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Thyroid hormone (TH) is known to have many beneficial effects on vital organs, but its extrapolation to be used therapeutically has
been restricted by the fact that it does have concurrent adverse effects. Recent finding of various thyroid hormone receptors (TR)
isoforms and their differential pattern of tissue distribution has regained interest in possible use of TH analogues in therapeutics. These
findings were followed by search of compounds with isoform-specific or tissue-specific action on TR. Studying the structure—activity
relationship of TR led to the development of compounds like GC1 and KB141, which preferentially act on the 31 isoform of TR. More
recently, eprotirome was developed and has been studied in humans. It has shown to be effective in dyslipidemia by the lipid-lowering
action of TH in the liver and also in obesity. Another compound, 3,5-diiodothyropropionic acid (DITPA), binds to both a- and 3-type TRs
with relatively low affinity and has been shown to be effective in heart failure (HF). In postinfarction models of HF and in a pilot clinical
study, DITPA increased cardiac performance without affecting the heart rate. TR antagonists like NH3 can be used in thyrotoxicosis
and cardiac arrhythmias. However, further larger clinical trials on some of these promising compounds and development of newer
compounds with increased selectivity is required to achieve higher precision of action and avoid adverse effects seen with TH.
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INTRODUCTION

For years, it is known that thyroid hormones (THs) have
some actions that might be useful therapeutically, but at
the same time their unwanted deleterious effects restricted
their use for their beneficial effects. Potential therapeutically
useful actions include those to induce weight loss and lower
plasma cholesterol levels. Potential deleterious actions are
those on the heart to induce tachycardia and arrhythmia, on
bone to decrease mineral density causing osteoporosis and
on muscle to induce wasting.! THss are currently used only
as replacement therapy for patients with hypothyroidism,
characterized by low circulating levels of endogenous
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hormone. All these actions are mediated by nuclear thyroid
receptors (TRs). However, genetic evidence suggests that
different isoforms of TR exist in different tissues and
contribute to individual TH effects. This regained interest
in use of TH therapeutically. Soon, it was realised that TH
analogues, either tissue-selective or isoform-specific, could
potentially be used to treat a large number of conditions,
avoiding the unwanted side-effects of TH. This led to
the development of isoform-specific TH analogues with
their interesting properties. Clinical trials are still awaited,
however, to verify whether these potentially promising
agents will indeed prove to be of clinical therapeutic value.”
This review summarizes recent advances in understanding
the actions of TRs and some selective thyroid hormone
receptor modulators and their therapeutic implications.

THYROID HORMONE RECEPTOR AND ITS
BioLocicaL RoLE

The TR belongs to the family of nuclear receptors that
comprise a class of intracellular, mostly ligand-regulated,
transcription factors.”” Fundamental genes in the intestinal,
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skeletal and cardiac muscles and the liver and the central
nervous system are regulated by THs, and influence
metabolic rate, lipid levels, heart rate and mood.*” There
are two major subtypes of the TRs, o (TR o) and B (TR f3),
expressed from two different genes. Differential ribonucleic
acid (RNA) processing results in the formation of several
isoforms from each gene. The TR a1, TR B1 and TR B2
isoforms bind THs and act as ligand-regulated transcription
factors. Their predominant distribution and role is depicted
in Table 1. Several other several isoforms like TR 02, TR o3,
TR Ao, TR Ad2 etc. have been found to be unable to bind
any ligand. The TR B1 isoform is prevalent especially in the
liver and, to a lower degree, in the heart. The TR 1 variant
is the predominant systemic form, while the pituitary form
is predominantly TR 2. The TR ol isoform is also widely
distributed, although its levels are generally lower than those
of the TR P1 isoform. The literature suggests that most
of the effects of THs on heart, particularly on heart rate
and rhythm, are mediated through activation of the TRatl
isoform, while most of the actions of the hormones on
the liver (e.g;, lipid-lowering) and other tissues are mediated
through activation of the TR P1 isoform.*!?

