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Abstract
Background Osteoporosis, a systemic skeletal disease, seriously affects the quality of life in postmenopausal women. 
As one type of cathepsin K (CatK) inhibitor, odanacatib (ODN) is a fresh medication for osteoporosis. Considering the 
potential of ODN, we further examined the effect and safety of ODN for postmenopausal osteoporosis (PMOP) with a 
meta-analysis.

Methods PubMed, EMBASE, Cochrane Library, and Web of Science were searched for eligible studies from inception 
to December 29th, 2023. After that, we conducted a comprehensive meta-analysis following PRISMA guidelines. Risk 
of bias was meticulously investigated with the Cochrane Collaboration’s tool. Efficacy was assessed with bone mineral 
density (BMD) at different sites (lumbar spine, trochanter, radius, femoral neck) and biomarkers of bone turnover 
(P1NP, uNTx/Cr, s-CTx, BSAP). Safety was evaluated by analyzing total, serious, other, and skin adverse events (AEs).

Results Four random clinical trials (RCTs) were involved in our research. All trials were rated as having high quality 
and met the eligibility criteria. In the current research, ODN was found to elevate BMD at lumbar spine, femoral neck, 
total hip, trochanter and forearm, while it decreased the levels of serum C-telopeptides of type I collagen (s-CTx) as 
well as urinary N-telopeptide/creatinine ratio (uNTx/Cr). No significant differences were observed in AEs between the 
ODN group and the control group.

Conclusions ODN is a promising alternative for the treatment of PMOP on account of its excellent efficacy and 
credible safety. Unclear links between ODN and cardiovascular AEs require further research to clarify.
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Background
Osteoporosis, a systemic skeletal disease, has the charac-
teristics of decreased bone mass as well as microarchitec-
tural deterioration, resulting in heightened bone fragility 
and fracture susceptibility. Predominant sites for osteo-
porotic fractures include the spine, hip, and wrist [1]. 
Symptoms typically manifest only post-fracture occur-
rence, with even minor stress capable of inducing frac-
tures in the presence of decreased bone mineral density 
(BMD). Osteoporosis-related chronic pain significantly 
hampers routine activities [2].

In developed countries, osteoporosis has a prevalence 
of 2–8% in males and 9–38% in females, depending on 
the diagnostic methodology [3]. China has witnessed 
an increasing prevalence of osteoporosis in recent years 
[4]. According to a recent multicenter survey, the age-
standardized prevalence in individuals aged 50 years and 
older was 6.46% for men and 29.13% for women in China 
[5]. Particularly in older postmenopausal females, osteo-
porosis escalates the risk of fractures, with fractures at 
the hip and spine being linked to elevated morbidity and 
mortality in this population [6]. Postmenopausal bone 
loss, primarily attributable to estrogen deficiency, con-
stitutes the main etiological factor for osteoporosis [7]. 
Postmenopausal osteoporosis (PMOP), the most com-
mon type of osteoporosis, is characterized by diminished 
BMD, microstructural disintegration, and elevated bone 
fragility in addition to fracture susceptibility [8].

Approximately 50% of postmenopausal women world-
wide suffer from osteoporosis, with a reported 40% inci-
dence of fractures among affected individuals [9]. In 
the National Health and Nutrition Examination Survey 
2013–2014, 16.5% of American females at the age of 50 
or older were diagnosed with osteoporosis, with a BMD 
T-score of -2.5 or lower at either the femoral neck (FN) 
or lumbar spine (LS) [10].

Current treatment regimens for osteoporosis encom-
pass non-drug therapies, such as dietary balance and 
adequate protein, calcium, as well as the intake of vitamin 
D [1], and drug therapies including estrogen agonists/
antagonists, sclerotin inhibitors, RANK ligand inhibitors, 
parathyroid hormone receptor agonists, and bisphospho-
nates [7]. While the treatment options have expanded 
over the past two decades [11, 12], the optimum inter-
vention for postmenopausal females at a high risk of frac-
ture warrants further investigation [13–17].

