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Abstract. Mesenchymal stem cells (MSCs) have significant 
potential in regenerative medicine due to their multipotency, 
however, they face clinical challenges such as limited expan‑
sion and heterogeneity. Induced pluripotent stem cell‑derived 
MSCs (iMSCs) are promising alternatives. The present study 
compared the effects of exosomes from bone marrow stromal 
MSCs (BMSCs) and iMSCs on A549 and MCF7 cancer cells 
to explore the unique properties of iMSCs. Proliferation assays 
revealed that both exosome types inhibited MCF7 and A549 
cell proliferation at 24 h (P≤0.0001 for both) compared with the 
control, with BMSC‑exosomes (Exos) exerting a more signifi‑
cant effect on MCF7 cells (P≤0.01). After 48 h, the significant 
effects of the BMSC‑Exos were no longer observed on either 
cell line, whereas the iMSC‑Exos continued to suppress A549 
cell proliferation (P≤0.001 compared with the control; P≤0.01 
compared with BMSC‑Exos), indicating a longer‑lasting effect. 
An investigation of senescence‑associated β‑galactosidase 
(SA‑βGal) activity revealed no significant effect on senescence 
induction in MCF7 cells treated with either type of exosomes. 

By contrast, compared with the control treatment, the treat‑
ment of A549 cells with exosomes resulted in a significant 
increase in the number of senescent cells (P≤0.0001). While 
the apoptosis assay performed by flow cytometry revealed 
no significant effect on apoptosis, this increase in senescence 
aligned with the decreased proliferation observed in A549 
cells, indicating that the antitumor effect of the exosomes on 
A549 cells was mediated partially through the induction of 
senescence. Wound healing assays revealed that BMSC‑Exos 
significantly increased the migration of MCF7 cells at 20 h 
(P≤0.01). However, this effect was reversed at 47 h (P≤0.05), 
indicating a time‑dependent effect of BMSC‑Exos. In A549 
cells, no significant difference in migration was observed after 
treatment with either exosome preparation. These findings 
highlight the distinct effects of iMSC‑ and BMSC‑derived 
exosomes on cancer cells, emphasizing the need for further 
investigations into their therapeutic potential and underlying 
mechanisms.

Introduction

Recent statistics highlighted the ongoing global burden of 
cancer. In the United States alone, cancer continues to pose a 
significant threat to human health, with ~2 million new cancer 
cases and over 600,000 cancer‑related deaths projected in 
2024, emphasizing the critical need for improved diagnostic 
and therapeutic strategies (1). The incidence rates of several 
cancers, including breast cancer, have steadily increased in 
recent years. Specifically, the number of breast cancer cases 
rose by 0.6‑1% annually between 2015 and 2019, reflecting 
its increasing prevalence and the urgent need for improved 
prevention and treatment strategies (1). Moreover, in 2024, 
lung cancer, along with prostate and colorectal cancers, 
accounted for 48% of cases in men, whereas in women, lung, 
breast, and colorectal cancers comprised 51% of diagnoses (1). 
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Cancer therapy has advanced from conventional methods such 
as chemotherapy to personalized treatments such as chimeric 
antigen receptor T‑cell therapy, antibody‑drug conjugates and 
bispecific T‑cell engagers; however, improved treatments are 
continually pursued (2).

The capacity of stem cells to self‑renew and develop 
into other types of cells makes them a potential source for 
regenerative medicine  (3). Stem cells are classified into 
totipotent, pluripotent, multipotent and unipotent stem cells 
based on their differentiation potential (4). Mesenchymal stem 
cells (MSCs) are obtained from various organs and tissues, 
including the brain, liver, kidney, lung, muscle, thymus, 
pancreas, skin, adipose tissue, fetal tissue, umbilical cord, 
Wharton's jelly (WJ) and placenta (5). Bone marrow stromal 
MSCs (BMSCs) are a subset of multipotent adult stem cells 
that are derived primarily from the bone marrow and play a 
crucial role in osteogenesis by differentiating into osteoblasts, 
which are responsible for bone formation (6). BMSCs are the 
most common type of MSCs used in cell therapy and tissue 
repair (7). MSCs must meet the following criteria as outlined 
by the International Society for Cellular Therapy (ISCT): 
i) MSCs must express specific surface markers including, 
CD105, CD90, and CD73; ii)  they must not express other 
surface markers such as CD45, CD34, CD14 or CD11b, CD79α 
or CD19, and HLA‑DR (8); iii) they must adhere to plastic in 
culture conditions; and iv) they be able to differentiate into 
adipocytes, chondrocytes, and osteoblasts in vitro (8).

MSCs are considered promising sources for cell 
therapy in regenerative medicine  (7). However, several 
significant challenges limit their potential for therapeutic appli‑
cations, including their limited ability to expand efficiently (9). 
Furthermore, MSCs are inherently heterogeneous and display 
diverse biological properties that contribute to inconsistent 
outcomes in clinical trials (10). This heterogeneity is attrib‑
uted to differences in donor characteristics, tissue sources, cell 
surface markers and variations in microenvironmental and 
culture conditions (10). As a result, an increasing demand for 
alternative cell sources that can address these limitations and 
enhance the effectiveness of cell therapy using MSCs has been 
noted.

Adult somatic cells can be effectively converted into 
undifferentiated cells, known as induced pluripotent stem 
cells (iPSCs) (11,12). These iPSCs share similar characteristics 
with embryonic stem cells (ESCs) (13). Notably, iPSCs have a 
high capacity for self‑renewal and pluripotent differentiation, 
allowing them to develop into a variety of cell types, such 
as MSCs, neurons, and cardiomyocytes (14). Compared with 
conventional MSCs, iPSC‑derived MSCs (iPSC‑MSCs) have 
been shown to exhibit superior cellular viability, including 
enhanced survival, proliferation, and differentiation abilities. 
These properties are due to a rejuvenation process that occurs 
during reprogramming (15,16). The rejuvenation of iPSCs may 
also reduce the heterogeneity typically associated with MSCs, 
which is often influenced by the tissue source and donor age, 
thereby providing a more consistent and reliable cell source for 
therapeutic applications (16).

One of the primary challenges facing cell therapy is the 
effective delivery of cells to damaged tissues (5). Although 
studies have revealed that labeled MSCs delivered in vivo can 
migrate to injured tissues, such as brain lesions or cardiac 

infarcts, only a small number of MSCs engraft at the injury 
sites (17‑19). However, the paradigm has shifted toward the 
hypothesis that MSCs influence host cells primarily through 
their paracrine factors (20,21). The culture medium condi‑
tioned by MSCs, known as conditioned medium (MSC‑CM), 
contains a multitude of bioactive soluble factors secreted 
by MSCs, including growth factors, cytokines, chemokines, 
enzymes, and extracellular vesicles (EVs) (22,23). MSC‑CM 
is considered a preferred option for use in cell therapy due to 
several key advantages over cell‑based applications: i) It avoids 
the risk of host immune reactions; ii) it can be stored for rela‑
tively long periods without the use of toxic cryopreservatives 
such as DMSO; iii) it is cost‑effective; and iv) the process of 
evaluating the safety and efficacy of MSC‑CM is considerably 
simpler than that of conventional pharmaceutical agents or 
MSCs (21). MSC‑derived extracellular vesicles (MSC‑EVs) 
have garnered significant attention due to their primary role 
in mediating cellular communication  (24). MSC‑EVs also 
modify the activity of target cells by transferring mRNAs, 
microRNAs (miRNAs or miRs), lipids, and proteins (25).

