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Abstract

Background: Osteoporosis (OP) is a common metabolic bone disease characterized by chronic bone loss and structural deterioration
of bone tissue, and it is closely associated with environmental exposure to heavy metals. Although lead (Pb) and iron (Fe) are known
to affect bone metabolism, the impact of iron overload under fixed lead exposure, along with the underlying metabolic mechanisms,
remains unclear. This study aimed to investigate the effects of combined iron and lead exposure on bone mineral homeostasis and
metabolic remodeling. Methods: Male C57BL/6 mice were exposed for 8 weeks to lead acetate (50 mg/kg) in combination with either
low-dose (100 mg/kg) or high-dose (300 mg/kg) iron dextran. Metal accumulation in femoral tissue was quantified using inductively
coupled plasma mass spectrometer (ICP-MS). Bone microarchitecture was evaluated using microcomputed tomography (micro-CT).
Bone-specific untargeted metabolomics and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to
assess metabolic alterations. Results: Iron overload did not significantly affect lead accumulation but disrupted mineral balance in a dose-
dependent manner, reducing levels of calcium, zinc, magnesium, and vanadium. Micro-CT analysis revealed significant alterations in
bone microarchitecture. Metabolomic analysis identified 297 altered metabolites, primarily involved in amino acid, lipid, and nucleotide
metabolism, as well as mineral absorption. KEGG pathway analysis revealed disturbances in amino acid biosynthesis, aminoacyl-tRNA
biosynthesis, ATP-binding cassette (ABC) transporters, protein digestion and absorption, and mineral absorption, with distinct profiles
observed between different iron doses. Conclusions: Iron overload is associated with further alterations in bone metabolic homeostasis
under fixed lead exposure, as evidenced by structural deterioration, disruption of trace element homeostasis, and extensive metabolic
reprogramming in bone tissue.
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1. Introduction sponses, and cell death, thereby contributing to the onset
and progression of osteoporosis [11,12].

Osteoporosis (OP) is a metabolic bone disorder char-

acterized by reduced bone mass and deterioration of bone
microarchitecture, and exposure to heavy metals has been
identified as a major risk factor [1,2,3,4]. Lead, a
widespread environmental contaminant, affects not only
the nervous, hematopoietic, and renal systems but is also
strongly associated with bone health [5,6]. Lead (Pb)
exhibits a strong affinity for bone tissue and may con-
tribute to the development of osteoporosis by suppress-
ing osteogenesis, enhancing osteoclast activity, and dis-
rupting mineralization [7]. Iron (Fe), an essential trace
element in humans, plays a critical role in various phys-
iological processes, including oxygen transport, energy
metabolism, and cell growth [8]. However, disturbances in
iron metabolism, such as iron overload, have been linked
to several health problems, including liver, cardiac, and
bone diseases [9,10]. Recent studies suggest that iron over-
load may disturb the balance between bone formation and
resorption by inducing oxidative stress, inflammatory re-

Iron and lead share common transport proteins, such
as divalent metal transporter 1 (DMT1), suggesting a po-
tential competitive or synergistic relationship between these
two elements in the body [13]. However, considerable de-
bate remains regarding how iron status influences the tissue
distribution and toxicity of lead [14,15], particularly with
respect to their interactions in bone tissue, which have not
yet been fully validated experimentally. With advances in
systems biology, metabolomics has emerged as a powerful
approach for investigating disease-related molecular phe-
notypes, as it provides a direct measure of changes in end
metabolites [16]. In contrast to proteomics and transcrip-
tomics, which often reflect potential functional changes,
metabolomics directly captures the end products of small-
molecule metabolism [17]. This approach provides a more
accurate representation of physiological states and patho-
logical processes, offering significant advantages for the
study of bone metabolism. Compared with blood or other
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tissues, bone tissue metabolomics can more clearly re-
veal key alterations in mineral homeostasis, amino acid
metabolism, lipid turnover, and energy metabolism within
the bone matrix [18,19]. It serves as a direct indicator of
metabolic responses in osteocytes during exposure, injury,
and repair [20,21]. Therefore, bone-focused metabolomic
studies represent a highly targeted and effective strategy for
investigating environmentally induced bone metabolic dis-
orders.

