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Introduction: Leptin, a key adipokine secreted by adipose tissue (AT), has emerged as
a critical mediator linking obesity and breast cancer, both of which are major global
health concerns. Elevated leptin levels are detected in the circulation and in extracellular
vesicles (EVs) released by adipose tissue, particularly in cases of obesity. These leptin-
enriched EVs have been implicated in various stages of tumor progression. In this study,
we investigated the effects of leptin within extracellular vesicles (EVs) secreted by obese
adipose tissue on the functional properties and metabolism of MDA-MB-231 breast
cancer cells, a model for triple-negative breast cancer (TNBC).

Method: MDA-MB-231 cells were treated with EVs derived from the subcutaneous
adipose tissue of eutrophic (EUT EVs) and obese (OB EVs) individuals.

Results: Our findings revealed that OB EVs induced significant phosphorylation
of STAT3, a key signaling molecule in cancer progression, and promoted
increased cell migration, dependent on fatty acid oxidation (FAO). This effect
was reversed in the presence of a leptin receptor antagonist, highlighting leptin’s
pivotal role in these processes. Additionally, OB EVs caused metabolic changes,
including reduced lactate levels and decreased pyruvate kinase (PK) activity, while
increasing glucose-6-phosphate dehydrogenase (G6PDH) activity, suggesting
metabolic reprogramming that supports tumor cell survival and proliferation. In
addition to metabolic alterations, OB EVs also impacted mitochondrial dynamics.
We observed an upregulation of fusion and fission markers and a redistribution of
mitochondria toward the cell periphery, which supports migration. Moreover, OB
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EVs increased the invasive capacity of MDA-MB-231 cells, an effect mediated by
matrix metalloproteinase-9 (MMP-9).

Discussion: Overall, our results highlight how obese adipose tissue modulates
breast cancer cell behavior, with leptin-enriched EVs playing a central role in
driving migration, metabolic reprogramming, and invasiveness, thereby
promoting tumor malignancy. This study underscores the importance of EVs in
the obesity-cancer link and offers new insights for therapeutic strategies
targeting leptin signaling and EV-mediated communication in breast cancer.

leptin, obesity, adipose tissue, extracellular vesicles, breast cancer

1 Introduction

Breast cancer, the second most prevalent malignant neoplasia
globally, is a significant health concern, mainly among women,
accounting for 11.6% of all cancer cases (1). Obesity, a widespread
concern affecting nearly 1 billion people globally (2), has emerged as
a significant risk factor for breast cancer, with powerful associations
(3) and an increased risk for triple-negative breast cancer (TNBC)
in postmenopausal women (4). It is known mainly that obesity,
defined by a body mass index (BMI) > 30 kg/m’, is linked to an
elevated incidence of breast cancer (3) and worsened clinical
outcomes, including the development of higher-grade tumors (5),
increased metastasis (6), and resistance to chemotherapy (7).

The connection between obesity and breast cancer development is
primarily attributed to the biological changes in adipose tissue (AT)
accompanying its expansion. As adipose tissue grows, it undergoes
complex changes, including chronic low-grade inflammation
characterized by immune cell infiltration (8) and the secretion of
pro-inflammatory adipokines (9). Among these adipokines, leptin
stands out as a central player in promoting breast cancer
progression, contributing to key tumorigenic processes, including cell
growth, survival (10), migration, and invasion (10). Furthermore, leptin
has been shown to impact cancer cell metabolism (11-13) significantly
and mitochondrial dynamics (11). Notably, elevated levels of leptin are
found in the serum (12), AT secretome (13), and extracellular vesicles
(EVs) derived from AT of obese individuals (14).

EVs have garnered increasing attention as essential mediators of
intercellular communication within the tumor microenvironment.
These vesicles facilitate bidirectional signaling between tumor cells
and surrounding tissues, including distant sites, thereby contributing to
the overall progression and metastasis of cancer (15). Studies have
demonstrated that AT-derived EV's play a pivotal role in promoting
various cancer hallmarks (16), including enhanced migratory capacity
(17), through the transfer of fatty acid oxidation (FAO) enzymes and
substrates, as well as the modulation of mitochondrial dynamics (18).
Furthermore, it has been shown that EVs derived from the conditioned
media of in vitro-differentiated adipocytes can induce phenotypic
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changes associated with epithelial-to-mesenchymal transition (EMT)
(19). Notably, EVs isolated from the breast AT of overweight and obese
women have been shown to impact cancer cell malignancy
significantly, promoting increased proliferation and mitochondrial
respiration (20).

In our previous work, we identified that EVs derived from AT
explants of obese individuals enhance the migratory and invasive
properties of TNBC cells, with these EV's notably enriched in leptin
(14). Based on these findings, the present study investigates the role
of leptin within obese AT-derived EVs and its contribution to the
malignancy of TNBC, specifically focusing on how metabolic
reprogramming underpins aggressive tumor behavior and
mitochondrial dynamics. Our results propose a mechanism for
leptin delivery via EVs, offering a significant advancement in
understanding how EVs released by obese AT act in promoting
breast cancer malignancy and providing new insights into the
interplay between obesity, leptin signaling, and tumor progression.

2 Materials and methods
2.1 Participants

This study involved two participant groups: an obese group
(OB) and an eutrophic group (EUT). The OB group comprised
individuals with obesity who were clinically selected for bariatric
surgery, while the EUT group included lean individuals undergoing
either mammary plastic surgery or laparoscopic cholecystectomy.

2.2 EVs isolation

As previously described, the EVs released by the subcutaneous AT
explants were obtained (13). Briefly, subcutaneous OB and EUT AT
fragments were collected during surgeries, cleaned with PBS, cut into
small pieces, and cultivated in M199 (Gibco, 11043023) supplemented
with 1% of fetal bovine serum (FBS) (Gibco, 12657-029) in a
proportion of 100 mg/mL, for 24 hours (37° C, 5% CO2). Then,
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conditioned media (CM) were collected, filtered, and centrifuged for 10
min at 350 g/4°C to remove cellular debris. After, it was subjected to
two centrifugations: the first at 2,000x g for 10 minutes at 4°C and the
second at 20,000x g for 70 minutes at 4°C and the EV-enriched pellet
was resuspended in incomplete DMEM F-12 (Gibco, 11330-032) and
stored at -4°C for further analysis (Figure 1A).

2.3 Cell culture

The human breast adenocarcinoma cell line MDA-MB-231 was
obtained from the American Type Culture Collection Cell Bank
(ATCC). It was maintained in a mixed culture (50% v/v) medium of
DMEM F-12 and DMEM high glucose (Gibco, 10569-010)
supplemented with 10% FBS, penicillin, and streptomycin (Gibco,
15140122). The cells were cultured at 5% CO2, pH 7.2, and 37°C
and were allowed to grow until confluency was reached and
detached for use after a brief treatment with trypLE (Gibco,
12605028). After, the cells were centrifuged at 400 x g, at 20°C,
for 10 minutes. Cells were used up to the 10th passage at most.

2.4 Cell treatment

MDA-MB-231 cells were seeded in plates and treated with 20% (v/
v) of EVs derived from EUT (EUT EVs) or OB (OB EVs) AT (13), 100
nM of recombinant human leptin (Leptin) (300-27, Peprotech), and
250 mg/mL of human super leptin antagonist (MyBioSource,
MBS400098) (SHLA). Besides that, cells were also treated with 5 uM
of etomoxir (Sigma-Aldrich, E1905), 5 Mm of 2-deoxy-D-glucose (2-
DGQ) (Sigma-Aldrich, D3179), 1 mM of palmitate (Supelco, 90930), and
LY294002 (Abcam, ab120243). All stimuli were diluted in DMEM F-
12, except for the treatment with etomoxir, which was in a mixed
culture medium 50% v/v of DMEM F-12 and DMEM high glucose,
due to a morphological alteration and reduction in cell viability
(Supplementary Figures 1A, B). Furthermore, this mixture was also
used in the clonogenicity assay due to the long duration of the test.

2.5 EVs staining

MDA-MB-231 cells were seeded in glass coverslips and then
treated for 1 hour with EUT EVs and OB EVs labeled with 10puM of
cell tracker green CMFDA (Invitrogen, C7025) in the presence and
absence of SHLA. Cells were pre-warmed with pre-warmed PBS, fixed
with 3.7% paraformaldehyde for 15 min at room temperature, and
permeabilized with 0.2% Triton X-100 for 5 min. It was imaged at 20x
magnification using immunofluorescence microscopy (Evos™
M?7000), and analyses were performed with Image] software (NTH).

2.6 Immunoblotting

MDA-MB-231 cells were seeded in 12-well plates and treated with
stimuli. Then, it was washed with PBS and lysed in RIPA lysis buffer
(Sigma-Aldrich, Cat.R0278) with a protease inhibitor cocktail (Roche,
04693116001). BCA (Thermofisher Scientific, Cat.23227) determined
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protein concentration. Cell extracts were denatured in a buffer (BioRad,
Cat.1610737) for 3 minutes at 90°C. 30 ug of protein were loaded onto
electrophoresis gels, and the proteins were transferred to nitrocellulose
or PVDF membrane. Membranes were blocked with 5% of nonfat dry
milk (BioRad, 1706404) for 1 hour at room temperature, incubated
with primary antibodies at 4°C overnight, and with peroxidase-
conjugated secondary antibody for 1 hour. The following antibodies
were used: STAT3 (1:1000; Cell Signaling; 4904S), Phospho-STAT3
Tyr705 (1:1000; Cell Signaling; 9131S), and Actin (1:1000; Abcamy;
ab119716). For phospho-protein detection, membranes were first
incubated with phospho-protein antibody and stripped with Restore
PLUS Western blot stripping buffer (Thermo-Fisher Scientific, 46430)
for 15 min. Some membranes were cut to allow the visualization of
multiple targets with different molecular weights. Bands were visualized
using an enhanced chemiluminescent (ECL) (Thermo Scientific,
34095) and quantified by densitometry using Image] software (NIH).
The results were expressed as arbitrary units.

