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Thyroid hormones (THs), namely, 3,5,3’-triiodo-L-thyronine (T3) and 3,5,3",5"-tetraiodo-L-thyronine (thyroxine
or T4), influence a variety of physiological processes that have important implications in fetal development,
metabolism, cell growth, and proliferation. While THs elicit several beneficial effects on lipid metabolism
and improve myocardial contractility, these therapeutically desirable effects are associated to a thyrotoxic
state that severely limits the possible use of THs as therapeutic agents. Therefore, several efforts have been
made to develop T3 analogs that could retain the beneficial actions (triglyceride, cholesterol, obesity, and body
mass lowering) without the adverse TH-dependent side effects. This goal was achieved by the synthesis of
TRp-selective agonists. In this review, we summarize the current knowledge on the effects of one of the best
characterized TH analogs, the TRB1-selective thyromimetic, GC-1. In particular, we review some of the effects
of GC-1 on different liver disorders, with reference to its possible clinical application. A brief comment on the
possible therapeutic use of GC-1 in extrahepatic disorders is also included.
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FROM THYROID HORMONES
TO SELECTIVE THYROMIMETICS

Thyroid hormones (THs), 3,5,3’-triiodo-L-thyronine
(T3) and 3,5,3",5"-tetraiodo-L-thyronine (thyroxine or T4),
influence a variety of effects, such as fetal development,
cell growth, and homeostasis. They also affect processes
and pathways mediating carbohydrate, lipid, protein, and
mineral metabolism in almost all tissues'. Particular inter-
est has been directed toward the beneficial effects of the
administration of exogenous THs on lipid metabolism,
such as increased metabolic rate, weight loss, lipolysis,
and lowering serum cholesterol levels, as well as on the
improvement in myocardial contractility’. Unfortunately,
these therapeutically desirable effects are associated to a
thyrotoxic state, which includes induction of tachycardia,
arrhythmia, muscle catabolism, reduced bone mineraliza-
tion, alteration of central nervous system (CNS) devel-
opment, and mood disorders"*°. Such adverse effects
strongly limit the use of THs. For this reason, since the

1950s, the possibility of identifying TH derivatives that
could uncouple the therapeutic actions of THs from their
deleterious effects has been actively pursued.

Although the existence of nongenomic mechanisms
initiated at the cell membrane that could be involved in
few cardiovascular and metabolic actions has been postu-
lated’, most of the effects of THs are mediated by nuclear
receptors (TRs): thyroid hormone receptor-a. (TRov) and
thyroid hormone receptor-p (TRPB). TRs encode for sev-
eral mRNA isoforms, generated by the use of different
promoters and alternative splicing®’. TR isoforms are
widely present in most organs/tissues; however, their distri-
bution is quite heterogeneous among the different tissues
and/or during developmental stages. Studies in mice with
inactivation or mutation of different TR isoforms dem-
onstrated that TRo is the dominant receptor in the brain
and skeletal system and mediates most of the synergism
between T3 and the sympathetic signaling pathway in
the heart. On the other hand, TR is the most abundant
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TH isoform in the liver, where it mediates most of the
T3 effects on lipid metabolism and regulation of meta-
bolic rate'*".

Based on these observations, many works have been
undertaken to develop compounds that selectively act on
the different isoforms of TRs, thus leading to the activa-
tion of different T3-mediated pathways"'>.

The liver is one of the major target organs of THs,
and research over the past few decades reported that
disruption of cellular TH signaling triggers a variety of
liver-associated diseases with a spectrum ranging from
hepatic steatosis to hepatocellular carcinoma (HCC)".
A promising therapeutic strategy for liver diseases might
rely on TR 1-selective thyromimetics, such as GC-1,
CGS23425, KB-141, KB2115, DITPA, and MB07344,
the active form of the prodrug MBO7811. Indeed, all
these TH analogs possess TH-related biological effects
without overt cardiotoxic effects'*"".

