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Mitochondrial transplantation provides a novel methodology for rescue of cell viability and cell function following ischemia-reperfusion injury and applications for other pathologies are expanding. In this review we present our methods and acquired data and evidence accumulated to support the use of mitochondrial transplantation.
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1. Introduction

The heart is an obligate aerobic organ and is dependent upon oxygen delivery to the mitochondria to ensure function. Mitochondria represent approximately 30% of cardiomyocyte cell and extract >75% of coronary arterial oxygen just to meet homeostatic requirements (1). Increased functional demands are therefore dependent on increased oxygen delivery either through increased coronary blood flow and/or oxygen extraction.

Interruption or limitation in coronary blood flow limits oxygen delivery to the myocardium such that it is no longer sufficient to meet metabolic demands and results in myocardial ischemia. It is generally accepted that the limitation or cessation of coronary blood flow to the myocardium is the initial step in the myriad of processes leading to myocardial ischemia injury and these processes primarily effect the mitochondria (2–4).

With the onset of myocardial ischemia, alterations occur in mitochondrial structure and function that negatively impact mitochondrial function (5–8). The mitochondria become swollen and there is cristae disruption and mitochondrial calcium accumulation and the electron transport chain complexes I-V show decreased activity leading to decreased high energy phosphate synthesis that is needed to maintain cellular function. Mitochondrial DNA is also damaged leading to decreased mitochondrial transcriptomics, proteomics and metabolomics and the intrinsic apoptotic pathway is activated, leading to loss of cellular viability (6, 8–11). Accompanying these changes are alterations in transcriptomic, proteomic and metabolomic pathway regulation that are directly associated with mitochondrial and contractile function (12–15). All these events occur during ischemia and despite the restoration of coronary blood flow and oxygen delivery to the myocardium, they persist during reperfusion to significantly compromise myocardial cellular viability and function (8–10).

Interventions to limit mitochondrial dysfunction during ischemia and reperfusion have mainly been directed to mechanisms or pathways up- or down-stream of the mitochondrion. While somewhat efficacious, these interventions have provided only minimal clinical utility for the amelioration of the effects of ischemia-reperfusion injury. As an alternative we have proposed organelle transplant, mitochondrial transplantation, to directly address mitochondrial dysfunction. Mitochondrial transplantation is premised on the observed alterations in mitochondrial function that manifest during ischemia and persist through reperfusion. We hypothesized that the replacement or augmentation of damaged mitochondria through the transplantation of viable, respiration competent mitochondria, isolated from non-ischemic tissue, and then delivered to the ischemic organ would enhance post-ischemic myocardial functional recovery and myocellular viability (14).

Mitochondrial transplantation provides a novel methodology for the rescue of cell viability and cell function following ischemia-reperfusion injury and applications for other pathologies are expanding. A systematic review of animal and human studies supports the beneficial effects of mitochondrial transplantation for the amelioration of ischemia- reperfusion injury (16). In this review we present our methods and acquired data and the accumulated evidence to support the use of mitochondrial transplantation.



2. Mitochondrial uptake and functional integration

The earliest example of naked mitochondrial uptake into cells was reported by Clark and Shay (17). The authors used simple coincubation of isolated mitochondria from antibiotic resistant cells with antibiotic sensitivity to show that antibiotic resistance could be transferred. The authors showed that the antibiotic resistant mitochondria were taken up by the antibiotic sensitive cells by endocytosis and that the transferred mitochondria were functional and conferred antibiotic resistance. These early studies, termed mitochondrial transformation by the authors, were mostly observational and were posited as a novel means for studying mitochondrial genetics in mammalian cells and provided early seminal evidence for the uptake and functional integration of exogenous mitochondria.

The uptake of mitochondria into cells has been demonstrated by numerous authors using a variety of methods (18–23). Katrangi et al. (18) showed that co-incubation of isolated mitochondria from human mesenchymal stem cells (hMSC) with non-respiration functional A5490 p0 cells having fully depleted mtDNA, rescued cell function and restored cellular respiration. Uptake was confirmed by fluorescent labelling and PCR analysis.

Kitani et al. (19) used DsRed2 mitochondria isolated from human uterine EMCs-DsRed2 cells to demonstrate uptake and functional integration of mitochondria into recipient H9c2 cells, stably expressing green fluorescent protein (GFP). The authors used co-incubation and showed the engulfment of exogenous mitochondria. The exogenous mitochondria were evident in the perinuclear space inside the recipient cells within 1–2 h. The transferred mitochondria were able to rescue the mitochondrial respiratory function and improved the cellular viability in mitochondrial DNA-depleted cells and these effects lasted six days.

Pacak et al. (20) also showed that co-incubation of naked mitochondria with non-functional HeLa po cells lacking mitochondrial DNA, resulted in the rapid uptake of the exogenous mitochondria. Uptake was visualized using mitochondria labelled with pHrodo a label that specifically detects phagocytosis and endocytosis with a pH-sensitive fluorogenic dye that is non-fluorescent at neutral pH and bright red upon acidification inside the cytosol. The internalized mitochondria rescued mitochondrial oxygen uptake and ATP synthesis and replaced mitochondrial DNA. These effects were present for 53 cell divisions over 23 days.

Cowan et al. (24) used three-dimensional super-resolution structured illumination microscopy (3-D SR-SIM) and transmission electron microscopy (TEM) to reveal the intracellular position of endocytosed mitochondria in human induced pluripotent stem cell-derived cardiomyocytes and human cardiac fibroblasts. These studies used a human cardiac fibroblast cell line as the source of mitochondria for transplantation and a human iPS cardiomyocyte cell line as the recipient cell line to demonstrate the uptake and functional integration of mitochondria into human cells.

Cowan et al. (24) used distinct fluorescent labeling of human induced pluripotent stem cell-derived cardiomyocytes and human cardiac fibroblasts using baculovirus-mediated transfer of mammalian fusion genes containing fluorescent probes (green; GFP or red; RFP) fused to the leader sequence of E1 alpha pyruvate dehydrogenase. Pyruvate dehydrogenase is a matrix associated protein and fusion labeling provides a reliable methodology for imaging and detection. The authors labeled mitochondria in human induced pluripotent stem cell-derived cardiomyocytes with RFP while mitochondria in human cardiac fibroblasts were labeled with GFP.

Cowan et al. (24) co-incubated the GFP labeled mitochondria, isolated from human cardiac fibroblasts with human induced pluripotent stem cell-derived cardiomyocytes containing RFP labeled mitochondria. These experiments were replicated by coincubation of human induced pluripotent stem cell-derived cardiomyocytes with mitochondria isolated from human cardiac fibroblasts labelled with gold nanoparticles with subsequent TEM analysis.

Cowan et al. (24) showed that mitochondrial uptake into cells is rapid and can be seen at 2.5 min post-delivery, the shortest time frame allowable for experimental determination. The authors showed that the transplanted mitochondria were detected adjacent to the apical cell surface, undergoing endocytosis and then being taken up and released from early and late endosomes and then fusing with intrinsic mitochondria within the cell. The transplanted mitochondria were of the proper size and shape and contained the mitochondrial fusion proteins MFN1, MFN2 and OPA1. A small amount of DRP1 was detected but was not phosphorylated, suggesting fission did not occur. Greater than 80% of the transplanted mitochondria could be detected in association with early endosomes and late endosomes and then released into the cell to fuse with the endogenous mitochondria. Greater than 70% of the endocytosed mitochondria co-localized and fused with endogenous mitochondria.

Kesner et al. (21) have also shown mitochondrial uptake into cells. In these studies mitochondria labelled with DsRed were co-incubated with HepG2 cells where they fused with the intrinsic mitochondria. The authors reported that internalization of exogenous mitochondria can occur in as little as 10 min and showed that uptake of the exogenous mitochondria lasted for at least 6 days. Further experiments using patient cells showed the transplanted mitochondria increased cell viability and mitochondrial activity.

These studies have been recently confirmed by Rossi et al. (25) who have also shown that co-incubation of isolated mitochondrial with recipient cells results in the internalization of isolated mitochondria. The authors demonstrated that mitochondria isolated from renal proximal tubular cells were biologically active and capable of ATP production and that the isolated mitochondria could be actively internalized by renal proximal tubular cells in a dose dependent manner. The transplanted mitochondria increased proliferative capacity and ATP production and proliferation and significantly decreased cytotoxicity in an in vitro ischemia-reperfusion injury model.

Ali-Pour et al. (23) were also able to demonstrate mitochondria uptake into cardiomyocytes; however, in contrast to reports by others, increased bioenergetics lasted only 2 days (13, 19–21, 26, 27).

In our early experiments we used fluorescent mitochondrial specific labels such as MitoTracker CMXros and pHrodo to demonstrate mitochondrial uptake into cells (14, 20). The use of these fluorescent labels is informative but is not definitive as dissociation and re-association events have been postulated to occur.

To unequivocally demonstrate mitochondrial uptake, we have used human mitochondria for transplantation into animal models (13, 15, 26–30). The use of xenogeneic human mitochondrial transplantation in a rat, murine or swine model allows for the differentiation between native mitochondria and transplanted mitochondria based on immune reactivity to a monoclonal anti-human mitochondria antibody (24, 27). The use of human mitochondria in the rabbit and swine heart, kidney, lung and skeletal muscle has allowed us to track the fate of transplanted mitochondria across time. We use immunohistochemical selectivity to the human mitochondrial antibody as our primary marker with secondary markers of size and shape and function to confirm mitochondrial uptake. The transplanted human mitochondria in the rabbit and swine heart, kidney, lung and skeletal muscle induced no immune response as determined by ELISA and multiplex analysis and appear to maintain viability. Increased ATP content was detected at both 2 h and at 28 days after transplantation in the areas of mitochondrial transplantation (13, 15). No DAMPs (damage-associated molecular patterns) response or apoptosis or necrosis is evident in the areas receiving xenogeneic mitochondrial transplantation (13, 15, 26, 31).

It must be clearly noted that we do not recommend xenogeneic mitochondrial transplantation as the mtDNA differs and sufficient mitochondrial sources are available such that arguments for xenogeneic mitochondrial transplantation are moot (32).


2.1. Stability of functional integration

Our in vivo studies have shown that mitochondrial uptake is stable and can be visualized for at least 28 days post-transplantation in in vivo transplantation (13, 15, 26). The transplanted mitochondria are evident in both myocardial and non-myocardial cells at 2, 4, 8 and 24 h and at 28 days post-delivery. The exogenous mitochondria enhance cardiac function (increased left ventricular pressure, systolic shortening, decreased end diastolic pressure), enhance tissue viability (decreased tissue caspase 3 activity and necrosis) and enhance total tissue energy content (increased total tissue ATP content) following transplantation (13, 15, 26). These effects are evident at 2 h reperfusion and at 28 days recovery. Significantly our results show that there is no increase in peri-infarct size and that functional improvements in myocardial contraction remain intact throughout the recovery time of 28 days, verifying the enduring effects of mitochondrial transplantation on cellular viability and function.



