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Abstract. Postmenopausal osteoporosis (PMOP) is a systemic 
bone metabolism disease, characterized by progressive bone 
loss following menopause and a subsequent increase in 
fracture risk. Estrogen deficiency as a result of menopause 
is known to increase bone resorption and accelerate bone 
loss. Furthermore, postmenopausal women may exhibit iron 
accumulation, in addition to estrogen deficiency. Elevated iron 
levels are a risk factor for PMOP in postmenopausal women, 
and reducing the iron overload has been demonstrated to benefit 
bone cell metabolism in vitro and improve the bone in vivo by 
normalizing osteoclastic bone resorption and formation. The 
identification of hepcidin was a key development in the field of 
iron metabolism in the previous decade. We hypothesize that 
hepcidin may aid in the prevention and treatment of PMOP 
due to its capacity to control body iron stores and its intrinsic 
effects on osteoblast function. The aim of the current review 
was to highlight the role of iron accumulation in the pathogen-
esis of PMOP and to evaluate the possible use of hepcidin as a 
potential therapy for this condition.
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1. Introduction

Due to the progressive aging of populations worldwide, osteo-
porosis is a growing public health concern, with increasing 
prevalence among aging individuals, particularly postmeno-
pausal women. Although osteoporosis has been recognized as 
a disease entity for almost a century, therapeutic approaches 
are limited, since the pathogenesis of postmenopausal osteo-
porosis (PMOP) is complex and not yet fully elucidated. Thus, 
recent progress towards understanding the role of iron accumu-
lation in PMOP is crucial, since it may expose the underlying 
mechanisms and aid the treatment of this bone disease.

Iron is one of the most abundant transition metals in the 
human body, and serves a key function in numerous biological 
processes, including oxygen transport, DNA synthesis and 
energy production (1). However, excessive iron is deleterious to 
organ function (2). If the iron concentration in the circulation 
exceeds the binding capacity of transferrin, an iron‑binding blood 
plasma glycoprotein, then free iron or non‑transferrin‑bound 
iron becomes abnormally enriched in various organs, including 
the liver, heart, brain and pancreas  (3). As a consequence, 
organs are subject to potentially irreversible damage. Previously, 
Weinberg (4,5) hypothesized that iron overload is a risk factor 
for osteoporosis. In women, the levels of iron in the form of 
ferritin (an iron storage protein) have been observed to increase 
markedly following menopause  (6). Furthermore, previous 
studies have indicated that increasing iron concentrations 
contribute towards the development of PMOP by enhancing 
bone resorption and suppressing bone formation, a mode of 
action which is independent from that of estrogen (7,8). A reduc-
tion in iron levels, using either hepcidin (a negative regulator 
of iron absorption) or an iron chelator, targets the underlying 
cause and may provide a viable therapeutic option for mitigating 
the iron accumulation associated with PMOP. The aim of the 
present review was to investigate the role of iron accumulation 
in the development of PMOP and to evaluate the use of iron 
mitigation as a potential therapy for this clinical condition.

2. Iron accumulation in postmenopausal women

Iron overload is defined as the presence of high serum 
ferritin concentrations of ≥300 µg/l in men and ≥200 µg/l in 
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women (9). In recent years, an increasing number of studies 
have investigated the associations among ferritin, estrogen and 
PMOP, in order to determine the reason for the enhanced risk 
of developing osteoporosis in women compared with men. By 
compiling studies on the levels of ferritin and sex hormones 
in various populations, it was concluded that as women age, 
their serum levels of estrogen decrease, while serum ferritin 
levels increase  (10). These results demonstrated a nega-
tive correlation between ferritin and estrogen levels during 
the menopausal transition period (Fig. 1A) (6). With regard 
to the changes in ferritin and testosterone levels in men, a 
synchronized pattern was observed as the men age, in which 
ferritin levels decreased gradually following ʻandropauseʼ 
(Fig. 1B) (11). However, serum ferritin levels in women and 
men did not reach levels defined as iron overload. Collectively, 
these results indicated that iron accumulation was a common 
process in aging women, but not iron overload, which may 
account for the observed differences between genders in the 
incidence of osteoporosis. Our retrospective study indicated 
that women aged >70 years with a hip fracture possessed higher 
serum ferritin levels and significantly reduced bone mineral 
density (BMD) in the lumbar spine and hip, as compared with 
a control group (12). In order to eliminate the possibility that 
osteoporosis itself, but not iron accumulation, exerted an effect 
on bone metabolism, a team of scientists in Seoul conducted 
a three‑year longitudinal health promotion center‑based study 
on 1,729 subjects, which included 789 middle‑aged men and 
940  postmenopausal women  (13). Subjects with illnesses 
known to affect ferritin levels or bone metabolism, such as 
inflammatory diseases, chronic liver diseases or a history 
of transfusion, were excluded from the study. The results 
revealed a linear association between vertebral fracture 
prevalence and serum ferritin levels in women; however, this 
correlation was not observed in the male subjects (14), which 
partially supported the previous observations (12). In addition, 
previous studies have demonstrated that in healthy individuals, 
increased serum ferritin levels were associated with an accel-
erated rate of bone loss, which was most marked in women 
aged >45 years (13,14). Notably, levels of serum ferritin were 
markedly increased in the women aged >45 years, as is shown 
in Fig. 1A. Assuming these results were not a coincidence, 
45 years of age, typically during the perimenopausal period, 
appears to be a critical time point at which the routine exami-
nation of biological markers of iron levels may be advisable, in 
order to monitor the development of iron accumulation.

