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Abstract

Mitochondria, known as the powerhouse of the cell, are essential for cellular energy production. Dys-
function in mitochondrial function can significantly affect various organs. Transplanting healthy mito-
chondria can enhance the bioenergetics of diseased cells and treat various conditions, yet the limits
of mitochondrial transplantation are still unknown. Our study reveals that the source of transplanted
mitochondria is not restricted by species, and recipient cells show no significant immune response to
mitochondria from different lineages. We also found that metabolic compatibility between the recipi-
ent and exogenous mitochondria is crucial, and transplanting mitochondria from different species can
endow recipient cells with distinct characteristics to combat diseases. Furthermore, our data indicate
that there is competition among mitochondria with varying functions, with more powerful mitochon-
dria yielding better therapeutic effects. Notably, we have not yet found an upper limit for the bio-en-
hancement provided by exogenous mitochondria. Our research proposes a feasible path for human
bio-enhancement through mitochondrial transplantation-adaptive bio-enhancement.
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cells involves differences in mitochondrial

Introduction
function, which enhances the function of diseased

Mitochondrial involves

mitochondria from normal cells or tissues and

transplantation isolating

cells. Preemptively providing normal cells with

exogenous mitochondria can grant them a higher
transferring them to diseased areas either directly

or indirectly to improve the function of damaged
cells, thereby aiding in treatment. Compared to
organ, tissue, or cell transplantation, mitochondrial
transplantation is a novel and milder alternative
therapy. In 2009, Boston Children 's Hospital first
reported mitochondrial transplantation, injecting
mitochondria into ischemic regions of the rabbit
heart and observing significant therapeutic effects
[1]. To date, mitochondrial transplantation has shown
promising therapeutic outcomes in various organ and
tissue injuries, including the heart, brain, spinal cord,
lungs, kidneys, liver, skeletal muscle, and skin, as well
as in conditions such as sepsis and cancer [2-12].

Despite the proven safety and therapeutic efficacy of
mitochondrial transplantation in numerous diseases,
its full potential remains unclear [13]. Transplanting
functionally normal mitochondria to restore the
function of dysfunctional mitochondria in diseased

threshold,
enhancing normal cells [3,14]. The question

damage thereby  bioenergetically
arises: can we select mitochondria with different
characteristics for different disease populations
or use mitochondria with functions superior to
normal mitochondria as a purely adaptive bio-
enhancement strategy? This is a topic worth

exploring.
In this study, we expanded the sources
of mitochondria for transplantation and

demonstrated the universality of mitochondrial
transplantation. We further utilized the lineage-
specific characteristics of mitochondria to treat cells
under different disease conditions, highlighting the
importance of metabolic matching. Additionally,
we obtained hybrid mitochondria with enhanced
therapeutic suitability by inducing cell fusion to
combine multiple lineage characteristics. Building
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on this, we discovered that mitochondria with greater
functional potency exhibited an overwhelmingly
superior therapeutic effect compared to their lineage-
specific counterparts, even enhancing the function
of normal cells to some extent. Similar results were
observed in animal experiments, suggesting that
mitochondrial transplantation could potentially
be used as a means of biological enhancement.
This significantly broadens the therapeutic value
of mitochondrial transplantation and offers a new
research direction for biological augmentation.

m Universality of mitochondrial
transplantation

Mitochondria, a fundamental and essential
organelle present in most eukaryotic cells, have
a relatively simple genome structure, typically
ranging in size from 15 kb to 60 kb. Their primary
function is to supply energy to cells [15,16]. The
prevailing theory suggests

originated from a-proteobacteria that established

that mitochondria

a stable endosymbiotic relationship with the host
during the process of organelle formation. As the a-
proteobacteria progressively reduced their protein
repertoire and transferred most of their genetic
material to the host nucleus, this unique evolutionary
process likely explains why mitochondria, even
when transplanted between different species or
across species, do not elicit signiﬁcant immune
or inflammatory responses [15,17-19]. Current
research on mitochondrial transplantation primarily
uses mitochondria from three sources: various cell
lines, human umbilical cord mesenchymal stem
cells, and tissues such as liver, skeletal muscle,,
brain, and platelets, with the experimental animals
mainly being humans, rabbits, mice, pigs, and rats
[1,20-33]. We aimed to expand the species origin of
mitochondria used for transplantation to enhance
the therapeutic potential of this approach.

Using green fluorescent markers, we labeled
mitochondria from 13 different animal species,
including African Green Monkey Kidney Cells
(Vero), Bovine Kidney Cells (MDCK), MDBK
Canine Kidney Cells (MDBK), Feline Kidney Cells
(CRFK), Porcine Kidney Cells (PK15), Chicken
Cells (LMH),
Frugiperda Cells (SF9), turtle liver tissue, bullfrog

Hepatocarcinoma Spodoptera
liver tissue, quail liver tissue, lizard liver tissue,
large yellow croaker liver tissue, and eel liver tissue.
Through ATP assays, JC-1 staining, transmission

electron microscopy, and mitochondrial respiratory
chain complex activity assays, we confirmed that
the isolated mitochondria from these species were
biofunctionallyintactandstructurally well-preserved
(Figures 1A-1G) . We then co-cultured Mito-Tracker
Green-labeled mitochondria from these species
with WGA594 red fluorescently-labeled Human
Cardiomyocytes (AC16), Human Hepatocarcinoma
Cells (HepG2), and Mouse Skin Fibroblasts (1929),
observing efficient internalization and significant
co-localization of the various mitochondria within
recipient cells (Figure 1H).

To evaluate the safety of these interspecies
collected the
supernatants of the co-cultured cells and assessed

mitochondrial transplants, we
immune and inflammatory responses using ELISA.
We found no significant changes in the levels of IL-6,
IL-10, and TNF-a in the mitochondria-transplanted
groups compared to normal cells, indicating a high
degree of safety for multi-species mitochondrial
transplantation (Figures 11I-1N).

Additionally, we included mitochondria from
Vaucheria litorea, further pushing the species
boundary. After labeling these mitochondria with
Mito-Tracker Red and co-culturing them with
WGAS594-labeled 1929 cells, we observed that
although most of the plant mitochondria were
damaged due to extraction techniques, some intact
ones were still internalized by the cells (Figures 1A
and 1B). Given the complexity of plant mitochondrial
extraction and the significant genetic divergence
between plant and animal mitochondria, the safety
and efficacy of such transplants would substantially
bolster our findings. We conducted Vaucheria litorea
mitochondrial transplantation every three days for
25 days, initially observing immune responses in
the first five transplants. However, starting from
the sixth transplant, due to contamination and
other factors, IL-6, IL-10, and TNF-a levels surged,
leading to cell death (Figures 1C-1F). While the
outcome of plant mitochondrial transplantation
is largely acceptable, as the extraction of plant
mitochondria has a high contamination risk, the
initial success of these transplants sufficiently
demonstrated the universality and safety of
mitochondrial transplantation. The internalization
of mitochondria from multiple species reflects the
cellular "inclusiveness" to various foreign organelles.
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Figure 1: Universality of mitochondrial transplantation.

m Outcomes

A: Analysis of membrane potential in both
cells and animals isolated mitochondria.
Ctrl: Mitochondria subjected to two
freeze-thaw cycles at -80°C and 37°C to
completely disrupt their structure and

function, used for comparison.

B: ATP production capacity in both cells
and animals isolated mitochondria. Ctrl:
Mitochondria subjected to two freeze-
thaw cycles at -80°C and 37°C, used for
comparison.
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« C: Morphology of mitochondria from
cells and animals observed under electron
microscopy. Scale bar: 500 nm.

e D-G: Activity of chain

complexes I and IIT in both cells and

respiratory

animals isolated mitochondria.

«  H: Co-localization fluorescence imaging
at 24 hours of transplanted mitochondria
labeled with Mito-Tracker Green (green
fluorescence) from Eel, MDCK, CRFK,
Sparrow, Vero, and Lizard with AC16,1.929,
and HepG2 cells labeled with WGA594
(red fluorescence). Blue fluorescence DAPI
represents the nucleus. Scale bar: 30 pm.

