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Chapter 12
Muscle Tissue in Hypothyroidism
and Hyperthyroidism

Ileana Terruzzi

Skeletal muscle (SM) represents the largest component tissue (40-50%) of the total
body mass. SM wide distribution makes it one of the tissues most involved in body
energy consumption, glucose and lipid homeostasis [1].

SM metabolism is strictly controlled by both thyroid hormones and insulin
action; accordingly, muscle metabolism, differentiation, repair, and contractile
activity are dramatically impaired by insulin resistance condition and thyroid dys-
function [2].

Therefore, before considering the consequence of hypothyroidism and hyperthy-
roidism on skeletal muscle, it is useful briefly to highlight some points of skeletal
muscle physiology.

12.1 Skeletal Muscle Physiology

Skeletal muscle is a very heterogeneous tissue consisting of different post-mitotic
polynucleated fibers that develop following the fusion of many embryonic muscle
cells (myoblasts) and group together to generate body movement.

Based on distinct contractile and metabolic properties, muscle fibers are divided
into type I (also known as slow) having oxidative metabolism, ITA (also known as
fast) having intermediate metabolic properties, and IIx (also known as fastest) hav-
ing glycolytic metabolism. Their different properties are a result of an adaptive
mechanism which allows the muscle to respond to different metabolic and mechani-
cal demands [3].
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Skeletal muscle shows significant plasticity in response to a multiplicity of stimuli.

Fiber type switching is a common response to an increase of exercise training or
physical inactivity [4], and skeletal muscle mass changes through hypertrophic or
atrophic processes [5]. In particular, skeletal muscle has a remarkable ability to
regenerate after a damage [6].

The nuclei present in the muscle fibers are unable to replicate since they have
irreversibly escaped the cell cycle and are in a permanent postmitotic state. It fol-
lows that these terminally differentiated cells are not able to repair any loss of tissue,
which may occur due to trauma or degenerative diseases, not being able to restore
the mitotic activity of its nuclei.

On the other hand, the tissue repair takes place thanks to the presence of a small
population (1-6% of total muscle nuclei) of resident, undifferentiated cells that
retain the ability to self-renew and differentiate, referred to as satellite cells (SCs) [7].

Mononuclear satellite cells, residing between the basal lamina and the sarco-
lemma of the mature muscle fibers, are normally quiescent. Following the loss or
degeneration of muscle fibers, the satellite cells are stimulated to replicate by form-
ing a progeny of cells destined to fuse together, repeating a myogenic process simi-
lar to that of the embryonic muscle myoblasts (Fig. 12.1). The syncytial structures
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Fig. 12.1 Muscle stem cells in mature muscle fibers are in a quiescence state until homeostatic
stimuli, i.e., hormones, cytokines, or injury, induce their self-activation, re-enter into the cell cycle
and consequently their proliferation in order to promote differentiation process
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originated by the program of proliferation, fusion, and differentiation restore both
the integrity of the muscle tissue and the pool of muscle stem cells.

During postnatal life, the activation of quiescent SCs promotes muscle fiber
growth and maturation. Indeed, SC depletion produces an abnormal skeletal muscle
development: myofiber size is significantly reduced at the same manner as mus-
cle mass.

The crucial role of SCs in muscle regeneration has been extensively demon-
strated [8]. Skeletal muscle injury induces the activation of a multi-step process that
coordinates the SC cell cycle re-enter, proliferation and differentiation, aimed at
complete tissue repair.

Muscle differentiation is orchestrated by four skeletal muscle-specific myogenic
regulatory factors (MRFs): MyoD, myogenin, MYF-5, and MRF4.

Myogenic regulators represent nuclear phosphoproteins that bind to DNA at
similar sites, activating the transcription of muscle-specific genes [9].

Several studies have proven that the transcription factor paired box 7 (Pax7) is an
absolute requirement for the normal function [10] of SCs and represents a marker of
quiescent satellite stem cells (Pax7*) in skeletal muscle. Pax7 is essential for the
survival of the satellite cells and for the transcriptional activation of the myogenic
gene MyoD; MyoD plays a critical role in satellite cell biogenesis, survival, and self-
renewal and represents the earliest and crucial expression marker of SC activa-
tion [10].

Posttrauma, a marked increase in Pax-7 expression near the injury zone, has been
described. The event would indicate an increase in the recruitment of satellite stem
cells and the activation of the skeletal muscle regeneration cascade near the lesion
area [11].

MYFS5 protein levels are high during quiescence, whereas MyoD levels are neg-
ligible [12].