The therapeutic importance of EVs, and their ability to 
modulate target cells and enhance tissue repair, has been 
previously demonstrated (26). Traditionally, EVs are classified 
into three subtypes based on their size and biogenesis, namely, 
exosomes, microvesicles (MVs), and apoptotic bodies (27‑29). 
However, some studies have categorized apoptotic bodies, 
exosomes and exosome‑like vesicles as distinct types of EVs, 
whereas other studies have focused only on microvesicles and 
exosomes due to a lack of sufficient evidence supporting the 
classification of other types of EVs (30,31).

EVs are heterogeneous membranous structures that origi‑
nate from the endosomal system or are shed from the plasma 
membrane and are secreted by cells through different mecha‑
nisms (32). EVs are composed of different subtypes, primarily 
exosomes and microvesicles, which vary in size, origin, and 
content (33,34). Exosomes are nanosized vesicles ranging from 
30 to 200 nm in diameter that contain proteins, mRNAs, and 
miRNAs (35,36). They play key roles in various cancer‑related 
biological processes, such as angiogenesis, metastasis, and 
immune system regulation, and influence the tumor microen‑
vironment (37). Moreover, MSC‑derived exosomes have been 
utilized in engineered systems for targeted delivery, enhancing 
therapeutic efficacy in various diseases and tissue regeneration 
applications (38‑40).

MSC‑exosomes (Exos) including BMSC‑Exos have been 
studied for their potential in cancer therapy, particularly as 
a delivery system for therapeutic molecules, with numerous 
studies focusing on their effects on tumor progression and the 
treatment response. For example, Zhou et al (41) demonstrated 
that BM‑MSC‑derived exosomes loaded with paclitaxel and 
gemcitabine monophosphate improved drug delivery and 
efficacy in PDAC, addressing chemoresistance and ECM 
abnormalities. Lin et al (42) reviewed the role of MSC‑Exos in 
shaping the tumor microenvironment and driving therapy resis‑
tance, providing insights into their molecular mechanisms and 
clinical applications. In breast cancer, MSC‑EVs modulated 
stemness markers (OCT4 and ALDH1) and proliferation in a 
concentration‑dependent manner in MCF7 cells (43). In lung 
cancer, BMSC‑Exos promoted invasion, migration, and metas‑
tasis by delivering miR‑425 which suppressed cytoplasmic 
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polyadenylation binding protein 1 (CPEB1) expression (44). 
Together, these findings highlight the therapeutic potential of 
MSC‑Exos across various cancer models.

Moreover, Zhao et al (45) described the therapeutic potential 
of induced pluripotent stem cell‑derived MSC (iMSC)‑Exos in 
enhancing treatment responses in metastatic prostate cancer, 
highlighting the potential role of iMSC‑Exos as anticancer 
agents. However, in contrast to that of BMSC‑Exos, the role 
of iMSC‑Exos in cancer therapy remains less explored. The 
present study focused on comparing the effects of BMSC‑Exos 
and iMSC‑Exos on MCF7 and A549 cancer models. The 
MCF7 cell line, a widely recognized model of human breast 
cancer, has been used extensively in advancing therapeutic 
strategies and exploring cancer biology (46,47). Similarly, the 
A549 cell line, a model of non‑small cell lung cancer, has been 
pivotal for exploring cancer treatments and their underlying 
biology  (48‑50). The present study explored the effects of 
exosomes derived from BMSCs and iMSCs on lung and breast 
cancer, specifically the A549 lung cancer and MCF7 breast 
cancer cell lines.

Material and methods

Cell culture. In the present study, BMSCs were previously 
isolated from 2 male and 2 female non‑smoking patients 
(25‑45  years old), who were referred to the Orthopedic 
Department of Jordan University Hospital (JUH)/University 
of Jordan (Amman, Jordan) after sustaining orthopedic frac‑
tures from road traffic accidents  (51). Institutional Review 
Board (IRB) approval (approval no. IRB/7/2019) for obtaining 
BMSCs was issued by the IRB Committee of the Cell Therapy 
Center (CTC)/University of Jordan. Informed consent was also 
obtained from all patients to donate their tissues, as specified 
in The Declaration of Helsinki, prior to participation.

Bone marrow samples were collected by iliac crest aspi‑
ration. The inclusion criteria for patient selection were as 
follows: i) Males or females, 25‑45 years old; ii) those with 
orthopedic fractures or trauma resulting from traffic acci‑
dents requiring orthopedic intervention, in which iliac crest 
bone marrow aspiration did not pose any additional risk; and 
iii) hemodynamically stable (normal vital signs or stabilized 
post‑resuscitation). While the exclusion criteria were as 
follows: i) History of, or evidence of, hematologic disorders, 
including leukemia, lymphoma, or aplastic anemia; ii) major 
mental health disorders that preclude participation in the 
present study; iii) type I or type II diabetes mellitus, chronic 
hypertension, or receiving antidiabetic medications; iv) severe 
anemia (hemoglobin <8 g/dl); v) active systemic infection 
(such as sepsis and osteomyelitis) that may contaminate the 
bone marrow; vi) a clinically active autoimmune condition; 
vii)  history of chemotherapy or radiation therapy, which 
may alter bone marrow cell composition; and viii) positive 
serological evidence of HIV I and II, HBV, HCV, and VDRL.

All participants met the inclusion criteria and had none of 
the exclusion conditions, confirming their suitability for the 
present study.

Bone marrow sample collection began on December 1, 2019, 
and continued for 1 year until January 1, 2021. Bone marrow 
samples were aseptically collected in 12‑16 EDTA tubes. 
Subsequently, the buffy coat was isolated by centrifugation 

[300 x g, 6 min, at room temperature (RT)], suspended in 
1.5 ml phosphate‑buffered saline (PBS), and used for culture. 
Then, 5 ml of the separated buffy coat was layered onto an 
equal volume of Ficoll (Cytiva) and centrifuged (500 x g, 
30 min, at RT with the centrifuge brake turned to off).

