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Mullur R, Liu Y-Y, Brent GA. Thyroid Hormone Regulation of Metabolism. Physiol Rev
94: 355-382, 2014; doi:10.1152/physrev.00030.2013.—Thyroid hormone (TH) is
required for normal development as well as regulating metabolism in the adult. The
thyroid hormone receptor (TR) isoforms, « and B, are differentially expressed in tissues

and have distinct roles in TH signaling. Local activation of thyroxine (T,), to the active
form, tr‘nodothyronme (T3), by 5'-deiodinase type 2 (D2) is a key mechanism of TH regulation of
metabolism. D2 is expressed in the hypothalamus, white fat, brown adipose tissue (BAT), and
skeletal muscle and is required for adaptive thermogenesis. The thyroid gland is regulated by
thyrotropin releasing hormone (TRH) and thyroid stimulating hormone (TSH). In addition to TRH/
TSH regulation by TH feedback, there is central modulation by nutritional signals, such as leptin, as
well as peptides regulating appetite. The nutrient status of the cell provides feedback on TH
signaling pathways through epigentic modification of histones. Integration of TH signaling with the
adrenergic nervous system occurs peripherally, in liver, white fat, and BAT, but also centrally, in the
hypothalamus. TR regulates cholesterol and carbohydrate metabolism through direct actions on
gene expression as well as cross-talk with other nuclear receptors, including peroxisome prolifera-
tor-activated receptor (PPAR), liver X receptor (LXR), and bile acid signaling pathways. TH modu-
lates hepatic insulin sensitivity, especially important for the suppression of hepatic gluconeogene-
sis. The role of TH in regulating metabaolic pathways has led to several new therapeutic targets for
metabolic disorders. Understanding the mechanisms and interactions of the various TH signaling
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I. INTRODUCTION

Thyroid hormone (TH) regulates metabolic processes es-
sential for normal growth and development as well as reg-
ulating metabolism in the adult (28, 40, 189). It is well
established that thyroid hormone status correlates with
body weight and energy expenditure (80, 127, 143). Hyper-
thyroidism, excess thyroid hormone, promotes a hyper-
metabolic state characterized by increased resting energy
expenditure, weight loss, reduced cholesterol levels, in-
creased lipolysis, and gluconeogenesis (26, 184). Con-
versely, hypothyroidism, reduced thyroid hormone levels, is
associated with hypometabolism characterized by reduced
resting energy expenditure, weight gain, increased choles-
terol levels, reduced lipolysis, and reduced gluconeogenesis
(27). TH stimulates both lipogenesis and lipolysis, although
when TH levels are elevated, the net effect is fat loss (191).
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pathways in metabolism will improve our likelihood of identifying effective and selective targets.

TH influences key metabolic pathways that control energy
balance by regulating energy storage and expenditure (40,
127, 157). TH regulates metabolism primarily through ac-
tions in the brain, white fat, brown fat, skeletal muscle,
liver, and pancreas.

A number of recent reviews have focused on specific actions
of TH in metabolic regulation (FIGURE 1, TABLE 1). These
include the molecular mechanisms of TH action (28, 40),
lipid regulation (270), cross-talk with nuclear receptors
(157), the role of corepressors in metabolic regulation
(185), thyroid hormone adrenergic interactions (233), fac-
ultative thermogenesis (229), and the metabolic influences
on central regulation of TH (117, 163). This review will
examine the various sites of TH action and mechanisms that
mediate metabolic regulation, focusing on the interaction
among the pathways that regulate lipid and carbohydrate
metabolism, and the balance of energy storage and energy
expenditure. The themes among the interacting TH meta-
bolic pathways include the influence of nutrient feedback,
through nuclear receptor crosstalk and epigenetic modifica-
tions of histones, the impact of adrenergic signaling, and
local ligand availability (TABLE 2). We will conclude with
the application of these common mechanisms to therapeu-
tic targets.
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We will first examine the mechanisms of TH action that
impact pathways important for tissue-specific metabolic
regulation, as well as key developmental actions. These
mechanisms include variations in thyroid hormone trans-
porter expression, local ligand activation and inactivation,
relative expression of thyroid hormone receptor (TR) iso-
forms, and the activity of receptor corepressors and coactiva-
tors (28). In most tissues, there is a combination of these mech-
anisms that regulate thyroid hormone action. The relative role
of most components of the TH signaling pathways has been
clarified by the study of mouse models containing gene mu-
tations or inactivation, as well as gene defects identified in
human disorders (28). These models include genetic muta-
tions or deletions of each of the TR isoforms, the principle
thyroid hormone transporter, monocarboxylate trans-
porter 8 (MCT8), corepressors, and all three deiodinase
enzymes (28, 202, 266).
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inhibits it (98). The relative ratio of NCoR8/NCoRw regu-
lates adipocyte differentiation.

TH has direct and indirect actions on the regulation of
cholesterol production, disposal, and efflux (157, 270).
Some of the indirect actions include crosstalk with other
nuclear receptors including farnesoid X receptor (FXR),
liver X receptor (LXR), peroxisome proliferator-activated
receptor (PPAR), and PPARYy coactivator (PGC-1a) (157).
TH promotes both lipolysis and lipogenesis (191). Bile acid
stimulating pathways include direct actions on cholesterol
metabolism, but also stimulate 5'-deiodinase type 2 (D2)
activity and TH-mediated increase in energy expenditure.
These elements also have an impact on carbohydrate me-
tabolism, especially mediating insulin sensitivity in the liver
and suppression of gluconeogenesis.

Understanding the integration of the various thyroid hor-
mone pathways remains a challenge. The most significant
pathway that interacts with TH regulation of metabolism is
adrenergic signaling (233). The central regulation of thy-
roid hormone production by TRH/TSH integrates signals
from nutritional feedback, as well as the adrenergic nervous
system (163). Models, such as fasting and illness, provide
further information on how TH mediates adaptations to
protect energy storage in times of stress to the organism. TH
regulates both basal metabolic rate and adaptive thermo-
genesis, with a significant impact on body weight. Adrener-
gic stimulation is required for adaptive thermogenesis as a
result of direct actions on gene regulation and indirectly by
stimulation of D2 activity.

The robust TH regulation of components of lipid and car-
bohydrate metabolism, as well as energy expenditure, pro-
vides attractive therapeutic targets for a range of metabolic
disorders (15, 270). A number of thyroid hormone analogs
have been developed for cholesterol reduction and weight
loss (28, 31, 205, 227). A clearer understanding of the in-
teractions of the various TH-regulated metabolic pathways
is essential in the design and development of therapeutic
agents.

II. THYROID HORMONE ACTION

A. Thyroid Hormone Receptor, Nuclear
Receptor Partners, and Response
Coregulators

1. Thyroid receptor isoforms

TH action is exerted primarily via the nuclear TR, a member
of the superfamily of hormone-responsive nuclear transcrip-
tion factors that share a similar structure and mechanism of
action (28, 40). The structure of the nuclear receptors, such as
TR, includes a zinc finger motif DNA binding domain and a
COOH-terminal domain that mediates ligand interactions
as well as binding of coactivators and corepressors (28, 40).
The function of the amino terminus varies among nuclear
receptors, but for TR has minimal functional significance.
There are two primary isoforms of TR, @ and B8, which are
differentially expressed developmentally and in adult tis-

FIGURE 1. Overview of sites of thyroid hormone regulation of metabolism. Hypothalamic-Pituitary-Thyroid axis: thyrotropin releasing hormone
(TRH) and thyroid stimulating hormone (TSH) respond primarily to circulating serum T4, converted in the hypothalamus and pituitary to T3 by the
5'-deiodinase type 2 (D2). The monocarboxylate transporter 8 (MCT8]) is required for T5 transport into the pituitary and hypothalamus. A,
parvalbuminergic neurons (PBN): PBN are a population of newly discovered neurons in the anterior hypothalamus that are directly linked to the
regulation of cardiovascular function, including heart rate, blood pressure, and body temperature. Thyroid hormone receptor signaling is
required for the normal development of PBN neurons linking thyroid hormone to cardiac and temperature regulation. B, paraventricular nucleus
of the hypothlamus (VPN): leptin, produced in peripheral fat tissue, provides feedback at the VPN, stimulates signal transducer and activator of
transcription (STAT)3 phosphorylation (STAT5-P*), which directly stimulates TRH expression. Leptin also stimulates TRH indirectly in the arcuate
nucleus by inhibiting neuropeptide Y and agouti-related protein, stimulating proopiomelanocortin (POMC), and the POMC product a-melanocyte
stimulating hormone (a-MSH) stimulates CREB in the TRH neuron (indirect pathway is not shown in FIGURE 1). C, ventromedial nucleus of the
hypothalamus (VMH)]: hyperthyroidism or T5 treatment stimulates de novo fatty acid synthesis in the VMH, which inhibits AMPK phosphorylation
and increases fatty acid synthase (FAS) activity. Increased hypothalamic lipid synthesis is associated with activation of the sympathetic nervous
system (SNS) which stimulates brown adipose tissue (BAT). D, BAT: adrenergic signaling through the B3-adrenergic receptor (AR) stimulates
UCP1 gene expression, stimulates D2 activity by deubiquitination, and promotes thermogenesis and weight loss. The metabolic signal from bile
acid via the G protein-coupled membrane bile acid receptor (TGRS) has been shown in one model to stimulate D2 activity and local T3 production,
which further stimulates BAT lipolysis, UCP1 expression, and thermogenesis. E, white adipose tissue (WAT]: SNS signals via 81- and B2-AR
stimulate WAT lipolysis. T stimulates local production of norepinephrine (NE), increasing lipolysis and reducing body fat. F, liver: T3 is involved
in both cholesterol and fatty acid metabolism (see details in FIGURE 3). HOMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; ACC1, acetyl-CoA
carboxylase 1; CYP7a, cytochrome P-450 7A1; CPT-1«, carnitine palmitoyltransferase 1«; LDL-R, low-density lipoprotein receptor. G, muscle:
Forkhead box 03 (Fox03) induces D2 expression, increases local T3 in skeletal muscle, and promotes Ta-target gene expression; myoD, myosin
heavy chain (MHC) and sarcoplasmic reticulum Ca®*-ATPase (SERCA). Local T5 also determines the relative expression level of MHC and SERCA
isoforms. Expression level of these isoforms determines muscle fiber types and initiation of repair. SERCAZa is primarily expressed in slow-twitch
fibers and SERCA 1 in fast-twitch fibers. T stimulates SERCA, which hydrolyzes ATP and increases energy expenditure. H, pancreas: T and TR
are required for normal pancreatic development and function. In rat pancreatic B8 cells, expression of TR and D2 are activated during normal
development. T treatment enhances Mafa (v-maf musculoaponeurotic fibrosarcoma oncogene homolog A) transcription factor gene expression
and increases MAFA protein content, the key factor for maturation of B cells to secrete insulin in response to glucose. T stimulates cyclin D1
(CD1) gene expression and protein level and promotes proliferation. Increasing cyclin D1 activates the cyclin D1 /cyclin-dependent kinase/
retinoblastoma protein/E2F pathway.
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Table I.

Sites of thyroid hormone action in metabolic regulation

Process

Elements That Regulate
Metabolism

Basic Mechanisms

Examples of Physiological
Actions

Reference Nos.

Thyroid hormone
action

Central regulation
of TRH/TSH

Local ligand
activation by
D2

Thermogenesis
and body
weight

Cholesterol and
triglycerides

Carbohydrate
metabolism

TR isoforms

Corepressor action (NCoR
and SMRT)
Nutrient feedback

Nongenomic action
Tissue-selective thyroid
hormone transport

T4/T5 feedback

Leptin

AMPK activation

Oxrexigenic/anorectic
peptides/appetite
regulation

Thyronamines (T1AM)

Circadian rhythms

D2 expression and activity

D2 polymorphisms

Selenium requirement for
deiodinase activity

Basal metabolic rate

Adaptive thermogenesis

Body weight and body
composition
Appetite
Cholesterol synthesis
Reverse cholesterol
transport
Lipolysis/lipogenesis
Hepatic steatosis
Pancreatic islet
development
Pancreatic islet
proliferation
Insulin production
Gluconeogenesis

Insulin sensitivity
Insulin metabolism

TR isoform specificity
Histone modification
Sumoylation

Corepressor interactions

Modulation of signal transduction
pathways

Stimulation of Na*-K*-ATPase and
SERCA1

Integration of TRH/TSH regulation
with metabolic signals

Thyroid hormone transport into
the hypothalamus and pituitary
(e.g., by MCT8)

Integration of adrenergic signaling

Regulation of D2
ubiquitination/deubiquitination

Increase in D2 activity with
reduction in serum T4
concentration

Developmental and tissue selective
deiodinase expression

Integration of adrenergic signaling

Central and local adrenergic
actions

Stimulation of CPT1« expression

Stimulattion of UCP1 expression
Stimulates LDL-R
Stimulates ABCA1

TR expression in developing islets

D2 required for developing islets
and islet function

Insulin signaling

Stimulation of mitochondrial
respiration

Increase in expression of ChREBP,
GLUT4, ACC1

Increased basal metabolic rate
(BMR)
Stimulate lipolysis/lipogenesis

Increase in adaptive
thermogenesis

Stimulate p-oxidation of fatty
acids

TSH measurement for the
diagnosis of thyroid disease
And to monitor treatment

Central adaptation to fasting,
ilness, and obesity

TSH/T4 set point

Ta/T3 replacement therapy of
hypothyroidism

Stimulates adaptive
thermogenesis

Reduces body fat

Increases p-oxidation of fatty
acids

Stimulates adaptive
thermogenesis

Reduces serum cholesterol
Reduces serum triglycerides

Reduces hepatic steatosis
Stimulates gluconeogenesis
Reduces insulin sensitivity

Increase in insulin metabolism

27,389, 159, 232

117, 163

80, 148

229

145, 157, 270

49

ABCA1, ATP-binding cassette transporter A1; ACC1, acetyl CoA carboxylase; ChREBP, carbohydrate re-
sponse element binding protein; CPT-l«a, carnitine palmitoyltransferase la; CYP7A1, cholesterol 7-hydroxylase;
D2, 5’-deiodinase type 2; GLUT4, glucose transporter 4; LDL-R, low-density lipoprotein receptor; LXR, liver X
receptor; NCoR, nuclear corepressor; PPAR«, peroxisome proliferator-activated receptor; RXR, retinoid X
receptor; SERCA, sarcoplasmic reticulum calcium ATPase; SMRT, silencing mediator for retinoic and thyroid
hormone receptor; T3, triiodothyronine; T,, thyroxine; TGRS, G protein-coupled receptor bile acid receptor;
TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone; UCP, uncoupling protein.

sues (28, 167). Both TR « and B undergo posttranslational
modification by sumoylation, which is essential for positive
and negative gene regulation by TH, including genes impor-
tant for metabolic regulation (159). Sumoylation of PPARy
is essential for adipogenesis in a SUMO1 gene knockout
mouse model (176). TR sumoylation may similarly impact
metabolic genes directly regulated by TR and genes regu-
lated by TR crosstalk with other nuclear receptors.

358 Physiol Rev . VOL 94 . APRI

The tissue specificity of the TR isoform expression, and
relative expression of each isoform within a tissue, is an-
other pathway of thyroid hormone action specificity in me-
tabolism (76). Each TR isoform has several splice products,
for example, TR a1 and a2 and TR B1 and B2 (28, 40).
TRa2 does not bind T3, and acts to reduce T action. TR 82
is predominantly expressed in the brain and pituitary. De-
velopmentally, TR« is expressed first followed by TRB. The
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Table 2. Common themes integrating thyroid hormone metabolic regulation

Metabolic Central Regulation of
Regulatory Thyroid Hormone Thermogenesis and Cholesterol and Carbohydrate
Themes Thyroid Hormone Action Production Body Weight Triglyceride Regulation Metabolism

Nutrient feedback

Histone modification (165) Leptin feedback to T3 regulation of BMR Crosstalk with LXR (110)

Crosstalk with LXR

arcuate nucleus (137) (147)
(117)
Sirtuin expression Selenium required for Fat intake Crosstalk with PPARq, v, & Fat intake
D2 activity (30) (157, 158)
Nongenomic signal Carbohydrate intake Bile acid and increased Carbohydrate
transduction thermogenesis (269) intake

pathways (34)
Coregulator recruitment
(71, 185)

Body composition TGRS receptor in white

adipose (2486)

Nuclear Mediates basal repression NCoR/HDAC3 and TSH Modulation of UCP1 Modulation of gene regulation Modulation of gene
corepressor and ligand-induced gene regulation (11, 276) expression by TR in liver and white regulation by TR
action activation or repression adipose (283) in liver and white

(185) Truncated forms of NCoR/ adipose, BAT,
SMRT regulate adipocyte and pancreas
differentiation (98)
Adrenergic TRa adipocyte lipolysis Central adrenergic D2 activation by T3 potentiation of Suppresses insulin
sensitivity (180) regulation of stimulating catecholamine-induced secretion and
thermogenesis (163) deubiquitinase (212) lipolysis (160) increases
TRa BAT thermogenesis Central regulation of Synergistic with T3 in glycogenolysis
(207) cardiovascular stimulation of UCP1
function in PBN expression (19)
(179)

Local ligand D2 expression in inner ear D2 activity in the BAT thermogenesis Bile acid stimulation of D2 D2 requirement for

availability and retinal development hypothalamus (79) expression (269) pancreatic islet

(186)

Induction of D2 for T3
activation or D3 for
inactivation (90, 149)

function (3)

D2 polymorphisms
in diabetes (70,
174)

D2 and T4/TSH set
point (116)

Greater weight loss with
T3 replacement
compared with
T4 (37)

BAT, brown adipose tissue; D2, 5’-deiodinase type 2; HDACS3, histone deacetylase 3; LXR, liver X receptor;
NCoR, nuclear corepressor; PBN, parvalbuminergic neurons in anterior hypothalamus; PPAR«, peroxisome
proliferator-activated receptor; BXR, retinoid X receptor; SMRT, silencing mediator for retinoic and thyroid
hormone receptor; T3, triiodothyronine; T4, thyroxine; TGRS, G protein-coupled receptor bile acid receptor;
TR, thyroid hormone receptor; TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone; UCP1,
uncoupling protein 1. Reference numbers are in parentheses.

pattern of early TRa expression, followed by expression of
TR, is seen across all species studied including Xenopus,
chick, as well as in mammalian development. TR has very
specific windows of expression during sensory tissue devel-
opment, including the inner ear and retina (186). TR is the
predominant TR isoform expressed in the liver and cardiac
ventricles. TRa is preferentially expressed in brain and
white adipose tissue (WAT) as well as the atria, while BAT
contains both TR « and B (206).

2. Retinoid X receptor

Retinoid X receptor (RXR) is best characterized as a het-
erodimer partner that binds with other nuclear receptors to
DNA response elements, but it can also be directly stimu-
lated by ligand and regulate gene expression. There are
three RXR isoforms: «, B, and vy, which are coded by dis-
tinct genes on human chromosomes (9, 6 and 1) and have
developmental and tissue-specific patterns of expression
(153). RXR can form a homotetramer in solution and bind
DNA as a homotetramer or homodimer. RXR can be di-
rectly stimulated by the retinoid ligand 9-cis-retinoic acid,

as well as by a range of other synthetic ligands, several of
which have been developed for cancer and metabolic dis-
ease treatment (55, 196). Unsaturated fatty acids are natu-
ral endogenous ligands for RXR activation, although they
bind with relatively low affinity and the authentic endoge-
nous ligand has not been established. There is genetic evi-
dence in mouse models for important RXR isoform-specific
functions. The RXRy knockout mouse is resistant to weight
gain when fed a high-fat diet due, in part, to upregulation of
skeletal muscle lipoprotein lipase (112).

TR forms a heterodimer complex with RXR which binds to
a thyroid response element (TRE), stimulating or inhibiting
gene transcription. The response element consists of two
hexamer sequences, AGGTCA, with some sequence varia-
tion, arranged as direct repeats with a 4-bp gap (28). RXR
generally binds the upstream hexamer and TR the down-
stream hexamer. The response element configuration, with
variable spacing of hexamers, is similar to that for the re-
lated receptors vitamin D receptor (VDR), retinoic acid re-
ceptor (RAR), LXR, and PPAR. These receptors have a
number of common features including that they do not bind
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heat shock protein, reside predominantly in the nucleus,
form heterodimers with RXR that bind to direct repeat
DNA response elements, and bind corepressor in the ab-
sence of ligand resulting in repression of gene expression
(228). The RXR heterodimer nuclear receptor complexes
are divided into two groups, depending on RXR ligand
influencing the heterodimer, “permissive” (complex can be
driven by RXR ligand) and “nonpermissive” (complex
driven only by partner ligand) (153, 228). The permissive
RXR heterodimer partners, including LXR, FXR, and
PPAR, are “feed-forward” ligand receptors, in contrast to
ligands regulated by classic feedback inhibition. These re-
ceptors respond to a broad range of ligands, in micromolar to
nanomolar concentrations, that are generally nutrients or nu-
trient products. The second group (TR, VDR, and RAR) is
referred to as nonpermissive and responds to traditional endo-
crine hormone ligands that are feedback regulated and act in
the nanomolar to picomolar concentration range (228). The
shared features among these nuclear receptors that regulate
metabolism, such as the response element configuration and
interacting with an RXR heterodimer partner, may promote
some of the crosstalk observed between TR mediated TH and
nutrient pathways (157).

