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Abstract

Mitochondrial transplantation emerges as a novel therapeutic solution for ischemia/reperfusion injury (IRI) in various tissues.
Platelets have recently been used in mitochondrial transplantation as readily-available donors of small-size platelet mito-
chondria (plt-mito). Interestingly, FUN14 Domain Containing 2 (FUNDC2), a protein highly-expressed in the outer mem-
brane (OMM) of plt-mito, has been identified to maintain platelet survival under hypoxic condition. The current study
determined whether and how FUNDC2 contributed to the therapeutic effect of plt-mito transplantation for hypoxia/reox-
ygenation (HR) injury. The results showed that incorporation of human plt-mito into SH-SY5Y cells rescued HR-induced
mitochondrial malfunction and mitochondrial apoptotic pathway. Mechanistically, plt-mito transplantation led to an increased
expression of FUNDC?2 in the recipient cells. This protein induced mitochondrial translocation of phosphatidylinositol-3,4,5-
trisphosphate (PIP3) via its N-term, resulting in the stimulation of the protein kinase B (Akt)/forkhead box O3a (FOXO3a)
pathway, which inhibited HR-induced mitochondrial accumulation of a mitochondrial target of FOXO3a, Bim, also known as a
pro-apoptotic protein. Therefore, the FUNDC2/PIP3/Akt/FOXO3a axis may facilitate the incorporated plt-mito to restore
mitochondrial function and cell viability of the recipient cells, and platelets may serve as readily-available sources of donor
mitochondria that afford therapeutic benefits against IRI.
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Introduction with exogenous healthy mitochondria, this method supple-
ments the compromised cells with mtDNA, ATP and antiox-
idants and promotes their self-repair®’.

In clinical trials, skeletal muscles have been commonly
used as mitochondrial donors®'°. However, acquirement of
muscular tissues is invasive, which limits the clinical

Mitochondria are important cell organelles that supply
energy, generate reactive oxidative species (ROS), and med-
iate cell apoptosis, and therefore serve as the primary sub-
cellular target of IRI'. Impaired bioenergetic efficiency is
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application of this approach®'°. Platelets are anucleate cells
abundant in blood. Platelet collection by venous venipunc-
ture is minimally-invasive''. More significantly, platelets
contain small-size mitochondria and possess neuron-like
biochemical properties''. Consequently, platelets may be
employed as mitochondrial donor cells''. In a recent study,
delivery of plt-mito into the brain of diabetic mice restored
hippocampal mitochondrial function and improved the cog-
nitive ability''.

Interestingly, FUNDC2 has been identified as a protein
highly-expressed in the OMM of plt-mito, and offers signifi-
cant protection against hypoxia-induced platelet apoptosis'?.
Mechanistically, FUNDC2 has two extra-mitochondrial parts,
that is, N- and C-term'?. Its N-term recruits the lipid PIP3 to
plt-mito. PIP3 is required for Akt phosphorylation, which
activates a variety of pro-survival substrates to facilitate plate-
let survival under hypoxic stress'2. On the contrary, FUNDC2
knockout diminished PIP3 in platelets, suppressed Akt activa-
tion, and led to platelet apoptosis'%. Since FUNDC?2 is specif-
ically high in plt-mito'? it would be interesting to determine
whether FUNDC2 helps the transplanted plt-mito to confer
neuroprotection following HR exposure. A neuronal HR
model in vitro was built in this study by using retinoic acid
(RA)-differentiated human SH-SY5Y cells, which has been
validated to be reliable in vitro models for human systems'?
and are commonly used to establish in vitro neuronal IR mod-
els'* ' The current study elucidated whether and how
FUNDC?2 contributed to the favorable effect of plt-mito trans-
plantation for HR injury.

Methods
Plt-Mito Preparation

Blood samples were obtained from 9 healthy subjects (M/F:
4 of 9; Age range: 24-35 years; Average age 27.9 years) at
Outpatient Center of our Hospital, with written informed
consent acquired. Plt-mito were prepared within 5 h after
the whole blood was drained into the Vacutainer® (BD,
US) containing K2EDTA. Blood samples was spinned for
15 min at 300 g to obtain platelet-rich plasma (PRP). The
PRP containing 1 pM prostaglandin E1 (Sigma, US) was
then spinned for 5 min at 4600x g to yield platelet pellets.
The platelets in the donor’s own plasma (5 x 10°/ml) were
dyed with Mitotracker-green (100 nM, 20 min, Beyotime,
China). Mitochondria isolation kit (MITOISO2, sigma, US)
was applied to extract plt-mito from platelets.

