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CHAPTER |

INTRODUCTION

Selenium as an Essential Trace Element

Selenium (Se) is an essential trace element for humans, and its appé@athedood
supply is closely related to soil selenium, which is highly variable [1}.ekample, selenium
was first recognized as an essential trace element in 1957 when it eagedis to be crucial as
a component of Factor 3, which prevented liver necrosis in rats [2]. In 1973, therdityiof
Wisconsin reported Se as a part of glutathione peroxidase (Gpx) [3], and in A8§3hqlipid
hydro-peroxide glutathione peroxidase (p-Gpx) was identified as a second &eiogrgnzyme
[4]. These two enzymes generally characterize the biochemicaldnsci Se such that the
presence or absence of Se affects the underlying mechanism by whichribetesto redox
balance [4]. In animals, Se deficiency results in pathological conditiangfested as defective
growth, hepatic necrosis, myocardial degeneration and muscular dystroply fimans, Se
deficiency takes on symptoms related to the function of Se in the body. Thesysmphge
from bone and muscle pain to dry, flaky skin [6].

High levels of free radicals induced through deficiency of Se leadsdioms
contributing to pathologies of diabetes, cardiovascular disease, mgientand related
complications [6]. Se is crucial for the antioxidant activity of Gpxcivluatalyzes the

scavenging of reactive hydrogen peroxide and lipid hydroperoxide [7]. #dsmaportant in the



conversion of the thyroid hormone thyroxing)(fo triiodothyronine (%), as a component of the
selenoprotein 5’ iodothyronine deiodinase, the enzyme responsible for thestamy8]. Low

Se intake has also been associated with Kashin-Beck diseasasa disaracterized by endemic
osteoarthropathy affecting both bones and joints with a typical onsetfirstt@r second decade
of life [9, 10].

Despite its requirements for enzymatic function, excess Se may leaakioity
associated with negative effects. Short term exposure to excess G@ednisrough diet in
animals results in abnormal posture, unsteady gait and eventual deagtiotkvexhibit
blindness, weak legs, paralysis, dullness, anorexia, weight loss, ataxia, aophiystooves
from long-term consumption of highly seleniferous grasses and crops [11]anduiving in
areas with excess Se in the soil developed changes in their integynsgstam manifested as
dermatitis, hair loss and nail changes [12]. These changes wereeabaean intake greater than
16 times the optimal level for the recommended dietary allowance (RDA) f&24 result, early
research on Se focused on the consequences of excessive Se intake. Geaareht, teowever,
also includes focus on Se deficiency and the resulting pathophysiologicdlamditer Se was
identified as an essential nutrient for balancing the redox sy&&mThe emerging evidence is
promising in support of the importance of Se in the prevention of chronic diseadeding its
impact on bone health [13].

Selenium and Bone

Overview of Bone

Bones constitute a large part of the endoskeleton of vertebrates and suppootectd
various organs of the body. Bone consists of osseous tissue that priydigsand a coral-like
three-dimensional internal structure. This tissue is relgthard and light weight, formed
mostly of calcium phosphate in the form of calcium hydroxyapatite,{@ay)s(OH),) [14].
Osseous tissue houses marrow, endosteum, periosteum, nerves, blood vesaditaged 14].
Bone is not uniformly solid but consists of two main compartments: corticaldwhtrabecular
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bone. Cortical bone is compact (5-30% porosity) and makes up the outer compartment of bone
while trabecular bone makes up the interior and is composed of a network of rodtesitela
elements that make the overall tissue lighter and allow room for blooglvessl marrow.
Trabecular bone accounts for 20% of total bone mass, and cortical bone afmro80is [15].

Aside from a structural and protective role, bones are important in neonebfood production,
mineral storage, growth factor production, and fat storage [16].

Cellular Structure of Bone

Two types of bone cells constitute trabecular and cortical boneolilstes descend
from osteoprogenitor cells and form bone. They are located on the surtzsteafl seams
(narrow regions of newly formed organic matrix) and make a protein mixtuvenkas osteoid,
which mineralizes to become bone. Osteoid is mainly composed of Type kecoflagreted by
osteoblasts. Osteoblasts also produce hormones like prostaglandinsridhecbone itself.
They also produce other important molecules involved in the mineralizatioegsrincluding
alkaline phosphatase [14]. Osteocytes are formed when osteoblasts naturegaating into
bone matrix and get trapped after mineralization. Not only are ostedblastgant in bone
formation and matrix maintenance, but are crucial in calcium homeodtdkis [

Osteoclasts are the multinucleated cells responsible for bged&ivn bone, a process
known as bone resorption. These cells are located in resorptiongutsaliéd Howship’s
lacunae, and need to migrate to the site of resorption. They act bynglaeisve enzymes such
as tartrate resistant acid phosphatase to break down the crystakof They release acids to
solublize mineral as well [14].

Molecular Structure of Bone

Bone matrix makes up the majority of bone and consists of both inorganic anit orga
components [17]. As mentioned above, hydroxyapatite is an important component of bone, and
is the inorganic portion of bone matrix [18]. The organic part of matrixaimly composed of
Type | collagen synthesized intracellularly as tropocollagen and thenexpoform fibrils
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[18]. Various matrix proteins also make up the organic portion of bone mattixiimg
glycosaminoglycans, osteocalcin, osteonectin, bone sialo protein, osteopdritell attachment
factor. These growth factors are thought to function as growth facotprermote bone
formation/mineralization but their full function is not fully knowt¥].
Bone Remodeling

The purpose of bone remodeling or bone turnover is to maintain plasma calcjum (Ca
homeostasis, to repair micro-damages to bone from stress, and to shape atigesibai®e
during growth. Bone turnover occurs continuously throughout life and requires asteaid
osteoclast activity in tandem. Blood calcium is regulated by parathyraitbheractivity, which
stimulates osteoclasts that breakdown bone and release calcium imtodnld@steoblasts that
reconstitute the Ca from the blood into bone. Bone volume is determined by shef tadae
formation and bone resorption. Mohan and Baylink report that certain grastdnsfanay work
to locally alter bone formation by increasing osteoblast activity [18ks@& factors include
insulin-like growth factors | and Il, transforming growth facfoifibroblast growth factor,
platelet-derived growth factor, and bone morphogenetic proteins [19]. Rebearsuggested
that trabecular bone volume in postmenopausal osteoporosis may be determined by the
relationship between the total bone forming surface and the percentaakes@sorption [20].
Bone remodeling is also important in facture and microfracture reptie skeleton. Repeated
stress, such as weight-bearing exercise, or bone healing, raghitdhone thickening at the
points of maximum stress. It has been hypothesized that this is aofdsutie's
piezoelectric properties, which cause bone to generate small eliegtientials under stress [21].
Chronic inflammation has been shown to disrupt bone remodeling leading to borg2]oss [
Bone disorders

According to the Institute of Musculoskeletal Health and Arthritih@ National
Institutes of Health, more than 400 million people around the world sufferdrippling, chronic
pain of joint disease, osteoporosis, spine diseases and musculoskaletal, and this number is
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predicted to increase to 570 million people by the year 2020 [23]. Assodéghktéalctors include
aging, low estrogen/testosterone levels, low dietary Ca intake, aiiyg fastory.
Epidemiological studies and studies with animal models have suggesteddgtficiency of
selenium (Se) is associated with bone loss from osteoporosis [23].

Osteoporosis is as metabolic bone disease characterized by low borsd d@nsity and
microarchitectural deterioration of bone leading to its fragji]. About 1.5 million hip, spine,
and wrist fractures are reported in the United States everyaarAbout 24% of patients with
hip fractures die within a year after the incident, either from tdo@mplications or due to the
surgical treatment [26]. These complications include pneumonia and blo®thdlo¢ lung [25].
The estimated national direct expenditures (hospitals and nursing Homiesatment of
osteoporosis and associated fractures were $19 billion in 2005 ($52 milliodas@@nd the cost
is expected to reach $25.3 billion by 2050 [25].

Several factors have been implicated in the etiology of bone disaak&fing selenium
deficiency. Still a major public health concern in many parts of the tlarttiwselenium
deficiency has been associated with bone loss [27-29]. However, the metirawhich Se
plays that role is not completely elucidated.

Overall Objective

The long-term research goal is to examine the potential role for seleppptementation as a
prevention strategy for chronic diseases associated with inflammation.

Statement of Problem

The rationale for these studies is that there is not yet (to our knowkedgsdematic
investigation of the role of increased dietary intake of selenium assébfgoprevention strategy
for diseases of chronic inflammation. This research will evaluaénpia synergistic effects of
selenium deficiency and inflammation on bone loss as well as potemtéfidial effects of
selenium supplementation. In addition, the research model also providesfartfasise
investigation of nutrient, phytochemical, and drug effects on bone loss duemdicchr
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inflammation. By understanding the role of Se under normal and inflammeadtey,ghis may
have a significant impact on the dental, medical, and nutritional fields.

Objective

The objective in this research project was to evaluate theeffeselenium depletion and
supplementation on the skeletal response usimg @mo model of chronic inflammation.
Hypothesis

The central hypothesis was that selenium adequate and selenium supplenetsieil tave
better bone quality than selenium deficient diets. The inflammatotynieeais expected to
reduce bone quality.

Specific Aims

The specific aims were:

Specific Aim 1: to assess bone microarchitecture of animals consdiffergnt levels of dietary
selenium. The hypothesis is that higher dietary selenium will reshétter bone
microarchitecture parameters.

Specific Aim 2: to assess bone strength of animals consuming differelst ¢é dietary
selenium. The hypothesis is that higher dietary selenium will redndiria that is stronger.

Significance of the Study

Selenium deficiency has been associated with osteoporosis in growing indiygila This
experiment is innovative as the animal model provides a framework foraleseapply to
human models. The effects of Se supplementation on chronic inflammation Ipdications on
human conditions associated with inflammation such as osteoarthritis &bpétis. The
results of the study apply to Se and its effect on bone quality. If this stodgfisned by more
animal and controlled clinical human studies, it may serve as afbadistary recommendation
for preventing or decreasing the incidence of a selenium deficieladgdadone disorder.

Previous medicinal and dental conditions of inflammation that have rdqgrdinual



hospitalization and extended drug therapy will have a potential treatmesttr&dtiment can be

adapted to current dietary habits, reducing the cost of medicinal caeshedlthcare industry.



CHAPTER Il

LITERATURE REVIEW

Metabolism of Selenium

Selenium is classified as a metalloid and has metaltims such as selenate, inorganic
forms such as selenite, and organic forms such as the amitsosaténomethionine (SeMet) and
selenocysteine (SeCys) [31]. SeCys and SeMet are mostywaeid in plant and animal
sources in protein form [31]. SeCys is a modified amino acid fooursglenoproteins in both
flora and fauna food sources, playing a role in redox reactioastias centers of selenoenzymes
[32]. SeCys does not have a free form due to a selenol)({Bblgp that is highly reactive. Se
in SeMet residues is largely found indiscriminately within pinetein, i.e. a specific codon for
methionyl is not found in proteins containing Se in the form of SeiMsidues [32]. The
accumulation of Se in plants often takes inactive forms suchedet, methyl selenocysteine
(MeSeCys) ang-glutamyl-Se-methylselenocysteine [32].

Selenium as a Component of Protein

The amino acid forms that Se takes are SeCys or SeMet [33]. The tenopsetein refers to
proteins containing SeCys, while proteins with Se as SeMet are caltmmhténing proteins [6,
31]. Seis incorporated within the protein early during the translation gfithary structure

through SeCys. This incorporation of Se at this stage



protein translation makes Se slightly different among otheetedlements [34]. For
example, both Cu and Zn and other metals are integrated intoabpéctive proteins after the
primary structure has been formed [34]. SeCys is codedwiitr a UGA codon in the
selenoprotein mRNA [35]. SeCys is located in the actitee ofi the majority of selenoproteins
that scavenge reactive oxygen species (ROS) [36]. Cegsizintructurally similar to SeCys
except the S atom in cysteine is replaced by Se in SeCys [37].
Absorption and Transport of Selenium

Se consumed through food is readily absorbed at a rate that rasmgesOfto 100% [38].
The major dietary form is SeMet, and it is readily absorbedbaut 90% through a similar
mechanism to that which absorbs methionine [38]. Inorganic S#atsvely poorly absorbed,
and the mechanism of selenocysteine absorption is not well known [38hag&ehbsorption uses
a mechanism common to the one used by sulfate. It depends on'theadllant, and absorption
is maintained by the N&* ATPase [40]. Selenate is absorbed almost completely with some loss
occurring through urine. Selenite absorption, however, is lessstemisidue to interactions in
the gut. Once absorbed, selenite is relatively wellmethwithout the partial loss through urine
seen with selenate [39]. Se membrane transporters have hetréported, but SeMet uses the
same mechanism as methionine [6] (Fig. 2.1).
Metabolic Pathways for Conversion of Se to a Common Intermediate: Seligle

Varying forms of Se are consumed through diet to be eventuafigftraned into a
common active intermediate for the synthesis of SeCys [44] 2F1). Inorganic forms of Se,
selenite and selenate, are reduced by glutathione (GSH) ameldthim reductase (TrxRs) to
selenide [42, 43]. Transportation of Se uses bicarbonate andhpt®$pffer systems. Selenite
is directly taken up by red blood cells (RBCs), while seleimate are taken up by hepatocytes
[44]. Selenite is readily reduced to selenide, in RBCs andimaésells [45]. It is released into
the blood stream and is bound to albumin and transported to thgibye The reduced forms of
inorganic Se are used to synthesize selenoprotein P and glutatkioxéase (Gpx) in the liver
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for release into the bloodstream [46]. The organic forms eyf S&Cys and SeMet, (as
selenoamino acids) are transformed to selenide by a lyasgore [47]. B-lyase transforms
SeCys directly to selenide while SeMet transforms tongdeby a trans-selenation pathway in
the cells(Fig 2.1). Excessive Se intake causes the C-Se bond to be cleaveg pb8iton byy-
lyase of Se Met. This results in the formation of selenide for synthesetepioproteins [48].

Fig.2.1: Metabolic Pathways for Selenium [42]

—+ SeMet || poocl *+— FIUEHS

# i
selenate ] .
| {| SeCys |+ Lfa&f; vprotems
| —
| _— - ) \
+ -
. HSE ——+ Se-phosphate
v
SeCysSeCvstRNA —

SeCys is synthesized during protein formation and converted toideele Selenide is
used to make selenophospate for the synthesis of selenopfd®&irs]. This ATP-requiring
reaction is catalyzed by selenophosphate synthetase [51]. The carbtnsieglaired for SeCys
is derived from serine, and dietary SeCys or SeMet are Bdt[68]. Serine is esterified to the
3" end of the terminal adenoside of tRNAsec UCA to produce Ser-TRNAsec UGKyRNA
synthases [53]. The next step involves the production of selgeauy-rRNASec UCA by the
substitution of serine-OH with SeH from selenophosphate by sekedwy synthase [54].
Degradation of SeCys is catalyzed by selenocysteine héseh releases elemental Se that

converts to selenide to complete the cycle [55].
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Fig. 2.2: Differences in metabolic pathways for selenite and seledaje [
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SeMet does not have a specific codon but uses the same AUG asddet to be
incorporated into general proteins until degradation and re(EBage2.2)[56]. Once released, it
is converted to selenide by trans-selenation or directly by-tygse pathway. The concentration
of SeMet in total body protein is proportional to the concentration of Se fodHe
Mammalian Selenoproteins

The first SeCys containing protein was discovered in mammdl973 [3]. Since then,
more types of selenoglutathione peroxidases (Gpx) have beerfigdeatid characterized [57].
Glutathione peroxidase protects against oxidative damage by mgdgirogen peroxide and
other hydro-peroxides [58]. Phospholipid glutathione peroxidaseXpP-#so function in the
reduction of phospholipid, cholesterol, and cholesteryl ester to mirexs! membrane lipid
peroxidations [58]. P-Gpx plays a role in the structural function of male aproa and offers a
plausible explanation for the male infertility seen in Sdcdafcy [59]. There are also three
TrxRs that function by reducing thioredoxin and helping to maintdinlaethiol redox status
[60]. All of these TrxRs are pyridine nucleotide-disulphide oxidootases that contain
selenium [61]. Specifically, these TrxRs catalyze the NARRRHendent reduction of the redox

protein thioredoxin [61]. Hill and co-workers compared thioredoxductase activity in liver,
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kidney and brain of rats fed selenium-deficient and contra diet14 weeks after weaning [62].
Liver and kidney of selenium deficient mice showed a 4.5% and #ddaced activity
respectively, but inhibition of thioredoxin activity was not seerr&in[62].

