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Abstract: Thyroid hormones (THs) are critical regulators of
muscle metabolism in both healthy and unhealthy condi-
tions. Acting concurrently as powerful anabolic and cata-
bolic factors, THs are endowed with a vital role in muscle
mass maintenance. As a result, thyroid dysfunctions are the
leading cause of a wide range of muscle pathologies, globally
identified as myopathies. Whether muscle wasting is a
common feature in patients with hyperthyroidism and is
mainly caused by THs-dependent stimulation of muscle
proteolysis, also muscle growth is often associated with hy-
perthyroid conditions, linked to THs-dependent stimulation
of muscle protein synthesis. Noteworthy, also hypothyroid
status negatively impacts on muscle physiology, causing
muscle weakness and fatigue. Most of these symptoms are
due to altered balance between muscle protein synthesis
and breakdown. Thus, a comprehensive understanding of
THs-dependent skeletal muscle protein turnover might
facilitate the management of physical discomfort or weak-
ness in conditions of thyroid disease.

Herein, we describe the molecular mechanisms underlying
the THs-dependent alteration of skeletal muscle structure
and function associated with muscle atrophy and hyper-
trophy, thus providing new insights for targeted modulation
of skeletal muscle dynamics.

Keywords: thyroid hormones; skeletal muscle; skeletal
muscle atrophy; skeletal muscle hypertrophy

Introduction

Thyroid hormones homeostasis

Thyroid hormones (THs), produced and secreted from the
thyroid gland in form of prohormone T4 (3,3′,5,5″-Tetraiodo-
L-thyronine) and bioactive hormone T3 (3,3′,5-Triiodo-L-
thyronine), emerge as notable tyrosine-based molecules
with the potential to support a wide range of physiological
processes, regulating metabolism, energy production,
cellular growth, and tissue development [1–4]. Under phys-
iological conditions, the thyroid gland produces T3 and T4 in
a ratio of circa 1:14, and, through a central regulation
mediated by the hypothalamic–pituitary–thyroid (HPT) axis,
THs plasma homeostasis is maintained at remarkably stable
levels [5]. Beyond THs circulating concentrations, their
intracellular availability is tightly controlled via a fine-tuned
interplay between transporters and modulating enzymes.
Prior to THs metabolism within target cells, their cellular
influx and efflux are mediated through transmembrane
protein transporters, namely monocarboxylate trans-
porters, MCT8 and MCT10, that show a cell-specific expres-
sion and different transport kinetics and specificity for
THs (e.g., MCT8 preferentially transports T4, while MCT10
prefers T3) [3, 6–10]. Once inside the cells, THs can be
directly metabolized by different pathways. Apart from
the deamination, decarboxylation, sulfation, and glucur-
onidation, deiodination represents the most relevant pro-
cess involved in THs metabolism [11]. Three different
selenocysteine-dependent membrane enzymes, type 1 (D1),
type 2 (D2), and type 3 (D3) deiodinases, contribute to the
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breakdown of THs,mediating the activation and inactivation
of the initially released hormone precursor T4 into active
or inactive metabolites in the target cells. Albeit with a
different enzymatic efficiency (KM of D1 is in micromolar
range, 1–10 μM, KM of D2 is in the nanomolar range, 1–4 nM)
[5], both D1 and D2, presenting outer ring deiodinase
activity, can convert the prohormone T4 into the bioactive
form T3. Conversely, D3, having inner ring deiodinase
activity, acts as a physiological terminator of THs action,
degrading both T4 and T3 into inactive molecules, respec-
tively, rT3 and 3,3′-T2 [12]. Given that the human thyroid
gland secretes only 20 % of the daily T3 requirement, the
deiodinase-mediated T4-to-T3 peripheral conversion has
a significant role in the maintenance of T3 plasma homeo-
stasis in humans, providing the remaining requested 80 %
[13, 14]. The bioactive hormone T3 exerts its biological
activity either by binding to TH nuclear receptors (TRα
encoded by THRA gene or TRβ1/TRβ2 encoded by THRB gene)
[15–17] and regulating target gene expression (genomic
action or type I action) or by binding to receptors on the cell
membrane, as in the case of integrin αvβ3, and cytosolic
partners, thus activating intracellular cascades transduced
by extracellular signal regulated kinases 1/2 (ERK1/2) or
phosphatidylinositol 3-kinase (PI3K) (nongenomic action or
type II action) [1, 18, 19]. The nongenomic action of THs,
which does not involve the binding of T3 to the nuclear
receptors, differs from the classic genomic action of THs
and regulates mechanisms that occur within seconds or
minutes and are responsible for rapid effects. Understand-
ably, THs signaling depends on the integrity and function of
cellular THs transporters, deiodinases enzymes, and THs
receptors that cooperate to elicit THs actions.

