Bioactive Materials 6 (2021) 2058-2069

KeAi
Contents lists available at ScienceDirect

Bioactive
Materials

Bioactive Materials

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/bioactive-materials

Check for

Alda-1 treatment promotes the therapeutic effect of mitochondrial |t
transplantation for myocardial ischemia-reperfusion injury™

Xiaolei Sun ', Rifeng Gao“', Wenjia Li™', Yongchao Zhao®, Heng Yang‘, Hang Chen®,
Hao Jiang *, Zhen Dong ”, Jingjing Hu %, Jin Liu %, Yunzeng Zou *”, Aijun Sun®"", Junbo Ge »" "

& Shanghai Institute of Cardiovascular Diseases, Zhongshan Hospital, Fudan University, Shanghai, 200032, China

b Institute of Biomedical Science, Fudan University, Shanghai, 200032, China

¢ Shanghai Fifth People’s Hospital, Fudan University, Shanghai, 200240, China

4 The Second Affiliated Hospital of Nanchang University, Nanchang, 330000, China

€ Heart Center of Fujian Province, Union Hospital, Fujian Medical University, 29 Xin-Quan Road, Fuzhou, 350001, China

ARTICLE INFO ABSTRACT

Keywords:
Ischemia-reperfusion
Mitochondrial transfer
ALDH2 activation
Myocardial injury

Mitochondrial damage is a critical driver in myocardial ischemia-reperfusion (I/R) injury and can be alleviated
via the mitochondrial transplantation. The efficiency of mitochondrial transplantation is determined by mito-
chondrial vitality. Because aldehyde dehydrogenase 2 (ALDH2) has a key role in regulating mitochondrial ho-
meostasis, we aimed to investigate its potential therapeutic effects on mitochondrial transplantation via the use
of ALDH2 activator, Alda-1. Our present study demonstrated that time-dependent internalization of exogenous
mitochondria by cardiomyocytes along with ATP production were significantly increased in response to mito-
chondrial transplantation. Furthermore, Alda-1 treatment remarkably promoted the oxygen consumption rate
and baseline mechanical function of cardiomyocytes caused by mitochondrial transplantation. Mitochondrial
transplantation inhibited cardiomyocyte apoptosis induced by the hypoxia-reoxygenation exposure, independent
of Alda-1 treatment. However, promotion of the mechanical function of cardiomyocytes exposed to hypoxia-
reoxygenation treatment was only observed after mitochondrial Alda-1 treatment and transplantation. By
using a myocardial I/R mouse model, our results revealed that transplantation of Alda-1-treated mitochondria
into mouse myocardial tissues limited the infarction size after I/R injury, which was at least in part due to
increased mitochondrial potential-mediated fusion. In conclusion, ALDH2 activation in mitochondrial trans-
plantation shows great potential for the treatment of myocardial I/R injury.

1. Introduction and restoration of blood flow via reperfusion can improve the left ven-
tricular contractile function of the heart after myocardial infarction.

Mitochondria are essential for cell survival, especially in car- However, I/R injury remains an important complication duo to addi-

diomyocytes because of their high energy requirements. It is known that
30% of cell volume is composed of mitochondria, which produce a
shocking 30 kg of ATP per day to maintain normal cardiac mechanical
functions [1]. Thus, mitochondria have a pivotal role in myocardial
injury and recovery in response to ischemia-reperfusion (I/R). Cardiac
ischemia is caused by restricted blood flow to the heart, which can result
in extensive damage to the myocardium. Timely clinical intervention

tional myocyte death occurs during reperfusion. To promote the
myocardial repair and regeneration, some related studied were focused
on 3D bioprinting technology [2], Long Noncoding RNA regulation [3]
or the release of VEGF and BMP9 from injectable alginate based com-
posite hydrogel [4]. These treatments could be efficient to restore the
cardiac function after injury. In fact, I/R injury causes amounts of
mitochondrial damage, which has deleterious effects on cellular
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processes and ultimately results in cardiomyocyte death [5-7]. There-
fore, strategies to restore functional mitochondria after I/R injury may
counteract these detrimental effects on cardiomyocytes and have ther-
apeutic potential in cardiac I/R injury.

Mitochondrial transplantation to replace damaged mitochondria has
been explored in animal studies. Transplantation of healthy mitochon-
dria into the myocardium has been proven to be safe and effective for
promoting the contractile function and viability of injured myocardial
tissue [8,9]. Furthermore, mitochondrial transplantation has been
shown to ameliorate acute limb ischemia [10] and enhance murine lung
viability and recovery after I/R injury [11]. Similarly, transplantation of
mitochondria from astrocytes to neurons contributed to endogenous
recovery after stroke [12]. Replacement of damaged mitochondrial DNA
via mitochondrial transfer has restored cellular function without elicit-
ing an immune or auto-immune response [13]. Although the application
of mitochondrial transplantation is promising, many challenges remain
to improve the quality and therapeutic efficacy of the transplanted
mitochondria. The release of mitochondrial components into the
extracellular space could induce significant immune consequences.
These components including mitochondrial proteins such as TFAM,
together with other mitochondrial damage-associated molecular pat-
terns (DAMPs) like N-formyl peptides, mtDNA, cardiolipin or extracel-
lular ATP [14-16]. The prerequisite of performing successful
mitochondrial transplantation therefore lies in keeping high integrity of
candidate mitochondria. Furthermore, viable and respiration competent
mitochondria could be taken up by cells [17,18]. Since the aim of
mitochondrial transplantation was to improve myocardial energetics
dependent cardiac contractility. The mitochondria with high and com-
plete respiration activity are therefore required for transplantation.