Our research group previously found that co-exposure
to low levels of lead and iron altered bone damage in mice
[22]. To further investigate how combined exposure to
these two metals affects bone metabolism, we adminis-
tered different doses of iron while maintaining a constant
level of lead exposure. Using a controlled-variable de-
sign, we investigated the effects of iron and lead on bone
metabolism and metabolite profiles, thereby further clar-
ifying their roles in the onset and progression of bone
metabolic disorders. This study not only improves our un-
derstanding of how heavy metal interactions affect skeletal
health but also provides new insights into the prevention
and treatment of environmentally induced osteoporosis.

2. Materials and Methods
2.1 Animals

Male C57BL/6 mice (8 weeks old, 18-22 g) were ob-
tained from Henan Skyboss Biotechnology Co., Ltd. (Cer-
tification No. SCXK 2020-0005, Henan, China). The an-
imals were housed in a specific pathogen-free facility at
Anhui Medical University (Anhui, China) under controlled
environmental conditions (22-25 °C and 40-60% relative
humidity) with a 12 h light/dark cycle and free access to
standard chow and water. The animals were provided with
ultrapure water free of detectable lead and iron contami-
nation, as well as standard laboratory chow containing no
added lead and only trace amounts of iron required for nor-
mal nutrition. After a 1-week acclimation period, a total
of 24 mice were included in the study. All animal ex-
perimental procedures were reviewed and approved by the
Ethics Committee of Anhui Medical University (Approval
No. 2024-2251).

2.2 Animal Experiments

Following acclimation, 24 mice were randomly as-
signed to four experimental groups: a control group (Con-
trol), a lead-exposed group (Pb50), a low-dose iron plus
lead group (Fel00 Pb50), and a high-dose iron plus lead
group (Fe300 Pb50). Mice were housed in separate cages
(n= 6 per group). Animals in the treatment groups received
iron dextran by intraperitoneal injection once weekly (100
mg/kg for the low-dose group and 300 mg/kg for the high-
dose group) and lead acetate by oral gavage (50 mg/kg)
three times per week. For all administrations, the dosing
volume was normalized to body weight (0.01 mL/g) [22].

Body weight was recorded daily throughout the 8-
week exposure period. No abnormal mortality or severe
treatment-related complications were observed. Humane
endpoints were predefined as a body weight loss exceed-
ing 20%, marked lethargy, or impaired access to food or
water; none of these criteria were met during the study.

At the end of the exposure period, mice were fasted
for 12 h before tissue collection. Anesthesia was induced
by intraperitoneal injection of pentobarbital sodium (0.3%,
30 mg/kg). After a deep anesthetic state was confirmed,
the animals were humanely euthanized by cervical disloca-
tion in accordance with approved ethical standards. Subse-
quently, the skin and muscle tissues of the hind limbs were
removed, and both femurs were collected. Femur samples
from each group were collected and allocated for different
analyses. Specifically, femurs from a subset of mice were
fixed in 4% paraformaldehyde and used for ICP-MS and
micro-CT analysis, whereas femurs from additional mice
were stored at —80 °C for metabolomic analysis.

2.3 Measurement of Heavy Metal Levels in Bone Tissue

The left femur samples collected from each group of
mice were ultrasonically cleaned to remove blood and resid-
ual tissue from the surface. After cleaning, the femur sam-
ples were cut into smaller pieces to improve the efficiency
of metal extraction. The samples were then digested to re-
move organic components from the bone matrix, thereby
ensuring accurate extraction of metal elements. Metal lev-
els in mouse bone tissue were measured using an induc-
tively coupled plasma mass spectrometer (ICP-MS 7800,
Agilent, G8421A, USA). The resulting metal concentration
data were subjected to subsequent statistical analysis.