3. Nuclear receptor coregulators

Coactivators associate with liganded nuclear receptors and
enhance gene transcription (53). Examples of coactivators
include the steroid receptor coactivators 1, 2 and 3, mem-
bers of the p160 family, that interact broadly with steroid
receptors. Some coactivators, such as PGC-1a, are more
selective, interacting predominantly with a single type of
receptor. cAMP response element binding protein (CREB)
binding protein (CBP) interacts with essentially all tran-
scription factors and enhances gene transcription by relax-
ing chromatin structure by virtue of its intrinsic histone
acetyltransferase (HAT) activity.

Coactivator recruits enzymes that acetylate histones and
promote transcription, a process sensitive to the metabolic
state of the cell (71, 165). Genome-wide studies have dem-
onstrated that nuclear receptors regulate gene expression by
direct DNA binding, but that nuclear receptors can also
assist in opening chromatin at noncanonical sites and influ-
ence gene expression in ways distinct from direct DNA
binding (71). Many histone modifying enzymes are influ-
enced by nutrient signals in the cell, including NAD™/
NADH influencing sirtuin histone deacetylase, acetyl-CoA
is a donor for AHT-mediated histone acetylation, and a low
ATP/AMP ratio activates AMPK, which phosphorylates hi-
stones (165).

In the liganded state, the TR complex recruits coactiva-
tors, such as members of the SRC family, to stimulate the
transcription of T;-regulated genes (53). In several stud-
ies of T5 action, SRC1 was shown to be important for the
increase in TSH in response to hypothyroidism as well as

360

thyroid hormone-dependent repression of TSH (6, 247).
SRC1, however, influenced only a few genes related to
peripheral action of thyroid hormone, such as Spot 14 in
the liver (247).

Corepressors bind to nuclear receptors in the unliganded
state and promote gene repression. In the unliganded state,
the TR complex associates with a corepressors, such as
NCoR or SMRT, to decrease gene transcription of T5-reg-
ulated genes and antagonize the action of other nuclear
receptor complexes (7, 28, 185) (FIGURE 2). Corepressors
recruit histone deacetylases (HDACs) to the promoters of
target genes to promote repression by unliganded TR (119).
NCoR interactions with HDAC3 modulates expression of
genes both positively and negatively regulated by thyroid
hormone, as shown by a study with an NCoR mutation
(276). The HDAC3 interacting domain site in NCoR, the
deacetylase activating domain (DAD), was mutated in mice
and liver and pituitary gene expression analyzed in euthy-
roid, hypothyroid, and hyperthyroid mice. As expected,
genes positively regulated by TH were no longer repressed
in the absence of ligand, but they also reported that genes
negatively regulated by Tj, such as TSHe, were upregu-
lated, regardless of thyroid status. The global physiological
role of repression by the unliganded TR bound to a positive
TRE was demonstrated in vivo by a mouse model without
expression of TR a or B (100). The phenotype of these mice
with no TR was much milder than a hypothyroid mouse,
with no ligand but intact TR. This is consistent with the
importance of corepressor-mediated repression by the unli-
ganded TR in hypothyroidism. Eliminating TR expression
largely “rescues” the abnormal phenotype associated with
hypothyroidism. These observations, coupled with the pro-
found developmental and metabolic impact of corepressors
gene knockouts in mice, highlight the importance of core-
pressor action as a key factor in thyroid hormone regulation
of metabolism (9, 10, 119, 213).

NCoR plays an essential role in PPARYy signaling (213),
which may be linked to TH signaling. The global NCoR
knockout is an embryonic lethal resulting in defects in mul-
tiple organs. Selective inactivation of NCoR in adipose tis-
sue resulted in a phenotype similar to activation of PPARy
with an agonist: increased insulin sensitivity, improved glu-
cose tolerance, and activation of PPARYy-regulated genes
(154). Selective inactivation of NCoR expression in skeletal
muscle, where PPARS and estrogen-related receptor (ERR)
are expressed, produced an increase in mitochondrial con-
tent, oxidative metabolism, and muscle fiber size (273).
This is generally consistent with the actions from PPARS
activation. It was further noted in this study that a high-fat
diet reduced NCoR levels in fat and muscle. Regulation of
corepressor expression may be a significant mechanism of
regulation. One mechanism of metabolic regulation is that
high fat intake reduces NCoR expression, promotes
PPARY-8 activation by interaction with coactivator, and
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Mediators
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FIGURE 2. Role of corepressors in metabolic regulation. NcoR has three receptor interacting domains
(RIDs) located in the COOH terminus. Unliganded TR interacts with RID 2 and 3 and recruits histone
deacetylase 3 (HDAC3) to assemble a mediator complex, resulting in basal transcription repression.
A: deletion of all three RID (NCoRi) or only RID2-3 (L.-NCoRAID]) results in a corepressor that can no longer be
recruited to unliganded-TR, although the repression mediator complex can still be assembled since the
repression domains are intact. Without NCoR interaction, basal transcription is activated. This activation
induces hepatocyte proliferation and T5- and LXR-target genes activation in liver. B: global expression of the
NCoRAID enhances metabolic actions, such as energy expenditure, and can rescue the RTH phenotype
produced by TRB mutations and increase TH sensitivity. C: the conditional NCoR knockout in specific tissues
demonstrates tissue-specific actions of NCoR. After NCoR knockout, basal transcription is activated. Muscle-
specific NCoR inactivation enhanced metabolic actions of PPARS and estrogen-related receptors (ERRs);
MEF2, myocyte enhancer factor-2. Adipocyte-specific NCoR—/— enhanced PPARy actions, inhibited NCoR
phosphorylation, leading to constituitive activity, enhanced insulin sensitivity, reduced inflammation, and pro-
moted obesity, consistent with the actions of a PPARy agonist.

promotes lipogenesis in fat and lipid oxidation and mito-
chondrial biogenesis in skeletal muscle (213). Although thy-
roid pathways were not directly assessed or discussed in
these studies, a similar stimulation of lipogenesis and oxi-
dative metabolism is mediated by TR and would likely be
activated by a reduction in NCoR expression. Unliganded
TR favors interaction with NCoR, and TR has been shown
to influence PPAR« (158), and LXR (110), signaling.

The ligand-dependent corepressor (LCOR) has been
identified as a regulator of TR induction of lipogenic
genes and hepatic lipid accumulation. LCOR was first
identified as a corepressor for estrogen receptor which
bound to the LXXLL motif, also referred to as the nu-
clear receptor (NR) box. LCOR expression was reduced
in fatty livers of leptin-deficient (0b/ob) mice and diet-
induced obese mice (243). Overexpression of LCOR re-
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presses TH induction of lipogenic genes by reducing re-
cruitment of the coactivator SRC to TR and is a key
regulator of hepatic lipogenesis.

4. Resistance to TH

The recognition of TR isoform-specific actions has come
from animal models of TR gene mutations and inactivation
as well as the phenotype of individuals with TR gene mu-
tations (28, 29) (TABLE 3). TR isoform specificity has also
been probed by TR isoform-selective agonists. TR isoform
selective actions are likely due to both the timing and loca-
tion of TR expression as well as subtle different properties
between the major receptor isoforms TR« and -.

Resistance to TH (RTH) has been studied extensively as a
disorder in which TR has reduced affinity for binding T
and corepressor binding is not reversed by ligand (202).
Patients generally have an elevated serum T, and T; con-
centration, but “inappropriately normal” or slightly ele-
vated serum TSH, since the elevated serum T, and T5 con-
centration should suppress TSH, but do not because of the
defective TRB. The associated clinical features include goi-
ter and general euthyroidism, except for tachycardia, con-
sistent with the unopposed action of the elevated serum T,
and T; stimulating TR« in the atria. Other clinical features,
which vary among affected individuals, include reduced lin-
ear growth, impaired hearing, defects in bone formation,
and attention deficit disorder (203). Genetic studies of mul-
tiple families revealed defects in the ligand binding domain

of the TRB gene, which correlate with the clinical features
seen in RTH patients, impaired TR action in the brain and
liver, and preserved TRa activity in the heart. Metabolic
characterization of individuals with RTH due to TR mu-
tations demonstrate an enhanced metabolic rate and hy-
perphagia, presumably due to the actions of high levels of
TH mediated by TR« (178). Animal models generally show
a similar phenotype as that observed in humans (28). The
role of the corepressor, NCoR, has been demonstrated by
crossing mice with RTH due to a TRB mutation with a
mouse expressing NCoR with a mutation in the domain
that interacts with TR, NCoRAID (81). The RTH pheno-
type was largely rescued in this setting, indicating that the
irreversible interaction of the mutant TR with NCoR, an
interaction not present when the NCoRAID is expressed, is
a significant mechanism for resistance.

Recent case reports have described patients with a domi-
nant negative TRa mutation, analogous to TR RTH mu-
tations, with clinical features of short stature, developmen-
tal delay, bony deformities, and chronic constipation, but
no impairment in TRB-mediated processes (21, 258). The
elevated cholesterol and increased BMI seen in these pa-
tients suggest reduced activity of some metabolic processes.
Since TRH/TSH feedback is primarily mediated by TR,
the pituitary in the RTH TRa mutant patients responds
normally to TH feedback, so serum TSH and T, levels are
normal. These patients, therefore, do not compensate for
the mutant TRa, so they have more of a phenotype of
hypothyroidism. Serum Tj levels are elevated relative to

Table 3. Metabolic manifestations in resistance to thyroid hormone

Hypothalamic-Pituitary-

Genetic Defect Thyroid Axis

Metabolic

General Manifestations Manifestations Reference Nos.

RTH B Most commonly a mutation  In most cases resistance  Goiter Enhanced metabolic 28, 178, 202
or deletion in ligand to thyroid hormone rate
binding domain of TR, feedback at the
generally producing pituitary (mediated by
reduced ligand binding TRB)
and irreversible Elevated serum T, and Generally euthyroid, except Hyperphagia
interaction with Ta, “inappropriately” for tachycardia
corepressors normal range serum (unopposed action of the

TSH elevated serum T, and
T3 stimulating TR« in the
atria)

Elevated T,/T3 In some models; reduced
“‘compensate” for linear growth, impaired
resistance to thyroid hearing, defects in bone
hormone formation, and attention

deficit disorder

RTH « In the few reported cases,  Pituitary is predominantly  Short stature Elevated cholesterol 21, 258
a mutation in ligand TRB, pituitary normally
binding domain of TRa, sensitive to feedback
analogous to those found  Ngrmal T, T, and TSH ~ Developmental delay Elevated BMI
in TRB, generally .
producing reduced ligand Elevated serum T5/ T, Bony deformities
binding and irreversible ratio compared with Chronic constipation
interaction with normal
Corepressors
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serum T, although the mechanism is not established (278).
On the basis of animal models, the elevated T5 may be due
to both increased 5’-deiodinase type 1 (D1) activity and
reduced 5-deiodinase type 3 (D3) activity (278). It has pre-
viously been shown that TR« is the primary regulator of D3
expression, so it is expected that a TRa mutation would
lead to reduced D3 (14). Characterization of two TRa RTH
mutation patients, on and off thyroxine treatment, indicate
some of the metabolic actions of TRa. Thyroxine treatment
in TRa mutant patients was associated with normalization
of lipoproteins, suppression of TSH, normalization of T,
and improvement in nerve conduction and symptoms of
constipation (259). There was no improvement, however,
in cognitive or fine motor skills. The difference in phenotype
between individuals with the TRa and TR 8 mutations high-
lights the tissue specificity and distinct roles of TR isoforms
in metabolic regulation.

5. TR crosstalk

TH signaling, especially in metabolic regulation, involves
TR crosstalk with other nuclear hormone receptors includ-
ing PPAR«a, PPAR Yy, and LXR (157). These ligand-activated
nuclear receptors recognize and bind to DNA response ele-
ments that are arranged as hexameric half-sites with direct
repeats, although the spacing of the hexamers varies among
the different receptors. The nuclear receptors all form het-
erodimers with RXR, and in some cases may compete for
limiting amounts of RXR (120). Mouse models with TR
mutations have shown crosstalk of TH signaling with
PAPRa (158), as well as with LXR (110). Thyroid hormone
has also been shown to directly stimulate LXR expression
(111). The role of LXR as a coordinator of both lipid and
carbohydrate metabolism suggests the potential for interac-
tions with TR (16, 147). A recent study demonstrated that
LXR is important for hepatic lipid deposition (16). In ob/ob
mice with an LXR gene knockout, hepatic lipogenesis was
reduced, excess fat was deposited in adipose tissue rather
than the liver, and insulin sensitivity was improved (16).
The differential actions of LXR in liver lipogenesis and fat
are similar to those of TR. Such examples of crosstalk and
interaction will be discussed in greater detail while charac-
terizing the role of TR in lipid, cholesterol, and carbohy-
drate metabolism.

B. Role of Deiodinases

The intracellular action of TH is regulated by the amount of
local T available for receptor binding (90, 149). The iodo-
thyronine deiodinases include two activating enzymes, D1
and D2, and one inactivating enzyme, D3, which are differ-
entially expressed developmentally and in adult tissues. De-
velopmentally, D3 is generally expressed first, followed by
D2, and D1 is expressed last. D1 is expressed at high levels
in the liver, kidney, and thyroid; D2 in brain, pituitary,
thyroid, and BAT; and D3 in the skin, vascular tissue, and
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placenta. The deiodinase enzymes also differ in subcellular
localization, with D1 and D3 expressed on the cell mem-
brane and D2 in the endoplasmic reticulum. D1 is not es-
sential for TH action in the euthyroid mouse as was studied
in a D1 gene knockout mouse (220). D1 functions predom-
inantly as a scavenger enzyme that deiodinates sulfated TH
while being cleared in the bile and urine (220). D1, therefore,
may be important for the adaptation to iodine deficiency and
to diminish the impact of elevated thyroid hormone levels in
hyperthyroidism. D3 is expressed in the placenta, where it can
protect a developing fetus from excessive maternal TH, as well
as in the skin and vascular tissue. D3 expression is stimulated
in hypoxia as mediated by hypoxia-inducible factor (HIF-1)
(236). All of the deiodinases require selenium for catalytic
activity, and defects in the synthesis of selenoproteins can
lead to abnormal thyroid hormone metabolism and defects
in the hypothalamic pituitary feedback mechanism (65).
Defects in the selenocysteine insertion sequence binding
protein 2 (SECISBP2) is associated with a range of defects,
including azoospermia, myopathy, and reduced T-cell pro-
liferation (221). Nutritional selenium deficiency is also as-
sociated with reduced deiodinase activity (90).

D2 is the primary enzyme responsible for the rapid increases
in intracellular T; in specific tissues as well as the primary
producer of serum T in humans (166). The D2 enzyme has
a short half-life due to ubiquitination and proteasome deg-
radation (8, 90). Deubiquitination, which increases D2 ac-
tivity, is stimulated by adrenergic activation or by low levels
of serum T, (91, 212). D2 is expressed in key thyroid-
responsive tissues, such as brain, skeletal muscle, and
brown fat, which preserves T in these tissues as serum T,
levels fall. The T; generated intracellularly by D2 is trans-
ferred to the nucleus and then regulates gene transcription.
D2 activity is critical for the synergism of TH and signaling
in regulating thermogenesis in BAT (233).

D2 activity has been shown in one study to be stimulated by
bile acids, through activation of the G protein-coupled recep-
tor for bile acids (TGRS) receptor, which potentially links TH
action with bile acid signaling (269). Administration of bile
acids to mice resulted in increased energy expenditure in BAT,
prevented obesity, and improved insulin sensitivity. This
action was independent of the FXR but required D2 gene
expression. D2 and TGRS are coexpressed in key metabolic
tissues, and this may be relevant for the regulation of energy
expenditure. Bile acids may have an action in addition to
bile acid homeostasis to function more broadly in metabo-
lism (269). The TGRS receptor is expressed in human adi-
pose tissue, and its expression was correlated with basal
metabolic rate (246).

A further link of D2 to a metabolic phenotype has come
through studies of associations with D2 gene polymor-
phisms. Polymorphisms in the D2 gene have been associ-
ated with type 2 diabetes, insulin resistance, and obesity in
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some (70, 174), but not all (42, 175), studies. In those
studies with a positive association between D2 polymor-
phisms and metabolic disease, it is strongest when combin-
ing the D2 gene polymorphism with a polymorphism in a
gene from another interacting metabolic pathway, such as
the B3 adrenergic receptor (174), or PPAR<y (70). These
findings also support the importance of the interaction of
TH signaling with other metabolic pathways.

A recent study in hypothyroid patients found that those
with a specific D2 gene polymorphism had improvement of
symptoms on T,/T5 combined therapy compared with T,
monotherapy (192). This suggests that individuals with re-
duced T, to T5 conversion due to D2 gene polymorphisms
may benefit from the addition of the active form of TH, T,
to their replacement therapy. Recently, a direct crossover
comparison of monotherapy with T, to desiccated thyroid
extract, which contains both T, and T3, was made in hypo-
thyroid patients (115). The serum TSH was kept in the
reference range for patients while on both forms of thyroid
replacement therapy. Patients, while on desiccated thyroid,
had a modest, but significant, weight loss compared with
the time period when they were on T, monotherapy.

C. Intracellular Transport

It had generally been assumed that thyroid hormone, due to
its hydrophobicity, enters cells via passive diffusion. In vitro
studies have identified multiple transporters with the ability
to transport thyroid hormone, including the monocarboxy-
late and organic ion transporter families; however, the
physiological significance was not known (130). On the
basis of association of a transporter defect with a clinical
disorder, it was shown that thyroid hormone transport is
required in specific tissues, especially the brain (135, 265).
The genetic disorder Allan-Herndon-Dudley Syndrome,
with serum thyroid hormone abnormalities, low serum T,
and elevated serum T3, and severe neurologic deficits, was
shown to be due to a mutation in the monocarboxylate
transporter 8 (MCTS8) gene. This proved an important role
for the MCTS8 transporter in normal human brain develop-
ment. Thyroid hormone transporters are expressed in a spe-
cific temporal and spatial pattern in the developing brain
(224,256, 265). The MCTS8 gene is located on the X chro-
mosome (66, 84), and males with MCT8 gene mutations
have neurologic abnormalities including dystonia and de-
velopmental delay, with progression to quadriplegia (18).

Mouse models of MCT8 gene knockout show thyroid func-
tion study changes similar to those in patients with Allan-
Herndon-Dudley Syndrome, but modest changes in brain
function (67,255,265). Mice likely have redundant thyroid
hormone transporters, such that the MCT8 gene inactiva-
tion does not have the same consequences as is seen in
humans. MCT8 is highly expressed in the hypothalamus,
resulting in impaired central regulation and blunted thyroid
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hormone feedback when mutated (5). Without a function-
ing MCTS8 transporter in the brain, specific brain areas
become hypothyroid. Conversely, the liver remains sensi-
tive to TH action when MCTS is inactivated, such that the
excess hormone produced due to impaired negative feed-
back in the hypothalamus results in tissue-specific hyper-
thyroidism and hypermetabolism and profound weight loss
(114). Treatment with diiodothyropropionic acid (DITPA),
in animal models and humans with inactivation or muta-
tion in the MCTS8 gene, results in reduction in serum TSH and
serum Tj, and an improvement in hypermetabolism with
weight gain and reduced caloric needs (60, 262). There was,
however, limited improvement in cognitive or developmental
delay in the human studies. The robust metabolic response to
treatment that lowers serum Tj in these patients shows the
important role T; plays in hypermetabolism, but also that the
tissues that mediate T action in metabolism remain sensitive
to TH even in the absence of the MCTS$ transporter.

