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Iron is a vital component of various enzymes involved in many biological processes, including oxygen transport,
DNA biosynthesis, and cellular energy generation. Moreover, the biological activity of iron depends mainly on its
efficient electron transfer properties. It has the ability to accept or donate electrons during the conversion between
ferric iron (Fe3*) and ferrous iron (Fe?*), thereby functioning as a catalytic cofactor in various biochemical
reactions. Therefore, iron is necessary for the growth, proliferation, and differentiation of bone cells, especially for
osteoblasts and osteoclasts. In addition, hypoxia caused by iron deficiency can also lead to the activity and
function disorder of bone cells. With respect to bone metabolism, iron is involved in the synthetic process of

collagen and vitamin D metabolism.

iron deficiency anemia iron metabolism osteoblast

| 1. Physiological Iron in Bone Homeostasis

The maintenance of bone homeostasis depends on two important cells, osteoblasts that form new bone and
osteoclasts that dissolve old and impaired bone. In the process of children’s growth and development, bone
formation plays a major role, far greater than the speed of bone destruction, termed bone modeling in this state.
Once the bone grows to maturity, these two processes will form a roughly balanced state, termed bone remodeling
[, Appropriate regulation and coordination of the function and differentiation of osteoblasts and osteoclasts is
necessary to acquire bone homeostasis. Hematopoietic stem cells, the source cells of osteoclasts, first differentiate
into bone marrow mononuclear cells (BMMs) under macrophage colony stimulating factor (M-CSF) stimulation and
then differentiate to form multinuclear osteoclasts in the stimulation of NF-kB ligand receptor activator (RANKL) 21,
At the initial stage of bone remodeling, mononuclear precursors are recruited to the bone surface and undergo
proliferation, differentiation, and fusion to finally form mature multinucleated cells Bl Then, osteoclasts decompose
or absorb bone and release calcium into the blood. After the completion of the bone resorption process, it was
widely accepted in the past that that osteoclasts would undergo apoptosis or programmed cell death & but
recently it was recognized that osteoclasts divide into daughter cells called osteomorphs, which can fuse and re-
form osteoclasts in RANKL stimulation 2. Osteoclasts secrete a variety of signal molecules during bone resorption,
attracting bone marrow mesenchymal stem cells (BMSCs) to migrate to newly excavated pits, where they
proliferate and differentiate into osteoblasts [, or activate the quiescent bone lining cells on the bone surface to
form osteoblasts 8. In the process of bone formation, osteoblasts proliferate and differentiate to maturity, and then

secrete a variety of matrix proteins, such as type | collagen (COL1), alkaline phosphatase (ALP), and osteocalcin,
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to form osteoid 4. Subsequently, hydroxyapatite crystals were deposited into the osteoid to form new mineralized
bone. Once the mineralization process is completed, most osteoblasts are eliminated through apoptosis, and the
residual are transformed into osteocytes embedded in the bone matrix and bone lining cells on the bone surface [&l.
So far, the whole bone remodeling process is completed. There is no doubt that the activity and function of

osteoblasts and osteoclasts are crucial in the maintenance of bone homeostasis.

