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Abstract

Background Injection of exogenous mitochondria has been shown to improve the ischaemia-damaged myocardium,
but the effect of mitochondrial transplant therapy (MTT) to restore skeletal muscle mass and function has not been
tested following neuromuscular injury. Therefore, we tested the hypothesis that MTT would improve the restoration
of muscle function after injury.
Methods BaCl2 was injected into the gastrocnemius muscle of one limb of 8–12-week-old C57BL/6 mice to induce dam-
age without injury to the resident stem cells. The contralateral gastrocnemius muscle was injected with
phosphate-buffered saline (PBS) and served as the non-injured intra-animal control. Mitochondria were isolated from do-
nor mice. Donor mitochondria were suspended in PBS or PBS without mitochondria (sham treatment) and injected into
the tail vein of BaCl2 injured mice 24 h after the initial injury. Muscle repair was examined 7, 14 and 21 days after injury.
Results MTT did not increase systemic inflammation in mice. Muscle mass 7 days following injury was 21.9 ± 2.1%
and 17.4 ± 1.9% lower (P < 0.05) in injured as compared with non-injured intra-animal control muscles in
phosphate-buffered saline (PBS)- and MTT-treated animals, respectively. Maximal plantar flexor muscle force was sig-
nificantly lower in injured as compared with uninjured muscles of PBS-treated (�43.4 ± 4.2%, P < 0.05) and
MTT-treated mice (�47.7 ± 7.3%, P < 0.05), but the reduction in force was not different between the experimental
groups. The percentage of collagen and other non-contractile tissue in histological muscle cross sections, was signifi-
cantly greater in injured muscles of PBS-treated mice (33.2 ± 0.2%) compared with MTT-treated mice
(26.5 ± 0.2%) 7 days after injury. Muscle wet weight and maximal muscle force from injured MTT-treated mice had
recovered to control levels by 14 days after the injury. However, muscle mass and force had not improved in
PBS-treated animals by 14 days after injury. The non-contractile composition of the gastrocnemius muscle tissue cross
sections was not different between control, repaired PBS-treated and repaired MTT-treated mice 14 days after injury.
By 21 days following injury, PBS-treated mice had fully restored gastrocnemius muscle mass of the injured muscle to
that of the uninjured muscle, although maximal plantar flexion force was still 19.4 ± 3.7% (P < 0.05) lower in
injured/repaired gastrocnemius as compared with uninjured intra-animal control muscles.
Conclusions Our results suggest that systemic mitochondria delivery can enhance the rate of muscle regeneration and
restoration of muscle function following injury.
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Introduction

Mitochondria function has both established and emerging
roles in multiple muscle processes, including adenosine
triphosphate (ATP) production,1 apoptosis,2 production of re-
active oxygen species (ROS)3 and control of muscle mass.3

Traumatic muscle injury damages mitochondria,4 which can
cause leakage of their contents into the cytoplasm, triggering
cell death,2 elevating ROS,5 increasing cytoplasmic calcium
accumulation and causing endoplasmic reticulum stress. Fur-
thermore, elevated ROS accumulation from damaged
mitochondria6,7 lowers mitochondrial ‘quality’ and induces
a greater ratio of unhealthy to healthy mitochondria8,9 that
together reduce the available energy. These changes can
suppress anabolic signalling and delay the restoration of
neuromuscular structure and function after an injury.10 While
antioxidants may facilitate tissue repair,5 this approach as
a sole treatment for injury is only partially successful. For
full restoration, there is a need to replace damaged mito-
chondria with healthy ones, which would correct the
energy vacuum and potentially mitochondrial modulated sig-
nalling that is present with incomplete mitochondrial
regeneration.

Mononucleated muscle stem cells/satellite cells (MSCs) are
critical for muscle repair following an injury.11,12 Previous ob-
servations indicate that the extracellular matrix, composed
of muscle collagen/non-contractile tissue, may have an essen-
tial role in regulating MSC-induced muscle regeneration.13,14

However, the importance of mitochondria available to MSCs
or fibroblasts, to moderate MSC-directed muscle repair
is unknown. Our previous work suggests that loss of SIRT1,
an important regulator of mitochondrial biogenesis via
activation of protein peroxisome proliferator-activated
receptor-gamma coactivator 1α (PGC1α)15 in MSCs, reduces
the restoration of muscle function after an injury.16 Further,
reducing mitochondrial biogenesis and Drp1 expression
increases fibrosis,17,18 while reducing mitochondria-induced
ROS accumulation can lower muscle fibrosis.19 Because
reducing PGC1α-regulated mitochondrial biogenesis can
inhibit muscle repair, we hypothesized that increasing
functional mitochondria in injured muscle would
reduce muscle fibrosis and improve restoration of muscle
function.

Multiple studies have shown that mitochondrial transplant
therapy (MTT), which provides healthy donor mitochondria
into ischaemic myocardium,20–23 or skeletal muscle,24 can
improve recovery from ischaemia–reperfusion injury. Donor
mitochondria can be incorporated into mesenchymal stem
cells to improve arterial lung and cardiac tissue repair.25,26

Nevertheless, it is unknown if MTT after traumatic muscle in-
jury can improve the restoration of neuromuscular function.
We hypothesized that systemic delivery of donor mitochon-
dria would improve muscle mass and function while reducing

fibrosis during recovery after injury. We report the novel
finding that systemic mitochondria delivery can enhance
muscle regeneration and restore muscle function following
BaCl2-induced injury.

Materials and methods

Animals and research design

All protocols were approved by the Institutional Animal Care
and Use Committee of the University of Tennessee Health
Science Center. Widespread muscle necrosis27 was caused
by injecting 50 μL of 1.2% BaCl2 into the gastrocnemius mus-
cle of one limb in male C57BL/6 mice (Jackson Labs, MA,
USA) that were 8–12 weeks of age (n = 6–8). The right or left
gastrocnemius was randomly injured with BaCl2, and the op-
posite muscle was the non-injured (50 μL PBS-injected) con-
trol muscle.

Twenty-four hours after BaCl2 injury, mice received a sys-
temic injection of 50 μL PBS as a sham treatment, or 50 μg
of isolated mitochondria diluted in 50 μL of PBS (MTT). In
some experiments, donor mitochondria were stained with
MitoTracker deep red. The muscles were collected 2 days af-
ter injury, to identify donor mitochondria, or markers of
fibrosis. Serum and plasma were collected to assess for in-
flammatory markers 2 days after injury. BaCl2-injured but
sham-treated mice, received a tail injection of PBS. Gastroc-
nemius muscles from sham-treated mice were examined in
control (C) or repairing (R) muscles after 7 days (7C,7R),
14 days (14C,14R) or 21 days of repair (21C,21R). Likewise
control or repairing muscles in mice that received 50 μg of al-
logenic donor mitochondria were examined after 7 days
(7CM,7RM), 14 days (14CM, 14RM) or 21 days of repair
(21CM,21RM) following BaCl2 injury. The research design of
the study is shown in Figure 1.

