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Abstract: Thyroid hormones (THs) are important modulators of many metabolic processes,
being strictly associated with the control of energy balance, mainly through activities on
the brain, white and brown adipose tissue, skeletal muscle, liver, and pancreas. In this
review, the principal mechanisms of TH regulation on metabolic processes will be discussed
and THs’ relevance in metabolic disease progression will be evaluated, especially in the
cardiovascular context and correlated diseases. Moreover, we will discuss THs’ regulatory
role on metabolic events in white and brown adipose tissue, with a special focus on the
process of “browning”, which consists of the gradual acquisition by white adipocytes of the
physical and functional characteristics of brown adipocytes. The advancements in research
on molecular mechanisms and proposed physiopathological relevance of this process will
be discussed.
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1. Introduction

Thyroid hormones (THs) regulate metabolic processes important for normal growth
and development and play essential regulatory roles in metabolism [1]. It is well known
that TH status is strictly associated with energy expenditure [2]. Under physiological
conditions, the intact hypothalamic—pituitary-thyroid (HPT) axis keeps THs’ circulating
levels and energy homeostasis stable. The high levels of THs in hyperthyroidism prompt a
hypermetabolic state, characterized by increased resting energy expenditure, weight loss,
reduced cholesterol levels, increased lipolysis, and gluconeogenesis [3,4]. Conversely, in hy-
pothyroidism, the reduction of TH levels promotes hypometabolic condition, characterized
by reduced resting energy expenditure, weight gain, increased cholesterol levels, reduced
lipolysis, and reduced gluconeogenesis [5,6]. This review will evaluate TH mechanisms
mediating metabolic regulation and will consider how TH disturbances may affect lipid
and glucose metabolism, blood pressure, and body weight, all aspects strongly associated
with various metabolic parameters and whose alteration may induce the development
of new diseased conditions or worsening of preexisting maladaptive events associated
with metabolic dysfunctions. Furthermore, we will provide an overview of adipose tissue
metabolism in physiological and disease conditions and discuss the regulatory role of THs
in metabolic processes involving white and brown adipocytes. A particular focus will be
given to the process of browning in mammalian white adipocytes, highlighting the latest
research progress and the hypotheses of therapeutic relevance in humans.
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2. General Aspects of TH Metabolism

THs are key hormones in the regulation of metabolism in mammals, and recent ad-
vances in metabolomics and genomics have allowed a deeper understanding of THs’ global
impact on mammalian physiology in peripheral tissues. THs are released into circulation
by the thyrocytes of the thyroid gland as the final part of the HPT axis. Circulating TH
concentrations, in turn, can inhibit both the thyrotropin-releasing hormone (TRH) produced
by the hypothalamus and thyroid-stimulating hormone (TSH) secreted by the pituitary
gland via negative feedback regulation [7]. Both thyroxine (T4) and triiodothyronine (T3)
produced by the thyroid are transported in blood by carrier proteins that serve as TH
reservoirs [8]. THs bound to these proteins are inactive and in a dynamic equilibrium with
the circulating levels of free T4 (FT4) and free T3 (FTI3), which instead enter the cells of the
target tissues, exploiting the THs’ biological effects. The entrance of free THs into the target
cells is mediated by several membrane transporters, such as monocarboxylate transporter
8 or 10 (MCT8 or MCT10), the organic anion-transporting polypeptide (OATP)1C1, and
L-type amino acid transporters (LAT1 and LAT2) [9-11]. T4 is generally considered a pre-
hormone, whereas T3, obtained by the deiodination of T4, is the biologically active TH. The
enzymes regulating the activation/deactivation of these THs are the deiodinases (DIOs),
which are selenoproteins involved in THs’ fine-tuning of the intracellular concentration
and the biological activity of THs. Of the three known DIOs, DIO1 and DIO2 convert T4
to active T3, whereas DIO3 inactivates T3 to 3,3'-diiodo-L-thyronine (3,3’-T2) and T4 to
inactive reverse triiodothyronine (rT3) [12] (Figure 1).
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Figure 1. Pathways of outer and inner ring deiodination of thyroid hormones.

