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Abstract 

Background  In recent years, the increasing incidence of osteoarthritis (OA) has attracted widespread public atten-
tion; however, the available effective treatments are limited. As a result, new therapeutic approaches, including stem 
cell and exosome therapies, have been proposed and are gradually gaining popularity. Because exosomes are immu-
nocompatible, there is thought to be more potential for their use in clinical settings. This study summarizes the effi-
cacy of exosomes in the treatment of OA.

Methods  In total, we conducted a comprehensive search of the PubMed, Web of Science, and Embase databases 
using medical subject headings terms to identify studies published from their inception until November 2023 
that investigated the use of stem cell-derived exosomes in treating OA. We focused on specific outcomes includ-
ing osteophyte score, chondrocyte count, pain level, qPCR and histological assessments such as the OARSI (Osteoar-
thritis research society international) score to measure cartilage degeneration. For data extraction, we used GetData 
Graph Digitizer to retrieve values from graphs, and the meta-analysis was conducted using RevMan 5.3 software. We 
chose mean difference (MD) as the primary effect measure since all included studies reported the same outcomes. 
Ultimately, 20 articles met the inclusion criteria and were included in the meta-analysis.

Results  We evaluated 20 studies comprising a total of 400 subjects. Compared with control groups, the exosome-
treated groups showed significantly improved histological outcomes, as measured by the OARSI score (n = 400; 
MD = −3.54; 95% CI = [−4.30, −2.79]; P < 0.00001; I2 = 98%). This indicates a marked reduction in cartilage degeneration 
and OA severity in the exosome-treated groups. Notably, exosome therapy was more effective when administered 
during the early stages of OA. Additionally, a once-weekly dosing schedule yielded better results compared to more 
frequent administrations. Of the three exosome isolation methods assessed, kit-based extraction demonstrated 
a trend toward superior therapeutic efficacy.

Conclusions  Exosome treatment improved OA compared to placebo treatment.
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Introduction
Osteoarthritis (OA) is a progressive degenerative joint 
disease that can result in a decline in an individual’s qual-
ity of life, physical disability, reduced joint function, and 
chronic joint pain [1]. This prevalent degenerative joint 
condition affects over 300 million individuals worldwide 
[2] and is a frequent cause of disability among the elderly 
population. This burdensome syndrome is expected to 
become more prevalent with the combined effects of an 
aging global population, obesity, and an increasing num-
ber of joint injuries [3]. Because its pathophysiology is 
not well understood, there are few effective therapeutic 
approaches available for treating OA. Currently, there are 
no disease-modifying osteoarthritis drugs (DMOADs) 
that can stop or reverse OA progression [4]. Therefore, 
developing a new therapeutic approach is especially 
significant.

Cell-based therapies, especially with MSCs, have 
gained attention for OA treatment [5–7]. While initially 
valued for tissue repair, MSCs mainly act by secreting 
cytokines and growth factors. However, most are rapidly 
cleared before reaching the target tissue [8, 9]. However, 
recent studies have shown that the consequences on the 
biology of stem cells are mainly paracrine, especially 
through the exosomes they produce [10]. Therefore, 
exosome-based therapy offers the option of "cell-free" 
therapy and may be a promising substitute for stem cell 
therapy for cartilage injury/OA. Among them, exosomes, 
a novel biocarriers, have received increasing attention in 
recent years for their role and therapeutic potential in 
OA.

Exosomes typically have diameters between 30 and 
150 nm and densities between 1.13 and 1.19 g ml−1 [11]. 
Trams et  al. reported that shedding membrane vesicles 
may have physiological functions and suggested that 
these vesicles are exosomes [12]. Exosomes mediate cell‒
cell communication and have been demonstrated in an 
expanding amount of research to play significant physio-
logical and pathological roles [13, 14]. In recent years, the 
initiative of exosomes in the pathophysiology and func-
tion of numerous physiological systems, as well as their 
potential for clinical therapy and diagnosis, has led to the 
rapid expansion of their biomedical uses [15]. Exosomes 
have been identified in OA studies from a variety of 
sources in joints, including tissue-specific MSCs, chon-
drocytes, osteoblasts, synovial fibroblasts (SFBs), tendon 
cells, infrapatellar fat pad adipocytes, and platelet-rich 
plasma (PRP), and they have been observed to change as 
OA progresses [16–18].

The study of extracellular vesicles (EVs), including 
exosomes, has gained significant attention in recent years 
due to their therapeutic potential. To ensure rigor in the 
reporting and characterization of exosomes in this field, 

it is important to adhere to the MISEV2023 (Minimal 
Information for Studies of Extracellular Vesicles) guide-
lines [19], which provide a framework for standardizing 
research on extracellular vesicles, including EV isola-
tion, characterization, and functional analysis. Although 
there are many researchers working on the use of stem 
cell-derived exosomes for the treatment of OA, most of 
these studies are preclinical in nature. To further analyze 
the effectiveness of this approach, this paper performs a 
meta-analysis and summarizes and updates in vivo stud-
ies using stem cell-derived exosomes to treat OA.