3. Involvement of estrogen in iron homeostasis

On the basis of the aforementioned clinical results, an inves-
tigation into the interaction between estrogen and iron levels 
was conducted. Menstruation is a key process in women of a 
reproductive age, which is characterized by periodic fluctua-
tions in estrogen and the discharge of blood. For menstruating 
women, the excretion of endogenous iron occurs primarily 
through blood loss, resulting in reduced levels of ferritin and 
an increased prevalence of iron deficiency (15,16). Following 
menopause, iron is no longer lost through menstruation, and 
the metal ion increasingly accumulates in the body. However, 
the interaction between estrogen and iron is not exclusively 
a result of the effects of estrogen on menstrual blood flow. 

Through investigating the effect of estrogen on hepcidin, a 
negative regulator of iron absorption, estrogen was observed 
to transcriptionally suppress the expression of hepcidin by 
binding to the estrogen response element in the hepcidin 
promoter (17,18). Notably, this process provides a compensa-
tory mechanism through which estrogen prevents the rapid 
reduction in body iron in menstruating women, in addition 
to mitigating the accumulation of iron in postmenopausal 
women.

4. Iron overload and abnormal bone metabolism

A number of experimental models of iron overload have been 
established in vivo in order to confirm the adverse effect of 
iron on bone metabolism. Tsay et al (7) generated a group of 
iron‑overloaded mice via injection with iron dextran for two 
months. The results indicated that the iron‑overloaded mice 
exhibited alterations in bone microarchitecture, including 
the trabecular number, thickness and bone volume fraction, 
in addition to an increase in bone resorption, as compared 
with the control group. Similarly, postmenopausal rats fed an 
iron lactate diet for 4 weeks exhibited a significant increase 
in urinary deoxypyridinoline, indicating an increase in bone 
resorption activity  (19). In an additional study, pigs were 
administered 300 mg iron dextran per day intramuscularly 
for 36 days, after which the pigs appeared to have accumu-
lated large iron deposits in the osteoblasts and bone matrix. 
Furthermore, the bone mineralization and formation in the 
pigs were shown to have significantly decreased (8).

The mechanisms underlying the impact of iron on bone 
metabolism are yet to be fully elucidated. However, in vitro 
data indicated that iron‑induced bone damage was predomi-
nantly attributable to the function of iron in catalyzing the 
formation of reactive oxygen species (ROS) via the Fenton 
reaction (20). Wnt signaling is essential for bone formation 
through the stimulation of osteoblastogenesis (21). However, 
ROS are able to antagonize Wnt signaling in osteoblast 
precursors by diverting β‑catenin from T  cell factor to 
Forkhead Box O‑mediated transcription, thereby attenuating 
bone formation (22). Furthermore, a previous study indicated 
that ferric ion promotes the differentiation of osteoclasts and 
increases bone resorption via the generation of ROS (23). In 
summary, the risk of osteoporosis is increased through the 
suppression of bone formation and enhancing bone resorption.

