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Abstract

Background The increasing incidence of osteoporosis in recent years has aroused widespread public concern; how-
ever, existing effective treatments are limited. Therefore, new osteoporosis treatment methods, including stem cell
transplantation and exosome therapy, have been proposed and are gaining momentum. Exosomes are considered to
have greater potential for clinical application owing to their immunocompatibility. This study summarises the latest
evidence demonstrating the efficacy of exosomes in improving bone loss in the treatment of osteoporosis.

Main text This systematic review and meta-analyses searched PubMed, Embase, and Cochrane Library databases
from inception to 26 March 2022 for osteoporosis treatment studies using stem cell-derived exosomes. Six endpoints
were selected to determine efficacy: bone mineral density, trabecular bone volume/tissue volume fraction, trabecu-
lar number, trabecular separation, trabecular thickness, and cortical thickness. The search generated 366 citations.
Eventually, 11 articles that included 15 controlled preclinical trials and 242 experimental animals (rats and mice) were
included in the meta-analysis.

Conclusion The results were relatively robust and reliable despite some publication biases, suggesting that exosome
treatment increased bone mass, improved bone microarchitecture, and enhanced bone strength compared with pla-
cebo treatments. Moreover, stem cell-derived exosomes may favour anabolism over catabolism, shifting the dynamic
balance towards bone regeneration.
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Background

Osteoporosis is a disease characterised by reduced bone
*Correspondence: mass, microstructural destruction, and fragility fractures
Shu'Lin with a particularly high incidence in older adults, regard-
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less of ethnicity [1-3]. It has become a serious global
public health problem owing to ageing populations [4—6].
Fractures, particularly hip fractures and vertebral com-
pression fractures (VCFs), are the most common and
devastating osteoporotic complications. Those complica-
tions cause great suffering to patients and severely reduce
their quality of life and increasing disability and mortal-
ity. The consequent disability and mortality impose a
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heavy burden on families worldwide and on the global
society [2, 7, 8].

Existing osteoporosis treatments have various limita-
tions. For example, although procedures such as vertebral
augmentation can repair fractures and relieve local pain,
they may be accompanied by increased risk of infection,
cement extravasation, embolism, hematoma, and other
negative effects [9]. Bisphosphonates are first-line osteo-
porosis medications that are typically taken for at least
3-5 years, but they have various undesirable side effects,
including muscle pain and osteonecrosis of the jaw [10,
11]. Denosumab is a potent anti-absorptive medication
that significantly increases bone mineral density (BMD).
However, its association with a rebound increase in bone
absorption, leading to a sharp decrease in BMD, and in
turn increasing the risk of multiple vertebral fractures,
contributed to its discontinuation [12].

Emerging novel methods for osteoporosis treatment
such as stem cell transplantation and exosome therapy
have recently garnered attention. Stem cells fall into two
major categories: embryos and adult. Embryonic stem
cells (ESCs), pluripotent stem cells, and mesenchymal
stromal cells (MSCs), among multipotent cells, have been
broadly used in the biomedical field. MSCs are usually
preferred to ESCs because of their easy availability. How-
ever, exosomes may be more favourable than all stem
cells as they are not immunogenic and have abundant
sources [13].

Exosomes are nanoscale extracellular vesicles secreted
by cells; these structures encapsulate biologically active
substances, including microRNAs, lipids, and proteins
[14]. Because major histocompatibility complex pro-
teins are not expressed on the surface, exosomes can be
used for transplantation therapy, which means exosome
therapy rarely encounters rejection [13]. In addition,
they have been reported to be involved in intercellular
communication, various physiological and pathological
processes, and play critical roles in angiogenesis, ath-
erosclerosis, MSC repair, osteoclast activity, and osteo-
blast differentiation [13, 15, 16]. Liu et al. demonstrated
in vitro and in vivo that exosomes transfer Fas to recipi-
ent MRL/lpr BMMSCs in order to reduce intracellular
levels of miR-29b, thus improving MRL/lpr BMMSC
function [17]. Yang et al. proved that MALATI1 in
exosomes enhances osteoblast activity by mediating the
miR-34¢/SATB2 axis [18]. Carlos Castano et al. revealed
that exercise-induced exosomal miRNAs decrease
hepatic FoxO1 expression, thus improving the glucose
metabolism of hepatic cells [19].

In summary, exosomes carry cell-specific cargoes
according to their parent cells and may promote func-
tional recovery of cells and maintain the homeosta-
sis of the internal environment to initiate repair and
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regeneration of bone through different signal transduc-
tion pathways [13, 20]. Therefore, exosomes can poten-
tially be used to treat bone loss. Here, we performed
meta-analyses to evaluate the efficacy of exosomes’
(derived from stem cells) capacity to ameliorate bone loss
and osteoporosis.

Materials and methods

Systematic review

Systematic reviews and meta-analyses were interpreted
and elaborated as per Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) and
PRISMA 2020 [21, 22]. The registration number for this
study is CRD42022337860.

Search strategies

Two researchers (He Xiaoyu and Wang Yangbin) con-
ducted independent and manual searches in PubMed,
Cochrane Library, and Embase databases (from inception
to 26 March 2022) using the Medical Subject Headings
(MeSH) terms ‘extracellular vesicles’ or ‘exosomes’ and
‘osteoporosis’ (Fig. 1). The corresponding free words and
Boolean operators (AND or OR) were important compo-
nents of the literature search strategy (Additional file 1:
Table S1). Duplicates were removed, and articles were
subsequently selected according to the title and abstract
in the first round of browsing. The second round of selec-
tion was based on reading of the full article in detail. The
relevant data were then extracted according to the stand-
ards set in the study selection criteria, such as sample
size, experimental subjects, study design, and interven-
tion. During this process, our team resolved differences
and disagreements through discussions. If uncertainty
persisted, a third party made the decision (Yu Haiming
and Lin Shu).

Study selection criteria
Inclusion criteria

A. This review considered studies using animals, regard-
less of their species, sex, age, or disease models to
explore the efficacy of exosome therapy with respect
to bone repair.

B. Animals in one of the experimental groups were
treated with exosomes derived from stem cells,
whereas animals in the control group received only a
placebo.

C. The study measured at least one of the following
indicators: (1) BMD; (2) bone volume fraction (tra-
becular bone volume/total volume, Tb. BV/TV); (3)
trabecular number (Tb. N); (4) trabecular thickness
(Tb. Th); (5) trabecular separation/marrow thickness
(Tb. Sp); and (6) cortical thickness (Ct. Th).
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Data could not be got from the original authors or extracted

Full-text articles \n=d)
assessed for | Animals were not killed as soon as possible after treatment
eligibility (n=79) completed (n=2)

Studies included in qualitative synthesis (n=11)

Studies included in
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(meta-analysis)
(n=11, Trials=15, 6
RCTs, 9 non-RCTs)

Fig. 1 PRISMA flow diagram of literature search and selection of studies for meta-analysis
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D. This study was a controlled trial.

Exclusion criteria

A. The study subjects were humans.

B. The data in the study could not be extracted or
obtained from the original authors.

C. Data are incomplete or expressed as ratios or per-
centages.

D. The study was not a controlled trial, such as a case
report, review, meeting, letter, survey, or satisfaction
study.

E. The study was not published as a full text article in a
journal.

E. All animals were treated using exosomes carrying
a gene or other expression regulator which might
interfere with the results of the outcome indicators.

G. Animals were not immediately killed after treatment,
which could influence the outcome indicators.

Required data extraction

Two researchers (He Xiaoyu and Wang Yangbin)
extracted data from the retained studies. The data were
then collated and checked by two other researchers (Liu
Zhihua and Weng Yiyong); the controversial sections
were discussed by the entire research team for resolu-
tion. If disagreements persisted, the matter was trans-
ferred to a third party (Yu Haiming and Lin Shu) to reach
a consensus.