TR 3 SeLecTivE AGONISTS AND THEIR
THERAPEUTIC IMPLICATIONS

The risk of atherosclerotic cardiovascular disease and
increased low-density lipoprotein (LDL) cholesterol level
is well known.!"”! Statins are the current mainstay of
treatment for hyperlipidemia. However, the efficacy of
statins is limited," and improvements for the treatment
of hyperlipidemia are still desirable. Furthermore, statins
are less-effective in lowering levels of other lipoproteins,
such as triglycerides!" and Lp(a) lipoprotein,'®
associated with the risk of atherosclerotic vascular disease.
Recent reports have indicated that new drugs such as
ezetimibe and torcetrapib, which have novel mechanisms
of action, either have not shown an incremental reduction
of secondary end points in atherosclerotic disease,

I which are

Table 1: Thyroid receptor isoforms, location and
functions

TR Predominant Proposed role
isoforms Distribution
TR a1 Heart, skeletal ~ Cardiac stimulation with increase in

metabolic rate due to increase in heart
rate and force of contraction

muscles, brain

TR B1 Brain, liver, Normal brain development
Increased LDL and cholesterol clearance
Increase in basal metabolic rate
TR B2 Hypothalamus, Negative feedback for TSH secretion
pituitary,
retinal cone
photoreceptors,
cochlea

such as carotid intima-media thickness,'"!¥ or have had
unanticipated adverse effects.

In patients on statin alone, who are unable to achieve
the desired therapeutic goal of lipid control or develop
intolerable side-effects, need addition of other hypolipidemic

drugs to achieve improved cardiovascular outcome.!'”?!

It is known that TRs regulate body weight, adiposity
and cholesterol levels. Long back in 1930, the
cholesterol-lowering effect of TH in patients with
hypothyroidism was described.? LDL is the principal
lipoprotein that is reduced. This reduction is caused by
increased hepatic clearancel due to increased expression
of the hepatic LDL-receptor gene.*! In rodents,
thyromimetic compounds also accelerate clearance of
cholesterol by the liver by increasing the high-density
lipoprotein (HDL) receptor called scavenger receptor
B1(SR-B1),” increasing the activity of cholesterol
7o-hydroxylase,?"! and increasing fecal excretion of
cholesterol and bile acids.””! Previous attempts to mimic
these actions with TH metabolites™*! and analogues?’"*
have confirmed their cholesterol-lowering properties.

The burden of obesity and metabolic syndrome is increasing
dramatically, and it is one of the major risk factors for
cardiovascular diseases. Today, only limited treatment
options for obesity are available, and most strategies are
focused on appetite suppression.”” Multiplestudies have
demonstrated the ability of excess TH treatment to cause
more weight loss than that which can be achieved by dieting
alone. However, once the excess TH is stopped and the
excess weightloss is usually regained.’ One of the actions
for weightloss of TH is by causing uncoupling of oxidative
phosporylation in brown adipose tissue for which TR f3 is
predominantly responsible, while both TR ot and TR 3 are
essential for synergism between TH and adrenergic signals
for lipolysis.” These properties of TH can be used for the
treatment of obesity, but, unfortunately, they cause large
changes in metabolic rate and direct cardiac acceleration
due to the TR o action on heart, making it unacceptable
for treatment.

As discussed earlier, TR o regulates heart rate while TR 3
regulates lipid levels, which implies that drugs that target
TR B or exhibit tissue-selective uptake may improve plasma
lipid levels while sparing the heart.

NovVEeL THYROID HORMONE ANALOGUES

kb-141
A recent structure—activity relationship has revealed several
TR B selective thyromimetics such as KB-141. The reason
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for its TR B, selectivity is most probable the difference
in the single amino acid in the ligand-binding pocket. In
studies of cholesterol-fed rats, KB-141 increased metabolic
rate with a 10-fold selectivity and lowered cholesterol
with a 27-fold selectivity as compared with tachycardia.!®
In primates, KB-141 caused significant cholesterol, Lp(a)
and body weight reduction after 1 week of treatment,
without tachycardia or cardiac hypertrophy, unlike TH
(T3).P% This data suggests that selective TR [ agonists
may represent a novel class of drugs for the treatment of
obesity, hypercholesterolemia and elevated Lp(a), which
may make them useful therapeutics for patients with
metabolic syndrome.

GC1 [3,5-dimethyl-4-(4-hydroy-3-isopropylbenzyl)-
phenoxy acetic acid]

Another thyroid analogue called GC-1 (sobetirome)
] exhibited TR B, selectivity in the range of seven to
18—times,P*" and a cellular transcription assay of the
compounds was also performed that showed more than
10-fold preference for TR P1 in transactivation. Its
selective tissue uptake may also play a role in its TR 3,
selectivity.*l

Experiments on euthyroid mice to observe the effect of
TH on cholesterol and triglyceride metabolism have shown
that GC-1 treatment reduced serum cholesterol levels by
25% and serum triglycerides by 75% in chow-fed mice and
also attenuated diet-induced hypercholesterolemia. GC-1
reduced plasma HDL cholesterol levels and increased
expression of the hepatic HDL receptor.”® Collectively,
these results suggest that GC-1 stimulates important steps
in reverse cholesterol transport. Use of TR P and tissue
uptake-selective agonists such as GC-1 should be further
explored as a strategy to improve lipid metabolism in
dyslipoproteinemia.