Once inside the cells, THs diffuse to the nucleus and bind to the thyroid hormone
receptors (TRs) TRx and TR3. Genes encoding the TRs, TR and TRf3, and the TR proteins
show a variety of expression within the target tissues, suggesting a specific tissue-dependent
role for each TR isoform; interestingly, T3 binds TRs with a 10-fold higher affinity with
respect to T4 [13]. Upon binding to T3, TR heterodimerizes with another nuclear hormone
receptor (retinoic acid X receptor, RXR) and the newly formed complex is ready to interact
with regulatory sequences in the promoters of target genes (TH response elements, TREs);
specific cofactors are then recruited and the regulation of gene expression proceeds [14,15].
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TH actions requiring interaction at the nuclear level are called “genomic”, whereas
extranuclear biological actions of THs, not requiring a direct interaction with nuclear
elements, are called “non-genomic” and involve binding with cell membrane receptors
(such as integrins) and binding with cytosolic proteins. Furthermore, THs other than T3
and their metabolites, such as T4, rT3, 3,5-T2, etc., may also be involved in non-genomic
actions [16].

3. TH Effects on Cardiovascular Metabolism and Correlated Diseases

THs control metabolism and prominently affect cardiovascular pathophysiology [17].
To note, the level of TSH can vary within the same subjects due to several determinants
(e.g., age, circadian rhythm, genetic characteristics, and iodine intake) [3]. Thus, although
reference ranges are based on fixed percentiles of the population distribution, it remains
difficult to define whether a certain TSH value measured in an individual at a given time
should be classified as normal at the population level. In fact, a high TSH concentration,
even within the “euthyroid” reference range, is related to cardiovascular risk factors
(e.g., BMI, lipid profile, hypertension, and metabolic syndrome) [18]. TSH is a useful
screening test to assess the functioning of the HPT axis; however, the ratio between the
hormones released by the thyroid gland (T3/T4) or FI3/FT4, the free fractions present in
the bloodstream, has been introduced as a more reliable tool to evaluate the tissue-specific
deiodinase activity in the conversion of T4 to T3 [19].

3.1. Obesity

It is well known that the thyroid has a role in the control of basal metabolic rate,
energy expenditure, and thermogenesis and in the metabolism of carbohydrates, lipids,
and proteins [4]. Nonetheless, the precise causes underlying the association between
thyroid and obesity, as well as the reasons for the increase of TSH in obesity, are not
clearly understood, but surely represent the result of a complex interaction of different
abnormalities (Table 1).

Table 1. Main mechanisms in the relationship between thyroid and obesity.

Mechanism

Consequences References Data Source

Development of obesity-related

Reduced expression of TSH receptors

thyroid resistance . : . . [20,21] In vitro humans
. . . in adipose tissue of obese patients
in the peripheral tissues
Increase of D1 gene expression Increase of inflammatory cytokines In vitro animals and
and activity (e.g., leptin), [22] humans
in subcutaneous and visceral adipose which stimulates the HPT axis Clinical studies
tissue of obese subjects Increase of TRH and TSH secretion
TH control on adipogenesis Activation of PPARy and C/EBPs [23] In vitro animals

TSH: thyroid stimulating hormone; HPT: hypothalamus-pituitary-thyroid; TRH: thyrotropin releasing hormone;
PPARY: peroxisome proliferator-activated receptor gamma; C/EBPs: CCAAT-enhancer-binding proteins.

In view of the well-known complex relationship between the thyroid, obesity, and
metabolism, a correlation between thyroid and obesity has been largely evidenced in clinical
studies; generally, hypothyroidism (underactive thyroid) induces a decrease of the body’s
metabolism, resulting in weight gain, whereas hyperthyroidism (overactive thyroid) may
cause weight loss [24,25]. Accordingly, a recent meta-analysis (total participants n = 107,734
for cross-sectional studies, n = 22,010 for longitudinal studies, n = 80 for RCTs) evidenced
that an increasing TSH concentration was associated with weight gain, whereas increasing
FT4 values were associated with weight loss [26].
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Moreover, changes in TSH, FI3, FT4, and FTI3/FT4 ratio values were associated
with anthropometric measures changes, representing determinants of BMI and waist
circumference variation [26-28]. Interestingly, from a clinical application point of view,
interventional studies have suggested that these associations may be reversible; thus, some
thyroid drugs may be active in terms of BMI changes [29-31].