2.2. Mechanism of uptake

The mechanisms for mitochondrial transplantation are distinct from mitochondrial transfer (20). Mitochondrial transfer involves the horizontal transfer of mitochondria from one cell to another. The transfer of mitochondria has been shown to occur through tunnelling nano tubes (TNT) which can occur either by uni- or bi-directional transfer (33). Spees et al. (34) demonstrated that co-culture of A549 cells with non-functional A549 po cells lacking mitochondrial DNA resulted in some of the non-functional cells acquiring functional mitochondria. This rescue was shown to occur through active mitochondrial transfer along cytoplasmic projections that made contact between donor and target cells. The authors were not able to establish whether mitochondria were transferred to the target cells directly through structures such as tunneling nanotubes or through uptake of vesicles containing mitochondria that budded off from the donor cells. Interestingly the authors showed that there was no passive transfer of mitochondria. Naked mitochondria isolated by differential centrifugation did not provide for rescue of A549 po cells.

Liu et al. (33) and Han et al. (35) were able to detect TNT-like structures allowing for intracellular transfer of mitochondria. Further studies by Berridge and Tan (36) and Tan et al. (37) confirmed the acquisition of mtDNA from host cells. Hayakawa et al. (22) have also shown that mtDNA and intact mitochondria can be transferred from other cells. These authors showed that extracellular mitochondria from astrocytes rescued neuronal viability and function.




3. Mitochondrial transplantation


3.1. Tissue source

The need for viable respiration competent mitochondria is essential for mitochondrial uptake and functional integration. In our initial publication on mitochondrial transplantation for cardioprotection we showed that the use of frozen mitochondria with reduced mitochondrial oxygen consumption and membrane potential did not provide for ischemia- reperfusion protection (14). We also showed that the use of mitochondrial proteins, mitochondrial RNA and DNA or ATP did not provide for cardioprotection (14). These findings have been confirmed by Hayashida et al. (38) who have shown that frozen-thawed mitochondria have reduced membrane potential and were not efficacious for resuscitation following cardiac arrest in rats. This agrees with Kesner et al. (21) who have shown that disruption of the mitochondrial membrane decreases uptake of mitochondria into recipient cells. The importance of having intact respiration competent mitochondria has also been demonstrated by Cloer et al. (39) who have confirmed these earlier findings in a human DCD lung transplantation model where they showed that only intact mitochondria and not organelle secretions provided for therapeutic activity.

To allow for mitochondrial transplantation an appropriate tissue source must be available. Autologous tissue obtained from a non-ischemic site from the patient's own body offers the most clinically relevant source. In our studies, the source of tissue for mitochondrial isolation varies depending upon the incision site required for surgical access. This allows for therapeutic application without the need for secondary surgical intervention. In our procedures where a mini-thoracotomy or a sternotomy is performed, tissue from the pectoralis major or the rectus abdominus is obtained. When a carotid cut down is performed, tissue from the sternocleidomastoid can be obtained or when a femoral cut down is performed, tissue from the vastus medialis can be obtained. Other sources of tissue would depend on the incision site. The use of liver tissue may be appropriate when a laparotomy is performed.

A variety of cell lines have also been used as the source material for mitochondrial isolation. Pacak et al. (20) used mitochondria isolated from HeLa cells, Ali Pour et al. (23) used L6 skeletal cells, while Chang et al. (40) and Gollihue et al. (41) each used PC12 cells and Caicedo et al. (42) have used mitochondria isolated from mesenchymal stem cells. The potential for heterologous sources of tissue is great and could allow for readily available application in clinical settings and could allow for therapeutic treatment of mitochondrial associated mitochondrial myopathies.

We have used atrial appendage tissue, skeletal muscle, liver and cell culture as source material for mitochondrial isolation. We have found no advantage using organ specific or high or low glycolytic capacity mitochondria for ischemia-reperfusion protection (13–15, 20, 24, 26, 27).

Once exposed the tissue is dissected from the skeletal muscle using a number 6 biopsy punch. Usually two small pieces of tissue (>0.1 g) are harvested and stored in cold (4°C) phosphate buffered saline (clinical grade) and used for mitochondrial isolation. There are many methods for the isolation of mitochondria. The earliest published accounts of mitochondrial isolation date to the 1940s and these methods have been expanded upon and modified (43–45). Most mitochondria isolation protocols use tissue homogenization followed by differential centrifugation (46–48). Purification by Percoll gradient or sucrose step gradient centrifugation is often incorporated to purify the isolated mitochondria; however, the added centrifugation and washing time greatly extends the isolation process (49, 50).



3.2. Mitochondrial isolation

In our initial studies we isolated mitochondria using differential centrifugation (47, 48). The isolation of mitochondria was completed in approximately 90 min and required a starting tissue of approximately 5 grams (14). This amount of tissue is not available clinically and the viability of the isolated mitochondria using these methods is variable (51), for a more in-depth review of mitochondrial isolation techniques the reader is directed to (46–48, 52, 53). In addition, the time required for the isolation of mitochondria using this methodology would require extension of the surgical time and could result in complications that would be injurious to the patient (Figure 1).


[image: Figure 1]
FIGURE 1
Mitochondria are isolated from tissue obtained at the site of the surgical incision. (A) Skeletal muscle tissue for mitochondrial isolation is shown at incision sites commonly used in cardiac surgery for sternotomy and mini thoracotomy. (B) Tissue is obtained using a #6 biopsy punch. Only two small pieces of viable tissue are needed. (C) From these two small pieces of tissue weighing approximately 0.1 gram 1 × 10 10 mitochondria can be obtained using the isolation methodology as described by (53, 54), and described at Available at: https://sites.google.com/mccullylab.org/mccullylab. (D) The isolated mitochondria are of consistent size as determined by particle counter. (E) The purity of the isolated mitochondria can be seen by transmission electron microscopy. (E) The mitochondria maintain membrane potential as determined by MitoTracker Red CmxRos staining. (F) Flow cytometry analysis of isolated mitochondria stained with Mitotracker Red CMXRos shows 98.6% of isolated mitochondria maintain membrane potential. (H) Complex I-V activity is maintained and (I) Mitochondrial oxygen consumption and (J) Respiratory Control Index (state 3/state 4) for malate induced (complex I) and succinate induced (complex II) is preserved.


To meet clinical demands, we have developed a novel methodology that allows for the rapid isolation and purification of mitochondria using differential filtration (53, 54). This methodology uses mechanical homogenization to minimize operator variability of homogenization. The tissue is obtained from the site of incision and is homogenized in a volume of 5 ml of sterile isolation buffer consisting of 300 mmol/L sucrose, 10 mmol/L HEPES-KOH [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid—potassium hydroxide], 1 mmol/L EGTA-KOH (Ethylenediaminetetraacetic acid—potassium hydroxide), pH 7.4, and then treated to 10 min of Subtilisin A enzymatic digestion, on ice. The digested tissue is then filtered through a series of filters by gravity filtration, and the mitochondria are subsequently precipitated by centrifugation at 9.5 × G for 5 min at 4°C (53, 54), https://sites.google.com/mccullylab.org/mccullylab). The time required for mitochondrial isolation using this procedure is 20–30 min and does not delay the surgical procedure.

The usual mitochondrial number obtained from the tissue samples (>0.1 g) using this methodology is 0.5–1.0 × 1010 mitochondria. The isolated mitochondria are of the correct size and shape, as assessed by particle size counter and by transmission electron microscopy and have normal cristae and membranes and show no damage or injury (13, 24, 27, 28). The isolated mitochondria maintain membrane potential and oxygen consumption as determined by MitoTracker Red CMXRos staining and FACs analysis and mitochondrial complex I-V activity is maintained.

The isolated mitochondria have no detectable cytosolic, nuclear, or microsomal components that would include fragments from endoplasmic reticulum, endosomes, golgi apparatus, nucleus, and cytosol. We have performed enzymatic analysis of mitochondria isolates for detection of cytosolic and cytoplasmic contaminant markers glyceraldehyde 3-phosphate dehydrogenase and lactate dehydrogenase and the microsome contaminate markers 5´nucleotidase and glucose-6-phosphatase, and have found no detectable contamination by any of these contaminants. Western blot analysis also showed no detectable presence of any contaminant markers in the isolated mitochondrial preparations (13, 24, 27, 28).

In all our studies, we have used total mitochondria for mitochondrial transplantation. The bioenergetic function of this population includes that of sub-sarcolemmal and intra-fibrillar mitochondria (55–57). We have found that total mitochondria offer the same level of cardioprotection as that provided by purified intrafibrillar or subsarcolemmal mitochondria sub-populations (14). The ease of obtaining total mitochondria and the reduced time for isolation make this choice clinically relevant.



3.3. Mitochondrial buffer for delivery

Following isolation, the mitochondria are suspended in buffer. In our early studies we suspended the isolated mitochondria in respiration buffer. This buffer contained 0.25 M sucrose, 0.002 M KH2PO4 (potassium dihydrogen phosphate), 0.1 M MgCl2 (magnesium chloride), 0.2 M HEPES-KOH (pH 7.6), 0.0005 M EDTA-KOH (pH 8.0), 0.005 M glutamate, 0.005 M malate, and 0.001 M ADP (adenosine diphosphate) (14). Respiration buffer needs to be made fresh as the glutamate, malate and ADP can be degraded. Following several trials, we found that we could suspend the mitochondria safely in isolation buffer (300 mmol/L sucrose, 10 mmol/L HEPES-KOH, 1 mmol/L EGTA-KOH, pH 7.4) and that the isolated mitochondria maintained viability and function (15, 28, 58–60). The use of isolation buffer allows for ease of use in clinical applications as the multiple steps needed to make “fresh” respiration buffer are not required.

Modifications of this buffer have been used successfully by others. Hayashida et al. (38) have used buffer containing 250 mM sucrose, 2 mM KH2PO4, 10 mM MgCl2, 20 mM K-HEPES-KOH (pH 7.2), 0.5 mM EGTA-KOH (pH 8.0). Huang et al. (61) have used 70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1.0 mM EGTA and pH 7.2, for their studies in the rat. Gollihue et al. (41) suspend their isolated mitochondria in 215 mM mannitol, 75 mM sucrose, 0.1% bovine serum albumin, 20 mM HEPES, pH adjusted to 7.2 with KOH.



3.4. Stability after isolation

Our studies demonstrate that following isolation, oxygen consumption rate in isolated mitochondria is stable for at least 2 h with storage on ice. Mitochondrial state 3 oxygen consumption for malate (complex I) immediately following isolation was 106.6 ± 16.0 (nM O2/min/mg mitochondrial protein). No significant difference in oxygen consumption rate was observed at 30, 60, 90, or 120 min after isolation with storage on ice. Oxygen consumption rate was 101.6 ± .17.3; 94.3 ± 12.3; 91.3 ± 15.6; and 94.6 ± 12.6 nM O2/min/mg mitochondrial protein respectively. Oxygen consumption rate at 3 h storage was significantly decreased to 63.6 ± 24.6 nM O2/min/mg mitochondrial protein. These results demonstrated that autologous mitochondria isolated using our methodology, in less than 30 min, were viable and suitable for clinical use for up to 2 h following isolation when stored on ice (Figure 2, unpublished data McCully et al.).