Methods
Data sources and search strategy
This systematic review and meta-analysis is registered 
in the International Prospective Register of Systematic 
Reviews (PROSPERO) trial registry (CRD42024503330). 
The systematic review and meta-analysis adhered to the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines [20]. The researcher 
independently conducted manual searches of publica-
tions from their publication until November 2023, using 
the Embase, PubMed, and Web of Science databases. The 
searches incorporated MeSH terms such as "extracellular 
vesicles (EVs)" or "exosomes," along with "osteoarthritis." 
The literature search strategy also employed free terms 
and Boolean operators (AND or OR) (Additional files 1: 
Table S1). Following the removal of duplicates, the initial 
phase of article selection was conducted by considering 
the abstract and title. The subsequent phase entailed a 
comprehensive evaluation of the complete articles, focus-
ing on pertinent information such as sample size, partici-
pants, study methodology, and intervention.

Study selection criteria
Inclusion Criteria (1) Studies involving OA animal mod-
els treated with stem cell-derived EVs or exosomes; (2) 
Studies that provided data on relevant outcomes such as 
OARSI score or osteophyte score; (3) Studies published 
in English; (4) Controlled trials;

Exclusion criteria (1) Lack of in  vivo testing; (2) 
Absence of an exosome treatment group or con-
trol group; (3) Combination therapies involving EVs/
exosomes and other drugs or treatments; (4) Review arti-
cles or conference abstracts without full-text availability; 
(5) Studies with no outcome data or incomplete data; (6) 
Studies for which full publications were not available;

Study selection
To streamline the process, the literature from each 
database was imported into Endnote, and any remain-
ing duplicates were eliminated. Subsequently, a metic-
ulous examination of titles and abstracts was carried 
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out to exclude literature that did not meet the required 
criteria, and the selected full-text papers were subse-
quently assessed for eligibility. The evaluation process 
involved the consideration of the most recent or exten-
sive study among multiple publications pertaining to 
the same trial. The authors exercised independent judg-
ment in determining which studies to include in the 
assessment, and any disagreements were referred to a 
second party for resolution.

Data extraction and quality assessment
Data from the selected studies were retrieved inde-
pendently by the authors, adhering to the predefined 
inclusion criteria. In instances of discordance regarding 
study selection or data extraction, the second author 
intervened to facilitate discussion and resolution. 
The data extracted for this meta-analysis included the 
authors’ names, the nation and year of publication, the 
kind, quantity, and sex of the animals, the method used 
to induce osteoarthritis (modeling technique), method 
of extracting exosomes, stem cell type, experimental 
and control group protocols, follow-up time of animal 
experiments, and outcome indicators.

The primary outcomes of interest included the 
OARSI score, which evaluates the severity of cartilage 
degeneration in osteoarthritis, with higher scores indi-
cating more extensive damage; the osteophyte score, 
which assesses the formation of bone spurs in the joint, 
with higher scores representing greater osteophyte 
development; and chondrocyte count, which measures 
the number of viable chondrocytes in the cartilage, 
reflecting cellular integrity and potential regenerative 
effects. Additionally, pain scores were used to quantify 
the level of discomfort in osteoarthritis models, with 
higher scores indicating more severe pain. qPCR results 
measured the gene expression of key markers, includ-
ing COL2A1 (collagen type II), which reflects cartilage 
matrix integrity, and MMP13 and ADAMTS5, both of 
which are associated with cartilage degradation. These 
outcomes were selected to evaluate the therapeutic effi-
cacy of exosome treatment in osteoarthritis models.

The study design encompasses various details, such 
as the origin of stem cell exosomes, the sample size 
in both experimental and control groups, the method 
and frequency of administration. In case any crucial 
research data or information is omitted from the paper, 
we will request the corresponding author to provide 
comprehensive data via email. To assess the quality of 
the included research studies, the Systematic Review 
Center for Laboratory Animal Experiments (SYRCLE) 
risk of bias tool was employed [21, 22].

Statistical analysis
The data in this study were collected and analyzed using 
GetData Graph Digitizer and Review Manager (RevMan) 
5.3. Means and standard deviations (SD) were obtained 
for key outcomes, including histological scores (such as 
the OARSI score), osteophyte formation, and chondro-
cyte count, for both the exosome and control groups. The 
mean difference (MD) and 95% confidence interval (CI) 
were determined for continuous data, calculated using 
the formula: MD = ∑(Xexosome − Xcontrol)/n where X 
represents the mean values and n the number of studies. 
Heterogeneity was assessed using the I2 test, with a value 
greater than 50% indicating the presence of heterogeneity 
between studies. If sufficient variation was found, a ran-
dom effects model was utilized.

Random effects models were commonly utilized in ani-
mal experiments. Subgroup analyses, sensitivity analyses, 
or other correlation analyses were conducted to compre-
hend and elucidate notable heterogeneity among trials. 
To verify the reliability of the findings, sensitivity analysis 
was performed using Stata. The evaluation of publication 
bias was carried out through the creation of funnel plots. 
A significance level of p < 0.05 was deemed indicative of 
statistical significance.

Results
Study selection
Figure 1 displays the flowchart of the study selection pro-
cess for the systematic evaluation and meta-analysis fol-
lowing the preferred reporting item. A thorough search 
of the PubMed, Embase, and Web of Science library data-
bases using MeSH terms and free words yielded 714, 584, 
and 542 studies, respectively, with no additional records 
from other sources. After 748 duplicates were eliminated, 
a total of 1092 records were evaluated, and 1047 were 
disqualified according to the abstract and title. A thor-
ough evaluation of the complete content of 45 potentially 
eligible papers was performed. Among these, 10 studies 
were excluded from the analysis owing to their lack of 
relevant results, two studies were disqualified for lacking 
adequate data, two studies were disqualified for lacking a 
control group, and five were disqualified for not having 
outcome markers. Ultimately, 20 eligible studies contain-
ing 22 comparisons [23–42] were included in the quanti-
tative analyses and meta-analyses.

