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Abstract: This study tested the hypothesis that early implantation of mitochondria (Mito) into left myocardium could
effectively protect heart against doxorubicin/12 mg/kg-induced dilated cardiomyopathy (DCM) in rat. Adult-male
SD rats (n = 18) were equally categorized into group 1 (sham control), group 2 (DCM) and group 3 [DCM + Mito
(500 pg/rat intramyocardial injection by day-21 after DCM induction)] and euthanized by day 60. In vitro studies
showed that exogenously-transferred Mito was abundantly identified in H9C2 cells. The g-PCR showed significant
increase in relative number of mitDNA in Mito-transferred H9C2 cells than in control group (P<0.001). The mRNA-
gene and protein expressions of NRF1/NRF2/Tfam/PGC-1a/ERRa/Mfn2 were significantly increased in low-dose
Mito-transferred and more significantly increased in high-dose Mito-transferred H29C2 cells than in control group
(all P<0.01). Day-60 left-ventricular-ejection-fraction (LVEF) was significantly lower in group 2 than in groups 1 and
3, and significantly lower in group 3 than in group 1 (P<0.0001). The ratios of lung and heart weights to tibial length
and myocardial histopathological findings of fibrotic area/myocardial injured score/y-H2AX+ cells exhibited an op-
posite pattern to LVEF among the three groups (all P<0.0001). The myocardial protein expressions of oxidative-
stress (NOX-1/NOX-2/oxidized protein/p22phox), autophagic (beclin-1/Atg-5/ratio of CL3B-Il/CL3B-I), and apop-
totic/mitochondrial-damaged (cleaved-caspase-3/mitochondrial Bax/cleaved-PARP/cytosolic-cytochrome-C/DRP1/
cyclophilin D1) biomarkers exhibited an opposite pattern, whereas the protein expressions of mitochondrial integrity
(mitochondrial-cytochrome-C/mitochondrial-complex I/1l/111/IV and Mfn2/PGC-1) exhibited an identical pattern to
LVEF among the groups (all P<0.001). In conclusion, early Mito therapy effectively preserved LVEF and myocardial
integrity in DCM rat.
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Introduction

Dilated cardiomyopathy (DCM) represents a he-
terogeneous group of diseases and is a com-
mon cause of heart failure (HF) worldwide [1-4].
DCM is characterized by dilation and impaired

contraction of one or both ventricles causing
impaired systolic function [1-4]. Clinical studies
have revealed that mortality from DCM is usu-
ally from sudden or progressive pump failure,
which represents the end stage of DCM [1, 2,
5]. Due to its prevalence [6, 7] and high rates
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of hospitalization, morbidity, and mortality [2,
8], DCM is a major economic burden and global
health concern [1, 9, 10]. Despite continuous
improvements in medications, therapeutic mo-
dalities and treatment guidelines for DCM in
the past decade [1, 9-13], clinical outcomes
following onset of HF have not substantially
changed and mortality remains unacceptably
high [1, 9, 10, 13]. Accordingly, to find a new,
safe and efficacious therapeutic option is im-
portant for patients [14, 15].

DCM is a primary myocardial disease of un-
known etiology characterized mainly by cardiac
chamber dilatation, impairing systolic and dia-
stolic function [1, 2]. The underlying mecha-
nisms of worsening systolic function followed
by LV chamber dilatation/remodeling and de-
velopment of overt HF have been investigated
and found to be resultant from increased in-
flammation, oxidative stress, generation of mi-
tochondrial reactive oxygen species (ROS) [16-
19], mitochondrial dysfunction and apoptosis
with exhaustion of energy [20-22], as a conse-
quence extracellular fibrosis [14, 21], cardio-
myocyte death and scar formation [14, 23].
These findings [16, 23] raise the hypothesis
that early exogenous mitochondrial transfer to
mitochondrially dysfunctional cardiomyocytes
may have therapeutic potential by inhibiting
cardiomyocyte apoptosis and death and the-
reby preserving LV function.

Our previous studies showed that mitochond-
rial transfusion significantly protected liver [24]
and heart [15] from ischemia-reperfusion inju-
ry, effectively protected the lung from acute
respiratory distress syndrome (ARDS) [25, 26]
and pulmonary arterial hypertension [27] in-
duced injury mainly through inhibiting the gen-
eration of oxidative stress/ROS, inflammation
and apoptosis and refreshment of mitochon-
dria in ischemic organs. Accordingly, we tested
the hypothesis that early intramyocardial im-
plantation of exogenous mitochondria (Mito)
might effectively preserve left ventricular ejec-
tion fraction (LVEF) and myocardium integrity in
doxorubicin-induced DCM in rat.

Materials and methods
Ethics statement

All animal experimental procedures were app-
roved by the Institutional Animal Care and Use
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Committee at Kaohsiung Chang Gung Memo-
rial Hospital (Affidavit of Approval of Animal
Use Protocol No. 2016111501) and performed
in accordance with the Guide for the Care and
Use of Laboratory Animals, 8™ edition (NIH pub-
lication No. 85-23, National Academy Press,
Washington, DC, USA, revised 2011). Animals
were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care
International-approved animal facility in our
hospital, with controlled temperature and light
cycles (24°C and 12/12 light/dark cycle).

