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Abstract

Background Primary ovarian insufficiency (POIl) manifests with hormonal imbalances, menstrual irregularities, follicle
loss, and infertility. Mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) are emerging as a promising
treatment for POI. This systematic review aims to assess the effects of MSC-EVs on follicle number, hormonal profile,
and fertility in POl animal models.

Methods A systematic search of PubMed, Scopus, and Web of Science databases up to December 14th, 2023 was
conducted. Two reviewers independently conducted screening, risk of bias assessment, and data extraction. Meta-
analysis was performed to analyze treatment versus control outcomes using a random effects model. Publication

bias was assessed using Egger’s regression test and sensitivity analysis was assessed using the leave-one-out method.
Subgroup analyses and meta-regressions were conducted based on EV source, induction model, type of animal, study
quality, administration route, administration frequency and route, and dose.

Results a total of 29 studies were included. MSC-EVs treatment significantly increased total follicle count (SMD, (95Cl),
p-value; 3.56, (0.91, 6.21), <0.001), including primordial (SMD, (95Cl), p-value; 2.86, (1.60, 4.12), <0.001), primary (SMD,
(95C1), p-value; 3.17, (2.28,4.06), < 0.001), mature (SMD, (95CI), p-value; 2.26, (1.02, 3.50), <0.001), and antral follicles
(SMD, (95CI), p-value; 2.44, (1.21,3.67), <0.001). Administration frequency and route did not affect this outcome, but
EV source affected primordial, primary, secondary and antral follicle count. Additionally, MSC-EVs treatment elevated
anti-mullerian hormone (SMD, (95Cl); 3.36, (2.14, 4.58)) and estradiol (SMD, (95Cl); 3.19, (2.20, 4.17)) levels while
reducing follicle stimulating hormone levels (SMD, (95Cl); -2.68, (-4.42,-0.94)). Unlike EV source, which had a significant
impact on all three hormones, administration frequency, route, and EV dose did not affect this outcome. Moreover,
treatment increased offspring number (SMD, (95Cl); 3.70, (2.17, 5.23)) and pregnancy odds (OR, (95Cl); 10.25, (4.29,
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24.46)) compared to controls. Publication bias and a high level of heterogeneity was evident in all analyses, except for
the analysis of the pregnancy odds. However, sensitivity analysis indicated that all of the analyses were stable.

Conclusion MSC-EVs therapy shows promise for POl treatment, potentially facilitating clinical translation. However,
Further research is warranted to optimize methodology and assess side effects.

Keywords Extracellular vesicle, Mesenchymal stem-cell, Primary ovarian insufficiency, Animal studies, Exosome, Pre-

clinical

Introduction

Primary ovarian insufficiency (POI) is the deteriora-
tion of ovarian function, diminished follicle reserves,
and increased follicle stimulating hormone (FSH) levels
before the age of 40, which results in diminished pro-
duction of estrogen and progesterone and lower health
related quality of life [1-3]. With a global prevalence
of 3.7%, it is commonly caused by genetic mutations in
apoptotic, cell cycle, and folliculogenesis pathways [1],
such as the PI3k/AKT/mTOR pathway [4], yet it can
be caused by radiotherapy or chemotherapy as well.
The diminished follicle reserves seen in POI results in
reduced serum anti-miillerian hormone (AMH) levels [5]
and infertility, while the lowered estrogen levels are the
likely culprit behind the higher risk of developing isch-
emic heart disease [6] and dementia [7].

Current treatments like hormone replacement therapy
present challenges due to high costs, limited availability,
and potential side effects [8]. In the case of premeno-
pausal women, oral contraceptives (OCP) may be an
alternative treatment, which increase the risk of venous
thromboembolism and insufficient daily physiologic
repletion [9] and pose a challenge for women who har-
bor fertility aspirations [10]. This highlights the need for
novel therapies that preserve fertility and increase estro-
gen levels, such as mesenchymal stem cells (MSCs) and
their derived extracellular vesicles (MSC-EVs).

MSCs have been used extensively in clinical studies,
serving as a regenerative agent for a spectrum of condi-
tions, including osteoarthritis, pulmonary fibrosis, spinal
cord injury, and myocardial damage [11-13]. Their appli-
cation for treating POI has been tested in a plethora of
POI animal models, with a recent meta-analysis finding
they increased AMH levels and follicle counts alongside
elevating estrogen levels and fertility in POI modelled
animals [14]. This therapeutic effect is believed to be
caused by paracrine secretions, most notably extracellu-
lar vesicles.

Extracellular vesicles (EVs) are small structures that
transport lipids, miRNAs, and proteins to other cells,
influencing a broad spectrum of biological processes
such as gene expression and cell function [15, 16]. MSC-
EVs in particular are capable of modulating the immune
system, inhibiting apoptosis, regenerating soft tissue, and
regulating inflammation [17-19]. Due to their innate

capacity to modulate inflammation, MSC-EVs hold sig-
nificant therapeutic potential and have already shown
promise in treating POI in animal models [20, 21]. Their
characteristics, including biocompatibility, low toxicity,
minimal immunogenicity, and membrane permeability,
position them as an ideal carrier for delivering diverse
drugs for targeting of inflammatory processes [22, 23].
As such, EVs may be a potential alternative therapeutic
approach in POI [24].

With this in mind, the effectiveness of MSC-EVs for
treating POI has yet to be systematically reviewed and
assessed, therefore, we aim to systematically assess and
meta-analyze the effectiveness of MSC-EVs on fertility
parameters of POI in animal models. These models are
essential for evaluating the safety and efficacy of potential
treatments, ultimately guiding the development of future
clinical trials and improving patient care. Chief among
these models for POI is the chemotherapy model, which
has been observed to reduce follicle count and impair
fertility, yet other models such as galactose induced or
4-vinylcyclohexene diepoxide induced models have also
shown similar declines in fertility and follicle count [25].
To assess the effectiveness of MSC-EVs for treating POI,
we compared fertility parameters (follicle counts, serum
hormone levels (FSH, AMH, estradiol, luteinizing hor-
mone), and fertility through the mean number of off-
spring and number of pregnant animals) in the MSC-EVs
treated animals to untreated animals.

Methods

This systematic review and meta-analysis adhered to
the PRISMA (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses) guidelines [26]. The
protocol of this review was prospectively registered
on the International Prospective Register of System-
atic Reviews (PROSPERO) with the registration ID:
CRD42024519963.

Search Strategy

The literature search was conducted using PubMed, Sco-
pus, and Web of Science databases on December 14th,
2023 with keywords synonymous with (“mesenchy-
mal stem cells” OR “mesenchymal stromal cells”), AND
(“extracellular vesicles” OR “exosome”), AND (“primary
ovarian insufficiency” OR “POI”), AND (“fertility” OR
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“follicle” OR “estradiol” OR “anti-Miillerian hormone”
OR “luteinizing hormone’, OR “follicle-stimulating hor-
mone”). We did not impose any limitations on language
or publication year.

Eligibility criteria

Studies were included if they complied with our pre-
defined PICOS criteria (Table 1). Studies were excluded
if they used none mesenchymal stem cells or if they were
exclusively in vitro or ex vivo studies. Synthetic nanopar-
ticles were excluded as they do not meet the Interna-
tional Society of Extracellular Vesicles’ definition of an
extracellular vesicle [27, 28].

Study selection

After the removal of duplicate records, the process of
study screening and selection was undertaken by two
independent reviewers (.M., K.G.) each screening the
studies in two phases. First, the articles were screened
using their title/abstracts, with the selected articles being
sought for full-text retrieval. During the second phase,
the full text of the articles was examined to include stud-
ies that complied with the predefined PICOS criteria.
Discrepancies between the two reviewers were settled by
a third reviewer through discussion (S.R.E.).

Data extraction
The collection of relevant data was independently per-
formed by two reviewers (S.R.E, S.A.M.), who extracted
the following data into a pre-designed Excel spread-
sheet: first author, year of publication, animal species,
POI model, sample size, source of EV, isolation method,
EV validation, administration route, cargo and pathway
implicated in the therapeutic effects of EVs, time from
treatment to sacrifice, follicle type and count, serum
hormone type and level, pregnancy rate, and number of
offspring. Much of the data was reported using graphical
representations across the included studies; therefore, we
used PlotDigitizer [29] to accurately extract means and
standard deviations from the graphs. Discrepancies were
resolved by an independent reviewer through discussion
(LM.).

Isolation methods utilized in the included studies were
categorized and recorded based on the definitions pro-
vided by Chen et al. [30]. Additionally, the particular
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characteristics of extracellular vesicles required by the
International Society of Extracellular Vesicles were
extracted under the EV validation heading in the data-
sheet [28]. Separation of human and animal derived mes-
enchymal stem cells by their source, i.e. bone marrow,
was based on research highlighting their significant ther-
apeutic differences [31, 32].

Outcomes

The following were chosen as the primary endpoints for
fertility assessed by this review: follicle count, pregnancy
rate, number of offspring, and serum levels of hormones
related to ovarian function namely estradiol (E2), anti-
Miillerian hormone (AMH), luteinizing hormone (LH),
and follicle-stimulating hormone (FSH).

Quality assessment

The Systematic Review Centre for Laboratory Animal
Experimentation (SYRCLE) tool [33] was used to mea-
sure the risk of bias for each of the included studies by
two independent reviewers (K.G., LM.). This tool assesses
six types of bias, namely selection bias, performance bias,
detection bias, attrition bias, reporting bias, and other
sources of bias. Table S1 delineates the questions that
assessed each domain of bias. The included studies were
judged to have a low, unclear, or high risk of each type
of bias mentioned. Discrepancies were resolved through
discussion with a third reviewer (S.R.F.), and a graphical
representation of the data was created using the robvis
shiny web app [34]. A score of >7 was considered high
quality. When at least 10 studies were included in a meta-
analysis including low quality studies, a sensitivity analy-
sis comparing low quality studies with moderate/high
quality ones was conducted.

