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Abstract: Local application of lithium or aspirin with biological scaffold has been identified as a potent means to 
improve bone formation. In this study, lithium and aspirin modified calcium phosphate cement (Asp-Li/CPC) was 
prepared, and the feasibility of this biological scaffold in the treatment of osteoporotic bone defect was observed 
in vivo and in vitro. In vitro experiments confirmed that Asp-Li/CPC had better ability to promote MC3T3-E1 cells 
differentiation into osteoblasts, osteoblast mineralization and viability, and promote cell expression of ALP, OP, 
RUNX-2, OC and COL-1 protein than simple CPC or lithium modified CPC by MTT, Alizarin red staining and Western 
blot evaluation. In vivo experiments confirmed that Asp-Li/CPC presented the strongest effect on bone regenera-
tion and bone mineralization through the comparison with CPC group and Li/CPC group with X-ray images, Micro-CT 
and Histological evaluation. RT-qPCR analysis showed that Asp-Li/CPC, Li/CPC group and CPC group demonstrated 
increased BMP2, Smad1, OPG than the OVX group (P<0.05), while Asp-Li/CPC exhibited decreased TNF-α, IFN-γ and 
RANKL than the OVX group (P<0.05). Experiments in vivo and in vitro show that Asp-Li/CPC is a scheme for rapid 
repair of femoral condylar defects, and these effects may be achieved by inhibiting local inflammation and through 
BMP-2/Smad1 and OPG/RANKL signaling pathway.
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Introduction

Postmenopausal osteoporosis is an age-relat-
ed progressive bone disease characterized by 
bone loss and structural destruction, which 
increases the risk of fracture in postmenopaus-
al women and has become a worldwide health 
problem [1]. Osteoporotic fracture is usually 
related to bone defect, so the clinical treatment 
of osteoporotic fracture has attracted more 
attention to the role of bone defect. In the past, 
autogenous bone transplantation was consid-
ered to be the best method for the treatment of 
bone defects [2]. However, autologous trans-

plants can produce another wound, even more 
wound sites, greater discomfort, and donor  
site complications, such as infection, hemato-
ma or laceration [3, 4]. Unfortunately, most 
patients with osteoporosis are elderly people 
who often have a large number of underlying 
diseases, and their poor tolerance to anesthe-
sia further restricts the market for autologous 
bone transplantation [5]. Therefore, it poses 
higher challenges for clinicians to deal with 
these diseases. 

In recent years, with the development of bioen-
gineering materials, the application of calcium 
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phosphate cement (CPC) scaffolds in clinics 
has brought new options for clinicians to treat 
osteoporotic bone defects [6]. CPC has been 
widely used to repair bone defects in orthopae-
dics and dentistry because of its similar com-
position, bone conductivity and good biological 
activity [7]. Owing to the lack of osteoinductive 
ability of CPC, it is undesirable to be used in 
osteoporosis patients with significantly impa- 
ired bone repair ability, so new requirements 
are put forward for this kind of materials [8]. 
The incorporation of metal elements into mate-
rials can change the biological characteristics 
of materials, so in recent years, many different 
kinds of metal ions have been combined into 
calcium phosphate materials and achieved 
good results in animal and cell experiments. 
Lithium (Li) is widely used in the treatment of 
bipolar disorder. Previous studies have shown 
that Li may play an important role in bone 
metabolism [9, 10]. Experiments in vivo and in 
vitro have confirmed that Li can inhibit the 
activity of osteoclasts by reducing the forma-
tion, differentiation, proliferation and function 
of osteoclasts, stimulate bone formation by 
reducing apoptosis of osteoblasts, and stimu-
late osteoblasts to affect bone turnover by acti-
vating Wnt/β-catenin signal pathway [10, 11]. 
Because of a good promoting effect on bone 
remodeling, lithium is often added to hydroxy-
apatite, calcium phosphate, bioactive glass 
and other materials to improve the biological 
activity and osteogenic ability of raw materials, 
so as to achieve the effect of rapid repair of 
bone defects [12-14]. Aspirin (Asp) is a well-
known nonsteroidal anti-inflammatory drug 
that has long been used as treatment of com-
mon pain, inflammation and tissue damage 
[15]. In recent years, ASP has received more 
and more attention in the field of bone repair 
[16] because it can improve the differentiation 
of bone marrow mesenchymal stem cells into 
osteoblasts and enhance the function of osteo-
blasts. Previous studies suggested that aspirin 
had the potential to promote bone regener- 
ation via the inhibition of immune cells under 
inflammatory conditions [17, 18].

