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Delivery of mitochondria confers
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replenishment and metabolic compliance
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Mitochondrial dysfunction is a hallmark of heart failure. Mito-
chondrial transplantation has been demonstrated to be able to
restore heart function, but its mechanism of action remains un-
resolved. Using an in-house optimized mitochondrial isolation
method, we tested efficacy of mitochondria transplantation in
two different heart failure models. First, using a doxorubicin-
induced heart failure model, we demonstrate that mitochon-
drial transplantation before doxorubicin challenge protects
cardiac function in vivo and prevents myocardial apoptosis,
but contraction improvement relies on the metabolic compat-
ibility between transplanted mitochondria and treated
cardiomyocytes. Second, using a mutation-driven dilated car-
diomyopathic human induced pluripotent stem cell-derived
cardiomyocyte model, we demonstrate that mitochondrial
transplantation preferentially boosts contraction in the ven-
tricular myocytes. Last, using single-cell RNA-seq, we show
that mitochondria transplantation boosts contractility in
dystrophic cardiomyocytes with few transcriptomic alterations.
Together, we provide evidence that mitochondria transplanta-
tion confers myocardial protection andmay serve as a potential
therapeutic option for heart failure.
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INTRODUCTION
Heart failure (HF) is defined as the structural or functional impairment
of ventricularfilling or the ability to pumpblood associatedwith various
heart diseases.1 The prevalence of HF seems to be 1%–2% of adults.2–4

The prevalence of HF increases with age: approximately 1% for those
aged less than 55 years to more than 10% in those aged 70 years or
over.5,6 With the aging population and increasing prevalence of cardio-
vascular risk factors, it is estimated that hospital admissions due toHF is
expected to increase by as much as 50% in the next 25 years.7

Currently, HF patients are treated with classical neuroendocrine an-
tagonists targeting hemodynamics. b-Blockers, angiotensin-convert-
ing enzyme inhibitors/angiotensin II receptor blockers, angiotensin
receptor-neprilysin inhibitors, aldosterone receptor antagonists, and
sodium-dependent glucose transporters-2 inhibitors are recommen-
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ded for HF patients.8,9 Although these drugs delay the progression
of HF, quality of life remains poor. Importantly, mortality rates
remain higher in observational studies than in clinical trials.10 In
the Olmsted County cohort, the 1-year and 5-year mortality rates
for all types of HF patients were 20% and 53%, respectively.11 A study
pooling the Framingham Heart Study and Cardiovascular Health
Study cohorts reported a 67% mortality rate within 5 years after diag-
nosis.12 Therefore, new strategies that can improve patients’ out-
comes are urgently needed.

Mitochondria occupy up to approximately 20%–35% of myocardial
volume and are key in providing energy for cardiomyocyte contrac-
tions.13,14 Disruption to mitochondrial homeostasis can directly
result in cardiomyopathies15–18 and mitochondrial dysfunction has
been shown to play a key role in HF, including anthracycline cardio-
myopathy, ischemia-reperfusion injuries, and genetic cardiomyopa-
thies.19–21 Although mitochondria transplantation has been shown
to confer myocardial function,22,23 the exact mechanisms remain to
be elucidated. Currently unresolved is whether calcium overloaded
mitochondria are still capable of boosting myocardial function.24

Using anthracycline-induced and genetic dilated cardiomyopathy
models, we investigated how mitochondria transplantation restores
cardiac function. Using an optimized mitochondria isolation method,
we first characterized mitochondria quality isolated from different
sources with varying metabolic status. We tested whether mitochon-
dria transplantation before doxorubicin challenge confers cardiopro-
tection both in vivo and in vitro. We assayed if transplantation of
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Mitochondria isolation and quantification

Cell type (1 � 107 cells) Mito count per MTG Mito count per TMRM

RKO (R) 5.98 � 106 6.74 � 106

NIH 3T3 (F) 3.56 � 106 3.51 � 106

C2C12 (M) 1.3 � 106 0.8 � 106

NMVM (H) 2.15 � 107 2.19 � 107
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mitochondria from different cell sources with varying metabolic states
protected doxorubicin-induced apoptosis, myocardial contraction,
and myocardial mitochondrial respiration in murine cardiomyocytes.
Next, using human induced pluripotent stem cell derived cardiomyo-
cytes (hiPSC-CMs) from dilated cardiomyopathy (DCM) patients and
its CRISPR-corrected isogenic cells,25 we evaluated whether isogenic
mitochondria transplantation can boost mitochondrial respiration
andmyocardial contraction at the single-cell level.We probed whether
mitochondria transplantation preferentially increased contractile
function in ventricular versus atrial cardiomyocytes, and single cell
RNA-seq was used to examine transcriptomic changes.

