Amino Acids (2012) 43:431-445
DOI 10.1007/s00726-011-1099-4

ORIGINAL ARTICLE

Potential benefits of taurine in the prevention of skeletal muscle
impairment induced by disuse in the hindlimb-unloaded rat

Sabata Pierno - Antonella Liantonio - Giulia M. Camerino - Michela De Bellis -
Maria Cannone - Gianluca Gramegna - Antonia Scaramuzzi - Simonetta Simonetti -
Grazia Paola Nicchia - Davide Basco - Maria Svelto - Jean-Francois Desaphy -

Diana Conte Camerino

Received: 7 February 2011/ Accepted: 20 September 2011/ Published online: 11 October 2011

© Springer-Verlag 2011

Abstract Hindlimb unloading (HU) in rats induces
severe atrophy and a slow-to-fast phenotype transition in
postural slow-twitch muscles, as occurs in human disuse
conditions, such as spaceflight or bed rest. In rats, a
reduction of soleus muscle weight and a decrease of cross-
sectional area (CSA) were observed as signs of atrophy. An
increased expression of the fast-isoform of myosin heavy
chain (MHC) showed the phenotype transition. In parallel
the resting cytosolic calcium concentration (restCa) was
decreased and the resting chloride conductance (gCl),
which regulates muscle excitability, was increased toward
the values of the fast-twitch muscles. Here, we investigated
the possible role of taurine, which is known to modulate
calcium homeostasis and gCl, in the restoration of muscle
impairment due to 14-days-HU. We found elevated taurine
content and higher expression of the taurine transporter
TauT in the soleus muscle as compared to the fast-twitch
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extensor digitorum longus (EDL) muscle of control rats.
Taurine level was reduced in the HU soleus muscle,
although, TauT expression was not modified. Taurine oral
supplementation (5 g/kg) fully prevented this loss, and
preserved resting gCl and restCa together with the slow
MHC phenotype. Taurine supplementation did not prevent
the HU-induced drop of muscle weight or fiber CSA, but it
restored the expression of MURF-1, an atrophy-related
gene, suggesting a possible early protective effect of tau-
rine. In conclusion, taurine prevented the HU-induced
phenotypic transition of soleus muscle and might attenuate
the atrophic process. These findings argue for the beneficial
use of taurine in the treatment of disuse-induced muscle
dysfunction.

Keywords Taurine - Slow- and fast-twitch skeletal
muscle - Hindlimb unloading - Atrophy - Resting chloride
conductance - Resting intracellular calcium

Introduction
Impairment of skeletal muscle function due to disuse

During spaceflight, prolonged bed rest, or the aging pro-
cess, human subjects experience severe alterations in
skeletal muscle function, which result in a reduction of
strength and locomotion ability (Pavy-Le Traon et al.
2007). Muscle disuse preferentially affects the postural
muscles, such as the slow-twitch soleus muscle. These
muscles undergo an atrophic process and a slow-to-fast
phenotype transition, which represent an adaptation of the
muscles to the reduced activity (Talmadge 2000). As a
result, the muscles are unable to function correctly upon
return to normal activity, and this may contribute to
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morbidity. A full understanding of the mechanisms of
disuse-induced muscle atrophy in humans is incomplete
(Fitts et al. 2001) and at the moment, few molecules have
been proposed for therapy. When possible, specific exer-
cise protocols are frequently used but show only limited
benefits to prevent muscle dysfunction. It has been shown
that supplementation with essential amino acids and
carbohydrates in combination with exercise attenuates
muscle protein loss in humans during prolonged inactivity
(Paddon-Jones et al. 2004; Fitts et al. 2007). Drugs for
preventive or curative purposes are not yet available
(Adams et al. 2003).

Cellular targets of disuse in a hindlimb-unloaded
animal model

A widely accepted model for muscle disuse is the hind-
limb-unloaded (HU) rat, a ground-based animal model that
mimics microgravity conditions (Morey-Holton et al.
2005). As in humans (Fitts et al. 2010), the soleus muscle
of HU rats becomes atrophic and enters a partial slow-to-
fast phenotype transition, that is characterized by an
increased expression of fast myosin heavy chain (MHC)
isoforms and of metabolic proteins required for fast-twitch
contraction (Schulte et al. 1993; Harridge 2007). Also
muscle ion channels are critical determinants of the muscle
phenotype, because they control excitability and excitation/
contraction coupling, and modulate contraction and gene
expression. We previously found important modifications
of ion channel function and expression during HU, which
were mainly in accordance with the phenotype transition
(Desaphy et al. 2001, 2005; Frigeri et al. 2001; Pierno et al.
2002, 2007; Fraysse et al. 2003; Tricarico et al. 2005). The
expression of the CIC-1 chloride channel, which is
responsible for the resting chloride conductance of sarco-
lemma, is greater in fast-twitch muscles compared to slow-
twitch muscles (Steinmeyer et al. 1991; Pierno et al. 1999).
Thus, chloride conductance (gCl) controls the electrical
stability of sarcolemma. The lower gCl found in soleus
muscle is thought to be responsible for the increase in
muscle excitability and the resistance to fatigue that is
typical of postural muscles (Pedersen et al. 2005, 2009;
Pierno et al. 2007). After 1-3 weeks of HU, the gCl
increases in soleus muscle toward a value more similar to a
fast-twitch muscle, and this is due to the increased
expression of CIC-1 channels (Pierno et al. 2002). In
addition the cytosolic concentration of resting calcium
(restCa) depends on the muscle phenotype. The restCa
concentration is higher in the soleus muscle compared to
EDL muscles, and it was found to be decreased in HU
soleus muscle (Fraysse et al. 2003). The reduced restCa
concentration likely contributes to the positive shift of
the mechanical threshold (MT), a functional index of
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excitation—contraction coupling, observed in HU soleus
muscle. Interestingly, the changes in the levels of gCl and
restCa were observed after 3 days of HU, at which point
the expression of the fast MHC-positive fibers in the HU
soleus muscle remained unchanged at both the mRNA and
protein level (Pierno et al. 2002). We have demonstrated
that this early change of gCl is attributable to a reduced
activity of protein kinase C (PKC), which is important in
the regulation of the CIC-1 channel activity (Pierno et al.
2007). These findings suggest that gClI and restCa are early
determinants of soleus muscle adaptation to reduced
activity and therefore represent suitable drug targets to
counteract the dysfunction of disused muscle.

