to 3 years (Koh et al., 2005; Kim et al., 2018).
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A) B)

Baseline : June 2006 — October 2007
Total Recruited
N =1042
Phase 1

*A detailed health assessment
- comprising questionnaires,
measurements, function tests
- conducted over 3 visits plus 1
additional visit to collect
fasting blood, weight and
bicimpedence measures

*Areview of general practice
records — comprising extraction
of detalls pertaining to “ever’
diagnosed diseases, current
prescribed medication, and use
of general practice services in
the past 12 months

A4

Phase 2: November 2007 — May 2009 (18 months post baseline)

*Consent to ‘flag" participants
with the Health and Social
Care Information Centre to
provide details [date and case]
in the event of death and to
access hospital and social . .- .
service records Baseline Multidimensional Health As-
sessment (MDHA) N = 854

Dietary Assessment N = 791

GP Record Review Only (Declined
MDHA) N = 188

Attrition 223/854 (26%)
Death: 135
Declined/Lost: 88

A detailed health assessment — comprising questionnaires, measurements, function tests [to include: repeated,
modifled and new measures] — conducted over 2 visits, with an additional visit to collect non-fasting blood and weight

V4

Phase 3: June 2009 — October 2010 (36 months post baseline)

18 months, N =631
Phase 2

A detailed health assessment — comprising
gquestionnaires, measurements, function tests [to
include: repeated, modified and new measures] —
conducted over 2 visits, with an additional visit to
collect fasting blood, weight and bicimpedence
measures

A review of general practice records —

com prising extraction of detalls pertaining to
diagnosed diseases since baseline, current
prescribed medication and use of general
practice services in the past 12 months

AV

*Areduced health assessment — comprising
questionnaires, measurements, function tests
[to include: repeated, modified and new
measures] conducted over 1 visit

Phase 4: June 2011 — March 2013 (60 months post baseline)

*A review of general practice records —
comprising extraction of detalls pertaining to
diagnosed diseases since phase 3 current
prescribed medication, and us of general practice
services in the past 12 months

N

Figure 2.2: A) Study timeline and overview. Health assessments and reviews of general practice records were conducted by trained research nurses in

Phase 5: Oct 2016 — May 2018

A repeat health assessment conducted over one visit in the participants” place of residence.
A review of general practice records of all participants who completed Phase 4.

Attrition 146/631 (23%)
Death: 95
Declined/Lost: 51

36 months, N = 485
Phase 3

Attrition 141/485 (29%) Death:
114 Declined/Lost: 27

60 months, N = 344
Phase 4

participants’ usual place of residence. B) Flow diagram of participant recruitment and sample size at each stage.
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Table 2.1: Assessments including questionnaires, measurements and blood tests taken at baseline
by trained nurses (Martin-Ruiz et al., 2011; Collerton et al., 2007).

Assessment

Questionnaires

Socio-economic status (National Statistics Socio-Economic Classification (NS136 SEC) three
class scheme [Higher managerial, administrative and professional occupations (Class 1);
intermediate occupations (Class 2); and routine and manual occupations (Class 3) based on
past main occupation.

Family data

Physical health (global health status, longstanding illness, angina, shortness of breath, falls,
generalised pain, joint pain, fractures, incontinence, vision and hearing)

Psychological health (depression)

Disability

Diet

Oral health

Lifestyle (smoking, alcohol and exercise)

Social support and participation

Use of health and social care

Measurements
and Function
Tests

Weight

Bio-impedance (body composition-fat and water)
Waist and hip circumference

Tooth count

Blood pressure

Hand-grip strength

Walking test (TUG; timed 'up and go' test)
Cognitive function (mini-mental state examination and computerised assessment of
memory and attention (CDR battery))
Electrocardiogram (ECG)

Spirometry and oximetry

Demi-span

Blood Tests

Overnight fast, if possible, to analyse:

Routine haematology and biochemistry: full blood count; creatinine and electrolytes; liver
panel; bone panel; glucose; glycosylated haemoglobin

Lipid profile: cholesterol, triglycerides, high- and low-density lipoproteins, apolipoproteins
(A1 and B)

Thyroid function: free Ty, free T3, reverse T3, TSH and TPO antibodies

Inflammatory markers: High sensitivity CRP, rheumatoid factor, cytokines (TNF-a and In-
terleukin 6)

Cortisol

Nutritional markers: Vitamins B,, Bg, B12, C and D, ferritin, red cell folate and homocysteine
Biomarkers: DNA repair capacity, telomere length, F2-isoprostane (marker of oxidative
stress)

Markers of immunosenescence: T cell oligoclonality and lymphocyte subpopulation distri-
butions (senescent T-cells, memory T-cells and NKcells).

CDR: Clinical Dementia Rating; Free T4: free thyroxine; Free Ts: free triiodothyronine; TSH: Thyroid Stimulating Hormone;
TPO: thyroid peroxidase antibodies CRP: c-reactive protein; TNF-a: Tumour Necrosis Factor-alpha NK cells: Natural Killer

cells
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Table 2.2: Diseases included in the disease count variable (Collerton et al., 2009).
Diseases Included?
Hypertension
Ischaemic Heart Disease
Cerebrovascular disease
Peripheral vascular disease
Heart failure
Atrial flutter or fibrillation
Arthritis (osteoarthritis or cervical or lumbar spondylosis or rheumatoid arthritis or other arthritis or non-specified
arthritis)
Osteoporosis
Chronic obstructive pulmonary disease or asthma
Other respiratory disease
Diabetes
Hypothyroidism or hyperthyroidism
Cancer diagnosed within past five years (excluding non-melanoma skin cancer)
Eye disease (cataract or age-related macular degeneration or glaucoma or diabetic eye disease or registered blind or
partially sighted)
Dementia
Parkinson’s disease
Renal impairment
aGeneral practice diagnoses or health assessment defined ischaemic heart disease, diabetes, and thyroid disease;
electrocardiogram was used to diagnose atrial fibrillation or flutter; estimated glomerular filtration rate <30
ml/min/1.73 m2diagnosed renal impairment; haemoglobin concentration of < 11.5 g/dl (< 115 g/I) diagnosed anae-
mia. For the remaining diseases presence was derived from record review data.

2.2.1.3 Dietary Assessment

At baseline (2006/2007) 24 h MPRs were used to assess dietary intake in 791 participants
(62 % females, 38 % males) within their usual residence. These were performed on two
separate weekdays (Monday-Thursday, excluding Fridays and weekends), separated by a
week. A structured interview was used to perform these analyses in a retrospective manner
to collect information on habitual consumption of food, beverages and supplements over 24
h. Data was entered twice, independently to reduce errors and the Photographic Atlas of
Food Portion Sizes (Nelson, 1997) was used to estimate portion sizes. Using the 2-day mean
intakes, energy, macronutrient and micronutrient intakes were predicted using The
McCance and Widdowson’s Composition of Food (McCance, 2002) alongside a Microsoft
Office Access database containing nutrient compositions of frequently consumed foods. A
pilot study using the same cohort found that 24 h MPR was more reliable than a FFQ
(Adamson et al., 2009) where most participants (85 %) revealed that they felt the 24 h MPR
replicated their habitual intakes of food and drink (Mendonca et al., 2016b). As with all
dietary assessments, misreporting is a limitation. Using cut-off values derived from energy
intake (El) estimations divided by estimated basal metabolic rates (BMRest) (EI:BMRest) can
detect misreporters (Goldberg et al., 1991). In older participants, a more accurate technique

is the Fredrix equation, which was used in this study (Mendonga et al., 2016a); EI:BMRest <
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1.05 and < 2.0 indicate under and over reporters, respectively (Siervo et al., 2014).
Additionally, supplement data was obtained from individuals and was created as a binary
variable where a score of 1 indicated supplement use, whilst a score of 0 indicated no
supplementation use. Selenium (ug) was estimated as a daily intake; values were based on
DRVs of selenium including those consuming below the LRNI (40 pg/d), between the LRNI
and up to the RNI (60 ug/d for females and 75 ug/d for males) and, the RNI and above (loM,
2000).

2.2.1.4 MSK Function

All MSK measures described in this section were assessed at baseline, 1.5, 3 and 5 years,
except for sarcopenia and severe sarcopenia prevalence, which were available at baseline
and 3 years. To assess muscle strength, HGS was measured using a hand-held dynamometer
(Takei A5401 digital 0-100 kg x 0.1 kd LCD) (Figure 2.3). Participants stood with their arm
hanging beside their body whilst their elbows were at 180 ° angles and squeezed the
dynamometer as hard as possible in each hand. Two measurements were taken (kgF) for
each hand and the mean measurement of all four measurements was calculated and used
for analyses. In the TUG test (Mathias, Nayak and Isaacs, 1986; Greene et al., 2013),
participants were asked to rise from a chair (46 cm from the floor with armrests), and as
quickly and safely as possible, walk 3 m, turn 180° and return to be seated (Figure 2.3). To
standardise the results, time was recorded (s) with a stopwatch from the first attempt to

rise from the chair and ended when the participants returned and sat on the seat.

Muscle mass was estimated via bioelectrical impedance analysis (BIA) using a Tanita-305
body fat analyser (Tanita Corp., Tokyo, Japan). BIA strongly correlates with magnetic
resonance imaging (MRI) which is considered a gold standard measure for skeletal muscle
mass (SMM) (Janssen, Heymsfield and Ross, 2002). During the assessment, participants
stood barefoot on the metal sole plates of the device. Bioimpedance data (Q) was input into
the equation from Janssen et al., (2000) to estimate SMM (kg), which was then adjusted for
height to calculate SMM index values (SMMI) (kg.m?). To assess sarcopenia status, SMMI,
HGS and TUG performance were interpreted according to the EWGSOP2 cut-offs (Cruz-

Jentoft et al., 2019). Gait speed (m/s) was estimated from TUG performance, using the
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following formula: 6/[TUG time]) * 1.62; a gait speed of < 0.8 m/s indicated slow gait speed
(Cruz-Jentoft et al., 2019). Cut-offs of < 8.87 kg.m? and < 6.67 kg.m? were used to identify
low SMMI (Dodds et al., 2017), and values of < 27 kg and < 16 kg (Cruz-Jentoft et al., 2019)
were used to determine low HGS for men and women, respectively. Severe sarcopenia was
established in subjects demonstrating poor TUG performance, below the EWGSOP2-derived
cut-off of 220 s (Cruz-Jentoft et al., 2019). Thus, sarcopenia was identified in participants

demonstrating both low SMMI and HGS, below predetermined, gender-specific cut-offs.

1
li

Figure 2.3: Takei Hand dynamometer used to test hand grip strength and examples of Timed Up and Go tests (TUG). TUG

schematic taken from Dzhagaryan et al., (2015).

56



The disability score was produced by summing the scores of 17 activities that comprised of
self-reported ability to perform activities that were predominately derived from the Gro-
ningen Activity Restriction Scale (Kempen et al., 1996). Activities included basic activities of
daily living (BADL), instrumental activities of daily living (IADL), including mobility, lower limb
mobility, chair rises, stair climbing, grocery shopping and walking 370 m (Table 2.3). The
guestionnaire was worded to assess a participant’s maximal capacity of these activities by
asking “can you”, rather than, “do you” (Glass, 1998). Participants then answered the ques-
tionnaire where a score of 1 indicated difficulty in performance or inability of an activity,
and a score of 0 indicated no difficulty in performance; a maximum score of 17 indicated
greatest disability. The total number of activities that were difficult to perform or required
personal help or a walking aid/appliance were summed to determine the disability score,
thus difficultly with any activity classified the participant as having a disability (Jagger et al.,
2011; Kingston et al., 2012).

Table 2.3: The 17 activities of daily living used in the self-reported questionnaire to assess disability.

Response (Score) BADL IADL Mobility

Can do on own without difficulty = Feeding self — including cutting up Light housework Getting around the

(0) of food house

Can do on own but with diffi- Washing face and hands Heavy housework Going up and down
culty (1) stairs

Can do on own but with aid/ap- Washing all over Grocery shopping Walking at least 400 m

pliance, unable to without per-
sonal help (1)

Getting in and out of bed Preparing and cook-
ing hot meals

Getting on and off the toilet Taking medication

Getting in and out of a chair Managing finances

Dressing and undressing

Cutting own toenails

Edited from (Kingston et al., 2012) BADL: basic activities of daily living; IADL: instrumental activities of daily living

2.2.1.5 Biomarkers of Selenium Status

Baseline blood samples from 2006/2007 (n = 757) that had been stored at -80 °C were
analysed for the biomarkers of selenium status (serum selenium, GPx3 activity and SePP).
The literature was reviewed by exploring similar studies with long storage durations to
ensure the stability of serum selenium for the appropriate analyses. There were few studies

storing samples for as long as 16 years, however, the studies available did suggest that
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selenium was stable over time (up to 10-15 years) (Appendix Table 2.1). Likewise, serum
SePP is stable during repeated freezing over long periods of time and is preferred over
plasma SePP due to improved consistency potentially due to the interactions of SePP with
plasma proteins or, reduced SePP proteolysis (Saito, 2004). Furthermore, upon a personal
communication with Prof. Lutz Schomburg at Charité Universitatsmedizin Berlin as part of a
collaboration, | was reassured of the stability of the biomarkers. Prof. Schomburg noted that
other samples of serum stored for long durations retained linear correlations between the
biomarkers of selenium status suggesting stability: “We are convinced that the different
selenium status biomarkers are stable in frozen samples, which applies to total selenium,
SePP and GPX3 activity. This notion is supported by the good correlation we measure with
samples that are very old, often more than 10 years. We have measured samples that had
been taken many years before analysis, and which still yielded nice and linear correlations
between the different selenium status biomarkers (Demircan et al., 2021; Cabral et al.,,
2021; Schomburg et al., 2019; Hughes et al., 2015). In case one of the biomarkers would not

survive longer storage, such linear correlations would get lost.”

Following this, serum samples were sent for analyses. These included serum selenium
(ug/L), glutathione peroxidase 3 activity (U/L) and selenoprotein P (mg/L). | was also invited
to visit the laboratory where the analyses took place; this was an insightful and invaluable
experience that enhanced my understanding and improved my PhD programme experience
(Figure 2.4). During the visit | was able to view the equipment used for the analyses and
perform analyses on the bench top total reflection x-ray fluorescence (TXRF) machine using
my own blood sample to compare to a normative sample from a healthy population. This
experience, along with the Sheffield lab visit (Section 2.1), helped fill the gaps in my PhD

programme around laboratory exposure and techniques.

Total serum selenium was measured using a bench-top TXRF (T-Star, Bruker Nano GmbH,
Berlin, Germany) for 2000 s per sample. As a standard, a gallium buffer (1000 pg/L) was
used to dilute participant serum to a 1:2 ratio (selenium:buffer). Eight ul of the diluted solu-
tion were applied to polished quartz glass slides (Bruker Nano GmbH, Berlin, Germany) and
these were dried overnight in an incubator at 37 °C. As a control, serum standard Seronorm

was used (Sero AS, Billingstad, Norway). The inter- and intra-assay CVs were below 10 %
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(Demircan et al., 2021). GPx3 activity was analysed using coupled-enzyme reaction measur-
ing nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) consumption. Serum
samples were incubated at 20 °C with 0.27 mg/ml NADPH, 1 mM sodium azide (NaNs), an
enzyme buffer containing 3.4 mM reduced glutathione and 0.3 U/ml glutathione reductase.
The reaction was initiated using hydrogen peroxide. At 340 nm, reductions in UV absorption
were proportional to NADPH consumption, which reflected the activity in the 5 pul of serum.
The mean activity was reported, as the measurement was triplicated, and a control was pro-
vided using standard serum measured in triplicates. The inter-assay CV was below 15 % and
intra-assay CV was below 10 % (Schomburg et al., 2003). Serum SePP was analysed using a
validated immunoluminometric, commercial enzyme-linked immunosorbent assay (ELISA)
(selenOtestTM, selenOmed GmbH, Berlin, Germany). A sandwich ELISA technique using 5 pl
of serum and human SePP-specific monoclonal antibodies was used in addition to three con-
trols that represented the assay’s working range. A luminometer LB952T (Berthold Technol-
ogies, Oak Ridge, TN, USA) measured chemiluminescence for 1 s and, based on standards of
known concentration that were measured in each assay run, a standard curve was fitted to
the data. Each sample was measured in triplicate, and the mean SePP concentrations were
calculated. The inter- and intra-assay CVs were below 10 % for low and medium SePP con-
centrations and below 20 % for the high SePP concentration control (Hoeflich et al., 2010;

Hollenbach et al., 2008).
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Figure 2.4: The visit to Prof. Lutz Schomburg’s laboratory at the Charité Universitatsmedizin Berlin, to

experience using and understanding the bench-top total reflection x-ray fluorescence (TXRF) used for
the serum selenium analyses.

2.2.2 The PRECISE Study (Prevention of Cancer by Intervention with Selenium)

2.2.2.1 PRECISE Study Details

This part of the PhD thesis uses the second study design, a RCT which formed another col-
laboration with a Danish research team. As a secondary analysis, funding was acquired to

analyse BTMs in this population. The data was obtained through a collaboration between

my PhD supervisors based in Sheffield who have expertise in BTM analyses and in knowing
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this, | thought that using a RCT would provide invaluable information to explore the effects
of selenium supplementation on BTMs. | agreed with the Danish research team that | would

analyse the data and interpret the results as part of my PhD thesis.

The primary aim of the initial pilot study, Prevention of Cancer by Intervention with Sele-
nium (PRECISE), was to assess the viability for a full-scale, international, randomised trial. It
was hypothesised that selenium supplementation would reduce cancer risk in healthy adults
during a 5-year intervention. The trial was registered (ClinicalTrials.gov ID: NCT01819649)
and began in 1998 and ended in 2004 and was organised by the Selenium Centre, Odense
University Hospital, Denmark. The regional Data Protection Agency and Scientific Ethical
Committees of Vejle and Funen counties approved the study (Journal number. 19980186).
Follow-up studies included thyroid function, lipid biomarkers, cardiovascular health, mortal-
ity at 10 years, and BTMs at 5 years (Rayman et al., 2018; Cold et al., 2015; Rayman, 2011).
This section will focus on the overall study methods including BTM measurements whilst

Chapter 6 will focus on the statistical analyses for my PhD programme.

Participants

Using a random sample from the Danish Civil Registration, invitation letters were sent out
and 2897 60—74-year-old participants from the County of Funen were invited between No-
vember 1998 to June 1999. Of these, 630 accepted and were screened for inclusions (Table
2.4). Exclusion criteria were: i) a Southwest Oncology Group performance status score
greater than 1; ii) active liver or kidney disease (alanine -aminotransferase, alkaline phos-
phatase, bilirubin or urea two standard deviations above the normal reference range); iii)
previous diagnosis of cancer (excluding non-melanoma skin cancer); iv) diagnosed HIV infec-
tion; v) receiving immunosuppressive therapy; vi) unable to understand written and spoken
information; vii) receiving > 50 ug/d of selenium supplements in the previous 6 months (by
patient report). A non-fasted blood sample was collected from those meeting the inclusion
criteria and placebo yeast tablets were provided during a 4-week run-in phase to determine
compliance. At the second visit, participant satisfaction and adherence (> 80 % of tablets

taken were assessed using tablet counts (Cold et al., 2015). Following this, 491 participants
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met the inclusion and adherence criteria for continuation and all participants provided writ-

ten informed consent.

Table 2.4: Inclusion and exclusion criteria for The PRECISE Study.

Inclusion Exclusion

60-74 years A Southwest Oncology Group performance status score
> 1, indicating impairment in general well-being and ac-
tivities of daily life

Any sex Active liver or kidney disease (alanine aminotransferase,

alkaline phosphatase, bilirubin or urea two standard de-
viations
above the normal reference range)

Healthy volunteers

Previous diagnosis of cancer (excluding non-melanoma
skin cancer)

World Health Organization performance status 0 or 1

Diagnosed HIV infection

No active liver- or kidney disease (serum alanine aminotrans-
ferase (ALAT), alkalic phosphatase, bilirubin, creatinine or
urea within 2 S.D of laboratory reference range)

Receiving immunosuppressive therapy

No previous cancer diagnosis

Unable to understand written and spoken information

No known HIV-infection

Receiving = 50 pg/d of selenium supplements in the pre-
vious 6 months (by patient report).

Participant must understand oral and written information

Participant must not use selenium supplementation of above
50 pg/d

Participant must give written consent prior to inclusion

S.D: standard deviation; HIV: human immunodeficiency virus

2.2.2.2 Randomisation

The eligible 491 suitable participants were enrolled into a randomised, double-blinded, non-

stratified, single-centre, parallel clinical trial with four experimental arms distributed as

1:1:1:1 placebo (yeast tablet; n = 126), 100 pg selenium/d (n = 124), 200 pg selenium/d (n =

122) or 300 pg selenium/d (n = 119). One participant was removed (see Chapter 6, Section

6.3.6 for details on rationale), therefore, participants with BTMs at baseline were n = 124,

122, 118 and 117 for placebo, 100, 200, 300 ug selenium/d, respectively, giving a total of

481 participants (Figure 2.5). The study used computer-generated, blocked and non-strati-

fied randomisation conducted by the Division of Epidemiology and Biostatistics, Arizona

Cancer Centre, University of Arizona. Couples living at the same address were provided with

the same intervention supplementation dose for practical reasons i.e. to prevent mixing of

selenium dosages. The responsibility of distributing tablets was placed with pharmacists at
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Odense University Hospital. Participants, research staff and investigators were blinded to

supplementation doses (Cold et al., 2015).

Intervention

The selenium was provided in tablet form as Se-enriched yeast in 100, 200 and 300 pg/d
doses. These doses were suggested to be safe as the tolerable upper intake level for adver-
sity, set by the Institute of Medicine was 400 pg/d (loM, 2000) (although this has since been
updated to 255 pg/d, ESFA, 2023). The SelenoPrecise© tablets (prepared by Pharma Nord
ApS) contained 54-60 % of total selenium as SeMet with unknown selenocompounds provid-
ing the remainder (Larsen et al., 2004). This form of selenium was selected based on the re-
duction in cancer risk in the Nutritional Prevention of Cancer (NPC) trial (Clark et al., 1996)
and has absorption and retention properties similar to wheat-based selenium (Levander et
al., 1983). The placebo was identical to the supplementation tablets and consisted of inac-
tive spray-dried baker’s yeast (250 pg yeast placebo, 80 pg cellulose, 65 pg dicalcium phos-
phate and < 5 pg of inactive ingredients). Smell and taste were matched by coating all tab-

lets in titanium oxide and tablets were packaged in 28 tablet blister packs.

2.2.2.3 Socioeconomic, Lifestyle and Health Measures

Participant characteristics were determined at baseline and collected during visits with
trained research nurses. Further evaluations were performed at 6, 12, 18, 24, 36 and 60
months which included assessment of medical status, tablet count, records of side effects
and the provision of new tablets, as previously described in Cold et al., (2015). BMI was cal-
culated as kg weight/m? height. Participants were classified into education status using sur-
veys based on time spent in education after public school (0 =no, 1 =1-3 years, 2 = 3-4
years, 3 =>4 years). Living status was determined as living alone (0 = no, 1 = yes). Smoking
status was determined at baseline (0 = never 1 = previous 2 = current). Alcohol intake was
reported as standard drinks per week. Medication usage (thyroid, antiresorptives (AR), glu-
cocorticoids (GC), hormone replacement therapy (HRT)) was classified as a binary variable
depending on the medication (0 = no, 1 = yes), with thyroid medication having three catego-

ries (0 = none, 1 = levothyroxine, 2 = antithyroid drugs). Supplementation use was classified
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as a binary variable (0 = no, 1 = yes) for each supplement type (calcium, vitamin D, multivita-

mins).

2.2.2.4 Plasma Selenium

Non-fasting blood samples were collected at baseline, 6 months and 5 years. Plasma was
prepared and stored at -80 °C. Total selenium in plasma (ug/L) was assessed using LGC Lim-
ited inductively-coupled-plasma mass spectrometry (ICP-MS) with external calibration, as
described in Cold et al., (2015). A micro-flow quartz concentric nebuliser functioning at 0.1
rpm in a pumping mode and a Scott double-pass spray chamber cooled to 2 °C was used to
introduce sample dilutions into plasma. To reduce the interferences on the selenium iso-
topes (77Se, 78Se and 82Se), collision cell ICP-MS (7700 x ; Agilent Technologies) was used
and the isotopes were measured in He-mode and H2-modes with 3 replicate measurements.
Industrial drift was corrected for by using an internal standard of germanium, which was
added online. In addition, 2 % methanol (Optigrade; LGC) was added online and mixed to
compensate for carbon content discrepancies between samples and standards that may al-
ter the efficiency of ionisation. A stock solution of 1000 mg/kg Se (Romil) was used to pre-
pare fresh calibration standards (0-50 ng/g Se) by gravimetric dilution in 0.5 % (v/v) nitric
acid (UltraPure; Romil). Quality control of total selenium measurements was determined us-
ing a matrix-certified reference material, BCR-637 human serum, with a certified selenium
concentration of 81.0 + 7.0 ug/L Se (density corrected 79.1 ng/g). The Se concentration for
BCR-637 was 78.3 + 2.7 ug/L Se (sixteen independent replicates), indicating good accuracy
of the method. The inter-assay CV was 3.4 %. High-selenium concentrations had an intra-

assay CV of 0.5 % whilst low-selenium concentrations had an intra-assay CV of 3 %.

2.2.2.5 Biomarkers of Bone Turnover

Non-fasting blood samples were collected at baseline, 6 months and 5 years and the serum
was analysed from at the Bone Biochemistry Laboratory, Department of Oncology and Me-
tabolism, University of Sheffield (England). The BTMs: N-MID OC (measuring the large 1-43

N-mid and the intact OC); PINP (measuring the trimer only); CTX; and BALP were measured
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using the immunodiagnostic systems (IDS-iSYS) automated immunoassays (Immunodiagnos-
tic Systems, Boldon, UK). OC, N-midfragment was measured in a reproducible manner with a
fully automated assay requiring 50 ul per sample. PINP requires a sample size of 20 pl and is
often referred to as the most sensitive and specific marker of bone formation, likely coincid-
ing with its recommendation by IOF and IFCC. Finally, BALP was measured using the Ostase
assay, requiring 50 pl and provides high sensitivity and reproducibility of results independ-
ent of fasting state or kidney function. The inter-assay CVs were 5.0, 7.2, 6.5 and 3.5 % for
OC, PINP, CTX and BALP, respectively. The BTMs were analysed in 2017, with study recruit-
ment occurring from 1998 to 1999 until 2004. Thus, the oldest study samples were 19 years
old, and the most recent ones were 13 years old; studies have suggested that BTMs, when

stored at -80 °C, are stable for longer periods of time (Eastell et al., 2018; Ahn et al., 2019).

The rationale for choice of the selected BTMs in this study is described in Table 2.5 (Burch et
al., 2014). PINP and CTX were selected as they are the two reference markers recom-
mended by the International Osteoporosis Foundation (IOF) and the International Federa-
tion of Clinical Chemistry and Laboratory Medicine (IFCC) for inclusion in all studies using
BTMs (Vasikaran et al., 2011). Additionally, PINP and OC have been associated with sele-
nium and SePP in the OPUS study (Hoeg et al., 2012) where OC was more closely associated
with SePP than PINP (Hoeg et al., 2012). Studies suggest BALP can help identify changes in

bone mineralisation such as osteomalacia and Paget’s disease (Nizet et al., 2020).

65



Table 2.5: Bone turnover markers and evidence for feasibility to estimate bone health (adapted from
Burch et al., 2014).

Marker Function Evidence Reference
ocC Formation More closely associated with SePP than (Hoeg et
Characterises osteoblastic activity ~PINP al., 2012;
Bone specific marker Increases with growth and fracture recovery  Burch et
Low within person variability al., 2014)
Lower in those using corticosteroids
PINP Formation Associated with selenium and SePP (Hoeg et
Characterises osteoblastic activity Recommended by IOF and IFCC al., 2012;
Precursor of collagen type 1 More sensitive than other BTMs and less af-  Burch et
made by osteoblasts fected by feeding status and diurnal varia- al., 2014;
tion Vasikaran
etal.,
2011)
CTX Resorption Associated with selenium and SePP (Hoeg et
Characterises osteoclastic activity = Recommended by IOF and IFCC al.,, 2012;
and hydrolysis of collagen More responsive that other BTMs with Burch et
bisphosphonates al., 2014;
Vasikaran
etal.,
2011)
BALP Formation Review of usefulness of BALP; low variabil- (Burch et
Characterises osteoblastic activity ity, useful for follow-up studies al.,, 2014;
Marker of mineralisation Low biological and diurnal variation Nizet et
Plays role by promoting hydroxy-  Increases during fracture recovery, Paget’s al., 2020)

apatite crystal growth
Corresponds to high osteoblastic
activity

disease, rickets, osteocalcin, osteoporosis,
vascular calcification, chronic kidney disease

OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked C-telopeptide; BALP:
bone alkaline phosphatase; SePP: selenoprotein P; IOF: International Osteoporosis Foundation; IFCC: International Federa-
tion of Clinical Chemistry and Laboratory Medicine.
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Participants with BTM n = 481
Outlier: 1 from 300 pg/d

Placebo n =124

Attrition before 6 months
n=10

Adverse events: 3
Adverse reactions: 3
Death: 1

Personal reasons: 2
Unknown: 1

100 pg/d selenium n =122

n=2

Attrition before 6 months

Adverse events: 2

Participants with BTM at 6 months

200 pg/d selenium n =118

300 pg/d selenium n =117

Attrition before 6 months

n=5

Adverse events: 1
Adverse reactions: 2
Withdrew consent: 1
Unknown: 1

Attrition before 6 months
n==6

Adverse events: 2
Adverse reactions: 2
Noncompliance: 1
Withdrew consent: 1

n=114

Attrition between 6
months and 5 years
n=26

Adverse event: 2
Adverse reactions: 3
Deaths: 5

Withdrew consent: 10
Personal reasons: 4
Unknown: 2

Participants with BTM at 6 months
n=120

Participants with BTM at 6 months

Participants with BTM at 6 months

n=113

n=111

Attrition between 6
months and 5 years
n=30

Adverse events: 10
Adverse reactions: 5
Deaths: 6

Withdrew consent: 5
Personal reasons: 1
Unknown: 3

Participants with BTM at 5 years

n=2388

Attrition between 6
months and 5 years
n=26

Adverse events: 10
Adverse reactions: 5
Deaths: 2

Withdrew consent: 3
Personal reasons: 3
Unknown: 3

Attrition between 6
months and 5 years
n=22

Adverse events: 3
Adverse reactions: 4
Deaths: 8

Withdrew consent: 2
Personal reasons: 2
Unknown: 3

n=90

Participants with BTM at 5 years

n=287

Participants with BTM at 5 years

n=2389

Figure 2.5: Flow diagram of participants with bone turnover markers and treatment randomisation at stage of The PRECISE Study.
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2.3 General Statistics

Here | will provide some brief details of the general statistics | will use for each study design,
cross-sectional and prospective, including both observational and RCT studies. | will then
provide further details including justifications of each statistical approach in the preceding

chapters.

2.3.1 Epidemiological Data Handling (The Newcastle 85+ Study)

The Newcastle 85+ Study data was analysed cross-sectionally in Chapter 3 and 4. In Chapter
3, Pearson correlations and linear regressions were used to determine the relationships be-
tween the biomarkers of selenium status (serum selenium, GPx3 activity and SePP) and de-
termine the predictors of these biomarkers of selenium status, respectively. In addition to
these analyses, in Chapter 3 | quantified the concentration of serum selenium that was re-
quired for a plateau of GPx3 activity and SePP, indicating optimisation of these selenopro-
teins. This replicated some of the studies that have used linear or quadratic equations to set
the selenium recommendations, although other studies used experimental data with sele-
nium supplementation to determine selenium DRVs. The analyses in Chapter 3 were per-
formed to bridge the knowledge gap in selenium recommendations for very old adults since
the current DRVs are based on younger populations. In Chapter 4, Pearson correlations
were used to determine the relationships between the biomarkers of selenium status and
MSK function (HGS, TUG, and sarcopenia). Regressions were employed to explore the pre-
dictors of MSK function (linear regression for HGS, TUG, and logistic regression for sarcope-
nia) including each biomarker of selenium status. These analyses for Chapter 4 were based
on the rationale that selenium has been associated with MSK function (HGS, sarcopenia,
BMD, fracture risk) in adults, however, there is limited research in very old adults, who are
at greater risk of poor MSK function and prevalence sarcopenia. In Chapter 5, the same anal-

yses were repeated as in Chapter 4, but here, | explored the relationships between the
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biomarkers of selenium status and disability scores, and the predictors of disability scores.
This was performed as the results from Chapter 4 suggested that selenium status may play a
role in MSK function, especially MSK measures involving cognition, like TUG, and therefore
disability scores were analysed as it combines MSK function, motor function and cognition,
through IADLs, in a complete assessment. In addition to the cross-sectional analyses of
Chapter 4 and 5, prospective analyses, using linear mixed models were performed to deter-
mine the associations between the biomarkers of selenium status and MSK outcomes and
their rate of change over time. In Chapter 4, the models included time points at baseline, 1.5
and 3 years for sarcopenia prevalence, and time points at baseline, 1.5, 3 and 5 years for
HGS and TUG. In Chapter 5, these were carried out at baseline, 1.5, 3 and 5 years for disabil-

ity scores.

2.3.2 RCT Data Handling (The PRECISE Study)

The final experimental chapter, Chapter 6, utilised The PRECISE Study, which was a RCT. This
chapter explored the dose-response relationships between selenium supplementation and
BTMs using ANCOVA with polynomial contrasts. This was used to determine if there was a

specific supplementation dosage of selenium at which BTMs best responded best.
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2.4 Appendix

Table 2.1: Stability of selenium during storage including different durations, measuring techniques, analytes and temperatures.

Storage Temp (°C) Biomarkers Storage Analysis Outcome
4,25 °C (Hollenbach et al., SePP Uptold Immunoassay . SePP: initial value to 90.4—-108.1 % of control 25 °C and 88.4-108.4 % at 4 °C
2008) . 5 identical serum samples: 6 freeze-thaw cycles, 25 °C for 2 h between cycles. Mean values: 91.4
% of control
. Stability of SePP in EDTA-, heparin- and citrate-plasma: mean SePP: 89.6-90.3 % of control 25 °C
and 94.2-107.3 % 4 °C; no consistent decline
. Plasma SePP varied more than serum; independent of time and temp
-20 °C (Arnaud, unpublished)  Serum 3y Unknown e Se:no significant differences from baseline to 3 years
-20, 4°, 20, 40 °C (Mufioz Sec, SeMet, Up to 12 mo HPLC-ICP/MS . HDPE 20°C and 40 °C: severe losses TMSe* between 80 % and 90 % 15 d; 4 °C: TMSe* decreased
Olivas, Quevauviller and TMSe* with time
Donard, 1998) . Pyrex + Teflon 20 °C (Pyrex superior to Teflon) and 4°C: excellent stability > 3 mo with all condi-
tions and species
. Pyrex and Teflon 40 °C: stable with some variation
. HDPE 20 °C: rapid loss TMSe+, variable
. Best stability > 1 year: Pyrex 4 °C + 20 °C in dark, especially organic species
-20, 20, 40°C (Quevauviller Selenite 2,6 mo PTFE and polyeth- . 2 mo: selenite + selenate stable
etal., 1995) Selenate ylene e 6 mo: selenite decreased in all conditions
. -20 °C: satisfactory stability for both species
-18°, 4, 20 °C Dark (Moreno Sec 1-365d atomic absorption . All conditions and containers: all species stable for at least 12 mo
etal., 2002) SeMet ICP coupled with . Total Se in non-soluble fraction: stable 15 d 4 °C Pyrex

chromatographic sys-
tems

SeMet in enzymatic extract 4 and —18 °C: stable in both containers for 10 d
TMSe*in enzymatic extract 4 and —18 °C: stable in both containers > 15 d

-15,4 °C (Zhang et al., 1986;
Sheppard and Millar, 1981)

Swine, GPx ac-
tivity

0-3,7, 14, 28, 56
d

Coupled assay with
Beckman DU/ Gilford

4 °C and —15 °C: activity decreased 1-56 d post-collection, greater at 4 °C
Contrasts Sheppard and Miller: ovine plasma GPx activity maintained at least 2 wk at —15 °C but

spectrophotometer not 4°C
-20, -70 °C (Persson-Moschos ~ SePP 10-15 years Radioimmunoassay . 5 different serum samples: -20 °C up to 15y or =70 °C for 10y
etal., 1995) . SePP: did not degrade during storage
. Normal human serum: 21 °C 36 h: no decrease compared to serum —20 °C
-70 °C (Hill et al., 1996) Plasma, SePP 6mob6y Radioimmunoassay . No discernible effect at 6 mo, some stored upto 6y
-20, 4 °C (Sabé, Rubio and Plasma ly Single-beam atomic . -20 °C: stable relative to Se content for at least 1y

Garcia-Beltran, 2003)

absorption spectrom-
eter with Zeeman
background correc-
tion

Se content: no significant differences between temps at 2 d

SePP: selenoprotein P; EDTA: ethylenediaminetetraacetic acid; Sec: selenocysteine; SeMet: selenomethionine; HPLC-ICP/MS: high-performance liquid chromatography coupled with induc-

tively coupled plasma mass spectrometry; HDPE: high density polyethylene; PTFE: polytetrafluoroethylene; TMSe+: trimethylselenium ion; GPx: glutathione peroxidase.
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Chapter 3. Selenium Status in Very Old Adults: The Newcastle 85+ Study

3.1 Abstract

Background: Selenium is a trace element required for human health. It is known that
selenium intakes are suboptimal in older adults in the UK, but less is known about selenium
status and its determinants in very old adults (> 85 years).

Objectives: To assess biomarkers of selenium status among participants, and to determine
predictors of selenium status. To quantify the relationship between serum selenium and
selenoproteins, GPx3 activity and SePP.

Methods: Biomarkers of selenium status (serum selenium, GPx3 activity and SePP) at
baseline were measured using standard laboratory techniques in 757 participants from The
Newcastle 85+ Study. Biomarkers of selenium status concentrations were assessed and
compared to cut-offs based on selenium DRVs. Linear regressions were used to explore the
determinants of the biomarkers and a linear equation was plotted between serum selenium
and the two selenoproteins to assess the relationships.

Results: The median concentrations were serum selenium 53.6 pg/L, GPx3 activity 142.1
U/L, and SePP 2.9 mg/L. There was a strong, positive association between serum selenium
and GPx3 activity, (r(755)= 0.363, P < 0.001) and SePP (r(757)= 0.497, P < 0.001). There was
a strong, positive relationship between serum selenium and GPx3 activity (y=90.79+0.97*x;
R?2=0.132 P <0.001) and SePP (y=0.99+0.04*x; R2 = 0.247 P < 0.001). Using serum selenium
cut-offs from the literature, GPx3 activity was estimated to plateau at 158.7 U/L, whilst SePP
was estimated to plateau at 4.6 mg/L.

Conclusion: In this population of very old adults, selenium status was suboptimal, especially
the biomarkers, serum selenium and SePP. There were linear associations between serum
selenium and the selenoproteins, suggesting expression was not optimised. It would be

interesting to explore whether these deficiencies are associated with adverse MSK function.
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3.2 Introduction

It is becoming apparent that a large proportion of adults within older populations are not
reaching the recommended selenium intake. This was discussed in Chapter 1, Section 1.6; in
summary, older adults generally have suboptimal intakes, with a large proportion consum-
ing below the LRNI. For example, using the UK NDNS data (2008/09 and 2009/10) median
selenium intakes were 43 ug/d (47 pg/d for males, and 38 pg/d for females) (Roberts et al.,
2018). This equated to 30 % of males, and 52 % of females consuming below the LRNI of 40
ug/d (SACN, 2013). Likewise, in The Newcastle 85+ Study, over half of the intakes were be-
low the LRNI (Perri et al., 2020). The challenges associated with dietary intakes including se-
lenium have also been discussed in Chapter 1, Section 1.6 and include issues around geo-
graphic dependency (Keck and Finley, 2006), incomplete data (McCance and Widdowson’s,

2019), cognitive impairment and IT accessibility.

Establishing the selenium status of very old adults through effective measurements can help
to understand and address these issues. Measurement of selenium status can be achieved
in a variety of ways, as detailed in Chapter 1, Section 1.5, and in the review by Ashton et al.,
(2009). Two well studied plasma selenoproteins are GPx3, where activity plateaus at serum
selenium concentrations of 70 pg/L (Néve, 1995; Combs, 2001; loM, 2000), and SePP, which
plateaus at serum selenium concentrations of 90-122 pg/L (Xia et al., 2010; Hurst et al.,
2010; Burk et al., 2006; Persson-Moschos et al., 2000; Hill et al., 1996). These plasma/serum
biomarkers are suited to older populations with lower intakes due to their sensitivity to low
to moderate selenium status (Bates et al., 2002). Few studies have explored selenium status
in very old adults. To recap some studies from Chapter 1, Section 1.6, The EPIC-Europe co-
hort (20-70 years) merged selenium concentrations from 10 European countries, revealing a
mean concentration of 82 pg/L, although adults aged 85-90 years were not included in the
study (Hughes et al., 2015). A review comparing the selenium status of nonagenarians and
centenarians found concentrations to range from 37 ug/L to 138 pg/L (Robberecht et al.,
2019), although this has limited comparability to adults aged 85-90-years as these long-liv-
ing adults likely have a healthy survivor bias. Therefore, in addition to selenium DRVs lacking
specific age groups, another gap in the literature is lack of assessment of selenium status in

adults aged > 85 years and this will form one of aim of this chapter.
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Previous studies have explored the determinants of selenium status, some of which have
been discussed in a review (Fairweather-Tait et al., 2010). Age has been a debatable
determinant, where some studies suggest selenium status is higher (Bates et al., 2002;
Stranges et al., 2010), similar (Rayman et al., 2008c), or lower in older adults, compared to
younger adults (Dubois, 1990; Robberecht and Deelstra, 1984; Olivieri et al., 1994).
Likewise, gender has been a debatable determinant, where some studies suggest women
have lower serum selenium than men (Arnaud et al., 2006; Niskar, Paschal and Kieszak,
2003; Lopes et al., 2004; Al-Mubarak et al., 2020), whilst others do not (Monget et al., 1996;
Imai et al., 1990). A UK NDNS study in older adults (> 65 years) found season, location, living
status, medication usage, income, education and smoking to predict selenium status (Bates
et al., 2002). Some of these determinants have been noted in other studies such as living
status (Lowik et al., 1992), income and education (Stranges et al., 2010; Bates et al., 2002;
Laclaustra, 2010), location (Arnaud et al., 2006; Niskar, Paschal and Kieszak, 2003) and
smoking (Lloyd and Lloyd and Clayton, 1983; Bates et al., 2002; Arnaud et al., 2006;
Thomson, 2004b; Stranges et al., 2010), however, see Hughes et al., (2015). Smoking may be
a determinant due its association with inflammation, which is another determinant of
selenium status (Al-Mubarak et al., 2020). Physical activity has not been a strong
determinant of selenium status in some studies (Tessier et al., 1995; Arnaud et al., 2006),
although an observational study found higher concentrations of selenium in sedentary
males (Letsiou et al., 2014). Likewise, some studies have failed to find any associations
between selenium status and alcohol intake (Koyama et al., 1995; Kafai and Ganji, 2003),
albeit in younger populations. However, in a French population, alcohol, meat and fish
consumption were associated with higher serum selenium, whilst lower selenium was
associated with smoking and obesity (in women) (Arnaud et al., 2006). Furthermore, in
alcoholics, serum selenium can be lower (Robberecht and Deelstra, 1984) which may be
associated with malnutrition and poor liver function (Robberecht and Deelstra, 1984;
Alfthan and Neve, 1996; Borawska et al., 2004). Leading on from this, other determinants
can include markers of liver and kidney function, such as plasma creatinine, gamma-
glutamyl transferase and alkaline phosphatase (Alfthan and Neve, 1996; Al-Mubarak et al.,

2020). Overall, there appears to be a range of determinants of selenium status which vary
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between populations and therefore, | will also assess the determinants of biomarkers of

selenium status in this chapter.

Very little is known about the recommendations for selenium status in very old adults. As
discussed extensively in Chapter 1, Section 1.6, dietary selenium recommendations have
evolved over the years. Initially these selenium DRVs were based on animal studies (NRC,
1980) and then on requirements to prevent Keshan disease and later focused on the intakes
required for the plateauing of selenoproteins, specifically GPx3 activity (Yang, 1987; Xia et
al., 2005; Duffield et al., 1999) and later on SePP (Xia et al., 2010). When a plateau is
reached, it is assumed that the selenoprotein is optimised and fully expressed, and
therefore, the selenium intake required for this would be deemed adequate. The studies
that formed the basis of these recommendations were experimental whereby increasing
amounts of selenium supplementation, often L-SeMet, would be provided and the plateau
of the selenoprotein would be measured on a graph. There has been controversy over these
selenium recommendations regarding their appropriateness, whether they are sufficient to
prevent disease or, in some cases, if they are too high, since there is no clinical evidence to
support that lower selenium concentrations are detrimental. These discrepancies have been
applied in different organisations recommendations. For example, SACN, (2013) updated
their report in 2013 and concluded there would be no changes to the DRV since there was
insufficient data to indicate a public health issue with selenium status in the UK; conversely,
DA-CH merged recommendations from multiple countries to update the DRV of selenium to

account for higher intakes for the plateauing of SePP (Kipp et al., 2015).

A striking concern is that most of these dietary recommendations are extrapolated from
younger populations, or do not include recommendations for adults aged 85 years and
above. For example, the recommendations from WHO/FAO (WHO, 1987) have estimations
for adults up to 65 years, the SCF (loM, 2000) recommended a PRI for adults without
consideration of older adults, and ESFA, (2014) pointed out that estimations for
selenoprotein optimisation comes from studies involving adults aged 18 up to 64 years
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(EFSA, 2014). This emphasises the knowledge gap in these recommendations and poses the
guestion whether older adults have the same requirements as younger adults. It would not
be farfetched to suggest that older adults have different requirements due to alterations in
metabolism and physiology (Russell, Rasmussen and Fada, 1999; Clegg and Williams, 2018).
This chapter aims to address this knowledge gap by quantifying the relationship between
serum selenium and selenoproteins to determine whether there are differences in the
concentrations required for selenoprotein plateau and therefore, the selenium

requirements of older populations.

As explained in Chapter 1, Section 1.6, the evidence from nutritional surveys suggests
suboptimal selenium intake in the UK; however, despite this, research is limited on the
assessment of selenium status in very old adults, or only includes few biomarkers (Roberts
et al., 2018; Hughes et al., 2015). Therefore, combining a variety of nutritional biomarkers of
selenium status will help expand the knowledge and give a rounded approach to assessing
selenium in very old adults. Based on the findings that over 50 % of participants in The
Newcastle 85+ Study had selenium intakes that were below the LRNI (Perri et al., 2020), |
hypothesised that there will be a high prevalence of suboptimal selenium status in this
population-based cohort of very old people. Serum selenium will predict the selenoproteins
(GPx3 activity and SePP) in a linear relationship due to the limiting concentrations of serum
selenium in this population, thereby not allowing for full expression and plateau of
selenoproteins. The aims of this study were: 1) to assess the selenium status (by measuring
concentrations of serum selenium, GPx3 activity and SePP) in participants from The
Newcastle 85+ Study; 2) to explore the determinants of biomarkers of selenium status; and
3) to quantify the relationship between serum selenium concentrations and GPx3 activity

and SePP.
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3.3 Materials and Methods

Below is a summary of the Material and Methods, the full details are provided in Chapter 2,

Section 2.2.1.

