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such as the hedgehog proteins, FoxO3, or the wnt/ �  catenin 
pathway together with the actions of thyroid hormone 
transporters, direct adjustments of nuclear receptor-bound 
T3 which in turn can control the balance between cellular 
proliferation and differentiation. Their actions provide dy-
namic flexibility to what appears on the surface to be a very 
static hormonal system. 
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 Introduction 

 When dietary iodine is sufficient, the major product 
of the thyroid gland is thyroxine (T4) which is secreted at 
a rate of 10-fold that of 3,5,3 � -triiodothyronine (T3) in 
humans. Thus, a rate-limiting step in thyroid hormone 
action is the conversion of the prohormone T4 to T3. This 
is the major role of two enzymes – type 1 and 2 iodothy-
ronine deiodinases (D1 and D2, respectively) ( fig.  1 ). 
While the half-life of T4 in humans is about 1 week, that 
of T3 is much shorter,  ! 24 h, and its inactivation in pe-
ripheral tissues by removal of an inner ring iodine from 
T3 is primarily due to the action of type 3 iodothyronine 
deiodinase (D3). As discussed below, there are two im-
portant systems for maintaining T3 homeostasis in ver-
tebrates. These systems maintain the synthesis and secre-
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 Abstract 

 Thyroxine (T4) is a prohormone and must be activated to 
3,5,3 � -triiodothyronine (T3) by either type 1 (D1) or type 2 
(D2) selenodeiodinase. A third deiodinase (D3) inactivates T3 
or T4 by removal of an inner ring iodine. These reactions re-
quire both a deiodinase enzyme and a cofactor, probably a 
thiol, to reduce the oxidized selenolyl group in the active 
center of each deiodinase. Thus, deiodination rates depend 
on both the enzyme and cofactor. The source of most of the 
circulating T3 is D1-mediated, while D2 provides nuclear re-
ceptor-bound hormone. Using sensitive and specific assays, 
it has become apparent that both D2 and D3 are widespread 
throughout vertebrate tissues. The complex interactions be-
tween the activating D2 and the inactivating D3 in tissues 
expressing these two enzymes determine the intracellular 
T3 concentration. This provides enormous flexibility for both 
developmental and tissue regeneration processes, allowing 
exquisite control of intracellular T3 concentrations. The en-
dogenous factors regulating the activity of these enzymes, 
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tion, and therefore the circulating concentration, of T4 at 
remarkably stable levels through the actions of thyrotro-
pin-releasing hormone (TRH) and thyroid-stimulating 
hormone (TSH). However, since T4 is a prohormone, the 
systems controlling its secretion rate depend largely on 
the effects of the thyroid hormone receptor-bound T3 de-
rived from it. Thus, the iodothyronine deiodinases which 
control the formation and degradation of T3 are critical 
to the maintenance of the euthyroid status.

  The key to this process is the actions of the deiodin-
ases which are subspecialized in different tissues. Most 
of the T3 in the circulation is derived from the actions 
of D1 in the liver, kidney, and thyroid  [1] . However, in 
the hypothalamus and pituitary thyrotroph, D2 permits 
the feedback loop to recognize the concentrations of T4 
due to the fact that T4 is rapidly converted by D2 to T3 
in those cells  [2–4] . In the anterior pituitary nuclei, ap-
proximately one-half of the T3 bound to nuclear recep-
tors is derived from circulating T3 whereas the remain-
ing half comes from intrapituitary T4 to T3 conversion 
 [1] . Recent studies have illustrated that D2 is highly ex-
pressed in thyrotrophs and its activity is regulated by T4 
posttranslationally, per se  [5] . The D3 content of thyro-
troph tumor cells is quite low, indicating that the rate-
limiting step in the action of T3 on TSH is at the level of 
its formation from T4 and together with that from the 

plasma balanced by its efflux from the nucleus and cy-
tosol.

