
Energy expenditure is an important factor in the

maintenance of energy homeostasis. The most accurate

way to estimate energy expenditure is by measuring heat

production, hence the use of the terms “thermogenesis”

and/or “calorigenesis”, but in most circumstances meas�

urement of oxygen consumption is a perfectly acceptable

way of estimating the amount of energy consumed. It is

universally recognized that thyroid hormones (TH) are

unique in their ability to stimulate thermogenesis/calori�

genesis (the well known “calorigenic effect of TH”).

Their main action consists in stimulating cellular respira�

tion while at the same time reducing metabolic efficiency.

However, although this phenomenon has been known

since the end of the 19th century [1] and has been the

subject of a great number of reports, the mechanism by

which TH exert their effects on energy metabolism is far

from being firmly established. During the last half�centu�

ry, a large number of hypotheses were put forward to try to

explain the cellular�molecular mechanisms underlying

the calorigenic effect of TH. We can distinguish three his�

torical periods during which major hypotheses concern�

ing the mechanism of action of TH at the cellular level

were proposed and which oriented/attracted the interest

of investigators. In the first of these periods, which ran

from the early 1950s to the middle 1960s, the most

intriguing hypothesis put forward was the “uncoupling

hypothesis”. This suggested that TH stimulate metabolic

rate by acting at the mitochondrial level to uncouple the

electron transport chain from ATP synthesis [2, 3]. This

hypothesis predicted a thyroid�dependent increase in

oxygen consumption without a concomitant increase in

ATP production (decreased P/O ratio). The early experi�

ments supporting such a possibility were those performed

by Lardy and Feldcott [2] and by Martius and Hess [3]

who presented evidence that mitochondria prepared from

T4�treated rats exhibited lower P/O ratios than those from

untreated euthyroid controls. However, in the early 1960s

its validity was questioned on several grounds, amongst

others that uncoupling (as assessed through changes in

mitochondrial respiratory parameters such as respiratory
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control ratio (RCR) and P/O ratio) was observed only

with pharmacological doses of TH. Since some effects

were also observed in vitro (in isolated mitochondria), the

theory also implied that TH acted directly at the mito�

chondrial level. This hypothesis has never been dropped

and continues to this day to be investigated using new

approaches.

At the beginning of 1960s, however, results obtained

by Tata and coworkers opened a new chapter in the histo�

ry of our understanding of the action of TH. Those

authors showed that administration of T3 to hypothyroid

rats induced an increase in basal metabolic rate and,

moreover, that injecting T3 in combination with actino�

mycin D (a well�known inhibitor of transcription) com�

pletely abolished the stimulatory effect of T3 [4, 5]. These

results clearly pointed towards the involvement of tran�

scription in the action of T3 at the cellular level.

Subsequently, specific nuclear binding sites for T3 were

first described by Oppenheimer’s group in rat liver and

kidney [6] and later in a variety of other tissues and cell

cultures [7]. What is now evident from the literature is

that a large number of effects attributable to T3 are indu�

bitably initiated via thyroid hormone receptors located

within the nucleus, the so�called “genomic” or “nuclear�

mediated” effects of TH [8�10]. However, although tran�

scription is considered an important target for TH, few

thyroid�hormone�responsive genes have been identified

and the roles played by the various nuclear�receptor iso�

forms in the diverse actions of TH remain unclear [10]. A

new area of research in the field of thyroid hormone

actions was opened up by the discovery of deiodinase

enzymes, which are involved in the peripheral metabo�

lism of iodothyronines. Indeed, three iodothyronine

deiodinases (D1, D2, and D3) regulate the local and sys�

temic availability of thyroid hormone, with D1 and D2

converting T4 to T3, while D3 converts T4 and T3 to rT3

(reverse T3) and 3,3′�diiodothyronine, respectively.

3,5�DIIODOTHYRONINE (T2):

A BIOLOGICALLY ACTIVE IODOTHYRONINE

OR A DEGRADATION PRODUCT OF TH?

Between the mid�1980s and the beginning of the

1990s, it became evident that some TH effects are

undoubtedly non�genomic in origin [11�14], although

the sites of origin of some of these effects remain

unknown to this day. Similar evidence exists for other

hormones, such as reproductive hormones [15] and other

steroid hormones [16], as well as for glucocorticoids [17,

18]. The non�nuclear actions of TH are those actions in

which the involvement of the nucleus can be excluded.