In view of the different mechanisms of action of 
Li regulating bone metabolism and Asp improv-
ing osteogenic microenvironment to promote 
bone defect repair, we, inspired by these above 
investigations, propose a hypothesis that bone 
repair can be effectively improved by using a 

lithium-doped CPC (Li/CPC) modified with aspi-
rin (Asp-Li/CPC). Therefore, the purpose of our 
current study is to observe whether local 
administration lithium and Asp can enhance 
the efficacy of CPC in the treatment of osteopo-
rotic bone defect.

Materials and methods

Experimental animals

Health adult female Sprague-Dawley rats (n = 
50), weighing (200-250 g, Central Laboratory 
of Yijishan Hospital), were used in this study. All 
rats were maintained in a temperature-con-
trolled environment (22 ± 3°C), 55 ± 5% rela-
tive humidity under a 12 h light/dark cycle and 
humidity and fed standard laboratory food and 
water. Animal care and all experimental proce-
dures were carried out in accordance with 
guidelines under the Animal Experimentation of 
Wannan Medical College.

Preparation of CPC, Li/CPC, Asp-Li/CPC scaf-
fold

Li/CPC was prepared in accordance with previ-
ous research [19]. CPC was mixed with TTCP 
(Sigma-Aldrich, Saint Louis, MO, USA) and DCPA 
(Sigma-Aldrich) at a ratio of 1:1 as a powder 
phase. A liquid phase (ph = 4) constitutes 
Lithium chloride (100; Sigma-Aldrich) and 20% 
wt of citric acid. Powder and liquid phases 
mixed at a ratio of 0.3 ml/g were cast into 
3D-printed wax models for scaffold production 
and were downscaled to a diameter of 2.5 mm 
and a height of 4 mm. The pure CPC ceramic 
was named CPC, and the Li/CPC with 1.0 wt.% 
Li designated as Li/CPC. To prepare Asp-Li/CPC 
scaffold, 0.1 ml of phosphate-buffered saline 
solution (PBS, pH 7.5) containing 100 µg of 
aspirin was dropped onto one freeze-dried Li/
CPC scaffold, followed by incubation at 4°C 
overnight. The resulting scaffold was used with-
out washing as the Asp-Li/CPC. Scaffolds were 
lyophilized and stored at -20°C until further 
use. The doses and patterns of Li and ASP were 
determined according to previous experiments 
[19, 20]. 40 scaffolds were prepared from each 
group for the following experiments.

Cell culture, treatment and evaluation

MC3T3-E1 cells, an osteoblast precursor cell 
line derived from mouse, were purchased from 



Lithium and aspirin modified calcium phosphate cement in osteoporotic bone defect

954	 Am J Transl Res 2021;13(3):952-966

the Institute of Biochemistry and Cell Biology, 
CAS (Shanghai, China). MC3T3-E1 cells were 
cultured at 37°C and in an atmosphere of 5% 
CO2 in DMEM containing 10% FBS. Thereafter, 
β-glycerophosphate (10 mM), L-ascorbic acid 
(50 μg/mL) and dexamethasone (10 nM) were 
added into DMEM to induce osteogenic differ-
entiation. After reaching confluence, the cells 
were seeded into leachate of CPC, Li/CPC, Asp-
Li/CPC scaffolds treatment or no leachate of 
scaffold treatment (Control). The leaching solu-
tion was the liquid produced by the same 
amount of material in PBS for 24 hours. In the 
cell experiment, the extract of 1 ml was added 
to the culture medium.

MTT detection 

After 3 days’ treatment with leachate, 0.02 ml 
of MTT solution (5 mg/ml) was added to each 
well and the plates were incubated at 37°C for 
4 h to estimate cell viability. After that, the 
DMSO was added to dissolve formazan crys-
tals. The absorbance value was measured at 
570 nm using a plate reader (Bio-Rad Inc, 
Hercules, CA, USA).

Alizarin red staining 

To detect mineralization (calcium deposits), 3 
weeks after induction with leachate, cells were 
fixed with 4% paraformaldehyde, and stained 
with Alizarin Red S (2%; Sigma-Aldrich) and the 
samples were observed by inverted phase con-
trast microscopy (Eclipse TE2000-U; Nikon, 
Japan).

