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Induction of muscle regeneration by RNA-mediated
mitochondrial restoration

Sukanta Jash and Samit Adhya1

Genetic Engineering Laboratory, Indian Institute of Chemical Biology, Council of Scientific and
Industrial Research (CSIR), Calcutta, India

ABSTRACT Skeletal muscle injury is associated with
general down-regulation of mitochondrial function.
Postinjury regeneration of skeletal muscle occurs
through activation, proliferation, and differentiation of
resident stem cells, including satellite cells and endo-
thelial precursor cells. We wanted to determine the role
of mitochondrial function in the regeneration process.
Using a previously described method for complex-
mediated delivery to intracellular mitochondria, a com-
bination of polycistronic RNAs encoding the H strand
of the rat mitochondrial genome was administered to
injured rat quadriceps muscle, resulting in restoration
of mitochondrial mRNA levels, organellar translation,
and respiratory capacity. Intramuscular ATP levels
were elevated on pcRNA treatment of injured muscle;
concomitantly, levels of reactive oxygen species in the
injured muscle were reduced. These effects combined
to produce a notable increase in the rate of wound
resolution, accompanied by reduction of fibrosis and
acceleration of myogenesis, vasculogenesis, and re-
sumption of muscle contractile function. There was
evidence of proliferation of Pax7� satellite cells, ex-
pression of muscle-specific regulatory factors in a spe-
cific time sequence, and formation of new myofibers in
the regenerating muscle. RNA-induced wound resolu-
tion and satellite cell proliferation were sensitive to
mitochondrial inhibitors, indicating the importance
of oxidative phosphorylation. These results highlight
the activation of endogenous stem cells through
mitochondrial restoration as a possible alternative to
implantation of cultured stem cells.—Jash, S., Adhya,
S. Induction of muscle regeneration by RNA-medi-

ated mitochondrial restoration. FASEB J. 26, 000–000
(2012). www.fasebj.org
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As the primary cellular generators of ATP through
oxidative phosphorylation (oxphos), as well as of toxic
reactive oxygen species (ROS), mitochondria are be-
lieved to play a critical role in the origin of, and the
recovery from, a variety of human diseases, disabilities,
and traumas. Mitochondrial dysfunction has been
linked to various forms of tissue injury. In a burn injury
model, there was extensive down-regulation of genes
involved in oxphos, pyruvate metabolism, citric acid
cycle, and glycolysis (1). The muscle respiratory capac-
ity of patients with burn injury is significantly reduced
compared to controls (2). Cardiac ischemia is accom-
panied by decreased functioning of the oxphos appa-
ratus, and paradoxically, electron transport inhibitors
protect against injury during reperfusion following
ischemia, suggesting that mitochondrial electron trans-
port in the ischemic environment exacerbates injury,
possibly through production of ROS (3). Mitochondria
are also the prime targets of hepatotoxic drugs, with
damaged mitochondria activating cell death pathways
(4). In bupivacaine-injured muscle, mitochondrial
function is significantly inhibited but is restored to
normal levels during regeneration through mitochon-
drial biogenesis (5). Therefore it appears that, on the
one hand, mitochondrial dysfunction can result in
injury (liver cirrhosis), while on the other, injury can
lead to mitochondrial dysfunction (burn), and further-
more, that mitochondrial up-regulation is associated
with the wound-healing process.

Tissue regeneration involves the proliferation and
differentiation of resident stem cells. Mitochondrial
organization and function are linked with proliferation
and/or differentiation of embryonic stem cells (ESCs)
as well as other adult stem cells (6–9) and declines
during aging (10). Induced pluripotent stem cells
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(iPSCs) have low mitochondrial activity, relying pre-
dominantly on glycolysis for ATP generation and main-
tenance of the dedifferentiated state, while differentia-
tion is accompanied by increased mitochondrial activity
(11, 12). Mitochondrial activity may also be critical for
the differentiation of satellite cells; studies with cul-
tured myoblasts using mitochondrial inhibitors indi-
cate a role of mitochondrial function in myoblast
fusion to myotubes and in the expression of late
myogenic markers, such as creatine kinase and tro-
ponin-I (13).

Stem cell therapy is being currently studied for its
efficacy as a wound-healing agent. The main problems
of current methods of stem cell therapy of myocardial
infarction are that the endogenous repair rate is low
and the implanted cardiac stem cells are unable to
repair the lesion (14). Implantation of CD34� or
CD133� cells leads to slow and incomplete muscle
regeneration (15). It is unknown whether deficiencies
are related to the low mitochondrial capacity of these
cells, and whether modulation of mitochondrial activity
would have significant effects on the pathological de-
velopment and/or resolution of injury.

