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Background: Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, contributes to endothelial dys-
function and the progression of atherosclerosis. Moreover, mitochondrial damage leads to ferroptosis through accumulation of
reactive oxygen species (ROS). This study aimed to determine whether bone marrow mesenchymal stem cells (BMSCs) protect
endothelial cells from ferroptosis through mitochondrial transfer.

Methods: Human umbilical vein endothelial cells (HUVECs) were treated with oxidized low-density lipoprotein (ox-LDL) to
induce dysfunction. BMSCs were co-cultured with these damaged HUVEC:S in a direct system without Transwell inserts. Mito-
chondrial transfer was evaluated using MitoTracker probes. Key indicators, including adenosine triphosphate (ATP) production,
mitochondrial membrane potential, ferroptosis markers (Fe?*, ROS, malondialdehyde (MDA), lactate dehydrogenase (LDH)),
and ferroptosis-related protein expression (Glutathione Peroxidase 4 (GPX4), Solute Carrier Family 7 Member 11(SLC7A11),
Acyl-CoA Synthetase Long Chain Family Member 4 (ACSL4)) were assessed. Furthermore, rescue experiments were performed
using ferroptosis activator Rat Sarcoma Viral Oncogene Homolog (RAS)-selective lethal small molecule 3 (RSL3) to validate the
underlying mechanisms.

Results: Dual fluorescence microscopy revealed that BMSCs successfully transferred mitochondria to ox-LDL-injured HUVECs.
Mitochondrial transfer significantly increased ATP production (1.9-fold, p < 0.01), restored mitochondrial membrane potential (p
< 0.01), and enhanced endothelial viability (p < 0.01). Furthermore, ferroptosis-related markers were significantly altered: Fe>",
MDA, LDH, and ROS levels decreased (p < 0.05), while glutathione (GSH) levels and anti-ferroptosis protein GPX4 and SLC7A11
increased (p < 0.01), and pro-ferroptosis protein ACSL4 decreased (p < 0.01). RSL3 treatment reversed these protective effects,
confirming the role of ferroptosis inhibition.

Conclusion: This study demonstrates that BMISCs can inhibit ferroptosis and restore endothelial cell function via mitochondrial
transfer. These findings offer novel therapeutic insights into the treatment of atherosclerosis by targeting ferroptosis.
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Introduction macrophages trigger vascular smooth muscle cells to pro-
duce fibromuscular plaques. As complex plaques form, the
endothelial cells adopt a pro-inflammatory phenotype reg-
ulated by inflammatory cell populations, leading to plaque
structural instability and eventual rupture [5]. Therefore,
alleviating endothelial cell dysfunction to prevent the ma-
lignant development of AS has become a significant focus

of current research.

Atherosclerosis (AS) is a chronic inflammatory dis-
ease associated with an increased risk of cardiovascular and
cerebrovascular disorders, including thrombosis, chronic
lumen stenosis, and plaque rupture [1]. In recent years,
the incidence of AS has reportedly increased, posing a sig-
nificant risk to public health and life expectancy [2]. De-

spite technological advancements, the precise pathogenesis
of AS remains unexplored. Current evidence indicates that
AS is a chronic vascular inflammation induced by the in-
teraction of arterial wall cells with detrimental factors such
as smoking, diabetes, hypertension, and other risk contribu-
tors [3]. The endothelium, which forms the innermost layer
of blood arteries, plays a crucial role, and its dysfunction is
widely recognized as an early predictor of AS [4]. Activa-
tion of endothelial cells and the secretion of cytokines by

Iron plays a crucial role in fundamental life processes,
and an imbalance between its intake and output can lead
to the development of various diseases. Excessive levels
of free iron within cells accelerate the oxidation of low-
density lipoprotein (LDL), which is subsequently absorbed
by the LDL receptor on macrophages, resulting in the pro-
duction of foam cells and the progression of AS [6]. Fer-
roptosis, a recently identified form of iron-dependent cell
death, is associated with iron overload, accumulation of re-
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active oxygen species, lipid peroxidation, and glutamate
build-up, and is now considered one of the mechanisms
contributing to endothelial dysfunction [7]. According to
Bai et al. [8], inhibiting ferroptosis can lower lipid per-
oxidation and endothelial cell dysfunction, thereby allevi-
ating AS progression. Nevertheless, approaches to pre-
vent ferroptosis in endothelial cells remain to be investi-
gated. Moreover, mitochondrial damage or dysfunction can
induce excessive reactive oxygen species (ROS)-mediated
oxidative stress, which in turn causes ferroptosis, under-
scoring the close association between ferroptosis and mito-
chondrial function [9]. Therefore, maintaining mitochon-
drial functional homeostasis may represent an effective ap-
proach to inhibit endothelial cell ferroptosis.

A study has demonstrated the role of mitochondrial
damage and dysfunction in the pathophysiology of AS [10].
The transfer of mitochondria between cells has been iden-
tified as a key mechanism in tissue repair. Notably, Zhang
et al. [11] (2023) first confirmed this phenomenon in alve-
olar epithelial cells during lung injury, while Paliwal et al.
[12] (2018) reported a comprehensive review of the regen-
erative functions of mesenchymal stem cells (MSCs) in this
context. In endothelial cells, mitochondrial dysfunction can
generate excessive reactive oxygen species (ROS), induc-
ing oxidative stress, lipid peroxidation, and ultimately cell
death, processes that are key drivers in the initiation and
progression of AS [13]. Given this, restoring mitochondrial
function is emerging as a potential therapeutic target to al-
leviate endothelial dysfunction associated with AS.

