
S YS T E M AT I C  R E V I E W Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t    t p : / / c r e  a   t i 
v e  c  o  m  m  o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 /     .   

Zhou et al. Journal of Orthopaedic Surgery and Research           (2025) 20:27 
https://doi.org/10.1186/s13018-024-05403-6

Journal of Orthopaedic 
Surgery and Research

*Correspondence:
Ping He
582260761@qq.com
Jingsong Ren
1152819817@qq.com
Xiang Gao
xiangg@hospital.cqmu.edu.cn

Full list of author information is available at the end of the article

Abstract
Background To assess the therapeutic effects of mesenchymal stem cell (MSC)-derived exosome therapy on 
periodontal regeneration and identify treatment factors associated with enhanced periodontal regeneration in recent 
preclinical studies.

Methods Searches were conducted in PubMed, Cochrane Library, EMBASE, and Web of Science databases until 
October 10, 2024. A risk of bias (ROB) assessment was performed using the SYRCLE tool. Osteogenic-related 
parameters were used as the primary outcome measures.

Results In total, 1360 articles were identified, of which 17 preclinical studies were based on MSC-derived exosome 
therapy, and they demonstrated a beneficial effect on BV/TV (SMD = 13.99; 95% Cl = 10.50, 17.48; p < 0.00001), CEJ-
ABC (SMD = -0.22; 95% Cl = -0.31, -0.13; p < 0.00001), BMD (SMD = 0.29; 95% Cl = 0.14, 0.45; p = 0.0002), and Tp.Sp (SMD 
= -0.08; 95% Cl= -0.15, -0.02; p = 0.02) compared with the control group. However, no significant differences were 
observed in Tp.Th (SMD = 0.03; 95% CI = 0.00, 0.07; p = 0.09) between the exosome-treated group and control group. 
Additionally, subgroup analysis indicated that preconditioned exosomes (p = 0.03) significantly improved BV/TV. In 
contrast, there were no significant differences in the enhancement of BV/TV with respect to the application method 
(p = 0.29), application frequency (p = 0.10), treatment duration (p = 0.15), or source of MSCs (p = 0.31).

Conclusions MSC-derived exosomes show great promise for enhancing the quality of periodontal regeneration. 
However, more standardized and robust trials are needed to reduce heterogeneity and bias across studies and to 
confirm the therapeutic parameters associated with the enhancement of periodontal regeneration by MSC-derived 
exosomes.

Registration CRD42024546236.
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Introduction
Periodontitis, a chronic infectious disease, is caused by 
exogenous bacterial invasion and endogenous immune 
dysregulation [1, 2]. It is primarily characterized by the 
inflammatory destruction of periodontal supporting tis-
sues, including the periodontal ligaments and alveolar 
bone, eventually leading to tooth loss [3]. In addition, 
periodontitis has been linked to 57 systemic diseases, 
including cardiovascular disease, diabetes, chronic 
inflammatory bowel disease, and Alzheimer’s disease [4]. 
Therefore, periodontitis imposes a significant burden on 
the healthcare systems [5]. The therapeutic approach to 
periodontitis is focused on preventing further disease 
progression, mitigating clinical symptoms and patient-
reported discomfort, promoting potential tissue regen-
eration, and supporting the long-term preservation 
of healthy periodontal tissues [6]. Eliminating plaque-
retentive factors that contribute to periodontal disease 
progression is crucial. For instance, root anatomical fea-
tures such as enamel pearls and palatal grooves can be 
removed or recontoured to improve plaque control [7]. 
In addition, current clinical approaches to periodon-
tal treatment primarily include subgingival mechanical 
debridement of the dental plaque, use of both local and 
systemic pharmacological therapies, and various peri-
odontal surgical procedures [8–10]. However, despite 
these efforts, achieving complete and functional peri-
odontal tissue regeneration remains challenging [11].

Mesenchymal stem cells (MSCs) are capable of self-
renewal and differentiation into various lineages [12, 
13]. Owing to their immunomodulatory and antioxidant 
properties, MSCs have shown consistent and successful 
outcomes in the treatment of tissue regeneration [12, 14]. 
Dental stem cells such as periodontal ligament stem cells 
(PDLSCs) and dental pulp stem cells (DPSCs), along with 
a range of non-dental stem cells such as bone marrow 
mesenchymal stem cells (BMMSCs), have been shown to 
play important roles in periodontal regeneration [15–19]. 
However, the major difficulties in stem cell-based therapy 
for periodontal regeneration include dedifferentiation 
during MSCs expansion, reduced regenerative potential, 
post-transplantation immune cell phenotype instability, 
scarcity of autologous stem cells, and inherent risks asso-
ciated with allogeneic cell transplantation [20, 21].