To block the PI3P-binding motif of the N-term of
FUNDC?2, plt-mito was incubated with rabbit anti-human
FUNDC2 (N-term) antibody (Invitrogen, Themofisher sci-
entific., US, 10 pg/ml, 1 h). As a control, the C-term of
FUNDC?2 was blocked with rabbit anti-human FUNDC2
(C-term) antibody (Invitrogen, Themofisher scientific, US,
10 pg/ml, 1 h). To visualize the FUNDC2-labelled plt-mito
in the recipient cells, they were stained, prior to transplanta-
tion, with anti-rabbit secondary antibody with Alexa Fluor

Plus-488 (1:1000, 1 h, Invitrogen, Themofisher scientific.,
US), which was pre-cross absorbed against human IgG.

HR Model in Vitro and PLT-Mito Transplantation

SH-SYSY cells were maintained and differentiated with RA
(20 uM, Sigma, US) by a previously-available method'”.
The cells were exposed for 8 h to ischemia-mimetic condi-
tion (140 mM NaCl, 3.5 mM KCl, 0.43 mM KH2PO4, 1.25
mM MgS04, 1.7 mM CaCl2, 5 mM NaHCO3, 20 mM
HEPES, pH 7.2-7.4, 95% N2 and 5% CO2). For reoxygena-
tion, the cells were washed and cultured in regular medium
with 95% air and 5% CO2 for 48 h. For plt-mito transplanta-
tion, plt-mito was added at the onset of reoxygenation to the
host cells at 1 x 107/5000 cells. The co-incubation lasted for
48 h. To verify if the incorporation of plt-mito into the reci-
pient cells stimulated the PIP3/Akt pathway, PI3 K inhibitor
(LY294002, 5 uM, Sigma, US) was applied in combination
with plt-mito. To collect the host cells after coculture with
plt-mito, the cells were rinsed three times with PBS, har-
vested using trypsin-EDTA, and spinned at 600 g for 5 min
to remove extracellular plt-mito.

Fluorescent Microscopy

For visualization of the innate mitochondria, cells were
seeded onto a 15-mm glass-bottom dish and dyed with
Mitotracker-red (100 nm, 40 min, Beyotime, China). Subse-
quently, cells were washed and subjected to a 48-h coculture
with plt-mito. Stained cells were imaged using a fluorescent
microscope (AXIOVERT, Carl Zeiss, GER) equipped with
MShot image analysis system.

Colorimetric Assay

MTT assay kit (C0009, Beyotime, China) was applied to
evaluate cell viability. The absorbance values were read by
an ELISA reader (ELX808 BIOTEK, US) and normalized to
the corresponding cell number, which was counted by an
automatic cell counter (Countstar IC1000, China).

Mitochondrial ATP content was determined using a col-
orimetric kit (ab83355, Abcam, UK). Mitochondrial PIP3
was extracted and assessed using PIP3 Mass ELISA Kit
(Echelon Biosciences Inc., US). Both ATP and PIP3 were
standardized to corresponding mitochondrial protein con-
centration, which was determined by a BCA Assay kit
(PC0020, Solarbio, China).

Fluorescence Assay

A JC-1 kit (C2006, Beyotime, China) was used to assess the
mitochondrial membrane potential A¥m. The fluorescent
intensities of JC-1 aggregates and monomers were quantified
by a multi-Plate Reader (Biotek SynergyH4, US) and imaged
by a fluorescent microscope.

Mitochondrial ROS levels were measured using mitochon-
drial ROS detection kit (Caymen Chem., US), and
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standardized to the corresponding mitochondrial protein
concentration.

Western Blotting

Mitochondrial leakage of cytochrome ¢ (Cyto C) was ana-
lyzed by Western blotting with Cyto C-releasing assay kit
(ab65311, Abcam, UK).

