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Abstract:
Osteoporosis (OP) is a common skeletal disease affecting millions of people worldwide. The relationship between 
trace elements and OP has garnered widespread attention in recent years. This study conducts a literature review to 
comprehensively analyze the mechanisms of iron, copper, and magnesium in OP. The research encompasses multiple 
fields, including in vitro experiments, in vivo experiments, case-control studies, cross-sectional studies, and materials 
science, to reveal the impact of trace elements on the occurrence and development of osteoporosis.Iron accumulation 
promotes the development of OP by causing a reduction in osteoblast activity. Ferroptosis induces a decline in the 
function of osteoblasts, leading to reduced bone formation functionality; copper intake is positively correlated with bone 
density to a certain extent, and copper ions aid in the repair and regeneration of bone tissue. Copper-induced cell death 
may participate in the pathogenesis of OP by affecting the mitochondrial function and the immune response; magnesium 
ions promote bone formation, and the intake of magnesium is related to bone quality. Magnesium-containing materials 
show potential in the treatment of osteoporosis. Trace elements such as iron, copper, and magnesium are closely related 
to the occurrence and development of OP. Future research needs to further explore the specific mechanisms of these 
elements to develop new treatment strategies for OP.
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1. Introduction
Osteoporosis (OP) is a metabolic bone disorder character-
ized by reduced bone mineral density and compromised 
bone microarchitecture, which results in bone fragility and 
a substantially elevated risk of fractures. The escalating 
trend of global population aging has led to an increasing 
prevalence of OP, making it a significant public health 
concern that impacts the quality of life and health of the 
elderly and imposes substantial medical, economic, and 
social burdens on society. It is projected that by 2025, the 
overall burden of OP will escalate by an additional 50%.
Trace elements play an important role in bone health and 
disease. While extensive research and analysis have estab-
lished the association between calcium, a trace element, 
and osteoporosis as common knowledge, the specific 
mechanisms by which iron, copper, and magnesium influ-
ence osteoporosis remain not fully understood. Research 
suggests that both deficiencies and excessive intakes of 
certain trace elements may be intimately linked to the eti-
ology and progression of OP. This article systematically 
reviews the impact of essential trace elements—namely 
iron, magnesium, and copper—on OP, unraveling their 

specific mechanisms and roles within bone metabolism, 
and examining the correlation between trace element in-
take and OP risk. The aim is to offer scientific evidence 
and guidance for the prevention and management of oste-
oporosis.

2. Method
2.1 Research Selection
Electronic database searches were conducted in PubMed 
and CNKI, with a time frame set to the past five years to 
capture the most recent research findings. The predefined 
search terms encompassed „osteoporosis“, „osteopenia“, 
„bone loss“, „bone density“, „nutrition“, „essential trace 
elements in the human body“, „iron as a trace element“, 
„magnesium as a trace element“, „copper as a trace ele-
ment“, and so on.

2.2 Literature Screening and Data Extraction
The retrieved literature was initially screened based on the 
following criteria:research content related to the impact 
of trace elements on osteoporosis or bone density, and the 
availability of complete research data and conclusions. 
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From the filtered literature, pertinent information was 
extracted, including research design (e.g., in vitro and in 
vivo experiments, case-control and cross-sectional stud-
ies), sample size, types and intake levels of trace elements, 
research outcomes, and conclusions.

2.3 Analysis, Discussion and Results
The research conclusions regarding the effects of various 
trace elements on osteoporosis, the specific mechanisms 
of each trace element in bone metabolism, and the correla-
tion between trace element intake and osteoporosis risk 
will be analyzed. The findings will be synthesized into a 
systematic review report. The discussion section will in-
tegrate existing research findings to elucidate the impact 
mechanisms of different trace elements on osteoporosis 
and explore their potential application in the prevention 
and treatment of the disease.

3. Result
In this study, a total of 28 relevant articles that met the cri-
teria were collected, including 15 related to trace element 
iron, 6 related to trace element copper, and 7 related to 
trace element magnesium.

