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Abstract

Iron is a vital trace element and exerts opposing effects on bone in both iron overload and iron deficiency situations. Remarkably, iron
supplementation through intravenous infusion in patients with iron deficiency can also have detrimental effects on bone in special cases. The
diverse mechanisms underlying these effects and their manifestations contribute to the complexity of this relationship. Iron overload impacts both
bone resorption and formation, accelerating bone resorption while reducing bone formation. These effects primarily result from the direct action
of reactive oxygen species (ROS), which influence the proliferation, differentiation, and activity of both osteoclasts and osteoblasts differently.
This imbalance favors osteoclasts and inhibits the osteoblasts. Simultaneously, multiple pathways, including bone morphogenic proteins, RANK
ligand, and others, contribute to these actions, leading to a reduction in bone mass and an increased susceptibility to fractures. In contrast, iron
deficiency induces low bone turnover due to energy and co-factor deficiency, both of which require iron. Anemia increases the risk of fractures
in both men and women. This effect occurs at various levels, reducing muscular performance and, on the bone-specific level, decreasing bone
mineral density. Crucially, anemia increases the synthesis of the phosphaturic hormone iFGF23, which is subsequently inactivated by cleavage
under physiological conditions. Thus, iIFGF23 levels and phosphate excretion are not increased. However, in specific cases where anemia has
to be managed with intravenous iron treatment, constituents—particularly maltoses—of the iron infusion suppress the cleavage of iFGF23.
As a result, patients can experience severe phosphate wasting and, consequently, hypophosphatemic osteomalacia. This condition is often
overlooked in clinical practice and is often caused by ferric carboxymaltose. Ending iron infusions or changing the agent, along with phosphate
and vitamin D supplementation, can be effective in addressing this issue.
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Lay Summary

Iron is a trace element that plays an important role in the human body and is crucial for maintaining the whole-body functions. However, both
excess and insufficient levels of iron can have detrimental effects on bone. Iron overload overstimulates bone-resorbing cells, leading to increased
bone breakdown. Moreover, iron overload inhibits the formation of bone-forming cells, thereby preventing the restoration of lost bone. These
effects are driven by reactive oxygen species induced by iron overload. However, iron deficiency can also cause detrimental effects on bone
and increase fracture susceptibility. Iron is needed not only as a cofactor for collagen formation but also for other anabolic processes within
the cell, maintaining bone mass. Additionally, the resorption of damaged bone is hampered by the low activity of bone-resorbing cells caused
by iron deficiency. Interestingly, anemia as a result of iron deficiency may be treated with iron infusions. Such infusions, however, can cause a
severe form of osteomalacia due to increased phosphate excretion caused by iFGF23. iIFGF23 is induced by iron deficiency, and its inactivation
is disabled by intravenous iron infusions, such as e.g. ferric carboxymaltose.
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Graphical Abstract

Iron overload

Introduction

In 2014, Looker! reported that there is an increased risk of hip
fractures in patients with both elevated and low hemoglobin
levels compared to individuals with normal serum hemoglobin
(Hb) levels.! Various mechanisms that increase the risk of
fracture in iron-deficient individuals may include (i) the supply
of oxygen to the tissue at low iron values,? (ii) the frequent
combination of iron deficiency and an overall poor health
status,” and (iii) frailty as a risk factor for an increased
occurrence of fractures. Thus, in the case of iron deficiency
or anemia, there is a primary reduction in both the bone
formation and resorption processes, inducing a low-turnover
bone metabolism. Additionally, reduced muscle performance
and overall posture increase the risk of falls, which increases
the risk of fractures.

In contrast, iron overload has been shown to affect the
bone through other mechanisms.* Iron overload is primarily
linked to the toxicity of iron and reactive oxygen species
(ROS), which act as resorption-accelerating factors of bone
metabolism. Thus, catabolic processes are favored,*’ and
anabolic processes and cell formation (osteoblasts formation)
decrease,® inducing a decreasing bone mineral density (BMD)
over time.*»

This review aimed to enhance the general awareness and
clinical attention given to the interaction between iron and
bone metabolism and to its treatment for both iron deficiency
and overload.