Both osteoclast formation and bone absorption activity of mature osteoclasts require high energy; thus, osteoclasts
contain large amounts of mitochondria. Mitochondrial respiratory complex | and peroxisome proliferator-activated
receptor y coactivator 13 (PGC-1B, key mitochondrial transcription regulator) are essential for osteoclast
differentiation [BI291 Mitochondrial reactive oxygen species (ROS) also are important components that stimulate
osteoclastic differentiation and resorption of bone tissue [l |ron plays an important role in mitochondrial
metabolism, ROS production, and the biosynthesis of heme and Fe-S clusters, which are the key components of
the mitochondrial respiratory complex 22131 Therefore, iron is crucial for the differentiation of osteoclasts and the
activation of bone resorption activity. Indeed, deferoxamine (DFO), an iron chelator, inhibits osteoclastogenesis,
and bone resorption has been reported extensively in vitro 192415 7hang et al. 24! found that DFO inhibited iron-
uptake-stimulated osteoclast differentiation, negatively affected mitochondrial function through decreasing electron
transport chain activity, and suppressed mitogen-activated protein kinase (MAPK) activation independently of ROS
stimulation. However, the findings in vivo seem different from the results of cell experiments. In vivo, serum levels
of bone turnover markers, such as tartrate-resistant acid phosphatase (TRAP), C-telopeptide of type | collagen
(CTX-I), and N-telopeptide of type | collagen (NTX-I), can reflect the activity of osteoclasts 8. Diaz-Castro et al.
(171 demonstrated that severe nutritional IDA increased the levels of serum TRAP and CTX-I in rats. Toxqui et al. (18]
showed that serum NTX-I levels were significantly higher in healthy iron-deficient women compared with iron-

sufficient women.

Similarly to osteoclasts, osteoblasts also have a high demand for energy in osteogenic differentiation; thus,
mitochondria play an essential role in this process 1229 |ron deficiency induced by treatment with an iron chelator
deferoxamine (DFO) in primary cell cultures isolated from fetal rat calvaria was studied, the results of which
demonstrated that low iron suppresses osteoblast phenotypic development 21, Mild low iron induced by DFO
promoted osteoblast activity, but serious low iron inhibited osteoblast activity 22. Mouse and human progenitor
cells, differentiated under standard osteoblast protocols in the presence of DFO, ALP activity, mineralization, and
osteogenic genes (e.g., osterix, Collal, Bglap, and Dmp1), were reduced significantly (23, Interestingly, the same
dose of DFO had no significant effect on adipogenic differentiation, suggesting that osteoblasts maintain a higher
iron requirement for differentiation and function compared with adipocytes 23, In vivo, a zebrafish model of FPN
gene mutant showed severe iron deficiency, resulting in a reduction in the number of calcified vertebrae in the
larvae and a reduction in the expression of bone formation genes (such as alpl, runx2a, and collala) and BMP
signal genes (bmp2a and bmp2b), indicating that iron deficiency may inhibit bone formation through the BMP
signal pathway [24. Serum bone formation makers, procollagen type | N-terminal propeptide (P1NP) and
osteocalcin, were markedly decreased by dietary iron deficiency in rats 1725 These parameters were recovered

after supplying a normal or high-iron diet 28],
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In brief, iron is involved in the regulation of the basic cell activity and function of osteoblasts and osteoclasts, and is
an essential mineral element for maintaining bone homeostasis. However, iron must be controlled at the
physiological level because excessive iron can lead to the over-activation of osteoclasts and the toxic effect of
osteoblasts, resulting in the imbalance of bone homeostasis, and ultimately induce osteopenia and even

osteoporosis [271[28],

| 2. Iron-Deficiency-Induced Hypoxia in Bone Homeostasis

Iron is closely associated with oxygen sensing in cells. Since iron is indispensable to oxygen transport, iron
deficiency can create low-oxygen conditions (hypoxia) as a result of decreased oxygen delivery to cells and
tissues. Hypoxia-inducible factors (HIFs), the heterodimeric transcription factors composed of an oxygen-sensitive
a subunit and a stable B subunit, are critical mediators of the cellular response to hypoxia 29, HIF1-a and HIF2-a
are proposed to contribute to the functions of osteoblasts and osteoclasts in bone homeostasis BUB1 which can
potentially be attributed to the hypoxic condition in bone microenvironments, such as the endosteal areas of bone

