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Abstract 

Objective  Our meta-analysis aims to assess the efficacy of genetically modified stem cell therapy in preclinical osteo-
porosis models.

Methods  We executed a thorough literature search across PubMed, Embase, Web of Science, and the Cochrane 
Library databases from inception to September 15, 2023. We used a random-effect model for pooled analysis 
of the effect of genetically modified stem cell therapy on animals with osteoporosis. The primary outcomes included 
bone mineral density (BMD) and bone volume fraction.

(BV/TV). All meta-analyses were performed employing the Cochrane Collaboration’s Review Manager (version 5.3) 
in conjunction with Stata 15.0 statistical software.

Results  A total of 2567 articles were reviewed, of which 16 articles met inclusion criteria. Of these, 13 studies evalu-
ated the BMD and 11 studies evaluated BV/TV. Compared to the control group, genetically modified stem cell therapy 
was associated with significantly improved BMD (standardized mean difference [SMD] = 1.85, 95% Confidence Interval 
[CI]: 1.06–2.63, P < 0.001, I2 = 69%) and BV/TV (standardized mean difference [SMD] = 2.11, 95% Confidence Interval [CI]: 
1.10–3.12, P < 0.001, I2 = 78%).

Conclusion  Genetically modified stem cell therapy is a safe and effective method that can significantly improve 
the BMD and BV/TV in animal models of osteoporosis. These results provide an important basis for future translational 
clinical studies of genetically modified stem cells.

Keywords  Genetically modified, Osteoporosis, Stem Cell, Meta-analysis

Introduction
Osteoporosis is a pervasive skeletal disorder marked 
by progressive bone mass reduction and deterioration 
of bone microarchitecture, leading to heightened bone 
fragility and an elevated fracture risk [1]. Osteoporotic 
fractures represent a critical sequela of osteoporosis. 
Individuals with osteoporosis, particularly the elderly 
and post-menopausal women, face an elevated suscep-
tibility to such fractures [2, 3]. Worldwide, osteopo-
rosis is estimated to affect approximately 200 million 
individuals. In numerous Asian nations, roughly one 
in five individuals aged 50 and older are diagnosed 
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with osteoporosis [4]. Central to the pathophysiology 
of osteoporosis is the dysregulation between bone for-
mation and resorption. An imbalance ensues when the 
rate of bone resorption surpasses that of bone forma-
tion, disrupting bone homeostasis [5].

In current clinical practice, the progression of the 
disease is primarily managed through pharmacological 
treatments that promote bone formation and inhibit 
bone resorption [6]. However, the clinical utility of 
these medications is constrained by their potential for 
serious adverse effects and their inability to reverse 
pre-existing bone loss [7]. Therefore, the development 
of novel treatment strategies for osteoporosis is of 
great clinical significance.

Mesenchymal stem cells (MSCs) possess the inher-
ent ability to proliferate and differentiate into osteo-
blasts, adipocytes, and chondrocytes, playing a pivotal 
role in maintaining bone homeostasis  [8,  9]. Clinical 
trials of stem cell transplantation alone for the treat-
ment of osteoporosis are still in the exploratory phase 
[10]. With the widespread use of stem cell transplanta-
tion and the gradual maturation of genetic modifica-
tion techniques, new possibilities for the treatment of 
osteoporosis have been opened up. Stem cell-mediated 
gene therapy has been investigated as an attractive 
option for the treatment of osteoporosis [11]. A recent 
meta-analysis showed that stem cell treatment alone 
increased bone strength, bone mass, and bone trabec-
ulae in de-ovalized osteoporotic rats [12]. Compared 
to simple stem cell transplantation, positive gene-mod-
ified stem cell transplantation can enhance or suppress 
the expression of a gene fragment in stem cells, making 
the transplanted stem cells more susceptible to osteo-
genic differentiation, promoting bone repair and bone 
regeneration, and thus achieving the goal of treating 
osteoporosis [13]. While clinical studies investigating 
the application of transgenic stem cell transplantation 
for osteoporosis are yet to be reported, a multitude of 
animal experiments, encompassing rats, mice, rabbits, 
sheep, and pigs, have underscored the efficacy of this 
technique in osteoporosis treatment [14–17].

