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Introduction
Acute myocardial infarction (AMI) is a common pre-
sentation for cardiovascular disease and a leading global 
cause of death. Surviving patients suffer from reduced 
function, reduced quality of life, and shortened lifespan 
that also affect patients’ families [1]. Surgical manage-
ment of acute myocardial infarction by pharmacologi-
cal fibrinolysis, percutaneous coronary intervention, or 
coronary artery bypass grafting can be complemented 
with pharmacological renin-angiotensin-aldosterone 
inhibitors, antiplatelet therapy, statin therapy and beta 
blockers [2, 3]. These interventions result in anti-inflam-
matory [4], antithrombotic [5], and antioxidant effects 
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Abstract
The physiologic relationship between the brain and heart is emerging as a novel therapeutic target for clinical 
intervention for acute myocardial infarction. In the adult human brain, vestigial neuronal progenitor stem cells 
contribute to neuronal repair and recovery following cerebral ischemic injury, an effect modulated by secreted 
exosomes. Ischemia conditioned neuronal cell derived supernatant and experimental stroke has been shown to 
be injurious to the heart. However, whether unconditioned neuronal progenitor cell derived-exosomes can instead 
protect myocardium represents a profound research gap. We investigated the effects of unconditioned neural 
stem cell derived exosomes as post-injury treatment for cardiomyoblasts from three neuronal culture conditions; 
adherent cultures, neurosphere cultures and bioreactor cultures. Small extracellular vesicles were enriched with 
serial ultracentrifugation, validated via nanoparticle tracking analysis, transmission electron microscopy and Western 
blot analysis prior to utilization as post-injury treatment for H9c2 cardiomyoblasts following oxygen and glucose 
deprivation. LDH assay was used to assess viability and Seahorse XF high-resolution respirometry analyzer to 
investigate post-injury cardiomyocyte bioenergetics. We found no evidence that unconditioned neural stem cell 
derived exosomes are cardiotoxic nor cardioprotective to H9c2 cardiomyoblasts following ischemia-reperfusion 
injury. Based on our findings, utilizing unconditioned neural stem cell derived exosomes as post-injury treatment 
for other organs should not have adverse effects to the damaged cardiac cells.
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[6], reduce endothelial dysfunction [5] and lower car-
diac workload [7]. However, approximately one third of 
patients respond poorly to revascularization surgery 
despite improved perfusion [8] and/or current pharma-
cologic therapies. The mechanisms contributing to failed 
clinical therapy and poor patient outcomes have yet to be 
fully realized but may be due to mechanisms extrinsic to 
the myocardium. Furthermore, heart pathologies leading 
to cardiac arrest is an extreme insult to central nervous 
system as interrupted cerebral perfusion leads to global 
cerebral ischemia [9].

The physiologic relationship between the injured brain 
and injured heart is emerging as a novel therapeutic tar-
get for clinical intervention for both AMI and cerebral 
ischemia. Acute cardiac abnormalities following AMI are 
associated with an excess risk of subsequent stroke and 
one of the most feared disabilities in survivors of myo-
cardial infarction is permanent cognitive impairment. 
The incidence of stroke after acute myocardial infarc-
tion ranges from 1 to 2% during the hospital stay with 
highest incidence in the first days [10]. An opposing link 
between a stroke and a subsequent cardiac failure is even 
more evident. Data from stroke patients has revealed that 
nearly 90% of patients with ischemic stroke have cardiac 
symptoms up to 4 months following the stroke [11], and 
2–6% of heart related mortality occurs 3 months fol-
lowing a stroke [12, 13]. Stroke patients express large 
amounts of plasma cardiac enzymes such as troponin 
and creatine phosphokinase which are markers of cardiac 
cell stress/death, and catecholamines, which are associ-
ated with elevated blood pressure under stress conditions 
[14]. Ishikawa et al.. using in vitro and in vivo approach 
showed that oxygen-glucose deprivation (OGD)-condi-
tioned primary neuronal cell derived supernatant, and 
experimental stroke, both independently mediated cell 
death in the heart [15], suggesting a close pathological 
link between ischemic stroke-associated secreted signals 
and AMI. However, whether circulating factors derived 
from the brain could instead modulate a myoprotective 
response to ischemic injury has not been investigated 
and remains a critical knowledge gap and potential novel 
therapeutic avenue for AMI.

Recent advances in stem cell-derived exosomes have 
shown promising results. Since some [16] but not all [17] 
stem cell-based cardiac therapies showed disproportional 
advantages compared to direct trans-differentiation and 
grafting, the protective effect is proposed to be mediated 
by in a secreted fashion [16]. Small extra cellular vesi-
cles, usually termed exosomes, are secreted nanoscale 
(30–130  nm) extracellular membrane vesicles of endo-
cytic origin that differ from other secreted extracellular 
vesicles by size, density, lipid, protein and nucleic acid 
composition [18]. Humoral exosomes are present in the 
circulation and facilitate intercellular communication, 

regulating recipient cell function [19]. The therapeu-
tic potential of stem cell-derived exosomes has been 
reported [17, 20] to reduce infarct size, alter cardiac 
remodeling, and promote revascularization [21]. Stem 
cell-derived exosomes can cross the blood-brain bar-
rier, and are transported into cells via direct fusion with 
plasma membrane, or binding to cell surface proteins and 
adhesion molecules [22]. In the adult brain, vestigial stem 
cell progenitor cells provide protection and promote neu-
ronal repair after cerebral ischemia via exosomes [23].

After ischemia-reperfusion injury the damaged myo-
cardium undergoes degenerative remodeling, leading 
to irreversible loss of functional cardiomyocyte activity, 
causing heart failure and death [24]. Stem cell- and car-
diac progenitor cell-derived exosomes have been shown 
to promote cardiomyocyte survival, including exosomes 
derived from cardiac telocytes, cardiac progenitor cells, 
embryonic stem cells (ESC), induced pluripotent stem 
cells (iPSC), mesenchymal stromal cells (MSC), and bone 
marrow-derived mesenchymal stromal cells (BM-MSC) 
[25, 26]. Against brain ischemia, unconditioned neural 
stem cell derived exosomes showed a marked increase 
in neural cell viability compared to induced pluripotent 
stem cell derived cardiomyocyte exosomes, and a notable 
decrease in stroke volume in the brain in a mouse middle 
cerebral artery occlusion model [27]. On the other hand, 
ischemia conditioned neuronal cell derived supernatant 
and experimental stroke was shown to be detrimental to 
the heart [15]. Thus, the safety of exosomes derived from 
unconditioned neural progenitor cells for treating post-
ischemic cardiomyocytes, or whether exosomes derived 
from unconditioned neural progenitor cells can confer 
cardiac protection, represents a knowledge gap in the 
development of novel therapeutic drug targets for both 
stroke and AMI. Since unconditioned neural progenitor 
cell derived exosomes can be used to treat brain isch-
emia, but are potentially even detrimental to the heart, 
we sought to investigate the safety and efficacy of uncon-
ditioned neural progenitor cell derived exosomes in 
treating post-injury cardiomyocytes.

Materials and methods
The full workflow is depicted in Fig. 1.

Unconditioned rat fetal neural progenitor cell cultures
Gibco Rat Fetal Neural Stem Cells (NSC) (Cat. No. 
N7744-100, ThermoFisher) were cultured as adherent 
cultures, neurosphere suspension cultures and in biore-
actors following manufacturer´s instructions. Complete 
StemPro™ NSC SFM™ (neural stem cell serum free media) 
medium was used for optimal growth and expansion of 
Rat Fetal NSCs, and to keep them undifferentiated in 
all stem cell culture conditions. StemPro™ NSC SFM™ 
(Cat. No. A1050901, ThermoFisher) complete medium 
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consists of StemPro™ NSC SFM™ supplemented with 
EGF (Cat. No PHG0314, ThermoFisher), bFGF (Cat. No. 
PHG0024 ThermoFisher), and GlutaMAX™-I (Cat. No. 
A1286001, ThermoFisher).