While mitochondria are responsible for cellular oxy-
gen intake, endothelial cells play a crucial role in transport-
ing oxygen from the pulmonary circulation to the surround-
ing vascular tissues. In recent years, a growing body of ev-
idence has shown that cells can exchange mitochondria to
mitigate oxidative injury. Intercellular mitochondrial trans-
fer, a process in which healthy mitochondria are transferred
from functional donor cells to stressed or damaged recipient
cells, has been identified as a novel mechanism of cellular
repair in various pathological conditions [ 14]. This transfer
increases mitochondrial content and functional capacity of
recipient cells, enabling them to resume energy metabolism
and maintain redox homeostasis.

The ability of MSCs to donate normal mitochondria
has been identified as an emerging strategy for repairing
damaged cells or tissues [12]. For example, Li et al. [15]
confirmed that mitochondrial transfer from bone marrow
mesenchymal stem cells (BMSCs) to damaged neurons can
provide neuroprotection in spinal cord injury. Among the
various MSC subtypes, BMSCs have received particular at-
tention due to their accessibility, strong self-renewal abil-
ity, and well-documented efficiency in mitochondrial dona-
tion. Their ability to regulate immune responses and secrete
trophic factors further enhances their reparative functions,
making them especially suitable for targeting vascular and
metabolic disorders. BMSCs, which are primitive progeni-
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tor cells derived from the mesoderm with self-renewal and
potential multi-directional differentiation, are often used as
mitochondrial donor cells [16]. Furthermore, the therapeu-
tic potential of BMSCs in treating AS has also been af-
firmed [16]. However, although mitochondrial transfer has
been studied in models of neurological and pulmonary dis-
eases, its role in endothelial dysfunction during atheroscle-
rosis, particularly in preventing ferroptosis, remains yet to
be elucidated.

Thus, elucidating whether BMSCs can transfer mi-
tochondria to protect endothelial cells from ferroptosis
may provide valuable insight into developing novel anti-
atherosclerotic therapies. Against this background, mi-
tochondrial transfer appears to be an effective strategy
for protecting against endothelial cell injury. Hence, the
present study aimed to explore the mechanism by which
BMSCs transfer mitochondria to endothelial cells to inhibit
ferroptosis and to further examine how this mechanism im-
pacts endothelial dysfunction. The findings are anticipated
to provide a theoretical basis for developing therapeutic
strategies to reduce atherosclerotic plaque formation and re-
duce the progression of AS.

Materials and Methods

Cell Culture and Treatment

Human umbilical vein endothelial cells (HUVECs,
Cat# CP-H082) and bone marrow mesenchymal stem cells
(BMSCs, Cat# CP-H166) were obtained from Procell Life
Science & Technology Co., Ltd. (Procell, Wuhan, China).
Both cell lines were authenticated by short tandem repeat
(STR) profiling and examined for mycoplasma contamina-
tion before use. The cells were cultured in their respec-
tive complete media (Procell, Wuhan, China) containing
10% fetal bovine serum (Excell Bio, Shanghai, China), 100
units/mL penicillin, and 50 units/mL streptomycin (Bey-
otime, Suzhou, China) at 37 °C in the presence of 5% COs.

To induce endothelial dysfunction, HUVECs were
treated with oxidized low-density lipoprotein (ox-LDL, So-
larbio, Beijing, China) at final concentrations of 50 pg/mL
and 100 pg/mL for 48 hours. Based on preliminary results,
100 pg/mL ox-LDL was selected as the standard condition
for establishing endothelial injury in subsequent co-culture
assays.

The direct co-culture system was established by seed-
ing BMSCs and ox-LDL-injured HUVECs: in the same well
at a ratio of 1:2 cells without a Transwell insert. BMSCs
were seeded at a density of 5000 cells/cm? and HUVECs at
10,000 cells/cm2. After inoculation, cells were co-cultured
in shared growth medium with medium changes every 2
days.

To evaluate the role of ferroptosis, the specific fer-
roptosis inducer Rat Sarcoma Viral Oncogene Homolog
(RAS)-selective lethal small molecule 3 (RSL3) (Selleck
Chemicals, Houston, TX, USA) was used in rescue exper-
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iments. RSL3 was dissolved in DMSO and added to the
co-culture system at a final concentration of 5 pmol/L for
24 hours. The final DMSO concentration was maintained
below 0.1% to avoid solvent-induced cytotoxicity.

Identification of Surface Antigens of BMSCs

The expression levels of surface markers cluster of
differentiation 44 (CD44) and cluster of differentiation 45
(CD45) in BMSCs were assessed using flow cytometry.
BMSCs in the logarithmic growth phase were seeded at a
density of 1 x 106 cells per well on a 6-well plate and in-
cubated for 48 hours. Following digestion, the cells were
centrifuged at 800 rpm for five minutes. The cell pellet
was thoroughly washed with PBS, centrifuged again, and
counted. After that, a 50 pL single-cell suspension was
treated with 10 puL of fluorochrome-conjugated antibodies
(anti-CD44-FITC, Cat# ab30405, Abcam, Cambridge, UK;
and anti-CD45-PE, Cat# ab269297, Abcam, Cambridge,
UK) for 60 minutes at room temperature in the dark. Fol-
lowing staining, cells were washed twice with PBS and cen-
trifuged. Finally, the cells were resuspended in PBS before
flow cytometric analysis. The results were examined and
analyzed using FlowJo software (Version 10.8.1, BD Bio-
sciences, Ashland, OR, USA).

Alizarin Red Staining for Osteogenic Differentiation

BMSCs were inoculated at a density of 5000 cells/cm?
onto a 24-well plate. After allowing the cells to adhere to
the wall for 24 hours, osteogenic induction medium (com-
plete medium + 50 pg/mL Vitamin C + 10 mmol/L -
Sodium glycerophosphate + 100 nmol/L dexamethasone,
Beyotime, Suzhou, China) was added. The medium was
changed every 2-3 days, and the cells were cultivated for
14 days. After induction, the wells were washed with PBS
and fixed with 4% paraformaldehyde (Beyotime, Suzhou,
China) at room temperature for 15 minutes. Then, the
cells were washed three times with PBS, and stained with
Alizarin Red solution (Beyotime, Suzhou, China) for 30
minutes at room temperature. After staining, the forma-
tion of calcium nodules in the mineralized matrix was de-
termined based on the intensity and extent of red coloration.