We conducted a meta-analysis of animal studies to 
evaluate the impact of genetically modified stem cell 
transplantation on Bone Mineral Density (BMD) and 
Bone Volume/Total Volume (BV/TV)—both of which 
are robust indicators of bone mass that reflect the 
extent of osteoporosis [18, 19]. In addition, we sought 
to explore whether factors such as different sources 
of stem cells, different modified genes, and differ-
ent transplantation pathways have different effects on 
BMD and BV/TV.

Methods
This meta-analysis aimed to assess the efficacy of genet-
ically modified stem cell treatments on BMD and BV/
TV in osteoporotic animal models. We registered our 
study with PROSPERO (CRD42022351945) and fol-
lowed PRISMA (see Appendix A) [20] and Cochrane 
Handbook guidelines [21].

Data source and search strategies
We conducted a systematic search in Pubmed, Embase, 
Web of Science, and the Cochrane Library until Sep-
tember 15, 2023. Keywords included terms related to 
osteoporosis (e.g., "Osteoporoses", "Osteoporosis, Post-
Traumatic") and stem cell interventions (e.g., "Stem 
Cell", "Transplantation"). Additionally, we manually 
checked references of key articles and reviews. All find-
ings were organized in EndNote, version X9.

Eligibility criteria
The following inclusion criteria were set: (1) the study 
involved animal models of osteoporosis (all species 
and sexes); (2) all animal models of osteoporosis were 
treated with stem cells; (3) stem cells in the experimen-
tal group must be genetically modified; (4) studies that 
include efficacy outcomes, such as BMD and BV/TV; 
(5) studies have a control group.

Studies were excluded from the meta-analysis for the 
following reasons: (1) all inclusion criteria were not ful-
filled; (2) stem cells without genetic modifications; (3) 
meeting abstracts, case reports, books and case series; 
(4) review or meta-analysis; (5) the study was dupli-
cated;(6) studies published in a non-English language; 
(7) experimental groupings are not set up properly, data 
clearly wrong, incomplete or unclear data, no relevant 
data and unavailable literature.

Study selection and data extraction
Two investigators (MH and WZ) independently eval-
uated article quality and extracted data by screen-
ing abstracts and full texts. Any disagreements were 
reviewed and resolved by a third investigator (NX). 
After identifying articles that met the inclusion and 
exclusion criteria, all relevant data were recorded in 
Microsoft Excel including the first author; year; subject 
animal, disease model, ages; group numbers; modified 
carriers; modeling duration; gene modification cat-
egory; type and source of stem cells; transplantation 
routes; intervention time. Then measured the corre-
lation with our primary outcome. The SYRCLE risk 
of bias tool was used to evaluate the quality of animal 
studies() [22]. The assessment results are presented as 



Page 3 of 14Huang et al. BMC Musculoskeletal Disorders          (2025) 26:259 	

"yes", "no" and "not available" for low risk of bias, high 
risk of bias, and uncertain risk of bias respectively.

Types of outcome measures
In both preclinical and clinical research, BMD and BV/
TV are widely regarded as pivotal endpoints in evaluat-
ing the therapeutic efficacy of osteoporosis treatments. 
Accordingly, for this meta-analysis, we selected BMD 
and BV/TV as the primary outcome measures across all 
included studies.

Statistical analysis
All the data review and meta-analysis were performed 
using the Review Manager 5.3 (Version 5.3; Cochrane, 
Oxford, UK) and Stata (Version 15.0; Stata, College Sta-
tion, TX) software. The difference between the con-
trol group and the intervention group was estimated. 
Continuous variable data were selected for the stand-
ardized mean difference (SMD) analysis. Each effect 
volume was expressed as a 95% confidence interval (CI). 
Among-study heterogeneity was observed using the I2 
test. I2 ≤ 50% indicated homogeneity between the stud-
ies, which was calculated using the fixed-effects model. 
I2 > 50% indicated heterogeneity between studies, and a 
random-effects model was used instead [23]. I2 < 35% is 
low heterogeneity, 35% ≤ I2 < 75% moderate heterogene-
ity, and I2 ≥ 75% high heterogeneity. Subgroup analyses 
were performed to evaluate heterogeneity. Publication 
bias Egger’s test based on regression, p ≥ 0.05 for no pub-
lication bias and sensitivity analysis was also performed. 
P < 0.05 was used to determine the statistical significance 
of comparisons between groups. Funnel plots were drawn 
to investigate publication bias visually when no fewer 
than 10 studies reported the same outcome measure.