  The major steps in the actions of T4 are initiated by the 
entry of T4 into the cell which is now recognized to be 
controlled by expression of various thyroid hormone 
transporters  [6–8] . It must then be converted to T3 either 
in D1- or D2-expressing cells, allowing a dual source of 
T3 (systemic and local) to the hypothalamic-pituitary 
(HPT) axis. After transport into the cell, cytosolic T3 
then enters the nuclei of cells in the HPT by yet to be de-
fined pathways, and then binds to high-affinity chroma-
tin-bound proteins, predominantly the thyroid hormone 
receptor  � 2  [9] . Due to the rapid generation of T3 from 
T4 within these cells by D2, the cytosolic T3 concentra-
tion is higher and remains in a static disequilibrium with 
the serum T3  [1, 10, 11] . We now appreciate that D2 is ex-
pressed in a large number of tissues (albeit at low levels in 
some), including skeletal muscle, osteoblasts, pituitary 
cells, astroglia, endothelial cells, retina, cochlea, placenta, 
endothelial cells, and, perhaps, others  [12] .

  The expression of D3 is especially important during 
fetal development. D3 is preferentially expressed in neu-
rons, but in Siberian hamsters D3 also appears to be 
found in specialized glial cells lining the lower portions 
of the third ventricle of the hypothalamus, termed tany-
cytes, where it is reciprocally regulated with D2 to main-
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  Fig. 1.  Pathways of iodothyronine deiodin-
ation by type 1, 2, and 3 iodothyronine de-
iodinases (D1, D2 and D3). 
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tain local control of the T3 concentration  [13–15] . These 
interlocking pathways allow remarkably stable concen-
trations of T3 while also facilitating specific chronotrop-
ic and tissue-specific changes in T3 concentrations dur-
ing periods when developmental or regenerative pro-
grams call for a transient increase or decrease in specific 
cells. This change cannot be accomplished by alterations 
in TSH since this would change the supply of thyroid 
hormone to the entire organism. Thus, the control of
intracellular T3 concentration is local and requires D2 
and D3.

  One striking example of the cooperation of these two 
pathways occurs in iodine deficiency which represents an 
enormous challenge for terrestrial vertebrates. Much of 
the iodine initially in the earth’s crust has been eluted 
into the oceans by glaciation over many eons such that 
the soil content in many regions is inadequate to provide 
sufficient iodine in locally grown foodstuffs for the daily 
synthesis of sufficient T4. Under these circumstances, the 
HPT axis recognizes the deficiency of the prohormone T4 
via its role as a substrate for D2 in the cells of the HPT 
axis. By an iterative process, D1-mediated T3 decreases 
but it is partly replenished by an increase in thyroidal T3 
production by increased TSH secretion, as well as by in-
creased efficiency of D2-mediated T3 formation. At the 
same time, the T3-dependent Dio3 gene transcription de-
creases, reducing neuronal D3 and prolonging the half-
life of T3  [16] . This combination allows a decrease in the 
feedback suppression of TRH and TSH where the latter 
causes thyroid cell hyperplasia, and increases the sodium 
iodide symporter, thyroidal D1 and D2, thyroglobulin 
turnover, and the ratio of T3:T4 in thyroidal secretion. 
Thus, virtually all of these internal adjustments, includ-
ing the downregulation of the T3-dependent D1 in the 
liver and kidney and increases in D2, permit conserva-
tion of whatever T4 can be secreted by the thyroid for the 
production of T3.

  It is important to recall that the thyroid physiology of 
humans, especially those who are iodine-sufficient, dif-
fers considerably from that of rodents, the model animals 
for many of the experiments used to examine these adap-
tations. In humans, 80–90% of the T3 is formed by outer 
ring deiodination of T4. It is of interest in the context of 
this new journal that the first demonstration of T4 to T3 
conversion in humans was provided by Dr. Rosalind Pitt-
Rivers, a founding member of the European Thyroid As-
sociation  [17] . In human thyroglobulin, the molar ratio of 
T4:T3 is about 15:   1, with each 660,000 kDa molecule of 
this thyroidal protein containing approximately 3–4 res-
idues of T4 while only about 1 in 5 contains a T3 residue 

 [18] . While the expression of both D1 and D2 in the hu-
man thyroid cell increases T4 to T3 conversion such that 
the T4:T3 ratio is approximately 10:   1 in thyroid secretion, 
this accounts for only a minor portion of circulating T3 
in humans  [19] . On the other hand, the thyroglobulin of 
the mouse and the rat have much lower T4:T3 ratios, 
about 3–4:   1, and thus about half of the circulating T3 in 
these species derives directly from thyroid secretion  [20] . 
This is especially important to note in the mouse in which 
a genetic inactivation of either or both D1 and D2 does 
not change serum T3 concentrations  [21] .

