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Abstract

Background: Mitochondria are essential organelles that provide energy for cellular functions, participate in cellular
signaling and growth, and facilitate cell death. Based on their multifactorial roles, mitochondria are also critical in the
progression of critical illnesses. Transplantation of mitochondria has been reported as a potential promising approach
to treat critical illnesses, particularly ischemia reperfusion injury (IRl). However, a systematic review of the relevant
literature has not been conducted to date. Here, we systematically reviewed the animal and human studies relevant
to IRl to summarize the evidence for mitochondrial transplantation.

Methods: We searched MEDLINE, the Cochrane library, and Embase and performed a systematic review of mito-
chondrial transplantation for IRl in both preclinical and clinical studies. We developed a search strategy using a
combination of keywords and Medical Subject Heading/Emtree terms. Studies including cell-mediated transfer of
mitochondria as a transfer method were excluded. Data were extracted to a tailored template, and data synthesis was
descriptive because the data were not suitable for meta-analysis.

Results: Overall, we identified 20 animal studies and two human studies. Among animal studies, 14 (70%) studies
focused on either brain or heart IRI. Both autograft and allograft mitochondrial transplantation were used in 17 (85%)
animal studies. The designs of the animal studies were heterogeneous in terms of the route of administration, timing
of transplantation, and dosage used. Twelve (60%) studies were performed in a blinded manner. All animal studies
reported that mitochondrial transplantation markedly mitigated IRl in the target tissues, but there was variation in
biological biomarkers and pathological changes. The human studies were conducted with a single-arm, unblinded
design, in which autologous mitochondrial transplantation was applied to pediatric patients who required extracor-
poreal membrane oxygenation (ECMO) for IRI-associated myocardial dysfunction after cardiac surgery.

Conclusion: The evidence gathered from our systematic review supports the potential beneficial effects of mito-
chondrial transplantation after IRI, but its clinical translation remains limited. Further investigations are thus required
to explore the mechanisms of action and patient outcomes in critical settings after mitochondrial transplantation.

Systematic review registration The study was registered at UMIN under the registration number UMIN000043347.
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Background

Mitochondrial transplantation is a therapeutic
approach that involves injection of healthy mitochon-
dria into damaged organs. Recent evidence has shown
that the physiological properties of healthy mito-
chondria provide the possibility of replacing dam-
aged mitochondria [1, 2], suggesting that replacement
of damaged mitochondria with healthy mitochondria
may protect cells against further injury [3]. Further-
more, mitochondria might also be actively released into
the extracellular space and potentially be transferred
from cell to cell in the central nervous system [4]. This
heightened interest in mitochondrial therapy calls for
a deeper understanding of the mechanisms underlying
mitochondrial transfer, uptake, and cellular protection
[5].

Alterations in mitochondrial properties and func-
tions play a role in modulating the development of
ischemia—reperfusion injury (IRI) in a variety of criti-
cal illnesses such as sudden cardiac arrest, stroke, myo-
cardial infarction, and major organ transplants [6—12].
IRI alters the mitochondrial electron transport chain,
produces an excess of reactive oxygen species, affects
mitochondrial calcium transport and calcium con-
centration, drives apoptotic pathways, changes mito-
chondrial fission/fusion dynamics and their shape, and
activates mitophagy pathways [13-21]. These patho-
physiological alterations lead to neurocognitive seque-
lae, multiple organ failure, skeletal muscle dysfunction,
dysregulation of immune cell responses, and release of
mitochondrial DNA, which is now recognized as a trig-
ger for systemic inflammatory responses and a prog-
nostic marker in critical illness [20]. Therefore, the
development of “mitochondria-targeting” approaches
is an unmet medical need to improve the prognosis of
critically ill patients.

Since the first study demonstrating mitochondrial
transplantation as a promising therapy in 2009 [3], the
effects of mitochondrial transplantation have been
reported in different animal models of critical illness
[4, 22—-25]. However, the current evidence for the ben-
eficial effects of mitochondrial transplantation in both
preclinical and clinical settings has not been summa-
rized systematically. Considering that systematic reviews
(SR) of animal studies have been recently highlighted for
improving the transparency and accessibility of the avail-
able evidence [26, 27], SRs of both preclinical and clini-
cal efficacy studies are extremely valuable for promoting
clinical translation [26]. Therefore, we conducted a sys-
tematic review of the relevant animal and human stud-
ies to summarize the current evidence of mitochondrial
transplantation as a novel therapeutic strategy for IRI
under critical conditions.
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Methods

This study complied with the recommendations for
conducting and reporting systematic reviews as set
forth by the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement [28].
We developed a protocol before conducting the analy-
sis and registered it in the UMIN-CTR (registration no.
UMINO000043347). The PRISMA checklist is shown in
Additional file 1.

Search strategy

A comprehensive search of three major databases
of biomedical publications was performed on Feb-
ruary 17, 2021 as follows: MEDLINE (source: Pub-
Med, 1966 to February 2021), Cochrane Central
Register of Controlled Trials (through February 2021),
and Embase (1974 to February 2021). We developed
a search strategy using a combination of the follow-
ing keywords and Medical Subject Heading (MeSH)/
Emtree terms: “((("Mitochondria"[MeSH Terms]) OR
("Mitochondrial"[tiab])) AND ("transplantation’[MeSH
Terms] OR "Mitochondrial transplantation”[tiab])) AND
(("Craniocerebral Trauma'[MeSH Terms]) OR (("Rep-
erfusion Injury"[MeSH Terms]) OR "Ischemia"[MeSH
Terms] OR "Ischemi*"[tiab] OR "Ischemia—
reperfusion”[tiab] OR "Heart arrest'[MeSH Terms]))”
We did not apply any language restrictions to the elec-
tronic search. Citations were stored, and duplicates were
removed using EndNote software (Thomson Reuters,
Toronto, Ontario, Canada) and Rayyan software [29].