Taurine as a potential countermeasure for muscle disuse

Taurine is a sulfonic amino acid prevalent in excitable
tissues that has been proposed to protect muscle function in
a variety of diseases through diverse mechanisms (Hux-
table 1992). Taurine is considered to be a membrane sta-
bilizer because it controls muscle excitability through
direct or PKC-mediated modulation of CIC-1 chloride
channel or of others membrane ion channels (Conte
Camerino et al. 2004). Taurine also modulates intracellular
calcium homeostasis which is important for controlling
muscle fiber contractility (Huxtable 1992). To support the
role of this essential amino acid in skeletal muscle function
different studies have shown that a reduction in tissue
taurine content induced by pharmacological treatment or
genetic manipulation leads to alterations of skeletal muscle
function (Warskulat et al. 2004; Hamilton et al. 2006; Ito
et al. 2008). We have also demonstrated that the taurine
content is reduced in the fast-twitch muscles of aged rats,
which are characterized by sarcopenia. However, taurine
supplementation improved the muscle function (Pierno
et al. 1998). To date, it is unknown whether taurine content
is altered in humans during muscle inactivity or whether
taurine supplementation would improve muscle function.
To our knowledge, only one report published by NASA has
shown that large amounts of taurine were excreted in the
urine of the astronauts of the APOLLO mission (Leach
et al. 1975). Thus, our study in the HU rat may be bene-
ficial as a preclinical study of the efficacy of taurine in
skeletal muscle damage due to disuse. Because taurine does
not cause negative side effects it can be used at high doses.
It has been shown that the administration of similar or
higher doses of taurine than those used in this study are
safe and display protective effects in different physio-
pathological situations (Yokogoshi et al. 1999; Yokogoshi
and Oda 2002; Yang et al. 2004). Because taurine is highly
concentrated in the myocytes, it is important to use high
doses to allow the amino acid to reach the intracellular
regions (Huxtable 1992). Interestingly, there is twice as
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much taurine in the soleus muscle than in the fast-twitch
muscles, which suggests that the taurine content depends
on the muscle phenotype (Iwata et al. 1986; Yoshioka et al.
2002; Dawson et al. 2002). However, the functional rele-
vance of this difference has not been clarified. In light of
the possible relationship between taurine, muscle pheno-
type and atrophy and the modulating effects on the gCl,
restCa, and MT, we decided to investigate the taurine
content in the muscles of HU rats and the role of taurine in
the prevention of muscle damage due to HU.

Methods
Treatment and animal care

All experiments were conducted in accordance with the
Italian Guidelines for the use of laboratory animals, which
conforms with the European Community Directive pub-
lished in 1986 (86/609/EEC). Adult male Wistar rats
(Charles River Laboratories, Italy) were used for the chronic
and acute studies. The animals, weighing 300-350 g at the
beginning of the experiments, were housed individually in
appropriate cages in an environmentally controlled room.
The animals were randomly assigned into four experimental
groups: (1) a control group (n = 15) receiving a standard
rodent diet (Provimi Kliba AG, Kaiseraugst, CH) (CTRL),
(2) a ground-based group (n = 14) receiving 5% taurine
supplemented diet (TAU), (3) a group (n = 18) of 14 day
hindlimb-unloaded rats receiving a standard diet (HU), (4) a
group (n = 17) of 14 day hindlimb-unloaded rats receiving
the 5% taurine supplemented diet (HUTAU). The rats were
fed with 100 g of food a day per kg of body weight, which
corresponds to a maximum final taurine dose of 5 g/kg/day.
All animals were given tap water ad libitum. To induce
unloading, the animals were suspended by a shoelace linked
at one extremity to the tail by sticking plaster and at the other
extremity to a trolley that moves on horizontal rails at the
top of the cage. The length of the shoelace was adjusted to
allow the animal to move freely on its forelimbs, with
the body inclined at 30° from the horizontal plane (Desaphy
et al. 2001). At the end of treatment, all the rats were in
good health. They were deeply anesthetized with urethane
(1.2 g/kg i.p.) for surgery and killed thereafter by urethane
overdose.

HPLC analysis for measuring taurine content

The trunk blood was collected in centrifuged tubes, rinsed
with 10 pl of ethylenediaminotetraacetic acid (150 mM)
and centrifuged at 600g for 10 min. The plasma was sep-
arated and stored at —20°C until it was used for taurine
determination. The soleus and EDL muscles were weighed

and homogenized with 10 ml of HCIO, (0.4 N) per g of
tissue. The homogenized muscles were buffered with 80 pl
K,CO3 (5.5 g/10 ml) for each ml of HCIO4. The homog-
enates were centrifuged at 600g for 10 min at 4°C. The
supernatants were stored at —80°C until the assay. Deriv-
atization with ophthalaldehyde was performed as previ-
ously described and the samples were processed for HPLC
taurine determination (De Luca et al. 2001). Taurine con-
tent was obtained as pmol/l from the homogenates pre-
pared from the wet weighed muscle. Taurine content was
normalized to muscle protein content (mg/100 ml) with a
final concentration of pmol/mg as shown in Fig. 1. Because
the soleus muscle undergoes severe atrophy that is char-
acterized by protein degradation after HU, we theorized
that it would be more accurate to normalize the taurine
content to the protein quantity rather than to muscle
weight. In this manner, we will elucidate the specific effect
of HU on taurine content.

Immunohistochemistry and muscle fiber
cross-sectional area

Expression of MHC isoforms was determined by immuno-
fluorescence staining as described previously (Frigeri et al.
2001; Pierno et al. 2002; Desaphy et al. 2005). Briefly, soleus
and EDL muscles were frozen in isopentane cooled in liquid
nitrogen immediately after dissection. The sections were then
incubated at 37°C for 1 h with monoclonal antibodies
directed against adult MHC isoforms (Schiaffino et al. 1989)
harvested from hybridoma cell lines (Developmental
Hybridoma Studies Iowa, USA). The primary antibodies
were detected by AlexaFluor 594-conjugated anti-mouse
secondary antibodies (Invitrogen, CA, USA). The sections
were mounted in a medium supplemented with DAPI and
examined with a Leica DMRXA photomicroscope equipped
for epifluorescence. Digital images were obtained with a
Nikon DMX 1200 camera. For fiber quantification, the
analysis was performed on 18 randomly chosen areas of three
different sections of the same muscle. The number of
examined animals was 3—4 for each treatment. To measure
the cross-sectional area (CSA) of each fiber type, serial sec-
tions were in parallel stained with hematoxylin—eosin. The
CSA was detected using NIS Elements software v.3.0
(Nikon, Tokyo, Japan) coupled with Adobe Photoshop CS4
software and the data were expressed in um?. Approximately
500 fibers per MHC class were measured.