3.2. Type 2 Diabetes (T2D)

T2D can be worsened by thyroid dysfunction, as well as reciprocally T2D can drive
thyroid abnormalities, with the development of insulin resistance representing a key factor
in the relationship between T2D and thyroid disorders [32].

Alterations in glucose metabolism are closely linked to changes in thyroid parameters,
and indeed T2D often occurs with thyroid dysfunction (both hypothyroidism and hyper-
thyroidism); accordingly, it has been estimated that the prevalence of thyroid alterations
is very frequent in T2D patients, especially hypothyroidism, and the risk increases with
aging, primarily in females [33-35]. T2D may induce a TSH reduction, thus contrasting the
conversion of T4 to T3 at peripheral levels. Moreover, insulin resistance and hyperinsuline-
mia promote thyroid tissue proliferation, nodule formation, and goiter size. Conversely,
both hyper- and hypothyroidism have been associated with insulin resistance, being one
key factor causing impaired glucose homeostasis in clinical settings [17,36]. The thyroid
can worsen glycemic control in T2D (with the development of hypoglycemia in hypothy-
roidism and ketoacidosis in thyrotoxicosis), whereas reciprocally, poor glycemic control
may have a role in the development of thyroid dysfunction in T2D patients [37,38]. In view
of this reciprocal association, some antidiabetic drugs may influence thyroid function (e.g.,
metformin can reduce TSH) and TH analogues can affect glycemic concentration (KB141
and MB07811 reduced glycemia in mice fed a high-fat diet for 2 weeks) [39]. Many different
mechanisms can explain the reciprocal pathophysiological relationship between the thyroid
and T2D, and the main mechanisms in the relationship between the thyroid and T2D are
reported in Table 2.

Table 2. Main mechanisms in the relationship between the thyroid and T2D.

Mechanism Consequences References Data Source
TH induces proinsulin Glycogen synthesis
gene expression Glucose uptake [40,41] In vitro animals
by PI3K-AKT pathway Gluconeogenesis
Non-genomic activation of the AKT signaling
T3 anti-apoptotic effects pathway Maintenance of pancreatic islet structure, size, [42] In vitro humans

TH control of hepatic
glucose metabolism

T3 role in insulin sensitivity

and consistency
Increase GLUT2 expression [43] In vivo animals

Modulation of the GLUT4 gene
Increase of basal and insulin-mediated glucose transport in

skeletal muscle and adipocytes In vivo and in vitro
Increase of glucose oxidation rate and decrease of glycolytic [43,44] animals
intermediate F6P in cardiomyocytes Clinical studies

Increase of mitochondrial biogenesis and pyruvate transport
across the mitochondrial membrane.

T3 increases liver gluconeogenesis Increase of PEPCK activity [45] In vivo animals
Genetic risk for T2D Homozygosity for the Thr92Ala polymorphism of DIO2 gene [46] In vivo humans

TH directly controls insulin secretion Reduced glucose-induced insulin secretion in
hypothyroidism [47] In vivo humans

by (-cells.

T3 inverse relationship with ghrelin

(gut hormone)

Increased f3-cell response to glucose in hyperthyroidism

Effects on insulin sensitivity and islet cell proliferation [48] In vivo humans

PI3K: phosphoinositide 3-kinases; AKT: protein kinase B; GLUT2 and GLUT 4: glucose transporter type 2 and 4
gene; F6P: fructose 6-phosphate; PEPCK: phosphoenolpyruvate carboxykinase; DIO2: deiodinase type 2.
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3.3. Dyslipidemia

TH may affect lipid metabolism by acting on different mechanisms [17,49]. Hypothy-
roidism has been associated with an adverse lipid profile (e.g., high total cholesterol,
TC; triglycerides, TGs; lipoprotein(a), Lp(a); and low-density lipoprotein, LDL) and dys-
functional high-density lipoprotein (HDL) particles [50]. Conversely, hyperthyroidism is
characterized by decreases in TC, LDL cholesterol, and Lp(a) levels [51]. However, the rela-
tionship between THs and HDL is even more complicated, HDL being increased, normal,
or decreased in both hypothyroidism and hyperthyroidism [52,53].

Interestingly, some interventional studies employing thyroid treatment have beneficial
effects on the lipid profile. Accordingly, mean serum TC and LDL cholesterol concentrations
were observed to decrease following T4 therapy in subjects with mild thyroid dysfunction,
although there were no significant effects on HDL or TG levels [54]. Moreover, therapy
with levothyroxine in hypothyroid patients may improve the lipid profile (TC, LDL, and
TGs), thus reducing the associated cardiovascular risk [55]. The main mechanisms in the
relationship between the thyroid and dyslipidemia are reported in Table 3.