Study selection and inclusion criteria
Two independent reviewers (KH and RT) screened
the abstracts and titles of the studies, and subsequently
reviewed the full-text articles for inclusion using Rayyan
software [29].

We included studies with the following characteristics:

1. Study type: investigations in both laboratory and
clinical settings

2. Target models/diseases: critical illness related to IRI,
including myocardial infarction, organ transplanta-
tion, cardiac arrest, and acute brain injury. Studies
on chronic central nervous system diseases, and on
ex vivo animal models were excluded.

3. Intervention: intraarterial or intravenous injection, of
isolated mitochondria, or their direct injection into
the region at risk. Studies that used cell-mediated
transfer of mitochondria as a transfer method and
demonstrated transfer under cell culture conditions
were excluded.
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4. Control: Placebo or no intervention (without mito-
chondrial transplantation).

5. Outcome: biological or physiological measures of the
IRL

Data extraction

Two independent reviewers (KH and RT) extracted the
data using a standardized data extraction form, with
disagreements resolved by discussion and consensus.
To ensure that no duplicate data were analyzed, the
reviewers assessed the studies carefully when multi-
ple publications by the same investigator were found.
We identified the following information for each study:
primary author’s name, publication year, experimental
model or patient population, randomization, blinded
assessment, types of mitochondrial transplantation, and
the main outcome. As the type and range of studies var-
ied widely and were mostly animal models, we did not
undertake formal quality assessment using an existing
tool. The risk of bias across studies was not assessed.
Instead, we qualitatively documented the potentially
important limitations for each study. Evidence synthesis
was descriptive because the data were not suitable for
meta-analysis.

Results

Literature search

Figure 1 shows the PRISMA flowchart of study selec-
tion in the systematic review. The search identified 1430
records. After removing 326 duplicate articles, 1104 arti-
cles were selected for title and abstract screening. Fol-
lowing screening, 33 articles were selected for full-text
analysis. After full-text review, 11 articles did not meet
the inclusion criteria and 22 articles were included in
the review; of these, 20 were animal studies and 2 were
human studies.

Animal studies
A summary of the animal studies eligible for this review
is presented in Table 1.

Brain IRl model
Five experimental models targeting brain injury were
generated in mice [25] and rats [30-33], including four
focal brain ischemia models (middle cerebral artery
occlusion [MCAOQ)]) [25, 31-33] and one traumatic brain
injury (TBI) model [30]. The types of transplantation
used were autologous [32], allograft [25, 30], and xeno-
graft [31, 33]. The types of administration were direct or
near-direct injection [30-33] and intravenous [25].

Four animal studies demonstrated the benefits of mito-
chondrial transplantation in the setting of stroke. Using
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a 60 min focal carotid occlusion model in C57BL6 male
mice, Nakamura et al. [25] assessed the impact of trans-
fusing mitochondrial-enriched fractions obtained from
snap-frozen placenta on the infarct size. Treatment with
placental mitochondria significantly decreased the infarct
size assessed using 2,3,5-triphenyltetrazolium chloride
(TTC) staining at 72 h after reperfusion; further, fluores-
cent Mitotracker Deep Red imaging demonstrated diffuse
mitochondrial uptake in the brain, lung liver, and kidney
tissues at 2 h after treatment [25]. Excess reactive oxy-
gen species and oxidative stress are major contributors
to brain damage following acute ischemic stroke. Pour-
mohammadi-Bejarpasi et al. [31] reported the intracer-
ebroventricular transplantation of isolated mitochondria
from human umbilical cord-derived mesenchymal stem
cells (hUC-MSCs) in a rat model of MCAO. MCAO
occlusion in rats for 70 min followed by reperfusion and
mitochondrial transplantation demonstrated normal
brain cytoarchitecture and neurons with a decreased
number of pyknotic cells [31]. Brain injury after acute
stroke can result in astrocyte hypertrophy, and the sub-
sequent release of glial fibrillary acidic protein (GFAP)
can lead to scar formation, thus limiting neuronal recov-
ery. Zhang et al. [32] demonstrated the neuroprotec-
tive effects of autologous mitochondrial transplantation
obtained from the pectoralis major to the lateral ven-
tricles after 90 min of MCAO. Twenty-four hours after
MCAO, the number of viable mitochondria observed in
the cerebrospinal fluid were increased, which resulted in
improved neurological outcomes, suggesting the poten-
tial application of mitochondrial transplantation after
stroke. Infusion of isolated mitochondria in the lateral
ventricles post-stroke resulted in increased mitochon-
drial accumulation in the penumbra with an increase in
overall ATP content and in the expression of complex
IV. Post-MCAO transplantation of mitochondria also
reduced apoptosis, attenuated astrogliosis with increased
neurogenesis, and decreased the brain infarct volume
[32]. Huang et al. [33] used a male rat MCAOQO cerebral
stroke model to compare the effects of direct intracere-
bral injection vs. intra-femoral transfusion on functional
status and infarct size. Intracerebral and intra-femoral
transplantation improved the functional rotarod and grip
strength performance measured up to 1-month post-
transplantation, significantly decreased the lesion size as
estimated using Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay, and showed dif-
fuse distribution of the grafted mitochondria in neurons,
astrocytes, and microglia. Mitochondria treated with
antimycin A and oligomycin failed to provide equivalent
protection against oxygen glucose deprivation (OGD)-
induced stress, suggesting that transplantation benefits
require intact mitochondrial function [33].