Isolation of total RNA, reverse transcription
and real-time PCR

For each muscle sample, total RNA was isolated with

TRIzol (Invitrogen-Life Technologies) and quantified
using a spectrophotometer (ND-1000 NanoDrop, Thermo
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A 3.0 . Table 1 Genes used for the mRNA quantification
- E 25 Gene Protein ID (ABI) Amplicon pb
‘% g_ 2.0 Fbxo32 Atroginl Rn00591730_m1 61
3 g’ i Hprtl HPRT1 Rn01527840_m1 64
E "‘—0"' b2m 2fm Rn00560865_m1 58
E g 1.0 Slc6ab TauT Rn00567962_m1 140
b % Trim63 MURF1 Rn00590197_m1 56
0.0
CTRL  CTRL TAU HU HUTAU performed in triplicate using the Applied Biosystems Real-
R Sol time PCR 7500 Fast system and TagMan® GenExpression
Assays (Applied Biosystems) for each gene (Table 1).
B 2% Each reaction was carried out as singleplex reaction. The
* B GROUND setup of the reactions consisted of 8 ng of cDNA, 0.5 pl of
g 20 ® —L CJHU each primer and probe set, 5 pl of TagMan Fast Universal
g PCR master mix No AmpErase UNG (2x) (Applied Bio-
E 1.5 4 . systems) and nucleotide-free H,O for a final volume of
% 10 pl. The PCR conditions were: 95°C for 20 s; 95°C for
s 10 #+ 3's; and 60°C for 30 s; steps 2 and 3 were repeated 45
c§ times. The results were compared with a standard curve
D 05 and normalized to the expression of the housekeeping gene
HPRTI1. As internal controls, the housekeeping genes
0.0 - HPRT1 and Beta-2 microglobulin (b2m) were analyzed.
CTRL CTRL TAU The analyzed genes are reported in Table 1.
EDL Sol

Fig. 1 Effects of hindlimb unloading and taurine supplementation on
the levels of taurine in muscle and the TauT transporter (Slc6a6)
mRNA expression. a Taurine content in extensor digitorum longus
(EDL) of control rats and the soleus (Sol) muscles of control and
hindlimb-unloaded rats fed with standard diet (CTRL and HU) or
with diet supplemented with taurine (TAU and HUTAU). Each bar
represents the mean &= SEM from 4 to 6 animals. Analysis of
variance (ANOVA) showed significant differences in muscle taurine
levels between the five experimental groups (F = 4.5, P < 0.01).
Symbols indicate significant differences obtained by ad hoc Bonfer-
roni’s ¢ test (at least P < 0.05) versus CTRL EDL (*), CTRL Sol (#),
and HU Sol (+). b Levels of mRNA expression of Slc6a6, which
encodes the Taurine transporter TauT, were determined using
quantitative real time PCR. Each bar represents the mean + SEM
of TauT mRNA normalized to the housekeeping HPRT1 gene
measured in the Sol and EDL muscles of 5 rats for each experimental
group. The ANOVA test showed significant differences in TauT
expression between the five experimental groups (F = 7, P < 0.005).
Symbols indicate significant differences obtained by ad hoc Bonfer-
roni’s ¢ test (at least P < 0.05) versus CTRL EDL (*), CTRL Sol (#),
and HU Sol (4)

Scientific). To degrade any DNA contamination in each
sample, 1 pg of the total RNA was incubated with 1 U of
DNAse I (RNAse-free) (Ambion) at 37°C for 30 min and
75°C for 5 min. Total RNA (400 ng) was used for reverse
transcription. Synthesis of cDNA was performed by using
random hexamers (annealed 10 min, 25°C) and Superscript
II reverse transcriptase (Invitrogen-Life Technologies)
incubated at 42°C for 50 min. Real-time PCR was
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Electrophysiological recordings by intracellular
microelectrodes

The EDL and soleus muscles were dissected from deeply
anesthetized rats and were immediately placed in a 25 ml
muscle bathing chamber, maintained at 30°C. The muscles
were perfused with normal or chloride-free physiological
solutions (gassed with 95% O, and 5% CO,; pH 7.2-7.3).
As previously detailed (Bryant and Conte-Camerino 1991),
the membrane electrical properties and the component
conductances of sarcolemma were determined in a current-
clamp mode by means of the standard two-intracellular-
microelectrode technique. A hyperpolarizing square
current pulse (100 ms duration) was passed through one
electrode and the membrane voltage response was moni-
tored at two distances from the current electrode (Pierno
et al. 1998). According to the infinite linear cable theory we
measured the experimental cable parameters, which
include the space constant A (logarithmic decay of the
electrotonic potential with distance from the current elec-
trode), the fiber input resistance, Rin (steady-state elec-
trotonic potential divided by the current intensity) and the
time constant t (84% rise time of the electrotonic poten-
tial). The fiber diameter (d.,.) has been calculated from A
and Rin, and a constant value of 125Q x cm was assumed
for the myoplasmic resistivity on the basis of previous
histological determinations (Bryant 1969; Pierno et al.
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1998). From the above parameters, the membrane resis-
tance (R,,) and the total membrane capacitance (C,,) were
calculated. The current pulse generation, acquisition the
voltage records and calculation of the fiber constants were
done in real time under computer control as described
elsewhere (Bryant and Conte-Camerino 1991). The reci-
procal of R, from each fiber in the normal physiological
solution was assumed to be the total membrane conductance
(gm) and the same parameter measured in chloride-free
solution was considered to be the potassium conductance
(gK). The mean chloride conductance (gCl) was estimated
as the mean g, minus the mean gK (Bryant and Conte-
Camerino 1991). For the in vitro evaluation of the acute
effect of taurine on the gCl, the amino acid (30 and
60 mM) was dissolved in the physiological solution and
was applied to the EDL and soleus muscle in the bathing
chamber. The resting gCl was determined before and
30 min after the addition of taurine. Equimolar concen-
trations of sucrose or beta-alanine were used to examine
any possible effects due to the osmotic change of the
solution. The compounds at the two different doses tested
(30 and 60 mM) did not mimic any of the effects observed
with taurine at these concentrations on the gCl (De Luca
et al. 2001; Conte Camerino et al. 1987, 1989). The
mechanical threshold (MT) for contraction was determined
in the muscle fibers using a computer-assisted two micro-
electrode point voltage clamp method in the presence of
3 uM tetrodotoxin, as described (De Luca et al. 2001;
Pierno et al. 2002). The holding potential was set at —90 mV.
Depolarizing current pulses of increasing duration
(5-500 ms) were given repetitively (0.3 Hz rate), while the
impaled fibers were viewed continuously with a stereomi-
croscope until visible contraction. The threshold membrane
potential was read from a digital voltmeter. The mean
threshold membrane potential V (mV) was plotted as a
function of the pulse duration 7 (ms), and the relationship
was fitted using the following equation: V = [H-Rexp(#/1)]/
[1 — exp(#/7)], where H (mV) is the holding potential,
R (mV) is the rheobase voltage, and 7 (ms) is the time
constant to reach R. The MT values were expressed as the
fitted R parameter along with the standard error that was
determined from the variance—covariance matrix in the
no-linear squares fitting algorithm.

