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Abstract 

 

The deiodinases are a family of enzymes that mediate the activation and inactivation of thyroid 

hormone. Their role in the regulation of systemic thyroid hormone concentration is well established 

and underpins the treatment of common thyroid diseases. Interest in this field was recently renewed 

when the deiodinases were implicated in tissue development and homeostasis, and also in a wide 

range of human diseases. Three deiodinases have been identified, namely, D1, D2 and D3, which 

differ in their structure, catalytic properties, and tissue distribution. Notably, the expression of these 

enzymes changes during life in relation to the different needs of each organ and to ageing. The 

systemic homeostatic role of deiodinases clearly emerges during changes in serum thyroid hormone 

concentrations as seen in patients with thyroid dysfunction. On the other hand, the role played by 

the deiodinases at tissue level represents a mechanism whereby thyroid hormone signaling can be 

fine-tuned within a given cell in a precise time-space window without perturbing serum thyroid 

hormone concentrations. This review maps the overall functional role of the deiodinases and 

explores challenges and novel opportunities arising from the expanding knowledge of these 

“master” components of the thyroid homeostatic system. 
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Introduction 

Thyroid hormones (THs) influence the differentiation, growth and energy metabolism of virtually 

all cells and tissues. The biological action of THs is mediated through the interaction of T3 with 

nuclear TH receptors, and their binding to chromatin1. In healthy individuals, the thyroid gland 

produces T3 (the most biologically active form of thyroid hormone) and T4 (a weaker receptor 

ligand than T3) in a ratio of approximately 1:14. T3 plasma homeostasis in vertebrates is 

guaranteed by two potent systems that control the synthesis, secretion and metabolism of T4 and 

T3, and therefore their circulating concentration. They also allow the modulation of TH availability 

in target cells2. One system is based on central regulation operated by the hypothalamus-pituitary-

thyroid axis (HPT) that maintains serum TH levels at remarkably stable levels through the actions 

of thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH). The HPT axis is 

negatively controlled by T4 and T3 in the circulation. Suppression of TSH and TRH secretion is 

mostly mediated by T4 and its intracellular conversion to T3 in pituitary cells and in hypothalamic 

TRH neurons respectively3,4,5,6. An increase in circulating T4 and the consequent increase in 

intracellular T3 concentration in hypothalamic TRH neurons and in pituitary thyrotrophs shuts 

down TRH and TSH  gene expression, whereas a drop in circulating T4 results in an opposite 

effect4. The second system operates at intracellular level when T3 and T4 enter the cell via TH 

transporters7. At least 20 cell-specific TH transporters have been identified so far7. Once inside the 

cell, the concentration of TH is tightly controlled by three iodothyronine deiodinase enzymes (D1, 

D2 and D3), which catalyze the removal of iodine atoms at the phenolic ring (activation pathway) 

or at the tyrosil ring (inactivation pathway) of T4 and T3 (Figure 1)2. The three deiodinases belong 

to the thioredoxin fold superfamily and share a highly conserved active site containing the rare 

selenocysteine amino acid, which is critical for enzymatic activity8. While D1 and D3 are located in 

the plasma membrane, D2 is an endoplasmic reticulum-resident protein8. D1 catalyzes both 

phenolic and tyrosil ring deiodination and is expressed in the thyroid, liver and kidneys, while D2 

catalyzes only phenolic ring deiodination and thus contributes to T3 production in the central 

nervous system, thyroid, skeletal muscle and brown adipose tissue9. D3, the physiological 

terminator of THs, inactivates both T3 and T4 through tyrosil ring deiodination10. Under normal 

conditions, D3 is expressed in the brain, placenta and pancreas, although under pathophysiological 

conditions, it can be induced in other tissues11. The coordinated activity of the three deiodinases 

impacts on the serum and tissue levels of both T4 and T312.  

 

T3 exerts its biological activity either by binding to nuclear receptors and regulating target gene 

expression (genomic action, or Type I action) or by binding to cytosolic partners and activating 
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intracellular cascades (non-genomic or Type II action)13. TH receptors (TRs) belong to the 

superfamily of nuclear hormone receptors that function as ligand-modulated transcription factors14. 

