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Thyroid hormones significantly influence energy expenditure by affecting the activity of 
metabolic active tissues, among which, mammalian brown adipose tissue (BAT) plays 
a significant role. For a long time, the modulation of BAT activity by 3,3′,5-triiodo-l- 
thyronine (T3) has been ascribed to its direct actions on this tissue; however, recent 
evidence indicates that T3, by stimulating specific brain centers, activates the metabo-
lism of BAT via the sympathetic nervous system. These distinct mechanisms of action 
are not mutually exclusive. New evidence indicates that 3,5-diiodo-l-thyronine (3,5-T2), 
a thyroid hormone derivative, exerts thermogenic effects, by influencing mitochondrial 
activity in metabolically active tissues, such as liver, skeletal muscle, and BAT. At the 
moment, due to the absence of experiments finalized to render a clear cut discrimination 
between peripheral and central effects induced by 3,5-T2, it is not possible to exclude 
that some of the metabolic effects exerted by 3,5-T2 may be mediated centrally. Despite 
this, some evidence suggests that 3,5-T2 plays a role in adrenergic stimulation of ther-
mogenesis in BAT. This mini-review provides an overview of the effects induced by T3 
and 3,5-T2 on BAT thermogenesis, with a focus on data suggesting the involvement of 
central adrenergic stimulation. These aspects may reveal new perspectives in thyroid 
physiology and in the control of energy metabolism.
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inTRODUCTiOn

In mammals and in homeotherms, a tight control of heat production allows maintenance of a con-
stant core temperature despite variations in environmental temperature. Heat production is custom-
arily divided into obligatory and facultative/adaptative thermogenesis. Obligatory thermogenesis 
represents constitutive heat production, normally resulting from sustaining vital functions; it is 
sufficient to maintain body temperature of animals at thermoneutrality. When ambient temperature 
descends below thermoneutral temperature (that differs between mammal species), heat-saving 
and heat-producing mechanisms are activated. Indeed, heat-saving mechanisms (pilo-erection, 
vasoconstriction, adoption of a curled posture, immobility) are limited, and an additional heat is 
promptly produced by a large energy consuming process, such as shivering, and then substituted 
by a long-lasting activation of more efficient heat generating metabolic mechanisms, occurring 
principally in brown adipose tissue (BAT) (1).
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FigURe 1 | Schematic representation of processes activated by noradrenaline in brown adipocytes leading to brown adipose tissue thermogenesis, mitochondrial 
biogenesis, and fatty acid oxidation. PKA activation of CREB and p38 MAP kinase leads to an enhancement of the transcription of uncoupling protein-1 (UCP1) and 
PGC-1α genes. PKA, by phosphorylating hormone sensible lipase leads to the hydrolysis of triglycerides. Free fatty acids released are used as fuel substrate at the 
mitochondrial levels and as UCP1 activator.
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Recently, emerging novel aspects have renewed the interest  
for BAT as a potential target for the treatment of human obesity 
and related diseases (2, 3) since functional BAT has been detected 
in adult human (4–6), where its amount correlates positively with 
resting metabolic rate and inversely with body mass index (7). 
BAT can utilize blood glucose and lipid, thus improving glucose 
metabolism and lipid profiles in some conditions (8, 9). Moreover, 
when specifically stimulated, BAT-precursor cells placed in white 
adipose tissue (WAT) can differentiate to beige/brite cells instead 
of white adipocytes (10, 11). Thus, studies on the mechanism 
underlying BAT activation as well as its hormonal regulation are 
still ongoing.

Thyroid hormones (TH) play a crucial role in stimulating 
both obligatory and adaptive thermogenesis (12, 13), with BAT 
thermogenesis being a key contributor of the latter.

Although thyroid thermogenesis is known for more than 
a century (14), new innovative concepts are emerging; these 
regard the involvement of the hypothalamus in TH induced-
thermogenesis, the ability of TH to induce the browning of WAT, 
and the identification of 3,5-diiodo-l-thyronine (3,5-T2) as an 
active TH derivative able to enhance BAT thermogenesis.

Here, we provide an overview on the effects induced by TH and 
3,5-T2 on BAT thermogenesis, pointing the attention on aspects 
suggesting the involvement of central adrenergic stimulation.

