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Abstract

:

Thyroid hormones regulate a wide range of cellular responses, via non-genomic and genomic actions, depending on cell-specific thyroid hormone transporters, co-repressors, or co-activators. Skeletal muscle has been identified as a direct target of thyroid hormone T3, where it regulates stem cell proliferation and differentiation, as well as myofiber metabolism. However, the effects of T3 in muscle-wasting conditions have not been yet addressed. Being T3 primarily responsible for the regulation of metabolism, we challenged mice with fasting and found that T3 counteracted starvation-induced muscle atrophy. Interestingly, T3 did not prevent the activation of the main catabolic pathways, i.e., the ubiquitin-proteasome or the autophagy-lysosomal systems, nor did it stimulate de novo muscle synthesis in starved muscles. Transcriptome analyses revealed that T3 mainly affected the metabolic processes in starved muscle. Further analyses of myofiber metabolism revealed that T3 prevented the starvation-mediated metabolic shift, thus preserving skeletal muscle mass. Our study elucidated new T3 functions in regulating skeletal muscle homeostasis and metabolism in pathological conditions, opening to new potential therapeutic approaches for the treatment of skeletal muscle atrophy.
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1. Introduction


Thyroid hormones (THs), T3 and T4, play critical roles in growth, differentiation, and metabolism. They enter the cell through molecular transporters [1] and bind thyroid receptors (TRs), which classically act as transcription factors [2]. Besides, a “non-genomic action” of THs, involving non-nuclear TRs or different TH-binding proteins, has been reported, which does not target gene transcription, acting both in the cytoplasm and in the nucleus [3,4]. T3-dependent activation of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway has been evidenced in various cell types, leading to cell death prevention in many organs [5,6,7,8]. The T3-mediated Akt activation also ameliorates pancreatic islets function and vitality in both ex vivo and in vivo models [9,10]. Our group recently also highlighted the mitogenic and antiapoptotic T3 action on granulosa cells and tenocytes [8,11,12].



THs target also skeletal muscle tissue, regulating oxygen consumption, fiber composition, calcium mobilization, and glucose uptake [13,14]. Adequate serum TH levels are crucial for skeletal muscle homeostasis since muscle performance is impaired in both hypo- and hyperthyroidism [15].



Skeletal muscle mass and composition are continuously modulated during development or upon different stimuli, including pathological conditions and aging [16,17]. For example, anorexia, a consequence of several chronic pathophysiological processes or aging, leads to muscle atrophy. Skeletal muscle atrophy is caused by a decrease in cell size, with concomitant loss of organelles, cytoplasm, and proteins [18], and by a reduction in myofiber number. Regardless of the specific triggering stimulus, muscle atrophy is characterized by an imbalance between protein synthesis and degradation [19,20]. Muscle atrophy triggered by food deprivation shares common transcriptional reprogramming responses with the wasting induced by other atrophic stimuli, such as the activation of the ubiquitin-proteasome or the autophagy-lysosomal system, as well as the decreased expression of genes involved in transcription and translation [21]. Differently from other atrophic stimuli, in starvation-induced muscle atrophy, protein breakdown is necessary as a source of amino acids for gluconeogenesis. Moreover, altered levels of insulin growth factors and glucocorticoids contribute to muscle atrophy [22], while Nuclear Factor kB is not activated in skeletal muscle upon starvation [23]. Both the ubiquitin-proteasome and the autophagy-lysosomal pathways are activated by the transcription factor FoxO3 [24,25], which is negatively regulated by AKT.



In the ubiquitin-proteasome system, proteins tagged for degradation are targeted through covalent attachment of multiple ubiquitin molecules. Once the protein is poly-ubiquitinated, it is docked to the proteasome for degradation. The E3 ubiquitin ligases, which catalyze the attachment of the ubiquitin from the E2 ubiquitin ligase to the substrate, are considered the rate-limiting step of the ubiquitination process, which directly reflects the proteasome-dependent protein degradation. The muscle-specific E3 ubiquitin ligases, Atrogin-1 and MAFbx, defined as atrogenes being the common downstream effectors of different atrophic stimuli [26], are up-regulated in catabolic conditions and considered markers of muscle atrophy [27].



Autophagy is a well-conserved catabolic process that promotes cellular homeostasis and ensures cell survival, being present at low levels in physiological conditions. In response to starvation or food deprivation, cells increase the formation of membrane-bound autophagosomes to engulf cytoplasmic proteins, lipids, and organelles [25,28,29,30]. The cargoes are delivered to lysosomes for degradation, which provides metabolites to sustain energy demands in nutrient-limiting conditions.



Skeletal muscle is composed of different fiber types with distinct contractile and metabolic properties. Based on metabolism, myofibers are classified into oxidative, intermediate, and glycolytic ones [31]. Oxidative fibers are characterized by a higher number of mitochondria and a slower metabolism. The transcription factor Peroxisome proliferative activated receptor Gamma Coactivator 1 alpha (PGC-1α) promotes the expression of several genes involved in mitochondriogenesis and oxidative metabolism, also controlling various signaling pathways involved in skeletal muscle wasting [32,33,34]. Fiber metabolism is subject to changes depending on the environment. For instance, the slow phenotype depends on slow-type innervation and appropriate intracellular calcium signaling [35,36,37]; while THs influence the shift from slow to fast contractile function [35,36,38]. Despite the role of THs in regulating skeletal muscle metabolism and development has been described, nothing is known about their role in regulating muscle homeostasis in a pathological state such as starvation-induced muscle atrophy.



Here, we show that T3 counteracted starvation-induced skeletal muscle atrophy by modulating type-specific fiber metabolism without affecting the activation of the ubiquitin-proteasome or the autophagic-lysosome systems, or by increasing protein synthesis. Our finding not only describes a previously uncharacterized role of T3 in modulating muscle homeostasis but also reveals a novel mechanism of muscle mass preservation, independent of modulating the catabolic or the anabolic pathways.




2. Results


2.1. T3 Counteracts Starvation-Induced Skeletal Muscle Wasting


With the aim of defining the role of thyroid hormone in starvation-induced skeletal muscle atrophy, adult mice were randomly divided into four groups: half of them were starved (STV) for 48 h, while the rest were fed ad libitum as controls; in each condition, mice were treated with daily intraperitoneal injections of either T3 [100 μg/kg BW], or vehicle in controls, as previously done [39]. To validate T3 administration, we checked the expression of several known T3-target genes, i.e., GLUT4, UCP3 [13], MyoD [40], Myh7 [41], and Myh1 [42], in Tibialis anterior (TA) skeletal muscle of CTR and T3-treated mice, 24 h after T3 administration, by real-time PCR. As expected, the expression of all these genes was significantly modulated in T3-treated mice (Table 1). Importantly, none of the treatments significantly affected circulating T3 levels in mice, evaluated 24 h after the second and last injection (Figure S1a). Moreover, the expression of type-2 iodothyronine deiodinase (Dio2) resulted significantly reduced by STV; however, the T3 administration did not importantly change its expression (Figure S1b).



TA and soleus skeletal muscles were isolated, weighed, and examined by histological and morphometric analyses, 48 h after treatments. The Control (CTR) TA weight resulting was significantly decreased by STV, while T3 treatment prevented STV-dependent TA weight loss, without significantly affecting muscle weight per se (Figure 1a). Muscle cryosections were stained for laminin, to visualize the myofiber size better. Muscle histology revealed that, while STV visibly reduced myofiber size, T3 per se did not affect it but, in combination with starvation, rescued myofiber atrophy (Figure 1b). Morphometric analyses of the whole TA and of single myofiber cross-sectional area (CSA) confirmed that STV induced a significant reduction in the mean of CSA, as expected, and T3 inhibited such decrease, despite the pro-atrophic stimulus (Figure 1c,d).



Similar results were obtained from soleus muscle: STV significantly reduced muscle weight, while T3 counteracted muscle weight loss without affecting muscle mass per se (Figure 2a). Soleus histological and morphometric analyses confirmed that STV significantly decreased the whole soleus and single myofiber CSA, with respect to CTR, while T3 per se did not affect muscle or myofiber CSA, in combination with starvation, prevented soleus atrophy (Figure 2b–d).



Considering that STV and T3 similarly affected both TA and soleus muscles, we pursued our analyses on TA muscles, searching for the molecular mechanism underlying this striking phenotype.




2.2. Thyroid Hormone Does Not Modulate the Catabolic Pathways Induced by Starvation


Muscle wasting is caused by increased muscle protein breakdown, due to the activation of two major pathways, the ubiquitin-proteasome and the autophagic-lysosomal systems [27]. Since FOXO3 is an upstream regulator of both these catabolic pathways [27], its phosphorylation status was monitored in our experimental system. Strikingly, pFOXO3a/FOXO3a levels were significantly lowered by starvation, regardless of T3 treatment (Figure 3a and Figure S2a,b). Since the ubiquitin-proteasome system is one of the main catabolic pathways responsible for muscle atrophy, we checked its activation in our experimental conditions. We first monitored two muscle-specific E3-ubiquitin ligases, atrogin-1, and MuRF-1, whose expression is importantly up-regulated in catabolic conditions [26]. Coherently, both these genes were significantly induced by STV, as expected, regardless of T3 treatment (Figure 3b). Moreover, we quantified the proteasome activity. While STV induced a significant increase in the proteasome activity, as expected, T3 did not prevent its activation (Figure 3b). Importantly, T3 did not induce statistically significant variations in any of the variables measured.