Odanacatib (ODN), a selective cathepsin K (CatK) 
inhibitor, represents a novel therapeutic approach based 
on CatK pivotal role in enzymatic bone degradation [18]. 
ODN, a potent, reversible nonpeptidic biaryl inhibitor, 
mitigates CatK proteolytic activity [19]. Clinical trials 
with ODN demonstrated progressive increases in BMD 
and reductions in bone resorption markers in postmeno-
pausal women who have low BMD [20]. Assessing the 

efficacy and safety of ODN in treating PMOP involved 
utilizing BMD and biomarkers as primary efficacy indi-
cators, with safety monitored through the observation of 
AEs, including cutaneous manifestations. A comprehen-
sive literature analysis on ODN application in the treat-
ment of PMOP was conducted to bolster conclusions and 
provide clinical treatment insights.

Methods
Registration
We conducted this present meta-analysis following the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement. Also, the protocol 
of this study was registered with PROSPERO.

Search strategy
Electronic literature search was conducted for eli-
gible studies from the inception of PubMed, Embase, 
Cochrane Library and Web of Science to December 29th, 
2023, using core medical terms “odanacatib” and “post-
menopause osteoporosis”. The search history is detailed 
in Supplementary materials.

Study selection
The articles obtained were reserved for only the newest 
or most informative ones if they were detected dupli-
cated in the established literature libraries. Then, two 
independent researchers were involved in screening titles 
and abstracts of the remaining research for further study 
selection on the basis of the criteria derived from PICOS 
rule [21]: (1) Population (P): The participants of the 
study were restricted in postmenopause women who had 
PMOP or less BMD during menopause; (2) Intervention 
(I) and comparison (C): The intervention measure was 
ODN, which was the only controlled difference between 
the experimental group and the control group in the 
study; (3) Outcome (O): Either efficacy indicators (BMD, 
bone turnover markers, etc.) or safety indicators (adverse 
events or AEs) should be investigated in the study; (4) 
Study design (S): Only randomized controlled trials 
(RCTs) in the clinical field can be included in the analysis, 
and other types of research such as animal experiment 
should be excluded.

Full-text review was carried out for confirmation 
of eligibility and comparability, independently by two 
researchers as well. The studies were excluded if they 
were not available, their data were incomplete, or 
their design was not reasonable. For different articles 
derived from the same series of clinical trials, the major 
one was included for convenience and was mentioned 
particularly.
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Data extraction and quality assessment
All of the selected literature was reviewed by reading 
the whole texts. The related data were collected dur-
ing the review process, covering the first author’s name, 
journal of publication, area covered by the study, sample 
size, year of publication, demographic characteristics 
of studied members, follow-up time, measure details of 
interventions and controls, and efficacy or safety out-
comes. Further information was extracted from the web-
sites where these studies were registered, such as clinical 
trial registry ( https://clinicaltrials.gov/ ). The data from 
the registration report were preferred when they were in 
conflict with the information in the articles.

Moreover, two investigators Jiaxuan Li and Qi Qiu 
assessed the quality of the RCTs using ‘Cochrane col-
laboration’s tool for assessing risk of bias in random-
ized trial’ as having ‘Low’ or ‘High’ risk of bias or ‘some 
concerns’ [22]. For the original data that were not pro-
vided or incomplete, the study authors were contacted 
to obtain or measure the data from relevant charts using 
GetData Graph Digitizer. Additionally, we referred to the 
Cochrane Handbook of Systematic Reviews to examine 
the quality of the included studies from several aspects 
like randomization, allocation concealment, blinding, 
measurement blinding, data integrity, selective reporting, 
and other bias assessments. If the two researchers dis-
agreed with each other, a consensus or compromise was 
reached, or a third researcher was consulted if necessary. 
Review Manager 5.4 was employed to assess the quality 
of the included literature.

