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Abstract 

Mitochondrial transplantation and transfer are being explored as therapeutic options in acute and chronic diseases 
to restore cellular function in injured tissues. To limit potential immune responses and rejection of donor mito-
chondria, current clinical applications have focused on delivery of autologous mitochondria. We recently convened 
a Mitochondrial Transplant Convergent Working Group (CWG), to explore three key issues that limit clinical translation: 
(1) storage of mitochondria, (2) biomaterials to enhance mitochondrial uptake, and (3) dynamic models to mimic 
the complex recipient tissue environment. In this review, we present a summary of CWG conclusions related to these 
three issues and provide an overview of pre-clinical studies aimed at building a more robust toolkit for translational 
trials.
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Background
Mitochondria are compartments within cells that regu-
late and mediate key biochemical pathways essential for 
many aspects of cellular function and biology. Addition-
ally, mitochondrial dysfunction is known to contribute 

to a variety of diseases, ranging from primary mitochon-
drial disorders and chronic pathologies such as diabetes, 
heart failure, and Alzheimer’s disease, to acute condi-
tions associated with ischemia–reperfusion injury (IRI), 
such as acute coronary syndrome, stroke, and pulmo-
nary embolism [1]. All of these can benefit from cellu-
lar therapies as new and novel ways of treating disease. 
The mitochondrial innovation initiative (MITO2i) and 
Medicine by Design (MbD), two strategic initiatives of 
the University of Toronto, have brought together a world-
renowned group of scientists and clinicians to create the 
Mitochondrial Transplant Convergent Working Group 
(CWG). This group came together with members of the 
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University of Toronto and affiliated research hospitals, 
as well as external collaborators and partners, to discuss 
feasibility and techniques that can advance mitochon-
drial transplantation for successful applications in acute 
and chronic disease and regenerative medicine. In this 
first manuscript in a series of papers, we will focus on 
an overview of mitochondrial transplantation, explore 
biomaterials to enhance storage and delivery of mito-
chondria for mitochondrial transplantation for acute dis-
eases, and propose approaches to bridge the gap between 
in  vitro and in  vivo models to help advance the clinical 
translation of mitochondrial transplant.

To accomplish these goals, we propose to further 
existing collaborations and to develop plan-to-action to 
accelerate the implementation of clinical mitochondrial 
transplant as a therapy of tissue regeneration for disease 
treatment. Mitochondrial transplantation is defined as 
the addition of live and healthy mitochondria retrieved 
from unaffected tissue or cellular models, like induced 
pluripotent stem cells (iPSCs), into target organs or tis-
sues subjected to or prone to injury. Members of the 
CWG have expertise in mitochondrial function and sta-
bility, iPSC development, biomaterials for cell delivery, 
and clinical applications in regenerative medicine.  The 
team includes researchers, clinicians, foundations, 
patients, patients’ families and caregivers, and industry 
partners—which together have a common objective of 
advancing mitochondrial related therapies to treat and 
cure disease.

Overview of mitochondrial isolation, transplant, 
and biomaterials
Mitochondria are ubiquitous across cell types and serve 
an important role in the regulation and maintenance of 
homeostasis. Mitochondria differ from other organelles 
as they contain their own mitochondrial DNA (mtDNA) 
that encodes 37 genes, specifically 22 tRNAs, 2 rRNAs, 
and 13 protein subunits of the electron transport chain 
(ETC) [2]. The remaining mitochondrial proteins are 
encoded in the nuclear DNA (nDNA) and imported into 
the mitochondria through recognition of a mitochondrial 
targeting sequence [3]. This unique crosstalk of mtDNA 
and nDNA is further complicated by different mitochon-
drial haplogroups, which play a crucial role to ensure 
compatibility between the two genomes [4]. This is espe-
cially important in the development of heterologous 
mitochondrial transplantation and transfer.

Mitochondrial transplant and transfer are being 
explored clinically as a novel therapeutic approach in 
both acute and chronic diseases. Autologous mitochon-
drial transplant is being evaluated in acute diseases. It 
has been widely studied in animal models of ischemia–
reperfusion injury, but also in children with congenital 

heart failure [5] and adult patients with cerebral ischemia 
(NCT04998357, currently recruiting patients) [6], as 
reviewed in D’Amato et  al. [1]. In both studies, healthy 
mitochondria are isolated from non-ischemic skeletal 
muscle at the surgical access site and delivered either 
via direct injection or through intravascular infusion to 
the target site. Emani et al. [5] delivered 10 injections of 
1 × 107 mitochondria into the affected myocardium of 
pediatric patients with acute cardiogenic shock requiring 
extracorporeal membrane oxygenation (ECMO) support 
following cardiac surgery. Following mitochondrial trans-
plant, four of five patients were successfully removed 
from ECMO with the fifth patient unable to be decan-
nulated [5]. Of the four patients removed from ECMO 
support, one patient died later at 4  months old due to 
respiratory failure [5]. However, the exact therapeu-
tic mechanism is not currently known and is a current 
limitation in the clinical advancement of mitochondrial 
transplant. Studies by Kesner et  al. [7] and Pacak et  al. 
[8] indicate that mitochondria are engulfed by endocyto-
sis or macropinocytosis depending on the recipient cell 
type. Additionally, once the mitochondria are engulfed it 
is unknown how the mitochondria escape the endosomes 
to integrate into the host mitochondrial network. Cloer 
et al. [9] proposed that mitochondrial transplant upregu-
lates autophagy, which reduces pro-inflammatory sig-
nalling and reactive oxygen species as well as providing 
additional metabolites for energy production. Notably, 
this is similar to the endogenous response of stressed or 
injured cells to release damaged mitochondria for deg-
radation by surrounding cells, known as transmitophagy 
[10], to initiate mitochondrial biogenesis, immune and 
tissue repair responses by macrophages, and transfer of 
healthy mitochondria to restore cellular homeostasis [11, 
12].

Mitochondrial transfer-based therapies are also being 
developed by Minovia Therapeutics Ltd. and IMEL Bio-
therapeutics Inc. for treatment of chronic diseases, such 
as primary mitochondrial disease [13, 14]. These meth-
ods differ from mitochondrial transplant as they rely on 
the ex vivo uptake of isolated mitochondria followed by 
intercellular transfer of healthy donor mitochondria into 
the target tissue. Briefly, hematopoietic stem and progen-
itor cells (HSPC) are isolated from patients and enriched 
with isolated healthy donor mitochondria [13, 14]. The 
enriched HSPC are then reinfused into the patient, after 
which donor mitochondria are transferred from the 
enriched HSPC to the target tissue through tunnelling 
nanotubules and extracellular vesicles to restore mito-
chondrial function [13, 14]. However, in acute diseases, 
such as those associated with IRI, where treatment must 
be delivered rapidly, this technique may not be applicable 
due to the time to isolate, enrich, and reinfuse autologous 
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HSPCs, as well as to allow initiation of intercellular trans-
fer of mitochondria to the target tissue. The direct trans-
plantation of autologous mitochondria, however, ensures 
treatment can be delivered both effectively and rapidly 
to the target organ. Although it is important to note that 
there are several endogenous pathways to restore mito-
chondrial function and health following injury by inter-
cellular transfer of mitochondria from mesenchymal 
stromal cells (MSC) [15, 16]. Mitochondrial transfer has 
also been suggested as a central mediator of the thera-
peutic efficacy of MSC-based therapies, as reviewed in 
Mukkala et al. [16].

Whether using mitochondrial transfer or transplant 
techniques, it is essential to first isolate pure and func-
tional mitochondria from either tissue or cellular sources. 
There are several methods to isolate mitochondria, spe-
cifically ultracentrifugation, differential centrifugation, 
differential filtration, and kit-based methods. Ultracen-
trifugation and differential centrifugation both rely on 
multiple centrifugation steps to remove cellular debris 
and purify mitochondria usually through low- and high-
speed spins [17]. Ultracentrifugation-based isolation 
methods can also be paired with a density-gradient to 
further separate non-synaptic and synaptic mitochondria 
from brain homogenates [17]. However, functional assays 
of the isolated mitochondria are hindered due to the long 
isolation times of both methods. Preble et al. [18] devel-
oped a differential filtration method which removes the 
need for multiple centrifugation steps, reducing the isola-
tion time to approximately 30 min. Briefly, cell homogen-
ate is filtered through 40, 10, and 5 μm filters to gradually 
remove cellular debris and organelles, followed by a final 

high-speed centrifugation to concentrate the isolated 
mitochondria [18]. Magnetic bead-based isolation meth-
ods have been commercialized by Miltenyi Biotec; how-
ever, these are only applicable in the laboratory setting 
(Catalogue No: 130-094-532, Miltenyi Biotec). Current 
clinical studies in mitochondrial transplant for pediatric 
post-cardiotomy cardiogenic shock and cerebral ischemia 
use differential filtration to isolate pure and functional 
mitochondria prior to transplantation [5, 6].