Thyroid hormones and metabolism

THs heavily impact the overall metabolic rate of each cell
and tissue, affecting the entire sum of reactions occurring
throughout the body [3]. It is well established that thyroid
status correlates with body weight and energy expenditure
[20–22]. Through both central and peripheral actions, THs
play a key role in the maintenance of the basal metabolic
rate (BMR). Indeed, patients with THs dysfunction often
have symptoms of metabolic dysregulation: while an excess
of THs levels (hyperthyroid state) raises the BMR and pro-
motes a hypermetabolic state, characterized by increased
resting energy expenditure, weight loss, reduced cholesterol
levels, increased lipolysis, and gluconeogenesis [23, 24], a
reduced THs availability (hypothyroid state) reduces the
BMR and is associated with a hypometabolic state, charac-
terized by reduced resting energy expenditure, weight

gain, increased cholesterol levels, reduced lipolysis, and
gluconeogenesis [21].

THs stimulate metabolic cycles involving fat, glucose,
and protein catabolism and anabolism. Thus, the physio-
logical relevance of THs in coordinating short- and long-term
cell energy needs sustains its critical role in tissue-specific
metabolic control [25]. Many of THs actions in metabolic
regulation involve modulation of other metabolic signaling
pathways (Table 1).

Table : Metabolic processes modulated by thyroid hormone signaling.

Adaptive thermogenesis
(in response to cold exposure
and/or food intake)

THs effects Stimulate
Interacting
pathways

Adrenergic/bile acids
gluconeogenesis

THs target UCP/PEPCK
Basal metabolic rate, BMR THs effects Stimulate

Interacting
pathways

Adrenergic

THs target Na+/K+ ATPase
SERCA-/UCPs/LPL

Bile acid synthesis (in response
to fat intake)

THs effects Decrease
Interacting
pathways

TGR/D/FXR/PPARα

THs target CYPA
Body weight regulation (in
response to nutrient intake)

THs effects Integrate balance with
nutrient intake signals

Interacting
pathways

TRH/Leptin/Adrenergic
CART/NPY/D

THs target TRH/TSH/Spot-/D
Cholesterol synthesis and
efflux

THs effects Promote cholesterol
synthesis and efflux

Interacting
pathways

Sterol signaling (SREBP)
PPARα/LXR

THs target LDL-R/ABCA
Fatty acid synthesis and
oxidation (in response to fat
intake/storage)

THs effects Promote lipolysis and
β-oxidation

Interacting
pathways

Adrenergic/PPARα/LXR

THs target CPTα
Glucose metabolism (in
response to carbohydrate
intake and/or serum glucose/
insulin)

THs effects Stimulate gluconeogen-
esis
Impair insulin secretion

Interacting
pathways

Glucose/Insulin/PPARα
LXR/SREBP/RXR

THs target ACC/GLUT/ChREBP

ACC, Acetyl-CoA Carboxylase; CART, Cocaine- and Amphetamine-Regulated
Transcripts; ChREBP, Carbohydrate Response Element Binding Protein;
CPTα, Carnityl Palmotoyl Transferase α; CYPA, Cholesterol
-hydroxylase; D, ′-deiodinase Type ; FXR, Farnesoid X receptor; LPL,
Lipoprotein Lipase; LXR, Liver X Receptor; NPY, Neuropeptide Y; PPARα,
Peroxisome Proliferator Activated Receptor α; PEPCK,
Phosphoenolpyruvate Carboxykinase; RXR, Retinoid X Receptor; SERCA,
Sarcoplasmic Reticulum Calcium; TGR, G protein–coupled receptor bile
acid receptor; TRH, Thyrotropin Releasing Hormone; TSH, Thyroid
Stimulating Hormone; UCP, Uncoupling Protein.
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THs closely synergize with the adrenergic nervous
system to produce heat in response to cold exposure and
maintain body temperature, a reaction termed adaptive
thermogenesis [26]. The thyroid–adrenergic synergy, most
evident and better studied in the rodents’ Brown Adipose
Tissue (BAT) during cold adaptation, sustains the thermo-
genic responses involving genes such as Uncoupling Protein
1 (UCP1) and Peroxisome proliferator-activated receptor
Gamma Cofactor 1 (PGC1) [27] and stimulating both mito-
chondrial biogenesis and upregulation of fatty acid
oxidation.