For quantitative analysis, microscopic images were
captured from at least five random fields per well under con-
sistent light exposure conditions. The staining intensity was
analyzed using ImageJ software (version 1.53t, National In-
stitutes of Health, Bethesda, MD, USA), and results were
expressed as mean gray value or integrated density to quan-
tify calcium deposition.

Oil Red O Staining for Lipid Differentiation

After adherence to the wall as stated above, BMSCs
were cultured in adipogenic induction medium (complete
medium + 1 pg/mL insulin + 10 umol/L rosiglitazone +
250 nmol/L dexamethasone, Beyotime, Suzhou, China) for
14 days, with the medium changed every 2-3 days. After

induction, the cells were fixed with 4% paraformaldehyde
(Beyotime, Suzhou, China) and washed with PBS. Oil Red
O staining solution (Beyotime, Suzhou, China) was then
added, and the cells were stained at room temperature in
the dark for 30 minutes. The formation of lipid droplets was
determined based on the intensity and extent of red staining.

The stained areas were visualized under a microscope,
and ImageJ software was used to quantify the red staining
area, and its intensity was determined. Results were ex-
pressed as a percentage of the stained area or as integrated
density values.

Alcian Blue Staining for Cartilage Differentiation

After adhering to the plate wall according to the above
method, BMSCs were cultured in chondrogenic induction
medium (complete medium + 0.1 umol/L dexamethason
+ 50 pg/mL ascorbic acid + 0.9 mmol/L sodium pyru-
vate + 1% ITS + 50 pg/mL proline, Beyotime, Suzhou,
China) for 14 days, with medium was changes every 2—
3 days. After that, the cells were washed and fixed, and
then treated with Alcian blue acidification solution (Bey-
otime, Suzhou, China) for 3 minutes. Subsequently, the
cells were stained with Alcian blue staining solution (Bey-
otime, Suzhou, China) for 30 minutes. Cartilage differenti-
ation was evaluated based on the extent of blue cytoplasmic
staining.

For quantitative assessment, stained cells were imaged
under consistent conditions, and the blue-stained area was
analyzed using ImagelJ software to measure integrated op-
tical density (IOD).

The Detection of Cell Apoptosis

The apoptosis rate of HUVECs was determined us-
ing the Annexin V-FITC kit (Beyotime, Suzhou, China).
Once the cells reached confluence in the monolayer flask,
they were detached using 0.25% trypsin-EDTA (Gibco,
Waltham, MA, USA), centrifuged, and then resuspended at
1000 rpm for 5 minutes. The cell pellet was then resus-
pended in pre-made 1X Annexin V binding solution to a
final concentration of 1 x 10° cells/mL. After that, 5 uL
of Annexin V-FITC complex and 5 pL of PI Solution were
added to 100 pL of cell suspension, incubated for 15 min-
utes at room temperature in the dark. In the next step, 1X
Annexin V Binding Solution (400 uL) was added. Finally,
the samples were analyzed within one hour using Attune
NxT flow cytometry (Invitrogen, Waltham, MA, USA), and
data were examined using FlowJo software (Version 10.8.1,
BD Biosciences, Ashland, OR, USA).

ELISA Assay

The enzyme-linked immunosorbent assay (ELISA)
assay was performed to identify the presence of inflamma-
tory factors. After treatment, the supernatant from each cell
group was obtained. Following the manufacturer’s instruc-
tions (HNYBIO, Shanghai, China), standard curves were
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developed, and the expression levels of interleukin-6 (IL-
6), tumor necrosis factor-alpha (TNF-«), and interleukin-1
beta (IL-153) were assessed using an RT-6000 microplate
reader (Rayto, Shenzhen, China).

Endothelial Cell Infiltration Assay

The HUVEC: cell suspension was adjusted to a con-
centration of 1 x 10° cells/mL and inoculated into a Tran-
swell chamber insert placed in a 24-well cell culture plate.
Before seeding, 1 mL of complete cell culture medium
was added to the lower chamber of the culture plate. Af-
ter incubation and two PBS washes, the Transwell insert
was shifted to a fresh 24-well plate. The lower chamber
was filled with 600 pL 4% BSA solution, while the upper
chamber was filled with 100 pL EB-BSA working solution
(MeRCK, Rahway, NJ, USA), ensuring equal liquid levels
to prevent leakage due to level differences. The system was
equilibrated for 1 hour at 37 °C in a 5% COx, cell culture in-
cubator.

After incubation, the Transwell chamber was re-
moved, and the solution from the lower chamber was aspi-
rated and centrifuged at 1000 rpm for 5 minutes. The super-
natant was added to a 96-well plate. The EB-BSA working
solution (at an initial concentration of 0.67 mg/mL) was se-
rially diluted to develop a standard curve. The OD was mea-
sured at 620 nm using an RT-6000 microplate reader (Rayto,
Shenzhen, China). Finally, the concentration of EB in the
lower Transwell chamber was calculated based on the stan-
dard curve to determine the permeability of the endothelial
cell monolayer.

Observation of Mitochondrial Transfer

To trace mitochondrial localization, two fluorescent
probes were used. BMSCs were stained with MitoTracker
Red staining solution (Beyotime, Suzhou, China), and HU-
VECs were stained with MitoTracker Green (Beyotime,
Suzhou, China). Each staining step lasted for 30 minutes
at 37 °C. After staining, the solutions were removed and re-
placed with fresh pre-warmed cell culture medium. Finally,
cell nuclei were counterstained with DAPI for 3 minutes.
The results were observed and images were recorded using
an EVOS M5000 fluorescence microscope (Thermo Fisher,
Waltham, MA, USA).

