were resistant to HFD-induced obesity and hepatic steatosis.
The liver of HFD-fed FS I-I Tg mice showed significantly
different fatty acid composition compared with that seen in the
control mice. Our studies suggest that follistatin-derived myo-
statin inhibitors offer a therapeutic option for obesity, diabetes,
and hepatic steatosis.

MATERIALS AND METHODS

Animals. The establishment of skeletal muscle-specific FS I-I Tg
mice is described in our previous paper (27). In brief, EcoRI-Smal
fragment covering the whole coding sequence of FS I-I was subcloned
into the MDAF2 vector containing the myosin light-chain promoter
8V40 processing sites and MLC1/3 enhancer. Clal fragment with 3.9
kb was microinjected to produce FS I-I transgenic mice (27). The
transgene was expressed in skeletal muscles but not in cardiac muscle
or adipose tissues. FS I-I Tg male mice and wild-type littermates were
obtained from the offspring of FS I-I Tg mice mated with C57BL/6
mice. The genotypes were determined by PCR as previously described
(27). The FS I-I Tg and littermate male mice were weaned at 4 wk of
age and given free access to either a normal-fat (NFD; 5% kcal fat;
CE-2; CLEA, Shizuoka, Japan) or a high-fat diet (HFD; 32% kcal fat,
High Fat Diet 32, CLEA) from 4 to 13 wk. Food intake did not differ
between the two genotypes on the HFD. Body weight was recorded
every week. All mice were housed in cages with a constant temper-
ature (22°C) and a 12:12-h light-dark cycle. All experiments were
performed at the Laboratory Animal Center with approval from the
Animal Research Committee at Fujita Health University.

Analysis of adipose tissue, skeletal muscle, and liver. Adipose
tissues (retroperitoneal, epididymal, and inguninal fat pads), skeletal
muscles [tibialis anterior {TA), extensor digitorum longus (EDL),
quadriceps femoris (Qf), and soleus], and liver samples were obtained
from mice at 13 or 20 wk of age. Adipose tissue and muscles were
also obtained from NFD- and HFD-fed mice at week 13. The wet
tissue weights were measured.

Histological analyses of adipose fissues and liver. The adipose
tissues and livers either from FS I-] Tg mice or littermates were fixed
in 4% paraformaldehyde (PFA), dehydrated in ethanol, embedded in
paraffin, and sectioned at a thickness of 6 wm. The sections were then
deparaffinized, rehydrated, and stained with hematoxylin and eosin
(H&E). The area of adipocytes was determined in images stained with
H&E. The area of 200 adipocytes per mouse was determined in five
wild-type and five FSI-I Tg mice (1,000 adipocytes for each geno-
type), and the average cell area was determined. Morphometric
analyses to measure adipocyte area and size were performed using
WinROOF software (Mitani, Fukui, Japan).

“Electron microscope analysis. Adipose tissue samples were fixed
for 4 h with 2% PFA and 2.5% glutaraldehyde in phosphate-buffered
saline (PBS) at room temperature. The specimens were then postfixed
at room temperature for 1 h with 2% osmium tetroxide in Millonig’s
buffer containing 0.54% glucose and dehydrated through an ethanol
gradient. For scanning electron microscopy, the dehydrated specimens
were then immersed in #-butyl alcohol, dried using a freeze-drying
device, coated with gold using an ion sputtering device (JEE-420T,
JEOL), and examined under a scanning electron microscope (H7650;
Hitachi, Tokyo, Japan). For transmission electron microscopy, spec-
imens were immersed in QY-1 (Nisshin EM, Tokyo, Japan), embed-
ded in epoxy resin (Epon812; Polyscience, Wako Pure Chemical
Industries, Osaka, Japan), and cut into ultrathin sections. The sections
were stained with uranyl acetate and lead citrate, followed by trans-
mission electron microscopy at an accelerating voltage of 80 kV
(JEM-1010TEM, JEOL). One hundred fifty mitochondra of epidid-
ymal adpipocytes each from three wild-type and FS I-I Tg mice were
analyzed using WinROOF software.

Quantitative real-time PCR. The relative expressions of uncoupling
protein-3 (UCP3), acetyl-CoA carboxylase-1 (ACC1), stearoyl-CoA
desaturase-1 (SCD1), glucokinase (Gck), and phosphofructokinase
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(PFK) were determined by quantitative (q)PCR unsing a TAKARA
Thermal Cycler Dice Real-Time System (Takara Bio, Shiga, Japan).
Briefly, mRNA was isolated from liver and adipose tissues from FS I-1
Tg mice and wild-type littermates by use of TRIzol (Invitrogen,
Tokyo, Japan) with standard techmiques. The isolated RNA was
cleaned by DNasel and purified using RNeasy Tissue kits (Qiagen,
Tokyo, Japan). Reverse transcription was carried out with 500 ng of
RNA using QuantiTect reverse transcription kits (Qiagen) according
to the manufacturer’s instructions.

We used Primer 3 software to design the primers for UCP3 (forward:
5'-CCGGTGGATGTGGTAAAGAC-3, reverse: 5'-AAGCTCCCA-
GACGCAGAAAG-3); ACC1 (forward: 5'-CCCATCCAAACA-
GAGGGAAC-3, reverse: 5-CTGACAAGGTGGCGTGAAG-3); SCDI1
(forward: 5'-CAAGCTGGAGTACGTCTGGA-3’, reverse: 5'-CA-
GAGCGCTGGTCATGTAGT-3"); Gek (forward: 5'-TGGGCITCAC-
CTITCTCCTIC-3', reverse: 5'-CGATGTTGTTCCCTICTGCT-3"); and
PFK (forward: 5'-GAAGCCAATCACCTCAGAAGAC-3', reverse: 5'-
TTCCACACCCATCCTGCT-3"). Each well of the 96-well reaction plate
contained a total volume of 25 pl ¢cDNA (0.5 pl) solution was combined
with each of forward and reverse primers (10 uM), distilled water, and
SYBR Premix Ex Taq (Takara Bio). All reactions were performed in
triplicate. The relative amounts of RNAs were calculated using the
comparative Cr method. We used hepatic glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and adipose tissue 36B4 as controls. Signifi-
cant differences between the wild-type and FS I-I Tg mice were analyzed
by Student’s f-test.

Western blorting. Adipose tissues (epididymal and inguinal fat
pads), skeletal muscle (Qf), and liver were dissected from wild-type
and FSI-I Tg mice. Samples were homogenized in a buffer containing
50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM NaF, 1% Nonidet
P-40, 5 mM B-glycerophosphate, I mM phenylmethylsulfonyl fluo-
ride, 4 wg/ml leupeptin, and 1 pg/ml aprotinin and centrifuged at
15,000 rpm for 10 min at 4°C, and the lipid-free lysates were
collected. Aliquots of the lysates containing 30 jug of protein or serum
containing 60 pg of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene difluoride membranes. The membrane was blocked in 5%
skim milk for 1 h at room temperature. The membranes were then
probed with anti-cytochrome c, phosphorylated Smad 3, or Smad 3
(Cell Signaling Technology, Beverly, MA) at 4°C overnight (1:1,000
dilution), followed by incubation with horseradish peroxidase-conju-
gated secondary antibodies and chemiluminescence reactions by ECL
plus (GE Healthcare, Tokyo, Japan). As a loading control, antibodies
to tubulin or actin (Cell Signaling Technology, Beverly, MA) were
used. Detection of FS I-I or follistatin by Western blotting was
performed using rabbit polyclonal antibodies (ABPIII) raised against
follistatin domain I of follistatin (31). Images of the developed
immunoblots were captured using a cooled CCD camera system
(Light-Capture; ATTO, Tokyo, Japan). A

Measurement of serum parameters and triglycerides. Wild-type
and FS 1-I Tg mice (1 = 4-6 per group) fed the NFD or HFD from
weeks 4 to 13 of age were fasted overnight at week 13 for 16 h before
blood sampling. The triglyceride, nonesterified fatty acid (NEFA),
cholesterol, fasting glucose, insulin, leptin, and adiponectin concen-
trations were measured in serum samples prepared from whole blood
collected from the retroorbital venous plexus of anesthetized mice.
Plasma, total cholesterol, and NEFA were measured using enzymatic
assays (triglyceride E, cholesterol E, and NEFA tests, respectively;
Wako Pure Chemical Industries, Osaka, Japan). Plasma leptin, adi-
ponectin, and insulin levels were measured using enzyme-linked
immunoassays from Morinaga (Kanagawa, Japan), R&D systems
(Gunma, Japan), and Otsuka (Tokyo, Japan), respectively. Triglycer-
ides from liver and skeletal muscle were extracted with chloroforrm-
methanol (2:1, vol/vol), centrifuged twice to remove debris, dried, and
resuspended in 2-propanol containing 10% Triton X-100 (17). Tri-
glyceride contents were enzymatically measured using a triglyceride
E test. Mouse preadipocyte 3T3-L1 cells and human hepatocyte Hep
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G2 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum. Cells (1 X
10%)/12-well plates of differentiating 3T3-L1 cells were stimulated
with either 80 ng/ml FS I-I or 40 ng/ml myostatin (R&D systems) for
3 days. Hep G2 cells treated with 3 mg/ml glucose, 10 pwg/ml insulin,
and either 80 ng/ml FS I- or 40 ng/ml myostatin for 3 days. Cellular
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triglycerides were extracted and measured as described above. All
assays were performed according to the manufacturer’s protocol.