Our previous studies have demonstrated that mitochondrial alde-
hyde dehydrogenase 2 (ALDH2) plays an important role in the regula-
tion of mitochondrial metabolism and function [19,20]. ALDH2 activity
is responsible for moderating the generation of aldehydes, which
contribute to oxidative stress [21]. Additionally, the inhibitory effect of
ALDH2 on the formation of cytotoxic aldehydes can efficiently limit
damage and infarction size during cardiac ischemia [19,22]. Further-
more, the protective effects of ischemic preconditioning highly depend
on the activation of ALDH2 [23,24]. Up-regulation of cellular ALDH2
activity by pre-treatment with lipoic acid decreases cellular apoptosis
and reduces production of reactive oxygen species (ROS), 4-hydroxyno-
nenal(4-HNE), and malondialdehyde (MDA), which can be reversed by
inhibition of ALDH2 [25]. Down-regulation of mitochondrial ALDH2
elevates the generation of 4-HNE, resulting in apoptosis of car-
diomyocytes [26]. Also, ALDH2 activity has been shown to promote the
viability and function of cardiomyocytes and protect against cardio-
myopathy and post-ischemic heart failure by inhibiting 4-HNE and
autophagy [20,27,28].

Alda-1 is an agonist and chemical chaperone for ALDH2, which can
result in as high as an 11-fold increase in its activation [19]. Therefore,
we used Alda-1 treatment to increase ALDH2 activation in mitochondria
prior to transplantation in hopes to enhance the overall therapeutic ef-
fect and efficacy of mitochondrial transplantation for I/R injury. Our
present study revealed that cellular internalization of exogenous mito-
chondria occurred in a time-dependent manner. Additionally,
ALDH2-activated mitochondrial transplantation enhanced the
respiration-mediated mechanical function of cardiomyocytes, which
inhibited apoptosis after hypoxia-reoxygenation exposure. Trans-
plantation of Alda-1-treated mitochondria also exhibited a car-
dioprotective effect by limiting the infarction size and ameliorating I/R
injury in mice. We further revealed that the therapeutic effect of
ALDH2-activated mitochondrial transplantation was via the promotion
of mitochondrial membrane potential-induced fusion, Taken together,
our findings suggest that ALDH2 activation is a promising approach to
enhance the therapeutic effects of mitochondrial transfer for the treat-
ment of myocardial I/R injury and that further study is warranted.
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2. Materials and methods
2.1. Animals

Male C57BL/6 mice (6-8 weeks old; weighing 20-22 g) were pro-
vided by Cavens Biogle Model Animal Research Co., Ltd. (Suzhou,
China). All animal studies were performed according to the guidelines
evaluated and approved by the Animal Ethics Committee of Fudan
University.

2.2. Cell culture

H9c2 rat cardiomyoblast cells were purchased from the Chinese
Academy of Science Cell Bank (Shanghai, China) and cultured in Dul-
becco’s modified Eagle medium containing 10% fetal bovine serum
(Gibco, Grand Island, NY, USA). Adult primary cardiomyocytes were
isolated from 8-week-old male mice using the Langendorff-free method
[29]. Cardiomyocytes were subsequently resuspended in pre-warmed
plating medium and plated into a laminin-precoated culture dish (5
pg/mL). After 1 h, the plating medium was replaced with pre-warmed
culture medium. All cells were maintained in a humidified culture
incubator (Thermo Fisher Scientific, Waltham, MA, USA) under 5% CO2
at 37 °C.

2.3. Mitochondria isolation

Mitochondria were isolated from cardiomyocytes and H9c2 cells
using a cell mitochondria isolation kit (Beyotime Biotechnology, China)
according to the manufacturer’s protocol. The isolated mitochondria
were then counted by a Beckman counter.

2.4. In vitro mitochondrial transplantation

MitoTracker red and green (Cell Signaling Technology, Danvers, MA,
USA) were used to label the mitochondria of recipient and donor cells,
respectively. To determine the ability and dynamic internalization of
transplanted mitochondria, MitoTracker green-labeled mitochondria
were isolated and then co-cultured with recipient cells. For recipient
H9c2 cells, the fluorescence intensity was detected by flow cytometry
(BD Biosciences, San Jose, CA, USA) at different time points (O h, 1 h, 3
h, 6 h, 12 h). For cardiomyocytes, the fluorescence intensity was
examined by the Lionheart FX living cell imaging analysis system
(BioTek, Winooski, VT, USA). Localization of green fluorescence-labeled
mitochondria from donor cells into recipient cells with red fluorescence-
labeled mitochondria was imaged by a confocal microscope (Thermo
Fisher Scientific) after co-culture for 3 h.

2.5. ATP detection

The ATP production of cardiomyocytes after different treatments
was analyzed by an enhanced ATP assay kit (Beyotime Biotechnology,
China) according to the manufacturer’s protocol. The results were
measured by a micro-plate reader (BioTek).

2.6. ALDH?2 activity assay after Alda-1 treatment

To activate ALDH2, cardiomyocytes were treated with Alda-1 (20
pM, Sigma-Aldrich, St. Louis, MO, USA) for 12 h [19,30,31]. ALDH2
activity was detected by the assay kit from GENMED SCIENTIFICS.
Normal and ALDH2-activated mitochondria were collected for further
analyses.

