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Bone marrow-derived mesenchymal stem cells rescue injured
H9c¢2 cells via transferring intact mitochondria through tunneling
nanotubes in an in vitro simulated ischemia/reperfusion model
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Abstract. The transplantation of mesenchymal stem cells
(MSCs) is considered to be a promising treatment for ischemic
heart disease; however, the therapeutic effects and underlying
mechanisms of action require further evaluation. Mitochondrial
dysfunction is a key event in simulated ischemia/reperfusion
(SI/R) injury. The purpose of the present study was to investi-
gate the mechanism of mitochondrial transfer, which may be
involved the antiapoptotic action of co-culture with MSCs. An
in vitro model of simulated ischemia/reperfusion (SI/R) was
used in the present study. The apoptotic indexes were signifi-
cantly increased when H9c2 cardiomyocytes were induced
in the SI/R group. Following co-culture with bone marrow-
derived (BM)-MSCs, H9c2 cells exhibited marked resistance
against the SI/R-induced apoptotic process. Besides, mitochon-
drial transfer via a tunneling nanotube (TNT) like structure
was detected by confocal fluorescent microscopy. In addition,
following pretreated with latrunculin-A (LatA), an inhibitor of
TNT formation, the BM-MSCs were not able to rescue injured
HOc2 cells from apoptosis, as previously observed. In conclu-
sion, the anti-apoptotic ability of BM-MSCs may be partially
attributed to the recovery of mitochondrial dysfunction in
SI/R, and the formation of TNTs appears to be involved in this
action of mitochondrial transfer between adjacent cells.
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Introduction

Ischemic heart disease (IHD) has gradually become one of the
major threats to quality of life (1). As a leading contributor to
mortality rates in cardiovascular disease (CVD), IHD accounts
for 42% of the mortality rates in patients with CVD (2,3).
Although the use of timely and appropriate reperfusion strate-
gies, including thrombolytic therapy, percutaneous coronary
intervention and coronary artery bypass grafting, have proved
efficient and beneficial, reperfusion itself causes further injury
to the ischemic cardiomyocytes, resulting in the induction of
apoptosis or even necrosis (4). Mitochondrial dysfunction has
been found to be critical, in that ischemia-mediated damage
to the mitochondrial electron transport chain persists during
reperfusion (5). This mitochondrial dysfunction not only
decreases energy production, but also increases the genera-
tion of intracellular reactive oxygen species and activates the
executioner caspase cleavage pathway to trigger cell death
during reperfusion (6). The injured myocardium undergoes
an orchestrated remolding process, which is associated with
adverse clinical outcomes (7). Reducing the deleterious impact
of ischemia/reperfusion (I/R) injury is, therefore, important in
the treatment of THD.

Mesenchymal stem cells (MSCs) expressing cluster of
differentiation (CD)105, CD73 and CD90, and rarely CD45,
CD34 and human leukocyte antigen-DR, can be isolated
from bone marrow, adipose tissue and the umbilical cord
blood (8,9). Due to their numerous advantages, including
abundant sources, high levels of activity, immune privilege,
high proliferation and differentiation potential and nutrient
secretion, the use of MSCs in cell therapies are considered
among the most promising approaches to repair damaged
cardiac tissue in IHD, including myocardial infarction and
heart failure (10-12). MSCs, as multipotent non-hematopoietic
stem cells, typically originating from the bone marrow, have
been widely used in general transplantation investigations.
However, the overall effect of regenerative stem cell therapy
in the improvement of human heart function is not consider-
able (13,14). A number of animal studies have produced results
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demonstrating significant cardioprotective effects. However,
following prudent review, the precise effects that MSCs have
on myocardiocytes, and the underlying mechanism remain
controversial. Several studies indicated that MSCs delivered to
the heart successfully differentiated into cardiomyocytes (15)
and fibroblasts (16), which are the predominant cellular constit-
uents of the heart, whereas others demonstrated that they did
not (16) and suggested that their therapeutic effects were para-
crine in nature (17). Spees et al reported that mitochondria can
be actively transferred from stem cells to recipient cells with
nonfunctional mitochondria, resulting in a significant amelio-
ration of aerobic respiration (18). In vivo animal investigations
are inherently limited, due to the complication of whether the
observed therapeutic effect results from in situ cells being
‘nourished’ by MSCs, or whether it is an artifact of MSCs,
which exhibit high activity and differentiation potential.

