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Peptide-mediated delivery of 
donor mitochondria improves 
mitochondrial function and cell 
viability in human cybrid cells with 
the MELAS A3243G mutation
Jui-Chih Chang1, Fredrik Hoel  2, Ko-Hung Liu1, Yau-Huei Wei3,4, Fu-Chou Cheng5, Shou-Jen 
Kuo6, Karl Johan Tronstad2 & Chin-San Liu1,7

The cell penetrating peptide, Pep-1, has been shown to facilitate cellular uptake of foreign mitochondria 
but further research is required to evaluate the use of Pep-1-mediated mitochondrial delivery 
(PMD) in treating mitochondrial defects. Presently, we sought to determine whether mitochondrial 
transplantation rescue mitochondrial function in a cybrid cell model of mitochondrial myopathy, 
encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) disease. Following PMD, recipient 
cells had internalized donor mitochondria after 1 h, and expressed higher levels of normal mitochondrial 
DNA, particularly at the end of the treatment and 11 days later. After 4 days, mitochondrial respiratory 
function had recovered and biogenesis was evident in the Pep-1 and PMD groups, compared to 
the untreated MELAS group. However, only PMD was able to reverse the fusion-to-fission ratio of 
mitochondrial morphology, and mitochondria shaping proteins resembled the normal pattern seen in 
the control group. Cell survival following hydrogen peroxide-induced oxidative stress was also improved 
in the PMD group. Finally, we observed that PMD partially normalized cytokine expression, including 
that of interleukin (IL)-7, granulocyte macrophage–colony-stimulating factor (GM-CSF), and vascular 
endothelial growth factor (VEGF), in the MELAS cells. Presently, our data further confirm the protective 
effects of PMD as well in MELAS disease.

Mitochondria are organelles responsible for a large part of the cellular ATP production. These dynamic organelles 
have their own DNA, and are constantly adapting their function in accordance with the context-dependent needs 
of the cell1. Mitochondrial dysfunction is associated with many diseases, and typically leads to metabolic imbal-
ance, cellular energy deficiency and ROS production1. Mitochondrial, myopathy, encephalopathy, lactic acidosis 
and stroke-like episodes syndrome (MELAS) is a genetic mitochondrial disease commonly caused by inherited 
point mutations in tRNA genes encoded by mitochondrial DNA (mtDNA). This results in defective synthesis of 
mitochondrial respiratory chain subunits and subsequent impairment of mitochondrial function2. The defects 
in mitochondrial function gives rise to a complex pathology that has severe consequences for patients. With 
the exception of mitochondrial replacement therapy, which only can be done on a newly fertilized oocyte, there 
is no curative treatment for MELAS or similar diseases. In the present study, we investigated if mitochondrial 
transplantation enabled by the cell-penetrating peptide Pep-1 rescue mitochondrial function in a cybrid MELAS 
model.

1Vascular and Genomic Center, Changhua Christian Hospital, Changhua, Taiwan. 2Department of Biomedicine, 
University of Bergen, Bergen, Norway. 3Department of Biochemistry and Molecular Biology, School of Life Sciences, 
National Yang-Ming University, Taipei, Taiwan. 4Department of Medicine, Mackay Medical College, Taipei, Taiwan. 
5Stem Cell Center, Department of Medical Research, Taichung Veterans General Hospital, Changhua, Taiwan. 
6Department of Surgery, Changhua Christian Hospital, Changhua, Taiwan. 7Department of Neurology, Changhua 
Christian Hospital, Changhua, Taiwan. Jui-Chih Chang, Fredrik Hoel and Ko-Hung Liu contributed equally to this 
work. Correspondence and requests for materials should be addressed to C.-S.L. (email: 26602@cch.org.tw)

Received: 27 January 2017

Accepted: 16 August 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-4820-3101
mailto:26602@cch.org.tw


www.nature.com/scientificreports/

2SCieNTiFiC REPORTS | 7: 10710  | DOI:10.1038/s41598-017-10870-5

The mitochondria are double membrane organelles containing two enclosed compartments, the matrix (inner 
compartment) and the intermembrane space. The inner mitochondrial membrane is the site of the electron trans-
port chain (ETC). Here electrons obtained from NADH and FADH2 are transported through four respiratory 
enzymes (CI-IV) via a series of redox reactions ending with the reduction of oxygen. This electron-transport 
drives the translocation protons from the matrix-side across the inner membrane, generating an electrochemical 
gradient (i.e. membrane potential). Reflux of protons through the ATP synthase complex (CV) releases energy 
used to phosphorylate ADP to ATP. Together, these processes are termed oxidative phosphorylation (OXPHOS)1. 
Mitochondrial bioenergetics are normally adapting to the physiological requirements of the cells, through regu-
lation of oxidative pathways, mitochondrial biogenesis and mitochondrial dynamics3. Mitochondrial biogenesis 
serves to increase the oxidative capacity under conditions of insufficient ATP production4. Organelle fission and 
fusion processes are important in mitochondrial quality control, and involves fusion proteins such as OPA15, 
MFN1 and MFN26 and the fission proteins DRP17 and Fis18. Morphologic changes are seen in response to con-
ditions of cellular stress. Mild energy deficiency, which may be due to increased ATP consumption in exercising 
skeletal muscle9 or sub-lethal inhibition of OXPHOS in cultured cells10 is associated with increased fusion and 
network complexity of filamentous mitochondria. Severe stress, which may be caused by pathology or toxin expo-
sure, is associated with fragmented mitochondria, accompanied by aberrant ROS production and mitochondrial 
dysfunction11, 12. Specific degradation of dysfunctional mitochondria (mitophagy) has a crucial role in mitochon-
drial quality control, serving to sustain cellular energy homeostasis and prevent pathologic ROS production. 
Deficiencies in mitochondrial quality control are associated with neurodegenerative disorders such as Parkinson’s 
Disease13, and genetic mitochondrial diseases such as PolG mutations14 and in MELAS15.

Transfer of mitochondria between separate cells has been observed both in vivo and in vitro, a phenomenon 
that may support cell survival and protect against external stress16–20. The mechanisms involved in such inter-
cellular organelle transfers are not fully understood, but nanoscale membrane containing tubes that form inter-
cellular connections, tunneling nanotubes, have been reported to traffic mitochondria from mesenchymal stem 
cells and rescue damaged cells in culture17, 19–21. Another mechanism involving endocytosis and micro-vesicles 
containing mitochondria has been reported to transfer mitochondria between bone marrow derived mesenchy-
mal cells and damaged alveolar epithelium in vivo19. Such observations have given rise to studies addressing the 
possibility to rescue mitochondrial function by transplanting healthy mitochondria into cells with mitochondrial 
dysfunction. In an animal study, mitochondria injected directly into the heart after an induced ischemic insult 
protected against ischemia-reperfusion injury, reduced the infarction size and improved recovery22. In this study 
it was estimated that only 3–7% of the mitochondria were taken up by the cells, however, it was suggested that 
extracellular mitochondria also conferred some cardioprotection. Cell culture experiments have indicated that 
the ability to import exogenous mitochondria may vary between cell types. Whereas mtDNA depleted HeLa cells 
were found to take up exogenously added mitochondria23, the same was not seen mtDNA depleted A549 cells16. 
One study reported that mesenchymal stem cells were able to transfer mitochondria to mtDNA depleted cells, 
but not cybrid cells harboring pathogenic mtDNA with pathogenic mtDNA mutations, including the MELAS 
A3243G mutation24.

Cell-penetrating peptides (CPPs) have been employed to facilitate cellular uptake of substances such as nano-
particles, DNA and proteins25, 26. Such proteins have similar functions in nature, such as the HIV-1 protein, TAT, 
which is a CPP necessary for the entry of HIV-1 virus particles into human cells. Covalent coupling to TAT has 
been found to mediate import of functionally capable mitochondrial enzymes such as complex I subunits, which 
promoted recovery of vital cell functions27. Pep-1, another CPP, is able to translocate cargoes via non-covalent 
self-assembly mechanisms28, 29. Inside the cells, the cargo is released via an endocytosis-independent pathway28, 29. 
This ability of Pep-1 to act as a chaperone facilitating cellular uptake and intracellular release of cargo, may enable 
delivery of small organelles into the cell. Recently, we found that mitochondrial transplantation was facilitated 
when the isolated donor mitochondria were coated with Pep-130, 31. Further, the studies showed that Pep-1 medi-
ated mitochondrial delivery (PMD) improved mitochondrial functions in two cell models of the mitochondrial 
disease Myoclonic Epilepsy and Ragged Red Fibers (MERRF)30, 31.

Based on these findings, we here investigated if PMD is able to rescue mitochondrial properties in a MELAS 
cybrid cell model with MELAS A3243G mutation in mtDNA. Our aim was to clarify the effects of PMD on 
mitochondrial function and morphology to gain better understanding of the processes involved in restoring cell 
function. We also wanted to determine if Pep1-mediated mitochondrial transplantation influenced oxidative 
stress responses in the recipient cells because functional restoration could confer an increase of stress tolerance 
to the MELAS cybrid cells.

