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Harnessing tissue-derived mitochondria-rich
extracellular vesicles (Ti-mitoEVs) to boost
mitochondrial biogenesis for regenerative medicine

Peng Lou't, Xiyue Zhou't, Yimeng Zhang', Yijing Xie', Yizhuo Wang’, Chengshi Wang?,

Shuyun Liu', Meihua Wan?, Yanrong Lu', Jingping Liu'*

Mitochondrial damage is a critical pathological factor in various forms of tissue injury, and specific therapies with
high biosafety are desirable. Inspired by the natural role of extracellular vesicles (EVs) in regulating mitochondrial
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metabolism, we report that healthy tissue-derived mitochondria-rich EVs (Ti-mitoEVs) can boost mitochondrial
biogenesis for regenerative medicine. Ti-mitoEVs that contain abundant functional mitochondria can be highly
efficiently isolated from muscles via an optimized method. In vitro, Ti-mitoEV treatment increased mitochondrial
biogenesis and reduced mitochondrial damage in recipient cells, and these effects occurred at least partly via
mitochondrial genome transfer. In vivo, Ti-mitoEV treatment attenuated diverse types of tissue injury (e.g., muscle
and kidney) by rescuing mitochondrial injury and its associated inflammation. As natural nanovesicles, the thera-
peutic potency of mitoEVs can be further improved by integrating them with other engineering methods. This
study highlights the promising role of Ti-mitoEVs in boosting mitochondrial biogenesis, positioning them as po-
tential therapies for treating various types of tissue injury characterized by mitochondrial damage.

INTRODUCTION

Mitochondria are multifaceted organelles engaged in regulating many
cellular processes (e.g., energy metabolism, redox balance, and cell
death) (1, 2), and serve as central hubs to coordinate signaling cas-
cades in controlling cell fate and tissue homeostasis (3). The critical
roles of mitochondria in multicellular organisms render mitochon-
drial damage a key factor in various forms of tissue injury, such as
heart (4), kidney (3), and skeletal muscle (5). For example, mitochon-
drial injury, as evidenced by elevated mitochondrial stress (mtROS),
decreased mitochondrial biogenesis and energy depletion, has been
extensively reported in both acute and chronic tissue injury (6, 7).
Thus, targeted restoration of mitochondrial function has been pro-
posed as a therapeutic strategy for repairing diverse forms of tissue
injury (2, 8). Although some small chemical molecules, such as an-
tioxidants (e.g., coenzyme Q) and Sirt1 activators (e.g., resveratrol),
have been reported to mitigate some types of tissue injury by reduc-
ing mtROS production or improving mitochondrial biogenesis in
animal models (2), their clinical translation remains limited by sev-
eral limitations, such as a lack of tissue/organ specificity, limited
bioavailability, short half-life, and side effects in vivo (2). Therefore,
therapies with specific roles to boost mitochondrial metabolism with
high biosafety are desirable for regenerative medicine.

Extracellular vesicles (EVs) are a group of heterogeneously se-
creted small vesicles (~30 to 1000 nm) that can affect the biofunc-
tions of recipient cells by transporting various types of bioactive
cargos (e.g., nucleic acids, proteins, and lipids) (9). To date, EV-based
therapies have been shown to be promising means for tissue repair
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and regenerative medicine. In recent years, we and others have re-
ported that diverse mitochondrial components, such as mitochon-
drial proteins, mitochondrial DNA (mtDNA), and fragmented or
intact mitochondria, are enriched in certain EV subpopulations
from cultured cells (1, 10-13). These mitochondria-rich EVs (mito-
EVs) can regulate multiple metabolic processes, such as mitochon-
drial biogenesis, oxidative phosphorylation (OXPHOS), and energy
production, in recipient cells via direct mechanisms (e.g., transferring
mitochondrial compositions) or indirect mechanisms (e.g., inducing
mitochondrial mitophagy) (14, 15). For example, mitochondria-
containing EVs isolated from mouse or human brain endothelial
cells (BECs) via differential ultracentrifugation (UC) have been re-
ported to enhance mitochondrial function in injured BECs in vitro
and reduce infarct sizes in mouse ischemic stroke in vivo (16-19).
Notably, the released mitoEVs are considered natural regulators of
mitochondrial functions, serving as an intrinsic mechanism for regu-
lating cellular metabolism, the immune response, tissue homeostasis,
and the injury repair process (13, 14). Inspired by this endogenous
phenomenon, we speculated that healthy tissue-derived mitoEVs
(Ti-mitoEVs) might act as natural boosters of mitochondrial function to
promote tissue injury repair. However, the optimized isolation methods
and biological properties of Ti-mitoEVs, as well as their effects on
tissue healing and action mechanisms, have not yet been explored.
Here, we report that Ti-mitoEVs are potential nanoboosters of
mitochondrial biogenesis for regenerative medicine. In brief, we es-
tablished an optimized method that enables high-efficiency, high-
yield, and high-purity Ti-mitoEV production, and the isolated
mitoEVs contained abundant functional mitochondrial components
[e.g., whole mtDNA and electron transport chain (ETC) proteins].
In vitro, mitoEVs could increase mitochondrial biogenesis and re-
duce oxidative stress-induced mitochondrial injury in recipient
cells through mitochondrial genome transfer. In vivo, mitoEVs sig-
nificantly attenuated mitochondrial injury and its associated inflam-
matory response in acute or chronic forms of tissue injury. Multiomics
analyses verified that the tissue protective effect of mitoEVs was de-
pendent on restoring mitochondrial metabolism. This study indicates
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that Ti-mitoEV therapy can boost mitochondrial biogenesis and
highlights that Ti-mitoEVs may serve as natural nanotherapeutics
for treating tissue injury characterized by mitochondrial damage.

RESULTS AND DISCUSSION

High-efficiency isolation of endogenous Ti-mitoEVs from
skeletal muscles

Previously, we and others reported that cultured cell [e.g., mesen-
chymal stromal cells (MSCs) and astrocytes]-derived EVs can play
a protective role in tissue injury (e.g., acute kidney injury and hy-
poxic neurons) by reducing mitochondrial injury via the transfer of
mitochondrial contents (20, 21). However, the clinical translation of
EVs derived from in vitro cultured cells is still limited by inefficient
EV production and a lack of tissue-specific repair effects (22). Thus,
endogenous mitoEVs directly isolated from healthy tissues might be
a promising alternative to overcome these limitations. Skeletal mus-
cle is one of the largest metabolic tissues of the body and contains
abundant mitochondria (second to the heart, ~3 to 8% of the skele-
tal muscle volume) that produce adenosine 5'-triphosphate (ATP)
to maintain its high metabolic requirements for locomotion (23, 24).
Emerging evidence indicates that certain mitochondrial contents of
donor cells can be delivered to recipient cells via EVs (intercellular
mitochondrial transfer), thereby regulating metabolic status and tis-
sue homeostasis in physiological states (14). On the basis of these
findings, we hypothesized that healthy skeletal muscle tissues con-
tain substantial amounts of mitoEVs, which can participate in me-
diating mitochondrial metabolism and normal muscle functions. To
this end, we first established an optimized method for the isolation
of muscle Ti-mitoEVs, ensuring that such EVs more closely reflect
their native state within the tissue microenvironment. An enzymat-
ic digestion-based method was used to dissociate EVs from muscle
tissues because it significantly shortened the EV production period
and improved the EV yield (~8.73-fold increase in EV number per
gram of muscle tissue) and EV purity (evidenced by a cleaner back-
ground under electron microscopy and a higher particle-protein
ratio) compared to conventional tissue piece culture-based method
(fig. S1, Ato F).

Next, we aimed to separate the EV fractions and determine
which EV fractions were enriched with mitochondrial contents. Previ-
ous studies have reported several methods for isolating mitochondria-
derived EVs or mitoEVs, including density gradient UC (11, 25) and
differential UC (12, 15). Although density gradient UC can obtain
mitoEVs with the highest purity, this method is not ideal for thera-
peutic purposes because of its complicated operation procedure,
time-consuming process, and low yield (26). As the most commonly
used EV isolation method, modified differential UC might be more
suitable for therapeutic mitoEV production because of its higher EV
yield with acceptable EV purity. Many previous studies have used
centrifugation at ~1000 to 2000g for removing cell debris and apop-
totic bodies (15, 17-19), and then used differential UC to categorize
isolated EVs into large EVs (>2000 to 10,000¢) and small EVs
(>10,000 to 110,000g), and large EV's enriched with mitochondrial
components are generally considered mitoEVs (12, 15). However,
given the wide range of centrifugation forces (g-force) for small
EVs, large amounts of mitoEVs may also be included in this catego-
ry. Thus, we further separated the small EVs into two fractions via
different centrifugation forces (>10,000 to 50,000g and >50,000 to
110,000g) (fig. S2, A to F). The two fractions of small EVs presented
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different size distributions (fig. S2, B and D), and the >10,000 to
50,000¢ fraction also contained abundant mitochondrial proteins
and mtDNA. The levels of certain mitochondrial proteins [e.g., cy-
tochrome c oxidase subunit 4 (COXIV) and voltage-dependent an-
ion channel (VDAC)] in this small EV subfraction were similar to
those in large EVs (fig. S2, G to I), suggesting the coexistence of
many mitoEVs in the previously defined small EV category.

