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Abstract 

Background  Elevated levels of oxidative stress as a consequence of estrogen deficiency serve as a key driver 
of the onset of osteoporosis (OP). In addition to increasing the risk of bone fractures, OP can reduce the bone vol-
ume proximal to titanium nails implanted to treat these osteoporotic fractures, thereby contributing to titanium nail 
loosening. Sodium butyrate (NaB) is a short-chain fatty acid produced by members of the gut microbiota that exhibits 
robust antioxidant and anti-inflammatory properties.

Methods  OP fracture model rats parameters including bone mineral density (BMD), new bone formation, 
and the number of bonelets around the implanted nail were analyzed via micro-CT scans, H&E staining, and Masson’s 
staining. The protective effects of NaB on such osseointegration and the underlying mechanisms were further studied 
in vitro using MC3T3-E1 cells treated with carbonyl cyanide m-chlorophenylhydrazone (CCCP) to induce oxidative 
stress. Techniques including Western immunoblotting, electron microscopy, flow cytometry, alkaline phosphatase 
(ALP) staining, and osteoblast mineralization assays were employed to probe behaviors such as reactive oxygen spe-
cies production, mineralization activity, ALP activity, protein expression, and the ability of cells to attach to and survive 
on titanium plates.

Results  NaB treatment was found to enhance ALP activity, mineralization capacity, and Coll-I, BMP2, and OCN 
expression levels in CCCP-treated MC3T3-E1 cells, while also suppressing PKC and NF-κB expression and enhancing 
Nrf2 and HO-1 expression in these cells. NaB further suppressed intracellular ROS production and malondialdehyde 
levels within the cytosol while enhancing superoxide dismutase activity and lowering the apoptotic death rate. In line 
with these results, in vivo work revealed an increase in BMD in NaB-treated rats that was associated with enhanced 
bone formation surrounding titanium nails.

Conclusion  These findings indicate that NaB may represent a valuable compound that can be postoperatively 
administered to aid in treating OP fractures through the enhancement of titanium nail osseointegration.
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Introduction
Osteoporosis (OP) is a form of progressive, chronic, 
degenerative bone disease that is highly prevalent among 
older adults [1]. OP causes a dramatic loss of bone min-
eral density (BMD) and bone mass together with the 
destruction of bone microstructural integrity, contribut-
ing to greater bone fragility and a consequently elevated 
risk of nonviolent or low-energy fractures [2, 2]. OP 
can have a severe adverse impact on the quality of life 
of affected patients, who are primarily middle-aged and 
older women, thus imposing a substantial burden on the 
healthcare system and society as a whole [4]. Following 
the surgical repair of bone fractures in postmenopausal 
OP (PMO) patients, micro-loosening between the bone 
and the implanted titanium nail is a common cause of 
surgical failure [5–8]. Conversely, the presence of suffi-
cient bone surrounding the implanted nail is an impor-
tant predictor of successful surgical outcomes [9]9. 
Traditional pharmacological interventions deployed to 
improve the bone mass of PMO patients have included 
bisphosphonates [11, 11] but recent evidence suggests 
that prolonged bisphosphonate use can result in adverse 
outcomes including impaired angiogenesis and jaw oste-
onecrosis, thereby ultimately worsening implant osse-
ointegration [13–15]. There is thus a clear need for the 
design of new therapeutic strategies that can enhance 
titanium nail osseointegration in PMO patients following 
fracture surgery.

The mechanisms that drive the progression of PMO 
and associated fracture risk are complex and multifacto-
rial. However, oxidative stress (OS) has been repeatedly 
established as an important pathogenic factor associated 
with OP owing to its ability to suppress the proliferation 
and differentiation of osteoblasts [16] while also driving 
enhanced osteoclast proliferation [17–20]. Overly high 
levels of reactive oxygen species (ROS) can contribute to 
osteoblastic mitochondrial dysfunction, thereby impair-
ing the physiological activity of these cells, decreasing 
the expression of osteogenic factors such as BMP2 and 
thereby compromising the process of osteogenesis [21, 
21]. Normally, ROS production is counteracted by cellu-
lar antioxidant systems that keep OS in check. However, 
when this dynamic ROS homeostasis becomes dysregu-
lated, levels of antioxidant enzymes such as superoxide 
dismutase (SOD) may decrease while malondialdehyde 
(MDA) levels can increase, reflecting an overall rise in OS 
levels that have a deleterious impact on osteoblasts [23, 
23]. In time, this progressive inhibitory activity contrib-
utes to sparser bone trabeculae, decreased bone density, 
lower amounts of bone surrounding implanted titanium 
nails, and a higher risk of titanium nail loosening [25].