Biomaterials to enhance donor mitochondrial uptake 
and integration
Biomaterials such as polymers and lipids have recently 
been investigated to facilitate the delivery of isolated 
mitochondria to tissues of interest (Table 1). These mate-
rials are commonly used to improve the bioavailability 
of various payloads, including small molecule drugs and 
proteins, in different configurations such as nanoparti-
cles [19] and hydrogels [20], and have been tested rigor-
ously for biocompatibility and efficacy in animal models. 
Numerous formulations are currently moving towards 
human clinical trials [21] and many of the materials men-
tioned in this section have FDA approval for at least one 
application, including: Pluronic F-127 [22], hyaluronic 
acid [23], poly(ethylene glycol) [24], chitosan [25] and 
methylcellulose [26].

In the context of mitochondrial transplantation, bio-
materials have been shown to improve the stability of 
mitochondria in solution and to improve cellular inter-
nalization to ameliorate therapeutic outcomes. Hydro-
philic cationic polymers and/or lipophilic moieties are 
normally used to maximize interactions with both the 

Table 1  Potential biomaterials to enhance cellular uptake of isolated mitochondria

Biomaterial Abbreviation Mitochondrial coating Purpose

Hyaluronic acid HA Patel et al. [33] Mimicking extracellular matrix

Methylcellulose MC Patel et al. [33] Thermogelling

Pluronic F127 PF127 Huang et al. [32] Protect and enhance mitochondrial uptake

Poly(N-isopropylacrylamide) PNIPAAm Temperature response

Poly(pyrrole) Electrical conductivity

Alginate Ion response

Poly(ethylene glycol) PEG Chen et al. [36] Hydrophilicity

Poly(vinylpyrrolidone) PVP Hydrophilicity

Cyclodextrin-based polymer β-CD Injectable and self-healing properties

Poly(vinyl alcohol) PVA Hydrophilicity

Poly(acrylic acid) PAA Chen et al. [34] Water retention, pH sensitivity

Poly(2-hydroxyethyl methacrylate) PHEMA Inhibit cell adhesion

Dioleoyl-3-trimethylammonium propane DOTAP Nakano et al. [35] Artificial membrane

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine DOPE Nakano et al. [35] Artificial membrane

Triphenylphosphonium-conjugated dextran Dextran-TPP Wu et al. [28], Liu et al. [29], 
Alexander et al. [30]

Enhance mitochondrial uptake
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negatively charged mitochondrial surface and mem-
branes of the target cells [27]. Triphenylphosphonium-
conjugated Dextran (Dextran-TPP) has emerged as a 
common coating material for mitochondria [28–30]. 
Dextran is a polysaccharide that has been shown to 
improve uptake of nanomaterials in vivo and TPP is a cat-
ionic, lipophilic ligand that readily associates with mito-
chondrial membranes and can be easily conjugated to the 
Dextran backbone [28, 31]. Dextran-TPP improves the 
cellular uptake of coated mitochondria post-transplant, 
likely due in part to the change in surface properties 
(-44 mV surface charge for bare mitochondria compared 
to just -4  mV for Dextran-TPP-coated mitochondria) 
[28]. This improved cellular uptake and transplantation 
efficiency also enables similar outcomes to be achieved 
with much lower dosages: for example, nasally adminis-
tered Dextran-TPP mitochondria reversed chemotherapy 
(cisplatin)-induced cognitive defects and resolved neu-
ropathic pain at a dose 55-times lower compared to bare 
mitochondria [30]. Literature also suggests that the Dex-
tran-TPP coating induces a state of metabolic dormancy 
in the mitochondria (based on a reduced respiratory con-
trol ratio and reduced LEAK state), likely by restricting 
entry of substrate into the mitochondria [28]. Since met-
abolic activity is fully recovered following transplanta-
tion of the coated mitochondria, the dormant effect may 
potentially be used to preserve the isolated mitochondria 
for longer periods of time. It is currently unclear whether 
this metabolic dormancy has been observed in other 
coating systems and to what extent it influences the pres-
ervation and long-term viability of isolated mitochon-
dria. Future work on polymer-mitochondria systems may 
look to consider this effect in more detail.

Different polymers have also been investigated for 
mitochondrial delivery. Pluronic F127, an amphi-
philic block copolymer of poly(ethylene oxide)98-
poly(propylene oxide)67-poly(ethylene oxide)98 
(PEO98-PPO67-PEO98), was used to coat mitochondria 
for treatment of myocardial IRI [32]. The coating was 
shown to improve membrane integrity in a high-Ca2+ 
simulated transplant environment and improve cellu-
lar uptake. Similarly, a combination of hyaluronic acid 
(HA) and methylcellulose (MC) was used to produce a 
thermogelling hydrogel to deliver mitochondria for spi-
nal cord injury treatment [33]. It should be noted, how-
ever, that this latter system is composed of a hydrogel 
containing mitochondria rather than a coating for indi-
vidual mitochondria, although there is still an improve-
ment in viability (oxygen consumption rate (OCR) over 
time) and uptake, with the added potential benefit of 
prolonged mitochondrial release compared to injection. 
More complex approaches include a layer-by-layer strat-
egy which leveraged the opposing charges of chitosan 

(positive) and poly(acrylic acid) and the mitochondrial 
membrane (negative) to produce a tunable multilay-
ered coating to combat multidrug resistance in cancer 
treatment [34]. In addition to overcoming issues with 
electrostatic repulsion, the layer-by-layer method also 
embedded siRNA for P-glycoprotein to overcome drug 
resistance through knockdown of drug transporters [34]. 
The intracellular ion-rich environments trigger dissocia-
tion of the electrostatic layers, thus releasing siRNA and 
intact mitochondria at the site of action for synergistic 
treatment. In addition to polymer systems, lipid bilayers 
consisting of cationic dioleoyl-3-trimethylammonium 
propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) were formed around isolated 
mitochondria using an inverse emulsion method to pro-
duce “artificial membranes” [35]. These lipid bilayer coat-
ings improved neuroprotection in cultured neurons and 
amplified cerebroprotection in-vivo after focal cerebral 
IRI in mice compared to uncoated mitochondria [35].

In addition to supporting mitochondrial transplan-
tation, biomaterial coatings can also confer additional 
capabilities to the mitochondria. Janus-like coatings were 
produced via immobilization of mitochondria on a glass 
slide with one side containing a deposition of alternat-
ing layers of chitosan and PAA with a covalently grafted 
poly(ethylene glycol) (PEG) brush, and the other side con-
taining glucose oxidase (GOx) [36]. The one-sided GOx 
enables the mitochondria to follow the glucose gradient 
within a tumour via chemotaxis and penetrate much 
deeper compared to either uncoated or fully GOx-coated 
mitochondria. This strategy resulted in significantly more 
accumulation in cultured mammospheres and longer 
retention time in vivo compared to controls. Mitochon-
dria can also be functionalized with lipid-modified pho-
tosensitizers to combine mitochondrial transplantation 
with photodynamic therapy for cancer treatment [37, 38]. 
The potential of biomaterials to accelerate the utility of 
mitochondrial transplantation is significant: from syn-
ergistic combinations with excipient drugs to stimulus-
responsive release and activation strategies.

A limitation with current mitochondrial transplant 
methods is the short lifespan of isolated mitochondria, 
which significantly lose respiratory function after approx-
imately 2 h [9, 39]. It is essential to use viable and func-
tional mitochondria during transplantation, as non-viable 
or damaged mitochondria may release damage associated 
molecular patterns (DAMPs) leading to immune activa-
tion [40]. Furthermore, non-viable mitochondria were 
found to have no cardiac protection in rabbits following 
30 min of regional ischemia [41]. Therefore, with current 
approaches, this means that mitochondrial isolations 
must ideally be performed at the bedside prior to trans-
plantation to minimize decreases in function/viability 
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of isolated mitochondria, thereby optimizing function. 
Yamaguchi et  al. [42] developed a method to store iso-
lated mitochondria in a modified buffer containing tre-
halose as a cryoprotectant. Mitochondria stored in this 
solution retained mitochondrial outer membrane integ-
rity, response to Bcl-2 family proteins, calcium-induced 
swelling, ATP synthesis, transmembrane potential (MP), 
and transmembrane mitochondrial transport similarly to 
freshly-isolated mitochondria in isolated mitochondria 
from mouse liver [42]. Bioenergetic function, when ana-
lyzed in terms of both phosphorylating state [3] and max-
imally uncoupled respiration, however, was shown to be 
decreased as compared to freshly isolated mitochondria, 
whereas activity of cytochrome C oxidase was intact. The 
authors’ conclusion was that the solution was capable of 
partially preserving mitochondrial function, to the extent 
of retaining MP and MP-dependent functions, including 
ATP synthesis, protein import and calcium accumulation 
leading to opening of the mitochondrial permeability 
transition pore (mPTP).