3.3.1 Study Population

Data and samples were obtained from The Newcastle 85+ Study, a longitudinal, population-
based study of a single-year birth cohort in the Northeast of England that explored health
outcomes and trajectories in adults aged 85 years and over. The study was initiated in 2006

recruiting 1042 participants born in 1921, for full details, see Chapter 2, Section 2.2.1.

3.3.2 Socioeconomic, Lifestyle and Other Covariates

Assessments included questionnaires, functional tests, fasting blood samples, medical
record reviews, dietary intakes and body weight measurements which were taken at the
initial health assessment (2006/2007) and three other visits (1.5, 3, 5 years), details of which
are provided in Chapter 2, Sections 2.2.1.1 and 2.2.1.2. The covariates included were:
selenium, energy and protein intake assessed via 24 h MPR; sex; occupational status;
education level; self-rated health; medication use and disease count assessed via GP
records; BMI calculated from weight and height measurements; FFM determined using BIA;
waist:hip ratio; cognitive impairment determined using the SMMSE; smoking status and
alcohol use; hsCRP. These covariates were selected based on the previous literature as

described in Section 3.2 of this Chapter.

3.3.3 Biomarkers of Selenium Status

Baseline blood samples from 2006/2007 (n = 757) that had been stored at -80 °C were
analysed for biomarkers of selenium status. A literature search was performed to ensure the

selenium would have adequate stability for the analyses in addition to a personal
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communication, overall, it was suggested that selenium would be stable over the sample
storage duration as most studies reported minimal change in serum/plasma selenium
(Appendix Table 2.1). Serum selenium was measured using TXRF, GPx3 activity was
measured using a coupled-enzyme reaction measuring NADPH consumption and, SePP was
measured using a commercial ELISA. For full details, including the literature search, please

see Chapter 2, Section 2.2.1.5.

3.3.4 Statistical Analyses

IBM statistical software package version 27.0 (SPSS) was used to perform the exploratory
and statistical analyses, where p < 0.05 was considered statistically significant. To determine
normality of the continuous variables, the Shapiro-Wilk test and quantile—quantile (QQ)
plots were used. Selenium intake and status were used as continuous variables in main
analyses and categorised into biologically relevant cut-offs based on previous literature:
serum selenium above and below 70 pg/L (Neve, 1995; Combs, 2001); GPx3 activity above
and below 115 U/L (devised from 2.5t centile of GPx3 activity from SCAN-B cohort,
Demircan et al., 2021); selenoprotein P above and below 4.5 mg/L ( the mean SePP
concentrations devised from the EPIC-Europe cohort (Hughes et al., 2015 mean 3.9 and 4.3
mg/L in males and females) and an American selenium supplementation study (Burk et al.,
2006, mean 5.5 mg/L). Other studies have suggested that higher concentrations of serum
selenium, of 90 pg/L and upwards, are required for the plateauing of the selenoproteins (Xia
et al., 2010; Lyons et al., 2004; Rayman, 2005), however, using this cut-off led to a
disproportionate number of participants in each group and therefore, this cut-off was not
used (97 % below 90 pg/L, 3 % at or above 90 pg/L, compared to 92 % below 70 pg/L, 18 %
at or above 70 pg/L). Descriptive statistics were used to summarise the baseline
characteristics of all participants and of those with serum selenium concentration above and
below 70 pg/L. Serum selenium cut-offs were used, rather than the selenoprotein cut-offs,
since serum selenium contains both selenoproteins, and more research is available for

serum selenium cut-offs, compared to GPx3 activity and SePP that have little consensus.
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Differences in characteristics between selenium cut-offs were assessed using Chi-square test
(categorical) and Kruskal-Wallis (for ordered and non-normally distributed data). Pearson
correlation was used to examine relationships between the each of the biomarkers of

selenium status (serum selenium, GPx3 activity and SePP) and selenium intake.

3.3.4.1 Relationships and Predictors between Biomarkers of Selenium Status at Baseline

R Studio was used with the libraries ggplot, ggvenn and venndiagram to plot a Venn diagram
indicating the participants who were suboptimal and optimal for each biomarker of
selenium status using the same cut-offs described above. A linear regression was used to
determine the predictors of each of the biomarkers of selenium status (serum selenium,
GPx3 activity and SePP). The biomarkers were set as the dependent variables, while the
independent variables were: selenium intake (continuous); sex (men/women, binary);
occupational status (routine/manual, intermediate, managerial/professional occupations,
categorical); education (0-9, 10-11, > 12 years, categorical); self-rated health (excellent/very
good, good, fair/poor, ordinal); energy intake (continuous); protein intake (continuous);
medication use (continuous); BMI (continuous); FFM (continuous); waist:hip ratio
(continuous); SMMSE (continuous); disease count (0-1, 2, > 3, categorical); smoking status

(current, former, never, categorical); alcohol drinker (yes/no binary); hsCRP (continuous).

3.3.4.2 Quantification of the Relationship between Serum Selenium and GPx3 Activity and
SePP

To quantify the relationship between serum selenium and the selenoproteins (GPx3 activity
and SePP), a linear regression was used. The regression equation was then used to
determine the concentrations of each selenoprotein when using the literature derived cut-
off of serum selenium concentration for the selenoprotein plateau i.e. 70 pg/L for GPx3
activity and 90 pg/L for SePP. A linear relationship was initially plotted and is presented in
the main analyses, whilst a quadratic relationship is presented in the Appendix. The R?

values did not differ largely between the linear or quadratic lines (0.132 versus 0.141 for
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GPx3 activity and 0.247 versus 0.250 for SePP) and thus, the linear model was selected for

the main analyses as the most parsimonious relationship.

3.3.5 Sensitivity Analysis

As a comparison, analyses were repeated using the serum selenium cut-off of 90 pg/L. This
analysis was selected as other studies have suggested that 90 pg/L of serum selenium was
associated with a plateauing of either GPx3 activity, or both GPx3 activity and SePP
(Rayman, 2005; Néve, 1991; Burk et al., 2006; Xia et al., 2010; Thomson et al., 1977,
Thomson et al., 1993; Rea et al., 1979; Rayman, 1997; Hill et al., 1996; Lyons et al., 2004).
An outlier analysis was also performed by excluding those who had serum selenium
concentrations in the 75 percentile plus 1.5 multiplied by the interquartile range (IQR).
This cut-off was based on a previous study that found no differences between this outlier
detection, or when using the mean plus 3 SD’s (Schwiebert et al., 2020). In this case, | opted
for the former as the cut-off (102 pg/L) was lower (112 pg/L) and since this population had a
suboptimal baseline selenium concentration, it was more appropriate to select the lower
value to help distribute the sample size per group (Sensitivity Analyses Table 1-4). In
addition to removing these participants, | also removed two participants who had serum

selenium concentrations below the detection limit of 10.0 pg/L.

3.4 Results

3.4.1. Participant Characteristics and Baseline Selenium Status

Baseline characteristics of the 757 participants from The Newcastle 85+ Study for whom
data were available are shown in Table 3.1. In addition, this table also summarises the
characteristics of those with serum selenium concentration above and below 70 pg/L. Those
with suboptimal serum selenium (< 70 pg/L) concentration were more likely to be male (P =
0.010), live in institutions (P = 0.002), have higher physical activity (P = 0.001), less likely to
take selenium supplements (P < 0.001), have higher medication usage (P < 0.001), lower
cognitive score (P = 0.007 ), higher hsCRP (P = 0.002), higher free T4 (P = 0.025), higher BMI
(P =0.002) and higher FFM (P < 0.001).
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Table 3.2 summarises the 5™ to 95 percentiles of selenium intakes and biomarkers of
selenium status; the median concentrations were: serum selenium 53.6 pg/L, GPx3 activity
142.1 U/L, SePP 2.9 mg/L and selenium intake 39.1 ug/d. Table 3.3 summarises the mean
and median of selenium intakes and the biomarkers of selenium status, including those
meeting the selected cut-offs. The median selenium intake for all participants did not differ
significantly between those with concentrations < 70 pg/L or = 70 pg/L (P = 0.057). Most
participants (81.8 %, n = 619) had serum selenium concentrations < 70 ug/L. Likewise, most
participants (82.8 %, n = 627) had suboptimal SePP concentration i.e., below 4.5 mg/L.
Conversely, fewer participants (29.8 %, n = 255) had suboptimal GPx3 activity i.e., below 115
U/L. Participants with optimal selenium status were also more likely to be adequate for both

SePP and GPx3 activity (P < 0.001).
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Table 3.1. Characteristics of study participants represented by serum selenium cut-offs.

Characteristic All Suboptimal Optimal p
Participants Selenium Selenium
n =757 < 70 pg/L 270 pg/L
Socio-demographic factors
Women % (n) 61.1 (461) 59.0 (364) 70.8 (97) 0.010
Men % (n) 38.9 (293) 41.0 (253) 29.2 (40)
Years of education % (n) n = 743
0-9 64.2 (477) 65.2 (395) 59.9 (82) 0.483
10-11 23.6 (175) 22.8 (138) 27.0 (37)
>12 12.2 (91) 12.0 (73) 13.1(18)
Occupational class % (n) n = 721
Managerial and Professional 35.1(253) 34.6 (204) 37.4 (49) 0.371
Intermediate 14.7 (106) 14.1 (83) 17.6 (23)
Routine and Manual 50.2 (362) 51.4 (303) 45.0 (59)
Living in Institutions % (n) n = 755
Yes 8.9 (67) 10.4 (64) 2.2 (3) 0.002
No 91.1 (688) 89.6 (554) 97.8 (134)

Diet-related factors

Diet change in past year % (n) n =733

Yes 17.1(117) 6.5 (39) 6.8 (9) 0.910
No 82.9 (568) 93.5 (561) 93.2 (124)

Total energy kCal (M, SD) n = 732 1688.6,511.0 1688.6, 524.1 1689.0, 450.9 0.824
Protein Intake g (M, SD) n = 732 64.2,22.3 64.0, 22.5 65.1, 21.9 0.676
Misreporting food intake % (n) n = 685

Yes 6.5 (48) 17.9 (99) 13.7 (18) 0.259
No 93.5 (685) 82.1 (455) 86.3 (113)

Lifestyle factors

Smoking % (n) n = 754

Non-Smoker 35.0 (264) 35.5 (219) 32.8 (45) 0.616
Former Smoker 59.4 (448) 58.7 (362) 62.8 (86)

Current Smoker 5.6 (42) 5.8 (36) 4.4 (6)

Current alcohol intake % (n) n = 751

Yes 62.3 (468) 62.4 (384) 61.8 (84) 0.883
No 37.7(283) 37.6 (231) 38.2 (52)

Physical activity (PA) % (n) n = 738

Low (score 0-1) 21.7 (162) 24.0 (147) 11.0 (15) 0.001
Moderate (score 2—6) 43.0 (322) 42.8 (262) 44.1 (60)

High (score 7-18) 35.3 (264) 33.2(203) 44.9 (61)

Selenium Supplement Use n = 755

Yes 0.7 (5) 0.0 (0.0) 3.6 (5) <0.001
No 99.3 (750) 100.0 (618) 96.4 (132)

Number of Medications (M, SD) n = 732 6.3,3.8 6.6,3.8 5.3,3.7 <0.001
Total Medication n % n = 753

0-2 16.7 (126) 14.4 (89) 27.0 (37) <0.001
3-5 26.7 (201) 25.6 (158) 31.4 (43)

>6 56.6 (426) 59.9 (369) 41.6 (57)

Health-related factors

Self-rated health n =738

Excellent/Very Good 40.9 (302) 39.0 (235) 49.3 (67) 0.067
Good 37.7 (278) 38.4 (231) 34.9 (47)

Fair/Poor 21.4 (158) 22.6 (136) 16.2 (22)

SMMSE (M, SD) n = 753 26.1,4.9 25.9,5.2 27.2,3.4 0.007
hsCRP mg/L (M, SD) n = 753 6.9,14.2 7.4,15.2 4.3,9.5 0.002
Free T4 pmol/L (M, SD) n =742 15.6,2.7 15.7,2.7 15.1,2.4 0.025
Free Tz pmol/L (M, SD) n - 743 4.5,0.5 4.5,0.5 4.6,0.5 0.059
Anthropometry

BMI (M, SD) n =674 244,44 24.6,4.4 234,39 0.002
Fat Free Mass (M, SD) n = 689 45.2,9.0 45.7,9.0 42.9,8.6 <0.001
Waist:Hip Ratio (M, SD) n = 685 0.89, 0.08 0.9, 0.08 0.9, 0.07 0.056
Height (M, SD) n =712 1.6,0.08 1.6,0.07 1.6,0.07 0.107

SMMSE: standardised mini mental state examination; hsCRP: high sensitivity C-Reactive protein; Free Ta: free thyrox-
ine; Free T3: free triiodothyronine; BMI: body mass index; M: mean; IQR: interquartile range
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Table 3.2: Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity, seleno-
protein P) and selenium intake of study participants represented by percentiles (5-95%).

Biomarker of Selenium Status Percentiles
N =755 5 10 25 50 75 920 95
Selenium Intake 13.26 18.06 27.21 39.07 56.37 76.30 93.56
Serum Selenium 26.64 32.90 42.80 53.60 66.44 77.10 84.64
GPx3 Activity 63.78 79.56 107.4 142.10 179.30 210.42 231.96
Selenoprotein P 0.90 1.33 2.04 2.93 3.97 5.08 5.66

GPx3: glutathione peroxidase 3 activity

Table 3.3: Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity, seleno-
protein P) of study participants represented by serum selenium cut-offs.

Characteristic All Participants  Suboptimal Selenium Optimal Selenium P
<70 ug/L 270 pg/L

Selenium Intake (M, IQR) n=732 39.1, 29.2 44.7,28.1 48.4,29.0 0.057
Serum Selenium (M, IQR) n=757 53.6, 23.6 50.1,19.2 78.2,12.1 <0.001
Selenoprotein P (M, IQR) n=757 29,19 2.8,1.7 43,25 <0.001
GPx3 Activity (M, SD) n=755 144.1, 50.7 138.3,48.5 170.1,52.4 <0.001
Selenium at 70 ug/L % (n)
Yes 18.2 (138)
No 81.8 (619)
SePP at 4.5 mg/L % (n)
Yes 17.2 (130) 53.1 (69) 46.9 (61) <0.001
No 82.8 (627) 87.7 (550) 12.3 (77)
GPx3 Activity at 115 U/L % (n)
Yes 70.2 (530) 78.3 (415) 21.7 (115) <0.001
No 29.8 (225) 90.2 (203) 9.8 (22)

M: mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3

3.4.2 Relationships between Biomarkers of Selenium Status at Baseline

Using continuous variables of the biomarkers of selenium status there was a strong, positive
association between serum selenium and GPx3 activity (r(755)= 0.363, P < 0.001), SePP
(r(757)=0.497, P < 0.001), and selenium intake (r(732)= 0.103, P = 0.005). Likewise, there
was a strong, positive association between SePP and GPx3 activity (r(755)= 0.625, P < 0.001).
In contrast, there was a non-significant association between selenium intake and GPx3
activity (r(730)= 0.031, P = 0.396) or SePP (r(732)= 0.071, P = 0.054) (Table 3.4). A Venn
diagram (Figure 3.1) revealed the overlap between the participants who were considered
suboptimal according to each biomarker of selenium status (Figure 3.2 A). There was a 78.8

% overlap in those who were suboptimal in serum selenium (< 70 pg/L) and SePP (< 4.5
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mg/L), with around 21.2 % per biomarker where suboptimal selenium and SePP was
incongruent. Fewer participants (31.7 %) were suboptimal for both SePP and GPx3 activity
(<115 U/L) and even fewer (29.2 %) that had both suboptimal serum selenium and
suboptimal GPx3 activity. AlImost 30 % of participants had suboptimal concentrations of all
three biomarkers. In Figure 3.1 B, the opposite was displayed showing the overlap in those
considered to have optimal concentrations. There was an 11.1 % overlap in those with
optimal concentrations of all biomarkers of selenium status and an almost equal split
between those with optimal serum selenium and GPx3 activity (20.7 %) and SePP and GPx3

activity (22.7 %).

Table 3.4: Correlations between biomarkers of selenium (serum selenium, glutathione peroxidase 3
activity, selenoprotein P) and selenium intake at baseline.

Serum Selenium SePP mg/L GPx3 Selenium Intake
ug/L Activity U/L ug/d
Serum Selenium Pearson 1 0.497 0.363 0.103
ug/L Correlation
p <0.001 <0.001 0.005
N 757 757 755 732
SePP mg/L Pearson 1 0.625 0.071
Correlation
p <0.001 0.054
N 757 755 732
GPx3 Pearson 1 0.031
Activity U/L Correlation
p 0.396
N 755 730
Selenium Pearson 1
Intake pg/d Correlation
p
N 732

M: Mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3
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Figure 3.1: Venn diagram depicting the overlap between participants A) in those who had suboptimal serum selenium (< 70 ug/L),

selenoprotein P (< 4.5 mg/L) and glutathione peroxidase 3 activity (< 115 U/L) B)in those who had optimal serum selenium (< 70

pg/L), selenoprotein P (< 4.5 mg/L) and glutathione peroxidase 3 activity (< 115 U/L).

The linear regressions for associations between serum selenium and each biomarker,
dietary selenium intake and each biomarker, and between GPx3 activity and SePP are
shown in Figure 3.2. Using continuous variables of the biomarkers of selenium status, there
was a positive association between all biomarkers, with the strongest association between
SePP and GPx3 activity (y=76.63+21.93*x; R? = 0.390, P < 0.001). The next strongest
association was between serum selenium and SePP (y=0.99+0.04*x; R2 = 0.247, P < 0.001),
followed by serum selenium and GPx3 activity (y=90.79+0.97*x; R> = 0.132, P < 0.001) and
then selenium intake and serum selenium (y=52.16+0.07*x; R = 0.011, P = 0.005). There
was a non-significant association between selenium intake and GPx3 activity (y=114+0.05*x;
R2=9.910%4 P = 0.396) and SePP (y=2.92+3.4653*x; R = 0.005, P = 0.054). These were
repeated using a quadratic equation for serum selenium and the selenoproteins (GPx3

activity and SePP) and are presented in the Appendix Figure 3.1.
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Figure 3.2: Linear correlation between selenium biomarkers. A) Glutathione peroxidase 3 activity and selenoprotein P
y=76.63+21.93*x R2: 0.390, P < 0.001; B) Selenium intake and serum selenium y=52.16+0.07*x R2: 0.011, P = 0.005; C) Serum selenium
and glutathione peroxidase 3 activity y=90.79+0.97*x R2: 0.132, P < 0.001; D) Serum selenium and selenoprotein P y=0.99+0.04*x RZ:
0.247, P < 0.001; E) Selenium intake and glutathione peroxidase 3 activity y=114+0.05*x R2: 9.910E4, P = 0.396; F) Selenium intake and
selenoprotein P y=2.92+3.4653"x R2: 0.005; P = 0.054.
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3.4.3 Predictors of Biomarkers of Selenium Status

The equations associated with the significant predictors from the fully adjusted models are
displayed in Table 3.5; protein was a significant predictor of each biomarker of selenium sta-
tus. Serum selenium was predicted to be higher in those who were male ( 8.04 £ 3.00, P =
0.008), having higher waist:hip ratios (B 24.08 + 12.08, P = 0.047), higher protein intake (B
0.13 £ 0.05, P = 0.013) and lower in those living in institutions (f -10.15 + 4.99, P = 0.042),
poor self-rated health (B -2.13 + 1.07, P = 0.046), higher disease count (B -0.99 + 0.50, P =
0.048) and medication usage (p -2.40 + 1.15, P = 0.037). GPx3 activity was predicted to be
higher in those who were male (B 31.50 + 8.19, P < 0.001), having higher protein intake (
0.33 £0.07, P<0.001) and lower in those with higher BMI (B -2.20 £ 0.73, P = 0.003). There
was only one predictor for SePP, where concentrations were predicted to be higher in those
with higher protein intakes (B 0.01 £ 0.004, P = 0.003). The full details are provided in Ap-

pendix Table 3.1, including p values and non-significant predictors.

Table 3.5: Equations derived from a fully adjusted linear regression for each selenium biomarker (se-
rum selenium, glutathione peroxidase 3 activity and selenoprotein P) using the significant predictors

and intercept values, B(SE).

Biomarker Equation from linear regression

Selenium =45.60(14.35) + 8.38(3.04)Sex. +24.66(12.19)Waist:Hip Ratio + 0.13(0.05)Protein Intake
—2.13(1.10)SRH — 1.07(0.51)Disease Count

GPx3 Activity =144.99(38.84) + 30.92(8.23)Sex — 2.17(0.74)BMI + 0.35(0.60)Protein Intake — 1.32(0.60)PA

SePP =2.94(1.15) + 0.01(0.004)Protein Intake

GPx3: glutathione peroxidase 3; SePP: selenoprotein P; SRH: self-rated health; BMI: body mass index; PA: physical activity
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3.4.4. Quantification of the Relationship between Serum Selenium and GPx3 Activity and

SePP

Based on the literature cut-offs of 70 ug/L of serum selenium, the equations from the
regressions (Figure 3.2) estimated GPx3 activity to plateau at 158.7 U/L. Conversely, using
the GPx3 activity cut-off (115 U/L), derived from the SCAN-B cohort (Demrican et al. 2021),
the equations from the regressions (Figure 3.2) estimated a serum selenium of 25.0 pug/L.
Based on the literature cut-offs of 90 pg/L of serum selenium, the equations from the
regressions (Figure 3.2) estimated SePP to plateau at 4.6 mg/L. Conversely, using the SePP
activity cut-off (4.5 mg/L), derived from the EPIC-Europe cohort (Hughes et al., 2015), the
equations from the regressions (Figure 3.2) estimated a serum selenium of 87.8 ug/L. When
using quadratic equations and the same serum selenium concentrations for each
selenoprotein i.e., 70 pg/L for GPx3 activity, and 90 ug/L for SePP, GPx3 activity was
estimated to plateau at 160.7 U/L (GPx3 activity = 71.4+1.65*x*-5.34F3*x2; R2: 0.141) whilst
SePP was estimated to plateau at 4.4 mg/L (SePP = 0.65+0.05*x*-9.395°*x2; R2: 0.250)
(Appendix Figure 3.1). When using the serum selenium cut-off (< 70 pg/L and = 70 pg/L),
there was a stronger, positive association between those with suboptimal serum selenium
concentrations and GPx3 activity (y=78.45+1.23*x R?: 0.114, P < 0.001), and SePP
(y=0.91+0.04*x R2: 0.168, P < 0.001). The associations were weaker between those with
optimal serum selenium concentrations and GPx3 activity (y=149+0.25*x R2: 0.006, P =

0.283), and SePP (y=2.82+0.02*x R?: 0.029, P = 0.253).
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Figure 3.3: Linear correlation between serum selenium (< 70 pg/L and > 70 pg/L) and selenoproteins: glutathione peroxidase 3
activity and selenoprotein P. A) Serum selenium < 70 ug/L and GPx3 activity y=78.45+1.23*X R2: 0.114, P < 0.001; B) Serum sele-
nium = 70 pg/L and GPx3 activity y=149+0.25*X R2: 0.006, P = 0.283 C) Serum selenium < 70 pg/L and SePP y=0.91+0.04*X R2:
0.168, P < 0.001; D) Serum selenium > 70 pg/L and SePP y=2.82+0.02*X RZ: 0.029, P = 0.253.

3.4.5. Sensitivity Analysis

The analyses were further repeated using a cut-off of 90 ug/L; the only significant
differences were that those with optimal serum selenium were more likely to be using
selenium supplements (P < 0.001), having better self-rated health (P = 0.021), lower hsCRP
(P =0.012) and higher SePP (P < 0.001) (Sensitivity Analyses Table 3.1 and 3.2). There were
fewer predictors of each biomarker of selenium status, where serum selenium was
predicted by disease count and medication, whilst the predictors of GPx3 activity and SePP
predictors remained the same, as displayed in Table 3.5 (Sensitivity Analyses Table 3.3).

Occupational class was significantly different between outliers (P = 0.006), as was selenium
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supplement use (P < 0.001), total medication (P = 0.012) and BMI (P = 0.050) (Sensitivity
Analyses Table 3.4). However, there were no significant differences between the biomarkers
of selenium status or intake (Sensitivity Analyses Table 3.5). When using tertiles of the
biomarkers of selenium status as determined by statistical derivation (Sensitivity Analyses
Table 3.6), sex was no longer significantly different between low, medium or high (tertiles 1-
3, respectively) selenium concentrations (P = 0.253), nor was BMI (P = 0.051) or FT4 (P =
0.177). On the other hand, those with high (tertile 3) serum selenium had higher protein
intakes (P = 0.030). Those with medium (tertile 2) serum selenium had higher alcohol intake
and those with low (tertile 1) serum selenium were more likely to be non-drinkers (P =
0.010). Those with high (tertile 3) serum selenium were more likely to have higher FT3 levels
(P <0.001), whilst those with low (tertile 1) serum selenium were more likely to misreport
dietary intakes (P = 0.049). Those with high (tertile 3) serum selenium had higher selenium
intake than those with low (tertile 1) serum selenium (P = 0.002). The differences in the
adequacy of the biomarker of selenium status remained the same when using selected cut-

offs or tertiles of serum selenium (Sensitivity Analyses Table 3.7).

3.5 Discussion

The majority of this population of older adults had suboptimal concentrations of serum sele-
nium and SePP, however, GPx3 activity was optimal in over 70 % of the participants accord-
ing to the selected cut-offs. There were strong, positive associations between the bi-
omarkers of selenium status but not between selenium intake and both selenoproteins. Se-
rum selenium predicted both GPx3 activity and SePP in a linear manner, indicating subopti-
mal expression of these selenoproteins. Each aspect of this summary will be reviewed below

in more detail.

Baseline Selenium Status

Many studies have reported inadequate selenium intakes in older adults (de Jong et al.,
2001; Stoffaneller, Morse and Nancy, 2015; Combs, 2001), however, measurements of
multiple biomarkers of selenium status are scarce in very old adults. My results indicate

suboptimal selenium status (serum selenium and SePP), in older adults, lower than those in
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other populations, albeit with a younger mean age (Brown et al., 2000; Rayman et al.,
2008c; Broome et al., 2004). For example, in a British cohort (50-64 years), SePP
concentration was 4.9 mg/L (Hurst et al., 2010), and one of the studies used for selenium
DRVs reported a mean SePP concentration of 5.3 mg/L (Xia et al., 2005). In adults aged > 70
years, those in the lowest quintile had serum selenium < 70 pg/L and SePP concentrations <
4.3 mg/L (Schomburg et al., 2019) which are higher than the lowest tertiles from my
analyses. In the EPIC-Europe cohort (mean 58 years, 70 % women), where the SePP cut-off
from my analyses was based, the controls had mean serum selenium of 82 pg/L and SePP of
4.4 mg/L (Hughes et al., 2015). A study in the US comprising a population (40-79 years) from
low-income areas found a mean serum selenium of 117.6 pg/L, a mean GPx3 activity of 132
U/L and a mean SePP concentration of 4.7 mg/L. In comparison to my analyses, the GPx3
activity was lower, although that study included a younger age range and different
ethnicities, which is known to affect selenoprotein concentrations (Hargreaves et al., 2014).
From these studies, it suggests that overall, my population had concentrations below the
requirements for the plateauing of SePP, and therefore optimisation, although, GPx3 activity
was optimal in over 70 % of participants. Similarly, this was also found in healthy and
institutionalised adults (75-79 years) where despite the institutionalised adults having lower
plasma selenium compared to free-living participants, the GPx3 activity did not differ
significantly (Bunker et al., 1988). The lower SePP concentrations appear to be contrary to
the selenoprotein hierarchy, whereby SePP is usually prioritised over GPx (Behne et al.,
1988; Labunskyy, Hatfield and Gladyshev, 2014; Burk and Hill, 2009). This could be due to
the tissue hierarchy, where organs lower in hierarchy such as the liver, where SePP is
synthesised, are depleted first (Schomburg, 2022; Burk and Hill, 2015). However, the kidney
is also compromised in times of deficiency, so one would expect GPx3 activity levels to also
be lower, in addition to the fact that GPx3 is dependent on SePP (Schweizer et al., 2005;
Renko et al., 2008). Out of the major glutathione peroxidases, GPx4 is prioritised as
compared to GPx3 and, within other selenoproteins, DIOs are not essential, nor retained in

times of deficiency (Schomburg and Schweizer, 2009; Becker et al., 2014; Beck et al., 2003)
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although other studies suggest GPx4 and DIO are “housekeeping” selenoproteins and are
retained (Brigelius-Flohé, 1999). In a study using a hypoxia model, selenium export via SePP
was downregulated, whilst GPx4 was upregulated (Loeschner et al., 2014); this contrasts
other studies that suggest SePP is retained during deficiency as a transporter of selenium to
priority organs, such as the brain (Schomburg, 2022; Burk and Hill, 2009; Burk et al., 2014).
This hypoxia model could explain the lower selenium status and SePP seen in my population
where medication, illness (Forceville et al., 1998) and infections (Beck et al., 2003) are more
common, akin to hypoxic conditions. An optimal baseline serum selenium concentration,
defined using the selected cut-offs, was associated with a higher physical activity score, yet
a lower FFM compared to those with suboptimal serum selenium concentration. Another
study in younger adults (mean 40 years) found a similar association between low serum
selenium and sedentary males (Letsiou et al., 2014). However, in my analyses the interesting
finding of a lower FFM may be explained by other factors, such as medication use, there
were fewer participants with optimal baseline serum selenium using = 6 medications
compared to those with suboptimal selenium; polypharmacy and the side effects of many
medications may affect FFM. It may be that the oxidative stress following intense physical
activity is reduced in those optimal serum selenium concentrations due to selenoproteins
role in redox balance; this downregulation may lead to a lowered mitohormesis response to
exercise thereby accruing less lean mass in response to exercise, or improper recovery in
older adults following exercise (Powers et al. 2012). The association between selenium and
insulin resistance may also play a role leading to dysregulation in insulin sensitivity and
muscle metabolism (Hauffe et al., 2020; Chung et al., 2023). Furthermore, research has
suggested a link between SePP and exercise resistance through its muscle receptor low-
density lipoprotein receptor—related protein 1 (LRP1) where SePP was associated with
reduced responses to exercise endurance training (Misu et al., 2017). More research in this

area is required to further explore this relationship.
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Serum selenium correlated strongly with both selenoproteins (GPx3 activity and SePP) and
with selenium intakes. This has been observed in another study that found a strong
correlation between serum selenium and SePP, and GPx3 activity (Hargreaves et al., 2014)
and, in a review of studies, SePP correlated strongly with selenium intakes and status
(Persson-Moschos et al., 2000). However, in my analyses, both selenoproteins did not
correlate with intakes, although, selenium intakes significantly correlated with SePP in
participants with serum selenium < 70 pg/L (r(595)= 0.098, P = 0.016, data not shown). In
my analyses, it was found that correlations were stronger in those individuals with
suboptimal serum selenium and, in some cases, some correlations, such as serum selenium
and GPx3 activity, became non-significant in those with optimal serum selenium. Other
studies have found similar results where suboptimal selenium status correlates well with
suboptimal selenium intake (Levander, 1982; Thomson et al., 1977) or selenoprotein
concentrations, for example, GPx activity correlated with whole-blood when selenium
concentration was 60 ng/ml compared to 200 or 400 ng/ml (Demircan et al., 2021; Whanger
et al., 1988). An interesting observation was that selenium intake did not differ between
those classified as having optimal selenium status > 70 pg/L and those classified as having
suboptimal status < 70 ug/L. This may be due to the uncertainty in food surveys in

estimating selenium intakes (Keck and Finley, 2006).

Predictors of Biomarkers of Selenium Status

As expected, protein intake was a significant predictor of the biomarkers of selenium status.
Protein-rich foods are generally also rich in selenium and have correlated with SePP in older
women (Persson-Moschos et al., 2000). Like my analyses, Bates et al., (2002) found those
with increased medication and poorer health to have suboptimal concentrations of serum
selenium. This may be due to an increase in inflammation which is negatively associated
with selenium status (Nichol et al., 1998; Sempértegui et al., 2003; Huang, Rose and
Hoffmann, 2012; Ghayour-Mobarhan et al., 2005). Similarly, waist:hip ratio predicted serum
selenium and BMI predicted GPx3 activity and these anthropometric measures are often
associated with increased inflammation and oxidative stress (Keaney et al., 2003).
Furthermore, in my results, sex (being male) was a positive predictor of serum selenium and
GPx3 activity, sex differences have been reported in other studies (Gamez et al., 1997;
Arnaud et al., 2006; Niskar, Paschal and Kieszak, 2003; Lopes et al., 2004; Al-Mubarak et al.,
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2020), but not others (Bates et al., 2002; Monget et al., 1996; Imai et al., 1990). Some
reasons may be due to altered hormonal status, such as estrogen (Karita et al., 2008),
although there are mixed results; Arnaud et al., (2006) and Stoffaneller, Morse and Nancy,
(2015) found higher selenium status in postmenopausal women, whilst others did not
(Bureau et al., 2002). Since the women in my population were 85 years and older and
contributed to a large proportion of the participants (61 %), the menopausal state could
affect the overall selenium status as reported in another study where selenium
concentrations varied over 50 % (Hybsier et al., 2017). Like my findings, other studies also
reported women to have higher levels of GPx3 activity (Ha and Smith, 2003), which may be
due to the disproportionate increase in visceral fat with menopause and increasing age
leading to increased inflammation and therefore increased requirements of GPx3 (Steyn et
al., 2019). Higher levels of physical activity were negatively associated with GPx3 activity. In
contrast, GPx3 activity increased in sedentary, postmenopausal women (65 years)
undertaking a 12-week walking program (Rusip and Suhratini, 2020). Changes in GPx3
activity can be associated with oxidative stress whereby GPx3 functions to detoxify free
radicals which are known to increase after intense physical activity (Powers et al., 1999).
However, in my population, higher physical activity was associated with lower GPx3 activity.
Finally, the biomarkers of selenium status were negatively associated with free T4, a marker
of thyroid function; this is plausible in The Newcastle 85+ population where serum selenium
concentrations are low. Selenoproteins, specifically the DIOs are required for the conversion
of the inactive T4 (thyroxine) to Ts. When selenium is inadequate, selenoprotein synthesis is
limited, creating lower conversion rates and therefore higher concentrations of T4
(Kobayashi et al., 2021). This trend has also been seen in other studies where T4 increases
with selenium deficiency (Olivieri et al., 1995; Bates et al., 2002; Drutel, Archambeaud and

Caron, 2013).

Quantification of the Relationship between Serum Selenium and GPx3 Activity and SePP

Using a linear regression and the reported cut-off for serum selenium concentration (70
ug/L) for GPx3 activity plateau, the estimated concentrations for GPx3 activity plateau were
158.7 U/L. Using the reported cut-off for serum selenium concentration (90 pg/L) for SePP
plateau, the estimated concentrations for SePP plateau were 4.6 mg/L, which is in line with

other studies suggesting 4.4-7 mg/L (Combs, 2015; Hurst et al., 2010; Burk et al., 2006;
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Hughes et al., 2015). Another study that also used linear and quadratic regressions to plot
the relationship between serum selenium and SePP found that the quadratic, rather than
the linear equation, led to a better estimation of SePP plateau (Marchaluk, Persson-
Moschos and Thorling, 1995), although there were minimal differences between the R? of
the graphs (0.46 linear, 0.50 quadratic). Quadratic equations were also tested in my
analyses, but likewise, the R%s were not largely different, therefore the most parsimonious
model i.e. linear, was retained. When rearranging the equations to estimate the serum
selenium concentration to reach the cut-offs used for my analyses, i.e. 115 U/L and 4.5
mg/L, GPx3 activity estimated a serum selenium of 25.0 ug/L, whilst SePP estimated a serum
selenium of 87.8 pg/L. In my population, the linear relationships between serum selenium
and the selenoproteins indicate suboptimal selenium status. The SePP cut-off fitted well
with the suggested requirements for SePP plateau, however, the GPx3 activity cut-off
appeared to estimate a considerably suboptimal serum selenium concentration (25.0 pg/L),
below any of the requirements previously reported. This could suggest that SePP
requirements of selenium in very old adults are similar to that of younger adults (> 65
years), however, it may be necessary to adapt the requirements in line with GPx3 activity.
However, if we assumed 70 pg/L was also optimal for SePP plateau, SePP concentrations
were estimated to be 2.3 mg/L which is also lower than that of other studies. These findings
stress the need for future experimental studies using selenium supplementation to

determine the DRVs in older adults.

Despite these potential similarities in selenium concentrations required for efficient
functioning of selenoproteins, my population still had suboptimal selenium status. It may be
that very old adults have adapted to lower selenium concentrations and have internal
mechanisms to cope with these lower concentrations without a detriment to health, as
there is no evidence to suggest impaired health or function with suboptimal concentrations
of selenoproteins (WHO, 2004). These adaptations may be through lower excretion, or an
upregulation antioxidant pathways, and thus have no adverse consequences (Duffield et al.,
1999; Robinson et al., 1985). For example, in rats, GPx mRNA levels plateaued at half the
levels required for GPx activity suggesting normative requirements could be lower and these
lower levels may be compensated by other antioxidative systems (Sunde, 1997).

Furthermore, in different populations, i.e. those with suboptimal selenium exposure and
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status, lower concentrations of selenium may be required plateau; for example Hill et al.,
(1996) found that maximal activity was achieved at a lower concentration (70 pg/L; 0.9
umol/L) in a selenium-deficient population (Xia et al., 1989) compared to the higher
concentrations seen in other studies (86-118 pg/L; 1.05-1.5 umol/L) (Duffield et al., 1999;
Marchaluk, Persson-Moschos and Thorling 1995; Persson-Moschos et al., 1995) and this was
also observed in other populations with suboptimal status (Olivieri et al., 1995; Whanger et
al., 1988). The requirements may also change depending on the selenoprotein, for example,
lower concentrations (equating to 0.82 umol/L; 65 pug/L) led to an earlier plateau of DIO
compared to GPx (Duffield et al., 1999). On a different note, a rodent study by Yim et al.,
(2019), proposed that selenium deficiency was associated with pro-longevity mechanisms.
Despite the lower selenoprotein concentrations in the selenium-deficient rats, there was no
negative effect on lifespan and, in fact, an increase in lifespan was observed. This may be
due to a reduction in amino acid levels activating the mammalian target of rapamycin
(mTOR) pathway associated with cellular ageing and an upregulation of nutrient sensing

(Fontana, Partridge and Longo, 2010).

The overall strengths and limitations in terms of the study design are summarised in Chapter
7, Section 7.2. To summarise, this is the first, largest, cross-sectional study known to date
that has measured selenium status using a range of biomarkers, in very old adults. However,
as this was a cross-sectional study, unlike the studies used for the selenium DRVs, the
derivations from the linear regression equations are to be taken with caution. Nonetheless,
this is still an important step in exploring the relationships between biomarkers of selenium
status in older adults. The lack of clustering in the biomarkers of selenium status may have
influenced the lack of findings, further analyses could utilise unsupervised hierarchical
clustering. Furthermore, a remarkable observation was that two participants from the 757-
sample had serum selenium concentrations below 10.0 pg/L. This was never witnessed in
the laboratory before and thus, during the outlier sensitivity analysis, these two participants

were removed, however, there were no significant changes in the findings.

3.6 Conclusion

The selenium status of this population was suggested suboptimal, especially serum selenium

and SePP concentrations. However, despite the suboptimal status in this population, these
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older adults do not appear to be obviously compromised by these concentrations, due to
the fact they are living beyond 85 years. However, in the following chapter, | will assess the
relationships between these biomarkers of selenium status and MSK function to determine

if there are any health consequences in those participants with suboptimal selenium status.
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3.7 Appendix

Table 3.1: Predictors of the biomarkers of selenium status (serum selenium, glutathione peroxidase
3 activity, selenoprotein P) determined using linear regression.

Variable Model
B (SE) P
Serum Selenium Constant 55.32 (15.72) <0.001
Sex 8.04 (3.00) 0.008
BMI -0.31(0.27) 0.250
Fat Free Mass (kg) -0.06 (0.18) 0.723
Waist:Hip 24.08 (12.08) 0.047
SMMSE -0.09 (0.26) 0.746
Free T3 (pmol/L) 1.38 (1.54) 0.371
Free Ta (pmol/L) -0.64 (0.30) 0.034
hsCRP (mg/L) -0.07 (0.06) 0.200
Energy Intake (Kcal) -0.003 (0.002) 0.204
Protein Intake (g) 0.13 (0.05) 0.013
Selenium Intake (g) 0.032 (0.03) 0.226
NS-SEC -0.22 (0.93) 0.817
Education 0.09 (1.21) 0.940
Living Status -10.15 (4.99) 0.042
Self-rated Health -2.13(1.07) 0.046
Disease Count -0.99 (0.50) 0.048
Total Medications -2.40 (1.15) 0.037
Smoking Status -0.004 (0.82) 0.997
Alcohol Intake 1.88 (1.68) 0.262
Glutathione Peroxidase 3 Constant 194.46 (42.81) <0.001
Sex 31.50(8.19) <0.001
BMI -2.20(0.73) 0.003
Fat Free Mass (kg) 0.67 (0.49) 0.169
Waist:hip 23.30(32.92) 0.479
SMMSE -0.20 (0.72) 0.779
Free T3 (pmol/L) -6.77 (4.21) 0.108
Free T4 (pmol/L) -1.80 (0.83) 0.030
hsCRP (mg/L) -0.04 (0.15) 0.793
Energy Intake (Kcal) 0.001 (0.006) 0.851
Protein Intake (g) 0.33(0.15) 0.024
Selenium Intake (g) -0.03 (0.07) 0.732
NS-SEC -4.87 (2.54) 0.056
Education -3.74 (3.31) 0.258
Living Status 8.37 (13.56) 0.537
Self-rated Health -3.35(2.90) 0.249
Disease Count -0.76 (1.36) 0.576
Total Medications -2.42 (3.13) 0.439
Smoking Status -1.87 (2.25) 0.404
Alcohol Intake 3.78 (4.57) 0.409
Selenoprotein P Constant 4.32(1.27) <0.001
Sex 0.46 (0.24) 0.059
BMI -0.006 (0.02) 0.776
Fat Free Mass (kg) -0.006 (0.01) 0.689
Waist:hip 0.72(0.98) 0.461
SMMSE -0.02 (0.02) 0.484
Free T3 (pmol/L) -0.03 (0.13) 0.801
Free T4 (pmol/L) -0.08 (0.02) <0.001
hsCRP (mg/L) -0.003 (0.004) 0.532
Energy Intake (Kcal) 0.00 (0.00) 0.325
Protein Intake (g) 0.01 (0.004) 0.003
Selenium Intake (g) 0.001 (0.002) 0.701
NS-SEC -0.14 (0.08) 0.065
Education -0.18 (0.10) 0.070
Living Status -0.48 (0.40) 0.238
Self-rated Health 0.03 (0.09) 0.691
Disease Count 0.02 (0.04) 0.552
Total Medications -0.02 (0.09) 0.850
Smoking Status 0.01 (0.07) 0.931
Alcohol Intake -0.20 (0.14) 0.134

SE: standard error; BMI: body mass index; SMMSE: standardised mini mental state examination; Free Ta: free thyroxine; Free
Ts: free triiodothyronine; hsCRP: high sensitivity C-reactive protein; NS-SEC: National Statistics Socio-economic classification.
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Figure 3.1: Quadratic correlation between serum selenium and selenoproteins. A) Serum selenium and glutathione
peroxidase 3 activity y=71.4+1.65*x-5.3455*x2 R2: 0,141 B) Serum selenium and selenoprotein P y=0.65+0.05*x-9.39F
5*x2 R2: 0.250
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3.8 Sensitivity Analyses

Table 3.1. Characteristics of study participants represented by serum selenium cut-offs.

Characteristic All Participants Suboptimal Selenium Optimal Selenium p
n=757 <90 pg/L 290 pg/L

Socio-demographic factors

Women % (n) 61.1 (461) 60.9 (445) 69.6 (16) 0.400

Men % (n) 38.9 (293) 39.1 (286) 30.4 (7)

Years of education % (n) n = 743

0-9 64.2 (477) 64.4 (464) 56.5 (13) 0.672

10-11 23.6 (175) 23.5(169) 26.1 (6)

>12 12.2 (91) 12.1(87) 17.4 (4)

Occupational class % (n) n = 743

Managerial and Professional 35.1(253) 35.0 (244) 39.1(9) 0.189

Intermediate 14.7 (106) 14.3 (100) 26.1(6)

Routine and Manual 50.2 (362) 50.7 (354) 34.8 (8)

Living in Institutions % (n) n = 755

Yes 8.9 (67) 9.2 (67) 0.0 (0) 0.129

No 91.1 (688) 90.8 (665) 100.0 (23)

Diet-related factors

Diet change in past year % (n) n =733

Yes 17.1(117) 0.910

No 82.9 (568)

Total energy kCal (M, SD) n =732 1688.6, 511.0 1707.0, 515.5 1774.4, 408.8 0.895

Protein Intake g (M, SD) n = 732 64.2,22.3 65.0, 22.4 72.2,27.5 0.464

Misreporting food intake % (n) n =685

Yes 6.5 (48) 84.617.9 (99) 15.4 13.7 (18) 0.259

No 93.5 (685) 80.1 82.1 (455) 19.9 86.3 (113)

Lifestyle factors

Smoking % (n) n = 754

Non-Smoker 35.0 (264) 35.2 (257) 30.4 (7) 0.392

Former Smoker 59.4 (448) 59.1 (432) 69.6 (16)

Current Smoker 5.6 (42) 5.7 (42) 0.0 (0.0)

Current alcohol intake % (n) n = 751

Yes 62.3 (468) 61.8 (450) 78.3 (18) 0.109

No 37.7 (283) 38.2 (278) 21.7 (5)

Physical activity (PA) % (n) n = 738

Low (score 0-1) 21.7 (162) 22.1(160) 8.7 (2) 0.147

Moderate (score 2—6) 43.0(322) 43.2 (313) 39.1(9)

High (score 7-18) 35.3 (264) 34.8 (252) 52.2 (12)

Selenium Supplement Use % (n) n =755

Yes 0.7 (5) 0.1(1) 17.4 (4) <0.001

No 99.3 (750) 9.99 (731) 82.6 (19)

Number of Medications (M, SD) n =732 6.3,3.8 6.1,3.5 4.8,3.2 0.075

Total Medication % (n) n = 753

0-2 16.7 (126) 16.4 (120) 26.1(6) 0.100

3-5 26.7 (201) 26.3 (192) 39.1(9)

26 56.6 (426) 57.3 (418) 34.8 (8)

Health-related factors

Self-rated health % (n) n = 738

Excellent/Very Good 40.9 (302) 40.2 (288) 63.6 (14) 0.021

Good 37.7 (278) 37.7 (270) 36.4 (8)

Fair/Poor 21.4 (158) 22.1(158) 0.0 (0)

SMMSE (M, SD) n = 753 26.1,4.9 27.0,3.5 26.5,4.1 0.625

hsCRP mg/L (M, SD) n = 753 6.9, 14.2 6.3,14.2 27,29 0.012

Free T4 in pmol/L (M, SD) n = 742 15.6, 2.7 15.6, 2.6 15.1,1.6 0.605

Free T3 in pmol/L (M, SD) n = 743 4.5,0.5 4.5,0.5 4.5,0.6 0.655

Anthropometry

BMI (M, SD) n =674 24.4,4.4 24.5,4.4 23.3,2.8 0.112

Fat Free Mass (M, SD) n = 689 45.2,9.0 45.5,9.1 43.9,10.2 0.166

Waist:Hip Ratio (M, SD) n = 685 0.89, 0.08 0.9, 0.07 0.9, 0.07 0.685

Height (M, SD) n = 712 1.6, 0.08 1.6, 0.08 1.6,0.08 0.656

SMMSE: standardised mini mental state examination; hsCRP: high sensitivity C-Reactive protein; Free Ta: free thyroxine; Free Ts: free

triiodothyronine; BMI: body mass index; M: mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3
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Table 3.2: Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity, seleno-

protein P) of study participants represented by serum selenium cut-offs.