The gut-bone axis has emerged as an increasingly 
well-documented pathway, with many studies having 

suggested that probiotic factors and metabolites derived 
from the intestines can ultimately contribute to improve-
ments in bone mass [26–28]. Sodium butyrate (NaB) 
is a short-chain fatty acid sodium salt generated by gut 
bacteria through the process of anaerobic fermentation. 
NaB can rapidly supply energy to local cells within the 
intestine while also driving enhanced probiotic microbial 
growth [29], and exerting antioxidant and anti-inflamma-
tory effects within the intestines and systemically [30]. 
NaB serves as a histone deacetylase (HDAC) inhibitor 
and has been reported to induce cancer cell apoptotic 
death [31]. However, NaB can also reportedly facilitate 
more robust osteoblast proliferation and metabolic func-
tionality, contributing to improved alkaline phosphatase 
(ALP) activity [32], bone mineralizing nodule produc-
tion [33], and decreased bone loss through mechanisms 
dependent upon the Nrf2 signaling pathway [34]. NaB 
can also decrease protein kinase C (PKC) expression in 
noncancerous cells [35], counteracting the PKC-NADPH 
oxidase activation, which decrease ROS production, lipid 
peroxidation, and associated cellular damage [36, 36]. 
Elevated PKC protein levels can suppress intra-mem-
brane osteogenesis and spur increased ROS generation, 
particularly in the presence of fosetyl myristate acetate 
(PMA/TPA) [38]. The NOX4 oxidase is expressed in 
the bone tissue and serves as a direct mediator of ROS 
generation downstream of PKC, thereby exacerbating 
the apoptotic death of osteoblasts [39]. Classical NF-κB 
signaling pathway activation has also been linked to 
inflammatory activity and OS, simultaneously impair-
ing osteoblast survival and enhancing osteoclast func-
tion [40]. PKC can activate NF-κB signaling activity [41, 
41]. NaB exerts anti-inflammatory activity in a range of 
settings [43]. As such, NaB may help to protect against 
OS-related damage in osteoblasts through the PKC and 
NF-κB pathways, facilitating improved improve titanium 
nail osseointegration following PMO fracture surgery.

This study was designed to explore the ability of NaB 
to reduce bone loss surrounding titanium nails follow-
ing PMO fracture surgery, and to use MC3T3-E1 cells 
to establish an in vitro model of OS in osteoblasts in an 
effort to more fully understand how NaB can facilitate 
enhanced osseointegration in the context of PMO frac-
ture surgery.

Materials and methods
Animal model groups
Female SD rats (n = 60, 220 ± 20  g, 8  weeks old) were 
obtained from Qinglong Shan (Nanjing, China). Rats 
were randomized into a normal group (n = 20) and a 
model group (n = 40). After a 1-week acclimatization 
period at Yiji Shan Hospital in standard cages under con-
trolled conditions (22 ± 2 °C, 50% humidity). Rats had free 
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food and water access at all times. Model group rats were 
ovariectomized (OVX), while rats in the sham control 
group had an equal amount of fat surrounding the ovaries 
removed. For 3 days post-surgery, rats were intramuscu-
larly treated with ceftiofur sodium. During the feeding 
period, the rats lived in standard feeding cages without 
any jumping exercises [44]. After 3 months with weekly 
recordings of animal body weight, the femoral trunks 
were isolated from 5 randomly selected rats in the control 
and model groups for micro-CT analyses of bone trabec-
ulae and H&E staining to confirm the successful estab-
lishment of a POM model. Of the remaining rats, animals 
in the sham surgery group (n = 15) were implanted with a 
titanium nail (1.5 mm × 10 mm; TA1; Huachuang Medi-
cal Devices Co., Ltd.) in the distal femur, while the model 
group was separated into an OVX-Ti group (n = 15), and 
an OVX-Ti + NaB group (NaB; Beyotime, China) group 
(n = 15) following nail implantation, and all of the nail 
implantation groups were routinely infected for 3  days 
postoperatively. Rats in the OVX-Ti + NaB group were 
gavaged with 280 mg/kg NaB, while OVX-Ti group rats 
instead received an equal volume of saline. Rats were 
treated daily for 30 days.

Evaluation of bone volume and microarchitecture
To assess the bone volume surrounding titanium nails, 
the rat femoral stem was excised and fixed using 4% 
paraformaldehyde (Beyotime, China), and the distal end 
was then scanned with a Micro-CT scanner (Scanco, 
Switzerland) to detect bone trabeculae, with analyzed 
parameters including BMD, bone density, and relative 
bone trabecular volume fraction (BV/TV) being assessed 
around the titanium nail.