By the analysis of Cloer et  al. [9], trehalose-frozen 
mitochondria obtained by a manual homogenization, 
centrifugation-based isolation method retained equiva-
lent ultrastructural morphology, size, complexity, mem-
brane potential, permeability, and basal and maximal 
respiration to freshly isolated mitochondria. Acute anti-
oxidant functionality was maintained in frozen compared 
to freshly isolated mitochondria but an in vivo compari-
son between the storage conditions was not reported. 
Following a similar protocol, Cloer et  al. [9] observed 
no changes in functional or morphological assessments 
in isolated mitochondria stored at – 80  °C for up to 
12  months. The ability to isolate and store mitochon-
dria at – 80  °C would allow users to perform complete 
quality control assessments on isolated mitochondria 
prior to transplantation in injury models and predictable 
ischemic events. This would ensure mitochondrial trans-
plants are performed with high purity and functionally 
viable mitochondria to reduce the risk of adverse effects 
and improve patient safety. Frozen mitochondria retained 
functional benefits post-mitochondrial transplant in por-
cine lungs [9].

Functional and safety checkpoints of mitochondrial 
isolation and transplant
After isolating and transplanting mitochondria, purity 
and function in the recipient tissue/cell can be evalu-
ated using mtDNA content, western blot, ATP produc-
tion, and OCR. mtDNA content is measured by qPCR 
using mtDNA and nDNA specific primers, allow-
ing researchers to determine the number of copies of 
mtDNA per nDNA [43, 44]. In whole cells or tissue, this 
provides insight into mitochondrial biogenesis, which is 

an important part of the mitochondrial stress response 
pathway, along with mitochondrial fission, fusion, and 
mitophagy to maintain mtDNA integrity [45, 46]. Fol-
lowing ischemic injury, these pathways will be activated 
to remove damaged mitochondria and induce mitochon-
drial biogenesis to restore and maintain mitochondrial 
function [46]. Alternatively, in isolated mitochondria, 
mtDNA content allows researchers to assess mitochon-
drial isolation purity as minimal nDNA should be ampli-
fied. Mitochondrial purity can also be assessed using 
western blot and flow cytometry for common organelle 
contaminants, such as endoplasmic reticulum, per-
oxisome, and lysosome [47, 48]. It is essential to ensure 
maximal mitochondrial isolation purity as any nDNA 
or other organelle contamination can lead to adverse 
immune activation during mitochondrial transplanta-
tion [47]. Kit-based ATP production assays and OCR 
are useful tools for evaluating mitochondrial function 
post-isolation and treatment efficacy post-mitochondrial 
transplant [47].

It is necessary to assess the safety profile of the mito-
chondrial transplant by measuring immune response, 
cellular viability, and mitochondrial function. Damaged 
mitochondria release mtDNA and cytochrome c, which 
are recognized as DAMPs, activate the NLRP3-inflam-
masome and apoptosis [40]. Common assays such as 
MTT, picogreen, DCFH-DA, and Griess assay are easily 
performed to assess cellular viability, double strand DNA 
(dsDNA) release, and reactive oxygen/nitrogen species 
(ROS, RNS) formation, respectively [49]. Furthermore, 
IL-1β and caspase-1 can also be assessed at the same time 
to evaluate the activation of the NLRP3-inflammasome 
signaling cascade [40]. This workflow is ideal as the mito-
chondrial transplant can be performed in a well-plate 
format for MTT assay and the cell media can be collected 
to perform all other assays, allowing the results to be nor-
malized to cellular viability [49].

The ideal mitochondria dosage and metabolic profile 
must also be carefully considered in ongoing in  vitro 
and in  vivo studies. Zhang et  al. [50] demonstrated 
that cellular engulfment of exogenous mitochondria is 
unchanged with increasing mitochondrial concentra-
tions. Similarly, Shin et  al. [51] found that delivery of 
mitochondria above 2 × 106 mitochondria/gram of wet 
tissue resulted in no greater therapeutic efficacy or 
cardioprotective effect in porcine models of myocar-
dial ischemia–reperfusion injury. Furthermore, Zhang 
et  al. [50] also identified the importance of metaboli-
cally matching donor mitochondria to the recipient tis-
sue to ensure maximal therapeutic efficacy. Specifically, 
mitochondrial transplant of metabolically matched 
mitochondria into neonatal mouse cardiomyocytes was 
necessary to restore maximal OCR and contractility 
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following doxorubicin-induced myocardial dysfunc-
tion. Therefore, in future studies it is important to con-
sider both the mitochondrial concentration to ensure 
the recipient tissue is not overwhelmed with donor 
mitochondria leading to adverse effects and the meta-
bolic matching of donor and recipient mitochondria for 
maximal therapeutic efficacy.

Depending on the method of administration, the coat-
ing and delivery of transplanted mitochondria may be 
complicated by the presence of endogenous proteins and 
other components in the body. Many of the materials 
used to coat mitochondria are common in nanomedicine 
formulations and their interactions with proteins in com-
plex biological media are the subject of significant inter-
est [52–54]. The layers of proteins formed on the surface 
of a nanomaterial are referred to as the “protein corona” 
and may be influenced by both the biological medium 
and the outer coating material [55, 56]. In addition to 
changing the outer surface of the (coated) mitochondria, 
protein adsorption may interfere with cellular uptake and 
potentially trigger immune responses [57]. Further devel-
opment of biomaterial-coated mitochondria also requires 
consideration of their interactions with other compo-
nents in complex biological media and how these interac-
tions may influence any therapeutic outcomes.

Compatibilities between the donor and recipient are 
important considerations to avoid immune complica-
tions or reactivities. mtDNA-nDNA crosstalk and energy 
metabolism compatibilities through mitochondrial hap-
logroups are important to be considered, especially in 
mitochondrial transplantation, as several studies reveal 
the importance of mitochondrial function in reducing 
post-graft dysfunction and improving transplant suc-
cess [58, 59]. mtDNA haplogroup influences energy 
metabolism, production of ROS, and OCR [60, 61]. 
These differences in haplogroups suggest the impor-
tance of genetic compatibility to improve the adaptation 
of the transplanted mitochondria to their new environ-
ment. A study on conplastic mice demonstrates that 
mismatch of mtDNA variants is enough to promote dif-
ferences in mitochondrial function and cellular adaptive 
responses [4]. This is due to the adaptive response led 
by a complex network of mitochondrial stress pathways 
that impact mitochondrial proteostasis, mtUPR, and 
ROS signaling, affecting the organism’s metabolic perfor-
mance [4]. For example, haplogroup H has an increased 
risk for chronic renal allograft dysfunction while haplo-
groups V and J have lower risks. This was explained by 
the increased activity in the ETC in haplogroup H, result-
ing in increased ROS production [62]. Therefore, current 
data emphasizes the importance of considering haplo-
groups when performing heterologous mitochondrial 
transplantation.

Uses of mitochondrial transplant in acute illness
Ischemia–reperfusion injury
Ischemia–reperfusion injury (IRI) is defined as the series 
of pathophysiological alterations that paradoxically 
occur in tissues upon reperfusion following the depri-
vation of blood supply, and is characterized by a rapid 
burst of ROS, which surpasses the tissue’s antioxidant 
capacity [63]. This leads to marked increase in cytokine, 
chemokine, and cell adhesion molecules’ release, and 
finally to the late recruitment of neutrophils, which fur-
ther accentuates tissue damage [64]. Hayashida et al. [65], 
in a systematic review published in 2021, examined the 
evidence from human and animal studies in support of 
the safety and efficacy of mitochondrial transplanta-
tion for the treatment of IRI in different organ systems. 
Importantly, studies in ex-vivo models, however, were 
excluded from the analysis. Since then, important contri-
butions to the field of mitochondriology have been made 
in ex-vivo perfusion platforms, particularly in models of 
heart and lung transplantation. In effect, the evaluation 
of mitochondrial transplant ex-vivo provides unique 
possibilities for both research and future clinical transla-
tion, both for safety and efficacy studies. By isolating the 
effect of mitochondrial transplant to a single organ (with 
no systemic escape), ex-vivo systems reduce or eliminate 
exposure to scavenging systems (such as the reticuloen-
dothelial). Additionally, they allow the study of the inter-
action of mitochondria with different perfusion solutions 
in varying temperatures.

