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Abstract

We examined whether combined exogenous mitochondria (ExM!"®) and cellular prion protein overexpression (Ove-PrP®)
in adipose-derived mesenchymal stem cell (Ove-PrP® in ADMSCs) therapy is superior to a single therapy for protect-
ing the brain against intracranial hemorrhage (ICH) in rats. In vitro, compared with the control group, ExMi* transfusion
into recipient cells (i.e., N2a cells) significantly increased under hypoxic conditions (P<0.001) and augmented p0 cell
proliferation and cell-cycle activation (P<0.001). PrP¢ ©F in ADMSCs exhibited higher resistance to H,0,-induced cell
senescence and mitochondrial and DNA damage compared to ADMSCs (P<0.001). Rats were categorized into group
1 (sham-control), 2 (ICH), 3 [ICH+ExM (350 pg) by intracranial injection at 3 h after ICH], 4 [ICH+PrP“ ©E in
ADMSCs (6.0 10° cells) and intracranial injection and 1.2 x 10° cells by intravenous injection)], and 5 (ICH+combined
ExMio 4+ prpCOE in ADMSCs). By day 28, the brain infarct volume, brain infarct area, inflammatory cell infiltration, and
biomarkers for DNA and mitochondrial damage were highest in group 2, lowest in group 1, and significantly lower in
group 5 than in groups 3 and 4. NeuN cells exhibited the opposite pattern for brain infarct volume, and neurological
function (corner test) significantly improved in groups 3 and 4, with further improvement in group 5 compared with that
in group 2 (P<0.0001). Combined ExMi®®+PrP® O ADMSCs therapy was superior to either therapy alone in mitigating
the ICH-induced brain damage.

Keywords Intracranial hemorrhage - Mitochondria - Cellular prior protein overexpression - Adipose derived
mesenchymal stem cells

Introduction

Stroke is a leading cause of death and permanent neuro-
logical sequelae worldwide (Collaborators 2019; Kim et al.
2020; Padovani and Pilotto 2020). It is categorized as isch-
emic stroke (IS) or hemorrhagic stroke (HS) (Bamford et
al. 1991; Chen et al. 2014a; An et al. 2017; Ojaghihaghighi
et al. 2017). HS is further divided into intracerebral hemor-
rhage (ICH) and subarachnoid hemorrhage, typically result-
ing from arterial rupture (Bamford et al. 1991; Chen et al.
2014a; An et al. 2017; Ojaghihaghighi et al. 2017). Although
HS accounts for less than 30% of strokes (Bamford et al.
1991; Chen et al. 2014a; An et al. 2017; Ojaghihaghighi et
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al. 2017), it is associated with higher mortality and a greater
risk of permanent neurological sequelae compared to IS
(Montano et al. 2021; O'Carroll et al. 2021; Unnithan and
Mehta 2023). IS treatment has advanced considerably in
recent years with promising outcomes (StatPearls Publish-
ing et al. 2023; Minnerup et al. 2016; Rangel-Castilla et al.
2016; Rodrigues et al. 2016; Henderson et al. 2018; Powers
etal. 2018, 2019; Smith 2019; Albay et al. 2020; Xiong and
Bath 2020), but the treatment of HS, particularly in ICH,
has remained largely unchanged for decades (Gauberti et al.
2021; Hemphill et al. 2015; Hostettler et al. 2019). Standard
interventions for ICH, including surgical procedure and
intensive medical management, are commonly utilized for
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patients with ICH, resulting in a high incidence of mortality
and disability, often severely limiting patients’ employabil-
ity and social engagement (Reyes et al. 2019; Mittal and
Lele 2011; Pinzon and Wijaya 2020). Therefore, developing
a safe and effective new treatment modality and ICH is of
paramount importance.

In ICH, loss of blood supply and increased pressure due
to hematoma/brain edema lead to oxidative stress, inflam-
matory reactions, nutrient deprivation, and the coagulation
response, which, in turn, causes ischemia-related and oxi-
dative stress-induced mitochondrial damage and eventually
exhausts ATP-derived energy (Haupenthal et al. 2021; Tes-
tai and Aiyagari 2008; Gaiqing 2014; Duan et al. 2016; Hu
et al. 2016; Mittal and LacKamp 2016; Zheng et al. 2016;
Burchell et al. 2017; Shao et al. 2019). Together, these fac-
tors create a vicious cycle and toxic environment (Testai and
Aiyagari 2008; Gaiqing 2014; Duan et al. 2016; Burchell et
al. 2017; Shao et al. 2019) that is unfavorable for the sur-
vival of neurons and brain tissue, resulting in severe brain
architectural damage, neurological dysfunction, and high
mortality.

We previously demonstrated that exogenous mitochon-
dria can be transferred into recipient cells (Wu et al. 2021;
Lee et al. 2018; Lin et al. 2018; Yip et al. 2020) and that
cell—cell mitochondrial transfer occurs (Yip et al. 2020).
Furthermore, we showed that exogenous mitochondrial
transfer can improve neurological outcomes in rodents
after acute IS (Yip et al. 2020). Our recent studies revealed
that intravenous administration of exogenous mitochon-
dria salvaged the lung from acute respiratory distress syn-
drome (Lee et al. 2018; Yip et al. 2020). Considerably, we
demonstrated that adipose-derived mesenchymal stem cell
(ADMSCs) therapy improves organ dysfunction caused by
different disease entities (Yip et al. 2021a, 2013; Weissmann
2004; Chen et al. 2014b, 2016a; Lin et al. 2016; Ko et al.
2020), mainly through anti-inflammation, immunomodula-
tion, and neurogenic regeneration (Weissmann 2004; Chen
et al. 2014b; Lin et al. 2016; Ko et al. 2020).

The cellular prion protein (PrP®) was first identified as
a glycosylphosphatidylinositol-anchored glycoprotein that
is mainly expressed in the neurological system (i.e., brain
and nerve cells) and other tissues (Yip et al. 2021a; Lin et
al. 2020). Later, PrP® serving as a neuroprotective or neuro-
survival protein was shown to prevent Bcl-2-linked protein
X (Bax)-mediated cell death (Zomosa-Signoret et al. 2008).
Our recent in vitro study demonstrated that overexpression
of cellular prion protein (Ove-PrP€) in ADMSCs resulted
in a strong capacity to resist oxidative stress and upregulate
cell viability and the cell proliferation rate. Additionally,
Ove-PrPC in ADMSCs protected the rodent kidney against
ischemia—reperfusion injury by enhancing ATP and mito-
chondrial biogenesis, which subsequently downregulated
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oxidative stress (Roucou et al. 2005). Based on these studies,
combined therapeutic approach with exogenous mitochon-
dria and Ove-PrPC in ADMSCs may surpass the efficacy of
either intervention alone in protecting neurological func-
tion and the brain architecture in the context of acute ICH-
induced injury in rat model.

Results

Exogenous mitochondria (Ex."*°) in recipient cells,
oxygen consumption rate (OCR), and hypoxia-
triggered changes in mitochondrial bioenergetics
(Fig. 1)

Real-time qPCR was performed to determine the mitochon-
drial DNA copy number. The results demonstrated that the
relative mitochondria DNA copy number was significantly
higher in the Neuro-2a cells (N2a) cells+Ex™ and N2a
cells+hypoxia+ExM groups than in the N2a cells only
and N2a cells+hypoxia groups (Fig. 1A). ExM® (je.,
donor) was transferred into N2a cells (i.e., recipient), partic-
ularly under hypoxic conditions, indicating that these cells
can take up ExMI® for energy utilization and survival.

Additionally, to estimate the efficiency and regulation
of mitochondrial respiration, groups Al (N2a), A2 (N2a
cells+exogenous mitochondria)], A3 (N2a cells+CoCl,)
and A4 (N2a+CoCl,+ExMi®) were evaluated using Sea-
horse XF24 extracellular flux analysis, which measures
the OCR (Fig. 1B). The results showed that the OCR was
remarkably high, indicating high mitochondrial respiration
and that exogenous mitochondrial function was preserved
during isolation and at the time of transfer (Fig. 1B). Addi-
tionally, parameters of mitochondrial respiration (Fig. 1C—
F), including basal respiration (Fig. 1C), ATP production
(Fig. 1D), maximal respiration (Fig. 1E), spare respiratory
capacity (Fig. 1F), and proton leakage (Fig. 1G), were low-
est in A3, highest in A4, and notably higher in A2 than in
Al.