Previous work from this laboratory has described a
novel protocol for transformation of cell and tissue
mitochondria with functional RNAs encoding organ-
elle-encoded sequences, both in vitro and in vivo. The
method is based on the mitochondriotropism of a
multisubunit RNA import complex (RIC); i.e., its ability
to be taken by cells and transported to mitochondria
(16). A single polycistronic RNA (pcRNA) encoding a
part of the organelle genome restored the respiration
of mutant mitochondria harboring a patient-derived
mitochondrial DNA (mtDNA) deletion (17). In cells
containing multiple mtDNA deletions, a combination
of pcRNAs together encoding the entire H-strand pro-
tein-coding region (see Fig. 1A) restored respiration
and suppressed ROS production (18). Moreover, RNA
could be delivered intramuscularly to rats to produce
up-regulation of respiratory capacity (19). Using this
protocol, we have herein attempted to restore the
mitochondrial mRNA levels and function in injured
muscle. We found that, as a result, the process of tissue
regeneration was significantly accelerated. Thus, mito-
chondrial restoration may be an effective way to pro-
mote rapid wound healing.

MATERIALS AND METHODS

Rat model

Sprague-Dawley rats (male, �1 yr) were anesthetized with
ketamine hydrochloride (100 �l/100 g body wt) before
piercing the hindlimb quadriceps muscle 70–80 times with a
26-gauge hypodermic needle (going in �5 cm) at an angle of
�45o to the longitudinal axis of the fiber. We estimate that
�3000 fibers are damaged at each insertion. The circumfer-
ence of the lesion was measured at 24-h intervals. All exper-
iments involving animals were carried out according to the

guidelines of the Animal Ethics Committee, Indian Institute
of Chemical Biology.

Preparation of RNA

Details of the preparation of signal-tagged RNAs have been
described previously (17). Briefly, selected regions of rat
mtDNA (see Fig. 1) containing one or more protein-coding
genes were amplified by polymerase chain reaction (PCR)
and ligated to a promoter tag cassette containing a T7
polymerase promoter sequence followed by the D domain
of Leishmania tRNATyr that constitutes a binding site in the
RIC-derived carrier complex (20). The resultant DNA was
transcribed with T7 RNA polymerase, and the RNA was
purified by ethanol precipitation. For microscopy, the RNA
was labeled by including Alexa Fluor (AF) 488-or BODIPY-
Texas Red (TR)-conjugated uridine triphosphate (Invitro-
gen, Carlsbad, CA, USA) in the transcription reaction, as
described previously (16). pcRNAs 1R, 2R, and 3R contain
protein-coding (see Fig. 1A) and tRNA genes from contig-
uous regions of rat mtDNA (19).

Preparation of carrier complex

R6 is a subcomplex of the native Leishmania tropica tRIC
containing all the essential nucleus-encoded subunits: RIC1,
RIC4A, RIC6, RIC8A, RIC8B, and RIC9, and is active for tRNA
import (20). The individual subunits were expressed in
Escherichia coli, purified, and combined in vitro to assemble R6,
as described previously (20).

RNA treatment

Commonly, a mixture of rat-derived pcRNA 1, 2, and 3 (1
pmol each) was incubated with R6 (20 ng of each subunit) in
binding buffer for 30 min on ice to allow RNA-protein (RNP)
complex formation, as described elsewhere (17). The RNP
was then diluted to 0.1–0.2 ml with phosphate buffered saline
(PBS) and injected directly into the injury site.

Subcellular fractionation

Quadriceps muscle mitochondria were prepared by differen-
tial centrifugation (21).

In vitro translation

A freshly isolated muscle mitochondrial fraction was incubated
with a translation cocktail containing 35S-methionine and other
amino acids and cofactors. Translation products were resolved
by SDS-PAGE and visualized by fluorography (22).

O2 uptake measurements

Oxygen consumption by permeabilized muscle preparations
was measured in a Hansatech oxygraph (Hansatech, Norfolk,
UK) under state 3 respiration conditions, as described else-
where (23).

ATP estimation

Freshly dissected muscle (0.5 g) was frozen on dry ice, broken
into small pieces, and added to 2.5 ml of ice-cold perchloric
acid, then homogenized with a precooled glass homogenizer,
and the homogenate was centrifuged at 1500 g for 20 min.
The supernatant (1 ml) was neutralized with 0.14 ml of
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neutralizing agent (0.5 M triethanolamine, 2 M K2CO3) for
10 min on ice, then centrifuged at 1500 g for 20 min. The
supernatant was used for estimating ATP using the ATP
Bioluminescence Assay Kit (Sigma-Aldrich, St. Louis, MO,
USA), as follows: 1 �l supernatant was incubated with 50 �l of
luciferin-luciferase assay mix in a total volume of 1 ml for
30 s on ice in the dark, followed by measurement of the
luminescence in a Modulus luminometer (Turner Biosys-
tems, Madison, WI, USA).

RNA and DNA analysis

Northern blots of mitochondrial RNA on Hybond N (GE
Healthcare, Piscataway, NJ, USA) were probed with the
indicated 5=-32P-labeled antisense oligonucleotide (19). Semi-
quantitative reverse transcription-PCR (RT-PCR) was carried
out on 1.5 �g of muscle mitochondrial RNA, using gene-
specific sense and antisense primers, as described previously
(16); the amount of template was determined to be within the
linear range of amplification by titration with normal rat
mitochondrial RNA (data not shown). Southern blots of
muscle DNA (0.5 �g) digested with BglII were probed with
indicated 5=-32P-labeled antisense oligonucleotides.