Other selenoproteins include a family of deiodinases (finréetal) involved in thyroid
hormone metabolism [63]. Types | and Il are important in the esioveof T, to T3, while the
Type llI enzyme inactivates sT[63]. Selenophosphate synthetase 2 (SPS2), is also a
selenoprotein which synthesizes the Se donor for SeCys biosyrjg#siOther selenoproteins
important in oxidative defense include selenoprotein-W, selenap#®teand methionine
sulfoxide reductase. Selenoprotein P also serves to transport Se to pletiggwers [64].
Selenium Concentration in the Body

The total Se content of the human body is estimated from vacedesver studies to
range from 13-23 mg [6]. Total Se in US subjects was estdret 30 mg using stable isotope
methodology [38]. About 60% of body selenium is stored in various tissuEs as muscle,
liver, blood and kidney, while about 30% is found in the skeletésyalone [6]. Immune cells,
erythrocytes and platelets have a relatively higher coratemt of Se in the body [6]. Normal
levels of Se are reported to be 0.1 — 0.34 mg/L (1.27 — 4.32 umolAwhiter blood cells; 0.04 —
0.60 mg/L (0.11 — 7.6 pmol/L) in serum; 0.03 mg/L (<0.38 pmol/L) in usime <0.4 pg/g (0.01
pmol/L) in hair [33]. The National Health and Nutrition Exaation Survey (NHANES) Il for
US young adults 19-30 years of age reported the mean serum Set@iimeto be 127 and 124
pg/L for males and females respectively [39]. Europeantsadam different countries have
different values [65] which ranged from 86 pg/L in Sweden, Fraaod Italy to 43 pg/L in
Serbia. Values for adults in New Zealand are reported rigerdrom 62 — 69 pg/L [66].
Individuals in low Se areas like in China have plasma Se concentratian-af@ pg/L.

Excretion of Selenium

The primary mode of Se excretion after intestinal absorpsonrine [67]. Dietary

intake, if within normal physiological doses, influences @angount of Se excreted in the urine.
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When intake is excessive, Se tends to be exhaled out into bmesadkition to the urinary route

[68]. Se is methylated sequentially before excretion to produce meihglated Se and

trimethylselenonium as urinary and dimethylselenide as expirab@tabolites [6, 68]. The

concentrations of the two urinary metabolites differ by thenBake: at lower dietary Se intake,
monomethylated Se is mostly excreted while at high levelatény Se intake, the trimethylated
form is predominantly excreted [69]. The monomethylated Se in @winew characterized to be
a selenosugar (Se-methyl-N-acetylgalactosamine) [70]. abyv&e is regulated at physiological
levels by urinary excretion as opposed to other major traceestsriike iron that are regulated
by absorption.

Physiological Functions of Selenium

Gpx

Selenium, an essential trace element for humans, forms pedégios that have a variety
of beneficial effects for the body [6]. These selenoprstéiclude four different glutathione
peroxidases (Gpx 1, 2, 3 and 4), which catalyze the reduction of perthatesn cause cellular
damage [6]. Gpx was described, in 1973, as the first selenoproteinesthretabolic functions
[3]. These enzymes are usually classified in three diffdiems: cytosolic, phospholipd and
extracellular glutathione peroxidases (c-Gpx, p-Gpx and e-Gpx) and Hdferences in
structural, kinetic, immunological and electrophoretic propefffd, 72]. Gpx enzymes play a
major role in protecting cells and tissues from damage byr&dieals and hydroperoxides by
reducing them into their less reactive forms [73]. Both ielfaar and extracellular Gpx are
effective in reducing hydrogen peroxide and other organic hydrogieoxo prevent injury to
cell membranes [3]. Gpx has been used as a major indicatorstéit8e at physiological doses.
The justification for using Gpx as a marker for Se is eelab the linear relationship between
whole blood Gpx and plasma Se when the concentration of Se is beoug/L [74]. When Se

is depleted at experimental and clinical levels, the plaSmaactivity is reduced in humans and
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small animals. In addition, both experimental and clinical Se tiepldave been shown to
reduce tissue, blood, and plasma GPx activity in both humans and rats [75, 76].

Gpx1l: Gpx1 is the classic form of selenium in the body. It iseliet to account for
about half of the body’s total selenium and is found in all tisspemarily in liver, kidney, and
RBCs. SeCys is the active moiety of the Gpx enzyme [77)Gmd. has a primarily defensive
role as it scavenges reactive oxygen species (ROS) geshématn oxidative damage to the body
[78]. A knockout model resulted in mice that showed no apparent acweakth effects [79],
with the exception of higher susceptibility to a Coxsackimsvi[80], and to acute paraquat
toxicity [7]. The cyclic oxidation and reduction of paraquat inlsgelith the resulting in
production of free radicals of oxygen, leads to lung injury and eVetgash [81]. Gpx1 is also
purported to protect bone and cartilage from oxidative damagpobgibly preventing the
accumulation of KD, in the cell67].

Gpx2: This enzyme was first identified from human liver DNAdais enriched in
epithelium especially in intestine and lung [82]. The primary §f&cies found in rat intestine is
glutathione peroxidase-2, and it is postulated to be active psr@xide scavenger [82].
Knockout-mice models of either Gpx1l or Gpx2 show redundancy under healtigjtions.
However, ileocolitis has been shown to develop with mice that tboth Gpx1 and Gpx2
knocked out [83, 84].

Gpx3: Gpx3 is predominantly secreted by the kidney and is the maindbsalenium
found in breast milk [85, 86]. It is most abundantly found in the plg8i#ja The main activity
of Gpx3 is hypothesized to be protection against oxidative damatye imtracellular spaces
(mostly in the kidneys) [88].

Gpx4: Glutathione Peroxidase-4 is found in high quantities in spermeatid [89]. The
reason may be due to the need to reduce the high level of hyakigiesrbeing generated during
spermatogenesis as a substitute for glutathione in case adgdh@®]. Possibly Gpx4 may also
function as a structural protein of sperm [90]. Gpx4 differsftbe previous proteins as the
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ROS species that it scavenges are comparatively 1a8§¢r [Gpx4 is also lipophilic possibly
destroying peroxides along membranes [89]. Deficiency in Gpx4 was found tabmtsswith
increased breakage of sperm mid-piece leading to maletilibfef90]. Gpx4 KO is
embryonically lethal [90]. Additional glutathione peroxidases, ssctax5, Gpx6, and Gpx7
have also been identified, but their functions have not yet been fulifyeciar

Gpx5 Glutathione peroxidase-5, also known as epididymal secrefiutathione
peroxidase is encoded in humans by the GPX5 gene. It is spécicgdressed in the
epididymis in the mammalian male reproductive tract, and is androgelated. The mRNA for
Gpx uniquely does not contain a selenocysteine (UGA) codon. Thus, dbdeenprotein is
selenium independent, and has been proposed to play a role intipgotee membranes of
spermatozoa from the damaging effects of lipid peroxidation aruleventing premature
acrosome reaction [91].

Gpx6: This enzyme is not well studied and is described as an odoedabolizing
protein, with about 40% amino acid sequence identity to Gpx1lebkpgessed in the Bowman’s
gland of the rodent olfactory system [92].

Gpx7: The function of Gpx7 is not well known. To date it has only beand as a Cys
homolog which has not yet been well characterized [6].
lodothyronine Deiodinases

lodothyronine deiodinases consist of three selenoenzymes and areededui
metabolism of thyroid hormones [93]. Thyroxine 5’-deiodinase-1 (DlOet) Type 1, is
abundantly present in liver and converts thyroxig) ¢ triiodothyronine (%) that circulates in
plasma [93]. When Se is deficient, the activity of DIQiécreases and results in lower
circulating T; [93]. Deiodinases Type Il and Type Il (DIO-2 and DIO-3) aresent in different
types of tissues of the body [94]. DIO-2 and DIO-3 produgcant are present in brain, pituitary,
brown adipose tissue, placenta and skin [94]. DIO-3 is important iddiodination of Tand T,
into inactive forms playing a role in maintaining optimum levels oiid T;in the body [95].
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Thioredoxin Reductase (TrxR)

Mammalian TrxRs are selenoenzymes which catalyze reducti@mall intracellular
molecules that regulate intracellular redox state contributingtioxddant defense systems in the
cells [96]. TrxR1 is located in the cystosol and nucleus, whiteR2 is present in the
mitochondria [67]. When Se is deficient in rats, the TrxRvagtis less affected than Gpx1
activity but more affected than selenoprotein P [67]. LosSErxiR activity may be important in
the development of the signs and symptoms of selenium deficiéi¢y [The discovery that
made clear the role of TrxR in reducing vitamin E and dehydrdaeteorto the
semihydroascorbate radical further substantiated seleniumxidatnt role and suggested a
potential anticarcinogen function as well [96, 97].

Selenophosphate Synthetase

Certain enzymes are postulated to be responsible for libgr§e from its conjugates.
Selenophosphate synthetase-1 (SPS1) may be involved in recycliegiuse from
selenocysteine, while selenophosphate synthetase-2 (SPS2) migielarste-reduced selenium
[98]. SPS is a selenocysteine-containing selenoprotein g plrole in providing active Se for
the synthesis of SeCys in mammals. SPS1 is essential for seleimopiaggnthesis [99].

Plasma Selenoprotein P

Other selenoproteins include selenoprotein P, which accountbéat 40% of plasma
selenium and is the main plasma selenoprotein in the body [B8Jas first recognized in the
plasma of rats and constituted about 50-60% of plasma Se [100]. It is secretedvey {©80].
Adverse liver conditions in hospital patients have been showesidt in decreased plasma
selenoprotein P [101]. Se deficiency leads to a 5-10% reductiaselenoprotein P when
compared to control, signifying the importance of dietary Segnlating selenoprotein P [102].
Synthesis of selenoprotein P is given a higher priority coetp&w other selenoproteins and
levels of the protein decline less rapidly than Gpx when exage Se supply is limited [102].
There is also the potential of using selenoprotein P as aeméok Se in individuals with
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adequate Se intake as the level of selenoprotein P correigigdagma Se level [103]. It is also
a transport protein in the blood [104]. Decreased level of $estas and brain and increased
level of urinary Se excretion have been shown in selenoproteioékdut mice suggesting the
important role of selenoprotein P in transport [88].
Selenoprotein W

Selenoprotein W is largely found in muscle and is smallerzia gian selenoprotein P
[105]. Its role is postulated to be as an antioxidant becauses ibéen shown to bind to
glutathione [36]. The discovery of selenoprotein W came fioeninivestigation of the factor
involved as the cause of white muscle disease in Se deficient sBégp [1

Other selenoenzymes important in coping with oxidative stredsdes selenoprotein R
or methionine-R-sulfoxide reductase as it is produced during oxeddburden [107].
Selenoprotein K and Selenoprotein S are unique, being the onlfietk selenium-containing
membrane proteins [92].

The Relationship of Se with Selenoproteins

The selenoproteins represent the largest portion of Se in the body aeduaéed by the
SeCys pool [67]. The effect of Se levels on selenoprotein imetias studied in rats and
showed differential expression of selenoproteins based on theatse sf the body [108].
Severity of Se deficiency leads to significantly lod@rels of mRNA for GPX1 activity in Se
deficient male rats which showed a decrease of 1% to 7% cedparSe adequate animals
[108]. Severe Se deficiency leads to significantly loweelke of mMRNA for Gpx1 and of GPX1
protein [109].

When weanling rats fed Se deficient diet were supplemented with gratey &e, the
liver GPX1 and its mRNA showed a sigmoid response with increased respitingncreased
level of dietary Se intake [110]. The study showed, when Se intakehisr ltigan 0.1 pg Se/g
diet, the Se status fails to regulate both GPX1 activity and its mRNA&ontrast, the liver GPX4
activity decreased only to 40% of the Se adequate level and reachésha pte0.05 g Se/g diet
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while the mRNA for liver GPX4 remained not significantly affected bynake [110]. The
activity of plasma GPX3 was also reduced in these deficient rai8%o af the level in Se
adequate rats and reached a plateau at 0.07 g Se/g diet [110]. Other sndiesiahstrated
that liver TrxR, DIO-1 and selenoprotein P activities in Se deficielecyeased to 5-10% of the
Se adequate level [111].

In conclusion, these studies show obvious differences in level of selexinptoy Se
status. When Se is deficient, there will be reduced levels of setéeimsr[67]. Factors other
than Se deficiency need to be considered when Se status is evaluatesg:igsiogroteins [110].
Considering the progress in the sequencing of the human genome and the dentft sc
advancement, mRNA evaluation of selenoproteins might need to be the prafgsreach in
evaluating Se status in the future.

Food Sources of Selenium

Selenium concentration in grains and seeds is associathdthei variable selenium
content of the soil used to grow the plants [1]. Food growar@as where Se is deficient has
much lower levels of Se/g compared to food grown in selengesoeas [30]. Therefore, cereals
and grains range from <0.1 to >0.8 ug Se/g while fruits anetablgs usually have less than 0.1
pHg Sel/g [30]. Se content of livestock also depends on Se taftéme food they consume.
Concentration of Se in organ meats and sea foods ranges from1054itg Se/g. Muscle meats
contain 0.1 to 0.4 pg Se/g and dairy products contain 0.1 to 0.3 pg Se/g [30]. In the United States
most livestock are supplemented with inorganic Se and amoods here have levels of Se as
selenoproteins closer to 1.5 ug Se/g [30]. Organ and muscle meats aferehgo®d sources of
selenium. Pork, beef, chicken, and eggs are the major sourselemium intake in the U.S. diet
[112]. Generally, drinking water has insignificant amounts ob8ewell water in seleniferous
areas may contain higher Se content.

Human Requirements for Selenium
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The upper limit and RDA set by the Food and Nutrition Board (FdfBhe Institute of
Medicine is still disputed [6], because factors such asythe of Se compound, exposure time,
physiological status, an unregulated SeMet pool, and interactitimetiver metals are important
[88]. The expression of selenoenzymes, on the other hand, is regulated $tatus so a
biochemical approach (instead of dietary intake or tissue ntmatien or balance study) was
used to determine the RDA for Se intake. In 1980, an initiahattd safe and adequate daily
dietary intake was extrapolated for humans (50 to 200 pg Se/d)anomal experiments that
assessed Se status using the activity of GPX [113].

In 2000, however, the FNB of the Institute of Medicine evaluatedet of Se that
plateaued the plasma Gpx3 for Chinese men and adjusted themeznt for North American
males to 55 ug Sefdable. 2.1) The data from New Zealand was evaluated by the FNB and the
plasma Gpx activity increase between the group who consumed 38dugesefound to be not
different from the group who consumed 68 g Se/d and the Estimatedjdvetake (EAR) was
suggested to be 38 pg Se/d. The Adequate Intake for infanBefmaries according to age.
Based on level of Se concentration in breast milk, 15 and 20 pgsSsdttulated for under six
months and 6-12 months old infants respectively. The RDA during pregnancy is 60 pgsgd/d ba

on fetal transfer and Se excretion in n{illable 2.1)

Table 2.1: Selenium intake recommendations for healthy US and Canadian populations [113]

AGE (years)
0-6 7-12
months| months 1-3| 4-8| 9-13| 14-50 >70 Pregnancy Lactatjon
Al
ug/day 15 20 - - - - - - -
RDA - - 20 30 40 55 55 60 70
pg/day

Al: Adequate Intake; RDA: Recommended Dietary Allowance
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The recommendations for Se intake in the rest of the woedoaver than the United
States of America which recommends 55 pg Se/d for all persoyesatsland abov@able 2.1)
The World Health Organization (WHO) recommended Se intakedbais Se needed to achieve
two-thirds of maximum achievable Gpx3 activity [114]. With adpestt for inter-individual
variations taken into account, 40 pg/d and 30 pg/d were proposedulomales and females
respectively which is in line with typical Se consumption ldwide (Table.2.2)[114]. The New
Zealand study used 67% of maximum Gpx3 activity and calculatedraa&e recommendation
of 39 pug/d, which was similar to what the value WHO recommended.