Glucose tolerance test. Glucose tolerance tests were performed in
six to eight mice per group at 13 wk of age after being fed the NFD
or HFD for 9 wk. The mice were fasted overnight and then received
an intraperitoneal injection of 10% dextrose (1 g/kg body wt). Blood
was collected from the tail at 0, 15, 30, 60, and 120 min after dextrose
injection, and blood glucose was measured using an Accu-Check
glucose monitor (Roche Diagnostic, Indianapolis, IN).

Insulin tolerance test. Insulin tolerance tests were performed in five
mice per group at 13 wk of age after being fed the HFD for 9 wk. The
mice were starved for 16 h and received an intraperitoneal injection of
human insulin (0.75 U/kg body wt; Sigma-Aldrich Japan). Blood
glucose was measured at 0, 30, 60, and 90 min after injection using an
Accu-Check glucose monitor (24).

Measurement of hepatic fatty acid content. Approximately 100 mg
of liver tissue was obtained from wild-type and FS I-I Tg mice fed the
NFD or HFD for 9 wk (n = 6 per group). Lipids were extracted using
the Bligh-Dyer chloroform-methanol method (4). The extracted lipids
were dissolved in 1 ml of chloroform and subjected to methanolysis-
gas chromatographic analysis (3). Methyl stearate was used to gen-
erate a standard curve for quantitation. The determinations were
repeated at least twice, and essentially the same results were obtained.

Metabolic rate analysis. Oxygen consumption was measured with
an indirect calorimetric metabolism measuring system (model MK-
5000RQ, Muromachikikai) (17). Each mouse was kept in a sealed
chamber with an air flow of 0.6 /min for 2 h during the light cycle.
Air was sampled every 3 min, and the consumed oxygen concentra-
tion (V02) was calculated (24). Five mice each for wild-type and FS
I-I Tg mice fed NMD were analyzed.

Statistical analysis. Results are presented as means = SD. Statis-
tical significance was assessed by Student’s r-tests. Differences be-
tween groups were considered statistically significant at P < 0.05. P
values are presented in figure and table legends.

RESULTS

Decreased fat accumulation in FS I-1 tg mice. We previously
reported (27) that FS I-I Tg mice show a marked increase in
skeletal muscle mass compared with wild-type mice when fed
a NFD. Intriguingly, even with a NFD, FS I-I Tg mice showed
age-dependent decreased fat accumulation. Although there was
no difference in individual fat pad weights between wild-type
and FS I-I Tg mice at 13 wk of age (data not shown), there was
a significant difference at 20 wk of age. For example, at 20 wk
of age, the weight of the epididymal fat pad was 60% lower in
FS I-I Tg mice than in wild-type mice (Fig. 1A4). Furthermore,
the weights of the inguinal and retroperitoneal fat pads of FS
I-1 Tg mice were 33 and 67% lower, respectively, in FS I-I Tg
mice than in wild-type mice. Therefore, we quantified the
adipocyte size histologically using H&E staining (Fig. 1B)

Fig. 1. A: adipose tissue weights (g) of 20-wk-old male wild-type and
transgenic (Tg) mice with a myostatin inhibitor derived from follistatin
[follistatin (FS)-derived peptide (FS I-I)] fed a control diet. Epididymal,
inguinal, and retroperitoneal fat pads from 5 mice each from wild-type and
FSI-I Tg mice were dissected and weighed. *P < 0.005 and **P < 0.03,
Student’s -test. B: histological analysis of adipose tissues. Epididymal fat pads
from 20-wk-old wild-type and FS I-I Tg mice were sectioned and stained with
H&E. Scale bar, 100 um. C: scanning electron microscopy of epididymal fat
pads. 20-wk-old wild-type (leff) and FS I-1 Tg mice (right) were analyzed.
Scale bar, 120 pm. D: distribution of epididymal adipocyte area in 20-wk-old
wild-type and FS I-1 Tg mice: 200 adipocytes were counted per mouse (5 mice
per group). The percentage of adipocytes with indicated areas per total adipocytes
was calculated and plotted. The mean adipocyte area was smaller in FS I-I Tg mice
(717.4 + 579.1 pm?) than in wild-type mice (436.8 = 309.1 pm?).
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and by scanning electron microscopy (Fig. 1C). Both tech- individual adipocytes is shown in Fig. 1D. At week 20 of
niques confirmed that adipocyte size was smaller in FS I-I age, the mean adipocyte area was smaller in FS I-I Tg mice
Tg mice than in wild-type mice. Therefore, we determined than in wild-type mice (436.8 *= 309.1 vs. 717.4 = 579.1
the mean adipocyte area. Quantification of the area of pm? respectively: Fig. 1D). These results indicate that FS
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I-I Tg mice showed less fat accumulation than wild-type
mice when fed a NFD.

Changes in expression of metabolic molecules in FS I-I Tg
mice. We examined the expression levels of mRNAs encoding
the UCPs, proteins expressed on the inner membrane of the
mitochondria that uncouple the proton gradient from ATP
synthesis and are implicated in thermogenesis (7). The expres-
sion levels of UCP3 in epididymal and inguinal adipose tissues
were increased two- and threefold, respectively, in FS I-1 Tg
mice compared with wild-type mice (Fig. 24). However, the
expression levels of UCPI and UCP2 mRNAs in adipose
tissues in FS I-I Tg mice and wild-type mice were comparable
(data not shown).

We next quantified the abundance of mitochondria in adi-
pose tissues by using the mitochondria marker cytochrome ¢
(Fig. 2B). Consistent with the increase in UCP3 mRNA, the
protein expression of cytochrome ¢ was increased in the
epididymal and inguinal fat pads in FS I-I Tg mice compared
with wild-type mice (Fig. 2B). In skeletal muscle, cytochrome
expression did not change (Suppl. Fig. S1; supplementary
materials are found with the online version of this paper on the
Journal website). We also determined mitochondria size by
transmission electron microscopy (Figs. 2, C and D, and S2),
which revealed that both the number and size of mitochondria
in adipocytes were increased in FS I-I Tg mice compared with
wild-type mice. These results raise the interesting possibility
that FS I-I Tg mice exhibit increased energy metabolism and/or
energy partitioning between adipose tissue and skeletal muscle.

Expression of FS I-I and altered Smad 3 phosphorylation in
FS I-I Tg mice. To ascertain that FS I-I expression is restricted
in skeletal muscle, we performed Western blotting using skel-
etal muscle, liver, adipose tissues and serum from wild-type
and FS I-I Tg mice. As shown in Fig. 34, FS I-I protein was
expressed in skeletal muscle, but was not detected in either
liver or adipose tissues. In serum, follistatin was detected,
whereas FS I-I was hardly detectable. Next, we studied the
phosphorylation of Smad 3 protein by immunoblotting. As
shown in Fig. 3B, Smad 3 phosphorylation in skeletal muscle
from FS I-I Tg mice was significantly reduced compared with
that from control mice. In other tissues such as liver and
adipose tissues, Smad 3 phosphorylation was either undetect-

“able or unchanged.

FS I-I Tg mice are resistant to HFD-induced obesity. We
previously reported that NFD-fed FS I-I Tg mice exhibited
greater weight gain than wild-type mice between 6 and 15 wk
of age, even though food intakes were comparable (27). Here,
the FS I-I Tg and wild-type mice were fed a HFD from weeks
4 to 13 of age to induce obesity. Interestingly, weight gain did
not differ between FS I-I Tg and wild-type mice (Fig. 44).
However, the weight of adipose tissue depots was lower in FS
I-I Tg mice than in wild-type mice, being 25.0 and 34.3%
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Fig. 3. A: detection of FS and FS I-I in serum, femoris skeletal muscle (Qf),
liver, and fats. FS is detected as 33-kDa protein in serum, whereas FS I-I is not
detectable in serum in FS I-I Tg mice (7op). FS I-1 is detected in skeletal muscle
but not in liver or fats (botfom). B: detection of phosphorylated Smad3 in
skeletal muscle, liver, and epididymal and inguinal fats. In quadriceps skeletal
muscle (Qf) of FS I-I Tg mice, phosphorylated Smad 3 is reduced compared
with that of wild-type mice. Smad 3 antibody was used as a loading control. In
other tissues, phosphorylation of Smad 3 is either undetectable or unchanged.

lower for the inguinal and retroperitoneal fat pads, respectively
(Fig. 4B). By contrast, FS I-I Tg mice exhibited increased
muscle weight, as the TA, EDL, Qf, and soleus muscles were
43, 45, 21, and 27% higher in FS I-I Tg mice than in wild-type
mice (Fig. 4C). Thus, the absence of a difference in body
weight gain between wild-type mice and FS I-I1 Tg mice fed the
HFD was attributed to changes of adipose tissue, muscle, and
liver weights in FS I-I Tg mice (see Figs. 4, B and C, and 3B).