Procedure and protocol of DCM induction by
doxorubicin and animal grouping

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n = 18) weighing 320-350 g (Charles
River Technology, BioLASCO Taiwan Co. Ltd.,
Taiwan) were used in the present study. Dilated
cardiomyopathy (DCM) induction was based on
our previous report [1] with minimal modifica-
tion. Briefly, doxorubicin (Dox) was administer-
ed intraperitoneally with an accumulated dos-
age of 12.5 mg/kg given to the animals at 4
separated time points within 20 days (i.e., once
every 5 days).

Adult-male SD rats (n = 18) were equally cate-
gorized into group 1 (sham control), group 2
(DCM) and group 3 [DCM + Mito (500 pg/rat
intramyocardial injection at four sites on the
anterior wall of LV myocardium by day-21 after
DCM induction)].

The animals in each group were euthanized by
day 60 after their final transthoracic echo-
cardiogram. The dosage of mitochondria was
based on our previous report [25-27].

Mitochondrial isolation and MitoTracker stain-
ing for mitochondria

The procedure and protocol for isolating liver
mitochondria from rats have previously been
described [25]. Additional six rats were eutha-
nized and the gallbladder and liver removed.
Immediately, the liver (3 g) was immersed in 50
mL of ice-cold IBc (10 mM Tris-MOPS, 5 mM
EGTA/Tris and 200 mM sucrose, pH 7.4.) in a
small beaker, followed by rinsing the liver free
of blood with ice-cold IBc. The liver was then
minced into small pieces using scissors in a
beaker surrounded by ice. IBc was discarded
during mincing and replaced with 18 mL of ice-
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cold fresh IBc. The liver was then be homoge-
nized using a Teflon pestle. The homogenate
was transferred to a 50 mL polypropylene
Falcon tube and centrifuged at 600 g for 10
minutes at 4°C. The supernatants were trans-
ferred to centrifuge tubes for centrifugation at
7,000 g for 10 minutes at 4°C. The superna-
tants were discarded and the pellets were
washed with 5 mL ice-cold IBc. Again, the
supernatants from pellets were centrifuged at
7,000 g for 10 minutes at 4°C. The superna-
tants were discarded and the pellets contain-
ing the mitochondria were resuspended again.
The concentrations of mitochondrial suspen-
sions were measured using the Biuret method.
Each 10 mg of isolated mitochondria were
labeled with 1 uM of MitoTracker Red CMXRos
(Invitrogen, Carlsbad, CA) through incubation at
37°C for 30 minutes. Mitochondrial adminis-
tration was performed for the study animals
immediately after labeling (i.e., <3 hrs after the
isolation procedure).

Procedure and protocol for quantification of
oxygen consumption rate (OCR) of isolated
mitochondria (Seahorse Method)

Functional activity of isolated Mito from rat
liver were determined by an Extracellular Flux
Analyzer (XFe24, Seahorse Bioscience, MA,
USA) by assessing the degree of coupling bet-
ween the electron transport chain (ETC) and
the oxidative phosphorylation machinery (OX-
PHOS). The procedure and protocol have been
described in our previous report [25].

Measurement of left ventricular ejection frac-
tion by echocardiography

Transthoracic echocardiography was perform-
ed in each group prior to and on days 35 and
60 after DCM induction. The procedure was
performed by an animal cardiologist blinded to
the experimental design using an ultrasound
machine (Vevo 2100, Visualsonics). M-mode
standard two-dimensional (2D) left paraster-
nal-long axis echocardiographic examinations
were conducted. Left ventricular (LV) internal
dimensions [end-systolic diameter (ESD) and
end-diastolic diameter (EDD)] were measured
at the mitral valve level of the left ventricle,
according to the American Society of Echo-
cardiography leading-edge method using at le-
ast three consecutive cardiac cycles. LVEF was
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calculated as follows: LVEF (%) = [(LVEDD3-
LVEDS3)/LVEDD3] x 100%.

