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ABSTRACT: Myostatin is a key negative regulator of skeletal muscle growth, and myostatin inhibitors are attractive tools for the
treatment of muscular atrophy. Previously, we reported a series of 14−29-mer peptide myostatin inhibitors, including a potent
derivative, MIPE-1686, a 16-mer N-terminal-free L-peptide with three unnatural amino acids and a propensity to form β-sheets.
However, the in vivo biological stability of MIPE-1686 is a concern for its development as a drug. In the present study, to develop a
more stable myostatin inhibitory D-peptide (MID), we synthesized various retro-inverso versions of a 16-mer peptide. Among these,
an arginine-containing derivative, MID-35, shows a potent and equivalent in vitro myostatin inhibitory activity equivalent to that of
MIPE-1686 and considerable stability against biodegradation. The in vivo potency of MID-35 to increase the tibialis anterior muscle
mass in mice is significantly enhanced over that of MIPE-1686, and MID-35 can serve as a new entity for the prolonged inactivation
of myostatin in skeletal muscle.
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Myostatin (growth differentiation factor-8, GDF-8), a
member of the transforming growth factor-β (TGF-β)

superfamily, suppresses the growth of skeletal muscle and is
promising for the treatment of muscle atrophic disorders, such
as muscular dystrophy, sarcopenia, and cancer-associated
cachexia.1−3 Intracellularly produced myostatin precursors are
dimerized and cleaved into prodomains and a mature dimer by
furin-like proteases. This mature dimer, myostatin, can bind to
activin type I and II receptors and activate the intracellular
Smad2/3 signaling to negatively regulate muscle growth.4−7

The development of high-molecular-weight inhibitory mole-
cules such as antibodies and soluble decoy receptors8−10 has
progressed, but none of these products are currently in clinical
use for muscle wasting.11,12 Therefore, it is appropriate to
examine a new therapeutic strategy involving compounds that
can overcome muscular dystrophy.13 Recently, the cooperative
regulation of multiple TGF-β superfamily members, including
myostatin, GDF-11, and activin, has received much attention
in drug development laboratories.14−17 Latres et al. suggested
that the inhibition of both myostatin and activin is more

effective for muscle building than myostatin-specific inhib-
ition.14 Follistatin like-3 (Fstl3), an endogenous molecule
inhibitory against TGF-β family ligands, also has attracted
attention for its enhancement of muscle growth.17,18 For
instance, the antibody Fc-fused Fstl3 protein, which inhibits
myostatin, GDF-11, and activin, was reported as a new agent
that increases muscle mass.17

Since 2015, we have reported a series of 14−29-mer peptide
inhibitors of myostatin.19−26 Among these, a 16-mer inhibitor,
MIPE-1686 (Figure 1), is the most potent peptide
encountered to date.24 In terms of the mechanism, we
proposed that the inhibitory peptide binds to myostatin at
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the activin type I receptor binding site described in our recent
study.27 MIPE-1686 has a predominant β-sheet-forming
property, and this contributes to a potent myostatin inhibitory
activity and a high stability in vitro against recombinant
enzymes such as aminopeptidase N, chymotrypsin C, and
trypsin 3.24,28 However, the in vivo stability of MIPE-1686
under biological conditions remains a concern because its N-
terminus is unprotected, and it is basically composed of native
L-amino acids with the exception of three unnatural amino
acids, one D-Trp and two L-cyclohexylglycine residues.
In the present study, we sought to develop a myostatin

inhibitory D-peptide (MID) to avoid the proteolytic degrada-
tion entirely. The preparation of such a retro-inverso peptide is
one of several challenging strategies to produce stable
alternatives to biologically active L-peptides.29 Snyder et al.,
for example, successfully developed the retro-inverso version of
an anti-cell proliferative peptide derived from the C-terminal
region of p53, which sustainably suppresses the cancer
growth.30 This appears, however, to be an exceptional case,
and it is generally recognized that retro-inverso isomerization is
less effective in reproduction of the biological activity of the
original L-peptide.31 In this case, we focused on the L-peptide
(7c) (Figure 1), which has been reported as a potent inhibitor
prior to the D-Trp incorporation step in the production of
MIPE-1686.24 Peptide 7c-ri and its derivatives, retro-inverso
versions of peptide 7c (Figure 1), were synthesized with >98%
purity, and their myostatin inhibitory activities were evaluated.
As reported previously,19,24 these peptides were synthesized
manually using an Fmoc-based solid-phase peptide synthesis
(SPPS) method. A Smad2/3-responsive luciferase reporter
assay using human embryonic kidney 293 (HEK293) cells was
used to evaluate the myostatin inhibitory activity of the
synthesized peptides. We found that peptide 7c-ri possessed
potent myostatin inhibitory activity similar to that of peptide
7c (Figure 2A). The physicochemical properties of peptide 7c-
ri, however, required attention because as in 7c and MIPE-
1686,24 some insoluble aggregates were observed during its
purification, and the yield was only 10%. (For details, see the
Supporting Information (SI)). The nonspecific binding (NSB)
of MIPE-1686 to the experimental apparatus was observed in
our previous study.28 Therefore, to improve the physicochem-
ical property of peptide inhibitors, we designed the novel basic
arginine-containing derivative MID-35, in which both neutral
D-Ser and D-Gln residues at positions 5 and 8 of 7c-ri were