Characteristics of included studies
The review included 20 studies reporting 22 compari-
sons from 2017, 2019, 2020, 2021,to 2022. Charac-
teristics of the included studies are shown in Table  1. 
Table  2 outlines the adherence of the selected stud-
ies to the MISEV2023 guidelines. Each aspect of the 
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guidelines was systematically evaluated, revealing that 
while many studies provided adequate information on 
isolation methods, several lacked comprehensive char-
acterization and functional testing data. This high-
lights the need for standardized practices in exosome 
research to enhance reproducibility and reliability.

16 of the trials were conducted in China, and the rest 
were in France, South Korea, Italy, and Iran. The total 
sample size had 726 animals, 399 rats (54.96%) and 327 
mice (45.04%), included Sprague–Dawley (SD) rats 
(n = 379, 52%), C57 mice (n = 272, 37%), CD rats (n = 20, 
3%), and BALB/C mice (n = 55, 8%). Characteristics of the 
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Fig. 1  PRISMA flow diagram of the literature search and selection of studies for meta-analysis
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subjects and all 22 experiments were collected and listed 
(Table  1), including (but not restricted to) the type of 
exosome, injection technique, age, sex, number, species, 
and sampling area of the animal model utilized. Twenty 
studies [23–42] modeled OA, and 12 studies [24, 25, 27, 
30, 31, 33, 35–38, 40, 41] modeled cartilage defects by 
surgery. Eight studies [23, 26, 28, 29, 32, 36, 42] modeled 
OA by injection of collagenase or sodium iodoacetate. 
One study modeled OA by injection of ciprofloxacin [39]. 
One study induced OA by cryotherapy [34]. Most stud-
ies used intra-articular injections for EV implantation, 
but one study used caudal vein injection in a lumbar OA 
model [30].

MSCs are derived from a variety of tissues. Table  3 
summarizes the characterization of exosomes derived 
from various studies. MSCs in eight studies were 
obtained from bone marrow [26, 29–32, 35, 39, 40]. 
One study used MSCs generated from embryonic stem 
cells [25]. Four studies used MSCs derived from syno-
vial tissue [24, 34, 37] and one study used MSCs derived 
from synovial fluid [33]. One study used urine-derived 
stem cells (USC) [41]. One study used human umbilical 
cord MSCs [38]. One study used amniotic fluid-derived 
MSCs [28]. One study used adipose tissue-derived MSCs 
[27, 36, 42]; in one study, MSCs were derived from the 
infrapatellar fat pad [27]; in another study, commercial 

adipose-derived MSCs [36]. One study used induced 
pluripotent stem cell-derived MSCs (iMSCs) and com-
pared them to synovial-derived MSCs (SMSCs) [23]. 
Another study used MSCs from bone marrow and com-
pared them to adipose-derived MSCs [39]. Three studies 
used extracellular vesicles and the rest used exosomes. 
Despite the fact that exosomes originate from the cells of 
various species, every study’s finding separately showed 
how well they worked to treat osteoarthritis in animal 
models. In every trial, the exosome-treated group and the 
placebo group were directly compared. Ultracentrifuga-
tion (n = 13, 59%) was the most commonly used method 
for exosome/EVs separation. Four studies used commer-
cially available kits (n = 4, 18%) [27, 29, 38, 39] and three 
studies used tangential flow filtration (TFF) (n = 3, 14%) 
[36] to isolate exosomes. Two research did not provide 
detailed instructions on how to isolate exosomes (n = 2, 
9%) [24, 34]. Exosomes were injected using two methods, 
intra-articular injection (n = 21, 95%) and tail vein injec-
tion (n = 1, 5%).

The included studies assessed three main outcomes to 
evaluate the efficacy of stem cell-derived exosomes in 
OA. First, histology—20 studies used the OARSI score 
[43] as an outcome of histologic assessment [28–47]. Sec-
ond, immunohistochemistry—12 studies used immuno-
histochemistry to assess the tissue expression of different 

Table 2  MISEV2023 guidelines adherence table

Study Isolation 
method

Characterization 
method

Size 
distribution

Surface 
marker 
analysis

Functional 
testing

Reporting 
clarity

Statistical 
methods

Adherence status

Zhu et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Tao et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Wang et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Cosenza et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Wu et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Zavatti et al Yes Yes Yes Yes No Yes Yes Partially adhered

Zhou et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Li et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Zhang et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

He et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Xu et al Yes Yes Yes Yes Yes Yes Yes Fully Adhered

Wang et al No Yes Yes Yes Yes Yes Yes Fully Adhered

Rong et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Woo et al Yes Yes Yes Yes Yes Yes Yes Fully Adhered

Wang et al Yes Yes Yes Yes Yes Yes Yes Fully Adhered

Tang et al Yes Yes Yes Yes Yes Yes Yes Fully Adhered

Hoda Fazaeli et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Jin et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Liu et al Yes Yes Yes Yes Yes Yes Yes Fully adhered

