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Abstract
The purpose of this study is to investigate the role of Silibinin (SIL)-modified Hydroxyapatite coating on osseointegration in
diabetes in vivo and in vitro and explore the mechanism of osteogenic differentiation of MC3T3-E1. RT-qPCR,
Immunofluorescence, and Western blot were used to measure the expression level of oxidative Stress Indicators and
osteogenic markers proteins. Moreover, CCK-8 assay was conducted to detect cell viability in hyperglycemia. Alizarin red
staining and alkaline phosphatase staining were used to examine osteogenic function and calcium deposits. The diabetic rat
model receive titanium rod implantation was set up successfully and Von-Gieson staining was used to examine femoral bone
tissue around titanium rod. Our results showed that intracellular oxidative stress in hyperglycemia was overexpressed, while
FoxO1, SIRT1, GPX1, and SOD2 were downregulated. SIL suppressed oxidative stress to promote osteogenic
differentiation. Additionally, it was confirmed that SIL promoted osteogenic differentiation of MC3T3-E1 and obviously
restored the osseointegration ability of diabetic rats. Further study indicated that SIL exerted its beneficial function through
activation SIRT1/SOD2 signaling pathway to restore osteoblast function, and improved the osseointegration and stability of
titanium rods in vivo. Our research suggested that the SIL-modulated oxidative Stress inhibition is responsible for the
activation of the process of osteogenic differentiation through activation SIRT1/SOD2 signaling pathway in hyperglycemia,
providing a novel insight into improving prosthetic osseointegration in diabetic patients.

Graphical Abstract
Hyperglycemia impaired the activity and function of MC3T3-E1 and inhibits bone formation by up-regulating intracellular
ROS levels through inhibition of SIRT1/SOD2 signaling pathway. Local administrator SIL can improve the activity and
function of osteoblasts and enhance osseointegration by reducing intracellular ROS through activation of SIRT1/
SOD2 signaling pathway in DM rat models.
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1 Introduction

Total joint replacement has been proven to be a highly
effective treatment for severe end-stage arthritis and joint
dysfunction, because the procedure restores function,
reduces pain and increases quality of life and satisfaction
[1]. With increase in prolonged life expectancy and meta-
bolic bone diseases, the number of joint replacement sur-
gery in demand is expected to increase markedly [2]. With
advances in technology and surgical techniques, the inci-
dence of aseptic loosening or other causes of aseptic failure,
which may also require implant revision surgery, has
increased in recent years [3]. Diabetes mellitus (DM) is a
type of metabolic disease characterized by chronic hyper-
glycemia [4]. In recent years, studies have confirmed that
patients with DM have a higher incidence of prosthesis
loosening [5]. Due to the loss of bone at the implant surface,
insufficient bone formation and untimely and adequate
osseointegration caused by diabetes complicated with sec-
ondary osteoporosis, prostheses in diabetic patients are
liable to undergo loosening [6, 7]. With the rapidly growing
in prevalence, DM becoming an increasingly important
global public health issue. How to reduce revision arthro-
plasty and improve the survival rate of artificial joints in
diabetic patients with poor osseointegration has become a
clinical problem now [7].

The pathological process and molecular mechanism of
diabetic osteoporosis and development is not yet fully
understood, and often, involves multiple influencing factors
and environmental factors. At present, a large number of
studies have agreed that hyperglycemia-induced oxidative
stress which generates reactive oxygen species (ROS), plays
an important role in the pathogenesis and progression of

diabetic osteoporosis [8, 9]. The increased oxidative stress
levels further worsen osteoporosis, and in turn, oxidative
stress also reduces osteoblast activity and functional
response.

Since osteoblasts play a central role in bone formation,
the formation and activity of osteoblasts also seriously
affects bone osseointegration. Therefore, reducing oxidative
stress in vivo and osteoblasts in the diabetic state becomes a
feasible solution to improve the successful and effective
osseointegration of implants. Silibinin (SIL), a flavono-
lignan extracted from milk thistle (Silybum marianum), has
exhibited considerable antioxidant stress activity and has
been widely concerned [10]. In addition, hepatoprotective,
anti-inflammatory, antioxidant and anti-cancer effects of
SIL have been defined in various animal and in vitro models
[11]. Furthermore, silibinin not only has excellent perfor-
mance in the field of liver protection, but also plays an
important role in bone health by promoting osteogenesis
and increasing bone mass [12]. Our previous studies have
reported that local application of silibinin can promote
titanium rod osseointegration and repair of bone defects in
osteoporotic rats induced by ovariectomy [9, 13]. None-
theless, it is still unclear whether SIL can promote the
osseointegration of titanium rods in diabetic rats.

In view of the above results, we propose the hypothesis
that SIL can restore osteoblast function in a high glucose
environment by virtue of its strong anti-oxidative stress
ability, thereby restoring the ability of bone regeneration
and osseointegration in diabetic rats. Therefore, in our
current research, we explored the effect of Silibinin-
modified Hydroxyapatite coating on osseointegration of
titanium rods in a diabetic rat model, and initially explored
possible mechanisms.
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2 Materials and methods

2.1 Experimental animals and Silibinin-modified
hydroxyapatite-coated titanium rods

Thirty female Sprague Dawley rats (210 and 240 g; age
∼3 months) were used in the present study. The rats were
fed in a temperature-controlled environment with a 12-hour
light/dark cycle and free access to water and a standard
laboratory diet. All animal experiments were carried out in
accordance with a protocol approved by the Institutional
Animal Care and Use Committee of wannan medical col-
lege (Approval No. LLSC-2020-082).

The commercial titanium rods (TR, Zhejiang Guangci
Medical Appliance Co., Ltd., Ningbo, China) with
external diameter (1.2 mm) and length (20 mm) were used
in vivo experimental of this study. HA coatings were
prepared using the pulse electrodeposition process with a
coating thickness of ~10 μm on the TR as our previously
described [14, 15]. According to previous studies [13, 16],
silibinin solution (0.12 g, 0.25 mmol) was dripped into
HA-TR to complete Silibinin-modified hydroxyapatite-
coated titanium rods (SHA-TR). SHA-TR and HA-TR
were obtained after further lyophilization. Slectron
microscope (FE-SEM, JSM-7500F; JEOL) and surface
roughness tester (Mitutoyo SJ-400, Mitutoyo, Sakado,
Japan) were used to observe phase composition and sur-
face roughness of this coatings. SHA-TR was soaked in
PBS solution (50 mL) at 37 °C. Thereafter, 1 mL of the
release medium was taken out after 2, 4, 6, 8, 12, 14, 16,
18, 20, 22 day, and SIL release was determined by high
performance liquid chromatography (HPLC, DGU-
20A5R, Japan). SHA-TR and HA-TR were dissolved in
DMSO to achieve a 100 mM stock solution, which was
then diluted in plain DMEM for the required concentra-
tion (60 μM) for follow-up cell experiments [16].

