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Inhibited inositol monophosphatase and decreased
myo-inositol concentration improve wasting in skeletal

muscles

To the Editor:

Skeletal muscle wasting occurs in numerous degenera-
tive diseases associated with high morbidity and mortal-
ity and poor capacity for independent living. Thus, it is
a major economic burden to society.! Because there are
currently no approved drugs for muscle wasting, there is
an urgent need to discover new target-based drugs and
therapies.” The need for new drugs to treat muscle wast-
ing is increasing due to population aging. Many large phar-
maceutical companies have withdrawn from this research
due to excessive costs and high-profile failures, leading
to concern about the development of lead compounds for
treating muscle wasting.* A potential solution is to repur-
pose drugs from their original clinical application.’ Conse-
quently, our team has identified inositol monophosphatase
(IMPase/IMPAL1) as a new drug target and the clinically
safe drug, ebselen (Figure 1A), as a candidate for drug
repurposing. Our data implicate cellular levels of myo-
inositol, a precursor of numerous second messengers,’ as
a regulator of atrogene expression in muscle wasting.

The effect of targeting IMPase on myogenesis was inves-
tigated using three known inhibitors: ebselen, L-690330,
and lithium chloride (LiCl). Cell viability analysis in C2C12
myoblasts and myotubes indicated IC5, = 22.42 uM for
ebselen-treated myoblasts and ICsq = 19.93 mM for LiCl-
treated myoblasts. L-690330 treatment did not induce
cytotoxicity in C2C12 myoblasts or myotubes (Figure 1B
and Figure S1A-D). Therefore, 10 uM ebselen, 10 uM L-
690330, and 5 mM LiCl were selected. The dexamethasone
model was used to measure myotube wasting.® Myotubes
treated with ebselen and dexamethasone had higher aver-
age diameter and increased proportion of larger myotubes
compared to those treated with dexamethasone alone (Fig-
ure 1C,D and Figure S1E). To investigate whether IMPase
inhibitors produce antiwasting effects, myotubes were
treated with dexamethasone alone or in combination with

LiCl or L-690330. Increased overall average myotube diam-
eter and higher proportion of larger diameter myotubes
were observed in the cultures treated with LiCl or L-690330
(Figure S1F-H). The role of IMPase in wasting was investi-
gated by gene knockdown of IMPase-1. qPCR and Western
blotting showed that IMPase-1 siRNA treatment reduced
expression in C2C12 myoblasts (Figure S2A-C). IMPase-1
siRNA prevented myotube wasting caused by dexametha-
sone and increased the proportion of myotubes with larger
diameters (Figure 1E,F and Figure S2D).

Increased skeletal muscle wasting is associated with
increased expression of E3 ubiquitin ligases, atrogin-1
(MAFbx), and MuRF-1 (TRIM63), which are targets of the
master transcription factor, forkhead box O3 (FoxO3a) that
is upregulated in muscle wasting.” Immunocytochemistry
analysis indicated that FoxO3a expression was increased
in dexamethasone-treated myotubes and decreased in
ebselen-treated myotubes (Figure 1G,H). Myo-inositol con-
centration and FoxO3a and atrogin-1 mRNA expression
were increased by dexamethasone and reduced by IMPase
inhibitors (Figure 11,J and Figure S3A-F). Protein synthesis
was measured using SUnSET assay. The IMPase inhibitor
ebselen increased protein synthesis in dexamethasone-
treated myotubes (Figure 1K and Figure S3G). The effect
of myo-inositol supplementation on myotube wasting and
myogenesis was assessed as previously described.® Myo-
inositol supplementation increased myotube wasting and
inhibited myogenesis (Figures S4 and S5A-D). In contrast,
IMPase inhibitors enhanced myogenesis (Figure S5E-J).