We next measured serum parameters, including triglyceride,
NEFA, total cholesterol, insulin, leptin, and adiponectin levels

Fig. 2. A: relative mRNA expression of UCP3 in epididymal and inguinal adipose tissues in wild-type and FS I-1 Tg mice. Adipose tissues from 5 mice each
for wild-type and FS I-1 Tg mice were used and quantitated. UCP3 mRNA expression levels were quantified by RT-PCR. *P < 0.05, Student’s 7-test. B: protein
expression of cytochrome ¢ in epididymal and inguinal fat pads from wild-type and FS I- Tg mice. Cytochrome ¢ was detected at 14 kDa. Tubulin expression
was used as a loading control (fop). Adipose tissues from 3 mice each for wild-type and FS I-1 Tg mice were used and quantitated. *P < 0.02, Student’s r-test
(bottom). C: transmission electron microscopy of epididymal adipose tissues from 20-wk-old wild-type and FS 1-1 Tg mice. Higher magnification views of

indicated regions (squares) at fop are shown at bottom. Scale bars, 1 pm in fop left, 2 pm in top right, and 500 nm in bottom. Lip, lipid droplet; nuc, nucleus;
white arrowheads, plasma membranes; black arrowheads, mitochondria; V, vasculature. D: analysis of mitochondria size and number from wild-type and FS I-1
Tg mice. One hundred fifty mitochondria of epididymal adipocytes each from 3 wild-type and FS I-1 Tg mice were analyzed and plotted. E: mean mitochondria
areas of wild-type and FS 1-1 Tg mice. *P < 0.001, Student’s 7-test.
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Fig. 4. A: body weights (g) of wild-type and FS I-I Tg mice fed a high-fat diet (HFD) from 4 to 13 wk of age; n = 5 mice per group. B: weight of epididymal,
inguinal, and retroperitoneal fat pads of wild-type and FS I-I Tg mice fed HFD from 4 to 13 wk of age. *P < 0.05, Student’s r-test; n = 5-6 mice per group.
C: weights of the tibialis anterior (TA), extensor digitorum longus (EDL), quadriceps femoris (QF), and soleus muscles from wild-type and FS I-I Tg mice fed
a HFD from 4 to 13 wk of age. *P < 0.005, Student’s #-test; n = 5 mice per group. D: triglycerides, NEFA, cholesterol, insulin, leptin, and adiponectin levels
in wild-type and FS I-I Tg mice fed HFD from 4 to 13 wk of age. *P < 0.0005, **P < 0.003, ***P < 0.05, ****P < 0.007, Student’s r-test; n = 4-6 mice
per group. E: glucose tolerance test in wild-type and FS I-I Tg mice fed either normal diet (NFD) or HFD from 4 to 13 wk of age. Blood glucose was measured
at 0, 15, 30, 60, and 120 min after glucose (dextrose) injection; n = 6—8 mice per group. *P < 0.05 and **P < 0.01, Student’s r-test.

in FS I-1 Tg and wild-type mice (Fig. 4D). Of note, triglycer-
ide, NEFA, cholesterol, and leptin levels were lower in FS I-I
Tg mice by 19.7, 13.6, 7.7, and 58.4%, respectively, compared
with wild-type mice (Fig. 4B and Table 1). However, the serum
adiponectin levels were 25.7% higher in FS I-I Tg mice than in
wild-type mice when fed the HFD. By contrast, there were no
significant differences in triglyceride, NEFA, cholesterol, lep-
tin, and adiponectin levels between NFD-fed FS I-I Tg and
wild-type mice (Table 1).

Defects in glucose homeostasis are important factors in-
volved in the development of obesity. Therefore, we measured
whole body glucose tolerance in FS I-I and wild-type mice fed
the NFD or the HFD. Although there were no differences
between NFD-fed FS I-I and wild-type mice, the glucose level

tended to be lower in HFD-fed FS I-I Tg mice than in HFD-fed
wild-type mice (Fig. 4E). These results indicate that the re-
sponse to diet-induced obesity differs between FS I-I Tg and
wild-type mice. In the NFD condition, no difference was
observed in insulin tolerance (data not shown). However, in the
HFD condition, FS I-I Tg mice exhibited better insulin toler-
ance than wild-type mice (Fig. S3).

FS I-1 Tg mice are resistant to HFD-induced hepatic
steatosis. As expected, the HFD increased hepatocyte lipid
content and induced hepatic steatosis in wild-type mice. How-
ever, hepatic steatosis was not observed in HFD-fed FS I-I Tg
mice (Fig. 5A). The liver from FS I-I Tg mice was histologi-
cally normal, even when these mice were fed the HFD, and
showed significantly less lipid accumulation than HFD-fed
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Table 1. Serum metabolic parameters in wild-type and FS I-I Tg mice fed NFD or HFD

NFD HFD

Diet Treatment Genotype Wild Type FSI-1 Tg Wild Type FSIH Tg
Triglyceride. mg/dl 108.5 = 10.3 101.1 £ 7.5 122.8 = 10.6 98.6 = 7.5°
NEFA, mEq/l 0.83 £ 0.05 0.73 £ 0.09 0.97 = 0.05 0.84 = 0.04%!
Cholesterol, mg/d] 91.8 49 812 1.7 1708 = 7.7 157.6 = 10.7%2
Fasting glucose, mg/dl 1012 £ 16.2 107.8 = 14.7 208.0 = 2.0 208.0 = 6.6
Insulin, ng/ml 091 £0.13 0.51 £ 0.12* 2.16 = 1.56 0.58 £ 0.34¢
Leptin, ng/ml 4.00 = 0.41 3.88 = 0.14 21.35 274 8.90 + 3.88¢
Adiponectin, p.g/ml 21.0= 1.2 20413 35.1 %16 44.0 = 2.4%3

Values are means = SD; n = 4-6 mice per group. NFD, normal fat diet; HFD, high-fat diet: FSI I-I Tg, follistatin-derived peptide transgenic. a, b1-b3, ¢,
and d, vs. wild-type mice (HFD): b4, vs. wild-type mice (NFD). °P < 0.0005: bl-bip = (,003; <P < 0.05; 4P < 0.007 (Student’s r-test).

wild-type mice (Fig. 54). In addition, hepatic steatosis did not
develop even in aged mice in FS I-I Tg mice (data not shown).
The weight of the liver in HFD-fed FS I-I Tg mice was 13%
less than that of wild-type mice (Fig. 5, A and B). The lower
liver weight in FS I-I mice was attributed to reduced hepato-
cyte triglyceride accumulation in these mice compared with
wild-type mice (Fig. 5C). Triglyceride contents in skeletal
muscle were not significantly different between FS I-I mice
and wild-type mice fed the HFD in our experimental condition
(data not shown).

We next performed gPCR to determine the mRNA expres-
sion of genes related to fatty acid synthesis, including SCD1,
which is required for the biosynthesis of monounsaturated fatty
acids such as oleic acid and plays a key role in the hepatic
synthesis of triglycerides (25). The hepatic SCD1 mRNA
expression levels were 20% lower in HFD-fed FS I-I Tg mice
than in wild-type mice (Fig. 64). By contrast, the mRNA
expression of ACC1 mRNA did not differ between FS I-I Tg
and wild-type mice. We also measured the mRNA expression
levels of Gek and PFK, two enzymes that regulate the glyco-
lytic pathway. The expression levels of both genes were
increased in FS I-I Tg mice compared with wild-type mice,
1.8-fold for GeK and 2-fold for PFK (Fig. 64).

We measured hepatic fatty acid content in FS I-1 Tg and
wild-type mice. Interestingly, in HFD-fed mice, the fatty acid
content and the ratio of fatty acids differed between the FS I-I
Tg and wild-type mice. For example, the livers from HFD-fed
FS I-1 Tg mice showed an increased stearyl acid (C18:0) ratio
and decreased oleic acid (C18:1) ratio to the total fatty acid
content (Fig. 6B and Table 2). The absolute content of oleic
acid (C18:1) and palmitoleic acid (C16:1) did not increase in
FS I-I Tg mice compared with wild-type mice (Table 2). This
finding is consistent with the decreased mRNA level of SCD1.
Taken together, these results indicate that FS I-I Tg mice were
resistant to hepatic steatosis induced by HFD and had reduced
monounsaturated fatty acid content, particularly oleic acid
(C18:1) and palmitoleic acid (C16:1).