Data synthesis
We analyzed collected information with the support of 
StataSE 16.0. The data of AEs, serious AEs, and other 
AEs were investigated using the relative risk (RR) indi-
cator. For quantitative indexes, heterogeneity was evalu-
ated first using a fixed effects model based on I2 test 
[23]. I2 > 50% indicated great heterogeneity and a ran-
dom effects model was utilized. The majority of analysis 
results were present in the forest plots, with 95% confi-
dence intervals (CI) of each plot of data.

Results
Study collection
To sum up, totally 545 records were obtained from target 
databases. After deletion of duplicate literature (n = 208), 
retraction records (n = 5, all associated with the same 
article) and correction records (n = 2, all associated with 
the same article), 337 articles were screened by their 
titles and abstracts and 16 records were remained and 
further investigated by full-text reading. Finally, only 4 
RCTs were included in the current analysis [24–34]. The 
study selection workflow is illustrated in Fig. 1.

Study characteristics
Table 1 illustrates the basic features of 4 included RCTs 
published between 2010 and 2019, involving 16,689 
participants. The NCT numbers of these studies are 
NCT00529373, NCT00112437, NCT00729183 and 
NCT00885170, respectively. When scanning, we found 
that 11 out of the full-text-investigated 16 articles were 
involved in the above clinical trials [24–34]. Consider-
ing that the analysis of repeated populations or repeated 
subgroups might lead to greater risks of bias, we selected 
only one article containing the most complete data from 
each RCT in representation of the trial according to the 
eligibility and comparability of the article [24, 27, 28, 32].

It should be noted that the studies contain experimen-
tal groups with oral ODN dosage of 50  mg and control 
groups with the same dosage of placebo, and each study 
included the same intervention of vitamin D3 as well as 
calcium supplements in the experimental group and the 
control group. Additionally, Bonnick et al. conducted 
a survey on postmenopausal females with low BMD 
T-score at the total hip (TH) who have taken ALN for ≥ 3 
years [27], and Bone et al. took the doses of ODN into 
consideration, including groups with oral ODN dosages 
of 3, 10, and 25 mg/week [24].

Risk of bias within the studies
The risk of bias in selection, performance, detection, 
and reporting in these 4 RCTs [24, 27, 28, 32] was com-
paratively low, indicating a higher methodological qual-
ity. However, the studies by Bonnick 2013 [27], Brixen 
2013 [28], and McClung O’Donoghue 2019 [32] exhibit 
a higher risk of bias related to result completeness, with 
attrition rates exceeding 10%. Additionally, 3 RCTs [27, 
28, 32] manifest higher susceptibility to other biases, pri-
marily attributed to concerns about potential sponsor-
ship from relevant industry entities. Nonetheless, overall, 
these 4 RCTs [24, 27, 28, 32] demonstrated minimal bias, 
ensuring a robust foundation for further analysis and 
highlighting the efficacy of the treatment under investiga-
tion. Figure 2 shows the quality of the included studies.

Meta analysis
Based on the common outcome indicators in the 4 RCT 
studies [24, 27, 28, 32], we verified the efficacy of ODN, 
including BMD at LS, FN, trochanter and radius, and 
biomarkers of N-terminal propeptide of Type I collagen 
(P1NP), urinary N-telopeptide/creatinine ratio (uNTx/
Cr), C-telopeptides of type 1 collagen (s-CTx), and bone-
specific alkaline phosphatase (BSAP).

BMD increase
Overall, the results demonstrated that ODN dramati-
cally increased BMD in individuals with PMOP, in com-
parison with placebo. Besides, with the extension of 

https://clinicaltrials.gov/
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treatment time, the efficacy of ODN was better and more 
significant.

Lumbar spine BMD
Four RCTs [24, 27, 28, 32] reported BMD at LS, FN, total 
hip (TH), and trochanter, as well as distal BMD after 12 
months and 24 months of treatment.

For the LS BMD after 12 months of treatment, we 
included 12,045 patients, with 6,026 in the experimental 
group and 6,019 in the control group. Due to heteroge-
neity among studies (P < 0.0001, I2 = 93.2%), the analysis 
was therefore completed with a random effects model. 
According to the results, the LS BMD of the experimen-
tal group, in comparison with the control group, was 
higher after treatment, with a statistical significance 
[WMD = 3.02, 95% CI (1.73, 4.31), P < 0.0001] (Fig. 3A).

