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Abstract  Chemotherapy is essential for treating 
malignant tumors, but it can cause premature ovar-
ian insufficiency (POI). Recent studies suggest that 
exosomes enriched with miR-21 (miR-21-Exo) may 
help mitigate POI, though the underlying mechanisms 
remain largely unexplored. This research investigates 
how miR-21-Exo influences chemotherapy-induced 
POI using an experimental model where KGN cells 
are exposed to cisplatin. We assessed the impact of 
miR-21 on cellular activity and generated miR-21 
overexpressing bone marrow mesenchymal stem cells 
(miR-21-BMSC) via lentiviral modification. Isolated 
miR-21-Exo was analyzed for its effects on cellular 
function. Bioinformatics identified Mucosa-Asso-
ciated Lymphoid Tissue Lymphoma Translocation 
Protein 1 (MALT1) as a target of miR-21. We con-
firmed that miR-21-Exo regulates MALT1 and the 
NF-κB signaling pathway to prevent cell pyroptosis. 
Further studies in a rat model demonstrated the thera-
peutic potential and safety of miR-21-Exo. Overall, 

our findings highlight a novel strategy for addressing 
chemotherapy-induced POI by modulating MALT1 
and the NF-κB pathway, offering significant thera-
peutic implications.
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Introduction

Premature ovarian insufficiency (POI) is a medical 
condition characterized by diminished ovarian func-
tion occurring prior to the age of 40 (Webber et  al. 
2016). The primary clinical manifestations of this dis-
order include irregular or absent menstruation, infer-
tility, episodes of sudden intense heat, and symptoms 
related to osteoporosis. The etiology of POI encom-
passes multiple factors, including genetic predispo-
sition, immunological disorders, iatrogenic causes, 
and environmental influences (Rebar 2009). In recent 
years, there has been a steady increase in tumor inci-
dence, with chemotherapy serving as a primary treat-
ment method for various malignant tumors. Although 
chemotherapy can effectively eliminate cancer cells, 
its adverse effects may damage ovarian tissues and 
reduce the number of ovarian follicles, ultimately 
resulting in chemotherapy-induced POI (Tsiligiannis 
et al. 2019).
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Pyroptosis is classified as a type of programmed 
cell death (Rao et  al. 2022).The activation of 
cysteine-aspartic proteases, particularly Caspase-1 
(CASP1), within the inflammasome results in the 
cleavage and aggregation of Gasdermin family 
members, such as Gasdermin D (GSDMD). This 
process ultimately leads to the formation of pores 
in the cell membrane and subsequent cell death(Yu 
et  al. 2021). Researchers observed elevated levels 
of pyroptosis-related molecules and inflammatory 
markers in a mouse model of chemotherapy-induced 
POI compared to mice without the condition (Miao 
et al. 2023). Moxibustion effectively enhances ovar-
ian reserve in chemotherapy-induced POI rats by 
suppressing the NLRP3 pathway (Yin et  al. 2023). 
Suppressing pyroptosis could be a promising strat-
egy for addressing chemotherapy-induced POI. 
miR-21 is a 22-nucleotide long, single-stranded 
non-coding short RNA molecule that influences cell 
proliferation, apoptosis, and differentiation, hence 
affecting the progression of illnesses (Jenike and 
Halushka 2021). Research has demonstrated that 
tracheal epithelial cells secrete extracellular vesicles 
that contain miR-21-5p. This miRNA has the abil-
ity to suppress pyroptosis in alveolar macrophages, 
hence improving the lung’s capacity to defend 
against bacterial infections (Wang et al. 2024). Prior 
studies have shown that bone marrow mesenchymal 
stem cells carrying miR-21 (miR-21-BMSC) show 
reparative effects on POI both in  vitro and in  vivo 
(Yang et al. 2024). Although the specific effects of 
miR-21 in inhibiting pyroptosis are not yet fully 
understood.

To successfully deliver miR-21 into cells, research-
ers have used exosomes for transport. Exosomes are 
extracellular vesicles that originate from cells and 
have a size ranging from 50 to 150  nm, containing 
various biomolecules including proteins and nucleic 
acids, acting as carriers involved in various physio-
logical and pathological processes (Meldolesi 2018). 
Researchers are currently investigating the potential 
use of exosomes produced from several stem cell 
sources for the treatment of POI (Liao et  al. 2021). 
These exosomes may regulate ovarian tissue function, 
promoting repair and regeneration. Some studies even 
attempt to load specific molecules into extracellular 
vesicles to enhance their therapeutic effects (Cai et al. 
2022; Ding et al. 2020a, b; Ding et al. 2020a, b; Tha-
bet et al. 2020; Yang et al. 2020).

This research hypothesizes that exosomes 
derived from bone marrow mesenchymal stem cells 
carrying miR-21 can inhibit granulosa cell pyrop-
tosis in chemotherapy-induced POI by targeting 
MALT1. This discovery may provide a novel thera-
peutic approach for managing POI.

Materials and methods

Cell lines and cell culture

Procell Life Science & Technology in China pro-
vided mouse BMSC and the human granulosa-like 
tumor cell line KGN. The Translational Medicine 
Research Center at Zhujiang Hospital in China 
provided the HEK293T cells. The culture media 
used for BMSC was Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 medium (Gibco, USA), 
which contained 1% penicillin–streptomycin and 
10% fetal bovine serum (FBS). KGN cells were 
grown in DMEM/F12 media (produced in China 
by KeyGEN BioTECH), which was enhanced with 
1% penicillin–streptomycin and 10% foetal bovine 
serum. 10% FBS and 1% penicillin–streptomy-
cin were added to high-glucose DMEM (KeyGEN 
BioTECH, China) for the cultivation of HEK293T 
cells. The incubation was conducted at a tempera-
ture of 37 °C in a controlled environment with 95% 
oxygen and 5% carbon dioxide.

To prepare KGN cells, culture them in dishes and 
incubate at 37  °C with 5% CO2 for  24  h. Once the 
adhesion rate reaches 50–70%, randomly assign the 
cells into four experimental groups: the control group 
(NC group), the cisplatin-induced damage model 
group (CDDP group), the group treated with Exo 
(CDDP + Exo group), and the group treated with miR-
21-Exo (CDDP + miR-21-Exo group). The NC group 
receives no treatment. The CDDP, CDDP + Exo, and 
CDDP + miR-21-Exo groups are administered 5 mg/L 
of cisplatin (Jiangsu Haosen Pharmaceutical Group 
Co., Ltd., China). After 24  h, the cisplatin-contain-
ing medium is replaced with fresh medium. The 
CDDP + Exo and CDDP + miR-21-Exo groups are 
then incubated for an additional 24 h with 30 μg/mL 
of Exosomes or miR-21-Exosomes. The CDDP group 
is given an equivalent volume of phosphate-buffered 
saline (PBS).
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Transfection of cells

A lentiviral vector (LV-hsa-mir-21) from Gene-
Chem (Shanghai) was used to add miR-21 to both 
KGN cells and BMSC. We used quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) 
to measure the levels of miR-21 in BMSC and their 
Exo after infection. In the experiment, granulosa cells 
overexpressing miR-21 (LV-miR-21-KGN) and con-
trol granulosa cells (LV-NC-KGN) were treated with 
or without cisplatin. The experiment was divided into 
four groups: the empty vector group (LV-NC), the 
miR-21 virus transfection group (LV-miR-21), the 
empty vector plus cisplatin group (LV-NC + CDDP), 
and the miR-21 virus transfection plus cisplatin group 
(LV-miR-21 + CDDP).

