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Mitochondrial transplantation reduces lower limb
ischemia-reperfusion injury by increasing skeletal
muscle energy and adipocyte browning
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Recent studies have shown that mitochondrial transplantation
can repair lower limb IRI, but the underlyingmechanism of the
repair effect remains unclear. In this study, we found that in
addition to being taken up by skeletal muscle cells, human
umbilical cord mesenchymal stem cells (hMSCs)-derived mito-
chondria were also taken up by adipocytes, which was accompa-
nied by an increase in optic atrophy 1 (OPA1) and uncoupling
protein 1. Transplantation of hMSCs-derived mitochondria
could not only supplement the original damagedmitochondrial
function of skeletal muscle, but also promote adipocyte brown-
ing by increasing the expression of OPA1. In this process, mito-
chondrial transplantation can reduce cell apoptosis and repair
muscle tissue, which promotes the recovery of motor function
in vivo. To the best of our knowledge, there is no study on
the therapeutic mechanism of mitochondrial transplantation
from this perspective, which could provide a theoretical basis.
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INTRODUCTION
Lower limb ischemia-reperfusion injury (IRI) is a tissue injury caused
by blood flow returning to the tissue after ischemia in a short
period,1,2 which often occurs in the process of thrombotic occlusion,
embolism, and blood flow recovery after tourniquet use. IRI has
become one of the main causes of accidental disability and death after
clinical limb revascularization.3 Lower limb IRI and the mitochon-
drial dysfunction is considered to be a reciprocal causation, repre-
sented by decreased adenosine triphosphate (ATP), calcium overload,
increased reactive oxygen species, cell apoptosis, and necrosis.4–6

These can lead to amyotrophy, myasthenia, and loss of endurance.7–9

In the process of lower limb IRI, the integrity of mitochondrial func-
tion is extremely important for muscle tissue. Current treatment
mainly focuses on ischemic pre-conditioning, regional hemofiltra-
tion, and controlled reperfusion.10–14 However, these treatments do
not address the mitochondrial damage, the key factor of lower
limb IRI.

In recent years, studies have proved that mitochondrial transplanta-
tion is an effective treatment for IRI in different organs.15–18 Some
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researchers believe that the reason why mitochondrial transplanta-
tion is beneficial to repair IRI is that transplanted mitochondria can
replace and supplement the original function of damaged mitochon-
dria.19,20 Among them, it has been proved that stem cell derived-
mitochondria can transfer to diseased cells, repairing the lesions,
such as heart failure after myocardial infarction, liver IRI, and pulmo-
nary fibrosis.21–26 However, the long-term effects are not clear. In
addition, the underlying therapeutic mechanisms are not thoroughly
studied.

Therefore, to explore the therapeutic mechanism of mitochondrial
transplantation in lower limb IRI repair, human umbilical cord
mesenchymal stem cells (hMSCs)- derived mitochondria of were
transplanted to mice with lower limb IRI. We observed mitochon-
dria were taken up by adipocytes in addition to skeletal muscle
cells, accompanied by increased expression of optic atrophy 1
(OPA1). Previous studies have shown that elevated OPA1 is
conducive to adipocyte browning,27–29 and adipocyte browning
contributes to the recovery of lower limb IRI.30–32 Therefore, we
hypothesized that the transplantation of hMSCs derived-mito-
chondria may alleviate lower limb IRI by supplementing the orig-
inal skeletal muscle mitochondrial function as well as promoting
adipocyte browning.
RESULTS
Mitochondrial isolation and characterization

To verify that the mitochondria were separated successfully, mito-
chondria of hMSCs were first marked by Mito Tracker Deep Red
linical Development Vol. 31 December 2023 ª 2023 The Authors. 1
r the CC BY license (http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.1016/j.omtm.2023.101152
mailto:wuziyu@smail.nju.edu.cn
mailto:zhouminnju@nju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2023.101152&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Figure 1. Mitochondrial isolation and characterization

(A) Mito Tracker Deep Red FM-labeled mitochondrial images before and after isolation from hMSCs (scale bars, 50 mm). (B) Nano-Sight results of isolated mitochondria. (C)

TEM images ofmitochondria before and after isolation from hMSCs (scale bars, 0.2 mm). (D) Western blotting analysis of themitochondrial and cytosolic protein markers in the

precipitation and supernatant after differential centrifugation. (E) Quantitative analysis of JC-1 intensity at 590 nm in (a) Mito and (b) Mito + antimycin A. Statistical significance

was analyzed using t-tests; (F) Quantitative analysis of ATP in (a) Mito and (b) Mito + antimycin A. Statistical significance was analyzed using Wilcoxon test. Experimental data