To precisely isolate mitoEV's from muscle tissues, we further set
up a denser centrifugal gradient including five fractions with differ-
ent centrifugation forces: low (>2000 to 10,000g, 10K), low-medium
(>10,000 to 20,000g, 20K), medium (>20,000 to 30,000g, 30K),
medium-high (>30,000 to 50,000g, 50K), or high (>50,000 to 110,000,
110K) (Fig. 1A). Transmission electron microscopy (TEM) revealed
that EV fractions pelleted at 10K, 20K, or 30K contained numerous
heterogeneous EV subpopulations with wide size distributions (~30
to 467 nm) (Fig. 1, B to D), whereas EV fractions pelleted at 50K or
110K had a more uniform size distribution and were smaller (~30 to
189 nm) than those pelleted at 10K, 20K, or 30K (Fig. 1, B to D). In
each fraction, the EV yield calculated from the protein amounts did
not positively correlate with the EV yield calculated from the parti-
cle numbers (Fig. 1E), suggesting distinct protein amounts or com-
positions at the single EV level. The protein amount per EV pelleted
at low speed (10K) was higher than that at 20K, 30K, 50K, or 110K
(Fig. 1F), which again indicated the heterogeneity of EV subpopula-
tions. Compared with those at 50K to 110K, the muscle EV fractions
at 10K to 30K contained significantly higher levels of mitochondrial
contents, including mtDNA and mitochondrial proteins [e.g., COXIV,
ATP synthase F1 subunit alpha (ATP5a), VDAC, translocase of outer
mitochondrial membrane 20 (TOM20), and pyruvate dehydroge-
nase (lipoamide) beta (PDHB)] (Fig. 1, G and H, and fig. S3). On the
basis of these results, we termed the EV fractions between 2000 and
30,000¢ as mitoEVs because of their enriched mitochondrial con-
tents, and named the other EV fractions (30,000 to 110,000¢) as non-
mitoEVs. Compared with conventional large EVs, our mitoEVs
presented a significantly higher EV yield (~4.7-fold greater in EV
particles and ~3.1-fold greater in EV protein) and comparable levels of
mitochondrial proteins (e.g., COXIV, ATP5a, VDAC, TOM20, and
PDHB) or mtDNA (Fig. 1, I to L), indicating their potential for thera-
peutic applications.

Furthermore, high-resolution flow cytometry analysis was used
to verify that the mitoEV preparations mainly comprise structurally
intact EVs rather than protein or other particle contaminants, as
previously reported (27, 28). Carboxyfluorescein diacetate succin-
imidyl ester (CFSE) is a membrane-permeable dye that can pas-
sively diffuse into EVs. Although CFSE itself has no fluorescence, it
is converted into a fluorescent form by active esterases within EVs,
thus indicating the existence of an intact EV. membrane (27). CFSE
staining does not disrupt EV structure, induce EV aggregation, or
generate artificial nanoparticles (27, 28). As shown in fig. S4 (A and
B), there was a significant reduction in CFSE* mitoEV events after
Triton X-100 treatment, which is consistent with EV lysis induced
by detergent-mediated membrane disruption and indicates that our
EV preparations consisted mainly of intact vesicles.

Muscle Ti-mitoEVs carry abundant functional

mitochondrial components

EVs can affect the phenotype and function of target cells by transfer-
ring various bioactive cargos (22, 29). Owing to their heterogeneity, dif-
ferent EV subpopulations may have varied sizes and/or compositions,
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Fig. 1. Isolation and characterization of tissue-derived mitoEVs. (A) Schematic

diagram of the isolation of different EV fractions. (B) Representative TEM images of

different EV fractions (scale bar = 500 nm). (C and D) EV size distributions determined on the basis of TEM images. (E) EV yield of different EV fractions (n = 3). (F) EV protein
amounts at the single EV level (n = 3). (G) mtDNA copy number of different EV fractions (n = 3). (H) Mitochondrial protein content of different EV fractions. (I) Comparison
of the mitochondrial protein content of mitoEVs, large EVs, and small EVs. (J) Comparison of the mtDNA copy numbers of mitoEVs, large EVs, and small EVs (n = 3). (K) EV
protein amounts at the single EV level in mitoEVs, large EVs, and small EVs (n = 3). (L) EV yield of mitoEVs, large EVs, and small EVs (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001,

and NS = not significant.

along with diverse biofunctions. Thus, we compared the characteris-
tics of mitoEVs and non-mitoEVs isolated from the same muscle
tissues (Fig. 2, A to C, and fig. S5A). As shown in Fig. 2, B and C,
mitoEVs had a wider size distribution with higher populations of larger
EVs (>200 nm) compared to non-mitoEVs. The protein amount per
EV was also higher (~1.65-fold) in mitoEVs than in non-mitoEVs
(Fig. 2D), which may be due to the presence of abundant mitochon-
drial contents in mitoEVs. To evaluate the global differences in EV
composition, the protein profiles of mitoEVs and non-mitoEVs were
analyzed via liquid chromatography-tandem mass spectrometry
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(MS)-based proteomics. A principal components analysis (PCA)
scatter plot clearly revealed distinct protein expression patterns be-
tween the mitoEVs and the non-mitoEVs (Fig. 2E). A total of 673
differentially expressed proteins (DEPs) were identified, of which 536
DEPs were highly expressed in mitoEVs and 137 DEPs were highly
expressed in non-mitoEVs (Fig. 2F). Further gene ontology (GO)
enrichment analysis revealed that the up-regulated DEPs of the mi-
toEVs were associated mainly with the mitochondria (mitochon-
drial membrane and mitochondrial matrix) and organelle membrane
(Fig. 2G), and they might be involved in mitochondria-related
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Fig. 2. Evaluating the compositional signatures of mitoEVs and non-mitoEVs. (A) Schematic diagram of the EV component investigation. (B) Representative TEM im-
ages of mitoEVs and non-mitoEVs (scale bar = 500 nm). (C) EV size distribution determined based on TEM images. (D) EV protein amounts at the single EV level (n = 3).
(E) PCA score plot representing discrepancies between mitoEVs and non-mitoEVs (n = 3). (F) Volcano plots showing the number of DEPs between mitoEVs and non-
mitoEVs (FC > 2 and P-adjusted <0.05). (G) GO cellular component analysis of the up-regulated DEPs of mitoEVs. (H) The proportion of mitochondrial proteins among the
DEPs. (I) Representative TEM ultrathin section images of mitoEVs and non-mitoEVs (scale bar = 500 nm). (J to L) Heatmap of the mitochondrial protein DEPs between
mitoEVs and non-mitoEVs. (M) Comparison of the mitochondrial protein content between mitoEVs and non-mitoEVs. (N) Schematic diagram of mitoEV functional com-
ponent investigation. (0) MMP detection of mitoEVs and non-mitoEVs using high-resolution flow cytometry (n = 4). (P) Mitochondrial ROS levels in mitoEVs and non-
mitoEVs determined using high-resolution flow cytometry (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001, and NS = not significant.
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biological processes, such as cellular respiration, ATP synthesis, mi-
tochondrial transport, and the tricarboxylic acid cycle (fig. S5, B and
C). The number of mitochondrial proteins accounted for more than
half (~54.7%) of the up-regulated proteins in the mitoEVs (Fig. 2H).
In contrast, the proteins enriched in non-mitoEVs primarily origi-
nated from muscular cell functional components (e.g., myosin com-
plex, myofibril, and myosin filament) and the cytoskeleton, and they
were enriched in pathways related to muscle contraction and muscle
system processes (fig. S5, D to F). These results indicate distinct com-
position signatures between mitoEVs and non-mitoEVs, which may
contribute to their diverse biological roles in regulating muscle tis-
sue homeostasis and repair.

Further analysis revealed that the majority of proteins (~75%) de-
tected in mitoEVs, in particular mitochondrial proteins (~76.5%),
overlapped with those cataloged in the Vesiclepedia database (fig. S6,
A to E). The remaining proteins were enriched primarily in path-
ways related to muscle development/metabolism and mitochondrial
metabolism (fig. S6, B and D). Notably, mitoEV's contain almost all
the mitochondrial inner membrane (MIM) proteins reported in the
Vesiclepedia (~81.4%) and Exocarta (~95.2%) databases, as well as
most of the mitochondrial outer membrane (MOM) proteins and
matrix proteins documented in these databases (fig. S6E). These re-
sults indicate that the proteins carried by mitoEVs broadly overlap
with the established EV protein databases, despite the presence of
several additional unique proteins. The possible reason is that the
existing EV databases predominantly catalog proteins from cultured
cell-derived EVs, whereas mitoEVs are from more complicated tis-
sue microenvironments. In addition, methodological variations in
EV isolation and/or proteomic profiling across different studies may
contribute to incomplete overlap, as exemplified by differences be-
tween the Vesiclepedia and Exocarta databases themselves.

