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Abstract

Thyroid hormone signalling regulates crucial biological functions, including energy expenditure,
thermogenesis, development and growth. The skeletal muscle is a major target of thyroid hormone
signalling. The type two (D102) and three (D103) iodothyronine deiodinases have been identified
in skeletal muscle. DIO2 expression is tightly regulated and catalyzes outer ring monodeiodination
of the secreted prohormone tetraiodothyronine (T,) to generate the active hormone
triiodothyronine (T3). T3 may remain in the myocyte to signal through nuclear receptors or exit the
cell to mix with the extracellular pool. By contrast, DIO3 inactivates T3 through removal of an
inner ring iodine. Regulation of the expression and activity of deiodinases constitutes a cell-
autonomous, pre-receptor mechanism for controlling the intracellular concentration of T3. This
local control of T3 activity is crucial during the various phases of myogenesis. Here, we review the
roles of T3 in skeletal muscle development and homeostasis, with a focus on the emerging local
deiodinase-mediated control of T3 signalling. Moreover, we discuss these novel findings in the
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context of both muscle homeostasis and pathology, and examine how they can be therapeutically
harnessed to improve satellite cell-mediated muscle repair in patients with skeletal muscle
disorders, muscle atrophy or injury.

Introduction

Skeletal muscle is a principal target of thyroid hormone signalling, as exemplified by the
myopathic symptoms that are observed in many patients with disorders of thyroid function.
Whereas the underlying causes of muscle weakness, which is seen in both hypothyroidism
and thyrotoxicosis, are diverse and not completely understood, a clearer picture has emerged
concerning the effects of thyroid hormones on muscle contractility and metabolism.!

Skeletal muscle is characterized by a considerable degree of plasticity, allowing adaptation
to changes in use and other external cues.? The interplay between the various intrinsic and
extrinsic factors that drive muscle gene expression gives rise to four major muscle fibre
types: type I, type lla, type lIx and type lIb, here listed in order of increasing speed of
contraction and overall ATP-generating capacity. Type | muscle fibres are characterized by
expression of myosin-7 (also known as myosin heavy chain 1), whereas type lla fibres
express myosin-2 (also known as myosin heavy chain 2a), type I1x fibres express myosin-1
(also known as myosin heavy chain 2x) and type Ilb fibres express myosin-4 (also known as
myosin heavy chain 2b). In addition to these isoforms of myosin heavy chain, a range of
fibre type-specific isoforms of other muscle proteins determine the phenotype of each fibre
type. Notably, the SERCAZ2a isoform of the sarcoplasmic-endoplasmic reticulum Ca2*-
ATPase is expressed at low levels in type | and type lla muscle fibres, whereas SERCA1la is
highly expressed in type I11x and type 11b muscle fibres.l: 2 Increased SERCA1la expression
in type l1x and type Ilb muscle fibres is associated with a more extensive development of the
sarcoplasmic reticulum (SR) and a concomitant increase in the mobilizable amount of SR-
stored Ca2* that is reversibly bound to calsequestrin 1, a low affinity, high capacity Ca2*-
binding protein.3: 4

The speed of muscle contraction and muscle relaxation, as well as the energy consumption
associated with contractile activity is lowest in type I fibres, intermediate in type Ila and 11x
fibers, and highest in type IIb fibres. The higher energy cost associated with the increase in
speed is in part related to the above-mentioned fibre type-specific gene expression. In
particular, the levels of SERCA isoform expression determine the extent of Ca2* release and
ATP-consuming re-uptake by the SR during the contraction—relaxation cycle in every fibre
type. Along with the greater reliance on glycolytic ATP production, the higher contraction
and relaxation speed in type Il muscle fibres is associated with a greater degree of heat
dissipation.l Mammalian skeletal muscles are composed of varying combinations of slow
and fast fibre types, and the graded recruitment of these fibres through their innervating
motor neurons enables muscle activities ranging from short bursts of fast contraction to slow
sustained contraction.

Thyroid hormone-dependent gene expression is known to involve a wide array of genes in
skeletal muscle. The concerted effects of thyroid hormone signalling on both contractile and
metabolic properties of muscle initially suggested a uniform mechanism of action in this
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tissue. However, studies thus far have indicated that the effects of thyroid hormone
signalling in muscle development and function are the result of an exceptionally complex
interplay of direct and indirect mechanisms. Adding to this complexity is the discovery of
the regulated expression of type 2 iodothyronine deiodinase (D102) and type 3
iodothyronine deiodinase (D103), which generate and inactivate Ts, respectively, in many
tissues, including skeletal muscle.>9 Regulation of the expression and activity of DIO2 and
DIO3 allows for a tissue-specific mode of modulation of intracellular thyroid hormone
activity that is independent of the circulating thyroid hormone levels, thereby increasing the
regulatory potential of thyroid hormones in muscle gene expression. Here, we review studies
that indicate the relevance of deiodinase-mediated regulation of thyroid hormone action for
control of muscle development and regeneration, and further discuss the therapeutic
implications of these findings. For a broader perspective on muscle satellite cell function
and muscle repair, the reader is referred to more extensive reviews,10-12

Thyroid hormone activation in skeletal muscle

Normal muscle development, homeostasis and regeneration require the binding of T3 to the
thyroid hormone nuclear receptors.13: 14, The thyroid hormone transporters MCT8 and
MCT10, as well as the thyroid hormone converting enzymes DIO2 and D103 are expressed
in skeletal muscle of both humans and rodents. 79 15-17 These proteins provide the potential
for local control of the uptake of T4 and T3, as well as of their activation and inactivation
within the skeletal muscle tissue.

As in other DIO2-expressing tissues, DIO2-generated T3 contributes substantially to the
intracellular T3 pool of the skeletal muscle. This finding is clearly demonstrated by kinetic
studies in mice in which the intracellular levels of T3 that is converted from T4 by DIO2
were compared with those of T3 that was obtained from the circulation.1® The ratio of DIO2-
derived to plasma-derived T3 was found to be twofold to threefold higher in skeletal muscle
than in the liver or kidney. This ratio is even higher in hypothyroid mice, in which the
expression of DIO2 is elevated in skeletal muscle. By contrast, this ratio was markedly
reduced in the muscle of mice lacking Dio2 (Dio27/").18 During differentiation of primary
myoblast cultures from neonatal mice, Dio2 mRNA levels and DIO2 activity were both
found to increase rapidly, leading to an increased ratio of intracellularly converted to
extracellularly-derived T53.18:19 This finding indicates an important physiological role for
the elevated DIO2 expression in neonatal skeletal muscle development in mice, as also
discussed below.18 19