Although acute events of ischemia and their subse-
quent reperfusion injury can all be referred to as IRI, sev-
eral distinguishing features should be taken into account 
when establishing mitochondrial transplant strategies: 
(1) the length of the ischemic insult (short vs extended 
ischemic times), (2) the type of ischemic insult (cold 
ischemia vs warm ischemia), and (3) the predictability 
of the ischemic insult (with heart transplantation as an 
example of a somewhat predictable insult, vs acute coro-
nary occlusions as an example of unpredictable event). 
Predictable ischemic events provide the window for 
pre-ischemic organ conditioning, as well as allow time 
for autologous mitochondrial isolation for transplan-
tation with less significant time constraints. These are 
important concerns because they affect the time points 
in which mitochondrial transplant could be potentially 
applied, the mechanism of injury of the affected organ, 
and the mechanism of protection that could potentially 
be obtained by mitochondrial transplant.

Different pathophysiological processes are encom-
passed by the broad terminology of “IRI” in other organs 
and are similarly dependent on the duration and type 
of ischemic insult. Fischer et  al. demonstrated that cell 
death in lung tissue is dependent on the duration of cold 
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ischemic time (CIT). Apoptosis occurs more frequent 
than necrosis in short periods of CIT (< 12  h), while 
necrosis occurs more in extended CITs (of up to 24  h) 
[66]. Furthermore, Iskender et al. [67] provided evidence 
in a rat model that lungs exposed to an extended CIT of 
18 h compared to a warm ischemia time (WIT) of 3 h are 
injured very differently, despite presenting similar func-
tional outcomes in terms of lung physiology and oxygen-
ation. Warm ischemia resulted in higher plasmatic M65 
levels (a marker of apoptotic and necrotic cell death), as 
well as higher levels of pro-inflammatory cytokines and 
chemokines in plasma, than both standard (12  h) and 
extended (18 h) CIT groups. Interestingly, similar injury 
markers were higher in the extended CIT group than in 
the WIT group when analyzed in tissue samples, suggest-
ing divergent local and systemic responses. Finally, tissue 
ATP levels were the lowest in WIT lungs at the end of 
the ischemic period, but all groups (WIT, standard CIT, 
and extended CIT) demonstrated a reduction in ATP lev-
els upon 2 h of reperfusion as compared to post-ischemic 
(and pre-reperfusion) measures. This indicates that 
even with the recovery of blood supply, local energetic 
demands to cope with the burst of ROS are higher than 
the parenchymal capacity. Therefore, the central impor-
tance of mitochondrial metabolism in lung IRI cannot be 
overemphasized.

Organ transplant
Models of organ transplantation provide a relevant 
example of the importance of these concepts. In organ 
transplantation, CIT is defined as the period through 
which harvested tissues are subjected to deprivation of 
blood supply while maintained passively or actively at 
low temperatures. By keeping tissues cooled down, the 
expectation is the reduction of metabolic demand and 
the subsequent extension of organ viability [68]. For 
heart transplantation, CIT of 4 h or longer is associated 
with lower recipient survival, primarily due to IRI [69]. 
Furthermore, transplanted organs are always subjected 
to periods of warm ischemia, out of cold preservation 
solutions, referred to as WIT [70]. This includes ischemia 
during organ retrieval and during implantation in the 
recipient. More recently, the advent of organ donation 
after circulatory death (DCD), aimed at increasing the 
donor pool, generated a third period of WIT impacting 
the quality of some donated organs, including hearts [71]. 
In the heart, it is known that WITs longer than 10 min 
increase mitochondrial damage and compromise ETC 
activity, increase caspase 3 and 7, induce cardiomyo-
cyte apoptosis, and decrease overall myocardial func-
tion and primary graft failure [72]. Due to the nature of 
DCD, which by legislation requires a no touch period 
of variable duration (typically 5–20  min), pre-emptive 

pre-ischemic conditioning through mitochondrial trans-
plant would not be feasible [73].

Regenerative medicine models to aid in studying 
mitochondrial transplant
In vitro models
In vitro models are systems established outside of the 
human body to study human biological functions. Com-
pared to animal models that can provide systemic simu-
lation, in  vitro models aim to distill the complexity of 
human (patho)physiology into key biological events and 
answer questions of interest. As in  vitro culture elimi-
nates species-related physiological differences by using 
human primary and stem cell-derived cell sources, they 
can significantly complement the results from animal 
models for initial exploratory or follow-up validation 
studies. More importantly, these in vitro models are typi-
cally cost-effective, have high throughput, and have low 
ethical liability, which facilitates the discovery process for 
disease mechanisms and drug leads.

The current in  vitro models for mitochondrial study 
are limited to the use of single cells or monolayer cells, 
as they permit the observation of mitochondria entrance 
and colocalization [7]. However, there are many well-
established in vitro models, ranging from simpler single-
cell cultures to more complex tissue-engineered organ 
models. Patient-derived iPSCs present a unique oppor-
tunity to develop 3D organoids and organ/joint-on-a-
chip (OoC; JoC) models to evaluate drug and treatment 
efficacy (Fig. 1). These models allow the recapitulation of 
key tissue phenotypes and have been developed for single 
organ and multi-organ models [74, 75]. Peripheral blood 
mononuclear cells or fibroblasts can be collected from 
patient blood or skin biopsy to reprogram into iPSCs via 
transfection with pluripotency factors, specifically Sox2, 
Oct4, Klf4, L-myc, and Lin28 [74]. Once stabilized, these 
iPSCs can be differentiated into 2D cellular models, e.g. 
cortical neurons [76], myofibers [77], and cardiomyo-
cytes [77], or 3D cellular models, e.g. cerebral organoids 
[74, 78], cardiac tissue [79], and other OoC/JoC models.

The experimental throughput, associated costs, and 
user accessibility suffer with the increased complexity 
of tissue models. Yet, more complex models better reca-
pitulate the in vivo microenvironment and provide clini-
cally relevant results. For example, 3D tissue models are 
considered superior to 2D cultures in terms of replicat-
ing in vivo-like cell–cell and cell–matrix interactions, as 
well as cellular morphology, arrangement, and genetic 
and protein expressions [80]. However, simple 3D tissue 
models, such as cell aggregates, often oversimplify the 
physiological microenvironment observed in vivo, limit-
ing their translational potential. Furthermore, mitochon-
drial maturity, morphology, and function change with the 
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degree of cell differentiation as iPSCs shift to oxidative 
phosphorylation during differentiation [74, 81]. There-
fore, it is necessary to assess multiple cell types in models 
that have mature mitochondria. The use of OoC and JoC 
technology allows researchers to examine multiple tis-
sues and cell types with mature mitochondria. Previously, 
this work had to be performed in animal models, which 
are time-consuming and expensive to work with and may 
not translate to humans. Ethical considerations must 
also be considered for animal studies. To overcome these 
challenges, organoids, OoC, and JoC technologies were 
developed to better address clinically relevant questions.

Organoids, OoC, and JoC technologies are gain-
ing increased attention in biomedical research due to 
their advantages of building clinically relevant, high-
throughput, and high-fidelity in vitro models. Organoids, 
often derived from iPSCs or adult organ progenitor 
cells through embryogenesis, can self-differentiate into 
three-dimensional structures that mimic the cellular 

diversity and architecture of human organs [80]. This 
ability to recapitulate complex human tissues lends a 
unique level of clinical relevance using organ-specific 
organoids [80]. For example, lung organoids derived 
from human iPSCs obtained structural polarity with 
minimally 7 key cell types out of the 40+ cell types in 
the lung[82]. On the other hand, OoC devices employ 
microfabrication technology to culture cells in a con-
trolled 3D microenvironment, utilizing human stem 
cell derived sources, biological scaffolding, and chemi-
cal and biophysical cues, to mimic human organ-level 
functions, making them indispensable for (patho)physi-
ological studies [83]. Electrical, chemical, and biological 
cues can be added to promote the functional maturation 
towards the adult phenotypes which further increases the 
clinical fidelity [84, 85]. More importantly, OoC devices 
typically integrate built-in functional sensors, which 
provide non-invasive functional readouts correspond-
ing to organ-specific functions or various experimental 

Fig. 1  Overview of the generation of organ-on-a-chip models from iPSCs and their downstream applications. iPSCs are reprogrammed 
from patient PBMCs or fibroblasts by transfection with OCT4, SOX2, KLF4, L-myc, and Lin28. Following iPSC stabilization, cells are differentiated 
to desired cell type and seeded on biomaterials and scaffolds to generate organ-on-a-chip models. Organ-on-a-chip models mimic in vivo tissue 
by replicating intercellular signalling and microenvironment to generate advanced in vitro disease models. Figure created with BioRender.com
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designs [77]. Heart-on-a-chip, as an example, often uses 
elastomer-based materials as tissue guiding templates 
and force sensors for the continuous force of contraction 
readouts. The electrical activity of the neural tissues can 
also be recorded using MEA-integrated devices [86].