RESULTS
Isolating mitochondria panel with varying metabolic states

To ensure mitochondria purity and ultrastructure, we tested various
isolation methods and evaluated the intactness of mitochondrial
cristae by transmission electron microscopy (TEM) (Figure S1). As
evident by high presence of cell debris and compressed cristae struc-
tures using previously established methods,26–29 we optimized the
isolation protocol (see the materials and methods section) and was
able to purify intact mitochondria with little cell debris (Figure S1).
Next, we tested our mitochondrial isolation method in various cell
lines to answer two questions: (1) how robust is our mitochondrial
isolation protocol and (2) if mitochondrial activity (mainly mem-
brane potential and superoxide production) is maintained after mito-
chondria isolation. Here, we used four different cell sources to eval-
uate mitochondrial amount as well as metabolic preference ranging
from glycolytic to fatty acid oxidation: human colon carcinoma cell
line (RKO, R-mito), mouse fibroblast (NIH 3T3, F-mito), mouse skel-
etal muscle (C2C12, M-mito), and mouse neonatal cardiomyocytes
(H-mito). Using our optimized isolation protocol, we tested mito-
chondrial isolation efficiency using 1 � 107 cells of the four various
cell types (Table 1). As measured by flow cytometry (Table 1), mito-
chondrial counts measured by Mitotracker green (MTG, for mito-
chondrial number) and mitochondrial membrane potential
(TMRM) dyes are in good agreement. Next, we wanted to address
the unresolved debate as to whether isolated mitochondria are
dysfunctional due to isolation procedure and buffers. We measured
the mitochondrial amount (MTG), membrane potential (TMRM),
and oxidative status (MitoSox) in intact cells, as well as in isolated
mitochondrial (Figure 1A). As shown by flow cytometry, intact cardi-
omyocytes possessed the most mitochondrial amount per cell with
the highest mitochondrial membrane potential compared with other
cell types yet with mean mitochondrial superoxide levels (Figure 1B).
However, when assayed in isolatedmitochondria, bothmitochondrial
membrane potential and oxidative status differences were lost, sug-
gesting that the suspension buffer is insufficient to maintain mito-
chondrial membrane potential (Figure 1B). This observation, which
is in keeping with a previous study,24 raises the question as to whether
isolated mitochondria can re-establish function after uptake by
receiving cells.

Transplanted mitochondria are capable of preventing

doxorubicin-induced cardiotoxicity

To test if transplanted mitochondria can be absorbed by murine car-
diomyocytes, we first injected human R-mito into wild-type murine
hearts and isolated genomic DNA 2 and 24 h after injection. Using
human and mouse mtDNA-specific primers and mouse nuclear
copy number primers, we evaluated presence of human and murine
mtDNA levels using reverse transcriptase quantitative PCR (RT-
qPCR). The presence of human mtDNA confirms the presence of
transplanted R-mito in murine hearts; moreover, we observed a sig-
nificant increase in endogenous murine mtDNA, suggesting that
mitochondrial transplantation stimulated mtDNA replication (Fig-
ure 2A). Next, we tested if mitochondria transplantation before doxo-
rubicin (DOX) challenge is capable of preventing cardiotoxicity; we
performed single dose intramyocardial mitochondria transplantation
(M-mito + DOX) or phosphate-buffered saline (PBS) (PBS + DOX)
before DOX challenge in 8-week-old C57/Bl6J male mice, as previ-
ously described.30 Untreated animals were used as wild-type controls.
Upon DOX challenge, we observed a significant decrease in cardiac
function (Table 2, Figures S2A and S2B) and weight loss (Figure S2C).
However, these functional declines were reversed when animals were
pre-treated with mitochondria injections (Table 2, Figures S2A–S2C).
Next, we purified cardiomyocytes and stained the cells with either
CellROX (total cellular reactive oxygen species [ROS]), MitoSox
(mitochondrial oxidation), and TMRM (mitochondrial membrane
potential) (Figures 2B–2D). Compared with sham (Con) cardiomyo-
cytes, PBS + DOX cardiomyocytes exhibited increased cellular ROS
(Figure 2B), decreased mitochondrial oxidation (Figure 2C), and
decreased mitochondrial membrane potential (Figure 2D). Mito-
chondria pre-treatment prevented these changes (Figures 2B–2D).
Together, these results demonstrate that mitochondria pre-treatment
confers cardioprotection in DOX-induced HF.

Next, we asked whether mitochondrial transplantation confers cardi-
oprotection against DOX challenge through the inhibition of
apoptosis or metabolic restoration. To accomplish this, we used
neonatal mouse ventricular myocytes (NMVMs) cultures challenged
with DOX. First, we tested the level of mitochondria absorption of the
four types of mitochondria with varying concentrations (Figure S3).
R-mito, F-mito, M-mito, and H-mito showed absorption saturations
around 2 h at 0.5 � 104, 1 � 104, and 2 � 104 mito/100 mL concen-
trations (Figure S3). Next, we transplanted 1� 104 mito/100mL mito-
chondria into NMVMs in culture and challenged with 1 mM DOX
(Figure 3A).31 Using propidium iodide/annexin V double staining,
DOX challenge increased NMVM apoptosis (Figure 3B). To our sur-
prise, regardless of mitochondrial source, mitochondria pre-treat-
ment before DOX challenge was capable of preventing apoptosis in
Molecular Therapy Vol. 31 No 5 May 2023 1469
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Figure 1. Isolation and quantification of mitochondria using flow cytometry