Western blot analysis

To detect the expression levels of osteogene-
sis-related proteins, we performed western blot 
analyses. After 72 h treatment, the treated 
cells were harvested and the RIPA lysis buffer 
and BCA protein assay (Beyotime, Shanghai, 
China) were used to extract and determine the 
total proteins. SDS-polyacrylamide gel electro-
phoresis (10%) was performed to separate the 
sample protein (20 µg/lane). Then, the proteins 
were transferred to a polyvinylidene fluoride 
membrane (Millipore, Billerica, MA, USA). After 
blocking with 5% bovine serum albumin (So- 
larbio, Beijing, China) at room temperature for 2 
h in Tris-buffered saline and Tween 20 (TBST), 
the membranes were probed with the primary 
antibodies, like these against the following  
proteins: alkaline phosphatase (ALP) (1:1000, 

ab33923), osteopontin (OP) (1:1000, ab13- 
9434), runt-related transcription factor 2 
(RUNX-2), osteocalcin (OC) (1:1000, ab139- 
412), type I collagen (COL-1) (1:1000, ab78034) 
(all from Abcam, Cambridge, UK), and GAPDH 
(1:1000, TA-08; ZSGB-Bio, Beijing, China), and 
incubated at 4°C overnight. The appropriate 
secondary antibody was applied (1:2000; hor- 
seradish peroxidase anti-mouse and horserad-
ish peroxidase anti-rabbit) at room temperature 
for 1 hour. Quantitative analysis of protein 
expression was accomplished by scanning 
autoradiogram and densitometry (Image J, 
NIH).

Surgery and treatment

A bilateral ovariectomized (OVX) or sham op- 
eration was performed using standard meth-
ods as previous reports described [21, 22]. To 
put it simply, after routine anesthesia, the rats 
were fixed in prone position and bilateral ova-
ries were cut off and sutured layer by layer in 
OVX group under aseptic condition, while rats 
in Sham group underwent back incision to 
remove 1 g of para-ovarian fat without ovariec-
tomy. The operated rats were allowed for 12 
weeks to conduct osteoporosis. The females of 
each five randomly selected OVX rats and the 
five sham-operated ones were harvested for 
bone mineral density (BMD) evaluation by micro 
computed tomography (Micro-CT) and hema-
toxylin-eosin (HE) staining to confirm the estab-
lishment of osteoporosis. Afterwards, all OVX 
animals were randomly divided into four experi-
mental groups: OVX group, CPC group, Li/CPC 
and Asp-Li/CPC group. There were 10 rats in 
each group. A 2.5 mm femoral cylindrical defect 
in OVX rats was selected as a critical-sized 
defect according to the previously reported 
methods [23, 24]. The rats in the CPC group,  
Li/CPC and Asp-Li/CPC group were filled with 
CPC, Li/CPC, and Asp-Li/CPC respectively. The 
rats were intraperitoneally injected with 20 
mg/kg calcein (CA, Sigma, USA) on the 13th 
and 3rd day before the end of the experiment 
respectively. At 8 weeks postoperatively, all of 
the defected rats were euthanized by the over-
dose administration of anesthetic agents. The 
defected femur was dissected and fixed in 10 
wt% neutral phosphate-buffered formalin solu-
tion to assess bone regeneration.

Micro-CT scanning and X-ray testing

Bone radiographs of defected femur were de- 
tected by Dual-energy X-ray Absorptiometry 
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(DXA) scans (Kubetic) on the lateral radiographs 
of distal femur. For microarchitecture, trabecu-
lar bone architecture of defected area was 
determined by Micro-CT (Micro-CT μm 100, 
SCANCO Medical, Switzerland). The central 2.5 
mm-diameter and external 5 mm-length region 
of the defect was defined as volume of interest 
(VOI) to analyze the bone defect healing. 
Trabecular bone volume per tissue volume (BV/
TV), trabecular number (Tb.N), tracecular  
separation (Tb.Sp) and trabecular thickness 
(Tb.Th) of VOI were measured as previously 
described [6, 25].

Histological examination

Following Micro-CT scanning and X-ray testing, 
some femur specimens were decalcified and 
stained with hematoxylin and eosin (HE) for his-
topathological examination. The specimens 
were then dehydrated, embedded in paraffin 
following standard procedures, and cut into 5 
μm ultrathin sections following transition. 
Subsequently, the section was stained with HE 
and observed by optical light microscope 
(Olympus, Japan). Other femur specimens were 
dehydrated by alcohol and embedded in PMMA. 
The specimens were cut into 200 μm thick sec-
tions using a microtome (Leica Microsystems 
Ltd, Wetzlar, Germany) and were subsequently 
ground and polished to a thickness of 40-50 
μm as previously described [23].