Mitochondria isolation

Liver mitochondria were isolated from PhAM B6;129S-Gt
(ROSA)26Sortm1.1(CAG-COX8A/Dendra2)Dcc/J or C57BL/6 mice
(Jackson Labs) using the protocol modified from Preble et
al.22 Briefly, approximately 200 mg of liver was homogenized,
filtered and centrifuged, and the mitochondria pellet was
suspended in PBS for MTT, or mitochondrial respiration
buffer, MiR0528 for respirometric analysis.

Mitochondrial respiration

High-resolution respirometry was conducted on isolated mi-
tochondria in MiR0528 to ensure that isolated mitochondria
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were viable and respiration competent prior to transplanta-
tion (Data S1). This permitted assessment for State 2 LEAK
respiration supported by complex I-linked substrates, and
maximal State 3 oxidative phosphorylation through complex
I.29 The addition of 10 μM of Cytochrome C did not stimulate
respiration >15%, indicating that the mitochondria were
intact and respiration was competent. To confirm that mito-
chondria functioned normally after MTT, respiration was con-
ducted on C2C12 cells 24 h after incubation with 50 μg/mL of
isolated mitochondria or PBS (n = 4/group). Mitochondria
respiration was normalized to the number of cells in the
chamber30 (Data S2).

Mitochondrial labelling and imaging

We used two in vitro and one in vivo approach to assess if do-
nor mitochondria were incorporated into host muscle cells
(Data S3). Donor mitochondria from PhAM mice have a
Dendra-2 (GFP-green) label that permits their identification
when they are incubated with C2C12 myoblasts or myotubes.
Following 24 h of incubation in PhAM mitochondria, the cells

were stained with MitoTracker deep red FM (ThermoFisher
Scientific) to label all mitochondria.

In the third approach, 50 μg of MitoTracker-labelled mito-
chondria were injected in the tail vein of host C56BL/6 mice,
and the mice were euthanized 24 h after MTT. Tissue cross
sections or longitudinal sections were examined for
MitoTracker-labelled mitochondria after incubation with an
anti-dystrophin antibody to identify the muscle fibre
sarcolemma (Data S4).

Muscle function

Plantar flexor force and fatigability were assessed in the in-
jured limb or the intra-animal undamaged control limb 7,
14 or 21 days after injury to assess the role of MTT on muscle
recovery following BaCl2 injection. Function was measured
with an 809C dynamometer (Aurora Scientific, Aurora,
Canada). Plantar flexor muscles were activated by electric
stimulation of the tibial nerve (200-μs pulse width) as previ-
ously described.11,31,32 The left and right muscles were com-
pared for each mouse, with one muscle having received

Figure 1 Research design. The study design is shown for the 21-day study. Mice received phosphate-buffered saline (PBS) injected into one gastroc-
nemius muscle, which acted as the non-injured intra-animal control. The contralateral gastrocnemius muscle was injected with BaCl2 to cause muscle
injury. Animals then received a systemic injection of PBS (sham treatment) or mitochondria (mitochondrial transplant therapy, MTT) treatment through
a tail vein 24 h after BaCl2 or PBS injection into the gastrocnemius muscles. In some acute experiments (2 days after muscle injury), mitochondria were
stained with MitoTracker deep red prior to systemic injection, to identify if they were incorporated into the muscles of damaged mice. MTT was con-
ducted on unstained mitochondria for experiments that were 7–21 days after muscle injury. Undamaged control muscles from PBS-sham treated an-
imals were harvested 7 days (7C), 14 days (14C), or 21 days (21C), after BaCl2 injury to the contralateral gastrocnemius muscle. Injured-repairing
gastrocnemius muscles from PBS-sham treated animals were also harvested after 7 days (7R), 14 days (14R) or 21 days (21R) following the BaCl2 injury.
Systemic delivery of 50 μg of mitochondria suspended in PBS was delivered via the tail vein in MTT-treated mice. Intra-animal control (PBS-injected,
non-damaged) muscles of MTT-treated mice were designated as control, mitochondria treated (CM) muscles. The CM muscles were examined after
7 days (7CM), 14 days (14CM) or 21 days (21CM), after BaCl2 or PBS injection. Repairing BaCl2-injured muscles from MTT-treated animals (RM) were
harvested after repair of 7 days (7RM), 14 days (14RM) or 21 days (21RM) following BaCl2 injury. Outcome measures included muscle force, fatigue,
muscle weight, fibre cross-sectional area and the percentage of collagen and other non-contractile tissue in injured-repaired and control non-injured
muscles. Forty-eight hours after injury a subset of mice were examined for muscle inflammatory markers and plasma was collected for assessment of
IFN-γ and C-reactive protein as markers for systemic inflammation.
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BaCl2 (injured) and with the contralateral muscle receiving
PBS (uninjured control muscle).

Fibre-type immunohistochemistry and
cross-sectional area

The gastrocnemius muscles of both hind limbs were frozen
and tissue sections were mounted on charged glass slides.
The tissue sections were next incubated with primary anti-
bodies (Data S5) to myosin heavy chain (MHC)-I, MHC IIA
and MHC IIB as described previously.11,16 The fluorescent im-
ages were developed with the appropriate secondary Alexa
Fluor antibodies. Muscle fibre cross-sectional areas (CSAs)
were obtained by planimetry from a minimum of 500 fluores-
cently labelled fibres/muscle taken from six to eight ran-
domly selected fields at an objective magnification of ×20.
Mean fibre area was calculated using ImageJ software (NIH,
Bethesda, MD, USA).

Collagen and non-contractile proteins in
regenerating muscles

To determine if MTT impacted the deposition of non-muscle
tissue in regenerating muscle, we quantified the level of col-
lagen non-muscle connective tissue from frozen tissue sec-
tions using Gomori’s Trichrome. Stereological quantification
of collagen and non-contractile tissue was obtained by point
counting33 using a 224-point grid in ImageJ software and
expressed as percentage of the total tissue cross section.

qPCR analysis

RNA was isolated from control and injured muscles and re-
verse transcribed followed by real-time qPCR to amplify the
transcripts (Data S6). The relative expression levels of gene
transcripts transforming growth factor beta-1 (TGFβ1), type
I collagen (COL I), type III collagen (COL III) and type V colla-
gen (COL V) transcripts were estimated by the comparative
CT method (2�ΔΔCT) and normalized to a housekeeping gene
(GAPDH). We also measured transcriptional regulation of me-
talloproteinases (MMP)2, MMP9, MMP13 and MMP14.