Hayashida et al. J Trans| Med (2021) 19:214

Page 4 of 15

Records excluded
(n=1071)

Full-text articles excluded
with reasons

‘ PRISMA Flow Diagram
'
Records identified through
£ database searching
= (n=1430)
& Pubmed (n = 454) Additional records identified
= CENTRAL (n =12) through other sources
§ EMBASE (n = 964) (n=0)
— L
A4 Y
)
Records after duplicates removed
(n=1104)
oo
£
c
]
o
8 \ 4
Title and abstracts
Screened Independently >
(n=1104)
'
=
= v
)
ang Full-text articles assessed
- for eligibility >
(n=33)
~——
)
v
= Studies included in the
§ evidence synthesis
2 (n=22)
£ Animal =20
Human =2
~———
From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(7): €1000097. doi:10.1371/journal.pmed 1000097
For more information, visit www.prisma-statement.org.
Fig. 1 PRISMA flow diagram




(2021) 19:214 Page 5 of 15

Hayashida et al. J Trans| Med

3715 104RyUI pUR
‘uoisnyiad ‘uonouny

uols
-nyiadal uo AjR1eIpaWIW|

3|PsNW Jofew Si|e101d3d

[2€] |eipJedoAw panoidu| ON panodal JoN 0L X | ‘(A1euoiod) y| yeiboiny 1ieaH BILIBYDSI (D04 (9]BUID)) DUIMS UIYSHIOA
uopduny [eqo|b
ur abueyd ou g uoisnjiadai
9ZIS 12Jeju| Pasealdap 210§3q UlW | ‘s
'SI9¥IBW UONRAIDP uondafur Jad eupuoyd
SUP0IAD pue Alolew -ONW 01 X €] ‘'sauin g 3|2SNW JofeW $11RI01D3d [EILEIEN)
[9€] -weyul ul abueyd oN payodal 10N S9A  UonDalul [eipiedopuagng yeiboiny 1ieaH ejWayds! (D04 sBId 211YSHIOA
uojsny
-Jadas-150d uonouny
|elpiedoAw [eqolb pue
|euoibal paduryud
pue 3zIs 121ejul uolsnjiadasiaye ujw ozl 9Psnu Jofew sijel01dad [EIEIEN)
€l |eIpJED0AW PadNpay pauodal 10N SOA ‘0L X | ‘(A1euoiod) v yeiboiny 11esH ejwayds| [eD04 sbid a1ysyIon
euwlapa ulelq pue ‘abe
-wep ggg ‘sisoxdode |g1-3sod uiwi 0|
pPadNPaY :OAIA U| (7 oL xri/eupuoyd
Aupnsejd ondeuAs -O)W 0L X |'| 'Xa10d (31eW)
pue uonelidsal Jejn||a3 [esa3eyisdi ay3 oul Df (¢ SINQG ulelg (¢ 191 (€ DI 919/5D (¢
[0€] panoidwi :oiA U (1 SOA SOA 21MIN>-0 (1 yesbojly 1eD (1 ‘aoo (L 192 71 Dd pue gpuq (1
uolejue|dsuel-isod
yuow-| 01dn 1o}
aouewllopad yibuais
dub pue poselol
[euondUNy parcidull
pue ejuwaydsi-1sod OVOW-sod Y ¢z
SY99M 17 9715 1D1ejul 'bri 05/ ‘(jesowzy) S92 L-MHE (OvVDOW) (arew)
€] paonpal | pue D pauodal 10N pauodal 10N v 4o b g/ D) 1021Q yeibouay urelg eludYdSI (D04 s1e1 as
sisoydode pue
SUWIN|OA 12JBjUl PaONPaJ uolsnyiadai
UM ‘'OVDW Jaye suon 191Je Aj2181paWIL| 9|2SNW JofeW $11BI031D3d (31eW)
143 -ouny Jojouwl panoidul SOA SOA ‘0L X G 'SADI 13110 2yelboiny ulelg (OVDW) BIWBYDS| [0+ eI QS
(Ui oL uiyam)
Y ¢ Jaye uon uolsnpadal 1Yy ‘SOSIN
-duny Jojow panoidull ,01 X € Wolj pa1e|os|
‘elwayds! Jaye eLIPUOYD0}W Ay3jeay SOSIN-DNY
[L€] YTz 9azIs 104eju| padNpay panodal 10N pauodal JoN jor 0L 'spDlP2au1a yeibouay ulelg (OVYDW) BluaYdS! (P20 181 JRISIM
uoisnyaday
elwaydsi-isod y JEMI SUERIIE (OVDOW) (3]ew)
[S2] 7/ ZIs 11eyul paseainag SOA S9N APreipawiw) ‘bri ool ‘Al :yelboyly uleig eIUIBYDS! [0 901W 979/5D
Buiwin
pue ‘asop ‘poyiaw
HEN SSWODIN0 U\ JUSWISSISSE papullg uolleziwopuey uonejuejdsuel] eLpUOYd0}W JO 3DIN0S uebiQ 1abie] |opow jo adA) sapadg