Table 3. Main mechanisms in the relationship between the thyroid and dyslipidemia.

Mechanism Consequences References Data Source
Modulation of lipolytic enzymes
(e.g., carnitine palmitoyltransferase 1«,
T3 modulates the ADPN, trla.cylglyc.erol hpgse, and LPL)
li o . Modulation of lipogenic enzymes . .
ipolysis/lipogenesis in liver [56] In vivo animals
balance . .
and adipose tissue (e.g.,
acety-CoA-carboxylase,
FA synthase, ME, and G6PDH)
T3 regulates adipogenesis C/EBPs and PPARY [57] In vitro animals
TH and lipid-metabolizing  Effects on HMG-CoA reductase, HNF4A, 58] In vivo and in vitro
enzymes 7«-hydroxylase, LPL, and PCSK9 animals and humans
TH and lipoprotein Effect on low-density In vivo and in vitro
receptors and li . 58 59 imal
lipid-associated transfer tpoprotein receptor, [58,59] antma’s
P ABCAL1, CETP, and LCAT and humans

proteins

ADPN: adiponutrin; LPL: lipoprotein lipase; ME: malic enzyme; G6PDH: glucose-6-phosphate dehydrogenase;
C/EBPs: CCAAT-enhancer-binding proteins; PPARy: peroxisome proliferator-activated receptor gamma; HMG-
CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A; HNF4A: hepatocyte nuclear factor-4a.

3.4. THs and NAFLD/NASH

THs regulate many metabolic activities in the liver, promoting export and oxidation of
lipids and lipogenesis. Furthermore, THs control hepatic insulin sensitivity and suppress
hepatic gluconeogenesis.

Since the HPT axis plays a fundamental role in metabolic pathways involving lipids
and carbohydrates, the existence of a link between TH dysfunction and liver diseases
has been explored over the years; in particular, the relationship between non-alcoholic
fatty liver disease (NAFLD), also known as metabolic dysfunction-associated steatotic
liver disease (MASLD), and hypothyroidism has recently attracted growing interest in the
scientific community.

A range of progressive liver diseases are included in NAFLD, ranging from simple
steatosis to NASH (non-alcoholic steatohepatitis). NASH is marked by >5% hepatic steato-
sis, with inflammation, hepatocyte destruction, and fibrosis which may potentially progress
to advanced liver disease, cirrhosis, and hepatocellular carcinoma. Nowadays, NASH,
together with chronic hepatitis C, is considered a major indicator for liver transplantation.
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Both genetic and environmental risk factors may contribute to NAFLD/NASH affirmation
and worsening, such as T2DM, dyslipidemia, hypertension, metabolic syndrome, and
thyroid disorders [60,61].

Several studies and meta-analyses have been conducted to define the possible asso-
ciation between NAFLD/NASH and thyroid function parameters/hypothyroidism and
interesting conclusions have been drawn, underlining the positive association of hypothy-
roidism with the risk of NAFLD and the relevance of increased TSH concentration levels as
a risk factor determining an increased incidence of NAFLD [62,63].

Based on THs’ effects on lipid metabolism and hepatic steatosis, the use of exogenous
THs, in the form of LT4, regularly adopted to treat hypothyroidism, was evaluated in some
studies in order to reduce the prevalence of NAFLD in the population studied [64,65].
Despite some benefits observed in patients, TH administration cannot be considered the
resolutive therapeutic approach, given their systemic potentially harmful effects.

Additionally, TH analogs that specifically activate TR} have been developed. TRf3
is the most abundant TR in hepatocytes [66] and is known to be responsible for regulat-
ing those metabolic pathways in the liver that are frequently impaired in NAFLD and
NASH [67]. Recently, The New England Journal of Medicine reported the results from a
phase 3 multinational, double-blind, randomized, placebo-controlled trial on the employ-
ment of Resmetirom (MGL-3196), a selective liver TR} agonist, developed for treatment of
NASH, assessing the efficacy and safety in adults with confirmed diagnosis of NASH [68].
It is noteworthy that Resmetirom does not affect thyroid function and is well tolerated,
which, at the moment, makes it the best option for therapeutical treatment of NASH. In fact,
by accelerated approval pathway, in 2024 FDA approved Rezdiffra (Resmetirom) as the
first (and only) approved treatment for NASH with moderate to advanced liver scarring
(fibrosis), without cirrhosis of the liver, along with diet and exercise.