3.1 Iron and Osteoporosis
3.1.1 Iron accumulation and osteoporosis

Iron accumulation is characterized by serum ferritin lev-
els that exceed the norm but are below 1,000 μg/L. In 
vitro studies have demonstrated that iron accumulation 
downregulates the expression of glutathione peroxidase 
4 (GPX4), heme oxygenase 1 (HO-1), and solute carrier 
family 7 member 11 (SLC7A11), while upregulating the 
expression of transferrin heavy chain, resulting in dimin-
ished osteoblast activity and function, which in turn pro-
motes the progression of osteoporosis (OP). The applica-
tion of ferroptosis inhibitors, such as deferoxamine (DFO) 
and Fer-1, has been shown to reverse these protein ex-
pression alterations and ameliorate cell damage and bone 
loss induced by iron accumulation [1]. One experimental 
model, established through ovariectomy, revealed that in-
tervention with rapamycin led to significant enhancements 
in bone density, bone volume fraction, trabecular number, 
and thickness in mice, along with increased expression of 
osteogenic markers in both serum and bone tissue. These 
findings indicate that rapamycin exerts a positive amelio-
rative effect on iron-accumulation-induced osteoporosis 
[2]. Furthermore, a negative correlation between iron 
accumulation and bone density at various skeletal sites 
has been observed in clinical studies, with elevated serum 
ferritin levels identified as an independent risk factor for 
reduced bone density in patients with type 2 diabetes mel-
litus (T2DM). This suggests that iron accumulation may 

heighten the risk of osteoporosis in T2DM patients [3]. 
Additional research indicates that DFO can improve bone 
metabolism and suppress osteoclast activity by clearing 
iron deposits from tissues, thereby enhancing bone forma-
tion capacity in rats with osteoporosis attributable to iron 
accumulation [4]. It has also been discovered that hepcidin 
inhibits osteoclast differentiation and iron accumulation, 
while high expression levels of SPI1 are associated with 
osteoporosis and may facilitate osteoclast differentiation 
by downregulating the expression of divalent metal trans-
porter 1 (DMT1) [5].
3.1.2 Ferroptosis and osteoporosis