When satellite cells are activated rapidly induce expression of MyoD.

In proliferating SCs, MYF5 and MyoD drive transcription of genes that facilitate
cell cycle progression, and regulate timely myogenic progression during regenera-
tion. MyoD induces myogenin expression and simultaneously downregulates Myf5
expression.

MyoD and Myogenin cooperate in enhancing the expression of these genes
which rapidly drive cell cycle output [13].

Moreover, MyoD and myogenin enhance MRF4 expression and other specific
genes of late muscle differentiation, leading to the formation of mature myofibers.
In myofibers, MRF4 together with heavy myosin chain protein (MyHC) are highly
expressed and represent the main markers of mature differentiated muscle, whereas
MyoD and myogenin are downregulated [13] (Fig. 12.2).

Based on the molecular markers, two proliferation models have been developed
providing myoblasts that fuse with damaged myofibers to repair them or that fuse
together to generate new myofibers, and new self-renewed satellite cells to maintain
their own population.
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Fig. 12.2 Adult activated satellite cells initially express MyoD or Myf5 or both myogenic factors.
Subsequently, the proliferating myoblasts express MyoD and Myf5. MyoD induces the expression
of myogenin, the downregulation of Myf5 and the production of MRF4, the main marker, together
with MRF4, of mature differentiated myofibers

1. Following muscle damage, the quiescent Pax7* satellite cells coexpress the
MyoD factor. After proliferating as myoblasts derived from Pax7* and MyoD*
cells, most of the cells continue to express MyoD while inhibiting Pax7 in order
to differentiate for myonucleus replacement.

The other progeny, on the other hand, loses the expression of MyoD but
retains that of Pax7 and contributes to the renewal of the satellite cells themselves.

2. Two types of Pax7* satellite cells exist, depending on whether or not they express
the MYF5 marker (Pax7*/MYF5* and Pax7*/MYF5").

In relationship with aging, there is a functional decline of the SCs: their capacity
of activation and differentiation decreases, leading to a decline in the regenerative
function [14]. Aged muscle SCs respond to injury with limited expansion and dif-
ferentiation capacity, contributing to the decline in muscle regenerative potential.

Although the intervention of SCs in muscle regeneration is recognized, their role
in the processes of atrophy (loss of muscle mass) and hypertrophy (increase in mus-
cle mass) in response to external stimuli, intrinsic factors, or physical activity is not
yet clear [15, 16].

Muscle tissue plasticity implies a series of mass fluctuations: muscle subjected to
resistance exercise becomes hypertrophic, mass and strength increase, but drasti-
cally decrease following atrophy due to immobilization, sepsis, cachexia, etc.

The consequences of atrophy have obvious health implications. Muscle weak-
ness is an important factor for both mortality and morbidity and is associated with
an increased risk of all causes of death [17]. Indeed, reducing muscle atrophy in
cancer cachexia can significantly prolong life [18]. Additionally, many older indi-
viduals suffer from sarcopenia, a prolonged muscle wasting disorder that typically
begins after the age of 50 years and results in a loss of approximately 1% of muscle
mass per year [19]. This means that by the age of 80 years, sarcopenic individuals
have lost about 40% of their muscle mass, a key factor in falls, frailty, and nursing
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home admissions. Consequently, understanding the mechanisms and potential ther-
apeutic responses to atrophy is of broad clinical and basic interest.

The syncytial nature of the muscle cells and their large number of nuclei repre-
sent a unique feature that allows the muscle fibers to reach enormous lengths (up to
600 mm) and the nuclei to produce adequate amounts of mRNA to generate and
maintain muscle mass.

In the past, the plastic nature of muscle and its syncytial organization have led to
formulate the “myonuclear domain hypothesis” which identifies SCs as fundamen-
tal in the processes of hypertrophy and atrophy [20]. “Myonuclear domain hypoth-
esis” was developed on the basis of “sphere of influence” concept postulated at the
end of the nineteenth century by Strassburger [21] that each nucleus is able to sup-
port a limited volume of cytoplasm, thus defining the size limit of the cell. The
syncytial nature allows the muscle fiber to greatly increase its size, but during
hypertrophy or atrophy, new nuclei are added or lost to preserve the right ratio of
nuclei/cytoplasm.

Although some controversy remains, substantial data has shown that during the
hypertrophy process, the number of nuclei increases [22, 23]. The muscle fiber
inherits the supernumerary nuclei from the satellite cells which, stimulated by ana-
bolic steroids or focal lesions following resistance exercises, proliferate and finally
merge with the muscle fiber, facilitating both repair and growth.