Several studies have clearly demonstrated the conversion of labeled T4 to T3 in cultured
human skeletal myocytes.20-22 The enzymatic activity of human D102, as measured in
mixed fibre-type skeletal muscle homogenates, is comparable with the enzymatic activity of
mouse D102.17: 23. 24 Nonetheless, studies on the regulation of DIO2 in human muscle have
provided some unexpected results. In contrast to rodents, hypothyroidism does not increase
DIO2 mRNA levels or DIO2 activity in humans.24 As low T4 levels promote DIO2 activity
through post-translational modifications, the absence of changes in DIO2 mRNA levels is
not surprising.2> However, the absence of an increase in DIO2 activity is puzzling and could
be, perhaps, attributed to technical limitations, given the extremely low D102 activity in this
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tissue. Indeed, other studies identified a twofold to threefold increase in both DIO2 mRNA
levels and DIO2 activity in skeletal muscle of chronically ill patients that had low T4 levels
in the serum.23 Moreover, DIO2 mRNA levels were found to decrease with fasting and
increase with insulin infusion, in agreement with rodent studies. 26-28

In contrast to D102, no changes were noted in DIO3 activity in skeletal muscle of patients
with any of the above mentioned perturbations, although DIO3 activity and intracellular T3
concentration have been reported to increase and decrease, respectively, in skeletal muscle
of patients during hospitalization in an intensive care unit.2 Thus, T3 might decrease in a
DI0O3-dependent manner in skeletal muscle of individuals with severe health problems, but
more work is required to determine the cellular compartment in muscle in which T3 is
inactivated by DIO3.

Interestingly, an increase in MCT8, but not MCT10, mRNA levels occurs in skeletal muscle
of chronically severely ill patients dying of complications in a post-surgical intensive care
unit.15 This phenomenon has been hypothesized to be a compensatory change in response to
the patients’ low T3 levels. Apart from this observation, little is known about changes in
skeletal muscle expression of thyroid hormone transporters.

Ts-dependent muscle gene expression

The principal mode of action of thyroid hormones is through T3-dependent nuclear receptor-
mediated stimulation or inhibition of gene transcription.1#: 30 In muscle, this activity is
primarily mediated by the THRAL isoform of the thyroid-hormone receptor. Thyroid-
hormone receptors bind in the unliganded state to thyroid hormone-responsive elements in
thyroid hormone-regulated genes, usually forming heterodimers with the ubiquitously
expressed retinoid X receptor. The subsequent formation of a protein complex including the
co-repressor NCoR2 and histone-modifying enzymes leads to active repression of
transcription.14: 30 When T3 binds to the thyroid-hormone receptor, repression is relieved
and transcription is further stimulated by the recruitment of co-activators to the complex.
Among proteins whose expression is transcriptionally regulated by T3 in muscle are
SERCAI1a,31 SERCAZ2a,32 uncoupling protein 3 (UCP3),33 GLUT4,3* which is the main
glucose transporter in muscle, cytosolic malic enzyme (ME1),3% which catalyzes the
NADPH-dependent decarboxylation of lactate, muscle glycerol-3-phosphate dehydrogenase
(mGPDH),36 which is highly expressed in mitochondria of fast muscle fibres, and
myosin-7.37 The latter is the only gene in this list that is transcriptionally repressed by Ts.
The regulation of the above-mentioned genes by thyroid hormone signalling is congruent
with the thyroid hormone-induced shift to faster contractile function and the concomitant
increase in both glycolytic and oxidative capacities.

In addition, several gene targets are thought to account for the wide range of concerted
effects of thyroid hormones in muscle development, homeostasis and regeneration. First,
two members of the myogenic regulatory factor (MRF) family, myogenin and myoblast
determination protein 1 (MYOD1), are also transcriptionally induced by T3.38 39 Apart from
their role in myoblast differentiation, these MRFs can act as down-stream transducers of
thyroid hormone signalling in muscle. Thyroid hormone-dependent expression of MYOD1
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has indeed been shown to drive part of the fast muscle fibre phenotype, including
transcriptional stimulation of the myosin-1, myosin-2 and myosin-4 isoforms.#%-43 Second,
T3 reduces the expression and activity of the signalling protein calcineurin and its
downstream transcription factors, which are involved in maintenance of the slow phenotype
of muscle fibres.! Finally, the overall effect of thyroid hormones on mitochondrial capacity
is related to the T3-mediated transcription of the gene encoding peroxisome proliferator-
activated receptor-y coactivator-la (PGC-1a), which is an important regulator of
mitochondrial biogenesis.2 44 45 This effect is supported by the transcriptional stimulation
of mitochondrial-encoded genes through a specific thyroid hormone-receptor isoform (p43)
present in mitochondria.%6 Thus, it becomes evident that thyroid hormone signalling
regulates the expression of a broad range of genes with central roles in skeletal muscle
homeostasis, function and metabolism. The effects of thyroid hormone-dependent
transcription in skeletal muscle development, plasticity and repair, as well as in energy
expenditure and glucose homeostasis are discussed in detail below.

T3 and skeletal muscle phenotype

T3-dependent muscle development

Early embryonic development of skeletal muscles of the trunk and limbs entails the
commitment of cells of the dermomyotome to the myogenic lineage. This step is triggered
by the transcription factor PAX3 and consolidated by the expression of PAX7. 2 The PAX
proteins activate several MRFs, which, in turn, induce muscle-specific gene programs to
establish the myoblast lineages. This is a thyroid hormone-stimulated process by virtue of
the T3-responsiveness of several MRFs, as mentioned in the previous section.#” Fusion of
myoblasts results in formation of the primary, multinucleated muscle fibres. Larger numbers
of secondary fibres form over the course of fetal development, drawing on the pool of
continually proliferating myoblasts.

Postnatal muscle development and growth in rodents entails both de novo formation of
fibres and muscle hypertrophy, which mainly involves the fusion of additional myoblasts to
existing fibres. Hypertrophy is the predominant process of muscle growth in mice and
requires accretion of myoblasts during the first three weeks following birth.48 At this stage
the myoblasts are formed from resident satellite cells, which are the myogenic precursors
present in skeletal muscles and which are responsible for both fibre growth and muscle
regeneration.12 The role of thyroid hormone signalling in satellite cell function, muscle
growth and muscle repair is discussed below.

Postnatal muscle growth coincides with the transition from fetal to various adult fibre
phenotypes, and this process depends on both thyroid hormone signalling and maturation of
the motor nerve that innervates each individual fibre.2 The levels of thyroid hormones in
plasma increase immediately after birth in rodents, and the capacity of skeletal muscle to
increase the intracellular concentrations of T3 via the activity of DIO2 is also high during
this period (see also below).19 The importance of thyroid hormone signalling for the switch
in muscle fibre phenotypes in neonates is illustrated by the fact that in the absence of thyroid
hormones, the switch from expression of the embryonic and neonatal isoforms of myosin
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heavy chain to expression of the adult myosin isoforms is delayed or incomplete,2 whereas
the expression of SERCA1a, which is essential for fast muscle relaxation, fails to increase.!