[image: Figure 2]
FIGURE 2
Isolated mitochondria are stable at 4°C for 120 min No significant difference (NS) was observed in mitochondrial oxygen consumption at 0, 30, 60, 90 or 120 min after isolation. Mitochondrial oxygen consumption significantly decreases at 180 min * = p < 0.05 vs. time 0.


At present, only autologous tissue and cell culture have been used as sources for mitochondria isolation for use in mitochondrial transplantation. Cell culture as a source for mitochondrial isolation could provide a ready and available source of mitochondria that could be used for immediate use in settings such as acute heart attack. The best scenario would be to have an “of-the-shelf” product that would allow for immediate usage, however, the methodology for such a product remains to be developed.



3.5. Delivery methods

A variety of delivery methods for mitochondrial transplantation have been developed and these range from simple naked co-incubation to sophisticated mechanical delivery. Chang et al. (40) have proposed the use of a cell-penetrating peptide (Pep-1) to aid in the uptake and internalization of mitochondria. The authors used Pep-1 conjugated mitochondria in a rat model of Parkinson's disease and have reported improvement of rotational and locomotor behaviors in this model.

Liu et al. (62) have developed a method where isolated mitochondria are linked to a carrier that allows the systemically injected mitochondria to be directed to the liver. The authors used asialoglycoprotein linked to listeriolysin O to form complexes with freshly isolated liver mitochondria. This complex forms a mitochondrial-carrier protein capable of being recognized, bound, and internalized by asialoglycoprotein receptors in the liver. Listeriolysin O was added to facilitate the release of internalized mitochondria from endosomes. Using this complex the authors reported targeted delivery of mitochondria by intravenous delivery in the rat with 27% of the injected mitochondria being found in the liver.

Kim et al. (63) have shown in cell cultures that isolated mitochondria can be transferred into recipient cells by simple low speed [1,500  ×  g (gravity) for 5 min at 4°C.] centrifugation. The transferred mitochondria maintained bioenergetic function and increased intracellular ATP content and metabolic activity, and also delivered mtDNA to the recipient cells.

MitoCeption, proposed by Caicedo et al. (42) also uses centrifugation but adds thermic shock to enhance mitochondria uptake in cells. The authors added isolated mitochondria to cells grown on a cell plate surface. The culture plates were then centrifuged at 1,500 × g for 15 min at 4°C. They were then placed in a 37°C cell incubator for two hours, prior to a second centrifugation. The authors showed that MitoCeption increased mitochondrial DNA concentrations, oxygen consumption rate and ATP production.

Mechanical approaches have also been proposed to facilitate mitochondrial delivery. Wu et al. (64) have proposed the use of a photo-thermal nanoblade which induces a transient membrane opening to allow for mitochondrial uptake into cells. These transient and localized openings are thought to allow for specific uptake of mitochondria. In another modification for mitochondrial uptake Wu et al. (65) have proposed the use of a stamp-type multi-needle injector. The device has been used for the delivery of mitochondria to restore aging-related hair loss.

Macheiner et al. (66) have developed Magnetomito Transfer which uses a mitochondrial specific antibody to TOM-22 linked to an iron bead that binds to the outer mitochondrial membrane to stimulate mitochondrial uptake under a magnetic field. The methodology was developed to allow for transfer of healthy allogenic mitochondria to a patient's own stem cells prior to autologous stem cell transplantation. The authors report a trend for higher density of mitochondria in magnetomito-transferred cells.

Recently, Yang et al. (67) have suggested the use of gelatin nanospheres to enhance mitochondrial uptake into cells. In their studies isolated mitochondria were first modified by electrostatic attachment of gelatin nanospheres to the outside of the mitochondria. The nano-sphere-mitochondria were then co-incubated with H9c2 cardiomyoblasts where functional uptake was confirmed by ATP synthesis.

Another approach to delivery of genes or pharmaceuticals to the mitochondria is Mito-porter developed by Yasuzaki et al. (68). This methodology does not use mitochondria but rather uses a liposome-based carrier that permits macromolecular cargos to enter mitochondria via membrane fusion. The authors have used mito-porter in a series of studies to demonstrate that mtDNA and other products can be delivered effectively to the mitochondria (69).


3.5.1. Co-incubation

For cell culture studies, most authors resuspend the isolated mitochondria in media. In our studies the cell culture media Dulbecco's Modified Eagle's Medium contains 1.8 mM calcium, We and others (13, 20, 21, 70) have found no stability problems of the isolated mitochondria in these physiological calcium concentrations.




3.6. Stability in Serum and blood

Shi et al. (71) investigated isolated mitochondrial stability in rat serum. The authors added isolated mitochondria to mouse blood serum and incubation at the mixture at 37°C for 0, 15, 30, 60, 120 min, respectively. The authors then measured mitochondrial viability using MitoTracker Red CMXRos and mitochondrial membrane potential at each time point. The authors reported that there was no difference in mitochondrial viability or mitochondria membrane potential (ΔΨm) observed at the different time points (0 min, 15 min, 30, 60 and 120 min) suggesting that the mitochondria remained stable in serum for at least 120 min.

Intact mitochondria have been detected in plasma in healthy patients and in patients having pathological conditions. Proof for the existence of cell-free respiratory competent mitochondria in blood was first reported by Amir Dasche et al. (72). The authors showed mitochondria from a normal cell line (CCD-18Co) and from human colon cancer cell lines (DLD-1/SW620) were able to secrete their mitochondria. The authors went on to show the presence of circulating cell-free mitochondria in healthy individuals and in cancer patients. The cell free circulating mitochondria were structurally intact and not fragmented and had preserved mtDNA integrity and were not surrounded by bi- or multi-layer phospholipid membrane, supporting the observation that they were free circulating mitochondria and not enclosed in extracellular vesicles such as exosomes or microvesicles or autophagosomes. The cell free circulating mitochondria were also respiration competent.

These findings have been replicated by Stephens et al. (73) who showed that intact, cell free mitochondria are present in blood and these mitochondria maintained transmembrane potential and were able to reenter cells.

Amir Dasche et al. (72) and Stephens et al. (73) estimated the presence of cell-free and respiratory competent mitochondria in human blood to be between 200,000 to 3.7 million per mL and 822,000 to 2.3 million per mL plasma in humans, respectively. The mechanisms through which mitochondria are able to survive in serum and their relevance in non-pathological human organ maintenance are unknown.



3.7. Direct injection

Direct injection into the tissue is the simplest methodology for clinical delivery of mitochondria for transplantation. For direct injection, the isolated mitochondria are suspended in buffer and are delivered to the organ using a 1 ml tuberculin syringe with a 28 or 32 gage needle. The mitochondria can be delivered directly to affected areas in the organ. In the heart this may be areas of hypo-kinesis or a-kinesis as determined by epicardial echocardiography. The mitochondria are delivered in 50–100 ul injections. This volume is rapidly taken up by the neonatal, pediatric and adult myocardium and no flushback occurs and there is no need for purse string sutures. Similar uptake is observed in skeletal muscle. The angle of injection is not limited to oblique delivery as in stem cell injection (13–15, 26, 27, 29, 30, 74, 75).

The isolated mitochondrial dosage amounts in the heart were determined to be 2 × 105 to 2 × 106 mitochondria per gram tissue wet weight (13, 14, 28). Mitochondrial concentrations >2 × 108 were not consistently fully suspended in vehicle buffer.

Direct injection of mitochondria has no effect on arrhythmogenicity (13). Our studies in the in vivo heart have demonstrated that there is no proarrhythmia as determined by serial ECG, no change in QRS duration and no change in corrected QT interval. Serial electrocardiography and echocardiography also demonstrated that there was no evidence of wall motion disturbances, no evidence of left ventricle hypertrophy, valve dysfunction, fibrosis or pericardial effusion at 4 weeks following transplantation of mitochondria.

To ensure no proarrhythmia was associated with mitochondrial transplantation we also performed optical mapping studies using isolated mitochondria at a concentration of 8.4 × 107/ gram tissue wet weight as compared to 2 × 105 to 2 × 106 / gram heart wet weight. This concentration of mitochondria was used in order to detect any possible arrhythmogenic response (13). Our results demonstrated that there was no change in isopotential mapping associated with mitochondrial transplantation and confirming that mitochondrial transplantation is not proarrhythmic.



3.8. Intra-arterial delivery

Intra-arterial delivery of mitochondria simplifies mitochondrial delivery to tissue and allows for widespread distribution of mitochondria within the tissue. Intra-artery delivery to the heart is achieved via carotid cutdown (28). For the lung we deliver via the pulmonary artery (76) while for the kidney we perform a femoral artery cutdown (29).

The artery is exposed and accessed, and an arterial sheath is positioned in the artery and an angiography catheter is introduced through the arterial sheath, and floated to the delivery site, the coronary ostium in the case of the heart or the infrarenal arteries in the case of the kidney. This procedure is performed under fluoroscopy (28, 29, 58, 77). A 4 s or 5s catheter can be used. The isolated mitochondria are suspended in 5 ml of buffer and injected as a bolus and then chased with 5 ml of buffer.

To ensure that intra-coronary delivery was safe and did not affect coronary patency we have performed in vivo studies in the pig heart (28). The pig heart provides a standardized model for the human heart having similar vascular architecture, capillary diameter and morphology as that in the human heart (78, 79). In these studies, intra-coronary delivery was investigated using mitochondria concentration of 1 × 103 to 1 × 1011 in the presence of increased myocardial demand, coronary vasoconstriction or tachycardia with increased afterload. Our results demonstrated that intracoronary injection of mitochondria at concentrations of 1 × 103 to 1 × 1011 has no adverse effects on coronary patency, cardiac rhythm, or function. We also showed that mitochondria can be safely injected into severely constricted coronaries as well as under significant hemodynamical stress of tachycardia and hypertension, all of which often accompany various pathological conditions of the heart. As with direct injection of mitochondria there is no proarrhythmia associated with intra-arterial delivery of mitochondria.



3.9. Aerosol delivery

To increase applicability and allow for early, non-surgical intervention and post-surgical intervention we have extended our research to show that autologous mitochondria can be delivered by nebulizer to the lungs. In a study of acute lung injury, we compared aerosol delivery of naked mitochondria via the trachea and intra-vascular delivery, via the pulmonary artery (76). Vascular delivery of mitochondria to the left lung was achieved by injection of mitochondria in buffer directly into the left pulmonary artery. Aerosol delivery of mitochondria was achieved by nebulization using the FlexiVent nebulizer system (FlexiVent FX2, SCIREQ, Montreal, Quebec, Canada). Our results demonstrated that delivery of mitochondria by pulmonary artery infusion and by nebulization was efficacious.