are mean ± SD of samples in a representative experiment (n = 3). Asterisk (*) denotes statistical significance between bars (**p < 0.01, ****p < 0.0001).
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FM probe.33 The mitochondrial network marked with red fluores-
cence could be clearly observed in Figure 1A, and the isolated mito-
chondria also maintained red fluorescence stably after differential
centrifugation. The quantitative analysis showed that about
5.8 � 108 mitochondria were isolated from 2 � 107 hMSCs (Fig-
ure 1B), and the particle size was distributed at 100–800 nm, with
an average of 337.7 nm (Table S1). The integrity of the mitochondrial
structural is related to the activity of mitochondria. Therefore, the
morphology of the mitochondria was showed by transmission elec-
tron microscopy (TEM). Before isolation, the mitochondria in the
cells were round and uneven in size. After isolation, the change of
the mitochondrial size and morphology were negligible. The mito-
chondrial ridges were obvious, and the inner and outer membranes
were complete (Figure 1C). In addition, the results of western blotting
demonstrated the efficacy of differential centrifugation in isolating
mitochondria with high purity and integrity. Several mature mito-
chondrial protein markers were selected to assess isolated mito-
chondrial function and integrity, including citrate synthase, COX4,
cytochrome c, and TOM20.34 Citrate synthase reflects mitochondrial
abundance. COX4 reflects mitochondrial functional integrity. Cyto-
chrome c reflects the morphological integrity of mitochondria.
TOM20 indicates the presence of an intact mitochondrial outer mem-
brane. Higher levels of these mitochondrial markers were observed in
the mitochondrial fraction compared with the cytoplasmic fraction,
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as shown in Figures 1D and S12A. In contrast, the lower presence
of the cytosolic protein marker b-actin in the mitochondrial fraction
supported the successful separation of mitochondria from the cyto-
plasm. By using these widely recognized mitochondrial markers, we
are able to confirm the integrity and purity of isolated mitochondria,
which provides confidence for subsequent analyzes and mitochon-
drial transplantation experiment. Next, we demonstrated the activity
of mitochondria by measuring mitochondrial membrane potential
and ATP synthesis capacity. As shown in Figure 1E, the treatment
of antimycin A (inhibitor of mitochondrial respiration) (i.e., mito-
chondria were treated with 1 mM antimycin A for 30 min) reduces
the fluorescence intensity of JC-1 probe at 590 nm. This can be attrib-
uted to the inhibition of mitochondrial respiration by antimycin A,
which leads to the collapse of mitochondrial membrane potential
and the decrease of the JC-1 aggregate.35 Therefore, the isolated mito-
chondria were proved to be reactive to antimycin A. In terms of ATP
synthesis, the isolated mitochondria were more efficient in ATP syn-
thesis than the mitochondria treated with antimycin A (i.e., mito-
chondria were treated with 1 mM antimycin A for 30 min) when
providing substrates malate, glutamate, and ADP (Figure 1F).36

Mitochondrial transplantation repair lower limb IRI

Mitochondrial transplantation had been shown to promote the repair
of lower limb IRI.37 We established a model of lower limb IRI in mice
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Figure 2. Repair of lower limb IRI by mitochondrial transplantation

(A and B) Staining of TUNEL-positive cells (blue, nucleus; green, TUNEL; scale bars, 100 mm). (C) Masson staining of muscle tissue at 2 weeks and 4 weeks (scale bars,

50 mm). (D) Neutrophils staining of muscle tissue at 2 weeks and 4 weeks (scale bars, 50 mm). Statistical significance was analyzed using a one-way ANOVA. (E) Footprint

images. Red is the forelimb footprint, blue is the hindlimb footprint. Statistical significance was analyzed using Kruskal-Wallis test. Experimental data are mean ± SD of

samples in a representative experiment (n = 3). Asterisk (*) denotes statistical significance between bars (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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by ligating the right lower limb with rubber bands, and the isolated
mitochondria were injected into the gastrocnemius muscle after
15 min of restoring perfusion. The healthy side limb served as a con-
trol. In the early stage of treatment, the apoptosis was assessed by
TUNEL staining. Compared with healthy tissues, there were more
apoptotic cells in lower limb IRI tissues after 24 h and 48 h of treat-
ment, while the mitochondrial transplantation reduced cell apoptosis
(Figures 2A, 2B, and S1). The healthy mice were taken as controls. To
Molecular T
verify the long-term effect of mitochondrial transplantation, we eval-
uated the morphology of the tissues after 2 weeks and 4 weeks of the
treatment. Masson staining and neutrophils staining (Figures 2C and
2D) showed that after 2 weeks of the treatment, the inflammatory cells
infiltration and tissue exudation of the mitochondrial transplantation
group were reduced compared with the healthy group. After 4 weeks
of the treatment, the arrangement of muscle fiber was tight, and the
nucleus was on the edge of the muscle fiber. On the whole, the
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 3. Mitochondrial uptake in vivo