T3-dependent muscle plasticity

The delayed contraction and relaxation of the deep tendon reflex is a classic observation in
hypothyroid individuals, whereas the opposite changes are observed in patients with
thyrotoxicosis.*® These clinical findings illustrate the integrated effect of thyroid hormones
on various properties of the skeletal muscle, including the contraction—-relaxation cycle. The
contribution of thyroid hormones to the plasticity of muscle phenotype is particularly
evident in the case of fibres that are innervated by slow motor neurons. Unlike fast fibres,
development and maintenance of a slow contractility phenotype is dependent on the almost
continuous, low frequency stimulation pattern typical of slow motor innervation.? The effect
of this stimulation is countered by thyroid hormone signalling, which not only drives
expression of genes that are involved in fast contractility, as mentioned in the previous
section, but also stimulates mitochondrial activity and, particularly, glycolysis.! As a result,
fibres that are innervated by slow motor neurons can develop a type |, type lla, type lIx or
type 11b phenotype to varying degrees, depending on the relative strength of these opposing
forces. The modulation of contractile and metabolic properties of skeletal muscle in
response to changes in thyroid hormone availability exemplifies the phenotypic flexibility of
skeletal muscle and indicates that thyroid hormones are in a dynamic balance with other
external cues to drive muscle gene expression. This balance helps to explain the changes in
muscle properties that characterize hypothyroidism and thyrotoxicosis (Table 1).

Energy turnover and glucose metabolism

The impact of thyroid hormone availability on the speed of the contraction-relaxation cycle
underlies the higher resting energy turnover and lower energetic efficiency of contraction in
skeletal muscle in thyrotoxicosis as compared to hypothyroidism. The thyroid-hormone
dependent increase in ATP consumption, particularly during activity, is accommodated by
quantitative and qualitative changes in the ATP-generating capacity of skeletal muscle. As
skeletal muscle comprises 30-40% of body mass in humans, it is this tissue that primarily
accounts for the well-known effects of thyroid status on the metabolic rate of the organism,
both at rest and during activity. In addition to energy expenditure, thyroid hormone
signalling can influence glucose uptake by skeletal muscle and, thereby, glucose
homeostasis .1

Tz-regulated energy expenditure in muscles

Thyroid hormone signalling can modulate metabolic rate by either decreasing metabolic
efficiency, or by uncoupling the ATP synthesis in the mitochondria of skeletal muscle.
Activation of the NADH glycerol-3-phosphate shuttle, maintenance of the Na*-K* and Ca2*
gradients by the Na*-K*-ATPase and by the SERCA Ca2*-ATPases, respectively, or
decreasing the efficiency of ATP synthesis via proton leak through mitochondrial UCP3,
have all been proposed as mechanisms through which energy is “wasted” and dissipated as
heat in the muscles.>% 51 As mentioned above, it is well established that thyroid hormone
signalling promotes a shift from slow type | fibre phenotype to faster type 1l fibres, with the
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associated increase in myosin and SERCA expression leading to greater energy turnover and
concomitant generation of heat during activity.! Gene expression analyses of Ts-treated and
hypothyroid human muscle have identified additional T3-mediated changes in the expression
of multiple other genes related to energy metabolism such as retinol binding protein 1,
glycogen synthase 1, muscle pyruvate kinase, and adiponectin receptor 2.52: 53 The relative
contribution of these recently identified thyroid hormone gene targets to changes in muscle
energy expenditure are still being defined.

In small mammals and human neonates the UCP3 homologue UCP1 promotes
mitochondrial uncoupling in brown adipose tissue (BAT). This is a well-known T3-
dependent mechanism of energy expenditure used to generate heat during the adaptive
process of facultative thermogenesis necessary for survival during cold exposure.1: 52
Individuals that had been treated with the T3 analogue liothyronine or the T, analogue
levothyroxine, as well as patients with thyrotoxicosis or with generalized resistance to
thyroid hormones that had elevated thyroid hormone serum levels, all exhibit increased
mitochondrial uncoupling in muscle, which indicates that mitochondrial uncoupling is an
important source of energy expenditure in muscles.>4-%6 UCP1 is not found in muscle, but
UCP3 is expressed in this tissue in a T3-dependent manner. 33. 50. 52, 53,57 Although the
precise contribution of UCP3 to energy expenditure has yet to be established, increased
UCP3 expression in T3-treated rats and levothyroxine-treated individuals has been
correlated with increased resting metabolic rate and mitochondrial uncoupling in the
muscles. 50 56 Moreover, UCP3 expression has been shown to be increased in the skeletal
muscle of a mouse model of alternative facultative thermogenesis owing to BAT
dysfunction, which suggests that UCP3 might contribute to muscle energy expenditure
under some circumstances.>® Muscle has been thought to be the major site of facultative
thermogenesis in adult humans, nevertheless, recent identification of significant BAT in the
neck and clavicle region of adults that can be activated upon cold exposure suggests that this
tissue may play a previously unappreciated role in energy expenditure.>-61 Human BAT
appears to have a molecular signature similar to white adipose tissue with increased UCP-1
expression, also termed “beige” adipose tissue.52 The recent identification of a muscle-
derived circulating factor, irisin, that increases UCP-1 levels in white adipose tissue and
converts it to beige, suggests that muscle may also have important indirect roles in the
regulation of energy expenditure. 63

T3-dependent glucose homeostasis

Thyroid status regulates glucose homeostasis, with both thyrotoxicosis and hypothyroidism
being associated with insulin resistance.54 In patients with thyrotoxicosis and experimental
animal models of thyrotoxicosis, increased hepatic gluconeogenesis along with a reduced
insulin half-life contribute to hypergylcemia, and the increased circulating free fatty acids
and enhanced fatty acid uptake in muscle may further add to insulin resistance.>: 64, 65
Moreover, decreased insulin-mediated glucose uptake in muscle has been observed in
animal models of hypothyroidism.1: 64

Muscle is one of the major tissues involved in glucose uptake, and, as mentioned above, the
expression of GLUT4 is T3-dependent. So, decreased GLUT4 expression has been
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hypothesized to contribute to lower glucose uptake in patients with hypothyroidism.34 In
addition, GLUT4 translocation to the surface of the cell is an insulin dependent event, and
further studies have indicated that normal muscle responsiveness to insulin requires local
DIO2-mediated conversion of T4 to T3.22 66 Primary D102-deficient myotube cultures have
a blunted increase in the downstream target of insulin, phosphorylated AKT, while DIO2
activity is upregulated by the insulin sensitizer pioglitazone in myotubes suggesting that
other insulin-dependent events, such as GLUT4 translocation, may also be compromised. 22
Studies showing that mice with a targeted deletion of the DIO2 gene (Dio2~~ mice) are
insulin resistant further confirm an important role for DIO2 in insulin action. 87