Measurement of Mitochondrial Membrane Potential

Logarithmic-phase HUEVCs were inoculated at a
density of 1 x 10 cells per well in a 6-well plate. After
washing, 1 mL of diluted TMRE staining solution (Bey-
otime, Suzhou, China) was added to each well and incu-
bated at 37 °C for 30 minutes. After incubation, the cells
were washed twice with preheated cell culture medium.
Fluorescence was observed, and images were recorded us-
ing an EVOS M5000 fluorescence microscope (Thermo
Fisher, Waltham, MA, USA) at a wavelength of 575 nm.
The fluorescence intensity was quantified using ImageJ
software.
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Detection of ATP Levels

The intracellular adenosine triphosphate (ATP) levels
were determined using a colorimetric approach. Following
the manufacturer’s instructions (Njjcbio, Nanjing, China),
the appropriate reagents were prepared, and absorbance (A)
values were assessed using an RT-6000 microplate reader
(Rayto, Shenzhen, China). ATP levels were calculated us-
ing the following formula: ATP content (umol/g prot) = (A
determination — A control) / (A standard — A blank) x ¢
standard x N/ cpr.

CCK-8 Assay

Cell proliferation capability was examined using the
CCK-8 assay (Bioss, Beijing, China). Logarithmic phase
cells were collected, counted, and adjusted to the required
concentration. After that, 2 x 103 cells/well were seeded
into a 96-well plate. After a 12-hour pre-incubation, 10 pL.
of CCK-8 reagent was added to each well, and the plate was
incubated for an additional 2 hours at 37 °C. Absorbance
was then measured at 450 nm using an RT-6000 microplate
reader (Rayto, Shenzhen, China). Cell proliferation was ex-
pressed as cell survival rate, calculated as follows: Cell sur-
vival rate (%) = (OD value (sample) — OD value (CCK-8))
/ (OD value (control group) — OD value (CCK-8)) x 100%.

Transwell Assay

A Transwell chamber pre-coated with Matrigel was
filled with a suspension of HUVECs at a density of 1-5
x 10° cells/mL. The lower chamber was filled with 600
pL of culture media containing 10% FBS. The chambers
were incubated at 37 °C for 24 hours in a 5% CO; incu-
bator to allow cell invasion through the membrane. Af-
ter that, the cells were washed with PBS and fixed with
4% paraformaldehyde for 10 minutes. The fixative in the
bottom chamber was then discarded, the top chamber was
removed and stained with crystal violet staining solution
(Sigma-Aldrich, St. Louis, MO, USA) for 10 minutes. Fol-
lowing staining, the insert was thoroughly washed with wa-
ter and air-dried. Finally, invasion cells were assessed using
a microscope.

Wound Healing Assay

HUVECs were seeded in a 6-well plate at a density of
1 x 105 cells/well and incubated for 4 hours. After cells
adhered to the plate wall, drug treatment was applied as
required. Once the cell achieved over 90% confluence, a
straight scratch was made using a sterilized pipette tip along
a guideline marked on the back of the plate. The scratch
area at 0 hours was observed and imaged under a micro-
scope. The same area was re-observed and imaged after 24
hours to evaluate cell migration.
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Detection of Fe*t, GSH, LDH, and MDA Content

The content of ferroptosis-related indicators was as-
sessed using the reagent kit (Beyotime, Suzhou, China) fol-
lowing the manufacturer’s instructions. Absorbance was
recorded at 593 nm for Fe?, 412 nm for glutathione
(GSH), 490 nm for lactate dehydrogenase (LDH), and at
532 and 600 nm for malondialdehyde (MDA).

Detection of ROS Content

The ROS levels were detected using a DCFH-DA flu-
orescent probe (Beyotime, Suzhou, China). DCFH-DA was
diluted at a 1:1000 ratio in serum-free culture medium to
a final concentration of 10 umol/L and incubated with the
cells for 20 minutes. The cells were washed three times
with serum-free cell culture medium to thoroughly remove
any excess probe that had not entered the cells. The cells
were digested and resuspended in an appropriate volume of
culture medium, transferred to a centrifuge tube, and then
centrifuged at 1000 rpm for 5 minutes. Fluorescence detec-
tion was performed by flow cytometry within 30 minutes,
using an excitation wavelength of 488 nm and an emission
wavelength of 525 nm.

Western Blot Analysis

Western blot analysis was employed to assess the ex-
pression levels of Glutathione Peroxidase 4 (GPX4), So-
lute Carrier Family 7 Member 11 (SLC7A11), and Acyl-
CoA Synthetase Long Chain Family Member 4 (ACSL4).
For this purpose, total protein was isolated using RIPA
lysis buffer (Beyotime, Suzhou, China), and its concen-
tration was determined using a BCA kit (NCM Biotech,
Suzhou, China). An equal amount of proteins (20 pg)
was resolved using SDS-PAGE gel electrophoresis and sub-
sequently transferred onto a PVDF membrane (Millipore,
Burlington, MA, USA). The membrane was then blocked
with 5% skim milk powder (BD, Franklin Lakes, NJ, USA)
and incubated overnight at 4 °C with the following pri-
mary antibodies: anti-GPX4 antibody (Cat# ab125066, Ab-
cam, Cambridge, UK, 1:1000), SLC7A11 polyclonal an-
tibody (Cat# PA5-23082, Thermofisher, Waltham, MA,
USA, 1:1000), anti-ACSL4 antibody (Cat# ab155282, Ab-
cam, Cambridge, UK, 1:1000), and anti-GAPDH antibody
(Cat# ab8245, Abcam, Cambridge, UK, 1:5000). The fol-
lowing day, after washing, the membrane was incubated
with the appropriate HRP-conjugated secondary antibody,
such as goat anti-mouse (Cat# bs-0296G-HRP, Bioss, Bei-
jing, China, 1:5000) or goat anti-rabbit IgG H&L (Cat# bs-
0295G-HRP, Bioss, Beijing, China, 1:5000), for one hour
at room temperature. After that, protein bands were devel-
oped using a chemiluminescence imaging system (Tanon,
Shanghai, China), and grayscale analysis was performed
using Image J software.

