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      The Thyroid System


    


  




  

    

      INTRODUCTION




      The discovery of the thyroid gland, and elucidation of its structure, action and pathologies have been developed by different researchers, mainly in the 19th and 20th centuries. However, mention to the thyroid gland and its diseases can be found in documents of ancient Greek, Indian and Egyptian medicine [1].




      Goiter has always been a disease of great appeal to the general population because of its extended prevalence. Mentions to goiter have been found in documents




      dating from 2700 B.C. [2]. In Indian Ayurvedic medicine (1400 B.C.), goiter was described in detail and was called ‘galaganda’. This type of medicine classified thyroid diseases into three types; “Vataja (hyperthyroidism), Kaphaja (hypothyroidism) and Medaja (thyroidal cyst)” and described their symptoms [1].




      The thyroid gland gets its name from the Greek word “θυρεοειδής”, or shield-shaped, due to its lobed shape similar to a shield. This term was described by Galen between 130-200 B.C. [3]. One of the first descriptions of the thyroid gland in Greek medicine was given by Hippocrates and Plato, who characterized it. They reported that this gland has a spongy nature and is accountable for lubricating the respiratory tract. However, Galen asserted that the spongy constitution of this gland was more fitted for absorption rather than secretion [1].




      Surgical treatment of goiter was first described in the 6th century by Aetius [4]. Later, Roger Frugardi in 1170 described the surgical procedure to treat goiter, though it was a dangerous procedure with extremely high mortality rates. However, in the 19th century, due to advances in anesthesia, antisepsis and in controlling hemostasis, mortality rates were reduced. Surgeries performed by CA Theodor Billroth (1829-1894) and Theodor Kocher (1841-1917) were successful [5].




      Leonardo Da Vinci depicted the thyroid gland in 1511 during his anatomical research, and although he knew its exact anatomical constitution, he could not comprehend its role and postulated that it was formed to fill the gap between muscles of the neck and to keep the trachea away from the sternum [1, 5].




      In 1656, Thomas Wharton found the exact anatomical organization of the thyroid gland and showed that secretion is the gland’s primary function. He described that the thyroid gland was responsible for heating the thyroid cartilage, which is normally cold due to its superficial position, lubricating the neck and to giving shape and grace to the neck [1, 5]. Later, Morgagni, reported the two lobes and isthmus of the thyroid gland, and Thomas Wilkinson King, in 1833, described the thyroid colloid, and its importance [1].




      The first person to use iodine as a treatment for goiter was Coindet of Geneva, who successfully prescribed hydriodate of potash or ‘tincture of iodine’. In 1833, Boussingault recommended salt iodization to prevent goiter. Chatin found in 1850 that iodine treatment may be used to prevent endemic goiter and cretinism. He associated these diseases with iodine deficit, and suggested iodine supplementation in drinking water, using mineral water springs. He proved in 1835 that salt sent from goiter-free regions to regions with endemic goiter decreased the incidence of goiter. David Marine found in 1907 that iodine is necessary for thyroid function [1].




      In 1896 Bauman showed the presence of iodine in the gland and in 1914 Kendall isolated and crystallized thyroxine (T4), the first hormone that could be purified and chemically synthesized in 1927 by Harington and Barger [1].




      With the use of radioactive iodine isotopes, the presence of triiodothyronine (T3) in the gland and extrathyroidal tissues was demonstrated by Gross and Pitt-Rivers, and Roche, Michel and Lissitzky in 1952. They showed not only that T3 is formed directly in the gland, but also outside of it as a metabolite of T4, and that T3 was probably the most active form intracellularly [5].




      Recently, thanks to advances in molecular biology, progress has been made in understanding the interaction between thyroid hormones (THs) and their cellular receptors as well as the consequences of these interactions in organs, systems and the whole organism [5].


    




    

      THYROID GLAND




      The thyroid gland, one of the largest endocrine glands in the body, is located underneath the larynx and anterior to the upper part of the trachea. It is an odd and asymmetric gland that consists of two lateral lobes connected by a narrow band of thyroid tissue called the isthmus that overlies the region from the second to fourth tracheal cartilages (Fig. 1) [6 - 8].
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        Figure 1)




        Thyroid grand and follicle.


      




      The thyroid gland is highly vascularized and innervated. It is irrigated by two superior thyroid arteries that arise from the branches of the external carotid artery, each one of which provides three branches to the thyroid gland (inter, extern and posterior) and by two inferior thyroid arteries that come from the thyrocervical trunk, each one of them providing three branches to the thyroid gland (inferior, posterior and deep). In addition, sometimes there is a middle or Neubauer thyroid artery that arises from the aorta or the innominate artery. From the gland the veins form a plexus from which three groups of veins arise; the first one is the superior vein, which serves as tributary to the internal jugular vein directly or by draining into the thyrolinguofacial trunk. In the second group, the inferior thyroid veins drain into the internal jugulars and into the brachiocephalic trunk. In the third group, the medial thyroid veins drain into the internal jugular. The lymphatic vessels, around the thyroid gland form a thyroidal plexus. The descendent lymphatic vessels separate from it, ending in ganglia situated in front of the trachea and above the thymus, and the ascendant lymphatic vessels that end in prelaryngeal nodes, and in part in the lateral neck nodes. Finally, the innervation of the thyroid gland comes both from the simpatico cervical nerves and from the superior recurrent laryngeal nerves [9, 10].




      The lobes of the thyroid are integrated by follicles of varying size (20-250 μm) that are the functional units of the thyroid gland. They are empty, spherical structures that contain a substance called colloid produced by the thyrocytes, the major constituent of which is a large glycoprotein called thyroglobulin. The follicular cells are cuboidal to low columnar (under conditions of normal iodine intake) and their secretory polarity is directed toward the lumen of the follicles. An extensive grid of interfollicular capillaries procures the follicular cells with a rich blood supply. Follicular cells have extensive sections of rough endoplasmic reticulum and a large Golgi apparatus in their cytoplasm for synthesis and packaging of substantial amounts of proteins (e.g., thyroglobulin) that are then transported into the follicular lumen. The interface between the luminal side of the follicular cells and the colloid is changed by several microvillus projections [6, 9].