Osteoblasts are instrumental in the initial stages of bone 
formation by secreting bone matrix proteins such as Bone 
Sialoprotein (BSP) and regulate bone growth and remod-
eling through the expression of specific growth factors, 
including Bone Morphogenetic Proteins (BMPs). Pre-
serving the normal function of osteoblasts is, therefore, 
pivotal for the prevention and treatment of osteoporosis 
(OP). Emerging research indicates that ferroptosis may 
cause a decline in osteoblast activity, which could in turn 
affect bone formation processes, impacting the manage-
ment of OP.Investigations have revealed that serum levels 
of Advanced Glycation End-products (AGEs) and fasting 
blood glucose (FBG) are elevated in OP patients and are 
inversely related to bone density. AGEs have been shown 
to significantly inhibit osteoblast proliferation, differenti-
ation, and mineralization while promoting apoptosis and 
ferroptosis. This suggests that AGEs may impair osteo-
blast function and contribute to the progression of OP by 
inducing ferroptosis. The application of the ferroptosis in-
hibitor Deferoxamine (DFO) has demonstrated the ability 
to reverse these detrimental effects [6].
Moreover, studies have discovered that a high-glucose 
environment can activate ATF3, leading to a reduction 
in Glutathione Peroxidase 4 (GPX4) expression and an 
increase in the accumulation of Reactive Oxygen Species 
(ROS) and lipid peroxides, which can ultimately trigger 
ferroptosis in osteoblasts and diminish bone formation 
capabilities. Additionally, conditions characterized by 
elevated glucose and lipid levels raise intracellular iron 
concentrations, and heightened N6-methyladenosine 
(m6A) methylation upregulates the expression of the 
ASK1 gene, thereby activating the p38 Mitogen-Acti-
vated Protein Kinase (MAPK) pathway and precipitating 
osteoblast ferroptosis, which may foster the development 
of OP [7].Excessive iron accumulation has been linked to 
the induction of ferroptosis in osteoblasts, impairing their 
functionality and potentially instigating OP. Both in vitro 
and in vivo experiments indicate that iron overload aug-
ments ROS and lipid peroxidation production, activates 
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the expression of ferroptosis-associated proteins, induces 
mitochondrial structural alterations, and attenuates osteo-
blast activity, thereby impeding osteogenic differentiation 
and mineralization processes [8]. Research has pointed to 
iron‘s disruption of osteogenic differentiation through the 
downregulation of the Wnt signaling pathway. It has been 
hypothesized that Wnt agonists, ferroptosis inhibitors, and 
the antioxidant Melatonin may counteract ROS and Lipid 
Peroxidation (LPO) induced by iron, thereby restoring 
Wnt signaling and safeguarding osteoblast function. Iron 
overload has been shown to initiate ferroptosis in bone 
marrow stromal cells, disrupting osteoblast differentia-
tion, and the ferroptosis inhibitor Ferrostatin 1 has been 
observed to ameliorate this process without modifying 
the iron overload state [9].Furthermore, ferroptosis has 
been identified to induce the detachment from the iron-re-
sponsive element-like (IRE-like) sequence of the NOX4 
gene, thereby activating NOX4 expression and fostering 
the buildup of lipid peroxides. This leads to mitochondrial 
morphological and functional irregularities in osteoblasts 
[10]. Significantly, the use of ferroptosis inhibitors, such 
as Ferrostatin-1 (Ferr-1), in conjunction with iron chela-
tors like Deferoxamine (DFO), has effectively curtailed 
osteoporotic bone loss in an iron-overload mouse model. 
This finding suggests a promising therapeutic strategy for 
osteoporosis that involves intervention in the ferroptosis 
pathway [11].
Osteoclasts, derived from the monocyte-macrophage lin-
eage or Bone Marrow Stromal Cells (BMSCs), are large 
multinucleated cells induced by the Receptor Activator of 
Nuclear Factor-kappaB Ligand (RANKL) that perform 
the function of bone resorption. Recent studies have dis-
covered that Saikosaponin A (Ssa) effectively inhibits the 
generation of osteoclasts in vitro and significantly reduces 
bone loss in vivo by targeting the Nrf2/SLC7A11/GPX4 
signaling pathway. This mechanism primarily induces 
ferroptosis in osteoclasts through the promotion of lipid 
peroxidation [12].
Further research indicates that the impairment of mito-
chondrial transfer leads to a higher propensity for bone 
marrow cells to differentiate into osteoclasts, accelerating 
bone resorption through ferroptosis and exacerbating the 
progression of osteoporosis. Through RNA sequencing 
and metabolomic analysis, researchers have unveiled the 
impact of mitochondrial transfer on the glutathione metab-
olism of osteoclast precursors, offering a novel perspec-
tive for mitigating the advancement of osteoporosis [13].
Additionally, the knockout experiments of the MZF1 gene 
in RAW264.7 cells have revealed the connection between 
ferroptosis and the differentiation process of osteoclasts. 
Under the induction of RANKL, cells with the MZF1 
gene knocked out exhibit changes in markers associated 

with ferroptosis, such as malondialdehyde, glutathione, 
and intracellular iron ion levels, further confirming the 
significance of ferroptosis in the differentiation and func-
tion of osteoclasts [14].
An analysis of serum samples from 100 diabetic patients 
has shown that the expression of ELAVL1 is upregulated 
in diabetic osteoporosis (DOP) patients and is negative-
ly correlated with the expression of ferroptosis-related 
genes GPX4 and Nrf2, and positively correlated with the 
expression of ACSL4. Experiments have demonstrated 
that a high-glucose environment induces ferroptosis in os-
teoclasts, and the knockdown of ELAVL1 can inhibit this 
process, highlighting the role of ELAVL1 upregulation 
induced by high glucose in the pathogenesis of DOP [15].