Western blot analysis of heart tissues

Western blot analysis was performed as de-
scribed previously [15, 25]. Equal amounts (50
ug) of protein extracts were loaded and sepa-
rated by SDS-PAGE. Separated proteins were
transferred to PVDF membranes, and nonspe-
cific sites were blocked by incubation in block-
ing buffer [5% nonfat dry milk in T-TBS (TBS
containing 0.05% Tween 20)] overnight. The
membranes were incubated with the indicated
primary antibodies [nuclear respiratory factor 1
(NRF1) (1:1000, Cell Signaling), NRF2 (1:1000,
Abcam), mitochondrial transcription factor (TF-
AM) (1:1000, Abcam), estrogen-related recep-
tor alpha (ERRx) (1:1000, Cell Signaling), mi-
tofusin-2 (Mfn2) (1:1000, Cell Signaling), per-
oxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1x), mitochondrial
Bax (1:1000, Abcam), cleaved poly (ADP-ribo-
se) polymerase (PARP) (1:1000, Cell Signaling),
caspase 3 (1:1000, Cell Signaling), Bcl-2 (1:
200, Abcam), NADPH oxidase (NOX)-1 (1:1500,
Sigma), NOX-2 (1:500, Sigma), p22phox (1:
1000, Abcam), beclin 1 (1:2000, Cell Signaling),
Atg 5 (1:1000, Cell Signaling), LC3B-1 (1:1000,
Cell Signaling), LC3B-II (1:1000, Cell Signaling),
cyclophilin D1 (1:1000, Abcam), dynamin-relat-
ed protein 1 (Drpl) (1:1000, Cell Signaling),
cytosolic cytochrome C (1:2000, BD), mito-
chondrial cytochrome C (1:2000, BD), mito-
chondrial complexes | (1:2000, Abcam), Il (1:
2000, Abcam), IV (1:2000, Abcam) and V
(1:2000, Abcam) for 1 hour at room tempera-
ture. Horseradish peroxidase-conjugated anti-
rabbit 1gG (1:2000, Cell Signaling) was used as
a secondary antibody. Immuno-reactive bands
were visualized by enhanced chemiluminescen-
ce (ECL; Amersham Biosciences), and digitized
using Labwork software (UVP).

Oxidative stress reaction in LV myocardium

Expression of oxidative stress proteins has
been described previously [15, 24, 25]. Oxy-
blot Oxidized Protein Detection Kit was pur-
chased from Chemicon (S7150). DNPH deri-
vatization was carried out using 6 ug of protein
for 15 minutes according to the manufactur-
er’'s instructions. One-dimensional electropho-
resis was conducted on 12% SDS/polyacryl-
amide gel after DNPH derivatization. Proteins
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were transferred to nitrocellulose membranes,
which were then incubated in the primary anti-
body solution (anti-DNP 1:150) for 2 hours,
followed by incubation in secondary antibody
solution (1:300) for 1 hour at room tempera-
ture. Immuno-reactive bands were visualized
by ECL (Amersham Biosciences) and digitized
using Labwork software (UVP).

Immunofluorescent (IF) staining

The procedure and protocol have been de-
scribed in our previous reports [15, 24, 25].
Re-hydrated paraffin sections were treated
with 3% H,0, for 30 minutes and incubated
with Immuno-Block reagent (BioSB, Santa Bar-
bara, CA, USA) for 30 minutes at room tempe-
rature. Sections were then incubated with pri-
mary antibodies against y-H2AX (1:500, Ab-
cam), brain natriuretic peptide (BNP) (1:750,
Abcam), connexin43 (Cx43) (1:100, Cell Sig-
naling Technology) and troponin for sarcomere
length (1:500, Bioss). Three sections of kidney
specimens from each rat were analyzed. For
quantification, three randomly selected HPFs
(200 x or 400 x for IHC and IF studies) were
analyzed in each section. The mean number of
positively-stained cells per HPF for each animal
was determined by summation of all numbers
divided by 9.

Histological quantification of myocardial fibro-
sis

The procedure and protocol have been descri-
bed in detail in our previous reports [15, 24,
25]. Briefly, hematoxylin and eosin (H & E) and
Masson’s trichrome staining were used to iden-
tify the infarct area and fibrosis of LV myocar-
dium, respectively. Three serial sections of LV
myocardium in each animal were prepared at 4
um thickness by Cryostat (Leica CM3050S).
The integrated area (um?) of infarct area and
fibrosis on each section were calculated using
the Image Tool 3 (IT3) image analysis software
(University of Texas, Health Science Center,
San Antonio, UTHSCSA; Image Tool for Win-
dows, Version 3.0, USA). Three randomly se-
lected high-power fields (HPFs) (100 x) were
analyzed in each section. After determining the
number of pixels in each infarct and fibrotic
area per HPF, the numbers of pixels obtained
from three HPFs were calculated. The proce-
dure was repeated in two other sections for
each animal. The mean pixel number per HPF
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for each animal was then determined by calcu-
lating all pixel numbers and dividing by 9. The
mean integrated area (um?) of fibrosis in LV
myocardium per HPF was obtained using a con-
version factor of 19.24 (since 1 um? repre-
sents 19.24 pixels). This method was also ap-
plied for identification of Cx43 expression in
myocardium.

RNA extraction and reverse transcription gPCR
assessment for mRNA expression relative to
that of 3 actin in LV myocardium

The procedure and protocol of RNA extraction
reverse transcription qPCR analysis were per-
formed according to our previous report [28]
and the manufacturer’s instructions.

Briefly, the quantitative reverse transcription
polymerase chain reaction (RT-gPCR) was per-
formed using LightCycler TagMan Master (Ro-
che, Germany) in a single capillary tube accor-
ding to the manufacturer’'s guidelines for in-
dividual component concentrations. The for-
ward and reverse primers (Supplementary
Table 1) were each designed based on individu-
al exons of the target gene sequence to avoid
amplifying genomic DNA.