The main data extracted in this meta-analysis included
the following six outcome assessment indices. (1) BMD
is an important indicator for measuring bone mass and
strength, which can reflect the degree of osteoporo-
sis and assess fracture risk. (2) Tb. BV/TV reflects the
bone mass of trabecular bone in different samples and
is known as bone volume fraction (BVF). (3) Tb. N, Tb.
Th, and Tb. Sp are main indices to evaluate bone tra-
becula spatial morphology and structure. (4) Ct. Th is a
parameter reflecting the changes in cortical bone prop-
erties that contribute to a comprehensive understanding
of bone growth and disease. All extracted data contained
consecutive values with three decimals and the appropri-
ate units. In addition, basic information and the detailed
research design of the articles were collected. Basic infor-
mation specifically included the first author, publication
year, research type, modelling method, species, type, age,
and sex. The details of the study designs included the
source, sample size of experimental and control groups,
route of administration, and frequency of application of
stem cell-derived exosomes. The corresponding author
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was emailed for details when key research data and infor-
mation were not mentioned in the paper.

Quality assessment of included studies

The Systematic Review Centre for Laboratory Animal
Experimentation’s (SYRCLE’s) risk of bias tool including
sequence generation (selection bias), baseline charac-
teristics (selection bias), allocation concealment (selec-
tion bias), random housing (performance bias), blinding
(performance bias), random outcome assessment (detec-
tion bias), blinding (detection bias), incomplete outcome
data (attrition bias), selective outcome reporting (report-
ing bias), and other sources of biases were used to assess
the quality of included study trials [23]. Two researchers
independently conducted the work.

Statistical analysis

GetData Graph Digitizer, Review Manager (RevMan)
5.4.1, and Stata SE 15 were used for the systematic review
and meta-analysis, data extraction, and processing opera-
tions, respectively. Mean and standard deviation (SD)
data were collected. In studies presenting only the stand-
ard error of the mean (SEM), SEM was converted to SD
according to the equation: SD=SEM x (V/n) [24] (where
‘n’ refers to the animal number in the experimental or
control group). Mean and SD were used as inputs in data
processing tools to generate a weighted mean difference
(WMD) and a standardised mean difference (SMD), as
well as their respective 95% confidence intervals (95%
CI). SMD was selected as the final effective indicator
owing to the wide variations in the mean between studies
and data using different units of measure.

Heterogeneity was evaluated using the Q statistic test
and the I? test. Heterogeneity between studies was con-
sidered when P < 0.05 or I*>50%. If the judgement results
of the two test methods for heterogeneity were contradic-
tory, the I2 test result was taken as it is more reliable than
the Q statistical test. Significant heterogeneity between
studies was explained using subgroup analyses, sensitiv-
ity analyses, or other analyses. A fixed effect model was
adopted based on the assumption that all studies were
sampled from the same population; however, it was not
employed for animal studies as this assumption could not
be made. Therefore, a random-effects model was gener-
ally used.

Publication bias was assessed by constructing a fun-
nel plot. The assumption was that the experimental data
exceeded 10 sets; otherwise, the validity of the test was
very low. Egger’s test was used to verify the authenticity
of the asymmetry if the funnel plot showed slight asym-
metry. P>0.05 indicated that asymmetry did not exist.
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Meanwhile, the trim-and-fill method was used for data
with a P value less than or equal to 0.05 to estimate the
effect of publication bias on the results. In addition, a
meta-based influence analysis was used as a sensitivity
analysis to exclude the influence of a small sample size
to determine the stability of the results. Finally, in the
meta-analysis, results were considered significant when
P<0.05.

Results

Included studies

The PubMed, Embase, and Cochrane Library data-
bases were searched using MeSH terms and free words
to retrieve 152, 198, and 16 studies, respectively. Ninety
duplicate studies were withdrawn, and 276 studies were
retained for the next selection. Subsequently, 197 studies
were removed based on their title and abstract. Finally,
11 studies (total of 15 trials involving 242 rats or mice)
met the study selection criteria and were included in

The distribution of publication time

The number of publications
w

1 -
0

m 2019

Publication year

2020 2021 2022

Fig. 2 Publication year of the included studies

Table 1 Summary of the characteristics of experimental subjects
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the meta-analysis after the full texts were read (Fig. 1)
[25-35].

Study characteristics

The 11 studies were from 2019, 2020, 2021, and 2022
(Fig. 2), and all 15 trials were conducted in China. The
total sample size was 242 animals, among which 121
received exosome treatment and the remainder received
a placebo. The characteristics of the experimental sub-
jects (Table 1) and all 15 trials (Table 2), including (but
not limited to) animal model used, sex, age, species, exo-
some type, and sampling area, were collected and listed.
The exosomes used in the trials were derived from vari-
ous stem cells from humans or rats/mice, including
urine-derived stem cells (USCs) [25], ESCs [26], human
umbilical cord MSCs (hucMSCs) [27], bone marrow-
derived MSCs (BMSCs) [28-33], and adipose tissue-
derived MSCs (ADSCs) [34, 35]. Although exosomes
were derived from cells of different species, the results
of each study included have independently demonstrated
their effectiveness on osteoporosis in animal models. All
trials directly compared the exosome-treated group with
the placebo group. Drug delivery routes in trials primar-
ily involved intravenous (IV) injection [25, 27-31, 33—
35], although gavage [26] and periosteum injection were
also used [32]. The frequency of exosome treatment was
split between every other day, weekly, and twice a week.
Only one trial did not mention the administration fre-
quency [31]. Treatment cycles in all trials ranged from
one week to six months. The collected outcomes involved
BMD, Tb. BV/TV, Tb. N, Tb. Th, Tb. Sp, and Ct. Th.

Study Year Experimental subject Model Sex Age Weight
Chen1 2019 Mice OVX-induced osteoporosis model Female - -

Chen2 2019 Mice Senile osteoporosis model Unspecified - -

Chen3 2019 Mice Disuse osteoporosis model (TS-induced osteoporosis model)  Unspecified - -

Gong 2020 SAMP8 mice Senescence-accelerated model Male 6 months old -

Hu 1 2020 C57BL/6 mice OVX-induced osteoporosis model Female 8 weeks old -

Hu 2 2020 C57BL/6 mice Senile osteoporosis model Male 16 monthsold -

Hu 3 2020 C57BL/6 mice Disuse osteoporosis model (TS-induced osteoporosis model)  Unspecified 3 months old -

Huang 2021 SDrats OVX-induced osteoporosis model Female 10 weeks old 230-250¢
Li 2021 SDrats OVX-induced osteoporosis model Female 8 weeks old 294+11g9
Lu 2020 C57BL/6J mice - Male 3 months old -

Qiu 2021 SDrats OVX-induced osteoporosis model Female 12 weeks old 280-300¢g
Wang 2022 C57BL/6 mice OVX-induced osteoporosis model Female 12 weeks old 28-30g
Xiao 2021 C57BL/6J mice Disuse osteoporosis model (HU-induced osteoporosis model)  Male 6 months old -

Zhang 2021 SDrats Diabetic osteoporosis model (STZ-induced diabetes) Unspecified 8-10weeksold -

Zhang 2022 SDrats Diabetic osteoporosis model (STZ-induced diabetes) Male 8 weeks old -

OVX, ovariectomy; TS, tail suspension; SAMP8, senescence-accelerated mouse prone eight; SD, Sprague Dawley; HU, hindlimb unloading; and STZ, streptozotocin
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Table 2 Study characteristics of the included trials

Study Year Source of exosomes Administration route Treatment cycle Frequency Sample area
Chen 1 2019 USC (human) Intravenous injection 2 months Once a week Femur

