Chapter 29
The Role of Taurine on Skeletal
Muscle Cell Differentiation

Teruo Miyazaki, Akira Honda, Tadashi Ikegami,
and Yasushi Matsuzaki

Abstract Taurine abundantly contained in the skeletal muscle has been considered
as one of essential factors for the differentiation and growth of skeletal muscles. The
previous studies in the taurine transporter knockout mice showed that deficiency of
taurine content in the skeletal muscle caused incomplete muscular developments,
morphological abnormalities, and exercise abilities. In fetal and neonatal periods,
taurine must be an essential amino acid due to no biosynthesis capacity, and there-
fore, taurine should be endogenously supplied through placenta and maternal milk.
In general cell culture condition, taurine contained in the culture medium is absent
or few, and therefore, most of cultured cells are in taurine-deficient condition. In the
present study, we confirmed, in cultured mouse differentiable myoblast, taurine
treatment significantly enhanced the differentiation to myotube in a dose-dependent
manner, while these effects were abrogated by inhibitions of taurine transport and
Ca?* signaling pathway.
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The present study suggested that exogenous taurine might play a key role on the
mature differentiation/growth of the skeletal muscle during development period
through Ca?* signaling pathway, and therefore, taurine would contribute the muscle
recovery after damages.

Abbreviations

TAUT  Taurine transporter

GM Growth medium

DM Differentiation medium

MHC  Myosin heavy chain

MCIP  Myocyte-enriched calcineurin-interacting protein

29.1 Introduction

Taurine (2-aminoethanesulfonic acid) is abundantly contained in the skeletal muscles
(Jacobsen and Swimth 1968), particularly in the slow-twitch fiber rather than in the
fast-twitch fiber (Airaksinen et al. 1990; Iwata et al. 1986). Although taurine is bio-
synthesized from sulfur-contained amino acids (methionine and cysteine) in the liver
and brain via specific enzymes (cysteine sulfinate decarboxylase and cysteine dioxy-
genase), the biosynthesis ability is very low (Hosokawa et al. 1990; Kaisaki et al.
1995; Ramamoorthy et al. 1994). Therefore, the abundant muscular taurine content
depends on the exogenous uptake through a specific transporter, taurine transporter
(TAUT). Furthermore, taurine is an essential amino acid in fetus and infant due to lack
of taurine biosynthesis ability in the perinatal period, and therefore, a large amount of
taurine is endogenously supplied through placenta and maternal milk. It has been
reported that a premature baby and incomplete postnatal tissue development and body
growth were observed if taurine intake were insufficient in the pregnant and postnatal
periods (Aerts and Van Assche 2002; Sturman and Messing 1991; Sturman 1993).

Taurine has been also considered as one of essential factors on the differentia-
tion/growth of skeletal muscles because deficiency of taurine causes incomplete
muscular development and exercise abilities. In the TAUT KO mice, the lower
body mass and skeletal muscle growth were observed associated with significant
deficiency of tissue taurine concentration compared with wild-type mice (Heller-
Stilb et al. 2002; Warskulat et al. 2004), and the morphological abnormalities
including muscular atrophy and disruption of myofibrillar ultrastructure and the
reduction of physical capacity were also found in the TAUT KO mice (Ito et al.
2008). In the TAUT KO mice, the deficiency of tissue taurine innately induced is
suggested to influence incomplete development of skeletal muscle tissue.

In general cell culture experiments, the condition should be deficient of taurine
because culture medium and serum do not contain taurine at all. Therefore, most of
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the cells are cultured in the taurine-deficient condition. The present study examined
the effect of taurine treatment on the differentiation of mouse myoblast to myotube.

29.2 Methods

29.2.1 Culture and Differentiation of Myoblast Cells

Mouse differentiable myoblast (C2C12) was purchased from ATCC (Manassas, VA).
C2C12 cells were cultured with growth medium (GM; DMEM supplemented with
10% fetal bovine serum) until confluent, and thereafter, the cells were switched to
differentiation medium (DM; DMEM supplemented with 2% horse serum) with or
without ~20 mM taurine for up to a week. Furthermore, the cells were exposed to
~50 mM taurine transport agonist, 3-alanine; 5 UM calcineurin inhibitor, FK-506
(Cayman chemical, MI, USA); or 10 uM Ca?* chelator, nifedipine (Sigma, MO,
USA) in DM with or without 20 mM taurine for 5-6 days.