Next, we assessed the integrity and functionality of the mito-
chondrial contents in mitoEVs. TEM ultrathin sections revealed the
existence of a mitochondrial structure in mitoEVs but not in non-
mitoEVs (Fig. 2I), and this effect might be due to their different sort-
ing routes or surface area—to—volume ratios. Through proteomics
analysis, a total of 365 mitochondrial proteins were identified in
mitoEVs or non-mitoEVs, of which 293 mitochondrial proteins were
expressed at higher levels in mitoEV's than in non-mitoEVs (fig. S7).
The mitochondrion mainly consists of the MIM, the MOM, and the
mitochondrial matrix, in which the MIM and matrix are the main
compartments of mitochondrial metabolism (30). As shown in Fig. 2
(J to L), mitoEV's were enriched with numerous MIM proteins, such
as ETC proteins (e.g., ETC complexes I to V) and transporters (e.g.,
Slc25a5, Timm10, and Timm21), mitochondrial matrix proteins
(e.g., Cs, Pdhb, and Aco2), and MOM proteins (e.g., Tomm40, Vdac2,
and Cpt1b). Further immunoblotting verified that mitoEVs had high-
er levels of MIM (e.g., COXIV and ATP5a), MOM (e.g., VDAC and
TOM?20), and matrix (e.g., PDHB) proteins compared to non-mitoEV's
(Fig. 2M and fig. S8).

In addition to proteins, mitochondria have their own genome
[16.3-kb circular double-stranded DNA (dsDNA)], which encodes 13
critical ETC proteins and is essential for mitochondrial biogenesis,
OXPHOS and energy generation (31). Consistent with the protein re-
sults, the mtDNA contents carried by mitoEV's were also significantly
higher (~663.6-fold) than those carried by non-mitoEVs (Fig. 3A).
We next determined whether the mitoEVs carried intact mtDNA,
since some reports have indicated that EVs might contain fragmented
mtDNA contents (32). Long-range polymerase chain reaction (PCR)
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was performed with two reported amplicons covering the entire mtDNA
genome as previously reported (Fig. 3B) (33). The results revealed
that mitoEVs contained mtDNA with a complete 16.3-kb circular
dsDNA, whereas non-mitoEVs carried many fragmented mtDNAs
(Fig. 3C), indicating the existence of the whole mitochondrial genome
in mitoEVs.

Given that mitoEVs contain almost all types of mitochondrial pro-
teins and whole mtDNA, we sought to assess whether the mito-
chondrial components of mitoEV's are functional (Fig. 2N). The
mitochondrial membrane potential (MMP) is a hallmark of mito-
chondrial activity and can be used to assess functional mitochondrial
aspects, such as the proton motive force and OXPHOS (34). The iso-
lated mitoEV's or non-mitoEV's were stained with MitoTracker Deep
Red Probes (MDR; a specific dye indicating polarized mitochondria),
and mitoEVs presented higher levels of polarized mitochondria than
non-mitoEVs did (Fig. 20), indicating that the mitochondria in
mitoEVs were at least partly functional. Similarly, it has been re-
ported that EVs derived from mitochondria have a membrane poten-
tial with ATP generation ability (35). Inaddition, functional mitochondria
can generate superoxide (O, ") as a bypass product during OXPHOS,
whereas excessive superoxide production indicates mitochondrial
injury. Both mitoEVs and non-mitoEVs showed superoxide pro-
duction via mitoSOX staining, while the superoxide levels of non-
mitoEVs were markedly higher than those of mitoEVs (Fig. 2P). The
possible reason is that small EVs are more prone to shed damaged
mitochondrial contents, whereas large EVs may contain intact and
functional mitochondria (e.g., respiratory-competent mitochondria)
(14). Moreover, to assess whether these mitochondrial contents are
encapsulated within mitoEVs, CFSE-labeled EVs were costained
with MDR. As shown in fig. $4 (C and D), a substantial population of
CESE*MDR* mitoEVs was detected, suggesting the presence of polar-
ized mitochondria within mitoEVs. In addition, Triton X-100 treatment
significantly reduced the events of CFSE"MDR* mitoEVs, suggesting
that mitoEVs are structurally intact mitochondria-containing vesicles
(fig. S4, C and D). Together, these results indicate that healthy
muscle tissue-derived mitoEVs are enriched with functional mito-
chondria and that they may affect the mitochondrial metabolism of
recipient cells.

Ti-mitoEVs boost mitochondrial biogenesis in recipient cells

Emerging studies have shown that, under certain conditions, donor
cells can transfer their mitochondria to recipient cells through EVs,
thereby tuning the metabolic states and biofunctions of target cells
(14). For example, MSC-derived EVs promote injured tissue repair
by transferring mitochondrial contents into recipient cells, such as
endothelial cells, lung alveolar epithelial cells, and neuron cells
(20, 36, 37). These findings suggest that mitoEV's may participate in
organ-to-organ communication and that they might restore mito-
chondrial function in energy-deficient injured cells. However, the
low efficiency of cell culture-based EV production is still a bottle-
neck of current EV therapy, and it can be assumed that the yield of
mitoEVs in MSCs is much lower. In addition, as a type of stromal
cell, MSCs exhibit a greater prevalence of the glycolytic pathway
(38), which might also restrict their efficiency of mitoEV produc-
tion. Our results revealed that the yield of Ti-mitoEVs (1-g muscle
tissue) was much higher than that of MSC-derived mitoEVs (per
1 x 10 cells) in terms of both particle number (~170-fold) and pro-
tein amount (~34-fold) (fig. S9A). In addition, muscle tissue-derived
mitoEVs contained higher populations of polarized mitochondria
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Fig. 3. Evaluating the boosting effect of mitoEV-mediated mitochondrial genome transfer on recipient cells. (A) Comparison of mtDNA copy number between
mitoEVs and non-mitoEVs (n = 3). (B and C) Schematic diagram (B) and representative agarose gel image (C) of long-range PCR with two amplicons covering the entire
mtDNA obtained from mitoEVs and non-mitoEVs. (D) Schematic diagram of mitochondrial genome transfer from EVs to recipient cells. (E) Confocal images of human cells
(HK-2) incubated for 8 hours with murine-derived mitoEVs (scale bar = 5 pm). MitoTracker-labeled mitochondria (magenta), PKH26-labeled EVs (green), EtBr-labeled EV-
DNA (yellow), and their colocalization (pale yellow) are shown. (F) The expression of murine and human mitochondrial genes in HK-2 cells was determined in the presence
or absence of treatment with murine-derived mitoEVs. (G) mtDNA copy number levels in recipient cells at 24 hours after mitoEV treatment (n = 3). (H) gPCR analysis of
mtDNA-encoded gene expression in recipient cells at 24 hours after mitoEV treatment (n = 3). (I) Seahorse analysis (XF24 analyzer) and (J) quantitative parameters of
mitochondrial respiration in normal HK-2 cells at 24 hours after EV treatment. (K) Schematic diagram of mitoEV treatment in the H,0,-induced cell mitochondrial injury
model. (L) mtDNA copy number levels in H,O,-induced cells at 48 hours after mitoEV treatment (n = 3). (M) gPCR analysis of mtDNA-encoded gene expression in H,0,-
induced cells at 48 hours after mitoEV treatment (n = 3). (N) Oxidative stress levels in H,O,-induced cells at 48 hours after mitoEV treatment (n = 3). *P < 0.05, **P < 0.01,

##%P < 0.001, and NS = not significant.
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but exhibited similar mitochondrial superoxide levels than MSC-
derived mitoEVs did (fig. S9, B and C). These results indicate that
Ti-mitoEVs may be more ideal for therapeutic applications.