Table 2.2: Recommended nutrient intake (RNI) for selenium (pg/day) [115]

Average normative regquirement

Assumed Sey Sep” KRNI,
Age Group Weight (kg/day) (total/day) pe/day

Infants and children

0—6 months & 0.8B5 5.1 6

7—12 months o 0.91 8.2 10

1-3 years 12 1.13 13.6 17

46 years 19 0.92 17.5 22

7=9 years 25 0.68 17.0 21
Adolescents

Female,10-18 years 49 0.42 20.6 26

Male, 10—18 ycars 51 0.50 22.5 32
Adults

Female,19—65 years 55 0.37 20.4 26

Male, 19-65 years 65 0.42 27.3 34

Female, 65+ years 54 0.37 20.2 25

Male, 65+ years 64 0.41 26.2 33
Pregnancy

2nd trimester 28

3rd trimester 30
Lactation

(-6 months post-partum 35

7—12 months post-partum 42

Recommended nutrient intake (BN1)

Selenium Interaction with other Nutrients

Se interacts with several other nutrients that affestatitioxidant system. Copper and

zinc are part of superoxide dismutase (SOD), and iron is paament of catalase [43]. Se also
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interacts with vitamin E in minimizing lipid peroxidation [11&hd with vitamin C as TrxR
catalyzes regeneration of the reduced form of vitamin C ftemoxidized form, dehydroascorbic
acid [117]. The role of Se in iodine metabolism makes itimnamortant nutrient in thyroid
hormone synthesis [118]. The effect of iodine deficiency is exkated with concomitant Se
deficiency. Se dependent enzymes iodothyronine deiodinases areamportconversion of ;Jf
to its biologically active form of J[63].

Technigues of Determining Selenium Status

The common techniques for assessing selenium status include mesguoé selenium
concentration in blood, tissues, and excreta.
Plasma Se

Protein bound Se is associatedutandp - globulins of lipoproteins. Plasma and serum
Se concentrations are comparable and both reflect short temgeshan Se intake, mainly of
SeMet compared to inorganic forms of Se [119]. SeMet is noesiutyy homeostatic control as
this form of Se incorporates into tissue proteins in place ofiorehe [120]. Plasma Se values
less than 0.1 pmol/L are associated with depletion and wuiticall features of deficiency [121].
There are no universally agreed upon cut-off values fonmaese [122]Cut-off points suggested
by Thomson are only for assessment of the adequacy of Se [128&phaPta serum Se are
measured more accurately using inductively coupled plasma pecsanetry (ICP-MS) [122]
Plasma Se is said to be affected by Se intake, age, pubegyapoy and lactation, prematurity,
smoking and chronic diseases in humans [122]. Due consideration ngisebeo these factors
while interpreting results.
Whole Blood Se

Whole blood Se is stable and is used as an index of longSerimtake [122]The whole
blood Se changes after a period of depletion (months), which makes tlensgii@ of current Se
intake with whole blood concentration somewhat difficult toeaisge [122]. As a result, criteria
for interpretation of the values of whole blood Se have nobgeh established. Whole blood Se
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could also be assessed using AAS and ICP-MS, though the arialgaid to be difficult. Factors
affecting plasma Se affect concentration of Se in whole blood ash&2]l [
Erythrocyte and Platelet Se

Erythrocyte Se is mostly associated with the hemoglobin, vamile 15% is associated
with its glutathione peroxidase. This too reflects long term Se staiupebple consuming stable
intakes of Se, positive correlation was seen between erythspcplasma and dietary intake
[124]. Erythrocyte Se is lower in disease conditions that aibsbrption of Se, and it responds
slowly to Se supplementation compared to plasma Se. The Igmged required for the
synthesis of the erythrocyte and the limited transferalmfityemoglobin-bound Se contributed to
slow response of erythrocytes to Se supplementation [125]. The dfpSe used for
supplementation determines the rate of response by erythro@yteserythrocyte response to
supplementation with inorganic Se is slower than with SeMet) thaigh SeMet is not subject
to homeostatic regulation [126]. Determination of erythrocyte 8eti®ighly recommended due
to problems with measurements. Information on factors affeetiyifprocyte Se concentration is
lacking but associations exist between chronic diseasesiadf&= absorption, long term low Se
intake, genetic diseases such as sickle cell anemia and Down’s syrniigdthe
Urinary Se

Se excretion in urine helps to regulate homeostasis of Se bothyeand it is the major
excretory pathway for Se (50 - 60%), while the remainder gergted via feces [128]. Urinary
excretion correlates well with dietary intake and plasmaish that dietary Se intake can be
roughly estimated to equal twice as much as urinary Se [129]atyrSe excretion is lower in
females, pregnant women and aged people [48d8]reduction of Se in the aged population is
associated with reduction in muscle mass [130]. Urinary 8sdd as an index of toxicity and the
allowable maximum concentration is at 1.3 pmol/L [131]. Fasting urine samplpsederred for
measurement of urinary Se at the population level [12ZXJuorometric method is commonly
used to measure urinary Se but the AAS method can also be used [122]
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Gpx

Glutathione peroxidase activity in cells and plasma is useitidoassessment of long and
short-term selenium deficiency, respectively [30, 132]. When 8kdrns below threshold (1.15
pmol/L), erythrocyte Gpx1 activity is used to assesstSeis and it correlates with whole blood
or erythrocyte Se level [133]. The correlation no longer &xidten Se intake is beyond the
threshold value making it a difficult indicator of Setg$a[134]. Gpx1 activity in platelets is
also a sensitive indicator as platelets contain sigmifigehigher concentration of Se than any
other tissues and have a high turnover. On the other hand, plafeeatton is difficult [134]
Gpx3is measured more accurately than other glutathione peroxidadéscantains 12% of the
Se in plasma [135]. A strong correlation has been identifiedeleet plasma Se and Gpx3
activity [126], and plasma Se and Gpx3 are said to be good meat@estatus [120]Plasma
Gpx3 activity increases following supplementation and thisotsdependent on the type of Se
used for supplementation [122]. Gpx3 is also used in population studés Be status is low
[124]. Gpx3 is more stable at -80°C than Gpx1 activity. Enzymedimkenunosorbant assay
(ELISA) kits are also used [122]
Plasma selenoprotein P

Selenoprotein P is said to be more sensitive to Se defjctBan glutathione peroxidase
activity [133]. Response to Se supplementation by selenoprotsihighier than Gpx3 [13&ind
selenoprotein P and plasma Se correlate positively with s stfil22]. Optimal level for
plasma selenoprotein P has yet to be defined [122]. Selenopkoteould be measured by
competitive radioimmunoassay usifi§e labeled human selenoprotein P [135].
Molecular biomarkers

In rodentsmRNA levels used to determine Se requirements have revealethechiein
the transcriptome level of selenoprotein expression [137]. Ggpxéss labeled than other
selenoproteins in Se deficiency [137], while Seppl (gene that enseléesprotein P) and DIOI
MRNA levels decrease less than Gpx1l mRNA levels [138]. Sumtlealeagues reported that
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blood Gpx1l mRNA can be used as a molecular biomarker to verifgrgli€e requirements in
rats [139]. Barnes and co-workers characterized thedséaton of rat molecular biomarkers in
liver, kidney, and muscle in Se depleted (<0.01 pug Se/g did® weanling rats and rats with
graded levels of Se (0 — 0.8 ug Se/g diet). Most selenoproteinAmiRd found not to be
significantly regulated by Se status, with the exception Ensphosphate sythetase-2, which
was up-regulated in Se deficiency. No biomarkers for Sesstketermination were characterized
for high (> 0.8 pg Se/g diet) Se intake [140].

There is inadequate data on the biomarkers of Se status in h{@8hsSunde and
colleagues conducted a longitudinal study in the U.K. measuringfflteacy of molecular
biology markers for assessing Se status in humans [141]. Hmoaddi biochemical markers like
levels of plasma Se, selenoprotein mMRNA levels from ~4ficjnts with an average plasma Se
concentration of 1.13 + 0.16 pmol/L (35.13 + 5.44 mg/L) were takenddscular biomarkers.
No significant change was seen over time in mMRNA levelslenels did not correlate with
plasma Se, indicating that the subjects were on the plafehe Se response curves. Although
the molecular biomarkers were readily detectable, they diddistinguish differences in Se
levels, particularily when plasma levels were this low [141].

Hair and Toe Nall

Hair and toenails can be used as indicators of short-termoagedrm selenium intake,
respectively [122]. There are 4 main analytical methods used &sasdenium status [142-145].
Selenium status determination through fluorometry requires vegisg;, minute measurements
of Se with the main risk being Se loss during dissolution ofvangsample [142]. Neutron
activation analysis is also used for Se measurement in lwalogamples, and is a relatively
faster method. However, it requires the use of researctoregt43]. Routine analysis is more
commonly performed by atomic spectroscopy using either hydride genefs44] or graphite
furnace [146]. Inductively coupled plasma-mass spectroscopy sanbal used to measure
selenium in combination with analysis of other elements [145].
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Multiple Indices

For individuals with low Se status, the measurement of t@arel Gpx3 in plasma is
recommended [122]. For those having adequate Se status, Seatédlise assessed by total Se
in plasma and erythrocytes as a marker of current and longer term stgteictively [122]When
blood collection is limiting, analysis of toenail Se isaeenended as a marker of long term Se
status. When Se status is studied as a risk factor iseask, interaction of Se with other
antioxidant nutrients, polyunsaturated fats, heavy metalsodiree status must be investigated to
rule out any confounding effects of these nutrients [122].

Selenium Deficiency

Manifestations of Se deficiency are species specific. inemdeficiency causes
degeneration of muscle and organs such as liver and pancreespesdlctive failure in male
rodents due to defects in sperm production [147]. Rats fed on a dietdbatdeficient in Se,
vitamin E and sulfur amino acids developed liver necrodisswcaused reproductive failure and
death within three to four weeks. Diets deficient in Se bttimeitamin E and sulfur amino
acids fed to rats and chickens showed that Se wasrsgbsential nutrient [148]. Se deficiency
in mice results in multiple necrotic degeneration of skeletascle, heart, kidney, liver, and
pancreas and reproductive failure. [148]. Knockout mice modelshemreused to show Se as
key in neurological function and gastrointestinal disease [100, 149].

Various species of food animals have different responselrémic Se deficiencies [6].
Mulberry heart, a cardiac condition, is present in swine low of6®e Lambs present with
muscular dystrophy known as white muscle disease. Turkeysogegizizard myopathy and
cattle develop myopathy of skeletal and heart muscle [67]cafiihe, Se deficiency resulted in
muscle myopathy and reproductive system problems, manifested adu&jwe failure in bulls
and retention of placenta in cows [147]. Chickens with severéeficiency manifested with
symptoms related to exudative diathesis secondary to degenerfatiapillary beds [147] . The
reasons for these species specific manifestations of Se deficee not clear.
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In humans, selenium deficiency is associated with Keshan djsehih is an endemic
juvenile cardiomyopathy due to low Se intake [150]. It is repomeinly in areas of China and
Eastern Siberia where low Se content in the soil is commearf Se content 0.125 ug/g) [151].
A comprehensive supplementation of Se in the 1970s was used totdteshan disease in the
peasant population of certain hilly and mountainous regions in @hthasoil low in Se [66].
Several studies contributed to the decisions for the governmentagsigophtion program [152].

More recently, selenium supplementation for children in Kashin Bes&ase-affected
areas of China has been investigated by Chinese scienitkdk [ Bai and colleagues orally
supplemented children ages 3-13 years with sodium selenite rudm@ounty of the Ganshu
Province for 2 years. In children, selenium content increased36oing/g to 251.7 ng/g and
metaphyseal damage detected by finger X-ray decreased from 18.2%4%. In children
without supplementation, however, the researchers saw an inanethgedetected metaphyseal
damage of finger X-ray from 57.6% to 65.5% showing that selenium sueptation promoted
lesion repair [154]. In Guide County of the Qinghai Province,rnd eolleagues administered
three different types of oral selenium supplementation to emldiThe supplementation period
lasted for a year and showed a therapeutic effect on metghhjgints. Additional data on
participants were not available [155].

A report from New Zealand of patients given total parentaustition (TPN) without Se
supplementation showed a tendency towards Se deficiency [156kr #tgery and TPN,
patients exhibited symptoms including dry flaky skin, bildtemascular myalgia and pain with a
great drop of plasma Se from 25 pg/L to 9 pg/L after surgery and TPN [156].

Selenium and iodine deficiency interact and lead to the developofeendemic
myxedematous cretinism manifested by goiter and lowered igetetle and neurological
disorders [147]. Se supplementation alone without a concurrent isdppementation leads to
aggravation of the condition due to activation of deiodinases, whichased synthesis of; T
exacerbating iodine deficiency [157].
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Selenium Toxicity

Acute and chronic selenium toxicity were first reportedignsen livestock due to high
soil levels resulting in the accumulation of selenium in platE8]. Inorganic selenium and
selenoaminoacids have increased bioavailability and could be tbx@nsumed in excess, as
opposed to methylated forms (trimethylselenonium chloride, dimetaglde) which are less
toxic. Hydrogen selenide is in comparison the most toxic form. bidraechanical mechanism
underlying selenium toxicity is not known. The human body lacks homeostathanisms to
control or reduce Se absorption even under chronic toxic inte [Safer and colleagues
reported selenite inactivating eukaryotic initiation factar PL59] but more detail is not well
known. To examine the mechanism of toxicity in mice, Hasegawa @lehgues investigated
the liver of Imprint Control Region (ICR) male mice treated witlesetystine [160].

In humans, modest intakes of selenium (<800 pg Se/d) are mi¢need to be
toxic[161]. A study in South Dakota and Wyoming on Se in the wafssly showed no signs
of selenium toxicity in 142 subjects who consumed as much as 7&kfdg162]. Increased
levels (50x higher than the standard 10 pg/L) of inorganic Seslinvwater resulted in increased
Se in urine in humans but not in blood [162]. Blood concentration in this didiahot reflect the
exposure to increased Se intake [162].

More common than acute selenotoxicity is human chronic selenium toxicity vesohs
in hair loss and brittle nails [163]. Exacerbated selenosisemeswith skin lesions,
gastrointestinal issues, nervous system disturbances and moftling teeth [161]. Abnormal
endocrine function, reduced synthesis of thyroid and growth hormones,dutgdemetabolism
of insulin-like growth factor have also been reported. d&éfen the immune system have also
been documented with low natural killer cell production and hepatatpXi€4]. Excess Se has
also been postulated to inhibit protein synthesis and increaseskhef cancer by catalyzing
hydrosulfide oxidation [164]. In China, nail morphology was used as an entipoadtulate the
no-observed adverse-effect level (NOAEL) for selenium [169]he participants with nail
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problems exhibited lower glutathione concentrations and slightly longgrrpmbin times [165].
Yang et al calculated 853 pg Se/d as the NOAEL value [165|haavas used to set the UL of
Se at 400 ug Se/d [163].

Fatal toxicity from supplements has also been reported. Helzbngrcolleagues
reported 13 people who took dietary selenium with 27.3 mg Se/tableth wisis 182 times
higher than indicated on the label [166].

McConnell and Portman reported in 1952 the median lethal dose foatricg g of Se
as dimethyl selenide per kg of body weight (1.8 g of dimesiey¢nide total injected through
intraperitoneal injection), and 1.6 g of Se per kg of body weight (8ithghtyl selenide) for rats
[167]. In rats, 0.1 pg Se/g diet is the minimum dietary requireradmke intake over 2 pg Se/g
diet produces toxicity [67] resulting in a 20 fold factor diffiece between the requirement and
the onset of toxicity. Wilber reported the toxicity in ratsdifferent selenium compounds
injected via the intraperitoneal gland, and found sodium aedeto be 5.5 — 5.8 mg/kg body
weight [168]. Raines and Sunde measured Se regulation of theréiascriptome (all RNA in
the cell) in mice and rats with three microarray experimerithe weanling mice and rats were
fed Se-deficient diets supplemented with up to 5 pg Se/g diety fbund no toxicity effect in
mice at 0.2 pg Se/g diet and in rats at 2.0 pg Se/g dies f&tS pg Se/g diet showed 23%
reduced growth when compared to Se-adequate rats, and signjfiglaetbd expression of over
1000 liver transcripts. High but non-toxic Se intake for boitenand rats (less than 2 pg Se/g
diet) had fewer than 10 transcripts altered [169].

Effects of Selenium on Bone

Antioxidant protection can be observed from physiological doseglehism. As an
essential cofactor of glutathione peroxidase, selenium is tamgain the reduction of hydrogen
peroxide: a product of oxidized species [170]. Dreher and colleaimged antioxidative
defense for human fetal osteoblasts that was mediated by expressduogletperoxidase. Their
evidence suggested that glutathione peroxidase expressi@eiiaisfor osteoblast function and
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could be involved in metabolic bone diseases [171]. A model ofihepduced osteoporosis in
New Zealand white rabbits showed sodium selenite to restore stluaiterations in femur when
taken in combination with vitamin E and C [172]. Rats suppleadewith selenium (0.15 mg/kg
diet) showed less necrosis in the chondrocytes of the growds giktibia when compared to rats
fed a diet from Kashin-Beck disease endemic areas. Téeglaowed better bone volume/tissue
volume ratio (BV/TV), trabecular thickness, and trabecular numéied reduced trabecular
separation [173].

