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Myocardial rescue with 
autologous mitochondrial transplantation 

in a porcine model of ischemia/reperfusion

McCully group at Boston Children’s Hospital 

J Thorac Cardiovasc Surg, 2017



연구 목적

To demonstrate the clinical efficacy of 

autologous mitochondrial transplantation in 

preparation for translation to human application 

using an in vivo swine model.



선행연구들

• Injection of isolated mitochondria during early reperfusion for 

cardioprotection. McCully JD et al. Am J Physiol Heart Circ Physiol

2009

• Transplantation of autologously derived mitochondria protects the 

heart from ischemia-reperfusion injury. Masuzawa A et al. Am J 

Physiol Heart Circ Physiol. 2013

• Intracoronary Delivery of Mitochondria to the Ischemic Heart for 

Cardioprotection. Cowan DB et al. PLoS One, 2016



Fig 1. A schematic representation of the 
experimental procedures using Langendorff heart. 
(A) For imaging of mitochondrial distribution, the 

ischemic interval was 30 minutes followed by 
10 minutes of reperfusion (top). Hearts used 
for functional and infarction measurements 
were subjected to 30 minutes of ischemia 
followed by 2 hours of reperfusion (bottom). 
In both instances, mitochondria were delivered 
to the heart at the onset of reperfusion. 

(B) Cultured human cardiac fibroblasts 
(fluorescently stained in this phase contrast 
image overlay with TOMM20 [green] to show 
mitochondria and DAPI [blue] to show nuclei), 
were used to isolate and label mitochondria 
with 18F-R6G (colorized as red in this 
transmission electron micrograph) and 30 nm 
iron oxide particles (black dots on the 
mitochondrial outer surface). Dual-labeled 
mitochondria were injected or perfused into 
ischemic Langendorff-perfused isolated 
hearts, which were imaged by PET and μCT
followed with MRI. Hearts were then fixed, 
embedded, sectioned, and histologically stained 
for fluorescence and brightfield microscopy.



Fig 7. Myocardial function in regionally 
ischemic hearts perfused with 
autologous rabbit liver mitochondria 
with Langendorff rabbit hearts.
(A) End diastolic pressure (mm Hg); 
(B) positive dP/dt (mm Hg/s x 100); 
(C) % segmental shortening (end-

diastolic length [EDL] minus end-
systolic length [ESL] over end-
diastolic length [EDL] x 100) in 
Control and Mitochondria heart 
groups, pre-ischemia, and during 
30 minutes regional ischemia and 
120 minutes of reperfusion. Sham 
groups were not subjected to 
ischemia and reperfusion or 
mitochondrial treatment.



Myocardial rescue with 
autologous mitochondrial transplantation 

in a porcine model of ischemia/reperfusion

McCully group at Boston Children’s Hospital 

J Thorac Cardiovasc Surg, 2017



방법

• A left mini-thoracotomy was performed on Yorkshire pigs. 

• The pectoralis major was dissected, and skeletal muscle tissue 
was removed and used for the isolation of autologous 
mitochondria.

• The heart was subjected to regional ischemia (RI) by temporarily 
snaring the circumflex artery. 

• After 24 minutes of RI, hearts received 8 x 0.1 mL injections of 
vehicle (vehicle-only group; n= 6) or vehicle containing 
mitochondria (mitochondria group; n= 6) into the area at risk 
(AAR), and the snare was released. 

• The thoracotomy was closed, and the pigs were allowed to 
recover for 4 weeks.



A. Experimental protocol. Injection sites in the area at risk are indicated.



B, Representative electron micrographs of isolated pig skeletal 
muscle mitochondria. The isolated mitochondria were free from 

cellular contamination and were electron dense and had 
preserved morphology and shape. (Scale bars: 1 mm.)



FIGURE 2. Body weight (A) 
and heart weight (B). 
There was no significant 
difference in body weight 
between groups either at 
the time of initial or 
terminal surgery. 
The mean change in body 
weight over 4 weeks (d) is 
shown in (A). 
There was no significant 
difference in left ventricular 
weight at the time of initial 
or terminal surgery (B). LV, 
Left ventricular.



FIGURE 3. Creatine kinase-MB 
isoenzyme (CK-MB) (A) and 
cardiac troponin I (cTnI) (B) 
at day 1 and day 3 after surgery 
in the vehicle-only and 
mitochondria groups. Both CK-
MB and cTnI were significantly 
decreased (P<.001) in 
mitochondria hearts compared 
with vehicle hearts at day 3. 

There was no significant difference 
between the 2 groups at day 1.
Results are shown for n= 6 in each 
group. 
Significant differences compared 
with vehicle are shown. 
*Significant differences compared
with vehicle at P=.006



FIGURE 4. A; Area at risk and B; infarct size (%AAR) for vehicle and 
mitochondria. Results are shown as the mean standard deviation for 
n= 6 in each group. 