Results
Donor mitochondria are internalized into MELAS cybrid cells after PMD. To examine the direct 
effects of Pep-1 on the ultrastructure of isolated mitochondria, rat liver mitochondria were treated with Pep-1 
(5, 25 or 50 µM), then analyzed by transmission electron microscopy (Fig. 1). A gap between the mitochondrial 
outer membranes was observed in mitochondria alone, as shown in Fig. 1A. The shape and membrane structure 
appeared unchanged in the presence of different concentrations of Pep-1, suggesting that Pep-1 does not affect 
mitochondrial integrity. However, close contact between the outer membranes was observed after Pep-1 labeling 
(indicated arrows in Fig. 1A). Membrane fusion was 34 ± 4.3%, 62 ± 13.3% and 77 ± 10.3 after treatment with 5, 
25 and 50 µM Pep-1, relative to non-treated controls (11 ± 3.2) (Fig. 1B).

To perform Pep-1-mediated mitochondrial delivery (PMD) on MELAS cybrid cells, donor mitochondria were 
isolated from 143B osteosacroma cybrid cells and labeled with MitoTracker Red immediately before delivery 
to enable organelle tracing. After an initial incubation of 4 h, red fluorescent mitochondria were observed both 
inside the MELAS cybrid cells and in mitochondrial aggregates in the medium, as shown using confocal micros-
copy and three-dimensional (3D) reconstructions (Fig. 2A). Within the cells, the red fluorescence overlapped 
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significantly with green fluorescence from the mitochondria of the host cells (MELAS cybrid cells), which were 
labeled with MitoTracker Green prior to delivery. This co-localization of the two dyes could be due to fusion of 
host and recipient mitochondria, or to diffusion of the dyes between organelles. To address this, the experiment 

Figure 1. Transmission electron microscopy (TEM) analysis of mitochondria coated with various Pep-1 doses 
(5, 25 or 50 μM). (A) Mitochondria alone (Con); mitochondria coated with 5 μM Pep-1 (Pep-1(5)-Mito); 
mitochondria coated with 25 μM Pep-1 (Pep-1(25)-Mito); mitochondria coated with 50 μM Pep-1 (Pep-
1(50)-Mito). Gap between outer membranes in the mitochondria alone group and contact between the outer 
membranes in the Pep-1(5)-Mito group is shown by block box and arrows, respectively. (B) Proportion of 
membrane-fused mitochondria in total mitochondria calculated from a group of images. *p < 0.05 compared to 
control group; +p < 0.05, compared to Pep-1(5)-Mito group.
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Figure 2. Translocation of Pep-1-labeled mitochondria (Pep-1-Mito) into MELAS cybrid cells. (A) Illustration 
showing mitochondrial translocation from medium into cells. Red (Mitotracker Red) and green (Mitotracker 
Green) fluorescence represent donor Pep-1-Mito and innate mitochondria, respectively. Asterisks indicate 
aggregates of Pep-1-Mito complexes suspended in medium. Reconstructed three-dimensional (3D) confocal 
images showing co-localization of donor and innate mitochondria inside MELAS cybrid cells, indicated 
by arrows (yellow fluorescence). (B) Mitochondria labeled with fluorescent proteins. Donor mitochondria 
tagged with GFP (MitoGFP, green fluorescence) and innate mitochondria tagged with HcRed1 (MitoRFP, 
red fluorescence). Nuclei were stained with DAPI (blue fluorescence). Donor Pep-1-labeled MitoGFP (Pep-
1-MitoGFP) inside recipient MELAS cybrid cells after 2 days; possible sites of fusion between donor and 
innate mitochondria (yellow fluorescence) are indicated by arrows. (C) 3D visualization of Pep-1-MitoGFP 
internalization and innate MitoRFP in MELAS cybrid cells tracked over time using confocal microscopy 
combined with differential interference contrast (DIC). Z-axis yields a longitudinal view showing Pep-1-
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was repeated using GFP-tagged donor mitochondria (MitoGFP) and MELAS cybrid cells with HcRed1-tagged 
mitochondria. Confocal microscopy confirmed that donor mitochondria were internalized into the recipient 
cells, but did not appear to fuse with the host mitochondria during the course of the experiment; only a few exam-
ples of co-localized fluorescence could be identified (arrows in Fig. 2B).

Three-dimensional fluorescent imaging of live cells coupled with differential interference contrast (DIC) 
imaging was used to determine a time course for the entry of foreign mitochondria into host cells. Pep-1-labeled 
MitoGFP (Pep-1-MitoGFP) mitochondria were attached to the cell membrane after an initial incubation of 0.5 h, 
but then had translocated into the cytoplasm after 1 h (Fig. 2C). More obvious co-localization of GFP and RFP 
was observed after 2 and 4 h of culture (blank arrows in Fig. 2C). After 8 h, extracellular Pep-1-MitoGFP fluores-
cence suspended in the medium was significantly reduced (stars in Fig. 2C). Furthermore, the number of foreign 
MitoGFP and innate MitoRFP, revealed by mean fluorescence area (pixels) per cell in same cell thickness, became 
enhanced with time (Fig. 2C, insert frame in z-stack image). Moreover, innate MitoRFP in the rescued cells dis-
played a concomitant change in mitochondrial morphology, from a dot-like to a rod-like appearance.

To confirm the presence of donor mitochondria inside the recipient MELAS cybrid cells, the mtDNA was 
sequenced. Donor wild-type mtDNA was detected in MELAS cybrid cells after PMD, as validated by DNA 
sequence analysis of the mitochondrial tRNALeu(UUR) gene at the A3243G mutation locus. This analysis was per-
formed 48 h after incubation with Pep-1 carrier alone (Pep-1), naked mitochondria (Mito) or Pep-1-labeled 
mitochondria (Pep-1-Mito), and was compared to untreated MELAS cybrid cells. The presence of a heterodu-
plex mtDNA species (heteroplasmy) at position 3243 was found only in the Pep-1-Mito treated group (Fig. 3A). 
Moreover, PCR-RFLP analysis showed a significant increase in wild-type mtDNA content: 4.6 ± 2.1% in the 
untreated MELAS cybrid cells versus 34.6 ± 3.2% in the Pep-1-Mito treated cells at the end of the 48 h incubation 
period (day 0). Although wild-type mtDNA content was decreased in the subsequent stability period of 1–7 days, 
it was increased dramatically from approximately 9.0 ± 2.8% to 14.5 ± 2.9% after 11 days of treatment (Fig. 3B).

Recovery of respiratory function in MELAS cybrid cells after PMD. The effect of PMD on mito-
chondrial function after 4 days of treatment was investigated by monitoring oxygen consumption rate (OCR) in 
control cybrid cells, MELAS cybrid cells (MELAS), MELAS cybrid cells treated with Pep-1, Mito, Pep-1-Mito or 
Pep-1-labeled mitochondria with A3243G mutant mtDNA isolated from MELAS cybrid cells (Pep-1-Mito3243). 
OCR was measured in confluent cells after sequential treatment with specific inhibitors (oligomycin to inhibit 
ATP synthase, or the uncoupler carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone to 
inhibit complex I) (Fig. 4A). Basal OCR, ATP-linked OCR, and maximum capacity OCR were calculated by sub-
tracting the non-respiratory background (post-rotenone rate) (Fig. 4B). Significantly lower rates of basal respira-
tion, ATP-linked respiration, and maximal respiratory capacity were found in the untreated MELAS cybrid cells 
compared to control cells. PMD caused increases in basal respiration (1.7-fold increase), ATP-linked respiration 
(2.2-fold increase) and maximal respiratory capacity (1.8-fold increase), relative to the untreated MELAS group 
(Fig. 4B). It is contrary to MELAS cybrid cells treating with Pep-1-Mito3243 and its performance of respiratory 
function was even lower than the untreated. The result reflects the dependence of mitochondrial function on 
the manipulation of delivered mitochondria. No significant effects were in MELAS cybrid cells that received 
uncoated mitochondria. Treatment with Pep-1 alone also increased mitochondrial respiration, but the induction 
of ATP-linked and maximal respiration was significantly lower than after treatment with Pep-1-Mito.