  General Properties of the Iodothyronine 

Deiodinases 

 There are important common features of the three de-
iodinases which should be noted ( table 1 ). They are all 
integral membrane proteins, although they are expressed 
in different cellular locations. D1 is found in the plasma 
membrane and D2 in the endoplasmic reticulum but 
both have their active centers in the cytosol, thus allow-
ing access to cytosolic thiol cofactors  [1, 22] . The precise 
location of D3 has been more difficult to discern, with the 
likely location being the plasma membrane but it is re-
cycled through endosomes such that it may have actions 
on both extracellular and intracellular T3. This may be 
very important for the differential response of T4 activa-
tion (by D1 and D2) and T4 and T3 inactivation (by D3) 
to oxidative stress (see below)  [23] .

  Another common feature of the deiodinases is that 
they belong to the small family of 25 selenoproteins in the 
human genome. They contain the rare amino acid sele-
nocysteine (Sec) encoded by UGA in their active centers 
 [24] . The much higher nucleophilicity of selenium (as op-
posed to the sulfur of cysteine) makes these enzymes 100-
fold more efficient in catalyzing the reductive deiodin-
ation of iodothyronines when compared to a correspond-
ing cysteine-containing mutant enzyme  [25] . However, 
there is a ‘price’ to pay for this in that the translational 
efficiency of the mRNA encoding a selenoprotein is  � 20-
fold or more lower than that of the same protein contain-
ing cysteine due to the necessity to override the STOP 
codon function of UGA in order to cotranslationally in-
sert selenocysteine  [25, 26] . This process requires a spe-
cific stem loop structure in the 3 �  untranslated region of 
the mRNA termed a ‘SECIS element’ ( fig. 2 )  [26, 27] . In 
the following sections, some of the more important phys-
iological systems which depend on the iodothyronine de-
iodinases are reviewed ( table 2 ).
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  Thyroid Hormone Activation by D1 and D2 

 D1 is the likely source of most of the plasma T3 in hu-
mans and it was the first deiodinase to be cloned and 
studied intensively  [1, 24] . Inhibition of D1 activity in the 
liver and kidney is commonly found in fasting or in ill-
ness, and a reduction in its function either through de-
creases in cofactor or T4 uptake, or an impairment of D1 
transcription due to reduced T3, contributes to the reduc-
tion in serum T3 in sick patients  [28] . This is often re-
ferred to as the ‘low T3 syndrome’. Curiously, despite the 
fact that high D1 activity is expressed in the liver, kidney 
and thyroid, most of the T3 bound to the nuclear receptor 
in these tissues is derived from plasma T3. This is quite 
different from the situation in the pituitary and the cere-
bral cortex where most of the receptor-bound T3 derives 
from D2-mediated T4 to T3 conversion  [1, 28, 29] . An-

other unique feature of D1 is that its activity is blocked by 
propylthiouracil (PTU)  [30] . This is thought to occur 
through the competition of the thiol group of PTU with 
the endogenous thiols which are required for the reduc-
tion of the Se-I complex formed during D1-mediated io-
dothyronine deiodination  [31] . D1 expression is, some-
what paradoxically, induced transcriptionally by T3 in 
liver and kidney and by thyroid receptor-stimulating im-
munoglobulins in thyroid, explaining why PTU is so ef-
fective in blocking T3 formation in patients with hyper-
thyroidism  [32, 33] . Severe hyperthyroidism (thyroid 
storm) is a major indication for the use of high-dose PTU 
in adults due to its effects on D1-mediated T4 to T3 con-
version in liver, kidney, and thyroid tissues.

  The fact that D1 is a T3-dependent protein contributes 
to the adjustments that occur in the patterns of T4 to T3 
conversion in hypothyroidism. Human D1 monodeiodin-

Table 1. C haracteristics of iodothyronine deiodinases

Property D1 D2 D3

Location plasma membrane endoplasmic reticulum plasma membrane

Active center cytosol cytosol cell surface
Susceptibility to inhibitors
Propylthiouracil very high very low very low
Iopanoic acid high high high

Tissue expression liver, kidney, thyroid CNS, pituitary, thyroid, bone, brown 
adipose tissue, cochlea, skeletal muscle, 
retina, brain (glial cells, tanycytes)

CNS, placenta, skin, 
regenerating tissues,
uterus, fetus, brain (neurons)