THE DAWN OF GC-1

In 1998, the synthesis of 3,5-dimethyl-4(4’-hydroxy-
3’-isopropylbenzyl)-phenoxy) acetic acid, the TRB1-
selective agonist, was announced'®. Importantly, this
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novel thyromimetic compound, named GC-1 (commer-
cially known as Sobetirome and QRX-431), represented
a scaffold compound for the development, design, and
synthesis of structurally diverse thyromimetic ligands.
The principal structural changes presented by GC-1,
with respect to the natural hormone T3 (Fig. 1), were
(1) the three iodine residues of T3 were replaced by
the methyl and isopropyl groups; (2) a methylene link-
age replaced the biaryl-ether linkage between the two
phenol groups; and (3) the amino acid side chain at the
1 position was changed with an oxyacetic group. Using
a radioligand displacement assay, it has been demon-
strated that because of the abovementioned modifica-
tions, GC-1 showed affinity for TRB1 comparable to that
of T3, whereas this novel thyromimetic compound dem-
onstrated a 10-fold lower affinity to TRal compared with
T3. The TR selectivity was observed, both in binding
experiments and in dose—response cellular transactivation
experiments'®. Successively, a new synthetic route was
described that allowed to prepare multigram quantities
of GC-1 for use in animal models'’. A few studies were
also performed in order to shed light into the B-selectivity
mechanism of GC-1. Initially, X-ray crystallographic
studies revealed that TRB-selective binding of GC-1 is
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Figure 1. Chemical structures of 3,5,3’-triiodo-L-thyronine (T3) and GC-1.
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dependent on a single TR subtype-specific residue in the
TR ligand-binding cavity (LBC). This critical residue is
Asn331 in TR that is replaced by Ser277 in TRo™**'.
Subsequently, the X-ray structures of both TR isoforms
bound to T3 and GC-1, supported by molecular dynamics
simulations of the complex, allowed to formulate a more
accurate mechanism for the B-selectivity of GC-1. This
structural investigation, performed by Bleicher et al.,
proposed that the key factors for isoform-selective bind-
ing of GC-1 are the presence of the oxyacetic acid ester
oxygen, the absence of the amino group relative to T3,
the Ser/Asn active site (Ser277 in human TR is substi-
tuted by Asn331 in TRp), and the alternate conforma-
tions of a conserved Arg residue in the binding pocket
(Arg2280/Arg282B)**. While in TR a single, stable
“productive” conformation is observed, in which GC-1
interacts effectively with Arg282, in TRa., both “produc-
tive” and “nonproductive” conformations are present. In
the “productive” conformation, identical to that of TR,
the ligand interacts strongly with the Arg228 residue and
with Ser277. However, TRo. Arg228 also possesses the
ability to flip away from the ligand in “nonproductive”
conformations, resulting in the loss of a crucial interac-
tion for the stabilization of the ligand™.

GC-1 AND METABOLIC DISORDERS

Lipid disorders, which contribute to hypertension,
diabetes, and atherosclerosis, are considered to be among
the most relevant health problems in developed countries
nowadays™. Although treatment with 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase (HMG-CoA reductase)
inhibitors (known as statins) is considered a cornerstone
for lowering cholesterol, new strategies to optimize plasma
cholesterol levels are still needed. Developing new types
of drugs would be especially helpful in those patients
that do not tolerate or do not respond to the treatment
with statins. Therefore, considering the selective action
of GC-1, it is not surprising that this compound has been
widely studied as a promising prototype of new drugs
for the treatment of a variety of metabolic disturbances,
including high lipid levels.

In one of the first investigations aimed at evaluating
the effects of GC-1 in vivo, this TRB-selective agonist
was administered to hypothyroid mice and hypercholes-
teremic rats, and its effect was compared with that of
equimolar doses of T3> In this proof-of-concept study,
GC-1 showed extremely encouraging results, as its admin-
istration elicited cholesterol- and triglyceride-lowering
effects. Importantly, no harmful effects on heart weight,
heart rate, and mRNAs coding for proteins related to car-
diac contraction, such as myosin heavy chain o (MHCao),
MHCB, and sarcoplasmic reticulum calcium adenosine
triphosphatase (Serca2), were observed*. This study also
demonstrated, for the first time, that GC-1 has the ability
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to combine both organ and TRB1 selectivity, which may
then enhance hepatic targeting.