B I-N: Immunoreactivity of IL-6, IL-10, and
TNF-a in cell culture medium collected
24 hours after the transplantation of
exogenous mitochondria. Ctrl: Untreated

group.
ns = no statistical significance, **** = p<0.0001.

m Mitochondria with matching metabolic
characteristics provide better therapeutic
outcomes

Eukaryotic mitochondria are maternally inherited.
Although the gene sequence and composition are
relatively conservative, their sequence variation
rate is quite fast, which makes the mitochondrial
genes differ in different species over a long period of
evolution, that is to say, the mitochondria of various
species are unique [15,34-40]. Given the universality
of mitochondrial transplantation and the ability to
transplant mitochondria from various species, we
explored whether the species-specific characteristics
of mitochondria might lead to different therapeutic
Additionally,
physiological state of the donor organism, cell

outcomes. factors such as the
culture conditions, and mitochondrial isolation
methods can influence mitochondrial function,
raising questions about whether these differences

affect therapeutic efficacy.

In organ and stem cell transplantation, metabolic
compatibility is crucial for achieving optimal
therapeutic outcomes, and mitochondrial
transplantation is no exception [34,41,42]. This
raises the question: When mitochondrial functions
are similar, do metabolically matched mitochondria
offer better therapeutic outcomes? I hypothesized

that, in the absence of significant functional

differences, metabolically matched mitochondria
would yield superior therapeutic effects. To
minimize variables, we used mitochondria from
four different kidney cell species and selected
functionally similar mitochondria based on MMP
and ATP assessments (Figures 2A, 2B, 2] and 2K).
We then co-cultured these mitochondria with cells
under different disease model conditions, observing

varying therapeutic effects.

In the H,O, induced BMDM oxidative stress
model, all mitochondrial transplant groups showed
significant therapeutic effects, but the MDCK
group notably enhanced cell viability compared
to the MDBK and Vero groups (Figure 2C) [43].
Immunofluorescence staining revealed a marked
reduction in mitochondrial ROS production in
all transplant groups, with a significant reduction
of mitochondrial ROS in the MDCK group
compared to the MDBK group (Figures 2D and 2E).
Additionally, lipid peroxidation was significantly
decreased, and glutathione levels were notably
increased in the MDCK group compared to the Vero
group (Figures 2F and 2G). Overall, these results
suggest that MDCK mitochondrial transplantation
is more effective in treating H,O,” induced oxidative
stress in Bone Marrow-Derived Macrophages
(BMDMs). Despite no significant differences in
mitochondrial function among the groups based on
ATP and MMP analysis, the MDCK group showed a
slight advantage (Figures 2A and 2B). To exclude the
impact of minor functional differences, we paired
MDBK mitochondria with MDCK mitochondria
and Vero mitochondria with PK15 mitochondria,
labeling them with Mito-Tracker Deep-Red and
Mito-Tracker Green, respectively. After co-culturing
with H,0, treated BMDMs for 24 hours, fluorescent
immunostaining showed no significant competition
between the different mitochondria, and their
internalization levels were comparable (Figures 2H
and 2I).

there functional
differences among the four types of mitochondria
and their similar,
the only distinction was their species of origin.
Although the primary function of mitochondria is

to provide energy, their auxiliary functions, which

Since were no significant

internalization levels were

vary among species, seem to have made the MDCK
mitochondria more metabolically compatible
with the H,O, treated BMDMs, resulting in better
therapeutic outcomes.
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Figure 2: Mitochondria with matching metabolic characteristics provide better therapeutic.

A, J: ATP production capacity in isolated
mitochondria. Ctrl: Mitochondria
subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

B, K: Membrane potential in isolated
mitochondria. Ctrl: Mitochondria
subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

C: Effects of mitochondria transplantation
from four different species on the viability
of BMDM cells after H,O, treatment. Ctrl:
Untreated group.

D: Effects of mitochondria transplantation
from four different species on Reactive
Oxygen Species (ROS) in BMDM cells after
H,0, treatment. Ctrl: Untreated group.

E: Fluorescence imaging of mitochondrial
ROS intensity in BMDM cells 24 hours
after transplantation of mitochondria from

four different species, followed by H,O,
treatment. Ctrl: Untreated group. Scale
bar: 30 pm.

F-G: Effects of
transplantation from four different species
on MDA and GSH levels in BMDM cells
after H,O, treatment. Ctrl: Untreated

group.

mitochondria

H-I: Fluorescence imaging and statistical
analysis of the internalization of
mitochondria A labeled with Mito-Tracker
Red (red fluorescence) and mitochondria
B labeled with Mito-Tracker Green (green
fluorescence) in BMDM cells after H,O,
treatment. Scale bar: 30 pm.

L: Effects of mitochondria transplantation
from four different species on the viability
of HepG2 cells after LPS treatment. Ctrl:
Untreated group.

M-O: Changes in IL-6, IL-10, and TNF-a
levels in HepG2 cells after LPS treatment,
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following mitochondria transplantation
from four different species. Ctrl: Untreated

group.

ns = no statistical significance, * = p<0.05, ** =
P<0.01, *** = p<0.001, *** = p<0.0001

In Carbonyl Cyanide m-chloro Phenylhydrazone
(CCCP-treated) AC16 cells, despite similar
mitochondrial function based on ATP and MMP
assessments, the MDBK group showed no significant
advantage (Figures 2] and 2K) [44]. Nevertheless,
its therapeutic effect was superior, significantly
enhancing cell viability compared to the MDCK
and PK15 groups (Figure 2L). The MDBK group
also had lower IL-6 levels compared to the Vero
group and lower IL-10 levels compared to the
MDCK group, although there were no significant
differences in TNF-a levels among the groups
(Figures 2M-20). Overall, the MDBK mitochondria
exhibited better anti-inflammatory effects in CCCP-
treated AC16 cells. Despite the lack of functional
advantages, the superior therapeutic outcomes in
the MDBK group suggest that its mitochondria were
more metabolically compatible with the CCCP-
treated AC16 cells. These findings warrant further
investigation.

We also extracted mitochondria from the four
kidney cell species and co-cultured them with LPS-
treated HepG2 cells [45]. In this case, despite similar
mitochondrial function across groups, the Vero
mitochondria exhibited better therapeutic efficacy,
significantly enhancing cell viability compared to
the MDCK and PK15 groups (Figures 4A-4C). The
Vero mitochondria also reduced mitochondrial
ROS production compared to the MDCK group
and decreased IL-6 levels more effectively than the
MDBK group (Figures 4D and 4E). Although IL-10
levels showed no significant differences among the
groups, the Vero mitochondria still exhibited a slight
advantage (Figure 4F). These results indicate that
Vero mitochondria were more effective in treating
LPS-induced stress in HepG2 cells, supporting
that
plays a critical role in the therapeutic effects of

my hypothesis metabolic compatibility
mitochondrial transplantation. However, the lack of
expected results in IL-10 detection and the absence
of significant differences in TNF-a levels in CCCP-
treated AC16 cells suggest that the compatibility
between mitochondrial characteristics and cellular
metabolism might have limits. The therapeutic
effects of mitochondrial transplantation are
primarily reflected in their core functions, and these
results may not scale significantly when translated
from cell culture to animal models or human

treatments. Therefore, further exploration of the

potential to enhance mitochondrial transplantation
by integrating the characteristics of multiple
mitochondrial species is warranted.

= Generation of more potent pluripotent
hybrid mitochondria through mitochondrial
fusion

Mitochondrial transplantation can endow recipient
cells with the characteristics of donor mitochondria.
For instance, co-culturing mitochondria from
human mammary epithelial cells with breast cancer
cells has been shown to inhibit glycolysis, reduce
glucose uptake, suppress cancer cell proliferation,
and enhance sensitivity to paclitaxel [17]. Similarly,
co-culturing mitochondria containing antibiotic
resistance genes with antibiotic-sensitive cells can
improve resistance to antibiotics [46]. Given that
cell fusion can lead to metabolic reprogramming,
enabling fused cells to acquire traits from different
cell types, a question arises: can mitochondria
fused
characteristics [47]? Both current studies and my

within cells also gain multi-lineage
research indicate that mitochondria do not seem to
have lineage restrictions, suggesting the potential to
create mitochondria with enhanced characteristics
through fusion. Could mitochondria with multi-
lineage traits offer superior therapeutic efficacy

under equivalent functional conditions?

