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Abstract: Glycogen synthase kinase 3 (GSK3) slows myogenic differentiation and myoblast fusion
partly by inhibiting the Wnt/(3-catenin signaling pathway. Lithium, a common medication for
bipolar disorder, inhibits GSK3 via Mg* competition and increased Ser21 (GSK3«) or Ser9 (GSK3f3)
phosphorylation, leading to enhanced myoblast fusion and myogenic differentiation. However,
previous studies demonstrating the effect of lithium on GSK3 have used concentrations up to 10 mM,
which greatly exceeds concentrations measured in the serum of patients being treated for bipolar
disorder (0.5-1.2 mM). Here, we determined whether a low-therapeutic (0.5 mM) dose of lithium could
promote myoblast fusion and myogenic differentiation in C2C12 cells. C2C12 myotubes differentiated
for three days in media containing 0.5 mM lithium chloride (LiCl) had significantly higher GSK3f (ser9)
and GSK3« (ser21) phosphorylation compared with control myotubes differentiated in the same media
without LiCl (+2-2.5 fold, p < 0.05), a result associated with an increase in total 3-catenin. To further
demonstrate that 0.5 mM LiCl inhibited GSK3 activity, we also developed a novel GSK3-specific activity
assay. Using this enzyme-linked spectrophotometric assay, we showed that 0.5 mM LiCl-treated
myotubes had significantly reduced GSK3 activity (-86%, p < 0.001). Correspondingly, 0.5 mM
LiCl treated myotubes had a higher myoblast fusion index compared with control (p < 0.001) and
significantly higher levels of markers of myogenesis (myogenin, +3-fold, p < 0.001) and myogenic
differentiation (myosin heavy chain, +10-fold, p < 0.001). These results indicate that a low-therapeutic
dose of LiCl is sufficient to promote myoblast fusion and myogenic differentiation in muscle cells,
which has implications for the treatment of several myopathic conditions.
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1. Introduction

Disease or age related declines in muscle mass and/or function is associated with falls, fractures,
frailty, poor quality of life, and disability [1-4], all while being a significant predictor of all-cause
mortality [5]. Strategies to maintain skeletal muscle mass throughout the lifespan could lead to
significant benefits to overall health. Skeletal muscle is a dynamic and plastic tissue responding to
internal (e.g., biochemical) and/or external (e.g., biophysical) stimuli, and an increase in strength
and/or size (e.g., hypertrophy) can result from nutritional supplementation and exercise training [6-8].
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Myonuclear accretion, which is accomplished through myoblast fusion [9], appears to be critical for
muscle hypertrophy [10,11], as described in the myonuclear domain theory [12,13]. Furthermore,
myoblast fusion enables repair of damaged muscle [14], which is important for recovery from exercise
or injury as well as for constant muscle degenerating diseases, such as muscular dystrophy [15,16].
Glycogen synthase kinase 3 (GSK3) is a well known inhibitor of muscle hypertrophy [17,18]
and myoblast fusion [19,20] that regulates a number of myogenic signaling pathways, including the
Wnt/B-catenin pathway [21]. Lithium, a commonly prescribed bipolar medication [22], has been
shown to inhibit GSK3 [23] and augment myoblast fusion [19]. However, previous in vitro studies
showing myoblast fusion have used high doses (e.g., 10 mM [19,20]) that would likely be toxic in
humans [24,25]. In a clinical setting, serum lithium levels are tightly regulated between 0.5-1.2 mM to
prevent toxicity-related side effects, which include renal, thyroid, and parathyroid dysfunction [25].
In this study, we sought to determine whether a non-toxic low therapeutic dose (0.5 mM) of lithium
would be sufficient to inhibit GSK3, promote 3-catenin accumulation, and augment myoblast fusion in
hopes of demonstrating the potential use of lithium as a therapy for muscle wasting conditions.

2. Materials and Methods

2.1. C2C12 Cells

To examine the effects of low dose (0.5 mM) lithium supplementation on myoblast fusion, we
utilized immortalized C2C12 myoblasts. These cells were cultured in growth medium [Dulbecco’s
modified Eagle’s medium (DMEM), D6429 Sigma, Oakville, ON, Canada] supplemented with 10% fetal
bovine serum (Sigma F1051), 1% penicillin/streptomycin (Sigma P4333), and 2% non-essential amino
acids (Sigma M7145) at 37 °C in a humidified atmosphere with 5% CO, and 5% O; levels [26]. Once
the myoblasts were at 80% confluence, the growth medium was replaced with differentiation medium
(DMEM supplemented with 1% adult horse serum, 1% penicillin/streptomycin, 2% non-essential amino
acids) that was either supplemented with 0.5 mM lithium chloride (LiCl group) or not (control group).
The differentiation media with and without 0.5 mM LiCl was replenished every other day until day 3 of
differentiation, where the cells were then scraped and pelleted for GSK3 activity assays and/or Western
blotting. For GSK3 activity assays, the pelleted cells were lysed in assay buffer (250 mM sucrose, 5 mM
HEPES, 0.2 mM PMSF, 0.2% [w/v] NaN3), whereas for Western blotting, the pelleted cells were lysed
in RIPA buffer (20-188 Sigma Aldrich, MO, USA) supplemented with protease (cOmplete™, Roche,
Upper Bavaria, Germany) and phosphatase inhibitors (PhosSTOP, Roche). All cell lysates were stored
at —80 °C until further analysis.