Another study compared the effects of a 6-week treatment
of equimolar doses of trilodothyronine with GC-1 on
different metabolic parameters in adult female rats. It is
seen that both T3 and GC-1 treatment promoted decrease
in fat. However, the mass of individual skeletal muscles
was negatively affected by T3, but only barely by GC-1.5)
These findings suggested the potential use of GC-1 for the
treatment of obesity and the metabolic syndrome.

Eprotirome

Eprotirome (KB2115), which contains two bromides,
has minimal uptake in nonhepatic tissues as compared
with triiodothyronine. It has a modestly higher affinity
for the trilodothyronine receptor TR f isoform.!'” This
compound was evaluated in humans. In a 2-week clinical
trial, eprotirome was reported to reduce the levels of serum

total and LDL cholesterol and apolipoprotein B without
[40]

evident side-effects.
In another placebo-controlled trial, eprotirome was
associated with further reductions in serum LDL cholesterol
levels in patients who are already receiving statins.
Eprotirome also has potent properties for lowering levels
of apolipoprotein B, triglycerides and Lp(a) lipoprotein, and
it notassociated with adverse effects on the heart or bone.*)
Lowered HDL cholesterol has been observed in patients on
eprotirome, which has been associated with cardiovascular
risk, but it is unclear whether these treatment-induced
changes would impact cardiovascular disease incidence.
Recently in Feb 2012 Karo Bio has decided to discontinue
the phase 11l development program for eprotirome after
one of the long term animal studies on dogs demonatrated
cartilage damage in high as well as low dose groups.*”

Tiratricol

Tiratricol is also known as TRIAC or triiodothyroacetic
acid. Due to its well proven ability to suppress TSH, it is
indicated in the management of thyroid hormone resistance
syndrome and is used, in combination with levothyroxine in
patients with thyroid cancer. It has been widely marketed
for weight loss drug but with FDA warning for adverse
effects including heart attacks and strokes. !

DIMIT (3,5- dimethyl-3-isopropyl-L-thyronine)

Maternal administration of DIMIT results in significant
enhancement of fetal lung phospholipid synthesis and
accelerated lung maturity. Study in rabbit fetal lungs
demonstrated that short-term maternal administration of
DIMIT in pregnant diabetic rabbits not only promotes fetal
lung phospholipid synthesis, but also appears to ameliorate
maternal hyperglycemia.l*!

Mb07811

As site of beneficial action of thyroid hormone analogues
is mostly liver, liver specific delivery is needed. One of the
approach is by phosphonic acied linked prodrug MB07811,
which after selectively entering hypatocytes is cleaved into
TRP agonist MB07344 which has lipid lowering properties.
By using several experimental approaches, Cable ef al.
showed that MB07811 has antisteatotic activity thatis able
to reduce hepatic triglyceride levels in both normal and
metabolically-challenged animal models,.[*) But a phase 11
Study of MB07811 in Subjects With Hypercholesterolemia
was terminated ptior to initiation.*!

Some selective TR modulators in various phases of
development are shown in Table 2.

TR P selectivity of the above two compounds, KB-141 and
GC-1, is very less. The data suggest that even moderate
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Table 2: Selective thyroid receptor modulators under
development and their current status

Name of the Selectivity Possible Phase
compound uses
Eprotirome TR B isoform Dyslipidemia, Phase Il
selective obesity (discontinued)
DITPA Nonselective Heart failure, Phase Il
Allan Herdon
Dudley syndrome
NH3 TR Thyrotoxicosis, Preclinical
antagonist cardiac studies

arrhythmias

TR B1-selective agonists can be useful in the development
of antiobesity and lipid-lowering drugs with heart-sparing
properties. Therefore, there is a need for a compound with
further increase in selectivity. Some of the newly developed
compounds showed high TR B1 selectivity with proposed
low cardiovascular side effects. !

Nonselective thyroid analogues

HF 1s a syndrome resulting from the inability of the
heart to pump sufficient blood for the body’s peripheral
requirements oxygen and cell nutrients, at rest and during
effort. The prevalence and incidence of congestive heart
failure (CHF) increases as the population ages.