Titanium nail pullout force assay
Titanium nail stability in bone was evaluated by remov-
ing fibrous tissue surrounding the nail and then utilizing 
a loading device to secure this nail and the femoral stem. 
The level of axial force necessary to pull the titanium 
nail out was then measured with a torque of 15 N/mm 
being used to pull the nail outward until it had been fully 
removed, with the final force being recorded.

Staining of pathological tissue sections
An EDTA decalcification solution (pH 7.2–7.4) was used 
to decalcify femoral stem samples for 1 month, with the 
solution being replaced every third day. Following com-
plete decalcification, femoral stem samples were dehy-
drated, embedded in paraffin, cut into sections, blotted, 
and sealed for processing. Bony trabeculae numbers 
surrounding the titanium nail were determined through 
H&E staining, while a Masson’s staining kit (Solarbio, 
USA) was used to stain collagen and muscle fibers (blue 

and red, respectively), with collagen fibers being a char-
acteristic indicator of new and mature bone. An osteo-
clast staining kit (Servicebio, China) was used to stain 
bone tissue sections to reveal clear vacuoles surrounding 
the bone trabeculae and red-stained osteoclasts attached 
to the bone.

Cell culture and treatment conditions
The MC3T3-E1 subclonal 14 preosteoblast cell line was 
obtained from the Cellcook Corporation cell ban. Cells 
were cultured in α-MEM (Gibco; USA) at 37 °C in a 5% 
CO2 incubator, with media being exchanged every other 
day and cells being passaged with 80% confluent. Oxi-
dative stress was induced in these cells by treating them 
with carbonylcyanide-m-chlorophenylhydrazone (CCCP; 
Solarbio, USA), while phorbol-12-myristate-13-acetate 
(PMA/TPA; Beyotime, China) was used to activate the 
PKC protein pathway and NaB was used to inhibit.

MC3T3-E1 cell basal media consisted of α-MEM con-
taining 10% fetal bovine serum (FBS; Gibco, USA) and 
1% penicillin/streptomycin (Beyotime, China). Osteo-
genic mineralization induction medium instead con-
tained 10% FBS, 1% penicillin–streptomycin, 10  mM 
β-glycerophosphate (Sigma, USA), 50  μM ascorbic acid 
(Solarbio, USA), and 100  nM dexamethasone (Solarbio, 
USA).

For cells cultured in the absence of titanium plates, 
cells were assigned to the normal, CCCP, CCCP+NaB, 
and CCCP+NaB+TPA treatment groups. Briefly, 
these MC3T3-E1 cells were added to 24-well (3 × 104/
well) or 6-well (10 × 104/well) plates, with media being 
exchanged every 2  days. For culture on titanium plates, 
cells were assigned to normal, CCCP, CCCP+NaB, and 
CCCP+NaB+TPA groups, and were plated in 6-well 
plates (10 × 104/well). Media was exchanged every 2 days, 
and the quantification and microscopic examination 
of cells in the discarded supernatant fraction was per-
formed. Cell treatments in the established groups are 
defined below.

Normal group: osteogenic culture medium for 7 days; 
CCCP group: osteogenic culture medium for 6 days fol-
lowing stimulation for 1  h with CCCP (10  μM) and 
replacement with 10  μM CCCP medium for 24  h; 
CCCP+NaB group: osteogenic culture medium for 
6  days following stimulation with 10  μM CCCP for 
1  h and replacement with 10  μM CCCP + 0.3  mM NaB 
medium for 24  h; CCCP+NaB+TPA group: cells were 
stimulated with 10 μM CCCP for 1 h following 6 days of 
culture in osteogenic medium, media was exchanged for 
media containing 0.1 nM TPA+10 μM CCCP for 4 and 
was then replaced for 24 h with media containing 10 μM 
CCCP+0.3 mM NaB.
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Analyses of cell viability
A Cell Viability Counting Kit (CCK8; Solarbio, USA) 
was used to monitor MC3T3-E1 cell proliferation in 
response to NaB and TPA treatment. Briefly, these cells 
were added to 96-well plates (3 × 103/well in 100 μL) 
and treated with a range of NaB (0.1–0.9 mM) and TPA 
(0.1–0.9 mM) concentrations at 37 °C in a tissue culture 
incubator. After 24, 48, or 72 h, 10 ul of CCK8 reagent 
was added per well, and plates were incubated for an 
additional 2 h. Absorbance at 450 nm was then meas-
ured via a microplate reader (BioTek Instruments, Inc., 
USA).

ALP staining and activity assays
The effects of NaB on the osteogenic differentiation of 
CCCP-treated cells were analyzed through ALP staining 
for cells cultured in the absence of titanium plates. After 
culture for 7 days(6 days in osteogenic media + 1 day in 
group treatment), cells were fixed for 20  min using 4% 
paraformaldehyde (Beyotime, China) and stained with a 
BCIP/NBT staining working solution (Beyotime, China), 
for 30 min at room temperature in the dark. Color devel-
opment was then stopped, and cells were imaged via light 
microscopy (Nikon eclipse Ti-U; USA). ALP activity lev-
els were measured with an ALP activity assay kit (Beyo-
time, China) based on provided instructions.