(A) Immunoelectron microscopy and immunofluorescence images of isolatedmitochondria. (B) Mitochondrial amount (Mitotracker green), mitochondrial membrane potential

(TMRM) and mitochondrial superoxide levels (MitoSox) in cells and isolated mitochondria were evaluated using flow cytometry (n = 3 independent cultures; 30,000–100,000

events per run). Data are shown as mean ± standard error of the mean. Significance was determined by one-way ANOVA for the remaining panels. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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cardiomyocytes (Figure 3B). This observation suggests that the DOX-
induced apoptotic signal may be diluted by an increasing mitochon-
dria amount. Next, we examined contraction and mitochondrial
respiratory functions of these NMVMs. Unlike the anti-apoptotic
observation, we found that metabolically matched mitochondria
were necessary for improving contractile function (Figures 3C and
3D). Further, mitochondria pre-treatment restored basal mitochon-
drial respiration (Figures 3E and 3F) upon DOX challenge, but only
H-mito treatment restored maximal mitochondrial respiration (Fig-
ure 3G). Next, we evaluated with mitochondria transplantation
affected mitofusion/mitofission. Compared with controls, H-mito
treatment slightly induced mitofusion Opa1 levels, but not Mfn2 or
mitofission Drp1 levels (Figure S4). DOX challenge greatly induced
Drp1 and Mfn2 while decreasing Opa1 levels; H-mito pretreatment
alleviated DOX-induced changes (Figure S4). Together, these data
demonstrate that, in the DOX-induced HF model, mitochondrial
transplantation confers cardioprotection through bothmitochondrial
abundance and metabolic restoration.

Metabolically compatible mitochondrial transplantation

restores contractility in dilated cardiomyopathic

cardiomyocytes

Given that the membrane potential of isolated mitochondria is greatly
diminished compared with its source and DOX treatment affects both
endogenous and transplanted mitochondria, we have not answered
the question of whether transplanted mitochondria is capable of re-
establishing membrane potential and function. To answer this, we
1470 Molecular Therapy Vol. 31 No 5 May 2023
transplanted isogenic mitochondria to ischemic reperfused hiPSC-
CMs (Table 3) and evaluated the mitochondrial membrane potential.
Using microprinted hiPSC-CMs,25 the ischemic reperfusion chal-
lenge greatly diminishes mitochondrial membrane potential as
measured by TMRM (Figure S5A). Using live cell microscopy, we
stained the microprinted hiPSC-CM with TMRM, induced ischemia,
and transplanted Mitotracker green-labeled mitochondrial upon re-
perfusion (Figure S5B). Here, we observe that the absorbed green
mitochondria restored the mitochondrial membrane potential in
receiving hiPSC-CMs (Figure S5C). This observation suggests that,
despite diminished membrane potential in isolation buffer, trans-
planted mitochondria is capable of re-establishing membrane poten-
tial inside cardiomyocytes.

Next, we tested if mitochondria transplantation can rescue mitochon-
drial dysfunction and myocardial contractility in a DCM hiPSC-CM
model.21,25 To test this, we used hiPSC-CMs generated from a
Duchenne muscular dystrophy (DMD) patient as a genetic DCM
model25 (Figure 4A). Mitochondria were isolated from isogenic
hiPSC-CMs to avoid genetic background or species differences.
When healthy hiPSC-CM mitochondria were transplanted to DMD
hiPSC-CMmonolayer cultures, we observed an improvement of con-
tractile velocity and a decrease in beating frequency (Figure 4B).
Given that our differentiation protocol results in the production of
both atrial and ventricular cardiomyocytes, we collected contractile
velocity changes before and after mitochondria transplantation
of single microprinted DMD hiPSC-CMs and performed



Figure 2. Mitochondrial transplantation protects cardiomyocytes from DOX-induced mitochondrial dysfunction

(A) Human R-mito was injected into wild-type murine hearts and amount of transplanted R-mito mitochondria were measured using human specific mtDNA primers

normalized to mouse copy gene in isolated cardiomyocytes (N = 3 animals each). Data are shown as mean ± standard error of the mean. After 4 weeks of weekly DOX

injection and 2 weeks of recovery, animals were subjected to Langendorff isolation. (B–D) Purified cardiomyocytes were stained for intracellular ROS (CellROX, N = 6 animals,

total N = 50 cells), mitochondrial oxidative status (MitoSox, N = 6 animals, total n = 50 cells), andmitochondrial membrane potential (TMRM, N = 6 animals, total n = 100 cells).