Extracellular vesicles (EVs), which originate from cel-
lular membranes and are released into the extracellular 
space, play crucial roles in intercellular communication 
[22]. Based on their secretion processes and characteris-
tics, EVs can be classified into exosomes (Exos), derived 
from endosomes; microvesicles (MVs), originating from 
the plasma membrane; and apoptotic bodies (ApoEVs) 

[23, 24]. As an important component of EVs, exosomes 
consist of bilayer lipids and carry cargo-containing 
diverse molecules such as amino acids, proteins, and 
nucleic acids from their parent cells. With diameters 
ranging from 30 to 150 nm [25], exosomes exhibit thera-
peutic properties such as promoting cell proliferation, 
inducing stem cell migration, and reducing inflamma-
tion and pain, making them a promising tool for tissue 
regeneration [26]. Clinical trials have provided additional 
evidence of their safety and efficacy [27]. Owing to their 
low immunogenicity, high safety, and multifunctional 
bioactive properties, a growing body of research has 
demonstrated that exosomes derived from MSCs play a 
pivotal role in immunomodulation and hold great poten-
tial as alternatives to conventional MSC-based therapies 
[28–30].

Although numerous studies have highlighted the 
crucial role of MSC-derived exosomes in periodontal 
regeneration [28–30], there remains a notable lack of 
quantitative, systematic, and comprehensive analyses 
examining the relationship between MSC-derived exo-
somes and periodontal regeneration. Previous meta-
analyses have evaluated their efficacy, but have not 
thoroughly assessed the specific impact of various fac-
tors on periodontal tissue regeneration. In this study, we 
conducted a meta-analysis and systematic review to com-
prehensively assess animal models of periodontal regen-
eration while investigating key variables for optimizing 
preclinical trial designs to accelerate the translation of 
MSC-derived exosome therapy into clinical practice.

Materials and methods
This systematic review was conducted in accordance 
with the guidelines of the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) and 
PRISMA 2020 standards [31]. The protocol was officially 
registered in the PROSPERO database, which is part of 
the International Prospective Register of Systematic 
Reviews (CRD42024546236).

Search strategy
We conducted comprehensive searches of PubMed, 
Web of Science, and EMBASE using the Medical Subject 
Headings (MeSH) terms ‘exosomes’ and ‘guided tissue 
regeneration, periodontal’ for studies published before 
October 10, 2024. The complete search strategy is pre-
sented in Supplementary Table 1.

Eligibility criteria
The studies included in the meta-analysis met the fol-
lowing criteria: (1) they provided detailed procedures 
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for establishing periodontitis or periodontal defect mod-
els in animals; (2) they comprehensively described the 
methodologies for isolating and characterizing exosomes 
from MSCs; (3) the treatment group received either exo-
somes alone or exosomes with biomaterial assistance, 
while the control group was administered PBS or alterna-
tive dressings; (4) they reported on one or more available 
outcomes, such as bone volume/total volume (BV/TV), 
cemento-enamel junction and alveolar bone crest (CEJ-
ABC), bone mineral density (BMD), trabecular thickness 
(Tb.Th), and trabecular separation (Tb.Sp).

Studies excluded from the meta-analysis met the fol-
lowing criteria: (1) articles not published in English; 
(2) non-randomized controlled trials, such as reviews, 
commentaries, editorials, case reports, or conference 
abstracts; (3) exosomes not derived from MSCs; and (4) 
unavailable or non-extractable data.

Study selection
After removing the duplicates, the remaining references 
were screened in detail. The initial selection was made 
by reviewing the titles and abstracts. Subsequently, stud-
ies that met the preliminary criteria were subjected to a 
thorough full-text review based on the pre-established 
eligibility criteria. Two researchers independently per-
formed study selection, quality evaluation, and data 
extraction. In cases of disagreement, a third member was 
involved in the discussion to resolve issues.