I conducted a study in which HL-1 and H9C2 cells
were fused. The fusion cells were harvested and
validated using immunofluorescence and flow
cytometry, followed by passaging and subsequent co-
culture with CCCP-induced mitochondrial damage
in AC16 cells (Figure 3A,3B,2C-2F). Mitochondria
were extracted from HL1, H9C2, and HL1+H9C2
fused cells and co-cultured with AC16 cells. MMP
and ATP assays confirmed that all three groups had
well-preserved mitochondrial function with no
significant differences (Figures 3C-3D). All groups
significantly improved AC16 cell viability, with the
HL1+H9C2 group showing the most pronounced
effect (Figure 3E). Immunofluorescence analysis
revealed that all mitochondrial transplantation
groups markedly reduced ROS production in the
cells, with quantitative fluorescence data indicating
a significant reduction in mitochondrial ROS in
the HL1+H9C2 group compared to the H9C2
group (Figures 3F and 3G). Although there was no
significant difference in MDA levels among the three
groups , the GSH levels were significantly higher in
the HL1+H9C2 group compared to the H9C2 group
(Figures 3H and 3I). Overall, the HL1+H9C2 group
demonstrated superior therapeutic effects on AC16
cells.

Although the therapeutic efficacy of hybrid

541 Clin. Invest. (Lond.) (2024) 14(9)



Mitochondrial Transplantation: Adaptive Bio-enhancement

mitochondria from fused cells was stronger than that

of single-lineage mitochondria, theadvantage wasnot

substantial. HL1 and HIC2 cells are phylogenetically

close, sharing similar lineage characteristics, which

may explain the less pronounced therapeutic effect.

Research

Nevertheless, this finding aligns with the conclusion

from the second section: mitochondria with better

metabolic compatibility exhibit superior therapeutic

effects when the mitochondrial biological functions

are not much different.
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Figure 3: Generation of more potent pluripotent hybrid mitochondria through mitochondrial.
m Outcomes e D: Membrane potential in isolated
mitochondria, Ctrl: Mitochondria

A: Co-localization fluorescence imaging 24
hours after the fusion of HL1 cells labeled
with WGA647 (deep red fluorescence) and
HI9C2 cells labeled with WGA594 (red
fluorescence). Scale bar: 30 um.

B: Flow cytometric sorting of hybrid
cells 24 hours after the fusion of HL1
cells labeled with WGA647(deep red
fluorescence) and H9C2 cells labeled with
WGA488 (green fluorescence).

C: ATP production capacity in isolated
Ctrl: Mitochondria
subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

mitochondria,

subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

E: Effects of transplantation of three
different types of mitochondria on the
viability of AC16 cells after H,O, treatment.
Ctrl: Untreated group.

F: Effects of transplantation of three
different types of mitochondria on
mitochondrial ROS levels in AC16 cells
after H,O, Ctrl: Untreated
group.

G: Changesin ROSlevelsin AC16 cells after
H,0, treatment, following transplantation

treatment.
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of three different types of mitochondria.
Ctrl: Untreated group. Scale bar: 30 um.

o H-I. Effects of
mitochondria from four different species
on MDA and GSH levels in AC16 cells after
H,0, treatment. Ctrl: Untreated group.

transplantation  of

ns = no statistical significance, * = p<0.05, ** =
p<0.01, *** = p<0.001, **** = p<0.0001

m Competitive internalization of
mitochondria: The fittest functions best

Natural selection dictates that the fittest survive,
a principle that also applies to mitochondrial
[48]. When the
function of transplanted mitochondria varies

transplantation bioenergetic
significantly, the more suitable mitochondria may
provide better therapeutic outcomes.

Given the variability in bioenergetic function due
to differences in the physiological state and rearing
environment of animals, I extracted mitochondria
from the liver tissues of sparrows, lizards, salmon,
and bullfrogs and co-cultured them with CCCP-
treated HepG2 cells [49]. ATP and MMP assessments
indicated that the mitochondria from bullfrogs
exhibited the
among the four groups (Figures 4A and 4B). All

strongest bioenergetic function

four types of mitochondria significantly restored
mitochondrial membrane potential, demonstrating
their therapeutic potential (Figure 3A). However,
the bullfrog mitochondria significantly enhanced
HepG2 cell viability compared to the sparrow and
lizard mitochondria (Figure 4C). They also markedly
reduced mitochondria ROS production compared to
the sparrow and salmon groups and better repaired
DNA oxidative damage than the other three groups
(Figures 4D and 4E). Immunofluorescence further
revealed that HepG2 cells internalized a greater
quantity of bullfrog mitochondria compared to lizard
mitochondria (Figures 4F and 4G). This suggests
that while metabolic compatibility is important
when bioenergetic function is similar, superior
bioenergetic function provides better therapeutic
effects when there is a significant difference.

I conducted a similar experiment by extracting

mitochondria from the liver tissues of the four
animals and co-culturing them with LPS-treated
BMDM cells [50]. ATP and MMP assessments
showed that salmon mitochondria exhibited stronger
bioenergetic function than the others (Figures 4H
and 4I). All four types of mitochondria effectively
restored mitochondrial membrane potential in LPS-
treated BMDM cells (Figure 3B). However, bullfrog
mitochondria showed a more significant therapeutic
effect by enhancing cell viability and reducing
inflammation and DNA oxidative damage compared
to the other
significantly improved cell viability compared to the

groups. Bullfrog mitochondria
other three groups, reduced IL-6 levels compared
to the salmon and lizard groups, lowered TNF-a
levels compared to the other three groups , and
decreased IL-10 levels compared to the sparrow
and salmon groups. They also reduced 8-OHDG
levels more than other three groups (Figures 4J-4N).
Immunofluorescence analysis revealed that bullfrog
mitochondria were internalized at a much higher
rate than lizard and sparrow mitochondria (Figures
40 and 4P). These results indicate that, under equal
conditions, cells actively select mitochondria that
are more beneficial to them, while mitochondria
compete to out-survive each other, demonstrating
the classic law of "survival of the fittest” Moreover,
I cultured P5 generation PK15, P15 generation
MDBK, P15 generation MDCK, P15 generation Vero
to create mitochondria with varying bioenergetic
strengths and co-cultured them with H,O," treated
HepG2 cells [51]. ATP and MMP assessments
revealed that mitochondria from early-passage
PK15 cells exhibited stronger bioenergetic function
than those from MDBK and Vero cells (Figures
4G and 4H). PK15 mitochondria significantly
improved HepG2 cell viability and reduced ROS
production compared to MDBK and MDCK cells
(Figures 41 and 4J). They also increased GSH levels
and decreased MDA production more than MDCK
mitochondria, reducing oxidative stress in HepG2
cells, further confirming the therapeutic advantage
of mitochondria with stronger bioenergetic function
(Figures 4K and 4L).
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Figure 4: Competitive internalization of mitochondria: The fittest functions best.

m Outcomes

A, H: ATP production capacity in
isolated mitochondria. Ctrl: Mitochondria
subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

B, I: Membrane potential in isolated
Ctrl: Mitochondria
subjected to two freeze-thaw cycles at

mitochondria.

-80°C and 37°C, used for comparison.

C: Effects of mitochondria transplantation
from four different species on the viability
of HepG2 cells after CCCP treatment. Ctrl:
Untreated group.

D: Effects of mitochondria transplantation
from four different species on mitochondria
ROS in HepG2 cells after CCCP treatment.
Ctrl: Untreated group.

E: Detection of DNA damage repair
in HepG2 cells after CCCP treatment
following mitochondria transplantation

from four different species. Ctrl: Untreated
group.

F-G: Fluorescence imaging and statistical
analysis of the internalization of Lizard
mitochondria labeled with Mito-Tracker
Deep-Red (deep red fluorescence) and
Bull Frog mitochondria labeled with Mito-
Tracker Green (green fluorescence) in
HepG2 cells after CCCP treatment. Scale
bar: 30 um.

J: Effects of mitochondria transplantation
from four different species on the viability
of BMDM cells after LPS treatment. Ctrl:
Untreated group.

K-M: Changes in IL-6, IL-10, and TNF-a
levels in BMDM cells after LPS treatment
following mitochondria transplantation
from four different species. Ctrl: Untreated
group.