Fura-2 microfluorescent analysis

The resting cytosolic Ca®" concentration (restCa) was
determined in freshly, mechanically dissected muscle fibers
using a QuantiCell 900 fluorescence imaging system (Visi-
tech International, Sunderland, UK), as previously described
(Fraysse et al. 2003). Briefly, small bundles of 5-10 fibers
were dissected tendon to tendon, from the soleus and EDL
muscles. The muscle fibers were incubated with the

fluorescent Ca*™ probe Fura-2 for 60-90 min at 30°C in a
physiological solution (NP solution containing 148 mM
NaCl, 4.5 mM KCI, 2.5 mM CaCl,, 1 mM MgCl,, 12 mM
NaHCO3;, 0.44 mM NaH,PO,, 5.5 mM glucose; pH 7.3-7.4)
supplemented with 5 UM of acetoxymethyl ester of the dye
mixed to 10% (v/v) with pluronic F-127 (Molecular Probes,
Leiden, The Netherlands). After incubation, the cells were
washed with NP solution and mounted in a modified RC-
27NE recording chamber (Warner Instruments, Hamden,
CT). The tendons of the bundles were attached by hair loops,
with one extremity to a fixed tube, and the other to a mobile
one. The chamber was placed on the stage of an inverted
Eclipse TE300 microscope equipped with a 40x plan-fluor
objective (Nikon, Tokyo, Japan) and was continuously per-
fused with NP solution at a constant rate of ~4 ml/min
(Warner Instruments). The fiber integrity was verified by
assessing the visible contractile activity under 400x magni-
fication in response to a depolarizing solution containing
100 mM K*. The mean sarcomere length was adjusted to
~2.5 pm. The mean resting background-corrected ratio
(340/380 nm) values were determined for each fiber of the
bundle by manually demarcating fiber boundaries using the
QC2000 software. This fluorescence ratio was converted off-
line to restCa by using the calibration parameters determined
in each muscle, and the equation restCa = (R — Ryn)/
(Rmax — R)Kpf, where R is the 340-380 nm fluorescence
ratio; Kp is the affinity constant of Fura-2 for Ca®" given by
the manufacturer (i.e. 145 nM, Molecular Probes), and f,
Rinin, and Ry, are the calibration parameters determined in
ionomycin-permeabilized fibers bathed in NP solution for the
calculation of R, or in Ca®"-free solution for the calcula-
tion of R, (Grynkiewicz et al. 1985). The f value was
calculated as the ratio of fluorescence intensities emitted by
the fibers excited at 380 nm in Ca>*-free and NP solutions.
The calibration parameters were measured for every muscle
type in each experimental condition (Gailly et al. 1993;
Fraysse et al. 2003). The manganese quench technique was
used to estimate the sarcolemmal permeability to divalent
cations (Fraysse et al. 2003). Mn?* enters cells via the same
routes as Ca>" and accumulates inside over time because it is
poorly accepted by the cellular transport systems. As Mn*"
quenches the fluorescence of Fura-2, the reduction of the
intensity of Fura-2 fluorescence can be used as an indicator of
the time integral of Mn?>" influx. Muscle preparations were
first perfused for 2 min with NP solution containing 0.5 mM
Mn”" as a surrogate of Ca®" (quenching solution). Then, the
quenching solution supplemented with 30 mM taurine was
applied to the muscle fibers for 24 min. During the whole
quenching protocol, the fluorescence of Fura-2 excited at
360 nm was acquired at 1 Hz. The quench rates were esti-
mated using linear regression analysis of the fluorescent
signal and expressed as the decline per minute of the initial
fluorescence intensity.
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Statistical analysis

All data are expressed as mean == SEM. The estimates for
SEM and number of fibers (n) of gCl were obtained from
the variance of gm and gK, assuming no covariance, and
from the number of fibers sampled for gm and gK,
respectively (Bryant and Conte-Camerino 1991). The
analysis of variance (ANOVA) followed by Bonferroni’s
t test was used to evaluate statistical differences between
the treated and control groups. A comparison of means
from each treated rat and the related control group was
evaluated by the unpaired Student’s ¢ test.

Results

Taurine content in fast- and slow-twitch skeletal muscle
of control, HU, and taurine-treated HU rats

As already shown by others (Dawson et al. 2002), we found
significant differences in the taurine content between the
fast-twitch and the slow-twitch rat skeletal muscles. The
taurine content was almost twofold higher in the slow
soleus muscle than in the fast EDL muscle, with values of
2.26 £ 0.45 pmol/mg (n = 5) and 1.22 £ 0.14 pmol/mg
(n = 4), respectively. After 14 days of HU, the taurine
content in the soleus muscle was significantly reduced to a
value similar to that of the EDL muscle (Fig. la). The
plasma taurine content was found to be higher in HU rats
compared to control animals, with values of 533 £ 170
pmol/l (n = 7) vs. 322 £+ 58 pmol/l (n = 5), respectively.
This was probably caused by the loss of taurine in the
muscles or possibly other tissues. Dietary taurine supple-
mentation significantly increased plasma taurine content
in both the control and HU animals, with values of
1,330 &£ 442 pmol/l (n =6, P < 0.05 by ANOVA/Bon-
ferroni) and 2,435 4 531 pmol/l (n = 6, P < 0.005 by
ANOVA/Bonferroni), respectively. This increase had no
effect on the concentration of taurine in the soleus muscle
of the control animals, but it prevented the drop in taurine
content in the HU soleus muscle. Dietary taurine supple-
mentation significantly increased the amount of taurine in
the soleus muscle with respect to the untreated HU soleus
muscle (Fig. 1a).