Statistical Analysis

Experimental data were represented as mean =+ stan-
dard error of the mean (SEM), and statistical analysis was
conducted using GraphPad Prism 8 (Version 8.0.2, Graph-
Pad Software Inc., San Diego, CA, USA). Multiple-group
comparisons were performed using one-way ANOVA fol-
lowed by Tukey’s post hoc test to identify significant dif-
ferences between groups. Comparison between two groups
was conducted using the z-test. Statistical significance was
set ata p-value of <0.05. All quantitative experiments were
performed with three independent biological replicates (n =
3), unless otherwise specified.

Results

Cultivation and Identification of BMSCs

Initially, we verified the phenotype of BMSCs after
the growth of cells reached 80% confluence. Flow cytome-
try analysis revealed that the proportion of CD44 and CD45
positive cells was 99.9% and 1.1%, respectively, which met
the standard criteria for BMSCs surface antigens (Fig. 1A).
Then, we evaluated the multidirectional differentiation po-
tential of BMSCs. Alizarin red staining showed vivid red
nodules, indicating calcium salt deposition within the cell
clusters, serving as a visual marker of successful osteogenic
differentiation (Fig. 1B). Oil Red O staining revealed dis-
tinct, red-stained intracellular lipid droplets, many appear-
ing as spherical structures that aggregated into larger vesi-
cles, which is a typical characteristic of adipogenic differ-
entiation (Fig. 1C).

Additionally, Alcian blue staining showed a dense
blue extracellular matrix within the cytoplasm of BMSCs,
signifying successful chondrogenic induction characterized
by glycosaminoglycan accumulation (Fig. 1D). These re-
sults confirmed that the BMSCs cell line had pluripotency
towards adipogenesis, chondrogenesis, and osteogenesis,
and met the established surface marker criteria for BMSCs.
Therefore, the cell line was utilized in subsequent experi-
mental research.

Mitochondria From BMSCs Could Be Transferred to
Injured Endothelial Cells

To investigate whether healthy mitochondria from
BMSCs can be transferred to injured endothelial cells, we
first constructed an endothelial cell dysfunction model us-
ing HUVECs. HUVECs were exposed to medium con-
taining 50 ug/mL ox-LDL and 100 ug/mL ox-LDL for
48 hours. We found that increasing ox-LDL concentra-
tions substantially elevated the apoptosis rate of HUVECs
(Fig. 2A). Furthermore, the levels of inflammatory fac-
tors, including IL-13, IL-6, and TNF-«, also increased in
a concentration-dependent manner in response to ox-LDL
treatment (Fig. 2B). Additionally, the endothelial cell infil-
tration assay showed that the HUVECs permeability was
significantly increased after ox-LDL treatment, especially


https://www.discovmed.com/

A
500 BL1-A- BL1-A+ 200 {BL1-A- BL1-A+
0.069 99.9 100.0 0.011
400
1504
g 3004 E
2 2
[ S 1001
200
50 _
1004
0 0
e A B SR 0.1 2 3 d 58
100100 10° 10 10" 1010 100100 10° 10° 10" 1010
FITC-CD44 FITC-CD45
C
CON LM
r " 50 EXTS
P p g o
g w0 ¢ g®
” RO X 2
c ) ) (] > 30
4. : R
) 20
3
[

%
"2
3

g
=3

CON LM

1377

*kk

Relative Value
P
S
3

CON cM

Relative Value

50

CON CM

Fig. 1. Identification of bone marrow mesenchymal stem cells (BMSCs). (A) Flow cytometry for the expression of biomarkers

in BMSCs. (B) Alizarin red staining for the intracellular calcium deposition and its quantitative analysis. Scale bar, 50 pm. For the

osteogenic medium (OM) group, BMSCs were cultured using osteogenic induction medium after attachment. (C) Oil red O staining

for assessing the number of intracellular lipid droplets and its quantitative analysis. Scale bar, 50 um. For the lipogenic medium (LM)

group, BMSCs were cultured using adipogenic induction medium after attachment. (D) Alcian blue staining for the identification of

the chondrogenic differentiation ability of cells and its quantitative analysis. Scale bar, 50 pm. For chondrogenic medium (CM) group,

BMSCs were cultured using chondrogenic induction medium after attachment. n = 3. CON, control group. ***p < 0.001 between

indicated groups.

at 100 pg/mL (Fig. 2C). Based on these results, HUVECs
treated with 100 pg/mL ox-LDL were used as endothelial
cell injury models.

Furthermore, to explore whether mitochondria could
be transferred to injured HUVECs through direct co-
culture, BMSCs were pre-labeled with MitoTracker Red
and HUVECs with MitoTracker Green, followed by co-
culture for 24 hours. Laser confocal microscopy revealed
distinct red fluorescent signals within the green-labeled
HUVECs (Fig. 2D), confirming that mitochondria from
BMSCs had successfully entered the recipient endothelial
cells. This co-localization indicates active mitochondrial
transfer rather than simple cell proximity. Furthermore, this
mitochondrial uptake was accompanied by a significant in-
crease in ATP levels and mitochondrial membrane poten-
tial (p < 0.01) (Fig. 2E-G), reinforcing the functional sig-
nificance of this transfer. Collectively, these findings in-
dicate that BMC-derived mitochondria can enter damaged
endothelial cells and improve their ATP production.