Bioinformatics research showed which genes miR-
21 targets and suggested that miR-21 would bind to 
the 3’ untranslated region (UTR) of MALT1 mRNA. 
There were four separate groups in the rescue tests. 
These were the NC group, the CDDP group, the 
CDDP + miR-21-Exo group, and the CDDP + miR-
21-Exo + OE-MALT1 group. Before adding the 
exosomes, transfection was done. The MALT1 over-
expression plasmid was created by IGE Biotechnol-
ogy in China and was made to contain only the cod-
ing region. This plasmid was transfected into the 
CDDP + miR-21-Exo + OE-MALT1 group. Follow-
ing the manufacturer’s instructions, the transfection 
process was carried out using LipoMax transfection 
reagent (IGE Biotechnology, China). Using an empty 
vector plasmid, the NC group, CDDP group, and 
CDDP + miR-21-Exo group were transfected.

For the 293T cells, the experimental group was 
transfected with miR-21 mimic, while the control 
group was transfected with miR-21 NC. The miR-
21 mimic and miR-21 NC from IGE Biotechnol-
ogy in China were used for transfection, along with 
LipoMax transfection reagent, following the manu-
facturer’s instructions.

The processes of isolating, identifying, labeling, and 
detecting Exo and miR‑21‑Exo are performed

To isolate miR-21-Exo or Exo from the serum-free 
culture supernatants of miR-21-BMSC or BMSC, 
ultracentrifugation is employed. First, the collected 
supernatant is centrifuged at 300  g for 10  min, fol-
lowed by 2000  g for 10  min, and then 10,000  g for 

30 min to remove dead cells and debris. The result-
ing supernatant is then centrifuged at 100,000  g for 
70  min to pellet the exosomes. The pellet is resus-
pended in PBS for further analysis. The morphology 
of the exosomes is examined using transmission elec-
tron microscopy (TEM), their size is measured with 
a Flow NanoAnalyzer from NanoFCM, and their sur-
face markers are analyzed via western blotting.

The exosomes were labeled with the fluorescent 
dye 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricar-
bocyanine iodide (DiR; Molecular Probes, USA). The 
labeled exosomes were washed with PBS at 100,000 g 
for 70 min. They were then co-incubated with CDDP-
stimulated KGN cells for 24 h. Afterwards, the KGN 
cells were treated with a 4% solution of paraformalde-
hyde to preserve them, and their nuclei were stained 
with 4’,6-diamidino-2-phenylindole (DAPI; Solarbio, 
China). Nikon produced a confocal microscope that 
was used to visualize exosome uptake.

Creation of a rat model with chemotherapy‑induced 
POI and administration of Exo or miR‑21‑Exo by 
injection

Female Sprague–Dawley (SD) rats, aged 7–8  weeks 
and weighing 180-220  g, were acquired from the 
Experimental Animal Center of Southern Medical 
University. The rats were housed in a regulated envi-
ronment with a temperature of 30 ± 2 °C and a 12-h 
cycle of light and darkness. They had unrestricted 
access to food and water. This study was approved by 
the Ethics Committee of Zhujiang Hospital, Southern 
Medical University, accepted this study (Approval 
No. LAEC-2022–208) and ensured compliance with 
all ethical criteria.

A total of thirty-two female rats with regu-
lar estrous cycles were randomly assigned to four 
groups: the NC group (n = 8), the POI group (n = 8), 
the POI + Exo group (n = 8), and the POI + miR-21-
Exo group (n = 8). The chemotherapy-induced POI 
model was established by administering cisplatin 
solution intraperitoneally at a dosage of 1 mg/kg for a 
duration of 14 consecutive days (Qu et al. 2022). The 
rats in the NC group were given an equivalent amount 
of saline at the identical location.

Successful establishment of the chemotherapy-
induced POI model was anticipated 14 days after the 
completion of cisplatin injections. After receiving 
cisplatin injections, rats in the Exo and miR-21-Exo 
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groups were administered injections of 150  μg of 
Exo or miR-21-Exo, which were dispersed into 1 ml 
of PBS every other day for a total of 7 injections. In 
contrast, rats in the POI group were given injections 
of PBS. After a period of two weeks following the 
administration of Exo or miR-21-Exo, half of the rats 
were sacrificed. Samples of serum, ovarian tissue, 
and other organs including the heart, liver, spleen, 
lung, kidney, and uterine were obtained. The remain-
ing female SD rats were co-housed in a ratio of two 
females to one male for 10  days, ensuring that they 
had enough water and food available. After the co-
housing period, female and male rats were separated 
based on gender. Female rats were monitored for 
signs of pregnancy and litter size.

Animal imaging conducted in vivo

Following the injection of exosomes for in  vivo 
monitoring, the rats were seen and monitored using 
the PerkinElmer IVIS Spectrum in vivo imaging sys-
tem (China) at predetermined intervals of time (1 h, 
3  h, 24  h, 48  h, 21  days, and 28  days). Fluorescent 
pictures showing the movement and distribution of 
DiR-miR-21-Exo were captured using light with a 
wavelength of 740 nm to excite the molecules and a 
wavelength of 790  nm to detect their emission. The 
images were then analyzed using PerkinElmer’s Liv-
ing Image 4.5.5 program.

Examination of the estrous cycle

Regular vaginal cytology checks were exams were 
performed to track the estrous cycles on a daily basis. 
Vaginal secretions were obtained by utilizing a small 
cotton swab, which was then treated with trypan blue 
dye (Biosharp, China) and observed using a bright-
field upright microscope (Leica, Germany).

The structure and number of ovarian follicles

The ovarian tissue was preserved in 4% PFA for 
a period of 24 to 48 h and then encased in paraffin. 
Consecutive sections with a thickness of 5 μm were 
acquired, subjected to hematoxylin and eosin (H&E) 
staining, and examined using a 3D scanner.

Follicle counting involved consecutive section-
ing with counting every fifth slice to tally the overall 
quantity of each type of follicle, resulting in a final 

count multiplied by 5 (Tilly 2003). Each sample 
group consisted of at least 3 rats for statistical analy-
sis. Subsequently, using 3D scanner software, primor-
dial, primary, secondary, and mature follicles were 
identified and quantified based on morphological fea-
tures under 100 × magnification.

