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Abstract
The role of cancer cell metabolic reprogramming in the formation and maintenance of cancer stem cells (CSCs) has been well 
established. This reprogramming involves alterations in the metabolic pathways of cancer cells, leading to the acquisition of 
stem cell-like properties such as self-renewal and differentiation. This study aimed to investigate the potential effects of bone 
marrow mesenchymal stem cells (BM-MSCs) on the enrichment of breast CSCs. Exosomes (Exo) and conditioned media 
(CM) were isolated from BM-MSCs for use in this experimental study. The impact of BM-MSCs-Exo and BM-MSCs-CM 
on the expression of stemness genes NANOG and OCT-4, as well as CD24 and CD44 markers, was assessed in MCF-7 and 
MDA-MB-231 cell cultures to identify CSCs. Furthermore, the effects of BM-MSCs-Exo and BM-MSCs-CM on cancer 
cell metabolism were evaluated by examining changes in glycolysis, the pentose phosphate pathway (PPP), and amino acid 
profiles. Additionally, the influence of BM-MSCs-Exo and BM-MSCs-CM on tumor growth in vivo was also investigated. 
The analysis of stemness marker expression in cells treated with BM-MSCs-Exo and BM-MSCs-CM revealed an increase 
in stemness characteristics compared to the control group. Furthermore, the examination of changes in cell metabolism fol-
lowing these treatments showed alterations in glycolysis, PPP, and amino acid metabolism pathways. Additionally, it was 
demonstrated that BM-MSCs-Exo and BM-MSCs-CM can promote tumor growth in mice following transplantation of 4T1 
cells. These findings suggest that BM-MSCs-Exo and BM-MSCs-CM can enrich the population of CSCs in MCF-7 and 
MDA-MB-231 cells by targeting metabolic pathways, however, further studies are required to elicit the exact mechanisms 
of these phenomena.
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Introduction

Mesenchymal stem cells (MSCs) were initially identified 
within the bone marrow stroma during the 1960s [1]. MSCs 
are multipotent progenitor cells that contribute to the normal 
homeostasis and reconstruction of tissues [2]. Various mod-
els have been employed to validate the safety and efficacy of 

MSCs derived from the bone marrow, owing to their poten-
tial for clinical applications [3, 4]. Earlier investigations 
demonstrated that the use of bone marrow-derived MSCs 
does not confer a distinct risk of tumorigenesis when used 
for treatment of various diseases [5, 6]. Nevertheless, some 
studies have suggested that MSCs derived from the bone 
marrow promote the development, proliferation, migration, 

 * Kamran Mansouri 
 kmansouri@kums.ac.ir

 * Maryam M. Matin 
 Matin@um.ac.ir

 Zahra Ghanbari Movahed 
 Zahra.gh.movahed@gmail.com

 Ali Hamrahi Mohsen 
 hamrahi.ali.1992@gmail.com

1 Department of Biology, Faculty of Science, Ferdowsi 
University of Mashhad, Mashhad, Iran

2 Medical Biology Research Center, Kermanshah University 
of Medical Sciences, Bākhtarān, Iran

3 Institute of Biochemistry and Biophysics, Faculty of Science, 
University of Tehran, Tehran, Iran

4 Novel Diagnostics and Therapeutics Research Group, 
Institute of Biotechnology, Ferdowsi University of Mashhad, 
Mashhad, Iran

5 Medical Biology Research Center, Health Technology 
Institute, School of Medicine, Kermanshah University 
of Medical Sciences, P.O. Box 67145-1673, Bākhtarān, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/s12032-025-02632-5&domain=pdf


 Medical Oncology           (2025) 42:90    90  Page 2 of 16

and stemness properties of cancer cells [7–9]. In one study 
it was shown that Mesenchymal stem cells confer chemore-
sistance in breast cancer via a CD9-dependent mechanism 
[10]. Moreover, BM-MSCs were able to stimulate cancer 
cell growth and angiogenesis. In breast tumors, for exam-
ple, BM-MSCs raised the amounts of pro-angiogenic fac-
tors, such as MIP-2, VEGF, TGF-β and IL-6. These factors 
induced tumor cells proliferation and angiogenesis, thereby 
increasing the pace of solid tumor development in vitro 
and in vivo [11]. Paracrine signaling is one of the potential 
mechanisms through which MSCs influence tumor initia-
tion and progression. In several investigations, it has been 
confirmed that MSCs facilitate the migration and advance-
ment of different types of cancers via paracrine mechanisms, 
such as exosomes and some secreted factors present in the 
culture medium [9, 12]. In one study, it was shown that both 
co-culturing with mice BM-MSCs (mBM-MSCs) and treat-
ment with mBM-MSC-conditioned medium enhanced the 
growth of 4T1 cells [11]. Also, BM-MSC-derived exosomes 
induced by breast cancer cells promoted breast cancer dor-
mancy by transferring miR-222/223 in vitro and in vivo, and 
this dormancy was linked to carboplatin resistance [13].

