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Chemical structure of the uncommon amino acid selenocysteine as compared to cysteine.

• Figure 4
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production rate of T3 has been
found to be unchanged and the
fractional conversion rate of T4 to
T3 appears to be increased in fast­
ed rats.44,45 These data suggest
that much of the T3 produced dur­
ing fasting remains in tissues,
where it may be metabolized by
other pathways, and is not
exchanged with the plasma T3
pool. Such findings demonstrate
that data derived in humans or
whole animals from sampling only
the plasma compartment may pro­
vide misleading information about
thyroid hormone kinetics. In addi­
tion, these studies call into ques­
tion the physiologic significance
of the decrease in Dl activity
observed in tissue homogenates
of fasted rats. Thus, caution should
be exercised in inferring in vivo
rates of deiodination based on deio­
dinase activities determined in
vitro using artificial buffers, cofac­
tors, and nonphysiologic substrate
concentrations. To emphasize this
point, recent studies in a cell cul­
ture system have demonstrated
that the amount of deiodinase
expressed in a cell may not be the
limiting factor governing the rate
of in vivo deiodination.46
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Other studies have shown that
pituitary D247 and brain D348

activities are unchanged in tissue
homogenates from fasted rats,
whereas hypothalamic D2 mRNA
and activity are increased.49 The
latter observation, if indicative of
an increase in T4 to T3 conversion
in vivo, could result in suppression
of thyrotropin-releasing hormone
(TRH) production and thus explain
in part why TSH levels remain nor­
mal in fasting despite decreases in
circulating T4 and T3 levels.

The Physiologic Role
oftheDl

The exact physiologic role of the
dual-function Dl is puzzling. In
the C3H mouse referred to above,
which expresses only 10% of the
amount ofDl activity present in
most other mouse strains, T4 and
rT3 levels are elevated, reflecting
decreased metabolism of these com­
pounds.l9,20 However, T3 and TSH
levels are unchanged. This sug­
gests that the 5'- and 5-deiodinase
capabilities of the Dl may balance
each other in regard to T3 produc­
tion and clearance rates. In addi-

tion, changes in the activity of the
D2 or D3 may also serve to com­
pensate for the Dl deficiency.

Of note, the administration ofT3
to the C3H mouse results in a 2-fold
higher level of serum T3 than in con­
trol mice, suggesting that a Dl defi­
ciency may exacerbate a thyrotoxic
state by impairing T3 clearance.50

Whether this decrease in T3 degra­
dation would be offset by a concur­
rent decrease in T4 to T3 conversion
in the Dl-deficient hyperthyroid ani­
mal is uncertain. If the T3 degrading
effects of the Dl predominate, how­
ever, this would provide a rationale
for why Dl activity is increased
in hyperthyroidism, namely, to
enhance the clearance ofT4 and T3

via 5-deiodination of their sulfated
metabolites. This could serve to
counteract rises in the serum levels
ofthese compounds. Conversely, in
the hypothyroid state, T3 metabo­
lism would be reduced.

Selenium and
Deiodination

A distinctive structural feature of
the deiodinases, and one that is
critical for their catalytic activity,
is the presence of the rare amino
acid selenocysteine (Fig. 4) at the
active site of the enzymes.7 Unlike
cysteine, selenocysteine is ionized
at physiologic pH and is thus a
more potent electron donor. The
presence of this highly reactive
species is necessary for efficient
deiodination to occur. This is
supported by the finding that sub­
stitution of cysteine for selenocys­
teine in any of the deiodinases
markedly impairs their catalytic
function, and the substitution of
other amino acids renders them
inactive.51 Further evidence of the



• Figure 5

During mammalian development,
embryonic tissues are exposed to
remarkably varying concentrations
ofthyroid hormones.62 Thus, early
in gestation, levels ofT4 and T3
within the fetal cavity are exceed­
ing low, whereas later, when the
fetal thyroid gland begins to func­
tion, thyroid hormone levels slowly
rise. However, marked maternal­
to-fetal gradients offree T4 and
free T3 continue to exist through­
out the latter half of pregnancy.63
Although thyroid hormones are
critical for normal development,
premature exposure of fetal tissues
to maternal hormone levels may
have detrimental effects.64 Thus,
the pattern of thyroid hormone
homeostasis observed during gesta­
tion appears to be critical for nor­
mal fetal development.