While organoids and OoC devices offer numerous 
advantages, it is crucial to acknowledge that these tissue 
models aim to recapitulate only minimal tissue or organ 
function, often without considering relative scales [87]. 
The input cell populations are frequently reduced to sev-
eral major cell types to mitigate complex experimental 
designs and exponentially increasing costs. Additionally, 
the media-to-cell ratio is often over-scaled, resulting in 
overly diluted chemical cues compared to native tissue. 
These inconsistencies partially stem from insufficient tis-
sue vascularization and artificial methods of nutrient/
oxygen delivery. To date, it is still challenging to establish 
a long-lasting, functional vascular network embedded 
with parenchymal tissues that faithfully recapitulates the 
vascular density and dynamic nature. Moreover, these 
organoids and OoC tissue models must undergo exten-
sive validation at both functional and molecular levels 
to demonstrate tissue fidelity, which is the foundation of 
using these platforms to predict the outcomes of clinical 
study. These limitations could potentially impact down-
stream experimental designs concerning therapeutic 
agents’ delivery methods, concentrations and efficiency, 
such as mitochondrial transplantation, from OoCs to 
human studies in the future. Without this requirement, 
the OoC simply serves as a proof-of-concept tool and 
requires further modifications to be applicable in future 
studies.

Key design criteria of in vitro platform for mitochondrial 
transplantation
To tune these platforms specifically toward studying the 
mechanisms of mitochondrial transplantation, the fol-
lowing design criteria are pivotal for success. First, the 
tissue models should be constructed from human cells 
and require a high level of functional maturation and can 
recapitulate the key responses after injury. Using heart-
on-a-chip as an example, iPSC-derived cardiomyocytes 
can be very immature and do not have high metabolic 
activity, highly organized intra-cellular sarcomere ultras-
tructure, or efficient machinery for cardiac output. In the 
study carried out by Ronaldson-Bouchard et al. [84], after 
electrical conditioning, the cardiomyocytes have 30% vol-
umetric occupancy of mitochondria, compared to 10% in 
immature tissues. As a result, these immature cardiomy-
ocytes can be much more resilient to ischemia–reperfu-
sion injury compared to the high-metabolic demanding, 
highly functional matured cardiomyocytes [88]. Thus, 
the therapeutic effect of mitochondrial transplantation 

cannot be fully evaluated in these models. Secondly, the 
presence of immune cells can be an important factor. 
Both tissue-resident macrophages and bone marrow-
derived macrophages play important roles in tissue injury 
and remodeling [89]. The incorporation of these cell 
types can be critical to recapitulate the cellular interac-
tions during the injury and healing process, as they could 
be the first responders to the transplanted mitochondria. 
As the sources of the mitochondria can be allogenic for 
in  vitro experiments, potential innate immunological 
responses can be anticipated and can be modeled with 
the presence of relevant immune cell types. Although 
the local transplantation of mitochondria onto the injury 
sites is the most used method in vivo. The incorporation 
of blood vessels can be useful to apply the transplantation 
through intravascular infusion in tissue models. Thus, 
the incorporation of the vascular system can be useful to 
investigate how mitochondria travel through the vascular 
system, surpass the vascular barrier, then localize at the 
injury sites and penetrate the parenchymal tissue.

Injury models using organoids and OoC technologies
Since most of recent research on mitochondrial trans-
plantation has been focused on its potential for the treat-
ment of IRI, it is important to understand how such a 
model could be achieved when making use of OoC tech-
nologies. The typical IRI model consists of applying a 
small volume of ischemic media with minimal nutrients 
and/or a low oxygen environment to the healthy tissues 
for a significant period, allowing metabolic waste accu-
mulation to mimic nutrient deprivation, hyperkalemia, 
high lactate concentration, and low extracellular pH that 
are commonly observed during ischemia in the local tis-
sues [88]. The following reperfusion step can be chosen 
to restore the environment to normal oxygen, nutrient, 
and pH levels by changing back to the normal culture 
conditions and supplemented media to model reperfu-
sion injury [88, 90–92]. For cardiac IRI on-chip model, 
the cardiac microtissues were made from iPSC-derived 
cardiomyocytes and cardiac fibroblasts [88]. The OoC 
platform allowed in-situ functional readouts, i.e., force 
of contraction, by video tracking the biomaterial-based 
force sensors. The results suggested that reperfusion 
injury had more significant functional reduction com-
pared to ischemic injury [88]. Additionally, functional 
more matured tissues experience more cellular damage 
compared to their immature counterparts [88]. In a sepa-
rate heart-on-a-chip study, extracellular vesicles were 
shown to mediate the IRI damage on the heart, demon-
strating the potential therapeutic effect of mitochondrial 
transplantation [92]. In a neurovascular IRI stroke mod-
els, brain endothelial cells showed reduced barrier func-
tion and decreased mitochondrial potential as well as 
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reduced ATP in both the blood- and the brain side of the 
model, suggesting the effective injury of the tissue model 
upon hypoxia [91]. Similarly, kidney on-a-chip [90] was 
also used to demonstrate the IRI injury. In this study, the 
proximal tubule epithelial cells were in direct co-culture 
with blood vessels and demonstrated tight barriers with 
perfusion. The ischemia injury was induced through a 
non-flow, no-glucose condition. The epithelial deple-
tion and cell death were observed during the reperfusion 
stage, whereas adenosine treatment was shown to medi-
ate the renal ischemic injury.

OoC and JoC are far from replicating the entirety of 
native organ/tissue complexity. However, the reduction-
ist approach in which hallmark features are exclusively 
replicated minimizes potential design complications 
and results in a valuable tool that can be used in multi-
ple applications. These dynamic devices are an additional 
tool to evaluate the effects of novel therapeutics and raise 
the odds that therapies will successfully move from pre-
clinical to clinical studies [75, 93, 94]. Patient specific 
iPSC-derived OoC and JoC can be used to understand 
disease pathology via tissue engineering approaches to 
model longitudinal disease progression. These models 
can also be used to screen drug candidates and other 
therapies to select effective treatments for further test-
ing in other preclinical models and patients [95]. This 
technology allows researchers to develop models for 
each patient and evaluate treatment efficacy under con-
trolled laboratory settings, facilitating personalized 
medicine. Additionally, this aids in the development of 
new treatments, such as mitochondrial transplantation, 
as researchers can rapidly screen new biomaterials to 
enhance mitochondrial uptake and delivery in tissue and 
disease models.

In vivo preclinical models of mitochondrial transplant 
in acute organ injury
Heart: Work by Guariento et al. [96] explored mitochon-
drial transplant in a porcine model of DCD, in which 
hearts were subjected to 20  min of WIT, with subse-
quent evaluation in ex-vivo heart perfusion. Mitochon-
drial transplant administered at 15  min of reperfusion 
(single dose) or at both 15 min and at 2 h of reperfusion 
(serial dose) by intracoronary administration were then 
compared to vehicle controls during 4 h of ex vivo heart 
perfusion (EVHP). Importantly, for the serial dose group, 
whilst the first application of mitochondria was autolo-
gous, the second was not, with mitochondrial extraction 
obtained from porcine cardiac fibroblasts. The authors 
reported that no inflammatory response, as shown by 
hematoxylin & eosin staining, could be observed in 
the serial mitochondrial transplant group, in accord-
ance with previous data from the group, in which no 

proinflammatory, damage-associated molecular patterns, 
or allorecognition signals were observed with allogeneic 
mitochondrial transplantation [97]. Interestingly, no 
additional benefit was observed in the 4-h assessment 
period by adding a second mitochondrial transplant after 
2 h of heart reperfusion, both in terms of improved organ 
function (such as contractility and developed pressures) 
and myocardial infarction area size. In pathway analysis 
of hearts that received a mitochondrial transplant, mito-
chondrial ETC was included in the top 10 pathways with 
altered metabolic profile [96]. Importantly, the authors 
observed no difference in ATP content of porcine mito-
chondria isolated after the 15-min no-touch period after 
cardiac arrest, as compared to isolations in non-ischemic 
skeletal muscle.