2.7 Cell death analysis

MDA-MB-231 cells were seeded in 12-well plates; after
adherence, the cells were “starved” for 12 hours and treated with
stimuli for 48 hours. The apoptotic and necrotic cells were measured
using Annexin V conjugated with fluorescein isothiocyanate (FITC
Annexin V BD, 556419) and Propidium iodide (PI) (BioLegend,
421301) staining (to detect the necrotic cells). The cells were
trypsinized, centrifuged at 400 RCF for 8 minutes, washed with
cold Annexin V Binding Buffer, and centrifuged again. Next, we
resuspended the cells in 50 pL of Annexin V Binding Buffer
containing Annexin V [1:200] and PI [1:500] and incubated for 15
min on ice in the dark. Cells were analyzed by flow cytometry using
BD FACSCanto' . 10,000 events were acquired per condition.
FlowJo v10 software was used for data analysis.

2.8 Viability assay

The reduction of thiazolyl blue tetrazolium bromide (MTT) assay
analyzed cell viability. MDA-MB-231 cells were seeded in 96-well
plates; after adherence, the cells were “starved” for 12 hours.
Subsequently, the cells were treated with stimuli for 24 hours, and
5 mg/mL of MTT (Sigma-Aldrich, M5655), diluted in PBS, were
added to the cells in the last 4 hours of the stimuli. Formazan crystals
formed were dissolved in isopropyl alcohol. Absorbance was detected
at 570nm on a DR-200BS-NM-BI plate reader (Kasuaki).

2.9 Cell migration assay (wound healing)

Cell migration was assessed using the wound healing method.
MDA-MB-231 cells were seeded in 24-well plates until reaching 95%
confluence. Cells were washed and treated with mitomycin (5pg/ml)
for 2 hours before being washed. Subsequently, a vertical line was
made on the plate with a pipette tip to remove the cells. Then, cells
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FIGURE 1
EUT EVs and OB EVs colocalize with MDA-MB-231 cells, and OB EVs activate STAT3 in a leptin-dependent manner. MDA-MB-231 cells were treated

with 20% extracellular vesicles derived from eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, in the presence or absence of 250 ng/mL of
human super-active leptin antagonist (SHLA). (A) Schematic overview of EUT EV and OB EV isolation. Created with BioRender. (B) EVs were labeled
with the cell tracker green CMFDA dye before cell treatment. Colocalization of EVs with MDA-MB-231 cells was assessed by fluorescence
microscopy in the presence or absence of SHLA. (C) Quantification of EV fluorescence intensity was performed using Imaged software. (D)
Schematic representation of the MDA-MB-231 treatment protocol. (E) Total protein extracts from treated cells were subjected to SDS-PAGE and
immunoblotting to detect phosphorylated STAT3 (pSTAT3), total STAT3, and actin (loading control). Densitometric analysis was performed using
ImageJ to determine the pSTAT3/STATS3 ratio. Results represent 3—4 independent experiments and are expressed as mean + SEM. Statistical
significance was assessed by one-way ANOVA followed by Sidak’s post hoc test. *Significance: *p < 0.05, **p < 0.01, ***p < 0.005.
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were treated with stimuli during the total migration time (24 hours).
Such regions were photographed (IV5100 Series Inverted Biological
Microscope) at 10x magnification (two photos per field) at 0 h and 24
h. Subsequently, analyses were made using Photoshop software, and
cell migration was quantified as a percentage of wound closure
compared to the cells at 0 h in each group.

2.10 Invasion assay

The invasiveness was analyzed using a transwell chamber
containing membranes with um pores, initially coated with
Matrigel-like (Gibco, Cat.A14132-02). MDA-MB-231 cells were
seeded and primed for 1 hour. Next, the cells were detached,
resuspended, and seeded into the transwell with 1% DMEM. At
the lower chamber, 10% DMEM was added as a chemoattractant.
After 24 hours of incubation at 37°C and 5% CO,, the cells that
invaded through the gelatin and remained adhered to the lower part
of the membrane of the insert were fixed and stained with a quick
panoptic kit (Laborclin). For each experimental group, five random
areas, using 20x magnification, were selected, photographed
(IV5100 Series Inverted Biological Microscope), and analyzed.
Invasive cells were quantified manually using Photoshop software.

2.11 Clonogenicity assay

To assess colony formation, MDA-MB-231 cells were seeded in 12-
well plates at a density of 250 cells per well, followed by the addition of
the stimuli. The medium and the stimuli were replaced every 3 days.
After 10 days of treatment, cell colonies were stained with 0.1% crystal
violet prepared in 20% methanol. For each experimental group, four
random areas were photographed under 10x magnification (IV5100
Series Inverted Biological Microscope) and analyzed. Colonies
quantification was performed manually using Photoshop software.

2.12 Metalloproteinase-9 activity

Gelatin zymography was performed for EVs derived from
MDA-MB-231 cells previously treated with stimuli for 1 hour.
After treatment, MDA-MB-231 cells supernatants were collected,
and EVs were isolated from them and resuspended in lysis buffer
(50 mM HEPES buffer, pH 7.5 containing 250 mM NaCl, 1% Triton
X-100, and 10% glycerin), supplemented with protease inhibitors.
Then, they were subjected to SDS-PAGE with gels copolymerized
with 1 mg/mL gelatin, washed in renaturation buffer (2.5% Triton
X-100 in 50 mM Tris-HCI, pH 7.5), and incubated at 37°C for 72 h
in substrate buffer (10 mM Tris-HCI buffer, pH 7.5; 5 mM CaCl2;
and 1 mM ZnCl2). The gels were stained with Coomassie Brilliant
Blue R-250 staining solution (Bio-Rad, Cat.1610435) and destained
using Coomassie Brilliant Blue R-250 destaining solution (Bio-Rad,
Cat.1610438). Areas of enzymatic activity appeared as clear bands
and were measured by densitometry using Image] software (NTH).
For analysis, the image was digitally inverted.
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2.13 ATP content assay

MDA-MB-231 cells were seeded in 12-well plates, treated with
stimuli for 30 minutes, and lysed. The intracellular ATP content
was detected sequentially using a commercial kit (Sigma, MAK190)
by colorimetry, according to the manufacturer’s instructions.

2.14 Glucose-6-phosphate dehydrogenase
activity assay

MDA-MB-231 cells were seeded in 12-well plates and treated
with stimuli for 24 hours. Then, cells were lysed, and G6PDH
activity was detected using a commercial kit (Sigma, MAKO015),
using colorimetry, according to the manufacturer’s instructions.

2.15 Lactate content assay

MDA-MB-231 cells were seeded in 12-well plates, primed with
stimuli for 1 hour, washed, and incubated with 0.25% DMEM for 24
hours. The supernatant was collected, and the cells were lysed. The
intracellular and extracellular 1-lactate content was detected
sequentially using a commercial kit (Sigma, MAK329) by
colorimetry, according to the manufacturer’s instructions.

2.16 Pyruvate kinase activity assay

MDA-MB-231 cells were seeded in 12-well plates and treated
with stimuli for 24 hours. Then, cells were lysed, and PK activity was
detected using a commercial kit (Sigma, MAKO071) by colorimetry,
according to the manufacturer’s instructions.

2.17 Mitotracker staining

MDA-MB-231 cells were seeded in glass coverslips and treated
with stimuli for 48 hours for mitochondrial analysis. Cells were then
incubated with MitoTracker Red CMXRos (Cell Signaling, 9082)
(100 nM in PBS, for 45 minutes, at 37°C). Cells were washed three
times with pre-warmed PBS, fixed with 3.7% paraformaldehyde for
15 min at room temperature, and permeabilized with 0.2% Triton
X-100 for 5 min. After, cells were incubated with ActinGreen 488
(Invitrogen, R37110) for 30 minutes and DAPI (Invitrogen,
P36941) for 5 minutes. It was imaged at 40x magnification
immediately using confocal microscopy, and analyses were
performed using Image] software (NTH).

2.18 g-RT-PCR

MDA-MB-231 cells were seeded in 12-well plates and treated
with stimuli for 24 hours. Then, mRNA was isolated using the
RNeasy Plus Kit (Qiagen, 74134) as recommended by the
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manufacturer. RNA purity and concentration were quantified with
an L-quant (Loccus) instrument. cDNA was synthesized with a
high-capacity cDNA reverse transcription kit (Applied Biosystems,
4368814) by following the protocol. qPCR was performed with
TaqManTM Fast Advanced Master Mix (Applied Biosystems,
4444557) following manufacturer instructions. The primers used
were OPA1- Hs01047013_ml (Applied Biosystems, 4331182),
DNMIL- Hs01552605_m1 (Applied Biosystems, 4331182), and
eukaryotic 18S rRNA - Hs99999901_s1 (Applied Biosystems,
4333760T) as a housekeeping gene.

2.19 Statistical analysis

Data are expressed as means + standard error (S.E.). Data
normality was checked using the Shapiro-Wilk test. For normal
data, the means for quantitative variables between groups were
compared using a one-way ANOVA test, followed by the Sidak
post-hoc test. For non-normal data, the Kruskal-Wallis test was
performed. For all analyses, a p-value <0.05 was considered
statistically significant. Statistical evaluation was performed using
GraphPad Prism software version 8.0 (GraphPad Software, La
Jolla, CA).

3 Results

3.1 Extracellular vesicles from obese
adipose tissue induce leptin signaling in
MDA-MB-231 breast cancer cells

Given the increased leptin content in OB EVs compared to EVs
previously published by our group (14) and the evidence that MDA-
MB-231 cells abundantly express the leptin receptor (Ob-R) (21), we
investigated whether the leptin receptor plays a role in the binding
and/or internalization of EVs by MDA-MB-231 cells. Our results
showed that both EUT and OB EVs colocalized with MDA-MB-231
cells to the same extent; leptin receptor antagonism did not affect this
effect (Figures 1B, C). We further examined whether leptin in EUT or
OB EVs could activate the leptin signaling pathway in the presence or
absence of SHLA, as outlined in the flowchart (Figure 1D). Our
findings revealed that OB EVs increased STAT3 phosphorylation
compared to untreated cells, and this effect was reversed in the
presence of SHLA, indicating that leptin in OB EVs drives STAT3
phosphorylation. As expected, a similar increase in phosphorylation
was observed in cells treated with leptin (Figure 1E).