Exosomes, small vesicles measuring 30–200 nm, are 
secreted into the extracellular space by a variety of cell types 
[14, 15]. These exosomes are filled with proteins, lipids, 
and nucleic acids, including genomic DNA, microRNAs 
(miRNAs), mRNAs, long non-coding RNAs (lncRNAs), 
mitochondrial DNA (mtDNA), and cDNA [16, 17]. The role 
of exosomes in facilitating cell-to-cell communication is of 
utmost importance. They can be internalized by recipient 
cells or transported to distant locations through biological 
fluids, potentially resulting in phenotypic changes in the 
recipient cells [18, 19]. Exosomes also have the ability to 
transfer functional molecules to tumor cells, thereby pro-
moting angiogenesis, tumor progression, drug resistance, 
metastasis, and immunosuppression through reprogramming 
of cancer cell metabolism [20]. Metabolic reprogramming is 
a characteristic feature of tumor progression, as it supports 
cell viability, proliferation, and tumorigenesis [21]. Simi-
larly, metabolic reprogramming plays a crucial role in the 
conversion of cancer cells to cancer stem cells (CSCs) [22].

Materials and methods

Cell culture and culture conditions

MCF-7, MDA-MB-231, BM-MSCs, and fibroblast cells 
were procured from Royan ATMP-TDC (Tehran, Iran). 
All cells were cultivated in complete Dulbecco’s modi-
fied Eagle’s medium/nutrient mixture F12 (DMEM/F12) 
medium supplemented with 10% fetal bovine serum (FBS), 
penicillin (100 U/mL), and streptomycin (100 mg/mL) (P/S) 

at the temperature of 37 °C in a controlled environment with 
5%  CO2.

Cancer cell spheroid culture

The process of cultivating cancer cell spheroids involved 
the combination of 1% agarose powder from Sigma with 
DMEM/F12, which was subsequently subjected to auto-
clave sterilization. Upon the solution liquid state, 1.5 mL 
of the solution was carefully added to 6-well culture Petri 
dishes (SARSTEDT, Germany). Following solidification, 
cell suspensions containing MCF-7 and MDA-MB-231 
cells at a concentration of 5 ×  105 cells/mL, supplemented 
with 5% FBS and 1% P/S, were meticulously introduced 
into the 6-well culture Petri dishes. The culture dishes 
were then placed in a 37 °C incubator with 5%  CO2. After 
48 h, nearly all cancer cells had formed spheroids, which 
were subsequently collected for further experimentation 
or delicately transferred to new non-adhesive plastic Petri 
dishes (SARSTEDT, Germany) for the purpose of captur-
ing images. The aim of the present study was to assess the 
impact of BM-MSCs on the enrichment of the CSC popula-
tion in breast cancer cells. Moreover, an investigation was 
conducted to examine the influence of these treatments on 
the induction of CSCs through alteration of the metabolism.

Drug sensitivity assay

The evaluation of chemotherapeutic drug sensitivity in sphe-
roids and monolayer cells was conducted using the MTT 
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide) (Merck, Germany) assay. Both the monolayer and 
spheroid cells were cultivated in 96-well microplates with 
a comparable cell culture medium. However, for the sphe-
roids, the individual cells were placed in a 96-well plate 
coated with agarose. The cells were then counted and seeded 
into 96-well plates, with a density of 5 ×  103 cells per well. 
Subsequently, the cultures were treated with varying con-
centrations (ranging from 0 to 100 μg/mL) of doxorubicin 
(EBEWE Pharma, Austria). As a control, the diluent alone, 
DMEM, was utilized. The standard MTT assay was per-
formed for monolayer cells [23], while a slightly adapted 
version was employed for spheroids [24]. The determination 
of cytotoxicity was conducted through analysis of the aver-
age absorbance of the treated cells in relation to the con-
trols, which were regarded as exhibiting 100% viability. This 
analysis was then converted into a percentage representing 
cell viability. The visualization of the treated spheroids was 
accomplished through an inverted microscope, with obser-
vations being made at various concentrations of the admin-
istered drug 24 h post-treatment. As a reference, untreated 
cells were cultured in parallel to the experiments, with all 
procedures being conducted in triplicate.



Medical Oncology           (2025) 42:90  Page 3 of 16    90 

Quantitative RT‑PCR

The process of quantitative RT-PCR involved the extraction 
of total RNA from the MCF-7 and MDA-MB-231 cell lines 
using the RNXPlus kit manufactured by Sinnaclon (Iran). 
DNase I (STEMCELL Technologies, Canada) was used to 
reduce the probability of primers binding to genomic DNA, 
and followed by cDNA synthesis. ExcelRT™ Reverse Tran-
scription Kit (SMOBIO, Taiwan( was used for this purpose. 
Subsequently, the quantitative RT-PCR was conducted using 
the SYBR Green RT-PCR Master Mix (Yekta Tajhizazma, 
Iran) on the Corbett Rotor-Gene 6000 thermal cycler (Cor-
bett Research, Australia). To perform the quantitative RT-
PCR, specific primer sequences were designed for NANOG 
and OCT-4 with the primer sequences obtained from NCBI. 
The mRNA expression levels were normalized to the lev-
els of endogenous β-ACTIN mRNA. The following primers 
were used in this study:

NANOG: forward 5′-TGA GAT GCC TCA CAC GGA GAC-
3′ and reverse 5′-GGT TGT TTG CCT TTG GGA CTG-3′; 
OCT-4: forward 5′- GGT GCC TGC CCT TCT AGG AATG-3′ 
and reverse 5’-TGC CCC CAC CCT TTG TGT TC-3; Beta-
ACTIN: forward 5′-ACC TTC TAC AAT GAG CTG CG-3’ and 
reverse 5′- CCT GGA TAG CAA CGT ACA TGG-3′.

Flow cytometry

In order to compare the characteristics of adherent cells with 
spheroid cells, the ratio of  CD44+/CD24− surface mark-
ers was assessed using flow cytometry. Both the adherent 
and spheroid populations were detached into single cells 
using 0.05% trypsin/0.02% ethylenediaminetetraacetic acid 
(EDTA), followed by centrifugation and suspension in 2% 
bovine serum albumin (BSA) in PBS. Fluorochrome-con-
jugated monoclonal antibodies, namely FITC anti-human 
CD44 and PE anti-human CD24 (BD Pharmingen, Eng-
land), were added to the cell suspension and incubated in 
the dark at 4 °C for 30 min. The cells were then centrifuged 
and washed three times before examination. Based on their 
surface markers, cells were sorted into subpopulations of 
 CD44+/CD24−. Furthermore, to evaluate the impact of BM-
MSCs-Exo and BM-MSCs-CM on the  CD44+/CD24− sub-
populations, 2 ×  105 cells/well were seeded into 6-well plates 
for 1 day. Subsequently, the cells were treated with 20 µg/mL 
BM-MSCs-Exo and 0.5 mg/mL BM-MSCs-CM for 1 day. 
The distribution was finally evaluated using an Attune NxT 
flow cytometer (Thermo Fisher Scientific, USA), and the 
data were analyzed using FlowJo™ 10 software.

Preparing the conditioned medium (CM)

Both cell lines were suspended in DMEM-F12 supplemented 
with 5% FBS and 1% P/S. For monolayer culture, 3 ×  105 

cells/well (500 μL of the cell suspensions) were seeded in 
24-well plates and incubated for 2 days. The same procedure 
was employed for spheroids, however, cells were seeded in 
24-well plates coated with agarose. After 2 days, the mon-
olayer and spheroid cells were washed with PBS and 500 μL 
of serum-free medium was added to the plates. After 1 day, 
200 μL of the CM was collected from both cultures, fol-
lowed by centrifugation at 200×g for 10 min, concentrated 
25 times using 10-kDa MW cutoff ultrafiltration membranes 
and sterilized by filtration through a 220-nm filter and then 
stored at − 80 °C. The protein concentration was measured 
using the Bradford method. The control group consisted of 
the serum-free DMEM-F12, which was incubated at 37 °C 
for 1 day and subsequently stored at − 80 °C.

In vitro cytotoxicity assay

MTT assay was performed to test the in vitro cytotoxicity 
of BM-MSCs-CM against 4T1, MCF-7, and MDA-MB-231 
cell lines, as well as normal fibroblast cells. Cells were incu-
bated overnight at 37 °C with 5%  CO2 in a 96-well plate 
containing  104 cells/well. The following day BM-MSCs-
CM was added in varying concentrations to the wells. After 
24 and 48 h of incubation, MTT assay was performed. The 
data from the viability assays was reported as a percentage 
of the control counts. All assays were performed in tripli-
cate and the results were obtained from three independent 
experiments.

Isolation of exosomes from BM‑MSCs

BM-MSCs were cultured until they reached 80% confluence 
in a complete medium. Subsequently, the culture medium 
was replaced with a serum-free medium. After 2 days, the 
exosomes from the culture medium of BM-MSCs were 
isolated using the polyethylene glycol (PEG) precipitation 
method. To prepare a 40% PEG solution, 40 g of PEG 6000 
(Merck, Germany) was added to 100 mL of PBS. A mix-
ture of 10 mL prefiltered medium and 2.5 mL of the 40% 
PEG solution was prepared to obtain an 8% PEG-medium 
solution. This solution was then incubated overnight at 4 °C 
and subsequently centrifuged at 4 °C for 90 min at 4000×g. 
The supernatant was discarded, and the exosome pellet 
was suspended in 250 μL of particle-free PBS and stored 
at − 80 °C The concentration of exosomes was assessed 
using a NanoDrop.