3.5. Hypertension

Overt and subclinical hyper- and hypothyroidism can all induce hypertension. Hy-
perthyroidism induces metabolic and hemodynamic alterations; endothelial dysfunction
occurs and heart rate, pulse amplitude, cardiac output, and arterial stiffness increase, as
well as erythropoietin production (with increase in red blood cell mass, blood volume, and
cardiac preload), causing an increased cardiac output and hypertension [69].

Nonetheless, the available data have ineffectively demonstrated the association be-
tween subclinical hyperthyroidism and hypertension, which remains controversial at
clinical levels [70,71].

In hypothyroidism, systemic vascular resistance increases and diastolic dysfunction oc-
curs, as well as endothelial impairment (reduced nitric oxide bioavailability). Furthermore,
dyslipidemia caused by compromised thyroid function is frequently found to aggravate
vascular function [17].

Results from a meta-analysis in subjects with subclinical hypothyroidism (SCH;
10 studies /760 subjects related to flow-mediated dilatation of brachial artery and 23 stud-
ies /1521 subjects related to carotid intima-media thickness C-IMT) indicate that SCH is
associated with endothelial dysfunction, whereas hypertension and dyslipidemia have
a pivotal role (SCH associated with an increased diastolic blood pressure (DBP), systolic
blood pressure (SBP), TGs, TC, and LDL cholesterol) [72].

Different studies have suggested that levothyroxine treatment may benefit blood
pressure in SCH patients. Specifically, a meta-analysis (3 RCTs/117 patients) indicated
that levothyroxine therapy in SCH patients can reduce C-IMT, following TC, TG, LDL,
SBP, DBP, Lp(a) reduction, and flow-mediated dilatation improvement [73]. Another meta-
analysis reported that levothyroxine treatment can improve blood pressure in patients
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with SCH [74]. Moreover, a further very recent meta-analysis (9 RCTs and 28 prospective
cohorts) confirmed this observation [75]. The main effects of THs on blood pressure are
reported in Table 4.

Table 4. Main mechanisms in the relationship between the thyroid and blood pressure.

Mechanism

Consequences References Data Source

TH effects on endothelial
function

TH effects on heart

TH effects on kidney

Ton channel activation (Na*, K*, Ca2*)
Promotion of the production of
nitric oxide
Modulation of oxidative stress and
inflammation reduction in systemic
vascular resistance
Modulation of gene expression (e.g.,
a-myosin heavy chain, 31-adrenergic
receptor, and atrial
natriuretic hormone)
Chronotropic effect
Cardiac output
Renal blood flow
Glomerular filtration rate
Electrolyte homeostasis
Kidney structure

In vitro, animals and

[76-78] humans

[69] In vivo humans

[79] In vivo humans

3.6. Metabolic Syndrome

The metabolic syndrome (MetS) definition includes different components, which,
according to the National Cholesterol Education Program Adult Treatment Panel (NCEP-
ATPIII) definition, consist of central obesity, hyperglycemia, hypertriglyceridemia, low HDL
cholesterol, and hypertension. Thus, being the TH able to target the different components
of MetS, the relationship between low-normal thyroid function and MetS has been reported
in different epidemiological trials [80,81].

However, the relationship is complex (e.g., genetic factors may have a significant
role and need further study, as recently observed) and still controversial (e.g., significant
heterogeneity exists between available studies), as evidenced by recent meta-analyses,
requiring further deepening in larger clinical trials as well as mechanistic studies in the
future to better elucidate this relationship [82-85].

4. THs and Adipose Tissue Metabolism
4.1. General Characteristics of Adipose Tissue

Adipose tissue is a critical regulator of metabolic homeostasis, functioning as an energy
depot and an endocrine organ capable of secreting biofactors (called adipokines) which
regulate appetite, body fat distribution, insulin sensitivity and secretion, energy expendi-
ture, and inflammation [86]. Adipose tissue is composed mainly by mature adipocytes and
a stromal vascular fraction, which includes preadipocytes, fibroblasts, vascular smooth
muscle, endothelial cells, resident monocytes and macrophages, lymphocytes, and adipose
tissue-derived stem cells [87].