A fresh patch of P0 NSC cell line was removed from liq-
uid nitrogen and thawed under sterile conditions follow-
ing manufacturer’s instructions and subsequently seeded 
to 6-well plate and cultured at 37  °C, 5% CO2 and 90% 
humidity until 85% confluent before passages. All cul-
tured cells were re-seeded with fresh complete StemPro™ 
NSC SFM™ at recommended density of 2 × 105 viable 
cells per cm2. At P3 the NSC were seeded to three dif-
ferent culture conditions in addition to Nunc™ Lab-Tek™ 
II Chamber Slide™ System (Cat. No 154534PK, Ther-
moFisher) for phenotype quality control. All NSC and 
cardiomyocyte cultures were passaged using StemPro™ 
Accutase™ Cell Dissociation Reagent (Cat. No. A1110501, 
ThermoFisher), all cell culture handling was performed 
in a sterile cell culture room in a fume hood, which was 
sterilized with UV-light daily.

Adherent culture
For adherent neuronal cultures Thermo Scientific™ 
Nunc™ Non-treated T75 flasks (Cat. No 156800, Ther-
moFisher) were coated with CELLstart™ Substrate (Cat. 
No A1014201, ThermoFisher) prior to seeding. Culture 
media of 15mL was changed every two days after seed-
ing and then supernatant harvested and media changed 

every two to three days after 7–10 days, following similar 
timeline with neurosphere cultures. Condition of the cell 
culture was inspected daily under microscope.

Neurosphere culture
For neurosphere cultures the same Thermo Scientific™ 
Nunc™ Non-treated T75 flasks were seeded without 
any pretreatment or coating. Culture media of 15mL 
was changed every two days after seeding and then 
supernatant harvested and media changed every two to 
three days after 7–10 days, when neurosphere diameter 
reached 2–3 mm. Condition of the neurosphere culture 
was inspected daily under microscope.

CELLine CL 1000 bioreactor
DWK Life Sciences Wheaton™ CELLine™ Bioreactor 
Flask (Cat. No 12801803, Fisher Scientific) was inocu-
lated to cell compartment according to manufacturer’s 
instructions with total volume of 15mL of fresh complete 
StemPro™ NSC SFM™ with viable NSC at P3. After seed-
ing, 950 mL of Complete StemPro™ NSC SFM™ media 
was added into the medium compartment and the bio-
reactor was carefully placed inside incubator. Cell com-
partment harvest begun at day 7 and every 3–4 days after 
first harvest for 4 consecutive harvests. Due to the size of 
the CL 1000 bioreactors and the thick colored medium 
compartment, we were completely blinded by the set up 
and could not reliably assess the cells, whether they were 

Fig. 1  Complete Workflow. Supernatant was collected at multiple time points from 1 neurospheres, 2 adherent neural stem cell cultures, and 3 from 
cells grown in CL 1000 bioreactor, for serial ultracentrifugation steps. 20k and 110k harvests were resuspended and frozen for further analysis. H9c2 car-
diomyoblasts were cultured in FX seahorse plates, subjected to 4-hour and 6-hour oxygen glucose deprivation, followed by treatment with exosomes. 
Supernatant was collected for LDH assay, and mitochondrial respiration was measured using FX seahorse
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growing as neurospheres as intended or as an adherent 
culture.

Exosome extraction and characterization
We aimed to utilize serial ultracentifugation to enrich 
population of small extracellular vesicles 30–120  nm of 
size from cultured supernatant, further here referred to 
as exosomes. Following each harvest cycle from each cul-
ture condition the exosome extraction and characteriza-
tion was performed identically to all supernatants [28]. 
First, 15mL of supernatant from each culture condition 
was centrifuged at 2500 g for 30 min at room temperature 
(SL 16R, Thermo Fisher Scientific), and supernatant col-
lected. The aspirated supernatant was then centrifuged 
in Optima™ L-80 XP Ultracentrifuge (Beckman Coulter) 
using a Ti 70.1 fixed-angle rotor (Beckman Coulter) at 20 
000 g for 30 min at 4 °C. The 20k pellet was resuspended 
to sterile H2O and frozen, and the supernatant collected 
for two more cycles of 110 000  g for 70  min each, and 
final pellet resuspended to sterile H2O. The 20k and 110k 
samples were frozen at -80  °C in 100 µL aliquots, and 
used for experiments after one freeze-thaw cycle.

Nanoparticle tracking analysis
EV samples (20k and 110k) were analyzed by nanoparti-
cle tracking analysis (NTA) using Nanosight model LM14 
(Nanosight) equipped with blue (404 nm, 70 mW) laser 
and SCMOS camera at EV Core Facility, Department of 
Biosciences and the Faculty of Pharmacy and Institute for 
Molecular Medicine Finland, FIMM. The samples were 
diluted in 0.1 μm filtered (Millex VV, Millipore) DPBS to 
obtain 40 − 100 particles/view, and record five 30 s videos 
using camera level 14 with automatic temperature set-
ting of 25 °C. The data were analyzed using NTA software 
NTA 3.4 Build 3.4.4, with the detection threshold 5 and 
screen gain at 10 to track as many particles as possible 
with minimal background.

Transmission electron microscopy
Electron microscopy was performed at EV Core Facility, 
Department of Biosciences and the Faculty of Pharmacy 
and Institute for Molecular Medicine Finland FIMM. 
Electron microscopy (EM) samples were prepared by 
negative staining as described earlier [29]. Due to the low 
NTA value, samples were concentrated using AMICON 
Ultra 0,5mL concentrators from Merck. The cutoff of the 
concentrators is 10KDa, and the concentration process 
was performed following manufacturers recommenda-
tions. The total centrifugation time was 45 min, and sam-
ples were concentrated 3,4 times (volume was reduced 
from 100 µl to 30–33 µl). Extracellular vesicles were pre-
pared for EM by loading to carbon coated and glow dis-
charged 200 mesh copper grids with pioloform support 
membrane. The samples were loaded to the grids without 

dilution. EVs were fixed with 2.0% PFA in NaPO4 buffer, 
stained with 2% neutral uranyl acetate, further stained, 
and embedded in uranyl acetate and methyl cellulose 
mixture (1.8/0.4%). EVs were viewed with transmission 
EM using Jeol JEM-1400 (Jeol Ltd., Tokyo, Japan) oper-
ating at 80 kV. Images were taken with Gatan Orius SC 
1000B CCD-camera (Gatan Inc., USA) with 4008 × 2672 
px image size and no binning.

Western blot
To confirm small extracellular vesicle characteristics a 
Western blot analysis was performed. Exosomes were 
loaded into SDS-PAGE gels and transferred to PVDF 
membrane after gel electrophoresis. 110  kDa ITGB1 
Polyclonal Antibody (Cat No. PA5-78028, Thermo 
Fisher), 25  kDa CD9 Polyclonal Antibody (Cat No. 
PA5-85955, Thermo Fisher), and 48  kDa TSG101 Poly-
clonal Antibody (Cat. No. PA5-95851, Thermo Fisher) 
were used as positive exosome controls and 90kda Cal-
nexin Polyclonal Antibody (Cat. No PA5-34804, Thermo 
Fisher) as negative control. SuperSignal™ West Femto 
Maximum Sensitivity Substrate (Cat. No.34095, Thermo 
Fisher) and ChemiDoc Imaging System (Bio-Rad) were 
used for detection. The gels were cut in half at 75 kDA 
prior to incubation with primary antibodies to avoid 
unspecific binding.

Cardiomyocyte cultures
A fresh patch of H9c2 (2 − 1) BDIX heart myoblast cells 
(Cat. No. 88092904, Sigma Aldrich) were thawed accord-
ing to manufacturer’s instructions. H9c2 cells were 
seeded in Nunc™ EasYFlask™ Cell Culture Flasks (Cat. 
No 156499, Thermo Fisher) at P2, and cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) modified to 
contain 4 mM L-glutamine, 4500  mg/L glucose, 1 mM 
sodium pyruvate, and 1500  mg/L sodium bicarbonate 
(Cat. No. 41966052, ThermoFisher), supplemented with, 
2 mM Glutamine (Cat. No. A1286001 Thermo Fisher), 
10% fetal bovine serum (FBS) (Cat. No. F9665-500ML, 
Sigma Aldrich), and 1% penicillin and streptomycin 
(Cat. No. 15140122, ThermoFisher) (complete medium), 
under 95% air/5% CO2, until 80% confluence. Conflu-
ence over 80% could affect the cells bioenergetics and 
was thus avoided. Cardiomyoblast culture were passaged 
every 3–4 days. Media was changed every 2–3 days, and 
the condition of the cells were viewed under microscope 
daily. P4-P13 were used for all oxygen-glucose depriva-
tion (OGD) experiments.