The effect of IMPase inhibition by ebselen in vivo
was assessed in the mouse dexamethasone treatment
model. Myo-inositol concentration was increased in the
gastrocnemius muscle of mice receiving dexamethasone
and lowered in those receiving ebselen (Figure 2A).
Dexamethasone and ebselen cotreatment produced a
small but significant decrease in body weight compared to
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FIGURE 1 IMPase inhibitor protects against experimentally induced myotube wasting. A, Chemical structure of ebselen, a clinically

safe IMPase inhibitor. B, MTT assays for C2C12 myoblasts treated for 48 hours with increasing concentrations of ebselen. ICs, = 22.42 uM
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for ebselen-treated myoblasts. ***P < .001 when comparing decreased viability in untreated myoblasts. C, Micrographs of H&E-stained C2C12
myoblasts cultured as follows: (A) differentiation media (DM) for 120 hours (control); (B) DM for 96 hours and DM plus 10 uM dexamethasone
(vehicle) for 24 hours; (C) DM for 96 hours and DM plus 10 uM dexamethasone and 5 uM ebselen for 24 hours; (D) DM for 96 hours and DM
plus 10 uM dexamethasone and 10 uM ebselen for 24 hours. D, Myotube average diameter. ***P < .001 when comparing the untreated control.
###p < .001 when comparing myotubes treated with dexamethasone plus vehicle. E, H&E-stained C2C12 myoblast cultures after the following
treatment conditions: (A) 120-hour incubation with DM; (B) 96-hour incubation with DM and 24-hour treatment with 10 uM dexamethasone;
(C) 96-hour incubation with DM plus control siRNA, and 24-hour treatment with 10 uM dexamethasone; (D) 96-hour incubation with DM plus
Impa-1siRNA, and 24-hour treatment with 10 uM dexamethasone. The stained myotubes are indicated using white arrows. Scale bar =100 um.
F, Average myotube diameter. **P < .01 when comparing DM control. ** P < .01 when comparing dexamethasone-treated cultures. G, Immunocy-
tochemistry analysis of FoxO3a expression in C2C12 myoblasts. Myoblasts cultured in DM for 96 hours were treated with 10 uM dexamethasone,
or 10 uM dexamethasone and 10 uM ebselen for 24 hours. Scale bar = 100 um. H, Quantification of FoxO3a staining intensity. ***P < .001 when
comparing increased expression in untreated cells. *P < .05 when comparing decreased expression in cells treated with dexamethasone plus
vehicle. I, Myo-inositol level in C2C12 myoblasts cultured as follows: (A) DM for 120 hours; (B) DM for 96 hours and DM plus 10 uM dexametha-
sone for 24 hours; (C) DM for 96 hours and DM plus 10 uM dexamethasone and 10 uM ebselen for 24 hours. *P < .05 for significantly increased
myo-inositol. ** P < .01 for significantly decreased myo-inositol. J, Representative RT-PCR analysis of FoxO3a and atrogin-1 expression in C2C12
myoblasts. Myoblasts cultured in DM for 96 hours were treated with 10 uM dexamethasone, or 10 uM dexamethasone and 10 uM ebselen for
24 hours. **P < .01 and *#*P < .001 when comparing expression in cells treated with dexamethasone alone. ***P < .001 when comparing expres-
sion in cells treated with DM alone. K, SUnSET assay of protein synthesis in C2C12 myoblasts. The myoblasts were cultured in DM for 96 hours
and treated with 10 uM dexamethasone, or 10 uM dexamethasone and 10 uM ebselen, for 24 hours. *#P < .01 when comparing increased protein
expression in cells treated with dexamethasone alone. ***P < .001 when comparing reduced protein synthesis in untreated cells
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FIGURE 2 Effect of ebselen in the dexamethasone model of skeletal muscle wasting. A, Myo-inositol level in the quadriceps muscle of
the treated mice. *P < .05 when comparing mice treated with vehicle alone and #P < .05 when comparing mice treated with dexamethasone
alone. B, Quadriceps muscle mass (**P < .01 and ***P < .001 when comparing untreated mice; “*P < .01 when comparing mice treated with
dexamethasone alone). C, Latency to fall off in the hanging tolerance test system (P < .05 when comparing mice treated with dexamethasone
alone). D, Grip strength in the treated mice (***P < .001 when comparing untreated mice; *P < .05 when comparing mice treated with dexam-
ethasone plus vehicle). E, Fiber cross-sectional area distribution in the quadriceps muscle (**P < .01 when comparing untreated mice; *P < .01
and *** P < .001 when comparing mice treated with dexamethasone alone). F, Representative images of H&E-stained quadriceps muscle. Scale
bar = 200 um
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untreated mice (Figure S6A). Dexamethasone treatment
significantly reduced quadriceps muscle mass, which was
recovered by ebselen treatment (Figure 2B). Skeletal mus-
cle performance was assessed using the inverted hang-
ing and grip strength tests. Ebselen monotherapy signifi-
cantly enhanced hanging time and grip strength compared
to dexamethasone monotherapy (Figure 2C,D). Ebselen
increased the cross-sectional area of muscle fiber and the
proportion of larger sized fibers (Figure 2E,F and Fig-
ure S6B). Expression of FoxO3a target atrogenes, atrogin-
1 and MuRF-1, in the quadriceps was increased by dex-
amethasone treatment and reduced by cotreatment with
ebselen (Figure S6C). Further assessment of the ther-
apeutic effect of ebselen on muscle wasting was con-
ducted in the glycerol model, which has been used in pre-
vious studies of drugs repurposed for muscle wasting.’
Ebselen has been approved as an oral medication in
humans. Glycerol delivery increased myo-inositol level in
the gastrocnemius muscle and was reduced by ebselen
treatment (Figure S7A). Oral ebselen treatment did not
significantly affect body weight and had no effect on gas-
trocnemius mass in the contralateral, nontreated muscle
(Figure S7B). Glycerol delivery reduced gastrocnemius and
soleus mass, which was increased by ebselen treatment
(Figure S7C,D). Ebselen also increased the mass of the
noninjected, contralateral soleus muscle (Figure S7E,F).
Rotarod testing indicated that ebselen treatment recovered
muscle endurance and reduced both muscle fiber dam-
age and cross-sectional area (Figure S7G-K). The expres-
sion of FoxO3 target atrogenes, atrogin-1 and MuRF-1, in
the gastrocnemius increased after glycerol injection and
was inhibited by ebselen (Figure S7L-N). To assess whether
ebselen has potential as an antiwasting compound in
human skeletal muscle, differentiating human primary
myoblasts were treated with dexamethasone with or with-
out ebselen. Dexamethasone produced a decrease in both
myotube diameter and the proportion of larger diameter
myotubes. Ebselen cotreatment inhibited the effects of dex-
amethasone in the human muscle cells (Figure 3A-C).