(A) CLSM image of hMSCs-derived mitochondria inges-

tion in mice after 24 h and 48 h of lower limb IRI with

mitochondrial transplantation (blue, nucleus; yellow, My-

ogenin labeled skeletal muscle cells; red, mesenchymal

stem cell mitochondria; scale bars, 50 mm). (B) Changes in

the mean fluorescence intensity of hMSCs-derived mito-

chondria ingested by skeletal muscle cells. Statistical

significance was analyzed using t-tests. (C) CLSM image

of hMSCs-derived mitochondria ingestion in mice after

24 h and 48 h of lower limb IRI with mitochondrial trans-

plantation (blue, nucleus; yellow, adiponectin-labeled

adipocytes; red, mesenchymal stem cell mitochondria;

scale bars, 50 mm). (D) Changes in the mean fluorescence

intensity of hMSCs-derived mitochondria ingested by

adipocytes. Statistical significance was analyzed using

t-tests. Experimental data are mean ± SD of samples in a

representative experiment (n = 3). Asterisk (*) denotes

statistical significance between bars (**p < 0.01,

***p < 0.001).
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form of muscle fiber was restored to normal, and the skeletal muscle
had almost completely regenerated.38 At the same time, hematoxylin
and eosin staining and Picrosirius Red staining (Figure S2) showed
that the collagen fibers of the injured muscle tissue in the mitochon-
drial transplantation group were significantly reduced compared with
the lower limb IRI group. With the increase of time, especially in the
fourth week, the collagen fibers in the mitochondrial transplantation
group had almost no deposits, and the degree of fibrosis was signifi-
cantly alleviated. To further evaluate the effects of mitochondrial
transplantation on functional recovery of the lower limb, the foot-
print assessment was performed at 24 h, 1 week, 2 weeks, and 4 weeks
(Figure 2E). The forelimb footprints were displayed in red and the
hindlimb footprints is blue. The recovery of hind limbs can be re-
flected in the length of stride, the overlap of the front paw and rear
claws, and the traces of drag. It showed that the gait of mice in the
mitochondrial transplantation group was significantly better than
that in the lower limb IRI group. In conclusion, mitochondrial trans-
plantation had significantly repaired lower limb IRI.

Mitochondrial uptake in vivo

Some studies have suggested that the transplanted mitochondria play
a therapeutic role by supplementing the mitochondrial function of re-
ceptor cells.19 As the main cell subpopulation of lower limb muscle,
skeletal muscle cells may be the main receptor cells of transplanted
mitochondria. However, the possibility of the transplantedmitochon-
dria uptake by other cell groups cannot be ruled out because the
reconstruction of lower limb tissue involves multiple cell types.39

Therefore, we first studied the uptake of transplanted mitochondria
by different cells in the model of lower limb IRI. As expected, the
mitochondria marked with red fluorescence colocalized with the skel-
etal muscle cells marked with Myogenin after 24 h of the intramus-
cular injection (Figures 3A, 3B, and S3). Interestingly, we also found
that these mitochondria colocalized with Adiponectin-labeled adipo-
cytes (Figures 3C, 3D, and S4). This suggested that adipocytes might
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
take mitochondria up. In addition, the intensity of red fluorescence in
both skeletal muscle cells and adipocytes gradually increased, indi-
cating that the uptake of the mitochondria had gradually increased.

Mitochondrial transplantation promoting effects on the

adipocyte browning

Adipose tissue had been shown to play an important role in the pro-
gression of lower limb ischemic disease. The brown adipose tissue had
highly metabolic activity, which is conducive to the repair of lower
limb ischemia.32 Based on the fact that the process of adipocyte
browning is closely related to mitochondria and the results of mito-
chondrial uptake by adipocytes mentioned above,40 we studied the ef-
fect of mitochondrial transplantation on adipocyte browning in the
model of lower limb IRI. The adipocyte browning marker uncoupling
protein-1 (UCP1) was detected to assess the degree of lower limb
adipocyte browning after 1 week, 2 weeks, and 4 weeks of mitochon-
drial transplantation (Figures 4A, 4B, and S5). In the first week, we
could observe that there was no significant difference in the number
of UCP1-positive cells between the mitochondrial transplantation
group and the lower limb IRI group. In the second week, the expres-
sion of UCP1 in the mitochondrial transplantation group was signif-
icantly increased, which was 81.9% higher than that in the lower limb
IRI group. In the fourth week, this value was 2.8 times higher than
that in the model group. These results suggested that mitochondrial
transplantation may play a role in promoting adipocyte browning
in lower limb IRI.

It had been shown that the mitochondrial inner membrane protein
optic atrophy-associated protein 1 (OPA1) can reduce lower limb
IRI by promoting adipocyte browning.27,30 Therefore, we speculate
that mitochondrial transplantation may play a therapeutic role in
lower limb IRI by promoting the increase of OPA1 and promoting
adipocyte browning. To confirm this conjecture, OPA1 protein was
detected in the tissues after 24 h and 48 h of intramuscular injection.
er 2023



Figure 4. Mitochondrial transplantation promoting

effects on the adipocyte browning

(A and B) Immunofluorescence staining CLSM images

and related quantitative analysis were obtained after

1 week, 2 weeks, and 4 weeks in the lower limb (blue,

nucleus; red, UCP1; scale bars, 100 mm). Statistical sig-

nificance was analyzed using t-tests. (C and D) Western

blotting and related quantitative analysis of OPA1 in the

tissues after 24 h and 48 h. (a) Lower limb IRI, (b) lower

limb IRI + Mito. Statistical significance was analyzed using

the Kruskal-Wallis test. Experimental data are mean ± SD

of samples in a representative experiment (n = 3). Asterisk

(*) denotes statistical significance between bars (*p < 0.05,

**p < 0.01, ***p < 0.001).
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As shown in Figures 4C, 4D, and S12B, mitochondrial transplantation
increased OPA1 by 0.7 times compared with the lower limb IRI group
after 24 h of treatment. And at 48 h, the OPA1 in the mitochondrial
transplantation group was 1.4 times higher than that in the lower limb
IRI group. These results might indicate that mitochondrial transplan-
tation increased OPA1.