Oxygen glucose deprivation
H9c2 cell were seeded to Agilent Seahorse XF Cell Cul-
ture 96-well Microplate (Cat. No. 101085-004, Agilent 
Technologies). On the subsequent days after seeding 
4000 H9c2 cells/well, after reaching 70–80% confluency, 
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oxygen-glucose deprivation (OGD) was initiated as fol-
lows: Media was carefully aspirated from plates using a 
serial pipette and each well was washed twice with ster-
ile phosphate buffered saline at 37  °C. To initiate OGD, 
media was changed to DMEM with no glucose, no pyru-
vate, and no glutamine (Cat. No. A14430-01, Thermo 
Fisher) without supplementing FBS, and the plates were 
subsequently placed in a STEMCELL Technologies 
Hypoxia Incubator Chamber (Cat. No. 27310, STEM-
CELL Technologies). Hypoxia incubator chamber was 
flushed with 95% nitrogen and 5% CO2 at 20  l/min for 
4  min and sealed to initiate hypoxia according to man-
ufacturer’s guidelines and placed to 37  °C incubator for 
normothermic oxygen glucose deprivation for 4–6  h. 
The experiment was repeated 3 times with four-hour 
OGD, and 3 times with 6-hour OGD, each experiment 
had 7–10 successful replicates in each experiment. After 
OGD, the cells were reperfused with complete medium 
with treatment, and placed back to incubation chamber 
under 95% air/5% CO2 for 20 h, before final vitality analy-
sis and mitochondrial respiration analysis.

Exosome treatment
The validated three exosome treatments were assigned 
to study groups as follows: Control group samples 
were treated with sterile PBS. Exo1 received exosomes 
from 110k NSC neurosphere resuspended pellet, Exo2 
received exosomes from 110k NSC bioreactor resus-
pended pellet, and Exo 3 received exosomes from 110k 
NSC neurosphere resuspended pellet, similarly to group 
1, but from different culture patch. Particle densities in 
wells were calculated from NTA results indicating the 
exosome particle density in our frozen exosome samples 
diluted to the treatment volumes of 20 µl/well standard-
izing similar pipetting effects to each well and treatment. 
The total volume of media + treatment at reperfusion 
phase was 100 µL/well. First, we injected exosome treat-
ments at 5  µl/well and 15  µl/well (total volume with 
PBS to 20 µl/well) in addition to 80 µl/well of complete 
media, to reach particle density of ~ 700 *106 and 2*109 
exosomes/mL, respectively for 2 experiments. We then 
focused on the higher concentration of 15 µl/well (2*109 
exosomes/mL) for the rest of the experiment based on 
literature regarding particle density and effect [30], and 
due to practicality.

Seahorse XF– mitochondrial respiration
Mitochondrial respiration was measured with high-reso-
lution respirometry (Seahorse XF 96, Agilent) based cells 
oxygen consumption rate (OCR), according to manufac-
turer’s instructions. After the 20-hour reperfusion phase, 
before the analysis, cell culture media was aspirated for 
LDH assay to parallel 96-well plate, and replaced with XF 
Assay Media (Phenol Red-Free Seahorse XF Base Media, 

10 mM glucose, 1.25 mM pyruvate and 2 mM glutamine, 
pH 7.2) and the cells were incubated for one hour in a 
CO2-free incubator (+ 37 °C) to diffuse excess CO2 from 
cells, reagents, and plastics. Directly before the analysis, a 
fresh de-gassed XF Assay Media was changed to the cells.

The Seahorse Mito Stress Test-analysis was initiated 
with basal mitochondrial respiration measurement, 
followed by ATP synthase inhibition with 1 µM oligo-
mycin (OMY) injection. Cells’ maximal mitochondrial 
respiration capacity was measured after ATP synthase 
uncoupling with carbonyl cyanide 4-(trifluorometh-
oxy)phenylhydrazone (FCCP) titration. Finally, 0.5 µM 
antimycin A and 0.5 µM rotenone (AMA + ROT) injec-
tion was used to block mitochondrial complexes III and 
I, resulting to electron transport chain shutdown. The 
residual OCR after AMA + ROT injection is assumed to 
occur due to non-mitochondrial OCR and subtracted 
from total OCR values to calculate basal and maxi-
mal respiration. OCR after 1.5 µM FCCP injection was 
used to maximal respiration capacity calculation. Data 
was normalized to number of cells, quantified based on 
nuclei staining by cell membrane permeable staining dye 
(Hoechst 33342, 0.5µM) and cells were imaged with an 
automated imaging system, ImageXpress Pico (Molecular 
Devices) (Data supplement 1).

Statistical analysis One-Way ANOVA multivariate with 
Dunnett’s test. P-value 0.05 or lower (p ≤ 0.05) was set as 
a threshold for statistically significant difference level. 
Confidence level was set to 0.05 (ɑ ≤ 0.05).

Cell viability assay
Post-injury extracellular release of lactate dehydroge-
nase (LDH) was measured to assess the relative viability 
between study groups as previously done [27]. In brief, 
Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay (Cat. 
No. C20301, Thermo Fisher) was used according to man-
ufacturer’s instructions to measure 490 nm and 680 nm 
absorbances (LDH activity) with a plate reader (EnSpire 
Multimode Plate Reader, Perkin Elmer) in the medium 
at 20  h of reperfusion and compared between groups. 
Absorbance measured at 680-nm (background) was sub-
tracted from the 490-nm absorbance, divided by number 
of cells in the wells. Control group measurement was set 
as 100%, and study group measurements are presented 
as percentage of control group values. Statistical analy-
sis One-Way ANOVA multivariate with Dunnett’s test. 
P-value 0.05 or lower (p ≤ 0.05) was set as a threshold for 
statistically significant difference level (IBM SPSS Statis-
tics 28). Confidence level was set to 0.05 (ɑ ≤ 0.05).

Immunofluorescence
Glial fibrillary acidic protein (GFAP) antibody (Cat. No 
PA5-16291, Thermo Fisher), Doublecortin (DCX) anti-
body (Cat. No 48-1200, Thermo Fisher), Nestin antibody 
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(Cat. No. PA5-79729, Thermo Fisher), and GalC (Cat. 
No. PA5-109753, Thermo Fisher) were utilized to demon-
strate astrocytic, neuronal, undifferentiated neural stem 
cells, and oligodendrocytic characteristics, respectively, 
as we have done before [31]. In brief, the cells cultured in 
chamber slides were washed in PBS twice for 15 min at 
room temperature. After a 10 min permeabilization step 
in 0.1% Triton x-100 in PBS, the sections were washed for 
5 min in PBS, then blocked with 5% Bovine serum albu-
min in PBS at 4  °C overnight. The chamber slides were 
washed with PBS twice, followed by incubation in above 
mentioned primary antibody solutions (Nestin 1:400, 
GFAP 1:200, DCX 1:133, Galc 1:200) in 1% BSA in PBS 
at 4  °C overnight. The following day the chamber slides 
were washed three times in PBS for 5  min, followed by 
secondary antibody solution of Goat anti-Rabbit IgG 
(H + L), Superclonal™ Recombinant Secondary Antibody 
(Cat. No. A27034, Thermo Fisher) [1:1000] in PBS, at 4 °C 
overnight. The chamber slide system was finally washed 
two more times with PBS, then disassembled prior to 
mounting with DAPI, and imaged with Zeiss AxioImager 
1 (Zeiss), with Zeiss Zen 2 software.