Ex.M*® was recognized and transferred into N2a cells
(Fig. 2)

To verify whether ExMi* could be transferred into N2a cells
(i.e., recipient cells), N2a cells were categorized into the
four groups described in Fig. 1 (from A1 to A4). The immu-
nofluorescence (IF) microscopy findings of endogenous
and Ex™i staining using MitoTracker (Fig. 2A-L) demon-
strated that endogenous mitochondria (Fig. 2M) were sig-
nificantly lower in A3 and A4 than in Al and A2, whereas
ExMi® (Fig. 2N) was significantly increased in A2, and
more significantly increased in A4 than in A1 and A3. The
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Fig. 1 Exogenous mitochondria (Ex™) in recipient cells, OCR and
hypoxia-triggered changes in mitochondrial bioenergetics. (A) Real
time qPCR for quantification of mitochondrial DNA copy number
was conducted and the result showed that relative mitochondria DNA
expression was significantly higher in N2a cells+exogenous mito-
chondria and more significantly higher in N2a cells+hypoxia+mito-
chondria, * vs. other groups with different symbols (f, {), £<0.0001
(n=4 for each group). (B) Time courses of mitochondrial respiration
of N2a cells after different strategic treatments. Mitochondrial respira-
tion reflected by the level of oxygen consumption rate (OCR) in four
groups (n=4 per group), followed by injection of oligomycin, FCCP
and antimycin A/rotenone. The result showed highly efficacious mito-
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chondrial respiration rate. (C—G) Showing the statistical analyses for
the rates of basal respiration (C), ATP production (D), maximal res-
piration (E), spare respiratory capacity (F) and proton leak (G). Ana-
lytical results of (C), (D), (E) and (F), * vs. other groups with differ-
ent symbols (f, f, §), P<0.0001. On the other hand, analytical result
of (G), * vs. other groups with different symbols (, f), P<0.001.
(n=4 per group). All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=4 for each group). Symbols (¥, {, i, §) indicate significance (at
0.05 level). OCR=oxygen consumption rate; mt=mitochondria.
A1=N2a, A2=N2a cells+exogenous mitochondria (ExM1®), A3=N2a
cells+CoCl,, A4=N2a+CoCl,+Ex™i
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Fig. 2 ExMi were recognized to be transferred into N2a cells. (A-L)
[Nlustrating the immunofluorescent (IF) microscopic finding (400x) for
identification of endogenous (A-D) (green color), exogenous (E—H)
(red color) and merged (I-L) (pink-color) (noted that blue color was
DAPI stain for identification of nuclei) mitochondrial staining by Mito-
tracker. (M) Analytical result of endogenous mitochondrial expression,
*vs. T, P<0.001. (N) Analytical result of exogenous mitochondria, *
vs. other groups with different symbols (f, f), P<0.001. * vs. other
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groups with different symbols (f, {), P<0.001. (O) Analytical result
of total mitochondrial expression in N2a cells, * vs. other groups with
different symbols (¥, I, §), P<0.0001. vs. other groups with different
symbols (T, , §), P<0.0001. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n=4 for each group). Symbols (¥, T, I, §) indicate sig-
nificance (at 0.05 level). A1=N2a, A2=N2a cells+Ex™°, A3=N2a
cells+CoCl,, A4=N2a+CoCl,+ExMi
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total mitochondrial content (Fig. 2N) was notably higher in
group A4 than in the other groups.

ADMSCs-derived mitochondria were transferred
into pO cells through tunneling nanotubes (TNT)
(Fig. 3)

Next, to confirm that ADMSCs-derived mitochondria could
be transferred into p0 cells (mitochondrial-DNA depleted
cells) through the TNT system, in vitro analysis was per-
formed using IF microscopy. Few mitochondria were iden-
tified in pO cells (Fig. 3A—E), suggesting that mitochondria
were depleted from N2a cells. Additionally, the TNT sys-
tem transferred positively MitoTracker-stained mitochon-
dria from ADMSCs to p0 cells (Fig. 3F-J), suggesting that
mitochondria can donated to recipients through cell-to-cell
interactions and the TNT delivery system.

Rho0

Mitotracker Phalloidin

Mitotracker/
Phalloidin

Ex.Mi*° treatment augmented N2a cell proliferation
(Fig. 4)

To determine whether exogenous mitochondrial treatment
enhances N2a cell proliferation during cell culture, IF
microscopy was utilized in vitro. The cellular expression
of Ki67+(Fig. 4A-G) and PCNA+ (Fig. 4H-N) cells, two
indicators of cell proliferation, was significantly lower in
hypoxia-treated N2a cells and p0 cells but was significantly
reversed after Ex™i° addition.

Impact of Ove-PrP¢ in ADMSCs on ameliorating
oxidative stress-induced cell senescence, DNA and
mitochondrial damage, and augmenting the cell
cyclins and cell proliferation at molecular-cellular
levels (Figs. 5, 6)

To examine whether Ove-PrP¢ in ADMSCs reduced cell
senescence and DNA and mitochondrial damage, ADMSCs
were categorized as C1 (ADMSCs), C2 (Ove-PrP€ in ADM-
SCs), C3 (ADMSCs+H,0,), and C4 (Ove-PrP® in ADM-
SCs+H,0,). The result showed that cellular expressions of
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Mitotracker Phalloidin

Fig.3 ADMSCs-derived mitochondria could be transferred into the p0
cells through tunneling nanotubes (TNT). (A—E) Illustrating the immu-
nofluorescent (IF) microscopic finding (400x) for identification of the
endogenous mitochondria in p0 cells (i.e., p0 cells were the mitochon-
drial-DNA depleted cells). The result demonstrated that only a rare
number of mitochondria was identified in the p0 cells (red color in
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Phalloidin

Mitotracker/
Phalloidin/

DAPI DAPI

ADMSC —»
(mito)

ADMSC —»
(mito)

TNT >

< Rho0

A). (F-I) Illustrating the ADMSCs mitochondrial staining (red color.
i.e., Mitotracker stain) and cytoskeleton (green color, i.e., phalloidin
stain). The result showed that the TNT (pink arrows) transferred the
positively Mitotracker stained mitochondria to p0 cells (white arrows)
which were clearly identified. Yellow arrows indicated ADMSCs mito-
chondria. Scale bar in right lower corner represents 20 pm
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Fig. 4 ExMi treatment augmented N2a cell proliferation. (A—F)
[lustrating the IF microscopic finding (400x) of merged picture [i.e.,
including Ki67 stain (red color) and mitochondrial stain (green) color]
for identification of Ki67+cells (pink color). Blue color indicated
DAPI satin for identification of nuclei. (G) Analytical result of number
of Ki67+cells, * vs. other groups with different symbols (f, 1, §, Y, @),
P<0.0001. (H-M) Illustrating the IF microscopic finding (400x) of
merged picture [i.e., including PCNA stain (red color) and mitochon-
drial stain (green) color] for identification of PCNA+cells (pink color).