Extranuclear effects of TH have been described at differ�

ent cellular levels (plasma membrane, mitochondria,

cytoplasm, cytoskeleton, etc.). As these extranuclear

effects are independent of a direct interaction with

nuclear receptors, it is not surprising that they have hor�

mone structure–activity relationships that are distinct

from those of the nuclear�mediated actions. In fact, it

became evident some years ago that iodothyronines other

than T3 possess biological activity. Because of the pres�

ence of the above�mentioned nuclear receptors and

because these receptors have their greatest affinity for T3,

the belief developed that T3 is the only active iodothyro�

nine. However, this idea has been under reconsideration

for some time and now, to judge from the literature, at

least four iodothyronines possess significant biological

activities. These four are: thyroxine (T4), 3,3′,5�triiodo�

L�thyronine (T3), reverse T3 (rT3), and, of particular

interest for the present purposes, 3,5�diiodothyronine

(T2). Concerning the effect of TH on energy metabolism,

a decade and a half ago surprising results were published

showing that (among a lot of iodothyronines tested) T2,

like T3, at a concentration as low as 1 pM induced a rapid

(few minutes) stimulation of oxygen consumption in per�

fused livers isolated from hypothyroid rats. In the same

study, it was shown that the effect of T3 was largely abol�

ished by the addition of an inhibitor of D1 deiodinase,

while the effect of T2 was not. Moreover, T2 was as potent

as T3 but exerted its effect more rapidly (Fig. 1) [19].

STUDIES in vivo

Stimulated by that report, and other paper showing

an interaction of 3,3′�T2 with mitochondria [20], other

investigators began to focus more sharply on a putative

physiological role for T2. Energy metabolism, cellular res�

piration, and mitochondria were the major areas of inter�

est. Several reports issuing from various laboratories at the

beginning of the last decade showed that acute or chron�

ic administration of T2 to rats resulted in significant

Fig. 1. Effect of iodothyronines on the O2 consumption of isolat�

ed perfused livers from hypothyroid rats. Experiments were per�

formed in the absence or presence of propylthiouracil (PTU)

(adapted from Horst et al., 1989).
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changes in mitochondrial activities. When either T3 or T2

were acutely injected, T2 had a more rapid effect on mito�

chondrial respiration than T3, that of T2 being evident as

soon as 1 h after its injection, while that of T3 became evi�

dent only after 24 h. Moreover, the rapid effect of T2 was

shown to be independent of protein synthesis (since it was

evident even in the presence of cycloheximide) [21�23].

The interpretation of these results was that the effects of

T2 are mediated by a direct interaction with mitochon�

dria, whilst those of T3 are initiated via the nucleus.

Similar observations on oxygen consumption were also

made in human mononuclear blood cells [24]. The real�

ization that there were effects of T2 on mitochondrial

activities stimulated researchers into trying both to

uncover a physiological role for T2 and to find evidence

for a possible effect of T2 on the energy metabolism of the

whole animal. The experimental design used to test the

latter possibility was basically the same as that employed

by J. R. Tata in the early 1960s [25, 26]. It consisted in

acutely injecting a single dose of T2 in hypothyroid rats,

then following the time course of the induced changes in

the resting metabolic rate (RMR) of the animals and

comparing those results with the ones obtained by inject�

ing T3. One problem encountered when injecting various

iodothyronines is the need to exclude the possibility that

some of the effects seen after their administration might

be due to their deiodinated products: for this reason, the

deiodinase enzymes need to be inhibited. This objective,

particularly important when injecting T3, can be achieved

by inducing hypothyroidism by the simultaneous admin�

istration of propylthiouracil (PTU) and iopanoic acid

(IOP). This yields animals with severe hypothyroidism

and at the same time, with a powerful inhibition of all

three types of deiodinase enzymes. Indeed: i) PTU

inhibits TH production by the thyroid gland (via an inhi�

bition of thyroid peroxidase activity) and at the same time

induces a strong inhibition of type I deiodinase enzyme

(D1), while ii) iopanoic acid has no influence over TH

production but exerts an inhibitory action over all three

deiodinase enzymes, including type II (D2) and type III

(D3) [27]. In studies employing this method, it was

observed some years ago that RMR was considerably

lower in hypothyroid rats than in the euthyroid controls

and that in hypothyroid animals, injection of either T3 or

T2 significantly increased the RMR [28, 29]. In fact,

injection of T3 caused an increase of about 35% in RMR:

the increase started 25�30 h after the injection, peaked at

50�75 h and persisted (albeit at a weaker level) until 5�6

days after the injection. This was in good accordance with

the trend noted by Tata in his early studies (see Fig. 2a).