Power calculations
We performed power calculations based on previous 
LDH assay data from Sun et al. [27]: The calculated sam-
ple sizes for each condition were 9 biological replicates 
in addition to technical replicates (expected mean inci-
dences 50% ±15% and 70%, alpha 0.05, beta 0.2, power 
0.8).

Results
NSC characteristics
Immunofluorescence was performed early in the study 
to determine successful thawing of neural stem cells and 
characteristics of newly forming neurospheres. Close to 
90% of cells in chamber slide cultures expressed Nestin 

after thawing indicating the cells being undifferenti-
ated, which is in accordance to manufacturer (Data not 
shown). The cells in small chamber slide chambers 
showed uneven spread, and clumps of cells started form-
ing neurosphere-like gatherings 3 days after seeding. 
These clumps of cell expressed GFAP, DCX and Nestin 
(Fig.  2). Galc stainings were completely negative in all 
of samples (Data not shown). In the T75 flasks, the cell 
cultures showed expected macroscopic neurosphere and 
adherent culture characteristics. We could not validate 
the culture growth inside the bioreactors (Fig. 3).

Exosome validation
Exosomal cargo is known to be dependent on not only 
cell culture conditions [32], but also on the extraction 
method [28]. We took extra care to validate our exosome 
yield, before continuing with the experiment. All har-
vested exosomes in all culture conditions, and both 20k 
and 110k ultracentrifuged subpopulations were exam-
ined for particle density. Nanoparticle tracking analysis 
returned notable exosome yields in all of our samples 
representing expected distribution [28, 32], as illustrated 
in Fig. 4, and in Tables 1 and 2. We managed to success-
fully utilize serial ultracentifugation to enrich population 
of small extracellular vesicles in 110k pellet, as seen in 
Table 1.

An aliquot of all exosomes were then sent for transmis-
sion electron microscopy for imaging confirmation. Elec-
tron microscopy was performed by a blinded analyst. All 
samples presented EVs of typical morphology and vari-
able size, however the main population consisted of small 
EVs. Very large EVs (roughly 1  μm or above) were not 
observed. EM showed some atypical structures on the 
background in all samples. Figure 5.

We then pursued to validate exosomal protein mark-
ers with Western blot for suspected positive and nega-
tive markers [33]. Out of all 16 samples quantified to have 

Fig. 2  Neural stem cell phenotype quality control. At day 3 in a chamber slide culture, there were groups of cells forming neurosphere like gatherings, 
expressing GFAP (green), DXC (red) and Nestin (green), and DAPI (blue), indicating the progenitor cells expressed characteristics of neural stem cells, 
neurons and astrocytes early in the process. Scale bar is 100 μm

 



Page 7 of 14Arvola et al. BMC Neuroscience           (2025) 26:11 

Fig. 4  Nanoparticle tracking analysis. A representative image from Nanoparticle Tracking Analysis from the same sample showing (A) 20k yield and (B) 
110k yield, from neurosphere culture labeled Exo1. The particle density was higher in 110k samples, with more small EVs. The left side represents technical 
NTA replicates for each measurement from a single sample. The rights side represents averaged finite track length adjustment (FTLA) Concentration / Size 
graphs for NTA analysis. Error bars indicate ± 1 standard error of the mean

 

Fig. 3  Culture growth conditions. The cells were cultured as neurospheres and adherent cultures, and in one liter CL1000 bioreactor. Neurosphere 
cultures showed typical floating spheres, which later upon touching the flask bottom attached to the bottom and continued growing. There were no 
spheres in adherent culture flask. We could not investigate the conditions inside CELLline CL 1000 bioreactor. Scale bar is 200 μm
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small extracellular vesicles determined by NTA analysis 
and electron microscopy, only three also returned posi-
tive protein markers (Fig. 6).

None of the samples from adherent neuronal stem cell 
cultures expressed expected exosome markers. The three 
samples that also had expected exosome proteins were 
from 110k neurosphere cultures (x2) and 110k bioreac-
tor culture. TSG101 was positive in all the three sam-
ples, and CD9 in one of the 110k neurosphere cultures. 
ITGB1 and Calnexin were negative in all samples, includ-
ing the three otherwise positive. These exosome markers 
were chosen according to MISEV guidelines (Thery et 
al. 2018), which also state that due to limited but rising 
knowledge we cannot be sure whether all markers are 
expressed, and negative markers are surely negative in all 

exosomes. We decided to continue the experiment only 
with the exosome lineages with confirmed positive find-
ings for NTA analysis, Electron microscopy and Western 
blot. Due to the differential CD9 expression, we termed 
the groups Exo1 (110k neurospheres), Exo2 (110k bio-
reactor), and Exo3 (110k neurospheres), in which the 
exosome marker CD9 was expressed only in Exo1. The 

Table 1  Descriptive characteristics of all exosome harvests from 
resuspended 20k pellet and 110k pellet, and statistics between 
the two ultracentrifugation steps. The NTA analysis revealed 
expected small extracellular vesicle characteristics in the 110k 
pellet, confirming properly enriched EV population compared to 
the 20k pellet
Variable Group N Mean Std. Deviation p (Inde-

pendent 
samples 
t-test)

Concentration 
(particle/mL)

20k 8 0,40*1010 28,67 0,038

110k 8 0,92*1010 56,62
mean (size, nm) 20k 8 169,13 14,84 0,032

110k 8 153,88 10,32
mode (size, nm) 20k 8 134,26 15,83 0,013

110k 8 116,95 6,49
D10 (size, nm) 20k 8 106,81 6,56 0,348

110k 8 103,90 5,38
D50 (size, nm) 20k 8 153,65 15,92 0,02

110k 8 137,13 7,79
D90 (size, nm) 20k 8 264,64 37,71 0,044

110k 8 229,41 24,43
SD (size variabil-
ity, nm)

20k 8 70,00 10,97 0,049

110k 8 58,31 10,71

Table 2  Descriptives and statistics of the treatment groups 
as for the entire set of NTA derived descriptors. The exosome 
populations differed in all of the measured parameters. Mean 
(nm) and mode (nm) are parameters describing the diameter 
of exosomes and their frequency distribution in the sample. 
D10, D50 and D90 are dimensional parameter that indicate that 
10%, 50% and 90% respectively of the exosomes are included 
below the corresponding diameter within the sample. Statistical 
analysis was performed as Student t-test
Variable Group Mean Standard 

Error
p 
(t-test)

Concentration (particle/
mL)

Exo1 1,5*1010 8,35*108 0,008

Exo2 1,36*1010 9,22*108

Exo3 1,84*1010 1,74*109

mean (size, nm) Exo1 146,7 3,8 < 0,001
Exo2 160,5 3,1
Exo3 148 5,8

mode (size, nm) Exo1 112,3 4,9 0,03
Exo2 124,5 5,0
Exo3 103,6 0,6

D10 (size, nm) Exo1 100,3 1,6 0,001
Exo2 107,4 1,3
Exo3 94,3 0,5

D50 (size, nm) Exo1 132,5 2,5 < 0,001
Exo2 141,4 1,5
Exo3 127,6 4,2

D90 (size, nm) Exo1 208,3 10,0 0,002
Exo2 233,1 7,5
Exo3 242,5 20,8

SD (size variability, nm) Exo1 53,2 3,8 0,007
Exo2 68,2 8,0
Exo3 69,1 11,0

Fig. 5  Electron microscopy. A representative image from electron microscopy findings. A and B show typical yeild of small extracellular vesicles (red 
circle) from Exo1 sample, neurosphere culture 110k. C. EM showed some atypical structures on the background in all samples (dark string like structures)
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descriptive statistics of NTA findings of Exo1, Exo2, and 
Exo3 are shown in Table  2. The size distribution varied 
significantly between the exosome groups. However, they 
all present the expected size distribution of small extra-
cellular vesicles referred to as exosomes.