replaced by D-Arg. These two hydrophilic amino acid residues
were chosen because hydrophobic amino acids are known to
be important for effective myostatin inhibition.22,32 Regarding
the incorporation of D-Arg, the advantageous effect on the
inhibitory activity in comparison with Lys, as previously
reported,24 was considered. No problematic aggregates were
observed during the purification step in the MID-35 synthesis,
and the yield increased to 21%. (See the SI.) In the reporter

Figure 1. Sequences of previously reported 16-mer peptides MIPE-
1686 and 7c24 and newly synthesized peptides 7c-ri, MID-35, MID-
36, and MID-39 using an Fmoc-based solid-phase peptide synthesis
(SPPS) method. The numbers above each amino acid indicate the
position relative to the N-terminus. The lowercase letter indicates the
D-amino acid. The underline indicates the substituted amino acid
from peptide 7c or 7c-ri. The hyphen means deletion of the
corresponding amino acid.

Figure 2. Results of a luciferase reporter assay of the activities of
myostatin inhibitory D-peptides. (A) 7c-ri, (B) MID-35, and (C)
MID-36 and MID-39. Cells, HEK293-cell-transfected Smad-respon-
sive reporter (pGL4.48[luc2P/SBE/Hygro]) and control (pGL4.74-
[hRluc/TK]) plasmids; peptide concentration, 0.3 μM; positive
control (prodomain, mouse recombinant) concentration, 10 nM;
myostatin concentration, 8 ng/mL (0.32 nM); starvation with serum-
free DMEM, 8 h; incubation with or without peptides, 4 h. Values
represent means ± SD (N = 3).
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assay, the myostatin inhibitory activity observed in 7c-ri was
well maintained in MID-35 (Figure 2B).
To investigate the possibility of chain shortening, we

synthesized MID-36 and MID-39, deleted forms of N- and
C-terminal amino acids of MID-35, respectively (Figure 1). As
shown in Figure 2C, the myostatin inhibitory activities of both
of these 15-mer D-peptides (MID-36 and MID-39) were
similar to or weaker than that of MID-35 at a concentration of
0.3 μM. This result suggests that the C-terminal D-Trp residue
is more important than the N-terminal D-Leu residue for
effective inhibition. Nevertheless, 15-mer peptides such as
MID-36 maintain potent activity similar to that of our
previously reported 22-mer derivatives 3d22 and 11,23 with
IC50 values of ∼0.3 μM. However, the both termini-deleted 14-
mer peptide (rxkrwirxkiwriy-amide) lost the inhibitory activity
at a concentration of 0.3 μM (data not shown). Recently, we
also reported a structure−activity relationship (SAR) study of
follistatin-derived myostatin inhibitory 14-mer peptides.25,26

The most potent derivative among them, DF-100,26 has an
IC50 value of 4.0 μM. These findings imply that a 15-mer or
larger is required to obtain the potent IC50 value of ∼0.2 to 0.3
μM. The proposed binding site of the inhibitory peptides27

may impose a molecular size limitation because the activin type
I receptor binding site on myostatin, for example, has a broad
concavity.
Next, we examined the dose dependency of MID-35 against

myostatin, GDF-11, activin A, and TGF-β1 (Figure 3), all of
which activate Smad2/3 signaling. The IC50 values of MID-35
and MIPE-1686 are shown in Table 1. MID-35 has slightly
better inhibitory IC50 values (0.19 and 0.89 μM, respectively)
against myostatin and activin A than against MIPE-1686 (0.26
and 1.4 μM, respectively). In the inhibition of GDF-11 and
TGF-β1, MID-35 (0.63 and 1.6 μM) has two times and four
times more potent activity than MIPE-1686 (1.4 and 6.7 μM),