Injection of T2 at the same dose (25 µg/100 g body

weight), on the other hand, induced a temporally differ�

ent pattern of response. The increase in RMR was of

about the same amplitude (about 40%), but in this case

the increase started between 6 and 12 h after the injection,

peaked at about 24�30 h and had almost disappeared at

48 h. An even more interesting observation to come out of

these studies was that whereas administering actinomycin

D and T3 together lead to the stimulation of RMR by T3

being almost completely abolished (as indeed was expect�

ed from the results of Tata [26]), simultaneously injecting

actinomycin D with T2 caused no attenuation at all of the

stimulation seen with T2 alone (Fig. 2b).

These studies confirmed the existence of a nuclear�

independent mechanism of action for T2 and gave rise to

the hypothesis that T2 might mediate some of the short�

term effects of TH and might, indeed, be important, in

physiological situations requiring additional energy

expenditure. One example would be exposure to cold, a

situation in which, to counteract increased heat disper�

sion, extra energy expenditure is required. In fact, TH

play important roles in cold�acclimation processes, as

evidenced by hypothyroid rats surviving cold for only 3�4

days. Interestingly, in cold�exposed rats both T2 and T3

improve cold tolerance but via different mechanisms [30].

That study showed that when injected into cold�exposed

hypothyroid rats, both T2 and T3 increased the energy

Fig. 2. Changes in the resting metabolic rate (RMR) of hypothy�

roid rats following administration of iodothyronines (a) and fol�

lowing the simultaneous administration of iodothyronines and

actinomycin D (b) (adapted from Moreno et al., 1997). The

broken line in figure (a) represents data adapted from Tata

(1963).
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expenditure of the animals and stimulated the oxidative

capacity (expressed as cytochrome c oxidase (COX)

activity) of metabolically very active tissues such as heart,

skeletal muscle, liver, and brown adipose tissue. However,

whereas the stimulation by T3 was principally due to an

action (nuclear�mediated) on the trophism of these tis�

sues, the effect of T2 was probably due to its direct inter�

action with mitochondria, thus enhancing the oxidative

capacity of the tissues.

An important study showing an in vivo metabolic

effect of T2 was carried out by Cimmino et al. [31]. In this

study, they investigated the effect of chronic treatment

with either T2 or T3 on the daily energy expenditure of

unanaesthetized, unrestrained hypothyroid rats, as well as

on amino acid and lipid metabolism. The hypothyroidism

was induced by a simultaneous administration of PTU and

IOP [29], which, as indicated above, is of advantage in

allowing the observed effects to be attributed to the

iodothyronine actually administered (T2 or T3). Daily

energy expenditure was measured by continuous monitor�

ing of O2 consumption and CO2 production. Compared to

that of normal euthyroid rats, daily energy expenditure

was lower in hypothyroid animals, while administration of

either T2 or T3 to hypothyroid animals restored the normal

euthyroid values. Apart from confirming that T2 is a meta�

bolically active iodothyronine, the most intriguing obser�

vation to come out of this study was that T2 is able to

induce a significant stimulation of lipid β�oxidation,

which was evaluated by measuring the 13CO2 recovered in

the breath after the injection of octanoic acid�1�13C. All

the above�cited in vivo results were obtained by adminis�

tering T2 to hypothyroid rats (with deiodinase enzymes

inhibited). Indeed, administration of T2 to normal euthy�

roid animals results in a slight or nonexistent change in

RMR [29]. The explanation for this apparent discrepancy

is obscure at the moment and several factors may underlie

it. Thus, it may be that in normal euthyroid rats: 1) T2 is

rapidly metabolized; 2) T2 does not adequately enter the

cells; 3) to reach the cellular targets, T2 needs to be formed

from a precursor such as T3 (even if a biochemical pathway

leading to the formation of T2 from T3 has not yet been

demonstrated either in vivo or in vitro); 4) the metabolic

state of the animal (diet composition) may also play a role

in permitting the metabolic effects of T2 to be revealed. In

an attempt to clarify this situation, and in particular point

3, a recent study set out to evaluate the time course of the

calorigenic effect (change in RMR) seen after administra�

tion of either T3 or T2 to normal euthyroid rats (N rats),

with the data being compared with those obtained after

acute administration of the same iodothyronines to

hypothyroid rats treated with PTU and IOP (P + I rats)