For the LS BMD after 24 months of treatment, we 
included 12,045 patients, with 6,026 in the experimental 
group and 6,019 in the control group. Due to heteroge-
neity among studies (P < 0.0001, I2 = 88.8%), the analysis 

was therefore completed with a random effects model. 
According to the results, the LS BMD of the experimen-
tal group, in comparison with the control group, was 
higher after treatment, with a statistical significance 
[WMD = 5.01, 95% CI (3.68, 6.34), P < 0.001] (Fig. 3B).

Femoral Neck BMD
For the FN BMD after 12 months of treatment, we 
included 12,280 patients, with 6,139 in the experimental 
group and 6,141 in the control group. Heterogeneity was 
observed across the studies (P = 0.056, I2 = 60.4%), and a 
random effects model was therefore employed for analy-
sis. According to the results, the FN BMD of the experi-
mental group, in comparison with the control group, 
was higher after treatment, with a statistical significance 
[WMD = 1.95, 95% CI (1.36, 2.54), P = 0.056] (Fig. 4A).

For the FN BMD after 24 months of treatment, we 
included 12,280 patients, with 6,139 in the experimen-
tal group and 6,141 in the control group. Heterogeneity 
was observed across the studies (P = 0.117, I2 = 49.1%), 

Fig. 1 Flow diagram of the study collection process
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and a fixed effects model was therefore used for analy-
sis. According to the results, the FN BMD of the experi-
mental group, in comparison with the control group, 
was higher after treatment, with a statistical significance 
[WMD = 4.34, 95% CI (4.16, 4.53), P = 0.117] (Fig. 4B).

Total hip BMD
For the TH BMD after 12 months of treatment, we 
included 12,280 patients, with 6,139 in the experimen-
tal group and 6,141 in the control group. Heterogeneity 
was observed across the studies (P = 0.002, I2 = 80.5%), 
and the analysis was therefore completed with a random 
effects model. According to the results, the TH BMD of 
the experimental group, in comparison with the control 

group, was higher after treatment, with statistical sig-
nificance [WMD = 1.96, 95% CI (1.28, 2.65), P = 0.002] 
(Fig. 5A).

For the TH BMD after 24 months of treatment, we 
included 12,280 patients, with 6,139 in the experimental 
group and 6,141 in the control group. Heterogeneity was 
observed across the studies (P = 0.006, I2 = 75.9%), and a 
random effects model was therefore used for analysis. 
Based on the results, the TH BMD of the experimen-
tal group, in comparison with the control group, was 
higher after treatment, with a statistical significance. 
[WMD = 3.76, 95% CI (2.89, 4.63), P = 0.006] (Fig. 5B).

Table 1 .
Study Year Country Sample 

size
Age Intervention Outcome Follow-up

EG CG EG CG EG CG
M. R. 
McClung

2019 multicenter 8043 8028 72.8 ± 5.4 72.9 ± 5.3 1.ODN 50 mg OW
2.vitamin D3 (5600 
IU) and calcium