For the present study, all the experimental procedures were 
approved (approval no. IRB‑7‑2019‑8) by the IRB Committee at 
the CTC, University of Jordan. BMSCs were cultured at passage 
3 in minimum essential medium Eagle‑alpha modification 
(αMEM; Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 15% fetal bovine serum (FBS; Cytiva), 1% of 100X 
Glutamax (Gibco; Thermo Fisher Scientific, Inc.), and 1% of 
100X antibiotic‑antimycotic mixture (Gibco; Thermo Fisher 
Scientific, Inc.). Breast cancer (MCF7, ATCC® HTB‑22™) 
and alveolar basal epithelial adenocarcinoma (A549, ATCC® 
CCL‑185™) were cultured in RPMI‑1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 
1% of 100X Glutamax, and 1% of 100X antibiotic‑antimycotic. 
Moreover, human dermal fibroblast cells used were previously 
prepared (49,50) and cultured in Advanced DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 
1% of 100X Glutamax, and 1% of 100X antibiotic‑antimycotic 
mixture. All cells were maintained and incubated at 37˚C, 
21% O2, and 5% CO2, with media changes every 2 days.

Generation of embryoid body‑derived iMSCs (EB‑iMSCs). 
The four iPSC lines used in the present study are as follows: 
JUCTCi010‑A, derived from skin dermal fibroblasts of a 
healthy 27‑year‑old Jordanian female  (49); JUCTCi010‑B, 
derived from MSCs obtained from skin dermal fibroblasts 
of a 27‑year‑old Jordanian female  (49); JUCTCi011‑A and 
JUCTCi011‑B, derived from skin dermal fibroblasts of a 
34‑year‑old Jordanian male (50). The generation of these lines 
was approved (approval no. IRB/07/2017) by the Cell therapy 
Center (CTC), University of Jordan, Amman, Jordan, which 
covered JUCTCi010‑A and B as well as JUCTCi011‑A and B. 
This IRB approval has been documented in previous publica‑
tions by the authors on female (52) and male (53) iPSC lines.

For coating plates used to culture iPSCs in mTeSR media 
(STEMCELL Technologies), Matrigel was diluted 1:100 in 
DMEM/F12 to achieve a final concentration of ~500 µg/ml. 
For a 6‑well plate, 1 ml of the diluted Matrigel solution was 
added per well and incubated for at least 1 h at 37˚C before 
use  (51). For differentiation, the iPSC monolayer cultures 
were detached using 0.5 M EDTA (Gibco; Thermo Fisher 
Scientific, Inc.), and the resulting cell suspensions were plated 
in MSC differentiation media on ultra‑low attachment plates 
to form EBs (54). The MSC differentiation media consisted 
of αMEM, supplemented with 15% FBS, 1% 100X Glutamax, 
and 1% 100X antibiotic‑antimycotic mixture (54).

On days 2 and 4 of differentiation, the media were replaced 
with fresh media containing 10 µM retinoic acid (RA; Merck 
KGaA) and 0.1 µM RA, respectively. On day 6, the media were 
switched to RA‑free differentiation media and on day 7, the EBs 
were plated on Matrigel‑coated plates and maintained in MSC 
differentiation media. The differentiation media were replaced 
every two days. On day 12, 2.5 ng/ml basic fibroblast growth 
factor (R&D Systems, Inc.) was added, with media changes 
occurring every 2 days thereafter. iMSCs were passaged upon 
reaching 80‑90% confluency and were then cryopreserved in 
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1X freezing media composed of 90% FBS and 10% DMSO 
and stored in liquid nitrogen.

Osteogenic differentiation. Cells were seeded in triplicate at a 
density of 200,000 cells per well in 6‑well plates and cultured 
in complete culture medium (CCM) until reaching 50% 
confluency. The medium was then replaced with osteogenic 
differentiation medium consisting of αMEM supplemented 
with 15% FBS, 1% 100X Glutamax, 1% 100X antibiotic-
antimycotic mixture, 10 mM dexamethasone (Merck KGaA), 
50  µg/ml ascorbic acid 2‑phosphate (Merck KGaA), and 
10 mM β‑glycerophosphate (Carbosynth Ltd.) for 21‑28 days, 
or until calcium deposits appeared. Control cells remained in 
CCM with medium changes every 2‑3 days. Upon observation 
of mineral deposits, one well from each sample was stained 
with Alizarin Red (Merck KGaA) for 5 min at RT to visualize 
calcium deposits, which were then imaged using the EVOS XL 
Core Imaging System (Thermo Fisher Scientific, Inc.).

Adipogenic differentiation. EB‑iMSCs and BMSCs were 
seeded in triplicate at a density of 200,000 cells per well and 
cultured in CCM until reaching 50% confluency. They were 
then switched to adipogenic differentiation medium consisting 
of αMEM supplemented with 15% FBS, 1% 100X Glutamax, 
1% 100X antibiotic‑antimycotic mixture, 10  mM dexa‑
methasone, 500 µM 3‑isobutyl‑1‑methylxanthine (IBMX), 
0.2 mM indomethacin, and 10 µg/ml insulin (all from Merck 
KGaA) and maintained for 14‑21 days, with medium changes 
every 2‑3 days, until fat vacuoles were visible. Control cells 
remained in CCM. Upon differentiation, the cells were stained 
with Oil Red‑O (Merck KGaA) for 5 min at RT to visualize fat 
vacuoles, which were then imaged using the EVOS XL Core 
Imaging System.

Flow cytometry of iMSC and human (h)MSC surface markers. 
Cells were assessed by flow cytometry using BD Stem Flow 
hMSC Analysis kit (cat. no. 562245, BD Biosciences) and 
according to the manufacturer's instructions. iMSCs and 
BMSCs were trypsinized at early passages (passage <8) and 
washed with 1X PBS. The cells were then resuspended in 
800 µl of 1% bovine serum albumin (BSA) staining buffer. 
Next, the cells were incubated for 30 min with fluorescently 
conjugated antibodies targeting human MSC surface markers 
(FITC anti‑CD90, PerCP anti‑CD105, APC anti‑CD73, and 
PE anti‑CD44; all included in th aforementioned kit) or 
with appropriate isotype controls (all from BD Biosciences) 
at a concentration of 50 µg/ml for FITC anti‑CD90, PerCP 
anti‑CD105, and APC anti‑CD73, and 20 µg/ml for anti‑CD44 
and the isotype controls. The absence of negative cocktail 
surface markers was also. Following incubation, the cells were 
washed twice with 1X PBS to remove any unbound antibodies 
and then resuspended in 200 µl of PBS. The expression of 
surface markers was analyzed using a BD FACSCanto II flow 
cytometer (BD Biosciences), and the data were processed 
using BD FACSDiva software (BD Biosciences) (55).