[32]. In the same study, the authors compared the time

course of the change in RMR with the time course of the

changes in the serum and hepatic levels of T2. Acute injec�

tion of T3 had an effect on RMR that was evident 25 h ear�

lier in N rats than in P + I animals (see Fig. 3).

In N rats injected with T3, the first phase of the

change in RMR almost overlapped that observed when T2

was injected into P + I animals (hypothyroid animals with

deiodinase enzymes inhibited) (Fig. 3a). The simultane�

ous injection of actinomycin D inhibited mostly the late

part of the effect seen in N + T3 animals, the early phase

being only slightly affected (Fig. 3a). In N rats, an acute

inhibition of deiodinase enzymes (4 h before iodothyro�

nine administration), on the other hand, resulted in a

marked reduction of the early part of the effect of T3,

indicating that deiodination was necessary for it to pro�

duce the early part of its effect in full (Fig. 3b).

An important observation to come out of that study

[32] was that after T3 injection, the maximal increase in

RMR and the maximal increase in T2 concentration in

the liver occurred at the same time (at about 25 h after the

injection). Taken as a whole, these results strongly indi�

cate that: 1) part of the early change in RMR after T3

injection in N animals is due to its conversion to T2, and

Fig. 3. Changes in resting metabolic rate (RMR) in euthyroid

(N) and hypothyroid (P + I) rats after administration of iodothy�

ronines (a), and effect of acute inhibition of the activity of the

deiodinases on the changes in RMR seen after acute administra�

tion of T3 to N rats (b) (adapted from Moreno et al., 2002).
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2) in vivo, 3,5�diiodo�L�thyronine is formed from T3. The

second observation is important since such a conversion

T3 → 3,5�T2 has never been observed in vitro.

STUDIES in vitro

The hypothesis that mitochondria might be the tar�

get for the action of T2 is supported by many observations,

although in vitro direct addition of T2 to isolated mito�

chondria does not always result in a stimulation of mito�

chondrial activities. In fact, an effect of T2 after its addi�

tion in vitro has been shown only when a whole

homogenate is used. In liver homogenate from hypothy�

roid rats, a significant increase in COX activity has been

observed following the addition of T2, with a half�maxi�

mal increase at nanomolar concentrations [33]. In that

study, the maximal stimulation of COX was by 66% and

this was increased to 93% when PTU was added to the

medium. Similar experiments performed on isolated

mitochondria gave negative results but, when mitochon�

dria were isolated from liver homogenate preincubated

with T2, the organelles showed a significantly higher COX

activity. These results led the authors to postulate the

presence of a cytoplasmic factor that might mediate the

effect of T2. This idea has been supported by further data

showing, by photoaffinity labeling, the presence of specif�

ic binding sites for T2 in rat liver cytosol [34]. Three pro�

teins with apparent molecular masses of 86, 66, and

38 kD were able to attach covalently to [125I]3,5�T2 after

UV irradiation of rat liver cytosol. The 38 kD protein,

which showed the greatest affinity for T2 and bound it in

the absence of NADPH, was also able to bind T3 (but only

in a NADPH�dependent manner). This protein may

serve either as a T2/T3 reservoir or as a T2/T3 translocator

that works in a cellular redox state�dependent manner

(NADP/NADPH ratio). Specific binding sites for T2

have also been detected in rat liver mitochondria [35] but,

as emphasized by the authors [36], the data concerning

mitochondrial sites need to be interpreted with some cau�

tion because of the limitations inherent in such studies.

Due to the inner�ring labeling procedure, in fact, the 3,5�
125I�T2 used for the measurement of binding parameters

had a low specific activity and it was possible to perform

studies only over a narrow range of concentrations.