C and D, Histochemical and electron microscopy analysis of myocardial tissue at 4 weeks of recovery. 
Representative Masson’s trichrome-stained (C) and transmission electron (D) micrographs from vehicle 
and mitochondria hearts are shown. Longitudinal and transverse interfibrillar separation was observed 
in vehicle hearts but not in mitochondria hearts (C), but there was no difference in collagen between 
the 2 groups (C). Electron microscopy analysis (D) shows mitochondrial damage and contraction bands 
in vehicle hearts that are not present in mitochondria hearts. (Scale bars: 500  mm.).



Then they studied the efficacy of 
delayed mitochondrial transplantation

via intracoronary administration 
in a model of regional IRI 

as a strategy for cardio-protection.

Delayed Transplantation of Autologous Mitochondria for 
Cardioprotection in a Porcine Model. 

Blitzer D. et al. Ann Thorac Surg. 2019 Aug



Figure 1.  Description of experimental model. Female and male Yorkshire pigs (40-50 kg; 
n¼16) were sedated and intubated. A sternotomy was performed, and the pectoralis major 
was located and dissected, two small pieces of which were to be excised with the use of a 6-
mm biopsy punch for mitochondrial isolation. A 3-0 Prolene suture (Ethicon, Somerville, NJ) 
was then passed around the left anterior descending artery and snared down to create a 
period of temporary ischemia that lasted 30 minutes. The snare was then released, and the 
heart was allowed 120 minutes of reperfusion. After 120 minutes of reperfusion the hearts 
received either vehicle alone or mitochondria (1109) in vehicle. Vehicle or mitochondriain
vehicle was delivered as a 5-mL bolus, antegrade to the left coronary artery under 
fluoroscopic guidance with the use of a 5F JR angiography catheter. After injection, the heart 
was then allowed a further 120 minutes of reperfusion (240 minutes of total reperfusion). 
Global and regional function were determined. All pigs were humanely euthanized under 
deep anesthesia after 240 minutes of reperfusion. 



방법

• Female Yorkshire pigs (40-50 kg; n=16) underwent 30 minutes 
of ischemia by snaring of the left anterior descending artery 
(LAD) and the hearts were then reperfused for 120 minutes. 

• At that point, Vehicle only or Autologous Mitochondria 
(1x109 in 5 mL vehicle) were delivered as a bolus to the left 
coronary ostium followed by a further 120-minute reperfusion.



Figure 9. Measurement of Area at Risk and Infarct Size of the Left Ventricular Myocardium. 
There was no significant difference in the AAR between Mitochondria and Vehicle hearts. 
Infarct size (%AAR) was significantly decreased in Mitochondria as compared to Vehicle hearts. All 
results are shown as mean +/-SEM for n=8 each group. *p<0.05; Mitochondria vs Vehicle.





Take Home Message

Autologous mitochondrial transplantation provides 

a novel technique to 

significantly enhance myocardial cell viability 

following ischemia and reperfusion

at least in pig.



최근 연구동향

• Mitochondrial transplantation ameliorates acute 
limb ischemia.  Orfany A. et al. J Vasc Surg. 2019, Jul.

• Mitochondrial transplantation prolongs cold ischemia time 
in murine heart transplantation. Moskowitzova K, et al. J 
Heart Lung Transplant. 2019, Jan.

• Mitochondrial transplantation enhances murine lung 
viability and recovery after ischemia reperfusion injury. 
Moskowitzova K. et al. Am J Physiol Lung Cell Mol Physiol. 
2019 Nov 



Kate Bowen with her infant, Georgia, in the intensive care unit at Boston 
Children's Hospital. Doctors tried to revive the baby's heart with an infusion 

of one billion mitochondria. 

By Gina Kolata July 10, 2018, The New York Times

Mitochondrial transplantation: 
applications for pediatric patients with congenital heart disease. 

Emani SM, McCully JD. Transl Pediatr. 2018 Apr. 
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Table 2 Registered interventional studies for 
mitochondrial transplantation on ClinicalTrials.gov

Chang et al. Translational Neurodegeneration (2019) 8:17 

Conditions/
Diseases

Status Phase Intervention Mitochondria 
donor

NCT number

Age-related 
deterioration 
of oocyte 
quality

With-
drawn

1 & 2 Injection of autologous 
mitochondria to the oocytes

Autologous 
granulosa cells

NCT01631578

Infertility Complet
ed

NA Autologous micro-injection of 
mitochondria into the 
oocytes during ICSI

Autologous 
ovarian stem 
cells

NCT02586298

Mitochondrial 
diseases: 
Pearson 
Syndrome

Not yet 
recruit-
ing

Early 
1

Mitochondria augmentation 
therapy: transplantation of 
autologous stem cell 
enriched with MNV-BLDa

Autologous 
peripheral 
hematopoietic 
stem cells

NCT03384420

Extracorporeal 
membrane 
oxygenation 
complication

Recruit-
ing

Autologous mitochondria 
injected or infused into the 
ischemic myocardium

Autologous 
skeletal muscle 
cells

NCT02851758

NA not applicable, ICSI intracytoplasmic sperm injection, a MNV-BLD refers to blood-derived 
mitochondria. 
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