The thyroid hormone has been proved to stimulate autophagy in skeletal muscles [43]. To evaluate the effects of T3 administration on autophagy in our experimental system, we measured the expression and protein levels of two main autophagic markers by real-time PCR and western blot analyses. Starvation significantly induced the expression and protein levels of both LC3b and p62, while T3 did not modulate either their expression or their protein amount in skeletal muscle (Figure 3c,d and Figure S2c). These data indicate that T3 rescued starvation-induced skeletal muscle atrophy without altering the activation of the ubiquitin-proteasome or autophagic pathways.




2.3. Thyroid Hormone Does Not Induce Skeletal Muscle Synthesis


Increased muscle regeneration, which mainly depends on satellite cells, counteracts skeletal muscle loss. Since T3 has been reported to potentiate satellite cell differentiation and muscle regeneration upon injury [44,45], we wondered if T3 could counteract STV-mediated muscle atrophy by triggering de novo myogenesis. Muscle synthesis was evaluated in our experimental conditions, without inducing muscle damage, first by histological analyses. No evidence of newly-formed, centronucleated myofibers was observed in any of the conditions analyzed (Figure 4a). Moreover, we analyzed the expression of Pax7, a satellite cell marker, and embryonic myosin heavy chain (Myh3), a marker of de novo myogenesis. As shown in Figure 4b, no significant changes in the expression of these markers were detected among experimental conditions. Pax7 protein expression was further evaluated by immunofluorescence analyses in our experimental conditions. No significant changes in the number of pax7+ cells were reported among treatments (Figure 4c).



The protein synthesis rate in skeletal muscles was quantified by the SUnSET technique [46]. Western blot analyses detecting puromycin showed that starvation significantly decreased in vivo protein synthesis in whole muscles, while T3 did not affect the rate of synthesis, regardless of the pro-atrophic stimulus (Figure 4d and Figure S2d). We further analyzed the activation of Akt in our experimental conditions, due to its well-known role in promoting protein synthesis in skeletal muscle [47] and the well-documented action of T3 in activating the Akt signaling in other tissues [5,6,7,8]. Phospho-Akt and Akt protein levels did not significantly differ among our experimental conditions by Western blot analyses (Figure 4e and Figure S2a,b). These results demonstrate that there is no involvement of de novo muscle synthesis in T3 treated muscles that may account for the rescue of starvation-induced skeletal muscle atrophy.




2.4. T3 Modulates Skeletal Muscle Gene Expression


To identify the molecular pathway modulated by T3 in starvation-induced muscle atrophy, we performed a transcriptome analysis of TA muscles, after 24 h of starvation. Total RNA was isolated from triplicates of CTR, STV, and STVT3 samples, and subjected to RNA sequencing analysis. By using 1.5 fold cut-off values for gene expression changes between CTR and STV, a total of 970 genes resulted significantly modulated by food deprivation (p-value < 0.05). As positive controls of the RNA-sequencing analyses, we checked and found genes known to be up-regulated by starvation in skeletal muscle, as atrogin-1, and MuRF-1, in the list of the up-regulated genes. Gene ontology analysis revealed that food deprivation mainly affected cellular processes (with 20.4% of genes involved in cell cellular metabolic process, followed by 19.5% of genes involved in cellular responses to stimulus) and metabolic processes (mainly organic substance metabolic process and cellular metabolic process), compared to controls (Figure 5a). When comparing STV with STVT3 samples, the thyroid hormone significantly modulated 664 genes (p-value < 0.05), by using 1.5-fold cut-off values for gene expression changes. Alike the previous data, gene ontology analysis revealed that T3 mostly affected cellular processes (with 20.1% of genes involved in cellular component organization, 19.0% in cellular response to stimulus, and 18.6% of genes involved in cellular metabolic process) and metabolic processes (mainly organic substance metabolic process and cellular metabolic process) in starved muscles (Figure 5b).




2.5. Thyroid Hormone Induces Metabolic Adaptation in Skeletal Muscle


To analyze the possible metabolic changes induced by T3 in our model, we performed NADH staining of TA histological sections and morphometric evaluation of the number of glycolytic, intermediate, or oxidative fibers. Histological analysis revealed important differences among samples (Figure 6a). Morphometric analyses showed that no significant changes in the number of glycolytic or intermediate fibers were detected among treatments. As for the number of oxidative fibers, instead, a significant increase was quantified in STV mice, respect to CTR. Interestingly, T3 significantly reduced the number of oxidative myofibers induced by STV (Figure 6b).



The shift in fiber metabolism was further confirmed by the expression levels of several mitochondrial markers. Indeed, the expression of PGC-1α, a marker of mitochondriogenesis whose content correlates with the oxidative status of skeletal muscle [48], TFAM, CytC, and Cox2 were significantly increased by STV, with respect to CTR muscles, while T3 prevented the up-regulation triggered by STV (Figure 6c). Coherently, STV significantly increased also carnitine palmitoyltransferase 1B (Cpt1b) expression, a mitochondrial enzyme crucial for the beta-oxidation of long-chain fatty acids [49], while T3 prevented the STV-induced up-regulation (Figure 6c). Importantly, T3 per se did not significantly affect the expression of any of these genes (Figure 6c).



These findings were corroborated with western blot analyses for PGC-1α and TOM20, which confirmed that T3 prevented the starvation-dependent increase in mitochondrial markers (Figure 6d and Figure S2e).



Muscle metabolism may correlate with Myh expression. Therefore, we quantified the expression of Myh7, Myh2, Myh1, and Myh4, by real-time PCR in our conditions. The metabolic reprogramming induced by starvation or T3 did not correlate with a concomitant change in Myh expression (Figure S3). Therefore, the T3-mediated resistance to STV-induced muscle atrophy depends on a different response of skeletal muscle metabolism.





3. Discussion


Muscle wasting is a devastating complication of several myopathies and systemic disorders, including chronic obstructive pulmonary disease, cystic fibrosis, cancer, or diabetes, and may be present in aging [18]. In pathological conditions, or during fasting, skeletal muscle is a valid source of metabolites and amino acids that can be used for energy production by the skeletal muscle itself, as well as by other organs, including heart, liver, and brain. Skeletal muscle atrophy is characterized by the reduction in muscle mass, fiber cross-sectional area, protein content, and strength, leading to increased fatigability and insulin resistance [50]. Importantly, loss of muscle mass directly correlates with poor prognosis in several diseases and can impair the efficacy of treatments. Thus, muscle atrophy contributes to morbidity and mortality in many pathological conditions, highlighting the importance of targeting skeletal muscle with pharmacological approaches.



Anorexia, or loss of appetite, is a common concomitant factor in many diseases, including cancer or AIDS [51,52,53]. Starvation-induced skeletal muscle atrophy, which mimics anorexia, is characterized by an increase in the rates of protein catabolism with a reduction in muscle protein synthesis [53]. Searching for treatments aiming to counteract starvation-induced muscle atrophy, we investigated T3, an important regulator of skeletal muscle metabolism and homeostasis [38]. Hyperthyroidism increases metabolism, oxygen consumption, and heat generation; conversely, hypothyroidism has been associated with a decrease in metabolic rate [54]. Importantly, in our experimental conditions, administration of T3 significantly affected the expression of numerous well-known T3-target genes in skeletal muscle, without increasing the Dio2 expression levels in skeletal muscle, which resulted significantly down-regulated by starvation, as previously reported [55], or the free T3 levels in sera, as expected considering the short T3 half-life (about 12–18 hours) [56,57].



While STV significantly reduced the mass, the whole muscle, and the myofiber CSA of two distinct muscles, such as TA and soleus, T3-treatment preserves muscle mass and CSA despite the pro-atrophic stimulus. The major contribution to protein degradation in muscle usually depends on the activation of the ubiquitin-proteasome pathway [58]. In addition to the proteasome, autophagy is increased upon starvation or caloric restriction, contributing to the development of muscle atrophy [59,60]. FOXO3 is an upstream regulator of both proteasomal and autophagic degradation pathways in skeletal muscle [61]. It is interesting to note that, while T3 treatment prevented starvation-induced muscle atrophy, it did not interfere with FOXO3, proteasome, or autophagic activation following the pro-atrophic stimulus. Being markers of muscle atrophy, but also required for skeletal muscle atrophy [26,62], the expression of atrogin-1 and MuRF1 was quantified in our experimental conditions. Consistently with the proteasome activity data, the expression levels of the two muscle E3 ubiquitin-ligases were not significantly modulated by T3 following starvation. Similarly, the expression and protein levels of the two autophagic markers LC3b and p62 were not altered by T3 in skeletal muscle of starved mice, confirming that the T3-mediated effects on muscle mass were not dependent on impairment in the activation of the catabolic pathways.