The biogenesis of mitochondrial contents is tightly controlled by
a complex signaling network in response to the cellular metabolic
demand, and the mitochondrial genome contributes to the genera-
tion of OXPHOS complexes (39). We next determined whether Ti-
mitoEVs could transfer mitochondrial contents (e.g., mtDNA) to
recipient cells. To this end, human-derived cell lines (HK-2 cells)
were incubated with murine-derived mitoEV's for 8 hours (Fig. 3D).
We observed the colocalization of mitoEV's (green), mitoEV-carried
mtDNA (yellow), and the mitochondria of HK-2 cells (magenta),
implying that mitoEVs might fuse with the mitochondria of recipi-
ent cells and thus transfer mtDNA into them (Fig. 3E). Previous
studies have revealed the fusion of mitochondria-carrying EVs with
the native mitochondria of target cells, suggesting that it is a poten-
tial route of intracellular metabolic regulation (32). Human cells
(HK-2 cells) incubated with murine tissue-derived mitoEV's simul-
taneously exhibited intramitochondrial murine mtDNA (e.g., Mu-nd2,
Mu-nd3, and Mu-cytb) and human mtDNA (e.g., Hu-ND2, Hu-ND3,
and Hu-CYTB), confirming the ability of mitoEV's to transfer the
mitochondrial genome into the mitochondria of recipient cells at
8 hours (Fig. 3F). In addition, mitoEV treatment up-regulated the levels
of mtDNA copy numbers in recipient cells (Fig. 3G) and mtDNA-
encoded genes (e.g., ND1, ND2, Cytb, and CoxI) expression in human-
derived cells (HK-2 cells) or murine-derived cells (C2C12 cells)
compared to non-mitoEVs at 24 hours (Fig. 3H), suggesting that they
might primarily enhance mitochondrial transcription and its associ-
ated mitochondrial biogenesis in recipient cells. It has been reported
that mtDNA can be integrated into mitochondrial biogenesis pathways
and regulate mitochondrial metabolism in concert with nuclear-
encoded mitochondrial factors (39). Consequently, mitoEV's treat-
ment significantly increased the mitochondrial respiratory capacities
(including basal, ATP-linked, maximal, and spare respiration) of
normal HK-2 cells at 24 hours, whereas this effect was minimal in
the non-mitoEVs group (Fig. 3, I and J), suggesting that mitoEVs
treatments can boost mitochondrial biogenesis to enhance OXPHOS
in HK-2 cells. In addition, in an oxidative stress (H,O,)-induced
cell mitochondrial injury model, mitoEV treatment was more effec-
tive at restoring mtDNA copy numbers and mitochondrial gene expres-
sion (e.g., COXI) in damaged cells than non-mitoEV treatment was
at 48 hours (Fig. 3, K to M), confirming that mitoEVs can restore
mitochondrial biogenesis and function in injured recipient cells. As
a result, mitoEV treatment alleviated the oxidative stress induced by
hydrogen peroxide (Fig. 3N). These results indicate that mitoEVs
can boost mitochondrial biogenesis in recipient cells via mitochon-
drial genome transfer.

SEC-purified Ti-mitoEVs retain mitochondrial components
and bioactivities

Considering that UC alone may co-isolate non-EV contaminants
and potentially influence the biological outcomes of EV prepara-
tions, size exclusion chromatography (SEC) was used to further purify
the EV preparations obtained from UC, as SEC has been recognized
as one of the most reliable methods for purifying EVs without in-
troducing additional contaminants (40). As shown in Fig. 4 (A to
C), the mitoEVs or non-mitoEVs preparations presented normal-
like distributions of particle and protein concentrations, while the
majority of the particles and proteins were eluted within fractions 3

Louetal., Sci. Adv. 11, eadt1318 (2025) 16 July 2025

to 6, with peak concentrations observed in fraction 4. The cumula-
tive 50% data point for both particle and protein concentrations was
also located around fraction 4, which coincided with the center of
the particle and protein peaks (Fig. 4, B and C, and fig. S12, A and
B), suggesting that fractions 3 to 6 might represent the EV-enriched
fraction. Thus, eluent fractions 3 to 6 were collected as the SEC-
purified EV (EVSEC) fraction, while fraction 7 and beyond were con-
sidered the co-isolated contaminant fraction. The purified mitoEVSF“
or non-mitoEV®*® expressed positive markers (e.g., TSG101 and
CD63) without negative marker (e.g., GM130) expression (Fig. 4D).
Similar to the mitoEV preparations, the purified mitoEV®" presented
higher mtDNA copy numbers and mitochondrial protein levels (e.g.,
MIM, MOM, and matrix proteins) compared to non-mitoEV> (Fig. 4,
E and E and fig. S10). In addition, Triton X-100 treatment signiﬁcantlg
reduced both CFSE* mitoEV**© events and CFSE*MDR" mitoEV*®
events (fig. S11, A to D). These results demonstrate that our mitoEV
preparations indeed contain abundant mitochondrial contents (e.g.,
mtDNA and mito-proteins).

Next, the effect of purified EVSEC on the mitochondrial metabo-
lism of recipient cells was assessed. To evaluate the role of mitoEVEC
in functional mitochondrial genome transfer, murine-derived
mitoEVSEC was added to human-derived cells (HK-2 cells), and then,
murine mtDNA copy numbers in HK-2 cells were measured (Fig. 4,
G toI). Like those in the mitoEV group, HK-2 cells in the mitoEV°*©
group showed significantly greater murine mtDNA copy numbers
than those in the control group, contaminant group, or non-
mitoEVFC group at 24 hours after treatment (Fig. 4H). The colocal-
ization of mitoEV°EC (green), mitoEV ¢ carried mtDNA (orange),
and the mitochondria (magenta) of HK-2 cells was observed (Fig. 4I),
which indicates that mitoEV®*“ can transfer mitochondrial contents
(e.g., mtDNA) into recipient cells, which is consistent with previous
reports (32). The impact of mitoEVSEC treatment on the mitochon-
drial metabolism of recipient cells was also assessed via Seahorse
analysis. In line with the results of mitoEVs, mitoEV*EC treatment
also increased mitochondrial respiration (e.g., maximal respiration)
in normal HK-2 cells at 24 hours, whereas this effect was minimal in
the non-mitoEVSEC group (Fig. 4, ] and K). In addition, mitoEVSEC
treatment was more effective at restoring mitochondrial respiratory
capacity (e.g., basal and maximal respiration) in injured HK-2 cells
than non-mitoEVEC treatment at 24 hours (Fig. 4, L to N). Together,
these results verify that mitoEV®"® treatment can boost mitochon-
drial metabolism in recipient cells and that this effect is at least par-
tially due to mtDNA transfer.

Furthermore, whether co-isolated contaminants affect the mito-
chondrial metabolism of recipient cells was assessed. Compared
with the mitoEV®® fractions, the contaminant fractions from SEC
separation showed negligible levels of mitochondrial proteins and
positive EV markers (e.g., HSP70 and TSG101) expressions (fig. S12,
C and D), indicating that the mitochondrial components of our mi-
toEV preparations are unlikely to be due to co-isolated contaminants.
Moreover, compared with the mitoEVE® treatment, the co-isolated
contaminants alone failed to enhance mitochondrial respiration in re-
cipient HK-2 cells at 24 hours after treatment (fig. S12, E and F). These
results again indicate that our mitoEV preparations contain abundant
mitochondrial contents and effectively enhance the mitochondrial
metabolism of recipient cells, with this effect mainly attributed to the
mitoEVs themselves rather than co-isolated contaminants. On the
basis of these results, considering the low EV yield of SEC separa-
tion and the high EV dosage required for therapeutic purposes, we
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decided to use mitoEVs for therapeutic purposes in subsequent
in vivo tests.

Ti-mitoEVs alleviate mitochondrial damage and promote
tissue repair

The in vivo therapeutic effects of mitoEV's were further assessed via
both acute and chronic forms of tissue injury characterized by mito-
chondrial injury (Figs. 5A and 6A). Skeletal muscle function relies
heavily on mitochondria for energy generation, while acute skeletal
muscle injury (AMI) caused by toxins (e.g., cardiotoxin) can disrupt
mitochondrial function and aggravate muscle damage (24, 41). The
mouse AMI model induced by intramuscular (i.m.) cardiotoxin in-
jection clearly exhibited myofiber degeneration and mitochondrial
network destruction on day 3 postinjection (Fig. 5, A to G, and
fig. S13, A and B). In contrast, mitoEV treatments (i.m. injection) ef-
fectively attenuated muscle injury in AMI mice, as evidenced by re-
duced myofiber lysis and preserved basal lamina (e.g., laminin)
integrity compared with those in the AMI alone group (Fig. 5, B to E,
and fig. S13, A and B). The muscles of AMI mice that received mitoEV
therapy exhibited higher levels of mitochondrial biogenesis [indicated
by transcription factor A, mitochondrial (TFAM)] and mitochondrial
mass (indicated by TOM20) compared to the AMI alone group
(Fig. 5, F and G), confirming that mitoEV therapy can effectively al-
leviate mitochondrial damage in skeletal muscle after AMI. The im.
injected 1,1'-Dioctadecyl-3,3,3’,3"-tetramethylindodicarbocyanine per-
chlorate (DiD)-labeled mitoEVs (red) colocalized with myofibers
(green) or immune cells (Ly6C* monocytes, green) in the injured
muscle tissue (fig. S14), suggesting that mitoEVs might arrive both
resident muscle cells and infiltrated immune cells to exert therapeu-
tic effects.

Mitochondria are also vital regulators of inflammation, as damaged
mitochondria can serve as damage-associated molecular patterns to
induce cytokine release and proinflammatory cell recruitment and ac-
tivation, which in turn aggravate tissue injury (41). Consistently, we
found that mitoEV treatment also reduced the levels of cytokine (e.g.,
Icam, y-Ifn, 1I-6, and Tnf-or) and proinflammatory cell (e.g., F4/80™
macrophages) infiltration in the injured muscle of AMI mice (Fig. 5,
H and [, and fig. S13C). Although less effective than mitoEVs, non-
mitoEVs showed certain potential to reduce inflammation and myo-
fiber damage in injured muscles of AMI mice (Fig. 5, B to E, H, and
I; and fig. S13, A to C). However, non-mitoEV treatments had sig-
nificantly lower efficacy in mitigating mitochondrial damage in
the injured muscles of AMI mice compared to mitoEVs (Fig. 5, F and
G). The partial beneficial role of non-mitoEVs in reducing muscle
injury might be because they also contain some protein components
related to the processes of muscle structure development and myo-
fiber assembly processes (fig. S5, D to F). These results indicate that
mitoEVs have superior efficacy in alleviating mitochondrial damage
and promoting muscle repair.