Impact of Selenium Deficiency on Bone Health

Selenium deficiency is associated with Kashin-Beck diseasesevere type of
osteoarthritis that affects the bone and joints [174]. la idegenerative, disabling endemic
osteoarticular condition that affects the bone and joints &utferers, with a typical onset in the
first or second decade of life.

Kashin-Beck disease (KBD) was first identified in 1849 by usdfan doctor, Nikolai
Ivanonvich Kashin, but its cause is still unknown. In Tibet, thie fiastors seem to include
selenium deficiency in the soil [10], fungal contamination of bateg staple grain) [175],
organic matter (fluvic acid) in the water [10], and iodine deficy [176]. Kashin-Beck disease
has been reported in certain areas of Tibet, northern China,difmn8iberia, and North Korea
[10, 177]. Thirty million people are reported to live in areaChfna where the disease is
endemic, and about 2-3 million of this population are estimated to be dff&6ie

Early symptoms of KBD in pre-adolescents and adolescenisdmdtiffness, swelling,
and pain in the interphalangeal joints of the finger; spmgtthat are reported as been reversible
[9]. Disease progression into the third decade of life pteseith generalized osteoarthritis in
the elbows, knees, and ankles, and with joint locking [9, 178pai@d bone development as a
result of degeneration and necrosis of the bone’s epiphysealhgplate has been suggested by
Ge and Yang [179]. While selenium deficiency is acceptea @asuse of the disease, all
selenium-deficient areas do not exhibit the disease, intiplicather factors as necessary for full
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development of true Kashin-Beck disease. Kashin-Beck dide#s been suggested by Suetens
and co-workers to result from oxidative damage to cartilageb@né cells when associated
which decreased antioxidant defense [180].

Reactive oxygen species are produced during the process of lzomptiom. Active
osteoclasts produce superoxide, Nfdd HO,. H,O, is believed to be the principal stimulator of
bone resorption. Modulation of,8, may be an important way by which bone metabolism is
regulated [181]. It has been found that (Qroduced by both the osteoblast and osteoclast and
that it has major effects in producing osteoclast detachnmehexrerting a toxic inhibition of
bone resorption [182]. Key and colleagues conducted a studyutpgested that superoxide
generated at the osteoclast-bone interface is involved in bomx megradation [183]. The
researchers localized superoxide formed along the osteoclasinbenfi@ce by demonstrating the
electron-dense deformazan granules between the osteoclastlranenand the bone surface.
The formation of this reaction product was inhibited by a superoxide scaytrgdeferoxamine
mesylate-manganese complex, confirming the specificity of #riom product. The scavenger
also inhibited bone resorption. High concentrations of superoxide generaitd at neutral pH
degraded osteocalcin into numerous peptide fragments, demonstratimjithieof superoxide to
break peptide bonds [183].

The deficiency of selenium played a role in the etiology o$hiaBeck disease in
selenium-deficient male Wistar rats [184]. The ratsewled the Se depleted diets for 3 — 11
months, after which they were killed. Their articular tagis were studied both with light and
electron microscope but no clear changes in the articular chgtesosere observed from light
microscopy. The electron microscope, however, showed degeneratiendedper layers of the
chondrocytes. Sasaki and colleagues also measured the bone minsitgl (@MD) of femur
using the microdensitometry method and ash weight. Rats iSelaeficient group sacrificed
from the %' month onward had lower BMD (ash weight). Serum Se concentratitkadine
phosphatase activity, and urine Se concentrations were decreaselll a484]. Mice fed a Se
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deficient diet and supplemented with fulvic acid had decteaagilage in the knee joints and
developed fibrocartilage at the articular surface, sintbaearly stages of osteoarthritis [185].
There was also underdevelopment of the articular space andcagnighile the subchondral
bone was poorly formed, and early differentiation was not seémgdemdochondral ossification
[185]. Similarly, Yao and colleagues investigated the effe€tsupplemental selenium and
selenium with iodine on bone and growth plate cartilage histolo@gdfistar rats of both sexes
that were randomly given either a control diet, a depletédalselenium supplemented diet, or a
diet with both iodine and selenium [153]. After 4, 8, and 12 weeks, rats were randorifigeshcr
and the left knee including the distal femur and the proximal tilgis harvested and fixed in 4%
(w/v) formaldehyde. The static parameters analyzed cods$tine bone volume/tissue volume
ratio (BV/TV), the trabecular thickness (TbTh), the trall@ciseparation (TbSp), and the
trabecular number (TbN). The rats on the depleted diet had catmply reduced BV/TV,
TbTh, and TbN while TbSp was increased [153].

Selenium deficient and fulvic acid supplemented mice, consideredramng and
colleagues [161] to be an animal model of Kashin Beck-diseadé;rbgular bone formation and
substantial reduction in the number of lysine residues in typddgenl from bone and type I
collagen from cartilage. A lower melting point of type | agkn from bone, and lower breaking
force of bone were also found in the animals. In a study aingingntlerstand the role of
selenium deficiency in the etiology of Kashin-Beck diseaszsald and colleagues [159]
observed decreased femur ash weight, and a decrease in theusielfate activity (involved in
glucosaminoglycan synthesis) in 3 to 11 month selenium-deficient rats.

Suetens and colleagues [155] also suggested a second mechanisioy witgreal
stimulation of bone remodeling by thyroid hormones may be blockeabgirc mycotoxins in
the fungal contaminated grain. Chasseur and colleagues [149]tdibserve a decrease in the
prevalence of Kashin-Beck disease by iodine supplementation wiegal speciesAlternaria
sp) was present, and thus suggested a competitive binding of aaxiyctii a thyroid hormone
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receptor in bone cells. Fulvic acid, an environmental comi@miinvolved in the etiology of
Kashin-Beck disease, has been shown to covalently bind with iddi@¢ suggesting that fluvic
acid may interfere with iodine bioavailability.

Ren and colleagues studied the role of combined selenium and deficiency in bone
development as a possible experimental model for Kashin-Beée&avthropathy in 48 Sprague-
Dawley rats and showed that combined selenium and iodine defidimpeajred the growth of
bone and cartilage [163]. The rats were randomly divided iotw @ifferent diet groups:
Selenium and iodine deficient, selenium sufficient and iodin&idet, iodine sufficient and
selenium deficient, and selenium and iodine sufficient diets.y Tdwend that mean tibial length
of rats fed the depleted diet was significantly short€he group that consumed the selenium
sufficient and iodine deficient diet had smaller prolifea zones and thinner growth plate
cartilage [163].

Role of Pro-Inflammatory Cytokines and Free Radicals in Bone Las

Normal growth and development in young growing mammals (humans and rodents)
depends on many factors including growth hormone (GH), thyroid hormones aitthmait
status. The growth promoting effect of GH is believed to be atedliin part by insulin-like
growth factor-1 (IGF-1) [164]. Growth hormone causes the ligad (to a lesser extent other
tissues) to produce several small peptides called somatonfatlieast four somatomedins have
been isolated), that in turn have potent effects of increasing all aspbotseagrowth [165]. The
most important of these is somatomedin C, also called IGF-1, whidhrin regulates GH
secretion through a feedback stimulation of somatostatin [164]. @dtland IGF-1 influence
bone growth and increase bone mineral content and bone mineral deiGily [ The
bioavailability and bioactivity of IGF-1 are modulated by IGReihg protein-3 (IGFBP-3), a
GH dependent glycoprotein and the main carrier for IGF-1 in blood [164].

Yanavski and coworkers [166] investigated bone status anéwhbks lof IGF-1 and IGF
binding protein in white and African American girls and found BNB™D and free IGF-1 to be
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higher in African American than white American girls, whii@Fbinding protein-3 was similar
or lower in African American girls. In the study, free IGKas positively correlated with BMC
and BMD in both groups.

A study by Basu and colleagues examined the role of fodeata in bone resorption by
looking at the effect of oxidative stress on bone mineral de(BMD) in 48 women and 53 men
from a population-based study. The specific biomarkers they examiriaded 8-iso-PGlw (a
major k-isoprostane and a biomarker of oxidative stress) and a gatfireto-dinydro-P G
(a biomarker of inflammatory response) through analysis afeusamples and quantitative
ultrasound (QUS) measurements. Through multivariate lingaession analyses, 8-iso-PGF
were negatively associated with bone BMD and QUS, while socadion was found for 15-
keto-dihydro-PGFEF=. Their findings established a biochemical link between incceasilative
stress and reduced bone density [167].

Bone turnover is regulated by a balance between osteoblast (bone-forativity) and
osteoclast (bone-resporption) activity [5, 156] . Smith and colleagpested the use of 90-day
time-release lipopolysaccharide (LPS) pellets to study effectslaimation on bone [168]. To
develop an in vivo model of bone loss induced by chronic systemic inflammationyfiewens-
month-old male Sprague-Dawley rats (Harlan, Indianapolis, IN) were randesi@nad to one
of three groups: Low dose LPS (3.3 pg/day), high dose LPS (33.3 pg/day), or placeb@ts Th
were anesthetized with an intramuscular injection of a ketaminedsapine/atropine cocktail
(35 mg, 1.5 mg, and 0.04 mg per kg body weight, respectively) for implantation alldte p
Tail blood samples were collected at one month, two month, and three month pointstadyhe
period for a neutrophil count. At the end of the study, day 90, rats were anediH2Exe\
scanned, and bled via cardiac puncture. To assess the alteratama nedulators of bone
metabolism and inflammation-related proteins in the proximal metapbiysis tibia,
cyclooxygenase (COX)-2, tumor necrosis factor (TMF&nd interleukin (IL)-f expression
were evaluated by immunohistochemistry. Neutrophil counts were elePat@dd’) in the low
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(971 x 16 cells/mL) and high (1049 x i@ells/mL) dose LPS groups at 30 days compared to
placebo (405 x Tocells/mL). Neutrophils remained elevated in the High dose group at 60 (912
x 10° cells/mL) days and at the end of the study (860%c&0s/mL) indicating that inflammation
was still present and the animals had not yet developed a tolerahedissiie level.
Immunohistochemistry revealed LPS induced a dose-dependent increase preissiex of
COX-2 — the rate limiting enzyme in Pgproduction — in the proximal tibial growth plate region
and metaphysis. An increase was also seen ind &ifd IL-13 (P<0.05) in the tibial metaphysis.
In the epiphyseal region of the proximal tibia, the only inflammatory nadiathave this
behavior was COX-2. TNE-and IL-13 showed increase in this region of the tibia only in the
high dose group. In general, osteoclast and monocyte-like cells had stroagsityirof staining
for IL-18 and TNFe in the proximal tibia metaphysis than in the epiphyseal plate. Bone less wa
confirmed through DEXA and uCT analysis of excised femur and tibia [168].
Indicators of Bone Quality

The quality of bone is defined through measures of bone streigth as material
properties (collagen and mineral), which are affected by turnawmedr structural properties
(geometry and microarchitecture) [169]. Bone quality may berrdated by several factors,
including its properties that affect its strength. The geoymof bone consists of the size and
shape of bone. The size of bone is a determinant of bone strength. Reduced b@heonitesmt
and a smaller vertebral bone were seen in women with fractiirthe spine [170]. Silva and
Gibson developed a 2-dimensional model of human vertebral trabécua from four women
(ages 47, 55, 85, and 86 years) and investigated its mechanicaldoalsing finite element
analysis [170]. The structural arrangement of bone (micrdantbre) is also strongly related to
bone strength [171]. Turan and colleagues studied the microarctétécteats fed diets with
graded quantities of selenium and vitamin E. The stiffnesglflos of elasticity) of bones
(femur and tibia) was measured by a tensile test, and biomeahaméength of both the deficient
and excess groups were decreased when compared to control [171].
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Collagen content and structure also affect bone quality. Thereeduced concentration
of cross-links in bones from patients with osteoporosis [169]lagen has smaller influence on
the stiffness of bone, but improves bone toughness through intramoleoodarlinks [172].
Collagen fiber orientation explained 71% of variation in bone tnsitength in a linear
regression analysis [173]. Bone is formed by the productiorpadtain framework that hardens
when calcium and phosphorus are deposited on it. Bone strength ppghddeon this mineral
deposition [173]. Apart from bone mineral content, the perfection and d@hgrity of mineral
crystals are also important determinants of bone strength [173].

Bone Mineral Density

Bone mineral density refers to the amount of minerals in a thineersional volume of
bone. However, bone mineral density is also estimated by deafye X-ray absorptiometry
(DEXA) based on a two-dimensional area. There is a strong correlatiorebdtaeture risk and
low bone mass. The WHO has developed diagnostic categoriesothpire a person’s bone
density with the peak value for a healthy young adult usingseoife [174]. A normal bone is
indicated when bone mineral density or bone mineral content is vitbiandard deviation (SD)
(+1 SD or -1 SD) of the young adult mean value. A low bone gefasiteopenia) is indicated by
a bone mineral density or bone mineral content of 1 to 2.5 SD beloyeting adult mean (-1 to
-2.5 SD). Osteoporosis is defined by a bone density or bone mioetaht of 2.5 SD or more
below the young adult mean (>-2.5 SD). Severe osteoporosis i® saist when bone mineral
density or bone mineral content is more than 2.5 SD below the yauigmean and there have
been one or more fractures due to osteoporosis [174].

Bone Microarchitecture

Bone mass is not the only property that affects bone strendté.microarchitecture of
bone is also an important factor in strength, and is considereteasuring bone mechanical
properties. Bone microarchitectural parameters of trabecularlizerteabecular number (TbN),
trabecular thickness (TbTh), trabecular separation (Tb&pnectivity density, and parameters
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of cortical bone such as width and porosity indicate bone fragilitgpendent of bone density
[175]. An aged model of human vertebral trabecular bone was develo@ddnnd Gibson by
concurrently reducing the trabecular thickness and trabenutaber of a young model with
intact values. Trabecular number and thickness decreasgirig. a Increase of trabecular
thickness alone in the model saw bone mass rebounding as Istreergbised by 60%, but this
was only 37% of its original value. Therefore, increaserabetcular number seems to be
essential for full recovery of bone loss [170].

The structural model index (SMI) is a 3-D bone structural patamnthat quantifies the
plate versus rod characteristics of trabecular bone [176, 1&T]SMI of zero (0) pertains to a
purely plate-shaped bone, and a value of 3 indicates a purely cydindritlike structure, and
values between designate mixtures of plate and rod forms [177]. rHtiloie cancellous bone
changes with aging from plate-like to rod-like, indicating a&detation of the structure of bone
with aging [176].

Microarchitectural deterioration such as decreased tradve@annectivity has been
related to increased possibility of fracture and one of the pesffects of parathyroid hormone
(PTH) on bone is the restoration of moderate lost trabecolanectivity [178]. Even though
connectivity is believed to be important in the biomechanidsok in osteoporosis [178], there
is not much evidence to support this hypothesis in healthy bone.l #abeoworkers observed
an inverse association of connectivity with bone stiffness [17Gbnnectivity seems to be
inversely associated with elastic properties of cancellous bbmpeople with no known bone
disorders.

Degree of anisotropy (DA) refers to the extent to which a materialifiagent properties
in different directions [180, 181]. Poor bones seem to have higheralbies. An analysis of
porous hydroxyapatites with an anisotropic characteristic (higAgiintended for the bone-graft
market found the specimens to possess lower compressive ni@dulsbtropic specimens with
the same apparent densities [182]. Similarily, Chappard afehgoks [181] found higher DA

36



values in the bone of subjects with vertebral fracture thamoitrol subjects. Furthermore, an
improvement in the structural properties of the vertebyad L) of dogs following alendronate
treatment was accompanied by a decreased degree of anisotropy in thecsomerss [183].

Bone Biomechanical Properties

Biomechanical properties of bone are those properties of bonarthaissociated with
elastic and inelastic reactions when a force is applied. Theynaisloe the relationship between
stress and strain [184]. Biomechanical properties range dtastic abilities to stress responses
of bone, and include stiffness, hardness, strain, fatigue lifet(feaof bone under repetitive
stress), and strength [185]. Bone strength depends on bone mattirmeyolbone
microarchitecture and the degree of mineralization of bone [186& more cancellous bone is
mineralized, the higher its stiffness. Young human bone is lassraized than mature bone
[186]. Ciarelli and colleagues suggest that both low and highratizegtion may be deterimental
to bone mechanical properties, with low mineralization level inguseduced stiffness and
strength and high mineralization leading to reduced fracture tosghdee to increased
brittleness [187].