Data are shown as violin plots. Scale bar, 20 mm. Significance was determined by one-way ANOVA for the remaining panels. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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immunofluorescence staining for ventricular marker MLC2v32 (Fig-
ure 4C). To our surprise, mitochondrial transplantation conferred
contractile improvement only in ventricular hiPSC-CMs, not atrial
hiPSC-CMs (Figure 4D), despite equal mitochondrial uptake rates
in isolated murine ventricular and atrial cardiomyocytes (Figure S6).
In keeping with our NMVM DOX findings, H-mito transplantation
into DCM hiPSC-CM monolayers increased maximal mitochondrial
respiration (Figure 4E). Together, these results provide support that
mitochondrial transplantation preferentially restores contractile
function in ventricular cardiomyocytes, while keeping atrial cardio-
myocytes intact.

To examine how mitochondria transplantation affects ventricular
cardiomyocytes, we performed single cell RNA sequencing (RNA-
seq) on H-mito-treated and -untreated DMD hiPSC-CMs. Based
on uniform manifold approximation and projection (UMAP) anal-
ysis, we identified 1 hepatocyte population, 1 atrial hiPSC-CM popu-
lation, and 10 ventricular hiPSC-CM populations in control and
mitochondrial transplanted DMD hiPSC-CMs, respectively (Fig-
ure 5A). Hepatocytes, which also originate from the mesoderm dur-
ing embryonic development, were ignored in the following Gene
Ontology (GO) term analyses (Figure 5A). Differentially expressed
genes from ventricular hiPSC-CMs (pooled) and atrial hiPSC-CMS
were used as input and top three GO terms are shown (Figure 5B
and Table S1). Clearly, mitochondrial transplantation induced gene
networks associated with cell-cycle status (mitosis, cell cycle, and
cell division) (Table S1) and structural reinforcement (cytoskeleton,
actin-binding, and muscle protein) (Table S1) in ventricular DMD
Molecular Therapy Vol. 31 No 5 May 2023 1471
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Table 2. Cardiac function of control, PBS +DOX, andM-Mito +DOX animals

Control PBS + DOX M-Mito + DOX

Diameter; s 1.88 ± 0.25 2.29 ± 0.43 1.69 ± 0.30##

Diameter; d 3.45 ± 0.28 3.47 ± 0.42 3.21 ± 0.21

Volume; s 11.64 ± 3.55 19.01 ± 8.92* 8.91 ± 3.86#

Volume; d 50.02 ± 9.87 50.92 ± 14.95 41.78 ± 6.47

Stroke volume 38.37 ± 7.82 31.91 ± 6.27 32.87 ± 4.31

Ejection fraction 78.29 ± 4.37 64.2 ± 6.53** 78.19 ± 8.09##

Fractional shortening 46.72 ± 4.26 34.39 ± 4.44** 46.38 ± 7.99##

Cardiac output 15.83 ± 3.33 13.29 ± 2.6 14.01 ± 1.78

LV mass 96.98 ± 10.5 93.05 ± 30.31 98.22 ± 18.21

LV mass cor 77.58 ± 8.4 74.44 ± 24.25 78.57 ± 14.57

LVAW; s 1.37 ± 0.12 1.19 ± 0.22 1.54 ± 0.23##

LVAW; d 0.88 ± 0.14 0.79 ± 0.22 1 ± 0.1

LVPW; s 1.4 ± 0.08 1.16 ± 0.14** 1.3 ± 0.11#

LVPW; d 0.760.08 0.76 ± 0.08 0.79 ± 0.08

Compared with the control group: *p < 0.05; **p < 0.01; ***p < 0.001.
Compared with the PBS + DOX group: #p < 0.05; ##p < 0.01; ###p < 0.001.
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hiPSC-CMs (Figure 5B). Mitochondrial transplantation into atrial
DMD hiPSC-CMs induced RNA-associated gene networks (Fig-
ure 5B), but cytoskeletal remodeling and mitochondrial respiration
pathways remain unchanged; however, bulk RT-qPCR validation
showed few differentially expressed genes (Figure 5C). These results
suggest that, rather than working by inducing transcriptomic
changes, mitochondrial transplantation strengthens ventricular
myocardial function, likely through the restoration of mitochondrial
respiration.

DISCUSSION
The protective role of mitochondria transplantation for the heart has
been demonstrated in several studies22,23; it remains to be demon-
strated as to how isolated mitochondria when transplanted can pro-
vide functional improvement to diseased cardiomyocytes. Using
various HF models, we demonstrate that mitochondria transplanta-
tion confers protection against DOX challenge, allows the re-estab-
lishment of mitochondrial membrane potential after ischemia-reper-
fusion challenge and can boost myocardial function in dilated
cardiomyopathic cardiomyocytes.