2.2. Western Blotting

Western blotting was performed to determine the expression levels of phosphorylated GSK33 (ser9;
9336, Cell Signaling Technology, Beverly, MA, USA), total GSK3f (9315, Cell Signaling Technology),
phosphorylated GSK3«x (8542, Cell Signaling Technology), total GSK3« (4818, Cell Signaling
Technology), total B-catenin (9582, Cell Signaling Technology), myogenin (F5D, Developmental
Studies Hybridoma Bank, Iowa City, IA, USA) and pan-myosin heavy chain (MHC) (MF20,
Developmental Studies Hybridoma Bank). Solubilized proteins from tissue homogenates and cell
lysates were separated using 4-15% TGX BioRad precast gels and then transferred onto 0.2 um
polyvinylidene difluoride (PVDF) membranes. Subsequently, membranes were blocked with 3%
bovine serum albumin in tris-buffered saline tween solution (TBS-T) and then immunoprobed with their
corresponding primary antibodies. Membranes were then washed in TBS-T and immunoprobed with
horseradish peroxidase-conjugated secondary antibodies. Chemiluminescent substrates, Immobilon
(Millipore, Burlington, MA, USA), or Clarity Max (Bio-Rad, Hercules, CA, USA) were used to detect
antigen—antibody complexes and were visualized using a BioRad ChemiDoc imager. Quantification
of optical densities was performed using ImageLab (BioRad, USA) and normalized to total protein
visualized using Ponceau staining.
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2.3. GSK3 Activity Assay

An enzyme-linked assay that measures ATP hydrolysis indirectly through NADH oxidation
was developed and adapted for a 96-well plate format. Briefly, cell lysates were added to 100
ul of reaction buffer containing 200 mM KCl, 20 mM HEPES, 15 mM MgClI2, 10 mM NaN3, 10
mM phosphoenolpyruvate, 5 mM ATP, 1 mM EGTA, 18 U/mL lactate dehydrogenase, 18 U/mL
pyruvate kinase, 0.3 mM NADH, 5 mM ATP, and 5 ug of a GSK3-specific substrate peptide
[YRRAAVPPSPSLSRHSSPHQ(pS)EDEEE, G50-58 SignalChem, Richmond, BC, Canada], pH 7.0.
Total ATP hydrolysis was inferred from the rate of NADH disappearance over 30 min measured at 37
°C and 340 nm using a spectrophotometric plate reader (M2 Multimode Reader, Molecular Devices).
The concentration of NADH was calculated using the molar extinction coefficient 6.22 mM~!-cm™!
and was indicative of ATP hydrolysis in a 1:1 ratio. All experiments were performed in duplicate.
GSK3-specific activity was measured using two approaches. First, we measured ATP hydrolysis in
the presence and the absence of the GSK3 substrate, and GSK3 specific activity was calculated as the
subtracted difference in the rates of ATP hydrolysis. Second, ATP hydrolysis was measured using the
GSK3 substrate in cells incubated with a potent GSK3 inhibitor (CHIR99021, Sigma SML1046; 25 uM)
or vehicle (DMSQO). The GSK3 specific activity was then calculated as the difference between the rates
of ATP hydrolysis in vehicle treated lysates and CHIR99021 treated lysates.

2.4. Generation of GSK3 Double-Knockout Cell-Line

DLD1 was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and
authenticated using STR (short-tandem repeats) profiling (The Centre for Applied Genomics, Hospital
for Sick Children). Cells were cultured in Dulbecco’s modified Eagle’s medium (ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Wisent Bioproducts,
Saint-Jean-Baptiste, QC, Canada) and penicillin-streptomycin (100 U/mL; ThermoFisher Scientific). For
high efficiency clone selection, single guide (gRNAs) targeting different regions of exons 2 of each GSK3
isoform were cloned into separate all-in-one cas9-reporter vectors (Sigma-Aldrich) (Table 1) with a U6
promoter driving the expression of gRNA and a CMV promoter driving expression of CAS9-T2A-GFP
(p01) or -RFP (p02) protein cassette. Cells were transfected using lipofectamine 3000 (ThermoFisher
Scientific) and allowed to recover for 48 h prior to single-cell sorting (Astrios EQ, Lunenfeld Tanenabum
Research Institute) based on green fluorescent protein (GFP) or red fluorescent protein (RFP) signal into
96-well plates for subsequent expansion. Single knockout cells were re-transfected with the appropriate
second plasmid and single-cell sorted to generate double knockout cells. All clones were verified by
immunoblotting and DNA sequencing.

Table 1. Cas9 reporter vectors for gsk3a and gsk3p.

Gene Vector Target Site Targeted Region
GSK3a U6gRNA-Cas9-2A-RFP  GCGCGGACTAGCTCGTTCGCGG 168-189
GSK3p  U6gRNA-Cas9-2A-GFP  GGCTTGCAGCTCTCCGCAAAGG 450-470

2.5. Myoblast Fusion

Myoblast fusion assays were performed as previously described [27]. Briefly, 1 x 10°> myoblasts
were seeded onto 35 mm poly-d-lysine coated petri dishes (P35GC-1.5-14-C, MatTek, Ashland, MA.
USA) and incubated at 37 °C in a humidified atmosphere with 5% CO; and 5% O, levels in growth
medium for 24 h. Subsequently, the growth medium was replaced with differentiation medium
with or without 0.5 mM LiCl, which was replenished every other day until day 3. The day 3
differentiatied myotubes were then fixed by incubating them in a Triton-X supplemented formalin
solution (0.5% Triton-X [v/v] in 10% neutral buffered formalin). Next, the fixed cells were blocked in
a phosphate-buffered saline and 0.1% Tween (PBS-T) solution supplemented with 10% normal goat
serum (G9023; Sigma-Aldrich) for 1 h. After blocking, the cells were incubated overnight with MHC
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Ila primary antibody (SC-71, Developmental Hybridoma Bank). On the next day, the cells were then
probed with Alexa Fluor 488 IgG; (A-21121, ThermoFisher Scientific) secondary antibody for 1 h,
followed by a 4’,6-diamidino-2-phenylindole (DAPI) stain (D1306, ThermoFisher Scientific) for 2 min
to stain the nuclei. A Zeiss Axio Observer Researcher Fluorescent Microscope and a digital camera
(ORCA-Flash4.0 V2 Digital CMOS camera; C11440-22CU; Hamamatsu Photonics, Hamamatsu City,
Shizuoka, Japan) were then used to visualize the myotubes at 20x magnification. For all analyses,
2-3 images per well (i.e., experimental n) were taken at random sections, and the total nuclei were
counted using image] (National Institutes of Health, Bethesda, MD, USA). The fusion index was then
calculated by dividing the number of nuclei in myotubes (myosin-positive with at least 2 nuclei) by the
total number of nuclei analyzed (207-566 nuclei) as previously described [27].