Treatments aimed to counteract muscle wasting generally enhance muscle regeneration [63,64]. Thyroid hormone has been demonstrated to regulate myogenesis and muscle regeneration, as well as the maintenance of the satellite cell pool in muscle wasting and aging [44,65,66]. However, high levels of T3 inhibit satellite cell proliferation, promoting premature differentiation, and hampering muscle regeneration [67]. Moreover, the thyroid hormone has been demonstrated to induce the phosphoinositide 3-kinase/Akt signaling in other tissues [5,6,7,8], which may contribute to preventing starvation-induced muscle atrophy. Therefore, we analyzed muscle anabolism, Akt activation, and de novo myogenesis markers in our experimental conditions, finding that T3 treatment did not increase myogenesis, protein synthesis, or satellite cell activation in starved or control skeletal muscle. Probably thyroid hormone can potentiate muscle regeneration once satellite cells are activated, but T3 administration does not trigger muscle regeneration per se or following starvation in skeletal muscle.



Aiming to understand the molecular mechanisms underlying the T3-mediated resistance to starvation-induced skeletal muscle atrophy, we performed a transcriptome analysis by comparing control, starved and T3-treated starved muscles, since the majority of cellular alterations after T3 treatment are mediated by the transcriptional regulation of gene expression through thyroid hormone receptors, rather than by non-genomic actions [68]. Interestingly, “cellular and metabolic processes” were the biological processes most affected by both starvation and T3 in skeletal muscle. While a modulation in metabolic processes was expected as a result of starvation [21,69], it was intriguing that the same biological process was altered when comparing STV to STVT3 muscles. We then analyzed muscle metabolism by NADH staining, a measure of the myofiber oxidative capacity. Starvation induced a metabolic shift, characterized by a significant induction in the number the slow-oxidative fibers, as previously reported [70,71]. This data was also corroborated by the induction of the PGC-1α and TOM20 gene and protein expression, as well as by the expression of other mitochondrial markers, i.e., TFAM, CytC, COX2, and Cpt1b, which are involved in the mitochondrial biogenesis, oxidative phosphorylation, and fatty acid oxidation and reflect the STV-mediated structural/metabolic shift in skeletal muscle [72,73]. Strikingly, T3 treatment prevented the STV-mediated increase in the number of oxidative fibers and the induction of the expression of all these markers, preserving a fiber type composition similar to that of control fed mice. Accordingly, the thyroid hormone is known to induce a shift to faster contractile function, by promoting the expression of fast genes [74] and by repressing the expression and the activity of calcineurin, an important regulator of the slow muscle phenotype [13]. Interestingly, the metabolic shift induced by either starvation or thyroid hormone was not accompanied by changes in fiber type-specific myosin heavy chain isoform expression, a phenomenon already described in another context [75]. These data indicate that the metabolic shift mediates starvation-induced muscle atrophy and that T3 counteracts muscle atrophy by modulating muscle metabolism.



Numerous studies explored the mechanisms involved in the regulation of skeletal muscle mass, with the long-term goal to improve the prognosis of many diseases or the quality of life in aging through hindering muscle atrophy. Several potential pharmacological targets have been identified, though no effective treatment to counteract muscle wasting is yet available. Proteasome inhibitors efficiently rescued skeletal muscle atrophy in mice [76,77], although prolonged inhibition is detrimental for skeletal muscle [78]. Similarly, a proper autophagic response is crucial for the maintenance of skeletal muscle homeostasis, both in physiological and in pathological conditions [29,78,79,80]. Skeletal muscle metabolism has been identified as a potential target in different models of muscle atrophy or sarcopenia, with pharmacological treatments aimed to induce a metabolic shift mimicking that of exercise [81,82,83,84]. Our findings are significant in the light of possible clinical implications, considering that several pathological conditions are characterized by a metabolic shift, such as sepsis, cachexia, denervation, acute diabetes, or glucocorticoids [85]. In these contexts, counteracting the metabolic shift may be beneficial for maintaining muscle mass.




4. Materials and Methods


4.1. Animals and Sample Collection


Adult (10-week-old) male Balb/c mice were used. Mice were treated in strict accordance with the guidelines of the Institutional Animal Care and Use Committee and to national and European legislation, throughout the experiments. All animal experiments were performed according to animal care and welfare animal protocol approved by the Italian Ministry of Health (authorization # 138/2016-PR). Mice were housed in cages in an environmentally controlled room (23 °C, 12-h light-dark cycle) and provided food and water ad libitum. Fasting was chosen as a method of induction of atrophy condition: after being weighed, first in the morning, the animals were food-deprived for 24 or 48 h and daily injected intraperitoneally with (100 μg/kg BW) T3 (stock solution 10−3 M in NaOH) (Sigma Aldrich, St Louis, MO, USA) or vehicle (0.95% NaCl) as controls, as previously done [39].



Mice were sacrificed by cervical dislocation after 24 or 48 h to perform molecular biology or histological and morphometric analyses. Blood was collected after 48 hours of treatments, plasma was separated by centrifugation, and stored at −20 °C.




4.2. Histology


TA and soleus muscles were dissected, embedded in tissue freezing medium (Leica, Wetzlar, Germany) and frozen in liquid nitrogen-cooled isopentane. Cryosections (5–7 µm) were obtained from the mid-belly of the muscles using a Leica cryostat (Leica Biosystems, Nussloch GmbH 2019, Germany).



4.2.1. Histological Sample Preparation


Cryosections were stained with hematoxylin and eosin (Sigma Aldrich, St Louis, MO, USA) using a standard procedure. NADH-transferase staining was used to distinguish different fiber type metabolism and was performed by using standard methods.




4.2.2. Immunofluorescence


For Pax7 and Laminin, cryosections were fixed in 4% paraformaldehyde buffered solution for 10 min at room temperature and permeabilized with absolute methanol for 6 min at −20 °C. Then, cryosections were heat-activated with 0.01  M of citrate buffer pH 6.0 for 10  min. Samples were then blocked for three hours with 4% BSA in PBS and incubated overnight with 1:20 anti-Pax7 antibody (mouse monoclonal, Developmental Studies Hybridoma Bank) and with 1:100 rabbit polyclonal anti-Laminin antibody (Sigma Aldrich, L9393). After washing in 0.1% BSA/PBS, cryosections were incubated with 1:1000 biotin-conjugated secondary antibody (Jackson ImmunoResearch, Pennsylvania, USA) and with 1:500 dilution of anti-rabbit-Alexa 488 (Life Technologies, Carlsbad, CA, United States) secondary antibodies for 45 min at room temperature. Then the samples were incubated with 1:2500 streptavidin antibody (Jackson ImmunoResearch) for 30 min at room temperature. Nuclei were counterstained with Hoechst 0.5 μg/mL, and samples were mounted with 60% glycerol in Tris HCl 0.2 M pH 9.3.



For Laminin, cryosections were fixed in 4% paraformaldehyde for 10 min at room temperature, then washed and blocked with 1% BSA (Sigma, St. Louis, MO, USA) for 30 min. Samples were then incubated with a 1:100 rabbit polyclonal anti-laminin antibody (Sigma Aldrich, L9393) in 1% BSA overnight at 4 °C. To detect the primary antibody, we incubated the samples with a 1:500 dilution of anti-rabbit-Alexa 488 (Life Technologies) secondary antibodies in 1% BSA for 1 h at room temperature.





4.3. Morphometric Analysis


Photographs were acquired using an Axio imager A2 system equipped with an Axiocam HRc, with Axiovision Release 4.8.2 software (Zeiss, Oberkochem, Germany), at standard 1300 × 1030 pixel resolution. The whole-muscle CSA or the myofiber CSA of the entire cryosection was quantified from the mid-belly of TA and soleus muscles on hematoxylin and eosin sections by using ImageJ software.



The amounts of type IIb (low NADH transferase activity, glycolytic), type IIa/x (medium NADH transferase activity, intermediate), and type I (high NADH transferase activity, oxidative) TA fibers of the entire cryosection were counted. For each muscle, the fiber type number was normalized for the total number of the fibers, to calculate the percentage of fiber types.



The whole cross-section of each muscle was analyzed to quantify the myofiber CSA or the % of fiber type (between 900 and 1300 fibers per TA muscle and between 600 and 900 fibers per soleus).




4.4. RNA Isolation and Quantitative RT-PCR Analysis


Total RNA was extracted from muscle tissue samples by TRIzol (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. One μg of RNA was retrotranscribed using the High-Capacity cDNA kit reverse transcription kit (Applied Biosystem, Foster City, CA, USA). Real-time PCR was performed by using the Step One Plus Real-time PCR System (Applied) tool and Power- SYBR® Green PCR Master Mix (Applied Biosystems) following the manufacturer’s instructions. 18S was used to normalize gene expression. Primers are listed in Table 2 and were synthesized by BioFab Research Srl.