Iron overload

Iron overload is known to cause oxidative stress through the
formation of ROS, which can damage molecular components
such as lipids, DNA, and proteins.>”” The negative effects of
these substances on bone have been described since 1997.4:8
The main reasons for iron overload may be attributed
to diverse etiologies,* such as hemochromatosis*® and
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hemoglobinopathies, which lead to primary or
secondary iron overload, respectively. The primary form of
hemochromatosis is hereditary, as it is caused by pathogenic
variants in the hepcidine gene (HAMP) or ferroportin
gene (SLC40AI, FPN). It is referred to as hereditary
hemochromatosis (HH).>>!1:12 Other causes of iron overload
include mutations in the bone morphogenic protein (BMP)
signaling cascade,” which were discussed in depth by
Ledesma-Colunga et al.’ and Baschant et al.” Iron overload
in hemoglobinopathies, such as thalassemia major and sickle
cell disease, is the result of treatment with repetitive blood
transfusions causing secondary hemochromatosis.
Thalassemia is a disease of particular interest since
anemia (see below) is known to induce fractures and low
BMD. However, iron overload, such as that induced by
thalassemia treatment, also leads to bone complications.'?
In particular, bone marrow expansion affects the bone
in thalassemia.'> This was reviewed by Dede et al.!3
Thalassemia is caused by pathogenic variants in the gene
encoding hemoglobin chains.!* Depending on the severity
of the disease, blood transfusions are needed. Non—deletional
hemoglobin H disease (HbH), 8-thalassemia major, and severe
HbE/B-thalassemia (hemoglobin E, a 8-hemoglobin variant),
hereafter all referred to as thalassemia, are considered
transfusion-dependent subtypes since transfusions are needed
to address the life-threatening symptoms of severe anemia.’
However, since the body lacks any mechanisms to avert iron
excess, transfusions inevitably increase the iron load in the
body, leading to iron overload.”>'® Hence, when the body
stores iron beyond the capacity of iron-binding proteins,
excess iron can induce damage within cellular and tissue
compartments due to its redox potential.” Therefore, iron
chelation is part of the treatment protocol for these patients’
to reduce iron toxicity. However, iron overload is inevitable
and leads to bone disease in individuals with g-thalassemia.'®
Thalassemia-associated osteoporosis is the most common
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comorbidity in thalassemia patients.*>!3 In this condition, iron
interrupts bone formation by decreasing osteoblast activity
and inducing osteoclast activity due to ROS. Furthermore,
iron chelation itself, as part of the treatment, is known to
affect bone, as is the case for desferrioxamine-induced bone
dysplasia in young patients.'® However, in addition to these
negative effects in young patients, positive effects, such as
increased spinal'”*'® and femoral!” BMD, are observed in
patients chelated with deferasirox'”>'® but no other chelating
agents.'” In addition to the direct effects on bone metabolism,
iron overload can cause different endocrinopathies, such as
hypogonadism, hypothyreoidism, and hypoparathyroidism,
as well as interactions with glucose metabolism and growth
hormones (such as GH and IGF-1).!3 All of the aforemen-
tioned effects, in turn, decrease bone quality and mass. This
clearly indicates the tremendous effects of thalassemia on
bone, which can induce thalassemia-associated osteoporosis.