Data extraction
Data were extracted from the full text, figures, tables, 
and supplements of eligible studies and were systemati-
cally listed in our pre-designed table by two independen 
tresearches. The extracted data included study charac-
teristics (authors, publication year), animal model char-
acteristics (sex, age, body weight, modeling method), 
intervention specifics (MSCs source of exosomes, modi-
fication type, concentration, frequency, and route of 
administration), study design (vehicles, sample size, 
duration of the follow-up), and outcomes (BV/TV, CEJ-
ABC, BMD, Tb.Th, and Tb.Sp). We initially contacted 
the authors via email to request for missing data (such 
as sample size and original data) where necessary. When 
numerical data were unavailable, we used the WebPlot-
Digitizer online application  (   h t  t p s  : / / a  p p  s . a u t o m e r i s . i o / w 
p d /     ) to extract data from the figures.

Quality assessment and risk of bias
The risk of bias was assessed using the Systematic 
Review Center for Laboratory Animal Experimentation 
(SYRCLE) tool, which is specifically designed for ani-
mal studies [32]. This tool evaluates bias across several 
domains: sequence generation (selection bias), baseline 
characteristics (selection bias), allocation concealment 

(selection bias), random housing (performance bias), 
blinding against personnel (performance bias), random 
outcome assessment (detection bias), blinding against 
detection bias (detection bias), incomplete outcome data 
(attrition bias), selective outcome reporting (reporting 
bias), and other sources of bias.

Statistical analysis
The data were standardized as the standardized mean dif-
ference (SMD) and analyzed using the Cochrane Review 
Manager 5.4. As all outcomes were continuous, effect 
estimates are presented as SMDs with 95% confidence 
intervals (CIs). Heterogeneity among eligible studies was 
assessed using the I² statistic. P < 0.05 was considered sta-
tistically significant. Subgroup analysis and heterogeneity 
exploration were conducted to explore potential sources 
of variability. A random-effects model was employed in 
the meta-analysis, which accounted for the significant 
heterogeneity due to clinical and methodological differ-
ences [33]. Subgroup analyses included factors, such as 
exosome modification, biomaterial-assisted delivery, exo-
some source, treatment frequency, and treatment timing.

Results
Search results
Figure  1 presents a flowchart detailing the comprehen-
sive selection process for the eligible studies. A total of 
1360 articles were initially identified from PubMed, 
EMBASE, and Web of Science databases. After remov-
ing duplicates, 803 studies were included in the analysis. 
Ultimately, 17 preclinical studies that met the inclusion 
criteria and reported the efficacy of MSC-derived exo-
somes in animal models of periodontal regeneration were 
included in the meta-analysis.

Study characteristics
The reviewed articles, published between 2019 and 2024, 
indicated a growing interest in MSC-derived exosomes 
for periodontal regeneration. The characteristics and 
application protocols of the exosomes in each selected 
study are detailed in Tables  1 and 2, respectively. Vari-
ous animal models were employed, with Sprague Dawley 
(SD) rats being the most frequently used (n = 11), fol-
lowed by C57BL/6 mice (n = 4), Wistar rats (n = 1), and 
Beagles (n = 1). In terms of the disease model, nine stud-
ies focused on periodontal defects, six on periodontitis, 
and two on both. Exosomes were sourced from different 
MSCs, including dental stem cell-derived exosomes in 
11 studies and non-dental stem cell-derived exosomes 
in 6. Among the dental stem cell-derived exosomes 
were PDLSCs (n = 6), DFSCs (n = 2), human exfoliated 
deciduous teeth (SHEDs) (n = 2), and apical papilla stem 
cells (SCAPs) (n = 1). For non-dental stem cell-derived 
exosomes, BMMSCs were the most common (n = 5), 
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with one study using umbilical cord mesenchymal stem 
cells (UCMSCs) (n = 1). All 17 studies used local exo-
somes either through local injection or in combination 
with biomaterials to promote periodontal regeneration. 
The frequency of exosome therapy varied, including a 
single administration, administration every three days, 
and weekly administration. The sample collection time 
ranged from 10 days to 8 weeks across trials.

Risk of bias
The overall and individual study results of the SYRCLE 
bias risk assessment are shown in Supplementary 
Fig.  1. Generally, the risk of bias in most eligible stud-
ies was unclear. Several articles mentioned that the ani-
mal groups were assigned randomly; however, detailed 
descriptions of the randomization procedure and allo-
cation concealment methods were not provided. All the 
articles indicated that the baseline characteristics of the 
intervention and control groups were comparable at the 
beginning of the experiment. Only one trial reported per-
sonnel blinding. None of the studies revealed selective 
reporting or other sources of bias.

Meta-analysis
Seventeen studies were included in this meta-analysis, 
focusing on five primary outcomes: BV/TV from four-
teen studies, CEJ-ABC from five studies, BMD from 
three studies, Tb.Th from three studies, and Tb.Sp from 
three studies.