D. Nongenomic Actions

TH hormone action is not limited to nuclear receptor medi-
ated T; actions that increase or decrease gene transcription,
but include nongenomic actions (40). These nongenomic ac-
tions, shown with both in vitro and in vivo models, include
interaction of TH with membrane integrin receptors, as well as
TR effects in the cytoplasm modulating the activity of signal
transduction pathways (40). Nongenomic mechanisms have
been identified through which TH regulates growth, develop-
ment, and metabolism via phosphorylation and activation of
kinase pathways and neural proteins. Studies in human fi-
broblasts revealed activation of phosphatidylinositol 3-ki-
nase (PI3K) via a liganded TR resulting in downstream
phosphorylation and activation of PKB/Akt, mTOR and
p70%¢K (34). The RTH associated TR mutant with a
COOH-terminal deletion, TR BPV, binds directly to the p85
subunit and results in a constitutively active PI3K (86).
Another mechanism of nongenomic action involves interac-
tion with the plasma membrane protein, integrin avf3,
which has been identified as a TH receptor that activates
both the PI3K and ERK1/2 pathways (17). This cell surface
receptor binds TH at two sites, S1 and S2, which result in
different intracellular actions (54). The avB3 S1 site only
binds T} at physiological concentrations, resulting in phos-
phorylation and activation of PI3K, and nuclear accumula-
tion of TR« (155). The avB3 S2 site preferentially binds T,
and activates the ERK1/2 pathway. The metabolic conse-
quences of T, binding to the S2 site of avB3 include prolif-
eration of cancer cell lines (156), TRB accumulation in the
nucleus (155), and increased angiogenesis (17).

TH action by these nongenomic pathways activates PI3K or
ERK1/2 and stimulates gene transcription. One gene in-
duced by T; via a nongenomic pathway, important in met-
abolic regulation, is hypoxia inducible factor (HIF)-1a
(181). HIF-1 is a key mediator of angiogenesis and adapta-
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tion to hypoxia in tumor cells that results in expression of
glycolytic enzymes and glucose transporters (222). HIF-1«
is a potent stimulator of D3, which inactivates thyroid hor-
mone by converting T; to reverse T3 (236). A number of
studies have identified a nongenomic role for TH in the
phosphorylation of proteins. TH stabilizes and promotes
protein phosphorylation in synaptosomes and intermediate
filaments in both the mature and developing cytoskeleton in
the cerebral cortex (216, 277). In addition, T5 alters the
phosphorylation status of several kinases, including p38, in
a tissue-specific manner in vivo, with resulting cardiac hy-
pertrophy, mitochondrial biogenesis, and osteoblast activa-
tion (125, 138). AMP-activated protein kinase (AMPK) has
a wide range of actions including inhibition of inflamma-
tion and oxidative stress and stimulation of fatty acid oxi-
dation and autophagy, all of which promote insulin sensi-
tivity (210). Reduced activity of AMPK has been associated
with the metabolic syndrome. Within 2 h of T treatment of
a rat, AMPK activity was reduced in the liver, increased in
skeletal muscle, and not changed in the heart (123).

Illl. CENTRAL REGULATION OF THYROID
HORMONE PRODUCTION

A. Hypothalamic-Pituitary-Thyroid Axis

TH is secreted from the thyroid gland under the regulation
of the hypothalamic-pituitary axis (FIGURE 1). TRH, se-
creted from the hypothalamus, acts upon the pituitary
gland, binding to G protein-coupled TRH receptors on the
thyrotrope, resulting in an increase in intracellular cAMP,
and subsequent thyrotropin (TSH) release (113). Hormone
signals that have modulatory effects on TSH secretion in-
clude dopamine (219), somatostatin (250), and leptin
(223), which function as a point of central regulation of
thyroid hormone release (93). TSH secretion, and its sensi-
tivity to TRH stimulation, is affected by renal failure, star-
vation, sleep deprivation, depression, and hormones, in-
cluding cortisol, growth hormone, and sex steroids (89,

128).

The importance of the adrenergic nervous system in central
TRH/TSH regulation is being increasingly recognized
(163). The combination of central nutritional and hor-
monal signals, including leptin, adrenergic signaling, and
cortisol, integrate information regarding overall nutritional
status, circadian rhythms, as well as acute stress, to modu-
late thyroid hormone production (93, 117). A central reg-
ulator of circadian rhythms, the RevErbA«/RevErbAB nu-
clear receptors, are activated by BMAL-1, which then
suppresses BMAL-1 transcription (74). RevErbA« is tran-
scribed from the strand opposite the TRa gene and binds
heme.

TSH binds to a G protein-coupled TSH receptor on the
thyroid follicular cell, stimulating the production and re-
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lease of TH. T,, a prohormone, is the primary secretory
product of the thyroid gland, which utilizes MCT8 for se-
cretion (59). Local conversion of T, to T5, by D2, provides
negative feedback at the level of both thyrotrophs in the
pituitary and tanycytes in the hypothalamus (79, 90, 149).
This results in reduction in TRH and TSH secretion in re-
sponse to adequate tissue levels of TH. Polymorphisms in
the D2 gene have been associated with interindividual vari-
ation in the TSH-free T, “set point” (116). The corepressor
NCoR is also required for negative regulation by thyroid
hormone (11, 276). Tight regulation of this feedback loop is
the key to using a serum TSH measurement for the diagno-
sis and management of primary thyroid disease, both hypo-
thyroidism and hyperthyroidism, since small changes in se-
rum T, are amplified by changes in serum TSH.

B. Integrating Signals Regulating TRH/TSH

The sympathetic nervous system (SNS) and TH regulate a
number of metabolic processes in a complementary fashion
(233). The earliest observations of central sympathetic ner-
vous system regulation of TH action came from clinical
management of patients with hyper- and hypothyroidism.
Thyrotoxic patients have normal plasma norepinephrine
(NE) levels, while hypothyroid patients have elevated
plasma NE levels, perhaps to compensate for reduced ad-
renergic sensitivity (48). Epinephrine levels were not differ-
ent in hyperthyroid or hypothyroid patients compared with
normal (48). Direct measurement of epinephrine secretion
shows no difference in hyperthyroid or hypothyroid pa-
tients (47). Follicular cells of the thyroid gland are also
innervated by sympathetic fibers containing NE, which can
influence the mitotic response to TSH stimulation (245).
Catecholamines increase T, to T; conversion, by stimulat-
ing activity of a specific deubiquitinase that acts on the D2
protein, upregulates D2 activity, and increases T; levels in
the nucleus (90). The synergism between the SNS and TH is
best characterized in studies of facultative thermogenesis in
BAT (207). The role of TH within the central nervous system
is evolving and now includes alterations in neuroendocrine
peptides with relation to energy intake, adipokines, non-
genomic actions of TH within the hypothalamus, and the ac-
tion of decarboxylated and deiodinated analogs of TH (163).

In rats, fasting has been shown to decrease pituitary D2
levels and liver D1 levels, and correlates with reduced pe-
ripheral T} isolated from liver homogenates (22, 23). De-
spite this reduction in pituitary and liver T, hypothalamic
D2 activity is actually increased with fasting, resulting in an
increase in the orexigenic proteins neuropeptide Y (NPY)
and agouti-related peptide (AgRP) from the arcuate nu-
cleus. Thus, despite fasting associated reductions in periph-
eral TH levels, there is still a localized increase in T5 within
the hypothalamus during fasting with a marked increase in
orexigenic signals, which in turn act upon the paraventricu-
lar nucleus to decrease TRH production. This is thought to
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be the mechanism for most such patients having a normal
serum TSH despite a reduced serum T, concentration. Hu-
mans who are anorexic or undergo severe caloric restriction
exhibit similar reductions in TH levels, which likely func-
tions to protect energy stores (148, 204, 268). The admin-
istration of leptin (51), or a-MSH (73), can abolish the
fasting-induced reductions in TRH.

Leptin is an adipokine that circulates in both the free and
bound forms, and the serum concentration is proportional
to body fat content. While both leptin and TH regulate
signaling in the arcuate nucleus and reflect changes in en-
ergy stores, data regarding the correlation between leptin
levels and hypo- and hyperthyroidism are inconsistent. In
hypothyroid and hyperthyroid patients, followed before
and after treatment, leptin levels were elevated in hypothy-
roidism and reduced in hyperthyroidism, correlating with
BMI and with TSH levels (190). Adipocytes and preadi-
pocytes express the TSH receptor, and acute administration
of recombinant TSH in thyroid cancer patients has been
shown to have an acute stimulatory effect on serum leptin,
and the increase was proportional to the fat mass (215). In
an obese animal model, and obese humans, there is an in-
crease in free leptin with an increase in BMI (118). Within
the hypothalamus, leptin is a known regulator of TRH and
TSH secretion via direct action on the paraventricular nu-
cleus and indirect action on the arcuate nucleus (223). In the
direct pathway, leptin stimulates TRH neurons by inducing
signal transducer and activator of transcription (STAT)3
phosphorylation, and regulating prepro-TRH transcrip-
tion. In the indirect pathway, leptin inhibits NPY and AgRP
and stimulates proopiomelanocortin (POMC). The POMC
product a-MSH stimulates CREB in the TRH neuron.
However, in the obese state, there is a significant amount of
leptin resistance in the arcuate nucleus of the hypothalamus
such that the indirect pathway of leptin stimulation of TRH
is not active. This leptin resistance allows for maintenance
of euthyroidism in the setting of diet-induced obesity (195).

The role of T; in adrenergic-mediated thermogenesis is
thought to be due primarily to direct actions on BAT tissue.
A recent study, however, has supported an important cen-
tral role for T; in stimulating adrenergic-mediated thermo-
genesis. Rats given T systemically or administered cen-
trally in the cerebral ventricles showed reduced TRH/TSH,
significant weight loss despite hyperphagia, and increased
BAT thermogenesis (164). Within the hypothalamus, T,
treatment selectively reduced AMPK phosphorylation,
which was colocalized with TR« within the hypothalamus,
and reduced activity (164). This resulted in increased lipo-
genesis and sympathetic output to BAT with a net effect of
increased thermogenesis and energy expenditure (164).
This action was blocked by selective expression of a mutant
TR in the ventral medial hypothalamus, establishing a sig-
nificant central role for T; in thermogenesis. The impor-
tance of TR« in mediating local adrenergic action in vivo in
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white fat and BAT was previously shown using an isoform-
selective agonist (207), and a TRa mutant mouse model
(158).

The influence of TH on central regulation of the autonomic
nervous system has recently been localized to a previously
unknown population of parvalbuminergic neurons (PBN)
located in the anterior hypothalamus (179). These neurons
are required for regulation of cardiovascular function and
ablation results in hypertension and temperature-depen-
dent tachycardia. Both TR isoforms are required for normal
development of these neurons in the hypothalamus.

Thyroid hormone influences appetite and feeding through
several pathways. T;-treated rats have reduced POMC ex-
pression, accumulation of malonyl-CoA, and inactivation
of CPT1 in the hypothalamus, which should produce an-
orexia, but the rats were resistant to this signal and re-
mained hyperphagic (164). The increased energy demand
may override the anorexic stimuli (164). Local TH metab-
olism also plays a role in appetite regulation. In the arcuate
nucleus, D2 expressed in glial cells increase T5 production
during fasting, which stimulates UCP2 and mitochondrial
proliferation in orexigenic NPY/AgRP neurons and stimu-
lates rebound feeding after food deprivation (46).

C. Thyronamines

The metabolic effects of TH are also influenced by thyro-
namines, such as 3-iodothyronamine (T{AM) and fully de-
iodinated thyronamine (T,AM), which are decarboxylated
and deiodinated analogs of thyroid hormone (197). Al-
though these analogs have peripheral actions, the focus of
their metabolic regulation activity appears to be centrally
acting. The thyronamines bind to G protein-coupled trace
amino acid associated receptor 1 (TAAR1) and adrenergic
receptor a2 (24, 197). T;AM is not a metabolite of T,
degradation, but like TH, requires the sodium-idodie sym-
porter (NIS) and thyroid peroxidase for synthesis (105).
T,AM circulates bound to a high-affinity binding protein,
apolipoprotein B-100 (209). Circulating T{AM levels are
lower than those found in tissues, but T;AM has been mea-
sured in both humans (88) and mice (106). Variations in mea-
surement of endogenous T;AM may be significantly influ-
enced by the method used, tandem mass spectroscopy measur-
ing lower levels compared with radioimmunoassay (217).

In response to a single dose of T;AM, rodents develop hy-
pothermia, bradycardia, and hyperglycemia (183). The
rapid response has been related to changes seen in hiberna-
tion and has been used in an animal model of stroke to
preserve brain function (64). The receptor for T;AM,
TAART1, is expressed in the arcuate nucleus, and intracere-
broventricular administration of T;{AM decreased food in-
take in rats by a reduction in AgRP (183). In the Djungarian
hamster, administration of a single dose of T;{AM resulted
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in a rapid switch from carbohydrate to lipid fuel source
(25). These mice had reduced metabolism, followed by hy-
pothermia, thought secondary to the reduced metabolism.
The hypothermia induced by T;AM was less than that typ-
ically seen in hybernation, and the switch in fuel source
from carbohydrate to fat was the change that persisted the
longest after a single T;AM treatment.

IV. THERMOGENESIS AND BODY WEIGHT

TH plays a significant role in energy expenditure through
both central and peripheral actions. TH maintains basal
metabolic rate, facilitates adaptive thermogenesis, modu-
lates appetite and food intake, and regulates body weight.

A. Basal Metabolic Rate

Basal metabolic rate (BMR) is the primary source of energy
expenditure in humans, and reductions in BMR can result
in obesity and weight gain (201). TH is a key regulator of
BMR, but the targets are not clearly established (137). BMR
correlates with lean body mass (132) and thyroid hormone
levels (52, 230). Cold and heat intolerance are hallmark
clinical features of patients with hypothyroidism and hyper-
thyroidism, respectively. In addition, resting energy expen-
diture (REE) is remarkably sensitive to TH, especially in
athyreotic individuals (4).

TH stimulates BMR by increasing ATP production for met-
abolic processes and by generating and maintaining ion
gradients (82, 104, 231). TH stimulates metabolic cycles
involving fat, glucose, and protein catabolism and anabo-
lism, but these are minor contributions to BMR. The two
ion gradients that TH stimulates, either directly or indi-
rectly, are the Na™/K* gradient across the cell membrane
and the Ca”>" gradient between the cytoplasm and sarco-
plasmic reticulum. TH can alter the levels of Na™ within the
cell and K™ outside of the cell, thus requiring ATP con-
sumption in the form of Na*-K*-ATPase to maintain the
gradient. In addition, TH directly stimulates the Na™-K™-
ATPase, but this effect has more impact on BMR in hyper-
thyroidism than in euthyroid or hypothyroid individuals
(44, 68, 126). TH also regulates the expression of the sar-
coplasmic/endoplasmic reticulum Ca**-dependent ATPase
(SERCA) in skeletal muscle (235,237, 284). Stimulation of
the Ca®"-ATPase produces heat during ATP hydrolysis
(57). TH increases the amount and activity of ryanodine
receptors in heart and skeletal muscle, which then stimu-
lates Ca®* efflux into the cytosol, requiring more ATP to
return the Ca®* to the sarcoplasmic reticulum (131).

TH maintains BMR by uncoupling oxidative phosphoryla-
tion in the mitochondria (107), or reducing the activity of
shuttle molecules that transfer reducing equivalents into the
mitochondria (72, 109). In skeletal muscle, TH increases

the leak of protons through the mitochondrial inner mem-
brane, stimulating more oxidation to maintain ATP synthe-
sis, since the proton-motive force driving ATP production is
compromised. The presence of uncoupling protein (UCP) 2
and 3 in skeletal and cardiac muscle initially suggested that
these proteins were mediators of the TH-stimulated proton
leak. Further investigation revealed that TH treatment pro-
duced upregulation of UCP2 and UCP3, but this was not
associated with changes in the proton gradient in human
muscle (13). Clinically, when transitioning from hypothy-
roidism to euthyroidism, TH induced energy expenditure
results in heat production without a significant increase in
ATP generation. In hyperthyroidism, there is an increase in
both ATP synthesis and heat production (108). T5 also reg-
ulates the efficiency of ATP synthesis induction of mito-
chondrial glycerol-3-phosphate dehydrogenase (mGPD), a
shuttle enzyme that contributes to the generation of ATP by
transferring reducing equivalents generated in the cyto-
plasm into the mitochondrial membrane. Mice homozy-
gous for a GPD gene knockout have higher levels of T, and
T, and impaired ability to maintain core body temperature,
consistent with a defect in thermogenesis (63). T5 induction
of UCP3 in skeletal muscle may play a role in thermogene-
sis. In mice lacking beta 1, 2, and 3 adrenergic receptor
(beta-less), which are cold intolerant, T treatment during
cold exposure resulted in maintenance of body temperature
(77). T4 treatment of UCP3 knockout mice, compared with
wild-type, had slightly less thermogenesis, indicating that
T; induction of UCP3 may be important for thermogenesis
in some settings (77).

B. Facultative Thermogenesis

Homeothermic species have developed a nonshivering or
facultative thermogenesis to maintain core body tempera-
ture after cold exposure and increase energy expenditure
after eating. The primary site of this adaptive thermogenesis
inrodents is in BAT (33). Both the SNS and TH are required
for maintenance of core body temperature (234). Hypothy-
roid rodents develop marked hypothermia with cold expo-
sure, and T, treatment reverses this via induction of BAT
activity (35). Expression of UCP1 is required for BAT ther-
mogenesis, and UCP1 is synergistically regulated by both
NE and T;. While T; and NE each increase UCP1 expres-
sion by 2-fold separately, there is a 20-fold induction of
UCP1 when both agents are combined (19). The UCP1 gene
contains several cAMP response elements (CRE) that en-
hance the responsiveness of adjacent TREs to T; (234). It is
important to note that while TR regulates UCP1 expres-
sion in BAT, TRa mediates sensitivity to adrenergic simu-
lation (207). This demonstrates TR isoform specificity in
metabolic regulation within a single tissue, and both TR
isoforms are required for a normal thermogenic response. A
recent study showed that TH induced UCP1 expression in
WAT via TR B and increased both mitochondrial biogenesis
and the oxygen consumption rate (151).
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UCP1 expression is critical to BAT thermogenesis, although
it is now well established that D2 activity, required for the
local conversion of T, to Tj, is also essential (56). D2KO
mice develop hypothermia and must rely on shivering to main-
tain core body temperature (56). In addition, with cold expo-
sure, D2KO mice preferentially oxidize fat. They are resistant
to diet-induced obesity and have normal glucose tolerance due
to increased sympathetic tone. The evaluation of D2 knockout
mice provided an important insight into difference between
rodents and humans with respect to the thermoneutral tem-
perature. Mice, raised at room temperature 22°C, activate
heat production pathways since this is colder than their ther-
moneutral temperature of 30°C (36). When thermal stress is
eliminated by raising D2 knockout animals to be raised in an
environment at 30°C, they develop obesity, glucose intoler-
ance, and hepatic steatosis that is the result of impaired BAT
T;-induced thermogenesis (36).

There is both visceral and subcutaneous BAT in humans,
which may have specific functions that relate to the anatom-
ical location (211). Until recently, human BAT was consid-
ered to be important in neonates, but not likely to be im-
portant in the adult. Recent studies utilizing PET and CT
imaging have shown a significant amount of BAT, espe-
cially in the subscapular and chest region (50, 257). In gen-
eral, there is more BAT in younger and leaner individuals,
and it is induced by cold. Treatment with B-adrenergic
blockers reduces BAT activity, due to the importance of
catecholamines for the development and regulation of BAT.

The relative importance of BAT for metabolic regulation in
adults remains controversial, although significant effort has
been focused on agents that stimulate BAT activity in hu-
mans, as well as the ability to convert white fat to more
metabolically active “beige” or brown fat (211, 264). A
recent study showed that direct biopsy of adipose tissue
from the supraclavicular areas, thought to contain BAT
tissue, had increased oxidative capacity and increased ex-
pression of UCP-1 (263). Activation of BAT in humans has
been reported after overnight exposure to 19°C compared
with those exposed to 24°C (39). Resting energy expendi-
ture, as well as functional imaging by PET scan, was per-
formed to demonstrate BAT activation.

C. Skeletal Muscle

Skeletal muscle has been recognized as a key TH target for
contractile function, regeneration, and transport as well as
for metabolism and glucose disposal (237, 238). TH stim-
ulation favors transition to fast-twitch fibers and transition
to a faster myosin heavy chain (MHC) form. The significant
regulation of D2 is a key factor that modulates T; levels in
skeletal muscle. In skeletal muscle development and regen-
eration after injury, FoxO3 stimulates D2 expression (170).
Skeletal muscle injury is associated with a twofold increase
in local T; levels, not seen in D2 knockout animals. There
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has also been interest in the common Myf 5 expressing
precursor cell for both skeletal muscle and brown adipose
tissue (150). The zinc finger protein, PRDM16, directly re-
presses white fat genes and activates brown fat genes (133).
D2 levels are higher in slow-twitch compared with fast-
twitch muscle fibers and are stimulated by hypothyroidism,
but not by cold exposure (169).