Chen 2 2019 USC (human) Intravenous injection 3 months Once a week Femur

Chen3 2019 USC (human) Intravenous injection 3 weeks Twice a week Femur

Gong 2020 ESC (human) Gavage 6 months Once every other day Femur

Hu 1 2020 UCMSC (human) Intravenous injection 2 months Once a week Femur

Hu 2 2020 UCMSC (human) Intravenous injection 3 months Once a week Femur

Hu 3 2020 UCMSC (human) Intravenous injection 21 days Twice a week Femur

Huang 2021 BMSC (rat) Intravenous injection 8 weeks Once a week Femur

Li 2021 BMSC (human) Intravenous injection 28 days Once a week Tibia

Lu 2020 BMSC (rat) Intravenous injection 2 months Twice a week Femur

Qiu 2021 BMSC (rat) Intravenous injection 2 weeks - Femur

Wang 2022 BMSC (rat) Periosteum injection 1 week Twice a week Femur

Xiao 2021 BMSC (rat) Intravenous injection 4 weeks Twice a week Femur

Zhang 2021 ADSC (rat) Intravenous injection 42 days Once every other day -

Zhang 2022 ADSC (rat) Intravenous injection 12 weeks Once every other day Femur and tibia

USC, urine-derived stem cell; ESC, embryonic stem cell; UCMSC, umbilical cord-derived mesenchymal stromal cell; BMSC, bone marrow mesenchymal stem cell; and

ADSC, adipose tissue-derived mesenchymal stem cell

Methodology quality and risk of bias

Six of the fifteen trials divided subjects into at least exo-
some treatment and control groups according to the
principle of random assignment and were therefore
judged to be at low risk of selection bias. However, the
other nine trials did not mention their selection strategy.
None of the studies revealed that the trials were con-
ducted by assigning, concealing, and blinding caregivers
and/or investigators. Only one trial reported blinding of
the outcome assessment and was assigned as low risk in
detection bias. Missing data, selectively reported data, or
other biases in trials were not included in the meta-anal-
ysis. The methodological quality of the fifteen trials was
reliable and acceptable (Fig. 3).

Standard meta-analyses

BMD

Eight trials with a total of 50 subjects reported BMD in
their experimental groups and control groups. The Q test
and I? test across studies exhibited significant heteroge-
neity (P=0.0009 <0.05, >=71% >50%). Results from the
random-effects model were SMD =3.00, 95% CI [1.75,
4.25], P<0.00001 (Fig. 4A). Therefore, a subgroup analysis
was performed to bring the heterogeneity below 50%. The
trials were further divided into three subgroups includ-
ing ovariectomy (OVX) and diabetes according to the
different animal models. I*> was successfully reduced in

each subgroup (OVX: P=0.17>0.05, I*=43% < 50%; dia-
betic: P=0.56 >0.05, I*= 0% < 50%; others: P=0.30>0.05,
P =18%<50%). Meanwhile, exosome therapy increased
bone density, reducing the risk of bone loss and osteo-
porosis from the SMD results of the three subgroups
(OVX: SMD=3.86, 95% CI [2.00, 5.71], P<0.0001; dia-
betic: SMD =4.61, 95% CI [2.81, 6.4], P<0.00001; oth-
ers: SMD =1.32, 95% CI [0.48, 2.16], P=0.002) (Fig. 4B).
The pooled size effect did not significantly change after
the individual exclusion of trials in the sensitivity analy-
sis (Fig. 5A). This indicated that the results were relatively
robust and reliable.

BvV/TV

Nine studies including thirteen trials reported BV/
TV data for exosome-treated and control groups. Sub-
group analysis was conducted owing to significant het-
erogeneity of the included trials (P<0.00001, I*="78%;
SMD =4.39, 95% CI [3.17, 5.61], P<0.00001) (Fig. 6A).
Each subgroup I? was lower than 50% after dividing the
trials into three subgroups based on the sex of the experi-
mental animals (female: P=0.27>0.05, I>=22% <50%;
male:  P=043>0.05, I*=0%<50%;  unspecified:
P=0.75>0.05, P=0%<50%). Meta-analysis results
using the random-effects model were as follows: (female:
SMD=5.33, 95% CI [4.19, 6.46], P<0.00001; male:
SMD =1.88, 95% CI [1.20, 2.56], P<0.00001; unspecified:
SMD =6.33, 95% CI [4.76, 7.90], P<0.00001). Exosome
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treatments significantly increased the BVF (compared
with the placebo treatment) (Fig. 6B). This indicated that
exosome therapy highly promoted bone anabolism rather
than catabolism and improved bone metabolism. The
results were considered to be robust as the pooled results
did not significantly change during sensitivity analysis
(Fig. 5B).

Tb. N

Nine studies (including thirteen trials) reporting Th. N
data in experimental and control groups exhibited high
heterogeneity (P<0.00001, >=76%) (Fig. 7). Subgroups
were subsequently defined based on animal models, exo-
some sources, routes of administration, and sex of exper-
imental subjects. However, subgroup heterogeneity did
not improve. The funnel plot showed asymmetry when
considering the effect of publication bias (Fig. 8A), and
Egger’s test results of t=>5.65 and P=0.000< 0.05 proved
the asymmetry. Therefore, the trim-and-fill method was
used to evaluate the stabilisation of merged effect sizes
(Fig. 8B). The results of both fixed and random effect
model were reported; the random effect model was
adopted (Q=50.127, P=0.000<0.05) and showed an
estimate (Est) of 3.331 and 95% CI (2.348, 4.314). Five
virtual studies were included (Fig. 8C), and the data were
reanalysed. The results were Q =89.816, P=0.000< 0.05,
and the combined effect sizes were Est=2.276 and 95%
CI (1.235, 3.318) (Table 3). The difference between the
two groups was significant (P=0.000), despite publica-
tion bias. The contrary was not observed, showing the
reliability of the meta-analysis. Moreover, no trial data
showed small sample study effects according to sensitiv-
ity analysis, implying that the meta-analysis results were
reliable (Fig. 5C). The analysis of Tb. N outcome indica-
tor data with a random effect model showed an SMD
of 3.33 (95% CI [2.35, 4.31]), which was considered sta-
tistically significant (test for overall effect: P<0.00001).
However, the result needs to be inferred with caution
owing to the large heterogeneity. Despite this, all 13
trials showed that Tb. N increased in the experimental
groups, indicating that exosome therapy ameliorated the
impaired ability of bone anabolism induced in response
to bone loss.

Tb. Th

Similarly, Tb. Th extracted from 13 trials exhibited large
heterogeneity (P<0.00001, >=86%>50%) (Fig. 9). The
heterogeneity did not decrease following a subgroup
analysis based on the animal model, exosome source,
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Experimental Control Std. Mean Difference Std. Mean Difference
A Study or Subgrou Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Gong 2020 0145 0.038 5 005 0027 5 13.4% 2.60[0.68, 4.52] =
Huang 2021 0149 0.013 5 0113 0.008 5 12.6% 3.01[0.91,5.11) i
Lu 2020 0104 0.014 5 0.084 0.013 5 155% 1.34 [[0.11,2.79) =
Qiu 2021 1.066 0.102 8 0.745 0073 8 145% 3.42[1.74,5.10] =i
VWang 2022 0644 0.064 5 0.203 0.035 5 55% 7.72[3.20,12.24] — s
Xiao 2021 0.745 0.034 10 0.721 0.011 10 17.7% 0.91 [-0.02,1.84] P
Zhang 2021 0.097 0.009 7 0.056 0.009 7 125% 4.26[2.13,6.40) —ha
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Test for overall effect: Z= 4.70 (P < 0.00001)

