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CHAPTER |

INTRODUCTION

Osteoporosis is a serious health concern that has importantatigeligefor an
individual's quality of life. The disease is defined by low bone mass coujitledi@terioration of
bone that results in an increased risk for fracture [1]. The 2007 Repoet df$hSurgeon
General estimates 35 million women and 17 million men in the US “at risk fwpomiosis”[2].
Furthermore, it is projected that by 2020, 50% of women aged 50 and oldexpeilience an
osteoporotic fracture in their lifetime [2]. Osteoporotic fures occur with the highest frequency
in the hip, vertebrae, and distal forearm [3-5]. Recently, Kanneghardbserved an increase in
the mortality of elderly men in the year following a hip fracture, a phenomeninatiia
demonstrates the severity of the disease and dispels the mythtd¢logibossis is a gender
specific disease [6]. Another common misconception regarding osteopsribsisit is generally
thought of as a disease that only affects older individuals. In facfagsks, contributing to
osteoporosis begin during an individual's youth at a time associated widitehetion of peak
bone mass. Thus, the accrual of peak bone mass is a critical riskiffidtie development of

osteoporosis [7, 8].



Peak bone mass is determined by factors including weight bearingiesti&iequate
nutrient intake, and genetics [9-11]. Peak bone mass is acquired duringewioyesirs of rapid
growth, roughly between the ages of 11 and 18 years of age, although it difiemsHo
individual [12]. Moreover, both nutrition and weight-bearing exerei® two factors that appear
to be protective against the development of osteoporosis [11]. Althaigbm and vitamin D
have received most of the attention in regards to nutrients involved in ledakatism, other
nutrients such as phosphorous, copper, and vitamin K are thought to play amaletaining
optimal bone health [9, 11]. Additionally, iron has been recently identifiggbtentially having a

role in bone metabolism [13-16].

Iron is an essential trace mineral, playing a vital role in matapathways and
possessing the critical function of oxygen transport throughout the body. Witktrespene
metabolism, iron is involved in crucial reactions such as the action of pyalsoxylase on
collagen maturation, where it is required as a cofactor to catabliagen cross-linking, a crucial
step in the development of the skeletal system [17]. Iron also playd eolétin cell
proliferation, neurotransmitter biosynthesis, and energy production;itbonglemands are
increased during periods of growth to support cellular growth and peatider{3]. However, the
increased requirements place children at heightened risk of iraiedef/, which is currently the
most common nutrient deficiency worldwide and affects approximateiypilion individuals
[18, 19]. In children, this deficiency can lead to serious impairment intbmy@ind growth, yet
even in the US, approximately 9% of children under the age of 3 yeanr®okeparted as iron
deficient [3, 20]. Importantly, women of childbearing age, approximateQlyears old, also
exhibit an increased risk of developing iron deficiency due to a combinatioenstruation and
lower dietary intake. The wide range of ages at risk for an ironitdeftcoubling, particularly in

females, and can quickly lead to resultant health complications.



Clinically, anemia is defined somewhat vaguely as a low feemoglobin caused by
several dietary deficiencies including iron, folate, or vitamis{3. Thus, hematological
parameters other than hemoglobin must also be considered in determiningsthefdhe
anemia, including hematocrit, mean cell volume, serum iron, total iromigisdipacity, ferritin,
transferrin receptor, and transferrin saturation [3, 21, 22]. Ttireaed prevalence of iron
deficiency anemia in the United States is between 9 and 16%, as reporteldNES 1999-
2000; the target of Healthy People 2010, a governmental program geared towaolsng the
nation’s health, was to reduce the prevalence of iron deficiency in ngngmtefemales aged 12-
49 from 11 to 7% [4, 23]. However, nearly three fourths of this population are dothaes not
meeting their nutritional requirement for iron [24]. This widespreadegaalte intake paired with
menstruation is likely the reason that this goal was not met by 2010, aodrigft objective of
Healthy People 2020 [25]. Although iron deficiency anemia remains a réfatov@mon
diagnosis in women, it can be easily treated or prevented in most caseh thovagsing dietary
intake of iron [22]. Symptoms of iron deficiency include fatigue, dectasek capacity,
dizziness, cardiomegaly, and in extreme cases, heart failure [3]. Althaugtheficiency can
occur in either gender, young women are more likely to be affected due to tmlyestbres of
iron, menstruation, and an insufficient dietary intake of iron [3]. Degyitnptoms and
complications of severe iron deficiency being well characterizeatjwely little is known about
the long term risks of alterations in iron metabolism (e.g., iron deficjepayticularly during

periods of growth.

Recent studies have demonstrated an intriguing connection between iciendgfand
negative alterations in bone mineral density (BMD), leading to theukgisn that iron indeed
plays a critical role in the regulation of normal bone metabolism [13-15|2étestingly, both
iron deficiency and iron overload have been demonstrated to negatiaiyskféletal health, and

are associated with a decreased BMD in animal models [13-16]. In anwdals of iron



deficiency, the BMD of the femur, tibia, and spine was decreased. Funtiiebone formation
and resorption are decreased in a weanling rat model of iron deficiency [X3eh5]stent with
these observations of alterations in bone metabolism with alterationa imetabolism, female
army recruits with iron deficiency anemia exhibit an increasedfisleveloping stress fractures
[27]. As a result of these recent observations linking iron status awposbsis, a more focused
examination of the mechanisms contributing to iron-depended alterations imbtat®lism is

warranted.

Thus, in this study, our objective was to explore the effects of gietar deficiency on
bone mineral density and bone microarchitecture in the tibia and spine frorimeah model of
iron deficiency. Additionally, we aimed to examine iron’s cellular functiothe regulation of
osteoclastic and osteoblastic differentiation using specimensaingmals fed an iron restricted
diet. Our central hypothesis was that iron deficiency during a peri@piaf growth would
negatively affect bone mineral density, bone microarchitecture harekpression of genes

related to osteogenesis.



CHAPTER Il

REVIEW OF LITERATURE

Osteoporosis

Osteoporosis is one the most common health concerns of older women and men
worldwide. The World Health Organization (WHO) reports an eséthat66 million
osteoporaotic hip fractures annually, and this number is expected to quadrsipk by 2050
[28]. Osteoporosis is characterized by low bone mass coupled with deteriofditmre tissue
that ultimately leads to porous bones that are at greater risk far&4ti. Osteopenia is not
considered a disease, but rather a condition of low bone mass that putsvideahdt greater
risk for the development of osteoporosis [3]. A diagnosis of osteopdnaiitates that an
individual’s bone mineral density (BMD) is more than 2.5 standard deviat@dow bhe BMD of
20-29 year old females (the standard reference group), whereas a diafsseopenia
indicates a BMD between 1 and 2.5 SD below the standard reference drdumgef® diagnoses
correlate with an approximately 60% and 30% increased risk of lifetiroifeaas a result of
osteoporosis and osteopenia, respectively [28]. A fracture is defindareakan the bone, and
occurs most frequently in young children and in older adults [28]. Stressréa are unique in
the sense that rather than an actual break, the bone undergoes a s@osss0bpic fissures that

do not damage adjacent soft tissue [29]. Stress fractures areonbnthe result of overuse



injuries usually associated with exercise, though other causesssf Btictures may include

conditions that interrupt normal bone modeling [7, 29].

Bone Composition

Bones are comprised a variety of tissues that work together to formnutiensl support
for the human body and provide assistance in biomechanical movement aral storage.
Additionally, the bone marrow cavity within the bone contains pluripotenm stlls capable of
differentiating into mesenchymal, myeloid, or hematopoietic precuedisr[29]. The bone
matrix, or osseuous tissue, is comprised of water, collagen fibers, aradli@gdtmineral salts
including hydroxyapatite. Mineral salts including magnesium hydroxide, fluaaitt sulfate are
deposited in the collagen matrix of the bone formed from prolyl hydroxyétatyzed
crosslinking of propeptide collagen fibrils [7, 30]. This matrix then uyoles calcification that
results in bone formation [7]. Bones can be divided into two main categaxial bone and
appendicular bone. Axial bones function as the skeletal framework, and framten areas
such as the skull, ribs, and vertebral column. Appendicular bones includethiosdimbs,
extremities, hips, and the scapula, and are characterized as supporteg€lshich connect to
muscles, blood vessels, and axial bones [29]. Bones can also be divided anizssdercording
to their morphology. Examples include long bones (femurs and tibias), short boisesita/
carpal bones), flat bones (cranial bones), irregular bones (verteioskaaleaneus) and sesamoid
bones (patellae). All of these types of bones vary in their tissue corapositiich is either
cortical or trabecular. Cortical tissue is compact and ci@eg of osteons (or haversian systems)
that undergo continuous remodeling and form the external protective layer of Daie=cular
tissue, or spongiosa, is composed of columns and struts of calcified atradt support and
structure to the bone. Trabecular tissue is found lining the ddrsisae long bones, the iliac
crest, wrists, scapulas, and vertebrae [31]. The metaphysesl oddong bones is also

trabecular-rich and a highly metabolic region. Importantly, trabetigkare is found juxtaposed



to the bone marrow that flows through the medullary cavity of the bone. About 80 of
skeleton is made up of cortical bone tissue, and the remaining 20% is cdroptséecular

bone tissue.

Cellular Bone Modeling

Calcified skeletal tissue is constantly undergoing a remodelowegs that involves the
regulated resorption and remineralization of bone. The cycle of réimpdecurs throughout the
lifespan and represents a critical process through which new biomméx. Bone turnover is
generally a delicate balance between bone formation and bone resorpti@ver during
childhood and adolescent growth, this balance is favored in the direction dibbmadion to
support the development and growth of the skeleton. Thus, for the scope tfdhjsve were
acutely interested in bone modeling as opposed to bone remodeling. However, ttandders
where iron may play a role in the modeling process, it is imperative tostawe the pathways
and stimulators for both bone formation and resorption. Bone turnover is depepda the
activity of bone forming cells (i.e., osteoblasts) and bone resorbilsgicel, osteoclasts).
Osteoblasts are derived from mesenchymal stem cells (MS@npiaghe bone marrow, and are
responsible for secreting collagen fibers required for bone mizegrah. In contrast to
osteoblasts, osteoclasts are derived from hematopoietic stent®() in the bone marrow, and
their primary role is to counteract the actions of osteoblasts. digctiption of MSCs into
osteoblasts and HSCs into osteoclasts is the result of complex sigragtlimgays and may
function as key regulatory branch points for managing the balance betweemrefmm¢ion and

formation.

Regulatory Mechanisms Controlling Osteoblastogenesis

Pluripotent mesenchymal stem cells (MSC) possess the pbtertitierentiate into

chondryocytes, adipocytes, and osteoblasts through the induction of a vatiatysofiption



factors. For MSCs to be driven towards osteoblastic lineage, proteinsag3-catenin, bone
morphegentic proteins -2, -3, and -4 (BMPs), transforming growth faetar(TGB), and
parathyroid hormone (PTH) must be present [32]. Signaling pathways asdavith these
proteins induce transcription of downstream regulators that aatfiir osteoblasts function.
Bone morphogenetic proteins are a class of proteins which are essengadmbityonic
development of the skeletal system, but are also acutely involved in bone mdlledirghout
the lifetime. In particular, the cytokine BMP-2 has been recognized asaimgubsteoblastic
activity though the activation of Smad signaling and the subsequent expressintirelated

transcription factor 2 (Runx2), a key factor in osteoblastogenesis [33].