B-galactosidase (Fig. SA-E), an index of cell senescence,
and y-H2AX (Fig. 5F-J), an indicator of DNA damage,
were significantly higher in C3 than in C1 and C2 but sig-
nificantly reversed in C4; there was no difference between
C1 and C2. Mitochondrial cytochrome C (Fig. 5K-O), an
indicator of mitochondrial integrity, showed the opposite
pattern as y-H2AX among the groups. Our findings indicate
that Ove-PrP¢ in ADMSCs attenuated the damage caused
by H,0, (i.e., oxidative stress) in cells.
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Blue color indicated DAPI satin for identification of nuclei. (N) Ana-
lytical result of number of PCNA+cells, * vs. other groups with differ-
ent symbols (T, I, §, 9, ), P<0.0001. Scale bar in right lower corner
represents 20 um. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=6 for each group). Symbols (*, ¥, i, §, a) indicate significance (at
0.05 level). A1=N2a, A2=N2a cells+Ex°, A3=N2a cells+CoCl,,
A4=N2a+CoCl,+ExM, A5=p0 cells, A6=p0 cells+ ADMSCs

Western blot analysis revealed that the protein levels of
PrP€ (Fig. 6A) and Ki67 (Fig. 6B) (cell proliferation mark-
ers) were significantly higher in C2 than in C1. Addition-
ally, the protein expressions of NOX1 (Fig. 6C) and NOX-4
(Fig. 6D), two indices of oxidative stress; protein expres-
sions of cyclophilin D (Fig. 6E) and p-DRP1 (Fig. 6F), two
indicators of mitochondrial damage; and protein expressions
of cleaved caspase 3 (Fig. 6G), cleaved PARP (Fig. 6H) and
Bax (Fig. 61), three indices of apoptosis, were the highest in
C3, lowest in C2, and significantly higher in C4 than in C1.
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Fig. 5 Ove-PrPC in ADMSCs alleviated the oxidative stress-induced
cellular levels of senescence, DNA damage and impairment of mito-
chondrial functional integrity. (A—D) Illustrating the immunohisto-
chemical staining (100x) for identifying the expression of ADMSCs
senescence indifferent condition (blue-green color). Scale bar in right
lower corner represents100 um. (E) Analytical result of number of
B-galactosidase+cells, * vs. other groups with different symbols (7,
1), P<0.0001. (F—I) Illustrating the IF microscopic finding (400x)
for identification of cellular expression of y-H2AX (pink color). Scale
bar in right lower corner represents 20 um. (J) Analytical result of
number of y-H2AX +cells, * vs. other groups with different symbols
(t, 1), P<0.0001. (K—N) Illustrating the IF microscopic finding (400x)

for identification of the expression of mitochondrial cytochrome C
(green-purpose color indicated a merge picture by double stains of
cytochrome C [(green color) and HSP60 (red color)]. Scale bar in right
lower corner represents 20 pm. (O) Analytical result of number of
mitochondrial cytochrome C+cells, * vs. other groups with different
symbols (T, I, §), P<0.0001. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n=4 for each group). Symbols (¥, {, I) indicate signifi-
cance (at 0.05 level). ADMSCs=adipose-derived mesenchymal stem
cells; Ove-PrP¢=overexpression of cellular prion protein. C1 =ADM-
SCs, C2=0Ove-PrP¢ in ADMSCs, C3=ADMSCs+H,0,, C4=0ve-
PrPC in ADMSCs+H,0,

@ Springer



106 Page 8 of 24

Journal of Molecular Histology (2025) 56:106

-—-— -

Relative density
(Bax/B-Actin)
*

-t

0.4+
0.3
0.2
0.1+
0.0-

Relative density Relative density Relative density

0.5 1-

(Cdk-2/B-Actin) (cyclinE1/B-Actin) (cyclinD1/B-Actin)
° o ° o o
e N &
*
wn

Cdk-4
M) (34 kDa) P

p-PI3K
(N) (83 kDa) ™ " s—a——

PI3K
(84 kDa) EESEGE_—_——

p-Akt
©) (so kDa)

Akt —
(60 kDa)

-mTOR
(P) (389 kDa2)

t E’ELO_ * T
25 0.8
§ o
o < 0.6
_ggom
83 024 1
e < oo
2 1.5
n X
S5 1.0 +
o 1.0
©
§ 0¥ % K
22 051
t T3
Bﬂ.
oz~ 0.0-
2o 15
¥
gé_to—
oF
2 X 05 o i
£< 0.5 =k
-
€ = 0.0
2 2.0-
2 15
Bt
gto—
= oos{ * *
E
2 0.0

PrPc e c-casp3
(A) (28 kDa) [FH . (©) 17 kDa)
Ki67
B H) c-PARP
( ) (351 kDa) “ ( )(89 kDa)
BACIN opms-sym Bax
(43 kDa) O (21 kDa)
NOX-1 ‘ cyclinD1
©)  (72kpa) T () 34kDa)
NOX-4 K cyclinE1
(D) (63 kDa) = " S—— (K) (55 kDa)
Cyclophilin D Cdk-2
(E) 22kpa) = "= e (D) (33%pa)
(F) p-DRP1 B-Actin
(78-82 kDa) - ey (43 kDa)
£
%_’E 0.5- %‘2 0.8 i
B 0.4 ca 0.6
(] [ =
o< 0.3- ]
02 o £ 04 §
20 029 2=
EE 0.1 s s 0.2 +
o ] o O
4 0.0 (14 g 0.0
2)
2.~ 0.8- é‘j-f 15
‘B £ 2o
§ o 06 $3 10 )
o< by
g E‘ 0.4 .‘% E . §
£ 02 SK "
2 £ 0.0- 22 o
%’E 0.8 " 2E o.15;
c 0 &0
o < 0.6 § 5<
T4 " 8 & 0.10
St 04y T Q@ §
85 02 S & 005 x
32 5g f
< o0 @ & 0.00
%'g 0.8- 1 ZE o5,
§< 051 § gg 0.10
Ta Ta
oS 041 x oa §
2 ; f 2 & 0.05-
2 ks
£ 0.0 @ & 0.00-
[]c1: ADMSCs [l C2: Ove-PrPS-ADMSC  [J] C3: ADMSCs + H,0, [] C4:

o o -
S & 9
¥
wn
O Relative densi

In contrast, the protein levels of cyclin D1 (Fig. 6J), cyclin
El (Fig. 6K), cdk-2 (Fig. 6L) and cdk-4 (Fig. 6M), four
indicators of cell cyclins, displayed an opposite pattern of
oxidative stress among the groups. Additionally, the protein
levels of p-PI3K (Fig. 6N), p-Akt (Fig. 60), and p-mTOR
(Fig. 6P), the three fundamental biomarkers of cell stress
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and proliferation signaling, displayed the opposite trend as
that observed following oxidative stress among the groups.

ve-PrPC-ADMSC + H,0,
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{ Fig. 6 Ove-PrPC in ADMSCs repressed oxidative stress-induced pro-
tein levels of cell senescence, DNA and mitochondrial damage, and
upregulated cell proliferation and cell cyclins. (A) Protein expression
of cellular prion protein (PrPC), * vs. ¥, P<0.005. (B) Protein expres-
sion of Ki67, * vs. ¥, P<0.005. (C) Protein expression of NOXI, *
vs. other groups with different symbols (T, i, §), <0.001. (D) Pro-
tein expression of NOX-4, * vs. other groups with different symbols
(t, 1, §), P<0.001. (E) Protein expression of cyclophilin D, * vs.
other groups with different symbols (¥, I, §), P<0.0001. (F) Protein
expression of p-DRPI1, * vs. other groups with different symbols (,
1, §), P<0.001. (G) Protein expression of cleaved caspase3, * vs.
other groups with different symbols (t, i, §), P<0.001. (H) Protein
expression of cleaved PARP, * vs. other groups with different symbols
(f, 1, §), P<0.001. (I) Protein expression of Bax, * vs. other groups
with different symbols (f, 1, §), P<0.001. (J) Protein expression of
cyclinD1, * vs. other groups with different symbols (f, £, §), P<0.001.
(K) Protein expression of cyclinEl, * vs. other groups with different
symbols (T, I, §), P<0.0001. (L) Protein expression of cdk2, * vs.
other groups with different symbols (f, i, §), P<0.001. (M) Protein
expression of cdk4, * vs. other groups with different symbols (f, i, §),
P<0.001. (N) Protein expression of p-PI3K, * vs. other groups with
different symbols (f, 1), P<0.001. (O) Protein expression of p-Akt,
* vs. other groups with different symbols (f, 1), P<0.001. (R) Pro-
tein expression of p-mTOR, * vs. other groups with different sym-
bols (f, I, §), P<0.0001. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post
hoc test (n=3 for each group). Symbols (*, T, f) indicate significance
(at 0.05 level). ADMSCs=adipose-derived mesenchymal stem cells;
Ove-PrPC=overexpression of cellular prion protein. C1=ADMSCs,
C2=0ve-PrP€ in ADMSCs, C3=ADMSCs+H,0,, C4=0ve-PrP€ in
ADMSCs+H,0,

Ove-PrP.¢in ADMSCs and mitochondrial treated N2a
cells/p0 cells upregulated cell viability (Fig. 7)

To evaluate whether Ove-PrP¢ of ADMSCs protects the
cells against H,0O,-induced cell growth inhibition, the cells
were classified as C1-C4. The MTT assay demonstrated that
cell viability was lowest in C3, highest in C2, and signifi-
cantly higher in C4 than in C1 at 24 (Fig. 7A), 48 (Fig. 7B),
and 72 (Fig. 7C) h.