Further experiments were performed in cynomolgus
monkeys, which were chosen because their lipid meta-
bolic profile more closely resembles that of humans®.
Data reported in this article showed that, in addition
to cholesterol-lowering activity, GC-1 reduced levels of
lipoprotein (a), an important risk factor, which is often
elevated in patients with premature atherosclerosis™.

Moreover, a comparison between GC-1 and atorvas-
tatin, based on literature data, revealed that GC-1 has a
much greater potency in both monkeys and rats™. Although
it became soon obvious that GC-1 decreases serum cho-
lesterol levels, the mechanisms behind this reduction
remain elusive.

Successive studies elucidated the pathways involved in
the cholesterol-lowering effect of this selective thyromi-
metic. Indeed, experiments by Johansson and coworkers®’
performed in euthyroid chow-fed mice demonstrated that
GC-1 not only reduced serum cholesterol and triglyceride
levels but also attenuated diet-induced hypercholester-
olemia. By increasing expression of the hepatic high-
density lipoprotein (HDL) receptor (SR-B1), as well as
stimulating the activity of the rate-limiting enzyme of bile
acid synthesis, cholesterol 7o-hydroxylase (CYP7AL),
and fecal bile acid excretion, GC-1 was shown to induce
several steps in the reverse cholesterol transport (RCT).
Moreover, in this study, GC-1 was found to be even more
efficient than T3 when administered at equimolar doses’.
Although the reduction of cholesterol levels by THs and
TH analogs has been also attributed to their ability to
increase the expression of hepatic low-density lipopro-
tein receptor (LDLR)*, successive studies by Lin et al.”’
pointed out that the lipid-lowering effects of GC-1 are
independent of the mechanism of LDLRs. This conclu-
sion, stemming from studies performed in LDLR ™" mice,
suggests that GC-1 may represent a promising cholesterol-
lowering therapeutic approach for the treatment of homo-
zygous familial hypercholesterolemia (hFH)*. This rare
genetic disorder, caused by a complete lack of functional
LDLRs, is characterized by severe hypercholesterolemia,
atherosclerosis, and, unfortunately, unresponsiveness to
current therapies™.

Finally, in a recent study, long-term GC-1 treatment of
apolipoprotein E (ApoE)-deficient mice, fed an athero-
genic diet, significantly reduced the levels of cholesteryl
esters in the aortas, highlighting the preventive effect of
GC-1 on the development of atherosclerosis™".

The rising prevalence of obesity represents another
important medical problem with major impact on mor-
bidity and mortality. Also in this case, current treat-
ments have shown limited efficacy and safety. Therefore,
improved therapeutic strategies are urgently needed™.
Pharmacological modification of adaptive thermogenesis
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in the treatment of obesity has been well described**. In
an early study, the level of uncoupling protein 1 (UCP1),
the key thermogenic protein in brown adipose tissue
(BAT), the primary site of facultative thermogenesis™, was
reported to be induced by GC-1 treatment’. Furthermore,
Grover et al.” demonstrated that GC-1 decreased body
weight in primates, without significant change in heart
rate or arterial blood pressure. Successively, treatment
with this TRB1-specific agonist was reported to increase
the metabolic rate and to reduce fat mass in rats, without
any apparent loss of skeletal muscles”’.

Finally, in a very recent study, constant and controlled
administration of GC-1 from an innovative nanochannel
membrane device (NMD) for drug delivery was shown
to reverse very high-fat diet (VHFD)-induced fat accu-
mulation in the liver, induce weight loss, reduce fat mass,
and normalize serum cholesterol and glycemia as well™.

Taken together, these data obtained in several mamma-
lian species (mice, rats, and monkeys) strongly indicate
that GC-1 has promising properties as an agent lowering
cholesterol and triglyceride levels, as well as inducing
fat loss.