      The thyroid gland secretes two major hormones, T4 and T3, of which T4 is more abundant, but T3 is the most potent and is considered to be the principal thyroid hormone. Thyroid hormones are required for the normal performance of a variety of physiological actions affecting virtually every organ system in the body. Regulation of thyroid hormone secretion occurs through the hypothalamic-pituitary-thyroid (HPT) axis. Unlike other endocrine glands, which secrete their hormones once they are produced, the thyroid gland stores considerable amounts of the thyroid hormones in the colloid until the body needs them. Deficiency of thyroid hormones, caused by a variety of conditions, results in many pathophysiological processes, some of which have potentially serious outcomes if they are not treated [6, 7, 11].


    




    

      THYROID SYSTEM DEVELOPMENT




      The first endocrine gland to arisen in embryonic development is the thyroid gland. The development of a functional thyroid system depends on the embryogenesis, differentiation and maturation of the thyroid gland, together with the development of the HPT axis and thyroid hormone metabolism, which results in the regulation of TH function, production, and secretion [12].




      Fetal thyroid maturation can be divided into two phases (Fig. 2). The first one takes place during the first trimester of gestation, in which anatomic development and embryogenesis of the HPT axis occurs. The maturation of the HPT axis, which includes hormone production and control, takes place in the second phase [6]. The human thyroid gland begins to develop in the third week of gestation [13]. Around 24 days after insemination, the thyroid gland starts to emerge from a little solid mass of endoderm, which forms a thickened pouch known as the thyroid primordium, situated in the floor of the primordial pharynx and at the end of the foramen cecum. As the embryo grows, the developing thyroid gland descends through the tissues of the neck, but persist united to the foramen cecum by a small tube named the thyroglossal duct, which degenerates and withdraws by the seventh week of gestation. By gestation day (GD) 45-50, the thyroid gland tissues arise and relocate to their final location, covering both sides of the lower portion of the larynx and the upper portion of the trachea [6, 10, 13, 14].




      From GD 70, the thyroid gland is both functional and mature. By the end of the first trimester, when histological differentiation of the thyroid and pituitary glands has taken place, both T4 and thyroid stimulating hormone (TSH) can be determined in fetal tissue, iodine can be concentrated and T4 can be synthesized by the thyroid gland, and the pituitary tissue can synthesize TSH [6, 15 - 17]. From GD 29 in thyroid follicle cells and after maturation of thyroid follicle cells, thyroglobulin (TBG), the precursor protein upon which thyroid hormones are synthetized and stored, is present [18]. Fetal serum TBG levels are detected from gestation week 11, and increase until birth [19]. Albumin is the quantitatively most significant T4-binding protein in the first trimester, and further increasing levels of albumin have an impact on T4 binding until gestation week 41 [20].
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        Figure 2)




        Thyroid development. A) Thyroid development from 4th to 7th week. B) Timeline of human thyroid system and brain development from conception to birth. Adapted from Kirsten [6] and from Howdeshell [13].


      




      The fetal HPT axis is structurally complete at the end of the first trimester, and its maturation continues into the second trimester [6]. Before reaching 18 weeks of pregnancy, the HPT axis is relatively inactive and fetal thyroid hormone production is low. However, during the second half of gestation, the HPT endocrine pathway starts to be functional under the influence of increasing serum TSH levels, and generates increasing amounts of T3 and T4 [21]. Therefore, initial growth and development of the thyroid seems to be independent of TSH, as TSH secretion can only be measured after 10-12 weeks of gestation [20, 22]. Fetal serum TSH levels increase gradually, so that at 40 weeks of pregnancy, they are higher than adult levels [6, 15]. In contrast, fetal T3 levels are non-detectable or rather low until gestation week 20 and are lower at term than adult values, due to placental and hepatic inner-ring deiodination of T4 to reverse T3 [12, 23]. Increased TH synthesis is due, partly, to an increase in thyroid gland follicular cell uptake of iodide after gestation weeks 18-20 and subsequent maturation of the HPT axis. The auto-regulation of iodide uptake by the fetal thyroid gland develops during weeks of gestation 36-40 [14]. After delivery, there is a spectacular increase in the potential of the liver to convert T4 to T3 that results in a significant increase in T3 levels. A gradual increase in T4 also takes place, reaching adults levels at 36 weeks pregnancy [6, 24].




      Fetal HPT axis development is independent of the maternal axis. In this regard, the placenta is not only impermeable to TSH, but poses a barrier to the THs that limits T4 and T3 transfers from the mother to the fetus [6]. Moreover, although both thyrotropin-releasing hormone (TRH) and iodine freely cross the placenta, maternal TRH has little effect on the fetal HPT system since there is very little TRH in maternal circulation and most of it is degraded within the placenta. Fetal TRH levels are high due to increased synthesis of TRH by the placenta and selected fetal tissues, specifically the pancreas. The placenta is also penetrable to antithyroid drugs that can disrupt fetal and neonatal thyroid function [6, 21].




      There is growing data showing that THs act on embryological and fetal tissues early in development. Thyroid hormones and associated receptors are already found in human fetal tissues prior to the synthesis and secretion of fetal THs [22, 25]. During the first trimester, an adequate supply of maternal THs must be sustained to ensure normal development, as evidenced by impaired psychomotor development and visuospatial processing in offspring born to mothers with low serum levels of free T4 [12]. Also, deiodinase enzymes are expressed in the early brain before the thyroid gland develops to tightly control T3 levels [17].


    




    

      BIOLOGICAL FUNCTIONS




      Thyroid hormones are regulators of development, metabolism, and other organ-specific effects (Fig. 3) [26]. From a metabolic perspective, they increase basal metabolic rate (BMR) and regulate thermogenesis [26]. BMR, which is defined as the measure of oxygen consumption during rest [6], is the primary source of energy expenditure in humans, and reductions in it can result in obesity and weight gain [27]. THs stimulate BMR by increasing adenosine triphosphate (ATP) production and by generating and maintaining ion gradients, which leads to an increase in oxygen consumption and heat production [28 - 30]. The Na+/K+ gradient across the cell membrane and the Ca2+ gradient between the cytoplasm and sarcoplasmic reticulum are altered by THs. This alteration requires ATP consumption to maintain the gradient [29, 31, 32]. THs maintain BMR by uncoupling oxidative phosphorylation in mitochondria [29], or decreasing the activity of transport molecules that introduce reducing equivalents into the mitochondria [33, 34]. THs also stimulate metabolic cycles involving fat, glucose, and protein catabolism and anabolism, but these are small contributions to BMR [29].