Transcription of target genes occurs upon binding of the T3-TR complexes to TH response 

elements (TREs) within the chromatin and is regulated by an exchange of co-repressor (CoR) and 

co-activator (CoA) complexes. Indeed, in the absence of the T3 ligand, TRs bind TREs in 

association with CoR proteins. The binding of T3 to TR induces CoR release and CoA recruitment 

and consequently a net shift from transcriptional repression to transcriptional activation - a process 

known as the genomic effects of THs15,16,17. The mechanisms of genomic TH action differ from the 

effects of THs that occur within seconds or minutes. The latter actions constitute the non-genomic 

effects of THs, and comprise the binding of T3 or T4 to cellular proteins and interactions of TRs 

with cellular partners17. Importantly, although these cytosolic interactions of TH or TRs are 

collectively called “non-genomic actions”, they may culminate in transcriptional activation of target 

genes18.  

 

Control of T3 concentration in the circulation 

 

T3 is the major biologically active thyroid hormone19 and, as mentioned above, its serum 

concentration remains relatively stable throughout life thanks to the coordinated action of the HPT 

axis, the TH transporters and the peripheral deiodinase activity. The finding that the human thyroid 

secretes only 20% of the daily T3 requirement20 (versus about 50% of the daily requirement in 

rats21), while peripheral conversion of T4-to-T3 provides the remaining 80%, supports the concept 

that deiodinases play a preeminent role in T3 plasma homeostasis in humans22. Notably, the gold 

standard treatment for hypothyroidism is T4. The rationale for this treatment is that the T4-to-T3 

conversion is sufficient to provide the total T3 requirement. Finally, the existence of a considerable 

extrathyroidal T4 pool that could be used by deiodinases in situations of TH insufficiency (e.g., 

iodine deficiency) to ensure a stable T3 level, is in line with the evolutionary development of a 

peripheral control of plasma T3 concentrations that could be triggered when the HPT axis is 

insufficient or failing23. 

 

D1 and D2 are able to convert T4-to-T3, albeit with a different enzymatic efficiency. The Km of D2 

for T4 is in nanomolar range (1-4 nM) while the Km of D1 is in micromolar range (1-10 microM)9. 

This means that, at physiological concentrations, T4 is a much better substrate for D2 than for D1.  
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This consideration is based on the concept of “free hormone concentration” and neglects the issues 

of cellular compartmentalization of substrates and ligands regulated by membrane transporters and 

intracellular deiodinases at cell level. We cannot exclude that, locally, this compartmentalization 

could be strategical to generate areas with a non-uniform concentration of the substrates. In this 

scenario, the Km values measured in vitro, in the absence of binding proteins and transporters, 

might not reflect the physiological role of deiodinases due to the potentially different local intra-

cellular in vivo concentrations of TH. Accordingly, T3 production may be greater in a large but low 

affinity D1-expressing tissue (i.e., liver, kidney or thyroid) than in a D2-expressing tissue, despite 

the higher in vitro affinity of D2 for T4. 

 

It is difficult to define the precise percentage of the total plasma T3 produced by D1 and D2 

respectively in humans. A healthy adult requires about 30 µg T3 daily, of which about 5 µg are 

directly secreted by the thyroid gland. The remaining 25 µg are obtained via peripheral 

deiodination. Several groups have tried to quantify the contribution of D1 to the production of 

circulating T3 by taking advantage of its specific sensitivity to propylthiouracil (PTU)24,25,26. In 

these studies, PTU reduced T3 plasma levels by about only 20-30% in euthyroid patients suggesting 

that D1 is not the major plasma T3 producer. However, we cannot exclude that these studies 

underestimated the role of D1 in T3 homeostasis due to a not completely effective PTU dose or to a 

contemporary reduction of T3 clearance. Vice versa, in hyperthyroid patients PTU decreased T3 

plasma levels by about 50%, which indicates that, in this condition, D1 has a greater impact on T3 

production than in euthyroid patients27,28. 

