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Introduction: Idiopathic dilated cardiomyopathy (DCM) is associated with abnormalities in cytoskeletal
proteins, mitochondrial ATP transporter, microvasculature, and fibrosis. Mesenchymal stem cells (MSCs)
can ameliorate distressed mitochondrial and structural proteins, as well as fibrosis, via the paracrine
effect of cytokines. This study aimed to investigate whether the transplantation of adipose tissue-derived
MSCs (ADSCs) reverses histological and functional abnormalities in the distressed myocardium of DCM-
like hamsters by modulating the expression of adenine nucleotide translocase 1 (ANT-1).
Methods: Eighteen weeks after birth, ADSCs were implanted onto the cardiac surface of d-sarcoglycan
(SG)-deficient hamsters or sham surgery was performed.
Results: Left ventricular ejection fraction and end-systolic diameter were maintained in ADSC-treated
animals for four weeks, ATP concentration was considerably elevated in the cardiomyocytes of these
animals, and ANT-1 expression was significantly upregulated as well. The expression of extracellular
matrix and myocardial cytoskeletal proteins, such as collagen, SG, and a-dystroglycan, did not differ
between groups. However, significant improvements in myosin and Smad4 expression, cardiomyocyte
hypertrophy, and capillary density occurred in the ADSC-treated group.
Conclusions: We demonstrated that ADSCs might maintain cardiac function in the DCM hamster model
by enhancing ATP concentration, as well as mitochondrial transporter and myosin expression, indicating
their potential for DCM treatment.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Idiopathic dilated cardiomyopathy (DCM) has been reported to
result from several pathophysiological conditions, including
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abnormalities in cytoskeletal proteins, mitochondrial ATP trans-
porters, microvasculature, and fibrosis, all of whichmay be primary
therapeutic targets [1e3]. Cell therapy has been established to be
useful for treating ischemic cardiomyopathy (ICM), where car-
diomyocytes experience ischemia and hibernation along with ATP
upregulation. However, neither the efficacy of cell therapy for DCM
nor the mechanism responsible for ATP upregulation in DCM have
been characterized [4].

Furthermore, the pathophysiology of DCM includes inflamma-
tion, microvasculopathy, free radical stress with mitochondrial
dysfunction, apoptosis of cardiomyocytes, remodeling of the
extracellular matrix, and homeostatic abnormality in collagen
turnover [1,2]. In particular, abnormal expression of adenine
nucleotide translocase 1 (ANT-1), an antiporter of ATP and ADP in
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the myocardial mitochondria, plays an essential role in the onset of
DCM [2,5e7]. Therefore, methods for regulating and enhancing
ANT-1 expression and ATP concentration in the cytoplasm may
offer therapeutic options for idiopathic DCM.

Previous reports suggest that cell transplantation may be
effective by targeting a different mechanism from those targeted by
current drug therapies, making it a potential option to treat idio-
pathic DCM. Therefore, we sought to investigate whether the
transplantation of adipose tissue-derived mesenchymal stem cells
(ADSCs) reverses histological and functional abnormalities in the
distressed myocardium of the idiopathic DCM hamster model via
modulation of ANT-1 expression.

Herein, we examined ANT-1 activity in themyocardium of J2N-k
hamsters exhibiting the DCM phenotype with concomitant re-
ductions in ATP concentration and myocardial contraction [8,9].
The therapeutic potential of ADSCs was also evaluated in J2N-k
hamsters. We also measured the expression of several cytokines,
including transforming growth factor (TGF)-b, which may regulate
ANT-1 expression [10], to further elucidate the potential associated
mechanisms.

2. Methods

2.1. Human ADSC graft preparation

Healthy human ADSCs were purchased from Lonza (Basel,
Switzerland) and cultured at 37 �C in the presence of 5% CO2 for
2e3 days. Then, the ADSCs were subcultured four times and
cryopreserved.