BAT-MeDiATeD THeRMOgeneSiS

The single heat-producing unit of BAT is the brown adipocyte, 
it contains triglycerides within multiple small vacuoles and 
numerous mitochondria. Each cell interacts with noradrenergic 
fibers of sympathetic nervous system (SNS) and is surrounded 
by capillaries. When an increased rate of heat production is 
needed, a signal is transmitted via the SNS to each brown 
adipocyte. The released norepinephrine (NE) primarily binds 
to the brown adipocytes’ β3 adrenergic receptors and activates 
intracellular signaling that leads to the hydrolysis of triglycerides 
and the release of free fatty acids (FFAs) (1). At the mitochondrial  
level, FFAs are then oxidized, thus furnishing reduced substrates 
for the respiratory chain that actively pumps protons from the 
matrix to the inner membrane space and generates proton motive 
force. In BAT, uncoupling protein-1 (UCP1) is directly activated 
by FFAs and mediates the re-entry of protons into the matrix, 
not associated to ATP synthesis, leading to (i) energy dissipation 
contained in the proton motive force as heat and (ii) substrate 
oxidation, uncoupled by the synthesis of ATP. Thus, in BAT, 
UCP1 “converts fat to heat” (Figure 1).

Prolonged exposure to cold and β-adrenergic stimuli trig-
gers a trophic response through activation of mitochondrio-
genesis, contributes to the increase of the thermogenic capacity 
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of brown adipocytes, and promotes the browning processes of 
WAT (15).

The molecular events involved in the NE-induced BAT  
thermogenesis include activation of the cAMP/PKA signaling 
pathway, downstream stimulation of the p38α MAPK, and recruit-
ment and p38-dependent activation of PGC-1α [peroxisome 
proliferator-activated receptor γ coactivator-1] (16) (Figure 1).

In BAT, PGC-1α coordinates the expression of genes that 
stimulate mitochondrial biogenesis and a thermogenic program 
(17). Indeed, mice lacking PGC-1α are extremely cold sensitive  
(18, 19), because of a defective thermogenesis, likely due to an 
impaired mitochondrial program for fatty-acid β-oxidation and 
electron transport, accompanied by reduced induction of UCP1 
and type 2-deiodinase (D2) (see below). In nuclei, PGC-1α coacti-
vates nuclear respiratory factors-1 and -2, which regulate expression 
of a nuclear-encoded transcription factor essential for replication, 
maintenance, and transcription of mitochondrial DNA: mitochon-
drial transcription factor A (mt-TFA). Intra-mitochondrial PGC-
1α associates with nucleoids and forms a multiprotein complex with 
mt-TFA at the mitochondrial DNA transcription start site, thus 
having a putative role as a transcriptional coactivator of mtTFA (20).

TH AnD BAT THeRMOgeneSiS

Thyroid hormones are essential for the full thermogenic response 
of BAT, and normal systemic thyroid status is essential for cold-
induced adaptive thermogenesis. The thermogenic response 
of BAT to TH is the result of the synergistic interactions of the 
hormones with the SNS (21, 22).

Brown adipocytes express both TH receptors alpha (TRα) 
and beta (TRβ) that control distinct and fundamental pathways 
for adequate BAT thermogenesis. TRα mediates synergism 
between TH signaling and the SNS, whereas TRβ is involved in 
T3 mediated regulation of UCP1 transcription (23, 24). Indeed, 
the disruption of TRβ-mediated signaling leads to defective adap-
tive thermogenesis and reduced UCP1 expression (24, 25), while 
the TRβ agonist GC-1, when applied in association with NE to 
isolated brown adipocytes, increases UCP1 expression but NE 
responses result blunted (24).

This TRβ-dependent mechanism is also crucial to induce 
UCP1 expression in WAT, thus suggesting a role for TH-signaling 
in the “browning” phenotype of WAT (26).

The intracellular action of TH is regulated by the amount 
of cellular T3 available for receptor binding, with deiodinase 2 
(D2) playing a crucial role. Brown adipocytes express D2, a TH 
activating enzyme that catalyzes the deiodination of T4 to T3. 
Within a few hours of cold exposure, because of D2 activation, 
intracellular T3 levels increase threefold, resulting in higher T3 
receptor occupancy nearly reaching saturation (27–29).