Western blots

Muscle fragments were homogenized in 1 ml of ice-cold lysis
buffer [20 mM HEPES, 0.2 mM EDTA, 1.5 mM MgCl2, 100
mM NaCl, 1 mM sodium vanadate, 2 mM dithiothreitol, and
0.4 mM phenylmethyl sulfonyl fluoride (PMSF)], supple-
mented with 0.01 vol of protease inhibitor cocktail (Merck &
Co., Whitehouse Station, NJ, USA) for 60 min at 4°C, and
centrifuged at 10,000 g for 10 min. The supernatant was
mixed with 1 ml more of lysis buffer, incubated a further 30
min, and spun at 13,000 rpm for 15 min. The clarified
supernatant was concentrated 10-fold in a Microcon 10
centrifugal ultrafilter (Amicon Corp., Danvers, MA, USA),
mixed with 5� SDS-PAGE sample buffer and frozen at �80°C
until use. Blocked Western blots of 50 �g protein on Hybond
C (GE Healthcare) membranes were incubated overnight
first with the appropriate primary antibody, then with HRP-
conjugated secondary antibody (1:10,000) for 1 h. Bands were
detected using the ECL Western blot detection kit (GE
Healthcare) by autoradiography.

Preparation and analysis of satellite cells

Muscle fragments (�50 mg) were incubated in DMEM con-
taining 2% (w/v) of type II collagenase for 2 h at 37°C with
occasional manual agitation; washed with Ham’s F10 nutrient
mixture (Invitrogen) containing 20% fetal bovine serum
(FBS), 5 ng/ml bovine fibroblast growth factor (FGF), and
1% penicillin-streptomycin; dissociated into fibers by re-
peated trituration; separated from cell debris by sedimenta-
tion under gravity; and washed multiple times. Washed fibers
were suspended in growth medium, and satellite cells were
liberated by further digestion in PBS containing 2 U/ml
dispase and 38 U/ml collagenase for 1 h at 37°C with shaking.
After centrifugation at 200 rpm for 2 min to separate fiber
debris, the supernatant was mixed with DMEM containing
20% FBS, filtered through a 50-�m mesh, and centrifuged at
1000 rpm for 5 min to collect the mononuclear cell fraction.
The cells were fixed, permeabilized and stained sequentially
with anti-Pax7 antibody (1:250) plus AF 488-conjugated anti-
IgG (Invitrogen) followed by anti-proliferating cell nuclear
antigen (PCNA) antibody plus AF 633-conjugated anti-IgG.
Samples were analyzed by fluorescence-activated cell sorting

(FACS) in a FACS Aria cell sorter (BD Biosciences, San Jose,
CA, USA).

Inhibitors

A single dose of m-chlorocarbonylcyanide phenylhydrazone
(CCCP; 100 �M) or antimycin A (AntA, 100 �M) was injected
in 0.1 ml at the wound site 3 h following administration of
pcRNA.

Fluorescence microscopy

Fixed and permeabilized muscle cryosections were incubated
with appropriate combinations of primary antibody and sec-
ondary antibody labeled with AF 395 (blue), AF 488 (green),
or AF 633 (red). Sections were DAPI-stained before mount-
ing. Samples were imaged in an A1R confocal microscope
using 404-, 488-, and 627-nm lasers and NIS Elements software
(Nikon, Tokyo, Japan). For measurement of ROS, muscle
cryosections were equilibrated with aerated Ringer’s solution
at 37°C for 10 min, then incubated with 1 �M MitoSox Red
(Invitrogen) for 10 min at 37°C, washed with Ringer’s solu-
tion, imaged, and quantified as region of interest-based
fluorescence intensity/field (n�10). Angiogenesis was esti-
mated by confocal imaging of sections stained with 40 �g/ml
FITC-conjugated isolectin B4 (Sigma-Aldrich), which binds to
endothelial cells (24). The fluorescence intensity in individ-
ual fields (n�10), representing capillary density, was mea-
sured as the mean pixel density using the histogram analysis
option of Adobe Photoshop 7 (Adobe Systems, San Jose, CA,
USA).

Histological examination

To estimate myogenesis, sections from wound tissue were
stained with hematoxylin and eosin, and 10–20 random �40
fields within the wound area were examined for the presence
of mature (with peripheral nuclei) or immature (with non-
peripheral or central nuclei) fibers. The number of immature
fibers per square millimeter is an indicator of myogenesis.
Fibrosis was assessed by Accustain trichrome stain (Masson;
Sigma-Aldrich) according to the manufacturer’s protocol and
expressed as the fraction of the area of individual fields
(n�10) with collagen deposits, estimated with ImageJ 1.45
software (U.S. National Institutes of Health, Bethesda, MD,
USA).