2.7. Cell shortening/relengthening assay

Mechanical properties of cardiomyocytes were assessed using a
SOFTEDGE. MYOCAM system (IonOptix Corporation, Milton, MA,
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USA). In brief, cardiomyocytes were seed on the 24 x 24 mm microscope
cover glass and cultured with Costar 6-well plates. The mitochondria
transferred cardiomyocytes were translocated into a Warner chamber
mounted on the stage of an inverted microscope (Olympus, IX-70) and
superfused with 0.5 mL no BDM culture medium. Cells were stimulated
by 0.5 Hz frequency using a pair of platinum wires connected to a FHC
stimulator (Brunswick, NE, USA). The shorthening and relengthening
were recorded by IonOptix MyoCam camera. IONOPTIX SOFTEDGE
software. The characteristics of shorthening and relengthening in car-
diomyocytes were analyzed and demonstrated as the following indices:
bl-resting cell length, dep v-maximal velocity of shortening (-dl/dt), dep
vt-time to peak shortening (TPS-ms), bl % peak h-peaking shortening (%
cell lengthening), ret v:maximal velocity of relengthening (+dl/dt), t to
bl 90.0%:Time to 90% relengthening (TR90-ms).

2.8. Hypoxia-reoxygenation treatment of cardiomyocytes

To mimic myocardial I/R injury, isolated cardiomyocytes were
cultured with ischemic buffer (118 mmol/L NaCl, 24 mmol/L NaHCO3,
1 mmol/L NaH2PO4, 2.5 mmol/L CaCl2-2H20, 1.2 mmol/L MgCI2, 20
mmol/L sodium lactate, 16 mmol/L KCl, and 10 mmol/L 2-deoxyglu-
cose, pH adjusted to 6.2) [32] and placed in a 0.5% hypoxic incubator
for 45 min. Then, reoxygenation was performed by replacing the
ischemic buffer with culture medium for 3 h.

2.9. Bioenergetics assay

The oxygen consumption rates (OCRs) of cardiomyocytes in different
treatment groups were analyzed using an XFe96 extracellular flux
analyzer (Seahorse Bioscience, Billerica, MA, USA) as described previ-
ously [33]. The metabolic OCR profiles were detected by adding oligo-
mycin A (1 pM), 1 pM FCCP, antimycin A (1 pM), and rotenone (1 pM).
The basal respiration was defined as OCRpre-Olig minus OCRpost-AntA.

2.10. Myocardial ischemia-reperfusion (I/R) injury

To establish the I/R injury mouse model, 8-week-old mice was
anesthetized with 2% isoflurane gas inhalation without intubation.
Myocardial ischemia was produced by temporarily exteriorizing the
heart through a left thoracic incision and ligating the distal 1/3 portion
of the left anterior descending artery with a 6-0 silk suture slipknot [34].
In brief, the heart was manually exposed. After ligating the left anterior
descending coronary artery with a 6-0 silk suture slipknot, the heart was
carefully returned to the chest cavity with the help of a mosquito clamp.
After ligation for 45 min, the slipknot was released to induce reperfu-
sion. To transplant the mitochondria, the heart was re-exposed using the
same method. Quantitative mitochondria (100 pL/lOS) were injected
into different 4 points at the myocardium of the left ventricle. For
sham-operated mice, the ligature around the left anterior descending
coronary artery was not tied. For placebo-treated ischemic reperfusion
mice, the myocardium of left ventricle was injected by 100 pL placebo at
different 4 points.

2.11. In vivo mitochondrial transplantation

To evaluate the therapeutic effect of ALDH2 on mitochondrial
transplant in mice after I/R injury, mice were divided into four groups,
including C (sham), I (I/R injury), M (mitochondrial transplantation),
and A (ALDH2-activated mitochondrial transplantation). For mito-
chondrial transplantation, 100 pL (5 x 104) control or ALDH2-activated
mitochondria were injected into the myocardium of the left ventricle
during perfusion at 4 different points.

2.12. Echocardiography analysis

To measure the cardiac function, mice were anesthetized by
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isoflurane (3% for induction and 1.5% for maintenance), and M-mode
images were acquired with a Vevo 2100 high-frequency ultrasound
system (VisualSonics, Toronto, ON, Canada).

2.13. Evan’s blue/triphenyltetrazolium chloride staining

After 24 h of reperfusion, mice were anesthetized with 1% pento-
barbital (70 mg/kg). The left anterior descending coronary artery was
re-tied, and 1% Evan’s blue dye was injected into the right auricle of the
heart. Then, the heart was quickly excised and rinsed by placebo saline
solution and immediately frozen at —80 °C for 30 min. The frozen heart
was quickly sliced into 4-5 short-axis sections and incubated in 1%
triphenyltetrazolium chloride (TTC) solution at 37 °C for 30 min. Each
section was flattened and fixed with 4% paraformaldehyde. The white
area that was not stained by Evan’s blue dye or TTC represented the
myocardial infarction area. The red area that was stained by TTC instead
of Evan’s blue dye represented the myocardial ischemic area. The blue
area that was stained by both Evan’s blue dye and TTC represented the
non-ischemic area. The area at risk (AAR) included both the ischemic
and myocardial infarction areas, whereas the areas not at risk were
indicated by phthalocyanine blue staining. Image quantification was
performed by segmenting the stained areas of each section using Image J
software. The infarction area was expressed as the percentage of the
AAR.

2.14. Mitochondrial ROS analysis

MitoSOX Red Superoxide Indicator (Invitrogen, Carlsbad, CA, USA)
was used to detect ROS levels. Cardiomyocytes were incubated with a
working solution (diluting the MitoSOX Red Superoxide Indicator with
cellular culture medium with 1:2000) in a humidified culture incubator
under 5% CO2 at 37 °C for 10 min. Images with red fluorescence (hex =
510/ Aem 580 nm) were captured by a fluorescence microscope
(Olympus, Japan).