DISCUSSION

Inhibition of myostatin is useful for varions muscular dis-
eases, including muscular dystrophies, muscular atrophy, ca-
chexia induced by cancer, and sarcopenia (19, 34, 38). Fur-
thermore, myostatin-null mice and myostatin propeptide-over-
expressing Tg mice were used to study the effects of myostatin
inhibition on obesity (10, 14, 24, 41, 42). These studies
revealed that the inhibition of myostatin decreased adipose
tissue accumulation and improved diet-induced obesity and

genetic diabetes/obesity. The loss of myostatin in genetically
obese mice partially suppressed adipose tissue accumulation
and improved glucose metabolism (24). Meanwhile, upon
high-fat feeding, the myostatin propeptide Tg mice showed
favorable fat utilization and beneficial interactions between
skeletal muscle and adipose tissues compared with control
mice (42). Recent studies have suggested that inhibiting myo-
statin in muscle but not in adipose tissues is responsible for the
decreased fat mass and improved insulin sensitivity (13).
Indeed, inhibition of myostatin signaling in adipose tissue by
AACVR2B had no effect on body composition, weight gain, or
insulin tolerance either on NFD or on HFD. By contrast, inhibi-
tion of myostatin by AACVR2B in skeletal muscle resulted in
increased lean mass, decreased fat mass, and improved glucose
metabolism in mice fed an NFD or an HFD (13).

In our previous study, we reported the development and
characterization of a novel myostatin inhibitor derived from
follistatin, designated FS I-I. Although FS I-I showed signifi-
cantly weaker inhibitory effects on activin, FS I-I retained its
inhibitory effect on myostatin. In FS I-I Tg mice, inhibition of
myostatin activity by FS I-I increased skeletal muscle mass and
strength (27). Cardiac weight did not increase in FS I-I mice
(Fig. S5). In this study, we have further demonstrated that Tg
expression of the myostatin inhibitor FS I-I also has an anti-
obesity effect and improved glucose tolerance and prevents
hepatic steatosis induced by HFD.

Various strategies can be exploited to inhibit myostatin,
including neutralizing monoclonal myostatin antibodies, myo-
statin propeptide and AACVR2B (19). The neutralizing anti-
body is effective, but it can cause anti-idiotype immunity after
in vivo administration. The myostatin propeptide is susceptible
to proteolytic cleavage by members of the bone morphogenetic
protein (BMP)-1/tolloid family of metalloproteinases, impair-
ing its ability to inhibit myostatin (40). Purified follistatin has
several cleaved isoforms; the COOH-terminal region is sus-
ceptible to proteinase cleavage, although the cleaved follistatin
molecules can still inhibit activin and myostatin (36). FS I-I
comprises the NHo-terminal region and two consecutive fol-
listatin domain I regions. Therefore, FS I-I lacks the native
follistatin COOH-terminal region, which is susceptible to pro-
tease cleavage. Furthermore, follistatin is a naturally occurring
peptide and may cause fewer immune responses than exoge-
nous antibodies. Therefore, among myostatin inhibitors, FS I-1
offers some advantages over monoclonal antibodies and myo-
statin propeptide.

Adipocytes in FS I-I Tg mice contained fewer lipids than
wild-type mice when they were fed a standard diet. Therefore,
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Fig. 5. A: morphology of liver samples from [3-wk-
old wild-type and FS I-I Tg fed HFD. Liver sections
were analyzed with H&E staining (bottom). Scale bar,
100 pm. B: relative liver weight (g) to body weight
(g) of wild-type and FS I-I Tg mice fed HFD from 4
to 13 wk of age; n = 6 mice per group. *P < 0.01,
Student’s t-test. C: hepatic triglyceride (TG) content
in wild-type and FS I-I Tg mice fed HFD from 4 to 13
wk of age; n = 5 mice per group. *P < 0.0005,
Student’s f-test.
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mean adipocyte size was smaller in FS I-I Tg mice than in
wild-type mice (Fig. 1, B-D). By contrast, fat mass was normal
in myostatin propeptide Tg mice fed a standard diet (42).
During HFD feeding, myostatin knockout mice gained fat
mass, whereas muscle weight was unaffected by the HFD. By
contrast, in FS I-I Tg mice, the skeletal muscle mass was still
increased, albeit blunted compared with control mice (27, 42).
The differences in the increases of fat and skeletal muscle mass
in these models might be due to how much endogenous active
myostatin is present in vivo.

We examined the expression levels of mRNAs encoding
UCPs. The adipose tissue in FS I-I Tg mice showed upregu-
lation of UCP3 mRNA expression levels (Fig. 2A) but not
UCP1 or UCP2 compared with wild-type mice (data not

shown). While UCP2 shows rather ubiquitous expression,
UCP1 is specifically expressed in brown adipocytes and UCP3
is specifically expressed in skeletal muscle, brown adipose
tissues, and heart (6, 18). Upregulation of UCP3 mRNA
expression levels in FS I-I Tg mice was thought to increase
energy expenditure. In addition, we observed adipose tissue by
transmission electron microscopy (Fig. 2C). We found that the
adipocytes in FS I-I Tg mice contained increased numbers of
mitochondria. The mitochondria in FS I-I Tg adipocyte con-
tained mitochondrial cristae, suggesting that they had normal
mitochondrial function. To our knowledge, this is the first
report demonstrating that myostatin inhibition causes an ap-
parent increase in mitochondria abundance. The biogenesis of
mitochondria requires coordinated protein synthesis and as-
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Fig. 6. A: relative hepatic mRNA expression
levels of ACCI1, SCDI, Gck, and PFK were
measured by qPCR in wild-type and FS I-I Tg
mice fed HFD; n = 5 mice per group. *P <
0.05, Student’s r-test. B: ratio of long-chain
fatty acids to total fatty acids in liver of wild-
type and FS I-I Tg mice fed HFD; n = 6 mice
per group. *P < 0.05 and **P < 0.03, Stu-
dent’s f-test.

sembly from both the nuclear and mitochondrial genomes.
Mitochondrial abundance can be modulated in response to
physical activity, metabolic demands, and nutrition (16).
PPARY ligands increase mitochondrial biogenesis in white
adipose tissue, and the PPAR'y coactivator-1 (PGC-1) family is
well characterized as a pivotal transcriptional coactivator for
mitochondrial biogenesis (16). Although the mechanism of
how mitochondria number and size are increased in adipocytes
of FS LI Tg mice remains to be determined, one possible
mechanism may be upregulation of the PGC-1-dependent tran-
scription cascade in white adipose tissues. Alternatively, it is
also possible that the rate of mitochondrial turnover could be
changed in white adipocytes of FS I-I Tg mice. Energy expen-

diture in FS I-I Tg mice was influenced by increased muscle
mass, whereas adipose tissue is involved in energy storage.
Therefore, changes in mitochondria abundance in adipocytes
could modulate whole body energy expenditure and storage.
The insulin level in HFD-fed FS I-I Tg mice was lower than
that in control mice (Fig. 4D), but glucose tolerance was better
in HFD-fed FS I-I Tg mice than in HFD-fed wild-type mice.
FS I1 is expressed under a skeletal muscle-specific myosin
light-chain promoter and shows a widespread increase in mus-
cle mass. The expression of FSI-I is restricted to skeletal
muscles and is not detected in adipose tissues, liver, or serum
(Fig. 3A). The circulating level of FSI-I in serum is under the
detection limit and low compared with that of follistatin.
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Table 2. Hepatic fatty acid in wild-type and FS I-I Tg mice
fed NFD or HFD
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NFD HFD
Diet Treatment

Genotype Wild Type FSI-I Tg Wild Type FSI-I Tg
C14:0 ND ND ND ND
C16:0 131 £7.2 105+ 49 202+ 49 10.5 = 2.8*!
Cl16:1 2.1 £1.7 1309 38+1.1 1.5 £ 0.6
C18:0 3004 33x1.0 3504 32=x01
C18:1 27.1 +22.1 214+ 173 578 +£12.0 23.1x94°
C18:2 72 %21 6.7x20 89 %27 64*15
C20:1 03x05 ND 1.1 £0.2 ND
C20:3n-6 01x02 0.1+02 04x03 ND
C20:4n-6 30x1.0 34+ 15 39+02 3.6 0.1
C22:6n-3 34x09 3610 3107 35+03
Total 593 +359 503 *281 1027 %22 51.8 =149

Values are means * SD; n = 6 mice per group. ND, not detected (jLg/mg).
al-a2 and b, vs. wild-type mice (HFD); ®~2P < 0.05; ®P < 0.02 (Student’s
[-test).

Furthermore, a 30.2% reduction of phosphorylated Smad 3,
representing lower myostatin signaling, was detected in skel-
etal muscles but not in other tissues (Fig. 3B). Therefore, it is
likely that myostatin signaling in muscle, rather than the direct
effects of myostatin on adipose tissue, is responsible for the
decrease in fat mass in FS I-I Tg mice. We also studied the
effects of myostatin and FS I-1in Hep G2 cells and 3T3-L1 cell
lines. In both cases, the triglyceride level was not affected
either by myostatin or by follistatin-derived peptide stimulation
(Fig. S4), supporting the secondary and indirect effects of FS
I-1 on adipocytes and hepatocytes. The increased skeletal
muscle mass may have greater capacity for glucose uptake,
reducing substrate supply for hepatic lipogenesis.