Western immunoblot analysis of collagen and
metalloproteinase proteins

To assess estimates of changes in proteins related to fibrosis
of regenerating muscle, we conducted western blots for Colla-
gen I, Collagen III, Collagen IV andMMP9 as these represented
a subset of transcripts that suggested trends in changes after
PBS as compared with MTT-treated muscles. The proteins
were separated by SDS-polyacrylamide gels and transferred

to nitrocellulose membranes then incubated with antibodies
against Collagen I, III, IV and MMP9 (Data S7).

Systemic inflammation

To assess if systemic injection of autologous mitochondria re-
sulted in a systemic inflammatory response, we assessed se-
rum C-reactive protein (CRP) in uninjured mice that received
no systemic treatment (n = 3), or after a systemic injection of
PBS as a sham treatment (n = 3), or MTT (n = 4). A mouse CRP
ELISA was conducted according to the manufacture’s recom-
mendations (Data S8).

As a further marker for systemic inflammation, comparisons
were made between plasma levels of IFN-γ in control naive
non-injuredmice to determine if MTT resulted in a systemic in-
flammatory response (Data S8). Plasma IFN-γ was assessed in
non-injured non-injected mice (n = 4), and in PBS-treated
(n = 4), and MTT mice (n = 4), using by a mouse IFN-γ ELISA.

Statistical analysis

The statistical analysis was conducted with GraphPad-Prism 9
(GraphPad Software, San Diego, CA, USA) using a Two-way
ANOVA (treatment × condition) with corrections made for
multiple comparisons against a baseline control group by
the Dunnett’s test. Statistical differences between right and
left hindlimbs of untreated or treated groups were compared
using a One-way ANOVA. Gene changes were assessed from
2�ΔΔCT values using an unpaired T test on injured limbs; how-
ever, when, normality or equal variance were not met, a
Mann–Whitney U test was conducted to assess differences
in gene expression levels. The cumulative frequency of fibre
size distributions was compared by Chi-squared analysis. The
results were expressed as mean ± standard error of the mean
(SEM), with significant differences established as P < 0.05.

Results

Mitochondrial incorporation

To assess if donor mitochondria are taken up by muscle cells,
we isolated mitochondria from donor PhAM mice, which
have a green Dendra-2 label, and incubated these mitochon-
dria with C2C12 myoblasts and myotubes in culture. The
Dendra-2 signal in the PhAM mitochondria remained green
and did not change to red because the cells were excited with
a light-emitting diode light source during imaging, and they
were not exposed to a laser signal. Myoblasts were stained
with MitoTracker Deep Red FM to identify their resident mi-
tochondria. No Dendra-2 green mitochondria were found in
control myoblasts that were not incubated with donor mito-
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chondria (Figure 2Ai), but strong green labelling was seen
around the nucleus of many C2C12 myoblasts (Figure 2Aii)
and myotubes (Figure 2Aiii) 24 h after incubation with PhAM
donor mitochondria. While some mitochondria appeared to
be perinuclear, other transplanted mitochondria were taken
up along the length of the myoblasts or myotubes. These
findings were confirmed in experiments where C2C12 myo-
blasts were incubated with Dendra-2 donor mitochondria
and then labelled with anti-Heat Shock Protein 60 (HSP-60,
Invitrogen, USA), a mitochondria specific protein to label all
mitochondria (donor + host mitochondria). These data show
overlap of donor Dendra 2 mitochondria and the HSP60-la-
belled resident mitochondria (Figure S1). This indicated that
donor mitochondria were incorporated into C2C12 cells.

To determine if mitochondria that are injected systemically
would reach injured skeletal muscle, donor mitochondria
from C57BL/6 mice were labelled with MitoTracker Deep
Red then injected into the tail vein of mice 24 h after BaCl2
injury of one limb. No donor mitochondria were found in
the undamaged muscles 24 h after MTT (Figure 2Bi). How-
ever, we observed labelled mitochondria inside the muscle fi-
bres that had been damaged by BaCl2 (Figure 2Bii,iii) 24 h af-
ter MTT. MitoTracker-labelled mitochondria were found in
longitudinal tissue sections where fibres that had a damaged
sarcolemma, whereas mitochondria in non-damaged muscle
fibres were rare (Figure 2Biii). These data show that mito-
chondria delivered systemically are taken up by damaged
skeletal muscle. This is consistent with previously published
data in damaged cardiac muscle.20,21,23,34–36

We found that mitochondria isolated from donor mice
were fully functioning prior to MTT, with low Cytochrome C
control efficiency (2.51% rise after 10-μM titration of Cyto-
chrome C) (Figure S2A). Myoblasts incubated with isolated
mitochondria show normal respiration (Figure S2B), indicat-
ing that mitochondrial integrity was maintained during isola-
tion and after incorporation by the cells.

Skeletal muscle function

Representative maximal in situ muscle force records from un-
damaged control muscles (C) from PBS sham-treated mice
and MTT-treated animals (CM) are shown in Figure 3A. Rep-
resentative force records are also shown for repairing
BaCl2-injured-PBS sham treated animals (Figure 3A). Maximal
muscle force was significantly lower in injured versus unin-
jured muscles of PBS- (�43.4 ± 4.2%, P < 0.05) and
MTT-treated mice (�47.7 ± 7.3%, P < 0.05) 7 days after in-
jury, but the reduction in force was not different between
the experimental groups (Figure 3B). Muscle force was
38.5 ± 7% lower in muscles of 14C versus 14R mice and this
did not differ from force in 7R mice. In contrast, MTT restored
maximal muscle force by 14 days after injury (Figure 3B).
Muscle force in PBS-treated mice had improved by 21 days

after injury, but maximal force was still 19.4 ± 3.7% lower in
21R versus 21C mice. Furthermore, maximal force generated
from 21RM mice was significantly greater than 21R mice (Fig-
ure 3B).

Muscle fatigue

As expected, gastrocnemius muscle fatigue was high (~88%
loss of force) due to a high type IIB fibre population distribu-
tion in this muscle. In PBS-treated mice, muscle fatigue was
lower in 7R (~58%) and 14R (61%) muscles, as compared with
7C and 14C muscles. Fatigue was lower in 7RM (65%) versus
7CM (88%), but fatigue was similar in 14CM and 14RM mus-
cles. The fatigue response was not different between the 21R
versus 21RM groups after injury (Figure S3).

Muscle mass is reduced with injury

Muscle mass was 21.9 ± 2.1% and 17.4 ± 1.9% lower
(P< 0.05) in 7R and 7RM in muscles, respectively with no dif-
ference between the treatment conditions (Figure 3C,D).
Muscle wet weight was significantly lower (�19.9 ± 2.3%)
in 14R as compared with 14C muscles (P < 0.05). However,
muscle weight was not different in 7R and 14R muscles of
PBS-treated mice. Muscle weight was significantly greater in
14RM versus 14R muscles and the weight of 14RM muscles
was only 3.9 ± 1.7% lower in 14RM versus 14CM (P > 0.05)
(Figure 3C,D) in MTT-treated mice. The injured gastrocnemius
muscle mass had recovered to that of uninjured muscles in
21R and 21RM mice (Figure 3D).