Sickel cell disease (SCD), which is known to be protective
against malaria,!?>2 is caused by a single nucleotide variant in
the Hb B-chain coding gene (HBB).* Several acute and chronic
features concerning the bone have been described in these
patients.”! The acute symptoms include osteomyelitis, stress
fractures, vertebral fractures, and bone marrow necrosis.?!
Chronic bone problems include osteonecrosis, osteoporosis,
and impaired bone growth.2! However, the results regarding
SCD and iron load are conflicting.* Primarily, a significantly
larger portion of patients have anemia and thus no iron
overload per se.2 However, iron overload can be induced
after repeated transfusions for SCD treatment,”” which leads
to an elevated iron load in up to 70% of patients.”> This
leads to a manifestation of reduced BMD in approximately
50%2%* of SCD patients. Since most SCD patients exhibit bone
manifestations, even without transfusion treatment, mecha-
nisms other than iron overload and treatment*? must play
a role in bone pathologies such as rheological and vascular
complications.?!»22

In summary, the aforementioned diseases are predomi-
nantly associated with iron overload resulting from iatrogenic
blood transfusions. The challenge arises not from the
transfusions themselves but rather from the body lacking an
effective mechanism to excrete iron. Instead, the regulation
of iron levels in the body is primarily mediated through iron
uptake and recycling processes.”»2°

While iron overload in the aforementioned diseases is
primarily induced by parenteral blood transfusions, HH is a
primary cause of iron overload. In the case of HH, dietary iron
absorption in the gut becomes uncoupled from the body’s iron
requirements due to specific mutations. Pathogenic variants
of genes involved in irion uptake (such as HFE, hemojuvelin,
hepcidine, transferrin receptor type II, and ferroportin)*®
cause iron overload through the abnormally high uptake of
iron from the gut. In addition, highlighting the connection
between these pathways and bone, several links exist between
HH and BMPs.® Further review on this topic was addressed
by Baschant & Altamura et al.” and Ledesma-Colunga et al.’

Approximately 25%-34% of HH patients are affected by
osteoporosis,* while 40%-80% have a BMD in the range
of osteopenia,?’>2® which is associated with microstructural
deterioration.”’ The incidence of fractures is correlated with
iron overload, as patients with ferritin levels >1000 ug/l
exhibit more wrist and vertebral fractures and a greater
incidence of osteoporosis than patients with lower levels (18 %
vs. 29.7%).39 All of these findings may be linked to the iron

toxicity itself but also to secondary effects caused by iron
overload-induced endocrinopathies, such as hypogonadism
and its related decreases in testosterone, LH and FSH levels,
diabetes mellitus, cardiac dysfunction, and elevated parathy-
roid hormone.”

Mechanistically, iron overload affects both parts of the
bone remodeling process: it suppresses bone formation and
exacerbates bone resorption (Figure 1).° In both cases, the
proliferation, differentiation, and activity of the involved cell
types, namely, osteoclasts and osteoblasts, as well as their
precursors, are affected, as shown in vitro and in vivo animal
model studies.’

Osteoblasts are restricted in their differentiation, prolifera-
tion and function by iron overload, as evidenced by decreases
in the levels of osteoblast markers in vitro and in vivo,® such as
alkaline phosphatase (ALP) and osteocalcin in cell culture.?!
Furthermore, mineralization is inhibited in vitro and animal
models,* as is the activation of vitamin D in vitro,> limit-
ing the calcium available for sufficient bone mineralization.
Additionally, limited calcium access by low active vitamin
D increases bone resorption through increased parathyroid
hormone levels.

In contrast to osteoblasts, osteoclasts play a crucial role in
bone remodeling at the catabolic site. Their normal function
is indispensable for maintaining bone mass by preventing
excessive bone loss associated with overactivity. Iron, how-
ever, does favor the overactivity of osteoclasts. This becomes
clear when considering the role of iron in energy production
in cells. Bone resorption is an energy-intensive process, and
iron is necessary for mitochondrial energy production and the
subsequent resorptive performance of osteoclasts.?? In partic-
ular, Transferrin receptor 1 (TfR1) induction and osteoclast
induction seem to be coupled, and TfR1 iron uptake facilitates
osteoclast differentiation and resorbing activity, highlighting
the connection between iron overload and bone resorption.
In particular, ROS formation induced by iron overload is
central to osteoclast differentiation, as shown in vitro,>> and
thereby increases bone resorption. This is indicated by an
elevated RANKL/OPG ratio in patients,>* which favors bone
resorption and osteoclast activity. Furthermore, TRAP, which
is an essential molecule for osteoclast action, is an iron-
dependent molecule that is favored in the presence of ferric
iron. Furthermore, in vivo studies have shown an increased
number of osteoclasts in patients with iron overload, which
increases bone resorption.*