2.4 Micro-CT Analysis of Mouse Femurs

Femur samples were fixed and scanned using a micro-
CT system (Bruker, Ettlingen, Germany) under standard-
ized conditions: 60 kV, 200 pA, 6.55 um resolution, 205
ms exposure time, and 180° rotation. A calibration phantom
was scanned under the same conditions. Three-dimensional
reconstruction was performed using NRecon (Software ver-
sion V1.7.4.2, Bruker, Germany). Quantitative analysis of
the distal femoral trabecular region was then conducted us-
ing CTAn software. Bone parameters, including bone vol-
ume fraction (BV/TV), bone mineral density (BMD), tra-
becular number (Tb.N), and trabecular separation (Tb.Sp),
were calculated for subsequent statistical analysis.

2.5 Metabolomic Analysis of Mouse Bone Tissue

Untargeted metabolomic analysis of bone tissue was
performed by BGI Genomics (Shenzhen, China). Six fe-
mur samples were collected from each group. Upon re-
ceipt, each sample was renumbered. A 25 mg aliquot of
each sample was transferred into a thick-walled centrifuge
tube containing two small magnetic beads. A mixed in-
ternal standard solution containing stable isotope-labelled
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standards (including d3-leucine and 13C9-phenylalanine)
was then added, followed by 800 pL of pre-cooled extrac-
tion solvent consisting of methanol, acetonitrile, and water
(2:2:1, v/v/v). The samples were homogenized using a tis-
sue grinder (JXFSTPRP, Shanghai Jingxin, China) at 50 Hz
for 5 min to ensure complete release of intracellular metabo-
lites. The samples were then precipitated at —20 °C for 2 h
and centrifuged at 25,000 xg at 4 °C for 15 min. The su-
pernatant from each sample was transferred to a new EP
tube, and 600 uL was subjected to freeze-drying. The dried
metabolites were reconstituted in 600 pL of 50% methanol.
After repeated centrifugation, the supernatant was trans-
ferred to new EP tubes, and 10 pL from each sample was
pooled to generate a mixed quality control (QC) sample for
evaluating repeatability and stability throughout the analyt-
ical process.

Metabolite separation and identification were per-
formed using an ultra-high-performance liquid chromatog-
raphy tandem high-resolution mass spectrometry (UPLC-
MS/MS) system. Mass spectrometric detection was per-
formed using a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) to acquire both MS
and MS/MS spectra. The mass scan range was set from m/z
70 to 1050, with a full-scan resolution of 120,000, an auto-
matic gain control (AGC) target of 3 x 10°, and a maximum
injection time (IT) of 100 ms. The top three precursor ions
were selected for fragmentation based on signal intensity,
and MS/MS data were acquired at a resolution of 30,000,
with an AGC target of 1 x 10° and a maximum IT of 50 ms.
The stepped normalized collision energy (NCE) was set to
20, 40, and 60 eV. The electrospray ionization (ESI) source
parameters were as follows: sheath gas flow rate, 40; aux-
iliary gas flow rate, 10; spray voltage, 3.80 kV in positive
ion mode and 3.20 kV in negative ion mode. The capillary
temperature was maintained at 320 °C, and the auxiliary gas
heater temperature was set at 350 °C.

Raw mass spectrometry data were first imported
into Compound Discoverer 3.3 (Thermo Fisher Scientific,
USA) for peak extraction, alignment, and metabolite iden-
tification. Metabolic features with a relative standard devi-
ation (RSD) >30% in QC samples were excluded to ensure
data quality. Subsequently, multivariate statistical analy-
ses, including principal component analysis (PCA) and or-
thogonal partial least squares discriminant analysis (OPLS-
DA), were used to identify high-confidence differential
metabolites (Variable Importance in Projection [VIP] >1,
absolute log,-fold change (|log,FC|) >1.5, and p < 0.05).
Pathway enrichment analysis was then performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) to
clarify the biological functions of these differential metabo-
lites. Information on differential metabolites in the femurs
of each mouse group was obtained through the Dr. Tom
platform (https://biosys.bgi.com/), where additional analy-
ses were also performed.
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2.6 Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 10 (GraphPad Software, USA) and Origin (Origin-
Lab, USA). All data are presented as the mean + standard
deviation (SD). Data normality and homogeneity of vari-
ance were assessed prior to parametric analyses. For com-
parisons between two groups, Student’s ¢-test was used. For
comparisons among multiple groups, one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was
applied. Linear regression analysis was conducted using
Origin to evaluate the relationships between iron and other
metal elements in bone tissue.