4.5. RNA Sequencing


Total RNA was extracted from TA muscles by using Trizol and purified by using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany). For each sample, 2 µg of RNA were shipped to the IGA Technology Services company (Udine, Italy). “TruSeq Stranded mRNA Sample Prep” (Illumina, San Diego, CA, USA) was used to prepare the library following the manufacturer’s instructions. Libraries were processed with Illumina cBot for cluster generation on the flow cell and sequenced on single-end mode at the multiplexing level requested on HiSeq. 2500 (Illumina, San Diego, CA, USA). DNA libraries of different samples pooled in the same sequencing tube were uniquely distinguished by the addition of a specific barcode sequence; by identifying the barcode sequence, it was then possible to proceed to de-multiplexing of the read and aligning them with reference sequences in the databases to obtain the real sequence of each analyzed sample. All the resulting alignments were provided to Cufflinks [86] to generate a transcript of the transcriptome for each experimental condition. These transcripts were then fused using the Cuffmerge included in the Cufflinks package and provide the basis for calculating gene expression in any condition. The read and the transcripts were also supplied to the Cuffdiff software that calculates the gene expression levels and tests the statistical significance of the observed variations.




4.6. Bioinformatics Analysis


RNA-Seq standard bioinformatics analysis was performed by the IGA Technology Services company, which included base calling and de-multiplexing, Trimming (removing lower quality bases and adapters) using ERNE [87] and Cutadapt [88] software, alignments with TopHat2 [86,89], pair-wise differential expression analysis (Cuffdiff) [90]. From the Cuffdiff gene list, those genes that were significantly modulated between the different treatment conditions (p < 0.05) were extrapolated. These genes, each labeled with an ID, were subsequently subjected to bioinformatics analysis using an available on-line browser (http://www.pantherdb.org/) (Protein ANalysis THrough Evolutionary Relationships), a biological database of gene and protein families that identifies and classifies the functions of gene products.




4.7. Proteasome Assay


TA muscles were isolated, minced and homogenized in Lysis Buffer (50 Mm Tris HCl pH 7.4, 1 mM EDTA, 150 Mm NaCl, 1% Triton, supplemented with protease and phosphatase inhibitors). 10 μg of freshly isolated protein extracts were used for measuring proteasome activity, by using the Chemicon Proteasome Activity Assay Kit (APT280), following manufacturer’s instructions. Cleavage activity was quantified by using a fluorescence plate reader (Infinite F200 PRO, TECAN, Männedorf, Switzerland) at 360/460 nm.




4.8. Protein Extraction and Western Blot


Muscles were dissected, minced, and homogenized in lysis buffer (50 Mm Tris HCl pH 7.4, 1 mM EDTA, 150 Mm NaCl, 1% Triton) supplemented with protease and phosphatase inhibitors. Protein concentration was quantified using the BCA method (BCA Protein Assay Kit, Thermo Fisher Scientific). For each sample, 40–70 μg of proteins were run on the nUView Tris-Glycine gels. Gels were transferred to nitrocellulose membranes, and protein bands were visualized under UV light, without staining. The whole signal of the entire lane has been used for loading and transfer control. Membranes were blocked with 5% milk or 5% BSA in TBST and blotted with different primary antibodies. After washing in TBST, membranes were incubated with HRP secondary antibodies conjugates (BIO-RAD 170-6515 or 170-6516), and signals were detected by using ECL chemistry (Cyanagen XLS3,0100). Images were acquired on a ChemiDoc MP imaging system (BIO-RAD, Hercules, CA, USA) with Image Lab 5.2.1 software. The following primary antibodies were used: puromycin (Sigma-Aldrich clone 12D10 #MABE343), pAKT Ser 473 (Cell Signaling #9271), Akt (Cell Signaling #9272), pFoxo3a Ser 253 (Cell Signaling #9466), Foxo3a (Cell Signaling #2497), LC3b (Cell Signaling #2775), p62 (Sigma-Aldrich #P0067), TOM20 (Santacruz #sc11415), and PGC1-α (Abcam #ab54481).




4.9. SUnSET Assay


After 48 h of starvation, mice were injected with puromycin (0.04 µmol/g BW) and sacrificed 30 min later. TA muscles were isolated, and proteins were extracted as described above. Protein synthesis was evaluated by Western blot with an anti-puromycin antibody (Sigma-Aldrich clone 12D10 #MABE343), as described in [46].




4.10. ELISA


Free T3 present in the plasma was quantified using a competitive immunoassay ELISAs with colorimetric detection (Abnova Corporation # KA0199), following the manufacturer’s instructions.




4.11. Statistics


Data are expressed as mean +/− standard deviation (SD) or +/− SEM. Statistical significance was determined by using either Student’s t-test or two-way analysis of variance (ANOVA) followed by post hoc Tukey’s HSD test, if one or two variables were compared, respectively. VassarStats (http://vassarstats.net/) was used for calculating ANOVA.





5. Conclusions


In conclusion, the T3 thyroid hormone affects skeletal muscle metabolism, counteracting starvation-induced muscle atrophy. Our results offer new and exciting perspectives to the field, introducing a potential approach for the pharmacological treatment of skeletal muscle atrophy and setting the bases for future applications based on thyroid hormone administration.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/22/5754/s1.





Author Contributions


Conceptualization—V.M. and C.V.-F.; Data curation—S.U., A.R., V.R., C.M., I.C., G.C., V.M. and C.V.-F.; Funding acquisition—V.M. and C.V.-F.; Investigation—S.U., A.R., V.R., C.M., I.C. and G.C.; Methodology—V.M. and C.V.-F.; Project administration—V.M. and C.V.-F.; Supervision—M.G.S., C.V., M.C., S.A., V.M. and C.V.-F.; Validation—V.M. and C.V.-F.; Writing—original draft—S.U.; Writing – review & editing—V.M., S.A. and C.V.-F.




Funding


The research was funded by Fondazione Cenci Bolognetti and Ateneo Sapienza.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	THs
	Thyroid hormones



	TRs
	Thyroid receptors



	PGC-1α
	Peroxisome proliferative activated receptor Gamma Coactivator 1 alpha



	TA
	Tibialis Anterior



	ANOVA
	Analysis of variance



	STV
	Starved



	CTR
	Control



	Dio2
	Type-2 iodothyronine deiodinase



	CSA
	Cross-sectional area



	Cpt1b
	Carnitine palmitoyltransferase 1B







References


	



Visser, W.E.; Friesema, E.C.H.; Visser, T.J. Minireview: Thyroid Hormone Transporters: The Knowns and the Unknowns. Mol. Endocrinol. 2011, 25, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Oetting, A.; Yen, P.M. New Insights into Thyroid Hormone Action. Best Pract. Res. Clin. Endocrinol. Metab. 2007, 21, 193–208. [Google Scholar] [CrossRef] [PubMed]

	



Maruvada, P.; Baumann, C.T.; Hager, G.L.; Yen, P.M. Dynamic Shuttling and Intranuclear Mobility of Nuclear Hormone Receptors. J. Biol. Chem. 2003, 278, 12425–12432. [Google Scholar] [CrossRef] [PubMed]

	



Osmak-Tizon, L.; Poussier, M.; Cottin, Y.; Rochette, L. Non-Genomic Actions of Thyroid Hormones: Molecular Aspects. Arch. Cardiovasc. Dis. 2014, 107, 207–211. [Google Scholar] [CrossRef] [PubMed]

	



Cao, X.; Kambe, F.; Moeller, L.C.; Refetoff, S.; Seo, H. Thyroid Hormone Induces Rapid Activation of Akt/Protein Kinase B-Mammalian Target of Rapamycin-P70 S6K Cascade through Phosphatidylinositol 3-Kinase in Human Fibroblasts. Mol. Endocrinol. 2005, 19, 102–112. [Google Scholar] [CrossRef] [PubMed]

	



Cao, X.; Kambe, F.; Yamauchi, M.; Seo, H. Thyroid-Hormone-Dependent Activation of the Phosphoinositide 3-Kinase/Akt Cascade Requires Src and Enhances Neuronal Survival. Biochem. J. 2009, 424, 201–209. [Google Scholar] [CrossRef]

	



Verga Falzacappa, C.; Timperi, E.; Bucci, B.; Amendola, D.; Piergrossi, P.; D’Amico, D.; Santaguida, M.G.; Centanni, M.; Misiti, S. T(3) Preserves Ovarian Granulosa Cells from Chemotherapy-Induced Apoptosis. J. Endocrinol. 2012, 215, 281–289. [Google Scholar] [CrossRef]

	



Oliva, F.; Berardi, A.C.; Misiti, S.; Verga Falzacappa, C.; Falzacappa, C.V.; Iacone, A.; Maffulli, N. Thyroid Hormones Enhance Growth and Counteract Apoptosis in Human Tenocytes Isolated from Rotator Cuff Tendons. Cell Death Dis. 2013, 4, e705. [Google Scholar] [CrossRef]

	



Verga Falzacappa, C.; Patriarca, V.; Bucci, B.; Mangialardo, C.; Michienzi, S.; Moriggi, G.; Stigliano, A.; Brunetti, E.; Toscano, V.; Misiti, S. The TRbeta1 Is Essential in Mediating T3 Action on Akt Pathway in Human Pancreatic Insulinoma Cells. J. Cell. Biochem. 2009, 106, 835–848. [Google Scholar] [CrossRef]

	