DLS assay

The extracted exosomes were diluted to a concentration of 
0.1 μg/μL using PBS. Once the laser and temperature of the 
device reached equilibrium, the exosome-containing cuvette 
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was inserted into the DLS device (Dynapro Nanostar, 
WYATT Technology) to initiate the measurement.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was utilized to 
validate the presence and morphology of the exosomes. 
Briefly, 10 µg of exosomes were placed on a copper grid 
and subjected to negative staining with 2% uranyl acetate for 
2 min at room temperature. The grids were then rinsed with 
deionized water and left to dry overnight. The visualization 
of the samples was performed using a Hitachi S-3000 N 
electron microscope.

Western blot assay

Western blotting was employed to detect exosome marker 
proteins, including CD9, CD63, and CD81. Total proteins 
were extracted and quantified using a Bicinchoninic acid 
(BCA) kit (Parstous, Iran) and a lysis buffer (Proteintech, 
Germany). The proteins were separated using sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to a nitrocellulose membrane (Abcam, UK). 
The membranes were then blocked with 5% BSA (Merck, 
Germany) at 37 °C for 1 h and incubated overnight at 4 °C 
with primary antibodies Anti-CD9 (NBP1-00748, Novus, 
USA), Anti-CD63 antibody (ab59479, Abcam, UK) and 
Anti-CD81 (sc-166029, Santa Cruz Biotechnology, USA) 
at a dilution of 1/2000. Subsequently, the membranes were 
incubated with the secondary antibody Goat Anti-Human 
IgG H&L (ab97161, Abcam, UK) at a dilution of 1/2000. 
The bands were visualized by exposing the membranes to 
X-ray films (SABZ Biomedicals, Iran).

Intracellular ROS assay

The measurement of ROS was conducted using 2′,7′-dichlor-
ofluorescein diacetate (DCFDA). DCFDA is a fluorogenic 
dye that is deacetylated by esterases, resulting in the forma-
tion of a non-fluorescent compound. The oxidation of this 
compound by ROS leads to the generation of a highly fluo-
rescent element known as 2′,7′-dichlorofluorescein (DCF), 
which emits green fluorescence. The level of ROS was deter-
mined by measuring the intensity of the emitted fluorescence 
[25]. The cells were rinsed with PBS (pH 7.4) 1 day after 
treatment with 20 µg/mL BM-MSCs-Exo and 0.5 mg/mL 
BM-MSCs-CM. Subsequently, the cells were incubated at 
37 °C for 30 min with 20 μL of DCFDA. Cells were then 
lysed with Triton X-100, and the fluorescence was assessed 
using an Attune NxT flow cytometer (Thermo Fisher Sci-
entific, USA) with an excitation wavelength of 488 nm and 
an emission wavelength of 528 nm. The data were analyzed 
using the FlowJo™ 10 software.

Lactate assay

For the lactate concentration assay, an enzymatic color test 
was performed using the lactate colorimetric kit according 
to the manufacturer’s instructions (BIOREXFARS, Iran). 
After one day of treatment with 20 µg/mL BM-MSCs-Exo 
and 0.5 mg/mL BM-MSCs-CM, the cell supernatants from 
each treated well were collected and used for the respec-
tive assays. The concentration of lactate in the superna-
tants was evaluated spectrophotometrically at 545 nm.

G6PD enzyme activity assay

The activity of the G6PD enzyme was determined by 
measuring the rate of NADPH production in cell superna-
tants using a specific kit (Baharafshan, Iran) as per the pro-
vided instructions. G6PD is a cytosolic enzyme that cata-
lyzes the conversion of d-glucose 6-phosphate +  NADP+ 
to 6-phospho-d-glucono-1,5-lactone + NADPH +  H+ in 
the pentose phosphate pathway. Therefore, the activity of 
G6PD enzyme was evaluated by measuring the enhanced 
absorption at 340 nm, which is indicative of the decreased 
conversion of  NADP+ to NADPH by this enzyme.

Amino acid profile assay

The amino acid profile assay involved the addition of 
0.1 mL trichloro acetic acid (TCA) (Merck, Germany) per 
1 mL of supernatant to precipitate proteins. Subsequently, 
centrifugation was conducted at 600×g for 10 min. The 
supernatants were collected and placed on ice for amino 
acid analysis via high-performance liquid chromatography 
(HPLC) using the YL9100 system (Young Lin, Korea). 
Chromatographic separation of amino acids was accom-
plished using a C18 column (25 cm long × 4.0 mm i.d., 
5 μm, GL Sciences, Japan).

Animal study

For the animal study, female BALB/c mice (20–25 g) were 
obtained from Pasture Institute (Iran) and used in the experi-
ments. The animals were housed in temperature-controlled 
rooms (22–25 °C) with a 12:12 h light–dark cycle and pro-
vided with standard food and water.

Six-week-old female BALB/c mice were injected with 
murine breast tumor 4T1 cells (1 ×  105 cells/mouse). Two 
weeks later, mice were treated every 2 days with PBS, 
exosomes (0.0005 mg/kg) and CM (0.025 mg/kg) by intra-
venous tail injection, for 1 week. After that, the animals were 
sacrificed, and the tumors were measured.
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism 
8.0.2 software. One-way ANOVA followed by Tukey’s mul-
tiple comparisons test was performed to compare the groups.