Figure 3. Luciferase reporter assays to evaluate the dose-dependent inhibition by MIPE-1686 and MID-35 against myostatin (A), GDF-11 (B),
activin A (C), and TGF-β1 (D). Cells, HEK293-cell-transfected Smad-responsive reporter (pGL4.48[luc2P/SBE/Hygro]) and control
(pGL4.74[hRluc/TK]) plasmids; peptide concentration, 0.025−2 μM (A), 0.08−6 μM (B), 0.025−18 μM (C), and 0.025−18 μM for MID-35 or
0.074−54 μM for MIPE-1686 (D); positive control (SB431542) concentration, 5 μM; myostatin, GDF-11, and activin A concentrations, 8 ng/mL
(0.32 nM); TGF-β1 concentration, 2.5 ng/mL (0.1 nM); starvation with serum-free DMEM, 8 h; incubation with or without peptides, 4 h. Values
represent means ± SD (N = 3). Curve fitting was performed using KaleidaGraph 4.5. The sigmoidal curve is normalized with the minimum values
in each assay. The vertical dotted line (gray) represents a concentration of 1 μM.

Table 1. IC50 Values (μM) of MIPE-1686 and MID-35a

inhibited protein MIPE-1686 MID-35

myostatin 0.26 ± 0.04 0.19 ± 0.05
GDF-11 1.4 ± 0.2 0.63 ± 0.05
activin A 1.4 ± 0.5 0.89 ± 0.09
TGF-β1 6.7 ± 0.6 1.6 ± 0.2

aIC50 values (μM) were calculated from the respective fitting curves
of Figure 3 using KaleidaGraph 4.5.
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respectively. These results suggest that MID-35 shows the
redundant inhibition of TGF-β superfamily members com-
pared with MIPE-1686, although the IC50 value for myostatin
is at least three times more potent than that for GDF-11. The
observed potent IC50 values (<1 μM) of MID-35 for GDF-11
and activin A were the first observed among our peptidic
inhibitors. GDF-11, reported to be a negative regulator of
muscle growth,33 is closely related to myostatin, with which it
has 90% homology. The observed redundant inhibition is
therefore reasonable. Because the importance of regulating
multiple TGF-β superfamily members, including GDF-11 and
activin, has been suggested by several groups, as previously
mentioned,14−17 the observed multi-inhibitory capability of
MID-35 could be a suitable property to support effective
muscle growth.
Prior to the in vivo study, we tested the in vitro proteolytic

stability of MID-35 and MIPE-1686 in a solution of isolated
digestive enzymes derived from the bovine pancreas. As
previously described, MIPE-1686 is highly stable in the
human-derived recombinant enzyme solutions containing
aminopeptidase N, chymotrypsin C, and trypsin 3, notwith-
standing its being an N-terminal-free L-amino-acid-based
peptide.28 It was also confirmed through reverse-phase high-
performance liquid chromatography (RP-HPLC) analysis that
MIPE-1686 is stable in solutions of trypsin (Figure 4A and
Figure S2A) or α-chymotrypsin (Figures S1A and S2B),
although the peak area of the intact form after 400 min of
incubation was significantly decreased to 77 and 72%,
respectively. To validate the activity of bovine enzymes used,
we treated the previously reported myostatin inhibitory L-
peptide (SRIEWIKIQIWSKLRL-amide; 4b in ref 24, 2 in ref
28).24,28 This peptide was easily degraded to <1% of intact

forms by trypsin and α-chymotrypsin within 45 and 90 min,
respectively (Figure S3). The reduced recovery of MIPE-1686
seems to be partially due to the loss of its NSB to the
experimental apparatus, as previously reported.28 However,
some new small peaks from the enzyme treatments appeared,
as depicted in both HPLC charts at 400 min (Figure 4A and
Figure S1A). We successfully determined by mass spectro-
metric analysis that the peak detected with a retention time of
18.7 min in Figure 4A is the metabolite tm1 (Figure 4C). This
is a 15-mer peptide formed from the hydrolysis by trypsin of
the amide bond of the C-terminal Arg15−Leu16 sequence of
MIPE-1686. These results suggests that MIPE-1686 is highly
but not entirely stable against proteolytic degradation.
However, the incubation of MID-35 for 400 min in trypsin
(Figure 4B) or α-chymotrypsin (Figure S1B) solution
produced no new peak, as expected, and 99 and 97% of the
intact form survived, respectively. This means that no obvious
NSB occurred and suggests that MID-35 composed of all D-
amino acids possesses not only complete proteolytic stability
but also better physicochemical properties than MIPE-1686.
Finally, we completed an in vivo study using wild-type