Statistical analysis

Statistical analysis was planned for follicle count, preg-
nancy rate, number of offspring, and serum hormone
levels, and was conducted using Stata version 17 (Stata-
Corp), with means and standard deviations being the only
acceptable data entry form for the follicle count, num-
ber of offspring, and serum hormone levels meta-anal-
yses. The number of pregnant animals in the untreated
POI and EV-treated arms was the only acceptable data
entry form for the pregnancy rate meta-analysis. A

Table 1 The predefined eligibility criteria based on population, intervention, comparator, outcome, and study design (PICOS)

Population
Intervention
were defined.

Comparator
Outcome

Animal models of POI. No weight or animal species limitations were defined.
Extracellular vesicles derived from mesenchymal stem cells. No administration route, dose, timing, or particle size limitations

Animal models of primary ovarian insufficiency that have not received any treatment, or have been administered a placebo.
Fertility parameters (Follicle count, pregnancy rate, number of offspring, and serum levels of hormones related to ovarian func-

tion namely estradiol (E2), anti-Mullerian hormone (AMH), luteinizing hormone (LH), and follicle-stimulating hormone (FSH)).

Study design

Controlled studies with at least two separate untreated POl and EV-treated POl arms.
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random-effects model was utilized due to a high amount
of heterogeneity in the treatment regimens and POI
models used in the included studies. We used standard-
ized mean difference (SMD), a 95% confidence interval
(CI), and a two-tailed p-value to report the pooled effect
size for the follicle count, number of offspring, and serum
hormone levels meta-analyses. The pooled effect size
for the pregnancy rate meta-analysis was reported using
Odds Ratio (OR) and a 95% confidence interval. Statis-
tical significance was set at <0.05. Heterogeneity was
assessed using the I, statistic, with an I, of >50% signify-
ing high heterogeneity [35]. Meta-analysis was conducted
if at least 5 studies reported their numerical findings. If
at least 10 studies were included in the meta-analysis, a
subgroup analysis based on EV source, induction model,
type of animal, study quality, and administration route
was conducted. Meta-regression of administration fre-
quency and total administered dose was also conducted
if at least 10 of the studies in the meta-analysis had
reported their numbers.

Sensitivity analysis was conducted using the leave-one-
out method to ensure the robustness of our findings.
Publication bias was evaluated by Egger’s regression test
alongside funnel plot symmetry.

Results

Our online search yielded a total of 279 articles, of which
190 were chosen for title-abstract screening after dupli-
cate removal. 36 of these 190 papers were chosen for
full-text evaluation and 29 were included in our review
(Fig. 1). The reason for the exclusion of papers in the full
text evaluation phase can be found in Table S2.

The 29 included studies mostly studied MSC-EVs’ ther-
apeutic effects on chemotherapy-induced POI models
with the exception of Song et al. [21], Zhang et al. [36],
and Ding and Qian et al. [37] who used a 4-vinyl cyclo-
hexene diepoxide induced model, Yang et al. [38] who
used a natural aging model, and Li and Fan et al. [39] who
used a D-galactose-induced aging model. The animals
used in the models were mostly C57BL/6] mice with the
exception of 15 studies [21, 36, 38, 40—51]. All studies
that mentioned their housing conditions kept the ani-
mals in 10-14-hour light-dark cycles and 25-27-degree
temperatures.

Regarding the extraction of extracellular vesicles, a
wide host of mesenchymal stem cells were utilized as a
source, including human umbilical cord mesenchymal
stem cells (H-UCMSC) used in 14 studies [20, 38, 39,
41, 43-45, 50-56], human amniotic fluid mesenchy-
mal stem cells (H-AFMSC) used in 4 studies [37, 40, 57,
58], induced pluripotent mesenchymal stem cells (iPSC-
MSCs) used in two studies [59, 60], human bone marrow
mesenchymal stem cells (H-BMSC) used in two stud-
ies [54, 61], human menstrual blood mesenchymal stem
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cells used in two studies [21, 36], murine amniotic fluid
mesenchymal stem cells (M-AFMSC) used in two studies
[42, 46], murine bone marrow mesenchymal stem cells
(M-BMSC) used in two studies [47, 48], human clonal
mesenchymal stem cells (H-cMSC) used in one study
[62], and ewe amniotic fluid mesenchymal stem cells
(E-AFMSC) used in one study [49].

The treatment regimen was very heterogeneous, with
doses per administration ranging from 10 ug [38, 49] to
400 pg [50], although the administration frequency was
usually once, with the exception of 11 studies [21, 36, 39,
43, 44, 47, 48, 51, 5659, 61]. The total dose of extracel-
lular vesicles administered was not calculable for most
of the studies due to not reporting the protein content of
their extracellular vesicles, yet for those that quantified
the protein content a total dose of 10 [38, 49] to 1200 [59]
pg was administered with most giving between 100 and
250 pg of extracellular vesicles in total. The administra-
tion route was mostly intravenous, with the exception
of 11 studies using an intra-ovarian route and 3 using an
intraperitoneal route.

16 of the included studies analyzed the contents of
their extracellular vesicles and implicated numerous
miRNAs and one protein in the therapeutic response
they observed. These included miR-21-5p and miR-22-3p
which were implicated in two studies each [20, 38, 59],
signifying a stronger likelihood of their implication. 21 of
the included studies investigated the molecular pathways
these extracellular vesicles utilized to exert their thera-
peutic response and 9 of them found the activation of
the PI3K/AKT pathway was responsible [37-39, 44, 48,
50, 58, 59, 62], yet the activation of the Wnt/p-Catenin
pathway [20], the SMAD pathway [21, 40, 49], and the
Hippo pathway [56] have also been observed after MSC-
EVs treatment and have been attributed to its therapeutic
response (Table 2).

The effectiveness of MSC-EVs for the treatment of
infertility in POI was investigated by studying the follow-
ing fertility parameters:

Follicle Count

The mean number of follicles after treatment was
assessed by 20 studies [21, 36, 40—44, 46, 47, 49, 51-53,
55-60, 62]. For counting follicles, serial sections between
3 and 8 um were taken from the ovaries, with 4 studies
[21, 59, 60, 62] taking one of every 5 serially sectioned
ovary samples and multiplying their count by 5, two
studies [36, 43] took one of every 5 serial sections and
summed their counts, two studies [44, 52] took one of
every 10 sections and averaged the number of each fol-
licle type counted, two studies [42, 46] took one of every
10 serial sections and summed the number of each fol-
licle type counted, one study [37] took 5 random sections
from each ovary and counted the follicles, one study [60]
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Fig. 1 PRISMA flowchart made using the tool by Haddaway et al

counted every follicle type in every serial section, one
study [58] took one of every 5 serial sections and aver-
aged the follicle counts, one study [56] took at least 3
random sections from serial sections and summed the
count, and one study [40] took 3 representative samples
three times from serial sections yet did not specify their
summation process. 4 studies [41, 49, 51, 57] did not
specify their methods.

The pooled results showed an increase in primordial
follicles (SMD, (95CI), p-value; 2.86, (1.60, 4.12), <0.001)
with high heterogeneity (I>=89.95%) when comparing
104 MSC-EVs treated animals to 104 untreated ones, an
increase in primary follicles (SMD, (95CI), p-value; 3.17,
(2.28, 4.06), <0.001) with high heterogeneity (I>=76.06%)
when comparing 93 MSC-EVs treated animal to 93