Cardiomyoblast viability and mitochondrial respiration
The LDH assay did not reveal any cardiotoxicity nor 
cardioprotection by the exosome treatment. The LDH 
released from control group was set as 100%. LDH assay 
at 20 h after four-hour OGD showed a trend toward car-
dioprotection with Exo 3 treatment measuring 88.9% 
compared to control group. This finding did not reach 
statistical significance, however (p = 0.262). We repeated 
the experiment three times with a six-hour OGD. The 
exosome treatments showed overall similar LDH release 
profiles with four-hour and six-hour OGD. There was 
noticeable variability between wells within the groups. 
Exo 3 group measured 92.9% LDH release compared to 
control group after six-hour OGD (p = 0.782) (Fig. 7).

In line with the viability results, high-resolution res-
pirometry did not reveal any differences in basal or 
maximal respiration rates between control and exosome-
treated groups (Fig. 8). Six-hour OGD resulted in overall 
lower basal and maximal respiration compared to four-
hour OGD. All samples in all experiments followed simi-
lar respiratory curve.

Discussion
In this study, we assessed in vitro the effect of rat NSC-
derived exosomes as post-injury treatment in rat H9c2 
cardiomyoblast cultures subjected to ischemia-reper-
fusion injury. With this experimental setup we did not 
find any evidence of cardiotoxicity nor cardioprotec-
tion by the NSC-derived exosomes. These observations 
bring more insight to treating ischemic brain and heart 
in a clinical setting, where cardiac arrest results in simul-
taneous cardiac injury and ischemic brain injury. Cur-
rent treatment strategies for patient following successful 
resuscitation and/or coronary artery revascularisation 

Fig. 6  Western blot. A1 and A2 are gels from the samples 1–8, B1 and B2 are gels from samples 9–16, and sample17 is technical control showing positive 
for calnexin at 90 kDa (negative antibody control, B1, line 17) and TSG101 at 25 kDa (positive control, B2, line 17). L stands for ladder. 1 = Bioreactor 20k, 
2 = Bioreactor 110k, 3 = Neurosphere 20k, 4 = Neurosphere 110k, 5 = Adherent cells 20k, 6 = Adherent cells 110k, 7 = Bioreactor 20k, 8 = Bioreactor 110k, 
9 = Adherent cells 20k, 10 = Adherent cells 110k, 11 = Neurospheres 20k, 12 = Neurospheres 110k, 13 = Bioreactor 20k, 14 = Bioreactor 110k, 15 = Neu-
rosphere 20k, 16 = Neurosphere 110k, 17 = control. Only three samples of our exosomes returned positive findings in Western blot analysis. These were 
labeled as our study groups as follows: 12 = Exo 1 Neurospheres 110k, 14 = Exo 2 Bioreactor 110k and 16 = Exo 3 Neurospheres 110k
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Fig. 8  Mitochondrial respiration. Data presented as mean +- Standard Error of Mean (SEM). Statistical analysis with One-Way Anova with Dunnetts test, 
signifigance level p < 0.05, no statistical differences observed in treatment groups when compared to the control group

 

Fig. 7  LDH assay. LDH release at 20 h post treatment with exosomes. The results are expressed as means. Error bars show 95% confidence interval. Sta-
tistical analysis was performed as One-Way ANOVA multivariate with Dunnett’s test. P-value 0.05 or lower (p ≤ 0.05) was set as a threshold for statistically 
significant difference level
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often require intensive care, where post resuscitation 
care aims to control depth of sedation, body tempera-
ture, and mean arterial pressure, and blood gases as sec-
ondary prevention [34, 35]. To date, there are no drug 
therapies targeting both the heart and the brain after 
ischemia-reperfusion injury. This in vitro experimental 
set up mimicked clinical ischemia-reperfusion scenario 
where exosomes could be administered as an adjuvant 
therapy following coronary artery revascularisation or 
administration of thrombolytics, or after return of spon-
taneous circulation in a cardiac arrest patient, targeting 
the brain and heart after global ischemia. We found no in 
vitro evidence that treating the brain in a clinical setting 
with NSC derived exosomes could be harmful for cardio-
myocytes after IR-injury. However, the exosome treat-
ment did not improve mitochondrial respiration or cell 
viability in cardiomyoblasts after ischemia-reperfusion 
injury. These observations need to be validated further 
in a pre-clinical rodent cardiac arrest model implement-
ing MISEV-guidelines [33] and stem cell therapies as an 
emerging paradigm in stroke (STEPS) recommendations 
[36] before advancing to clinical studies.

Rat H9C2 (2 − 1) Cell Line (cardiomyoblast) was cho-
sen as the cell line as it best mimics cardiomyocyte bio-
energetic response to ischemia-reperfusion injury, even 
without differentiation protocol towards cardiomyo-
cytes [37]. Watkins et al.. demonstrated similarities in 
H9C2 cell line with human neonatal cardiomyocyte cells, 
and demonstrated very similar hypertrophic response 
in H9C2 and PNMC cells to hypertrophic agents in 
hypertrophy models, and concluded supporting the use 
of H9C2 in place of primary cardiomyocytes in most 
hypertrophic assays [38]. Felemban et al. noted disrup-
tion of both H9C2 morphological changes and human 
induced pluripotent stem cell (hiPSC)-derived cardio-
myocyte morphological changes after sublethal exposure 
to phenyl saligenin phosphate, demonstrating similari-
ties between the cell types in response to the triggering 
agent [39]. Lundy et al demonstrated that hiPSC-derived 
cardiomyocytes express cardiac structural biomarkers 
which are comparable to adult human cardiomycytes. 
Based on the literature H9C2 cell line is suitable to model 
human cardiomyocyte injury model [40]. We took extra 
care to repeat all experiments with similar confluency 
since a higher degree of confluence is associated with 
lower mitochondrial respiratory activity which might 
alter the results of this study [37]. Based on findings from 
Kuznetsov et al., ischemia-reperfusion injury for 16 + 6 h 
would produce 50–60 viability compared to controls. On 
the other hand, microvesicle uptake is shown to follow 
almost exponential pattern during time scale of 20–30 h 
[30], and this is why we chose 20-hour reperfusion/treat-
ment phase, and particle density of ~ 2*109 exosomes/
mL. However, during our preliminary set up testing the 

cultures could not withstand the 16 h ischemia followed 
by 20-hour reperfusion but started swelling and detach-
ing the 96-well-plate during late reperfusion phase. After 
preliminary serial time course testing, we ended up with 
current experimental set up of 4 h and 6 h ischemia, fol-
lowed by 20-hour reperfusion.

More than 30% of cardiomyocyte volume consists of 
spatially precisely coordinated mitochondria [41]. Heart’s 
energy is stored in adenosine 5′-triphosphate (ATP) and 
in creatine phosphate (PCr) and cardiomyocytes utilize 
90% of this energy through oxidative phosphorylation 
in mitochondria. Exercise is known to cause intermit-
tent decreases in glycolytic activity which is required for 
physiological cardiac remodeling. Metabolic flexibility is 
paramount to maintain mitochondrial health in cardio-
myocytes [42]. However, prolonged decrease of oxygen, 
and substrate delivery to cardiomyocytes due to restric-
tion in coronary artery blood flow leads to biochemical 
energetic failure and pump dysfunction [43]. O2 con-
sumption rate is known to be a limiting factor in fail-
ing myocardium [44, 45], and more recently exosome 
cargo has been shown to alter oxygen consumption in 
an obesity mouse model [46]. Though cardiomyocytes 
generally utilize free fatty acids as their main bioener-
getic substrate, upon injury they shift to glucose-derived 
metabolism [47]. Hence, in this study we focused on 
evaluating the impact of OGD-to glucose driven mito-
chondrial metabolism. Unlike cardiomyocytes which can 
store glucose as glycogen, neurons rely on constant sup-
ply of oxygen and glucose from circulation in addition to 
intercellular dependence on secreted factors from neigh-
boring resident cells. We hypothesized that NSC derived 
exosomes would improve cardiomyocyte O2 consump-
tion. However, our data does not support this hypoth-
esis, and the possible myoprotective effect seems to be 
mediated in another manner. In our experimental model, 
we did not observe improved viability after I/R-injury by 
NSC exosome treatment either. Viability was assessed 
indirectly utilizing LDH assay from supernatant collected 
from the same plates, which were analysed simultane-
ously at FX Seahorse. There were no differences in mito-
chondrial basal or maximal oxygen consumption rates, 
and thus no differences in reserve respiratory capacity 
between the groups in our study, which has been shown 
to correlate with cell survival after hypoxia [48].