TUNEL analysis of ovarian

Follicle apoptosis was assessed using the TUNEL 
assay kit (Elabscience, China). The tissue was sec-
tioned into 5 mm pieces and fixed in paraffin. Images 
were obtained using a fluorescence microscope after 
staining with fluorescein isothiocyanate (FITC) and 
DAPI. The data analysis was conducted using the 
ImageJ software.

Immunohistochemistry

The paraffin-embedded sections underwent treatment 
using rabbit polyclonal antibodies against Proliferat-
ing Cell Nuclear Antigen (PCNA), NACHT, LRR 
and PYD domains-containing protein 3 (NLRP3), 
and GSDMD, all at a dilution of 1:1000. The sections 
were then stained using secondary antibodies and 
diaminobenzidine (DAB) reagent. After being sub-
merged in a solution of hematoxylin dye for a dura-
tion of 3 min, the sections were rinsed with water and 
then subjected to a 1-s process of differentiation in 
hydrochloric acid alcohol. Finally, the sections were 
incubated in PBS for a period of 1 min.

The proportion of cells that exhibited positive 
staining was assessed using a 3DHISTECH bright-
field scanner from Hungary.

Enzyme‑Linked Immunosorbent Assay (ELISA)

In order to identify the existence of estradiol (E2) 
in the fluids surrounding the cells, it is more effec-
tive to provide the testosterone substrate (Huang 
et  al., 2020). After 48  h, the liquid portion of the 
cells was gathered, and the levels of estradiol were 
determined using ELISA kits from R&D Systems, 
USA. The ELISA kits were utilized to quantify the 
levels of E2, Follicle Stimulating Hormone (FSH), 
and anti-Müllerian hormone (AMH) in serum sam-
ples obtained on the 0th day, 28th day, and 42nd day 
after the initiation of cisplatin injection. A spectro-
photometric analysis was performed using a BioTek 
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microplate reader from the United States to measure 
the absorbance at a wavelength of 450 nm.

Cell proliferation experiment

We employed the Cell Counting Kit 8 (CCK8; 
APExBIO, USA) to assess cellular proliferation. 
The KGN cells were initially placed in a 96-well 
plastic plate. A 100 μL cell supernatant and a 10 μL 
CCK8 solution were added to every well. The plate 
was then kept in an incubator set at a temperature 
of 37 °C for a pperiod of 1 h. We assessed cell pro-
liferation at 0, 24, 48, 72, and 96  h by measuring 
absorbance at 450 nm using a microplate reader.

Analysis using fluorescence‑activated cell sorting

To detect apoptosis, cells were stained with V-FITC 
and propidium iodide (V-FITC/PI) using the apop-
tosis detection kit from Beyotime Biotechnology, 
China, following the instructions provided by the 
manufacturer. Fluorescence-activated cell sorting 
(FACS) was used to sort cells that had been stained.

qRT‑PCR Analysis

RNA extraction was performed on cells or half 
of each mouse ovary using RNAex Pro reagent 
(Agbio, USA). The process of reverse transcrip-
tion was conducted using Evo M-MLV RT Premix 
(Agbio, USA) and 500  ng of RNA. The qRT-PCR 
analysis was conducted using SYBR Pro Taq HS 
Premix (Agbio, USA) on a CFX96 Real-Time PCR 
Detection System (Bio-Rad, USA). U6 was used as 
the internal control for miR-21, while GAPDH was 
used as the internal control for Follicle Stimulat-
ing Hormone Receptor (FSHR), Cytochrome P450 
Family 11 Subfamily A Member 1 (CYP11A1), 
Cytochrome P450 Family 19 Subfamily A Member 
1 (CYP19A1), Hydroxysteroid (17-beta) dehydro-
genase 1 (HSD17B1), Steroidogenic Acute Regu-
latory Protein (STAR), NLRP3, CASP1, GSDMD, 
and MALT1. The data analysis was performed 
with the software provided by Bio-Rad. The primer 
sequences can be found in Supplementary Table 1.

Western blotting

Protease and phosphatase inhibitors were employed 
in conjunction with RIPA lysis buffer (Cwbio, 
China) to lyse exosomes, cells, and half of each rat 
ovary in order to extract proteins. The BCA protein 
assay kit (Beyotime Biotechnology, China) was uti-
lized to ascertain the protein concentration. Follow-
ing protein denaturation, electrophoresis was carried 
out using SDS-PAGE, and the gel was subsequently 
transferred to a PVDF membrane (Millipore, USA). 
After transfer, a 5% BSA solution (MCR, China) was 
used to block the membrane. It was then incubated 
with particular primary antibodies for an entire night. 
These antibodies included anti-CD9 (HuaBio, China), 
anti-TSG101 (HuaBio, China), anti-CD81 (Abmart, 
China), anti-NLRP3 (Abmart, China), anti-CASP1 
(Abmart, China), anti-GSDMD (Abmart, China), 
anti-pP65 (Abmart, China), anti-pIKK (Abmart, 
China), anti-pIKB (Abmart, China), (Proteintech, 
China). Following a 1-h exposure to a secondary 
antibody from Cwbio (China), the membrane was 
cleaned using Tris-buffered saline–Tween (TBS-T; 
Boster, China). The detection technique was carried 
out using an electrochemiluminescence (ECL) appa-
ratus manufactured by Beyotime Biotechnology in 
China. The reference standard was glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Using ImageJ 
software, protein levels were examined. The target 
protein’s relative content in the samples was calcu-
lated by dividing its grayscale value by GAPDH’s 
grayscale value.

Dual luciferase reporter gene analysis

The putative mRNA predicted for miR-21 miRNA 
were identified and compared using the online target 
prediction algorithms Tarbase (miRNA target gene 
database, https://​diana​lab.e-​ce.​uth.​gr/​tarba​sev9, pre-
dicted 1588 miR-21 target genes), miRDB (miRNA 
target gene predictions, https://​mirdb.​org/, predicted 
469 miR-21 target genes), DIANA tools (Various 
miRNA analysis tools, https://​diana​lab.e-​ce.​uth.​gr/​
html/​mirpa​thv3/​index.​php?r=​mirpa​th, predicted 515 
miR-21 target genes), miRTarBase (miRNA target 
gene database, primarily based on experimental vali-
dation, https://​mirta​rbase.​cuhk.​edu.​cn/, predicted 625 
miR-21 target genes), and miRWalk (miRNA target 
gene predictions and database, http://​mirwa​lk.​umm.​

https://dianalab.e-ce.uth.gr/tarbasev9
https://mirdb.org/
https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php?r=mirpath
https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php?r=mirpath
https://mirtarbase.cuhk.edu.cn/
http://mirwalk.umm.uni-heidelberg.de/
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uni-​heide​lberg.​de/, predicted 2214 miR-21 target 
genes). The 27 genes closely associated with pyropto-
sis are derived from rectome (https://​react​ome.​org/). 
The 55 genes that are closely associated with NF-κB 
signaling are sourced from GeneCards (https://​www.​
genec​ards.​org/).​The miRDB website was used to esti-
mate the binding sites of MALT1 and miR-21. The 
psiCHECK-2 reporter vector containing the wild-type 
(MALT1-wt) and mutant (MALT1-MUT) MALT1 
constructs was used to build the reporter vector for 
the dual-luciferase reporter gene experiment. The 
MALT1-WT and MALT1-MUT reporter plasmids 
were simultaneously introduced into HEK293T 
cells together with either a miR-21 mimic or a con-
trol mimic (IGE Biotechnology, China) using Lipo-
fectamine 3000 (Invitrogen, USA). The luciferase 
activity was assessed using the Dual-Luciferase 
Reporter Assay System provided by Beyotime Bio-
technology (China) following a 48-h transfection 
period.