D. Regulation of Body Weight

It is well established that thyroid status, either hypothyroid-
ism or hyperthyroidism, is associated with changes in
weight and REE. In healthy individuals, variations in serum
TSH, even within the reference range, are associated with
body weight and body weight change in both men and
women (80, 143). Individuals with serum TSH levels in the
upper quintiles have higher BMIs and lower quintiles a
lower BMI. Interestingly, reestablishing euthyroidism with
T, treatment is associated with reductions in body weight
and increase in REE in hypothyroid individuals, but fat mass is
unchanged and weight loss is primarily excretion of excess
body water (134). It is possible that increased caloric intake,
stimulated by TH, is responsible for this discrepancy. In addi-
tion, given the impact of central regulation of TH on orexi-
genic neuropeptides (78), variable regulation of the HPT axis
with altered leptin levels also could be responsible for this
metabolic abnormality (20). Hyperthyroid patients have in-
creased intake of carbohydrates, which reverses after treat-
ment of the hyperthyroidism (199). The stimulation of a pref-
erence for carbohydrate intake is thought to be due to central
adrenergic stimulation. A study comparing treatment of hypo-
thyroid patients with T; or T, monotherapy showed that T,
treatment resulted in significant weight loss and reduction in
total cholesterol and apolipoprotein B, compared with T,
treatment, without adverse cardiovascular outcomes (38).
This study also noted a nonsignificant trend effect in decreas-
ing fat mass with T5 therapy. While there was no significant
change in REE, it is likely that the weight reduction seen in Ty
therapy is a result of an increase in metabolic rate. The greatest
weight change associated with thyroid disease is the body
weight increase seen after treatment of hyperthyroidism (161).
Most patients regain more weight than they had prior to hav-
ing Graves’ disease, sustaining the higher energy intake asso-
ciated with hyperthyroidism, even when they become euthy-
roid. This study also examined body composition and found
that weight loss in hyperthyroidism was due to loss of both fat
and lean body mass.

V. CHOLESTEROL AND TRIGLYERIDE
METABOLISM

TH regulation of lipid metabolism is primarily dependent
on liver-specific actions of T3, TRB, and nuclear hormone
receptor crosstalk (FIGURE 3). The metabolic activity of fat
is also becoming increasingly recognized and is a significant
site of TH action (208).
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A. Regulation of Cholesterol Synthesis

TH regulates cholesterol synthesis through multiple mech-
anisms. A major pathway is TH stimulation of transcription
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FIGURE 3. Lipid homeostasis in liver is coordinately regulated by direct actions of Tg and indirect crosstalk
with nutrient-activated nuclear receptors. HMG-CoA reductase, a rate-limiting enzyme in cholesterol synthesis,
and sterol response element binding protein (SREBP2) are stimulated by Ts. HVIG-CoA reductase is subject to
feedback inhibition by cholesterol. The SREBP2 and LXR pathways respond to changes in cellular sterols.
When cholesterol levels are low, SREBP2 is activated by LXR-mediated maturation by site 1 and site 2
proteases (S1P and S2P), then transported to the nucleus for activation of its target gene, HMG-CoA
reductase. When cellular cholesterol is high, LXR inhibits S1P and S2P resulting in inactive SREBP2, which
triggers sterol concentration-dependent HMGCR degradation. This then reduces cholesterol synthesis.
CYP7a is a rate-imiting enzyme in bile acid synthesis. TR directly stimulates CYP7a1 gene expression in
human liver. In mouse, both TR and LXR regulate CYP7a 1 expression. Hepatocyte nuclear factor 4 (HNF4) also
plays an important role in CYP7a1 gene expression. PPARy reduces CYP7a’l gene expression by inhibiting
HNF4 gene expression. Both TR and LXR play a role in fatty acid synthesis by regulating the expression of acetyl
CoA carboxylase (ACC1), fatty acid synthase (FAS), carbohydrate response element binding protein (ChREBP),
and SREBP1c. This regulation is mediated by similar DR4 response elements in these gene promoters. Fatty
acid B-oxidation is controlled by the rate-limiting enzyme CPT-1«, which transports long-chain fatty acid into the
mitochondria for oxidation. A functional TRE and PPRE are located in close proximity (50 bp apart) in the
CPT-1«a promater. The mechanism of crosstalk between PPARa and TRa on the CTP-1« promoter has been
previously characterized (151). Phosphoenolpyruvate carboxykinase (PEPCK) catalyzes the key step initiating
gluconeogenesis and is regulated by hormones at the transcriptional level, including Ts. In liver, PPAR« ligand
inhibits PEPCK mRNA expression. In adipocytes, PPARy induces PEPCK expression to promote fat storage (not
shown in figure). In the presence of glyceraldehyde-3-phosphate (G-3P), triglyceride is synthesized and trans-
ported to adipocytes. When energy is needed, there is central activation of the sympathetic nervous system
and release of catecholamines, which acts on adipocytes to hydrolyze TG. T4 increases B-AR expression in
adipocytes, which promates catecholamine-induces lipolysis.
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of the LDL-R gene resulting in increased uptake of choles-

terol and enhanced cholesterol synthesis (162). This has
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Another regulator of the LDL-R gene is the sterol response
element binding protein (SREBP)-2 (97). SREBP-2 is a
member of a family of transcription factors that regulate
glucose metabolism, fatty acid synthesis, and cholesterol
metabolism. Specifically, TH induces SREBP-2 gene expres-
sion that in turn modulates LDL-R expression. In hypothy-
roid rats, SREBP-2 mRNA is suppressed, but this is reversed
when Tj levels are restored (226). This nuclear coregulation
is further highlighted by the fact that several genes have a
tandem arrangement of the TRE and SREBP response ele-
ment (SRE) (282). Other nuclear hormone receptors, such
as PPARa, have opposing effects on LDL and cholesterol
synthesis (144), which underscore the role of nuclear cross-
talk in TH regulation of metabolism (157). The isoform-
specific induction of LDL-R highlights the role of T; action
in the liver.

TH also reduces cholesterol through non-LDL receptor-medi-
ated pathways. Mice with hypercholesterolemia due to LDL-
receptor gene knockouts were treated with high dose T or
3,5-diiodo-L-thyronine (T,) (95). Under these conditions,
the reduction in LDL-cholesterol was linked to reductions
in apolipoprotein (apo) B48 and apoB11. Hepatic triglyc-
eride production was increased. The high doses of T, used
were associated with cardiac toxicity and increased heart
weight, but these findings suggest mechanisms for T3, in
addition to stimulation of the LDL-receptor, for cholesterol
lowering.

B. Cholesterol Efflux

Reverse cholesterol transport is a complex process that re-
sults in transfer of cholesterol to the liver for elimination as
bile acids or neutral steroids. ATP-binding cassette trans-
porter A1 (ABCAT1) is required for high-density lipoprotein
(HDL) assembly and carriage of esterified cholesterol back
to the liver for excretion. ABCA1 utilizes two separate pro-
moters that are responsive to LXR and SREBP-2, both of
which increase ABCA-1 transcription (249). The LXR-re-
sponse element (LXRE) also permits TR binding. Cotrans-
fection of the human ABCA1 promoter and an expression
vector for TR resulted in suppression of the ABCA1 pro-
moter in the presence of T5 (122). In addition, TR competes
with LXR for binding, resulting in T5-induced inhibition of
ABCA-1 and decreased HDL levels (122). ABCA1 mRNA is
induced by overexpression of SREBP-2, but is completely
absent in hepatic cells that are SREBP-2 null (272).

C. Bile Acid Synthesis

The conversion of cholesterol to bile acids is required to
maintain cholesterol homeostasis. This cholesterol clear-
ance pathway is regulated by a number of nuclear receptors
that control the expression of cholesterol 7-hydroxylase
(CYP7al), the rate-limiting step in bile acid synthesis (41).
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Human and murine CYP7al are regulated by different nu-
clear receptors and their ligands (157). In murine models of
impaired TRB action, LXR is induced with a high-choles-
terol diet that stimulates CYP7al gene expression and bile
acid synthesis (103, 110). LXR has no effect on human
CYP7A1 mRNA levels (2); however, T treatment reduces
CYP7A1 mRNA and cholic and chenodecoycholic acid syn-
thesis in human hepatocytes (69). While there is no role for
LXR in human CYP7A1 expression, both PPAR« and he-
patic nuclear factor (HNF) 4« have response elements that
are located in close proximity to the TRE. In addition,
HNF4a positively regulates CYP7A1 gene expression while
PPAR« inhibits HNF4« activity resulting in lower CYP7A1
levels (194).

Bile acids are now recognized as a regulatory pathway,
stimulating both the TGRS membrane receptor and the
nuclear receptor FXR, as well as other related nuclear re-
ceptors including VDR, PXR, and CAR (279). Bile acids
bind the TGRS receptor on enteroendocrine L cells in the
small intestine, which stimulates production of the incretin
GLP-1 improving insulin sensitivity and increasing satiety.
In BAT, as previously described, bile acids bind TGRS and
stimulate expression of D2 increasing energy expenditure
and promoting resistance to diet-induced obesity (251,
269). Bile acids combine with the nuclear FXR receptor and
stimulate target genes regulating cholesterol and bile acid
metabolism (279). A recent clinical study in both healthy
and cirrhotic subjects revealed that bile acid synthesis cor-
related positively with energy expenditure, and postprandi-
ally, serum TSH decreased in both groups (188), suggesting
that the bile acid serum level influences the thyroid pituitary
axis set point.

Bile acids are increasingly linked to glucose homeostasis me-
diated by both the TGRS and FXR receptors. Animals studies
have shown that a TGRS agonist, EMCA, increases intracel-
lular ATP/ADP, stimulates GLP-1, and attenuates diet-in-
duced obesity (252). Activation of FXR by bile acids also
improves diabetes in animal models. An FXR knockout
mouse model resulted in glucose intolerance and insulin
insensitivity (280). Treatment of diabetic mice with a syn-
thetic FXR agonist repressed hepatic gluconeogenesis and
enhanced liver sensitivity to insulin (280). Bile acids, like
thyroid hormone, impact the metabolism of lipids and glu-
cose and are linked by activation of D2 in specific tissues.

D. Fatty Acid Metabolism

TH stimulates both lipolysis and lipogenesis, although the
direct action is lipolysis with lipogenesis thought to be stim-
ulated to restore fat stores (191). A time course study in rats
carefully measured whole body lipid content and thermo-
genesis after T5 treatment and concluded that the TH-in-
duced lipogenesis is primarily to maintain fat loss that oc-
curs with TH-induced lipolysis (191). Fatty acids produced
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from TH-induced lipolysis are the substrate for the increase
in thermogenesis (191). T; regulation of these divergent
metabolic pathways is subject to nuclear receptor crosstalk,
ligand-binding, nutritional status, and competition for
RXR heterodimers (157). TH plays a significant role in the
conversion of preadipocytes to adipocytes (187).

Malonyl CoA production in the liver promotes lipogenesis and
directly inhibits carnitine palmitoyl transferase (CPT)-la,
which converts long-chain fatty acyl-CoAs to acylcarnitines
for translocation from the cytosol into inner mitochondrial
matrix where B-oxidation occurs (172). T; also induces the
transcription of acetyl CoA carboxylase (ACC)-1, which
generates malonyl CoA from acetyl CoA. ACC-1 is regu-
lated by TR, LXR, and SREBP-1 (121). While LXR can
directly stimulate ACC-1 (248), TR and SREBP1 must form
a complex that stabilizes SREBP-1 on the binding site (275).
SREBP-1 action is also enhanced by a PPAR« agonist,
which can potentiate SREBP-1¢ nuclear activity (142).

CPT-Ia mRNA and enzyme activity is greatly increased in
the livers of hyperthyroid animals, and a functional TRE
and CCAAT enhancer binding protein (C/EBP) are both
necessary for T; induction of CPT-Ia (129). The PPAR«
and TR response elements are in close proximity on the
CPT-Ia gene. A PPAR« agonist can induce CPT-Ia mRNA
and reduced serum triglyceride levels after high fat feeding
(177). PPARYy coactivator PGC-1a enhances both PPAR«
and TR induction of CPT-Ia (281). In vivo studies of a
mutant TRa mouse model demonstrated crosstalk between
PPARa and Tj signals in CPT-Ia regulation. The TRa-
P398H mutant mouse model has impaired fatty acid oxida-
tion because the mutant TR« occupies the CPT-Ia PPRE
and inhibits PPARa-induced CPT-Ia expression (158). An-
other in vivo study demonstrated nuclear crosstalk via
treatment with polyunsaturated fatty acids. These fatty ac-
ids induce hepatic TRB expression and decreases both se-
rum cholesterol and serum triglycerides; however, in the
hypothyroid state, polyunsaturated fatty acid failed to in-
duce TR, but stimulate PPAR« expression, resulting in
decreased serum cholesterol, but persistent hypertriglyceri-
demia (244).

Finally, the actual mobilization of lipid droplets into the
hepatocyte, termed “lipophagy,” has been shown to be T,
regulated (239). Impairment of this process is associated
with hepatic steatosis and insulin resistance (274). T;-me-
diated autophagy is tightly coupled with B-oxidation to
promote ketosis, is T; dependent, and in the unliganded
state is repressed by NCoR (241).

E. Hepatic Steatosis

Nonalcoholic fatty liver disease (NAFLD) is associated with
diminished thyroid action. The TRa mutation analogous to
a resistance to thyroid hormone (RTH)-associated muta-

tion in TRB, TRa-P398H mutant, with impaired fatty acid
metabolism, also had evidence of hepatic steatosis (158).
There is significant evidence for nuclear hormone crosstalk
in the development and treatment of hepatic steatosis. In
fact, subclinical hypothyroidism, with TSH levels in the
upper normal range, were found to be associated with
NAFLD, with greater TSH elevations correlated with more
extensive steatosis (43). In a gene expression array study of
human hepatic steatosis samples, there was downregulation
of T5-responsive genes in the steatosis samples compared
with normal liver (198). In a diabetic rat model, a TR
selective analog was effective at reducing hepatic steatosis
(32). These findings suggest that NAFLD is associated with
impaired TH signaling. A recent study showed that a gen-
eral, GC1, and liver-selective TRB agonist, KB-2115, re-
duced hepatic steatosis, but both impaired insulin sensitiv-
ity by different pathways (260). GC1 treatment was associ-
ated with increased endogenous glucose production and
KB-2115 with reduced insulin-stimulated glucose uptake in
skeletal muscle due to reduced GLUT4 expression.

Fibroblast growth factor (FGF)-21 is expressed primarily in
the liver, adipose tissue, and pancreas and is regulated by T,
in a PPARa-dependent manner (1). FGF-21 stimulates glu-
cose uptake in fat and enhances mitochondrial oxidation
through AMPK activation. Transgenic mice overexpressing
FGF21 in liver have reduced plasma triglyceride concentra-
tions and are resistant to weight gain after high-fat feeding.
In addition, treatment with FGF21 in diet-induced obesity
mice led to increased B-oxidation, improved serum lipid
concentrations, and decreased hepatic triglycerides (136).
FGF21 expression is known to be downstream of the nu-
clear receptor PPARa, and fibrate treatment, the PPAR«
ligand, causes an increase in FGF21 expression in rodents
(12). T; treatment in mice acutely induces hepatic expres-
sion of FGF21, but this induction is abolished in PPAR«
knockout mice (1).

In a study of healthy adults, 12 h of cold exposure at 24 or
19°C resulted in an increase in plasma FGF21 and enhanced
lipolysis and energy expenditure (152). In a study of serum
FGF-21 levels in obese youth with steatohepatitis, FGF-21
levels were elevated compared with control and correlated
with hepatic fat content (94). In these patients with obesity
and liver damage, the elevated FGF-21 levels may not be
adequate to increase energy expenditure, although this was
not directly studied.

One of the mechanisms that links the metabolic syndrome
with hepatic steatosis is insulin stimulation of lipogenesis,
which can lead to fatty liver and worsening insulin resistance,
leading to greater stimulation of lipogenesis (182). The lipo-
genic transcription factor, SREBP-1c, is a mediator of this
cycle and is itself influenced by a range of nuclear receptors,
including CAR, TRB, LRH-1, ERqa, and FXR/SHP (182). Nu-
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clear receptors have the potential to suppress SREBP-1c,
which is a pathway that promotes insulin sensitivity.

F. TR Isoforms as Therapeutic Targets

TR isoform agonists have been the primary target for drug
development, especially for the treatment of hypercholes-
terolemia and obesity (270) (TABLE 4). TRB agonists have
shown significant promise in the treatment of hypercholes-
terolemia, hepatic steatosis, and weight loss, without gen-
erating cardiac toxicity or accelerated bone loss (83, 145).
In a clinical study of patients who did not reach serum LDL
cholesterol targets on HMG CoA reductase inhibitors
alone, addition of the TR selective agonist eprotirome re-

sulted in serum LDL cholesterol reduction of up to 30%,
including reduction of serum Lpa and triglycerides at the
higher dose of eprotirome (145). Treatment for 10 wk with
a liver-targeted TR B-selective agonist pro-drug, MB07811,
was effective at reducing hepatic steatosis in diabetic rats
and reduced serum triglycerides and free fatty acids (32).
The compound MB07811 is activated in the liver by cyto-
chrome P-450 3A4 and may result in more selective action
in the liver compared with other TR selective agonists.
Animal studies, however, found that long-term use of epro-
tirome was associated with cartilage breakdown (227). This
finding has discouraged development of these agents for
broader clinical use despite their effectiveness in direct met-
abolic actions. The T, analog DITPA, originally studied for

Table 4. Metabolic properties of natural and synthetic thyroid compounds

Mechanism of Action

General Actions

Metabolic Actions

Reference Nos.

Thyroxine (T,4)

Requires conversion by D1
or D2 to T3 for activity
at nuclear receptor

Binds integrin avp3
membrane receptor

Naturally occurring

May activate PI3K and ERK1 /2 Cell proliferation and

pathways

angiogenesis

28, 40, 155, 156

Triiodothyronine Active form of thyroid Ligand activating thyroid Weight loss 28, 38, 40
(Ts) hormone that binds hormaone actions in brain, Cholesterol and triglyceride
nuclear TR bone, liver, muscle, and reduction
heart
Triac Binds to the nuclear TR TSH suppression Reduction in LDL cholesterol 225
Does not require MCT8 Increased bone turnover
transporter
Increase SHBG from liver
DITPA Binds to the nuclear TR Does not require MCT8 LDL cholesteral lowering 96
transporter
Enhances cardiac function Body weight loss
T,AM Binds to G protein-coupled  Hypothermia Transition from carbohydrate to 25, 88, 217
trace amino acid lipid fuel source
(E’Tsiﬁaﬁt]ed receptor 1 Bradycardia Hyperglycemia
Synthetic
GC1 Binds to the nuclear TR, Preference for TRB Reduce serum LDL cholesterol 260, 270
TRB selective Preferential liver distribution Reduce serum triglycerides
and action
Reduced activity bone and
heart
Epraotirome Binds to the nuclear TR, Preference for TRB Reduce serum LDL cholesterol 260, 270
(KB-2115) TRB
Preferential liver distribution Reduce serum triglycerides
and action
Reduced activity bone and
heart
MBO7811 Binds to the nuclear TR Preference for TRB Reduces LDL cholesteraol 32, 270

Activated in the liver by
cytochrome P-450 3A4

Preferential liver distribution
and action

Reduces hepatic steatosis

BAT, brown adipose tissue; D1, 5'-deiodinase type 1; D2, 5’-deiodinase type 2; HDACS3, histone deacetylase
3; SHBG, sex hormone binding globulin; Tg, triiodothyronine; T,, thyroxine; TR, thyroid hormone receptor;

TRH, thyrotropin-releasing hormone; TSH, thyroid-stimulating hormone; UCP1, uncoupling protein 1.
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its property to enhance cardiac function (96), was found in
human trials to have potent actions stimulating metabolism
and promoting weight loss (146). The patients treated with
DITPA for 6 mo had a reduction in serum total and LDL
cholesterol, but also had evidence of increased bone turn-
over, suggestive of the complications seen with eprotirome.
Although DITPA is a potent agent mediating weight loss,
there is concern that at the doses required for the metabolic
effects, the skeletal actions may limit its usefulness for met-
abolic disorders.

The action of TR« in mediating adrenergic sensitivity, cen-
trally and peripherally, suggests that it would be an attrac-
tive target for promoting energy expenditure and weight
loss in metabolic disorders. Studies with TR« agonists in an
amphibian model demonstrated a selective role for TRa in
neuronal development and proliferation (58). In vivo stud-
ies of TR« agonists in mouse brain, however, did not pro-
duce a gene expression profile that differed from T; treat-
ment, indicating that TR isoform specificity was not repro-
duced in the mammalian brain (101). The most significant
concern with a selective TRa agonist is that stimulation of
bone turnover and cardiac stimulation could limit its use for
metabolic targets.

Vi. CARBOHYDRATE METABOLISM

Thyroid disease has well-documented effects on glucose ho-
meostasis. Thyroid hormone actions in the liver, white ad-
ipose tissue, skeletal muscle, and pancreas influence plasma
glucose levels, insulin sensitivity, and carbohydrate metab-
olism. Reduced activity of mitochondria has been a link
between a well-described action of thyroid hormone and a
defect in type 2 diabetes (49).