GC-1 USE IN NONALCOHOLIC FATTY
LIVER DISEASE

Although TRP1-selective thyromimetics have been
primarily designed with the aim of developing new thera-
pies against hypercholesterolemia, their possible use for
the treatment of other metabolic disorders has also been
investigated, including nonalcoholic fatty liver disease
(NAFLD)”. The embracing term NAFLD was adopted
to cover the full spectrum of metabolic fatty disorders,
ranging from simple steatosis to steatohepatitis, advanced
fibrosis, and cirrhosis. The acronym NASH (nonalco-
holic steatohepatitis), as originally coined by Ludwig et
al.”’ in 1980, instead describes a liver disease that his-
tologically mimics alcoholic hepatitis but occurs in the
absence of significant alcohol consumption and refers to
a well-defined stage within the spectrum of NAFLD.
NAFLD, the most common liver disorder in Western
countries, has been reported to affect 17%—-46% of adults.
NAFLD incidence has been estimated to affect 20-86/
1,000 person-year based on elevated liver enzymes and/
or on ultrasound, and 34/1,000 per year by proton mag-
netic resonance spectroscopy ('H-MRS). Type 2 diabetes
mellitus (T2DM) closely associates with the severity of
NAFLD, progression to NASH, advanced fibrosis, and
the development of HCC. In fact, large-scale epidemio-
logical studies have repeatedly associated obesity and
T2DM with the risk of HCC. The occurrence of HCC
has also been reported in NAFLD/cryptogenic cirrhosis.
Importantly, NAFLD is the second leading indication
for HCC-related transplantation in the US. Moreover,
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NAFLD-associated cirrhosis is among the top three indi-
cations for liver transplantation®’. In the past, histologi-
cal characteristics of NASH used to be controversial and
varied in the literature. As proposed by Neuschwander-
Tetri and Caldwell®, the histopathological features of
NASH encompass zone 3 of the liver lobule. In this
area, macrovesicular steatosis in combination with hepa-
tocyte ballooning, and a mixed inflammatory infiltrate
often associated with characteristic perisinusoidal and
pericellular fibrosis, predominate. NAFLD has been recog-
nized as the most common cause of chronic liver disease
in many countries and for this reason poses an impor-
tant health problem*™*. Recently, it became evident that
hepatic steatosis should not be regarded as an innocuous,
benign condition, but rather as an important cause of
advanced liver disease*.

Despite the high prevalence of this liver disorder and
its potential for serious sequelae, currently no effective
and approved therapeutic strategy exists. The understand-
ing of the pathogenesis of NAFLD has unquestionably
improved with the help of several animal models; indeed,
these models have provided important information with
respect to the complex metabolic and genetic factors that
lead to this liver disease®.

Feeding a choline-devoid methionine-deficient (CMD)
diet is a particularly useful and frequently employed
nutritional model, resulting in liver injury that shows
close pathological and biochemical similarities to human
NASH**. Employing this experimental model, Perra
et al.* demonstrated that, similar to T3, GC-1 was able
to prevent the development of hepatic steatosis and pro-
mote a rapid regression of preexisting fat accumulation,
suggesting a potential therapeutic application of GC-1.
The disappearance of hepatic triglycerides was accom-
panied by a concomitant decrease in lipid peroxidation®’.
Moreover, GC-1 was highly effective in reducing the
burden of hepatic steatosis also in other animal experi-
mental models, such as ob/ob mice and Western diet-fed
LDLR™ mice®”. With regard to human data, a recent
report on a patient with NASH complicated by Graves’
disease indicated that hyperthyroidism may improve the
pathological condition of NASH®. On the other hand,
although the amelioration of fatty liver by GC-1 was
evident in ob/ob mice, its effects on glycemia and insu-
lin sensitivity were highly variable and time and dosage
dependent™. Moreover, although GC-1 treatment pre-
vented the development of hepatic steatosis in high-fat
diet-fed rats, decreasing hepatic triglyceride content by
up to 75%, it also caused hyperglycemia and insulin
resistance™. Thus, although many evidences indicate that
GC-1 could be used as a useful antisteatogenic agent, the
latter studies suggest caution prior to implicating its ben-
eficial effect on NASH.
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GC-1 AND HEPATOCYTE PROLIFERATION

Hepatic regenerative medicine suffers from limited
therapeutic options for the treatment of acute or chronic
hepatic insufficiency, which will ultimately progress to
end-stage liver disease. As a consequence, treatment of
end-stage limited disease is often liver transplantation.
However, because of the shortage of organs, alternatives,
such as generation of de novo organs, cell therapy, stem
cell differentiation, and bioartificial livers™, are needed.
Another strategy is to stimulate liver regeneration to pro-
mote an increase in functional hepatocyte mass within a
diseased liver”*. Such regenerative therapy could have
potential applicability in treatment after acute and chronic
liver injuries as well as for use in transplantation settings.
In this context, the use of such regeneration-promoting
agents in living-related donors and in recipients after
transplantation is promising.