Despite the reduction in mortality and morbidity with
the use of angiotensin-converting enzyme inhibitors,
Angiotensin II receptor blockers, 3 blockers and aldosterone
antagonists, the prognosis of CHF remains dismal. THs
and, in particular, the active form, T3, regulate the synthesis
and action of various cardiac proteins, including - and
B-myosin heavy chain sarcoplasmic reticulum Ca*" ATPase,
Na*/Ca®" exchanger, phospholamban and voltage-gated
potassium channels.””! The fundamental actions of TH
on the cardiovascular system are well documented not
only by the large series of experimental datal"”! but also by
the more recent evidence of cardiovascular alterations in
the presence of minimal changes of thyroid function in
humans. Changes in thyroid metabolism, characterized by
a reduction in biologically active T3, have been reported
in HF*¥ and commonly interpreted as a compensatory
mechanism. The hypothesis that this alteration is an adaptive
factor minimizing catabolic phenomena of illness has been
recently questioned as there is evidence of a negative
prognostic impact of this syndrome in patients with heart
diseases and, specifically, in patients with HE. A strong
argument in favor of the hypothesis that alow T3 state may
contribute to the poor prognosis of HF patients comes
from data showing the benefit gained from treating patients
with synthetic TH. Unfortunately, only a few studies have
tested the synthetic T4 or T3 as a potentially beneficial
treatment of cardiac dysfunction."™*! From the first
observation,P” it was clear that one of the major limitations

of using T3 would have been the noncardiac effects such
as increase in oxygen consumption and heart rate as well
as negative effects on protein and fat metabolism. In
humans, three studies evaluated the possibility of using
T3 and T4 therapeutically with the purpose of improving
cardiac function of HF avoiding the unwanted detrimental
effects,*>*% in which there was an increase in cardiac
output associated with a decrease in systemic vascular
resistance.[**>1 Also, in a pilot study, the improvement in
the cardiovascular (and renal) hemodynamics was also
associated with a progressive increase in 24-h urinary
output and a reduction in noradrenaline plasma levels.

DITPA (3,5-Diiodothyropropionic acid

An alternative approach to the treatment of CHF
could be the use of selective TR modulators, like
3,5-diiodothyropropionic acid (DITPA).>** The structural
similarity of DITPA to T4 and other TH agonists and
its demonstrated ability to bind to nuclear TR make
it likely that DITPA works as a thyromimetic agent.””!
Although DITPA does not bind with high selectivity to
specific TR isoforms, it differs in structure from T3 in
that it lacks an outer-ring iodide and the amine in the
carboxylic acid side chain. These differences would be
predicted to change the interactions of DITPA with
amino acid side chains in the receptor-binding pocket,
thereby altering receptor conformation. Because receptor
conformation affects the interactions of the bound
receptor with tissue-specific cofactors, it could contribute
to differences in relative tissue potencies. The increase
in cardiac output and decrease in vascular resistance
seen with DITPA are typical cardiovascular actions of
TH. At the same time, the minimal increase in heart rate
implies a different pattern of tissue-specific thyromimetic
potencies. Such differences in relative potencies of tissue
TH actions have been shown previously for other TH
analogues, such as trilodothyroacetic acid®! GC-1P¢
and KB-141.P The lowering of serum total and LDL
cholesterol concentrations is also consistent with significant
hepatic thyromimetic activity of DITPA. The rationale for
potential use of a TH analogue in the treatment of HF
involves the known properties of TH with respect to the
cardiovascular system, such as an increase in left ventricular
systolic performance, improvement of diastolic function
and a decrease in peripheral vascular resistance.”

In a Phase 11, multicenter, randomized, placebo-controlled
double blind trial of NYHA class II to class IV CHF patients,
DITPA improved some hemodynamic and metabolic
parameters like increased cardiac index, decreased systemic
vascular resistance, serum cholesterol, LDL cholesterol and
body weight, but was poorly tolerated with no evidence
of symptomatic benefit.’¥ Therefore, there is a need for
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compounds with more selective TR o action that could be
more beneficial and effective in CHE.

In a recent study carried out to examine the role
of DITPA in the acute phase following infarction,
treatment with DITPA attenuated the acute inflammatory
response and reduced myocardial infarct size. The
reduction in myocardial ICAM-1, KC, and IL-6 levels
in the DITPA group was associated with a decrease
in macrophage and neutrophil accumulation.”” While
opposite result was declared in an animal study on mice,
where DITPA increased the ventricular dimensions and
decreased contractile functions of heart. DITPA treated
mice exhibited higher prevalence of fatal arrhythmias with
no improvement in myocardial infarction and postischemic
fractional shortening”” In the view of such conflicting
results more detailed clinical trials are needed.