2.2 Influence of MC3TE-E1 cells viability,
mineralization and ALP expression

MC3TE-E1 Cells(Purchased from Qingqi (Shanghai) Bio-
technology Development Co., Ltd.) were used in all
experiments to be seeded on the specimens with 1 × 104

cells/ml and randomized to incubate with the following
factors respectively: (1) normal milieu (Con); (2) diabetic
milieu (DM); (3) diabetic milieu+ 60 μM SHA-TR leachate
(SIL+DM; Sigma). DMEM containing 25 mmol/L glucose
and 500 mmol/L BSA-conjugated palmitate (high glucose
and fat) was used as the mimic milieu of type 2 diabetes
[17] and labeled as DM.

Cell Counting Kit-8 (CCK-8), Alizarin Red S (ARS)
staining and Alkaline phosphatase (ALP) staining were
used to determine the effects of SIL and high glucose on

MC3TE-E1 Cells biological characteristics including
changes in the activity, function, intracellular ROS levels
and the expression of related proteins.

Briefly, MC3TE-E1 was seeded in a 96-well plate with a
density of 1 × 104 cells per well and treated with normal
saline, high glucose and 60 μM SHA-TR leachate +high
glucose as mentioned above for 24 h. Subsequently, the
wells of different groups were added with 10-μl CCK-
8(Med Chem Express LLC; Monmouth Junction, NJ, The
USA) solution for 2 more hours and evaluated through a
Multiskan Go Microplate Spectrophotometer (Thermo
Fisher Scientific).

Meanwhile, the changes of total intracellular reactive
oxygen species (ROS) contents for MC3TE-E1 under dif-
ferent interventions were measured by the fluorescent probe
2’, 7’-dichlorofluorescin diacetate (DCFDA). Immuno-
fluorescence analysis including SIRT1 and SOD2 staining
were used to quantify the expression of regulatory factors of
MC3TE‐E1 as stated above.

For ARS staining and ALP staining, MC3TE-E1 was
seeded in a 96-well plate with density of 1 × 104 cells per
well and treated with osteogenic medium (complete α-
MEM containing 1 nM dexamethasone, 50 μM ascorbic
acid, and 20 mM β-glycerophosphate) [18] before reaching
over 80% confluence. Next, the MC3TE-E1 cells receive
interventions with different treatment options as mentioned
above. After treatment for 14 days, osteogenesis was
assessed using Alkaline phosphatase (ALP, Beyotime
Institute of Bio-technology; Jiangsu, China) staining. After
treatment for 21 days, osteogenic differentiation and cell
mineralization was detected using Alizarin Red S (ARS)
solution (Solarbio Science & Technology). The results ALP
staining and RES staining were determined by microscopy
and quantified with Image Pro Plus 6.0 software.

2.3 Western blot

Whole cell extracts of MC3TE-E1 for western blotting were
prepared after the indicated treatment for 3 days as previously
described [19]. 20 μg protein from total cell lysate was pre-
pared using PRO-PREPTM protein extraction solution (Boca
Scientific Inc., Boca Raton, FL) and carried out subsequent
electrophoresis, according to the manufacturer’s instruction.
The primary antibodies against the following proteins: FoxO1
(Abcam, ab52857, 1:1000), SIRT1 (Abcam, ab189494,
1:1000), human catalase (CAT, Abcam, ab130029, 1:1000),
glutathione peroxidase (GPX1, Abcam, ab108427, 1:1000),
superoxide dismutase 2 (SOD2, Abcam, ab252426, 1:1000).
Expression levels of the target protein were normalized
against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Boster, Wuhan, China, 1:2000) levels in each
sample. The following day, HRP-conjugated goat anti-rabbit,
which used as secondary antibodies, was purchased from
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Santa Cruz Biotechnology (Santa Cruz, CA) and the results
were detection and analysis by using an iBrightCL1000
(Invitrogen, Carlsbad, CA).

2.4 Animal experiment

Diabetic rat model for this study was induced by receiving a
single 35 mg/kg streptozotocin (STZ, Sigma Aldrich)
injection (dissolved in 0.1 M citrated buffer, pH 4.5). Only
rats with blood glucose levels >300 mg/dL were employed
as a successful model of diabetic rats according to previous
reports [20]. The rats were randomly divided into 3 groups:
control group (Con, n= 10), diabetic rat group (DM,
n= 10) and diabetic rat receiving local silibinin treatment
group (SIL+DM, n= 10). The HA-TR and SHA-TR were
inserted femoral cavity bilaterally in all animals from Con
group, DM group and SIL+DM group, respectively, as
previously described [21]. Twelve weeks after implantation,
the rats were sacrificed to obtain blood and femurs con-
taining titanium rods for subsequent testing.

2.5 Micro-CT evaluation

After the execution of the experimental rats, the femurs
containing titanium rods were taken bilaterally and soaked
in paraformaldehyde. A micro-CT (SkyScan 1176)scanner
was used for thin-layer scanning of bilateral femurs (ima-
ging conditions: tube voltage, 90 kV; tube current, 88 μA;
magnification, ×6.7; measurement time, 17 s; resolution,
30 μm; slice thickness, 240 μm; and slice spacing, 240 μm)
as previously described [22, 23]. The scanning area was a
distance of 2 mm proximal to the growth plate in the
femoral metaphysis. The volume of interest (VOI) with the
central 250-μm-diameter region of the surface of titanium
rod. 3D multimodel software was utilized following the
scanning process to generate the specimen data for the
following indicators: bone mineral density (BMD), bone
volume fraction (BV/TV), trabecular number (Tb.N), tra-
becular thickness (Tb.Th), trabecular separation (Tb.Sp),
the mean connective density (Conn.D) in VOI regions.