In humans, as mentioned previously, skeletal muscle is a site of major insulin-induced
glucose uptake. A common polymorphism in the human DIO2 gene results in a Thr92Ala
substitution in the DIO2 enzyme.58 About 19% of the population is homozygous for this
allele.%9 This amino acid change does not affect a crucial catalytic region of the DIO2
protein, nor is the threonine residue conserved among species. However, homozygosity for
this allele has been associated with a lower glucose disposal rate in a group of 972 obese
women, as well as with an increased homeostatic model assessment (HOMA) index in
patients with type 2 diabetes mellitus.%8: 69 Interestingly, D102 activity was found to be
significantly reduced in specimens of rectus abdominis muscle, sternocleidomastoid muscle
and thyroid tissue from individuals that are homozygous for the D102 Thr92Ala
polymorphism, as compared with heterozygous individuals or with individuals lacking this
polymorphism, although no differences were observed at the DIO2 mRNA level .59
Comparisons between the wild-type threonine-containing DIO2 and the alanine-containing
DIO2 mutant showed no kinetic differences after transient expression in vitro.5% To explain
these results, the researchers proposed that the DIO2 Thr92Ala polymorphic allele is in
linkage disequilibrium with another nearby gene that affects DIO2 function, or that this
polymorphism might reduce DIO2 protein stability or mRNA translation. Strikingly, this
polymorphism has also been associated with a reduced bone density and osteoarthritis. 70
However, it did not correlate with the efficiency of levothyroxine to suppress TSH in
patients with hypothyroidism.”1 More studies are required to identify the mechanism for
these intriguing congruent associations of the DIO2 Thr92Ala polymorphism with abnormal
glucose homeostasis and skeletal disorders. However, these patient data, taken in context
with the findings that insulin action is impaired in a DIO2-deficient myoblast cell culture
model and that Dio2~/~ mice are insulin resistant, strongly suggest that the local T3
generated from T4 by DIO2 in muscle plays a significant role in insulin action and glucose
homeostasis. 2267

Ts-dependent skeletal muscle repair

Skeletal muscle is a stable tissue with terminally postmitotic myonuclei that normally do not
divide. Nonetheless, mammalian muscles exhibit the capacity for extensive regeneration in
response to injury.’2 Muscle repair is a function of satellite cells, which, when activated, can
proliferate and supply new myofibres, as well as reconstitute the satellite cell pool for later
rounds of regeneration.”3: 74 Regeneration is a highly orchestrated sequence of events that
involves four sequential phases: first, a degenerative phase characterized by an
inflammatory response; second, the activation and proliferation of satellite cells; third, the
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differentiation and fusion of myoblasts; and, finally, the growth and maturation of newly
formed myofibres (Figure 1).72 These events require a strictly regulated cross-talk between
myofibres and paracrine and autocrine regulatory factors. Defects in these processes are the
leading cause of muscle loss in patients with various muscular dystrophies. By contrast, a
reduction in the expression of growth factors that are powerful inhibitors of muscle
differentiation leads to premature differentiation of myoblasts and early fusion of myocyte
precursor cells to form multinucleated myotubes.”® Differentiation is intimately coupled to
the cell cycle, and transcription of MRFs starts only when myoblasts are arrested in the G1-
GO phase.

MYODL1 is the master transcriptional regulator of myogenesis, and its expression is
sufficient for the transdifferentiation of mesenchymal-like cells to muscle cells. As
mentioned above, MYOD1 transcription is directly controlled by T5.38 Thus, thyroid
hormone signalling can control multiple events within the myogenic process through the
direct and indirect regulation of the expression of an array of muscle-specific genes (Figure
1). DIO2 expression is elevated not only in neonatal mouse muscle, but also during
myoblast or myocyte precursor cell (MPC) differentiation. Loss of DIOZ2, either through
proteasomal degradation or through genetic deletion, impairs MPC differentiation, as it
prevents up-regulation of MYOD1 and the downstream myogenic factors.19 The
differentiation defects of D10O2-deficient MPCs are coupled with an increase in their
proliferative potential. Indeed, DIO2-null muscles contain an increased number of satellite
cells, which suggests that a reduction in the levels of intracellularly-activated T3 enhances
the proliferative capacity of the MPCs in vivo.19 Strikingly, a similar phenotype has been
described in satellite cells from Myod1~/~mice.”®

D102 has been demonstrated to be a direct target of FOXO3, a forkhead transcription factor
that is a downstream target of the PI3K-AKT signalling pathway.1% 77 In skeletal muscle,
FOXO proteins contribute to several cellular processes, such as myocyte fusion and
regulation of myocyte metabolism,”8 79 and are key players in both atrophy and
autophagy.8 81 Furthermore, FOXO3 has been shown to cooperate with PAX3 and PAX7
in driving MYOD1 expression,82 and Foxo3~/~ mice have defects in muscle regeneration as
a result of reduced MYODY1 expression.82 These studies provide compelling evidence for a
functional link between DIO2 induction via FOXO3 and myogenic differentiation.

In addition, our preliminary data indicate that the expression of DIO3 is specifically induced
in proliferating MPCs and suppressed in differentiated MPCs.83 Sequential expression of
DIO3 followed by DIO2 in activated satellite cells could balance the different thyroid
hormone requirements during the cell lineage progression with DIO3-mediated low
intracellular T3 allowing for the expansion of the satellite cell pool, whereas increases in
DIO2 facilitate MPC differentiation (Figure 2). These recent findings provide novel insights
into the role of deiodinases in the linear progression of the myogenic program. In addition,
they open new hope for the use of hormonal regulation as a tool to manipulate the
physiology of muscle stem cells, modulating their expansion and differentiation.
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Thyroid hormones in muscle pathology

The term muscular dystrophy collectively describes a group of genetic diseases
characterized by progressive muscle weakness owing to defective muscle function.
Defective muscle function leads to premature exhaustion of the skeletal muscle stem cell
pool. Duchenne Muscular Dystrophy (DMD) is a progressive disorder caused by deficiency
of dystrophin, which is a crucial component of the cytoskeleton.84 85 Various animal
models have been developed for studying muscle dystrophy, including a DMD mouse
model. DmdMd* mice lack dystrophin, and this defect triggers repeated cycles of muscle
degeneration and regeneration, causing a progressive reduction in the satellite cell
population.8® It has been reported that alterations in thyroid hormone signalling can
exacerbate the dystrophic phenotype of Dmd™dX mice by affecting cell cycle control and
proliferation-differentiation balance in satellite cells.8”- 88 In particular, hypothyroidism
exacerbated the phenotype of Dmd™d* mice by prolonging the replication phase of satellite
cells and delaying the fusion of MPCs precursors into myotubes.88 By contrast,
thyrotoxicosis promoted the transition from proliferation toward fusion in regenerating
muscles in both Dmd™d* and control mice, thus demonstrating that excess T3 negatively
affects the regeneration process by reducing MPC proliferation and inducing premature
MPC fusion into myotubes. 89 As a result, both excesses and reductions in thyroid hormone
signalling are detrimental for the correct progression of muscle regeneration and therefore
amplify manifestations of the dystrophic phenotype.