During PCR, the probe was hybridized to its
complementary single-strand DNA sequence
within the PCR target. As amplification occurr-
ed, the probe was degraded due to the exonu-
clease activity of Tag DNA polymerase, thereby
separating the quencher from reporter dye dur-
ing extension. During the entire amplification
cycle, light emission increased exponentially.
A positive result was determined by identifying
the threshold cycle value at which reporter dye
emission appeared above the background.

Mitochondrial DNA copy number in ADMSCs,
HIC2 cells and LV myocardium

Total DNA was extracted from adipose derived
mesenchymal stem cells (ADMSCs), HOC2 cells
and LV myocardium using the DNeasy Blood
and Tissue kit (Qiagen) with proteinase K and
RNase treatment, according to the manufac-
turer’'s instructions. For the copy number of
mitochondrial DNA (mtDNA forward and reverse
primers refer to Supplementary Table 1) were
quantified by QuantiNOVA SYBR Green PCR
assay (Qiagen) and normalized by rat genomic
DNA (GAPDH: refer to Table). Triplicate assays
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were performed for each sample on Step
One-Plus system (Applied Biosystems, Life
Technologies).

Statistical analysis

Quantitative data are expressed as means *
SD. Statistical analysis was performed by AN-
OVA followed by Bonferroni multiple-compari-
son post hoc test. SAS statistical software for
Windows version 8.2 (SAS institute, Cary, NC)
was utilized. A probability value <0.05 was con-
sidered statistically significant.

Results

Oxygen consumption rate and mitochondrial
transfusion refreshed the intracellular Mito in
H9C2 cells (Figure 1)

In vitro, IF microscopy demonstrated that mito-
chondrial transfusion into H9C2 cells upregu-
lated the expression of exogenic Mito in the
HOC2 cells (Figure A1-D3). Additionally, the
expression of exogenic Mito in H9C2 cells was
significantly higher in the high-dose mitochon-
drial transfusion group than in the low-dose
group (Figure A1-D3). These findings suggest
that exogenous mitochondrial refreshment oc-
curred in the recipient cells.

Furthermore, we used the Seahorse method to
verify the oxygen consumption rate in the iso-
lated mitochondria. The result showed a satis-
factory activity (i.e., high oxygen consumption
rate) of isolated Mito (determined by the Mito
stress test kit and the XFe24 Analyzer) (Figure
1E, 1F).

We conducted RT-PCR for H9C2 cells and adi-
pose-derived mesenchymal stem cells (ADM-
SCs) and found that the relative number of
mitDNA was significantly increased in the high-
dose mitochondrial transfusion group than in
the low-dose mitochondrial transfusion group,
and significantly higher in low-dose mitochon-
drial transfusion group than in control group
among H9C2 cells and ADMSCs (Figure 1G,
1H).

Protein expressions of mitochondrial integrity
in H9C2 cells (Figure 2)

To verify the impact of exogenous mitochondri-

al transfusion on H9C2 cells, Western blotting
was performed. The analyses demonstrated
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that the protein expression of NRF1 (Figure
2A), NRF2 (Figure 2B), TFAM (Figure 2C), PGC-
1 (Figure 2D), ERRa (Figure 2E) and Mfn2
(Figure 2F), six indices of mitochondrial integri-
ty/energy biogenesis biomarkers, were signifi-
cantly higher in the low-dose mitochondrial
transfusion group and significantly even higher
in the high-dose mitochondrial transfusion gr-
oup than in the control group (Supplementary
Figure 1, illustrating the raw materials of
Western blot image).

Time courses of LVEF, ratio of heart and lung
weight to tibial length (Figure 3)

At day O, LVEF did not differ among the three
groups (Figure 3A). However, by days 35 and
60 after DCM induction, LVEF was significantly
higher in group 1 (SC) than in group 2 (DCM
only) and group 3 (DCM + Mito) and significant-
ly higher in group 3 than in group 2 (Figure 3B,
3C).

Additionally, the ratio of heart weight to tibial
length (Figure 3D) and ratio of lung weight to
tibial length (Figure 3E) showed an opposite
pattern to day-60 LVEF among the three groups.

LV myocardial scar area and cardiomyocyte
size by day 60 after DCM induction (Figure 4)

To elucidate the therapeutic impact of early
administration of mitochondria on protecting
LV myocardium against DCM injury, histopatho-
logical light microscopy examinations were per-
formed. As expected, H.E. stain showed that
the LV myocardial scar area (Figure 4A-C) was
significantly increased in group 2 than in groups
1 and 3, and significantly increased in group 3
than in group 1 (Figure 4D). Cardiomyocyte
size (Figure 4E-G) exhibited a similar pattern
to LV myocardial injury area among the three
groups (Figure 4H).