2.6 Mechanical test

The femurs undergo pull-out tests through the material
testing system (Electron E1000, Instron, High Wycombe,
UK). The left femur containing the titanium rod is first
subjected to epiphyseal separation to expose the titanium
rod for pull-out tests. Then these fixed specimens were
subjected to pull-out tests by biomechanical machine
through load-displacement curves to acquire mechanical
parameters including the strength of fixation, energy
failure and interface stiffness according to previous
report [24].

2.7 Histological evaluation and immunofluorescence
analysis

The undecalcified femur specimens containing titanium
rods were embedded in methyl methacrylate, and cut and
ground to a thickness of 40–50 μm by using Saw Micro-
tome Leica SP1600 (Leica, Wetzlar, Germany). Histologi-
cal examination of undecalcified sections were performed
by stained with Von-Gieson for light microscopy according
to established methods [25, 26].

The titanium rods were removed and femur specimens
without implant were decalcified with 10% EDTA (pH 7.4),
dehydrated and embedded in paraffin prior to processing for
SIRT1 and SOD2 staining. In brief, fresh bone sections
were stained with individual primary antibodies to rats
SIRT1 (Abcam, ab189494, 1:100) and SOD2 (Abcam,
ab208156, 1:100), overnight at 4 °C. Subsequently, the
secondary antibodies conjugated with fluorescence (Jackson
Immuno Research, 415-605-166, 1:500; 315-605-003,
1:250) were used at room temperature for 1 h while
avoiding light and observed under a confocal microscope
(FLUOVIEW FV300, Olympus).

2.8 Serum bone metabolism index and oxidative
stress index detection

The serum concentrations of SOD2, MDA and TAC were
determined using commercial biochemical kits from Nanj-
ing Jiancheng Bioengineering Institute (Nanjing, China).
The serum concentrations of osteocalcin (OC) and tartrate-
resistant acid phosphatase (TRAP) determined by ELISA
kits from Beijing Fang cheng Biotechnology Company
(Beijing, China). All experiment steps and methods are
according to the manufacturer’s instructions.

2.9 Statistical analysis

The data were collected and reported as the mean ± standard
deviation (SD) for the final result of each experiment. The t
test and one-way analysis of variance (ANOVA) test were
used to test differences between different groups. IBM
SPSS Statistics 21.0 software (IBM SPSS Inc., Chicago, IL)
was used for analyses. P values of <0.05 were considered
statistically significant.

3 Results

3.1 characterization of HA-TR and SHA-TR

General view and higher magnification of surface char-
acterizations of HA-TR and SHA-TR is shown in Fig. 1A,
B. The crystallite and roughness in SHA coatings seemed
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obviously higher than that in HA coatings from SEM
micrographs. The SIL showed relatively rapid release in the
10 days, followed by a steady release phase (Fig. 1D). Due
to the addition of SIL, the structure of HA is changed, and
an increase in surface roughness occurs.

3.2 The changes of MC3TE-E1 cells viability,
mineralization, ALP and target protein
expression in a hyperglycemia environment

Figure 2A clearly shows us that a hyperglycemia environ-
ment can significantly reduce the ALP expression and cal-
cification capacity of MC3T3-E1 cells. However, SIL
intervention therapy can significantly increase the ALP
expression and calcification capacity of MC3T3-E1 cells in
a hyperglycemia environment. The quantitative results of
ALP expression and calcification for each group are shown
in Fig. 2B. The quantification of mineralized nodules,
mineralized area, ALP activity and ALP gray value were
greater in the SIL+DM group compared with the DM
group (P < 0.05).

Figure 2C, D clearly shows us that a hyperglycemia
environment can significantly reduce the viability and

related protein expression including FoxO1, SIRT1,
GPX1 and SOD2 of MC3T3-E1 cells, whereas CAT
increased obviously were observed in DM group. How-
ever, SIL intervention therapy can significantly increase
the viability and FoxO1, SIRT1, GPX1 and SOD2
expression of MC3T3-E1 cells. Besides, the levels of
CAT decreased obviously were observed in SIL+DM
group. The quantification of CCK-8, FoxO1, SIRT1,
GPX1 and SOD2, CAT shown obvious restore in the
SIL+DM group compared with the DM group (P < 0.05,
Fig. 2C, E).

Immunofluorescence results show a hyperglycemia
environment can significantly reduce SIRT1 and SOD2
expression and increase ROS level as shown in Fig. 3A, C,
and SIL intervention therapy can significantly increase
SIRT1 and SOD2 expression, and decrease ROS level. The
quantification of ROS, SIRT1 and SOD2 expression were
restored in the SIL+DM group compared with the DM
group (P < 0.05). These results indicate that SIL interven-
tion reversed the inhibition of hyperglycemia environment
on MC3T3-E1 cells, and enhance the ability of cells to resist
oxidative stress by activating the SIRT1/SOD2 signaling
pathway.

Fig. 1 The surface characteristics and SIL Release characteristics of
HA-TR and SHA-TR. A Representative pictures of general view of
HA-TR and SHA-TR; B: Representative pictures of higher magnifi-
cation of surface characterizations of HA-TR and SHA-TR, Scale bar:

10 μm; C: Representative pictures of surface roughness of HA-TR and
SHA-TR; D: Percentage of released SIL relative to total SIL loaded
into coatings
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Fig. 2 SIL therapy could greatly enhance the biological activity of
MC3TE-E1 in a hyperglycemia environment. A Representative pic-
tures of ALP staining and RES staining of MC3TE-E1 under different
intervention conditions; B: The quantification of mineralized nodules,
mineralized area, ALP activity and ALP gray value; C: The results of

CCK-8 of MC3TE-E1 under different intervention conditions;
D: Representative pictures of WB results of MC3TE-E1 under dif-
ferent intervention conditions; E: The quantitative results of related
protein expression of WB. Scale bar: 50 µm. N= 5 specimens/group.
*Vs. Con group, P < 0.05, #Vs. DM, P < 0.05
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Fig. 3 SIL therapy could reduce ROS levels and SIRT1 and SOD2
expression in MC3TE-E1 cells in a hyperglycemia environment. A:
Representative pictures of Intracellular ROS of MC3TE-E1 under
different intervention conditions, Scale bar: 25 µm; B: Quantitative
results of intracellular ROS of MC3TE-E1; C: Representative pictures

of SIRT1 and SOD2 expression of MC3TE-E1 under different inter-
vention conditions, Scale bar: 25 µm; D: Quantitative results of SIRT1
and SOD2 expression of MC3TE-E1; N= 5 specimens/group. *Vs.
Con group, P < 0.05, #Vs. DM, P < 0.05
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3.3 Animal

A total of 3 rats died in this study due to anesthesia acci-
dents and postoperative infections, of which 1 belonged to
the DM group and 2 belonged to the SIL+DM group.
Finally, a total of 27 rats completed the experiment.