In the present study, the role of bone marrow-derived
MSCs (BM-MSCs) in the survival of H9¢2 cardiomyocytes in
a simulated I/R (SI/R) model was investigated. A co-culture
system was established to simulate the direct cell-to-cell
interactions. Consistently, the anti-apoptotic effects and
mitochondrial transfer by transient tunneling nanotube
(TNT)-like connections between cells were directly inves-
tigated in vitro, through which the exact changes induced by
BM-MSCs in the H9¢2 cells, and the possible mechanisms of
direct intercellular communication, were measured.

Materials and methods

Cell isolation and culture. MSCs were isolated from green
fluorescent protein (GFP)-expressing Sprague-Dawley rats
(age, 3 months; weight, 250-300 g), which were obtained from
the Second Military Medical University Laboratory Animal
Center (Shanghai, China). The rats were housed in a specific
pathogen-free facility (21+2°C and 50+15% humidity) under
a 12 h light/dark cycle with free access to food and water.
The present study was approved by the Ethics Committee
of the Second Military Medical University, Shanghai, China
(no. 13071002114). Primary BM-MSCs were isolated and
cultured, as described previously (19), at 37°C with 5% CO,.
Cells were harvested when they reached 80-90% confluence.
The harvested cells were centrifuged at 500 x g for 15 min
at 4°C and were subsequently resuspended in Dulbecco's
modified Eagle's medium (DMEM)/F-12 culture medium
containing 10% fetal bovine serum (FBS), 100 ug/ml strep-
tomycin and 100 U/ml penicillin (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Cells at the third passage
were subjected to flow cytometric analysis to examine the
expression levels of the CD29, CD90, CD31 and CD45 surface
markers (Fig. 1A-D).

Cells of the H9¢c2 rat ventricular cell line were obtained
from the American Type Culture Collection (Manassas, VA,
USA). The cells were maintained in DMEM/F-12 culture
medium containing 10% FBS, 100 ug/ml streptomycin and
100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.)
in a water-saturated atmosphere of 5% CO, and 95% air at
37°C.

Establishment of a co-culture system and cell treatment. To
construct the co-culture system, the appropriate density of
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HOc2 cells were plated into 6-well culture plates at a density
of 1x10° cells/well, and then divided into different groups based
on the specific treatments performed. An in vitro model of
simulated ischemia/reperfusion (SI/R) was used, as previously
described, with several modifications (20). Briefly, the medium
was replaced by serum- and glucose-deficient DMEM (21), and
the cells were placed into a hypoxic chamber (95% N,; 5% CO,)
at 37°C for 12 h. The cell were then reoxygenated at 37°C for
6 h with DMEM containing 10% FBS. The cells control group
were treated with complete medium throughout the experiment.
The cells in the SI/R group were subjected to SI/R, as described
above. In the co-culture group, BM-MSCs (1:1) were directly
seeded into the co-culture system during reoxygenation. In the
remaining group, the co-cultured BM-MSCs were pretreated
with latrunculin-A (LatA; 10 nM; Sigma-Aldrich, St. Louis,
MO, USA) at 37°C for 4 h (pre-LatA group).

Detection of apoptotic rates using flow cytometry. The H9c2
cells were isolated from the co-cultures using a MoFlo XDP
high-speed flow cytometry sorter (Beckman Coulter Brea,
CA, USA). Cell apoptosis was measured using Annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI)
with an apoptosis detection kit (BD Pharmingen, San Diego,
CA, USA), according to the manufacturer's protocol. The
samples were analyzed on a fluorescence activated cell sorter
(Cytomic FC500; Beckman Coulter) within 1 h. The numbers
of apoptotic cells, including Annexin V-positive/PI-negative
and double-positive cells, were counted and expressed as a
percentage of the total cell count.

Western blot analysis. H9c2 cells were washed twice with PBS,
and lysed using ProteoJET Mammalian Cell Lysis Reagent
(Thermo Fisher Scientific, Inc.) to extract cytoplasmic proteins.
Protein concentrations were determined using the bicinchoninic
acid (Beyotime Institute of Biotechnology, Haimen, China).
Following denaturation with loading buffer,60 ug protein extracts
were subjected to 8% SDS-PAGE and were electrophoretically
blotted onto nitrocellulose membranes (Novex, San Diego, CA,
USA). The membranes were blocked with 5% non-fat milk in
Tris-buffered saline with Tween-20 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA), and were subsequently probed overnight
at 4°C with rabbit polyclonal anti-rat antibodies against B cell
lymphoma-2 (Bcl-2; 1:1,000; polyclonal; cat. no. 2876), Bcl-2-
associated X protein (Bax; 1:1,000; polyclonal; cat. no. 2772) and
GADPH (1:5,000; monoclonal; cat. no. 5174). The membranes
were then incubated with the respective horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibodies (1:5,000;
cat. no. 7074) at room temperature for 1 h. Immunoreactive
bands were detected using an enhanced chemiluminescence
system (EMD Millipore, Billerica, MA, USA) and quantified
using Image-Pro Plus 6.0 software(Media Cybernetics, Inc.,
Rockville, MD, USA). All antibodies for western blotting were
purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA).