Transcriptional regulators involved in the differentiation and maturatiosteoblasts
include the transcription factors runt-related transcription fagtonx2), osterix (OSX/SP7), and
B-catenin. In mammals, activation of the Vatatenin canonical pathway promotes an increase
in Runx2 gene transcription, a key step in osteoblastic differentid@or8p]. Similarly, BMPs
and TG stimulate receptor-activated Smad proteins (-1,-5,-8 and -2, -3, respgdthat
promote transcription of Runx2 mRNA [36, 37]. Runx2 is considered a “masteat@juh the
differentiation and maturation of osteoblasts due to its role in promdigngxpression of osterix
and binding to the activating transcription factor 4 (ATF4), which are both psdteiolved in
osteoblast differentiation [36, 37]. As described above, Runx2 is regblatezl/eral classes of
proteins, including BMPs and Wnt, which are antecedently regulated by thehdgddth)
family of proteins [36]. Interactions between Runx2 and ATF4 (aatiydranscription factor 4)
promotes the transcription of osteocalcin, which is currently thoogsiay a role as the turning
point between bone formation and bone resorption [7]. Runx2 also serves as a middlgonen of
for the regulation of osterix, a zinc finger transcription factoBdP2, which then induces
expression of gene targets such as bone sialoprotein (BSP) and ostd@@)di36, 38]. Bone

sialoprotein is one of the better characterized proteins of bone, fungtiorbind and nucleate



hydroxyapatite and calcium in the process of forming new bone matrix [39]. iDihertant
proteins induced by Runx2 transcription that are integral to osteohlast®n include bone
matrix proteins such as osteopontin (OPN), a non-collagenous protein whicmtguaziteds
fibronectin in the bone matrix, osteonectin (ON), which binds calcium, hydrotatapaand
collagen, and alkaline phosphatase (ALP), a glycoprotein which caaftdsne and also serves
to hydrolyze inhibitors of mineral deposition in the matrix [7]. Collagge tL (COL1Al), the
most abundant type of collagen in the bone, is regulated by a variety o fautbras TGFE
Smad proteins -2 and -3, insulin like growth factor | (IGF1), tumor necrosis fa€tdtFa),
parathyroid hormone (PTH), and vitamin D [7]. Collagen proteins are edsargupporting the
mineralization of the extracellular matrix, and must be hydroxylatedlier ¢o facilitate the
cross-linking of collagen polypeptides to form the structural support of [[BpnEhe iron-
dependent enzyme responsible for promoting collagen cross-linking and bonedorisatioly!

hydroxylase [30].

Eventually, osteoblasts are trapped inside this new calcifieikraatt termed
osteocytes. Osteocytes are dendritic cells that are in cavithatells on the bone surface, other
osteocytes, and importantly, with the bone marrow within the medubaityd40]. It is thought
that osteocytes function to maintain the balance of bone resorption eradifor, evidenced by
the fact that osteocytes not only support osteoclastic activity datisw instrumental in
stimulating MSC differentiation into osteoblasts [40-42]. Thus,postulated that osteocytes act

as signaling cells.

Transcriptional Regulation of Osteoclasts

In contrast to osteoblasts, osteoclasts are derived from HSCs ig3pathway resulting
in the differentiation of HSCs into mature osteoclasts is indtiatethe activation of NkB

through the binding of receptor activator of NB{RANK) to its ligand, RANKL [44, 45]. The



binding of membrane-bound RANK by RANKL can be stimulated by parathyroid hormone,
prostaglandin E2, tumor necrosis factor alpha, or 1,25-dihydroxyvitamin D8, vallich have a
role in the commitment of HSC towards osteoclastic lineage [32f Goend, the RANK-
RANKL complex activates a signaling pathway that evokes fastars as nuclear factor kappa
B (NF«B), TNF-receptor associated factors (TRAFs), and mitogen activategirpkinases
(MAPKS) [32]. TRAF®6 is critically involved in cytoskeleton orgaaiiipn of osteoclasts; without
the activation of TRAF6 by RANKL-RANK, osteoclasts are unable to ftvraffled border
that is integral for the resorptive function of osteoclasts MiBJPKs are critical for the
regulation for activator protein-1 (AP1) family members suchtds (c-Jun, JunB, JunD) and
FOS (c-Fos, FosB, Fra-1) proteins that heterodimerize with one atmfloem transcriptionally
active complexes, which in turn regulate the expression of germgeanvin osteoclastogenesis
[47]. In particular, c-Fos activates nuclear factor of activatedI$S{¢FATc1) through a
calcineurin dependent mechanism [48]. Together, RANKL and NFATc1 inducetthiadke
differentiation of bone marrow macrophages to osteoclastic lineagedNB&Tc1 then induces
the expression of genes involved in osteoclasts function, such as cath€@3iSK), calcitonin
receptor (CtR), and tartrate resistant acid phosphatase (TRAP) 48 I8 a proteinase
involved in bone matrix degradation, and TRAP is a generator of reactiverogpgcies which

are capable of destroying collagen [7, 49].

Coordination of Osteoblast and Osteoclast Activation

Osteoblast differentiation and maturation is involved in the diffeon and activation
of osteoclasts through the osteoblastic expression of RANKL anbpfsge colony-stimulating
factor (M-CSF) [7]. In addition, RANKL can also be secreted byatdd T-cells which can also
induce osteoclastogenesis, along with the hematopoietic growth K&@&F that is locally
produced by activated macrophages [50, 51]. Through an as yet unknown mechanisnh, iIRANK

translocated from the nucleus of osteoblasts to the cell surfaces iwlsethen competent to bind

10



by the cysteine-rich domains within RANK, the RANKL receptor on thiesceface of
osteoclastic progenitor cells [7]. This induces several sigmasduction pathways that involve
TRAF6, c-Jun N-terminal kinases (JNK), and extracellular sigggHated kinases (ERK); in
short, these cascades allow for the survival, differentiation, anctati of osteoclasts [32].
Colony-stimulating factor receptor 1 (c-Fms) is also found on thewéice of osteoclasts, and
binds M-CSF secreted by the osteoblasts. Binding of M-CSF to c-Fms iradsicgsling
cascade that results in promoting the differentiation of ostemctasgenitors to mononuclear
osteoclasts which can then fuse together to become mature, multindidsi@teclasts. These
mature osteoclasts become activated and express proteingthbsarbed in bone resorption
including TRAP, fos-related antigen (FRA), calcitonin receptordRpland CTSK as previously

described [7].

Regulation of Bone Modeling: Hormonal and Nutrient Factors

The human skeleton undergoes constant turnover, in which osteoclasts ablststeo
continually resorb old bone and form new. This is considered bone remodeling, andiatedg
through both hormonal and nutritional factors. During periods of growth, bone fomaeta
much faster rate than resorption in order to promote bone growth, or bone maaklatgis the
focus of this study [52]. However, having an understanding of the key factolgddvn the
regulation of the bone remodeling process is still an importanttaspeansider for our
purposes. These regulation factors include parathyroid hormone, ohlegtrogen, calcitonin,

calcium, ergocalciferal/cholecalciferol (dietary vitamin Djamin K, and phosphate [52].

PTH secreted by the parathyroid glands stimulates osteoclastipties activity [53].
Under normal physiological conditions, PTH is released as serum calcieis dexcline [3]. The
PTH-induced activation of osteoclasts results in the releasecofoadnd phosphorus into

circulation. Thus, PTH plays a critical role in the maintenance ofuraland phosphorous

11



homeostasis [7]. In contrast, calcitonin is released from the parafatlicells of the thyroid
gland in response to elevated serum calcium [7]. Calcitonin increleslesal deposition of
excess calcium by promoting the activation of osteoblasts by incrgasatgnin levels via
Smad-3 [54]. Thus, PTH and calcitonin are counter-regulatory hormones resporsib
maintaining proper serum calcium concentrations and work, at least,ibyaegulating bone
resorption and bone formation, respectively. The sex hormone estrogen fuincteoge part by
preventing the synthesis of the cytokines that result in the relea3#¢iairi®l subsequent
activation of osteoclasts [7]. In accordance with the role of estrogenulatiag bone turnover,
age dependent decrease in estrogen is associated with an incréafeediageloping

osteoporosis.

Because the skeleton represents the abundant storage site tonctlei maintenance of
calcium homeostasis is reliant upon the storage and release of calcium iisfuwaen addition
to the actions of PTH and calcitonin, serum calcium levels are regjlbiatihe actions of
calcitriol, the hormonal form of vitamin D (1,25(0OfB)). Calcitriol is the ligand for the vitamin
D receptor (VDR), a member of the nuclear hormone receptor supegrfdiniThe activation of
VDR by 1,25(OH)Dsresults in the activation of osteoblasts to increase the synttidgise
matrix proteins required for new bone formation by promoting bone mineralfiz&tietary
vitamin D is obtained in the form of either ergosterol, ergocalciferatholecalciferol which can
serve as precursors for the synthesis of 25(QHyamin D; can also be synthesized
cutaneously by the conversion of 7-dehydrocholesterol to cholecalciferol hutitayiolet (UV)
radiation. A vitamin D deficiency may result in increased osteoclagtidtg promoting bone

resorption and eventual bone loss.

Vitamin D; (cholecalciferol) undergoes hydroxylation in the liver through theracf
25-hydroxylasse to form 25(OH)Din order to form active vitamin D (i.e., calcitriol or

1,25(0OH}D3), 25(0OH)D; must be hydroxylated bydhydroxylase, predominantly expressed in

12



the kidney. The activity of thisethydroxylase is increased in response to elevated levels of PTH,
low serum calcium, and low calcitriol. Therefore, under insuffict@htium condition, a-
hydroxylase is increased leading to the enhanced production of calciticitriGl acts to

increase calcium absorption in the intestine, calcium resorption indheykiand stimulate bone
resorption. It is critical that individuals of all ages consumedhemmended amounts of dietary
vitamin D and calcium to maintain a healthy balance between bone resorptiamraatidn.

Both vitamin D and calcium are therefore essential in the accrdtjmgak bone mass. Through

the stimulation of 1,25(OHIp; and PTH in addition to other cytokines, osteoblasts and activated
T-cells are driven to secrete RANKL, and bone marrow stromal celistedd-CSF, ultimately

resulting in osteoclastic differentiation, proliferation, and maitumgd60, 51].

Methods of Assessing Bone Density and Microarchitecture

Because the diagnosis of osteoporosis and osteopenia is dependent oitythe abil
determine BMD and BMC, in vivo methods are utilized that allow investig&toassess bone
related parameters. Several methods of assessing bone strength, dehsibynosition exist,
but the most widely used clinical method of assessing skeletal hedliblienergy x-ray
absorptiometry (DXA). Analysis using DXA provides critical infaation such as BMD, BMC,
and bone mineral area (BMA). BMD is often used in the assessment of bemgeattlopment
stops. BMC assesses the accumulation of bone and is often used beforei@dunainstiops
growing. Clinically, DXA is a powerful tool used to determine the lle¥éracture risk based on
BMD. If detected early, low BMD can be increased through dietary, pharmaa|and

physical activity-based interventions.

Additionally, micro-computed tomography&T), can be used to determine and examine
the three dimensional architecture of the bone through the use of x-rdatatconstructs an

image of bone in voxels within a selected region of interest (ROI) lfp&jabecular tissue, the
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reconstructed 3-dimensional image provides characteristics dfticeusal struts (or trabeculae)
can be analyzed to determine trabecular thickness (TbTh), trabeanotaer (TbN), and
trabecular spacing (TbSp), all of which are indicators of tlemgth and micro-architecture of
bone. Bone volume fraction (BV/TV) is an important measure of the ratieebe the bone
volume and total volume, which is then used for the calculation of TbTh, TbN 8 [55].
Connectivity density is calculated as a measure of the connectivity nableeulae divided by
the total volume of the ROI to account for the size, and is used to gainraubegestanding of
the bone density within a given area [55]. The structural model index (Skit)architectural
index that was designed to help predict the strength of a bone using a@oaletdr 3 [55, 56].
An SMI value closer to 3 indicates a more rod-like structure in trabeooer structure and
indicates that a lesser vertical force would be required to break teewlbareas a SMI closer to
0 indicates a more plate-like trabecular structure that requiresforoe to break [55]. Thus, an

elevated SMI is associated with a higher risk of fracture [56].