      Thyroid hormones regulate plasma glucose levels, insulin sensitivity, and carbohydrate metabolism through their actions in the liver, white adipose tissue, skeletal muscle, and pancreas [35]. THs increase glycolysis, gluconeogenesis, glucose absorption from the intestine and the use of glucose by the cells [6]. In this regard, T3 treatment has been reported to induce an increase in genes that regulate glycogenolysis and gluconeogenesis in liver [36]. Moreover, treatment with T4 has been observed to increase alanine transport into hepatocytes, increasing production of metabolic intermediates of the gluconeogenic pathway and finally conversion of alanine into glucose [29].
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        Figure 3)




        Main biological functions of thyroid hormones [6].


      




      Lipid metabolism is regulated by THs through liver-specific actions of T3, TRβ, and nuclear hormone receptor crosstalk. THs stimulate both lipogenesis and lipolysis, although when their levels are increased, the net effect is fat loss [37]. In addition, THs regulate cholesterol synthesis through multiple mechanisms. THs increase uptake of cholesterol [38], which has been reported to be a major pathway of T4-mediated cholesterol lowering after T4 treatment of patients with hypothyroidism [39]. In addition, THs also reduce cholesterol through non-LDL receptor-mediated pathways [40].




      Calcium and water balance are also influenced by THs. Hypercalcemia occurs and water is kept in the extracellular compartments in hypothyroid conditions, while in hyperthyroidism urinary and fecal calcium excretion are promoted. Moreover, bone demineralization takes place, and there is an efflux of calcium from the bones, which results in elevated serum ionized calcium and phosphate levels and decreased circulating levels of 1,25-dihydroxyvitamin D. These effects lead to decreased intestinal calcium absorption and a negative calcium balance [6].




      In addition, an association between weight and thyroid status has been reported. In this regard, a positive association between serum TSH levels and body weight change in both men and women has been found [41, 42]. Moreover, given the influence of central regulation of THs on orexigenic neuropeptides [43], variable control of the HPT axis with altered leptin levels also could be liable for this metabolic irregularity [29]. Furthermore, it has been shown that T3 or T4 treatment of hypothyroid patients produced significant weight loss and reduction in total cholesterol and apolipoprotein B, only with T3 treatment [44].




      With regard to other organ-specific effects, thyroid hormones influence cardiac function by increasing heart rate, myocardial contractility, blood volume, and cardiac output while decreasing peripheral vascular volume [26]. Skeletal muscle has been reported to be a thyroid hormone target for contractile function, recovery, and transport as well as for metabolism and glucose disposition [45, 46]. Thyroid hormone stimulation induces transition to fast-twitch fibers and transition to a faster myosin heavy chain (MHC) configuration. Moreover, THs have been described to stimulate the production of cytokines, growth factors and other factors to stimulate bone development and growth [26]. Thyroid hormones also promote increased motility in the gastrointestinal system and increase neural transmission and synaptic plasticity [6, 47].




      THs are essential for normal growth and development. Body development, bone development and maturation, and tooth development and eruption are all under the control of THs. Skeletal development takes place through the combined action between THs and growth hormone, somatomedin, and other growth factors. THs also regulate bone formation indirectly through actions on the pituitary gland. Ossification and fusion of the cartilaginous growth plates lead to bone maturation and are also dependent on THs [6]. In addition, THs are required for normal brain development [48, 49]. In the nervous system, THs regulate cell migration and differentiation of neurons, oligodendrocytes, astrocytes and microglia [48, 50].




      Finally, there is evidence that THs influence sexual development, reproductive role and correlated molecular mechanisms and pathways [51]. In this regard, THs influence the synthesis and function of sex steroid hormones, but this interaction is bi-directional, resulting in the tight regulation of these effects [51]. During development, THs have been reported to be necessary for regular gonadal development and the production of normal sex ratios in different species. However, due to the contradictory results in these data commented above, further studies are required to clearly determine the effect of THs in gonadal differentiation.


    




    

      THYROID PATHOLOGY




      Thyroid hormones present a wide range of functions, thus their deficiencies and elevations may cause many clinical signs and symptoms. Depending on the severity of the disease, the signs and symptoms may be absent or fully developed [26, 52].




      Thyroid disorders can be divided into two types depending on pathological lesions. The first type is diffuse thyroid lesions, which are associated with non-neoplastic disorders affecting the gland (hyperplasia and thyroiditis). The other type is nodular lesions which integrate those disorders that consist of neoplastic hyperplasia as well as benign and malignant tumors [9].




      Thyroid disorders can be also classified depending on the effect on thyroid hormone levels. Hyperthyroidism occurs when there is an overproduction of THs and hypothyroidism results when there is an under production. These disorders are further categorized by the endocrine gland causing the disorder, being further classified as primary, secondary, or tertiary. Diseases categorized as primary arise from a disorder within the thyroid gland, while those categorized as secondary or tertiary arise from damage to the pituitary and hypothalamus gland, respectively [26].




      Disorders of the thyroid gland mainly include hypothyroidism, hyperthyroidism and euthyroid sick syndrome. In addition, due to recent advances in highly sensitive assays for detecting TSH, disorders may also be categorized as overt or subclinical. Subclinical disorders are identified before the signs and symptoms appear in the patient and before thyroid hormone levels are abnormal. The only abnormality seen in subclinical disorders is an alteration in TSH values. TH levels will be normal in these cases. Overt cases present with clinical signs and symptoms and abnormalities in TSH and TH levels [26, 53].




      

        Euthyroid Sick Syndrome




        ‘Sick euthyroid syndrome’ or ‘non-thyroidal illness syndrome’ (NTIS) is characterized by decreased serum T3 and T4 concentrations, increased serum reverse T3 (rT3) concentrations and unaltered or inappropriately low serum TSH, indicating profoundly altered negative feedback in the pituitary and hypothalamus, but absence of thyroid disease symptoms (Docter et al. 1993) [54]. This alteration is particularly common in hospitalized patients and is often due to alterations in the concentration of hormone binding proteins, the actions of certain drugs, effects of non-thyroidal illnesses, or peripheral resistance to THs. The thyroid laboratory parameter appears to return to normal after patients recover from these illnesses. Therefore, assessments of thyroid status should be performed when illnesses subside, unless deemed necessary for a patient outcome [26].