D2 is also crucial for the synergism between TH and NE 
signaling (22), as supported by the evidence that transgenic 
D2 null mice show cold intolerance, despite normal plasma T3 
concentrations (30). NE leads to an enhancement of D2 levels 
by promoting its de-ubiquitination and by enhancing its gene 
transcription (31). As a result, tissue levels of T3 increase, thus 
amplifying the SNS-induced effects, such as lipolysis and stimula-
tion of the UCP1 gene transcription.

Hyperthyroidism stimulates both basal and facultative 
thermogenesis. Specifically, alongside enhanced thermogenesis 
hyperthyroid mice displayed increased BAT mass (32, 33), mito-
chondrial content, oxidative capacity, and UCP1 protein levels 
(33). T3 also increases nuclear and mitochondrial PGC-1α levels, 
pointing to a coordinative effect of this iodothyronine in these 
two organelles, thus activating mitochondrial biogenesis and 
BAT thermogenesis. Hyperthyroidism also induces “browning” 
of WAT (32). In addition to TH, thyrotropin receptor signaling 
is also involved in BAT formation in the hyperthyroid state, 
probably via upregulation of browning factors such as PRDM6, 
PGC-1α, and UCP1 (34).

In hyperthyroid rodents, compensatory mechanisms are trig-
gered to limit the response of BAT to both NE and TH. Specifically, 
an excess of thyroxine (i) promotes ubiquitination and degrada-
tion of D2, thus protecting BAT from the elevated serum levels 
of TH and (ii) reduces β3 receptor density, thus toning down 
sympathetic stimulation (35, 36). Conversely, hypothyroidism 
reduces obligatory thermogenesis, accompanied by a compensa-
tory increase in BAT stimulation (21). In fact, hypothyroid BAT 
shows signs of adrenergic stimulation, such as enhancements 
of NE levels (32) and sympathetic innervations (33). Despite of 
this, the lack of T3 limits the thermogenic response of the tissue 
to the NE stimulation (37). Indeed, cAMP generation is greatly 
reduced in isolated brown adipocytes obtained from hypothyroid 
animals as a result of modifications of the receptor, its interac-
tion with Gi proteins, and resulting adenylyl cyclase levels (35, 
36, 38). In line with this, hypothyroid animals present impaired 
BAT thermogenesis, therefore, developing severe hypothermia 
resulting in death after a few days of exposure to cold (39). Lower 
BAT activity/thermogenesis despite enhanced sympathetic tones 
in hypothyroidism has been recently confirmed by a technique 
termed “in vivo small animal 18F-FDG PET/MR” (32). Moreover, 
histological analysis revealed that BAT from hypothyroid animals 
shows more lipid-depleted adipocytes, typified by an increased 
number of unilocular adipocytes, similar to what is observed in 
white adipocytes (32, 33).

Interestingly, in hypothyroid mice, a compensatory “brown-
ing” of WAT seems to occur as a response to the decreased heat 
production due to BAT inactivity. Markers for this event are 
increased expression levels of brown fat specific genes such as 
UCP1 and Cidea, and the multilocular UCP1-positive phenotype 
of some adipocytes in both iWAT and gWAT (32, 40).

CenTRAL eFFeCT OF TH in ACTivATiOn 
OF BAT

Recent studies revealed that T3 is a central inducer of BAT by 
directly stimulating the hypothalamic pathway (41). In definite 
hypothalamic centers, and specifically in Sf1 neurons of ventro-
medial nucleus (VHM) (42, 43), T3 selectively increases de novo 
lipogenesis, leading to the activation of the SNS and the induction 
of BAT (41). T3-induced lipogenesis is mediated by AMP-activated 
protein kinase (AMPK), a key kinase regulating lipid metabolism 
that, when activated by phosphorylation, switches-on fatty acid 
oxidation rate and switches-off lipogenesis (44).
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FigURe 2 | Schematic representation of the mechanisms by which iodothyronines (T3 and 3,5-T2) activates brown adipose tissue (BAT) thermogenesis and of the 
interrelations between central and direct effects of iodothyronines on the tissue. Single question point indicates that, despite of the fact that 3,5-T2 enhances BAT 
adrenergic tone, now, there are no experiments indicating whether this effect is brain-mediated or not. Double question points indicate that there are unresolved 
questions such as: where is 3,5-T2 coming from? Is it coming from the circulation or is it locally formed by deiodination? Is D2 involved? Experimental evidences are 
needed.
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Following intracerebroventricular administration, T3 causes 
a rapid dephosphorylation of AMPK. The crucial role played 
by AMPK in the T3-induced BAT thermogenesis through the 
SNS is shown in experiments of VMH-selective genetic abla-
tions of AMPK or TH receptors: AMPK ablation increases the 
sympathetic BAT tone and subsequent BAT activation, which is 
blunted by inhibition of β3 adrenergic receptor activity in BAT 
(41). Ablation of TH receptors in hyperthyroid rats significantly 
inhibits BAT thermogenesis (41–43).