More recently, Alemany et al. [98] also explored a simi-
lar model of autologous mitochondrial transplant for 
DCD in pediatric and neonate Yorkshire pigs. The pedi-
atric population (10–15  kg) and the neonate popula-
tion (3–4.5  kg) hearts had comparable sizes to those of 
4- to 6-year-old children and 5- to 11-month-old infants, 
respectively. In contrast to previous work, mitochondrial 
transplant was applied only as a single bolus, albeit in a 
similar count (5 × 109 particles), and the ex-vivo heart 
perfusion machine was primed with blood donated from 
an adult female donor (non-autologous system priming). 
Similarly, to what had been observed with larger ani-
mals, mitochondrial transplant improved cardiac func-
tion and reduced infarction size as compared to vehicle 
controls. Intriguingly, slightly better function was noticed 
in the neonatal group (vs pediatric) in some parameters, 
which—as pointed out by the authors—could be result-
ant of a higher concentration of mitochondria per gram 
of tissue for neonate hearts under a fixed mitochondrial 
transplant dose. Additionally, contrasting what had been 
observed with larger animals, mitochondrial isolations 
performed in ischemic donor tissue showed reduced via-
bility as compared to those obtained from non-ischemic 
tissue, which highlights that even for the same species, 
age-differences are non-negligible for mitochondrial 
transplant purposes, and dose extrapolations from pre-
vious studies (generally coming from McCully’s group 
data, targeting 2 × 105 to 2 × 106 particles/gram of wet tis-
sue[41]) may not always result in similar efficacy.

Guariento et al. [99] demonstrated in a porcine model 
that intracoronary administration of autologous mito-
chondria, whether in a single bolus injection (1 × 109 
particles) or serial bolus injections over 60  min (1 × 109 
particles, 10 times), when given 15 min prior to ligation 
of the left anterior descending artery (LAD) in Yorkshire 
pig hearts, could significantly attenuate IRI after 30 min 
of regional ischemia. By assessing reperfused hearts for 
2 h, without any additional mitochondrial transplantation 
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upon reperfusion, the authors showed improved organ 
function, with higher contractility, enhanced ejec-
tion fraction and fractional shortening, and significant 
reduction in infarct size, regardless of the mitochon-
drial transplant strategy (single or multiple injections). 
Interestingly, coronary blood flow and contractility 
were significantly improved compared to baseline heart 
function even prior to the ischemic event. Additionally, 
these striking results demonstrated that, even when sub-
jected to the same ischemic event as the target organ, 
transplanted mitochondria could still positively impact 
organ function and prevent infarction. The mechanism 
that explains how mitochondrial transplant operates on 
pre-ischemic heart conditioning still needs to be further 
explored and elucidated.

Moskowitzova et al. [100] explored in a murine model 
intracoronary administration of autologous mitochon-
dria (1 × 108 particles, obtained from the gastrocnemius 
muscle) at two combined time-points, the first of which 
10  min prior to harvest, and the second 5  min follow-
ing reperfusion after heterotopic transplantation in the 
recipient. For this study, an extended period of 29  h of 
CIT was used as the main injury model, and transplanted 
animals were functionally evaluated for 24 h. Implanted 
hearts subjected to mitochondrial transplant demon-
strated improved contractility, reduced necrosis, and 
reduced neutrophil infiltration in comparison to vehicle 
controls. Preliminary data reported by the authors sug-
gested that the dual-administration regimen (n = 8) was 
superior to a single dose preceding CIT (n = 2) in provid-
ing improvement in the Stanford Cardiac Surgery Labo-
ratory graft scoring system[101], hence the decision to 
include two mitochondrial transplant procedures. No 
other studies addressing mitochondrial transplantation 
at a single time point preceding extended cold ischemic 
times in heart transplantation have been identified in the 
literature.

Stemming from the encouraging pre-clinical results of 
mitochondrial transplant in cardiac IRI, Guariento et al. 
[102] conducted the first non-randomized case series of 
mitochondrial transplants in pediatric patients requir-
ing ECMO for postcardiotomy cardiogenic shock (Clini-
calTrials.gov Identifier: NCT02851758). In addition 
to requiring ECMO, patients were required to present 
proven documented ischemic event followed by suc-
cessful revascularization and moderate to severe, per-
sistent systolic ventricular dysfunction. Ultimately, 10 
patients underwent mitochondrial transplant through 
direct transepicardial injection of autologous mitochon-
dria obtained from the rectus abdominis muscle. Patients 
were retrospectively compared to 14 controls who under-
went no additional interventions apart from the inclusion 
criteria. Direct intramyocardial mitochondrial transplant 

resulted in significantly improved successful separation 
from ECMO support (80 vs 29%, p = 0.02), improved ven-
tricular contractility, reduced median time to functional 
recovery (2  days vs 9  days; p = 0.02), and lower cardio-
vascular events (20% vs 79%; p < 0.01). To date, after up 
to 6 years of follow-up since the start of the trial, surviv-
ing patients have not presented any significant adverse 
events attributable to the intervention.
Lung Similarly to what is observed for acute cardiac 

events, a myriad of injurious processes can result in 
ischemic injuries to the lungs, either by direct pathol-
ogy (pulmonary embolism, trauma) or by indirect dam-
age (such as cardiopulmonary bypass and resuscitation 
for cardiac arrest)[1]. Interestingly, the metabolic altera-
tions elicited by ischemia can cause enzymatic repercus-
sions in several pathways, such as nitric oxide synthase, 
which under anoxia can generate almost exclusively ROS, 
in detriment of NO [63]. Lung IRI (LIRI) is a complex 
phenomenon, given the unparalleled scenario of oxygen 
availability in alveolar spaces even under some condi-
tions of limited perfusion, which is one of the possible 
manifestations of ventilation-perfusion (V/Q) mismatch 
[103]. In lung transplantation, for instance, organs are 
ventilated and harvested under a fraction of inspired 
oxygen (FiO2) of 50% and kept inflated (ideally) during 
the entire ischemic time preceding implantation in the 
recipient. No other organ is subjected to such a unique 
environment [104]. Moskowitzova et  al. showed that 
mitochondrial transplant could be potentially employed 
as a treatment option for acute lung injury in a murine 
model of IRI [105]. By clamping the pulmonary hilum for 
2 h, C57BL/6 J mice were randomized to receive autolo-
gous mitochondrial transplantation (isolated from the 
gastrocnemius muscle) or vehicle upon reperfusion, with 
subsequent evaluation for 24  h. This injury model had 
previously been shown to induce mitochondrial dysfunc-
tion, with decay in complexes I–V, II–V, and III–V, and 
reduced mitochondrial viability [106]. Both intra-arterial 
(IA) and nebulized aerosolized mitochondrial transplan-
tation were explored (with dosages of 1 × 108 and 3 × 108 
particles, respectively) and compared to vehicle con-
trols [105]. For the unprecedented nebulization group, 
mitochondria were delivered through an Aeroneb ultra-
sonic nebulizer over 10  s, followed by 1  min of regular 
mechanical ventilation, repeated 4 times. Results pointed 
that mitochondrial transplant, regardless of the admin-
istration route, significantly improved lung mechanics, 
with narrower hysteresis and higher compliances, and 
decreased lung tissue injury under blinded tissue analy-
sis. Transplanted mitochondria were found in the pulmo-
nary artery (IA group) and in the trachea and bronchial 
three (nebulization group). Additionally, transplanted 
mitochondria were found in the lung parenchyma of both 
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groups. Strikingly, nearly all evaluated parameters of lung 
mechanics were not significantly different from non-IRI 
controls (sham) in either mitochondrial transplant group, 
as well as being statistically superior to vehicle controls, 
although no mechanistic studies were explored by the 
authors.

In addition to acute lung injury caused by warm 
ischemia, the efficacy of mitochondrial transplant was 
recently investigated in an extended CIT, lung transplant 
model with Ex  Vivo Lung Perfusion (EVLP) [9]. Since 
its inception [107], EVLP systems have been clinically 
employed worldwide by large academic centers in the 
evaluation of marginal lungs, which would otherwise not 
be deemed suitable for direct transplantation, with simi-
lar long-term outcomes [108]. In this setting, lungs are 
reperfused under normothermic conditions, mechani-
cally ventilated, and clinically assessed for up to 4 h prior 
to the decision to proceed or not to transplantation. 
Cloer et al. explored whether intra-arterial mitochondrial 
transplant on EVLP resulted in improved functional and 
molecular outcomes in both a large animal model and 
in rejected human lungs [9]. In contrast to all previous 
studies to date, the group opted to apply heterologous 
mitochondria that had been previously frozen in a treha-
lose-based buffered solution for up to 2 months.