3.4 Micro-CT assessment of osseointegration

The reconstructed three-dimensional (3D) and 2D scan
images of new bone in the VIO eara are presented in Fig. 4,
and quantitative microstructure parameters were calculated
including BV/TV, Tb.Th, Tb.N, Tb.Sp, Conn.D and BMD.
At 12 weeks, the BMD, BV/TV, Tb.Th, Tb.N, and Conn.D
of DM rats were all lower than the Con group (P < 0.05),
while Tb.Sp was higher than the Con group (P < 0.05).
Moreover, in the DM rats receiving SIL therapy, the BMD,
BV/TV, Tb.Th, Tb.N, and Conn.D were significantly lower
than the DM group (P < 0.05), and Tb.Sp was significantly
higher than the DM group (P < 0.05). In addition, the capa-
city for bone repair and bone mass around titanium rods was
inhibited by hyperglycemia, while in the SIL+DM group,
the ability of osseointegration was remarkably restored.

3.5 Histological analysis

Histological images with Von-Gieson staining staining of
undecalcified sections are shown in Fig. 5. In the DM treatment
group, fewer bone tissue contact with titanium rods were
observed compared to the Con group. Besides, in the SIL+
DM group, the areas around titanium rods contained large new
bone tissue contact with titanium rods, and the more bone mass
compared with the group DM. The quantitative results are
represented by BIC and BA as shown in Fig. 5B, C. Compared
with group Con, the significantly reduced BA% and BIC%
were observed in DM group rats (P < 0.05). Besides, BA% and
BIC% increased significantly after SIL treatment. Histological
results show that local treatment with silibinin could increase
bone tissue formation around titanium rods and promote the
connection between bone tissue and titanium rods.

3.6 Immunofluorescence analysis

The fluorescently labeled area of the Con group was almost
filled with immunofluorescence for SIRT1 and SOD2, while
large amounts of fluorescently labeled bone tissue was
found in the SIL treatment group, but it was difficult to find
immunofluorescence in the DM group (Fig. 6A, B). Com-
pared to groups DM, SIL treatment shows the higher pro-
tein expression with SIRT1 and SOD2 (P < 0.05, Fig. 6C,
D). Immunofluorescence l results show that local therapy
with SIL showed positive effects on SIRT1 and SOD2
expressions in the diabetic condition.

3.7 Biomechanical analysis

The results of the three groups of biomechanical experi-
ments are presented as fixation strength, interface stiffness
and energy to failure, as shown in Fig. 7. At 12 weeks post-
intervention, results clearly exhibited diabetes can markedly
weaken fixation strength, interface stiffness, energy to
failure of the titanium rod compared with the Con group
(P < 0.05). Moreover, SIL can notable improve the data of
biomechanical parameters for the titanium rod compared
with the DM group (P < 0.05). These results indicate that
local treatment with SIL can obviously enhance the stability
of the titanium implant in the marrow cavity of diabetic rats.

3.8 Analysis of oxidative stress indicators and bone
metabolism indexs

The results of bone metabolism indicators and oxidative
stress indicators were detected at the end of the experiment
as shown in Fig. 8. Compared with the Con group, serum
OC, TAC and SOD 2 decreased significantly while the level
of TRAP and MDA increased obviously in diabetic rats.
Compared with the DM group, serum OC, TAC and SOD2
increased obviously after SIL treatment, while TRAP and
MDA decreased significantly. These findings indicate that
local therapy with SIL can reverse the imbalance of bone
metabolism and oxidative stress in DM rats.

4 Discussion

Nowadays, long-term survival of joint prostheses in diabetic
patients is still an enormous challenge to clinicians, owing to
long-term hyperglycemia impairs bone formation compared
with the nnormoglycemia. A lot of previous studies have
identified that SIL has a substantial protective effect on bone
mass by inhibiting oxidative stress. However, there are only
limited reports on the effects of local application SIL on
osseointegration in diabetes. In this study, SIL-modified HA-
coated titanium rods were implanted into the femur of dia-
betic rats and their leaching solution was used to intervene
osteoblast, and the effect of topical application of SIL on
osteogenesis was observed in vitro and in vivo. The research
confirmed that the local application of SIL can considerably
restore the function of osteoblasts in a high glucose envir-
onment; meanwhile, it can enhance the osseointegration of
titanium rods in diabetic rats.

As people’s living habits change, the higher prevalence
of diabetes leads to an altered balance between bone
resorption and bone formation and inadequate bone remo-
deling, resulting in bone loss [27]. Hyperglycaemia was
shown to reduce bone resorption marker CTX and lower the
rate of bone formation including osteocalcin, BALP and
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Fig. 4 Micro-CT scan and 3D reconstruction clearly shows that local
administrator SIL can significantly restore the poor capacity for tita-
nium rods osseointegration in diabetic rats. A, a: Con group; B, b: MD
group; C, c: SIL+DM group. D: The quantitative results of bone

microscopic parameters around the titanium rod include BMD, BV/
TV, Tb. Th, Tb. N, Conn. D and Tb. Sp. Scale bar: 100 µm.
N= 5 specimens/group; *Vs. Con group, P < 0.05, #Vs. DM, P < 0.05
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P1NP [28]. Moreover, hyperglycaemia also has been
revealed to enhance advanced glycation end products,
which disrupts the synthesis of collagen and bone matrix
and lowers bone strength [29]. Despite evidence supporting
its negative effect on mice osteoblast, hyperglycaemia has
been further shown to inhibit osteoblast cell function in
primary human osteoblasts [30]. However, the molecular
mechanisms underlying diabetes-related bone loss are not
fully understood. The present study showed diabetes
markedly reduced bone formation around titanium rods and
biomechanical parameters determined by Mciro-CT, his-
tology and biomechanical experiment. Furthermore, a
higher level of serum TRAP and lower level of serum OC
were observed in the DM rats. In the present study, ALP
staining and RES staining were used to assess osteogenic
differentiation and function, and presented with lower ALP
expression and fewer formation of mineralized nodules in
hyperglycemia. Consistent with previous results [31, 32],
the adverse effect of hyperglycaemia on osseointegration
has also been certified in our current research.