Several studies have shown that T3 is a strong inducer
of liver cell proliferation in rats and mice® . Unlike that
observed in liver regeneration following partial hepatec-
tomy (PH)*® or cell loss due to necrosis, the hepatomi-
togenic effect of T3 occurs in the absence of activation
of transcription factors, such as AP-1, NF-xB, or STATS3,
or increased expression of immediate early genes, such
c-fos, c-jun, or c-myc, while causing a very rapid increase
in the mRNA and protein levels of cyclin D17, These
studies suggest that T3-induced hepatocyte proliferation
occurs through pathways different from those underly-
ing liver regeneration. Whether the mitogenic signals are
mediated by extragenomic mechanisms or take place via
TRP transcriptional activation remains unclear.

Using both wild-type and hepatocyte-specific B-catenin
knockout mice, the involvement of B-catenin, the key effec-
tor of the Wnt signaling pathway™®, in T3-induced hepa-
tocyte proliferation has also been assessed®"®>. Notably, T3
showed a potent hepatomitogenic effect not only in intact
liver but also during the regenerative response in rodents
after 70% partial or 90% subtotal hepatectomy®*.

Recently, TRPB agonists like GC-1 have been shown
to be agents, which may be useful as regenerative ther-
apies® . Indeed, GC-1 mimics the effect of T3 as a
powerful inducer of hepatocyte proliferation in rats. In
particular, GC-1-induced hepatocyte proliferation was
associated with a rapid increase in cyclin D1 mRNA
levels, a strong enhancement of the nuclear levels of
E2F1 and p107, an increase in proliferating cell nuclear
antigen (PCNA), and no change in the expression of
c-jun and c-fos”’. Moreover, no tissue injury was reported.
Shortly afterward, a strong mitogenic response induced
by GC-1, identical to that observed for T3, was also
described in mouse hepatocytes®™. On the other hand,
a significant decrease in hepatocyte proliferation after
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GC-1 treatment occurs in both liver-specific B-catenin
knockout and liver-specific double knockouts of Wnt
co-receptors LRP5 and LRP6 (LRP5-6-LKO), when com-
pared to wild-type littermates. The latter results led to
the conclusion that, similar to what was observed with
T3, B-catenin activation is, at least in part, responsible
for GC-1-induced hepatocyte proliferation®.

Not only does GC-1 promote hepatocyte prolifera-
tion, but pretreatment with this thyromimetic accelerated
cyclin D1 expression and earlier transition of hepatocytes
into the S phase, following PH*. These studies pave the
way for the use of thyromimetics, and especially TR
agonists, like GC-1, that are more selective in their action
on hepatocytes, in hepatic regenerative medicine, partic-
ularly acute liver injuries, or in transplantation settings.
Although these studies provide evidence of a potential
usefulness of GC-1 in regenerative medicine, the safety
of these agents, and especially their effect on hepatic
tumor cell proliferation, needs to be further investigated
before their use in chronic hepatic injuries or preneoplas-
tic conditions could be proposed.

ANTIPRENEOPLASTIC/NEOPLASTIC
EFFECTS OF GC-1

HCC is the second cause of global cancer-related
deaths®™. Despite the significant advances in pharmaco-
logical therapies, the prognosis for this tumor type has
not improved in recent years. This is due to the fact that
most HCC cases are diagnosed at advanced stages, when
no effective systemic therapy exists for these patients.
Although the approval of the multikinase inhibitor sora-
fenib has provided some hope, the benefits obtained from
the treatment with this drug remained disappointing, as
demonstrated by the modest improvement in median
overall survival”'. For this reason, new therapeutic options
are needed for HCC.