5. Reducing iron overload for the prevention of bone loss

A previous study reported that iron overload was associated 
with osteoporosis in ovariectomized (OVX) rats (24). When 
the OVX rats were fed orally with a bone‑targeted chelator 
(1‑N‑Docosyl‑triethylenetetramine pentaacetic acid), bone 
loss was alleviated significantly in the chelator‑treated 
OVX rats when compared with the untreated‑OVX 
controls (24,25). Desferrioxamine (DFO), an iron chelator 
isolated from Streptomyces  pilosus, is currently used 
in clinical practice for the treatment of iron overload in 
patients with thalassemia, hemochromatosis and sickle cell 
anemia  (26‑28). Experimental results have indicated that 
DFO is able to inhibit osteoclastic differentiation, which 
has been associated with reduced mitochondrial biogenesis 
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and the production of ROS  (29). Furthermore, OVX rats 
treated with DFO have been shown to exhibit reduced bone 
resorption and an improved three‑dimensional bone struc-
ture  (29). In addition, our unpublished preliminary data 
indicated that OVX rats intraperitoneally treated with DFO 
for three months presented with significantly increased BMD 
values, accompanied with reduced serum ferritin levels. On 
the basis of the knowledge that menopause results in iron 
accumulation, which may independently increase the risk of 
osteoporosis, the manipulation of iron levels using an iron 

chelator is hypothesized to be a viable therapeutic approach 
for the treatment of PMOP.

6. Hepcidin treatment: A potential approach for the 
reduction of iron overload

Iron homeostasis is closely regulated at the point of iron 
absorption and storage. Hepcidin, a peptide hormone produced 
by the liver, is the master regulator of iron homeostasis (30). 
Hepcidin functions by inhibiting the efflux of cellular iron 
into the circulation through the transmembrane protein 
receptor, ferroportin. To date, ferroportin is the only known 
cellular iron exporter in vertebrates, and is known to be 
highly expressed in cells involved with iron handling, such 
as duodenal enterocytes, which absorb iron from the diet, 
and splenic macrophages, which recycle iron from senescent 
erythrocytes (31). Hepcidin binds to ferroportin on the surface 
of duodenal enterocytes and splenic macrophages, and induces 
the internalization and lysosomal degradation of ferroportin, 
thereby reducing the body's iron stores and iron deposition 
in the bone (Fig. 2) (32). Therefore, if the hepcidin‑induced 
downregulation of ferroportin is inadequate or ineffective, 
ferroportin activity is upregulated and iron overload may 
occur (33‑35).

The Hfe gene encodes a membrane protein that is implicated 
in the stimulation of hepcidin expression (37). In a previous 
study using Hfe‑/‑ mice, the trabeculae surface was found to be 
markedly labeled with Prussian blue (used for detecting ferric 
iron), indicating a considerable quantity of iron deposition in 
the skeletal tissues. In addition, the Hfe‑/‑ mice manifested an 
osteoporotic phenotype characterized by low bone mass and 
impaired bone microarchitecture, in addition to an increased 
number of osteoclasts along the trabeculae surfaces  (38). 
The results suggested that hepcidin deficiency increases the 
bone iron content and reduces the quantity of bone tissue. 
Furthermore, constitutive activation of hepcidin expression 
or treatment with synthetic hepcidin has been demonstrated 
to prevent iron overload and the corresponding complications 
in Hfe‑/‑ mice (39,40). In mice with β‑thalassemia, increasing 
hepcidin expression was shown to induce a reduction in iron 
content and an improvement in anemia (41). Collectively, these 
results indicate that hepcidin may possess therapeutic poten-
tial for iron‑overload diseases (42‑44). 

Figure 1. Alterations in the levels of ferritin, E2 and testosterone in women 
and men over time. (A) Serum levels of E2 were converted to a percentage of 
the normal value in the serum of 25‑year‑old women (500 pg/ml). (B) Serum 
levels of testosterone were converted to a percentage of the normal value in 
the serum of 20‑year‑old men (4.4 ng/ml). Levels of ferritin are expressed as 
ng/ml serum. E2, 17β‑estradiol; T, testosterone.

Figure 2. Hepcidin‑ferroportin interaction controls the entry of iron into 
bone tissues. The rate of iron entry into the bone tissues depends primarily 
on the serum levels of hepcidin. When serum hepcidin levels are reduced, 
the ferroportin activity is not blocked effectively. Thus, the release of iron 
from enterocytes and macrophages increases, resulting in elevated serum 
iron levels and increased iron deposition in bone tissues.