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) analysis

Total RNA was prepared and isolated using 
Trizol reagent (Invitrogen Corp., Carlsbad, CA, 
USA) as previously described [26, 27]. Briefly, 
tissue samples of defect area collected by hol-
low drill were homogenized using a mortar and 
pestle with liquid nitrogen, using 5 ml of TRIzol 
per 50-100 mg of tissue. Insoluble material 
was removed from the homogenate by centrifu-

gation for 10 min at 10,000 rpm at 4°C. RNA 
was reverse transcribed into cDNA using Primer 
Script RT reagent kit (Takara, Dalian, China) fol-
lowing standard procedures of the manufac-
turer’s instructions. The quantitative real-time 
PCR was performed using the Applied Biosys- 
tems 7500 Sequence Detection System (ABI, 
Vernon, CA, USA) using oligonucleotide primer 
sequences summarized in Table 1. The expres-
sions of the tumor necrosis factor-alpha (TNF-
α), interferon-gamma (IFN-γ), bone morphoge-
netic protein 2 (BMP-2), small mothers against 
deca-pentaplegic homologs-1 (Smad1), osteo-
protegerin (OPG), and receptor activator of 
nuclear factor kappa-B ligand (RANKL) were 
normalized to a housekeeping gene, GAPDH.

Statistical analysis 

Measurement data was described as mean ± 
standard deviation (mean ± SD). Analysis was 
performed with commercially available statisti-
cal software (SPSS 19.0; SPSS Inc., Chicago, IL, 
USA). A one-way analysis of variance (ANOVA) 
and post-hoc Tukey test were carried out for 
comparisons between different groups. For all 
analyses, statistical significance was defined 
as P<0.05.

Results

Animals

Five rats died from the establishment ovariec-
tomy or bone defect model. One rat was infect-
ed after surgery, 3 rats were anesthetized acci-
dentally, and 1 rat was operated accidentally. 
The survived 45 rats were included for further 
analysis. 

Osteoporosis animal model validation 

In order to determine the success of the osteo-
porosis model induced by ovariectomy, 5 rats in 

Table 1. Nucleotide sequences for real-time RT-PCR primers
Genes Forward (5’-3’) Reverse (5’-3’)
RANKL AGCCGAGACTACGGCAAGTA AGACCACCTGACCCAGTCC
TNF-α AAGTTCCCAAATGGCCTCCCTCTCATC GGAGGTTGACTTTCTCCTGGTATGAGA
OPG ACACACCAACTGCAGCTCAC TGTCCACCAGAACACTCAGC
IFN-γ TGCATCTTGGCTTTGCAGCTCTTCCTCATGGC TGGACCTGTGGGTTGTTGACCTCAAACTTGGC
Smad1 GTGGAAACAGGGCGACGAAG AGGGAGCGAGGAATGGTGAC
BMP-2 ACGACGGTAAAGGACATC ATGGTTGGTGGAGTTCAG
GAPDH ACATTGTTGCCATCAACGAC TACTCAGCACCAGCATCACC
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each group were randomly killed 3 months 
after bilateral ovariectomy for Micor-CT and his-
tological examination. The results of histologi-
cal and Micro-CT performed on the distal 
metaphysis of femur are presented in Figure 
1A-C. Compared with the Sham group, the 
quantity and quality of trabecular bone were 
significantly lower than those in the OVX group. 
Compared with the sham group, rats in the OVX 
group exhibited a significant decrease in BMD 
(P<0.05), BMC (P<0.05), BV/TV (P<0.05), Tb.N 
(P<0.05) and Tb.Th (P<0.05), as well as a sig-
nificant increase in Tb.Sp (P<0.05). Thus, sta-
tistically, there were obviously significant differ-
ences between OVX and the Sham group 
(P<0.05). Histological and imaging results dem-
onstrated that osteoporosis occurred in the 
bones of ovariectomized rats, and the model 
was successfully established in this study.

Osteoblastic viability

In order to determine the effect of biomaterials 
on MC3T3-E1 cells activity, this study further 
conducted MTT experiments. As shown in 
Figure 2, the cell viability of Asp-Li/CPC group 
evaluated by MTT was significantly higher than 
that of Control group (P<0.05), CPC group 
(P<0.05) and Li/CPC group (P<0.05). The 
results show that the three kinds of leachate of 
biomaterial can increase the biological activity 
of cells, and the leachate of Asp-Li/CPC scaf-
fold demonstrates the best effect in the three 
groups.