Currently, D2 is believed to produce most of the T3 daily requirement, namely, 20 µg/day, and a 

small aliquot (5 µg/day) is provided by D120. However, D1, because of its subcellular localization 

and abundant expression, is likely to contribute also significantly to circulating T3 levels29,30,31. In 

D1-expressing tissues, T3 rapidly equilibrates between the intracellular and extracellular space, 

whereas in D2-expressing tissues (that express D2 in the endoplasmic reticulum31), T3 is much 

slower in equilibrating between the two locations. The T3 produced by D120,32,33,34 exits cells in 

about 30 minutes, while D2-generated T3 remains in the cell for about 8 hours33. Of course, since 

the discovery of several TH transporters differentially expressed among various tissues, the precise 

kinetics of T3 production, tissue distribution and equilibrium with plasma does not depend only on 

deiodinase actions and may differ among tissues. 

 

D1 plays also an important role in iodine recycling by acting as a scavenger enzyme35. Mice lacking 

D1 showed, compared to WT mice, a reduced urinary excretion of iodide and an increased fecal 
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excretion of iodiothyronines36. The role played by D2 in the homeostatic control of plasma T3 is 

supported by its negative regulation by THs at transcriptional and post-transcriptional level9. D2 has 

a very short half-life (about 20 minutes) and can vary depending on whether T4 is available or not9. 

Thyroid hormones regulate D1 and D2 expression in an opposite fashion: hyperthyroidism 

increases D1 and decreases D2 whereas hypothyroidism decreases D1 and increases D2, thereby 

supporting a role of D2 in controlling plasma T3 homeostasis9,37. In hypothyroidism, the peripheral 

conversion of T4-to-T3 is increased consequent to D2 induction. In fact, it is estimated that D2 

accounts for about 70% of the extrathyroidal production of T3 in hypothyroidism versus about 30% 

in hyperthyroidism20,25,38. In conclusion, the properties of D1 and D2 support the concept that, in 

thyroid hormone homeostasis, D1 exerts a more “systemic action” whereas D2 exerts “local 

action”. 

 

The generation of mouse models lacking D1 and/or D2 led to the unexpected observation that 

deiodinase activity is not essential for T3 plasma homeostasis in mice36,39. The double D1-D2KO 

mouse has normal plasma T3 levels, thanks to an increased TSH level and the consequent greater 

secretion of T3 from the thyroid35. These observations indicated that, at least in rodents, a deficit in 

the activating deiodinases can be overcome by multiple mechanisms including the presence of an 

intact HPT axis and altered clearance of the iodothyronines. Furthermore, it is not inconceivable 

that the mild impact of the absence of D1 and D2 on T3 plasma concentrations in rodents may also 

reflect the greater contribution of the thyroid gland itself in T3 production in rodents versus 

humans21,22, 40,41.  

 

Polymorphisms in the type 2 deiodinases (DIO2) gene and clinical implications 

 

Several polymorphisms have been identified in the DIO genes42,43,44 (Table 1). Some of them have 

been shown to affect TH plasma levels probably by modifying deiodinase activity or expression. In 

particular, a DIO1 polymorphism (C785T) is associated with higher T4 and rT3 and lower T3 

plasma levels, which suggests that C785T results in decreased D1 activity42. On the other hand, the 

DIO1 A1814G polymorphism is associated with increased T3 levels and a higher T3/rT3 ratio, 

which suggests increased D1 activity. The DIO3 T154G polymorphism does not affect TH plasma 

levels42 (34). The DIO2 Thr92Ala polymorphism that occurs in about 15-30% of Caucasians is of 

particular interest45. Studies in primary culture of pituitary and skeletal muscle cells demonstrated 

that the Thr92Ala enzyme is less efficient than the wild-type enzyme in converting T4-to-T343,46, 

and, moreover, that it has a longer half-life and accumulates in the Golgi complex47. In addition, in 
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a study conducted with knock-in mouse models, mice with the Thr92Ala substitution manifested 

hypothyroidism in distinct brain areas, which was reversed by administration of T348. Clinical 

studies suggest that this single-nucleotide polymorphism is associated with metabolic disease, 

mental disorders, a higher odds of developing Alzheimer’s disease (in African Americans) and an 

altered HPT axis43,45,49,50,51,52. However, the role of Ala92 and its clinical implications are 

controversial as many other studies failed to confirm these data 53,54,55. Two studies conducted in 

healthy subjects did not find a correlation between THs levels and the Thr92Ala polymorphism42,56. 