LDH Detection

The supernatant of the cell culture was collected and 
the concentration of lactate dehydrogenase (LDH) 
was measured using an LDH test kit from Nan-
jing Jiancheng Bioengineering Institute, China. The 
results were obtained using a spectrophotometer with 
a light path of 1 cm at a wavelength of 440 nm.

TEM examination of cell pyroptosis

Following the digestion of the cell samples with 
trypsin and subsequent centrifugation, they were 
allowed to remain at room temperature for 1 h. Sub-
sequently, they were stored at a temperature of 4 °C 
until 12  h before to their submission for evaluation. 
After replacing the fixative with a PBS solution, the 
samples were sent for testing. The Center Labora-
tory of Southern Medical University processed these 
samples and viewed and photographed them using a 
Hitachi H-7500 transmission electron microscope.

Cryopreservation and Cryosectioning

Tissue samples are quickly frozen and immersed in 
cryoprotectant to solidify, then sliced into thin sec-
tions with a cryostat. The sections are placed on 

slides for DAPI staining, and fluorescence is observed 
using a confocal microscope.

In vivo toxicity assessment: hematological analysis 
and histology

For the purpose of assessing toxicity in living organ-
isms, evaluations were performed on day 28 follow-
ing the last injection. AST (aspartate aminotrans-
ferase), ALT (alanine aminotransferase), BUN (blood 
urea nitrogen), and creatinine levels were determined 
using commercially available assay kits obtained 
from Nanjing Jiancheng Bioengineering Institute, 
China. Tissue samples from many organs (includ-
ing the heart, liver, spleen, lung, kidney, and uterine) 
were obtained 28  days after the final injection. The 
samples were conserved in a solution of containing 
4% paraformaldehyde, thereafter encased in paraffin, 
sectioned into 5 μm slices, and stained with H&E for 
histological analysis.

Statistical Analysis

Data analysis was performed using SPSS Statistics 20 
and GraphPad Prism 9.0.0. Average values and stand-
ard deviations (SD) were reported. The Student’s 
t-test was used to compare two groups, while one-
way analysis of variance (ANOVA) was applied for 
multiple groups. For normally distributed data, the 
least significant difference (LSD) method was used; 
for non-normally distributed data, Dunnett’s T3 test 
was utilized. Statistical significance was defined as a 
P-value of less than 0.05. Each experiment was inde-
pendently replicated at least three times.

Results

The restorative effect of miR‑21 on cisplatin‑induced 
damage in granulosa cells

After introducing lentiviral vectors carrying miR-
21, the exogenous miR-21 gene was successfully 
expressed in KGN cells, demonstrating its restora-
tive effects on cisplatin-induced damage in granulosa 
cells.

Cell proliferation in KGN cells was assessed 
using CCK-8 assays at four different time points. 
The results showed a significant increase in cell 

http://mirwalk.umm.uni-heidelberg.de/
https://reactome.org/
https://www.genecards.org/).The
https://www.genecards.org/).The
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proliferation in the LV-miR-21 + CDDP group 
compared to the LV-NC + CDDP group, indicat-
ing a potential beneficial effect of miR-21 on cell 
growth (Fig. 1A). Flow cytometry analysis revealed 
an apoptosis rate of approximately 5% in the 
LV-NC group, 24% in the LV-NC + CDDP group, 
5% in the LV-miR-21 group, and 17% in the LV-
miR-21 + CDDP group. The lower apoptosis rate 
in the LV-miR-21 + CDDP group, relative to the 
LV-NC + CDDP group, suggests that miR-21 may 
mitigate cisplatin-induced apoptosis in granulosa 
cells (Fig. 1B).

Moreover, the levels of E2 in the culture medium 
were significantly higher in the LV-miR-21 + CDDP 
group compared to the LV-NC + CDDP group, as 
determined by ELISA (Fig.  1C). qRT-PCR results 
indicated a substantial increase in the expres-
sion of genes associated with hormone produc-
tion in the LV-miR-21 + CDDP group compared 
to the LV-NC + CDDP group (Fig.  1D). Western 
blot analysis revealed a significant reduction in the 
protein levels of pyroptosis-related genes in the 
LV-miR-21 + CDDP group (Fig.  1E). Addition-
ally, mRNA expression levels of these pyroptosis-
related genes were significantly lower in the LV-
miR-21 + CDDP group than in the LV-NC + CDDP 
group (Fig. 1F).

Extraction and identification of miR‑21‑Exo

After transfection with lentiviral vectors encod-
ing miR-21, the exogenous miR-21 gene had been 
effectively expressed in BMSC. The gradient ultra-
centrifugation technique was employed to isolate 
Exo utilizing the growth medium of miR-21-BMSC 
or BMSC. Both the absorbed miR-21-Exo and Exo 
exhibited a characteristic double-layer membrane 
structure under transmission electron microscopy 
(Fig.  2A). The proteins TSG101, CD81, and CD9 
were detected in both miR-21-Exo and Exo samples 
(Fig. 2B). The mean diameters of miR-21-Exo and 
Exo were (81.9 ± 18.74) nm and (77.8 ± 15.45) nm, 
respectively, which are within the accepted range 
of exosome sizes (50-150 nm) (Fig. 2C). The qRT-
PCR analysis revealed a fourfold upregulation in the 
expression of miR-21 in miR-21-Exo compared to 
Exo (Fig. 2D).

miR‑21‑Exo suppressed CDDP‑induced pyroptosis in 
KGN cells and enhanced hormone production

During confocal microscopy observations, KGN cells 
that were harmed by cisplatin exhibited red fluores-
cence signals surrounding the nucleus, which indi-
cated their capacity to absorb miR-21-Exo or Exo 
(Fig.  3A). The CCK8 assay findings demonstrated 
that miR-21-Exo effectively reduced the prolonged 
growth suppression caused by cisplatine in KGN 
cells (Fig.  3B). Additional inquiries carried out to 
evaluate the effect of miR-21-Exo on the process of 
cisplatin-induced apoptosis in KGN cells. Annexin 
V-FITC/PI double labeling and flow cytometry analy-
sis revealed a significant reduction in apoptosis rate 
in the miR-21-Exo-treated group as compared to the 
cisplatin-treated group (Fig.  3C). The results sug-
gest that miR-21-Exo has the ability to prevent cispl-
atin-induced  cell death in KGN cells in a labora-
tory setting. In addition, the assessment of E2 levels 
in the liquid surrounding the cell cultures revealed a 
notable rise in E2 concentration in the liquid of the 
CDDP + Exo and CDDP + miR-21-Exo groups, in 
comparison to the cisplatin group (Fig.  3D). When 
compared to the cisplatin group, the qRT-PCR results 
demonstrated that miR-21-Exo substantially enhanced 
the mRNA expression levels of genes associated to 
hormone production (FSHR, CYP11A1, CYP19A1, 
HSD17B1, STAR).