3.2 Leptin-enriched OB-derived
extracellular vesicles mitigate early
apoptosis in MDA-MB-231 breast cancer
cells

Given the well-established association between STA3 and
tumor progression (22), we investigated the impact of leptin
present in OB EVs on key stages of cancer development. To
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assess this, we first examined the effect of leptin in OB EVs on
cell death under serum deprivation conditions. Notably, after 24
hours of serum deprivation, no significant changes in cell viability
were observed across the treatment groups (Supplementary
Figure 2). At 48 hours, 80% of the cells remained viable,
regardless of treatment (Figure 2A). Among the cells that
underwent cell death, the treatments did not alter the proportion
of cells undergoing necrosis (Figure 2B) or late apoptosis
(Figure 2C). However, treatment with OB EVs reduced the
percentage of early apoptotic cells by 20% and 40% compared to
untreated and EUT EVs, respectively. This effect was reversed in the
presence of SHLA, highlighting the crucial role of leptin.
Interestingly, leptin alone did not replicate this effect (Figure 2D),
suggesting that additional components in OB EVs are necessary for
leptin to exert its full impact.

3.3 Leptin-enriched extracellular vesicles
from obese cells enhance metastatic
properties in MDA-MB-231 breast cancer
cells

Building upon the understanding that leptin facilitates the
migration and invasion of cancer cells through the JAK2/STAT3
signaling pathway (23), we investigated the influence of leptin within
OB EVs on these critical stages of tumor metastasis. Our results
revealed that OB EVs significantly enhanced the migration of MDA-
MB-231 cells by 40% and 50% compared to untreated cells or cells
treated with EUT EVs, respectively. Importantly, this effect was
abolished entirely in the presence of SHLA, confirming its role in
mediating these responses. In addition, leptin treatment similarly
enhanced cell migration, with this increase being reversed upon
SHLA treatment, as expected (Figures 3A, B). Similarly, both OB
EVs and leptin substantially enhanced the invasiveness of MDA-MB-
231 cells, increasing it by 30% and 50%, respectively. These effects were
again negated by SHLA treatment (Figures 3C, D). Furthermore, OB
EVs and leptin treatment nearly tripled the clonogenic potential of
MDA-MB-231 cells, an effect that was reversed with SHLA co-
treatment (Figures 3E, F). These findings underscore the critical role
of leptin contained within OB EVs in promoting key metastasis
processes, including cell migration, invasion, and colony formation.

3.4 FAO and AKT signaling are essential for
leptin-induced migration enhancement

We examined the role of metabolic alterations to elucidate the
mechanisms underlying leptin and OB EVS’ promotion of MDA-
MB-231 cell migration. In addition to STAT3 signaling, which is
known to contribute to cellular migration, other metabolic processes
are essential for this phenomenon. Specifically, we assessed the
impact of inhibiting glycolysis and fatty acid oxidation (FAO) on
migration. Interestingly, glycolysis (2-DG) inhibition increased
migration in untreated cells. However, this effect was not observed
in leptin-treated cells, where glycolysis inhibition did not significantly
change migratory behavior (Figure 4A).
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FIGURE 2

Leptin within OB EVs reduces apoptosis and prevents necrosis in MDA-MB-231 cells. MDA-MB-231 cells were treated with 20% extracellular vesicles
derived from eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, 100 nM recombinant leptin, or 250 ng/mL of human super-active leptin
antagonist (SHLA). (A) Following treatment, flow cytometry was analyzed using Annexin V-FITC and propidium iodide (PI) staining to distinguish
between necrotic and apoptotic populations. Quantification of (B) necrotic cells (Annexin V'/PI*), (C) late apoptotic cells (Annexin V*/PI*), and (D)
early apoptotic cells (Annexin V*/PI") was conducted. Results represent three independent experiments and are presented as mean + SEM. Statistical
analysis was performed using one-way ANOVA followed by Sidak’s post hoc test. *Significance: *p < 0.05, **p < 0.01, ***p < 0.005.

In contrast, FAO inhibition by Etomoxir significantly reversed the =~ migration by OB EVs (18), we investigated the effects of inhibiting
increase in migration induced by OB EVs and leptin treatment,  the AKT pathway on MDA-MB-231 cell migration. The inhibition of
underscoring its importance in regulating cell motility (Figure 4B).  AKT by LY294002 signaling did not affect migration in untreated cells.
Given the pivotal role of the AKT signaling pathway in reprogramming ~ However, it effectively reversed the leptin-induced increase in
cancer cell metabolism (27) and its involvement in promoting  migration (Figure 4C). These results suggest that leptin in OB EVs
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FIGURE 3

Leptin in OB EVs enhances migration, invasion, and colony formation in MDA-MB-231 cells. MDA-MB-231 cells were treated with 20% extracellular
vesicles derived from eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, 100 nM recombinant leptin, and/or 250 ng/mL of the human super-
active leptin antagonist (SHLA). (A) Cell migration was assessed using the Wound Healing assay 24 hours post-treatment (compared to 0 h). Images
were captured using an inverted microscope at 10x magnification (two images per field). (B) Quantification of wound closure was performed using
Adobe Photoshop. (C) Cell invasion was evaluated using a Matrigel-coated Transwell assay. Cells that migrated through the 8 um-pore membrane
were fixed and stained using the panoptic staining kit. (D) Migrated cells were counted across five random fields per insert under a 20x
magnification using an inverted microscope. Quantification was done using Photoshop CS5. (E) Clonogenic potential was assessed via colony
formation assays, and (F) colony counts were obtained from four random areas per condition. Data represent 3 to 6 independent experiments and
are normalized to untreated controls. Statistical analysis was performed using one-way ANOVA with Sidak's post hoc test. Bar graphs represent
mean + SEM. *Significance: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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FIGURE 4

Leptin in OB EVs promotes MDA-MB-231 cell migration via FAO and likely through the AKT signaling pathway. MDA-MB-231 cells were treated with 20%
extracellular vesicles from obese adipose tissue (OB EVs) or 100 nM recombinant leptin for 24h. To explore the metabolic and signaling pathways
involved, cells were co-treated with 5 mM 2-Deoxy-D-glucose (2-DG) to inhibit glycolysis (A), 50 uM Etomoxir to block fatty acid oxidation (B), or 20
puM LY294002 to inhibit PI3K/AKT signaling (C). Cell migration was assessed by the Wound Healing assay, with images captured at O h and 24 h using an
inverted microscope at 10x magnification (two images per field). Data represent 3—4 independent experiments and are normalized to unstimulated
control cells. Statistical analysis was performed using one-way ANOVA with Sidak’'s post hoc test. Bar graphs show mean + SEM. *Significance: *p < 0.05,
**p < 0.01, **p < 0.005. the groups. The bar graphs represent means + standard error. *p<0.05, ***p<0.005.
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FIGURE 5

Leptin in OB EVs increases MMP-9 activity in MDA-MB-231 cells. (A) MDA-MB-231 cells were primed for 1 hour with 20% extracellular vesicles from
eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, 100 nM recombinant leptin, and/or 250 ng/mL human super-active leptin antagonist (SHLA).
Following stimulation, cells were maintained in DMEM containing 1% FBS for 24 hours. Supernatants were then collected, and cells were lysed. (B)
Supernatants were centrifuged at 20,000 X g for 70 minutes at 4°C to isolate EVs. The EV pellets were resuspended in lysis buffer with a protease
inhibitor cocktail. Samples were subjected to SDS-PAGE using a gelatin-containing polyacrylamide gel to assess MMP-9 enzymatic activity. Gels
were incubated in developing buffer for 72 hours at 37°C, stained with 0.2% Coomassie Brilliant Blue, and destained until clear digestion bands
appeared. Band intensity was quantified using Imaged software. Results are representative of three independent experiments. Statistical analysis was
performed using one-way ANOVA with Sidak’s post hoc test. Data are presented as mean + SEM. * Significance: * p < 0.05, *** p < 0.005.
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enhances the migratory capacity of MDA-MB-231 cells through the
activation of FAOQ, likely mediated by the AKT pathway.

Together, these findings highlight the intricate interplay
between metabolic reprogramming and signaling pathways in
promoting the migratory phenotype of breast cancer cells.

3.5 Leptin in OB-derived extracellular
vesicles and its potential impact on MMP-9
activity

Matrix metalloproteinase 9 (MMP-9) plays a critical role in the
proteolytic degradation of extracellular matrix components and can be
released within extracellular vesicles by different cancer cell types (24,
25). In this study, we examined MMP-9 activity in EVs isolated from
MDA-MB-231 cells treated with EUT EVs, OB EVs, or leptin, with
and without SHLA (Figure 5A). Our results suggest that EVs from
MDA-MB-231 cells treated with OB EVs or leptin contained higher
levels of active MMP-9 than untreated cells. This increase in MMP-9
activity was reduced in the presence of SHLA (Figure 5B). These
findings suggest that leptin, carried by OB EVs, drives this process.
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3.6 Leptin in OB-derived EVs modulates
the metabolic profile of MDA-MB-231 cells

Cellular metabolism dysregulation is a defining feature of
cancer (26), with leptin playing a pivotal role in mediating this
alteration (27). Considering this, we explored the impact of leptin
within extracellular vesicles on the metabolic processes of MDA-
MB-231 cells. Our findings revealed no significant difference in
ATP levels among MDA-MB-231 cells treated with EUT EVs, OB
EVs, or leptin alone. However, the presence of SHLA led to a
noticeable trend towards decreased ATP levels, specifically in cells
treated with OB EVs (Figure 6A). Although OB EVs did not
significantly affect ATP levels, they were found to reduce the
enzymatic activity of the glycolytic enzyme pyruvate kinase. This
inhibitory effect was reversed in the presence of SHLA in cells
treated with OB EVs. Notably, leptin alone failed to replicate this
outcome, suggesting that the effect observed with OB EVs may
depend on additional substrates or specific components present
within the OB EVs (Figure 6B).