Effects of taurine treatment on phenotype transition
and muscle atrophy of HU rats

As previously described (Pierno et al. 2002) 85% of the
fibers of the soleus muscle in control rats express the
slow-twitch, type I myosin heavy chain (MHC-I) iso-
form, and the remaining fibers express the fast-twitch
MHC-IIa isoform. It is well known that after HU, the
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expression of the fast MHC isoforms significantly
increases in rat soleus muscle as a feature of the slow-
to-fast transition (Talmadge et al. 1996; Stevens et al.
1999; Pierno et al. 2002; Desaphy et al. 2005). In the
present study, immunohistochemical analysis showed a
significant increase of fast-twitch MHC-positive fibers
including the pure MHC-IIa and hybrid type MHC-I/
IIa, in soleus muscles from 15% of the control to 33%
after 14 days of HU (Fig. 2a, b). We have previously
demonstrated that hybrid types MHC-I/Ila are typically
expressed during HU (Desaphy et al. 2005). In addi-
tion, the slow-twitch type I MHC-positive fibers were
reduced from 84 to 67% (Fig. 2b). Supplementation
with taurine had no effect on the fast or slow MHC-
positive fiber distribution in control rats, but it signif-
icantly prevented the changes in MHC expression in
the soleus muscle of HU rats (24% of fast MHC-
positive fibers and 76% of slow MHC positive fibers
with a reduction of both pure Ila and hybrid I/Illa MHC
fibers), suggesting that taurine supplementation par-
tially prevents the HU-induced phenotype transition
(Fig. 2a, b). In the EDL muscle the number of MHC I
and II fibers were almost unchanged (Fig. 4a). Another
important hallmark of HU is the atrophy that progres-
sively develops in disused soleus muscle (Pierno et al.
2002). In this study, we evaluated muscle atrophy by
measuring the soleus muscle-to-body weight ratio and
calculating the soleus muscle fiber CSA. The muscle-
to-body weight ratio was significantly reduced in the
HU rats (Fig. 3a). Interestingly, the CSA was signifi-
cantly reduced in the type I and in type II fibers of
soleus muscle (Fig. 3b—d). No beneficial effect of tau-
rine supplementation was found on these parameters in
the soleus muscle of HU rats. Indeed the CSA was still
lower than the control in the type I and type II fibers
(Fig. 3b—d). The CSA was not changed in the taurine-
treated soleus muscle (Fig. 3b—d). In the EDL muscle,
we did not observe any modification of the CSA either
in the fast or in the slow fibers (Fig. 4b). In Fig. 2a
representative muscle sections showing the reduction of
the CSA in HU and HU treated soleus muscle and the
modification of fast MHC by the anti-fast antibody in
the different experimental conditions are shown. These
data are in accordance with the significant reduction in
fiber diameter measured from cable parameters in the
current clamp mode by the two microelectrode tech-
nique in HU rat soleus muscle. Indeed fiber diameter
was 62 + 1.6 um (n = 50) in the control soleus muscle
and 43 +£08 um (n=50, F=74, P <0.001 by
ANOVA/Bonferroni) in the HU soleus muscle. This
reduction was not restored in the taurine-treated HU rat
soleus muscle (39 £ 1.0 pum, n =49, P <0.001 by
ANOVA/Bonferroni).
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Fig. 2 Effects of hindlimb
unloading and taurine
supplementation on MHC
isoform distribution in soleus
muscles of control rats (CTRL),
taurine-treated rats (CTRL
TAU), hindlimb-unloaded rats
(HU) and hindlimb-unloaded
rats treated with taurine (HU
TAU). a Representative
examples of soleus muscle
sections stained with
hematoxylin—eosin (H-E) or
with antibody against type IIA

H-E

MHC IIA

myosin heavy chain. Scale bar

50 pm. b MHC distribution in CTRL CTRL TAU HU TAU
soleus muscle of CTRL, CTRL
TAU, HU and HU TAU. The
percentage of MHC-I positive B 100 -
fibers and MHC-Ila positive 90 -
fibers and hybrid fibers positive = T — Otypel
to type I and type IIA MHC was ° 80 - *% g
determined by densitometric e type ll1A
y S 70

analysis. **Significantly © m hybrid (I/IIA)
different with respect to CTRL < 60 4
(one-way ANOVA followed by % 50
Bonferroni’s test, F = 10, .,,‘%
P < 0.02 or less) w40 4
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Effects of taurine treatment on gene expression
in the skeletal muscle of control and HU rats

In the present study, we measured the mRNA amount of
the taurine transporter TauT in the soleus and EDL muscles
of CTRL, HU, and taurine treated rats using quantitative
real time PCR. The EDL muscle in the control rats
expresses about one-third of TauT mRNA compared to the
soleus muscle of the control rats (Fig. 1b). After 14 days of
HU, the TauT mRNA expression did not change with
respect to the relative control. Interestingly, taurine treat-
ment significantly reduced TauT expression both in the
soleus muscle of control rats and in the soleus of HU rats,
this is likely due to a negative feedback of high taurine
levels on TauT expression (Tappaz 2004). Also, in EDL
muscle, a reduction of TauT was found in the taurine-
treated HU rats with respect to the control (not shown). As
expected, we found an increase of atrogin in the soleus
muscle of HU rats, which was slightly but not significantly
reduced by taurine treatment (Fig. 5a). We also evaluate
the expression of another atrophy-related gene, MURF-1.
As expected, MURF-1 expression was increased in the HU
rats, but surprisingly it was significantly restored by taurine
treatment (Fig. 5b).

Effects of taurine treatment on skeletal muscle chloride
conductance modified by HU in rats

In agreement with previous findings (Pierno et al. 2002,
2007) we found a lower value of gCl in the slow-twitch
soleus muscle with respect to the fast EDL muscle, with
values of 1,707 & 37 and 2,727 £ 80 uS/cmz, respec-
tively. As previously demonstrated, the resting gCl
increased by 30% in the HU soleus muscles toward that of
the fast EDL, which was in accordance with the partial
transition of the soleus muscle phenotype (Fig. 6a). Tau-
rine supplementation did not change the gCl in the control
soleus muscle, but it completely prevented the increase in
gCl in the soleus muscle of HU rats (Fig. 6a). We also
tested the effect of acute application of taurine on chloride
conductance in vitro. We have previously described that in
vitro application of taurine to rat EDL muscle significantly
increased resting gCl in a dose-dependent manner (Conte
Camerino et al. 1987). Accordingly, we found a 40%
increase of gCl in the EDL muscle when 30 mM taurine
was applied. Here, we demonstrated that the gCl sensitivity
to taurine is lower in the soleus compared to the EDL
muscle fibers, and this is probably because of the higher
taurine content in the slow-twitch muscle. Indeed, in vitro
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Fig. 3 Soleus muscle atrophy
after hindlimb unloading and
taurine treatment. a Bars
indicate the mean soleus
muscle-to-body weight ratio
+SEM from 5 to 6 rats in each
experimental condition.
Analysis of variance showed
significant differences between
the groups (F = 31.7,