Fibre cross-sectional area

Type I and IIX fibres represented a very small percentage of
the gastrocnemius muscle (Figure S4) and therefore were
not analysed. Representative fibres from the control and in-
jured gastrocnemius muscles from PBS-treated and
MTT-treated mice are shown in Figure 4A.

Day 7 after injury
Mean Type IIA fibre CSA was 29.6 ± 3.6% lower (Figure 4B)
and Feret diameter was 12.5 ± 2.9% lower (Figure S5A) in fi-
bres from 7R versus 7C mice. Similarly, average Type IIA fibre
CSA was 9.8 ± 3.6% lower (Figure 4A), and Feret diameter was
8.4 ± 2.6% lower (Figure S5A) in 7RM versus 7CM mice. The
Type IIA fibre area-frequency distribution (Figure 4C) and
the cumulative frequency data (Figure 4E) showed that
approximately 93% of the Type IIA fibres had CSAs that were
<1250 μm2 7 days after injury 7R and 7RM muscles.
Approximately 70% of the undamaged 7C fibres had areas
that were <1250 μm2 (Figure 4C). This was consistent with
the shift to the left in the Type IIA Feret diameter
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distribution for repairing muscles of both 7R and 7RM mice
(Figure S5B).

Mean Type IIB fibre CSA (Figure 4B) and Feret diameter
(Figure S5A) were 63.3 ± 4.2% and 42.8 ± 4.4% smaller,
respectively, in 7R, and 56.7 ± 4.4% and 48.1 ± 6.4% smaller,
respectively in 7RM animals, as compared with 7C and 7CM,
respectively. The Type IIB fibre-area frequency distribution
(Figure 4D) and Type IIB fibre cumulative frequency data (Fig-
ure 4E) indicated that approximately 90% of the IIB fibres in
the 7R and 7RM muscles were<1750 μm2, and this was com-
pared with only approximately 15% of the population of Type
IIB fibres in 7C muscles (Figures 4D,F and S5C).

Day 14 after injury
Representative tissue cross sections are shown for PBS
sham-treated and MTT-treated mice 14 days after injury, in
Figure 5A. Mean Type IIA fibre CSA (Figure 5B) and average
Feret diameter (Figure S5D) was still 31.5 ± 1.5% less in 14R
versus 14C muscle. However, fibre size was not significantly
different between the 14R and 14RM mice. Similarly, there
was no difference between Type IIA CSA or Feret diameter
of 14C and 14CM. In contrast, the Type IIA fibre area distribu-
tion (Figure 5C) and the Type IIA cumulative frequency data
(Figure 5E) showed that 87% and 81%, respectively, of the
Type IIA fibres had CSA were <1250 μm2 14 days in 14R
and 14RM mice as compared with 75% and 88% of fibres in
7C or 7CM muscles, respectively, with fibres <1250 μm2

(Figure S5D).
Type IIB fibre CSA (Figure 5B) and Type IIB Feret diameter

(Figure S5D) were 22.1 ± 2.8% and 24.6 ± 2.3% lower in 14R
as compared with 14C mice. This compared with Type IIB
CSA that was 3.9 ± 1.2% lower (Figure 5B) and Feret diameter
that was 10 ± 2.1% (Figure S5D) lower in 14RM versus 14CM
muscles. However, Type IIB fibre area had not recovered to
control uninjured levels by 14 days after the BaCl2 injury.
The Type IIB fibre area frequency distribution (Figure 5D)
and the cumulative frequency data (Figure 5F) showed that
78 ± 3.2% of the IIB fibres in 14R mice and 42 ± 2.4% of the
IIB fibres in 14RM mice were significantly <1750 μm2, and

this was compared with only 21 ± 1.8% of the Type IIB fibres
in 14C mice and 26 ± 2.4% in 14CM muscles (Figure S5D). The
Feret diameter distribution for Type IIB fibres (Figure S5F)
showed the same pattern as the fibre area distribution.

Day 21 after injury
Representative tissue cross sections for control and repairing
muscles 21 days post-injury are shown in Figure 6A. Type IIA
fibres had similar mean fibre CSA (Figure 6B) and Feret diam-
eters (Figure S5G) in 21C, 21CM, 21R and 21RM muscles. Av-
erage Type IIB fibre CSA (Figure 6B) and mean Feret diameter
(Figure S5G) in 21R muscles had recovered to control levels.
Type IIA fibre area-frequency (Figure 6C) and the cumulative
frequency distribution (Figure 6E) was also similar in 14C,
14CM, 14R and 14RM groups. The Type IIA fibre Feret
diameter frequency distribution was similar in 21C and 21R
muscles, although the Type IIA Feret diameter frequency dis-
tribution had a greater percentage of fibres with diameters
between 40–60 μm in the 21RM muscles as compared with
21C muscles (Figure S5I). Interestingly, the fibre area-
frequency (Figure 6D) and the fibre cumulative frequency
(Figure 6F) as well as the Type IIB fibre Feret data
(Figure S5I) demonstrated the presence of a population of
smaller Type IIB fibres in the PBS sham-treated muscles com-
pared with the MTT-treated muscles. Specifically,
50.8 ± 4.3%, and 22.2 ± 2.2% of the Type IIB fibres in muscles
of 21R and 21RM mice, respectively, were <1750 μm2. This
compared with 16.1 ± 2.6% of the fibres in 21C and
27.7 ± 4.1% 21CM mice (Figure S5I).

Collagen and non-contractile muscle tissue

Gomori’s trichrome staining (Figure 7A) showed that <9% of
C and CM muscles contained collagen (non-contractile) tissue
(Figure 7B). Picro Sirius red-stained collagen fibres showed a
similar morphological distribution of non-contractile tissue
(Figure S6). The percentage of non-contractile tissue was sig-
nificantly greater in 7R (33.2 ± 0.2%) as compared with 7RM