Exosome preparation. After reaching 70‑80% confluency, 
cells of iMSCs and BMSCs at passage 3 were washed with PBS 
and then cultured in serum‑free α‑MEM for 48 h. The condi‑
tioned media were then collected and centrifuged at 300 x g 

for 10 min at 4˚C, followed by centrifugation in 2,000 x g for 
20 min at 4˚C. Following centrifugation, the supernatants were 
filtered through 0.22‑µm filter units to remove any remaining 
cell debris, which could contribute to exosome aggregation 
during the filtration process. To ensure consistent exosome 
pelleting, the filtered supernatant was then ultracentrifuged at 
110,000 x g for 2 h at 4˚C using a fixed‑angle rotor. After puri‑
fication, the exosome pellets (iMSC‑Exos and BMSC‑Exos) 
were gently resuspended in 500  µl filtered PBS to avoid 
disrupting the lipid bilayer, which could promote aggrega‑
tion. The concentration of the exosomes was measured using 
the Micro BCA™ Protein Assay Kit (cat. no. 23235; Thermo 
Fisher Scientific, Inc.), strictly following the manufacturer's 
instructions. The measured concentration was standardized to 
1 mg/ml. The exosomes were then aliquoted, resuspended in 
filtered PBS, and stored at ‑80˚C to preserve their structural 
integrity and reduce aggregation over time for future use (56).

iMSC‑Exos and BMSC‑Exos surface markers analysis. A total 
of ~100 µg of isolated exosomes were incubated with 3 µl of 
aldehyde/sulfate latex beads (4% w/v, 4 µm, Invitrogen; Thermo 
Fisher Scientific, Inc.) (57) for 15 min and then incubated over‑
night at RT with gentle shaking (270˚ shaking) after adding 
10 µl of filtered 1X PBS. Subsequently, the exosome‑bead 
binding was blocked by adding 1M glycine for 15 min at RT, 
which was prepared by dissolving 0.7507 g of 0.01 M glycine 
(Millipore, Sigma), 200 mg of 2% BSA (Abcam), and 10 ml 
of 1X PBS, followed by filtration using 0.22 µm filter units. 
The exosome‑coated beads were then incubated for 40 min 
at 37˚C with various antibodies (A5488 anti‑CD9 (cat. 
no. FAB1880G), AF647 anti‑CD81 (cat. no. FAB4615R), and 
APC anti‑CD63 (cat no. FAB5417A) or their respective isotype 
controls (all from BioTechne; R&D Systems, Inc.) according 
to the manufacturer's instructions. Finally, 150 µl of filtered 
1X PBS was added to the samples, which were then processed 
on a BD FACSCanto II and analyzed using BD FACSDiva 
software.

Transmission electron microscopy (TEM). A total of 100 µg of 
purified exosomes were mixed 1:1 with 2% paraformaldehyde 
(PFA; MilliporeSigma), and applied to Formvar‑carbon‑coated 
electron microscopy grids [Electron Microscopy Sciences 
(EMS)] to promote membrane absorption for 20 min in a dry 
environment at RT. The grids were then rinsed with 1X PBS 
and subsequently immersed in 1% glutaraldehyde for 5 min at 
RT to eliminate any negative background. Following this, the 
grids were washed seven times with distilled water, with each 
wash lasting 2 min. To enhance contrast, the grids were treated 
with uranyl oxalate for 5 min at RT and then placed on methyl 
cellulose‑UA for 10 min on ice. Finally, the grids were allowed 
to air dry for 10 min at RT before being examined under TEM 
with a magnification of 500 nm at an acceleration voltage of 
30 kV, using VERSA 3D (FEI; Thermo Fisher Scientific, Inc.).

Size distribution measurement of exosomes. Size distribu‑
tion was measured using a dynamic light scattering (DLS) 
nanosizer, the ZetaView (serial no. MAL1137709) (Malvern 
Nano ZS; Malvern Panalytical, Ltd.), which analyzes particle 
sizes ranging from 0.3 nm to 10 µm. Data were processed 
using Zetasizer software version 7.11 (Malvern Panalytical, 
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Ltd.). The temperature was maintained at 24˚C throughout 
the process. The data acquisition settings were configured as 
follows: A measurement angle of 173˚ backscatter, 10 runs 
per measurement, 60 sec per run, 3 total measurements, and 
a 10‑sec delay between measurements. All settings followed 
the manufacturer's recommendations for EV analysis. Prior to 
measurement, samples were diluted with filtered PBS.

Cellular uptake of exosomes. iMSC‑Exos and BMSC‑Exos 
were labeled with 1,1'‑dioctadecyl‑3,3,3',3'‑tetramethy‑
lindocarbocyanine perchlorate (DiI‑O; Thermo Fisher 
Scientific, Inc.) fluorescent dye according to the manufac‑
turer's instructions. Briefly, 200 µl of the isolated exosomes 
were incubated with 5‑8 µl/1 ml of the dye for 1 h at RT, 
then added to 4 ml of filtered 1X PBS, ultracentrifuged at 
110,000 x g for 1.5 h at 4˚C, and resuspended in 700 µl of 
filtered 1X PBS. The medium of MCF7 or A549 or fibro‑
blasts cells (all at 1.5x105 cells per well) was then replaced 
with serum‑free medium (SFM) containing 50  µg/ml of 
iMSC‑Exos or BMSC‑Exos. After 16 h of treatment, the cells 
were washed with 1X PBS and incubated for an additional 
16 h. Subsequently, the cells were incubated for 30 min at 
RT with 5‑chloromethylfluorescein diacetate dye (CMFDA; 
Invitrogen; Thermo Fisher Scientific, Inc.), fixed with 4% 
PFA, incubated for 15 min at RT, washed with 1X PBS, and 
stained for 5 min at RT with 4',6‑diamidino‑2‑phenylindole 
(DAPI; Invitrogen; Thermo Fisher Scientific, Inc.). Finally, 
the cells were mounted with mounting medium (Abcam). 
The cellular internalization of iMSC‑Exos or BMSC‑Exos 
was observed under a time‑lapse microscope (Carl Zeiss).

Cell proliferation assay. MCF7, A549 and fibroblast cells 
(8x103 cells per well) were cultured in 96‑well plates with 
100 µl of RPMI‑1640 medium for 24 h at 37˚C and 5% CO2. 
Following this initial incubation, the medium was replaced 
with serum‑free RPMI‑1640 containing 350  µl of either 
iMSC‑Exos or BMSC‑Exos (50 µg/ml). Cell proliferation was 
measured after 24, 48, and 72 h by adding 10 µl of thiazolyl 
blue tetrazolium bromide reagent (MTT; Promega) to each 
well, followed by a 3‑h incubation at 37˚C. Subsequently, 
100 µl of solubilization stop solution (Promega Corporation) 
was added, and the plates were incubated for an additional 
30 min at 37˚C. The absorbance of the cells was then measured 
at 570 nm using a BioTek microplate reader (5), and the data 
were analyzed with BioTek Gen 5 data analysis software 
(BioTek; Agilent Technologies, Inc.).