BV/TV
In our meta-analysis, 14 eligible studies reported the 
BV/TV as an outcome measure. Overall, there was a 
significant increase in BV/TV with EVs (SMD = 13.99; 
95% Cl = 10.50, 17.48; p < 0.00001) in comparison to 
the control group (Fig.  2), although there was relatively 
high heterogeneity (I2 = 97%). Among these studies, 11 
demonstrated beneficial effects in the exosome group 
compared to the control group, whereas three showed 
no significant differences. The symmetry of the fun-
nel plot suggests a low risk of publication bias among 
the included studies (Supplementary Fig. 2). We further 
conducted a subgroup analysis to examine the effects 
of various factors, including pretreatment, application 
method, injection frequency, treatment duration, and 
types of mesenchymal cells (Table  3). Notably, studies 

Fig. 1 Flow diagram for the study selection procedure
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utilizing pretreatment as a means of EV modification 
(SMD = 21.84; 95% Cl = 13.18, 30.50; p < 0.00001) showed 
a significant improvement (p < 0.00001) in BV/TV com-
pared to those without pretreatment (SMD = 11.15; 95% 
CI = 6.80, 15.50; p < 0.00001) (Supplementary Fig.  3). 
Among the six studies that investigated pretreated MSC-
derived exosomes, various methods were explored, 
including gene transfection, 3D culture, cytokine stimu-
lation, and physical stimulation. Nonetheless, no sta-
tistically significant differences were observed between 
the use and non-use of bioactive materials, despite both 
contributing to improvements in BV/TV (p = 0.29) (Sup-
plementary Fig.  4). Subgroup analysis revealed no sig-
nificant differences in BV/TV with respect to application 

frequency (p = 0.10) (Supplementary Fig.  5), treatment 
duration (p = 0.15) (Supplementary Fig. 6), or MSC type 
(p = 0.31) (Supplementary Fig. 7).

CEJ-ABC
Five articles reported CEJ-ABC with means and SDs. 
 CEJ-ABC is an important indicator of alveolar bone 
resorption, and its measured distance directly reflects 
the extent of resorption. The application of MSC-derived 
exosomes effectively reduced the distance between the 
 CEJ-ABC, as shown by the SMD and its 95% CI (SMD = 
-0.22; 95% Cl = -0.31, -0.13; p < 0.00001). However, het-
erogeneity testing showed that I2=98%, indicating a high 
level of heterogeneity (Fig. 3).

Table 1 The main characteristics of all included articles
Study Year Species;

Gender
Age/Weight Sample sizes (treat-

ment/ control)
Defects type Relevant outcomes Healing 

time (weeks)
Lai et 
al.

2023 C57BL/6
male

8 weeks
20–25 g

18mices
(3Gs,6/G)

periodontitis BV/TV、BMD、CEJ-ABC 10d

Wu et 
al.

2019 SD rats
male

8 weeks 40 rats
(4Gs,10/G)

periodontal defect
4 × 2 × 1.5 mm3

BV/TV 4w

Zhao 
et al.

2022 SD rats
male

250–300 g 9 rats
(3Gs,6/G)

periodontal defect
2 × 1 × 0.8 mm3

BV/TV 4w

Zhang 
et al.

2022 C57BL/6 
mice
male

Two month-old 24 mices
(4Gs, 6/G)

periodontitis BV/TV 14d

Yu et 
al.

2022 SD rats
male

150–180 g 15 rats
(3Gs, 5/G)

periodontal defect BV/TV 6w

Yue et 
al.

2022 SD rats
male

250 to 300 g,
9 to 10 weeks

20rats
(2Gs, 10/G)

periodontitis BV/TV 3 W

Huang 
et al.

2022 beagle 
dogs

1-year-old
10 kg

4 beagle dogs
(4Gs,2/G)

periodontal defects
2 × 3 × 6 mm3

BV/TV、Tb. Sp、PDL 8w

Chew 
et al.

2019 SD rats 
male

10 weeks
289 to 413 g

18 rats
(3Gs, 12/G)

periodontal defect
2 × 2 × 1.5 mm3

BV/TV、Tb.Sp、Tb.Th、Tb.N、PDL 2 W、4 W

Sun et 
al.

2023 SD rats 
male

Eight-week-old
(250 ± 10 g)

10 rats
(2Gs,5/G)

periodontal defect
4 × 4 × 1 mm3

BV/TV、Tb.Sp、Tb.Th、Tb.N 6 W

He et 
al.