In C2C12 myoblast, faut mRNA was also silenced using siRNA (HP GenomeWide
siRNA duplexes; QIAGEN, Hilden, Germany) by electroporation method (Amaxa™
Nucleofector™ Technology, Lonza, Cologne, Germany). Harvested undifferenti-
ated C2C12 myoblast (1 x 10° cells) was transfected with the siRNA primers of taut
or control and pmaxGFP® vector (Lonza), and the cells were grown up to confluent
with GM. Thereafter, the cells were differentiated in DM with or without taurine.

29.2.2 Quantifications of Cell Size
and Nuclei Number in Myotube

The differentiated C2C12 myotube cultured with and without taurine was fixed with
methanol and 4% paraformaldehyde, and then, myosin heavy-chain (MHC) protein
as a marker of differentiation in the skeletal muscle was immunohistochemically
detected using monoclonal anti-skeletal MHC-fast antibody (Sigma) as the primary
antibody and goat anti-mouse IgG antibody conjugated with FITC (Santa Cruz
Biotechnology, CA, USA) as the secondary antibody, and the nucleus was labeled
with DAPI (KPL, MD, USA). FITC and DAPI were observed using a fluorescence
microscopy, and maximal short diameter and apsis length of FITC-positive in dif-
ferentiated myotube and the number of DAPI-positive nucleus in the FITC-positive
myotube were measured, and the number of nucleus per myotube and fusion index
as ratio of the number of nucleus to the apsis length of myotube were calculated.

In the C2C12 myotube transfected with raut siRNA, the transfected GFP that
is a marker of silenced taut gene was detected using fluorescence microscopy.
The efficiency of silencing of taut gene was approximately 70% evaluated as TAUT
protein expression by Western blot.
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29.2.3 The mRNA Expression by Quantitative
Real-Time PCR Technique

The mRNA expression level of calcineurin inhibitory protein myocyte-enriched
calcineurin-interacting protein (MCIP) 1 in the differentiated myotube treated with
taurine and nifedipine was quantified by real-time PCR. Total RNA was extracted
from the harvested myotube using an RNeasy Plus Mini Kit (QIAGEN). Reverse
transcription was performed on 500 ng of total RNA using a PrimeScript® RT
reagent Kit (TAKARA Bio. Inc. Shiga, Japan). Real-time quantitative PCR was
performed on cDNA aliquots with the FastStart DNA Master SYBR Green I and a
LightCycler (Roche Diagnostics, Mannheim, Germany). The sequences of the oli-
gonucleotide primer pairs used to amplify mRNA were as follows: MCIP1 forward
primer, 5'-CTTCAGAACATATGACAAGGAC-3’; MCIP1 reverse primer,
5'-AGGTGTGAACTTCCTATGTGTA-3'; B-actin forward primer, 5-CCTGTA
TGCCTCTGGTCGTA-3’; and B-actin reverse primer, 5'-AGACTTCGAGCA
GGAGATGG-3'. A standard curve for each run was constructed by plotting the
crossover point against the log concentration. The concentration of target molecules
in each sample was then calculated automatically by reference to this curve
(r=-1.00), and results were standardized to the expression of B-actin. The specificity
of each PCR product was assessed by melting curve analysis.

29.2.4 Statistical Analysis

Statistical significances were determined by unpaired Student’s #-test or one-way
ANOVA multiple comparison test. Data were expressed as the mean+SD or the
median and plots of individual value. Differences were considered statistically
significant when the calculated P value was less than 0.05.

29.3 Results

29.3.1 The Effect of Taurine Treatment on the Differentiation
of C2C12 Myoblast to Myotube

The effect of taurine treatment on the differentiation of myoblast to myotube in
C2C12 cells was evaluated by the measurements of maximal length of short diameter
of differentiated myotube, the number of nucleus in the myotube, and the calculation
of fusion index which is the number of nucleus per the apsis length of examined
myotube. The maximal short diameter in the myotube was increased by taurine treat-
ments compared to that in the untreated control and was significantly higher in
20 mM taurine treatment than the control and 5 mM taurine treatment (Fig. 29.1a).
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Fig. 29.1 The effect of taurine treatment on differentiation of C2C12 myoblast to myotube. C2C12
cells were cultured with 0, 5, or 20 mM taurine in the differentiation medium for 7 days. (a) The length
of maximum short diameter in myotube, (b) the number of nucleus per myotube, and (c) fusion index
was calculated by the number of nucleus per the examined myotube length. Data are shown as the
median and value plots. *p<0.05, **p<0.01, £p<0.0001 by one-way ANOVA analysis

Likewise, the number of nucleus in the differentiated myotube (Fig. 29.1b) and
fusion index (Fig. 29.1c) were also significantly increased by 20 mM taurine treat-
ment compared to that in the control and 5 mM taurine treatment.