For correlation analyses, Pearson’s correlation coeffi-
cient was used to assess linear relationships between metal
concentrations, whereas Spearman’s rank correlation anal-
ysis was used to evaluate correlations among differen-
tial metabolites. For metabolomics data, multivariate sta-
tistical analyses, including principal component analysis
(PCA), partial least squares discriminant analysis (PLS-
DA), and orthogonal partial least squares discriminant anal-
ysis (OPLS-DA), were performed to visualize group sepa-
ration and identify differential metabolites. Model validity
was evaluated by permutation testing to minimize the risk
of overfitting.

Differential metabolites were identified based on Vari-
able Importance in Projection (VIP) values >1, absolute
log,-fold change (|log,FC|) >1.5, and p values < 0.05. Sta-
tistical significance was defined as p < 0.05 for all analyses.

3. Results
3.1 The Effects of Combined Iron and Lead Exposure on
Metal Elements in the Femur of Mice
3.1.1 Effects of Combined Iron-Lead Exposure on Lead
Deposition, and Calcium Loss in Mice

To examine the effect of iron exposure on the distribu-
tion of metal elements in bone, metal concentrations in fe-
murs from experimental groups were measured using ICP-
MS. Iron levels in bone tissue differed significantly among
the exposure groups. Compared with the Pb50 group, iron
levels in the Fe100_Pb50 and Fe300_Pb50 groups were sig-
nificantly increased in a dose-dependent manner (Fig. 1A).
Lead concentrations in bone were then analyzed across the
different groups (Fig. 1B). Lead levels in the Fe100_Pb50
and Fe300 Pb50 groups were lower than those in the Pb50
group; however, these differences were not statistically
significant (ns). Calcium levels, a key element in bone
metabolism, were subsequently measured (Fig. 1C). Com-
pared with the Pb50 group, bone calcium levels in the
Fel00 Pb50 and Fe300_Pb50 groups were significantly re-
duced. A significant difference was also observed between
the Fe300 Pb50 and Fel00 Pb50 groups (¥p < 0.05), in-
dicating a dose-dependent decrease in calcium levels with
increasing iron exposure. Linear regression analysis of iron
with lead and calcium levels further supported these find-
ings (Supplementary Fig. 1).
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Fig. 1. Changes in iron, lead, and calcium levels in mouse femurs. (A) Iron levels in femurs from each group (Pb50, Fe100 Pb50,

Fe300 Pb50). (B) Lead levels in femurs showed no significant differences among groups (ns). (C) Calcium levels in femurs differed

significantly among groups (**p < 0.01; ****p <0.0001). Data are presented as the mean + standard deviation (SD).

3.1.2 Correlations Between Iron and Other Trace Metals
Under Combined Metal Exposure

Trace elements are essential for bone metabolism and
overall physiological homeostasis, maintaining a tightly
regulated balance among themselves [23]. Abnormal ac-
cumulation or deficiency of a specific metal may disrupt
the homeostasis of others, potentially through mechanisms
such as competitive absorption, altered transporter affin-
ity, or changes in tissue distribution [24,25]. To further in-
vestigate these interactions, we measured additional metal
concentrations in mouse femurs and performed linear re-
gression analyses of zinc (Zn), magnesium (Mg), and vana-
dium (V) against iron (Fe). Iron levels were negatively cor-
related with zinc concentrations, with regression analysis
indicating a significant decrease in zinc as iron increased
(Fig. 2A). A similar negative correlation was observed be-
tween iron and magnesium, with higher iron levels associ-
ated with lower magnesium concentrations (Fig. 2B). Iron
also showed a negative correlation with vanadium, with re-
gression analysis indicating that increased iron levels were
significantly associated with reduced vanadium concentra-
tions (Fig. 2C). All correlations were statistically signifi-
cant, suggesting that iron overload may substantially influ-
ence the homeostasis of these trace elements.