        The ultimate effects of the observed changes in local TH metabolism on tissue function during illness are currently unknown. However, the common view is that while changes observed during the acute phase of illness are beneficial they may become deleterious during prolonged critical illness, making the stage and severity of illness a major determinant of NTIS [26, 54].


      




      

        Hyperthyroidism




        Hyperthyroidism occurs when there is an excessive production of thyroid hormones and may be caused by a variety of conditions. The term thyrotoxicosis is used to describe the clinical state of high thyroid hormone concentrations. The most common cause of hyperthyroidism (thyrotoxicosis) is Grave's disease (70%-80%). Grave's disease represents an autoimmune disorder where the antibodies produced are directed against the TSH receptors in the thyroid gland causing an overproduction of T3 and T4. Grave's disease has a low prevalence rate in the population (0.3%-0.6%) and occurs more frequently in women. Thyroiditis, which causes transient hyperthyroidism as a result of the release of stored THs, multinodular goiter and thyroid adenoma are the other most common causes of hyperthyroidism. The other causes only represent 5%-8% of the cases and it is very uncommon for it to be due to the xenobiotic exposure [9, 55].




        When hyperthyroidism is overtly expressed, signs and symptoms will likely be presented in conjunction with decreased TSH and increased T3 and T4 concentrations. In cases of subclinical hyperthyroidism, thyroid hormones are in the normal range, and only the TSH level is abnormal. Treatment for hyperthyroidism may involve the use of antithyroid drugs to inhibit the production of thyroid hormones or surgical thyroidectomy or radioactive iodine to reduce the hyper-functioning thyroid tissue [26, 56].




        Typically, hyperthyroid patients suffer from nervousness, anxiety, irritability, mood swings, talk rapidly, and are gaunt and restless. Moreover, they present heat intolerance, sweating, palpitations, insomnia and warm fine skin. Prominent eyes or a stare may also be present. Hyperthyroidism causes an acceleration of general activity. This condition makes the heart beat much faster (tachycardia), which could lead to arrhythmias, especially in the elderly. In addition, an increase in the blood pressure and decreased peripheral vascular resistance are also common [9, 55].




        The increase in THs produces an increase in the BMR and heat production. Patients tend to eat more, but often lose weight. Apart from fat loss, patients often lose muscle mass. Both glucose absorption and production are increased as well as insulin release, but hyperthyroidism impairs glucose tolerance. Both the synthesis and clearance of cholesterol and triglycerides are increased, with the latter predominating [57, 58].




        Gastrointestinal motility is increased and absorption of nutrients is decreased. These effects together with the increased food intake could lead to diarrhea. In addition, dyspnea is also observed due to the increase in the BMR, CO2 production, increased sensibility to hypoxemia and hypercapnia. Hyperthyroidism increases red blood cell mass, but the increase in the plasma volume could induce pseudoanemia. Moreover, due to the malabsorption of nutrients, it could also induce anemia due to vitamin B9 or B12 deficiency [9, 55].




        Calcium metabolism is affected reducing intestinal abortion and increasing urinary elimination. Bone resorption is increased, which increases calcium blood levels. In this regard, hyperthyroidism could induce osteoporosis. Neuromuscular effects, with muscle weakness, fatigue and hyperactive tendon reflexes with both accelerated contraction and relaxation phases are present in hyperthyroidism [9, 55].


      




      

        Hypothyroidism




        Hypothyroidism occurs when there are insufficient thyroid hormones available to the tissues. The majority of hypothyroid cases are primary (99%), meaning that they arise from a disorder of the thyroid gland itself such as conditions or treatments that destroy thyroid tissue or interfere with thyroid hormone production. To a much lesser extent they may be due to pituitary and/or hypothalamic disease that results in TSH and/or TRH deficiencies. Hypothyroidism could also be produced by a deficiency in T4 conversion to T3 or peripheral resistance to THs. Approximately 2%-15% of the population is afflicted with this disorder and it carries a gender bias seen more frequently in women [9, 52, 55, 59].




        The main cause of hypothyroidism is a diet deficient in iodine, especially in developing countries. Autoimmune hypothyroidism is the most common cause of hypothyroidism in the adult, the incidence being higher in the elderly and women. Autoimmune thyroiditis, also known as Hashimoto's thyroiditis, is the most prevalent cause of autoimmune hypothyroidism in iodine-sufficient areas. Hashimoto's thyroiditis is caused by the autoimmune destruction of thyroid tissue leading to thyroid gland inflammation and reduced thyroid hormone production. Because this disorder is autoimmune in nature, it frequently occurs with other diseases that are also immune in nature and often presents with circulating antithyroid antibodies. Other possible causes of primary hypothyroidism are thyroid ablation or xenobiotic exposure to drugs, pesticides, cosmetics and industrial chemicals, among others. The main causes of secondary hypothyroidism are tumors, traumas, infiltrative processes and xenobiotic exposure, among others. Finally the main causes of tertiary hypothyroidism are craniopharyngioma, surgery and radiotherapy, among others [9, 55, 59 - 61].




        When the disorder is overtly expressed, signs and symptoms will likely be presented in conjunction with elevated TSH and decreased T3 and T4 concentrations. In cases of subclinical hypothyroidism, signs and symptoms are not present, THs are in the normal range, and only the TSH level is abnormal. Treatment of patients with hypothyroidism involves oral replacement through the drug levothyroxine. Oral replacement of THs will reverse the laboratory finding and clinical signs and symptoms [26, 52].




        An additional cause of hypothyroidism is neonatal hypothyroidism, also known as congenital hypothyroidism or cretinism. This disorder affects infants from birth and results from the complete absence of the thyroid gland (athyreosis) or it is secondary to defects in thyroid hormone synthesis. This disorder occurs in approximately 1 in 3500-4000 live births and if left untreated can lead to profound mental retardation [26].




        Hypothyroidism slows the functional activities of the organism. Some symptoms of this condition are tiredness, fatigue, weight gain, drowsiness, decreased intestinal activity and constipation, increased extreme sensitivity to cold, swollen face, eyes and skin, brittle and thin nails and hair. Hypothyroidism is correlated with hypometabolism defined by diminished resting energy expenditure, weight gain, increased cholesterol values, reduced lipolysis, and lessened gluconeogenesis. Hypothyroidism is associated with non-alcoholic fatty liver disease (NAFLD) characterized by steatosis. In fact, increased TSH levels in hypothyroidism have been correlated with the grade of steatosis [9, 45, 62, 63].