Western blotting was conducted on whole-cell, cytoplas-
mic and mitochondrial lysates with primary antibodies at
1:1000 (Abcam, UK) following our published protocol'®.
The band intensities of p-Akt (Serd73/474), t-Akt, p-
FOXO03a (Thr32 and Ser253), t-FOXO3a, Bim, FUNDC?2,
and Cyto C were quantified by Amersham Imager 600
(Cytiva, US). Porin, B-actin and platelet factor 4 (PF4,
Sigma, US) were analyzed as mitochondrial, cytoplasmic
and platelet markers, respectively.

Luciferase Reporter Assay

FOXO luciferase reporter vector and FOXO3 expression
vector provided by FOXO Reporter Kit (Bpsbioscience,
China) were transfected into the cells. Following plt-mito
transplantation, FOXO reporter activity was determined by
dual luciferase assay following the kit’s protocol, and stan-
dardized to corresponding mitochondrial protein
concentration.

Statistical Analysis

Data (Mean + SD) were analyzed by SPSS 21.0 with Stu-
dent’s t test, or One-way ANOVA followed by Tukey’s post-
hoc tests.

Results

Internalization of PLT-Mito and FUNDC2-Labelled
Plt-Mito by SH-SY5Y Cells

To verify the uptake of exogenous plt-mito by SH-SY5Y
cells under normoxic or HR condition, plt-mito labeled with
Mitotracker-green were added to SH-SYSY cells pre-stained
with Mitotracker-red. After 48 h of coculture, these exogen-
ous organelles (green fluorescence) were found inside the
cells exposed to normoxia or HR (Fig. 1A). To block the
two extra-mitochondrial terminals of FUNDC?2, plt-mito
were pre-treated with antibodies against C- or N-term of
FUNDC?2, and then cocultured with the normoxic or HR-
treated cells. Following coculture for 48 h, the internaliza-
tion of FUNDC2-labelled plt-mito (green fluorescence) by
the cells could be detected by fluorescent microscopy (Fig. 1B).
Of noted, blockage of the C- or N-term of plt-mito FUNDC2
showed no significant impact on the uptake ratio of plt-mito
under normoxia (F = 1.824; dfl =2, df2 = 12; P > .05,
Fig. 1C) or HR stress (F =2.684; df1 =2,df2 = 12; P> .05,
Fig. 1C). Western blot analysis further showed that plt-mito
transplantation led to elevated expression of FUNDC2

and porin in the host cells exposed to normoxia (FUNDC2:
t = —7.282; porin: t = —4.624; v = 4; P < .05, Fig. 1D) or
HR (FUNDC2: t = —8.934; porin: t = —8.895; v=4; P <.05,
Fig. 1D), indicating an elevation in mitochondrial density. No
PF4 was detected in the protein extracts of host cells (Fig.
1D), suggesting no contamination by cytoplasmic remnants of
platelets.

Plt-Mito Transplantation Rescues HR-Induced
Mitochondrial Malfunction and Mitochondria-
Mediated Apoptosis

Mitochondria have been validated as subcellular targets of
IRI"? and its dysfunction can trigger cell apoptosis'?. We
therefore evaluated the mitochondrial function of SH-
SY5Y cells exposed to HR. As expected, when compared
to normoxic cells, HR-treated cells displayed mitochon-
drial malfunction and mitochondria-mediated apoptosis,
as indicated by A¥m depolarization (F = 9.091; dfl =5,
df2 = 24; P < .05, Fig. 2A), mitochondrial ATP deficit
(F = 12.153; dfl =5, df2 = 24; P < .05, Fig. 2B), ROS
overproduction (F = 15.746; dfl = 5, df2 = 24; P < .05,
Fig. 2C), mitochondrial leakage of Cyto C (F = 37.738;
dfl =5, df2 = 24; P < .05, Fig. 2D) and decrease of cell
viability (F = 10.154; dfl =5, df2 = 24; P < .05, Fig. 2E).

To determine whether plt-mito transplantation afforded
neuroprotection following HR induction, plt-mito were
added to SH-SYSY cells at the onset of oxygenation and
coculture for 48 h with the cells. The results observed that
incorporation of plt-mito into the cells prevented HR-
induced A%¥m decrease (Fig. 2A), mitochondrial ATP reduc-
tion (Fig. 2B), ROS overgeneration (Fig. 2C), mitochondrial
release of Cyto C (Fig. 2D), and loss of cell viability (Fig.
2E), indicating the neuroprotective effect of plt-mito
transplantation.