2.6. Statistical Analysis

Results are expressed as mean + SEM of each group. A Student’s unpaired T-test (two-tailed) was
used to compare control and LiCl treated cells in all experiments. Sample size (n) refers to technical
replicates for each individual experiment that were performed on at least 3 different passages (2-10).
Statistical significance was assumed at p < 0.05, and all statistical analyses were performed using
Graphpad Prism 7 software.

3. Results

3.1. A Low-Therapeutic Dose of LiCl Inhibits GSK3p and Total GSK3 Activity

The phosphorylation status of GSK3f and GSK3x on ser9 and ser21, respectively, can act as
a surrogate marker of GSK3 inhibition. Figure 1A compares total GSK3 content and its serine
phosphorylation status in cells treated with or without 0.5 mM LiCl. LiCl treatment led to a significant
increase in phosphorylated GSK3f and GSK3« with no change in total GSK3 content compared to
non-treated cells, which led to an overall increase in the ratio of phosphorylated to total GSK3. One
function of GSK3 is to phosphorylate 3-catenin, which marks it for degradation. Since both GSK3
isoforms appeared to be inhibited with increased ser phosphorylation, we hypothesized that there
should also be an increase in total 3-catenin content, which was observed (Figure 1B).

To determine directly whether GSK3 was inhibited, we developed a GSK3 specific activity assay.
Figure S1A shows a linear relationship between GSK3 activity (ATP hydrolysis) with addition of
increasing amounts (ng) of purified GSK3f protein (Promega, V1991, Madison, WI, USA), suggesting
adequate sensitivity for changes in GSK3 activity. To examine GSK3-specific activity, we assessed the
rates of ATP hydrolysis in the presence and the absence of the GSK3-specific peptide substrate. This
assay revealed an approximately 85% reduction in GSK3 activity in LiCl-treated myotubes compared
with controls (Figure 1C). To confirm the specificity of GSK3 for the substrate and to validate our
approach, we analyzed GSK3-specific activity in wild-type (WT) and double GSK3 knockout (GSK37")
DLD-1 cells (Figure S1B). As expected, GSK37 cells showed no GSK3 substrate-dependent ATP
hydrolysis, while ATP hydrolysis was stimulated by GSK3 substrate in WT cells. To further validate
our assay, we next examined GSK3-specific activity in soleus and extensor digitorum longus (EDL) and
found that EDL had a significantly lower (—63%) GSK3 activity than that found in the soleus (Figure
S1C). Corresponding well with this, the soleus muscle had significantly higher total GSK33 content
with relatively lower ser9 phosphorylation, which translated to a significantly lower (~35%) ser9p/total
GSK3p ratio. Altogether, these findings demonstrate that our approach of assessing GSK3-specific
activity is valid and is sensitive to changes in GSK3 activity. Finally, we also assessed GSK3-specific
activity by measuring rates of ATP hydrolysis in the presence and the absence of a selective and potent
GSK3 inhibitor (CHIR99021, 25 uM), and our results also demonstrate that LiCl-treated myotubes had
significantly lower GSK3 activity (Figure 1D).
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Figure 1. The effect of a low therapeutic dose of lithium on GSK3 serine phosphorylation, 3-catenin
content, and GSK3 activity. (A) A low therapeutic dose (0.5 mM) of LiCl had no effect on total GSK3
content but increased phosphorylation at ser9 (GSK3p) and ser21 (GSK3«) in day 3 differentiated
C2C12 myotubes. (B) B-catenin content increased in cells treated with a low therapeutic dose (0.5 mM)
of LiCl compared to non-treated cells (control). (C,D) Treatment of cells with a low therapeutic dose of
LiClI (0.5 mM) had less GSK3 activity when assessed either in the presence or the absence of a GSK3
specific substrate (C) or a GSK3 specific inhibitor (D, CHIR99021, 25 uM). Significant difference from
control using a independent Student’s t test, *p < 0.05; **p <0.01 (n = 6 per group).

3.2. Sub-Therapeutic Dose of LiCl Augments Myoblast Fusion

Next, we examined the effect of 0.5 mM LiCl treatment on myoblast fusion and myogenic
differentiation. C2C12 myoblasts treated with 0.5 mM LiCl had a 2.9-fold higher fusion index (p < 0.01)
compared to control (Figure 2A,B). Levels of specific markers of muscle differentiation, myogenin and
MHC, were 3- and 10-fold higher, respectively, in C2C12 cells treated with 0.5 mM LiCl compared to
controls (Figure 1C,D). Taken together, these results indicate that 0.5 mM LiCl treatment increased

myoblast fusion and differentiation.
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Figure 2. A low therapeutic (0.5 mM) dose of LiCl enhances myoblast fusion and muscle differentiation
in C2C12 myotubes. (A) Representative images of day 3 differentiated C2C12 myotubes stained with
4’ 6-diamidino-2-phenylindole (DAPI) for nuclei (blue) and myosin heavy chain Ila (MHC IIa, green).
(B) Fusion index as calculated by the number of nuclei in MHC-positive myotubes containing at least
two nuclei relative to the total nuclei. (C,D) MHC (pan-MHC) and myogenin content in low dose
lithium treated and control treated cells assessed through Western blotting. (B) and (C) Significantly
different from control using a independent Student’s t test, **p < 0.01; **p < 0.001 (n = 6 per group).