Effects ofmitochondrial transplantation on skeletalmuscle cells

in vitro

Based on the results of in vivo studies, we speculated that transplanted
mitochondrial may be taken up by adipocytes while supplementing
mitochondria for damaged skeletal muscle cells, and promoting tissue
repaired by increasing OPA1 to promote adipocyte browning. To
further verify this hypothesis, we first induced myoblast C2C12 to
differentiate into skeletal muscle cells in vitro and studied their uptake
behavior of mitochondria. As shown in Figures 5A, 5B, and S6, the
original mitochondria of C2C12 cells were labeled with green fluores-
Molecular Therapy: Methods & C
cence and the mitochondria of hMSCs were
labeled with red fluorescence. After incubation
for different times, it was observed that the
red fluorescence in C2C12 cells gradually
increased with the extension of time, indicating
that the internalized mitochondria were gradu-
ally increasing. In addition, the colocalization
of red and green fluorescence is gradually
obvious, which is consistent with the phenome-
non observed in other studies related to mito-
chondrial transplantation.17,41 It suggested that
the donor mitochondria may fuse with receptor
mitochondria to supplement the function of
original mitochondria. Therefore, we further
examined the production of ATP in C2C12 cells
after the incubation with the mitochondria of
hMSCs. As shown in Figures 5C and 5D, the
production of ATP in C2C12 cells was 1.4 times
higher than that in the model group after 3 h of
mitochondrial transplantation. This value was
2.5 times in the 24 h of mitochondrial transplan-
tation group, which proved that transplanted
mitochondria could supplement the function of mitochondrial in
IRI skeletal muscle cells.

Effect of mitochondrial transplantation on adipocyte browning

in vitro

We also studied the uptake of mitochondria by mature adipocytes
induced from 3T3-L1 cells. Similar to C2C12, in Figures 6A, 6B,
and S7, the internalized mitochondria increased with the extension
of time, and the colocalization with the mitochondria of adipocytes
gradually increased. Moreover, consistent with the results in vivo,
mitochondrial transplantation significantly increased the protein
expression of OPA1 in mature 3T3-L1 adipocytes (Figures 6C, 6D,
and S12C). Furthermore, we examined the effect of mitochondrial
transplantation on adipocyte browning. Taking mature 3T3-L1 ad-
ipocytes without mitochondrial transplantation as negative control
and mirabegron (i.e., 3T3-L1 were treated with 3 mg/mL mirabegron
for 6 h) induction as positive control,42 the protein expression of
linical Development Vol. 31 December 2023 5
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Figure 5. In vitro effects of mitochondrial

transplantation on skeletal muscle cells

(A and B) CLSM images of mitochondrial uptake by

C2C12 cells at 3 h and 24 h after hypoxia and reoxyge-

nation (blue, nucleus; green, original mitochondria of

C2C12 cells; red, mitochondria of hMSCs; scale bars,

50 mm). (C and D) ATP production at 3 h and 24 h in

C2C12 cells in the hypoxia-reoxygenation model group

and mitochondrial transplantation treatment group. Sta-

tistical significance was analyzed using t-tests. Experi-

mental data are mean ± SD of samples in a representative

experiment (n = 3). Asterisk (*) denotes statistical signifi-

cance between bars (***p < 0.001). HRI, hypoxia-reox-

ygenation injury.
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UCP1 was significantly increased after mitochondrial transplanta-
tion (Figures 6E, 6F and S12D). Immunofluorescence assay of
UCP1 had similar results (Figures 6G, 6H, and S8). Meanwhile,
mitochondrial membrane potential was detected by the JC-1 probe,
and it was observed that the mitochondrial membrane potential in
the mitochondrial transplantation group and the mirabegron-
induced group were increased compared with the negative control
group, the ratio of the intensity of red fluorescence to green fluores-
cence was increased, which could also demonstrate the enhanced
mitochondrial activity in adipocytes. (Figures 6I, 6J, and S9). Since
one of the typical characteristics of mature brown adipocytes is
high mitochondrial content and activity, this result also proved
that mitochondrial transplantation promoted adipocyte browning
from another point of view. In contrast, Oil Red O staining
(Figures 6K and 6L) also showed that mitochondrial transplantation
reduced the number of white adipocytes. These results suggested
that mitochondrial transplantation might increase the protein
expression of OPA1 in adipocytes and promote adipocyte browning,
which may alleviate the lower limb IRI.