When evaluating the cell culture supernatants, it 
was seen that the cisplatin group had elevated lev-
els of LDH, indicating damage to the cell mem-
brane. However, the introduction of miR-21-Exo led 
to reduced LDH levels (Fig.  3F). Electron micro-
scope measurements revealed that cells in the model 
group displayed both edema and an increase in pro-
trusions. In contrast, cells in the miR-21-Exo group 
showed decreased protrusions, suggesting that miR-
21-Exo may suppress cell pyroptosis (Fig.  3G). 
Western Blotting tests were conducted to measure 
the expression levels of pyroptosis-related proteins, 
including NLRP3, CASP1, and GSDMD. The results 
showed a notable reduction in protein expression 
in the CDDP + miR-21-Exo group as compared to 
the CDDP group (Fig.  3H). Furthermore, qRT-PCR 
was performed to analyze the expression levels of 
genes related to pyroptosis, such as NLRP3, CASP1, 
GSDMD, IL1β, and IL18. The findings indicated a 
notable reduction in mRNA expression levels in the 
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Fig. 1   The restorative effect of miR-21 on cisplatin-induced 
granulosa cells. (A) The CCK8 test (n = 3) was used to deter-
mine the proliferation rate. (B) The level of apoptosis was 
assessed using fluorescence-activated cell sorting (n = 3). (C) 
An enzyme-linked immunosorbent assay was used to quantify 
the levels of E2 in the cell supernatants (n = 3). (D) The mRNA 
levels of FSHR, CYP11A1, CYP19A1, HSD17B1, and STAR 

were measured using qRT-PCR and standardized against 
GAPDH (n = 3). (E) The protein levels of pyroptosis-related 
genes NLRP3, CASP1, and GSDMD were measured using 
Western Blotting and analyzed using ImageJ software (n = 3). 
(F) The mRNA levels of NLRP3, CASP1, GSDMD, IL1β, and 
IL18 were measured using qRT-PCR and standardized against 
GAPDH (n = 3)
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CDDP + miR-21-Exo group when compared to the 
cisplatin group (Fig. 3I).

miR‑21‑Exo regulated the MALT1 and NF‑κB 
signaling pathways

We utilized five widely used miRNA target gene pre-
diction platforms, namely Tarbase, miRDB, DIANA 
tools, miRTarBase, and miRWalk, to forecast the 
potential target genes of miR-21. The intersection of 
the potential target genes with genes closely associ-
ated with pyroptosis did not produce any overlapping 
results. However, when the potential target genes 
were intersected with the NF-κB signaling pathway, 

which is known to be connected with pyroptosis, 
the target gene MALT1, which is associated with 
pyroptosis, was identified (Fig.  4A). This discovery 
indicates that miR-21 may play a role in controlling 
pyroptosis by affecting the expression of MALT1.

To validate the regulatory role of miR-21 on the 
expression of MALT1 in KGN cells, we utilized 
lentivirus containing miR-21 to introduce it into 
KGN cells. We then applied qRT-PCR to assess the 
influence of miR-21 on the mRNA level of MALT1 
in KGN cells. The findings demonstrated that the 
increased production of miR-21 in KGN cells caused 
a notable reduction in the levels of MALT1 mRNA 
expression, regardless of the induction of cisplatin. 

Fig. 2   Extraction and identification of miR-21-Exo. (A) 
Transmission electron microscopy (n = 3) was utilized to inves-
tigate the structure of Exo and miR-21-Exo. (B) Exo and miR-
21-Exo (n = 3) were analyzed with a Flow NanoAnalyzer to 
assess their particle sizes. (C) TSG101, CD81, and CD9 mem-

brane protein levels in Exo and miR-21-Exo samples (n = 3) 
were measured. (D) The expression level of the miR-21 gene 
was assessed in BMSC and in Exo generated from BMSC 
transfected with miR-21 (n = 3). Standardization of the expres-
sion levels to U6 was done
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Fig. 3   miR-21-Exo 
enhanced the activity of 
CDDP-treated KGN cells. 
(A) CDDP-induced KGN 
cells (n = 3) were employed 
to observe the absorption 
of DiR-labeled Exo or 
miR-21-Exo using confocal 
microscopy. (B) Using the 
CCK8 test to calculate the 
proliferation rate (n = 3). 
(C) Using fluorescence-
activated cell sorting to 
determine the rate of apop-
tosis (n = 3). (D) Measure-
ment of estradiol concentra-
tion in cell supernatants 
using ELISA (n = 3). (E) 
qRT-PCR analysis (n = 3) of 
the mRNA levels of FSHR, 
CYP11A1, CYP19A1, 
HSD17B1, and STAR1, 
and normalized to GAPDH. 
(F) Quantification of LDH 
content in cell supernatants 
(n = 3). (G) Observation 
of cell morphology under 
electron microscopy. (H) 
Using Western Blotting 
and ImageJ software, the 
protein expressions of the 
pyroptosis-related genes 
NLRP3, CASP1, and 
GSDMD were analyzed 
(n = 3). (I) Using qRT-PCR 
(n = 3) and normalization 
to GAPDH, the mRNA 
levels of NLRP3, CASP1, 
GSDMD, IL1β, and IL18 
were determined
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This confirms the regulatory function of miR-21 on 
MALT1 mRNA expression. Furthermore, the level of 
MALT1 mRNA was considerably elevated in cispl-
atin-induced KGN cells. Both the group administered 
with CDDP + Exo and the group administered with 
CDDP + miR-21-Exo showed a reduction in MALT1 
mRNA expression relative to the control group. In the 
experiment where miR-21 mimic was introduced into 
293  T cells, both the miR-21-mimic group and the 
miR-21-mimetic + CDDP group exhibited decreased 
MALT1 mRNA expression, thereby validating the 
regulatory influence of miR-21 on MALT1 (Fig. 4B).