Alizarin red staining

In order to observe the effect of different bio-
materials on osteogenic mineralization of 
MC3T3-E1 cells, the cellular alizarin red stain-
ing experiment was further carried out in this 
study. Alizarin red staining with quantification 
of area in osteogenic differentiation of MC3T3- 
E1 cells is shown in Figure 3. The mineralized 
nodules (number per well) and mineralized  
area (%) of Asp-Li/CPC group were significantly 
higher than Control group (P<0.05), CPC group 
(P<0.05) and Li/CPC group (P<0.05). The re- 
sults showed that the leachate of three kinds of 
biological material can increase cell biological 
activity, and the leachate of Asp-Li/CPC scaf-
fold demonstrates the best effect in the three 
groups. These results suggest that the ability of 
composite biomaterials Asp-Li/CPC to promote 
osteoblast mineralization is better than that of 
CPC and Li/CPC.

Osteogenic protein expression of MC3T3-E1 
cells

Osteoblasts are regulated by proteins expre- 
ssed by a variety of osteoblast-related genes in 
the process of osteoblast proliferation and dif-
ferentiation, and the expression of these pro-
teins can reflect the biological characteristics 
of osteoblasts in the culture system. In order to 
observe the effects of different biomaterials on 
MC3T3-E1 cells into osteoblasts, western blot-
ting experiments were carried out to determine 
the expression of related proteins in each 
group. Protein expression in osteogenic differ-
entiation of MC3T3-E1 cells with different inter-
vention treatments is illustrated in Figure 4. 
The osteogenic protein expressions such as 
ALP, OP, RUNX-2, OC and COL-1 of Asp-Li/CPC 
group were significantly higher than Control 
group (P<0.05), CPC group (P<0.05) and Li/
CPC group (P<0.05). The results showed that 
the leachate of three biological materials 
increased proteins expressed by a variety of 
osteoblast-related genes, and the leachate of 
Asp-Li/CPC scaffold demonstrated the best 
effect in the three groups. These results indi-
cate that the composite biomaterial Asp-Li/
CPC has the ability to promote the expression 
of genes related to the regulation of osteogen-
esis better than CPC and Li/CPC.

X-ray analysis

In order to understand the effect of three kinds 
of biomaterials implanted into the defect area 
on bone repair, we examined the defect area by 
X-ray to determine the healing condition. X-ray 
images demonstrated the repair effect of de- 
fect for different treatment as shown in Figure 
5. The unrepaired region of Asp-Li/CPC group 
was significantly lower than OVX group (P< 
0.05), CPC group (P<0.05) and Li/CPC group 
(P<0.05). The X-ray images directly and objec-
tively showed that the effects of the three bio-
logical materials in repairing bone defects were 
better than those of the blank control group. 
Compared with the repair effect of the three 
materials, it was found that the effect of Asp-
Li/CPC scaffold in repairing osteoporotic bone 
defect reached the expected effect. X-ray 
results show that the composite biomaterial 
Asp-Li/CPC is better than CPC and Li/CPC in 
repairing osteoporotic bone defects from a 
macro perspective. 
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Figure 1. The Micro-CT 3D reconstruction of trabecular bone at femoral metaphyseal and quantitative results expressed as BMD, BMC, BV/TV, Tb.N, Tb.Sp and 
Tb.Th (A, B), as well as historical analysis (C) of femoral metaphysis. *P<0.05 vs. Sham group, the scale bar represents 1 mm.
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Micro-CT evaluation

In order to more clearly and intuitively under-
stand the effects of three kinds of biomaterials 
implanted into the defect area on bone repair, 
we performed Micro-CT examination on the 
defect area to determine the healing and 
observe the microscopic condition of bone 
defect healing. The 3D reconstruction of the 
defect area clearly depicted the effects of dif-
ferent treatments on bone regeneration quali-
tatively (Figure 6). The quantitative results were 
expressed as BV/TV, Tb.N, Tb.Sp and Tb.Th. 
Compared with OVX group, CPC group and Li/
CPC group, Asp-Li/CPC revealed the highest 
values of BV/TV (P<0.05), Tb.N (P<0.05), and 
Tb.Th (P<0.05), as well as the lowest value of 
Tb.Sp (P<0.05). Compared with the repair 
effect of the three materials, it was found that 
Asp-Li/CPC biological scaffold quickly and eff- 
ectively promoted bone reconstruction in the 
defect area. Micro-CT results show that the 
composite biomaterial Asp-Li/CPC is better 
than CPC and Li/CPC in repairing osteoporotic 
bone defects from a microscopic perspective.