As shown earlier [33, 34], silibinin has well-known anti-
oxidant properties and effectively prevents oxidative stress and
various complications caused by diabetes. It has been proposed
that silibinin also restores mitochondrial potential and maintains
mitochondrial homeostasis by scavenging ROS [35, 36]. In
addition, studies have revealed that silibinin attenuates bone
loss in DM rats and promotes bone formation in diabetes-

related bone diseases [37, 38]. Despite the protection activities
of silibinin on diabetes complications, whether silibinin can
restore hyperglycemia-induced inhibition of osteoblast activity
and impaired osseointegration remain unclear and need to
further investigate. In the present study, we definitely identified
that SIL could considerably inhibit the adverse effects of
hyperglycemia on osteoblasts, including up-regulation of ALP
expression, enhanced formation of mineralized nodules, and
increased osteoblast activity. Animal experiments more intui-
tively revealed that the bone formation around the titanium rod
was markedly strengthened after SIL therapy compared to the
DM group, and the biomechanical parameters of the implants
were significantly improved. According to the results, we
preliminary believed that SIL could restore the osseointegration
ability of diabetic rats to a certain extent.

Since hyperglycemia-mediated oxidative stress plays an
important role in the impaired function of osteoblasts [39],
we focused on exploring the changes in the expression of
specific markers in osteoblasts, bone tissue and serum. As
remarkable indexes, the levels of glutathioneylase 1
(GPX1), malondialdehyde (MDA), superoxide dismutase 2
(SOD2), total antioxidant capacity (TAC) can sensitive
reflect the condition of oxidative stress in cells and in vivo
[40, 41]. Sirtuin1 (SIRT1), an important member of SIRT
family of nicotinamide adenine dinucleotide (NAD)-
dependent deacetylases, regulate various processes of cel-
lular metabolism and play an important role in bone loss [9].

Fig. 5 Local administrator SIL
can significantly improve the
bone formation around the
titanium rod and increase the
connection of bone tissue and
internal plants in the diabetic rat
model. A: Bone formation
around titanium rods under
different intervention conditions;
Scale bar: 100 µm. B: The
percentage of bone implant
contact(BIC, %); C: The bone
area ratio (BA, %);
N= 5 specimens/group; error
bars in the figure indicate SD.
*Vs. Con group, P < 0.05, #Vs.
DM, P < 0.05
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As a downstream gene of SIRT1, forkhead transcription
factor-1(FoxO1) can be activated by oxidative stress to
promote the expression of downstream antioxidant genes to
reduce oxidative stress to protect cell normal metabolism
[42]. Numerous studies have shown that the inhibition of
the SIRT1/SOD2 signaling pathway plays an important role
in the damage to bone repair capacity caused by oxidative

stress [9, 43]. WB and immunofluorescence disclosed that
the oxidative stress markers protein including SIRT1,
FoxO1, CAT, GPX1 and SOD2 in MC3T3-E1 of the DM
group were markedly lower than those in the Con group.
SIL promotes the expression of SIRT1, FoxO1, CAT,
GPX1 and SOD2 of hyperglycemia Intervention of
MC3T3-E1 by reducing intracellular ROS levels and

Fig. 7 Local therapy with SIL can greatly enhance the mechanical
pull-out data including energy to failure (A), fixation strength (B) and

interface stiffness (C) of the titanium rod in the diabetic rat model;
n= 5 specimens/group; *Vs. Con group, P < 0.05, #Vs. DM, P < 0.05

Fig. 6 Local administrator SIL can significantly improve the expres-
sion of SIRT1 and SOD2 around titanium rod in diabetic rat model.
Representative pictures of SIRT1 (A) and SOD2 (B) expression in
bone tissue around titanium rod measured by immunofluorescence;

The quantitative results of SIRT1 (C) and SOD2 (D) were expressed
as fluorescently marked bone tissue area. Scale bar: 25 µm.
N= 5 specimens/group. *Vs. Con group, P < 0.05, #Vs. DM, P < 0.05
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restoring the activity and function of MC3T3-E1, similar to
those from some researches [44, 45]. The results of bone
tissue immunofluorescence and serum oxidative stress
related indicators further confirmed this phenomenon. From
these results, we believe that the level of oxidative stress
increases in hyperglycemia, and SIL can restore the activity
and function of osteoblasts by reducing oxidative stress, and
improve the ability of osseointegration in diabetic rats.

In summary, our research results confirm that hypergly-
cemia impaired the activity and function of MC3T3-E1 and
inhibits bone formation by up-regulating intracellular ROS
levels through inhibition of SIRT1/SOD2 signaling pathway.
Local administrator SIL can improve the activity and func-
tion of osteoblasts and enhance osseointegration by reducing
intracellular ROS through activation of SIRT1/
SOD2 signaling pathway in DM rat models. However, the
lack of in vitro experiments on osteoclasts and the explora-
tion of specific mechanisms made this study insufficient and
prompted follow-up research to make up for these
deficiencies.
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Fig. 8 Local therapy with SIL can significantly reverse the imbalance
of bone metabolism and oxidative stress in the diabetic rat model;
A: Serum OC level; B: Serum TRAP level; C: Serum SOD2 level;

D: Serum MDA level; E: Serum TAC level; N= 5 specimens/group.
*Vs. Con group, P < 0.05, #Vs. DM, P < 0.05

62 Page 12 of 14 Journal of Materials Science: Materials in Medicine (2022) 33:62

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


References

1. Lin T, Kohno Y, Huang JF, Romero-Lopez M, Pajarinen J,
Maruyama M, et al. NFkappaB sensing IL-4 secreting mesench-
ymal stem cells mitigate the proinflammatory response of mac-
rophages exposed to polyethylene wear particles. J Biomed Mater
Res A. 2018;106:2744–52. https://doi.org/10.1002/jbm.a.36504.