The predictions derived from the miRDB database 
indicate that miR-21 exhibits a distinct affinity for 
the mRNA 3’UTR region of MALT1. Consequently, 
MALT1 has been chosen as a primary target for fur-
ther investigation (Fig. 4C).

In addition, the findings from the dual-luciferase 
reporter experiments provided evidence that miR-21 
has the ability to selectively target MALT1 and sup-
press the production of its mRNA (Fig.  4D). The 
protein expression levels of genes implicated in the 
NF-κB signaling pathway were analyzed by West-
ern Blotting. The results revealed a decrease in the 
expression levels of NF-κB pathway molecules, indi-
cating that miR-21 may impact the NF-κB signaling 
pathway by controlling MALT1, which is strongly 
associated with the regulation of pyroptosis (Fig. 4E).

The increase of MALT1 suppressed the activity of 
miR‑21‑Exo

Utilizing the MALT1-OE vector from IGE Bio-
technology in China, the possibility of the miR-21/
MALT1/NF-κB signaling pathway playing a role 
in the pyroptosis process was investigated. Ini-
tially, the cells were genetically modified using 
the MALT1 plasmid, and then cisplatin (CDDP) 
was added as the starting time point (0-h). Com-
pared to the CDDP + miR-21-Exo group, the results 
show a significant decrease in cell proliferation 
in the CDDP + miR-21-Exo + OE-MALT1 group. 
This suggests that MALT1 has a suppressive func-
tion in the proliferation of KGN cells (Fig.  5A). 
The flow cytometry investigation revealed a signifi-
cantly elevated rate of apoptosis in the CDDP + miR-
21-Exo + OE-MALT1 group compared to the 
CDDP + miR-21-Exo group (Fig.  5B). When the E2 
content in the liquid surrounding the cell culture was 

quantified, it was found that the CDDP + miR-21-
Exo + OE-MALT1 group had much less E2 than the 
CDDP + miR-21-Exo group (Fig.  5C). In addition, 
the qRT-PCR analysis of mRNA expression levels 
of different enzymes implicated in cell hormone syn-
thesis showed a decrease in the expression of FSHR, 
CYP11A1, CYP19A1, HSD17B1, and STAR in the 
CDDP + miR-21-Exo + OE-MALT1 group compared 
to the CDDP + miR-21-Exo group. These differences 
were statistically significant (Fig.  5D). The protec-
tive effect of miR-21-Exo against cisplatin-induced 
granulosa cell hormone synthesis is attenuated when 
MALT1 is overexpressed. The expression of genes 
related to pyroptosis, both at the protein and mRNA 
levels, demonstrated an upward trajectory. Addition-
ally, there was a notable rise in the expression of 
proteins associated with the NF-κB signaling path-
way. Consequently, this counteracted the suppressive 
impact of miR-21-Exo on pyroptosis and the NF-κB 
signaling pathway (Fig. 5E, F, G).

miR‑21‑Exo restored the estrous cycle and hormones 
in chemically‑induced ovarian insufficiency rats

To create an in vivo model of chemotherapy-induced 
ovarian insufficiency, SD rats received intraperi-
toneal injections of CDDP at a dose of 1 mg/kg for 
14 consecutive days. After this treatment, the rats 
were administered either miR-21-Exo or Exo, while 
the control group was injected with PBS. Rats from 
each group were euthanized at different time points to 
assess molecular, histological, and reproductive func-
tion (Fig. 6A).

Following the intraperitoneal injection of DiR-
labeled miR-21-Exo or Exo into the ovaries, one rat 
was randomly selected for live imaging. The fluores-
cence intensity peaked within one hour post-injection, 
gradually declining to lower levels by 48 h. Imaging 
at 21 and 28 days also revealed a significant reduction 
in fluorescence intensity (Fig. 6B). Confocal micros-
copy confirmed the presence of red fluorescence from 
DiR-labeled miR-21-Exo or Exo in ovarian tissues, 
following DAPI labeling of frozen sections, validat-
ing the effective uptake by the ovaries and the feasi-
bility of the injection method (Fig. 6C).

Vaginal cytology smears were analyzed to track 
changes in the estrous cycle, showing that the POI 
group experienced disrupted cycles with reduced 
frequency. In contrast, the groups treated with 
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miR-21-Exo or Exo exhibited significant improve-
ment in estrous cycle regularity, indicated by an 
increased number of estrous phases (Fig.  6D). 

Hormonal assessments in blood samples collected at 
various intervals showed that compared to the POI 
group, the miR-21-Exo or Exo treatment group had 

miR−21−5p target gene NF−KB signaling pathway

19 541

miR−21−5p target gene pyroptosis

20 270

miRDB

Tarbase

miRWalk

miRTarBase
DIANA tools

112

737

1830

84
134

18

24

10

89

131

238

25

15 38

2

4

3531

0 28

8

80

7

40
2

10

11 66

3

11

20

A

B

C

E

D

MALT1

pIKK

pP65

pIKB

GAPDH

NC
CD

DP

CD
DP
+E
xo

CD
DP
+m

iR
-21

-E
xo

MW
(kDa)

70

70

50

35

35



Cell Biol Toxicol            (2025) 41:3 	 Page 13 of 22      3 

Vol.: (0123456789)

significantly elevated E2 levels, reduced FSH levels, 
and a notable increase in AMH levels (Fig. 6E).

miR‑21‑Exo repaired the structure of the rats 
ovaries, improved reproductive function, promoted 
proliferation, and inhibited apoptosis

After performing surgery to extract the ovaries and 
separate the surrounding fat pads from sedated rats, 
bilateral ovaries were collected. Macroscopic exami-
nation revealed that the ovaries of POI rats were 
smaller, had a uniform appearance, and lacked notice-
able follicles. In contrast, rats injected with miR-21-
Exo or Exo showed a significant increase in ovarian 
volume and the presence of follicle-like structures on 
the surface (Fig. 7A).

Following slicing and HE staining of the ovar-
ian tissues, scans revealed that the POI ovaries had a 
reduced volume and a lower count of mature follicles 
(Fig. 7B). To assess the impact of miR-21-Exo or Exo 
on reproductive function, paired experiments were 
conducted, with observations made after ten days of 
cohabitation. The results indicated a low pregnancy 
rate in the POI group, while the miR-21-Exo and 
Exo groups had significantly higher pregnancy rates. 
Notably, the miR-21-Exo group produced more off-
spring than the Exo group (Fig. 7C).

Further analysis of the follicles showed a signifi-
cant decrease across all stages in the POI group. Con-
versely, injection of miR-21-Exo or Exo resulted in a 
substantial increase in follicle numbers at all stages, 
without affecting the count of secondary follicles 
(Fig.  7D). Intraperitoneal administration of miR-21-
Exo or Exo preserved follicle counts in POI rats.