In recent years, growing evidence has demonstrated
that THs and TRs are implicated in tumor development.
Indeed, two case-control studies suggested that hypo-
thyroidism represents a risk factor in HCC development.
In the first study, Hassan et al.”” observed a significant
elevated risk association between hypothyroidism and
HCC in women that was independent of established HCC
risk factors, whereas in the second one, hypothyroid-
ism was significantly more prevalent in HCC patients
with an unknown etiology”. In other studies, aberrant
expression and/or TR mutations have been observed in
various human cancers, including not only HCC™ but
also breast cancer, colon cancer, lung cancer, pituitary
tumor, renal clear cell carcinomas, and thyroid cancer”.
Furthermore, support for the role of TRs in HCC devel-
opment stems from the observation that TRs, in particular
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the TRP isoform, are downregulated in both human and
rat HCC”™. Notably, in experimental rat models, TRf
downregulation was observed very early in the hepato-
carcinogenic process and discriminated the most aggres-
sive preneoplastic lesions from those endowed with a low
proliferative capacity’.

In vivo studies showed that a 14-day treatment with
GC-1 accelerated the regression of chemically induced
hepatic preneoplastic lesions™ in rats subjected to the
resistant hepatocyte (R-H) model of hepatocarcinogene-
sis®'. Similar to what was observed with T3, a progressive
loss of fetal markers such as the placental form of gluta-
thione S-transferase (GST-P) and 7y glutamyl transpepti-
dase (GGT) and reacquisition of glucose 6-phosphatase
(G6Pase) and adenosine triphosphatase (ATPase), two pro-
teins expressed in normal differentiated liver, occurred
in preneoplastic lesions following GC-1 treatment. This
shift toward a fully differentiated phenotype preceded
the loss of the preneoplastic lesions. In this context, it
should be noted that the analysis of TRB1 expression
in hepatic preneoplastic lesions generated by the R-H
model and characterized by TRB1 downregulation in
a short-term treatment with T3 induced an increased
expression of TRB1 and of its target genes’™™. Moreover,
an increased expression of TRP1 after treatment with
T3 was also observed in two HCC cell lines (HuH7 and
Mahlavu). Importantly, no effect of T3 was observed
upon TRPI silencing, indicating the TRB1 dependency

HCC
R-H and CMD models?8°

hepatic steatosis - NASH

CMD-fed rats*®
high fat diet-fed rats>2
ob/ob mice*?
very high-fat diet-fed mice32
Western diet-fed LDLR- mice>?
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of this effect’®. Although no data regarding the effect of
GC-1 administration on TR expression are available, it
is likely that reactivation of TRPB1 and of its target genes
might occur after treatment with this and other thyro-
mimetics. Of note, an antipreneoplastic effect of GC-1
was also observed in the CMD model of hepatocarcino-
genesis®. Finally, very recent results showed that a short
treatment of mice with GC-1 exerted a clear antitumoral
effect on HCC generated by hydrodynamic tail vein injec-
tion of hMet-S45Y-B-catenin, using the sleeping beauty
transposon—transposase (Monga SP, paper submitted).
Under these experimental conditions, the antitumorigenic
effect of GC-1 was attributed to its ability to inactivate
Met signaling.

Regardless of the precise mechanisms implicated in
GC-1 antineoplastic activity, overall, these results indi-
cate that thyromimetics not only appear to be safe and,
therefore, useful in regenerative medicine, but they can
also be proposed as antitumorigenic agents for HCC.
A schematic representation of the effects of GC-1 on
NASH, HCC, and hepatocyte proliferation is provided
in Figure 2.

GC-1 AND HUMAN CLINICAL STUDIES

So far, the most appealing effects of TH to the phar-
maceutical industry are associated with their ability to
lower lipids and to induce weight loss through increased

Hepatocyte proliferation

in intact rat and mouse livers’
Liver regeneration after PH®?

Figure 2. Effect of GC-1 on hepatic steatosis/nonalcoholic steatohepatitis (NASH), hepatocellular carcinoma (HCC), and hepatocyte

proliferation in distinct experimental models.