3.2 Copper and Osteoporosis
A study utilizing data from the National Health and Nu-
trition Examination Survey (NHANES) assessed the 
association between copper intake and osteoporosis (OP) 
risk in 8,224 adults. The results indicated that individu-
als in the highest quartile of copper intake (1.51 mg/day) 
had greater total femoral and spinal bone mineral density 
compared to those in the lowest intake group, suggesting 
a positive correlation between total copper intake and 
increased bone density, as well as a reduced risk of OP 
[16]. Experiments have observed that when human dental 
pulp stem cells (hMSCs) are cultured in the presence of 
copper-doped bioactive glass nanoparticles (Cu-BGn), 
extracellular matrix mineralization is enhanced. Addition-
ally, the expression levels of osteogenic-related genes, 
including COL1A, DMP-1, DSPP, and OCN, were signifi-
cantly elevated, indicating that copper ions contribute to 
the repair and regeneration of bone tissue [17].
However, a case-control study involving 31 OP patients 
and 32 healthy controls revealed that plasma copper (Cu) 
levels in OP patients were significantly higher than in the 
healthy control group. Copper was positively correlated 
with the expression levels of detoxification enzyme genes 
CAT and MT1E, particularly in the healthy control group. 
This suggests that copper may play a key role in regulat-
ing the expression of these genes, thereby affecting bone 
density and the development of OP [18].
Furthermore, copper ions have also shown potential in the 
field of material science. Experiments have precisely load-
ed Cu2+ onto MgO nanoparticles and found that MgO-
Cu nanocomposites, by modulating the loading amount of 
Cu2+, exhibit dependent regulatory effects on osteoblasts, 
osteoclasts, and bacterial responses. These materials can 
promote osteoblast differentiation, inhibit osteoclast for-
mation, and effectively kill bacteria, indicating their po-
tential as multifunctional filler materials for osteoporotic 
bone tissue engineering scaffolds [19]. In addition, cop-
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per-induced cell death, a newly discovered form of cell 
death, occurs when excessive intracellular copper ions in-
duce protein aggregation in cellular respiration, inhibiting 
respiration and leading to a reduction in iron-sulfur cluster 
proteins, ultimately causing cell death [20].
A study analyzing gene expression patterns in the 
GSE56815 dataset using the WGCNA algorithm and 
machine learning models found that genes related to cop-
per-induced cell death were dysregulated in OP patients 
and significantly associated with immune cell infiltration. 
This suggests that copper-induced cell death may be in-
volved in the pathogenesis of OP by affecting mitochon-
drial function and immune responses [21].

3.3 Magnesium and Osteoporosis
Magnesium ions rank as the fourth most abundant element 
in the human body and act as an essential cofactor for 
hundreds of enzymatic reactions. At appropriate concen-
trations, such as 10 mmol/L, magnesium ions have been 
demonstrated to promote bone formation and angiogene-
sis. The concentration of magnesium correlates with the 
presence or absence of osteoporosis [22]. A comparative 
study of 123 postmenopausal women with osteoporosis 
and 97 healthy postmenopausal women showed that se-
rum magnesium levels were significantly lower in the 
group with osteoporosis [23].
An observational study employing quantitative ultrasound 
(QUS) as a diagnostic tool examined 31 premenopausal 
women with celiac disease on a gluten-free diet and 39 
matched healthy controls. The QUS measurements in-
dicated significantly lower bone mass in celiac patients. 
Dietary analysis revealed a markedly lower magnesium 
intake in this group compared to the controls, suggesting 
that magnesium intake may be linked to bone mass and 
could influence the development of osteoporosis, either 
directly or indirectly [24].
Research indicates that magnesium can upregulate the 
expression of HIF-1α, leading to increased production of 
TGF-β (Transforming Growth Factor-β). This helps to 
suppress inflammatory responses and foster bone repair, 
with Mg2+ playing a pivotal role in the bone repair pro-
cess [25]. Another study found that Mg2+ enhances the 
secretion of alkaline phosphatase (ALP), a key enzyme 
in the osteogenesis process, thus promoting osteogenic 
differentiation. Furthermore, Mg2+ significantly increased 
the expression of osteogenic-related genes as determined 
by qRT-PCR and elevated the protein levels of osteocalcin 
(OCN) as shown by immunofluorescence staining. These 
findings suggest that Mg2+ concentration affects both 
osteoblasts and osteoclasts and has implications for the 
progression and healing of osteoporosis [26].
Beyond its biological roles, magnesium also shows 