4. Discussion

It is important to determine whether a therapeutic/non-harmful dose of lithium is sufficient to
inhibit GSK3 and augment myoblast fusion. The therapeutic range in serum of bi-polar patients
prescribed lithium is ~0.5-1.2 mM, which is tightly regulated to prevent the toxicity [25] observed at
concentrations in the range of ~1.5-3.5 mM [22,28]. Even this toxic concentration is ~2-10x lower
than the concentration typically used to study the inhibition of GSK3 in vitro, raising questions about
the effectiveness of therapeutic lithium on GSK3 inhibition. Here, we showed that a low-therapeutic
dose (0.5 mM) of lithium in the form of LiCl is sufficient to increase GSK3f (ser9) and GSK3« (ser21)
phosporylation while correspondingly reducing GSK3 activity and increasing total 3-catenin content.
Concomitantly with inhibition of GS5K3, we found a significant increase in myoblast fusion index as
well as markers of myogenic differentiation (myogenin and MHC) in C2C12 cells treated with 0.5 mM
LiCl. These findings confirm that therapeutic LiCl concentrations can cause GSK3 inhibition, as had
previously been observed at doses above 10 mM [19,20,29].

In the present study, we show that 0.5 mM LiCl treatment inhibits both GSK3x and GSK3f3
via elevated serine phosphorylation. This could suggest that the effects of low dose lithium
supplementation on myoblast fusion and myogenic differentiation may be mediated by both GSK3
isoforms. Indeed, GSK3f and GSK3a have been shown to be functionally redundant with respect to
inhibiting Wnt/[3-catenin signaling [30]. However, given that GSK3f has significantly higher expression
levels than GSK3« in mammalian skeletal muscle [31], it is likely that GSK3f inhibition is most critical
in mediating myoblast fusion. Similarly, GSK3{ is the major regulator of glycogen synthase in murine
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skeletal muscle given that its expression is relatively higher than GSK3« [32]. This is likely why most
studies addressing the role of GS5K3 in regulating myoblast fusion and myogenic differentiation have
focused on GSK3p rather than GSK3« [19,32,33]. In fact, knocking down GSK3( has been shown to
augment myoblast fusion, perhaps suggesting that GSK3« cannot compensate and inhibit myoblast
fusion in muscle [19,32,33]. Thus, although GSK3o was also inhibited under these conditions, it should
be noted that GSK3f specifically is implicated in myoblast fusion and myogenic differentiation.

Our results are important for the clinical use of lithium. In vivo models of muscle wasting diseases
such as muscular dystrophy [34], myotonic dystrophy [35] or age-related sarcopenia [36] may benefit
from lithium treatment given the role of GSK3 in these diseases. To date, there is only one study [29]
examining the impact of LiCl supplementation in a model of muscle wasting. Using a mouse model
of limb girdle muscular dystrophy, the authors demonstrated that introduction of LiCl in the diet
at a dose known to result in a steady-state serum lithium concentration of 0.5 mM (250 mg/kg/day)
improved muscle size and strength [29,37,38]. Specifically, Findlay et al. [29] showed that mutations in
the DNAJB6 gene, which are known to cause limb girdle muscular dystrophy, also results in enhanced
GSK3 activation and reduced {3-catenin signaling in the affected skeletal muscles. Thus, the results
from our present study showing that 0.5 mM LiCl can inhibit GSK3 activity, increase 3-catenin levels,
and augment myoblast fusion may provide additional mechanistic insight.

In addition to its effects on GSK3, there are potentially some GSK3-independent effects of
lithium that could benefit muscle health and function. For example, lithium has been shown to
augment autophagy by regulating inositol triphosphate metabolism [39,40], and regular autophagic
clearance is known to be critical for muscle strength and mass [41,42]. Furthermore, by activating
phosphatidylinositide 3 kinase, lithium can augment mTOR signaling, which can enhance protein
synthesis and muscle hypertrophy along with myoblast fusion. Therefore, our findings demonstrating
the effects of 0.5 mM lithium treatment on augmenting myoblast fusion via GSK3 inhibition should be
extended with future studies that explore other GSK3-independent pathways that may also promote
muscle mass and strength.

Aside from our findings demonstrating the therapeutic potential of low-dose lithium
supplementation, we also developed a novel enzyme-linked GSK3 activity assay and validated it using
wild-type and GSK3-null cell lysates. The assay can be used to measure GSK3 activity in purified
GSK3, crude cell lysates, and muscle homogenates. It is based on the principals of our Ca*-dependent
sarco(endo)plasmic reticulum Ca?*-ATPase (SERCA) activity assay, with which we successfully
measured SERCA activity in muscle homogenates and cell lysates (see references [43-52]). In this latter
assay, SERCA-mediated ATP hydrolysis leads to phosphoenolpyruvate conversion to pyruvate via
pyruvate kinase and subsequent conversion of pyruvate to lactate via lactate dehydrogenase (LDH).
NADH oxidation by LDH is measured directly. In our GSK3 assay, GSK3-mediated ATP hydrolysis is
linked to the same sequence of events and is similarly reported as NADH oxidation. The specificity of
the assay is ensured by using a GSK3-specific peptide substrate, and indeed, we showed no activity in
GSK3-null samples.

When comparing between muscle types, maximal rates of SERCA activity are known to be
greater in the EDL compared with the soleus [53] owing to the fact that the EDL muscles contain far
more SERCA pumps [54]. Conversely, and with respect to GSK3, the soleus muscle contains more
total GSK3 and less serine-phosphorylated GSK3 compared with the EDL (Figure S1E). In turn, our
measurements of GSK3 activity using the GSK3 specific substrate demonstrate that the soleus muscle
exhibits siginificantly greater GSK3 activity (Figure S1E). Also, the rates of GSK3 activity are at least
25-100x lower than the maximal rates of SERCA activity in murine skeletal muscle. This is to be
expected. SERCA pumps contribute 50% of resting muscle metabolic rate [54], while GSK3 is far less
metabolically active. Thus, our present results also reveal a novel method in detecting changes in
GSK3 activity sensitive to pharmacological inhibition and alterations in GSK3 expression.