untreated ones, an increase in secondary follicles (SMD,
(95CI), p-value; 2.63, (1.47, 3.79), <0.001) with high
heterogeneity (1>=88.37%) when comparing 93 MSC-
EVs treated animals to 93 untreated ones, an increase
in mature follicles (SMD, (95CI), p-value; 2.26, (1.02,
3.50), <0.001) with high heterogeneity (I>=82.28%) when
comparing 48 MSC-EVs treated animals to 48 untreated
ones, and an increase in antral follicles (SMD, (95CI),
p-value; 2.44, (1.21, 3.67), <0.001) with high heteroge-
neity (I>=87.20%) when comparing 73 MSC-EVs treated
animals to 73 untreated ones. The total amount of folli-
cles was also investigated in 7 studies and our meta-anal-
ysis showed a significant increase in their number (SMD,
(95CI), p-value; 3.56, (0.91, 6.21), <0.001) with high het-
erogeneity (I>=94.48%) when comparing 44 MSC-EVs
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Table 2 Characteristics of the included studies
Au- Number of POl Model Source of Isolation Method EV Treatment Cargo implicated, Time from
thor, Animalsand EV Validation Model, Pathway Implicated Treat-
Year  Species Administra- ment to
tion Route Sacrifice
Cao 36 C57BL/6)  Chemotherapy iPSC-MSCs  Ultracentrifugation  TEM/flow EV dose: miR-26a-5p, miR-22-3p, 48 h
etal, 28daysold  induced, Ultrafiltration nanoana- 200 ug miR-221-3p, miR-21-5p,
2023 injected at day lyzer Administration miR-92a-3p, miR-23a-3p,
[59] 5and 11 Western Frequency:6 ~ miR-181b-5p, miR-222-3p,
blot for: Regimen: miR-181a-5p,
CD9,CD63, treated onday ILK-PI3K/AKT activation
CD81,HSP 0,2,7,9,13,
70, Calnexin and 15
, Intravenous
Ding 40C57BéL/J  Chemotherapy H-UCMSC  Exosome Separa- TEM/NTA EV dose: 10A12 miR-17-5p, 4 weeks
and 10-week-old  induced tion Kit Western particles/ SIRT7 gene inhibition
Zhu Differentiation blot for: mL
etal, Centrifugation CD9,CD63  Administration
2020 and CD81 Frequency: 1
[55] Regimen:
treated once
,intra-ovarian
Eslami 44 C57BL/6  Chemotherapy H-cMSC Ultracentrifugation  SEM/DLS EV dose: NP NA, 4 weeks
etal, 6-8weeks induced, Western Administration PI3K/AKT activation
2023 old injected blot for: Frequency: 1
[62] 15 days CD9,CD63, Regimen:
consecutively TSG101, treated once
Calnexin , Intravenous
Gao 32C57BL/6  Chemotherapy H-UCMSC  Ultracentrifugation  Western EV dose: miR-293, 15 days
etal, 8weeksold induced, Ultrafiltration blot for: 125 ug Wnt/B-Catenin activation
2022 injected at CcDe3, Administration by inhibition of HBP1
[52] day 0 Calnexin Frequency: 1
Regimen:
treated on
day 0
, Intravenous
Gao 40C57BL/6  Chemotherapy H-UCMSC  Exosome Separa-  TEM/NTA EV dose: miR-22-3p, 5 days
etal, 8weeksold induced, tion Kit Western 125 ug KLF6 and ATF4-ATF3-CHOP
2023 injected and ultrafiltration  blot for: Administration
[20] 14 days HSP70, Frequency: 1
consecutively TSG101, Regimen:
CcDe3, treated on
Calnexin days 15,19, 24
, Intravenous
Geng 36C57B6L/)  Chemotherapy H-AFMSC Ultracentrifugation  TEM/ EV dose: 10A6  miR-369-3p, NP
etal, 10weekold induced, nanoFCM particles YAF2 inhibition
2022 injected daily Western Administration
[57] for a week and blot for: Frequency: 14
every other day CDe3,CDY9, Regimen:
for 2 weeks Calnexin treated every
other day for 4
weeks
, Intravenous
Huang 40ICR Chemotherapy H-AFMSC  Exosome Separa-  TEM/Fluo-  EV dose: prod- NA, 4 weeks
etal, 7-8weeksold induced, tion Kit rescence- cued by 10N6  SMAD pathway activation
2018 injected and ultrafiltration activated cells
[40] 14 days cell sorting  Administration
consecutively (FACS) Frequency: 1
Flow cytom- Regimen:
etry for: treated once
CD63,CDY9, ,intra-ovarian

and CD81
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Table 2 (continued)
Au- Number of POl Model Source of Isolation Method EV Treatment Cargo implicated, Time from
thor, Animals and EV Validation Model, Pathway Implicated Treat-
Year  Species Administra- ment to
tion Route Sacrifice
Liand 24 C57BL/6 D-Galactose- H-UCMSC  Ultracentrifugation  TEM/NTA EV dose: NA, 1 week
Fan 6-8 weeks induced Western 2%1077/mll PI3K/AKT activation
etal, old aging, in- blot for: Administration
2023 jected 42 days CD9,CD63  Frequency: 21
[39] consecutevily and CD81,  Regimen:
Calnexin treated every
other day
, Intravenous
Lliand 30C57BL/6  Chemotherapy H-UCMSC  Ultracentrifugation  TEM/NTA EV dose: NA, 4 weeks
Zhang 6 week old induced, in- Western prodcued by ~ NA
etal, jected 15 days blot for: 2*1016 cells
2023 consecutively TSG101, Administration
[53] CD9, and Frequency: 1
CD63 Regimen:
treated once
,intra-ovarian
Liu 1741CR Chemotherapy H-UCMSC  Ultracentrifugation  TEM EV dose: NA, 4 weeks
and 5-6 weeks old  induced, Western 150 ug NA
Yin injected at blot for: Administration
etal, day 0 TSG10T7, Frequency: 1
2020 CD9, and Regimen:
[41 CD63, treated once
Calnexin 2 weeks after
chemotherapy
, Intravenous
Lu 36 Swiss Chemotherapy H-UCMSC  Ultracentrifugation  TEM/Flow EV dose: 50 ug  miR-145-5p, 4 weeks
etal.  albinorats induced, in- nano-ana-  Administration Inhibition of XBP1
2023 8weeksold  jected 15 days lyzer Frequency: 5
[51] consecutevily Western Regimen:
blot for: treated once
CDe3, CD81, every 5 days
TSG101,and
Calnexin Intraperitoneal
Naz- 21 Wistarrats Chemotherapy E-AFMSC Ultracentrifugation  SEM and EVdose: 10 ug NA, 4 weeks
dikbin  7-8 weeks old induced, in- TEM/DLS Administration Upregulation of Smad-4
Yam- jected 14 days Western Frequency: 1 and Smad-6
chi consecutevily blot for: Regimen:
etal, CD9, CD81, treated once
2023 and CD63 3 weeks after
[49] chemotherapy
, intra-ovarian
Park  C57BL/6 Chemotherapy H-BMSC NP NP EV dose: NA, 2 weeks
etal, induced, and 1.5x 1077 NA
2023 injected 7 days  H-UCMSC Administration
[54] consecutevily Frequency: 1
Regimen:
treated once
7 days after
chemtherapy
induction

, Intravenous
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Table 2 (continued)
Au- Number of POl Model Source of Isolation Method EV Treatment Cargo implicated, Time from
thor, Animals and EV Validation Model, Pathway Implicated Treat-
Year  Species Administra- ment to
tion Route Sacrifice
Pu 36 Sprague  Chemotherapy H-UCMSC NP TEM/NTA EVdose: 10A9  NA, 4 weeks
etal, Dawley rats induced, Western particles NA
2023 8weeksold injected 7 days blot for: Administration
[45] consecutevily CD9,CD63, Frequency: 1
and CD81 Regimen:
treated once
24 h after
chemotherapy
, Intravenous
Qu 105 Wistar Chemotherapy H-UCMSC  Ultracentrifugation TEM EV dose: miR-126-3p, 4 weeks
etal, rats induced, in- Western 400 pg PIK3R2 gene inhibition
2022 5weeksold  jected 14 days blot for: Administration and subsequent PI3K/AKT/
[50] consecutevily TSG101, Frequency: 1 mTOR activation
Hsp70, Regimen:
CDé3,and  treated once
calnexin , Intravenous
Song 36 Sprague  4-VD menstrual  Ultracentrifugation ~ Western EV dose: thrombospondin-1,
etal, Dawleyrats injection,in- blood and ultrafiltration blot for: 4.5%10N7 SMAD3/AKT/MDM?2 activa-
2023 6weeksold  jected 15 days TSG101, Administration  tion and inhibition of P53
[21] consecutevily CcD81 Frequency: 6
Regimen:
treated every
5 days
, Intravenous
Sun 15C57BL/6  Chemotherapy H-BMSC Exosome Sepera-  TEM EV dose: miR-644-5p, 5 days
etal, 6—7weeks induced, tion Kit Western 125 ug inhibition of p53
2019  old injected once and Centrifugation ~ blot for: Administration
[61] CD63, and Frequency: 3
calnexin Regimen:
treated 1,
5,and 10
days after
chemotherapy
, Intravenous
Tha- 106 Sprague  Chemotherapy M-AFMSC  Ultracentrifugation  TEM/NTA EV dose: miR-21, 1 day, 7
bet Dawley rats  induced, and ultrafiltration 200 ug PTEN inhibition days, and
etal, 6weeksold injected once Administration 2 months
2020 Frequency: 1
[46] Regimen:
treated once
21 days after
chemotherapy
,intra-ovarian
Xiao ICR Chemotherapy M-AFMSC  Exosome Sepera- ~ TEM/NTA EV dose: miR-10a, 8 days
etal, 4-6weeksold induced, tion Kit 250 ug inhibition of Bim which is
2016 injected once and ultrafiltration Administration downstream of p53 and
[42] Frequency: 1 upstream of Casp9
Regimen:
treated once
24 h after
chemotherapy

,intra-ovarian
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Table 2 (continued)
Au- Number of POl Model Source of Isolation Method EV Treatment Cargo implicated, Time from
thor, Animals and EV Validation Model, Pathway Implicated Treat-
Year  Species Administra- ment to
tion Route Sacrifice
Xiao  ICR Chemotherapy H-UCMSC  Ultracentrifugation  TEM/NTA EV dose: NP NA, 2 weeks
etal, 3weeksold induced,in- Western Administration NA
2023 jected 10 days blot for: Frequency: 14
[43] consecutevily Alix, TSG101, Regimen:
and CD9 treated daily
for two weeks
, Intravenous
Xing  Sprague Chemotherapy M-BMSC Exosome Sepera- ~ TEM/NTA EV dose: miR-125a-3p, 24h
etal, Dawleyrats induced,in- tion Kit Western 150 ug circLRRC8A activation and
2023 5weeksold  jected 14 days and ultrafiltration blot for: Administration  subsequent downregula-
[47] consecutevily CD9and Frequency: 7  tion of NFE2L1
CcDes3 Regimen:
treated once
every two days
, Intravenous
Yang 50 Sprague  Chemotherapy M-BMSC Ultracentrifugation  TEM EV dose: miR-144-5p, 4 weeks
and Dawley rats  induced, in- Western 150 ug activation of PI3K/AKT and
Lin Sweeksold  jected 14 days blot for: Administration  subsequent inhibition of
etal, consecutevily CD9, CD81,  Frequency: 7 PTEN
2020 and tubulin - Regimen:
[48] treated once
every two days
for 2 weeks
Intraperitoneal
Yang ICR Natural aging H-UCMSC  Ultracentrifugation  TEM/NTA EVdose: 10 ug  miR-146a-5p or miR-21-5p, 3 weeks
and 10 months model Western Administration activation of PI3K/mTOR
Zhang old blot for: Frequency: 1
etal, Alix, TSG101, Regimen: NP
2020 and CD9 , Intra-ovarian
[38]
Yang 60ICR Chemotherapy H-UCMSC NP TEM EV dose: NA, 4 weeks
etal, 4-5weeksold induced, Western 150 ug activation of PI3K/AKT
2019 injected on blot for: Administration
[44] day 0 CD9,CD63,  Frequency: 4
TSG101,and  Regimen:
Calnexin treated once
a week for 4
weeks
, Intravenous
Zhang 24 C57BL/6  Chemotherapy iPSC-MSCs  Ultracentrifugation  TEM/NTA EVdose: 25 ug  NA, 2 weeks
etal, 8weeksold induced,in- Flow cytom- Administration  NA
2023 jected 14 days etry for: Frequency: 1
[60] consecutevily CDé3 and Regimen:
Ccb9 treated
Western once on the
blot for: fifth day of
Calnexin, modelling
TSG-101, , Intra-ovarian
and