Further analysis revealed that treatment with EUT EVs, OB EVs,
and leptin reduced intracellular levels of lactate, a byproduct of
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Leptin in OB EVs reduces glycolytic metabolism and enhances pentose phosphate pathway activity in MDA-MB-231 cells. MDA-MB-231 cells were
treated with 20% extracellular vesicles derived from eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, 100 nM recombinant leptin, and/or 250
ng/mL of the human super-active leptin antagonist (SHLA). (A) After 30 minutes of treatment, intracellular ATP levels were measured using the
MAK190 colorimetric assay kit. (B) Pyruvate kinase (PK) activity was assessed after 24 hours of treatment using the MAKO71 colorimetric kit. (C) Cells
were primed for 1 hour and cultured for an additional 24 hours before lysis. Lactate production was quantified using the MAK329 colorimetric assay.
(D) Glucose-6-phosphate dehydrogenase (GEPDH) activity was evaluated in cell lysates after 24 hours of treatment using the MAKO14 colorimetric
kit. Data represent 3—4 independent experiments and are expressed as mean + SEM. Statistical significance was determined using one-way ANOVA
followed by Sidak's post hoc test. *Significance: *p < 0.05, **p < 0.01, ***p < 0.005.
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glycolysis. However, SHLA only reversed this effect in MDA-MB-231
cells treated with OB EVs, highlighting a leptin-dependent mechanism
specific to OB EVs (Figure 6C). These findings suggest that OB EVs
suppress glycolytic metabolism through a leptin-dependent pathway.
Consistent with this, we observed that OB EVs significantly enhanced
the activity of glucose-6-phosphate dehydrogenase (G6PDH), a key
enzyme in the pentose phosphate pathway (PPP), in MDA-MB-231
cells. The increase in G6PDH activity was reversed in the presence of
SHLA (Figure 6D), further supporting the notion that leptin within OB
EVs can modulate metabolic flux.

3.7 Leptin in OB-derived extracellular
vesicles modulates mitochondrial dynamics
in MDA-MB-231 cells

The dynamic regulation of mitochondrial activity has become
increasingly recognized as a crucial driver of tumorigenesis and
cancer progression (28). To investigate whether leptin within OB
EVs influences mitochondrial function, MDA-MB-231 cells were
treated with EUT EVs, OB EVs, or leptin, both in the presence and
absence of SHLA. After treatments, cells were labeled with
Mitotracker Green to assess mitochondrial morphology,
distribution, and activity in response to those treatments. Both
groups of cells treated with OB EVs and leptin (Figures 7A, B)
showed increased mitochondrial fluorescence intensity, suggesting
enhanced mitochondrial content. Notably, we observed that OB EV's
appeared to induce a redistribution of mitochondria, which were
colocalized in membrane protrusions; this effect was reversed upon
the addition of SHLA. A similar redistribution was also observed in
cells treated with leptin alone (Figure 7C), further highlighting the
role of leptin in modulating mitochondrial dynamics.

Furthermore, OB EVs led to a significant increase in the
expression of two key regulators of mitochondrial fission and
fusion, dynamin 1-like (DNML-1), the gene encoding dynamin-
related protein 1 (Drpl), and optic atrophy 1 (OPA-1) (Figures 7D,
E). These findings suggest that OB EVs may modulate
mitochondrial fission and fusion processes. The upregulation of
these markers was reversed in the presence of SHLA, highlighting
the critical role of leptin in regulating mitochondrial dynamics
within OB EVs. Interestingly, leptin alone did not replicate this
effect, suggesting that leptin acts synergistically with other
components present in OB EVs to sustain this dynamic
modulation. In contrast, treatment with EUT EVs had no
significant impact on DNML-1 or OPA-1 expression. However,
blocking leptin action with SHLA led to an unexpected increase in
both markers of mitochondrial dynamics, pointing to a complex
interplay between SHLA and mitochondrial regulation
(Figures 7D, E).

4 Discussion

EVs have emerged as essential mediators of intercellular
communication, playing a pivotal role in cancer progression (15,
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29). They facilitate bidirectional communication between different
cell types within the tumor microenvironment (TME), influencing
cancer cell behavior, metastasis, and tumor growth (15). Notably,
AT-derived EVs have garnered significant attention for their
substantial contribution to cancer progression. These EVs
promote several key hallmarks of cancer, such as enhanced cell
proliferation, migration, and invasion (16), and are also elevated in
circulation during obesity (13, 30). Our previous work
demonstrated that TA-derived EVs enhanced the migration and
invasiveness of MDA-MB-231 cells. Furthermore, we found that the
AT-derived EVs contained a higher leptin content than those from
lean AT (14).

Leptin, which is present at elevated levels in the circulation of
individuals with obesity (34), plays a key role in modulating critical
cellular processes in tumor cells, including proliferation, metastasis,
apoptosis inhibition, angiogenesis, chemoresistance (31), and
metabolic reprogramming (27). Upon binding to its receptor, Ob-
R, leptin activates a cascade of intracellular signaling pathways, such
as JAK2/STAT3, MAPK, and PI3K/AKT (32), which regulate these
processes (33). Ob-R is overexpressed in breast cancer cells (34),
including the MDA-MB-231 cell line (35). While leptin is widely
recognized as a molecular link between obesity and breast cancer,
the specific role of leptin within EVs remains underexplored. To
address this gap, we investigated how leptin within AT-derived EV's
influences the tumorigenic potential of MDA-MB-231 cells. This
study proposes a novel mechanism linking obesity, AT-derived
EVs, and leptin to breast cancer progression.

A key mechanism in EVs mediating intercellular
communication is targeting and anchoring to the plasma
membrane of the recipient cell (36). This process can involve
activating cell surface receptors, internalizing EVs via endocytosis,
or the direct fusion with the cell membrane (37). Alternatively, EVs
may undergo lysis in the extracellular space, releasing their contents
to stimulate receptors and trigger intracellular signaling (38).
Recent studies have highlighted that AT-derived EVs are a
significant component of the white adipose tissue secretome (39),
with at least 897 exoadipokines identified via proteomics (40). It is
well-established that some proteins are carried within the interior of
EVs, while others are present on their surface. Regarding leptin
localization, there is a lack of direct evidence from the literature.
However, it is plausible that most leptin is located within the
interior of AT-derived EVs, as our previous study detected leptin
in EVs after probe sonication (14). Consistent with this, it was
already demonstrated that, although leptin in adipocytes is localized
near the plasma membrane, it is packaged inside vesicular
structures, as trypsin treatment did not affect its detection, unlike
transmembrane proteins such as GLUT4 (41). In contrast, Blandin
et al. recently reported that adiponectin is found on the outer
membrane of EVs from visceral AT, likely due to nonspecific
adsorption of soluble adiponectin (42). Therefore, while it
remains speculative, the presence of small amounts of leptin on
the EV membrane cannot be completely ruled out.

Our results demonstrated that both EUT and OB EVs
interacted similarly with MDA-MB-231 cells, independently of
direct OB-R interactions. However, distinct biological effects were
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FIGURE 7

Leptin in OB EVs remodels the mitochondrial network in MDA-MB-231 cells. MDA-MB-231 cells were treated with 20% extracellular vesicles derived
from eutrophic (EUT EVs) or obese (OB EVs) adipose tissue, 100 nM recombinant leptin, and/or 250 ng/mL of the human super-active leptin
antagonist (SHLA). (A) Following treatment, cells were stained with MitoTracker Red CMXRos (mitochondria, red), ActinGreen 488 (actin
cytoskeleton, green), and DAPI (nuclei, blue), and imaged using confocal microscopy. (B) Mitochondrial fluorescence intensity was quantified using
ImageJ. (C) Mitochondrial distribution patterns were manually evaluated. (D, E) Total RNA was extracted, and quantitative PCR (qPCR) was
performed to assess the expression of mitochondrial dynamics-related genes DNMIL (D) and OPA1 (E). Data represent three independent
experiments and are shown as mean + SEM. Statistical analysis was performed using one-way ANOVA followed by Sidak’s post hoc test.
*Significance: *p < 0.05, **p < 0.01, ***p < 0.005
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observed afterward, such as increased STAT3 phosphorylation
induced by OB EVs or leptin. This effect was dependent on OB-
R, as it was abolished in the presence of SHLA. These findings
suggest that the leptin carried by OB EVs activates OB-R, triggering
a cascade of oncogenic processes, including enhanced resistance to
apoptosis (52).

Tumor cell expansion depends on increased proliferation and
reduced cell death, with resistance to apoptosis playing a pivotal
role in sustaining growth (42). Leptin is known to prevent apoptosis
through multiple signaling pathways, including PI3K/AKT (43),
ERK1/2 (44), and mTOR (45). These pathways inactivate
downstream apoptotic factors such as Bad, GSK3, FOXO, and
caspase 9, providing pro-survival signals that protect cells from
apoptosis (46-48).

To investigate the potential influence of leptin within OB EVs
on death, MDA-MB-231 cells were cultured in a serum deprivation
medium, a common apoptotic stressor. Under these conditions, OB
EVs reduced the percentage of early apoptotic cells compared to
untreated or treated with EUT EVs, which was fully reversed in the
presence of SHLA. Interestingly, leptin alone did not replicate the
anti-apoptotic effect of OB EVs, suggesting that additional
molecular components act synergically for leptin to exert its full
protective impact.

Leptin’s contribution to tumor cell migration and invasiveness
has been documented in various types of cancer, including
hepatocellular carcinoma (49), prostate cancer (50), and breast
cancer (51). Among the mechanisms, one may highlight the
JAK2/STAT3 signaling pathway (23), the activation of the
extracellular-signal-regulated kinase (ERK) pathway (52), the
upregulation of acetyl-CoA acetyltransferase 2 (ACAT2) (53), and
the induction of IL-8 expression in tumor-associated macrophages
(TAMs) (54).

The role of EVs in the interactions between adipose tissue and
TME, triggering cell migration, is critical (55, 56). Lazar et al.
observed that adipocyte-derived exosomes promoted melanoma cell
migration (17), and Lin et al. demonstrated that ADMSC-derived
exosomes increased the migration of breast cancer cells (57). In the
context of obesity, Ramos-Andrade et al. reported a significant role
of OB EVs in increasing the migratory capacity of MDA-MB-231
cells (14). Our findings align with and further validate these
observations, demonstrating that OB EVs substantially boost the
migration of MDA-MB-231 cells, an effect abolished in the presence
of SHLA, proposing an essential role of leptin in this process. EVs
derived from adipocytes have already been reported as modulators
of increased cell migration dependent on FAO. This mechanism
occurs due to the delivery of key FAO-related enzymes (17). Our
data reveal that FAO inhibition reverses the enhanced migration
induced by OB EVs and leptin, emphasizing the critical role of FAO
in regulating MDA-MB231 cell migration. In contrast, glycolysis
does not seem to be essential in this specific context, as its inhibition
had no significant effect.