Castagna et al., in athyreotic subjects, found that plasma FT3 levels were lower in patients carrying 

the Thr92Ala polymorphism, probably as a result of the lower efficiency of the conversion of 

exogenous T4-to-T343 and therefore, the need for higher LT4 doses to normalize TSH levels. In an 

earlier study, the Thr92Ala polymorphism was not associated with the T4 dose in 154 athyreotic 

subjects57.  

 

The Thr92Ala polymorphism has also been associated with insulin resistance50,58,59. It has been 

suggested that decreased D2 activity in adipose tissue and skeletal muscle (two insulin-sensitive 

tissues) determines local hypothyroidism that, in turn, causes the decreased expression of the 

insulin-sensitive glucose transporter GLUT4 (a T3 target gene), thus leading to insulin resistance46. 

These effects were not confirmed in subsequent studies, probably due to a low statistical power, a 

different ethnic background and the genetic complexity of the explored pathological conditions60,61. 

However, even in the study43 in which the polymorphism was associated with a low T3 level, a 

percentage of D2 Thr92Ala carriers had T3 levels within the reference range. It is likely that 

Thr92Ala is associated with, but is not the only player, in determining T3 plasma levels in 

athyreotic patients, and that other genetic actors could be involved in this process62. The Thr92Ala 

polymorphism and the Trp64Arg β3 variant of the adrenergic receptor (ADRB3) were strongly 

associated with obesity in 135 Caucasian non-diabetic women50. Moreover, in a population of type 

2 mellitus diabetic patients, insulin resistance was more severe in carriers of both D2 Ala/Ala and 

PPARγ2 Ala12 alleles than in those with other D2/PPARγ2 genotype combinations63.  

 

Another interesting D2 polymorphism has been identified in one of the three open reading frames of 

the 5’ UTR of DIO2, which is the ORF responsible for the inhibitory effect of the 5’ UTR on D2 

expression44. In young subjects, the D2 ORFa-Gly3Asp polymorphism is associated with decreased 

levels of T4 and rT3 and consequently with increased T3/T4 and T3/rT3 ratios, conditions that 

reflect increased D2 activity44. Moreover, in athyreotic subjects D2 ORFa-Gly3Asp influences the 
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set point of the HPT axis, reducing sensitivity to T464. Although this polymorphism affects THs 

metabolism, it is not related to insulin resistance or hypertension55. 

 

Hopefully, with time, novel genetic markers, e.g. a DIO2 polymorphism will be found that could 

help clinicians to identify populations that have a low T3 plasma concentration under thyroxine 

treatment and clinically fail to respond optimally to it. 

 

Monotherapy with levothyroxine versus combined T3 and T4 

The gold standard treatment of hypothyroidism is monotherapy with levothyroxine (LT4), even 

though the thyroid gland, as largely discussed above, secretes both T4 and T3. Levothyroxine is 

among the five most commonly prescribed drugs worldwide. It is considered a safe and well-

tolerated drug that is able to restore a normal TSH level as well as biochemical and clinical 

euthyroidism 65.  

 

The main advantage of monotherapy with LT4 is its long half-life (6-8 days)66. Consequently, a 

single daily administration ensures stable levels of plasma T4, with a relatively small plasma T4 

peak a few hours after ingestion67. However, about 10-15 % of hypothyroid patients, albeit treated 

with LT4 and with normal TSH levels, still complain of hypothyroidism symptoms68. Escobar-

Morreale and colleagues reported that administration of LT4 alone in rats normalized T4 and T3 

plasma but not tissue concentrations69. Only combined T3 and T4 treatment normalized 

concomitantly plasma and tissue T4 and T3 levels69. Athyreotic patients treated with LT4 lack 20% 

of the T3 produced directly by the thyroid gland, which should, at least in theory, be compensated 

for at peripheral level. In a large retrospective study, Gullo et al. demonstrated that although LT4 

monotherapy normalized TSH levels, it reduced FT3 levels (by about 20%) and slightly increased 