2. Gregory M, McKinnon A, Stwalley D, Hippensteel K, Loftus E,
Ciorba M, et al. Anti-Tumour Necrosis Factor Therapy for
Inflammatory Bowel Diseases Do Not Impact Serious Infections
after Arthroplasty. J Crohn’s Colitis. 2019;13:182–8. https://doi.
org/10.1093/ecco-jcc/jjy148.

3. Te Stroet M, Rijnen W, Gardeniers J, van Kampen A, Schreurs B.
Satisfying outcomes scores and survivorship achieved with
impaction grafting for revision THA in young patients. Clin
Orthop Relat Res. 2015;473:3867–75. https://doi.org/10.1007/
s11999-015-4293-y.

4. Kolahian S, Leiss V, Nürnberg B. Diabetic lung disease: fact or
fiction. Rev Endocr Metab Disord. 2019;20:303–19. https://doi.
org/10.1007/s11154-019-09516-w.

5. Cao J, Zhang Y, Shen Y, Ding W. Complications of Bryan cer-
vical disc replacement. Orthop Surg. 2010;2:86–93. https://doi.
org/10.1111/j.1757-7861.2010.00069.x.

6. Song D, Mao X, Ding M, Ni J. Effects of Alendronate Sodium
content on the interface strengths of composite acrylic bone
cement. Int J Endocrinol. 2015;2015:502820 https://doi.org/10.
1155/2015/502820.

7. Marchand F, Raskin A, Dionnes-Hornes A, Barry T, Dubois N,
Valéro R, et al. Dental implants and diabetes: conditions for
success. Diabetes Metab. 2012;38:14–9. https://doi.org/10.1016/j.
diabet.2011.10.002.

8. Munmun F, Witt-Enderby PA. Melatonin effects on bone:
Implications for use as a therapy for managing bone loss. J Pineal
Res. 2021;71:e12749. https://doi.org/10.1111/jpi.12749.

9. Tao Z, Li TL, Yang M, Xu HG. Silibinin can promote bone
regeneration of selenium hydrogel by reducing the oxidative stress
pathway in ovariectomized rats. Calcif Tissue Int. 2022. https://
doi.org/10.1007/s00223-021-00936-y.

10. Zappavigna S, Vanacore D, Lama S, Potenza N, Russo A, Ferranti
P, et al. Silybin-Induced Apoptosis Occurs in Parallel to the
Increase of Ceramides Synthesis and miRNAs Secretion in
Human Hepatocarcinoma Cells. Int J Mol Sci. 2019;20. https://
doi.org/10.3390/ijms20092190.

11. Xie Y, Miranda S, Hoskins J, Hawke R. Role of UDP-
Glucuronosyltransferase 1A1 in the metabolism and pharmaco-
kinetics of silymarin flavonolignans in patients with HCV and
NAFLD. Molecules (Basel, Switzerland). 2017;22. https://doi.org/
10.3390/molecules22010142.

12. Liu Y, Liu C, Huang R, Chen K, Huang B, Liu Q, et al. Effects of
fluorinated porcine hydroxyapatite on lateral ridge augmentation:
an experimental study in the canine mandible. Am J Transl Res.
2020;12:2473–87.

13. Tao ZS, Wu XJ, Yang M, Xu HG. Local administration with
silymarin could increase osseointegration of hydroxyapatite-coated
titanium implants in ovariectomized rats. J Biomater Appl.
2019;34:664–72. https://doi.org/10.1177/0885328219863290.

14. Tao ZS, Bai BL, He XW, Liu W, Li H, Zhou Q, et al. A com-
parative study of strontium-substituted hydroxyapatite coating on
implant’s osseointegration for osteopenic rats. Med Biol Eng
Comput. 2016;54:1959–68. https://doi.org/10.1007/s11517-016-
1494-9.

15. Wang Z, Wei S. Local treatment with Sema3a could promote the
osseointegration of hydroxyapatite coated titanium rod in diabetic
rats. J Biomater Appl. 2022;36:1775–85. https://doi.org/10.1177/
08853282221075707.

16. Rajalakshmi S, Vimalraj S, Saravanan S, Raj Preeth D, Shairam
M, Anuradha D. Synthesis and characterization of silibinin/phe-
nanthroline/neocuproine copper(II) complexes for augmenting
bone tissue regeneration: an in vitro analysis. J Biol Inorg Chem.
2018;23:753–62. https://doi.org/10.1007/s00775-018-1566-4.

17. Tong X, Kono T, Anderson-Baucum E, Yamamoto W, Gilon P,
Lebeche D, et al. SERCA2 deficiency impairs pancreatic β-cell
function in response to diet-induced obesity. Diabetes.
2016;65:3039–52. https://doi.org/10.2337/db16-0084.

18. Han Y, Pei D, Li W, Luo B, Jiang Q. Epigallocatechin gallate
attenuates tumor necrosis factor (TNF)-alpha-induced inhibition
of osteoblastic differentiation by up-regulating lncRNA TUG1 in
osteoporosis. Bioengineered. 2022;13:8950–61. https://doi.org/10.
1080/21655979.2022.2056825.

19. Zhou L, Wang L, Lu L, Jiang P, Sun H, Wang H. Inhibition of
miR-29 by TGF-beta-Smad3 signaling through dual mechanisms
promotes transdifferentiation of mouse myoblasts into myofibro-
blasts. PloS ONE. 2012;7:e33766. https://doi.org/10.1371/journal.
pone.0033766.

20. Lee S, Lee Y, Kim B, Lee C, Cho Y, Kim S, et al. Implantable
batteryless device for on-demand and pulsatile insulin adminis-
tration. Nat Commun. 2017;8:15032. https://doi.org/10.1038/
ncomms15032.

21. Tao ZS, Zhou WS, Qiang Z, Tu KK, Huang ZL, Xu HM, et al.
Intermittent administration of human parathyroid hormone (1-34)
increases fixation of strontium-doped hydroxyapatite coating
titanium implants via electrochemical deposition in ovar-
iectomized rat femur. J Biomater Appl. 2016;30:952–60. https://
doi.org/10.1177/0885328215610898.