Measurement of isometric contraction force (ICF)

Rat quadriceps muscles with intact tendons were dissected
and placed in a Radnoti Tissue-Organ Bath (AdInstruments,
Colorado Springs, CO, USA) filled with oxygenated mamma-
lian Ringer solution containing 120.5 mM NaCl, 20.4 mM
NaHCO3, 10 mM glucose, 4.8 mM KCl, 1.6 mM CaCl2, 1.2
mM MgSO4, and 1.2 mM NaH2PO4, adjusted to pH 7.4 and
maintained at 24–25°C. The muscle was gently stretched (not
overstretched), and a silk suture was tied to the proximal and
distal tendons during dissection and used to attach the
muscle to the isometric transducer (TRI201AD; AdInstru-
ments). The muscle length was adjusted very carefully and in
small increments to achieve the optimal isometric tension of
2 g (muscles are adjusted to the optimum length (Lo) for the
development of isometric twitch force), then rested for at
least 20 min before applying contractile voltage. The muscles
were stimulated by the electronic field stimulator (1001;
AdInstruments) between 2 platinum electrodes placed longi-
tudinally on either side of the muscle (sine wave pulses 10 V,
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1-ms duration, frequency 20 Hz, for 625 ms). The muscle was
stimulated with a single electrical pulse of different voltages
to produce twitch responses. Stimulation voltage is that which
produces the maximum twitch response. Data were recorded
and analyzed using LabChart 7 software (AdInstruments).

Statistical analysis

Mean � sd values (n�3) were computed wherever indicated.

RESULTS

Restoration of muscle mitochondrial function by a
cocktail of RNAs

In our transformation protocol (17), T7 RNA polymer-
ase transcripts of selected stretches of mtDNA are
5=-tagged with a RNA hairpin containing a tRNA import
signal that is bound with high affinity to subunit RIC1
of the carrier complex R6, a functional derivative of
native RIC (ref. 20 and Fig. 1A). Injection of AF

488-labeled RNA into injured muscle resulted in the
uptake of the RNA into myofibers near the injury site
and in the cytoplasm of fiber-attached satellite cells,
and in the colocalization of the internalized RNA after
6 h with myotubular mitochondria (Fig. 1B). BODIPY-
TR-labeled pcRNA2 was also detected in clusters of
Pax7� satellite cells between myofibers (Fig. 1C and
Supplemental Fig.S1). Greater than 90% of the Pax7�

cells in these clusters were also RNA�, indicating high
transfection efficiency. As a control, we injected the
23-nt signal tag (D-arm RNA) which is delivered to
mitochondria by RIC but has no effect on mitochon-
drial function (25). Labeled D-arm RNA was also
detected within Pax7� cells (Supplemental Figs.S2 and
S3), but the numbers were lower (Fig. 1C, right panel);
the larger numbers of such cells in pcRNA-treated
muscle reflect satellite cell proliferation (see below).

In muscle mitochondria isolated from injured rats
treated with pcRNA2, the intact RNA (6.7 kb) was
detectable by Northern blot (Fig. 1D). In addition, the
pcRNA2-encoded CYB mRNA was present at an en-

Figure 1. Delivery of RNA to myotubular mito-
chondria and satellite cells in regenerating mus-
cle. A) Generalized structure of pcRNA bound to
the carrier complex R6 through a signal tag,
which is followed by contiguous mtDNA-en-
coded genes. Protein-coding gene contents of
rat-derived (R) pcRNA1–3 are shown at right. B)
AF 488-labeled pcRNA2-R6 complex (green) was
injected into injured rat quadriceps muscle;
cryosections were isolated after 6 h, directly

stained with Mitotracker Deep Red 633 (MT; red), and imaged by confocal microscopy, showing colocalization (yellow) in the
merged image. Scale bars � 20 �m. C) Left panels: Pax7� satellite cells (green nuclei) containing cytoplasmic BODIPY-TR-
labeled pcRNA2 (red) in injured muscle treated with RNA for 12 h. Right panel: quantification of Pax7�RNA� cells in injured
muscle treated with control D-arm RNA, or with pcRNA1-3. D) Northern blot of quadriceps muscle mitochondria from normal
rat (lane n), injured rat (lane i), or injured rat treated with pcRNA2-R6 complex for 6 h (lane t), probed with anti-CYB (top)
or anti-16 S rRNA (bottom) oligonucleotide. E) RT-PCR of mitochondrial RNA (1.5 �g) from normal rats (n), injured rats 1
or 7 d postinjury (i1, i7), or rats treated with pcRNA1-3 for 6 h (t) using gene-specific primers for COIII or ND5. F) Transcript
levels of individual mitochondrial genes relative to the normal level (taken as 100 in each case), in normal (blue bars), 1 d
postinjury (red bars), 7 d postinjury (green bars), or 7 d injured muscle after 6 h of treatment with pcRNA1-3 (violet bars).
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hanced level in mitochondria (Fig. 1E), indicating
processing of the pcRNA2, as previously observed in
cultured cells (18).

The relative levels of various mitochondrial mRNAs,
such as ND5 and COII, quantified by RT-PCR (Fig. 1E,
F) were reduced following needle injury in muscle.
Down-regulation occurred progressively with time; by 7
d postinjury, the levels were down to 5–30% of normal
(Fig. 1E, F). An exception was apocytochrome b (CYB)
mRNA, which was reduced by only �50%.

In view of the genome-wide deficiency of mitochon-
drial mRNAs, we chose to administer a combination of
pcRNAs 1R, 2R and 3R together encoding all the
protein-coding and tRNA genes of the mitochondrial H
strand (Fig. 1A). Administration of such a cocktail
resulted in restoration of the mRNA levels to 60–85%
of normal (Fig. 1E, F).