3.10. Nasal delivery

In the brain, delivery of exogenous mitochondria to the ventricles has been shown to be effective, but clinically, the impermeability of the blood-brain barrier poses a major restriction for use. Orreogo et al. (80) have reported that the delivery of mitochondria to the brain can be achieved using osmotic disruption of the blood-brain barrier followed by carotid artery infusion of the mitochondria. The authors report that in the absence of osmotic disruption, few mitochondria were detected in the brain but following osmotic disruption, transplanted mitochondria were detected in all regions of the cortex and across the parenchyma.

Alexander et al. (81), and Alexander et al. (82), have shown that nasal administration of mitochondria isolated from human mesenchymal stem cells restored executive functioning, working and spatial memory in mice with cisplatin-induced cognitive deficits. The authors showed human mitochondria gained rapid entry into the brain of mice. The transplanted mitochondria were seen entering the brain from the pia mater v and glial limitans and were present at 30 min and 18 h after administration and repaired cisplatin-induced loss of white matter integrity and synaptic damage. The transplanted mitochondria also induced transcriptomic alterations in the hippocampus, up-regulating cognitive related restorative pathways. These findings agree with Chiu et al. (83) and Galeano et al. (84) and Danielyan et al. (85) who have each shown uptake of nasal delivered mesenchymal stem cells in the brain.



3.11. Delivery to the spinal cord

Delivery of mitochondria to the spinal cord has been shown to be troublesome. Golihue et al. (41) studied mitochondrial transplantation in a rat model of spinal cord injury. The authors showed that exogenous mitochondrial were taken up by the injured spinal cord and were evident at 24- and 48 h, and 7 days post-injection and increased bio-energetics. The mitochondria co-localized with multiple resident cell types, although they were absent in neurons. Unfortunately, mitochondrial transplantation did not yield long-term functional neuroprotection as assessed by overall tissue sparing or recovery of motor and sensory functions. This group have since gone on to promote new techniques for mitochondrial transplantation for spinal cord injury (86).




4. Uptake occurs in healthy cells and in ischemic cells

The uptake of mitochondria has been shown in many different cell types and pathologies. In our studies we have found that mitochondria are taken up by all cell types. To visualize mitochondrial uptake and distribution subsequent to direct injection or infusion through the coronary vasculature, we have labelled mitochondria with 18F-Rhodamine-6G (18F-R6G) or 18F-R6G and iron oxide nanoparticles (27–30, 87). The distribution and uptake of labelled mitochondria was determined by positron emission tomography (PET), microcomputed tomography (uCT), and magnetic resonance imaging (MRI) with subsequent microscopic analyses of stained tissue sections to confirm the uptake and distribution of transplanted mitochondria (27). In these studies, we showed that direct injection of mitochondria resulted in discrete localized uptake of the labelled mitochondria while vascular delivery of mitochondria through the coronary arteries resulted in their rapid integration and widespread distribution throughout the heart. Both modes of delivery provided cardioprotection from ischemia-reperfusion injury by significantly preserving systolic shortening and cell viability.

Notably we showed that mitochondria are taken up in myocardial areas that were not subjected to regional ischemia and reperfusion. The uptake in non-ischemic areas was less than that observed in the regional ischemic area in the heart, and we speculate that this increased organelle uptake was due to myocardial cell swelling and loss of cellular integrity.



5. Dosage

The dosage of mitochondria varies in different studies. Both mitochondrial protein and absolute mitochondrial number have been used to standardize dosage (13, 19, 21, 23, 41). In all our studies we have used particle counting to estimate the dose of mitochondria used. Our studies have shown that mitochondria concentrations of 2 × 105 to 2 × 106 mitochondria per gram wet weight heart tissue is efficacious (13, 26, 28, 58, 77). This represents approximately 1 × 109 mitochondria in the adult 400 g heart. Concentrations less than 2 × 105 to 2 × 106 mitochondria per gram wet weight heart tissue were associated with decreased cardioprotective efficacy while concentrations greater than 2 × 106 per gram wet weight heart tissue failed to increase efficacy (28). We have found that this dosage concentration is also applicable to the kidney (29) and the lung (76); however, for skeletal muscle increased mitochondrial concentrations were required (30).

Our studies have shown that only a small number of mitochondria are needed to alter organ function. These studies and those of others suggest that the number of mitochondria required for cardioprotection is not a function of the absolute number of mitochondria residing within the cell (14, 28, 88, 89). This would agree with Shoffner et al. (90) who have demonstrated that only 2%–6% of mtDNA needs be wild type to alter oxygen uptake and the devastating effects of the mitochondrial myopathy MERRF (Myoclonic epilepsy and ragged-red fiber disease) and with Chomyn et al. (91) who have reported that levels of only 6% wild type mtDNA are sufficient to modulate the effects of MELAS (Mitochondrial Encephalopathy, Lactic acidosis, and Stroke-like episodes).



6. Safety of mitochondrial transplantation

Enzyme-linked immunosorbent spot (ELISpot), enzyme-linked immunosorbent assay (ELISA), fluorescence-activated cell sorting (FACS) and multiplex analysis has demonstrated there is no direct or indirect immune response and there are no inflammatory effects associated with mitochondrial transplantation (13, 26, 28, 31).

Masuzawa et al. (13), showed using serial ELISA analysis that there was no significant increase in TNFα, IL-6 or high-sensitive c-reactive protein at 1-, 3- and 7- days post mitochondrial transplantation and provided evidence suggesting that the level of inflammation was ameliorated by mitochondrial transplantation. RNAseq analysis confirms this observation as a cardio-protective mechanism associated with mitochondrial transplantation in the heart (15).

To confirm the ELISA results Masuzawa et al. (13) also performed multiplex analysis of cytokines and chemokines. In this assay, both intact mitochondria and sonicated mitochondria were used with in vitro analysis. The sonicated mitochondria were used to determine the effects of mitochondria degradation products. Separate analysis was performed to determine innate chemokine and cytokine activation in human peripheral blood mononuclear cells. Masuzawa et al. (13) showed that there was no upregulation of cytokines associated with the immune response (IL-1, IL-4, IL-6, IL-12, IL-18, IP-10, macrophage inflammatory protein (MIP-1α and MIP-1β). Importantly, Masuzawa et al. (13) showed that mitochondrial transplantation upregulated epidermal growth factor (EGF), growth-related oncogene (GRO), IL-6 and monocyte chemotactic protein-3 (MCP-3). These cytokines have been shown to be associated with enhanced post-infarct cardiac function.

Ramirez-Barbieri et al. (31) investigated alloresponse and allorejection to syngeneic and allogeneic mitochondrial transplantation. This study examined immune response to single injections of mitochondria at concentrations of 1 × 105, 1 × 106 and 1 × 107 and serial injections given a concentration of 1 × 107 mitochondria on days −6, −3 and day 0. These concentrations are equivalent to 10-, 20- and 30-fold, and 90-fold respectively, the concentration of mitochondria used in our animal and clinical studies (13, 14, 26–28, 58, 74, 77, 92). Ramirez-Barbieri et al. (31) investigated both syngeneic and allogeneic mitochondria. Experiments were conducted using the BALB/cJ mouse strain to allow for human relevance. Allogeneic mitochondria were obtained from C57BL/6J mice. Mitochondria were delivered by intraperitoneal injection to maximize immune reaction. This was done as previous studies have shown that by intraperitoneal injection elicits a greater immune reaction than either intra-venous or direct injection by creating a greater distribution of the antigen to the lymph nodes and to different organs in the body. Immune response was measured at 10–17 days post-injection as the immune response in the BALB/cJ mouse strain is not evident prior to 7 days post antigen presentation.

Using this stringent protocol, Ramirez-Barbieri et al. (31) were able to show that there was no detectable direct or indirect B-cell or T-cell response as determined by ELISpot and FACS analysis and that multiplex analysis did not detect any increase in any of the cytokines or chemokines associated with the innate or acquired immune response for either syngeneic or allogeneic mitochondrial transplantation. Ramirez-Barbieri et al. (31) also showed there was no mitochondrial DAMPs (damage-associated molecular patterns) response associated with mitochondrial transplantation, no evidence of myocardial cellular damage or increased collagen content and no increase in circulating free mitochondrial DNA.

Masuzawa et al. (13) also showed there was no autoimmune response to mitochondrial transplantation and that there were no detectable anti-mitochondrial antibodies.



7. Biodistribution

Direct injection, intra-coronary, pulmonary and intra-renal artery infusion of mitochondria have been shown to provide discrete mitochondrial uptake. Once delivered the mitochondria rapidly enter the cells and remain present for at least 28 days, the terminal time for our animal experimentation. In a series of studies, separate analysis using autologous or xenogeneic human mitochondria each labelled with 18F-Rhodamine-6G (18F-R6G) have been performed. Results from these studies, in the in vivo swine model, have shown that the mitochondria are rapidly taken up by the cells in the end organ and are not present in other tissues. This localization of mitochondria following delivery was confirmed using mitochondria at concentrations 6-fold greater than we recommend. In our heart studies PET imaging demonstrated that intracoronary delivery distributes mitochondria specifically to the cardiac vascular supply, displaying signals only in the left ventricle when mitochondria were injected into the left coronary ostium. The tracer signal was not detected in other organs, despite the injection of much higher concentrations (six fold) of mitochondria than that used for therapeutic dosage. Similar findings were observed in the lung by pulmonary artery delivery (76), and in the kidney by intra-renal infusion (29), respectively.

Our studies show that in the heart, lung and kidney mitochondria rapidly crossed the vascular endothelial cells. 18F-Rhodamine-6G labeled mitochondria were found inside cardiomyocytes at 10 min following coronary artery delivery, while in the kidney the mitochondria were distributed throughout the tubular epithelium of cortex and medulla following renal artery delivery (28, 29). In the lung the transplanted mitochondria were detected within and around lung alveoli and connective tissue (76).

The mechanism(s) of vascular extravasation of mitochondria remain to be fully elucidated; however, the rapidity of mitochondria transport to cardiac cells is likely to involve mechanisms similar to bacterial or viral uptake.



8. Mechanisms of mitochondrial transplantation

We now have sufficient experimental proof to speculate on the overall mechanisms of mitochondrial transplantation.


8.1. Reactive oxygen Species

McCully et al. (14) investigated some of the mechanisms that may be involved in mitochondrial transplantation. These early experiments showed there was no increase in organ specific reactive oxygen species associated with mitochondrial transplantation. Thiobarbituric acid reactive substances (TBARS) assay, of lipid peroxidation showed that mitochondrial transplantation significantly decreased reactive oxygen species. Collaborative experiments using the reactive oxygen species scavenger, N-(2 mecaptopropionyl) glycine (MPG) when used throughout reperfusion or when added to mitochondria also failed to block the cardioprotection afforded by mitochondrial transplantation. Myocardial cell function as determined by sonomicrometry and cellular viability (necrosis and apoptosis) by triphenyl tetrazolium chloride staining was not altered with the addition of MPG.