folittilin-1
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Table 2 (continued)
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Au- Number of POl Model Source of Isolation Method EV Treatment Cargo implicated, Time from
thor, Animals and EV Validation Model, Pathway Implicated Treat-
Year  Species Administra- ment to
tion Route Sacrifice
Zhang 48C57BL/6  Chemotherapy H-AFMSC  Exosome Sepera-  TEM/NTA EV dose: NP hsa-miR-1246, 4 weeks
etal, 7-—8weeks induced, tion Kit Western Administration activation of PI3K pathway
2019 old injected on and ultrafiltration blot for: Frequency: 2
[58] day 0 Alix, CD63,  Regimen:
and CD9 treated once
a week for 2
weeks
Intra-ovarian
and
, Intravenous
Zhang 48 Sprague  4-VD menstrual  Ultracentrifugation  TEM/NTA EVdose:50 g NA, 4 weeks
etal, Dawleyrats  injection,in- blood and ultrafiltration Western Administration  NA
2021 7weeksold  jected 15 days blot for: Frequency: 5
[36] consecutevily TSG101 and  Regimen:
CDs81 treated once
every five days
, Intra-ovarian
Ding 40C57BL/6  4-VD H-AFMSC ~ Exosome Sepera- ~ TEM EV dose: miR-320a, 4 weeks
and 10 weeks old  injection, in- tion Kit Western 150 ug activation of PI3K/AKT
Qian jected 14 days and ultrafiltration blot for: Administration  pathway
etal, consecutevily Alix, TSG101, Frequency:
2020 CD9,CD63, 1
[37] and CD81 Regimen:
treated once
after model
induction
, Intra-ovarian
Liet  36C57BL/6  Chemotherapy H-UCMSC  Ultracentrifugation  TEM/NTA EV dose: NA, 2 weeks
al,, 8weeksold  induced, Flow cy- 150 ug Activation of the Hippo
2021 injected on day tometry for:  Administration pathway
[56] Oand7 CD9, CD63,  Frequency:
and CD81 2
Regimen:
treated once
every week
intraperitoneal

Abbreviations 4-VD: 4-vinylcyclohexene diepoxide; TEM: transmission electron microscopy; NTA: nano-particle tracking analysis; SEM: scanning electron microscopy;

DLS: dynamic light scattering; NP: not provided; NA: not applicable

treated animals to 44 untreated ones (Fig. 2). No signifi-
cant difference in the mean improvement of different
follicle types is evident (p-value=0.83). Publication bias
assessed using Egger’s regression test showed significant
publication bias for all the above analyses, while sensi-
tivity analysis using the leave-one-out method showed
stable results (Supplementary material 1, Figure S1-512).

Follicle count and administration route

Subgroup analysis based on administration route was
conducted for all above analyses except mature follicle
count and total follicle count due to having less than 10
studies in their meta-analysis. no difference between
intravenous, intra-ovarian, and intraperitoneal admin-
istration was observed in the antral follicle, primary

follicle, primordial follicle, and secondary follicle meta-
analysis (data not shown).

Follicle count and administration frequency

Meta-regression based on administration frequency for
each follicle count showed no difference in the antral
follicle meta-analysis (coefficient=-0.1533189, R2=0,
p-value of explained variance=0.321), primary follicle
meta-analysis (coefficient=-0.0303341, R2=0, p-value
of explained variance=0.818), primordial follicle meta-
analysis (coefficient=-0.0495191, R2=0, p-value of
explained variance=0.791), and secondary follicle count
(coeflicient=0.789761, R2=0, p-value of explained vari-
ance=0.646). Total follicle count and mature follicle
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Treatment Control Conen's d
Study N Mean SD N Mean  SD with 95% CI
Antral Follicles

Ding et al, 2020 10 13528 29378 10 56.9565 13.6308 - 3.42[ 204, 4.80]
Eslami et al, 2023 8 23917 415 8 12123 25201 - 343[ 1.89, 497]
Huang et al, 2018 10 128571 16837 10 5357 7654 - 573[ 375, 7.72]
Liand Zhang et al, 2023 5 35 35 5 17 27 o 576 295, 8.57)
Liu and Yin et al, 2020 6 20% 512 6 2119 2662 - 020(-094, 133
Nazdikbin Yamchi et al, 2023 4 4.23809 1.04762 4 128571 1.04762 = 282 086, 4.77)
Song et al, 2023 9 5345 9216 9 25808 9217 E 3 3.00( 1.65, 4.35)
Xiao et al, 2023 7 30882 5147 7 24877 6005 - 1.07[005, 2.19)
2Znang et al, 2023 6 7.82609 623188 6 4.63768 507246 E 3 0.56[0.59, 1.71]
Zhang etal, 2021 8 28145 426439 8 255864 13.6461 ™ 0.25[0.73, 1.24)
Heterogenelty: T'= 3,32, I'= 87.20%, H'= 7.81 ‘ 244[ 121, 367)
Test of 8= 6: Q(9) = 59.60, p = 0.00

Test 0f 6 = 0:2 =389, p =0.00

Mature Follicles

Caoetal, 2023 6 9032 35484 6 58064 22581 - 1.08[-0.13, 230]
Gaoetal, 2022 8 308712 39772 8 200757 26515 " 349 1.72, 467]
Geng et al, 2022 8 50704 19917 8 27816 3585 ™ 079[023, 181
Luetal 2023 6 361868 563658 6 77821 466926 - 537 294, 7.80]
Zhang etal, 2019 6 650846 188422 6 288461 942122 245[ 0.96, 3.99)
Zhang etal, 2021 8 136461 426439 8 102345 852878 - 0.51[-0.49, 1.50]
U etal, 2021 6 3644 58 6 1318 605 i 391[ 1.98, 589
Heterogenelly: T'=2.22, I'= 82.28%, H'= 5.64 ‘ 226[ 1.02, 350]
Test of 6= 8; Q(6) = 28.22, p = 0.00

Test 0f 6= 0:2 = 356, p =0.00

Primary Follicles

Caoetal, 2023 6 200 64516 6 116120 41935 [ 3 154( 025, 283
Eslami et al, 2023 8 462585 69433 8 15827 26645 - 579[ 356, 8.02)
Huang et al, 2018 10 304 3306 10 112 1066 —-— 7.82[ 5.24, 10.39]
Ui and Zhang et al, 2023 5 103416 19565 5 51 42 - 370 1.66, 575
Lu and Yin etal, 2020 6 86413 2529 6 4347 5459 - 1.01[0.1, 221)
Nazdikbin Yamchi et al, 2023 4 6.16438 380138 4 154109 719178 - 220 044, 3.95)
Song et al, 2023 9 737 7373 9 49769 9217 3 287[ 1.5, 4.19)
Xiao et al, 2023 7 9078 6005 7 80637 5147 - 2.76[ 1.30, 4.23
Xing et al, 2023 6 112174 126087 6 569565 1.78266 - 358[ 1.75, 5.40]
Zhang etal, 2023 6 456853 162437 6 17.2569 812182 E 3 221[ 078, 369
Luetal. 2023 6 63035 583658 6 245136 623 - 6.38[ 359, 9.17)
Zhang etal, 2019 6 278846 94211 6 105769 7.0658 - 208[ 067, 3.48)
Znang etal, 2021 8 104051 162047 8 452026 153518 - 3.73[ 2.11, 535
U etal, 2021 6 520 1208 6 2637 1226 218 0.75, 3.61]
Test of 6= 6 Q(13) - 4533, p = 0.00

Test of 6 = 0: 2 = 6.96, p = 0.00

Primordial Follicles

Caoetal, 2023 6 48387 74194 6 177419 48387 [ ] 489[ 263, 7.15
Eslami et al, 2023 8 106589 271052 8 37.984 53827 L 351[1.95, 507
Huang etal, 2018 10 387.228 42119 10 179347 19022 - 636 420, 852
U and Zhang et al, 2023 5 485 552 5 278 4 . 426[ 2.02, 6.50]
Liu and Yin etal, 2020 6 11684 789 6 4728 6388 1.02[0.18, 223
Nazdikbin Yamchi et al, 2023 4 2.01413 233216 4 265017 636044 - 1.02[0.45, 2.50)
Song et al, 2023 9 247004 20277 9 267281 16589 ik -1.09[-2.09, 0.10]
Xiao et al, 2016 3 311643 31635 3 194063 7.1 - 5.10[ 1.80, 8.40]
Xiao et al, 2023 7 266789 16299 7 220465 14584 - 3.00[ 147, 452
Xing et al, 2023 6 144347 11739 6 6.2608 1.5652 —— 5.91[ 329, 853
Yang etal, 2019 8 10389 21425 8 66017 2.1428 ™ 1771 061, 292
Zhang etal, 2023 6 240351 675325 6 46753 25.9742 - 3.96[ 201, 591]
Luetal 2023 6 137743 1.40078 6 529183 894942 —.— 7.22 4.12, 1032
Zhang etal, 2019 6 800654 56034 6 228758 12.0073 [ ] 1.41( 0.15, 2568]
Zhang etal, 2021 8 191.045 358200 8 249041 238806 M 1.91[3.00, 0.72)
Uetal, 2021 6 597 10% 6 3608 641 276 118, 4.34)
Heterogenelty: T'= 5.70, I= 89.95%, H'= 9.95 t 2.86( 1.60, 4.12]