Experimental Control

B Study or Subgrou Mean SD _Total Mean
1.2.10WX
Huang 2021 0149 0.013 5 0113 0.008 5 12.6%
Qiu 2021 1.066 0.102 8 0.745 0073 8 145%
Wang 2022 0644 0.064 5 0.203 0.035 5 55%
Subtotal (95% CI) 18 18 32.6%
Heterogeneity: Tau®*=1.16; Chi*=3.54, df=2 (P=0.17), F= 43%
Test for overall effect: Z= 4.07 (P < 0.0001)
1.2.2 Diabetic
Zhang 2021 0.097 0.009 7 0056 0.009 7 125%
Zhang 2022 0141 0.002 5 0129 0.002 5 83%
Subtotal (95% CI) 12 12 20.8%
Heterogeneity: Tau®= 0.00; Chi*=0.33, df=1 (P = 0.56); F= 0%
Test for overall effect: Z=5.04 (P < 0.00001)
1.2.3 Others
Gong 2020 0145 0.038 5 005 0027 5 13.4%
Lu 2020 0104 0.014 5 0084 0013 5 155%
Xiao 2021 0.745 0.034 10 0.721 0.011 10 17.7%
Subtotal (95% CI) 20 20 46.6%
Heterogeneity: Tau*=0.11; Chi*= 2.44, df=2 (P=0.30); F= 18%
Test for overall effect: Z= 3.08 (P = 0.002)
Total (95% CI) 50 50 100.0%

Heterogeneity: Tau®= 2.08; Chi*= 24 .46, df=7 (P = 0.0009), F=71%
Test for overall effect: Z= 4.70 (P < 0.00001)
Test for subaroun differences: Chi*= 1420 df= 2 (P = 0.0008). F=858%
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Fig. 4 Forest plots depicting the comparison between the experimental and control groups: A Bone mineral density (BMD) and B subgroup

analysis for BMD

route of administration, and sex of experimental sub-
jects. The funnel plot (Fig. 10A) was asymmetric, and
Egger’s test results (P=0.000<0.05) (Fig. 10B) con-
firmed the publication bias. The trim-and-fill method
indicated that no trimming was performed (Fig. 10C),
and the data remained unchanged (Table 4). Sensitivity
analysis established the rationality of the result (Fig. 5D).
Therefore, the merged effect size of outcome indicator
Tb. Th (SMD=3.25, 95% CI [2.02, 4.48]) analysed with
the random effect model was considered significant
(P<0.00001). The high sample heterogeneity indicates
that the results should be inferred with caution; however,
almost all sets of values (12 out of 13 trials) increased.

This illustrates that the degree of bone anabolism was
higher than that of bone catabolism in the exosome treat-
ment groups (compared with placebo groups).

Tb. Sp

Tb. Sp was reported in 10 of the included trials.
High heterogeneity was observed (P=0.0003<0.05,
PP=71%>50%) (Fig. 11), a phenomenon that was not
ameliorated following subgroup analyses based on dif-
ferent study characteristics. The funnel plot revealed
asymmetry (Fig. 12A), and Egger’s test (¢=-—3.73,
P=0.006<0.05) (Fig. 12B) confirmed publication bias.



He et al. Stem Cell Research & Therapy (2023) 14:72 Page 9 of 17

ysis estimates, given named study is omitted M ysis estimates, given named study is omitted
Lower CI Limit Estimate Upper CI Limit Lower CI Limit Estimate Upper CI Limit

Gong (2020) Chen 1 (2019)

Chen 2 (2019)

Huang (2021) Chen 3 (2019)

Lu (2020) Gong (2020)
u (2

Hu 1 (2020)

Qiu (2021) ’ Hu 2 (2020)

Hu 3 (2020)

Wang (2022) Huang (2021)

Li (2021)

Xiao (2021) Lu (2020

u (: )

Zhang (2021) | Qiu (2021)

Wang (2022)

Zhang (2022) | Xiao (2021)

I
149 175 291 317

nalysis estimates, given named study is omitted D Meta-analysis estimates, given named study is omitted
Estimate Upper CI Limit Lower CI Limit Estimate Upper CI Limit

Chen 1 (2019) Chen 1(2019)
Chen 2 (2019) Chen 2 (2019)
Chen 3 (2019) Chen 3 (2019)
Gong (2020) ) Gong (2020)
Hu 1 (2020) Hu 1 (2020)
Hu 2 (2020) ] Hu 2 (2020)
Hu 3 (2020) Hu 3 (2020)
Huang (2021) g Huang (2021)
L (2021) | Li  (2021)
Lu (2020) Lu (2020)

Qiu (2021) Qiu (2021)
Wang (2022) Wang (2022)
Xiao (2021) Xiao (2021)

U
2,07 2.35

is estimates, given named study is omitted | Meta-analysis estimates, given named study is omitted
Estimate Upper Cl Limit Lower CI Limit Estimate Upper CI Limit

Chen 1(2019) Chen 1 (2019)

Chen 2 (2019)
Chen 2 (2019)

Chen 3 (2019)
Chen 3 (2019)

Gong (2020)

Huang (2021) Gong (2020)

Li (2021) Hu 1 (2020)

Lu (2020)
Hu 3 (2020)

Qiu (2021)
Lu (2020)
Wang (2022)

Xiao (2021) | Xiao (2021)

Fig. 5 Sensitivity analysis. A Bone mineral density (BMD). B Bone volume fraction (trabecular bone volume/total volume, BV/TV). C Trabecular
number (Tb. N). D Trabecular thickness (Tb. Th). E Trabecular separation/marrow thickness (Tb. Sp). F cortical thickness (Ct. Th)

The trim-and-fill method (Fig. 12C) indicated that no reflected the reliability of the results (Fig. 5E). All 10
trimming was performed, and the data were unchanged trials generally reported a decline in Tb. Sp, and meta-
(Table 5). This showed that the combined results were  analysis using the random effect model (SMD = —3.61,
robust, and that the publication bias of the included 95% CI [—4.72, —2.51]) revealed that exosome ther-
studies was small and acceptable. Sensitivity analysis  apy decreased the mean width of the medullary cavity
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A Study or Subgrou Mean SD _Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chen 2019 trial1 5346 0385 10 3462 0307 10 8.3% 518[3.19,7.18] .
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Fig. 6 Forest plots depicting the comparison between the experimental and control groups: A BV/TV (bone volume/total volume) and B subgroup
analysis for BV/TV
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Fig. 7 Forest plot of Th. N. (trabecular number)
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between the bone trabeculae, thereby improving bone
microstructure (Fig. 11).

Ct.Th
A total of eight trials reported the value of Ct. Th. Data
sets below 10 were not analysed using the funnel plot
and Egger’s test owing to low reliability of the results.
The sensitivity analysis results were stable (Fig. 5F).
A random effect model was used in the meta-analysis
(P<0.00001, I>=287%>50%), and there was a signifi-
cant difference (P=0.0002) in Ct. Th between the exo-
some treatment groups and placebo groups based on
pooled analysis results (SMD=2.76, 95% CI [1.30,
4.23]) (Fig. 13). Meanwhile, seven out of eight trials
reported a significant increase in Ct. Th following exo-
some treatment.

Overall, exosomes can significantly increase the corti-
cal thickness of the trabecular bone and enhance bone
strength compared with the placebo treatment.