Because of this, there may not be a particularly close cor�

respondence between the real values for binding capacity

and affinity constant and those calculated by authors. To

acquire further insights into the putative site of action of

T2, a study was performed in which top�down elasticity

analysis was applied to mitochondria isolated from rats

acutely injected with a large dose of T2 [37]. This analysis

[38] considers the reactions involved in the energy�trans�

duction apparatus, at the mitochondrial level, to be divid�

ed into blocks of reactions: those involved in the forma�

tion of proton�motive force (∆µН+ producers: substrate

oxidation – respiratory chain activity – proton pumps)

and those involved in the dissipation of ∆µН+ (∆µН+ con�

sumers: proton leak, redox slip, and ATP synthesis

machinery). ∆µН+ represents the intermediary between

these blocks of reactions (Fig. 4). The results of that study

[37] showed that T2 at 1 h after its injection affected the

overall kinetics of the reactions involved in the oxidation

of substrates. It was observed that T2 acted on two distinct

blocks of the respiratory chain: namely, complex IV

(COX) and the block of reactions involved in the reduc�

tion of cytochrome c. The COX complex, indeed, may be

one of the targets for the action of T2. Results showing

that the addition of T2 to the COX complex isolated from

bovine heart stimulated its activity seemed to support this

hypothesis [39]. Later, Arnold et al. [40], using pho�

toaffinity labeling procedures, identified subunit Va of the

COX complex as the binding site for T2. In the same

study, they showed that the action of T2 on the COX com�

plex consisted in abolishing the allosteric ATP inhibition

of COX, with the half�maximal effect at 10–7 M (Fig. 5).

The abolition of the allosteric ATP inhibition was

specific for T2 and was prevented by the addition of a

monoclonal antibody against subunit Va (“AbVa” in Fig.

5b), thereby confirming that this subunit is a binding site

for T2. A more recent and deeper investigation by

Kadenbach et al. [41] provided evidence that the addition

of T2 to a reconstituted COX complex (in liposomes) led

to a decrease in the respiratory control ratio of the com�

plex (the ratio of respiration in presence of uncouplers

over that in their absence). The effect was evident in the

presence of intraliposomal ATP but not in presence of

Fig. 4. Metabolic�control analysis: the oxidative phosphoryla�

tion system is considered to be divided into blocks of reactions:

1) those that are involved in the oxidation of substrates and that

thereby generate ∆µH+; 2) those that dissipate ∆µH+ without ATP

synthesis, which together are called the proton leak (for further

details see [38]); 3) those that dissipate ∆µH+ for the synthesis

and export of ATP.
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intraliposomal ADP. The same group concluded that the

effect of T2 on cytochrome c oxidase could result in par�

tial uncoupling of oxidative phosphorylation via

increased ∆µН+ (due to a decline in the second mecha�

nism of respiratory control [42]) and decreased H+/e–

stoichiometry (intrinsic uncoupling) of COX at higher

membrane potentials [43, 44]. Other actions, however,

could indirectly involve the mitochondria in the biologi�

cal effect of T2. Indeed, data from Hummerich at al. [45]

suggest an influence of T2 over mitochondrial activity that

is mediated by an increase in mitochondrial Ca2+ uptake

(which results in an increased activity of these organelles

due to an increase in the activity of the mitochondrial

dehydrogenases) [46]. This would lead to an increase in

the amount of reduced substrates available for the respi�

ratory chain.

The effects of T2 at the cellular level are not limited

to mitochondria. Huang et al. [47], who compared the

effects of several thyroid hormone analogs on sodium

currents (I�Na) in neonatal rat myocytes, observed that

T4, T3, and T2 all significantly increased current density

(to a similar extent) relative to the control. In contrast,

thyroid hormone analogs with an altered side group on

the inner iodophenyl ring (including Tetrac, Triac, and

D�T3) had no effect on I�Na, nor did reverse T3 (rT3),

monoiodothyrosine (MIT), or thyrosine. The effects of

T3 and T2 were not blocked by propranolol, indicating

that their effects are not mediated through β�adrenergic

signaling pathways. The authors suggested that the acute

effects of TH and their analogs on cardiac I�Na might be

mediated by a non�genomic thyroid hormone receptor

with a unique structure–activity relationship. A study has

also been made of the rapid non�genomic effects of TH

and T2 on membrane transport systems in chick embryo

hepatocytes such as the Na+/H+ exchanger and the sys�

tem A of amino acid transport [48]. In that study, the

authors presented evidence for rapid non�genomic effects

of TH and suggested that the short�term effects of TH

may have a role to play during fetal development and cell

differentiation. T2 was able to mimic some of the TH

effects but with a lower efficiency.