It has been shown that mitochondrial calcium overload may occur
when injected into tissues, and the cardioprotective effect may not
be due to the absorption of transplanted mitochondria.24 It has also
been demonstrated that mitochondrial calcium overload may trigger
aberrant calcium transients.33,34 To address this, we compared mito-
chondrial membrane potential and superoxide generation both in
cells and isolated mitochondria. We confirm that mitochondrial
membrane potential is lost during the purification process. However,
we demonstrate that, when transplanted, mitochondria are capable of
preventing DOX-induced apoptosis (likely through a dilution effect)
and restore myocardial contraction (intact mitochondria machinery).
1472 Molecular Therapy Vol. 31 No 5 May 2023
Importantly, in our ischemic reperfusion challenge, hiPSC-CMs that
received mitochondria re-established mitochondrial membrane po-
tential faster compared with untreated. Although we acknowledge
that intramuscular injections are not common for treating HF, our re-
sults provide proof of concept of preventing DOX-induced cardiotox-
icity via mitochondria protection. Our results also caution the
preparation process for generating intact mitochondria for transplan-
tation, but provide support for using mitochondria transplantation in
treating HF.

It is important to point out that our study attempted to characterize
the absorption and degradation kinetics of transplanted mitochon-
dria without tracing capabilities; therefore, these results have their
own limitations. By leverage human versus mouse differences, we
show that humanmitochondrial DNA accumulation inmurine hearts
drives endogenous murine mtDNA increase. Using live cell imaging,
we show that transplanted mitochondria can be taken up by bothmu-
rine and human hiPSC-CMs in a time-dependent manner. However,
given that the live mitochondrial dyes do not distinguish between
transplanted and endogenous mitochondria and that mitofusion is
induced after mitochondrial transplantation, we are unable to deter-
mine the level of mitochondrial protein and DNA degradation rates.
In our DMD hiPSC-CM experiments, mitochondrial supplementa-
tion alleviated mitochondrial dysfunction and boosted myocardial
contraction. Yet mouse studies have demonstrated that different cells
have varying tolerance for mitochondrial heteroplasmy,35 so further
characterization of exogenous mitochondria stability is needed.
Further, one needs to caution that mtDNA mutations have been
shown to drive severe cardiomyopathies36; thus, spontaneous mito-
chondrial mutations will need to monitored in the design of an off-
the-shelf mitochondria therapy. Although our scRNA-seq suggest
mitochondrial transplantation is likely to transcriptomic changes,
our RT-qPCR validation results suggest mitochondrial transplanta-
tion confers efficacy through restoration of mitochondrial respiration.

In summary, by optimizing and transplanting mitochondria with
varying metabolic states, we show that mitochondria transplantation
therapy confers cardioprotection through two mechanisms: abun-
dance and metabolic fitness. Using both murine and human cardio-
myocyte systems, we show that metabolically matched mitochondria
restore mitochondrial membrane potential and contraction function.
In ventricular cardiomyocytes, mitochondrial transplantation can
also boost cell cycle status and cytoskeletal pathways, which strongly
warrant further development toward clinical application.

MATERIALS AND METHODS
Mitochondria isolation and TEM

All mitochondria isolation from cells or tissue were performed as pre-
viously described22 with minor adjustments. Briefly, fresh tissue or
cells were collected and stored and washed once with 1� PBS on
ice. Tissues were cut up using scissors. Samples were transferred to
Glass/Teflon Potter Elvehjem homogenizers with 3 mL ice-cold Ho-
mogenizing Buffer (300 mM sucrose, 10 mM K-HEPES, and 1 mM
K-EGTA, pH adjusted to 7.2, stored at 4�C), homogenized, and



Figure 3. Mitochondrial transplantation ameliorates DOX-induced myocardial dysfunction

(A) Experimental setup testing if mitochondrial pre-transplantation can prevent DOX-induced cardiotoxicity. (B) Quantification of myocardial apoptosis and necrosis upon

DOX challenge (N = 3–5 neonatal hearts were pooled per sample prep; technical n = 3; 30,000–100,000 events per run). (C, D) Analysis of cardiomyocyte contraction (n = 20

cells per group). (E–G) Analysis of mitochondrial respiration (N = 3–5 neonatal hearts were pooled per sample prep; technical n = 3–8). Data are shown as mean ± standard

error of the mean. Significance was determined by one-way ANOVA for the remaining panels. *p < 0.05, **p < 0.01, ****p < 0.0001.
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transferred to centrifuge tube. We added 250 mL Subtilisin A Solution
(1 mg Subtilisin A in 250 mL homogenizing buffer) to the homoge-
nate, mix by inversion, and incubate on ice for 10 min. Homogenate
was filtered into a 50-mL conical centrifuge tube using a 40-mmmesh
on ice and filter and 250 mL freshly prepared bovine serum albumin
(BSA) Stock Solution (5 mg BSA in 250 mL homogenizing buffer)
was added and mix by inversion. Repeat homogenate filtration into
a 50-mL conical centrifuge tube using a 10-mm filter on ice. Transfer
the filtrate to two pre-chilled 1.5-mL microfuge tubes and centrifuge
at 9,000�g for 10 min at 4�C. Remove supernatant and re-suspend in
Molecular Therapy Vol. 31 No 5 May 2023 1473
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Table 3. hiPSC used

Mutation Age Tissue Gender Source

Healthy
isogenic control of
DMD

16
urine
mesenchymal

male
University of
Washington

DCM DMD (c.19delG) 16
urine
mesenchymal

male
University of
Washington
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1 mL homogenizing buffer, and centrifuge at 7,000�g for 10 min at
4�C. Remove the supernatant, resuspend in PBS, and store at 4�C
and use within 2 h.