Characteristic All Participants Suboptimal Optimal p
Selenium Selenium
<90 pg/L 290 ug/L
Selenium Intake (M, IQR) n = 732 45.3,29.2 39.7,29.9 49.9, 40.5 0.178
Serum Selenium (M, IQR) n = 757 55.0, 23.6 54.0,22.1 99.2, 13.6 <0.001
Selenoprotein P (M, IQR) n = 757 3.1,1.9 29,19 4.3,3.5 <0.001
GPx3 Activity (M, SD) n = 755 144.1, 50.7 144.0, 50.2 158.5, 48.8 0.053
Selenium at 90 pg/L % (n)
Yes 97.0 (23)
No 3.0 (734)
GPx3 Activity at 115 U/L % (n)
Yes 70.2 (530) 69.9 (512) 78.3 (18) 0.391
No 29.8 (225) 30.1(220) 21.7 (5)
SePP at 4.5 mg/L % (n)
Yes 17.2 (130) 15.9 (117) 56.5 (13) <0.001
No 82.8 (627) 84.1 (617) 43.5 (10)

M: mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3

Table 3.3: Equations derived from linear regression for each selenium biomarker (serum selenium,

glutathione peroxidase 3 activity, selenoprotein P) using the significant predictors and intercept val-

ues, B(SE), for participants consuming below 90 pg/L.

Biomarker Equation from linear regression < 90 ug/L

Selenium =41.38(12.10) — 1.13(0.43)Disease Count — 2.09(0.98)Medication

GPx3 Activity =151.88(39.73) + 28.58(8.50)Sex — 2.03(0.76)BMI — 1.36(0.61)PA + 0.37(0.15)Protein
SePP =2.59(1.14) + 0.02(0.004)Protein

GPx3: glutathione peroxidase 3; SePP: selenoprotein P; BMI: body mass index; PA: physical activity
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Table 3.4: Baseline characteristics of participants and comparison between those classified as non-outliers and

outliers of serum selenium using 75th percentile of serum selenium plus interquartile range x 1.5.

Characteristic All Participants Non-Outlier Outlier p
n =757

Socio-demographic factors
Women % (n) 61.1 (461) 60.9 (453) 80.0 (8) 0.218
Men % (n) 38.9 (293) 39.1(291) 20.0 (2)
Years of education % (n) n = 743
0-9 64.2 (477) 64.1 (470) 70.0 (7) 0.928
10-11 23.6 (175) 23.6 (173) 20.0(2)
>12 12.2 (91) 12.3 (90) 10.0 (1)
Occupational class % (n) n =721
Managerial and Professional 35.1(253) 35.3 (251) 20.0 (2) 0.006
Intermediate 14.7 (106) 14.2 (101) 50.0 (5)
Routine and Manual 50.2 (362) 50.5 (359) 30.0 (3)
Living in Institutions % (n) n = 755
Yes 8.9 (67) 8.9 (66) 10.0 (1) 0.900
No 91.1 (688) 91.1 (679) 90.0 (9)

Diet-related factors

Diet change in past year % (n) n = 733

Yes 17.1(117) 93.4 (676) 0.0 (0) 0.424
No 82.9 (568) 6.6 (48) 100.0 (9)

Total energy kCal (M, SD) n = 732 1688.6, 511.0 1686.5, 510.6 1720.1, 537.2 0.986
Protein Intake g (M, SD) n =732 64.2,22.3 64.0,22.1 76.3,33.7 0.424
Misreporting food intake % (n) n = 685

Yes 6.5 (48) 82.7 (558) 100.0 (10) 0.148
No 93.5 (685) 17.3(117) 0.0 (0)

Lifestyle factors

Smoking % (n) n=754

Non-Smoker 35.0 (264) 35.1(261) 30.0 (3) 0.661
Former Smoker 59.4 (448) 59.3 (441) 0.0 (0)

Current Smoker 5.6 (42) 5.6 (42) 70.0 (7)

Current alcohol intake % (n) n = 751

Yes 62.3 (468) 62.1 (460) 20.0 (2) 0.245
No 37.7 (283) 37.9 (281) 80.0 (8)

Physical activity (PA) % (n) n = 738

Low (score 0-1) 21.7 (162) 21.7 (160) 20.0 (2) 0.596
Moderate (score 2—6) 43.0(322) 43.2 (319) 30.0 (3)

High (score 7-18) 35.3 (264) 35.1(259) 50.0 (5)

Selenium Supplement Use % (n) n = 755

Yes 0.7 (5) 0.4 (3) 20.0 (2) <0.001
No 99.3 (750) 99.6 (742) 60.0 (3)

Number of Medications (M, SD) n = 732 6.3,3.8 6.1, 4.0 4.6,4.0 0.158
Total Medication % (n) n = 753

0-2 16.7 (126) 16.8 (125) 10.0 (1) 0.012
3-4 26.7 (201) 26.4 (196) 50.0 (5)

>6 56.6 (426) 56.8 (422) 40.0 (4)

Health-related factors

Self-rated health % (n) n = 738

Excellent/Very Good 40.9 (302) 40.6 (296) 66.7 (6) 0.176
Good 37.7 (278) 37.7 (275) 33.3(3)

Fair/Poor 21.4 (158) 21.7 (158) 0.0 (0)

SMMSE (M, SD) n =753 26.1,4.9 26.3,4.6 24.4,9.2 0.962
hsCRP mg/L (M, SD) n = 753 6.9,14.2 6.1,4.4 2.7,5.2 0.066
Free T3 pmol/L (M, SD) n = 742 4.5,0.5 4.5.0.6 4.4,0.7 0.373
Free T4pmol/L (M, SD) n = 743 15.6, 2.7 15.6, 3.0 15.8, 4.0 0.784
Anthropometry

BMI (M, SD) n = 674 24.4,4.4 24.4,5.6 226,45 0.050
Waist:Hip Ratio (M, SD) n = 685 0.88, 0.08 0.88, 1.0 0.87,0.13 0.727
Height (M, SD) n = 712 1.62,0.08 1.62,0.12 1.6, 0.15 0.987
Fat Free Mass (M, SD) n = 689 45.2,9.0 45.3,13.8 43.9,22.0 0.177

SMMSE: standardised mini mental state examination; hsCRP: high sensitivity C-Reactive protein; Free Ta: free thyrox-
ine; Free T3: free triiodothyronine; BMI: body mass index; M: mean; IQR: interquartile range
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Table 3.5: Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity, seleno-
protein P) of study participants using 75" percentile of serum selenium plus interquartile range x
1.5.

Characteristic All Partici- Non-outlier Outlier p
pants

Selenium Intake (Median, IQR) n=732 45.3, 29.8 39.7,30.1 45.7,113.8 0.231
Serum Selenium (Median, IQR) n=757 55.0, 19.0 54.2,22.8 112.4,55.1 0.001
Selenoprotein P (Median, IQR) n=757 31,14 29,19 3.8,3.9 0.111
GPx3 Activity (M, SD) n=755 144.1,50.7 144.5, 50.1 166.2, 58.4 0.264
Selenium 70 ug/L % (n) <0.001
Yes 97.0 (23) 17.4 (130) 80.0 (8)

No 3.0 (734) 82.6 (617) 20.0 (2)

GPx3 Activity at 115 U/L % (n) 0.495
Yes 70.2 (530) 70.1 (522) 80.0 (8)

No 29.8 (225) 29.9 (223) 20.0 (2)

SePP at 4.5 mg/L % (n) 0.054
Yes 17.2 (130) 83.1(621) 40.0 (4)

No 82.8 (627) 16.9 (126) 60.0 (6)

M: mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3
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Table 3.6: Baseline characteristics of participants separated by tertiles of serum selenium.

Characteristic All Participants Low Selenium Medium Selenium High Selenium p
n=757 <46.7 pg/L 46.73-62 pg/L 262.0 pug/L
(Tertile 1) (Tertile 2) (Tertile 3)
Socio-demographic factors
Women % (n) 61.1 (461) 33.2(153) 31.5 (145) 35.4 (163) 0.253
Men % (n) 38.9 (293) 33.8 (99) 36.2 (106) 30.0 (88)
Years of education % (n) n = 743
0-9 64.2 (477) 34.0 (162) 34.4 (164) 31.7 (151) 0.463
10-11 23.6 (175) 34.3 (60) 29.1(51) 36.6 (64)
>12 12.2(91) 27.5 (25) 35.2(32) 37.4(34)
Occupational class % (n) n = 721
Managerial and Professional 35.1(253) 32.0 (81) 32.0 (81) 36.0 (91) 0.161
Intermediate 14.7 (106) 25.5 (27) 33.0 (35) 41.5 (44)
Routine and Manual 50.2 (362) 35.6 (129) 34.3 (124) 30.1(109)
Living in Institutions % (n) n = 755
Yes 8.9 (67) 68.7 (46) 19.4 (13) 11.9(8) <0.001
No 91.1 (688) 30.1(207) 34.6 (238) 35.3 (243)
Diet-related factors
Diet change in past year % (n) n = 733
Yes 17.1(117) 33.3(16) 33.3(16) 33.3(16) 0.999
No 82.9 (568) 33.0(226) 33.6 (230) 33.4 (229)
Total energy kCal (M, SD) n =732 1688.6, 511.0 1699.9, 514.2 1722.9,575.4 1704.0, 440.8 0.658
Protein Intake g (M, SD) n =732 64.2,22.3 62.1, 20.0 65.8, 24.5 67.5,22.4 0.030
Misreporting food intake % (n) n =685
Yes 6.5 (48) 39.3 (46) 35.0 (41) 25.6 (30) 0.049
No 93.5 (685) 29.9 170) 33.6 (191) 36.4(207)
Lifestyle factors
Smoking % (n) n = 754
Non-Smoker 35.0 (264) 31.1(82) 34.8(92) 34.1(90) 0.450
Former Smoker 59.4 (448) 34.4 (154) 33.5(150) 32.1(144)
Current Smoker 5.6 (42) 38.1(16) 21.4(9) 40.5 (17)
Current alcohol intake % (n) n = 751
Yes 62.3 (468) 29.5 (138) 36.1(169) 34.4 (161) 0.010
No 37.7(283) 39.9 (113) 28.6 (81) 31.4(89)
Physical activity (PA) % (n) n = 738
Low (score 0-1) 21.7 (162) 49.4 (80) 25.9 (42) 24.7 (40) <0.001
Moderate (score 2—6) 43.0 (322) 29.8 (96) 37.9(122) 32.3(104)
High (score 7-18) 35.3 (264) 27.7 (73) 32.2 (85) 40.2 (106)
Selenium Supplement Use % (n) n = 755
Yes 0.7 (5) 0.0 (0) 0.0 (0) 100.0 (5) 0.006
No 99.3 (750) 33.7 (253) 33.5(251) 32.8 (246)
Number of Medications M, SD n = 732 6.3,3.8 6.7,3.4 6.2,3.6 5.3,3.4 <0.001
Total Medication % (n) n = 753
0-2 16.7 (126) 23.8 (30) 29.4 (37) 46.8 (59) <0.001
3-4 26.7 (201) 25.9 (52) 37.8 (76) 36.3(73)
26 56.6 (426) 39.9 (170) 32.2(137) 27.9 (119)
Health-related factors
Self-rated health % (n) n = 738
Excellent/Very Good 40.9 (302) 34.6 (84) 41.4 (101) 47.0 (117) 0.074
Good 37.7(278) 36.0 (100) 32.4 (90) 31.7 (88)
Fair/Poor 21.4 (158) 37.3 (59) 34.8 (55) 27.8 (44)
SMMSE (M, SD) n = 753 26.1,4.9 26.6, 4.0 26.8,3.7 27.5,2.8
hsCRP mg/L (M, SD) n =753 6.9,14.2 8.1,17.8 6.2,14.1 4.3,9.0 0.001
Free T; pmol/L (M, SD) n = 742 4.5,0.54 4.5.0.55 4.6,0.5 4.6,0.5 <0.001
Free T, pmol/L (M, SD) n =743 15.6, 2.7 15.8, 2.7 15.5, 2.6 15.5,2.5 0.177
Anthropometry
BMI (M, SD) n =674 24.4,4.4 24.44.4 24.8,4.5 24.1,4.2 0.051
Waist:Hip Ratio (M, SD) n = 685 0.88, 0.08 0.88, 0.07 0.89, 0.07 0.9, 0.08 0.506
Height (M, SD) n =712 1.62,0.08 1.6 0.07 1.62,0.08 1.6, 0.08 0.560
Fat Free Mass (M, SD) n = 689 45.2,9.0 45.7, 8.6 46.5, 9.4 44.2,9.1 0.024

SMMSE: standardised mini mental state examination; hsCRP: high sensitivity C-Reactive protein; Free Ts: free

trilodothyronine; Free Ta: free thyroxine; BMI: body mass index. M: mean; IQR: interquartile range
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Table 3.7: Biomarkers of selenium status (serum selenium, glutathione peroxidase 3 activity, seleno-
protein P) of study participants separated by serum selenium tertiles.

Characteristic All Low Medium High p
Participants Selenium Selenium Selenium
<46.7 46.73-62 pg/L  262.0 ug/L
ng/L (Tertile 2) (Tertile 3)
(Tertile 1)

Selenium Intake (Median, IQR) n =732 45.3,29.8 42.6, 36.3 45.3,24.2 51.2,33.4 0.002
Serum Selenium (Median, IQR) n = 757 55.0,19.0 39.110.0 54.1,4.4 75.4,15.0 <0.001
Selenoprotein P (Median, IQR) n = 757 31,14 2.31.14 3.00, 1.24 3917 <0.001
GPx3 Activity (M, SD) n =755 144.1,50.7 123.843.2 143.2 46.5 163.6 52.0 <0.001
Selenium Tertile pg/L % (n)
Low < 46.7 33.4(253)
Medium 46.73-62.0 33.3 (252)
High > 62.0 33.3(252)
GPx3 Activity at 115 U/L % (n)
Yes 70.2 (530) 26.4 (140) 34.7(184) 38.9(206)  <0.001
No 29.8 (225) 50.2 (113) 29.8 (67) 20.0 (45)
SePP at 4.5 mg/L % (n)
Yes 17.2 (130) 5.4 (7) 21.5 (28) 73.1(95)  <0.001
No 82.8 (627) 39.2 (246) 35.7 (224) 25.0 (157)

M: mean; IQR: interquartile range; SePP: selenoprotein P; GPx3: glutathione peroxidase 3
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Chapter 4. Selenium Status and MSK Function in Very Old Adults:

The Newcastle 85+ Study

4.1 Abstract

Background: Selenium has been associated with MSK function in observational studies,
however, these associations are not explored in very old adults (= 85 years).

Objectives: To explore the relationships between biomarkers of selenium status and MSK
function among participants in The Newcastle 85+ Study at baseline and prospectively.
Methods: Biomarkers of selenium status (serum selenium, GPx3 activity and SePP) at
baseline were measured using standard laboratory techniques in 757 participants from The
Newcastle 85+ Study. HGS was measured using a hand-held dynamometer and averaging
the two measurements from each hand. TUG measured how long it took to rise from a
chair, walk 3 m and return, and sarcopenia prevalence was determined according to
EWGSOP cut-offs. The relationship between the biomarkers of selenium status and MSK
function (HGS, TUG, sarcopenia) were analysed at baseline and up to 5 years using linear
mixed models that adjusted for appropriate covariates.

Results: At baseline, in the fully adjusted models, there were no associations between any
of the biomarkers of selenium status and the MSK outcomes. Over time, in fully adjusted
models, there was a negative association between GPx3 activity and the change in
prevalence of sarcopenia (B 8.445* + 3.8854 P = 0.030), and, when using tertiles, low (tertile
1) serum selenium (< 46.7 pg/L) was associated with greater change in TUG performance (B
0.06 £ 0.02, P = 0.013) and medium (tertile 2) serum selenium (46.7-62.0 pg/L) was
associated with a greater prevalence of severe sarcopenia ( -0.16 + 0.07, P = 0.020).
Conclusion: In cross-sectional analyses, serum selenium was associated with higher HGS,
and serum selenium and SePP were associated with better TUG performance. Over time,
low (tertile 1) or medium (tertile 2) concentrations of selenium were associated with greater
rates of change in TUG and sarcopenia, respectively. It would be interesting to explore this

further using a clinical endpoint of physical function, such as disability.
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4.2 Introduction

Healthy ageing is a prominent concern due to the global increase in ageing populations
(ONS, 2018). MSK function is important throughout life, especially during older age when
reductions in muscular strength, muscle mass and function and the loss of BMD are greater
(Faulkner et al., 2007; Cruz-Jentoft et al., 2019). These functional changes increase the risk
of age-related MSK diseases including sarcopenia and osteoporosis (Cruz-Jentoft et al.,
2010) which are associated with an increase in falls, and fractures (von Haehling, Morely
and Anker, 2010) and hospitalisation (von Haehling, Morely and Anker, 2010; Cruz-Jentoft et
al., 2010). Development of poor MSK function is multifactorial and both insufficient nutrient
intake (Scott et al., 2010; Robinson, 2008; Ganapathy and Nieves, 2020) and low physical
activity (Freiberger, Sieber and Pfeifer, 2011; Beck et al., 2017; Lee et al., 2018; Taylor et al.,
2004), which are both common in older adults, exacerbate the risk of poor MSK function.
Ageing is also associated with increased oxidative stress that is caused by an imbalance
between oxidant and antioxidant status (Baumann et al., 2016; Chrousos, 2009). This can
lead to multiple detrimental impacts such as DNA damage and reduced MPS which can
impair muscle function (Powers et al., 2011). Evidence from observational studies has
suggested that micronutrient deficiencies, especially in those with antioxidant properties,
may contribute to increased risk of sarcopenia, disability and poor muscular function (van
Dijk et al., 2016; Arikan et al., 2011; Lescure et al., 2009; Chariot and Bignani, 2003;

Rederstorff, Krol and Lescure, 2006).

Selenium deficiency has been associated with MSK function including cardiomyopathies,
SEPN1-related disorders, muscle pain and weakness, BMD, fracture incidence, FRAX score
and impaired thyroid function relating to bone metabolism (Chariot and Bignani, 2003;
Rederstorff, Krol and Lescure, 2006). In an observational study in community-dwelling
women (> 65 years), there was a positive association between serum selenium
concentration and muscle strength, assessed by HGS (Beck et al., 2007). There was also a

positive association with serum selenium and BMD in postmenopausal women (Hoeg et al.,
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2012) and older men (Beukhof et al., 2016). Likewise, in a US population (NHANES) (= 40
years), serum selenium was associated with a lower incidence of previous fractures, lower
FRAX scores and higher BMD (Wu et al., 2021) and in a systematic review, selenium,
magnesium, and calcium had the strongest, positive effects on sarcopenia prevalence (van

Dronkelaar et al., 2018).

Despite these associations between selenium and MSK function, research on these
associations among very old people is limited (Lauretani et al., 2003) and even fewer studies
have used large sample sizes or utilised single-year birth cohorts. Other limitations of
existing studies include incomplete follow-ups, use of self-reported health data, poor
coverage on health domains and often only recruite community-dwelling individuals (Chen,
2014; Martin et al., 2011; ter Borg et al., 2015). These issues have been overcome in The
Newcastle 85+ Study which included individuals born in 1921, regardless of their health
status. This chapter builds on analyses reported previously that examined selenium intake
and MSK function among participants in The Newcastle 85+ Study (Perri et al., 2020) and
from Chapter 3 of this thesis, to examine the relationships between the biomarkers of

selenium status and MSK function.

| hypothesised that participants from The Newcastle 85+ Study with optimal selenium status
will have better MSK function than participants with suboptimal selenium status. The aims
of this study were: 1) to explore the associations between baseline selenium status (serum
selenium, GPx3 activity and SePP) and baseline MSK function (HGS, TUG, sarcopenia) in very
old adults; and 2) to determine the relationships between the biomarkers of selenium status

and MSK function at baseline and the rate of change in MSK function up to 5 years.
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4.3 Materials and Methods

4.3.1. Study Population

Data and samples were obtained from The Newcastle 85+ Study, a longitudinal, population-
based study of a single-year birth cohort in the Northeast of England that explored health
outcomes and trajectories in adults aged 85 years and over. The study was initiated in 2006

recruiting 1042 participants born in 1921, for full details, see Chapter 2, Section 2.2.1.

4.3.2. Socioeconomic, Lifestyle and Other Covariates

Assessments included questionnaires, functional tests, fasting blood samples, medical
record reviews, dietary intakes and body weight measurements which were taken at the
initial health assessment (2006/2007) and three other visits (1.5, 3, 5 years), details of which
are provided in Chapter 2, Sections 2.2.1.1 and 2.2.1.2. Other covariates included in these
analyses were: sex; occupational status; education; self-rated health; SMMSE; energy
intake; protein intake; medication use; FFM; smoking; alcohol intake; presence of hand
arthritis; and walking aids. These covariates were selected based on the results from
Chapter 3 of this thesis, and previous research investigating the effects of vitamin D and
protein on MSK function in the same cohort (Granic et al., 2018; Mendonga et al., 2016a).
However, since writing Chapter 3, | removed the disease count and BMI covariates as these
were redundant due to their similarities with medication use and FFM, respectively. | also
removed the inflammatory markers as these did not improve the model fit, and selenium
intake, since there was no difference in intakes amongst those with serum selenium above
and below 70 pg/L and the results from my MRes did not find any associations between

selenium intake and MSK function over time (Perri et al., 2020).

4.3.3 Assessment of MSK Function (HGS, TUG, Sarcopenia)

Full details of MSK function are provided in Chapter 2, Section 2.2.1.4. In brief, HGS was
measured using a hand-held dynamometer and two measurements (kg) were taken from
each hand, where the average was taken from the four measurements. For the TUG test,

the time in seconds was recorded for participants to rise from a chair, walk 3 m and return
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(Podsiadlo and Richardson, 1991). Muscle mass was estimated via BIA, these values were
input into the equation from Janssen et al., (2000) to estimate SMMI (kg.m?). To determine
sarcopenia status, SMMI, HGS and TUG performance were interpreted according to the
EWGSOP2 cut-offs for sarcopenia and severe sarcopenia (Cruz-Jentoft et al., 2019). HGS and
TUG were measured at baseline, 1.5, 3, and 5 years, whilst sarcopenia status was assessed

at baseline and at 3 years.

4.3.4 Biomarkers of Selenium Status

Baseline blood samples from 2006/2007 (n = 757) that had been stored at -80 °C were
analysed for biomarkers of selenium status. Serum selenium was measured using TXRF,
GPx3 activity was measured using a coupled-enzyme reaction measuring NADPH
consumption and SePP was measured using a commercial ELISA. For full details, see Chapter

2, Section 2.2.1.5.

4.3.5. Statistical Analyses

IBM statistical software package version 27.0 (SPSS) was used to perform the exploratory
and statistical analyses; p < 0.05 was considered statistically significant. To determine
normality of distributions of the variables, the Shapiro-Wilk test and quantile—quantile (QQ)
plots were used. TUG performance was not normally distributed, and therefore, a log 10
transformation was applied, and this was used throughout the analyses. Full participant
characteristics are described in detail in Chapter 3, Section 3.4.1. Biomarkers of selenium
status were used as continuous independent variables in the initial analyses and
subsequently categorised into statistically derived tertiles when modelling the associations
with MSK outcomes. The tertiles 1, 2 and 3, of selenium status, hereafter, low, medium and
high, were as follows: serum selenium concentration (ug/L): < 46.7, 46.7-62.0, > 62; GPx3
activity (U/L): £120.3, 120.3-166.1, > 166.1; serum SePP concentration (mg/L): < 2.32, 2.33-
3.57, 2 3.58. | considered using the relevant thresholds from previous literature, as in
Chapter 3 (above and below 70 pg/L (Neve, 1995; Combs, 2001) for serum selenium, 115
U/L for GPx3 activity (Demircan et al., 2015) and 4.5 mg/L for SePP (Hughes et al., 2015;
Burk et al., 2006), however, there was an unequal distribution of participants in each cut-

off, with most participants having suboptimal concentrations of serum selenium and SePP
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(82 % below 70 pg/L, 83 % below 4.5 mg/L) which limited the statistical power.
Notwithstanding the limitations, | have included the latter as sensitivity analyses.
Differences in MSK function according to serum selenium status (tertiles) were assessed
using Chi-square test (categorical) and Kruskal-Wallis (ordered and non-normally

distributed).

4.3.5.1 Relationships between Biomarkers of Selenium Status and MSK Function at Baseline

Relationships between each biomarker of selenium status (serum selenium, GPx3 activity,
SePP) and MSK outcome (HGS, TUG) were investigated using linear regression. The
biomarkers of selenium status (in continuous and tertile format) were first added into an
unadjusted model (Model 1), followed by the additional covariates. These were: sex
(men/women, binary); NS-SEC (routine/manual, intermediate, managerial/professional
occupations, categorical); education (0-9, 10-11, > 12 years, categorical); self-rated health
(excellent/very good, good, fair/poor, ordinal); SMMSE (continuous); energy intake
(continuous); protein intake (continuous); medication use (continuous); FFM (continuous);
smoking (current/former/never); and alcohol intake (binary). Where applicable, the
presence of hand arthritis or use of walking aids were added to HGS and TUG models,
respectively. The same approach and covariates, including walking aids, were applied in
logistic regressions to determine the predictors of sarcopenia and severe sarcopenia

prevalence.

4.3.5.2 Relationships between Biomarkers of Selenium Status and the Change in MSK

Function Over Time

Linear mixed models were used to determine the relationships between each biomarker of
selenium status and each MSK outcome (HGS and TUG) at baseline, and the rate of change
in each MSK outcome over 5 years. For each time point (baseline, 1.5, 3 and 5 years), time
was treated as a categorical variable. The random effects were time and the intercept. Fixed
effects were the variables of interest including the selenium status biomarkers (continuous
and tertiles) and associated covariates (listed above in 4.3.5.1). | used two different models:
(Model 1) time, sex, biomarker, time x biomarker, sex x biomarker interactions; (Model 2)

adjustments made for presence of hand arthritis or use of walking aids (binary), sex, NS-SEC,
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education, self-rated health, energy intake, protein intake, medication use, FMM, SMMSE,
smoking and alcohol intake. Restricted maximum likelihood (RML) and unstructured or
heterogeneous first-order autoregressive covariance matrixes were applied to derive
parameter estimates (B). Negative B estimates for HGS and positive B estimates for TUG and
sarcopenia, indicated poorer performance. The same process was repeated for sarcopenia
and severe sarcopenia, with the exception that measures were only available at baseline
and 3 years follow-up, allowing for two time points. Graphical outputs were created in
Microsoft Excel 2010 using the equation: Intercept value + Time x (Time-beta + Time x

selenium-beta interaction term) + selenium-beta.

4.3.6 Sensitivity Analyses

The analyses were repeated using the selected cut-offs (70 pug/L for serum selenium, 115
U/L for GPx3 activity and 4.5 mg/L for SePP) to make comparisons with the initial analyses,
these consisted of baseline characteristics, correlations between the biomarkers of
selenium status and MSK function, follow-up measurements of MSK function and the
associations between the biomarkers of selenium status and MSK function at baseline and
their rate of change, over time. These results are presented in the Sensitivity Analyses (Table

4.1-4.4, respectively).

4.4 Results

4.4.1. Participant Characteristics

Baseline characteristics relating to MSK function represented by tertiles of serum selenium
concentration are summarised in Table 4.1 (see Chapter 3 for further baseline
characteristics). There was a significant difference in HGS according to the selenium tertiles,
where HGS was lower in those with medium (tertile 2) serum selenium (18.8 kg), compared
to those with low (tertile 1) (20.7 kg) and high (tertile 3) serum selenium (19.3 kg) (P =
0.030). Similarly, there was a significant difference in TUG performance between those with
medium (tertile 2) serum selenium (13.4 s) and high (tertile 3) serum selenium (11.5s) (P <
0.001). There were 10 % more participants using walking aids in those with low (tertile 1)

serum selenium, compared to those with high (tertile 3) serum selenium (P = 0.007), but no
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significant differences with hand arthritis (P = 0.440). The prevalence of severe sarcopenia
was greatest in those with low (tertile 1) serum selenium (P = 0.013), and the lowest

occurrence in those with medium (tertile 2) serum selenium.

Table 4.1: Baseline musculoskeletal measures of participants represented by tertiles of serum

selenium.
Characteristic Participants Low Medium High P
<46.7 ug/L  46.7-62.0 pg/L 262.0 pg/L
(Tertile 1) (Tertile 2) (Tertile 3)
HGS Phase 1 (M, SD) n = 700 19.4,8.3 20.2,7.5 18.8, 8.2 19.3,7.2 0.030
TUG Phase 1 (M, IQR) 12.5,5.0 11.5,5.5 13.4,6.0 11.5,5.5 <0.001
Phase 1 Arthritis in hands % (n) n = 739
Yes 6.9 (51) 8.2 (20) 5.3 (13) 7.2 (18) 0.440
No 93.1 (688) 91.8 (224) 94.7 (232) 92.8 (232)
Phase 1 Walking Aids % (n) n = 700
Yes 17.4 (122) 24.1(53) 14.4 (34) 14.3 (35) 0.007
No 82.6 (578) 75.9 (167) 85.6 (202) 85.7 (202)
Sarcopenia % (n) n = 675
Yes 21.2 (143) 24.5 (52) 17.2 (39) 22.0 (52) 0.157
No 78.8 (532) 75.5 (160) 82.8 (188) 78.0 (184)
Severe Sarcopenia % (n) n = 675
Yes 11.0 (74) 14.6 (31) 6.2 (14) 12.3 (29) 0.013
No 89.0 (601) 85.4 (181) 93.8 (213) 87.7 (207)

HGS: hand grip strength; TUG: Timed-Up-and-Go

4.4.2 Relationships between Biomarkers of Selenium Status and MSK Function at Baseline

Relationships between the three biomarkers of selenium status and disability scores are
presented in Table 4.2. At baseline, when using the continuous biomarkers of selenium
status, there was a positive association between serum selenium and HGS (r(732)= 0.074, P
= 0.045), whereas there was a strong, negative association between serum selenium and
TUG (r(700)=-0.134, P < 0.001) (Table 4.2). However, there were no associations between
serum selenium and sarcopenia or severe sarcopenia. There were no significant associations
between HGS and GPx3 activity or SePP, but there was a significant, negative association
between SePP and TUG performance (r(700)= -0.075, P = 0.046). There were no significant
associations between any of the MSK outcomes and GPx3 activity, or between any of the
biomarkers of selenium status and sarcopenia or severe sarcopenia. When using tertiles of
the biomarkers of selenium status, there was a positive association between serum

selenium HGS (r(723)=-0.081, P = 0.030) and a negative association between serum
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selenium and TUG performance ((r(700)=-0.085, P = 0.025) and SePP (r(700)=-0.093, P =

0.014). There were no associations between the remaining variables (Appendix Table 4.1).

Table 4.2: Baseline correlations between biomarkers of selenium (serum selenium, glutathione
peroxidase 3 activity, selenoprotein P) and hand grip strength, Timed-Up-and-Go, sarcopenia and

severe sarcopenia.

HGS kg TUG s Sarcopenia Severe Sarcopenia

Serum Selenium  Pearson Correlation 0.074* -0.134* 0.011 0.011
ug/L P 0.045 <0.001 0.785 0.777

N 732 700 670 675
GPx3 Pearson Correlation  -0.054 -0.060 -0.029 0.017
Activity U/L P 0.146 0.112 0.451 0.667

N 730 698 673 673
SePP mg/L Pearson Correlation -0.052 -0.075* -0.011 0.029

P 0.156 0.046 0.771 0.459

N 732 700 675 675

GPx3: glutathione peroxidase 3; SePP: selenoprotein P; HGS: hand grip strength; TUG: Timed-Up-and-Go

* denotes significance

At baseline, the linear regressions revealed that there was a weak, positive association
between serum selenium and HGS (y=16.18+0.03*x, R2: 0.005, P = 0.045) and a strong,
negative association with TUG performance (y=24.4-0.11*x, R%: 0.018, P < 0.001). There was
no association between GPx3 activity and HGS (y=19.05-8.29%3*x R2: 0.003, P = 0.146) and
TUG (y=21.02-0.02*x, R%: 0.004, P = 0.112), or between SePP and HGS (y=18.72-0.28*x, R?:
0.003, P =0.156), however, there was a strong, negative association between SePP and TUG

(y=20.83-0.77*x, R% 0.011, P < 0.001) (Figure 4.1).
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Figure 4.1: Linear relationships between each biomarker of selenium status and hand grip strength (HGS) and Timed-

Up-and-Go (TUG). A) Serum selenium and HGS y=16.18+0.03*x, R2: 0.005, P= 0.045; B) Serum selenium and TUG

y=24.4-0.11*x, R2: 0.018, P < 0.001; C) Glutathione Peroxidase 3 Activity and HGS y=19.05-8.2953*x, R2: 0.003, P =

0.146; D) Glutathione Peroxidase 3 Activity and TUG y=21.02-0.02*x, R2: 0.004, P = 0.112; E) Selenoprotein P and HGS
y=18.72-0.28*x, R2: 0.003, P = 0.156; F) Selenoprotein P and TUG y=20.83-0.77*x, R2: 0.011, P < 0.001.
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4.4.3 Predictors of MSK Function at Baseline

At baseline, when using the continuous format of the biomarkers of selenium status, the
significant predictors of HGS and TUG were the same regardless of the choice of biomarker
of selenium status (serum selenium, SePP, GPx3 activity). The equations including B + SD for
the significant predictors are displayed in Table 4.3, whilst the full output can be found in
Appendix Table 4.2. In the unadjusted model (Model 1), a 1 ug/L increase in serum selenium
was associated with an increase in HGS (B 0.03 £ 0.12, P = 0.045). Serum selenium was also
associated with an improvement in TUG performance (B -0.002 + 0.000, P < 0.001).
However, these associations were not maintained in the fully adjusted regression model
(Model 2). Significant predictors of sarcopenia and severe sarcopenia were the same
regardless of the choice of biomarkers of selenium status. The equations including B + SD for
the significant predictors are displayed in Table 4.3, whilst the full output can be found in
Appendix Table 4.3. There were no associations between any of the biomarkers of selenium
status and sarcopenia in Model 1 or Model 2. The regressions were repeated using tertiles
of the biomarkers of selenium status; in these analyses, none of the biomarkers of selenium
status were predictors of HGS or sarcopenia. However, those with high (tertile 3) serum
selenium (= 62 pg/L), compared to those with low (tertile 1) serum selenium (< 46.7 ug/L)
were associated to have better TUG performance (B -0.02 + 0.01, P =0.015, data not

shown).
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Table 4.3: Equations derived from regressions of the relationships between the biomarkers of selenium status and musculoskeletal function outcomes
using the significant predictors and intercept values, B(SE).

MSK Function Selenium Status Equation = intercept, significant predictors, B(SE)
Biomarker
HGS Serum Selenium  =8.57(2.61)-8.00(0.59)Sex+1.66(0.30)PA+0.17(0.03)FFM+0.12(0.06)SMMSE+0.001(0.001)Kcal-0.94(0.26)SRH-4.30(0.80)Arthritis
GPx3 Activity =9.82(2.61)-7.92(0.59)Sex+1.64(0.30)PA+0.17(0.03)FFM+0.13(0.06)SMMSE+0.001(0.001)Kcal-0.97(0.26)SRH-4.24(0.80)Arthritis
Selenoprotein P =9.61(2.56) -7.90(0.59)Sex+1.67(0.30)PA+0.17(0.03)FFM+0.13(0.06)SMMSE+0.001(0.001)Kcal-0.96(0.26)SRH-4.27(0.80)Arthritis
Log10 TUG Serum Selenium  =1.58(0.09)-0.09(0.01)PA-0.01(0.002)SMMSE-0.01(0.002)Education+0.04(0.01)SRH+0.25(0.02) Walking Aid
GPx3 Activity =1.54(0.09)-0.09(0.01)PA-0.01(0.002)SMMSE-0.01(0.002)Education+0.04(0.01)SRH+0.25(0.02) Walking Aid
Selenoprotein P =1.56(0.09)-0.09(0.01)PA-0.01(0.002)SMMSE-0.01(0.002)Education+0.04(0.01)SRH+0.25(0.02) Walking Aid
Sarcopenia Serum Selenium  =20.89(2.53)-5.71(0.64)Sex-0.44(0.05)FFM+0.77(0.39)Walking Aid
GPx3 Activity =21.15(2.53)-5.67(0.64)Sex-0.45(0.05)FFM+0.77(0.39)Walking Aid

Selenoprotein P =21.17(2.52)-5.69(0.64)Sex-0.45(0.05)FFM+0.77(0.39)Walking Aid
Severe Sarcopenia Serum Selenium  =16.84(2.66)-4.33(0.64)Sex-0.36(0.05)FFM+0.95(0.43)Walking Aid
GPx3 Activity =17.01(2.65)-4.39(0.65)Sex-0.37(0.05)FFM+0.97(0.42)Walking Aid
Selenoprotein P =17.12(2.63)-4.35(0.64)Sex-0.37(0.05)FFM+0.99(0.43)Walking Aid

MSK: musculoskeletal; HGS: hand grip strength; Log10 TUG: Timed-Up-and-Go with log10 transformation; PA: physical activity; FFM: fat free mass; SMMSE: standardised mini mental

state examination; Kcal: total energy intake in kcal; SRH: self-rated health; Arthritis: presence of hand arthritis; Walking Aid: use of walking appliances
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4.4.4 Descriptives of MSK Measures over Time

MSK measures at baseline and follow-up (1.5, 3 and 5 years) were categorised by tertiles of
serum selenium and are summarised in Appendix Table 4.4. There were no significant
differences in HGS over the 5 years between the tertiles of serum selenium. In contrast,
there was a significant difference in TUG performance between the tertiles of serum
selenium; low (tertile 1) selenium concentrations were associated with worse TUG
performance (15 s) compared to those with medium (tertile 2) (14.9 s) and high (tertile 3)
concentrations (14.2 s) in the first follow-up at 1.5 years (P = 0.005). However, the
differences in performance were inconsistent during the remaining follow-ups, where
medium (tertile 2) selenium concentrations were associated with worse TUG performance.
The use of walking aids was significantly lower in those in with high (tertile 3) selenium
concentrations compared to those with low (tertile 1) selenium at the 1.5 year and 3-year
follow-up. For example, 1.5 years after baseline, there were approximately 10 % more
participants with low (tertile 1) selenium using walking aids compared to those with high
(tertile 3) selenium concentrations (P = 0.037). As with HGS, there were no significant
differences in sarcopenia prevalence between serum selenium tertiles, however, severe
sarcopenia prevalence was more likely in those with low (tertile 1) selenium concentrations

compared to those with medium (tertile 2) selenium concentrations (P = 0.013).

4.4.5 Relationship between Biomarkers of Selenium Status and the Change in MSK Function

Over Time

Prospective investigations of the relationships between the biomarkers of selenium status
at baseline, and rate of change in MSK function over 5 years are shown in Table 4.4,
including the unadjusted model (Model 1) and fully adjusted model (Model 2). The graphical
outputs from these results for HGS and TUG are displayed in Figure 4.2, and for sarcopenia

and severe sarcopenia, in Figure 4.3. In the results below, | will first present the findings of
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HGS, followed by TUG performance and sarcopenia prevalence and within each MSK
function measure | will first present the continuous format of the biomarkers of selenium
status, in the unadjusted and adjusted model, followed by the tertiles of biomarkers of

selenium status.

In the unadjusted model (Model 1), when using continuous biomarkers of selenium status,
serum selenium was associated with an improvement in HGS ( 0.04 + 0.01, P = 0.003),
whereas there were no significant associations between serum selenium and HGS in the
fully adjusted model (Model 2) when using the continuous or tertile format. In the unad-
justed model, there was an interaction between SePP and time which was associated with a
greater rate of decline in HGS (B -0.04 £ 0.07, P = 0.046) and in the fully adjusted model,
time was associated with a significant decline in HGS. In the unadjusted model, when using
tertiles of the biomarkers of selenium status, low (tertile 1) serum selenium concentrations
were more likely to be associated with lower HGS than high (tertile 3) serum selenium (B -

1.83 £ 0.067, P = 0.007); however this was not maintained in the fully adjusted model.

In the unadjusted model (Model 1), when using continuous biomarkers of selenium status,
serum selenium (B -2.5353+ 6.1254, P < 0.001) and SePP (B -0.02 + 0.01, P = 0.006) were
associated with greater rates of change in TUG performance. However, these were not
maintained in the fully adjusted model. In the fully adjusted model, time was associated
with a greater rate of change in TUG performance (f 0.06 £ 0.01, P < 0.001). There was an
interaction between serum selenium and sex which was also associated with a greater rate
of change in TUG performance (B 1.5153+ 4.9784, P = 0.002). There was no association
between GPx3 activity and the rate of change in TUG performance over time. In the
unadjusted model, when using tertiles of the biomarkers of selenium status, those with low
(tertile 1) concentrations were associated with a greater rate of change in TUG performance
than those with high (tertile 3) concentrations (serum selenium 3 0.13 + 0.03, P < 0.001;

GPx3 activity $ 0.06 £ 0.03 P = 0.050; SePP 3 0.09 £ 0.03, P = 0.002) and this was also seen
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between medium (tertile 2) GPx3 activity and TUG performance (B 0.06 + 0.03, P =0.032). In
the fully adjusted model, the association remained for serum selenium; those with low
(tertile 1) selenium concentrations had a greater rate of change in TUG performance (1.14 s

increase) than those with high (tertile 3) selenium concentrations (f 0.06 £ 0.02, P = 0.013).

In the unadjusted model (Model 1), when using continuous biomarkers of selenium status,
there was no association between the biomarkers of selenium status with the change in
prevalence of sarcopenia or severe sarcopenia. In fully adjusted model, GPx3 activity was
associated with a greater change in prevalence of sarcopenia (B 8.445%+ 3.8854, P = 0.030),
as was the interaction between GPx3 activity and time (B -6.675*+ 2.62%4, P =0.011) (Table
4.4). Time was not associated with a change in prevalence of sarcopenia or severe
sarcopenia in Model 2 (Table 4.4). In the unadjusted model, when using tertiles of the
biomarkers of selenium status, low (tertile 1) selenium concentrations compared to high
(tertile 3) were associated with a greater change in the prevalence of sarcopenia (f -0.12 +
0.06, P =0.035) and, in the fully adjusted model, medium (tertile 2) selenium concentrations
compared to high (tertile 3) were associated with a lower change in the prevalence of
severe sarcopenia (B -0.16 +0.07, P = 0.020). Additionally, the interaction between low
(tertile 1) and medium (tertile 2) concentrations of each biomarker of selenium status, and
sex, were associated with greater rates of change in each MSK function measure (see

Appendix Table 4.5).
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Table 4.4. Hand grip strength (kg), Timed-Up-and-Go (logio-s), sarcopenia and severe sarcopenia es-

timates from an unadjusted (Model 1) and fully adjusted model (Model 2) including all covariates

and each biomarker of selenium status.

Outcome Variable Selenium Model GPx3 Activity Model SePP Model
B (SE) ] B (SE) p B (SE) P
HGS (kg) Model 1 Intercept 12.57 (0.83) <0.001 14.45 (0.88) <0.001 14.69 (0.67) <0.001
Biomarker 0.04 (0.01) 0.003* 2.59%3 (5.62%3) 0.645 0.06 (0.19) 0.772
Model 2 Intercept -0.16 (1.81) 0.929 0.64 (1.84) 0.727 -0.19 (1.72) 0.914
Biomarker 1.3853 (0.01) 0.926 5.9163(0.01) 0.296 -0.07 (0.19) 0.724
Time -1.24 (0.36) <0.001 -1.63 (0.34) <0.001 -1.29 (0.26) <0.001
Biomarker x Time  1.1553(0.01) 0.846 3.1383(2.213) 0.157 -0.04 (0.07) 0.046*
Biomarker x Sex 0.01 (0.01) 0.300 1.4253(4.9453) 0.774 -0.34(0.17) 0.054
TUG (logio-s) Model 1 Intercept 1.33(0.04) <0.001 1.25 (0.04) <0.001 1.26 (0.03) <0.001
Biomarker -2.5353 (6.1254) <0.001*  4.58F4(2.40%4) 0.057 -0.02 (0.01) 0.006*
Model 2 Intercept 1.52 (0.07) <0.001 1.49 (0.09) <0.001 1.53 (0.06) <0.001
Biomarker -4.9954(5.5954) 0.346 2.00%5(9.945%) 0.841 -0.01 (0.01) 0.052
Time 0.06 (0.01) <0.001 0.05 (0.09) 0.519 0.05 (0.01) <0.001
Biomarker x Time  -2.605%(2.1484)  0.225 -6.0355(3.91E5) 0.123 -2.2855(2.725%)  0.800
Biomarker x Sex 1.5153(4.97%4)  0.002 -4.1154(8.7655) <0.001  0.03(0.01) <0.001
Sarcopenia Model 1 Intercept 0.22 (0.10) 0.027 0.12 (0.10) 0.222 0.15 (0.07) 0.037
Biomarker 3.3854(1.66%) 0.838 5.57546.21% 0.370 0.02 (0.02) 0.470
Model 2 Intercept 1.37 (0.20) <0.001 1.29 (0.22) <0.001 1.34(0.18) <0.001
Biomarker 1.1253(1.9953) 0.573 8.44F4(3.8854) 0.030* 0.02 (0.03) 0.323
Time 0.03 (0.08) 0.714 0.13 (0.20) 0.521 0.06 (0.06) 0.283
Biomarker x Time  -7.77%°(1.38%3%)  0.955 -6.6754 (2.6254) 0.011* -0.01 (0.02) 0.477
Biomarker x Sex -8.2255 (1.4153) 0.953 -4.6854 (2.5854) 0.070 -0.02 (0.02) 0.260
Severe Sarcopenia Intercept 0.01 (0.08) 0.943 -4.74%3 (0.08) 0.951 0.06 (0.06) 0.283
Model 1 Biomarker 1.683(0.05) 0.200 7.1954 (4.89%4) 0.141 0.01 (0.02) 0.454
Model 2 Intercept 0.88 (0.16) <0.001 0.89 (0.16) <0.001 1.01 (0.14) <0.001
Biomarker 2.7853 (1.5853)  0.078 9.25F4 (5.88E3) 0.116 0.01 (0.02) 0.548
Time 0.11 (0.07) 0.092 0.12 (0.06) 0.052 0.04 (0.05) 0.383
Biomarker x Time  1.50¢%(1.09%3)  0.169 6.515 (3.9654) 0.101 5.10%3 (0.01) 0.703
Biomarker x Sex 1.9454 (1.1153) 0.862 9.17%5 (3.91%4) 0.815 0.02 (0.01) 0.195

SE: standard error; Se: serum selenium; GPx3: glutathione peroxidase 3; SePP: selenoprotein P. Model 1 included: the bi-

omarker of selenium status; time; sex; interaction between time and the biomarker; and interaction between sex and the

biomarker. Model 2 was further adjusted for: presence of hand arthritis for HGS, or use of walking aids in TUG, sarcopenia

and severe sarcopenia; National Statistics Socio-Economic Classification (NS-SEC); self-rated health; energy intake; protein

intake; medication use; fat-free mass (FFM); physical activity; SMMSE: standardised mini mental state examination; alcohol

intake; and smoking status.
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Figure 4.2. Linear slopes for hand grip strength (HGS) and Timed-Up-and-Go (TUG) A) Serum selenium tertiles; B) Glutathione peroxidase 3 activity tertiles; C) Selenoprotein P tertiles.