2.15. TUNEL assay

Both the cardiomyocytes and formalin-fixed heart tissue sections
were stained using One Step TUNEL Apoptosis Assay Kit (Beyotime
Biotechnology, China) to detect apoptotic cells. Nuclear counter-
staining was performed with 4’,6-diamidino-2-phenylindole (DAPI,
Beyotime Biotechnology, China), and the results were imaged by a
fluorescence microscope (Olympus, Japan).

2.16. In vivo immunofluorescence assay

Transplanted mitochondria were stained using MitoTracker Deep
Red FM (Cell Signaling Technology). To detect the retention of trans-
planted mitochondria, mouse hearts were imaged by a fluorescence
detection system (IVIS Lumina XRMS, USA) after reperfusion for 24 h.

2.17. Western blot analysis

Total protein was extracted from myocardial tissue and cells and
separated by 10% and 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), respectively, and then transferred to pol-
yvinylidene difluoride (PVDF) membranes (Millipore, Burlington, CA,
USA). After blocking with 5% bovine serum albumin (BSA), the mem-
branes were incubated with primary antibodies at 4 °C overnight and
then horseradish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. The membranes were imaged using a Bio-Rad
detection system (Bio-Rad Laboratories, Hercules, CA, USA). The pri-
mary antibody Optic atrophy protein 1 (OPA1l) obtained from Cell
Signaling, Danvers, MA. Mitofusin 1+ Mitofusin 2 (MFN1/2) and
Mitochondrial transcription factor A (TFAM) antibody were obtained
from Abcam (MitoSciences-Abcam, Eugene, OR).



X. Sun et al.
2.18. Statistical analysis

All experiments were repeated at least three times. Statistical anal-
ysis was performed using GraphPad Prism 6.01 (GraphPad Software
Inc., San Diego, CA, USA) software, and data are presented as the mean
+ standard error of mean (SEM). One-way ANOVA followed by Bon-
ferroni’s post-hoc test was applied for comparisons among multiple
groups. Unpaired Student’s t-tests were used for comparisons between
two groups. A p-value less than 0.05 was considered to be statistically
significant.

3. Results

3.1. Exogenous mitochondria were internalized by cardiomyocytes in
vitro

Mitochondrial transplantation is an innovative and feasible strategy
to enhance cellular viability and resistance to various types of stress. To
track the process of mitochondrial transfer, isolated mitochondria with
intact bilayer membranes were labeled with green fluorescence and
were proportionally transferred into the culture medium of the homol-
ogous H9c2 cell line. The absorption rate was dynamically calculated by
flow cytometry, which suggested that cellular internalization of the
exogenous mitochondria reached peak and plateau after almost 1 h
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(Fig. 1A and B). To further demonstrate the flexibility and application of
mitochondrial transfer, primary cardiomyocytes from adult mice were
obtained and co-cultured with green fluorescence-labeled mitochondria
isolated from donor cardiomyocytes. Recipient cardiomyocytes were
imaged following mitochondrial transplantation (Fig. 1C). Fig. 1D dis-
plays the absorption characteristics of H9c2 cells co-cultured with
exogenous mitochondria at different time points. Mitochondrial trans-
plantation was further monitored by labeling the mitochondria of both
the donor and receipt cardiomyocytes with green and red fluorescence,
respectively. Fig. 1E and F show the co-localization of donor and receipt
mitochondria as yellow fluorescence after mitochondrial transfer for 3 h.
Given that mitochondria are the main source of ATP production, we next
evaluated the ATP generation of H9c2 cells after mitochondrial transfer
at O h, 1 h, 3 h, and 6 h by measuring the ATP levels in both the H9c2
receipt cells and the cellular culture medium. A time-dependent increase
in ATP production was observed after mitochondrial transplantation in
the recipient H9c2 cells; in contrast, a decrease in ATP levels was
observed in the cellular culture medium (Fig. 1G and H).

3.2. Mitochondrial Alda-1 treatment promotes cardiomyocytes
respiration

ALDH2 activity regulates mitochondrial homeostasis and function by
combating oxidative stress [20,33]. Therefore, we treated mitochondria
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Fig. 1. Exogenous mitochondria were dynamically internalized by cardiomyocytes in vitro. A) and B) Flow cytometry analysis for the internalization of MitoTracker
green-labeled mitochondria in H9c2 cells. C) and D) Live cell imaging of the dynamic internalization of MitoTracker green-labeled mitochondria by cardiomyocytes
from adult mice. Scale bar, 200 pm. E) Fluorescence imaging of the co-localization of transplanted mitochondria (green) and H9c2 cells (red) at 3 h. Scale bar, 25 pm.
F) ATP generation in H9c2 cells after mitochondrial transplantation at 0 h, 1 h, 3 h, and 6 h. G) Fluorescence imaging of the co-localization of transplanted
mitochondria (green) and cardiomyocytes from adult mice (red) at 3 h. Scale bar, 25 pm. H) ATP detection in the culture medium of H9c2 cells after mitochondrial