The kidneys are also among the major high-energy-demand or-
gans in the body (42), while mitochondrial damage, such as mitochon-
drial stress and impaired ATP production, is increasingly recognized
as a key player in chronic kidney disease (CKD) (43). CKD is a long-
term condition characterized by a gradual loss of kidney function
that can affect more than 800 million people worldwide, but there is
no effective therapy currently available in the clinic (44). Thus, the
therapeutic effects of mitoEV treatments on CKD were also assayed
in vivo (Fig. 6A). The in vivo distribution of systemically [intraperi-
toneally (i.p.)] injected Cy7-labeled mitoEVs was assayed. Positive
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signals of mitoEVs could be observed in major organs (including
kidneys) of mice, but there was no significant difference in the renal
signals between mitoEVs and non-mitoEVs (fig. S15). In addition,
the i.p. injected DiD-labeled mitoEVs (green) were found to colo-
calize with renal parenchymal cells (AQP* tubular epithelial cells,
red) and innate immune cells (Ly6C* monocytes, red) in the kidney
tissues of CKD mice (fig. S16). These findings indicate that the ad-
ministered mitoEVs might arrive both injured tissue cells and infil-
trated immune cells in vivo. It has been reported that innate immune
cells might phagocytose injected lipid nanoparticles and then trans-
fer them to injured tissue cells (45), which may explain our findings
to some extent. However, the exact cell types and the dynamic pro-
cess of mitoEV uptake in vivo are complicated and need further
investigation.

In folic acid-induced CKD mice, mitoEV therapy significantly
reduced the degree of renal fibrosis, as indicated by lower levels of
extracellular matrix (ECM) (Collal and Fn) expression and smaller
positive areas of Masson and picrosirius red staining compared to
the CKD alone group, and it showed superior antifibrotic potency
than non-mitoEVs did (Fig. 6, B and C, and fig. S17, A to C). More-
over, mitoEV treatments effectively restored renal mitochondrial
biogenesis (TFAM expression) and mitochondrial mass (Atp5a and
TOM?20) levels in CKD mice, whereas non-mitoEV treatments had
lower renoprotective effects (Fig. 6, D to F). Subsequently, mitoEV
treatments reduced renal cytokine (e.g., Icam, Thf-a, II-1f, and II-6)
expression and proinflammatory cell (e.g., CD68* macrophages) in-
filtration in CKD mice, and mitoEVs also exhibited higher anti-
inflammatory potency than non-mitoEVs did (Fig. 6, G to I, and
fig. S17D). The differences in therapeutic efficacy between mitoEV's
and non-mitoEVs may be due to their different compositions, par-
ticularly their functional mitochondrial contents. Together, our re-
sults indicate that mitoEV treatment can alleviate mitochondrial
injury in diverse forms of tissue injury in vivo.

Ti-mitoEVs exert tissue-protective effects through boosting
mitochondrial metabolism

Having found the tissue protective potency of Ti-mitoEVs therapy
in vivo, we further explored its underlying mechanism via RNA se-
quencing (RNA-seq). PCA plot and heatmap revealed altered gene
expression profiles in the injured kidneys of CKD mice compared
with those of control mice, which could be partially reversed after
mitoEV or non-mitoEV treatment (fig. S18). Compared with those
of control mice, the kidney tissues of CKD mice presented elevated
gene expression related to kidney injury (e.g., Havcrl and Len2), mi-
tochondrial dysfunction (e.g., Cyp24al, Ppargcla, and mt-Nd5),
chronic inflammation (e.g., Nfkbia and Cd68), and renal fibrosis (e.g.,
Fnl, Col3al, and Collal) (fig. S19, A to F). Compared with those in
the CKD alone group, the differentially expressed genes (DEGs) in-
duced by mitoEV (885 up-regulated and 2346 down-regulated) and
non-mitoEV (188 up-regulated and 496 down-regulated) treatments
were identified (Fig. 7A). The up-regulated DEGs of the mitoEV
group were enriched mainly in mitochondria-related components
(e.g., MIM and mitochondrial matrix) and energy metabolism-related
pathways (e.g., ion transport, ATP synthesis, ETC, and mitochondrial
transmembrane) (Fig. 7, A to E), whereas the down-regulated DEGs
of the mitoEV group were enriched mainly in immune response (e.g.,
inflammation, immune cell activation, and cytokine production) and
fibrotic processes (e.g., ECM proteins) (Fig. 7, A, F, and G). Non-
mitoEV treatment also reduced the expression of some genes
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Fig. 5. Evaluating the repair efficacy of mitoEVs in AMI. (A) Experimental scheme of the AMI study. (B) Representative H&E staining images of muscle on day 3 after AMI
(scale bar = 50 pm). (C) Quantitative analysis of the muscle injury area (n = 5). (D) Representative LN IF staining images of muscle on day 3 after mitoEV treatment (scale
bar = 50 pm). (E) Quantitative analysis of LN expression in muscle (n = 6). (F) IHC staining images of TFAM and TOM20 on day 3 after AMI (scale bar = 50 pm). (G) Quantita-
tive analysis of TFAM and TOM20 protein expression (n = 6). (H) IHC staining images of F4/80 and ICAM on day 3 after AMI (scale bar = 50 pm). (I) Quantitative analysis of
F4/80 and ICAM protein expression (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, and NS, not significant.

associated with certain pathways, such as inflammatory response
and fibrosis processes, but non-mitoEV treatment showed much
lower efficacy in restoring decreased mitochondrial metabolism-
related gene expression in the kidneys of CKD mice (Fig. 7A and
fig. S20). These results suggest that Ti-mitoEVs may promote tissue
injury repair by restoring mitochondrial metabolism.

Louetal., Sci. Adv. 11, eadt1318 (2025) 16 July 2025

Boosting mitochondrial metabolism via exercise enhances
Ti-mitoEV secretion

To explore the potent role of mitoEVs secretion in regulating the
mitochondrial metabolism of skeletal muscle in vivo, we evaluated
the changes in mitoEV's via a mouse high-intensity interval training
(HIIT) model (Fig. 8A). Notably, exercise, such as HIIT, is a powerful
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analysis of inflammation-related gene expression in the kidneys of the mice (n = 6). *P < 0.05, **P < 0.01, **#P < 0.001, and NS = not significant.

stimulus for increasing mitochondrial metabolism (e.g., mitochon-
drial biogenesis and energy metabolism) in skeletal muscle (46), and
increased EV secretion was also found in skeletal muscle during ex-
ercise (e.g., cycling) (12, 47). Our results revealed that HIIT mark-
edly altered the gene expression profile of mouse skeletal muscle,
and the 263 up-regulated genes [fold change (FC) > 1.5, P < 0.05]

Louetal., Sci. Adv. 11, eadt1318 (2025) 16 July 2025

were enriched mainly in pathways related to metabolic regulation
(e.g., mitochondrial energy metabolism, regulation of ion transport,
and regulation of secretion by cells), regulation of cell communica-
tion, and immune system development (Fig. 8, B to D). In line with
previous reports (46, 48), multiple critical regulators of mitochon-
drial biogenesis (e.g., Pgc-1a, Ppara, and Sirtl) were up-regulated
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Fig. 7. Modes of action of mitoEVs in promoting renal repair after CKD. (A) Volcano plot showing the DEGs in CKD kidneys treated with mitoEVs and non-mitoEVs.
(B) Heatmap of mitochondrial-, cytokine/chemokine-, and fibrosis-related gene expression in CKD renal treated with mitoEVs. (C) Proportion of mitochondrial proteins
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and P-adjusted <0.05.
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Fig. 8. mitoEV secretion is a natural regulator of tissue mitochondrial metabolism. (A) Schematic diagram of changes in mitochondrial metabolism in mice after
exercise. (B) Volcano plots showing the number of DEGs in muscle after HIIT (FC > 1.5 and P-adjusted <0.05). (C to E) GO analysis (C), interaction network (D), and heatmap
(E) of the DEGs between the CON group and HIIT group. (F) gPCR analysis of mitochondrial biogenesis-related gene expression in the muscle of mice (n = 3). (G) Repre-
sentative TEM images of mitochondrial morphology (scale bar = 2 pm). (H) Muscle mitoEV yield after HIIT (n = 6). (1) EV protein amounts at the single mitoEV level (n = 6).
(J) Representative TEM image of endogenous EVs within mouse skeletal muscle tissues after HIIT (the red arrow indicates EVs; scale bar = 500 nm). (K) Mitochondrial
protein content of mitoEVs after HIIT (n = 3). (L) Quantitative analysis of mitochondrial protein expression (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and
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after HIIT (Fig. 8, E and F). TEM images revealed that the mito-
chondria in the muscle tissues of the HIIT group were more aggre-
gated and densely arranged than those in the control group were
(Fig. 8G), indicating that acute exercise can stimulate mitochondrial
metabolism, such as mitochondrial dynamics, in skeletal muscle.
The enhanced mitochondrial fusion of muscle tissues during acute
exercise is likely due to the high energy demand in a short period (49).