For TEM morphological analyses, fresh mitochondrial pellets were
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) at 4�C for 2 h. After being washed with 0.1 M sodium caco-
dylate buffer, samples were post-fixed with 1% osmium tetroxide for
2 h and dehydrated through a graded ethanol series. Finally, the sam-
ples were embedded in epoxy resin at room temperature for 4 h.
Ultrathin sections (70 nm) were assembled to a copper grid and
observed using electron microscopy (Hitachi).

Doxorubicin-induced HF mouse model

All mouse protocols were approved by the Institutional Animal
Care and Use Committee (SH9H-2020-A55-1). Male C57BL/6
mice (6–8 weeks old; weighing 18–22 g) were purchased from
Shanghai Jiesjie Laboratory Animal Co., LTD. After a 1-week accli-
mation period, mice were randomly divided into three groups (n = 6
per group): Con group, DOX-treated group (DOX) and DOX-
treated plus mitochondrial injection group (M-mito + DOX). An
intraperitoneal injection of DOX (5 mg/kg; MedChem Express)30

were given for the DOX group and M-mito + DOX group or an
equivalent volume of PBS for the Con group once a week for
4 weeks. Mice assigned to M-mito + DOX group received mito-
chondrial transplantation 1 day before DOX (total of 50,000 isolated
mitochondria suspended in 80 mL; 20 mL per injection site), as pre-
viously described.37 Transthoracic echocardiography was imple-
mented on Vevo3100 high-resolution Imaging System (FUJIFILM
Visual Sonics) by an experienced investigator. 2% isoflurane was
used to induce anesthesia and 0.5%–1.0% isoflurane to maintain a
heart rate in the range of 410–450 beats per minutes. M-mode
from the left ventricular long axis view was obtained at the mid-
papillary muscle level. Echocardiographic analysis was performed
using VevoLAB Version 3.0 software package (FUJIFILM Visual
Sonics) and the left ventricular ejection fraction and fractional
shortening were measured. At sixth week (4 weekly DOX injection +
2 weeks rest); echocardiography was performed and ventricular tis-
sues were obtained from euthanized mice. Hearts were subjected to
Langendorff perfusion as previously descrived38 and, before diges-
tion, atria and ventricles were surgically excised and subjected to
the digestion protocol separately. Ventricular cardiomyocytes were
seeded onto laminin-coated (1:100 in dH2O, L2020; Sigma)
96-well confocal glass bottom plates and used for CellROX,
MitoSox, and TMRM live cell imaging using an Operetta CLS
High Content Imaging System (PerkinElmer). For the mitochon-
1474 Molecular Therapy Vol. 31 No 5 May 2023
drial absorption assay, atrial and ventricular cardiomyocytes were
first labeled with Mitotracker Green (green, endogenous mitochon-
dria) and 1.0 � 104/100 mL TMRM-labeled H-mito (red) were
added and cells were imaged over time using an Operetta CLS
High Content Imaging System (PerkinElmer).

Neonatal mouse ventricular myocytes

Neonatal murine ventricles were surgically excised and NMVMs
were isolated as previously described.39 After NMVMs beat, cells
were treated with DOX (1 mM), as previously described,31 for
24 h in the DOX group and the mito + DOX group. For mitochon-
drial transplantation absorption assay, 10,000 NMVMs were seeded
into 96-well confocal glass bottom plates. Mitochondria donor cells
were stained with TMRM and subjected to mitochondria isolation.
NMVM endogenous mitochondria were stained with Mitotracker
Green before mitochondria transplantation. Purified mitochondria
were added at 0.5 � 104/100 mL (low), 1.0 � 104/100 mL (medium),
or 2.0 � 104/100mL (high) concentrations and endogenous and
transplanted mitochondrial fluorescence were tracked over time us-
ing an Operetta CLS High Content Imaging System (PerkinElmer).
For assaying the effect of mitochondrial transplantation into DOX
treated NMVMs, mito + DOX group cells were incubated with
freshly isolated mitochondrial (1.0 � 104/100 mL) from NMVMs
for 2 h before DOX treatment. Contraction videos (12 s for each
video, 50 frames per second) of NMVMs and hiPSC-CMs in
different conditions were recorded under bright field mode using
a 40� objective lens on an Olympus IX83 inverted microscope
(Olympus). Each cell location was recorded and repeated every 1
h. Contraction speed and frequency were extrapolated using an es-
tablished algorithm in MATLAB.40 Data statistics were compared
with 0 h (NG condition) for normalization. Mitochondrial respira-
tion (oxygen consumption rates [OCRs]) of NMCMs were
measured using on a Seahorse XFe96 Extracellular Flux Analyzer
in conjunction with Seahorse Cell Mito Stress Test Kit (Agilent).
We seeded 10,000 NMVMs onto Seahorse cell culture plates 1–
2 days before measurement. The completed culture media were
changed to Seahorse XF DMEM supplemented with 5 mM glucose,
1 mM pyruvate, and 10 mM glutamine 1 h before measurement. Af-
ter 1 h incubation at 37�C in a CO2-free incubator, OCRs were
measured at basal, oligomycin (1.5 mM), FCCP (1 mM), and rote-
none/antimycin A (0.5 mM) time points in triplicates. OCRs were
normalized to total cell number determined by Hoechst 33342 stain-
ing, which is quantified at the end of the Seahorse experiment.