Effect of thyroid status
Hypothyroidism decrease (kidney, liver)

increase (thyroid)
increase decrease

Hyperthyroidism increase decrease (except in the thyroid) increase

Physiological regulation
Induction T3, retinoic acid, cAMP sympathetic nervous system tissue injury

TSH (in thyroid) high-fat diet
bile acid
cAMP
FOXO3
cellular differentiation

TGF-� and other growth factors
hypoxia (HIF-1)
regeneration
sonic hedgehog
cellular proliferation

Repression fasting, illness, IL-6, IL-1� T4 (posttranslational) growth hormone
interferon T3 (transcriptional)

ubiquitination
sonic hedgehog

glucocorticoids
cellular differentiation

Physiological role a major source of plasma T3
clearance of rT3 and T3S

hypothalamic-pituitary feedback
thermogenesis in BAT

inactivation of T3 and T4
cellular proliferation

tissue regeneration and differentiation
provide plasma T3

tissue repair
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ates T4 in the outer ring forming T3, but is equally active 
in the inner ring monodeiodination of T4 producing re-
verse T3 (rT3), an inactive iodothyronine  [34] . This is in 
sharp contrast to D2 which is exclusively an outer ring de-
iodinase. In hypothyroidism or in iodine deficiency, when 
T4 production is reduced, D1 activity is reduced while that 
of D2 is increased due to the fact that the T4-induced ubiq-
uitination and proteasomal degradation of D2 is reduced. 
Thus, the half-life of cellular D2 is prolonged by the reduc-
tion in T4  [35, 36] . Since the efficiency of T4 to T3 conver-
sion by D2 is double that of D1, the shifting of ratios in 
favor of D2 increases the efficiency of activation of what-
ever residual T4 can be formed. This facilitates T3 homeo-
stasis in serum and in peripheral tissues  [1] .

  Tissue-specific actions of D2 are especially important 
during development. One of the most impressive exam-
ples of this occurs in the development of the inner ear in 
which a sharp spike in the activity of D2 occurs at P6–8 
in the mouse which is required for normal cochlear de-
velopment ( fig. 3 )  [37] . If D2 is genetically inactivated, the 
animals are deaf, illustrating the necessity of this deio-
dinase for development of normal hearing  [38] . D2 is also 
required for the normal development and regeneration of 
skeletal muscle after injury  [39] . In D2 knockout mice, 
development and regeneration after injury is markedly 
delayed. The increase in D2 in skeletal muscle requires an 
increase in FoxO3, which has been shown to specifically 
stimulate  Dio 2 gene transcription through a conserved 
FoxO3-binding sequence  [39] .

  The functional significance of D2 was demonstrated 
in vitro in C2C12 cells and in a satellite cell-enriched 
primary culture of neonatal skeletal myocytes termed 
pp6 cells. In these in vitro models, the increase in D2 
during differentiation increases conversion of T4 to T3 
 [40] . Increases in intracellular T4 to T3 conversion in 
D2-expressing tissues were confirmed in intact mice 
given injections of  125 IT4 and  131 IT3. In skeletal muscle, 

the ratio of T3 derived from T4 to that from serum was 
significantly higher in skeletal muscle than in serum, 
indicating the net production of  125 IT3 in those cells 
( fig. 4 ). This was also increased in skeletal muscle during 
the regeneration period after injury in parallel with in-
creased D2 expression using the same techniques  [40] . It 
does not occur in the D2KO mouse, confirming the 
physiological significance of D2 expression in skeletal 
muscle cells  [41] .

  Thyroid Hormone Inactivation by D3 

 Type 3 deiodinase (D3) inactivates T3 and has signifi-
cant actions during development and later in adult life. A 
major role for D3 is in the placenta, uterus, and the devel-

EFsec – unique elongation
factor specific for

selenocysteyl-tRNA 

SBP2 – RNA
binding protein

specific for SECIS
elements

sec

AUG UGA UAA
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SBP
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ACU

AUG UGA UAG
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b

Table 2. P hysiological systems in which deiodinases play critical 
roles

System Deiodinase

Thyroid hormone activation D1 and D2
Regulation of HPT axis D1, D2, D3
Tissue development and differentiation D1, D2, D3
Tissue repair D2 and D3
Maternal/fetal interactions D2 and D3
Thermogenesis D2