Other than its action in HF, DITPA has shown its use
in one of the congenital disorders of TH, as shown in
animal experiments in mice.[!! This disorder, called Allan
Herdon Dudley syndrome, is due to mutation in the
transporter of T3 called Monocarboxylate Transporter
8 (MCTS8), which is highly expressed in the brain.
Patients with MCT8 mutations have severe neurological
impairment and psychomotor retardation, presumably
due to intracellular TH deficiency. Entry of DITPA in
cells of target tissues is independent of MCTS. Thus, it
could be valuable in treating these patients. Some selective
TR modulators in various phases of development ate
shown in Table 2.

THYROID HORMONE RECEPTOR
ANTAGONISTS

Apart from the available TH synthesis inhibitors and release
inhibitors, progress has also been made in attempting
to treat hyperthyroidism by synthesizing antagonists
that block TH action at the level of the TH receptor or
of the thyrotropin receptor.y They might be useful as
potential antiarrhythmic agents, particularly TR o -selective
antagonists.

It has been observed that developing antagonists is
more difficult than developing agonists. Although many
TR antagonists have been reported,>* little work has
been done 7 vivo to confirm this activity. Several of the
antagonists reported in the literature 7z vitro are not active
as antagonists zz vive, and most act as TR agonists, the
exact reason behind the differing action being unknown.
The complexity of interactions between modulators and
receptor makes prediction of the activity of TR modulators
in vivo more difficult. 6!

NH3

One of the TR antagonists evaluated in animal studies
is NH3. NH3 is a TR inhibitot!®*" jx vitro and in vive in
amphibians, although some partial agonist properties were
seen at higher doses. In rats, NH3 showed TR inhibition
that increases up to the 924 nmol/kg/day dose, and there
was a loss of these effects at higher concentrations. At
high doses, it showed apparent partial agonistic activity
for cholesterol, heart rate and TSH. NH3 is not TR
subtype-selective i vitro, and it does not seem to be selective
in rats, because both TR ot~ and TR -mediated parameters
were inhibited.

The exact reason for this loss of antagonistic activity at high
doses is not known. It may be due to true partial agonist
activity or a metabolite with agonist properties may be
generating this. Itis also possible that increasing TSH might
also increase circulating THs and, at higher concentrations,
the higher levels of T, and T, could surmount the NH3
antagonist effects.*”

Pharmacology of NH3 action is complicated. It requires
almost 1 week to develop both agonistic action at low doses
and antagonistic action at high doses. Although NH3 had
no effect on TSH at either dose, it lowered cholesterol to
equivalent levels at both doses, despite the great difference
in the doses. Hence, it is stated that at least several days
of treatment are necessary for TR antagonist effects to
become apparent.l Therefore, if NH3 is to be evaluated
in humans in the future, it should be used with caution
and in proper doses.

Tetrac

Deaminated derivative of T, tetraiodothyroacetic acid
(tetrac), blocks binding and actions of T, and T at the
receptor on O[3 which is a heterodimeric structural
protein of the plasma membrane that bears a cell
surface receptor for thyroid hormone. Thus tetrac exerts
anti-proliferative actions at the integrin thyroid hormone
receptor. Tetrac has been re-formulated as a nanoparticle
(nanotetrac) that acts exclusively at the 0tvf33 receptor and
does not enter cells. Nanotetrac disrupts expression of
genes in multiple cancer cell survival pathways. Nanotetrac
and tetrac inhibit the pro-angiogenic actions 7z vitro of
vascular endothelial growth factor, basic fibroblast factor,
and other growth factors.”®! The US FDA has granted
Orphan Drug status for Tetrac for the purpose of
suppressing TSH in association with thyroid cancer
treatment.[*’)

Because of the presence of possible indications,
development of thyroid antagonists with further improved
isoform selectivity and stable activity is required.
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SUMMARY

TH is known to have a hypolididemic and weight reducing
property, but this benefit could not be explored due
to the deleterious effects on the heart. But, recently,
isolation and study of specific receptors expressed on
different tissues and development of specific ligands for
these receptors have paved way for the development of
specific compounds with higher affinity for tissue-specific
receptors. Eprotirome is a specific TR 1 agonist shown
to have a beneficial effect in dyslipidemia but devoid of
the deleterious effects of TH. Similarly, DITPA has been
shown to be beneficial in HF to some extent. Specific
TR o agonists are difficult to synthesize as compared
with specific TR . Further structural and detailed study
of receptors as well as structure—activity relationship of
different ligands will provide with compounds of potential
benefit.
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