Test of 6= 8;: Q(15) = 140.06, p = 0.00
Testof B = 0: 2 = 4.44,p = 0.00

Secondary Follicles

Caoetal, 2023 6 109677 74198 6 125806 25806 0.29(-1.43, 085]
Eslami et al, 2023 8 323205 80504 8 12045 27358 s 3 337 1.85, 4.90]
Huang et al, 2018 10 19874 18136 10 B87.657 13602 [ ] 6.93[ 461, 925
U and Zhang et al, 2023 5 68944 559 5 38198 7454 —— 467[ 228, 7.08)
Liu and Yin et al, 2020 6 8369 3461 6 4619 3995 - 1.00[020, 2.20)
Nazdikbin Yamchi et al, 2023 4 569306 534456 4 44554 69306 = 1.38[-0.16, 2.92
song et a, 2023 9 49760 9217 9 18433 9206 - 340( 1.9, 4.85)
Xiao et al, 2023 7 712 6005 7 50612 4289 E ] 3.95[ 2.15, 5.74]
Xing et al, 2023 6 85652 17826 6 33913 1.1304 - 347[ 1.68, 526
Zhang etal, 2023 6 466666 266667 6 24.7619 15.2381 - 1.01[0.19, 221]
Lwetal. 2023 6 828794 544747 6 322957 622568 —®— 865501, 1229
Zhang etal, 2019 6 125 163209 6 375 510309 - 0.72[-0.44, 1.89]
Zhang etal, 2021 8 409382 597015 8 307036 16.2047 ] 0.84[-0.18, 186
U etal, 2021 6 4285 1200 6 2307 1172 1.65( 035, 2.97]
Heterogeneity: = 4.15, I°= 88.37%, H= 8.60 ‘ 2.63( 1.47, 3.79

Test of 6= B Q(13) = 78.84, p = 0.00
Testof 8 = 0:2 = 4.45,p = 0.00

Total Follicles

Ding et al, 2020 604.334 587877 10 104644 21.7513 ——11.27[ 767, 14.88]

10
Nazdikbin Yamchi et al, 2023 4 18 9.14286 4 185714 1.71428 - 245[ 062, 4.29]
Thabet et al, 2020 5 4683 34907 5 25113 16694 ™~ 0.79(0.49, 208
Xiao et al, 2016 3 580147 4028 3 375968 2014 —a— 6.69[ 258, 10.81]
Yang etal, 2019 8 209783 30612 8 23.0519 3.3672 215[ 092, 338
Zhang etal, 2023 6 346939 918367 6 91.8367 357143 - 366[ 1.81, 551]

Znang etal, 2021 378.567 54818 B8 364.882 58.2441 ]

o 1, 1 'S

Test of 6= 6 Q(6) = 48.62, p = 0.00
Testof 0= 0:2=264,p =001

0.24(-0.74, 123
3.56( 091, 621]

Test of group diferences: Qu(5) =2.11, p = 0.83

Random-effects REML mode!

Fig. 2 Meta-analysis of Follicle counts after MSC-EV treatment sub-
grouped by the type of follicle
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count meta-analyses could not be performed due to hav-
ing less than 10 studies.

Follicle count and dose

Meta-regression based on dose showed no effect on the
primordial follicle count (coefficient=0.0017907, R2=0,
p-value of explained variance=0.371), while other fol-
licle counts could not be analyzed due lack of reporting
of MSC-EVs protein content in most studies.

Follicle count and EV source

Subgroup analysis based on EV source showed significant
difference in primordial follicle count (p-value<0.001)
with menstrual blood performing the poorest (SMD,
(95CI), p-value; 2.86, (-2.22,-0.65), <0.001), a difference
in primary follicle count (p-value=0.04) with H-cMSC
performing significantly better than the rest (SMD,
(95CI), p-value; 5.79, (3.56,8.02), <0.001), a difference in
secondary follicle count (p-value=0.02), and a difference
in antral follicle count (p-value<0.001) with H-AFMSC
performing better than the rest (SMD, (95CI), p-value;
5.73, (3.75,7.72), <0.001). Mature and total follicle count
meta-analyses were too few to be assessed.

Follicle count and induction model

Subgroup analysis based on induction model showed
chemotherapy models performing better than 4-vinyl
cyclohexene diepoxide models in the primordial fol-
licle count (SMD (95CI): 3.44 (2.42,4.46) vs. -1.43 (-2.22,
-0.65), p-value of subgroup difference<0.001) yet not in
the primary (p-value=0.99), secondary (p-value=0.63),
or antral follicle counts (p-value=0.48). Mature and total
follicle count meta-analyses were too few to be assessed.

Follicle count and type of animal

Subgroup analysis based on the type of animal showed no
difference between C57BL/6] mice, ICR rats, Wistar rats,
and Sprague Dawley rats for primary (p-value of sub-
group difference=0.16) and antral follicle counts (p-value
of subgroup difference=0.84). Subgroup analysis was not
applicable to mature and total follicle counts. However,
significant differences were observed for primordial and
secondary follicle counts (p-value of subgroup differ-
ence=0.005 and 0.01), with Swiss albino rats showing a
more marked improvement in primordial (SMD, (95CI),
p-value; 7.22, (4.12,10.32), <0.01) and secondary follicle
counts (SMD, (95CI), p-value; 8.65, (5.01, 12.29), <0.01).

Follicle count and study quality

All the studies in the primordial, primary, and second-
ary follicle count meta-analyses had low quality, yet for
the antral follicle count no significant difference between
high and low-quality papers was evident (p-value=0.28).
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Mature and total follicle count meta-analyses were too
few to be assessed.

Treatment Control Cohen's d
Study N Mean SD N Mean  SD with 95% CI
AMH
Ding and Zhu et al, 2020 10 25395 34878 10 73024 9809 E 3 7.06[ 470, 9.42
Eslami et al, 2023 8 29115 4245 4 16975 2705 | ] 315[ 141, 4.90]
Gaoetal, 2022 8 33802 4226 8 19894 2817 [ ] 387[ 221, 553
Gao etal, 2023 5 32625 35625 5 18.75 2.0625 = 477 234, 7.20]
Huang et al , 2018 10 2166 22199 10 42 12 - 9.78[ 6.63, 12.94]
U and Fan et al, 2023 6 101217 223844 6 4574 19466 | | 264 110, 419
U and Zhang et al, 2023 6 129433 110.838 6 1076.35 96.0597 | | 210[ 069, 3.51]
Park et al, 2023 3 203 1876 3 1053 488 1 ] 137[ 041, 3.5
Park et al, 2023 3 1341 48 3 1053 488 [ ] 060[ -1.04, 2.23]
Puetal, 2023 4 298551 560.386 4 2550.72 21256 ] 1.03[ 045 250
Qu et al, 2022 10 151258 2993 10 127.743 5131 F ] 560( 3.65 7.54
Thabet et al, 2020 8 28642 7959 8 20033 4681 [ | 132[ 024, 240
Yang and Lin et al, 2020 10 151142 11744 10 130.857 10843 ] 179[ 076, 2583
Zhang et al, 2023 6 122274 311519 6 654205 .171345 ] 226[ 081, 3.71]
Luetal. 2023 6 706077 33.149%2 6 374586 26.5193 —M—  11.04] 648 1560]
Zhang etal, 2021 8 339683 7.61905 B8 23.1746 6.66666 | | 151 040, 2562
Ding and Qian etal, 2020 10 209523 24762 10 91.428 13333 - 594[ 3.90, 7.98
U etal, 2021 6 334507 35.0852 6 18.838 20.9507 [ ] 051 0.64, 1.66]

Heterogenelty: T'= 6.02, I'= 90.52%, H'= 10.54
Test of 6= 6: Q(17) = 106.74, p = 0.00
Test of 6 = 0: z = 5.40, p =0.00

336[ 214, 458

-

E2
Ding and Zhu et al, 2020 10 225 32258 10 77.419 8871 = 624[ 412, 836
Eslam et al, 2023 8 748375 7.013 4 28509 7.776 E 3 634 353, 9.14]
Gao etal, 2022 8 4405 6582 8 25569 4051 | 338[ 1.85 491
Gao etal, 2023 5 43406 4795 5 24227 3533 E 3 455[ 220, 6.90]
Geng et al, 2022 4 31753 22748 4 0236 2368 ] 1.95[ 027, 3.63
Huang et al 2018 10 218969 1855 10 72989  8.041 - 1021 6.93, 13.49)
U and Fan et al, 2023 6 847297 125676 6 4.4594 182438 [ ] 256 1.04, 409
Li and Znang et al, 2023 6 16302 24324 6 137.592 29.484 | 094 025 213
Liu and Yin etal, 2020 6 51983 15865 6 34493 5952 | | 146[ 0.19, 273
Nazdikbin Yamchiet al, 2023 3 6.53846 2.93114 3 1.97435 .17765 - 220[ 017, 427
Park et al, 2023 3 1047 2175 3 51 115 : 3 3.09[ 072 5.6
Park et al, 2023 3 8095 1045 3 51 115 = 273[ 050, 4.95]
Puetal, 2023 4 649152 81357 4 60.5084 7.11878 [ | 0.58[ -0.84, 1.99]
Qu et al, 2022 10 485844 16 10 39688 2667 ] 416 260, 572
Sun et al, 2019 5 3204 2871 5 22518 3779  § 284 1.08 459
Xiao et al, 2023 7 1.43902 092683 7 1.22927 .082927 [ ] 239 1.01, 3.7¢
Yang and Lin et al, 2020 10 52473 9521 10 36989 1496 | 123[ 028 219
Yang etal, 2019 8 5136 7775 8 3938  7.749 | | 154 043, 266
Zhang etal, 2023 6 118919 204204 6 69.069 25.8258 | | 214 072, 356
Luetal. 2023 6 792265 4.6409 6 33.1491 4.6409 L 9.93[ 580, 14.06]
Zhang etal, 2021 8 444444 8254 8 32381 8.88885 | | 141[ 031, 250
Ding and Qian et al, 2020 10 21028 2243 10 68.6915 8.4105 R 3 8.36[ 562 11.09]
Uetal, 2021 6 444211 467368 6 23.1579 25.6842 | | 056[ -0.59, 1.72)
Heterogenelty: T°= 4.87, I°= 88.59%, H'= 8.76 . 319[ 220, 417
Test of 6= 6: Q(22) = 117.55, p = 0.00