2.2. ADSC administration to DCM hamsters

Eighteen-week-old male d-sarcoglycan-deficient J2N-k ham-
sters and J2N-n healthy hamsters (Japan SLC, Shizuoka, Japan) were
used as idiopathic and wild models, respectively. J2N-k hamsters
develop human DCM-like histopathological features associated
with the deterioration of cardiac function [2]. All hamsters under-
went left lateral thoracotomy under 1.5% isoflurane anesthesia.
Subsequently, ADSCs were delivered into the heart using a novel
method, in which a fibrinogen and thrombin solution containing
ADSCs was pipetted and dropped on the surface of the heart,
covering the entire left ventricular surface (1 � 106 cell/body)
(Group ADSC, n ¼ 10) (S1 Table) [11]. The hamsters in the other
groupsdJ2N-nwild hamsters (GroupWild, n¼ 10) or sham surgery
for J2N-k hamsters (Group Sham, n ¼ 10)dunderwent ADSC-free
fibrinogen/thrombin solution treatment in the same manner as
Group ADSC. After transplantation, the hamsters were housed in
temperature-controlled individual cages until natural death
occurred or were euthanized using excessive anesthesia (4% iso-
flurane) followed by exsanguination and removal of the heart at
two or four weeks post-surgery (n ¼ 5 each) (Fig. 1).

2.3. Evaluation of cardiac function with transthoracic
echocardiography

Transthoracic echocardiography was performed using a system
equipped with a 12-MHz transducer and Vivid-i (GE Healthcare,
Chicago, IL, USA) under isoflurane inhalation (1%). Diastolic/systolic
dimensions (Dd/Ds) and ejection fraction (EF) of the left ventricle
(LV) were measured.

2.4. Isolation of mitochondria from the heart

The mitochondrial fractions from heart tissue samples were
isolated using a mitochondria isolation kit (CosmoBio, Tokyo,
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Japan) following the manufacturer's protocol. Briefly, cardiac tis-
sues, which were harvested, snap-frozen, and stored at �80 �C,
were immersed in ice-cold buffer A and homogenized on ice. The
homogenate was applied onto a filter cartridge and centrifuged at
16,000�g for 30 s to remove the cells and large debris. Next, the
filtered supernatant was added to buffer B and centrifuged at
16,000�g for 10 min; the supernatant obtained was discarded. The
pellet was resuspended in buffer B and centrifuged at 8000�g for
5 min. Ice-cold phosphate-buffered saline solution was added to
the collected supernatant and centrifuged at 16,000�g for 15 min.
The final pellet contained the mitochondria.

2.5. ATP quantification in the heart

ATP content was assessed using a colorimetric ATP assay kit
(Abcam, Cambridge, UK). Frozen heart samples were homogenized
and centrifuged at 15,000�g for 2 min, and the ATP content in the
resultant supernatant was assessed. The standard curve for ATP and
the reaction mixture were prepared according to the manufac-
turer's instructions in a 96-well plate, and optical density was
measured at 570 nm using the Infinite F200 PRO microplate reader
(Tecan, M€annedorf, Switzerland).

2.6. Protein expression in the heart

Protein concentrations were determined using the Pierce BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer's instructions. Whole mitochon-
drial pellets were solubilized in Laemmli buffer and 10 mg of
proteins was separated by using electrophoresis on a 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gradient gel and transferred
onto a polyvinylidene fluoride (PVDF) membrane. Nonspecific
binding was blocked with StartingBloc blocking buffer (Thermo
Fisher Scientific) and the membranes were incubated with spe-
cific antibodies. The antibodies used were anti-ANT-1 (1:500,
ab102032) and anti-cytochrome c oxidase (COX IV; 1:1,000,
ab16056) and were purchased from Abcam. Afterwards, the
membranes were incubated with anti-rabbit IgG-horse radish
peroxidase (HRP)-linked secondary antibodies. After developing
the membranes using an enhanced chemiluminescence kit (Cos-
moBio), the signals were visualized using the ChemiDoc XRSþ
system (BioRad, Hercules, CA, USA). Cytochrome c oxidase
expression was used as internal control. The values obtained were
expressed as a percentage of the value in the J2N-n hamsters
(ImageLab Ver 6.0, BioRad).