FUNDC2/PIP3/AKT/IFOXO3a/Bim Axis Mediates
the Protective Effect of Plt-Mito Transplantation
on Recipient Cells Exposed to HR

FUNDC2, a protein highly-expressed in the OMM of plt-
mito, has been identified to recruit PIP3 to mitochondria
via its N-term, which activated the pro-survival Akt path-
way'?. To elucidate whether plt-mito exerted its neuropro-
tective effect via FUNDC2 and its substrate PI3P, two
extra-mitochondrial parts of FUNDC2 were blocked, prior
to plt-mito transplantation, with antibodies specific for
C- or N-term of FUNDC2, and a PI3 K inhibitor
LY294002 was applied in combination with plt-mito to
inhibit PIP3 generation and Akt activity. As illustrated in
Fig. 2, blockage of FUNDC2 N-term or administration of
the PI3 K inhibitor abrogated the positive effects of plt-
mito transplantation on AWm (Fig. 2A), mitochondrial
ATP (Fig. 2B), ROS production (Fig. 2C), mitochondrial
Cyto C (Fig. 2D), and cell viability (Fig. 2E) of the host
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Figure 1. Internalization of plt-mito and FUNDC2-labelled plt-mito by SH-SY5Y cells. (A) Internalization of plt-mito by SH-SY5Y cells under
normoxic and HR conditions was observed by fluorescent microscopy. Scale: 200 nm. Red (Mitotracker Red), green (Mitotracker Green)
and yellow fluorescence represent plt-mito, innate mitochondria and co-localized mitochondria, respectively. Nuclei were dyed with DAPI
(blue fluorescence). (B) Uptake of FUNDC2-labelled plt-mito by the cells under normoxic or HR condition was observed by fluorescent
microscopy. Scale: 200 nm. Green (Alexa Fluor Plus-488) fluorescence represents plt-mito labelled with anti-FUNDC2 N- or C-term
antibodies. (C) Quantification of plt-mito uptake ratio, n = 5. (D) Following plt-mito transplantation, FUNDC, porin, and PF4 levels were
evaluated in the recipient cells under normoxic and HR conditions, n = 5. *P < .05 vs. control.

neuronal cells exposed to HR. To confirm that incorpora-
tion of plt-mito into the host cells evoked the FUNDC2/
PIP3/Akt pathway, we also analyzed mitochondrial PIP3
levels and the phosphorylation status of Akt following plt-

mito transplantation. It was observed that plt-mito trans-
plantation promoted mitochondrial accumulation of PIP3
and Akt phosphorylation, which could be prevented by
either blockage of FUNDC2 N-term or the PI3 K inhibitor
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Figure 3. FUNDC2/PIP3/AKT/FOXO03a/Bim axis mediates the protective effect of plt-mito on the recipient cells under HR stress. Plt-mito pre-
treated with or without anti-FUNDC2 N-term antibody were cocultured with the cells under the normoxic and/or HR condition. PI3 K
inhibitor LY294002 was added to inhibit FUNDC2-induced PIP3/Akt pathway. (A) Mitochondrial PIP3, p-Akt, p-FOXO3a, and t-FOXO3a
were assessed in the recipient cells, n = 5. *P < .0| vs. control. (B) Cells were transfected with FOXO3 and FOXO reporter prior to plt-
mito transplantation. FOXO reporter activity was determined by dual luciferase assay, n = 5. *P < .05 vs. control. (C) Mitochondrial Bim was

analyzed in the recipient cells, n = 5. *P < .05 vs. control.

(PIP3: F = 29.944; p-Akt: F =23.173; dfl =3, df2 = 16;
P < .05, Fig. 3A).