Test of 8 = 0: 2 = 6.34, p = 0.00

FSH

Ding and Zhu et al, 2020 10 654353  89.71 10 1583.11 216359 l ] 5.61[ 7.55 -3.66]
Eslami et al, 2023 8 86835 1204 4 14401 2297 L B.44[ 527, 162
Gao etal, 2022 8 18503 2449 8 33333 4081 | ] 441 622 -259
Gaoetal, 2023 5 17875 1875 5 32625 3375 ] 5.40[ -8.08, -2.73]
Huang et al 2018 10 129577 152918 10 321.931 44266 - 865 583 11.47]
U and Fan et al, 2023 6 125139 9497 6 154189 11174 [ | 280 439, -1.21]
U and Zhang et al, 2023 6 213348 1171 6 23021 2004 n 076 193, 0.41]
Liu and Yin et al, 2020 6 1049 3194 6 826 913 | 0.95[ 0.24, 2.15]
Nazdikbin Yamchiet al, 2023 3 259433 245118 3 24528 .28596 | | 053[ -1.10, 2.1§]
Park et al, 2023 3 108 839 3 19.27 8.9 ] 097[ 266, 072
Park et al, 2023 3 418 o1 3 19.27 89 E 239( -4.48 029
Puetal, 2023 4 720338 76272 4 891949 63558 - 2.44[ 428, 061
Qu et al, 2022 10 30352 1977 10 59.4352 1882 —ik -15.07 [-19.82, -10.32)
Yang and Lin et al, 2020 10 14891 2267 10 19 165 | 207[ -3.16, -0.99]
Yang etal, 2019 8 4562 7919 8  7.185 939 [ ] 3.02[ 445, -1.59]
Zhang et al, 2023 6 113333 11111 6 14.7407 1.6296 | | 2.44[ 3.94, 095
Luetal. 2023 6 151933 26243 6 38.9502 3.8674 s 3 7.19[-10.28, 4.10]
Zhang etal, 2021 8 314286 8.70317 8 45.3968 13.0159 | | 1.26[ 233, 0.19
Ding and Qian etal, 2020 10 559633 82568 10 1458.71 156 E 3 7.20[ 9.60, -4.81]
U etal, 2021 6 156643 17.3426 6 30.4895 31.8881 | 058[ 173, 058
Heterogenelty: T'= 14.72, I’= 95.64%, H’= 22.95 0 268[ 442, 0.94]

Test of 8= 8: Q(19) = 190.11, p = 0.00
Test of 8 = 0:2=-3.01, p=0.00

Random-effects REML model

Fig. 3 Meta-analysis of Serum Hormones (Estradiol (E2), Anti-mullerian
hormone (AMH), and Follicle stimulating hormone (FSH)) after MSC-EV
treatment
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Serum FSH, E2, AMH, and LH concentrations

Among the studies investigating serum hormones, 5
studies used an ELISA kit (CUSABIO, Wuhan, China)
[20, 36, 41, 44, 60], 3 used ELISA kit (Enzyme-Linked
Biotechnology, Shanghai, China) [45, 48, 52], one study
assessed used ELISA kit (Cusabio, Cat no. CSBE06871m,
CSB-E05109m, and CSB-E13156m, respectively, TX,
USA) [62, 63], one study measured FSH using ELISA
kit (Cat no: 334-096-4, Monobind), LH using ELISA kit
(Cat no: 0234—96, Monobind), and E2 using ELISA kit
(Cat no: 4925-300 A, Monobind) [49], one study mea-
sured FSH using ELISA kit (E-EL-R0391c, Elabscience,
Houston, TX, USA), E2 using ELISA kit (E-OSEL-R0001,
Elabscience), and AMH using ELISA kit (E-EL-R3022,
Elabscience) [51], and one study measured FSH using
ELISA kit (E-EL-R0026¢, Elabscience, China), E2 using
ELISA kit (E-EL-0152c¢, Elabscience, China), and AMH
using ELISA kit (E-EL-R3022, Elabscience, China) [50].
ELISA Kkits (Mybiosource, USA; ) were used by two
studies [40, 46], (R&D Quantikine, R&D Systems Inc.,
Minneapolis, MN, USA) was used by one study [61],
(MEIMIAN, China) was used by one study [56],

In one study the hormone levels were monitored by
enzyme-linked immunosorbent assay kits (ImmunoWay,
USA) [47], and in 6 studies serum hormone levels were
measured but the kit being used was not mentioned [37,
39, 43, 54, 57, 64].

The mean concentration of FSH was evaluated by
19 studies [20, 36, 37, 39, 40, 45, 46, 48-56, 60, 62], the
pooled results of which showed a decrease in FSH con-
centrations after treatment (SMD, (95CI), p-value;
-2.68, (-4.42, -0.94), <0.001) with significant heteroge-
neity (1°=95.64%, Fig. 3) when comparing 132 MSC-
EVs treated animals to 136 untreated ones. The mean
concentration of E2 was evaluated by 22 studies, the
pooled results of which showed an increase in E2 con-
centrations after treatment (SMD, (95CI), p-value;
3.19, (2.20, 4.17), <0.001) with significant heterogene-
ity (I°=88.59%) when comparing 148 MSC-EVs treated
animals to 152 untreated ones. The mean concentration
of AMH was evaluated by 17 studies, the pooled results
of which showed an increase in AMH concentrations
after treatment (SMD, (95CI), p-value; 3.36, (2.14, 4.58),
<0.001) with significant heterogeneity (I>=90.52%, Fig. 3)
when comparing 123 MSC-EVs treated animals to 127
untreated ones. Publication bias assessed using Egger’s
regression test showed significant publication bias for all
the above analyses yet al.l of them remained stable after
sensitivity analysis using the leave-one-out method (Sup-
plementary material 1, Figure S13-S18).

4 studies assessed serum LH levels, with Li et al. [39]
finding a significant reduction when comparing 6 treated
mice to 6 untreated ones, Xing et al. [47] finding a signifi-
cant reduction comparing 6 treated ones to 6 untreated
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ones, and Yang and Lin et al. [48] also finding significant
reductions in LH when comparing 10 treated ones to 10
untreated ones. In contrast, Nazdikbin Yamchi [49] found
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no significant change when comparing 4 treated ones to
4 untreated ones. No meta-analysis was viable for this
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outcome. It should be noted that none of the included
studies assessed the hormone levels while noting the
phase of the estrous cycle at the time of evaluation.

Table 3 Results of the subgroup analysis of the serum hormones Meta-analyses based on EV source and administration route

Meta-analysis EV source Number of ani- SMD Administration Number of ani- SMD
mals (number of (95CI) route mals (number of (95CI1)
studies) studies) 12
Serum FSH E-AFMSC 6(1) 0.53 Intra-ovarian 106 (7) -1.20
(-1.10,2.16) (-4.86,
H-AFMSC 40 (2) 0.71 247)
(-14.83,16.24) 97.32%
H-BMSC 6 (1) -0.97
(-2.66,0.72)
H-cMSC 12(1) -3.44 Intraperitoneal 44 (3) -3.03
(-5.27,-1.617) (-6.71,
H-UCMSC 156 (11) 401 0.64)
(-6.13,-1.89) 94.56%
iPSC-MSCs 12(1) -244
(-5.54,-2.17)
M-BMSC 20 (1) -2.07 Intravenous 118 (8) -3.51
(-3.16,-0.99) (-5.64,
Menstrual blood 16 (1) -1.26 -1.38)
(-2.34,-0.19) 92.76%
H-AFMSC 40 (2) 0.71
(-14.83,16.24)
Serum AMH H-BMSC 6 (1) 137 Intra-ovarian 116 (7) 407
(-041,3.15) (1.74,
H-cMSC 12(1) 3.15 6.39)
(141,4.90) 93.57%
H-UCMSC 128 (9) 393
(2.10,5.77)
iPSC-MSCs 12(1) 2.26 Intraperitoneal 44 (3) 409
(0.81,3.71) (-2.04,
M-AFMSC 16 (1) 132 10.22)
(0.24, 2.40) 97.95%
M-BMSC 20 (1) 1.79
(0.76,2.83)
Menstrual blood 16 (1) 1.51 Intravenous 90 (6) 2.70
(040, 2.62) (1.90,
H-AFMSC 40(2) 767 3.49)
(3.92,11.42) 62.53%
Serum E2 H-cMSC 12(1) 6.34 Intra-ovarian 120 (8) 4.02
(3.53,9.14) (1.70,
H-UCMSC 170(12) 30 6.33)
(1.85,4.14) 93.72%
iPSC-MSCs 12(1) 2.14(0.72,3.56)
M-BMSC 20(1 1.23 Intraperitoneal 44 (3) 359
(0.28,2.19) (-1.98,
H-BMSC 16 (2) 293 9.16)
(151,433) 0%
Menstrual blood 16 (1) 141
(0.31,2.50)
H-AFMSC 48 (3) 6.69 Intravenous 136 (10) 2.70
(1.28,12.13) (1.90,
E-AFMSC 6(1) 22 349

(0.17,4.22)

7%
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Serum hormones and administration route

Subgroup analysis showed no significant difference
between intravenous, intraperitoneal, and intra-ovarian
administration regarding the FSH, E2, and AMH meta-
analyses (Table 3).