Discussion
This meta-analysis investigated the efficacy of stem
cell-derived exosomes in the treatment of osteoporo-
sis. Stem cell-derived exosome therapy significantly
improves bone repair and bone regeneration in osteo-
porosis (compared to placebo treatment) based on the
overall results of all six bone-related indicators (BMD,
BV/TV, Tb. N, Tb. Th, Tb. Sp, and Ct. Th).
Osteoporosis is a metabolic bone disease with complex
aetiology that is primarily classified into two categories:
primary osteoporosis and secondary osteoporosis. The
former is prevalent in older men and postmenopausal
women over the age of 50 years, whereas the latter is typi-
cally caused by adverse drug use, such as glucocorticoids.
Diseases such as hyperthyroidism or other conditions
(such as vitamin D deficiency and prolonged immobil-
ity) are also contributing factors [5, 36—38]. These patho-
genic factors induce imbalance of bone homeostasis and
disrupt cellular communication and related signalling
factors and pathways, leading to enhanced inflammatory

Table 3 Process of the trim-and-fill method for Tb. N (filled meta-analysis)

Method Pooled Est 95% Cl Asymptotic No. of studies
Lower Upper zvalue p value

Fixed 2098 1.680 2515 9.838 0.000 18

Random 2276 1.235 3318 4.284 0.000

Test for heterogeneity: Q=289.816 on 17 degrees of freedom (P=0.000). Moment-based estimate of between studies variance =3.646
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Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Experimental Control
Study or Subgroup Mean SD_Total Mean SD_Total Weight
Chen 2019 triall 41429 0857 10 39429 0857 10 88%
Chen 2019 trial2 88.889 3.922 6 6536 3.268 6 59%
Chen 2019 trial3 59.871 2.065 9 45419 2.065 3 67%
Gong 2020 66.92 9.906 5 68924 519 5 87%
Hu 2020 trial1 5335 2753 8 44451 1101 10 7.9%
Hu 2020 trial2 8216 2817 8 76.056 5.165 7 88%
Hu 2020 trial3 68.785 2243 9 50467 2243 3 61%
Huang 2021 72727 4243 5 70909 3.637 5 87%
Li 2021 139609 5056 10 65907 9.551 10 57%
Lu 2020 67.959 11.633 5 63571 4.897 5 87%
Qiu 2021 103.261 10.869 8 68.841 10.869 8 83%
Wang 2022 82.02 10.345 5 44335 7.389 5 69%
Xiao 2021 31.373  2.091 10 25098 2353 10 87%
Total (95% ClI) 98 99 100.0%

Heterogeneity. Tau®*= 4.09; Chi*= 86.38, df=12 (P < 0.00001); F= 86%

Test for overall effect Z=5.19 (P < 0.00001)
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responses, MSC senescence, immune regulation disor-
ders, osteocyte apoptosis, inhibited osteoblast differen-
tiation, and an imbalance between bone resorption and
formation [13, 39, 40]. Its negative effects may include
increased adipogenesis, decreased bone density and
strength, and destruction of bone tissue microarchitec-
ture (Fig. 14). Trials using different animal models were
included in the meta-analysis.

Exosomes are derived from stem cells and both have
similar functions, including inhibiting inflammation
and promoting angiogenesis. However, safety issues
associated with the use of stem cells, including the risk
of carcinogenesis and thrombosis along with low trans-
plant efficiency (low homing ability of stem cells and
high apoptosis rate), as well as concerns regarding the
ethics (source of cell donation) of stem cell transplants,
are unresolved [39, 41, 42]. Exosomes do not have these
issues and have a wider range of sources and additional
functions, such as repairing impaired MSCs and inducing
osteogenic differentiation. In addition, exosomes are not
immunogenic because they lack MHCI and MHCII pro-
teins [39, 41]. Exosomes, or extracellular vesicles, play a
key role in bone repair through cellular communication,
and MSCs function through paracrine mechanisms [13,
42, 43]. Various nucleic acids (such as miRNAs, IncRNAs,
and piRNAs), proteins, lipids, and other active molecules
in exosomes stimulate bone repair via differentiation
induction, osteoblast proliferation, apoptosis inhibition,
angiogenesis promotion, and immune regulation [13, 44]
(Fig. 14).

In general, existing osteoporosis treatment regimens
have limitations [2]. For example, the incidence of atypi-
cal fractures in clinical practice drastically increases with
prolonged bisphosphonate use in osteoporotic patients
after the first three-years of treatment [45]. Long-term
continuous hormone replacement therapy for postmeno-
pausal osteoporosis may cause serious adverse effects,
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Table 4 Process of the trim-and-fill method for Tb. Th (filled meta-analysis)

Method Pooled Est 95% Cl Asymptotic No. of studies
Lower Upper zvalue P value

Fixed 2.099 1.664 2.533 9.468 0.000 13

Random 3253 2.025 4481 5.191 0.000

Test for heterogeneity: Q=86.380 on 12 degrees of freedom (P=0.000). Moment-based estimate of between studies variance =4.089
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Chen 2018 trial1 183.732 14354 10 259809 15789 10 106%
Wang 2022 155172 24631 5 357143 51.724 5 7.7%
Chen 2019 trial3 258.065 2.58 9 289.032 10.323 9 11.2%
Chen 2019 trial2 313725 19608 6 375817 16.34 6 105%
Qiu 2021 648175 70.073 8§ 884672 96.35 8 121%
Xiao 2021 1,266.23 409.09 10 2,259.74 33117 10 128%
Lu 2020 195.233 4974 5 211399 7.461 5 109%
Gong 2020 459.091 133978 5 616116 1155 5 123%
Total (95% Cl) 73 73 100.0%
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Fig. 11 Forest plot of Th. Sp

including breast cancer, endometrial hyperplasia, and
venous thromboembolism [46—48]. Sudden cessation of
denosumab leads to a rebound phenomenon, while long-
term calcitonin use increases the risk of cancer [48]. In
contrast, treatment of osteoporosis with various aeti-
ologies using exosomes has high efficacy, and currently,
there are no reported side effects. The increase in Tb. N
and Tb. Th and decline in Tb. Sp observed in this meta-
analysis revealed the improvement in spatial morphology
and structure of bone trabecula. The increase in bone
strength in cortical bones was well demonstrated by the
increase in Ct. Th, and BMD subgroup analysis of ani-
mal models (Fig. 4B) confirmed the efficacy of exosomes
in treating osteoporosis. The different results in the sub-
groups suggest that exosome efficacy in the context of
osteoporosis depends on different stimuli. The mecha-
nism may be related to the upregulation or downregu-
lation of active components, particularly microRNAs.
Similarly, it was speculated that the subject’s sex may also
affect the exosome treatment efficacy based on the analy-
sis of the sex-based BV/TV subgroup.

Subgroup analyses of Tb. N (Additional file 2: Fig. S1),
Tb. Th (Additional file 2: Fig. S2), Tb. Sp (Additional
file 2: Fig. S3), and Ct. Th (Additional file 2: Fig. S4)
were separately performed based on animal model, sex,
exosome source, and administration route. Despite the
high heterogeneity, we hypothesised that the efficacy of

-20 -10 0 10 20
Favours [experimental] Favours [control)

exosome therapy may vary with these influencing fac-
tors, and that the variation likely results from different
bioactive substances and their specific signal transduc-
tion pathways. However, this hypothesis needs to be
supported by more well-designed studies with high-
quality data to increase data homogeneity and reliabil-
ity. Similarly, many factors related to exosome efficacy
were neither analysed nor discussed owing to insufficient
experimental quantity, limited sample size, and inconsist-
ent study design (injection volume, injection frequency,
and treatment cycle).