However, an interesting study, performed using an animal model characterized
by a conditional depletion of SCs, has shown that SCs are not necessary to induce
hypertrophic response to overload at short time [24]. However, the same authors
have shown that long-term SC ablation affects muscle hypertrophy [24].

Following the myonuclear domain hypothesis, if hypertrophy involves the addi-
tion of new nuclei, atrophy implies their loss. Although numerous apoptotic cells
appear within the atrophic tissue, several authors have shown that the atrophic pro-
cess involves a reduction in the volume of muscle fibers, but no loss of myonuclei
[25, 26]. Contrasting the myonuclear domain hypothesis, it appears that the myonu-
clei acquired by the fibers persist even when the muscle becomes atrophic.

12.2 Thyroid Hormones and Muscle Tissue

Thyroid plays an important regulatory function of metabolism, contractile function,
process of formation, and repair of muscle tissue.

The influence of the thyroid gland on muscle is mediated not only by the blood
concentration of thyroid hormones (TH: thyroxine or T, and triiodothyronine or T;)
but also by the local tissue levels of TH, consequent to the efficiency of TH trans-
porters, TH receptors, and the activity of the enzyme deiodinase (DIO).

The intracellular availability of TH depends on the efficiency of the facilitated
transport of TH across the plasma membrane, mediated by primary monocarboxyl-
ate transporters MCT10 and MCT8 [27].
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Type 2 (DIO2) and 3 (DIO3) iodothyronine deiodases also contribute to the con-
trol of intracellular TH levels: production and inactivation of T; are closely related
to DIO2 and DIO3 activities [28].

DIO?2 increases the availability and effect of T; by converting T, to T;, while
DIO3 conversely reduces them by converting T, to reverse T; (r'T;) and Tj; to diiodo-
thyronine (T,), unable to interact with TH receptors.

T; is transported and concentrated in the cell nucleus where it is bound by spe-
cific free receptors a and f (TRA mainly present in SM and TRB). Each receptor
has a binding site for DNA and a distinct site for binding T5. The T5-TR complex,
after dimerization of the receptor and interaction with transcription factors, binds to
DNA and promotes the interaction with TH response elements (TREs), activating
the transcription of target genes and therefore the synthesis of proteins necessary for
the physiological effect of T; in the muscle cell occurs [2, 29].

Consequently, the intramuscular levels of T;, their link with TRs, and the conse-
quent effects depend on the balance of activity between DIO2 and DIO3.

In this scenario, thyroid exerts a control over the myogenic progression of acti-
vated satellite cells, in a spatial- and temporal-regulated manner, showing an impor-
tant impact on the proliferation and differentiation balance of muscle stem cells.

The expression of D3 and D2 is finely regulated during the different stages of
myogenesis within SCs. D3 is expressed only in the proliferative and therefore early
phase of myogenesis, while D2 is expressed in the late phase, playing an essential
role in the differentiation process [30].

It is conceivable that the early expression of D3 is aimed at keeping the TH signal
inactive to allow proliferation and prevent the differentiation of stem cells. In fact,
both D3-depletion and TH treatment induce the expression of pro-apoptotic genes
in muscle stem cells.

In this context, D3 supports the proliferation of myoblasts and is essential for the
stem cell activation program.

At the end of the proliferation phase, the activated myoblasts undergo the dif-
ferentiation process, fusing to form the muscle fibers. The production of T; by DIO2
plays a critical role in this process. T; production contributes to the induction of
myogenic factors such as MyoD, the main regulator of the myogenic development
and regeneration program [31] (Fig. 12.3).

12.3 Hypothyroidism and Muscle Tissue

Most patients with hypothyroidism mention various muscle pains, from stiffness
to cramps.

Muscle symptoms are often underestimated without considering that they can
represent an important manifestation of hypothyroidism. Sometimes the muscular
symptoms dominate the clinical picture or even can present themselves as the only
onset manifestation of hypothyroidism, so the differential diagnosis with other
causes of myopathy becomes difficult.
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Fig. 12.3 Differential expression of DIO3 and DIO2 determines the increase of active thyroid
hormone T; destined to induce and complete the myogenesis process

The severity of muscle pain correlates with the duration and extent of thyroid
hormone deficiency [2, 32].