THs regulate hepatic function by modulating the BMR
of hepatocytes: through the nuclear hormone receptors
interaction, THs control lipid metabolism and exert direct
and indirect actions not only on the regulation of cholesterol
production, disposal, and efflux, but also on bile acid syn-
thesis and fatty acid metabolism [28, 29]. Furthermore,
depending on the metabolic status, THs can induce both
lipolysis and lipid synthesis (most known as lipogenesis).
Although the THs direct action is lipolysis, lipogenesis is
thought to be stimulated to restore fat stores [30].

THs can also stimulate themetabolism of carbohydrates.
While not changing the blood glucose levels, THs can cause
increased glucose reabsorption, gluconeogenesis, glycogen
synthesis, and glucose oxidation. Indeed, THs directly
impact glucosemetabolism by (i) stimulating hepatic glucose
production, (ii) reducing insulin levels, in part through
accelerated insulin degradation, (iii) enhancing the expres-
sion of the Glucose Transporter GLUT4 in skeletal muscle,
and (iv) stimulating the expression of additional factors,
such as Carbohydrate Response Element Binding Protein
(ChREBP), that then influence glucose response and insulin
secretion [31–33].

The action of THs also has a significant effect on protein
metabolism. Indeed, THs in high doses can additionally
induce protein catabolism early and primary to overall
metabolic reactions, increasing whole-body protein turn-
over and breakdown [34].

Remarkably, through an intricate signaling network,
THs increase the sensitivity and the speed of responses to
metabolic changes induced in response to intracellular and
extracellular stimuli and contribute to regulating metabolic
homeostasis in cells and tissues. Comprehensively, hyper-
thyroidism represents a catabolic state characterized by
an increase of energy expenditure, glucose turnover [35],
lipolysis [36], and protein turnover [37]. These metabolic
effects are likely to be of clinical importance because
hyperthyroidism reduces exercise performance [38] and
increases risk of cardiovascular mortality [39, 40] and
bone loss [41].

Thyroid hormones and regulation of protein
catabolism and anabolism

Metabolism is the totality of the chemical processes that
take place inside a living cell and are required for the
maintenance of life. Whereas catabolism is the breakdown
of complex molecules into smaller ones, anabolism is the
process that creates complex molecules from simpler ones
and entails the use of energy [42]. Proteins undergo catab-
olism within the cell, replenishing the intracellular pool of
amino acids. Lysosomal proteases utilize protein to break it
down into amino acids, which the cell can use to make new
proteins when needed. During starvation, muscle protein
can be broken down into amino acids, which can then be
used as an energy source by gluconeogenesis. Conversely,
when fed or in a state of metabolic acidosis, the kidneys
can use glutamine as fuel. In case of an excess of amino acids,
the human body lacks a method to store them. Therefore,
they either disintegrate or change into glucose or ketones.
Hydrocarbons and nitrogenous waste are produced by
decomposition. Because nitrogen creates ammonium ions,
the body may become toxically exposed to excessive nitro-
gen concentrations and the urea cycle aids in the digestion
and elimination of nitrogen from our bodies.

The impact of exercise and dietary protein on the
synthesis of new proteins is regulated by hormones. It is well
known that the nervous and endocrine systems work
together to ensure homeostasis by allowing other bodily
systems to function in unison [42]. Among hormones with a
catabolic or anabolic role, THs have a major influence on
metabolism affecting both proteins, carbohydrates, and fats
metabolism.