In addition, considering the differences between ESCs
and MSCs, we reanalysed the data of the included six
outcome assessment indices after rejecting the study
on ESC-derived exosomes. Compared with the results
before rejecting said study, despite minor data growth
and reduction in pooled analysis results and heterogene-
ity, there were still significant differences in all observed
indicators, which showed the therapeutical effect of
exosomes derived from MSC in rat models of osteo-
porosis (Additional file 2: Fig. S5). The only study that
focused on ESC-derived exosomes also came to a similar
conclusion that this kind of exosome has certain thera-
peutic benefits. Moreover, it is difficult to determine the
effect differences between exosomes derived from differ-
ent stem cells as research on this subject is inadequate at
present.
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This meta-analysis has certain limitations. Studies con-
ducted in other countries typically used exosomes from
sources unqualified for this review, or exosomes modu-
lated by genetic manipulation, which also disqualified
them for the purposes of this review; consequently, all
studies included in this review were conducted in China,
which inevitably introduced a level of bias. Therefore,
constant attention should be paid to related studies in
order to update the analysis in the future, reducing the
bias of the results. Another limitation of this article is
that the quality of the included studies may vary owing
to the lack of detailed methodological records. Further-
more, the high heterogeneity caused by injection dosage
and frequency, treatment cycle, and other factors needs
to be considered and improved in some indices. Stand-
ardised experimental conditions are required to ensure
homogeneity. Additionally, the metric indicators were
simplistic and only reflected the changes in bone mass
and strength. Finally, all the trials were conducted in ani-
mal models; therefore, translating the results into clinical
studies requires further investigation.

Conclusions

This meta-analysis compared the efficacy of exosomes
derived from stem cells in the context of osteoporosis
(compared with a placebo) using six bone-related indi-
cators. The overall results demonstrated that exosome
therapy has a beneficial effect in treating osteoporosis
in murine models. However, the potential usefulness of
exosomes to treat osteoporosis in humans remains to
be explored in larger, more biologically relevant animal
models, and further investigation is required to under-
stand the possible mechanisms of action. In addition,
there needs to be a consensus in the scientific community
regarding a research plan and technical route to improve
data homogeneity for studies in this field. This will ensure
reliable results. Further studies should be conducted
to confirm the optimal therapeutic conditions for exo-
some therapy, including dosage, concentration, treatment
cycle, and other aspects. More research using extracellu-
lar vesicles is required before exosome therapy for osteo-
porosis for successful translation to clinical trials.

Table 5 Process of the trim-and-fill method for Tb. Sp (filled meta-analysis)

Method Pooled Est Asymptotic No. of studies
zvalue Pvalue

Fixed —3074 —10.655 0.000 10

Random —3613 —6.39% 0.000

Test for heterogeneity: Q=86.380 on 12 degrees of freedom (P=0.000). Moment-based estimate of between studies variance =4.089
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Experimental Control Std. Mean Difference Std. Mean Difference
i IV, Random, 95% C1 IV, Random, 95% C1

Chen 2019 trial1 133014 2871 10 10622 3828 10 100%  7.58(4.82,10.35) —
Chen2019tial2 222222 13072 6 179739 8163 6 11.9% 3.60(1.51,5.69) —
Chen2019tial3 136913 1006 9 118792 2013 9 7.0%  10.85(6.73,14.96] 4
Gong 2020 179622 32884 5 167.017 23488 5 140% 0.40 -0.86, 1.66) N
Hu 2020 trialt 131944 4167 8 125 2778 10 142% 1.91(0.75,3.08) E—
Hu 2020 trial3 132192 274 9 126342 274 9 140% 2.38(1.10, 3.66] =t
Lu 2020 208485 3636 5 208485 4848 5 141% 0.00(1.24,1.24) S
Xiao 2021 12087 9098 10 120779 7792 10 147% 1.03(0.08,1.97) S
Total (95% CI) 62 64 100.0% 2.76[1.30,4.23] i
Heterogeneity: Tau®= 3.56; Chi*= 53.92, df = 7 (P < 0.00001); F= 87% i 3 5 y 1

Test for overall effect Z=3.70 (P = 0.0002)

Fig. 13 Forest plot of Ct. Th

Q

immobility

SECONDARY

Sources: adipose tissue,

bone marrow, urea,
umbilical cord ...

4553@ Cellular

communication

®
O Apoptosis
y &

‘noregulation

isorder

RESTORE

Favours [experimental) Favours [control]

Functions:
‘@ Differentiation

= induction

£

.

Angiogenesis
promotion

Qs Osteoblast
i)

O ; :
A= y=3 =) proliferation
MSCs ooo
Fig. 14 Summary graph illustrating the pathogenesis of osteoporosis and mechanism of exosome formation and release. MSCs, mesenchymal
stem cells

Abbreviations

ADSC
BMD
BMSC
@]
Ct.Th
ESC
Est
hESC
HU
hucMSC
%
MSC
OVX

Adipose tissue-derived mesenchymal stem cell
Bone mineral density

Bone marrow-derived mesenchymal stem cell
Confidence interval

Cortical thickness

Embryonic stem cell

Estimate

Human embryonic stem cell

Hindlimb unloading

Human umbilical cord

Intravenous

Mesenchymal stromal cell

Ovariectomy

SAMP8
SD

SEM
SMD

STZ
Tb.BV/TV

Tb.N
Tb. Sp
Tb.Th
TS
usc
VCF
WMD

Senescence-accelerated mouse prone eight
Standard deviation

Standard error of the mean

Standardised mean difference
Streptozotocin

Trabecular bone volume/tissue volume fraction or bone volume
fraction (BVF)

Trabecular number

Trabecular separation

Trabecular thickness

Tail suspension

Urine-derived stem cell

Vertebral compression fracture

Weighted mean difference



He et al. Stem Cell Research & Therapy (2023) 14:72

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-023-03317-4.

Additional file 1. Search strategy.
Additional file 2. Subgroup analysis and forest plots.

Acknowledgements
Thanks to all the colleagues who helped this study.

Author contributions

XH contributed to conceptualisation, methodology, formal analysis, and writ-
ing (original draft preparation). YW was involved in data curation and provided
software. ZL and YW were involved in visualisation and investigation. SC, QP,
YL, and HW provided software and contributed to validation and supervision.
SL and HY were involved in conceiving the idea, reviewing, editing, and finalis-
ing the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the Natural Science Foundation of Fujian
Province, China (grant number 2021J01268), and the Science and Technology
Bureau of Quanzhou (grant number 2020CT003).

Availability of data and materials
All data generated or analysed during this study are included in this published
article and its supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 October 2022 Accepted: 29 March 2023
Published online: 11 April 2023

References

1. Lane JM, Russell L, Khan SN. Osteoporosis. Clin Orthop Relat Res.
2000;372:139-50. https://doi.org/10.1097/00003086-200003000-00016.

2. Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C, Stenmark
J, et al. Osteoporosis in the European Union: medical management,
epidemiology and economic burden. A report prepared in collaboration
with the International Osteoporosis Foundation (IOF) and the European
Federation of Pharmaceutical Industry Associations (EFPIA). Arch Osteo-
poros. 2013;8:136. https://doi.org/10.1007/511657-013-0136-1

3. Liang B, Burley G, Lin S, Shi YC. Osteoporosis pathogenesis and treatment:
existing and emerging avenues. Cell Mol Biol Lett. 2022;27:72. https://doi.
org/10.1186/s11658-022-00371-3.

4. WangY,TaoY, Hyman ME, Li J, ChenY. Osteoporosis in china. Osteoporos
Int. 2009,20:1651-62. https://doi.org/10.1007/500198-009-0925-y.

5. YuF, Xia W.The epidemiology of osteoporosis, associated fragility
fractures, and management gap in China. Arch Osteoporos. 2019;14:32.
https://doi.org/10.1007/511657-018-0549-y.

6. Lin X, Xiong D, Peng YQ, Sheng ZF, Wu XY, Wu XP, et al. Epidemiology and
management of osteoporosis in the People’s Republic of China: current
perspectives. Clin Interv Aging. 2015;10:1017-33. https://doi.org/10.2147/
CIAS54613.