Small interfering RNA interferes with the expression of OPA1

and UCP1 in 3T3-L1 and inhibits the process of adipocyte

browning

To further investigate the role of OPA1 in adipocyte browning, we
silenced OPA1 using small interfering RNA (siRNA) in 3T3-L1 cells.
First, the interference efficiency of the four pairs of siRNAs against
OPA1 was verified by western blotting. Good interference effect on
OPA1 in 3T3-L1 were si-OPA1-2 and si-OPA1-4, which were used in
subsequent experiments (Figure S10). We performed experiments on
four different groups: the blank group, si-OPA1, mitochondrial trans-
plantation, and the combined si-OPA1andmitochondrial group (trans-
fection with si-OPA1 followed by transplantation of mitochondria), in
6 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
which a basal level of OPA1 expression, in the
si-OPA1 group, OPA1 expression was inhibited
by siRNA transfection. In the mitochondrial
transplantation group, OPA1 expression was
significantly elevated, indicating that mitochon-
drial transplantation increased the expression of
OPA1 (Figures 7A, 7B, and S12E; Table S2).
Next, the expression of UCP1 in each group was analyzed by western
blotting and immunofluorescent staining, and in the blank group,
UCP1 expression was very little, indicating the absence of spontaneous
adipocyte browning. In the si-OPA1 group that inhibited the expression
of OPA1, the expression of UCP1was significantly decreased compared
with the blank group, indicating that the inhibition of OPA1 expression
hindered the browning process. UCP1 expression was significantly up-
regulated in the mitochondrial transplantation group, suggesting that
mitochondrial transplantation can promote adipocyte browning and
induce UCP1 expression. In the si-OPA1 and mitochondrial combina-
tion group,UCP1 expressionwas significantly decreased comparedwith
the mitochondrial transplantation group, indicating that OPA1
silencing attenuated the promoting effect of mitochondrial trans-
plantation on UCP1 expression (Figures 7C–7F, S11, and S12F). These
results suggest thatOPA1may play a crucial role in regulating adipocyte
browning, as mitochondrial transplantation alone promoted UCP1
expression and adipocyte browning, but this effect was attenuated
when OPA1 expression was silenced.

To further investigate the role of UCP1 in adipocyte browning, we
knocked down UCP1 in vitro. The results demonstrated that knock-
down of UCP1 barely affected lipid loading of adipocytes. At the same
time, mitochondrial transplantation could not decrease the lipid
loading in the adipocytes with knockdown of UCP1. In contrast,
mitochondrial transplantation reduced the amount of lipid droplets
in the adipocytes without knockdown of UCP1(Figure S13 and
Table S3). It can be seen that UCP1 is an important factor in the pro-
cess of adipocyte browning caused by mitochondrial transplantation.

DISCUSSION
In recent years, there have been various therapeutic measures targeting
mitochondria to improve ischemic diseases.43,44 Enhancing cellular



Figure 6. In vitro effects of mitochondrial transplantation on adipocyte browning

(A) CLSM images of mitochondrial uptake by 3T3-L1 cells at 3 h and 24 h (blue, nucleus; green, 3T3-L1 cell mitochondria; red, hMSCs-derived mitochondria; scale bars,

50 mm). (B) Quantitative analysis of red fluorescence in (A). (C and D) OPA1 protein expression after 24 h of mitochondrial transplantation. (a) Control (Ctrl) mature adipocytes.

(b) Mito, mature adipocytes transplanted with mitochondrial. Statistical significance was analyzed using t-tests. (E and F) Western blotting analysis of UCP1 protein

expression. (G and H) CLSM images of UCP1 immunofluorescence (blue, nucleus; red, UCP1; scale bars, 100 mm). (I and J) JC-1 staining CLSM image and quantitative

analysis of red fluorescence/green fluorescence in (I) (blue:, nucleus; green, JC-1 monomer; red, JC-1 aggregate; scale bars, 100 mm). (K and L) Oil Red O staining and

quantification (scale bar, 10 mm). Samples for (H), (J), and (L): (a) Ctrl, mature adipocytes, (b) mature adipocytes transplanted with mitochondria for 24 h, (c) mature adipocytes

transplanted with mitochondria for 48 h, (d) mature adipocytes treated with Mirabegron. Statistical significance was analyzed using one-way ANOVA. Experimental data are

mean ± SD of samples in a representative experiment (n = 3). Asterisk (*) denotes statistical significance between bars (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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mitochondrial efficacy include the following three main pathways: pro-
tecting/enhancing the efficacy of pre-existing mitochondria by exotic
drugs45,46; promoting mitochondrial biogenesis through foreign
Molecular T
drugs47; and transplantation of exogenousmitochondria. Becausemito-
chondrial transplantation improves the level of cellular metabolism in
general, rather than partially targeting a single pathway, it has become
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 7. siRNA interferes with the expression of OPA1 in 3T3-L1 and inhibits the process of adipocyte browning

(A–D) The protein levels of OPA1 and UCP-1 in 3T3-L1 cell blank group, si-OPA1 group, mitochondrial transplantation group, OPA1 silenced first and then added

mitochondria group after 48 h of treatment respectively. (E and F) UCP1 immunofluorescence staining and quantification of 3T3-L1 cell blank group, si-OPA1 group,

mitochondrial transplantation group, first silencing OPA1 and then adding mitochondria group after 48 h of treatment (blue, nucleus; red, UCP1; scale bars, 100 mm).