In a porcine, open-atrium, 6-h EVLP following 22 h of 
CIT at 4ºC, the authors investigated whether this heterol-
ogous mitochondrial transplant by intra-arterial injection 
at 1 and 4 h of reperfusion (i.e., serial injections at 2 time-
points) was superior to vehicle controls [9]. Functional 
assessments indicated that mitochondrial transplant 
significantly decreased pulmonary vascular resistance as 
compared to vehicle controls, when normalized to base-
line. No differences were observed in oxygenation capac-
ity as measured by partial pressure of arterial oxygen 
over fraction of inspired oxygen (P/F ratio), and no other 
measures of lung physiology were reported. Interestingly, 
the same functional findings were encountered when 
performing a similar experiment with clinically rejected 
human lungs. For the human study, lungs were deemed 
eligible when total CIT was less than 30  h, with subse-
quent analysis for 4 h on EVLP. Mitochondrial transplant 
or vehicle (n = 5/group) was then administered at 2  h 
of reperfusion, and a second injection was given when 
flushing the lungs with the standard low-potassium dex-
tran solution at the end of EVLP, preceding a second CIT 
of up to 18 h. This design was described as mimicking an 
extended shipment of lung tissue from the EVLP site to a 
potential clinic.

From the analysis of EVLP tissue lysate samples 
and single cell suspension studies modelled to simu-
late cellular behavior during ex-vivo reperfusion, Cloer 
et  al. [9] demonstrated that mitochondrial transplant 

reduced inflammatory response and improved antioxi-
dant capacity. Furthermore, mitochondrial transplant 
reduced cell death by over 30% and increased live cell 
count by 25% when compared to controls, which was 
reinforced by marked reduction of phospho-mixed line-
age kinase domain-like protein (pMLKL). In support of 
recent studies, no oxidative or proinflammatory response 
was observed following injection of a porcine-derived 
xenogeneic mitochondrial transplant in human tissue. 
This important xenogeneic experiment also provided 
additional insights for the future translation of non-
autologous mitochondrial transplant. In an additional 
exploratory in-vitro experiment, human pulmonary 
artery endothelial cells (HPAEC) exposed to simulated 
CIT at 4  °C for 24  h were treated with either exog-
enous porcine mitochondria (at 100 to 1000 particles/
cell) or vehicle upon rewarming. Surprisingly, benefits 
from mitochondrial co-culture (increased viability and 
autophagy, and decreased CXCL8, MCP1, and 8-OHdG) 
were sustained for the entire culture period of 7  days, 
despite a relatively expeditious drop of mRNA expression 
of porcine ssMtND5. This finding is encouraging from a 
safety translation standpoint and suggests the efficacy of 
mitochondrial transplant even with xenogeneic sources.
Liver In rodent models of acute liver injury, induced 

either by IRI or acetaminophen (APAP), mitochondrial 
transplantation has been shown to be safe and efficacious 
[109–112]. In rat liver IRI, Ko et al. [110] and Lin et al. 
[111] have independently demonstrated that intrasplenic 
injection of mitochondria or melatonin-pretreated mito-
chondria markedly reduced liver enzyme release, oxida-
tive stress, and hepatocellular injury. In addition, Ko et al. 
[110] demonstrated that melatonin-pretreated mitochon-
drial transplantation reduced circulating pro-inflam-
matory cytokines, such as IL-6, TNFα and MPO, while 
improving liver ATP and NADH content. Moreover, 
liver tissue ETC components–complexes I, II, III and V–
increased in protein expression in response to mitochon-
drial transplantation, as compared to I/R-only control 
rats. This suggested a restoration in the mitochondrial 
integrity and oxidative phosphorylation in treated rats. 
Finally, Ko et al. [110] demonstrated that the infiltration 
of CD68+ and CD14+ cells was reduced in melatonin-
pretreated mitochondrial transplantation in the setting of 
liver IRI, suggesting further the nullification of the early 
cellular inflammatory response.

Another possible therapeutic avenue is the use of pre-
ischemic conditioning prior to liver transplantation and 
ex vivo liver perfusion. Exploring the use of pre-ischemic 
mitochondrial transplantation has potential to improve 
the function of live donor livers destined for clinical 
transplant, which inevitably will be exposed to a WIT. 
Guariento et  al. [99] demonstrated that pre-ischemic 
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mitochondrial transplantation in porcine hearts signifi-
cantly improved resilience to IRI and mitigated the det-
rimental effects of the ischemic event. Considering the 
potential efficacy of mitochondrial transplantation in 
cardiac model systems, here, we infer possible uses of this 
novel therapeutic in liver transplantation and elective 
liver surgery.

Similarly, in mouse models of APAP-induced acute 
liver toxicity, mitochondrial transplantation was able 
to increase hepatocyte ATP content, reduce oxidative 
stress, while decreasing hepatocellular injury, although 
no clear mechanism was elucidated [109, 112]. Identifica-
tion of molecular signaling pathways and cellular mech-
anisms are required for further understanding of how 
mitochondrial transplantation confers its hepatoprotec-
tive capacity.
Brain Ischemic brain injuries, which can be conse-

quence of obstruction of blood flow to the brain due to 
intravascular thrombi, embolization, hypotension, or 
extrinsic vessel compression following head trauma, 
lead to a cellular energy crisis alongside oxidative stress, 
inflammation, apoptosis, and mitochondrial dysfunction 
[113]. This is due to the oxygen and glucose deprivation 
to the neurons impacting ATP production and promot-
ing glycolytic metabolism that increases lactate produc-
tion [114]. Such injuries can lead to neuronal apoptosis 
and astrogliosis affecting cognitive and motor functions. 
Current treatments that address mitochondrial dysfunc-
tion include hyperbaric oxygen, exercise, and antioxidant 
therapy [115]. However, noting the central role of the 
mitochondria in these injuries suggests the potential of 
introducing healthy mitochondria as a form of treatment 
[116].

In recent years, several in  vivo experiments have 
explored the benefits of mitochondrial transplantation 
in treating brain ischemia. Models of injury on mice and 
rat include controlled cortical impact (CCI) for traumatic 
brain injury (TBI) [115, 117] and middle cerebral artery 
occlusion (MCAO) for cerebral ischemia [116]. Follow-
ing injury, intracerebroventricular injections (ICV) were 
used to perform mitochondrial transplantation [115–
117]. Different studies have used various sources of mito-
chondria including mesenchymal stem cells, allogeneic 
liver and muscle biopsies, or autologous muscle biopsies 
and have all yielded promising evidence supporting the 
benefits of mitochondrial transplantation [115–117].

Studies have demonstrated that mitochondrial trans-
plantation in a TBI mouse model lowered blood brain 
barrier (BBB) damage and brain water content, improved 
OCR, and promoted angiogenesis [115]. Additionally, 
mitochondrial transplant promoted expression of brain 
derived neurotrophic factor (BDNF), which is important 
in supporting neuron survival, including both astrocytes 

and microglia [117]. Spatial memory and cognitive func-
tion were also improved in mice with mitochondrial 
transplantation [117]. These results support the impor-
tance of replenishing mitochondria following brain IRI 
and the central role mitochondria play in the mechanism 
of brain injury.

Ischemic injury promotes astrogliosis, which is a criti-
cal factor for hindering regeneration in response to neural 
injury [118]. This is linked to cellular energy disruption 
and oxidative stress and thus neuronal loss in response to 
decreased energy to meet demands [114]. Mitochondrial 
transplant in a rat cerebral IRI model reduced astroglio-
sis in the mitochondrial transplant group compared to 
the vehicle control [118]. Furthermore, reduced levels of 
the ischemia biomarker, CPK, and decreased infarct area 
were also measured following mitochondria transplant 
[119]. Moreover, mitochondrial transplants have also 
been shown to significantly reduce IRI-induced apop-
tosis in brain cells [119, 120] and reduce the volume of 
infarcted tissue [121]. Currently, a clinical trial led by Dr. 
Melanie Walker at the University of Washington is inves-
tigating the utility of mitochondrial transplantation on 
cerebral ischemia (NCT04998357, recruiting patients) 
[6].
Kidney Several studies utilizing acute kidney injury in 

rats have demonstrated therapeutic benefit of mitochon-
drial transplant [122–125]. Doulamis et al. [122] demon-
strated that intra-arterial delivery of donor mitochondria 
significantly improved kidney function following IRI in 
a porcine model. Specifically, mitochondrial transplant 
provided renal protection against IRI-induced decreases 
in glomerular filtration rate and urine output as well as 
provided partial protection against tissue necrosis [122]. 
These findings were confirmed by Rossi et al. [123], which 
demonstrated improved tissue health and function. 
Mitochondrial transplant is currently being explored by 
Cellvie Inc. as a therapeutic approach to improve tissue 
health prior to kidney transplantation.