PMD alters expression of mitochondria shaping proteins and mitochondrial biogenesis in 
MELAS cybrid cells. To examine the mitochondrial network in rescued MELAS cybrid cells, cells were 
treated with Pep-1-Mito and the morphology of mitochondria stained with MitoTracker Green was observed 
using confocal microscopy after 4 days, and compared with untreated cells (Fig. 5A and B). An abundant 
mitochondrial network and elongated morphology was observed in both the Pep-1 and Pep-1-Mito groups, 
compared with the MELAS group that exhibited dot- or sphere-like clusters, indicating mitochondrial frag-
mentation (Fig. 5A). However, Pep-1 treatment did not significantly reduce the fragmented proportion of 
mitochondria despite an increase in the proportion of tubular mitochondria from 24 ± 5.6% to 42 ± 5.1% 
(Fig. 5B). In contrast, PMD not only increased the proportion of tubular mitochondria from 24% to 61% but 
also decreased the proportion of spherical fragments from 73 ± 10.7% to 31 ± 3.2%. These mitochondria 
had a similar morphological pattern of tubular and fragmented mitochondria to those in the control group 
(Fig. 5B). To determine whether PMD affects the expression of mitochondrial-shaping proteins, we performed 
western blot analysis (Fig. 5C and D). Results revealed a consistent and significant decrease in mitochondrial 
fusion proteins OPA1 and MFN2, in MELAS cybrid cells compared to controls, and increased expression of the 
fission protein DRP1. These effects were associated with a significant reduction in expression of the mitochon-
drial marker proteins Tom20 and Tim23. These effects in MELAS cybrid cells were reversed after PMD, causing 
an increase in expression of OPA1, MFN2, Tom20, and Tim23, and a decrease in DRP1 expression, compared 
to untreated cells. Pep-1 treatment did not affect mitochondrial shaping proteins but did increase the expres-
sion of Tom20 and Tim23 protein in MELAS cybrid cells. Moreover, mitochondrial mass, revealed by NAO 
staining (Fig. 5E), and expression of mitochondrial biogenetic genes PGC-1α, NRF-1 and Tfam (Fig. 5F) were 

MitoGFP stuck to the cell membrane after 0.5 h and penetration into the cell after 1 h, as indicated by an arrow. 
Blank arrow indicates co-localization of Pep-1-MitoGFP and MitoRFP after 2 h and 4 h. Star symbol indicates 
decayed fluorescence of Pep-1-MitoGFP suspended in medium after 8 h culture. Insert frame in z-stack image 
shows quantified Pep-1-MitoGFP and MitoRFP expression at each time point, represented by mean area of red 
fluorescence (pixel) per cell in same section thickness (μm).
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Figure 3. Sequence and genotyping analysis of Pep-1-Mito-treated MELAS cybrid cells. (A) Sequence 
electropherograms of mitochondrial MT-TL1 (tRNALeu) showing an identical sequence change (A3243G) 
in each sample compared to control. Alterations in nucleotide sequence are indicated by arrows in each of 
three biological repeats (R). Presence of heteroplasmic mitochondrial DNA was found only in Pep-1-Mito 
samples. Control cybrid cells (Con); MELAS cybrid cells (MELAS); MELAS cybrid cells treated with Pep-1-
coated mitochondria (Pep-1-Mito), carrier alone (Pep-1) or naked mitochondria (Mito). (B) Tracking mutated 
mtDNA in Pep-1-Mito-treated MELAS cybrid cells over time using restriction fragment length polymorphism 
(RFLP). RFLP from PCR-amplified fragments of mitochondrial tRNALeu indicating the mutation with two 
digested bands at 233 and 213 bp in MELAS cybrid cells, compared to a single 446 bp band in wild-type 
mtDNA-containing control cells. Percentage of wild-type mtDNA was shown as mean ± SD in control cells 
(Control), Untreated MELAS cybrid cells (MELAS) and following days of treatment; End of treatment with Pep-
1-Mito complexes (Pep-1-Mito, day 0); Non template control (NTC). *p < 0.05, compared to MELAS group; 
**p < 0.05, compared to 7 days post treatment.
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significantly restored after PMD, compared to untreated MELAS cybrid cells. Pep-1 treatment had the same 
effect, but the induction of mitochondrial biogenesis was not as good as with PMD treatment, particularly in 
terms of NRF-1 gene expression (Fig. 5E and F).

PMD rescues MELAS cybrid cells from oxidative stress injury. To determine whether PMD improves 
oxidative stress tolerance in MELAS cybrid cells, cells were cultured in regular medium with 200 μM hydrogen 
peroxide. After 2 h, cell viability was assessed using Calcein-AM and PI staining. Results revealed a significantly 
higher number of dead cells (PI positive) in the MELAS cybrid cultures, compared to controls (Fig. 6A and B). 
PMD partially rescued this effect, but Pep-1 did not. Moreover, the morphology of mitochondrial network in 
cells that survived oxidative stress still showed an extensive tubular structure and fewer spherical fragments, in 
both control and Pep-1-Mito groups, compared to the MELAS group (Fig. 5C and D). There was no statistical 
difference in morphological changes between the Pep-1 and MELAS groups (Fig. 5D).

Alterations in cellular cytokine production. To further evaluate the mechanisms of cellular stress after 
PMD, cytokine production was measured using a Bio-Plex Pro Human Cytokine 27-plex panel. Cytokines that 
showed a statistical difference between untreated MELAS cells and those that received Pep-1-coated or uncoated 
donor mitochondria, are shown in Table 1 (p < 0.05). PMD moderately influenced the cytokine profile in MELAS 

Figure 4. Seahorse X-24 analysis of oxygen consumption rate (OCR). (A) OCR measured after 4 days of 
treatment under normal conditions; after injection of oligomycin (1 μM); after injection of uncoupler FCCP 
(0.5 μM); after injection of electron transport inhibitor rotenone (2 μM) (n  =  5). (B) Basal respiration (Basal), 
ATP-linked and maximal respiratory capacity (Max) quantified by normalization of OCR to total protein OD 
value. All data were deducted from the non-respiration background for each group (OCR level post-rotenone 
treatment). Cell respiration measured in control cybrid cells (Con), MELAS cybrid cells (MELAS); MELAS 
cybrid cells treated with Pep-1 alone (Pep-1), naked mitochondria (Mito), Pep-1-labeled mitochondria (Pep-1-
Mito) or Pep-1-labeled mitochondria carrying the mtDNA3243 mutation (Pep-1-Mito3423). *p < 0.05, compared 
to control group; +p < 0.05, compared to MELAS group; #p < 0.05, compared to Pep-1 group; &p < 0.05, 
compared to Pep-1-Mito group.
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cybrid cells, by increasing the amounts of IL-1β, IL-8, IL-12 (p70), and VEGF, and reducing the amounts of IL-7 
and GM-CSF, compared to untreated MELAS cybrid cells. These effects only partially reflect the cytokine profile 
in control cells. Treatment with Pep-1 protein alone had only minor effects on the cytokine profile. Delivery of 
uncoated mitochondria caused similar effects to PMD. These data suggest that PMD has moderate effects on the 
cytokine profile in MELAS cybrid cells, but this does not seem to be linked to the rescuing effects on mitochon-
drial function.

Figure 5. Mitochondrial morphology, mitochondria-shaping proteins and mitochondrial biogenesis in rescued 
cells after 4 days of treatment. (A) Morphology of mitochondria stained with MitoTracker Green observed by 
confocal microscopy. (B) Quantification of tubular and fragmented mitochondria was further analyzed using a 
semi-automatic system. Images from three independent areas containing approximately 200–300 mitochondria 
from about 6–8 cells each were analyzed from each group (n = 3). (C) Western blot analysis of mitochondrial 
fusion proteins OPA1 (including long and short OPA1 isoforms) and MFN2, fission protein DRP1 and 
mitochondrial marker proteins Tom20 and Tim23. (D) Protein expression was quantified by densitometry 
and normalized to GAPDH (n = 3). (E) Mitochondrial amount analyzed by NAO staining and flow cytometry. 
(F) Expression of mitochondrial biogenetic genes PGC-1α, NRF-1 and Tfam analyzed by RT-PCR. Relative 
expression levels were determined relative to β-actin. *p < 0.05, compared to control group; +p < 0.05, 
compared to MELAS group; #p < 0.05, compared to Pep-1 group; control cybrid cells (Con); MELAS cybrid cells 
(MELAS); MELAS cybrid cells treated with Pep-1 alone (Pep-1) or Pep-1-labeled mitochondria (Pep-1-Mito).
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Discussion
In the present study, PMD was shown to comprehensively improve mitochondrial function in a MELAS cybrid 
model to compare with the Pep-1 treatment which only useful aspect of mitochondrial respiration and biogenesis. 
Pep-1-Mito entered the MELAS cybrid cells 1 h after treatment, which resulted in increased numbers of both for-
eign and innate mitochondria within the cells. 2 days after treatment, clear expression of Pep-1-MitoGFP could still 
be observed within the cells, and normal mtDNA was increased by approximately 6%, relative to untreated cells. 
A significant increase of normal mtDNA was observed immediately and 11-days post treatment in the cells. After 
4 days of PMD treatment, mitochondrial function was restored, and was associated with enhanced mitochondrial 
mass, mitochondrial biogenesis and mitochondrial fusion versus fission. Recovery regulation depends on the 
function of the delivered mitochondria. Pep-1 treatment showed similar regulation to PMD, except for the mito-
chondrial dynamic balance. Only PMD treatment was able to effectively improve mitochondrial functionality, 

Figure 6. Cell viability and mitochondrial morphology after oxidation induced by hydrogen peroxide. (A) 
Double staining of live/dead cells with calcein-AM/PI was used to assess cell survival after 2 h treatment 
with 200 μM hydrogen peroxide. (B) Apoptotic cells quantified by counting PI-positive cells in images 
at the same magnification. (C) Morphology of mitochondria stained with MitoTracker Red observed by 
confocal microscopy of surviving cells under oxidative stress. (D) Quantification of tubular and fragmented 
mitochondria was further analyzed using a semi-automatic system. Images from three independent areas 
containing approximately 100–150 mitochondria from about 6–8 cells were analyzed from each group (n = 3). 
Control cybrid cells (Con); MELAS cybrid cells (MELAS); MELAS cybrid cells treated with Pep-1 alone (Pep-1)  
or Pep-1-labeled mitochondria (Pep-1-Mito). *p < 0.05, compared to control group; +p < 0.05, compared to 
MELAS group; #p < 0.05, compared to Pep-1 group.

