
Guanylate cyclase promotes osseointegration
by inhibiting oxidative stress and
inflammation in aged rats with iron overload

Z-S. Tao,1,2 C-L. Shen3

1Department of Orthopedics, The First Affiliated Hospital of Wannan Medical College,
Yijishan Hospital, Wuhu, China
2Anhui Province Key Laboratory of Non-coding RNA Basic and Clinical Transformation,
Wuhu, China
3Department of Spinal Surgery, The First Affiliated Hospital of Anhui Medical University,
Hefei, China

Aims
This study intended to investigate the effect of vericiguat (VIT) on titanium rod osseointegration
in aged rats with iron overload, and also explore the role of VIT in osteoblast and osteoclast
differentiation.

Methods
In this study, 60 rats were included in a titanium rod implantation model and underwent
subsequent guanylate cyclase treatment. Imaging, histology, and biomechanics were used to
evaluate the osseointegration of rats in each group. First, the impact of VIT on bone integration
in aged rats with iron overload was investigated. Subsequently, VIT was employed to modulate
the differentiation of MC3T3-E1 cells and RAW264.7 cells under conditions of iron overload.

Results
Utilizing an OVX rat model, we observed significant alterations in bone mass and osseoin-
tegration due to VIT administration in aged rats with iron overload. The observed effects
were concomitant with reductions in bone metabolism, oxidative stress, and inflammation.
To elucidate whether these effects are associated with osteoclast and osteoblast activity,
we conducted in vitro experiments using MC3T3-E1 cells and RAW264.7 cells. Our findings
indicate that iron accumulation suppressed the activity of MC3T3-E1 while enhancing RAW264.7
function. Furthermore, iron overload significantly decreased oxidative stress levels; however,
these detrimental effects can be mitigated by VIT treatment.

Conclusion
Collectively, our data provide compelling evidence that VIT has the potential to reverse the
deleterious consequences of iron overload on osseointegration and bone mass during ageing.

Article focus
• The purpose was to observe the effect of

vericiguat (VIT) on osseointegration in
aged rats with iron overload, and also to
explore the role of VIT in osteogenic
differentiation of MC3T3-E1 cells and
RAW264.7 cells.

Key messages
• This study found that VIT has the potential

to reverse the deleterious consequences of

iron overload on osseointegration and
bone mass during ageing.

Strengths and limitations
• We investigated for the first time the

adverse effects of iron overload on
osseointegration, and explored the ability
of guanylate cyclase to reverse the adverse
effects of iron overload.

• The specific mechanism behind VIT was
not investigated, therefore further
research is needed.
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Introduction
Osteoporosis is the most common metabolic skeletal disorder,
characterized by reduced bone mineral density which results
in the destruction of bone microstructure and damage to
bone structure.1 In recent years, the prevalence of osteo-
porosis has been increasing persistently.2,3 With ageing,
the probability of injury through various causes increases,
especially through the risk of falling.4 Over the past few
decades, with the rapid and innovative advances in treat-
ment and surgery, and the emergence of new internal
fixation equipment, orthopaedic surgery has gained wide-
spread acceptance and become the first choice for osteopor-
otic fracture patients.5,6 Commonly, a stronger anchorage of
implants into bone is a key factor that determines the success
of such orthopaedic implants, referred to as osseointegration.5

Additionally, the bone-implant interface must possess both
quality and quantity to establish a connection between the
implant and bone tissue, thereby promoting osseointegra-
tion.7,8 However, low-quality bone and persistent bone mass
loss may lead to failed osseointegration of the implant.9,10

Therefore, removing disruptions to bone metabolism can be of
great value to aid long-term effective osseointegration, and is
therefore a potential strategy for reducing implant loosening.

Iron is a unique trace element and contributes
to important diverse biological processes such as oxygen
transport, electron transport, signal transduction, and DNA
synthesis.11 Iron homeostasis is precisely regulated by the
control of iron absorption and uptake,12 and abnormal iron
metabolism can lead to toxic side effects.13 Maintaining
physiological iron homeostasis is critical for normal organ-
ism and cell metabolism and function, and abnormal iron
metabolism has been implicated in a variety of diseases,
such as cardiovascular disease.14 One study has established
that altered iron metabolism is closely related to the initia-
tion and progression of bone loss.15 It has been reported
that iron overload can cause increased levels of oxidative
stress and inflammation in tissues and organs, which can lead
to impaired bone formation and increased bone resorption,
resulting in imbalance of bone remodelling and increased
risk of bone loss and fracture.16 One recent study has sugges-
ted that activation of guanylate cyclase activity modulates
osteoclast differentiation and bone resorption.17 It has also
been reported that activation of guanylate cyclase activity can
promote osteogenic differentiation and increase osteogenic
activity through nitric oxide-soluble guanylate cyclase-cyclic
guanylic acid (NO-SGC-CGMP) signalling cascade.18 Vericiguat
(VIT), an oral drug approved by the US Food and Drug
Administration in 2021 to treat heart failure,19 increases
soluble guanylate cyclase activity and activates the NO-SGC-
CGMP pathway.20 Due to its anti-inflammation and antioxi-
dative stress properties, VIT can improve the survival rate
of patients with heart failure and reduce hospitalization
and mortality.21 Considering the antioxidative stress and
anti-inflammatory effects of VIT, as well as the detrimental
impact of iron overload on bone health due to elevated levels
of oxidative stress and inflammation, a plausible hypothesis
can be proposed: VIT may have the potential to mitigate bone
damage caused by iron overload. However, whether VIT can
resist the adverse effects of iron overload on osseointegration
remains ambiguous.