THs have a significant impact on protein metabolism
explicating a variety and sometimes contradictory ac-
tions. In their physiological concentrations, THs stimulate
protein synthesis as well as their breakdown, showing both
anabolic and catabolic effects, whereas when oversecreted
the protein catabolic action predominates [43]. This could be
partially explained by that both hypo- and hyperthyroidism
are characterized by changes in the levels of several
hormones in the blood, such as insulin, glucagon, and glu-
cocorticoids, in addition to an excess or deficiency of THs.
Furthermore, it has been documented that other membrane
receptors, such as those for glucagon and catecholamines,
are modulated by the thyroid state [43]. As a result, hyper-
thyroidism increases the excretion of nitrogen and methyl-
histidine in the urine indicating a decline in the protein
stores found in the skeletal muscle probably as a conse-
quence of a decreased muscular reuptake and increased
protein catabolism [44]. A rise in the concentration of amino
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acids in plasma from skeletal muscle in turn provides more
substrate for improved hepatic gluconeogenesis. However,
excess release of THs leads to cardiac hypertrophy, which
is in contrast with atrophic skeletal muscle identified in
patients suffering from hyperthyroidism [43]. Nevertheless,
in euthyroid patients, it is observed that a “low T3 state”
during starvation and replacing T3 within its physiological
concentration either has no impact [45] or very slightly
increases the excretion of nitrogen in the urine [46]. These
findings clearly show that THs at physiological doses have
little or only minor catabolic activity.

Skeletal muscle

Skeletal muscle (SKM) is the most prevalent tissue in healthy
individuals, making up roughly approximately 40 % of hu-
man body mass [47]. Consequently, systemic physiology is
significantly impacted by any modifications to the energy
profile of SKM. Indeed, SKM is one of the tissues most crucial
for energy expenditure, glucose, and lipid homeostasis.

The muscles are linked to bones by tendons through
which the forces and movements developed during con-
tractions are transmitted to the skeleton. Contraction is due
to the activation of muscle fibers with a tendency of the
fibers to shorten [48] and occurs when the cytosolic calcium
concentration increases, triggering a series of molecular
events that include the binding of calcium to the muscle-
regulatory proteins, the interaction of myosin cross-bridges
with actin filaments, and the production of the cross-bridge
working stroke. For a long time, it was believed that the SKM
served as the locomotor system’s effector organs and confers
stability and power for all body movements; thus, any
impairment in SKM function results in at least some degree
of instability or immobility. Due to their striped microscopic
appearance, cardiac and skeletal muscles are both referred
to as striated muscles as the result of the subcellular con-
tractile components’ uniform and organized arrangement
[48]. Even though a large portion of their behavior is sub-
consciously regulated, they are under voluntary control.
Unlike cardiac muscles, skeletal muscles do not exhibit
intrinsic spontaneous activity because of lack of the ion
channels that induce spontaneous membrane depolariza-
tion. As a result, a nerve impulse always serves as the trigger
for physiological skeletal muscle activation, and muscle fi-
bers receive from a single branch of a motor neuron their
nerve inputs at single central swellings of the fibers known
as motor endplates [49, 50].

Musclefibers range in diameter from 10 to 100 mm.Most
humanmuscles contain amixture offiberswithin this range,
namely, I, IIa, IIx, and IIb. Type I fibers, which are thinner,

are adapted to generate submaximal strain during
prolonged activity and are called slow-twitch fibers. The
thickest fibers (type IIb) are best suited for short bursts of
near-maximum activity and are called fast-twitch fibers
[51]. Due to their high myoglobin content, muscles with a
higher prevalence of type I fibers seem a deeper red color
than muscles with fewer type I fibers. The heme moiety of
myoglobin, which gives it the ability to bind oxygen, gives it
its pigmentation. Myoglobin is a protein that allows muscle
cells to store oxygen. It has a higher affinity for oxygen than
hemoglobin but releases oxygen for aerobic metabolism
when demand increases. While fast fibers are more glyco-
lytic and have higher levels of glycogen and phosphocrea-
tine, slow fibers are oxidative and have higher levels of
mitochondria and myoglobin [52].

ATPase activity was found to be higher in fast type
IIb fibers compared to IIa and IIx fibers, all of which have
higher activity than slow type I fibers [53]. During contrac-
tion, the ATP hydrolysis rate is higher in fast fibers than
in slow fibers proportionally to the ATP production speed
of each fiber type. Moreover, regardless of their mitochon-
drial composition, type II fibers have well-developed
sarcoplasmic reticulum, whereas type I fibers have poorly
developed sarcoplasmic reticulum [54]. The expression of
the Sarcoplasmic Reticulum Calcium (Ca2+)-ATPase (SERCA)
varies across tissues, with SERCA1a being the primary
isoform expressed in adult fast-twitch fibers (type II), asso-
ciated with a faster Ca2+ storage compared to type 2a
(SERCA2a) expressed in both in slow- and fast-twitch (type I
and II) skeletal muscle fibers [55]. The most abundant pro-
tein in SKM is the myosin heavy chain (MYH), an important
intrinsic factor for muscle twitch [56]. Myosin heavy chain 7
(MYH7) is expressed by type I fibers; myosin heavy chain 2
(MYH2) is found in type IIa fibers; myosin heavy chain 1
(MYH1) is expressed by type IIx fibers; and myosin heavy
chain 4 (MYH4) is present in type IIb fibers [51].