T1: tertile 1 low, T2: tertile 2 medium and T3: tertile 3 high concentrations of the biomarker of selenium status.
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Figure 4.3. Linear slopes for sarcopenia and severe sarcopenia A) Serum selenium tertiles; B) Glutathione peroxidase 3 activity tertiles; C) Selenoprotein P tertiles.

T1: tertile 1 low, T2: tertile 2 medium and T3: tertile 3 high concentrations of the biomarker of selenium status.
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4.5 Discussion

At baseline, in adjusted models, there was no association between the biomarkers of
selenium status and MSK outcomes. Over time, in adjusted models, when using the
continuous biomarkers of selenium status, the longitudinal analyses revealed that GPx3
activity was associated with a greater change in the prevalence of sarcopenia and, when
using tertiles, low (tertile 1) selenium concentration was associated with a greater rate of
decline in TUG performance and, medium (tertile 2) selenium concentration was associated
with a greater change in the prevalence of severe sarcopenia. Each aspect of this summary

will be reviewed below in more detail.

Relationship between Biomarkers of Selenium Status and MSK Function at Baseline

At baseline, the significant predictors of HGS were sex, physical activity, FFM, SMMSE,
energy intake, self-rated health and hand arthritis. These findings are common predictors of
muscle strength in other studies (Garcia-Esquinas et al., 2021; Beck et al., 2007). Unlike the
findings from Beck et al., (2007), serum selenium in my analyses was not a predictor of HGS
in the fully adjusted model. The lack of association in my analyses may be due to the
suboptimal concentrations of biomarkers of selenium status in this population, when
applying the concentrations from studies that derived the selenium DRVs (as detailed in
Chapter 1, Section 1.6 and Chapter 3, Section 3.2). In my analyses the predictors of HGS, as
noted above, similarly predicted TUG, in addition to education duration and walking aids.
Likewise, none of the continuous biomarkers of selenium status were predictors of TUG
performance, although, when using tertiles of the biomarkers of selenium status, low
(tertile 1) selenium concentrations were associated with worse TUG performance. This may
be explained by the fact that TUG requires muscle power as well as neural inputs (Savva et
al., 2013), and it is known that selenium has a positive effect on cognition (Berr et al., 2000;

Arnaud et al., 2007; Gray et al., 2003; Shahar et al., 2010). Furthermore, recent research has
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also shown bi-directional temporal relationships between cognitive domains and TUG,
where sustained attention and processing speed had the greatest influence on TUG as
compared to global cognition, executive function and verbal fluency (Hartley et al., 2022).
Another important factor that may play a role in TUG performance is motor function, which
is also known to decline with age (Voelcker-Rehage, 2010; Hunter et al., 2016). There was an
overlap in some of the predictors for both HGS and TUG; these were sex, FMM and walking
aids, again, some of which are common predictors in other reports (Cruz-Jentoft et al.,
2019). In the fully adjusted regressions, the findings suggest that biomarkers of selenium
status (as continuous variables) were not significant predictors of the chosen MSK outcomes
at baseline; however, when using statistically derived tertiles, low (tertile 1) selenium

concentrations were associated with worse TUG performance.

Previous studies have found biomarkers of selenium status to be associated with different
MSK outcomes. Serum selenium was positively associated with BMD in postmenopausal
women (Hoeg et al., 2012). In another study, there was an inverse association between
serum selenium and HGS up to, and beyond, whole-blood selenium concentrations of 140
ug/L in older cohorts (> 60-65 years from NHANES and Seniors-ENRICA-2) (Garcia-Esquinas
etal., 2021). Similarly, in the HORTEGA study (> 50 years), there were positive associations
between plasma selenium < 100 ug/L and BMD, although concentrations above this were
positively associated with femur fractures, suggesting a dose-response curve where optimal
levels are beneficial. Using NHANES data (> 40 years), where participants had baseline
serum selenium of 131 pg/L, there was a positive association between serum selenium and
bone health (Wu et al., 2021); in this study, a higher selenium status was associated with
increased total femur BMD, lower incidence of previous fractures and reduced FRAX scores.
This may suggest the need to explore different MSK outcomes, as well as using populations

with higher baseline selenium status.
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Relationship between Biomarkers of Selenium Status and Change in MSK Function Over Time

When using the continous biomarkers of selenium status, there was an association between
GPx3 activity and the change in prevalence of sarcopenia over time. Similarly, in another
study, despite serum selenium deficiency, GPx3 activity remained unaffected (Bunker et al.,
1988) and likewise, in my analyses, GPx3 activity was the only biomarker of selenium status
to be considered optimal according to the selected cut-offs. However, this contrasts other
data that suggests in times of selenium deficiency, GPx3 is the first enzyme to be affected
(Fairweather-Tait et al., 2010) and is depedent on SePP (Schweizer et al., 2005; Renko et al.,
2008). Time was a signficant predictor of HGS in all models including each biomarker and, of
TUG performance in the models including serum selenium and SePP, but not GPx3 activity,
nor in any of the sarcopenia models. It would be expected that MSK function would
ineveitably decline over time, as evidenced in various studies and reviews (McCormick and
Vasilaki, 2018; Wilkinson, Piasecki and Atherton, 2018; Cruz-Jentoft et al., 2019; Larsson et
al., 2018). Similar to the cross-sectional analyses, serum selenium or SePP concentrations
(continous format) were not associated with rates of change in MSK function over time. This
could relate to the same issue of a supoptimal selenium status reducing the effectiveness or
contribution of selenoprotein activity towards MSK fucntion. Skeletal muscle can hold
between 30-45 % of the total selenium pool and it is known that this store is mobilised
during supoptimal selenium status (Rayman, 2012; Zachara et al., 2001; Oster, Schmiedel
and Prellwitz, 1988). When serum selenium concentrations are supoptimal, these skeletal
muscle stores will be depleted to shuttle selenium to priortiy organs such as the brain and
thus will limit the function of selenoproteins in regard to muscle function (Burk and Hill,
2009; Burk et al., 2014). When using tertiles, low (tertile 1) selenium concentrations were
associated with a greater rate of change in TUG performance and medium (tertile 2)
selenium concentrations were associated with a greater change in the prevalence of severe
sarcopenia. The interaction between a low (tertile 1) and medium (tertile 2) biomarker

concentration, and sex, was a signifcant predictor of the rate of change in each of the MSK
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function measures. This finding could suggest that the biomarker concentrations differ
between men and women and MSK outcomes. This corroborates previous literature that
shows differences in MSK function between men and women. Older women generally have
poorer MSK function, usually related to lower baseline muscle mass, strength and power;
this can lead to lower values over time. Other sex differences are lower intakes of calories
and nutrients (i.e. protein) associated with MSK function and a higher disease burden in
women, including poorer thyroid function and a reduction in sex steroids following
menopause. More recently, research has suggested female muscle function is largely
influenced by muscle disuse, and less so by inflammation when compared to males and, in
this population, males were significantly more active than females (48.1 % males highly
active versus 27.1 % females) (Weitoft et al., 2005; Anderson, Liu and Garcia, 2017; Rosa-

Caldwell and Greene, 2019).

Details on the strengths and limitations of the study design are detailed in Chapter 7, Sec-
tion 7.2. To date, this is the only study using large-scale, observational data to explore the
associations between biomarkers of selenium status and MSK function in very old adults.
This study focused on an important area of ageing, MSK function, which is crucial for longev-
ity and independence in older age. In addition to this, a single-birth cohort of very old adults
was examined which helps bridge the knowledge gap between selenium status and MSK

function in very old adults, as research in this area was previously lacking.

4.6 Conclusion

The detailed analysis of these results presented in this chapter show that GPx3 activity was
associated with a greater change in the prevalence of sarcopenia and, when using tertiles,
low (tertile 1) and medium (tertile 2) selenium concentrations were associated with greater
rates of change in TUG performance and severe sarcopenia, respectively. To further develop
these analyses in this population, | will next explore the associations between the

biomarkers of selenium status and disability scores. The findings from this chapter suggest
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that selenium may play a role in MSK function in association with mental capacity and
cognition as evidenced by the baseline associations between SePP and TUG, and
longitudinal associations between serum selenium and TUG performance. One way to
explore this would be by using disability scores which would provide a greater insight into
MSK ageing in very old adults and provide a meaningful measure that incorporates both

muscle function and its connection with cognition.

4.7 Appendix

Table 4.1: Correlations between tertiles of biomarkers of selenium status (serum selenium, glutathi-
one peroxidase 3 activity, selenoprotein P) and hand grip strength, Timed-Up-and-Go, sarcopenia
and severe sarcopenia.

HGS kg TUG s Sarcopenia Severe
Sarcopenia
Serum Selenium Pearson Correlation -0.013 -0.085 0.021 0.056
Tertile pg/L p 0.732 0.025* 0.593 0.149
N 732 700 675 675
GPx3 Activity Pearson Correlation -0.054 -0.031 -0.045 -0.001
Tertile U/L p 0.148 0.411 0.238 0.974
N 730 698 673 673
SePP Tertile Pearson Correlation -0.033 -0.093 -0.025 0.004
mg/L p 0.366 0.014* 0.521 0.927
N 732 700 675 675

SePP: selenoprotein P; GPx3: glutathione peroxidase 3; HGS: hand grip strength; TUG: Timed-Up-and-Go
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Table 4.2: Predictors of musculoskeletal function with each biomarker of selenium status (serum

selenium, glutathione peroxidase 3 activity, selenoprotein P), derived from linear regressions.

Outcome Variable Serum Selenium GPx3 Activity Selenoprotein P
B (SE) p B (SE) P B (SE) p

HGS (kg)  Intercept 16.18 (0.89) <0.001 19.05 (0.87) <0.001  18.72(0.67) <0.001
Biomarker 0.03 (0.12) 0.045* -0.01 (0.01) 0.146 -0.28 (0.20) 0.156
Intercept 8.57 (2.61) <0.001 9.82 (2.61) <0.001 9.61 (2.56) <0.001

Biomarker 0.01 (0.01) 0.312 -0.003 (0.004) 0.410 -0.14 (0.13) 0.288
Sex -8.00 (0.59) <0.001 -7.92 (0.59) <0.001 -7.90 (0.59) <0.001
Physical Activity 1.66 (0.30) <0.001 1.64 (0.30) <0.001 1.67 (0.30) <0.001
Fat Free Mass (kg) 0.17 (0.03) <0.001 0.17 (0.03) <0.001 0.17 (0.03) <0.001

SMMSE 0.12 (0.06) 0.040 0.13 (0.06) 0.045 0.13 (0.06) 0.042

Energy Intake (Kcal) 0.001 (0.001) 0.044 0.001 (0.001) 0.046 0.001 (0.001) 0.056

Protein Intake (g) -0.003 (0.01) 0.834 0.000 (0.01) 0.989 0.000 (0.01) 0.922

NS-SEC -0.23(0.23) 0.328 -0.25 (0.23) 0.274 -0.24 (0.23) 0.300

Education 0.02 (0.30) 0.948 0.02 (0.30) 0.938 0.004 (0.30) 0.990

Living Status -1.49 (1.15) 0.196 -1.66 (1.15) 0.149 -1.66 (1.15) 0.149

Self-rated Health -0.94 (0.26) <0.001 -0.97 (0.26) <0.001 -0.96 (0.26)  <0.001

Total Medications -0.41 (0.26) 0.111 -0.46 (0.26) 0.071 -0.44 (0.26) 0.082

Smoking Status -0.02 (0.21) 0.912 -0.03 (0.21) 0.882 -0.02 (0.21) 0.934

Alcohol Intake -0.42 (0.42) 0.314 -0.42 (0.42) 0.321 -0.42 (0.42) 0.320

Hand Arthritis -4.30 (0.80) <0.001 -4.24 (0.80) <0.001 -4.27 (0.80)  <0.001

LoglOTUG Intercept 1.30 (0.03) <0.001 1.21 (0.03) <0.001 1.22 (0.02) <0.001
(logl0s)  Biomarker -0.002 (0.00) <0.001* 0.00 (0.00) 0.421 -0.01 (0.01) 0.156
Intercept 1.58 (0.09) <0.001 1.54 (0.09) <0.001 1.56 (0.09) <0.001

Biomarker -0.001 (0.00) 0.096 -1.08E5 (0.00) 0.934 -0.006 (0.00) 0.181

Sex 0.04 (0.02) 0.060 0.04 (0.02) 0.074 0.04 (0.02) 0.062

Physical Activity -0.09 (0.01) <0.001 -0.09 (0.01) <0.001 -0.09 (0.01) <0.001

Fat Free Mass (kg) 0.001 (0.001) 0.555 0.001 (0.001) 0.498 0.001(0.001)  0.509

SMMSE -0.01 (0.002) <0.001 -0.01 (0.002) <0.001 -0.01 (0.002) <0.001

Energy Intake (Kcal) -3.51E5(0.00) 0.072 -3.3755(0.00) 0.085  -3.4585(0.00)  0.076

Protein Intake (g) 0.00 (0.00) 0.785 4.4255 (0.00) 0.920 0.00 (0.00) 0.794

NS-SEC 0.01 (0.01) 0.113 0.01 (0.01) 0.109 0.01 (0.01) 0.129

Education -0.02 (0.01) 0.022 -0.02 (0.01) 0.021 -0.02 (0.01) 0.017

Living Status -0.05 (0.04) 0.251 -0.04 (0.04) 0.317 -0.05 (0.04) 0.271

Self-rated Health 0.04 (0.01) <0.001 0.04 (0.01) <0.001 0.04 (0.01) <0.001

Total Medications 0.01 (0.01) 0.314 0.01 (0.01) 0.202 0.01 (0.01) 0.204

Smoking Status 0.002 (0.007) 0.831 0.001 (0.007) 0.864 0.002 (0.007) 0.801

Alcohol Intake -0.02 (0.01) 0.230 -0.02 (0.01) 0.216 -0.02 (0.01) 0.177

Waking Aid 0.25 (0.02) <0.001 0.25 (0.02) <0.001 0.25 (0.02) <0.001

SE: standard error; BMI: body mass index; SMMSE: standardised mini mental state examination; NS-SEC: National Sta-

tistics Socio-economic classification.
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Table 4.3: Predictors of sarcopenia and severe sarcopenia with each biomarker of selenium status (serum sele-

nium, glutathione peroxidase 3 activity, selenoprotein P), derived from logistic regressions.

Outcome Variable Serum Selenium GPx3 Activity Selenoprotein P
Sarcopenia B (SE) p B (SE) p B (SE) p

Intercept -1.39 (0.30) <0.001 -1.11 (0.29) <0.001 -1.26 (0.22) <0.001
Biomarker 0.001 (0.01) 0.785 -0.001 (0.002) 0.451 -0.02 (0.07) 0.770
Intercept 20.89 (2.53) <0.001 21.15 (2.53) <0.001 21.17 (2.52) <0.001
Biomarker 0.004 (0.007) 0.573 0.00 (0.002) 0.887 -0.01 (0.09) 0.995
Sex -5.71 (0.64) <0.001 -5.67 (0.64) <0.001 -5.69 (0.64) <0.001
Physical Activity (1) -0.41 (0.40) 0.313 -0.40 (0.40) 0.322 -0.39 (0.40) 0.325
Physical Activity (2) -0.64 (0.44) 0.144 -0.62 (0.44) 0.159 -0.63 (0.44) 0.151
Fat Free Mass (kg) -0.44 (0.05) <0.001 -0.45 (0.05) <0.001 -0.45 (0.05) <0.001
SMMSE 0.03 (0.04) 0.536 0.03 (0.04) 0.540 0.03 (0.04) 0.544
Energy Intake (Kcal) 0.00 (0.00) 0.961 0.00 (0.00) 0.903 0.00 (0.00) 0.915
Protein Intake (g) -0.01 (0.01) 0.513 -0.01 (0.01) 0.596 -0.01 (0.01) 0.591
NS-SEC (1) -0.48 (0.42) 0.251 -0.46 (0.42) 0.269 -0.46 (0.42) 0.272
NS-SEC (2) 0.35(0.31) 0.272 0.35(0.31) 0.264 0.35(0.31) 0.270
Education (1) 0.22 (0.31) 0.492 0.21(0.31) 0.509 0.21(0.31) 0.501
Education (2) -0.67 (0.47) 0.157 -0.70 (0.48) 0.145 -0.69 (0.48) 0.148
Living Status -0.18 (0.76) 0.809 -0.22 (0.77) 0.777 -0.22 (0.77) 0.770
Self-rated Health (1) 0.13 (0.29) 0.664 0.14 (0.30) 0.646 0.12 (0.29) 0.672
Self-rated Health (2) -0.48 (0.37) 0.195 -0.49 (0.37) 0.184 -0.49 (0.37) 0.182
Total Medications (1) -0.06 (0.38) 0.877 -0.05 (0.38) 0.890 -0.06 (0.38) 0.871
Total Medications (2) 0.05 (0.36) 0.896 0.03 (0.36) 0.942 0.03 (0.36) 0.938
Smoking Status (1) 0.30 (0.50) 0.541 0.28 (0.50) 0.577 0.28 (0.50) 0.568
Smoking Status (2) -0.26 (0.28) 0.771 -0.26 (0.28) 0.363 -0.26 (0.28) 0.362
Alcohol Intake 0.03 (0.28) 0.919 0.05 (0.28) 0.849 0.04 (0.28) 0.877
Walking Aid 0.77 (0.39) 0.048 0.77 (0.39) 0.049 0.77 (0.39) 0.049

Severe Sarcopenia  Intercept -2.20(0.39) <0.001 -2.25(0.38) <0.001 -2.29 (0.30) <0.001
Biomarker 0.003 (0.007) 0.777 0.001 (0.002) 0.666 0.06 (0.08) 0.459
Intercept 16.84 (2.66) <0.001 17.01 (2.65) <0.001 17.12 (2.63) <0.001
Biomarker 0.01 (0.008) 0.171 0.01 (0.003) 0.129 0.16 (0.11) 0.145
Sex -4.33 (0.64) <0.001 -4.39 (0.65) <0.001 -4.35 (0.64) <0.001
Physical Activity (1) -0.46 (0.44) 0.304 -0.43 (0.45) 0.340 -0.41 (0.44) 0.353
Physical Activity (2) -0.91 (0.52) 0.078 -0.85 (0.51) 0.097 -0.88 (0.51) 0.086
Fat Free Mass (kg) -0.36 (0.05) <0.001 -0.37 (0.05) <0.001 -0.37 (0.05) <0.001
SMMSE -0.06 (0.05) 0.199 -0.06 (0.05) 0.233 -0.06 (0.05) 0.203
Energy Intake (Kcal) 0.00 (0.00) 0.582 0.00 (0.00) 0.667 0.00 (0.00) 0.637
Protein Intake (g) -0.02 (0.01) 0.140 -0.02 (0.01) 0.157 -0.02 (0.01) 0.158
NS-SEC (1) -0.20 (0.55) 0.711 -0.20 (0.55) 0.715 -0.19 (0.55) 0.733
NS-SEC (2) 0.49 (0.42) 0.243 0.52 (0.41) 0.213 0.50 (0.42) 0.225
Education (1) 0.19 (0.41) 0.642 0.19 (0.41) 0.635 0.20 (0.41) 0.625
Education (2) -0.22 (0.64) 0.735 -0.22 (0.64) 0.736 -0.18 (0.64) 0.783
Living Status -1.02 (0.92) 0.270 -1.03 (0.92) 0.266 -1.00 (0.93) 0.284
Self-rated Health (1) 0.18 (0.37) 0.625 0.20(0.37) 0.590 0.21(0.37) 0.572
Self-rated Health (2) -0.06 (0.43) 0.889 -0.07 (0.43) 0.863 -0.09 (0.43) 0.830
Total Medications (1) -0.07 (0.55) 0.903 -0.03 (0.54) 0.949 -0.01 (0.55) 0.990
Total Medications (2) 0.87 (0.51) 0.086 0.81 (0.50) 0.068 0.77 (0.50) 0.122
Smoking Status (1) -0.29 (0.66) 0.660 -0.26 (0.66) 0.700 -0.30 (0.66) 0.647
Smoking Status (2) -0.10 (0.36) 0.780 -0.04 (0.36) 0.919 -0.10 (0.36) 0.784
Alcohol Intake 0.35 (0.35) 0.323 0.36 (0.35) 0.302 0.39 (0.35) 0.261
Walking Aid 0.95 (0.43) 0.026 0.97 (0.42) 0.022 0.99 (0.43) 0.020

SE: standard error; BMI: body mass index; SMMSE: standardised mini mental state examination; NS-SEC: National Statistics Socio-

economic classification.
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Table 4.4: Untransformed musculoskeletal measures (hand grip strength, timed up-and-go, sarcope-
nia, disability scores, IADL, BADL, falls and fractures) represented by tertiles of serum selenium, at
baseline, and follow-up.

MSK measures All Participants Low Medium High p
Selenium Selenium Selenium
<46.7 pg/L  46.73-62.0 ug/L  262.0 pg/L
(Tertile 1) (Tertile 2) (Tertile 3)
Hand Grip Strength kg (M, SD)
Baseline 19.4,8.3 20.2,7.5 18.8, 8.2 19.3,7.2 0.030
Hand arthritis % (n) yes 6.9 (51) 8.2(20) 5.3 (13) 7.2 (18) 0.440
Follow-up at 1.5 years 19.5, 8.7 19.1, 8.2 17.9,7.5 19.0,7.3 0.139
Follow-up at 3 years 18.5, 8.1 18.1,7.1 17.6,7.1 17.8,7.2 0.924
Follow-up at 5 years 17.1,7.9 16.5,7.6 14.9,6.7 16.1,6.8 0.455
Timed Up-and-Go s (Median, IQR)

Baseline 12.5,5.0 11.5,5.5 13.4,6.0 11.5,5.5 <

0.001
Use of walking aids % (n) yes 17.4 (122) 24.1(53) 14.4 (34) 14.3 (35) 0.007
Follow-up at 1.5 years 13.5,5.5 15.0,9.7 14.9,7.6 14.2,6.6 0.005
Use of walking aids % (n) yes 16.1 (83) 20.4 (30) 18.2 (32) 10.8 (21) 0.037
Follow-up at 3 years 13.8,6.9 14.5,11.1 15.3,10.1 14.6,7.3 0.030
Use of walking aids % (n) yes 17.8 (68) 23.2 (22) 19.5 (26) 13.1 (20) 0.107
Follow-up at 5 years 13.0,6.3 15.2,14.9 18.7,12.6 14.8,9.8 0.009
Use of walking aids % (n) yes 25.0 (65) 30.5(18) 29.2 (96) 18.1 (19) 0.105

Sarcopenia % (n) yes

Baseline 21.2 (143) 24.5 (52) 17.2 (39) 22.0 (52) 0.157
Follow-up at 3 years 20.0 (73) 19.4 (18) 19.5 (25) 20.8 (30) 0.949
Severe Sarcopenia Baseline 11.0 (74) 14.6 (31) 6.2 (14) 12.3 (29) 0.013
Severe Sarcopenia Follow-up at 3 years  10.1(37) 11.8 (11) 10.2 (13) 9.0 (13) 0.784

128



Table 4.5. Hand grip strength (kg), Timed-Up-and-Go (logio-s), sarcopenia and severe sarcopenia
estimates from a fully adjusted model including all covariates and tertiles of each biomarker of
selenium status.

Outcome Variable Selenium Model GPx3 Activity Model SePP Model
B (SE) P B (SE) P B (SE) P
HGS (kg) Intercept 15.61 (0.46) <0.001 14.46 (0.47) <0.001 15.14 (0.48) <0.001
Model 1 Low compared to -1.83(0.67) 0.007* -0.91 (0.70) 0.194 -0.47 (0.69) 0.495
High Concentration
Medium compared to  -0.40 (0.68) 0.552 -1.06 (0.67) 0.116 -0.34 (0.69) 0.624
High Concentration
Model 2 Intercept 0.07 (1.67) 0.966 0.07 (1.67) 0.968 -0.46 (1.68) 0.783
Low compared to -0.45 (0.69) 0.517 -0.04 (0.69) 0.950 0.19 (0.67) 0.781
High Concentration
Medium comparedto  0.17 (0.67) 0.799 -0.81(0.67) 0.230 0.13 (0.68) 0.850
High Concentration
Time -1.05 (0.18) <0.001 -1.18(0.18) <0.001  -1.11(1.57) 0.479
Low x Time -0.11 (0.287) 0.686 -0.13 (0.27) 0.617 -0.07(0.26) 0.784
Medium x Time -0.28 (0.26) 0.277 0.15 (0.26) 0.573 -0.10 (0.26) 0.716
Low x Sex 7.48 (0.51) <0.001 7.50 (0.51) <0.001 7.75 (0.51) <0.001
Medium x Sex 6.90 (0.52) <0.001 7.40 (0.52) <0.001 7.14 (0.51) <0.001
TUG Intercept 1.13(0.02) <0.001 1.15 (0.02) <0.001 1.14 (0.02) <0.001
(log1o-s) Low compared to 0.13 (0.03) <0.001%* 0.06 (0.03) 0.050* 0.09 (0.03) 0.002*
Model 1 High Concentration
Medium compared to  0.05 (0.03) 0.112 0.06 (0.03) 0.032* 0.03 (0.03) 0.241
High Concentration
Model 2 Intercept 1.46 (0.06) <0.001 1.48 (0.06) <0.001 1.47 (0.06) <0.001
Low compared to 0.06 (0.02) 0.013* 0.01 (0.02) 0.579 0.05 (0.02) 0.052
High Concentration
Medium compared to  0.02 (0.02) 0.422 0.04 (0.02) 0.071 0.01(0.02) 0.668
High Concentration
Time 0.05 (0.01) <0.001 0.05 (0.01) <0.001 0.04 (0.01) <0.001
Low x Time 2.75%4(0.01) 0.978 1.07%3(0.01) 0.911 2.89%4(0.01) 0.976
Medium x Time 3.60%3 (0.01) 0.694 -5.5283 (0.01) 0.561 6.08%3 (0.01) 0.519
Low x Sex -0.10 (0.02) <0.001 -0.08 (0.02) <0.001 -0.11 (0.02) <0.001
Medium x Sex -0.04 (0.02) 0.027 -0.08 (0.02) <0.001 -0.06 (0.02) 0.002
Sarcopenia Intercept 0.20 (0.05) <0.001 0.23 (0.05) <0.001 0.21 (0.05) <0.001
Model 1 Low compared to 0.04 (0.08) 0.615 -0.08 (0.08) 0.291 -0.03 (0.08) 0.734
High Concentration
Medium comparedto  -0.04 (0.07) 0.593 -3.92%3(0.07) 0.958 -1.8653(0.07) 0.980
High Concentration
Model 2 Intercept 1.47 (0.17) <0.001 1.44 (0.17) <0.001 1.42 (0.17) <0.001
Low compared to -2.44%3(0.09) 0.979 -0.09 (0.09) 0.318 -0.06 (0.09) 0.526
High Concentration
Medium compared to  -0.10 (0.09) 0.228 -0.01 (0.09) 0.878 0.05 (0.09) 0.594
High Concentration
Time 0.01 (0.04) 0.831 0.01 (0.04) 0.840 0.03 (0.04) 0.461
Low x Time -0.01 (0.06) 0.850 0.07 (0.06) 0.270 0.04 (0.06) 0.556
Medium x Time 0.06 (0.06) 0.324 -0.01 (0.06) 0.914 -0.05 (0.06) 0.377
Low x Sex 0.40 (0.05) <0.001 0.48 (0.05) <0.001 0.43 (0.05) <0.001
Medium x Sex 0.45 (0.05) <0.001 0.38 (0.05) <0.001 0.42 (0.05) <0.001
Severe Intercept 0.15 (0.04) <0.001 0.14 (0.04) <0.001 0.14 (0.04) <0.001
Sarcopenia Low compared to -0.01 (0.06) 0.815 -0.06 (0.06) 0.318 -0.01 (0.06) 0.853
Model 1 High Concentration
Medium comparedto  -0.12 (0.06) 0.035* -0.05 (0.06) 0.385 -0.11 (0.06) 0.061
High Concentration
Model 2 Intercept 1.10 (0.14) <0.001 1.07 (1.47) 0.467 1.08 (0.14) <0.001
Low compared to -0.06 (0.07) 0.434 -0.07 (0.07) 0.328 -0.02 (0.07) 0.804
High Concentration
Medium comparedto  -0.16 (0.07) 0.020* -0.07 (0.07) 0.302 -0.08 (0.07) 0.234
High Concentration
Time -0.01 (0.03) 0.663 -0.01 (0.03) 0.774 0.01 (0.03) 0.828
Low x Time 0.03 (0.05) 0.577 0.05 (0.05) 0.254 0.02 (0.05) 0.742
Medium x Time 0.09 (0.05) 0.056 0.05 (0.05) 0.273 0.04 (0.05) 0.433
Low x Sex 0.22 (0.04) <0.001 0.24 (0.04) <0.001 0.18 (0.04) <0.001
Medium x Sex 0.24 (0.04) <0.001 0.21 (0.04) <0.001 0.26 (0.04) <0.001

Tertiles: Low, medium and high: Low Selenium < 46.7 pg/L, GPx3 activity < 120.3 U/L; SePP < 2.32 mg/L; Medium Selenium 46.7-62.0 pg/L;
GPx3 120.3-166.1 U/L; SePP 2.33-3.57 mg/L; High Selenium > 62 pg/L; GPx3 activity > 166.1 U/L; SePP > 3.58 mg/L. SE, standard error, Se:
serum selenium; GPx3: glutathione peroxidase 3; SePP: selenoprotein P. The high concentration of each biomarker was used a reference.
Model 1 included: the biomarker of selenium status; time; sex; interaction between time and the biomarker; and interaction between sex
and the biomarker. Model 2 was adjusted for: presence of hand arthritis for HGS, or use of walking aids in TUG, sarcopenia and severe
sarcopenia; selected biomarker; sex; National Statistics Socio-Economic Classification (NS-SEC); self-rated health; energy intake; protein
intake; medication use; fat-free mass (FFM); physical activity; SMMSE: standardised mini mental state examination; alcohol intake; and
smoking status.
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4.8 Sensitivity Analyses

Table 4.1: Musculoskeletal measures at baseline for participants separated by serum selenium cut-
offs.

Characteristic Participants Suboptimal Optimal P
Selenium Selenium
<70 pg/L 270 pg/L
n =619 n =138
HGS Phase 1 (M, SD) n =700 19.4,8.3 19.2,7.9 21.8,9.5 0.732
TUG Phase 1 (M, IQR) 12.5,5.0 11.5,4.7 8.7,5.3 0.013
Phase 1 Arthritis in hands % (n) n =739 0.545
Yes 6.9 (51) 6.6 (40) 8.1(11)
No 93.1 (688) 93.4 (563) 91.9 (125)
Phase 1 Walking Aids % (n) n = 700 0.117
Yes 17.4 (122) 18.5 (105) 12.8 (17)
No 82.6 (578) 81.5 (462) 87.2 (116)
Sarcopenia n = 675 0.592
Yes 21.2 (143) 20.8 (113) 22.9 (30)
No 78.8 (532) 79.2 (431) 77.1(101)
Severe Sarcopenia n = 675 0.148
Yes 11.0 (74) 10.1 (55) 14.5 (19)
No 89.0 (601) 89.9 (489) 85.5(112)

HGS: hand grip strength; TUG: Timed-Up-and-Go

Table 4.2: Baseline correlations between cut-offs of biomarkers of selenium status (serum selenium,
glutathione peroxidase 3 activity, selenoprotein P) and hand grip strength and Timed-Up-and-Go.

HGS kg TUG s Sarcopenia Severe Sarcopenia

Serum Selenium Pearson Correlation -0.013 -0.085 0.021 0.056
70 pg/L p 0.732 0.025* 0.593 0.149

N 732 700 675 675
GPx3 Pearson Correlation -0.054 -0.031 -0.045 -0.001
Activity 115 U/L p 0.148 0.411 0.238 0.974

N 730 698 673 673
SePP 4.5 mg/L Pearson Correlation -0.033 -0.093 -0.025 0.004

p 0.366 0.014* 0.521 0.927

N 732 700 675 675

SePP: selenoprotein P; GPx3: glutathione peroxidase 3; HGS: hand grip strength; TUG: Timed-Up-and-Go
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Table 4.3. Untransformed musculoskeletal measures (hand grip strength, timed up-and-go,
sarcopenia, disability scores, IADL, BADL, falls and fractures) represented by serum selenium cut-
offs, at baseline and follow-up.

MSK measures All Participants Low Optimal p
Selenium Selenium
<70 pg/L 270 pg/L
Hand Grip Strength kg (M, SD)
Baseline 19.4,8.3 19.2,7.9 21.8,9.5 0.995
Hand arthritis % (n) yes 6.9 (51) 6.6 (40) 8.1(11) 0.545
Follow-up at 1.5 years 19.5, 8.7 18.8, 8.1 21.8,10.5 0.964
Follow-up at 3 years 18.5, 8.1 18.0,7.4 20.5,10.2 0.485
Follow-up at 5 years 17.1,7.9 16.5,7.1 18.9,10.1 0.972
Timed Up-and-Go s (Median, IQR)
Baseline 12.5,5.0 11.4,4.7 8.7,5.3 0.013
Use of walking aids % (n) yes 17.4 (122) 18.5 (105) 12.8 (17) 0.117
Follow-up at 1.5 years 13.5,5.5 13.9,5.6 12.1,3.9 0.029
Use of walking aids % (n) yes 16.1 (83) 17.5(72) 10.5(11) 0.081
Follow-up at 3 years 13.8,6.9 13.7,7.4 14.0,7.8 0.002
Use of walking aids % (n) yes 17.8 (68) 20.3 (61) 8.8 (7) 0.017
Follow-up at 5 years 13.0,6.3 12.8,6.2 13.6,7.5 0.012
Use of walking aids % (n) yes 25.0 (65) 28.0 (56) 15.0 (9) 0.041
Sarcopenia % (n) yes

Baseline 21.2 (143) 20.8 (113) 22.9 (30) 0.592
Follow-up at 3 years 20.0(73) 19.9 (58) 20.3 (15) 0.948
Severe Sarcopenia Baseline 11.0(74) 10.1 (55) 14.5 (19) 0.148
Severe Sarcopenia Follow-up at 3 years 10.1 (37) 10.7 (31) 8.1(6) 0.517
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Table 4.4. Hand grip strength (kg), Timed-Up-and-Go (logio-s), sarcopenia and severe sarcopenia
estimates from an unadjusted model (Model 1) and fully adjusted model (Model 2) including all

covariates and each biomarker of selenium status, represented by a cut-off for optimal status.

Outcome Variable Selenium Model GPx3 Activity Model SePP Model
B (SE) P B (SE) P B (SE) P

HGS (kg) Intercept 15.49(0.61) <0.001  14.95(0.33) <0.001  15.03 (0.65) <0.001

Model 1 Suboptimal compared to -0.79 (0.69) 0.253 -0.44 (0.63) 0.490 -0.20 (0.72) 0.782
Optimal

Model 2 Intercept -0.61(2.52)  0.808 -0.35 (1.63) 0.829 -5.38 (1.69) 0.958
Biomarker Low 0.62 (0.34) 0.066 0.47 (0.63) 0.487 -0.08 (0.34) 0.822
Time -0.93 (2.38) 0.697 -1.09 (0.13) <0.001 -1.04(2.38) 1.000
Biomarker Low x Time -0.31(0.13) 0.017 -0.28(0.24) 0.246 -0.16 (0.14) 0.235
Biomarker Low x Sex 7.05 (0.20) <0.001 7.61(0.53) <0.001  7.25(0.20) <0.001

TUG (logae-s) Intercept 1.13 (0.03) <0.001 1.17(0.01) <0.001 1.12 (0.03) <0.001

Model 1 Suboptimal compared to 0.07 (0.03) 0.011*  0.05(0.03) 0.066 0.08 (0.03) 0.008*
Optimal

Model 2 Intercept 1.49 (0.06) <0.001 1.49(0.06) <0.001 1.43 (3.08) 0.643
Biomarker Low 8.8554(0.02) 0.971 3.645% (0.02) 0.999 0.06 (0.03) 0.020
Time 0.04 (0.09) 0.697 0.04 (0.004) <0.001  0.05(41.8) 1.000
Biomarker Low x Time 0.01 (0.01) 0.171 4.54%3(0.01) 0.606 -7.95%%(0.01) 0.431
Biomarker Low x Sex -0.06 (0.02) <0.001 -0.09(0.02) <0.001 -0.07 (0.01) <0.001

Sarcopenia Intercept 0.19 (0.07) 0.004 0.23 (0.04) <0.001 0.17 (0.07) 0.017
Suboptimal compared to 0.01 (0.08) 0.901 -0.10 (0.07) 0.166 0.04 (0.08) 0.642

Model 1 Optimal

Model 2 Intercept 1.47 (0.18) <0.001 1.44(0.16) <0.001  1.42(0.18) <0.001
Biomarker Low -0.06 (0.09) 0.518 -0.09 (0.08) 0.272 0.01 (0.10) 0.941
Time -0.01 (0.05) 0.904 1.1252(0.03) 0.970 0.06 (0.06) 0.322
Biomarker Low x Time 0.04 (0.06) 0.506 0.10 (0.05) 0.084 -0.04 (0.06) 0.533
Biomarker Low x Sex 0.43 (0.04) <0.001 0.45(0.05) <0.001 0.44 (0.04) <0.001

Severe Intercept 0.17 (0.05) 0.001 0.11 (0.03) <0.001  0.14(0.06) 0.012

Sarcopenia Suboptimal compared to -0.09 (0.06) 0.137 -0.03 (0.05) 0.558 -0.05 (0.06) 0.435

Model 1 Optimal

Model 2 Intercept 1.14 (0.14) <0.001 1.03(0.13) <0.001 1.07(0.15) <0.001
Biomarker Low -0.14 (0.07) 0.049*  -0.02 (0.06) 0.784 -0.04 (0.08) 0.617
Time -0.05 (0.04) 0.299 0.02 (0.02) 0.446 0.02 (0.05) 0.734
Biomarker Low x Time 0.09 (0.05) 0.070 0.02 (0.04) 0.571 0.01 (0.05) 0.838
Biomarker Low x Sex 0.23 (0.03) <0.001  0.20(0.04) <0.001  0.23(0.03) <0.001

SE, standard error; Se: serum selenium; GPx3: glutathione peroxidase 3; SePP: selenoprotein P. Model 1 included: the bi-
omarker of selenium status; time; sex; interaction between time and the biomarker; and interaction between sex and the
biomarker. Model 2 was further adjusted for: presence of hand arthritis for HGS, or use of walking aids in TUG, sarcopenia
and severe sarcopenia; National Statistics Socio-Economic Classification (NS-SEC); self-rated health; energy intake; protein
intake; medication use; fat-free mass (FFM); physical activity; SMMSE: standardised mini mental state examination; alco-
hol intake; and smoking status.
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Chapter 5. Selenium Status and Disability in Very Old Adults:
The Newcastle 85+ Study

5.1 Abstract

Background: Disability is defined as a difficulty in performing common daily activities of life
related to basic functioning, care, and independence. Selenium may influence disability
through its putative roles in maintaining muscle and brain health.

Objectives: To explore the relationships between biomarkers of selenium status and
disability scores among participants in The Newcastle 85+ Study at baseline and
prospectively.

Methods: Biomarkers of selenium status (serum selenium, GPx3 activity and SePP) at
baseline were measured using standard laboratory techniques in 757 participants from The
Newcastle 85+ Study. Disability was measured using a self-reported questionnaire asking
guestions regarding one’s ability to perform 17 ADLs, including basic ADL (washing hands,
dressing oneself) and instrumental ADL (managing finances, grocery shopping); difficulty in
performance in each activity was summed. The relationships between the biomarkers of
selenium status and disability scores were analysed at baseline and at 5 years using linear
mixed models that adjusted for appropriate covariates.

Results: At baseline, in fully adjusted models, there was a strong, negative association
between the biomarkers of selenium status and baseline disability score; serum selenium (
-0.014 £ 0.06, P = 0.019); and SePP (B -0.15 + 0.07 P = 0.038). Over time, in fully adjusted
models, participants with low (tertile 1) SePP concentrations had a greater change in
prevalence of disability compared with those with high (tertile 3) SePP concentrations (B
0.56 £ 0.22, P = 0.012).

Conclusion: In cross-sectional analyses, selenium and SePP concentrations were negatively
associated with lower disability scores in very old adults. Over time, low (tertile 1) SePP

concentrations were associated with a greater prevalence of disability.
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5.2 Introduction

In this penultimate experimental chapter, | explored the associations between biomarkers
of selenium status and MSK function, focussing on the clinically important endpoint,
disability. Disability is defined as a difficulty in performing basic activities of daily life
including, but not limited to, dressing oneself, getting out of bed and washing hands. These
BADL, in addition to more complex activities, such as managing finances, shopping and
housework, IADL, are components that determine the disability status of an individual or
population (Gobbens and van Assen, 2014). Therefore, disability is a complex construct of
activities of daily living encompassing both physical and motor function and cognition. There
is a high prevalence of disability in very old adults (> 85 years) (Yu et al., 2016) with 40 % of
those over 85 years estimated to be affected (Gobbens and van Assen, 2014). Disability is an
important MSK-related outcome because it is associated with adverse health outcomes
including increased risk of hospitalisation, greater need for 24 h care, higher socioeconomics
costs (Millan-Calenti et al., 2010) and greater likelihood of mortality (Majer et al., 2011).
Disability scores combine both physical and cognitive function, and are therefore strongly
correlated with performance in TUG (Jagger et al., 2011). Since serum selenium and SePP
concentrations were associated with TUG performance among participants in The
Newcastle 85+ Study (reported in Chapter 4), | hypothesised that selenium status may also
be associated with disability. Moreover, previous publications from this population have
reported associations between protein intake (Mendoncga et al., 2019) and vitamin D status

(Hakeem et al., 2020) and disability trajectories.

Further rationale for the link between selenium and diability is provided by evidence that
selenium has a positive effect on cognitive function (Berr et al., 2000; Akbaraly et al., 2007;
Gray et al., 2003; Shahar et al., 2010). As for age-related loss of MSK function, cognitive
impairment is associated with excessive oxidative stress and inflammation (Baierle et al.,
2015; Schweizer et al., 2004), which can lead to increased protein oxidation, advanced
glycation end products and lipid peroxidation, all of which ehance neurodegeneration
(Popa-Wagner et al., 2013). As mentioned in Chapter 1, Sections 1.4 and 1.8, higher
selenium concentratons and SeMet supplementation have been associated with lower

concentrations of inflammation probably through selenium’s incorporation into
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selenoproteins acting as antioxidants (Tseng et al., 2013; Walston et al., 2006; Cheng et al.,
2011). In mouse models, SePP knockout led to synaptic dsyfunction in the hippocampus and
decreased spatial learning, similar to that seen in Alzheimer’s Disease (Peters et al., 2006).
In another SePP knockout study, mice exposed to selenium-deficient diets experienced
neurological seizures and movement disorders, suggesting the role of selenoproteins,
especially SePP, in cognition (Schomburg et al., 2003; Schweizer et al., 2004). Furthermore,
SePP transports selenium to brain by binding to the ApoER2 surface receptor and this is
maintained during times of selenium defiency to prioritise delivery of selenium to the brain
(Rayman, 2012; Burk et al., 2014). As described in Chapter 1, Section 1.5, there is a hierarchy
amongst organs in the body that determines how selenium is priortised during selenium
deficiency. In addition, there is an hierarchy among selenoproteins where SePP is often
preserved over other selenoproteins, such as GPx3 (Schomburg and Schweizer, 2009). These
key considerations suggest that selenium status, especially SePP, may play an important role
in determining the risk of disabilty, a more complex measure of MSK function, combining
muscle power, motor function and cogntion (Savva et al., 2013), in addition to the role of

selenium in measures of MSK function such as TUG performance (see Chapter 4).

To my knowledge, only one study has explored the associations between selenium status
(whole-blood and serum selenium) and MSK function, IADL and fraility in older people using
NHANES (> 60 years) and Seniors-ENRICA-2 cohorts (= 65 years) (Garcia-Esquinas et al.,
2021). However, many of the participants were relatively young and, in both cohorts,
participants had higher baseline serum selenium than the participants from The Newcastle
85+ Study (129.7 and 113.4 pg/L versus 53.6 pg/L, respectively). The findings revealed that
higher whole-blood selenium concentration was associated with better MSK function and a
lower risk of mobility disability (Garcia-Esquinas et al., 2021). Thus, to date, no
epidemiological studies have investigated the association between multiple biomarkers of

selenium status and disability in very old adults.
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| hypothesised that participants in The Newcastle 85+ Study with optimal selenium status
will have lower disability scores than participants with suboptimal selenium status. The aims
of this study were: 1) to explore the associations between biomarkers of selenium status
(serum selenium, GPx3 activity, and SePP) and disability scores in very old adults at baseline;
2) to identify the determinants of disability including biomarkers of selenium status,
socioeconomics, health and lifestyle factors; 3) to determine the relationships between
biomarkers of selenium status and disability scores at baseline and the change in prevalence

of disability over 5 years.

5.3 Methods
5.3.1. Study Population

Data and samples were obtained from The Newcastle 85+ Study, a longitudinal, population-
based study of a single-year birth cohort in the Northeast of England that explored health
outcomes and trajectories in adults aged 85 years and over. The study was initiated in 2006

recruiting 1042 participants born in 1921, for full details, see Chapter 2, Section 2.2.1.
5.3.2 Socioeconomic, Lifestyle and Other Covariates

Assessments included questionnaires, functional tests, fasting blood samples, medical
record reviews, dietary intakes and body weight measurements which were taken at the
initial health assessment (2006/2007) and three other visits (1.5, 3, 5 years), details of which
are provided in Chapter 2, Sections 2.2.1.1 and 2.2.1.2. These covariates used in these
analyses were: sex; use of walking aids; occupational status; education; self-rated health;
SMMSE; energy intake; protein intake; medication use; FFM; smoking; and alcohol intake.
These covariates were selected based on previous research investigating the effects of
vitamin D and protein on disability trajectories in the same cohort (Mendonga et al., 2019;

Hakeem et al., 2020).

5.3.3 Assessment of Disability

Full details of disability scores are provided in Chapter 2, Section 2.2.1.4. In brief, disability
scores were created by using a self-reported questionnaire that summed the scores of 17
activities. The activities included: BADL; IADL; mobility issues; lower limb mobility; chair

rises; stair climbing; grocery shopping; and walking 370 m. A score of 1 indicated difficulty in
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performance, or unable to perform without an aid/appliance or carer, and a score of 0 indi-
cated no difficulty. Scores for each activity were summed so that a total score of 17 indi-

cated greatest disability, whilst a score of 0 indicated an absence of disability.

5.3.4. Biomarkers of Selenium Status

Baseline blood samples from 2006/2007 (n = 757) that had been stored at -80 °C were ana-
lysed for biomarkers of selenium status. Serum selenium was measured using TXRF, GPx3
activity was measured using a coupled-enzyme reaction measuring NADPH consumption
and SePP was measured using a commercial ELISA. For full details, see Chapter 2, Section

2.2.15.

5.3.5. Statistical Analyses

IBM statistical software package version 27.0 (SPSS) was used to perform the exploratory
and statistical analyses; p < 0.05 was considered statistically significant. To determine
normality of distributions of the variables, the Shapiro-Wilk test and quantile—quantile (QQ)
plots were used. Full participant characteristics are described in detail in Chapter 3, Section
3.4.1. Biomarkers of selenium status were used as continuous independent variables in the
initial analyses and subsequently categorised into statistically derived tertiles as described in
Chapter 4, Section 4.3.5. The tertiles 1, 2, and 3 of selenium status, hereafter, low, medium
and high, were as follows: serum selenium concentration (ug/L): < 46.7, 46.7-62.0, > 62.0;
GPx3 activity (U/L): £120.3, 120.3-166.1, > 166.1; serum SePP concentration (mg/L): < 2.32,
2.33-3.57, 2 3.58. Differences in disability scores according to serum selenium status
(tertiles) were assessed Chi-square test (categorical) and Kruskal-Wallis (ordered and non-

normally distributed).