7. Ebeling PR, Akesson K, Bauer DC, Buchbinder R, Eastell R, Fink HA, et al.
The efficacy and safety of vertebral augmentation: a second ASBMR task

20.

21.

22.

23.

24.

25.

26.

Page 16 of 17

force report. J Bone Miner Res. 2019;34:3-21. https://doi.org/10.1002/
jbmr.3653.

Fleurence RL, Iglesias CP, Johnson JM. The cost effectiveness of bispho-
sphonates for the prevention and treatment of osteoporosis: a struc-
tured review of the literature. Pharmacoeconomics. 2007;25:913-33.
https://doi.org/10.2165/00019053-200725110-00003.

McCarthy J, Davis A. Diagnosis and management of vertebral compres-
sion fractures. Am Fam Physician. 2016;94:44-50.

. Black DM, Rosen CJ. Clinical practice. Postmenopausal osteoporosis. N

Engl J Med. 2016;374:254-62. https://doi.org/10.1056/NEJMcp1513724.

. Lu CH, Chen YA, Ke CC, Liu RS. Mesenchymal stem cell-derived extra-

cellular vesicle: a promising alternative therapy for osteoporosis. Int J
Mol Sci. 2021. https://doi.org/10.3390/ijms222312750.

. Tsourdi E, Langdahl B, Cohen-Solal M, Aubry-Rozier B, Eriksen EF,

Guanabens N, et al. Discontinuation of denosumab therapy for osteo-
porosis: a systematic review and position statement by ECTS. Bone.
2017;105:11-7. https://doi.org/10.1016/j.bone.2017.08.003.

. He XY, Yu HM, Lin S, Li YZ. Advances in the application of mesenchy-

mal stem cells, exosomes, biomimetic materials, and 3D printing in
osteoporosis treatment. Cell Mol Biol Lett. 2021;26:47. https://doi.org/
10.1186/511658-021-00291-8.

. Zhang, Bi J,Huang J, Tang Y, Du S, Li P. Exosome: a review of its classi-

fication, isolation techniques, storage, diagnostic and targeted therapy
applications. Int J Nanomed. 2020;15:6917-34. https://doi.org/10.2147/
1UN.5264498.

. Whitford W, Guterstam P. Exosome manufacturing status. Fut Med

Chem. 2019;11:1225-36. https://doi.org/10.4155/fmc-2018-0417.

. Cai PY, Zheng YL, Zhou YF, Wang WD, Li MM, Shi YC, et al. Research pro-

gress on the role of exosomes in obstructive sleep apnea-hypopnea
syndrome-related atherosclerosis. Sleep Med Rev. 2022,;66:101696.
https://doi.org/10.1016/j.smrv.2022.101696.

. LiuS, Liu D, Chen C, Hamamura K, Moshaverinia A, Yang R, et al. MSC

transplantation improves osteopenia via epigenetic regulation of
Notch signaling in lupus. Cell Metab. 2015;22:606—-18. https://doi.org/
10.1016/j.cmet.2015.08.018.

. Yang X, Yang J, Lei P Wen T. LncRNA MALAT1 shuttled by bone

marrow-derived mesenchymal stem cells-secreted exosomes alleviates
osteoporosis through mediating microRNA-34c/SATB2 axis. Aging.
2019;11:8777-91. https://doi.org/10.18632/aging.102264.

. Castano C, Mirasierra M, Vallejo M, Novials A, Parrizas M. Delivery of

muscle-derived exosomal miRNAs induced by HIIT improves insulin
sensitivity through down-regulation of hepatic FoxO1 in mice. Proc
Natl Acad Sci USA. 2020;117:30335-43. https://doi.org/10.1073/pnas.
2016112117,

Lai RC, Yeo RW, Lim SK. Mesenchymal stem cell exosomes. Semin Cell
Dev Biol. 2015;40:82-8. https://doi.org/10.1016/j.semcdb.2015.03.001.
Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD,
et al. The PRISMA 2020 statement: an updated guideline for reporting
systematic reviews. BMJ (Clin Res Ed). 2021;372:n71. https://doi.org/10.
1136/bmj.n71.

Page MJ, Moher D, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD,

et al. PRISMA 2020 explanation and elaboration: updated guidance
and exemplars for reporting systematic reviews. BMJ (Clin Res Ed).
2021;372:n160. https://doi.org/10.1136/bmj.n160.

Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE's risk of bias tool for animal studies. BMC Med
Res Methodol. 2014;14:43. https://doi.org/10.1186/1471-2288-14-43.
Vesterinen HM, Sena ES, Egan KJ, Hirst TC, Churolov L, Currie GL, et al.
Meta-analysis of data from animal studies: a practical guide. J Neurosci
Methods. 2014;221:92-102. https://doi.org/10.1016/jjneumeth.2013.
09.010.

Chen CY, Rao SS, Tan YJ, Luo MJ, Hu XK, Yin H, et al. Extracellular vesicles
from human urine-derived stem cells prevent osteoporosis by transfer-
ring CTHRC1 and OPG. Bone Res. 2019;7:18. https://doi.org/10.1038/
s41413-019-0056-9.

Gong L, Chen B, Zhang J, Sun'Y, Yuan J, Niu X, et al. Human ESC-

sEVs alleviate age-related bone loss by rejuvenating senescent

bone marrow-derived mesenchymal stem cells. J Extracell Vesicles.
2020;9:1800971. https://doi.org/10.1080/20013078.2020.1800971.


https://doi.org/10.1186/s13287-023-03317-4
https://doi.org/10.1186/s13287-023-03317-4
https://doi.org/10.1097/00003086-200003000-00016
https://doi.org/10.1007/s11657-013-0136-1
https://doi.org/10.1186/s11658-022-00371-3
https://doi.org/10.1186/s11658-022-00371-3
https://doi.org/10.1007/s00198-009-0925-y
https://doi.org/10.1007/s11657-018-0549-y
https://doi.org/10.2147/CIA.S54613
https://doi.org/10.2147/CIA.S54613
https://doi.org/10.1002/jbmr.3653
https://doi.org/10.1002/jbmr.3653
https://doi.org/10.2165/00019053-200725110-00003
https://doi.org/10.1056/NEJMcp1513724
https://doi.org/10.3390/ijms222312750
https://doi.org/10.1016/j.bone.2017.08.003
https://doi.org/10.1186/s11658-021-00291-8
https://doi.org/10.1186/s11658-021-00291-8
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.4155/fmc-2018-0417
https://doi.org/10.1016/j.smrv.2022.101696
https://doi.org/10.1016/j.cmet.2015.08.018
https://doi.org/10.1016/j.cmet.2015.08.018
https://doi.org/10.18632/aging.102264
https://doi.org/10.1073/pnas.2016112117
https://doi.org/10.1073/pnas.2016112117
https://doi.org/10.1016/j.semcdb.2015.03.001
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n160
https://doi.org/10.1186/1471-2288-14-43
https://doi.org/10.1016/j.jneumeth.2013.09.010
https://doi.org/10.1016/j.jneumeth.2013.09.010
https://doi.org/10.1038/s41413-019-0056-9
https://doi.org/10.1038/s41413-019-0056-9
https://doi.org/10.1080/20013078.2020.1800971

He et al. Stem Cell Research & Therapy

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2023) 14:72

Hu'Y, Zhang Y, Ni CY, Chen CY, Rao SS, Yin H, et al. Human umbilical
cord mesenchymal stromal cells-derived extracellular vesicles exert
potent bone protective effects by CLEC11A-mediated regulation of
bone metabolism. Theranostics. 2020;10:2293-308. https://doi.org/10.
7150/thno.39238.