In summary, our study shows that a low therapeutic dose of lithium can inhibit GSK3 and
augment myoblast fusion. These results suggest that a non-toxic therapeutic dose of lithium might
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be an effective option for promoting muscle development in vivo. Ultimately, this work will aid in
determining whether Food and Drug Administration (FDA)-approved lithium can be used at clinically
safe doses to enhance muscle hypertrophy and repair via GSK3 inhibition, potentially attenuating
some of the muscle atrophy observed in different conditions. Since the development of novel selective
and potent GSK3 inhibitors is an active field of research, our work revealing a novel GSK3 activity
assay could also be useful in the validation of such inhibitors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/11/1340/s1.
Figure S1. Measuring GSK3 activity in purified GSK3, GSK3-null, and soleus and extensor digitorum longus
(EDL) muscle samples.

Author Contributions: Conceptualization, VAE, N.K,, KC.W,, L. AM.,, EM,, ].S.; methodology, N.K., K.C.W,,
L.AM, EM, ]S, SILH, E.AR., MK, VAF,; formal analysis, N.K., K.C.W,, S.L.H., VA F; resources, JRW.,, J.AS.,
B.D.R., V.A.F,; writing-original draft preparation, N.K. and V.A.F,; writing-review and editing, all authors.

Funding: NK was funded by an NSERC Post-Graduate Scholarship-Doctoral. This work was supported by a
Brock University Startup Grant and an NSERC Discovery Grant to VAF and a CIHR Foundation grant to JRW.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boyd, C.M,; Xue, Q.-L.; Simpson, C.F; Guralnik, ].M.; Fried, L.P. Frailty, hospitalization, and progression of
disability in a cohort of disabled older women. Am. |. Med. 2005, 118, 1225-1231. [CrossRef] [PubMed]

2. Landji, F.; Cruz-Jentoft, A.J.; Liperoti, R.; Russo, A.; Giovannini, S.; Tosato, M.; Capoluongo, E.; Bernabei, R.;
Onder, G. Sarcopenia and mortality risk in frail older persons aged 80 years and older: results from ilSIRENTE
study. Age Ageing 2013, 42, 203-209. [CrossRef] [PubMed]

3. Rizzoli, R,; Reginster, J.-Y.; Arnal, ] -F,; Bautmans, I.; Beaudart, C.; Bischoff-Ferrari, H.; Biver, E.; Boonen, S.;
Brandi, M.-L.; Chines, A_; et al. Quality of life in sarcopenia and frailty. Calcif. Tissue Int. 2013, 93, 101-120.
[CrossRef] [PubMed]

4. Mitchell, WK,; Williams, J.; Atherton, PJ.; Larvin, M.; Lund, J.; Narici, M. Sarcopenia, Dynapenia, and the
Impact of Advancing Age on Human Skeletal Muscle Size and Strength; A Quantitative Review. Front.
Physiol. 2012, 3, 3. [CrossRef]

5. Zhang, X.; Wang, C.; Dou, Q.; Zhang, W.; Yang, Y.; Xie, X. Sarcopenia as a predictor of all-cause mortality
among older nursing home residents: A systematic review and meta-analysis. BM] Open 2018, 8, e021252.
[CrossRef]

6. McGlory, C.; Vliet, S.; Stokes, T.; Mittendorfer, B.; Phillips, S.M.; Van Vliet, S. The impact of exercise and
nutrition on the regulation of skeletal muscle mass. J. Physiol. 2018, 597, 1251-1258. [CrossRef]

7.  McKinlay, B.J.; Wallace, P.; Dotan, R.; Long, D.; Tokuno, C.; Gabriel, D.A ; Falk, B. Effects of Plyometric and
Resistance Training on Muscle Strength, Explosiveness, and Neuromuscular Function in Young Adolescent
Soccer Players. |. Strength Cond. Res. 2018, 32, 3039-3050. [CrossRef]

8.  Lopez, P; Pinto, R.S.; Radaelli, R.; Rech, A.; Grazioli, R.; Izquierdo, M.; Cadore, E.L. Benefits of resistance
training in physically frail elderly: A systematic review. Aging Clin. Exp. Res. 2018, 30, 889-899. [CrossRef]

9. Chen, E.H,; Olson, E.N. Unveiling the Mechanisms of Cell-Cell Fusion. Science 2005, 308, 369-373. [CrossRef]

10. Bruusgaard, J.C.; Johansen, I.B.; Egner, LM.; Rana, Z.A.; Gundersen, K. Myonuclei acquired by overload
exercise precede hypertrophy and are not lost on detraining. Proc. Natl. Acad. Sci. USA 2010, 107,
15111-15116. [CrossRef]

11.  Guerci, A.; Lahoute, C.; Hébrard, S.; Collard, L.; Graindorge, D.; Favier, M.; Cagnard, N.; Batonnet-Pichon, S.;
Précigout, G.; Garcia, L.; et al. Srf-Dependent Paracrine Signals Produced by Myofibers Control Satellite
Cell-Mediated Skeletal Muscle Hypertrophy. Cell Metab. 2012, 15, 25-37. [CrossRef] [PubMed]

12.  Cheek, D.B.; Powell, G.K,; Scott, R.E. Growth of muscle mass and skeletal collagen in the rat. I. Normal
growth. Johns Hopkins Med. ]. 1965, 116, 378-387.