Cortical tissue analyzed mCT is quite similar to trabecular tissue measurements, but
there are some key differences in the analysis. From the volumerebintortical bone area and
cortical thickness are determined, which takes into account theatexdlome, and number and
thickness of slices measured [55]. The medullary area of the R@bisnglasured byCT, along
with porosity, which predicts the volume of the porous (or void) space withivotiee and the

total volume of the bone [55, 57].

Using the measurements froe@T, a Finite Element Analysis (FEA) can be performed
on the selected bone. FEA analysis utilizes a computer simulated model ¢ot tbewoxels of
the 3DuUCT image into an image that is composed of eight node brick elements,amdich
incorporated into a grid, and are then used for mechanical assessmerapgrthemated
strength of the bone [58]. FEA computes the estimated force that wouldmesfiacture of the

specified bone by calculating the Von Mises stress value, which oiht at which the stressor
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exceeds the strength of the bone; simply put, the Von Mises stress iscaoindf how much

mechanical loading a bone can withstand before a fracture occurs [59].

Determinants of Peak Bone Mass

Acquiring peak bone mass is the single most important factor in detegnira risk of
osteoporosis [11]. Peak bone mass is affected mainly by nutrition,hexgitsise, along with
genetics [11]. Following a nutritious diet is beneficial in the engton of chronic disease, and is
a key factor in osteoporosis prevention. It is important for children andsagats to consume
sufficient quantities of dietary calcium and vitamin D, as peak bone matiained a short time
after an individual stops growing. Genetics also play a role, as alsmaliframe is a risk factor
for osteoporosis [5]. However, individuals with small frames can peaptieventative measures
such as adequate nutrition and weight bearing exercise to decreasskluéiosteoporosis. The
exact age growth cessation is different for each individual, whighysit is so critical to
optimize nutrition and participate in weight bearing activities reutarmaximize peak bone
mass. Unfortunately, it is during this period of growth that adolescentsn garticular females,
are at risk of nutrient deficiencies that may contribute to inargagsk for the development of
chronic disease much later in life. One of the most common nutrientifcn @ deficiency may
develop in the absence of adequate dietary intake is iron. In particotedjsproportionately

affects adolescent females and may impair an individual’syatulittain peak bone mass [4, 9].

Iron: An Essential Nutrient

Iron is the most abundant trace mineral in the body, and is required fosggeceich as
cell proliferation, neurotransmitter biosynthesis, and the mesabaf both macro- and
micronutrients [3]. However, iron is potentially toxic, as freedes iron molecules readily
participate in oxidation reactions such as the Fenton reaction, resalteggctive oxygen species

(ROS) that pose a risk to cell membranes throughout the body [60]. Thusyéntahe
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circulation of free ferrous iron molecules, most of the iron in the body isiprobund. Several
classes of protein-bound iron exist, which participate in a varietynatibns; these including
heme proteins, transport proteins, iron-sulfur cluster enzymes, and enzyrtaining single- or

di-iron catalytic centers.

Hemoproteins contain iron as part of the heme moiety and includengretah as
hemoglobin, myoglobin, and neuroglobin. Both hemoglobin and myoglobin serve to transfer
oxygen throughout body tissues and muscle, respectively. Neuroglobin sergestthenervous
system by supplying the brain with adequate quantities of oxygen [61]. Cytochrot@apr
contain heme as a functional group and essential for facilitatingatisfer of electrons and
function in diverse processes such as cellular respiration and xenotgbébolism. The serum
glycoprotein transferrin binds ferric iron and is requiredttierinter-organ transport of iron. Iron-
sulfur (Fe-S) cluster enzymes contain iron that can function as both atiadsteuctural
component of the protein as well as a part of the catalytic center plesaai Fe-S cluster-
containing proteins include enzymes of the tricarboxylic acid cycle sushcginate

dehydrogenase and mitochondrial aconitase.

Single iron-containing enzymes are involved in such reactions as DNA sgnthe
(ribonucleotide reductase) and for the cross-linking of collagen fibrdennective tissue (prolyl
hydroxylase) [62]. Iron-containing prolyl hydroxylases are also involveldeimeggulation of
hypoxia inducible factors (HIF), which sense oxygen status in the body. When oxygen is
sufficient, HIFs are transcriptionally repressed through ubiation by prolyl hydroxylation
[63]. The wide scope of functions that require iron make iron one of the mostamipivace
minerals. The potential role of iron’s involvement in bone formation esokption only add to

its importance in maintaining healthy body processes.
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Dietary Iron Absorption

Dietary iron can be separated into two main categories, heme iron sankcesn-heme
iron sources — both of which are absorbed utilizing different pathwaydate, the absorption of
non-heme iron is better understood than the absorption and transport of hernet itis, is
largely due to the lack of an identification of a specific hemme iransporter. Heme iron derived
exclusively from animal sources is more efficiently absorbed than moe-beinorganic iron
[64]. Non-heme iron dietary iron is usually obtained from plant-based foodsasiierably less

bioavailable than heme iron [64].

In the lumen of the small intestine and prior to uptake by the enterocytagnmnferric
(F€") iron must be reduced to ferrous {ijéron by brush border ferrireductases such as
duodenal cytochrome b (dCytB) [65]. Ferrous iron is then transported acregsdhlenembrane
by the divalent metal transporter-1 (DMT-1). DMT-1 is somewhat promisdooits substrates
as it can transport other divalent metal cations in addition tolimmever, the I for iron is
higher than other metals [66]. DMT-1 expression is up-regulated in resjpanse deficiency
or hypoxia, a condition caused by lack of oxygen in the body, in order to maximize duodenal ir
absorption. Although heme iron transport is more efficient than non-heme irgoairtartise
proteins controlling heme iron transport across the apical membrane ofdhacgies remain
poorly understood, but an energy-dependent membrane protein expressed only in the duodenum

has been suggested to play a role [67].

Once inside the enterocytes, iron has three fates: storagpoitaons utilization. When
body iron status is sufficient, it is stored as ferritin. However, whengraréded, it is exported
across the basolateral membrane and oxidized prior to loading ontorniarfsfetransport
throughout the body to where it is needed [65].. Ferrous iron is transpaned dte basolateral

membrane of the enterocytes by ferroportin. On the extracellutabraee, the membrane-
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bound multi-copper oxidase hephaestin oxidizes albowing transferrin to bind the iron for
transport to other tissues of the body [65]. Iron recycling is a tigbthyrolled process, where the
amount of iron absorbed per day is roughly equal to the amount of iron that ieéxymeday.
The only mechanism for iron excretion is through enterocyte turnover (3-p dlays,
conditions that lead to an enhanced sloughing or loss of enterocytes may coturésute
impaired iron status. Because no specific mechanism exists fortieguan excretion from the
body, the primary point of regulation is through iron absorption which is depemg@mthe rate
of erythropoiesis and the abundance of body iron stores. Due to the helativbioavailability
of iron from the diet and lack of a regulated excretory pathway, iron igeetfic conserved and
recycled throughout the body. The absolute amount of iron absorbed on a daily basis is
approximately equal to the amount of iron loss (about 1-2 mg iron/day in nowhatiuals)

[68].
Iron Transport

Ferrous iron is transported across the basolateral membrarnse,caidized by
ceruluplasmin or hephaestin to ferric iron, which can be taken up by ayséetrin (Tf), the
primary iron transport protein in the serum. Apotransferrin binds tWork@ecules (diferric
holotransferrin). Holotransferrin transports iron to body tissues, ingutie liver, the primary
storage site for iron. The iron uptake protein Transferrin Rec€pig), found on virtually all
cell membranes, binds diferric holotransferrin with high affireityd monoferric or apotransferrin
with a much lower affinity, promoting the cellular uptake or iron. A secrarssterrin receptor
(TfR-2) is present in the liver, but is expressed primarily in heptgs@nd is thought to play a
role as an iron sensor [69]. TfR is critical in the regulation of iron lostasis, as it functions in
cellular iron uptake in almost all cells throughout the body [70]. Undarrestricted conditions,
the stability of TR mRNA is increased and promotes an enhanced wftake-bound iron.

Conversely, TfR mRNA is less stable under iron-sufficient camufti Mice with a TfR®
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genotype exhibit symptoms of hemochromatosis due to the inhibition of irakeytirthering
the importance of transferrin receptor expression as a means of regulatergisyron balance

[71].

Iron Storage

Iron absorbed in excess of needs is stored in the macromolecuéan featitin. Iron is
stored only when circulating iron is sufficient to carry out normal body psese Iron stores in
men are typically much higher than in women and may contribute to the incpeagatbnce of
iron deficiency anemia in women (12% compared to 2% in males) [3, 65]ir-rat
heteropolymeric protein containing varying compaositions of two subunitgy leedneart (H-

ferritin) and a light or liver (L-ferritin).

Iron Utilization

Release of iron from the liver takes place under the regulatibepzidin, along with the
multi-copper oxidases hephaestin and ceruluplasmin. Hepcidin, a circydaptide hormone
synthesized and secreted primarily by hepatocytes in response teeliesa stores, plays a
major role in systemic iron homeostasis by negatively regulating-tios af ferroportin [65].
Iron is released from enterocytes and storage sites (e.g., liver amuphreges of the
reticuloendothelial system or RES) through ferroportin, and is subsgaridized to ferric
iron by the multi-copper oxidases hephaestin (enterocytes) and cemiop{iger and RES)
before being bound by transferrin. Once in circulation, the majority of inotilimed to support
bone marrow erythropoeisis requiring the formation of the iron-contapristgin hemoglobin
for the transport of oxygen. Hematopoiesis is a cycle thatiirelgrdependent of the Transferrin-
TfR cycle for iron acquisition and the formation of hemoglobin [68]. Iraedgiired for the
synthesis of the erythroid-specific isoform of aminolevulinatersgd (eALAS) that is the rate-

limiting step in the heme biosynthetic pathway. Iron is then incatpdrinto protophorphyrin IX
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in mitochondria during the final step of the heme biosynthetic pathway to fonm [6&, 72].
Accordingly, in response to iron deficiency, hematopoietic cells exthibimost marked signs of
deficiency resulting in the production of microcytic and hypochromic red bldixdticat have a
defect in their oxygen-carrying capacity [3]. A lack of adequatetio support oxygen transport
is responsible for symptoms of iron deficiency anemia — namebutatiethargy, and a

decreased work capacity.

Iron is also a critical factor in the tricarboxylic acid cycl€f) as a part of the enzyme
aconitase. Aconitase is an iron-sulfur containing enzyme which intentsmveate to isocitrate.
Both cytosolic and mitochondrial aconitases, encoded by different geqeise re@ 4Fe-4S iron-
sulfur cluster for catalytic activity. The cytosolic isoform of @A enzyme m-acon is a
bifunctional protein existing in either an enzymatic form or as a cytoRdIA binding protein.
Iron deficiency promotes the loss of the 4Fe-4S cluster thereby decreagimgatic activity and
increasing the RNA binding activity of the protein. Previous work leasotistrated that the flux
of carbon skeletons through the mitochondrial TCA cycle may be decreasspdnge to iron

deficiency, and could contribute to an acute accumulation of mitochondréédit 3].

Regulation of Iron Homeostasis

Iron homeostasis is maintained at both systemic and cellular levelss mohanly an
essential nutrient, but is also potentially toxic due to its propetasfigirticipate in the generation
of ROS [74]. Because of this essential yet potentially toxicreaion must be scrupulously
regulated to prevent both iron overload and iron deficiency. Within the |lesdeleibe systemic
iron regulator known as hepcidin was discovered and characterized, and\hidsdvaluable

information about the coordination of both systemic and cellular regulafiiron metabolism.