Although great advances have been made in under-
standing iron overload-induced oxidative stress in recent
years, whether VIT can be beneficial for osseointegration
with iron overload is still unknown. Therefore, in this study,
we used 24-month-old male Sprague-Dawley (SD) rats as
experimental animal subjects, with titanium rods implanted
in both femora and treated with VIT based on iron over-
load, to explore changes in osseointegration, and conducted
a preliminary exploration of possible mechanisms through
cellular experiments.

Methods
Animals, surgery, and treatment
This study was approved by the Institutional Animal Care and
Use Committee of Wannan Medical College, and we have
included an ARRIVE checklist to show that we have conformed
to the ARRIVE guidelines.

Aged male SD rats (24 months old, n = 45), weighing
500 to 550 g, and young male SD rats (3 months old, n =
15), weighing 220 to 250 g, were used for this study. The
animals were raised in a standard laboratory animal room
with controlled conditions (temperature 20°C ± 3°C, humid-
ity 45% ± 5%). A resource equation method was used to
determine sample size and justify the number of animals, in
accordance with previous studies as detailed in the Supple-
mentary Material.22,23 Animals were randomly divided into four
experimental groups: control (Con) (n = 15 young rats), ferric
ammonium citrate (FAC) (n = 15 aged rats), lower Verciguat
(LVIT) + FAC (n = 15 aged rats), and higher VIT (HVIT) +
FAC (n = 15 aged rats). Afterwards, the titanium rods (Shan-
dong Pfizilai Biological Engineering, China), characterized by
a length of 20 mm and a diameter of 1.2 mm, were inserted
in the left side of the rats according to previous studies.24,25

Briefly, the animals were anaesthetized with 2% pentobarbital
sodium (50 mg/kg) and placed in the prone position, the hair
of the left lateral condyle was removed, and the skin was
disinfected. The skin and subcutaneous tissue were incised
layer by layer until the femoral condyle was exposed. A hole
from the lateral femoral condyle to the medial femoral condyle
was prepared using a medical slow drill, and a titanium rod
was then implanted into the medullary canal through this
channel. After the operation, the subcutaneous tissue and
wounds were sutured. The rats in the Con group and FAC
group were orally treated with isotonic saline and 40 mg/kg
FAC, respectively (FAC, Sigma-Aldrich, USA) three times a week,
and the animals belonging to the LVIT + FAC and HVIT + FAC
groups were orally administered FAC (40 mg/kg, three times
a week) plus lower Verciguat (5 μg/kg/day, Sigma-Aldrich) or
higher Verciguat (10 μg/kg/day, Sigma-Aldrich), respectively.
The doses of FAC and VIT were determined according to a
previous experiment.24,25 At the end of the experiment, all the
remaining animals were killed and the femora were obtained,
along with blood samples taken after 12 weeks of treatment.

Micro-CT scanning
The femora (the left femur with the titanium rod and the right
femur without the titanium rod) were scanned using Micro-
CT (Skyscan 1276, Bruker, Belgium), and 3D reconstruction to
evaluate the trabecular microstructure and bone formation
around the titanium rod in the distal femur was performed.
The scanning parameters and matrix size were set at 49 kv,
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200 μA, exposure time 500 ms, 1 mm aluminium filter, and
180° rotation. More than 500 consecutive layers were scanned
from the epiphyseal line of the distal femur to the proximal
femur. Then, cross-sectional scanned images were analyzed
and reconstructed in 3D using CTAn SkyScan software. For
evaluation of bone formation around the titanium rod, the
central 250 μm-diameter region around the surface of the
titanium rod was defined by drawing a circular contour as a
consistent volume of interest (VOI). After 3D reconstruction,
bone mineral density (BMD), bone mineral content (BMC),
bone volume fraction (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp)

were automatically determined for identification of osteoporo-
sis, while BMD, BV/TV, Tb. N, Tb. Th, Tb. Sp, and the mean
connective density (Conn.D) in VOI regions were used to
evaluate new bone formation, using a protocol provided
by the manufacturer of the micro-CT scanner as previously
described.26,27