Mitochondrial Transfer From BMSCs Improved
Endothelial Cell Dysfunction

We evaluated whether mitochondrial transfer has a
protective effect on injured HUVECs. Cell Counting Kit-
8 (CCK-8) assay results showed that the viability of ox-
LDL-treated HUVECs was significantly enhanced after co-

cultivation with BMSCs (p < 0.01, Fig. 3A). Additionally,
Transwell and wound healing assay revealed a substantial
increase in the invasion and migration abilities of HUVECs
in the presence of BMSCs (p < 0.01, Fig. 3B,C). Further-
more, flow cytometry analysis showed that co-culture with
BMSCs substantially reduced the apoptosis rate of HU-
VECs (Fig. 3D). Moreover, the levels of inflammatory fac-
tors and cell permeability in HUVECs were also reduced
following exposure to BMSCs (p < 0.001, Fig. 3E,F). Over-
all, these observations suggest that BMSCs may attenuate
HUVEC injury through mitochondrial transfer.

Mitochondrial Transfer From BMSCs Inhibited
Ferroptosis in Endothelial Cells

Given that excessive ROS production due to mito-
chondrial dysfunction is closely related to the induction of
ferroptosis, we examined the impact of BMSCs on ferrop-
tosis in HUVECs. Particularly, we assessed the impact of
mitochondrial transfer of BMSCs on iron overload, ROS
levels, and the expression of ferroptosis-related proteins in
HUVECs. We found that co-culturing HUVECs with BM-
SCs significantly decreased the levels of Fe?t, LDH, and
MDA, while increasing GSH levels, indicating that BMSCs
alleviated iron excess in HUVECs (Fig. 4A-D). Moreover,
GSH levels in the HUVECs were significantly increased af-
ter co-culture with BMSCs (p < 0.01), suggesting enhanced
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Fig. 2. Observing whether mitochondria could be transferred from BMSCs to endothelial cells. (A) Flow cytometry analysis to
assess the apoptosis rate in human umbilical vein endothelial cells (HUVECs). HUVECs were treated with 50 or 100 pg/mL oxidized
low-density lipoprotein (ox-LDL) for 48 hours. (B) The enzyme-linked immunosorbent assay (ELISA) assay to evaluate the expression
levels of inflammatory factors. (C) Endothelial cell infiltration assay to examine endothelial cell function. (D) MitoTracker Red staining
to observe mitochondrial metastasis after a co-culture with BMSCs and HUVECs treated with 100 pg/mL ox-LDL for 24 hours. Red
indicated BMSCs pre-stained with MitoTracker Red, green indicated HUVECs pre-stained with MitoTracker Green, and blue indicated
the nucleus of HUVECs. Scale bar, 100 um. (E,F) Tetramethylrhodamine ethyl ester (TMRE) fluorescent analysis to examine mitochon-
drial membrane potential in HUVECs after co-cultivation and its quantitative analysis. Scale bar, 100 um. (G) Detection of adenosine

triphosphate (ATP) levels in HUVECSs after co-cultivation. n = 3. **p < 0.01 and ***p < 0.001 between indicated groups.

intracellular antioxidant capacity (Fig. 4B). Co-culture with ~ GPX4 and SLC7A11, while downregulating ACSL4 in HU-
BMSCs also reduced the ROS levels in HUVECs (Fig. 4E). VECs (Fig. 4F). Collectively, these findings indicate that
Additionally, Western blot assay demonstrated that BMSCs BMSCs may prevent ferroptosis in HUVECs by providing
upregulated the expression of the anti-ferroptosis proteins  healthy mitochondria.
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Fig. 3. The effect of mitochondrial transfer from BMSCs on endothelial cell dysfunction. (A) Cell Counting Kit-8 (CCK-8) assay
to examine cell proliferation. (B) Transwell assay to assess cell invasion. Scale bar, 50 pm. (C) Wound healing assay to evaluate the

migrating ability of cells at 24 hours. Scale bar, 50 um. (D) Flow cytometry to detect the apoptosis rate of cells. (E) ELISA assay to

examine the expression levels of inflammatory factors. (F) Endothelial cell infiltration assay to evaluate endothelial cell function. For
the control (CON) group, HUVECs were treated with 100 pg/mL ox-LDL for 24 hours. For the BMSCs group, HUVECsS treated with
100 pg/mL ox-LDL were co-cultured with BMSCs for 24 hours. n = 3. **p < 0.01 and ***p < 0.001 between indicated groups.

Activation of Ferroptosis Reversed Endothelial Cell
Injury Improved by BMSCs

Based on our results, we speculated that BMSCs may
alleviate endothelial cell dysfunction by inhibiting ferrop-
tosis. To test this hypothesis, the specific ferroptosis acti-
vator RSL3 was added to the co-culture system. The ad-
dition of RSL3 led to a decrease in the expression of anti-
ferroptosis proteins and an increase in pro-ferroptosis pro-
teins expression, indicating successful activation of ferrop-
tosis (Fig. 5SA). As expected, treatment with RSL3 signifi-
cantly reduced the viability, invasion, and migration abili-
ties of HUVECs: in the co-culture system and substantially
elevated HUVECs’ apoptosis (Fig. SB-E).

Before co-culture, ox-LDL-treated HUVECs showed
elevated levels of inflammatory cytokines, including IL-13,
IL-6, and TNF-q, establishing a pro-inflammatory baseline.