FT4 levels in about 20% of subjects70. This finding was confirmed in a study of 469 LT4-treated 

patients in which T4-treated patients differed in 12 of 52 metabolic and clinical well-being 

parameters, thereby indicating that a normal TSH level does not guarantee normal metabolic 

conditions71. In support of this concept, clinical biomarkers of peripheral euthyroidism in athyreotic 

patients treated with T4 were associated more directly to FT3 levels than to TSH levels, which 

again suggested that normal TSH levels do not always equal tissue euthyroidism72. Interestingly, 

Werneck de Castro et al. showed that the disjunction between TSH and T3 levels depends on a 

different hypothalamic D2 degradation in response to T4 compared to other tissues, which also 

allows the normal execution of the T4-mediated feedback mechanism regulation of TRH-TSH 

secretion73. Therefore, the current view is that standard T4 monotherapy (at a TSH-euthyroid dose) 
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does not restore euthyroidism and clinical well-being in all hypothyroid patients. This scenario has 

led physicians to evaluate the clinical potential of combined T3 and T4 treatment. Unlike LT4, T3 

is not a manageable drug because of its very short T3 half-life (one day). In a T3 monotherapy 

regimen, at least three daily doses are required to achieve stable normal T3 plasma levels67. A study 

conducted in hypothyroid patients with the DIO2 polymorphism revealed that symptoms improved 

when liothyronine (LT3) was added to LT4 therapy74. Combined T4+T3 treatment improved 

cognitive function and body weight in some studies but not in others75-82. Discordance among 

studies might be related to incorrect selection of patients, and/or to the administration of a non-

physiologic T4/T3 ratio. Another important limitation in trials with combined T3 and T4 therapy is 

the wide plasma T3 fluctuations that occur due to the short T3 half-life. Indeed, T3 tissue uptake 

might result in tissue-selective (transient) hyperthyroidism. Recently, a more stable slow-release 

form of T3 has been synthesized83. This is a poly-zinc-liothyronine (PZL) which is a metal 

coordinated form of LT3 (Zn[T3][H2O])n. Hypothyroid rats treated with PZL showed a lower T3 

peak and a longer T3 half-life compared to the standard T3 treated rats83. These results are very 

encouraging for a future application of PZL in a clinical setting. 

 

In a small cohort of 45 hypothyroid patients, Carlé et al. reported an association between D2 92Ala 

and the MCT10 single nucleotide polymorphism rs1760625384. MCT10 is a plasma membrane 

amino acid transporter, similar to MCT8, that facilitates the uptake and efflux of T3 and T4 across 

the plasma membrane. Subjects harboring both polymorphisms preferred L-T4 plus L-T3 therapy to 

L-T4 alone84. It is tempting to speculate that, in a rapidly evolving era of personalized medicine, the 

treatment of hypothyroidism should not forcefully titrate everyone regardless of his or her 

individual (genetic) predisposition into putatively “target values”. 

 

Currently, given the lack of conclusive data regarding combined therapy, and the conflicting results 

of clinical trials, the European Thyroid Association and American Thyroid Association recommend 

LT4 monotherapy as the treatment of choice for hypothyroidism85,65. However, combined therapy 

can be considered for poor-responder T4-treated patients and in experimental settings65.  

 

The deiodinases in the control of T3 in “peripheral tissues” 

In the following two subsections we provide two examples of how the deiodinases control 

intracellular TH action in a physiological (muscle stem cells) and in a pathological (skin cancer) 

context. 
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Muscle tissue and muscle stem cells as a paradigm of the control of intracellular TH action  

During embryo development, adequate levels of THs are also essential for the formation and 

differentiation of muscle progenitor cells from the endoderm and subsequently for the shift of 

neonatal to adult myosin isoforms86. In adult life, T3 regulates muscle homeostasis by ensuring the 

correct expression of structural and metabolic muscle proteins87,88. D2 and D3 are expressed at a 

very low level in healthy adult muscle. Consequently, the role of the deiodinases in this tissue has 

been largely neglected. Recently, we found that D2 and D3 are abundantly expressed in muscle 

stem cells and play a major role in muscle regeneration and in the formation and maturation of new 

fibers89,90. 