A. Gluconeogenesis

It has been previously established that T stimulates gluco-
neogenesis, especially in the hyperthyroid state, and that
hypothyroidism is associated with reduced gluconeogenesis
(45). Treatment with T, increases alanine transport into
hepatocytes, increasing production of metabolic intermedi-
ate of the gluconeogenic pathway and ultimately conver-
sion of alanine into glucose (240). Evaluation of T treat-
ment on target genes in the liver reveals that there is an
increase in genes regulating glycogenolysis and gluconeo-
genesis (75). Specifically, regulation of phosphoenolpyru-
vate carboxykinase (PEPCK), the rate-limiting step in glu-
coneogenesis, is critical for glucose homeostasis and has
been shown to be regulated by TR3 and CCAAT enhancer-
binding protein in the liver (193). In thyrotoxic rats, hepatic
PEPCK mRNA was stimulated 3.5-fold, and they were re-
sistant to insulin suppression of hepatic glucose production
compared with euthyroid rats (141). The hepatic insulin
resistance was mediated by sympathetic stimulation. In a
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follow-up study, administration of T to the hypothalamic
paraventricular nucleus, through interaction with the SNS,
increases glucose production via sympathetic input to the
liver, showing that the T effect was central (140).

Rodents with the RTH-associated A337T mutation in TR,
conferring a dominant negative TR, have impaired gluco-
neogenesis with lower levels of PEPCK mRNA compared
with wild-type (214). These animals are more sensitive to
insulin and became hypoglycemic after an insulin injection
that did not produce hypoglycemia in the wild-type ani-
mals.

B. Insulin Production and Action

Several studies have linked thyroid hormone action with
pancreatic islet cell development and function. Pancreatic
islets contain TRal and TRB1 which are important for
normal islet development (3). T acts by stimulating the islet
transcription factor Mafa. T; is required for the transition
of islets to glucose-responsive insulin-secreting cells. In pan-
creatic islet cells studied in culture, T; and TRa promote
proliferation (87). Inactivation of D2 gene is associated
with insulin resistance and diet-induced obesity (168). Thy-
roid hormone acts to impair glucose-stimulated insulin re-
lease, despite increased islet glucose utilization and oxida-
tion. Hyperthyroidism and high-fat feeding result in signif-
icant impairment of islet function (85). In contrast,
physiological T treatment prevents streptozocin-induced
islet deterioration and maintains islet structure, size, and
consistency (261). T; induces these anti-apoptotic effects
via nongenomic activation of the AKT signaling pathway.

Hepatic glucose output is increased in hyperthyroidism due
to increased gluconeogenesis. The rates of insulin-stimu-
lated glucose disposal in peripheral tissues, therefore, must
be altered to maintain euglycemia. In the hyperthyroid
state, skeletal muscle glucose uptake is increased to over-
come a depletion in glycogen stores (62). A TRE has been
characterized in the promoter region of the GLUT-4 gene
(271). T treatment in rats increased GLUT-4 mRNA in
skeletal muscle and, possibly through posttranscriptional
splicing, and also augmented the levels of GLUT-4 protein
in skeletal muscle. Similar results were reproduced in
Zucker rats, but a notable finding was that T; treatment
reversed hyperinsulinemia, but not hyperglycemia, in obese
animals (254).

A study in rats supports a dissociation of thyroid hormone
effects on BAT thermogenesis from glucose uptake and
control (171). This group had previously shown in the
streptozotocin (STZ)-induced uncontrolled diabetic rat that
intracerebroventricular administration of leptin returned
glucose to normal, restored BAT glucose uptake, and nor-
malized serum T, and BAT UCP1 mRNA levels (92). Treat-
ment of the STZ rat with T, or the selective TR agonist
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GC1, however, stimulated energy expenditure, but did not
increase BAT glucose uptake (171). Although thyroid hor-
mone can influence glucose levels, the primary action in the
context of this rat diabetes model was on energy expendi-
ture, which did not influence the hyperglycemia.

C. Thyroid Status and Diabetes

The interaction of thyroid status and diabetes is complex.
Patients with type 1 diabetes have an increase in prevalence
rates of autoimmune thyroid disorders compared with the
nondiabetic population, especially among women (267).
This is thought to be due to similar genetic susceptibility to
both autoimmune conditions (253). Studies investigating
the interaction of type 2 diabetes and thyroid dysfunction,
however, have not shown a consistent association (61, 99,
124). Abnormal serum TSH concentrations were seen in
~30% of poorly controlled type 2 diabetic patients (37).
Among those patients with an abnormal low or high TSH
levels, who were negative for thyroid autoantibodies, serum
TSH normalized in all but one patient when their glucose
level was controlled for ~2 mo (37). Conversely, in severely
thyrotoxic patients, the calculated metabolic clearance rate
of insulin is markedly higher than control patients, contrib-
uting to hyperglycemia in the thyrotoxic state (200). In a
recent case report, a patient with severe insulin resistance
improved dramatically after suppressive dose levothyroxine
for thyroid cancer (242). Imaging of the patient when hy-
pothyroid and then after replacement was restored showed
induction of BAT, highlighting the role of TH in insulin
sensitivity and energy expenditure.

D. Factors Contributing to Diabetes

TH induces HIF-1a via the PI3K/ERK pathways, as well as
by direct induction. The known HIF-1« target genes include
the glucose transporter 1 (GLUT1), phosphofructokinase
(PFKP), and monocarboxylate transporter 4 (MCT4),
which regulate cellular glucose metabolism by controlling
glucose uptake, glycolysis, and lactate transport, respec-
tively (181). These genes are induced by physiological doses
of T, and pretreatment with a PI3K inhibitor abolishes this
effect (180). HIF-1a also induces expression of D3 gene
leading to reduced T5 and increased rT5 production (236).

Systemic administration of T;AM rapidly increases endog-
enous glucose production, glucagon, and corticosterone but
does not increase plasma insulin (218). Central administra-
tion of T;AM resulted in a much more profound effect on
endogenous glucose production and hyperglucagonemia
and reduced plasma insulin (218). The effects of T{AM on
glucose and insulin, like the effects of TH, likely vary with
the mode and duration of exposure.
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Vil. CONCLUSION AND FUTURE
PERSPECTIVES

Significant progress has been made in understanding TH
targets that mediate metabolic regulation. Several themes
have emerged which coordinate these signaling pathways,
including nutrient feedback at the cellular and central level,
nutrient nuclear receptor crosstalk, local ligand activation,
and adrenergic stimulation. This has led to mechanistic in-
sights, especially understanding those factors that modulate
multiple TH-regulated pathways. A number of these mech-
anisms are actively being evaluated as therapeutic targets
for metabolic diseases. Although several thyroid hormone
analogs have shown significant success in reducing serum
LDL cholesterol and producing weight loss, the broad ef-
fects of these compounds have limited their clinical appli-
cation.

A. Integrating Mechanisms of Thyroid
Hormone Regulation of Metabolism

TH directly regulates metabolic rate, body weight, and cho-
lesterol metabolism (TABLE 2). TH regulates the expression
of target genes directly through TR binding to specific
TREs, as well as nongenomic modification of cell signaling.
New evidence highlights the coordinate roles of central and
peripheral regulation of TH in modulating metabolic path-
ways. TH interacts with the SNS in a synergistic and com-
plementary fashion to maintain homeostasis. In addition,
adipokine and neuropeptide regulation of the HPT axis and
thermogenesis integrates information on energy availabil-
ity, storage, and utilization to gauge the regulation of appe-
tite, basal metabolic rate, and body weight. TR nuclear
hormone crosstalk with other metabolic pathways, espe-
cially the nuclear receptors PPARa, LXR, and PGC-1q, is
essential for the T5 regulation of cholesterol metabolism
and transcription of lipogenic and lipolytic genes. Bile acid
stimulation of D2 and local thyroid hormone activation is
another unexpected signaling link. Interference with thy-
roid hormone signaling is associated with obesity and he-
patic steatosis. Finally, emerging evidence identifies a role
for TH in glucose metabolism including actions in pancre-
atic islet development, gluconeogenesis, and insulin signal-
ing.

B. Therapeutic Targets for Metabolic
Disorders

An improved understanding of the mechanism underlying
the actions of TH on lipid metabolism and thermogenesis
has led to several useful compounds targeting TR for treat-
ment of metabolic disorders (30, 183, 205) (TABLE 4). The
thyroid hormone-related thyronamine signaling is a novel
pathway to consider for treatment of obesity and metabolic
disturbances (88, 217). The thyronamines are measurable
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in normal human sera and tissues (88). Acute T;AM treat-
ment in animals induces hypothermia and reduces metabo-
lism, similar to torpor in hibernating mammals. Although
the factors that regulate endogenous T;AM levels are not
known, this is a pathway that could potentially be antago-
nized to raise metabolic rate. T{AM, however, also has the
property of rapidly converting an animal from carbohy-
drate to exclusive fat metabolism, which persists after acute
T,AM stimulation (25). Selective augmentation of this
T,AM action is an attractive target for the treatment of
metabolic disorders.

Nuclear receptors play a key role in metabolic regulation
and are attractive therapeutic targets for metabolic disor-
ders. A significant limitation of their use, however, is unin-
tended metabolic consequences of these agents as well as
adverse effects at other sites (102). An example of this is the
class of PPARy agonists, which improve insulin sensitivity,
but are associated with weight gain, fluid retention, and
adverse cardiac events. TRB agonists lower LDL choles-
terol, lipoprotein(a), and reduce hepatic steatosis, but pro-
mote insulin resistance through various mechanisms (260).
TR agonists at doses sufficient for favorable metabolic ac-
tion, such as weight loss and cholesterol lowering, have
been associated with adverse action on bone, cartilage, and
the heart (146). Ultimately, more selective and specific
agents targeting TH signaling pathways, based on im-
proved mechanistic understanding, will be needed to effec-
tively and selectively target metabolic diseases.

ACKNOWLEDGMENTS

Address for reprint requests and other correspondence:
G. A. Brent, Dept. of Medicine, 111, VA Greater Los An-
geles Healthcare System, 11301 Wilshire Blvd., Los Ange-
les, CA 90073 (e-mail: gbrent@ucla.edu).

GRANTS

This work was supported by Veterans Affairs Merit Review
Funds and National Institute of Diabetes and Digestive and
Kidney Diseases Grant RO1 DK98576.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared
by the authors.

REFERENCES

I. Adams AC, Astapova |, Fisher FM, Badman MK, Kurgansky KE, Flier ]S, Hollenberg
AN, Maratos-Flier E. Thyroid hormone regulates hepatic expression of fibroblast
growth factor 21 in a PPARalpha-dependent manner. | Biol Chem 285: 1407814082,

3. Aguayo-Mazzucato C, Zavacki AM, Marinelarena A, Hollister-Lock J, El Khattabi I,
Marsili A, Weir GC, Sharma A, Larsen PR, Bonner-Weir S. Thyroid hormone pro-
motes postnatal rat pancreatic beta-cell development and glucose-responsive insulin
secretion through MAFA. Diabetes 62: 1569-1580, 2013.

4. Al-Adsani H, Hoffer LJ, Silva JE. Resting energy expenditure is sensitive to small dose
changes in patients on chronic thyroid hormone replacement. J Clin Endocrinol Metab
82: 1118-1125, 1997.

5. Alkemade A, Friesema EC, Kalsbeek A, Swaab DF, Visser T), Fliers E. Expression of
thyroid hormone transporters in the human hypothalamus. | Clin Endocrinol Metab 96:
E967-971,2011.

6. Alonso M, Goodwin C, Liao X, Ortiga-Carvalho T, Machado DS, Wondisford FE,
Refetoff S, Weiss RE. In vivo interaction of steroid receptor coactivator (SRC)-| and
the activation function-2 domain of the thyroid hormone receptor (TR) beta in TRbeta
E457A knock-in and SRC-1 knockout mice. Endocrinology 150: 3927-3934, 2009.

7. Araki O, Ying H, Zhu XG, Willingham MC, Cheng SY. Distinct dysregulation of lipid
metabolism by unliganded thyroid hormone receptor isoforms. Mol Endocrinol 23:
308-315, 2009.

8. Arrojo EDR, Bianco AC. Type 2 deiodinase at the crossroads of thyroid hormone
action. Int | Biochem Cell Biol 43: 1432-1441, 201 1.

9. Astapova |, Hollenberg AN. The in vivo role of nuclear receptor corepressors in
thyroid hormone action. Biochim Biophys Acta 1830: 3876-3881, 2013.

10. Astapova |, Lee L], Morales C, Tauber S, Bilban M, Hollenberg AN. The nuclear
corepressor, NCoR, regulates thyroid hormone action in vivo. Proc Nat/ Acad Sci USA
105: 1954419549, 2008.

. Astapova |, Vella KR, Ramadoss P, Holtz KA, Rodwin BA, Liao XH, Weiss RE, Rosen-
berg MA, Rosenzweig A, Hollenberg AN. The nuclear receptor corepressor (NCoR)
controls thyroid hormone sensitivity and the set point of the hypothalamic-pituitary-
thyroid axis. Mol Endocrinol 25: 212-224, 201 1.

12. Badman MK, Pissios P, Kennedy AR, Koukos G, Flier ]S, Maratos-Flier E. Hepatic
fibroblast growth factor 21 is regulated by PPARalpha and is a key mediator of hepatic
lipid metabolism in ketotic states. Cell Metabol 5: 426 -437, 2007.

13. Barbe P, Larrouy D, Boulanger C, Chevillotte E, Viguerie N, Thalamas C, Oliva
Trastoy M, Roques M, Vidal H, Langin D. Triiodothyronine-mediated up-regulation of
UCP2 and UCP3 mRNA expression in human skeletal muscle without coordinated
induction of mitochondrial respiratory chain genes. FASEB | 15: 1315, 2001.

14. Barca-Mayo O, Liao XH, Alonso M, Di Cosmo C, Hernandez A, Refetoff S, Weiss RE.
Thyroid hormone receptor alpha and regulation of type 3 deiodinase. Mol Endocrinol
25: 575-583, 201 1.

15. Baxter D, Webb P. Thyroid hormone mimetics: potential applications in atheroscle-
rosis, obesity and type 2 diabetes. Nature Rev Drug Discov 8: 308-320, 2009.

16. Beaven SW, Matveyenko A, Wroblewski K, Chao L, Wilpitz D, Hsu TW, Lentz |, Drew
B, Hevener AL, Tontonoz P. Reciprocal regulation of hepatic and adipose lipogenesis
by liver x receptors in obesity and insulin resistance. Cell Metabol 18: 106117, 201 3.

17. Bergh JJ, Lin HY, Lansing L, Mohamed SN, Davis FB, Mousa S, Davis PJ. Integrin
alphaVbeta3 contains a cell surface receptor site for thyroid hormone that is linked to
activation of mitogen-activated protein kinase and induction of angiogenesis. Endocri-
nology 146: 28642871, 2005.

18. Bernal J. Thyroid hormone transport in developing brain. Curr Opin Endocrinol Diabe-
tes Obes 18: 295-299, 201 1.

19. Bianco AC, Sheng XY, Silva JE. Triiodothyronine amplifies norepinephrine stimulation
of uncoupling protein gene transcription by a mechanism not requiring protein syn-
thesis. | Biol Chem 263: 1816818175, 1988.

20. Blum WF, Englaro P, Attanasio AM, Kiess W, Rascher W. Human and clinical perspec-
tives on leptin. Proc Nutr Soc 57: 477-485, 1998.

2010. 21. Bochukova E, Schoenmakers N, Agostini M, Schoenmakers E, Rajanayagam O, Keogh
JM, Henning E, Reinemund |, Gevers E, Sarri M, Downes K, Offiah A, Albanese A,
2. Agellon LB, Drover VA, Cheema SK, Gbaguidi GF, Walsh A. Dietary cholesterol fails Halsall D, Schwabe JW, Bain M, Lindley K, Muntoni F, Khadem FV, Dattani M, Faroogi
to stimulate the human cholesterol 7alpha-hydroxylase gene (CYP7AI) in transgenic IS, Gurnell M, Chatterjee K. A mutation in the thyroid hormone receptor alpha gene.
mice. | Biol Chem 277:20131-20134, 2002. N Engl | Med 366: 243-249, 2012.
Physiol Rev . VOL 94 . APRIL 2014 . www.prv.org 375

Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

376

MULLUR, LIU, AND BRENT

Boelen A, Kwakkel |, Vos XG, Wiersinga WM, Fliers E. Differential effects of leptin and
refeeding on the fasting-induced decrease of pituitary type 2 deiodinase and thyroid
hormone receptor beta2 mRNA expression in mice. | Endocrinol 190: 537-544, 2006.

Boelen A, Wiersinga WM, Fliers E. Fasting-induced changes in the hypothalamus-
pituitary-thyroid axis. Thyroid 18: 123-129, 2008.

Borowsky B, Adham N, Jones KA, Raddatz R, Artymyshyn R, Ogozalek KL, Durkin
MM, Lakhlani PP, Bonini JA, Pathirana S, Boyle N, Pu X, Kouranova E, Lichtblau H,
Ochoa FY, Branchek TA, Gerald C. Trace amines: identification of a family of mam-
malian G protein-coupled receptors. Proc Natl Acad Sci USA 98: 8966—-8971, 2001.

Braulke LJ, Klingenspor M, DeBarber A, Tobias SC, Grandy DK, Scanlan TS, Held-
maier G. 3-lodothyronamine: a novel hormone controlling the balance between glu-
cose and lipid utilisation. | Comp Physiol B 178: 167177, 2008.

Brent GA. Clinical practice. Graves’ disease. N Engl | Med 358: 25942605, 2008.

Brent GA. Hypothyroidism and thyroiditis. In: Williams Textbook of Endocrinology,
edited by Melmed SP, Larsen PR, and Kronenberg HM. Philadelphia, PA: Elsevier,
2012.

Brent GA. Mechanisms of thyroid hormone action. | Clin Invest 122: 3035-3043,2012.

Brent GA. Tissue-specific actions of thyroid hormone: insights from animal models.
Rev Endocr Metab Disord |: 27-33, 2000.

Brenta G, Berg G, Arias P, Zago V, Schnitman M, Muzzio ML, Sinay |, Schreier L.
Lipoprotein alterations, hepatic lipase activity, and insulin sensitivity in subclinical
hypothyroidism: response to L-T(4) treatment. Thyroid 17: 453—460, 2007.

Brenta G, Danzi S, Klein |. Potential therapeutic applications of thyroid hormone
analogs. Nat Clin Pract Endocrinol Metab 3: 632-640, 2007.

Cable EE, Finn PD, Stebbins JW, Hou |, Ito BR, van Poelje PD, Linemeyer DL, Erion
MD. Reduction of hepatic steatosis in rats and mice after treatment with a liver-
targeted thyroid hormone receptor agonist. Hepatology 49: 407-417, 2009.

Cannon B, Nedergaard ). Brown adipose tissue: function and physiological signifi-
cance. Physiol Rev 84: 277-359, 2004.

Cao X, Kambe F, Moeller LC, Refetoff S, Seo H. Thyroid hormone induces rapid
activation of Akt/protein kinase B-mammalian target of rapamycin-p70S6K cascade
through phosphatidylinositol 3-kinase in human fibroblasts. Mol Endocrinol 19: 102—
112, 2005.

Carvalho SD, Kimura ET, Bianco AC, Silva JE. Central role of brown adipose tissue
thyroxine 5’-deiodinase on thyroid hormone-dependent thermogenic response to
cold. Endocrinology 128: 2149-2159, 1991.

Castillo M, Hall JA, Correa-Medina M, Ueta C, Kang HW, Cohen DE, Bianco AC.
Disruption of thyroid hormone activation in type 2 deiodinase knockout mice causes
obesity with glucose intolerance and liver steatosis only at thermoneutrality. Diabetes
60: 1082-1089, 201 1.

Celani MF, Bonati ME, Stucci N. Prevalence of abnormal thyrotropin concentrations
measured by a sensitive assay in patients with type 2 diabetes mellitus. Diabetes Res
27:15-25, 1994.

Celi FS, Zemskova M, Linderman |D, Smith S, Drinkard B, Sachdev V, Skarulis MC,
Kozlosky M, Csako G, Costello R, Pucino F. Metabolic effects of liothyronine therapy
in hypothyroidism: a randomized, double-blind, crossover trial of liothyronine versus
levothyroxine. | Clin Endocrinol Metab 96: 34663474, 201 1.

Chen KY, Brychta R], Linderman |D, Smith S, Courville A, Dieckmann W, Herscovitch
P, Millo CM, Remaley A, Lee P, Celi FS. Brown fat activation mediates cold-induced
thermogenesis in adult humans in response to a mild decrease in ambient tempera-
ture. | Clin Endocrinol Metab 98: E1218-1223, 2013.