N: Detection of DNA damage repair in

Research
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BMDM cells after LPS treatment following
mitochondria transplantation from four
different species.

e O, P: Fluorescence imaging and statistical
analysis of the internalization of Lizard
mitochondria labeled with Mito-Tracker
Green (green fluorescence), Sparrow
mitochondria labeled with Mito-Tracker
Deep-Red (deep red fluorescence), and
Salmon mitochondria labeled with Mito-
Tracker Red (red fluorescence) in HepG2
cells after CCCP treatment. Scale bar: 30
pm.

ns = no statistical significance, * = p<0.05, ** =
p<0.01, *** = p<0.001, **** = p<0.0001

Theinternalization of plant mitochondriaalso reflects
this result. Due to the variability in mitochondrial
quality upon extraction, they were categorized into
three groups: mostly dead, partially functional,
and a small portion that was fully functional. For
normal 1929 cells, the dead and partially functional
mitochondria were excluded, and only the fully
functional ones were internalized. However, in
1929 cells with mitochondrial and cellular damage,
the range of internalization included both partially
functional and fully functional mitochondria
(Figures 1A-1C). The differential internalization of
mitochondria based on cellular and mitochondrial
function suggests a form of mutual selection,
reflecting the law of "survival of the fittest," where the
mitochondria with stronger bioenergetic function
are more likely to be internalized and survive.

m Mitochondrial transplantation enhances
physical function and biological potency in
mice

Mitochondrial
supplements or replaces the mitochondria of

transplantation temporarily
recipient cells in the short term. However, the

long-term  biological outcome involves the
bi-fusion and fission of both exogenous and
endogenous mitochondria, leading to the formation
Without

mitochondria are

of new mitochondria. continuous

supplementation, exogenous
eventually assimilated by the recipient cells, causing
alterations in the metabolome, proteome, and even
genome of the recipient cells [52-54]. However, as
the fusion and fission cycles continue, similar to
Mendelian inheritance, the influence of the foreign
mitochondria diminishes over time, and the benefits
they confer gradually fade [55-57]. My in vitro
experiments focus on demonstrating the impact
of mitochondrial functionality on the efficacy of
disease treatment. Only when the potent therapeutic

effects of mitochondrial function are established do
the germline characteristics and metabolic matching
of mitochondria gain significance. Therefore, my
in vivo experiments are limited to verifying the
short-term therapeutic effects of mitochondrial
transplantation on recipient cell function. We
need to understand the limits of mitochondrial
transplantation to lay the foundation for subsequent
germline studies.

that
mitochondria with greater functional potency

Our in vitro experiments indicate
exhibit superior therapeutic effects on diseases
compared to mitochondria with normal function.
Is this also applicable in vivo? Studies suggest that
preemptive administration of normally functioning
mitochondria can enhance cellular resistance to
stimuli, but does this confer greater benefits to
Mitochondrial

enhanced through training, increases mitochondrial

general recipients? biogenesis,
function. Mice with trained mitochondria should,
therefore, exhibit better therapeutic outcomes than
those with autologous or allogeneic mitochondria
with normal function [18,58,59]. The functional
enhancement of mitochondria in trained mice is
based on their overall physical fitness. Wild-type
mice, being more robust with stronger metabolism,
are hypothesized to possess even more potent
mitochondrial function.

Using a D-gal-induced aging mouse model, we
extracted mitochondria from mouse myoblasts
(C2C12), young C57B/L 6] (4 months old)
gastrocnemius muscle tissue, HIIT- trained
C57B/L 6] gastrocnemius muscle, HIIT-trained
human gastrocnemius muscle, and wild mouse
gastrocnemius muscle for tail vein injection into
aged mice, subsequently, mitochondria from the
of HIIT-trained
C57B/L6] mice and wild mice were selected for

gastrocnemius muscle tissue
intravenous tail injection into 4-months-old normal
C57B/L6] mice [60]. Additionally, we co-cultured
mitochondria from each group with normal HepG2

and D-gal-treated HepG2 cells.

ATP and MMP assessments revealed significant
differences in mitochondrial function between the
Wild Mice group and the C2C12, Young C57, and
Trained People groups. There was also a significant
difference between the Trained C57 and Young C57
groups, with the Wild Mice group showing a slight
advantage over the Trained C57 group, though not
statistically significant (Figures 5A and 5B). No
immune inflammatory response was observed 24
hours post-surgery (Figure 5A). In the aging model,
all groups showed improved exercise performance
three days post-transplantation, with the Wild Mice
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and Trained C57 groups demonstrating greater
endurance (Figure 5C). In the normal model, only
the Wild Mice group showed improved endurance.
One week post- transplantation, body weight
significantly increased in all aging model groups,
with the Wild Mice group showing the greatest
recovery (Figures 5D-5F and 5I). No significant
differences were observed in the normal model
groups (Figures 5] and 5K). Although all transplant
groups had therapeutic effects, the Wild Mice group
more significantly reduced oxidative stress in aged
mice, showing lower MDA levels compared to the
Young C57 and Trained People groups. NOS levels
were lower in the Wild Mice group compared to
the C2C12, Young C57, and Trained People groups;
although the Trained C57 group also differed
significantly from the Young C57 group, it was still
inferior to the Wild Mice group (Figure 5G). The
Wild Mice group had significantly higher SOD
activity compared to the C2Cl12, Young C57, and
Trained C57 groups and also increased SOD activity
in normal mice (Figures 5H-5M). Furthermore,
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the
bioenergetic capacity of normal L929 cells, with the
Wild Mice and Trained C57 groups showing the
greatest enhancement, particularly the Wild Mice

mitochondrial transplantation increased

group (Figure 50). All mitochondrial transplant
groups partially restored MMP in CCCP-treated
1929 cells, significantly reducing ROS production.
The Wild Mice and Trained C57 groups had better
MMP
morphology, and lower ROS fluorescence intensity
(Figures 6A and 6B). Ranking mitochondrial
function suggests Wild Mice > Trained C57 > Young
C57 = C2C12. The observed
therapeutic effects support the conclusion that

recovery, more normal mitochondrial

Trained People =~

mitochondria with greater functional potency
provide better therapeutic outcomes, establishing
a positive correlation. Given the robust physical
fitness their
might currently be the most potent. I believe that

of wild animals, mitochondria

mitochondrial transplantation has no upper limit
but only continues to yield better therapeutic results,
which applies to general recipients as well.
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Figure 5: Mitochondrial transplantation enhances physical function and biological potency in mice

m Outcomes

o A-B: Measurement of ATP production
capacity and membrane potential in
isolated mitochondria. Ctrl: Mitochondria
subjected to two freeze-thaw cycles at
-80°C and 37°C, used for comparison.

e C:Changes in body weight of D-gal model
mice following transplantation of five
different types of mitochondria.

o D: Changes in motor ability of D-gal
model mice following transplantation of
five different types of mitochondria.
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« E-G: Evaluation of the antioxidant
and oxidative capacity of D-gal model
mice by measuring serum glutathione
content, superoxide dismutase activity,
and  malondialdehyde levels after
transplantation of five different types of

mitochondria.

o H:Changes in body weight of normal mice
after transplantation of two different types
of mitochondria. Ctrl: Untreated group.

o I:Effects of transplantation of two different
types of mitochondria on the motor ability
of normal mice. Ctrl: Untreated group.

e J-L: Evaluation of the antioxidant and

oxidative capacity of normal mice
by measuring serum GSH content,
SOD activity, and MDA levels after
transplantation of two different types of

mitochondria. Ctrl: Untreated group.

e M: Changes in ATP production capacity in
normal HepG2 cells after transplantation
of five different types of mitochondria.
Ctrl: Untreated group.

ns = no statistical significance, * = p<0.05, ** =
P<0.01, *** = p<0.001, *** = p<0.0001