STUDIES ON ENZYME

EXPRESSIONS AND ACTIVITIES

IN NON�MAMMALIAN SPECIES

T2 has also been shown to be able to affect some

important TH target enzymes such as lipogenic enzymes

(malic enzyme and glucose�6�phosphate dehydrogenase

(G6PD)) and deiodinase enzymes [49�51]. T2 and T3

were almost equipotent at downregulating Trbeta2

mRNA in GH3 cells but doses of T2 and T3 that were

equivalent in their induction of malic enzyme mRNA did

not produce equivalent suppressions of circulating thy�

roid�stimulating hormone (TSH), with T2 being only

27% as effective as T3 [49]. A weak effect of T2 on the

TSH level was also observed after its chronic administra�

tion in rats; indeed, only at very high doses of T2 were the

TSH levels significantly lower (even then they were still

within the normal range) [50]. An interesting observation

is that T2 is more potent than T3 at directly stimulating

G6PD, the former being effective at a dose as low as

1 µg/100 g body weight (3�5 times more potent) [51]. In

that study, T2 did not affect G6PD mRNA and its effect

on G6PD activity was not attenuated by inhibitors of pro�

tein synthesis, thus indicating, once again, a non�

nuclear�mediated effect. Moreover, D1 activity in the rat

anterior pituitary is transiently increased after a single

injection of T2, while in a reaggregate culture of anterior

pituitary, T2 stimulates D1 at 24 h after its application,

dose�dependently [52].

The biological effects of T2 are not restricted to

mammalian species. An effect of T2 on mitochondrial

activities has been demonstrated in liver and muscle from

various non�terrestrial vertebrates [53�57]. In the goldfish

Fig. 5. Effect of 3,5�diiodothyronine on the coupled respiration

of cytochrome c oxidase. a) Cytochrome c oxidase activity in

presence and absence of iodothyronines (adapted from Arnold et

al., 1998); b) effect of T2 in the abolition of the allosteric inhibi�

tion by ATP of the controlled respiration of reconstituted

cytochrome c oxidase (adapted from Arnold et al., 1998).
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Carassius auratus, a stimulation of pyruvate�fuelled mito�

chondrial respiration (both in liver and in muscle) has

been shown following a 5�min in vitro incubation with

0.3 nM T2 [54]. Such a rapid increase in substrate oxida�

tion by T2 (and also by T3) may be important in mediating

diurnal changes in mitochondrial metabolism. An inter�

esting observation has been made by Garcia�G et al. [53]

who examined the effect of short�term exposure to T4, T3,

and T2 (0.1 µM; 12 or 24 h) on D1 and D2 activities and

expressions (at the mRNA level) in killifish (a teleost)

liver. They observed that although none of the three

iodothyronines had any effect on D1 activity, they all

decreased D2 activity. In contrast to those of the other

iodothyronines, the effect of T2 was already evident after

a 12�h treatment, those of T4 and T3 being evident only

after a 24�h treatment. T2 was also able to affect D2 tran�

scription and the authors suggested that in view of its dif�

ferent time course of action, the mechanism actuated by

T2 is different from that actuated by the other iodothy�

ronines.

CONCLUSIONS AND PERSPECTIVES

The studies performed so far on the biological effects

of T2, which are summarized in the table, raise a number

of important questions and open new perspectives on

some aspects of the metabolic effects of TH. The first

conclusion that can be drawn is that the previous com�

mon assumption that T3 is the only active iodothyronine

has to be reconsidered. This is important for several rea�

sons; for example, when administering TH to animals,

we need to pay attention to which thyroid hormone to use

and in which thyroid state of the animal to administer it.

This is particularly important in animals that have been

made hypothyroid, because the effects on deiodination

Increase in rate of oxygen consumption by rat perfused liver

Increase in rate of oxygen consumption by blood mononuclear cells

Increase in Ca2+ uptake by mitochondria

Increase in rate of oxygen consumption by rat liver mitochondria

Increase in α�glycerophosphate dehydrogenase activity

Increase in respiratory chain activity

Increase in cytochrome oxidase activity

Increase in β�oxidation rate

Increase in malate dehydrogenase activity

Increase in glucose�6�phosphate dehydrogenase activity

Stimulation of growth hormone secretion

Effect on activity of deiodinases

Increase in leucine metabolism rate

Increase in cold�resistance in hypothyroid rats

Increase in basal metabolic rate

Effect on lipid peroxidation
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Lombardi, A., et al. (2000) Endocrinology
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Cimmino, M., et al. (1996) J. Endocrinol.