Apoptosis analysis. Cell apoptosis was assessed using the 
eBioscience™ Annexin V‑FITC Apoptosis Detection Kit (cat. 
no. 88‑8005‑74; Invitrogen; Thermo Fisher Scientific, Inc.) and 
analyzed by flow cytometry. Briefly, A549 and MCF7 cell lines 
were seeded at a density of 3x105 cells per well and treated 
with or without 50 µg/ml of iMSC‑Exos or BMSC‑Exos for 
48 h after replacing the medium with serum‑free RPMI‑1640. 
Following treatment, cells were collected and washed with 1X 
PBS. The cell pellet was then resuspended in 100 µl of 1X 
Binding Buffer, mixed with 5 µl of FITC‑conjugated Annexin 
V and incubated in the dark at RT for 15 min. Subsequently, 5 µl 
of propidium iodide (PI) was added to each sample, followed 
by 100 µl of 1X Binding Buffer to dilute the cell suspension. 

The samples were then analyzed using a BD FACSCanto II 
flow cytometer and BD FACSDiva software.

Scratch wound assay. MCF7 or A549 cells were seeded at a 
density of 3x105 cells per well. Upon reaching 90% confluency, 
an artificial wound was created by scratching the cell mono‑
layer with a 200‑µl pipette tip. The medium was then changed 
to serum‑free RPMI‑1640, and the cells were washed twice 
with 1X PBS before being treated with 50 µg/ml of iMSC‑Exos 
or BMSC‑Exos. Images were recorded using EVOS XL Core 
Imaging System (Thermo Fisher Scientific, Inc.), at 0, 9, 20, 
and 47 h after treatment and the distance of cell migration 
was measured using ImageJ software (version 1.53; National 
Institutes of Health) (5).

Senescence assay. Senescence‑associated β‑galactosidase 
(SA‑βGal) staining was performed on treated cells using a 
senescence detection kit (cat. no. ab65351; Abcam). Briefly, 
MCF7 or A549 cells were seeded at a density of 3x105 cells per 
well in RPMI‑1640 medium. The following day, the medium 
was replaced with serum‑free RPMI‑1640 containing 50 µg/ml 
of either iMSC‑Exos or BMSC‑Exos. After 48 h, the medium 
was aspirated, and the cells were washed once with 1 ml of 
1X PBS and fixed with 0.5 ml of fixative solution provided in 
the kit for 15 min at RT. Subsequently, 0.5 ml of staining solu‑
tion, prepared by mixing 5 µl of 100X staining supplement, 
and 25 µl of 20 mg/ml X‑Gal in dimethylsulfoxide with 470 µl 
of staining solution (all included in the aforementioned kit), 
was added, and the cells were incubated at 37˚C for 12 h. The 
cells were then observed under a microscope (EVOS XL Core 
Imaging System; Thermo Fisher Scientific, Inc.) to investigate 
the development of blue color, which indicates senescence, and 
were manually counted and compared to untreated cells.

Statistical analysis. All data were analyzed using GraphPad 
Prism version 9.1.0 (Dotmatics). The statistical tests included 
an unpaired Student's t‑test or a two‑way analysis of vari‑
ance (ANOVA), followed by a Bonferroni post‑hoc test when 
indicated. Data are presented as the mean ± standard error 
(SE), and a P≤0.05 was considered to indicate a statistically 
significant difference. All the experiments were conducted in 
three independent replicates (n=3).

Results

Characterization of iMSC and BMSC surface markers by flow 
cytometry. A flow cytometric analysis was initially performed 
to detect the expression of stem cell surface markers on 
iMSCs and BMSCs. The analysis clearly revealed the expres‑
sion of CD105, CD90, CD73, and CD44 on both iMSCs and 
BMSCs (Fig. 1A), with negative expression of CD34, CD11b, 
CD19, CD45, and HLA‑DR surface markers. The expression 
percentages of the aforementioned markers in the BMSCs 
were as follows: CD105 was expressed in 97% of the cells, 
CD90 was expressed in 98.6%, CD73 was expressed in 99%, 
and CD44 was expressed in 98.7% (Fig. 1B). In comparison, 
the average expression percentages for iMSCs were 91% for 
CD105, 98.3% for CD90, 99% for CD73, and 99% for CD44 
(Fig. 1B). Additionally, both iMSCs and BMSCs were tested 
for their ability to differentiate into osteogenic (Fig. 1C) and 

https://www.spandidos-publications.com/10.3892/br.2025.1994
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adipogenic (Fig. 1D) lineages. The results obtained from the 
present study revealed the positive differentiation potential 
of both cell types, with BMSCs showing higher levels of 
adipogenic differentiation than iMSCs.

Characterization of isolated BMSC‑Exos and iMSC‑Exos. 
The exosomes were bound to sulfate‑latex beads to detect 
exosome surface markers using flow cytometry (CD81, CD9, 
and CD63), as aforementioned. The analysis confirmed the 
successful expression of these markers in both the iMSC‑Exos 
and the BMSC‑Exos. Notably, both types of exosomes 

presented higher expression levels of the CD9 tetraspanin 
protein than CD81 and CD63. However, no significant 
differences in the expression of exosome surface markers 
were observed between the two groups (Fig. 2A and B). The 
average percentages of these markers in iMSC‑Exos were 
as follows: CD9 (99%), CD81 (79%), and CD63 (64%). In 
comparison, BMSC‑Exos exhibited average percentages of 
CD9 of 95%, CD81 of 77%, and CD63 of 40% (Fig. 2A and B). 
The size distribution analysis revealed that both iMSC‑ and 
BMSC‑derived exosomes exhibited heterogeneous size ranges 
of 88‑220 nm and 32‑117 nm, respectively, with iMSC‑Exos 

Figure 1. Analysis of surface markers and differentiation potential of iMSCs and BMSCs. (A) Histograms of flow cytometric analysis of iMSCs and BMSCs. 
(B) Bar graphs of percentages of MSCs surface markers (CD90, CD105, CD73 and CD44) in iMSCs and BMSCs. (C) Osteogenic differentiation potential of 
iMSCs and BMSCs. (D) Adipogenic differentiation potential of iMSCs and BMSCs. iMSCs, induced pluripotent stem cell‑derived mesenchymal stem cells; 
BMSCs, bone marrow stromal mesenchymal stem cells; Exo, exosome.
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having a larger average size than BMSC‑Exos (Fig. 2D). TEM 
revealed a typical cup‑like shape of both iMSC‑Exos and 
BMSC‑Exos (Fig. 2C). Additionally, the aggregates observed 
for the iMSC‑Exos were consistent with the DLS findings, 
which indicated a larger average size for the iMSC‑Exos than 
for the BMSC‑Exos. Overall, the characteristics of the isolated 
EVs were consistent with those of the exosomes.