P < 0.001). Bonferroni’s ¢ test
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application of 30 and 60 mM taurine increased gCl in the
soleus muscle by only 3 and 22%, respectively. After HU,
the gCl sensitivity to taurine was increased in the soleus
muscle, which is in accordance with the fiber type transi-
tion and the decreased taurine content in the HU soleus
muscle, showing a 38% increase in the presence of 30 mM
taurine. Long-term supplementation with taurine prevented
the change of gCl sensitivity to taurine in vitro application
in the soleus muscle of HU rats, which is consistent with
the prevention of the drop in taurine content. Indeed, the
increase in gCl was 14 and 20%, in the presence of 30 and
60 mM taurine, respectively (Fig. 6b). It should be noted
that the apparent discrepancy between the gCl increase
induced by taurine in vitro and the gCl increase that occurs
in parallel to a reduction in the taurine content induced in
vivo by HU most likely reflects a mechanistic difference
between acute and long-term effects. While the acute effect
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is likely due to a rapid biochemical modulation of the gCl,
the long-term effect may result secondarily to the modu-
lation of the muscle phenotype (Conte Camerino et al.
1989).

Effects of taurine treatment on the resting cytosolic
calcium concentration and calcium homeostasis
in the skeletal muscle of HU rats

In the control animals, the resting cytosolic calcium con-
centration was 1.6-fold higher in the soleus with respect to
the EDL muscle (Fig. 7a). After HU, cytosolic calcium in
soleus muscle was significantly reduced toward that of the
EDL, as previously shown (Fraysse et al. 2003). In the
taurine-treated HU rats the reduction of resting [Ca”] in
the soleus muscle fibers was fully prevented (Fig. 7a). This
effect was exclusively observed in HU rats administered
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Fig. 4 Effects of hindlimb unloading and taurine supplementation on
MHC isoform distribution and fiber cross-sectional area in the EDL
muscle of control rats (CTRL), taurine-treated rats (CTRL TAU),
hindlimb-unloaded rats (HU) and hindlimb-unloaded rats treated with
taurine (HU TAU). a The percentage of MHC-I, MHC-IIA, MHC IIX
and MHCIIB positive fibers was determined by densitometric analysis
in the different experimental situations. b CSA of type I, IIA, 1IX, and
IIB fibers was determined in EDL muscle in the different experi-
mental situations. No significant differences were found

with taurine, since the restCa level in the soleus muscle
fibers was not modified in the taurine-treated control ani-
mals (Fig. 7a). As previously demonstrated (Fraysse et al.
2003) by using the Mn*" quenching technique, the sarco-
lemmal permeability to calcium was decreased in HU
soleus muscle with respect to control soleus muscle to
values similar to those found in EDL. Specifically, the
mean quench rate was 4.3 + 0.2%/min (n = 44) and
3.2 + 0.2%/min (n = 49) in the soleus and HU soleus
muscle, respectively. Interestingly, in vivo treatment with
taurine significantly prevented the reduction of the mean
quench rate in HU rats (4.8 & 0.32%/min, n = 88),
showing an amino acid-induced restoration of sarcolemmal
permeability to calcium. The mean quench rate of
4.34 + 0.33%/min (n = 54) was not modified in the tau-
rine-treated control group. The ANOVA statistical analysis
showed significant differences among the groups (F = 4.9;
P < 0.005); the Bonferroni ¢ test showed significant dif-
ferences between the HU and CTRL groups (P < 0.05) and
between the HUTAU and HU groups (P < 0.001). In vitro
experiments demonstrated that the application of 30 mM
taurine to HU soleus muscle fibers increased sarcolemma
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Fig. 5 Effects of HU and taurine treatment on mRNA expression of
atrogin-1 (a) and MURF-1 (b) determined by real time PCR. Each bar
represents the mean value &= SEM of atrogene mRNA normalized to
the housekeeping HPRT1 gene measured in soleus muscles of five
rats in each experimental condition: control (CTRL), hindlimb-
unloaded (HU), ground-based treated with taurine (TAU), and HU
treated with taurine (HUTAU). Statistical analysis was performed
using  ANOVA (atrogin-1: F = 2.96, ns; MuRF-1: F = 5.89,
P < 0.01) followed by ad hoc Bonferroni’s ¢ test (*P < 0.05 or less
vs. CTRL; #P < 0.02 or less vs. HU)

permeability from a quench rate value of 3.4 £ 0.2%/min
(n = 10) to 4.9 £ 0.3%/min (n = 10) (P < 0.001 by Stu-
dent’s ¢ test). These results demonstrate a direct effect of
taurine in the stimulation of calcium influx (Fig. 7b),
whereas the quench rate values did not change in the
control rats (not shown).

Effects of taurine treatment on the mechanical
threshold for contraction in the skeletal muscle of HU
rats

The mechanical threshold (MT) is an index of excitation—
contraction coupling (De Luca et al. 2001). The threshold
potential needed to elicit contraction is determined by
applying a current pulse for different durations (5-500 ms)
of stimulation. The rheobase voltage (R, mV), is the most
negative voltage able to elicit contraction, and is calculated
from the fit of the strength-duration relationship. As
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Fig. 6 Effects of taurine chronic administration (in vivo) and acute
application (in vitro) on resting chloride conductance (gCl) of HU rat
skeletal muscle. a Resting gCl measured in the extensor digitorum
longus (EDL) of control rats and soleus (Sol) muscles of control and
hindlimb-unloaded rats fed with a standard diet (CTRL and HU) or
with a diet supplemented with taurine (TAU and HUTAU). Each bar
represents the mean + SEM from 40 to 52 fibers of 3-5 animals.
Analysis of variance indicates significant differences in resting gCl
between the five experimental groups (F = 41, P < 0.001). Symbols
indicate significant differences obtained by ad hoc Bonferroni’s ¢ test
(at least P < 0.001) versus CTRL EDL (*), CTRL Sol (#), TAU (°),
and HU (4). b Effects of in vitro application of 30 and 60 mM taurine
on the resting gCl of control rat EDL muscles and Sol muscles of
CTRL, HU, and HUTAU rats. Each bar represents the mean
¢Cl £+ SEM from 12 to 50 fibers of 2—4 muscle preparations. Symbol
indicates at least P < 0.05 with respect to the gCl measured in the
absence of taurine (unpaired Student’s ¢ test)

already demonstrated (Pierno et al. 2002), the R voltage
was more negative in the soleus with respect to the EDL
muscle (—73.3 £ 0.8 vs. —65.5 & 0.9 mV, P < 0.001 by
Student’s ¢ test) but was shifted toward a less negative
voltage (—69.5 £ 0.7 mV vs. control Sol, P < 0.001) in
the HU soleus muscle, as expected from the fiber type
transition. Taurine supplementation did not modify the
R voltage in the soleus muscle of control rats (not shown),
but it partially prevented the R shift in the soleus muscle of
HU rats (—71.7 & 0.6 mV), making this value similar to
that of the control Sol muscle (t = 1.62, ns) (Fig. 7c).
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Discussion