Further supporting this, the inhibition of AKT signaling in
MDA-MB-231 cells effectively reversed the pro-migratory effect of
leptin. This is consistent with the study of Kato et al., who identified
AKT signaling as essential for leptin-stimulated migration (58) and
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our previous findings showing that OB EV-driven migration
depends on AKT activation. Given that AKT is a central regulator
of cancer cell metabolism (59), these results suggest it is a key
molecular link connecting leptin signaling, FAO, and enhanced
tumor cell migration.

In addition to migration, OB EVs increased the invasiveness of
MDA-MB-231 cells in a leptin-dependent manner. These findings
align with established literature demonstrating leptin’s ability to
stimulate cancer cell invasiveness (60, 61) and the contribution of
the AT microenvironment in facilitating these processes (56, 62).

Crucial in cell invasion, one may highlight proteolytic enzymes
(63), such as the MMPs. We propose that MMP-9 plays a role in this
effect, as its activity was partially reduced by inhibiting the leptin
receptor. These findings align with previous studies showing that
leptin signaling can upregulate MMPs, including MMP-2, MMP-9
(64), and MMP-13 (61), mainly through STAT3 activation (22). For
instance, Lee et al. demonstrated that enhanced invasion is closely
associated with the upregulation of MMP-9 (62). Similarly, it has
been shown that exosomes derived from 3T3-L1 differentiated
adipocytes increased the invasive capacity of lung tumor cells by
activating MMP-9, a process driven by the transfer of MMP-3 (65),
and that OB EVs exhibit elevated levels of MMP-9, which were
transferred to MDA-MB-231 cells (14).

Finally, leptin within OB EVs also promoted increased
clonogenicity of MDA-MB-231 cells, supporting the findings of
Knight et al., who demonstrated leptin’s role in promoting
clonogenicity in cancer cells (66). Collectively, these results highlight
the critical role of the leptin derived from the obese AT within EV's in
driving the increased malignancy of breast cancer cells.

Metabolic reprogramming has long been recognized as a hallmark
of cancer (26), as tumor cells exhibit a remarkable degree of metabolic
plasticity (67), allowing them to adapt their energy pathways in response
to environmental changes (68). This adaptability is critical for tumor
progression, as cancer cells must maintain a high-energy state and
produce biosynthetic precursors to sustain their elevated proliferation
rates (69). Among the various metabolic pathways, oxidative
metabolism has emerged as a key contributor to the aggressive
behavior of tumor cells (27, 70, 71), challenging Otto Warburg’s
classic view that tumor cells predominantly rely on glycolysis (72).

Consistently, our findings indicate a shift away from the
Warburg effect, as OB EVs reduce glycolytic activity and redirect
intermediates toward the PPP in MDA-MB-231 cells via a leptin-
dependent mechanism - evidenced by decreased PK activity and
lactate levels, alongside increased G6PDH activity. Notably, leptin
alone did not reproduce this effect, suggesting that other bioactive
components in OB EVs contribute to the metabolic
reprogramming. Unpublished data from our group show that OB
EVs are enriched in palmitic acid and fatty acid binding protein 4
(FABP4), a molecule known to promote breast cancer progression
through the IL-6/STAT3/ALDHI1 pathway (73). FABP4 has also
been implicated in metabolic regulation, potentially linking obesity
to breast cancer risk (74).

Previous studies have highlighted the role of adipocyte-derived
EVs in promoting FAO and mitochondrial respiration, thereby
enhancing ATP production (17, 18). Leptin has similarly been
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shown to stimulate FAO and oxidative phosphorylation (OXPHOS)
via pathways such as c-Myc/PGC-1 (27) and AMPK (75).
Interestingly, although our findings indicate a leptin-dependent
suppression of glycolysis by OB EVs, ATP levels in MDA-MB-231
cells remained unchanged 30 minutes after the treatment. It aligns
with observations by Pharm et al., who reported that leptin
increases ATP levels in a time- and dose-dependent manner in
MCEF-7 and T47D cells, but not in MDA-MB-231 cells, pointing to a
potential role for estrogen receptor (ER) signaling in mediating
leptin-driven ATP production (76).

Highlighting the metabolic reprogramming driven by OB EV's
in MDA-MB-231 cells, our results revealed increased
phosphorylation of ACC, a hallmark of FAO activation, which
was reversed by etomoxir treatment (Supplementary Figure 4). This
finding aligns with previous work by Rios Garcia et al., who
reported leptin-induced ACC phosphorylation in breast cancer
cells (77). Concurrently, both OB EVs and leptin reduced
phosphorylation of ATP citrate lyase (ACLY), an effect also
reversed by etomoxir (Supplementary Figure 3). Given ACLY’s
role in converting citrate to acetyl-CoA, a substrate for ACC in the

10.3389/fonc.2025.1568524

lipogenic pathway (78), these data further support the idea that OB
EVs and leptin suppress glycolysis while promoting FAO.

Mitochondria are key metabolism and cell death regulators,
constantly adapting to cellular needs through fusion and fission
processes. Fusion is driven by mitofusin-1 (MFN1), mitofusin-2
(MFN2), and OPA1, while fission is controlled by Drpl,
mitochondrial fission 1 protein (FIS1), mitochondrial fission
factor (MFF), and mitochondrial elongation factor 1 (MIEF1).
These proteins also coordinate the redistribution of mitochondria
toward areas of high energy demand, optimizing energy production
(79, 80). Notably, MFN2, OPA1, DRP1, and FISI have been found
to be overexpressed in oncocytic tumors, independent of
mitochondrial content (81).

Adding to this understanding, Liu et al. showed that AT-derived
EVs increase Drpl and MFF in breast cancer cells, without affecting
OPA1 (20).

Our study shows that OB EV's upregulate DNML-1 and OPA-1,
highlighting their role in modulating mitochondrial dynamics.
Notably, SHLA reversed these changes. However, leptin alone was
insufficient to reproduce the effect, pointing to a synergistic action
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FIGURE 8

Leptin in OB EVs modulates migration, invasion, clonogenicity, and metabolism of MDA-MB-231 cells. (A) Leptin within OB EVs interacts with its
receptor (Ob-R) on MDA-MB-231 cells, initiating a cascade of cellular events that significantly enhance cell migration in a fatty acid oxidation (FAO)-
dependent manner, likely through activation of the AKT signaling pathway. This interaction also promotes clonogenicity and activates STAT3, a key
regulator of oncogenic processes, while increasing the invasive potential of the cells, likely through elevated MMP-9 activity. MMP-9, which is
upregulated in EVs released by MDA-MB-231 cells, may be driven by STAT3 activation, further enhancing cancer cell aggressiveness. Additionally,
leptin in OB EVs alters mitochondrial dynamics by increasing DNM1-L and OPA-1, redistributing mitochondria toward membrane protrusions, and
preventing early apoptosis. (B) In addition to its impact on cell motility and survival, leptin in OB EVs induces metabolic shifts in MDA-MB-231 cells.
These changes include enhanced G6PDH activity in the pentose phosphate pathway, reduced lactate accumulation, and decreased PK activity.
6PGL, 6-Phosphogluconolactone; AT, adipose tissue; G6P, glucose-6-phosphate; G6PDH, glucose-6-phosphate-dehydrogenase; SHLA, human
super leptin antagonist; MDA-MB-231 EVs, extracellular vesicles derived from MDA-MB-231 cells; MMP-9, matrix metalloproteinase 9; OB EVs,
extracellular vesicles derived from obese adipose tissue; Ob-R, leptin receptor; PEP, phosphoenolpyruvate; PK, pyruvate kinase.
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with other OB EV components. Strikingly, we also observed that OB
EVs and leptin promote mitochondrial redistribution toward
membrane protrusions, an event crucial in facilitating tumor cell
migration (82). This change, which SHLA reversed, mirrors findings
by Zhao et al., who reported that mitochondria migrate from
perinuclear zones to membrane protrusions during lamellipodia
formation, a key step in migration (83). Similarly, Clement et al.
demonstrated that adipocyte-derived exosomes drive mitochondrial
redistribution in melanoma cells, further linking this phenomenon to
enhanced cell motility and metastatic potential (18).

5 Conclusion

This study provides a comprehensive and in-depth
understanding of the pivotal role of leptin-rich extracellular
vesicles derived from obese adipose tissue (OB EVs) in enhancing
breast cancer malignancy. By activating leptin receptor (Ob-R)-
mediated pathways, these EVs promote tumor progression through
increased migration, invasion, and metabolic reprogramming of
MDA-MB-231 cells. The findings reveal key mechanisms that
support cancer cell survival and adaptability, including FAO- and
AKT-dependent migration, STAT3 activation, MMP-9-mediated
invasiveness, and mitochondrial remodeling (Figures 8A, B).

Crucially, the study positions OB EVs and their leptin content
as central players linking obesity to breast cancer progression. This
identifies leptin signaling and EV-mediated communication as
promising therapeutic targets. Interventions aimed at disrupting
leptin-EV pathways or modulating their downstream effects may
offer novel strategies for potential therapeutic interventions for
mitigating obesity-driven breast cancer aggressiveness.

Yet, the whole picture is still unfolding. Future research is
essential to identify other bioactive components within OB EVs
that may act synergistically with leptin, and to validate these
mechanisms across diverse breast cancer models, including in
vivo systems. These next steps are critical for translating these
insights into impactful, targeted therapies.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Universidade
Estadual do Rio de Janeiro e Hospital Federal de Ipanema reviewed
and approved studies involving human participants. CAAE:
36880914.0.0000.5259. CAAE: 36880914.0.0000.5259. The
patients/participants provided written informed consent to
participate in this study. The studies were conducted in

Frontiers in Oncology

16

10.3389/fonc.2025.1568524

accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

CE: Conceptualization, Formal analysis, Investigation,
Methodology, Writing - original draft. CA: Methodology, Writing
- review & editing. VF: Methodology, Writing - review & editing.
LB: Formal analysis, Methodology, Writing — review & editing. RS:
Formal analysis, Methodology, Writing — review & editing. IR-A:
Data curation, Writing - review & editing. LK-A: Methodology,
Writing - review & editing. CB-F: Resources, Writing — review &
editing. JM: Resources, Writing - review & editing. MR-M:
Conceptualization, Data curation, Funding acquisition,
Methodology, Resources, Validation, Visualization, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. Grants from the
following Brazilian agencies funded this research: Fundagio de
Amparo a Pesquisa do Estado do Rio de Janeiro (FAPER]) -
grants E-26/201.379/2022, E-26/211.591/2021, and E-26/210.425/
2019; Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq) - grants 310619/2023-8 and CNPq/DECIT
(MS) 444675/2023-0; and Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES): CAPES/PROEX/PPGB UER]J.
CAPES supported the C.C.E. M.S. fellowship.