To determine whether mitochondrial treatment aug-
mented cell viability at 24, 48, and 72 h, an MTT assay
was performed, and the cells were categorized into A1-A6.
The MTT assay demonstrated that cell viability was low-
est in A3, highest in A2, significantly higher in Al than in
A4-A6, significantly higher in A6 than in A4 and A5, and
significantly higher in A4 than in A5 at the three time points
(Fig. 7D-F).

Ex.Mi*° delivery to N2a (recipient) cells upregulated
cell cycle activation and cell proliferation (Fig. 8)

To verify whether mitochondrial treatment accelerated
the cell cycle and cell proliferation at the molecular level,
western blot analysis was performed. The results showed
that the protein expressions of PCN (Fig. 8A) and Ki67
(Fig. 8C), two indicators of cell proliferation, and the protein

expression of Cyclin E1 (Fig. 8B), Cyclin D1 (Fig. 8D),
Cdk2 (Fig. 8E), and Cdk4 (Fig. 8F), four biomarkers of the
cell cycle, were lowest in A3 and A5, highest in A1 and A2,
and notably higher in A4 than in A6. These findings suggest
that the exogenous energy supply by ExMi* accelerated the
cell cycle and proliferation.

Identification of hemorrhagic area by day 14 after
ICH induction and time course of neurological
function assessed in the corner test (Fig. 9)

First, to evaluate whether early treatment attenuated the
early stage of ICH, whole-brain cross-sections were stained
with 3,5-triphenyl-2H-tetrazolium chloride (TTC) on day 14
after ICH induction (Fig. 9A—E). The results demonstrated
that the total ICH area was lowest in group 1 (sham-operated
control; SC), highest in group 2 (ICH only), and significantly
lower in group 5 (IHC + combined ExM°+ Ove-PrP¢-ADM-
SCs) than in groups 3 (ICH+ExM") and 4 (ICH+Ove-
PrPC-ADMSCs); there was no difference between groups 3
and 4 (Fig. 9F).

Next, to verify the impact of these therapeutic regimens
on neurological functional integrity, the time course of the
corner test was evaluated in each animal group (Fig. 9G).
The results showed that on day 0 (Fig. 9H) prior to ICH
induction, neurological function was similar among the five
groups. However, by day 3 (Fig. 91), neurological function
was significantly impaired in groups 2—5 compared to that
in group 1; groups 2—5 showed no significant differences.
Additionally, on days 7 (Fig. 9J), 14 (Fig. 9K), and 28
(Fig. 9L), neurological function was significantly impaired
in group 2 compared to that in group 1, whereas this param-
eter was significantly progressively improved in groups 3
and 4 and further improved in group 5, highlighting that
combined regimens can treat ICH (Fig. 9J-L).

Brain infarct area (IA), brain hemorrhagic volume
(BHV) and cellular expression of neurons by day 28
after ICH induction (Fig. 10)

Hematoxylin and eosin staining was performed to evaluate
the brain IA at the end of the study period (Fig. 10A—E). The
results showed that the IA was lowest in group 1, highest in
group 2, and significantly lower in group 5 than in groups 3
and 4; however, there was no difference between groups 3
and 4 (Fig. 9F).

To further verify the anatomical integrity of the brain
parenchyma, we performed brain magnetic resonance imag-
ing (MRI) (Fig. 10G—-K). As expected, by day 28 of IHC
induction, brain MRI demonstrated that the summation of
the BHV exhibited an identical pattern as brain IA among
all groups (Fig. 10L).
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Fig. 7 Ove-PrP¢ in ADMSCs treated N2a cells/p0 cells upregulated
the cell viability. (A) ADMSCs viability at 24 h, * vs. other groups
with different symbols (T, I, §), P<0.0001. (B) ADMSCs viability at
48 h, * vs. other groups with different symbols (t, I, §), P<0.0001.
(C) ADMSC:s viability at 72 h, * vs. other groups with different sym-
bols (1, £, §), P<0.0001. C1=ADMSCs, C2=0ve-PrPC in ADMSCs,
C3=ADMSCs+H,0,, C4=0ve-PrP* in ADMSCs+H,0,. (D) N2a/
p0 cell viability at 24 h, * vs. other groups with different symbols (7,
1,8, 9, @), P<0.0001. (E) N2a/p0 cell viability at 48 h, * vs. other

To clarify the molecular-level brain microstructural
integrity of these animals, IF microscopic evaluations were
conducted (Fig. 10M—Q). The number of NeuN+cells, an
index of neurons, was highest in group 1, lowest in group
2, and significantly higher in group 5 than in groups 3 and 4
but did not differ between groups 3 and 4 (Fig. 10R).

Cellular levels of inflammation and DNA damage
in brain hemorrhagic region by day 28 after ICH
induction (Fig. 11)

At the cellular level, the expression of CD68 (Fig. 11A—
E), an index of inflammation, and expression of y-H2AX
(Fig. 11G-K), a DNA-damaged biomarker, were lowest in
group 1, highest in group 2 and significantly lower in group
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groups with different symbols (f, I, §, 9, @), P<0.0001. (F) N2a/p0
cell viability at 72 h, * vs. other groups with different symbols (7, 1,
§, 9, o), P<0.0001. A1=N2a cells, A2=N2a cells+ExMi A3=N2a
cells+CoCl,, A4=N2a+CoCl,+ExM® ~A5=p0 cells, A6=p0
cells+ADMSCs. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=6 for each group). Symbols (*, T, 1, §, 9, @) indicate significance
(at 0.05 level). ADMSCs=adipose-derived mesenchymal stem cells;
Ove-PrPC=overexpression of cellular prion protein

5 than in groups 3 and 4 but did not differ between groups 3
and 4 (Fig, 11F, L).

Expression of cell cycle and cell stress signaling
proteins in the brain tissue at day 28 after ICH
induction (Fig. 12)

We utilized western blotting to determine the cell cycle, cell
stress, and cell proliferation signaling molecule levels. The
protein levels of Cyclin D1 (Fig. 12A), Cyclin E1 (Fig. 12B),
Cdk2 (Fig. 12C), and Cdk4 (Fig. 12D), the four biomarkers
of the cell cycle, were highest in group 1, lowest in group 2,
and significantly higher in group 5 than in groups 3 and 4;
however, they exhibited a similar pattern between groups 3
and 4. Additionally, the protein levels of p-PI3K (Fig. 12E),
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Fig. 8 ExM* delivery to N2a (recipient) cells upregulated the cell
cycle activation and cell proliferation. (A) Protein expression of PCN,
* vs. other groups with different symbols (f, 1, §, ), P<0.001. (B)
Protein expression of Ki67, * vs. other groups with different sym-
bols (T, I, §, 9), P<0.001. (C) Protein expression of cyclin D1, * vs.
other groups with different symbols (f, 1, §, ), P<0.001. (D) Protein
expression of cyclin E1, * vs. other groups with different symbols (f,
1, 8§, 1), P<0.001. (E) Protein expression of cdk2, * vs. other groups
with different symbols (T, f, §), P<0.001. (F) Protein expression of
cdk4, * vs. other groups with different symbols (¥, 1, §, ), P<0.001.
A1=N2a cells, A2=N2a cells+exogenous mitochondria, A3=N2a
cells+CoCl,, A4=N2a+CoCl,+exogenous mitochondria, A5=p0
cells, A6=p0 cells+ ADMSCs. All statistical analyses were performed
by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n=6 for each group). Symbols (*, T, I, §, Y, @) indicate
significance (at 0.05 level). ADMSCs=adipose-derived mesenchymal
stem cells

p-Akt (Fig. 12F), and p-mTOR (Fig. 12G), three biomarkers
of cell stress and cell survival signaling, were progressively
significantly increased from groups 1 to 5, indicating that
these factors were activated under ischemic conditions, fur-
ther upregulated by ExM and Ove-PrP°-ADMSCs treat-
ments, and further upregulated by a combination of the two
regimens.