Figure 3. Mechanism through which hepcidin stimulates osteoblast differ-
entiation. The binding of hepcidin to ferroportin activates the Jak2 protein 
kinase, which subsequently results in osteoblast differentiation mediated by 
the Stat3 transcription factor. Jak2, Janus kinase 2; Stat3, signal transducer 
and activator of transcription 3.
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In a rat model of osteoporosis, liver hepcidin gene expression 
was observed to reduce over time, which further suggested that 
the development of osteoporosis was associated with reduced 
levels of hepcidin (45). Furthermore, increased mineralization 
and reduced rates of apoptosis were observed in human osteo-
blasts treated with hepcidin (46). In addition, a previous study 
observed that hepcidin was able to increase the intracellular 
calcium concentration in cultured osteoblasts, an effect that was 
more evident in cells growing in a high iron concentration envi-
ronment (47). By reducing the calcium influx from extracellular 
spaces using nimodipine (a specific L‑type Ca2+ channel blocker) 
or EDTA (an extracellular calcium chelator), hepcidin‑mediated 
calcium inflow was found to occur predominantly via L‑type 
Ca2+ channels  (48). Furthermore, the intracellular calcium 
induced by hepcidin was sourced primarily from the endo-
plasmic reticulum, which is triggered by calcium influx (47). 
Thus, increased levels of intracellular calcium may be associ-
ated with the anti‑osteoporosis effect of hepcidin. Furthermore, 
considering that postmenopausal women exhibit enhanced 
iron accumulation, we hypothesize that hepcidin may provide 
a viable therapeutic option for the prevention and treatment of 
PMOP by reducing the iron content in the body and enhancing 
osteoblast mineralization. In recent years, a patent was filed in 
the USA detailing the treatment of osteoporosis with hepcidin 
in perimenopausal and postmenopausal women (49). However, 
further studies are required to validate this hypothesis.

Notably, there is a potential receptor‑based mechanism 
through which hepcidin may interact with osteoblasts. 
Previous studies have indicated that the mechanism underlying 
hepcidin‑mediated internalization of ferroportin may result 
from the activation of the Janus kinase 2/signal transducer 
and activator of transcription  3 (JAK2/STAT3) signaling 
pathway (50,51). Furthermore, activation of the JAK2/STAT3 
pathway has been reported to promote osteoblast differentia-
tion (52,53), while inhibition of the JAK2/STAT3 pathway using 
the JAK2 inhibitor, AG490, has been shown to reduce human 
osteoblast differentiation and mineralization (54). Recently, our 
research group recognized that ferroportin can be detected in 
human hFOB 1.19 cultured cells, which indicates that osteo-
blasts are a potential target of hepcidin activity (55). Based on 
these collective results, a possible mechanism through which 
hepcidin stimulates osteoblast differentiation was proposed 
(Fig. 3).

7. Future prospects

In the previous decade, research into iron metabolism and 
bone metabolism has progressed rapidly; the results of which 
have improved the understanding of the pathogenesis under-
lying PMOP (44). The maintenance of iron homeostasis in 
postmenopausal women has been recognized as crucial, and 
indicates the therapeutic potential of the manipulation of iron 
levels for treating PMOP. An artificial, biologically active form 
of hepcidin, known as ʻminihepcidin ,̓ has been developed by 
Preza et al (56).

The following are the key recommendations for clinical 
research and practice, based on the present review. Firstly, 
well‑designed prospective studies are required to investigate 
whether DFO or other iron chelators are able to mitigate bone 
loss in patients with iron overload conditions, such as thalas-

semia, hemachromatosis and sickle cell anemia. Secondly, the 
symptoms of iron overload are insensitive and nonspecific, 
which differs from the activity of other biologically important 
metal ions, such as potassium. Therefore, routine examination 
of the biochemical markers of iron stores may be advisable in 
order to predict the future patient risk of PMOP. As aforemen-
tioned, the optimum age for initiating iron store examination in 
an aging population is ~45 years. Thirdly, the epidemiological 
profile of iron deficiency remains among the most prevalent 
micronutrient deficiencies worldwide, increasing the risk of 
diminished bone metabolism in animals and humans (57,58). 
Therefore, the maintenance of normal iron levels is essential in 
clinical practice for healthy bone homeostasis.
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