In conclusion, here in this study, we provide evidence
that IMPase inhibition, modulation of myo-inositol con-
centration, and repurposing of the clinically safe drug ebse-
len may be a novel drug development strategy for skele-

3

tal muscle wasting (Figure 3D). Ebselen was studied in
numerous clinical trials as a treatment for psychological
disorders, while our results presented ebselen as a new
alternative and described its potential for improving mus-
cle wasting. The identification of IMPase as a potential
new target for drug discovery can also facilitate efforts to
develop novel chemical entities for the effective treatment
of muscle wasting disorders.
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FIGURE 3

Effect of ebselen on muscle wasting in human skeletal myotubes. A, DIC images of human skeletal myoblasts cultured as

follows: (A) DM for 96 hours (control); (B) DM for 72 hours and DM plus 10 uM dexamethasone for 24 hours; (C) DM for 72 hours and DM
plus 10 uM dexamethasone and 10 uM ebselen for 24 hours. Scale bar = 100 um. B and C, Myotube average diameter and myotube diameter
distribution. **P < .01 and ***P < .001 for comparing the control. **P < .01 and *** P < .001 for comparing myoblasts treated with dexamethasone
plus vehicle. D, Model for the mechanism of action of IMPase inhibition to protect from muscle wasting. In scheme (1), a muscle wasting
stimulus such as dexamethasone or glycerol treatment, as used in this study, produces increased intracellular concentrations of myo-inositol.
Excess myo-inositol levels have previously been shown to inhibit PI3K signaling, which increases the expression of FoxO3a and the target
atrogenes, atrogin-1 and MuRF-1, initiating skeletal muscle wasting.”!° In scheme (2), treatment with an IMPase inhibitor at the onset of
muscle wasting blocks the increase in myo-inositol, leading to suppression of atrogene induction and preservation of muscle mass
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