After co-culture with BMSCs, these cytokine levels
were significantly reduced (p < 0.01), indicating the anti-

inflammatory potential of BMSCs under oxidative stress.
However, treatment with the ferroptosis activator RSL3 re-
versed the suppressive effect of BMSCs, resulting in a rise
in IL-13, IL-6, and TNF-a levels, although the cytokines
did not return to baseline levels. Additionally, RSL3 treat-
ment elevated both inflammatory factor levels and cell per-
meability (Fig. 5F,G). These findings demonstrate that in-
hibiting ferroptosis is a crucial protective mechanism by
which BMSC-derived mitochondrial transfer enhances en-
dothelial cell function.

Discussion

Endothelial dysfunction is widely recognized as a key
pathological driver in cardiovascular diseases, contributing
to increased vascular permeability, chronic inflammation,
and impaired vasodilation—all of which exacerbate the pro-
gression of atherosclerosis and thrombosis [17]. While
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Fig. 4. The effect of mitochondrial transfer from BMSCs on ferroptosis in endothelial cells. (A) The levels of Fe>" in HUVECs in
the co-culture system. (B) The levels of glutathione (GSH) in HUVECsS in the co-culture system. (C) The content of lactate dehydro-
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(E) DCFH-DA fluorescent probe to detect ROS levels in different groups of HUVECs. ‘CON+ group’ indicates HUVECs treated with
10 uM CCCP as a positive control for ROS elevation; ‘CON group’ indicates untreated HUVECs; ‘BMSCs group’ refers to ox-LDL-
injured HUVECs co-cultured with BMSCs for 24 hours. Scale bar, 100 um. (F) Western blot assay to determine the expression levels
of ferroptosis-related proteins, Glutathione Peroxidase 4 (GPX4), Solute Carrier Family 7 Member 11 (SLC7A11), and Acyl-CoA Syn-
thetase Long Chain Family Member 4 (ACSL4). Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was used as a reference. n =
3. *p < 0.05, **p < 0.01 and ***p < 0.001 between indicated groups.

traditional perspectives have emphasized oxidative stress
and cytokine imbalance as the major contributors, recent
studies highlight the crucial role of mitochondrial dysfunc-
tion in modulating endothelial behavior. Although mito-
chondria are not the primary energy source for endothelial
cells, they are pivotal for regulating cell migration, angio-
genesis, and survival. Previous study has shown that im-
paired mitochondrial integrity increases ROS production
and promotes endothelial injury [18]. However, relatively
few studies have proposed directly restoring mitochondrial

function in endothelial cells as a therapeutic strategy. Our
findings provide novel mechanistic insight into this field by
demonstrating that bone marrow mesenchymal stem cells
(BMSCs) can restore endothelial function through mito-
chondrial transfer. Notably, we observed that mitochon-
drial donation from BMSCs significantly enhanced HU-
VEC viability, reduced permeability, and improved migra-
tory capacity—all of which are key indicators of endothelial
health and integrity.
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Fig. 5. Rescue experiments based on ferroptosis activators. (A) Western blot assay to assess the expression levels of ferroptosis-
related proteins Glutathione Peroxidase 4 (GPX4), Solute Carrier Family 7 Member 11 (SLC7A11), and Acyl-CoA Synthetase Long
Chain Family Member 4 (ACSL4). Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) was used as a reference. (B) CCK-8 assay
to examine cell proliferation ability. (C) Transwell assay to evaluate cell invasion ability. Scale bar, 50 pm. (D) Wound healing assay to
assess the migration ability of cells at 24 hours. Scale bar, 50 pm. (E) Flow cytometry to detect the apoptosis rate of cells. (F) ELISA assay
to determine the expression levels of inflammatory factors. (G) Endothelial cell infiltration assay to evaluate endothelial cell function.
The CON and BMSCs groups underwent treatment as described above. The BMSCs+Rat Sarcoma Viral Oncogene Homolog (RAS)-
selective lethal small molecule 3 (RSL3) group referred to HUVECS treated with 100 pg/mL ox-LDL and co-cultured with BMSCs, and
5 umol/mL RSL3 was added. n = 3. *p < 0.05, **p < 0.01 and ***p < 0.001 between indicated groups.

Recent research has confirmed that BMSCs can trans- ever, to the best of our knowledge, this study is the first
fer normal mitochondria to various damaged somatic cells, to show that BMSC-mediated mitochondrial transfer ex-
thereby enhancing their energy metabolism [11]. How- erts protective effects specifically by inhibiting ferropto-
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sis in endothelial cells, revealing a novel anti-ferroptosis
mechanism. Furthermore, unlike conventional ferroptosis
interventions, which typically rely on small-molecule in-
hibitors such as ferrostatin-1 or upregulation of GPX4 ex-
pression [19], these approaches often neglect mitochon-
drial dysfunction, a key upstream factor in ferroptosis in-
duction. Our results extend beyond these chemical strate-
gies by demonstrating a biologically active, mitochondria-
based protective mechanism. Consistent with previous re-
ports demonstrating the regenerative capacity of BMSCs in
repairing bone, cartilage, and adipose tissues [11], we con-
firmed their multipotency and verified their role in mito-
chondrial transfer through co-culture assays. After mito-
chondrial transfer, recipient HUVECs exhibited increased
intracellular ATP levels and enhanced mitochondrial mem-
brane potential, indicating the restoration of mitochondrial
homeostasis and functional integrity.

Ferroptosis is a recently defined form of regulated cell
death that is distinct from apoptosis and necrosis and is pri-
marily driven by intracellular iron overload and subsequent
lipid peroxidation [20]. Previous study has revealed that
ferroptosis is closely associated with the pathogenesis of
various diseases, including cardiovascular conditions, neu-
rodegeneration, and cancers [21]. Mechanistically, disrup-
tion of intracellular iron metabolism can lead to excessive
accumulation of Fe?*, which catalyzes oxidative reactions
and promotes the peroxidation of membrane lipids, ulti-
mately resulting in cell death [22].