3.2 Effects of Combined Iron and Lead Exposure on
Mouse Femur Microarchitecture

To assess bone microarchitecture in mice, three-
dimensional micro-CT reconstructions of femurs were gen-
erated. Compared with the control group, the experi-
mental groups (Pb50, Fe100 Pb50, and Fe300 Pb50) ex-

hibited marked alterations in bone microarchitecture (Fig.
3A-D). Quantitative analysis revealed that, in the Pb50
group, trabecular number (Tb.N) was significantly de-
creased, whereas bone mineral density (BMD), bone vol-
ume fraction (BV/TV), and trabecular separation (Tb.Sp)
showed no significant changes. In contrast, under constant
lead exposure, increasing iron doses showed a dose-related
trend of reductions in BMD, BV/TV, and Tb.N (Fig. 3E-G),
along with a significant increase in Tb.Sp (Fig. 3H). Based
on these structural changes, we further investigated the ef-
fects of combined iron and lead exposure on bone metabolic
homeostasis at the metabolomic level.

3.3 Identification of Differential Metabolites in Mouse
Femurs, Correlation Analysis, and Pathway Enrichment
Analysis

3.3.1 Identification of Differential Metabolites in Mouse
Femurs

Untargeted metabolomics was performed to investi-
gate metabolic alterations in bone tissue under varying lev-
els of iron—lead co-exposure. A total of 8970 metabo-
lites were detected. After excluding 6609 unannotated
metabolites, 2361 annotated metabolites were retained, in-
cluding 1320 and 1041 detected in positive and negative
ion modes, respectively. Data quality was assessed using
principal component analysis (PCA) and orthogonal par-
tial least squares discriminant analysis (OPLS-DA). PCA
score plots showed clear separation between groups (e.g.,
Fel00 Pb50 vs Pb50 and Fe300 Pb50 vs Pb50), with tight
clustering and no evident outliers (Fig. 4A,B). The vari-
ance explained by the principal components (e.g., 16.229%
and 18.523%) supported the observed group separation.
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Fig. 2. Linear relationships between iron and trace metal concentrations. (A—C) Negative correlations between iron (Fe) and zinc
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All correlations were statistically significant (p < 0.0001), with R? values of 0.7316, 0.6907, and 0.6232, respectively, indicating strong

explanatory power for the variability in the corresponding trace metal concentrations.

OPLS-DA score plots further confirmed clear separation
between groups, with orthogonal component contributions
(e.g., 11.2% and 11.8%) highlighting distinct metabolic
profiles and no apparent batch effects (Fig. 4C,D). These
results indicate high data quality and robust intergroup dif-
ferences, supporting the reliability of subsequent analyses.

3.3.2 Identification of Differential Metabolites

Compared with the Pb50 group, substantial metabolic
alterations were observed in bone tissue following iron
exposure. A total of 297 differential metabolites were
identified across the groups; all met the criteria of VIP
>1, [log,FC| >1.5, and p < 0.05 and were subsequently
used for downstream pathway enrichment analysis. In the
Fel00 Pb50 vs Pb50 comparison, 66 differential metabo-
lites were identified, including 35 upregulated and 31
downregulated metabolites. In the Fe300 Pb50 vs Pb50
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comparison, 266 differential metabolites were identified,
including 171 upregulated and 95 downregulated metabo-
lites (Fig. 5A).