The role of taurine in fast and slow-twitch muscle
function

Taurine uptake into skeletal muscles is notoriously
dependent on the activity of the Na*/Cl -dependent tau-
rine transporter TauT. The activity and expression of this
carrier are higher in slow- compared to fast-twitch muscles,
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<« Fig. 7 Effect of hindlimb unloading (HU) and taurine supplementa-
tion on calcium homeostasis in rat skeletal muscle. a Resting
cytosolic calcium concentration (restCa) measured in the extensor
digitorum longus (EDL) of control rats and soleus (Sol) muscles of
control and hindlimb-unloaded rats fed with standard diet (CTRL and
HU) or with diet supplemented with taurine (TAU and HUTAU).
Each bar represents the mean &= SEM from 40 to 76 fibers of 3-7
animals. Analysis of variance indicates significant differences in
resting gCl between the five experimental groups (F = 25.3,
P < 0.001). Symbols indicate significant differences obtained by ad
hoc Bonferroni’s ¢ test (at least P < 0.001) versus CTRL EDL (*),
CTRL Sol (#), TAU (°), and HU (+). b Typical recordings illustrating
the effects of taurine on Fura-2 fluorescence quenching associated
with Mn?* (MnCl,) influx in Sol muscle fiber of HU rats. The decline
of Fura-2 fluorescence is expressed as a percentage per minute of
initial fluorescence intensity. The quench rates were determined using
linear regression analysis, before and after application of taurine, as
reported in the text. NP normal physiological solution. ¢ Strength-
duration curves for the threshold potential of mechanical activation in
Sol muscle fibers from CTRL (n = 4), HU (n = 5), and HUTAU
(n = 6) rats. Each point is the mean value & SEM of the threshold
potential (in mV) recorded at each pulse duration from 27 to 98 fibers.
The equation used for fitting the relationships is reported in the
“Methods”. The fitting parameters are reported in the text

which contributes to the difference in taurine content
between the muscle types (Kim et al. 1986; Iwata et al.
1986). The concentration of taurine is twofold higher in
soleus compared to EDL muscle. However, the physio-
logical relevance of the proper concentration of taurine
critical for phenotype determination is unknown. Various
hypothesis can be formulated on the basis of the proposed
role of taurine in skeletal muscle, such as protection against
oxidative stress, calcium homeostasis regulation, or cell
osmoregulation. A large amount of taurine was correlated
to the oxidative capacity of the muscles, suggesting a
specific role for the amino acid in muscle metabolism
(Yoshioka et al. 2002). Because taurine displays antioxi-
dant activity and is present in mitochondria, it may be
hypothesized that the amino acid helps oxidative muscles,
that are rich of mitochondria, to protect themselves from
free radical production. In addition, because taurine mod-
ulates muscle calcium homeostasis by acting on sarco-
lemma ion channels, sarcoplasmic reticulum (Satoh and
Sperelakis 1998; Bakker and Berg 2002) and mitochondria
(El Idrissi 2008) the amino acid may play a critical role in
phenotype-specific, Ca>"-dependent cellular functions.

Taurine content modification in slow-twitch soleus
muscle after hindlimb unloading

Here we found that the taurine content was markedly
decreased in HU soleus muscle, in parallel with the tran-
sition toward a faster phenotype. However, in this situation
TauT expression was not reduced toward the values found
in the EDL muscle, suggesting that the intracellular
reduction of taurine is not attributable to a decreased

expression of TauT. Also the positive effect of taurine
supplementation on HU-Sol muscle content observed in
this study suggests that an efficient TauT-transport activity
is maintained during HU. In addition, taurine content has
been shown to be reduced in soleus muscle chronically
stimulated at a high frequency for 14 days without a
modification in taurine uptake (Kim et al. 1986). Thus, we
hypothesize that the reduction of intracellular taurine
content during HU is not due to a decreased influx, but it is
likely due to taurine efflux. Accordingly, taurine depletion
was accompanied by an increase in its blood concentration
in HU rats, which is in agreement with the loss from soleus
muscle and probably from other tissues. Indeed, a reduc-
tion of taurine level was also observed in the sensorimotor
cortex of HU rats (Canu et al. 2006). A possible explana-
tion might be that taurine leakage compensates for intra-
cellular osmolarity changes, which likely occur due to
muscle protein degradation. Taurine efflux is generally
regulated by osmolarity. Although we have no direct
measure of the osmolarity change in HU muscles, it is
worth noting that proteolysis is known to occur during HU-
induced atrophy (Fujino et al. 2009; Ferreira et al. 2009)
and that the degradation of proteins into amino acids and
other macromolecules (i.e. glycogen, and fatty acids)
increases the number of osmotically active compounds,
contributing to the increase of intracellular osmolarity
(Lang 2007). In this state, cells may respond by rapid
swelling followed by an active extrusion of intracellular
osmotically active solutes including taurine (Pasantes-
Morales et al. 1990). Taurine loss from muscle has been
observed during endurance exercise during which the
effects on intracellular osmolality are acute and due to the
accumulation of lactate and the breakdown of phospho-
creatine (Cuisinier et al. 2002). Interestingly, there are
some studies reporting lactate production during muscle
disuse atrophy which justifies taurine escape in this con-
dition as well (Ojala et al. 2001; Stein and Wade 2005;
Grichko et al. 2000).