Alizarin red staining and mineralization assays
The impact of NaB on the osteogenic mineralization 
capacity of CCCP-treated osteoblasts was evaluated 
via alizarin red staining in titanium-free plates on day 
22 (21  days in osteogenic media + 1  day in group treat-
ment). On day 22, cells were fixed for 20 min, and osteo-
blast mineralized nodules were treated with alizarin red 
S staining solution (Beyotime, China) for 30 min at room 
temperature. Nodules were then rinsed with PBS and 
imaged via microscopy. To quantify mineralized nodule 
formation, at 2 h post-staining, cells were treated for 1 h 
with 10% cetyl pyridine chloride (Solarbio, USA), after 
which absorbance at 570 nm was measured.

Scanning electron microscopy (SEM)
MC3T3-E1 cells were cultured on titanium plates (Diam-
eter 34 mm, TA1, Baoji Titanium Co.) for 7 days(6 days 
in osteogenic media + 1  day in group treatment), after 
which they were treated with an electron microscopy 
fixative (Servicebio, China), at 4  °C, dehydrated with an 
alcohol gradient (30%, 50%, 70%, 80%, 90%, 95%, 100%, 
100%, 15  min each), treated for 15  min with isoamyl 
acetate, and dried using a critical point drier (Quorum, 
UK). After spraying for 30 s with gold using a centrifugal 

sputterer (Hitachi, Japan), cells were imaged with a scan-
ning electron microscope (Hitachi, Japan).

Analyses of ROS production and redox status
ROS levels were analyzed in MC3T3-E1 cells incubated 
on titanium plates, with cells having been cultured and 
stimulated as in ALP activity assays. After 7  days, cells 
were rinsed with PBS, harvested, and stained for 30 min 
using 10 uM of 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA). After three washes, cells were suspended 
in serum-free media and analyzed with a flow cytometer 
(FC500MPL, Beckman Coulter, USA). A ROS detection 
kit (Beyotime, China) was used to analyze cells that were 
not cultured on titanium plates, with cells being imaged 
via a fluorescence microscope (Nikon eclipse Ti-U; USA).

Analyses of SOD content and MDA levels
Cells were cultured and stimulated as above. After 7 days, 
they were rinsed using PBS and analyzed with SOD and 
MDA assay kits (Nanjing Jiancheng Institute of Biological 
Engineering; China) based on provided directions. Briefly, 
cells were lysed with an ultrasonic cell crusher (Ningbo 
Xinzhi Biological Technology Co.), and BCA kits (Beyo-
time, China) were used to measure protein levels. Absorb-
ance values for individual samples were measured and used 
to compute SOD activity (U/mg protein) and MDA levels 
(nmol/mg protein) based on provided kit instructions.

Apoptotic cell death analyses
Cells were cultured and stimulated as above. After 7 days, 
an Annexin V-FITC/PI dual-staining apoptosis detection 
kit (Bestbio, China) was used to evaluate apoptotic death 
in different clusters. Briefly, cells were washed with PBS, 
harvested, and stained as directed. Annexin V-positive 
and PI-negative cells were early apoptotic cells, whereas 
double-positive cells were late apoptotic cells. The cells 
in both of these gates were summed together to calculate 
overall rates of apoptosis.

Western immunoblotting
Following induction for 7  days on titanium plants, 
MC3T3-E1 cells were washed, and RIPA buffer (Beyo-
time, China) containing phenylmethylsulfonyl fluoride 
(PMSF) was used to extract proteins, with a BCA assay 
kit being employed to measure protein levels in the 
resultant samples. A Total Bone Tissue Protein Extrac-
tion Kit (Invent Biotechnologies, Inc, USA) was instead 
used to extract proteins from samples of bone tissue. 
Following SDS-PAGE separation, these proteins were 
transferred onto PVDF membranes that were blocked 
for 2 h using BSA, rinsed, and incubated overnight with 
antibodies specific for Coll1 (1:1000, AF7001, Affinity, 
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USA), OCN (1:1000, DF12303, Affinity, USA), BMP2 
(1:1000, AF5163, Affinity, USA), BCL2 (1:1000, AF6139, 
USA), BAX (1:1000, WL01637, Wanlei, China) Caspase3 
(1:1000, AF6311, Affinity, USA), PKC (1:1000, SC17769, 
Santa, USA), actin (1:10,000, T0022, Affinity, USA), Nrf2 
(1:10,000, AF0639, Affinity, USA), HO1 (1:1000, AF5393, 
Affinity, USA), PKCα (1:1000, AF6196, Affinity, China), 
NFκB (1:1000, SC8008, Santa, USA), NOX4 (1:1000, 
SC518092, Santa, USA) at 4  °C with constant shaking. 
After rinsing with TBST, blots were incubated for 2  h 
with secondary anti-rat (1:5000, S0002, Affinity, USA) or 
anti-rabbit IgG (1:5000, S0001, Affinity, USA), followed 
by washing and the use of an ultrasensitive chemistry kit 
(Milibo, USA) to detect protein bands, with ImageJ being 
used for subsequent analysis.