Venn diagram analysis revealed both shared and
unique differential metabolites among the groups (Fig.
5B). Specifically, 31 metabolites were unique to the
Fel00 Pb50 group (15 upregulated and 16 downregulated),
whereas 231 metabolites were unique to the Fe300 Pb50
group (151 upregulated and 80 downregulated). A total of
35 metabolites were shared between the two groups (20 up-
regulated and 15 downregulated).

Volcano plots further demonstrated clear separa-
tion and significant metabolic alterations between the
groups (Fig. 5C,D). The top 15 upregulated and down-
regulated metabolites were further analyzed and ranked
based on fold change values. In the Fel00 Pb50 vs
Pb50 comparison, the most significantly upregulated
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Fig. 3. Effects of combined iron—lead exposure on bone microarchitecture in mouse femurs. (A-D) Representative micro-CT
reconstructions of femurs across different groups. (E-H) Quantitative analysis of BMD, BV/TV, Tb.N, and Tb.Sp in femurs. *p <0.05,

with no significant differences between control and Pb50 groups for (E,F,H) (ns). Data are presented as the mean + standard deviation

(SD).

metabolites were 2-nitrophenol, T-AB-MECA, and 5'-
S-Methyl-5’-thioadenosine (Supplementary Table 1),
whereas the most downregulated metabolites were N2,
N2-dimethylguanosine, 2-methylbutyroylcarnitine, and
dodecanoylcarnitine (Supplementary Table 2). In the
Fe300 Pb50 vs Pb50 comparison, the most signifi-
cantly upregulated metabolites included 5’-S-Methyl-
5’-thioadenosine, monophospho-N-acetylneuraminic
acid, and glycyl-L-leucine (Supplementary Table 3),
while the most downregulated metabolites included glu-
curonide of CgH40,, Tiglic acid, and Methionine sulfone
(Supplementary Table 4).

3.3.3 Correlation Analysis of Differential Metabolites

Spearman correlation analysis was performed to in-
vestigate relationships among metabolites in both the low-
dose and high-dose groups, with a focus on significantly al-
tered metabolites. A correlation heatmap (Fig. 6) was gen-

erated for the five most upregulated and five most down-
regulated metabolites among the 35 shared metabolites.
Significant positive correlations were observed between
glycyl-L-leucine and Ethoxyquin-related metabolites, sug-
gesting potential co-variation across both low- and high-
dose groups. Glycyl-L-leucine showed strong positive cor-
relations with multiple metabolites. Significant negative
correlations were primarily observed between ethylphos-
phorothioic acid and tiglic acid, as well as between 5'-S-
Methyl-5’-thioadenosine and 2-methylbutyroylcarnitine.

3.3.4 Pathway Enrichment Analysis of Differential
Metabolites

Pathway enrichment analysis of differential metabo-
lites was performed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database. This analysis identified
significantly enriched metabolic pathways, providing in-
sight into underlying biological processes. Differential
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metabolites were considered significantly enriched at p <
0.05. Bubble plots were used to display the top 10 en-
riched pathways ranked by p values. In the Fe100_Pb50 vs
Pb50 comparison, “Regulation of lipolysis in adipocytes”
showed the highest enrichment ratio, with a RichFactor
of approximately 0.1429. The pathways with the highest
numbers of differential metabolites were “Biosynthesis of
amino acids” and “ABC transporters”, each containing five
metabolites (Fig. 7A).

In the Fe300 Pb50 vs Pb50 comparison, distinct path-
way enrichment patterns were observed. “Protein diges-
tion and absorption” showed the highest enrichment ratio
(RichFactor = 0.2766), followed by “Mineral absorption”
(RichFactor = 0.2759); however, this finding does not di-
rectly reflect transporter protein activity. “Biosynthesis of
amino acids” contained the largest number of differential
metabolites (n = 16) (Fig. 7B). Both groups showed enrich-
ment in pathways including “Biosynthesis of amino acids”,
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“ABC transporters”, “Protein digestion and absorption”,
and “Central carbon metabolism in cancer”.