5.3.5.1 Relationships between Biomarkers of Selenium Status and Disability at Baseline

Relationships between each biomarker of selenium status (serum selenium, GPx3 activity,
SePP) and disability score were investigated by linear regression. The biomarkers of
selenium status (in continuous and tertile format) were first added into an unadjusted
model (Model 1), followed by the additional covariates. These were: sex (men/women,

binary); use of walking aids; NS-SEC (routine/manual, intermediate, managerial/professional
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occupations, categorical); education (0-9, 10-11, > 12 years, categorical); self-rated health
(excellent/very good, good, fair/poor, ordinal); SMMSE (continuous); energy intake
(continuous); protein intake (continuous); medication use (continuous); FFM (continuous);

smoking (current/former/never); and alcohol intake (binary).

5.3.5.2 Relationships between Biomarkers of Selenium Status and the Change in Disability

Over Time

Linear mixed models were used to determine the relationships between each biomarker of
selenium status and disability score at baseline, and the rate of change in disability scores
over 5 years. For each time point (baseline, 1.5, 3 and 5 years), time was treated as a
categorical variable. The random effects were time and the intercept. Fixed effects were the
selected variables of interest including the biomarkers of selenium status (continuous and
tertile format) and the associated covariates (listed above in 5.3.5.1). | used two different
models: (Model 1) time, sex, biomarker, time x biomarker, sex x biomarker interactions;
(Model 2) adjustments made for presence of hand arthritis or use of walking aids (binary),
sex, NS-SEC, education, self-rated health, energy intake, protein intake, medication use,
FFM, SMMSE, smoking and alcohol intake. Restricted maximum likelihood (RML) and
unstructured or heterogeneous first-order autoregressive covariance matrixes were applied
to derive parameter estimates (). Negative B estimates indicated lower disability scores,
and thus reduced disability. Graphical outputs were created in Microsoft Excel 2010 using
the equation: Intercept value + Time x (Time-beta + Time x selenium-beta interaction term)

+ selenium-beta.

5.4 Results
5.4.1. Participant Characteristics

Baseline disability scores of participants according to the statistically derived tertiles of
serum selenium concentration are summarised in Table 5.1 (see Chapter 3 for full
characteristics of participants at baseline). A higher proportion of participants with low
(tertile 1) serum selenium reported high levels of disability (15.3 %) compared with those
with high (tertile 3) serum selenium (4 %) (P < 0.001). Similarly, fewer participants reported

no disability (16.5 %) among those with low (tertile 1) serum selenium compared to high
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(tertile 3) serum selenium concentration (28.4 %) (P < 0.001). Similar trends were observed

for other measures of disability including BADL, IADL and mobility scores (P < 0.001).

Table 5.1: Disability scores and associated measures at baseline for participants represented by ter-
tiles of serum selenium.

Characteristic Participants Low Selenium Medium Selenium High Selenium P

N =748 <46.7 pg/L 46.7-62.0 pg/L 262.0 ug/L

(Tertile 1) (Tertile 2) (Tertile 3)

Disability Score % (n)
No Disability 21.1(158) 16.5 (41) 18.4 (46) 28.4 (71) <0.001
Low (score 1-6) 51.6 (386) 46.8 (116) 55.6 (139) 52.4 (131)
Moderate (score 7-12) 18.9 (141) 21.4 (53) 20.0 (50) 15.2 (38)
High (score 13-17) 8.4 (63) 15.3 (38) 6.0 (15) 4.0 (10)
BADL Score % (n)
0 31.4 (235) 25.4 (63) 31.6 (79) 37.2(93) <0.001
1 30.7 (230) 29.8 (74) 30.0 (75) 32.4 (81)
2 15.2 (114) 13.3(33) 16.0 (40) 16.4 (41)
3 7.9 (59) 7.3 (18) 9.6 (24) 6.8 (17)
4 3.3(25) 5.2 (13) 1.2 (3) 3.6(9)
5 2.9(22) 4.8 (12) 3.6 (9) 0.4 (1)
6 4.3 (32) 7.3 (18) 4.0 (10) 1.6 (4)
7 1.3 (10) 2.4 (6) 0.8 (2) 0.8 (2)
8 2.8 (21) 4.4 (11) 3.2(8) 0.8 (2)
IADL Score % (n)
0 39.7 (297) 32.3 (80) 37.2(93) 49.6 (124) <0.001
1 17.8 (133) 16.1 (40) 19.6 (49) 17.6 (44)
2 14.8 (111) 14.9 (37) 15.6 (39) 14.0 (35)
3 7.9 (59) 6.9 (17) 10.8 (27) 6.0 (15)
4 6.1 (46) 6.0 (15) 6.8 (17) 5.6 (14)
5 5.2 (39) 8.9 (22) 4.0 (10) 2.8(7)
6 8.4 (63) 14.9 (37) 6.0 (15) 4.4(11)
Mobility Score % (n)
0 45.1 (337) 35.5 (88) 44.0 (110) 55.6 (139) <0.001
1 16.0 (120) 16.1 (40) 16.0 (40) 16.0 (40)
2 19.1 (143) 19.4 (48) 22.0 (55) 16.0 (40)
3 19.8 (148) 29.0 (72) 18.0 (45) 12.4 (31)

BADL: basic activities of daily living; IADL: instrumental activities of daily living. Higher scores indicate poor performance

5.4.2 Relationship between Biomarkers of Selenium Status and Disability at Baseline

Relationships between the three biomarkers of selenium status and disability scores are
presented in Table 5.2. At baseline, when using the continuous biomarkers of selenium
status, there was a strong, negative association between serum selenium and disability
score (r(748)=-0.256, P < 0.001). Likewise, there was a strong, negative association between
GPx3 activity and disability score (r(746)=-0.090, P = 0.014) and between SePP and disability
score (r(748)=-0.092, P = 0.012). When using tertiles of the biomarkers of selenium status,

the strong, negative association between serum selenium and disability scores
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((r(748)=-0.222, P < 0.001) and between SePP and disability scores (r(748)=-0.111, P =
0.002) remained highly significant. However, there were no associations between GPx3

activity tertiles and disability score (r(746)=-0.068, P = 0.065).

Table 5.2: Correlations between biomarkers of selenium status (serum selenium, glutathione
peroxidase 3 activity, selenoprotein P) and disability scores at baseline.

Disability Score

Serum Selenium pg/L Pearson Correlation -0.256*
p <0.001
N 748

GPx3 Activity U/L Pearson Correlation -0.090*
p 0.014
N 746

SePP mg/L Pearson Correlation -0.092*
p 0.012
N 748

SePP: selenoprotein P; GPx3: glutathione peroxidase 3 * denotes significance

5.4.3 Predictors of Disability Score at Baseline

At baseline, when using the continuous format of the biomarkers of selenium status, the sig-
nificant predictors of disability score were the same regardless of the choice of biomarker of
selenium status (serum selenium, SePP, GPx3 activity). The equations including B + SD for
the significant predictors are displayed in Table 5.3, whilst the full output can be found in
Appendix Table 5.1. These predictors were: physical activity; SMMSE; self-rated health;
medication use; walking aids; and living status. In the unadjusted model (Model 1), a1 pg/L
increase in serum selenium was associated with a decrease in disability score (B -0.06 + 0.01,
P <0.001) as was a 1 U/L increase in GPx3 activity (B -0.01 + 0.003, P = 0.014), and a 1 mg/L
increase in SePP ($-0.30+ 0.12, P = 0.012). These associations were maintained in the fully
adjusted model (Model 2) of associations between serum selenium (f -0.01 £ 0.01, P =
0.019) and SePP (B -0.15 £ 0.07, P = 0.038) and disability score. In the unadjusted model,
when using tertiles of the biomarkers of selenium status, both low (tertile 1) and medium
(tertile 2) concentrations of each biomarker (serum selenium, GPx3 activity and SePP) were
significant predictors of disability with low (tertile 1) concentrations being associated with a
higher disability score: low (tertile 1) serum selenium ( 2.66 £ 0.55, P < 0.001) and medium
(tetile 2) serum selenium (B 1.80 + 0.55, P < 0.001); low (tertile 1) GPx3 activity (B 1.64 +
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0.57, P =0.004) and medium (tertile 2) GPx3 activity (B 1.10 £ 0.55, P = 0.046); low (tertile 1)
SePP concentrations (B 1.74 + 0.56, P = 0.002) and medium (tertile 2) SePP concentrations (B
1.26 £ 0.56, P = 0.024). However, in the fully adjusted model (Model 2), these associations

were not maintained (Appendix Table 5.2).

Table 5.3: Equations derived from regressions of the relationships between the biomarkers of
selenium status and disability scores using the significant predictors and intercept values, B(SE).

Outcome Selenium Status Equation =intercept, significant predictors, B(SE)

Biomarker
Disability ~ Serum Selenium =11.53(1.50)-0.01(0.01)Selenium-2.06(0.18)PA -
Score 0.17(0.04)SMMSE+0.58(0.15)SRH+0.35(0.15)Medication+3.04(0.31)Walking Aid
GPx3 Activity =11.29(1.50) -2.08(0.18)PA -0.18(0.04)SMMSE+1.29(0.67)Living Sta-
tus+0.59(0.15)SRH+0.39(0.15)Medication+3.05(0.31)Walking Aid
Selenoprotein P =11.20(1.50)-0.15(0.07)SePP-2.08(0.18)PA -0.18(0.04)SMMSE+1.32(0.67)Living

Status+0.61(0.15)SRH+0.41(0.15)Medication+3.01(0.31)Walking Aid

PA: physical activity; SMMSE: standardised mini mental state examination; SRH: self-rated health; Walking Aid: use of
walking appliances; GPx3: glutathione peroxidase 3; SePP: selenoprotein P

5.4.4 Prevalence of Disability over Time

Disability scores and associated measures at baseline and follow-up (1.5, 3 and 5 years)
were categorised by tertiles of serum selenium and are summarised in Appendix Table 5.3.
As expected, the prevalence of disability increased over the 5 years of follow-up.
Participants with low (tertile 1) serum selenium were more likely to have higher disability
scores (greatest disability) compared to those with high (tertile 3) serum selenium (1.5-year
follow-up; 21.1 % low (tertile 1) serum selenium versus 10.0 % in high (tertile 3) serum
selenium, P = 0.003, and 3-year follow-up; 25.8 % versus 10.9 %, P = 0.001). The same trend,
where participants with low (tertile 1) serum selenium had higher mobility and BADL scores
than those with high (tertile 3) serum selenium, at 1.5-year and 3-year follow-ups. Likewise,
similar trends were seen for IADL scores in addition to those with low (tertile 1) serum
selenium having significantly worse performance at 5-year follow-ups compared to those

with high (tertile 3) serum selenium.

5.4.5 Relationship between Biomarkers of Selenium Status and Change in Prevalence of

Disability Over Time

Prospective investigations of relationships between the biomarkers of selenium status at

baseline and the change in prevalence of disability over 5 years are shown in Table 5.4,
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including the unadjusted model (Model 1) and fully adjusted model (Model 2). The graphical
outputs from these results are displayed in Figure 5.1. In the unadjusted model (Model 1),
when using continuous biomarkers of selenium status, each biomarker of selenium status
was associated with an improvement in disability score, where SePP was associated with the
lowest change in prevalence of disability (serum selenium B -0.06 £ 0.01, P < 0.001; GPx3
activity B -0.01 £ 0.005, P = 0.003; SePP 3 -0.43 £ 0.16, P = 0.006). However, in the fully
adjusted model, none of the biomarkers of selenium status were associated with a change

in prevalence of disability.

In the unadjusted model (Model 1), when using tertiles of the biomarkers of selenium
status, participants with low (tertile 1) and medium (tertile 2) concentrations of each
biomarkers were more likely to have a greater change in prevalence of disability, than those
with high (tertile 3) concentrations (low serum selenium B 2.66 + 0.55, P < 0.001, medium
serum selenium B 1.80 £ 0.55, P = 0.001; low GPx3 activity  2.64 £ 0.57, P = 0.004, medium
GPx3 activity B 1.10 £ 0.57, P = 0.046; low SePP concentration B 1.74 + 0.56, P = 0.002,
medium SePP concentration  1.26 + 0.56, P = 0.024). The associations with a change in
prevalence of disability were strongest for serum selenium. In the fully adjusted model,
those with low (tertile 1) SePP concentrations were more likely to be associated with a
greater change in the prevalence of disability than those with high (tertile 3) SePP
concentrations (f 0.56 + 0.22, P = 0.012). There were no associations between the
remaining biomarkers of selenium status and change in prevalence of disability. In the fully
adjusted model, the change in prevalence of disability over 5 years was predicted by the
interactions between low (tertile 1), and medium (tertile 3) biomarker concentrations, and

sex (except for medium (tertile 2) serum selenium concentrations) (Appendix Table 5.4).
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Table 5.4. Disability score estimates from an unadjusted (Model 1) and fully adjusted model (Model

2) including all covariates and each biomarker of selenium status.

Outcome Variable Selenium Model GPx3 Activity Model SePP Model
B (SE) P B (SE) p B (SE) p
Disability Intercept 7.44 (0.67) <0.001 5.93 (0.72) <0.001 5.22(0.05) <0.001
Model 1 Biomarker -0.06 (0.01) <0.001*  -0.01 (0.005) 0.003*  -0.43(0.16) 0.006*
Model 2 Intercept 10.40 (1.19) <0.001 10.97 (1.21) <0.001 10.93(1.13)  <0.001
Biomarker 4.4454(0.01)  0.964 -0.002 (0.004)  0.516 -0.13 (0.13) 0.320
Time 1.72 (0.23) <0.001 1.21(0.23) <0.001 1.34(0.17) <0.001
Biomarker x Time -0.02 (0.004)  0.165 0.002 (0.003) 0.343 0.02 (0.05) 0.636
Biomarker xSex  0.005 (0.01) 0.605 -1.28 (0.54) 0.561 0.19 (0.11) 0.097

SE: standard error; Se: serum selenium; GPx3: glutathione peroxidase 3; SePP: selenoprotein P. Model 1 included: the bi-
omarker of selenium status; time; sex; interaction between time and the biomarker; and interaction between sex and the
biomarker. Model 2 was further adjusted for: presence of hand arthritis for HGS, or use of walking aids in TUG, sarcopenia
and severe sarcopenia; National Statistics Socio-Economic Classification (NS-SEC); self-rated health; energy intake; protein
intake; medication use; fat-free mass (FFM); physical activity; SMMSE: standardised mini mental state examination; alco-

hol intake; and smoking status.
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Figure 5.1: Linear relationships between disability scores and biomarkers of selenium status in fully adjusted models. A) Serum selenium tertiles; B) Glutathione peroxidase 3

activity tertiles; C) Selenoprotein P tertiles. T1: tertile 1 low, T2: tertile 2 medium, T3: tertile 3 high concentrations of the biomarker of selenium status.
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5.5 Discussion

At baseline, in adjusted models, there was a strong, negative association between serum se-
lenium and disability score, and a weaker, negative association between SePP and disability
score. Predictors of disability remained the same between the biomarkers of selenium sta-
tus, where serum selenium and SePP predicted lower disability. Over time, in adjusted mod-
els, when using tertiles of the biomarkers of selenium status, low (tertile 1) SePP concentra-
tions, compared to high (tertile 3), were associated with a greater change in prevalence of

disability. Each aspect of this summary will be reviewed below in more detail.

Relationships between Biomarkers of Selenium Status and Disability at Baseline

At baseline, the significant predictors of disability were physical activity; SMMSE; self-rated
health; medication use; walking aids and living status. These findings are common predictors
of disability in other studies (Gobbens and van Assen, 2014; Oliveira et al., 2017; Wu et al.,
2022). Among the biomarkers of selenium status, when using continuous variables, serum
selenium and SePP were associated with lower disability scores. The significance of serum
selenium and SePP predicting disability scores is not surprising as these biomarkers have
been associated with brain health, where higher concentrations of selenium are associated
with enhanced cognition and therefore, potentially improved performance in activities of

daily living (Popa-Wagner et al., 2013; Peters et al., 2006; Schweizer et al., 2004).

Relationships between Biomarkers of Selenium Status and Change in Prevalence of Disability

Over Time

When using tertiles of the biomarkers of selenium status, participants with low (tertile 1)
SePP concentrations were more likely to have greater increase in prevalence of disability
than those with high (tertile 3) SePP concentrations. Since disability scores combine MSK
function and motor function (through BADL) and cognition (through IADL), it seems
plausible that low (tertile 1) SePP would be associated with increased disability (Berr et al.,
2000; Gray et al., 2003; Shahar et al., 2010; Akbaraly et al., 2007). SePP is a known selenium

transporter (Saito and Takahashi, 2002); it delivers selenium to different tissues, one of
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which is the brain by binding to the surface receptor, ApoER2. During selenium deficiency,
transport of selenium to the brain is prioritised (Burk and Hill, 2009; Burk et al., 2014). In
addition to this, there is selenoprotein hierarchy, where SePP is preferentially maintained
over other selenoproteins, such as GPx3 (Behne et al., 1988), and this could explain why
SePP was a predictor of disability score, and the change in prevalence of disability despite
the low levels of SePP in this population. Furthermore, this contrasts the lack of association
between the biomarkers of selenium status and HGS as seen in Chapter 4; during selenium
deficiency, selenium is preserved in the brain and major organs whilst selenium stores in the
muscle, albeit one of the largest stores, are also one of the first to be compromised

(Schomburg and Schweizer, 2009; Combs and Combs, 1986).

In the fully adjusted model, the change in prevalence of disability over 5 years was predicted
by the interactions between low (tertile 1), and medium (tertile 2) biomarker
concentrations, and sex (except for medium serum selenium concentrations). This finding
suggests that the biomarkers of selenium status and prevalence of disability are different
between men and women. Previous research has suggested sex-differences in biomarkers
of selenium status, although there is some controversy (see Chapter 3, Section 3.2 and 3.5).
Furthermore, in this population and other studies, disability is known to affect women more
than men (Gill et al., 2013; Millan-Calenti et al., 2010) and other studies have found fat
mass, rather than muscle mass to be a stronger predictor of disability (Sternfeld et al., 2002;
Koster et al., 2011). This could be one explanation why disability is greater in women,
especially in this population, as post-menopausal women are more likely to have a greater

distribution of visceral fat compared to older men (Kodoth, Scaccia and Aggarwal, 2022).

To date, this is the only large-scale study assessing the association between three
biomarkers of selenium status and disability scores, and the change in prevalence of
disability over time, in very old adults with suboptimal selenium status. This study focused
on an important area of ageing, disability, which is crucial for longevity and independence in
older age. However, these results should be interpreted with caution as this was an
observational study. Please see the general limitations to The Newcastle 85+ Study design in

Chapter 7, Section 7.2.
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5.6 Conclusion

The additional analyses of this population presented in this penultimate experimental
chapter reveal that biomarkers of selenium status, specifically serum selenium and SePP are
associated with disability scores in older adults, cross-sectionally and prospectively. It was
found that serum selenium and SePP predicted disability at baseline, and over time, low
(tertile 1) SePP concentrations were associated with an increased change in the prevalence

of disability.
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5.7 Appendix

Table 5.1. Correlations between tertiles of biomarkers of selenium (serum selenium, glutathione

peroxidase 3 activity, selenoprotein P) and disability score.

Disability Score

Serum Selenium Tertile pg/L Pearson Correlation -0.222

p <0.001*

N 748
GPx3 Pearson Correlation -0.068
Activity Tertile U/L p 0.065

N 746
SePP Tertile mg/L Pearson Correlation -0.111

p 0.002*

N 748

SePP: selenoprotein P; GPx3: glutathione peroxidase 3

Table 5.2: Predictors of disability with each selenium status biomarker (serum selenium, glutathione

peroxidase 3 activity, selenoprotein P) determined using linear regression.

Outcome Variable Serum Selenium GPx3 Activity Selenoprotein P
B (SE) p B (SE) p B (SE) p
Disability  Intercept 8.01 (0.50) <0.001 5.77 (0.51) <0.001 5.47(0.40) <0.001
Model 1 Biomarker -0.06 (0.01) <0.001*  -0.01(0.003) 0.014*  -0.30(0.12) 0.012*
Model 2 Intercept 11.53 (1.50)  <0.001 11.29 (1.51) <0.001 11.20(1.48) <0.001
Biomarker -0.01(0.01)  0.019* -0.004 (0.002)  0.089 -0.15(0.07)  0.038*
Sex 0.53 (0.34) 0.117 0.53 (0.34) 0.118 0.53 (0.34) 0.119
Physical Activity -2.06 (0.18) <0.001 -2.08 (0.18) <0.001 -2.08(0.18) <0.001
Fat Free Mass (kg) -0.003 (0.02)  0.865 -0.002 (0.02) 0.915 -0.001 (0.02) 0.938
SMMSE -0.17 (0.04) <0.001 -0.18 (0.04) <0.001 -0.18(0.04) <0.001
Energy Intake (Kcal) 0.00 (0.00) 0.673 0.00 (0.00) 0.603 0.00 (0.00) 0.658
Protein Intake (g) -0.001(0.01) 0.856 -0.002 (0.01) 0.781 -0.001(0.01) 0.866
NS-SEC 0.12 (0.13) 0.364 0.11(0.13) 0.411 0.11(0.13) 0.424
Education -0.23(0.17)  0.178 -0.24 (0.17) 0.159 -0.25(0.17)  0.135
Living Status 1.29 (0.67) 0.056 1.41 (0.67) 0.037 1.32 (0.67) 0.050
Self-rated Health 0.58 (0.15) <0.001 0.59 (0.15) <0.001 0.61(0.15) <0.001
Total Medications 0.35 (0.15) 0.016 0.39 (0.15) 0.008 0.41 (0.15) 0.005
Smoking Status 0.04 (0.12) 0.738 0.03 (0.12) 0.794 0.05 (0.12) 0.696
Alcohol Intake -0.10(0.24)  0.682 -0.11 (0.24) 0.649 -0.15(0.24)  0.523
Walking Aid 3.04 (0.31) <0.001 3.05 (0.31) <0.001 3.01(0.31) <0.001

SE: standard error; BMI: body mass index; MMSE: standardised mini mental state examination; NS-SEC: National

Statistics Socio-economic classification.
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Table 5.3: Predictors of disability with each selenium status biomarker as tertiles (serum selenium,
glutathione peroxidase 3 activity, selenoprotein P) determined using linear regression.

Outcome Variable Serum Selenium GPx3 Activity Selenoprotein P
B (SE) p B (SE) P B (SE) P
Disability  Intercept 7.07 (0.44) <0.001 5.34(0.45) <0.001  5.81(0.44) <0.001
Model1  Biomarker -1.25 (0.20) <0.001*  -0.38(0.21)  0.065 -0.63 (0.21) 0.002*
Model 2 Intercept 11.17 (1.48) <0.001 11.10(1.51) <0.001  11.22(1.48)  <0.001
Biomarker -0.26 (0.14) 0.053 -0.16 (0.13) 0.225 -0.26 (0.13) 0.051
Sex 0.52 (0.34) 0.127 0.52 (0.34) 0.128 0.51 (0.34) 0.136
Physical Activity -2.07 (0.18) <0.001 -2.07 (0.18) <0.001 -2.08 (0.18) <0.001
Fat Free Mass (kg)  -0.001 (0.02) 0.937 -0.001(0.02) 0.940  -0.002(0.02) 0.951
SMMSE -0.17 (0.04) <0.001 -0.18(0.04) <0.001 -0.18(0.04) <0.001
Energy Intake (Kcal)  0.00 (0.00) 0.678 0.00 (0.00) 0.598 0.00 (0.00) 0.645
Protein Intake (g) -0.002 (0.01) 0.819 -0.002 (0.01) 0.742 -0.002 (0.01) 0.828
NS-SEC 0.11(0.13) 0.384 0.11(0.13) 0.398 0.11(0.13) 0.402
Education -0.22 (0.17) 0.188 -0.24(0.17)  0.158 -0.25 (0.17) 0.135
Living Status 1.38 (0.67) 0.040 1.39 (0.68) 0.042 1.34 (0.67) 0.047
Self-rated Health 0.60 (0.15) <0.001 0.60 (0.15) <0.001 0.62 (0.15) <0.001
Total Medications 0.36 (0.15) 0.015 0.40 (0.15) 0.007 0.40 (0.15) 0.007
Smoking Status 0.04 (0.12) 0.760 0.03 (0.12) 0.777 0.04 (0.12) 0.745
Alcohol Intake -0.11 (0.24) 0.738 -0.13 (0.24) 0.577 -0.15 (0.24) 0.531
Walking Aid 3.03 (0.31) <0.001 3.03(0.31) <0.001 3.01(0.31) <0.001

SE: standard error; BMI: body mass index; SMMSE: standardised mini mental state examination; NS-SEC: National
Statistics Socio-economic classification.

Table 5.4. Untransformed disability measures (disability score, mobility score, instrumental activities of
daily living and basic activities of daily living) separated by tertiles of serum selenium.

Disability measures All Participants Low Selenium Medium Selenium High Selenium p

<46.7 pg/L 46.73-62.0 pg/L 262.0 ug/L

(Tertile 1) (Tertile 2) (Tertile 3)

Disability Score % (n)
Baseline No Disability 21.1(158) 16.5 (41) 18.4 (46) 28.4 (71) <0.001
Low (score 1-6) 51.6 (386) 46.8 (116) 55.6 (139) 52.4 (131)
Moderate (score 7-12) 18.9 (141) 21.4 (53) 20.0 (50) 15.2 (38)
High (score 13-17) 8.4 (63) 15.3 (38) 6.0 (15) 4.0 (10)
Follow-up at 1.5 years No Disability 10.5 (61) 8.0 (14) 8.2 (16) 14.7 (31) 0.003
Low (score 1-6) 49.1 (286) 41.1(72) 52.0(102) 53.1(112)
Moderate (score 7-12) 25.9 (151) 29.7 (52) 26.5 (52) 22.3 (47)
High (score 13-17) 14.4 (84) 21.1(37) 13.3 (26) 10.0 (21)
Follow-up at 3 years No Disability 6.7 (30) 3.1(4) 6.3 (10) 9.7 (16) 0.001
Low (score 1-6) 47.5 (214) 38.3 (49) 45.6 (72) 56.4 (93)
Moderate (score 7-12) 28.2 (127) 32.8 (42) 29.7 (47) 23.0 (38)
High (score 13-17) 17.7 (80) 25.8 (33) 18.4 (29) 10.9 (18)
Follow-up at 5 years No Disability 7.4 (24) 3.4 (3) 6.8 (8) 10.7 (13) 0.097
Low (score 1-6) 42.2 (137) 36.8 (32) 40.2 (47) 47.9 (58)
Moderate (score 7-12) 32.3 (105) 34.5 (30) 34.2 (40) 28.9 (35)
High (score 13-17) 18.2 (59) 25.3(22) 18.8 (22) 12.4 (15)
Mobility Score % (n)

Baseline No Issues 45.1 (337) 35.5 (88) 44.0 (110) 55.6 (139) <0.001
Low 16.0 (120) 16.1 (40) 16.0 (40) 16.0 (40)
Moderate 19.1 (143) 19.4 (48) 22.0 (55) 16.0 (40)
High 19.8 (148) 29.0 (72) 18.0 (45) 12.4 (31)
Follow-up at 1.5 years No Issues 32.0(186) 28.0 (49) 29.1(57) 37.9 (80) 0.001
Low 16.5 (96) 10.9 (19) 16.8 (33) 20.9 (44)
Moderate 25.3 (147) 25.1 (44) 28.1 (55) 22.7 (48)
High 26.3 (153) 36.0 (63) 26.0 (51) 18.5 (39)
Follow-up at 3 years No Issues 23.5 (106) 15.6 (20) 22.8(36) 30.3 (50)
Low 15.7 (71) 18.0 (23) 10.8 (17) 18.8 (31) 0.002
Moderate 30.2 (136) 27.3(35) 31.6 (50) 30.9 (51)
High 30.6 (138) 39.1 (50) 34.8 (55) 20.0 (33)
Follow-up at 5 years No Issues 24.6 (80) 23.0 (20) 18.8 (22) 31.4 (38) 0.059
Low 14.2 (46) 13.8 (12) 13.7 (16) 14.9 (18)
Moderate 24.0 (78) 16.1 (14) 29.9 (35) 24.0 (29)
High 37.2(121) 47.1(41) 37.6 (44) 29.8 (36)
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1ADL % (n)

Baseline 0 39.7 (297) 32.3(80) 37.2(93) 49.6 (124) <0.001
1 17.8 (133) 16.1 (40) 19.6 (49) 17.6 (44)
2 14.8 (111) 14.9 (37) 15.6 (39) 14.0 (35)
3 7.9 (59) 6.9 (17) 10.8 (27) 6.0 (15)
4 6.1 (46) 6.0 (15) 6.8 (17) 5.6 (14)
5 5.2 (39) 8.9(22) 4.0(10) 2.8(7)
6 8.4 (63) 14.9 (37) 6.0 (15) 4.4(11)
Follow-up at 1.5 years 0 22.5(131) 20.6 (36) 20.4 (40) 26.1 (55) 0.025
1 17.5 (102) 11.4 (20) 16.8 (33) 23.2 (49)
2 18.7 (109) 16.0 (28) 21.9 (43) 18.0 (38)
3 13.2(77) 15.4 (27) 15.3 (30) 9.5 (20)
4 6.9 (40) 8.0 (14) 7.7 (15) 5.2 (11)
5 8.3 (51) 10.9 (19) 7.7 (15) 8.1(17)
6 12.4(72) 17.7 (31) 10.2 (20) 10.0 (21)
Follow-up at 3 years O 18.0 (81) 7.8 (10) 19.0 (30) 24.8 (41) <0.001
1 12.2 (55) 12.5 (16) 13.3 (21) 10.9 (18)
2 20.6 (93) 20.3 (26) 16.5 (26) 24.8 (41)
3 15.5 (70) 12.5 (16) 19.0 (30) 14.5 (24)
4 9.3 (42) 8.6 (11) 11.4 (18) 7.9 (13)
5 6.7 (30) 9.4(12) 6.3 (10) 4.8(8)
6 17.7 (80) 28.9 (37) 14.6 (23) 12.1 (20)
Follow-up at 5 years 0 17.2 (56) 9.2 (8) 17.9(21) 22.3(27) 0.029
1 13.2 (43) 14.9 (13) 12.0 (14) 13.2 (16)
2 23.1(75) 17.2 (15) 19.7 (23) 30.6 (37)
3 10.5 (34) 12.6 (11) 12.8 (15) 6.6 (8)
4 7.4 (24) 4.6 (4) 9.4 (11) 7.4(9)
5 8.9 (29) 12.6 (11) 8.5(10) 6.6 (8)
6 19.7 (64) 28.7 (25) 19.7 (23) 13.2 (16)
BADL % (n)
Baseline 0 31.4 (235) 25.4 (63) 31.6 (79) 37.2(93) <0.001
1 30.7 (230) 29.8 (74) 30.0 (75) 32.4 (81)
2 15.2 (114) 13.3 (33) 16.0 (40) 16.4 (41)
3 7.9 (59) 7.3(18) 9.6 (24) 6.8 (17)
4 3.3 (25) 5.2 (13) 1.2(3) 3.6 (9)
5 2.9(22) 4.8(12) 3.6 (9) 0.4(1)
6 4.3(32) 7.3(18) 4.0(10) 1.6 (4)
7 1.3(10) 2.4 (6) 0.8 (2) 0.8 (2)
8 2.8(21) 4.4(11) 3.2(8) 0.8(2)
Follow-up at 1.5 years 0 19.1(111) 15.4 (27) 18.4 (36) 22.7 (48) 0.057
1 32.8 (191) 26.9 (47) 33.7 (66) 37.0(78)
2 16.3 (95) 18.9 (33) 15.8 (31) 14.7 (31)
3 8.2 (48) 9.7 (17) 7.1(14) 8.1(17)
4 6.5 (38) 5.7 (10) 8.2 (16) 5.7 (12)
5 4.8 (28) 5.7 (10) 5.1(10) 3.8(8)
6 5.5(32) 8.0 (14) 6.6 (13) 24 (5)
7 3.3(19) 2.9(5) 2.6 (5) 4.3 (9)
8 3.4 (20) 6.9 (12) 2.6 (5) 1.4 (3) 0.007
Follow-up at 3 years O 15.3 (69) 11.7 (15) 13.3(21) 20.0 (33)
1 30.6 (138) 19.5 (25) 29.1 (46) 40.6 (57)
2 19.1 (86) 24.2 (31) 20.9 (33) 13.3 (22)
3 8.9 (40) 11.7 (15) 8.2 (13) 7.3(12)
4 8.2 (37) 7.8 (10) 10.1 (16) 6.7 (11)
5 3.5(16) 3.1(4) 3.2(5) 4.2 (7)
6 7.8 (35) 10.9 (14) 8.2 (13) 4.8(8)
7 2.2 (10) 3.9(5) 1.9 (3) 1.2(2)
8 4.4 (20) 7.0(9) 5.1(8) 1.8 (3)
Follow-up at 5 years O 14.2 (46) 5.7 (5) 14.5 (17) 19.8 (24) 0.123
1 25.2 (82) 27.6 (24) 21.4 (25) 27.3(33)
2 23.7 (77) 25.2 (22) 25.6 (30) 20.7 (25)
3 10.2 (33) 6.9 (6) 12.0 (14) 10.7 (13)
4 5.8 (19) 4.6 (4) 6.0(7) 6.6 (8)
5 4.6 (15) 4.6 (4) 3.4 (4) 5.8(7)
6 7.7 (25) 10.3 (9) 7.7 (9) 5.8(7)
7 2.8(9) 3.4(3) 43(5) 0.8(1)
8 5.8 (19) 11.5 (10) 5.1(6) 2.5(3)

IADL: instrumental activities of daily living; BADL: basic activities of daily living. Higher scores indicate poor performance
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Table 5.5. Disability estimates from a fully adjusted model including all covariates and tertiles of

each biomarker of selenium status.

Outcome  Variable Selenium Model GPx3 Activity Model SePP Model
B (SE) p B (SE) p B (SE) P
Disability  Intercept 2.41(0.38) <0.001 3.02(0.38) <0.001  2.89(0.39) <0.001
Model 1 Low compared to 2.66 (0.55) <0.001* 1.64(0.57) 0.004* 1.74 (0.56) 0.002*
High Concentration
Medium comparedto  1.80 (0.55) 0.001* 1.10 (0.55) 0.046* 1.26 (0.56) 0.024*
High Concentration
Model 2 Intercept 10.02 (2.53) <0.001 10.39(1.09) <0.001 10.44(1.71) <0.001
Low compared to 0.35(0.46) 0.447 0.36 (0.46) 0.434 0.56 (0.22) 0.012%*
High Concentration
Medium compared to  0.47 (0.45) 0.290 0.59 (0.45) 0.193 0.07 (0.23) 0.765
High Concentration
Time 1.41(9.87)  1.000 1.53(0.12)  <0.001 1.41(1.62)  1.000
Low x Time 0.25(0.18)  0.162 -0.20(0.18)  0.257 -0.06 (0.09) 0.502
Medium x Time -0.18(0.17)  0.301 -0.17(0.17)  0.481 0.07 (0.09) 0.403
Low x Sex -1.54(0.34) <0.001 -0.83(0.34) 0.015 -1.36 (0.17) <0.001
Medium x Sex -0.61(0.36)  0.088 -1.79(0.35) <0.001  -1.29(0.17) <0.001

Tertiles: Low, medium and high: Low Selenium < 46.7 pg/L, GPx3 activity < 120.3 U/L; SePP < 2.32 mg/L; Medium Selenium
46.7-62.0 pg/L; GPx3 120.3-166.1 U/L; SePP 2.33-3.57 mg/L; High Selenium > 62 ug/L; GPx3 activity > 166.1 U/L; SePP >
3.58 mg/L. SE, standard error, Se: serum selenium; GPx3: glutathione peroxidase 3; SePP: selenoprotein P. The high con-
centration of each biomarker was used a reference. Model 1 included: the biomarker of selenium status; time; sex; interac-
tion between time and the biomarker; and interaction between sex and the biomarker. Model 2 was adjusted for: pres-
ence of hand arthritis for HGS, or use of walking aids in TUG, sarcopenia and severe sarcopenia; selected biomarker; sex;
National Statistics Socio-Economic Classification (NS-SEC); self-rated health; energy intake; protein intake; medication use;
fat-free mass (FFM); physical activity; SMMSE: standardised mini mental state examination; alcohol intake; and smoking

status.
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Chapter 6. The Effect of Selenium Supplementation on Biomarkers of Bone
Turnover

6.1 Abstract

Background: Optimal selenium status has been associated with lower BTMs in
epidemiological studies. However, the long-term impact of selenium supplementation on
BTMs has not been studied.

Objectives: To investigate the effects of selenium supplementation on BTMs including OC,
PINP, CTX and BALP in the short-term (6 months) and long-term (5 years).

Methods: A total of 481 Danish men and women (60-74 years) were randomised to receive
a daily tablet containing placebo-yeast versus 100, 200 or 300 ug Se-enriched yeast, for 5
years. Plasma selenium concentration was measured using ICP-MS and BTMs were
measured in non-fasted samples at baseline, 6 months, and 5 years. Data were analysed by
ANCOVA to investigate the shape of the dose-response relationships. Covariates included
age, BMI, baseline selenium status, baseline BTM, smoking, alcohol, supplement use and
medication.

Results: Plasma selenium concentration (mean 86.5 pg/d) increased significantly with
increasing selenium supplementation to 152.6, 209.1 and 253.7 pg/L after 6 months and
remained elevated at 5 years (158.4, 222.4 and 275.9 pug/L, for 100, 200 and 300 pg/d
respectively (P < 0.001)). There was no change in the plasma selenium concentration in the
placebo-treated group over the duration of the intervention study. There was no significant
effect of selenium supplementation on OC (6 months P = 0.37; 5 years P = 0.63), PINP (6
months P =0.37; 5 years P = 0.79), CTX (6 months P =0.91; 5 years P = 0.58) or BALP (6
months P =0.17; 5 years P = 0.53).

Conclusion: The relatively optimal baseline selenium status in the study participants may
explain this lack of effect. Testing in populations with suboptimal status may provide further

insights into the impact of selenium supplementation on bone health.
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6.2 Introduction

This final experimental chapter of my PhD thesis will utilise data from a RCT to determine
the effect of selenium supplementation on BTMs. As discussed in detail throughout this
thesis, suboptimal selenium status impairs expression of the consortium of selenoproteins
(Combs, 2001). As discussed, selenium intakes vary greatly (Combs, 2001) and among
Europeans, selenium intakes have declined from 60-63 pg/d to 29-39 ug/d from 1970 to
2000 (Rayman, 2002; MoA, 1997). For example, in Denmark, selenium intake fell from 51 to
42 pg/d during 1990-1995 (Bro and Heydorn, 1990) and plasma selenium concentration
dropped from 42 to 37 pg/L between 1995-2000 and 2002 (Andersen et al., 1996; Lyhne et
al., 2005). However, among Danish adults (65-75 years), selenium intakes have increased by

approximately 25 pg/d between 1995-2001 and 2011-2013 (Bro and Heydorn, 1990).

When incorporated into selenoproteins, selenium is important for MSK function. Most
selenoproteins are involved in redox reactions that reduce concentrations of ROS, such as
hydroperoxides (Steinbrenner and Sies, 2009; Hariharan and Dharmaraj, 2020). Multiple
studies have shown an inverse relationship between selenium status and inflammatory
molecules, such as IL-6 and tumour-necrosis factor a (TNF-a) (Tseng et al., 2013). Both ROS
and pro-inflammatory molecules (i.e. IL-6, TNF-a) can initiate bone resorption (Harmer,
Falank and Reagen, 2018; Kitaura et al., 2020). Since selenoproteins are expressed within
osteoblasts (bone formation) and osteoclasts (bone resorption) (Zhang, Zhang and Xiao,
2014) they may regulate bone resorption by moderating oxidative stress through ROS
reduction (Cao, Gregoire and Zeng, 2012; Beukhof et al., 2016; Cervellati et al.) and
concentrations of IL-6 are higher in osteoporotic individuals (Scheidt-Nave et al., 2001;
Ferrari et al., 2003; Manolagas, 2010). Higher ROS concentration increases bone loss
through the RANKL pathway (Manolagas, 2010). In animal models, selenium-deficient mice
had higher concentrations of inflammatory markers and bone resorption markers with
poorer bone microarchitecture compared to Se-supplemented mice (Yang et al., 1993).
Similarly, abnormal skeletal growth and poor bone health was observed in selenium-
deficient rats (Hurt, Cary and Visek, 1971; Ewan, 1976; Thompson, Haibach and Sunde,
1995) whereas selenium supplementation improved bone microarchitecture (Cao, Gregoire

and Zeng, 2012). In humans, those with lower selenium status have higher concentrations of
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IL-6 (Tseng et al., 2013; Prystupa et al., 2017) and supplementation with 200 pg/d selenium
for 12 weeks reduced IL-6 concentration (Salehi et al., 2013). In addition, higher selenium
concentrations are associated with higher BMD and lower BTMs (Hoeg et al., 2012) and
NHANES data suggested that higher serum selenium concentrations(mean 131 pg/l),
especially in postmenopausal women, were positively associated with femur BMD (Wu et

al., 2021).

Consequently, improving selenium status could be an effective and inexpensive approach to
reducing the rate of age-related decline in bone health. However, a recent RCT in 120
postmenopausal women showed that supplementation with sodium selenite for 6 months
did not affect BTMs or BMD (Walsh et al., 2021). | hypothesised that participants in The
PRECISE Study receiving higher doses of selenium supplementation would have better bone
health (i.e. improved concentrations of BTMs). The aims of this secondary analysis were: 1)
to extend the findings from the investigation by Walsh et al., (2021) by using both men and
women, a larger sample size, and a longer study duration; 2) to explore the associations in
older adults between plasma selenium and BTMs at baseline; 3) to determine the effect of

selenium supplementation on BTMs over 6 months and 5 years.

6.3 Materials and Methods

6.3.1. Study Population

Participants were from The PRECISE Study, a RCT exploring the effects of Se-yeast
supplementation on CVD risk in 491 Danish adult aged 60-74 years. For details on

recruitment, inclusion criteria and ethics, see Chapter 2, Section 2.2.2.

6.3.2. Intervention

Se-yeast in tablet form was provided to participants in 100, 200, 300 ug/d, in addition to a
placebo. The placebo was identical to the supplementation tablets and consisted of inactive

spray-dried baker’s yeast. The intervention was undertaken for 5 years. For full details

please see Chapter 2, Section 2.2.2.2.
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6.3.3 Socioeconomic, Lifestyle and Other Covariates

Assessments included questionnaires, blood samples, medical record reviews, body weight
measurements, tablet count, records of side effects and the provision of new tablets, as
previously described (Cold et al., 2015). These were taken at the initial health assessment at
baseline, 6 months and 5 years, details of which are provided in Chapter 2, Section 2.2.2.3.
Other covariates included in the analyses were: BMI; education; living status; smoking
status; alcohol intake; medication and supplementation use. Covariates were selected based

on previous literature showing their effect on bone health (Aspray and Hill, 2019).

6.3.4. Plasma Selenium

Plasma selenium was measured by ICP-MS in non-fasted samples, collected at baseline, 6
months and 5 years. Plasma was prepared and stored at -80 °C. For full details see Chapter

2, Section 2.2.2.4.

6.3.5 Biomarkers of Bone Turnover

The BTMs included OC, PINP, CTX and BALP, and were measured by IDS-iSYS automated
immunoassays in non-fasted samples collected at baseline, 6 months and 5 years. For full
details see Chapter 2, Section 2.2.2.5. The BMTs were selected based on previous research

and recommendations (Table 2.5).

6.3.6. Statistical Analyses

Data were analysed using the IBM statistical software package version 24.0 (SPSS). A p value
< 0.05 was considered statistically significant. One participant out of the 482 with BTMs was
removed from the analyses because this participant’s BTM concentrations for OC, PINP, CTX
and BALP were 6, 5, 7, and 2-fold higher than the population mean concentrations. The
removal of this participant had no significant effect on the main findings or baseline

descriptives (data not shown). To determine the normality of the variables, quantile—
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guantile (QQ) plots were used. Log 10 transformation was applied to all BTM measurements
to normalise the data. Participant baseline characteristics are presented according to the
supplementation dose. Differences in characteristics across supplementation doses were
assessed using Chi-square test (categorical) or Kruskal-Wallis (ordered and non-normally

distributed). Data were analysed using intention-to-treat.

A linear regression was used to determine predictors of baseline BTM. The effects of
selenium supplementation on BTMs were investigated using four models; Model 1 included
baseline plasma selenium; Model 2: Model 1 plus BMI, sex, smoking and alcohol intake;
Model 3: Model 2 plus thyroid, AR, HRT, inhaled and systemic GC medication and finally
Model 4: Model 3 plus multivitamins, calcium and vitamin D supplementation. For the main
analyses, the shape of the dose-response relationships between selenium supplementation
and each of the BTM (OC, PINP, CTX, BALP) at each time (6 months and 5 years, respectively)
was investigated separately using an ANCOVA with orthogonal polynomials. Outcomes are
reported as estimated marginal means with upper and lower 95 % confidence intervals after

back transformation.

6.3.7 Sample Size

As this was a secondary analysis, sample size was not determined for this study. The initial
pilot study of this RCT proposed a sample size of 500 participants (Cold et al., 2015).
Furthermore, the selenium supplemental trial of the effects on BTMs in 120 post-
menopausal women conducted by Walsh et al., (2021) was estimated to have 90 % power
to be able to detect a 20 % between-group difference in urine N—terminal cross-linking
telopeptide of type | collagen:creatinine ratio. Since my study had similar outcome
measures, in 482 participants, | am confident that there was sufficient power to detect
changes in BTMs concentrations following selenium supplementation. In addition, a
retrospective power analysis was performed using SAS version 9.4. Least significant changes
(i.e. the smallest change between BTMs which is associated with a clinical significance) were
set to 20 % for OC, 21 % for PINP, 30 % for CTX and BALP (Bergmann et al., 2009; Tsujimoto

etal., 2011; Schousboe and Bauer 2012). These calculations showed that there was over 90
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% power to detect least significant changes in OC, PINP and BALP at 6 months and 5 years,

but only 5% and 16 % for CTX at 6 months and 5 years, respectively.

6.3.8 Sensitivity Analyses

Further analyses were undertaken after excluding those participants receiving systemic GC
(n = 4) because of their potential to influence BTMs (Barahona et al., 2009; Burch et al.,
2014; Devogelaer et al., 2017; Eastell et al., 2018). A second analysis was run excluding
systemic GC, inhaled GC, antiresorptive and thyroid medication users (n = 53). Whilst some
research suggests inhaled GC have minimal effects on bone (Loke et al., 2015), a recent
study suggested inhaled GC increased the risk of osteoporosis (Chiu, Lee and Chen, 2021).
Likewise, thyroid medication has been shown to have a detrimental effect on bone health
(Turner et al., 2011; Karimifar et al., 2014). Another sensitivity analysis was run after
exclusion of those using HRT (n = 75) and dietary supplement users (n = 215) because
intakes of calcium, vitamin D and multivitamins can influence bone metabolism. A final
sensitivity analysis removed those participants using AR at baseline, 6 months and 5 years,
as well as those who had fractures, as a proxy to estimate those with osteoporosis (n = 14).
The analyses were also repeated after categorising baseline plasma selenium concentration
into a binary variable, above and below 70 pg/L, based on evidence that this concentration
is required to optimise glutathione peroxidase 3 (GPx) activity (Neve, 1995). These results

are reported in the Sensitivity Analyses in Table 6.1-6.8, respectively.