The normal age-dependent adipose tissue accumulation was
decreased in NFD-fed FS I-I Tg mice (Fig. 1A). Intriguingly,
the adipocytes were smaller as a result of myostatin inhibition
by FS I-I (Fig. 1, B-D), reflecting reduced lipid accumulation.
Obesity occurs when the adipose tissue is overloaded with
high-energy nutrients and energy expenditure is reduced.
Therefore, we studied the effect of diet-induced obesity in FS
I-I Tg and wild-type mice. The body weight of HFD-fed FS I-1
Tg mice was comparable with that of HFD-fed wild-type mice
(Fig. 4A), which was attributed to the increase in muscle
weight and decrease in adipose tissue and liver weights in FS
I-1 Tg mice (Fig. 4, B and C). Interestingly, there is a report that
mice with an insertion allele at the Inhba locus, Inhba®X, are
smaller and leaner than wild-type littermate (20). In InhbaPX
mice, the sequences of the mature activin-BA domain were
replaced with the corresponding sequences from activin-BB.
InhbaPX mice have less adipose tissue than wild-type litter-
mates. The growth of Inhba®X is improved by providing an
HFD to a level comparable with that of wild-type mice on an
NEFD (20). The phenotype of FS I-I mice with lower myostatin
signaling is different from that of Inhba®® mice. Therefore,
although activin A and myostatin are functionally similar to
maintain energy balance and regulate skeletal muscle mass,
they may have different functions in vivo. As would be
expected, the HFD increased the levels of cholesterol, fasting
glucose, insulin, and leptin (Fig. 4D and Table 1) compared
with the NFD in wild-type mice (Table 1). However, the
triglyceride, NEFA, cholesterol, insulin, and leptin levels were
lower in HFD-fed FS I-I Tg mice than in HFD-fed wild-type

mice (Table 1 and Fig. 4D). Furthermore, we observed an
increase in serum adiponectin in FS I-I Tg mice (Table 1).
These results are similar to those of myostatin-null mice and
myostatin propeptide Tg mice (13, 42). Interestingly, the HFD-
fed FS I-I Tg mice exhibited better glucose tolerance than
HFD-fed wild type mice (Fig. 4E). By contrast, in mice fed the
NFD, glucose tolerance was similar in FS I-I Tg and wild-type
mice. This differs from the situation in myostatin knockout
mice, because myostatin knockout mice showed improved
glucose tolerance, even when they were fed the NFD (24).
With respect to whole body metabolism, we performed indirect
calorimetric analyses. Although food intake was not signifi-
cantly different between wild-type and FS I-I mice, the meta-
bolic rate calculated from Vo» was increased in FS I-I Tg
compared with control. When normalized with body weight, no
statistically significant difference was observed (Supplemen-
tary Table S1). Collectively, these results indicate that FS I-I
Tg mice were resistant to HFD-induced obesity and showed
improved glucose tolerance during excess energy intake.

Intriguingly, FS I-I Tg mice were resistant to hepatic
steatosis during high-fat feeding, which was confirmed by
histology, liver weight, and liver fatty acid accumulation
(Fig. 5, A-C and Table 2). The hepatic histology of HFD-fed
FS I-I Tg mice did not show any difference to NFD-fed
wild-type mice. The hepatic expression level of SCD1
mRNA was lower in FS I-I Tg mice than in wild-type mice.
SCD1 is a rate-limiting lipogenic enzyme required for the
synthesis of monounsaturated fatty acids and plays a key
role in the hepatic synthesis of triglycerides. As a result of
decreased SCD1 expression, the hepatic content of oleic
acid (C18:1) and palmitoleic acid (C16:1), monounsaturated
fatty acids produced by SCD1, was decreased (Fig. 6B and
Table 2). A decrease in SCD1 expression was reported to be
responsible for the prevention of diet-induced obesity, in-
sulin resistance, and diabetes (9, 28). Furthermore, SCD1-
null mice were resistant to diet-induced obesity and hepatic
steatosis (9). The resistance of FS I-I Tg mice to HFD-
induced obesity and hepatic steatosis may, in part, involve
the reduced mRNA expression of SCD1. Changes of RNA
and protein end points represent lower adiposity and lower
hepatic fat levels. The lower adiposity is likely secondary to
increased muscle mass and lower myostatin signaling in
skeletal muscle. .

The increase in skeletal muscle mass and reduction in fat
mass would likely take at least several months to occur.
Meanwhile, injection of myostatin neutralizing antibody does
not decrease the adipose tissue mass (35, 39). However, even
if the fat mass is not decreased, it seems likely that the
inhibition of myostatin improves glucose tolerance and insulin
sensitivity and prevents hepatic steatosis due to lower insulin
levels, increased adiponectin levels, and changes in substrate
utilization in skeletal muscle, adipose tissue, and liver. In
summary, the inhibition of myostatin by various strategies,
including follistatin-derived peptide, may offer a novel therapy
against obesity, diabetes, and hepatic steatosis.
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Small interfering RNA (siRNA)-mediated silencing of gene expression is rapidly becoming a powerful tool for
molecular therapy. However, the rapid degradation of siRNAs and their limited duration of activity require effi-
cient delivery methods. Atelocollagen (ATCOL)-mediated administration of siRNAs is a promising approach to
disease treatment, including muscular atrophy. Herein, we report that ATCOL-mediated systemic administration
of a myostatin-targeting siRNA into a caveolin-3-deficient mouse model of limb-girdle muscular dystrophy 1C
(LGMD1C) induced a marked increase in muscle mass and a significant recovery of contractile force. These
results provide evidence that ATCOL-mediated systemic administration of siRNAs may be a powerful therapeu-
tic tool for disease treatment, including muscular atrophy.

Key words: atelocollagen, muscle, muscular dystrophy, myostatin, RNA interference.

Introduction

Myostatin (growth differentiation factor 8, GDF8) is a
member of the transforming growth factor-g (TGF-p)
superfamily of secreted growth factors (McPherron
et al. 1997). A number of growth factors of this family
have been shown to regulate cell growth and differen-
tiation during development. Myostatin is unique among
the members of the TGF-B superfamily because its
expression is almost exclusively restricted to the skele-
tal muscle lineage.

Zhu etal. (2000) generated transgenic mice that
expressed myostatin mutated at its cleavage site under
the control of a muscle specific promoter creating a
dominant negative myostatin. These mice exhibited a
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significant (20-35%) increase in muscle mass that
resulted from myofiber hypertrophy and not from myo-
fiber hyperplasia. While, mice fully null for myostatin
showed muscle masses that were nearly double that of
normal muscle and this marked increase in muscle
mass was associated with both hypertrophy and hyper-
plasia (McPherron et al. 1997). The difference in muscle
mass seen in dominant negative myostatin and null
myostatin mice likely results from incomplete domi-
nance of dominant negative myostatin, so that dimeriza-
tion and cleavage of normal myostatin is not fully
blocked in dominant negative myostatin mice. So, lower
levels of myostatin inhibition may affect hypertrophy,
while higher levels of myostatin inhibiton may be
required to alter hyperplasia (Zhu et al. 2000). Thus,
it appears that myostatin specifically downregulates
skeletal muscle mass.

Because of its inhibitory role, myostatin downregula-
tion may serve as a potentially important mechanism for
treating diseases associated with muscle wasting and
degeneration, such as muscular dystrophy. We recently
demonstrated that myostatin inhibition induced by
overexpression of the myostatin pro-domain prevented
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muscular atrophy and normalized intracellular myostatin
signaling in a mouse model of limb-girdle muscular
dystrophy 1C (LGMD1C) (Nishi et al. 2002). Further-
more, myostatin inhibition also suppressed muscular
atrophy in caveolin-3-deficient mice that expressed a
dominant-negative form of the caveolin-3 gene (Ohsawa
et al. 2006). The dominant negative caveolin-3 mutation
was a missense mutation (Pro104Leu) that was
expressed under the control of the M-creatine kinase
promoter (Sunada et al. 2001).

Duchenne muscular dystrophy (DMD) is an X-linked,
lethal skeletal muscle disorder caused by mutations in
the dystrophin gene (Bulfield et al. 1984; Yoshimura
et al. 2007); it is a severe muscle wasting disorder that
affects 1/3500 male births (Deconinck & Dan 2007). To
date, there is no effective treatment for muscular dystro-
phy, although gene therapy could be a valuable
approach to treating this disease. In a previous study,
inhibition of myostatin using anti-myostatin blocking
antibodies was employed in an effort to increase muscle
mass (Bogdanovich et al. 2002). However, the genera-
tion of antibodies against recombinant target proteins
was a time-consuming, labor-intensive approach.

