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Abstract Sobetirome, also known as GC-1 and QRX-

431, is a member of a class of compounds known as

selective thyromimetics (Scanlan et al., Curr Opin Drug

Discov Dev 4:614–622). These compounds are synthetic

structural analogs of thyroid hormone that have tissue-

specific thyroid hormone actions. Many of the compounds

in this class, including sobetirome, also are subtype-

selective thyroid hormone receptor (TR) agonists. Sobeti-

rome selectively binds to and activates TRb over TRa and

this receptor selectivity led to the hypothesis that sobeti-

rome would lower cholesterol through activation of liver

TRb without stimulating cardiac function through TRa
activation in the heart. The tissue selective thyromimetic

properties of sobetirome have been demonstrated in

numerous animal models, which led to its clinical devel-

opment as a novel cholesterol-lowering agent. This review

will describe the discovery and development journey of

sobetirome as a case history.
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Introduction

As seems to be the case with all hormones, an excess

quantity of circulating thyroid hormone, commonly referred

to as hyperthyroidism, results in both positive and negative

outcomes [1]. On the negative side, increased heart rate,

body temperature, osteoporosis, muscle fatigue, and unde-

sirable mood and mental state changes all can accompany

hyperthyroidism. However, dramatic reductions in circu-

lating cholesterol and body weight also can arise from

hyperthyroidism and such changes would be considered

therapeutically beneficial for individuals with dyslipidemia,

obesity, and metabolic syndrome. Can these beneficial

hyperthyroid effects by achieved safely by simply dosing

with the endogenous thyroid hormone thyroxine (T4)? The

answer to this question is unequivocally ‘‘no’’ [2]. There is

simply no therapeutic index with T4 whereby the desired

effects on cholesterol and/or body weight reduction can be

separated from the tachycardia and other undesired effects.

With this limitation in mind, the next obvious question is,

can a synthetic thyroid hormone agonist be discovered that

stimulates cholesterol lowering and weight loss at doses

where cardiac function and other undesired hyperthyroid

side effects are absent? [3] The answer to this question is

liberally ‘‘yes’’ and conservatively ‘‘maybe,’’ and the case

history of sobetirome, a selective thyromimetic currently in

clinical development, will be presented such that the reader

may judge for him/herself.

Discovery of the TRb-selective agonist GC-1

In about 1995 my laboratory, then in the Department of

Pharmaceutical Chemistry at the University of California-

San Francisco (UCSF), began a project aimed at creating

new and interesting ligands for the thyroid hormone

receptor (TR). There are actually two thyroid hormone

receptors, TRa and TRb, expressed as four different iso-

forms at different ratios in different tissues. Details of the

molecular and structural biology of the TRs have been

reviewed extensively elsewhere and will not be covered
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here [4]. In 1995, the different biological roles of TRa and

TRb in mammals were poorly understood. The different

TR subtype- and isoform-specific knockout mice were still

being developed and analyzed and subtype- and isoform

specific ligands had not yet been described. The crystal

structure of the TR ligand binding domain (LBD) in

complex with the active form of thyroid hormone, 3,5,30-
triiodothyronine (T3, Fig. 1), and additional analogs had

just been solved by my UCSF colleagues Robert Fletterick

and John Baxter [5]. After studying this structure our pri-

mary goal was to design the first thyroid hormone

antagonist. We eventually succeeded in this endeavor, but

that is another story [6, 7].

There are many different tools, techniques, approaches,

strategies, programs, algorithms, rules, etc. available today

to the practicing medicinal chemist advertised as being

useful, or even essential, for the drug discovery process.

However, one of the most often overlooked, yet most

important, aspects of drug discovery is synthetic accessi-

bility of the target compounds. A class of compounds that

is straightforward to synthesize is usually advantageous to

a class of compounds obtained via a difficult synthesis;

more compounds can be made, tested, and optimized with

an efficient synthetic route. In our initial attempts to make

thyroid hormone analogs, it became clear that there were

structural elements to this class that were difficult to con-

tend with from a synthetic standpoint. The biaryl ether

linkage joining the inner and outer aryl rings of T3 is a

particularly difficult bond-forming reaction for which there

were no robust synthetic methods available at the time. In

addition, the three iodine atoms of T3, which are essential

for its high affinity interaction with TR, are labile in a

number of different reaction conditions, thus limiting the

scope of chemistry that could be used. With these con-

siderations in mind, and guided by our insights from the

TR–T3 crystal structure, as well as previously reported

structure-activity relations on thyroid hormone analogs [8],

we designed and synthesized a novel thyroid hormone

analog that we named GC-1 (Fig. 1) [9]. GC-1 differs

structurally from T3 in that the three iodine atoms are

replaced by hydrocarbon residues, the biaryl ether linkage

is replaced by a methylene linkage, and the amino acid side

chain is replaced by an oxyacetic acid side chain. The

synthesis of GC-1 was straightforward and efficient, and

we considered GC-1 to be a good synthetic entry point for

making additional analogs to test our ideas about TR ligand

binding and receptor activation.