Caspase-3 activity assay. Caspase-3 activity was deter-
mined using a Caspase-3 Activity kit (Beyotime Institute of
Biotechnology), which is based on the caspase-3-mediated
conversion of acetyl-Asp-Glu-Val-Asp p-nitroanilide into
the yellow formazan product, p-nitroaniline. The assay was
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Figure 1. Identification of isolated BM-MSCs. Flow cytometric analysis of (A) CD90 (B) CD45, (C) CD29 and (D) CD31. The results showed >90% of the
BM-MSCs were positive for CD90 or CD29, whereas <3% of the BM-MSCs were positive for CD45 or CD31. BM-MSCs, bone marrow-derived mesenchymal

stem cells; CD, cluster of differentiation.

performed according to the manufacturer's protocol. Caspase-3
activity was quantified on a microplate spectrophotometer
(PowerWave HT Microplate spectrophotometer; Biotek
Instruments, Inc., Winooski, VT, USA) at 405 nm. Caspase-3
activity was expressed as the fold-change in enzyme activity,
compared with synchronized cells.

Measurement of mitochondrial membrane potential (Aym).
Following the specific treatments, the Ayym of the H9¢c2 cells
was assessed using a lipophilic cationic probe, 5,5',6,60'-tetra-
chloro-1,1',3,3"-tetraethylbenzimidazole-carbocyanide

iodine (JC-1; 5 ymol/l; Invitrogen; Thermo Fisher Scientific,
Inc.), which exhibits potential-dependent accumulation in
mitochondria. Briefly, the H9¢2 cells (1x10° cells/ml) were
incubated with JC-1 for 30 min at 37°C. The fluorescence was
detected using a microplate reader (Tecan Infinite 200; Tecan,
Mainnedorf, Switzerland). The wavelengths of excitation and
emission were 514 and 529 nm to detect the monomeric form
of JC-1, and 585 and 590 nm to detect the aggregation of JC-1.
The ratio of mitochondrial JC-1 aggregates and monomers was
considered representative of the Aym of H9c2 cells.

Staining of cells and confocal microscopy. To trace the
intercellular exchange of mitochondria, GFP BM-MSCs were
labeled with MitoTracker Deep Red (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Briefly, the cells (1x10° cells/ml) were resuspended
in pre-warmed (37°C) staining solution containing the
MitoTracker® probe (50 nM) for 30 min. Following staining,
the cells were washed three times in PBS, and resuspended in
fresh pre-warmed medium.

In the group of H9c2 cells subjected to 12 h ischemia,
labeled GFP BM-MSCs were directly seeded into the culture

system on glass slides. Following 6 h of mixture under condi-
tions of reoxygenation, the glass slides containing the two
types of cell were labeled with DAPI (10 pg/m; Beyotime
Institute of Biotechnology) for 5 min. Images were captured
by confocal microscopy (Leica Microsystems GmbH, Wetzlar,
German) within 1 h, and analyzed using Leica LAS AF Lite
software (Leica Microsystems GmbH).

Statistical analysis. Data are presented as the mean + standard
deviation and were analyzed using a paired or unpaired #-test,
unless otherwise stated. Differences between groups were
analyzed using one-way analysis of variance. P<0.05 was
considered to indicate a statistically significant difference.
Data were analyzed with the use of GraphPad Prism 5 soft-
ware (GraphPad Software Inc., San Diego, CA, USA).

Results

Identification of isolated BM-MSCs. Flow cytometric analysis
was used to detect the expression of CD90, CD45, CD29
and CD31 (Fig. 1A-D, respectively). BM-MSCs (>90%) were
positive for CD90 or CD29, whereas <3% were positive for
CD31 or CD45.