These studies showed that mitochondrial transplantation did not increase reactive oxygen species (ROS) and that ROS was not involved in the mechanisms associated with mitochondrial transplantation. These initial findings agree with that of Kim et al. (63) who showed that mitochondrial delivery via centrifugal force did not cause intracellular damage, increase in oxidative stress (intracellular ROS and mROS) or apoptosis. Recently, Rossi et al. (25) have also shown that mitochondrial transplantation was associated with lower ROS production. The authors showed that mitochondrial transplantation decreased ROS generation as determined by the ROS-sensitive fluorescent probe MitoSOX together with the coherent decrease of TBARS production. In total these studies indicate that the effects associated with mitochondrial transplantation are not modified by reactive oxygen species. We have done no experiments using anti-oxidant enzymes.



8.2. Inflammation

It has been suggested that inflammation due to an acute immune response and inflammatory macrophage activation may play a role in tissue repair (93). Masuzawa et al. (13) has shown using serial blood samples over 4 weeks of recovery, that TNFα, IL-6 and high sensitivity C-reactive protein, sensitive markers of inflammation were significantly decreased in hearts receiving mitochondrial transplantation as compared hearts receiving vehicle alone suggesting that the level of inflammation was ameliorated by mitochondrial transplantation. Similar results were observed by Kaza et al. (26) who, using multiplex assay showed that there was no immune or inflammatory response or cytokine activation associated with mitochondrial transplantation.

Ramirez-Barbieri et al. (31) have shown by ELISpot assay that inflammatory cytokines INFγ, IL-2 (type 1 cytokines) were not increased with mitochondrial transplantation even at 90- fold the recommended mitochondrial concentration. Ramirez-Barbieri et al. (31) also examined cytokine profiles, involving a population of macrophages, Th1, Th2 cytokines. Multiplex analysis demonstrated that there was no detectable increase in the levels of any cytokine for either syngeneic or allogeneic mitochondria transplantation at any mitochondrial concentration (1 × 105, 1 × 106 or 1 × 107). Guariento et al. (94) have shown in a clinical study of patients requiring extracellular membrane oxygen support for postcardiotomy ischemia-reperfusion injury, that mitochondrial transplantation was not associated with inflammatory response. In total, these studies indicate that the effects associated with mitochondrial transplantation are not modified by inflammation.



8.3. Adenosine receptors and KATP channels

An interesting phenomenon was observed with intracoronary delivery of mitochondria, namely a sustained increase in coronary blood flow. This effect on coronary blood flow was immediate and concentration-dependent, with maximal hyperemia achieved with an intracoronary injection of 1 × 109 mitochondria (28). The increase in coronary blood flow was also accompanied by an increase in systolic shortening with no change in heart rate or mean arterial pressure. The mitochondria-induced increase in coronary blood flow was achievable only through intracoronary delivery of intact, respiration-competent mitochondria. Direct injection of mitochondria into the heart muscle or intracoronary delivery of devitalized mitochondria or intact HeLa p0-mitochondria, which lack respiration capacity, had no effect on coronary blood flow or systolic shortening. This finding is consistent with earlier findings by us and others that the transplanted mitochondria must be intact and respiratory competent.

The mechanism for this was found not to be attributable to ATP (adenosine triphosphate) produced by the mitochondria or changes in oxygen saturation. In vivo inhibition of key coronary vasodilatory pathways: nitric oxide synthase (NOS), cyclo-oxygenase (COX), adenosine-receptors, potassium-ATP (KATP) channels and oxygen saturation were also found to have no effect on the changes in coronary blood flow and systolic shortening. Interestingly, mitochondria-induced coronary vasodilation was attenuated in part by the inhibition of the inward-rectifying potassium (KIR) channels, consistent with studies that implicate KIR-channels in mechanisms of ATP-mediated vasodilation (28). These results are in agreement with earlier studies (14) that showed that in the Langendorff perfused heart with the non-selective adenosine receptor inhibitor 8-sulfophenyltheophylline or the non-selective potassium-ATP (KATP) channel blocker glibenclamide or pre-incubation of isolated mitochondria with these drugs had no effect on the observable increases in systolic shortening and decreased infarct size obtained by mitochondrial transplantation (Figure 3). For review of the role of potassium-ATP (KATP) channels the reader is directed to (8, 95).
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FIGURE 3
Safety and putative mechanisms associated with mitochondrial transplantation in the ischemia-reperfusion injured heart.




8.4. Chemokines, cytokines

Masuzawa et al. (13) showed that there was up-regulation of cardioprotective cytokines. These cytokines, epidermal growth factor (EGF), GRO, IL-6 and monocyte chemoattractant protein-3 (MCP-3) have been shown to play key roles in angiogenesis, arteriogenesis, immunomodulation, progenitor cell migration, prevention of apoptosis and enhanced cell salvage and post-ischemic functional recovery. EGF has been shown to play a key role in ischemic injury protection in the heart by stimulating cell growth, proliferation, and migration. After cardiac infarction, GRO participates in the improvement in function and reconstitution of tissue mass and acts with IL-6 as a chemo-attractant which allows for enhanced vascularization, protection against cardiomyocyte apoptosis, and improved functional cardiac recovery. These chemokines have been shown to act with MCP-3 to enhance post-infarction cardiac function and improve cardiac remodeling independent of cardiac myocyte regeneration.



8.5. ATP

We and others have shown that mitochondrial transplantation improves bioenergetics and oxygen consumption both in vitro and in vivo (19–21, 23, 25). These beneficial effects are dependent upon the respiratory capacity and integrity of the transplanted mitochondria (13, 21, 28, 39).

We have demonstrated in the in vivo model that the mechanism of action of mitochondrial transplantation involves in part the prolonged increase in total tissue ATP content. Doulamis et al. (15) has shown that in the in vivo heart, mitochondrial uptake in the area at risk is evident at 2 h, 3 days and at 28 days post mitochondrial transplantation and is associated with significantly increased total tissue ATP content at both 2 h and at 28 days. The mechanism for this increase has been investigated by Rossi et al. (25) who have shown that mitochondria transplantation in a model of ischemia-reperfusion injury was able to restore the activity of the TCA cycle enzymes citrate synthase, alpha-ketoglutarate, succinate, and malate dehydrogenase and the enzymes of the electron transport chain, leading to increased intracellular ATP levels such that there was no difference as compared to non-ischemic controls. This agrees with the findings of Masuzawa et al (13), who showed that oxygen consumption rate in cardiomyocytes was significantly increased with mitochondrial transplantation and with Guariento et al. (58) who showed that mitochondrial transplantation significantly increased myocardial oxygen consumption.



8.6. Transcriptomic, proteomic and metabolomic responses to mitochondrial transplantation

Previously we have shown by microarray and proteomic analysis that cardioprotection following ischemia reperfusion injury is modulated by RNA- and protein-dependent mechanisms (12, 96). Transcriptomic and proteomic enrichment analyses indicated that ischemia downregulated genes/proteins associated with mitochondrial function and energy production, cofactor catabolism, and the generation of precursor metabolites of energy. In contrast, cardioprotection with cardioplegia significantly increased differentially expressed genes/proteins associated with the mitochondrion and mitochondrial function and significantly upregulated the biological processes of muscle contraction, involuntary muscle contraction, carboxylic acid and fatty acid catabolic processes, fatty acid b-oxidation, and fatty acid metabolic processes (12, 96). The transcriptomic and proteomic data demonstrated that the mitochondrion plays a significant role in both ischemia and in cardioprotection.

To ascertain the early expressed underlying global transcriptomic, proteomic and metabolomic changes conferred by mitochondrial transplantation we have performed RNAseq, SOMAscan and Metabolomic analysis to identify pathways up- and down-regulated with mitochondrial transplantation.

Masuzawa, et al. (13) showed that mitochondrial transplantation was associated with up-regulation of proteomic pathways. These in situ experiments demonstrated that mitochondrial transplantation beneficially altered proteomic pathways early in reperfusion, allowing for enhanced post-ischemic functional recovery and enhanced post-ischemic myocellular viability. Functional annotation clustering (p < 0.05, Enrichment Score > 2.0) indicated that the mitochondrion, the generation of precursor metabolites for energy and cellular respiration were enriched with mitochondrial transplantation and there were no down regulated clusters.

Doulamis et al. (15) also showed that mitochondrial transplantation up-regulated (fold change >1.5, p < 0.05) proteomic pathways for multicellular organismal processes, response to organic substance, stimulus and external stimulus, and multicellular organ and system development at 2 h and at 28 days recovery. All these pathways are associated with mitochondrial function and biosynthesis. Gene ontology localization analysis showed that the modulations in transcriptomics were affected by mitochondrion. No other organelle was implicated.

Doulamis et al. (15) showed that the changes in transcriptomics were consistent with proteomic alterations and showed that biological processes for regulation of multicellular organismal processes, regulation of biological quality, regulation of system processes, regulation of signaling, response to organic substance and response to oxygen containing compound were significantly upregulated in both RNA-seq and proteomic analysis.

These studies agree with the earlier studies by McCully et al. (96) and Black et al. (12) confirming the role of the mitochondrion in ischemia and in cardioprotection. These studies are also consistent with the findings of Rossi et al. (25) who have shown that mitochondrial transplantation up-regulates transcriptomic pathways associated with mitochondrial biogenesis [Peroxisome proliferator-activated receptors (PPAR) pathway], mitochondrial metabolism (IL-17, Ca2+, cAMP, and cAMP response element (CREB) signaling.

Cumulatively, these findings support the observations of Guariento et al. (58) who demonstrated that mitochondrial transplantation enriched metabolomic pathways for mitochondrion function and muscle function.

The physiological, functional, and biochemical results obtained in our animal studies in the ischemic-reperfused heart model support the pathways suggested by transcriptomic, proteomic and metabolic analysis. Our data clearly show that there is no immune or inflammatory response associated with mitochondrial transplantation. In agreement with the findings of Alexander et al. (81) who investigated mitochondrial transplantation by nasal delivery and showed that there was no evidence for activation of inflammatory pathways in the brain following mitochondrial transplantation and that there was no up-regulation of transcriptomic inflammatory signaling. The authors showed that the top canonical pathways upregulated by the nasal administration of mitochondria were the Nrf2-mediated oxidative stress response, along with telomerase, ERK/MAPK and synaptogenesis signaling. It was speculated that Nrf2-mediated response may regulate antioxidant proteins towards minimizing oxidative damage and that protein repair and clearance may also be triggered by ubiquitination, proteosome degradation and regulation of chaperone and stress response proteins. The authors suggested that mitochondrial transplantation may repair the acceptor cells like neurons, macrophages, and GFAP + cells possibly by changing their metabolic programming towards restoration of the damage and/or a more restorative phenotype.

The down-regulation of pathways for DNA damage are supported by the findings of Pacak et al. (20) who showed that mitochondrial transplantation rescued cell function and replaced mtDNA.