Adipose tissue consists of about 20-25% of total body weight in a healthy individual,
and it can expand by increasing the volume (fat accumulation via lipogenesis) of pre-
existing adipocytes (hypertrophy) and by generating new small adipocytes via proliferation
and differentiation/adipogenesis (hyperplasia).

There are three types of adipose tissue, namely white (WAT), beige, and brown (BAT)
adipose tissue. BAT is located in distinct anatomic regions in rodents (e.g., interscapular
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and supraclavicular regions) and humans (cervical, axillary, and paraspinal regions), while
beige fat consists of brown-like adipocytes dispersed within classical white adipose tissue
depots. Upon prolonged stimulation, such as cold exposure, BAT depots increase in both
size and activity and the browning of WAT can occur, thus contributing to TG and fatty
acid synthase catabolism and promoting energy expenditure. For this reason, the increase
of BAT /beige adipocytes mass and/or activity could represent a strategy for promoting fat
loss in obese populations [87].

WAT can be classified by location as either subcutaneous (located under the skin) or
visceral/omental (located intra-abdominally, adjacent to internal organs). However, upon
nutrient excess, fat accumulation can occur in ectopic areas, mainly within the visceral
cavity, where it can influence the development of obesity-related comorbidities such as
T2D and atherosclerosis [88]. WAT plays a key role in lipid storage, thus functioning as
an energy reservoir for the other organs. During fasting and exercise, adipose tissue TGs
are hydrolyzed to provide FAs for energy utilization by the rest of the body. The energy
balance between storage and mobilization, which is controlled by nervous and endocrine
stimuli, is crucial for whole-body homeostasis [89]. Metabolic stressors, such as high-fat
feeding, cause dramatic changes in adipose tissue morphology, physiology, and cellular
composition, thus leading to insulin resistance, dyslipidemia, and T2D [90].

4.2. TH Regulation of BAT Energy Expenditure

The adipose tissue is one of the main targets of THs, especially concerning the regula-
tion of metabolic processes in energy expenditure. In homeothermic species, the processes
regulating TH levels in the cells are very important in generating heat to maintain physio-
logical body temperature [2].

Exposure to cold stimulates the hypothalamus to activate processes leading to shiv-
ering, the first involuntary mechanism induced by adaptive thermogenesis in both adult
humans and large mammals [91]. However, shivering mechanically provokes heat loss
and is therefore considered a poor form of heat production, especially if compared to
adaptive thermogenesis in the BAT of human newborns and other small mammals, where
the increased metabolic rate does not involve shivering. Upon hypothalamus stimulation,
adaptive thermogenesis requires the activation of the sympathetic nervous system and an
augment of catecholamines throughout the body, particularly in the BAT, considered the
main site of adaptive thermogenesis, especially in human newborns and smaller mam-
mals, where the high surface-to-mass ratio makes the process more efficient [92]. BAT
adipocytes contain vacuoles carrying TGs and are characterized by the presence of multiple
mitochondria. Cells are surrounded by capillaries and are in contact with sympathetic
nervous system (SNS) fibers, which transmit the nervous signal in response to the request
of heat production. The norepinephrine released by the SNS interacts with adrenergic
receptors (classically 33-AR but also 31- and 32-AR) in the brown adipocytes, triggering a
signaling cascade that leads to intracellular hydrolysis of TGs, with the consequent release
of FAs [93]. In mitochondria, FAs are oxidized and provide reduced substrates for the
respiratory chain that pumps protons from the matrix to the inner membrane. In BAT,
FAs activate uncoupling protein 1 (UCP1), which drives the re-entry into the matrix of
protons not used for ATP synthesis, and this passage causes the release of energy as heat
and the substrate oxidation, uncoupled by the synthesis of ATP [94]. T3, locally produced
by the DIO2 enzyme, is one of the main stimulating agents of thermogenesis through
the induction of UCP1; in the absence of T3, the thermogenic capacity of BAT is greatly
reduced [95] (Figure 2).
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Figure 2. TH regulation of UCP1-dependent thermogenesis in BAT. Hypothalamus responds to stress
signals rapidly releasing NE from terminal nerve of SNS present in BAT. NE stimulates 33-AR on
adipocyte’s membrane, triggering a signaling cascade that leads to intracellular hydrolysis of TG,
with consequent release of FAs. FAs, in turn, activate UCP1, which uncouples ATP production, and
this causes release of energy as heat. Circulating THs enter the adipocytes through TH transporters
in the cell membrane and T4 is converted into T3 by DIO2 enzyme. In the nucleus, upon binding
TR, T3 stimulates UCP1 expression. In BAT, adrenergic and TH signaling coordinate to regulate
UCP1 expression.