Cytokines (pg/ml) Control MELAS Pep-1-Mito Pep-1 Mito

IL-1β 11.5 ± 0.35 15.1 ± 1.06* 22.6 ± 1.49& 17.6 ± 1.42 29.9 ± 2.89&+

IL-8 566.8 ± 18.46 558.6 ± 32.23 795.8 ± 74.34& 469.3 ± 14.84& 858.8 ± 0.42&+

IL-7 34.4 ± 2.63 60.4 ± 1.04* 54.7 ± 2.07& 63.9 ± 5.52 66.2 ± 4.80+

IL-12(p70) 110.0 ± 5.06 26.4 ± 4.19* 37.6 ± 5.85& 33.8 ± 14.76 46.9 ± 8.85&+

GM-CSF 666.3 ± 7.30 713.0 ± 18.67* 658.0 ± 13.24& 733.0 ± 28.21 675.9 ± 33.22

VEGF 657.8 ± 9.40 157.1 ± 16.50* 205.7 ± 7.02& 144.3 ± 41.34 187.8 ± 26.88

Table 1. Cytokine levels in cell lysates after 3 days of treatment. *p < 0.05, compared to control group; 
&p < 0.05, compared to MELAS group; p < 0.05, compared to Pep-1-Mito group. Interleukin (IL)-1β, -7, -8, -12; 
Granulocyte-macrophage colony-stimulating factor (GM-CSF); Vascular endothelial growth factor (VEGF). All 
pooled data represent mean ± SD n = 3.
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as shown by sustained cell survival and morphological elongation of the mitochondrial network in response to 
oxidative injury. The cytokine profile of the MELAS cybrid cells did not appear to be linked to the rescuing effects 
of PMD on mitochondrial function.

During normal growth conditions, consistent changes in mitochondrial morphology and mitochondrial 
shaping proteins OPA1, MFN2, and DRP1 were detected only after PMD. OPA1 and MFN2 are central to mito-
chondrial fusion, while DRP1 is a key player in mitochondrial fission. PMD not only dramatically increased 
mitochondrial elongation but also upregulated MFN2 and OPA1 expression, while DRP1 was significantly down-
regulated. These results suggest that a combination of increased mitochondrial fusion following a decrease in 
fission may help to improve resistance to oxidative stress-induced apoptosis32, 33. Indeed, increased cell survival 
against oxidative stress and a sustained mitochondrial tubular morphology was observed in cells following PMD, 
compared to untreated MELAS cells. OPA1-induced mitochondrial fusion is also associated with increased 
OXPHOS activity34. Furthermore, fusion of damaged and functional mitochondria results in the dilution of 
mutant mtDNA and compensation of mitochondrial components to preserve mitochondrial function. Our data 
also indicate that mitochondrial mass and biogenesis were consistently increased in MEALS cybrid cells after 
PMD, as shown by increased Tim23 and Tom20 expression and upregulation of mitochondrial biogenetic genes. 
Increased mitochondrial biogenesis and mitochondrial mass may support functional recovery of the cells, and 
could result from successful and efficient delivery of donor mitochondria and/or increased mitochondrial biogen-
esis. Thus, our data show that PMD improves cellular viability during oxidative stress, which is likely linked to its 
protective effects on mitochondrial dynamics and function. Moreover, we suggested that the improved mitochon-
drial quality could contribute to the beneficial effects of PMD, because the quality control process is intimately 
linked to the dynamic behavior of mitochondria, which undergo cycles of fusion and fission and communicate in 
a number of ways with their cellular environment35. An increase in respiration, number, and elongated morphol-
ogy of mitochondria, without a dynamic balance between mitochondrial fusion and fission, was not enough to 
protect cells from oxidative stress-induced cell death, which was seen following Pep-1 treatment. Stimulating the 
quality control pathway to drive mitochondrial turnover has recently been considered as a therapeutic target for 
mitochondrial disorders36. We are beginning to explore the regulatory role of selective mitochondrial macroau-
tophagy (mitophagy) in PMD therapy.

In MELAS, significant effects on respiration and ATP production have been shown to occur when the level of 
A3243G point mutation reaches above a threshold of 90% to 94%37. In our study, the presence of donor wild-type 
mtDNA in MELAS recipient cells was confirmed by genotyping. Since fluorescent mitochondria are due to fusion 
of GFP with the import sequence of the mitochondrial cytochrome c oxidase subunit 8 (COX8) rather than direct 
labeling with mtDNA, the amount of GFP signal does not accurately reflect the proportion of foreign mtDNA, 
especially after isolation from cells. A relatively high level of heteroplasmy (percentage of wild-type mtDNA) was 
observed immediately following PMD treatment (from 4.6 ± 4.6% to 34.6 ± 3.2%) and 11-days post treatment 
(from 9.0 ± 2.8% to 14.5 ± 2.9%) of stable culture. The proportion of normal mtDNA cannot be maintained at 
levels as high as at the start of treatment. We postulated that this could be related with mtDNA dilution with the 
deletion in the rapidly dividing cells38, or an increase in mtDNA replication within the cells39. The level of heter-
oplasmy has been reported to affect the transcription of genes involved glycolysis and OXPHOS-related genes in 
MELAS cybrid cells40 and determined the clinically relevant biochemical defect of diseases41. That could explain 
why mitochondrial respiration of MELAS cybrid cells was worse after delivery of Pep-1-Mito3243 in this study, due 
to a probable increase of the mutant proportion of mtDNA. Mitochondrial dysfunction in mitochondrial disease 
not only depends on the mtDNA heteroplasmy37 but also involved complex regulations such as nuclear gene 
mutations causing OXPHOS deficiency41. Thus, it is reasonable that the clinical expression threshold of mtDNA 
proportion can occur over a narrow range (generally a few percent) and various approaches have been used to 
induce a heteroplasmic shifting to below the mutation threshold41. Furthermore, the absolute amount of mtDNA 
in cybrid cells harboring both MELAS and wild-type mtDNA was found to correlate with increased respiration, 
even when the wild-type to mutant ratio remained low42. The increased content of non-mutated mtDNA in the 
MELAS cells seen after PMD in our study is consistent with the observed improvement in mitochondrial res-
piratory function. Furthermore, although mitochondrial function was not examined after long-term culture, we 
suggest that PMD could support the restoration of mitochondria in MELAS cells as well as in MERRF31, because 
normal mtDNA did not decline over time, but rather increased after 11 days of treatment.

Unlike other CPPs, such as Tat or penetratin, which are internalized through a form of endocytosis43, Pep-1 
has a high affinity for lipidic membranes such that it can insert itself into the membrane bilayer and induce local 
destabilization to facilitate cell uptake44. Hence, it is not surprising that Pep-1 was able to alter the structure of 
the mitochondrial membrane in a dose-dependent manner. Pep-1 treatment not only induced fusion of two 
lipid bilayers of isolated mitochondria, but also increased tubular network formation in mitochondria within the 
cells, without affecting mitochondria-shaping proteins. To date, the effect of Pep-1 on mitochondrial function 
whether in vitro or in vivo, remains unclear. Recently, novel CPP targeting mitochondria (mtCPP) were developed 
to prevent mitochondrial damage by oxidative stress, which relied on their own antioxidant properties45. This 
study also demonstrated no cytotoxicity, even at high concentrations (100 µM)45. Thus, we suggest that mem-
brane fusion caused by appropriate concentrations of Pep-1 rather improved function of mitochondria in vitro 
or in vivo. Moreover, we found that mitochondrial respiration as well as mitochondrial biogenesis and morpho-
logical elongation were increased in Pep-1-treated MELAS cybrid cells, although it failed to sustain cell survival 
after oxidative damage. We suggested that invalid regulation of mitochondrial dynamic in Pep-1 treatment could 
cause cells to lose the balance of mitochondrial fusion-fission to resist environmental stress via mitochondrial  
turnover46. Our previous study invalidated treatment with Pep-1 alone for neuroprotection in Parkinson’s  
disease47, which is in agreement with Meloni et al. who showed that the neuroprotective efficacy of CPPs is 
dependent on the diversity of CPPs and neuronal diseases48. Nonetheless, how dose Pep-1 regulate the genes and 
proteins involved in mitochondrial biogenesis and mitochondrial respiration are still worthy of further study.
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Cellular stress due to mitochondrial function may affect immune responses, as observed in patients suf-
fering from primary mitochondrial disorders49. We observed changes in the release of cytokines and chemok-
ines, including IL-1β, -7,-12, GM-CSF and VEGF, from MELAS cybrid cells compared to control cybrid cells. 
Delivery of functional mitochondria by PMD partly attenuated the effects on IL-7, IL-12, GM-CSF and VEGF. 
However, it remains unclear whether mitochondrial transplantation has the potential to counteract some of 
the immunological aberrations in MELAS cells. There is also a potential for an inflammatory reaction against 
donor mitochondria in vivo. The presence of donor mitochondria caused increased levels of IL-1β, an important 
proinflammatory cytokine that is also involved in inflammatory disease50. Pep-1 alone did not induce significant 
changes in cytokine production in MELAS cybrid cells, and coating mitochondria with Pep-1 resulted in weaker 
upregulation of IL-1β, −8 and −12 compared to uncoated mitochondria. This could suggest that coating donor 
mitochondria with Pep-1 produces a weaker inflammatory reaction compared to uncoated donor mitochon-
dria. A recent study using autologous mitochondrial transplantation in an animal model of ischemia-reperfusion 
injury found a decrease in inflammatory markers such as CRP, IL-6 and TNFα after transplantation compared 
to vehicle-only controls. In this study, CPP coating was not used to facilitate mitochondrial internalization, and 
only isolated mitochondria were injected into the target tissue22. Additionally, there was no development of 
anti-mitochondrial antibodies one month after transplantation, suggesting that at least autologous mitochondria 
are non-immunogenic in vivo22.