Results

Certification of spheroid formation

Spheroids were obtained from MCF-7 and MDA-MB-231 
cells. These spheroids were characterized by analyzing their 
resistance to doxorubicin, examining the expression of two 
stem cell markers, namely NANOG and OCT-4, and study-
ing the cell surface markers CD44 and CD24, which are 
common in breast CSCs. The findings revealed that sphe-
roid cultures exhibited greater resistance to doxorubicin 
treatment compared to adherent cultures in both cell lines. 
Furthermore, the expression of NANOG and OCT-4 was 
significantly higher in spheroids than in adherent cultures. 
Additionally, flow cytometry analysis demonstrated a con-
siderable increase in the proportion of  CD44+/CD24− cells 
in spheroids compared to adherent cultures in both cell lines. 
Specifically, this proportion increased from 14.1 to 50% for 
MCF-7 and from 21.1 to 74.1% for MDA-MB-231 cells 
(Fig. 1). These results suggest that spheroids are enriched 
with cancer stem-like cells, making them suitable for further 
experimentation.

Characterization of BM‑MSCs‑Exo

The morphology of exosomes was assessed using TEM. As 
shown in Fig. 2A, BM-MSCs-Exo are bilayered membrane 
structures ranging in diameter from 30 to 200 nm. The size 
distribution of exosomes was determined using DLS, which 
revealed a range of sizes between 40 and 280 nm in diameter 
(Fig. 2B). Western blot analysis confirmed the presence of exosome markers CD9, CD63, and CD81 on the surface of 

BM-MSCs-Exo (Fig. 2C).

Fig. 1  Characterization of spheroids produced from MCF-7 and 
MDA-MB-231 breast cancer cell lines. The morphology of MCF-7 
and MDA-MB-231 spheroids is depicted in panel A. Panel B illus-
trates the integrity and viability of spheroids after treatment with the 
chemotherapeutic drug doxorubicin at a concentration of 30 μg/mL. 
The transcript levels of NANOG and OCT-4 in MCF-7 and MDA-
MB-231 spheroids, compared to adherent cells, were quantified via 
real-time PCR, as shown in panel C. The flow cytometry analysis of 
 CD44+/CD24− status in MCF-7 and MDA-MB-231 spheroids is pre-
sented in panel D. The results are presented as the mean ± SD of three 
independent experiments (***p < 0.001)

▸
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The impact of BM‑MSCs‑CM on cell viability

To assess the cytotoxicity of BM-MSCs-CM (0.5  mg/
mL), the MTT assay was performed on 4T1, MCF-7, and 

MDA-MB-231 cell lines, as well as normal fibroblast cells, 
at two selected time points (Fig. 3). The results indicated that 
cell viability was not significantly reduced in cells treated 
with BM-MSCs-CM after 24 and 48 h.

Fig. 2  Characterization of exosomes. TEM was used to observe the 
heterogeneous size mixture of discrete vesicles, ranging from approx-
imately 30 to 200  nm, as displayed in panel A (scale bar: 200 and 
500  μm). DLS analysis confirmed the presence of round particles 

with a size distribution within the defined range for exosomes (30–
200 nm), as shown in panel B. Western blot results in panel C dem-
onstrate the presence of positive exosome markers CD9, CD63, and 
CD81
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The effect of BM‑MSCs‑Exo and BM‑MSCs‑CM 
on spheroid morphology

The morphology of spheroids was examined after 24 h of 
culture, and microscopy images revealed distinct morpho-
logical differences between spheroids cultured in medium 
with and without BM-MSCs-Exo and BM-MSCs-CM. 
Specifically, MCF-7 and MDA-MB-231 spheroids treated 
with BM-MSCs-Exo and BM-MSCs-CM appeared more 
compact and smaller compared to untreated spheroids 
(Fig. 4).

BM‑MSCs‑Exo and BM‑MSCs‑CM induced 
the expression of CSC markers

Following a 24-h treatment with BM-MSCs-Exo and BM-
MSCs-CM, the mRNA expression of CSC markers NANOG 
and OCT-4 was quantified using qRT-PCR. The results dem-
onstrated an up-regulation of these genes after treatment with 
BM-MSCs-Exo and BM-MSCs-CM. The impact of BM-
MSCs-Exo and BM-MSCs-CM treatment on the expression 
of cell surface markers CD44 and CD24 was also evaluated 
in both MCF-7 and MDA-MB-231 cells using flow cytom-
etry. The results demonstrated that both BM-MSCs-Exo and 
BM-MSCs-CM significantly increased the population of 
 CD44+/CD24− cells compared to untreated MCF-7 and MDA-
MB-231 cells (Fig. 5).