Taken together, these findings show that iron overload
favors bone resorption through several interactions with
osteoclastic pathways, such as osteoclast proliferation,
differentiation and activity pathways; thus, iron increases
osteoclast numbers and activity, lowering bone mass. This
may be considered the main effect.* However, inactivation
of bone formation also plays a crucial role in iron overload.
Both effects are detrimental to bone and lead to iron overload-
induced osteoporosis mediated by ROS and specific molecules
involved in iron metabolism, such as TfR1.

In addition, high levels of iron can be observed in the
osteoid in particular conditions such as the Itai-Itai disease.>’
However, an accumulation of iron at the mineralization
front was also seen in patients diagnosed with osteomalacia
and pathological fractures exhibiting extremely high ferritin
concentration.>® It therefore is suggested that iron may inhibit
calcium deposition in osteoid.>> Iron has been demonstrated
to promote the formation of less structured hydroxyapatite



Iron overload [)

Iron chelation

—

JBMR Plus, 2024, VVolume 8 Issue 8

Iron infusion

cFGF23

" Mineralization

Figure 1. Schematic diagram of the interactions between iron supply and bone metabolism. From left to right: while iron chelation can inhibit osteoclast
action, iron overload induces osteoclast activity and inhibits osteoblasts. Anemia, in turn, inhibits both bone resorption and bone formation, thus inducing
low turnover. Additionally, anemia induces high levels of iFGF23, which is directly cleaved and thereby inactivated under physiological conditions. However,
specific maltoses from intravenous iron infusion therapy interfere with cleavage, thus inducing high iFGF23 levels and thereby increasing phosphate

excretion, leading to hypophosphatemia and subsequently osteomalacia.

and reduce the deposition of calcium and phosphate in the
bone matrix, resulting in decreased bone mineralization
in vitro. Among the explanations for this mineralization-
inhibiting effect of iron (Fe3T) is the irons high affinity
for phosphate ions, which may hinder the formation of
hydroxyapatite, a compound composed of phosphate and
calcium (Ca®%t), by forming iron-phosphate complexes.’’
Other authors suggest a direct competition of iron with
calcium inhibiting the hydroxyapatite formation besides
decreasing the collagen production in vitro.2°

It is inherent that chelation is effective for patients suffering
from iron overload and is therefore part of the treatment
regimen. Indeed, positive effects have been reported on both
osteoblasts and osteoclasts when iron overload is treated with
these regimens. Ferric chelators can inhibit TRAP activity,
thus slowing osteoclast-derived bone resorption,* which
becomes inherently clear when considering that TRAP is iron
dependent.’®

Iron insufficiency

Approximately 40% of pregnant women but also 30% of
non—pregnant women suffer from iron deficiency.® Iron defi-
ciency is the most common cause of anemia.® The main
reasons for iron deficiency are chronic bleeding, malnutri-
tion, and malabsorption syndrome.® However, vegetarian and
vegan diets may also cause iron deficiency.®

Research on the relationship between low iron intake and
its negative impact on bone density is complex, given that
conclusions are drawn from the use of various serum iron
markers in studies. For example, iron intake,>”>*" Hb,*! serum
iron,*? and ferritin**»*3 are used as dichotomous markers for
anemia,*!»*2:4448 byt each marker has a different meaning.
In addition, many findings are extrapolated from correlation
studies.