C57BL/6J 8-week old male mice. At day 0, the peptide
solution (30 nmol, 40 μL) and saline were injected into the left
and right tibialis anterior (TA) muscles, respectively. At day
28, the TA muscles were collected and weighed. In our
previous study using Duchenne muscular dystrophy (DMD)
model mdx mice, the muscle-building effect of MIPE-1686 on
the TA muscle (increase to 114% compared with saline) was
obtained at day 42 after two intramuscular injections (30
nmol/injection), on days 0 and 14.24 We were able to confirm
that MIPE-1686 significantly induces the increase in TA
muscle mass in C57BL/6J mice (Figure 5A) in a single dose,

Figure 4. (A,B) Representative analytical RP-HPLC chromatograms of (A) MIPE-1686 and (B) MID-35 incubated in a solution of trypsin from
bovine pancreas (1 μg/mL) on 50 mM Tris buffer (pH 7.5) containing 150 mM NaCl, 10 mM CaCl2, and 0.05% Brij-35 at 37 °C for 400 min.
Column, COSMOSIL 5C18-AR-II (4.6 × 150 mm); binary solvent system, a linear gradient of CH3CN (25−40%, 30 min) in 0.1% aqueous TFA;
flow, 1.0 mL/min; detection, UV 220 nm. Asterisks identify unknown peaks. (C) Sequence and mass spectrometric data of metabolite tm1 derived
from MIPE-1686.
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and the weight of the MID-35-injected TA muscle became
significantly heavier than that of the saline-injected muscle
(Figure 5B). As shown in Figure 5C, the % increase of the TA
weight following the injection of MID-35 (saline-injected TA
weight = 100%) was 133 ± 10%, which was significantly higher
than that following MIPE-1686 injection (109 ± 2.3%). This
result suggests that MID-35 functions as a more potent
myostatin inhibitor than MIPE-1686 in skeletal muscle growth.
The higher enzymatic stability of MID-35 shown in Figure 4 is
probably related to the effective muscle building that was
observed. This result might be an increase in the residence
time of MID-35 in the muscle, resulting in the long-lasting
inhibition of myostatin and leading to effective muscle
hypertrophy and regeneration. MIPE-1686 has similar good
stability in the solution of isolated enzymes from the bovine
pancreas in the present study in addition to the previous
human-derived recombinant enzymes.28 Therefore, the com-
plete enzymatic stability of MID-35 would be highly expected
to be maintained in other species. Moreover, the better
inhibitory activity of MID-35 against multiple TGF-β super-
family members might enhance the effectiveness of the muscle
growth.14−17 Further biological assessments including an
appropriate dosing regimen would be required to clarify
these possibilities and more detailed pharmacological functions
of all D-peptidic inhibitors represented by MID-35 in skeletal
muscle tissue. Also, to enhance the drug development, it will
be necessary to pursue the applicability of MID-35 by using

muscle atrophic models such as the DMD model mdx and
tumor-bearing cachexia mice. Myostatin is completely
conserved between humans and mice, and hence the data
obtained in various mouse models would be extremely valuable
for extrapolation to the effect on humans.
In conclusion, we report the discovery of a series of first-in-

class myostatin inhibitors consisting entirely of D-amino acids
and the synthesis of the retro-inverso peptide 7c-ri. This is one
of the few successful examples of the retro-inverso strategy. An
arginine-incorporated derivative of 7c-ri, MID-35, showed
improved physicochemical properties and enzymatic stability
compared with the previously reported L-amino-acid-based
MIPE-1686. Although the in vitro myostatin inhibitory activity
of MID-35 is almost equivalent to that of MIPE-1686, the in
vivo efficacy and the stability of the former D-inhibitor are
superior to those of the latter L-based inhibitor. MID-35 is a
promising platform for expressing the long-lasting muscle-
building effect in skeletal muscles. The present study also
suggests that the size of 15-mer (MID-36) or 16-mer (MID-
35) peptides may represent the minimum structure to exhibit
IC50 values of 0.2 to 0.3 μM against myostatin. Elucidation of
the binding mode to myostatin based on these peptides might
be useful in the design of more potent myostatin inhibitors,
leading to drug development with superior pharmacokinetic
and safety properties in the future.
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