Muscle atrophy and hypertrophy

Skeletal muscle mass and composition are continuously
modulated during development or upon different stimuli,
including pathological conditions that impact the musculo-
skeletal or nervous system [57, 58]. The regulation of muscle
mass and fiber size essentially reflects protein turnover,
namely the balance between protein synthesis and degra-
dation, which is a delicate equilibrium that, depending on
the conditions, can promote muscle loss (atrophy) or muscle
growth (hypertrophy). Changes in protein turnover leading
to muscle atrophy or hypertrophy do not always proceed
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according to the simplistic equations suggested by the
balance analogy.

From a general point of view, skeletal muscle atrophy
is caused by a decrease in the number of muscle cells and
the size of preexisting muscle fibers and is characterized by
an imbalance between protein synthesis and degradation
in favor of the second one [59–61]. Indeed, skeletal muscle
atrophy is associated with an increase in the rate of ATP-
dependent ubiquitin-mediated proteolysis resulting in the
enhancement of protein breakdown rates necessary as
a source of amino acids for gluconeogenesis [62, 63].
Conversely, skeletal muscle hypertrophy is characterized by
an increase in the size, as opposed to the number, of the
preexisting muscle myofibers and is characterized by an
enhanced rate of protein synthesis [64]. This increase in
protein synthesis, a typical aspect of skeletal muscle hyper-
trophy occurring as an adaptive response to load-bearing
exercise, enables new contractile filaments to be added to
the preexisting muscle fibers, which in turn enables the
muscle to generate greater force or resist fatigue.

Apart from functional changes, in atrophic or hyper-
trophic conditions, muscle cells and myofibers undergo
also important structural changes [65]. The general muscle
appearance in atrophic conditions is the wasting or thinning
of muscle mass, due to a noticeable reduction in the muscle
fiber cross-sectional area (CSA) that affects not only the
maximal force and muscle power output but also the loco-
motor activity [66]. At the cellular level, muscle cells show
characteristics such as sarcomere dissolution and endothe-
lial degradation [67], a marked reduction in the mitochon-
dria number [68], accumulation of connective tissue [67],
elimination of apoptotic myonuclei [69], and a decrease
in capillary density [70]. Conversely, the general muscle
appearance in hypertrophic conditions is muscle building,
due to an increase in the muscle fibers CSA associated with
the radial enlargement ofmuscle fibers, which confers to the
muscle a greater potential for maximal force production. At
the cellular level, since a constant ratio of nuclei to cyto-
plasmic volume is maintained throughout all hypertrophic
responses, the enlarged myofibers can only expand with the
insertion of new myonuclei [71, 72]. Thus, hypertrophy is
dependent on the proliferative activation of satellite cells
and their myogenic differentiation before fusion with the
existing myofibers [73, 74].

Thyroid hormones and the regulation of
muscle mass

SKM is a major THs-target tissue, regulating oxygen
consumption, fiber composition, calcium mobilization,