Serum hormones and administration frequency
Meta-regression showed no significant association
between administration frequency and the FSH meta-
analysis (coefficient= -0.0191671, R2=0, explained
variance p-value=0.924), the AMH meta-analysis
(coefficient= -0.0425975, R2=0, explained variance
p-value=0.751), and the E2 meta-analysis (coefficient=
-0.0837977, R2=0, explained variance p-value=0.379).

Serum hormones and dose

Meta-regression showed no significant associa-
tion between dose and FSH values (coefficient=
-0.0073845, R2=0, explained variance p-value=0.306),
E2 values (coefficient= -0.0013223, R2=0, explained
variance p-value=0.747), and AMH values (coef-
ficient=0.0029529, R2=0, explained variance
p-value=0.729).

Serum hormones and EV source

Subgroup analysis regarding EV source showed signifi-
cant differences in the FSH, E2, and AMH meta-analyses
(Table 3), with H-UCMSC, H-AFMSC, and H-AFMSC
performing the best in each meta-analysis, respectively.

Serum hormones and induction model

Subgroup analysis by the type of induction model
showed no difference in the FSH (p-value=0.87), E2
(p-value=0.75), and AMH (p-value=0.75) meta-analyses.

Serum hormones and animal type

Subgroup analysis by animal type indicated significant
differences in FSH, E2, and AMH level changes (p-value
of subgroup difference for all <0.01). Regarding E2 lev-
els, Swiss albino rates showed the highest increase in E2
(SMD, (95CI), p-value; 9.93 (5.80, 14.06), <0.01), while
Sprague Dawley rats showed the least increase (SMD,
(95CI), p-value; 1.16 (0.52, 1.80), <0.01). Other ani-
mal types were statistically comparable in this regard.
Regarding AMH levels, Swiss albino (SMD, (95CI),
p-value; 11.04 (6.48, 15.60), <0.01) and ICR rats (SMD,
(95CI), p-value; 9.78 (6.63, 12.94), <0.01) showed the
most increase, while Sprague Dawley rats showed the
least increase (SMD, (95CI), p-value; 1.47 (0.90, 2.04),
<0.01). Wistar rats and C57BL/6] mice were comparable.
Regarding FSH levels, Swiss albino rats showed the most
decrease (SMD, (95CI), p-value; -7.19 (-4.10, -10.28),
<0.01), while Wistar rats showed the smallest decrease
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(SMD, (95CI), p-value; -7.10 (-22.39, 8.18), 0.36). Other
animal types were statistically comparable in this regard.

Serum hormones and study quality

Subgroup analysis by study quality showed no difference
in the FSH and AMH meta-analyses, yet high quality
studies found significantly higher levels of E2 after treat-
ment compared to low quality studies (high quality: SMD
(95CI=7.37 (5.39, 9.35) vs. low quality: SMD (95CI1=2.78
(1.91, 3.65).

Pregnancy and offspring

The main parameter for fertility in the animals was com-
paring the number of animals that got impregnated or
the number of offspring the impregnated animals pro-
duced. the number of offspring was evaluated in 9 studies
[21, 36, 41, 45, 46, 49, 53, 56, 62] which showed a sig-
nificant increase in the number of offspring after treat-
ment (SMD, (95CI), p-value; 3.70, (2.17, 5.23), <0.001)
with high heterogeneity (I>=88.64%) when compar-
ing 73 MSC-EVs treated animals to 73 untreated ones
(Fig. 4). The number of pregnant animals after treat-
ment was evaluated in 7 studies [38, 41, 46, 49, 54, 56,
62], the pooled results of which showed an increased
odds of pregnancy after MSC-EVs treatment (OR, (95CI),
p-value; 10.25, (4.29, 24.46), <0.001) with low hetero-
geneity (I’=0%) when comparing 73 MSC-EVs treated
animals to 73 untreated ones (Fig. 5). Sensitivity analy-
sis using the leave-one-out method showed both analy-
ses to be stable and significant publication bias was only
evident in the number of offspring analysis (Supplemen-
tary material 1, Figures S19-S22). Subgroup analysis and
meta-regression was not viable for this outcome due to
the low number of included studies.

Quality assessment

The quality of the included studies was measured using
the SYRCLE tool, which showed a moderate risk of bias
across most included studies, with lack of information
regarding allocation concealment and blinding being the
main concerns for bias. 1 study had high quality, while 28
studies had low quality, respectively (Figs. 6 and 7).

Discussion

Our collective findings suggest that MSC-EVs exhibit
promising therapeutic potential in the management of
infertility in POI in animal models. This potential is evi-
denced by their ability to ameliorate POI through the
prevention of follicle loss, with our study showing an
increase in the total number of follicles, primordial fol-
licles, secondary follicles, mature follicles, and antral
follicles, as well as the modulation of hormonal profiles
characterized by decreased FSH levels and increased
E2 and AMH levels. This improvement also translated
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Treatment Control Cohen's d Weight
Study N  Mean SD N Mean SD with 95% Cl (%)
Li and Zhang et al, 2023 6 13.8 33 6 7.2 1.5 —— 2.57[ 1.04, 4.11] 1217
Li et al, 2021 6 6.44876 1.07774 6 3.42756 .84806 —— 3.12[ 1.43, 4.80] 11.87
Eslami et al, 2023 14 3285 24623 14 o .00 - 1.89[ 1.00, 2.78] 13.24
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Test of 8, = B Q(8) = 67.47, p = 0.00
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Random-effects REML model
Fig. 4 Meta-analysis of the mean number of offspring after MSC-EV treatment
Treatment Control Odds ratio Weight
Study Yes No Yes No with 95% CI (%)
Eslami et al, 2023 10 4 0 14 L 67.67[3.28, 1397.39] 8.26
Liu and Yin et al, 2020 11 4 4 1 —l— 7.56[1.50, 38.15] 28.90
Nazdikbin Yamchi et al, 2023 3 0 1 2 = 11.67[0.32, 422.14] 5.88
Park et al, 2023 6 6 0 12 L 25.00[1.21, 516.69] 8.25
Li et al, 2021 5 1 2 4 i 10.00[0.65, 154.40] 10.11
Thabet et al, 2020 8 0 1 7 = 85.00[2.99, 2417.50] 6.75
Yang and Zhang et al, 2020 9 6 4 M1 —l— 413[0.88, 19.27] 31.85
Overall N 10.25[4.29, 24.46]
Heterogeneity: T = 0.00, I” = 0.00%, H’ = 1.00
Test of 6 = 6;: Q(6) = 4.84, p = 0.56
Testof 6 =0:z=5.24, p=0.00
1}2 EIS 158 20I48

Random-effects REML model

Fig. 5 Meta-analysis of the number of pregnant animals after MSC-EV treatment

to enhancement of fertility outcomes, as indicated by
improvements in the number of offspring and the odds
of pregnancy in the treated animals (Fig. 8). The signifi-
cance of these findings lies in the absence of enhanced
fertility from other treatments that address the underly-
ing mechanisms. Existing approaches for infertility in
POI predominantly center on assisted reproductive tech-
nology, which has shown limited promise. Moreover, the
hormonal variations identified in our study may serve
as a robust alternative to hormone replacement therapy

(HRT) for POI patients, being potentially superior to
HRT, primarily a palliative measure, as it fails to improve
ovarian function [65]. The elevated estrogen values noted
in our research may yield positive effects on the cardio-
vascular system, bone health, and overall well-being of
patients [66]. Overall, these outcomes imply a potential
translational application of this innovative approach for
the treatment of human POL

In the reviewed studies, several miRNAs and their
downstream pathways were identified as potential
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Fig. 6 The risk of bias for each study in each domain of the SYRCLE tool

mechanisms of action. Among these pathways is the proliferation, and increased viability of granulosa cells
ILK-PI3K/AKT pathway mentioned in 9 of the included  [59]. Another potential target of EV therapy is the sirtuin
studies, wherein MSC-EVs were found to contain miR-  family, comprising seven enzymes (SIRT1-7). EV therapy
NAs that upregulate ILK and its downstream pathway has been shown to downregulate SIRT4, thereby reduc-
PI3K/AKT. This leads to decreased apoptosis, enhanced  ing oxidative stress and alleviating POI [37]. Additionally,
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miRNAs present in EVs can suppress SIRT7 and its
downstream molecules, exerting effects on POI through
this pathway [55]. Furthermore, HMG-box transcrip-
tion factor 1 (HBP1) emerges as another target of EV
therapy discussed in the studies. The cargo of H-UCMSC
derived EV, miR-29a, was found to downregulate HBP1,
consequently activating the Wnt/B-catenin pathway and
restoring ovarian function [52, 67]. Overall, it appears

MSC-EVs utilize numerous pathways, most notably the
PI3K/AKT pathway, to ascertain their therapeutic effect.