Conclusions regarding the adverse effects of iron deficiency
or anemia on BMD are also drawn from the observation
that there is a clear positive correlation between dietary iron
intake and bone density3’ in women; thus, a negative effect
is expected for low levels of iron intake. Accordingly, Harris
et al. showed, when dividing patients into quartiles of iron
uptake, that female patients in the highest quartile of iron
intake had the best bone density (Table 1).3° Moreover, Liu
et al. demonstrated a decreasing risk of osteopenia/osteoporo-
sis with increasing iron uptake (Table 1).*0 However, it should
be noted that many factors, such as a healthy lifestyle, sporting
and muscular activity, a healthy diet, and other factors, may
also play a role and are particularly difficult to account for
in observational studies. Therefore, no significant correlation
remained after stratification for multiple cofactors by Liu et al.
(Table 1).4% Yet the nutritional iron supply is not a direct
measure of the body’s iron balance, as iron absorption from
the gastrointestinal tract depends on multiple factors.**-!
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Therefore, it is not surprising that serum iron levels and BMD
do not interact according to Kim et al. (Table 1).4?

In clinical practice, hemoglobin levels are routinely used to
assess the iron supply. Several studies have shown correlations
between anemia or hemoglobin levels and bone density in
selected diseases, such as sickle cell disease, chronic inflam-
matory diseases, or renal failure.’>>* However, they all share
a commonality—an underlying disease or deficiency. This is
why it is difficult to dismiss the possibility of interaction
through this underlying condition.

Stratification for all covariates is complicated in clinical
observational studies. For older men and women, Cesari et al.
showed a correlation between low bone density and low Hb
(Table 1). According to their results, this effect is primarily due
to reduced cortical bone density.*® These findings remained
valid even after adjusting for the effects of inflammation,
which, on its own, can lower BMD.>® A positive effect of
Hb serum levels has also been shown by Jorgensen et al.
for women and men,** yet an increased fracture risk was
only present for men with anemia but not for women.**
However, given the sex-specific nature of bone metabolism,
it is important to look at this topic comprehensively.

In a cohort of Turkish women, anemia was shown to serve
as an independent predictor of low bone mass,*’ even if the
direct correlation with = 0.164 was rather weak (Table 1). A
similar situation was observed in women from the Women’s
Health Initiative (WHI) cohort, where the risk of fractures
was increased in those with anemia.*” Even in young women,
having better iron levels was shown to be a positive factor
in lowering bone breakdown.’® However, the 7> of 0.079
was small and was noticeable only when vitamin D was
administered alongside.

To yield a positive effect of iron, a adequate calcium intake
is required, as indicated by Harris et al. Only women with
an optimal calcium supply of 800-1200 mg/d exhibited a
positive association between iron intake and bone density,
while no clear association was found for those with levels
above or below this range.’ This shows that iron interacts
with calcium and plays an important role in its effects. Nev-
ertheless, even after adjustment for protein supply, covariants,
and calcium, it became clear that a correlation existed between
iron and bone density.3’

Ferritin is one of the key indicators of iron supply, where ele-
vated ferritin levels indicate abundant iron. In the KNHANES
2008-2010 cohort study by Kim et al.,*? it was revealed
that high ferritin levels in women, particularly those aged
>45 vyears, corresponded with decreased BMD compared to
women with lower ferritin levels.*> Notably, this correlation
was not evident in men according to the study. Intriguingly,
optimal bone density was observed at low ferritin levels,
specifically in the lowest quartile. However, it is essential to
consider the 95% confidence interval, which ranged from
55.8 to 60.4 in the corresponding age group. This finding
suggested that only a few patients likely fell within a deficiency
value range. The specified ferritin deficiency range was 1.1-
28.0 ng/ml, and the minimum of the normal range was
15.0 ng/ml.*?

Most of the studies in men have shown an association
between decreasing Hb levels and decreasing bone mineral
density.**46-48 However, in the MrOS cohort, no significant
association was detected between BMD and anemia in
males.*! Nonetheless, in the same cohort, Hb serum levels
were shown to be positively associated with BMD, yet

including sex hormone levels led to a non-significant
association.’” One year later, the MrOS cohort was used
to clearly show an increased fracture risk for men suffering
from anemia.*! When distinguishing between patients with
and without anemia, no direct association between BMD and
anemia was shown. This, according to the authors, may be
explained by the limited number of patients rather than the
lack of interaction between anemia and BMD.*!