medullary cavity and the epiphyseal growth plate 22,

Hypoxia stimulates angiogenesis-dependent bone formation during bone regeneration, mainly via VEGF-
dependent promotion of neoangiogenesis through the HIF-1a pathway 23l Mice overexpressing HIF-1a in
osteoblasts increases bone modeling in developing bone B4, Mice lacking HIF-1a in osteoblasts markedly
decreases trabecular bone volume, reduces bone formation rate, and alters cortical bone architecture in
developmental long bone 3. Prolyl hydroxylases (PHDs) and Von Hippel-Lindau (VHL) are the upstream
regulators of HIF-a. Under normoxia, PHDs hydroxylate HIF-a on two proline residues, inducing VHL-mediated
poly-ubiquitination and proteasomal degradation 8. Therefore, knockdown of PHDs or VHL in mesenchymal
progenitors leads to elevated HIF-1a, which further stimulates osteogenesis E7[EB8 However, another study
showed that conditional knockout of PHD2 in osteoblast lineage cells resulted in reduced bone mineral content,
bone area, and BMD in femurs and tibias of mice 2. Bone marrow stromal cells derived from PHD2 knockout
mice formed fewer mineralized nodules when cultured with a mineralized medium, suggesting that PHD2 plays an
important role in regulating bone formation 2. Several studies have shown that hypoxia and HIF-1a promote
osteoclastogenesis and subsequent bone resorption during bone remodeling, in contrast to the anabolic role of
HIF-1a in bone modeling. For example, hypoxia and HIF-1a overexpression inhibit BMP-2-induced osteoblast
differentiation and stimulate osteoclastogenesis 49, Osteoclast-specific HIF-1a inactivation antagonizes bone loss
in ovariectomy (OVX) mice and osteoclast-specific estrogen receptor a-deficient mice, whereas oral HIF-1a
inhibitors protect OVX mice from osteoclast activation and bone loss 1. Similarly, HIF-1a protein accumulates in
osteoclasts following orchidectomy (ORX) in mice, and administration of a HIF-1a inhibitor abrogated ORX-induced
osteoclast activation and bone loss 42 The reasons for potential differences regarding the role of HIF-1a in bone
modeling and remodeling are unclear but may reflect the combined coordinated or coupled effects of multiple cell

types in the bone microenvironment in vivo.

In contrast to the role of HIF-1a in promoting bone formation, HIF-2a inhibits the differentiation of osteoblasts 43!,

HIF-2a deficiency in mice enhances bone formation in vivo and overexpression of HIF-2a inhibits osteoblast
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differentiation of mouse calvarial preosteoblasts by targeting Twist2 44, Although both HIF-1a and HIF-2a activate
osteoclasts, the former mainly mediates the bone resorption capacity of osteoclasts, while the latter is mainly
involved in the process of osteoclast formation 2. HIF-2a deficiency in mice stimulates osteoclast formation in
vivo, and overexpression of HIF-2a enhances osteoclast differentiation of mouse-bone-marrow-derived
macrophages (BMMs) via regulation of Trafé (24l In addition, HIF-2a contributes to the interaction between
osteoblasts and osteoclasts by directly targeting RANKL in preosteoblasts 44, Osteoblast-specific or osteoclast-
specific conditional knockout of HIF-2a in male mice enhances bone mass and reverses age-related bone loss 24
(461 Consequently, HIF-2a may regulate bone homeostasis through its effects on osteoblasts and osteoclasts

during bone remodeling.

| 3. Iron in Collagen Synthesis

Iron participates in a variety of enzymatic systems in the body, including the enzymes involved in collagen
synthesis. In mammals, approximately 28 types of collagen have so far been identified “Z: among these types, the
most prevalent is type | collagen that was found in the extracellular matrix (ECM), particularly in tissues such as
tendon and bone 8. Bone is a complex assembly of type | collagen fibers filled in with mineral crystal of
hydroxyapatite 2. Type | collagen constitutes 90% of the organic matrix, and together with the mineral, governs