The peptide hormone hepcidin is released by hepatocytes in response tetattas

excess iron and inflammation [75]. Hepcidin functions as a direct regofaton release from
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cells [75-77]. Under high iron conditions, or in response to inflammationjdie e synthesized
and released from hepatocytes and upon binding target cells repressetesmse by binding to
the iron export protein ferroportin and promoting its degradation [68]. Ceglyeunder low iron
or hypoxic conditions, hepcidin expression and synthesis is decreased, tlemedasing
degradation and allowing ferroportin to function as an iron exporter [65].dteased from cells
is then made available and transported to the bone marrow on transfeupport

erythropoiesis.

Recently, bone morphogenetic proteins (BMPs) have been identified as @apilegn
iron regulation [78-81]. BMPs belong to the transforming growth factiar (F&s F$)
superfamily, and upon their discovery were originally thought to play a raby solbone
formation [78]. However, extensive investigation has shown that BMfiisipate in numerous
cell pathways such as Smad signaling, binding to extracellular matmcesaasmembrane
serine/threonine kinase receptors [82]. BMPs are involved in digmasiduction pathways,
working through receptor-activated Smad proteins, Smad-1, -5, and -8 [79]. cinated, the
Smad proteins induce a signaling cascade that ultimately resultsaxpifession, synthesis, and
secretion of hepcidin from the liver [79]. Though BMP2, -4, and -6 are all egprasthe liver,
BMP-6 has been identified as key in iron homeostasis regulation by enhandtig bgpression
of hepcidin in response to elevated iron stores [83]. BMP-6 itsdfagegulated in an iron-

dependent manner through an unknown mechanism [80, 84].

Systemic iron regulation is also dependent on the related multi-coppasesi
hephaestin and ceruluplasmin whose functions are critical for allowingxpamted by cells to
bind the iron transport protein transferrin. Hephaestin is a membrane-boundoppki- oxidase
expressed primarily intestinal tissue that functions to oxidizeds iron transported by
ferroportin to allow its binding to transferrin [85]. Ceruloplasmin,gbleible orthologue of

hephaestin, is required for the oxidation of iron released from extraHialessues (e.g.,
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hepatocytes and RES cells). Both hephaestin and ceruluplasmin are lefegardiato be bound
by transferrin in order to move iron from sites of uptake or storage (eestine or liver) to sites
of utilization (e.g., bone marrow). Loss of hephaestin is responsibilkeef@ron-deficient
phenotype of the sex-linked anemsta] mouse characterized by normal iron uptake by the
enterocytes but a severely impaired transfer of iron into the serum [88.dr a defect in the

synthesis of ceruluplasmin leads to a toxic accumulation of iron in thg8ive

Whereas systemic iron homeostasis is regulated by the peptide hormoxlnhepci
cellular iron homeostasis is coordinated post-transcriptionally byidyfaf cytosolic RNA
binding proteins known as the Iron Regulatory Proteins (IRPs). IRPs bind to-bayidgrved
stem-loop structures termed iron responsive elements (IREs) presgher the 5’ untranslated
region (UTR) or 3' UTR within messenger RNA (mRNA) encoding proteins waebin iron
uptake, storage, and utilization [74]. IRPs binding to IREs present in thERB(&lg. , ferritin)
are associated with translational repression whereas IRPs biadRE4 present in the 3’ UTR
are associated with enhanced mRNA stability via protection of an endohicl cleavage site
(TfR1 and DMT-1) [74, 88]. There are two isoforms of IRP which are lpgehlogous to each

other but are regulated via distinctly different mechanisms.

IRP-1 is a bifunctional protein existing either as the cytosaioim of the TCA cycle
enzyme aconitase or as a cytosolic RNA binding protein. The enzyme form obtisia pr
contains a 4Fe-4S iron-sulfur cluster whereas the RNA binding form of tlemiotevoid of
cluster. The so-called iron-sulfur cluster switch is what detesthreeform of the protein with
the cell. Under iron sufficient conditions, the assembly of the enzyme forrorgéaresulting in
a diminution of RNA binding activity. Conversely, under iron deficient comuti the 4Fe-4S
cluster is removed generating the high-affinity RNA binding form of theeprotDue to steric
hindrances, the enzyme form of the protein is incapable of exhibiting highyaRNA binding

activity for cognate RNA targets [72]. In contrast for the Fe-S etustitch controlling IRP1/c-
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acon activity, IRP2 activity is modulated largely through proteibikty. IRP2 cannot
accommodate the formation of a 4Fe-4S iron sulfur cluster and as suaioteghibit any
aconitase activity. Instead, IRP2 protein is regulated by cellolastatus. Under high iron
conditions, IRP2 is degraded through proteosomal degredation [89, 90]. Umddefilment
conditions, IRP2 is stabilized and exhibits high-affinity RNA binding agtivihus, the binding
activities of both IRP1 and IRP2 is increased in response to @adedn the labile cellular iron
pool thereby allowing IRPs to regulate cellular iron homeostasis to prdh®tptake of iron
via stabilization of TR mRNA and a repression in the translation ahfRBIA encoding the

ferritin polypeptide[74].

Iron Related Diseases

It is imperative that iron regulation is well maintained, as iroateel diseases are
deleterious to health and likely have long term negative effects. Exaofdlen-related diseases

include thalassemias, hemochromatosis, anemia of chronic diseagenateficiency anemia

3].

The thalassemias are the result genetic abnormalitiesmgsalthe reduced synthesis of
hemoglobin due to the mutations in the genes encoding globin chains [3]. Nuwesiatiens of
thalassemia exist, but are generally classified into two main gralghg and beta thalassemias,
which correspond to the specific globin chain (alpha or beta) that isjenby formed. Within
the two groups are a series of different forms of thalassemias vdilicti have a different
pathophysiology [91, 92].Alphdhalassemiac-thalassemia) presents with microcytic,
hypochromic anemia as seen in iron deficient anemia, but the causes of dgdsethia range
from a complete lack af-globin to a defective formation of the chain that causes a lethaldiorm

hemolytic anemia [92]. The defective formation of fhglobin chain seen ifi-thalassemia
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requires regular transfusions of red blood cells. The requiremeritedaent and regular

transfusion enhances a patient’s risk for developing iron ovefa#.

Generic Hemochromatosis (iron overload) can result from thalésserary high
concentrations of iron in the diet, or from over-efficient iron absorptiemrsing from genetic
mutations in genes encoding iron-related proteins. Classical taeyedémochromatosis, the
most common cause of iron overload, results from a mutation in the HFEmgkisetlaought to
primarily affect individuals of Northern European descent. Other caugesefic
hemochromatosis are the result of mutations in the genes encodingTfR2, ledm@FE2),
ferroportin, and hepcidin (HAMP) [68]. Each type of hereditary hemocatasis is linked with
inappropriately low levels of hepcidin activity in the body whicsuits in the dysregulation
between iron stores and iron absorption from the gut [65].. The exeassccumulation in
hemochromatosis-related disorders is associated with an increasedtigam of ROS that is
speculated to results in tissue damage leading to cirrhosis, cardighmyapal diabetes [65].
Only in exceptionally rare cases is hemochromatosis caused by die¢alyad. One of the only
major documented cases of a dietary overload took place in Zimbabwe,tralggrenally
brewed beer was found to contain excess amounts of iron, due to the steel @difios biewing

[94].

Anemia of chronic disease is often observed in patients with autosdisorders,
diseases of chronic inflammation, and chronic renal disease, bufuradamentally different
pathology than iron deficiency anemia caused by inadequate dietary intake. anemia of
chronic disease, or anemia of inflammation, chronic inflammatiats leathe elevated levels of
inflammatory cytokines (e.qg., interleukin-6 and tumor necrosis fagibagthat, independent of
iron status, cause the expression, synthesis, and secretion of hepcidia §efgsult of elevated
hepcidin levels, iron homeostasis is disrupted in anemia of chronicealiteasgh the impaired

release of iron from cells of the RES[95]. . Thus, through the repression oélease, there is
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insufficient iron made available to the bone marrow to support heme biosgrahds
erythropoiesis[95]. Furthermore, independent of iron, inflammatory eyskncrease ferritin
transcription promoting inappropriately high iron storage [96]. Thoughdendanemia, anemia
of chronic disease often results in a poor prognosis for the patidr bsdy must compensate
for the decrease in oxygen being supplied to the body during an already fragilef sialth

[95].

Iron deficiency anemia is the most common iron-related disorder, occuiitinghe
most frequency in females between the ages of 12-49. It is genbeaflysult of inadequate
dietary intake and the relatively poor bioavailability of irarfoods. Anemia is diagnosed when
hemoglobin and hematocrit levels fall below the normal range (120-1LGihd/35%,
respectively). To determine whether the anemia is iron rels¢edin ferritin, soluble TfR, serum
iron, serum transferrin, and total iron-binding capacity maybe measanexsponse to an
impaired iron status, a series of events occur in an effort to nmairta homeostasis. At the
cellular level, IRP1 and IRP2 exhibit an increase in RNA binding acfisitmRNAS containing
IREs in either the 5'- or 3'-UTR encoding proteins involved in cellular iroakeytstorage, and
utilization. For example, mRNAs containing an IRE within their 5’RJificluding ferritin, m-
acon, and ferroportin are translationally repressed in response to an icientiectivation of
IRP RNA binding activity. In contrast, TTR mRNA is stabilized assalteof enhanced IRP RNA
binding activity due to iron deficiency leading to an accumulation of therafi®d¢ript and an
increased expression of membrane-associated TfR to facitdateptake In this way, IRPs can
be considered to function as global regulators of cellular iron metabatid serve to coordinate

interorgan iron transport, uptake, storage, and utilization.

In response to iron deficiency anemia, hepcidin expression, synthesiscegiohsas
inhibited, leading to the derepression of hepcidin-mediated ferropogradggion thereby

promoting iron release from available iron stores or iron uptake fierimtestine[68]. If dietary
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intake of iron remains insufficient to support requirements, or iftinEsabsorption remains
poor, body iron stores are depleted and the lack of iron is incapable oftsuppeme
biosynthesis and erythropoiesis. This decrease in hemoglobin if@nnaad impaired
erythropoiesis results in microcytic hypochromic erythrocytes aviphofound decrease in
oxygen carrying capacity. Although the condition is easily treated by ingpiesmentation if due
to inadequate dietary intake it often goes undiagnosed and may cantoilwatrdiomyopathy and

heart failure in prolonged and severe cases of deficiency

Iron and Bone

Due to the critical roles of iron in cellular metabolism, alteretin iron status or a
dysregulation of iron homeostasis may adversely affect normal petidn. The focus of this
study was to characterize the impact of iron deficiency on cells isgdolvmaintaining normal
bone metabolism and physiology. For example, under normal conditions duringrdiéfgéon
and maturation, cellular needs for iron increase to promote cell divisiorr@ifdrption. This
increase in needs is reflected by an increase in TfR expressiailitattaan enhanced capacity
of iron uptake. In terms of bone, osteoblasts require iron as a componenybofiydobxylases,
which catalyze collagen cross-linking by hydroxylating prolyl residueeptide linkages within
bone [62]. A protein essential for bone resorption by osteoclasts,dagsigtant acid
phosphatase (TRAP) requires iron for enzymatic function [49]. Therefibeeations in iron
status may result in a dysregulation of bone turnover which may adversalylaihe strength,
mass, density, and microarchitecture, potentially increasing the riskctiire or long-term risk
of developing osteoporosis. In fact, several studies have identified a streiglppshat iron is

involved in bone metabolism [13-16, 26].