M3IA3J SIY} 104 9|G1DI119 SaIPNIS [BWIUE 33 JO Alewwing | jqeL



(2021) 19:214 Page 6 of 15

Hayashida et al. J Trans| Med

Auoeded uopesapoid
pue Jjedal ||92 |eual

uoisnjladal 21042q

9[Psnu Jofew Sl|elolded

[ep]  ‘uondUNy |eUDI PASEIIDU| payodal 10N pauodal ION  UIW G501 X G/ ‘(jeusy) v yeiboiny Aaupry e|Wayds! (D04 (9]ew) s3el JeISIpN
9715 12IejUl PIseaIdIP uolsnyadasisod Yy z (z |92 15e|qOIqY DBlpIed
‘pue uondwnsuod uolsny QUIMS :Jeibo|y ‘o (€
usbAxo pue uonouny -ladas-1sod ulw G| (| 3)2snwi Jofew si|
[s€] |BIPJEDOAW PaAISaId SOA SOA ‘<01 X G '(A1euoiod) y|  -e103102d Yeiboiny ‘1 (1 1leaH e|waydst [eqo|o (9eway) sbid au1ysyIoA
Ainfu
Y/ J21e 3ZIS UofIDIRjUl
pa1iWl| BLPUOYD01IU
pa1eail-|-ep|y Jo
uonelue|dsueil OAIA U| syulod JuIalIp ¢
OIIA Ul 1e uoisnyad Y ¢ bulng
sisoydode a1£50Awolp O RETRINITEY
-1ed pa1IqIyul uoiey 1J3] 941 JO WNpIed0AW
[c¥]  -ueidsuely [eLIPUOYIOUN panodal 10N paniodal JoN 1e uonda(ul 19311g payiodal 10N 1IeaH eILIBYDSI [0 (3)PW) 21W 9/19/5D
uoleue|dsuely
Ainfurans 191Je Ul G pue 1saAIRY
-S13 1Jelb pasealdap pue ueblo a10jaq ulw 3|2SNW SNJWBUD0IISED)
[1¥#]  uonounyyesb pasueyul SIA pauodalloN  0l'g0L X | (A1euciod) v| yeibo|y 1ieaH (3JPW) DIW [ 9/79/5D
uolsnyadas-isod
uonduNy [eIpied0AW uolsnyiadai
|euolbal padueyua 210§2q UlW | ‘DS
pue az|s 121ejul uondafuriad ;01 X 7'L 9]2SNW JofeW $11BI1031D3d (9eW) suq
o] |eIpJed0AW padnpay SIA pauodalioN  ‘sswif g uondaful 1311g yeliboiny 1ieaH BILIBYDS| [BDO4  -QBJ 9UYM purjea7 MON
uonduny eIp
-1e20AW padueyud pue
9IS 121ejUl PIdNPaY (T
sa1£00Awolpied 19A17 e|uayds| [euolbail
pue ‘s|9ssaA pooiq yeiboiny (¢ ‘Apn1s uondun4 (7
YHM paieposse ‘sodeds sise|q eIuwaYds!
[PI}ISISIUI Ul PAAISSTO uolsnpiadas uodn -0Iqy delpied Uewny Jeuolbal 1o [eqoln (3]eway) suq
[6€] 219M eLPUOYDOUN (| SIA pauodalloN g0l X | ‘(A1euoiod) v (¢ 2yelbouay (| 1IesH :Apnis abew| (| -geJ SUYAA PUBRIZ MAN
eIWAYIS] 910437 UIW
09 92UIS UIW G AI9AT
suon 'suondaful 0| X eup
-23ful [elas pue 3|buls -UoYDONW (0L X |
US9MIDQ SDUBIBHIP OU {(A1euolod) y| |euas
‘UoidUNy [eIpJed0AW eluayds| [euoibal
panoidwl '8z1s 10uejUl 210/5q UIW G101 X | 3|2snw Jofewl sijei01dad [EIEIEN)
[8¢] |e1pJed0AW padnpay SIA SIA {(K1eu0lI0D) Y| 3|PUIS yeiboiny 1eaH eIUIBYDSI [0 SBId DUIYSHIOA
Buiwn
pue ‘asop ‘poyiaw
HEN SDWODIN0 U\ JUSWISSISSE papullg uolleziwopuey uonejuejdsues] eLpuoyd0)wW Jo 3AJnos uebiQ 19bie] [opow jo adA| sapads

(panunuod) L ajqey



(2021) 19:214 Page 7 of 15

Hayashida et al. J Trans| Med

uonejue|dsuel) [elPUOYD0}IW-pa3eas3did uluoleldw ‘OHN-W :Adodsoi3dads adueuosal di3duUbew-d, ¢ ‘SYIN-d, ¢ ‘AInfur uoisnyiadas eiwaydst ‘Y] ‘wnindial dlwsejdopus Y3 ‘uaboiu

©3JIN POO|q ‘NN ‘18 Uoliel}|y Jejniswolb ‘Y40 ‘1sLeq uleiq poo|q ‘gdg ‘uoidaful [elalie-eiiul ‘y| {uondaful [eigaiadesiul ‘| ‘uoidaful JejndLIuSA0IgaIdeIUL ‘AD] ‘eLIPUOYD0}IW PIALISP-UIRIG YUNAF ‘3Se|qolqy Asupiy
J93swey Aqeq ‘L Z-)HG ‘Ainfuy uleiq dijewnely ‘jg] ‘uonealdap usbAxo asodn|b ‘DO ‘UoISNID0 A1d}Je [BIGDIAD B|PPIW ‘OY DN S|[92 WIS [BWAYIUISIW PIALISP PI0D [BDIjIquin uewny ‘sOSN-DNY ‘A3meg-anbeids ‘as

dnoub [y| aya
0} paledwod JaAl| Ul
UOLIeIYUI |9 A101eW
-wiejjul pue 2102s Ainful
ISAI| 9Y3 paseaidap
dnolb on-Ww ay
‘dnolb Y] ay1 u ueyy
dnolb oW ayy Ul
19ybIy a1om HAVYN pue
d1V JO S|oAs) dieday
[8¥] °Y11eyl pamOys SYIN-d ¢
uonduny
Jojow uj Juawaroidul|
suoloeal
onoldode-oinau
pue ‘ssai1s Y3 ‘101
[£¥) -eulWeul palenuany

Ainfur anssiy bun|
paseaidsp
pUE SJIURYIIW
Bun| paroidwi spo
[ov] -U1ow A1anijep yiog

uonouny
quitjputy paaosduwi
‘sisoydode pue azis

3% 101ejUl Pasealda

NNg
pUe 3UIUIeaID UINJSS

paseainap 1ndino
aULN pue Y4o pasea.du]
[Py] pa1d219p sanssi A1aes oN

papodal 10N

SOA

SOA

SOA

SIA

SOA

SOA

SOA

payiodal JoN

SIA

uoisnyiadal uodn
‘Bwi Q| ‘UIDA [PLIOd

uoIsnyadal a104oq UIW §
Bri ool ‘(einbnf) A

uols
-nyladai 1e Aja1eipaiu)|
‘g0l X ¢ 'uonez
-Ingau Ag bun| ajoym
01 AI9AI[9p [0S0I3Y 1O
‘0L X | ‘(Areuownd) v|