2.7. Cytokine secretion from the ADSC graft

Human ADSCs after the 4th passage were used to form the
small-scale graft in a 6-well plate using the method mentioned
above and cultured for 72 h. The culture supernatant was collected,
and the concentrations of various cytokines were assessed using an
enzyme-linked immunosorbent assay kit (Quantikine ELISA, R&D
Systems, Minneapolis, MN, USA).

2.8. Gene expression in the heart

Total RNA was isolated from the free wall of the LV using the
RNeasy kit and reverse-transcribed using Omniscript reverse
transcriptase (Qiagen, Hilden, Germany). Complementary DNA
samples were prepared and assayed in duplicates. Quantitative
polymerase chain reaction (qPCR) was performed with the ABI
7500 Fast real-time PCR system using SYBR Green real-time PCR
master mix (Thermo Fisher Scientific) and specific primers/probes
(S2 Table). The average copy number of the transcripts was
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Fig. 1. Study protocol. Human ADSC grafts were implanted on the cardiac surface of 20-week-old J2N-k and -n hamsters.
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normalized to that of glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) for each sample.

2.9. Histological analysis

Two or four weeks after transplantation, the heart was excised
after euthanization with 5% isoflurane to perform histological anal-
ysis. The excised heart specimen was fixed with either 10% buffered
formalin for paraffin sections or 4% paraformaldehyde for frozen
sections. The paraffin sections were stained with hematoxylin-eosin
and periodic acideSchiff staining of the LV and picrosirius red to
assess the degree of myocyte diameter and myocardial fibrosis. The
paraffin sections were also immunohistologically labeled using anti-
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Fig. 2. Cardiac function and survival rate. (AeC) Echocardiographic evaluation of cardiac
differences, with *P < 0.05 versus Group Sham and yP < 0.05 versus Group Wild. (D) Over
(n ¼ 8), ADSC (n ¼ 8), and Sham (n ¼ 7).
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von Willebrand factor antibody, polyclonal anti-CD31 antibody
(Abcam), anti-a-sarcoglycan (Novocastra Laboratories, Newcastle,
UK), anti-b-sarcoglycan (Novocastra), and anti-a-dystroglycan (clone
IIH6C4, Merck, Kenilworth, NJ, USA) to assess the capillary vascular
density and the organization of cytoskeletal proteins. In addition, the
TGF-b receptor and myosin in the myocardium were stained with
anti-TGF-b receptor I antibody (Abcam) and anti-myosin light chain 2
antibody (Abcam), respectively.

Thepercentageof the total area thatwasfibrotic, as determinedby
picrosirius red staining, was calculated using a planimetric method
with theMetaMorph software (Molecular Device, San Jose, CA, USA).
The number of capillaries per square millimeter was calculated using
theBZAnalyzer (Keyence,Osaka, Japan) andwascounted infivehigh-
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function after ADSC implantation. KruskaleWallis test was used to evaluate significant
all survival rates after treatment were evaluated using the log-rank test. Groups Wild



Fig. 3. ADSC graft characteristics. (A, B) Western blotting of mitochondrial ANT-1 and cytosolic ATP concentration in Groups ADSC and Sham at two and four weeks after ADSC
transplantation. The blotting figure was cropped for clarity and full-length blots are presented in S1 Fig. (C) Cytokine secretion from ADSC graft. ANOVA and Student's t-test were
used to evaluate significant differences, with *P < 0.05 versus Group Sham and yP < 0.05 versus Group Wild.
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power magnification fields per section (25 fields/heart) [12]. The
percentage of the total area positive for a-sarcoglycan, b-sarcoglycan,
and a-dystroglycan, as determined by immunohistochemical stain-
ing, was calculated using the BZ Analyzer.
2.10. Statistical analysis