These early observations have been confirmed by recent studies on the role of iodothyronine
deiodinase-mediated control of thyroid hormone signalling in satellite cell function. The
regeneration of cardiotoxin-injured skeletal muscles of Dio2~/~ mice was markedly delayed
compared with injured muscles of wild-type mice, and this delay was accompanied by a
failure to up-regulate the major markers of terminal muscle differentiation. Moreover,
Dio2"~ muscles developed a distinct phenotype following injury that was characterized by
the presence of small, centrally-nucleated myofibres within the damaged area.1® The failure
of satellite cells to differentiate into myotubes in the Dio2~/~ skeletal muscle has been
associated with an increase in their proliferative capacity as a result of the attenuation of
thyroid hormone signalling. These alterations lead to the observed delay in muscle
regeneration after injury in Dio2~/~ mice. Consistently, a comparable delay has been
observed in the regeneration of injured muscles from mice lacking FOXO3, which lies
upstream of D102 induction. 1% 82 Importantly, these data indicate that normal levels of T3
in the plasma of Dio2~/~ mice are not sufficient for proper MPC differentiation during the
late phases of regeneration. Consistent with its expression in proliferating MPCs and with its
observed role in other models of injury repair (i.e. nerve repair or liver regeneration), DIO3
is highly expressed in the early phases of muscle regeneration, 83 thus suggesting a common
requirement for low T3 activity in the initial waves of the regeneration process. Taken
together, these results illustrate the importance of cell-autonomous mechanisms for the
temporal and muscle-specific control of intracellular T3 levels. As modulation of the local
T3 levels can profoundly affect MPC proliferation, thyroxine deiodinases could potentially
be used to manipulate intracellular thyroid hormone signalling and improve the proliferative
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or differentiative capacity of transplanted satellite cells for the treatment of muscular
dystrophy.

Conclusions

Thyroid hormone is a key endocrine regulator that primarily functions through binding to
nuclear thyroid hormone receptors and imposing a signature of gene expression. Whereas
the important role of thyroid hormone signalling in muscle physiology has been recognized
for many years, the contribution of local modulation of thyroid metabolism by the
iodothyronine deiodinases to muscle physiology is a novel area in this field. lodothyronine
deiodinase function influences not only the mature properties of different muscles, but,
importantly, also the properties of the stem cell-like satellite cells. Early results suggest that
there is a temporally restricted expression of D102, and probably D103, in satellite cells
during muscle cell differentiation and repair. The impact of this regulation is mostly
unknown, but a requirement for DIO2-mediated local conversion of T, to T3 in the target
tissues is clearly emerging from the above mentioned studies. Future in vivo studies are
required to clarify the kinetics and coordination of DIO2 with DIO3 activity in developing
and regenerating muscles, as well as to define the role of other important components that
regulate thyroid hormone supply, such as the thyroid hormone transporters. On a more
speculative note, given the major role of skeletal muscle tissue in determining basal
metabolic rate, manipulation of iodothyronine deiodinase activity in skeletal muscle could
be a potential avenue to enhance energy expenditure as a weight management strategy in
obese individuals, as this could bypass the adverse systemic effects of an increase in
circulating thyroid hormones.

Acknowledgments

This work was supported by Telethon grant GGP00185 to DS and NIH grant DK044128 to PRL and DS.

Bibliography

1. Simonides WS, van Hardeveld C. Thyroid hormone as a determinant of metabolic and contractile
phenotype of skeletal muscle. Thyroid. 2008; 18:205-16. [PubMed: 18279021]

2. Schiaffino S, Reggiani C. Fiber types in mammalian skeletal muscles. Physiol Rev. 2011; 91:1447-
531. [PubMed: 22013216]

3. Murphy RM, Larkins NT, Mollica JP, Beard NA, Lamb GD. Calsequestrin content and SERCA
determine normal and maximal Ca2+ storage levels in sarcoplasmic reticulum of fast- and slow-
twitch fibres of rat. The Journal of physiology. 2009; 587:443-60. [PubMed: 19029185]

4. Novak P, Soukup T. Calsequestrin distribution, structure and function, its role in normal and
pathological situations and the effect of thyroid hormones. Physiological research / Academia
Scientiarum Bohemoslovaca. 2011; 60:439-52. [PubMed: 21401301]

5. Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR. Biochemistry, cellular and molecular
biology, and physiological roles of the iodothyronine selenodeiodinases. Endocrine reviews. 2002;
23:38-89. [PubMed: 11844744]

6. Gereben B, et al. Cellular and molecular basis of deiodinase-regulated thyroid hormone signaling.
Endocrine reviews. 2008; 29:898-938. [PubMed: 18815314]

7. Croteau W, Davey JC, Galton VA, St Germain DL. Cloning of the mammalian type 1l
iodothyronine deiodinase. A selenoprotein differentially expressed and regulated in human and rat
brain and other tissues. J Clin Invest. 1996; 98:405-17. [PubMed: 8755651]

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Salvatore et al.

Page 12

8. Salvatore D, Bartha T, Harney JW, Larsen PR. Molecular biological and biochemical

characterization of the human type 2 selenodeiodinase. Endocrinology. 1996; 137:3308-15.
[PubMed: 8754756]

9. Peeters RP, et al. Reduced activation and increased inactivation of thyroid hormone in tissues of

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

critically ill patients. J Clin Endocrinol Metab. 2003; 88:3202-11. [PubMed: 12843166]
10.