In addition to general anemia due to iron deficiency, chronic
illness, or bleeding, there are specific causes of anemia, as
mentioned above. Interestingly, a correlation between Hb
and BMD was also found in hemodialysis patients. However,
according to the authors, this was more of an indicator of
sporting activity."* When exploring the link between increas-
ing hemoglobin (Hb) levels and a concurrent increase in BMD
or decrease in fracture rate, a critical factor influencing this
association, beyond molecular and genetic factors, appears
to be increased vulnerability to fractures due to diminished
muscle performance,’® hindering an adequate and secure pos-
ture and gait. Consequently, reduced mechanical stimulation
of the bone may accompany reduced BMD due to decreased
mechanical impact, such as in the case of immobilization.>
This implies a deficiency in the ability to prevent a fall, absorb
impact during a fall, and prevent bone-muscle crosstalk, which
is crucial for preserving bone mass, especially when viewing
the bone as a mechano-reactive organ.

Interestingly, iron deficiency is also very frequently linked to
chronic kidney disease (CKD), especially in those treated by
dialysis,®® were vascular calcifications are very frequent.®%-6¢1
Moreover, CKD patients suffer from ROS accumulation,®?
thus combining the effects of iron insufficiency and increased
ROS, usually seen at iron overload, leading to a pronounced
loss of bone. For review of the interaction of CKD, vascular
calcification, and iron, see Neven et al.®”

In summary, existing evidence suggests that a diminished
iron supply increases the vulnerability of bones to fractures
and contributes to a reduced BMD in both men and women.
It is crucial to carefully consider the chosen laboratory param-
eters regarding differentiating the influence of iron on bone,
as each may imply different conditions. For instance, elevated
ferritin levels, associated with infections, reflect iron availabil-
ity within cells, while hemoglobin (Hb) measures a protein
bound to iron rather than iron itself. Among the crucial
aspects influencing the interaction between low iron levels and
compromised bone quality, a lack of physical activity often
observed in individuals with low Hb levels may be one key
factor. Notably, several studies have thoroughly adjusted for
physical activity*>>*% and have still been able to demonstrate
significant differences associated with anemia.

While many of the clinical observations are linked to ane-
mia and an interaction of bone and muscle function as well
as neuronal function, there are several specific reasons why
an iron deficit may hamper bone mass and quality through
reduced bone mass or fracture resistance after correction
for muscular performance (Table 1). Specifically, iron acts as
a cofactor for collagen synthesis®>®° and is important for
collagen maturation,®® enabling collagen crosslinking.

At the molecular level and when focusing on deficiency,
it is important to first acknowledge the main needs for iron
at the cellular level. First, and of utmost importance, iron is
needed for oxygen transport in erythrocytes, as it is coupled
to hemoglobin. However, at the local intracellular level, iron
is needed for the electron transport chain (ETC), which is a
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series of protein complexes located in the inner mitochondrial
membrane. The ETC is the final stage of aerobic respiration
and involves the breakdown of glucose to produce energy.
Therefore, iron acts as an essential cofactor for proteins
involved in electron transfer, helping to facilitate the move-
ment of electrons from one protein to another. Iron plays
a key role in the production of ATP, which is the energy
transport molecule of the cell. It participates in the oxidative
phosphorylation of cytochromes via electron transfer.®” These
processes, in turn, are needed to deliver energy for protein
biosynthesis.

Bone growth and remodeling are both anabolic processes
involving biosynthesis. As bone is composed of collagen,
hydroxyapatite, and several other molecules, iron is urgently
needed to provide energy for collagen synthesis. Furthermore,
iron is important for cell functions, such as ribosome synthe-
sis, and serves as a cofactor for many enzymes. Specifically,
iron is an essential cofactor for enzymes involved in the
hydroxylation of proline and lysine residues within collagen
molecules.®*-68:6 Thus, iron deficiency may subsequently
lead to reduced bone structure.”’