Verga Falzacappa, C.; Mangialardo, C.; Raffa, S.; Mancuso, A.; Piergrossi, P.; Moriggi, G.; Piro, S.; Stigliano, A.; Torrisi, M.R.; Brunetti, E.; et al. The Thyroid Hormone T3 Improves Function and Survival of Rat Pancreatic Islets during in Vitro Culture. Islets 2010, 2, 96–103. [Google Scholar] [CrossRef]

	



Oliva, F.; Berardi, A.C.; Misiti, S.; Maffulli, N.; Oliva, F. Thyroid Hormones and Tendon: Current Views and Future Perspectives. Concise Review. Muscles Ligaments Tendons J. 2013, 3, 201–203. [Google Scholar] [PubMed]

	



Canipari, R.; Mangialardo, C.; Di Paolo, V.; Alfei, F.; Ucci, S.; Russi, V.; Santaguida, M.G.; Virili, C.; Segni, M.; Misiti, S.; et al. Thyroid Hormones Act as Mitogenic and pro Survival Factors in Rat Ovarian Follicles. J. Endocrinol. Investig. 2019, 42, 271–282. [Google Scholar] [CrossRef] [PubMed]

	



Simonides, W.S.; van Hardeveld, C. Thyroid Hormone as a Determinant of Metabolic and Contractile Phenotype of Skeletal Muscle. Thyroid 2008, 18, 205–216. [Google Scholar] [CrossRef] [PubMed]

	



Bloise, F.F.; Cordeiro, A.; Ortiga-Carvalho, T.M. Role of Thyroid Hormone in Skeletal Muscle Physiology. J. Endocrinol. 2018, R57–R68. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.-W.; Kim, N.-H.; Milanesi, A. Thyroid Hormone Signaling in Muscle Development, Repair and Metabolism. J. Endocrinol. Diabetes Obes. 2014, 2, 1046. [Google Scholar] [PubMed]

	



Thompson, L.V. Skeletal Muscle Adaptations with Age, Inactivity, and Therapeutic Exercise. J. Orthop. Sport. Phys. Ther. 2002, 32, 44–57. [Google Scholar] [CrossRef]

	



Baldwin, K.M.; Haddad, F.; Pandorf, C.E.; Roy, R.R.; Edgerton, V.R. Alterations in Muscle Mass and Contractile Phenotype in Response to Unloading Models: Role of Transcriptional/Pretranslational Mechanisms. Front. Physiol. 2013, 4, 284. [Google Scholar] [CrossRef]

	



Bonaldo, P.; Sandri, M. Cellular and Molecular Mechanisms of Muscle Atrophy. Dis. Model. Mech. 2013, 6, 25–39. [Google Scholar] [CrossRef]

	



Glass, D.J. Molecular Mechanisms Modulating Muscle Mass. Trends Mol. Med. 2003, 9, 344–350. [Google Scholar] [CrossRef]

	



Glass, D.J. Skeletal Muscle Hypertrophy and Atrophy Signaling Pathways. Int. J. Biochem. Cell Biol. 2005, 37, 1974–1984. [Google Scholar] [CrossRef]

	



Lecker, S.H.; Jagoe, R.T.; Gilbert, A.; Gomes, M.; Baracos, V.; Bailey, J.; Price, S.R.; Mitch, W.E.; Goldberg, A.L. Multiple Types of Skeletal Muscle Atrophy Involve a Common Program of Changes in Gene Expression. FASEB J. 2004, 18, 39–51. [Google Scholar] [CrossRef] [PubMed]

	



Heszele, M.F.C.; Price, S.R. Insulin-Like Growth Factor I: The Yin and Yang of Muscle Atrophy. Endocrinology 2004, 145, 4803–4805. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Malhotra, S.; Kumar, A. Nuclear Factor-Kappa B Signaling in Skeletal Muscle Atrophy. J. Mol. Med. 2008, 86, 1113–1126. [Google Scholar] [CrossRef] [PubMed]

	



Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Walsh, K.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. Foxo Transcription Factors Induce the Atrophy-Related Ubiquitin Ligase Atrogin-1 and Cause Skeletal Muscle Atrophy. Cell 2004, 117, 399–412. [Google Scholar] [CrossRef]

	



Mammucari, C.; Milan, G.; Romanello, V.; Masiero, E.; Rudolf, R.; Del Piccolo, P.; Burden, S.J.; Di Lisi, R.; Sandri, C.; Zhao, J.; et al. FoxO3 Controls Autophagy in Skeletal Muscle in Vivo. Cell Metab. 2007, 6, 458–471. [Google Scholar] [CrossRef]

	



Bodine, S.C.; Latres, E.; Baumhueter, S.; Lai, V.K.; Nunez, L.; Clarke, B.A.; Poueymirou, W.T.; Panaro, F.J.; Na, E.; Dharmarajan, K.; et al. Identification of Ubiquitin Ligases Required for Skeletal Muscle Atrophy. Science 2001, 294, 1704–1708. [Google Scholar] [CrossRef]

	



Schiaffino, S.; Dyar, K.A.; Ciciliot, S.; Blaauw, B.; Sandri, M. Mechanisms Regulating Skeletal Muscle Growth and Atrophy. FEBS J. 2013, 280, 4294–4314. [Google Scholar] [CrossRef]

	



Mizushima, N.; Yamamoto, A.; Matsui, M.; Yoshimori, T.; Ohsumi, Y. In Vivo Analysis of Autophagy in Response to Nutrient Starvation Using Transgenic Mice Expressing a Fluorescent Autophagosome Marker. Mol. Biol. Cell 2004, 15, 1101–1111. [Google Scholar] [CrossRef]

	



Grumati, P.; Coletto, L.; Sabatelli, P.; Cescon, M.; Angelin, A.; Bertaggia, E.; Blaauw, B.; Urciuolo, A.; Tiepolo, T.; Merlini, L.; et al. Autophagy Is Defective in Collagen VI Muscular Dystrophies, and Its Reactivation Rescues Myofiber Degeneration. Nat. Med. 2010, 16, 1313–1320. [Google Scholar] [CrossRef]

	



Wohlgemuth, S.E.; Seo, A.Y.; Marzetti, E.; Lees, H.A.; Leeuwenburgh, C. Skeletal Muscle Autophagy and Apoptosis during Aging: Effects of Calorie Restriction and Life-Long Exercise. Exp. Gerontol. 2010, 45, 138–148. [Google Scholar] [CrossRef]

	



Schiaffino, S.; Reggiani, C. Fiber Types in Mammalian Skeletal Muscles. Physiol. Rev. 2011, 91, 1447–1531. [Google Scholar] [CrossRef] [PubMed]

	



Finck, B.N.; Kelly, D.P. PGC-1 Coactivators: Inducible Regulators of Energy Metabolism in Health and Disease. J. Clin. Investig. 2006, 116, 615–622. [Google Scholar] [CrossRef] [PubMed]

	



Sandri, M.; Lin, J.; Handschin, C.; Yang, W.; Arany, Z.P.; Lecker, S.H.; Goldberg, A.L.; Spiegelman, B.M. PGC-1alpha Protects Skeletal Muscle from Atrophy by Suppressing FoxO3 Action and Atrophy-Specific Gene Transcription. Proc. Natl. Acad. Sci. USA 2006, 103, 16260–16265. [Google Scholar] [CrossRef] [PubMed]

	



Wing, S.S.; Lecker, S.H.; Jagoe, R.T. Proteolysis in Illness-Associated Skeletal Muscle Atrophy: From Pathways to Networks. Crit. Rev. Clin. Lab. Sci. 2011, 48, 49–70. [Google Scholar] [CrossRef]

	



Pette, D.; Staron, R.S. Mammalian Skeletal Muscle Fiber Type Transitions. Int. Rev. Cytol. 1997, 170, 143–223. [Google Scholar]

	



Pette, D.; Staron, R.S. Transitions of Muscle Fiber Phenotypic Profiles. Histochem. Cell Biol. 2001, 115, 359–372. [Google Scholar]

	



Bassel-Duby, R.; Olson, E.N. Signaling Pathways in Skeletal Muscle Remodeling. Annu. Rev. Biochem. 2006, 75, 19–37. [Google Scholar] [CrossRef]

	



Salvatore, D.; Simonides, W.S.; Dentice, M.; Zavacki, A.M.; Larsen, P.R. Thyroid Hormones and Skeletal Muscle–New Insights and Potential Implications. Nat. Rev. Endocrinol. 2014, 10, 206–214. [Google Scholar] [CrossRef]

	



Verga Falzacappa, C.; Mangialardo, C.; Madaro, L.; Ranieri, D.; Lupoi, L.; Stigliano, A.; Torrisi, M.R.; Bouchè, M.; Toscano, V.; Misiti, S. Thyroid Hormone T3 Counteracts STZ Induced Diabetes in Mouse. PLoS ONE 2011, 6, e19839. [Google Scholar] [CrossRef]

	



Muscat, G.E.O.; Mynett-johnson, L.; Dowhan, D.; Downes, M. 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, 583–591. [Google Scholar] [CrossRef]

	