Expression of oxidative stress, mitochondrial
damage, DNA damage, apoptosis, and fibrosis
proteins in the brain tissue at day 28 after ICH
induction (Fig. 13)

Finally, to verify that cell damage markers were attenuated
by ExM and Ove-PrP®-ADMSCs treatment, western blot
analysis was performed. As expected, the protein expres-
sions of NOX-1 (Fig. 13A) and NOX-4 (Fig. 13C), two
indices of oxidative stress; protein expression of p-DRP1
(Fig. 13F), PINK (Fig. 13G) and y-H2AX (Fig. 13B), three
indices of mitochondrial-DNA damaged biomarkers; pro-
tein expressions of mitochondrial Bax (Fig. 13H), cleaved
caspase3 (Fig. 13D) and cleaved PARP (Fig. 13E), three
indices of apoptosis; and protein expressions of p-Smad3

(Fig. 131) and TGF-B (Fig. 13J), two indices of fibrosis,
were lowest in group 1, highest in group 2 and significantly
lower in groups 5 than in groups 3 and 4 but did not differ
between the latter two groups (Fig. 14).

Ove-PrP.¢ in ADMSCs alleviated apoptosis,
autophagy, and mitochondrial damage
(Supplementary Fig. 1)

To examine whether Ove-PrP® in ADMSCs could repress
the hypoxia-induced cell damage at the molecular level,
the cells were categorized into D1 (ADMSCs), D2 [ADM-
SCs+CoCl, (100 uM for 24 h)], D3 (Ove-PrP¢ in ADM-
SCs), and D4 (Ove-PrP€ in ADMSCs+CoCl,), and western
blot analysis was performed. The results showed that the
protein expression of cleaved capase3 (Supp. Figure 1A),
cleaved PARP (Supp. Figure 1B), and Bax (Supp. Fig-
ure 1C) (three indices of apoptosis); Beclinl (Supp. Fig-
ure 1D), Atg5 (Supp. Figure 1E) and the ratio of LC3B-II to
LC3B-I (Supp. Figure 1F) (three indicators of autophagy);
and p-DRP1 (Supp. Figure 1G) and cyclophilin D (Supp.
Figure 1H) (two indices of mitochondrial damage) were
lowest in D3, highest in D2, and significantly higher in D4
than in D1.

Discussion

We performed a preclinical investigation to explore the
effect of combined Ex™i® and Ove-PrP® in ADMSCs treat-
ment. First, the combined regimen was superior to the single
regimen in reducing the ICH volume and infarct size. Sec-
ond, importantly, in rats with ICH, neurological outcomes
were significantly improved by both treatments and further
significantly improved by combined Ex™® and Ove-PrP¢
in ADMSCs treatment. Third, at the molecular-cellular lev-
els, these therapeutic regimens improved outcomes mainly
by reducing oxidative stress, mitochondrial damage, and
inflammation, along with activating the cell cycle and
proliferation.

Compared with untreated IHC animals, the ExMI*® or Ove-
PrP¢ in ADMSCs treatments reduced the BHV and brain
IA, resulting in improved neurological function in animals
with ICH. Considerably, our previous study demonstrated
that exogenous mitochondrial transfusion significantly pro-
tected the liver against ischemia—reperfusion injury, mainly
by repressing mitochondrial permeability transition in
rodents (Chen et al. 2023). Additionally, our recent study
demonstrated that Ove-PrP¢ in ADMSCs therapy attenuated
spinal cord injury in rats (Chen et al. 2016b). Accordingly,
our findings are comparable with those of our previous stud-
ies (Chen et al. 2023, 2016b). The most important finding
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4 Fig. 9 Identification of hemorrhagic area by day 14 after ICH induc-
tion and time courses of neurological function assessed by corner test.
(A-E) Illustrating the TTC stain for identification of the brain hemor-
rhagic area. Note that “a, b, ¢ and d” indicated the manifestation of
square area in A, B, C, D and E, respectively. (F) Analytical result
of hemorrhagic area (green dotted line in large square, * vs. other
groups with different symbols (f, I, §), £<0.001. (G) Schematically
illustrated the time courses of the changes of neurological function.
(H) Neurological function (i.e., by Corner Test) at day 0 p>0.5. (I)
Neurological function by day 3, * vs. T, P<0.0001. (G) Neurological
function by day 7, * vs. other groups with different symbols (}, ),
P<0.001. (K) Neurological function by day 14, * vs. other groups with
different symbols (f, i, §, Y), P<0.001. (K) Neurological function by
day 28, * vs. other groups with different symbols (f, i, §), £<0.001.
All statistical analyses were performed by one-way ANOVA, followed
by Bonferroni multiple comparison post hoc test (n=6-10 for each
group). Symbols (¥, T, I, §, ) indicate significance (at 0.05 level).
ADMSCs=adipose-derived mesenchymal stem cells. Overexpression
of cellular prion protein (Ove-PrP®). Group 1=sham-operated control
(SC); group 2 =intracranial hemorrhage (ICH); group 3 =ICH+ExMi;
group 4=ICH+Ove-PrP®-ADMSCs; group 5=IHC+combined
ExMi®+ Ove-PrPC-ADMSCs

was that combined therapy with these two regimens further
reduced the BHV and brain IA and improved neurologi-
cal function compared with the effects of only one therapy.
Thus, our findings extend those of previous studies (Chen et
al. 2023, 2016Db).

The underlying mechanism of neuron/brain parenchymal
damage in stroke settings, such as ischemic stroke or ICH,
is complicated (Chen et al. 2014a; Hostettler et al. 2019;
Haupenthal et al. 2021; Gaiqing 2014; Duan et al. 2016;
Shao et al. 2019; Yip et al. 2020). However, the abrupt loss
of blood supply due to vessel occlusion or compression
by a hematoma always results in a rigorous inflammatory
reaction, generation of oxidative stress, and mitochondrial
damage, which is universally accepted as the main cause of
neuron/brain parenchymal damage. Our results demonstrate
that these parameters were remarkably enhanced in rats
after ICH. Accordingly, our findings corroborate those of
previous studies (Chen et al. 2014a; Hostettler et al. 2019;
Haupenthal et al. 2021; Gaiqing 2014; Duan et al. 2016;
Shao et al. 2019; Yip et al. 2020). Particularly, inflamma-
tion and mitochondrial damage were markedly reversed by
mitochondria or Ove-PrP¢ in ADMSCs and further reversed
by combined ExM and Ove-PrP® in ADMSCs treatment.
Thus, our findings, in addition to those of previous studies
(Chen et al. 2014a; Hostettler et al. 2019; Haupenthal et al.
2021; Gaiqing 2014; Duan et al. 2016; Shao et al. 2019; Yip
et al. 2020), partly explain why the BIV and brain IA were
notably reduced and neurological function (i.e., corner test)
was notably improved in ICH rats after receiving mitochon-
dria-Ove-PrPC in ADMSCs treatment.

Notably, our study, including both in vitro and in vivo
findings consistently revealed that cell cycle parameters
were substantially upregulated following treatment with
mitochondria or Ove-PrP¢ in ADMSCs, thereby enhancing

cell viability and promoting proliferation. In addition,
one attractive finding was that NOX/cell-stress signaling
which was involved in neuronal death following ICH was
remarkably attenuated by Ove-PrP¢ in ADMSCs treat-
ment, suggesting that this PrP¢ gene activation in ADM-
SCs has antioxidant capacity. Perhaps, this finding could be
explained as the results of this gene manipulation ensured
the Ove-PrP¢ in ADMSCs survival in ischemic environ-
ment to offer great ability for alleviating the oxidative stress
induced cerebral tissue damage.