Next, we investigated the possible mechanism whereby
the FUNDC2/PIP3/Akt pathway promoted the survival of
the host cells exposed to HR. FOXO3a, a substrate of the
PI3K/Akt pathway'®, can regulate mitochondrial ROS and
mitochondrial apoptotic pathway by acting on its mito-
chondrial targets, such as Bim?°?2. Under normoxia,
incorporation of plt-mito into the recipient cells decreased
FOXO3a levels (F = 99.243; dfl = 3, df2 = 16; P < .05,
Fig. 3A) and inhibited FOXO3-driven reporter activity (¥

= 29.864; dfl = 7, df2 = 32; P < .05, Fig. 3B), which
could be blocked by blockage of FUNDC2 N-term or the
PI3 K inhibitor. When exposed to HR, plt-mito transplan-
tation prevented HR-induced enhancement of FOXO3-
driven reporter activity (Fig. 3B) and mitochondrial loca-
lization of Bim (F = 27.866; dfl = 4, df2 = 20; P < .05,
Fig. 3C), which could be abrogated by blockage of
FUNDC2 N-term or the PI3 K inhibitor. Therefore, deliv-
ery of plt-mito into the recipient cells might evoke the
FUNDC2/PIP3/Akt/FOX0O3a axis to mediate its favorable
effects.
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Discussion

Given the role of mitochondrion in energy supply, ROS
generation, and cell apoptosis, it serves as the major subcel-
lular target for cerebral IRI and neuroprotective interven-
tions' . Ischemia can cause dysfunction of mitochondrial
energy metabolism, which is indicated by A¥Ym loss,
respiratory dysfunction and ATP reduction' . Since the
mitochondria are also known as the primary intracellular
source and targets of ROS' 2, over-activation of mitochon-
drial respiration by reperfusion leads to excessive ROS,
which induces the secondary injury of mitochondria' 2.
Mitochondrial destruction induced by either ischemia or
reperfusion can initiate apoptotic cascade, indicated by the
leakage of pro-apoptotic inducer from mitochondria, such as
cyto C'2. In consistent with these views, our results showed
that HR caused mitochondrial malfunction and
mitochondria-mediated apoptosis, displayed as AYm depo-
larization, ATP decrease, ROS overproduction, release of
Cyto C, COXIV downregulation, and impaired cell viability.

Mitochondria has been validated to be transferred
between different cell types, including neurons, mesenchy-
mal stem cells (MSCs), astrocytes, and endothelial progeni-
tor cells, as a “help-me” response to cerebral injury, such as
IRI'" 272° Intercellular transfer of functional mitochondria
promotes mitochondrial repair by replenishing the recipient
cells with ATP, mtDNA, and antioxidants®> 2. Transplanta-
tion of MSC with hypoxic tolerance into the recipient tissues
has been reported to donate mitochondria to facilitate mito-
chondrial recover from IRI*>**®. Therefore, mitochondria
transplantation may be a promising therapeutic solution for
cerebral IRI*'°. In previous clinical studies using mitochon-
drial transplantation, skeletal muscles, such as pectoralis
major, rectus abdominis, and gastrocnemius, have been com-
monly selected as mitochondrial donors, but acquisition of
muscular tissues is invasive”''. Although MSC possess the
potential as mitochondrial-repair stem cells for stroke®>°,
the procedure for isolation, sorting and culture expand of
transplantable MSC can be time-consuming and cumber-
some. Another concern is that the therapeutic effect of
mitochondrial transplantation may be mitochondrial
source-specific. For example, high glucose-induced oxida-
tive injury in rat renal proximal tubular cells could be
mitigated by MSC-derived mitochondria, but not by NIH-
3T3-derived mitochondria®’. Therefore, it is necessary to
find readily-available sources of donor mitochondria that
offer therapeutic benefits against IRI and to elucidate
whether mitochondria from various donors exert differential
protective mechanisms.

Platelets are enucleated cells abundant in blood and con-
tains small-size mitochondria. More significantly, acquisi-
tion of platelets is minimally-invasive''. Therefore,
platelets may serve as novel donors of mitochondria''. In a
previous study, injection of plt-mito into the brain of diabetic
mice restored mitochondrial number and function, sup-
pressed oxidative stress and neuronal apoptosis, and

improved the cognitive ability''. However, this study used
a diabetic mouse model to elucidate the effect of plt-mito
transplantation under high-glucose stress. The therapeutic
effect of plt-mito transplantation for HR injury is undeter-
mined. After all, the cellular responses to plt-mito transplan-
tation under HR and high-glucose conditions may not be
exactly the same. Moreover, there may be significant differ-
ences in gene expression and transcription factor pathway
between murine and human'’, and to elucidate the pathways
that are conserved between rodent and human is necessary.
In addition, investigation of the plt-mito-specific neuropro-
tective mechanism was lacking in this study. Using RA-
differentiated human SH-SYS5Y cells, the present study
determined whether transplantation of human plt-mito bene-
fited neuronal survival and mitochondrial function under HR
stress, and found that plt-mito transplantation rescued HR-
induced mitochondrial malfunction, ROS overproduction
and mitochondrial apoptotic pathway. Moreover, plt-mito
transplantation increased mitochondrial density of the host
cells, which might be associated not only with the supple-
ment of plt-mito, but with enhanced mitochondrial biogen-
esis following mitochondrial transplantation®®.