In a rat model of iron deficiency, femur bone mineral area, bone strengthivihavBre

decreased in the absence of adequate dietary iron [14]. Even when compacattiiom-
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restricted diet, animals receiving an iron deficient diet exidlilte lowest trabecular number
(TbN) in the vertebrae [14]. More recently, Katsunettal found that TbN, BV/TV, BMC, and
BMD were all significantly lower in the femurs of iron deficieats [15]. In fact, even a
“moderate” level of iron restriction with 12 mg Fe/kg in female L&wan rats resulted in
decreased cortical thickness at the femur midshaft and negatfifeslied bone strength [26].
Iron deficiency induced by treatment with a synthetic iron chelator ift@ed human fetal
osteoblast cell line was associated with impaired mineraizahough collagen synthesis was
unaffected [26]. The results of these animal iendtro studies suggest that there is indeed a

specific role for iron in regulating osteoblast function and activity.

The extent to which an impaired iron status is associated with aasecreisk of
fracture or increased risk of developing osteoporosis is considerablyides. There are
relatively few studies that have interrogated the relationshipeleetiron status and optimal bone
health, and the majority of these focused on genetic diseases of iron ov&toaewhat
surprisingly, low BMD is also exhibited in human subjects with hereditarpbleraomatosis [16,
97]. Roughly three quarters of patients with hereditary hemochromatosisges#d with
osteopenia, and roughly one third are osteoporotic [16]. Importantly, Valehtiemonstrated
that the incidence of osteoporosis was independent of hemochromatmdigogeamong subjects
[16]. This critical information suggests that the condition of irorrloagl is a more pertinent
factor in development of osteoporosis rather than type of genetic mutatibeerved in
hemochromatosis. Suggested mechanisms to explain this phenomenon are thaisaof @xce
increases the rate of bone loss as a result of hemochromatosis mgfadgonadism, or that
excess iron is toxic to osteoblasts function and/or recruitment, themfppressing bone
formation [16]. In one of the few human studies available that did not exardimilirals with
hereditary iron overload disorders, female army recruits with lowlgvels exhibited a higher

prevalence of stress fractures, although BMD was not analyzedr2dpte, no concrete
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mechanism has been determined to explain this phenomenon, but hypothesized mechanisms
include a decrease in the activity of iron-dependent enzymes teabaite metabolism or

through a decreased activity of heme-dependent enzymes required for thefoohtne
biologically active vitamin D metabolite 1,25(@H/itamin Ds; which could subsequently affect

bone formation[14, 15].

This paradoxical relationship suggests that iron has an importanbnolaintaining a
healthy balance between bone formation and resorption. Interestingly, theiocegof both iron
metabolism and bone remodeling share common signaling pathways involving bone
morphogenetic proteins. BMP6 was recently identified as playingcéatrole in maintaining
iron homeostasis through regulation of hepcidin expression [78-81]. Hemoj(Hé&YV/), a
protein mutated in early onset hemochromatosis, is a co-receptavifes,Barticularly BMP6,
and induces phosphorylation of Smads 1/5/8 and subsequent binding with Smad4 [18s80].
complex is translocated to the nucleus, where it activates the hepemdirpgpomoter HAMP [80].
Despite the recent advances in understanding the molecular mecharisdisating iron
cellular and systemic iron homeostasis, relatively little is kndvauhow an impaired iron
status results in skeletal mineralization abnormalities. Thu$pthis of the work presented
herein was to examine potential mechanisms through which a dietary ircier®f may

contribute to a decreased BMD and microarchitectural alterations@ bo
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CHAPTER Il

METHODOLOGY

Animal Model of Iron Deficiency

Thirty weanling 21-day old male Sprague Dawley rats were purchaseah the
Oklahoma State University Laboratory Animal Research Facility tHaman Laboratories
(Madison, WI). Animals were housed individually in wire-bottomed cagdsapt on a 12 hour
light: dark cycle (7 AM - 7 PM) in a temperature- and humidity-cdlgiaoom withad libitum
access to deionized distilled water. Previous studies have demedshratt this weanling model
of iron deficiency is effective at producing a profound iron deficiency [48¢i#onally, this
model provides an opportunity to observe the extent to which iron defiailemiryg a period of
significant growth is associated with changes in bone structureganititecture, and BMD [9].
Previous work by our colleagues and others has demonstrated a significaaseés BMD in
response to both a moderate and severe iron deficiency [5-6]. Purdtedadiowing the
guidelines of the American Institute of Nutrition (AIN-93G) wereghaised from Harlan-Teklad
(Madison, WI) Table 1). All animals receive@d libitum access to the control diet (Harlan —
Teklad #TD 94095) for a one week acclimation period prior to startingeterygtreatments.

After the acclimation period, rats were randomly assigned to one of gdeedigtary treatment
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groups: (1) control (C, n=4) diet providing 40 mg Fe/kg diet (Harlan-8eklid>.94095), (2) iron
deficient (ID, n=11) providing < 3 mg Fe/kg diet (Harlan-Teklad #TD.80396B)qpair fed (PF,
n=12) a control diet to the level of intake as the ID group. Both the C anadlipgwere

providedad libitum access to diets. Previous work has shown that animals consuming ayseverel
restricted iron-deficient diet exhibit a significantly decrebisgake, thereby necessitating the

incorporation of the pair-fed treatment group [88, 98].
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Formula Composition

Caseine 200 Caseine 200

Corn Starch 397.486 Corn Starch 397.486

Sucrose 100 Sucrose 100

Celluloset 50

Vitamin Mix 10 Vitamin Mix 10

TBHQ, antioxidant ~ 0.014 TBHQ (antioxidant) 0.014

Diet % Lipid % Protein

Iron Deficient Diet 65.6 16.4 18.0

(TD.80396)

(2-5 mg Fe/kg)

Table 1 Formula & Macronutrient composition of the diets used for the present study.
fCellulose contains background iron and thus wakidrd as a component of the iron deficient diedrtsure that iron
was kept at a level of 2-5 mg Fe/kg diet.

31



Assessment of Iron Deficiency

After 35 days of treatment, the animals were anesthetized with goeiritoaeal
injection of 0.004 -0.005 mL/g BW ketamine/xylazine, (60 mg/mL ketamine, 6 imgytazine).
Arterial blood was collected from the descending aorta and immedpdaelyd into either an
EDTA-coated tube (#364300, BD Vacutainer EDTA 4 mg, Franklin Lakes, N#®rom
collection tube (#366703BD Vacutainer, Franklin Lakes, NJ). Whole bldtettad into EDTA-
coated tubes was used for the analysis of a complete blood count, reticatnoyteand
hemoglobin and hematocrit (Antech Diagnostics, Irvine, CA). Blood collecteddningubes

was allowed to clot and then centrifuged at 18@dor 20 minutes at 4°C.

Collection of Tissues

Tissues harvested include the liver, spleen, kidneys, heart, gastragnsoteus, and
brain. All tissues were snap frozen in liquid nitrogen. Prior to freeziamadl portion of the liver
was excised and stored in 10 mL buffered formalin (#8BUFF-FORM10%, pH 6.8-7.&dehar
AAPER, Brookfield CT). Heart, liver, and total body weight were meassonethe day of tissue
collection. Spines from animals were excised and frozen at -Boft@ tibias were excised, and
following soft-tissue debridement were stored in buffered formabth B2murs were flushed
with 6 mL ice-cold phosphate buffered solution (PBS) for bone marrow tiofieone tibia was
also flushed for bone marrow collection for protein analysis, while b@meom collected from
the other femur was used for RNA extraction. After the femurs fhesieed they were frozen in

liquid nitrogen for future analysis.

Bone Mineral Density and Composition Analysis
Prior to exsanguination, each animal underwent a dual energy x-ray ayaetpt scan
(DXA, Hologic QDR Series 4500) to assess whole-body bone mineral areajtcantkdensity

(BMA, BMC, and BMD, respectively). Following tissue collection, a tiéial the spine of each
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animal were also scanned using DXA. Specifically, the BMC and BMD dfuh#ar 4 and 5

(L4/5) vertebrae were analyzed.

Assessment of Bone MicroarchitectureyCT)

To examine alterations in bone microarchitecture, L4 vertelmdéibias were scanned
using micro-computed tomography (microGiGT 40 SCANCO Medical, Switzerland). Tibias
were analyzed at both the proximal diaphysis and the mid-diaphysisiatmessolution (1024 x
1024 pixels). At the proximal diaphysis, a 100 slices volume consisting of only seconda
spongiosa was specified as the volume of interest (VOI) to anaimxctrlar tissue. Within the
VOI, bone volume per trabecular bone volume (BV/TV), trabecular number (TdRness
(TbTh), and separation (ThSp) were determined. From these measurdratntke structural
model index (SMI) and connective density (ConnDens) of the specimen were edmjiu
mid-diaphysis of the tibia was examined as a measure of cdrtinal with 40 slices comprising
the VOI. This midpoint of the bone was then analyzed for porosity, corticalaar@ganedullary
area. The @lumbar (L4) vertebrae were scanned at medium resolution and \&determined
to begin 10 slices distal to the break between primary and secondary sporgidsabecular
analysis of the vertebrae, each VOI comprised 120 slices, where BV/TV,THAN, ThSp, SMI,

and ConnDens were analyzed.

Finite Element Analysis

FollowinguCT, the reconstructed images of the trabecular bone within the proximal
tibial metaphysis and™umbar vertebral body were further assessed using finite element
analysis software (FE), where images are converted to a ihmeasional representation of the
VOI. A simulated model of the approximated bone is created using a system of Hod&sg a

the model to be tested for size independent stiffness, the amount &rodahe bone can
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withstand, and Von Mises, a stress value that is calculated from mieadhtasts and can predict

the breaking point of materials [58, 59].

Total RNA Extraction

To assess the alterations seen in iron deficient animal sgpesian a cellular level,
femurs were debrided of soft tissue and the bone marrow flushed fralisthieend using a 25
gauge needle and 6 mL of ice-cold phosphate-buffered saline (PBS) perritaris mL conical
tubes. The collected bone marrow was then centrifuged at 4°C for 20 nah@@8x g, and
RNA was subsequently extracted from the cell pellets. Followingiftgrgtion, the cell pellet
was lysed with STAT-60 (Tel-Test, Inc., Friendswood, TX) according to the nenrdds
directions. Briefly, approximately 1 mL of STAT-60 was added to the cell @itkresuspended
by repeated pipetting. After resuspending, the samples were incuba&ddor 5 min to allow
dissociation of ribonucleoprotein complexes. Following the 5 min incuba®®@yl2CHCI,
(VWR, Catalog #BDH1109-4CG) per mL of STAT-60 used was added to the samples
vigorously shaken for 15-20 seconds and then incubated for an additional 2-3 rairl§8&sS.
Samples were then centrifuged again at 120@€r 15 minutes at 4°C. The aqueous phase
(containing total RNA) was removed and transferred to a 1.7 mL micraibge lsopropanol
(#231000099, Pharmco-Aaper, Brookfield CT) was added to the samplgs(ped 1 mL
STAT-60 used) and incubated at -80°C for one hour to precipitate RNA. Folloveiogpipation,
all samples were then centrifuged at 12,8@3dor 10 minutes at 4°C. The RNA pellet was
washed with 75% ethanol and centrifuged for 5 minutes at 12,8@0 4°C. Finally, the pellet
was briefly dried and then resuspended in diethypyrocarbonate (DEP@EH$®. RNA
concentration and purity were determined spectrophotometrically usinagaiidp-1000
(Thermo Scientific).

The distal metaphysis of the femur was used for RNA extragtiom hone tissue, as this
is metabolically active area is rich in trabecular tissue Xtraet RNA from bone, the samples
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were first homogenized using a freezer mill (6770 Freezer/Mill, SaRmele, Metuchen, NJ) for

2 minutes at 12 cycles per second, including a 30 second rest period. Foliowiagenization,

by freezer mill, 1 mL STAT-60 per each 100 mg was added to the powdered boaeTtissu
samples were vortexed, incubated at room temperature for five minutesntifdged for 10

min at 4°C at 8,008 g (Eppendorf 5415R). The supernatant was then transferred to a new 1.7
mL microfuge tube and CHgWas added as described above. For precipitation of bone RNA,
250uL of a high-salt precipitate solution (0.8 M sodium citrate) wagddd the sample in
addition to 25QuL isopropanol (0.25 mL each, per 1 mL STAT-60 used). The rest of the
extraction process was carried out using the same methods as bone mafrewxtiistion as

described above.