Cheng SY, Leonard JL, Davis PJ. Molecular aspects of thyroid hormone actions. Endocr
Rev 31:139-170, 2010.

Chiang JY. Bile acids: regulation of synthesis. | Lipid Res 50: 1955—1966, 2009.

Chidakel A, Mentuccia D, Celi FS. Peripheral metabolism of thyroid hormone and
glucose homeostasis. Thyroid 15: 899-903, 2005.

Chung GE, Kim D, Kim W, Yim JY, Park MJ, Kim Y], Yoon JH, Lee HS. Non-alcoholic
fatty liver disease across the spectrum of hypothyroidism. | Hepatol 57: 150156,
2012.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Clausen T, Van Hardeveld C, Everts ME. Significance of cation transport in control of
energy metabolism and thermogenesis. Physiol Rev 71: 733-774, 1991.

Comte B, Vidal H, Laville M, Riou JP. Influence of thyroid hormones on gluconeogen-
esis from glycerol in rat hepatocytes: a dose-response study. Metabolism 39: 259 —
263, 1990.

Coppola A, Liu ZW, Andrews ZB, Paradis E, Roy MC, Friedman M, Ricquier D,
Richard D, Horvath TL, Gao XB, Diano S. A central thermogenic-like mechanism in
feeding regulation: an interplay between arcuate nucleus T3 and UCP2. Cell Metabol
5:21-33, 2007.

Coulombe P, Dussault JH, Letarte ], Simmard §J. Catecholamines metabolism in
thyroid diseases. |. Epinephrine secretion rate in hyperthyroidism and hypothyroid-
ism. J Clin Endocrinol Metab 42: 125-131, 1976.

Coulombe P, Dussault JH, Walker P. Plasma catecholamine concentrations in hyper-
thyroidism and hypothyroidism. Metabolism 25: 973-979, 1976.

Crunkhorn S, Patti ME. Links between thyroid hormone action, oxidative metabo-
lism, and diabetes risk? Thyroid |18: 227-237, 2008.

Cypess AM, Lehman S, Williams G, Tal |, Rodman D, Goldfine AB, Kuo FC, Palmer EL,
Tseng YH, Doria A, Kolodny GM, Kahn CR. Identification and importance of brown
adipose tissue in adult humans. N Engl | Med 360: 1509-1517, 2009.

Da Veiga MA, Oliveira Kde |, Curty FH, de Moura CC. Thyroid hormones modulate
the endocrine and autocrine/paracrine actions of leptin on thyrotropin secretion. |
Endocrinol 183: 243-247, 2004.

Danforth E Jr, Burger A. The role of thyroid hormones in the control of energy
expenditure. Clin Endocrinol Metab 13: 581-595, 1984.

Dasgupta S, Lonard DM, O’Malley BW. Nuclear receptor coactivators: master regu-
lators of human health and disease. Annu Rev Med. In press.

Davis PJ, Davis FB, Mousa SA, Luidens MK, Lin HY. Membrane receptor for thyroid
hormone: physiologic and pharmacologic implications. Annu Rev Pharmacol Toxicol 51:
99-115,2011.

Dawson M, Xia Z. The retinoid X receptors and their ligands. Biochim Biophys Acta
1821:21-56, 2012.

De Jesus LA, Carvalho SD, Ribeiro MO, Schneider M, Kim SW, Harney JW, Larsen PR,
Bianco AC. The type 2 iodothyronine deiodinase is essential for adaptive thermogen-
esis in brown adipose tissue. | Clin Invest 108: 1379-1385, 2001.

De Meis L. Role of the sarcoplasmic reticulum Ca?"-ATPase on heat production and
thermogenesis. Biosci Rep 21: 113-137,2001.

Denver R|, Hu F, Scanlan TS, Furlow JD. Thyroid hormone receptor subtype speci-
ficity for hormone-dependent neurogenesis in Xenopus laevis. Dev Biol 326: 155-168,
2009.

Di Cosmo C, Liao XH, Dumitrescu AM, Philp NJ, Weiss RE, Refetoff S. Mice deficient
in MCT8 reveal a mechanism regulating thyroid hormone secretion. | Clin Invest 120:
3377-3388, 2010.

Di Cosmo C, Liao XH, Dumitrescu AM, Weiss RE, Refetoff S. A thyroid hormone
analog with reduced dependence on the monocarboxylate transporter 8 for tissue
transport. Endocrinology |150: 4450—4458, 2009.

Diez J), Sanchez P, Iglesias P. Prevalence of thyroid dysfunction in patients with type 2
diabetes. Exp Clin Endocrinol Diabetes 119: 201-207, 201 |.

Dimitriadis GD, Raptis SA. Thyroid hormone excess and glucose intolerance. Exp Clin
Endocrinol Diabetes 109 Suppl 2: $225-5239, 2001.

DosSantos RA, Alfadda A, Eto K, Kadowaki T, Silva JE. Evidence for a compensated
thermogenic defect in transgenic mice lacking the mitochondrial glycerol-3-phos-
phate dehydrogenase gene. Endocrinology 144: 5469-5479, 2003.

Doyle KP, Suchland KL, Ciesielski TM, Lessov NS, Grandy DK, Scanlan TS, Stenzel-
Poore MP. Novel thyroxine derivatives, thyronamine and 3-iodothyronamine, induce
transient hypothermia and marked neuroprotection against stroke injury. Stroke 38:
2569-2576, 2007.

Dumitrescu AM, Liao XH, Abdullah MS, Lado-Abeal |, Majed FA, Moeller LC, Boran
G, Schomburg L, Weiss RE, Refetoff S. Mutations in SECISBP2 result in abnormal
thyroid hormone metabolism. Nat Genet 37: 1247-1252, 2005.

Physiol Rev . VOL 94 . APRIL 2014 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

82.

83.

84.

THYROID HORMONE REGULATION OF METABOLISM

Dumitrescu AM, Liao XH, Best TB, Brockmann K, Refetoff S. A novel syndrome
combining thyroid and neurological abnormalities is associated with mutations in a
monocarboxylate transporter gene. Am | Hum Genet 74: 168—175, 2004.

Dumitrescu AM, Liao XH, Weiss RE, Millen K, Refetoff S. Tissue-specific thyroid
hormone deprivation and excess in monocarboxylate transporter (mct) 8-deficient
mice. Endocrinology 147: 4036—-4043, 2006.

Edelman IS, Ismail-Beigi F. Thyroid thermogenesis and active sodium transport. Re-
cent Prog Horm Res 30: 235-257, 1974.

Ellis EC. Suppression of bile acid synthesis by thyroid hormone in primary human
hepatocytes. World | Gastroenterol 12: 4640—4645, 2006.

Estivalet AA, Leiria LB, Dora JM, Rheinheimer ], Boucas AP, Maia AL, Crispim D. D2
Thr92Ala and PPARgamma2 Prol2Ala polymorphisms interact in the modulation of
insulin resistance in type 2 diabetic patients. Obesity 19: 825-832, 201 1.

Everett L), Lazar MA. Cell-specific integration of nuclear receptor function at the
genome. Wiley Interdiscip Rev Syst Biol Med 5: 615-629, 2013.

Fahien LA, Laboy ]I, Din ZZ, Prabhakar P, Budker T, Chobanian M. Ability of cytosolic
malate dehydrogenase and lactate dehydrogenase to increase the ratio of NADPH to
NADH oxidation by cytosolic glycerol-3-phosphate dehydrogenase. Arch Biochem
Biophys 364: 185-194, 1999.

Fekete C, Mihaly E, Luo LG, Kelly J, Clausen JT, Mao Q, Rand WM, Moss LG, Kuhar
M, Emerson CH, Jackson IM, Lechan RM. Association of cocaine- and amphetamine-
regulated transcript-immunoreactive elements with thyrotropin-releasing hormone-
synthesizing neurons in the hypothalamic paraventricular nucleus and its role in the
regulation of the hypothalamic-pituitary-thyroid axis during fasting. | Neurosci 20:
9224-9234, 2000.

Feng D, Lazar MA. Clocks, metabolism, and the epigenome. Mol Cell 47: 158-167,
2012.

Feng X, Jiang Y, Meltzer P, Yen PM. Thyroid hormone regulation of hepatic genes in
vivo detected by complementary DNA microarray. Mol Endocrinol 14: 947-955,
2000.

Flamant F, Gauthier K. Thyroid hormone receptors: the challenge of elucidating
isotype-specific functions and cell-specific response. Biochim Biophys Acta 1830:
3900-3907, 2013.

Flandin P, Lehr L, Asensio C, Giacobino P, Rohner-Jeanrenaud F, Muzzin P, Jimenez
M. Uncoupling protein-3 as a molecular determinant of the action of 3,5,3'-triiodo-
thyronine on energy metabolism. Endocrine 36: 246 -254, 2009.

Fliers E, Klieverik LP, Kalsbeek A. Novel neural pathways for metabolic effects of
thyroid hormone. Trends Endocrinol Metab 21: 230-236, 2010.

Fonseca TL, Correa-Medina M, Campos MP, Wittmann G, Werneck-de-Castro P,
Arrojo e Drigo R, Mora-Garzon M, Ueta CB, Caicedo A, Fekete C, Gereben B,
Lechan RM, Bianco AC. Coordination of hypothalamic and pituitary T production
regulates TSH expression. | Clin Invest 123: 1492-1500, 2013.

Fox CS, Pencina M), D’Agostino RB, Murabito |M, Seely EW, Pearce EN, Vasan RS.
Relations of thyroid function to body weight: cross-sectional and longitudinal obser-
vations in a community-based sample. Arch Intern Med 168: 587-592, 2008.

Fozzatti L, Lu C, Kim DW, Park JW, Astapova |, Gavrilova O, Willingham MC, Hol-
lenberg AN, Cheng SY. Resistance to thyroid hormone is modulated in vivo by the
nuclear receptor corepressor (NCORI). Proc Natl Acad Sci USA 108: 1746217467,
201 1.

Freake HC, Schwartz HL, Oppenheimer JH. The regulation of lipogenesis by thyroid
hormone and its contribution to thermogenesis. Endocrinology 125: 28682874,
1989.

Freitas FR, Moriscot AS, Jorgetti V, Soares AG, Passarelli M, Scanlan TS, Brent GA,
Bianco AC, Gouveia CH. Spared bone mass in rats treated with thyroid hormone
receptor TR beta-selective compound GC-1. Am | Physiol Endocrinol Metab 285:
EI135-E1141, 2003.

Friesema EC, Grueters A, Biebermann H, Krude H, von Moers A, Reeser M, Barrett
TG, Mancilla EE, Svensson |, Kester MH, Kuiper GG, Balkassmi S, Uitterlinden AG,
Koehrle ], Rodien P, Halestrap AP, Visser TJ. Association between mutations in a
thyroid hormone transporter and severe X-linked psychomotor retardation. Lancet
364: 1435-1437, 2004.

Physiol Rev . VOL 84 . APRIL 2014 . www.prv.org

85.

86.

87.

88.

89.

90.

9l.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Fukuchi M, Shimabukuro M, Shimajiri Y, Oshiro Y, Higa M, Akamine H, Komiya |,
Takasu N. Evidence for a deficient pancreatic beta-cell response in a rat model of
hyperthyroidism. Life Sci 71: 1059-1070, 2002.

Furuya F, Hanover JA, Cheng SY. Activation of phosphatidylinositol 3-kinase signaling
by a mutant thyroid hormone beta receptor. Proc Natl Acad Sci USA 103: 17801785,
2006.

Furuya F, Shimura H, Yamashita S, Endo T, Kobayashi T. Liganded thyroid hormone
receptor-alpha enhances proliferation of pancreatic beta-cells. | Biol Chem 285:
24477-24486, 2010.

Galli E, Marchini M, Saba A, Berti S, Tonacchera M, Vitti P, Scanlan TS, lervasi G,
Zucchi R. Detection of 3-iodothyronamine in human patients: a preliminary study.
Clin Endocrinol Metab 97: E69-74, 2012.

Gary KA, Winokur A, Douglas SD, Kapoor S, Zaugg L, Dinges DF. Total sleep depri-
vation and the thyroid axis: effects of sleep and waking activity. Aviat Space Environ Med
67:513-519, 1996.

Gereben B, Zavacki AM, Ribich S, Kim BW, Huang SA, Simonides WS, Zeold A, Bianco
AC. Cellular and molecular basis of deiodinase-regulated thyroid hormone signaling.
Endocr Rev 29: 898-938, 2008.

Gereben B, Zeold A, Dentice M, Salvatore D, Bianco AC. Activation and inactivation
of thyroid hormone by deiodinases: local action with general consequences. Cell Mol
Life Sci 65: 570-590, 2008.

German JP, Thaler P, Wisse BE, Oh IS, Sarruf DA, Matsen ME, Fischer JD, Taborsky
GJ Jr, Schwartz MW, Morton GJ. Leptin activates a novel CNS mechanism for insulin-
independent normalization of severe diabetic hyperglycemia. Endocrinology 152: 394 —
404, 201 1.

Ghamari-Langroudi M, Vella KR, Srisai D, Sugrue ML, Hollenberg AN, Cone RD.
Regulation of thyrotropin-releasing hormone-expressing neurons in paraventricular
nucleus of the hypothalamus by signals of adiposity. Mol Endocrinol 24: 23662381,
2010.

Giannini C, Feldstein AE, Santoro N, Kim G, Kursawe R, Pierpont B, Caprio S. Cir-
culating levels of FGF-21 in obese youth: associations with liver fat content and
markers of liver damage. | Clin Endocrinol Metab 98: 2993-3000, 201 3.

Goldberg I}, Huang LS, Huggins LA, Yu S, Nagareddy PR, Scanlan TS, Ehrenkranz JR.
Thyroid hormone reduces cholesterol via a non-LDL receptor-mediated pathway.
Endocrinology 153: 5143-5149, 2012.

Goldman S, McCarren M, Morkin E, Ladenson PW, Edson R, Warren S, Ohm |, Thai
H, Churby L, Barnhill |, O’Brien T, Anand |, Warner A, Hattler B, Dunlap M, Erikson
J, Shih MC, Lavori P. DITPA (3,5-diiodothyropropionic acid), a thyroid hormone
analog to treat heart failure: phase Il trial veterans affairs cooperative study. Circulation
119: 3093-3100, 2009.

Goldstein JL, DeBose-Boyd RA, Brown MS. Protein sensors for membrane sterols.
Cell 124: 35-46, 2006.

Goodson ML, Mengeling BJ, Jonas BA, Privalsky ML. Alternative mRNA splicing of
corepressors generates variants that play opposing roles in adipocyte differentiation.
J Biol Chem 286: 44988-44999, 201 |.

Gopinath B, Wang ), Kifley A, Wall |R, Leeder SR, Mitchell P. Type 2 diabetes does not
predict incident thyroid dysfunction in the elderly. Diabetes Res Clin Pract 82: el |-13,
2008.

Gothe S, Wang Z, Ng L, Kindblom JM, Barros AC, Ohlsson C, Vennstrom B, Forrest
D. Mice devoid of all known thyroid hormone receptors are viable but exhibit disor-
ders of the pituitary-thyroid axis, growth, and bone maturation. Genes Dev 13: 1329 -
1341, 1999.

Grijota-Martinez C, Samarut E, Scanlan TS, Morte B, Bernal J. In vivo activity of the
thyroid hormone receptor beta- and alpha-selective agonists GC-24 and CO23 on rat
liver, heart, and brain. Endocrinology 152: 11361142, 201 1.

Grundy SM. Thyroid mimetic as an option for lowering low-density lipoprotein. Proc
Natl Acad Sci USA 105: 409-410, 2008.

Gullberg H, Rudling M, Forrest D, Angelin B, Vennstrom B. Thyroid hormone recep-
tor beta-deficient mice show complete loss of the normal cholesterol 7alpha-hydrox-
ylase (CYP7A) response to thyroid hormone but display enhanced resistance to di-
etary cholesterol. Mol Endocrinol 14: 1739—-1749, 2000.

377

Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

I16.

17.

118.

119.

120.

121.

122.

123.

124.

378

MULLUR, LIU, AND BRENT

Haber RS, Loeb JN. Stimulation of potassium efflux in rat liver by a low dose of thyroid
hormone: evidence for enhanced cation permeability in the absence of Na,K-ATPase
induction. Endocrinology 118: 207-211, 1986.

Hackenmueller SA, Marchini M, Saba A, Zucchi R, Scanlan TS. Biosynthesis of 3-io-
dothyronamine (T | AM) is dependent on the sodium-iodide symporter and thyroper-
oxidase but does not involve extrathyroidal metabolism of T,. Endocrinology 153:
5659-5667, 2012.

Hackenmueller SA, Scanlan TS. Identification and quantification of 3-iodothyronamine
metabolites in mouse serum using liquid chromatography-tandem mass spectrome-
try. | Chromatogr A 1256: 89-97, 2012.

Hafner RP, Nobes CD, McGown AD, Brand MD. Altered relationship between pro-
tonmotive force and respiration rate in non-phosphorylating liver mitochondria iso-
lated from rats of different thyroid hormone status. Eur | Biochem 178:511-518, 1988.

Harper ME, Brand MD. The quantitative contributions of mitochondrial proton leak
and ATP turnover reactions to the changed respiration rates of hepatocytes from rats
of different thyroid status. | Biol Chem 268: 1485014860, 1993.

Harper ME, Seifert EL. Thyroid hormone effects on mitochondrial energetics. Thyroid
18: 145-156, 2008.

Hashimoto K, Cohen RN, Yamada M, Markan KR, Monden T, Satoh T, Mori M,
Wondisford FE. Cross-talk between thyroid hormone receptor and liver X receptor
regulatory pathways is revealed in a thyroid hormone resistance mouse model. J Biol
Chem 281: 295-302, 2006.

Hashimoto K, Matsumoto S, Yamada M, Satoh T, Mori M. Liver X receptor-alpha
gene expression is positively regulated by thyroid hormone. Endocrinology 148: 4667—
4675, 2007.

Haugen BR, Jensen DR, Sharma V, Pulawa LK, Hays WR, Krezel W, Chambon P, Eckel
RH. Retinoid X receptor gamma-deficient mice have increased skeletal muscle lipo-
protein lipase activity and less weight gain when fed a high-fat diet. Endocrinology 145:
3679-3685, 2004.

Hershman JM. Clinical application of thyrotropin-releasing hormone. N Engl | Med
290: 886-890, 1974.

Heuer H, Visser TJ. Minireview: pathophysiological importance of thyroid hormone
transporters. Endocrinology 150: 1078-1083, 2009.

Hoang TD, Olsen CH, Mai VQ, Clyde PW, Shakir MK. Desiccated thyroid extract
compared with levothyroxine in the treatment of hypothyroidism: a randomized,
double-blind, crossover study. | Clin Endocrinol Metab 98: 1982—1990, 2013.

Hoftijzer HC, Heemstra KA, Visser T, le Cessie S, Peeters RP, Corssmit EP, Smit JW.
The type 2 deiodinase ORFa-Gly3Asp polymorphism (rs12885300) influences the set
point of the hypothalamus-pituitary-thyroid axis in patients treated for differentiated
thyroid carcinoma. | Clin Endocrinol Metab 96: E1527-1533, 201 1.

Hollenberg AN. The role of the thyrotropin-releasing hormone (TRH) neuron as a
metabolic sensor. Thyroid 18: 131-139, 2008.

Houseknecht KL, Mantzoros CS, Kuliawat R, Hadro E, Flier JS, Kahn BB. Evidence for
leptin binding to proteins in serum of rodents and humans: modulation with obesity.
Diabetes 45: 1638—1643, 1996.

Hsia EY, Goodson ML, Zou X, Privalsky ML, Chen HW. Nuclear receptor coregula-
tors as a new paradigm for therapeutic targeting. Adv Drug Deliv Rev 62: 1227-1237,
2010.

Hsu JH, Zavacki AM, Harney JW, Brent GA. Retinoid-X receptor (RXR) differentially
augments thyroid hormone response in cell lines as a function of the response element
and endogenous RXR content. Endocrinology 136: 421-430, 1995.

Huang C, Freake HC. Thyroid hormone regulates the acetyl-CoA carboxylase Pl
promoter. Biochem Biophys Res Commun 249: 704708, 1998.

Huuskonen |, Vishnu M, Pullinger CR, Fielding PE, Fielding CJ. Regulation of ATP-
binding cassette transporter Al transcription by thyroid hormone receptor. Biochem-
istry 43: 16261632, 2004.

Irrcher |, Walkinshaw DR, Sheehan TE, Hood DA. Thyroid hormone (T;) rapidly
activates p38 and AMPK in skeletal muscle in vivo. | Appl Physiol 104: 178-185, 2008.