2023 Wistar 
rats
male

6 weeks 48 Wistar rats
(4Gs,6/G)

periodontal defect
3 × 1.5 × 1.5 mm3

BV/TV、BMD 8 W

Ma et 
al.

2022 SD rats 
male

12-week-old 72 rats
(3Gs,24/G)

periodontal defect
3 × 2 × 1 mm3

BV/TV、Tb.Th 2、4、8w

Yu et 
al.

2020 SD rats 
male

150–180 g (4Gs,8/G) periodontal defect
4 × 3 × 2 mm3

BV/TV 3、6w

Lei et 
al.

2021 SD rats 
male

10-week-old
103 to 120 g

36rats
(n = 6、6、6、9、9)

periodontitis
periodontal defect
3 × 1.5 × 2 mm

BV/TV 4w

Niu et 
al.

2024 C57BL/6 
mice 
female

6–8 weeks 40 mice
(5Gs,8/G)

periodontitis CEJ-ABC 4w

Xiang 
et al.

2024 SD rats 
male

8 weeks, weight: 
200–250 g

40 mice
(5Gs,8/G)

Periodontitis CEJ-ABC 4w

Ming 
et al.

2024 female 
SD rats

8 week Twenty-four
(4Gs,6/G)

Periodontitis
periodontal defect
2.5 × 1.5 mm

CEJ-ABC、BMD、BV/TV、Tb.N 4w

Yu et 
al.

2024 C57BL/6 
male

8 weeks Twelve
(4Gs,3/G)

Periodontitis CEJ-ABC、BV/TV 2w、4w

Abbreviations = BV/TV: bone volume/total volume; CEJ-ABC: cementoenamel junction and alveolar bone crest; BMD: bone mineral density; Tb.Th: trabecular 
thickness; Tb.Th: trabecular separation; Tb.N: trabecular number
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Table 2 Summary of application protocols for the exosomes of all included articles
Study Source of 

exosomes
Preconditioning Exosome 

concentration
Frequency Route of administration Vehicle

Lai et al. rBMSCs miR − 26a 50 µg/mL every three 
days

injected into the periodontal region PBS

Wu et al. SHEDs / 100 µg once implant to the periodontal defect β-TCP
Zhao et al. PDLSCs / 2 µg/µL once implant to the periodontal defect Gel-Alg hydrogel
Zhang et al. SCAPs / 5 mg/time every three 

days
injected into the periodontal region PBS

Yu et al. PDLSCs 3D cultured 1 µg/µL once injected into the periodontal region Matrigel™
Yue et al. hBMSCs / 1.5 µg/time every week injected into the periodontal region saline
Huang et al. DFSCs LPS 200 µg /time once a week injected into the periodontal pocket hyaluronic acid (HA)
Chew et al. hMSCs / 40 mg /time once implant to the periodontal defect collagen sponges
Sun et al. hUCMSCs / 1 µg/mL once implant to the periodontal defect 3D-printed SF/COL-I/nHA
He et al. rBMSCs CTNNB1 300 µg/mL once implant to the periodontal defectc PF127 hydrogel
Ma et al. DFSCs / 10 µg/mL once implant to the periodontal defect collagen sponges
Yu et al. PDLSCs / 100 µg/100 µL once injected in the periodontal defects microscale magneti-

cally stretched collagen 
hydrogels

Lei et al. PDLSCs / 150ug/ul once implant to the periodontal defect Matrigel、β-TCP
Niu et al. PDLSCs FoxO1 2 µg/µL three times a 

week
injected in the alveolar bone defects PBS

Xiang et al. PDLSCs Metformin 200 ug/time Once a week injected in the alveolar bone defects PBS
Ming et al. BMSCs / 200 µL/time twice a week injected in the alveolar bone defects PCc hydrogel
Yu et al. SHEDs Cu2+ 20 µL/time every other 

day
injected in the alveolar bone defects (Cu2+) and hyaluronic 

acid hydrogel
Abbreviations = rBMSCs: rat bone marrow mesenchymal stem cells; SHEDs: stem cells from human exfoliated deciduous teeth; PDLSCs: periodontal ligament stem 
cells; SCAPs: stem cells from apical papilla; hBMSCs: human bone marrow mesenchymal stem cells; DFSCs: dental follicle stem cells; hMSCs: human mesenchymal 
stem cells; hUCMSCs: human umbilical cord mesenchymal stem cells; BMMSCs: bone marrow mesenchymal stem cells; LPS: Lipopolysaccharide; PBS: phosphate-
buffered saline; β-TCP: β-Tricalcium Phosphate; Gel-Alg: Gelatin-Alginates; SF: silk fibroin