Values are shown as the mean ± standard error of the mean.
Student's t-test (two-tailed) was used to compare two groups of
independent samples. One-way and two-way analyses of variance
(ANOVA) with Bonferroni correction for multiple comparisons
were performed to assess within- and between-group differences
following the treatments. Following ANOVA, between-group com-
parisons were made using a Student's t-test (two-tailed). Survival
curves were prepared using the KaplaneMeier method and
compared using the log-rank test. All probability values were two-
185
sided. The JMP 13 software (SAS Institute, Cary, NC, USA) was used
for all analyses. P-values <0.05 indicated statistical significance.
2.11. Ethics approval

All experimental procedures were approved by the Osaka Uni-
versity Institutional Ethics Committee (approval number 27-046-
011). Animal care was in compliance with the Principles of Labo-
ratory Animal Care formulated by the National Society for Medical
Research and the Guide for the Care and Use of Laboratory Animals
prepared by the Institute of Animal Resources and published by the
National Institutes of Health (8th Edition, revised in 2011). All
experimental animals were euthanized using sufficient analgesics
to minimize animal suffering. To maximize reproducibility and
potential for re-use of data, we followed the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines for all sub-
missions describing laboratory-based animal research.



Fig. 4. Comparison of myocardial gene expression. The expression levels of a-sarcoglycan, b-sarcoglycan, and a-dystroglycan genes were evaluated in Groups ADSC and Sham at
two and four weeks after transplantation. ANOVA and Student's t-test were used to identify significant differences, with *P < 0.05 versus Group Sham and yP < 0.05 versus Group
Wild.
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3. Results

3.1. Cardiac performance and survival of DCM hamsters after ADSCs
transplantation

The effects of ADSC transplantation on the cardiac functionwere
assessed by echocardiography (Fig. 1). All DCM hamsters showed
similar EF and LV Dd/Ds at 20 weeks before transplantation or sham
operation. After transplantation, LVEF and LV Ds were preserved for
four weeks in Group ADSC as opposed to Group Sham which
showed progressive deterioration in LV Dd/Ds and LVEF. However,
Group ADSC also exhibited a progressive worsening in LVEF and LV
Dd/Ds in the subsequent weeks after the first four weeks
(Fig. 2AeC). Furthermore, morbidity or mortality related to the
surgery were not observed in either group, and the survival rates of
hamsters in Groups ADSC and Sham showed similar overall disease
progression over 18weeks after intervention. However, the survival
rate in the Group ADSC was slightly better at six weeks compared
with the Group Sham, and the cause of death was believed to be
congestive heart failure (Fig. 2D).
3.2. Intracellular ATP concentration and mitochondrial ANT-1
expression

Transplantation of ADSCs increased the expression of ANT-1 in
the mitochondrial fraction of cardiomyocytes two weeks after im-
plantation. At two and four weeks after transplantation, the
186
cytosolic ATP concentration increased in the Group ADSC by 120%
compared with the Group Sham (Fig. 3A and B, and S1 Fig.).

3.3. Cytokine secretion from ADSC graft in vitro

Conditioned media from the ADSC grafts contained various
factors, such as human growth factor (HGF), vascular endothelial
growth factor (VEGF), stromal cell-derived factor (SDF)-1, and
activin-A, which have been previously reported to be car-
dioprotective and remodeling-suppressive factors. TGF-b1 and -b2
were not detected in the conditioned media after 72 h (Fig. 3C).

3.4. Regulation of signaling proteins and cytokines in the heart

The expression of signaling proteins and cytokine mRNAs in the
hearts of animals from both cardiomyopathy model groups and of
wild-type hamsters (n ¼ 3 each) was then investigated. The
expression of myocardial a-sarcoglycan (RQ), b-sarcoglycan (RQ),
and dystroglycan (RQ) mRNA in Group ADSC did not differ from
those in Group Sham at two and four weeks. In contrast, at two
weeks, HGF, VEGF, and Smad4 were upregulated compared with
Group Sham, whereas VEGF and myosin were also upregulated in
Group ADSC at four weeks (Fig. 4).