uoisnjiadai

191je uiw G| 1ybram

19M 3PsNW welb

12d 0L X =01 X |
‘uonoalul 1a1q

uols
-nyiadal 1e Ajp1eIpauiw|
oL x|
‘(K1911e [BUR) VY| 9|BUIS

I
:yelboyly

32sNW SN3J0S
yeibo|y

3ppsnw
sniwsud01sen yeibojly

3PSNIA
“Jeibo|y

92SNW ploiseul
-0OpIaPoulR)ls Yeibolny

1A eIUIBYDS| (2204

pJod |euidg

Bun eIUIBYDS| [B204

quitpurH

elwayds| [P204

Aaupry eIUIBYDS! [BD04

(3rew)
s1el gs

(c]ew)
s1el gs

(3(ew) 21w [ 9/1945D

(Slew) 921w 9/19£5D

(9eway) sbid au1ysyIoA

SJoY S9W0d}NOo uley

JUSWISSISSe papullg uonezjwopuey

Buiwn
pue ‘asop ‘poyiaw
uonejue|dsuel]

eLIPUOYD0}IW JO 32IN0S

uebuQ 1061 |opow jo adA|

saads

(penunuod) | 3|qeL



Hayashida et al. J Trans| Med (2021) 19:214

One animal study demonstrated the benefits of mito-
chondrial transplantation in the setting of TBI. TBI is
known to result in inflammatory and oxidative stress as
well as mitochondrial dysfunction that occurs shortly
after the initial impact. Using both a cellular glucose-
oxygen deprivation model in bEnd3 and PC12 cells and
an in vivo mouse model of TBI using a controlled cor-
tical impact device, Zhang et al. [30] suggested that
administration of exogenous brain-derived mitochon-
dria improved cellular respiration and the expression
of proteins associated with synaptic plasticity in vitro,
along with increased angiogenesis; reduction in apop-
tosis, brain edema, and blood brain barrier leakage; and
improved long-term potentiation in the hippocampus, at
7 days after in vivo TBL

All the studies showed improvement in the primary
outcome with mitochondrial transplantation. All the
above-mentioned studies demonstrated an improvement
in brain function following mitochondrial transplan-
tation. Of these, two out of five studies did not report
whether the study was randomized or if the study was
conducted in a blinded manner; the remaining studies
included information regarding both randomization and
blinding. The sources of donor organs, types of trans-
plantation, timing of transplantation, and transplant
methods varied across all studies.

Cardiac IRI model

Nine experimental models of cardiac IRI were under-
taken in pigs [34—38], rabbits [39, 40], and mice [41, 42],
including seven focal ischemia models [34, 36—-42] and
one global ischemia model [35]. The types of transplanta-
tion were autologous [34—40] and allograft [41]. Admin-
istration was intraarterial [34, 35, 37-39, 41] and through
direct injection [36, 40].

We reviewed seven animal studies that demonstrated
the benefits of mitochondrial transplantation in focal
cardiac ischemia models. Blitzer et al. [34] used York-
shire pigs that underwent 30 min of ischemia, which
was induced by snaring the left anterior descending
artery, to test the efficacy of delayed mitochondrial
transplantation. After the initial 120 min of reperfu-
sion, swine were randomly assigned to receive either
autologous mitochondria (1 x 10° in 5 mL of vehicle)
or vehicle only (5 mL) delivered antegrade as a bolus
to the left coronary ostium. Echocardiographic analy-
sis demonstrated that the hearts of pigs receiving
delayed mitochondrial transplantation after IRI showed
enhanced ejection fraction, fractional shortening, and
fractional area change at 240 min of reperfusion com-
pared with those in the untreated pigs. Although no
significant differences were found between the groups
in the area at risk, the infarct size was significantly
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decreased in the hearts of treated pigs [34]. Kaza et al.
[36] injected autologous mitochondria into the area
at risk (AAR) of the heart after 24 min of temporary
regional ischemia, which was induced by snaring the
circumflex artery in a pig model. The mitochondria iso-
lated from the dissected pectoralis major muscle were
injected into the AAR (1.3 x 10 per injection site x 8
injection site), which significantly enhanced myocar-
dial cell viability and reduced the infarct size. Magnetic
resonance imaging showed that the injected mitochon-
dria were present for at least four weeks after the injec-
tion [36]. Shin et al. [37] demonstrated that autologous
mitochondria (1 x 10° mitochondria) injected into the
left coronal artery after 30 min of regional ischemia,
which was induced by temporary snaring of the mid
left anterior descending artery, significantly improved
myocardial function, coronary blood flow, and infarct
size. The authors thus concluded that intracoronary
delivery of mitochondria is a safe and efficacious ther-
apy for myocardial ischemia—reperfusion injury [37].
Guariento et al. [38] performed autologous mitochon-
drial transplantation as a therapeutic strategy for pro-
phylactic myocardial protection in a porcine model of
regional IRI. Yorkshire pigs received vehicle or mito-
chondria either as a single bolus (1 x 10°: MTg) or seri-
ally (10 injections of 1 x 10 at 5 min intervals over 60
min: MTygg) prior to cardiac IRI. MTg and MTg signifi-
cantly enhanced coronary blood flow and ejection frac-
tion and significantly reduced the infarct size. However,
no significant difference in AAR was observed between
the treatment groups. The authors suggest that preis-
chemic mitochondrial transplantation, either by single
or serial administration, facilitates myocardial protec-
tion from IRI by significantly reducing the infarct size
and enhancing global and regional function [38].
Cowan et al. [39] used New Zealand White rabbits to
investigate whether exogenous mitochondria can be
effectively delivered through the coronary vasculature
to protect the ischemic myocardium, and studied the
fate of these transplanted organelles in the heart. Xeno-
grafted mitochondria were observed in the interstitial
spaces and were associated with the blood vessels and
cardiomyocytes. They also found that autologous liver-
derived mitochondria markedly reduced the infarct
size and enhanced myocardial function [39]. Masuzawa
et al. [40] transplanted mitochondria (9.7 41.7 x 10%/
mL), which were autologously derived from the pec-
toralis major muscle, in rabbits subjected to regional
ischemia, 1 min prior to reperfusion. Regional ischemia
was achieved by temporarily narrowing the left anterior
descending artery for 30 min. The animals were then
allowed to recover for 4 weeks to measure their heart
function. Mitochondrial transplantation significantly