 

Muscle stem cells (aka “satellite cells”) are the key players in muscle regeneration91. They are 

normally dormant in adults and are located beneath the basal lamina in the quiescent phase of the 

cell cycle91. Upon damage, satellite cells become activated, enter the cell cycle and activate a 

differentiation program that is orchestrated by the sequential expression of a hierarchy of muscle-

specific transcriptional factors92. T3 induces satellite cell differentiation93,94 (Figure 2). 

Accordingly, D2 is specifically up-regulated at the beginning of the differentiation process, and its 

catalytic activity is essential for the correct formation and fusion of new myofibers, as demonstrated 

by the sharp delay in the regeneration process in D2KO mice93. Importantly, studies conducted with 

mouse models of muscle stem cell-specific genetic D2- and D3-knock out showed that the muscle 

regeneration process is compromised in the absence of D2 or D393,95,94. Intriguingly, while the 

differentiation program of satellite cells is delayed in the absence of D2, cell proliferation is 

considerably enhanced93. Differently, D3 is highly expressed in the very early phases of muscle 

regeneration, thereby enabling T3 inactivation, which in turn is required for satellite cell 

proliferation95. Loss of D3 satellite cells disrupts the fine control of T3 availability and prematurely 

exposes satellite cells to the “normal but spatio-temporally excessive” T3 concentration in serum. 

This “cascade” is in line with a novel concept in which D2 and D3 are silent in resting muscle 

conditions, but are readily available to switch on action in such critical circumstances as muscle 

damage or muscle disease (Figure 2). Derangement of this delicate equilibrium can lead to delayed 

myotube differentiation (in case of reduced D2 expression), or to a dramatic deficit in regeneration 

(in case of reduced D3 expression) with deleterious consequences for muscle health and 

homeostasis. Intriguingly, when D2 was specifically depleted in adult muscle fibers, the muscle 

physiology and performance were not significantly affected, thus leading to the conclusion that D2 

is not relevant for thyroid hormone modulation in adult skeletal muscle96,97. Together with the 

results obtained by the satellite cell-specific D2-depletion, these data indicate that the contribution 
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of D2 to muscle is not relevant in adult mature fibers whereas it is significant in muscle stem cell 

physiology. This suggests that TH metabolism by D2 plays a role in myogenesis under normal 

(muscle homeostasis) or pathologic conditions (muscle dystrophy), and likely in all events in which 

muscle stem cells play a major role. 

 

 

Deiodinases and cancer 

Thyroid hormones are classical regulators of cancer growth, differentiation and metabolism11. 

Accordingly, deregulation of the TH signal is a peculiar trait of many human solid tumors11. The 

growth of several tumors is positively or negatively regulated by THs98,99.  In cancer, the action of 

TH is largely due to its impact on such oncogenic pathways as the Shh100, Wnt101, BMP101, 

Notch102, PI3K103and Ras pathways104. Thus, many carcinogenic programs are associated with 

changes in intracellular TH status, which are often due to alteration of deiodinase expression101, 105. 

Interestingly, TH impacts on diverse oncogenic and tumor suppressor pathways, and these 

pathways are often involved in altering the balanced expression of D2 and/or D3, thus resulting in a 

fine circular loop which, in turn, amplifies or attenuates tumor growth (Figure 3). The first 

deiodinase to be associated with cancer formation was D310, which is overexpressed in basal cell 

carcinomas (BCC)105,106, gliomas107, colon cancer108 and hepatic adenomas109, thus establishing D3 

as an oncofetal protein11. Basal cell carcinomas are clear-cut examples of how D3-induced 

attenuation of TH signaling promotes and sustains cancer cell proliferation and progression (Figure 

4). Proliferation of BCC cells drastically drops when D3 is depleted or when external T3 is 

provided, thus leading to a parallel increase in apoptotic cell death and massive reduction of BCC 

cell growth in vitro and in vivo105,100,106. Importantly, genetic D3-depletion in a mouse model that 

spontaneously forms BCC, as well as treatment of BCC tumors with topical T3, confirmed the 

druggable application of increased local T3 to attenuate BCC cancer growth105,106. Besides being 

effective on the bulk of tumoral cells, TH activation also affects the stemness of cancer stem cells 

and their transition to a more committed phase101. Indeed, treatment of colon cancer stem cells with 

T3 confers differentiation potential to these cells, and enhances their sensitivity to chemotherapy14, 

101.  