hiPSC-CM and cell cultures

The use of hiPSC was approved by Institutional Stem Cell Commit-
tee (SH9H-2018-T83-3) and hiPSC and hiPSC-CM differentiations
were carried out as previously described (Table 3).25 RKO cells
(human colon carcinoma cell line) were a kind gift from Prof.
Shiyan Yu. Fibroblast cell line and C2C12 (rat myoblast cell line)
were acquired from the Chinese Academy of Science Cell Bank
and cultured in Dulbecco’s modified Eagle medium containing
10% fetal bovine serum (Gibco). Mito Tracker Green, TMRM (tet-
ramethylrhodamine, methyl ester), MitoSox (Thermo Fisher



Figure 4. Mitochondrial transplantation ameliorates contractile function in DCM hiPSC-CMs

(A) Evaluating the efficacy of mitochondria transplantation for DCM using hiPSC-CM model. (B) Isogenic healthy hiPSC-CMs were used for mitochondria isolation. Mito-

chondrial transplantation into DCM hiPSC-CMs improves contractile speed and lowers beating frequency (n = 5). (C) Identification of ventricular hiPSC-CMs by immuno-

fluorescence staining. (D) Mitochondria transplantation confers cardiac improvement in ventricular, not atrial, DCM cardiomyocytes (n = 5). (E) Analysis of DCM hiPSC-CM

mitochondrial respiration (n = 5–6). Data are shown asmean ± standard error of themean. Significance was determined by two-tailed, unpaired Student’s t-test for (B) or one-

way ANOVA for (D). *p < 0.05, **p < 0.01, ***p < 0.001.

www.moleculartherapy.org
Scientific), and FITC Annexin V Apoptosis Detection Kit (BD Bio-
sciences) were and used per manufacturer’s instructions. Stained
cells and mitochondria were assayed on CytoFLEX S (Beckman)
and analyzed with Flow Jow10. To mimic myocardial ischemia-re-
perfusion injury, hiPSC-CMs were placed in a 0.5% hypoxic incu-
bator for 90 min followed by re-oxygenation; membrane potentials
were evaluated at 30, 60, and 120 min.

hiPSC-CM mitochondrial respiration (OCRs) of DCM hiPSC-CMs
were measured using on a Seahorse XFe96 Extracellular Flux
Analyzer in conjunction with Seahorse Cell Mito Stress Test Kit (Agi-
lent), as previously described.25 Day 28 DCM hiPSC-CMs were
seeded at 15,000 cells/well onto Seahorse cell culture plates 2 days
before measurement. For mitochondrial transplantation, hiPSC-
CMs were incubated with 1.0 � 104 H-mito or PBS for 1 h. The
completed culture media were changed to Seahorse XF DMEM sup-
plemented with 5 mM glucose, 1 mM pyruvate, and 10 mM glutamine
1 h before measurement. After 1 h incubation at 37�C in a CO2-free
incubator, OCRs were measured at basal, oligomycin (2.5 mM), FCCP
(1 mM), and rotenone/antimycin A (2 mM) time points in triplicate.
OCRs were normalized to total cell number determined by Hoechst
33342 staining, which is quantified at the end of the Seahorse
experiment.

For gene expression analyses, 1 mg total RNA was extracted using Tri-
zol (Invitrogen) reagent per manufacture’s protocol. HiScript II
Reverse Transcriptase kit (Vazyme) was used to reverse transcribe
and generate single stranded cDNA. For mtDNA copy number assay,
100 ng total DNA was isolated using the cardiac tissue or cells
Genome DNA Extract kit (Solarbio) according to the manufacturer’s
instructions. Primers used can be found in Table S2. Real-time qPCRs
were carried out on an AbiQuantStudioTM 6 Flex machine (Applied
Molecular Therapy Vol. 31 No 5 May 2023 1475
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Biosystems). Samples were assayed in technical duplicates and aver-
aged for final fold enrichment calculations.
Single-cell RNA-seq