The hydroxylation of these amino acids is a critical step
in collagen synthesis.®” This step occurs in the endoplasmic
reticulum, where the iron-dependent enzymes prolyl and lysyl
hydroxylases®©® catalyze the addition of hydroxyl groups
to specific proline and lysine residues. However, this process
does not occur for free proline but requires at least a triplet of
amino acids (X is an interchangeable amino acid), namely, -X-
Pro-Gly-,¢ which are thus parts of collagen molecules. This
hydroxylation process is necessary for the stabilization and
proper formation of collagen triple helices and fibrils.”! Thus,
an iron deficiency can lead to diminished collagen and thereby
bone quality.

Interestingly, the renal conversion of cholecalciferol into
active vitamin D72 involves ferredoxin and cytochrome P-
450, both of which are dependent on iron.”? This clarifies
why iron deficiency can impact bone mineral density.”> Iron
deficiency not only impacts bone quality with respect to
collagen but also with respect to mineral content, acknowl-
edging that active vitamin D is vital for calcium homeostasis
and thus the formation of hydroxyapatite to mineralize bone
tissue. Subsequently, a lack of mineralization leads to reduced
mechanical competence in the bone,”* which explains why a
calcium-deficient diet further exacerbates the manifestations
of poor bone mass and mineralization when combined with
iron deficiency.””

Furthermore, on the catabolic side, iron deficiency, which
reduces energy availability, inhibits osteoclast action.”3:7376
Therefore, in the case of anemia, a low turnover rate is asso-
ciated with low bone formation and low bone resorption.”®
Thus, reduced bone quality results in a decrease in the forces
needec71§to break the bones of individuals with low serum iron
levels.”>

Intravenous iron treatment

As presented above, anemia and low iron levels are disadvan-
tageous for skeletal health. Anemia is primarily characterized
by fatigue,”” pale skin color, cardiopulmonary symptoms such
as shortness of breath, a feeling of weakness, and possibly an
irregular pulse.”® Iron deficiency also manifests as brittle nails,
thin hair and possibly restless leg syndrome.”® The reasons
for anemia can include gastrointestinal bleeding, a history of
other severe bleeding events, such as heavy uterine bleeding

or inflammatory bowel disease, malnutrition/malabsorption,
chronic heart failure, cancer, or bariatric surgery.””>3" Thus,
intravenous iron substitution is an individual medical deci-
sion. The treatment of anemia, as outlined above (Table 1), is
generally believed to be valuable for general and bone health.

However, an increasing number of case studies have
reported that intravenous iron substitution induces hypophos-
phatemia with subsequent osteomalacia.”?8 The reported
substitutes are ferric carboxymaltose (FCM), iron sucrose,
saccarated ferric oxide, iron polymaltose, iron isomaltoside/-
ferric derisomaltose, ferumoxytol and low-molecular-weight
iron dextran,”?>80 some of which more or less frequently
exhibit the complication of hypophosphatemia. Risk factors
for hypophosphatemia include the type of substitute used
(FCM is associated with a significantly greater risk),’!
the severity of iron deficiency (pronounced iron deficiency
is associated with higher FGF23 expression and thus the
potential for hypophosphatemia), and kidney function.”$
Specifically, compared with other patients, 47% of FCM
patients develop hypophosphatemia, while only 4% of IIM
patients exhibit hypophosphatemia.’! Notably, intravenous
iron infusion-induced osteomalacia is less common in patients
suffering from CKD.”?>81:82 This may be caused by the
inability of kidneys to excrete the phosphate due to kidney
insufficiencies or malfunctions.

Patients affected by intravenous iron infusion-induced
hypophosphatemia clinically present with fatigue, bone pain
caused by osteomalacia, respiratory symptoms, nausea, vom-
iting and diarrhea, pseudofractures, and pronounced muscle
weakness.”® Thus, reoccurring fractures, pseudofractures,
or bone marrow edema at intravenous iron substitution
should increase the suspicion of induced phosphate wasting,
and further diagnosis should be performed. This includes
monitoring of serum phosphate levels, X-ray imaging,
subsequent MRI, and fracture occurrence.””