The impact of BM‑MSCs‑Exo and BM‑MSCs‑CM 
on lactate production and G6PD activity

After a 24-h exposure to BM-MSCs-CM, there was a notable 
increase in the quantity of lactate in the MCF-7 cell line. Con-
versely, treatment with BM-MSCs-Exo resulted in a significant 
reduction in lactate level in the MCF-7 cell line after 24 h. 
However, in the case of MDA-MB-231, there was no signifi-
cant alteration observed in the pattern of lactate production 
following treatment with BM-MSCs-Exo and BM-MSCs-CM 
(Fig. 6).

According to the findings, there was a significant differ-
ence in G6PD activity between the treatment group and the 
control group in both the MCF-7 and MDA-MB-231 cell lines. 
Specifically, the activity of G6PD was significantly increased 
by the administration of BM-MSCs-Exo (20 µg/mL) and BM-
MSCs-CM (0.5 mg/mL) in both MCF-7 and MDA-MB-231 
cell lines (Fig. 6).

The effect of BM‑MSCs‑Exo and BM‑MSCs‑CM on ROS 
production

The production of ROS by MCF-7 and MDA-MB-231 cells 
after treatment with BM-MSCs-Exo and BM-MSCs-CM 
was assessed using DCFDA. The amount of ROS generated 
by MCF-7 and MDA-MB-231 cells showed no significant 
increase when treated with BM-MSCs-CM compared to 
the control group. However, treatment with BM-MSCs-Exo 
resulted in a significant decrease in ROS levels in MCF-7 cells 
compared to the control group. Furthermore, in MDA-MB-231 
cells, there was no significant changes in ROS production fol-
lowing treatment with BM-MSCs-Exo (Fig. 7).
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Fig. 3  Evaluating the cytotoxicity of BM-MSCs-CM on different cell 
lines. Cell viability was assessed at different time points after treat-
ment of various cell types with BM-MSCs-CM. The results are pre-
sented as the mean ± SD of three independent experiments
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BM‑MSCs‑Exo and BM‑MSCs‑CM modulated amino 
acid metabolism

The level of all amino acids was found to be altered 
when the cells were cultured with BM-MSCs-Exo and 
BM-MSCs-CM. Overall, treatment with BM-MSCs-Exo 

and BM-MSCs-CM led to a reduction in all amino acids, 
except for alanine, histidine, and arginine, compared to 
the control group in the MCF-7 cell line. There was a 
significant decrease in the levels of five amino acids, 
including glutamine, glycine, threonine, serine, and 
lysine, in the groups treated with BM-MSCs-Exo and 

Fig. 4  The effect of various treatments on the morphology of sphe-
roids. Images of A MCF-7 and B MDA-MB-231 spheroids formed 
after 24 h of culture in various concentrations of BM-MSCs-Exo and 

BM-MSCs-CM are provided. The treated spheroids exhibit a compact 
aggregate morphology compared to the non-treated spheroids. All 
images were captured at a magnification of ×25 (scale bar: 200 μm)
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BM-MSCs-CM compared to the control group in the 
MCF-7 cell line. Additionally, alanine exhibited a signifi-
cant increase in the BM-MSCs-Exo and BM-MSCs-CM 

treated groups compared to the control group in MCF-7 
cells (Fig. 8).

In the case of MDA-MB-231 cells, treatment with BM-
MSCs-Exo led to a decrease in all amino acids. Only glu-
tamine showed a significant decrease in the BM-MSCs-Exo 
treated group compared to the control in the MDA-MB-231 
cell line. Treatment with BM-MSCs-CM resulted in a 
decrease in all amino acids, except for glutamic acid, 
lysine, histidine, and arginine, compared to the control 
group. Notably, histidine showed a significant increase in 
the BM-MSCs-CM treated group compared to the control 
in the MDA-MB-231 cell line. Moreover, threonine and glu-
tamine exhibited a significant reduction in the BM-MSCs-
CM treated group compared to the control (Fig. 8).

BM‑MSCs‑Exo and BM‑MSCs‑CM promoted tumor 
growth in vivo

To further prove the effects of BM-MSCs-Exo and BM-
MSCs-CM on tumor formation of 4T1 cells in vivo, 4T1 
cells were injected subcutaneously into mice to establish a 
breast cancer tumor model, while BM-MSCs-Exo and BM-
MSCs-CM were injected through the tail vein. Then, the for-
mation of tumor was observed and recorded. The examina-
tion of tumor growth in vivo revealed a significant increase 
in tumor size and volume in the treated group compared to 
the control group, indicating that BM-MSCs-Exo and BM-
MSCs-CM facilitated tumor growth in vivo (Fig. 9).

Discussion

MSCs are multipotent cells that possess a significant capac-
ity for self-renewal and differentiation, rendering them 
a promising population for regenerative medicine [26]. 
Although BM is usually considered as the primary source 
of MSCs, the frequency of these stem cells in this tissue 
is minimal [27]. Within the BM, MSCs play a vital role 
in supporting hematopoiesis and regulating immune activi-
ties [28]. Some studies have indicated that the interaction 
between MSCs and tumor cells can contribute to tumor 
growth, drug resistance, and metastasis. Furthermore, this 
interaction within the tumor microenvironment can induce a 
CSC phenotype in tumor cells. Various mechanisms, such as 
exosomes, cell–cell interactions, and paracrine secretion of 
molecules like cytokines, growth factors, and inflammatory 
mediators, are involved in the crosstalk between MSCs and 
tumor cells [31]. The objective of this study was to investi-
gate the potential involvement of BM-MSCs in enrichment 
of CSCs in breast cancer cells.