Down-regulation of pathways for proteolysis and apoptosis and up-regulation of the pathway for anti-apoptosis with mitochondrial transplantation also agree with our findings that mitochondrial transplantation significantly decreases myocardial necrosis and apoptosis (13–15, 26–28, 58, 77). Reduction in myocardial injury has been confirmed by significant decreases in CK-MB and cTnI and a significant decrease in caspase-3 like activity.

Up-regulation of transcriptomic pathways for muscle contraction and muscle development and proteomic pathways for muscle function and metabolomic pathways for muscle function also agree with our measured contractile indices where we have shown that mitochondrial transplantation enhances post-ischemic myocardial contractile function that includes increased left ventricular developed pressure, maintenance of left ventricular end diastolic pressure, increased systolic shortening, increased ejection fraction.

The up-regulation of proteomic and metabolomic pathways for energy production, mitochondrial function, cellular respiration and mitochondrial function and the metabolic pathway for mitochondrial function agree with our studies showing that mitochondrial transplantation increases total tissue ATP content, MVO2 and cellular respiration.

In total, these data show that the responses to mitochondrial transplantation are rapid and enduring. Changes in transcriptomics are evident at 2 h and remain upregulated for at least 28 days, the extent of our current experimental recovery duration in our animal studies. Transcriptomic and proteomic changes occur rapidly and persist for at least 28 days.




9. Conclusion

The uses for mitochondrial transplantation are increasing. Mitochondrial transplantation has been used in the heart, lung, kidney, liver, skeletal muscle, brain and the eye (Figure 4). The importance of mitochondria as a therapeutic target and mitochondrial transplantation as a therapeutic modality is evident and is expanding to involve a myriad of pathologies. Specific usage and procedural indices have been suggested and further modification and elucidation will occur. The data to date suggests that mitochondrial transplantation may provide new and improved approaches to many pathologies and conditions. This review provides the observations obtained from our studies with those of others in the area and does not include the many variations now being proposed. We hope that mitochondrial transplantation as a methodology will continue to increase in usage and for disease and non-disease states and that this review will stimulate further investigation.
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FIGURE 4
Clinical uses for mitochondrial transplantation.




Author contributions

JM: Writing – original draft, Writing – review & editing. PD: Writing – review & editing. SE: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

This work was supported by Richard A. and Susan F. Smith President's Innovation Award, the Sidman Family Foundation, the Michael B. Rukin Charitable Foundation, the Kenneth C. Griffin Charitable Research Fund, The George and Marie Vergottis Foundation and the Boston Investment Council.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Fillmore N, Lopaschuk GD. Targeting mitochondrial oxidative metabolism as an approach to treat heart failure. Biochim Biophys Acta. (2013) 1833:857–65. doi: 10.1016/j.bbamcr.2012.08.014

2. Akhmedov AT, Rybin V, Marín-García J. Mitochondrial oxidative metabolism and uncoupling proteins in the failing heart. Heart Fail Rev. (2015) 20:227–49. doi: 10.1007/s10741-014-9457-4

3. Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure: implications beyond ATP production. Circ Res. (2013) 113:709–24. doi: 10.1161/CIRCRESAHA.113.300376

4. Kolwicz Jr SC, Purohit S, Tian R. Cardiac metabolism and its interactions with contraction, growth, and survival of cardiomyocytes. Circ Res. (2013) 113:603–16. doi: 10.1161/CIRCRESAHA.113.302095

5. Faulk EA, McCully JD, Tsukube T, Hadlow NC, Krukenkamp IB, Levitsky S. Myocardial mitochondrial calcium accumulation modulates nuclear calcium accumulation and DNA fragmentation. Annals Thorac Surg. (1995) 60:338–44. doi: 10.1016/0003-4975(95)00446-R

6. Faulk EA, McCully JD, Hadlow NC, Tsukube T, Krukenkamp IB, Federman M, et al. Magnesium cardioplegia enhances mRNA levels and the maximal velocity of cytochrome oxidase I in the senescent myocardium during global ischemia. Circulation. (1995a) 92:405–12. doi: 10.1161/01.CIR.92.9.405

7. Tsukube T, McCully JD, Metz RM, Cook CU, Levitsky S. Amelioration of ischemic calcium overload correlates with high energy phosphates in the senescent myocardium. Am J Physiol. (1997) 273:H418–27. doi: 10.1152/ajpheart.1997.273.1.H418

8. Rousou AJ, Ericsson M, Federman M, Levitsky S, McCully JD. Opening of mitochondrial KATP enhances cardioprotection through the modulation of mitochondrial matrix volume, calcium accumulation and respiration. Am J Physiol Heart Circ Physiol. (2004) 287:H1967–76. doi: 10.1152/ajpheart.00338.2004

9. Lesnefsky E.J., Chen Q., Slabe T.J., Stoll M.S., Minkler P.E., Hassan M.O., Tander B, Hoppel C.L. (2004). Ischemia rather than reperfusion inhibits respiration through cytochrome oxidase in the isolated perfused rabbit heart: role of cardiolipin. Am J Phys Heart Circ Phys. 287, H258–67. doi: 10.1152/ajpheart.00348.2003

10. McCully JD, Rousou AJ, Parker RA, Levitsky S. Age and gender differences in mitochondrial oxygen consumption and free matrix calcium during ischemia/reperfusion and with cardioplegia and diazoxide. Ann Thorac Surg. (2007) 83:1102–9. doi: 10.1016/j.athoracsur.2006.10.059

11. Levitsky S, Laurikka J, Stewart RD, Campos CT, Lahey SJ, McCully JD. Mitochondrial DNA deletions in coronary artery bypass grafting patients. Eur Soc Surg Res Int Proc. (2003) 38:149–53. doi: 10.1016/s1010-7940(03)00501-3

12. Black KM, Barnett R, Bhasin MK, Daly C, Dillon ST, Libermann TA, et al. Microarray and proteomic analysis of cardioprotection in the mature and aged male and female. Physiol Genomics. (2012) 44:1027–41. doi: 10.1152/physiolgenomics.00011.2012

13. Masuzawa A, Black KM, Pacak CA, Ericsson M, Barnett RJ, Drumm C, et al. Transplantation of autologously-derived mitochondria protects the heart from ischemia-reperfusion injury. Am J Phys Heart Circ Physiol. (2013) 304:H966–82. doi: 10.1152/ajpheart.00883.2012

14. McCully JD, Cowan DB, Pacak CA, Levitsky S. Injection of isolated mitochondria during early reperfusion for cardioprotection. Am J Phys Heart Circ Physiol. (2009) 296:94–105. doi: 10.1152/ajpheart.00567.2008

15. Doulamis IP, Nomoto RS, Tzani A, Hong X, Duignan T, Celik A, et al. Transcriptomic and proteomic pathways of diabetic and non-diabetic mitochondrial transplantation. Nature Sci Rep. (2022) 12(1):22101. doi: 10.1038/s41598-022-25858-z

16. Hayashida K, Takegawa R, Shoaib M, Aoki T, Choudhary RC, Kuschner CE, et al. Mitochondrial transplantation therapy for ischemia reperfusion injury: a systematic review of animal and human studies. J Transl Med. (2021) 19(1):214. doi: 10.1186/s12967-021-02878-3

17. Clark MA, Shay JW. Mitochondrial transformation of mammalian cells. Nature. (1982) 295:605–7. doi: 10.1038/295605a0

18. Katrangi E, D’Souza G, Boddapati SV, Kulawiec M, Singh KK, Bigger B, et al. Xenogenic transfer of isolated murine mitochondria into human rho0 cells can improve respiratory function. Rejuvenation Res. (2007) 10:561–70. doi: 10.1089/rej.2007.0575

19. Kitani T, Kami D, Matoba S, Gojo S. Internalization of isolated functional mitochondria: involvement of macropinocytosis. J Cell Mol Med. (2014) 18:1694–703. doi: 10.1111/jcmm.12316

20. Pacak AP, Preble JM, Kondo H, Seibel P, Levitsky S, del Nido PJ, et al. Actin-dependent mitochondrial internalization in cardiomyocytes: evidence for rescue of mitochondrial function. Biol Open. (2015) 4:622–6. doi: 10.1242/bio.201511478

21. Kesner EE, Saada-Reich A, Lorberboum-Galski H. Characteristics of mitochondrial transformation into human cells. Nature Sci Rep. (2016) 6:26057. doi: 10.1038/srep26057

22. Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer of mitochondria from astrocytes to neurons after stroke. Nature. (2016) 535:551–5. doi: 10.1038/nature18928

23. Ali Pour P, Hosseinian S, Kheradvar A. Mitochondrial transplantation in cardiomyocytes: foundation, methods, and outcomes. Am J Physiol Cell Physiol. (2021) 321:C489–503. doi: 10.1152/ajpcell.00152.2021

24. Cowan DB, Yao R, Thedsanamoorthy JK, Zurakowski D, del Nido PJ, McCully JD. Transit and fusion of exogenous mitochondria in human heart cells. Nature Sci Rep. (2017) 7:17450. doi: 10.1038/s41598-017-17813-0

25. Rossi A, Asthana A, Riganti C, Sedrakyan S, Byers LN, Robertson J, et al. Mitochondria transplantation mitigates damage in an in vitro model of renal tubular injury and in an ex vivo model of DCD renal transplantation. Ann Surg. (2023) 278:e1313–26. doi: 10.1097/SLA.0000000000006005

26. Kaza AK, Wamala I, Friehs I, Kuebler JD, Rathod RH, Berra I, et al. Myocardial rescue with autologous mitochondrial transplantation in a porcine model of ischemia/reperfusion. J Thorac Cardiovasc Surg. (2016) 153:934–43. doi: 10.1016/j.jtcvs.2016.10.077

27. Cowan DB, Yao R, Akurathi V, Snay ER, Thedsanamoorthy JK, Zurakowski D, et al. Intracoronary delivery of mitochondria to the ischemic heart for cardioprotection. PLoS One. (2016) 11:e0160889. doi: 10.1371/journal.pone.0160889

28. Shin B, Saeed MY, Esch JJ, Guariento A, Blitzer D, Moskowitzova K, et al. Myocardial protection by intracoronary delivery of mitochondria: safety and efficacy in the ischemic myocardium. JACC: Basic Transl Res. (2019) 4:871–88. doi: 10.1016/j.jacbts.2019.08.007

29. Doulamis IP, Guariento A, Duignan T, Kido T, Orfany A, Saeed MY, et al. Mitochondrial transplantation by intra-arterial injection for acute kidney injury. Am J Physiol Renal Physiol. (2020) 319:F403–13. doi: 10.1152/ajprenal.00255.2020

30. Orfany A, Galán Arriola C, Doulamis IP, Guariento A, Ramirez-Barbieri G, Moskowitzova K, et al. Mitochondrial transplantation ameliorates acute limb ischemia. J Vascular Surg. (2020) 71:1014–26. doi: 10.1016/j.jvs.2019.03.079