When we measured the TR binding of GC-1 we received

our first surprise and indication that this was an unusual

compound [9]. GC-1 was found to bind to TRs with

exceptionally high affinity—on the same order as the

affinity of TR for its endogenous hormone ligand T3. This

was unanticipated because in other analogs where hydro-

carbon for iodine replacement had been done, such as 3,5-

dimethyl-30-isopropylthyronine (DIMIT, Fig. 1), a 10–100-

fold decrease in binding affinity occurred [10, 11]. A sec-

ond surprise was the finding that GC-1 was TR subtype

selective; GC-1 bound to TRb1 with the same affinity as

T3, but bound to TRa1 with approximately 10-fold lower

affinity. This same TRb selectivity was also observed in a
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variety of other in vitro TR-mediated transactivation

assays.

Our most unequivocal evidence for TRb selective acti-

vation by GC-1 came from Xenopus laevis tadpole

metamorphosis experiments [12]. Metamorphosis of tad-

poles into frogs is largely governed by thyroid hormone

and X. laevis TRa and TRb play distinct and tissue-specific

roles in this developmental program. In the pre-metamor-

phic tadpole TRa is expressed at high levels in tissues

targeted for proliferation such as limb buds, brain, and skin,

and TRa activation by T3 plays a critical role in driving the

proliferation of these tissues during metamorphosis. Near

the peak of metamorphosis, TRb expression is induced in

tissues destined for death such as the tail and gill and TRb
activation by T3 drives the resorption of these larval tis-

sues. The timing of different T3-activated events in this

process is very precise; TRa-mediated tissue proliferation

occurs before TRb-mediated tissue resorption. These TR-

mediated processes can be activated by addition of exog-

enous T3 or thyromimetic analogs to the bath water,

because the compounds are readily absorbed by the tad-

poles through their skin and gills. This makes for a

convenient and very powerful in vivo bioassay for evalu-

ating TR-subtype selectivity of thyromimetics. When GC-1

was tested in this assay, we observed what one would

predict from a TRb selective agonist; GC-1 potently

stimulated tail and gill resorption, but showed little activity

compared to T3 for inducing limb bud proliferation.

In an effort to understand the molecular basis of this

TRb selectivity, we performed structure–activity relation-

ship (SAR) studies where hybrid analogs of GC-1 and

DIMIT were prepared and their binding affinity to TRa and

TRb was compared [13]. This SAR analysis pointed to the

oxyacetic acid side chain of GC-1 as the substructural

element that was responsible for the majority of the TRb-

selective ligand binding. Structural studies of the TRb–GC-

1 complex confirmed this assessment [14]. Compared to

the TRb–T3 complex, the TRb–GC-1 complex showed a

structural rearrangement around the oxyacetic acid side

chain that appears to result in additional hydrogen bonding

interactions between ligand, receptor, and bound water

molecules. A 10-fold difference in binding affinity to TRb
over TRa would result from a small, *1.4 kcal/mol dif-

ference in binding energy, and this difference could arise

from a single additional hydrogen bond in the TRb versus

TRa complex. It is important to note that such small dif-

ferences in ligand-receptor binding energy are hard, if not

impossible, to design or predict. In fact, the oxyacetic acid

side chain, which is the source of the GC-1 TRb selectivity,

was used purely for ease of synthesis, on the basis that an

inner ring fragment containing the oxyacetic acid moiety

was commercially available for use as a starting material

[15]. Such serendipity in medicinal chemistry is a common

occurrence and leads to the advice that I have heard from

other medicinal chemists, that it usually does not pay to

think too much about compound design. This is always

said in jest, but is unfortunately also very close to the truth,

and speaks to our fundamentally crude understanding of

how organic compounds behave in complex biological

systems.