Co-culture with BM-MSCs decreases the apoptosis of
SI/R-stimulated H9c2 cells. The effects of the co-culture with
BM-MSCs on SI/R-stimulated phosphatidylserine exposure
in H9¢2 cells were analyzed using flow cytometric analysis of
annexin V-FITC/PI staining. As shown in Fig. 2, quantitative
analysis indicated that the apoptotic rate was significantly
elevated in the H9c2 cells stimulated with SI/R, compared
with the cells in the control group; and direct co-culturing
of H9¢c2 cells with BM-MSCs decreased SI/R-induced
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Figure 2. Effects of co-culture with BM-MSCs on apoptosis in the control (Con), SI/R and SI/R co-cultured with BM-MSCs (Co-culture) groups. (A) Changes
in apoptotic incidence in the Con, SI/R and Co-culture groups. Data are presented as the mean #+ standard deviation. "P<0.05, vs. Con; *P<0.05, vs. SI/R.
BM-MSCs, bone marrow-derived mesenchymal stem cells; SI/R, simulated ischemia/reperfusion.

apoptosis (Con, 8.10+2.77%; SI/R, 26.23+2.14%; Co-culture,
15.87+2.81%).

During the apoptotic process, the Bcl-2 protein family,
consisting of death agonists, including Bax, and death antago-
nists, including Bcl-2, has emerged as a key regulator (22,23).
As shown in Fig. 3A, western blots from the present study
revealed a significant upregulation in the expression of Bax
and downregulation in the expression of Bcl-2 following
SI/R. This imbalance of Bax/Bcl-2 was partially reversed by
co-culture of the H9¢2 cells with BM-MSCs.

Caspase-3 serves as an executioner of apoptosis, and its
activation is an early marker of apoptosis in H9c2 cells (24).
Compared with the control, the data in the present study showed
that co-culture with BM-MSCs reduced the SI/R-induced
elevation of caspase-3 in the H9¢2 cells (SI/R, 4.45+1.00-fold;
Co-culture, 2.01+0.25-fold; Fig. 3B).

Co-culture with BM-MSCs increases Aym in SI/R-stimulated
H9c2 cells. The mitochondrial function of H9¢c2 cells was
detected using the lipophilic and cationic JC-1 dye, with the
results expressed as the ratio between red (aggregated JC-1)
and green (monometric JC-1) fluorescence. Quantitative
analysis showed that Aym decreased significantly during treat-
ment with SI/R in the H9¢2 cells, compared with the control.
Following co-culture with the BM-MSCs, the SI/R-induced
HOc2 cells exhibited a significantly higher Aym, compared
with the cells exposed to SI/R treatment alone (Con, 5.58+0.74;
SI/R, 2.16+0.53; Co-culture, 4.30+0.68; Fig. 3C).

Transfer of mitochondria in direct co-culture of H9c2
cells with BM-MSCs. As shown in Fig. 4A-D, TNT-like

structures in (indicated by arrows) were observed between
the BM-MSCs and the H9c2 cells, on examination using
confocal microscopy. The mitochondria, visualized in the
red fluorescence channel, were found to transfer from the
relabeled GFP BM-MSCs to the SI/R-stimulated H9c2 cells
by the TNT-like structures.

LatA pretreatment inhibits the protective effects of the direct
co-culture system. Consistent with results described above,
co-culture reduced the apoptotic incidence in the SI/R H9c2
cells. However, when the BM-MSCs were pretreated with LatA,
the increase in apoptosis indicated that the protective effect of
the co-culture system was significantly undermined, as deter-
mined by annexin V-FITC/PI staining (SI/R, 25.87+2.07%;
Co-culture, 14.30+1.76%; Pre-LatA, 20.50+2.10%; Fig. 5).

Similarly, western blot analysis of the expression levels of
Bax and Bcl-2, and for the assessment of caspase-3 activity
suggested that BM-MSCs pretreated with LatA resulted in
decreased anti-apoptotic potential in the co-culture system
(Fig. 6A and B).

Pretreatment of the BM-MSCs with LatA also signifi-
cantly impaired the ability of BM-MSCs to protect the Aym
against the decrease induced by SI/R in the SI/R-stimulated
HO9c2 (SI/R, 2.07+0.46; Co-culture; 4.39+0.53; Pre-LatA,
3.18+0.47; Fig. 6C).