31. Ramirez-Barbieri G, Moskowitzova K, Shin B, Blitzer D, Orfany A, Guariento A, et al. Alloreactivity and allorecognition of syngeneic and allogeneic mitochondrion. Mitochondrion. (2018) 46:103–15. doi: 10.1016/j.mito.2018.03.002

32. Christiansen G, Christiansen C. Heterology of mitochondrial DNA from mammals detected by electron microscopic heteroduplex analyses. Nucleic Acids Res. (1983) 11(1):37–56. doi: 10.1093/nar/11.1.37

33. Liu K, Ji K, Guo L, Wu W, Lu H, Shan P, 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. (2014) 92:10–8. doi: 10.1016/j.mvr.2014.01.008

34. Spees JL, Olson SD, Whitney MJ, Prockop DJ. Mitochondrial transfer between cells can rescue aerobic respiration. Proc Natl Acad Sci USA. (2006) 103(5):1283–8. doi: 10.1073/pnas.0510511103

35. Han H, Hu J, Yan Q, Zhu J, Zhu Z, Chen Y, et al. Bone marrow-derived mesenchymal stem cells rescue injured H9c2 cells via transferring intact mitochondria through tunneling nanotubes in an in vitro simulated ischemia/reperfusion model. Mol Med Rep. (2016) 13(2):1517–24. doi: 10.3892/mmr.2015.4726

36. Berridge MV, Tan AS. Effects of mitochondrial gene deletion on tumorigenicity of metastatic melanoma: reassessing the warburg effect. Rejuvenation Res. (2010) 13:139–41. doi: 10.1089/rej.2009.0948

37. Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B, Goodwin J, et al. Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA. Cell Metab. (2015) 21(1):81–94. doi: 10.1016/j.cmet.2014.12.003

38. Hayashida K, Takegawa R, Endo Y, Yin T, Choudhary RC, Aoki T, et al. Exogenous mitochondrial transplantation improves survival and neurological outcomes after resuscitation from cardiac arrest. BMC Med. (2023) 21(1):56. doi: 10.1186/s12916-023-02759-0

39. Cloer CM, Givens CS, Buie LK, Rochelle LK, Lin YT, Popa S, et al. Mitochondrial transplant after ischemia reperfusion promotes cellular salvage and improves lung function during ex-vivo lung perfusion. J Heart Lung Transplant. (2023) 42(5):575–84. doi: 10.1016/j.healun.2023.01.002

40. Chang JC, Wu SL, Liu KH, Chen YH, Chuang CS, Cheng FC, et al. Allogeneic/xenogeneic transplantation of peptide-labeled mitochondria in Parkinson’s disease: restoration of mitochondria functions and attenuation of 6-hydroxydopamine–induced neurotoxicity. Transl Res. (2016) 170:40–56. doi: 10.1016/j.trsl.2015.12.003

41. Gollihue JL, Patel SP, Eldahan KC, Cox DH, Donahue RR, Taylor BK, et al. Effects of mitochondrial transplantation on bioenergetics, cellular incorporation, and functional recovery after spinal cord injury. J Neurotrauma. (2018) 35:1800–18. doi: 10.1089/neu.2017.5605

42. Caicedo A, Fritz V, Brondello JM, Ayala M, Dennemont I, Abdellaoui N, et al. Mitoception as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function. Nature Sci Rep. (2015) 5:9073. doi: 10.1038/srep09073

43. Bensley RR, Hoerr N. Studies on cell structure by freeze-drying method; preparation and properties of mitochondria. Anat Rec. (1934) 60:449–55. doi: 10.1002/ar.1090600408

44. Claude A. Fractionation of mammalian liver cells by differential centrifugation II. Experimental procedures and results. J Exp Med. (1946) 84(1):61–89. doi: 10.1084/jem.84.1.61

45. Hogeboom H, Schneider WC, Palade GE. Cytochemical studies of mammalian tissues; isolation of intact mitochondria from rat liver; some biochemical properties of mitochondria and submicroscopic particulate material. J Biol Chem. (1948) 172(2):619–35. doi: 10.1016/S0021-9258(19)52749-1

46. Graham JM. Isolation of mitochondria from tissues and cells by differential centrifugation. Curr Protoc Cell Biol. (2001) 3:Unit 3.3. doi: 10.1002/0471143030.cb0303s04

47. Frezza C, Cipolat S, Scorrano L. Organelle isolation: functional mitochondria from mouse liver, muscle and cultured fibroblasts. Nat Protoc. (2007) 2(2):287–95. doi: 10.1038/nprot.2006.478

48. Wieckowski MR, Giorgi C, Lebiedzinska M, Duszynski J, Pinton P. Isolation of mitochondria-associated membranes and mitochondria from animal tissues and cells. Nat Protoc. (2009) 4(11):1582–90. doi: 10.1038/nprot.2009.151

49. Rajapakse N, Shimizu K, Payne M, Busija D. Isolation and characterization of intact mitochondria from neonatal rat brain. Brain Res Brain Res Protoc. (2001) 8:176–83. doi: 10.1016/s1385-299x(01)00108-8

50. Clayton DA, Shadel GS. Purification of mitochondria by sucrose step density gradient centrifugation. Cold Spring Harb Protoc. (2014) 2014(10):pdb.prot080028. doi: 10.1101/pdb.prot080028

51. Picard M, Taivassalo T, Ritchie D, Wright KJ, Thomas MM, Romestaing C, et al. Mitochondrial structure and function are disrupted by standard isolation methods. PLoS One. (2011) 6(3):e18317. doi: 10.1371/journal.pone.0018317

52. Fernández-Vizarra E, Ferrín G, Pérez-Martos A, Fernández-Silva P, Zeviani M, Enríquez JA. Isolation of mitochondria for biogenetical studies: an update. Mitochondrion. (2010) 10:253–62. doi: 10.1016/j.mito.2009.12.148

53. Preble JM, Kondo H, Levitsky S, McCully JD. Quality control parameters for mitochondria transplant in cardiac tissue. JSM biochem. Mol Biol. (2014a) 2(1):1008.

54. Preble JM, Pacak CA, Kondo H, McKay AA, Cowan DB, McCully JD. Rapid isolation and purification of mitochondria for transplantation. J Vis Exp. (2014) 91:e51682. doi: 10.3791/51682

55. Riva A, Tandler B, Loffredo F, Vazquez E, Hoppel C. Structural differences in two biochemically defined populations of cardiac mitochondria. Am J Physiol Heart Circ Physiol. (2005) 289:H868–72. doi: 10.1152/ajpheart.00866.2004

56. Chen Q, Moghaddas S, Hoppel CL, Lesnefsky EJ. Ischemic defects in the electron transport chain increase the production of reactive oxygen species from isolated rat heart mitochondria. Am J Physiol Cell Physiol. (2008) 294:C460–6. doi: 10.1152/ajpcell.00211.2007

57. Kurian GA, Berenshtein E, Kakhlon O, Chevion M. Energy status determines the distinct biochemical and physiological behavior of interfibrillar and sub-sarcolemmal mitochondria. Biochem Biophys Res Commun. (2012) 428:376–82. doi: 10.1016/j.bbrc.2012.10.062

58. Guariento A, Blitzer D, Shin B, Moskowitzova K, Ramirez-Barbieri G, Orfany A, et al. Pre-ischemic mitochondrial transplantation by intracoronary injection for prophylactic myocardial protection. J Thorac Cardiovasc Surg. (2020) 160:e15–29. doi: 10.1016/j.jtcvs.2019.06.111

59. Guariento A, Doulamis IP, Duignan T, Kido T, Regan WL, Saeed MY, et al. Mitochondrial transplantation for myocardial protection in ex-situ¿perfused hearts donated after circulatory death. J Heart Lung Transplant. (2020) S1053-2498(20):31625–9. doi: 10.1016/j.healun.2020.06.023

60. Alemany VS, Nomoto R, Saeed MY, Celik A, Regan WL, Matte GS, et al. Mitochondrial transplantation preserves myocardial function and viability in pediatric and neonatal pig hearts donated after circulatory death. J Thorac Cardiovasc Surg. (2023) 20(23):S0022–5223. 00434-8. doi: 10.1016/j.jtcvs.2023.05.010

61. Huang TH, Chung SY, Chua S, Chai HT, Sheu JJ, Chen YL, et al. Effect of early administration of lower dose versus high dose of fresh mitochondria on reducing monocrotaline-induced pulmonary artery hypertension in rat. Am J Transl Res. (2016) 8(12):5151–68.28077992

62. Liu X, Khouri-Farah N, Wu CH, Wu GY. Targeted delivery of mitochondria to the liver in rats. J Gastroenterol Hepatol. (2020) 35:2241–7. doi: 10.1111/jgh.15091

63. Kim MJ, Hwang JW, Yun CK, Lee Y, Choi YS. Delivery of exogenous mitochondria via centrifugation enhances cellular metabolic function. Nature Sci Rep. (2018) 8(1):3330. doi: 10.1038/s41598-018-21539-y

64. Wu TH, Sagullo E, Case D, Zheng X, Li Y, Hong JS, et al. Mitochondrial transfer by photothermal nanoblade restores metabolite profile in mammalian cells. Cell Metab. (2016) 23:921–9. doi: 10.1016/j.cmet.2016.04.007

65. Wu HC, Fan X, Hu CH, Chao YC, Liu CS, Chang JC, et al. Comparison of mitochondrial transplantation by using a stamp-type multi-needle injector and platelet-rich plasma therapy for hair aging in naturally aging mice. Biomed Pharmacother. (2020) 130:110520. doi: 10.1016/j.biopha.2020.110520

66. Macheiner T, Fengler VH, Agreiter M, Eisenberg T, Madeo F, Kolb D, et al. Magnetomitotransfer: an efficient way for direct mitochondria transfer into cultured human cells. Nature Sci Rep. (2016) 6:35571. doi: 10.1038/srep35571

67. Yang W, Abe S, Tabata Y. Association with cationized gelatin nanospheres enhances cell internalization of mitochondria efficiency. Regenerative Therapy. (2023) 24:190–200. doi: 10.1016/j.reth.2023.06.011

68. Yasuzaki Y, Yamada Y, Harashima H. Mitochondrial matrix delivery using MITO-porter, a liposome-based carrier that specifies fusion with mitochondrial membranes. Biochem Biophys Res Commun. (2010) 397(2):181–6. doi: 10.1016/j.bbrc.2010.05.070

69. Kawamura E, Hibino M, Harashima H, Yamada Y. Targeted mitochondrial delivery of antisense RNA-containing nanoparticles by a MITO-porter for safe and efficient mitochondrial gene silencing. Mitochondrion. (2019) 49:178–88. doi: 10.1016/j.mito.2019.08.004

70. Celik A, Orfany A, Dearling J, Del Nido PJ, McCully JD, Bakar-Ates F. Mitochondrial transplantation: effects on chemotherapy in prostate and ovarian cancer cells in vitro and in vivo. Biomed Pharmacother. (2023) 161:114524. doi: 10.1016/j.biopha.2023.114524