In conclusion, our results suggest that PMD treatment can partly repair mitochondrial defects and improve 
cellular stress tolerance in cultured MELAS cells via regulation of mitochondrial quality, and are consistent with 
our previous studies using a MERRF cybrid model30. Future studies should be aimed at investigating the potential 
efficacy of PMD in animal models of mitochondrial disease.

Materials and Methods
Cell culture. Human 143B osteosacroma cybrid cells harboring wild-type (control cybrid) or A3243G mutant 
mtDNA (MELAS cybrid) were kindly donated by Prof. Y.H. Wei, as previously described51, with permission from 
the Institutional Review Board of National Yang-Ming University (approval No: IRB-1000030). All experimental 
procedures were approved by the Institutional Biosafety Committee of Changhua Christian Hospital (approval 
No: BS-T-004) and were carried out in accordance with the approved relevant guidelines and regulations. Cells 
were grown in Dulbecco’s modified Eagle’s medium (DMEM, high glucose) (Gibco/Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (FBS, GeneDireX, Las Vegas, NV, USA), 100 mg/mL sodium 
pyruvate (Gibco) and 1% PS (100 U/L penicillin G sodium, 100 mg/L streptomycin sulfate) (Gibco). For starva-
tion experiments, cells were cultured in low glucose (1 g/L) DMEM (Gibco) supplemented with 2% FBS and 1% 
PS. Cells were cultured at 37 °C in a humidified incubator with 5% CO2.

Mitochondrial labeling with fluorescent proteins. Donor (143B osteosarcoma cybrid) cells were 
transfected with a vector carrying a mitochondrial targeting fluorescent protein (GFP gene from Aequorea coer-
ulescens, Ac-GFP). At 80% confluency, cells were transfected with 40 μg plasmid DNA encoding mitochondrial 
matrix-localized GFP (import targeting sequence of cytochrome c oxidase subunit 8, COX8) (Clontech, Palo 
Alto, CA, USA) using 60 μL PureFection transfection reagent (System Bioscience, SBI, Mountain View, CA, USA) 
according the manufacturer’s instructions. After 36 h, cells were transferred to normal growth medium for 4 h. 
Following G418 selection, cells containing GFP-tagged mitochondria (MitoGFP) were prepared for mitochondrial 
isolation. Mitochondria in MELAS cybrid cells were labeled with red fluorescence by transfecting with a plasmid 
encoding mitochondrial matrix-localized far-red fluorescent protein HcRed1 (MitoRFP) fused to the mitochon-
drial targeting sequence of COX8 (Clontech)52, as described above.

Mitochondrial labeling with fluorescent dyes. Mitochondria were stained while within donor cells, 
prior to their isolation, using a MitoTracker dye (100 nM final concentration; MitoTracker Red CMXRos or 
MitoTracker Green FM; Invitrogen-Molecular Probes, Eugene, OR, USA) for 20 min in a 37 °C incubator. Cells 
were then washed twice with PBS to remove any remaining dye.

Mitochondrial isolation and Pep-1-mediated delivery. Purification of mitochondria, Pep-1 conju-
gation and isolation of mitochondria were conducted as previously described30, 31. Donor mitochondria were 
isolated from human 143B osteosacroma cybrid cells harboring either wild-type or A3243G mutant mtDNA, 
according to experimental needs. The isolation procedure was performed using a mitochondria isolation kit for 
cultured cells, according to the manufacturer’s protocol (Thermo Fisher Scientific, Carlsbad, CA, USA). Briefly, 
donor cells were detached from the plate by trypsinization, harvested, and centrifuged at 1000 rpm for 5 min. 
Twenty million cells were collected for each mitochondrial isolation procedure. Cells were washed twice in 
ice-cold PBS before beginning the isolation procedure. Cells were homogenized on ice in isolation reagent sup-
plemented with proteinase inhibitor (EMD Millipore, Billerica, MA, USA) using a glass Dounce tissue grinder. 
After adding an equal volume of separation buffer, the homogenate was centrifuged at 3000 rpm for 10 min at 
4 °C to separate cytosol and intact cells. To exclude other organelles, the cytosol was centrifuged at 3000 × g for 
15 min, the pellet was suspended in separation buffer and collected by centrifugation at 12000 × g for 3 min, at 
4 °C. Protein concentration was determined using a bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, 
Rockford, IL, USA). For delivery of mitochondria, 200,000 cells were plated onto 10-cm dishes and received 105 
μg mitochondria coated with Pep-1 (Anaspec, San Jose, CA, USA) (Pep-1-Mito) at the appropriate weight ratio 
(Mito/Pep-1, 1.75:1). Pep-1 concentration was about 50 μM. After 2 days of exposure to Pep-1-Mito, recipient 
cells were washed twice with PBS before further culturing in regular medium.

For mitochondrial isolation from mouse liver, mice was sacrificed and perfused with 50 mL 0.9% NaCl. Livers 
were sliced and homogenized using a Dounce homogenizer with 5 mL isolation buffer (0.25 M sucrose, 0.5 mM 
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EGTA, 3 mM HEPES-NaOH, pH 7.2) with protease inhibitors. All operations were carried out at 0–4 °C. The 
homogenate was centrifuged for 15 min at 1000 × g. The supernatant was collected, layered onto a sucrose gra-
dient and centrifuged for 30 min at 35000 × g. The sucrose concentration gradient was from 30%, 40% and 55% 
for isopycnic banding and from 40% to 55% when mitochondria were collected in a pellet. The pellet was resus-
pended in isolation buffer and centrifuged twice at 13000 × g for 3 min each. Resuspended rat mitochondria were 
prepared for ultrastructural analysis after Pep-1 conjugation as described below.

Transmission electron microscopy. Mitochondria isolated from mouse liver (5 mg/mL) were conjugated 
with 5 (Mito/Pep-1, 339:1), 25 (Mito/Pep-1, 68:1) or 50 μM (Mito/Pep-1, 34:1) Pep-1 to observe mitochondrial 
ultrastructure. Mixtures were centrifuged at 9000 × g for 2 min. Pellets were then fixed in 2.5% glutaraldehyde 
in 0.1 M phosphate buffer (pH 7.2) for 4 h at room temperature as around 20 to 25 °C. After three rinses in 0.1 M 
phosphate buffer for 15 min each, samples were dehydrated through a graded ethanol series (30%, 50%, 70%, 
85%, 90% and 100%) for 20 min each. Samples were infiltrated with LR white resin in a gelatin capsule and stored 
at 4 °C for 48 h. Capsules were polymerized at 60 °C for 16 h, before cutting 70 nm ultrathin sections (Leica EM 
UC7, Germany). Sections were viewed using a transmission electron microscope (TEM) (Hitachi H-7000, Japan). 
The proportion of membrane-fused mitochondria was calculated by counting the number of mitochondria with 
any one side in contact with another within the total number of mitochondria in each image. Approximately 200 
mitochondria were counted in an individual image.

Confocal microscopy. For visualization of mitochondria, cells were seeded onto a chamber slide after 4 
days of treatment (µ-Slide 8 well, Ibidi GmbH, Martinsried, Germany), stained with Mitotracker Green (250 nM) 
(Invitrogen) and placed in an incubator at 37 °C for 40 min. After staining, the remaining dye was removed, and 
stained cells were mounted onto a perfusion chamber in culture media and imaged at 37 °C using an Olympus 
FluoView FV 1200 confocal microscope (Olympus, Tokyo, Japan).

To track the internalization of Pep-1-labeled MitoGFP (Pep-1-MitoGFP) in MELAS cybrid cells expressing 
MitoRFP, three dimensional (3D) reconstructions were generated from confocal microscopy images combined 
with difference interference contrast (DIC). To determine the distribution of Pep-1-MitoGFP and innate MitoRFP 
within host cells, line scans through the z-axis were integrated to yield a longitudinal view, which were combined 
(0.55 μm z-steps) using Olympus Fluoview Viewer software. Innate MitoRFP and internalized Pep-1-MitoGFP in 
host cells were quantified at different time points by calculating the mean area of red and green fluorescence 
(pixels) per cell within the same section thickness (μm) using ImageJ Software. The expression of MitoRFP and 
Pep-1-MitoGFP in the incomplete cells was excluded to calculate in the z-stack images.