and glucose uptake [4, 75–77]. Adequate serum THs levels
are crucial for SKM homeostasis since muscle perfor-
mance is impaired in both hypo- and hyperthyroidism
[78]. During the early phases of postnatal development,
the maturation of SKM is induced by different stimuli.
Muscle cell loses poly-neuronal innervations, mechanical
strain to specific muscles increases, and THs levels rise
simultaneously [79–81]. Both neuronal innervation and
elevated serum THs cause muscle fiber profile trans-
formations, such as the loss of embryonic and neonatal
myosin and a rise in adult fast or slow myosin genes
in certain muscles [82, 83]. Weight-bearing activity
and electrical stimulation are essential for the postnatal
development of slow fibers, while T3 signaling plays a
critical role in the development of fast fibers, particularly
in the transition of neonatal fibers to fibers IIb [56, 80, 84].
Thus, the normal pattern of fibers dispersion in each
muscle is determined in part by physiological levels of
THs [56, 85]. T3 suppresses the expression of MYH7, which
is myosin from fibers type I, and stimulates the expres-
sion of MYH2, 1, and 4, which are myosin from fibers IIa,
IIx, and IIb, respectively [86]. Furthermore, by causing
the conversion of MYH7 to MYH2, MYH2 to MYH1, and
MYH1 toMYH4, T3 promotes the slow-to-fast muscle fibers
type conversion [76]. In the last years, different studies
have demonstrated that the regulation of skeletal muscle
myogenic development, regeneration, and metabolism is
significantly influenced by the intracellular modulation
of THs action, which is mediated by the deiodinases
D2 and D3 and the TRs. THs promote the expression
of myosin heavy chain (MHC) typical of the fast-twitch
fibers, as well as the rate of relaxation and contraction
and mitochondrial biogenesis. Thus, the concentration
of THs inside cells is essential for the development of
muscle progenitor cells, and it is precisely controlled
by the joint action of D2 and D3 [87, 88]. Specifically,
at the onset of the myogenic process, the intracellular
concentration of THs should be kept low [89, 90]. Impor-
tantly, if D3 is highly expressed in activated and prolif-
erating satellite cells (SCs), D2 is upregulated during
differentiation [90], which causes an increase in intra-
cellular THs concentration that propels the terminal
differentiation of myocytes into myotubes/myofibers.
Animal models with an alteration of THs signaling
exhibited peculiar SKM characteristics, with profound
changes in contractile and metabolic features both in
hypo- and hyperthyroidism situations. Furthermore,
most hypothyroidism patients showed myopathic alter-
ations such as muscle weakness and pseudohypertrophy,
myasthenic syndrome, and rhabdomyolysis, which are
similar to the beginning of muscle weakness and atrophy
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seen in hyperthyroid patients [91]. On the other hand,
hyperthyroid individuals showed varying degrees of
muscular weakness and atrophy [92]. Complying with
the clinical manifestations of THRs gene mutation-based
resistance to THs disorders in humans, global TRα- and
TRβ-knockout (KO) mice display developmental delay
and mitochondrial dysfunction. In particular, TRαKO mice
(both TRα1 and TRα2 isoforms are disrupted) exhibit pro-
gressive hypothyroidism, growth retardation, and several
other disorders, including a lowered body temperature
and significantly delayed intestinal and bone maturation,
which ultimately results in death soon after the weaning
period [93, 94]. This phenotype is consistent with the
phenotype observed in subjects with THRα gene muta-
tions, which are characterized by a wide range of hypo-
thyroidism clinical characteristics, including constipation,
low metabolic rate, poor growth, skeletal dysplasia, and
neurodevelopmental delay [15, 95–97]. Furthermore,
inactivating the THRβ gene in mice impairs their ability
to hear but does not affect their growth, metabolism, or
neurological processes [98, 99]. The phenotype of the
mouse model lacking both TRs isoforms (TRα/β KO) is
drastically altered, displaying stunted growth and bone
development, hyperactivity of the pituitary–thyroid axis,
and low female fertility [100]. Another important concept
is that the TRs deficiency causes mitochondrial dysfunc-
tions and profound alterations of the lipid composition
compared to wild-type mice. These observations support
the concept that the TRs–THs complex in SKM is a key
regulator of mitochondrial bioenergetics and lipid meta-
bolism and that both TRs are needful for the THs-regulated
metabolic rate Table 2 [15].

Thyroid hormones and the downstream
pathways of muscle atrophy

Could one question whether skeletal muscle atrophy is
simply the converse of skeletal muscle hypertrophy? From a
macroscopic point of view, the atrophic and hypertrophic
processes seem to be antithetical. However, the triggered
molecular mechanisms are not necessarily opposite; on the
contrary, unique transcriptional pathways are activated
during muscle atrophy and hypertrophy [101, 102].

Genomic studies designed to underline the molecular
mechanisms modulating muscle mass during atrophic pro-
cesses identified two muscle-specific E3 ubiquitin ligases,
whose expression is significantly upregulated in multiple
settings of atrophy, MuRF1 (muscle ring-finger protein-1)
and MAFbx (muscle atrophy F-box, commonly known as
Atrogin-1) [103, 104].

The involvement of the ubiquitin-proteasome pathway
in skeletal muscle atrophy has been well characterized
[105], as well as the effects of hypo- and hyperthyroidism
in the regulation of muscle proteolysis [106–109]. Tran-
scriptome analyses revealed that the expression of Atrogin-
1 and MuRF1 is directly responsive to THs [110], which acti-
vate their nuclear transcription by upregulating cellular
expression levels during muscle wasting. However, it is yet
unknown whether the increase in protein degradation and
the expression of Atrogin-1 and MuRF1 is exclusively due to
direct effect of THs [41, 111] (Figure 1 and Table 3).