The global down-regulation of mitochondrial
mRNAs following injury suggested a deficiency of
organellar translation. Injured rats were treated with
R6 and either control D-arm RNA or the pcRNA
cocktail. Mitochondria were isolated from the injury
site at various times thereafter and incubated with
amino acid precursors under conditions favoring
mitochondrial translation (22). In this in organello
system, a general down-regulation of translation of
most mitochondrial proteins was observed subse-
quent to injury and administration of control RNA,
and some polypeptides were entirely absent (Fig. 2A,

left). In presence of pcRNA1-3, the normal mito-
chondrial translation profile was restored after 6 h of
treatment, but translation efficiency was reduced at
later times (Fig. 2A, right panel), presumably due to
degradation of the delivered RNAs.

The respiratory capacity (O2 uptake rate) of the
injured muscle was stimulated 3-fold after 27 h of
treatment with the pcRNA cocktail (Fig. 2B). Each of
the 3 pcRNAs present in the cocktail contributed
incrementally to respiratory capacity, but the maximal
effect was produced by a combination of all 3 (Fig. 2C).

Intramuscular ATP levels in injured muscle were
raised 5- to 6-fold on treatment with pcRNAs (Fig. 2D).
This increase was sensitive to the complex III inhibitor
AntA and the protonophore uncoupler CCCP (Fig.
2D), indicating the ATP elevation to be due to in-
creased oxphos after RNA delivery.

We also estimated intracellular ROS levels (specif-
ically that of superoxide) by quantitative MitoSox
Red staining of muscle cryosections. In normal quad-
riceps muscle there was a low level of staining, but
the level was increased �4.5-fold in injured muscle
that was either untreated or treated with control
D-arm RNA (Fig. 2E). In the latter case, there was
significant particulate staining (presumably mito-
chondrial) at the periphery of myofibers as well as in
infiltrating cells (Fig. 2E). Treatment of injured
muscle with pcRNAs for 12 h resulted in suppression
of MitoSox staining (Fig. 2E), but ROS levels in-

Figure 2. Restoration of mitochondrial function in regenerating rat muscle by RNA. A) Fluorograph of in vitro translation
products of mitochondria from injured rat quadriceps muscle treated with a complex of R6 with D-arm RNA (left panel) or a
combination of pcRNA1–3 (1 pmol each; right panel) for the indicated times (h), showing 35S-labeled mitochondrial proteins
(identified at right). Lane n, translation profile of mitochondria from normal muscle. B, C) O2 uptake rate (state 3 respiration)
of mitochondria from 6 d injured muscle treated with the pcRNA1–3 combination, or D-arm control RNA, for 27 h (B), or with
R6 plus the indicated pcRNAs (1R, 2R, or 3R; 1 pmol each) for 3 h (C); the mean of 3 independent determinations is shown
in each case, with sd values ranging from 0.12 to 1.2 nmol/mg/min. D) ATP levels in injured muscle without or with pcRNA1–3
treatment for 12 h, in the absence or presence of AntA or CCCP. E) Left panels: MitoSox Red staining of injured muscle after
the indicated treatments. Right panel: quantification of fluorescence per field (n�10).
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creased in pcRNA-treated muscle in presence of
AntA, or to a lesser extent, of CCCP (Fig. 2E). This
shows that injury results in aggravated ROS produc-
tion, and that the suppression of ROS was a result of
recovery of mitochondrial respiration.

Wound healing and restoration of muscle contractile
function

Needle injury of the quadriceps muscle of adult rats
resulted in rapid inflammation followed by a slow

Figure 3. Enhanced wound healing in presence of pcRNAs. A–E) Time-dependent variations of lesion circumference of rat
hindlimb after needle injury initiated at d 0, and treated with R6 plus indicated RNAs (1 pmol, blue arrow). A) pcRNA1-3
(green) or control D-arm RNA (red) on d 2. B) pcRNA1-3 (blue) or control D-arm RNA (red) on d 6. C) pcRNA1-3 on d 2,
followed by D-arm RNA (blue) or pcRNA1-3 (pink) on d 6. D) Indicated combinations of pcRNA1–3 on d 6. E) pcRNA1-3 on
d 6 followed by, 3 h later, vehicle (blue diamonds), CCCP (red squares), or AntA (gray triangles); effects of CCCP (blue squares)
and AntA (blue stars) in the absence of pcRNA treatment are also shown. F) Hematoxylin-eosin stain of 6 d injured muscle
untreated or treated with pcRNA1-3 for 1 or 2 wk. Right panel: mean number of centronuclear myofibers per square millimeter
injured area in untreated or pcRNA1-3 treated injured muscle (P�0.0001 for 1 and 2 wk treatment). G) FITC-Isolectin B4 stain
(green) of untreated or treated muscle merged with the DIC image to show the myofibers. Right panel; mean capillary density
of untreated or treated muscle, compared to the normal (uninjured) value (P�0.0001). H) Masson trichrome stain of muscle
shows intense blue regions of fibrosis. Right panel: quantification of fibrotic areas (P�0.0003 for 1 wk treatment; P�0.0001 for
2 wk treatment). I) ICF of normal, injured, or pcRNA-treated injured muscle 2 or 4 wk after pcRNA treatment; values are shown
as means � sd; n � 3. Scale bars � 100 �m.
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recovery phase (Fig. 3A). If the pcRNA combination
was administered during the inflammatory phase (d 2),
it failed to immediately arrest further inflammation,
which continued at more or less the same rate, but the
onset of the repair phase occurred earlier (Fig. 3A).
Administration of the pcRNA cocktail at the peak of
inflammation (d 6) resulted in acceleration of the rate
of resolution by �2-fold compared to controls: 0.140 �
0.045 cm/d (n�4) for pcRNA vs. 0.069 � 0.025 cm/d
(n�4) for control (D-arm-treated) lesions (Fig. 3B).