Immunohistochemical analysis of PCNA expres-
sion in granulosa cells indicated a marked reduction 

in the POI group compared to the control group. 
However, PCNA levels in the miR-21-Exo and 
Exo treatment groups were significantly elevated 
compared to the POI group (Fig. 7E). The TUNEL 
assay was utilized to detect cell apoptosis in ovarian 
tissues, and average fluorescence intensity was ana-
lyzed using imaging software. The results showed 
that average fluorescence intensity in the POI group 
was significantly higher than in the control group. 
In contrast, both miR-21-Exo and Exo treatment 
groups exhibited a notable reduction in average flu-
orescence intensity compared to the POI group, as 
confirmed by statistical analysis (Fig. 7F).

miR‑21‑Exo inhibited ovarian pyroptosis in 
chemotherapy‑induced POI rats

In order to examine the pyroptosis condition in 
ovarian tissues, we performed Western blot tests. 
The findings demonstrated that the expression of 
NLRP3, CASP1, and GSDMD pyroptosis-related 
proteins were reduced in the POI + miR-21-Exo 
group compared to the POI group (Fig.  8A). Fol-
lowing that, we utilized qRT-PCR to measure the 
mRNA levels of genes associated with pyroptosis in 
rat ovarian tissues. The research findings indicated 
a significant upregulation of the levels of pyrop-
tosis-related genes in the POI group considerably 
increased compared to the control group. In con-
trast, the miR-21-Exo group demonstrated a large 
reduction in the expression of these genes. These 
differences were statistically significant (Fig.  8A). 
The presence of NLRP3 and GSDMD proteins in 
the ovaries of each group of rats was detected as 
brown-yellow granules. The purpose of these gran-
ules was to evaluate the impact of miR-21-Exo on 
granulosa cells pyroptosis. The results showed 
an elevation in the levels of NLRP3 and GSDMD 
proteins in the group with POI, while a reduction 
was detected in the group treated with miR-21-Exo 
(Fig. 8C). These findings indicate that in granulosa 
cells of rats with chemotherapy-induced POI, miR-
21-Exo inhibited pyroptosis. These findings sug-
gest that miR-21-Exo can prevent the occurrence 
of granulosa pyroptosis in living organisms by 
decreasing the MALT1/NF-κB signaling pathway.

Fig. 4   miR-21-Exo regulated the MALT1 and NF-κB signal-
ing pathways. (A) P The identification of pyroptosis-related 
MALT1 as a putative target gene of miR-21 via intersection 
(Data Sources: Tarbase, miRDB, DIANA tools, miRTar-
Base, miRWalk, rectome and GeneCards). (B) The expres-
sion of MALT1 mRNA is regulated by miR-21 (n = 3). (C) 
miRDB database predicts the specific binding site of miR-21 
with MALT1 (n = 3). (D) Results from dual-luciferase reporter 
assays demonstrate the specific targeting of MALT1 by miR-21 
(n = 3). The sequence’s altered portion is denoted as MALT1-
MUT. MALT1-WT denotes the wild-type MALT1 (n = 3). (E) 
Validation of the impact of miR-21 on the protein expression 
levels of the NF-κB signaling pathway through Western Blot-
ting (n = 3)

◂
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Fig. 5   The increase of 
MALT1 suppressed the 
activity of miR-21-Exo. (A) 
Determination of prolifera-
tion rate using CCK8 test 
(n = 3). (B) Flow cytometry 
was used to determine the 
rate of apoptosis (n = 3). (C) 
Estradiol concentration in 
cell supernatants was meas-
ured using ELISA (n = 3). 
(D) Using qRT-PCR (n = 3), 
the mRNA levels of FSHR, 
CYP11A1, CYP19A1, 
HSD17B1, and STAR1 
were determined and nor-
malized against GAPDH. 
(E) Using Western Blotting 
and ImageJ software, the 
protein expressions of the 
pyroptosis-related genes 
NLRP3, CASP1, and 
GSDMD were analyzed 
(n = 3). (F) Using qRT-PCR 
(n = 3) and normalization 
to GAPDH, the mRNA 
levels of NLRP3, CASP1, 
GSDMD, IL1β, and IL18 
were determined. (G) Using 
ImageJ software and West-
ern Blotting, the NF-κB 
signaling pathway’s protein 
expressions were analyzed 
(n = 3)
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Fig. 6   miR-21-Exo restored the estrous cycle and hormones in 
chemically-induced ovarian insufficiency rats. (A) Schematic 
schematic illustrating the animal experimental design. (B) Intra-
peritoneal injection of DiR-labeled Exo or miR-21-Exo resulted 
in in  vivo metabolism observed through live animal imaging. 

(C) Ovarian frozen sections showed uptake of DiR fluorescently 
labeled exosomes by the ovaries. (D) Representative estrous 
cycles of rats exhibiting either regular or interrupted estrous 
cycles within each group. (E) The levels of serum sex hormones 
E2, FSH, and AMH were measured using ELISA (n = 4)
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The application of exosomes did not affect the 
structure and function of major organs in rats

To determine the safety of miR-21-Exo or Exo ther-
apy, we conducted HE staining on the hearts, liv-
ers, spleens, lungs, kidneys, and uteruses of isolated 
rats. The HE staining results indicated that the organ 
staining in the miR-21-Exo or Exo groups was simi-
lar to that of the POI group, with no significant tis-
sue inflammation observed. Additionally, we assessed 
liver and kidney function by measuring markers such 
as creatinine, blood urea nitrogen, ALT, and AST. 
The results indicated no significant increases in these 
values in the miR-21-Exo or Exo treatment groups. 
Therefore, miR-21-Exo or Exo demonstrated good 
biocompatibility and may be considered a promis-
ing therapeutic option for rats with chemotherapy-
induced early ovarian insufficiency Fig. 9.

Discussion

Chemotherapy-induced premature ovarian insuffi-
ciency (POI) can have significant and long-lasting 
effects on patients’ health (Mauri et al. 2020). There-
fore, it is essential to identify effective strategies 
for managing this condition. One study has shown 
that using BMSC that overexpress miR-21 may help 
restore ovarian function in individuals with POI, sug-
gesting that miR-21 plays a role in promoting ovarian 
recovery and protection. (Yin et al. 2024). Addition-
ally, research indicates that miR-21-Exo can aid in 
restoring autoimmune POI, highlighting their poten-
tial as a therapeutic tool for repairing ovarian dam-
age caused by autoimmune conditions (Yang et  al. 
2024). Exosomes are crucial for cell communication 
and offer numerous advantages, including high bio-
compatibility, low immunogenicity, and safety in bio-
logical systems (Zhuang et al. 2022). They also have 
the capacity to transport therapeutic molecules like 

miR-21 effectively. The findings of this study suggest 
that miR-21-Exo can significantly enhance the resto-
ration and protection of ovarian function, offering a 
promising and innovative approach to address chemo-
therapy-induced POI.