1.Placebo OW
2.vitamin D3 (5600 
IU) and calcium

Fractures, BMD, 
sCTx, uNTx/Cr, 
sBSAP, sP1NP, 
Adverse Events

6, 12, 18, 
24, 30, 
36, 42, 
48, 54, 60 
months

H. G. Bone 2010 multicenter 78 83 64.5 ± 8.1 65.9 ± 7.8 1.ODN 50 mg OW
2.vitamin D3 (2800 
IU) and calcium

1.Placebo OW
2.vitamin D3 (2800 
IU) and calcium

BMD, sCTx, 
uNTx/Cr, sBSAP, 
sP1NP, Adverse 
Events

12, 
24months

K. Brixen 2013 multicenter 109 105 63.9 ± 7.3 64.0 ± 6.2 1.ODN 50 mg OW
2. vitamin D3(5600 
IU)
3.500 mg calcium

1.Placebo 50 mg OW
2.vitamin D3(5600 IU)
3.500 mg calcium

BMD, CTX, P1NP, 
Adverse Events

6, 12, 18, 
and 24 
months

S. Bonnick 2013 multicenter 122 121 71.5 ± 6.7 71.1 ± 6.8 1.ODN 50 mg OW
2.vitamin D3(5600 IU)
3.1200 mg calcium

1.Placebo 50 mg OW
2.vitamin D3(5600 IU)
3.1200 mg calcium

BMD, uNTx/
Cr, sCTx, sBSAP, 
sP1NP, Adverse 
Events

1, 3, 6, 12, 
18, and 24 
months

BMD, Bone Mineral Density; sCTx, serum C-telopeptides of type I collagen; uNTx/Cr, N-telopeptide/creatinine ratio; BSAP, bone-specific alkaline phosphatase; P1NP, 
N-terminal propeptide of Type I collagen

Fig. 2 Risk of bias assessment. (A) Risk of bias for each item was assessed as a percentage for all included literature. (B) Risk of bias for each item
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Trochanter BMD
For trochanter BMD after 12 months of treatment, we 
included 12,280 patients, with 6,139 in the experimen-
tal group and 6,141 in the control group. Heterogeneity 
was observed across the studies (P < 0.0001, I2 = 83.4%), 
and the analysis was therefore completed with a random 
effects model. According to the results, the trochanter 
BMD of the experimental group, compared with the con-
trol group, was higher after treatment, with a statistical 
significance [WMD = 2.51, 95% CI (1.38, 3.64), P < 0.001] 
(Fig. 6A).

For the trochanter BMD after 24 months of treatment, 
we included 12,280 patients, with 6,139 in the experimen-
tal group and 6,141 in the control group. Heterogene-
ity was observed across the studies (P < 0.05, I2 = 76.5%), 
and the analysis was therefore completed using a random 
effects model. Based on the results, the trochanter BMD 
of the experimental group, in comparison with the con-
trol group, was higher after treatment, with a statistical 
significance [WMD = 5.28, 95% CI (3.97, 6.60), P = 0.005]. 
(Fig. 6B)

Fig. 3 Forest plot showing the effect of odanacatib on LS BMD. A. After 12 months of treatment. B. After 24 months of treatment
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Distal BMD
For the distal BMD after 12 months of treatment, we 
included 1,706 patients, with 834 in the experimen-
tal group and 872 in the control group. No significant 
heterogeneity was found across the studies (P = 0.157, 
I2 = 42.5%), and a fixed effects model was therefore used 
for analysis. According to the results, the distal BMD 
of the experimental group, compared with the control 
group, was higher after treatment, with a statistical sig-
nificance [WMD = 0.89, 95% CI (0.55, 1.24), P < 0.001] 
(Fig. 7A).

For the distal BMD after 24 months of treatment, we 
included 1,706 patients, with 834 in the experimental 
group and 872 in the control group. Heterogeneity was 
found across the studies (P = 0.099, I2 = 52.3%), and the 
analysis was therefore completed with a random effects 
model. According to the results, the distal BMD of the 
experimental group, compared with the control group, 
was higher after treatment, with a statistical significance 
[WMD = 1.37, 95% CI (0.64, 2.11), P = 0.099] (Fig. 7B).

Fig. 4 Forest plot showing the effect of odanacatib on FN BMD. A. After 12 months of treatment. B. After 24 months of treatment
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Biomarkers
Four RCTs [24, 27, 28, 32] reported bone turnover mark-
ers of P1NP, uNTx/Cr, s-CTx, and BSAP after 12 months 
and 24 months of treatment. Overall, the results revealed 
that ODN dramatically lowered biomarkers in individu-
als with PMOP, in comparison with the placebo.

For P1NP after 12 months of treatment, we included 
1,777 patients, with 876 in the experimental group 
and 901 in the control group. Heterogeneity was found 
across the studies (P = 0.003, I2 = 79.0%), and the analysis 
was therefore completed with a random effects model. 