13. Allen, D.L,; Roy, R.R,; Edgerton, V.R. Myonuclear domains in muscle adaptation and disease. Muscle Nerve
1999, 22, 1350-1360. [CrossRef]

14. Demonbreun, A.R.; Biersmith, B.H.; McNally, E.M. Membrane fusion in muscle development and repair.
Semin. Cell Dev. Biol. 2015, 45, 48-56. [CrossRef]


http://www.mdpi.com/2073-4409/8/11/1340/s1
http://dx.doi.org/10.1016/j.amjmed.2005.01.062
http://www.ncbi.nlm.nih.gov/pubmed/16271906
http://dx.doi.org/10.1093/ageing/afs194
http://www.ncbi.nlm.nih.gov/pubmed/23321202
http://dx.doi.org/10.1007/s00223-013-9758-y
http://www.ncbi.nlm.nih.gov/pubmed/23828275
http://dx.doi.org/10.3389/fphys.2012.00260
http://dx.doi.org/10.1136/bmjopen-2017-021252
http://dx.doi.org/10.1113/JP275443
http://dx.doi.org/10.1519/JSC.0000000000002428
http://dx.doi.org/10.1007/s40520-017-0863-z
http://dx.doi.org/10.1126/science.1104799
http://dx.doi.org/10.1073/pnas.0913935107
http://dx.doi.org/10.1016/j.cmet.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22225874
http://dx.doi.org/10.1002/(SICI)1097-4598(199910)22:10&lt;1350::AID-MUS3&gt;3.0.CO;2-8
http://dx.doi.org/10.1016/j.semcdb.2015.10.026

Cells 2019, 8, 1340 9of11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

McGeachie, J.K.; Grounds, M.D. The timing between skeletal muscle myoblast replication and fusion into
myotubes, and the stability of regenerated dystrophic myofibres: An autoradiographic study in mdx mice. J.
Anat. 1999, 194, 287-295. [CrossRef]

Anderson, ].E.; Weber, M.; Vargas, C. Deflazacort increases laminin expression and myogenic repair, and
induces early persistent functional gain in mdx mouse muscular dystrophy. Cell Transplant. 2000, 9, 551-564.
[CrossRef]

Vyas, D.R.; Spangenburg, E.E.; Abraha, T.W.; Childs, T.E.; Booth, EW. GSK-3f3 negatively regulates skeletal
myotube hypertrophy. Am. |. Physiol. Physiol. 2002, 283, C545-C551. [CrossRef]

Rommel, C.; Bodine, S.C.; Clarke, B.A.; Rossman, R.; Nunez, L.; Stitt, T.N.; Yancopoulos, G.D.; Glass, D.J.
Mediation of igf-1-induced skeletal myotube hypertrophy by pi(3)k/akt/mtor and pi(3)k/akt/gsk3 pathways.
Nat. Cell Biol. 2001, 3, 1009-1013. [CrossRef]

Van der Velden, J.L.; Schols, A.M.; Willems, J.; Kelders, M.C.; Langen, R.C. Glycogen synthase kinase 3
suppresses myogenic differentiation through negative regulation of nfatc3. J. Biol. Chem. 2008, 283, 358-366.
[CrossRef]

Pansters, N.A.M.; Schols, A M.W.].; Verhees, K.].P,; de Theije, C.C.; Snepvangers, FJ.; Kelders, M.C.].M.;
Ubags, N.D.J.; Haegens, A.; Langen, R.C.J. Muscle-specific gsk-33 ablation accelerates regeneration of
disuse-atrophied skeletal muscle. Biochim. Biophys. Acta 2015, 1852, 490-506. [CrossRef]

Suzuki, A.; Pelikan, R.C.; Iwata, J. WNT/B-Catenin Signaling Regulates Multiple Steps of Myogenesis by
Regulating Step-Specific Targets. Mol. Cell. Boil. 2015, 35, 1763-1776. [CrossRef] [PubMed]

Malhi, G.S.; Outhred, T. Therapeutic Mechanisms of Lithium in Bipolar Disorder: Recent Advances and
Current Understanding. CNS Drugs 2016, 30, 931-949. [CrossRef] [PubMed]

Stambolic, V.; Ruel, L.; Woodgett, J.R. Lithium inhibits glycogen synthase kinase-3 activity and mimics
Wingless signalling in intact cells. Curr. Boil. 1996, 6, 1664-1669. [CrossRef]

Hedya, S.A.; Swoboda, H.D. Lithium Toxicity. StatPearls Publishing. January 2018. Treasure Island (FL),
[Updated 2018 Dec 28]. Available online: https://www.ncbinlm.nih.gov/books/NBK499992/ (accessed on 18
February 2019).

Malhi, G.S.; Berk, M. Is the safety of lithium no longer in the balance? Lancet 2012, 379, 690-692. [CrossRef]
Maddalena, L.A.; Selim, S.M.; Fonseca, J.; Messner, H.; McGowan, S.; Stuart, ].A. Hydrogen peroxide
production is affected by oxygen levels in mammalian cell culture. Biochem. Biophys. Res. Commun. 2017,
493, 246-251. [CrossRef]

Fajardo, V.A.; Watson, C.J.; Bott, K.N.; Moradi, F; A Maddalena, L.; Bellissimo, C.A.; Turner, K.D.; Peters, S.J.;
Leblanc, PJ.; MacNeil, A.J; et al. Neurogranin is expressed in mammalian skeletal muscle and inhibits
calcineurin signaling and myoblast fusion. Am. J. Physiol. Cell. Physiol. 2019. [CrossRef]

Maddala, RN.M.; Ashwal, AJ.; Rao, M.S.; Padmakumar, R. Chronic lithium intoxication: Varying
electrocardiogram manifestations. Indian J. Pharmacol. 2017, 49, 127-129.

Findlay, A.R.; Bengoechea, R.; Pittman, S.K.; Chou, T.-F.; True, H.L.; Weihl, C.C. Lithium chloride corrects
weakness and myopathology in a preclinical model of LGMD1D. Neurol. Genet. 2019, 5, e318. [CrossRef]
Doble, B.W.; Patel, S.; Wood, G.A.; Kockeritz, L.K.; Woodgett, ].R. Functional redundancy of gsk-3cc and
gsk-3f3 in wnt/B-catenin signaling shown by using an allelic series of embryonic stem cell lines. Dev. Cell
2007, 12, 957-971. [CrossRef]

McManus, E.J.; Sakamoto, K.; Armit, L.J.; Ronaldson, L.; Shpiro, N.; Marquez, R.; Alessi, D.R. Role that
phosphorylation of GSK3 plays in insulin and Wnt signalling defined by knockin analysis. EMBO J. 2005, 24,
1571-1583. [CrossRef]