The fibrotic area and DNA-damaged biomarker
by day 60 after DCM induction (Figure 5)

Next, the Masson’s trichrome staining demon-
strated that the fibrotic area of LV myocardium
(Figure 5C) was significantly increased in group
2 than in groups 1 and 3, and significantly
increased in group 3 than in group 1 (Figure
5D). Additionally, IF microscopy showed that
the cellular expression of y-H2AX (Figure 5E-G),
an indicator of DNA-damage, displayed an iden-
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Figure 1. Oxygen consumption rate, and mitochondrial transfusion refreshed the intracellular Mito and TR-PCR
determined the gene expressions in HOC2 cells. (A-A2) lllustrating the DAPI stain for identification of nuclei of hepa-
tocytes. (B-B2) lllustrating immunofluorescent microscopic finding (400 x) for identifying the endogenous mitochon-
dria (Mito) (green color) (C1, C2), exogenous transferred mitochondria (orange color) [i.e., Mito (50 pg and 200 pg)
were transfused into 4.0 x 10° hepatocytes, respectively] (D1, D2) abundant mitochondria being transferred into
the rat hepatocytes (merge image) (pink color). (E) Analytical result of number of exogenous mitochondrial transfer
into hepatocytes, * vs. T, P<0.01. (F) Satisfactory activity (i.e., high oxygen consumption rate) of isolated mitochon-
dria (determined by the Mito stress test kit and the XFe24 Analyzer) (n = 4). OCR = oxygen consumption rate; (G)
The relative mitochondrial DNA gene expression in HOC2, * vs. other groups with different symbols (1, 1), P<0.001.
(H) The relative mitochondrial DNA gene expression in ADMSC, * vs. other groups with different symbols (T, 1),
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P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n = 4 for each group). Symbols (*, 1, F) indicate significance (at 0.05 level). CIn = control; L-Mito = low
(50 pg) mitochondrial transfer; H-Mito = high (200 pg) mitochondrial transfer.
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Figure 2. Protein expressions of mitochondrial integrity and antioxidant in H9C2 cells. A. Protein expression of nucle-
ar factor erythroid 2-related factor 1 (NRF1), * vs. other groups with different symbols (1, §), P<0.001. B. Protein ex-
pression of NRF2, * vs. other groups with different symbols (1, F), P<0.001. C. Protein expression of mitochondrial
transcription factor (TFAM), * vs. other groups with different symbols (1, F), P<0.001. D. Protein expression of per-
oxisome proliferator activated the receptor-gamma coactivator (PGC)-1c, * vs. other groups with different symbols
(1, ¥), P<0.001. E. Protein expression of estrogen-related receptor alpha (ERRa), * vs. other groups with different
symbols (T, ¥), P<0.001. F. Protein expression of mitofusin-2 (Mfn2), * vs. other groups with different symbols (t,
1), P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n = 4 for each group). Symbols (*, t, 1) indicate significance (at 0.05 level). CIn = control; L-Mito = low
(750 pg) mitochondrial transfer; H-Mito = high (1500 pg) mitochondrial transfer.

tical pattern to the fibrotic area among the
groups (Figure 5H).

Cx43 (Figure 6A-C), an indicator of cellular gap
junction for cell to cell communication, was sig-
nificantly reduced in group 2 than in groups 1
and 3, and significantly reduced in group 3 than
in group 1 (Figure 6D). Conversely, the expres-
sion of BNP in LV myocardium (Figure 6E-G), an

Cellular gap function and pressure overload/
heart failure biomarker by day 60 after DCM
induction (Figure 6)

To clarify the integrity of cell to cell communica-
tion within LV myocardium, we utilized IF stain-
ing. The results showed that the expression of
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indicator of pressure-overload and a heart fail-
ure biomarker, displayed an opposite pattern to
Cx43 among the three groups (Figure 6H).
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comparison post hoc test (n = 6 for each group). Symbols (*, t, ) indicate significance (at 0.05 level). SC = sham-
operated control; DCM = dilated cardiomyopathy; Mito = mitochondria.
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Figure 5. Fibrotic area and DNA-damaged biomarker in LV myocardium by day 60 after DCM induction. A-C. lllustrat-
ing the microscopic finding (200 x) of Masson'’s trichrome for identification of fibrotic area (blue color). D. Analytical
result of fibrotic area, * vs. other groups with different symbols (1, $), P<0.0001. Scale bars in right lower corner
represent 50 pym. E-G. lllustrating the immunofluorescent microscopic finding (400 x) for identification of y-H2AX+
cells (green color). H. Analytical result of number of y-H2AX+ cells, * vs. other groups with different symbols (T, ),
P<0.0001. Scale bars in right lower corner represent 20 um. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, ) indicate
significance (at 0.05 level). SC = sham-operated control; DCM = dilated cardiomyopathy; Mito = mitochondria.

RT-PCR measurement of gene expressions of
mitochondrial-integrity and biogenesis bio-
markers by day 60 after DCM induction (Figure
7)

Gene expression of mitochondrial transcription
factor (TFAM), an essential activator of mitoch-
ondrial transcription and a participant in mito-
chondrial genome replication, was significantly
downregulated in group 2 than in groups 1 and
3, and significantly downregulated in group 3
than in group 1, suggesting that Mito therapy
preserved TFAM expression in LV myocardium
(Figure 7A). Additionally, the gene expression of
peroxisome proliferator activated the receptor-
gamma coactivator (PGC)-1a (Figure 7B), which
is a transcriptional coactivator that regulates
genes involved in energy biogenesis and me-
tabolism, also exhibited a pattern identical to
that of TFAM among the three groups.