Based on the results, in comparison with the control 
group, P1NP, which was proportional to the increase 
of fracture risk, decreased in the experimental group, 
and the fracture risk decreased, with a statistical signifi-
cance [WMD=-20.56, 95% CI (-34.65, -6.47), P = 0.003] 
(Fig. 8A).

For the P1NP after 24 months of treatment, we 
included 1,777 patients, with 876 in the experimental 
group and 901 in the control group. Heterogeneity was 
observed across the studies (P = 0.007, I2 = 75.2%), and the 
analysis was therefore completed using a random effects 

Fig. 5 Forest plot showing the effect of odanacatib on TH BMD. A. After 12 months of treatment. B. After 24 months of treatment
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model. Based on the results, in comparison with the con-
trol group, the bone turnover marker P1NP, which was 
proportional to the increase of fracture risk, decreased in 
the experimental group, and the fracture risk decreased, 
with a statistical significance [WMD=-8.22, 95% CI 
(-22.65, 6.21), P = 0.007] (Fig. 8B).

uNTx/Cr
For the uNTx/Cr after 12 months of treatment, we 
included 1,283 patients, with 634 in the experimental 
group and 649 in the control group. Due to the lack of 

data from Brixen (2013) [28] and heterogeneity between 
studies (P = 0.583, I2 = 0.00%), a fixed effects model was 
adopted for analysis. Based on the results, the bone 
turnover marker uNTx/Cr, which was proportional to 
the increase of fracture risk, reduced in the experimen-
tal group in comparison with the control group, and 
the fracture risk decreased, with a statistical signifi-
cance [WMD=-53.49, 95% CI (-57.89, -49.10), P = 0.583] 
(Fig. 9A).

For the uNTx/Cr after 24 months of treatment, we 
included 1,283 patients, with 634 in the experimental 

Fig. 6 Forest plot showing the effect of odanacatib on trochanter BMD. A. After 12 months of treatment. B. After 24 months of treatment
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group and 649 in the control group. Due to the lack of 
data from Brixen (2013) [28]and heterogeneity between 
studies (P = 0.369, I2 = 0.00%), a fixed effects model was 
adopted for analysis. Based on the results, the bone 
turnover marker uNTx/Cr, which was proportional to 
the increase of fracture risk, decreased in the experi-
mental group in comparison with the control group, 
and the fracture risk decreased, with a statistical signifi-
cance [WMD=-54.81, 95% CI (-60.06, -49.57), P = 0.369] 
(Fig. 9B).

s-CTx
For the s-CTx after 12 months of treatment, we included 
1,468 patients, with 721 in the experimental group 
and 747 in the control group. Heterogeneity was found 
across the studies (P = 0.021, I2 = 69.0%), and the analysis 
was therefore conducted using a random effects model. 
According to the results, s-CTx, which was proportional 
to the increase of fracture risk, decreased in the experi-
mental group in comparison with the control group, and 
the fracture risk decreased, with a statistical significance 

Fig. 7 Forest plot showing the effect of odanacatib on distal BMD. A. After 12 months of treatment. B. After 24 months of treatment
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[WMD=-52.01, 95% CI (-64.33, -39.70), P = 0.021] (S1 
File. A).

For the s-CTx after 24 months of treatment, we 
included 1,468 patients, with 721 in the experimental 
group and 747 in the control group. Heterogeneity was 
found across the studies (P = 0.009, I2 = 73.9%), and the 
analysis was therefore completed using a random effects 
model. According to the results, s-CTx, which was pro-
portional to the increase of fracture risk, decreased in 
the experimental group in comparison with the control 
group, and the fracture risk decreased, with a statistical 

significance [WMD=-41.63, 95% CI (-59.25, -24.01), 
P = 0.009] (S1 File. B).