Li et al Yes Yes No Yes Yes Yes Yes Partially adhered
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proteins, including collagen type I, collagen type II, col-
lagen type X, IL-1, CD86, PCNA, VEGFA, Caspase-3, 
MMP-13, ACAN and ADAMTS5 [23–25, 27, 28, 30–36, 
38, 39, 41, 42]. Third, imaging assessment—Five studies 
analyzed bone parameters using microcomputed tomog-
raphy [26, 30, 31, 35, 40]. In addition to the above three 
outcome measures, osteophyte score [26, 31, 35], syno-
vial cytokine assay [37], pain assessment [30, 32], chon-
drocyte counts [24, 34, 37], and behavioral assessment 
[41] were also used to assess the efficacy of MSC-EVs. 
The follow-up period was 4–12  weeks. No significant 
side effects were observed in all subjects.

Methodological quality and risk of bias in research
The inclusion of studies was assessed based on the 
SYRCLE risk of bias tool. The evaluation of the qual-
ity of each study is presented in Table  4. The findings 
of the studies were classified into three categories: ’Yes’ 
denoting a low risk of bias, ’No’ indicating a high risk 
of bias, and ’U’ indicating an uncertain risk of bias. Fol-
lowing the assessment of the 10 criteria, a composite 
quality score was assigned to each piece of literature. 
Despite ensuring balanced and comparable animals 
across all animal studies, the descriptions of selection 
bias and measurement bias remained inconclusive. 

Only three studies provided comprehensive details 
regarding the allocation of hidden factors, while 
the randomized rearing methods were inadequately 
described. Furthermore, the methods of performance 
blinding and detection blinding were not sufficiently 
elucidated. Studies were considered to be free from bias 
of incomplete outcome data. In addition, six articles 
were unclear about other sources of bias. However, the 
combined assessment indicated that all of these studies 
shown little bias.

Standard meta‑analysis
Histological evaluation
The OARSI histological score was utilized in twenty 
studies to evaluate the histological quality of newly 
formed cartilage. These studies were based on the OA 
model and included a total of 22 comparisons. The 
statistical analysis revealed a significant difference 
in OARSI histological scores between the exosomes 
group and the control group (n = 400; MD = −3.54; 95% 
CI = [−4.30, −2.79]; P < 0.00001; I2 = 98%) (Fig. 2). Fur-
thermore, the funnel plot displayed asymmetry, indicat-
ing the presence of publication bias (Fig. 3). Sensitivity 
analyses were conducted to assess the robustness of the 
aforementioned findings (Fig. 4).

Table 3  Exosome characterization table

Study Size range (nm) Surface marker 
expression 
(CD63)

Surface marker 
expression 
(CD9)

Surface marker 
expression 
(CD81)

Exosome concentration (µg/mL) Morphology 
(TEM/SEM)

Zhu et al 50–200 nm ✔ ✔ Unknown ✔ TEM

Tao et al 30–150 nm ✔ ✔ ✔ ✔ TEM

Wang et al 38–169 nm ✔ ✔ Unknown 176.2 μg/mL TEM

Cosenza et al 223 ± 15.6 nm Unknown ✔ ✔ ✔ TEM

Wu et al 50–250 nm ✔ ✔ ✔ 2 × 10^9 particles/mL TEM

Zavatti et al Unknown ✔ ✔ ✔ Unknown Unknown

Zhou et al 30–150 nm ✔ ✔ Unknown Unknown TEM

Li et al 120.31 ± 15.28 nm ✔ ✔ Unknown ✔ TEM

Zhang et al about 140 nm ✔ ✔ Unknown 4 × 10^6/ml TEM

He et al about 153 nm ✔ Unknown Unknown 7.5 × 10^6/ml TEM

Xu et al 100–300 nm ✔ Unknown ✔ 1.8 × 10^6/ml TEM

Wang et al Unknown ✔ Unknown ✔ 10 × 10^11/ml TEM

Rong et al 50–150 nm ✔ ✔ ✔ 5 × 10^6/ml TEM

Woo et al about 86.46 nm ✔ ✔ ✔ ✔ TEM

Wang et al 95.01 ± 35.91 nm ✔ ✔ ✔ ✔ TEM

Tang et al about 80.48 nm ✔ ✔ ✔ 2.301 × 10^7 ± 1.774^7 particles/mL TEM

Hoda Fazaeli et al 30–150 nm ✔ Unknown ✔ Unknown TEM

Jin et al 50–150 nm ✔ ✔ Unknown Unknown TEM

Liu et al about 135.5 nm ✔ ✔ ✔ 5.1 × 10^10 particles/mL TEM

Li et al Unknown ✔ ✔ Unknown Unknown TEM
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Table 4  Results of the assessment of bias risk in animal studies

1. If the allocation sequence adequately generated and applied or not; 2. If the groups similar at baseline or were they adjusted for confounders in the analysis or not; 
3. the allocation to the different groups adequately concealed during or not; 4. If the animals randomly housed during the experiment or not; 5.If the caregivers and/
or investigators blinded or not; 6.If animals selected at random for outcome assessment or not; 7. the outcome assessor blinded or not; 8. incomplete outcome data 
adequately addressed or not; 9.reports of the study free of selective outcome reporting or not; 10. the study apparently free of other problems that could result in 
high risk of bias or not