Ishay A, Chertok-Shaham I, Lavi |, Luboshitzky R. Prevalence of subclinical hypothy-
roidism in women with type 2 diabetes. Med Sci Monit |15: CRI51-155, 2009.

125.

126.

127.

128.

129.

130.

13

132.

133.

134.

135.

136.

138.

139.

140.

141.

142.

143.

144.

Ishisaki A, Tokuda H, Yoshida M, Hirade K, Kunieda K, Hatakeyama D, Shibata T,
Kozawa O. Activation of p38 mitogen-activated protein kinase mediates thyroid hor-
mone-stimulated osteocalcin synthesis in osteoblasts. Mol Cell Endocrinol 214: 189—
195, 2004.

Ismail-Beigi F. Regulation of Na™ K™ -ATPase expression by thyroid hormone. Semin
Nephrol 12: 44-48, 1992.

Iwen KA, Schroder E, Brabant G. Thyroid hormone and the metabolic syndrome. Eur
Thyroid | 2: 83-92, 2013.

Jackson IMD. Thyrotropin-releasing hormone. N Engl | Med 306: 145—155, 1982.

Jackson-Hayes L, Song S, Lavrentyev EN, Jansen MS, Hillgartner FB, Tian L, Wood PA,
Cook GA, Park EA. A thyroid hormone response unit formed between the promoter
and first intron of the carnitine palmitoyltransferase-lalpha gene mediates the liver-
specific induction by thyroid hormone. | Biol Chem 278: 79647972, 2003.

Jansen |, Friesema EC, Milici C, Visser T). Thyroid hormone transporters in health and
disease. Thyroid |5: 757-768, 2005.

. Jiang M, Xu A, Tokmakejian S, Narayanan N. Thyroid hormone-induced overexpres-

sion of functional ryanodine receptors in the rabbit heart. Am J Physiol Heart Circ
Physiol 278: H1429-H 1438, 2000.

Johnstone AM, Murison SD, Duncan ]S, Rance KA, Speakman JR. Factors influencing
variation in basal metabolic rate include fat-free mass, fat mass, age, and circulating
thyroxine but not sex, circulating leptin, or triiodothyronine. Am J Clin Nutr 82: 941—
948, 2005.

Kajimura S, Seale P, Tomaru T, Erdjument-Bromage H, Cooper MP, Ruas JL, Chin S,
Tempst P, Lazar MA, Spiegelman BM. Regulation of the brown and white fat gene
programs through a PRDM16/CtBP transcriptional complex. Genes Dev 22: 1397—
1409, 2008.

Karmisholt J, Andersen S, Laurberg P. Weight loss after therapy of hypothyroidism is
mainly caused by excretion of excess body water associated with myxoedema. | Clin
Endocrinol Metab 96: E99—-103, 201 |.

Kersseboom S, Visser TJ. MCT8: from gene to disease and therapeutic approach. Ann
Endocrinol 72: 77-81, 201 1.

Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, Galbreath EJ,
Sandusky GE, Hammond L], Moyers ]S, Owens RA, Gromada J, Brozinick J T, Hawkins
ED, Wroblewski V|, Li DS, Mehrbod F, Jaskunas SR, Shanafelt AB. FGF-21 as a novel
metabolic regulator. | Clin Invest 115: 1627-1635, 2005.

. Kim B. Thyroid hormone as a determinant of energy expenditure and the basal

metabolic rate. Thyroid 18: 141144, 2008.

Kinugawa K, Jeong MY, Bristow MR, Long CS. Thyroid hormone induces cardiac
myocyte hypertrophy in a thyroid hormone receptor (E = |-specific manner that
requires TAKI and p38 mitogen-activated protein kinase. Mol Endocrinol 19: 1618—
1628, 2005.

Klein I, Danzi S. Thyroid disease and the heart. Circulation | 16: 1725-1735, 2007.

Klieverik LP, Janssen SF, van Riel A, Foppen E, Bisschop PH, Serlie M|, Boelen A,
Ackermans MT, Sauerwein HP, Fliers E, Kalsbeek A. Thyroid hormone modulates
glucose production via a sympathetic pathway from the hypothalamic paraventricular
nucleus to the liver. Proc Natl Acad Sci USA 106: 59665971, 2009.

Klieverik LP, Sauerwein HP, Ackermans MT, Boelen A, Kalsbeek A, Fliers E. Effects of
thyrotoxicosis and selective hepatic autonomic denervation on hepatic glucose me-
tabolism in rats. Am | Physiol Endocrinol Metab 294: E5|3-E520, 2008.

Knight BL, Hebbachi A, Hauton D, Brown AM, Wiggins D, Patel DD, Gibbons GF. A
role for PPARalpha in the control of SREBP activity and lipid synthesis in the liver.
Biochem | 389: 413-421, 2005.

Knudsen N, Laurberg P, Rasmussen LB, Bulow |, Perrild H, Ovesen L, Jorgensen T.
Small differences in thyroid function may be important for body mass index and the
occurrence of obesity in the population. | Clin Endocrinol Metab 90: 4019 —-4024, 2005.

Konig B, Koch A, Spielmann |, Hilgenfeld C, Stang| Gl, Eder K. Activation of PPARalpha
lowers synthesis and concentration of cholesterol by reduction of nuclear SREBP-2.
Biochem Pharmacol 73: 574-585, 2007.

Physiol Rev . VOL 94 . APRIL 2014 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



145.

146.

147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

THYROID HORMONE REGULATION OF METABOLISM

Ladenson PW, Kristensen |D, Ridgway EC, Olsson AG, Carlsson B, Klein |, Baxter |D,
Angelin B. Use of the thyroid hormone analogue eprotirome in statin-treated dyslip-
idemia. N Engl | Med 362: 906916, 2010.

Ladenson PW, McCarren M, Morkin E, Edson RG, Shih MC, Warren SR, Barnhill |G,
Churby L, Thai H, O’Brien T, Anand |, Warner A, Hattler B, Dunlap M, Erikson |,
Goldman S. Effects of the thyromimetic agent diiodothyropropionic acid on body
weight, body mass index, and serum lipoproteins: a pilot prospective, randomized,
controlled study. | Clin Endocrinol Metab 95: 13491354, 2010.

Laffitte BA, Chao LC, Li ], Walczak R, Hummasti S, Joseph SB, Castrillo A, Wilpitz DC,
Mangelsdorf D), Collins JL, Saez E, Tontonoz P. Activation of liver X receptor im-
proves glucose tolerance through coordinate regulation of glucose metabolism in liver
and adipose tissue. Proc Natl Acad Sci USA 100: 5419-5424, 2003.

Langouche L, Vander Perre S, Marques M, Boelen A, Wouters PJ, Casaer MP, Van den
Berghe G. Impact of early nutrient restriction during critical iliness on the nonthyroidal
illness syndrome and its relation with outcome: a randomized, controlled clinical
study. | Clin Endocrinol Metab 98: 1006—1013, 2013.

Larsen PR, Zavacki AM. The role of the iodothyronine deiodinases in the physiology
and pathophysiology of thyroid hormone action. Eur Thyroid | |: 232-242, 2012.

Lazar MA. Developmental biology. How now, brown fat? Science 321: 1048—1049,
2008.

Lee JY, Takahashi N, Yasubuchi M, Kim Y1, Hashizaki H, Kim M}, Sakamoto T, Goto T,
Kawada T. Triiodothyronine induces UCP- | expression and mitochondrial biogenesis
in human adipocytes. Am | Physiol Cell Physiol 302: C463-C472, 2012.

Lee P, Brychta R, Linderman ], Smith S, Chen KY, Celi FS. Mild cold exposure
modulates fibroblast growth factor 2| (FGF21) diurnal rhythm in humans: relationship
between FGF2I levels, lipolysis, and cold-induced thermogenesis. | Clin Endocrinol
Metab 98: E98-102, 2013.

Lefebvre P, Benomar Y, Staels B. Retinoid X receptors: common heterodimerization
partners with distinct functions. Trends Endocrinol Metab 21: 676—683, 2010.

Li P, Fan W, Xu J, Lu M, Yamamoto H, Auwerx J, Sears DD, Talukdar S, Oh D, Chen
A, Bandyopadhyay G, Scadeng M, Ofrecio JM, Nalbandian S, Olefsky JM. Adipocyte
NCoR knockout decreases PPARgamma phosphorylation and enhances PPARgamma
activity and insulin sensitivity. Cell 147: 815-826, 201 I.

Lin HY, Sun M, Tang HY, Lin C, Luidens MK, Mousa SA, Incerpi S, Drusano GL, Davis
FB, Davis PJL. Thyroxine vs., 5,3’-triiodo-L-thyronine and cell proliferation: activation
of mitogen-activated protein kinase and phosphatidylinositol 3-kinase. Am J Physiol Cell
Physiol 296: C980-C991, 2009.

Lin HY, Tang HY, Shih A, Keating T, Cao G, Davis PJ, Davis FB. Thyroid hormone is a
MAPK-dependent growth factor for thyroid cancer cells and is anti-apoptotic. Steroids
72: 180-187, 2007.

Liu YY, Brent GA. Thyroid hormone crosstalk with nuclear receptor signaling in
metabolic regulation. Trends Endocrinol Metab 21: 166—173, 2010.

Liu YY, Heymann RS, Moatamed F, Schultz JJ, Sobel D, Brent GA. A mutant thyroid
hormone receptor alpha antagonizes peroxisome proliferator-activated receptor al-
pha signaling in vivo and impairs fatty acid oxidation. Endocrinology 148: 12061217,
2007.

Liu YY, Kogai T, Schultz J}, Mody K, Brent GA. Thyroid hormone receptor isoform-
specific modification by small ubiquitin-like modifier (SUMO) modulates thyroid hor-
mone-dependent gene regulation. | Biol Chem 287: 36499-36508, 2012.

Liu YY, Schultz ]], Brent GA. A thyroid hormone receptor alpha gene mutation
(P398H) is associated with visceral adiposity and impaired catecholamine-stimulated
lipolysis in mice. | Biol Chem 278: 38913-38920, 2003.

Lonn L, Stenlof K, Ottosson M, Lindroos AK, Nystrom E, Sjostrom L. Body weight and
body composition changes after treatment of hyperthyroidism. | Clin Endocrinol Metab
83:4269-4273, 1998.

Lopez D, Abisambra Socarras JF, Bedi M, Ness GC. Activation of the hepatic LDL
receptor promoter by thyroid hormone. Biochim Biophys Acta 1771: 1216-1225,
2007.

Lopez M, Alvarez CV, Nogueiras R, Dieguez C. Energy balance regulation by thyroid
hormones at central level. Trends Mol Med 19: 418—-427, 2013.

Physiol Rev . VOL 84 . APRIL 2014 . www.prv.org

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Lopez M, Varela L, Vazquez M), Rodriguez-Cuenca S, Gonzalez CR, Velagapudi VR,
Morgan DA, Schoenmakers E, Agassandian K, Lage R, Martinez de Morentin PB,
Tovar S, Nogueiras R, Carling D, Lelliott C, Gallego R, Oresic M, Chatterjee K, Saha
AK, Rahmouni K, Dieguez C, Vidal-Puig A. Hypothalamic AMPK and fatty acid me-
tabolism mediate thyroid regulation of energy balance. Nature Med 16: 1001-1008,
2010.

Lu C, Thompson CB. Metabolic regulation of epigenetics. Cell Metab 16: 9-17,2012.

Maia AL, Kim BW, Huang SA, Harney JW, Larsen PR. Type 2 iodothyronine deiodinase
is the major source of plasma T3 in euthyroid humans. | Clin Invest | 15: 2524-2533,
2005.

Margolis RN. The nuclear receptor signaling atlas: catalyzing understanding of thyroid
hormone signaling and metabolic control. Thyroid 18: | 13—122, 2008.

Marsili A, Aguayo-Mazzucato C, Chen T, Kumar A, Chung M, Lunsford EP, Harney
JW, Van-Tran T, Gianetti E, Ramadan W, Chou C, Bonner-Weir S, Larsen PR, Silva JE,
Zavacki AM. Mice with a targeted deletion of the type 2 deiodinase are insulin resis-
tant and susceptible to diet induced obesity. PloS One 6: €20832, 201 I.

Marsili A, Ramadan W, Harney JW, Mulcahey M, Castroneves LA, Goemann IM,
Wajner SM, Huang SA, Zavacki AM, Maia AL, Dentice M, Salvatore D, Silva JE, Larsen
PR. Type 2 iodothyronine deiodinase levels are higher in slow-twitch than fast-twitch
mouse skeletal muscle and are increased in hypothyroidism. Endocrinology 151: 5952—
5960, 2010.

Marsili A, Tang D, Harney )W, Singh P, Zavacki AM, Dentice M, Salvatore D, Larsen
PR. Type Il iodothyronine deiodinase provides intracellular 3,5,3'-triiodothyronine to
normal and regenerating mouse skeletal muscle. Am | Physiol Endocrinol Metab 301:
E818-E824,2011.

Matsen ME, Thaler JP, Wisse BE, Guyenet §J, Meek TH, Ogimoto K, Cubelo A,
Fischer D, Kaiyala K], Schwartz MW, Morton GJ. In uncontrolled diabetes, thyroid
hormone and sympathetic activators induce thermogenesis without increasing glu-
cose uptake in brown adipose tissue. Am | Physiol Endocrinol Metab 304: E734—-E746,
2013.

McGarry |D, Brown NF. The mitochondrial carnitine palmitoyltransferase system.
From concept to molecular analysis. Eur | Biochem 244: 114, 1997.

Mengeling B), Goodson ML, Bourguet W, Privalsky ML. SMRTepsilon, a corepressor
variant, interacts with a restricted subset of nuclear receptors, including the retinoic
acid receptors alpha and beta. Mol Cell Endocrinol 351: 306-316, 2012.

Mentuccia D, Proietti-Pannunzi L, Tanner K, Bacci V, Pollin Tl, Poehlman ET,
Shuldiner AR, Celi FS. Association between a novel variant of the human type 2
deiodinase gene Thr92Ala and insulin resistance: evidence of interaction with the
Trp64Arg variant of the beta-3-adrenergic receptor. Diabetes 51: 880—883, 2002.

Mentuccia D, Thomas M), Coppotelli G, Reinhart L}, Mitchell BD, Shuldiner AR, Celi
FS. The Thr92Ala deiodinase type 2 (DIO2) variant is not associated with type 2
diabetes or indices of insulin resistance in the old order of Amish. Thyroid 15: 1223—
1227, 2005.

Mikkonen L, Hirvonen |, Janne OA. SUMO- | regulates body weight and adipogenesis
via PPARgamma in male and female mice. Endocrinology 154: 698—-708, 2013.

Minnich A, Tian N, Byan L, Bilder G. A potent PPARalpha agonist stimulates mito-
chondrial fatty acid beta-oxidation in liver and skeletal muscle. Am | Physiol Endocrinol
Metab 280: E270-E279, 2001.

Mitchell CS, Savage DB, Dufour S, Schoenmakers N, Murgatroyd P, Befroy D, Halsall
D, Northcott S, Raymond-Barker P, Curran S, Henning E, Keogh |, Owen P, Lazarus
J, Rothman DL, Farooqi IS, Shulman GlI, Chatterjee K, Petersen KF. Resistance to
thyroid hormone is associated with raised energy expenditure, muscle mitochondrial
uncoupling, and hyperphagia. | Clin Invest 120: 1345-1354, 2010.

Mittag J, Lyons DJ, Sallstrom ], Vujovic M, Dudazy-Gralla S, Warner A, Wallis K,
Alkemade A, Nordstrom K, Monyer H, Broberger C, Arner A, Vennstrom B. Thyroid
hormone is required for hypothalamic neurons regulating cardiovascular functions. |
Clin Invest 123: 509-516, 2013.

Moeller LC, Dumitrescu AM, Refetoff S. Cytosolic action of thyroid hormone leads to
induction of hypoxia-inducible factor-lalpha and glycolytic genes. Mol Endocrinol 19:
2955-2963, 2005.

379

Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



181.

182.

183.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

380

MULLUR, LIU, AND BRENT

Moeller LC, Dumitrescu AM, Walker RL, Meltzer PS, Refetoff S. Thyroid hormone
responsive genes in cultured human fibroblasts. | Clin Endocrinol Metab 90: 936943,
2005.

Moore DD. Nuclear receptors reverse McGarry’s vicious cycle to insulin resistance.
Cell Metab 15: 615-622, 2012.

Moreno M, de Lange P, Lombardi A, Silvestri E, Lanni A, Goglia F. Metabolic effects of
thyroid hormone derivatives. Thyroid 18: 239-253, 2008.

. Motomura K, Brent GA. Mechanisms of thyroid hormone action. Implications for the

clinical manifestation of thyrotoxicosis. Endocrinol Metab Clin N Am 27: 1-23, 1998.

Mottis A, Mouchiroud L, Auwerx J. Emerging roles of the corepressors NCoR| and
SMRT in homeostasis. Genes Dev 27: 819-835, 2013.

Nunez ], Celi FS, Ng L, Forrest D. Multigenic control of thyroid hormone functions in
the nervous system. Mol Cell Endocrinol 287: 1-12, 2008.

Obregon M. Thyroid hormone and adipocyte differentiation. Thyroid 18: 185-195,
2008.

Ockenga J, Valentini L, Schuetz T, Wohlgemuth F, Glaeser S, Omar A, Kasim E,
duPlessis D, Featherstone K, Davis |R, Tietge UJ, Kroencke T, Biebermann H, Kohrle
J, Brabant G. Plasma bile acids are associated with energy expenditure and thyroid
function in humans. J Clin Endocrinol Metab 97: 535-542, 2012.

Oetting A, Yen PM. New insights into thyroid hormone action. Best Pract Res Clin
Endocrinol Metab 21: 193-208, 2007.

Oge A, Bayraktar F, Saygili F, Guney E, Demir S. TSH influences serum leptin levels
independent of thyroid hormones in hypothyroid and hyperthyroid patients. Endocr |
52:213-217, 2005.

Oppenheimer JH, Schwartz HL, Lane JT, Thompson MP. Functional relationship of
thyroid hormone-induced lipogenesis, lipolysis, and thermogenesis in the rat. | Clin
Invest 87: 125-132, 1991.

Panicker V, Saravanan P, Vaidya B, Evans ], Hattersley AT, Frayling TM, Dayan CM.
Common variation in the DIO, gene predicts baseline psychological well-being and
response to combination thyroxine plus triiodothyronine therapy in hypothyroid pa-
tients. | Clin Endocrinol Metab 94: 1623-1629, 2009.

Park EA, Song S, Vinson C, Roesler WJ. Role of CCAAT enhancer-binding protein beta
in the thyroid hormone and cAMP induction of phosphoenolpyruvate carboxykinase
gene transcription. | Biol Chem 274: 211-217, 1999.

Patel DD, Knight BL, Soutar AK, Gibbons GF, Wade DP. The effect of peroxisome-
proliferator-activated receptor-alpha on the activity of the cholesterol 7 alpha-hy-
droxylase gene. Biochem | 351: 747-753, 2000.

Perello M, Cakir I, Cyr NE, Romero A, Stuart RC, Chiappini F, Hollenberg AN, Nillni
EA. Maintenance of the thyroid axis during diet-induced obesity in rodents is con-
trolled at the central level. Am | Physiol Endocrinol Metab 299: E976-E989, 2010.

Perez E, Bourguet W, Gronemeyer H, de Lera AR. Modulation of RXR function
through ligand design. Biochim Biophys Acta 1821: 57-69, 2012.

Piehl S, Hoefig CS, Scanlan TS, Kohrle J. Thyronamines—past, present, future. Endocr
Rev 32: 64-80, 201 1.

Pihlajamaki J, Boes T, Kim EY, Dearie F, Kim BW, Schroeder |, Mun E, Nasser |, Park
PJ, Bianco AC, Goldfine AB, Patti ME. Thyroid hormone-related regulation of gene
expression in human fatty liver. | Clin Endocrinol Metab 94: 3521-3529, 2009.

Pijl H, de Meijer PH, Langius |, Coenegracht Cl, van den Berk AH, Chandie Shaw PK,
Boom H, Schoemaker RC, Cohen AF, Burggraaf |, Meinders AE. Food choice in
hyperthyroidism: potential influence of the autonomic nervous system and brain se-
rotonin precursor availability. / Clin Endocrinol Metab 86: 58485853, 2001.

Randin JP, Tappy L, Scazziga B, Jequier E, Felber JP. Insulin sensitivity and exogenous
insulin clearance in Graves’ disease. Measurement by the glucose clamp technique and
continuous indirect calorimetry. Diabetes 35: 178-181, 1986.

Ravussin E, Lillioja S, Knowler WC, Christin L, Freymond D, Abbott WG, Boyce V,
Howard BV, Bogardus C. Reduced rate of energy expenditure as a risk factor for
body-weight gain. N Engl | Med 318: 467-472, 1988.