Hypothyroid myopathy represents the most important clinical problem [33].
This muscle pathology includes four different subtypes: (1) myasthenic syndrome,
beginning in childhood and usually causes mobility loss in aging [34], (2) Kocher—
Debre—Semelaigne syndrome, which in children causes severe muscle atrophy [35],
(3) Hoffmann syndrome, usually associated with primary hypothyroidism in adults
that often report painful spasms, slow movements, and proximal muscle weakness
[36], and (4) severe muscle atrophy. In rare cases, hypothyroid myopathy evolves
into rhabdomyolysis [37].

Increased level of creatine kinase and other muscle enzymes, such as lactic dehy-
drogenase, are typical biochemical alterations of hypothyroid myopathy [33, 37],
and recently other markers, i.e. titin and desmin, are proposed to evaluate skeletal
muscle damage associated with thyroid dysfunction [38].

At cellular level, mitochondrial dysfunction is the main feature of hypothyroid-
induced muscle impairment. Hypothyroidism induces a metabolic myopathy, with a
reduction of the energetic production and mitochondrial metabolism, due to an inhi-
bition of the main oxidative pathways and the respiratory chain. T; influences mito-
chondrial activity by modulating the expression of proteins encoded by both the
nuclear and mitochondrial genome.

This metabolic modification is associated with fiber switch: hypothyroidism
causes the loss of fast muscle fibers. Skeletal muscles of hypothyroid patients are
primarily constituted by slow fibers having numerous fibrotic depots that aggravate
inflammation condition [33, 39]. As known, T; plays a crucial role in the metabo-
lism of the connective tissue, and its deficiency is associated with an altered increase
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in the synthesis of glycosaminoglycans as demonstrated by an increased urinary
excretion of glycosaminoglycans in hypothyroid patients [33, 40]. Moreover, slow
muscle fibers are characterized by an internal area called “core-like areas,” not hav-
ing enzymatic activity and intermyofibrillar material [41]. The loss of muscle mor-
phology and activity is corroborated by high abnormal expression of vimentin,
desmin, fetal, and neonatal MyHC isoforms, the latter marker of muscle regenera-
tion process [33].

In addition, hypertrophy, typical compensatory response observed in hypothy-
roid muscle, is insufficient [33], and hypothyroid patients have a reduced capacity
to perform exercise training [34] due to mitochondrial dysfunction that causes
abnormal accumulation of protons and ions, in particular Ca?* the main regulator of
actin—myosin interaction, membrane excitability, and glucose metabolism [35].
Moreover, thyroid hormone loss promotes glycogen accumulation in muscle, but
mitochondrial oxidative pathway impairment causes defective utilization of glyco-
gen and simultaneously activates anaerobic metabolism that exacerbates the risk of
cramps and fatigue [42]. Considering the peculiar interconnection between hypo-
thyroidism and obesity, the reduced ability to exercise creates a vicious circle that
further exacerbates the metabolic condition of patients with hypothyroidism.

In addition, different works have demonstrated how in hypothyroid rats skeletal
muscle show a less response to insulin, and in general, insulin impairment action in
hypothyroid skeletal muscle causes leads to insulin resistance in hypothyroid
patients [43].

Finally, it is important to note that hypothyroidism causes not only muscle dam-
age but also peripheral nervous system impairment, and then muscle damage
induced by hypothyroidism should be seen from a neuromuscular perspective.

12.4 Hyperthyroidism and Muscle Tissue

The only muscle clinical manifestation in common between patients with hypothy-
roidism and hyperthyroidism is represented by muscle weakness, comprising both
the upper and lower extremities, and exacerbation of muscle fatigue and exercise
intolerance [44].

Different authors have proposed that these muscle alterations are caused by
weight loss because rarely hyperthyroid patients refer only muscle weakness as
only symptom of their pathology. In contrast to hypothyroid myopathy, biochemical
markers, such as creatine kinase, have normal levels in hyperthyroid patients [45].

Hyperthyroidism is associated with Grave’s ophthalmopathy disease, character-
ized by severe damage of muscles that control movement of the eyelids and eye
leading to vision loss, and with thyrotoxic periodic paralysis, characterized by over-
production of TH and a simultaneous hypokalemia, not due to altered intake of
potassium but due to a sudden intracellular intake.

Thyrotoxic periodic paralysis is a rare complication of hyperthyroidism which
causes complete momentaneous immobility that involves not only proximal and
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distal limb muscles but also respiratory musculature. Moreover, cardiovascular
alterations are important and typical manifestations of thyrotoxic periodic paralysis,
and to avoid serious cardiopulmonary complications, it is fundamental to restore
immediately optimal potassium concentration [46, 47].
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