Statistical significance was analyzed using one-way ANOVA. Experimental data are mean ± SD of samples in a representative experiment (n = 3). Asterisk (*) denotes

statistical significance between bars (***p < 0.001, ****p < 0.0001).
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an important direction in the treatment of ischemic diseases.48 It has
been reported thatmitochondrial transplantation can reduce the extent
of muscle infarction and improve muscle function, effectively reducing
the incidence of lower limb IRI,37 and our study provides a perspective
for understanding the possible mechanisms by which mitochondrial
transplantation protects against lower limb ischemia.

By conducting transplantation of hMSCs-derived mitochondria into
the damaged gastrocnemius muscle in mice, we observed remarkable
outcomes. The transplanted mitochondria were taken up by both
skeletal muscle cells and adipocytes, leading to an increase in the
expression of OPA1 and UCP1. These findings provide valuable in-
sights into a potential therapeutic mechanism of mitochondrial trans-
plantation in the treatment of lower limb IRI.

However, despite the promising results, several aspects warrant
further investigation. First, it would be valuable to generate OPA1
knockout mice and UCP1 knockout mice to confirm the specific
role of OPA1 and UCP1 in the observed adipocyte browning effect
following mitochondrial transplantation. Additionally, while our
study focused on the uptake of mitochondria by skeletal muscle cells
and adipocytes, exploring the uptake by other cell subpopulations
would provide a more comprehensive understanding of the cellular
interactions involved. Moreover, addressing the technical challenges
associated with the clinical application of isolated mitochondria is
crucial for future translation.
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
In conclusion, our study provides compelling evidence supporting
the therapeutic potential of hMSCs-derived mitochondrial trans-
plantation in repairing lower limb IRI. Beneficial effects of mito-
chondrial transplantation were observed reduction in cell apoptosis
and promotion of ATP production in skeletal muscle cells. Further-
more, the transformation of the adipocyte phenotype suggests that
an additional mechanism by which mitochondrial transplantation
may alleviate lower limb IRI, suggesting that other subpopulation
of receptor cells is just as important as the classical primary subpop-
ulation of recipient cells alleviating lower limb IRI. Future studies
addressing the remaining questions and optimizing the use of mito-
chondrial transplantation as a clinical intervention hold great
promise.

MATERIALS AND METHODS
Mitochondrial isolated of hMSCs

According to the instructions of the mitochondrial isolated kit
(Thermo, #89874),49 the cells were collected and centrifuged at
850�g for 2 min. The cells were precipitated and resuspended with
separation reagent A solution and incubated on ice for 2 min 10 mL
separation reagent B was added and incubated for 5 min on ice, vor-
texing once per minute. We then added 800 mL separation reagent C,
mix upside down, and centrifuge at 700�g at 4�C for 10 min. The su-
pernatant was transferred to a new 2-mL centrifuge tube and centri-
fuged at 12,000�g at 4�C for 15 min. Collect the supernatant (at this
point, the supernatant is cytosolic); 500 mL separation reagent C was
er 2023
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added to the precipitate, resuspended, and centrifuged at 12,000�g
for 5 min at 4�C. The supernatant was discarded and resuspended
in PBS to obtain complete mitochondria derived from mesenchymal
stem cells.

Characterization of hMSCs-derived mitochondria

Mitochondria in and out of cells were labeled withMito Tracker Deep
Red FM (Cell Signaling Technology #8778) at concentrations of
250 nM and 100 nM, respectively, and the fluorescence images before
and after mitochondrial isolation were observed under an inverted
fluorescence microscope (Leica Microsystems, SN529001). Nano-
sight detects the size and concentration of mitochondria isolated
from 2� 107 hMSCs.50 TEM (JEM-2100, Hitachi) was used to analyze
the morphology and size of mitochondria before and after isolation.51

The mitochondrial and cytoplasmic proteins b-actin (Abcam,
ab8226), Cytrate synthase (abcepta, AP5894a), TOM20 (abcepta,
AP59783), COX4(abcepta, AP22111a), and cytochrome c (abcepta,
AP20772c) were detected byWestern blot, and the integrity and purity
of the isolatedmitochondria were evaluated. JC-1 probe (FMS-FZ006,
FcMACS) was incubated with Mito and Mito + Antimycin A (i.e.,
mitochondria were treated with 1 mM antimycin A for 30 min) at
room temperature for 15 min. After PBS washing and centrifugation,
the absorbance was detected by microplate analyzer (N12639-02,
Thermo).35 The normal mitochondria at the concentration of
5.8 � 108/mL were mixed with the substrate glutamate (0.4 mM)
and malate (0.2 mM), then ADP (0.01 mM) was added, and the oper-
ation was performed according to the instruction of ATP detection kit
(Thermo, A22066).36 Chemiluminescence intensity was measured
with a multifunctional microplate reader (PerkinElmer EnVision).