The mechanism linking T3-induced AMPK de-phosphorylation  
in VHM to the activation of SNS seems related to the ability of 
AMPK to influence ceramide levels as well as to endoplasmatic 
reticulum (ER) stress (42, 43). Indeed, at the hypothalamic level, 
ceramide-induced lipotoxicity triggers ER stress and leads to a 
decreased sympathetic tone in BAT, thus impairing BAT ther-
mogenesis (45). Thus, T3-induced hypothalamic AMPK dephos-
phorylation leads to a decrease in ceramide synthase activity, and 
consequently ceramides levels, resulting in a reduction of ER 
stress (see Figure 2).

In BAT, following ICV administration of T3, the expression 
of thermogenic markers (UCP1, PGC1α, D2, hormone sensitive 
lipase, lipoprotein lipase) occurs in association with a decreased 
lipid droplet (LD) content as well as an enhancement of the 
mitochondrial size (41–43). Furthermore, an increase in the BAT-
mediated uptake of fatty acids and their subsequent utilization as 

fuel substrates at the mitochondrial level is observed, plausibly 
mediated by increased activity of the AMPK signaling pathways 
(42, 43).

Interestingly, the effects of ICV administration of T3 on energy 
expenditure, thermogenesis, and body weight are abolished in 
UCP1-deficient mice (46), suggesting the importance of BAT in 
TH metabolic regulation.

Another significant effect to consider is the ability of TH to 
regulate WAT browning through a central mechanism, since ICV 
infusion of T3 increases the browning of iWAT (46).

3,5-T2: A THYROiD HORMOne 
DeRivATive THAT enHAnCeS BAT 
THeRMOgeneSiS

The research field concerning the control of energy metabolism 
by the thyroid is no longer restricted to T3 since growing evidence 
indicates that some of its derivatives could have biological effects. 
Among these, 3,5-T2 plays a significant role [for review, see Ref. 
(47–49)].

3,5-T2 influences the activity of metabolically active tissues 
such as skeletal muscle, liver, and BAT. Some of the effects induced 
by this iodothyronine are manifested in a short-term within 1 h 
of its administration, and experimental evidence indicates that 
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mitochondria are a direct target of 3,5-T2 (47, 48, 50). The ability 
of 3,5-T2 to exert a calorigenic effect when injected into rats (33, 
39, 51–54) suggests that 3,5-T2 could be involved in the regula-
tion of energy metabolism in physiological situations requiring 
a surplus of energy expenditure, such as cold exposure. Such a 
possibility is substantiated by the evidence that hypothyroid rats 
do not survive in the cold (4°C), but their survival is improved 
by 3,5-T2 administration. Indeed, enhanced oxidative capacity of 
metabolically active tissues, among these BAT, underlies the abil-
ity of 3,5-T2 to improve cold tolerance of hypothyroid rats (55).

When administered intraperitoneally to hypothyroid rats 
housed at thermoneutrality, 3,5-T2 reverses the “white-like” 
appearance of brown adipocytes characteristic of such animals 
(see above), enhancing the percentage of multilocular versus 
unilocular cells. 3,5-T2 also decreases the diameter of LDs and 
increases the tissue’s mitochondrial content, diagnostic for BAT 
activation (33).