BASP
For the BASP after 12 months of treatment, we included 
1,350 patients, with 667 in the experimental group and 
683 in the control group. Due to the lack of data from 
Brixen (2013) [28] and heterogeneity between stud-
ies (P < 0.0001, I2 = 90.0%), a random effects model was 
adopted for analysis. Based on the results, the bone 
turnover marker BASP, which was proportional to the 
increase of fracture risk, decreased in the experimental 

Fig. 8 Forest plot showing the effect of odanacatib on P1NP. A. After 12 months of treatment. B. After 24 months of treatment
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group in comparison with the control group, and the 
fracture risk decreased, with a statistically significant dif-
ference [WMD=-5.38, 95% CI (-19.92, 9.16), P < 0.001] 
(S2 File. A).

For the BASP after 24 months of treatment, we 
included 1,350 patients, with 667 in the experimental 
group and 683 in the control group. Due to the lack of 
data from Brixen (2013) [28] and heterogeneity across the 
studies (P = 0.029, I2 = 71.8%), the analysis was completed 
with a random effects model. According to the results, 
the bone turnover marker BASP, which was proportional 
to the increase of fracture risk, decreased in the experi-
mental group in comparison with the control group, and 
the fracture risk decreased, with a statistical significance 

[WMD=-7.00, 95% CI (-18.45, 4.45), P = 0.029] (S2 File. 
B).

Safety/Adverse events
Four RCTs [24, 27, 28, 32] reported the incidence of total 
AEs after treatment among 4 groups of patients. We 
included 16,689 patients, with 8,352 in the experimental 
group and 8,337 in the control group. No heterogeneity 
was found across the studies (P = 0.791, I2 = 0.0%), and 
the analysis was therefore completed using a fixed effects 
model. was According to the results, no statistically sig-
nificant difference was observed in the incidence of AEs 
between the observation group and the control group 
[RR = 1.00, 95% CI (0.99, 1.01), P = 0.791] (S3 File).

Fig. 9 Forest plot showing the effect of odanacatib on uNTx/Cr. A. After 12 months of treatment. B. After 24 months of treatment
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Four RCTs [24, 27, 28, 32] reported the occurrence of 
serious AEs after treatment in 4 groups of patients. We 
included 16,689 patients, with 8,352 in the experimental 
group and 8,337 in the control group. No heterogeneity 
was found across the studies (P = 0.413, I2 = 0.0%), and 
the analysis was completed using a fixed effects model. 
According to the results, no statistically significant differ-
ence was observed in the incidence of AEs between the 
observation group and the control group [RR = 0.97, 95% 
CI (0.92, 1.03), P = 0.413] (S4 File).

Four RCTs [24, 27, 28, 32] reported the incidence of 
other AEs after treatment in 4 groups of patients. We 
included 16,693 patients, with 8,356 in the experimental 
group and 8,337 in the control group. No heterogeneity 
was found across the studies (P = 0.648, I2 = 0.0%), and 
the analysis was therefore completed using a fixed effects 
model. According to the results, no statistical significance 
was observed in the incidence of other AEs between the 
observation group and the control group [RR = 1.00, 95% 
CI (0.98, 1.02), P = 0.648] (S5 File).

Three RCTs [24, 27, 28] reported the occurrence of skin 
AEs after treatment in 3 groups of patients. We included 
618 patients, with 309 in the experimental group and 309 
in the control group. No heterogeneity was found across 
the studies (P = 0.293, I2 = 16.6%), and a fixed effects 
model was adopted for analysis. According to the results, 
no statistical significance was observed in the incidence 
of skin AEs between the observation group and the con-
trol group [RR = 0.93, 95% CI (0.63, 1.35), P = 0.293]. (S6 
File)

Discussion
We carried out this systematic review to evaluate whether 
ODN could be effective and well-tolerated in postmeno-
pausal females with osteoporosis, with 4 RCTs included 
(4 RCTs were published as 11 articles). The results of the 
present research illustrated that the overall effective rate 
of ODN medication was dramatically higher than that 
of placebo. BMD at LS, FN, TH, trochanter and forearm 
in experimental groups was significantly increased com-
pared with control groups. The changes from the baseline 
of two biomarkers, uNTx/Cr and s-CTx, saw a dramatic 
dive in two years’ treatment, demonstrating the efficacy 
of ODN. In addition, all kinds of AEs in ODN groups 
were similar to that of the control groups.