Furthermore, multiple pathways related to cell secretion and cell
communication were also up-regulated in the muscle of the HIIT
group compared with the control group (Fig. 8, C to E), suggesting
that the mitoEV secretion process might also be enhanced in re-
sponse to mitochondrial stimulation (e.g., exercise). TEM images
revealed more EVs present in the interstitial spaces between the tis-
sue cells within mouse skeletal muscle post-HIIT, and the muscle
tissues of the HIIT group presented increased mitoEV yields as well
as increased levels of many mitochondrial proteins (e.g., ATP5a,
COXIV, VDAC, TOM20, and PDHB) in mitoEVs compared with
those of the control group (Fig. 8, H to L, and fig. S21). These results
collectively indicate that Ti-mitoEVs release may function as an in-
trinsic mechanism of mitochondrial regulation in muscle, which
may provide a tool for tuning mitochondrial metabolism in target
cells. In addition, the beneficial effect of exercise on increasing the
yield or biological activities of Ti-mitoEVs might further improve
the potential of Ti-mitoEV-based therapies for regenerative medi-
cine and promote their future clinical translation. However, the de-
tailed effects of training parameters (e.g., type, intensity, and duration)
on muscle mitoEV secretion (e.g., amounts and compositions) re-
main elusive and need to be explored in future studies.

In the present study, inspired by the natural process of EV-
mediated intercellular mitochondria transfer and its vital role in the
regulation of cellular metabolism and tissue homeostasis, we direct-
ly isolated mitoEVs from healthy muscle tissues and explored their
potential effects on tissue injury repair (Fig. 9). We found that tissue-
derived mitoEV subpopulations contain almost all types of mito-
chondrial proteins and the whole mitochondrial genome and that
they can boost mitochondrial biogenesis in recipient cells by transfer-
ring functional mitochondrial components (e.g., the mitochondrial
genome). On the basis of previous reports and our findings, Ti-
mitoEVs likely act as a type of natural nanoregulator of mitochon-
drial metabolism in vivo. Owing to this unique property, mitoEVs
may serve as potent mitochondrial replenishment therapies for re-
generative medicine by restoring mitochondrial biogenesis and en-
ergetic metabolism while alleviating oxidative stress in injured
tissue cells. In addition, Ti-mitoEV therapy may have some advan-
tages over current therapies, such as mitochondrial transplantation
and small chemicals. For example, mitochondrial transplantation
therapy faces several challenges, such as difficulty storing, ship-
ping and a potent immune response, and isolated mitochondria are
prone to rapid inactivation in the harsh microenvironment (oxida-
tive stress and inflammation) of injured tissues (50). In contrast, the
unique phospholipid bilayer structure of Ti-mitoEVs can protect
encapsulated functional mitochondria from external damage, there-
by offering greater stability and feasibility for storage and clinical use.
As tissue cell-derived natural nanovesicles and an endogenous means
of regulating mitochondrial metabolism, Ti-mitoEVs may offer
higher biosafety, bioavailability, and tissue/cell specificity than small
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Fig. 9. Schematic diagram of Ti-mitoEV therapy. Inspired by natural EV-mediated mitochondrial transfer and its role in cellular metabolism and tissue homeostasis,
Ti-mitoEVs act as nanoboosters for mitochondrial biogenesis, offering potential for regenerative medicine in tissue injuries linked to mitochondrial dysfunction.
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chemicals do. Furthermore, the tissue repair potency of mitoEVs
can be further improved by engineering methods, such as modifica-
tion with targeted molecules or therapeutic payloads and integration
with bioactive materials. Therefore, mitoEVs may serve as a mito-
chondrial replenishment therapy for regenerative medicine and hold
potential for future clinical translation.

Although the results showing that Ti-mitoEVs promote mito-
chondrial function and tissue repair are encouraging, several ques-
tions remain elusive and need to be addressed in future studies. For
example, the exact cell origin of Ti-mitoEVs is still unclear, as vari-
ous cell types within muscle tissue can secrete EVs. We have shown
that mitoEVs exert tissue repair effects by boosting mitochondrial
biogenesis, but non-mitoEV also play a tissue protective role to
some extent, which is likely due to the different compositions of
mitoEVs and non-mitoEVs, and their different functions or mecha-
nisms of action in tissue repair need further exploration. Moving
forward, identifying the specific effector cargos of Ti-mitoEV therapy
and then loading these effectors into EV “mimetic” monocultures
may facilitate future clinical translation (51). In addition, as a proof-
of-concept study, the therapeutic effects of Ti-mitoEVs have been
assessed in only two types of experimental animal models, and their
role in tissue repair needs to be verified in additional types of tissue
injury and large animal models. Although the unique lipid bilayer
structure of EV's can preserve their bioactive cargos, the optimal stor-
age conditions for maintaining the structural integrity and biologi-
cal activity of mitoEV’s are still unclear. Recent studies have shown
that EVs can be preserved under specific conditions, such as freez-
ing at —80°C in buffer solutions or lyophilization without significant
loss of functionality (52, 53), and such methods might also be adapt-
ed for long-term storage of mitoEV's for clinical trials. Therefore,
establishing an optimized storage protocol for mitoEV's and evaluat-
ing the impact of different storage conditions on their therapeutic
efficacy require further research.

To ensure the safety and efficacy of mitoEV-based therapies, sev-
eral parameters, such as the purity of mitoEV preparations, the in-
tegrity and functionality of mitochondrial contents, and the absence
of microbial contamination or endotoxins, should be rigorously as-
sessed. For instance, the absence of contaminants (e.g., cellular debris
and non-EV particles) should be confirmed via electron microscopy
or flow cytometry analyses (54). The presence of EV-specific mark-
ers (e.g., TSG101 and CD63) and the absence of negative markers
(e.g., GM130 and calnexin) should also be verified (52). The integ-
rity and functionality of the mitochondrial composition of mitoEV's
should be assessed via the use of mitochondria-specific dyes, MMP
indicators, and functional cell assays (16, 55). In addition, sterility
and endotoxin tests are essential to ensure compliance with regula-
tory standards for clinical applications (52, 53). Together, address-
ing these quality assurance criteria will be critical for the successful
translation of Ti-mitoEV's into clinical practice. Nevertheless, the
findings of this study indicate that Ti-mitoEV's can serve as natural
nanoboosters of mitochondrial biogenesis and may provide insights
into advanced regenerative medicine for diverse forms of tissue in-
juries associated with mitochondrial injury.

MATERIALS AND METHODS

Animals

All animal experiments were performed following the Guidelines of
the National Institutes of Health on the Use of Laboratory Animals

Louetal., Sci. Adv. 11, eadt1318 (2025) 16 July 2025

and were approved by the Animal Care and Use Committee of West
China Hospital, Sichuan University (permit no. 20220210002). Healthy
C57BL/6 mice (male, 6 to 8 weeks) and Sprague-Dawley (SD) rats
(male, 1 to 2 weeks) were purchased from Byrness Weil Biotech Ltd.
(Chengdu, China) and housed in a special pathogen—free facility.

Cell culture

Bone marrow-derived MSCs were collected from neonatal (1 to
2 weeks) SD rats and cultured in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, CA, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco) and 1% penicillin-streptomycin (Beyotime Biotech-
nology, Shanghai, China). Human renal proximal tubule epithelial cell
lines (HK-2) were cultured in DMEM/E-12 (Gibco) supplemented with
10% FBS and 1% penicillin-streptomycin. Mouse myoblast cell lines
(C2C12) were cultured in DMEM (Gibco) supplemented with 10% FBS
and 1% penicillin-streptomycin. All the cells were cultured in an incuba-
tor under a humid atmosphere with 5% CO, at 37°C.

Isolation of tissue-derived mitoEVs

Tissue-derived EVs were isolated from mouse skeletal muscle tissues
according to previously reported methods with optimization (22).
To obtain enough skeletal muscle tissue for EV isolation and consid-
ering the accessibility of the skeletal muscles, the major muscle
groups of the mouse hind limb, including the tibialis anterior (TA),
soleus, and gastrocnemius muscles, were collected for EV isolation.
In brief, skeletal muscle was dissected from euthanized mice, cut
into 1- to 3-mm® pieces and washed with phosphate-buffered saline
(PBS). Then, the muscle pieces were digested with collagenase IV
(1 mg/ml; 17104019, Gibco) and dispase (1 U/ml; D6430, Solarbio,
Beijing, China) in a shaking incubator at 37°C for 2 hours. After diges-
tion, a large volume of precooled DMEM was used for neutralization,
followed by centrifugation at 300g for 10 min to remove tissue
masses and 2000g for 40 min at 4°C to remove cells and other debris.
The supernatant was subsequently ultracentrifuged at 30,000g for
60 min at 4°C in an SW32Ti rotor (Beckman Coulter, Brea, CA,
USA) to obtain mitoEVs and further ultracentrifuged at 110,000g
for 70 min at 4°C to obtain non-mitoEVs. All EVs were washed with
PBS and then subjected to a second UC step at either 30,000g
or 110,000g.