Study 1 2 3 4 5 6 7 8 9 10

Zhu 2017 Y Y U U U Y Y Y Y N

Tao 2017 Y Y U U U Y Y Y Y N

Wang 2017 Y Y U U U U U Y Y N

Cosenza 2017 U Y Y U U U U Y U N

Wu 2019 Y Y U U U Y Y Y U N

Zhou 2020 Y Y U U U U U Y U U

Zavatti 2019 U Y U U U U U Y U U

Li 2020 Y Y U U U Y Y Y U N

Zhang 2020 U Y U U U U U Y U U

He 2020 U Y Y U U U U Y U N

Xu 2020 U Y U U U Y Y Y Y N

Wang 2020 Y Y U U U Y Y Y U U

Rong 2020 U Y U U U U U Y U N

Woo 2020 Y Y U U U U U Y U U

Wang 2020(2) Y Y U U U U U Y U N

Tang 2021 Y Y U U U U U Y U U

Hoda Fazaeli 2021 Y Y Y U U U U Y Y N

Jin 2021 U Y U U Y Y Y Y U N

Liu 2022 U Y U U Y U U Y U N

Li 2022 Y Y U U Y U U Y U N

Fig. 2  Forest plot of mean change in OARSI score after exosome and placebo treatment (mean ± standard deviation)
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Osteophyte score
Three studies have employed the osteophyte score as 
a means to evaluate the extent of articular cartilage 

damage. Among these investigations, two utilized models 
simulating cartilage defects, while the remaining study 
employed a model replicating osteoarthritis induced 
by collagenase. Given the substantial heterogeneity 
observed (P < 0.00001, I2 = 96%), a randomized model was 
employed for our analysis. We conducted a comparison 
between the MD of the exosome group and the control 
group. Notably, the exosome group exhibited significant 
superiority over the control group, resulting in a reduc-
tion in the number of periarticular osteophytes when 
compared to the control group (n = 74; MD = −1.40; 
95% CI = [−2.06, −0.75]; P < 0.00001) (Additional files 2: 
Fig. S1).

Sensitivity analyses revealed that the observed high 
level of heterogeneity may be attributed to [26]. The 
exclusion of this factor resulted in a reduction in hetero-
geneity (p < 0.00001, I2 = 0%) (Fig. 5). However, given the 

Fig. 3  Funnel plot with pseudo-95% confidence limits

Fig. 4  Sensitivity analysis of studies in OARSI score

Fig. 5  Forest plot of mean change in osteophyte score after exosome and placebo treatment (mean ± standard deviation)
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limited amount of available data, further investigations 
are necessary to establish definitive conclusions.

Chondrocyte counts
Chondrocytes play a crucial role in the synthesis and 
secretion of matrix and fibres, which contribute to the 
maintenance of weight-bearing and cushioning functions 
in cartilage tissue on joint surfaces. Five studies utilized 
chondrocyte counts as a measure to assess the extent of 
articular cartilage damage. Three of the studies included 
in the analysis solely reported chondrocyte counts, while 
the remaining two studies reported counts of both chon-
drocytes and stem cells after co-culture. Given the sub-
stantial heterogeneity observed (I2 = 84%), a randomized 
model was employed for the analysis. The results indicate 
a significant increase in chondrocyte counts in the exo-
some group compared to the control group (MD = 85.52; 
95% CI = [40.16, 130.88]; p = 0.0002) (Fig.  6). However, 
given the limited amount of available data, further stud-
ies are necessary to establish conclusive findings.

Pain tolerance level
The meta-analysis of pain tolerance levels included 
data from 3 studies. A pooled analysis revealed a sig-
nificant improvement in pain tolerance levels in the exo-
some treatment group compared to the control group 
(SMD = 3.85; 95% CI = [2.17, 5.54]; p < 0.00001) (Fig.  7). 
Heterogeneity was moderate, with an I2 value of 67%. 
These results suggest that stem cell-derived exosome 
therapy may alleviate pain sensitivity in animal models of 
osteoarthritis.

qPCR
In this study, we used qPCR to analyze the expression 
of genes related to cartilage formation and degradation, 
including COL2A1, MMP13, and ADAMTS5. The results 
were visualized using a forest plot, showing the relative 
expression level of each gene in different experiments.

COL2A1 expression was notably higher in the exo-
some treatment group compared to the control group 
(SMD = 5.70; 95% CI = [4.21, 7.18]; p < 0.00001) (Fig.  8). 

Fig. 6  Forest plot of mean change in Chondrocyte counts after exosome and placebo treatment (mean ± standard deviation)

Fig. 7  Forest plot of mean change in Pain Tolerance Level after exosome and placebo treatment (mean ± standard deviation)

Fig. 8  Forest plot of mean change in qPCR (COL2A1) after exosome and placebo treatment (mean ± standard deviation)
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These results suggest that exosome treatment is associ-
ated with sustained upregulation of COL2A1, which is 
essential for cartilage regeneration.

Conversely, MMP13 expression was significantly 
lower in the exosome treatment group (SMD = −7.58; 
95% CI = [−9.75, −5.41]; p < 0.00001) (Fig.  9), suggest-
ing that exosome therapy effectively inhibits MMP13, 
a key matrix metalloproteinase involved in collagen 
degradation.