Figure 2 Uptake of donor mitochondria in myoblasts, myotubes and myofibres. (A) MitoTracker deep red was incubated on C2C12 cells to label res-
ident mitochondria red (Cy5). Donor PhAM (green) mitochondria were isolated from Dendra-2 mice and incubated with MitoTracker-labelled C2C12
cells (i,ii) or myotubes (iii) at 37°C. C2C12 cells were grown to 70% confluency then differentiated into myotubes for 5 days using 2% horse serum (iii).
Negative myoblasts (i) did not receive donor mitochondria. The cells were imaged 24 h later. Green donor mitochondria can be seen incorporated into
the host C2C12 myoblasts and myotubes. Many donor mitochondria appear to be perinuclear. The scale bar corresponds to 200 μm. (B) Examples of
mouse gastrocnemius tissue sections from mitochondrial transplant therapy (MTT) mice that were undamaged control muscles injected with
phosphate-buffered saline (PBS) (i) or 2 days following injection with BaCl2 to induce muscle injury (ii,iii). Examples of injured muscles are shown
in cross section (ii) or longitudinal section (iii). Mitochondria from C57BL/6 mice were isolated and labelled with MitoTracker deep red then injected
into the tail vein of mice, 24 h after the BaCl2 injury in one limb. Contralateral control (undamaged gastrocnemius muscles) in MTT mice (i) and BaCl2
injured muscle was cut at a thickness of 8 μm in cross section (ii) or longitudinal section (iii) and reacted with antibodies to dystrophin to identify the
muscle sarcolemma and counter stained with DAPI to identify myonuclei. MitoTracker deep red stained the donor mitochondria red and where imaged
in the Cy5 channel. The data show no red-stained mitochondria that were taken up by the contralateral control muscle (i), but some fibres that were
damaged (as shown by disruption of the dystrophin in the fibre sarcolemma) took up the systemically delivered mitochondria. Longitudinal sections
(iii) showed evidence of damaged fibres that has taken up labelled donor mitochondria. The scale bar corresponds to 200 μm.
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(26.5 ± 0.2%) muscles (Figure 7B). The percentage of
non-contractile tissue was similar in gastrocnemius muscles
14R (15.9 ± 0.2%) and 14RM mice (11.1 ± 0.1%), but these
were significantly less than 7R muscles (Figure 7B). The
non-contractile composition of the gastrocnemius was
not different between 21C, 21RM, 21R and 21RM muscles
(Figure 7B).

Collagen gene expression

The relative gene expression of TGFβ1 mRNA was trending
(P = 0.08) lower in muscles from 2RM versus 2R mice (Figure

7C). There was also a trend for lower gene expression of Col-
lagen V (P = 0.06) and Collagen III (P = 0.10) in 2RM versus 2R
muscles. However, Collagen I mRNA was not different be-
tween 2R and 2RM muscles.

Collagen protein abundance

Western blots (Figure 7D) showed a strong tendency
(P = 0.08) for MTT-treatment to suppress Collagen IV protein
abundance in 7RM versus 7R by 34%. However, Collagen
I and III protein abundance was similar in 7RM and 7R mus-
cles. (Figure 7D).

Figure 3 In situ muscle force and muscle mass. (A) Representative plantar flexor force records obtained at 100-Hz frequency for phosphate-buffered
saline (PBS) sham-treated mice and mitochondrial transplant therapy (MTT)-treated mice 7, 14 or 21 days following BaCl2 injury of the gastrocnemius
on one leg. Control muscles (C) were injected with PBS and not injured. Control force records are for 7 days (7C), 14 days (14C) or 21 days (21C) after
injury of the intra-animal control muscle. All BaCl2-injured mice received a tail vein injection of PBS or MTT. PBS (sham-treated) mice were examined
after 7 days of repair (7R), 14 days of repair (14R) or 21 days of repair (21R) following injury. Mice that received donor mitochondria (MTT-treated mice)
were also examined after 7 days of mitochondria supplemented repair (7RM), 14 days of mitochondria repair (14RM) or 21 days of mitochondria repair
(21RM) following injury. (B) the force deficit of the BaCl2-injuredmuscle (expressed the percentage of the respective uninjured intra-animal control mus-
cle) was measured 7 days post-injury in mice after systemic treatment with PBS (7R) or MTT (7RM). In other mice, the control and injured muscles were
examined 14 days after injury in PBS-treated (14R) or MTT-treated (14RM), or after 21 days post-injury in PBS-treated (21R) or MTT-treated (21RM)
gastrocnemius muscles. P values are shown over the data. (C) Absolute muscle wet weight was obtained in control and injured gastrocnemius muscles.
Mice were injected systemically with PBS (sham) or with mitochondria (MTT). Control uninjured muscles from PBS-treated animals were obtained after
7 days (7C), 14 days (14C) or 21 days (21C) after injury of the opposite limb. Injured muscles of PBS-treated animals were examined or after 7 days of
repair (7R), 14 days of repair (14R) or 21 days of repair (21R) following injury. Other injured mice received systemically delivered donor mitochondria
(MTT treated). Control uninjured (PBS-injected) muscles from MTT-treated animals were obtained after 7 days (7CM), 14 days (14CM) or 21 days
(21CM) after injury of the opposite limb. The damaged-repairing muscles were examined after 7 days of mitochondria-supplement repair (7RM), 14 days
of mitochondria repair (14RM) or 21 days of mitochondria repair (21RM) following injury. P values are shown over the data. (D) The relative gastrocne-
mius muscle mass of the injured muscle is presented as a percentage of the corresponding uninjured (PBS-injected) intra-animal control muscle after
7 days after injury in PBS (7R) or MTT (7RM) mice, 14 days after injury in PBS (14R) or MTT (14RM) mice, or 21 days after injury in PBS (21R) or MTT
(21RM) mice. There was a significant difference between PBS-treated and MTT-treated muscle for the 14-day group.
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Matrix metalloproteinases

mRNA levels of MMP13 in 2RM were lower than 2R muscles
(Figure 7E). However, there was no difference in the relative
transcript levels between 2R and 2RM for MMP2, MMP9
and MMP14 (Figure 7E). Furthermore, MMP9 protein abun-
dance was similar in muscles from 7R-MMP9 and
7RM-MMP9 treated mice (Figure 7D).

Systemic inflammation

There was no difference in plasma levels of IFN-γ (Figure 7F)
between PBS-treated and MTT-treated mice 2 days after
BaCl2 injury. Similarly, serum CRP levels were not different,
2 days after systemic delivery of PBS or MTT. Furthermore,

PBS- and MTT-treated mice CRP levels did not differ from
control mice that did not receive either treatment (Figure
7G). Thus, the data do not show any evidence of
MTT-induced systemic inflammation.

Discussion

BaCl2 causes myofibre Ca2+ overload and hyper-contractions,
leading to widespread muscle proteolysis and membrane
rupture.37 Motor innervation is also disrupted but MSCs are
unharmed.27 We report that systemic delivery of healthy do-
nor mitochondria to mice with a BaCl2 injured muscle im-
proved muscle repair and restoration of function.