        Thyroid hormone deficiency also results in a decrease of blood pressure and could cause bradycardia, reduced systolic contractility, prolonged ventricular diastolic relaxation and increased systemic vascular resistance. Therefore, it produces a reduction of blood supply to the tissues. Other cardiac manifestations may include heart block, pericarditis, pericardial effusion, and rare cardiac tamponade. If hypothyroidism is not treated, it can cause heart failure [9, 55, 64, 65].




        It also promotes weight gain and water retention, increases calcium absorption, mild anemia, decreases bone turnover, and prolongs the bone remodeling cycle, induces gastrointestinal dysfunction with constipation and decreased gut motility. The hypothyroid skin is generally pale with a tinge of yellowish discoloration accompanied with edema, most marked around the eyes and hands [9, 55].




        In addition, hypothyroidism is usually associated with neuromuscular symptoms like stiffness, spams, bradykinesia, muscle weakness, cramps, aches and paresthesia. The more commonly affected nerves are the median nerve and cranial nerves II, V, VII and VIII. At the level of central nervous system, it could induce lethargy, depression, occasionally reversible dementia, memory impairment without other evidence of intellectual deficits. Cerebellar ataxia could also occur with gait disturbance, intention tremors and poor coordination [9, 55].




        Deficits in THs all along the gestation and initial development can lead to cognitive damage and deep mental retardation in humans and other mammals. In hypothyroid subjects, cerebral and cerebellar growth and nerve myelination are seriously retarded. Overall, brain dimension and vascularity are diminished. During infancy, a lack or deficit of THs is devastating and leads to permanent, irreversible mental retardation, even when treated later in childhood. Moreover, a deficiency of THs after three to four years of life leads to retarded skeletal and bone maturation as well as retarded eruption of permanent teeth. Representatively, these children have immature skeletal proportions and facial features, and there is a reduction in epiphyseal growth and bone mineralization that results in the radiographic discovering of dysgenesis of the ossifying epiphyseal centers of the bone. It also produces sexual maturation delay in both genders [26, 66].


      


    




    

      CONCLUDING REMARKS




      The thyroid gland is a complex endocrine organ that has diverse functions and control over multiple organ systems and processes. It functions through an elaborate connection between the hypothalamus, pituitary, and the thyroid gland to maintain normal levels of circulating hormones. High and low levels of thyroid hormones can lead to abnormalities such as hypo- and hyperthyroidism that arise from a variety of causes with homeostasis impairment or developmental effects.




      The population is exposed to many substances such as drugs, pesticides, metals, industrial chemicals, natural or novel foods among others that could alter the thyroid system. The vast majority of these compounds induce hypothyroidism and a very few induce hyperthyroidism and even less of those induce subclinical alterations. Therefore, it is important to determine the effect on the thyroid system of these substance and their combinations, especially for those that produce hypothyroidism, in order to prevent the occurrence of these thyroid diseases through exposure.


    


  




  

    Notes



    

      The author confirms that author has no conflict of interest to declare for this publication.


    




    ACKNOWLEDGEMENTs




    Declared None.




    REFERENCES




    

      

        	



        	

      




      

        	
[1]



        	Niazi A.K., Kalra S., Irfan A., Islam A.. Thyroidology over the ages., Indian J. Endocrinol. Metab.. 2011; 15 Suppl. 2: 2230-8210.



      




      

        	
[2]



        	Langer P.. , . Endemic Goiter.. Vol. 44. Geneva: WHO; 1960. History of goiter.; p. 9

      




      

        	
[3]



        	Brunicardi F.C., Schwartz S.I.. , . 2005.

      




      

        	
[4]



        	Marketos S., Eftychiadis A., Koutras D.A.. Thyroid diseases in the Byzantine era., J. R. Soc. Med.. 1990; 83(2): 111-113.



      




      

        	
[5]



        	Escobar R.F., Bernal J., Obregón M.J., Escobar H.F., Morreale G.. , ; Fisiología del Tiroides.. In: Tresguerres J.A., Aguilar E., Devesa J., Moreno B., editors. Tratado de Endocrinología Básica y Clínica.. Vol. II. Madrid, Spain: Síntesis Publisher; 2000.

      




      

        	
[6]



        	Kirsten D.. The thyroid gland: physiology and pathophysiology., Neonatal Netw.. 2000; 19: 11-26.



      




      

        	
[7]



        	Rhoades R., Tanner G.A.. , . Medical Physiology.. Lippincott Williams & Wilkins; 2003.

      




      

        	
[8]



        	Hung W.. , . Clinical Pediatric Endocrinology.. Mosby Year Book; 1992.

      




      

        	
[9]



        	Falk S.A.. , . Thyroid Disease: Endocrinology, Surgery, Nuclear Medicine, and Radiotherapy.. Lippincott-Raven; 1997.

      




      

        	
[10]



        	Troncone L., Shapiro B., Satta M.A., Monaco F.. , . Thyroid Diseases: Basic Science, Pathology, Clinical and Laboratory Diagnoses.. Taylor & Francis; 1993.

      




      

        	
[11]



        	Patton K.T., Thibodeau G.A.. , . The Human Body in Health & Disease.. Elsevier/Mosby; 2014.

      




      

        	
[12]



        	Patel J., Landers K., Li H., Mortimer R.H., Richard K.. Thyroid hormones and fetal neurological development., J. Endocrinol.. 2011; 209: 1-8.



      




      

        	
[13]



        	Howdeshell K.L.. A model of the development of the brain as a construct of the thyroid system., Environ. Health Perspect.. 2002; 110 Suppl. 3: 337-348.



      




      

        	
[14]



        	Moore K.L., Persaud T.V., Torchia M.G.. , . The Developing Human: Clinically Oriented Embryology.. Saunders/Elsevier; 2008.

      




      

        	
[15]



        	Harrell G.B., Murray P.D.. Diagnosis and management of congenital hypothyroidism., J. Perinat. Neonatal Nurs.. 1998; 11(4): 75-83.



      




      

        	
[16]



        	Miculan J., Turner S., Paes B.A.. Congenital hypothyroidism: diagnosis and management., Neonatal Netw.. 1993; 12: 25-34.



      




      

        	
[17]



        	Obregon M.J., Calvo R.M., Del Rey F.E., de Escobar G.M.. Ontogenesis of thyroid function and interactions with maternal function., Endocr. Dev.. 2007; 10: 86-98.