Additionally, ADAMTS5 expression showed some 
heterogeneity across studies, but overall analysis indi-
cated a significant decrease in the treatment group 
(SMD = −3.94; 95% CI = [−6.96, −0.91]; p = 0.01) 
(Fig.  10). ADAMTS5 is an enzyme involved in cartilage 
matrix degradation, and its inhibition may help protect 
cartilage and improve the pathological state of OA.

Subgroup analysis
Based on what came out of these analyses, we analyzed 
OARSI scores in different subgroups according to animal 
species, cell type, mode of exosome extraction and fre-
quency of administration variables.

The subgroup analysis of OARSI scores included a 
total of twenty studies. Firstly, the trials were further 
divided into two subgroups based on different animal 
models, including rats and mice (Fig. 11). The early OA 
animal model saw a substantial impact (SMD = −3.16, 
95% CI = [−4.22, −2.10], P < 0.00001, I2 = 83% ver-
sus SMD = −2.74, 95% CI = [−3.55, −1.93]; P = 0.0009, 
I2 = 67%). Meanwhile, the results of the SMD from both 
subgroups showed that the exosome therapy increased 

the effectiveness of treatment for osteoarthritis. There 
was no significant change in the pooled size effect after 
excluding individual trials from the sensitivity analy-
ses, suggesting that the findings are relatively robust and 
reliable.

Secondly, the subgroup analysis of cell types involved 
in the study (Fig.  12), there were 11 subgroups (iMSC: 
SMD = −11.11, 95% CI [−15.87, −6.36], P < 0.00001; 
SMSC: SMD =−2.04, 95% CI [−2.92, −1.16], P < 0.00001; 
ESC-MSCs: SMD = −0.93, 95% CI [−1.87, −0.00], 
P = 0.05; BMSC: SMD = −2.98, 95% CI [−4.17, −1.80], 
P < 0.00001; IPFP-MSC: SMD = −1.56, 95% CI [−2.72, 
−0.40], P = 0.008; SF-MSC: SMD = −4.35, 95% CI [−6.09, 
−2.61], P < 0.00001; AD-MSC: SMD = −3.66, 95% CI 
[−7.14, −0.18], P = 0.04; hUSCs: SMD = −2.72, 95% CI 
[−4.00, −1.43], P < 0.0001; hADSC: SMD = −2.70, 95% CI 
[−4.66, −0.74], P = 0.007; AFSC: SMD = −7.53, 95% CI 
[−11.40, −3.66], P = 0.0001; hUC-MSCs: SMD = −3.85, 
95% CI [−6.05, −1.66], P = 0.0006). It can be seen that 
EXOs of different cellular origins produce similar thera-
peutic outcomes, with iMSC-derived exosomes being 
the most effective in treating osteoarthritis. The pooled 
impact size was unaffected significantly by excluding spe-
cific trials from the sensitivity analysis, indicating that the 
findings are relatively robust and dependable.

Thirdly, in the subgroup analysis of the way exosomes 
were extracted (Fig. 13), there were four subgroups (TFF: 
SMD = −2.04, 95% CI [−3.54, −0.53], P = 0.008; Commer-
cial kit: SMD = −6.07, 95% CI [−9.02, −3.12], P < 0.0001. 
Ultracentrifugation: SMD = −2.62, 95% CI [−3.39, −1.86], 
P < 0.00001; Unknown: SMD = −1.85, 95% CI [−2.61, 
−1.08], P = 0.68;). The data illustrates that there were 

Fig. 9  Forest plot of mean change in qPCR (MMP13) after exosome and placebo treatment (mean ± standard deviation)

Fig. 10  Forest plot of mean change in qPCR (ADAMTS5) after exosome and placebo treatment (mean ± standard deviation)
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no observable changes between subgroups in the strati-
fied subgroup analyses of the separation method, but the 
commercially available kits showed a trend towards bet-
ter efficacy. The pooled effect size was not significantly 
altered by the removal of specific trials from the sensi-
tivity analysis, indicating that the findings are relatively 
robust and reliable.

In subgroup analyses assessing the frequency of exo-
some administration (Fig.  14), there were 2 subgroups 
(Once a week: SMD = −3.69, 95% CI [−4.61, −2.77], 
P < 0.00001; Multiple times a week: SMD = −1.50, 95% CI 
[−1.95, −1.04], P = 0.65). When comparing the frequency 
of dose, once per week performed better than numerous 
times per week. Excluding individual trials from the sen-
sitivity analyses did not bring about a significant change 
in the pooled effect size, indicating that the findings are 
relatively robust and reliable.