71. Shi X, Zhao M, Fu C, Fu A. Intravenous administration of mitochondria for treating experimental Parkinson’s disease. Mitochondrion. (2017) 34:91–100. doi: 10.1016/j.mito.2017.02.005

72. Al Amir Dache Z, Otandault A, Tanos R, Pastor B, Meddeb R, Sanchez C, et al. Blood contains circulating cell-free respiratory competent mitochondria. FASEB J. (2020) 34:3616–30. doi: 10.1096/fj.201901917RR

73. Stephens OR, Grant D, Frimel M, Wanner N, Yin M, Willard B, et al. Characterization and origins of cell-free mitochondria in healthy murine and human blood. Mitochondrion. (2020) 54:102–12. doi: 10.1016/j.mito.2020.08.002

74. Emani SM, Piekarski BL, Harrild D, del Nido PJ, McCully JD. Autologous mitochondria transplantation for ventricular dysfunction following myocardial ischemia-reperfusion injury. J Thorac Cardiovasc Surg. (2017) 154:286–9. doi: 10.1016/j.jtcvs.2017.02.018

75. Weixler V, Lapusca R, Grangl G, Guariento A, Saaed MY, Yao R, et al. Transplantation of autogenous mitochondria for treatment of right heart failure. J Thorac Cardiovasc Surg. (2021) 162:e111–21. doi: 10.1016/j.jtcvs.2020.08.011

76. Moskowitzova K, Orfany A, Liu K, Ramirez-Barbieri G, Thedsanamoorthy JK, Yao R, et al. Mitochondrial transplantation enhances murine lung viability and recovery after ischemia reperfusion injury. J Phys Lung Cell Mol Phys. (2020) 318:L78–88. doi: 10.1152/ajplung.00221.2019

77. Blitzer D, Guariento A, Doulamis IP, Shin B, Moskowitzova K, Ramirez Barbieri G, et al. Delayed transplantation of autologous mitochondria for cardioprotection in a porcine model. Ann Thorac Surg. (2020) 109:711–9. doi: 10.1016/j.athoracsur.2019.06.075

78. Potter RF, Groom AC. Capillary diameter and geometry in cardiac and skeletal muscle studies by means of corrosion casts. Microvasc Res. (1983) 25:68–84. doi: 10.1016/0026-2862(83)90044-4

79. Kassab GS, Rider CA, Tang NJ, Fung YC. Morphometry of pig coronary arterial trees. Am J Physiol. (1993) 265:H350–65. doi: 10.1152/ajpheart.1993.265.1.H350

80. Orrego MA, Levy S, Kelly C, Arroyo G, Toribio L, García HH, et al. Procedure for infusion of autologous mitochondria through the carotid artery in porcine brain. Rev Peru Med Exp Salud Publica. (2021) 38(2):345–51. doi: 10.17843/rpmesp.2021.382.7768

81. Alexander JF, Seua AV, Arroyo LD, Ray PR, Wangzhou A, Heiβ-Lückemann L, et al. Nasal administration of mitochondria reverses chemotherapy-induced cognitive deficits. Theranostics. (2021) 11(7):3109–30. doi: 10.7150/thno.53474

82. Alexander JF, Mahalingam R, Seua AV, Wu S, Arroyo LD, Hörbelt T, et al. Targeting the meningeal compartment to resolve chemobrain and neuropathy via nasal delivery of functionalized mitochondria. Adv Healthc Mater. (2022) 11(8):e2102153. doi: 10.1002/adhm.202102153

83. Chiu GS, Boukelmoune N, Chiang ACA, Peng B, Rao V, Kingsley C, et al. Nasal administration of mesenchymal stem cells restores cisplatin-induced cognitive impairment and brain damage in mice. Oncotarget. (2018) 9(85):35581–97. doi: 10.18632/oncotarget.26272

84. Galeano C, Qiu Z, Mishra A, Farnsworth SL, Hemmi JJ, Moreira A, et al. The route by which intranasally delivered stem cells enter the central nervous system. Cell Transplant. (2018) 27(3):501–14. doi: 10.1177/0963689718754561

85. Danielyan L, Schäfer R, von Ameln-Mayerhofer A, Buadze M, Geisler J, Klopfer T, et al. Intranasal delivery of cells to the brain. Eur J Cell Biol. (2009) 88(6):315–24. doi: 10.1016/j.ejcb.2009.02.001

86. Rabchevsky AG, Michael FM, Patel SP. Mitochondria focused neurotherapeutics for spinal cord injury. Exp Neurol. (2020) 330:113332. doi: 10.1016/j.expneurol.2020.113332

87. Moskowitzova K, Liu K, Shin B, Ramirez-Barbieri G, Guariento A, Blitzer D, et al. Mitochondrial transplantation prolongs cold ischemia time in murine heart transplantation. J Heart Lung Transplant. (2019) 38:92–9. doi: 10.1016/j.healun.2018.09.025

88. Zhu L, Zhang J, Zhou J, Lu Y, Huang S, Xiao R, et al. Mitochondrial transplantation attenuates hypoxic pulmonary hypertension. Oncotarget. (2016) 7(31):48925–40. doi: 10.18632/oncotarget.10596

89. Murphy MP, Hartley RC. Mitochondria as a therapeutic target for common pathologies. Nat Rev Drug Discov. (2018) 17(12):865–86. doi: 10.1038/nrd.2018.174

90. Shoffner JM, Lott MT, Lezza AM, Seibel P, Ballinger SW, Wallace DC. Myoclonic epilepsy and ragged-red fiber disease (MERRF) is associated with a mitochondrial DNA tRNALys mutation. Cell. (1990) 61(6):931–7. doi: 10.1016/0092-8674(90)90059-N

91. Chomyn A, Martinuzzi A, Yoneda M, Daga A, Hurko O, Johns D, et al. MELAS mutation in mtDNA binding site for transcription termination factor causes defects in protein synthesis and in respiration but no change in levels of upstream and downstream mature transcripts. Proc Natl Acad Sci USA. (1992) 89(10):4221–5. doi: 10.1073/pnas.89.10.4221

92. Emani SM, McCully JD. Mitochondrial transplantation: applications for pediatric patients with congenital heart disease. Transl Pediatr. (2018) 7:169–75. doi: 10.21037/tp.2018.02.02

93. Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen AKZ, Schwanekamp JA, et al. An acute immune response underlies the benefit of cardiac stem cell therapy. Nature. (2020) 577(7790):405–9. doi: 10.1038/s41586-019-1802-2

94. Guariento A, Piekarski BL, Doulamis IP, Blitzer D, Ferraro AM, Harrild DM, et al. Autologous mitochondrial transplantation for cardiogenic shock in pediatric patients following ischemia-reperfusion injury. J Thorac Cardiovasc Surg. (2021) 162(3):992–1001. doi: 10.1016/j.jtcvs.2020.10.151

95. McCully JD, Levitsky S. Mitochondrial ATP-sensitive potassium channels in surgical cardioprotection. Arch Biochem Biophys. (2003) 420:237–45. doi: 10.1016/j.abb.2003.06.003

96. McCully JD, Bhasin MK, Daly C, Guerrero MC, Dillon S, Liberman TA, et al. Transcriptomic and proteomic analysis of global ischemia and cardioprotection in the rabbit heart. Physiol Genomics. (2009) 38(2):125–37. doi: 10.1152/physiolgenomics.00033.2009



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mitochondrial transplantation: the advance to therapeutic application and molecular modulation

		1. Introduction



		2. Mitochondrial uptake and functional integration



		2.1. Stability of functional integration



		2.2. Mechanism of uptake











		3. Mitochondrial transplantation



		3.1. Tissue source



		3.2. Mitochondrial isolation



		3.3. Mitochondrial buffer for delivery



		3.4. Stability after isolation



		3.5. Delivery methods



		3.5.1. Co-incubation











		3.6. Stability in Serum and blood



		3.7. Direct injection



		3.8. Intra-arterial delivery



		3.9. Aerosol delivery



		3.10. Nasal delivery



		3.11. Delivery to the spinal cord











		4. Uptake occurs in healthy cells and in ischemic cells



		5. Dosage



		6. Safety of mitochondrial transplantation



		7. Biodistribution



		8. Mechanisms of mitochondrial transplantation



		8.1. Reactive oxygen Species



		8.2. Inflammation



		8.3. Adenosine receptors and KATP channels



		8.4. Chemokines, cytokines



		8.5. ATP



		8.6. Transcriptomic, proteomic and metabolomic responses to mitochondrial transplantation











		9. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Mitochondrial transplantation: the
advance to therapeutic application
and molecular modulation









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1268814-g001.jpg
D e e s i)

.
A ) o =
Y -
) ’ F -
Sternocleidomastoid ] =
- e
i s | =
Pectoralis Major | B G v
£ 2 -]
o -
w0 0z o4 o6 os 10 12 I y
Rectus Abdominis G«
H
g - N—
Vastus Medialis H
iy
3 o

S S





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-10-1268814-g002.jpg
NS

-

150

2
=3 2

updjoxd [eripuoydoyun Sur/muy/ZQ AU
uonpdumsuo)) wISAXQ [ELIPUOYIONIA

=
Q
=

90

60

30

Time (min.)





OPS/images/fcvm-10-1268814-g003.jpg
v

™

v

Patency
* Heart Rate v Intracellular and
*  MAP Total Tissue ATP
+ Vasoconstrcton (AD! i
ictes A0 genuptake
+  Tachycardia (Epinephrine) vida

+ Cellular respiration

No Arrhythmogenicity
.+ ECG
' Enbanced Function

v Systolic Shortening
' jection Fraction

QRS dura
corrected Q’l‘ interval

NoInflammatory Response
sCRP

s ' Decreased Necrosis
. \K'les.!wt:xln o :x:::.dﬂ:w o)
* T'\'Ea,m

No Auto-Immune Response

Nolumune Response
ct or Indirect

T NodateorChrsic Aloresciviy
* NoAllorecogaition’rei

NoDAMPs Response
* NoCirculating Free mtDNA
* NoCellular Damage

¥ Enhanced Tissue Viability

regulation of Transcriptomic Pathways
(Fold Change> 1.5; P <0.05)

to
+ Muscle Development
+ Muscle Contraction

¥ Downregulation of Transcriptomic Pathw
(Fold Change> 1.5; P <0.05)

+ Apoptosis
 Dnflammation
¥ DNA Damage

¥ Upregulation of Proteomic Pathways
(Fold Change> 1.5; P <0.05)
¥ Energy produc
¥ Mrochoniion fancion
¥ Cellular respiraion

v Upregulation of Metabolomic Pathways
(Fold Change> 1.5; P <0.05)

¥ Mitochondrion function
+ Muscle Function

¥ Up-Regulation of Cardioprotective Cytokines

+ Augiogenesis
+ Anterioge

+ Inmunomodulation
 Progenitor cell migration
 Prevention of apoptosis

+ Enbanced cell salvage





OPS/images/fcvm-10-1268814-g004.jpg
A=)

]