Hayashida et al. J Trans| Med (2021) 19:214

decreased the infarct size, creatine kinase MB lev-
els, cardiac troponin-I levels, and apoptosis in the RI
zone compared with the vehicle treatment group. The
authors also showed that in vivo and in vitro trans-
planted mitochondria were observed in the interstitial
spaces and were internalized by cardiomyocytes at 2—8
h after transplantation. The transplanted mitochondria
enhanced oxygen consumption, high-energy phosphate
synthesis, and the induction of cytokine mediators and
proteomic pathways that are important in preserving
myocardial energetics, cell viability, and enhanced post-
infarct cardiac function [40]. In a murine heart trans-
plantation model, Moskowitzova et al. [41] reported
that 1 x 10® allogeneic mitochondria isolated from the
gastrocnemius muscle were delivered antegrade to the
coronary arteries via injection to the coronary ostium
before harvesting the donor heart and after transplan-
tation. Mitochondrial therapy (1 x 10® in respiratory
buffer) prolonged the cold ischemia time, significantly
enhanced graft function, and decreased graft tissue
injury [41].

We found one study that investigated the potential
therapeutic effects of pretreating donor mitochondria
for mitochondrial transplantation in myocardial IRI.
Aldehyde dehydrogenase 2 (ALDH2) plays a key role in
regulating mitochondrial homeostasis. Sun et al. [42]
investigated the potential effects of Alda-1, an ALDH2
activator, on mitochondrial transplantation in myocardial
IRI. In vitro, mitochondrial transplantation inhibited the
cardiomyocyte apoptosis induced by hypoxia-reoxygena-
tion exposure, independent of Alda-1 treatment. In vivo
transplantation of Alda-1-treated mitochondria limited
the IRI as assessed by echocardiography, 2,3,5-triph-
enyltetrazolium chloride (TTC) staining, and imaging
studies.

One animal study demonstrated the benefits of mito-
chondrial transplantation in a global cardiac ischemia
reperfusion model. In a study by Guariento et al. [35] in
2020, Yorkshire pigs received vehicle or autologous mito-
chondria as a single bolus (5 x 10° MT), after 15 min of
reperfusion. Another group of animals (serial injection
of mitochondria [MT]) received a second injection of
mitochondria (5 x 10%) after 2 h of ex situ heart perfu-
sion, and was reperfused for an additional 2 h. Both the
MT and MTg groups showed significantly increased left
ventricle function (ventricular peak developed pressure,
maximal ventricular pressure rise, fractional shorten-
ing), increased myocardial oxygen consumption, and
decreased infarct size at 4 h post-reperfusion compared
with the vehicle-treated group [35].

We did not find any studies that failed to demonstrate
an improvement in cardiac function after mitochondrial
transplantation. Seven of nine studies did not report
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either randomization or blinded assessment. In most
studies, mitochondria that were autologously derived
from the pectoralis major muscle were injected via the
coronary artery.

Kidney IRl model

There were two studies on experimental models of kidney
focal ischemia in rats [43] and pigs [44], in which autolo-
gous mitochondria were injected intra-arterially.

Jabbari et al. [43] demonstrated that mitochondrial
autografts from healthy muscle cells to injured kidney
cells through injection into the renal artery prevented
renal tubular cell death, restored renal function, amelio-
rated kidney damage, improved the regenerative poten-
tial of renal tubules, and decreased IRI-induced apoptosis
[43]. Doulamis et al. [44] investigated the safety and effi-
cacy of autologous mitochondrial transplantation by
intra-arterial injection for renal protection in a swine
model of bilateral renal IRI. They found that the injected
mitochondria were rapidly taken up by the kidneys. After
24 h of reperfusion, the estimated glomerular filtra-
tion rate and urine output were significantly increased,
whereas the serum creatinine and blood urea nitrogen
levels were significantly decreased by mitochondrial
transplantation, along with improved acute histopatho-
logical changes. The authors thus suggested that their
results provide a basis for clinical translation and will
enhance the armamentarium of clinicians for the treat-
ment of acute kidney injury [44].

Other IRI models

Studies on mitochondrial transplantation have also been
conducted in other experimental models including acute
limb ischemia [45], lung IRI [46], spinal cord injury
[47], and acute liver injury [48] models. Orfany et al.
[45] used a C57BL/6 ] male mouse acute limb ischemia
model to compare the impact of dose-dependent mito-
chondrial injection (1 x 10°%, 1 x 107, 1 x 10, and 1 x 10°
mitochondria/g muscle) after IRI with f-Rhodamine
6G-labeled mitochondria. Positron emission tomogra-
phy imaging demonstrated diffuse mitochondrial uptake
into the injected muscle group and muscle histology
showed significantly improved infarct size; further, dose-
dependent significant differences were achieved between
the lowest and highest dosing regimens. Mitochondrial
injections were associated with improved functional sta-
tus by visual gait scoring and increased IL-10 expression
by multiplex analysis [45]. Moskowitzova et al. [46] inves-
tigated the efficacy of mitochondrial transplantation in
a murine lung IRI model. Male C57BL/6 ] mice received
either vehicle or vehicle-containing mitochondria either
by vascular delivery through the pulmonary artery or
by aerosol delivery via the trachea (nebulization). At
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24 h after reperfusion, lung function was found to be
increased, whereas tissue injuries were significantly
decreased in the mitochondria-treated groups compared
with the respective vehicle groups. No significant differ-
ences in cytokine and chemokine levels were observed
between the groups. The authors thus concluded that
mitochondrial transplantation by vascular delivery or
nebulization improved lung mechanics and decreased
lung tissue injury [46]. Fang et al. [47] tested the neuronal
protective effect of transplanting viable mitochondria
into the ischemic spinal cord in rats. Mitochondria (100
ug) were isolated from the soleus muscle and delivered
through the jugular vein before reperfusion. They found
that mitochondrial transplantation significantly reduced
neuronal apoptosis and improved locomotor function in
rats with spinal cord ischemia by suppressing oxidative
stress and endoplasmic reticulum (ER) stress [47]. Ko
et al. [48] investigated whether *'P-magnetic resonance
spectroscopy (*'P-MRS) could accurately identify the
protective effects of transplanting melatonin-pretreated
mitochondria (m-Mito) on acute liver IRI in rats. At 72
h after acute liver IRI, 3'P-MRS showed that the hepatic
levels of ATP and NADH were significantly higher in
the m-Mito group than in the IRI group. Histopathol-
ogy revealed that the liver injury score and inflammatory
cell infiltration in the liver parenchyma were significantly
decreased with the m-Mito-transplanted IRI group [48].