Unfortunately, due to the poor efficacy of D-gal,
the two-months treatment failed to adequately
reproduce the aging mouse model, resulting
in limited experimentation. Consequently, we
conducted a second animal experiment, isolating
mitochondria from the gastrocnemius muscles of
Young C57B/L 6] (4 months old) and Wild Mice
for tail vein injection into both acute inflammation
mouse model and normal mouse model [61]. We
also co-cultured mitochondria from each group with
normal and LPS-treated BMDM. ATP and MMP
analyses showed that Wild Mice mitochondria had
the highest functional potency, with no immune
inflammatory response observed after 24 hours
(Figures 6C-6D,5B) . Small animal imaging detected
the absorption of exogenous mitochondria by
severely damaged liver and kidney tissues via the
circulatory system (Figure 6E). Three days post-
transplantation, grip strength and endurance were
significantly restored in all acute inflammation
model groups, with the Wild Mice group showing
the most notable endurance improvement (Figures
6F-6]). No significant differences in grip strength
were observed in the Normal C57 groups, but

the Wild Mice group had significantly improved
endurance compared to the Ctrl group (Figures 6F-
6K). After one week, body weight had recovered in
all acute inflammation model groups, with the Wild
Mice group showing a significant increase compared
to the LPS group (Figure 6H). No significant
differences in body weight were observed in the
normal mouse groups (Figure 6I). MRI assessment
indicated significant increases in hind limb muscle
volume in both the Wild Mice and Young C57
groups in the acute inflammation model, with the
Wild Mice group slightly outperforming the Young
C57 group (Figures 5D,5E). Muscle tissue damage
recovery was also better in the Wild Mice group
(Figures 5D,5F). Serum levels of IL- 6, IL-10, and
TNF-a were reduced in both the Wild Mice and
Young C57 groups after treatment, with the Wild
Mice group showing lower levels of IL-10 and
TNF-a compared to the Young C57 group, and no
significant changes were observed in the normal
mouse groups (Figures 7A-7C). Liver and kidney
function were significantly improved in the Wild
Mice and Young C57 groups, with serum AST
levels significantly lower in the Wild Mice group
compared to the Young C57 group. No significant
differences were observed in the Normal C57 groups
(Figures 7D-7F). Both the Wild Mice and Young
C57 groups significantly reduced oxidative stress
in the acute inflammation model, with lower MDA
levels and higher SOD activity in the Wild Mice
group compared to the Young C57 group. The Wild
Mice group also significantly increased SOD activity
in normal mice, although there was no difference
in MDA levels among the groups (Figures 7G-7H).
Expression of inflammatory proteins in the liver and
kidney tissues was reduced in both the Wild Mice
and Young C57 groups in the acute inflammation
model, with the Wild Mice group showing lower
P-JNK protein expression compared to the Young
C57 group (Figures 7I-7K). Real-time quantitative
PCR showed downregulation of IL-6, IL-8, IL-18,
TGF-B, MPO, CXCL1, CXCL2, and HMGBI and
upregulation of IL-13, SOD1, ARG1, and COX1 in
the kidneys of the Wild Mice and Young C57 groups
compared to the LPS group. In the liver, IL-6, IL-8,
IL-18, IL-1B, CXCL2, CCL5, CCL10, and TGF-f
were downregulated, while IL-4, IL-13, ARGI, and
SOD1 were upregulated , with significant differences
between the Wild Mice and Young C57 groups,
indicating the superior therapeutic effect of Wild
Mice mitochondria(Figures 5G and 5H).
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Figure 6: Mitochondrial transplantation enhances physical function.

Oxygen Species (ROS) in HepG2 cells
treated with CCCP after transplantation of
five different mitochondria, with untreated
cells as control. Scale bar: 30 pm.

o A: Fluorescence imaging of mitochondrial
membrane potential in HepG2 cells treated
with CCCP 24 hours after transplantation
of five different mitochondria, with e  C-D: Evaluation of isolated mitochondria
untreated cells as control. Scale bar: 30 um. functions via ATP production and
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subjected to two freeze-thaw cycles at
-80°C and 37°C to completely disrupt
structure and function as control.

E: of
mitochondria in mouse liver, kidney, and

Biodistribution exogenous
heart detected by in vivo imaging. 24 hours
after intravenous tail vein injection of
mitochondria. Blank: untreated LPS model
group mice.

F-H: Body weight changes in acute
inflammation model mice and normal mice
before and one week after transplantation
with
untreated groups as control.Grip strength

of two different mitochondria,

measurement in acute inflammation
model mice and normal mice three days
after transplantation of two different
mitochondria, with untreated groups as

control.

J-K: Motor function assessment in acute

two different mitochondria, with untreated
groups as control.

ns = no statistical significance, * = p<0.05, ** =
p<0.01, ** = p<0.001, **** = p<0.0001

Co-culturing mitochondria from each group
with normal BMDM enhanced their bioenergetic
capacity, with the Wild Mice group showing the
most significant ATP increase (Figure 5C). Both
mitochondrial types improved cell viability in
LPS-treated BMDM and reduced mitochondrial
ROS production, with the Wild Mice group
demonstrating better oxidative stress relief and cell
viability enhancement (Figures 7L-7N). The second
animal experiment provided a more comprehensive
validation. While the Young C57 group showed
good results, the Wild Mice group exhibited superior
therapeutic effects in the acute inflammation model
and LPS-treated BMDM, further enhancing cellular
bioenergetics and demonstrating the potential of
mitochondrial transplantation in boosting biological

. . . function.
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Figure 7: Mitochondrial transplantation enhances biological potency in mice.
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m Outcomes

. A-C Changes in serum levels of IL-6,
TNF-q, and IL-10 in acute inflammation
model mice and normal mice one week
after transplantation of two different
mitochondria, with untreated groups as
control.

o D-FEvaluation of kidney and liver function
via serum Cr, ALT, and AST levels in acute
inflammation model mice and normal
mice one week after transplantation of two
different mitochondria, with untreated
groups as control.

o G-H: Measurement of serum MDA levels
and SOD activity in acute inflammation
model mice and normal mice one week
after transplantation of two different
mitochondria, with untreated groups as
control.

. I-K: Analysis of JNK and P-JNK, p65, and
P-p65 protein expression levels in liver
and kidney tissues via Western blot one
week after transplantation of two different

inflammation

with

mitochondria in acute
model mice and normal mice,

untreated groups as control.

o L Effects of two different mitochondria on
the viability of LPS-treated BMDM cells 24
hours after transplantation, with untreated
groups as control.

e« M-N
quantitative analysis of mitochondrial
ROS levels in LPS-treated BMDM cells 24
hours after transplantation of two different

Fluorescence  imaging  and

mitochondria, with untreated groups as
control. Scale bar: 30 pm.

ns = no statistical significance, * = p<0.05, ** =
P<0.01, *** = p<0.001, **** = p<0.0001

Results and Discussion

The endosymbiotic nature of mitochondria grants
them a unique non-immunogenic profile. The
adaptation of organisms to their environments has
resulted in mitochondria with unique functions,
such as cytoplasmic male sterility in plants and
drug resistance in eukaryotic cells, both of which
are associated with mt DNA. Some mitochondrial
functions remain unexplained, yet this does
not hinder our exploration of mitochondrial
transplantation [62-64]. Transplanted mitochondria
need to be with

metabolically compatible

Research

recipient cells. If recipient cells acquire exogenous
mitochondria with lineage-specific characteristics
that match their metabolism and can adapt to
different stimuli, could we harness different functions
from mitochondria of various lineages? Could we,
by extension, fuse and absorb unique functions from
diverse organisms to accelerate evolution? Given
that cells develop tolerance to various stimuli and
drugs, could mitochondrial transplantation also
develop tolerance? Repeated transplantation of the
same type of mitochondria may gradually diminish
its effects. Could we, therefore, obtain more potent
mitochondria to avoid tolerance and allow the
recipient to gradually adapt and enhance biological
functions?

Therefore, I designed a series of experiments. The
successful internalization of 14 different biological
mitochondria by 3 types of cells, compared to
previous studies, further confirms the universality
and safety of mitochondrial transplantation, while
expanding the sources of mitochondria. I hope this
can provide patients with more diverse options.
I further used 3 cell types and 4 disease models in
various combinations to explore the possibility
of merging mitochondrial characteristics from
different sources. It appears that the source of
mitochondria is not significantly restricted, allowing
us to screen for mitochondria from different species
that are more metabolically compatible and suitable
for disease treatment. Since we can assimilate the
characteristics of one type of mitochondria, we
might also be able to assimilate the characteristics of
multiple types. The hybrid mitochondria from HLI
and H9C2 lines exhibited stronger therapeutic effects
compared to either HL1 or HI9C2 alone, suggesting
that it might be possible to artificially create such
hybrid mitochondria to target specific diseases.
For example, mitochondria from scavengers like
Komodo dragons and vultures might have enhanced
antibacterial capabilities, while those from honey
badgers or mongoose could possess better anti-
venom properties. We could potentially combine
these characteristics for targeted therapies, or even
create multi- species hybrid mitochondria similar
to multi-drug-resistant bacteria as a universal
therapeutic approach. However, these approaches
are based on the premise that the functional
differences between the mitochondria used are not
significant. For the average patient, single-lineage
mitochondrial matching might be more appropriate
due to safety concerns. As we aim to explore the
potential of mitochondrial transplantation and
find better therapeutic methods, I have further
the
powerful mitochondria over metabolic matching in

demonstrated significant advantages of
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mitochondrial transplantation. These results suggest
that the primary therapeutic effect of mitochondrial
transplantation may be more related to the rescue of
bioenergetics, with changes in cellular metabolism
and proteomics being secondary.