Synthesis of cDNA for Gene Expression and Analysis

Total RNA was used to synthesize cDNA to examine gene expression hiyajiwan
real-time polymerase chain reactions (QPCR, 7900HT Fast Real-tiR&iPsEem, SDS 2.3
Applied Biosystems). Briefly, #g total RNA from each sample first was treated with DNase |
(Roche Applied Science, Indianapolis, IN) prior to reverse-transarigiamples were incubated
at 37°C for 30 minutes and heat inactivated at 75°C for 10 minutes in a theleng&yoMetra
T-Gradient #269980). Following treatment with DNase 1, RNA was revemssetibed using
Superscript Il Reverse Transcriptase (Invitrogen, Carlsbad, CQudijohe contents of the
reverse transcription reaction included 50 mM Tris-HCL pH 8.3, 75 mM KCI, 3vigi@l,, 10
mM dithiothreitol, 10uM dioxyribonucleoside triphosphates (208 each dATP, dCTP, dTTP,
dGTP) and 0.08 mg/mL random hexamers. The samples were incubated at 2B @foutes,
42°C for 50 minutes, and 72°C for 15 minutes in a thermocycler. All samples wee ste

20°C prior to analysis.
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Analysis of Gene Expression by Quantitative Real-Time PCR (qPOR

Quantitative real time polymerase chain reactions (qPCR) werkta characterize gene
expression. Each reaction was performed in triplicate with avisdame of 10ul per reaction
that consisted of SYBR Green (SA Biosciences, Frederick, MD), 50Nécand 0.3uM
primer mix on a 7900HT Fast Real-time PCR System (Applied BiosystesigrCity, CA).
Primers were designed using PrimerExpress 2.0 software (AppliedsBiosg, Foster City, CA)
and validated prior to use. Criteria for the validation of primers reduirat the amplicon
spanned an intron whenever possible, exhibited a single dissociation curve, @aa hav
efficiency slope of -3.3. Primer sequences are described in Table 2. gemeaexpression
analysis, Cylcophilin B was used as the invariant control. All resets analyzed using the

Comparitive Cycle Threshold Method{)QUser Manual #2, Applied Biosystems).

Table z: Primer pairs used for real-time PCR

Gene Sense Antisense Accession No.
Cyclo 5'GGTCTTTGGGAAGGTGAAAGAA 5'GCCATTCCTGGACCCAAAA NM_017101
TR 5TCGGCTACCTGGGCTATTGT 5'CCGCCTCTTCCGCTTCA XM_340999
RPL19  5'CGTCCTCCGCTGTGGTAAA 5'TGGCGATTTCGTTGGTTT NM_031103
BMP-2  5'GGAAAACTTCCCGACGCTTCT 5'CCTGCATTTGTTCCCGAAAA XM_346016
Runx2  5'GGCGTCAAACAGCCTCTTCA 5'GCTCGGATCCCAAAAGAAGTT  XM_436016
OCN 5'’AATAGACTCCGGCGCTACCT 5'GAGCTCACACACCTCCCTGT  NM_013414
SOST 5 TGAACCGGGCCGAGAAC 5'TGTACTCGGACACGTCTTTGGT NM_030584
Osx/SP7 5'GCAGCCTGCAGCAAGTTTG 5'CCTTTTCCCAGGGCTGTTG NM_057149
ALP 5'GCACAACATCAAGGACATCG 5 TGGCCTTCTCATCCAGTTCA NM_013059
Col1Al  5'AGATTGAGAACATCCGCAGCC 5TCCAGTACTCTCGCGTCTTCCA NM_053304
TRAP 5'CAGCCCTTATTACCGTTTGC 5'GAATTGCCACACAGCATCAC NM_019144
CTSK 5'CTCCATCGACTATCGAAAGAAAGG 5'’AGCCCAACAGGAACCACACT  NM_031560
NFATC1 5TGCAGCTACATGGTTACTTGGAA 5'CGTCAGCCGTCCCAATG XM_001058445
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Protein Assay

On the day of necropsy, one tibia was flushed with 3 mL ice-cold Phosphagedaluff
Solution (PBS) to collect bone marrow cells in 15 mL conical tubessasibled above. The
samples were centrifuged at 806 for 5 minutes at 4°C. To prepare cytosolic extracts, the cell

pellet was resuspended in 200 cell lysis buffer (containing 20 mM HEPES, 10 mM sodium
pyrophosphate, 50 mi-glycerol phosphate, 50 mM sodium fluoride, 5 mM EDTA, 1 mM

sodium orthovanadate, and 0.5% v/v NP-40) immediately prior to use, proteas®iighileire
added to the cell lysis buffer (0.1 mg/mL Pepstatin, 0.1 mg/mL Leupeptin, 0.25 mgihedh
Trypsin Inhibitor, 0.1 mM MG132, 0.4 mM phenylmethanesulfonylfluoride), along with 2 mM
citrate and 1 mM DTT. Following resuspension, the samples were tradsfetter mL

microfuge tubes, incubated on ice, and vortexed every 5 minutes for 20hmisamples were
then centrifuged at 12,000gdfor 15 min at 4°C. Supernatants were collected, aliquoted, and
stored in liquid nitrogen. Protein concentration was determined by the B@A &gma, St.

Louis, MO).

Electrophoretic Mobility Shift Assay

IRP RNA binding activity of cytosolic extracts of bone marrow cells deisrmined by
electrophoretic mobility assay. Briefly, a plasmid encoding the ratritife5'UTR containing
the IRE was digested with Smal prior to the synthesis of radio-ABRNE as previously
described [99](Eisenstein RS, 1993, JBC). A 73 nucleotféd-fabeled RNA containing the IRE
was produced by a T7 RNA polymerase. The RNA was gel purified through a 10%
polyacrylamide/8M urea gel. Following gel purification, the specifitaactivity of the RNA
protein was determined by scintillation counting. A 4% polyacrylamitievge prepared using
30% acrylamide (60:1 acrylamide/bisacrylamide, Amresco # 0172-50G, SolonMdHPore

treated water, and 1X Tris/Borate/EDTA buffer (10 mM EDTA, .4 M B&ad, .45 M Tris
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Base). Reaction master mixes were prepared which contajngdytosolic extract, 5% glycerol,
1 mmol/L magnesium acetate, 20 mmol/L HEPES, 75 mmol/L potassium chloride, amdl20 m
Bovine Serum Albumin (BSA, Sigma, St. Louis, MO) to a final reaction volun3® gfL. Total
IRP1 RNA binding activity was determined by adding @BRE (Sigma-Aldrich, St. Louis, MO)

to the reaction and incubating for 20 minutes on ice. Spontaneous binding wasa@taigugh
omitting BME. The gel was pre-run at 150V for 20 minutes. After incubation, 3 uL heparin (
mg/mL in depc-treated H20) was added to each sample, gddf2&m each 33iL sample was
loaded onto the gel. The gel was run for an hour at 150V, dried for two hours dB3@ad
Model 583 Gel Dryer and HydoTeck Vacuum Pump) and exposed on an imaging screen for 90
minutes (Bio-Rad Imaging Screen K, Catalog #1707841). The gel was thgeudiifigio-Rad
Molecular Imager FX, Quantity One 4.4.1 Software) and binding activity gieghtiting Opti-
Quant Acquisition and Analysis software (Packard Bioscience dideriCA).

For quantification, a standard curve of tf@] radiolabeled RNA was prepared and
counted using a scintillation counter (Packard Tri-Carb 2900 Liquid Sdiatillanalyzer, GMI,
Inc. Ramsey, MN). The counts per minute (cpm) of the standard curve wemttvented to
digital light units (DLU) and used to calculate the DLUs determineith&yphosphoimaged gel.
Spontaneous binding activity was expressed as fmol RNA bound/mg protein and tatal RN

binding activity was expressed as pmol RNA bound/mg protein.

Statistical Analysis

All measurements were statistically analyzed using SAS (&tatis\nalysis Software
version 9.1, Chicago IL). Student’s t-test were performed to find signifittierences between
pair fed and iron deficient animals (p<.05), along with one way analysis ahear{ANOVA)
between all three groups. However, determination of differences beimweadeficient and

corresponding pair fed groups is a more accurate representation otaigrifianges due to iron
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deficiency, as differences in food intake have been controlled in ghegps thus, the differences

that were observed can be confidently denoted as resultant of iron status.

39



CHAPTER IV

RESULTS

Dietary iron deficiency is associated with decreased food intake, body weight, organ weight,

and alterationsin body composition. Food intake and weight gain were monitored daily in all
three dietary treatment groups for the duration of the study. Compeacedttol animals, the 1D
animals consumed approximately 25% less féagure 1A). The cause for this decreased level
of intake remains unclear, but is consistent with similar models [98, [h0@jreement with
decreased intake, the final body weights of the ID animals were 22%tlavecontrol animals
(Figure 1B). Due to food intake and anthropometric differences between the ID and contro
animals, we included a pair-fed group (PF). The inclusion of a pair-fed groupefwon

restricted group limited the possibility that the observed diffees in iron deficient animals were
due to a lesser dietary intake. At the end of the 35 day experimental, ppatiodD and PF
animals weighed significantly less than the control grdighle 3). Importantly, the difference in
body weight between ID and PF animals was not signifiCeatile 3). Both PF and ID animals
had significantly less fat and lean mass compared to the contralanancounting for the
differences in body weight between the groups as determined via DXA sedohs 8J. Lastly,
previous studies have indicated that iron deficient animals develdiprmagaly [13-15]. In the

current study, significantly higher heart weights were observed ibthaimals Figure 1C).
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Iron status of the animals was determined by measuring hemoglobin, hematatgercent
reticulocytes in the blood. As expected, a dietary iron deficiency sgagiated with a repression
in hematocrit and hemoglobin when compared to either C or PF ankiglsg 2). Hemoglobin
was repressed 66% and hematocrit 61% in iron deficient animals (p<0.00@tpvide further
evidence of anemia in response to a dietary iron deficiency, we exhthandistribution of
reticulocytes in the blood of the animals. The percent reticulpeyas elevated in iron deficient
animals (p < 0.000Figure 2). The increase in circulating immature red blood cells indicates

that the animals have an iron-dependent deficit in erythropoiesis.
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Figure 1: Food intakgA) was significantly reduceg(< 0.01) in ID animals by day 7 when
compared to control animals. Body wei¢B) became significantly differenp(< 0.01) on
day 24 between C and ID/PF animals. Organ weight was normalized to body W@ight(
confirmed that ID animals exhibited signs of cardiomegaky 0.05).
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Body Weight Heart Weight Liver Weight Fat Mass (@) Lean Mass (@)
) (9/kg BW) (9/kg BW)
Control 401.28+17.4 7.02*0.6 42.41+1.2 68.45+8.8 332.83£9.6
Pair Fed 316.43*5.1* 6.44+ 0.5 39.18+1.2 41.55+3.4 274.86+3.9
Iron Deficient 311.48*8.1* 7.86 =0.3** 37.18+1.8* 35,50+ 2.9 276.23£6.2