Recently, RNA interference (RNA)) has emerged as
an effective gene silencing method. RNAi refers to
sequence-specific, post-transcriptional gene silencing
mediated by approximately 22-nuclectide-long small
interfering RNAs (siRNAs) generated from longer dou-
ble-stranded RNAs (dsRNAs) in both plants and ani-
mals, ranging from flatworms to humans (Fire et al.
1998). RNAi-based approaches have increasingly been
developed in which highly specific siRNAs designed to
target disease-causing or disease-promoting genes
are utilized without the induction of interferon synthesis
or non-specific gene suppression (Elbashir et al. 2001;
de Fougerolles et al. 2007). Magee et al. (2006) dem-
onstrated that downregulation of myostatin expression
via electroporation of a plasmid directing the expres-
sion of a short hairpin interfering RNA (shRNA) against
myostatin led to a localized increase in skeletal muscle
mass. For safety reasons, however, strategies using
vector-based delivery systems may be of limited clini-
cal use. Therefore, a more desirable approach would
involve the direct application of active siRNAs in vivo.

Atelocollagen (ATCOL), a pepsin-treated type | colla-
gen that lacks antigenicity-conferring telopeptides at its
N and C termini, has been shown to promote the effi-
cient delivery of chemically unmodified siRNAs to met-
astatic tumors in vivo (Minakuchi et al. 2004; Takeshita
et al. 2005; Takeshita & Ochiya 2006). Based on its
practical use as an siRNA delivery platform, we
adapted an ATCOL-mediated oligonucleotide system
to deliver a myostatin-targeting siRNA into muscle,
and found that local or systemic administration of the

myostatin-targeting siRNA coupled with ATCOL led to
a marked stimulation of muscle growth in vivo within a
few weeks (Kinouchi et al. 2008). In the current study,
we examined whether systemic administration of the
myostatin-siRNA/ATCOL (Mst-siRNAZ/ATCOL) complex
effectively silenced myostatin expression in LGMD1C
mice, and whether it led to increased muscle mass
and/or decreased muscle weakness. In the current
study, we used the same myostatin-targeting siRNA
reported previously (Magee et al. 2006), which is pre-
dicted to target myostatin mRNA not only in mice, but
also in humans, rats, cows, macaques, and baboons.

Materials and methods

Systemic administration of the Mst-siRNA/ATCOL
complex to skeletal muscles in LGMD1C mice

The Mst-siRNA and ATCOL complexes were prepared
as follows. Equal volumes of siRNA solution (siRNA
and 1x siBNA buffer, 40 umol/L final concentration)
and ATCOL (0.05% final concentration) were com-
bined and mixed by vigorous pipetting. For systemic
administration, the sSiRNAZ/ATCOL complex (200 pl)
was introduced intravenously via orbital veins into 20-
week-old LGMD1C mice at O, 4, 7 and 14 days. As a
negative control, scrambled siRNAs were injected into
20-week-old LGMD1C mice at 0, 4, 7 and 14 days.

Morphometric analyses

The masseter and quadriceps femoris muscle tissues
were dissected 3 weeks after the first Mst-siRNA/
ATCOL complex administration. The tissues were
snap-frozen in liquid nitrogen-cooled isopentane and
sectioned transversely (6 pm) at the center of the
masseter and quadriceps femoris muscles using a
cryostat (Leica Microsystems). Sections were stained
with hematoxylin and eosin (H&E), and fiber sizes were
determined by measuring the area of each transversal
myofiber within a fixed area. Approximately 100 myofi-
bers were measured for each tissue sample (six to eight
fields/tissue section).

Contractile properties of Mst-siRNA/ATCOL
complex-treated tibials anterior (TA) muscles

The entire tbials anterior (TA) muscle was removed
with its tibial origin intact, and the distal portion of the
TA tendon, together with its origin, were secured
with a 5-0 silk suture. The TA was then mounted in a
vertical tissue chamber and connected to a force
transducer, UL-10GR (Minerva, Nagano, Japan), and a
length servosystem, MM-3 (Narishige, Tokyo, Japan).

© 2011 The Authors
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Electrical stimulations were applied using a SEN3301
(Nihon Kohden, Tokyo, Japan) through a pair of
platinum wires placed on both sides of the muscle
in physiological salt solution (150 mmol/L NaCl,
4 mmol/L KCI, 2 mmol/L CaCl,, 1 mmol/L MgCl,,
5.6 mmol/L glucose, 5 mmol/L Hepes, pH 7.4, and
0.02 mmol/L D-tubocurarine). Muscle fiber length was
adjusted incrementally using a micropositioner until
peak isometric twitch force responses were obtained
(optimal fiber length [Lg]). Maximal tetanic force (Po)
was assessed by stimulation frequencies of 125 pul-
ses/s delivered in 500 ms duration trains with 2 min
intervals between each train. After two measurements
were taken, the stimulated muscles were weighted
after the tendon and bone attachments were removed.
All forces were normalized to the physiological cross-
sectional area (pCSA), the latter estimated on the basis
of the following formula: muscle wet weight (in mg)/(Lo
in mm]x1.06 [n mg/mm3). The estimated pCSA
was used to determine specific tetanic force, and the
muscle was quickly frozen in liquid nitrogen-cooled
isopentane for morphometric analysis.

Statistical analyses

Error bars indicate standard deviation of the mean.
* indicates P < 0.01 or P < 0.05 in a Student’s t test.

Resulits

The Mst-siRNA/ATCOL complex can stabilize and
produce a long-term gene silencing effect

In initial experiments to evaluate the persistence and
spread of SIRNA/ATCOL complexes (100 ul), we
injected a BLOCK-T Alexa Fluor Red Fluorescent Oligo
(10 pmol/L) in the masseter muscle of 20-week-old
C57BL/6 mice. Mice were killed at 2 weeks, tissue
samples were dissected, and Alexa Fluor Red Fluores-
cent Oligo expression was assessed under conditions
identical to those used in myostatin gene transfer exper-
iments. As expected, Alexa Fluor Red Fluorescent Oligo
expression was detected near the sites of injection with
an uneven distribution pattern across the tissue (Fig. 1,
right panel). These observations suggested that the AT-
COL and siRNA formed a stable complex capable of
producing an efficient, long-term gene silencing effect.

Intravenous administration of myostatin-targeting
SiRNAs with ATCOL specifically repressed muscle
atrophy in LGMD1C mice

Based on our observation that ATCOL formed stable
complexes with siBRNAs capable of long-term gene

© 2011 The Authors

Fig. 1. Persistence and spread of an siRNA/atelocollagen
(ATCOL, AteloGene Koken, Tokyo) complex following injection
into the masseter muscle. A BLOCK-T Alexa Fluor Red
Fluorescent Oligo (10 umol/L final concentration, Invitrogen) and
ATCOL (100 pl) complex was injected into the masseter muscle
of 20-week-old C57BL/6 mice. Gene expression from the
BLOCK-T Alexa Fluor Red Fluorescent Oligo/ATCOL complex
injected in masseter muscle was assessed 2 weeks post-
injection. Sections were examined following hematoxylin and
eosin (H&E) staining (left) and serial section immunofluorescence
to detect Alexa Fluor Red-positive cells (right). As expected, the
Alexa Fluor Red Fluorescent Oligo expression was not evenly
distributed across the tissue, and the majority of expression was
located near the injection sites. Images were captured at 400x
magnification. Scale bar, 100 um.

silencing, we administered Mst-siRNA/ATCOL or con-
trol scrambled siRNA/ATCOL complexes intravenously
into 20-week-old LGMD1C mice at 0, 4, 7, and
14 days (Fig. 2A). Strikingly, we observed the enlarge-
ment of a number of skeletal muscles, including the
lower limbs, masseters, and more in mice treated with
Mst-siRNA/ATCOL (Fig. 2B). Since the changes in the
lower limb muscles were the most pronounced, we
used them for further analyses. Indeed, we also
observed a significant increase in muscle fiber size at
3 weeks after the first administration in mice treated
with Mst-siRNA/ATCOL (Fig. 2C).

These results indicated that intravenous administration
of a myostatin-targeting siRNA with ATCOL specifically
induced muscle hypertrophy in LGMD1C mice. The
results were expressed as a ratio of the internal control
and were analyzed statistically. Mst-siRNA/ATCOL-
treated muscles (18.64 = 4.18 um) were significantly
larger than control muscles (15.49 + 3.12 um) (P <
0.0001, n = 100). Histometric analysis showed that
the myofibril sizes of quadriceps muscles treated with
the Mst-siRNA/ATCOL complex were significantly
larger than those of control quadriceps muscles
(Fig. 2C,D). Examination of the sizes of 100 myofibers
from each group showed that the Mst-siRNA/ATCOL-
treated myofibril population exhibited a shift from
smaller to larger sized fibers; the average myofibril size
for Mst-siRNA/ATCOL-treated muscle was increased