We did not perform mitochondrial transplantation
on the same batch of cells under different stimuli
because the biological function of mitochondria
is more critical than metabolic matching. Future
research should focus on identifying more potent
mitochondria  for

Although  metabolic
important, especially from a safety perspective, it

therapeutic  applications.

matching is currently
can serve as a foundation for mitochondrial fusion
experiments to explore diverse biological therapies.
In an artificially cultured environment, especially
in stem cells where mitochondrial DNA oxidative
damage accumulates less, the significant functional
advantages of potent mitochondria may outweigh
this benefit. While stem cells are a suitable source
due to safety considerations, I believe that future
mitochondrial transplantation would be more
effective when based on a background of multiple
germline sources, optimizing treatment options for
metabolic matching. I cannot guarantee the absolute
correctness of the current experiments, as the
cumulative quantitative changes from multi-lineage
hybrid mitochondrial transplantation might surpass
the benefits brought by mitochondrial quality
itself. Even now, I wouldn’t claim that my research
is entirely accurate; my experiments emphasize the
possibilities of the future, particularly the potential
for bio-enhancement.

The results of animal experiments were largely
consistent with those of cell experiments, where
mitochondria with various functional strengths
demonstrated significant therapeutic  effects.
Notably, Wild Mice mitochondria were more
effective in disease model mice and cells compared
to other mitochondria. Although the Trained C57
mitochondria did not exhibit the same pronounced
therapeutic effects as Wild Mice, their overall
therapeutic enhancement was superior to other
groups. The Trained People mitochondria did not
show the expected therapeutic outcomes, which
I attribute to my own suboptimal health due to
prolonged lab work, leading to a slightly weaker
enhancement of mitochondrial function compared
to Trained C57. However, neither Young C57 nor
Trained People mitochondria showed a significant
difference in therapeutic effect compared to
C2C12, suggesting that in vivo mitochondria might
compensate for the lower therapeutic efficacy
associated with lower DNA oxidative damage

in cellular mitochondria. We also observed an

enhancement in the biological functions of normal
cells by Wild Mice mitochondria, even improving
the physiological functions of normal mice to some
extent. Additionally, in these two mitochondrial
transplantation pre-treatment cell experiments, we
observed an increase in recipient cell ATP energy
as mitochondrial function improved. This suggests
a new solution to mitochondrial transplantation
tolerance and potentially an optimized approach
for multiple mitochondrial transplants. Importantly,
our current results do not indicate a limit to the
therapeutic effects of mitochondrial transplantation,
implying that we can continue to explore more
powerful mitochondria to better assist in treatment,
and potentially even enhance human biological
functions to some extent. This represents a significant
expansion of the implications of mitochondrial
transplantation, and I believe that my research
could provide stronger and more diverse therapeutic
options for clinical applications.

Methods
m Cell lines

Bovine kidney cells, porcine kidney cells, African
green monkey kidney cells, feline kidney cells,
canine kidney cells, human cardiomyocytes, rat
cardiomyocytes, mouse cardiomyocytes, and human
hepatocellular carcinoma cells were obtained
from the Cell Center of the Chinese Academy of
Sciences (China). Chicken hepatocellular carcinoma
cells were purchased from Sunncell (China), and
Spodoptera frugiperda cells and mouse fibroblasts
were purchased from Procell (China). The bovine
kidney cells, porcine kidney cells, African green
monkey kidney cells, feline kidney cells, canine
kidney cells, chicken hepatocellular carcinoma
cells, human cardiomyocytes, rat cardiomyocytes,
mouse cardiomyocytes, mouse myoblasts, and
human hepatocellular carcinoma cells were cultured
in Dulbecco's Modified Eagle Medium (DMEM)
(Gibco) supplemented with 10% (v/v) fetal bovine
serum (Gibco) and 1% (v/v) penicillin-streptomycin
(Gibco) and incubated at 37°C in a humidified
atmosphere with 5% CO,. Spodoptera frugiperda
cells were cultured in SF-900TM II SEM (Gibco)
medium in a shaker flask at 28°C.

m Animals

The animal experiments involved in this study were
all C57 B/L 6] strains purchased from the Animal
Protection Center of Southern Medical University.
All mice were maintained in a specific pathogen-
free SPF environment. All mice were used in
accordance with the scheme approved by the Review
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Committee of Southern Medical University. The
mouse experimental scheme has been approved by
the Animal Care and Use Committee of Southern
Medical University, and the experimental animal
facilities have been licensed by the Guangdong
Medical Experimental Animal Center (SCXK-2021-
0041). Lizards, salmon, bullfrogs, parakeets, turtles,
and eels were purchased from animal breeding
markets. Wild mice were captured using traps in the
wild, disinfected, and then housed in the laboratory
under appropriate conditions.

= Human subjects

The human subject involved in this study was the
author. Full informed consent was obtained, and
muscle tissue was surgically collected from the
gastrocnemius muscle following ethical guidelines
approved by the Ethics Review Board of Southern
Medical University.

= Plants

Vaucheria litorea was collected and transported
under expert supervision and used immediately
after thorough disinfection.

m Isolation of mouse Bone Marrow-Derived
Macrophages (BMDM:s)

Bones were aseptically harvested from the hind legs
of C57BL/6 mice, and muscle tissues were removed.
Bone marrow was flushed out of the bones using a
25-gauge needle attached to a syringe containing
BMDM growth medium, which consists of DMEM,
20% L1929 cell- conditioned medium to generate
M-CSE 10% FBS, and 1% penicillin/streptomycin.
BMDMs were allowed to differentiate for 7 days
at 37°C with 5% Co,, with the growth medium
changed every 2 days during ex vivo culture.

m Establishment of cell disease models

Oxidative stress models were established by treating
AC16 with 500 uM H,0O, for 24 hours and HepG2
cells with 700 uM H, O, for 24 hours. Inflammation
models were established by treating BMDM cells
with 100nM LPS for 24 hours and HepG2 cells with
1 uM LPS for 24 hours. Mitophagy models were
established by treating AC16 and HepG2 cells with
30 pM CCCP for 24 hours. Senescence model was
established by treating HepG2 cells with 30 g/L
D-gal for 48 hours.

m Disinfection and sterilization of plant
mitochondria

Weigh 1g of tissue and rinse with clean water for
3 hours. Transfer to a laminar flow hood, soak in
75% ethanol for 1 minute, then wash twice with
DPBS containing 1% streptomycin/penicillin. After

Research

soaking in 2% sodium hypochlorite (NaClO) for 8
minutes, wash three times with DPBS containing
1% streptomycin/penicillin for 1 minute each time.
Then, rinse repeatedly in 1% MgCl, solution for 10
minutes. After that, wash three times with DPBS
containing 1% streptomycin/penicillin. Place the
sterilized tissue blocks into a 100 mm? culture dish
(Corning) and cut them into 0.1 cm® pieces for
further use.

= Mitochondrial isolation

Mitochondria were isolated from cultured
cells, animal tissues, and plant tissues using the
Mitochondria-Cytosol ~ Protein  Isolation  Kit

(C0010-50, Applygen) and the Plant Mitochondrial
Extraction Kit (SM0020, Solarbio). For tissue
homogenization, 100 mg-200 mg of fresh animal
tissue or 1 g of plant tissue was cut into 0.5 cm?
pieces and placed into a Teflon-glass homogenizer
with 2.5 ml of ice-cold mitochondrial extraction
buffer. The tissue was homogenized 20 times using
a tight-fitting pestle. For cell homogenization,
2.5x 107 cells were collected, digested, centrifuged,
washed, and resuspended in 1.5 ml of ice- cold
mitochondrial extraction buffer. The cell suspension
was transferred to a small glass homogenizer and
homogenized 30 times using a tight-fitting pestle.
The homogenate was transferred to a centrifuge
tube and centrifuged at 800 x g for 5 minutes at 4°C.
The supernatant was collected and transferred to a
new centrifuge tube and centrifuged at 10,000 x g
for 10 minutes at 4°C. The mitochondrial pellet was
resuspended in 0.2 ml of mitochondrial extraction
buffer, followed by centrifugation at 12,000 x g for
10 minutes at 4°C. The supernatant was discarded,
and the mitochondrial pellet was resuspended in
mitochondrial respiration buffer for subsequent use.

m Mitochondrial quality control

The extracted mitochondria were quantified using
a BCA Protein Assay Kit (23250, ThermoFisher).
The integrity of the isolated mitochondria was
assessed using the Mitochondrial Complex I(E-BC-
K151-M , Elabscience) and IIT Activity Assay Kit
(E-BC- K149-M , Elabscience), the mitochondrial
membrane potential was measured using the
Mitochondrial Membrane Potential Assay Kit with
JC-1 (C2006, Byeotime), and the energy synthesis
capacity was evaluated using an ATP Assay Kit
(50026, Byeotime).

m Electron microscopy

For Transmission Electron Microscopy (TEM),
the isolated mitochondria were fixed overnight in
0.2 M sodium cacodylate buffer containing 2.5%
formaldehyde, 5% glutaraldehyde, and 0.06% picric
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acidatpH 7.4. The samples were washed in cacodylate
buffer, stained with 1% osmium tetroxide and 1.5%
potassium ferricyanide, and then dehydrated using
ethanol and propylene oxide. After infiltration and
embedding in Epon- Araldite (Electron Microscopy
Sciences, Hatfield, PA), sections (60 nm-80 nm
thick) were cut using an Ultracut-S ultramicrotome
(Reichert Technologies, Depew, NY) and mounted
on copper grids (200 mesh) for observation with a
transmission electron microscope (Hitachi H-7500).