  Fig. 2.  Mechanism for selenoprotein synthesis.  a  Common struc-
tural features of selenoprotein mRNAs.  b  Mechanism for seleno-
cysteine insertion. Kindly provided by Dr. Marla Berry, Univer-
sity of Hawaii at Manoa. 
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permission and adapted from Campos-
Barros et al. [37]. Copyright 2000 National 
Academy of Sciences, USA.     
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oping embryo/fetus protecting it from maternal T3 and 
T4. This allows the autonomous developmental program 
in the embryo and fetus to control the differentiation pro-
cess. The increase in D3 during gestation may be en-
hanced by estradiol stimulation of the  Dio 3 promoter 
 [42] . Particularly impressive is the presence of D3 in vir-
tually every surface of the human fetus in contact with 
amniotic fluid, including the skin, alveolar cells, urothe-
lium, and gastrointestinal tract  [43] . The dramatic delete-
rious effects of D3 deficiency have been clearly demon-
strated in the mouse D3 knockout model  [44] . In these 
mice, the absence of D3 in the placenta and its marked 
reduction in the uterus allows free access of maternal thy-
roid hormone to the fetus and leads to impaired fertility 
and reprogramming of the HPT axis such that the post-
natal D3 knockout mouse cannot maintain serum T4 
concentrations at normal levels due to its insensitivity to 
the reduced concentrations of thyroid hormone. A simi-
lar but milder syndrome has been described in neonatal 
rats given exogenous thyroid hormone  [45] . In the adult 
D3KO mice, there is no response of TRH to hypothyroid-
ism and the response of TSH to TRH is subnormal  [46] . 
In addition, the thyroidal response to TSH is impaired 
and the thyroid markedly reduced in size in the D3KO 
mouse, suggesting that an intact HPT axis is required 

during development to establish the normal thyroidal re-
sponses to TSH  [46] .

  Another striking example of the potency of D3 in hu-
mans is the syndrome of ‘consumptive’ hypothyroidism 
which can develop in human newborns with hepatic 
hemangiomas and even in adults with hepatic vascular 
tumors with high expression of D3  [1, 47, 48] . Hemangio-
mas are the most common tumors in infancy and are 
present in 5–10% of 1-year-olds. They have a characteris-
tic growth pattern, growing rapidly in the first year of life 
then decreasing in size and involuting during later years. 
In general, they are highly localized but rarely may spread 
beyond the original site and involve the liver. The first 
patient identified with this syndrome was an infant with 
neonatal hypothyroidism who had not had neonatal 
screening. He was initially thought to have primary con-
genital hypothyroidism due to the absence of thyroid tis-
sue  [47] . Levothyroxine therapy was initiated with an ini-
tial TSH response but the TSH later increased to above 
200 which could not be attributed to poor compliance. 
The presence of a hepatic hemangioma was diagnosed by 
MRI and the suspected excessive D3 expression by the 
hemangioma was later confirmed in a postmortem tissue 
sample  [47] . A serum thyroglobulin concentration was 
 1 1,000 ng/ml, indicating the presence of adequate thy-
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hospitalization. From Huang et al. [47]. 
Copyright 2000 Massachusetts Medical 
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roid tissue. The infant required nearly 100  � g T3/day by 
infusion (about 3-fold the daily T3 production in an 
adult) in addition to oral levothyroxine of 50  � g/day, with 
subsequent normalization of serum T3 but no detectable 
serum T4. Serum rT3 was markedly elevated despite the 
absence of T4 ( fig. 5 )  [47] . A similar adult patient was sub-
sequently reported and a number of such patients have 
now been recognized  [48] . Further studies showed that 
even localized hemangiomas express high levels of D3 
 [47] , suggesting that this is part of the hemangiomatous 
process. D3 is also highly expressed in human and mouse 
basal-cell carcinoma, the most frequent human malig-
nancy. These tumors are typically induced by uncon-
trolled Sonic hedgehog (Shh) activity and subsequent 
studies have demonstrated the presence of a conserved 
Gli2-binding site which induces D3 expression in prolif-
erating keratinocytes and in mouse and human basal-cell 
carcinomas  [49] . It is thought that T3 inactivation by D3 
blocks cellular differentiation leading to continued pro-
liferation of D3-expressing tumors. Knockdown of D3 or 
Shh in experimental basal-cell carcinomas results in a re-
duction in their proliferation rate and marked attenua-
tion of growth in experimental tumors in nude mice  [49] .