Discussion
The objective of this meta-analysis and systematic review 
was to evaluate the efficacy of stem cell-derived exosomes 
in the treatment of OA in animal models. The analysis 
encompassed a total of 20 studies, comprising 22 com-
parisons and involving 726 animals. The results revealed 
that therapy utilizing exosomes derived from stem cells 
demonstrated a substantial improvement in OA com-
pared to placebo treatment, as evidenced by the overall 
OARSI score and Osteophyte score. Furthermore, the 
group receiving exosomes exhibited significant enhance-
ments in macroscopic and histological scores for OA and 
cartilage damage, in contrast to the control group. Our 
findings demonstrate that stem cell-derived exosome 
therapy significantly improves pain tolerance levels in 
OA animal models. This is an important aspect of oste-
oarthritis treatment, as pain is a primary symptom that 
severely impacts patients’ quality of life. The improve-
ment in pain tolerance suggests that exosomes may 
exert analgesic effects, possibly by modulating inflam-
mation and cartilage repair processes. qPCR results 

Fig. 11  Subgroup analysis of the OARSI score (animal model)
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Fig. 12  Subgroup analysis of the OARSI score (cell types)
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showed exosomes may exert their therapeutic effects by 
regulating the expression of these key genes and affect-
ing the metabolic balance of cartilage. The upregulation 
of COL2A1 and the downregulation of MMP13 and 
ADAMTS5 may jointly promote the repair and regenera-
tion of cartilage. This suggests the potential application of 
exosomes in the treatment of OA, especially in improv-
ing cartilage structure and function. These findings imply 
that exosomes made from stem cells have a promising 
future as a cutting-edge OA therapeutic option.

In recent years, there has been a notable increase 
in the number of scholarly articles discussing the uti-
lization of exosomes derived from various stem cell 

sources for the management of OA. For instance, the 
study of EVs in regenerative medicine, such as myocar-
dial repair and wound healing, has laid the foundation 
for understanding their therapeutic potential in various 
fields beyond osteoarthritis. Researchers have explored 
the immunomodulatory and tissue regeneration capa-
bilities of EVs, highlighting their potential therapeutic 
applications in the treatment of inflammatory diseases 
such as COVID-19 [44]. Gupta et  al. presented a novel 
cell-free stem cell-derived extract (CCM) from human 
progenitor endothelial stem cells, containing growth 
factors, cytokines, and exosomes, which significantly 
enhances fibroblast proliferation and stem cell migration, 

Fig. 13  Subgroup analysis of the OARSI score (Exosome extraction method)
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suggesting potential benefits in reducing inflammation, 
alleviating pain, and promoting tissue repair [45]. Other 
researchers reviewed animal models for osteoarthri-
tis research, emphasizing the advantages of genetically 
engineered models and surgically induced joint instabil-
ity for understanding disease progression [46]. Liu et al. 
conducted a comprehensive review that encompassed 
the multifaceted role of exosomes in OA, addressing the 
associated challenges and limitations, with a particular 
focus on pathophysiology, diagnostics, and therapeu-
tic interventions [47]. Similarly, Yu et  al. elucidated the 
potential of exosomes derived from different types of 
MSCs in the prevention and treatment of OA, offering 
novel insights and strategies for OA management [48]. 
The findings of their study demonstrated the promising 
therapeutic efficacy of exosomes in the treatment of OA. 
Nevertheless, prior assessments have exhibited deficien-
cies in terms of comprehensive outcomes and restricted 
cell varieties. To evaluate the efficacy of exosomes 
derived from diverse stem cell origins for OA treatment, 

we have chosen one of the extensively employed outcome 
measures for meta-analyses.

Stem cells are undifferentiated cells within the body 
that exhibit the ability to undergo self-renewal and dif-
ferentiate into various types of cellular entities. Among 
these, MSCs represent a subset of pluripotent stem cells 
primarily found in the umbilical cord veins, adipose tis-
sue, and bone marrow. Stem cells serve as the origin of 
exosomes, which share comparable characteristics such 
as inflammation reduction and promotion of angio-
genesis. Still unresolved are safety concerns related to 
stem cell use, such as the possibility of thrombosis and 
cancer, limited engraftment effectiveness (high apop-
tosis rate, poor stem cell homing capacity), and moral 
dilemmas with stem cell transplantation (donor source) 
[49–51]. Exosomes exhibit a superior capacity to under-
take a broader spectrum of functions, such as facilitating 
osteogenic differentiation and repairing impaired MSCs, 
thereby circumventing the aforementioned concerns. 
Additionally, the absence of MHCI and MHCII proteins 
in exosomes renders them non-immunogenic [49, 50]. 

Fig. 14  Subgroup analysis of the OARSI score (exosome administration frequency)
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Exosomes, or extracellular vesicles, play a crucial role 
in bone regeneration through intercellular communica-
tion, whereas MSCs primarily operate through parac-
rine mechanisms [52, 53]. By triggering differentiation, 
osteoblast proliferation, blocking apoptosis, encouraging 
angiogenesis, and immunomodulation, diverse nucleic 
acids (such as miRNAs, lncRNAs, and piRNAs), proteins, 
lipids, and other active substances in exosomes can pro-
mote bone repair [52, 54].

The majority of the 20 studies focused on a singu-
lar source of MSCs, with only two studies conduct-
ing comparisons. One study compared exosomes from 
iMSC and sMSC, demonstrating the superior efficacy of 
iMSC-exosomes over sMSC-exosomes [23]. The other 
study compared exosomes from BM-MSC and AD-MSC, 
finding that exosomes from BM-MSC exhibited greater 
efficacy than those from AD-MSC [44]. Additionally, a 
separate study evaluated the effectiveness of EVs derived 
from normal bone marrow MSCs and polydactyl tis-
sue-derived bone marrow MSCs. In  vivo investigations 
indicated that the latter possessed superior therapeu-
tic efficacy post-treatment [34]. Different approaches to 
exosome isolation can affect the outcome in addition to 
the source of MSCs. The most popular isolation tech-
nique, ultracentrifugation, has the benefit of separating 
a comparatively high number of exosomes but comes 
with more contaminants and necessitates the use of an 
ultracentrifuge. Exosomes can be isolated using a variety 
of commercially available kits; these kits are costly but 
have the benefit of high purity and minimal equipment 
needed. Four research employed commercially available 
kits, three studies used tangential flow filtering, while the 
majority of the included investigations (13/20) used ultra-
centrifugation. Subgroup analyses showed a trend toward 
better efficacy of kit extraction of exosomes among the 
three isolation methods. Importantly, the quantity of 
exosomes administered in these studies is a critical fac-
tor that should be addressed as part of the dosing issue. 
A deeper exploration of this limitation could provide 
valuable insights into the mechanisms of action of ortho-
biologics and help to clarify how variations in exosome 
quantity influence therapeutic outcomes.