22. Tao ZS, Zhou WS, Xu HG, Yang M. Intermittent administration
sodium valproate has a protective effect on bone health in ovar-
iectomized rats. Eur J Pharmacol. 2021:174268. https://doi.org/10.
1016/j.ejphar.2021.174268.

23. Tao Z, Li T, Wu X, Yang M. Local administration with taur-
oursodeoxycholic acid could improve osseointegration of
hydroxyapatite-coated titanium implants in ovariectomized rats. J
Biomater Appl. 2021:8853282211027678. https://doi.org/10.
1177/08853282211027678.

24. Virdi AS, Liu M, Sena K, Maletich J, Mcnulty M, Ke HZ, et al.
Sclerostin antibody increases bone volume and enhances implant
fixation in a rat model. J Bone Jt Surg-Am. 2012;ume
94:1670–80.

25. Tao ZS, Zhou WS, Xu HG, Yang M. Parathyroid hormone (1-34)
can reverse the negative effect of valproic acid on the osseointe-
gration of titanium rods in ovariectomized rats. J Orthop Transl.
2021;27:67–76. https://doi.org/10.1016/j.jot.2020.10.006.

26. Tao Z, Zhou W, Xu H, Yang M. Simvastatin can enhance the
osseointegration of titanium rods in ovariectomized rats main-
tenance treatment with valproic acid. Biomed Pharmacother.
2020;132:110745. https://doi.org/10.1016/j.biopha.2020.110745.

27. Diabetes A. Diagnosis and classification of diabetes mellitus. Dia-
betes Care. 2013;36:S67–74. https://doi.org/10.2337/dc13-S067.

28. Shu A, Yin MT, Stein E, Cremers S, Dworakowski E, Ives R,
et al. Bone structure and turnover in type 2 diabetes mellitus.
Osteoporos Int. 2012;23:635–41. https://doi.org/10.1007/s00198-
011-1595-0.

29. Garnero P, Borel O, Gineyts E, Duboeuf F, Solberg H, Bouxsein
M, et al. Extracellular post-translational modifications of collagen
are major determinants of biomechanical properties of fetal bovine
cortical bone. Bone. 2006;38:300–9. https://doi.org/10.1016/j.
bone.2005.09.014.

30. Levinger I, Seeman E, Jerums G, McConell GK, Rybchyn MS,
Cassar S, et al. Glucose-loading reduces bone remodeling in
women and osteoblast function in vitro. Physiol Rep. 2016;4.
https://doi.org/10.14814/phy2.12700.

Journal of Materials Science: Materials in Medicine (2022) 33:62 Page 13 of 14 62

https://doi.org/10.1002/jbm.a.36504.
https://doi.org/10.1093/ecco-jcc/jjy148
https://doi.org/10.1093/ecco-jcc/jjy148
https://doi.org/10.1007/s11999-015-4293-y.
https://doi.org/10.1007/s11999-015-4293-y.
https://doi.org/10.1007/s11154-019-09516-w.
https://doi.org/10.1007/s11154-019-09516-w.
https://doi.org/10.1111/j.1757-7861.2010.00069.x.
https://doi.org/10.1111/j.1757-7861.2010.00069.x.
https://doi.org/10.1155/2015/502820.
https://doi.org/10.1155/2015/502820.
https://doi.org/10.1016/j.diabet.2011.10.002.
https://doi.org/10.1016/j.diabet.2011.10.002.
https://doi.org/10.1111/jpi.12749.
https://doi.org/10.1007/s00223-021-00936-y
https://doi.org/10.1007/s00223-021-00936-y
https://doi.org/10.3390/ijms20092190
https://doi.org/10.3390/ijms20092190
https://doi.org/10.3390/molecules22010142
https://doi.org/10.3390/molecules22010142
https://doi.org/10.1177/0885328219863290.
https://doi.org/10.1007/s11517-016-1494-9.
https://doi.org/10.1007/s11517-016-1494-9.
https://doi.org/10.1177/08853282221075707.
https://doi.org/10.1177/08853282221075707.
https://doi.org/10.1007/s00775-018-1566-4.
https://doi.org/10.2337/db16-0084.
https://doi.org/10.1080/21655979.2022.2056825.
https://doi.org/10.1080/21655979.2022.2056825.
https://doi.org/10.1371/journal.pone.0033766.
https://doi.org/10.1371/journal.pone.0033766.
https://doi.org/10.1038/ncomms15032.
https://doi.org/10.1038/ncomms15032.
https://doi.org/10.1177/0885328215610898.
https://doi.org/10.1177/0885328215610898.
https://doi.org/10.1016/j.ejphar.2021.174268
https://doi.org/10.1016/j.ejphar.2021.174268
https://doi.org/10.1177/08853282211027678
https://doi.org/10.1177/08853282211027678
https://doi.org/10.1016/j.jot.2020.10.006.
https://doi.org/10.1016/j.biopha.2020.110745.
https://doi.org/10.2337/dc13-S067
https://doi.org/10.1007/s00198-011-1595-0.
https://doi.org/10.1007/s00198-011-1595-0.
https://doi.org/10.1016/j.bone.2005.09.014.
https://doi.org/10.1016/j.bone.2005.09.014.
https://doi.org/10.14814/phy2.12700


31. Kwon PT, Rahman SS, Kim DM, Kopman JA, Karimbux NY,
Fiorellini JP. Maintenance of osseointegration utilizing insulin
therapy in a diabetic rat model. J Periodontol. 2005;76:621–6.
https://doi.org/10.1902/jop.2005.76.4.621.

32. Yamazaki S, Masaki C, Nodai T, Tsuka S, Tamura A, Mukaibo T,
et al. The effects of hyperglycaemia on peri-implant tissues after
osseointegration. J Prosthodontic Res. 2020;64:217–23. https://
doi.org/10.1016/j.jpor.2019.07.007.

33. Bai D, Jin G, Yin S, Zou D, Zhu Q, Yang Z, et al. Antioxidative
and anti-apoptotic roles of silibinin in reversing learning and
memory deficits in APP/PS1 mice. Neurochem Res.
2017;42:3439–45. https://doi.org/10.1007/s11064-017-2389-3.