For the conventional isolation method (56), muscle pieces were
incubated in a suspension culture bottle for 24 hours at 37°C under
5% CO,. Afterward, the supernatant was collected, and the differen-
tial UC procedure mentioned above was performed to obtain EVs.
Last, the purified EVs were resuspended in sterile PBS and stored at
—80°C until further use.

Transmission electron microscopy

The morphology of EVs or muscle tissues was observed using TEM
(HT7800, Hitachi Ltd., Tokyo, Japan) as previously described
(22, 57). For observation of EV samples, the EV suspension was
dropped on a carbon-coated copper grid, followed by washing with
pure water to remove unattached EVs. The grid was then stained
with 2% phosphotungstic acid and air dried before being subjected
to TEM. For the preparation of tissue TEM samples, normal and
postexercise muscle tissues were quickly fixed at 4°C in 3% glutaral-
dehyde and postfixed in 1% osmium tetroxide, followed by tissue
dehydration and resin embedding. The embedded tissues were sub-
sequently cut into ultrathin sections (70 nm), stained with 2% ura-
nyl acetate and Reynolds lead citrate, and then observed via TEM.
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Nanoparticle tracking analysis

The size distribution and particle number of the EVs were analyzed
using a Zeta View PMX 120 (Particle Metrix, Meerbusch, Germany)
as previously described (57). In brief, EVs were diluted with pure
water and analyzed via the following parameters (Max Area 1000,
Min Area 5, and Min Brightness 20) at 25°C.

Western blotting

EV protein was extracted using radioimmunoprecipitation assay buf-
fer (Beyotime) containing protease inhibitors (Calbiochem, San Diego,
CA, USA). The protein concentration was determined using a BCA
protein assay kit (Thermo Fisher Scientific, Carlsbad, CA, USA). Equal
particle numbers of EVs or equal amounts of EV protein were electro-
phoresed using sodium dodecyl sulfate-polyacrylamide gels, and
then transferred to nitrocellulose membranes (Cytiva, Germany). The
membranes were blocked in western blocking buffer (P0252, Beyotime)
and incubated with anti-GM130 (A11408, ABClonal, Wuhan, China),
anti-HSP70 (A0284, ABClonal), anti-TSG101 (14497-1-AP, Protein-
tech, Wuhan, China), anti-COXIV (11242-1-AP, Proteintech), anti-
ATP5a (A5884, ABClonal), anti-VDAC (55259-1-AP, Proteintech),
anti-TOM20 (no. 42406, Cell Signaling Technology, Beverly, MA,
USA), anti-PDHB (14744-1-AP, Proteintech), and anti-pyruvate car-
boxylase (PC, 16588-1-AP, Proteintech) at 4°C overnight. Afterward,
the membranes were washed and incubated with horseradish peroxidase-
conjugated secondary antibodies at 37°C for 1 hour. The protein
bands were detected using a chemiluminescence kit (MedChem
Express, Shanghai, China) and analyzed using Image] software (National
Institutes of Health, Bethesda, MD, USA).

Quantitative real-time PCR

Total RNA was extracted from tissues or cells using TRIzol reagent
(Gibco) and reverse transcribed into cDNA via a commercial kit
(Vazyme, Nanjing, China). Quantitative real-time PCR (qQPCR) was
carried out on a CFX96 real-time PCR detection system (Bio-Rad,
Hercules, CA, USA) using SYBR Green (Vazyme). The primer se-
quences are available in table S1. Human RPS18 and murine RpsI8
served as internal controls.

Detection of mtDNA expression

Total DNA was extracted from EVs or cells using a Universal Ge-
nomic DNA Kit (CwBio, Taizhou, China). The relative mtDNA copy
numbers were determined by qPCR analysis, in which murine CoxII
and human NDI were used as target mitochondrial genes and the
nuclear gene Rps18 was used as a normalization control. For long-
range PCR, the DNA templates of EVs (10 ng) were amplified using
G5 High-Fidelity DNA Polymerase (EnzyArtisan, Shanghai, China)
at an annealing temperature of 68°C (for LRP1) or 60°C (for LRP2).
The PCR products were visualized by 0.8% agarose gel electrophore-
sis. For standard PCR, the DNA templates of EVs (10 ng) and cells
(400 ng) were amplified at an annealing temperature of 60°C accord-
ing to the 2 X Taq Master Mix (Vazyme) instructions. The PCR prod-
ucts were electrophoresed via a 1% agarose gel and visualized using
a Tanon 3500BR Gel Image System (Tanon). All primer sequences
are provided in tables S2 and S3.

Mouse acute exercise model

C57BL/6 mice were subjected to exercise regimens (HIIT) on a tread-
mill following previously reported methods with some modifications
(58). In brief, the HIIT group began with a warm-up for 10 min at a

Louetal., Sci. Adv. 11, eadt1318 (2025) 16 July 2025

speed of 6 m/min. This was followed by six rounds of alternating
training at low intensity (8 m/min, 5 min), medium intensity (16 m/
min, 8 min), and complete rest (0 m/min, 2 min). Subsequently, an-
other six rounds of alternating training were performed, consisting of
low intensity (8 m/min, 2 min), high intensity (24 m/min, 4 min), and
complete rest (0 m/min, 1 min). After HIIT, all the mice were eutha-
nized for the collection of skeletal muscle samples.

RNA-seq analysis of tissue samples

After different treatments, mouse muscle or kidney tissues were col-
lected for RNA-seq analysis. In brief, total RNA of tissue samples
was extracted using TRIzol and then treated with deoxyribonucle-
ase I (Takara, Shiga, Japan) to remove genomic DNA. The RNA-seq
transcriptome library was constructed using a TruSeq RNA Sample
Preparation Kit (Illumina, San Diego, CA, USA), and the paired-end
RNA-seq sequencing library was sequenced on an Illumina HiSeq
xten/NovaSeq 6000 sequencer by Shanghai Majorbio Biopharm
Technology Co. Ltd. (Shanghai, China). The DEGs with a FC > 1.5
and P-adjusted < 0.05 were considered significant. The PCA plot,
volcano plot, and heatmap were generated using a free online plat-
form (https://omicsolution.com/wkomics/wkold/). GO analysis of
the DEGs was performed using STRING (https://cn.string-db.org/)
and visualized using Cytoscape software (version 3.7.2), and a false
discovery rate (FDR) < 0.05 was considered to indicate statistical
significance.

Proteomic analysis of tissue EVs

Total protein was extracted from EV samples using a protein lysis
buffer (8 M urea and 1% SDS) and quantified with a BCA kit (Ther-
mo Fisher Scientific). EV protein samples (100 pg) were taken for
reductive alkylation and digested with trypsin overnight at 37°C. The
trypsin-digested peptides were desalted and drained with a vacuum
concentrator. Then, the peptides were analyzed using a VanquishNeo
coupled with an Orbitrap Astral mass spectrometer (Thermo Fisher
Scientific) at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China). In brief, the peptides were dissolved in 0.1% formic acid and
separated on an ES906 column (150 pm X 15 cm, Thermo Fisher
Scientific) over a 60 SPD gradient at a flow rate of 500 nl/min. Data-
independent acquisition data were acquired using an Orbitrap As-
tral mass spectrometer, with MS data were collected over a mass/
charge ratio range of 100 to 1700. Bioinformatic analysis of the pro-
teomic data was performed with the Majorbio Cloud platform (https://
cloud.majorbio.com). DEPs were identified using thresholds of FC > 2
and P-adjusted <0.05. PCA plots, volcano plots, and heatmaps were
generated using a free online platform (https://omicsolution.com/
wkomics/wkold/). GO analysis of the DEPs was performed using
STRING (https://cn.string-db.org/), with FDR < 0.05 considered
significant. The proteomics data of mitoEVs were compared with
those of established EV proteomics databases, including Vesiclepedia
(http://microvesicles.org/) and Exocarta (http://www.exocarta.org/).

Polarized mitochondria measurement

The MMP of the EV samples was evaluated using MitoTracker Deep
Red Probes (Thermo Fisher Scientific). In brief, the dye was diluted
in 0.22-pm filtered PBS to a final concentration of 400 nM and sub-
jected to UC at 110,000g for 60 min at 4°C to remove the aggregated
dye. The free dye was then resuspended in 0.22-pm filtered PBS to
label the EV's (2 pg in 100 pl) at 37°C for 30 min in the dark. The MMP
of the labeled EVs was detected using the Cytek Aurora spectral flow
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cytometer (Cytekbio, Shanghai, China) with excitation at 644 nm
and emission at 665 nm.