Different mechanisms have been implicated in the induc-
tion of a stem cell phenotype in cancer cells and the restora-
tion of CSCs, including direct transformation of MSCs into 

Fig. 5  The effect of BM-MSCs-Exo and BM-MSCs-CM on CSC 
Markers in breast tumor cells. The impact of BM-MSCs-Exo and 
BM-MSCs-CM on the expression of A cancer stem cell markers 
NANOG and OCT-4 and B Cell surface markers  CD44+/CD24− in 
breast cancer cell lines. Student t-test was used for statistical analy-
sis. The results are presented as the mean ± SD of three independ-
ent experiments. The significance levels are denoted as *p < 0.05, 
**p < 0.01, and ***p < 0.001 compared to the control



 Medical Oncology           (2025) 42:90    90  Page 10 of 16

Fig. 5  (continued)
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CSCs, cell fusion, and crosstalk between MSCs and CSCs/
tumor cells mediated by secretory factors and exosomes 
[29]. Exosomes play a crucial role in intercellular commu-
nication, as they can be taken up by neighboring cells or 
transported to distant sites through biological fluids, leading 
to phenotypic changes in recipient cells [30, 31].

In this study, we examined the crosstalk between BM-
MSCs and tumor cells, focusing specifically on BM-MSCs-
derived exosomes and conditioned medium. To determine 
the impact of BM-MSCs-Exo and BM-MSCs-CM on CSC 
enrichment in breast tumors, we assessed the expression 
of cell surface markers in MCF-7 and MDA-MB-231 cell 
lines, in comparison to untreated cells. Additionally, we 
analyzed the expression of stemness genes NANOG and 
OCT-4, which showed a significant increase after treatment 

with BM-MSCs-Exo and BM-MSCs-CM compared to the 
untreated control cells. These findings provide substantial 
evidence for the role of these two treatments in enriching 
CSCs in MCF-7 and MDA-MB-231 breast cancer cells.

Previous studies have suggested that MSCs can alter 
tumor metabolism [32]. Therefore, in this study, we inves-
tigated the impact of BM-MSCs on the metabolic pathways 
of tumor cells during the enrichment of CSCs. Specifically, 
we examined the glycolysis, pentose phosphate, and amino 
acid metabolism pathways.

The assessment of lactate production was conducted to 
evaluate the glycolytic status of the treatment groups. BM-
MSCs-Exo treatment reduced lactate production in the 
MCF-7 cell line by inhibiting the glycolysis pathway. It was 
observed that lactate production was higher in MCF-7 cells 
under BM-MSCs-CM treatment compared to the control 
group. This indicates a more active glycolysis pathway in 
the treatment group. The increased lactate production and 
glycolytic flux, even in the presence of sufficient oxygen, 
suggests a shift in the metabolism of breast CSCs from oxi-
dative phosphorylation to aerobic glycolysis. Experimen-
tal evidence has shown an elevated HIF-1α in breast CSC 
spheres, even when oxygen is present. This, in turn, leads to 
higher expression of proteins involved in metabolism, glu-
cose transport, and lactate production [33].

Furthermore, treatment with BM-MSCs-Exo and BM-
MSCs-CM did not significantly alter lactate production in 
MDA-MB-231 cells. Studies have indicated that the metabo-
lism of MDA-MB-231 cells is more reliant on glycolysis, 
while the metabolism of MCF-7 cells depends on the TCA 
cycle [33]. Therefore, the lack of a significant alteration in 
lactate production in MDA-MB-231 cells could be due to the 
metabolic dependence of these cells on glycolysis.

Studies have shown that tumor cells, when exposed to 
ROS, first activate the glycolysis pathway [22]. Our results 
indicated that the amount of ROS produced by MCF-7 cells 
was insignificantly increased in BM-MSCs-CM compared 
to the control group. Consequently, the increase in lactate 
production after treatment with BM-MSCs-CM could be 
attributed to the enhancement of ROS in MCF-7 cells. Stud-
ies have shown that an increase in ROS in cells increases 
the expression of stemness genes such as oct4, sox2 and 
nanog [34]. An increased expression of the stemness mark-
ers OCT4, SOX2 and NANOG increased sarcospheres and 
colonies formation in soft agar [35].