6.4 Results

6.4.1. Participant Characteristics

Of the 491 participants randomised into the trial, 481 participants had BTM measurements
at baseline (Figure 2.5). The mean age of participants was 66.2 + 4.1 years and there was an
almost equal split of male and female participants (52.0 versus 48.0 %, P = 0.476) (Table
6.1). There were significant differences at baseline between the supplementation groups for
living status (P = 0.047), calcium supplementation (P = 0.028) and vitamin D
supplementation (P = 0.020), otherwise, the supplementation groups were well matched

(Table 6.1). Overall mean plasma selenium concentration at baseline was 86.5 + 16.2 pg/L
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and did not differ between groups (P = 0.190, Table 6.2). Across all supplementation groups,
12 % of participants had evidence of suboptimal selenium concentrations (plasma
concentration < 70 pg/L). Mean + (SD) baseline concentrations of OC, PINP, CTX and BALP
were 18.7 £+ 8.5,42.7 £ 18.1,0.20 £ 0.22 and 15.7 + 5.7 pug/L, respectively (Table 6.3). Over
the 5 years of study, 127 participants were lost to follow-up, leaving 354 for the full study
duration (Figure 2.5). There were no differences between supplementation groups in loss to
follow-up (P = 0.847) or reasons for dropout (P = 0.816). However, participants who
dropped out were more likely to have suboptimal plasma selenium at 6 months (P = 0.009),
but not at baseline. There were no other significant differences in baseline characteristics
between participants who dropped out and those who did not (Sensitivity Analyses Table
6.7). BTM concentrations did not differ significantly between those who dropped out and

those who remained in the study (Sensitivity Analyses Table 6.7).

6.4.2 Predictors of Bone Turnover Markers at Baseline

Linear regression revealed that plasma selenium concentration was not associated with
baseline concentrations of BTMs (Appendix Table 6.1 Model 1 and 4). Those who were male
had a lower concentration of OC (0.045 + 0.021, P = 0.037). Those who used inhaled GC
were more likely to have higher PINP (0.106 + 0.047, P = 0.025) and CTX concentrations
(0.152 £0.077, P = 0.050).

6.4.3 Effects of increasing doses of supplemental selenium on plasma selenium

concentration

Over the 5 years of the study, mean (+ SD) plasma selenium concentration in the placebo
group remained unchanged (85.9 + 15.3, 85.2 + 14.3 and 87.5 + 24.1 ug/L) at baseline, 6
months and 5 years, respectively (P = 0.190). In contrast, at 6 months plasma selenium
concentration increased significantly in a dose-dependent manner with increasing
supplemental selenium to reach 152.6, 209.1 and 253.7 pg/L for selenium doses 100-300

ug/d, respectively, and remained elevated at 5 years (Table 6.2).
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6.4.4. Effects of increasing dose of supplemental selenium on concentrations of bone

turnover markers

Concentrations of each BTM in serum at 6 months and, at 5 years were similar to those at
baseline and there was no evidence that selenium supplementation altered any of the BTMs
at either time-point (Table 6.4). These findings remained robust in sensitivity analyses after
excluding i) users of systemic GC, ii) combined users of systemic GC, inhaled GC,
antiresorptives and thyroid medication, iii) users of HRT, iv) users of nutritional
supplements, v) users of antiresorptives at baseline, 6 months and 5 years, and those having
fractures (Sensitivity Analyses Table 6.1-6.5). When analyses were limited to participants
with plasma selenium concentrations below 70 pg/L, supplementation had a significant
effect on CTX concentrations at 5 years leading to an overall decrease in CTX, with lowest
concentrations at 200 pg/d supplementation (Sensitivity Analyses Section 6.3.6 and Table

6.6).
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Table 6.1: Baseline characteristics of participants with bone turnover markers measurements, ran-
domised to selenium supplementation (0-300 pg/d).

Characteristic All Participants Selenium Dosage (ug/d) P
n=481 On=124 100 n =122 200n=118  300n=117

Male n (%) 250 (52.0) 59 (23.6) 69 (27.6) 64 (25.6) 58 (23.3) 0.476

Female n (%) 231 (48.0) 65 (28.1) 53 (22.9) 54 (23.4) 59 (25.5)

Age years, Mean (SD) 66.16 (4.10) 65.42 (3.8) 66.49 (4.2) 66.32 (4.3) 66.45 (4.1) 0.155

BMI, kg/m? (SD) 26.83 (4.02) 26.51 (4.1) 27.01 (3.8) 27.24 (4.3) 26.51 (4.0) 0.320

Height m, Mean (SD) 1.69 (0.09) 1.68 (0.09) 1.69 (0.08) 1.70 (0.09) 1.69 (0.08) 0.538

Weight kg, Mean (SD) 76.87 (13.5) 75.41 (12.6) 76.84 (11.6) 79.21 (15.4) 75.83 (14.3) 0.255

Alcohol units per week, 7.30 (7.5) 7.75 (8.4) 7.75 (8.0) 7.25(7.3) 6.37 (6.3) 0.741

Mean (SD)

Smokers, n (%)

Never 158 (32.8) 36 (22.8) 40 (25.3) 39 (24.7) 43 (27.2) 0.590

Previous 178 (37.0) 45 (25.3) 47 (26.4) 49 (27.5) 37 (20.8)

Present 145 (30.1) 43 (29.7) 35 (24.1) 30(20.7) 37 (25.5)

Education, n (%)

No further education 134 (28.7) 38 (28.4) 41 (30.6) 30 (22.4) 25 (18.7) 0.267

13y 76 (16.3) 13 (17.1) 19 (25.0) 21(27.6) 23 (30.3)

34y 212 (45.4) 57 (26.9) 44 (20.8) 53 (25.0) 58 (27.4)

>4y 45 (9.6) 12 (26.7) 14 (31.1) 10 (22.2) 9 (20.0)

Live Alone, n (%)

No 400 (85.7) 94 (23.5) 107 (26.8) 99 (24.8) 100 (25.2) 0.047

Yes 67 (14.3) 26 (38.8) 11 (16.4) 15 (22.4) 15 (22.4)

Thyroid Medication, n (%)

None 467 (97.1) 122 (26.1) 118 (25.3) 113 (24.2) 114 (24.4) 0.659

LT4 11 (2.3) 2(18.2) 3(27.3) 3(27.3) 3(27.3)

ATD 3(0.6) 0(0.0) 1(33.3) 2(66.7) 0(0.0)

Inhaled GC, n (%)

No 450 (96.4) 118 (26.2) 111 (24.7) 110 (24.4) 111 (24.7) 0.374

Yes 17 (3.6) 2(11.8) 7(41.2) 4(23.5) 4(23.5)

Systemic GC, n (%)

No 475 (99.2) 122 (25.7) 121 (25.5) 117 (24.6) 115 (24.2) 0.595

Yes 4(0.8) 2 (50.0) 1(25.0) 0(0.0) 1(25.0)

Antiresorptives, n (%)

No 461 (98.7) 118 (25.6) 117 (25.4) 113 (24.5) 113 (24.7) 0.884

Yes 6(1.3) 2(33.3) 1(16.7) 1(16.7) 2 (33.3)

HRT, n (%)

No 392 (83.9) 98 (25.0) 98 (25.0) 99 (25.3) 97 (24.7) 0.740

Yes 75 (16.1) 22(29.3) 20 (26.7) 15 (20.0) 18 (24.0)

Calcium, n (%)

No 419 (89.7) 110 (26.3) 112 (26.7) 95 (22.7) 102 (24.3) 0.028

Yes 48(10.3) 10 (20.8) 6 (12.5) 19 (39.6) 13 (27.1)

Vitamin D, n (%)

No 442 (94.6) 115 (26.0) 117 (26.5) 103 (23.3) 107 (24.2) 0.020

Yes 25 (5.4) 5(20.0) 1(4.0) 11 (44.0) 8(32.0)

Multivitamin, n (%)

No 325 (69.6) 90 (27.7) 86 (26.5) 70 (21.5) 79 (24.3) 0.116

Yes 142 (30.4) 30(21.1) 32 (22.5) 44 (31.0) 36 (25.4)

Dropout, n (%)

6 months 23(18.1) 10 (43.5) 2(8.7) 5(21.7) 6(26.1) 0.133

5 years 104 (81.9) 26 (25.0) 30 (28.8) 26 (25.0) 22 (21.2)

SD: standard deviation; inhaled GC: inhaled glucocorticoid; systemic GC: systemic glucocorticoid; LT4: levothyroxine; ATD:
antithyroid drugs; HRT: hormone replacement therapy. Age, alcohol n = 481; height, weight, BMI n = 478; Smoking, sex,
thyroid medication n = 480; BMI, weight, height n = 478; systemic GC n = 479; education, live alone, inhaled GC, antiresorp-
tives, HRT and supplement users n = 467.
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Table 6.2: Plasma selenium concentration at baseline, 6 months and 5 years measurements for par-
ticipants with bone turnover marker measurements randomised to selenium supplementation (0-

300 pg/d).
Plasma Selenium All Partici- Selenium Dosage (pg/d) P
(ng/L) Mean (SD) pants
0 100 200 300
Baseline (n = 479) 86.5(16.2) 859(15.3) 87.8(16.2) 88.3 (16.4) 84.0 (16.9) 0.190
6 months (n=426) 174.1(72.4) 85.2(14.3)  152.6(23.7)  209.1(42.2) 253.7 (53.7) <0.001
5 years (n = 349) 185.6 (85.4) 87.5(24.1)  158.4(28.4)  222.4(41.1) 275.9 (78.9) <0.001

Baseline selenium status n =479: 124, 122, 117, 116; 6 months n = 426: 106, 112, 106, 102; 5 years n = 349: 88, 88, 86, 87
for 0-300 pg/d selenium, respectively.

Table 6.3: Plasma concentration of bone turnover markers at baseline for participants randomised
to selenium supplementation (0-300 ug/d).

Bone Turnover All Participants Selenium Dosage (pg/d) P
(ug/L) Mean (SD)  (n=481) 0 100 200 300

oc 18.7 (8.5) 19.1(8.2) 18.3(8.3) 18.0 (8.8) 19.3 (8.5) 0.321
PINP 42.7 (18.1) 43.4(19.3) 43.0 (16.4) 41.6 (19.8) 42.7 (16.5) 0.629
CTX 0.20 (0.22) 0.21(0.13) 0.18 (0.11) 0.22 (0.40) 0.21 (0.14) 0.167
BALP 15.7 (5.7) 15.3 (5.5) 15.8 (5.7) 15.6 (5.4) 16.0 (6.2) 0.901

SD: standard deviation; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. OC and PINP n = 481: 124, 122,118, 117; CTX, n =459: 118, 117, 110, 114;
BALP n =479: 124,121, 117, 117 for 0-300 pg/d selenium, respectively.

Table 6.4: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years. Upper and lower 95 % confidence intervals are displayed in paren-
theses.

Bone Turnover (ug/L) Selenium dosage (ug/d) P
Mean (C1) 0 100 200 300

OC 6 months 17.1(16.3-17.9) 16.7 (16.0-17.5) 17.5 (16.6-18.3) 16.5 (15.7-17.3) 0.373
OC 5 years 16.9 (15.6-18.2) 17.1(15.8-18.6) 17.1 (15.7-18.6) 16.0 (14.8-17.3) 0.630
PINP 6 months 38.7 (36.8-40.8) 36.6 (34.7-38.5) 38.4 (36.4-40.5) 38.6 (36.6-40.8) 0.370
PINP 5 years 39.5(36.1-43.3) 40.0 (36.5-43.8)  39.4(35.8-43.3) 37.6 (34.3-41.1) 0.793
CTX 6 months 0.16 (0.14-0.17) 0.16 (0.14-0.17)  0.16 (0.15-0.18) 0.15 (0.14-0.17) 0.910
CTX 5 years 0.16 (0.14-0.18) 0.17(0.15-0.19)  0.16 (0.14-0.18) 0.15 (0.14-0.19) 0.582
BALP 6 months 14.4 (13.8-14.9) 13.7(13.2-14.3)  13.7 (13.2-14.3) 14.3 (13.7-14.9) 0.170
BALP 5 years 14.0 (13.2-14.8) 14.8 (14.0-15.7)  14.5(13.6-15.4) 14.5 (13.7-15.3) 0.525

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use (bi-
nary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n = 404: 107, 105, 98, 94; OC 5 years n = 328: 84, 84,
76, 84; PINP 6 months n = 403: 106, 105, 98, 94; PINP 5 years n = 328: 84, 84, 76, 84; CTX 6 months n = 378: 99, 98, 93, 88;
CTX 5 yearsn=299:74,77,73,75; BALP 6 months n = 402: 106, 104, 98, 94; BALP 5 years n = 328: 84, 83, 77, 84 partici-
pants for 0-300 pg/d selenium, respectively.
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6.3.5 Adverse Events

Adverse events for the full study have been previously reported and consisted of grooved

nails, hair loss and skin reactions (Cold et al., 2015; Rayman et al., 2018). During the 5 years,
22 (4.6 %) participants with BTM measurements died and 57 (11.9 %) withdrew due to non-
fatal adverse events and reactions with no significant differences between supplementation

groups (P =0.727).

6.3.6 Sensitivity Analyses

After removal of users of systemic GC (n = 4); systemic or inhaled GC, antiresorptive or
thyroid medication (n = 53); supplements (n = 215); or AR at baseline, 6 months and 5 years
or with fractures (n = 14), selenium supplementation did not have a significant effect on any
of the BTMs at either time point (Sensitivity Analyses Table 6.1, 6.2, 6.4, 6.5). After removal
of HRT users (n = 75), 200 ug supplementation had a significant effect on BALP at 6 months
(P =0.041, n2 = 0.013), but not overall dosage (Sensitivity Analyses Table 6.3). A final
sensitivity analysis was performed that was limited to participants with a baseline plasma
selenium concentration below 70 pg/L (12 % of the population). Concentrations of CTX at 5
years significantly differed in a linear trend (P = 0.011) between dosages in those
participants with a baseline selenium concentration below 70 pg/L (P = 0.045, n2 = 0.036)
where 200 and 300 pug dosages led to a linear reduction in CTX compared to the placebo (P =
0.011, n2=0.282 and P =0.020, n2 = 0.243, for each dose, respectively) (Sensitivity Analyses
Table 6.6).

6.5 Discussion

In this RCT of selenium supplementation in older Danish adults, supplementation with up to
300 pg/d selenium did not have a significant effect on BTMs in a trial lasting 5 years. These
results are consistent with findings from a RCT of selenium supplementation for 6 months in
older women in the UK (Walsh et al., 2021). That study recruited 120 osteoporotic and oste-
openic post-menopausal women (55-83 years) with a baseline plasma selenium concentra-
tion (79.4 pg/L) similar to the present findings (86.5 pg/L) and found no effect of selenium

supplementation on any of the measured BTMs.
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The plasma selenium concentration for optimal bone health is not known with certainty.
However, if it is assumed that the optimal concentration for wider aspects of health (= 70
ug/L) (Rasmussen et al., 2009; Xia et al., 2005; Néve, 1995; Combs, 2001) is also optimal for
bone, then it is likely that only a small minority of PRECISE Study participants (12.1 %) had
the potential to benefit from selenium supplementation. Studies that have observed
responses to selenium, such as cancer prevalence or BMD, are usually in populations with
suboptimal intakes or status, whilst populations with optimal status are often non-
responsive (Duffield-Lillico et al., 2003; Lippman et al., 2009; Galvez-Fernandez et al., 2021).
The relatively optimal baseline selenium concentration (86.5 pg/L) in my study may explain
the lack of response of BTMs to selenium supplementation. Further research could have
explored unsupervised hierarchical clustering to identify potential associations of subgroups

of this population.

Despite the historical low intakes in European countries, similar research carried out in
Denmark reported that healthy participants have adequate selenium status (Suadicani, Hein
and Gyntelberg, 2012; Pedersen, 2015) with mean serum selenium concentration of 94 pg/L
(Suadicani, Hein and Gyntelberg, 1992) and 107-116 ug/L (Tarp, Thorling and Hansen, 1990).
These studies, in accordance with the findings from this chapter, suggest Danish populations
have baseline levels > 70 pug/L allowing for GPx3 activity optimisation (Combs, 2001; Néve,
1995; Rasmussen et al., 2009). Chapter 1, Section 1.6 explained how soil quality is an
important contributor to selenium concentrations in food. The soils of Scandinavian
countries are affected by glacial erosion which influences their quality (Tolonen, 1990).
However, Danish populations generally do not consume locally grown food therefore, it is
unlikely that soil quality played a major role in influencing selenium intakes (Rasmussen et
al., 2009). Another contributor to plasma selenium concentration could be the
sociodemographic background of the study population. Socioeconomic status and education
in many populations, including Denmark, have been associated with enhanced dietary
patterns and reduced comorbidities (Groth et al., 2014; Groth, Fagt and Brondsted, 2001;
Groth et al., 2009; Diderichsen et al., 2012; Mackenbach et al., 2008; Koch, Davidsen and
Juel, 2012; Osler et al., 2001). The study took place in Funen in Southern Denmark; Funen
holds about 9 % of the Danish population and is thought to be representative of the overall

Danish population with a sufficient economic status (Henriksen et al., 2015; European
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Parliament, 2002; Nielsen et al., 2006). This suggests that this population may have been

predisposed to a more optimal baseline selenium status.

This RCT included a large sample of healthy, older Danish adult men and women and
explored the responses of four different BTMs to supplementation with selenium (0-300
ug/d) for up to 5 years. BTMs are recognised as a useful surrogate marker of bone health
(Bonjour et al., 2014) and the BTMs measured in my analyses (OC, PINP and BALP) correlate
well with bone formation (Hlaing and Compston, 2014; Delmas et al., 1985; Kuo and Chen,
2017) and fracture risk (Sornay-Rendu et al., 2005; Vilaca, Gossiel and Eastell, 2017; Shigdel
et al., 2015; Szulc and Delmas, 2008; Tromp et al., 2000). As well as using the BTMs
suggested by the IOF, using a range of BTMs overcame some of the individual limitations of
each BTM (Burch et al., 2014; Vasikaran et al., 2011). However, BTMs can be sensitive to the
post-prandial state (Clowes et al., 2002) and circadian rhythm where concentrations are
generally higher in the morning, especially in resorption markers (Christgau, 2000;
Schlemmer and Hassager, 1999; Scott et al., 2012; Hannon and Eastell, 2000). Consequently,
the use of non-fasted samples in this study may have increased BTM variance, but this was
likely to be similar for all supplementation groups and thereby would not alter responses
between groups. Furthermore, fasting for 24 hours had no effect on BTMs (CTX and PINP)
when compared to control participants (Clayton et al., 2020). It may be that significant
reductions in BTM would have occurred earlier than the first testing at the 6-month follow-
up, such as 1 month following supplementation, as seen with pharmaceutical treatment
(Takada et al., 2020; Miyauchi et al., 2019). Although response times in other studies have
been inconsistent; 6 months was not long enough to observe changes in CTX (Astorino,
Harness and Witzke, 2013), whilst 1-3 months of teriparatide treatment was sufficient in
other studies (Glover et al., 2009; Eastell et al., 2011). However, for selenium
supplementation to be effective, any changes in bone turnover markers would need to be

sustained in the long term, and this was not seen in the findings from this chapter.

BMlI is a well-known risk factor for osteoporosis, where lower values are associated with
poor bone health (Bolland et al., 2015; Armstrong et al., 2012). BMI was only available at
baseline, however, mean values were similar for all supplemented groups, so this was an

unlikely confounder. It is well known that there are key nutrients and minerals required for
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optimal bone health. In this study, there was no information on the dietary intakes of
selenium or other beneficial nutrients for bone health, such as calcium and vitamin D
(Garnero et al., 1996; Theiler et al., 2000), however, supplementation was accounted for in

these analyses; the effects of nutrients will be discussed further in Chapter 7, Section 7.2.

It is difficult to generalise to other populations such as the USA or UK due to differences in
baseline selenium status. Historically, like the UK, Nordic countries (Denmark, Finland,
Sweden, Norway) have lower selenium intakes (Rayman, 2000) at around 42 pg/d and 33
ug/d for men and women, respectively (Lyhne et al., 2005), although supplementation use
can increase intakes by 25 ug/d (Ravn-Haren et al., 2008). Furthermore, generalisation to
older populations (> 74 years) where osteoporosis is more likely is not possible with this
study (Aspray and Hill, 2019; Johansen et al., 1997; De Laet et al., 1997). Data on
osteoporosis status or years since menopause were unavailable, therefore, antiresorptive
usage was used as a proxy to estimate osteoporosis prevalence. In this study, there were a
total of 9 antiresorptive users at 5 years, which was a small percentage (1.8 %) of the study
population. If these were the only osteoporotic participants, then the healthy status of the
remaining participants may not have benefited from selenium supplementation. It could be
helpful to repeat the study in those with osteoporosis or osteopenia and suboptimal
selenium status. Recommendations for future studies will be discussed in Chapter 7, Section

7.4.

6.6 Conclusion

This was the first, long-term (5 years), large-scale, RCT exploring the effects of selenium
supplementation on BTMs in older men and women. Supplementation resulted in a large
dose-dependent increase in plasma selenium concentration which was apparent at 6
months, and that was maintained at 5 years. In contrast, the plasma selenium concentration
remained similar to baseline in the placebo group. Selenium supplementation did not have
any significant effect on the BTMs. However, this does not rule out the potential of selenium
supplementation to improve bone health in people with suboptimal selenium status and/or

poor bone health at baseline.
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6.7 Appendix

Table 6.1: BTM estimates from an unadjusted (Model 1) and fully adjusted model (Model 2) including all covariates.

Model Covariates ocC PINP CTX BALP
Model 1: Model 1: Model 1: Model 1:
R?2=0.122 R?2=0.122 R2=0.122 RZ=0.122
Model 4: Model 4: Model 4: Model 4:
R?=0.643 R?=0.643 R?2=0.643 R?=0.643
B +SE p B +SE p B +SE p B +SE p
Model 1 (Constant) 1.179£0.048 <0.001 1.511+£0.048 <0.001 -0.832+£0.075 <0.001 1.126 £ 0.039 <0.001
Baseline Selenium 0.001 + 0.001 0.264 0.001 + 0.001 0.081 0.001 + 0.001 0.552 0.000 + 0.000 0.271
Model 4 (Constant) 1.171 £ 0.086 <0.001 1.562 + 0.086 <0.001 -0.944 £0.135 <0.001 1.165 £ 0.070 <0.001
Baseline Selenium 0.001 + 0.001 0.113 0.001 + 0.001 0.133 0.001 + 0.001 0.206 0.000 + 0.000 0.386
Sex -0.045 £ 0.021 0.037 -0.037 £0.021 0.085 -0.036 £ 0.034 0.285 -0.026 £ 0.017 0.128
BMI 0.000 +-0.002 0.919 -0.001 +-0.002 0.779 0.003 +-0.004 0.398 -0.001 +-0.002 0.695
Smoking 0.014 £ 0.011 0.230 0.009 +0.011 0.457 0.000 + 0.018 0.980 0.001 + 0.009 0.917
Alcohol 0.000 + 0.001 0.761 -0.002 £ 0.001 0.055 0.000 + 0.002 0.899 -0.001 £ 0.001 0.599
Thyroid Medication 0.001 + 0.054 0.988 -0.033 £ 0.054 0.540 0.038 + 0.083 0.652 -0.014 £ 0.044 0.749
Inhaled GC 0.055 +0.047 0.241 0.106 + 0.047 0.025 0.152 + 0.077 0.050 0.048 + 0.038 0.210
Systemic GC -0.117 £ 0.097 0.232 0.015 + 0.098 0.876 0.086 + 0.150 0.569 0.005 + 0.079 0.946
HRT -0.007 £ 0.027 0.786 -0.030 £ 0.027 0.271 -0.002 £ 0.043 0.972 -0.005 +0.022 0.838
AR -0.032 £ 0.083 0.705 -0.030 £ 0.083 0.717 -0.251 £0.129 0.052 0.026 + 0.067 0.701
Multivitamins -0.010 £ 0.020 0.615 0.003 +0.020 0.897 -0.031 £0.032 0.322 0.000 + 0.016 0.986
Calcium 0.018 + 0.040 0.646 0.021 + 0.040 0.601 -0.014 £ 0.063 0.820 0.033 £+ 0.033 0.307
Vitamin D -0.037 £ 0.054 0.499 -0.047 £ 0.054 0.390 -0.047 £ 0.087 0.587 -0.052 £ 0.044 0.233

Dependent Variable: Baseline bone turnover marker
Model 1 accounted for baseline selenium status

Model 4 accounted for baseline selenium status, BMI, smoking, alcohol, medication (thyroid, inhaled and systemic glucocorticoid (GC), antiresorptives (AR),

hormone replacement therapy (HRT)) and supplement use (multivitamins, calcium, vitamin D).
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6.8 Sensitivity Analyses

Table 6.1: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years after the removal of systemic glucocorticoid users. Upper and lower
95 % confidence intervals are displayed in parentheses.

Bone Turnover Selenium dosage (pg/d) P
(ug/L), Mean (Cl) 0 100 200 300

0C 6 months 17.1(16.3-17.9) 16.7(16.0-17.5) 17.5(16.7-18.4) 16.5(15.7-17.4) 0.381
OC 5 years 17.0 (15.6-18.4) 17.2(15.8-18.7) 17.2(15.8-18.7) 16.1(14.9-17.5) 0.642
PINP 6 months 38.7(36.8-40.8) 36.6(34.8-38.5) 38.4(36.4-40.6) 38.7(36.6-40.9) 0.394
PINP 5 years 39.7 (36.2-43.5) 40.0(36.5-43.9) 39.4(35.9-43.5) 37.7(34.4-41.2) 0.801
CTX 6 months 0.16 (0.14-0.17) 0.16(0.14-0.17) 0.16(0.15-0.18) 0.15(0.14-0.17) 0.916
CTX 5 years 0.16 (0.14-0.18) 0.17(0.15-0.19) 0.16(0.14-0.18) 0.15(0.14-0.17) 0.621
BALP 6 months 14.4 (13.8-14.9) 13.8(13.3-14.3) 13.7(13.2-14.3) 14.3(13.8-14.9) 0.192
BALP 5 years 14.0(13.2-14.8) 14.9(14.0-15.8) 14.5(13.7-15.4) 14.6(13.7-15.4) 0.526

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),

baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use

(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n = 400: 105, 104, 98, 93; OC 5 years n = 325: 82, 83,

76, 84; PINP 6 months n = 399: 104, 104, 98, 93; PINP 5 years n = 325: 82, 83, 76, 84; CTX 6 months n =374: 97, 97, 93, 87,
CTX 5 years n=296:72,76,73,75; BALP 6 months n = 398: 104, 103, 98, 93; BALP 5 years n = 325: 82, 82, 77, 84
participants for 0-300 pg/d selenium, respectively.

Table 6.2: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years after the removal of systemic glucocorticoid, inhaled glucocorticoid,

thyroid medication and antiresorptive users. Upper and lower 95 % confidence intervals are dis-

played in parentheses.

Bone Turnover Selenium dosage (pg/d) P
(ug/L), Mean 100 200 300

(c

OC 6 months 17.1(16.3-17.9) 16.6(15.6-17.4) 17.4(16.6-18.3) 16.3(15.5-17.1) 0.244
OC 5 years 16.9 (15.5-18.4) 16.9(15.5-18.5) 17.1(15.6-18.7) 15.9(14.6-17.4) 0.689
PINP 6 months  38.9(36.9-41.0) 36.4 (34.4-38.5) 38.2(36.1-40.4) 38.4(36.3-40.6) 0.346
PINP 5 years 39.0(35.4-43.0) 39.9(36.1-44.1) 39.4(35.5-43.6) 37.5(34.0-41.4) 0.847
CTX 6 months 0.16 (0.14-0.17) 0.15(0.14-0.16) 0.16(0.15-0.18) 0.15(0.14-0.17) 0.715
CTX 5 years 0.17 (0.15-0.19) 0.17(0.15-0.19) 0.16(0.14-0.18) 0.16(0.14-0.18) 0.815
BALP 6 months  14.4 (13.9-15.0) 13.7(13.2-14.2) 13.7(1.32-14.3) 14.2(13.6-14.7) 0.174
BALP 5 years 14.0 (13.2-14.8) 14.7 (13.8-15.7) 14.5(13.6-15.5) 14.4(13.5-15.3) 0.673

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use
(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n =371: 101, 92, 90, 88; OC 5 years n = 296: 78, 73, 69,
76; PINP 6 months n = 370: 100, 92, 90, 88; PINP 5 years n = 296: 78, 73, 69, 76; CTX 6 months n = 347: 94, 86, 85, 82; CTX 5
years n = 269: 69, 67, 66, 67; BALP 6 months n = 369: 100, 91, 90, 88; BALP 5 years n = 296: 78, 72, 70, 76 participants for 0-

300 ug/d selenium, respectively.
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Table 6.3: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years after the removal of hormone replacement therapy users. Upper and
lower 95 % confidence intervals are displayed in parentheses.

Bone Turnover Selenium dosage (ug/d) P
(ng/L), Mean (CI) 0 100 200 300

OC 6 months 17.4 (16.6-18.2) 17.3(16.5-18.2) 17.5(16.6-18.4) 16.7 (16.0-17.6) 0.649
OC 5 years 17.4 (15.9-19.0) 17.3(15.8-18.9) 17.5(16.0-18.9) 16.1(14.7-17.5) 0.505
PINP 6 months 38.7 (36.6-40.9) 37.9(35.9-40.2) 39.4(37.2-41.6) 40.1(37.8-42.5) 0.605
PINP 5 years 40.9 (36.9-45.3) 41.1(37.1-45.5) 40.9(36.9-45.3) 38.1(34.4-42.1) 0.684
CTX 6 months 0.16 (0.14-0.17) 0.16(0.14-0.18) 0.16(0.15-0.18) 0.16(0.14-0.17) 0.846
CTX 5 years 0.16 (0.14-0.18) 0.17(0.15-0.20) 0.16(0.14-0.19) 0.15(0.13-0.17) 0.523
BALP 6 months  14.6 (14.0-15.2) 14.0(13.2-14.6) 13.7(13.2-14.3) 14.5(13.9-15.1) 0.149
BALP 5 years 14.4 (13.5-15.3) 15.1(14.1-16.1) 14.9(14.0-16.0) 14.6(13.7-15.6) 0.737

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use
(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n = 341: 87, 87, 86, 81; OC 5 years n = 296: 78, 73, 69,
76; PINP 6 months n = 340: 86, 87, 86, 81; PINP 5 years n = 268: 66, 67, 66, 69; CTX 6 months n =321: 81, 82, 81, 77; CTX5
years n = 244:59, 61, 63, 61; BALP 6 months n = 339: 86, 86, 86, 81; BALP 5 years n = 269: 66, 67, 67, 69 participants for O-
300 pg/d selenium, respectively.

Table 6.4: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years after the removal of calcium, vitamin D and multivitamin users. Upper
and lower 95 % confidence intervals are displayed in parentheses.

Bone Turnover Selenium dosage (pg/d) P

(ug/L), Mean (Cl)

0

100

200

300

OC 6 months 17.1(16.1-18.0) 16.8(15.8-17.8) 17.6(16.4-18.7) 17.1(16.0-18.2) 0.785
OC 5 years 16.7 (15.1-18.5)  17.9(16.2-19.9) 16.7 (14.7-18.9) 16.4 (14.7-18.4) 0.671
PINP 6 months  38.3(35.9-40.8) 35.8(33.6-38.2) 38.0(35.3-40.9) 39.5(36.9-42.5) 0.226
PINP 5 years 38.6 (34.4-43.4) 41.2(36.6-46.2) 37.5(32.6-43.2) 38.2(33.7-43.4) 0.743
CTX 6 months 0.17 (0.15-0.19)  0.16 (0.14-0.17) 0.16 (0.14-0.18) 0.16 (0.14-0.18) 0.879
CTX 5 years 0.18 (0.15-0.21)  0.18(0.16-0.21) 0.16 (0.14-0.19) 0.17 (0.14-0.19)  0.589
BALP 6 months  14.1(13.6-14.7) 13.6(13.1-14.2) 13.8(13.2-14.4) 14.5(13.9-15.2) 0.138
BALP 5 years 14.1(13.1-15.2) 15.2(14.1-16.4) 14.2(13.0-15.5) 14.3(13.2-15.4) 0.488

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use
(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n = 246: 70, 69, 50, 57; OC 5 years n = 199: 57, 57, 37,
48; PINP 6 months n = 245: 69, 69, 50, 57; PINP 5 years n = 200: 57, 57, 38, 48; CTX 6 months n =232: 67, 64, 47, 54; CTX 5
years n=179: 50, 52, 35, 42; BALP 6 months n = 244: 69, 68, 50, 57; BALP 5 years n = 199: 57, 56, 38, 48 participants for O-
300 pg/d selenium, respectively.
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Table 6.5: Estimated marginal means from ANCOVA of bone turnover markers by supplementation
group at 6 months and 5 years after the removal of antiresorptive users and fractures. Upper and
lower 95 % confidence intervals are displayed in parentheses.

Bone Turnover

(ng/L), Mean
(c1)

Selenium dosage (ug/d)

0

100

200

300

OC 6 months

17.1(16.3-17.9)

16.7 (15.9-17.5)

17.4 (16.6-18.3)

16.5(15.7-17.3)

0.405

OC 5 years

16.8 (15.5-18.2)

17.3 (15.9-18.8)

17.1(15.7-18.6)

16.0 (14.8-17.4)

0.602

PINP 6 months

38.9(36.9-41.0)

36.6 (34.7-38.5)

38.4 (36.3-40.6)

38.5(36.5-40.8)

0.373

PINP 5 years

39.4 (36.0-43.3)

40.6 (36.9-44.6)

39.4 (35.7-43.4)

37.3 (34.0-40.9)

0.658

CTX 6 months

0.16 (0.14-0.17)

0.16 (0.15-0.18)

0.16 (0.15-0.18)

0.16 (0.14-0.17)

0.914

CTX 5 years

0.16 (0.14-0.18)

0.18 (0.16-0.20)

0.16 (0.14-0.18)

0.15 (0.14-0.17)

0.447

BALP 6 months

14.4 (13.8-14.9)

13.8 (13.2-14.3)

13.7 (13.2-14.2)

14.3 (13.7-14.9)

0.183

BALP 5 years

13.9 (13.1-14.7)

13.1(14.2-15.9)

14.5 (13.6-15.3)

14.4 (13.6-14.4)

0.316

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use
(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n = 392: 104, 100, 97, 91; OC 5 years n = 316: 81, 79,
75, 81; PINP 6 months n = 391: 103, 100, 97, 91; PINP 5 years n = 316: 81, 79, 75, 81; CTX 6 months n = 366: 96, 93, 92, 85;
CTX 5 years n=289:71,73,72,73; BALP 6 months n =390: 103, 99, 97, 91; BALP 5 years n = 316: 81, 78, 76, 81 participants
for 0-300 pg/d selenium, respectively.

Table 6.6: Sensivity analyses including participants with plasma selenium concentration below 70
pg/L at baseline. Upper and lower 95 % confidence intervals are displayed in parentheses.

Bone Turnover

(ng/L), Mean
(cn

Selenium dosage (pg/d)

0

100

200

300

0OC 6 months

16.4 (14.3-18.7)

16.8 (14.7-19.3)

18.8 (16.4-21.5)

15.7 (14.2-17.3)

0.231

OC 5 years

25.6 (18.3-35.7)

16.1 (10.5-24.7)

18.7 (14.8-23.5)

0.139

PINP 6 months

37.3(30.5-45.6)

(
14.5 (10.2-20.6)
37.6 (30.5-46.3)

40.6 (33.3-49.4)

38.8 (33.5-44.9)

0.930

PINP 5 years

37.1(26.2-52.4)

37.1(24.2-56.6)

43.6 (34.8-54.6)

0.318

CTX 6 months

0.17 (0.12-0.24)

0.15 (0.10-0.22)

0.15 (0.10-0.21)

0.15(0.11-0.19)

0.931

CTX 5 years

0.27 (0.19-0.38)

0.16 (0.11-0.25)

0.12 (0.10-0.19)

0.16 (0.12-0.20)

0.045

BALP 6 months

(
(
(
56.5 (40.4-78.9)
(
(
(

13.5(11.8-15.6)

12.9 (11.3-14.7)

13.5(11.8-15.3)

14.4 (13.1-15.8)

0.580

BALP 5 years

16.5 (12.4-21.9)

13.5(10.0-18.1)

13.2 (9.9-18.7)

14.9 (12.3-17.9)

0.728

Cl: confidence intervals; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1 cross-linked
C-telopeptide; BALP: bone alkaline phosphatase. Covariates in the ANCOVA included age (continuous), BMI (continuous),
baseline selenium status (continuous), baseline BTM (continuous), smoking (binary), alcohol (binary), supplement use
(binary) (calcium, vitamin D and multivitamins) and medication (binary) (thyroid, inhaled and systemic glucocorticoid (GC),
antiresorptives, hormone replacement therapy (HRT)). OC 6 months n =49: 10, 9, 11, 19; OC5 yearsn=38:8, 7, 6, 17;
PINP 6 months n =49: 10,9, 11, 19; PINP 5 yearsn=38: 8,7, 6, 17; CTX6 months n=44:9, 7, 10, 18; CTX 5 years n = 35: 8,
6, 6, 15; BALP 6 months n = 48:9, 9, 11, 19; BALP 5 years n = 38: 8, 7, 6, 17 participants for 0-300 pg/d selenium,

respectively.
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Table 6.7: Baseline characteristics of participants with bone turnover markers represented by
dropout status.

Characteristic All Participants Dropout P
No Yes

Sex, n (%) Male 250 (52.0) 177 (50.0) 73 (57.5) 0.148

Sex, n (%) Female 231 (48.0) 177 (50.0) 54 (42.5)

Age years, Mean (SD) 66.16 (4.1) 66.10 (4.1) 66.34 (4.2) 0.571

Plasma Selenium pg/L, Mean (SD) 86.54 (16.2) 86.71(16.4) 85.89 (15.8) 0.742

BMI kg/m?, Mean (SD) 26.82 (4.03) 26.81 (4.0) 26.88 (4.0) 0.672

Height m, Mean (SD) 1.69 (0.09) 1.69 (0.09) 1.69 (0.09) 0.719

Weight kg, Mean (SD) 76.81(13.6) 76.76 (13.6) 77.17 (13.2) 0.720

Alcohol units per week, Mean (SD) 7.29 (7.5) 7.27 (7.6) 7.39(7.4) 0.865

Smokers, n (%) 0.220

Never 158 (32.8) 120 (33.9) 38(29.9)

Previous 178 (37.0) 135 (38.1) 43 (33.9)

Present 145 (30.1) 99 (28.0) 46 (36.2)

Education, n (%) 0.397

None 134 (28.7) 103 (29.7) 31(25.8)

13y 76 (16.3) 53 (15.3) 23(19.2)

34 y 212 (5.4) 161 (6.4) 51 (42.5)

>4y 45 (9.6) 30(8.6) 15 (12.5)

Live Alone, n (%) 0.713

No 400 (85.7) 296 (85.3) 104 (86.7)

Yes 67 (14.3) 51 (14.7) 16 (13.3)

Thyroid Medication, n (%) 0.961

None 468 (97.1) 344 (97.2) 123 (96.9)

LT4 11 (2.3) 8(2.3) 3(2.4)

ATD 3(0.6) 2(0.6) 1(0.8)

Inhaled GC, n (%) 0.721

No 451 (96.4) 335 (96.5) 115 (95.8)

Yes 17 (3.6) 12 (3.5) 5(4.2)

Systemic GC, n (%) 0.274

No 475 (99.2) 352 (99.4) 123 (98.4)

Yes 4(0.8) 2(0.6) 2(1.6)

Antiresorptives, n (%) 0.667

No 461 (98.7) 343 (98.8) 118 (98.3)

Yes 6(1.3) 4(1.2) 2(1.7)

HRT, n (%) 0.128

No 392 (83.9) 286 (82.4) 106 (88.3)

Yes 75 (16.1) 61 (17.6) 14 (11.7)

Calcium, n (%) 0.642

No 419(89.7) 310 (89.3) 109 (90.8)

Yes 48 (10.3) 37(10.7) 11(9.2)

Vitamin D, n (%) 0.254

No 442 (94.6) 326 (93.9) 116 (96.7)

Yes 25 (5.4) 21 (6.1) 4(3.3)

Multivitamin, n (%) 0.911

No 325 (69.6) 241 (69.5) 84 (70.0)

Yes 142 (30.4) 106 (30.5) 36 (30.0)

Dosage pg/d, n (%) 0.847

0 124 (25.8) 88 (24.9) 36 (28.3)

100 122 (25.3) 90 (25.4) 32(25.2)

200 118 (24.5) 87 (24.6) 31(24.4)

300 117 (24.3) 89 (25.1) 28 (22.0)

SD: standard deviation; inhaled GC: inhaled glucocorticoid; systemic GC: systemic glucocorticoid; LT4: levothyroxine; ATD:
antithyroid drugs; HRT: hormone replacement therapy. Age, alcohol, smokers n = 482; weight, height, BMI n = 479; plasma
selenium baseline n = 479.
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Table 6.8: Bone turnover markers at baseline of participants represented by dropout status.

Bone Turnover (pg/L), All participants Dropout P
Mean (SD) No Yes

ocC 18.67 (8.46) 18.60 (8.23) 18.86 (9.09) 0.883
PINP 42.68 (18.05) 42.14 (17.23)  44.17(20.16)  0.520
CTX 0.20 (0.22) 0.21 (0.25) 0.20 (0.13) 0.876
BALP 15.66 (5.68) 15.60 (5.83) 15.84 (5.24) 0.279

SD: standard deviation; OC: osteocalcin; PINP: procollagen type 1 N-terminal propeptide; CTX: collagen type 1
cross-linked C-telopeptide; BALP: bone alkaline phosphatase. OC and PINP n = 482; CTX n = 460; BALP n = 480.
OC and PINP n = 354 remained, 127 dropped out; CTX n = 336 remained, 123 dropped out; BALP n = 354
remained, 125 dropped out.
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Chapter 7. General Discussion
7.1 Overview

Chapter 7 is the final chapter of this thesis and will critically discuss the main findings from
the four experimental chapters. In this chapter | will discuss the strengths and limitations of
the experimental approaches used in this thesis including The Newcastle 85+ Study
(Chapters 3-5), and The PRECISE Study (Chapter 6). Finally, this chapter will explore some of
the potential public health implications arising out of the PhD findings and provide

recommendations for future research.

Selenium is a nutrient for optimal functioning of the human body, one such function being
its antioxidant role through Sec-containing selenoproteins. Historically, much of the
research on selenium and health has focused on cardiovascular disease, cancer, diabetes,
cognition, immunity and fertility, with limited research exploring selenium’s role in MSK
function (Rayman, 2012). It is well known that selenoproteins such as SePP are found in
bone and muscle and evidence from animal models shows that selenium supplementation,
or selenium deficiency, has an impact on MSK function; for example selenium-
supplemented mice have better bone microarchitecture than selenium-deficient mice (Cao,
Gregoire and Zeng, 2012) and in selenium-deficient rats, skeletal growth was impaired
(Moreno-Reyes et al., 2001). Despite this, there is a dearth of related data on the role of
selenium in MSK function in humans. The aim of this PhD thesis was to fill some of these
knowledge gaps by elucidating the role of selenium in MSK ageing using different study
designs. This aim was achieved successfully within the experimental chapters of this thesis
using epidemiological and RCT approaches and by examining MSK outcomes including

muscle function, sarcopenia, disability and BTMs.

Overall, the findings from The Newcastle 85+ Study reveal that, when compared with
selenium DRVs, serum selenium and SePP concentrations in these very old adults were
suboptimal (82 % below 70 pg/L serum selenium and 83 % below 4.5 mg/L SePP). On the
other hand, and rather surprisingly, GPx3 activity appeared optimal (70 % at, or above, 115
U/L). There were strong linear relationships between serum selenium and GPx3 activity and

serum selenium and SePP concentration that suggested that neither outcome was
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maximised within the range of serum selenium concentrations observed in these analyses.
To fulfil the aim of elucidating the role of selenium in MSK function, relationships between
the biomarkers of selenium status and HGS, TUG and sarcopenia were explored, and these
analyses were taken further by using a clinical endpoint of MSK function, disability. There
were some inconsistencies in the associations between the biomarkers of selenium status
and MSK function between cross-sectional and prospective analyses. For example, in
unadjusted, cross-sectional models, when used in the continuous format, biomarkers of
selenium status were associated with HGS, TUG, and disability, but not sarcopenia.
Furthermore, when using tertiles of the biomarkers of selenium status, those with low
(tertile 1) serum selenium concentration had a greater rate of change in TUG performance
over 5 years in comparison to those with high (tertile 3) serum selenium. Additionally, those
with medium (tertile 2) selenium concentrations had a greater prevalence of severe
sarcopenia over 3 years in comparison to those with high (tertile 3) serum selenium. Finally,
those with low (tertile 1) SePP concentrations had a greater change in the prevalence of

disability over 5 years in comparison to those with high (tertile 3) SePP concentrations.

The second study design was a secondary analysis of data from The PRECISE Study, a RCT
that explored the effects of selenium supplementation on biomarkers of bone turnover in
middle-aged and older adults in Denmark. In contrast with The Newcastle 85+ Study,
participants in The PRECISE Study were younger and had higher plasma selenium at
baseline. Supplementation with Se-yeast increased plasma selenium concentration in a
dose-dependent manner. These effects were observed at 6 months and were maintained
after 5 years of selenium supplementation. However, there was no evidence that selenium

supplementation improved BTMs.

Therefore, the findings from this PhD project have offered new insights into the role of
selenium status, and of the effects of selenium supplementation on MSK ageing. The
potential implications of these findings will be discussed in subsequent sections within this
chapter. | will now critically discuss the strengths and limitations of the study designs used

in this PhD thesis.
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7.2 Strengths and Limitations

Strengths of The Newcastle 85+ Study

The major strength of this prospective cohort study was the large sample size (n = 757 for
biomarkers of selenium status) with inclusion of all participants regardless of living status,
providing a sociodemographically representative sample of very old adults in the UK. The
Newcastle 85+ Study was the first UK based study to assess three biomarkers of selenium
status in very old adults. The availability of three commonly used biomarkers of selenium
status in this cohort is a major strength particularly because comparable studies involving a
large sample size, such as the EPIC-Oxford study (20-97 years), or older adults, such as the
NDNS (19-64 years) have only assessed one biomarker of selenium status i.e., plasma
selenium concentration (Hughes et al., 2015; Roberts et al., 2018). Another study has
assessed the same three biomarkers of selenium status that were used in The Newcastle
85+ Study but the participants in the American study were younger (40-79 years) and had a
higher baseline selenium concentration (mean 117.6 pg/L) (Hargreaves et al., 2014).
However, an unavoidable phenomenon of using very old populations was that attrition and
mortality were high which could lead to a healthy-survivor bias (Davies et al., 2014); over

the 5 year follow-up 15 % withdrew, and 38 % died.