Accumulating evidence has demonstrated that THs
also induce the autophagy-lysosome system, a second pro-
teolytic mechanism that is activated in catabolic conditions
and that is under transcriptional-dependent control. THs
regulate protein degradation by increasing lysosomal
enzyme activity [112]. Indeed, THs enhance autophagic
fluxes in skeletal muscle through the induction of key
autophagy genes, i.e., microtubule-associated proteins 1A/
1B light chain 3B (MAP1LC3B, more simply LC3), Seques-
tosome 1 (or ubiquitin-binding protein p62), Unc-51-like
kinase 1 (Ulk1), and Forkhead Box O1/3a (FoxO1/3a) [113]
(Figure 1 and Table 3).

Both the ubiquitin-proteasome system and autophagy-
lysosome system are simultaneously activated and coordi-
nated by the FoxO transcription factors [114]. In physiolog-
ical conditions, FoxO proteins are negatively regulated
by the PI3K–AKT signaling pathway, which is normally
involved in protein synthesis processes. In atrophic condi-
tions, the decreased activity of the PI3K–AKT signaling
pathway leads to the activation of FoxO3 that, inducing the
Atrogin-1 gene expression, is responsible for the fibers size
decrease occurring during atrophy [115]. Importantly, FoxO3

Table : THs effects on SKM properties.

Contractility THs target MYH (Myosin-) ↓
MYH (Myosin-) ↑
MYH (Myosin-) ↑
MYH (Myosin-) ↑

THs effects Increase the rate of contraction
THs target SERCAa (Sarcoplasmic reticulum calcium a) ↑

SERCAa (Sarcoplasmic reticulum calcium a) ↑
THs effects Increase the rate of contraction

Metabolism THs target Na+/K+-ATPase (sodium–potassium
adenosine triphosphatase) ↑
SERCAa (sarcoplasmic reticulum calcium a) ↑
SERCAa (sarcoplasmic reticulum calcium a) ↑

THs effects Decreased energetic efficiency of contraction
due to higher ATP consumption associatedwith
fluxes of Na+/K+ and Ca+ at rest and during
activity
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Figure 1: Schematic overview of the signaling pathways under thyroid hormones control involved in the regulation of muscle mass in healthy and
unhealthy condition. FoxO3 (Forkhead Box O3) induces D2 expression, thus promoting the T4-to-T3 conversion and increasing local T3 in skeletal muscle.
T3 acts promoting THs-target gene expression, in detail MyoD, MHC (myosin heavy chain) and SERCA (sarcoplasmic reticulum calcium (Ca2+)-ATPase),
responsible of muscle fiber types and contraction. T3 stimulates SERCA, which hydrolyzes ATP and increases energy expenditure. (A) In healthy condition,
THs regulate the balance between protein synthesis and degradation. (B) In atrophic condition, this balance is lost in favor of protein degradation process;
thus, THs enhance the expression of genes and proteins involved both in ubiquitin-proteasome pathway and autophagy-lysosome system. (C) By
contrast, in hypertrophic condition, the balance between protein synthesis and degradation is lost in favor of the first one; thus, THs enhance the
expression of genes and proteins involved in the activation of IGF1–PI3K–Akt/PKB–mTOR pathway, resulting in the positive regulation of polysome and
enhanced protein synthesis.
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is positively regulated by THs level: if on one hand T3
directly induces the transcriptional expression of FoxO3
gene, on the other FoxO3 indirectly sustains T3 concentra-
tion by inducing D2 [90] (Figure 1 and Table 3).

Thyroid hormones and the downstream
pathways of muscle hypertrophy

Muscle growth, whether it is for development, regeneration,
or overload-induced hypertrophy, is generally controlled
by two divergent signaling pathways, the Insulin-like
Growth Factor 1– Phospho-Inositide-3-Kinase–Akt/Protein
Kinase B–mammalian Target Of Rapamycin (IGF1–PI3K–
Akt/PKB–mTOR) pathway [116–119] and the myostatin–
Smad3 pathway, which act respectively as a positive and
negative regulator of muscle growth (Figure 1 and Table 3).