Patel, S.; Doble, B.W.; MacAulay, K.; Sinclair, E.M.; Drucker, D.]J.; Woodgett, J.R. Tissue-specific role of
glycogen synthase kinase 3beta in glucose homeostasis and insulin action. Mol. Cell. Biol. 2008, 28, 6314-6328.
[CrossRef] [PubMed]

Ma, Z.; Zhong, Z.; Zheng, Z.; Shi, X.-M.; Zhang, W. Inhibition of Glycogen Synthase Kinase-3(3 Attenuates
Glucocorticoid-Induced Suppression of Myogenic Differentiation In Vitro. PLoS ONE 2014, 9, e105528.
[CrossRef] [PubMed]

Villa-Moruzzi, E.; Puntoni, F.; Marin, O. Activation of protein phosphatase-1 isoforms and glycogen synthase
kinase-3 beta in muscle from mdx mice. Int. . Biochem. Cell Biol. 1996, 28, 13-22. [CrossRef]


http://dx.doi.org/10.1046/j.1469-7580.1999.19420287.x
http://dx.doi.org/10.1177/096368970000900411
http://dx.doi.org/10.1152/ajpcell.00049.2002
http://dx.doi.org/10.1038/ncb1101-1009
http://dx.doi.org/10.1074/jbc.M707812200
http://dx.doi.org/10.1016/j.bbadis.2014.12.006
http://dx.doi.org/10.1128/MCB.01180-14
http://www.ncbi.nlm.nih.gov/pubmed/25755281
http://dx.doi.org/10.1007/s40263-016-0380-1
http://www.ncbi.nlm.nih.gov/pubmed/27638546
http://dx.doi.org/10.1016/S0960-9822(02)70790-2
https://www.ncbi.nlm.nih.gov/books/NBK499992/
http://dx.doi.org/10.1016/S0140-6736(11)61703-0
http://dx.doi.org/10.1016/j.bbrc.2017.09.037
http://dx.doi.org/10.1152/ajpcell.00345.2018
http://dx.doi.org/10.1212/NXG.0000000000000318
http://dx.doi.org/10.1016/j.devcel.2007.04.001
http://dx.doi.org/10.1038/sj.emboj.7600633
http://dx.doi.org/10.1128/MCB.00763-08
http://www.ncbi.nlm.nih.gov/pubmed/18694957
http://dx.doi.org/10.1371/journal.pone.0105528
http://www.ncbi.nlm.nih.gov/pubmed/25127359
http://dx.doi.org/10.1016/1357-2725(95)00119-0

Cells 2019, 8, 1340 10 of 11

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Jones, K.; Wei, C.; Iakova, P.; Bugiardini, E.; Schneider-Gold, C.; Meola, G.; Woodgett, ].; Killian, J.;
Timchenko, N.A.; Timchenko, L.T. GSK3f mediates muscle pathology in myotonic dystrophy. J. Clin. Investig.
2012, 122, 4461-4472. [CrossRef] [PubMed]

Park, S.S.; Kwon, E.-S.; Kwon, K.-S. Molecular mechanisms and therapeutic interventions in sarcopenia.
Osteoporos. Sarcopenia 2017, 3, 117-122. [CrossRef] [PubMed]

Patel, N.C.; DelBello, M.P; Bryan, H.S.; Adler, CM.; Kowatch, R.A.; Stanford, K.; Strakowski, S.M. Open-Label
Lithium for the Treatment of Adolescents With Bipolar Depression. J. Am. Acad. Child Adolesc. Psychiatry
2006, 45, 289-297. [CrossRef] [PubMed]

Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin.
Pharm. 2016, 7, 27-31. [CrossRef]

Masiero, E.; Agatea, L.; Mammucari, C.; Blaauw, B.; Loro, E.; Komatsu, M.; Metzger, D.; Reggiani, C.;
Schiaffino, S.; Sandri, M. Autophagy Is Required to Maintain Muscle Mass. Cell Metab. 2009, 10, 507-515.
[CrossRef]

Sarkar, S.; Floto, R.A.; Berger, Z.; Imarisio, S.; Cordenier, A.; Pasco, M.; Cook, L.J.; Rubinsztein, D.C. Lithium
induces autophagy by inhibiting inositol monophosphatase. J. Cell Biol. 2005, 170, 1101-1111. [CrossRef]
Paré, M.; Baechler, B.; Fajardo, V.; Earl, E.; Wong, E.; Campbell, T.; Tupling, A.R.; Quadrilatero, J. Effect of
acute and chronic autophagy deficiency on skeletal muscle apoptotic signaling, morphology, and function.
Biochim. Biophys. Acta 2017, 1864, 708-718. [CrossRef]

Risson, V.; Mazelin, L.; Roceri, M.; Sanchez, H.; Moncollin, V.; Corneloup, C.; Richard-Bulteau, H.; Vignaud, A.;
Baas, D.; Defour, A.; et al. Muscle inactivation of mTOR causes metabolic and dystrophin defects leading to
severe myopathy. J. Cell Biol. 2009, 187, 859-874. [CrossRef] [PubMed]

Fajardo, V.A.; Bombardier, E.; Irvine, T.; Metherel, A.H.; Stark, K.D.; Duhamel, T.; Rush, ] W.; Green, H.].;
Tupling, A.R. Dietary docosahexaenoic acid supplementation reduces SERCA Ca2+ transport efficiency in
rat skeletal muscle. Chem. Phys. Lipids 2015, 187, 56-61. [CrossRef] [PubMed]

Fajardo, V.A.; Bombardier, E.; McMillan, E.; Tran, K.; Wadsworth, B.].; Gamu, D.; Hopf, A.; Vigna, C;
Smith, I.C.; Bellissimo, C.; et al. Phospholamban overexpression in mice causes a centronuclear myopathy-like
phenotype. Dis. Model. Mech. 2015, 8, 999-1009. [CrossRef] [PubMed]