Histological examination and immunohistochemical
analysis
After the micro-CT evaluation, the femur implanted with
titanium rods was dehydrated with alcohol and embedded in
polymethyl methacrylate (PMMA). Next, the hardened femora

Fig. 1
The impact of vericiguat (VIT) administration on bone formation around the titanium rod in aged rats treated with ferric ammonium citrate (FAC). a)
2D and 3D micro-CT images of the distal femur and surrounding bone tissue obtained from different experimental groups (Con, FAC, lower VIT (LVIT)
+ FAC, higher VIT (HVIT) + FAC) at a post-implantation period of 12 weeks. The micro-CT images were acquired from a total of 100 transverse slices
located approximately 2 mm below the epiphyseal plate of the femur. The scale bar in the images represents a distance of 2 mm. b) Quantitative
results derived from micro-CT assessment conducted to evaluate implant osseointegration and peri-implant bone mass 12 weeks post-implantation.
c) Transverse histological sections of the distal femur were examined 12 weeks after implant insertion in four different groups: Con, FAC, LVIT + FAC,
and HVIT + FAC. All histological sections were taken approximately 2 mm below the epiphyseal plate of the distal femur and stained with toluidine
blue Von-Gieson (magnification 10×). d) The bone-implant contact (BIC) and bone area ratio (BAR) were measured after a 12-week period following
implantation. There were five specimens per group. * = vs Control group, p = 0.003; # = vs FAC, p = 0.007; & = vs LVIT+ FAC group, p = 0.013. All
independent-samples t-test and one-way analysis of variance.
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containing the titanium implant were cut into approximately
200 μm-thick sections along the sagittal axis using a micro-
tome machine (Leica Microsystem), and ground and polished
to approximately 50 μm for Von-Gieson staining observa-
tion.28,29

The femora without titanium rods were decalcified
with 10% ethylenediaminetetraacetic acid (EDTA) for four
weeks. Then, decalcified femur specimens were embedded in

paraffin. Next, the femur specimens were cut into 5 μm slices
along the sagittal plane. Next, the sections were dehydrated
by using a series of ethanol washes, cleared in xylene, stained
with haematoxylin and eosin (HE) or Masson, and moun-
ted with xylene-based mounting medium. HE and Masson
staining were conducted to assess the trabecular bone in
the distal femur. Stained slides were visualized using a light

Fig. 2
The impact of vericiguat (VIT) administration on bone mass and bone microstructure in aged rats treated with ferric ammonium citrate (FAC). a)
Representative micro-CT images of the femoral metaphysis in different experimental groups (Con, FAC, lower VIT (LVIT) + FAC, higher VIT (HVIT) +
FAC), both in 2D and 3D formats. The scale bar corresponds to a length of 1 mm. b) Quantitative outcomes obtained from micro-CT analysis aimed
at assessing alterations in microstructural parameters within the distal bone trabeculae of the femur. c) Representative images of haematoxylin and
eosin and Masson staining for the femoral metaphysis in various experimental groups, namely Con, FAC, LVIT + FAC, and HVIT + FAC. Scale bar:
100 μm, magnification ×20. There were five specimens per group. * = vs Control group, p = 0.002; # = vs FAC, p = 0.017; & = vs LVIT + FAC group, p =
0.003. All independent-samples t-test and one-way analysis of variance.
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microscope with polarized light capabilities (Eclipse E800;
Nikon, Japan).

Immunohistochemistry was further used to evaluate
the expression of specific proteins osteocalcin (OC) and
tartrate-resistant alkaline phosphatase (TRAP) in bone tissue.
In brief, on the basis of the decalcified femur section, the
specimens were incubated with rabbit polyclonal antibodies
against OC (1:200, Boster Bio (USA), PB1009) and TRAP (1:200,
Boster Bio, A14697) overnight. Next, the specimens were
also incubated with secondary antibody (1:500, Boster Bio,
BA1017). DAB Kit (ZSGB-BIO Corporation, China) was used to
develop positive expression. Images were obtained using a
biomicroscope (Ni-E, Nikon).

Mechanical testing
The proximal and distal sides of the femur were excised to
expose the titanium implants. In particular, it was necessary
to expose the distal femur to a 2 mm length of titanium rod
for subsequent pull-out experiments. The pull-out tests along
the long axis of the rod, including the strength of fixation,
energy to failure, and interface stiffness, were measured using
a universal testing machine (Instron 4302; Instron, USA) at
a constant displacement rate of 0.5 mm/min as previously
described.30,31 The femora without the implant conducted
a three-point bending test expressed as energy to failure,
ultimate load, and stiffness as previously described.24

Biochemical analysis
The levels of bone turnover markers, including procollagen
type 1 N-terminal propeptide (P1NP) and carboxy-terminal