Iwaki, H.; Sasaki, S.; Matsushita, A.; Ohba, K.; Matsunaga, H. Essential Role of TEA Domain Transcription Factors in the Negative Regulation of the MYH 7 Gene by Thyroid Hormone and Its Receptors. PLoS ONE 2014, 9. [Google Scholar] [CrossRef] [PubMed]

	



Jakubiec-Puka, A.; Ciechomska, I.; Mackiewicz, U.; Langford, J.; Chomontowska, H. Effect of Tyroid Hormone Oh the Myosin Heavy Chain Isoforms in Slaw and Fast Muscles of the Rat. Acta Biochim. Pol. 1999, 46, 823–835. [Google Scholar] [PubMed]

	



Lesmana, R.; Sinha, R.A.; Singh, B.K.; Zhou, J.; Ohba, K.; Wu, Y.; Yau, W.W.; Bay, B.-H.; Yen, P.M. Thyroid Hormone Stimulation of Autophagy Is Essential for Mitochondrial Biogenesis and Activity in Skeletal Muscle. Endocrinology 2016, 157, 23–38. [Google Scholar] [CrossRef] [PubMed]

	



Milanesi, A.; Lee, J.-W.; Yang, A.; Liu, Y.-Y.; Sedrakyan, S.; Cheng, S.; Perin, L.; Brent, G.A. Thyroid Hormone Receptor Alpha Is Essential to Maintain the Satellite Cell Niche During Skeletal Muscle Injury and Sarcopenia of Aging. Thyroid 2017, 27, 1316–1322. [Google Scholar] [CrossRef]

	



Milanesi, A.; Lee, J.-W.; Kim, N.-H.; Liu, Y.-Y.; Yang, A.; Sedrakyan, S.; Kahng, A.; Cervantes, V.; Tripuraneni, N.; Cheng, S.; et al. Thyroid Hormone Receptor α Plays an Essential Role in Male Skeletal Muscle Myoblast Proliferation, Differentiation, and Response to Injury. Endocrinology 2016, 157, 4–15. [Google Scholar] [CrossRef]

	



Schmidt, E.K.; Clavarino, G.; Ceppi, M.; Pierre, P. SUnSET, a Nonradioactive Method to Monitor Protein Synthesis. Nat. Methods 2009, 6, 275–277. [Google Scholar] [CrossRef]

	



Lai, K.-M.V.; Gonzalez, M.; Poueymirou, W.T.; Kline, W.O.; Na, E.; Zlotchenko, E.; Stitt, T.N.; Economides, A.N.; Yancopoulos, G.D.; Glass, D.J. Conditional Activation of Akt in Adult Skeletal Muscle Induces Rapid Hypertrophy. Mol. Cell. Biol. 2004, 24, 9295–9304. [Google Scholar] [CrossRef]

	



Lin, J.; Handschin, C.; Spiegelman, B.M. Metabolic Control through the PGC-1 Family of Transcription Coactivators. Cell Metab. 2005, 1, 361–370. [Google Scholar] [CrossRef]

	



Virmani, A.; Pinto, L.; Bauermann, O.; Zerelli, S.; Diedenhofen, A.; Binienda, Z.K.; Ali, S.F.; van der Leij, F.R. The Carnitine Palmitoyl Transferase (CPT) System and Possible Relevance for Neuropsychiatric and Neurological Conditions. Mol. Neurobiol. 2015, 52, 826–836. [Google Scholar] [CrossRef]

	



Kandarian, S.C.; Jackman, R.W. Intracellular Signaling during Skeletal Muscle Atrophy. Muscle Nerve 2006, 33, 155–165. [Google Scholar] [CrossRef]

	



Ezeoke, C.C.; Morley, J.E. Pathophysiology of Anorexia in the Cancer Cachexia Syndrome. J. Cachexia Sarcopenia Muscle 2015, 6, 287–302. [Google Scholar] [CrossRef] [PubMed]

	



Beal, J.; Flynn, N. AIDS-Associated Anorexia. J. Physicians Assoc. AIDS Care 1995, 2, 19–22. [Google Scholar] [PubMed]

	



Li, J.; Goldberg, A. Effects of Food Deprivation on Protein Synthesis and Degradation in Rat Skeletal Muscles. Am. J. Physiol. Content 1976, 231, 441–448. [Google Scholar] [CrossRef] [PubMed]

	



Tata, B.J.R.; Ernster, L.; Hedman, R. The Action of Thyroid Hormones at the Cell Level. Biochem. J. 1963, 408–428. [Google Scholar] [CrossRef]

	



Bach-Huynh, T.-G.; Nayak, B.; Loh, J.; Soldin, S.; Jonklaas, J. Timing of Levothyroxine Administration Affects Serum Thyrotropin Concentration. J. Clin. Endocrinol. Metab. 2009, 94, 3905–3912. [Google Scholar] [CrossRef]

	



Abdalla, S.M.; Bianco, A.C. Defending Plasma T3 Is a Biological Priority. Clin. Endocrinol. (Oxf.) 2014, 81, 633–641. [Google Scholar] [CrossRef]

	



Jonklaas, J.; Burman, K.D.; Wang, H.; Latham, K.R. Single Dose T3 Administration: Kinetics and Effects on Biochemical and Physiologic Parameters. Ther. Drug Monit. 2015, 37, 110. [Google Scholar] [CrossRef]

	



Lecker, S.H.; Goldberg, A.L.; Mitch, W.E. Protein Degradation by the Ubiquitin-Proteasome Pathway in Normal and Disease States. J. Am. Soc. Nephrol. 2006, 17, 1807–1819. [Google Scholar] [CrossRef]

	



Sandri, M. Autophagy in Skeletal Muscle. FEBS Lett. 2010, 584, 1411–1416. [Google Scholar] [CrossRef]

	



Sandri, M. Protein Breakdown in Muscle Wasting: Role of Autophagy-Lysosome and Ubiquitin-Proteasome. Int. J. Biochem. Cell Biol. 2013, 45, 2121–2129. [Google Scholar] [CrossRef]

	



Milan, G.; Romanello, V.; Pescatore, F.; Armani, A.; Paik, J.-H.; Frasson, L.; Seydel, A.; Zhao, J.; Abraham, R.; Goldberg, A.L.; et al. Regulation of Autophagy and the Ubiquitin-Proteasome System by the FoxO Transcriptional Network during Muscle Atrophy. Nat. Commun. 2015, 6, 6670. [Google Scholar] [CrossRef] [PubMed]

	



Foletta, V.C.; White, L.J.; Larsen, A.E.; Léger, B.; Russell, A.P. The Role and Regulation of MAFbx/Atrogin-1 and MuRF1 in Skeletal Muscle Atrophy. Pflügers Arch. Eur. J. Physiol. 2011, 461, 325–335. [Google Scholar] [CrossRef] [PubMed]

	



Costa, A.; Toschi, A.; Murfuni, I.; Pelosi, L.; Sica, G.; Adamo, S.; Scicchitano, B.M. Local Overexpression of V1a-Vasopressin Receptor Enhances Regeneration in Tumor Necrosis Factor-Induced Muscle Atrophy. Biomed Res. Int. 2014, 2014, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Scicchitano, B.M.; Rizzuto, E.; Musarò, A. Counteracting Muscle Wasting in Aging and Neuromuscular Diseases: The Critical Role of IGF-1. Aging (Albany NY) 2009, 1, 451–457. [Google Scholar] [CrossRef]

	



Muscat, G.E.O.; Downes, M.; Dowhan, D.H. Regulation of Vertebrate Muscle Differentiation by Thyroid Hormone: The Role of ThemyoD Gene Family. BioEssays 1995, 17, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Dentice, M.; Marsili, A.; Ambrosio, R.; Guardiola, O.; Sibilio, A.; Paik, J.-H.; Minchiotti, G.; DePinho, R.A.; Fenzi, G.; Larsen, P.R.; et al. The FoxO3/Type 2 Deiodinase Pathway Is Required for Normal Mouse Myogenesis and Muscle Regeneration. J. Clin. Investig. 2010, 120, 4021–4030. [Google Scholar] [CrossRef] [PubMed]

	



Pernitsky, A.N.; McIntosh, L.M.; Anderson, J.E. Hyperthyroidism Impairs Early Repair in Normal but Not Dystrophic Mdx Mouse Tibialis Anterior Muscle. An in Vivo Study. Biochem. Cell Biol. 1996, 74, 315–324. [Google Scholar] [CrossRef]

	



Weitzel, J.M.; Iwen, K.A.H.; Seitz, H.J. Regulation of Mitochondrial Biogenesis by Thyroid Hormone. Exp. Physiol. 2003, 88, 121–128. [Google Scholar] [CrossRef]

	



Hildebrandt, A.L.; Neufer, P.D. Exercise Attenuates the Fasting-Induced Transcriptional Activation of Metabolic Genes in Skeletal Muscle. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E1078–E1086. [Google Scholar] [CrossRef]

	



Ciciliot, S.; Rossi, A.C.; Dyar, K.A.; Blaauw, B.; Schiaffino, S. Muscle Type and Fiber Type Specificity in Muscle Wasting. Int. J. Biochem. Cell Biol. 2013, 45, 2191–2199. [Google Scholar] [CrossRef]