DCM hiPSC-CM treated with H-mito or PBS were dissociated using
290 U/mg of pre-warmed collagenase type II (Invitrogen) in Hank’s
balanced salt solution. Single-cell suspensions (2 � 105 cells/mL)
with PBS were loaded onto microwell chips using the Singleron Ma-
trix Single Cell Processing System (Singleron). Individual libraries
were diluted to 4 nM, and sequenced on Illumina novaseq 6000
with 150 bp paired end reads. Raw reads from scRNA-seq
were processed to get gene expression matrixes using CeleScope
(https://github.com/singleron-RD/CeleScope) v1.1.7 pipeline. STAR
v2.6.1a42 was used according to the reference genome GRCm38
(ensembl version 92 annotation) to map reads. UMI counts and
gene counts of each cell were acquired with featureCounts43 v2.0.1
software, then used to generate expression matrix files for subsequent
analysis. The batch effect between samples was removed by Har-
mony44 and a UMAP algorithm was applied to visualize cells in a
two-dimensional space. Seurat FindMarkers function based on the
Wilcox likelihood ratio test with default parameters was used to iden-
tify differentially expressed genes (DEGs). Genes expressed in more
than 10% of the cells in a cluster and with an average log (fold change)
value of more than 0.25 were selected as DEGs. For cell type annota-
tion of each cluster, we combined expression of the canonical markers
with knowledge from literatures. To investigate the potential func-
tions of DEGs, GO, and Kyoto Encyclopedia of Genes and Genomes
analysis were used with “clusterProfiler” R package. Pathways with
p_adj values of less than 0.05 were considered as significantly
enriched.
Statistical analysis

All experimental data are presented as mean ± standard error of the
mean. Statistical significance between two groups was determined us-
ing two-tailed Student’s t-test. For multiple group comparison, One-
way ANOVA with Tukey’s multiple comparison was used. A p value
of less than 0.05 was considered statistically significant. Data were
analyzed and presented with GraphPad Prism.
DATA AVAILABILITY
Single-cell RNA-seq data have been deposited at GEO database
(GEO: PRJNA901916). Raw data generated are available from the
corresponding author (A.C.Y.C.) on reasonable request.
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Figure 5. Mitochondrial transplantation induces transcriptomic changes in DC

(A) UMAP analysis of single cell RNA-seq transplanted with or without H-mitochondria.

using myocardial markers. (C) Top three significantly over-represented GO terms for ven

(D) Potential mitochondria transplantation regulated targets were evaluated by RT-qP

standard error of the mean. Significance was determined by two-tailed, unpaired Stud
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Table S1. GO analysis of 804 atrial and 1192 ventricular mitochondrial 

transplantation perturbed genes.   

 

Table S2. RT-qPCR primers used.  
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Figure S1. Evaluation of mitochondria ultrastrucutre by transmission 

electron microscopy.  
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Figure S2. Doxorubicin heart failure model. (A) Schematic of doxorubicin heart 

failure mouse model. (B) Representative left ventricular M-mode 

echocardiographic and pulsed-wave Doppler tracings. (C) Animal weight during 

doxorubicin challenge (N = 6 animals per group). Data are shown as mean ± SEM. 

(D) Representative images of H&E and Masson staining.
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Figure S3. Mitochondria absorption kinetics of neonatal murine ventricular 

cardiomyocytes. Representative cardiomyocyte micrographs are shown. 

Cumulative R-mito, F-mito, M-mito and H-mito signals at 0.5h, 1h, 2h, and 6h are 

shown (N = 20-25 neonatal hearts were pooled for NMVM isolation; n = 3). Three 

mitochondrial concentrations were tested (low: 0.5 x 104/100L; medium: 1.0 x 

104/100L; high: 2.0 x 104/100L). Data are shown as mean ± SEM. 
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Figure S4. Mitochondria transplantation and doxorubicin treatment alters 

mitochondrial homeostasis. Cardiomyocytes isolated from animals treated with or 

without H-mito and challenged with or without doxorubicin were immunoblotted for 

mitofusion Opa1 and Mfn2 and mitofission Drp1 protein (N = 3 animals each). 

Gapdh expression was used as loading control and quantifications are shown. Data 

are shown as mean ± SEM. Significance was determined by one-way ANOVA. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure S5. Evaluation of mitochondrial membrane potential during 

ischemia reperfusion. (A) Ischemic reperfusion challenge in healthy hiPSC-CMs 

results in loss of mitochondrial membrane potential (n = 15-37 cells). Data are 

shown as mean ± SEM. Significance was determined by one-way ANOVA for the 

remaining panels. ***P<0.001. (B-C) Live cell microscopy demonstrating restoration of 

mitochondrial membrane potential in cardiomyocytes challenged by ischemia 

reperfusion by transplanting mitochondria isolated from healthy hiPSC-CMs.  
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Figure S6. Mitochondria absorption kinetics of Langendorff purified atrial 
and ventricular murine cardiomyocytes. Representative atrial and ventricular 
cardiomyocyte micrographs are shown. Cumulative H-mito signal over time are 
shown (N = 3 animals each). Data are shown as mean ± SEM. 
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