4. Discussion

In this study, we systematically investigated the ef-
fects of iron overload on bone metabolism under fixed lead
exposure in a mouse model. By integrating ICP-MS, micro-
CT, and bone tissue-specific untargeted metabolomics, we
demonstrated that increasing iron burden did not signifi-
cantly alter lead deposition in bone but markedly disrupted
mineral homeostasis and metabolic profiles. Notably, iron
overload exacerbated the depletion of essential trace ele-
ments, including calcium, zinc, magnesium, and vanadium,
and induced extensive metabolic reprogramming in bone
tissue. These findings indicate that iron overload exacer-
bates bone metabolic disorders in the context of lead expo-
sure, highlighting the complexity of mixed-metal toxicity
in skeletal health. Importantly, this study demonstrates that
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Fig. 5. Differential metabolite analysis in mouse femurs. (A) Differential metabolite profiles across groups. The x-axis represents

comparison groups, and the y-axis indicates the number of metabolites. Red and blue denote significantly upregulated and downregulated

metabolites, respectively. (B) Venn diagram showing shared and unique differential metabolites between the Fe100 Pb50 vs Pb50
(green) and Fe300_Pb50 vs Pb50 (orange) groups. (C,D) Volcano plots of differential metabolites for the Fe100_Pb50 vs Pb50 and
Fe300 Pb50 vs Pb50 comparisons. The x-axis represents log, fold change, and the y-axis represents —logio p value. Red and blue

indicate significantly upregulated and downregulated metabolites, respectively; gray indicates non-significant metabolites. Circles and

triangles denote metabolites with Variable Importance in Projection (VIP) >1 and <1, respectively.

iron overload exacerbates bone metabolic dysfunction un-
der fixed lead exposure conditions, independent of changes
in skeletal lead accumulation.

Previous histomorphometric studies have shown that
external stimuli, such as electrical or ultrasonic stimulation,
can significantly alter trabecular bone structure, osteoid for-
mation, and bone remodeling dynamics [26]. Together with
the micro-CT findings of this study, as well as the observed
mineral imbalance and metabolic reprogramming, these re-
sults suggest that metabolic abnormalities are closely asso-
ciated with structural changes in bone. These alterations
may collectively contribute to bone metabolic disorders at
both structural and functional levels.

These structural changes may be linked to altered
metal transport and trace element homeostasis. Previous
studies have suggested that iron and lead may share com-
mon transport and regulatory mechanisms, including diva-

lent metal transporter 1 (DMT1) and ATP-binding cassette
(ABC) transporters, which may underlie their interactions
in bone tissue [27,28,29]. Although the involvement of
DMTI1 and ABC transporters has been suggested in pre-
vious studies, direct experimental evidence in bone tissue
remains limited and warrants further investigation. In addi-
tion, other metal transporters, such as ZIP/ZnT zinc trans-
porters and the iron exporter ferroportin (FPN), have been
reported to play important roles in maintaining trace ele-
ment homeostasis [23]. These transporters mediate the up-
take, transport, and distribution of various divalent metal
ions. Excess iron may competitively occupy shared trans-
port pathways, particularly DMT1 [30]. Iron overload may
also disrupt zinc homeostasis by interfering with ZIP/ZnT
transporters. Furthermore, iron overload may alter systemic
metal distribution by modulating ferroportin-mediated iron
export [31,32]. Collectively, these processes may disrupt
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the uptake and distribution of essential minerals required for
bone mineralization. The observed negative correlations
between iron and calcium, zinc, magnesium, and vanadium
suggest that iron overload may disrupt the tightly regulated
trace element network in bone. Calcium is a major compo-
nent of hydroxyapatite and is essential for bone mineraliza-
tion, whereas zinc plays a critical role in osteoblast activity
and collagen synthesis. Magnesium contributes to crystal
formation and structural stability, and vanadium has been
implicated in the regulation of bone growth and mineral
metabolism. Disruption of these elements may impair os-
teoblast function, collagen production, and hydroxyapatite
formation [33,34]. This mineral imbalance may represent a
key mechanism by which iron overload and lead exposure
synergistically exacerbate bone toxicity [35,36].