Figure 4 Muscle fibre size 7 days after BaCl2 injury. (A) Examples of gastrocnemius cross sections of uninjured control muscles of phosphate-buffered
saline (PBS)-injected mice (7C) or mitochondrial transplant therapy (MTT)-treated mice (7CM). Examples of muscle cross sections are shown that were
injured and allowed to repair for 7 days after systemic PBS treatment (7R) and systemic MTT treatment (7RM). Fibre type was identified by immuno-
cytochemistry of myosin heavy chains. Type IIA fibres (green), Type IIB fibres (orange/gold), Type IIX fibres (black) and Type I fibres (red). The white bar
is 200 μm in length. (B) Mean fibre cross-sectional area (CSA) was obtained by planimetry from a minimum of 200 Type IIA and 200 Type IIB fibres in
control non-injured muscles and 200 Type IIA and 200 Type IIB fibres in repairing muscles 7 days after the BaCl2 injury. The data are presented as
mean ± SD for each animal. Control non-injured (PBS-injected) muscles from PBS-treated (7C) or MTT-treated mice (7CM). Injured (BaCl2 injected) mus-
cles from PBS sham-treated (7R) or MTT-treated mice (7RM). *Type IIB fibre CSA for 7C and 7CM were significantly greater than either 7R or 7RM Type
IIB fibres at P < 0.05. (C–F) Fibre frequency histograms (C, D) and cumulative frequency distributions (E, F) for Type IIA (C, E) and Type IIB (D, F) fibres.
(C, D) the corresponding control muscle data for the frequency histograms (7C or 7CM) are represented by shaded bars. The blue line represents data
from PBS-injected mice 7 days post-injury (7R). The green line represents data from MTT-injected mice after 7 days of injury (7RM). (E,F) Cumulative
frequency distribution for control muscle data (7C, circle or 7CM, inverted triangle). The blue line, PBS-injected mice 7 days post-injury (7R). The green
line, MTT-injected mice after 7 days of injury (7RM).
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Transplanted mitochondria appeared healthy

Previous studies have shown that MTT provides healthy do-
nor mitochondria, which enhances repair of ischaemic
myocardium,20–23 or skeletal muscle24 and also improves out-
comes from neurological diseases.38 MTT-treated myoblasts
respired similarly to non-MTT-treated myoblasts (Figure S2).
It was not unexpected that the maximal respiration did not
increase in MTT-treated myoblasts. However, we cannot rule
out the possibility that there was a transient increase in res-
piration and our sampling point missed this increase. Such a
transient increase in respiration has been shown in
MTT-treated cardiomyocytes,39 and then respiration re-
turned to that of control cardiomyocytes. Alternatively, it is
possible is that the rapid proliferation of myoblasts may ‘di-

lute’ the respiratory enhancement by MTT, as these cells will
easily double by 24 h, and the daughter cells will not be as
loaded with exogenous donor mitochondria. Furthermore,
post-mitotic cells or cells undergoing stress (from injury)
may be better equipped to keep the spare respiratory capac-
ity as they rely heavily on oxidative phosphorylation for en-
ergy during muscle repair.

Restoration of muscle structure and function after
injury

As expected, BaCl2 injected into the gastrocnemius resulted
in muscle necrosis and a loss of muscle weight, which then
began a process of muscle regeneration, but muscle weight

Figure 5 Muscle fibre size 14 days after BaCl2 injury. (A) Examples of gastrocnemius cross sections of uninjured control muscles of phosphate-buffered
saline (PBS)-injected mice (14C) or mitochondrial transplant therapy (MTT)-treated mice (14CM). Examples of muscle cross sections are shown, where
injured muscles were allowed to repair for 14 days after systemic PBS sham- treatment (14R) and systemic MTT-treatment (14RM). Fibre type was
identified by immunocytochemistry of myosin heavy chains. Type IIA fibres (green), Type IIB fibres (orange/gold), Type IIX fibres (black) and Type I fi-
bres (red). The white bar is 200 μm in length. (B) Mean fibre cross-sectional area (CSA) was obtained by planimetry from a minimum of 200 Type IIA
and 200 Type IIB fibres in control non-injured muscles and 200 Type IIA and 200 Type IIB fibres in repairing muscles 14 days after the BaCl2 injury. The
data are presented as mean ± SD for each animal. Control non-injured (PBS-injected) muscles from PBS-treated (14C) or MTT-treated mice (14CM).
Injured (BaCl2 injected) muscles from PBS sham-treated (14R) or MTT-treated mice (14RM). *Type IIB fibre CSA for 14C was significantly greater than
either 14R or 14RM Type IIB fibres at P < 0.05. Type IIB fibre CSA for 14C and 14RM was significantly greater than 14R at P < 0.05. (C–F) Fibre fre-
quency histograms (C,D) and cumulative frequency distributions (E,F) for Type IIA (C,E) and Type IIB (D,F) fibres. (C,D) The corresponding control mus-
cle data for the frequency histograms (14C or 14CM) are represented by shaded bars. The blue line represents data from PBS-injected mice 14 days
post-injury (14R). The green line represents data from MTT-injected mice after 14 days of injury (14RM). (E,F) Cumulative frequency distribution for
control muscle data (14C, circle or 14CM, inverted triangle). The blue line represents PBS-injected mice 14 days post-injury (14R). The green line rep-
resents MTT-injected mice after 14 days of injury (14RM).
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was similar in the gastrocnemius of 7R and 7RM mice. Simi-
larly, maximal muscle force was reduced to a similar level in
7R and 7RM muscles after BaCl2 injury (Figure 3B). MTT did
not appear to improve the overall repair of Type IIA or Type
IIB fibres by 7 days post-injury, because mean fibre CSA, mean
Feret diameter and the cumulative frequency distribution of
Types IIA and IIB fibres were similar in 7R and 7RM muscles
(Figures 4B and S5A–C). Together, these data show that the
extent of the initial 7 days of muscle regeneration after injury
was not improved by MTT. While the early events of MSC
proliferation and differentiation are critical to the initiation
of muscle repair,40,41 MSC activation was not evaluated in
this study. The failure to improve the early stages of
muscle repair was not the result of the donor mitochondria

initiating an inflammatory state in MTT-treated mice, be-
cause the systemic delivery of mitochondria did not elevate
CRP or IFN-γ, which are markers for systemic inflammation
(Figure 7F,G).

PBS-treated mice had no improvement in plantar flexor
muscle force, muscle wet weight or mean Type IIB fibre size
between 7 and 14 days of repair following injury, as
compared with the uninjured control muscles. In contrast,
maximal muscle force showed significant recovery in
MTT-treated mice 14 days after injury compared with the
maximal plantar flexor force levels achieved 7 days after in-
jury, or in comparison to maximal force production of
undamaged control muscles of MTT-treated animals
(Figure 3B). This greater restoration of muscle force by