Brack AS, Rando TA. Tissue-specific stem cells: lessons from the skeletal muscle satellite cell.
Cell stem cell. 2012; 10:504-14. [PubMed: 22560074]

Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiological reviews.
2013; 93:23-67. [PubMed: 23303905]

Relaix F, Zammit PS. Satellite cells are essential for skeletal muscle regeneration: the cell on the
edge returns centre stage. Development. 2012; 139:2845-56. [PubMed: 22833472]

Yu F, et al. Effects of thyroid hormone receptor gene disruption on myosin isoform expression in
mouse skeletal muscles. Am J Physiol Regul Integr Comp Physiol. 2000; 278:R1545-54.
[PubMed: 10848522]

Brent GA. Mechanisms of thyroid hormone action. J Clin Invest. 2012; 122:3035-43. [PubMed:
22945636]

Mebis L, et al. Expression of thyroid hormone transporters during critical illness. Eur J Endocrinol.
2009; 161:243-50. [PubMed: 19439506]

Friesema EC, et al. Effective cellular uptake and efflux of thyroid hormone by human
monocarboxylate transporter 10. Mol Endocrinol. 2008; 22:1357-69. [PubMed: 18337592]
Marsili A, et al. Type 2 iodothyronine deiodinase levels are higher in slow-twitch than fast-twitch
mouse skeletal muscle and are increased in hypothyroidism. Endocrinology. 2010; 151:5952-60.
[PubMed: 20881246]

Marsili A, et al. Type Il iodothyronine deiodinase provides intracellular 3,5,3’-triiodothyronine to
normal and regenerating mouse skeletal muscle. Am J Physiol Endocrinol Metab. 2011;
301:E818-24. [PubMed: 21771965]

Dentice M, et al. The FoxO3/type 2 deiodinase pathway is required for normal mouse myogenesis
and muscle regeneration. J Clin Invest. 2010; 120:4021-30. [PubMed: 20978344]

Hosoi Y, et al. Expression and regulation of type Il iodothyronine deiodinase in cultured human
skeletal muscle cells. J Clin Endocrinol Metab. 1999; 84:3293-300. [PubMed: 10487701]

Maia AL, Kim BW, Huang SA, Harney JW, Larsen PR. Type 2 iodothyronine deiodinase is the
major source of plasma T3 in euthyroid humans. J Clin Invest. 2005; 115:2524-33. [PubMed:
16127464]

Grozovsky R, et al. Type 2 deiodinase expression is induced by peroxisomal proliferator-activated
receptor-gamma agonists in skeletal myocytes. Endocrinology. 2009; 150:1976-83. [PubMed:
19036883]

Mebis L, Langouche L, Visser TJ, Van den Berghe G. The type 1l iodothyronine deiodinase is up-
regulated in skeletal muscle during prolonged critical illness. J Clin Endocrinol Metab. 2007;
92:3330-3. [PubMed: 17504898]

Heemstra KA, et al. Type 2 iodothyronine deiodinase in skeletal muscle: effects of hypothyroidism
and fasting. J Clin Endocrinol Metab. 2009; 94:2144-50. [PubMed: 19293265]

Steinsapir J, Harney J, Larsen PR. Type 2 iodothyronine deiodinase in rat pituitary tumor cells is
inactivated in proteasomes. The Journal of clinical investigation. 1998; 102:1895-9. [PubMed:
9835613]

Mills I, Barge RM, Silva JE, Larsen PR. Insulin stimulation of iodothyronine 5’-deiodinase in rat
brown adipocytes. Biochem Biophys Res Commun. 1987; 143:81-6. [PubMed: 3548728]

Silva JE, Larsen PR. Hormonal regulation of iodothyronine 5’-deiodinase in rat brown adipose
tissue. Am J Physiol. 1986; 251:E639-43. [PubMed: 3538896]

Boelen A, Kwakkel J, Wiersinga WM, Fliers E. Chronic local inflammation in mice results in
decreased TRH and type 3 deiodinase mMRNA expression in the hypothalamic paraventricular
nucleus independently of diminished food intake. J Endocrinol. 2006; 191:707-14. [PubMed:
17170227]

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Salvatore et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 13

Peeters RP, et al. Serum 3,3”,5’-triiodothyronine (rT3) and 3,5,3’-triiodothyronine/rT3 are
prognostic markers in critically ill patients and are associated with postmortem tissue deiodinase
activities. J Clin Endocrinol Metab. 2005; 90:4559-65. [PubMed: 15886232]

Yen PM. Physiological and molecular basis of thyroid hormone action. Physiol Rev. 2001,
81:1097-142. [PubMed: 11427693]

Simonides WS, et al. Characterization of the promoter of the rat sarcoplasmic endoplasmic
reticulum Ca2+-ATPase 1 gene and analysis of thyroid hormone responsiveness. J Biol Chem.
1996; 271:32048-56. [PubMed: 8943255]

Hartong R, et al. Delineation of three different thyroid hormone-response elements in promoter of
rat sarcoplasmic reticulum Ca2+ATPase gene. Demonstration that retinoid X receptor binds 5” to
thyroid hormone receptor in response element 1. J Biol Chem. 1994; 269:13021-9. [PubMed:
8175722]

Solanes G, et al. Thyroid hormones directly activate the expression of the human and mouse
uncoupling protein-3 genes through a thyroid response element in the proximal promoter region.
Biochem J. 2005; 386:505-13. [PubMed: 15496137]

Zorzano A, Palacin M, Guma A. Mechanisms regulating GLUT4 glucose transporter expression
and glucose transport in skeletal muscle. Acta Physiol Scand. 2005; 183:43-58. [PubMed:
15654919]

Desvergne B, Petty KJ, Nikodem VM. Functional characterization and receptor binding studies of
the malic enzyme thyroid hormone response element. J Biol Chem. 1991; 266:1008-13. [PubMed:
1985929]

Dummler K, Muller S, Seitz HJ. Regulation of adenine nucleotide translocase and glycerol 3-
phosphate dehydrogenase expression by thyroid hormones in different rat tissues. Biochem J.
1996; 317(Pt 3):913-8. [PubMed: 8760382]

Morkin E. Control of cardiac myosin heavy chain gene expression. Microsc Res Tech. 2000;
50:522-31. [PubMed: 10998641]

Muscat GE, Mynett-Johnson L, Dowhan D, Downes M, Griggs R. Activation of myoD gene
transcription by 3,5,3’-triiodo-L-thyronine: a direct role for the thyroid hormone and retinoid X
receptors. Nucleic Acids Res. 1994; 22:583-91. [PubMed: 8127707]

Downes M, Griggs R, Atkins A, Olson EN, Muscat GE. Identification of a thyroid hormone
response element in the mouse myogenin gene: characterization of the thyroid hormone and
retinoid X receptor heterodimeric binding site. Cell Growth Differ. 1993; 4:901-9. [PubMed:
8297796]

Muller A, Thelen MH, Zuidwijk MJ, Simonides WS, van Hardeveld C. Expression of MyoD in
cultured primary myotubes is dependent on contractile activity: correlation with phenotype-
specific expression of a sarcoplasmic reticulum Ca(2+)-ATPase isoform. Biochem Biophys Res
Commun. 1996; 229:198-204. [PubMed: 8954106]

Kraus B, Pette D. Quantification of MyoD, myogenin, MRF4 and 1d-1 by reverse-transcriptase
polymerase chain reaction in rat muscles--effects of hypothyroidism and chronic low-frequency
stimulation. Eur J Biochem. 1997; 247:98-106. [PubMed: 9249014]