One interesting finding in the in vitro study was that the
mitochondria could be donated from abundant mitochondria
of ADMSC:s (i.e., donor) to mitochondrial deprived neurons
(pO cells) (recipient), i.e., just likes a similar phenomenon of
blood transfusion in human being. This phenomenon could
be extrapolated to the in vivo study that the mitochondria
derived from Ove-PrP® in ADMSCs could be transferred
to ischemic neuronal cells (recipient) in setting of IHC.
This novel finding could, at least in part, explained why the
ExMi/Ove-PrPC in ADMSCs treatment effectively reduced
the infarct area/infarct volume and improved neurological
outcomes. This may also be one of the fundamental mecha-
nisms by which ExM treatment protects brain neurons
against the abrupt loss of blood supply after ICH.

Study limitations

Our study had some limitations. First, although ExMi* and
Ove-PrP® in ADMSCs treatments showed promising results
in this preclinical study, ethical considerations may arise
when applying this therapeutic strategy to clinical settings
for patients with ICH. Second, the mechanisms underlying
neuronal damage and neurological dysfunction following
ICH are complex and warrant further analysis. Figure 13
provides a schematic illustration of underlying mechanism
of ICH-induced neuronal death, impaired neurological
function, and the proposed treatment approach based on our
findings.

In conclusion, our results show that inflammation, oxida-
tive stress, and mitochondrial damage are the primary fac-
tors that induce brain damage after ICH. The combination of
ExMi© and PrP¢ ©F in ADMSCs exerted a synergistic effect
in protecting the brain from ICH damage.

Experimental procedures
Ethical issues
All animal procedures were approved by the Institute of

Animal Care and Use Committee at Kaohsiung Chang Gung
Memorial Hospital (Affidavit of Approval of Animal Use
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4 Fig. 10 Brain infarct area, brain hemorrhagic volume (BHV) and cel-
lular expression of neurons by day 28 after ICH induction. (A—E) Illus-
trating the microscopic finding (200x) of H.E., stain for identification
of infarct area at the same level of cerebral cross sections (whitish
area). Scale bar in right lower corner represents 50 pm. (F) Analytical
result of brain infarct area, * vs. other groups with different symbols
(, £, §), P<0.0001. (G-K) Illustrating the brain magnetic resonance
imaging (MRI) finding for identification of brain hemorrhagic zone
(white color) (yellow dotted-line area). (L) Analytical result of brain
hemorrhagic volume (i.e., the percentage of the whole brain volume),
* vs. other groups with different symbols (f, I, §), P<0.0001. (M—Q)
[lustrating the immunofluorescent (IF) microscopic finding (400x) for
identification of cellular expression of NeuN cells (red color). Scale
bar in right lower corner represents 20 um. (R) Analytical result of
number of NeuN +cells, * vs. other groups with different symbols (f,
1, §), P<0.0001. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=8-10 for each group). Symbols (*, T, f, §) indicate significance
(at 0.05 level). ADMSCs=adipose-derived mesenchymal stem cells.
Ove-PrP€=0verexpression of cellular prion protein

Protocol No. 2021120204) and were performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals.

Animals were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC; Frederick, MD, USA)-approved animal facility
in our hospital with controlled temperature and light cycles
(24 °C and 12-h/12-h light cycle).

Preparation of CoCl, stock solution and hypoxia
treatment

The procedure and protocol were based on a previous report
(Yin et al. 2023) with minimal modifications. A stock solu-
tion 25 mM of cobalt chloride (CoCl,) was prepared in ster-
ile distilled water and diluted in medium to obtain the final
concentrations. The N2a cell line was cultured in Dulbec-
co’s modified Eagle’s medium (DMEM)supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin in a standard CO, incubator. After
24 h, the N2a cells were treated with CoCl, (i.e., 100 pM)
co-culture for 24 h.

Mitochondrial isolation from donors and
MitoTracker staining for mitochondria

Liver mitochondria were isolated from donor Sprague—
Dawley rats, as previously described (Rana et al. 2019).
The rats were fasted overnight prior to the mitochondrial
isolation procedure and euthanized, and their gallbladders
and livers were carefully isolated and removed. Briefly, the
liver (3—5 g) was immersed in 100 mL ice-cold IBc (10 mM
Tris—=MOPS, 5 mM EGTA/Tris, and 200 mM sucrose, pH
7.4) in a beaker, followed by rinsing to remove the blood
with ice-cold IBc. The liver was minced using scissors in

a beaker containing ice. IBc was discarded during mincing
and replaced with 18 mL of ice-cold fresh IBc. The liv-
ers were homogenized using a Teflon pestle. The homog-
enates were transferred to a 50-mL polypropylene Falcon
tube and centrifuged at 600xg for 10 min at 4 °C. The
supernatants were transferred to fresh tubes for centrifu-
gation at 7,000xg for 10 min at 4 °C. The supernatants
were discarded, and the pellets were washed with 5 mL of
ice-cold IBc. The supernatants from the pellets were cen-
trifuged at 7,000 g for 10 min at 4 °C. The supernatants
were discarded and the pellets containing mitochondria
were resuspended. The concentration of the mitochondrial
suspension was measured using the biuret method. Isolated
mitochondria (10 mg) were labeled with 1 M MitoTracker
Red CMXRos (Invitrogen, Carlsbad, CA, USA) and incu-
bated at 37 °C for 30 min. Finally, exogenous mitochondria
(ExMi°) were co-cultured with healthy and hypoxic N2a
cells, and mitochondrial transfusion into the study animals
was performed immediately after labeling (<3 h after the
isolation procedure).

Preparation of N2a cell line

Neuro-2a cells (N2a: neuroblastoma cell line) were main-
tained in minimum essential medium supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM non-
essential amino acids, 1.0 mM sodium pyruvate, 100 U/mL
penicillin G, and 100 ug/mL streptomycin. To create mito-
chondrial-DNA depleted cells (i.e., pO cells) of N2a, the
N2a cells were incubated with ethidium bromide (0.5 pg/
mL) for 2 weeks to influence mitochondrial DNA replica-
tion. Throughout the experimental period, p0 and N2a cells
were grown in minimum essential medium supplemented
with 50 pg/mL uridine.

Measurement of mitochondrial OCR

Mitochondrial bioenergetics in N2a cells under different
conditions were determined using an Extracellular Flux
Analyzer (XFe24 Seahorse Bioscience, North Billerica,
MA, USA) by assessing mitochondrial oxygen consump-
tion, basal respiration, maximal respiration, ATP produc-
tion, and spare respiratory capacity. Briefly, N2a cells (10*
cells/per well) were seeded into FBS-free and sodium bicar-
bonate-free DMEM (high-glucose). During the reactions,
100 uM oligomycin, 100 pM FCCP and 540 pL antimycin
A/rotenone were added sequentially. The OCR was mea-
sured sequentially (Fig. 1).
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Fig.11 Cellular levels of inflammation and DNA damage in brain hem-
orrhagic region by day 28 after ICH induction. (A—E) Illustrating the
IF microscopic finding (400x) for identification of cellular expression
of CD68 (green color). (F) Analytical result of number of CD68 +cells,
* vs. other groups with different symbols (f, I, §), P<0.0001. (G-K)
lustrating the IF microscopic finding (400x) for identification of
cellular expression of y-H2AX (red color). (L) Analytical result of

Preparation of allogenous adipose tissue for
culturing ADMSCs

To prepare autologous ADMSC:s, the adipose tissue was iso-
lated from 12 rats. The procedure and protocol for ADMSCs
preparation are described in our previous reports (Weiss-
mann 2004; Chen et al. 2014b, 2016a; Lin et al. 2016).
Briefly, adipose tissue surrounding the epididymis was
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number of y-H2AX +cells, * vs. other groups with different symbols
(f, &, §), P<0.0001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n=8 for each group). Symbols (*, T, I, §) indicate significance
(at 0.05 level). ADMSCs=adipose-derived mesenchymal stem cells.
Ove-PrP=overexpression of cellular prion protein

carefully dissected, excised, and processed. Following stan-
dardized preparation steps (Weissmann 2004; Chen et al.
2014b, 2016a; Lin et al. 2016), the cells were resuspended
in saline. An aliquot of this cell suspension was cultured in
low-glucose (DMEM)-with 10% FBS for 14 days. Approxi-
mately 2-3 x 10° ADMSCs were obtained per rat.
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Fig. 12 Protein expressions of cell cycle and cell stress signaling in the
brain tissue by day 28 after ICH induction. (A) Protein level of cyclin
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Transfection of ADMSCs with plasmids for PrP¢
overexpression (Ove-PrP.%)