	



De Lange, P.; Ragni, M.; Silvestri, E.; Moreno, M.; Schiavo, L.; Lombardi, A.; Farina, P.; Feola, A.; Goglia, F.; Lanni, A. Combined CDNA Array/RT-PCR Analysis of Gene Expression Profile in Rat Gastrocnemius Muscle: Relation to Its Adaptive Function in Energy Metabolism during Fasting. FASEB J. 2004, 18, 350–352. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.; Wu, H.; Tarr, P.T.; Zhang, C.-Y.; Wu, Z.; Boss, O.; Michael, L.F.; Puigserver, P.; Isotani, E.; Olson, E.N.; et al. Transcriptional Co-Activator PGC-1 Alpha Drives the Formation of Slow-Twitch Muscle Fibres. Nature 2002, 418, 797–801. [Google Scholar] [CrossRef] [PubMed]

	



De Lange, P.; Moreno, M.; Silvestri, E.; Lombardi, A.; Goglia, F.; Lanni, A. Fuel Economy in Food-Deprived Skeletal Muscle: Signaling Pathways and Regulatory Mechanisms. FASEB J. 2007, 21, 3431–3441. [Google Scholar] [CrossRef] [PubMed]

	



Kraus, B.; Pette, D. Quantification of MyoD, Myogenin, MRF4 and Id-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. [Google Scholar] [CrossRef]

	



Hughes, S.M.; Chi, M.M.; Lowry, O.H.; Gundersen, K. Myogenin Induces a Shift of Enzyme Activity from Glycolytic to Oxidative Metabolism in Muscles of Transgenic Mice. J. Cell Biol. 1999, 145, 633–642. [Google Scholar] [CrossRef]

	



Jamart, C.; Raymackers, J.-M.; Li An, G.; Deldicque, L.; Francaux, M. Prevention of Muscle Disuse Atrophy by MG132 Proteasome Inhibitor. Muscle Nerve 2011, 43, 708–716. [Google Scholar] [CrossRef]

	



Supinski, G.S.; Vanags, J.; Callahan, L.A. Effect of Proteasome Inhibitors on Endotoxin-Induced Diaphragm Dysfunction. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 296, L994–L1001. [Google Scholar] [CrossRef]

	



Pigna, E.; Renzini, A.; Greco, E.; Simonazzi, E.; Fulle, S.; Mancinelli, R.; Moresi, V.; Adamo, S. HDAC4 Preserves Skeletal Muscle Structure Following Long-Term Denervation by Mediating Distinct Cellular Responses. Skelet. Muscle 2018, 8. [Google Scholar] [CrossRef]

	



Masiero, E.; Agatea, L.; Mammucari, C.; Blaauw, B.; Loro, E.; Komatsu, M.; Metzger, D.; Reggiani, C.; Schiaffino, S.; Sandri, M. Autophagy Is Required to Maintain Muscle Mass. Cell Metab. 2009, 10, 507–515. [Google Scholar] [CrossRef]

	



Raben, N.; Hill, V.; Shea, L.; Takikita, S.; Baum, R.; Mizushima, N.; Ralston, E.; Plotz, P. Suppression of Autophagy in Skeletal Muscle Uncovers the Accumulation of Ubiquitinated Proteins and Their Potential Role in Muscle Damage in Pompe Disease. Hum. Mol. Genet. 2008, 17, 3897–3908. [Google Scholar] [CrossRef]

	



Pigna, E.; Berardi, E.; Aulino, P.; Rizzuto, E.; Zampieri, S.; Carraro, U.; Kern, H.; Merigliano, S.; Gruppo, M.; Mericskay, M.; et al. Aerobic Exercise and Pharmacological Treatments Counteract Cachexia by Modulating Autophagy in Colon Cancer. Sci. Rep. 2016, 6. [Google Scholar] [CrossRef] [PubMed]

	



Molinari, F.; Pin, F.; Gorini, S.; Chiandotto, S.; Pontecorvo, L.; Penna, F.; Rizzuto, E.; Pisu, S.; Musarò, A.; Costelli, P.; et al. The Mitochondrial Metabolic Reprogramming Agent Trimetazidine as an “exercise Mimetic” in Cachectic C26-Bearing Mice. J. Cachexia Sarcopenia Muscle 2017, 8, 954–973. [Google Scholar] [CrossRef] [PubMed]

	



Ferraro, E.; Pin, F.; Gorini, S.; Pontecorvo, L.; Ferri, A.; Mollace, V.; Costelli, P.; Rosano, G. Improvement of Skeletal Muscle Performance in Ageing by the Metabolic Modulator Trimetazidine. J. Cachexia Sarcopenia Muscle 2016, 7, 449–457. [Google Scholar] [CrossRef] [PubMed]

	



Cerveró, C.; Montull, N.; Tarabal, O.; Piedrafita, L.; Esquerda, J.E.; Calderó, J. Chronic Treatment with the AMPK Agonist AICAR Prevents Skeletal Muscle Pathology but Fails to Improve Clinical Outcome in a Mouse Model of Severe Spinal Muscular Atrophy. Neurotherapeutics 2016, 13, 198–216. [Google Scholar] [CrossRef] [PubMed]

	



Fanzani, A.; Conraads, V.M.; Penna, F.; Martinet, W. Molecular and Cellular Mechanisms of Skeletal Muscle Atrophy: An Update. J. Cachexia Sarcopenia Muscle 2012, 3, 163–179. [Google Scholar] [CrossRef] [PubMed]

	



Trapnell, C.; Roberts, A.; Goff, L.; Pertea, G.; Kim, D.; Kelley, D.R.; Pimentel, H.; Salzberg, S.L.; Rinn, J.L.; Pachter, L. Differential Gene and Transcript Expression Analysis of RNA-Seq Experiments with TopHat and Cufflinks. Nat. Protoc. 2012, 7, 562–578. [Google Scholar] [CrossRef] [PubMed]

	



Vezzi, F.; Del Fabbro, C.; Tomescu, A.I.; Policriti, A. RNA: A Fast and Accurate Short Reads Numerical Aligner. Bioinformatics 2012, 28, 123–124. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet J. 2011, 17, 5–7. [Google Scholar] [CrossRef]

	



Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering Splice Junctions with RNA-Seq. Bioinformatics 2009, 25, 1105–1111. [Google Scholar] [CrossRef]

	



Trapnell, C.; Hendrickson, D.G.; Sauvageau, M.; Goff, L.; Rinn, J.L.; Pachter, L. Articles Differential Analysis of Gene Regulation at Transcript Resolution with RNA-Seq. Nat. Biotechnol. 2012, 31, 46–53. [Google Scholar] [CrossRef]








[image: Ijms 20 05754 g001 550] 





Figure 1. T3 counteracts starvation-induced skeletal muscle loss in Tibialis Anterior. (a) TA muscle weight after 48 h of indicated treatments. n = 5 mice per each condition. Data are presented as means ± SD. STV and T3 significantly interact (p = 0.011) by two-way ANOVA; * p < 0.05 by post hoc Tukey’s HSD test. (b) Representative pictures of TA muscles with laminin staining, 48 h after starvation. Scale bar = 20 μm. (c) Morphometric analyses of the whole TA CSA. n = 4 mice per each condition. Data are presented as means ± SD; STV has a significant effect (p = 0.038); STV and T3 significantly interact (p = 0.029) by two-way ANOVA; * p < 0.05; ** p < 0.01 by post hoc Tukey’s HSD test. (d) Morphometric analyses of myofiber CSA. n = 4 mice per each condition. Data are presented as means ± SD; STV and T3 significantly interact (p = 0.006) by two-way ANOVA; * p < 0.05 by post hoc Tukey’s HSD test. 
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Figure 2. T3 counteracts starvation-induced skeletal muscle loss in soleus. (a) Soleus muscle weight after 48 h of indicated treatments. n = 3 mice per each condition. Data are presented as means ± SD. STV and T3 significantly interact (p = 0.003) by two-way ANOVA; * p < 0.05 by post hoc Tukey’s HSD test. (b) Representative pictures of soleus muscles with laminin staining, 48 h after starvation. Scale bar = 20 μm. (c) Morphometric analyses of the whole soleus CSA. n = 3 mice per each condition. Data are presented as means ± SD; STV has a significant effect (p = 0.035); STV and T3 significantly interact (p = 0.016) by two-way ANOVA; * p < 0.05 by post hoc Tukey’s HSD test. (d) Morphometric analyses of myofiber CSA. n = 3 mice per each condition. Data are presented as means ± SD; STV has a significant effect (p = 0.017); STV and T3 significantly interact (p = 0.003) by two-way ANOVA; * p < 0.05; ** p < 0.01 by post hoc Tukey’s HSD test. 
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Figure 3. T3 does not prevent catabolic pathway activation in skeletal muscle upon starvation. (a) Western blot and densitometric analysis of pFOXO3a/FOXO3a protein levels in TA, 24 h after treatments. Stain-free protein bands were used as a loading control. n = 4 mice per each condition. Data are presented as means ± SEM; STV has a significant effect (** p = 0.0001) by two-way ANOVA. (b) Atrogin-1 and MuRF-1 expression by real-time PCR, 24 h after treatments. n = 6 mice per each condition. Data are presented as means ± SD; STV has a significant effect (** p < 0.0001) by two-way ANOVA. Proteasome activity assay, 48 h after starvation; n = 6 mice per each condition. STV has a significant effect (* p = 0.021) by two-way ANOVA. (c) LC3b and p62 expression by real-time PCR, 24 h after treatments. n = 5 mice per each condition. Data are presented as means ± SD; STV has a significant effect (** p ≤ 0.001) by two-way ANOVA. (d) Representative western blot and densitometric analyses of LC3b I/II and p62 protein levels in TA, 24 h after treatments. Stain-free protein bands were used as a loading control. n = 4 mice per each condition. Data are presented as means ± SEM; STV has a significant effect (* p = 0.0149; ** p = 0.001) by two-way ANOVA. 
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Figure 4. T3 does not increase skeletal muscle anabolism in skeletal muscle following starvation. (a) Representative histological sections of TA muscles, stained with hematoxylin and eosin, showing no evident sign of de novo muscle synthesis, 48 h after treatments. Scale bar = 20 μm. (b) Pax7 and Myh3 mRNA expression, by real-time PCR, 24 hours after treatment. n = 6 mice per each condition. Data are presented as means ± SD. (c) Representative images of TA muscle stained for Pax7 (red arrows), laminin (green), and Hoechst (blue). Scale bar = 20 μm. Quantification of the total number of Pax7+ cells/mm2. n = 3 mice per each condition. (d) SUnSET assay 48 h after treatments. Stain-free protein bands were used as a loading control. n = 4 mice per each condition. Data are presented as means ± SD; STV has a significant effect (* p < 0.008) by two-way ANOVA. (e) Representative blot and relative densitometric analysis of phospho-Akt and Akt protein levels in TA, 24 h after treatments. Stain-free protein bands were used as the loading control. n = 4 mice per each condition. Data are presented as means ± SEM. 