3.5. Effect of ADSCs on myocardial fibrosis and heart vasculature

CD31-labeled sections of the heart of Groups ADSC and Sham, as
well as from healthy wild hamsters, were assessed to identify the



Fig. 5. Histological analysis of heart sections. (A) Capillary density was determined using anti-von Willebrand factor antibody, 14 and 28 days after ADSC implantation. (B)
Quantification of the fibrotic area and representative picosirius red staining of whole heart section in each group, 14 and 28 days after ADSC implantation (C) Representative
hematoxylin-eosin and periodic acideSchiff staining of the LV. Cardiomyocyte diameter was measured in Groups ADSC and Sham. KruskaleWallis test revealed *P < 0.05 versus
Group Sham and yP < 0.05 versus Group Wild.
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trend in the distribution and number of arterioles and capillaries in
the heart (n ¼ 5, each). Fewer CD31-positive arterioles and capil-
laries were found in cardiac tissue samples from Group Sham than
in healthy heart, at two and four weeks. In contrast, the number of
arterioles and capillaries was higher in Group ADSC at two and four
weeks compared with Group Sham (Fig. 5A). The distribution and
quantity of interstitial collagen in the heart after implantation was
assessed by picrosirius red staining (n ¼ 5, each). As opposed to
healthy hamsters, interstitial collagen accumulated in the J2N-k
hamsters, irrespective of the treatment (Fig. 5B).

3.6. Organization of cytoskeletal proteins

The diameters of the cardiomyocytes were significantly smaller in
GroupADSC (Fig. 5C). The trend in the expression of a-sarcoglycan, b-
sarcoglycan, and a-dystroglycan in the hearts after ADSC treatment
was comprehensively assessed using immunohistological analysis
187
and qPCR. These three cytoskeletal proteins were found to be ho-
mogeneously expressed around the cardiomyocytes of healthy
hamsters; however, they were scarcely expressed in the hearts of
Group ADSC or Group Sham (Fig. 6AeC). In contrast, a-dystroglycan
expressionwas higher inGroupADSC than inGroup Shamat two and
four weeks (Fig. 4C and D). Furthermore, the trend in myosin gene
expression after ADSC transplantation was to be higher in Group
ADSC comparedwith Group Sham. Although therewere no apparent
histological differences,myosin expressionwas upregulated inGroup
ADSC compared with Groups Wild and Sham four weeks after the
treatment (Figs. 4G and 6D).

4. Discussion

In this study, we aimed to investigate whether epicardial trans-
plantation of ADSCs reverses histological and functional abnormal-
ities in the distressed myocardium of DCM hamster models via



Fig. 6. Representative picture of ECM-stained left ventricular wall. (A, B) The a- and b-sarcoglycan levels were quantified in each group. (C) The a-dystroglycan level was also
quantified in each group. ANOVA and Student's t-test were used to identify significant differences, with *P < 0.05 versus Group Sham and yP < 0.05 versus Group Wild. (D)
Representative picture of the myosin-stained left ventricular wall, two and four weeks after ADSC transplantation.
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modulation of ANT-1 expression. Our results showed that although
cardiac function gradually deteriorated within its natural course,
cardiac output was maintained following ADSC transplantation in
DCM-like hamsters, and this results were considered clinically
188
meaningful in the sense that the transplantation method is simpler
than other method [11]. The ATP concentration in the cytoplasm
increased with ANT-1 upregulation. The activin-A secreted by ADSCs
may act on the TGF-b receptor of cardiomyocytes to reinforce ANT-1