Wheeler MT, Snyder EC, Patterson MN, Swoap SJ. An E-box within the MHC IIB gene is bound
by MyoD and is required for gene expression in fast muscle. Am J Physiol. 1999; 276:C1069-78.
[PubMed: 10329954]

Allen DL, Sartorius CA, Sycuro LK, Leinwand LA. Different pathways regulate expression of the
skeletal myosin heavy chain genes. J Biol Chem. 2001; 276:43524-33. [PubMed: 11551968]
Weitzel JM, Iwen KA, Seitz HJ. Regulation of mitochondrial biogenesis by thyroid hormone. Exp
Physiol. 2003; 88:121-8. [PubMed: 12552316]

Irrcher 1, Adhihetty PJ, Joseph AM, Ljubicic V, Hood DA. Regulation of mitochondrial biogenesis
in muscle by endurance exercise. Sports Med. 2003; 33:783-93. [PubMed: 12959619]

Psarra AM, Solakidi S, Sekeris CE. The mitochondrion as a primary site of action of steroid and
thyroid hormones: presence and action of steroid and thyroid hormone receptors in mitochondria
of animal cells. Mol Cell Endocrinol. 2006; 246:21-33. [PubMed: 16388892]

Muscat GE, Downes M, Dowhan DH. Regulation of vertebrate muscle differentiation by thyroid
hormone: the role of the myoD gene family. Bioessays. 1995; 17:211-8. [PubMed: 7748175]

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Salvatore et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 14

White RB, Bierinx AS, Gnocchi VF, Zammit PS. Dynamics of muscle fibre growth during
postnatal mouse development.

Braverman, LE.; Cooper, C. Werner & Ingbar’s The Thyroid. Lippincott, Williams & Wilkins;
Philadelphia: 2012.

de Lange P, et al. Uncoupling protein-3 is a molecular determinant for the regulation of resting
metabolic rate by thyroid hormone. Endocrinology. 2001; 142:3414-20. [PubMed: 11459785]
Silva JE. Thermogenic mechanisms and their hormonal regulation. Physiol Rev. 2006; 86:435-64.
[PubMed: 16601266]

Visser WE, et al. Physiological thyroid hormone levels regulate numerous skeletal muscle
transcripts. J Clin Endocrinol Metab. 2009; 94:3487-96. [PubMed: 19567520]

Clement K, et al. In vivo regulation of human skeletal muscle gene expression by thyroid hormone.
Genome Res. 2002; 12:281-91. [PubMed: 11827947]

Lebon V, et al. Effect of triiodothyronine on mitochondrial energy coupling in human skeletal
muscle. J Clin Invest. 2001; 108:733-7. [PubMed: 11544279]

Mitchell CS, et al. Resistance to thyroid hormone is associated with raised energy expenditure,
muscle mitochondrial uncoupling, and hyperphagia. J Clin Invest. 2010; 120:1345-54. [PubMed:
20237409]

Johannsen DL, et al. Effect of short-term thyroxine administration on energy metabolism and
mitochondrial efficiency in humans. PLoS One. 2012; 7:e40837. [PubMed: 22844412]

Queiroz MS, Shao Y, Ismail-Beigi F. Effect of thyroid hormone on uncoupling protein-3 mRNA
expression in rat heart and skeletal muscle. Thyroid. 2004; 14:177-85. [PubMed: 15072699]
Ramadan W, Marsili A, Larsen PR, Zavacki AM, Silva JE. Type-2 iodothyronine 5’ deiodinase
(D2) in skeletal muscle of C57BI/6 mice. 1. Evidence for a role of D2 in the hypermetabolism of
thyroid hormone receptor alpha-deficient mice. Endocrinology. 2011; 152:3093-102. [PubMed:
21652727]

van Marken Lichtenbelt WD, et al. Cold-activated brown adipose tissue in healthy men. The New
England journal of medicine. 2009; 360:1500-8. [PubMed: 19357405]

Cypess AM, et al. Cold but not sympathomimetics activates human brown adipose tissue in vivo.
Proceedings of the National Academy of Sciences of the United States of America. 2012;
109:10001-5. [PubMed: 22665804]

van der Lans AA, et al. Cold acclimation recruits human brown fat and increases nonshivering
thermogenesis. The Journal of clinical investigation. 2013; 123:3395-403. [PubMed: 23867626]
Wu J, et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell.
2012; 150:366—76. [PubMed: 22796012]

Bostrom P, et al. A PGC1-alpha-dependent myokine that drives brown-fat-like development of
white fat and thermogenesis. Nature. 2012; 481:463-8. [PubMed: 22237023]

Chidakel A, Mentuccia D, Celi FS. Peripheral metabolism of thyroid hormone and glucose
homeostasis. Thyroid. 2005; 15:899-903. [PubMed: 16131332]

Klieverik LP, et al. Thyroid hormone effects on whole-body energy homeostasis and tissue-
specific fatty acid uptake in vivo. Endocrinology. 2009; 150:5639-48. [PubMed: 19854865]
Harrison SA, Buxton JM, Clancy BM, Czech MP. Insulin regulation of hexose transport in mouse
3T3-L1 cells expressing the human HepG2 glucose transporter. The Journal of biological
chemistry. 1990; 265:20106-16. [PubMed: 2173694]

Marsili A, et al. Mice with a targeted deletion of the type 2 deiodinase are insulin resistant and
susceptible to diet induced obesity. PLoS One. 2011; 6:620832. [PubMed: 21698184]

Mentuccia D, et al. Association between a novel variant of the human type 2 deiodinase gene
Thr92Ala and insulin resistance: evidence of interaction with the Trp64Arg variant of the beta-3-
adrenergic receptor. Diabetes. 2002; 51:880-3. [PubMed: 11872697]

Canani LH, et al. The type 2 deiodinase A/G (Thr92Ala) polymorphism is associated with
decreased enzyme velocity and increased insulin resistance in patients with type 2 diabetes
mellitus. J Clin Endocrinol Metab. 2005; 90:3472-8. [PubMed: 15797963]

Meulenbelt I, et al. Identification of DIO2 as a new susceptibility locus for symptomatic
osteoarthritis. Hum Mol Genet. 2008; 17:1867-75. [PubMed: 18334578]

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Salvatore et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Page 15

Heemstra KA, et al. Thr92Ala polymorphism in the type 2 deiodinase is not associated with T4
dose in athyroid patients or patients with Hashimoto thyroiditis. Clin Endocrinol (Oxf). 2009;
71:279-83. [PubMed: 19018782]

Charge SB, Rudnicki MA. Cellular and molecular regulation of muscle regeneration. Physiol Rev.
2004; 84:209-38. [PubMed: 14715915]

Schultz E, McCormick KM. Skeletal muscle satellite cells. Rev Physiol Biochem Pharmacol. 1994;
123:213-57. [PubMed: 8209136]