Figure 4. T3 does not increase skeletal muscle anabolism in skeletal muscle following starvation. (a) Representative histological sections of TA muscles, stained with hematoxylin and eosin, showing no evident sign of de novo muscle synthesis, 48 h after treatments. Scale bar = 20 μm. (b) Pax7 and Myh3 mRNA expression, by real-time PCR, 24 hours after treatment. n = 6 mice per each condition. Data are presented as means ± SD. (c) Representative images of TA muscle stained for Pax7 (red arrows), laminin (green), and Hoechst (blue). Scale bar = 20 μm. Quantification of the total number of Pax7+ cells/mm2. n = 3 mice per each condition. (d) SUnSET assay 48 h after treatments. Stain-free protein bands were used as a loading control. n = 4 mice per each condition. Data are presented as means ± SD; STV has a significant effect (* p < 0.008) by two-way ANOVA. (e) Representative blot and relative densitometric analysis of phospho-Akt and Akt protein levels in TA, 24 h after treatments. Stain-free protein bands were used as the loading control. n = 4 mice per each condition. Data are presented as means ± SEM.



[image: Ijms 20 05754 g004]







[image: Ijms 20 05754 g005 550] 





Figure 5. Starvation and T3 globally affect similar biological processes. (a) Gene ontology classification of the biological processes most affected by starvation in skeletal muscles. (b) Gene ontology classification of the biological processes most affected by T3 in STVT3 skeletal muscles. 
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Figure 6. T3 modulates skeletal muscle metabolism following starvation. (a) Representative pictures of TA muscles stained with NADH, 48 h after treatments. Scale bar = 20 μm. (b) Quantification of oxidative, intermediate, and glycolytic myofibers, relative to total fibers, 48 h after treatments. n = 4 mice per each condition. Data are presented as means ± SD. Only for oxidative fibers: STV and T3 significantly interact (p = 0.009) by two-way ANOVA; * p < 0.05 with post hoc Tukey’s HSD test. (c) Expression levels of indicated genes by real-time PCR, 24 h after treatments. n = 6 mice per each condition. Data are presented as means ± SD. For PGC-1α: STV and T3 significantly interact (p = 0.039) by two-way ANOVA, * p < 0.05 and ** p < 0.01 with post hoc Tukey’s HSD test; for TFAM: STV has a significant effect (p < 0.0001), STV and T3 significantly interact (p < 0.0001), * p < 0.05 and ** p < 0.01 with post hoc Tukey’s HSD test; for CytC: STV has a significant effect (p = 0.019), STV and T3 significantly interact (p = 0.012), * p < 0.05 and ** p < 0.01 with post hoc Tukey’s HSD test; for COX2: STV has a significant effect (p = 0.026), STV and T3 significantly interact (p = 0.008), * p < 0.05 with post hoc Tukey’s HSD test; for Cpt1b: STV has a significant effect (p < 0.0001), STV and T3 significantly interact (p = 0.038), ** p < 0.01 with post hoc Tukey’s HSD test. (d) Representative blots and relative densitometric analyses of PGC-1α and TOM20 protein levels in TA, 24 h after treatments. Stain-free protein bands were used as a loading control. n = 4 mice per each condition. Data are presented as means ± SEM. For PGC-1α:STV has a significant effect (p = 0.0012), STV and T3 significantly interact (p = 0.0002), ** p < 0.01 with post hoc Tukey’s HSD test; for TOM20: STV has a significant effect (p < 0.0001), STV and T3 significantly interact (p = 0.0064) by two-way ANOVA, * p < 0.05 and ** p < 0.01 with post hoc Tukey’s HSD test. 
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Table 1. Validation of T3 administration. Expression levels of T3-target genes in skeletal muscle of controls and T3-treated mice. Data are expressed as mean ± standard deviation. n = 4 per each condition. * p < 0.05; ** p < 0.005 by Student’s t-test.
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	Gene
	CTR
	T3





	GLUT 4
	1 ± 0.15
	1.83 ± 0.45 *



	UCP3
	1 ± 0.33
	2.14 ± 0.23 *



	MyoD
	1 ± 0.32
	1.5 ± 0.22 *



	Myh7
	1 ± 0.20
	0.60 ± 0.15 *



	Myh1
	1 ± 0.29
	3.40 ± 0.61 **
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Table 2. Primers used for real-time PCR.
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	Gene
	Sequence





	Atrogin-1
	F: GCA AAC ACT GCC ACA TTC TCT C



	
	R: CCT GAG GGG AAG TGA GAC G



	MuRF-1
	F: ACC TGC TGG TGG AAA ACA TC



	
	R: CTT CGT GTT CCT TGC ACA TC



	LC3b
	F: CAC TGC TCT GTC TTG TGT AGG TTG



	
	R: TCG TTG TGC CTT TAT TAG TGC ATC



	P62
	F: CCC AGT GTC TTG GCA TTC TT



	
	R: AGG GAA AGC AGA GGA AGC TC



	Pax7
	F: TCC CCC TGG AAG TGT CCA



	
	R: TGG GAA ACA CGG AGC TGA



	Myh3
	F: AGC AGC TCA ATC AGC TCA



	
	R: TGG TCG TAA TCA GCA GCA



	PGC-1α
	F: TGA GTA ACC GGA GGC ATT CTC T



	
	R: TGA GGA CCG CTA GCA AGT TTG



	Dio2
	F: CCT CCT AGA TGC CTA CAA ACAG



	
	R: TGA TTC AGG ATT GGA GAC GTG



	Myh7
	F: AGT CCC AGG TCA ACA AGC TG



	
	R: TTC CAC CTA AAG GGC TGT TG



	Myh2
	F: AGT CCC AGG TCA ACA AGC TG



	
	R: GCA TGA CCA AAG GTT TCA CA



	Myh1
	F: AGT CCC AGG TCA ACA AGC TG



	
	R: CAC ATT TTG CTC ATC TCT TTG G



	Myh4
	F: AGT CCC AGG TCA ACA AGC TG



	
	R: TTT CTC CTG TCA CCT CTC AAC A



	TFAM
	F: AAA GCT TCC AGG AGG CAA



	
	R: GCC ATC TGC TCT TCC CAA



	CytC
	F: CCA GTG CCA CAC TGT GGA



	
	R: GTC TTC CGC CCG AAC AGA



	COX2
	F: AAG ACG CCA CAT CCC CTA



	
	R: CGT AGA GAG GGG AGA GCA



	Cpt1b
	F: TCT CCA TGC GAC TGG TCG AT



	
	R: GAG ACG GAC ACA GAT AGC CC



	MyoD
	F: ACC CAG GAA CTG GGA ATG GA



	
	R: AAG TCG TCT GCT GTC TCA AA



	Glut4
	F: ATG GCT GTC GCT GGT TTC TC



	
	R: ACC CAT ACG ATC CGC AAC AT



	UCP3
	F: TGA CCT GCG CCC AGC



	
	R: CCC AGG CGT ATC ATG GCT



	18s
	F: GCA ATT ATT CCC CAT GAA CG



	
	R: GGG ACT TAA TCA ACG CAA GC
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