Our analysis of the BMD of all tested bone locations 
at 12 and 24 months revealed a significant increase in 
BMD with ODN. Similar findings were observed in pre-
vious meta-analyses investigating the effects of ODN in 
osteoporosis across the age spectrum [35, 36]. The gain 
might be mostly attributed to ODN’s inhibition of CatK, 
a key protease that is involved in bone resorption and 
secreted by osteoclasts [37]. Studies have clarified that 
since CatK regulates the resorption ability of osteoclasts 

but not its life cycle, ODN decreases the degree of bone 
resorption reaction by suppressing the normal function 
of CatK and keeps osteoclasts alive, making it possible 
to transmit bone formation signals for bone rebuilding 
[9, 38]. This mechanism can also illuminate the decrease 
of uNTx/Cr and s-CTx, as these two biomarkers reflect 
the extent of bone resorption. However, no significant 
difference was seen in P1NP (at 24 months) and BASP 
(at 12 and 24 months), though they are bone formation 
indicators. Animal studies showed that ODN suppressed 
bone markers of bone formation in adult ovariectomized 
Rhesus monkeys [39]. Chen R et al. also reported the 
same phenomenon of P1NP in middle-aged and elderly 
people in their meta-analysis [40]. Unlike other included 
research in our study, only Bonnick S et al. discovered the 
increase of P1NP and BASP [27]. The main reason might 
lie in the administration of alendronate for at least 3 years 
before the clinical trial and the interaction of these two 
drugs. When ODN is taken without other treatments, 
bone formation biomarkers are reduced, implying that 
ODN might also curb the bone formation pathway in 
some way in postmenopausal women with osteoporosis. 
This could not be clarified by the above mechanism and 
needs further investigation. Interestingly, long-term clin-
ical research shows that P1NP and BASP recover around 
the baseline in 4 or 5 years [32, 41]. Hence, the possible 
curb on bone formation might be a temporary condition 
and could be tolerated by the human body.

In terms of safety, we observed no statistically signifi-
cant difference in total AEs, serious AEs and other AEs 
between ODN groups and placebo groups. Several meta-
analyses [35, 36, 40] had confirmed safety outcomes in 
broader population, suggesting that ODN could be a 
reliable choice for the treatment of PMOP. While some 
studies reported that patients treated with CatK inhibi-
tors like balicatib might have a higher risk of morphea-
like skin lesions [42, 43], and similarly was ODN [44], our 
research showed no strong evidence for the risk of skin 
AEs. M. R. McClung et al. revealed a hazard ratio (HR) 
1.12 (95% CI 0·95–1·34; p = 0·18) for cardiovascular death, 
myocardial infarction, or stroke (ODN vs. placebo), 
leading to the clue that ODN might increase the risk of 
cardiovascular AEs [32]. However, it should be noted 
that cardiovascular AEs in former clinical trials were 
unknown, resulting in lower repeatability and credibility 
of the conclusion. More research is required to figure out 
whether ODN is strongly linked to cardiovascular AEs 
and how ODN affects the cardiovascular system.

Our review restricted participants to postmenopausal 
women, reducing bias caused by age and sex for a more 
precise analysis of ODN, compared with other previous 
meta-analyses. Nevertheless, some limitations in the cur-
rent research still need to be addressed. To start with, 
significant differences in study design, intervention and 
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characteristics of included patients could not be elimi-
nated even though the inclusion and exclusion criteria 
had been determined, contributing to existing bias. In 
addition, no unpublished data were included in our study. 
Last, the research did not investigate the effect of dif-
ferent doses of ODN on postmenopausal women. More 
high-quality investigations are required to validate the 
results of our meta-analysis.

Conclusion
According to our meta-analysis, ODN is a promis-
ing alternative for the treatment of PMOP on account 
of its excellent efficacy and credible safety. Unclear link 
between ODN and cardiovascular AEs requires further 
research to clarify.
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