Results
Study selection
A flowchart detailing the literature search and study 
selection process is depicted in Fig.  1. A total of 2569 
studies were retrieved, from which 373 duplications were 
initially removed. A total of 2164 articles were excluded 
after screening the titles and abstracts, mainly because 
339 of them were reviews or meta-analyses, 35 articles 
were in non-English, 1041 articles treatments were not 
based on stem cells or animal models were non-osteo-
porotic fractures, the other 749 articles belonged to con-
ference abstracts, newspapers, experimental methods, 
etc. Of the 32 potentially relevant studies, 16 were fur-
ther excluded after the review of the full texts because 
12 studies of stem cell therapy without genetic modifica-
tion and other inclusion criteria for the 4 articles do not 
match. Finally, 16 articles were included in this meta-
analysis after study selection.

Study characteristics
The essential characteristics of the 16 selected studies 
are summarized in Table 1. These studies were published 
between 2006 and 2021. The animal models used in seven 
studies were C57Bl/6 mice [24–30]. Animal models used 
in six studies were SD rats and mice [31–36]. One study 
in Wister rats [37], one study in ddY mice [38], and one 
study in C3H/HeN mice [39]. Twelve studies used bone 
marrow mesenchymal stem cells [24, 25, 27–29, 31–35, 
37, 39], three used adipose-derived stem cells [30, 36, 38], 
and one used dental pulp-derived stem cells [26]. In the 
included studies, the primary outcome was shown to be 
the value of change in BMD and BV/TV. The duration 
of follow-up across the included studies ranged from 2 
to 12 weeks. For studies reporting outcomes at multiple 
time points, data from the final time point were utilized. 
In cases with multiple gene modification interventions, 
data of individual modifier genes associated with stem 
cell osteogenic differentiation were prioritized. For stud-
ies assessing multiple anatomical sites, measurements 
from long bones were prioritized, followed by irregular 
bones, with whole-bone measurements being considered 
last.

Risk of bias (SYRCLE tool)
Figure  2 and Appendix B (Table  2 and Fig.  1) present 
the risk of bias for each included article. None of the 16 
studies met all ten criteria for a low risk of bias. No study 
blinded its researchers or outcome evaluators. All had 
inadequate allocation concealment. Due to the inherent 
nature of mesenchymal stem cell administration, blinding 
during cell acquisition is challenging, though this doesn’t 
impact the experimental results. No other biases were 
detected.

Efficacy of genetically modified stem cell therapy 
on osteoporosis
BMD and BV/TV
The results of BMD and BV/TV changes in this meta-
analysis are shown in Fig.  3. Thirteen studies have 
reported the effect of genetically modified stem cells on 
BMD in osteoporotic animals compared to stem cells 
alone  [25–28, 30, 31, 33–39]. Significant heterogeneity 
was detected in this study (I2 = 69% and P < 0.01); thus, a 
random effects model was used. The results showed that 
the BMD of the genetically modified stem cell group was 
significantly higher than that of the stem cell-only group 
(SMD = 1.85, 95% CI: 1.06–2.63), see Fig.  3A. Eleven 
studies have reported the effect of genetically modified 
stem cells on BV/TV in osteoporotic animals compared 
to stem cells alone [24–26, 29–33, 35, 36, 38]. There was 
high heterogeneity between the results of the studies 
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(I2 = 78% and P < 0.01), and the random effects model was 
chosen to show that BV/TV was higher in the experi-
mental group than in the control group (SMD = 2.11, 95% 
CI: 1.10–3.12), see Fig. 3B.

Subgroup analysis
We analyzed the source of heterogeneity by evaluating 
BMD and BV/TV in a subgroup analysis. All participating 
subjects underwent stem cell transplantation; stem cells 
in the control group were unmodified and those in the 
comparison group were genetically modified. We focused 
on stem cell types, transplantation pathways, and modi-
fier genes, which were reported in Table 2 and Figs. 4– 5, 
respectively. Stem cells in the experiment included bone 
marrow stem cell (BMSC), adipose-derived stem cell 
(ADSC), and dental pulp-derived stem cell (DPSC). A 
similar effectiveness was observed between BMSC and 