Fig. 3
The impact of vericiguat (VIT) administration on osteoblast and osteoclast activity in aged rats treated with ferric ammonium citrate (FAC). a)
Representative images of immunohistochemistry analysis was conducted to assess osteocalcin (OC) and tartrate-resistant alkaline phosphatase
(TRAP) levels. Scale bar: 50 μm magnification ×63. b) Quantitative assessment of OC and TRAP was performed. There were five specimens per group.
* = vs Control group, p = 0.005; # = vs FAC, p = 0.012; & = vs lower VIT (LVIT) + FAC group, p = 0.007. All independent-samples t-test and one-way
analysis of variance.
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cross-linked telopeptide of type 1 collagen (CTX), serum
cytokines including tumour necrosis factor-alpha (TNF-α),
interleukin-1β (IL-1β), and interleukin-6 (IL-6), were analyzed
using a commercially available ELISA kit from My BioSource
(USA). The levels of malondialdehyde (MDA), nitric oxide (NO),
superoxide dismutase (SOD), and reduced glutathione (GSH)
were detected in the serum by using the assay kits from
Nanjing Jiancheng Biotechnology (China).

MC3T3-E1 cell and RAW264.7 cell experiments
In this study, murine osteoblast cell line MC3T3-E1 was used
for the in vitro tests, which was purchased from Shanghai
Cell Bank. Dulbecco’s Modified Eagle’s Medium (DMEM) was
used for the cell culture media. Mouse macrophage RAW264.7
cells acquired from Shanghai Bangjing Industrial (China) were
used to test the inductive effect of FAC and VIT on osteo-
clastogenesis. Initially, MC3T3-E1 cells and RAW264.7 cells (1
× 104 cells/ml) were cultured under different conditions as
follows: 1) normal medium (Con); 2) FAC treatment group
(10 mM; Sigma); 3) FAC + VIT treatment (FAC + VIT); and 4)
FAC + deferoxamine (an iron chelating agent, DPO, 10 mM;
Sigma) treatment (FAC + DPO). Dosages used for FAC and
DPO in MC3T3-E1 cell experiments were chosen according to a
previous study.32,33

Cell proliferation assay, alkaline phosphatase staining, and
alizarin red staining
A Cell-Counting Kit-8 (CCK-8; Dojindo Laboratories, Japan) was
used to determine cell proliferation according to previous
reports.34,35 Briefly, MC3T3-E1 cells were cultured in 24-well

plates at a density of 5 × 104 cells per well, and then incu-
bated with DPO, FAC, and different concentrations of VIT.
The effects of different interference factors on cell prolifera-
tion activity at different times (6 hrs, 12 hrs, 24 hrs) were
detected by the CCK-8 kit. Next, CCK-8 solution was added
to the culture medium and cultured for an additional four
hours at 37°C. The absorbance values were then observed
using a 450 nm wavelength microplate reader (BioTek, USA).
Afterwards, osteogenic differentiation of the MC3T3-E1 was
induced using osteogenic differentiation medium, containing
0.15 mM ascorbate-2-phosphate, 2 mM β-glycerophosphate,
and 10 mM dexamethasone (Sigma-Aldrich). MC3T3-E1 was
seeded onto six-well plates with 1 × 105 cells per well.
When MC3T3-E1 reached confluence, osteogenic differentia-
tion media were added and co-cultured for 14 or 21 days.
The osteogenic differentiation medium and FAC, VIT, and
DPO were exchanged every 48 hours. Following this, the
treated cells were subjected to alkaline phosphatase (ALP)
or alizarin red (ARS) staining (Rainbow Biotechnology, China)
according to the manufacturers’ protocols. For ALP staining,
following the differentiation period for 14 days, the cells
were firstly washed with phosphate-buffered saline (PBS)
three times, fixed with 4% paraformaldehyde for 15 minutes,
and then washed again but with double-distilled water
(ddH2O) every three minutes, three times. Finally, the cells
were stained with the BCIP/NBT ALP color development kit
(Beyotime Biotechnology, China). For ARS staining, following
the differentiation period for 21 days, the cells were fixed in
4% paraformaldehyde and treated with 40 mM ARS solution
at room temperature for 30 minutes. Quantitative analysis

Fig. 4
Vericiguat (VIT) treatment significantly enhanced titanium rod stability and femoral bone strength through pull-out test including a) energy to failure,
b) fixation strength, and c) interface stiffness, and three-point bending test including d) energy to failure, e) stiffness, and f ) ultimate load in different
experimental groups (Con, ferric ammonium citrate (FAC), lower VIT (LVIT) + FAC, higher VIT (HVIT) + FAC). There were five specimens per group. * = vs
Control group, p = 0.012; # = vs FAC, p = 0.023; & = vs LVIT + FAC group, p = 0.019. All independent-samples t-test and one-way analysis of variance.