Histological analysis

In order to further understand the effects of 
three kinds of biomaterials implanted into the 
defect area on bone repair from the microscop-
ic level, we performed histological examination 
to determine the healing and observe the 
reduction of bone defect materials. Histological 
images recorded bone repair and biomaterial 
residue of defect for different treatment are 

presented in Figure 7. At 8 weeks after defect 
surgery, a large amount of bone tissue filled  
the defect area in the CPC group, Li/CPC group 
and Asp-Li/CPC group, but no bone formation 
seemed to be observed in the OVX group. In the 
three groups of biomaterial implantation, com-
pared with CPC group and Li/CPC group, Asp- 
Li/CPC group presented the strongest effect on 
bone regeneration and biomaterial degradation 
(P<0.05). Compared with the repair effect of 
the three materials, it was found that Asp-Li/
CPC biomaterials degraded in time to make 
room for new bone formation, and accelerated 
bone formation to achieve the effect of rapid 
bone repair. Histological analysis results show 
that the composite biomaterial Asp-Li/CPC is 
better than CPC and Li/CPC in repairing os- 
teoporotic bone defects from a histological 
micro-level.

Fluorescent analysis

In order to further understand the effect of 
three kinds of biomaterials implanted into the 
defect area on bone tissue mineralization from 
the microscopic level, we carried out histologi-
cal examination to determine the mineraliza-
tion of the defect area. In fluorescent analysis 
(Figure 8), Asp-Li/CPC showed the largest cal-
cein green-marked defect area (P<0.05), and 
Asp-Li/CPC exhibited the highest values of rela-
tive bone mineralization (green/green marked 
defect area) (P<0.05) compared with that of  
the OVX group, CPC group and Li/CPC group. 
Regarding repair effect of the three materials,  
it was found that Asp-Li/CPC biomaterials can 
promote the mineralization of new bone tissue 
in the defect area. Fluorescent analysis results 
show that the composite biomaterial Asp-Li/
CPC is better than CPC and Li/CPC in repairing 
osteoporotic bone defects from a new bone tis-
sue mineralization angle.

RT-qPCR analysis

It is well known that the process of bone repair 
is regulated by many factors and signal path-
ways, including bone morphogenetic protein 2 
(BMP-2)/small mothers against deca-pentaple-
gic homologs-1 (Smad1) and osteoprotegerin 
(OPG)/receptor activator of nuclear factor kap-
pa-B ligand (RANKL) signaling pathway [28, 
29], inflammatory factor such as tumor necro-
sis factor-alpha (TNF-α) and interferon-gamma 
(IFN-γ) and osteogenic marker: Alkaline phos-

Figure 2. MTT assay of cell viability with different 
treatment. *P<0.05 vs. Control group, #P<0.05 vs. 
CPC, &P<0.05 vs. Li/CPC group.
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phatase (ALP), osteopontin (OP), runt-related 
transcription factor 2 (RUNX-2), osteocalcin 
(OC), type I collagen (COL-1) [30]. Because 
these signaling pathways and factors play an 
important role in the bone repair process, we 
used RT-qPCR to check the gene expression of 
these factors in the defect area. Gene expres-
sion of defect area bone tissue after different 
treatment is presented in Figure 9. Eight weeks 
after defect surgery, Asp-Li/CPC, Li/CPC group 
and CPC group showed increased BMP2, 
Smad1, OPG than the OVX group (P<0.05), 
while Asp-Li/CPC exhibited decreased TNF-α, 
IFN-γ and RANKL than the OVX group (P<0.05). 
Moreover, Asp-Li/CPC treatment presented  
the strongest effect on TNF-α, IFN-γ, BMP2, 
Smad1, OPG and RANKL than other treatment 
groups (P<0.05). Compared with the repair 
effect of the three materials, it was found that 

local use of Asp-Li/CPC biomaterials not only 
activated the BMP-2/Smad1 and OPG/RANKL 
signaling pathways, but also inhibited local 
inflammation, so as to achieve the effect of 
rapid completion of bone repair. RT-qPCR anal-
ysis results show that the composite biomate-
rial Asp-Li/CPC is better than CPC and Li/CPC 
in repairing osteoporotic bone defects from a 
gene regulation level.