Animal experiments

All animal experiments were performed in strict accordance with the
guidelines of the National Institutes of Health Animal Care and Use
Committee and were approved by the Animal Experimentation Ethics
Committee of Nanjing DrumTower Hospital, ethics number: DWSY-
22068194. Male C57/BL6 mice (10–12 weeks) were provided by
Biotechnology Co., Ltd. The mice were housed in a stable room tem-
perature environment with an ambient temperature of 22�C
throughout the study. Additionally, their food intake was fixed and
carefully monitored to ensure no significant differences in caloric
intake between the experimental groups. The mice were provided
with a standard diet, and their food intakewas recordeddaily. To simu-
late acute limb IRI,micewere anesthetizedby inhalation of 2%–3% iso-
flurane and maintained. After 3 h of ischemia, the right hindlimb of
C57/BL6 mice was ligated with a 3M rubber band (3.5 oz), the tourni-
quet was removed and the mice were restored for 15 min,52 then, mice
in the treatment group were injected with 50 mL Mito Tracker Deep
Red FM-labeled live hMSCs-derived mitochondria at a concentration
of 2 � 108/mL in the gastrocnemius muscle.

Therapeutic effects in vivo

Male C57/BL6 mice (10–12 weeks) were randomly divided into three
groups: control group (completely healthy or contralateral healthy
muscle of model group), model group, and mitochondrial transplan-
Molecular T
tation treatment group. For TUNEL apoptosis, the sample size was 18
(healthy, model and treatment time points were 24 h and 48 h, respec-
tively). For histomorphological evaluation, hematoxylin and eosin
staining, Masson staining, and Wolf scarlet staining were performed
with a sample size of 18 (healthy, model and treatment time points
were 2 weeks and 4 weeks, respectively). For evaluating mouse gait,
the sample size was eight (for modeling, the treatment time points
were 24 h, 1 week, 2 weeks, and 4 weeks, respectively).

Immunofluorescence of mitochondrial uptake and adipocyte

browning in mice

Skeletal muscle cells were labeled with anti-myogenin (Abcam,
AB1835),53 adipocytes with anti-adiponectin (Abcam, AB181281),54

and formation of brown adipocytes with anti-UCP1 (Servicebio,
GB112174). The nuclei were labeled with DAPI (Servicebio,
G1012), and imaged by confocal laser scanning fluorescence micro-
scopy (CLSM), and the mean fluorescence intensity was analyzed
by ImageJ software.

Cell culture and differentiation

hMSCs (ATCC, CP-CL11) were cultured in a complete medium con-
taining 90% DMEM/F12, 10% fetal bovine serum (FBS), and peni-
cillin/streptomycin. The culture was incubated at 37�C in a humid
environment containing 5% CO2. Mouse myoblasts C2C12 (Human
Fenghui Biotechnology Co., Ltd) were cultured in a complete medium
containing 90% DMEM (Sperikon Life Science & Biotechnology Co.,
Ltd), 10% FBS, and penicillin/streptomycin before differentiation.
The cells were cultured at 37�C in a humid environment containing
5% CO2, and when the cells grew to 80%, they were replaced with a
differentiation medium (2%HBS, 1% penicillin/streptomycin
DMEMmedium).55 Cultured tomature skeletal muscle cells withmy-
otubes, mouse embryonic fibroblasts 3T3-L1(Human Fenghui
Biotechnology Co., Ltd) were cultured in a complete medium con-
taining 90% DMEM, 10% calf serum (NBCS) and penicillin/strepto-
mycin, in a moist environment with 5% CO2 at 37� C. When the cells
grew to 80%, NBCS was replaced with FBS and treated with 10 mg/mL
bovine insulin (source leaf, S12033), 0.5 mM 3-isobutyl-1-
methylxanthine (Source Leaf, B28582) and 1 mMdexamethasone (So-
larbio, D8040) for 2 days. Then they were incubated in a medium
containing 10 mg/mL insulin for another 2 days. Thereafter, the differ-
entiation medium was replaced with basal growth medium every
other day until it was induced into mature adipocytes.56

Cell modeling and therapy

After differentiation, C2C12 cells were changed into a sugar-free me-
dium and placed in an anaerobic culturing bag (Anaeropack) (0.1%
oxygen). After culturing at 37�C for 1 h, C2C12 cells were changed
back to a complete medium. In the treatment group, 1 � 108 mito-
chondria were added to each well.57

In vitro mitochondrial uptake, adipocyte browning, and staining

of JC-1

For mitochondrial uptake, after the completion of cell differentiation,
the cells were washed twice with PBS, stained withmito-tracker Green
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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(Beyotime, C1048) for 30min in the dark, washed twice with PBS, and
then simulated IRI with anaerobic culture bag (0.1% oxygen) for
modeling. After 1 h of modeling, adding Mito Tracker Deep Red
FM prestained mitochondria for 3 h and 24 h, respectively. Hoechst
33342 live cell staining solution (Biosharp, BL803A) was used to label
the nuclei, and then the mitochondrial uptake was photographed by
CLSM. The mean fluorescence intensity was analyzed by ImageJ soft-
ware. For adipocyte browning, cultured cells were fixed with 4% para-
formaldehyde for 20 min, permeated with 0.2% Triton X-100 for
10 min, and then blocked with 5% BSA for 30 min after adding
pre-stained mitochondria for 24 h and 48 h. The cells were incubated
with anti-UCP1 (Cell Signaling, 722985) in a wet box at 4�C over-
night, and the secondary antibodies were incubated with cells at
room temperature for 2 h (protected from light). The nuclei were
stained with Hoechst33342 for 10 min and photographed by
CLSM. For JC-1, 1� JC-1 working solution, the samples were incu-
bated at 37�C for 15–60 min, and the CLSM photos were taken after
Hoechst33342 standing for 10 min.