Journal compilation © 2011 Japanese Society of Developmental Biologists
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Fig. 2. Systemic administration of the Mst-siRNA/ATCOL complex led to increased skeletal muscle mass and fiber size in LGMD1C
mice via inhibition of myostatin expression. In the experiments depicted in (A-C), Mst-siRNA (40 pmol/L final concentration) was mixed
with ATCOL according to the manufacturer’s instructions. (A) Time course analysis. Twenty-week-old male or female LGMD1C mice
were anesthetized with Nembutal (25 mg/kg i.p.), and the Mst-siRNA/ATCOL complex (40 pmol/L in a 200 pL volume) was introduced
intravenously via orbital veins at 0, 4, 7, and 14 days (1 = 3). As a negative control, scrambled siRNAs were injected into LGMD1C
mice. At 3 weeks after the first administration, the quadriceps muscles on both sides were harvested and processed for analysis. (B)
Photographs of mice (upper panels) and lower limbs (lower panels). An increase in muscle mass was observed in the Mst-
SiRNA/ATCOL-treated (right), but not in control mice (eft). (C) H&E staining of control (left) and Mst-siRNA/ATCOL-treated (right)
masseter or quadriceps femoris muscle. Images of the masseter and quadriceps femoris were captured at 400x and 200x, respectively.
Scale bar, 50 um. (D) Distribution of the myofibril sizes of control (white bars) and Mst-siRNA/ATCOL-treated (black bars) quadriceps
muscles. The right panel shows the average myofibril size (15.49 + 3.12 pm vs. 18.64 + 4.18 um, respectively; n = 100; P < 0.01). The
graphical representation of the data uses the following convention: mean + SD. Mst-siRNA/ATCOL-treated muscles and mice are
shown in black; control muscles and mice are shown in white. National Institute of Health (NIH) Image (NIH) software was used for
morphometric measurements. '

by approximately 1.2-fold relative to control muscle Mst-siRNA/ATCOL-treated LGMD1C muscle (Fig. 3C).
(Fig. 2D). We did not identify any statistically significant differences
in the wet weights of Mst-siRNA/ATCOL -treated and
untreated LGMD1C muscle. Unexpectedly, the specific
force of untreated LGMD1C muscle was much lower
than that of Mst-siRNA/ATCOL-treated LGMD1C mus-
cle (Fig. 3A,B). We analyzed the specific force gener-
First, we tested the grip strength of mice before and ated by tetanic stimulation (150 Hz) of TA muscles from
after treatment. There were no statistically significant dif- LGMD1C mice treated with ATCOL-based control
ferences in the grip strength before and after treatment scrambled siRNAs or Mst-siRNA (0.568 + 0.293 vs.
(Fig. 3D). We also evaluated the contractile properties of 0.041 + 0.351 N/cm?, respectively; n = 4; P < 0.05).

Hypertrophied Mst-siRNA/ATCOL-treated LGMD1C
muscle fibers exhibit significantly improved contractile
force generation

© 2011 The Authors
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Fig. 3. Mst-siRNA/ATCOL-treated fibers exhibited significantly
improved contractile force generation. (A) Specific force
generated by tetanic stimulation (150 Hz) of TA muscles from
wild-type or LGMD1C mice treated with ATCOL-based control
scrambled siRNAs or Mst-siRNA. (B) The specific force of
untreated LGMD1C muscle () was much lower than that
of Mst-siRNA/ATCOL-treated LGMD1C muscle () (0.569 +
0.293 N/cm? vs. 0.041 + 0.351 N/cm?, respectively; n = 4;
P < 0.05). In contrast, in wild-type mice, the specific force was
not different between untreated muscle and Mst-siRNA/ATCOL-
treated muscle (0.888 + 0.588 N/cm? vs. 0.925 + 0.828 N/cm?;
n = 3. (C) There were no statistically significant differences in wet
weights between untreated muscles and Mst-siRNA/ATCOL-
treated muscles. (D) There were no statistically significant
differences in grip strength between pre-treated mice () and
after Mst-siRNA/ATCOL-treated mice (m).

Although wild-type fibers have been found to be hyper-
trophied (Kinouchi et al. 2008), the present results did
not show a significant difference between the contractile

© 2011 The Authors

force generated by Mst-siRNA/ATCOL-treated and
untreated wild-type muscle (0.888 + 0.588 vs. 0.925 +
0.828 N/cm?; n = 3). As shown in Figure 2D, histogram
analysis demonstrated a shift to the right in the fiber
distribution of Mst-siRNA/ATCOL-treated LGMD1C
muscle relative to that of untreated LGMD1C muscle;
larger caliber fibers were dominant, reflecting hypertro-
phy of Mst-siRNA/ATCOL-treated muscle fibers. Thus,
hypertrophied  Mst-siRNA/ATCOL -treated LGMD1C
muscle fibers exhibited improved contractile force
generation, but the increase in muscle weight did not
correlate with increased force generation.

We previously reported that local and systemic
administration of siRNA against myostatin coupled with
ATCOL markedly stimulated muscle growth. in vivo
within a few weeks (Kinouchi et al. 2008), and that
ATCOL-based gene therapy was associated with low
immunogenicity. As expected, we did not observe any
signs or symptoms suggestive of health problems
during the experimental period of the current study.

Discussion

In the current study, we intravenously administrated a
myostatin-targeting siRNA with ATCOL and analyzed
the relationship between the extent of Mst-siRNA/
ATCOL expression and the recovery of contractile
force in LGMD1C muscles. Histogram analysis further
demonstrated that the myofibril size distribution of
Mst-siRNA/ATCOL-treated LGMD1C muscle fibers
was shifted from smaller to larger sized fibers relative
to control muscle fibers. We found that treatment of
LGMD1C mice with the Mst-siRNA/ATCOL complex
led to a significant increase in skeletal muscle mass
and enhanced contractile force, similar to that reported
previously with a myostatin blockade of dystrophic
muscle (Bogdanovich et al. 2002).

There was no statistically significant difference in mus-
cle weight between control and Mst-siRNA/ATCOL-
treated muscles. It appeared that muscle weight did not
correlate with force generation. Thus, hypertrophied
Mst-siRNA-positive LGMD1C fibers seemed to greatly
improve contractile force generation. Notably, the level
of contractile force was dramatically improved by
approximately 60% in Mst-siRNA/ATCOL -treated wild-
type muscles relative to control muscles. Although
the underlying molecular mechanisms by which Mst-
SiRNA/ATCOL treatment leads to increased contractile
force remain to be determined, the current results are
encouraging in that the function of caveolin-3-deficient
muscles might be greatly improved. These findings are
significant because the recovery of absolute maximal
force and specific tetanic force are barometers of ame-
lioration (Yoshimura et al. 2007).
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To our knowledge, the results of the current study
are the first to quantitatively and qualitatively demon-
strate that in vivo myostatin siRNA gene transfer may
serve as an effective treatment for muscular dystrophy.
The potential benefit of myostatin siRNA gene therapy
lies in the treatment of skeletal muscle waste in condi-
tions such as muscular dystrophies (Bogdanovich
et al. 2002), cachexia and HIV infection in advance of
new therapies (Gonzalez-Cadavid & Bhasin 2004; Fri-

-mel et al. 2005). Although myostatin siRNA gene ther-

apy would not correct the underlying pathophysiology
of these diseases, it would counterbalance the effects
by stimulating myofiber growth. The ease of adminis-
tration of the myostatin-siRNA/ATCOL complex com-
bined with its muscle-growth effect makes it a clinically
valuable method of fighting against muscle atrophy.
However, a strategy for the clinical use of this gene
transfer method for human DMD patients requires fur-
ther testing. Differences between humans and mice,
including muscle size, life span and biological proper-
ties, should be taken into consideration (Yoshimura
et al. 2007). In tumor-bearing mice, it was reported
that ATCOL distributed siRNAs against luciferase to
normal liver, lung, spleen and kidney tissues, as well
as to bone-metastatic lesions (Takeshita et al. 2005).
ATCOL was also reported to display low-toxicity and
low-immunogenicity when it is transplanted in vivo
(Ochiya et al. 2001; Sano et al. 2003).

Taken together, the results of the present study
demonstrate that administration of siRNAs with ATCOL
may be a promising therapeutic tool not only for muscu-
lar diseases, but also for other genetic diseases. The
results of the current study indicate that treatment with
Mst-siRNA/ATCOL led to an increase in muscle mass
and functional recovery in the absence of obvious
adverse effects in LGMD1C mice. The current study
also provides evidence of ATOL-mediated delivery of
siRNA to skeletal muscle. Therefore, ATCOL-mediated
administration of SiRNAs represents a powerful new tool
for future therapeutic use in the treatment of diseases,
including muscular atrophy.
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ARTICLEINFORMATION ABSTRACT

Article Chronology: The molecular mechanisms of Duchenne muscular dystrophy (DMD) have been extensively

Received 25 March 2010 investigated since the discovery of the dystrophin gene in 1986. Nonetheless, there is currently no

Revised version received 13 May 2010 effective treatment for DMD. Recent reports, however, indicate that adenoassociated viral (AAV)

Accepted 17 May 2010 vector-mediated transfer of a functional dystrophin cDNA into the affected muscle is a promising

Available online 24 May 2010 strategy. In addition, antisense-mediated exon skipping technology has been emerging as another
promising approach to restore dystrophin expression in DMD muscle. Ongoing clinical trials show

Keywords: restoration of dystrophin in DMD patients without serious side effects. Here, we summarize the

Dystrophin recent progress in gene therapy, with an emphasis on exon skipping for DMD.
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Introduction suggested that the rod domain has limited function and is largely

Muscular dystrophies are heterogeneous genetic disorders, char-
acterized by progressive degeneration and weakness of the
skeletal and cardiac muscles. DMD is severe and the most common
type of muscular dystrophy; worldwide, approximately one in
every 3500 boys born is afflicted with DMD.