THYROMIMETICS AS THERAPEUTIC AGENTS

energy expenditure® *. These effects were observed both
in patients with hypo- and hyperthyroidism** and in TR
knockout models®. Unfortunately, significant adverse
effects elicited by THs"*® strongly limited their clini-
cal use. As already mentioned, a novel approach for the
treatment of dyslipidemia appeared with selective thy-
romimetics, which possess TH-related biological effects
without deleterious cardiotoxic effects'*™'®. Importantly,
administration of GC-1 to rats had less chronotropic and
inotropic effects on the heart when compared with T3*
and did not result in bone loss typical of T3-induced
thyrotoxicosis®. Since GC-1 was found to lower plasma
cholesterol levels in primates, having lipoprotein profiles
similar to humans®, it was suggested that it may have
efficacy in humans. The first clinical results with GC-1
were presented at a scientific meeting” and in public
announcements (QuatRx Web site). The results of the
phase 1 clinical trials showed that not only was GC-1
well tolerated by patients, but also its cholesterol-lowering
effect was confirmed. Importantly, LDL cholesterol was
reduced by up to 41%”'. Weight loss was not reported in
clinical trials of GC-1'". The efficacy of GC-1 in amelio-
rating the lipid profile in patients was not associated with
any obvious deleterious effect. Unfortunately, no attempts
to use GC-1 as a hepatomitogen or an antineoplastic agent
in HCC therapy have been performed in humans yet.

ONLY LIVER? THE POSSIBLE EFFECT
OF GC-1 ON OTHER ORGANS

TH has important actions related to health and dis-
ease in all tissues of the body including the CNS, where
TH plays a key role in regulating brain development and
maintaining specialized cell populations and structures
such as myelin™.

Compared to TH’s actions in the periphery, much less
is known at the molecular and mechanistic levels about
its actions in the brain. Acting through nuclear hormone
receptors, TH has been shown to promote the expression
of a number of oligodendrocyte-specific genes includ-
ing myelin basic protein (MBP), myelin-associated gly-
coprotein (MAG), proteolipid protein (PLP), and cyclic
nucleotide 30-phosphodiesterase (CNP)”*,

Even though TR is the most abundant TR isoform
in the brain, several studies suggest an important role
for TRB1 in oligodendrocyte maturation. Indeed, recent
studies in rodent models of demyelination suggest that
TH has the capacity to promote remyelination. However,
the endogenous TH is not a viable candidate for myelin
repair as it lacks a therapeutic index (TI) separating
desirable therapeutic effects from deleterious systemic
thyrotoxic effects, particularly on heart, bone, and skel-
etal muscle'®. Selective modulation of the TR has been
shown to circumvent many of these undesirable effects,
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thus widening the safety margin between therapeutic and
harmful effects™**'*°.,

Whereas GC-1 was designed as a cardiac-sparing drug
for treating hypercholesterolemia by activating TRf in
the liver’', it is unique within the thyromimetic field in
possessing significant distribution in the brain**"’.

To investigate its therapeutic potential against CNS
disorders, GC-1 has been tested in preclinical models of
X-linked adrenoleukodystrophy (X-ALD), a lipid storage
disease of the CNS and the adrenal gland caused by muta-
tions in a membrane lipid transporter (ABCD1) that lead
to the toxic accumulation of C24 and C26 very long chain
fatty acids (VLCFAs) in all cells®. One proposed thera-
peutic strategy for genetic complementation of ABCDI is
pharmacological upregulation of ABCD?2, a gene encod-
ing a homologous peroxisomal transporter. Indeed, a very
recent report” showed that TH and GC-1 treatment rap-
idly induces transcription of ABCD?2, accompanied by
an expected reduction of both periphery and CNS levels
of VLCFAs, thus supporting a new therapeutic strategy
for X-ALD.

Furthermore, GC-1 has been shown to promote oligo-
dendrogenesis from human and rodent oligodendrocyte
progenitor cells (OPCs) in vitro and enhance oligoden-
drogenesis during development with attending increased
production of myelin proteins in vivo. These results sup-
port the idea that thyromimetic agents that distribute to
the CNS may be useful candidates for treating demyeli-
nating disorders, such as multiple sclerosis (MS)'”.