Fig. 2 Forest plot analysis evaluating the effects of MSC-derived exosome therapy on BV/TV compared with controls
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BMD
Three qualified studies were included for the evaluation 
of BMD. All of these factors showed a statistically signifi-
cant effect on BMD. Overall analysis showed that MSC-
derived exosomes enhanced BMD (SMD = 0.29; 95% 
Cl = 0.14, 0.45; p = 0.0002) (Fig. 4).

Tp.Th
Three studies demonstrated an effect on Tp.Th. No sig-
nificant difference was noted in Tp.Th between the exo-
some-treated group and the control group (SMD = 0.03; 
95% CI = 0.00, 0.07; p = 0.09), which may be influenced by 
the limitations of the available references (Fig. 5).

Tp.Sp
Tb.Sp was also reported in three studies, including five 
trials. The pooled results showed that in the exosome 
group, Tp.Sp was significantly lower compared to that 
in the control group (SMD = -0.08; 95% Cl= -0.15, -0.02; 
p = 0.02), indicating that MSC-derived exosomes reduced 
the average distance between trabeculae. A lower Tp.Sp 
value indicates denser and closer trabeculae, thereby 
enhancing the bone microarchitecture (Fig. 6).

Table 3 Subgroup analysis on BV/TV
Subgroup N Effect estimate I2 P* P**

Precondition Precondition 7 21.84(13.18–30.50) 97% p < 0.00001 P = 0.03
No precondition 17 11.15(6.80–15.50) 97% p < 0.00001

Application method Bioactive material delivery 19 14.14(9.86–18.42) 97% p < 0.00001 P = 0.29
Direct injection 5 10.31(4.73–15.89) 87% p < 0.00001

Treatment duration More than 4 weeks 16 15.52(11.16–19.88) 97% p < 0.00001 P = 0.15
Less than 4 weeks 10 10.75(5.92–15.58) 94% P < 0.00001

Application frequency Single application 17 15.29(10.81–19.76) 98% p < 0.00001 P = 0.1
Multiple applications 9 10.04(5.66–14.43) 90% p < 0.00001

Types of MSCs Dental stem cells 18 15.07(10.76–19.38) 97% p < 0.00001 P = 0.31
Non-dental stem cells 8 11.54(6.18–16.89) 95% p < 0.00001

p* value for heterogeneity within each subgroup. p** value for subgroups difference with meta-regression analysis. MSCs, mesenchymal stem cells

Fig. 4 Forest plot analysis evaluating the effects of MSC-derived exosome therapy on BMD compared with controls

 

Fig. 3 Forest plot analysis assessing the effects of MSC-derived exosome therapy on CEJ-ABC
 compared with controls
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Discussion
This meta-analysis aimed to examine the therapeutic 
potential of MSC-derived exosomes in pre-clinical mod-
els of periodontitis or periodontal defects based on the 
osteogenic indicators BV/TV, CEJ-ABC, BMD, Tb. Th, 
and Tb.Sp. Based on the findings of the 17 eligible stud-
ies, MSC-derived exosomes were shown to significantly 
promote periodontal bone regeneration. However, our 
conclusions are limited by substantial heterogeneity 
among the studies. Although we could not identify the 
specific source of this heterogeneity through subgroup 
analysis, we observed that differences in modification 
methods, biological scaffolds, application frequency, 
treatment duration, and MSCs sources may influence 
periodontal tissue regeneration. Therefore, our study 
suggests that MSC-derived exosome-based treatments 
may be promising for periodontal regeneration and pro-
vides valuable insights for the optimization of preclinical 
study designs.