On the other hand, the decrease in lactate production 
in MCF-7 cells treated with BM-MSCs-Exo could be due 
to the reduction of ROS in these cells. Our results demon-
strated that BM-MSCs-Exo can reduce ROS production in 
these cells. Moreover, studies have indicated that exosomes 
released by cells are enriched with enzymes such as G6PD 
[36]. Therefore, exosomes could transfer this enzyme to 
other cells. The generation of NADPH by G6PD supports 

Fig. 6  The effect of BM-MSCs-Exo and BM-MSCs-CM on glu-
cose metabolism in breast tumor cells. Influence of BM-MSCs-Exo 
and BM-MSCs-CM on A lactate production and B G6PD activity in 
MCF-7 and MDA-MB-231 breast cancer cell lines. The lactate pro-
duction and G6PD activity after 24 h of treatment with BM-MSCs-
Exo and BM-MSCs-CM is compared to the controls. The results 
are presented as the mean ± SD of three independent experiments 
(*p < 0.05 and ***p < 0.001)
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antioxidant systems, thus reducing ROS [33]. G6PD activ-
ity was measured to analyze the PPP status of the treatment 
groups. The results indicated that treatment with BM-MSCs-
Exo and BM-MSCs-CM significantly increased G6PD activ-
ity compared to the control groups in both cell lines. CSCs, 

unlike differentiated cancer cells that show enhanced gly-
colysis, have distinct metabolic characteristics, including 
enhanced PPP activity. CSCs play a role in tumor initiation, 
drug resistance, recurrence, and metastasis, all of which 
are associated with enhanced PPP activity. For instance, 

Fig. 7  Impact of BM-MSCs-Exo and BM-MSCs-CM on ROS gen-
eration in breast tumor cells. Panel A displays the ROS generation 
in MCF-7 cells after 24  h of treatment with BM-MSCs-Exo and 

BM-MSCs-CM, while panel B shows the ROS generation in MDA-
MB-231 cells. The results are presented as the mean ± SD of three 
independent experiments (**p < 0.01 and ***p < 0.001)
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enhanced PPP in tumor cells has been linked to increased 
drug resistance [22].

Tumor cells, upon encountering ROS, initially activate 
the glycolysis pathway. Subsequently, with an increase in 
ROS levels and exposure time, there is a shift in metabolic 
balance from glycolysis to the PPP [22]. Therefore, the ele-
vation in G6PD activity observed after treatment with con-
ditioned medium from BM-MSCs-CM may be attributed to 
the heightened presence of ROS within the cells. Similarly, 
the increase in G6PD activity following treatment with BM-
MSCs-Exo could be attributed to the transfer of G6PD via 
exosomes to target cells.

In this study, we evaluated the levels of 20 amino acids 
in the conditioned media during treatment with BM-MSCs-
Exo and BM-MSCs-CM in MCF-7 and MDA-MB-231 cell 
lines. The results of the HPLC analysis revealed that the con-
centration of alanine in the conditioned media of the treat-
ment group was significantly higher than that of the control 
group in MCF-7 cells. Furthermore, in MDA-MB-231 cells, 
the concentration of histidine showed a significant increase 

compared to the control group. The biosynthesis of histidine 
is intricately linked to nucleotide metabolism, specifically 
phosphoribosyl pyrophosphate (PRPP), which is derived 
from ribose-5-phosphate supplied by PPP. The biosynthesis 
of histidine branches off from the pentose phosphate metab-
olism [32, 33]. Additionally, the concentration of 19 amino 
acids decreased in the conditioned media of MCF-7 cells 
treated with BM-MSCs-Exo and BM-MSCs-CM, indicating 
an augmentation in the uptake of these amino acids. Previous 
studies have suggested that amino acid uptake is enhanced 
in the cancer stem cell population [18, 30–39]. Clinical tri-
als showed that limiting amino acid intake may improve 
cancer prognoses [40]. Medications that target amino acid 
transporters and their associated enzymes have moved from 
preclinical studies into clinical trials, and some have shown 
to be effective [41]. Glutamine transporters, which are often 
highly expressed and linked to a poor prognosis, are essen-
tial for the survival of cancer cells, as they require external 
glutamine [42, 43]. This distinction between cancer cells 
and normal cells presents a target for cancer treatment. In a 

Fig. 8  The levels of amino acids in MCF-7 and MDA-MB-231 cells 
were assessed following a 24-h treatment with BM-MSCs-Exo and 
BM-MSCs-CM. A two-way ANOVA was employed to identify any 
significant variations in amino acid uptake between the control group 

and the treatment groups. The results represent the mean ± standard 
deviation of three independent experiments (*p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001)



 Medical Oncology           (2025) 42:90    90  Page 14 of 16

clinical setting, Tamoxifen and Raloxifene work by blocking 
glutamine absorption through inhibiting ASCT2 expression 
in breast cancer, thus reducing tumor growth [44].

Conclusions

In conclusion, our findings demonstrate that the treatment 
of cancer cells with BM-MSCs-Exo and BM-MSCs-CM can 
induce metabolic alterations in these cells. Furthermore, the 
metabolic changes observed in cancer cells under these treat-
ments can promote the acquisition of stem cell characteris-
tics. Both treatments had similar effects on increasing the 
population of CSCs by affecting different metabolic path-
ways. The results of this research can improve the identifica-
tion, targeting and development of new therapeutic methods 
against CSCs.
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