Genotyping. DNA was extracted from cultured cells using a Qiagen DNeasy kit (Qiagen, Valencia, CA, 
USA). Presence of the MELAS A3243G mutation in mtDNA was determined using a polymerase chain reac-
tion (PCR)-restriction fragment length polymorphism (RFLP) analysis with Apa I, as previously described53. A 
DNA fragment of 446 bp encompassing a putative mutation at nucleotide position (np) 3243 was amplified by 
PCR using a forward primer from np 3010 to 3029 and a reverse primer from np 3436 to 3456. Amplification 
was performed for 36 cycles of denaturation at 94 °C for 1 min, annealing at 54 °C for 1.5 min, and elongation at 
72 °C for 1 min. DNA was then digested at 25 °C overnight in 3 μL 10 × BSA, 3 μL NEB Buffer 4 and 0.8 μL Apa 
I (New England Biolabs, Ipswich, UK). The mtDNA carrying the A3243G mutation was cut by Apa I resulting 
in digestion bands of 233 and 213 bp. In the absence of the mtDNA mutation, the PCR product would not be 
cut and would remain at its original size of 446 bp. Digestion of the mutant DNA did not affect wild-type DNA. 
Digested products were visualized by electrophoresis on a 4% agarose gel with 0.3 μg/mL ethidium bromide. The 
proportion of mtDNA with the A3243G mutation in each group was calculated by normalizing the mutant DNA 
fragments of length 233 and 213 bp to total band intensity using GelPro Analyzer (Media Cybernetics, Silver 
Spring, MD, USA).

The mtDNA A3243G mutation ratio was determined by sequencing the PCR products, which were randomly 
sampled then sequenced using an ABI 3130xl genetic analyzer and a BigDye Terminator v1.1 cycle sequencing kit 
(Applied Biosystems, Foster City, CA). To confirm the sequencing results, the position 3243 A to G mutation of 
mtDNA heteroplasmy was performed by using an automated DNA sequencer (ABI Prism 310 Genetic Analyzer, 
PE Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions.

Mitochondrial respiration analysis. Mitochondrial respiration was measured using a Seahorse Xfe24 
Analyzer (Agilent Technologies). After 4 days of treatment, cells were seeded onto a XF24 microplate (30,000 
cells/well) in normal culture medium and cultured for 16–18 h. The culture medium was then replaced by analysis 
medium (DMEM, high glucose, without FBS, and sodium bicarbonate) and incubated without CO2 for 1 h before 
analysis according to the manufacturer’s protocol. Basal oxygen consumption rate (OCR) was measured first, 
then after sequential injections of three compounds that affect bioenergetics: 1 μM oligomycin (Sigma, St. Louis, 
MO, USA), 0.5 μM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (Sigma) and 2 μM rote-
none (Sigma). After completion of the analysis, protein was measured using a BCA assay (Pierce Biotechnology). 
Results were normalized to the protein OD value of corresponding wells.

Analysis of mitochondrial morphology. For visualization of mitochondria, stained cells were mounted 
onto a perfusion chamber in culture media and imaged at 37 °C using an Olympus FluoView FV 1200 confocal 
microscope (Olympus, Tokyo, Japan). Subtyping of mitochondrial morphology was quantified using an auto-
matic classification system according to Peng et al.54. After semi-automatic segmentation of cell micrographs, 
mitochondria were classified into six distinct subtypes (small globe, swollen globe, straight tubule, twisting 
tubule, branch tubule and loop) using automatic classification software. Considering the error of automatic anal-
ysis caused by fuzzy staining of mitochondria due to excessive dye loading, the mitochondrial loop subtype was 
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excluded. The proportion of tubular mitochondria was calculated by totaling the straight tubule, twisting tubule 
and branch tubule mitochondrial populations. The proportion of fragmented tubular mitochondria was calcu-
lated by totaling the small globe and swollen globe mitochondrial populations. Micrographs from three inde-
pendent areas per group were analyzed, and about 200–300 mitochondria from about 6–8 cells in each image 
was calculated.

Western blot. Following incubation, treated cells were washed with PBS and collected into RIPA buffer 
(50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate, 1 mM PMSF) (Pierce Biotechnology) 
containing protein inhibitor (Sigma) and phosphatase inhibitor cocktails (Pierce Biotechnology). Cells were 
incubated on ice for 20 min then homogenized. Extracts were spun down at 14,000 × g for 10 min at 4 °C and 
supernatants analyzed using the Bradford assay. Total cell lysates were separated by SDS–PAGE, and transferred 
onto Immobilon-P membranes (Millipore, Bedford, MA, USA). Membranes were incubated with primary anti-
bodies: anti-OPA1 (NOVUS Biologicals, Littleton, CO, USA; 1:1000), anti-MFN2 (NOVUS Biologicals, 1:1000), 
anti-DRP1 (Santa Cruz, CA, USA; 1:500), anti-Tom 20 (Santa Cruz; 1:1000), anti-Tim 23 (Santa Cruz; 1:1000) 
and anti-GAPDH (Santa Cruz; 1:1000), followed by incubation with horseradish peroxidase (HRP)-conjugated 
secondary antibodies (goat anti-mouse-HRP or goat anti-rabbit; Jackson ImmunoResearch, PA, USA; 1:50000). 
Signal was detected using an ECL western blotting detection system (Millipore).

Mitochondrial mass assay. Mitochondrial mass was measured using a nonyl acridine orange (NAO) stain. 
Treated cells were incubated with medium containing 100 nM NAO for 20 min at 37 °C. Cells were washed twice 
in PBS, centrifuged at 1200 rpm for 5 min, and fluorescence was detected using flow cytometry (Beckman Coulter, 
CA, USA). Data were analyzed using Flowjo software (TreeStar, OR, USA).

RNA extraction and quantitative real-time RT-PCR analysis. Total RNA was purified from cells using 
a NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany) and reverse-transcribed using a Transcriptor First 
Strand cDNA Synthesis kit (Roche Applied Science, Indianapolis, IN, USA). Expression of mitochondrial bioge-
netic genes including peroxisomal proliferator activator receptor gamma coactivator 1a (PGC-1α, forward primer: 
5′ GGAGAGGCAGAGGCAGAAGG-3′ and reverse primer: 5′-AAGCATCACAGGTATAACGGTAGG-3′),  
nuclear respiratory factor 1(NRF-1, 5′-CCGTGGCTGATGGAGAGGTGGAAC-3′ and forward primer: 
5′-CTGATGCTTGCGTCGTCTGGATGG-3′) and mitochondrial transcriptional factor A (Tfam, forward 
primer: 5′-GGAGTTGTGTATTGCCAGGAG-3′ and reverse primer: 5′-CTTCGGAGAAACGCCATCG-3′) 
were determined by quantitative real-time RT–PCR using SYBR Green PCR Master Mix (Roche Applied Science) 
and an ABI Prism 7300 system (Applied Biosystems). Reaction parameters were 2 min hold at 50 °C, 10 min hold 
at 95 °C, followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. All measurements were performed in triplicate. 
mRNA expression was normalized to β-actin, and presented as the relative expression level.

Cell viability after oxidative stress. Cells were seeded onto 24-well plates with 2000 cells per well, 
allowed to adhere overnight, then treated with 200 µM hydrogen peroxide for 2 h in regular medium at 37 °C. To 
examine cell viability after oxidative induction, cells were washed twice with PBS and double stained with 1 μM 
Calcein-AM (Calcein acetoxymethyl ester) (Invitrogen, South San Francisco, CA, USA) and 1 μM propidium 
iodide (PI) (Invitrogen) at 37 °C for 30 min. Viable and apoptotic cells were observed using an inverted fluores-
cence microscope (IX81, Olympus, Tokyo, Japan).

Multiplex cytokine assay. Three days post-treatment, cell lysates were extracted using RIPA buffer 
(Millipore) containing proteinase inhibitor (Millipore) at 4 °C. Protein concentration was measured using a BCA 
assay kit (Pierce Biotechnology). Multiplex cytokines in cell lysates with a final protein concentration of approx-
imately 2 mg/mL were analyzed using a BioplexTM Pro-human cytokine 27-plex panel (Bio-Rad Laboratory, 
Hercules, CA, USA), according to manufacturer’s guidelines. Briefly, 50 μL antibody-conjugated beads were 
added to a 96-well filter plate and adhered using vacuum filtration. Fifty microliters of pre-diluted standards, 
blanks or samples were individually transferred into the wells after washing. The plate was incubated at room 
temperature on a shaker at 850 rpm for 30 min. After washing, 50 μL pre-diluted streptavidin-conjugated PE was 
added and incubated at room temperature on a shaker for 10 min. After washing, 125 μL assay buffer was added 
to each well, and the plate was placed onto a shaker for 30 seconds. The concentration of each cytokine was deter-
mined using a BioRad BioPlex 200 instrument with BioManager v6.0 software (Bio-Rad). All groups were run 
with triplicate samples.