transplantation at 0 h, 1 h, 3 h, and 6 h. *p<0.05, **p<0.01 , ***p <0.001.
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with ALDH2 activator, Alda-1, to determine the effect on mitochondrial
respiration. We found that Alda-1 treatment could increase mitochon-
drial ALDH2 activation by 3.55fold in H9c2 cells and 3.47 in car-
diomyocytes respectively (Fig. 2A and B). We hypothesized that Alda-1
treatment might regulate the respiration capacity of cardiomyocytes. To
elaborate the mitochondrial respiration, the oxygen consumption rates
(OCRs) was detected in cardiomyocytes with or without Alda-1 treat-
ment. As excepted, the OCR levels were prominently stimulated by
Alda-1 treatment (Fig. 2C and D). Because mitochondrial oxidative
phosphorylation (OXPHOS) is primarily responsible for ATP generation,
the ATP production was also analyzed in our cardiomyocytes. The re-
sults demonstrated that the ATP formation was accordingly increased in
Alda-1 treated cardiomyocytes (Fig. 2E). Based on the above results, we
purposed that the respiration activated mitochondria induced by Alda-1
might regulate the effect of mitochondrial transplantation. Therefore,
we treated mitochondria with Alda-1 to determine the effect on mito-
chondrial transplantation in adult mouse primary cardiomyocytes. Live
cell imaging showed that the dynamic internalization of exogenous
mitochondria was similar in the presence or absence of Alda-1 treatment
(Fig. 2F and G). Cardiomyocytes isolated from adult mice die naturally
during in vitro culture, which could be observed by a shift from circle
into rod-shape. The rod-shaped cardiomyocyte that represent the living
cell was calculated during culture in vitro. The results in Fig. 2H and I
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demonstrated that mitochondrial transplantation prior Alda-1 treatment
could effectively delay the process of cardiomyocytes death.

3.3. Mitochondrial Alda-1 treatment and transplantation enhanced the
respiration-mediated mechanical function of cardiomyocytes

We suggested that the respiration-promoted mitochondria internal-
ization affects cardiomyocytes energetic homeostasis. The ATP pro-
duction of cardiomyocytes that were transplanted with control or Alda-
1-treated mitochondria were therefore firstly measured. Our results
indicated that Alda-1 treatment further enhanced the already elevated
ATP generation of cardiomyocytes after mitochondrial transplantation
for 6 h (Fig. 3A). Next, we assessed OCRs as an indicator of cellular basal
respiration. Intriguingly, the results showed that cardiomyocytes had a
significantly higher basal respiration after mitochondrial Alda-1 treat-
ment and transplantation for 6 h compared to the control or mito-
chondrial transplantation alone (without mitochondrial Alda-1
treatment) groups (2.4-fold and 1.4-fold increase, respectively) (Fig. 3B
and C). Because the mechanical regulation of cardiac cell contractility
relies on a constant energy supply from mitochondria, we next examined
the systolic and diastolic abilities of single cardiomyocytes with mito-
chondrial transplantation with or without prior Alda-1 treatment.
Mitochondrial transplantation with high ALDH2 activity was able to
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Fig. 2. Alda-1 treatment promotes mitochondrial respiration by upregulating ALDH2 activation. A) and B) ALDH2 activity analysis in H9c2 cells and cardiomyocytes
with or without Alda-1 treatment. C) OCR changes of control and Alda-1 treated cardiomyocytes. D) Calculation of the basal respiration in cardiomyocytes by
OCRpre-Olig minus OCRpost-AntA. E) ATP generation in control and Alda-1 treated cardiomyocytes. F) Representative images of normal and mitochondria (green
fluorescence) transplanted cardiomyocytes at different time points. Scale bar, 200 pm. G) Statistical analysis of green fluorescence after mitochondrial trans-
plantation for 6 h. H) Representative images of normal and mitochondria transplanted cardiomyocytes after in vitro culture for 12 h, Scale bar, 100 pm. I) Ratio of
rod-shape (survival) cardiomyocytes in control and mitochondria treated groups after in vitro culture for 12 h. *p <0.05 , **p <0.01.
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more effectively trigger the contractile response of cardiac cells, which
was shown via an increased maximal velocity of shortening/re-
lengthening (+dl/dt), an elevated peak shortening (% cell length-
ening), as well as a decreased time to peak shortening (TPS-ms)
(Fig. 3D-I). These results suggest that ALDH2 activation efficiently
augments the mitochondrial respiration-dependent mechanical
contractility of cardiomyocytes after mitochondrial transplantation.

3.4. Mitochondrial transplantation alleviated hypoxia-reoxygenation-
induced cardiomyocyte injury

After evaluating the effect of ALDH2 activation on mitochondrial
transplantation in cardiomyocytes under normal conditions, we estab-
lished a cellular I/R model via the use of hypoxia-reoxygenation treat-
ment. Cardiomyocytes isolated from adult mice were cultured under
hypoxic conditions for 45 min and then reoxygenation for 3 h. TUNEL
staining was performed after mitochondrial transplantation with or
without prior Alda-1 treatment for ALDH2 activation. Results revealed
that cardiomyocyte apoptosis induced by hypoxia-reoxygenation expo-
sure was partly alleviated by mitochondrial transplantation and was
completely ameliorated by mitochondrial Alda-1 treatment and trans-
plantation (Fig. 4A and B). Consistent with these results, the expression
of cleaved-caspase 3 was significantly upregulated after hypoxia-
reoxygenation exposure, whereas its expression was downregulated
after mitochondrial transplantation and even further downregulated
with ALDH2 activation and mitochondrial transplantation (Fig. 4C).
Because mitochondrial ROS production during the process of OXPHOS
contributes to cellular damage after hypoxia-reoxygenation exposure
[35], we further examined the protective effects of mitochondrial
ALDH2 activation and transplantation in cardiomyocytes by measuring
the ROS levels using MitoSOX. Increased mitochondrial ROS levels were
observed in cardiomyocytes after hypoxia-reoxygenation treatment.
However, again consistent with our TUNEL results, mitochondrial
transplantation decreased cardiomyocyte ROS levels (Fig. 4D). Besides,
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to analyze the changes of mitochondrial levels induced by
hypoxia-reoxygenation treatment, we stained the transplanted mito-
chondria and recipient cardiomyocytes with Mitotracker Green and
Mitotracker Red respectively. After reoxygenation and mitochondrial
transplantation for 3 h, the Mitotracker fluorescence was imaged by
confocal. The results indicated that the cardiomyocytes were rounded
from rod-shape by hypoxia-reoxygenation treatment, which was
inhibited by mitochondrial transplantation. Noteworthily, the car-
diomyocytes transferred with Alda-1 treated mitochondria showed clear
structure of myofiber and mitochondrial arrangement (Fig. 4E). These
results suggest a key role of ALDH2 activity in promoting the efficacy of
mitochondrial transplantation in cardiomyocytes.