All studies demonstrated improvement in IRI follow-
ing mitochondrial transplantation. In most studies, mito-
chondria derived from skeletal muscles were used for
allograft transplantation. The transplantation method
and timing differed depending on the experimental
model used.

Human studies

In this systematic review, we did not find any rand-
omized controlled trials of mitochondrial transplantation
in humans. We identified two human studies that used
mitochondrial transplantation, and these were reported
by the same study group. The group first published a sin-
gle-arm interventional case series with autologous mito-
chondrial transplantation in five pediatric patients who
required central extracorporeal membrane oxygenation
(ECMO) support, and showed that mitochondrial trans-
plantation is feasible and safe [49]. Thereafter, in 2020,
the same group reported their further experience with
injection of autologous mitochondria into the myocar-
dium of pediatric patients in a single-center retrospective
study [50].

At Boston Children’s Hospital (BCH) from May 2002 to
December 2018, 10 pediatric patients with severe heart
disease who required central ECMO support for IRI-
associated myocardial dysfunction after cardiac surgery
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were eligible for autologous mitochondrial transplanta-
tion. These 10 subjects were compared with 14 historical
controls.

Mitochondria were harvested from non-ischemic rec-
tus abdominis muscle, and the isolation was performed
within 20-30 min under sterile conditions in the cardiac
intensive care unit or operating room. A 6 mm x 6 mm
piece of heathy rectus abdominis muscle was harvested
and mitochondria were isolated, yielding approximately
2 x 10" viable and respiration competent mitochondria
from 0.18 £0.04 g (wet weight) of tissue sample. The iso-
lated mitochondria were suspended in 1 mL of respira-
tion buffer at a concentration of approximately 1 x 10%
to 1x10° particles/mL. During the same intervention,
mitochondria were delivered by direct injection using a
tuberculin syringe (28-gauge needle) to the myocardium
affected by IRI, as identified by epicardial echocardiog-
raphy. After the procedure, cardiac function assessed by
speckle tracking echocardiography was reviewed by two
blinded investigators for median circumferential strain
and qualitative assessment.

No patients had adverse short-term complica-
tions related to mitochondrial injection (arrhythmia,
intramyocardial hematoma, or scarring). Blood param-
eters (white blood count, serum lactate, creatinine, and
blood urea nitrogen) did not differ between patients who
underwent mitochondrial transplantation and those who
did not receive mitochondrial transplantation. Patients
subjected to mitochondrial transplantation were more
likely to successfully wean from ECMO and exhibited
better ventricular strain magnitude at the time of ini-
tial decannulation (23.0% vs. 16.8%, P=0.03) and lower
overall occurrence of cardiovascular events (20% vs. 79%,
P<0.01) compared to the control group. Kaplan—Meier
curves and Cox regression analysis models showed a
higher composite estimated risk of cardiovascular events
in the control group (hazard ratio, 4.6; 95% confidence
interval, 1.0-20.9; P <0.04) [50].

Discussion

Summary of main results

We identified 20 animal and 2 human studies to provide
current evidence for mitochondrial transplantation as a
treatment for IRI. In the animal studies, 14 of 20 (70.0%)
studies focused on IRI models of either the brain or heart,
and 12 (60.0%) studies were performed in a blinded man-
ner. Both autograft and allograft transplantation were
used in 17 (85.0%) animal studies; the study designs were
heterogeneous in terms of route of administration, timing
of transplantation, and the dosage used. All animal stud-
ies reported that mitochondrial transplantation mark-
edly mitigated IRI in the targeted tissues, but there was
variation in the biological biomarkers and pathological
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changes. Of these, two studies demonstrated the benefi-
cial effects of pretreating mitochondria as donors on IRIL.
Overall, irrespective of the experimental model, none
of the studies failed to demonstrate an improvement in
functional outcomes after mitochondrial transplantation.
Further studies are warranted to elucidate the best meth-
ods, the best donors, or the best timing of mitochondrial
transplantation for IRL

In this systematic review, we found only two studies
reported by the same group, but did not find any rand-
omized controlled trials regarding the effect of mitochon-
drial transplantation on IRI. The latest study reported
was a single-center, non-randomized, retrospective study
with historical controls, which should be noted as the
major limitations of the study. Further randomized con-
trolled trials are thus required to demonstrate the impact
of mitochondrial transplantation in patients with IRL

Potential mechanisms underlying the beneficial effects

of mitochondrial transplantation on IRI

The mechanisms responsible for mitochondrial trans-
plantation in IRI are yet to be fully elucidated. Astro-
cytes play a wide variety of roles in the regulation of
neurodevelopment, neurotransmission, blood brain
barrier formation, and in protection against oxidative
stress and excitotoxicity. Recent studies have shown
that astrocytes can release and transfer extracellular
mitochondrial particles that enter damaged neurons to
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support neuroprotection and neurorepair through cal-
cium-dependent CD38 signaling [4, 51] (Fig. 2).