 

D1 and D2 actions have also been related to tumorigenesis110,111. D1 is down-regulated in renal 

cancer, hepatic adenocarcinoma, papillary thyroid carcinoma (PTC) and in lung cancer compared to 

the counterpart healthy tissues112,109,113,114. Forced re-expression of D1 in renal cancer cells resulted 

in downregulation of several oncoproteins (e.g., STAT3, ANPEP, TGFBI and TGM2), thereby 
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supporting the concept that suppression of D1 might potentiate the proliferation and tumorigenesis 

of cancer tissues and cell lines. Differently, D1 is expressed in follicular thyroid neoplasias, and in 

some of these tumors the elevated expression of D1 and D2 might be responsible for the increased 

plasma T3/T4 ratio114,115. 

 

D2 is up- or down-regulated in various types of cancer. High D2 expression is a trait of many brain 

tumors, namely, astrocytomas, glioblastomas and oligodendrogliomas, as well as pituitary tumors 

and follicular thyroid tumors107,116,117,118. Interestingly, D2 is expressed in BCC cells in parallel with 

D3119,120. In this context, the outstanding questions are: (i) is D2 expression simply a bystander 

effect of local intracellular hypothyroidism driven by elevated D3 or does it play a functional role in 

the tumoral context? and (ii) how can we explain the concomitant expression of two functionally 

opposite enzymes within a tumor? Studies performed in colon cancer have indicated that D2 and D3 

are not expressed simultaneously in the same cancer cell, while they are differentially modulated in 

specific stages of carcinogenesis101. It is tempting to speculate that these two enzymes are 

maintained in a fine-tuned balance within any single cell and that specific signals direct the balance 

versus a “dominant” deiodinase, which directs activation or inactivation of the hormone above the 

plasma steady state.  

 

Therefore, the data available suggest that the expression of D2 and D3 could be either specifically 

localized to different cells within the tumor, or in a different subcellular localization within the 

same cell thus creating different territories of T3 concentrations within that cell. These remain open 

questions and are object of intensive studies in different laboratories. Nevertheless, the role of D2 in 

tumorigenesis is still poorly understood, as is the contribution of the D2-generated T3 to the 

tumorigenic program. It is feasible that besides regulating cancer cell proliferation, TH is also 

involved in the complex multistep events of cancer progression in vivo. 

 

Conclusions 

 

Notwithstanding normal TSH levels, a significant proportion of hypothyroid patients on LT4 

replacement therapy complain of the persistence of symptoms of hypothyroidism. From a 

biochemical viewpoint, therapy with LT4 is associated with slightly more elevated serum FT4 

levels and reduced serum FT3 and FT3/FT4 ratios versus healthy subjects, in about 15% and 30% 

of patients respectively. 
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It is conceivable that polymorphisms in genes involved in thyroid hormone metabolism, i.e. 

transporters and deiodinases, are causally related to persistent complaints under LT4 therapy.  

However, it remains to be established whether combined T4 + T3 treatment could relieve such 

symptoms. 

 

We believe that understanding the molecular mechanisms underlying the persistence of symptoms 

during T4 therapy will lead to new therapeutic approaches for the millions of patients suffering 

from hypothyroidism, and provide the rationale for clinical studies designed to assess the efficacy 

of customized TH replacement. Obviously, a major treatment advance in hypothyroid patients 

would be to deliver T3 in ways that provide stable plasma levels while maintaining serum TSH 

within normal range thereby limiting the adverse effects related to systemic thyrotoxicosis.  