The restorative effect of pcRNAs is temporary due to
the turnover of the exogenous RNAs in the mitochon-
drial matrix (17–19). Therefore, we tested the effect of
a second dose of RNA. Injection of pcRNA1R–3R on d
2, followed by a second dose on d 6, resulted in further
enhancement of the healing rate (Fig. 3C).

We also tested the effect of the pcRNAs administered
individually or in various combinations. None of the
individual RNAs or pairwise combinations enhanced
the healing rate as effectively as the cocktail of all three
(Fig. 3D). This is in keeping with the genome-wide
mitochondrial down-regulation, which would require a
pan-genomic combination of mRNAs for effective mi-
tochondrial restoration.

Treatment of pcRNA-treated injured muscle with
mitochondrial inhibitors led to delayed wound healing.
In the presence of AntA, resolution of the lesion by
pcRNA was delayed, and the resolution rate was slower
(Fig. 3E). In the presence of CCCP, which uncouples
oxphos by dissipating the transmembrane proton gra-
dient, the resolution rate was initially indistinguishable
from that with pcRNA alone, but subsequently declined
to control levels (i.e., in the absence of pcRNA). Either
inhibitor, administered alone, exaggerated the inflam-
mation and reduced the healing rate (Fig. 3E). Thus,
acceleration of wound healing was dependent on the
recovery of mitochondrial electron transport and oxi-
dative phosphorylation subsequent to delivery of the
pcRNAs.

Histological staining of the injured tissue after 1–2
wk revealed necrotic areas and few if any myofibers;
treatment with the pcRNAs resulted in the appearance
of newly formed (centronucleated) myofibers, indicat-
ing myogenesis (Fig. 3F). The numbers of such fibers
was high after 1 wk and then declined, presumably
having being converted to mature fibers (with periph-
eral nuclei). In the presence of pcRNAs, vasculogenesis
(i.e., formation of the microcapillary network) was
initiated by 1 wk as clusters of endothelial cells attached
to myofibers, organizing around the fibers by 2 wk, but
the network was not complete at this time (Fig. 3G;
staining patterns of normal rat muscle are shown in
Supplemental Figs. S4–S6). There was also a significant
reduction in the fibrotic areas on administration of
RNA (Fig. 3H).

Muscle contractility was measured ex vivo to reveal
	50% recovery of the normal ICF after 2 wk of RNA
treatment (Fig. 3I). By 1 mo, the ICF had recovered to
a nearly 2-fold higher level compared to uninjured,
untreated controls of the same age (Fig. 3I). These

events recapitulate the processes of normal wound
healing, but in an accelerated mode, and further
indicate a rejuvenating effect of RNA on regenerated
muscle.

Proliferation and differentiation of satellite cells in
vivo

Regeneration of skeletal muscle involves the activation
of quiescent myogenic precursor satellite cells to form
myoblasts and their proliferation, differentiation, mi-
gration, and fusion to form intact myotubes or repair
patches on preexisting fibers (26). We examined the
expression of molecular markers relevant to these
events in injured muscle treated for various times with
the pcRNA cocktail plus R6; as control, the contralat-
eral limb was injected with D-arm RNA plus R6.

Between 6 and 12 h after RNA treatment, there was
evidence of cellular DNA synthesis in the form of
expression of PCNA, an S-phase marker, coinciding
with the appearance of cyclin D1; both proteins de-
clined subsequently (Fig. 4A). There was no such
elevation in the level of either protein in injured
muscle treated with control D-arm RNA. There was a
coinciding peak of M-cadherin, a marker of migrating
satellite cells (Fig. 4A). Clusters of proliferating satellite
cells expressing nuclear PCNA and plasma membrane
localized M-cadherin were observed between the myo-
fibers; only a few M-cadherin-lacking cells with cytoplas-
mic PCNA were observed in control injured muscle
(Fig. 4B). The yield of mononuclear cells cultured from
single myofibers was increased �2-fold in injured mus-
cle treated with pcRNAs, compared to control RNA-
treated muscle (data not shown). FACS analysis of
mononuclear cells isolated from injured muscle was
employed to assess the proliferation of Pax7� satellite
cells. In the absence of pcRNAs, �95% of the Pax7�

cells were PCNA�, indicating quiescence; after 24 h of
treatment with pcRNA1-3, 60–70% of the cells were
Pax7� PCNA� (Fig. 4C). The low percentage of prolif-
erating satellite cells in controls is a reflection of the
slow rate of regeneration under the experimental con-
ditions (i.e., multiple laceration wounds on middle-
aged muscle at 6 d postinjury). It is expected that the
“natural ” rate of regeneration would vary inversely with
age and the severity of the injury, but we have not yet
investigated these aspects. The high level of ROS (Fig.
2) in injured muscle may contribute to the lack of
proliferation of the satellite cells.