Bone mechanical properties can be determined using three or faur hmiding
techniques and fatigue tests for long bones [180, 185, 188]. The ssmpréests are more
appropriate for small and cubic samples or trabecular bone [186].

There is not much information about the effects of iodine andnisate on the
biomechanical properties of bone in growing individuals. Howenetarded growth and lower
breaking force of the tibia have been observed in selenium-déptéte compared to controls
[161]. Growth retardation and osteopenia were seen in second gamesanium-deficient
male rats [189]. Methamizol-induced hypothyroidism during postnataloement leads to
decreased bone length and biomechanical competence (measure#fess Wicrohardness) of
the femora and humeri in birds [190].

Biomarkers of Bone Metabolism
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Bone density determination is valuable for evaluation oepttiat risk for osteoporosis,
but it does not give any information about the rate of bone turntverefore, supplementing
bone density information with measurement of markers of bone turmoagr enhance the
prediction of fracture risk. Bone markers indirectly measbome cell activities [177].
Biochemical markers of bone metabolism are byproducts teatesrased into the blood stream
and urine during the process of bone remodeling, which involves bongti@scand bone
formation [191].

Serum and urine tests can detect these markers and pirtfaideation about the rate of
bone resorption and formation. Bone formation can be evaluated wsmy :on-specific
alkaline phosphatase (ALP), bone-specific alkaline phosphatas@LRRB- osteocalcin,
carboxyterminal propeptide of type | collagen (PICP), and amimatat propeptide of type |
collagen (PINP) [191]. Indicators of bone resorption such as crdsesdliC-telopeptide of type |
collage, tartrate resistant acid phosphatase (TRAP), N-fdidpeof collagen cross-links (NTx),
and C-telopeptide of collagen cross-links (CTx) can be detedmimeserum. Other bone
resorption markers such as hydroxyproline, free and total ipglide, free and total
deoxipyridinoline as well as NTx and CTx can be assessed in urine [191].

Bone specific alkaline phosphatase is an osteoblast produds thatieved to be an
essential enzyme for bone mineralization [191]. Both bone spexific tissue non-specific
alkaline phosphatase can promote mineralization by hydrolyzingargety of phosphate
compounds to make inorganic phosphate available for bone mineraliza®2h [It has been
suggested that alkaline phosphatase may destroy inhibitormefaincrystal growth and behave
like a calcium binding protein [193].

Osteocalcin (bone gla-protein) is a peptide synthesized andeskbyeosteoblasts during
bone formation. It is mostly incorporated into bone matrix with seswaping into the blood;

therefore, osteocalcin is accepted as a marker of bonatiorm However, osteocalcin is also
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released from bone to the circulation during bone resorption. Therefsteocalcin is more a
marker of bone turnover than of bone formation [191].

Aminoterminal and carboxyterminal propeptide of type | collageectithe assembly of
the collagen triple helix and are separated from the newdyndd collagen molecules and
released into circulation [191]. Therefore, their concentraticgerum may be an index of bone
formation. However, these byproducts of collagen synthases argralduced by other type |
collagen and are less useful than alkaline phosphatase @xidPysteocalcin (OC) as indicators
of bone formation [191].

TRAP (tartrate resistant acid phosphatase, also known a$% pie- phosphatase) is an
iron-containing protein produced in different tissues with acid gittsse activity and is one of
the most abundant enzyme in osteoclasts [194]. Serum TRABdsags biochemical marker of
osteoclastic activity and bone resorption [195]. Howevéacks specificity because other cells
that are not related to bone such as erythrocytes and platelets ase fTdRAP into serum [195].

NTx and CTx are degradation products of type | collagen, mainly peddwuye cathepsin
K. Pyridinoline, deoxypyridinoline, and cross-linked C-telopeptidéypé | collagen (ICTP) are
also degradation products produced by matrix metalloproteases [18§}idinoline and
deoxypyridinoline are the two cross-links present in the matura of type | collagen. Urine
levels of pyridinoline and deoxypyridinoline correlate with theakd®mwn of collagen released
from bone matrix by the osteoclasts [197]. This cross-linkingcttre, which is unique to
collagen and elastin molecules, creates bonds between polypepetideichanllagen fibrils to
enhance stability. Pyridinoline and deoxypyridinoline cross-lirdes loe excreted free or still
bound to the peptide chains and either form can be measured. Demqghyredis the more
abundant cross-link in bone collagen and is generally the one measured [197].

Studies on the Effects of Selenium on Bone

Selenium is required forsBynthesis and thyroid hormone homeostasis [198]. Therefore
it may indirectly protect bone through thyroid hormones. Physidbgioses of selenium may
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also directly protect bone through its antioxidative propgrtieSelenium is an essential
component of the enzyme glutathione peroxidase as well as thiare@okictases as the active
center of which selenium catalyzes reduction of hydroperoxidetuced from oxidized species
such as superoxide and lipoperoxides [143]. Thus, it may protect boreaudilage cells against
oxidative damage [144]. Dreher and colleagues [144] demonstradelkrite-dependent Gpx
mediated antioxidative defense of fetal human osteoblasts aggitiegen peroxide and reactive
oxygen species. In the study it was shown that osteoblasts £x@premtioxidative system to
protect themselves againsi® after bone resorption is mediated by osteoclasts. Theredoke, |
of Gpx may lead to impaired osteoblast function and could be involved in metaboliciseased
Selenium in Cell Culture Studies

Using a cell culture model, Lean and colleagues suggest thrapgesst provides a
protective effect for bone through the lowering of reactive erygpecies (ROS) concentrations
via better antioxidant activity. High concentrations of ROS not only damelfyconstituents, but
could also affect signaling proteins like TNFand NF-I8, which, at appropriate levels, are
essential for osteoclast development. Cytokines such as IL-1ulgieegheir own activity by
inducing the production of oxidants that may inhibit cytosolic emsymSelenium dependent
glutathione peroxidases and thioredoxin reductases help keeplicysszymes in their reduced
form, therefore adequate selenium nutrition may protect bone by dmuiating cytokine
signaling [199].
Selenium in Epidemiological Studies

An epidemiological study on patients with rheumatoid arthritis (RBdwed healthy
controls having significantly (<0.001) higher plasma selenium coratemts than the patients
[200]. Likewise, Kamanli and colleagues found lower concentratibpdasma Gpx, catalase,
glutathione -carotene, and vitamin E in patients with RA as compared héftontrols, In the
same study, significantly higher concentrations of C-reagtigtein, lipid peroxidation markers,
and rheumatoid factor were found in patients with RA than in alenf201]. A similar study on
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children and juveniles with RA conducted by Araujo et coworkepsnted oxidant/anti-oxidant
levels imbalanced where levels of lipid peroxidation products efesated in the synovial fluid,
while plasma antioxidant levels dropped [202]. In the study bjudrand colleagues, the extent
of lipid peroxidation was estimated by measurement of periphkrsing lipid hydro-peroxides
that are the major initial molecular products of lipid pedlakion, andhiobarbituric acid reactive
substance$TBARS), mostly malondialdehyde (MDA), a secondary product of lipmggation
[202].
Selenium Studies in Animal Models

Ren and colleagues investigated the roles of combined selendirodine deficiency in
bone development as a model of Kashin-Beck osteoarthropathy [I&@ly randomly divided
Sprague-Dawley rats (n = 48) into selenium deficient diet{PSkodine deficient diet (+Se-I),
combined selenium and iodine deficienct (-Se-I) diet, and seleniumodivk isufficient diet
(+Se+l) groups. Within two generations of rats &Rd k), they measured the growth of bone
and cartilage, and the expression of type X collagen and pavathyormone-related peptide.
They found that tibial length in —Se-I rats was signifigashorter in r generation rats. In +Se-
| fed F rats, the thickness of the growth plate cartilage, and thdguetive zone was smaller,
while in —Se-I rats thegrowth plate, and the proliferative and hypertrophic zomere also
thinner in the Fgeneration. In articular cartilage, type X collagen expressionngasaised in the
deep zone in —Se-l rats of the deneration, and in —Se+l, +Se-l and —-Se-I rats of the
F. generation. Parathyroid hormone-related peptide expressiomevaased in the middle zone
of —Se+l, +Se-1 and -Se-I rats of bothadhd k generations. In the growth plate cartilage, type
X collagen and parathyroid hormone-related peptide were exgdréasshe hypertrophic zone.
Type X collagen expression was significantly reduced in +8ed —Se-I rats in both,land k
generations, while parathyroid hormone-related peptide expressiostraager in —Se+l, +Se-|
and —Se-I rats in bothyland k animals. The researchers concluded that combined selenium and
iodine deficiency impaired the growth of bone and cartilagke dhanges in the expression of
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type X collagen and parathyroid hormone-related peptide inducedarbbited selenium and
iodine deficiency were comparable to measurements of type Mgeal and parathyroid
hormone-related peptide in Kashin-Beck osteoarthropathy [163].

Turan and colleagues conducted a study to investigate theseffedietary selenium on
the biomechanical properties of bone noting the correlation betwesyticaactivity of selenium
compounds and toxicity in past literature. Newborn Wistar ratetbf sexes were fed for 12-14
weeks with either a control diet (225 pg Se/kg), or seher(9.8 pug Se/kg diet) and vitamin E
deficient, or a selenium-excess (4.2 mg Se/kg) diet anthivite —adequate diet. The animals
were housed individually in wire-bottomed cages and given deiomizgdr with negligible
amounts of Se (< 1 pg/L). All groups were evaluated for tiffeess (modulus of elasticity) of
the femur and tibia by tensile test. The tensile strengtheobones was machine tested after the
proximal and distal ends were fixed with adhesive. The tetes#lis were performed on all
specimens with a constant speed of 2 mm/min and the loadingfvaagisplacement-controlled
type using a 500-N load cell. The force versus deflectiomesuobtained from the tests were
transformed into stress versus strain diagrams. Finalyptodulus of elasticity of each bone
was calculated from the slope of the linear region of tresststrain curve. The researchers
found that, compared to the control, the deficient and the excesgpsghad decreased
biomechanical strength. To support the biomechanical results torelRperimental groups, X-
ray diffraction analysis and a Fourier transform infrared spsobpy (FTIR) study were
performed on the femurs and tibias. The X-ray diffraction test on therdeamd the tibia of both
experimental groups showed possible alterations in crystalbinity poor crystalline substance.
The FTIR spectra of femora and tibiae from both experimentalpgr show a decrease in
intensity of carbonate bands in the spectral region of 2900-3000 amd at 1750 cthwith
respect to those of the controls. The researchers concludebetaines of both the excess and

deficient group showed a decrease in crystallinity which wae mprofound for the excess group
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in both tibia and femur. Both the X-ray diffraction and FTIR gses correlated very well with
the biomechanical data [171].

Moreno-Reyes and colleagues investigated whether growth inhibaioge by selenium
deficiency in rats is associated with changes in bone metabolid~emale Wistar rats on a
selenium-deficient diet (0.005 mg selenium/kg) were mateld satenium-adequate male rats in
house and housed individually after pregnancy was confirmed. The ptedams were
continuously fed the deficient diet through delivery and weanihtale pups (n = 24) were
weaned at 21 days of age and remained on the diet until the ehd ekperiment (day 74).
Control male mice were obtained in the same way but thentphrgeneration was fed diets
supplemented with 0.19 mg of selenium/kg. Control and experimentaWwareepair-fed. Rats
were sacrificed on day 74 and femurs and tibias were collectdd pihiitaries were dissected
and frozen.

To determine selenium status, plasma selenium was measyratbmic absorption
spectrometry using the Zeeman background correction. The regedimived reduced plasma
selenium concentration in rats fed low selenium diet. Readsldw selenium diet also had
reduced glutathione peroxidase activity by 99% (3 + 0.3 U/mg prowirb¥ + 27 U/mg
protein; p < 0.001). To determine growth parameters, tail leagth body weight of F
generation weaning male rats were measured once a weéhgstartday 21 until the end of
experiment. Body weight and tail length were significantly loimethe selenium-deficient rats
two weeks after weaning, and the difference increased wih &g the end of the experiment,
body weight was reduced by 31% and tail length was reduced by 13%salémium-deficient
rats. The lengths of the dissected bones were also significashilyec:

Concentrations of plasma proteins and albumin were slightly lowsglenium-deficient
animals (p = 0.02). Plasma thyroid hormones and alkaline phospheasenot significantly
different between groups, but there was a trend (p = 0.06) towasd Bvand lower alkaline
phosphatase in the selenium-deficient rats. Furthermore,dbarchers found a 68% reduction
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in pituitary GH concentrations and a 50% reduction in insulin{jk@wth factor | (IGF-I) in
selenium-depleted rats. Several markers were used by MBeyes and co-workers to gauge
bone metabolism. Plasma calcium concentration was lower iniwwaleleficient rats while
urinary calcium concentration from 24-hour collections was 2goédter compared to controls.
Plasma and urinary phosphate did not show significant diffeselpetween groups. Plasma IGF-
| was significantly correlated with plasma calcium in gedenium-deficient group (p = 0.025).
Although plasma 25(OH)Pconcentrations were not different in both groups, selenium-defici
rats showed a 25% reduction in plasma ostecalcin concentratiors @ndeduction in urinary
deoxypyridinoline concentrations. Dual-energy X-ray absorptionvedisy used to measure the
BMC and BMD of the distal end of the femur and the proximal erttietibia. Morphometric
measurements of left femur were taken by slicing longitudirialthe coronal plane of the distal
end. Trabecular bone volume and surface were measured on a SAMBAmMage analyzer in
the metaphysis of the left femur. Femur and tibia BMC andBé&re significantly reduced by
the selenium-depleted diet and remaining significantly lowen efeer controlling for body
weight in a multiple regression analysis. Trabecular bone velurabecular surfaces, and
diameter were also reduced in the selenium-deficient fEte. osteoblast number was increased
by 3-fold and the osteoclast number was increased by 2-fold.trdlecular bone architecture
was clearly deteriorated in selenium-deficient rats withefeand thinner trabeculae. No specific

measures of oxidative stress or lipid peroxidation were included [189].
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CHAPTER Il

METHODOLOGY

This section recounts the experimental design of the study inglude diet given to
mice, and the methods of assessing Se status and bone quality.

Animal Experiment and Study Design

This study has a 4 x 2 factorial design (four diet groupis an LPS group and a placebo
group) and randomization occurred as showrFig 3.1 The study was approved by the
Institutional Animal Care and Use Committee (IACUC) of Oklaho8&tate University (OSU).
Second generation selenium-deficient animals were used tond&ate the effects of Se in a
relatively short time.

Animal Feeding and Handling

Forty-one timed-pregnant C57BL6 mice (Harlan, Indianapolis, IN)8#&f) were fed a
commercially purchased Torula yeast selenium-deficient dietlifred AIN-93G; Teklad Diets,
Harlan Laboratories, Madison, WI) for the last 5 to 7 days ofnamecy and through lactation.
Animals were housed in an environmentally controlled animal @ity and delivered their
litters approximately 5-6 days after arrival. Male pugse weaned at 23 or 24 days of age and
randomly assigned to the depletion diet or to diets supplementied\®j 2 or 4 mg/kg diet of
Se, added as sodium selenate, for 14 weeks. Feeding occurred on a dadlg lisisisn at about
5 g diet/day/mouse. Clean water was also provided every $s3aal bedding was changed

weekly.
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/ h 4

Timed-pregnant C57BL6 mice (n=41) on
selenium deficient diet for last week of

gestation

A

24 days of Se deficient diet during lactation period

A

Male pups (n = 85)randomly assigned to graded diets of Se

v

\

Deficient Se Adequate Se Supplemented Se Supplemented Se
[0.0 mg/kg diet] [0.2 mg/kg diet] [2.0 mg/kg diet] [4.0 mg/kg diet]
(n=21) (n=21) (n=22) (n=22)

A 4

A 4

Male pups randomly

assigned within diet groupsto Placebo (vehicle) or LPS

pellet for 28 days

A 4

Opg LPS
Vehicle

0.1pg LPS/g bw

A 4

A 4

Necropsy at 120 days of age

Preparation of the Experimental Diets

Figure 3.1: Study design randomization flowchart

The experimental diets followed a modification of the recommendaof the American

Institute of Nutrition (AIN-93) for growing rodents and weredaloric and isonitrogenous [1].