Table & Iron deficient (=11) and pair fed animals£12) weighed significantly less than the
control group 11=4) after 35 daysp(< 0.01 ang < 0.01, respectively). The hearts of the ID
group weighed significantly more than PF animals g% 0.05) but not control, and the livers
of ID animals weighed less than control (p < 0.05) but not PF. Valuegead@s mean + SE.
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Figure 2: Hemoglobin A) and hematocritB) were significantly decreased in ID animals
compared to PFp(< 0.0001), confirming anemia. Percent circulating reticulocyigsvere

significant elevated in ID animalp € 0.0001), providing further evidence of iron deficiency
anemia.
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Dietary iron deficiency is associated with increased | RP RNA binding activity of bone marrow
cellsisolated from the femur. Alterations in cellular iron status are sensed by iron regulatory
proteins. Depletion in cellular iron stores will result in arréase in spontaneous RNA binding
activity of IRPs. The extent to which iron deficiency alters the ironstait progenitor cells in
the bone marrow is of interest since these cells give rise to astenbhd osteoclasts. In bone
marrow cells isolated from ID animals, IRP RNA binding activity waseased 2.6-fold when
compared to PF animalBigure 3A). Unfortunately, due to the addition of 2 mM citrate to the
cell lysis buffer used for protein extraction, we were unable to assé IRP RNA binding
activity usingp-mercaptoethanol and cannot rule out the possibility that changes RNRP
binding activity are due to an increase in protein abundance rathex tmmversion of the
enzyme form of the protein (i.e., c-aconitase) to an RNA binding form (i.e., IRPthevieon-
sulfur cluster switch. To confirm that an increase in IRP RNA binditigigcin bone marrow
cells resulted in the regulation of target mMRNAs, we examined the almadhTfR mMRNA.
Indeed, the 2.6-fold increase in IRP RNA binding activity resulted in an 8d@%gise in TR
MRNA (Figure 3B). Taken together, these results indicate that bone marrow celbsspoading
to a dietary iron deficiency by upregulating the binding activity ofsiBRd the subsequent
stabilization of TR mRNA in an effort to acquire additional iron frdra éxtracellular
environment. Although not examined in the current study, it is possibla teptession in bone
progenitor cell differentiation or proliferation due to a dietary ironaisficy may contribute to

impaired skeletal health.
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Figure 3: IRP Binding Activity. In ID animals, spontaneous binding activity in bone
marrow was significantly increased compared to*€ @.01). Transferrin Receptor
analysis.As a result of increased IRP RNA binding activity, transferraepéor (TfR)
MRNA is stabilized leading to accumulation of TR mRNA in bone marrows o€liD
animals compared to PF animgbs<0.0001)
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Iron deficiency negatively alters bone mineral density in the spine and tibia but not of the

whole body. Whole-body, spine, and tibia DXA scans were performed to assess the impact o
dietary iron deficiency on bone mineral area (BMA), content (BMC), and g&BMD). After

35 days of treatment, there were no differences in whole-body BMA,,BMBMD observed
between the ID and PF animalidure 4A-BMA & BMC data not shown). The tibias and
lumbar 4/5 (L4/5) were also scanned as these locations are commupoostie fracture sites,
and thus allowed us to examine bone mineral density with a higher degesesiivity than that
obtained by whole body DXA [5]. In agreement with previous studies, the BMAG Bivid

BMD at these two sites were significantly decreased in ID arsimaén compared to PF animals
(Figure 4A) [14, 15, 26]. Because a decrease in growth or premature closing of ttike plrate
could contribute to a decreased BMA and BMC in the tibia, the lengths of thevibé
determined. No differences in tibia length were detected among the tbuges gsuggesting that

a severely iron restricted diet did not appear to alter longiglitione growthKigure 4B).
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Figure 4: No significant alterations in Bone Mineral Density (BMD) weresdtsd

in the whole body, but the BMD of both the tibia and vertebfdef ID animals
(n=11) were significantly lower than PF animals (n=12%0.05 anc < 0.0001,
respectively)There were no differences observed in tibia lengths between the two

treatment groupdB)).
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Iron deficiency differentially alters skeletal microarchitectural properties of cortical in thetibia

and trabecular tissue in the lumbar vertebrae. To more closely evaluate the nature of the change
in BMD, we examined microarchitectural alterations using micropcted tomographyuCT).
Unexpectedly, no differences were detected between the PF and ID anithals i
microarchitectural properties of the trabecular-rich metaphysgiairef the proximal tibia

(Figure 5). Due to the decreased BMD of the tibia in response to iron deficiency, and because
there were no apparent differences in bone length and structuraltig®pétrabecular tissue,

we examined the cortical microarchitectural properties of biie. tCompared to PF animals, ID
animals exhibited a decreased cortical thickness and an iedreeesiullary areg(< 0.01

Figure 6). Taken together, these results suggest that decreased BMIpangedo a dietary iron

deficiency is likely associated with alterations in cortical honoperties.

In the lumbar spine, a tissue particularly rich in trabecular bonanildals exhibited
significant decreases in bone structural properties. Midndgaotural analysis revealed that
BV/TV, TbN, TbTh, and ThSp were all decreased in ID aninfitgufe 7A-D). Furthermore, the
connectivity density of the tissue, an indicator of the overall deakthe connections between
trabeculae, was significantly lower in the lumbar vertebrae @aflihals Figure 7E). Lastly, the
structural model index (SMI) was elevated in ID animals, indigadi more rod-like trabeculae

characteristic that is associated with an enhanced fractkn@&igsire 7F).

To further examine structural properties of the bone, finite elementss@rEA) was
performed using a computer-simulated model. Since FEA assessed tnatiesuga it was not
surprising that FEA did not reveal any differences between ID and PF arfdat not shown),
despite changes in BMD and cortical microarchitecture of the Huiavever, FEA of L4
vertebrae indicated significantly weaker bones in ID animals. Biffthess Figure 8A) and size
independent stiffnes&igure 8B) were significantly less in ID animalp € 0.01), and

physiological forceKigure 8C) estimated to break the bone was also significantly decreased (
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0.01). The Von Mises stress criterion value was not significantlyrdifféen ID compared to PF
animals, but trended towards being higher. Depictions of the tibiahafidsnd L4 can be

observed in Figure 9.
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Figure 5: TrabeculapCT analysis of the proximal tibial metaphysis. No significant
differences were observed in microarchitectural propertidseafabecular tissue between
PF and ID animals.
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Figure 6: CorticaluCT analysis of the tibia. Cortical thicknegs) (vas significantly
lower in ID animals (p < 0.05). There were no differences in pord3jtpr(cortical area
(C).Consistent with a decrease in cortical thickness, cortical faeglarea(D) was
increased in response to a dietary iron deficiency (p < 0.05).
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TbTh (C) were all significantly lower among ID animagts<(0.001). TbSp (D) was
significantly higher in ID animalg(< 0.001) .Connectivity density (E) was less in ID
animals p < 0.0001). SMI was significantly highgy € 0.001) in ID animals.
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was not significant.
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Figure 9: Micro-computed tomography images of the tibia cortical ti¢8u4B) and
vertebral trabecular tiss€-D). Iron deficient animals exhibited lesser cortical
thickness combined with a greater medullary éBaand vertebral bodies with lesser
trabecular volume, thinner, fewer, and further spaced trabecslaémng in a lower

connectivity densityD).
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Expression of bone related genesin femur. To further investigate the nature of the
microarchitectural alterations observed in iron deficient aningalise expression in a trabecular-
rich region of the femur was examined. These analyses were conducesdura Whose marrow
cavity had been flushed to remove bone marrow cells. Total RNA wasxtnacted from the
distal metaphysis of the bone and used as a template for the syntloEidAofor gene
expression analyses by qPCR. The osteogenic genes osteocalcin (OCh)phamegenetic
protein-2 (BMP-2), and collagen1Al (COL1A1) were all significangiguced in ID animals
(Figure 10A), suggesting that this tissue may be experiencing an impairment in misigoalin
response to a dietary iron deficiency. Although the expression of tieeegeoding the protein
alkaline phosphatase trended towards being reduced, the decreasessierpras not
statistically significant. Next, to further examine the natdir@terations in osteogenic gene
expression, the expression of key transcriptional regulators of osteotlfietientiation were
examined. The expression of Runx2, a transcription factor that regihlatespression of the
transcription factor osterix/SP7, was significantly represseesponse to iron deficiency
(Figure 10B). In agreement with a repression in Runx2, the expression of osterix&sRise
significantly impairedEigure 10B). Taken together, these results suggest that an impairment in
the differentiation or total number of osteoblasts in ID animals may rinquentribute to the

microarchitectural abnormalities observed in iron deficiency.

To further investigate factors contributing to iron-dependent albbesatn bone
microarchitecture, the expression of genes involved in osteoclasibfuaere examined.
Cathepsin K (CTSK), nuclear factor of activated T-cells, calzinedependent (NFATc1), and
tartrate resistant acid phosphatase (TRAP) did not significanédgge in ID animals compared to
PF, indicating that the primary effect of iron deficiency isliika osteoblasts, and that any

change in osteoclast mMRNA expression is reflective of a lesser matewélast population.
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BMP2 | Runx? | OCN |COL1Al| ALP | SP7
(26.0) | (26.0) | (22.0) | (17.5) | (24.0) | (24.2)

Figure 1C: The expression of genes involved in supporting bone mineralization
was analyzed using quantitative real-time PCR (gPCR). Total RNAXxtascted

from the metaphyseal region of the femur and used to synthesize cDNA. Relative
differences in target gene expression of alkaline phosphatase, (@dt€9calcin

(OCN), bone morphogenetic protein-2 (BMP-2), collagan(COL1A1), Runx2,

and osterix (SP7) were determined by gPCR utilizing SYBR Green chgamstr
normalized to the expression of RPL19 (mean2D.3). Numbers in parentheses
indicate the mean-Gralue for the PF animals. Overall, the expression of these
genes was lower in ID animalg € 0.01).



Relative m BNA Abundance

m PF
OID

OPG RANEKL

(30.5) (31.1)

Figure 1: The expression of osteoprotegerin (OPG) and RANKL in cDNA
from the metaphyseal region of the femur was normalized to RPL19 (Mean
Cy= 20.5). No statistically significant differences were detected leribut
both genes exhibited trends toward decreased expression.

58



Relative m BNA Abundance

14

10 4
0.8 4
0.6 1
04 -
0.2 -
0.0 +

CTSK

(23.4)

NFATc]

(26.1)

TRAP

(28.1)

m PF
OID

Figure 12: The expression of osteoclast related genes. Cathepsin K (CTSK)

nuclear factor of activated T-cells calcineurin dependent (NFATEeH
tartrate resistant acid phosphastase (TRAP) were examined indBiNér

samples. No significant differences were detected between ID and REsVa

in parenthesis indicate the meapv@lue of PF animals. Genes were

normalized to RPL19 (meany€21.1).
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CHAPTER V

DISCUSSION

Iron is an essential nutrient responsible for a myriad of functioti'eihuman body,
including oxygen transport, nutrient metabolism, and cell prolifera8prEnhzymes requiring
iron as a co-factor such as prolyl hydroxylase (collagen crosslinkingnitase, and
ribonucleotide reductase (DNA synthesis) make iron a cruciabmitrient for normal cell
growth, proliferation, and the maintenance [17]. During periods of gremethrequirements are
elevated to support cell proliferation and increased metabolic negdson deficiency anemia
continues to affect an estimated 9-16% of females of childbearinfppgroximately 12-49) in
the United States [3, 20]. Nutrient deficiencies during periods of braxvet of particular concern
due to the negative implications nutrient deficits can have on developmeng. spkcifically, a
lack of adequate iron in growing children may contribute to impaired cogndecreased energy
production, and interestingly, perhaps even lower bone mineral density)(8hDveaker bone
microarchitecture [3, 14, 26]. Several studies utilizing animal isaxferon deficiency have

demonstrated a link between an impaired iron status and lower bone rdevesiy (BMD),
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although the molecular mechanisms responsible for the relationship bétwrestatus and bone
health remain unclear [13-15, 27]. It is speculated that iron-containiggnesznvolved in bone
formation and mineralization such as prolyl hydroxylase may partially iexjpla negative effect
of iron deficiency on BMD [13, 14, 30]. In fact, the recent observations that ifmedey
anemia is correlated with an increased risk of stress fracturelpsofuirther evidence that iron
status may contribute to an increased risk of osteoporosis [27]. Furtieetion overload
disorders (e.g., hemochromatosis) are associated with a decrease in BMi3tisgdbat iron
status plays an important role in the regulation of normal bone metaldlé, 27]. In an animal
model of iron deficiency, serum 1,25-dihydroxycholecalciferol and urinary deagimyline
(DPD) excretion, a measure of bone resorption, were both decreased gg fifildings of
decreased resorption biomarkers coupled with negatively altered bigtoometric results
provide further evidence that severe iron deficiency results in iegbhone formation, and may
explain decreases in BMD [15]. However, the mechanism(s) through isbiicktatus alters

bone formation remains to be determined.