The increased proliferation of satellite cells in re-
sponse to pcRNAs was sensitive to CCCP, showing the
requirement of coupled oxphos (Fig. 4D). When satel-
lite cell cultures were incubated with pcRNA1R–3R for
4 d in vitro, the fraction of Pax7� PCNA� cells was
increased from 12–15% (for cultures incubated without
RNA or with D-arm control RNA) to 	75% (data not
shown), showing that the proliferative effect of
pcRNA1-3 persists in vitro. Taken together, these obser-
vations indicate that mitochondrial restoration results
in rapid exit of resident satellite cells attached to
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neighboring myofibers from the quiescent (G0) phase
to the S phase, and their proliferation between the
myofibers, prior to their migration to the injury site.

Postproliferative differentiation of myoblasts was also
observed in the form of time-resolved expression of
myogenic regulatory factors (MRFs) belonging to the
basic Helix-Loop-Helix (bHLH) family of transcription
factors: Myo D, Myf5, myogenin (Myog), and MRF4
(27). In pcRNA-treated regenerating rat quadriceps
muscle, up-regulation of Myo D was first observed at 12
h post-treatment and increased to a high level by 24 h,
but subsequently declined (Fig. 5A). A second MRF,
Myf5, was also expressed in pcRNA-treated muscle as a
sharp peak at 24 h (Fig. 5A). An established target of
Myo D is Myog. In pcRNA-treated regenerating muscle,
Myog was sharply induced between 12 and 24 h; i.e.,
following Myo D induction, and high Myog levels
persisted for at least 48 h (Fig. 5A). MRF4, which is also
involved in terminal differentiation, was induced later
(24–48 h) (Fig. 5A). In control injured muscle, no such
perturbations in the levels of these MRFs were observed
within this time frame (Fig. 5A). After 12 h of pcRNA
treatment, myoblasts expressing nuclear Myo D and
cytoplasmic Numb protein, which promotes commit-
ment of myogenic precursors (28), were detected at-
tached to, and apparently migrating on, old myofibers
at the injury site (Fig. 6A); few such cells were observed
in control (untreated) muscle at this time (Fig. 6A, top
panel, quantification at right).

During the later stages of myogenesis, structural
proteins of the contractile apparatus, such as the myo-
sins and troponins [troponin T (TnT)] are synthesized.

Among the many isoforms of the myosin heavy chain
(MHC), the embryonic form, eMHC, is induced during
adult myogenesis, but disappears in mature fibers (29).
In pcRNA-treated regenerating muscle, eMHC was first
detectable at 24 h, and high levels persisted until at
least 48 h (Fig. 5A). eMHC� myocytes were detectable
in prefusion aggregates at 36 h (Fig. 6B). By 48 h, fused
eMHC� myofibers and repair patches on old myofibers
were apparent (Fig. 6C). Few such myocytes or myofi-
bers were detectable at these times in untreated injured
muscle (Fig. 6B, C, right).

Beginning at 2 d post-treatment with pcRNA cocktail,
induction of the slow variant of TnT, TnT(s), a struc-
tural component enriched in slow-twitch myofibers, was
observed (Fig. 5A). The level of the fast form, TnT(f),
remained high and was not affected by the treatment
(data not shown). In microscopic images of the regen-
eration site after 4 d, newly formed myotubes with
central nuclei were observed, which preferentially
stained for TnT(s) (Fig. 6D). In control injured muscle,
few such myofibers were detected after 4 d (Fig. 6D,
right).

We examined whether treatment with pcRNAs re-
sulted in increased mitochondrial biogenesis. The mi-
tochondrial biogenesis factor PGC1
 was induced at
36–48 h post-treatment (Fig. 5A). The amount of
skeletal muscle mtDNA relative to that of nuclear DNA
was lowered after injury; in injured muscle treated with
pcRNAs, the mtDNA copy number remained constant
during the first 2 d, but increased significantly after 3 d;
i.e., in maturing myofibers (Fig. 5B).

Figure 4. Proliferation of satellite cells in pcRNA-treated muscle. A) Western blots of injured rat quadriceps muscle treated on
d 6 with pcRNA1–3 (left panel) or control D-arm RNA (right panel) for the indicated times, probed with antibodies against the
indicated proteins. B) Confocal micrographs of 12-h untreated (top panels) or pcRNA-treated (bottom panels) injured muscle
stained with antibody against PCNA (green) and M-cadherin (red); nuclei were DAPI stained. Scale bars � 20 �m. Right panel:
quantification of cells with nuclear PCNA or of PCNA�M-cadh� cells in untreated or pcRNA-treated muscle. C, D) FACS analysis
of satellite cell fraction from myofibers of injured quadriceps muscle treated for 24 h with pcRNA1-3 or control RNA, as
indicated. In D (right panel), 100 �M CCCP was injected 3 h after administration of pcRNA.
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DISCUSSION

In this report, we show for the first time that improve-
ment of muscle mitochondrial function through RNA
delivery results in a marked improvement of myogen-
esis, vasculogenesis, and contractile function in injured
muscle through the activation, proliferation, and dif-
ferentiation of endogenous stem cells. The protocol of
mitochondrial delivery is simple, efficient (effective at
nanomolar RNA concentrations and transforming
	80% of the mitochondria) and rapid (producing
mitochondrial restoration within hours of administra-
tion), but temporary, being limited by the turnover of
the RNA within mitochondria (17–19). Indeed, re-
peated administration of pcRNAs improved the healing
rate further (Fig. 3).