432 Bone & Joint Research  Volume 13, No. 9  September 2024



was performed by adding a 5% perchloric acid solution to
each well and measuring the absorbance at a wavelength of
420 nm using a spectrophotometer (BioTek).

After 48 hours of intervention with FAC, VIT, and
DPO, the changes in reactive oxygen species (ROS) levels
of MC3T3-E1 cells and mitochondria following the interven-
tion were evaluated using 2',7'-dichlorofluorescein diace-
tate (DCFH-DA, Sigma-Aldrich) staining and MitoSOX Red
mitochondrial superoxide indicator (MitoSOX, Sigma-Aldrich)
staining. To measure the levels of intracellular ROS, MC3T3-E1
were incubated with 10 μM DCFH-DA for 30 minutes at 37°C.
To measure the levels of mitochondrial superoxides, MC3T3-E1
were incubated with 5 μM Mito SOXTM Red Mitochondrial
Superoxide Indicator for ten minutes at 37°C. After washing
with PBS, the cells were observed using an Olympus IX51
microscope (Olympus, Japan).

The lipophilic cationic probe 5,5',6,6'-tetra-
chloro-1,1',3,3'-tetraethyl-imida-carbocyanine iodide (JC-1)
was applied to detect the mitochondrial membrane potential.
After experimentation, 2 μM JC-1 (Beyotime Biotechnology,
S0033 M) was added to the cells, and the cells were incubated
for 30 minutes at 37°C in the dark. After washing the cells three
times with PBS, the nuclei were stained with Hochest 33,258.
The results were observed by fluorescence microscope. The
levels of malondialdehyde (MDA) and total SOD activity in the
cells were measured by a malondialdehyde detection assay
kit (APPLYGEN, China) and SOD activity assay kit (Abcam, UK),
respectively.

In order to further intuitively explore whether VIT
can resist the effect of FAC on osteoclast differentiation, the
differentiation of RAW264.7 cells in the osteoclast direction
was induced by 100 ng/ml RANKL for four days as described
previously.36 Then, FAC and/or VIT was added to the medium

Fig. 5
The alterations in bone metabolism markers, inflammatory factors, and oxidative stress indicators were assessed following the intervention in each
group, including a) procollagen type 1 N-terminal propeptide (P1NP), b) C-terminal telopeptide (CTX), c) TNF-α, d) IL-1β, e) IL-6, f ) NO, g) SOD, h) GSH,
and i) MDA. There were five specimens per group. * = vs Control group, p = 0.017; # = vs FAC, p = 0.034; & = vs LVIT + FAC group, p = 0.042. All
independent-samples t-test and one-way analysis of variance.
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and the cells were placed under standard culture conditions
for seven days. Subsequently, TRAP staining kit (Sigma-Aldrich)
was used to stain and evaluate the cells after intervention to
determine the osteoclastic differentiation of RAW264.7.

Statistical analysis
The mean and SD values for each group, consisting of n
= 5/group, were reported and statistical analysis was per-
formed using SPSS 19.0 for Windows (IBM, USA). Normality
of the variables was checked using the Kolmogorov-Smirnov
test. The independent-samples t-test and one-way analysis
of variance (ANOVA) were used to test differences among

different groups. A significance level of p < 0.05 was consid-
ered statistically significant.

Results
In order to investigate the effects of VIT on the integration of
titanium rods in the distal femur of rats treated with FAC, we
used micro-CT and Von Gieson techniques to analyze changes
in bone mineral density (BMD) and surrounding bone tissue
near the titanium rod. Our results showed that osseointegra-
tion of titanium rods was significantly hindered in rats treated
with FAC, as evidenced by less bone formation around the
titanium rods (Figure 1). Furthermore, our micro-CT evaluation
revealed that rats treated with VIT had higher BMD, BV/TV, Tb.

Fig. 6
The impact of vericiguat (VIT) on the growth rate and osteogenic differentiation of MC3T3-E1 cells treated with ferric ammonium citrate (FAC). a)
Cell Counting Kit (CCK)-8 assay was employed to assess cell proliferation at various concentrations of VIT for 24 hours. b) CCK-8 assay was conducted
to evaluate the effect of VIT on cell proliferation rate at a concentration of 8 μM for durations of six, 12, and 24 hours. c) Representative images of
high-magnification alkaline phosphatase (ALP) and alizarin red (RES) staining are depicted to evaluate osteogenic differentiation. Scale bar: 50 μm,
magnification ×40. d) Quantitative results obtained from ALP staining and Alizarin red staining include measurements of ALP activity levels, grey
values of ALP, mineralized areas, and mineralized nodules. There were five specimens per group. * = vs Control group, p = 0.016; # = vs FAC, p = 0.005;
& = vs FAC + VIT group, p = 0.028. All independent-samples t-test and one-way analysis of variance.
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Th, and Tb. N, and lower Tb. Sp, compared to those in the
FAC group (p < 0.01, independent-samples t-test and one-way
ANOVA; Figure 1b). Additionally, histomorphometric analysis
demonstrated that systemic administration of VIT significantly
increased bone area ratio (BAR) and bone-to-implant contact
(BIC) compared to the FAC group (p < 0.01; Figures 1c and
1d). These findings suggest that iron overload may nega-
tively impact new bone formation on titanium implants, but
treatment with VIT can mitigate these adverse effects on
osseointegration.