Fajardo, V.A.; Bombardier, E.; Tran, K.; Metherel, A.H.; Irvine, T.; Holloway, G.P,; Green, H.J.; Stark, K.D.;
Tupling, A.R. Sarcoplasmic Reticulum Phospholipid Fatty Acid Composition and Sarcolipin Content in Rat
Skeletal Muscle. J. Membr. Biol. 2015, 248, 1089-1096. [CrossRef] [PubMed]

Fajardo, V.A.; Bombardier, E.; Vigna, C.; Deviji, T.; Bloemberg, D.; Gamu, D.; Gramolini, A.O.; Quadrilatero, J.;
Tupling, A.R. Co-Expression of SERCA Isoforms, Phospholamban and Sarcolipin in Human Skeletal Muscle
Fibers. PLoS ONE 2013, 8, €84304. [CrossRef] [PubMed]

Fajardo, V.A.; Chambers, PJ.; Juracic, E.S.; Rietze, B.A.; Gamu, D.; Bellissimo, C.; Kwon, F.; Quadrilatero, J.;
Russell Tupling, A. Sarcolipin deletion in mdx mice impairs calcineurin signalling and worsens dystrophic
pathology. Hum. Mol. Genet. 2018, 27, 4094—4102. [CrossRef]

Fajardo, V.A.; Gamu, D.; Mitchell, A.; Bloemberg, D.; Bombardier, E.; Chambers, PJ.; Bellissimo, C.;
Quadrilatero, J.; Tupling, A.R. Sarcolipin deletion exacerbates soleus muscle atrophy and weakness in
phospholamban overexpressing mice. PLoS ONE 2017, 12, 0173708. [CrossRef]

Fajardo, V.A.; Rietze, B.A.; Chambers, PJ.; Bellissimo, C.; Bombardier, E.; Quadrilatero, J.; Tupling, A.R.
Effects of sarcolipin deletion on skeletal muscle adaptive responses to functional overload and unload. Am.
J. Physiol. 2017, 313, C154-C161. [CrossRef]

Fajardo, V.A.; Smith, I.C.; Bombardier, E.; Chambers, PJ.; Quadrilatero, J.; Tupling, A.R. Diaphragm
assessment in mice overexpressing phospholamban in slow-twitch type I muscle fibers. Brain Behav. 2016, 6,
€00470. [CrossRef]

Fajardo, V.A ; Trojanowski, N.; Castelli, L.M.; Miotto, PM.; Amoye, F.; Ward, WE.; Tupling, A.R.; LeBlanc, PJ.
Saturation of serca’s lipid annulus may protect against its thermal inactivation. Biochem. Biophys. Res.
Commun. 2017, 484, 456—460. [CrossRef]

Fu, M.H.; Tupling, A.R. Protective effects of Hsp70 on the structure and function of SERCA2a expressed in
HEK-293 cells during heat stress. Am. J. Physiol. Circ. Physiol. 2009, 296, H1175-H1183. [CrossRef] [PubMed]


http://dx.doi.org/10.1172/JCI64081
http://www.ncbi.nlm.nih.gov/pubmed/23160194
http://dx.doi.org/10.1016/j.afos.2017.08.098
http://www.ncbi.nlm.nih.gov/pubmed/30775515
http://dx.doi.org/10.1097/01.chi.0000194569.70912.a7
http://www.ncbi.nlm.nih.gov/pubmed/16540813
http://dx.doi.org/10.4103/0976-0105.177703
http://dx.doi.org/10.1016/j.cmet.2009.10.008
http://dx.doi.org/10.1083/jcb.200504035
http://dx.doi.org/10.1016/j.bbamcr.2016.12.015
http://dx.doi.org/10.1083/jcb.200903131
http://www.ncbi.nlm.nih.gov/pubmed/20008564
http://dx.doi.org/10.1016/j.chemphyslip.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25772907
http://dx.doi.org/10.1242/dmm.020859
http://www.ncbi.nlm.nih.gov/pubmed/26035394
http://dx.doi.org/10.1007/s00232-015-9822-9
http://www.ncbi.nlm.nih.gov/pubmed/26193810
http://dx.doi.org/10.1371/journal.pone.0084304
http://www.ncbi.nlm.nih.gov/pubmed/24358354
http://dx.doi.org/10.1093/hmg/ddy302
http://dx.doi.org/10.1371/journal.pone.0173708
http://dx.doi.org/10.1152/ajpcell.00291.2016
http://dx.doi.org/10.1002/brb3.470
http://dx.doi.org/10.1016/j.bbrc.2017.01.154
http://dx.doi.org/10.1152/ajpheart.01276.2008
http://www.ncbi.nlm.nih.gov/pubmed/19252085

Cells 2019, 8, 1340 11 0f 11

53. Tupling, A.R.; Bombardier, E.; Gupta, S.C.; Hussain, D.; Vigna, C.; Bloemberg, D.; Quadrilatero, J.;
Trivieri, M.G.; Babu, G.J.; Backx, PH.; et al. Enhanced Ca2* transport and muscle relaxation in skeletal muscle
from sarcolipin-null mice. American journal of physiology. Cell Physiol. 2011, 301, C841-C849. [CrossRef]
[PubMed]

54. Smith, I.C.; Bombardier, E.; Vigna, C.; Tupling, A.R. Atp consumption by sarcoplasmic reticulum Ca2+
pumps accounts for 40-50% of resting metabolic rate in mouse fast and slow twitch skeletal muscle. PLoS
ONE 2013, 8, €68924. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1152/ajpcell.00409.2010
http://www.ncbi.nlm.nih.gov/pubmed/21697544
http://dx.doi.org/10.1371/journal.pone.0068924
http://www.ncbi.nlm.nih.gov/pubmed/23840903
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	C2C12 Cells 
	Western Blotting 
	GSK3 Activity Assay 
	Generation of GSK3 Double-Knockout Cell-Line 
	Myoblast Fusion 
	Statistical Analysis 

	Results 
	A Low-Therapeutic Dose of LiCl Inhibits GSK3 and Total GSK3 Activity 
	Sub-Therapeutic Dose of LiCl Augments Myoblast Fusion 

	Discussion 
	References