Statistical analysis. Comparison of two experimental conditions was evaluated using the paired Student’s 
t-test. A difference of p < 0.05 was considered statistically significant. All experiments were repeated at least three 
times with triplicate samples. Data are presented as mean ± SD.

References
 1. Galluzzi, L., Kepp, O., Trojel-Hansen, C. & Kroemer, G. Mitochondrial control of cellular life, stress, and death. Circ Res 111, 

1198–1207, doi:10.1161/CIRCRESAHA.112.268946 (2012).
 2. James, A. M., Wei, Y. H., Pang, C. Y. & Murphy, M. P. Altered mitochondrial function in fibroblasts containing MELAS or MERRF 

mitochondrial DNA mutations. The Biochemical journal 318(Pt 2), 401–407 (1996).
 3. Tronstad, K. J. et al. Regulation and quantification of cellular mitochondrial morphology and content. Curr Pharm Des 20, 

5634–5652 (2014).
 4. Zong, H. et al. AMP kinase is required for mitochondrial biogenesis in skeletal muscle in response to chronic energy deprivation. 

Proc Natl Acad Sci USA 99, 15983–15987, doi:10.1073/pnas.252625599 (2002).
 5. MacVicar, T. B. D. & Lane, J. D. Impaired OMA1-dependent cleavage of OPA1 and reduced DRP1 fission activity combine to prevent 

mitophagy in cells that are dependent on oxidative phosphorylation. Journal of Cell Science 10, 12, doi:10.1242/jcs.144337 (2014).

http://dx.doi.org/10.1161/CIRCRESAHA.112.268946
http://dx.doi.org/10.1073/pnas.252625599
http://dx.doi.org/10.1242/jcs.144337


www.nature.com/scientificreports/

1 4SCieNTiFiC REPORTS | 7: 10710  | DOI:10.1038/s41598-017-10870-5

 6. Gegg, M. E. et al. Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkin-dependent manner upon induction of 
mitophagy. Hum Mol Genet 19, 4861–4870, doi:10.1093/hmg/ddq419 (2010).

 7. Buhlman, L. et al. Functional interplay between Parkin and Drp1 in mitochondrial fission and clearance. Biochim Biophys Acta 
2012–2026, 2014, doi:10.1016/j.bbamcr.2014.05.012 (1843).

 8. Losón, O. C., Song, Z., Chen, H. & Chan, D. C. Fis1, Mff, MiD49, and MiD51 mediate Drp1 recruitment in mitochondrial fission. 
Mol Biol Cell 24, 9, doi:10.1091/mbc.E12-10-0721) (2012).

 9. Picard, M. et al. Acute exercise remodels mitochondrial membrane interactions in mouse skeletal muscle. J Appl Physiol (1985) 115, 
1562-1571, doi:10.1152/japplphysiol.00819.2013 (2013).

 10. Koopman, W. J. et al. Inhibition of complex I of the electron transport chain causes O2-. -mediated mitochondrial outgrowth. Am J 
Physiol Cell Physiol 288, C1440–1450, doi:10.1152/ajpcell.00607.2004 (2005).

 11. Reddy, P. H. et al. Dynamin-related protein 1 and mitochondrial fragmentation in neurodegenerative diseases. Brain Res Rev 67, 
103–118, doi:10.1016/j.brainresrev.2010.11.004 (2011).

 12. Nikolaisen, J. et al. Automated quantification and integrative analysis of 2D and 3D mitochondrial shape and network properties. 
PLoS One 9, e101365, doi:10.1371/journal.pone.0101365 (2014).

 13. Vives-Bauza, C. et al. PINK1-dependent recruitment of Parkin to mitochondria in mitophagy. Proc Natl Acad Sci USA 107, 378–383, 
doi:10.1073/pnas.0911187107 (2010).

 14. Joseph, A. M. et al. Dysregulation of mitochondrial quality control processes contribute to sarcopenia in a mouse model of 
premature aging. PLoS One 8, e69327, doi:10.1371/journal.pone.0069327 (2013).

 15. Garrido-Maraver, J. et al. Critical role of AMP-activated protein kinase in the balance between mitophagy and mitochondrial 
biogenesis in MELAS disease. Biochim Biophys Acta 1852, 2535–2553, doi:10.1016/j.bbadis.2015.08.027 (2015).

 16. Spees, J. L., Olson, S. D., Whitney, M. J. & Prockop, D. J. Mitochondrial transfer between cells can rescue aerobic respiration. 
Proceedings of the National Academy of Sciences of the United States of America 103, 1283–1288, doi:10.1073/pnas.0510511103 
(2006).

 17. Wang, X. & Gerdes, H. H. Transfer of mitochondria via tunneling nanotubes rescues apoptotic PC12 cells. Cell Death and 
Differentiation 22, 1181–1191, doi:10.1038/cdd.2014.211 (2015).

 18. Pasquier, J. et al. Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates 
chemoresistance. Journal of Translational Medicine 11 (2013).

 19. Islam, M. N. et al. Mitochondrial transfer from bone-marrow-derived stromal cells to pulmonary alveoli protects against acute lung 
injury. Nature medicine 18, 759–765, doi:10.1038/nm.2736 (2012).

 20. Liu, K. et al. Mesenchymal stem cells rescue injured endothelial cells in an in vitro ischemia-reperfusion model via tunneling 
nanotube like structure-mediated mitochondrial transfer. Microvasc Res 92, 10–18, doi:10.1016/j.mvr.2014.01.008 (2014).

 21. Cselenyak, A., Pankotai, E., Horvath, E. M., Kiss, L. & Lacza, Z. Mesenchymal stem cells rescue cardiomyoblasts from cell death in 
an in vitro ischemia model via direct cell-to-cell connections. BMC Cell Biol 11, 29, doi:10.1186/1471-2121-11-29 (2010).

 22. Masuzawa, A. et al. Transplantation of autologously derived mitochondria protects the heart from ischemia-reperfusion injury. 
American journal of physiology. Heart and circulatory physiology 304, H966–982, doi:10.1152/ajpheart.00883.2012 (2013).

 23. Pacak, C. A. et al. Actin-dependent mitochondrial internalization in cardiomyocytes: evidence for rescue of mitochondrial function. 
Biology open 4, 622–626, doi:10.1242/bio.201511478 (2015).

 24. Cho, Y. M. et al. Mesenchymal stem cells transfer mitochondria to the cells with virtually no mitochondrial function but not with 
pathogenic mtDNA mutations. PLoS One 7, e32778, doi:10.1371/journal.pone.0032778 (2012).

 25. Margus, H., Padari, K. & Pooga, M. Cell-penetrating peptides as versatile vehicles for oligonucleotide delivery. Molecular Therapy: 
The Journal of the American Society of Gene Therapy 20, 525–533, doi:10.1038/mt.2011.284 (2012).

 26. Munyendo, W. L., Lv, H., Benza-Ingoula, H., Baraza, L. D. & Zhou, J. Cell penetrating peptides in the delivery of biopharmaceuticals. 
Biomolecules 2, 187–202, doi:10.3390/biom2020187 (2012).

 27. Lin, B. Y. & Kao, M. C. Therapeutic applications of the TAT-mediated protein transduction system for complex I deficiency and 
other mitochondrial diseases. Ann N Y Acad Sci 1350, 17–28, doi:10.1111/nyas.12858 (2015).

 28. Morris, M. C., Depollier, J., Mery, J., Heitz, F. & Divita, G. A peptide carrier for the delivery of biologically active proteins into 
mammalian cells. Nature biotechnology 19, 1173–1176, doi:10.1038/nbt1201-1173 (2001).

 29. Henriques, S. T. & Castanho, M. A. Translocation or membrane disintegration? Implication of peptide-membrane interactions in 
pep-1 activity. Journal of peptide science: an official publication of the European Peptide Society 14, 482–487, doi:10.1002/psc.1003 
(2008).

 30. Chang, J. C. et al. Functional recovery of human cells harbouring the mitochondrial DNA mutation MERRF A8344G via peptide-
mediated mitochondrial delivery. Neuro-Signals 21, 160–173, doi:10.1159/000341981 (2013).

 31. Chang, J. C. et al. Treatment of human cells derived from MERRF syndrome by peptide-mediated mitochondrial delivery. 
Cytotherapy 15, 1580–1596, doi:10.1016/j.jcyt.2013.06.008 (2013).

 32. Wu, S., Zhou, F., Zhang, Z. & Xing, D. Mitochondrial oxidative stress causes mitochondrial fragmentation via differential 
modulation of mitochondrial fission-fusion proteins. FEBS J 278, 941–954, doi:10.1111/j.1742-4658.2011.08010.x (2011).

 33. Frezza, C. et al. OPA1 controls apoptotic cristae remodeling independently from mitochondrial fusion. Cell 126, 177–189, 
doi:10.1016/j.cell.2006.06.025 (2006).

 34. Mishra, P., Carelli, V., Manfredi, G. & Chan, D. C. Proteolytic cleavage of Opa1 stimulates mitochondrial inner membrane fusion 
and couples fusion to oxidative phosphorylation. Cell Metab 19, 630–641, doi:10.1016/j.cmet.2014.03.011 (2014).