Regulatory considerations
As mitochondrial transplantation is emerging as a new 
therapeutic, there has been extensive consultation with 
regulators, particular the Food and Drug Administration 
(FDA) on the clinical trial design considerations, particu-
larly in applications for primary mitochondrial diseases; 
these have included several workshops [126–129]. These 
workshops have neatly outlined the challenges of cap-
turing significant effects in relatively rare primary mito-
chondrial disease patient populations. Clinical evaluation 
of mitochondrial transplantation in cerebral ischemia 
and in patients on ECMO for postcardiotomy cardio-
genic shock have used autologous muscle-tissue derived 
mitochondria with little information published on the 
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quality (viability, potency) and quantity (2 × 1010 viable 
and respiration competent mitochondria); the focus has 
appropriately been on feasibility and safety. Analogously, 
cell and gene modified cell therapies have evolved over 
many decades to relatively harmonized global regula-
tory requirements which account for multiple safety (free 
from adventitious agents), and quality metrics (viability, 
dose, multivariate potency readouts reflective of clinically 
relevant mechanism of action) before such investiga-
tional products can be used in clinical trial investigations. 
Thus, the field of mitochondrial transplantation will 
similarly evolve to consider quality metrics such as the 
purity, viability, quantity and potency of isolated mito-
chondria; the original cell sources will have to be appro-
priately screened for adventitious agents. Understanding 
mitochondrial transplant mechanism of action, effects on 
mtDNA copy numbers and variants produced and extent 
of uptake will inform the type of quality control met-
rics that regulators will require as clinical trials advance 
beyond initial feasibility and safety phases.

Perspectives
The examination of the literature on the efficacy of mito-
chondrial transplantation for acute diseases provides 
some encouraging findings. Primarily, for IRI in diverse 
organ systems, it is possible to observe not only a favora-
ble molecular, chemical, and immunological modulation, 
but also functional benefits in several animal models. 
Although most of the data only includes short periods 
of functional evaluation of target subjects, it is notewor-
thy that mitochondrial transplantation seems to provide 
early, measurable physiological improvement in target 
tissues. Additionally, IRI models suggest that mitochon-
drial transplantation can also significantly reduce tissue 
infarction, apoptosis, and necrosis, therefore presenting 
implications on tissue viability and potential for organ 
regeneration. Of note, published data also supports 
the hypothesis that transplanted mitochondria may be 
retained in tissue longer-term, for at least 4 weeks in por-
cine and rabbit survival models, while maintaining the 
benefits of reduced infarct size area [130, 131].

With regards to safety, some interesting observations 
can be drawn from animal and human studies. Pub-
lished clinical data on mitochondrial transplantation is 
derived from a single center and is limited to an autolo-
gous mitochondrial isolation technique, but with a rela-
tively extended follow-up (now surpassing 6  years for 
some patients), and no observable adverse events have 
been identified [102]. Several animal models support the 
hypothesis that heterologous mitochondrial transplanta-
tion may not elicit hyperacute, acute, or chronic rejec-
tion, and no increase in pro-inflammatory chemokines 
and cytokines. Porcine-derived fibroblasts providing 

heterologous mitochondria to porcine hearts, porcine 
left-ventricle-derived heterologous mitochondria to 
porcine lungs, or murine skeletal-muscle-derived heter-
ologous mitochondria to murine hearts are examples of 
intra-species, heterologous mitochondrial transplanta-
tion studies from which those observations can be drawn 
[9, 96, 99, 100]. Importantly, Ramirez-Barbieri et al. [97] 
did not identify direct or indirect, acute or chronic allo-
reactivity, allorecognition or DAMPs to mitochondrial 
transplantation when directly comparing syngeneic and 
allogeneic (heterologous) mitochondria. Xenogeneic 
(interspecies) mitochondrial transplantation models, 
either assessing mitochondrial uptake [130] or efficacy 
[9], also did not encounter any detrimental effects on 
target organs or organisms, with increasingly abundant 
data from animal models, although data on human tissue 
uptake is still sparse [9]. From a translational standpoint, 
however, autologous mitochondrial transplantation is 
naturally the safest route for initial studies, which poses 
implications on the disease models for which this therapy 
could be potentially first explored. The possibility of stor-
ing well-preserved, functional mitochondria needs to be 
further replicated by other centers before further con-
clusions can be drawn but could significantly impact the 
applicability and generalizability of mitochondrial trans-
plantation [9]. For instance, organ transplant models that 
evaluate extended CIT are currently largely prevented 
from using autologous mitochondrial transplantation 
owing to the logistic limitations of limited mitochondrial 
viability in respiration buffers.

Limitations and unanswered questions
Many are the questions that remain to be elucidated. 
From a study design perspective, it is still unclear, for 
instance, if single or serial mitochondrial transplants 
should be prioritized for initial translational studies. 
Given the variable impact of serial mitochondrial appli-
cations [96, 98]—which is likely influenced by meta-
bolic demands that are dependent both of target tissue, 
intraspecies (age effect) and interspecies model limita-
tions (smaller animals with higher metabolic demands 
seem to require proportionally higher mitochondrial 
concentrations)—and given safety should be the primary 
concern, it seems reasonable to utilize serial injections 
first. It is also unclear whether the source of mitochondria 
should be of concern. Most published data support the 
use of skeletal-muscle or myocardium as sources of mito-
chondria for several organs, and although claims have 
been made in support of equivalence regardless of the 
donor tissue, data is limited and conflicting. Zhang et al. 
recently showed that despite cell origin not impacting 
on the overall benefit of mitochondrial transplantation 
for rescuing apoptosis from doxorubicin-induced heart 
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failure, metabolically matched mitochondria were neces-
sary for improving contractile function [50]. Masuzawa 
et  al. [131], however, indicated that for acute ischemic 
heart events, liver-derived isolated mitochondria are as 
effective as skeletal-muscle-derived mitochondria.

From a mechanistic perspective, several key aspects 
remain unanswered, such as the exact therapeutic mech-
anism, the potential of biomaterial coatings to enhance 
therapeutic efficacy, and the ability to store healthy donor 
mitochondria. Further studies are needed to investigate 
how donor mitochondria elicit a therapeutic benefit fol-
lowing engulfment by recipient cells. Preclinical animal 
models found that only 44% of donor mitochondria were 
colocalized with cardiomyocytes, with the remainder in 
other cell types and interstitial space [130, 132]. The use 
of biomaterials to coat donor mitochondria is important 
therapeutically to understand if it is possible to further 
enhance cellular engulfment of donor mitochondria and 
target specific cell types within a tissue to improve thera-
peutic efficacy. Biomaterial coatings may also be ben-
eficial in stabilizing isolated mitochondria, which have a 
short window of viability that hinders clinical utilization. 
The lack of ability to store isolated mitochondria to per-
form necessary quality control is a significant limitation 
to the clinical advancement of mitochondrial transplant. 
Currently, mitochondrial isolation must occur imme-
diately prior to transplant into the patient with minimal 

time to perform assays to ensure mitochondrial purity 
and viability. The potential of storing isolated mitochon-
dria in trehalose buffers [9] or other solutions represent a 
significant advancement in the mitochondrial transplant 
field. This would allow the creation of mitochondrial 
banks with fully characterized mitochondria to maximize 
patient safety and therapeutic benefit. Overall, the mito-
chondrial transplant field is still developing, and several 
challenges remain prior to full clinical utilization.

Conclusions
Overall, the therapeutic efficacy of mitochondria trans-
plant is promising in animal and early clinical trials, but 
many questions remain. Our mitochondrial transplant 
CWG has identified priorities to accelerate the pace of 
translational progress including the need for improved 
storage and enhanced delivery of isolated mitochon-
dria, along with the development of accurate in  vitro 
models to recapitulate the complexity of human tis-
sue. Our interdisciplinary team developed a research 
plan (Fig.  2) to evaluate the stabilization and short-
term storage of isolated mitochondria encapsulated in 
hyaluronic acid, methyl cellulose, and poly(L-lysine). 
The ability to store isolated mitochondria prior to 
transplantation will enable clinicians to perform com-
prehensive quality control assessments, ensuring that 
only healthy and pure mitochondria are transplanted, 

Fig. 2  Our mitochondrial transplant CWG research plan to investigate the stabilization of isolated mitochondria and therapeutic efficacy 
in organ-on-a-chip models. Figure created with BioRender.com
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potentially reducing the risk of adverse events. Stored 
mitochondria can also be utilized in procedures requir-
ing multiple mitochondrial transplants, such as prior 
to organ harvesting and donation, without requiring 
repeated mitochondrial isolations. We will also utilize 
brain, cardiac, muscle, joint, lung, and liver organ-on-
a-chip models to evaluate mitochondrial transplant in 
acute and chronic diseases states. This will allow us to 
accurately assess the clinical applicability of the mito-
chondrial transplant in  vitro using human-derived 
samples and investigate the therapeutic mechanisms. 
Advancements in these areas are important for the 
clinical applicability and translation of mitochondrial 
transplants in a range of diseases.
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