Internalization of iMSC‑ and BMSC‑derived exosomes. 
Subsequently, the uptake efficiency of exosomes by two 
cancer cell lines was assessed (namely, MCF7 and A549, as 
well as nonmalignant fibroblasts) by incubating them with 
either iMSC‑derived or BMSC‑derived exosomes for 12 h. 
The exosomes were prelabeled with DiI‑O, a lipophilic 
red‑orange, fluorescent dye. The cells were also stained with 
CMFDA (green) to visualize the cytoplasm, and DAPI (blue) 
was used for nuclear staining. After 12 h of incubation with 
DiI‑O‑labeled exosomes, the cells were fixed and examined 
under a fluorescence microscope. Imaging data confirmed 
the successful internalization of iMSC‑Exos and BMSC‑Exos 

into MCF7 (Fig. 3A) and A549 cells (Fig. 3B), as well as 
nonmalignant fibroblasts (Fig. S1).

Transient suppression of the proliferation of MCF7 cells is 
observed with both exosome types, whereas the proliferation 
of A549 cells is suppressed by iMSC‑Exos. The effects of both 
exosome types on cancer cell proliferation and survival were 
examined. Cancer cell proliferation was assessed using an MTT 
assay to evaluate the effects of iMSC‑Exos and BMSC‑Exos at 
24 and 48 h of treatment. Compared to untreated SFM cells, 
both MCF7 and A549 cells showed a significant suppres‑
sion of proliferation after 24 h of treatment with either type 
of exosome (P≤0.0001 for both) (Fig. 4A and B). Moreover, 
BMSC‑Exos had a greater inhibitory effect than iMSC‑Exos 
on MCF7 cells at 24 h after treatment (P≤0.01).

Notably, the significant antitumor effect observed at 24 h 
compared with that of SFM did not persist at 48 h in MCF7 
cells treated with both types of exosomes or in A549 cells 
treated with BMSC‑Exos, indicating a transient effect of 
BMSC‑Exos on MCF7 and A549 cells and of iMSC‑Exos on 

Figure 2. Characterization of isolated BMSC‑Exos and iMSC‑Exos. (A) Representative histograms of flow cytometric analysis of exosome surface markers 
(CD9, CD81 and CD63) in iMSC‑Exos and BMSC‑Exos. (B) Graph bar of percentages of surface markers present in iMSC‑Exos and BMSC‑Exos. 
(C) Representative transmission electron microscopy images of iMSC‑Exos and BMSC‑Exos; scale bar, 500 nm. (D) Dynamic light scattering analysis based 
on the isolated size intensity distribution of exosomes. BMSCs, bone marrow stromal mesenchymal stem cells; Exos, exosomes; iMSCs, induced pluripotent 
stem cell‑derived mesenchymal stem cells.

https://www.spandidos-publications.com/10.3892/br.2025.1994
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Figure 3. Assessment of the internalization of iMSC‑Exos and BMSC‑Exos into cancer cells. (A) MCF7 and (B) A549 cells were either left untreated (first 
panel), incubated with DiI‑O dye only (second panel), or incubated with DiI‑O‑labeled exosomes from iMSCs (third panel) and BMSCs (fourth panel). DAPI 
staining was used to visualize the nuclei and CMFDA to stain the cell bodies. Scale bar, 20 µm. (n=3). iMSCs, induced pluripotent stem cell‑derived mesen‑
chymal stem cells; Exos, exosomes; BMSCs, bone marrow stromal mesenchymal stem cells; DiI‑O, 1,1'‑dioctadecyl‑3,3,3',3'‑tetramethylindocarbocyanine 
perchlorate; CMFDA, 5‑chloromethylfluorescein diacetate dye; DAPI, 4',6‑diamidino‑2‑phenylindole.
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MCF7 cells. However, within 48 h of treating the MCF7 cells 
with the BMSC‑Exos, cell proliferation decreased compared 
with that of the MCF7 cells treated with the iMSC‑Exos 
(P≤0.01). In A549 cells, the suppressive effect of iMSC‑Exos 
persisted over time, as evidenced by a continued reduction in 
proliferation at 48 h compared with that of the SFM control 
(P≤0.001) and BMSC‑Exos (P≤0.01). Additionally, the treat‑
ment of fibroblasts that were used as control cells with either 
type of exosome had no significant effect on proliferation 

(Fig. 4C). The findings of the present study suggested that the 
antiproliferative effect may be cancer‑specific.

Next, the effect of the BMSC‑Exos and iMSC‑Exos on 
the induction of apoptosis in the MCF7 and A549 cells was 
assessed using flow cytometry of the Annexin V/PI‑stained 
cells. Treatment of MCF7 cells with either iMSC‑Exos or 
BMSC‑Exos for 48 h resulted in no significant increase in the 
number of early apoptotic cells (Annexin V+/PI−) or late apop‑
totic cells (Annexin V+/PI+) (Fig. 4E). Similarly, no significant 

Figure 4. Assessment of proliferation and apoptosis on treated MCF7 and A549 cells with iMSC‑Exos or BMSC‑Exos. An MTT assay was used to assess the 
proliferation of (A) MCF7, (B) A549, and (C) fibroblasts following 24 and 48 h of incubation with iMSC‑Exos, BMSC‑Exos, or SFM. Representative FACS 
plot images of (D) MCF7 and (F) A549 cells. (E) Apoptosis assay results for treated MCF7 cells, showing Q1 (necrotic cells), Q2 (late apoptotic cells), Q3 
(live cells), and Q4 (early apoptotic cells). (G) Apoptosis assay results for treated A549 cells. Data are presented as the mean ± SE; (n=3). *P≤0.05, **P≤0.01 
***P≤0.001, ****P≤0.0001. iMSCs, induced pluripotent stem cell‑derived mesenchymal stem cells; Exos, exosomes; BMSCs, bone marrow stromal mesenchymal 
stem cells; SFM, serum‑free medium; FACS, fluorescence‑activated cell sorting; SE, standard error.
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differences in apoptosis were observed in A549 cells treated 
with either BMSC‑Exos or iMSC‑Exos (Fig. 4G).

Significant increase in the number of SA‑βGal‑positive 
A549 cells after treatment. The percentage of cells positive 
for SA‑βGal activity, which reflects cellular senescence, was 
determined by counting the number of blue cells in the total 
population, as described by Debacq‑Chainiaux et al (58). In 
MCF7 cells treated with iMSC‑Exos or BMSC‑Exos, the 
percentage of SA‑βGal‑positive cells was not significantly 
different (Fig. 5A and B). The findings of the present study 
indicated that no significant induction of cellular senescence 
occurred in MCF7 cells treated with either type of exosome. 
By contrast, treatment of A549 cells with either BMSC‑Exos 
or iMSC‑Exos resulted in a significant increase in senes‑
cence compared with that of the control (both P<0.0001) 
(Fig.  5C  and  D). These results indicate that the effect of 
exosome treatment on cellular senescence in tumor cells may 
be minimal.