The members of IGF1–PI3K–Akt/PKB–mTOR pathway
act as a cascade, positively regulating muscle growth: in this
flow, IGF1 activates PI3K–Akt pathway, which in turn

activates mTOR kinase, that stimulates protein synthesis
by simultaneously inhibiting the protein breakdown and
blocking autophagy via Ulk1. Genetic and pharmacological
evidence supported the crucial role of mTOR in mediating
muscle growth. Indeed, muscle-specific inactivation of
mTOR causes reduced postnatal growth, due to metabolic
and dystrophin defects, which are reflected in the reduced
size of fast but not slow muscle fibers leading to severe
myopathy [120]. Furthermore, the Akt–mTOR pathway is
also a point of convergence for additional signaling path-
ways that are recognized to promote muscle growth, as in
the case of androgens and β-adrenergic agents, both
known to have anabolic effects on skeletal muscle [121, 122].
The mTOR kinase integrates multiple stimuli coming not
only from cytokines, nutrients, ATP/AMP ratio but also
from hormones, among which THs. It has been well docu-
mented that THs, beside their role in mediating muscle
catabolism through the induction of FoxO3a [90], also exert
proanabolic action and stimulate protein synthesis by
activating the Akt–mTOR pathway [123, 124].

Conversely, myostatin-Smad3 pathway negatively reg-
ulates muscle growth, by inhibiting protein synthesis. In
detail, myostatin signaling in myofibers is mediated by
phosphorylation and nuclear translocation of Smad2 or
Smad3 transcription factors, and formation of heterodimers
with Smad4. Importantly, just inhibition of Smad2/3 is suf-
ficient to promote muscle growth, suggesting that genes
involved in protein turnover are the target of these tran-
scription factors [125, 126]. Although the transcriptional
targets of the Smad2/Smad4 and Smad3/Smad4 complexes
that mediate the inhibitory effect on growth are not known,
it is possible that myostatin signaling interferes with the
Akt–mTOR pathway [125, 127].

Conclusions

Thyroid hormones are fine regulators of the balance
between muscle mass loss and synthesis. The cellular
mechanisms underlying the THs-dependent skeletal muscle
physiology have been widely investigated. However, still
many aspects of the complex relationship between THs
and the maintenance of skeletal muscle composition remain
to be fully elucidated, as well as the impact of hypo- and
hyperthyroidism in muscle dysfunctions.

Multiple aspects contribute to such a complexity, in
particular the dual ability of THs to act as both proatrophic
and prohypertrophic agents. Indeed, although an excess
of THs is responsible for the accelerated skeletal muscle
catabolism exceeding anabolic processes during muscle
atrophy, in the meantime, an excess of THs is also associated

Table : THs and the downstream pathways of muscle atrophy and
hypertrophy.

Pathways controlling
muscle atrophy

Gene/proteins involved THs effects

Ubiquitin-proteasome
system

MuRF (muscle ring-finger pro-
tein-)

MuRF ↑
[]

MAFbx (muscle atrophy F-box or
Atrogin-)

Atrogin- ↑
[]

Autophagy-lysosome
system

Microtubule-associated proteins
A/B light chain B (MAPLCB
or LC)

LC ↑ []

Sequestosome  (or ubiquitin-
binding protein p)

p ↑ []

Unc--like kinase  (Ulk) Ulk ↑ []
Forkhead box O/a (FoxO/a) FoxO/a ↑

[]

Pathways controlling
muscle hypertrophy

Gene/proteins involved THs effects

IGF–PIK–Akt/PKB–
mTOR

Insulin-like growth factor  (IGF) IGF ↑ []

Phospho-inositide--kinase (PIK) PIK ↑
[−]

Akt (akt) Akt ↑
[−]

Protein kinase B (PKB) PKB ↑
Mammalian target of rapamycin
(mTOR)

mTOR ↑
[−]

Myostatin-Smad Myostatin Myostatin ↓
[, ]

Small mother against decap-
entaplegic  (Smad)

Smad ↓ [,
]
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with functional skeletal muscle anabolism during muscle
hypertrophy.

The whole picture emerging indicates that skeletal
muscle mass and composition are target of a divergent
spectrum of metabolic functions regulated by the THs. Thus,
THs can profoundly impact muscle forces and functionality
in pathophysiological conditions such as those following
muscle wasting syndromes or load-bearing exercise. In
conclusion, future studies are required to clarify the multi-
ple functions of THs in controlling skeletal muscle physi-
ology, to provide critical benefits in counteracting skeletal
muscle pathology.
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