The gene expression of nuclear factor erythroid
2-related factor 1 (Nrfl) (Figure 7C) and Nrf2
(Figure 7D), two emerging regulators of cellular
resistance to oxidants, were significantly lower
in group 2 than in groups 1 and 3 and signifi-
cantly lower in group 3 than in group 1.

Estrogen-related receptor alpha (ERRQ) is re-
quired for the activation of mitochondrial ge-
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nes as well as increased mitochondrial biogen-
esis. In the mRNA study, we found that the gene
expression of ERR« displayed an identical pat-
tern to that of Nrfl among the three groups
(Figure 7E).

The relative mitochondrial DNA gene expres-
sion (i.e., mitochondrial DNA relative to genom-
ic DNA) was significantly reduced in group 2
than in groups 1 and 3, and significantly re-
duced in group 3 than in group 1 (Figure 7F).

The protein expression of oxidative stress and
autophagic biomarkers by day 60 after DCM
induction (Figure 8)

In vivo, the protein expression of NOX-1 (Figure
8A), NOX-2 (Figure 8B), p22phox (Figure 8C)
oxidized protein (Figure 8D), four indices of oxi-
dative stress, were significantly higher in group
2 than in groups 1 and 3, and significantly high-
er in group 3 than in group 1.

Additionally, the protein expressions of beclin-1
(Figure 8E), atg-5 (Figure 8F) and the ratio of
CL3B-Il to CL3B-I (Figure 8G), three indicators
of autophagic biomarkers, exhibited an identi-
cal pattern to oxidative stress among the
groups (Supplementary Figure 2, illustrating
the raw materials of Western blot image).
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Figure 6. The cellular gap function and pressure overload/heart failure biomarker in LV myocardium by day 60 after
DCM induction. A-C. lllustrating the immunofluorescent microscopic finding (400 x) for identification of expression
of connexin43 (Cx43) in LV myocardium (red color). D. Analytical result of Cx43 expression, * vs. other groups with
different symbols (1, F), P<0.0001. Scale bars in right lower corner represent 20 um. E-G. lllustrating the micro-
scopic finding (200 x) of immunohistochemical stain for identification of brain natriuretic peptide (BNP) (gray color)
in LV myocardium. H. Analytical result of BNP expression, * vs. other groups with different symbols (1, 1), P<0.0001.
Scale bars in right lower corner represent 20 um. * vs. other groups with different symbols (1, ), P<0.0001. Scale
bars in right lower corner represent 50 um. All statistical analyses were performed by one-way ANOVA, followed by

Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, 1) indicate significance (at 0.05
level). SC = sham-operated control; DCM = dilated cardiomyopathy; Mito = mitochondria.
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Figure 7. RT-PCR measurement of mRNA expressions of mitochondrial-integrity and biogenesis biomarkers in LV
myocardium by day 60 after DCM induction. A. mRNA expression of mitochondrial transcription factor (TFAM), * vs.
other groups with different symbols (1, f), P<0.0001. B. mRNA expression of peroxisome proliferator activated the
receptor-gamma coactivator (PGC)-1«, * vs. other groups with different symbols (1, 1), P<0.001. C. mRNA expres-
sion of nuclear respiratory factor 1 (Nrf1), * vs. 1, P<0.01. D. mRNA expression of nuclear factor erythroid 2-related
factor 2 (Nrf2), * vs. 1, P<0.001. E. mRNA expression of estrogen-related receptor alpha (ERR-«), * vs. T, P<0.001.
F. The relative mitochondrial DNA gene expression, * vs. other groups with different symbols (t, ), P<0.001. All

4621 Am J Transl Res 2020;12(8):4612-4627



Exogenous mitochondria preserved left ventricular function in DCM rat

statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n = 6 for each group). Symbols (*, 1, F) indicate significance (at 0.05 level). SC = sham-operated control; DCM =
dilated cardiomyopathy; Mito = mitochondria.
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Figure 9. Protein expression of apoptotic and mitochondrial-damaged biomarkers in LV myocardium by day 60 after
DCM induction. A. Protein expressions of caspase 3, * vs. other groups with different symbols (1, f), P<0.001. B.
Protein expression of mitochondrial Bax (Mito-Bax), * vs. other groups with different symbols (1, 1), P<0.001. C.
Protein expression of cleaved (c)-PARP, * vs. other groups with different symbols (1, ), P<0.001. D. Protein expres-
sions of cytosolic cytochrome C (cyt-Cyto C), * vs. other groups with different symbols (1, f), P<0.001. E. Protein
expression of DRP1, * vs. other groups with different symbols (1, F), P<0.001. F. Protein expression of cyclophilin D1
(CypD1), * vs. other groups with different symbols (1, $), P<0.001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, T, f) indi-
cate significance (at 0.05 level). SC = sham-operated control; DCM = dilated cardiomyopathy; Mito = mitochondria.