The BMD and BMC of the distal femur in the FAC rats
exhibited a statistically significant decrease compared to those
in the Con group (Figure 2). Micro-CT analysis was conduc-
ted to evaluate the trabecular bone microstructure of the
distal femur. The results from micro-CT assessment indicated
that BV/TV, Tb. Th, Tb. N were reduced, while Tb. Sp was
increased in the FAC rats when compared to the VIT-treated
groups (Figure 2). To further explore pathological alterations
in trabecular bone microstructure, decalcified femora from
each group underwent HE and Masson staining procedures.
Staining with HE and Masson revealed a decline in cancellous

Fig. 7
Vericiguat (VIT) significantly reduced oxidative stress and protected mitochondrial membrane potential in ferric ammonium citrate (FAC)-treated
cells. a) Representative images of MC3T3-E1 cells subjected to different intervention conditions, demonstrating the levels of intracellular Mito SOX
and reactive oxygen species (ROS). The scale bar corresponds to a length of 25 μm. b) The quantitative results for intracellular Mito SOX and ROS in
MC3T3-E1 cells. c) The SOD and MDA levels of MC3T3-E1 cells in different groups; n = 5/group. d) Representative images of MC3T3-E1 cells subjected
to different intervention conditions, demonstrating the changes in mitochondrial model potential. The scale bar corresponds to a length of 25 μm. e)
Quantitative results for JC-1 in MC3T3-E1 cells. There were five specimens per group. * = vs Control group, p = 0.006; # = vs FAC, p = 0.019; & = vs FAC
+ VIT group, p = 0.037. All independent-samples t-test and one-way analysis of variance.
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bone density, decreased volume of trabecular bone, and
diminished presence of bone marrow in the FAC group;
however, these deficiencies showed statistically significant
improvement with VIT treatment (Figure 2).

In order to investigate the impact of osteoblast and
osteoclast activity on bone reconstruction, we used immuno-
histochemical detection methods to observe the expression
levels of OC and TRAP in rat bone (Figure 3a). As expected,
the presence of FAC was found to suppress OC expression
while promoting TRAP generation (Figure 3b). Conversely,
treatment with VIT resulted in an increase in OC expression
and a decrease in TRAP expression in the bone tissue (Figure
3b). These findings suggest that VIT may have a protective
effect against bone loss, and enhance osseointegration ability
in aged rats treated with FAC by stimulating osteoblast activity
and inhibiting osteoclast function.

In order to investigate the impact of VIT treatment on
femoral bone strength and titanium rod stability in different
groups, biomechanical tests were conducted. The experimen-
tal results directly indicated a significant decrease in the
stability of the titanium implant in the femur 12 weeks after
implantation due to FAC treatment, along with a reduction in
femoral bone strength (Figure 4; p < 0.05, independent-sam-
ples t-test and one-way ANOVA). However, it was observed
that VIT treatment considerably improved osseointegration
of the titanium rod and enhanced bone strength in aged
rats with iron overload (Figure 4; p < 0.05, independent-sam-
ples t-test and one-way ANOVA). Biomechanical parameters
suggest that administration of VIT could enhance both the
stability of titanium implants and bone strength in FAC-treated
aged rats.

Fig. 8
The decrease in tartrate-resistant alkaline phosphatase (TRAP)-positive areas was quantified and demonstrated that vericiguat (VIT) significantly
reduced ferric ammonium citrate (FAC)-induced osteoclast activity. a) Upon the addition of VIT, there was a significant reduction in the elevated
expression levels of TRAP caused by iron overload (scale bar = 50 μm, magnification ×20). b) This decrease in TRAP staining-positive areas allowed for
quantitative analysis. There were five specimens per group. * = vs Control group, p = 0.004; # = vs FAC, p = 0.035; & = vs FAC + VIT group, p = 0.023. All
independent-samples t-test and one-way analysis of variance.
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To assess the effects of FAC and VIT on osteoblasts
and osteoclasts in aged rats, we conducted a study measur-
ing serum levels of procollagen type 1 N-terminal propeptide
(P1NP) and C-terminal telopeptide (CTX-1) as indicators of
bone turnover. Our results indicated a significant reduction
in serum P1NP levels, while rats treated with VIT exhibited
higher CTX-1 levels compared to those in the FAC group (p <
0.05) (Figure 5). Excessive buildup of iron leads to programmed
cell death, and impedes function by triggering oxidative stress
and inflammation.37 Hence, in our investigation, we employed
serum marker levels such as TNF-α, IL-1β, IL-6, MDA, NO,
SOD, and GSH to serve as indicators for assessing the extent
of oxidative stress and inflammation in rats. Compared to
the FAC group, the VIT treatment group displayed a signifi-
cant decrease in levels of TNF-α, IL-1β, IL-6, MDA, and NO
while showing increased levels of SOD and GSH (p < 0.05).
These compelling findings strongly indicate that VIT treat-
ment effectively mitigated oxidative stress and inflammation
induced by FAC in aged rats.