Proof of therapeutic concept in vivo

With a TRb-selective agonist in hand, we began to wonder

what to do with it, and established a variety of collabora-

tions that ultimately showed the utility of GC-1 as a

pharmacological tool for studying the selective activation

of TRb in vivo. Important thyroid hormone-driven pro-

cesses where GC-1 proved useful as a tool include adaptive

thermogenesis [16], brain development [17–19], hypotha-

lamic–pituitary–thyroid (HPT) axis regulation [20], bone

development [21], angiogenesis [22], and cell proliferation

[23]. We also began to wonder if a TRb-selective agonist

would have therapeutic uses. The liver, where regulation of

lipid homeostasis occurs, is generally regarded as a TRb
dominant organ whereas T3 effects on the heart, where the

most dangerous acute effects of hyperthyroidism occur, are

thought to result largely from TRa activation [4]. These

tissue selective actions are exemplified by the clinical

extremes in thyroid status. Hyperthyroid individuals gen-

erally have low-serum low-density lipoprotein (LDL)

cholesterol and increased heart rate, while in cases of

hypothyroidism, high-serum LDL cholesterol and brady-

cardia are usually displayed. The endogenous thyroid

hormone T3 is not selective and does not distinguish

between the liver TRb and the heart TRa, but a TRb
selective agonist such as GC-1 should make this distinc-

tion. We reasoned that the expected pharmacological

outcome of GC-1 treatment would be efficient LDL low-

ering through activation of TRb in the liver with decreased

effects on cardiac function compared to T3.

This hypothesis was first tested in a hypothyroid mouse

model [24]. Normal mice have a high basal heart rate

making it difficult to accurately measure drug-induced

tachycardia, and this problem is remedied by making the

mice hypothyroid which induces bradycardia by about

25%. Hypothyroid mice treated with a hormone replace-

ment dose of T3 showed a 25% increase in heart rate,

effectively a normalizing tachycardia, whereas hypothyroid

mice treated with the same dose of GC-1 showed no

increase in heart rate, and retained the 25% bradycardia

from the induced hypothyroidism. Hypothyroidism in mice

also increases serum cholesterol approximately twofold

above normal levels and both T3 and GC-1 treatment

decreased cholesterol to normal, euthyroid levels.
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GC-1 was evaluated next in the hypercholesterolemic rat

model [24, 25]. Rodents do not have the same circulating

lipoprotein inventory as humans. Unlike primates, most of

the circulating cholesterol in rats is high-density lipopro-

tein (HDL). By feeding rats a high cholesterol diet,

however, the circulating LDL/HDL ratio can be artificially

adjusted to a ratio closer to that of humans. In hypercho-

lesterolemic rats, both T3 and GC-1 were found to

dramatically decrease plasma cholesterol by about 75% in

a dose-dependent fashion. The T3-treated rats also showed

a dose-dependent increase in heart rate and decrease in

circulating thyroid stimulating hormone (TSH) levels, and

as expected, there was no therapeutic window separating

cholesterol lowering from tachycardia and TSH suppres-

sion. GC-1, on the other hand, showed no significant

tachycardia at any tested dose, and displayed about a 20-

fold potency window separating cholesterol lowering from

TSH suppression.

Drug-induced changes to cardiac and thyroid function

were among the first mechanism-based deleterious side

effects that concerned us, and we were happy to see that

therapeutic windows, or safety margins, existed in these

rodent models separating therapeutically beneficial lipid

lowering from these side effects. We also were concerned

about chronic thyroid hormone mechanism-based side

effects such as osteoporosis and muscle wasting, and tested

GC-1 in rat models of these diseases. The osteoporosis test

involved treating rats chronically (60 days) with either T3

or GC-1, followed by measuring bone mass at several

different skeletal sites [26]. T3-treated rats showed signif-

icantly reduced bone mineral density (BMD), whereas GC-

1 treatment did not affect BMD at any of the sites exam-

ined. For the effects on skeletal muscle, we used a

derivative of GC-1 called GC-24 (Fig. 1) that is structur-

ally and pharmacologically very similar to GC-1 [27]. For

this study the type 1 to type II fiber shift in rats was used as

a marker of skeletal muscle weakness and fatigue that

results from hyperthyroidism [28]. Here, T3 treatment

significantly drove the type 1 to type II fiber shift, whereas

GC-24 treatment was found to induce no significant

changes to muscle fiber type composition. The combination

of these studies suggested that there could be an acceptable

safety margin separating the therapeutic effect of GC-1

from both the acute and chronic side effects expected from

a mechanism related to hyperthyroidism.

In an effort to test our compound in a preclinical model

closer to humans in terms of cardiac function and lipid

homeostasis, GC-1 was evaluated side by side with T3 in

adult cynomolgus monkeys [25]. Cardiac function and lipid

inventory in these animals closely resemble those of

humans. In addition to LDL cholesterol, lipoprotein (a)

(Lp(a))—also considered an atherosclerosis risk factor—

can be measured in serum from these animals. Monkeys

treated with T3 showed 30–40% reductions in both cho-

lesterol and Lp(a), but this was accompanied by a 30%

increase in heart rate. In contrast, monkeys treated with an

equi-molar dose of GC-1 showed a more therapeutically

acceptable outcome; a 35–40% decrease in cholesterol and

Lp(a) with no significant effect on heart rate. Interestingly,

a small but significant reduction in body weight (*4%)

was observed in both the T3- and GC-1-treated groups.