In vitro ATP production

At 3 h and 24 h after C2C12 cell modeling treatment, cell lysates were
collected and operated according to the instruction of the ATP detec-
tion kit, and the chemiluminescence intensity was detected by a
multi-function microplate analyzer.36

In vitro oil red O staining

After adding mitochondria for 24 h and 48 h, the cells were operated
according to Biyuntian modified Oil Red O staining kit (C0158S). The
cells were fixed with 4% paraformaldehyde for 10 min and covered
with staining detergent for 20 s. Oil red O staining working solution
for 10–20min; the washing solution was allowed to stand for 30 s. The
staining washing solution was removed and washed with PBS. Hema-
toxylin was counterstained for 1 min; then we performed distilled wa-
ter washing. We observed and took pictures under a microscope. The
proportion of white adipocytes was analyzed by ImageJ software.58

Western blotting analysis of OPA1 in adipocyte browning

For mouse tissues, 24 h and 48 h after mouse modeling treatment, the
hindlimb muscles were taken, RIPA lysate was added, and ground
with a frozen tissue lapping instrument (JXFSTPRP-CL, Shanghai),
centrifuged at 12,000�g for 15 min, and the supernatant was taken,
and BCA protein quantification kit (ElabScience, E-bc-k318-m) to
detect the protein concentration; For 3T3-L1 cells, proteins were iso-
lated 24 h and 48 h after the addition of mitochondria, electrophor-
esed, and transferred to nitrocellulose membranes according to the
standard protocol. A washing buffer and antibody solution were pre-
pared with TBST. After 2 h of the blockade in 5% BSA (Aladdin,
A116563), the membranes were mixed with anti-OPA1 (Abcepta,
AP20727c), UCP1 (Cell Signaling, 722985), b-actin (Abcam,
AB8226), and GAPDH (Abcam, AB8245) were incubated overnight
at 4�C, followed by incubation with appropriate secondary antibodies
for 2 h at room temperature. Enhanced chemiluminescence (Tanon
5200 Multi, China) was used to detect the signal, and ImageJ software
was used to analyze the protein bands.
10 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
siRNA-mediated silencing of OPA1 in 3T3-L1 cells

3T3-L1 were differentiated into mature adipocytes, and cells were
transfected with siRNA targeting OPA1 (Shanghai GenePharma Co.,
Ltd).59,60 Dilute siRNA and Transfect-Mate (Shanghai GenePharma
Co., Ltd) inDMEMbasalmediumaccording to thefinal concentrations
recommended in the instructions. The mixture was allowed to stand at
room temperature for 5 min. Subsequently, si-OPA1 and Transfect-
Mate were combined and allowed to stand for an additional 20 min
at room temperature. Add the mixture dropwise to the 3T3-L1 culture
system to be transfected. Eight hours after transfection, the complete
medium was changed to allow continued cell culture. After 48–72 h
of transfection, the cells were collected to verify the interference effi-
ciency by western blotting. Each group was divided into 3T3-L1 cell
blankgroup, si-OPA1group, andmitochondrial transplantation group.
OPA1 was first silenced and then mitochondria were transplanted for
48 h. Then the expression of OPA1 and UCP1 in each group was
detected by western blot and immunofluorescence.
siRNA-mediated silencing of UCP1 in 3T3-L1 cells

3T3-L1 were differentiated into mature adipocytes, and cells were
transfected with siRNA targeting UCP1 (Shanghai GenePharma
Co., Ltd). Dilute siRNA and Transfect-Mate (Shanghai GenePharma
Co., Ltd) in DMEM basal medium according to the final concentra-
tions recommended in the instructions. The mixture was allowed to
stand at room temperature for 5 min. Subsequently, si-UCP1 and
Transfect-Mate were combined and allowed to stand for an additional
20min at room temperature. Add themixture dropwise to the 3T3-L1
culture system to be transfected. Eight hours after transfection, the
complete medium was changed to allow continued cell culture. After
48–72 h of transfection, the cells were collected to verify the interfer-
ence efficiency by western blotting. Each group was divided into
3T3-L1 cell blank group, si-UCP1 group, and mitochondrial trans-
plantation group. UCP1 was first silenced and then mitochondria
were transplanted for 48h. Then the expression ofUCP1 in each group
was detected by western blot and oil red O staining.
Statistical analysis

Analyses were performed using SPSS 18.0 software: comparisons of
the two groups were performed by t-test (normally distributed
data), Wilcoxon test (non-normally distributed data); comparisons
of three or more groups were performed by one-way ANOVA (nor-
mally distributed data), Kruskal-Wallis test (non-normally distrib-
uted data). A p value of %0.05 was considered significant. Statistics
were calculated using Prism (GraphPad Software). All data are shown
as mean ± SD.
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