Mitochondria from various donors may provide diverse
mitochondrial protective proteins, which facilitate the donor
mitochondria to exert their specialized protective mechan-
isms. FUNDC2 is a OMM protein highly-expressed in plt-
mito'". In a recent study, FUNDC2 was essential for platelet
survival under hypoxic condition. N-term of FUNDC2 can
bind PIP3, which activates Akt-mediated pro-survival path-
way'!. Given the important role of FUNDC?2 in platelet sur-
vival, the current study investigated if plt-mito
transplantation brought extra FUNDC?2 to the recipient cells
and if FUNDC?2 exerted its favorable action within the host
neuronal cells. The results revealed increased FUNDC2 in
the recipient cells after plt-mito transplantation, which pro-
moted mitochondrial accumulation of PIP3 and Akt phos-
phorylation. Blockage of FUNDC2 N-term or inhibition of
PIP3/Akt abrogated the pro-survival effect of plt-mito on the
host cells exposed to HR. In addition, the finding that
FUNDC2 N-term blockage did not affected the uptake ratio
of plt-mito excluded the possibility that FUNDC2 N-term
blockage abrogated the favorable effect of plt-mito through
inhibiting its internalization by the host cells.

FOXO3a is a downstream protein of the PI3K/Akt path-
way'?. Active Akt can phosphorylate FOXO3a, which evokes
its cytoplasmic accumulation and subsequent degradation'®.
Akt thus inhibits FOXO3a transcriptional activity'®. More
importantly, FOXO3a can regulate mitochondrial ROS pro-
duction and mitochondrial apoptotic pathway via its mito-
chondrial targets, such as Bim** 2. In the current study,
plt-mito transplantation promoted FOXO3a degradation,
inhibited FOXO3-driven FOXO transcriptional activity and
prevented HR-induced mitochondrial translocation of Bim,
which were in a FUNDC2/PIP3/Akt-dependent manner.
Thus, FOX0O3a might be one of the downstream proteins
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of the FUNDC2/PIP3/Akt pathway evoked by plt-mito
transplantation.

Of note, based on previous reports, mitochondrial uptake
ratio of cardiac myocytes/heart was only 3-7% under IR
condition, albeit the beneficial effect of mitochondrial sup-
plement observed in these studies®>**’. Moreover, in a pre-
vious study, transplantation of plt-mito into the brain of
diabetic mice benefited the cognitive ability, with a plt-
mito uptake ratio of 9%''. In the current study, plt-mito
transplantation afforded neuroprotection following HR
induction although the uptake ratio was 7-14%. Such a small
quantity of incorporated mitochondria maintains ATP pro-
duction and cell viability, probably via certain rapid specia-
lized pro-survival signal transduction mechanism, not
merely because of replenishing of the recipient cells with
ATP, mtDNA and mitochondrial proteins. As presented in
this study, the FUNDC2/PIP3/Akt/FOX0O3a axis might
greatly amplify the positive effects of plt-mito transplanta-
tion by inhibition of mitochondrial apoptotic pathway fol-
lowing HR stress.

To sum up, using SH-SYSY cells, we provided evidences
that plt-mito transplantation rescued HR-induced mitochon-
drial malfunction and mitochondrial apoptotic pathway.
Mechanistically, plt-mito transplantation increased
FUNDC?2, a OMM protein highly-expressed in plt-mito, in
the recipient cells. This protein recruited PIP3 to mitochondria
via its N-term, leading to the activation of the pro-survival
Akt/FOXO3a pathway, which prevented HR-induced pro-
apoptotic Bim, a mitochondrial target of FOXO3. Thus, the
FUNDC2/PIP3/Akt/FOX03a axis may amplify the favorable
effects of plt-mito transplantation, and platelets may serve as
readily-available sources of donor mitochondria that offer
protection against IRI.
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