Acknowledgments

The authors sincerely thank Matheus Lohan-Codego for his
invaluable technical support and Bruna Teixeira da Silva for expertly
capturing the confocal microscope images. Special thanks also go to
Dr. Marco Antonio Leite and Dr. Luiz Gustavo Oliveira, Coordinator
of the Bariatric and Metabolic Surgery Program at the Federal Hospital
of Ipanema, for their dedicated involvement in patient recruitment.
Most importantly, the authors extend their heartfelt appreciation to all
the patients who generously donated their adipose tissue samples,
without which this research would not have been possible. Figures in
this study were created using BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


http://www.BioRender.com
https://doi.org/10.3389/fonc.2025.1568524
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Encarnacéo et al.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

References

1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: globocan estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/caac.21834

2. The World Counts. (n.d.). Statistics about obesity. The World Counts. Available
online at: https://www.theworldcounts.com/challenges/hunger-and-obesity/statistics-
about-obesity (Accessed Retrieved January, 2025).

3. Lahmann PH, Hoffmann K, Allen N, van Gils CH, Khaw KT, Tehard B, et al. Body
Size and breast cancer risk: findings from the european prospective investigation into
cancer and nutrition (Epic). Int ] Cancer. (2004) 111:762-71. doi: 10.1002/ijc.20315

4. Gaudet MM, Press MF, Haile RW, Lynch CF, Glaser SL, Schildkraut J, et al. Risk
factors by molecular subtypes of breast cancer across a population-based study of
women 56 years or younger. Breast Cancer Res Treat. (2011) 130:587-97. doi: 10.1007/
510549-011-1616-x

5. Neuhouser ML, Aragaki AK, Prentice RL, Manson JE, Chlebowski R, Carty CL,
et al. Overweight, obesity, and postmenopausal invasive breast cancer risk: A secondary
analysis of the women’s health initiative randomized clinical trials. JAMA Oncol. (2015)
1:611-21. doi: 10.1001/jamaoncol.2015.1546

6. Loi S, Milne RL, Friedlander ML, McCredie MR, Giles GG, Hopper JL, et al.
Obesity and outcomes in premenopausal and postmenopausal breast cancer. Cancer
Epidemiol Biomarkers Prev. (2005) 14:1686-91. doi: 10.1158/1055-9965.EPI-05-0042

7. Ewertz M, Jensen MB, Gunnarsdottir KA, Hojris I, Jakobsen EH, Nielsen D, et al.
Effect of obesity on prognosis after early-stage breast cancer. J Clin Oncol. (2011) 29:25-
31. doi: 10.1200/JC0O.2010.29.7614

8. Zeyda M, Stulnig TM. Adipose tissue macrophages. Immunol Lett. (2007) 112:61-
7. doi: 10.1016/j.imlet.2007.07.003

9. Bray GA. Medical consequences of obesity. J Clin Endocrinol Metab. (2004)
89:2583-9. doi: 10.1210/jc.2004-0535

10. Olea-Flores M, Juarez-Cruz JC, Mendoza-Catalan MA, Padilla-Benavides T,
Navarro-Tito N. Signaling pathways induced by leptin during epithelial(-)Mesenchymal
transition in breast cancer. Int J Mol Sci. (2018) 19. doi: 10.3390/ijms19113493

11. Blanquer-Rossello MM, Santandreu FM, Oliver J, Roca P, Valle A. Leptin
modulates mitochondrial function, dynamics and biogenesis in mcf-7 cells. J Cell
Biochem. (2015) 116:2039-48. doi: 10.1002/jcb.25158

12. Leon-Cabrera S, Solis-Lozano L, Suarez-Alvarez K, Gonzalez-Chavez A, Bejar
YL, Robles-Diaz G, et al. Hyperleptinemia is associated with parameters of low-grade
systemic inflammation and metabolic dysfunction in obese human beings. Front Integr
Neurosci. (2013) 7:62. doi: 10.3389/fnint.2013.00062

13. Renovato-Martins M, Matheus ME, de Andrade IR, Moraes JA, da Silva SV,
Citelli Dos Reis M, et al. Microparticles derived from obese adipose tissue elicit a pro-
inflammatory phenotype of cd16(+), ccr5(+) and tlr8(+) monocytes. Biochim Biophys
Acta Mol Basis Dis. (2017) 1863:139-51. doi: 10.1016/j.bbadis.2016.09.016

14. Ramos-Andrade I, Moraes ], Brandao-Costa RM, Vargas da Silva S, de Souza A,
da Silva C, et al. Obese adipose tissue extracellular vesicles raise breast cancer cell
Malignancy. Endocr Relat Cancer. (2020) 27:571-82. doi: 10.1530/ERC-19-0507

15. Kalluri R, McAndrews KM. The role of extracellular vesicles in cancer. Cell.
(2023) 186:1610-26. doi: 10.1016/j.cell.2023.03.010

16. Moraes JA, Encarnacao C, Franco VA, Xavier Botelho LG, Rodrigues GP,
Ramos-Andrade I, et al. Adipose tissue-derived extracellular vesicles and the tumor
microenvironment: revisiting the hallmarks of cancer. Cancers (Basel). (2021) 13.
doi: 10.3390/cancers13133328

17. Lazar I, Clement E, Dauvillier S, Milhas D, Ducoux-Petit M, LeGonidec S, et al.
Adipocyte exosomes promote melanoma aggressiveness through fatty acid oxidation: A
novel mechanism linking obesity and cancer. Cancer Res. (2016) 76:4051-7.
doi: 10.1158/0008-5472.CAN-16-0651

18. Clement E, Lazar I, Attane C, Carrie L, Dauvillier S, Ducoux-Petit M, et al.
Adipocyte extracellular vesicles carry enzymes and fatty acids that stimulate

Frontiers in Oncology

17

10.3389/fonc.2025.1568524

or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2025.1568524/
full#supplementary-material

mitochondrial metabolism and remodeling in tumor cells. EMBO J. (2020) 39:
€102525. doi: 10.15252/embj.2019102525

19. Jafari N, Kolla M, Meshulam T, Shafran JS, Qiu Y, Casey AN, et al. Adipocyte-
derived exosomes may promote breast cancer progression in type 2 diabetes. Sci Signal.
(2021) 14:abj2807. doi: 10.1126/scisignal.abj2807

20. Liu S, Benito-Martin A, Pelissier Vatter FA, Hanif SZ, Liu C, Bhardwaj P, et al.
Breast adipose tissue-derived extracellular vesicles from obese women alter tumor cell
metabolism. EMBO Rep. (2023) 24:¢57339. doi: 10.15252/embr.202357339

21. Linares RL, Benitez JGS, Reynoso MO, Romero CG, Sandoval-Cabrera A.
Modulation of the leptin receptors expression in breast cancer cell lines exposed to
leptin and tamoxifen. Sci Rep. (2019) 9:19189. doi: 10.1038/s41598-019-55674-x

22. Ma JH, Qin L, Li X. Role of stat3 signaling pathway in breast cancer. Cell
Commun Signal. (2020) 18:33. doi: 10.1186/s12964-020-0527-z

23. Shen L, Zhang C, Cui K, Liang X, Zhu G, Hong L. Leptin secreted by adipocytes
promotes emt transition and endometrial cancer progression via the jak2/stat3 signalling
pathway. Adipocyte. (2024) 13:2293273. doi: 10.1080/21623945.2023.2293273

24. Mehner C, Hockla A, Miller E, Ran S, Radisky DC, Radisky ES. Tumor cell-
produced matrix metalloproteinase 9 (Mmp-9) drives Malignant progression and
metastasis of basal-like triple negative breast cancer. Oncotarget. (2014) 5:2736-49.
doi: 10.18632/oncotarget.1932

25. Shimoda M, Khokha R. Metalloproteinases in extracellular vesicles. Biochim
Biophys Acta Mol Cell Res. (2017) 1864:1989-2000. doi: 10.1016/j.bbamcr.2017.05.027

26. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. (2011)
144:646-74. doi: 10.1016/j.cell.2011.02.013

27. Liu Q, Sun Y, Fei Z, Yang Z, Duan K, Zi J, et al. Leptin promotes fatty acid
oxidation and oxphos via the C-myc/pgc-1 pathway in cancer cells. Acta Biochim
Biophys Sin (Shanghai). (2019) 51:707-14. doi: 10.1093/abbs/gmz058

28. Grandemange S, Herzig S, Martinou JC. Mitochondrial dynamics and cancer.
Semin Cancer Biol. (2009) 19:50-6. doi: 10.1016/j.semcancer.2008.12.001

29. Dos Anjos Pultz B, Andres Cordero da Luz F, Socorro Faria S, Peixoto Ferreira
de Souza L, Cristina Brigido Tavares P, Alonso Goulart V, et al. The multifaceted role of
extracellular vesicles in metastasis: priming the soil for seeding. Int J Cancer. (2017)
140:2397-407. doi: 10.1002/ijc.30595

30. Robado de Lope L, Alcibar OL, Amor Lopez A, Hergueta-Redondo M,
Peinado H. Tumour-adipose tissue crosstalk: fuelling tumour metastasis by
extracellular vesicles. Philos Trans R Soc Lond B Biol Sci. (2018) 373. doi: 10.1098/
rstb.2016.0485

31. Caruso A, Gelsomino L, Panza S, Accattatis FM, Naimo GD, Barone 1, et al.
Leptin: A heavyweight player in obesity-related cancers. Biomolecules. (2023) 13.
doi: 10.3390/biom13071084