Results
The impact of NaB and TPA on the proliferation 
of MC3T3‑E1 cells
Initially, the cytotoxicity of TPA and NaB was analyzed 
via CCK-8 assay, with MC3T3-E1 cells being treated with 
5 different doses of these compounds for 24, 48, or 72 h. 
With untreated cells serving as a reference to gauge via-
bility, a NaB dose of 0.3 mM was found to have the least 
inhibitory effect on proliferation after 24 h and TPA was 
0.1 nM (Fig. 1).

The impact of NaB on osteoblast function
To begin evaluating the effects of NaB treatment on 
the function of osteoblasts, MC3T3-E1 cell differentia-
tion and mineralization were analyzed, and osteogene-
sis-related gene (BMP2, OCN, Coll-I) expression was 
assessed (Fig. 2B). This approach revealed NaB treatment 
to be associated with improved ALP activity, calcium 
deposition (Fig.  2A), and osteogenic protein expression 
as compared to the CCCP group although these levels 
remained below those in the control group. CCCP treat-
ment was associated with increases in PKC, NOX4, and 
NF-κB levels together with reduced Nrf2 and HO-1 lev-
els, while NaB normalized the PKC, NOX4, and NF-κB 
levels in these cells. To further test the effects of NaB on 
PKC signaling, the PKC agonist TPA was used in these 
studies, ultimately demonstrating that NaB could par-
tially reverse the inhibitory effects of TPA treatment on 
ALP activity levels, the expression of osteogenic proteins, 
and calcium deposition. These data thus highlighted the 
ability of NaB to enhance osteogenic activities through 
PKC, NOX4, and NF-κB pathway inhibition (Fig. 3B).

NaB induces more robust antioxidant activity in MC3T3‑E1 
cells
Higher OS levels in the bone tissue and impaired sys-
temic antioxidant capacity following menopause are 

both important contributors to OP pathogenesis and 
titanium nail loosening. To examine how NaB affected 
the antioxidant capacity of osteoblasts, ROS (Fig.  3A), 
SOD(Fig.  3E), and MDA (Fig.  3D)levels in MC3T3-E1 
cells were analyzed. CCCP treatment was associated with 
altered MC3T3-E1 cell morphology when cultured on 
titanium plates, together with higher intracellular ROS 
levels as detected via flow cytometry and fluorescence 
microscopy (Fig. 3C), decreased SOD activity, and higher 
levels of MDA, consistent with overall increases in ROS 
levels. NaB treatment reversed these changes, and it was 
also able to reverse the effects of PKC agonist treatment 
on ROS production with respect to both MDA levels 
and SOD activity. These findings suggest that NaB can 
modulate MC3T3-E1 cell antioxidant capacity through 
the inhibition of the PKC, NOX4, and NF-κB pathways 
(Fig. 3B).

NaB protects MC3T3‑E1 cells against CCCP‑induced 
apoptotic death
Apoptotic death can compromise osteoblast function in 
a postmenopausal setting, and CCCP was herein found 
to drive the apoptotic death of osteoblasts in  vitro. 

Fig. 1  Effect of NaB and TPA on the viability of MC3T3-E1 cells. Cells 
MC3T3-E1 cells were treated with different concentrations (0, 0.1, 
0.3, 0.5, 0.7, and 0.9 mM/L) of NaB and different concentrations (0, 
0.1, 0.3, 0.5, 0.7, 0.9, 1 µM) of TPA for 24 h, 48 h, and 72 h, and cell 
viability was detected by CCK8 after treatment. Each experiment 
was repeated at least three times. Each set of data was compared 
with the 0 concentration group
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Accordingly, the effects of NaB on apoptosis-related pro-
tein levels were evaluated. While CCCP was able to drive 
apoptosis, NaB partially rescued this effect albeit not to 
the levels observed in normal control cells (Fig. 4A). Spe-
cifically, NaB reduced pro-apoptotic Bax and caspase-3 
levels while increasing Bcl-2 levels, with both experi-
ments supporting the protective antiapoptotic effects of 
NaB (Fig. 4B).