To assess the influence of varying levels of VIT on cell
proliferation rate in the presence of FAC treatment, cells were
exposed to different concentrations of VIT (2 µM, 4 µM, 6 µM,
8 µM, 10 µM) for a duration of 24 hours in this experimen-
tal investigation. Subsequently, the CCK-8 assay was used to
determine the rate at which cells proliferated. As depicted
in Figure 6a, there is a downward trend of the relationship
between VIT concentration and cell proliferation rate when
comparing concentrations ranging from 8 to 10 µM. We also
explored the impact of different time periods (6 hrs, 12 hrs,
and 24 hrs) with a constant concentration of VIT at 8 µM on
MC3T3-E1 proliferation rate as illustrated in Figure 6b. The
present study revealed that VIT exerted a protective effect
against the inhibition of MC3T3-E1 proliferation induced by
FAC treatment.

Based on the findings  from ALP and ARS stain-
ing (Figure 6c),  as well as Mito SOX staining for cellu-
lar and mitochondrial ROS (Figure 7a) and measurement
of mitochondrial membrane potential (Figure 7d), it  was
observed that treatment with 8 µM of VIT significantly
enhanced the expression of ALP in FAC-treated MC3T3-E1
cells,  leading to improved mineralization and increased
formation of calcium nodules (p < 0.05, independent-sam-
ples t-test and one-way ANOVA, Figure 6d). Moreover, VIT
treatment resulted in a significant  reduction in ROS and
Mito SOX production in MC3T3-E1 cells (p < 0.05, inde-
pendent-samples t-test and one-way ANOVA, Figure 7b).
Additionally, VIT exhibited the ability to partially restore
changes in mitochondrial membrane potential caused by
FAC intervention (p < 0.05, independent-samples t-test and
one-way ANOVA, Figure 7e). Furthermore, DPO interven-
tion effectively  mitigated the adverse effects  induced by
FAC. The results obtained from staining techniques and
quantitative analysis demonstrated that VIT exerted a
protective effect  on the osteogenic capacity of MC3T3-E1
cells by reducing oxidative stress levels induced by FAC
exposure.

According to the results obtained from TRAP staining
(Figure 8a) and quantitative evaluation (Figure 8b), it was
observed that the presence of TRAP in RAW264.7 cells treated
with FAC exhibited a significant reduction following exposure
to 8 µm of VIT (p < 0.05). The results of both staining and

quantitative analysis indicated an adverse impact of VIT on
the osteoclastogenesis ability of FAC-treated RAW264.7 cells,
suggesting its potential inhibitory role in this process.

Discussion
In recent years, the failure rates of implants, one of the most
feared but often encountered complications in the practice
of an orthopaedic surgeon, have rapidly increased, especially
in osteoporosis patients.38,39 The main reason for the failure
of the orthopaedic implant is bone loss around the implants,
which is caused by a series of risk factors.40,41 Despite advances
in surgical techniques and pharmacology, the treatment of
osteoporotic fractures remains challenging.42 Abnormal bone
remodelling due to age leads to periprosthetic bone loss,
and aggravates orthopaedic implant loosening.39,43 Therefore,
removing the influence of bone loss is a key way to reduce
implant failure rates, and requires particular attention for
further treatment.

Increasing evidence has confirmed that abnormal iron
metabolism, especially iron overload, may adversely affect
osteoblasts and therefore bone mass.15 Research has also
shown a close association between iron metabolism and bone
metabolism,15 with iron playing a critical role in maintain-
ing bone mass homeostasis.44 Excessive iron can disrupt the
delicate balance between bone resorption and formation,
potentially leading to osteopenia and even osteoporosis.16

As iron overload causes undesirable side effects and has a
negative impact on bone mass, we hypothesized that iron
overload has negative side effects on osseointegration of
orthopaedic implants. In this study, 24-month-old male SD
rats were used as experimental animals because the skeletal
metabolic status of rats at this age is similar to that experi-
enced by older males.45,46 At the same time, five older rats and
five younger rats were selected and killed to obtain the femora
for histological and micro-CT evaluation. Our results confirmed
that iron overload under experimental conditions has harmful
effects on osseointegration in an aged rat model.

This study only preliminarily explored how guanylate
cyclase promotes osseointegration under iron overload, which
may be related to inhibiting oxidative stress and inflammation;
the exact mechanism remains unclear. An additional limitation
is that we did not use melatonin as a positive control, so
further verification is needed.