Discussions

Nowadays, due to the low regeneration ability 
of bone remodeling imbalance compared with 
normal bone, and the lack of bone grafts spe-
cially designed for osteoporotic defects, the 
treatment of osteoporotic defects is still a  
tricky problem for clinicians. In our previous or 
other studies, the local application of aspirin 
was considered to be a good material to sup-

Figure 3. (A) Representative images of alizarin red staining, Mineralized nodules (number per well, B) and Mineral-
ized area (%, C) of different group. *P<0.05 vs. Control group, #P<0.05 vs. CPC, &P<0.05 vs. Li/CPC group, the 
scale bar represents 1 mm.



Lithium and aspirin modified calcium phosphate cement in osteoporotic bone defect

960	 Am J Transl Res 2021;13(3):952-966

port bone defect repair and osseointegration 
[23, 27]. Lithium also shows strong biological 
and osteogenic activity in bone defect repair 
and osseointegration [12-14]. It can be con-
cluded that osteoporosis impairs the ability to 
repair bone defects, even with the use of pure 
calcium phosphate biomaterials is difficult to 
achieve desirable result like CPC shown in cur-
rent study [24]. According to the requirements 
of osteogenic biomaterials, on the basis of pre-
vious studies, Asp and Li were creatively intro-
duced to improve the surface physical, chemi-
cal and biological properties of CPC scaffolds, 
in order to meet the requirements of osteogen-
ic characteristics and osteogenic microenviron-
ment of traditional biomaterials replacement 

and repair. The results of this study also con-
firm the hypothesis in the preface, namely, ASP 
and Li modified CPC can quickly complete bone 
regeneration of osteoporotic bone defects, 
which has obvious advantages over pure CPC 
or Li/CPC.

In the current research, MC3T3-E1 cells cul-
tured in the leachate of different biological 
scaffolds induction medium have exhibited the 
highly osteogenic differentiation ability. When 
cultured with leachate of Asp-Li/CPC scaffolds, 
mouse osteoblastic MC3T3-E1 cells showed 
increased differentiation and mineralization by 
MTT and Alizarin Red S (RES) staining. More- 
over, the leachate of Asp-Li-loaded CPC scaf-

Figure 4. (A) Representative images of Osteogenic Protein Expression and Osteogenic Protein Expression for OP (B), 
ALP (C), RUNX-2 (D), OC (E) and COL-1 (F) of MC3T3-E1 cells; *P<0.05 vs. Control group, #P<0.05 vs. CPC, &P<0.05 
vs. Li/CPC group.

Figure 5. X-ray images of Bone regeneration in defected area. OVX group (A), CPC group (B), Li/CPC group (C) and 
Asp-Li/CPC group (D). Red circle in the figure are presented as defect area, the scale bar represents 1 mm.
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Figure 6. The 3D reconstruction of Bone regeneration and Quantitative results expressed as BV/TV, Tb.N, Tb.Sp and Tb.Th in defected area. (A) (OVX group), (B) 
(CPC group), (C) (Li/CPC group) and (D) (Asp-Li/CPC group). *P<0.05 vs. OVX group, #P<0.05 vs. CPC, &P<0.05 vs. Li/CPC group, the scale bar represents 1 mm.
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folds obviously promote adherence, prolifera-
tion, alkaline phosphatase activity, or mineral-
ization of on growth MC3T3-E1 pre-osteoblasts 
compared to other control groups. As we all 
know, during bone resorption by osteoclasts, 
many cytokines such as ALP, OP, COL-1, RUNX-2 
and OC are activated and released from the 
bone matrix to recruit Bone marrow mesenchy-
mal stem cells and induce differentiation into 
mature osteoblasts in coupling bone formation 
with resorption [30]. When MC3T3-E1 osteo-
blasts are exposed to leachate of Asp-Li/CPC 
scaffold culture media, the expressions of ALP, 
OP, COL-1, RUNX-2 and OC are increased when 
compared with other groups. In our current 
research, empty defects of OVX group expose 
poor potential in osteoporotic bone, which were 
similar to previous studies [31, 32]. Imaging 
and histological scanning revealed the pres-

ment therapy is emerging with the potential to 
improve bone regeneration in defects to 
enhance healing in many cell and animal 
researches [33, 34]. Previous research has 
shown that lithium promotes the differentiation 
of osteoblast precursors into osteoblasts and 
may have an inhibitory effect on osteoclasts 
[33, 34]. Asp is a standard anti-inflammatory 
drug that has been studied for its ability to pro-
mote osteogenic differentiation in a relatively 
bone-specific manner [16]. Many studies aimed 
at investigating the local application of Asp on 
bone repair have been conducted using animal 
models in recent years [17, 35, 36]. 