Pyroptosis is an important mechanism of cell death 
that plays a crucial role in POI. It is a regulated and 
systematic process that eliminates compromised or 
damaged cells (Rao et al. 2022). Chemotherapy medi-
cations, immunological damage, and oxidative stress 
can cause pyroptosis in ovarian tissue (Xie et  al. 
2024; Chen et al. 2023, 2022; Liu et al. 2024; Miao 
et  al. 2023). These factors can initiate the pyropto-
sis program in cells via various signaling pathways, 
resulting in cell death and functional impairment of 
ovarian cells. Research has demonstrated that chem-
otherapeutic medications can trigger pyroptosis of 
ovarian cells, leading to diminished ovarian function, 
decreased follicle counts, and the onset of POI (Miao 
et  al. 2023). Several research have investigated the 
impact of pyroptosis on POI and have sought to man-
age POI by manipulating the signaling pathways asso-
ciated with pyroptosis. For instance, researchers have 
investigated the potential of certain antioxidants and 
anti-inflammatory medications to mitigate ovarian 
cell pyroptosis, therefore safeguarding ovarian func-
tion (Liu et al. 2024). Furthermore, scientific investi-
gations have examined advanced techniques including 
stem cell transplantation and growth factor therapy as 
means to enhance the restoration and renewal of ovar-
ian tissue, hence mitigating the pathological altera-
tions associated with POI (Ma et al. 2024). Develop-
ing innovative strategies to prevent and treat POI by 
manipulating pyroptosis is crucial for improving the 
quality of life for POI patients and offers valuable 
insights for preserving ovarian function.

Initially, a stable expression system was estab-
lished by transfecting KGN cells with lentivirus 
carrying miR-21. Afterwards, we treated both KGN 
cells transfected with an empty vector and KGN 
cells overexpressing miR-21 with cisplatin or left 
them untreated. The purpose was to investigate the 
impact of miR-21 on the repair process induced 
by cisplatin in KGN cells, focusing on parameters 
such as cell proliferation, apoptosis, pyroptosis, and 
sex hormone synthesis. To validate the functional-
ity of miR-21-Exo, BMSC genetically modified by 
introducing a lentivirus containing miR-21. This 
resulted in the creation of stable miR-21-BMSC. 

Fig. 7   miR-21-Exo repaired the structure of the rats ovaries, 
improved reproductive function, promoted proliferation, and 
inhibited apoptosis. (A) Macroscopic observation of ovaries in 
each group (B) HE staining of ovarian tissues. (C) The number 
of follicles per ovary was determined in rats (n = 4). (D) Litter 
position diagrams, pregnancy rate, and offspring count in each 
group (n = 4). (E) Immunohistochemistry was used to evaluate 
the expression of PCNA protein (n = 4). (F) The apoptosis of 
granulosa cells was evaluated using TUNEL labeling (n = 4)

◂
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Subsequently, miR-21-Exo was effectively extracted 
from these cells using ultracentrifugation. Further 
validation confirmed the absorption of miR-21-
Exo by KGN cells exposed with CDDP and chem-
otherapy-induced POI rats. This was verified using 
DiR dye labeling, assessing cellular uptake through 
confocal microscopy, and analyzing ovarian tissue 
uptake through frozen section analysis. Notably, 

miR-21-Exo was found to promote granulosa cell 
growth, inhibit apoptosis and pyroptosis, and 
enhance sex hormone production, thereby facilitat-
ing recovery from chemotherapy-induced POI both 
in  vitro and in  vivo. Bioinformatics analysis iden-
tified the downstream target gene MALT1. A dual-
luciferase reporter assay confirmed the direct inter-
action between miR-21 and MALT1, highlighting 
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Fig. 8   miR-21-Exo inhibited ovarian pyroptosis in chem-
otherapy-induced POI rats. (A) Western blot analysis was 
used to determine the expression levels of NLRP3, CASP1, 
and GSDMD proteins. (B) mRNA levels of NLRP3, CASP1, 

GSDMD, IL1β, and IL18 in the miR-21-Exo group were ana-
lyzed by qRT-PCR. (C) Immunohistochemical staining was 
performed for NLRP3 and GSDMD in the ovaries
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Fig. 9   The application of exosomes did not affect the structure and function of major organs in rats. (A) HE diagram of paraffin sec-
tions of each organ in each group. (B) Detection of liver and kidney function in each group
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the role of miR-21 in regulating pyroptosis in gran-
ulosa cells through MALT1 modulation.

miR-21 is a significant regulatory microRNA 
that has a critical role in controlling cell growth, 
programmed cell death, and metabolic processes 
(Malvandi et  al. 2022; Jenike and Halushka 2021; 
Surina et  al. 2021). Exosomes from BMSC carry-
ing components such as miR-21 have the ability to 
control the biological functions of granulosa cells 
in the ovary that have been damaged by chemo-
therapy. miRNAs carry out their biological func-
tions by repressing the expression of target gene 
mRNAs (Obernosterer et  al. 2006). MALT1 is 
an essential protein involved in transmitting sig-
nals that are critical for regulating immunological 
responses, cell death, and inflammatory reactions 
(Wang et  al. 2023). The stimulation of the NF-κB 
signaling pathway can result in the production of 
inflammatory factors and worsen inflammatory 
responses, which in turn initiates the process of 
pyroptosis (Tao et al. 2021; Luo et al. 2022; Zheng 
et al. 2020). MALT1 is closely associated with the 
NF-κB pathway and acts as a key regulatory factor 
in the stimulation of the NF-κB signaling pathway 
(Fung et al. 2021; Minderman et al. 2023). Research 
indicates that miR-21 hinders the production of 
MALT1 by attaching to its 3’UTR, thus suppress-
ing pyroptosis in granulosa cells. This mechanism 
may elucidate how miR-21 facilitates the repair of 
cisplatin-induced damage in these cells.

This study demonstrates that miR-21 inhibits apop-
tosis and pyroptosis in granulosa cells while promot-
ing hormone production. miR-21-Exo can be deliv-
ered to the ovary and repair chemotherapy-induced 
POI by suppressing pyroptosis. Crucially, miR-21-
Exo hinder the procedure of granulosa cell pyroptosis 
by controlling the NF-κB signaling pathway through 
MALT1. To confirm the therapeutic efficacy of miR-
21-Exo in reducing pyroptosis and treating chem-
otherapy-induced POI in rats, various parameters 
including hormone concentrations, ovarian structure, 
estrus cycle, reproductive function, as well as levels 
of pyroptotic mRNA and proteins were examined.

In summary, this study reveals that miR-21-loaded 
exosomes derived from BMSCs modulate the NF-κB 
signaling pathway via MALT1, thereby inhibiting 
pyroptosis in granulosa cells. These findings offer 
important insights into molecular therapeutic strate-
gies for managing chemotherapy-induced POI. The 

Graphical Abstract provides a clear overview of this 
research.
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