Successful osseointegration of orthopaedic implants
relies on new bone forming around the implant surface
and connecting to the implant site.47 The peri-implant bone
needs to undergo a continuous remodelling process after
the implant is placed with appropriate bone tissue.48 In the
case of successful osseointegration, the first requirement is
that the implant site requires sufficient bone mass for the
implant to achieve primary stability.49 In order to achieve
subsequent successful osseointegration of implants and keep
them functioning effectively in the long term, it is necessary to
achieve secondary stability, i.e. bone formation and remodel-
ling around implants, and fusion with recipient bone.50 In this
study, we showed that iron overload decreased the genera-
tion of new bone around titanium rods and promoted bone
turnover, which is consistent with previous results.32 In other
rat models, the harmful effects of FAC on the microstructure of
bone trabeculae on the distal femur of osteoporosis rats was
confirmed by several outcome measures, including decreased
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BV/TV, Tb. N, BMD, and Tb. Th, and increased osteoblast and
osteoclast activity and Tb. Sp.32 We found that treatment with
VIT for 12 weeks in FAC-treated rats resulted in a significant
enhancement of osseointegration at the femoral epiphysis.
These findings suggest that the negative effects were most
likely due to the effect of iron overload on increased ROS
production and inflammation, and that the ability of VIT to
reverse this effect may be related to a reduction in oxidative
stress and inflammation,51 which is supported by a previous
study showing a reduction in bone mass when treated with
FAC.52

So far, although there has not yet been a report about
the direct relationship between iron overload and osseoin-
tegration in orthopaedics, bone loss due to iron overload
might be a result of stimulation of osteoclastogenesis or
inhibition of osteoblast functions through stimulation of ROS
and inflammatory cytokine production.53 The markers P1NP
and CTX, widely used and highly sensitive indicators of bone
metabolism, are capable of accurately reflecting the current
state of bone metabolism.24,25 Reduced P1NP levels and
increased CTX production were observed in the FAC treatment
group, suggesting enhanced bone resorption and impaired
bone formation. Mitochondrial membrane potential refers to
the voltage difference across the inner and outer membranes
of mitochondria.54 Changes in the mitochondrial membrane
potential can influence the activity of ion channels, transport-
ers, and enzymes, leading to alterations in cell function and
behaviour.54 The JC-1 staining method provides an accurate
reflection of changes in mitochondrial membrane potential,
thereby indicating the cellular state of mitochondrial function.
As iron overload-induced cell and organ damage is associ-
ated with excessive ROS and inflammatory cytokine produc-
tion, we further examined the changes of serum oxidative
stress and inflammation specific markers in this study. MDA
and SOD are two specific and representative markers that
quantify changes in oxidative stress that are closely linked
to osteoporosis.55 Additionally, TNF-α, IL-6, and IL-1β are the
most classical markers of pro-inflammatory cytokines and
can be used to directly reflect the level of inflammation.56

Therefore, changes in SOD, MDA, TNF-α, IL-6, and IL-1β levels
may indicate production of ROS and inflammation caused
by FAC. It is known that osteoblasts serve an important role
in bone regeneration in physiological conditions and also
coordinate the activities of osteoclasts.57 Therefore, in order
to more intuitively explore the effect of FAC on the prolifer-
ation, differentiation, and activity of osteoblasts and osteo-
clasts, in vitro experiments were performed. Based on our cell
experiments, we observed that the dose of FAC used in the
experiments showed negative effects on osteogenic differen-
tiation, such as inhibition of proliferation and suppression
of differentiation of osteoblasts. Furthermore, it can increase
osteoclast activity by inducing RAW264.7 cell differentiation
to osteoclasts. These data indicate that iron overload can
increase the level of oxidative stress and inflammation in male
SD rats, thus inhibiting the proliferation and differentiation
of osteoblasts and reducing their activity, while promoting
the formation of osteoclasts, thereby leading to a reduction
of osseointegration in aged rats. Therefore, we believe that
VIT holds significant clinical potential in the prevention and
treatment of osteoporotic fractures in elderly individuals, as
well as in reducing joint prosthesis loosening, particularly

among those with potential iron overload. VIT is a recently
approved drug in the clinical setting, offering a notable
advantage of safety and minimal side effects.

Taken together, the results from our experiments
confirmed that VIT can stimulate proliferation and osteo-
genic differentiation, and inhibit osteoclast differentiation by
inhibition of oxidative stress and inflammation, leading to
improvement of bone regeneration around titanium rods in
aged rats with FAC treatment. However, no further mechanistic
signalling pathway studies or drug dose experiments have
been performed, so subsequent studies will focus on these
shortcomings.

Supplementary material
Outline of animal population requirements, and ARRIVE checklist.
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