  Because of these syndromes and the expression of D3 
in a number of different tumors, it has been referred to as 
an oncofetal protein. In experimental situations, the ef-
fect of D3 can be overcome either by suppression of its 
mRNA or by providing T3 to the cells in amounts in ex-
cess of that which can be inactivated by the D3 present. 
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Recent studies have indicated that tyrosine kinase inhib-
itors, especially sunitinib, have an adverse effect on thy-
roid gland function possibly by reducing thyroid blood 
flow  [50] . In addition, patients receiving sunitinib show 
increases in requirements for thyroid hormone over and 
above replacement doses and a decrease in the T3:rT3 ra-
tio suggestive of increased D3 action  [51] . These studies 
and the consumptive hypothyroidism reported in pa-
tients with hemangiomatous or other tumors of vascular 
origin illustrate the potency of this enzyme which causes 
inactivation of T3 and T4 at rates which exceed T4 and T3 
production capacities even with a high TSH  [47] .

  A less severe form of consumptive hypothyroidism 
probably accounts for the increased levothyroxine re-
quirements during pregnancy and with oral contracep-
tives, since the Dio3 gene is transcriptionally stimulated 
by estradiol  [42] . D3 activity has been identified in a num-
ber of malignancies, including gliomas, neuroblastomas, 
and colon carcinomas, all of which are derived from cells 
which are known or thought to be capable of D3 produc-
tion in the embryo. In many of these an increase in Shh 
signaling is involved, while recent studies have shown 
that  � -catenin is responsible for the D3 increases in ad-
enomas and carcinomas of colonic epithelium  [52] .

  Recent evidence also supports an element of consump-
tive hypothyroidism as a contributing cause of the ‘low T3 

syndrome’ during human illness. Non-thyroidal illness 
syndrome (NTIS) is characterized by low T3 and elevated 
rT3, and is correlated with a lower hepatic D1, while D3 is 
markedly increased in both liver and skeletal muscle of 
critically ill patients  [53, 54] . Insight into a potential mech-
anism for these disparate changes can be found in studies 
where the effects of the cytokine IL-6 on iodothyronine 
deiodination by intact human cells were found to differ 
between those expressing D1 or D2 (HepG2 and MSTO211 
cells, respectively), and the human D3-expressing breast 
cancer cell line, MCF-7. IL-6 concentrations typical of 
those in the serum of sick patients caused an increase in 
reactive oxygen species (ROS) in all three cell lines which 
induced the transcription of deiodinase mRNA and pro-
tein in each of the cells through the MAPK/ERK pathways 
 [23] . A striking result was that the increase in D1 and D2 
activity in the cell lysates was not accompanied by increas-
es in the 5 �  deiodination of T4 by intact HepG2 and 
MSTO211 cells but the increase in cellular D3 was accu-
rately reflected by an increase in T3 inactivation by intact 
MCF-7 cells ( fig 6 ,  7 )  [23] . A similar result was obtained 
by inducing ROS by exposure to H 2 O 2 . A plausible expla-
nation for these differences is that there is a greater sensi-
tivity of D3 to the extracellular space as a source of thiol 
cofactor compared to that of D1 and D2 which depend 
predominantly on cytosolic thiols ( fig. 8 )  [23] . In any case, 

Severe illness or injury
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F Deiodinase transcripts

F Synthesis D1, D2  and D3 enzymes

F D3 activity
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 Fig. 8.  Proposed mechanism for the effects 
of IL-6 resulting in the low T3 or NTIS. 
From Wajner et al. [23].
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this is the first demonstration of the effect of a single 
event, an increase in cellular ROS, to suppress outer ring 
deiodinase activity while increasing that of D3-mediated 
inner ring deiodination, replicating the classical pattern 
of the reduced T3 and elevated rT3 in NTIS.

  These clinically relevant aspects of deiodinase physiol-
ogy illustrate the important role of these enzymes in the 
activation or inactivation of thyroid hormones. The local 
production of thyroid hormone is a highly regulated pro-
cess during embryonic and fetal life, as well as during 
regeneration. A number of tissues, including skeletal 
muscle, skin, intestine, and the central nervous system, 
have been shown to co-express D2 and D3, and many 
studies are currently underway to define how the activa-
tion and inactivation by these deiodinases is regulated by 
factors such as hedgehog proteins, FoxO3, and wnt/ �  

catenin to modulate the intracellular concentration of T3 
in specific cells without   perturbing that of T4 or T3 in the 
circulation.
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