= Mitochondrial transplantation in cells

After mitochondrial isolation, the mitochondria
were quantified using a BCA Protein Assay Kit
(23250, ThermoFisher). For co-culture, 10 ug
of mitochondria were added per 107 cells. For
competitive mitochondrial internalization, 1 ug of
mitochondria was added per 107 cells, with 0.5 ug
of each type for dual mitochondrial competition
or 0.33 pg of each type for triple mitochondrial
competition.

m Mitochondrial internalization and
observation

Recipient cell membranes were labeled with
WGA594 or WGA488, and the isolated exogenous
mitochondria were labeled with MitoTracker™
Green FM or MitoTracker™ Red CMXRos. Both the
cells and the exogenous mitochondria were washed
twice with DPBS after 30 minutes. The mitochondria
and cells were co-cultured for 24 hours in confocal
dishes, fixed with paraformaldehyde containing
DAPI, washed twice with DPBS, and observed using
an inverted laser confocal microscope (LSM900 with
Airyscan2, Zeiss).

m ATP content measurement

ATP content was measured using an ATP Assay
Kit (S0026, Beyotime) following the manufacturer’s
instructions. One hundred micrograms of isolated
mitochondria or cells seeded in a 6-well plate (at a
density of 5 x 107 cells/well) were treated with 200
uL of ATP lysis buffer, centrifuged at 12,000 x g for
5 minutes at 4°C. Twenty microliters of supernatant
were mixed with 100 uL of ATP detection solution
in a 96-well white solid flat-bottom polystyrene
microplate (Corning) and the luminescence (RLU)
was measured using a multifunctional microplate
reader (Tecan).

m Mitochondrial membrane potential
fluorescence quantification

The isolated mitochondria were subjected to protein
quantification, followed by mitochondrial membrane
potential assessment using the Mitochondrial
Membrane Potential Assay Kit with JC-1 (C2006,

Byeotime). In brief, 50 pg of mitochondria were
mixed with 90 uL of JC-1 staining solution (2 uM)
and seeded into a 96-well plate. The mixture was
thoroughly mixed, and the membrane potential was
immediately measured using the BioTek Cytation5
Multifunctional Cell Imaging Microplate Reader
(Agilent), with an excitation wavelength of 485 nm
and an emission wavelength of 590 nm.

m Measurement of intracellular reactive
oxygen species

Cells were seeded at a density of 1x107 cells/well
in a 24-well plate. After treating the cells with the
respective conditions, exogenous mitochondria were
co-cultured with the cells for 24 hours. The medium
was then removed, and the cells were washed
twice with DPBS. The cells were incubated with
10 uM DCFH-DA (Beyotime) or 5 uM MitoSOX
Red at 37°C for 30 minutes. The stained cells were
washed with PBS and observed using an inverted
laser scanning confocal microscope (LSM900
with Airyscan2, Zeiss) or an inverted fluorescence
microscope (EVOS M5000, ThermoFisher). The
mitochondrial ROS fluorescence intensity was
measured using a multifunctional microplate reader
(Tecan) with an excitation wavelength of 510 nm
and an emission wavelength of 580 nm.

m Measurement of mitochondrial
membrane potential

Cells were seeded at a density of 1x10” cells/well
in a 24-well plate. After treating the cells with the
respective conditions, exogenous mitochondria were
co-cultured with the cells for 24 hours. The medium
was then removed, and the cells were washed
twice with DPBS. Following the Mitochondrial
Membrane Potential Assay Kit with JC-1 protocol,
500 pL of JC-1 staining solution (2 uM) was added
to each well and incubated for 20 minutes. The cells
were then washed and observed using an inverted
laser scanning confocal microscope (LSM900
with Airyscan2, Zeiss) or an inverted fluorescence
microscope (EVOS M5000, ThermoFisher) in
phenol-red-free DMEM (Invitrogen).

m CCK8 assay

According to the Cell Counting Kit-8 (C0037,
Beyotime) protocol, 100 pL of cell suspension
(density of 1x10*) was seeded in a 96-well plate. After
treating the cells with the respective conditions, 10
uL of CCK8 reagent was added, and the cells were
incubated at 37°C for 2 hours. The absorbance at
450 nm was measured using a multifunctional
microplate reader (Tecan). The percentage of cell
viability was calculated based on the average Optical
Density (OD) of each group.
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m DNA oxidative damage detection

The supernatant of the cultured cells was collected
24 hours after mitochondrial transplantation. The
8-OHdG concentration was measured using the
8-OHdG ELISA Kit (E-EL-0028, Elabscience), and
absorbance at 450 nm was recorded to quantify
DNA oxidative damage.

= Immunoinflammatory cytokines
detection

The supernatant of the cultured cells was collected
24 hours after mitochondrial transplantation.
The concentrations of IL-6, IL-10, and TNF-a
were measured using the Mouse IL-6 ELISA
Kit (PI326, Byeotime), Mouse IL-10 ELISA Kit
(PI522, Byeotime), and Mouse TNF-a ELISA Kit
(PT512, Byeotime), respectively, according to the
manufacturer's instructions, with absorbance at 450
nm.

m Measurement of NOS, MDA, GSH, SOD,
ALT, AST, Cr

The
mitochondrial transplantation or serum from

supernatants of cultured cells post-
model mice were collected. According to the
manufacturer's instructions (NJJCBIO), the OD
values for NOS(A014-2-2), MDA(A003-1-2),
GSH(A005-1-2), SOD(A001-2-2), ALT(C010-2-1),
AST(C009-2-1), and Cr(C011-2-1) were measured
at 550 nm, 532 nm, 412 nm, 550 nm, 505 nm, 510

nm, and 546 nm, respectively.
m Cell fusion

When cells reached high proliferation rates and
good condition, 3x10° HL-1 and H9C2 cells were
harvested separately. HL1 cells were stained with
WGA647 and HIC2 cells with WGAS594. The
staining was performed at 37°C for 25 minutes,
followed by two washes with DPBS. The cells were
then mixed and centrifuged at 200 g for 5 minutes.
The supernatant was removed, and pre-warmed
50% PEG1450 (P7181, Sigma) was gradually added
while stirring the pellet. A total of 700 uL of 50%
PEG1450 was added within 1 minute. The mixture
was incubated at 37°C for 1 minute, and then 10 mL
of DMEM was added to dilute the PEG1450. The
centrifuge tube was placed in a 37°C incubator for
10 minutes before being centrifuged again at 200
g for 5 minutes. The cells were washed twice with
DPBS, resuspended in complete culture medium,
and incubated at 37°C with 5% CO, for 24-48
hours. Cell fusion was observed using an inverted
laser scanning confocal microscope (LSM900 with
Airyscan2, Zeiss), and fused HL1+H9C2 cells were
sorted using a MoFlow XDP flow sorter (Beckman)