BV/TV is a key indicator of new bone formation and 
demonstrated a significant increase in most of the 
included studies [34]. CEJ-ABC can directly reflect the 
degree of alveolar bone resorption and has significant 
clinical value in the diagnosis and treatment of periodon-
tal disease. The use of exosomes significantly reduced the 
CEJ-ABC distance, thereby promoting periodontal tissue 
regeneration. BMD, which assesses the mineral content 
of bone tissue and indicates bone strength and quality, 
exhibited progress in our study. Moreover, it demon-
strated a reduction in Tb.Sp, indicating an enhancement 
of the trabecular structure in cancellous bone. Although 

only the effects of pre-treatment with BV/TV revealed 
significant differences in the subgroup analysis, we still 
consider that the therapeutic effects of exosome treat-
ment may be influenced by specific factors, leading to 
variations in different bioactive compounds and their 
associated signaling pathways. Collectively, these changes 
indicate improvements in bone health, providing crucial 
evidence for evaluating the efficacy of MSC-derived exo-
some therapy in the regeneration of periodontal bone 
tissue. However, only a limited number of studies have 
reported other periodontal tissues, such as the reforma-
tion of oriented periodontal ligament fibers and newly 
formed cementum, which are challenging but essential 
for achieving complete periodontal regeneration [35].

Although subgroup analyses of BV/TV did not reveal 
a significant difference between dental and non-dental 
stem cells, exosomes derived from different cell types 
can exert diverse effects under various physiological and 
pathological conditions, as well as in different microen-
vironments where the parental cells reside [25]. Dental 
stem cells were the most frequently used source of exo-
somes for periodontal regeneration in our study, likely 
because of their embryonic-like properties and homol-
ogy with oral tissue [36–38]. Among the 11 studies on 
exosomes derived from dental stem cells, six focused on 
PDLSCs, which are considered the most effective and 
well-documented stem cell-based therapies for alveolar 
bone regeneration [39–42]. Moreover, DFSCs located 
in the dental follicle are closely related to PDLSCs both 
developmentally and functionally, making them a popu-
lar choice for researchers [43]. BMMSCs from non-dental 

Fig. 6 Forest plot analysis evaluating the effects of MSC-derived exosome therapy on Tp.Sp compared with controls

 

Fig. 5 Forest plot analysis evaluating the effects of MSC-derived exosome therapy on Tp.Th compared with controls
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sources are also widely used for periodontal regeneration 
due to their self-renewal capabilities and the ability to 
differentiate into osteogenic lineages [44]. Although pre-
vious systematic reviews have demonstrated that MSCs 
can promote bone regeneration, exosomes derived from 
MSCs offer greater regenerative potential in both qual-
ity and quantity, likely because of their ability to carry 
a more diverse array of biomolecules such as proteins, 
RNA, and lipids, thereby contributing to improved heal-
ing outcomes [45–47]. Therefore, determining the most 
suitable source of exosomes derived from different stem 
cells for periodontal regeneration remains a challenge, as 
research on this topic is currently limited.

Given the advancements and success of exosome 
research, modified exosomes are attracting more atten-
tion than natural exosomes, primarily owing to their 

enhanced therapeutic efficacy, which can be attrib-
uted to higher yields, targeted delivery capabilities, and 
specialized components [48]. Consistently, our meta-
analysis demonstrated that studies involving modified 
MSC-derived small extracellular vesicles (MSC-sEVs) 
yielded superior outcomes in terms of BV/TV compared 
with those using unmodified MSC-sEVs. One of the main 
strategies for modifying MSC-derived exosomes is the 
preconditioning of parental cells, including techniques 
such as 3D or hypoxic culture, exosome engineering, 
inflammatory preconditioning, and mechanical stimu-
lation (Fig.  7) [49]. This preconditioning modifies the 
cargo of exosomes, including proteins and nucleotides, 
thereby enhancing the bioactive effects of MSC-derived 
exosomes on cell migration, proliferation, anti-inflam-
matory responses, angiogenesis, and osteogenesis, which 

Fig. 7 Various preconditioning methods and administration routes for MSC-sEV
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are essential for periodontal regeneration [50–53]. For 
instance, enhanced angiogenesis may be attributed to 
the activation of HMGB1/AKT signaling by the 3D cul-
ture of MSCs [54] and hypoxia-inducible factor (HIF-1α) 
[55]. A recent study constructed an engineered CXCR4-
overexpressing exosome loaded with miR-126 that effi-
ciently delivered its cargo to macrophages, relieving 
periodontitis and alleviating alveolar bone loss [56]. 
Cytokine preconditioning, such as tumor necrosis fac-
tor-alpha (TNF-α), interleukin-1β (IL-1β), and trans-
forming growth factor-β1 (TGF-β1), has been shown to 
enrich miRNAs in exosomes, including miRNA-299-3p 
[57], miR-146a [58], miRNA-147b [59] and miRNA-135b 
[60], which helps reduce inflammation and enhance bone 
regeneration. Highly expressed proteins in LPS-precon-
ditioned DFSC-sEVs are mainly involved in antioxidant 
and enzyme regulatory activities [61]. Additionally, low-
intensity pulsed ultrasound (LIPUS) presents a feasible 
and effective approach for mitigating inflammation and 
preventing bone resorption in the periodontal tissue by 
increasing the levels of miR-328-5p, miR-487b-3p [51], 
and miR-935 within exosomes [62]. Therefore, selecting 
appropriate modification techniques or a combination of 
multiple loading methods has proven to be effective in 
increasing the loading potential of exosomes [63]. How-
ever, the precise mechanisms underlying exosome modi-
fications aimed at optimizing therapeutic effects remain 
unclear and require further investigation [64].