      




      

        	
[18]



        	Fisher D.A.. Fetal thyroid function: diagnosis and management of fetal thyroid disorders., Clin. Obstet. Gynecol.. 1997; 40: 16-31.



      




      

        	
[19]



        	Thorpe-Beeston J.G., Nicolaides K.H., McGregor A.M.. Fetal thyroid function., Thyroid. 1992; 2: 207-217.



      




      

        	
[20]



        	Kratzsch J., Pulzer F.. Thyroid gland development and defects., Best Pract. Res. Clin. Endocrinol. Metab.. 2008; 22: 57-75.



      




      

        	
[21]



        	Fisher D.A.. Thyroid function in premature infants. The hypothyroxinemia of prematurity., Clin. Perinatol.. 1998; 5: 999-1014.


        [viii.].

      




      

        	
[22]



        	Calvo R.M., Jauniaux E., Gulbis B., et al. Fetal tissues are exposed to biologically relevant free thyroxine concentrations during early phases of development., J. Clin. Endocrinol. Metab.. 2002; 87: 1768-1777.



      




      

        	
[23]



        	Hume R., Simpson J., Delahunty C., et al. Human fetal and cord serum thyroid hormones: developmental trends and interrelationships., J. Clin. Endocrinol. Metab.. 2004; 89: 4097-4103.



      




      

        	
[24]



        	Thorpe-Beeston J.G., Nicolaides K.H., Felton C.V., Butler J., McGregor A.M.. Maturation of the secretion of thyroid hormone and thyroid-stimulating hormone in the fetus., N. Engl. J. Med.. 1991; 324: 532-536.



      




      

        	
[25]



        	Kester M.H., Martinez de Mena R., Obregon M.J., et al. Iodothyronine levels in the human developing brain: major regulatory roles of iodothyronine deiodinases in different areas., J. Clin. Endocrinol. Metab.. 2004; 89: 3117-3128.



      




      

        	
[26]



        	Chiasera J.M.. Back to the basics: thyroid gland structure, function and pathology., Clin. Lab. Sci.. 2013; 26: 112-117.



      




      

        	
[27]



        	Refetoff S.. Resistance to thyroid hormone: one of several defects causing reduced sensitivity to thyroid hormone., Nat. Clin. Pract. Endocrinol. Metab.. 2008; 4(1): 1.



      




      

        	
[28]



        	Harper M.E., Seifert E.L.. Thyroid hormone effects on mitochondrial energetics., Thyroid. 2008; 18: 145-156.



      




      

        	
[29]



        	Mullur R., Liu Y.Y., Brent G.A.. Thyroid hormone regulation of metabolism., Physiol. Rev.. 2014; 94: 355-382.



      




      

        	
[30]



        	Silva J.E.. Thermogenic mechanisms and their hormonal regulation., Physiol. Rev.. 2006; 86: 435-464.



      




      

        	
[31]



        	Clausen T., Van Hardeveld C., Everts M.E.. Significance of cation transport in control of energy metabolism and thermogenesis., Physiol. Rev.. 1991; 71: 733-774.



      




      

        	
[32]



        	Ismail-Beigi F.. Regulation of Na+,K(+)-ATPase expression by thyroid hormone., Semin. Nephrol.. 1992; 12: 44-48.



      




      

        	
[33]



        	Fahien L.A., Laboy J.I., Din Z.Z., et al. Ability of cytosolic malate dehydrogenase and lactate dehydrogenase to increase the ratio of NADPH to NADH oxidation by cytosolic glycerol-3-phosphate dehydrogenase., Arch. Biochem. Biophys.. 1999; 364: 185-194.



      




      

        	
[34]



        	Harper M.E., Brand M.D.. The quantitative contributions of mitochondrial proton leak and ATP turnover reactions to the changed respiration rates of hepatocytes from rats of different thyroid status., J. Biol. Chem.. 1993; 268: 14850-14860.



      




      

        	
[35]



        	Crunkhorn S., Patti M.E.. Links between thyroid hormone action, oxidative metabolism, and diabetes risk?, Thyroid. 2008; 18: 227-237.



      




      

        	
[36]



        	Feng X., Jiang Y., Meltzer P., Yen P.M.. Thyroid hormone regulation of hepatic genes in vivo detected by complementary DNA microarray., Mol. Endocrinol.. 2000; 14: 947-955.



      




      

        	
[37]



        	Oppenheimer J.H., Schwartz H.L., Lane J.T., Thompson M.P.. Functional relationship of thyroid hormone-induced lipogenesis, lipolysis, and thermogenesis in the rat., J. Clin. Invest.. 1991; 87: 125-132.



      




      

        	
[38]



        	Lopez D, Abisambra Socarras JF, Bedi M, Ness GC. , . Activation of the hepatic LDL receptor promoter by thyroid hormone.. 1771.

      




      

        	
[39]



        	Klein I., Danzi S.. Thyroid disease and the heart., Circulation. 2007; 116: 1725-1735.



      




      

        	
[40]



        	Goldberg I.J., Huang L.S., Huggins L.A., et al. Thyroid hormone reduces cholesterol via a non-LDL receptor-mediated pathway., Endocrinology. 2012; 153: 5143-5149.



      




      

        	
[41]



        	Knudsen N., Laurberg P., Rasmussen L.B., et al. Small differences in thyroid function may be important for body mass index and the occurrence of obesity in the population., J. Clin. Endocrinol. Metab.. 2005; 90: 4019-4024.



      




      

        	
[42]



        	Fox C.S., Pencina M.J., D'Agostino R.B., et al. Relations of thyroid function to body weight: cross-sectional and longitudinal observations in a community-based sample., Arch. Intern. Med.. 2008; 168: 587-592.



      




      

        	
[43]



        	Fliers E., Klieverik L.P., Kalsbeek A.. Novel neural pathways for metabolic effects of thyroid hormone., Trends Endocrinol. Metab.. 2010; 21: 230-236.



      




      

        	
[44]



        	Celi F.S., Zemskova M., Linderman J.D., et al. Metabolic effects of liothyronine therapy in hypothyroidism: a randomized, double-blind, crossover trial of liothyronine versus levothyroxine., J. Clin. Endocrinol. Metab.. 2011; 96: 3466-3474.