In line with these findings, our study also observed
that endothelial cells subjected to oxidative stress exhib-
ited elevated iron levels and clear ferroptosis-related phe-
notypes. However, unlike conventional approaches that
utilize chemical inhibitors such as ferrostatin-1 or GPX4
overexpression to suppress ferroptosis, our findings demon-
strate that mitochondrial transfer from BMSCs can ex-
ert a comparable inhibitory effect by restoring mitochon-
drial function and redox balance. Specifically, this transfer
significantly improved intracellular energy status, reduced
Fe?* accumulation, and mitigated oxidative stress in injured
HUVECs.

Furthermore, at the protein level, our findings sup-
port and extend previous reports regarding key regulators
of ferroptosis. For instance, GPX4, a pivotal antioxidant
enzyme, suppresses ferroptosis by neutralizing lipid perox-
ides [19]. SLC7A11, a component of the system Xc~ trans-
porter, maintains glutathione synthesis by importing cys-
tine, thereby contributing to redox homeostasis [23]. Con-
versely, ACSL4 promotes the synthesis of polyunsaturated
phospholipids, which are substrates for lipid peroxidation
and are essential for the execution of ferroptosis [24]. In our
study, mitochondrial transfer led to upregulation of GPX4
and SLC7A11, along with downregulation of ACSLA4, col-
lectively providing molecular evidence that BMSCs can
modulate canonical ferroptosis pathways via mitochondrial
donation.

As demonstrated above, we confirmed that mitochon-
drial transfer from BMSCs to HUVECSs inhibited ferropto-
sis in recipient cells. Based on this, we sought to assess
whether the protective effect of BMSC-derived mitochon-
drial transfer on endothelial function relies on its ability
to affect ferroptosis. For this purpose, we conducted res-
cue experiments using iron death-specific activators. Our
results revealed that activation of ferroptosis reversed the
protective impacts of mitochondrial transfer. Specifically,
endothelial cells’ survival, invasion, and migration abilities
were reduced, the inflammatory response was intensified,
and cellular permeability increased. Initially, co-culture
with BMSCs reduced IL-13, IL-6, and TNF-« levels in
ox-LDL-injured HUVECs. However, the subsequent treat-
ment with RSL3 reversed these effects, resulting in elevated
inflammatory marker expression. These observations un-
derscore the crucial role of BMSC-mediated mitochondrial
transfer in inhibiting ferroptosis and improving endothelial
cell function.

While these findings offer valuable preclinical in-
sights, the current study was limited to the cellular level.
For translational advancements of these results, we plan
to assess the therapeutic efficacy of BMSC-mediated mi-
tochondrial transfer in an in vivo atherosclerosis mouse
model. Key endpoints will include changes in plaque area,
endothelial permeability, and oxidative stress markers. The
data will be crucial for determining the feasibility of apply-
ing this approach in cardiovascular regenerative therapies.

Despite the promising results, several limitations of
this study should be acknowledged. First, although the fer-
roptosis activator RSL3 was applied to validate the role of
mitochondrial transfer, a dedicated DMSO solvent control
group was not included. Although the final DMSO con-
centration was maintained below 0.1%, which is generally
non-toxic, future studies should include solvent controls
to allow for more rigorous interpretation. Second, BMSC
surface marker identification in this study was limited to
CD44 and CD45. While these markers, together with suc-
cessful tri-lineage differentiation, are commonly used in-
dicators of mesenchymal stem cell identity, a more com-
prehensive characterization following International Society
for Cellular Therapy (ISCT) guidelines (including markers
CD73, CD90, and CD105) was not conducted due to tech-
nical constraints and should be addressed in future studies.
Third, although multipotent differentiation of BMSCs was
confirmed using standard staining protocols, representative
images and quantitative analyses were not included in this
version of the study. Moreover, we cannot fully exclude the
influence of BMSC-secreted factors beyond mitochondria,
such as cytokines or exosomes. The specificity of Mito-
Tracker staining also carries limitations, such as potential
dye leakage or non-specific uptake. These aspects should
be addressed in future investigations to further validate the
identity and functional role of BMSC.
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In summary, our study reveals that BMSCs protect in-
jured HUVECS by transferring mitochondria, thereby sup-
pressing ferroptosis and enhancing endothelial function.
Our findings provide a strong correlation between ferrop-
tosis and endothelial function, offering an important the-
oretical basis for developing targeted diagnostic and ther-
apeutic approaches for cardiovascular diseases, especially
atherosclerosis. This work not only expands our under-
standing of ferroptosis regulation but also highlights mito-
chondrial donation as a novel therapeutic strategy. Unlike
conventional chemical inhibitors, this approach utilizes a
naturally occurring cellular process to restore endothelial
resilience, providing a potentially more adaptable and sus-
tainable option for clinical applications. Overall, this study
offers a new perspective into the therapeutic potential of
bone marrow mesenchymal stem cells and lays a theoretical
foundation for developing innovative cell-based therapeu-
tic strategies.

Conclusion

In this study, we demonstrated that bone marrow mes-
enchymal stem cells (BMSCs) can transfer functional mito-
chondria to endothelial cells, significantly improving their
viability and mitigating the detrimental effects of ferropto-
sis. Mitochondrial transfer from BMSCs enhances endothe-
lial cell function by reducing iron accumulation, oxidative
stress, and lipid peroxidation, key contributors to ferropto-
sis. Furthermore, inhibiting ferroptosis through mitochon-
drial donation represents a promising therapeutic strategy
for addressing endothelial dysfunction and atherosclerosis.
These findings offer new insights into the potential of BM-
SCs in treating cardiovascular diseases, providing a founda-
tion for future in vivo studies to further validate their thera-
peutic efficacy.
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