In this present study, we have demonstrated that a profound iron deficiency in
developing animal was associated with significant negativeatitias in bone microarchitecture.
In fact, iron status appeared to not only affect regions rich in trabeculartaralso cortical
bone, though there did appear to be some site-specific responses. For extroplg) dhe
trabecular region of the tibia was unaffected by iron status, the atab&one of the lumbar
vertebrae was significantly impaired in response to iron defigiefo begin to understand the
possible mechanisms contributing to this relationship, we took a biasexep@f examining
the expression of genes involved in osteoblast and/or osteoclast difféoarand function. By
primarily focusing on the functionality of osteoblasts, a stronger arguaertie made that iron
deficiency has a profound effect on the activity of these celteoAdh osteoblast-related gene

expression was decreased, we are not able to rule out the possibilitysheds an indirect



effect of an impaired iron status on the differentiation of pre-osistsbto mature mineralizing
osteoblasts. The expression of key transcriptional regulators obtestedifferentiation (i.e.,
Runx2 and Osx/SP7) was decreased in response to iron deficiency. Thesesuggaglst that
lack of adequate iron may impair the differentiation of osteoblastitirey in an overall decrease
in the number of osteoblasts. The reduced expression of genes encodingothlasistecretory
proteins osteocalcin (OCN) and collagen type 1al (COL1ALl) in irdoigef animals may
contribute to impaired mineralization. This proposed mineralizatitectimay partially explain

alterations in BMD observed in the current study.

Taken together, these results indicate that iron deficiencyely lissociated with an
impairment of mesenchymal stem cell differentiation to mature datsbAs Runx2 is thought
of as the ‘master regulator’ of osteoblast-directed MSC diffextéon, it is important to consider
and further explore the factors that would explain the down-regulati@nmx2; namely, the
signaling pathways such as Whtatenin, bone morphogenetic proteins as part of the
transforming growth factop-superfamily (TGB), and SMADs [37, 38]. Iron and heme are
capable of inducing Wnt signaling, but it is unknown how a lack of iron affectsMymling
[101]. Given that previous work regarding iron and Wnt signaling has been cahducte
carcinoma cell lines to look at the induction of oncogenes frompAgatenin signaling, it is not
very feasible to apply the findings of these studies to our curreft[@1]. However, it does
indicate that iron is in some way connected to the Wnt signaling pathway, and shanld be
important focus for future research. In mice, iron deficiency has been sbaeorease
phosphorylation, and therefore activation, of Smad 1/5/8, which would presumably thessde
further differentiation of MSCs to osteoblasts [84]. The connectiongelketBMP-2, Smad, and
Whnt/B-catenin signaling and iron status are only in the beginning stages aftehiaedion, and

may be an important means of determining the connection between iron and bone snetaboli
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In the present study, we found that the expression of BMP-2 was signifidantiyased
in iron deficient animals. BMP-2 is associated with stimulation t#aidastic gene expression
including OCN and COL1AL. Additionally, BMP-2 regulates Osx/SR@ugh modulating both
Runx2 and Msx2, a homeobox gene. Thus, BMP-2 likely plays an important rbéeriegulation
of differentiation of osteoblasts from MSCs [33, 102]. Intriguingly, thatrethave demonstrated
the involvement of both BMP-2 and BMP-6 in mediating the expression of pliegpédormone
hepcidin as part of systemic iron regulation raises interestingiope§/8, 79]. First, given that
the expression of BMP-2 and -6 are acutely regulated in response te@lieva stores, are these
proteins also negatively regulated in response to iron defic?edecond, how might iron be
involved in the regulation of these key signaling proteins? Althougtiidvaot measure the
abundance of BMP-2 protein, our results indicating a repression of BMRe2egpression may
provide a key connection between cellular iron status and bone metabolismesilte of the
present study suggest that an impaired iron status may adverselytefosteoblast
differentiation pathways resulting in fewer or less active ostetshldsch could result in
mineralization defects. It is possible that iron deficiency Isvilee overall population of stem
cells, or that any available iron is being utilized for hematopoietic stéirdifferentiation into an

erythrocyte lineage, thereby decreasing mesenchymal stem cdiénatddin and differentiation.

Under normal conditions, osteoblasts induce osteoclast maturation amdi@ctirough
the secretion of RANK and M-CSF. Thus, it is possible that the decrgapulation of mature
osteoblasts is at least partially responsible for the observearégwation of osteoclast-
associated genes such as the transcription factor NFATc1, T&WRCTSK. These results may
provide a mechanistic basis for the previous finding that iron deficieseits in a fewer bone
resorbing osteoclasts [15]. Therefore, though it appears that the nwhbetk mature
osteoblasts and osteoclasts are decreased, the rate of bone foamagiars to be insufficient to

overcome the relative difference in bone resorption. In some ways ésedts are surprising
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since osteoclast differentiation is somewhat dependent upon thedafdRANKL and OPG
secretion. The nature of the iron-dependent alterations in osteoblast authest#fferentiation

remains to be determined.

The BMD of the spine and tibia was significantly decreased in IDasirA further
examination by microcomputed tomograph€T) at the distal metaphysis of the tibia did not
reveal apparent differences in bone volume, trabecular thiclorasabecular number that could
explain the significant alterations observed by DXA analysis.a¥ew the cortical tissue at the
midshatft of the tibia was significantly thinner in iron deficianimals, with a commensurate
increase in medullary area which may provide some insight to the natheedifference in
BMD detected using DXA. Although we were not able to examine the gene eapriessssue
that was analyzed by DXA @CT, our results are consistent with a role of iron modulating
osteoblastic and/or osteoclastic differentiation or function theredoytirgg in structural changes

in the bone.

Future studies are needed to more quantitatively identify the impaonhafeficiency on
the cell differentiation to determine the extent to which the negyatimsequences of impaired
iron status are due to a direct effect on the total cell populations obtzgts and osteoclasts.
The nature of the site-specific responses (e.g., tibia versus veytehmaéns unclear, but is not
uncommon. That the trabecular bone in the tibia appears to be unaffected bgtusweer 35
days is interesting given the apparent sensitivity of the tisste gipine. To the best of our
knowledge, we are unaware of other studies that have examined both tte anditrabecular
tissue of tibias in ID animals. Another group has demonstrated thatrtioalahickness of the
femur midshaft is decreased in animals with an impaired iron statusr{2b6g¢ same study,
Parelmaret al indicate that simulated iron deficiency in an immortalized human datatell
line led to a defect in mineralization but not in collagen synthesisTB&]reason for this

‘selective’ action on cortical but not trabecular tissue in long bisnest understood, because
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trabecular tissue in the spine has been repeatedly shown to undergeeratgtitions as a result
of iron deficiency [14, 26]. Nevertheless, the microarchitecturalatioers in both tibia and spine
in the present study were significant enough to induce a decrease innBMih sites, which is
typically considered a less sensitive measure of bone density when edrtqeET, as it details

the manner by which the alterations are taking place.

One of the major caveats in this study was the fact that althdligland DXA scans
were performed on tibias and th&lambar, gPCR expression analysis was carried out in samples
from the distal metaphysis of the femur. Ongoing work on a current study gsdaeiied out to
A second limitation to this study is that cell lineage allocations db¢ime marrow cells were
unknown. Thus, we are unable to determine whether overall cell populatecrésasged in an
iron deficient animal, or whether the population of stem cells favors bpoiatic over
mesenchymal or vice versa. Several possibilities to amend thigpraioé flow cytometry or
analysis of differentials in the blood. However, flow cytometry on rapsesiis challenging, due
to the lack of well-characterized antibodies for rat species.Wtugd likely impede our ability to
determine the cell population we were actually working with. Difféaénbunts in the blood
would be beneficial in regards to estimating whether the stenypeb present in the bone
marrow were more heavily weighted towards hematopoietic versusohgseal or vice versa,
but would still not provide information on the size of the stem cell populati®préviously
discussed, it is certainly a possibility that overall stem cell ptipolés decreased as a result of
inadequate dietary iron. These questions were not answered in the stwdgnbut are important

to consider for further investigation.

Additionally, the difference in strains of rats used across the stawig be considered a
limitation to our work. Studies done by Medeiros and Parleghahwere conducted in Long-
Evans rats, Katsumathal used a Wistar rat model, and in our present study we chose to use

Sprague-Dawley rats [13-15, 26]. Not surprisingly, differentiséraf rats have been shown to
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react in different ways to alterations in iron status [103]. laraparison study of iron deficiency
(ID) in Fischer, Wistar, and Sprague Dawley rats, it was deterrtiag¢drischer rats were the
most susceptible to ID, followed by Wistar and finally Sprague Dawley [T0®#.determination
was based on hemoglobin and serum iron levels after the animals had beerefddad di
contained < 10 ppm Fe [103]. Thus, our use of SD rats may be a source of contavirsy f
particular topic. For example, if SD rats are a difficult strain to iadustate of iron deficiency,
our findings of reduced BMD and bone microarchitecture may not be as profouned as t
alterations in other strains. Nevertheless, our results of sigmilycaltered BMD and
microarchitecture indicate that our level of iron-restriction sigficient for the purposes of

examining the alterations in bone.

However, the differing levels of iron in the diets used across thereliff studies must
also be considered, as each of these studies utilized differenbiroentrations. We chose a
level of 2-5 mg Fe/kg as our iron-restricted diet so as to evalkeltta alterations in a severely
iron deficient model; this was likely a more reasonable rangerof@striction to use based on
the potential challenges in inducing iron deficiency in SD rats [Fe8kIman indicates that a
level of 12 mg Fe/kg significantly decreased L4 trabecular number andsedr&abecular
separation, but did not affect trabecular thickness [26]. Againgrtiysbe due to strain
differences, but to date no studies have been conducted comparing Long Evarth ipsague
Dawley. However, cortical thickness in the femur was significanityedesed in Parelman’s
work, consistent with our findings [26]. Medeireisal utilized a level of 5-8 mg Fe/kg for both
studies, and reported significant skeletal alterations consistth that of our study and
Parelman’s [13, 14]. This indicates that even a moderate level of iraedefi can cause
negative alterations in skeletal microarchitecture, therebgpferaedng the importance of adequate

dietary iron, especially during times of growth and development.
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In conclusion, the results of the study presented herein indicate thativehglsevere
dietary iron deficiency negatively affects skeletal health andamies the need to further
characterize the role of iron in maintaining optimal bone health. Tiniging an important issue
due to the prevalence of iron deficiency, especially among a population tisat imdergoing
rapid development and the accretion of peak bone mass. Evidence is now emergunggensts
iron status may be an important risk factor for the development of chtfiseigses such as
osteoporosis. The results from this study suggest that iron status ewiytiadfcellular
differentiation and proliferation of cells responsible for bone formatibremains to be
determined as to the extent to which alterations in bone structure aarebsed by improving
iron status. Nonetheless, as a result of iron deficiency, it appears tlgeostegene expression
is reduced and may partially explain the microarchitectural abesatibserved in both the tibia

and the spine.
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