      




      

        	
[45]



        	Simonides W.S., Thelen M.H., van der Linden C.G., Muller A., van Hardeveld C.. Mechanism of thyroid-hormone regulated expression of the SERCA genes in skeletal muscle: implications for thermogenesis., Biosci. Rep.. 2001; 21: 139-154.



      




      

        	
[46]



        	Simonides W.S., van Hardeveld C.. Thyroid hormone as a determinant of metabolic and contractile phenotype of skeletal muscle., Thyroid. 2008; 18: 205-216.



      




      

        	
[47]



        	Noda M.. Possible role of glial cells in the relationship between thyroid dysfunction and mental disorders., Front. Cell. Neurosci.. 2015; •••: 9.



      




      

        	
[48]



        	Bernal J., Guadano-Ferraz A., Morte B.. Perspectives in the study of thyroid hormone action on brain development and function., Thyroid. 2003; 13: 1005-1012.



      




      

        	
[49]



        	Zoeller R.T.. Environmental chemicals impacting the thyroid: targets and consequences., Thyroid. 2007; 17: 811-817.



      




      

        	
[50]



        	Horn S., Heuer H.. Thyroid hormone action during brain development: more questions than answers., Mol. Cell. Endocrinol.. 2010; 315: 19-26.



      




      

        	
[51]



        	Duarte-Guterman P., Navarro-Martin L., Trudeau V.L.. Mechanisms of crosstalk between endocrine systems: regulation of sex steroid hormone synthesis and action by thyroid hormones., Gen. Comp. Endocrinol.. 2014; 203: 69-85.



      




      

        	
[52]



        	Kaplan L.A., Pesce A.J.. , . Clinical Chemistry: Theory, Analysis, Correlation.. Mosby/Elsevier; 2010.

      




      

        	
[53]



        	U.S. Prevention Services Task ForceScreening for thyroid disease: recommendation statement., Ann. Intern. Med.. 2004; 140(2): 125-127.



      




      

        	
[54]



        	De Vries E.M., Fliers E., Boelen A.. The molecular basis of the non-thyroidal illness syndrome., J. Endocrinol.. 2015; 225: R67-R81.



      




      

        	
[55]



        	Albarrán A.J.. , . Endocrinología.. Editorial Medica Panamericana Sa de; 2010.

      




      

        	
[56]



        	Bahn Chair R.S., Burch H.B., Cooper D.S., et al. Hyperthyroidism and other causes of thyrotoxicosis: management guidelines of the American Thyroid Association and American Association of Clinical Endocrinologists., Thyroid. 2011; 21: 593-646.



      




      

        	
[57]



        	Brent G.A.. Clinical practice. Graves’ disease., N. Engl. J. Med.. 2008; 358: 2594-2605.



      




      

        	
[58]



        	Motomura K., Brent G.A.. Mechanisms of thyroid hormone action. Implications for the clinical manifestation of thyrotoxicosis., Endocrinol. Metab. Clin. North Am.. 1998; 27: 1-23.



      




      

        	
[59]



        	Ridgway E.C.. Modern concepts of primary thyroid gland failure., Clin. Chem.. 1996; 42: 179-182.



      




      

        	
[60]



        	Duntas L.H.. Chemical contamination and the thyroid., Endocrine. 2015; 48(1): 53-64.



      




      

        	
[61]



        	Barbesino G.. Drugs Affecting Thyroid Function., Thyroid. 2010; 20(7): 763-770.



      




      

        	
[62]



        	Brent G.A.. , . 2012. Hypothyroidism and thyroiditis..

      




      

        	
[63]



        	Chung G.E., Kim D., Kim W., et al. Non-alcoholic fatty liver disease across the spectrum of hypothyroidism., J. Hepatol.. 2012; 57(1): 150-156.



      




      

        	
[64]



        	Grais I.M., Sowers J.R.. Thyroid and the heart., Am. J. Med.. 2014; 127: 691698.



      




      

        	
[65]



        	Patil V.C., Patil H.V., Agrawal V., Patil S.. Cardiac tamponade in a patient with primary hypothyroidism., Indian J. Endocrinol. Metab.. 2011; 15: S144-S146.



      




      

        	
[66]



        	Martin R.J., Fanaroff A.A., Walsh M.C.. , . Neonatal-perinatal Medicine: Diseases of the Fetus and Infant.. Elsevier / Mosby; 2011.

      


    


  




  




  

    

      Endocrine Disruption


    


  




  

    

      INTRODUCTION




      Initially, endocrine-disruptor (ED) was described by the U.S. Environmental Protection Agency (EPA) as “an exogenous compound that disrupts synthesis, secretion, transport, metabolism, binding action, or elimination of natural blood-borne hormones that are present in the organism and are responsible for homeostasis, reproduction, and developmental process” [1].




      However, after accumulated evidence showed that mechanisms of action are much broader than originally recognized, EDs have been defined as “natural or synthetic compounds which through environmental or inappropriate developmental exposures disrupt the hormonal and homeostatic systems that enable the body to communicate with and respond to its environment” [2]. Thus, compounds that influence thyroid




      hormones metabolism, either by the hypothalamic-pituitary-thyroid (HPT) axis or directly through nuclear receptors, are denominated “thyroid disruptors” (TDs) [3]. The thyroid gland is highly dependent on dietary iodine intake for normal function, and thus may be especially vulnerable to exogenous disruption. In this regard, thyroid function could be altered by diet, through consumption of naturally occurring goitrogens such as goitrin or flavonoids in legumes and plants [4]. In addition, the thyroid system can be disrupted by drugs, metals, synthetic chemicals and their byproducts (more than 150 in all), plastics, plasticizers, pesticides, and fungicides (Table 1) [2 - 6].




      

        Table 1 Endocrine disruptors that alter thyroid function.