In animal models of brain ischemia, transplanted
mitochondria were found to be incorporated into neu-
rons [32], astrocytes [33], and microglial cells [33] of the
peri-infarct area, resulting in increased overall ATP con-
tent and increased expression of complex IV [32]. Mito-
chondrial transplantation significantly attenuates cellular
oxidative stress, apoptosis [32], and decreased astroglio-
sis [31, 32] and microglial activation [31], and promotes
neurogenesis after ischemia [32]. Furthermore, fluores-
cent imaging revealed that in addition to the ischemic
brain, infused labeled mitochondria were found in vari-
ous organs including the lung, liver, kidney, and heart
[25]. Thus, further studies are required to determine
how intravenous infusion of mitochondria affects other
organs outside the central nervous system after stroke.
In models of cardiac IRI, transplanted mitochondria
have been shown to act both extra- and intra-cellularly
[22]. Injected mitochondria were found to be localized
near the site of delivery, whereas vascular perfusion of
mitochondria resulted in rapid and extensive dispersal
throughout the heart [39]. Transplanted mitochondria
increased the total tissue ATP content and ATP synthe-
sis [40] as well as enhanced myocardial cell viability [36].
This increase in high-energy molecules acts to improve
cardiac function rapidly. Further, the transplanted mito-
chondria enhanced the biological pathways that are
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Fig. 2 Mitochondrial transfer from astrocytes to damaged neurons following ischemic insult
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important for preserving myocardial energetics and cell
viability [40]. Proteomic analysis has shown upregulation
of proteomic pathways for energy production, mitochon-
drial function, and cellular respiration [40]. Mitochon-
drial transplantation decreased pro-inflammatory
markers [40, 47], increased anti-inflammatory cytokines
[45], and inhibited endoplasmic reticulum stress and cas-
pase-3 expression [47]. Mitochondrial transplantation
did not alter the levels of pro-inflammatory cytokines
[36, 45, 46]. Moreover, metabolomic analysis has indi-
cated that mitochondrial electron transport chain was
in the top 10 pathways involved in the altered metabolic
profile of the hearts that received mitochondria [35].

The potential mechanisms by which mitochondrial
transplantation improves IRI outcomes are shown in
Fig. 3. Although the precise mechanisms by which exog-
enous mitochondria can be taken up by cells remain
undetermined, the transplanted exogenous mitochon-
dria are found to successively progress through the
endolysosomal system from early endosomes to late
endosomes to lysosomes [52]. Most exogenous mito-
chondria escape from endosomal and lysosomal com-
partments and effectively fuse with endogenous cardiac
cell mitochondria, along with an associated increase
in ATP content, oxygen consumption rates, and
replacement with depleted mitochondrial DNA [52,
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53] (Fig. 3). However, further studies elucidating the
molecular mechanism of exogenous mitochondria are
warranted to guide the development of this innovative
treatment.

From the viewpoint of clinical translation, a poten-
tial alternative source for viable, respiratory-compe-
tent mitochondria would be from a different individual
(allogeneic) or different species (xenogeneic). Ramirez-
Barbieri et al. investigated the immune and damage-
associated molecular patterns (DAMPs)-associated
response after injections of allogeneic mitochondria
in a transplant rejection system of fully MHC-mis-
matched skin allografts. Their results demonstrated
that there is no direct or indirect, acute or chronic allo-
reactivity, allorecognition or DAMPs reaction to single
or serial injections of allogeneic mitochondria [54]. The
same group has also shown that in a rabbit model of
cardiac IRI the xenogeneic mitochondria transplanta-
tion upregulated only cytokines and chemokines which
were associated with enhanced post-infarct cardiac
function and were not related to alloresponse [40]. All
other cytokines and chemokines showed identical lev-
els to baseline at 1, 2, 3 and 4 weeks post mitochondrial
injection [40].
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Strength of the review

A significant strength of this analysis is that, to the best
of our knowledge, this study is the first systematic review
to provide evidence regarding the potential beneficial
effects of mitochondrial transplantation on IRI in criti-
cal diseases, in both preclinical and clinical settings. We
performed a comprehensive search without any language
restrictions. Furthermore, given that recent applications
of SR to animal studies revealed poor quality (in terms
of randomization and blinding) in most animal studies
[26, 55-57], our SR of both preclinical and clinical stud-
ies enables scrutiny of the validity of preclinical evidence,
helps prevent unnecessary duplication of animal studies,
and promotes the clinical translation of this promising
concept of mitochondrial transplantation.

Limitations of the review

The current study has several limitations. First, as the
concept of mitochondrial transplantation is in its early
stages, we should acknowledge the significant possibil-
ity of publication bias, even in animal studies. We also
cannot exclude reporting bias in both animal and human
studies. This implies that the techniques used may be
suboptimal. Second, we did not perform a quantitative
meta-analysis because we considered that quantitative
meta-analysis was not relevant for the small number of
heterogeneous studies included; thus, our data synthesis
is mostly descriptive. Third, although we tried to cap-
ture a wide range of studies, we may have missed poten-
tially relevant literature. Finally, it should be noted that
12 out of 20 animal studies included in this review used
rodent models. It is known that the rodents model has
lesser similarities to humans than rabbits and pig models
in terms of the physiological, hemodynamical, immune
response, and metabolic responses [58, 59].

Conclusion

In the present review, we have summarized the develop-
ment and potential applications of mitochondrial trans-
plantation in IRI. The studies included in our analysis
have demonstrated the potential of mitochondrial trans-
plantation in the context of IRI in different organs. The
provided evidence supports the potential impact of mito-
chondrial transplantation on IRI in preclinical models,
but the relevant clinical translational research remains
extremely limited. Therefore, further investigations are
required, especially in clinical settings, to explore the
mechanism of action and the potential for clinical imple-
mentation of mitochondrial transplantation to improve
patient outcomes.
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