Huang B, Su'Y, Shen E, Song M, Liu D, Qi H. Extracellular vesicles from
GPNMB-modified bone marrow mesenchymal stem cells attenuate
bone loss in an ovariectomized rat model. Life Sci. 2021;272:119208.
https://doi.org/10.1016/}.1fs.2021.119208.

LiL, Zhou X, Zhang JT, Liu AF, Zhang C, Han JC, et al. Exosomal miR-186
derived from BMSCs promote osteogenesis through hippo signal-

ing pathway in postmenopausal osteoporosis. J Orthop Surg Res.
2021;16:23. https://doi.org/10.1186/513018-020-02160-0.

Lu GD, Cheng P, Liu T, Wang Z. BMSC-derived exosomal miR-29a
promotes angiogenesis and osteogenesis. Front Cell Dev Biol.
2020;8:608521. https://doi.org/10.3389/fcell.2020.608521.

Qiu M, Zhai S, Fu Q, Liu D. Bone marrow mesenchymal stem cells-
derived exosomal MicroRNA-150-3p promotes osteoblast proliferation
and differentiation in osteoporosis. Hum Gene Ther. 2021;32:717-29.
https://doi.org/10.1089/hum.2020.005.

Wang Y, Zhou X, Wang D. Mesenchymal stem cell-derived extracellular
vesicles inhibit osteoporosis via MicroRNA-27a-Induced inhibition of
DKK2-mediated Wnt/B-catenin pathway. Inflammation. 2022;45:780-
99. https://doi.org/10.1007/510753-021-01583-z.

Xiao F, Zuo B, Tao B, Wang C, Li Y, Peng J, et al. Exosomes derived from
cyclic mechanical stretch-exposed bone marrow mesenchymal stem
cells inhibit RANKL-induced osteoclastogenesis through the NF-kB
signaling pathway. Ann Transl Med. 2021;9:798. https://doi.org/10.
21037/atm-21-1838.

Zhang L, Wang Q, Su H, Cheng J. Exosomes from adipose derived
mesenchymal stem cells alleviate diabetic osteoporosis in rats through
suppressing NLRP3 inflammasome activation in osteoclasts. J Biosci
Bioeng. 2021;131:671-8. https://doi.org/10.1016/j.,jbiosc.2021.02.007.
Zhang L, Wang Q, Su H, Cheng J. Exosomes from adipose tissues
derived mesenchymal stem cells overexpressing MicroRNA-146a
alleviate diabetic osteoporosis in rats. Cell Mol Bioeng. 2022;15:87-97.
https://doi.org/10.1007/512195-021-00699-4.

Tella SH, Gallagher JC. Prevention and treatment of postmenopausal
osteoporosis. J Steroid Biochem Mol Biol. 2014;142:155-70. https://doi.
0rg/10.1016/j.jsbmb.2013.09.008.

Kelsey JL. Risk factors for osteoporosis and associated fractures. Public
Health Rep. 1989. Washington, DC;104;Suppl:14-20

ShiYC, Baldock PA. Central and peripheral mechanisms of the NPY sys-
tem in the regulation of bone and adipose tissue. Bone. 2012;50:430-6.
https://doi.org/10.1016/j.bone.2011.10.001.

Jiang Y, Zhang P, Zhang X, Lv L, Zhou Y. Advances in mesenchymal
stem cell transplantation for the treatment of osteoporosis. Cell Prolif.
2021;54:212956. https://doi.org/10.1111/cpr.12956.

ShiYC, Worton L, Esteban L, Baldock P, Fong C, Eisman JA, et al. Effects
of continuous activation of vitamin D and Wnt response pathways

on osteoblastic proliferation and differentiation. Bone. 2007;41:87-96.
https://doi.org/10.1016/j.bone.2007.04.174.

Qi X, Zhang J, Yuan H, Xu Z, Li Q, Niu X, et al. Exosomes secreted by
human-induced pluripotent stem cell-derived mesenchymal stem cells
repair critical-sized bone defects through enhanced angiogenesis and
osteogenesis in osteoporotic rats. Int J Biol Sci. 2016;12:836-49. https://
doi.org/10.7150/ijbs.14809.

Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived
exosomes as a new therapeutic strategy for liver diseases. Exp Mol
Med. 2017;49:e346. https://doi.org/10.1038/emm.2017.63.

Xie Y, Hu JH, Wu H, Huang ZZ, Yan HW, Shi ZY. Bone marrow stem cells
derived exosomes improve osteoporosis by promoting osteoblast
proliferation and inhibiting cell apoptosis. Eur Rev Med Pharmacol Sci.
2019;23:1214-20. https://doi.org/10.26355/eurrev_201902_17014.
Baglio SR, Rooijers K, Koppers-Lalic D, Verweij FJ, Pérez Lanzéon M,

Zini N, et al. Human bone marrow- and adipose-mesenchymal stem
cells secrete exosomes enriched in distinctive miRNA and tRNA
species. Stem Cell Res Ther. 2015;6:127. https://doi.org/10.1186/
$13287-015-0116-z.

Michaélsson K, Aspenberg P. Postmenopausal osteoporosis. N Engl J
Med. 2016;374:2095. https://doi.org/10.1056/NEJMc1602599.

Page 17 of 17

46. Gambacciani M, Vacca F. Postmenopausal osteoporosis and hormone
replacement therapy. Minerva Med. 2004;95:507-20.

47. Levin VA, Jiang X, Kagan R. Estrogen therapy for osteoporosis in the
modern era. Osteoporos Int. 2018;29:1049-55. https://doi.org/10.1007/
s00198-018-4414-z.

48. Khosla S, Hofbauer LC. Osteoporosis treatment: recent developments and
ongoing challenges. Lancet Diabetes Endocrinol. 2017;5:898-907. https://
doi.org/10.1016/52213-8587(17)30188-2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.7150/thno.39238
https://doi.org/10.7150/thno.39238
https://doi.org/10.1016/j.lfs.2021.119208
https://doi.org/10.1186/s13018-020-02160-0
https://doi.org/10.3389/fcell.2020.608521
https://doi.org/10.1089/hum.2020.005
https://doi.org/10.1007/s10753-021-01583-z
https://doi.org/10.21037/atm-21-1838
https://doi.org/10.21037/atm-21-1838
https://doi.org/10.1016/j.jbiosc.2021.02.007
https://doi.org/10.1007/s12195-021-00699-4
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1016/j.jsbmb.2013.09.008
https://doi.org/10.1016/j.bone.2011.10.001
https://doi.org/10.1111/cpr.12956
https://doi.org/10.1016/j.bone.2007.04.174
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.7150/ijbs.14809
https://doi.org/10.1038/emm.2017.63
https://doi.org/10.26355/eurrev_201902_17014
https://doi.org/10.1186/s13287-015-0116-z
https://doi.org/10.1186/s13287-015-0116-z
https://doi.org/10.1056/NEJMc1602599
https://doi.org/10.1007/s00198-018-4414-z
https://doi.org/10.1007/s00198-018-4414-z
https://doi.org/10.1016/S2213-8587(17)30188-2
https://doi.org/10.1016/S2213-8587(17)30188-2

	Osteoporosis treatment using stem cell-derived exosomes: a systematic review and meta-analysis of preclinical studies
	Abstract 
	Background 
	Main text 
	Conclusion 

	Background
	Materials and methods
	Systematic review
	Search strategies
	Study selection criteria
	Inclusion criteria
	Exclusion criteria

	Required data extraction
	Quality assessment of included studies
	Statistical analysis

	Results
	Included studies
	Study characteristics
	Methodology quality and risk of bias
	Standard meta-analyses
	BMD
	BVTV
	Tb. N
	Tb. Th
	Tb. Sp
	Ct. Th


	Discussion
	Conclusions
	Anchor 29
	Acknowledgements
	References