Refetoff S. Resistance to thyroid hormone: one of several defects causing reduced
sensitivity to thyroid hormone. Nat Clin Pract Endocrinol Metab 4: 1, 2008.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

222.

Refetoff S, Dumitrescu AM. Syndromes of reduced sensitivity to thyroid hormone:
genetic defects in hormone receptors, cell transporters and deiodination. Best Pract
Res Clin Endocrinol Metab 21: 277-305, 2007.

Reinehr T. Obesity and thyroid function. Mol Cell Endocrinol 316: 165-171, 2010.

Ribeiro MO. Effects of thyroid hormone analogs on lipid metabolism and thermogen-
esis. Thyroid 18: 197-203, 2008.

Ribeiro MO, Bianco SD, Kaneshige M, Schultz JJ, Cheng SY, Bianco AC, Brent GA.
Expression of uncoupling protein | in mouse brown adipose tissue is thyroid hormone
receptor-beta isoform specific and required for adaptive thermogenesis. Endocrinol-
ogy 151:432-440, 2010.

Ribeiro MO, Carvalho SD, Schultz ]], Chiellini G, Scanlan TS, Bianco AC, Brent GA.
Thyroid hormone—sympathetic interaction and adaptive thermogenesis are thyroid
hormone receptor isoform-specific. | Clin Invest 108: 97-105, 2001.

Rocha VZ, Libby P. The multiple facets of the fat tissue. Thyroid 18: 175183, 2008.

Roy G, Placzek E, Scanlan TS. ApoB- 1 00-containing lipoproteins are major carriers of
3-iodothyronamine in circulation. | Biol Chem 287: 1790-1800, 2012.

Ruderman NB, Carling D, Prentki M, Cacicedo JM. AMPK, insulin resistance, and the
metabolic syndrome. | Clin Invest 123: 2764-2771, 2013.

. Sacks H, Symonds ME. Anatomical locations of human brown adipose tissue: func-

tional relevance and implications in obesity and type 2 diabetes. Diabetes 62: 1783—
1790, 2013.

Sagar GD, Gereben B, Callebaut |, Mornon JP, Zeold A, da Silva WS, Luongo C,
Dentice M, Tente SM, Freitas BC, Harney JW, Zavacki AM, Bianco AC. Ubiquitina-
tion-induced conformational change within the deiodinase dimer is a switch regulating
enzyme activity. Mol Cell Biol 27: 4774—4783, 2007.

Saltiel AR. Derepressing nuclear receptors for metabolic adaptation. Cell 147: 717-
718,2011.

Santiago LA, Santiago DA, Faustino LC, Cordeiro A, Lisboa PC, Wondisford FE,
Pazos-Moura CC, Ortiga-Carvalho TM. The Delta337T mutation on the TRbeta
causes alterations in growth, adiposity, and hepatic glucose homeostasis in mice. J
Endocrinol 211: 39-46, 201 1.

Santini F, Galli G, Maffei M, Fierabracci P, Pelosini C, Marsili A, Giannetti M, Castagna
MG, Checchi S, Molinaro E, Piaggi P, Pacini F, Elisei R, Vitti P, Pinchera A. Acute
exogenous TSH administration stimulates leptin secretion in vivo. Eur | Endocrinol 163:
63-67,2010.

Sarkar PK, Durga ND, Morris J], Martin V. In vitro thyroid hormone rapidly modulates
protein phosphorylation in cerebrocortical synaptosomes from adult rat brain. Neu-
roscience 137: 125-132, 2006.

Scanlan TS. Endogenous 3-iodothyronamine (T |AM): more than we bargained for. |
Clin Endocrinol Metab 96: 16741676, 201 |.

Scanlan TS. Minireview: 3-iodothyronamine (TIAM): a new player on the thyroid
endocrine team? Endocrinology 150: 11081111, 2009.

Scanlon MF, Weightman DR, Shale D}, Mora B, Heath M, Snow MH, Lewis M, Hall R.
Dopamine is a physiological regulator of thyrotrophin (TSH) secretion in normal man.
Clin Endocrinol 10: 7—15, 1979.

Schneider M, Fiering SN, Thai B, Wu SY, St Germain E, Parlow AF, St Germain DL,
Galton VA. Targeted disruption of the type | selenodeiodinase gene (Diol) results in
marked changes in thyroid hormone economy in mice. Endocrinology 147: 580-589,
2006.

. Schoenmakers E, Agostini M, Mitchell C, Schoenmakers N, Papp L, Rajanayagam O,

Padidela R, Ceron-Gutierrez L, Doffinger R, Prevosto C, Luan ], Montano S, Lu |,
Castanet M, Clemons N, Groeneveld M, Castets P, Karbaschi M, Aitken S, Dixon A,
Williams J, Campi |, Blount M, Burton H, Muntoni F, O’'Donovan D, Dean A, Warren
A, Brierley C, Baguley D, Guicheney P, Fitzgerald R, Coles A, Gaston H, Todd P,
Holmgren A, Khanna KK, Cooke M, Semple R, Halsall D, Wareham N, Schwabe J,
Grasso L, Beck-Peccoz P, Ogunko A, Dattani M, Gurnell M, Chatterjee K. Mutations
in the selenocysteine insertion sequence-binding protein 2 gene lead to a multisystem
selenoprotein deficiency disorder in humans. J Clin Invest 120: 4220-4235, 2010.

Semenza GL. Defining the role of hypoxia-inducible factor | in cancer biology and
therapeutics. Oncogene 29: 625-634, 2010.

Physiol Rev . VOL 94 . APRIL 2014 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

THYROID HORMONE REGULATION OF METABOLISM

Seoane LM, Carro E, Tovar S, Casanueva FF, Dieguez C. Regulation of in vivo TSH
secretion by leptin. Regul Pept 92: 25-29, 2000.

Sharlin DS, Visser T, Forrest D. Developmental and cell-specific expression of thy-
roid hormone transporters in the mouse cochlea. Endocrinology 152: 5053-5064,
2011.

Sherman SI, Ringel MD, Smith MJ, Kopelen HA, Zoghbi WA, Ladenson PW. Aug-
mented hepatic and skeletal thyromimetic effects of tiratricol in comparison with
levothyroxine. | Clin Endocrinol Metab 82: 2153-2158, 1997.

Shin DJ, Osborne TF. Thyroid hormone regulation and cholesterol metabolism are
connected through Sterol Regulatory Element-Binding Protein-2 (SREBP-2). | Biol
Chem 278: 34114-34118, 2003.

Shoemaker TJ, Kono T, Mariash CN, Evans-Molina C. Thyroid hormone analogues for
the treatment of metabolic disorders: new potential for unmet clinical needs? Endocr
Pract 1-36, 2012.

Shulman Al, Mangelsdorf D). Retinoid X receptor heterodimers in the metabolic
syndrome. N Engl | Med 353: 604-615, 2005.

Silva JE. Physiological importance and control of non-shivering facultative thermogen-
esis. Front Biosci 3: 352-371, 201 1.

Silva JE. The thermogenic effect of thyroid hormone and its clinical implications. Ann
Intern Med 139: 205-213, 2003.

Silva JE. Thermogenic mechanisms and their hormonal regulation. Physiol Rev 86:
435-464, 2006.

Silva JE. Thyroid hormone and the energetic cost of keeping body temperature. Biosci
Rep 25: 129148, 2005.

Silva JE, Bianco SD. Thyroid-adrenergic interactions: physiological and clinical impli-
cations. Thyroid 18: 157-165, 2008.

Silva JE, Rabelo R. Regulation of the uncoupling protein gene expression. Eur | Endo-
crinol 136: 251-264, 1997.

Simonides WS, Brent GA, Thelen MH, van der Linden CG, Larsen PR, van Hardeveld
C. Characterization of the promoter of the rat sarcoplasmic endoplasmic reticulum
Ca”*-ATPase | gene and analysis of thyroid hormone responsiveness. | Biol Chem
271: 32048-32056, 1996.

Simonides WS, Mulcahey MA, Redout EM, Muller A, Zuidwijk M), Visser T), Wassen
FW, Crescenzi A, da-Silva WS, Harney ], Engel FB, Obregon M|, Larsen PR, Bianco
AC, Huang SA. Hypoxia-inducible factor induces local thyroid hormone inactivation
during hypoxic-ischemic disease in rats. | Clin Invest | 18: 975-983, 2008.

Simonides WS, Thelen MH, van der Linden CG, Muller A, van Hardeveld C. Mecha-
nism of thyroid-hormone regulated expression of the SERCA genes in skeletal muscle:
implications for thermogenesis. Biosci Rep 21: 139-154, 2001.

Simonides WS, van Hardeveld C. Thyroid hormone as a determinant of metabolic and
contractile phenotype of skeletal muscle. Thyroid 18: 205-216, 2008.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak |, Komatsu M, Tanaka K, Cuervo AM,
Czaja M). Autophagy regulates lipid metabolism. Nature 458: 11311135, 2009.

Singh SP, Snyder AK. Effect of thyrotoxicosis on gluconeogenesis from alanine in the
perfused rat liver. Endocrinology 102: 182-187, 1978.

Sinha RA, You SH, Zhou J, Siddique MM, Bay BH, Zhu X, Privalsky ML, Cheng SY,
Stevens RD, Summers SA, Newgard CB, Lazar MA, Yen PM. Thyroid hormone stim-
ulates hepatic lipid catabolism via activation of autophagy. | Clin Invest 122: 2428
2438,2012.

Skarulis MC, Celi FS, Mueller E, Zemskova M, Malek R, Hugendubler L, Cochran C,
Solomon J, Chen C, Gorden P. Thyroid hormone induced brown adipose tissue and
amelioration of diabetes in a patient with extreme insulin resistance. | Clin Endocrinol
Metab 95: 256-262, 2010.

Song Y, Shan S, Zhang Y, Liu W, Ding W, Ren W, Xia H, Li X, Zhang Q, Zhao L, Yan
J, Ying H. Ligand-dependent corepressor acts as a novel corepressor of thyroid hor-
mone receptor and represses hepatic lipogenesis in mice. | Hepatol 56: 248-254,
2011.

Souza LL, Cordeiro A, Oliveira LS, de Paula GS, Faustino LC, Ortiga-Carvalho TM,
Oliveira K], Pazos-Moura CC. Thyroid hormone contributes to the hypolipidemic

Physiol Rev . VOL 84 . APRIL 2014 . www.prv.org

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

262.

effect of polyunsaturated fatty acids from fish oil: in vivo evidence for cross talking
mechanisms. | Endocrinol 21 1: 65-72, 201 1.

Sundler F, Grunditz T, Hakanson R, Uddman R. Innervation of the thyroid. A study of
the rat using retrograde tracing and immunocytochemistry. Acta Histochem Suppl 37:
191-198, 1989.

Svensson PA, Olsson M, Andersson-Assarsson JC, Taube M, Pereira M), Froguel P,
Jacobson P. The TGRS gene is expressed in human subcutaneous adipose tissue and is
associated with obesity, weight loss and resting metabolic rate. Biochem Biophys Res
Commun 433: 563-566, 2013.

Takeuchi Y, Murata Y, Sadow P, Hayashi Y, Seo H, Xu J, O’'Malley BW, Weiss RE,
Refetoff S. Steroid receptor coactivator- | deficiency causes variable alterations in the
modulation of T(3)-regulated transcription of genes in vivo. Endocrinology 143: 1346 —
1352, 2002.

Talukdar S, Bhatnagar S, Dridi S, Hillgartner FB. Chenodeoxycholic acid suppresses
the activation of acetyl-coenzyme A carboxylase-alpha gene transcription by the liver
X receptor agonist T0-901317. | Lipid Res 48: 2647-2663, 2007.

Tamehiro N, Shigemoto-Mogami Y, Kakeya T, Okuhira K, Suzuki K, Sato R, Nagao T,
Nishimaki-Mogami T. Sterol regulatory element-binding protein-2- and liver X recep-
tor-driven dual promoter regulation of hepatic ABC transporter Al gene expression:
mechanism underlying the unique response to cellular cholesterol status. | Biol Chem
282:21090-21099, 2007.

Tanjasiri P, Kozbur X, Florsheim WH. Somatostatin in the physiologic feedback con-
trol of thyrotropin secretion. Life Sci 19: 657-660, 1976.

Thomas C, Auwerx ], Schoonjans K. Bile acids and the membrane bile acid receptor
TGR5-connecting nutrition and metabolism. Thyroid 18: 167-174, 2008.

Thomas C, Gioiello A, Noriega L, Strehle A, Oury |, Rizzo G, Macchiarulo A,
Yamamoto H, Mataki C, Pruzanski M, Pellicciari R, Auwerx ], Schoonjans K. TGR5-
mediated bile acid sensing controls glucose homeostasis. Cell Metabol 10: 167-177,
2009.

Tomer Y, Menconi F. Type | diabetes and autoimmune thyroiditis: the genetic con-
nection. Thyroid 19: 99-102, 2009.

Torrance CJ, Devente JE, Jones JP, Dohm GL. Effects of thyroid hormone on GLUT,,
glucose transporter gene expression and NIDDM in rats. Endocrinology 138: 1204—
1214, 1997.

Trajkovic M, Visser T, Mittag ], Horn S, Lukas ], Darras VM, Raivich G, Bauer K, Heuer
H. Abnormal thyroid hormone metabolism in mice lacking the monocarboxylate
transporter 8. | Clin Invest 117: 627-635, 2007.

Van der Deure WM, Peeters RP, Visser TJ. Molecular aspects of thyroid hormone
transporters, including MCT8, MCT 10, and OATPs, and the effects of genetic varia-
tion in these transporters. | Mol Endocrinol 44: |-11, 2010.

Van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, Drossaerts JMAFL,
Kemerink GJ, Bouvy ND, Schrauwen P, Teule GJJ. Cold-activated brown adipose
tissue in healthy men. N Engl | Med 360: 15001508, 2009.

Van Mullem A, van Heerebeek R, Chrysis D, Visser E, Medici M, Andrikoula M,
Tsatsoulis A, Peeters R, Visser T]. Clinical phenotype and mutant TRalphal. N Engl |
Med 366: 1451-1453,2012.

Van Mullem AA, Chrysis D, Eythimiadou A, Chroni E, Tsatsoulis A, de Rijke YB, Visser
WE, Visser TJ, Peeters RP. Clinical phenotype of a new type of thyroid hormone
resistance caused by a mutation of the TRalphal receptor: consequences of LT,
treatment. | Clin Endocrinol Metab 98: 3029-3038, 2013.

Vatner DF, Weismann D, Beddow SA, Kumashiro N, Erion DM, Liao XH, Grover GJ,
Webb P, Phillips K], Weiss RE, Bogan ]S, Baxter |, Shulman Gl, Samuel VT. Thyroid
hormone receptor-beta agonists prevent hepatic steatosis in fat-fed rats but impair
insulin sensitivity via discrete pathways. Am | Physiol Endocrinol Metab 305: E89—E 100,
2013.

. Verga Falzacappa C, Mangialardo C, Madaro L, Ranieri D, Lupoi L, Stigliano A, Torrisi

MR, Bouche M, Toscano V, Misiti S. Thyroid hormone T3 counteracts STZ induced
diabetes in mouse. PloS One 6: €19839, 201 |.

Verge CF, Konrad D, Cohen M, Di Cosmo C, Dumitrescu AM, Marcinkowski T,
Hameed S, Hamilton ], Weiss RE, Refetoff S. Diiodothyropropionic acid (DITPA) in
the treatment of MCT8 deficiency. | Clin Endocrinol Metab 97: 4515-4523, 2012.

381

Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



263.

264.
265.

266.

267.
268.

269.

270.
271.

272.

273.

274.

382

MULLUR, LIU, AND BRENT

Vijgen GH, Sparks LM, Bouvy ND, Schaart G, Hoeks |, van Marken Lichtenbelt WD,
Schrauwen P. Increased oxygen consumption in human adipose tissue from the
“brown adipose tissue” region. | Clin Endocrinol Metab 98: E1230-1234, 2013.

Vijgen GH, van Marken Lichtenbelt WD. Brown adipose tissue: clinical impact of a
re-discovered thermogenic organ. Front Biosci E5: 823833, 2013.

Visser WE, Friesema EC, Visser T). Minireview: thyroid hormone transporters: the
knowns and the unknowns. Mol Endocrinol 25: 1-14, 201 1.

Visser WE, van Mullem AA, Visser TJ, Peeters RP. Different causes of reduced sensi-
tivity to thyroid hormone: diagnosis and clinical management. Clin Endocrinol 59:
595-605, 2013.

Vondra K, Vrbikova |, Dvorakova K. Thyroid gland diseases in adult patients with
diabetes mellitus. Minerva Endocrinol 30: 217-236, 2005.

Warren MP. Endocrine manifestations of eating disorders. | Clin Endocrinol Metab 96:
333-343,2011.

Watanabe M, Houten SM, Mataki C, Christoffolete MA, Kim BW, Sato H, Messaddeq
N, Harney JW, Ezaki O, Kodama T, Schoonjans K, Bianco AC, Auwerx ]. Bile acids
induce energy expenditure by promoting intracellular thyroid hormone activation.
Nature 439: 484-489, 2006.

Webb P. Thyroid hormone receptor and lipid regulation. Curr Opin Invest Drugs |1:
1135-1142,2010.

Weinstein SP, Watts |, Haber RS. Thyroid hormone increases muscle/fat glucose
transporter gene expression in rat skeletal muscle. Endocrinology 129: 455-464, 1991.

Wong ], Quinn CM, Brown AJ. SREBP-2 positively regulates transcription of the
cholesterol efflux gene, ABCAI, by generating oxysterol ligands for LXR. Biochem |
400: 485-491, 2006.

Yamamoto H, Williams EG, Mouchiroud L, Canto C, Fan W, Downes M, Heligon C,
Barish GD, Desvergne B, Evans RM, Schoonjans K, Auwerx J. NCoRI is a conserved
physiological modulator of muscle mass and oxidative function. Cell 147: 827-839, 201 I.

Yang L, Li P, Fu S, Calay ES, Hotamisligil GS. Defective hepatic autophagy in obesity
promotes ER stress and causes insulin resistance. Cell Metab | 1: 467-478, 2010.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Yin L, Zhang Y, Hillgartner FB. Sterol regulatory element-binding protein- | interacts
with the nuclear thyroid hormone receptor to enhance acetyl-CoA carboxylase-alpha
transcription in hepatocytes. | Biol Chem 277: 1955419565, 2002.

You SH, Liao X, Weiss RE, Lazar MA. The interaction between nuclear receptor
corepressor and histone deacetylase 3 regulates both positive and negative thyroid
hormone action in vivo. Mol Endocrinol 24: 1359-1367, 2010.

Zamoner A, Heimfarth L, Oliveira Loureiro S, Royer C, Mena Barreto Silva FR,
Pessoa-Pureur R. Nongenomic actions of thyroxine modulate intermediate fila-
ment phosphorylation in cerebral cortex of rats. Neuroscience 156: 640-652,
2008.

Zavacki AM, Larsen PR. RTHalpha, a newly recognized phenotype of the resistance to
thyroid hormone (RTH) syndrome in patients with THRA gene mutations. | Clin
Endocrinol Metab 98: 2684 -2686, 2013.

Zhang Y, Edwards PA. FXR signaling in metabolic disease. FEBS Lett 582: 1018,
2008.

Zhang Y, Lee FY, Barrera G, Lee H, Vales C, Gonzalez FJ, Willson TM, Edwards PA.
Activation of the nuclear receptor FXR improves hyperglycemia and hyperlipidemia in
diabetic mice. Proc Natl Acad Sci USA 103: 10061011, 2006.

Zhang Y, Ma K, Song S, Elam MB, Cook GA, Park EA. Peroxisomal proliferator-
activated receptor-gamma coactivator-| alpha (PGC-| alpha) enhances the thyroid
hormone induction of carnitine palmitoyltransferase | (CPT-I alpha). | Biol Chem 279:
53963-53971, 2004.

Zhang Y, Yin L, Hillgartner FB. SREBP-| integrates the actions of thyroid hormone,
insulin, cAMP, and medium-chain fatty acids on ACCalpha transcription in hepato-
cytes. | Lipid Res 44: 356368, 2003.

Zhu XG, Kim DW, Goodson ML, Privalsky ML, Cheng SY. NCoRI regulates
thyroid hormone receptor isoform-dependent adipogenesis. | Mol Endocrinol 46:
233-244,2011.

Zurlo F, Larson K, Bogardus C, Ravussin E. Skeletal muscle metabolism is a major
determinant of resting energy expenditure. | Clin Invest 86: 1423—1427, 1990.

Physiol Rev . VOL 94 . APRIL 2014 . www.prv.org
Downloaded from journals.physiology.org/journal/physrev (073.235.118.125) on September 12, 2021.