 35. Ni, H.-M., Williams, J. A. & Ding, W.-X. Mitochondrial dynamics and mitochondrial quality control. Redox biology 4, 6–13 (2015).
 36. Suliman, H. B. & Piantadosi, C. A. Mitochondrial quality control as a therapeutic target. Pharmacological reviews 68, 20–48 (2016).
 37. Rossignol, R. et al. Mitochondrial threshold effects. The Biochemical journal 370, 751–762, doi:10.1042/BJ20021594 (2003).
 38. Mishra, P. & Chan, D. C. Mitochondrial dynamics and inheritance during cell division, development and disease. Nature reviews. 

Molecular cell biology 15, 634 (2014).
 39. Mishra, P. & Chan, D. C. Mitochondrial dynamics and inheritance during cell division, development and disease. Nature reviews 

Molecular cell biology 15, 634–646 (2014).
 40. Picard, M. et al. Progressive increase in mtDNA 3243A > G heteroplasmy causes abrupt transcriptional reprogramming. Proc Natl 

Acad Sci USA 111, E4033–4042, doi:10.1073/pnas.1414028111 (2014).
 41. Wallace, D. C., Fan, W. & Procaccio, V. Mitochondrial energetics and therapeutics. Annual Review of Pathological Mechanical Disease 

5, 297–348 (2010).
 42. Bentlage, H. A. & Attardi, G. Relationship of genotype to phenotype in fibroblast-derived transmitochondrial cell lines carrying the 

3243 mutation associated with the MELAS encephalomyopathy: shift towards mutant genotype and role of mtDNA copy number. 
Hum Mol Genet 5, 197–205 (1996).

 43. Filipovska, A., Smith, R. A. & Murphy, M. P. Cell-penetrating peptides do not cross mitochondrial membranes even when 
conjugated to a lipophilic cation: evidence against direct passage through phospholipid bilayers. Biochemical Journal 383, 457–468 
(2004).

 44. Henriques, S. T. & Castanho, M. A. R. B. Consequences of nonlytic membrane perturbation to the translocation of the cell 
penetrating peptide pep-1 in lipidic vesicles. Biochemistry 43, 9716–9724 (2004).

 45. Cerrato, C. P., Pirisinu, M., Vlachos, E. N. & Langel, Ü. Novel cell-penetrating peptide targeting mitochondria. The FASEB Journal 
29, 4589–4599 (2015).

http://dx.doi.org/10.1093/hmg/ddq419
http://dx.doi.org/10.1016/j.bbamcr.2014.05.012
http://dx.doi.org/10.1091/mbc.E12-10-0721)
http://dx.doi.org/10.1152/japplphysiol.00819.2013
http://dx.doi.org/10.1152/ajpcell.00607.2004
http://dx.doi.org/10.1016/j.brainresrev.2010.11.004
http://dx.doi.org/10.1371/journal.pone.0101365
http://dx.doi.org/10.1073/pnas.0911187107
http://dx.doi.org/10.1371/journal.pone.0069327
http://dx.doi.org/10.1016/j.bbadis.2015.08.027
http://dx.doi.org/10.1073/pnas.0510511103
http://dx.doi.org/10.1038/cdd.2014.211
http://dx.doi.org/10.1038/nm.2736
http://dx.doi.org/10.1016/j.mvr.2014.01.008
http://dx.doi.org/10.1186/1471-2121-11-29
http://dx.doi.org/10.1152/ajpheart.00883.2012
http://dx.doi.org/10.1242/bio.201511478
http://dx.doi.org/10.1371/journal.pone.0032778
http://dx.doi.org/10.1038/mt.2011.284
http://dx.doi.org/10.3390/biom2020187
http://dx.doi.org/10.1111/nyas.12858
http://dx.doi.org/10.1038/nbt1201-1173
http://dx.doi.org/10.1002/psc.1003
http://dx.doi.org/10.1159/000341981
http://dx.doi.org/10.1016/j.jcyt.2013.06.008
http://dx.doi.org/10.1111/j.1742-4658.2011.08010.x
http://dx.doi.org/10.1016/j.cell.2006.06.025
http://dx.doi.org/10.1016/j.cmet.2014.03.011
http://dx.doi.org/10.1042/BJ20021594
http://dx.doi.org/10.1073/pnas.1414028111


www.nature.com/scientificreports/

1 5SCieNTiFiC REPORTS | 7: 10710  | DOI:10.1038/s41598-017-10870-5

 46. Suárez-Rivero, J. M. et al. Mitochondrial Dynamics in Mitochondrial Diseases. Diseases 5, 1 (2016).
 47. Chang, J.-C. et al. Allogeneic/xenogeneic transplantation of peptide-labeled mitochondria in Parkinson’s disease: restoration of 

mitochondria functions and attenuation of 6-hydroxydopamine–induced neurotoxicity. Translational Research 170, 40–56, e43 
(2016).

 48. Meloni, B. P. et al. The neuroprotective efficacy of cell-penetrating peptides TAT, penetratin, Arg-9, and Pep-1 in glutamic acid, 
kainic acid, and in vitro ischemia injury models using primary cortical neuronal cultures. Cellular and molecular neurobiology 34, 
173–181 (2014).

 49. Walker, M. A., Volpi, S., Sims, K. B., Walter, J. E. & Traggiai, E. Powering the immune system: mitochondria in immune function and 
deficiency. Journal of immunology research 2014 (2014).

 50. Cavalli, G. & Dinarello, C. A. Treating rheumatological diseases and co-morbidities with interleukin-1 blocking therapies. 
Rheumatology (Oxford) 54, 2134–2144, doi:10.1093/rheumatology/kev269 (2015).

 51. Hsieh, R.-H., Li, J.-Y., Pang, C.-Y. & Wei, Y.-H. A novel mutation in the mitochondrial 16S rRNA gene in a patient with MELAS 
syndrome, diabetes mellitus, hyperthyroidism and cardiomyopathy. Journal of biomedical science 8, 328–335 (2001).

 52. Rizzuto, R., Brini, M., Pizzo, P., Murgia, M. & Pozzan, T. Chimeric green fluorescent protein as a tool for visualizing subcellular 
organelles in living cells. Current biology 5, 635–642 (1995).

 53. Huang, C.-C. et al. MELAS syndrome with mitochondrial tRNA (Leu (UUR)) gene mutation in a Chinese family. Journal of 
Neurology, Neurosurgery & Psychiatry 57, 586–589 (1994).

 54. Peng, J.-Y. et al. Automatic morphological subtyping reveals new roles of caspases in mitochondrial dynamics. PLoS Comput Biol 7, 
e1002212 (2011).

Acknowledgements
This research was supported by the Changhua Christian Hospital (104-CCH-IST-005) and National Science 
Council (MOST 103-2320-B-371 -001-, MOST 104-2314-B-371 -001 -MY2). We thank Prof. Hong-Lin Su of 
National Chung Hsing University, Taiwan, for their effort in providing us with a TEM data for mitochondrial 
morphology.

Author Contributions
J.C. and C.L. designed the research. F.H. and K.L. performed the experiments. J.C. and F.H. analyzed the data. 
F.H. and K.T. scientifically adjusted the data. Y.W. and F.C. provided research resources. S.K. and C.L. provided 
research funding. F.H. and J.C. wrote the paper.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1093/rheumatology/kev269
http://creativecommons.org/licenses/by/4.0/

	Peptide-mediated delivery of donor mitochondria improves mitochondrial function and cell viability in human cybrid cells wi ...
	Results
	Donor mitochondria are internalized into MELAS cybrid cells after PMD. 
	Recovery of respiratory function in MELAS cybrid cells after PMD. 
	PMD alters expression of mitochondria shaping proteins and mitochondrial biogenesis in MELAS cybrid cells. 
	PMD rescues MELAS cybrid cells from oxidative stress injury. 
	Alterations in cellular cytokine production. 

	Discussion
	Materials and Methods
	Cell culture. 
	Mitochondrial labeling with fluorescent proteins. 
	Mitochondrial labeling with fluorescent dyes. 
	Mitochondrial isolation and Pep-1-mediated delivery. 
	Transmission electron microscopy. 
	Confocal microscopy. 
	Genotyping. 
	Mitochondrial respiration analysis. 
	Analysis of mitochondrial morphology. 
	Western blot. 
	Mitochondrial mass assay. 
	RNA extraction and quantitative real-time RT-PCR analysis. 
	Cell viability after oxidative stress. 
	Multiplex cytokine assay. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Transmission electron microscopy (TEM) analysis of mitochondria coated with various Pep-1 doses (5, 25 or 50 μM).
	Figure 2 Translocation of Pep-1-labeled mitochondria (Pep-1-Mito) into MELAS cybrid cells.
	Figure 3 Sequence and genotyping analysis of Pep-1-Mito-treated MELAS cybrid cells.
	Figure 4 Seahorse X-24 analysis of oxygen consumption rate (OCR).
	Figure 5 Mitochondrial morphology, mitochondria-shaping proteins and mitochondrial biogenesis in rescued cells after 4 days of treatment.
	Figure 6 Cell viability and mitochondrial morphology after oxidation induced by hydrogen peroxide.
	Table 1 Cytokine levels in cell lysates after 3 days of treatment.