Rat OP model establishment
Micro-CT scans of model rats(Fig. 5A) revealed that the 
trabecular thickness (Tb.Th), trabecular number (Tb.N), 
and bone mineral density (BMD) in the OVX group were 
reduced relative to the sham control group, while tra-
becular separation (Tb.Sp) was higher than in the sham 
group. H&E staining further (Fig. 5B) indicated that bone 
trabecular density in the OVX group was reduced relative 
to the sham group. These findings confirmed successful 
OP model establishment.

NaB inhibits the PKC pathway to enhance bone 
microstructure and osseointegration in OP model rats
Micro-CT scans of longitudinal distal femur cross sec-
tions were performed, followed by the 3D reconstruc-
tion of the 0.25  mm of bony trabeculae surrounding 
implanted titanium nails to examine bone microstruc-
tural characteristics in Fig.  6. In OVX model rats, bony 

trabeculae were sparse and clear evidence of bone micro-
architectural destruction was observed surrounding the 
titanium nail at the distal femur end, with the bones in 
these rats being more brittle. Rats in the OVX-Ti+NaB 
treatment group, in contrast, exhibited significantly 
improved BMD, bone density, and bone volume frac-
tion (BV/TV) ratio values (P < 0.05), consistent with the 
ability of NaB to restore bone density at the implant site, 
albeit not to control levels. Pull-out force assays simi-
larly revealed that titanium nails were extracted most 
readily in the OVX-Ti group, confirming the successful 
simulation of the micro-loosening that impacts titanium 
nails after surgery in PMO fracture patients (Fig.  7C). 
Western immunoblotting also revealed that NaB sup-
pressed PKC and NF-κB levels, although they remained 
elevated as compared to the control group, in line with 
the ability of NaB to restore osseointegration at least in 
part via PKC pathway inhibition.H&E staining indicated 
that higher numbers of bony trabeculae surrounding 
the titanium nail were evident following NaB treatment 
relative to the OVX-Ti group, although these levels were 
still below those in the normal control group. Masson’s 
staining for new bone indicated that following NaB treat-
ment the titanium nail was primarily enmeshed in new 
bone and collagen tissue (Fig. 7A), whereas in the normal 
control group the nail was surrounded by collagen fibers 
and both new and mature bone. In the OVX-Ti group, 

Fig. 2  NaB promotes osteogenic differentiation and osteogenic gene expression in MC3T3-E1 cells in the CCCP-induced state. A Characteristic 
pictures of alkaline phosphatase staining and alizarin red staining, all rectangular pictures are on a scale of 200 µm. B western blot analysis of genes 
specific for osteogenic action in the titanium plate state. C-E Ratio of protein gray values to β-actin gray values for each group is indicated. F 
Detection of alkaline phosphatase activity in each group. G Assessment of absorbance of mineralized nodules in each group. Data are expressed 
as mean ± SEM and P values were calculated for each group between groups (n = 3) for each other, where P values were not significant (ns) are 
not shown in the graph. *P < 0.05, **P < 0.01,***p < 0.001,****P < 0.0001
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only minimal amounts of new bone tissue were evident 
around the nail. The histological and micro-CT results in 
these experiments were therefore consistent (Fig. 8).

Discussion
The progressive aging of the Chinese population under-
scores the need to focus further resources and research 
on geriatric diseases, with studies of the etiology of OP-
related fractures having the potential to improve patient 
treatment options, alleviating pain and improving over-
all quality of life to lift this societal burden [45, 45]. A 
range of drugs have been used to treat OP to date, but 
their utility has been hampered by high prices, adverse 
side effects, and the fact that they cannot be used for 
extended periods [11] , [47]. Despite a wealth of OP-
focused research in recent years, studies of the impact 
of NaB on osteoblasts have been limited. The loosening 
of implanted nails following surgical fracture treatment 
has frequently been observed among OP patients, and 

a range of biomaterial-related and biomechanical stud-
ies have demonstrated that such loosening is related to 
insufficient bone volume surrounding these implanted 
nails and a consequent lack of adhesion and osseointegra-
tion [48]. This study was designed to assess the ability of 
pharmacological treatment to enhance osseointegration 
and bone mass using in vitro and in vivo models of OP 
in an effort to ultimately improve patient outcomes. An 
OVX model was used to simulate PMO in rats, resulting 
in a significant loss of bone mass and impaired implant 
osseointegration in line with results observed in human 
patients. While NaB has been confirmed as a robust 
antioxidant capable of counteracting obesity-related 
OP, whether it can similarly exert benefits in the context 
of PMO has yet to be tested [49]. Thus, the molecular 
mechanisms through which NaB influences osteoblasts 
in the context of titanium nail osseointegration were 
herein explored using cultured cells and OVX model rats.