Previously Ishikawa et al. showed in vivo and in vitro, 
how experimental stroke were detrimental to the healthy 
myocardium [15]. Unconditioned NSC -derived exo-
somes have been shown to be neuroprotective [27], 
so this finding produced a clinical challenge consider-
ing the safety of treating ischemic brain without harm-
ing the myocardium. In the new light of this study, we 
found no evidence of cardiotoxicity with unconditioned 
NSC derived exosomes. Since there are limited data 
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considering small EV cargoes in post-injury treatments, 
we were meticulous to validate our exosomes prior to 
continuing with the experiment, and to avoid false posi-
tive or false negative findings mediated by other cir-
culating factors. We followed the MISEV-guidelines 
to validate our exosome yield, and only continued our 
experiment with exosomes that matched the full criteria. 
The exosomes were harvested from NSC cultures with 
expected immunofluorescence. Galc stainings were nega-
tive suggesting there were no oligodendrocyte character-
istics early in our cell culture.

This study has multiple limitations. Since ischemic 
neuronal exosomes can mediate cardiotoxicity, we were 
careful with media change, and harvest intervals avoid-
ing any possibility for suboptimal nutrition, that could 
impact the exosome cargoes. This likely resulted in 
lower than anticipated exosome yields, and possibly 
the exosome cargoes per se [32]. Unbeknownst to the 
concentration of our exosome yield we froze our exo-
somes as 100  µl aliquots before analyzing our exosome 
characteristics. This resulted in sub-optimal limitation 
regarding exosome particle density. Frozen exosomes 
withstand one freeze-thaw cycle relatively well, but mul-
tiple freeze-thaw cycles affect the small EVs resulting in 
unreliable results [49]. Thus, we used one 100 µl aliquot 
of exosomes in each experiment leading to small repli-
cate number of a preliminary 5 µl treatment group (~ 700 
*106 exosomes/mL). We continued the experiment with 
injecting 15 µl/well (~ 2*109 exosomes/mL) for more reli-
able data through rest of the experiments [30], and the 
5 µl treatment group was discontinued due to statistically 
insignificant n size. For this reason, we could not present 
a dose-response curve. Majority of our harvested exo-
somes samples showed positive NTA and EM results but 
did not express expected exosomic proteins in Western 
blot analysis. After thorough consideration we decided to 
be cautious and only study the effects of exosomes with 
expected protein signatures, discarding majority of our 
samples from further experiments, which further limited 
our experiment. Additionally, we did not comprehen-
sively analyze the studied exosomal cargoes, including 
proteins, RNAs, and other bioactive molecules. Had 
there been any differences between the study groups in 
cardiac protection or cardiac toxicity, it would have been 
the next logical step to study the differentiation patterns 
in each culture condition more thoroughly and validate 
the exosome proteomics in a subsequent phase. Due to 
aforementioned limitations in exosome yields, we have 
only studied cell viability indirectly via LDH assay and 
mitochondrial bioenergetics measurements. Based on 
our power calculations this study protocol should have 
detected differences in LDH-release and based on lit-
erature differences in viability would have been evident 
in the oxygen consumption rate measurements as well 

[48]. Furthermore, electron microscopy showed atypi-
cal structures in all samples. We have no explanation for 
these findings; however we postulate they did not have an 
effect on the study. Finally, we focused on OGD-to glu-
cose driven mitochondrial metabolism, and possible dif-
ferences in fatty acid oxidation could not be noticed in 
this experimental set up.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​6​8​-​0​2​5​-​0​0​9​3​1​-​1.

Supplementary Material 1: Seahorse XF high-resolution respirometry data 
was normalized to number of cells, quantified based on nuclei staining 
by cell membrane permeable staining dye (Hoechst 33342, 0.5μM) and 
cells were imaged with an automated imaging system, ImageXpress Pico 
(Molecular Devices) (Data supplement 1)

Acknowledgements
We are grateful to Ilse Paetau with all the help in the lab, and to Adjunct 
Professor Pia Siljander for all the help and expertise planning this project.

Author contributions
OA: Conceptualization, Formal analysis, Funding acquisition, Investigation, 
Methodology, Project administration, Visualization, Writing– original draft; VS: 
Formal analysis, Investigation, Methodology, Visualization, Writing– original 
draft; MA: Investigation, Methodology, Resources, Writing– original draft; RK: 
Conceptualization, Funding acquisition, Project administration, Supervision, 
Writing– review & editing.

Funding
This research was funded with grants from Finnish Foundation for 
Cardiovascular Research (200061), The Finnish Medical Foundation (2776), and 
Orion Research Foundation to OA.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 May 2024 / Accepted: 22 January 2025

References
1.	 Benjamin EJ, et al. Heart Disease and Stroke Statistics-2019 update: a 

Report from the American Heart Association. Circulation no J Article. p. 
2019;CIR0000000000000659. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​R​.​​0​0​0​​0​0​0​0​​0​0​​0​0​0​0​6​5​9.

2.	 O’Gara PT, et al. 2013 ACCF/AHA guideline for the management of ST-eleva-
tion myocardial infarction: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice guidelines. J 
Am Coll Cardiol. 2013;61(4):e78–140.

3.	 Mercado MG, Smith DK, McConnon ML. Myocardial infarction: management 
of the subacute period. Am Fam Physician. 2013;88(9):581–8.

4.	 Diamantis E, Kyriakos G, Quiles-Sanchez LV, Farmaki P, Troupis T. The anti-
inflammatory effects of statins on Coronary Artery Disease: an updated 

https://doi.org/10.1186/s12868-025-00931-1
https://doi.org/10.1186/s12868-025-00931-1
https://doi.org/10.1161/CIR.0000000000000659


Page 13 of 14Arvola et al. BMC Neuroscience           (2025) 26:11 

review of the literature. Curr Cardiol Rev. 2017;13(3):209–16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​2​1​7​4​​/​1​​5​7​3​​4​0​3​​X​1​3​6​​6​6​​1​7​0​4​2​6​1​0​4​6​1​1.

5.	 Squizzato A, Bellesini M, Takeda A, Middeldorp S, Donadini MP. Clopido-
grel plus aspirin versus aspirin alone for preventing cardiovascular events. 
Cochrane Database of Syst Rev. 2017;12:CD005158.​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​2​​/​1​​
4​6​5​​1​8​5​​8​.​C​D​​0​0​​5​1​5​8​.​p​u​b​4

6.	 Husain K, Hernandez W, Ansari RA, Ferder L. Inflammation, oxidative 
stress and renin angiotensin system in atherosclerosis. World J Biol Chem. 
2015;6(3):209–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​4​3​3​1​​/​w​​j​b​c​.​v​6​.​i​3​.​2​0​9.

7.	 Mason RP, Giles TD, Sowers JR. Evolving mechanisms of action of beta block-
ers: focus on nebivolol. J Cardiovasc Pharmacol. 2009;54(2):123–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​9​7​​/​F​​J​C​.​​0​b​0​​1​3​e​3​​1​8​​1​a​d​2​0​7​b.

8.	 Taggart DP. Incomplete revascularization: appropriate and inappropriate. Eur 
J Cardiothorac Surg. 2012;41(3):542–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​e​​j​c​t​s​/​e​z​r​2​9​8.

9.	 Daniele SG, et al. Brain vulnerability and viability after ischaemia. Nat Rev 
Neurosci. Sep. 2021;22(9):553–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​8​3​-​0​2​1​-​0​0​4​8​
8​-​y.

10.	 Hachet O, et al. Frequency and predictors of stroke after acute myocardial 
infarction: specific aspects of in-hospital and postdischarge events. Stroke. 
2014;45(12):3514–20. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​O​​K​E​A​​H​A​.​1​​1​4​​.​0​0​6​7​0​7.