the biomechanical properties and functional integrity of bone B9,

For collagen synthesis, a three-dimensional stranded structure with the amino acids glycine and proline as its
principal components is assembled primarily. This is called procollagen and is precursor of collagen. Procollagen is
then modified by adding the hydroxyl groups to proline and lysine. This reaction requires a-ketoglutarate, molecular
oxygen, ferrous iron, and a reducing agent, and it is an important step to later glycosylation and the formation of
the triple-helix structure of collagen Y. In this process, ascorbate and molecular oxygen reduce the inactive Fe3*
to the active Fe?* 52 and a-ketoglutarate is decarboxylated oxidatively to produce succinate and CO, B2l Two
different enzymes, prolyl-hydroxylase and lysyl-hydroxylase, catalyze these hydroxylation reactions, and iron is
essential in this pathway. Moreover, iron-containing prolyl hydroxylases are also involved in the regulation of
hypoxia-inducible factors (HIF), which sense oxygen status in the body. When oxygen is sufficient, HIFs are
transcriptionally restrained through ubiquitination by prolyl hydroxylation 4. Therefore, it is a hypothesis that in an
iron deficiency status, there may be less iron available to the prolyl and lysyl hydroxylases which could result in

decreased cross-linking activity and, subsequently, weaker collagen fibers 55,

C-terminal propeptide of type | procollagen (P1CP) and P1NP, the byproducts of the process of type | collagen
synthesis, are cleaved from type | procollagen by proteases outside the osteoblast 8. Serum P1INP and P1CP
levels reflect the rate of type | collagen synthesis and osteoblast activity. CTX-I and NTX-I are the degradation
products of collagen, and serum CTX-l and NTX-I levels reflect the rate of type | collagen degradation. Iron
deficiency can decrease serum P1NP or P1CP levels and increase serum CTX-1 or NTX-I levels, which has been
shown in human and animal studies. Wright et al. 8 indicated that serum NTX-I levels were significantly higher
and serum P1NP levels tended to be lower in woman with iron deficiency anemia (IDA). Similarly, the lower amount

of serum P1NP and increased serum CTX-I were found in IDA rats by Diaz-Castro et al. L7, Scott et al. 27 also
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demonstrated that iron deficiency increased the concentration of serum CTX-I in rats. Therefore, iron deficiency

may reduce the synthesis and increase the degradation of type | collagen in bone tissue.

| 4. Iron in Vitamin D Metabolism

Iron is involved in bone metabolism, and another mechanism may be through vitamin D activation and deactivation
B89, vitamin D plays a major role in the regulation of mineral homeostasis and affects bone metabolism 9, The
vitamin D hormone maintains a constant level in serum calcium concentrations. Active 1,25-dihydroxyvitamin D
[1,25(0OH),D] promotes the absorption of calcium and phosphorous in the intestine, phosphate reabsorption in the
kidney, and calcium and phosphate release from the bone 81, Moreover, active vitamin D has a direct regulating
effect on the activity and function of osteoblast and osteoclast 62631641 Therefore, vitamin D deficiency in the body
will cause osteoporosis; in contrast, vitamin D supplementation can increase bone density and is widely used in the

treatment of osteoporosis (621661,

Iron is an essential element involved in the cytochrome P450 superfamily, which catalyzes single or multiple
hydroxylation reactions in pathways by vitamin D substrate at specific carbons using a heme-bound iron 32,
Vitamin D from the diet and skin has two steps of hydroxylation for its activation. Firstly, it is hydroxylated in the
liver into 25-hydroxyvitamin D [25(0OH)D] by the cytochrome P-450 25-hydroxylase (CYP2R1) B7. In addition,
further hydroxylases, such as CYP27A1 and CYP3A4, have been found involved in the anabolism of vitamin D in
the liver (681691 |n the second step, 25(OH)D is transported to the kidney and is hydroxylated into 1,25(0OH),D, the
active form of the vitamin D, by the 25-hydroxyvitamin D la-hydroxylase (CYP27B1). In the inactivation process,
the 1,25(0H),D is inactivated by the 1a,25-hydroxyvitamin D 24-hydroxylase (CYP24A1l) through multiple
oxidations of the sterol side chain 9. In case of iron deficiency in tissues, the activity of iron-containing enzymes is