Effects of taurine supplementation in soleus muscle
modified by hindlimb unloading

Taurine supplementation in HU rats maintained the taurine
content of soleus muscle and prevented partial phenotypic
changes, including MHC expression patterns, the gCl, and
calcium ions. These effects were obtained with a high daily
dose of taurine, but we did not observe any side effects in
the treated animals. It should be mentioned that taurine
competes with beta-alanine for TauT transport, which may
result in reduction of carnosine production. Nevertheless,
we found no variation in the EDL muscle function of
treated rats, although the fast-twitch muscles are the more
sensitive to carnosine homeostasis (Baguet et al. 2011).
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Taurine is known to modulate calcium homeostasis in
skeletal muscle (Huxtable 1992) and the Ca*"-dependent
cellular functions. For this reason the amino acid may play
a critical role in phenotype modulation. Calcium signalling
through calcineurin is a main regulatory pathway of type I
fiber-selective gene expression (Lin et al. 2002). We have
previously shown that during HU, the restCa is modified
according to the change of phenotype in soleus muscle
(Fraysse et al. 2003). Thus, a decrease in taurine may
contribute to the reduction of cytosolic calcium, which in
turn may remove the inhibitory effect of PKC on the
resting gCl in slow-twitch muscle fibers (Pierno et al.
2007). Accordingly, taurine supplementation in HU rats
allowed for the maintenance of high taurine content and
calcium concentration and a low gCl in the soleus muscle.
Quite surprisingly, these results do not match with those
obtained in previous studies investigating other physio-
pathological conditions. For instance, we previously dem-
onstrated that sarcopenia in aged rats was accompanied by
a decrease in taurine content, an increase of restCa, and a
decrease in gCl due to an increased PKC activity (Pierno
et al. 1998; Fraysse et al. 2006). In addition, taurine
depletion obtained in vivo by the administration of guan-
idinoethan sulfonate (GES), an inhibitor of TauT, markedly
reduced the gCl and modified the excitation-contraction
coupling mechanism in EDL muscle (Conte Camerino
et al. 2004). It should be underlined, however, that all these
effects were observed only in the fast-twitch EDL muscle,
a muscle not affected by the HU condition (Pierno et al.
2002). This suggests that the effects of taurine depletion on
muscle function strictly depend on the muscle phenotype. It
is also possible that the effects of taurine depletion are
dose-dependent, because the reduction of intracellular
taurine levels due to GES administration is likely greater
than that observed in HU muscles (>50 vs. ~40%,
respectively). Similarly, a great reduction of muscle taurine
content >98% in TauT—/— knockout mice induces a
severe muscle impairment. Finally, while taurine intake is
completely inhibited in the presence of GES or by TauT
gene deletion, the basic mechanism of taurine reduction
during HU may be different because the amino acid likely
circulates from the muscle to the blood. Besides the
modulation of calcium homeostasis, another mechanism
possibly involved in the effect of taurine supplementation
on muscle phenotype may be the protection against oxi-
dative stress. Production of free radicals has been consis-
tently reported in the muscles of HU rodents, and we
recently demonstrated that in vivo treatment of HU mice
with the antioxidant trolox partially prevented the shift
of the muscle phenotype, maintaining the distribution of
MHC isoforms and a low gCl in HU soleus muscle
(Desaphy et al. 2010). By modulating the rate of ROS
production in the mitochondria (El-Idrissi 2008), taurine
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supplementation may limit oxidative stress in HU muscles
thereby counteracting the phenotype transition. In addition
to its effect on muscle phenotype determination, the
reduction of taurine content in skeletal muscles may have
other important functional consequences. Indeed, taurine
depletion obtained in vivo by GES administration induces
the loss of muscle strength in the fast-twitch EDL of mice
(Hamilton et al. 2006). It is thus possible that taurine
depletion in HU soleus muscle may contribute to the
reduction of muscle strength, which typically occurs either
during HU (Gardetto et al. 1989) or in other pathological
conditions, such as the muscular dystrophy of mdx mice in
which taurine treatment increases the intracellular taurine
content and ameliorates muscle strength and contractility
(Cozzoli et al. 2011). Although taurine supplementation
restored many functions, it had little effect on muscle
atrophy, which is a severe condition occurring in various
muscle diseases (Murton et al. 2008). Nevertheless, we
discovered that although it did not prevent the reduction of
muscle-to-body weight ratio and of the fiber CSA, taurine
ameliorated the gene expression level of atrogin-1 and
MURF-1, two key enzymes involved in HU-induced
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Fig. 8 The picture illustrates the soleus muscle impairment induced
by HU. Plain thin arrows indicate the demonstrated effects of muscle
disuse. Muscle disuse results in up-regulation of atrogenes that
promote protein breakdown, resulting in muscle atrophy that is
characterized by a reduction of cross-sectional area (CSA) and
muscle-to-body weight (MBW) ratio. In parallel, muscle disuse
induces a slow-to-fast shift of the phenotype, characterized by
increased expression of type IIA myosin heavy chain (MHC),
decreased resting calcium concentration (restCa), and increased
chloride conductance (gCl). A reduction of taurine content is also
observed, which most likely results from taurine efflux out of the
muscle fiber. Dashed thin arrows show the possible mechanisms,
including the possible role of protein breakdown in inducing taurine
release, and the possible contribution of taurine content reduction in
the induction of the phenotype shift. Thick arrows indicate that
taurine supplementation restores taurine content thereby counteract-
ing the phenotype shift. In addition taurine supplementation was
shown to reduce the expression of atrogenes
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atrophy (Bodine et al. 2001). Such an effect suggests that a
longer treatment or a different therapeutic schedule of
taurine might have protective effect against muscle atro-
phy. Previous studies on a different type of atrophy induced
by dexamethasone, taurine has been shown to restore
C2C12 myotube diameter, although the up-regulation of
atrogin-1 was not prevented (Uozumi et al. 2006). Further
experiments are thus needed to clarify the effects of taurine
on muscle atrophy.

Conclusions

In conclusion, this study showed that muscle disuse indu-
ces a reduction of taurine content in postural muscles,
which is likely due to a loss of the amino acid. Such an
effect may have important implication for muscle function,
most likely contributing to the phenotype transition and
reduction of muscle strength. Supplementation of HU rats
with taurine preserved many of the slow phenotype-related
parameters, possibly through modulation of calcium
homeostasis and protection against oxidative stress. Indeed,
taurine supplementation maintained a low gCl, a high
restCa, proper calcium membrane permeability through the
sarcolemmal cation channels, a negative MT rheobase, and
a correct distribution of MHC isoforms in HU soleus
muscle. These are all key parameters/processes involved in
muscle function from excitability to excitation—contraction
coupling to contraction. Importantly, a number of studies
have suggested that a forced fast-to-slow conversion may
constitute a valuable therapeutic strategy to protect skeletal
muscles in disease conditions (Schiaffino et al. 2007,
Hilber 2008). A representative scheme that summarizes the
HU process and taurine action is illustrated in Fig. 8. In
addition, the positive effects on atrogene expression sug-
gest that taurine might also contribute to reduce atrophy.
Therefore, we propose the use of this amino acid as an
adjuvant in the treatment of muscle disuse occurring in
various conditions, including microgravity exposure, bed
rest, and aging. It is worth noting that taurine is free of side
effects thus it can be used for a long time, supporting its
potential benefit also in other tissues affected by HU.
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