The Use of Biomarkers of Selenium Status and their Potential Limitations

A strength of my analyses was the use of nutritional biomarkers to help overcome an array
of issues with dietary intake assessments, as discussed in Chapter 1, Section 1.6. My PhD
thesis was a direct follow on from my MRes project which explored the relationship
between dietary selenium intake and MSK function (Perri et al., 2020). Nevertheless, as with
all nutritional biomarkers, there are limitations to each and difficulty in deciphering their
effect since nutrients are not consumed in isolation. The biomarkers of selenium status
measured in serum from The Newcastle 85+ participants were selected based on their
suitability to assess selenium status in a very old population, who were expected to have
suboptimal selenium status, as suggested by their low selenium intakes. As this was a
secondary analysis, the study did not initially set out to explore selenium status in this
population. The blood samples were only available as serum so this refined the selection of

biomarkers, for example, whole-blood selenium could not be assessed, nor could the
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selenite-exchangeable pool, thus the biomarkers of selenium status selected were serum
selenium, GPx3 activity and SePP. These biomarkers were appropriate for my population as
they are all sensitive to a range of selenium intakes (Hurst et al., 2013; Burk et al., 2006;
Ashton et al., 2009). Serum selenium is a good biomarker since this is commonly used in
other studies, so allowed for comparison and it also houses the selenoproteins, GPx3 and
SePP. However, the selenite-exchangeable pool has been suggested to be more reliable in
determining selenium status, compared to serum or plasma (Broome et al., 2004) or
erythrocyte selenium, as this is not affected by inflammation (Oakes et al., 2008). GPx3
activity may be less sensitive to higher selenium intakes, since it plateaus at lower
concentrations of serum selenium, although, this was not an issue in my population due to
their suboptimal serum selenium concentration of 53.6 pug/L. However, one potential
limitation to the GPx3 activity measurements in my analyses was that the comparability
across studies of GPx3 activity is lower since it reflects enzymatic processes rather than a
concentration of a biomarker. The use of SePP was appropriate due to its greater sensitivity
to selenium intake than GPx3 activity as evidenced by its requirement for higher serum
selenium concentrations to achieve a plateau (Hurst et al., 2010; Xia et al., 2010; Schomburg
et al., 2019). Additionally, according to the selenoprotein hierarchy, SePP is thought to be

reserved in times of selenium deficiency.

Selenium biomarkers are diverse and reflect many processes related to the biological roles
of selenium. For example, GPx3 is synthesised in the kidney, whilst SePP is synthesised in
the liver, yet both are distributed throughout the body, and furthermore, rodent studies
have suggested differences in selenoprotein synthesis between the liver and kidney, despite
similar serum levels (Riese et al., 2006). This suggest differences in liver metabolism
(Schomburg et al., 2007) which could be further enhanced due to the increased
heterogeneity in older populations whereby there is disparity in health states including daily
functioning, disease burden and mortality (Nguyen et al., 2021). For example, in US adults
aged over 85 years, almost one third reported to have good health and over 50 % reported
to have no health limitations in their ability to perform daily tasks (Lowsky et al., 2014). This
adds to the complexity of deriving nutritional recommendations in very old adults as the

requirements will vary on an individual basis. For example, Kidney Care UK reported kidney
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problems to double in prevalence in adults aged over 80 years, further complicating the DRV

for selenium in older adults (Kidney Care UK, 2022).

Strengths of The PRECISE Study

In Chapter 6, | performed secondary analyses of data from The PRECISE Study, a RCT
exploring the effects of selenium supplementation on BTMs in both men and women; this
was the first RCT to explore these effects in older, healthy adults over 5 years. In summary,
Se-yeast supplementation (100-300 pg/d) led to a dose-dependent increase in plasma
selenium concentration which was sustained for the entire study duration. However, there
was no effect of supplementation on the blood-derived biomarkers of bone formation, or
bone resorption, at either 6 months or 5 years. Prior to my analyses, data on the biological
effects of long-term selenium supplementation in humans was scarce (Behne, Alber and
Kyriakopoulos, 2010). A recent UK-based RCT reported the effects of selenium
supplementation, in the form of sodium selenite (50, 200 pg/d), on BTMs and BMD (Walsh
et al., 2021). This RCT was carried out for a shorter period (6 months) than The PRECISE
Study and was restricted to post-menopausal women with osteoporosis or osteopenia but
like The PRECISE Study, there was no effect of selenium supplementation on BTMs. My
analyses had the advantage of recruiting healthy men and women, and continuing
supplementation for 5 years. In the RCT conducted by Walsh et al., (2021) sodium selenite
was used, The Selenium and Vitamin E Cancer Prevention Trial (SELECT) (Klein et al., 2011)
used L-SeMet, whilst in my analyses and the NPC trial (Clark et al., 1996), Se-yeast was used.
Studies suggest that the bioavailability of SeMet is over 90 %, whilst it is around 50 % for the
inorganic forms, selenite and selenate (Thomson, 1986). Overall, studies suggest Se-yeast is
effective in increasing selenoenzyme activity and can be stored, which can be beneficial

during deficiency (Schrauzer et al., 2000; Alfthan et al., 1991).

Potential Limitations to The PRECISE Study

In this secondary analysis, the blood samples were taken in a non-fasted state. Research has
shown that the post-prandial state and circadian rhythm has been associated with a

decrease in BTMs (Hannon et al., 2000). Consequently, the use of non-fasted samples may
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have increased the variance in BTM measurements, but this was likely to be similar for all
supplementation groups. Another potential limitation was lack of available data on
nutritional intakes; selenium absorption is not homeostatically regulated, and it can be
affected by other dietary factors. Furthermore, vitamin C from a varied diet can improve
selenium bioavailability (Fairweather-Tait, 1997), and vitamin A, E and antioxidants have
been seen to improve selenium bioavailability in animals (Combs, 1988). Likewise, protein
intake can promote selenium absorption, likely due to the competition between SeMet and
methionine for incorporation into proteins. On the other hand, heavy metals, high dietary
sulphur (Combs, 1988) and guar gum can reduce selenium absorption by binding of
selenium to these compounds and thus reducing selenium’s bioavailability (Fairweather-
Tait, 1997). Other factors that may affect selenium status are sex differences (Combs et al.,
2012), although these differences are not always obvious in plasma selenium (Monget et al.,
1996; Imai et al., 1990) and there were no significant differences in serum selenium
between sex in my Chapter 6 analyses. Nonetheless, studies have suggested differences in
the responses to selenium supplementation between sexes (Schomburg and Schweizer,
2009) and SePP and GPx4 expression are known to differ depending on sex (Méplan et al.,
2007). In addition to these sex differences, other genetic differences, such as SNPs that are
common in Caucasian populations (Méplan et al., 2007) could also play a role in modulating
the biological response to selenium supplementation. For example, women with the with
GPx1 679 T/T genotype had higher levels of urinary selenium excretion after selenium
supplementation than women with the C/C genotype (Combs et al., 2012). Finally, it may
have been useful to have other biomarkers of selenium status in this study, however,
supplementation (0-200 pg/d) with SeMet in US, non-deficient adults for 12 months did not
lead to differences in GPx activity or SEPP concentrations (Combs et al., 2012), suggesting
that selenoprotein biomarkers may have not added further value due to the fact that The

PRECISE Study population had optimal selenium concentrations (86.5 pg/L).

It is important to acknowledge that secondary analysis of data has limitations. The initial
data collection may not catch information on key variables since it is not set out to answer
the retrospective research question. As | experienced, due to not being involved in the data

collection, there can be difficulties in understanding study-specific nuances which can
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increase the time required to clean and interpret the data, as well as not having access to

files or data due to geographical or temporal limitations.

Impact of Ageing on Selenium Status

As discussed in Chapter 1, and throughout this thesis, a disproportionate amount of
oxidative stress is associated with chronic inflammation, increased disease risk and the
ageing process (Chrousos, 2009). The suppressive effect of inflammation on serum selenium
likely occurred in The Newcastle 85+ Study due to the older age, and furthermore a quarter
of the population had three or more diseases. Higher levels of inflammation have been
associated with decreased selenoprotein synthesis (Dreher et al., 1997) which can alter
serum and erythrocyte concentrations (Miller et al., 1983; MacDonell et al., 2018), although
another study reported that erythrocyte selenium was unaffected by inflammation (Oakes
et al., 2008). Inflammation can lead to a cytokine-mediated redistribution of selenium from
the plasma to the liver, causing apparent plasma selenium deficiencies leading to an
overestimation of selenium deficiency (MacDonell et al., 2018; Oakes et al., 2008). Excessive
oxidative stress can inactivate GPx activity (Pigeolet et al., 1990) and conversely, inactivation
of GPx can induce oxidative stress (Miyamoto et al., 2003; Lubos, Loscalzo and Hardy, 2011).
This increase in oxidative stress is most likely since GPx detoxifies lipid hydroperoxides and
reduces the negative effects of ROS (Martinez, Garcia and Galarza, 1982). Excessive ROS, if
left unchecked, can increase DNA damage and protein degradation (Lubos, Loscalzo and
Hardy, 2011). The increase in oxidative stress and inflammation that occurs with the ageing
process, in addition to the decline in GPx activity as seen in older women (> 65 years) with
disability (Espinoza et al., 2008) may further increase the requirements for these antioxidant
compounds, such as GPx (Lubos, Loscalzo and Hardy, 2011) in order to synthesise

selenoproteins to keep up with the increase in demand.

7.3 Public Health Implications

Concern regarding inadequate selenium intakes in the elderly arose in the 1980s (Bates et
al., 2002). It is estimated that 15 % of the world’s population have deficient intakes of
selenium (Fordyce, 2013; White, Broadley and Gregory, 2012; Tan et al. 2016). This PhD

thesis has shown that very old adults in the UK have suboptimal selenium status as
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indicated by suboptimal concentrations of serum selenium (mean 53.6 pg/L) and SePP
(mean 2.9 mg/L). Other studies across the globe have shown that older adults have
suboptimal selenium concentrations, ranging from 50.0-67.1 ug/L (MacDonell et al., 2021;
Alehagen et al., 2016; Kog et al., 2015; Rita Cardoso et al., 2016) with some studies
reporting lower serum selenium in adults aged > 81 years compared to younger adults
(Lymbury et al., 2008). Therefore, it would be expected that very old adults (> 85 years)
have a further reduced selenium status due to the increased prevalence of disease and its
associated inflammation, in addition to an overall reduction in micronutrient intakes
(Chrousos, 2009; Gonzalez et al. 2006). However, an interesting finding from my analyses of
very old adults was that, despite the suboptimal serum selenium and SePP concentrations,
GPx3 activity was considered optimal (over 70 % with GPx3 activity above 115 U/L). The
results of Chapters 3 and 4 bring into focus the aptness of the current DRVs for selenium in
very old adults and emphasise the need for age specific DRVs beyond 65 years and as seen
in Table 7.1, the current DRVs estimate suboptimal selenium status using a population of
very old adults. However, this inference from my analyses is based upon the apparent
relationships between serum selenium and GPx3 activity and SePP in very old adults without
the use of selenium supplementation as used in the studies that derived the current

selenium DRVs.
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Table 7.1: Estimated serum selenium concentrations (ug/L), stratified by sex, from participants of
The Newcastle 85+ Study derived using various selenium dietary recommendation values.

Organisation Recommendation Type The Newcastle 85+ Study Reference
Estimated Serum Selenium
ue/L
Men Women Men Women

Committee of IOM 55 55 RDA 53.58 57.64 (Yang, 1987;
National Academy of Sciences Food and Duffield et al.,
Nutrition Board 2000 (USA and Canada) 1999)
COMA/Department of Health 1991 (UK) 75 60 RNI 54.78 58.14 (Yang, 1987)

40 40 LRNI 52.68 56.14
FAO/WHO 2002/2004 33 25 NR 52.26 54.64 (Walzel, 1988)
NHMRC Australia and New Zealand 70 60 RDI 54,58 58.14 (Duffield et al.,

60 50 EAR 53.88 57.14 1999)

(Xia et al., 2005)

NNR 2014 (Nordic) 60 50 RNI 53.88 57.14 (Xia et al., 2010)

35 30 AR 52.38 55.14

70 60 RI 54.58 58.14

20 20 LI 51.48 54.14
Scientific Committee for Food 1992 40 40 AR 52.68 56.14 (Yang, 1987)

55 55 PRI 53.58 57.64

20 20 LI 51.48 54.14
D-A-CH Germany (D), Austria (A) and 70 60 RNI 54.58 58.14 (Xia et al., 2010)

Switzerland (CH) 2015 -Revised

IOM: Institute of Medicine; RDA: Recommended Daily Allowance; EAR: Estimated Average Requirement; COMA: The Com-
mittee on Medical Aspects of Food and Nutrition Policy; RNI: Reference Nutrient Intake; LRNI: Lower Reference Nutrient
Intake; FOA/WHO: World Health Organisation/ Food and Agriculture Organisation; NHMRC: National Health and Medical
Research Council; NR: normative requirement; NNR: Nordic Nutrition Recommendations; AR: Average Requirement; Rl:
Recommended Intake; LI: Lower Intake; D-A-CH: Germany (D), Austria (A) and Switzerland (CH)

These analyses from The Newcastle 85+ Study have taken a step forward in revealing the
importance of understanding the selenium requirements of very old adults and, possibly
deriving new recommendations to ensure very old adults optimise their health through full
functioning of selenoproteins. This is important as it could prevent, or delay, MSK
dysfunction, helping to retain autonomy and independence, a key determinant of quality of
life in older years. In order to do this, greater efforts would be required to standardise the
DRVs across countries by using the same study protocols to ensure consistency. However,
before this is achieved, there needs to be an improved understanding of the changes in
selenium requirements in very old adults; for example, studies have implied that selenium
requirements may be lower due to nutrient retention in older age (Bunker et al., 1988) or
increased selenoprotein synthesis (Schomburg et al., 2007). On the other hand,
requirements may be higher, as seen in Table 7.1, due to selenium malabsorption, altered
gut microbiomes, whereby intestinal bacteria can reduce selenium concentrations in the gut
which has been associated with further disease (Ferreira et al., 2021), or increased

inflammation, as discussed earlier in this chapter, where antioxidant selenoproteins are
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required to help reduce ROS (Dreher et al., 1997; Lubos, Loscalzo and Hardy, 2011). Care
must also be taken with those living in institutions, or who are receiving parenteral
nutrition, where selenium status is often suboptimal (van Rij et al., 1979; Brown et al.,
1986). In addition to these altered requirements; considerations should be made for very
old adults in their ability to achieve these requirements, for example, lower dentition can
make it difficult to consume meat, a major source of selenium, and likewise, low income can
restrict purchasing these forms of selenium-rich foods, alongside the difficulties posed in
preparing these foods (Clegg and Williams, 2018). It is also important to consider
vegetarians and vegans, one study found lower selenium concentrations in non-meat eaters
compared with meat-eaters (Hoeflich et al., 2010), however, another study reported
vegetarians to have optimal selenium status despite lower selenium intakes (Akesson and
Ockerman, 1985). Furthermore, culinary tastes in various societies may lead to a reduction
in consumption of selenium-rich foods like meat and offal and an increase in cereal
consumption, which now forms a large proportion of daily selenium intakes (Xie et al.,
2021). Thus, alternatives for those who cannot, or do not consume selenium-rich animal
produce should be provided to help those adults or inform their carers to meet the required
nutritional recommendations (Winkel et al., 2015; Jones et al., 2017; Clegg and Williams,

2018).

Raising Selenium Intakes and Status Among Older Adults

One way to enhance selenium intakes in those unable to consume animal produce could be
the mandatory fortification of certain food produce, for example, cereals and cereal
products, or, alternatively, the use of selenium-fertilisers, which has increased selenium
concentrations in a range of foods (Combs, 2001) and proven successful in increasing
selenium status since 1984 in Finnish populations (Alfthan et al., 2015). These solutions
would also meet the EAT-Lancet Commission which focuses on increasing the consumption
of healthy foods via vegetables, whole grains, legumes, and reducing the consumption of
meats, sugar and refined grains (Willett et al., 2019). If biofortification or selenium-fortified
fertilisers were implemented, extensive research would inevitably be required to ensure the
end products did not exceed the safe upper limit for selenium of 255 pg/d (ESFA, 2023)

(since updated from 400 pg/d (loM, 2000)). In the meantime, whilst research was
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undertaken, nutritional education programmes could be provided to improve the
understanding of nutritional requirements in older adults and reiterate the importance of
nutrition in health to aid behaviour change. Healthy food choices would form the basis of
the recommendations, followed by supplementation in special cases, where these may be
required. However, before supplementation was commenced, individuals would require a
blood test to determine their baseline status of selenium because, as seen in Chapter 6,
supplementing with selenium when baseline concentrations are already optimal may
provide no further benefits and excessive intakes can be detrimental (Roman, Jitaru and
Barbante, 2014); for instance there is a U-shaped curve between selenium status and
diabetes and cancer risk (Rayman, 2012; Roman, Jitaru and Barbante, 2014; Vinceti et al.,
2013; Solovyev Nikolay, Vanhaecke and Michalke, 2019). If supplementation was required,
as evidenced from Chapter 6 of this thesis, Se-yeast would be an appropriate candidate due
to its efficient absorption and safety regarding toxicity. Notwithstanding the importance of
studying the role of selenium in MSK ageing, it would be pertinent that once knowledge was
improved in older adults, including the mechanisms of selenium on MSK function and
disability, this would be used to inform and implement guidelines to help prevent these

issues earlier in adult life before substantial decline set in.

7.4 Recommendations for Future Research

Future studies should explore the basis for selenium requirements in very old adults; the
guantification of the relationship between serum selenium and selenoproteins in this thesis
was limited to cross-sectional data, as opposed to the published DRVs that are based on
experimental studies. Future studies could overcome this issue by supplementing older
adults (> 85 years) with Se-yeast to quantify the relationship between serum selenium and
selenoproteins to update the selenium DRVs for very old adults. Furthermore, additional
future studies could repeat the analyses undertaken in Chapter 4 and 5 of this thesis in very
old populations, considering those with suboptimal and with optimal selenium status, and
exploring a range of MSK outcomes, such as BMD, BTM, falls and fractures, as animal
models have shown the effect of selenium on bone health. Previous research on these
outcomes in The Newcastle 85+ Study reported 12 % of participants to have osteoporosis,
38 % to have experienced a fall in 12 months and 35 % required osteoporosis treatment

(Duncan et al., 2015); this emphasises the high prevalence of fracture risk in very old adults.
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In addition to the biomarkers of selenium status measured in this thesis, whole-blood
selenium could also provide insight to explore whether selenium retention is greater in
older adults (Thomson, 2003) and it correlates well with serum selenium (Wang et al., 2019;
Longnecker et al., 1996; Clausen and Nielsen, 1988). To strengthen the causal inferences
from this observational study, Mendelian randomisation (MR) analyses could be
incorporated to determine modifiable risk factors derived from genetics (Smith and
Ebrahim, 2003). For example, the use of MR has been used in the SELECT trial which
explored the associations between baseline selenium and prostate cancer risk (Yarmolinsky

etal., 2018).

Following these observational studies, the ultimate study to understanding these
associations between selenium and MSK function would be using a RCT. To make the
findings generalisable, it would be important to ensure there was adequate ethnic diversity
and gender distribution. These factors are important as they may alter the interpretation of
the results since disease risks alter across ethnicities, such as MSK pain and disease (Allison
et al., 2002; Jordan et al., 2002), and gender, such as disability (Alexandre Tda et al., 2012),
osteoarthritis (Felson et al., 1987) and osteoporosis (Wade et al., 2014; Alswat, 2017). The
intervention would consist of selenium supplementation in the form of Se-yeast which, as
seen from Chapter 6, is a suitable form of selenium and the slower turnover rate of SeMet in
the Se-yeast will allow plasma selenium to increase over a ranges of intakes in the study
population (Burk et al., 2006). In this study, a variety of MSK outcomes could be measured
including clinical outcomes, such as sarcopenia and disability; biomarkers, such as urinary
creatinine; and BTMs. Having a range of MSK outcomes could help provide representative
findings of MSK function as the heterogeneity of older adults leads to floor and ceiling
limits; and these can prevent successful assessment in frail or highly-able participants
(Francis et al., 2017). Assessing other selenoproteins, such as SELENOW and SELENON would
also provide a better understanding of their involvement in MSK function. It would also be
valuable to measure SNPs that can alter selenoproteins and their responses (Combs, 2015;
Sempértegui et al., 2003; Huang, Rose and Hoffmann, 2012). A genome-wide association
study in European adults (40-80-year-olds) found that SNPs in NIMA-related kinase 6 (NEK6)
and dimethylglycine dehydrogenase (DMGDH)/ betaine-homocysteine S-methyltransferase

(BHMT) regions influenced responses to Se-yeast supplementation, where 2 alleles of SNPs
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from DMGDH/BHMT were associated with a greater increase in plasma selenium and higher
basal selenium concentrations (Batai et al., 2021) and, in a small UK study, the C variant of
rs713041 in the GPx4 gene was associated with an increased risk of colorectal cancer
(Hesketh, 2008). Furthermore, genetic polymorphisms could also be explored in MSK
function measures, for example, a meta-analysis of genome-wide linkage found associations
between OP and the chromosome position where GPx1 is located (Lee et al., 2006; Huang et
al., 2008) and lower activity was seen in those with OP (Sontakke and Tare, 2002; Sanchez-
Rodriguez et al., 2007). Other studies have also identified associations between GPx1 and
OP in mice (Muthusami et al., 2005) and postmenopausal women (Ozgocmen et al., 2007).
Combining these suggestions in future studies would continue to shed further light onto

elucidating the role of selenium in MSK ageing.
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ABSTRACT

Higher selenium status has been associated with lower bone turnover markers (BTM) in epidemiological studies. However, the long-
term impact of selenium supplementation on BTMs has not been studied. We investigated the effects of selenium supplementation
on BTMs including osteocalcin (OC), procollagen type | N-terminal propeptide (PINP), collagen type | cross-linked C-telopeptide (CTX),
and bone alkaline phosphatase (BALP) in the short (6 months) and long term (5 years). A total of 481 Danish men and women (60—
74 years) were randomized to receive placebo-yeast versus 100, 200, or 300 pg selenium as selenium-enriched yeast daily for 5 years.
Plasma selenium concentration was measured using inductively coupled plasma mass spectrometry, and BTMs were measured in
nonfasted samples at baseline, 6 months, and 5 years. Data were analyzed by ANCOVA to investigate the shape of the dose-response
relationships. Covariates included age, body mass index, baseline selenium status, baseline BTM, smeking, alcohol, supplement use,
and medication. Plasma selenium concentration {mean 86.5 pg/d at baseline) increased significantly with increasing selenium sup-
plementation to 152.6, 209.1, and 253.7 pg/L after 6 months and remained elevated at 5 years (1584, 2224, and 275.9 pg/L for
100, 200, and 300 pg supplemental selenium/d, respectively (p < 0.001}). There was no change in plasma selenium concentration
in the placebo-treated group. There was no significant effect of selenium supplementation on OC (6 months p = 0.37; 5 years
p = 0.63), PINP (6 months p = 0.37; 5 years p = 0.79), CTX (6 months p = 0.91; 5 years p = 0.58) or BALP {6 months p = 0.17; 5 years
p = 0.53). The relatively replete baseline selenium status in the study participants may explain this lack of effect. Testing in more defi-
cient populations may provide further insights into the impact of selenium supplementation on bone health. © 2022 The Authors.
Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research
{ASBMR}.
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Introduction of selenoproteins that are the biologically active selenium-
containing molecules." Selenium intakes vary greatly™;

lobally, 0.5 to 1 billion individuals are selenium deficient residents of Europe, New Zealand, central Africa, and some parts
with blood concentrations below 70 pg/L. Inadequate sele- of China have insufficient selenium intake due to low soil
nium status in humans impairs the expression of the consortium selenium. Among Europeans, selenium intakes declined® from
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60-63 pg/d to 29-39 pg/d from 1970 to 2000.%? In Denmark,
selenium intake fell from 51 to 42 pg/d during 1990-95," and
plasma selenium concentration dropped from 42 to 37 pg/L
between 1995-2000 and 2002.°® However, amoeng older adults,
aged 65 to 75 years, intakes increased from the study period by
approximately 25 pg/d between 1995-2001 and 201 1-2013.7

In humans, selenium deficiency is associated with muscle
fatigue, pain, weakness, and increased serum concentration of
creatine kinase.®” Compared with selenium-supplemented
mice, selenium-deficient mice had higher concentrations of
inflammatory markers and bone resorption markers with poorer
bone microarchitecture."® Similarly, abnormal skeletal growth
and poor bone health was observed in selenium-deficient
rats," ¥ whereas selenium supplementation improved bone
microarchitecture. ™

When incorporated into selenoproteins, selenium is important
for musculoskeletal function. Most selenoproteins are involved in
redox reactions, reducing concentrations of reactive oxygen spe-
cies (ROS), such as hydrogen peroxide.”>'® Multiple studies have
shownan inverse relationship between selenium statusand inflam-
matory molecules, such as interleukin-6 (IL-6) and tumeor necrosis
factor-a (TNF-c)."'” Both ROS and pro-inflammatory molecules
{e.g. IL-6, TNF-ar) can initiate bone resorption."®'? Because seleno-
proteins are expressed within osteoblasts and osteoclasts,®” the
bone formation and resorption cells, respectively, they may regu-
late bone resorption by moderating oxidative stress through ROS
reduction."*?"?® Higher ROS concentrations increase bone loss
through the RANK pathway.”?® Participants with lower selenium
status have higher concentrations of IL-6"7** and supplementa-
tion with 200 g selenium daily for 12 weeks reduced IL-6 concen-
tration.?¥ Concentrations of IL-6 are higher in osteoporotic
individuals. 2***?” |n addition, higher selenium concentrations
are associated with higher bone mineral density (BMD) and lower
bone turnover markers (BTM).?® NHANES data suggested that
higher selenium status (mean 131.1 pg/L} in US individuals, espe-
cially postmenopausal women, was positively associated with
femur BMD.?% Consequently, improving selenium status could
be an effective and inexpensive approach to reducing the age-
related decline in bone health. Arecentrandomized controlled trial
(RCT) in 120 postmenopausal women showed that supplementa-
tion with sodium selenitefor6é months did not affect bone turnover
or BMD .29 Our study aims to extend the findings from this investi-
gation by Walsh and colleagues®® by using both men and women,
a larger sample size, and a longer study duration.

This study tested the hypothesis that long-term supplementa-
tion with selenium improves bone health in older adults. We
investigated the long-term effects of selenium supplementation
on biomarkers of bone turnover through secondary analysis of
data from a 5-year trial of adults in Denmark who were random-
ized to supplements providing 100, 200, or 300 pg selenium/d or
to a placebo.

Subjects and Methods

PRECISE study

Data was obtained from the Danish Prevention of Cancer by
Intervention with Selenium (PRECISE}: A Pilot Study. The study
began in 1998 and ended in 2004 and was organized by the Sele-
nium Centre, Odense University Hospital, Denmark. It aimed to
assess the viability for a full randomized controlled trial and
hypothesized that selenium supplementation would reduce can-
cer risk in healthy adults. The trial was registered (ClinicalTrials.

gov ID: NCT01819649) and other outcomes from the study have
been published‘m'gz) The regional Data Protection Agency and
Scientific Ethical Committees of Vejle and Funen counties
approved the study (Journal Number 19980186). The present
study is a secondary analysis to determine the effect of selenium
supplementation on biomarkers of bone turnover.

Participants

Using a random sample from the Danish Civil Registration, invita-
tion letters were sent to 2897 men and women aged 60 to
74 years from the County of Funen between November 1998
and June 1999. Of these, 630 accepted the invitation and were
screened for inclusion (Supplemental Table S1). A nonfasted
blood sample was collected from those meeting the inclusion
criteria, and placebo yeast tablets were provided during a
4-week run-in phase to determine compliance. At the second
visit, participant satisfaction and adherence (>80% of tablets
taken using tablet counts®V) were assessed. After this, 491 partic-
ipants met the inclusion and adherence criteria for continuation.
All participants provided written informed consent.

Randomization

The eligible 491 participants were enrolled in a randomized,
double-blinded, non-stratified, single-center, parallel clinical trial
with four experimental arms distributed as 1:1:1:1 placebo (yeast
tablet; n = 126), 100 pg selenium/d (n = 124), 200 pg selenium/d
(n=122), or 300 pg selenium/d {n = 119). There were 482 partic-
ipants wtih BTM measurements. One participant was removed
(see Statistical Analyses below); therefore, participants with BTMs
at baseline were n = 124, 122, 118, and 117 for placebo,
100, 200, and 300 pg selenium/d, respectively (Fig. 1), giving a
total of 481 participants. The study used computer-generated,
blocked, and non-stratified randomization conducted by the Divi-
sion of Epidemiology and Biostatistics, Arizona Cancer Centre, Uni-
versity of Arizona. Couples living at the same address were
provided with the same intervention supplementation dose for
practical reasons, i.e. to prevent mixing of selenium doses. The
responsibility of distributing the tablets was placed with pharma-
cists at Odense University Hospital. Participants, research staff, and
investigators were blinded to supplementation doses.>"

Intervention

The selenium was provided as selenium-enriched yeast {in tablet
form) in 100, 200, and 300 pg doses. These doses were sug-
gested to be safe, as the tolerable upper intake level for adver-
sity, set by the Institute of Medicine, is 400 pg/d.*? The
SelenoPrecise tablets (prepared by Pharma Nord ApS, Vejle,
Denmark) contained 54% to 60% of total selenium as seleno-
methionine (SeMet) with unknown seleno compounds providing
the remainder.** The placebo was identical to the supplementa-
tion tablets and consisted of inactive, spray-dried baker’s yeast
(250 ug yeast placebo, 80 pg cellulose, 65 pg dicalcium phos-
phate, and <5 pg of inactive ingredients). Smell and taste were
matched by coating all tablets in titanium oxide, and tablets
were packaged as 28-tablet blister packs.

Participant characteristics were determined at baseline. Fur-
ther evaluations were performed at 6, 12, 18, 24, 36, and
60 months, which included assessment of medical status, tablet
count, records of side effects, and the provision of new tablets, as
previously described 2"
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Participants with BTM n = 481
Qutlier: 1 from 300 pg/d

Placebo n = 124 ‘

‘ 100 pg/d selenium n =122

‘ ‘ 200 pg/d selenium n =118 ] ‘ 300 pg/d selenium n = 117

Attrition before 6 months
n=10

Adverse events: 3
Adversereaclions: 3
Death: 1

Personal reasons: 2
Unknown: 1

Aftrition before 6 months
n=2

Adverse events: 2

_—

Participants with BTM at
6months n=114

Aftrition between 6 Attrition between 6
months and 5 years months and 5 years
n=26 | n=30

Adverse events: 10
Adverse reactions: 5
Deaths: 6

Withdrew consent: 5
Personalreasons: 1
Unknown: 3

Adverse event: 2
Adverse reactions: 3
Deaths: 5

Withdrew consent: 10
Personal reasons: 4
Unknown:2

Participants with BTM at
6 months n=120

I

Aftrition before 6 months

Attrition before 6 months | n=6
n=>5 Adverse events: 2
Adverse reactions: 2 -
Noncompliance: 1

Withdrew consent: 1

Adverseevents: 1

Adversereactions: 2
Withdrew consent: 1 |
Unknown: 1 ‘ |

Participants with BTM at
6 months
n=111

Participants with BTM at 6
months n=113

“Atrion betweens ‘

monthsand 5 years Attrition between 6
n=26 mogﬂzlsands years
n=

Adverse events: 10

Adverse reactions: 5 Adverse events: 3

Adverse reactions: 4 |

Deaths: 2 6
Withdrew consent: 3 Egggs- 8 £ — ;
Personal reasons: 3 B fe\‘lf consen 5 |
Unknown:3 ersonal reasons: |

Unknown: 3

Participants with BTM at
5yearsn=88

Participants with BTM at
5yearsn =90

Participants with BTM at
5yearsn =87

Participants with BTM at
5yearsn=89

Fig. 1. Number of participants with bone turnover marker data at each stage of the study and dropout reasons.

Biochemical analyses

Nonfasting blood samples were collected at baseline, 6 months,
and 5 years. Plasma was prepared and stored at —80°C.

Plasma selenium

Total selenium in plasma (ug/L) was measured at baseline,
6 months, and 5 years by LGC Limited using inductively coupled
plasma mass spectrometry with external calibration (described
in Cold and colleagues(m). The selenium concentration for the
certified reference standard BCR-637 was 78.3 (SD 2.7) pg/L
(16 independent replicates), indicating good accuracy of the
method. High-selenium concentrations had an intra-assay coeffi-
cient of variation {CV) of 0.5%, whereas low-selenium concentra-
tions had an intra-assay CV of 3%. The interassay CV was 3.4%.

Bone turnover markers

The rationale for choice of the selected BTMs is described in Sup-
plemental Table $2.°% PINP and CTX were selected because they
are the two reference markers recommended by the Interna-
tional Osteoporosis Foundation (IOF) and the International Fed-
eration of Clinical Chemistry for inclusion of all studies using
bone turnover markers.*® Additionally, they have been assaci-
ated with selenium and selenoprotein P in the OPUS study, ¥
where OC was more closely associated with selenoprotein P than
PINP.® Studies suggest BALP can help identify changes in bone
mineralization such as osteomalacia and Paget's disease.“”

The BTMs were analyzed in 2017, with study recruitment
from 1998-1999 until 2004. Thus, the oldest study samples
were 19 years old, and the most recent ones were 13 years
old. Studies have suggested that BTMs are stable when stored
at —80°C for longer periods of time.**3% Serum was analyzed
from the baseline, 6-month, and 5-year time points for N-MID
osteocalcin {OC, measuring the large 1-43 N-mid and the
intact OC), procollagen type | N-terminal propeptide (PINP,
measuring the trimer only), ccllagen type | cross-linked
C-telopeptide (CTX), and bone alkaline phosphatase (BALP)
at the Bone Biochemistry Laboratory, Department of Oncol-
ogy and Metabolism, University of Sheffield (England).
OC, PINP, CTX, and BALP were measured using the IDS-iSYS
automated immunoassays {Immunodiagnostic Systems,
Boldon, UK). The interassay CVs were 5.0%, 7.2%, 6.5%, and
3.5% for OC, PINP, CTX, and BALP, respectively.

Covariates

Data on covariates were collected during visits with trained
research nurses. Body mass index (BMI) was calculated as kg
weight/m” height (continuous). Participants were classified into
education status using surveys based on time spent in education
after publicschool (0 =no, 1 = 1-3 years, 2 = 3-4 years, 3 = above
4 years). Living status was determined as living alone (0 = no,
1 — yes). Smoking status was determined at baseline {0 — never,
1= previous, 2 = current). Alcohol intake was reported as standard
drinks per week (continuous). Medication usage (thyroid,
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antiresorptives, glucocorticoids [GC], hormone replacement ther-
apy [HRTI]) was classified as a binary variable depending on the
medication (0= no, 1= yes), with thyroid medication having three
categories (0 = none, 1 = levothyroxine, 2 = antithyroid drugs).
Supplementation usage (calcium, vitamin D, multivitamins) was
classified as a binary variable (0 = no, 1 =yes).

Statistical analyses

Data were analyzed using the IBM {Armonk, NY, USA} statistical
software package version 24.0 (SPSS). A p value < 005 was
considered statistically significant. To determine the normality of
the variables, quantile-quantile (QQ) plots were used. Log
10 transformation was applied to all BTM measurements to nor-
malize the data. Participant baseline characteristics are presented
according to the supplementation dose. Differences in character-
istics across supplementation doses were assessed using
chi-square test (categorical) or Kruskal-Wallis (ordered and non-
normally distributed). Data were analyzed using intention-to-treat.

For the main analyses, the shape of the dose-response rela-
tionship between selenium supplementation and each BTM
{OC, PINP, CTX, BALP), at each time (6 months and 5 years,
respectively), was investigated separately using an ANCOVA with
orthogonal polynomials. Covariates included age (continuous),
BMI (continuous), baseline selenium status (continuous), base-
line BTM (continuous), smoking (binary), alcohol (binary), supple-
ment use {binary; calcium, vitamin D, and multivitamins), and
medication (binary; thyroid, systemic and inhaled GC, antiresorp-
tive, and HRT). These covariates were selected based on previous
literature showing their effect on bone health."® Outcomes are
reported as estimated marginal means with upper and lower
95% confidence intervals after back transformation.

One participant of the 482 with BTMs was removed from the
analyses. This participant’s BTM concentrations for OC, PINP,
CTX, and BALP were 6-, 5-, 7-, and 2-fold higher than mean con-
centrations. The removal of this participant had no significant
effect on the main findings or baseline descriptives (data not
shown). Sensitivity analyses were undertaken after excluding
those participants receiving systemic GC {n = 4) because of their
potential to influence BTMs. 231142 A second analysis
excluded systemic GC, inhaled GC, antiresorptive, and thyroid
medication users {n = 53}. Although some research suggests
inhaled GC have minimal effects on bone,” a recent article sug-
gested they increased the risk of osteoporosis.*® Thyroid medi-
cation has been shown to have a detrimental effect on bone
health.“>' Another sensitivity analysis excluded those using
HRT (n = 75). A further sensitivity analysis removed supplement
users (7 = 215) because calcium, vitamin D, and multivitamins
can influence bone metabolism. A final sensitivity analysis
removed those using antiresorptives at baseline, 8 months, and
5 years, as well as those who had fractures, as a proxy to estimate
those with osteoporosis (n = 14). The analyses were also
repeated after categorizing baseline plasma selenium concen-
tration into a binary variable, above and below 70 ug/L, based
on evidence that this concentration is required to optimize glu-
tathione peroxidase 3 (GPx) activity.“"” Sensitivity analyses are
reported in Supplemental Tables 53-S8, respectively.

This was a secondary analysis, sample size was not deter-
mined for this particular study. The initial pilot study proposed
a sample size of 500 participants.”" The selenium supplemen-
tal trial of the effects on bone turnover markers in 120 post-
menopausal women conducted by Walsh and colleagues®”
was 90% powered to be able to detect 20% between-group

difference in urine N-terminal cross-linking telopeptide of
type | collagen/creatinine ratic.*” Because our study had sim-
ilar outcome measures, in 481 participants, we are confident
that we have sufficient power to detect any changes in BTMs
after selenium supplementation. In addition, a retrospective
power analysis was conducted using SAS version 94
(SAS Institute, Cary, NC, USA). Least significant changes were
set to 20% for OC, 21% for PINP, and 30% for CTX and
BALP.#59 These calculations showed that we had >90%
power to detect least significant changes in OC, PINP, and
BALP at 6 months and 5 years, but only 5% and 16% for CTX
at 6 months and 5 years, respectively.

Results

Baseline characteristics

Of the 491 participants randomized into the trial, 481 participants
had BTM measurements at baseline (Fig. 1). The mean age of par-
ticipants was 66.2 & 4.1 years, and there was an almost equal
split of male and female participants (52.0 versus 48.0%,
p = 0476, respectively) (Table 1). There were significant differ-
ences at baseline between supplementation groups for living
status {p = 0.047}, calcium supplementation {p = 0.028), and
vitamin D supplementation (p = 0.020), but, otherwise, the sup-
plementation groups were well matched (Table 1). Overall mean
plasma selenium concentration at baseline was 86.5 & 16.2 pg/d
and did not differ between groups (p = 0.190; Table 2). Across all
supplementation groups, 12% of participants had evidence of
selenium inadequacy (plasma concentration < 70 pg/L). Mean-
=+ (SD) baseline concentrations of OC, PINP, CTX, and BALP were
187 £ 85,427 £ 181,020 £ 0.22, and 15.7 £ 5.7 pg/L, respec-
tively (Table 3). Over the 5 years of study, 127 participants were
lost to follow-up, leaving 354 for the full study duration (Fig. 1).
There were no differences between supplementation groups in
loss to follow-up (p = 0.847) or reasons for dropout (p = 0.816,
data not shown). However, participants who dropped out were
more likely to have lower selenium status at 6 months
{p = 0.009} but not at baseline. There were no other significant
differences in baseline characteristics between participants
who dropped out and those who did not (Supplemental
Table 59). BTM concentrations did not differ significantly
between those who dropped out and those who remained in
the study (Supplemental Table 510).

Effects of increasing doses of supplemental selenium on
plasma selenium concentration

Over the 5 years of the study, mean £ {SD) plasma selenium
concentration in the placebo group remained unchanged
(859 £15.3, 852 £ 14.3, and 87.5 24,1 ug/L at baseline,
6 months, and 5 years, respectively, p = 0.190; Table 2). In con-
trast, at 6 months, plasma selenium concentration increased sig-
nificantly in a dose-dependent manner with increasing
supplemental selenium to reach 152.6, 209.1, and 253.7 pg/L
for selenium doses 100-300 pg/d, respectively, and remained
elevated at 5 years (Table 2}.

Effects of increasing dose of supplemental selenium on
concentrations of bone turnover markers

Concentrations of each of the four BTMs in serum at 6 months
and at 5 years were similar to those at baseline and there was
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no evidence that selenium supplementation altered any of
the BTMs at either time point {Table 4). These findings
remained robust in sensitivity analyses after excluding
{i) users of systemic GC, (i) combined users of systemic

GC, inhaled GC, antiresorptives, and thyroid medication,
(i} users of HRT, (iv} users of nutritional supplements,
(v) users of antiresorptives at baseline, 6 months, and 5 years,
and those having fractures (Supplemental Tables §3-57).

Table 1. Baseline Characteristics of Participants with Bone Turnover Marker Measurements, Randomized to Selenium Supplementation

(0-300 pg/d)

Selenium dosage (pg/d)

All participants 100 200 300
Characteristic N =481 n=124 n=122 n=118 n=117 p Value
Male, n (%) 250 (52.0) 59 (23.6) 69 (27.6) 64 (25.6) 58 {23.3) 0476
Female, n (%) 231 (48.0) 65 (28.1) 3(229) 4 (23.4) 9 (25.5)
Age (years), mean (SD) 66.16 (4.10) 65.42 (3.8) 66. 49 4.2) 2 66. 32 4.3) 66. 45 4.1 0.155
BMI (kg/mz) (SD} 26.83 (4.02) 26.51 (4.1) 27.01 (3.8 27.24 (4.3) 2651 (4.0} 0320
Height (m), mean (SD) 1.69 (0.09) 1.68 (0.09) 1.69 {0. 08) 1.70 (0.09) 1.69 {0.08) 0538
Weight (kg), mean (SD) 76.87 (13.5) 7541 (12.6) 76.84 {11.6) 79.21 (15.4) 75.83 (14.3) 0.255
Alcohol units per week, mean (5D} 7.30 (7.5) 7.75 (8.4) 7.75 (8.0) 7.25(7.3) 6.37 (6.3) 0741
Smokers, n (%)
Never 158 (32.8) 36 (22.8) 40 {25.3) 39 (24.7) 43 {27.2) 0.590
Previous 178 (37.0) 45 (25.3) 47 (26.4) 49 (27.5) 37 (20.8)
Present 145 (30.1) 43 (29.7) 35(24.1) 30(20.7) 37 (25.5)
Education, n (%)
No further education 134 (28.7) 38 (28.4) 1 {30.6) 30(224) 25(18.7) 0.267
1-3 years 76 (16.3) 13017.1) 9 {25.0) 21 (27.6) 23 (30.3)
3-4 years 212 (45.4) 57 (26.9) 4 {20.8) 53 (25.0) 58 (27.4)
>4 years 45 (9.6) 12 (26.7) 4(31.1) 10 (22.2) 9 {20.0)
Live alone, n (%)
No 400 (85.7) 94 (23.5) 107 (26.8) 99 (24.8) 100 (25.2) 0.047
Yes 67 (14.3) 26 (38.8) 1(16.4) 15 (22.4) 15 (22.4)
Thyroid medication, n (%)
None 467 (97.1) 122 (26.1) 118 {25.3) 113 (24.2) 114 {24.4) 0.659
LT4 11(2.3) 2(18.2) 3(27.3) 3(27.3) 3(27.3)
ATD 3(06) 0(0.0) 1{33.3) 2 (66.7) 0 0.0
Inhaled GC, n (%)
No 450 (96.4) 118 (26.2) 111 {24.7) 110 (24.4) 111 {24.7) 0374
Yes 17 (3.6) 2(11.8) 7{41.2) 4 (23.5) 4 (23.5)
Systemic GC, n (%)
No 475 (99.2) 122 (25.7) 121 {25.5) 117 (24.6) 115 {24.2) 0.595
Yes 4(0.8) 2(50.0) 1{25.0) 0(0.0) 1{25.0)
Antiresorptives, n (%)
No 461 (98.7) 118 (25.6) 117 (25.4) 113 (24.5) 113 {24.7) 0.884
Yes 6(1.3) 2(333) 1{16.7) 10167) 2{33.3)
HRT, n (%)
No 392 (83.9) 98 (25.0) 8 (25.0) 99 (25.3) 7 (24.7) 0.740
Yes 75 (16.1) 22(29.3) 01(26.7) 15 (20.0) 8(24.0)
Calcium, n (%)
No 419 (89.7) 110 (26.3) 112 267} 95 (22.7) 102 {24.3) 0.028
Yes 48 (10.3) 10 (20.8) 6(12.5) 19 (39.6) 13 (27.1)
Vitamin D, n (%)
No 442 (94.6) 115 (26.0) 117 {26.5) 103 (23.3) 107 {24.2) 0.020
Yes 25 (5.4) 5(20.0) 1{4.0) 1 (44.0) 8(32.0)
Multivitamin, n (%)
No 325 (69.6) 90 (27.7) 6 (26.5) 70 (21.5) 9 (24.3) 0116
Yes 142 (30.4) 0(21.1) 2(22.5) 4 (31.0) 6(25.4)
Dropout, n (%)
& months 23(18.1) 10 (43.5) 287 5(21.7) 6 {26.1) 0.133
5 years 104 (81.9) 26 (25.0) 0(28.8) 26 (25.0) 2{21.2)

ATD = antithyroid drugs; BMI = body mass index; HRT = hormone replacement therapy; inhaled GC = inhaled glucocorticoid; LT4 = levothyroxine;

5D = standard deviation; systemic GC = systemic glucocorticoid.

Age, alcohoal n = 481; height, weight, BMI n = 478; smoking, sex, thyroid medication n = 480; BM|, weight, height 1 = 478; systemic GC n = 47%; edu-

cation, live alone, inhaled GC, antiresorptives, HRT and supplement users n = 467.
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Table 2. Plasma Selenium Concentration at Baseline, 6-Month, and 5-Year Measurements for Participants With Bone Turnover Marker
Measurements Randomized to Selenium Supplementation (0-300 pg/d)

Selenium dosage (ug/d)

Selenium status (pg/L), mean (SO} All participants 0 100 200 300 p Value
Baseline (n = 479) 86.5 (16.2) 85.9(15.3) 87.8 (16.2) 88.3 (16.4) 84.0 (16.9) 0.190
6 months (n = 426) 174.1 (72.4) 85.2 (14.3) 152.6 23.7) 209.1 (42.2) 253.7 (53.7) <0.001

5 years (n = 349) 185.6 (85.4) 87.5(24.1) 158.4 (28.4) 2224 (41.1) 2759 (78.9) <0.001

Baseline selenium status n = 479: 124,122, 117, 116; 6 months i = 426: 106, 112, 106, 102; 5 years n = 349: 88, 88, 86, 87 for 0-300 pg/d selenium,
respectively.

Table 3. Plasma Concentration of Bone Turnover Markers at Baseline for Participants Randomized to Selenium Supplementation
{(0-300 pg/d)

Selenium dosage {pg/d)

Bone turnover (pg/L), mean (SD) All participants (N = 4871) 0 100 200 300 p Value
oC 18.7 (8.5) 19.1 (8.2) 183 (8.3) 18.0 (8.8) 19.3 (8.5) 0321
PINP 427 (18.1) 43.4(19.3) 43.0 (16.4) 41.6(19.8) 427 (16.5) 0629
X 0.20 (0.22} 0.21 (0.13) 0.18 (0.11) 0.22 (040) 0.21(0.14) 0.167
BALP 157 (5.7) 15.3 (5.5) 158 (5.7) 156 (54) 16.0 (6.2) 0.901

BALP = bone alkaline phosphatase; CTX = collagen type 1 cross-linked C-telopeptide; OC = osteocalcin; PINP = procollagen type 1 N-terminal propep-
tide; SD = standard deviation.
OC and PINP n = 481:124, 122, 118, 117; CTX n = 459: 118, 117, 110, 114; BALP n = 479: 124,121, 117, 117 for 0-300 pg/d selenium, respectively.