3.5. Mitochondrial Alda-1 treatment and transplantation enhanced the
mechanical response of cardiomyocytes after hypoxia-reoxygenation
treatment

Myocardial ischemia causes damage to the electron transport chain
(ETC) and subsequently disrupts OXPHOS in cardiomyocytes [36].
Therefore, corresponding OCRs were examined in cardiomyocytes after
hypoxia (45min) -reoxygenation (3 h) treatment. Considerably,
hypoxia-reoxygenation exposure compromised the OXPHOS capacity of
cardiomyocytes, as shown by the significantly decreased basal OCR
levels compared with control cardiomyocytes. Our data showed no
difference between the OCR levels of hypoxia-reoxygenation exposed
cardiomyocytes with or without mitochondrial transplantation. How-
ever, OCR levels were overtly enhanced in cardiomyocytes after trans-
plantation with Aldal-treated mitochondria (Fig. 5A and B). Because
energy deprivation affects the function of cardiomyocytes, we further
evaluated the effect of mitochondrial Alda-1 treatment and trans-
plantation on the contractile function of mouse cardiomyocytes ex vivo.
Hypoxia-reoxygenation exposure overtly impaired the mechanical
function of cardiomyocytes, which was shown via a decreased maximal
velocity of shortening/re-lengthening (4dl/dt), decreased peak
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Fig. 4. Mitochondrial ALDH2 activation and transplantation ameliorated cardiomyocyte injury induced by hypoxia-reoxygenation exposure. A) Fluorescence im-
aging of cardiomyocyte apoptosis levels induced by hypoxia(45min)-reoxygenation(3 h) treatment with mitochondrial ALDH2 activation and transplantation or
mitochondrial transplantation alone. Cell nuclei were stained by DAPI (blue). Red represents apoptotic cardiomyocytes. Scale bar, 200 pm. B) Statistical difference of
cardiomyocyte apoptosis levels. C) Western blot of cleaved-caspase 3 levels in cardiomyocytes after hypoxia-reoxygenation treatment and mitochondrial trans-
plantation with or without prior Alda-1 treatment. D) Representative images of cellular shape (bright field) and mitochondrial ROS level changes (red fluorescence)
resulting from mitochondrial transplantation with or without prior Alda-1 treatment after hypoxia-reoxygenation treatment. Scale bar, 200 pm. E) Representative
images of mitochondrial levels in cardiomyocytes induced by hypoxia-reoxygenation treatment with mitochondrial ALDH2 activation and transplantation or
mitochondrial transplantation alone. Cell nuclei were stained by Hoeschst 33342 (blue). Green represents the transplanted mitochondria. Red represents mito-

chondria in recipient cardiomyocytes. Scale bar, 20 pm. *p <0.05 , **p <0.01.

shortening (% cell lengthening), and increased time to peak shortening
(TPS-ms). Interestingly, transplantation of Alda-1-treated mitochondria
reversed the impaired contractile function in the cardiomyocytes
(Fig. 5C-H). Taken together, these results further suggest that ALDH2
activation promotes the therapeutic effect of mitochondrial trans-
plantation in cardiomyocytes after hypoxia-reoxygenation-induced

injury.

3.6. Mitochondrial Alda-1 treatment and transplantation ameliorated I/R
injury in mice

To investigate the therapeutic potential of ALDH2 activation in
mitochondrial transfer in vivo, we used an I/R mouse model. I/R injury
was mimicked by coronary artery ligation for 45 min, followed by 24 h
reperfusion with mitochondrial transplantation. Echocardiography
revealed an overtly reduced left ventricular ejection fraction (LVEF) and
left ventricular fractional shortening (LVFS) in mice with I/R injury.
However, transplantation of mitochondria with ALDH2 activation via
Alda-1 treatment exhibited a significant cardioprotective effect, with a
significantly increased LVEF and LVFS (37.56% and 19.05% vs. 57.84%
and 27.87%) (Fig. 6A-C). Additionally, the myocardial infarction size
was assessed by Evan’s blue dye and TTC staining, and a smaller
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infarction size was observed after transplantation with Alda-1-treated
mitochondria, as shown by a reduced ratio of white-to-red area
(Fig. 6D and E). Furthermore, the mitochondrial location in the I/R heart
was monitored using an imaging system with fluorescence tracking.
Transplanted mitochondria were detected in the myocardium by red
fluorescence 24 h after transplantation (Fig. 6F). The fluorescence in-
tensity was significantly increased in the mitochondrial Alda-1 treat-
ment and transplantation group compared with the controls (Fig. 6G).
Furthermore, cellular apoptosis and cleaved-caspase 3 expression levels
were evaluated, and Alda-1 treatment prior to mitochondrial trans-
plantation significantly ameliorated cardiomyocyte apoptosis in
response to I/R injury (Fig. 6H and I). To evaluate the long-term effects
of mitochondrial transplantation on cardiac functions, the cardiac
function and morphology were analyzed in mice of I/R injury after
mitochondria transfer with or without Alda-1 treatment for 4 weeks.
Echocardiography revealed that transplantation of mitochondria with
ALDH2 activation via Alda-1 treatment overtly increased LVEF and
LVFS in comparison with mice of I/R injury (Sup. Fig. 1A-C). Accord-
ingly, the fibrosis levels induced by I/R injury was significantly
ameliorated by mitochondrial transplantation plus ALDH2 activation
with Alda-1 (Sup. Fig. 1D).