This weight loss could result from a drug-induced stimu-

lation in basal metabolic rate, a thyroid hormone-regulated

process. A study in rats showed that GC-1 stimulated

energy expenditure and weight loss like T3, although unlike

T3 which promoted both fat and adipose mass reduction,

the GC-1-induced weight loss was selective for fat mass

and lean muscle mass was not significantly affected [29].

An obvious question is how does GC-1 compare to the

statins, which are the current first-line treatment for high

cholesterol. The first point to make is that the statins are

proven therapeutic agents in humans with well-established

efficacy and safety profiles; GC-1 and other thyromimetics

[30, 31] are experimental therapeutics at present, and their

safety and efficacy in humans are not fully understood.

However, GC-1 is a substantially more potent cholesterol-

lowering agent than statins; GC-1 lowers cholesterol more

effectively than atorvastatin in both rat and monkey at

about 1,000-fold lower doses [32]. In addition, GC-1 and

the statins work by completely different mechanisms. The

statins are inhibitors of HMG CoA-reductase, a key

enzyme in the biosynthesis of cholesterol. Thus, the ther-

apeutic effect of statins presumably results from limiting

the body’s ability to make new cholesterol from diet-

derived carbon building blocks. Thyroid hormone and GC-

1, however, lower cholesterol by a completely different

mechanism. These agents appear to exert their effects on

cholesterol breakdown and clearance in the liver by up-

regulating expression of hepatic LDL-receptors and stim-

ulating reverse cholesterol transport (RCT), a process that

involves the conversion of HDL-associated cholesterol into

bile [33]. Because statins and thyromimetics such as GC-1

work at opposite ends of the cholesterol spectrum, it is

conceivable that the two drugs would constitute an effec-

tive combination therapy capable of inducing more

effective cholesterol lowering with low doses of both

drugs.

Proof of therapeutic concept in humans

The bulk of the work described above takes us from 1996

to 2004, at which time we realized that the next step was to

test GC-1 in humans. In the United States, however, this

requires approval from the Food & Drug Administration

(FDA) in the form of an approved Investigational New
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Drug application (IND), and the resources and experience

needed for proper IND-enabling studies on preclinical drug

candidates are generally hard to find in academic institu-

tions. Instead, we were able to form a partnership in 2005

with QuatRx Pharmaceuticals, a company with substantial

expertise and experience in developing drugs in endocrine,

metabolic, and cardiovascular therapeutic areas. Upon

obtaining the license to GC-1 in 2005, QuatRx changed the

name of the compound to QRX-431 and began IND-

enabling studies [34]. These studies were completed in

2006 and soon thereafter Phase 1 clinical studies were

initiated [35]. These studies were completed in 2008 and

the results were reported at the 2008 Endocrine Society

meeting [36]. In addition, a summary of the results is

available on the QuatRx website [37]. Upon completion of

these studies, QuatRx obtained the United States Adopted

Name (USAN) of sobetirome for QRX-431.

The results of the Phase 1 sobetirome trials are

encouraging in that the drug was found to be generally well

tolerated at all doses studied and proof of the therapeutic

concept of cholesterol lowering was clearly demonstrated.

In a multiple-dose sobetirome study of 24 subjects over

2 weeks of dosing, LDL cholesterol was reduced up to

41% at daily doses of 100 lg in subjects with non-enriched

LDL levels.

Conclusions and perspectives

When this project began in my lab in 1996, I was mostly

concerned with chemistry and structural biology issues

related to in vitro ligand binding and receptor activation; I

had no idea that a compound from my lab would be used in

animal studies, let alone human clinical trials. The journey

to this point has been nothing short of fascinating, even if

at times stressful, and I look forward to finding out whether

sobetirome and/or other thyromimetics in the class will find

a use in medicine. Although my description of this journey

from bench to clinic may make it seem to some that a great

deal of work has been accomplished, major challenges and

significant regulatory hurdles still lie ahead. An expert in

clinical development would probably take the position that

this journey is just beginning, as there is a great deal yet to

be learned about how the action of these agents in humans.

Will the tissue-specific hyperthyroidism mechanism of

action for cholesterol lowering used by sobetirome and

other compounds in the class have the clean safety profile

expected of a chronically administered therapeutic agent?

Will there be unanticipated problems—or possibly bene-

fits—that arise from long-term exposure to these agents?

Are there other metabolic diseases in addition to dyslipi-

demia, such as obesity, diabetes, and metabolic syndrome

that could be treated safely and effectively by these agents?

Are there thyroid-related disorders and illnesses that would

be better treated by these thyromimetics than by T4

replacement therapy? These are all important questions

confronting the clinical development of sobetirome and

other thyromimetics that will only be answered through

future clinical trials.
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