Figure 6 Muscle fibre size 21 days after BaCl2 injury. (A) Examples of gastrocnemius cross sections of uninjured control muscles of phosphate-buffered
saline (PBS)-treated mice (21C) or mitochondrial transplant therapy (MTT)-treated mice (21CM). Examples of muscle cross sections are shown where
injured muscles were allowed to repair for 21 days after systemic PBS treatment (21R) and systemic MTT treatment (21RM). Fibre type was identified
by immunocytochemistry of myosin heavy chains. Type IIA fibres (green), Type IIB fibres (orange/gold), Type IIX fibres (black) and Type I fibres (red).
The white bar is 200 μm in length. (B) Examples of gastrocnemius cross sections of uninjured control muscles of phosphate-buffered saline (PBS)-
treated mice (21C) or mitochondrial transplant therapy (MTT)-treated mice (21CM). Examples of muscle cross sections are shown where injured mus-
cles were allowed to repair for 21 days after systemic PBS treatment (21R) and systemic MTT treatment (21RM). Fibre type was identified by immu-
nocytochemistry of myosin heavy chains. Type IIA fibres (green), Type IIB fibres (orange/gold), Type IIX fibres (black) and Type I fibres (red). The white
bar is 200 μm in length. (SD for each animal. Control non-injured (PBS injected) muscles from PBS sham-treated (21C) or MTT-treated mice (21CM).
Injured (BaCl2 injected) muscles from PBS-treated (21R) or MTT-treated mice (21RM). (C–F) Fibre frequency histograms (C,D) and cumulative frequency
distributions (E,F) for Type IIA (C,E) and Type IIB (D,F) fibres. (C,D) The corresponding control non-injured muscle data for the frequency histograms
(21C or 21CM) are represented by shaded bars. The blue line represents data from PBS sham-treated mice 14 days post-injury (21R). The green line
represents data from MTT-treated mice after 14 days of injury (21RM). (E,F) Cumulative frequency distribution for non-damaged control muscle data
(21C, circle or 21CM, inverted triangle). The blue line, PBS-injected mice 21 days post-injury (21R). The green line, MTT-injected mice after 21 days of
injury (21RM).
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Figure 7 Collagen deposition and markers for fibrosis and for inflammation. (A) Gomori’s trichrome non-contractile collagen staining. Examples of tis-
sue cross sections of control and injured gastrocnemius muscles after phosphate-buffered saline (PBS) or mitochondrial transplant therapy (MTT) treat-
ment. Collagen fibres were identified with Gomori’s trichrome staining in gastrocnemius tissue cross sections from PBS-treated or MTT-treated mice
after 7 days (7R,7RM), 14 days (14R, 14RM) or 21 days (21R, 21RM) of injury. The white bar is 200 μm in length. (B) Quantification of the
non-contractile and collagen tissue. Collagen deposition was quantified stereologically by a 224-point count grid and the percentage of the total fibre
tissue section was presented as mean ± SD. Control non-injured PBS sham-treated muscles (C), and MTT-treated muscles (CM). PBS repairing muscles 7
(7R), 14 (14R) and 21 days (21R) after injury and mitochondria-treated repairing muscles after 7 (7RM), 14 (14RM), 21 (21RM) days after injury.
*P < 0.05, versus 7R and 7 RM; **P < 0.05, Day 7R versus Day 7RM. (C) Collagen/fibrosis gene markers. Gastrocnemius muscles were injured by BaCl2
and injected with PBS or MTT 24 h after the muscle injury. mRNA was isolated from muscles 48 h after the initial injury. The relative expression levels of
amplified transcripts were estimated by the comparative CT method (2

�ΔΔCT
) and normalized to a house keeping gene (GAPDH). The temperature cy-

cle profile for the qPCR reactions was 50°C for 2 min 95°C for 10 s followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. A melt curve of 95°C for 15 s,
60°C for 60 s, and 95°C for 15 s was used to verify the specificity of the amplified PCR product. The data were expressed as fold-differences compared
with the uninjured intra-animal control muscle. mRNA expression was measured by qPCR for genes that are indicators of fibrosis and collagen signal-
ling (TGFβ1). The temperature cycle profile for the qPCR reactions was 50°C for 2 min 95°C for 10 s followed by 40 cycles of 95°C for 15 s and 60°C for
60 s. A melt curve of 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s was used to verify the specificity of the amplified PCR product. The data were
expressed as fold-differences compared with the uninjured intra-animal control muscle. mRNA expression was measured by qPCR for genes that
are indicators of fibrosis and collagen signalling (COL I, COL III and COL V). The data are expressed as the fold change of 2�ΔΔCT from injured as com-
pared with control muscles. (D) Collagen protein abundance. The gastrocnemius muscle of one limb was injured by BaCl2, and the contralateral limb
was injected with PBS which did not cause muscle injury. Twenty-four hours after the injury, mice received a systemic injection of PBS or MTT. Approx-
imately 40 mg of muscle was homogenized, and cell lysates were separated on SDS-polyacrylamide gels then transferred to polyvinylidene fluoride
(PVDF) membranes. The membranes were blocked in 5% bovine serum albumin (BSA) and total protein was fluorescently quantified via the iBright
FL1500 imaging system (Invitrogen). The membranes were then incubated overnight at 4°C with primary antibodies for Collagen I (alpha 2(I) chain with
a predicted molecular weight ~110 kDa), Collagen III (molecular weight ~140 kDa) or Collagen IV (molecular weight ~120 kDa). The membranes were
washed and incubated with anti-rabbit or anti-mouse IgG-conjugated secondary antibodies then the signals were developed with SuperSignal West
Pico plus ECL reagent and imaged. The proteins were then quantified by ImageJ. The data show that MTT had a tendency (P = 0.08) to suppress Col-
lagen IV protein abundance in injured-repairing muscles, 7 days after injury. An example of western blots for Collagen I (COL I), Collagen III (COL 3) and
Collagen IV (COL IV) are shown in the insert. (C) Control uninjured muscles; 7R, PBS-treated muscles, 7 days after injury; 7RM, MTT-treated muscles,
7 days after injury. (E)Metalloproteinase mRNA. Transcript levels were determined for metal metalloproteinases (MMP2, MMP9, MMP13 and MMP14)
to determine if MTT affected collagen/fibrosis remodelling during muscle repair after an injury. The gastrocnemius muscle of one limb was injured by
BaCl2 injection, while the opposite limb received PBS as a non-injury control. Twenty-four hours after injury, mice received a systemic injection of PBS
or MTT. The muscles were harvested, and mRNA was isolated from muscles 48 h after the initial injury. The relative expression levels of amplified tran-
scripts were estimated by the comparative CT method (2�ΔΔCT) and normalized to a house keeping gene (GAPDH). The temperature cycle profile for
the qPCR reactions was 50°C for 2 min 95°C for 10 s followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. a melt curve of 95°C for 15 s, 60°C for 60 s,
and 95°C for 15 s was used to verify the specificity of the amplified PCR product. The data were expressed as fold differences compared with the un-
injured intra-animal control muscle. This suggests that signalling for fibrosis/non-contractile tissue tended to have lower mRNA in injured muscles from
MTT- than PBS-treated animals 2 days of injury. *P < 0.05, versus 2R MMP13 versus 2RM MMP13. All other data failed to reach significance. The P
values shown on the figure. (F) Plasma levels of IFN-γ. Plasma levels of IFN-γ were measured by ELISA in control naive non-injured mice (n = 4), and 48 h
after systemic injection of either PBS (n = 4) or MTT (n = 4). Data are presented as mean ± SD. Mice did not receive a muscle injury in these exper-
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MTT was due at least in part to greater regeneration of con-
tractile tissue. Both gastrocnemius muscle weight (Figure
3C) and Type IIB fibre size (Figure 5B,C) were greater in
14RM versus 14R muscles, or as compared with injured
muscles of either 7R or 7RM mice. The MTT improvement
in regeneration appeared to be fibre-type specific because
mean fibre area, fibre area frequency and cumulative fibre
area were all similar in repairing Type IIA fibres of
MTT-treated and PBS-treated mice 14 days after injury.
Thus, the improved repair of both force and muscle struc-
ture in the gastrocnemius of MTT-treated mice appeared
to be limited to Type IIB fibres. Enhanced Type IIB repair is
important because this is the primary fibre type of the
mouse gastrocnemius.