Many studies on T3’s effects on UCP1 in brown adipocytes have been based on
rodent models and, in cold-exposed rats, it was observed that T3 amplifies the adrenergic
stimulation of UCP1 mRNA [96]. Several regions of the rat UCP1 promoter present TREs
for TH-TR interaction and a relevant correlation has been observed between the occupancy
of nuclear TRs and the increase in UCP1 expression [97]. Interesting information on TH-
adrenergic system interactions in BAT thermogenesis was obtained by a mouse model
with targeted disruption of the DIO2 gene. Despite normal T3 levels and increased T4
concentrations in plasma, these animals had functionally hypothyroid BAT, since the lack
of DIO2-derived T3 did not permit an adequate thermogenic response. Moreover, in
response to different adrenergic stimulants, brown adipocytes deprived of DIO2 exhibited
a decreased cyclic adenosine monophosphate (cCAMP) generation capacity due to reduced
density of adrenergic receptors and the expression of adenylate cyclase, thus contributing
to impaired thermogenesis [98]. Other research showed that, during cold exposure, the
increased sympathetic stimulation of BAT provoked the activation of a compensatory
mechanism in which relevant lipolysis and increase of cAMP-responsive genes led to
impaired adaptive thermogenesis [99].

In humans, BAT is well recognized to be present in newborns as a defense mechanism
to preserve adequate body temperature and, for the longest time, it has been debated
whether BAT is rapidly lost within a few years after birth and almost totally disappears
in adult life. However, in recent years, some findings have revealed the presence of ac-
tive BAT also in adult humans. An initial understanding of human BAT was obtained
from studies using combined positron emission tomography and computed tomography
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technologies, revealing the presence of significant deposits of active BAT, positive to '8F-
fluorodeoxyglucose (*F-FDG) uptake, in a region extending from the anterior neck to
the thorax and in which multilocular and immunopositive to UCP1 adipocytes were also
detected [100]. More recently, this finding was confirmed by a non-invasive metabolic mag-
netic resonance imaging approach, which provided the advantage to perform longitudinal
studies and to detect BAT also in thermoneutral conditions [101,102].

Since its identification in humans, BAT activation and thermogenesis have been inves-
tigated as potential targets for therapies oriented to the maintenance of body weight and
amelioration of metabolic alterations, especially in obesity.

BAT thermogenic activity in humans is stimulated by cold exposure, and the sym-
pathetic nervous system, which innervates BAT, is essential in this process. However,
cold-induced BAT activation is impaired in obese people. The necessity of a safe and
specific pharmacological approach for BAT activation brought initially to the develop-
ment of sympathomimetic drugs, whose efficacy on weight loss was not as expected [103].
More recently, acute oral administration of mirabegron, a more selective $33-AR agonist,
was shown to be associated with the metabolic activation of BAT in a dose-dependent
way [104]; however, the increase in heart rate and blood pressure observed after its ad-
ministration discouraged its use due to the risk of cardiovascular events in the long-term.
Further compounds have been tested, even in association with mirabegron, such as piogli-
tazone, a PPARy agonist [105], and chenodeoxycholic acid, a DIO2 activator through G
protein—coupled bile acid receptor Gpbarl (TGR5) [106].

4.3. WAT Browning: The Regulatory Role of TH

Besides WAT and BAT, well defined on the basis of their aspect and functions, there
has been described a third population of adipocytes which have intermediate features
between WAT and BAT and are therefore called beige adipose tissue. Beige adipocytes
resemble brown adipocytes in morphology and function; in fact, they have multilocular
lipid droplets, high mitochondrial content, and UCP1-expressing cells with thermogenic
capacity. Therefore, beige adipocytes are considered brown-like cells that reside in WAT
depots whose origin is still debated, since they might derive from the transformation of
white adipocytes in response to adequate stimuli (such as cold or 33-adrenergic agonists),
or from a subset of preadipocytes, or from tissue-resident progenitors [107]. It is currently
accepted that beige adipocytes are important in weight control and, similarly to brown
adipocytes, they affect the body’s energy balance. For these reasons, the mechanisms
regulating the recruitment of beige adipocytes have received much interest in attempts to
individuate a new therapeutic strategy for the treatment of obesity and T2D.