The Importance of the
Deiodinases During

Development

those observed in the D I-deficient
C3H mouse.56 Thus, in rodent
model systems, serum T4 levels are
increased, whereas serum T3 and
TSH levels are little altered. Simi­
lar changes in circulating thyroid
hormone levels have been noted in
human populations susceptible to
selenium deficiency.57,58 The prin­
cipal deiodinase affected by sele­
nium deficiency is the DI, where
activity in the liver and kidney
are decreased by as much as 90%.
Notably, DI activity in the thyroid
gland and D2 and D3 activity in
other tissues (eg, brain and pitu­
itary gland) are relatively well
maintained,59,60 probably due to
the ability of these tissues to con­
serve their selenium stores in the
face of nutritional deprivation.61
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the 3'-untranslated region of the
mRNA of these enzymes. The
SECIS element is necessary, along
with a UGA codon in the coding
region of the transcript, to direct
the incorporation of selenocysteine
into the polypeptide chain during
translation.54 Second, it results in
relatively low rates of deiodinase
synthesis since translation of
selenoproteins requires a unique
elongation factor (termed Sel B)
and a special selenocysteine
charged tRNA, both of which may
be present in limited amounts in
cells.55 As a result, the deiodinases
appear to be low-abundance pro­
teins, and this is particularly true
for the D2, which contains two
potential sites for selenocysteine
incorporation in its coding region
and has a half-life ofless than
2 hours. Third, it suggests that
the synthesis of the deiodinases is

dependent on the selenium status
of cells and tissues and that seleni­
um deficiency could potentially
have important effects on thyroid
hormone metabolism.

The effects of nutritional seleni­
um deprivation on thyroid hor­
mone metabolism are similar to

80 17 69

SeC

8

Hydrophobic Domain

importance of the selenocysteine to
the function of the deiodinases is
evidenced by the finding that every
deiodinase cDNA isolated to date­
from species as diverse as fish,
amphibians, avians, and mam­
mals-encodes a selenoprotein.7

The region in the central por­
tion of the deiodinases that sur­
rounds the selenocysteine has been
highly conserved and represents a
unique structural motif not found
to date in other proteins (Fig. 5).
This implies that adjacent amino
acid residues also are important for
catalytic activity. In addition, other
important structural features of
the deiodinases are (1) two con­
served histidine residues in the
carboxy-terminal half of the mole­
cule and (2) regions in the amino
portion of the molecule that func­
tion as a transmembrane domain
or serve to dictate, in part, sub­
strate specificity.52,53

The requirement that deiodi­
nases contain selenocysteine at
their active site has several impor­
tant implications. First, it dictates
that a unique structural feature,
termed a selenocysteine insertion
sequence (SECIS), be present in

The common structural features of the deiodinase enzymes include a hydrophobic region in
the amino-terminal portion ofthe proteins and two highly conserved sequences surrounding
the selenocysteine and a critical histidine residue.
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Experimental evidence in sev­
eral species clearly demonstrates
that the expression patterns of the
deiodinases during gestation are
carefully orchestrated and respon­
sible in large part for determining
the levels of thyroid hormone expo­
sure of fetal tissues. This has per­
haps been best demonstrated in
amphibia, where different tissues
of the tadpole undergo T3-depen­
dent development at different
stages ofmetamorphosis.65 In any
given tissue (eg, leg, tail, intes­
tine), D3 expression predominates
during early developmental stages,
seemingly to protect against the
premature differentiating effects
of thyroid hormones. Then, as the
proper stage for T3-dependent
development approaches, the D2
is expressed, thus providing for the
conversion ofT4 to T3 within that
given tissue. The role of the D3 in
"protecting" tissues against prema­
ture differentiation has recently
been elegantly demonstrated by
the production of a transgenic tad­
pole model that expresses high lev­
els ofthe D3.66 Development in
these animals is arrested prior
to metamorphic climax, and they
are resistant to the differentiating
effects of exogenously adminis­
tered D3.