The approach of endogenous stem cell activation
may be compared with the implantation of exogenous
hematopoietic stem cells, or of satellite cells, into
regenerating muscle. In RNA-restored muscle, myogen-
esis was completed within a week, as opposed to several

weeks in untreated toxin-injured muscle (5), or in
muscle treated with CD133� stem cells from peripheral
blood (15). Autologous satellite cells were shown to
generate relatively low numbers of myofibers in mdx
mice, but it is unknown whether these numbers suffice
to alleviate the symptoms of Duchene muscular dystro-
phy (30). Similarly, the efficacy of treatment of myocar-
dial infarction is severely limited by the low efficiency of
transplanted cardiac stem cells (14). While the basis of
these deficiencies is unknown, our results point to the
importance of the mitochondrial function of the cul-
tured cells as a potential contributor. If so, mitochon-
drial restoration of cultured stem cells in vitro prior to
implantation could be an alternative way to improve
existing procedures.

Implantation of purified stem cells with limited de-
velopmental potential results in partial regeneration;
e.g., CD34� or CD133� cells promote angiogenesis,
their effect on myogenesis being an indirect effect of
blood vessel formation (15), whereas satellite cells
generate myofibers with no evidence of concurrent
angiogenesis (30). Recently, low numbers of freshly
isolated satellite cells embedded in a hydrogel were
shown to generate myofibers in ablated mouse muscle,
but there was incomplete vascularization and reinner-
vation even after 6 wk (31). In contrast, pcRNA treat-
ment resulted in more than complete recovery of
skeletal muscle contractile activity by 4 wk (Fig. 3). The
fact that the activity of the regenerated muscle was
nearly 2-fold higher than that of uninjured controls of
the same age indicates a rejuvenating effect of the RNA
acting through mitochondrial restoration.

Mitochondrial restoration of the entire microenvi-
ronment of the injury site provides an opportunity of
resident stem cells, including satellite cells and endo-
thelial precursor cells (EPCs), to be rapidly activated.
In RNA-restored muscle, we observed myogenesis as
well as vasculogenesis, and recovery of contractile func-
tion, a consequence of muscle innervation through
neural regeneration (Fig. 3). However, vasculogenesis
was detectably slower than myogenesis (Fig. 3), remain-
ing incomplete after 2 wk, by which time myogenesis
had been completed. The different rates of the two
processes in response to mitochondrial restoration
indicate that they occur independently through activa-
tion of EPCs and satellite cells, respectively. Mitochon-
drial restoration could also promote neural outgrowth,
leading to faster innervation of the regenerated muscle
and thus recovery of contractile activity.

A connection between mitochondrial function and
cell differentiation has been observed in ESCs and
iPSCs (11, 12). The current paradigm is that as stem
cells differentiate, they switch to oxphos from a glyco-
lytic mode of maintenance of the pluripotent state;
conversely, dedifferentiation of somatic cells to iPSCs is
linked to loss of mitochondrial function and switch to
glycolysis. We have observed that, in vivo, mitochon-
drial activation resulted in proliferation of the resident
satellite cells followed by their differentiation; thus the
primary effect of mitochondrial restoration is on the

Figure 5. Postproliferative events in pcRNA-induced myogen-
esis. A) Western blots of injured muscle treated with
pcRNA1-3 (left panel) or control D-arm RNA (right panel)
for the indicated times, probed with antibodies against the
indicated proteins. B) Southern blots of muscle genomic
DNA probed with anti-COII or anti-28S rRNA oligonucleo-
tide.
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pool of differentiation-competent myoblasts. Prolifera-
tion of satellite cells is regulated by the Notch signaling
pathway (28), and our preliminary results indicate
activation of this pathway in pcRNA-treated injured
muscle (unpublished results). The relation between
mitochondrial function and Notch activation is unclear
at the present time, but could be attributed to changes
in the microenvironment caused by increased respira-
tion; e.g., increase in the ATP pool that would directly
impact a rate-limiting enzyme with affinity for ATP,
reduction in the AMP pool that senses the cellular
metabolic status, increase in mitochondrial membrane
potential that would activate inner membrane trans-
porters, thus altering the cytoplasmic pools of Ca2� and
other signaling molecules, or exacerbation of hypoxia
in the ischemic environment of the injury site with
consequent activation of hypoxia-inducible factors
(HIFs) and HIF target genes. Experimental discrimina-
tion between these possibilities will be instrumental in
unraveling the nature of the molecular switches that
connect mitochondrial function to stem cell differenti-
ation pathways.
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