ADSC. Transplantation of BMSC (SMD = 1.44, 95% CI: 
0.60, 2.29), ADSC (SMD = 3.34, 95% CI: 1.13, 5.55), and 
DPSC (SMD = 1.90, 95% CI: 0.27, 3.54) were all associ-
ated with significantly improved BMD as compared to 
that observed in controls. The effect of stem cell type on 
BV/TV is similar to the BMD situation. The transplan-
tation routes are divided into Tail vein injection, Local 
injectable fillers, and Peritoneal cavity intraperitoneal 
injection. Although the different routes of transplanta-
tion did not make a significant difference to BMD out-
comes, in terms of BV/TV we could see no significant 
difference between the experimental and control groups 
for Peritoneal cavity intraperitoneal injection (P = 0.19), 
and we found relatively low heterogeneity in both BMD 
and BV/TV in the Peritoneal cavity intraperitoneal injec-
tion group (I2 < 50%). The modifier genes are divided into 
CXCR4, BMP2, and others. When the number of papers 

Fig. 1  Flowchart of study selection. A total of 2569 records were retrieved; after application of the inclusion criteria, 16 studies remained
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for a given modifier gene was only one, it was grouped 
into other groups. Although there was no heterogeneity 
between the experimental and control groups (I2 = 0%, 
p > 0.05), there was no significant difference in BMD 
(SMD = 0.43,95% CI: −0.24, 1.11).

Sensitivity analyses and publication bias
Sensitivity analyses were conducted by sequentially 
excluding one comparison from the analysis and 

comparing the effects of the fixed effects model and 
the random effects model on the total effect volume, 
which were found to have no significant effect on the 
results of the meta-analysis (Appendix C: Fig. 1A). The 
funnel plots of BMD and BV/TV for the meta-analysis 
were asymmetrical on visual inspection, suggesting that 
possible publication bias may have existed among the 
included studies (Fig. 6).

Fig. 2  Risk of bias assessment using the SYRCLE tool
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Discussion
BMD and BV/TV were selected as primary metrics. BMD 
ascertained using quantitative CT techniques, is a cru-
cial indicator of osteoporosis severity [40]. Similarly, BV/
TV is vital for assessing bone strength and quality [41]. 
Our meta-analysis of controlled preclinical studies sug-
gests that genetically modified stem cell transplantation 
significantly improves BMD and BV/TV in osteoporotic 
animal models. These results highlight the potential of 
gene-modified stem cell therapy as an effective approach 
to osteoporosis treatment.

Based on the 16 papers included in the article, stem 
cells in the literature are classified as BMSC, ADSC, and 
DPSC. Different sources of stem cells have different dif-
ferentiation potentials and it has not yet been determined 
which stem cells have a unique advantage in targeting a 
particular disease, which may be a worthwhile direc-
tion for future research [42]. The transplantation route 
is divided into Tail vein injection, Local injectable fillers, 
and Peritoneal cavity intraperitoneal injection. There is 
relatively little research in the direction of transplanta-
tion pathways. The targets for genetic modification of 

stem cells for the treatment of osteoporosis were classi-
fied into seven types: Osteogenesis-related genes: Cbfa-
1, BMP2, and SATB2; Broken Bones Related genes: OPG 
and RANK; Lipogenic related genes: Zfp467 and Fabp3; 
Enzyme-related genes: AAT; Stem cell migration-associ-
ated genes: CXCR4; Proliferation-related genes: HGF and 
PDGF; Autophagy-related genes: OPTN and LRRc17.

A subgroup analysis of the above two outcome indica-
tors was conducted to look for sources of heterogeneity 
and found that stem cell types, transplantation routes, 
and modifier genes were all possible factors influenc-
ing heterogeneity. Although there was high heterogene-
ity in all stem cell groups, except for the DPSC group, 
probably related to its small sample size, there were sig-
nificant differences in BMD and BV/TV results between 
the experimental and control groups, regardless of the 
type of stem cells. The results of the subgroup analysis 
of the transplantation route showed no significant dif-
ference between the experimental and control groups 
for intraperitoneal injection in the BV/TV assessment, 
because the small sample size for this subgroup analysis 
may have led to false positive or false negative findings. 