Minerals and vitamins were equivalent for the four differdiets, except for selenium, which

was added or omitted according to the experimental design. TalkeS®adepletion diet (Torula

yeast-based, approximately 0.02mg Se/kg diet) was produced comdigerevhile the

supplemented diets were prepared either commercially or in-hooise & basal mix at the

Nutritional Sciences laboratory at Oklahoma State Univeisity kg batches in a commercial

mixer. Selenium was added in the form of sodium selenate at.0.8r 2.0 mg Se/kg. Diets
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were refrigerated until being partitioned for feeding. The composition @xperimental diets is
presented iffable 3.1

Table 3.1.Composition of the experimental diets

Added Se (mg/kg diet)
Ingredients (g/kg) 0 Se 0.2 Se 2.0 Se 4.0 Se
Torula yeast 340 340 340 340
L-cysteine 3 3 3 3
Dextrose, monohydrate 399.0899.02 | 399.02 | 399.02
Sucrose 100 100 100 100
Soybean oil 60 60 60 60
Cellulose 50 50 50 50
Mineral mix 35 35 35 35
Vitamin mix AIN-93-VX | 10 10 10 10
Choline bitartrate 2.5 2.5 2.5 2.5

Chronic Inflammation

At 96-98 days of age mice were randomly assigned within dietpg to placebo or to
lipopolysaccharide (LPS)E( coli Serotype 0127:B6) treatment to produce inflammatory stress.
Time release pellets (0 or 0.1 pg/g body weight/d) were immlastécutaneously after
anesthetization with intraperitoneal injections mixed ketanfit® mg/mL) and xylazine (1
mg/mL) at a concentration of 0.006 mL/10 g body weight. Body weiglisttaken on the day of
implantation as well as at 14-days after implantation.
Necropsy of Pups

All necessary surgical instruments were autoclaved and natepes for tissue harvests
and collection of blood were organized before the day of necrofisy.day before the necropsy,
the pups were fasted overnight for 12 hours and their body weightesasied. On the day of
necropsy, each mouse was anesthetized with injections of mixachiket (10 mg/mL) and
xylazine (1 mg/mL) at a concentration of 0.006 mL/10 g body weighKInRis whole body
scans were taken. Blood was drawn with syringes pre-codiiedERTA from the carotid artery

before dissection for harvesting of organs and tissues. [dbd was held on ice for up to 2-3
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hours until the end of necropsy. Plasma was obtained from whole bjoodntrifugation at
4,000 rpm (Eppendorf #5415R) for 20 min and stored at -80°C. Liver waedpla liquid
nitrogen and stored at -20°C. The right tibia and spine were excisetbeguiat -20°C.
Determination of Weight Change, Organ Weight, and Body Lean and Fat Mass

Weight fluctuations were assessed by calculating weightgihered during the 30 days
of LPS treatment. Harvested organs were weighed immedizédre storage. Body lean mass
and fat weights were assessed using PIXImus.

Laboratory Analyses

Plasma Gpx

Se status was measured by plasma glutathione peroxidasevi/ asing a kinetic
enzyme assay (Product No. FR17, Oxford Biomedical Research, Inc. OMi)rd,The assay
was conducted at room temperature (20 - 25°C) and spectrophotoreattings were done at
340 nm. The spectrophotometer was zeroed at 340 nm with deionized \ildte plasma
samples from mice fed 0.2, 2 and 4 mg/kg diet were diluted ity assay buffer provided in
the kit. The plasma samples from mice fed the seleniumideptiet were not diluted with
assay buffer. An appropriate volume of assay buffer, pre-diluted NADH remggtsample were
pipetted into the cuvette and placed in the spectrophotomeli@véal by addition of tert-butyl
hydroperoxide and mixed by pipetting. The GPX coupled reduction dbugt hydroperoxide
from the oxidation of NADPH by glutathione reductase and concomiaidation was
monitored for three minutes in a spectrophotometer by the decireabsorbance at 340 nm. In
each reading, the rate of decrease in A340/minute was daltw@dad the net rate for the sample
was calculated by subtracting the rate from the water bldile net A340/min for each sample
was then converted to NADPH consumed. One unit of GPX is gsquleas the amount of GPX
needed to oxidize 1 pmol of NADPH per min. The value for each sawgé corrected for

dilution factors and expressed as GPX uM/mL.
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Bone Analyses

Tibia and vertebral columns were stored at -20°C. Individual beres thawed for 15
min at room temperature before analysis.
Bone Measurement by Microcomputed Tomography (UCT)

After bones were properly thawed and defleshed they weredplace2 mm or 16 mm
MCT tubes with either water or 10% ethanol and pre-scanned in the uCT-460($kmdical AG,
Zurich, Switzerland) to confirm repositioning. The microasttiire of the trabeculae of
vertebra (L) and proximal tibia were scanned using microcomputed tomography).(uThe
vertebral body was scanned for a region VOI distally from tb&imal growth plate at medium
resolution (16 pm per slice), while the proximal tibial wesnsed distally at high resolution for
a minimum of 150 slices at 12 um per slice. For cortical boadysis, the midshaft region
calculated precisely at the middle of the tibia was scanned at 12 piic@dorsa minimum of 45
slices.
Bone Densitometry by PIXImus

Two-dimensional analysis of tibial and, lbone mineral area (BMA), bone mineral
content (BMC), and bone mineral density (BMD) were assesgdte PIXImus (Lunar Corp.
Madison, WI). BMC is an estimate of the amount of mineral presgheibone, BMA estimates
the two-dimensional area occupied by bone, and BMD is equal to BMC divided by BMA
Bone Structure Analysis

The microarchitecture of the trabeculae of thevértebra, and the proximal tibia were
analyzed using uCT. Contours were placed gwektebrae to identify a VOI beginning at 10
slices (16 pm per slice) away from the growth plate in ordandlude in the VOI only the
secondary spongiosa within the two growth plates. uCT asdtysvertebra was performed at a
threshold of 315, a sigma of 0.7, and a gauss support of 1.0.

Contours were placed on a total of 100 consecutive tomogrsiites (12 um per slice)
of tibia beginning at 10 slices from the growth plate (signfa7, threshold = 360, gauss support
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= 1.0). Contours were also placed on 30 slices scanned from the finfdgian of the tibia to
analyze cortical bone volume, thickness, and porosity.

Bone morphometric parameters including cortical porosity, trabeddae relative
volume (BV/TV), trabecular number (TbN), trabecular separatiohSp), and trabecular
thickness (TbTh), as well as the structural model index Sédihnectivity density (ConnD) of
the trabeculae, and the degree of anisotropy (DA) were obtainegldadltibia.

Bone Biomechanical Tests
Bone Strength Simulation Using Finite Element Analysis by Micro-CT

The finite element analysis (FEA) simulates compressionregi@an of interest (ROI) of
bone to determine the response to pressure. The FEA sonuaftware (v. 1.16), is used in
combination with the micro-computed tomography (UCT) histomorphomettata.
Biomechanical properties of tibia and thg Jertebra were modeled using a VOI composed of
trabecular bone, which was subjected to a high friction compretest in the z direction. This
allowed determination of mechanical properties such as avesage, total force and
physiological force, stiffness, size independent stiffness, andwsees stress of the trabecular
cores.

Liver Ash Weight and Mineral Content Using Inductively Coupled Plasma-mass

Spectroscopy

Liver samples were ashed following a modified protocol fidith and colleague [2].
Liver tissue was ashed in duplicate to determine the Se camteniductively coupled plasma
mass spectrometry (ICP-MS). Excised liver previously stored at -8@3kept on ice to remove
approximately 0.1 g of tissue. The liver sample was oven dwednight at 100°C in acid-
washed, glass borosilicate tubes. Dry weights of the samplestaken, and acid digestion was
conducted with 1 part concentrated nitric acid (HN@nd 5-6 parts hydrogen peroxideQd

added every 30-60 minutes while the samples were being heatéguoasly at 95°C. Acid

50



digestion continued until the tissue samples turned a solicewhitSe concentrations were
determined in triplicate using ICP-MS (ELAN 9000, PerkinElmer SCIEX|tiaen, MA).

Statistical Analyses

Data were analyzed using SAS (Statistical Analysise®ystversion 9.3 (SAS Institute
Inc., Cary, NC). Two-way ANOVA was performed using PROC GtdMowed by post hoc
analysis with Fisher’s least significant difference¢ tes means separation when F values were
significant. Data are represented as means + SEMpand.05 was considered significant.

When interaction terms were significant, data are presented gr&phical
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CHAPTER IV

RESULTS AND DISCUSSION

This section recounts the results of the study and disctiss@splications of the results
with respect to the existing literature.
Results
Body Weight, inflammation, and diet indicator
Body Weight and Bone Density

There were no statistically significant differences in body weight lani&e intake at d
120 @ > 0.05,Table 4.1). Some weight fluctuations were seen in both the plaeslodoLPS
group at 14 days after LPS implantatign £ 0.002), but by necropsy (d 120) the weight
differences were no longer significant but showed a trend forrlaxeght in the LPS groupE=
0.07). This indicates that LPS treatment and/or Se deficiamd supplementation did markedly
affect growth of the mice. BMD and BMC measurements wedaaed by LSP treatment when
compared to controlp(= 0.02). Mice in the Se adequate diet had lower BB (0.004) and
BMC (p < 0.0001) compared to mice in the Se deficient and supplemented groups.
Organs Weights

Kidney and thymus weight showed no significant differencediéary Se intake or by
LPS at 120 days of age at necropsy (0.05, Table 4.2). Thymus weight, however, tended to be
higher for LPS (0.050 g) compared to placebo group (0.049 ¢) @.06). Liver weight was
significantly affected by dietp(= 0.04) with mice in the 4.0 mg Se/kg diet group having the

smallest liver indicating a possible toxicity effect.
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Table 4.1 Body weight and bone density of mice fed supplemental Sghaand without LPS (mean SEM)

Treatment means

Added Se Body Weight | Body Weight at | Body Weight

(mg/kg diet) | Pellet | n | at LPS(qg) 14d post LPS (g) | at necropsy (g) | BMD (g/cnd) | BMC (g/cm?)
placebo| 10| 25.2 £ 0.3 25.6 £ 0.2 25.7+0.2 0.052 £0.001 0.58 +0.01

0 LPS 10| 25.0 £ 0.6 24.7£0.4 24.1 £ 0.5 0.050£0.001 0.55+0.02
placebo| 11| 25.5+0.4 25.7+£0.5 25.5+0.5 0.049£0.000 0.53+0.01

0.2 LPS 10245+ 0.3 24.2+£0.2 25.1+0.2 0.047 £0.000 0.50+0.01
placebo| 11| 25.8 + 0.5 26.2 £ 0.5 25.7 £ 0.6 0.050£0.001 0.55+0.02

2 LPS 10| 26.3 £ 0.6 25,5+ 0.6 26.0 £ 0.7 0.050 £0.001 0.55 +0.02
placebo| 10| 25.8 + 0.4 25.9+0.5 25.2+0.4 0.050£0.001 0.56 +0.01

4 LPS 10(25.4+0.4 25.1+0.3 24.8 +0.4 0.050 £0.001 0.57 +0.02

Diet means

Added Se Body Weight | Body Weight at | Body Weight

(mg/kg diet) N at LPS(g) 14d post LPS (g) | at necropsy (g) | BMD (g/cnd) | BMC (g/cm?)

0 20 25.1+£0.3 25.1+0.2 24,9 +£0.3 0.051 + 0%0(D.56 + 0.0%

0.2 21 25.0+0.3 25.0 +0.3 25.5+0.3 0.048 + 0°000.51 + 0.02

2 21 26.0+0.4 25.9+0.4 25.9+0.4 0.049 + 0°00D.55 + 0.0%

4 20 25.6 £ 0.3 25.5+0.3 25.0+0.3 0.050 + 0%0(D.56 + 0.0%

LPS means
Placebo 42 25.6 £ 0.2 25.9+0.2 25.6 £ 0.2 0.051 +0.061| 0.55 + 0.0%
LPS 40 25.3+0.3 24.9+0.2 25.0 + 0.3 0.049 + 0.001] 0.54 + 0.02
p-values

Se 0.09 0.17 0.16 0.004 <0.0001

LPS 0.39 0.002 0.07 0.02 0.02

Se x LPS 0.48 0.80 0.27 0.55 0.33

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.

53



Table 4.2: Selected organ weights of mice fed supplemental Séhvand without LPS (mean £SEM)

Treatment means

Added Se
(mg/kg diet) | Pellet n | Liver (g) n Kidney (g) n Thymus (Q)
placebo] 9 | 1.31+0.02 10 0.17 £0.00 10 0.04 £ 0.00
0| LPS 10 | 1.36 £0.02 10 0.17 £0.00 10 0.05 + 0.0(
placebo| 11 | 1.39 £0.05 11 0.16 +0.00 11 0.04 +0.00
0.2| LPS 10 | 1.39+£0.03 10 0.16 +0.00 10 0.05 £ 0.0(
placebo| 11 | 1.30 + 0.04 11 0.17 +£0.01 11 0.05 +0.00
2| LPS 9 | 1.38+0.04 9 0.16 +0.01 10 0.05 +0.0(0
placebo| 10 | 1.30 + 0.04 9 0.17 +£0.01 10 0.05 +0.00
4| LPS 11| 1.32+£0.05 11 0.17 £0.01 11 0.05 + 0.0(
Diet means
Added Se
(mg/kg diet) N Liver () n Kidney (g) n Thymus (Q)
0 19 1.35+0.00 20 0.17 £0.00 20 0.05 +0.00
0.2 21 1.39 £ 0.03 21 0.16 +0.00 21 0.05+0.00
2 20 1.33 +0.0% 20 0.17 £0.00 21 0.05 +0.00
4 21 1.27 £ 0.08 20 0.17 £ 0.00 21 0.05 + 0.00
LPS means
Placebo 41 1.31+£0.02 410.17 +0.00 42 0.04 +0.00
LPS 40 1.36 £ 0.20 400.16 + 0.00 41 0.05 +0.00
p-values
Se 0.04 0.17 0.89
LPS 0.12 0.22 0.06
Se x LPS 0.55 0.87 0.40

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.
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Plasma Se and Gpx3 Activity

Plasma Se of mice from different experimental diets atopsgr showed significant
differences by diets supplemented with Se ( 0.0; 0.2; 2.0 and 4.0 kg Bet) o = 0.02)
(Table 4.3) Mice fed the Torula yeast Se-deficient diet with no addeda8esignificantly lower
plasma Se compared with other gropable 4.3) However, plasma Se was not significantly
affected by LPS.

When mice in different dietary Se groups were compared, the gnatigdnsumed no
added dietary Se showed significantly lower plasma Gpx acthaly the other three dietary Se
groups containing 0.2, 2.0 and 4.0 mg Se /kg of ¢iet 0.0001, Table 4.2). The diet with 0.2
mg Se added/kg diet represented the control diet and additioaalusel supplementation did
not increase Gpx activity. Also, LPS had no significant effect of Gpx activit
Liver Se content

To examine the concentrations of tissue Se in mice fed diffdretatry groups, ~0.1 g of
wet liver was ashed and measured for Se content by ICP-h8. Se content of livg{Table
4.4)in Se deficient mice was significantly lower than that of othetary groupsg <0.0001).
The Se content in two experimental diet groups (2.0 mg Se/kg andgd®efkg) are very
similar, while the Se content of mice in the Se-adequategdietp (0.2 mg Se/kg) was < 40%
less than the two Se supplemented groups though this repression did hotheedevel of

statistical significance.
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Table 4.3: Plasma Se content and Gpx3 activity in mice fed supplemental 8igh and

without LPS (mean + SEM)

Treatment means

Added Se
(mg/kg diet) | Pellet n Plasma Se (mg/L) n Gpx (mU/L)
placebo 5 0.095 +0.03 5 325+11.7
0 LPS 5 0.103 £ 0.05 5 35.6+5.4
placebo 4 0.260 + 0.04 5 977.5+148.4
0.2 LPS 5 0.192 + 0.05 5 725.4 + 208.2
placebo 4 0.168 + 0.06 5 937.4 +100.5
2 LPS 5 0.247 £ 0.04 5 880.8 + 144.0
placebo 5 0.188 £ 0.03 5 1039.2 + 161.9
4 LPS 5 0.206 +0.03 5 1010.4 £65.9
Diet means
Added Se
(mg/kg diet) n Plasma Se (mg/L) n Gpx (mU/L)
0 10 0.099 + 0.03 10 [341£6.1
0.2 9 0.222 +0.03 10 |851.5+127.8
2 9 0.212 +0.03 10 |909.1+83.3
4 10 0.197 £ 0.02 10 |1024.8+825
LPS means
Placebo 38 0.187 £0.02 40 746.7 £110.0
LPS 40 0.173 +0.02 40| 663.1+105.1
p-values
Plasma Se Gpx
Se 0.02 <0.0001
LPS 0.75 0.36
Se x LPS 0.4 0.74

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.
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Table 4.4: Liver Se concentration in mice fed supplemental Se with amdthout LPS (mean
+ SEM)

Treatment means
Added Se (mg/kg diet) | Pellet n| Sein Liver (ng/g wet wt)
placebo 7| 114.3+94.6
0 LPS 3 | 48.2+15.1
placebo 4 | 803.6 +164.8
0.2 LPS 5 | 850.1 + 105.7
placebo 5| 1673.1 +£509.0
2 LPS 5 | 1242.0 +£80.2
placebo 5| 1399.4 +167.2
4 LPS 5 | 1497.8 +£80.5
Diet means
Added Se (mg/kg diet) n Se in Liver (ng/g wet wt)
0 10 94.5 + 65.5
0.2 9 829.4 + 87%
2 10 1457.6 + 253°3
4 10 1448.9 + 8990
LPS means
Placebo 18 922.7 £189.1
LPS 21 1005.2 + 125.8
p-Values
Se < 0.0001
LPS 0.57
Se x LPS 0.60

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.