Selecting an appropriate animal model is essential 
when researching the pathophysiologic development of 
an illness. Rats and mice were used as models in all of 
the investigations. Chemical and surgical modeling tech-
niques were the most often employed modeling tech-
niques. One study used cryopreservation. The primary 
modeling site was the knee joint. In addition to the knee 
joint, the lumbar spine was used for surgical modeling in 
another study. Subgroup analyses showed no significant 
differences in the efficacy of exosomes between species or 

modeling methods. Specific methods of exosome admin-
istration in animal OA models have not been standard-
ized. One time per week or several times per week were 
the two primary administration frequencies used in the 
studies mentioned above. Our findings indicate that 
once-weekly injections have a superior therapeutic effect. 
Despite the high heterogeneity, we hypothesize that the 
efficacy of exosome therapy may vary with these influ-
ences. However, in order to increase the uniformity and 
dependability of the data, this hypothesis needs to be 
validated by more carefully planned research using high-
quality data. Similarly, a lack of studies, a small sample 
size, and uneven study design (injection volume, injec-
tion frequency, and treatment duration) have prevented 
numerous parameters linked to exosome efficacy from 
being examined or debated.

Overall, there are limitations to existing treatment 
options for OA. Current findings suggest that stem cell-
derived exosomes have favorable therapeutic effects in 
small animal models. More studies in large animal mod-
els are needed before applying exosomes to the clinical 
treatment of OA. We conducted a sensitivity analysis 
because the results of the studies that were part of this 
analysis were very heterogeneous. The outcome and het-
erogeneity of the data were rather steady after one study 
was eliminated. Considering different animal models, cell 
types, and animal species, there might be a lot of hetero-
geneity. Although subgroup analyses were also carried 
out, there was still some degree of study heterogeneity. 
The validity of the results could be somewhat impacted 
by excessive heterogeneity. We think that the absence 
of standardized experimental procedures is the primary 
cause of heterogeneity. To prevent this, the analysis of 
experimental results needs to be standardized in addi-
tion to more thorough documenting of the experimental 
procedures.

To mitigate this issue, it is crucial to standardize the 
analysis of experimental results and ensure thorough 
documentation of experimental procedures. Future ani-
mal studies could utilize our findings as a reference, but 
additional research is needed to validate them. Specifi-
cally, direct comparisons of the effectiveness of exosomes 
derived from various cell types and investigations into 
different dosing frequencies are warranted. In conclu-
sion, our analysis suggests that exosome therapy has the 
potential to reduce OA symptoms, but further research is 
required to bridge the gap between preclinical and clini-
cal applications.

Limitations
These meta-analyses could have several limita-
tions. First, there was unavoidably some bias in this 
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evaluation because the majority of the studies were 
carried out in China. Consequently, in order to update 
the analysis and lessen outcome bias, pertinent studies 
should be regularly tracked in the future. Second, there 
was no discernible decrease in the heterogeneity among 
studies even with our subgroup and sensitivity analy-
sis. The stability of the outcomes could be impacted by 
this. In addition, some indicators were included in only 
2 to 4 studies, and more animal experiments of higher 
quality need to be included in the future. Third, very 
few clinical trials have been reported, despite a wealth 
of preclinical evidence demonstrating the advanta-
geous effect of exosomes produced from stem cells in 
preclinical models of osteoarthritis. Further standard-
ized investigations are required to address these con-
cerns, as these constraints may have some effect on the 
results.

Conclusion
This meta-analysis aimed to evaluate the effectiveness of 
stem cell-derived exosomes in treating OA compared to 
placebo, utilizing the OARSI score. The findings provide 
initial preclinical evidence that exosomes can potentially 
reverse osteoarthritis in animal models. Overall, exosome 
therapy shows promise for OA treatment in mouse mod-
els. However, further investigations are crucial for trans-
lating these results to human applications, particularly 
through studies in larger and more biologically relevant 
animal models.It is essential to explore the underlying 
mechanisms of exosome therapy’s therapeutic effects. 
Achieving consensus on research methodologies within 
the scientific community will enhance data homogene-
ity and improve the reliability of findings. Furthermore, 
determining optimal therapeutic conditions—such as 
dosage, concentration, and treatment duration—is vital 
for optimizing exosome therapy.

In conclusion, while this meta-analysis presents 
promising evidence, additional standardized studies are 
necessary to bridge the gap between preclinical findings 
and clinical applications of exosome therapy for osteo-
arthritis. Future research will be crucial in establishing 
exosomes as a viable therapeutic approach for OA.
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