Table 2  The study of correlation grouping and heterogeneity between BMD and BV/TV

Subground Standardized mean difference (95% CI) I2 P

BMD
  Type of cells
    BMSC 1.44 [0.60, 2.29] 66% < 0.05

    ADSC 3.34 [1.13, 5.55] 72% < 0.05

    DPSC 1.90 [0.27, 3.54] - < 0.05

  Transplantation pathways
    Tail vein injection 1.86 [0.17, 3.56] 78% < 0.05

    Local injectable fillers 2.41 [1.37, 3.44] 51% < 0.05

    Peritoneal cavity Intraperitoneal injection 1.17 [0.09, 2.24] 47% < 0.05

  Modifier genes
    CXCR4 0.43 [−0.24, 1.11] 0% 0.21

    BMP2 0.43 [−0.24, 1.11] 59% < 0.05

    Others 2.63 [1.23, 4.03] 72% < 0.05

BV/TV
  Type of cells
    BMSC 2.80 [1.20, 4.41] 82% < 0.05

    ADSC 3.34 [1.13, 5.55] 72% < 0.05

    DPSC 1.90 [0.27, 3.54] - < 0.05

  Transplantation pathways
    Tail vein injection 2.26 [0.36, 4.16] 84% < 0.05

    Local injectable fillers 2.39 [0.81, 3.98] 80% < 0.05

    Peritoneal cavity Intraperitoneal injection 0.91 [−0.45, 2.27] 47% 0.19

  Modifier genes
    CXCR4 - - -

    BMP2 2.12 [0.83, 3.40] 59% < 0.05

    Others 3.03 [1.41, 4.64] 79% < 0.05
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In the subgroup of modified genes in BMD, all modifier 
genes except BMP2 and CXCR4 were grouped into the 
same category, as the literature was insufficient and the 
results of the analysis were less convincing. There was no 
heterogeneity and no significant difference between the 
experimental and control groups for the modified gene 
CXCR4. This result may be related to the insufficient 
number of studies in the subgroup, and additional evi-
dence is needed from a larger sample of studies. In addi-
tion, there may be greater heterogeneity between groups 
due to subject animals, grafts, osteoporosis models, gene 
transfection vectors, etc., but there are relatively few tar-
geted studies.

Our meta-analysis has several advantages. First, this 
study is the first to assess the effects of genetically modi-
fied stem cells for preclinical studies. While previous 
meta-analyses have assessed the benefits of stem cells in 
animal models of osteoporosis [43, 44], the meta-analysis 
reported here includes stem cells with different genetic 
modifications and recently published studies. Secondly, 

we conducted a systematic literature search, comprehen-
sive data collection, and subgroup analysis by stem cell 
type, transplantation pathway, and modification gene, 
which improved the accuracy of our findings. Thirdly, the 
main results on BMD and BV/TV could provide impor-
tant insights for future studies.

Our study has several limitations. Funnel plots and 
Egger regression tests highlighted publication bias in our 
meta-analysis. Notably, studies with positive findings are 
often more favored for publication, especially in animal 
research. We confined our analysis to published works, 
and the emergence of unpublished data could poten-
tially modify our conclusions. Additionally, the quality 
of several included studies was less than ideal. There’s 
no well-defined, standardized system for quality evalu-
ation in meta-analyses of animal experiments, leading 
to non-uniform assessments across the literature. Many 
studies lack detailed descriptions about the randomized 
assignment of animals, hampering consistent subsequent 
analyses. We also noted substantial heterogeneity in the 

Fig. 3  A Forest plot showing the impact of genetically stem cells therapy on BMD. B Forest plot showing the impact of genetically stem cells 
therapy on BV/TV. Compared with controls. 95% CI, 95% confidence interval
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Fig. 4  Subgroup analyses on the effect of various factors on BMD. A Effect of stem cell type on BMD. B Effect of different transplantation routes 
on BMD. C Effect of gene modification type on BMD
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Fig. 5  Subgroup analyses on the effect of various factors on BV/TV. A Effect of stem cell type on BV/TV. B Effect of different transplantation routes 
on BV/TV. C Effect of gene modification type on BV/TV
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Fig. 6  Funnel plot of included studies for a BMD and b BV/TV
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results for BMD and BV/TV between experimental and 
control groups, albeit this is frequently seen in animal 
research.

Conclusion
Gene-modified stem cell therapy shows significant prom-
ise in enhancing bone mineral density and bone volume 
fraction in osteoporotic animal models, which provides 
an important basis for future translational clinical stud-
ies. Due to the poor methodological quality, large sample, 
prospective, double-blind, randomized controlled tri-
als are needed to demonstrate the safety and efficacy of 
gene-modified stem cell therapy in osteoporotic animals.
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