Time‑dependent effects of iMSC‑ and BMSC‑derived exosomes 
on migration. A scratch wound healing assay was performed 
to assess the effects of iMSC‑ and BMSC‑derived exosomes 
on MCF7 and A549 cancer cells. A scratch was made through 
the monolayers of cancer cells, and microscopy images of the 
scratch wounds were captured at ~9, 20, and 47 h after treat‑
ment with iMSC‑ or BMSC‑derived exosomes. In MCF7 cells 
treated with BMSC‑derived exosomes, a significant increase 
in migration was observed at ~20 h (P≤0.01) (Fig. 6A and B). 

However, this effect was reversed at ~47 h (P≤0.05), indicating 
a time‑dependent effect of the BMSC‑Exos on these cells. By 
contrast, no significant difference in migration was observed 
in A549 cells treated with either type of exosomes compared 
with the SFM control (Fig. 6C and D).

Discussion

iPSCs represent a promising alternative to traditional MSC 
sources, potentially overcoming the challenges associated 
with limited expandability and source variability  (16). 
BMSC‑derived exosomes have demonstrated significant 
therapeutic potential in various bone diseases and are 
gaining recognition for their broader applications in regen‑
erative medicine, particularly in orthopedic conditions (59). 
For example, they protect against cartilage damage and 
alleviate knee pain in osteoarthritis models (60) and promote 
chondrocyte proliferation to mitigate osteoarthritis (61). The 
relationship between MSC‑derived exosomes and cancer 
remains ambiguous, as studies have reported conflicting 
results regarding the effects of MSC‑derived EVs on 
cancer (62,63). These conflicting results may be attributed 
to variations in the origin of MSCs, the methods used for 
isolating MSCs (64), or the specific types of tumor models 
employed in the studies (64,65). However, the therapeutic 
potential of iPSC‑derived MSCs and their exosomes requires 
further investigation to fully understand their impacts on 
cancer. The present study provided insights into the compara‑
tive effects of exosomes derived from iMSCs and BMSCs on 

Figure 5. Analysis of SA‑βGal‑positive cancer cells. Representative images and relative quantification of SA‑βGal‑positive cells of (A and B) MCF7 and 
(C and D) A549 cells after 48 h of treatment with iMSC‑Exos or BMSC‑Exos. Scale bar, 200 µm. Data are presented as the mean ± SE; (n=3). ****P≤0.0001. 
SA‑βGal, senescence‑associated β‑galactosidase; iMSCs, induced pluripotent stem cell‑derived mesenchymal stem cells; BMSCs, bone marrow stromal 
mesenchymal stem cells; SFM, serum‑free medium; SE, standard error; BM, bone marrow.
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cancer cells, contributing to ongoing research efforts aimed 
at elucidating their roles in cancer biology.

In the present study, both iMSCs and BMSCs were success‑
fully characterized according to the ISCT criteria (66). These 
cells exhibited positive expression of stem cell surface markers 
(CD90, CD105, CD73, and CD44), a spindle‑like morphology, 
adherence to plastic, and the ability to differentiate into osteo‑
genic and adipogenic lineages in vitro. Previous research, such 
as work by Maleki et al (67), has reported that the expression of 
MSC surface markers can vary significantly depending on the 
source of the MSCs. In their study, four types of MSCs [sper‑
matogonial stem cells (SSCs), hair follicle stem cells, granulosa 
cells, and WJ‑MSCs], were analyzed. SSCs showed the highest 
expression of CD44, which is associated with maintaining 
stemness, CD90, that is linked to growth and differentiation, 

and CD105, which plays a role in osteogenesis. However, despite 
these potential differences, both the BMSCs and iMSCs in the 
present study exhibited high expression levels of classical hMSC 
markers (>90%). Exosomes were isolated through the sequential 
centrifugation and filtration of CM, followed by ultracentrifuga‑
tion. These exosomes were characterized using flow cytometry 
to detect exosome surface markers from the tetraspanin family, 
including CD9, CD81, and CD63 (68). Both groups of exosomes 
expressed these markers, with a higher percentage of CD9 
expression observed in each set. Notably, CD9 is associated with 
modulating cell adhesion and migration in breast cancer‑derived 
EVs, suggesting a potential role in cancer metastasis (69).

Further analysis of the isolated exosomes revealed a size 
distribution of 32‑117 nm for the BMSC‑Exos and 88‑220 nm 
for the iMSC‑Exos. An additional reading with an average 

Figure 6. Time‑dependent migration effects of iMSC‑ and BMSC‑derived exosomes on MCF7 and A549 cancer cells. (A) Representative microscopy images 
of the scratch in the MCF7 cell monolayer at different time points following treatment with either iMSC‑ or BMSC‑derived exosomes. (B) The area of the 
scratch that was covered by migrating cells was measured using ImageJ and presented as the area of migration at different time points. (C and D) Representative 
microscopy images of the scratch in the A549 cell monolayer, and the quantification of the area of migration, respectively. Data are represented as the 
mean ± SE; (n=3). Significance levels are indicated as follows: *P≤0.05 and **P≤0.01. iMSCs, induced pluripotent stem cell‑derived mesenchymal stem cells; 
BMSCs, bone marrow stromal mesenchymal stem cells; SE, standard error; BM, bone marrow; WH wound healing.
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size of 380 nm, which appeared to have a lower intensity 
in the size distribution measurement of iMSC‑Exos, likely 
resulted from the presence of iMSC‑Exo aggregates. This 
aggregation was confirmed via TEM when morphology was 
studied. Aggregation is a primary limitation of collecting 
exosomes following sequential ultracentrifugation; however, it 
remains an effective method for collecting sufficient exosomes 
from large volumes of conditioned media (70). To minimize 
aggregation, several exosome isolation methods can be used. 
Exosome precipitation kits that utilize reagents such as PEG 
to precipitate exosomes from the sample are one option (71). 
Magnetic bead‑based isolation, using magnetic beads coated 
with antibodies targeting specific exosome surface markers 
(for example CD9 and CD63), selectively captures exosomes, 
providing high specificity and avoiding aggregation that can 
occur with ultracentrifugation (72). Polymer‑based precipita‑
tion (for example ExoQuick) can also be used to precipitate 
exosomes from biological fluids, offering a simpler and quicker 
alternative to ultracentrifugation (73,74). While these alterna‑
tive methods can help reduce aggregation, ultracentrifugation 
remains a widely employed, cost‑effective, and scalable tech‑
nique, making it well‑suited for the requirements the present 
study. However, despite the heterogeneity in size, iMSC‑Exos 
were generally larger. Given that the typical size range of 
exosomes is 30‑150 nm (35,75), both sets of isolated exosomes 
generally fell within this range.