29.3.2 The Effects of Inhibitors of Taurine Transport and Ca**
Signaling on the Taurine-Enhanced C2C12 Differentiation

Figure 29.2 shows the fluorescence images of C2C12 myotube treated with nife-
dipine or transfected with faut siRNA. During the differentiation period, the cells
in both conditions were exposed to 20 mM taurine. The enhanced effect of taurine
on the differentiation to myotube evaluated by FITC-positive MHC protein expres-
sion was cancelled by the treatment of nifedipine (Fig. 29.2a). The expression of
MCIP-1 mRNA in myotube was significantly increased by nifedipine treatment
compared to that in undifferentiated myoblast, and the expression level in myotube
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Fig. 29.2 Fluorescence image of C2C12 myotube treated with 20 mM taurine in the Ca** chelator
nifedipine treatment (a) and faut siRNA transfection (b) and the expression level of MCIP1 mRNA
in the myotube treated with taurine and nifedipine (c). (a, ¢) C2C12 cells were exposed to differ-
entiation medium containing 20 mM taurine with or without 10 uM nifedipine for 5 days. Myosin
heavy-chain protein in myotube was immunohistochemically stained with anti-MHC and FITC-
conjugate IgG antibodies (c¢). C2C12 cells transfected with either control or taut siRNA and GFP
vector were differentiated with 20 mM taurine (c¢). The mRNA expression level of MCIP1 was
quantified by real-time PCR and shown as the relative ratio to undifferentiated myoblast. The dif-
ferentiated myotube was detected by the transfected GFP. Data are shown as the mean+SD and
*P<0.05, 1P<0.001(vs. myoblast) by the unpaired Student’s 7-test and one-way AVOVA multi-
ple comparison test, respectively

treated with and without nifedipine was significantly reduced by taurine treatment
(Fig. 29.2b). Similarly, FK-506 treatment in the C2C12 cells markedly reduced
the enhancement of differentiation to myotube by taurine treatment (data not
shown).

In Fig. 29.2c, the silencing faut gene using siRNA technique inhibited the dif-
ferentiation to myotube in the C2C12 cells treated with 20 mM taurine compared to
that in the control siRNA-transfected cells. Furthermore, the effect of taurine on the
differentiation to myotube was significantly reduced by [(-alanine treatment in a
dose-dependent manner (data no shown).
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29.4 Discussion

In the present study, the differentiation of C2C12 fibroblast to myotube was
significantly and dose-dependently enhanced by taurine treatment, and the effect
of taurine was abrogated by the inhibitions of Ca*', its signaling pathway, and
endogenous taurine transport. Myogenesis consists of multiple processes includ-
ing ceasing of proliferation, elongation, and fusion into multinucleated myotube,
and many factors including insulin growth factor 1 and myocyte-enhanced factor
2 have been reported to enhance these processes in the previous studies (Gossett
etal. 1989; Kook et al. 2008; Maeda et al. 2002; Naya and Olson 1999; Semsarian
et al. 1999). Taurine might be one of the important factors that regulate muscle
maturation in the development period. In the processes of muscle hypertrophy
including the fusion of myoblast and the formation of myotube, extracellular
Ca? and Ca**-dependent calcineurin (Ca?*/calmodulin-dependent phosphatase)
signaling are important pathways (De Arcangelis et al. 2005; Semsarian et al.
1999). In the present study, the enhanced effects of taurine on the differentiation
of C2C12 cells were cancelled by treatments of Ca** chelator nifedipine and cal-
cineurin inhibitor FK-506, and these results supported the role of taurine on the
Ca?*-calcineurin pathway in the differentiation process. The enhanced mRNA
expression of MCIP1 by nifedipine treatment was significantly decreased by tau-
rine treatment. The MCIP1 expresses primarily in skeletal muscle and inhibits
the activity of calcineurin (Rothermel et al. 2000). Because the gene transcrip-
tion is potently stimulated by activated calcineurin as negative feedback (Yang
et al. 2000), it is possible that taurine might suppress the feedback transcription
of MCIP1. Furthermore, it is suggested that intracellular, but not external, tau-
rine uptaken from culture medium might affect on the pathway because the tau-
rine transport inhibitor -alanine treatment and taut gene silencing significantly
inhibited the cell differentiation.

29.5 Conclusion

In summary, the present study shows that exogenous taurine treatment
significantly enhanced the differentiation of C2C12 myoblast to myotube, and
the significant effect of taurine might be associated with the Ca?* signaling path-
way. This beneficial effect of taurine would possibly contribute to the muscle
recovery after damages.
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