decreased 711,

Numerous studies have revealed a relationship between clinical iron deficiency and low vitamin D levels 181721,
Blanco-Rojo et al. 2 demonstrated that vitamin D deficiency or insufficiency is very high in women with iron
deficiency. However, the recovery of iron status by an iron-fortified diet did not affect 25(OH)D levels. Grindulis et
al. I8 showed that there is a significant association between iron deficiency and lower vitamin D levels in Asian
children. Qader et al. /4 revealed that serum vitamin D levels were lower in Iragi children with iron deficiency in
contrast with children with normal iron. El-Adawy et al. /3] certified that vitamin D deficiency had a higher frequency
in Egyptian adolescent females with IDA than the healthy control. Jin et al. 8 found that vitamin D deficiency
existed in 67% of infants with IDA. Thus, vitamin D supplementation is important particularly in IDA infants. Ferritin,
an iron-containing protein with high molecular weight, plays a key role in the body as an iron storage compound
711, Serum ferritin concentration has been proposed as an index of iron deficiency and iron overload 8. Kang et
al. /9 showed that there is an association between lower serum ferritin and vitamin D in breastfed infants and their

mothers that had anemia during pregnancy.

In animal models, an iron-deficient diet has been shown to reduce serum vitamin D levels. Rats were fed on an

iron-deficient diet for 6 weeks, and the serum levels of 25-(OH)D and 1,25-(OH),D were significantly lower than
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those in rats with a normal diet B9, Moreover, Western blotting, immunofluorescence, and g-PCR assay revealed
that the protein and gene expressions of CYP2R1, CYP27A1, and CYP24A1 in the iron-deficient diet group were
down-regulated compared to control group, and the expression of CYP27B1 protein and gene was up-regulated in
rats with a low-iron diet. However, another study indicated that an iron-deficient diet reduced renal CYP27B1
activity, accompanied by a decreased serum 1,25-(OH),D5 concentration and bone formation in rats 1. These
data demonstrate that iron may be involved in the metabolism of vitamin D by regulating the expression of vitamin

D hydroxylase, suggesting that appropriate iron supplementation might activate vitamin D.

In addition, iron deficiency regulates vitamin D metabolism potentially through fibroblast growth factor 23 (FGF23),
which is secreted by osteocytes 2. The main target organ of FGF23 is the kidney, where FGF23 inhibits
transcription of the key enzyme in vitamin D hormone activation, CYP27B1, and activates transcription of the key
enzyme responsible for vitamin D degradation, CYP24A1 83l |n the absence of FGF23 signaling, tight control of
renal 1a-hydroxylase fails, leading to overproduction of 1,25-(OH),D in mice and humans [B4I83, Therefore, FGF-
23 is a crucial modulator of vitamin D metabolism. Iron deficiency stimulated the transcription of FGF23 in
osteocytes and the increase in serum levels of intact, biologically active FGF23 (iFGF23) and C-terminal
fragments, a degradation product; biologically inactive FGF23 (cFGF23) in mice has been reported [8I87],
However, several studies revealed that serum iIFGF23 levels did not change, whereas cFGF23 levels were
significantly increased in iron-deficient mice 8888l Similar alteration of serum FGF23 levels was also found in
patients with iron deficiency or IDA B[R0 FGF23 is metabolized and eliminated by the kidneys 2],

In conclusion, iron deficiency can directly or indirectly regulate the activity and function of osteoblasts and
osteoclasts by inducing hypoxia and disorder of vitamin D metabolism, ultimately destructing bone homeostasis.
Reduced active vitamin D also leads to disturbances in calcium and phosphorus metabolism and thus affects bone

metabolism. In addition, iron deficiency potentially inhibits new bone formation by deranging collagen synthesis.
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