THs are considered among the principal browning agents, through both central and
peripheral mechanisms [108]. Several studies on hyperthyroid rats demonstrated that THs
play key regulatory activities on metabolism at central levels; in fact, when administered
centrally, T3 inhibits AMP-activated protein kinase (AMPK) in the ventromedial nucleus of
the hypothalamus (VMH), thus stimulating UCP1 expression through SNS mediation and
leading to feeding-independent weight loss. This effect was abolished in UCP1-KO mice,
confirming the role of UCP1 as the main regulator of TH effects at a central level [109,110].
Furthermore, in hyperthyroid rats, the genetic activation of AMPK totally blunted the
effects of T3 on WAT browning, and the observed feeding-independent increase of body
mass confirmed the thermogenic capacity of beige adipocytes in the reduction of body
weight mediated by T3 administered at central level [111]. In addition to regulatory
effects at central level, THs can also have direct effects on WAT, and data obtained from
human multipotent adipose-derived stem cells after T3 treatment revealed the induction
of TRB1-dependent UCP1 expression [112]. Similarly, studies in mice showed that, after
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the administration of a TR31-specific agonist called GC-1, WAT browning was activated,
eliciting an increase in metabolism, fat loss, and cold tolerance [113]. Furthermore, mice
rendered hyperthyroid showed the presence of BAT markers in subcutaneous WAT [114]
and, similarly, subcutaneous administration of T4 to rats induced mRNA expression of
UCP1 and other BAT markers in gonads and subcutaneous WAT [111].

In humans, TH modulation of WAT browning was also investigated and a correla-
tion between UCP1 mRNA expression and T4 levels was reported [111]. Moreover, data
from human multipotent adipose-derived stem cells treated with T3 during differentiation
showed an increase of UCP1 expression together with increased mitochondrial biogene-
sis [112]. Unfortunately, so far, only a limited number of studies are available on the effects
of THs on browning in humans and no definitive conclusion can yet be drawn on the
mechanisms involved.

An increased understanding of the morphological and functional characteristics of
beige adipocytes, together with the regulatory mechanisms of browning, are of relevant
interest, as the stimulation of the activity of this cell type in patients could potentially
facilitate weight loss and improve metabolic health.

5. Conclusions

THs are important regulators of the principal metabolic processes in the body, provid-
ing a broad contribution to energy homeostasis in many relevant tissues. TH actions require
the integration of metabolic pathways at both central and peripherical levels and, despite
considerable advances in the understanding of the cellular and molecular mechanisms of
TH regulation, much is still to be learned about their actions and targets.

Thyroid dysfunctions are closely interlinked with cardiovascular and metabolic dis-
eases. Since abnormal TH levels negatively affect cardiovascular function, the rapid diag-
nosis and management of thyroid diseases are required in patients with cardiovascular risk
to reduce associated complications and mortality. On the other side, great attention must
be given to the thyroid system history of cardiovascular patients and an accurate choice
of drugs used to treat cardiovascular diseases is necessary to avoid thyroid alteration or
worsening. Moreover, THs are key hormones that regulate many metabolic processes which
often require the coordination of multiple tissues under direct or indirect TH regulation.

Adipose tissue is a main target of thyroid hormones and constitutes the principal site
for energy storage, acting as a regulator of energy balance and sending signals to maintain
metabolic control. THs regulate many of the genetic markers involved in lipogenesis,
lipolysis, and thermogenesis in BAT and, beyond that, THs can increase the thermogenic
potential of BAT by stimulating the browning of WAT. In recent times, the study of the
molecular signaling mechanisms involved in the browning process has become particularly
challenging due to the growing interest in therapeutic drug development against obesity-
related diseases.

However, further investigations are necessary to unravel the intricate biological fea-
tures of various adipose tissue types and to elucidate the molecular pathways governing
their interconversion.
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