Lombardi, A., et al. (2000) Endocrinology
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Moreno, M., et al. (1998) Life Sci.
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Garcia, C., et al. (2004) Gen. Comp. Endocrinol.
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Lanni, A., et al. (1998) Eur. J. Physiol.
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mechanisms differ among surgical thyroidectomy and the

various chemicals (PTU, methymazole, or IOP) used to

induce hypothyroidism (see [13]). Indeed, if deiodinase

enzymes are fully active we cannot be sure that all the

effects observed after the administration/addition of a

certain iodothyronine are caused by that iodothyronine

itself. In addition, the studies reported in this article may

provide an explanation for the conflicting results con�

cerning a direct effect of TH on isolated mitochondria.

In fact, in isolated mitochondria—depending on the

microsomal contamination (which in turn depends on

the methods used in mitochondrial preparation; see

[13])—TH may be converted to another iodothyronine

and a stimulatory effect may be more or less evident. As

far as T2 is concerned, the most important problem that

remains to be elucidated is the physiological relevance of

its actions. The first point to be considered before we can

conclude that it has a physiological relevance is the con�

centration used in studies on the biological effects of T2.

The in vivo studies have been carried out using both acute

and chronic administration of T2, and its effects have

been compared with those of T3. In both cases (acute and

chronic), the doses of T2 and T3 have been comparable

and have ranged from 2.5 µg/100 g body weight to

10 µg/100 g body weight in chronic studies, while in

acute studies the dose used has been 25 µg/100 g body

weight for both T3 and T2. From an analysis of the litera�

ture, it seems to me that the doses of T2 used in chronic

studies were within the range of those used in most stud�

ies concerning the metabolic effects of TH. Only in one

study did the doses range more widely, from 2.5 µg/100 g

body weight to 200 µg/100 g body weight [48]. The same

conclusion can be drawn for acute studies, in which a

single dose of 25 mg/100 g body weight has been used.

Indeed, this dose is the minimal one needed to show a

clear�cut effect of TH on basal metabolic rate [4, 5, 58].

Another related aspect is the concentrations of T2 in the

serum and tissues; however, little is known about these

parameters, especially in rats. From a unique study on T2

levels in euthyroid rats, it seems that the serum level is of

the order of 4.6 pM, while the hepatic level is of the order

of 10 fmol/g (0.4 pmol/g in the liver of 16�day�old rat

fetuses). In rats, the serum level of T2 increases after T3

injection (from 4.6 to 24.1 pM after 12 h). This last result

strongly indicates that in vivo, T2 is indeed formed from

T3 (even though this pathway has never been demonstrat�

ed in vitro).

The last consideration about the biological effects of

T2 I want to discuss is: does T2 simply mimic the effects of

T3 (by nonspecific and T3�related pathways) or are its

effects specific ones involving pathways distinct from

those actuated by T3? From an analysis of the available

data, it seems to me that the second possibility is the

more realistic. Indeed: a) most of the effects of T3 are

attenuated by inhibitors of protein synthesis, whereas

those of T2 are not; b) the effects of the two iodothy�

ronines differ in their time course, with those due to T2

being more rapid that those due to T3; c) the metabolic

effects of T3 are inhibited (both in vitro and, the early

effect, in vivo) by the simultaneous use of inhibitors of

deiodinases, whereas the effects of T2 are not; and d) the

doses of T2 used in most studies are too low to induce

nonspecific effects due to its interaction with the nuclear

receptors for T3. These nuclear sites show a very low

affinity for T2 (about 1,000 times less than that for T3

[49]) and thus, at least in the in vivo studies, the dose of

T2 needed to reproduce or mimic the effects of T3, via the

nucleus, would be around 1,000 times higher for T2 (in

100 g body weight). Finally, some important points to be

investigated in future studies concern the biochemical

pathways involved in the formation of T2 and in its clear�

ance from serum and tissues.
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