Bone Microarchitecture

To examine alterations in trabecular bone and/or cortical bone,aifd fourth lumbar
vertebrae (L) were analyzed using HCT. As a measure of trabecular toamearchitecture,
SMI quantifies the organization of trabecular bone where a \wdlOesignifies completely plate
like trabeculae, and a value of 3 represents all rod-like trabecu@ennectivity density
measures the number of connected trabeculae in a specific volume. In cortioad tioiae both

BV/TV (p = 0.07) and cortical thicknesp € 0.06) tended to be reduced by LPS treatment.
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Cortical porosity tended to be increased by LPS 0.07). The Se-adequate diet also tended to
have a negative effect on cortical thickngss (0.06)(Table 4.5)and mice in the Se deficient
group had slightly thicker trabeculae than control animals.

In trabecular bone of tibia, BV/T\p(= 0.004), and trabecular number< 0.0001) were
both significantly reduced by LPS treatmditiable 4.6) LPS also significantly increased
trabecular separationp (< 0.0001). There was an interaction effect of Se and LPS on
connectivity density{ = 0.01) and SMIg = 0.02) (Figure 4.1). LPS significantly lowered
connectivity density in the selenium-depleted group, but not in the otbegmiups. In the
deficient diet group, SMI was significantly increased by lifcating more rod-like structure,
while other diet groups were not significantly affec{€dble 4.6)

In trabecular tissue of the,lsection of spine, BV/TVQ = 0.01), connectivity density(
= 0.0001), and trabecular numbgr £ 0.001) were significantly reduced by LPS treatment
(Table 4.7) SMI (p < 0.0001) and trabecular separatign < 0.0001) were significantly
increased by LPS. Mice fed the Se depleted diet had signifidagher BV/TV, connectivity
density, and trabecular number, and had significantly lower $Mt (0.03), and trabecular
separationf = 0.002) than mice on the other dietary treatments. Takerh@rgeéhese data
show that LPS treatment primarily has a negative effectatoe¢ular microarchitecture similar
to the trend seen in cortical bone. The effect of diet can plyae seen only in the Se
deficient mice. These mice had significantly better miinigecture when compared to bones

of mice in the other dietary treatments.
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Table 4.5: Effects of LPS and diet on uCT measurements on tibia corticabbe volume
fraction, cortical porosity and cortical thickness (means + SEM)

Treatment means
Added Se Cortical Cortical

(mg/kg diet) | Pellet n BVITV (%) | Porosity (%) | Thickness (mm)
placebo[ 10 95.4+0.2 46+0.2 0.213 + 0.004

0 LPS 10 924+243| 7.6+24 0.200 + 0.004
placebo 9 95.1+0.1 49+0.1 0.199 + 0.004

0.2 LPS 9 94.8 £0.2 5.2+0.2 0.192 + 0.004
placebo| 10 94.8+0.1 52+0.1 0.203 + 0.005

2 LPS 10 92.1+2.6 7.9+2.6 0.196 + 0.004
placebo] 10 94.7 £ 0.2 5.3%0.2 0.198 + 0.004

4 LPS 10 93.7+1.3 6.3+ 1.3 0.202 = 0.004

Diet means
Added Se Cortical Cortical

(mg/kg diet) n BV/TV (%) | Porosity (%) Thickness (mm)
0 20 93.9+1.2 6.1+1.2 0.207 + 0.003

0.2 18 95.0+0.1 50+£0.1 0.196 + 0.003

2 20 93.4+1.3 5.8+0.6 0.199 + 0.003

4 20 94.2 + 0.6 5.8+0.6 0.200 + 0.003

LPS means
Placebo 39 95.0+0.1 50+0.1 0.203 + 0.002
LPS 39 93.2+0.9 6.8+1.0 0.198 + 0.002
p-values

Se 0.74 0.74 0.06
LPS 0.07 0.07 0.06
Se x LPS 0.72 0.45 0.2

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.
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Table 4.6: Effects of LPS and diet on uCT measurements of tibia trabecul#one parameters in mice (means £ SEM)

Treatment means

Added Se Connectivity Trabecular Trabecular Trabecular
(mg/kg diet) | Pellet N | BV/TV (%) | Density (1/mn?) | SMI Number (1/mm® | Thickness (mm) | Separation (mm)
placebo | 10 18.8+0.8 292.65+30.15 | 1.50+ 0.1 | 5.986 + 0.159 0.0441 +£0.0009 0.159 + 0.005
0| LPS 10/ 14.0+1.2 180.63 + 14.03 | 2.03+0.1%° | 5.183 +0.106 0.0448 + 0.0017 0.185 + 0.004
placebo | 9/ 155+1.2 | 155.53+15.80 | 1.87 £ 0.08" | 5.039 £ 0.154 0.0049 + 0.0016  0.190 * 0.006
0.2 | LPS 10/ 11.6+1.2 113.91+11.50 | 2.15+0.11 | 4556 +0.117 0.0457 £0.0021  0.213 + 0.006
placebo | 10 15.4+1.4 | 150.92+15.80 | 1.86 £ 0.13° | 4.942 £ 0.111 0.0494 +0.0019  0.193 £ 0.005
2| LPS 10| 142+1.3 157.49 + 16.99 | 1.84 + 0.08° | 4.726 + 0.160 0.0474 £0.0021  0.206 + 0.008
placebo | 10 16.2+4.1 191.25+21.99 | 1.77 + 0.1%8% | 5.240 + 0.133 0.0467 +£0.0015  0.181 + 0.005
4 | LPS 9| 15.7+1.2 173.07 +16.80 | 1.64 + 0.14" | 4.788 +0.163 0.0488 +0.0017  0.203 + 0.007
Diet means
Added Se Connectivity Trabecular Trabecular Trabecular
(mg/kg diet) N BV/TV (%) | Density (1/mnt) | SMI Number (1/mm® | Thickness (mm) | Separation (mm)
0 20| 16.4+0.9 236.64 + 20.66 1.76 £ 0.10 5.584 + (7131 | 0.0444 +0.0009 | 0.172 + 0.004
0.2 19| 13.4+0.9 133.63 + 10.49 2.02 +0.08 4.785 + 0°109 | 0.0472 + 0.0013 | 0.202 + 0.005
2 20| 14.8+0.9 154.21 +11.22 1.85 +0.08 4.834 + 0°098 | 0.0484 + 0.0014 | 0.200 + 0.005
4 19| 16.0+0.9 182.64 + 13.49 1.71+0.10 5.026 + °114 | 0.0477 + 0.0011 | 0.192 + 0.005
LPS means
Placebo 39 16.5+0.6" | 198.67 + 13.99 1.75 £ 0.06 5.308 + 0.895 | 0.0472 +0.0008 | 0.181 + 0.003
LPS 39| 13.8+0.8 | 155.85 + 8.29 1.92 +0.06 5.059 + 0.846 | 0.0466 + 0.0010 | 0.202 + 0.025
p-Values
Se 0.098 <0.0001 0.06 <0.0001 0.11 <0.0001
LPS 0.004 0.003 0.05 <0.0001 0.64 <0.0001
Se x LPS 0.24 0.01 0.02 0.21 0.43 0.69

Means in a column with superscripts not sharingraroon letter are significantly different at p <%.0
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Table 4.7: Effects of LPS and diet on uCT measurements of, ktrabecular bone parameters in mice (means + SEM)

Treatment means
Added Se BVITV Connectivity Trabecular Trabecular Trabecular
(mg/kg diet) | Pellet N | (%) Density (1/mnt) | SMI Number (1/mm® | Thickness (mm) | Separation (mm)
placebo | 10 21.4 +0.8 | 291.67 + 15.36 1.331 £ 0.076 5.638 £ 0.078 0.046 + 0.0009 0.172 £ 0.003
0| LPS 10/ 179+1.1 226.87 +£10.17 1.704 £0.071 5.277 £0.101 0.044 + 0.001 0.187 £ 0.001
placebo | 11 18.7 +0.8 241.31 +11.86 1.528 £ 0.057 5.353 £ 0.105 0.043 £ 0.001 0.183 £ 0.004
0.2| LPS 11| 14.7+£0.9 176.02 £11.00 1.965 + 0.068 4.887 +0.077 0.042 £ 0.001 0.203 = 0.003
placebo | 10 17.9+1.2 | 219.19+12.24 1.633+0.112 5.230+0.104 0.044 + 0.001 0.188 + 0.004
2| LPS 10| 16.7 £1.1 204.97 + 11.36 1.782 + 0.08% 5.054 £+ 0.085 0.044 £ 0.002 0.196 = 0.004
placebo | 10 18.1+0.9 | 239.30 + 14.49 1.558+0.087 5.290 + 0.100 0.043 + 0.0009 0.186 + 0.005
4| LPS 10| 17.3+£0.9 | 190.49 + 6.45 1.808 + 0.053 5.035 + 0.068 0.046 + 0.002 0.195 + 0.0Q3
Diet means
BVITV Connectivity Trabecular Trabecular Trabecular
Added Se (mg/kg diet)[ n| (%) Density (1/mnt) | SMI Number (1/mm°) | Thickness (mm) | Separation (mm)
0| 20| 19.8+0.7 | 259.27 + 8.57 1.517 + 0.056 | 5.458 + 0.06% 0.045 + 0.0009 0.179 + 0.003
0.2 22| 16.7+0.6 | 208.66 +8.17 | 1.746 +0.05% | 5.120 + 0.063 0.043 £0.0009 | 0.193+0.003
2110| 17.3+0.8 | 212.08+8.37 | 1.707 +0.055 | 5.142 + 0.062 0.044 +0.0009 | 0.192 +0.003
4110| 17.7+0.7 | 21490+8.57 | 1.683+0.058 | 5.163 + 0.066 0.044 +0.0009 | 0.190 +0.003
LPS means
Placebo 41 19.1+05 | 247.03+7.68 1.516 + 0.04% | 5.374 + 0.053 0.044 + 0.0006 0.182 + 0.002
LPS 41| 16.6 +0.5 | 199.01 + 5.67 1.818 + 0.037 | 5.059 + 0.04% 0.044 + 0.0008 0.195 + 0.002
p-Values
Se 0.01 0.0001 0.03 0.001 0.35 0.002
LPS 0.0005 <0.0001 <0.0001 <0.0001 0.96 <0.0001
Se x LPS 0.21 0.11 0.26 0.4 0.17 0.44

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.
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Bone Biomechanics

The influences of chronic inflammation and graded levels of Seeinliet on trabecular
bone biomechanical properties were evaluated using finite eteamalysis (FEA) of uCT
images of the proximal tibia metaphysis andol spine. Diet had a significant effect on tibia
biomechanical propertig§able 4.8) Compressive strength of the trabecular bone from tibia
was significantly lower in mice fed adequate diet (0.2 Se g)giébmpared to the other diet
groups p = 0.04). Bone stiffness was also reduced in mice fed adequai di€.04). The
average von Mises stress was increased in animals fed the adequatdfse @i@001).

In Ly, an interaction effect was preseitigure 4.2) for most of the biomechanical
propertiegTable 4.9) Size independent stiffness was significantly reduced by(pRS0.03).
In strain, an interaction effect can be seen between diet andriLBfe adequate diet group only,
LPS significantly reduced average strain and average appai@nt dh bone from mice in the
deficient diet group, LPS resulted in significantly reduced physicddorce. The simulated
compression tests demonstrated that diet had a more signifitaeittean LPS on tibia strength
and stiffness, where mice on the sufficient diet had lower quaditie and Se supplementation
did not provide additional benefit. LPS treatment resulted in compedntiabecular strain in
spine mostly in mice fed adequate Se diet (0.2 Se mg/kg). varh®lises measurements in the

LPS treated group of the 0.2 Se mg/kg diet group were the highest.
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Table 4.8: Effects of LPS and diet on biomechanical properties of tibia-+ysiological
force, stiffness and von Mises stresses in mice (means + SEM)

Treatment means

Added Se Physiological von Mises Stress
(mg/kg diet) | Pellet n | Force (N) Stiffness (N/mm) | (MPa)
placebo| 10| 0.0487 +£0.0044| 2704.30 +242.32 34.13+7.95
0[LPS 10| 0.0364 + 0.0046| 2025.10 + 256.88 46.44+11.24
placebo| 9]0.0371 +£0.0059( 2059.78 +329.89 75.16 +£9.26
0.2| LPS 9(0.0243 + 0.0042| 1349.67 £+230.68 119.18 + 20.0
placebo| 9]0.0429 +£0.0073| 2436.22 +404.93 39..09 + 9.52
2| LPS 11] 0.0470 + 0.0073| 2608.64 +406.02 51.037 +13.0
placebo[ 10| 0.0477 £ 0.0076( 2651.40+421.77 42.66 + 14.64
4| LPS 10( 0.0487 + 0.0061| 2706.90 + 336.64 36.12 + 8.04
Diet means
Physiological von Mises Stress
Added Se (mg/kg diet)) n | Force (N) Stiffness (N/mm) | (MPa)
0| 20| 0.0426 + 0.003%| 2364.70 + 188.69 | 40.38 + 6.85
0.2| 18]0.0307 +0.0038| 1704.72 + 213.41 | 97.17 + 11.98
2| 20| 0.0456 + 0.0051 | 2531.05 + 281.78 | 45.66 + 8.24
4| 20|0.0482 +0.004%7| 2679.15 + 262.70 | 39.39 + 7.18
LPS means
Placebo 38 0.0445 £ 0.0032| 2474.24 £175.57 47.27 +5.42
LPS 40| 0.0397 £ 0.0032| 2204.05+177.81 61.49+8.19
p-values
Se 0.04 0.04 0.0001
LPS 0.23 0.23 0.07
Se x LPS 0.42 0.42 0.22

Means in a column with superscripts not sharingraraon letter are significantly different from easther atp < 0.05.
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Figure 4.1: Diet and LPS interaction for proximal tibia connectivity densty (A) and SMI
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4.0 mg Se/kg diet) are separated by LPS and placebo groups to better show tiavéenedfact

between diet and LPS. Bars not sharing a common letter are signifiddieitgnt from each
other atp < 0.05.
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Table 4.9: Effects of LPS and diet on biomechanical properties of spin@verage apparent strain, size independent stiffness,
physical force, von Mises stress in mice (means + SEM)

Treatment means
Added Se
(mg/kg diet) |Pellet n Average Apparent Strain Size Independent Stiffness|Physiological Force (N)|von Mises Stress
placebo | 10 0.277 +£0.014 6.424 + 0.449 0.0179 + 0.0012 132.36 £ 4.91
0 LPS 10 | 0.223+0.106 4.263 + 0.647 0.0116 + 0.0019 189.63 + 17.58
placebo | 10 | 0.492+0.132 4.416 + 0.662 0.0115 + 0.0016 183.97 + 14.2%
0.2 LPS 10 0.183 + 0.05 2.642 + 0.262 0.0071 + 0.00670 244.73 + 15.93
placebo | 12 0.217 +£0.019 4.223 + 0.544 0.0114 + 0.0015 194.31 + 26.0%
2 LPS 10 0.221 + 0.019 3.749 £ 0.606 0.0103 + 0.0017 208.09 + 17.2%
placebo | 10 0.218 +0.024 4.108 £ 0.685 0.0111 + 0.0018 206.74 + 31.5%
4 LPS 11 0.261 + 0.022 4.890 + 0.615 0.0140 + 0.0G48 169.37 + 13.4%
Diet means
Added Se (mg/kg diet) | n Average Apparent Size Independentifitess | Physiological Force (N)von Mises Stress
0 20 0.250 £ 0.014 5.343 + 0.457 0.0148 + 0.0013 160.00 £ 11.05
0.2 20 0.338 £ 0.074 3.529 + 0.402 0.0093 + 0.0010 208.83 + 15.50
2 22 0.219 £ 0.013 4.008 + 0.399 0.0109 + 0.0011 200.57 + 15.92
4 21 0.241 £ 0.017 4.518 + 0.455 0.0126 + 0.0013 187.17 £ 16.65
LPS
Placebo 42 0.297 £ 0.036 4.766 + 0319 0.0129 + 0.0009 177.43 £ 12.20
LPS 41 0.223£0.011 3.910 + 0.299 0.0108 + 0.0009 202.13 +8.87
p-values
Se 0.08 0.02 0.008 0.11
LPS 0.02 0.03 0.05 0.07
Se x LPS 0.002 0.05 0.03 0.05

Means with superscripts not sharing a common letesignificantly different from each othemat 0.05.
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Discussion

Se is considered an essential element for antioxidant enzyaoks as glutathione
peroxidase that catalyze the reduction of peroxides that canaalgar damage [1]. Peroxides
and other reactive oxygen species (ROS) generated through inflamnhedd to damage of
bone cellular matrix [2]. Smith and colleagues reported systearie loss due to 90-day time-
release pellets in male Sprague-Dawley rats [3]. Ishilaah coworker showed that LPS
induced bone resorption inBBALB/cmouse calvaria organ culture [4]. The scavenging ability of
Gpx has been shown to have a protective effect on cells agaidstiegidamage [5]. Dreher
and colleagues reported antioxidative defense for human fetal ostsadblat was mediated by
expressed glutathione peroxidase [5].