The slower restoration of Type IIB fibre size in PBS as com-
pared with MTT-treated mice as shown by a lower maximal
force production, as well as the differences in the cumulative
frequency and fibre area distributions at 14 and 21 days fol-
lowing injury, suggests that mitochondrial supplementation
is most effective during the periods of anabolic growth and
signalling in differentiated muscle cells. We do not know if
this response is unique to the gastrocnemius; however,
we speculate that because Type IIB fibres generally contain
a low percentage of mitochondria, they may benefit more
from MTT in muscle repair as compared with fibres having
a higher percentage of mitochondria such as Type IIA or
Type I fibres.42 It is possible that Type IIA fibres had sufficient
mitochondria for fibre repair so that additional mitochondria
were not advantageous for their repair. Alternatively,
uninjured Type IIA fibres may have donated healthy
mitochondria to the injury site and improved repair without
the need to supplement repair with more mitochondria.
Nevertheless, it is worth noting that this may not be the rea-
son for this observation because MTT has been shown to im-
prove myocardial repair after ischaemia–reperfusion
injury35,43,44 and myocardial cells contain a high volume of
mitochondria.

Although wet weight and fibre CSA were restored to con-
trol levels in the PBS-treated muscles 21 days post-injury,

Type IIB fibre area-frequency and cumulative frequency dis-
tributions indicated that all Type IIB fibres had not been fully
restored. In contrast, Type IIB fibre area and gastrocnemius
muscle force were fully restored to control levels by 21 days
after injury in MTT-treated mice compared with non-injured

contralateral control muscles. Together, these findings sug-
gest that MTT had accelerated the restoration of neuromus-
cular force and Type IIB fibre size compared with
PBS-treated muscles after BaCl2 injury.

Mitochondrial transplant therapy regulation of
non-contractile tissue

Stereological analysis from tissue cross sections showed sig-
nificantly greater collagen in BaCl2-damaged muscles of
PBS-treated mice compared with MTT-treated mice 7 days af-
ter injury. However, non-contractile/collagen tissue in cross
sections began to decline (i.e., remodel) by 14 days after in-
jury, in both PBS sham- and MTT-treated muscles. The initial
remodelling of collagen and other non-contractile tissue ele-
ments could have been influenced by differences in inflam-
mation between PBS- and MTT-treated mice, as suggested
by a tendency for a decline in mRNA for TGFβ, Collagen III
and IV mRNA in muscles from MTT-treated mice. Further-
more, we found a tendency for lower collagen transcripts
and Collagen IV protein abundance in MTT-treated muscles
after injury, but additional work is needed to establish the im-
portance of MTT regulation of collagen/fibrosis as an early re-
sponse mechanism in muscle repair. We also found that the
transcript level of MMP13, a major enzyme that targets con-
nective tissue for degradation,45 was significantly lower in in-
jured muscles from MTT compared with PBS-treated mice
48 h after injury, and this is consistent with an MTT regulation
of collagen deposition, although neither the protein abun-
dance nor transcripts for MMP9 appeared to be altered in
repairing muscle from PBS as compared with MTT-treated
mice.

This study was not designed to address the mechanism by
which MTT might improve muscle repair. Nevertheless, our
data show a therapeutic role for MTT and that donor mito-
chondria are taken up by muscle cells in vitro. Furthermore,
injured muscle cells in vivo appear to preferentially incorpo-
rate donor mitochondria as compared with non-injured mus-
cle fibres. One possibility is that the damaged muscle mem-
branes eliminated a barrier for mitochondria, which allowed
damaged fibres to accumulate donor mitochondria after
MTT. However, if this is the case, we do not know if this is
a passive accumulation through damaged membranes or if
there is a specific signal that attracts the donor mitochondria
to the injury site. Furthermore, it is possible that their overall
purpose may at least in part be in regulating molecular signal-
ling during muscle repair. Although speculative, we hypothe-
size that the importance of donor mitochondria may go be-
yond simply providing additional ATP to the repairing
muscle. This is hinted in the tendency for an MTT-induced re-
duction of collagen mRNA and collagen protein abundance in
the extracellular matrix of repairing muscle, although the im-
portance of this is not yet clear.

iments, to identify whether MTT created a systemic inflammatory response in the mice. No increases in IFN-γ were identified by systemic delivery of
MTT. (G) C-reactive protein (CRP). Plasma levels of CRP were measured as a second marker of systemic inflammation. CRP was detected by an ELISA in
control naive non-injured, non-treated mice (n = 3), and 48 h after systemic injection into the tail vein mice for PBS (n = 3) or MTT (n = 4). No increase
in CRP was identified after systemic delivery of mitochondria to the mice 2 days after systemic injection, as compared with PBS-treated or non-treated
animals.
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Limitations

This study had several limitations. Although MTT showed im-
proved force recovery, and Type IIB fibre size after BaCl2 in-
jury, further investigation is needed to determine if a single
treatment of MTT provides a maximal repair response or if
multiple applications of MTT will further improve muscle re-
pair and/or accelerate the restoration of neuromuscular junc-
tion remodelling and the ability to generate muscle force.
Furthermore, we do not know if MTT will provide similar ben-
efits during repair from an injury that was not induced by
BaCl2. Finally, we do not know if mitochondrial signalling or
additional mitochondrial oxidative phosphorylations are most
important during MTT-enhanced muscle repair or how long
donor mitochondria persist after transplantation for contrib-
uting to muscle repair.

Conclusions

This study showed that MTT one day after injury did not in-
duce a systemic inflammation nor did it modulate the func-
tional repair of muscle over the first week following injury.
However, MTT had a tendency for lower non-contractile col-
lagen deposition and significantly improved the rate of gas-
trocnemius muscle fibre repair and restoration of force, espe-
cially between 7 and 14 days following BaCl2 injury. Thus,
MTT enhanced regeneration preferentially in Type IIB fibres
and improved restoration of muscle function following injury.
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