The procedure and protocol were reported in our recent study
(Yip et al. 2021b). The pCS6-PRNP plasmid was purchased
from Transomics Technologies (Huntsville, Alabama,
USA). Briefly, plasmid transfection was performed using
Lipofectamine 3000 (Invitrogen, Life technologies, Carls-
bad, CA, USA) according to the manufacturer’s instruc-
tions with slight modifications. The cells were replated 24 h
before transfection at a density of 5x10° cells in 4 mL of
fresh culture medium in a 6-cm plastic dish. Briefly, 10 pg of
the PRNP expression vector and 20 pL Lipofectamine 3000
were incubated at room temperature for 15 min, followed by

[ Group 3: ICH + ExMito
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© =
o o

o
o
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o (3]
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o
ik

Relative density Relative density Relative density Relative density
o
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o
=)

different symbols (7, 1, §), P<0.0001. (F) Protein expression of p-Akt,
* vs. other groups with different symbols (1, , §), P<0.0001. (G) Pro-
tein expression of p-mTOR, * vs. other groups with different symbols
(t, I, §), P<0.0001. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n=6 for each group). Symbols (¥, T, I, §) indicate significance
(at 0.05 level). ADMSCs=adipose-derived mesenchymal stem cells.
Ove-PrP€=overexpression of cellular prion protein

overnight incubation of cells at 37 °C in a humidified atmo-
sphere of 5% CO, and Lipofectamine (i.e., mixed together),
after which the relevant experiments were carried out.

Cell grouping and verification of cell-to-cell-
transferred mitochondria by TNT system

To test whether ADMSC:s (i.e., donor) could transfer their
mitochondria into hypoxia-treated neuronal cells (i.e., recip-
ient), i.e., “cell-to-cell transfer,” we utilized a cell-culture
model, and the cells were categorized as follows: Al (N2a
cells), A2 [N2a cells+exogenous mitochondria (100 pg co-
cultured for 3 h)], A3 [N2a cells+CoCl, (100 uM co-culture
for 24 h)], A4 (N2a+CoCl, +exogenous mitochondria), AS
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Fig. 13 The protein expressions of oxidative stress, mitochondrial
damage, DNA damage apoptosis and fibrosis in the brain tissue by
day 28 after ICH induction. (A) Protein expression of NOX-1, * vs.
other groups with different symbols (f, f, §), P<0.0001. (B) Protein
expression of NOX-4, * vs. other groups with different symbols (¥, 1,
§), P<0.0001. C) Protein expression of p-DRPI1, * vs. other groups
with different symbols (T, f, §), £<0.0001. (D) Protein expression of
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(E) Protein expression of y-H2AX, * vs. other groups with different
symbols (T, f, §), P<0.0001. (F) Protein expression of mitochondrial
Bax, * vs. other groups with different symbols (1, 1, §), P<0.0001. (G)
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Protein expression of cleaved caspase3, * vs. other groups with differ-
ent symbols (T, f, §), P<0.0001. (H) Protein expression of cleaved
PARP, * vs. other groups with different symbols (T, I, §), P<0.0001.
(I) Protein expression of p-Smad3, * vs. other groups with different
symbols (f, 1, §), P<0.0001. (J) Protein expression of TGF-f, * vs.
other groups with different symbols (7, , §), P<0.0001. All statistical
analyses were performed by one-way ANOVA, followed by Bonfer-
roni multiple comparison post hoc test (n=6 for each group). Symbols
(*, 1, I, §) indicate significance (at 0.05 level). ADMSCs=adipose-
derived mesenchymal stem cells. Ove-PrPC=overexpression of cel-
lular prion protein
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(pO cells) and A6 (p0 cells+ADMSCs). The dose of exog-
enous mitochondria and procedure and protocol of this
experimental study were based on our recent report (Yip et
al. 2020).

Additionally, to determine whether ADMSCs (i.e.,
donor) could transfer their mitochondria into mitochon-
dria-deprived neuronal cells (i.e., recipient), the cells
were categorized as follows: Bl (pO cells) and B2 [(p0
cells) + ADMSCs], respectively.

Furthermore, to investigate whether Ove-PrP¢ in ADM-
SCs upregulates cell proliferation, suppresses oxidative
stress, and upregulates cell stress signaling, we used a cell
culture model. The cells were categorized as follows: C1
(ADMSCs only), C2 (Ove-PrP¢ in ADMSCs), C3 [ADM-
SCs+H,0, (200 uM) treated for 6 h, followed by culture
for 18 h], and C4 [Ove-PrPC in ADMSCs+H,0, (200 pM)]
treated for 6 h, followed by culture for 18 h]. After culture,
the cells were collected for individual studies.

Furthermore, to confirm that the ADMSCs-derived mito-
chondria (i.e., donor cells) could be transferred into p0 cells
(mitochondrial-DNA depleted cells) (i.e., recipient cells]
through the TNT system, the mitochondria of ADMSCs
was first stained by Mitotracker (red color), followed by

Apoptotic cells+ T

Neuron cell death 1
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transfusion PINK1 1

'

Fibrosis T

{

ss of neurological function &

damage of brain architecture

ned ExM and Ove-PrP€ in ADMSCs on improving the neurological out-
Mito— exogenous mitochondria

co-cultured with p0 cells. Finally, the cells were collected
and under the IF microscopic examination, the TNT system
transferred positively MitoTracker-stained mitochondria
from ADMSCs (donor) to p0 cells (recipient) was clearly
identified (referred from Fig. 3).

MTT cell viability assay

The growth of N2a cells was evaluated using the MTT assay.
Approximately 2x 10° cells in 100 pL of medium (stock in
100% ethanol at 100 mM, working concentration of 1 mM)
were seeded into the wells of a 96-well plate and incubated
for 6 h. The medium was changed, followed by incubation
for an additional 24, 48, and 72 h. For the MTT assay, 2000
cells per well were seeded into 96-well plates in 100 pL of
medium with or without 50 pM H,O, for 24 h (i.e., oxida-
tive stress tests). At the time of detection, the medium was
removed, and 200 uL MTT reagent was added to the cells
for 30 min. After incubation, the purple crystal sediment
was dissolved in dimethyl sulfoxide and the absorbance
was read at 540 nm using an ELISA reader. Absorbance was
used to determine the cell number.
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Flow cytometric analysis to determine the
fluorescent intensity of reactive oxygen species
(ROS)

To assess total intracellular and mitochondrial ROS, the cells
were incubated in serum-free medium containing 10 pM
H,DCFDA, 5 pM MitoSOX, and 50 nM NAO in a 37 °C
incubator for 20 min after rinsing the cells twice with phos-
phate-buffered saline (PBS). After rinsing twice with PBS
to remove residual H,DCFDA, the cells were incubated in
serum-containing culture medium for an additional 30 min.
Following trypsinization, the cells were suspended in PBS
and analyzed using flow cytometry in the FL1 channel.

Induction of ICH by type IV collagenase proteolytic
enzyme in rodent

The procedure and protocol of ICH were based on a recent
report (Rana et al. 2019). The rats were anesthetized by
inhalation of 2.0% isoflurane and placed on a warming pad
at 37 °C, followed by securing the head and shaving the
scalp hair. Under sterile conditions, a 1-cm long midline
incision of the scalp was created to expose the perpendicu-
lar intersection point of the coronal and sagittal sutures (i.e.,
bregma). A Hamilton syringe (250 puL) was mounted onto
the injection pump to stereotaxically guide the needle (26
gauge) over the bregma. The arms of the stereotactic manip-
ulator were adjusted to move the needle 1.4 mm anterior and
3.2 mm lateral to the right. A small cranial burr hole was
created using a 1 mm drill bit. Collagenase type IV (1.0 pL,
0.25 TU/uL) was injected into corpus/dorsal striatum (5 mm
below the skull) through the 26 gauge Hamilton syringe at
arate of 0.2 uL/min. The syringe was slowly removed after
injection, and sterile bone wax was used to quickly plug
the hole. The skin on the head surface was closed using 4-0
prolene suture. Finally, the animals were recovered in a por-
table animal intensive care unit (ThermoCare®, Braintree
Scientific, Pembroke, MA, USA) with food and water for
24 h.