Mitochondrial ROS measurement
The levels of mitochondrial ROS in EV samples were analyzed using
the MitoSOX Red mitochondrial superoxide indicator (MitoSOX,
Thermo Fisher Scientific). In brief, free dye (10 pM) obtained by UC
(with the aim of removing aggregated dye) was used to label EVs (2 pug
in 100 pl) at 37°C for 15 min in the dark. The mitochondrial ROS of
the labeled EV's were detected via a Cytek Aurora spectral flow cy-
tometer (Cytekbio) with excitation at 510 nm and emission at 580 nm.
For total intracellular ROS measurement, a 2',7'-Dichlorodihydro-
fluorescein diacetate (DCFH-DA) superoxide indicator (Beyotime
Biotechnology, Shanghai, China) was used according to the manufac-
turer’s instructions. After different treatments, the cells were stained with
DCFH-DA (10 pM) at 37°C for 20 min in the dark, and the fluorescence
was detected via a flow cytometer (CytoFLUX, Chengdu, China).

Mitochondrial respiratory capacity assays

The bioenergetic profile of HK-2 cells was assessed using the Seahorse
XF Flux Analyzer (Seahorse Biosciences, Agilent, USA) according to
the manufacturer’s instructions. HK-2 cells were seeded at a density
of 40,000 cells per well (for the XF24 analyzer) or 8000 cells per well
(for the XF96 Pro analyzer) in cell culture microplates. After 24 hours
of treatment with different EVs (4 x 10° particles/ml), the culture me-
dium of HK-2 cells was replaced with complete Seahorse XF DMEM
medium. Following equilibration, the cells were sequentially treated
with oligomycin (1 pM), carbonyl cyanide ptrifluoromethoxyphenyl-
hydrazone (FCCP; 1 pM), and rotenone-antimycin (0.5 pM) to mea-
sure the oxygen consumption rate. On the day of the assay, each well
on the plate was verified to be subconfluent with comparable cell den-
sity, and the results were normalized to cell number. For the H,O,-
induced oxidative stress model, HK-2 cells were pretreated with EVs
(2 x 10" particles/ml) for 2 hours, followed by the addition of H,O,
(100 pM) to induce cellular damage. After 24 hours of treatment, HK-
2 cells were seeded at 8000 cells per well in an XF96 Seahorse micro-
plate. After 4 hours, the medium was replaced with complete Seahorse
XF DMEM medium, and the cells were sequentially treated with oli-
gomycin (1 pM), FCCP (1 pM), and rotenone-antimycin (0.5 pM) to
assess mitochondrial activity. The data were analyzed using Agilent
Seahorse XF Wave Pro software (version 10).

Intracellular EV tracking assay

Tissue EVs (2 x 10° particles) were labeled with PKH26 (10 pM,
Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
protocols, and EV-DNA was labeled with ethidium bromide-N,N’-
bisacrylamide (EtBr; 2 pg/ml). HK-2 cells were incubated with dye-
labeled EVs for 8 hours at 37°C. After being washed with PBS, the
cells were stained with MitoTracker Green Probes (200 nM, Thermo
Fisher Scientific) to label the mitochondria and with Hoechst 33342
Staining Solution for Live Cells (Beyotime) to label the nuclei at 37°C
for 30 min. The mitochondria (magenta), internalized EV's (green),
EV-DNA (yellow), and nuclei (blue) were observed using SpinSR
spinning disk confocal super resolution microscope (Olympus) and
analyzed with OlyVIA 3.3 software (Olympus).

Size exclusion chromatography
In accordance with the MISEV2018 guidelines (52), the SEC proto-
col is recommended as a method with high specificity for EVs isolation
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and purification. Thus, a commercial SEC kit (Exosupur, Echo Bio-
tech, Beijing, China) was used to purify EVs according to the manu-
facturer’s instructions. In brief, the EV samples obtained via the UC
method were loaded onto the SEC column, and the fractions were
eluted by the continuous addition of filtered PBS. A total of 16 or 24
elution fractions were collected. Each fraction was analyzed for par-
ticle concentration using nanoparticle tracking analysis and for protein
concentration using a Micro BCA assay (Thermo Fisher Scientific).
Values below the detection limit were considered as zero. All col-
lected fractions were stored at —80°C for further analyses.

High-resolution flow cytometry analysis

The isolated EV's were labeled with CFSE (Thermo Fisher Scientific)
as previously reported (27, 28). In brief, EV's (4 X 10° particles in 100 pl)
diluted in 0.22-pm filtered PBS were incubated with CFSE (40 uM)
at 37°C for 30 min. The CFSE-labeled EVs were analyzed using a
high-resolution flow cytometer (Cytek Aurora spectral, Cytekbio)
with excitation at 492 nm and emission at 517 nm. Negative controls,
including PBS, unstained EVs, and dye alone, were used to eliminate
nonspecific fluorescence. To assess the integrity of the EVs, the
stained EV's were lysed via incubation with detergent Triton X-100
[final concentration at 1% (v/v), LABLEAD, Beijing, China] at room
temperature for 30 min as previously reported (27). The fluores-
cence of the lysed EVs was analyzed using an Cytek Aurora spectral
flow cytometer (Cytekbio). All flow cytometry data were analyzed
with FlowJo (version 10).

Mouse acute muscle injury model and treatments

C57BL/6 mice were randomly divided into four groups (n = 6): the
healthy control group (Con), acute muscle injury (AMI) group,
AMI + mitoEV group, and AMI + non-mitoEV group. To establish
a mouse model of AMI, cardiotoxin (25 pl of 20 pM, Sigma-Aldrich)
was im. injected into the TA muscle. One hour after cardiotoxin
injection, 25 pl of PBS or EVs (~5 x 10'? particles per TA) were ad-
ministered by i.m. injection into the TA muscle of each mouse.
Three days after EV treatment, all the mice were euthanized by an
overdose of anesthesia, and muscle samples were collected for fur-
ther analysis.

Histological examination

Muscle or kidney samples of mice were fixed in 4% paraformaldehyde,
dehydrated in an ethanol gradient, and embedded in paraffin. Subse-
quently, the samples were sliced into 4-pum-thick sections, followed by
hematoxylin and eosin (H&E), Masson’s trichrome, and immunobhis-
tochemistry (IHC) staining. For IHC staining, tissue sections were
stained with primary antibodies including anti-F4/80 (#70076, Cell
Signaling Technology), anti-ICAM (10831-1-AP, Proteintech), anti-
TOM20 (#42406, Cell Signaling Technology), anti-CD68 (BA3638,
BOSTER, Wuhan, China), and anti-TFAM (22586-1-AP, Proteintech),
and scanned using a digital pathology section scanner (NanoZoomer
$360, Hamamatsu Photonics, Japan) and quantified using Image].

In vivo biodistribution of EVs in mice

MitoEVs or non-mitoEVs were labeled with sulfo-Cy7-NHS ester
according to the manufacturer’s instructions (New Research Biosci-
ences Co. Ltd., Xian, China). Cy7-labeled mitoEVs and non-mitoEV's
(Cy7-EVs, ~1 x 10" particles in 100 pl of PBS per mouse) were i.p.
injected into C57BL/6 mice. At 4 hours after injection, the mice
were euthanized by an overdose of pentobarbital sodium anesthesia,
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and the organs, including the hearts, lungs, livers, kidneys and spleens,
were collected and observed on a multimodel in vivo animal imag-
ing system (Biolight, Guangzhou, China).

Mouse CKD model and treatments

C57BL/6 mice were randomly divided into four groups (n = 6): the
healthy control group (Con), CKD group, CKD + mitoEV group,
and CKD + non-mitoEV group. A mouse model of CKD was in-
duced by i.p. injection of folic acid (250 mg/kg, Sigma-Aldrich), and
PBS or EVs were administered via i.p. injection on days 0, 2, 4, and 6
after modeling. The dosage of EVs administered each time was ~1 x 10!
particles per mouse. On day 14 after EV treatment, all mice were
euthanized by an overdose of anesthesia, and kidney samples were
collected for further analysis.

Detection of tissue cell uptake of mitoEVs in vivo

The mitoEV's were labeled with DiD dye (5 pM, Thermo Fisher Sci-
entific) and further purified via UC according to manufacturer’s in-
structions. The purified DiD-labeled mitoEVs (5 x 10" for AMI
mice and 1 x 10" for CKD mice) were administered via i.m. injec-
tion to AMI mice and i.p. injection into CKD mice. Then, mouse
muscle and kidney tissues were collected at 2 hours postinjection
and sliced for microscopic-level observation. For IF staining, muscle
tissue sections were stained with anti-laminin (ab11575, Abcam) to
localize myofibers and with anti-Ly6C (GB115601, Servicebio, Wuhan,
China) to indicate monocytes. Kidney tissue sections were stained
with anti-AQP1 (ab9566, Abcam) to mark renal tubular cells and
with anti-Ly6C (GB115601, Servicebio) to indicate monocytes. The
stained tissue sections were observed using a SpinSR spinning disk
confocal super resolution microscope (Olympus) and analyzed with
OlyVIA 3.3 software (Olympus).

Statistical analysis

All the data are presented as the means + standard deviations and
were analyzed using GraphPad software (version 8.0.2, IBM Corpo-
ration, USA) with ¢ tests (for two-group comparisons) or one-way
analysis of variance (ANOVA) (for more than two group compari-
sons), and P < 0.05 was considered to indicate a significant difference.
The data were obtained from at least three biological replicates, and
“n” represents the number of independent samples for each group.
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