Although all the included studies utilized the local 
application of exosomes in animal models to promote 
periodontal tissue regeneration, direct injection of exo-
somes into periodontal defects can lead to rapid release 
owing to exposure to saliva flow and periodontal pock-
ets, thereby hindering sustained therapeutic effects [65]. 
Therefore, achieving high loading efficiency and control-
lable retention stability of exosomes is crucial for acceler-
ating clinical translation applications [66]. Similarly, our 
meta-analysis confirmed that the combination of MSC-
derived exosomes with biomaterial-assisted scaffolds 
improved bone-healing efficacy compared to studies 
involving direct exosome injection. Bioactive ceramics, 
hydrogels, and synthetic polymers are widely used as 
scaffold materials in exosome delivery systems. Bioactive 
ceramics, such as hydroxyapatite (HA) and β-tricalcium 
phosphate (β-TCP), possess a mineral structure similar 
to that of natural bone, exhibiting excellent osteocon-
ductivity and osteoinductivity [67]. When combined 
with MSC-derived exosomes, they demonstrated supe-
rior alveolar bone formation in rat models of periodon-
titis compared to other scaffolds [67–69]. Hydrogels such 
as hyaluronic acid (HA), chitosan (CS), silk fibroin (SF), 
sodium alginate (ALG), and polyethylene glycol (PEG) 
are hydrophilic three-dimensional networks [63]formed 
from naturally derived or synthetic polymers [70]. These 

hydrogels show promise as scaffolds for exosome carriers 
because of their advanced biodegradability and biocom-
patibility [71]. However, rapid in vivo degradation and 
poor mechanical strength limit their application in tissue 
regeneration [72]. Environmentally responsive hydrogels 
and composite scaffolds have been developed to address 
this issue. For example, temperature-responsive PF127 
hydrogels and 3D-printed SF/COL-I/nHA scaffolds have 
shown excellent potential for promoting the regeneration 
of alveolar bone in periodontitis [73, 74]. The evolution 
of exosome delivery methods is advancing toward more 
intelligent, multifunctional, and sustainable approaches, 
driving further progress in regenerative medicine.

This meta-analysis has several limitations. First, a large 
proportion of the included studies was of relatively low 
quality, as assessed using the SYRCLE risk-of-bias tool, 
with many studies rated as ‘unclear.’ Second, although 
subgroup analyses were performed based on the sources 
of MSCs, physiological states, and culture conditions 
of MSCs, the use of scaffolds, treatment frequency, and 
healing time did not reduce the heterogeneity. There-
fore, the credibility of the positive effects of exosomes in 
periodontal tissue regeneration is limited. Third, animal 
models of periodontal defects or periodontitis may not 
fully replicate the pathophysiological changes observed 
in human periodontitis. Improving the construction of 
preclinical models is necessary to enhance their clinical 
relevance. Moreover, outcome measures are limited, pri-
marily focusing on the quality and quantity of periodon-
tal bone, while relatively few studies have addressed the 
regeneration of other periodontal structures, such as the 
cementum and periodontal ligament.

Conclusion
Through our systematic review and meta-analysis, we 
reached the preliminary conclusion that MSC-derived 
exosomes demonstrated significant efficacy in promot-
ing periodontal regeneration. However, to clarify the 
optimal source of exosomes, appropriate concentration, 
and ideal scaffold selection, as well as the frequency and 
duration of administration, future research should focus 
on conducting large-scale, high-quality, randomized con-
trolled trials with long-term follow-up. Additionally, the 
integration of engineered exosomes with tissue engineer-
ing strategies aimed at enhancing their circulation time, 
targeting ability, and drug delivery efficiency in vivo will 
further expand the potential applications of exosomes 
in periodontal tissue regeneration, thereby accelerating 
their clinical translation.
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