Yablonka-Reuveni Z. Development and postnatal regulation of adult myoblasts. Microsc Res Tech.
1995; 30:366-80. [PubMed: 7787236]

Olson EN. Interplay between proliferation and differentiation within the myogenic lineage. Dev
Biol. 1992; 154:261-72. [PubMed: 1330787]

Rudnicki MA, Jaenisch R. The MyoD family of transcription factors and skeletal myogenesis.
Bioessays. 1995; 17:203-9. [PubMed: 7748174]

Brunet A, et al. Akt promotes cell survival by phosphorylating and inhibiting a Forkhead
transcription factor. Cell. 1999; 96:857-68. [PubMed: 10102273]

Bois PR, Brochard VVF, Salin-Cantegrel AV, Cleveland JL, Grosveld GC. FoxOla-cyclic GMP-
dependent kinase | interactions orchestrate myoblast fusion. Mol Cell Biol. 2005; 25:7645-56.
[PubMed: 16107711]

Gross DN, van den Heuvel AP, Birnbaum MJ. The role of FoxO in the regulation of metabolism.
Oncogene. 2008; 27:2320-36. [PubMed: 18391974]

Mammucari C, Schiaffino S, Sandri M. Downstream of Akt: FoxO3 and mTOR in the regulation
of autophagy in skeletal muscle. Autophagy. 2008; 4:524—6. [PubMed: 18367868]

Zhao J, et al. FoxO3 coordinately activates protein degradation by the autophagic/lysosomal and
proteasomal pathways in atrophying muscle cells. Cell Metab. 2007; 6:472-83. [PubMed:
18054316]

Hu P, Geles KG, Paik JH, DePinho RA, Tjian R. Codependent activators direct myoblast-specific
MyoD transcription. Dev Cell. 2008; 15:534-46. [PubMed: 18854138]

Dentice, M., et al. in 35th Annual Meeting of the European Thyroid Association; Krakow, Poland.
2011;

Koenig M, Monaco AP, Kunkel LM. The complete sequence of dystrophin predicts a rod-shaped
cytoskeletal protein. Cell. 1988; 53:219-28. [PubMed: 3282674]

Partridge T. Pathophysiology of muscular dystrophy. Br J Hosp Med. 1993; 49:26-36. [PubMed:
8431724]

England SB, et al. Very mild muscular dystrophy associated with the deletion of 46% of
dystrophin. Nature. 1990; 343:180-2. [PubMed: 2404210]

Anderson JE, Liu L, Kardami E. The effects of hyperthyroidism on muscular dystrophy in the mdx
mouse: greater dystrophy in cardiac and soleus muscle. Muscle Nerve. 1994; 17:64-73. [PubMed:
8264704]

Mclntosh LM, Anderson JE. Hypothyroidism prolongs and increases mdx muscle precursor
proliferation and delays myotube formation in normal and dystrophic limb muscle. Biochem Cell
Biol. 1995; 73:181-90. [PubMed: 7576492]

Pernitsky AN, Mclintosh LM, Anderson JE. Hyperthyroidism impairs early repair in normal but not
dystrophic mdx mouse tibialis anterior muscle. An in vivo study. Biochem Cell Biol. 1996;
74:315-24. [PubMed: 8883837]

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



Salvatore et al. Page 16

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



Salvatore et al. Page 17

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Salvatore et al.

Page 18

Quiescent Activated Myoblast Immature Mature
MSC MSC Myotube Myotube
O @

@—> 0 ‘O S @ —_— —_—
N
Pax7 MyOdl Myogenin

Pax7 Myf5 MyHC
Myod1

Figure 1.

The role of thyroid hormone signalling in skeletal myogenesis. During muscle fibre
development and in muscle regeneration, quiescent muscle satellite cells (MSC) that are
characterized by the expression of the transcription factor PAX 7 require the induction of
MYOD1 and MYF5 for their activation and entry into the cell cycle. T3 promotes MSC
differentiation by inducing MYOD1 expression. In addition, T3 signalling is involved in the
upregulation of the myogenic regulatory factor (MRF) family member Myogenin in
immature myotubes and some isoforms of the myosin heavy chain (MyHC) in mature
myotubes, thereby impacting muscle function.

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



1duasnuely Joyiny vd-HIN duasnuely Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Salvatore et al. Page 19

Myotube

Quiescent MSC

yctivation Differentiatio/

Figure 2.
The thyroid hormone signalling cascade in myotube differentiation. Thyroid hormone

signalling is involved in the differentiation of quiescent muscle satellite cells (MSCs) into
myotubes. Differentiating MSCs express the transcription factor FOXO3, which, in turn,
induces expression of type 2 iodothyronine deiodinase (D102). DIO2 catalyzes the
monodeiodination of the prohormone T, to produce the active hormone isoform T3. T3 then
enters the nucleus, binds to the nuclear thyroid-hormone receptors, and activates
transcription of MYODL1 and other downstream myogenic regulatory factors (MRFs) that
lead to myotube differentiation.
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Table 1

Effects of thyroid hormone signalling on skeletal muscle properties

Properties

Key thyroid hormone-regulated
proteins

Associated effect

Skeletal muscle
contractility

myosin-7 ¥, myosin-2 * myosin-1 1,
myosin-4 1

Increased rate of contraction

SERCA1lat, SERCA2a *

Increased rate of relaxation

Skeletal muscle
metabolism

Na*/K* ATPase 1, SERCAla 1,
SERCA2a *

Decreased energetic efficiency
of contraction due to higher
ATP consumption associated
with fluxes of Na*/K* and Ca?*
at rest and during activity.

GLUT4 1, ME1 1

Increased glycolytic capacity
leading to increased ATP
generation

PGClat

Increased mitochondrial
density leading to increased
ATP generation

UCP3 1, mGPDH *

Decreased mitochondrial
efficiency

Page 20

In addition to direct transcriptional regulation of a number of genes, thyroid hormone signalling has secondary effects, among them the action of
muscle regulatory factors, such as MYOD1 and myogenin, as well as adaptive effects related to changes in energy metabolism and to modulation

of Ca2+—dependent signalling by the changes in intracellular Ca2* handling during contractile activity. Because thyroid hormone signalling
promotes expression of genes related with faster muscle fibre phenotypes, its effects are more pronounced in muscles with a higher content of slow
fibres. Abbreviations: GLUT4, glucose transporter 4; mGPDH, muscle glycerol-3-phosphate dehydrogenase; PGC-1a, peroxisome proliferator-

activated receptor-y coactivator-1a; SERCA, sarcoplasmic-endoplasmic reticulum ca2t ATPase; UCP3, uncoupling protein 3, MEL1, cytosolic

malic enzyme.

Nat Rev Endocrinol. Author manuscript; available in PMC 2014 October 01.