The results of the proliferation assay using MCF7 and A549 
cells revealed that both iMSC‑Exos and BMSC‑Exos signifi‑
cantly decreased cell proliferation at 24 h, with no significant 
decrease in MCF7 cell proliferation observed at 48 h after 
treatment with iMSC‑Exos. However, A549 cells were signifi‑
cantly affected after 48 h of treatment with iMSC‑Exos. In fact, 
iMSC‑Exos resulted in greater proliferation at 48 h than did 
BMSC‑Exos. The findings of the present study suggested that 
while the exosomes initially inhibited MCF7 cell prolifera‑
tion, their effects may have diminished over time. By contrast, 
for A549 cells, iMSC‑Exos had a greater inhibitory effect 
on proliferation at 48 h than did BMSC‑Exos. The finding 
of the present study aligned with that of previous research 
documenting the effects of human stem cells on reducing the 
proliferation of the A549 cell line (76). However, the prolifera‑
tion rate of MCF7 cells was not significantly different from 
that of cells cultured in SFM at 48 h after treatment with either 
iMSC‑Exos or BMSC‑Exos, despite the initial antitumor effect 
observed at 24 h. Additionally, a decrease in necrosis was 
observed in cells treated with iMSC‑Exos compared with those 
treated with SFM. The findings of the present study suggested 
a potential suppressive effect of BMSC‑Exos on MCF7 cells at 
48 h, which may have contributed to the diminished antitumor 
effect observed at 24 h in the proliferation assay, possibly due 
to the increased number of viable cells at the later time points.

Overall, these observations are consistent with previous 
studies that reported variability in the impact of MSC‑derived 
exosomes on cancer cell proliferation, which is often influ‑
enced by the source of the MSCs (64) and the specific cancer 
model used (64,74). Previous studies revealed that BMSC‑Exos 
can exert either pro‑ or anti‑tumor effects depending on 
their molecular content and target pathways. Wu et al (77) 
reported that BMSC‑Exos carrying miR‑30b‑5p suppressed 
non‑small cell lung cancer proliferation by targeting EZH2 

and other genes involved in the PI3K/AKT signaling pathway, 
while Wang et al (44) found that BMSC‑Exos promote lung 
cancer progression, as shown in the A549 cell model through 
miR‑425‑mediated suppression of CPEB1. These findings 
suggest that the cargo composition of exosomes plays a crucial 
role in determining their effects on proliferation. Similarly, 
in breast cancer, Chen et al  (78) showed that BMSC‑Exos 
promote breast cancer proliferation in the MCF7 model by acti‑
vating the Hedgehog signaling pathway, whereas Hu et al (79) 
demonstrated that BMSC‑Exos carrying AlkB homolog 5 
(ALKBH5) suppress triple‑negative breast cancer cell growth 
by regulating the ALKBH5‑dependent mechanism, involving 
the UBE2C gene and p53 regulation. Further studies are 
needed to determine the molecular pathways responsible for 
the differential and time‑dependent impact of BMSC‑Exos and 
iMSC‑Exos on cancer cell proliferation. However, although 
the MTT assay has been widely employed to measure cell 
viability, it is worth emphasizing, according to Liu et al (80), 
that utilizing alternative assays, such as WST‑based methods 
(for example CCK‑8), could address the limitations of MTT 
and enhance the reliability and efficiency of viability analyses. 
The MTT assay relies on mitochondrial enzymes to reduce 
MTT into insoluble formazan crystals, but it has limitations 
including toxicity and the need for solubilization. By contrast, 
WST assays, such as CCK‑8, use water‑soluble tetrazolium 
salts reduced by dehydrogenases into soluble formazan, 
offering advantages such as non‑toxicity, no solubilization, 
and improved enzymatic detection, which could make them a 
better alternative to MTT, as discussed by Liu et al (80).

Although no significant migration of A549 cells was 
observed following exosome treatment, compared with SFM, 
BMSC‑derived exosomes increased the migration of MCF7 
cells at 20 h. Notably, this effect was reversed at 47 h, with 
increased migration observed in the serum‑free condition. This 
behavior suggests a dynamic interaction between exosomes 
and the cell migration process over time or potentially due to 
the experimental conditions. Considering the original hypoth‑
esis that increased proliferation rates are associated with 
increased migration rates, the findings of the present study 
indicated that the relationship between exosome treatment 
and cell behavior may be more complex. Further investigation 
is needed to understand the underlying mechanisms driving 
these time‑dependent changes in migration (81,82). The find‑
ings of the present study from MCF7 cells contradict the 
theory that increased proliferation is associated with increased 
migration. Instead, they are consistent with other studies 
suggesting that proliferation and migration can be contrasting 
events (82‑84). Notably, both the proliferation and migration 
assays revealed a time‑dependent effect on MCF7 cells treated 
with BMSC‑Exos. A significant antitumor effect was observed 
in the proliferation assay at 24 h, whereas the migration assay 
showed the opposite effect at 47 h compared with 20 h, indi‑
cating complex and dynamic cellular responses to exosome 
treatment over time.

The quantification of SA‑βGal‑positive cells via a senes‑
cence assay revealed an increase in the senescence of both 
A549 and MCF7 cells following treatment with iMSC‑Exos 
and BMSC‑Exos, with only A549 cells showing a statisti‑
cally significant effect. Cellular senescence is characterized 
by irreversible cell cycle arrest, leading to the inhibition of 
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proliferation, thus highlighting its role as a tumor‑suppressive 
mechanism (85). This increase in senescence aligns with the 
decreased proliferation of A549 cells observed in the MTT 
assay, suggesting that the antitumor effects of iMSC‑Exos 
and BMSC‑Exos on A549 cells are mediated, at least in part, 
by the induction of senescence. The finding of the present 
study is consistent with previous studies highlighting the 
tumor‑suppressive role of senescence in cancer (25,86,87). 
By contrast, the absence of a significant effect on MCF7 
cells may reflect differences in cell type‑specific responses 
to exosome treatment, potentially due to variations in the 
molecular pathways regulating proliferation and senescence. 
The increased senescence observed in A549 cells treated with 
iMSC‑Exos compared with BMSC‑Exos could be attributed to 
differences in their molecular cargo, such as increased levels 
of senescence‑inducing microRNAs, proteins, or epigenetic 
regulators (85).

It is suggested that future studies use patient‑derived xeno‑
graft models and larger cohorts to confirm these findings and 
ensure broader applicability. For example, Yaghoubi et al (88) 
reported that the overexpression of miR‑145‑5p in human 
umbilical MSC‑derived exosomes reduced xenograft tumor 
growth, highlighting the potential of exosomes in cancer 
treatment. In conclusion, the present study described the 
distinct effects of exosomes derived from BMSCs and iMSCs 
on MCF7 and A549 cancer cells, highlighting the variability 
in cellular responses to exosome treatment. Both types of 
exosomes exerted potential antitumor effects. These findings 
underscore the importance of further research to enhance 
our understanding and optimize the therapeutic use of 
MSC‑derived exosomes in cancer treatment.
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