Fig. 3  NaB enhances the antioxidant capacity of MC3T3-E1 cells by inhibiting the oxidative stress pathway. A Electron micrograph of MC3T3-E1 
cells grown on titanium plates and fluorogram of ROS in the titanium plate free state with the scale bar of 200 µm for electron micrograph 
and 100 µm for fluorogram. B Western blot to detect the presence of target gene in the titanium plate state. c Flow cytometric detection 
of ROS in MC3T3-E1 cells in the titanium plate state. C western blot analysis of oxidative stress channel protein genes in the titanium plate 
state. D Expression of MDA in each group in the titanium plate state. E Expression of SOD in each group in the titanium plate state. F Ratio 
between fluorescence luminosity values of each group and the normal group.G-I Ratio between grayscale values of protein genes and β-actin, 
data are expressed as mean ± SEM. P values were calculated mutually for data between groups (n = 3), where P values were not significant (ns) are 
not shown in the graph. *P < 0.05, **P < 0.01,***P < 0.001,****P < 0.0001
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These experiments demonstrated that CCCP treatment 
suppressed the differentiation and mineralization capac-
ity of MC3T3-E1 cells as evidenced by decreases in ALP 
activity and mineralized nodule formation. ALP secre-
tion by osteoblasts is a major indicator of bone metabo-
lism, with the levels of ALP being directly related to the 
differentiation of osteoblasts, impacting osteoblast cell 
matrix mineralization [50]. Mineralized nodules are a 
hallmark of such osteoblastic differentiation, serving 
as the primary morphological correlate to the function 
of these osteoblasts [33]. OCN levels can be analyzed 
to monitor the development and metabolism of bone 
tissue, with OCN being produced by osteoblasts dur-
ing the late stages of differentiation. These OCN levels 

decline with age such that they serve as a valuable indi-
cator that can be leveraged to monitor OP [51]. BMP2 
regulates periosteal granule cells in the context of frac-
ture healing and also facilitates osteoblast production 
within the bone marrow such that it has been employed 
in clinical settings [52, 52]. Collagenase type 1 (Coll-1) 
is a bone marker related to bony tissue growth and new 
bone formation, in addition to serving as a key regulator 
of osteoblast differentiation [54]. Here, CCCP treatment 
suppressed the expression of these three osteogenic pro-
teins, whereas NaB treatment reversed these changes.

The PKC signaling pathway can, when activated, induce 
higher levels of OS in a range of cell types including 
tumor cells and vascular endothelial cells, potentially 

Fig. 4  NaB reduces apoptosis in MC3T3-E1 cells stimulated by CCCP. A Apoptosis rate of MC3T3-E1 cells in each group in titanium plate condition. 
B Western blot detection of apoptosis-specific protein genes (Bax, Bcl2, Caspase3) expression in each group in titanium plate condition. (C-E) 
Representative grayscale values of protein display and the ratio between β- actin to each other ratio. F Statistical plot of apoptosis rate values 
for each group. Data are expressed as mean ± SEM, and P values were calculated mutually for data between groups (n = 3), where P values were 
not significant (ns) are not shown in the graph. *P < 0.05, **P < 0.01,***P < 0.001,****P < 0.0001
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resulting in dysfunction or apoptotic death when such 
stress is not effectively mitigated [55, 55]. PKC is also 
related to the expression of the CXCR chemokine recep-
tor family of proteins, which are important regulators of 

cellular proliferation [57]. NaB can regulate miR-15057 
to suppress CXCR, thereby modulating CXCR protein 
expression and influencing antioxidant stress path-
ways within cells. NaB is also related to mitochondrial 

Fig. 5  Establishment of the postmenopausal osteoporosis rat model. A Micro-CT scans of the distal femoral stem bone in the OVX and Sham 
groups. B HE staining of the distal femur, a,b are 5 × images and c,d are 10 × detail magnified images, both on a scale of 200 µm. (C–G) indicate 
Micro-CT assay data, respectively, bone trabecular thickness, bone mineral density, bone trabecular separation, relative bone density volume, 
and number of trabeculae. Data are expressed as mean ± SEM and P values were calculated between groups (n = 3) for each other. *P < 0.05
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activity and apoptosis [58, 58]. Here, control MC3T3-
E1 cells cultured on titanium plates exhibited low levels 
of PKC expression, whereas it was upregulated follow-
ing CCCP treatment, and NaB antagonized this effect. 
NaB was further able to counteract the increases in 
PKC observed when these cells were treated using TPA, 
which is a PKC agonist. The NOX4 oxidase functions 
downstream of PKC to generate H2O2 directly without 
the need for additional activation steps, unlike other 
NOX family Excess oxidase activity can drive ROS pro-
duction [60], altered mitochondrial membrane poten-
tial, reduced SOD activity, higher MDA levels, and the 
overall disruption of normal free radical scavenging and 