X. Sun et al.

A B
- - Con
= 500 Rotenone & antimycin A®* |R S
E 4007 jgomyein Fec - XII:IO p zc
° - a- ==
£ 300 -E_E1
£200 o g
O 100 T o
(@) @~
o = L
0 20 40 60 80
Time(miunte)
D E
- mn
Sg .
>T ;
53 oo
S% B
2 ]
e ES
%S FE
G .
BT 150
27
Q ~—
% .E’ 100
>3
[\ =
s *°
88
E ég N

F W
O S ?\gb

%

Bioactive Materials 6 (2021) 2058-2069

C
Jedkok ke
e ek =
'5")150
5 T
=100 L
[]
5]
2 50
2
r O
& \Q~ .i"o :’\
() < \b’b
Y~
F
ek
o TREE
- g2 v
SE
T = %*
-8‘6‘) | — |
n C T
ol T
= -
23
N o ¥ & o© N
\Q. .\\\0 i ~ 9 X QN s
W 4 ¢ A\ &
¥ ®
H
m
E04
3
203 T =
=Y o
@ 50.2
Lec
as0.1
p
0.0
c S & & N
[} S) N Q >
e © ¢
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3.7. The cardioprotective effect of Alda-1 treatment in mitochondrial
transplantation was mediated by mitochondrial membrane potential-
induced fusion

Mitochondria are highly dynamic organelles, and their structure and
distribution play a crucial role in the regulation of cellular metabolism,
especially in cardiomyocytes. Because we observed a higher myocardial
retention of transplanted mitochondria with ALDH2 activation, we
speculated that mitochondrial fusion may have an important role in this
cardioprotective effect after I/R injury. Optic atrophy protein 1 (OPA1)
and mitofusin 1 and 2 (MFN1/2) are the primary regulators of mito-
chondrial fusion [37]. Therefore, we analyzed active OPA1 and MFN1/2
in cardiomyocytes after mitochondrial transplantation. Upregulated
expression levels of OPA1 (Fig. 7A and B) and MFN1/2 (Fig. 7C and D)
were detected in the I/R myocardium after ALDH2-activated mito-
chondrial transplantation. Next, we analyzed the levels of mitochondrial
transcription factor A (TFAM) because it is essential for the maintenance
of mitochondrial DNA, and its overexpression has been shown to
improve cardiac dysfunction after myocardial infarction [38]. Our data
exhibited that TFAM expression was upregulated with mitochondrial
transplantation after I/R injury, and its expression was further upregu-
lated with mitochondrial ALDH2 activation and transplantation (Fig. 7E
and F). It has been reported that loss of mitochondrial membrane po-
tential induces OPA1 proteolysis and inhibits mitochondrial fusion 3940,
which may be responsible for the cardioprotective role of ALDH2 acti-
vation in mitochondrial transplantation. Thus, to examine the mito-
chondrial membrane potentials, JC-1 levels were measured in H9c2 cells
and adult mouse primary cardiomyocytes after Alda-1 treatment as well
as in the respective controls (Fig. 7G and H). Our results illustrated that
high ALDH2 activity with mitochondrial transplantation significantly
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<0.001,****p < 0.0001.

increased mitochondrial membrane potentials, resulting in increased
mitochondrial fusion [39,40].

4. General discussion and conclusion

To the best of our knowledge, this is the first study to demonstrate
the therapeutic potential of ALDH2 activity to enhance the efficacy of
mitochondrial transplantation for myocardial I/R injury. Mitochondrial
transplantation with exogenous ALDH2-activated mitochondria to
replace damaged or dysfunctional mitochondria in response to I/R
injury has exhibited promising results. With this strategy, we observed
an improvement in the energy-dependent cardiac and myocardial me-
chanical functions in mice after I/R injury. Furthermore, we determined
that it promoted mitochondrial membrane potential-mediated fusion
and thus inhibited cardiomyocyte apoptosis and ROS levels. Our present
study demonstrates a key role of ALDH2 activity in regulating the car-
dioprotective effect of mitochondrial transplantation for treatment of I/
R injury.

Cardiac ischemia results from a severe restriction of blood flow that
causes extensive damage to the mitochondria of cardiomyocytes, and
the resulting dysfunction of cardiomyocytes remains an urgent issue.
During ischemia, mitochondria are the primary source of ROS formation
[41,42], which leads to abnormal mitochondrial permeation, swelling,
and cytochrome c release, ultimately initiating the caspase-mediated
cell death program during reperfusion [43,44]. Thus, mitochondrial
injury is a major driver of cardiomyocyte impairment and death in
response to ischemia. Our results showed significantly enhanced ROS
and apoptosis levels in cardiomyocytes after I/R. Therefore, a supply of
exogenous mitochondria with high vitality during reperfusion should
theoretically facilitate myocardial recovery via the replacement of
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damaged mitochondria, resulting in increased energy production to
sustain the mechanical functions of cardiomyocytes. However, the
restored oxygen and selective accumulation of intermediates in mito-
chondria stimulate mitochondrial ROS formation during reperfusion,
which inevitably has adverse effects on both the endogenous and
exogenous mitochondria. Therefore, increasing the resistance of trans-
planted mitochondria to oxidative stress is a fundamental measure. As a
mitochondrial enzyme, ALDH2 plays a pivotal role in sustaining the
mitochondrial homeostasis of cardiomyocytes [19,20,45]. Our previous
studies elucidated that ALDH2 deficiency [20,33] or inhibition [46]
stimulated ROS over-production in mitochondria, ultimately resulting in
exacerbated cardiomyocyte apoptosis in response to hypoxia. Thus, the
close relationship between ALDH2 activity and mitochondrial homeo-
stasis prompted the present study on ALDH2 activation in mitochondrial
transplantation. As expected, our results demonstrated that ALDH2
activation in mitochondrial transplantation enhanced the retention of
mitochondria in the myocardium and inhibited cardiomyocyte
apoptosis, therefore exhibiting a cardioprotective effect in response to
I/R injury.