34. Marrazzo G, Bosco P, La Delia F, Scapagnini G, Di Giacomo C,
Malaguarnera M, et al. Neuroprotective effect of silibinin in dia-
betic mice. Neurosci Lett. 2011;504:252–6. https://doi.org/10.
1016/j.neulet.2011.09.041.

35. Li Y, Ye Z, Lai W, Rao J, Huang W, Zhang X, et al. Activation of
Sirtuin 3 by Silybin attenuates mitochondrial dysfunction in
cisplatin-induced acute kidney injury. Front Pharm. 2017;8:178.
https://doi.org/10.3389/fphar.2017.00178.

36. Surai PF. Silymarin as a natural antioxidant: an overview of the
current evidence and perspectives. Antioxid (Basel).
2015;4:204–47. https://doi.org/10.3390/antiox4010204.

37. Wang T, Cai L, Wang Y, Wang Q, Lu D, Chen H, et al. The
protective effects of silibinin in the treatment of streptozotocin-
induced diabetic osteoporosis in rats. Biomed Pharmacother.
2017;89:681–8. https://doi.org/10.1016/j.biopha.2017.02.018.

38. Ying X, Chen X, Liu H, Nie P, Shui X, Shen Y, et al. Silibinin
alleviates high glucose-suppressed osteogenic differentiation of
human bone marrow stromal cells via antioxidant effect and PI3K/
Akt signaling. Eur J Pharmacol. 2015;765:394–401. https://doi.
org/10.1016/j.ejphar.2015.09.005.

39. Suzuki K, Miyakoshi N, Tsuchida T, Kasukawa Y, Sato K, Itoi E.
Effects of combined treatment of insulin and human parathyroid
hormone(1-34) on cancellous. Bone Mass Struct streptozotocin-
Induc Diabet rats Bone. 2003;33:108–14. https://doi.org/10.1016/
s8756-3282(03)00169-8.

40. Liu C, Zhu R, Liu H, Li L, Chen B, Jia Q, et al. Mori FoliumA-
queous extract of exerts bone protective effect through regulation of
Calcium and Redox Homeostasis via PTH/VDR/CaBP and AGEs/
RAGE/Nox4/NF-κB Signaling in Diabetic Rats. Front Pharmacol.
2018;9:1239. https://doi.org/10.3389/fphar.2018.01239.

41. Shao J, Liu S, Zheng X, Chen J, Li L, Zhu Z. Berberine promotes
peri-implant osteogenesis in diabetic rats by ROS-mediated IRS-1
pathway. BioFactors (Oxf, Engl). 2021;47:80–92. https://doi.org/
10.1002/biof.1692.

42. Deng Z, Wang Z, Jin J, Wang Y, Bao N, Gao Q, et al. SIRT1
protects osteoblasts against particle-induced inflammatory respon-
ses and apoptosis in aseptic prosthesis loosening. Acta Biomater.
2017;49:541–54. https://doi.org/10.1016/j.actbio.2016.11.051.

43. Tao ZS, Li TL, Xu HG, Yang M. Hydrogel contained valproic
acid accelerates bone-defect repair via activating Notch signaling
pathway in ovariectomized rats. J Mater Sci Mater Med.
2021;33:4. https://doi.org/10.1007/s10856-021-06627-2.

44. Zhou W, Liu Y, Shen J, Yu B, Bai J, Lin J, et al. Melatonin
increases bone mass around the Prostheses of OVX Rats by
Ameliorating Mitochondrial oxidative stress via the SIRT3/
SOD2 signaling pathway. Oxid Med Cell Longev.
2019;2019:4019619. https://doi.org/10.1155/2019/4019619.

45. Hu X, Wang L, Lu Y, Xiang G, Wu Z, Yan Y, et al. Adiponectin
improves the osteointegration of titanium implant under diabetic
conditions by reversing mitochondrial dysfunction via the AMPK
pathway in vivo and in vitro. Acta Biomaterialia.
2017;61:233–48. https://doi.org/10.1016/j.actbio.2017.06.020.

62 Page 14 of 14 Journal of Materials Science: Materials in Medicine (2022) 33:62

https://doi.org/10.1902/jop.2005.76.4.621.
https://doi.org/10.1016/j.jpor.2019.07.007.
https://doi.org/10.1016/j.jpor.2019.07.007.
https://doi.org/10.1007/s11064-017-2389-3.
https://doi.org/10.1016/j.neulet.2011.09.041.
https://doi.org/10.1016/j.neulet.2011.09.041.
https://doi.org/10.3389/fphar.2017.00178.
https://doi.org/10.3390/antiox4010204.
https://doi.org/10.1016/j.biopha.2017.02.018.
https://doi.org/10.1016/j.ejphar.2015.09.005.
https://doi.org/10.1016/j.ejphar.2015.09.005.
https://doi.org/10.1016/s8756-3282(03)00169-8.
https://doi.org/10.1016/s8756-3282(03)00169-8.
https://doi.org/10.3389/fphar.2018.01239.
https://doi.org/10.1002/biof.1692.
https://doi.org/10.1002/biof.1692.
https://doi.org/10.1016/j.actbio.2016.11.051.
https://doi.org/10.1007/s10856-021-06627-2.
https://doi.org/10.1155/2019/4019619.
https://doi.org/10.1016/j.actbio.2017.06.020.

	Silibinin-modified Hydroxyapatite coating promotes the osseointegration of titanium rods by activation SIRT1/SOD2�signaling pathway in diabetic rats
	Abstract
	Introduction
	Materials and methods
	Experimental animals and Silibinin-modified hydroxyapatite-coated titanium rods
	Influence of MC3TE-E1 cells viability, mineralization and ALP expression
	Western blot
	Animal experiment
	Micro-CT evaluation
	Mechanical test
	Histological evaluation and immunofluorescence analysis
	Serum bone metabolism index and oxidative stress index detection
	Statistical analysis

	Results
	characterization of HA-TR and SHA-TR
	The changes of MC3TE-E1 cells viability, mineralization, ALP and target protein expression in a hyperglycemia environment
	Animal
	Micro-CT assessment of osseointegration
	Histological analysis
	Immunofluorescence analysis
	Biomechanical analysis
	Analysis of oxidative stress indicators and bone metabolism indexs

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