The DMD gene is the largest known gene in humans,
comprising over 79 exons, with a coding sequence of 11 kb and
spans no less than 2.3 Mb of genomic DNA. DMD is caused by
deletion (65%), duplication (15%), or nonsense and other small
mutations (20%) in the DMD gene, all of which disrupt the open
reading frame [1].

The DMD gene encodes dystrophin, which is located beneath
the sarcolemma, assembles the dystrophin-glycoprotein complex
at the sarcolemma, and links the internal cytoplasmic actin
filament network and extracellular matrix, providing physical
strength to muscle fibers [2]. At present, there is no effective
therapy to stop the lethal progression of the disease, but several
therapeutic approaches hold great potential. Here we focus on
gene therapy for DMD and summarize AO-mediated exon skipping
technology as a most promising therapy.

Adenoassociated virus -mediated gene therapy
Updates on rAAVs

The adenoassociated virus (AAV) is a tiny single-stranded,
nonpathogenic, nonreplicative DNA virus belonging to the Parvo-
virus family. So far, more than 12 serotypes have been identified in
primates [3]. Recombinant AAV (rAAV) is a powerful tool to deliver
therapeutic genes to skeletal muscle [4-6]. Even in immunolog-
ically competent mice, the expression of the exogenous gene was
shown to continue for years without evoking immune responses.

Importantly, rAAV has several serotypes that show tropisms to
skeletal muscle. rAAV1 and rAAV2 are commonly used for direct
delivery to skeletal muscle and mainly used in local treatment.
rAAV-6 [7] plus the more recently developed rAAV-8 [8,9], and
rAAV-9 [10-12] are powerful in systemic delivery of the
therapeutic genes via the circulation to the musculature body-
wide, including the diaphragm and heart.

Limited packaging size of rAAV

rAAV has a limitation in the length of the transgene it can
accommodate (less than 5.0 kb). Full-length dystrophin, which is
nearly 11 kb, cannot be incorporated into an AAV vector. To
overcome this limitation, truncated but functional microdystro-
phins with a large deletion in the central rod domain have been
constructed because studies of the genotype-phenotype relation-
ships in DMD and Becker muscular dystrophy (BMD), a milder form
of muscular dystrophy with near-normal life expectancy, have

dispensable [4]. Several types of microdystrophin were adminis-
trated to mdx mice locally [13] or systemically [7,14-16] and
ameliorated pathology and improved muscle function. To expand
the packaging capacity of the AAV vector, trans-splicing (ts) of two
vectors and recombination of two overlapping (ov) rAAV vectors
have been tested (reviewed in Trollet et al. [4]). A hybrid dual-
vector system, which combines the features of the ts and ov vectors
into a single system, has been reported to work well in skeletal
muscle [17].

Immunity against rAAV in dog models

Based on the improvement of pathology and muscle function due to
successful AAV-mediated gene transfer into dystrophic mice,
preclinical studies using dystrophic dogs [18,19] and nonhuman
primates [20,21] were performed.. In dogs, considerable cellular
immune response was often observed [18,19,22], and transient
immune suppression was needed [23]. However, there is no clear
explanation of why rAAVs evoke much stronger immune responses
in dogs than mice.

Clinical trials

Immunity to AAVs is also a big concern in rAAV-mediated gene
therapy for DMD. First, natural AAV infection is quite common in
human populations, and preexisting antibodies could block AAV
vector-mediated therapy. Second, after the first injection of rAAV
vectors, the second injection is known to be much less effective
due to a neutralizing antibody. Indeed, clinical trials using AAV
vectors suggest that immune response to the vector and/or
transgene product is the most important limitation of the rAAV-
mediated gene therapy. To diminish a host immune response
against the transgene product, utilization of a muscle-specific
promoter active in both skeletal and cardiac muscles [24.25] is
desirable. Codon optimization has also been demonstrated to be
effective to reduce the virus titer [26]. A phase 1/1I clinical trial of
intramuscular delivery of microdystrophin by AAV2.5-CMV-Mini-
Dystrophin was initiated in 2006 (PI: JR Mendell; Trial ID: US-679;
clinicaltrials.gov identifier: NCT00428935). More information can
be obtained at http://www.wiley.co.uk/genetherapy/clinical/,
http://www.clinicaltrials.gov, or http://www.mda.org.

Lentiviral vector-mediated gene transfer into muscle
stem cells

Lentiviral vectors have a relatively large transgene carrying capacity
(7.5-9 kb), integrate into the genomes of both dividing and
nondividing cells, and achieve long-term transgene expression in a
wide variety of tissues including skeletal muscle. Previously,
lentiviral vectors have been used to introduce a mini-dystrophin
gene into mouse skeletal muscle [27]. Because the expression levels
of mini-dystrophin were low after direct injection of lentiviral
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vectors into diseased muscle, this system seemed to be useful in
modifying genetically autologous cells ex vivo rather than in direct
injection in vivo. In fact, lentiviral vectors expressing mini-
dystrophin transduced mouse satellite cells efficiently, and the
transduced cells regenerated muscle fibers after transplantation
[28]. Quenneville et al. [29] showed that lentiviral vectors are useful
in transducing monkey muscle stem cells. The lentiviral vector has
been recently used to modify muscle stem cells to deliver an
antisense sequence linked to a modified U7 [30] or U1 [31] small
nuclear RNA for restoration of the reading frame.

Antisense oligonucleotide (AO)-mediated exon
skipping for DMD gene

Skipping of targeted exons

DMD is caused by mutations in the DMD gene that disrupt the
open reading frame. BMD is also caused by mutations in the DMD
gene, but in the case of BMD, the open reading frame is
maintained. If we can skip (splice out) targeted exons by
modification of splicing patterns and restore the reading frame, a
shorter dystrophin protein can be restored in the DMD muscle,
converting the DMD phenotype to a BMD phenotype. To this end, a
number of antisense oligonucleotides (AOs) have been designed
and tested in vitro [32-34] and in vivo [35-37]. Fig. 1 illustrates the
skipping of exon 51 using one AO. Whether the resultant
shortened dystrophin is functional or not depends largely on the
function of the deleted part. In general, truncation of the rod
domain is thought to be relatively harmless.

Single exon 51 skipping is expected to be suitable for approxi-
mately 13% of DMD patients. Multiple exon skipping is estimated to
be applicable to more than 80% of DMD patients. Theoretically, the
AO-mediated exon skipping strategy cannot treat patients with
mutations in the promoter region, deletion of the first or last (79th)

exon, deletion of the domain bound by dystroglycan: exons 62-69
[38] or large deletions (> 35 exons) [39]. However, these mutations
are rare, and the majority of patients have a mutation in the hotspot
located between exons 43 and 55.

Design of AOs

AOs are designed to hybridize specific sequences, such as exon-
intron boundaries, and exon splicing enhancer (ESE) sequences in
transcripts. AOs interfere sterically with the splicing machinery
[40,41]. There are several software programs, such as ESEfinder
(http://rulai.cshl.edu/tools/ESE), to design antisense oligonucleo-
tides, but extensive empirical analysis is still required for each exon.

AO chemistry, delivery in vivo, and toxicity

Among the AOs tested so far, AOs having a 2’-0-methyl phosphor-
othioate backbone (2’-0-MeAO) and phosphorodiamidate morpho-
lino oligomers (PMOs) (Fig. 2) are commonly used in animal models
and in clinical trials [42,43]. 2’-0-MeAOs have a chemically
modified RNA structure (Fig. 2). The modifications increase the
half-life and distribution to tissues. 2’-0-MeAOs have been well
tolerated in clinical trials. PMOs have a morpholino backbone, are
uncharged, are not recognized by cellular proteins, and, therefore,
are rapidly cleared from plasma and excreted in urine. Very high
doses of PMOs are reported to be well tolerated by animal
models. This would be partly because PMOs hardly evoke innate
immune responses.

In vivo delivery of AOs

One limitation of PMO-mediated exon-skipping therapy is that
PMOs do not easily enter cardiac muscle. Recently, to improve the
uptake of PMOs by cardiocytes, peptide-tagged PMOs (PPMOs) [44]
and Octa-guanidine PMOs [45] were developed. These modified
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Fig. 1 - Exon skipping therapy for DMD patients with deletion of exon 51. (A) Normal dystrophin transcript and mRNA. (B) Deletion
of exon 50 disrupts the open reading frame, leading to a premature stop codon, unstable mRNA, and a truncated protein.

(C) Targeted skipping of exon 51 using AO restores the reading frame and produces a shorter but functional dystrophin that lacks
exons 50 and 51. Blue bar indicates AO targeting the sequence in exon 51.