Lithium play an important role in regulating the 
balance between bone resorption and forma-
tion and aspirin present anti-inflammatory 
activity. It has previously been demonstrated 

Figure 7. Bone regeneration and biomaterial degradation of defected area. 
*P<0.05 vs. OVX group, #P<0.05 vs. CPC, &P<0.05 vs. Li/CPC group (at 
10× magnification; the yellow arrows indicate bone tissues, and the red ar-
rows indicate bone biomaterials).

ence of perforations in differ-
ent biological scaffolds accel-
erated early bone formation 
and defect bridging. In the 
study, we used a composite 
scaffold with incorporation of 
CPC and sustained release of 
lithium to repair femoral me- 
taphysis bone defects in OVX 
rats, demonstrating that the 
bioactivity of lithium released 
from the scaffolds was well 
maintained, which improves 
new bone formation and the 
healing of defects. Even com-
pared with Li/CPC group, bone 
defects treated with Asp-Li/
CPC scaffolds demonstrate a 
great variation in healing ten-
dency. The Asp-Li/CPC scaf-
fold can achieve satisfactory 
curative effect in osteoporotic 
bone defect in vivo and in vitro. 

Why lithium and aspirin modi-
fied CPC scaffolds can achieve 
satisfactory results in osteopo-
rotic bone defects? We think 
that this result is related to the 
continuous effect of local Asp 
and Li applied to defected area 
after Asp-Li/CPC scaffold im- 
plant and the local degrada-
tion of Asp-Li/CPC scaffold cre-
ates a more harmonious envi-
ronment for bone repair. A 
potential bioactive Lithium ele-
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Figure 8. Total fluorescently marked defect area (mm2) and relative bone mineralization (green/green marked defect 
area) after treatment. *P<0.05 vs. OVX group, #P<0.05 vs. CPC, &P<0.05 vs. Li/CPC group (at ×200 magnification).

Figure 9. Gene expression of defect area bone tissue after different treatment. *P<0.05 vs. OVX group, #P<0.05 
vs. CPC, &P<0.05 vs. Li/CPC group.
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that BMP-2/Smad1 and OPG/RANKL signaling 
pathway play the critical role in the interaction 
between osteoblasts and osteoclasts [28, 29]. 
Proinflammatory T cells secrete cytokines, in- 
cluding IFN-γ and TNF-α, which can inhibit 
impede stem cell transplantation-based bone 
repair, but aspirin can promote bone formation 
through inhibition the production of IFN-γ and 
TNF-α [17]. In this study, RT-PCR was used to 
detect the expression of target genes. Exa- 
minations of all the specimens indicated that 
there were substantially higher levels of Sm- 
ad1, BMP-2 and OPG gene, but lower RANKL 
gene in Li/CPC than CPC and control group. 
Since Li was not only activate BMP-2/Smad1 
signaling pathway in osteoblasts derived from 
BMP-2, the results suggest that OPG/RANKL 
signaling pathway remains mediated in these 
osteoblasts and promote further proliferation 
and differentiation of osteoblasts. Our results 
are similar to those previously reported studies 
[3, 37]. RT-qPCR results also show that Asp-Li/
CPC group had the lowest levels of IFN-γ and 
TNF-α gene, which were all lower than CPC, Li/
CPC and control group. In view of the results 
presented above, we believe that these satis-
factory results, in combination with all experi-
mental and analysis data presented above, 
strongly support the promote bone repair me- 
chanism for the excellent Li promoting osteo-
genesis, inhibiting osteoclastogenesis and Asp 
inhibiting local inflammation.

As far as we know, this is the first study to eval-
uate local use of Lithium and aspirin to improve 
the osteogenic properties of CPC to meet the 
requirements of osteoporotic bone defect 
repair. However, there are some limitations to 
note with the current study. Firstly, the charac-
terization of different biomaterials and the 
release characteristics of Asp and Li were not 
further observed. Secondly, the effects of vari-
ous biomaterials on osteoclasts were not 
observed from the biological characteristics of 
osteoclasts. Finally, in this study, the femoral 
condyle defect of ovariectomized rats was 
selected as the model, whether it is suitable for 
large segment defect of femur and skull defect 
is not known, and the study time is 8 weeks, 
and the curative effect before and after 8 
weeks is not known.

Conclusions

In the current study, we demonstrated that co-
modification of CPC by lithium and aspirin is a 

scheme for rapid repair of femoral condylar 
defects, and these effects may be achieved by 
inhibiting local inflammation and promoting 
osteogenic activity through BMP-2/Smad1 and 
OPG/RANKL signaling pathway.
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