The protein expression of apoptotic and
mitochondrial-damaged biomarkers by day 60
after DCM induction (Figure 9)

The protein expressions of caspase 3 (Figure
9A), mitochondrial Bax (Figure 9B) and cleav-
ed PARP (Figure 9C), three indicators of apo-
ptosis, were significantly increased in group 2
than in groups 1 and 3, and significantly in-
creased in group 3 than in group 1. Additional-
ly, the protein expressions of cytosolic cyto-
chrome C (Figure 9D), DRP1 (Figure 9E) and
cyclophilin D1 (Figure 9F), three indicators of
mitochondrial damaged markers, displayed an
identical pattern to apoptosis among the

groups (Supplementary Figure 3, illustrating

the raw materials of Western blot image).
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Protein expressions of mitochondrial-integrity
biomarkers by day 60 after DCM induction
(Figure 10)

The protein expressions of mitochondrial com-
plex |, II, lll and IV (Figure 10A-D), mitochondrial
cytochrome C (Figure 10E), five indices of mito-
chondrial integrity, were significantly higher in
group 1 than in groups 2 and 3, and significant-
ly higher in group 3 than in group 2.

However, the protein expression of Mfn2 (Fi-
gure 10F) and PGC-1 (Figure 10G), two mito-
chondria-related energy biogenesis biomark-
ers, significantly and progressively increased
from group 1 to group 2, suggesting due to the
results of refreshment mitochondria after early
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Figure 10. Protein expressions of mitochondrial-integrity biomarkers by day 60 after DCM induction. A. Protein ex-
pression of mitochondrial complex | (Mito-Cl), * vs. other groups with different symbols (1, ), P<0.001. B. Protein
expression of Mito-Cll, * vs. other groups with different symbols (1, ), P<0.001. C. Protein expression of Mito-ClII, *
vs. other groups with different symbols (1, F), P<0.001. D. Protein expression of Mito-CIV, * vs. other groups with dif-
ferent symbols (1, f), P<0.001. E. Protein expression of mitochondrial cytochrome C (mito-Cyt-C), * vs. other groups
with different symbols (7, 1), P<0.001. F. Protein expression of Mfn2, * vs. other groups with different symbols (f,
F), P<0.001. G. Protein expression of PGC-1, * vs. other groups with different symbols (T, F), P<0.001. All statisti-
cal analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6
for each group). Symbols (*, T, F) indicate significance (at 0.05 level). SC = sham-operated control; DCM = dilated

cardiomyopathy; Mito = mitochondria.

mitochondrial therapy (Supplementary Figure
4, illustrating the raw materials of Western blot

image).
Discussion

This study examined the therapeutic impact of
implanted mitochondria into LV myocardium in
DCM rat and yielded several striking preclinical
implications. First, in vitro study verified that
exogenous mitochondria could be transferred
to recipient cells, resulting in refreshment of
mitochondrial function/activity for energy bio-
genesis in recipient cells. Second, in vivo stu-
dy established that early direct implantation of
mitochondria into LV myocardium of DCM rats
significantly suppressed apoptosis, fibrosis,
oxidative stress, autophagy and further mito-
chondrial damage. Third, LV function was pre-
served in DCM rats after receiving early exoge-
nous mitochondrial implantation, probably by
refreshing mitochondrial supply.

An essential finding in the in vitro study was
that the exogenous mitochondria isolated from
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rat liver could be transfused into the H9C2 ce-
lIs without difficulty. Another essential finding
was that high-dose exogenous mitochondria
was preferable to low-dose exogenous mito-
chondria for transferring more mitochondria in-
to the recipient cells, suggesting that there
was a dose-dependent effect for saturation of
exogenous mitochondrial in recipient cells. Im-
portantly, exogenous transfer of mitochondria
proved effective at upregulating energy biogen-
esis and mitochondrial integrity in recipient
cells. These findings encouraged us to verify
whether implantation of exogenous mitochon-
drial could preserve heart function in DCM rat
by early refreshing the mitochondria (i.e., sour-
ce of energy) in DCM myocardium.

Interestingly, our previous studies have shown
that exogenous mitochondrial administration
effectively protected the lung and liver against
ARDS [25] and ischemia-reperfusion injury
[24], respectively. As yet, there is no available
data to address the impact of exogenous mito-
chondrial administration in DCM. The most im-
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portant finding in the present study was that,
as compared with SC animals, LVEF was sub-
stantially reduced in DMC animals. However, by
the end of study, LVEF was substantially pre-
served in DCM animals after receiving exoge-
nous mitochondrial therapy. Intriguingly, the
therapeutic effect was even observed at an
early phase (i.e., by day 35 after DCM induc-
tion) of mitochondrial therapy. Our novel find-
ing, in addition to extending the findings of our
previous studies [24, 25], suggest that this
therapy may be useful for DCM patients in ad-
vanced stages of decompensated HF that is
refractory to conventional therapy.