Research

for further culture.
m Mitochondrial competitive internalization

For two types of mitochondrial competitive
internalization, the mitochondria were stained with
MitoTracker” Deep Red FM and MitoTracker™
Green FM for 30 minutes, washed twice with DPBS,
and co-cultured with recipient cells for 24 hours.
The medium was replaced with phenol-red-free
culture medium containing ProlongTM antifade
reagent, and live-cell imaging was performed using
an inverted laser scanning confocal microscope
(LSM900 with Airyscan2, Zeiss). For three types
of mitochondrial competitive internalization,
mitochondria were stained with MitoTracker™ Deep
Red FM, MitoTracker™ Green FM, and MitoTracker™
Red CMXRos for 30 minutes, washed twice with
DPBS, and co-cultured with recipient cells for 24
hours. The medium was then replaced, and live-cell

imaging was performed under the same conditions.
m HIIT functional training

Six-month-old mice underwent one week of
preconditioning exercise using a small animal
treadmill (XR-PT-10B, Shxinruan) before beginning
an 8-weeks HIIT training regimen. The maximum
exercise capacity was tested weekly to adjust running
speed. Each session began with a 10-minute warm-
up at a speed of 10 m/min. For the first two weeks,
the regimen included high-intensity exercise at 24
m/min (80% VO,max) for 3 minutes, followed by 3
minutes of low-intensity recovery at 15 m/min with
a 0° incline. In weeks 3-4, the regimen increased
to 26 m/min (80% VO,max) for 3 minutes and 15
m/min for 3 minutes at an 8° incline. In weeks 5-6,
the speed was further increased to 28 m/min (80%
VOzmax) for 3 minutes, followed by 17 m/min for
3 minutes at a 16° incline. Finally, in weeks 7-8,
the speed reached 30 m/min (80% VO,max) for 3
minutes, followed by 17 m/min for 3 minutes at a 25°
incline. Each session concluded with 8 minutes at 15
m/min. The regimen consisted of 7 sets (3+3) per
session, with each session lasting 1 hour, 5 days per
week, with 2 days of rest. Similarly, a 29-years-old
healthy human (the author) underwent an 8-week
HIIT training program, consisting of a 30-second
maximal effort sprint (9+ on the 1- 10 RPE scale)
followed by a 4.5-minute low-intensity jog (4-5 on
the 1-10 RPE scale), daily for 30 minutes, 5 days per
week, with an additional 2 days of MICT running at
15 km/h for 30 minutes.

m Aging model

Two categories were used: disease-induced and
normal aging. For the disease-induced model, 54
two-months-old C57BL/6] mice were divided into
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groups: D-gal, C2C12, Young C57, Trained People,
Trained C57, and Wild Mice. Aging was induced
by subcutaneous injection of D-gal at a dose of
500 mg/kg, once daily for 8 weeks. For the normal
aging model, 27 four-months-old C57BL/6] mice
were divided into Control, Young C57, and Wild
Mice groups, with no drug treatment, and were kept
under standard conditions.

= Acute inflammation model

Two categories were used. For the inflammation
model, 27 four-months-old C57BL/6] mice were
divided into LPS, Young C57, and Wild Mice groups.
Acute inflammation was induced by intraperitoneal
injection of LPS at a dose of 2.5 mg/kg/day for 5
consecutive days. Another set of 27 four-months-
old C57BL/6] mice was divided into Control, Young
C57, and wild mice groups, with no drug treatment
and normal rearing.

= Animal mitochondrial transplantation

For the aging model, mitochondria were isolated
from the gastrocnemius muscle tissues of Young
C57, Trained People, Trained C57, and Wild Mice,
as well as C2C12 cells, using the Mitochondria-
Cytosol Protein Isolation Kit (C0010-50, Applygen).
Mitochondrial protein was quantified using the
BCA Protein Assay Kit (23250, ThermoFisher). A
dose of 100 uL/100 pg of mitochondria was injected
via the tail vein into the C2C12, Young C57, Trained
People, Trained C57, and Wild Mice groups, while
the control group received no treatment. For the
normal type, mitochondria from Young C57 and
Wild Mice were injected into their respective groups
at the same dose, with the control group receiving
100 uL of mitochondrial carrier solution. For the
acute inflammation model, mitochondria were
isolated from the gastrocnemius muscle of Young
C57 and Wild Mice, quantified, and injected via the
tail vein at a dose of 100 pL/100 pg into the Young
C57 and Wild Mice groups. The LPS group received
no treatment, and the control group received 100 pL
of mitochondrial carrier solution.

= Mitochondrial biodistribution

labeled  with
MitoTracker™ Deep Red FM at room temperature for

Isolated  mitochondria ~ were
20 minutes, washed twice with DPBS, and injected
via the tail vein into mice. After 24 hours, the heart,
liver, and kidneys were collected, and mitochondrial
biodistribution was assessed using a multimodal
small animal in vivo imaging system, PerkinElmer
IVIS Spectrum (PerkinElmer).

= Motor function detection (Rotarod Test)

Three days prior to the experiment, mice underwent

adaptive training. During the formal experiment,
mice were placed on a Rotating rod instrument (XR-
6C/XR-6D, Shxinruan) at 5 rpm/min for 5 minutes,
then gradually accelerated to 40 rpm/min. The time
the mice remained on the rotating rod was recorded
using a stopwatch until they fell off. The maximum
duration for aging or acute inflammation mice was
180 seconds, with a maximum of 360 seconds for
normal mice. Each mouse was tested three times
with a 3-minutes interval between trials, ensuring a
quiet environment during the experiment.

m Body weight measurement

All experimental groups of mice were weighed
3 days before and 1 week after mitochondrial
transplantation, with weights recorded.

m Mouse forelimb grip strength test

Three days prior to the experiment, mice underwent
adaptive training. During the formal experiment,
each mouse was placed on a Mouse grip tester
(XR501, Shxinruan), and gentle traction was applied
to the tail, prompting the mouse to grip the probe
firmly with its forelimbs. The grip strength reading
was recorded when the experimenter applied
maximum force, with the experiment conducted in
a quiet environment.

m Lower limb muscle volume and injury
assessment

One week after mitochondrial injection, mice were
briefly anesthetized with a mixture of isoflurane
(3.0%) and O, (2.0 L/min) via a nose cone and
placed in a custom-made restraint tube, with the
right lower limb fixed with a coil. During MRI
imaging, mice were anesthetized with a mixture
of isoflurane (1.5%) and O, (0.6 L/min). The rectal
temperature was maintained at 37°C + 1°C using
a heated water blanket. A small animal magnetic
PharmaScan70/16S
(Bruker), was used to scan the horizontal plane

resonance imaging system,
of lower limb muscles, employing Spin Echo (SE)
T1WI (TR4000 ms, TE 28.5 ms), Fast Spin Echo
(FSE) T2WI (TR4000 ms, TE 47.5 ms), with a slice
thickness of 4 mm and an interval of 1 mm. Process

the images using Paravision 6.0.1 (Bruker).
= Western blot

Proteins were extracted from liver and kidney
separated by 10% SDS-PAGE,
transferred onto Polyvinylidene Fluoride (PVDEF)

tissues, and
membranes. Phosphorylated proteins and total
proteins were blocked with 5% BSA and 5% milk,
respectively. PVDF membranes were incubated with
primary antibodies at 4°C overnight, followed by a
2-hours incubation with HRP-conjugated secondary
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antibodies at room temperature. Gel imaging was
performed using the Tanon-5200 Multi Automatic
Luminous System (Tanon).

= Quantitative PCR

Twenty-four hours after mitochondrial
transplantation, total RNA was extracted using
Trizol reagent. Purified RNA was reverse-transcribed
into cDNA using the PrimeScript™ RT reagent Kit
(RR037Q, Takara). RT-qPCR was conducted with
SYBR Green Master Mix (430915, Invitrogen) using
the ABI QuantStudio 5 Real-Time PCR system
(ThermoFisher). Expression levels were normalized
to the internal control 18s rRNA. The primer sets are

listed in key resources table.

Conclusion
m Quantification and statistical analysis

Cell experiments were repeated at least three times
except for mitochondrial competitive internalization
and animal experiments except for body weight
measurement, grip strength and motor function
tests. GraphPad Prism 9.01(GraphPad Software
Inc., San Diego, CA, USA) software was used for
statistical analysis. The data were expressed as Mean
+ Standard Error (SEM). For normally distributed
data and comparisons between two groups, the
significance was calculated using unpaired two-
tailed Student’s t-tests. Comparisons between three
or more groups were performed using ordinary
One-way ANOVA, using two-way ANOVA and
Bonferroni post hoc test were used to compare multi-
factor variance for multiple data. The significance
threshold was determined by p value < 0.05, and the
annotation was

ns = no statistical significance, * = p<0.05, ** =
P<0.01, *** = p<0.001,*** = p<0.0001.
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