These observations in amphibian
species can be correlated to findings
in mammalian model systems and
humans. For example, high levels
ofD3 expression are noted in the
rodent uterus almost immediately
after implantation of the blasto­
cyst,32 thus initiating the process
whereby the fetus becomes relative­
ly isolated from the influences of
maternal thyroid hormones. Later,
the placenta also expresses high lev­
els ofD3, as do certain fetal tissues
(eg, the liver of the human fetus). In
spite of these high levels of uterine
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and placental D3 expression, mater­
nal thyroid hormones do cross into
the fetal compartment in limited
amounts. This is evidenced by the
detection onow concentrations of
T4 and T3 in human embryonic cav­
ities67 and the presence of signifi­
cant amounts of these hormones in
the serum of athyrotic infants at the
time of birth.68

The importance ofthe D2 in
mammalian development is sug­
gested by its expression in the cere­
bral cortex and cerebellum during
critical later phases of brain devel­
opment.69 A particularly dramatic
example ofthe precise timing of
deiodinase expression has recently
been observed in the cochlea of the
neonatal mouse, where a transient,
but marked surge in D2 expression
occurs during a critical period of
thyroid hormone-dependent devel­
opment of this tissue (A. Campos­
Barros and D. Forrest, personal
communication).

The Effects of Drugs
on Deiodination

Several drugs used in clinical med­
icine affect the activities of the
deiodinases.70 Most notable of
these is PTU, which selectively
inhibits the Dl. This effect in clini­
cal practice, however, is apparent
only at relatively high doses. At the
usual doses prescribed for treating
hyperthyroidism, methimazole
00 mg 3 times daily), which does
not impair deiodination, actually
results in a more rapid restoration
of the euthyroid state than does
PTU at equivalent doses (100 mg
3 times daily),71

The oral radiographic contrast
agents (eg, sodium ipodate, iopan­
oic acid) are potent inhibitors of
all three deiodinase isoforms and

rapidly inhibit the conversion ofT4
to T3, In the treatment of patients
with Graves' disease, sodium ipo­
date (1 g daily per os) has been
noted to lower serum T3 levels by
58% within 24 hours of initiating
therapy, a decrease that is much
greater than that noted with PTU
(200 mg 3 times daily)72 or a satu­
rated solution of potassium iodide
(12 drops SSKI daily).73 Of impor­
tance, this decrease in the serum
T3 level is associated with rapid
improvements in cardiovascular
complications, as demonstrated by
beneficial effects on systemic resis­
tance and cardiac output.74 These
effects may be noted within 3 to
6 hours after initiating treatment.
Because of the high iodine content
of these dyes, escape from their
T3-10wering effects and exacerba­
tion of hyperthyroidism may occur
after several days oftherapy.73
Thus, PTU or methimazole should
be administered concurrently to
impair thyroidal secretion, and the
contrast agent should be discontin­
ued when the thyrotoxicosis has
been adequately controlled.

Other drugs that block conver­
sion ofT4 to T3 include propranolol
(but not other ~-blockers),high­
dose glucocorticoids, and amio­
darone,75 which can have multiple
other effects on the thyroid axis,

Summary

The pathways of deiodination are
clearly an integral part of the thy­
roid axis. They provide for the
majority of the daily production
of T3' they allow for tissue-specific
modulation of thyroid hormone
effects, they are critical determi­
nants of thyroid hormone levels
during development, and they
serve as an autoregulatory system



that assists in maintaining thyroid
hormone homeostasis should envi­
ronmental or endogenous factors
adversely affect thyroid gland func­
tion. Knowledge of these processes
is thus important for an under­
standing of the changes in thyroid
hormone levels that accompany a
variety of thyroidal and nonthy­
roidal diseases, as well as for opti­
mizing the therapy of patients with
hyper- and hypothyroidism. Future
studies will likely provide a greater
understanding ofthe precise physi­
ologic roles of these enzymes and
the molecular mechanisms that
underlie their function and regula­
tion. With this knowledge may
come improved therapeutics for
a number of disease states.
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