Animal grouping and study period

Pathogen-free, adult male (i.e., 10-12 weeks old) SD rats
(n=50), weighing 325-350 g (Charles River Technol-
ogy, BioLASCO, Taipei, Taiwan), were randomly catego-
rized into group | [sham-operated control (SC)], group
2 (ICH+20 pL culture medium), group 3 [ICH-+ExMit
(350 pg) by intracranial injection at 3 h after ICH], group
4 [ICH+Ove-PrP-ADMSCs (6.0 x 10°) cells by intracra-
nial injection and 1.2x10° cells by intravenous injection,
respectively], and group 5 [ICH+combined ExM (i.e.,
by intracranial administration)+Ove-PrP“-ADMSCs]. The
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doses of mitochondrial ADMSCs were based on a previ-
ous report (Rana et al. 2019). Additionally, all animals were
euthanized on day 28 after brain MRI. The brains were har-
vested from each group of animals for individual studies.

Procedure and protocol of brain MRI

The procedure and protocol for brain MRI studies were
based on our previous report (Chen et al. 2014b). Brain MRI
was performed 28 days after TBH induction. During MRI
measurements, rats were anesthetized by 2.0% inhalational
isoflurane with room air and placed in an MRI-compatible
holder (Biospec 94/20, Bruker, Ettingen, Germany). The
rectal temperature and respiration were monitored through-
out the procedure to ensure that normal physiological con-
ditions were maintained. MRI data were collected using a
Varian 9.4 T animal scanner (Biospec 94/20, Bruker, Ettin-
gen, Germany) with a rat surface array. The MRI protocol
comprised 40 T2-weighted images. Forty continuous slice
locations were imaged with a field of view of 30 %30 mm,
acquisition matrix dimensions of 256 X256 mm, and slice
thickness of 0.5 mm. The repetition time and echo time for
each fast spin-echo volume were 4200 and 30 ms, respec-
tively. ImagelJ software (1.431, NIH, Bethesda, MD, USA)
was used to process data from the regions of interest. Plani-
metric measurements of T2 were performed to calculate the
hemorrhagic volumes of the cortex. Collectively, the BHV
was calculated by summing the total coronal sections and
then dividing by the number of coronal sections to obtain
the means of the IAs. Additionally, the height of the infarct
zone was calculated by summing the thicknesses of each
coronal section. Finally, the BHV was calculated as the
mean IA x height.

Corner test for assessment of sensorimotor function

The sensorimotor function test (corner test) was conducted
for each rat at baseline and on days 3, 7, 14, and 28 after
acute ICH induction, as previously reported (Yip et al. 2020;
Chen et al. 2014b; Rana et al. 2019). Briefly, rats in each
group were allowed to walk through a tunnel and then into
a 60° corner. The rats could turn either left or right to exit
a corner. A technician blinded to the study design recorded
the results. This test was repeated 10—15 times, with at least
30 s between each test. The technician recorded the number
of right and left turns in 10 successful trials for each animal,
and the results were statistically analyzed.
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Identification of brain IA by TTC at day 14 after
acute ICH procedure

The procedure and protocol were described in our previous
report (Chen et al. 2014b). Briefly, brain axial sections of
the rats were obtained from six animals in groups 2 and 3
(n=6-7 for each group) as 2 mm slices. Each cross-section
of the brain tissue was stained with 2% TTC (Alfa Aesar,
Ward Hill, MA, USA) to analyze the brain IA. All brain
sections were placed on a tray with a scaled vertical bar
attached to a digital camera. Sections were photographed
directly above from a fixed height. Images were analyzed
using Image Tool 3 (IT3) image analysis software (UTH-
SCSA; Image Tool for Windows, Version 3.0; University
of Texas, Health Science Center, San Antonio USA). The
IA was observed as either whitish or pale yellowish. The
infarcted region was confirmed by microscopic examina-
tion. The percentage of IA was obtained by dividing the A
by the total cross-sectional area of the brain.

IF staining

The procedure and protocol for IF staining was described
in our previous reports (Yip et al. 2020; Chen et al. 2014b;
Rana et al. 2019). Rehydrated paraffin sections were first
treated with 3% H,0, for 30 min and then incubated with the
ImmunoBlock reagent (BioSB, Santa Barbara, CA, USA)
for 30 min at room temperature. Sections were incubated
with primary antibodies against CD68 (ab31630, 1:500,
Abcam, Cambridge, UK), NeuN (MAB377, 1:100, Sigma,
St. Louis, MO, USA), and r-H2AX (1:1000, Abcam). Sec-
tions incubated with irrelevant antibodies served as controls.
Three brain tissue sections from each rat were analyzed. For
quantification, three random high-power fields (400 x for IF
studies) were analyzed in each section. The mean number of
positively stained cells per high-power field for each animal
was determined by summing all numbers divided by 9.

Western blot analysis

Western blot analysis was performed as described previ-
ously (Yip et al. 2020; Chen et al. 2014b; Rana et al. 2019).
Briefly, equal amounts (50 pg) of protein extract were
loaded and separated by sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis using acrylamide gradients. After
electrophoresis, the separated proteins were transferred
onto polyvinylidene difluoride membranes (GE Healthcare,
Little Chalfont, UK). Nonspecific sites were blocked by
incubating the membrane in blocking buffer [5% nonfat dry
milk in Tris-buffered saline containing 0.05% Tween 20)]
overnight. The membranes were incubated with primary
antibodies [Cyclin D1 (1:1000, Abcam), CyclinE1 (1:1000,

Abcam), CDK2 (1:1000, Abcam), CDK4 (1:1000, Abcam),
NOX1 (1:1000, Sigma), NOX4 (1:1000, Abcam), cyto-
chrome C (1:10,000, BD Biosciences, Franklin Lakes, NJ,
USA), p-DRP1 (1:1000, Cell Signaling Technology, Dan-
vers, MA, USA), cyclophilin D (1:10,000, Abcam), PINK
(1:10,000, Abcam), Beclinl (1:1000, Cell Signaling Tech-
nology), Bax (1:1000, Abcam), cleaved caspase 3 (1:1000,
Cell Signaling Technology), cleaved PARP (1:1000, Cell
Signaling Technology), phosphorylated (p)-PI3K (1:1000,
Cell Signaling Technology), PI3K (1:1000, Cell Signal-
ing Technology), p-AKT (1:1000, Cell Signaling Technol-
ogy), AKT (1:1000, Cell Signaling Technology), p-mTOR
(1:1000, Abcam), mTOR (1:1000, Abcam), y-H2AX
(1:1000, Cell Signaling Technology), transforming growth
factor beta (TGF-B) (1:1000, Abcam), p-Smad3 (1:1000,
Cell Signaling Technology), COX-IV (1:10,000, Abcam),
and actin (1:1000, Millipore, Billerica, MA, USA)] for 1 h
at room temperature. Horseradish peroxidase-conjugated
anti-rabbit immunoglobulin IgG (1:2000; Cell Signaling,
Danvers, MA, USA) was used as the secondary antibody for
1-h incubation at room temperature. Washing was repeated
eight times within 1 h. Immunoreactive bands were visual-
ized using enhanced chemiluminescence (ECL; Amersham
Biosciences, Amersham, UK) and exposed to Biomax L
film (Kodak, Rochester, NY, USA). For quantification,
ECL signals were digitized using Labwork software (UVP,
Waltham, MA, USA).

Statistical analysis

Quantitative data are expressed as the mean=standard
deviation. Statistical analysis was performed using analysis
of variance, followed by Bonferroni multiple-comparison
post-hoc tests. SAS statistical software for Windows ver-
sion 8.2 (SAS Institute, Cary, NC, USA) was used. Statisti-
cal significance was set at P<0.05.
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