11.	 Ay H, et al. Neuroanatomic correlates of stroke-related myocardial injury. 
Neurology. 2006;66(9):1325–9.

12.	 Oppenheimer SM, Hachinski VC. The cardiac consequences of stroke. Neurol 
Clin. 1992;10(1):167–76.

13.	 Prosser J, et al. Predictors of early cardiac morbidity and mortality after isch-
emic stroke. Stroke. 2007;38(8):2295–302.

14.	 Klingelhofer J, Sander D. Cardiovascular consequences of clinical stroke. Bail-
lieres Clin Neurol. 1997;6(2):309–35.

15.	 Ishikawa H et al. Ischemic stroke brain sends indirect cell death signals to the 
heart, Stroke, vol. 44, no. 11, pp. 3175–3182, 2013, ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​T​R​
O​​K​E​A​​H​A​.​1​​1​3​​.​0​0​1​7​1​4

16.	 Ong SG et al. Cross talk of combined gene and cell therapy in ischemic heart 
disease: role of exosomal microRNA transfer. Circulation. 2014;130(11)Suppl 
1:S60-9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​R​C​​U​L​A​​T​I​O​N​​A​H​​A​.​1​1​3​.​0​0​7​9​1​7

17.	 Alestalo K, et al. High number of transplanted stem cells improves myocardial 
recovery after AMI in a porcine model. Scand Cardiovasc J. 2015;49(2):82–94. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​1​0​9​​/​1​​4​0​1​​7​4​3​​1​.​2​0​​1​5​​.​1​0​1​8​3​1​1.

18.	 Gould SJ, Raposo G. eCollection, As we wait: coping with an imperfect 
nomenclature for extracellular vesicles. J Extracell Vesicles. 2013;2(1):20389. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​4​0​2​​/​j​​e​v​.​v​2​i​0​.​2​0​3​8​9.

19.	 Robbins PD, Morelli AE. Regulation of immune responses by extracellular 
vesicles. Nat Rev Immunol. 2014;14(3):195–208. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​i​3​6​
2​2.

20.	 Lai RC, et al. Exosome secreted by MSC reduces myocardial ischemia/reperfu-
sion injury. Stem Cell Res. 2010;4(3):214–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​s​c​r​.​2​0​0​9​.​
1​2​.​0​0​3.

21.	 Sahoo S, Losordo DW. Exosomes and cardiac repair after myocardial infarc-
tion. Circ Res. 2014;114(2):333–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​R​C​​R​E​S​​A​H​A​.​​1​1​​4​.​3​
0​0​6​3​9.

22.	 Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular inter-
actions of exosomes and other extracellular vesicle. Annu Rev Cell Dev Biol. 
2014;30:255–289.​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​4​6​​/​a​​n​n​u​​r​e​v​​-​c​e​l​​l​b​​i​o​-​1​0​1​5​1​2​-​1​2​2​3​2​6

23.	 Deng M, et al. Preservation of neuronal functions by exosomes derived from 
different human neural cell types under ischemic conditions. Eur J Neurosci. 
2018;47(2):150–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​e​​j​n​.​1​3​7​8​4.

24.	 Saparov A, et al. Role of the immune system in cardiac tissue damage and 
repair following myocardial infarction. Inflamm Res. 2017;66(9):739–51. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​0​1​1​-​0​1​7​-​1​0​6​0​-​4.

25.	 Yuan Y et al. Stem Cell-Derived Exosome in Cardiovascular Diseases: Macro 
Roles of Particles. Front Pharmacol. 2018;9:547. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​p​h​a​r​.​
2​0​1​8​.​0​0​5​4​7

26.	 Fertig ET, Gherghiceanu M, Popescu LM. Extracellular vesicles release by 
cardiac telocytes: electron microscopy and electron tomography. J Cell Mol 
Med. 2014;18(10):1938–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​c​m​m​.​1​2​4​3​6.

27.	 Sun X et al. Stem Cell-Derived Exosomes Protect Astrocyte Cultures From in 
vitro Ischemia and Decrease Injury as Post-stroke Intravenous Therapy. Front.
Cell.Neurosci., vol. 13, no. Journal Article, p. 394, 2019 ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​
f​​n​c​e​l​.​2​0​1​9​.​0​0​3​9​4

28.	 Bobrie A, Colombo M, Krumeich S, Raposo G, Théry C. Diverse subpopula-
tions of vesicles secreted by different intracellular mechanisms are present in 
exosome preparations obtained by differential ultracentrifugation. J Extracell 
Vesicles. 2012;1(1):18397. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​4​0​2​​/​j​​e​v​.​v​1​i​0​.​1​8​3​9​7.

29.	 Puhka M et al. KeepEX, a simple dilution protocol for improving extracellular 
vesicle yields from urine. Eur J Pharm Sci. 2017;98:30–39.urine. Eur J Pharm 
Sci. 2017;98:30–39.

30.	 Saari H, Lázaro-Ibáñez E, Viitala T, Vuorimaa-Laukkanen E, Siljander P, Ylipert-
tula M. Microvesicle- and exosome-mediated drug delivery enhances the 
cytotoxicity of Paclitaxel in autologous prostate cancer cells. J Controlled 
Release. Dec. 2015;220:727–737. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​j​c​​o​n​r​​e​l​.​2​​0​1​​5​.​0​9​.​0​3​1

31.	 Arvola O, Griffiths B, Rao A, Xu L, Pastroudis I-A, Stary CM. Expression 
of miR-200c corresponds with increased reactive oxygen species and 
hypoxia markers after transient focal ischemia in mice. Neurochem Int. Oct. 
2021;149:105146. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​n​e​​u​i​n​​t​.​2​0​​2​1​​.​1​0​5​1​4​6

32.	 Palviainen M, et al. Metabolic signature of extracellular vesicles depends on 
the cell culture conditions. J Extracell Vesicles. 2019;8(1):1596669. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​8​0​​/​2​​0​0​1​​3​0​7​​8​.​2​0​​1​9​​.​1​5​9​6​6​6​9.

33.	 Thery C, et al. Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): a position statement of the International Society for Extracel-
lular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. 
2018;7(1):1535750. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​0​​/​2​​0​0​1​​3​0​7​​8​.​2​0​​1​8​​.​1​5​3​5​7​5​0.

34.	 Sharma A, Sonny A, Panaich S, Walia A, Ramakrishna H. Analysis of the 2019 
American Heart Association (AHA) focused update on Advanced Cardiovas-
cular Life Support. J Cardiothorac Vasc Anesth. May 2021;35(5):1516–23. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​5​3​​/​j​​.​j​v​c​a​.​2​0​2​0​.​0​5​.​0​3​1.

35.	 European Resuscitation Council and European Society of Intensive Care 
Medicine Guidelines. 2021: Post-resuscitation care - Resuscitation. Accessed: 
Nov. 24, 2024. [Online]. Available: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​e​s​u​​s​c​i​​t​a​t​i​​o​n​​j​o​u​​r​n​a​​l​.​c​o​​m​/​​a​r​t​i​c​l​
e​/​S​0​3​0​0​-​9​5​7​2​(​2​1​)​0​0​0​6​5​-​4​/​f​u​l​l​t​e​x​t

36.	 Stem Cell Therapies as an Emerging Paradigm in Stroke Participants. Stem 
Cell Therapies as an Emerging Paradigm in Stroke (STEPS): bridging basic and 
clinical science for cellular and neurogenic factor therapy in treating stroke, 
stroke, Stroke, vol. 40, no. 2, pp. 510–515, Feb. 2009, ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​S​​
T​R​O​​K​E​A​​H​A​.​1​​0​8​​.​5​2​6​8​6​3

37.	 Kuznetsov AV, Javadov S, Sickinger S, Frotschnig S, Grimm M. H9c2 and HL-1 
cells demonstrate distinct features of energy metabolism, mitochondrial 
function and sensitivity to hypoxia-reoxygenation. Biochim Biophys Acta. 
2015;1853(2):276–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​b​​a​m​c​​r​.​2​0​​1​4​​.​1​1​.​0​1​5.