Chronic intraperitoneal 3,5-T2 administration to hypothyroid 
rats improves maximal tissue oxidative capacity by increasing 
the activity of cytochrome c oxidase (COX) (33, 39, 51). Within 
the mitochondrial respiratory chain, apart from transferring 
electrons to oxygen molecules, COX actively pumps protons 
from the mitochondrial matrix to the intermembrane space, thus 
contributing to generation of the proton-motive force, which in 
BAT, due to the presence of UCP1, is dissipated as heat at the 
expense of ATP synthesis. The ability of 3,5-T2 to enhance COX 
activity in BAT of hypothyroid rats seems to be the result of a dual 
mechanism: (1) an increase in tissue content of mitochondria, (2) 
a direct effect of the iodothyronine on the enzyme (33). In fact, the 
stimulatory effect of 3,5-T2 occurs following both intraperitoneal 
administration and addition to BAT homogenates. The in vitro 
effect of 3,5-T2 is plausibly the result of a direct interaction of 
the iodothyronine with subunit-Va of the COX complex (56), an 
interaction that was previously reported to prevent the allosteric 
inhibition exerted by ATP on the enzyme (57). Chronic adminis-
tration of 3,5-T2 to hypothyroid rats enhanced the expression of 
UCP1; moreover, in isolated mitochondria, both the inhibition 
of UCP1-mediated respiration/thermogenesis by GDP and its 
reactivation by fatty acids, blunted in hypothyroid condition, 
were enhanced by 3,5-T2 (33). Taken together, these data imply 
that the 3,5-T2-mediated activation of COX in BAT triggers 
mitochondrial thermogenesis through the action of UCP1.

3,5-T2 enhances mitochondrial BAT content, and plausibly, 
PGC-1α is the putative molecular determinant for this effect. 
Administration of 3,5-T2, in fact, rapidly increases nuclear and 
mitochondrial PGC-1α levels, indicating a tight coordination 
between these organelles, hence programming toward mitochon-
drial biogenesis and thermogenesis (33) (see Figure 2).

3,5-T2 increases the cellular number of nervous fibers that 
are immune-reactive to tyrosine hydroxylase, a catecholamine-
synthesizing enzyme whose expression is related to noradrenergic 
tone indicating that this iodothyronine increases the sympathetic 
tone, thus suggesting that part of the thermogenic effect induced 
by 3,5-T2 in BAT is due to SNS activation. Since adrenergic 
stimulation of brown adipocytes induces the expression of VEGF 
[mediated by β-adrenoreceptor/cAMP/PKA signaling pathway 

(58)], it is plausible that the sympathetic activation promotes 
the induction of angiogenesis responsible for the higher BAT 
vascularization observed in 3,5-T2-treated animals (33). The 
improved BAT vascularization as part of the action of 3,5-T2 on 
the activation of BAT allows increased blood supply that is crucial 
to support the higher demand for oxygen and substrates.

COnCLUSiOn

Recent progress in the field concerning the activation of BAT 
thermogenesis by TH indicates that their metabolic effect both 
involves their direct action in the target tissue as well as centrally 
mediated actions through stimulation of specific regions of the 
brain.

In addition, TH metabolites have emerged as biological active 
molecules; among these, 3,5-T2 has a calorigenic effect, mimick-
ing the effect induced by T3 on BAT, and emerging data indicate 
that 3,5-T2 enhances sympathetic tone of BAT.

In relation to this, several questions arise: (i) are endogenous 
levels of 3,5-T2 relevant to energy balance in normal human 
physiology, or is 3,5-T2 the basis of a potential pharmacological 
approach to contrast obesity? (ii) are the effects exerted by T3 on 
BAT thermogenesis due to T3 itself, or part of these effects are due 
to its conversion to 3,5-T2?, and (iii) are the thermogenic effects 
of 3,5-T2 in part mediated centrally?

Unfortunately, studies performed so far do not allow to unam-
biguously answer the questions above.

Indeed, key experiments concerning the detection of 3,5-T2 
serum and tissues levels, in different physiological conditions or 
following T3 administration are few or lacking. Moreover, despite 
an extrathyroidal production of 3,5-T2 from T4 have been sug-
gested in humans (59) and in rats an increase in 3,5-T2 serum 
levels following T3 in vivo administration (52) was observed, the 
identification of the enzyme involved in 3,5-T2 formation from 
TH has not yet been achieved. It would be a crucial step in the 
understanding of the basal physiological mechanisms regulating 
3,5-T2 availability, and whether some T3 effects are mediated by its 
conversion into 3,5-T2. New information in this field may reveal 
future perspectives to allow a deeper understanding of whether 
3,5-T2 is a direct stimulator of metabolism with the potential to 
be an extra level for the regulation of energy metabolism by the 
thyroid or if it could be used as pharmacological approach to 
contrast dysmetabolic diseases.
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