 

On the other hand, the deiodinases constitute a powerful system that controls TH concentration at 

plasma and tissue-specific intracellular level. TH-based therapy is a promising approach to 

customized treatment of various human diseases. However, off-target effects constitute a major 

issue for tissues such as bone and cardiac muscle in which an increased or decreased TH 

concentration have deleterious consequences. A common goal of many research groups is to 

modulate the action of TH in time and space in order to therapeutically affect specific cell behavior 

in pathological conditions. In this regard, the deiodinases are a promising tool with which to 

manipulate TH levels. As far as the muscle system is concerned, manipulation of deiodinase levels 

has the potential to lead to therapies that will help promote normal muscle regeneration and muscle 

homeostasis under conditions in which these processes are suboptimal, such as muscular 

dystrophies. Similarly, in the early phases of tumor formation and progression, blocking the action 

of the oncofetal protein D3 may be a tool with which to block cell proliferation and induce 

apoptosis.  

 

Given the findings that have accumulated over recent years in relation to this complex family of 

enzymes, the development of strategies for deiodinase manipulation can be a future challenge for 

therapeutic interventions in clinical medicine. 
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Key Points 

 

 

 

• The coordinated action of the HPT axis and deiodinases is critical to ensure a stable T3 

plasma concentration in euthyroid conditions and to counteract TH alterations under 

pathological circumstances. 

 

• Deiodinases confer tissues the capacity to customize (enhancing or reducing) the 

intracellular concentration of thyroid hormone at single cell level and independently from 

plasma. 

 

• Deiodinase action is essential to ensure optimal intracellular T3 concentration at single cell 

level, in a time-temporal dependent window. 

 

• The common DIO2 Thr92Ala polymorphism affects enzyme stability and activity. This 

alters thyroid hormone metabolism thereby exposing subjects to reduced T4-to-T3 

conversion which could be critical in athyreotic patients. 

 

• In TH-treated athyreotic patients, normal TSH levels do not invariably equal tissue 

euthyroidism. Therefore, clinical or metabolic biomarkers of peripheral euthyroidism are 

required, particularly for symptomatic but biochemically euthyroid patients. 

 

• Studies are required to identify genetic or metabolic traits in hypothyroid patients in whom 

LT4 treatment alone does not suffice to restore tissue euthyroidism and clinical wellbeing. 
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Figure legends 

 

Figure 1. Deiodinase thyroid hormone action.  

The pro-hormone T4 is activated to T3 by monodeiodination of the phenolic thyronine ring by D1 

or D2 to form T3. Deiodination of the tyrosyl ring by D1 or D3 inactivates T4 and T3.  

 

Figure 2. Thyroid hormone metabolism is dynamically regulated during linear progression of 

satellite cells.  

In myoblasts, D3 is abundantly expressed in the early phase of satellite cell activation. This results 

in reduced TH action and enables rapid amplification of satellite cells. At the opposite, the surge of 

D2 expression in the later stages of myocyte differentiation leads to TH activation and expression of 

muscle-specific transcriptional factors. 

 

Figure 3. The interplay between thyroid hormone and oncogenic signaling pathways in cancer 

cells.  

Thyroid hormone directly regulates different cancer-related pathways. In parallel, these pathways 

regulate deiodinase gene expression, thereby resulting in activation or attenuation of the thyroid 

hormone signal at intracellular level.  

 

Figure 4. Tumorigenesis of basal cell carcinoma (BCC) is highly sensitive to thyroid hormone 

action.  

The TH inactivating enzymeD3 is potently up-regulated during BCC tumorigenesis, and leads to 

reduced TH intracellular availability and enhanced proliferation of BCC cells. D3-depletion or TH 

treatment drastically reduces BCC growth by inducing BCC cell apoptosis.  
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Table 1. Polymorphisms identified in DIO genes and their correlation with the deiodinase activities and TH levels 

 

Polymorphism Deiodinase activity TH  Reference 

D1    

     C785T Decreased  Increased rT3 levels 

Reduced T3/rT3 ratio 

41 

     A1814G Increased  Increased T3 levels  

Increased T3/rT3 ratio 

41 

    

D2    

     T92A Decreased Increased T4 

Reduced T3 

Reduced T3/T4 

42 

 

     ORFa-G3A Increased Reduced T4 

Increased T3/T4 

43 

    

D3   41 

     T154G Unchanged -  