Biochemical testing is of paramount importance for
diagnosing, monitoring, and treating this disease. Patients
with renal phosphate loss exhibit low phosphate levels and
increased urinary phosphate excretion caused by increased
intact FGF23 (iFGF23). Consequently, active vitamin D levels
are often low, and calcium is within the lower range of normal
levels. Correspondingly, increased parathyroid hormone levels
can be measured, as can increased ALP levels, emphasizing the
effect on bone.

Therapy wise, in case of a fracture or moderate to
severe hypophosphatemia (moderate: 0.6 mmol/l, severe:
0.3 mmol/l),”° a termination of iron substitution or a switch
of the intravenous iron substitute is needed if possible.”’
In patients with mild hypophosphatemia and no fracture,
phosphate monitoring may be sufficient.” Furthermore,
to address osteomalacia and the lagging effect of iron
infusion, oral phosphate substitution should be considered,
as should active vitamin D application,”® to account for
the downregulation of 1,25-vitamin D due to the effect
of iFGFG23.82 When 25(OH)Dj deficiency is detected,
cholecalciferol should also be used.

The serum phosphate concentration in the human body is
primarily regulated by active vitamin D, PTH, and FGF23,
which is produced by osteocytes.”8:7:82:83 Interestingly,
iron deficiency increases the levels of iFGF23%3 through the
hypoxia-inducible factors HIF1la and HIF1b.”® However,
in the case of iron deficiency, induced iFGF23 is cleaved
within osteocytes and does not interact with phosphate



metabolism.”” Physiologically, iFGF23 levels increase with
increasing serum phosphate levels and inhibit the phosphate
cotransporter NaPi-2a and NaPi-2c in the proximal tubule,
inducing urinary phosphate excretion. Furthermore, iFGF23
inhibits the activation of 25 vitamin D to 1,25-vitamin D and
increases the inactivation of 1,25 vitamin D to 24,25-vitamin
D. Therefore, iFGF23 decreases serum phosphate and calcium
levels.

Specific intravenous iron substitutes, however, inhibit the
cleavage of iFGF23, thus increasing the serum level of active
iFGF23.79-82:83 This inhibition is especially common in the
case of FCM, which increases iFGF23 serum levels and thus
high urinary phosphate excretion. Due to kidney malfunction
in CKD patients, CKD patients exhibit a significantly lower
proportion of hypophosphatemia induced by FCM (0.27)
than patients with normal kidney function and FCM (0.51).81

Simultaneously, the inactivation of 1,25 vitamin D and the
decreased activation of 25 vitamin D decrease serum cal-
cium concentrations.”® Thus, secondary hyperparathyroidism
occurs with increasing PTH levels, where the need for calcium
is especially high due to osteomalacia. This in turn accelerates
phosphate excretion and induces further iFGF23 production.

Over time, ALP levels increase. Newly formed osteoid is
subsequently deposited into resorption pits; however, it can-
not mineralize by incorporating hydroxyapatite due to low
phosphate and calcium serum levels. The missing mineral-
ization of the collagenous matrix of bone, in turn, favors
fractures due to a decreased resistance to even physiological
loadings.

Conclusion

In conclusion, an interaction between iron and bone
metabolism is evident, and clinical consequences of both iron
overload and deficiency have been shown. The interactions are
multifactorial and not yet fully elucidated, but both conditions
can affect the bone, negatively increasing the risk for fractures.
Thus, a high level of awareness is important for both clinical
strategies and basic research. Although addressing the clinical
needs of such patients by treating the underlying disease
and its bone manifestations is crucial, treatment itself can
significantly affect bone metabolism. This is exemplified by
iron overload caused by transfusions or intravenous iron
infusion causing hypophosphatemic osteomalacia.

To comprehensively address the various aspects of these
complex interactions and their clinical manifestations, a coor-
dinated and interdisciplinary approach in diagnostics and
therapy is imperative.
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