When analyses were limited to participants with plasma
selenium status below 70 pg/L, supplementation had a mar-
ginal, significant effect on CTX concentrations at 5 years
(Supplemental Table S8).

Discussion

In this RCT of selenium supplementation in older Danish adults,
plasma selenium concentration did not have a significant effect
on BTMs.

These results are consistent with findings from a RCT of sele-
nium supplementation for 6 months in older women in the

Adverse events UK.®% That study recruited 120 osteoporotic and osteopenic

Adverse events for the full study have been reported and con-
sisted of grooved nails, hair loss, and skin reactions.®"*? During
the 5 years, 22 (4.6%) participants with BTM measurements died
and 57 (11.9%) withdrew due to nonfatal adverse events and
reactions (Fig. 1) with no significant differences between supple-
mentation groups {p = 0.727).

postmenopausal women (aged 55 to 83 years) with a baseline
plasma selenium concentration (794 pg/L) similar to our present
study (86.5 pg/L} and found no effect of selenium supplementa-
tion on any of the measured BTMs.©%

The plasma selenium concentration for optimal bone health is
not known with certainty. However, if it is assumed that the

Table 4. Estimated Marginal Means From ANCOVA of Bone Turnover Markers by Supplementation Group at 6 Months and 5 Years

Selenium dosage (pg)

Bone turnover (ug/L), mean (Cl) 0 100 200 300 p Value
0OC & months 17.1 {16.3-17.9) 16.7 {16.0-17.5) 175 (16.6-18.3) 16.5 (15.7-17.3) 0.373
OC 5 years 16.9(15.6-18.2) 17.1 {15.8-186) 17.1 (15.7-18.6) 16.0 (14.8-17.3) 0630
PINP 6 months 38.7 (36.8-40.8) 36.6 {34.7-38.5) 384 (36.4-40.5) 38.6 (36.6-40.8) 0370
PINP 5 years 39.5 (36.1-43.3) 40.0 (36.5-43.8) 39.4 (35.8-43.3) 37.6 (34.3-41.1) 0.793
CTX 6 months 0.16 {0.14-0.17) 0.16 {0.14-0.17) 0.16 (0.15-0.18) 0.15(0.14-0.17) 0910
CTX 5 years 0.16 {0.14-0.18) 0.17 {0.15-0.19) 0.16 (0.14-0.18) 0.15(0.14-0.19) 0.582
BALP 6 months 144 (13.8-14.9) 13.7 (13.2-14.3) 13.7 (13.2-14.3) 14.3 (13.7-14.9) 0.170
BALP 5 years 140 (13.2-14.8) 14.8 (14.0-15.7) 14,5 (13.6-15.4) 14.5 (13.7-15.3) 0.525

Cl = confidence intervals; OC = osteocalcin; PINP = procollagen type 1 N-terminal propeptide; CTX = collagen type 1 cross-linked C-telopeptide;
BALP = bone alkaline phosphatase.

Upper and lower 95% confidence intervals are displayed in parentheses.

Covariates in the ANCOVA included age {continuous), body mass index {continuous), baseline selenium status {continuous), baseline bone turnover
marker {continuous), smoking (binary), alcohal (binary), supplement use (binary) {calcium, vitamin D, and multivitamins) and medication {(binary) {thyroid,
inhaled and systemic glucocorticoid [GC], antiresorptives, hormone replacement therapy [HRTI). OC 6 months 7 = 404: 107, 105, 98, 94; OC 5 years
n = 328: 84, 84, 76, 84; PINP & months 1 = 403: 106, 105, 98, 94; PINP 5 years n = 328: 84, 84, 76, 84; CTX 6 months n = 378: 99, 98, 93, 88; CTX 5 years
n =299:74,77,73,75 BALP 6 months n = 402: 106, 104, 98, 94; BALP 5 years n = 328: 84, 83, 77, 84 participants for 0-300 pg/d selenium, respectively.
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concentration that is adequate for wider aspects of health
(=70 p.g/LW)) is also adequate for bone, then it is likely that only
a small minority of PRECISE study participants (12.1%)} had
potential to benefit from selenium supplementation. Studies
that have observed responses to selenium, such as cancer prev-
alence or BMD, are usually in populations with suboptimal
intakes or status, whereas replete populations are less respon-
sive or nonresponsive.*'>® The relatively high baseline sele-
nium concentration (=70 pg/L“"} in the present study may
explain the lack of response in BTMs to selenium
supplementation.

Specific forms of selenium that have been used for supple-
mentation studies differ in their bioavailability.(s") For example,
sodium selenite was used by Walsh and colleagues,m) whereas
selenium yeast was used in our study and the Nutritional Preven-
tion of Cancer Study.*> Our supplement contained 54% to 60%
SeMet™®™; studies suggest that the bicavailability of SeMet is
more than 90%, whereas it is around 50% for the inorganic
forms, selenite and selenate.®® Selenium yeast is one of the
most bioavailable forms of selenium with high efficiency in
increasing selencenzyme activity.>"*® Therefore, it is unlikely
that the lack of effect of selenium supplementation on BTMs
observed in the present study was attributable to low selenium
bioavailability. Indeed, supplementation raised plasma selenium
concentration in a dose-dependent manner {p > 0.007).

Among the strengths of our study, to our knowledge, this is
the first, long-term (5 years), large-scale RCT exploring the effects
of selenium supplementation on BTMs in older men and women.
There was a large dose-dependent increase in plasma selenium
concentration with supplementation, suggesting compliance
was good. This was gauged by the linear increase in selenium
concentration with an increasing daily dose at 6 months, which
was maintained at 5 years. In contrast, the plasma selenium con-
centration remained similar to baseline in the placebo group.
Plasma selenium concentration is a robust indicator of selenium
status®® and correlates well with recent intakes of organic sele-
nium. %% The use of BTMs can help determine metabolic imbal-
ances within bone, fracture risk, and detect nonresponders to
treatment. Using a range of biomarkers allowed us to overcome
some of the individual limitations of each BTM to provide a more
representative finding, as well as using markers suggested by the
|OF.(35,36)

A limitation of our study was the use of nonfasted blood sam-
ples as feeding can decrease BTMs.? Circadian rhythm can also
affect BTMs, especially markers of bone resorption, for which
concentrations are highest in the morning.>*¥ Consequently,
the use of nonfasted samples may increase the variance in BTM
measurements, but this is likely to be similar for all supplementa-
tion groups. We have no information on dietary intakes of other
nutrients that influence bone health, such as calcium and vita-
min D,#%5% although we were able to adjust for supplementa-
tion with calcium, vitamin D, and multivitamins. We do not
have data on BMI change through the study, but mean values
at baseline were similar for all supplement groups, so this is
unlikely to have been a confounder. Qur participants were aged
60 to 74 years at baseline and so we are unable to generalize our
results to older populations among whom osteoporosis and
micronutrient deficiencies are more likely"®*” Future studies
exploring the effects of selenium supplementation on bone
health should consider including older people with lower base-
line selenium status and/or those with inflammatory conditions
who are at greater risk of osteoporosis and who may be more
responsive to selenium supplementation.

This was the first long-term (5 years} RCT exploring the effects
of selenium supplementation on BTMs in healthy older adults.
Selenium supplementation did not have any significant effect
on BTMs. We cannot rule out the potential of selenium supple-
mentation to improve bone health in adults with lower selenium
status and/or poorer bone health at baseline.
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Effect of selenium supplementation on biomarkers of bone turnover
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Selenium is an essential trace element with roles in musculoskeletal health(*?, Osteoclast inactivation is associated with selenium sup-
plementation in vitro and selenium status is correlated negatively with markers of bone health@®4. However, the impact of selenium
supplementation on bone turnover markers (BTM) has not been studied. This study investigated the effects of selenium supplemen-
tation for up to 5 years in older people on BTM including osteocalcin, procollagen type 1 N-terminal propeptide (P1NP), carboxy-
terminal collagen crosslinks and bone alkaline phosphatase.

490 Danish men and women (60—74 y) were randomised to receive 0, 100, 200 or 300 pg of selenium daily as selenium-enriched
yeast. Plasma selenium concentration was measured using inductively-coupled-plasma mass spectrometry and BTMs were measured
using an autoanalyser at baseline, 6 months and 5 years in non-fasted samples. Data were analysed by ANCOVA with polynomial
contrasts to investigate the shape of the dose-response relationships. Covariates included: age, body mass index, baseline plasma sel-
enium concentration, baseline BTM, smoking, alcohol, supplement use and medication.

Plasma selenium concentration increased significantly with increasing selenium supplementation at 6 months (84.1, 155.2, 212.3,
258.3 ng/ml for placebo, 100, 200 and 300 pg selenium, respectively) (P < 0.001) and remained elevated at 5 years (88.2, 156.4,
223.8 and 270.9 respectively) (P < 0.001). At 6 months, there was a significant linear decrease in PINP (P = 0.036, n2 = 0.019) with
increasing selenium supplementation but this effect was not apparent at 5 years. There was no significant effect of selenium supple-
mentation on any other BTM.

Selenium supplementation reduced PINP at 6 months but there were no significant effects on other BTM or after 5 years. Since
P1NP is a marker of osteoblast function, the fall in PINP with increasing selenium supplementation suggests a reduction in new bone
formation 5. The impact of this change in bone turnover on bone health remains to be determined.
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Background: Selenium is an essential trace element for human health. Osteoclast inactivation is
associated with selenium supplementation in vifre and selenium status is correlated negatively with
markers of bone tumover (BTM). However, the impact of selentum supplementation on BTM has not
been studied.

Objective: To investigate the effects of selenium supplementation on BTM including OC, PINE.
CTX and BAP in the short- and long-term

Methods: 491 Danish men and women (6074 vear) were randomised to receive 0, 100, 200 or 300
ug of selenium-enriched yeast daily. Serum selenium concentration was measured using inductively-
coupled-plasma mass spectrometry and BTM were measured using an autoanalyser (IDS iSYS) at
baseline, 6months and 3vears in non-fasted samples. Data were analysed by ANCOVA with
polynomial contrasts to mvestigate the shape of the dose-response relationships. Covariates included:
age, BMI. baseline selenium status, baseline BTM, smoking, alcohol, supplement use and medication.

Results: Plasma selenium concentration increased significantly with increasing selenium
supplementation at 6 months and remained elevated at 3 years (p<0.001). Selenium status remained
constant in the placebo-treated group over time. At 6 months serum selenium concentration increased by
79, 145 and 203% for doses 100-300 ug, respectively. At 6 months, there was a sigmficant linear
decrease i PINP (p=0.019) with mncreasing selemum supplementation (Figure 1). There was no
significant effect of selenium supplementation on any other BTM

Discussion: PINP is a marker of osteoblast function The fall in PINP with increasing selenium
intake suggests a reduction in new bone formation.

Conclusions: Selenium supplementation reduced PINP at 6 months but there were no significant
effects on other BTM or at later times. The impact of this change in bone turnover on bone health
remains to be determmed.
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The Effect of Selenium Supplementation on Biomarkers of Bone
Turnover

Background: Selenium is an essential trace element for human health. Osteoclast
Inactivation Is associated with selenium supplementation in vitro and selenium status Is
correlated negatively with markers of bone turnover (BTM). However, the impact of
selenium supplementation on BTM has not been studied.

Objective: To investigate the effects of selenium supplementation on BTM including OC,
PINP, CTX and BAP in the short- and long-term,

Methods: 491 Danish men and women (60-74y) were randomised to receive 0, 100, 200 or
300pg of selenium-enriched yeast daily. Serum selenium concentration was measured using
inductively-coupled-plasma mass spectrometry and BTM were measured using an
autoanalyser (IDS ISYS) at baseline, 6 months and 5 years In non-fasted samples. Data
were analysed by ANCOVA with polynomial contrasts to investigate the shape of the dose
rasponse relationships. Covariates included: age, BMI, baseline selenium status, baseline
BTM, smoking, alcohol, supplement use and medication,

Results: Plasma selenium concentration increased significantly with increasing selenium
supplementation at 6months and remained elevated at Syears (P<0.001). Selenium status
remained constant in the placebo-treated group over time. At 6months serum selenium
concentration Increased by 79, 145 and 203 % for doses 100-300ug, respectively. At 6
months, there was a significant linear decrease in PINP (P=0.033) with increasing selenium
supplementation. There was no significant effect of selenium supplementation on any other
BTM.

Discussion: PINP s a marker of osteoblast function. The fall in PINP with increasing
selenium intake suggests a reduction in new bone formation.
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Abstract

Selenium is an essential micronutrient with biochemical and cellular effects through activities of 25 selenocysteine-containing seleno-
proteins. Selenoproteins are anti-inflammatory and have antioxidant properties. Severe selenium deficiency causes muscle weakness
and atrophy in humans however the effects of moderate selenium deficiency are unclear. The aims of this study are twofold: 1) to
determine dietary selenium intakes and contributing food sources in very old adults and; 2) to determine whether dietary selenium
intakes are associated with 5-year trajectories of muscle function: hand-grip strength (HGS) and Timed-Up-and-Go (TUG).

Cross-sectional (baseline) and prospective (1.5, 3 and 5-year follow-up) analyses of 845 participants aged 85 years from the
Newcastle 85 + study were assessed for HGS and TUG performance using standardized protocols (Antoneta et al. 2016). Baseline
dietary intakes were assessed using 24-hour multiple pass recall methods on two separate days (Mendonca et al. 2016). The top sel-
enium food contributors (~90%) and the adequacy of intakes were determined i.e. those with intakes < LRNI, between the LRNI and
RNI and >RNI. Linear mixed models explored the associations between selenium intake categories and time on the prospective,
5-year change in HGS and TUG in all participants, males and females.

Median intakes of selenium were 39, 48 and 35ug for all participants, males and females, respectively. Selenium intakes were below
the LRNI in 51% of participants (median 27ug) whilst 15% had intakes > the RNI (median 85ug). Only 13.3% of females and 16.9 %
of males met the RNI. The top selenium contributors were cereals (46%), meat (22%), fish (10%), milk (6%), eggs (4%) and potatoes
(3%) making up 91% of selenium intakes. Those with the lowest intakes had 2.72 kg lower HGS and 2.36s slower TUG compared to
those with higher intakes (P < 0.005). There was no association between selenium intake in HGS or TUG, but time had a significant
effect on the rate of change over 5-years in both parameters (P < 0.001).

Overall, these results show that poor dietary selenium intakes are common in very old adults and that cereal and cereal products are
major sources of selenium in this population. Whilst low selenium intakes are associated with worse HGS and TUG performance in
the cross-sectional analysis, no significant associations were observed in the prospective analyses.
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Resumption of Eumenorrhea Afler Prolonged Menstrosl Dysfunction
in an Elite Road-Cyclist Following Increase in Body Weight in Parallel
‘With High Training Load: A 5-Year Case Report

JL. Arcta

Liverpool John Moores University, Liverpool, UK

Chronic low energy availability typically resulls in menstrual dysfunction
and/or low bone mineral density . ILis unclear how this condition, known as
the female athlele triad, affects physical capacity and what the recovery
time-course of menses is with increased energy availabilily concomitant bo
high training load. In this case-study, an amenormrheic elite female cyclist
(Vi 3.54 Limin, &4 miminkg., PPO 300 W, 5.4 W/kg and 23 years in
20014} is shown o resume normal menstrual function afier a prodonged
perind of menstrual dysfunction (amenorrhea (2003-2015oligomenor-
rhea (2015-2018)) while engaging in high training load and in competition.
Resumption of menses was recorded in June 2018, -5-6 months afier a
weight gain of - 10% (-5 kg) displaying regular menses (every 23-35 days)
ever since. Training load and volume increased from 2004 w 2009 (26707
o 41945 TS5 year and 584 10 818 hiyear, respectively). During the period
of menstrual dysfunction weight was 513223 kg (mean+95% CL; B0
records), and fal percentage 199% (DX A, 20016), and afier an episode of
weight gain 568226 (35 records) (p o< O0LO01) and fal percentage 25%
(XA, 2019). Crank-based power-meler data was recorded for raining
sessions and competitions, and mean maximal power (MMP) over the
range of 5 seconds to 4 h improvements in ahsolule power (walls) through
the 2004-201% period, while relative MMP (watlsfkg) likely peaked in the
2011 5-16 season for 57, 200 and 30" and remaimed mostly unalfecied across
seasons despile the increase in body mass. The athlete achieved podium
placings consistently in national and intemational competitions and
achicved hest performances in the 2008-200% season. These findings
suggest that 1) best relative power outpul of 5°-1 h seemed 1o be achieved
despite low energy availability and menstnual dysfunction, 2) high perfor-
mance can be achieved at an elite level despile an increase in body weight
in a weighl-sensitive sport and 3) despite high raining loads when coupled
with high encrgy availability.

Digtary Seleniom  Intakes and Their Association With Muscle
Sirength and Fonction in =385 Year (Md Aduliss The MNewcasile
8554 Study

G Perri', T Hill', ] Mathers', N Mendonga”

'Institute of Cellular Medicine, University of Newcastle, UK

*Maric Skiodowska Curic Rescarch Fellow, University of Lishon, Portugal

Sclenium is an essential micromutrient with biochemical and cellular
effects through activities of 25 selenocysicine-conlaining selenoproleins.
Selenoprofeins are anti-inflammatory and have antioxidanl propertics.
Severe selenium deficiency causes muscle weakness and atrophy in hu-
mans but the effects of moderate selenium deficiency are unclear. The aims
of this sudy are: i determine dietary selenium intakes and contributing
food sources in very old adulis and; 0 delermine whether selenium intakes
are associaled with S-year trajectories of muoscle function: hand-prip
strength (HGS) and Timed-Up-and-Cio (TUCG). Cross-sectional (baseline)
and prospective (1.5, 3 and 5-year follow-up) analyses of 845 participants
aged 35 years from the Newcastle 854 study wene assessed for HGE and
TUG using standardized pmtocols (Antoneta el al. 2016). Bascline dietary
intakes were assessed vsing 24-hour moltiple pass recall methods on tao
separale days (Mendonga et al. 20016). The wp sclenium food contributors
() and the adequacy of intakes were determined ie. those with
miakes - LRNI, between the LRNI and RNI and = RNL Lincar mixed
mdels explored associations between selenium intake calegonies and time
on prospective, 5-year changes in HGS and TUG i all participanis, males
and females. Median intakes of selenium were 39, 48 and 35 pg,
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respectively. Selenium intakes were below the LENI in 51% of partici-
pants (median 27 pg) whilst 15% had intakes = the RNI {median 35 pg).
Unly 13.3% of females and 16.9 % of males met the RN The top selenium
contributors were cereals (46%), meat (22%), fish (10%), milk (6%), cggs
{4%) and potatoes (3%) making up 91% of sclenium mizkes. Those with
the lowest inlakes had 272 kg lower HGS and 23565 slower TUG
compared in those with higher intakes (P < (LO05). There was no associa-
tion between selenium intake m HGS or TUG, but time had a significant
cifect on the rale of change over 5-years in hoth parameters (P = (0001 ).
Uverall these resulis show that poor dielary selenium intakes are common
in very old adults and that cereal and cercal products are major sources of
selenium in this population. Whilst low selenium intakes are associaked
with worse HGS and TUG performance in cross-sectional analyses, no
significant associations were obhserved in the prospective analyses.

Treatment Stralegics to Reverse Bone Loss in Athleles With Fune-
tionzal Hypothalamic Amenorrhea

1 Hamer, ] Roche
University College London, London, UK

Functional hypothalamic amenorrhea (FHA) is characierized by the loss of
the menstrual cycle due o the suppression of the hypothalamic pitwitary
ovarian axis (HPOA). FHA in athleles can be a symplom of relative energy
deficiency in sport (RED-5). RED-5 has expanded the concepl of the
Female athleie iriad acknowledging that this syndrome alfecls many
aspects physiological function including metabolic rale, menstrual func-
tion, bone health, immunity, protein synthesis, cardiovascolar lunction and
psychological health. The fundamental issue with RED-5 is a mismaich
hetween energy availability (EA) (the amount of dielary energy remaining
after exercise training for all physiological functions each day) and energy
expenditure (EE). It is well established that the endocrine disrmuplions and a
state of low EA directly impair bone health through the suppression of the
key metabolic bormones required for bone formation (leptin, 1GE-1 and
T3) and the hypoestrogenic environment upregulating osieoclastic bone
resorplion. This leads o a loss in bone mineral density (BMID), thos
increasing the risk of stress fractures and osieoporosis. To support the
continued developmentof clinical guidelines in treating athletes with FHA,
a systematic review of the lilerature was conducted 1o docoment the curment
evidence regarding the efficacy of reatment strategices o address bone loss
in athleies with FHA . The primary treatment of FHA in female athletes is
the modification of dict and exercise behaviours o enable an increase in
EA and weight restoration il required. Resioning energy availability and
the return of menses are essential o enable athletes with FHA 1o reverse
hone loss, and this should not be understated. I an athlele experiences
further health complication, whilst restoring EA (e.g. siress fraciures or il
menstruation is not restored afier an adeqguate trial of resworng HEA),
transdermal oestradiol and cyclic micro-ionized progesierone may be
prescribed. This will be used as a shor-lerm treatment 1o protect bone
health until the underlying issue of low energy availability is resolved.
Ackerman et al (2018) concluded the oral contraceptive pill shoold not be
prescribed o these athletes due o the hepatic first pass effects on the liver
leading to downregulation of insolin growth factor-1, further exacerbating
bone loss.

Muetabolic Enzyme Adaplations to Long-Term Feeding of Kelogenic
Diet Contsining Medium-Chain Triglyceride in Rais

A Fukarawa, T Karasawa, Y Yokola, 5 Kondo, ¥ Terada

Department of Life Sciences, Graduate School of Ars and Sciences,
The University of Tokyo, Tokyo, Japan

Yery low-carbohydrate, high-fatl (ketogenic) diels are recently receiving
much attention from athletes, becanse long-term intake of the diet enhances
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D. Training

During my PhD programme, | have attended a vast variety of training, courses, webinars and
workshops, as well as following the weekly Health and Nutrition Research Centre (HNRC)
seminars (Table 9.1). To enhance my statistical knowledge, | have watched Analysis Factor
Recordings and undertook multiple statistical courses. One of these was The Sysmic course,
this involved learning to use MatlLab and R coding software. The course consisted of three
topics: 1) Networks (sessions 1 to 4) where biological systems were described and analysed
as networks involving vectors and matrices; 2) Maths and Modelling (sessions 5 to 8) where
biological systems and mechanisms were modelled and simulated using computer pro-
grammes using functions and calculus; 3) Statistics (sessions 9 to 11) where the statistical
software package R was introduced and used for and data analysis; 4) Mini projects (session
12) where the skills are applied to build a model. | have also recently received funded places
for R for Data Science provided by the University of Liverpool, these were 3-day courses
aimed at Beginner and Intermediate levels. Modules consisted of loops and control state-

ments, functions, batch correction, normalisation and multivariate analysis.

Co-Supervision of BSc and MRes Projects

During my PhD programme | have supervised three undergraduate students during their fi-
nal year dissertation. One student studied Food and Human Nutrition and their project was
titled “Dietary Selenium Intake and Cognitive Decline in the Very Old: The Newcastle 85+
Study”. The second student studied Sports and Exercise Science and their project was titled
“Physical Activity, Sarcopenia, and Disability in the Oldest Old: A Cross-sectional Analysis”.
The final student studied Sports and Exercise Science and their project was titled “ Is Dietary
Magnesium Intake related to Muscle Strength and Function in Very Old Adults? Analysis of
The Newcastle 85+ Study”. | guided the students through the statistical analysis of The New-
castle 85+ Study data set. This involved creating new variables, performing basic descriptive
tests (t-tests, normality, transformations, chi-square, non-parametric tests), and guiding the
students through their learning and understanding of linear and logistic regressions, correla-
tions, linear mixed models and helping them with the write up of their dissertation. These
supervisory experiences were valuable in improving my leadership skills, as | was the first

point of call for the students, before approaching our joint supervisor, Prof Tom Hill. The
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experience also enhanced my project management skills as | had my own PhD programme

to work on, as well as ensuring they were meeting their dissertation deadlines.

Table 9.1: Training and courses during the MRes and PhD.

Date Training Skills
26/02/19 Systematic Review Al, A2, A3, C2
07/03/19 Recognising and Building your Resilience to the Rigours of Research B1, B2, B3, D1
08/03/19 Procrastination A3, B1, B2, B3,C1
13/03/19 How to Manage Anxiety and Stress Part II B1, B3, C1, D1
17/04/19 Resilience for PGR's B1,B2,C1,D1
20/03/19 Assertion — How to Communicate Well and Improve Relationships B1, B2, B3, C1, D1
01/10/19 Managing your PhD/MPhil for FORMER Masters students B1, B2, B3, C1,C2, D1, D2,
D3

08/01/20 Introduction to Learning and Teaching one day workshop - Demonstrator Al, B1, B2, B3, D1, D2, D3
20/01/20 CIMA - Epigenetics Conference Al, A2
26/02/20 Writing Your First Year Report Al, A3, B2,C2, D2
28/02/20 National Innovation Centre for Ageing - Unequal Ageing Al
20/04/20 Online: Creating Data Management Plan C3
23/04/20 British Nutrition Foundation - Processing the Nutribabble — Is natural always Best? Al
12/05/20 UK Data Service - Being a Computational Social Scientist Al, A2,B3
18/05/20 HASS - Presentation Skills Al, B1, D2
19/05/20 Video Practice for Presentation Skills Al, B1, D2
20/05/20 Public Health England - Impact of COVID-19 on Musculoskeletal Health and Mental Well- Al

being
22/05/20 Writing for Publication and the Publication Process Al,C1,C2,D1,D2
28/05/20 VOICE - Research Coffee Morning: Exercise and Muscle Ageing Al, D2, D3
05/06/20 NUGO - Microbiota Analysis for Nutritional Research: Concepts and Tips to Get Started Al, A2
18/06/20 DiMeN - How to Maximise Twitter to Communicate your Research Al, A3, D2, D3
24/06/20 Your Personal Development Plan - Preparing for the Progress Review Panel B1, B2, B3, C1, C2
25/06/20 British Society of Animal Science — Early Careers Writing Skills Al, B3
30/06/20 Digital Health — Nail your PhD Al, B3
02/07/20 VOICE - Research Coffee Morning: Diet and Nutrition Al, D2, D3
02/07/20 International Osteoporosis Foundation - Osteosarcopenia Al
08/07/20 Academic Writing: Accessible Abstracts B3, D1, D3
09/07/20 British Society of Animal Science — Early Careers Tips for Writing in Word Al, B3
29/07/20 Enago Academy’s Webinar - Writing Review Articles Al, A2, C2
29/07/20 Biochemistry Focus Webinar Series - From Diagnosis to Therapy in Duchenne Muscular Al

Dystrophy
31/07/20 NUGO - Ever Wondered what Happens to your Proposal when you Submit it? Al, B3, D2
10/08/20 Digital Health - Writing: How to be More Productive without Procrastinating or Bingeing Al, A2, C2
25/08/20 University of Aberdeen - Appetite Workshop in Older Adults A1 Application Process
26/08/20 VOICE - Research Coffee Morning: Nutrition and Brain Ageing Al
02/09/20 Digital Health - Education Productive Writing - How to be More Productive without Pro- A1, A2, C2,D2

crastinating or Bingeing
09/09/20 MRC Circadian Webinar Al
10/09/20 DiMeN — Royal Society of Biology Al
10/09/20 SheCodes — Introductory Coding Class Al, A2
17/09/20 Biochemistry Focus Webinar Series - Genes Regulating Ageing and the Quest for Immor- Al

tality
23/09/20 DiMeN — PhD on Frontline Al
24/09/20 British Society of Animal Science — Early Careers Mental Health B1, B2
14/10/20 Digital Health - Plan your Journey and Audit your Time During your Research Degree Al,B2,C2
19/10/20 Digital Health — Organise your Thoughts Al, B2, B3
20/10/20 Stanford Online - Data Overload: Making Sense of Statistics in the News Al, A2, C2
21/10/20 Public Speaking Al, A3, B3,C2,D2, D3
23/10/20 Storing Research Data during and after a Project A1, B3,C1,C2
23/10/20 Science about Science - Quality and Peer Review Al, A2, B3
11/11/20 Data Analysis R Al, A2, B3
13/11/20 NEPG — Questions on Oral Ppt Al, A2, D1, D2, D3
16/11/20 Population Health Science Institute - Annual Meeting Al,D1
25/11/20 How to Write a Great Research Paper and Get it Accepted by a Good Journal A1, B3,C2

274


http://workshops.ncl.ac.uk/view/book/modal/40661/
http://workshops.ncl.ac.uk/view/book/modal/41937/
http://workshops.ncl.ac.uk/view/book/modal/41928/
http://workshops.ncl.ac.uk/view/book/modal/41599/
http://workshops.ncl.ac.uk/view/book/modal/41929/
http://workshops.ncl.ac.uk/view/book/modal/42999/
http://workshops.ncl.ac.uk/view/book/modal/43286/
http://workshops.ncl.ac.uk/view/book/modal/43133/
http://workshops.ncl.ac.uk/view/book/modal/43674/
http://workshops.ncl.ac.uk/view/book/modal/43675/
http://workshops.ncl.ac.uk/view/book/modal/43098/
http://workshops.ncl.ac.uk/view/book/modal/43159/
http://workshops.ncl.ac.uk/view/book/modal/43161/

25/11/20 NUGO - Nutrigenomics Debate Al, A2

02/12/20 Elsevier - Getting the Most Out of Scopus Al, B3, C2

07/12/20 MatLab Al, A2

17/12/20 Teaching and Supervising Project Students Al,B1,B3

07/01/21 Eventbrite - Helping to Help Postgraduate students Al

18/01/21 Centre for Longitudinal Studies (CLS) - Handling Missing Data in British Cohort Studies Al, A2, B3, C2

20/01/21 Building Confidence in Social Situations B1,B2,C1

20/01/21 How to Attend to Stress and Anxiety — Practical Approaches B1, B2

21/01/21 MRC — Online Careers Talks Al, B3

26/01/21 Managing Unhelpful Thoughts B1, B2

26/01/21 IFIS: Best Practice in Food Science and Nutrition Literature Searching: What is Indexing, Al, A2, C2
What is an A&| Database, and Why Should | Care?

28/01/21 Biochemistry Focus Webinar: Obesity - from Genes to Biochemistry of a Global Pandemic Al

03/02/21 Microsoft - LinkedIn Profile Al, A3, B3, D3

03/02/21 MRC Networking B3, D1, D3

03/02/21 Microsoft - Job Interview Success Al,B1,B2,C1

04/02/21 Biochemistry Focus ECR Webinar Series - Careers in Science Communication, Medical Al, A3, D2, D3
Writing and Engagement

10/02/21 Nutrition Society Journal Club Al, A2

12/02/21 Thesis Writing Al, C2,D2

15/02/21 CIMA Student Session and Spring Meeting Al, A3, B3, D1, D2, D3

16/02/21 CIMA Writing for the PhD and Beyond Al, A2, B3,C2

17/02/21 Nutrition Society Journal Club Al, A2

24/02/21 DiMeN — Being an Ally Al

25/02/21 Science Communication Al, A3, D2, D3

04/03/21 NUGO - Role of the Gut Microbiota-Brain Axis for Human Health Al, A2

05/03/21 Thesis Writing Al, C2,D2

05/03/21 Learn It - Dealing with Conflict and Difficult People Al, B1, B2, B3,B1, D1

08/03/21 Second Year Annual Review: Your Research Outputs Al, B3, D2

15/03/21 MRC - Using Health and Social Care Datasets in Research — Opportunities, Assets and Ex- Al, A2, C2
amples

16/03/21 Careers Service - Science Careers Outside the Lab: Science Communication, Education & Al,B3,C1
Outreach

17/03/21 Genesis Research - Introduction to Medical Writing for PhDs Al, B2, B3

18/03/21 MRC — Circadian Rhythms: Everything you always wanted to know about Jet Lag Al

23/03/21 MRC - Social Media, Online Profile Al, A2

23- Advanced Systematic Review Al, B3,C2

24/03/21

24/03/21 MRC - Effective in Online Meetings Al, A2

24/03/21 Nutrition Society — Careers Talk Al, A2

29- MRC Podcast A1, A3, B1, D2, D3

31/03/21

29/03/21 Wellness Uni B1, B2

08/04/21 Web of Science: Fine-tune your FSTA search with Phrase and Proximity Searching Al, A2, B3, C2

12- MRC NRP - Best Practice in Human Nutrition Al

13/04/21

15/04/21 Canvas: Careers for Researchers - Presentation Skills: Storytelling for Researchers Al, A3, D2, D3

15/04/21 PROMISS Webinar - Prevention of Malnutrition in Senior Subjects in the EU Al

16/04/21 NUGO Meet Up Al, A2

20/04/21 NIHR - Clinical Research in Older People Al

23/04/21 Eventbrite - Evidence Based Nutrition — Research to Practice Al

28/04/21 Research Retold - Bursting the Bubble: Making your Research Accessible beyond Aca- A1, A3, B3, D2, D3
demia

29/04/21 The Viva and Beyond Al, B3

29/04/21 Nutrition Society — Student Session and Careers Al, B3

11/05/21 Coping with Change B1, B2

12/05/21 Stress Management B1, B2

14/05/21 NUGO Meet Up and Data Presentation Al, A2, A3, D2

18/05/21 Wellbeing4all: Coping with Imposter Syndrome B1, B2

23/06/21 Psychological Insights into Coaching Practice Al, A3,B1

25/06/21 Mind Management Skills Workshops for Postgraduate Students A1, B1, B2

29/06/21 Patient and Public Involvement & Engagement in FMS Al, B1, B3, D2, D3

30/06/21 NCL+ Advanced Award in Career Preparation B1, B2, B3

23/08/22 Social Media and Science A3, B3, D2, D3

15/09/22 Scriptoria CV Course A2, A3, B1, B3, C1, D2

24/11/22 Careers in Dietetics Al, B3
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Throughout  Nutriweb Webinars Al

External Training

02/05/19 Nutrition Society Advanced Statistical Analysis Al, A2, B3, C2

19/09/19 Level 2 Food Safety and Hygiene Al,C1

12/10/19 Presentation Training Al, A3, B1, D2, D3

31/01/20 Good Clinical Practice Al, A3,B3,C1,C2,D1

24- R Course Twitch Al, A2

29/04/20

02/21 Smart Resourcing Solutions — Employability Webinars Al, B2,B3,C1
27/05/20 Sysmic Computing and Programming Course - Completed May 2021 Al, A2, A3, B3,C2

03/22 IUNS/FENS Volunteer A3, B3, D1, D2, D3

12/10/22 R for Data Science: Beginner — University of Liverpool — Funded Place A1, A2, A3, B3, C2

15/11/22 R for Data Science: Intermediate — University of Liverpool — Funded Place Al, A2, A3, B3, C2

Al: Knowledge base, A2: Cognitive abilities, A3: Creativity, B1: Personal qualities, B2: Self-Management, B3: Professional
and Career Development, C1: Professional Conduct, C2: Research Management, C3: Finances, Funding and Resources, D1:
Working with Others, D2: Communication and Dissemination, D3: Engagement and Impact. NUGO - molecular nutrition,
personalised nutrition, nutrigenomics and nutritional systems biology. CIMA - The MRC-Arthritis Research UK Centre for
Integrated research into Musculoskeletal Ageing. NEPG — Northeast Post Graduate conference, MRC — Medical Research
Council, DiMeN - Discovery Medicine North, IFIS - International Food Information Services; IUNS: International Union of
Nutrition Societies; FENS: Federation of European Nutrition Societies

E. Conferences

During my PhD programme | have had the opportunity to present my work at various con-

ferences aimed at academic, or lay audiences (Table 9.2).

Table 9.2: List of conferences with dates and type of presentation.

Date Conference
23/10/19

Type of Presentation

HNRC 25th Anniversary Conference "Global Nutrition ~ Poster
Challenges in the Next 25 Years"
ISENC 2019

Nutrition Society Live

17/12/19
14-15/07/20

Poster, Abstract Published

Awarded Funded Position — Prof Phil-
lips Bursary

12/10/20 CIMA Annual Meeting Oral 3-minute thesis
13/11/20 NEPG Conference Oral ppt

01/12/20 ROS Conference Oral ppt, Abstract Published
15/02/21 CIMA Spring Meeting Poster ppt

10/06/21 ISTRC - Sarcopenia Awarded Funded Position

22-24/06/21

Nutrition Society — Irish Section Conference

Poster and Oral Ppt, Abstract Published

06-07/09/21

Nutrition Society — Futures

Awarded Funded Position — Quorn Nu-
trition

18/10/21 CIMA Annual Meeting Oral Ppt

05/07/22 PHSI Research Day Oral Ppt

6-7/09/22 Nutrition Society — Futures Awarded Funded Position and Travel
Grant

3-5/10/22 CIMA Annual Meeting Oral Ppt

ISENC — International Sport and Exercise Nutrition Conference; HNRC — Human Nutrition and Research Centre; CIMA — The;
MRC-Arthritis Research UK Centre for Integrated research into Musculoskeletal Ageing; NEPG — Northeast Post Graduate

conference; ISTRC - International Sarcopenia Translational Research Conference; ROS — Royal Osteoporosis Society; PHSI —
Population Health Science Institute; Ppt: PowerPoint
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H. Annual Progress Review

2022

Supervisor

Progress on Project Plan

RCT trial: Giorgia is close to submitting her RCT paper to JBMR and her linked thesis chap-

ter is almost complete.

Newcastle 85+ Prospective cohort study: She awaits the selenium biomarker data from Prof
Lutz Schomburg in Berlin and hopes to have this by the end of May. Giorgia also plans a
short trip to Berlin to meet Prof Schomburg and gain an insight into the methods used to
measure Se biomarkers. This data will form the basis of two thesis chapters. In the mean-
time, Giorgia has prepared drafts of these chapters mainly focusing on the introduction, hy-

pothesis methods and approach to the results.

Thesis: Giorgia has a clear understanding of the structure of her thesis. She is aware of the
time pressures she will face over the coming 5 months in order for her to submit on time.
She continues to have weekly meetings with her supervisors to ensure that she remains on

track.

| am confident that provided Giorgia receives the selenium data in May that she will pro-

duce an excellent thesis.

Risks Prof Schomburg has reassured Giorgia that the selenium biochemical data for the co-
hort study will be available by the end of May. Receiving this data in good time is the only

risk associated with the timely completion of the PhD.

Form submitted by Thomas Hill - April 20, 2022, 9:06 p.m

Panel Reviewer

Giorgia presented to the panel her progress so far, the training she followed, and the cur-

rent structure of her planned thesis. She discussed her most recent research work and the
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writing of a publication. She also showed her plan for her PhD thesis writing and for com-

pleting her research work.

Giorgia's presentation skills are excellent, and her progress is very good.

The panel was pleased to see that Giorgia's work will result in a publication for which she

will be first and corresponding author. This reflects the high quality of Giorgia's work.

The panel however suggested that Giorgia should check if she could get a short extension
(e.g. 3 months) to give her time to write her research paper and finalise her data analysis.
This would also enable her to potentially visit a lab in Berlin where some of her sample anal-
ysis is carried out and therefore provide her with a greater understanding of the techniques

used.

The panel strongly supports the visit in Berlin and the panel would recommend that a short
extension should be given to Giorgia based on the fact that, as a result of COVID, she had to
change part of her project, and that she would benefit from producing a very good quality
analysis of the data. It is worth noting that as the sample analysis is produced in another
lab, Giorgia has little control over when she will access the data for analysis and therefore

this fully justifies this extra-time.

The panel discussed with Giorgia the support she receives and was pleased that Giorgia felt

she receives adequate support from her supervisory team in Newcastle.

Form submitted by Richard McNally - May 4, 2022, 5:28 p.m.

Head of School

Panel decision i. The candidate's performance is satisfactory, and the candidate can proceed
to the next stage. (Note: This will allow Year 1 candidate-elect students to have their candi-

dature confirmed)

| agree with the panel that requesting a 3-month extension on Covid grounds would be sen-

sible. Best of luck on the run in to submission, Giorgia

Form submitted by Elaine McColl - May 5, 2022, 8:13 a.m.
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Dean recommendation

Proceed

Agree with advice provided. Happy to approve.

Form submitted by Alison Tyson-Capper - May 18, 2022, 6:31 p.m.

2021

Supervisor

Giorgia is progressing very well with her PhD studies. She has prepared a draft manuscript
on the PRECISE RCT study which will be submitted to JBMR after it receives feedback from
Sheffield and Danish co-authors. Giorgia will send serum from the N85+ Study participants
to Prof Lutz Schomburg's lab in Berlin for Se biomarker analysis and this data will be used for

the following purposes:
1) To examine the associations between dietary Se and Se biomarkers in the 85+ cohort
2) Explore the relationship between serum Se and SEPP on

(i) prospective measures of muscle strength and function from the 85+ cohort

(ii) Disability trajectories over 5 years in the 85+ cohort

(iii) Incidence of sarcopenia, falls and fractures in the 85+ cohort

Giorgia is keen to get at least some laboratory exposure during her PhD and this will not
only be facilitated by the CIMA collaboration with Sheffield supervisors, but she hopes to

visit Prof Schomburg’s lab in Berlin to learn about Se status assessment.

Appreciably Giorgia's PhD plan has changed to include more scope on the N85+ dataset and
now does not involve molecular work on the BFU samples. This decision was made in con-

sultation with Giorgia and her supervisors.
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Risks Highlight any major risk to the on-time completion of this research project and submis-
sion of a satisfactory thesis, including any knowledge you have of relevant Personal Extenu-

ating Circumstances (PECs) significantly affecting the candidate's studies.

The only risk at the moment is ensuring that the N85+ samples can be safely transported to

Berlin for Se analysis.

Form submitted by Thomas Hill - June 11, 2021, 10:59 p.m

Panel Reviewer

i. The candidate's performance is satisfactory, and the candidate can proceed to the next
stage. (Note: This will allow Year 1 candidate-elect students to have their candidature con-

firmed)

The panel met with Giorgia on a zoom meeting due to COVID-19 restrictions. Giorgia pre-
sented her work and work plan, demonstrating a good understanding of the topic. The

panel congratulates Giorgia on her the excellent presentation skills.

Giorgia has made significant progress since our last meeting, as evidenced by the production
or 2 manuscripts (one published in the Nutrients Journal, the other one being in prepara-
tion), and her contribution at national conferences. In addition, she has managed to follow
several training sessions and develop a large array of skills in statistics and other transferra-

ble skills. She has also contributed to the supervision of an undergraduate project.

Although Giorgia managed to carry out some of the statistical analysis for her project and
was able to continue working, COVID-19 restrictions have impacted on her ability to carry
out lab work. Additionally, some changes to her original work plan were made and include
1) carrying out a secondary analysis on data from The PRECISE Study instead of working on
the Sheffield RCT, 2) additional measurements in samples from the 85+ Study, and 3) not us-

ing samples from the BORICC study.

The secondary analysis of data from The PRECISE Study is relevant to her PhD work and will
nicely complement the work she has carried out on the 85+ cohort. However, it is unfortu-

nate that she could not contribute to the data analysis on the Sheffield RCT, especially given
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the fact it was in her original plan and that the work was recently published. This would
have given her a chance to participate in the data analysis of the first RCT in the field and

would have been a key part of in her PhD thesis.

As Giorgia will not anymore perform DNA methylation assays in the BORICC samples and
given the fact that she is carrying out a secondary analysis on data from PRECISE study, we
strongly recommend that, to strengthen both her PhD and her skills portfolio, she should be
given an opportunity to carry out some of experimental work on the samples from the 85+
Study. This would give her a wider understanding of the topic and techniques used in the
field and would broaden her future professional prospects. The panel strongly recommends
that Giorgia discusses with her supervisory team which experiments she would like to carry
out, and whether this could be achieved by her spending for example 6 months in a lab

looking at bone metabolism or inflammatory biomarkers.

Form submitted by Djordje Jakovljevic - June 12, 2021, 12:35 p.m.

Head of School

Panel decision i. The candidate's performance is satisfactory, and the candidate can proceed
to the next stage. (Note: This will allow Year 1 candidate-elect students to have their candi-

dature confirmed)

Giorgia and her supervisors have adapted the plan of work in view of constraints imposed
by COVID - well done. Giorgia is also be congratulated on work on publications, an excellent
achievement at this stage in her research. The suggestions of the panel in respect of alter-
native lab work merit consideration by Giorgia and her supervisors but should not be al-
lowed to unduly delay completion and submission of a good quality thesis. Good luck with

the next stage in your work, Giorgia.

Form submitted by Elaine McColl - July 29, 2021, 5:09 p.m.

Dean recommendation

Proceed

Well done, Giorgia.
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Form submitted by Alison Tyson-Capper - Aug. 18, 2021, 4:29 p.m.

2020

Supervisor

Giorgia has made excellent progress on her PhD plan to date with no concerns whatsoever.

Giorgia is very motivated and dedicated to her PhD. She always takes the initiative with

tasks and generates good quality work.

Risks None at this stage as the work is desk based and will be for the first two years of her

PhD.

Form submitted by Thomas Hill - May 27, 2020, 8:05 a.m.

Panel Reviewer

i. The candidate's performance is satisfactory, and the candidate can proceed to the next
stage. (Note: This will allow Year 1 candidate-elect students to have their candidature con-

firmed)

The panel met with Giorgia on a zoom meeting due to COVID-19. The panel congratulates
Giorgia for the excellent presentation of her wok so far and her work plan. She demon-
strated a very good understanding of the subject and has already completed a large part of
the work. Giorgia also informed us that she has submitted a research article for her MRes

work, showing that she is progressing well.

As most Giorgia’s work at present is based on statistical analysis of data, she is able to work
remotely, and her work progress are not impeded by the current COVID-19 restrictions. She
is supported by her supervisory team and is confident in the work she is currently carrying

out.

The panel recommended the student progression to the next stage. The work plan suggests
that Giorgia has access to very interesting data sets to address her research question. The
panel emphasised that a scientific justification of the progress between one study to the

other would strengthen the coherence of the overall PhD thesis.
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As most of the planned work will involve analysing data from data sets that have already
been collected (without an input from the student), the panel strongly recommended that
the student should be given the opportunity to carry out some experimental work, so that
some of the data presented in the PhD thesis will have been directly produced by the stu-
dent. At present, it seems that the most relevant part of the project for this would be the
determination of DNA methylation pattern (3rdyear of the project). Thus, the panel strongly
recommended that the student discuss with her supervisors how she could be involved in

data collection.

Furthermore, the panel strongly recommended that the student should discuss in detail
with her supervisory team the last part of her project (3rdyear). The panel was concerned
that studying differences in DNA methylation in rectal biopsies from the BORRIC study may
not be relevant to other tissues such as bones. The panel would also advise to only focus on
healthy volunteers with either suboptimal or optimal Se status, rather than colorectal can-

cer patients.

Form submitted by Catherine Meplan - June 29, 2020, 11:35 a.m.

Head of School

Proceed

Happy to support Giorgia's progression. Both supervisory team and panel raise no concerns
and agree that excellent progress has been made over the past year. The panel make some

suggestions that the supervisory team and student may want to consider. Well done, Gior-

gia.

Form submitted by Luke Gaughan - June 29, 2020, 1:51 p.m.

Dean recommendation

Proceed

Excellent! well done Giorgia

Form submitted by Alison Tyson-Capper - June 29, 2020, 3:50 p.m

284