32. Saxton RA, Caveney NA, Moya-Garzon MD, Householder KD, Rodriguez GE,
Burdsall KA, et al. Structural insights into the mechanism of leptin receptor activation.
Nat Commun. (2023) 14:1797. doi: 10.1038/s41467-023-37169-6

33. Ando S, Gelsomino L, Panza S, Giordano C, Bonofiglio D, Barone I, et al.
Obesity, leptin and breast cancer: epidemiological evidence and proposed mechanisms.
Cancers (Basel). (2019) 11. doi: 10.3390/cancers11010062

34. Ishikawa M, Kitayama J, Nagawa H. Enhanced expression of leptin and leptin
receptor (Ob-R) in human breast cancer. Clin Cancer Res. (2004) 10:4325-31.
doi: 10.1158/1078-0432.CCR-03-0749

35. Ray A, Nkhata KJ, Cleary MP. Effects of leptin on human breast cancer cell lines
in relationship to estrogen receptor and her2 status. Int J Oncol. (2007) 30:1499-509.
doi: 10.3892/ij0.30.6.1499

36. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat
Cell Biol. (2019) 21:9-17. doi: 10.1038/s41556-018-0250-9

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2025.1568524/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2025.1568524/full#supplementary-material
https://doi.org/10.3322/caac.21834
https://www.theworldcounts.com/challenges/hunger-and-obesity/statistics-about-obesity
https://www.theworldcounts.com/challenges/hunger-and-obesity/statistics-about-obesity
https://doi.org/10.1002/ijc.20315
https://doi.org/10.1007/s10549-011-1616-x
https://doi.org/10.1007/s10549-011-1616-x
https://doi.org/10.1001/jamaoncol.2015.1546
https://doi.org/10.1158/1055-9965.EPI-05-0042
https://doi.org/10.1200/JCO.2010.29.7614
https://doi.org/10.1016/j.imlet.2007.07.003
https://doi.org/10.1210/jc.2004-0535
https://doi.org/10.3390/ijms19113493
https://doi.org/10.1002/jcb.25158
https://doi.org/10.3389/fnint.2013.00062
https://doi.org/10.1016/j.bbadis.2016.09.016
https://doi.org/10.1530/ERC-19-0507
https://doi.org/10.1016/j.cell.2023.03.010
https://doi.org/10.3390/cancers13133328
https://doi.org/10.1158/0008-5472.CAN-16-0651
https://doi.org/10.15252/embj.2019102525
https://doi.org/10.1126/scisignal.abj2807
https://doi.org/10.15252/embr.202357339
https://doi.org/10.1038/s41598-019-55674-x
https://doi.org/10.1186/s12964-020-0527-z
https://doi.org/10.1080/21623945.2023.2293273
https://doi.org/10.18632/oncotarget.1932
https://doi.org/10.1016/j.bbamcr.2017.05.027
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1093/abbs/gmz058
https://doi.org/10.1016/j.semcancer.2008.12.001
https://doi.org/10.1002/ijc.30595
https://doi.org/10.1098/rstb.2016.0485
https://doi.org/10.1098/rstb.2016.0485
https://doi.org/10.3390/biom13071084
https://doi.org/10.1038/s41467-023-37169-6
https://doi.org/10.3390/cancers11010062
https://doi.org/10.1158/1078-0432.CCR-03-0749
https://doi.org/10.3892/ijo.30.6.1499
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.3389/fonc.2025.1568524
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Encarnacéo et al.

37. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213-28. doi: 10.1038/
nrm.2017.125

38. Maas SLN, Breakefield XO, Weaver AM. Extracellular vesicles: unique
intercellular delivery vehicles. Trends Cell Biol. (2017) 27:172-88. doi: 10.1016/
j.tcb.2016.11.003

39. Kulaj K, Harger A, Bauer M, Caliskan OS, Gupta TK, Chiang DM, et al.
Adipocyte-derived extracellular vesicles increase insulin secretion through transport of
insulinotropic protein cargo. Nat Commun. (2023) 14:709. doi: 10.1038/s41467-023-
36148-1

40. Hartwig S, De Filippo E, Goddeke S, Knebel B, Kotzka J, Al-Hasani H, et al.
Exosomal proteins constitute an essential part of the human adipose tissue secretome.
Biochim Biophys Acta Proteins Proteom. (2019) 1867:140172. doi: 10.1016/
j.bbapap.2018.11.009

41. Wang Y, Ali Y, Lim CY, Hong W, Pang ZP, Han W. Insulin-stimulated leptin
secretion requires calcium and pi3k/akt activation. Biochem J. (2014) 458:491-8.
doi: 10.1042/BJ20131176

42. Blandin A, Amosse J, Froger J, Hilairet G, Durcin M, Fizanne L, et al
Extracellular vesicles are carriers of adiponectin with insulin-sensitizing and anti-
inflammatory properties. Cell Rep. (2023) 42:112866. doi: 10.1016/j.celrep.2023.112866

43. Uddin S, Bavi P, Siraj AK, Ahmed M, Al-Rasheed M, Hussain AR, et al. Leptin-R
and its association with pi3k/akt signaling pathway in papillary thyroid carcinoma.
Endocr Relat Cancer. (2010) 17:191-202. doi: 10.1677/ERC-09-0153

44. Hoda MR, Popken G. Mitogenic and anti-apoptotic actions of adipocyte-derived
hormone leptin in prostate cancer cells. BJU Int. (2008) 102:383-8. doi: 10.1111/j.1464-
410X.2008.07534.x

45. Wang D, Chen J, Chen H, Duan Z, Xu Q, Wei M, et al. Leptin regulates
proliferation and apoptosis of colorectal carcinoma through pi3k/akt/mtor signalling
pathway. J Biosci. (2012) 37:91-101. doi: 10.1007/512038-011-9172-4

46. Brunet A, Datta SR, Greenberg ME. Transcription-dependent and -independent
control of neuronal survival by the pi3k-akt signaling pathway. Curr Opin Neurobiol.
(2001) 11:297-305. doi: 10.1016/50959-4388(00)00211-7

47. Uddin S, Hussain AR, Siraj AK, Khan OS, Bavi PP, Al-Kuraya KS. Role of leptin
and its receptors in the pathogenesis of thyroid cancer. Int J Clin Exp Pathol. (2011)
4:637-43.

48. Datta R, Oki E, Endo K, Biedermann V, Ren ], Kufe D. Xiap regulates DNA
damage-induced apoptosis downstream of caspase-9 cleavage. | Biol Chem. (2000)
275:31733-8. doi: 10.1074/jbc.M910231199

49. Saxena NK, Vertino PM, Anania FA, Sharma D. Leptin-induced growth
stimulation of breast cancer cells involves recruitment of histone acetyltransferases
and mediator complex to cyclin D1 promoter via activation of stat3. ] Biol Chem. (2007)
282:13316-25. doi: 10.1074/jbc.M609798200

50. Price RS, Cavazos DA, De Angel RE, Hursting SD, deGraffenried LA. Obesity-
related systemic factors promote an invasive phenotype in prostate cancer cells.
Prostate Cancer Prostatic Dis. (2012) 15:135-43. doi: 10.1038/pcan.2011.54

51. Saxena NK, Taliaferro-Smith L, Knight BB, Merlin D, Anania FA, O’Regan RM,
et al. Bidirectional crosstalk between leptin and insulin-like growth factor-I signaling
promotes invasion and migration of breast cancer cells via transactivation of epidermal
growth factor receptor. Cancer Res. (2008) 68:9712-22. doi: 10.1158/0008-5472.CAN-
08-1952

52. Yuan HJ, Sun KW, Yu K. Leptin promotes the proliferation and migration of
human breast cancer through the extracellular-signal regulated kinase pathway. Mol
Med Rep. (2014) 9:350-4. doi: 10.3892/mmr.2013.1786

53. Huang Y, Jin Q, Su M, Ji F, Wang N, Zhong C, et al. Leptin promotes the
migration and invasion of breast cancer cells by upregulating acat2. Cell Oncol (Dordr).
(2017) 40:537-47. doi: 10.1007/s13402-017-0342-8

54. LiK, Wei L, Huang Y, Wu Y, Su M, Pang X, et al. Leptin promotes breast cancer
cell migration and invasion via il-18 expression and secretion. Int J Oncol. (2016)
48:2479-87. doi: 10.3892/1j0.2016.3483

55. Lin TC, Hsiao M. Leptin and cancer: updated functional roles in carcinogenesis,
therapeutic niches, and developments. Int ] Mol Sci. (2021) 22. doi: 10.3390/
ijms22062870

56. D’Esposito V, Liguoro D, Ambrosio MR, Collina F, Cantile M, Spinelli R, et al.
Adipose microenvironment promotes triple negative breast cancer cell invasiveness
and dissemination by producing ccl5. Oncotarget. (2016) 7:24495-509. doi: 10.18632/
oncotarget.8336

57. Lin R, Wang S, Zhao RC. Exosomes from human adipose-derived mesenchymal
stem cells promote migration through wnt signaling pathway in a breast cancer cell
model. Mol Cell Biochem. (2013) 383:13-20. doi: 10.1007/s11010-013-1746-z

58. Kato S, Abarzua-Catalan L, Trigo C, Delpiano A, Sanhueza C, Garcia K, et al.
Leptin stimulates migration and invasion and maintains cancer stem-like properties in
ovarian cancer cells: an explanation for poor outcomes in obese women. Oncotarget.
(2015) 6:21100-19. doi: 10.18632/oncotarget.4228

Frontiers in Oncology

18

10.3389/fonc.2025.1568524

59. Hoxhaj G, Manning BD. The pi3k-akt network at the interface of oncogenic
signalling and cancer metabolism. Nat Rev Cancer. (2020) 20:74-88. doi: 10.1038/
541568-019-0216-7

60. Yeh WL, Lu DY, Lee MJ, Fu WM. Leptin induces migration and invasion of
glioma cells through mmp-13 production. Glia. (2009) 57:454-64. doi: 10.1002/
glia.20773

61. FanY, Gan Y, Shen Y, Cai X, Song Y, Zhao F, et al. Leptin signaling enhances cell
invasion and promotes the metastasis of human pancreatic cancer via increasing mmp-
13 production. Oncotarget. (2015) 6:16120-34. doi: 10.18632/oncotarget.3878