&% IMR Press

In addition to mineral imbalance, metabolic repro-
gramming may also contribute to bone dysfunction. Bone
tissue—specific metabolomics revealed pronounced alter-
ations in pathways related to amino acid metabolism, nu-
cleotide metabolism, and mineral transport. Functionally,
these alterations can be categorized into three main as-
pects: protein synthesis, energy metabolism, and min-
eral homeostasis. Alterations in amino acid biosynthesis
and aminoacyl-tRNA biosynthesis suggest impaired pro-
tein synthesis, particularly affecting collagen production
and osteoblast activity, which are essential for bone matrix
formation [37,38]. These disruptions further indicate im-
paired bone matrix synthesis under iron—lead co-exposure
[39]. Alterations in nucleotide metabolism may reflect dis-
turbances in cellular energy balance and proliferation, both
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of which are critical for active bone remodeling. Enrich-
ment of ABC transporter—related pathways suggests im-
paired mineral transport and homeostasis, further contribut-
ing to bone metabolic dysfunction [40].

Distinct dose-dependent metabolic patterns were ob-
served between low- and high-dose iron exposure. At
the functional level, low-dose iron exposure was pri-
marily associated with alterations in lipid and nucleotide

10

metabolism, suggesting an early adaptive response in-
volving membrane remodeling and energy regulation
[41,42,43,44]. In contrast, high-dose iron exposure pre-
dominantly affected pathways related to mineral absorption
and cofactor biosynthesis, suggesting more severe disrup-
tion of mineral homeostasis and enzymatic processes re-
quired for bone metabolism [45,46].
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Collectively, these findings suggest that increasing
iron burden shifts bone metabolism from an adaptive state
toward functional impairment in protein synthesis, energy
metabolism, and mineral regulation, ultimately contribut-
ing to structural and metabolic bone damage.

5. Limitations

Although rigorous quality control and multivariate
modeling were applied to enhance data reliability, potential
experimental bias and inter-individual variability in metal
exposure cannot be entirely excluded [47,48]. In addition,
as this study was conducted in a mouse model, species-
specific differences in metal metabolism may limit the di-
rect extrapolation of these findings to humans. From a study
design perspective, blank control groups were not included
in the ICP-MS and untargeted metabolomics analyses, and
an iron-only exposure group was not established. There-
fore, it is difficult to distinguish baseline changes from the
independent effects of iron overload and its interaction with
lead exposure.

Lead was administered via oral gavage, whereas iron
dextran was delivered via intraperitoneal injection; these
differences in administration routes may introduce con-
founding effects on metal absorption, distribution, and
metabolism. Conclusions regarding bone metabolic dys-
function also lack comprehensive functional validation,
such as histopathological assessment and bone metabolism
markers. In addition, the metabolomics findings are pri-
marily exploratory and require further validation through
targeted LC-MS/MS analysis and functional experiments to
elucidate the underlying molecular mechanisms. This study
also lacks in vitro or molecular-level mechanistic valida-
tion; therefore, the conclusion that iron overload aggravates
bone dysfunction requires further confirmation.

6. Conclusions

In summary, this study demonstrates that the interac-
tion between iron overload and lead exposure disrupts bone
metabolism. Notably, increased iron levels did not signifi-
cantly affect lead deposition in the femur but were associ-
ated with more pronounced mineral imbalance and skeletal
alterations under lead exposure. These effects were char-
acterized by alterations in bone microarchitecture and dis-
ruptions in essential mineral levels. Metabolomic analy-
sis further indicated that co-exposure to iron and lead may
contribute to bone metabolic imbalance through pathways
involving ABC transporters, protein digestion and absorp-
tion, and amino acid biosynthesis. Collectively, these find-
ings provide new insights into the combined effects of iron
and lead on bone metabolism and may help inform strate-
gies for the prevention and treatment of osteoporosis.
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