Fig. 7. Summary of the mechanism underlying ADSC therapy for dilated cardiomyopathy (DCM). The myocardial cascade via transforming growth factor receptor (TGFR)
possibly enhances the expression of ANT-1 and myosin, which maintains myocardial contractility. In contrast, activin, a ligand of TGFR, is secreted from ADSCs. The possibility of
activating fibroblasts was also considered.
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expression via Smad4 activation. Based on these results, we hypoth-
esized that this signal increased the expression of ANT-1, ATP pro-
duction, andmyosin expression, subsequently improving the cardiac
contractile force [13]. Histologically, suppression of cardiomyocyte
hypertrophy and vascularization were observed, in agreement with
previousreports.However, suppressionofmyocardialfibrosiswasnot
apparent in this study. Despite the levels of cytoskeletal proteins,
including sarcoglycan anddystroglycan, remainingunaltered,myosin
was upregulated (Fig. 7).

At the molecular level, the causes of heart failure are diverse and
complex. The expression of myosin and other contraction-related
proteins decreases in ischemic cardiomyopathy and idiopathic car-
diomyopathy [14]. In this study, enhancedmyosinexpressionandATP
production promoted contraction. Although the details of the un-
derlying intracellular signals were not identified, it is important to
note that myosin expression was restored with the enhancement of
ANT-1andATP levels. The correlationbetweenmyocardial contractile
force and the structural units of myosin has been studied, and a
decrease in the expression ormutations inmyosin andmitochondrial
gene have been shown to directly cause cardiac dysfunction [13,15].

Previous studies have also shown that thyroid hormones func-
tion as humoral factors in regulating myosin expression. Further-
more, in addition to their primary effects, b-blockers used in
patients with heart failure suppress myosin expression [16].
Although the myocardial intracellular signaling pathway starting
from TGF-b is reportedly involved in the maturation of myocardial
progenitor cells, a direct relationship with myosin expression was
also demonstrated [17].

Fibrosis of myocardial tissue is an important prognostic factor
not only in ischemic cardiomyopathy but also in dilated
189
cardiomyopathy [17]. Other than cardiomyocytes, cardiac tissue
also contains vascular endothelial cells, vascular smooth muscle
cells, and myofibroblasts. TGF-b promotes myocardial fibrosis,
primarily because of its effects on myofibroblasts and fibroblasts.
Production of collagen type I, a typical extracellular matrix in car-
diac remodeling, is promoted as fibroblasts are treated with TGF-b
[10]. In addition, the involvement of immune cells in this cardiac
remodeling has been reported, and it is thought that the control of
immune cells is important only for the suppression of fibrosis [18].

Although several intracellular cascades have been reported to
activate collagen production, the primary pathway involves TGF-b
signaling, which activates the expression of Smads [10]. In this
study, the ADSCs did not secrete TGF-b, but secreted activin, a
partial agonist of the TGF-b receptor. As activin can act on both
cardiomyocytes and fibroblasts, ANT-1 and ATP levels were
possibly enhanced in cardiomyocytes, while fibroblasts promoted
ECM production [16,19,20]. Although the cardiac function was
clinically maintained, enhanced ANT-1 and ATP levels may not
prevent cardiac remodeling or improve DCM prognosis statistically.
5. Conclusion

In conclusion, our results show that transplanting ADSCs onto
the cardiac surface ameliorates the pathophysiology of DCM in the
hamster model. Our data also demonstrated that ADSCs mediate an
increase in ATP concentration in the cardiomyocytes by promoting
ANT-1 expression, probably through the activineTGF-beSmad axis.
As the heart comprises heterogeneous cells, interpretation of the
mechanism of cytokine action, which exerts antagonistic effects on
cardiac function as observed in this study, is difficult. Although
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gene expression of the entire cardiac tissue was quantified, the
expression patterns of a single cell typewere not analyzed, which is
a limitation of this study. In the future, the detailed mechanism
underlying ADSC-based therapy should be analyzed using a single
cell analysis approach after isolating different cell types from heart
samples. Nevertheless, ADSC transplantation could be developed as
a therapeutic option for DCM.
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