62. Lee Y, Jung WH, Koo JS. Adipocytes can induce epithelial-mesenchymal
transition in breast cancer cells. Breast Cancer Res Treat. (2015) 153:323-35.
doi: 10.1007/s10549-015-3550-9

63. Davidson B, Goldberg I, Gotlieb WH, Kopolovic J, Ben-Baruch G, Nesland JM,
et al. The prognostic value of metalloproteinases and angiogenic factors in
ovarian carcinoma. Mol Cell Endocrinol. (2002) 187:39-45. doi: 10.1016/s0303-7207(01)
00709-2

64. Beales ILP, Garcia-Morales C, Ogunwobi OO, Mutungi G. Adiponectin inhibits
leptin-induced oncogenic signalling in oesophageal cancer cells by activation of ptp1b.
Mol Cell Endocrinol. (2014) 382:150-8. doi: 10.1016/j.mce.2013.08.013

65. Wang J, Wu Y, Guo J, Fei X, Yu L, Ma S. Adipocyte-derived exosomes promote
lung cancer metastasis by increasing mmp9 activity via transferring mmp3 to lung
cancer cells. Oncotarget. (2017) 8:81880-91. doi: 10.18632/oncotarget.18737

66. Ray A, Cleary MP. The potential role of leptin in tumor invasion and metastasis.
Cytokine Growth Factor Rev. (2017) 38:80-97. doi: 10.1016/j.cytogfr.2017.11.002

67. Lehuede C, Dupuy F, Rabinovitch R, Jones RG, Siegel PM. Metabolic plasticity as
a determinant of tumor growth and metastasis. Cancer Res. (2016) 76:5201-8.
doi: 10.1158/0008-5472.CAN-16-0266

68. Faubert B, Solmonson A, DeBerardinis R]. Metabolic reprogramming and
cancer progression. Science. (2020) 368. doi: 10.1126/science.aaw5473

69. Unterlass JE, Curtin NJ. Warburg and krebs and related effects in cancer. Expert
Rev Mol Med. (2019) 21:e4. doi: 10.1017/erm.2019.4

70. Blanquer-Rossello MDM, Oliver J, Sastre-Serra J, Valle A, Roca P. Leptin
regulates energy metabolism in mcf-7 breast cancer cells. Int ] Biochem Cell Biol.
(2016) 72:18-26. doi: 10.1016/j.biocel.2016.01.002

71. Wang T, Fahrmann JF, Lee H, Li Y], Tripathi SC, Yue C, et al. Jak/stat3-regulated
fatty acid beta-oxidation is critical for breast cancer stem cell self-renewal and
chemoresistance. Cell Metab. (2018) 27:136-50 e5. doi: 10.1016/j.cmet.2017.11.001

72. Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. J Gen
Physiol. (1927) 8:519-30. doi: 10.1085/jgp.8.6.519

73. Hao ], Zhang Y, Yan X, Yan F, Sun Y, Zeng J, et al. Circulating adipose fatty
acid binding protein is a new link underlying obesity-associated breast/
mammary tumor development. Cell Metab. (2018) 28:689-705 e5. doi: 10.1016/
j.cmet.2018.07.006

74. Zeng]J, Sauter ER, Li B. Fabp4: A new player in obesity-associated breast cancer.
Trends Mol Med. (2020) 26:437-40. doi: 10.1016/j.molmed.2020.03.004

75. Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, Carling D, et al. Leptin
stimulates fatty-acid oxidation by activating amp-activated protein kinase. Nature.
(2002) 415:339-43. doi: 10.1038/415339a

76. Pham DV, Tilija Pun N, Park PH. Autophagy activation and srebp-1 induction
contribute to fatty acid metabolic reprogramming by leptin in breast cancer cells. Mol
Oncol. (2021) 15:657-78. doi: 10.1002/1878-0261.12860

77. Rios Garcia M, Steinbauer B, Srivastava K, Singhal M, Mattijssen F, Maida A,
et al. Acetyl-coa carboxylase 1-dependent protein acetylation controls breast cancer
metastasis and recurrence. Cell Metab. (2017) 26:842-55 e5. doi: 10.1016/
j.cmet.2017.09.018

78. Icard P, Wu Z, Fournel L, Coquerel A, Lincet H, Alifano M. Atp citrate lyase: A
central metabolic enzyme in cancer. Cancer Lett. (2020) 471:125-34. doi: 10.1016/
j.canlet.2019.12.010

79. Corrado M, Scorrano L, Campello S. Mitochondrial dynamics in cancer and
neurodegenerative and neuroinflammatory diseases. Int J Cell Biol. (2012) 2012:729290.
doi: 10.1155/2012/729290

80. Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev
Mol Cell Biol. (2010) 11:872-84. doi: 10.1038/nrm3013

81. Ferreira-da-Silva A, Valacca C, Rios E, Populo H, Soares P, Sobrinho-Simoes M,
et al. Mitochondrial dynamics protein drpl is overexpressed in oncocytic thyroid
tumors and regulates cancer cell migration. PloS One. (2015) 10:e0122308. doi: 10.1371/
journal.pone.0122308

82. Senft D, Ronai ZA. Regulators of mitochondrial dynamics in cancer. Curr Opin
Cell Biol. (2016) 39:43-52. doi: 10.1016/j.ceb.2016.02.001

83. Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, et al. Mitochondrial
dynamics regulates migration and invasion of breast cancer cells. Oncogene. (2013)
32:4814-24. doi: 10.1038/0nc.2012.494

frontiersin.org


https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.tcb.2016.11.003
https://doi.org/10.1016/j.tcb.2016.11.003
https://doi.org/10.1038/s41467-023-36148-1
https://doi.org/10.1038/s41467-023-36148-1
https://doi.org/10.1016/j.bbapap.2018.11.009
https://doi.org/10.1016/j.bbapap.2018.11.009
https://doi.org/10.1042/BJ20131176
https://doi.org/10.1016/j.celrep.2023.112866
https://doi.org/10.1677/ERC-09-0153
https://doi.org/10.1111/j.1464-410X.2008.07534.x
https://doi.org/10.1111/j.1464-410X.2008.07534.x
https://doi.org/10.1007/s12038-011-9172-4
https://doi.org/10.1016/s0959-4388(00)00211-7
https://doi.org/10.1074/jbc.M910231199
https://doi.org/10.1074/jbc.M609798200
https://doi.org/10.1038/pcan.2011.54
https://doi.org/10.1158/0008-5472.CAN-08-1952
https://doi.org/10.1158/0008-5472.CAN-08-1952
https://doi.org/10.3892/mmr.2013.1786
https://doi.org/10.1007/s13402-017-0342-8
https://doi.org/10.3892/ijo.2016.3483
https://doi.org/10.3390/ijms22062870
https://doi.org/10.3390/ijms22062870
https://doi.org/10.18632/oncotarget.8336
https://doi.org/10.18632/oncotarget.8336
https://doi.org/10.1007/s11010-013-1746-z
https://doi.org/10.18632/oncotarget.4228
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1038/s41568-019-0216-7
https://doi.org/10.1002/glia.20773
https://doi.org/10.1002/glia.20773
https://doi.org/10.18632/oncotarget.3878
https://doi.org/10.1007/s10549-015-3550-9
https://doi.org/10.1016/s0303-7207(01)00709-2
https://doi.org/10.1016/s0303-7207(01)00709-2
https://doi.org/10.1016/j.mce.2013.08.013
https://doi.org/10.18632/oncotarget.18737
https://doi.org/10.1016/j.cytogfr.2017.11.002
https://doi.org/10.1158/0008-5472.CAN-16-0266
https://doi.org/10.1126/science.aaw5473
https://doi.org/10.1017/erm.2019.4
https://doi.org/10.1016/j.biocel.2016.01.002
https://doi.org/10.1016/j.cmet.2017.11.001
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1016/j.cmet.2018.07.006
https://doi.org/10.1016/j.cmet.2018.07.006
https://doi.org/10.1016/j.molmed.2020.03.004
https://doi.org/10.1038/415339a
https://doi.org/10.1002/1878-0261.12860
https://doi.org/10.1016/j.cmet.2017.09.018
https://doi.org/10.1016/j.cmet.2017.09.018
https://doi.org/10.1016/j.canlet.2019.12.010
https://doi.org/10.1016/j.canlet.2019.12.010
https://doi.org/10.1155/2012/729290
https://doi.org/10.1038/nrm3013
https://doi.org/10.1371/journal.pone.0122308
https://doi.org/10.1371/journal.pone.0122308
https://doi.org/10.1016/j.ceb.2016.02.001
https://doi.org/10.1038/onc.2012.494
https://doi.org/10.3389/fonc.2025.1568524
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Targeting the leptin receptor promotes MDA-MB-231 cells’ metabolic reprogramming and malignancy: the role of extracellular vesicles derived from obese adipose tissue
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 EVs isolation
	2.3 Cell culture
	2.4 Cell treatment
	2.5 EVs staining
	2.6 Immunoblotting
	2.7 Cell death analysis
	2.8 Viability assay
	2.9 Cell migration assay (wound healing)
	2.10 Invasion assay
	2.11 Clonogenicity assay
	2.12 Metalloproteinase-9 activity
	2.13 ATP content assay
	2.14 Glucose-6-phosphate dehydrogenase activity assay
	2.15 Lactate content assay
	2.16 Pyruvate kinase activity assay
	2.17 Mitotracker staining
	2.18 q-RT-PCR
	2.19 Statistical analysis

	3 Results
	3.1 Extracellular vesicles from obese adipose tissue induce leptin signaling in MDA-MB-231 breast cancer cells
	3.2 Leptin-enriched OB-derived extracellular vesicles mitigate early apoptosis in MDA-MB-231 breast cancer cells
	3.3 Leptin-enriched extracellular vesicles from obese cells enhance metastatic properties in MDA-MB-231 breast cancer cells
	3.4 FAO and AKT signaling are essential for leptin-induced migration enhancement
	3.5 Leptin in OB-derived extracellular vesicles and its potential impact on MMP-9 activity
	3.6 Leptin in OB-derived EVs modulates the metabolic profile of MDA-MB-231 cells
	3.7 Leptin in OB-derived extracellular vesicles modulates mitochondrial dynamics in MDA-MB-231 cells

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