mitochondrial dysfunction [61]. NF-κB serves as a key 
transcription factor that regulates inflammatory activity, 
immune response induction, and apoptosis in the con-
text of organismal stress responses [62]. Overly robust 
NF-κB activation can contribute to pro-apoptotic Bax 
upregulation and antiapoptotic Bcl-2 downregulation, 
contributing to the loss of bone tissue in estrogen-defi-
cient animals. This transcription factor also regulates 
antioxidant proteins including NADPH dehydrogenase 1 
(NQO1), and Nrf2 is an upstream target of NQO1 and 
HO-1 [24]. Nrf2 serves as a key regulator of antioxidant 
responses [63], [64]. Here, CCCP treatment was found to 
promote increased NF-κB activation through the control 

Fig. 6  NaB enhances bone volume around titanium nail by inhibiting PKC. A Three-dimensional structure of titanium nail in bone, two-dimensional 
structure, and three-dimensional scan of bone 0.25 mm around titanium nail B Western blot to detect the presence of target gene in bone tissue. E, 
F Relative volume of bone trabeculae and density of bone trabeculae. C, D, G Ratio of gray value of target gene to β-actin. Data (n = 3) are expressed 
as mean ± SEM, and P values were calculated mutually between groups (n = 3). *P < 0.05, **P < 0.01,***P < 0.001
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of ROS production while suppressing the expression of 
HO-1, suggesting that antioxidant activity is impaired 
while inflammatory and pro-oxidant responses are 
enhanced. Control MC3T3-E1 grown on titanium plates 
exhibited low levels of NF-κB expression, while these 
levels rose significantly after CCCP treatment with con-
comitant increases in Bax expression and Bcl-2 downreg-
ulation consistent with the relationship between NF-κB 
and both inflammation and OS.

Animal studies were performed to further examine 
the impact of NaB on titanium nail osseointegration, 
using OVX rats to simulate the estrogen deficiency pre-
sent in PMO patients. These rats were then implanted 
with titanium nails in an effort to mimic a post-fracture 
surgical state, and they were subsequently orally treated 

using NaB. Micro-CT scans of 0.25 mm of the bone sur-
rounding implanted titanium nails were used to evaluate 
bone formation around the nail tip, while H&E staining 
was used to assess bone trabeculae number, spacing, and 
thickness. Masson’s staining was further employed to 
quantify new bone formation around these nails, and a 
pullout force assay was performed to test the resistance 
of these nails to extraction. Relative to normal control 
rates, those in the PMO model group exhibited reduced 
bone mass and fewer bone trabeculae and new bone 
surrounding implanted titanium nails, with nails being 
removed relatively easily in pullout force testing. NaB 
treatment partially reversed these deleterious changes, 
although they were not restored to the levels observed in 
healthy control rats. While these results are promising, 

Fig. 7  Effect of NaB on the bone around the titanium nail. A HE staining and Masson staining of the bone around the titanium nail, in which TB 
indicates bone trabeculae and BM indicates bone marrow cavity; ※represents red muscle fibers and # represents blue collagen fibers (new bone).B 
Statistical plot of the area occupied by new bone around the titanium nail. C Statistical plot of the axial tension required to pullout the titanium nail. 
Data are expressed as mean ± SEM, and P values were calculated for each other between groups (n = 3). *P < 0.05, **P < 0.01,***P < 0.001
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they are subject to some limitations. For one, osteoclast 
protein expression was not examined in sufficient detail, 
and NOX4 may be expressed at higher levels in osteo-
clasts than in osteoblasts. Such NOX4 expression may 
represent a key mechanism through which osteoclasts 
can promote OS. It was also not possible to place cells 
on titanium plates for histological or immunofluorescent 
staining assays, precluding efforts to fully simulate in vivo 
conditions. Future studies will be performed with the 
goal of correcting these deficiencies.

Conclusion
In conclusion, these results demonstrate that estro-
gen deficiency can contribute to elevated ROS levels, 
in turn suppressing the normal activity and function 
of osteoblasts and compromising normal bone forma-
tion, decreasing the bone mass surrounding implanted 

titanium nails in PMO patients undergoing surgical frac-
ture treatment. The administration of NaB after surgery 
in these patients can reverse these effects by decreasing 
ROS levels, thereby enhancing osteoblast function to 
facilitate better bone formation and osseointegration. 
However, owing to the relatively short study period, the 
low number of tested animals, and certain limitations to 
the utilized cell models, additional research will be vital 
to further refine and expand on these analyses.
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