Se deficiency is associated with Kashin-Beck disease, aesgye of osteoarthritis [6].
Rats supplemented with selenium showed less necrosis in the chorslafciyte growth plates
of tibia when compared to rats fed diets from Kashin-Beck diserademic areas. They also
showed better BV/TV, trabecular thickness, and trabecular number, indblecular separation
was reduced [7]. Most of the literature examines the effent bone of Se
deficiency/supplementation and LPS inflammation separately. To awlédge, there is little
research that investigates the effect of both Se status andccimftannmation on bone loss, and
the potential benefit of selenium supplementation.

In this study second generation Se deficient mice were fetbdrde concentrations of
0.02 (deficient), 0.2 (control/adequate), 2.0 and 4.0 mg Se/kg diet for 3 nathmndomly
assigned LPS treatment on 96-98 days of age to produce inflamyrstiess. The deficient diet
(0.02 mg Sel/kg) was well below daily requirements for rodentsn(@ ISe/kg) [8] and the Se

sufficient diet (0.2 mg Se/kg) was adequate [1]. Raines and Sepodeead no toxicity effect in
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mice fed Se at 0.2 ug Se/g diet, but growth retardation (23%3%eesin rats fed 5 pg Se/g [9].
High (relative to 0.1 mg Se/kg diet) but non-toxic Se intake for both mice anessthan 2 pug
Se/g diet) showed little to no toxic effect [9].

Chronic inflammation due to LPS implantation (0.1 pg/g body weightblindt cause
major changes to body or organ weights. Body weight and organ weight datsisddlgat LPS
treatment did not cause major undue stress and iliness to the Mady weight tended to
decrease due to LPS treatment by the end of the study (d £20,09). A previous low-dose
LPS model also showed non-significant body weight changes &etlaleS-treated and placebo
groups [3]. Thymus weight, tended to be reduced by chronic inflammato0.06).

Although changes were not seen in body parameters due to LP$yeneasts of bone
mineral showed that LPS had induced bone loss. Bone densitometrgitrda®ed mice was
significantly lowered when compared to placebo. LPS-induced catabtdte in bone
microarchitecture was primarily observed in trabecular bone assegdpto cortical bone
indicating that trabecular bone is primarily affected by LirB:ced inflammation. This result
supports the notion that the detrimental effects observed with chrBSi@dministration in the
study were not a result of compromised animal health. Cortizalibg in the lumbar vertebra
has been observed in adjuvant models [10], but the slower rate of cbaimaturnover and the
relatively low grade inflammation induced in this study may reqgaitenger study duration to
observe such changes. The results of this study did indeed shemdadwards cortical bone
damage in tibia under a condition of chronic inflammation.

The bone loss seen through bone densitometry only reduced bone strespiie, while

the same was not seen in tibia. LPS-induced inflammation didchoet significant effects on
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tibia biomechanics, but did in spine. A higher turnover in vertebral bameared to tibia could
explain a significant LPS effect being only seen in spine [11].

Taken separately, the dietary treatments at 0.0 mg/Se k@ detg/Se kg diet, and 2.0
mg/Se kg diet did not have negative health consequences. A potentdl teiect, however,
was detected in the mice supplemented with 4.0 mg Se/kg dietcitydevels in rats have been
reported at higher than 5.0 mg Se/kg diet [9] withsd-Bf sodium selenate at 5.8 mg Se/kg diet
[12]. Chronic Se levels in rats of 4-5 mg Se/kg have been reptrteause growth inhibition
and tissue damage [13]. A 30 month dietary treatment of 0.5 — 2 mg lI8e/&gshown liver
toxicity in rats [14]. No severe health effects were réed in the mice fed the 4.0 mg Se/kg
diet, but some behavior oddities like sluggish response to feegliagvere noticed. The effects
of added Se at 3.0 mg/Se kg diet could mitigate any healthitsefiad dietary levels could still
be still be high enough to see the effects of supplemented Se on a chronic inflammdgbn m

Se adequate diets had mice with less dense bone compared to thediether
treatments. Bone mineral density (BMD) and bone mineral content(MC) were higher in
the Se deficient group (0.0 mg Se/kg diet) compared to the Se adgouape(0.2 mg Se/kg
diet). Se deficiency has been associated with reduced growttinmala [15]. Although the
body parameters data do not show weight reduction due to dietatynent, changes in bone
might have occurred. Relatively slow growth rate of mice irSeleficient group could lead to
increased bone mass and account for the higher bone densitometry ovhpared to Se
adequate mice. The mice in the selenium supplemented group (2.0 kggdiee/and 4.0 mg
Se/kg diet) had higher bone densitometry compared to the Se adequate mhese
supplementary dietary treatments were 10 to 20 times higher deguate for rodents [9] and

are defined as being high levels that have been associated sgitthé optimal health in rats
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[13]. The slowed growth seen though chronic dietary Se supplenoentdt~4mg Se/kg diet
[13] could have a similar effect to that of Se deficiency [18]odr study, the dietary treatments
were given to growing animals, and were not chronic as in previeustlire, so any significant
health damage may not yet have been visible.

Se status was confirmed through measurement of Se concentrativar tissue. As
expected, liver Se content in mice fed the deficient dietsigsficantly lower than mice in the
Se adequate group. Se supplementation did not significantly inche&rs8d content compared
to control. Organs like kidney and liver have very high levels ofaSea component of
glutathione [16], levels of which have been shown to not be affect&e Bypplementation [17].
The Se concentration in liver was consistent with Burke and caksagtho reported liver
selenium levels at 0.1 pug/g in rats fed a low-selenium diea@d pg/g in rats fed a selenium-
adequate diet [18]. Liver Se concentration in the Se adequatdidliinbt differ significantly
from the Se supplemented groups most likely due to high variabiliyrmthe diet group. An
increase in sample size might separate and better evaluate the dd$eren

Bone microarchitecture parameters were relatively bettanice fed the Se deficient
diet. A different result was seen in rats supplemented widniseh compared to rats on a Se
deficient diet [7]. Yao and coworkers compared the femur micrdaotbre of Wistar rats on
graded Se diets and found Se deficient diets to have lower goafigs [19]. Increased Se in
the diet, however, did not show beneficial effects on trabecular bone.

The biomechanical strength of tibia was significantly lowemine fed Se adequate diet
compared to the other dietary treatments as evidenced messfbeing relatively low and von
Mises measurements being comparatively high. This is difdrem previously published

work where Wistar rats fed selenium deficient or seleniumssxadiets had decreased

70



biomechanical strength when compared to control [20]. In an induedetdi animal model
where Se was used as an antioxidant, rat mandible strength emserwn the selenium
supplemented control group when compared to the diabetic group supplemeht#uevdame
amount of Se [21]. Dellibasi and colleagues reported this findsgureexpected and
recommended more studies into the mechanisms of how Se affects organisms [21].

Interactive effects between LPS and diet in measurementdiaf microarchitecture
showed that dietary Se at adequate levels or above protected borthdrdamage caused by
LPS. Connectivity density showed that the LPS effect of raduicabecular bone was only
significant in the Se deficient group. No other dietary treatrgemtip showed a significant
difference between LPS-treated and placebo mice. This supgpatt$Se does provide anti-
oxidant protection from bone through glutathione peroxidase [1]. SMlasiynalso showed
significant difference only in the Se deficient group where LPS redteeguiality of bone.

Interactive effects in biomechanical measurements, @pine, however, only show LPS
effect in the Se adequate group. Interactive effects oadeLPS treatment did show increased
strain and von Mises stress in the LPS treated Se adequateampared to placebo mice in the
same dietary group. This could be explained by the remodeling pribhagéss more active in
spine than in peripheral bones [11], and vertebra has more chancellorarabrethus more
prone to bone alterations than in tibia. More biomechanical testolgas bone-bending would
be useful to have better understanding of this unexpected result.

In conclusion, mice in the Se deficient group had higher quality bon®anibitecture
when compared to the Se adequate mice, but the bone biomechastiogl $bowed that Se
deficiency did not weaken bone as much as the recommended Se intaltet don mice.

Protective effects from excess Se were also not observed.
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CHAPTER V

SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FURTHER STUDY

Summary

In this study we investigated the effects of selenium sugl&ation and chronic inflammation
on bone microarchitecture and strength in mice. To ascertaiBelsatus of the mice we assessed
plasma and liver Se concentrations, and Gpx activity. We assbese densitometry by PIXImus scans
and microarchitecture and strength by microcomputed tomography.

Se status

Significant difference in Se status was only observeddsst the mice fed the basal diet and the
Se supplemented groups as evidenced by Gpx activity and plasma and livecS#rations.

Body parameters

Chronic inflammation did not have a significant effect on body gamrweights, but bone
density was reduced. Mice on 0.0 mg, 0.2, and 2.0 mg added Se/kgddiet dhow negative health
effects as evidenced by organ weiglts>(0.05), but mice on 4.0 mg added Se/kg diet had reduced liver
weight ( = 0.04) indicating possible toxicity. Thymus weight tended to be increasegp k= 0.06).
Microarchitecture

Overall, LPS induced chronic-inflammation weakened trabeddae quality but not cortical

bone. LPS did not significantly increase cortical porosityigmiicantly reduceccortical thickness in
tibia (p > 0.05). Tibia and spine trabecular bone was reduced as shotkebbgular number
and separation. Interactive effects between diet and LPS anttdbecular measurements of
SMI and connectivity density only showed the catabolic effect of @i in the mice fed the
basal diet, indicating that Se supplementation beyond what is consilii@dnt does promote

Gpx activity and provided protection against bone loss.

73



Bone Biomechanics

Bone weakness due to LPS was seen in spine, but not in tibiamidéded the Se adequate diet
had comparatively weaker tibia than the mice in the otlietary treatments. Spine strength
measurements had several interactive effects, but stiffmesseduced by LPS treatment. Interaction
between LPS and diet showed the LPS effect of reducing bomgtstneas seen in mice fed the basal
diet as evidenced by von mises and physiological force measuseniem¢ von Mises sress and strain
measurements were also affected by LPS in the mice fed the Se adeefuate di
Conclusions
For this study we hypothesized:

1. The inflammatory treatment would reduce bone quality/microacthite and strength. Overall
this effect of reducing bone microarchitecture was more pronouncé@becular bone than
cortical. LPS reduced many trabecular bone parametersicagniy, but only tended to reduced
cortical bone. Strength was not affected in tibia by LPS, aiadbalic effects from inflammation
were only seen in mice fed the basal and Se adequate diet.

2. Higher dietary selenium will result in better microarchiteetparameters. Our results did not
support this hypothesis. Overall, mice in the Se deficiert lthe better microarchitecture
compared to mice in the other dietary treatments.

3. Higher dietary selenium will result in bone that is strang®©ur results did not support this
hypothesis. Overall, mice in the Se adequate diet group had aiiwplgrweaker tibia than
mice in the other dietary treatments. Spine strength nmezasuts showed multiple interaction
effects between LPS and diet. LPS reduced bone strength emeasis in the Se adequate and
Se deficient mice only.

Suggestions for Further Studies

e Since our dietary treatment of 4.0 mg Se/kg diet reduced Wegght, a measurement of liver

tissue damage makers like alanine amino transferasg)(Whuld help determine the toxicity of
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this dietary treatment. If 4.0 mg Se/kg diet was potenttabyc, it would be interesting to see
what effects a lower concentration of Se would have (e.g. 3.0 mg Se/kg diet).

Even though chronic inflammation did show bone damage through measureshdmse
microarchitecture, lipid peroxidation assessment could havesatablished inflammatory status.
Liver thiobarbituric acid reactive substances (TBARSkss$ient is a common method used to
determine lipid peroxidation. In addition, antioxidant status could berrdmed by ferric
reducing ability plasma (FRAP). Bone metabolism could be detedniby assessing
biochemical markers such as alkaline phosphate (ALP), and semirate resistant acid
phosphatase (TRAP). Osteocalcin could also be analyzed tongetebone formation. This
could help better determine exactly how LPS reduced bone quality: thiociggase of bone
loss, or disruption of bone formation, or both.

To better understand the effects of dietary treatments on heregth, bone biomechanical
testing using 3-point bending could provide more information to bettempnet the results we
had.

To determine if the dietary treatments did cause grow#ndation, it would be useful to measure

femur or tibia length, and ash the bones to look at weight.
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Scope and Method of Study: The effects of dietary Se and lipopolysacodt®leinduced
inflammation on microarchitecture and strength of bone were investigaC57BL/6 mice.
Timed-pregnant mice were fed a Torula yeast selenium-depletioinadiethe final days of
gestation through lactation. At 23 days of age, pups were weaned and randambdassthe
depletion diet or to diets supplemented with a 0.2, 2 or 4 mg/kg diet of Se added as sodium
selenate for 14 weeks. At 96 — 98 days of age mice were randomly assigneeho plato
lipopolysaccharide (E. coli Serotype 0127:B8) treatment to produce chinfiaimmation. Time
release pellets (0 or 0.1 pg/g body weight/d) were implanted subcutaneblistywere killed at
120 days of age after an overnight fast. Bone densitometry and organ and bddy weig
used to determine health status. Se status was assessed through Gpx3aadtiplasma and
liver Se concentration. Micro-CT was used to assess trabecular bibveef@drth lumbar
vertebra (L4 and trabecular and cortical bone of tibia. Using finite element analygsmulated
compression test in the z direction was used to assess strengthecfitar cores.

Findings and Conclusions: Low dose inflammation did not cause significawif losdy weight by
necropsy, but LPS tended to increase thymus wepght)(06). Reduced BMD and BMC
showed a catabolic state due to LBS (0.02). LPS-treatment tendqu< 0.06) to reduced tibia
cortical thickness and increase cortical porogity 0.07), while significantly reducing many
parameters of trabecular bone. Inflammation tended(.07) to increase von Mises stress in
tibia trabecular bone, and significantly reduced stiffness.indPx3 activity as well as plasma
and liver Se concentration were significantly higher in the Se adegpate than in the Se
deficient group, but didn’t differ significantly from mice in the thligsupplemented groups.
Liver weight was significantly reduced in the 4 mg Se/kg group indicatirgjlpegoxicity.
Contrary to our hypothesis, tibia anglittabecular bone parameters in Se deficient mice were
significantly improved compared to Se adequate mice and compared wil Hupplemented
groups. Tibia biomechanical measurements showed physiological jord®@4) and stiffness
(p = 0.04) to be higher, and von Mises stress (0.0001) to be lower in the Sentdefidd mg/kg
and 2.0 mg/kg compared to the Se adequate mice. Interactive effects be&eamd.diet in
tibial connectivity density and SMI showed LPS to reduce bone strengtmahly Se deficient
group. Interactions between diet and LPS in average apparent strain,qgigaldbrce and von
Mises stress of Jalso showed catabolic LPS effects only in the Se deficient and Geaaele
groups. Further study in the mechanism of Se action in growing animals needsotaducted to
better explain these results.

ADVISER’'S APPROVAL: Dr. Barbara J. Stoecker