Our previous experimental studies have clearly
identified that myocardial fibrosis was markedly
increased whereas the expressions of Cx4 and
small vessel density was remarkably reduced
in the settings of DCM and cardiorenal syn-
drome [25, 28, 29]. A principal finding in the
present study was that the Masson’s trichrome
stain demonstrated a significant increase in
fibrotic area (i.e., histopathological finding) in
LV myocardium of DCM rats. In addition, IF st-
aining further demonstrated that expressions
of Cx43 was consistently reduced in LV myocar-
dium in DCM rat. Thus, our findings were con-
sistent with previous investigations [25, 28,
29]. However, these parameters were notably
reversed in DMC animals after receiving mito-
chondrial therapy. Our results could, at least in
part, explain why LVEF was preserved in DCM
after treatment with mitochondria.

Intriguingly, our experimental studies [25, 28,
29] also found that the apoptotic, fibrotic, oxi-
dative-stress and autophagic biomarkers were
substantially augmented in the setting of DCM.
Consistently, molecular-cellular levels of these
parameters were significantly enhanced in LV
myocardium of DCM rat. However, these cellu-
lar-molecular perturbations were ameliorated
in DCM animals after receiving early mitochon-
drial therapy. In this way, our findings, in addi-
tion to strengthening the findings of our previ-
ous studies [25, 28, 29], could, once again,
explain why LVEF was preserved in mitochon-
drial treated DCM rat.

It is well recognized that mitochondrial dys-
function results in exhaustion of energy [20-22]
due to cardiomyocyte death and scar forma-
tion [14, 23]. In the present study, we found
that the mitochondrial-damaged markers were
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substantially increased in DCM animals than in
SC animals. These findings could explain why
the myocardial injury score/fibrotic area (i.e.,
indices of scar formation) was remarkably in-
creased in DCM animals. Accordingly, our find-
ings corroborated those of previous studies
[14, 20-23]. A crucial finding in the present
study was that these aforementioned para-
meters were significantly altered in DCM ani-
mals after receiving early mitochondrial thera-
py. On the other hand, the protein levels of
mitochondrial complex I, I, Il and 1V, indicators
of integrity of electronic transport chain for
upregulation of oxygen consumption in rat, and
effective energy generation for supplying myo-
cardium were notably reduced in DCM animals
but were significantly reversed in DCM animals
after receiving mitochondrial therapy. These,
could, once more, explain why LVEF was pre-
served whereas the myocardial score was
notably suppressed in mitochondrial treated
DCM animals.

Study limitation

This study has limitations. First, despite exten-
sive works both in vitro and in vivo, the precise
mechanisms of how mitochondrial therapy
improves heart function in DMC myocardial
injury remains unconfirmed. Although the re-
sults were attractive and promising, this study
did not assess the stepwise and optimal dos-
age of mitochondrial therapy for DCM.

Conclusions

The present study demonstrated that early
exogenous mitochondrial therapy was safe and
feasible for improving heart function in DCM
rats.
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Supplementary Table 1. gPCR primer sequences

Variables Forward primer sequences Reverse primer sequences
TFAM 5’-AAgcTAAACACCCAEATECAA-3’ 5’-TcAgcTTTAAAATccgCTTCA-3’
Nrf-1 5'-TTggAACAACAZTEgCAAgA-3’ 5’-gcAAgECTSTAETTggTggT-3’
Nrf-2 5’-ccAccgccAggACcTACAE-3’ 5’-TcTTgccTccAAAggATgTe-3’
PCG-1a 5’-gcAATTTTTCAAZTCTAACTATECAE-3’ 5’-AATccAgAgASTCATACTTECTCTT-3’
ERR-a 5’-AAgcccTgATggAcAccTe-3’ 5'-gAAgccTgggATgCTeTTg-3
Mitochondria DNA 5’-cTcccTATTcggAgeccTA-3’ B-ATTTETTTcTgcTAgggTTE-3’
Beta-actin 5’-cTAAggccAACCETEAAAAE-3’ 5'-TACATggcTggggTgTTgA-3’
GAPDH DNA 5’-TAgggcTggAAAATCACTEE-3’ 5’-gTATTcATcAcccccAccA-3’

TFAM = mitochondrial transcription factor; NRf1 = nuclear respiratory factor 1; Nrf2 = nuclear factor erythroid 2-related factor;
GPC-1a = peroxisome proliferator activated the receptor-gamma coactivator; ERR-a = estrogen-related receptor alpha.

A NRF1 B nrr2 C 1ram
-- e
D pec1a E ErRr« F min2

Supplementary Figure 1. lllustrating the raw materials of Western blot image in Figure 2.

A Nox-1 B nox2 C p22phox

D oxybiot E Beciin1

- s

Supplementary Figure 2. lllustrating the raw materials of Western blot image in Figure 8.
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c-CaspS B mito Bax c-PARP

D ity cytc E ore F cypor

Supplementary Figure 3. lllustrating the raw materials of Western blot image in Figure 9.

A Mito-Cl Mito-Cll C Mito-CIV Actin
. . . :
D Mito-CV E Mito-CytC F Mfn2

G PGC-1a

Supplementary Figure 4. lllustrating the raw materials of Western blot image in Figure 10.