Lipid solubility is a key factor in passive diffusion
through the blood-brain barrier (BBB). From a struc-
tural point of view, GC-1 contains a carboxylate group,
negatively charged at physiological pH, which is cru-
cial for the high-affinity binding to the TRf, but could
be unfavorable for CNS drug distribution due to either
its lipophobic character or the electrostatic repulsion at
negatively charged tight junctions of BBB endothelial
cells. Therefore, to further enhance the BBB penetration
and CNS distribution of GC-1, a prodrug strategy was
recently employed to mask the carboxylate group'”'. A
series of ester prodrugs for GC-1 were thus synthesized
and tested in vivo to evaluate their CNS penetration and
ability to deliver GC-1 to the brain'”. Among them, the
ethanolamino ester of GC-1, namely, prodrug 11 (Fig. 3),
was found to have the greatest CNS penetration with min-
imized peripheral (serum and liver) exposure of the par-
ent drug, suggesting that prodrugs able to deliver more
GC-1 to the brain may provide a therapeutic option for
treating demyelinating disorders such as MS.

The same authors very recently reported the devel-
opment of an additional series of prodrugs that feature
improved CNS distribution compared to the originally
reported GC-1 ethanolamino ester 11, and, in the process,
they discovered that these ester promoieties undergo an
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Figure 3. Chemical structures of GC-1 prodrugs 11 and 3.

intramolecular rearrangement to form the corresponding
amides, which were found to be the pharmacologically
active forms of the prodrugs'®. In particular, prodrug 3
(Fig. 3) revealed superior properties compared to previ-
ously reported GC-1 ethanolamine-derived prodrug 11.
In addition, systemic dosing of prodrug 3 was found to
stimulate transcription of the TR target gene Hairless (Hr)
in the brain with greater potency than unmodified GC-1,
further confirming an increased potency of target engage-
ment in the brain. Together, these results indicated that
prodrug 3, and more generally amide-based prodrugs of
sobetirome, may offer advantages for thyromimetic tar-
geting of the CNS.

CONCLUSIONS

In the last two decades, an improved understanding of
TR structure and function and TH analog chemistry has
led to the creation of potent thyromimetics with receptor
subtype-selective activities. Among them, GC-1 quickly
became one of the standard TRB-selective thyromimetics
in the field. Despite the fact that GC-1 was found to be an
effective therapeutic for reducing LDL cholesterol with
only minor side effects, and with the potential for manag-
ing weight loss, its clinical trials in humans as a choles-
terol-lowering drug were halted and are unlikely to move
forward in the near future. In addition, new insights into a
potential application of GC-1 for treating demyelinating
disorders, such as X-ALD and MS, are rapidly emerg-
ing. Distribution to the CNS is an essential property for a
therapeutic agent that stimulates myelin repair, and GC-1
is the only clinical stage thyromimetic that is known to
cross the BBB. To this aim, ester and amide prodrug
strategies applied to GC-1 proved to be able to deliver
increased concentrations of the active drug to the CNS.
Hence, GC-1 prodrugs warrant further studies as thera-
peutic agents for demyelinating disorders. This analog
might also prove beneficial in the area of hepatic regen-
erative medicine. Indeed, because shortage of organs for
transplantation represents a major problem, a strategy to
be pursued is to stimulate liver regeneration to promote
functional hepatocyte mass within a diseased liver. Such
regenerative therapy could have potential applicability in

GC-1 prodrug 11
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GC-1 prodrug 3

the treatment of acute and chronic liver injuries, as well
as for use in transplantation settings. Because there is no
evidence of harmful side effects produced by short uses of
GC-1, its hepatomitogenic activity, clearly demonstrated
in rodent liver, can prove particularly beneficial in living-
related donors and in recipients posttransplantation. Finally,
in view of the proposed local hypothyroidism that char-
acterizes HCCs, it is conceivable that treatment with TH
analogs may prove to be beneficial also in HCC therapy.
Indeed, the possibility that the reactivation of the TH/
TR axis could lead to the induction of a differentiation
program of neoplastic cells represents a fascinating chal-
lenge that deserves great attention.
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