promise in the material sciences. In vitro and in vivo 
experiments have shown that a novel injectable magne-
sium-loaded hydrogel (Mg@PEG-PLGA) has excellent 
cytocompatibility, reactive oxygen species (ROS) scav-
enging capacity, and immunomodulatory effects. It inhib-
its osteoclastogenesis while promoting osteoblastogene-
sis, which is beneficial for the treatment of osteoporotic 
fractures [27]. Additional research has created osteogenic 
composite microspheres through an emulsification meth-
od, incorporating magnesium oxide (MgO) and zinc oxide 
(ZnO) as osteoactive agents. These microspheres have a 
sequential release profile of Mg2+ and Zn2+, sustaining 
a high concentration of bioactive ions in a physiological 
environment. This enhances the biomineralization process 
at the cellular level and upregulates the expression of os-
teogenic-related genes and proteins, offering a potential 
treatment for osteoporosis [28].

4. Limitation
This study‘s scope was limited to literature from the 
CNKI and PubMed databases within the last five years, 
with a modest sample size. A more comprehensive litera-
ture review and analysis are warranted, incorporating a di-
verse array of online resources and literature. Osteoporo-
sis encompasses various types, including postmenopausal 
and age-related osteoporosis, each with its own distinct 
pathophysiological mechanisms. This study did not pro-
vide a detailed differentiation among these types.

5. Conclusion
Trace elements play a pivotal role in maintaining skeletal 
health and preventing osteoporosis (OP). The balance of 
iron, copper, and magnesium is crucial for the activity and 
function of osteoblasts. Excessive accumulation of iron 
can be detrimental to bone tissue, necessitating controlled 
intake of this element. Ferroptosis, which affects osteo-
blast activity, contributes to decreased bone density by 
inducing cell apoptosis and ferroptosis, thereby impairing 
osteoblast function. It is essential to prevent or reverse the 
effects of ferroptosis in patients with osteoporosis to avoid 
its detrimental impact on bone health. Copper intake is 
positively correlated with increased bone density, with 
copper ions showing a beneficial role in promoting bone 
tissue repair and regeneration. Magnesium ions, as key co-
factors in bone formation and angiogenesis, significantly 
enhance bone formation when supplemented at appropri-
ate concentrations. Comprehensive management of trace 
element balance is vital for the prevention and treatment 
of OP. In clinical practice, individual trace element status 
should be considered, and reasonable regulation should 
be achieved through nutritional supplementation, lifestyle 
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adjustments, and pharmacological interventions.
Furthermore, future research should delve deeper into the 
specific roles of trace elements in the pathogenesis of OP 
and explore how to develop new treatment strategies by 
modulating trace element balance, offering more compre-
hensive and personalized treatment plans for patients with 
OP.
In addition, patients should be encouraged to maintain a 
balanced diet to ensure adequate intake of trace elements 
such as iron, copper, and magnesium. Special attention 
should be given to high-risk groups for OP, such as post-
menopausal women and the elderly. It is recommended 
to regularly monitor serum levels of ferritin, copper, and 
magnesium to assess the patient‘s trace element status and 
adjust nutritional supplementation strategies accordingly. 
Considering the positive effects of copper and magnesium 
on bone density, appropriate supplementation of these 
trace elements under medical supervision is advised, es-
pecially in patients with low bone density or OP. Patients 
should also be encouraged to engage in regular exercise, 
particularly weight-bearing and resistance training that 
can improve bone density and strength. Unhealthy life-
style habits should be avoided, including reducing the 
intake of high-sugar and high-fat foods to lower the risk 
of ferroptosis and promote overall health. Strengthening 
patient education regarding risk factors for OP, prevention 
measures, and treatment options will enhance their aware-
ness and management of the disease.
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