Discussion
In the present study, a model of BM-MSC intervention in

SI/R-induced H9c2 cells was established to assess changes
in apoptosis. Direct co-culture with BM-MSCs was found to
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Figure 3. Effects of co-culture with BM-MSCs on apoptosis and mitochondrial membrane potential in the control (Con), SI/R and SI/R co-cultured with
BM-MSCs (Co-culture) groups. (A) Representative western blots showing the changes in the expression Bax and Bcl-2 in H9¢2 cells from the Con, SI/R
and Co-culture groups. (B) Changes in caspase-3 activity in H9¢2 cells from the Con, SI/R and Co-culture groups. (C) Changes in mitochondrial membrane
potential in H9¢2 cells from the Con, SI/R and Co-culture groups. Data are presented as the mean + standard deviation ('P<0.05, vs. Con; “P<0.05, vs. SI/R).
BM-MSCs, bone marrow-derived mesenchymal stem cells; SI/R, simulated ischemia/reperfusion; Bcl-2, B cell lymphoma-2; Bax, Bcl-2-associated X protein;
JC-1,5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazole-carbocyanide iodine.

GFP BM-MSCs

Mitochondrial staining Merge

Figure 4. Mitochondria transfer following direct co-culture of ischemia/reperfusion-stimulated H9c2 cells with BM-MSCs. Arrows indicate the TNT-like
structures. (A) Blue nucleus stained by DAPI; (B) Green fluorescence from GFP BM-MSCs; (C) Red mitochondria stained by MitoTracker Deep Red;
(D) Merge of A-C. The arrows indicate the TNT-like structures. SI/R, simulated ischemia/reperfusion; BM-MSCs, bone marrow-derived mesenchymal stem
cells; GFP, green fluorescence protein. GFP, green fluorescence protein; BM-MSCs, bone marrow-derived mesenchymal stem cells.
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significantly restore the impaired mitochondrial function in
SI/R-stimulated H9c2 cells. TNT-like structures and directed
mitochondria transfer were also found between these two
types of cells. However, this benefit was partially offset if
the formation of TNTs was inhibited by pretreatment of the
BM-MSCs with LatA, an inhibitor of the cytoskeleton.

Mitochondria are essential organelles, and are key in
processes, including oxidative phosphorylation, aerobic
metabolism of glucose and fat, calcium signaling and apop-
tosis (18). Among the complex mechanisms underlying I/R,
mitochondrial dysfunction appears to contribute significantly
to these procedures (25,26). During the apoptosis process,
reduced Aym is one of the early events, triggering the uncou-
pling of the respiratory chain, release of cytochrome ¢, and
caspase cascade activation. The present study hypothesized
that direct cell-to-cell communications is one of the key
mechanisms for the observed amelioration of mitochondrial
function in co-cultures. Despite the formation of TNT-like
structures between MSCs and other cell types having been
reported in several studies (27-30), limited experimental data
are available on the effects of MSCs on injured mitochon-
dria in H9¢2 cells (31). The formation of TNTs, which are
directly induced by stress, may be considered as a defense
mechanism of injured cells. In the present study, only GFP
BM-MSCs were pre-labeled using MitoTracker Deep Red.
Following direct co-culture, however, the SI/R HO9c2 cells
were also labeled red. Consistently, the Aym assay confirmed
the reversion of mitochondrial dysfunction by co-culture.
These data demonstrated that BM-MSCs had transferred
their own intact mitochondria to the cells with compromised
mitochondrial function.

TNTs are fine, long, non-adherent, actin-based cytoplasmic
extensions, which were first described in a rat pheochromo-
cytoma cell line (32). TNTs, predominantly generated by
actin-driven protrusions of the cytoplasmic membrane, are
open-ended tubes, the lumen of which establishes a direct
connection between the cytoplasm of the connected cells (33).
Thus, TNT formation facilitates the exchange of cellular
components and signals (34). It may be that this novel inter-
cellular communication is important in the rescue effects of
BM-MSCs. To further investigate the effects of the observed
bridging structures in the present study, LatA was used to
inhibit the formation of TNTs in the co-cultures. As an F-actin
depolymerizing drug, LatA is efficient in reducing the poten-
tial of MSCs to produce TNTs with neighboring cells (28,35).
In the in vitro co-culture system, pretreatment with LatA
resulted in a marked decline in mitochondrial recovery in the
SI/R H9c2 cells, suggesting that TNTs are, at least partially,
involved in the therapeutic effects of direct co-culture with
BM-MSCs.

In conclusion, the present study demonstrated that
co-culture with BM-MSCs protected H9¢c2 cells against the
apoptosis induced by SI/R. During this process, co-cultured
BM-MSCs bridged with the injured H9c2 cells via TNTs,
through which intact mitochondria were transferred. This
rescue by the BM-MSCs efficiently assisted in the recovery
of the injured cells from mitochondrial dysfunction. Further
investigation of the protective effects of stem cells through
TNT-mediated mitochondrial transfer may provide novel
insights into the therapeutics of IHD.
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