The mitochondrial electron transport chain (ETC) is the major source
of energy, and during ischemia it undergoes progressive damage
[47-49] that leads to impaired oxidative phosphorylation (OXPHOS),
which is indicated by a decreased oxygen consumption rate (OCR) and
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ATP production. Mitochondrial transplantation can supplement the
impaired energy production resulting from I/R injury. Our results
showed that mitochondrial transplantation significantly increased ATP
production, but not the basal OCR levels, in cardiomyocytes in vitro.
However, both the ATP and basal OCR levels were significantly
increased in cardiomyocytes with mitochondrial ALDH2 activation and
transplantation, suggesting that the therapeutic effect of mitochondrial
transplantation highly depends on adequate mitochondrial respiratory
function. During hypoxia-reoxygenation-induced cardiomyocyte injury,
no significant increases were observed in either the basal OCR levels or
the mechanical functions of cardiomyocytes in response to mitochon-
drial transplantation. However, both were remarkably enhanced by
mitochondrial ALDH2 activation and transplantation. Furthermore, the
substantial cardioprotective effect of mitochondrial ALDH2 activation
and transplantation in mice after I/R injury also indicated that effective
mitochondrial respiration is required for recovery. Mechanistically, we
discovered that an elevated mitochondrial membrane potential is
essential for mitochondrial dynamics as well as an increased energy
supply. As expected, increased mitochondrial fusion and energy pro-
duction were observed in mice with mitochondrial ALDH2 activation
and transplantation after I/R injury, as indicated by the up-regulation of
mitochondrial fusion proteins and a significantly increased OCR.

The results in Fig. 6F showed higher mitochondrial retention of Alda-
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< 0.001.

1 treatment group in comparison with mitochondria group without
Alda-1. These results indicated the Alda-1 treatment might induce
higher mitochondrial internalization efficiency. However, we did not
observe significantly enhanced internalization of mitochondria stimu-
lated by Alda-1 (Fig. 2F and G). The underlying mechanism remains thus
unclear. Our study suggested Alda-1 increased the survival of trans-
planted mitochondria, and higher retention might result from more
intact and respiration competent mitochondria in the Alda-1 treated
myocardium. In addition, results presented in Fig. 7 suggested that Alda-
1 significantly enhanced mitochondrial membrane potential, which
could effectively promote the fusion of exogenous mitochondria with
the endogenous ones.

Mitochondria can traverse cell boundaries and thus be incorporated
into mammalian cells by simple co-incubation of isolated mitochondria
with cells, without any other type of intervention. This phenomenon was
firstly discovered in 1982 [50]. Currently the physiological mechanism
regarding mitochondrial internalization is still under debate. Studies
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from Kesner and colleagues suggested that the mitochondrial internal-
ization was involved in macropinocytosis or macropinocytosis-like
mechanisms [51]. McCully et al. illustrated that viable and respiration
competent mitochondria could be taken up by both ischemia and non-
ischemic tissue by endocytosis [52,53]. Our study emphasized the
enhanced rescue of myocardial IR injury induced by Alda-1 treated
mitochondria uptake into cardiomyocytes in vitro and in vivo. However,
except for the improvement of mitochondria energetic quality, the
further study needs to focus on the identification of the signaling path-
ways and the proteins controlling of mitochondrial internalization to
promote the potential therapeutic application of mitochondrial
transplantation.

Our in vivo fluorescence tracking results showed that transplanted
mitochondria aggregated in the myocardium and failed to be internal-
ized by cardiomyocytes at distal injection points. Moreover, the injec-
tion procedure required exposure of the heart and further direct damage
to the myocardium. To avoid these drawbacks, an intracoronary
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delivery may be a more efficient strategy for the distribution of trans-
planted mitochondria. McCully et al. [54] reported that intracoronary
delivery was safe and that the efficiency depended on the mitochondrial
concentration, emphasizing the significance of mitochondrial quantity.
Nonetheless, our present results provide evidence that the therapeutic
potential of quantitative mitochondrial transplantation is remarkably
enhanced by ALDH2 activation for the treatment of I/R injury.

It is noteworthy that 40% of the East Asian population and 8% of the
global population carry the mutation of ALDH2, which is caused by the
replacement of glutamate with lysine at amino acid 487 and results in
only 1-5% of the catalytic activity of the wild-type form of ALDH2
[55-57]. Our present study indicates that the efficacy of mitochondrial
transplantation with a deficiency in ALDH2 may be less than satisfac-
tory. As a specific activator of ALDH2, Alda-1 has been shown to in-
crease the activity of a homogenous mutant ALDH2*2/*2 by 11-fold, a
heterogenous mutant ALDH2*1/*2 by 2.2-fold, and wild-type
ALDH2*1/*1 by 2.1 fold [19]. Therefore, the application of Alda-1
treatment to activate ALDH2 in mitochondria could effectively over-
come the current limitations and optimize the clinical application of
mitochondrial transplantation.
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