A meta-analysis assessing the effects of H-UCMSC
on POI deduced that MSC therapy can improve estrous
cycle, abbreviate the estrous cycle, augment folliculo-
genesis, enhance E2 and AMH levels, and diminish FSH
and LH levels [68]. Another meta-analysis investigat-
ing the efficacy of stem-cell therapy on POI scrutinized
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both animal and clinical investigations. Animal studies
revealed analogous outcomes as aforementioned, in addi-
tion to heightened fertility in the treated cohort. while
clinical studies unveiled reduced FSH levels, elevated
antral follicle count levels, and an increased likelihood
of pregnancy and live birth in patients undergoing MSC
therapy [69]. Another promising modality involves the
utilization of exosomes derived from MSC, which is the
focal point of our review. A meta-analysis exploring the
effects of MSC-EVs on female reproductive disorders,
including intrauterine adhesions and POI, concluded that
AMH levels are elevated in animal models of POI when
subjected to MSC-EVs treatment [70]. Our findings align
with the results of both animal and clinical investigations
discussed. This concurrence between the outcomes of
MSC-EVs therapy and MSC therapy suggests that exo-
somes may be equally efficacious as MSC. However, there
remains a dearth of comparative studies comparing the
use of MSC with MSC-EVs, thus rendering the relative
effectiveness of each approach unknown. Future investi-
gations are warranted to bridge this gap.

MSCs can be derived from various sources, yet a
definitive standard determining the optimal source for
treatment of POI remains elusive. Among the sources
explored, H-UCMSCs have been prominently featured
in the studies reviewed. Unique advantages of umbili-
cal cord-derived MSCs include their diverse sourcing
options, ease of procurement, and reduced likelihood
of eliciting an immune response [67], it was also the
best EV source exerting its effects on primary follicles.
The mechanism of this improved performance is yet to
be determined. Another notable mesenchymal stem cell
source investigated in certain studies are H-AFMSCs,
which possess low immunogenicity, have demonstrated
prolonged survival in POI mice, and secrete a spectrum
of growth factors [57], our subgroup analysis revealed
greates impact of this EV source on secondary and
antral follicles which may be attributed to its secretion
of these diverse growth factors. Recently, human men-
strual blood-derived MSCs have emerged as a potential
MSC source for POI treatment due to their non-invasive
acquisition method, high proliferative capacity, and lack
of ethical concerns [21, 71], Inversely, the impact of this
EV source was poorest on primordial follicle count in
our subgroup analysis. However, these human-derived
MSCs have limitations such as the requirement for inva-
sive retrieval and limited in vitro proliferative potential.
In contrast, iPSC-MSCs exhibit the ability to differenti-
ate into various cell types, offer ease of procurement, and
have the potential for indefinite expansion, with prior
studies highlighting thier potential [59]. While numerous
other sources of MSCs have been investigated includ-
ing both human and murine, a comparative analysis to
determine their efficacy in POI treatment is lacking. In
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our subgroup analysis based on EV source, AMH levels
exhibited a discernible difference in favor of H-AFMSC
and H-ESC with the subsequent meta-regression finding
an R,=0.2, indicating a low level of correlation. None-
theless, due to the limited number of studies utilizing
these sources, it is not possible to confidently interpret
this disparity and future research endeavors should aim
to address this gap in knowledge by conducting head-to-
head comparisons of these MSC sources.

Our subgroup analysis regarding the route of EV
administration revealed no significant effect on hormone
levels or follicle counts. Previous studies have employed
intravenous and intra-ovarian injections to treat infertil-
ity in polycystic ovary syndrome, both yielding success-
ful outcomes in inducing fertility, however, intravenous
treatment demonstrated greater potency in the meta-
bolic effects of EV therapy, while the intra-ovarian route
showed higher efficacy in restoring fertility [72]. Another
administration route investigated in other studies is
intraperitoneal injection, yet insufficient data exist to
determine its comparative potency. Further comparative
studies are warranted to elucidate the diverse effects of
various administration routes in EV therapy.

The variability observed in both the dosage and fre-
quency of EVs administration across the studies included
in our review prompts consideration of its potential
impact on therapeutic outcomes in disease management.
Despite this inherent heterogeneity, our meta-regression
analyses revealed no statistically significant association
between either the dosage or frequency of EV admin-
istration and follicle count or serum hormone levels.
However, it is imperative to exercise caution in the inter-
pretation of these findings, given the considerable diver-
sity in EV quantification methodologies and the absence
of standardized protocols for EV preparation. Conse-
quently, a recommendation emerges to adopt more quali-
tative approaches in assessing EV preparations, focusing
particularly on the efficacy and functional attributes of
the EV cargo [73].

In our review, various animal models have been uti-
lized to replicate the pathophysiology of POI. The pre-
dominant model employed involves the induction of
POI through chemotherapy. Chemotherapeutic agents
have been observed to disrupt menstrual cycles and
reduce ovarian size, follicle count, oocyte quantity, and
embryo development. Consequently, this leads to dimin-
ished ovarian reserve, impaired ovulation, and reduced
fertilization rates [25]. The mechanism by which che-
motherapy induces ovarian dysfunction involves direct
targeting of primordial follicles as well as indirect effects
on growing follicles, ultimately impacting primordial fol-
licle reserve. Furthermore, chemotherapeutic agents can
induce oocyte apoptosis by causing damage to both the
oocyte itself and the surrounding somatic cells. Cell death
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within the ovary induced by chemotherapeutic agents
may occur via necrosis, apoptosis (involving the ceramide
pathway), or atresia [74], Interestingly this model showed
to be significantly altering better when considering the
primordial follicle count. This greater effect may be sup-
ported by the fact the primordial follicles are a primary
target of chemotherapy. Another model utilized in cer-
tain studies involves the induction of premature ovarian
aging using D-galactose. Classical galactosemia, a heredi-
tary disorder, is recognized as a causative factor for ovar-
ian failure. Subsequent investigations have utilized this
hypergalactosemic state to induce POI in animal models.
This model offers the advantage of encompassing both
follicle depletion and dysfunction, characteristics com-
monly observed in POIL Thus, it is proposed that this
model can effectively simulate the diverse etiologies of
POI [75, 76]. Additionally, another model employed to
investigate POI involves the use of 4-vinylcyclohexene
diepoxide. This metabolite induces ovarian damage and
diminishes primordial and primary follicle populations
in animal models. The deleterious effects of 4-vinylcy-
clohexene diepoxide are believed to be mediated through
various apoptotic signaling pathways, including the B-cell
lymphoma 2 (Bcl-2) pro-apoptotic signaling pathway, kit
ligand signaling, the rapamycin-insensitive companion of
mammalian target of rapamycin (rictor)/mTORC2 path-
way, and the nuclear factor erythroid 2-related factor
2-mediated oxidative stress response pathway [77].

Our study is constrained by its own limitations. First,
significant variations exist in the methodology of the
included studies, including the dosing, type MSC, mode
of EV acquisition, administration frequency, timing of
treatment, and administration route. These variations
may impact the outcomes. However, previous stud-
ies have determined that the administration route does
not affect these outcomes [68]. Nonetheless, the head-
to-head comparison between different administration
routes, EV sources, and other methodologies needs to
be conducted in future research. Second, many of the
included studies did not provide detailed characteriza-
tion of the MSC-EVs they utilized, which makes it chal-
lenging to ascertain which components of the MSC-EVs
are responsible for the therapeutic effects. This lack of
information in turn restricts the standardization and
optimization of MSC-EVs for usage in clinical research.
Third, the model of POI varies among reports. This dis-
crepancy could alter the underlying disease mechanism
and consequently, the therapeutic effects. Nevertheless,
it is believed that regardless of the cause, the patho-
physiology of POI remains the same [68]. Third, most
studies focused on short-term outcomes, with limited
data on the long-term safety and efficacy of MSC-EVs in
POI treatment. This fact limits the future translation of
this preclinical research into clinical studies. We suggest
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future studies conduct more long-term studies, with a
primary focus on safety in order to set the groundwork
for future clinical applications. Fourth, publication bias
was evident in all of our outcomes, severely undermining
the grade of our evidence. This may imply some studies
that are not achieving results in favor of MSC-EVs ther-
apy are not getting published, which can be remedied by
increasing sample sizes or by studying the biodistribution
of MSC-EVs, alleviating concerns over faulty methodolo-
gies. Fourthly, high heterogeneity was observed in some
of our outcomes, potentially undermining the robust-
ness of our results. However, this heterogeneity can be
contributed to the EV source and induction models used.
Different follicle counting may have also contributed to
heterogeneity, with studies summing more sections bet-
ter representing the actual count of follicles. We suggest
future studies to assess follicle counts using such meth-
ods. Hormonal assessment should also be conducted
with consideration of estrous cycle phases, another
limitation of our review and all of the included studies.
Another limiting factor was the quality of included stud-
ies which was generally low. Despite this low quality, our
analysis revealed no difference of follicle counts between
low- and high-quality studies and hormone levels with
the exception of E2 levels. As a result, the impact of this
quality assessment on the outcomes observed is not con-
cerning, however future high-quality studies are required
to confirm our findings.

Conclusion

In conclusion, this meta-analysis underscores the prom-
ising therapeutic potential of MSC-EVs in treating POI,
as it targets the underlying disease mechanisms and
improves follicle count and hormonal changes, culminat-
ing in improved fertility outcomes in animal models of
POL This review highlights the evidence of the effective-
ness of MSC-EVs modality in the preclinical stage. How-
ever, these results should be interpreted with caution
as significant publication bias and heterogeneity does
not allow for definite conclusions. Additionally, safety
evaluations and the translation of our findings to clinical
approaches exceeds the scope of our study and requires
further investigation.
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H-BMSC Human bone marrow mesenchymal stem cells
M-AFMSC Murine amniotic fluid mesenchymal stem cells
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