38.	 Watkins SJ, Borthwick GM, Arthur HM. The H9C2 cell line and primary neona-
tal cardiomyocyte cells show similar hypertrophic responses in vitro. Vitro Cell 
Dev Biol -Animal. Feb. 2011;47(2):125–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​6​2​6​-​0​1​
0​-​9​3​6​8​-​1.

39.	 Felemban SG, Vyas FS, Durose L, Hargreaves AJ, Dickenson JM. Phenyl 
Saligenin Phosphate Disrupts Cell Morphology and the Actin Cytoskeleton 
in Differentiating H9c2 Cardiomyoblasts and Human-Induced Pluripotent 
Stem-Cell-Derived Cardiomyocyte Progenitor Cells. Chem Res Toxicol. Sep. 
2020;33(9):2310–2323. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​2​1​​/​a​​c​s​.​​c​h​e​​m​r​e​s​​t​o​​x​.​0​c​0​0​1​0​0

40.	 Lundy SD, Zhu W-Z, Regnier M, Laflamme MA. Structural and functional 
maturation of cardiomyocytes derived from human pluripotent stem cells. 
Stem Cells Dev. Jul. 2013;22(14):1991–2002. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​8​9​​/​s​​c​d​.​2​0​1​2​.​
0​4​9​0.

41.	 Saks VA, et al. Intracellular energetic units in red muscle cells. Biochem J. 
2001;356:643–57.

42.	 Gibb AA, et al. Exercise-Induced changes in glucose metabolism promote 
physiological Cardiac Growth. Circulation. 2017;136(22):2144–57. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​6​1​​/​C​​I​R​C​​U​L​A​​T​I​O​N​​A​H​​A​.​1​1​7​.​0​2​8​2​7​4.

43.	 Gupta A, Houston B. A comprehensive review of the bioenergetics of fatty 
acid and glucose metabolism in the healthy and failing heart in nondiabetic 
condition. Heart Fail Rev. 2017;22(6):825–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​0​7​4​
1​-​0​1​7​-​9​6​2​3​-​6.

44.	 Ventura-Clapier R, Garnier A, Veksler V, Joubert F. Bioenergetics of the failing 
heart. Biochim Biophys Acta. 2011;1813(7):1360–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​
b​b​​a​m​c​​r​.​2​0​​1​0​​.​0​9​.​0​0​6.

45.	 Gong G et al. Oxidative capacity in failing hearts, Am.J.Physiol.hearts. Am J 
Physiol Heart Circ Physiol. 2003;285(2):H541-8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​h​​e​a​
r​​t​.​0​1​​1​4​​2​.​2​0​0​2

46.	 Nie H, Pan Y, Zhou Y. Exosomal microRNA-194 causes cardiac injury and 
mitochondrial dysfunction in obese mice. Biochem Biophys Res Commun. 
2018;503(4):3174–9.

47.	 Correia M, Santos F, da Silva Ferreira R, Ferreira R, Bernardes de B, Jesus, 
Nóbrega-Pereira S. Metabolic determinants in cardiomyocyte function and 
heart regenerative strategies. Metabolites. May 2022;12(6):500. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​9​0​​/​m​​e​t​a​b​o​1​2​0​6​0​5​0​0.

48.	 Pfleger J, He M, Abdellatif M. Mitochondrial complex II is a source of the 
reserve respiratory capacity that is regulated by metabolic sensors and 

https://doi.org/10.2174/1573403X13666170426104611
https://doi.org/10.2174/1573403X13666170426104611
https://doi.org/10.1002/14651858.CD005158.pub4
https://doi.org/10.1002/14651858.CD005158.pub4
https://doi.org/10.4331/wjbc.v6.i3.209
https://doi.org/10.1097/FJC.0b013e3181ad207b
https://doi.org/10.1097/FJC.0b013e3181ad207b
https://doi.org/10.1093/ejcts/ezr298
https://doi.org/10.1038/s41583-021-00488-y
https://doi.org/10.1038/s41583-021-00488-y
https://doi.org/10.1161/STROKEAHA.114.006707
https://doi.org/10.1161/STROKEAHA.113.001714
https://doi.org/10.1161/STROKEAHA.113.001714
https://doi.org/10.1161/CIRCULATIONAHA.113.007917
https://doi.org/10.3109/14017431.2015.1018311
https://doi.org/10.3109/14017431.2015.1018311
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.1038/nri3622
https://doi.org/10.1038/nri3622
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1016/j.scr.2009.12.003
https://doi.org/10.1161/CIRCRESAHA.114.300639
https://doi.org/10.1161/CIRCRESAHA.114.300639
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1111/ejn.13784
https://doi.org/10.1007/s00011-017-1060-4
https://doi.org/10.1007/s00011-017-1060-4
https://doi.org/10.3389/fphar.2018.00547
https://doi.org/10.3389/fphar.2018.00547
https://doi.org/10.1111/jcmm.12436
https://doi.org/10.3389/fncel.2019.00394
https://doi.org/10.3389/fncel.2019.00394
https://doi.org/10.3402/jev.v1i0.18397
https://doi.org/10.1016/j.jconrel.2015.09.031
https://doi.org/10.1016/j.neuint.2021.105146
https://doi.org/10.1080/20013078.2019.1596669
https://doi.org/10.1080/20013078.2019.1596669
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1053/j.jvca.2020.05.031
https://doi.org/10.1053/j.jvca.2020.05.031
https://www.resuscitationjournal.com/article/S0300-9572(21)00065-4/fulltext
https://www.resuscitationjournal.com/article/S0300-9572(21)00065-4/fulltext
https://doi.org/10.1161/STROKEAHA.108.526863
https://doi.org/10.1161/STROKEAHA.108.526863
https://doi.org/10.1016/j.bbamcr.2014.11.015
https://doi.org/10.1007/s11626-010-9368-1
https://doi.org/10.1007/s11626-010-9368-1
https://doi.org/10.1021/acs.chemrestox.0c00100
https://doi.org/10.1089/scd.2012.0490
https://doi.org/10.1089/scd.2012.0490
https://doi.org/10.1161/CIRCULATIONAHA.117.028274
https://doi.org/10.1161/CIRCULATIONAHA.117.028274
https://doi.org/10.1007/s10741-017-9623-6
https://doi.org/10.1007/s10741-017-9623-6
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1016/j.bbamcr.2010.09.006
https://doi.org/10.1152/ajpheart.01142.2002
https://doi.org/10.1152/ajpheart.01142.2002
https://doi.org/10.3390/metabo12060500
https://doi.org/10.3390/metabo12060500


Page 14 of 14Arvola et al. BMC Neuroscience           (2025) 26:11 

promotes cell survival. Cell Death & Disease. Jul. 2015;6(7):e1835. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​0​3​8​​/​c​​d​d​i​s​.​2​0​1​5​.​2​0​2

49.	 Gelibter S et al. The impact of storage on extracellular vesicles: A systematic 
study. J Extracell Vesicles. Feb. 2022;11(2):e12162. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​2​​/​j​​e​v​
2​.​1​2​1​6​2

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/cddis.2015.202
https://doi.org/10.1038/cddis.2015.202
https://doi.org/10.1002/jev2.12162
https://doi.org/10.1002/jev2.12162

	﻿Neural progenitor cell-derived exosomes in ischemia/reperfusion injury in cardiomyoblasts
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Unconditioned rat fetal neural progenitor cell cultures
	﻿Adherent culture
	﻿Neurosphere culture
	﻿CELLine CL 1000 bioreactor
	﻿Exosome extraction and characterization
	﻿Nanoparticle tracking analysis
	﻿Transmission electron microscopy
	﻿Western blot
	﻿Cardiomyocyte cultures
	﻿Oxygen glucose deprivation
	﻿Exosome treatment
	﻿Seahorse XF– mitochondrial respiration
	﻿Cell viability assay
	﻿Immunofluorescence
	﻿Power calculations

	﻿Results
	﻿NSC characteristics
	﻿Exosome validation
	﻿Cardiomyoblast viability and mitochondrial respiration

	﻿Discussion
	﻿References