        

          

            	
Industrial chemicals and byproducts (solvents/lubricants):


            Polychlorinated dioxins and furans (PCDD/Fs (dioxins)), Perchlorate,


            Polychlorinated biphenyls (PCBs)


            Polybrominated biphenyls (PBBs)

          




          

            	
Plastics and plasticizers:


            Bisphenol A (BPA), tetrabromobisphenol A (TBBPA) and Phthalates

          




          

            	
Pesticides:


            Alachlor, dicamba, carbamate, chlorpyrifos


            Dichlorodiphenyltrichloroethane (DDT), Fipronil


            Endosulfan, heptachlor, lindane, toxaphene

          




          

            	
Fungicides:


            Amitriole, Vinclozolin, mancozeb

          




          

            	
Sunscreen-Cosmetics:


            Benzophenone 2 and 3


            Homosalate (HMS), 2-ethylhexyl 4-dimethylaminobenzoate (OD-PABA) and


            4-aminobenzoic acid (PABA)

          




          

            	
Heavy metals:


            Cadmium, mercury, lead

          




          

            	
Polyphenols:


            isoflavones (soy), flavonoids (catechin, quercetin)

          


        




      




      The thyroid gland is a vital organ because of the health of each organ and tissue requires an euthyroid condition and an optimally working HPT axis. Thyroid hormones (THs) are implicated in numerous physiological processes such as metabolic regulation, energy homeostasis, bone remodeling, cardiac function and mental condition. Therefore, preservation of regular thyroid function is critical for psychological and physiological wellbeing [7, 8]. The thyroid gland in adults, is normally able to compensate, by thyroid hyperplasia and goiter, for mild or moderate disruption of normal thyroid function [4]. Thyroid hormones are known to play an essential action in development of the fetus, regulating growth and differentiation of many tissues and organs, especially development of the central nervous system [6, 9, 10]. Throughout the earliest period of gestation, the fetus confides completely on transplacental transference of maternal THs and therefore, on regular maternal thyroid function, but maternal thyroid homeostasis keeps supporting considerably to fetal development throughout the remaining period of gestation [9, 11]. The disruption of the HPT axis during development can produce deep damage on mammalian brain development, leading to mental retardation and neurological deficiencies [12]. The impact of TDs on population could be based on timing, dose, and length of exposure time, synergy between compounds, as well as genetic and immune status, conditioning them to thyroid disease. This highlights that an important part of the population may be at risk or be more vulnerable to thyroid disruption.


    




    

      THYROID HORMONE CONTROL AND METABOLISM




      The thyroid system is controlled by the HPT axis (Fig. 1). In this regard, Thyrotropin-releasing hormone (TRH), liberated from hypophysiotropic neurons situated in the medial and periventricular parvocellular subdivisions of the hypothalamic paraventricular nucleus, regulate the production and secretion of thyroid stimulation hormone (TSH) from the pituitary gland [13]. Moreover, TSH synthesis is also induced by the direct action of tetraiodo-L-thyronine (T4) and 3,3,5-triiodo-L-thyronine (T3) binding to thyrotropic cells [3]. TSH in turn stimulates the synthesis of thyroglobulin (Tg), thyroid peroxidase (TPO), sodium-iodide symporter (NIS) protein, production and release of T4 and T3 (Fig. 2), which consequently produce negative feedback on both pituitary and hypothalamus [14, 15]. T4 and, to a minor degree, T3 are discharged into the sanguine fluid where they are transported by the TH delivery proteins thyroxin-binding globulin (TBG), transthyretin (TTR), and albumin [16]. Because of its appetent binding to blood proteins, T4 possesses a much longer half-life than T3.




      T4 is converted to the active hormone T3 by monoiodothyronine deiodinase type I (DI1) in the liver, kidney and thyroid, contributing to the maintenance of circulating T3 levels and the clearance of plasma reverse T3 (rT3). Monoiodothyronine deiodinase type II (DI2) is the main T3-activating enzyme in target cells in the brain. In addition, monoiodothyronine deiodinase type III (DI3) eliminates an iodine atom from the tyrosyl ring which transforms either T4 to the inactive rT3 or T3 to the inactive diiodothyronine (T2) [17, 18]. These 3 types of monoiodothyronine deiodinases (DIs) control the local availability of T3 for cellular action, playing a crucial function in modulation of the physiological outcome of THs [19]. THs cross the plasma membranes using highly specific transporters, termed monocarboxylate transporter (MCT) 8 and 10, and organic anion-transporting polypeptide 1c1 (OATP 1c1), the last mentioned being critical for TH transport across the blood brain barrier (BBB) [20]. Since removal of TH take place after glucuronidation and sulfation, its biding with glucuronic acid, leads to the main metabolic pathway of TH metabolism [21].




      Once inside the cell, thyroid hormones binds to the thyroid receptors (TRs) that are ligand-modulated transcription factors of the nuclear receptor superfamily [8]. Two genes, TRα and TRβ, codify for TRs, which by alternative promoter utilization and alternative splicing result in diverse TR isoforms and isotypes [15]. TRα1 and TRβ1 are the main forms to which THs bind [8]. These two isoforms present different spatial and temporal expressions and are also diversely expressed during growth. In this regard, TRα1 is especially profuse in the central nervous system (CNS), heart and immune system, whereas TRβ1 is preferentially expressed in the brain, liver, and kidney [10]. They both present analogous attraction for T3 (10-9 M–10-10 M) and transactivate target gene transcription in a concentration-dependent way [15].




      
[image: ]





      

        Figure 1)




        Hypothalamic–pituitary–thyroid axis. TRH, thyrotropin releasing hormone; TSH, thyroid stimulating hormone; T4, thyroxine; T3, triiodothyronine; I, iodine; UDPGT, uridine diphosphate glucuronyltransferase; TR, thyroid hormone receptor; TH, thyroid hormone; NIS, the sodium iodide synmporter; TPO, thyroperixidase; Gluc, glucose. Adapted from Miller and coworkers [25].


      




      To regulate transcription, TR binds to a particular nucleotide sequence termed the TH-responsive element (TRE) that acts as a homodimer or heterodimer with other nuclear receptors, especially with the retinoid X receptor (RXR) [22]. Once this complex binds to a TRE in the promoter region of target genes, TR binds to a series of proteins, named co-activators or co-repressors, in a ligand-dependent manner, which regulate the transcription of these genes [21, 23]. Once TRs are unoccupied by T3, they enroll basal repressors, like the silencing mediator of the retinoid and thyroid hormone receptor (SMRT) and the nuclear receptor co-repressor (NCoR). These cofactors permit the supplementary enrollment of histone deacetylases, which rearrange the architecture of chromatin, and result in the inhibition of target genes at lessen levels than in the lack of the receptor. Counterwise, T3 binding to TRs produces conformational modifications that lead to co-repressor liberation, and consequent co-activator enrollment. These co-activators, such as those of the p160/SRC (steroid receptor co-activator) group, have intrinsic histone acetylase action and induce a molecular events that ends in the induction of target gene transcription [11, 24].
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