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ABSTRACT

The importance of thyroid hormone signaling in
the acute regulation of metabolic activity has been
recognized for decades. Slowly, the underlying
mechanisms responsible for this activity are being
elucidated. A prominent characteristic of thyroid
signaling is rapid increases in  0Oxygen
consumption and ATP production. This discovery
implicated a non-genomic  regulation  of
mitochondrial metabolism by thyroid hormones.
Another important clue came from the discovery
that thyroid hormones stimulated fatty acid
oxidation (FAO) in a variety of tissues in a
receptor-dependent, but transcriptional-independent
manner. Recently, key linkages between thyroid
hormone signaling and specific mitochondrial-
targeted pathways have been discovered. This
review focuses on the molecular mechanisms by
which mitochondrial FAO can be increased
through thyroid hormone signaling. The roles of
both the full-length and shortened mitochondrial
isoforms of thyroid hormone receptor will be
discussed. Additionally, the impact of thyroid
hormone signaling on dyslipidemias such as
obesity, type Il diabetes, and fatty liver disease
will be considered.
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INTRODUCTION

Energy homeostasis is strongly regulated by
thyroid hormones and activated thyroid hormone
receptors. Although they are traditionally better
known for transcriptional regulation, this review
focuses on non-genomic cellular responses of
thyroid hormone receptor signaling. In particular,
we have focused on the long established
relationship between thyroid hormones and
the regulation of mitochondrial metabolism.
Recent work has linked this signaling pathway to
fatty acid oxidation (FAQ), which is capable
of metabolizing significant amounts of lipids
independently of gene expression. We begin
with a brief review of thyroid hormone receptor
subtypes and their cellular localization. This
is followed by an assessment of the various
non-genomic roles of thyroid hormone signaling
in fatty acid trafficking and oxidation. We
end with a discussion of the potential impact
of this metabolic signaling pathway on
pathophysiology.
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Thyroid hormone receptor subtypes, shortened
isoforms and localization

Two genes encode all subtypes of the thyroid
hormone receptor. The first gene, thyroid
hormone receptor o (TRa), was mapped to the
c-erbA gene (also known as Thra) on chromosome
17 based on its homology to steroid hormone
receptors [1]. Transcription of c-erbA results in
several mRNAs - the full-length TRal, and two
variants that encode proteins which do not bind to
thyroid hormone [2, 3]; reviewed in [4]. The
second thyroid hormone receptor gene, Thrb, is
located on chromosome 3 and has high sequence
homology to c-erbA. The protein it encodes, TR},
exhibits its greatest differences in the amino
terminal domains compared to TRa. Both proteins
have isoform-specific functions, but can also act
redundantly, for example, when one isoform is
genetically deleted (reviewed in [4, 5]). The
remainder of this review will focus primarily on
the TRa, which has been better characterized for
its ability to stimulate FAO.

Shortened TRal isoforms: Expression and
localization

The full-length mMRNA for TRal contains several
alternative start sites that result in translation of at
least 3 isoforms of decreasing length [1, 6, 7].
The shortened isoforms were first described
by Wienberger and colleagues after in vitro
translation of the c-erbA coding region [1]. Later,
Bigler and Eisenman described and further
characterized these multiple translation products
in chicken erythroid cells, and showed that
mutation of the alternative start sites eliminated
translation of the shortened isoforms [6, 7]. Today
these isoforms are named according to their sizes
in kilodaltons: p43, p30, and p28 (Figure 1). Of
these isoforms, the p43 variant has been most
characterized, whereas relatively little has been
described about the function of the p30 variant.

Full-length TRel mRNA encodes a 45-50 kDa
protein with structural similarity to other nuclear
hormone receptors - namely, it encodes an N-
terminal domain, a DNA binding domain, a
regulatory hinge region, and a ligand binding
domain. Full-length TRal is normally shuttled
between the nucleus and cytoplasm by virtue of
the two nuclear localization signals (NLS; [8-10]).

The first NLS is found in the N-terminal domain
of the full-length protein only [11]. The second
NLS is near the hinge region and is also found in
p43 and p30, but not p28 [10]. Fusion of each
NLS to non-nuclear proteins is capable of
targeting them to the nucleus [10, 11], and so either
would be expected to be sufficient for nuclear
targeting. However, only p30 appears to localize
to the nucleus [6], while p43 localizes to
mitochondria  [12-14]. This difference in
localization may be due in part to the increased
length of the N-terminus in p43 compared to p30.
This longer N-terminus was proposed to obscure
the second NLS and render it inaccessible to the
requisite targeting proteins [15]. The second NLS
is not translated in p28, making its targeting
similar to p43. Lacking a strong NLS, p43 and
p28 are instead trafficked to mitochondria by
virtue of two mitochondrial targeting sequences
located in the ligand binding domain [15].
Trafficking of p43 has been studied in greater
detail, and takes advantage of two separate
pathways into mitochondria. One route utilizes
classical import mechanisms and is directed by
mitochondrial targeting sequences within helices
10 and 11 of the ligand binding domain. Fusion of
this portion of p43 to enhanced green fluorescence
protein (eGFP) produces an ATP-dependent and
membrane potential-driven import of the fusion
protein into mitochondria [15]. This classic
pathway is characteristic of the proteins imported
into mitochondria via the translocase of the outer
membrane (TOM) and the translocase of the inner
membrane (TIM) complexes. TOM and TIM
import linearized proteins into the mitochondria
with the aid of chaperone proteins in the
mitochondrial spaces [16]. The second pathway of
p43 import into mitochondria does not follow
well-characterized routes, in that it does not
require. ATP or a high membrane potential in
order to enter the organelle. This alternative
import pathway is directed via targeting
sequences found in helices 5 and 6 of the ligand
binding domain [15]. The exact mechanism by
which ATP and potential-independent mitochondrial
targeting occurs remains unclear. Of additional
interest is the fact that while p43 localizes to the
matrix [12-14], p28 associates with the inner
membrane [14]. The mechanism of this differential
targeting is not currently understood.
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Figure 1. Thyroid hormone receptor alpha shortened isoforms. TRao mRNA consists of 1232 base-pairs
encoded by c-erbA. Three alternative start sites on the mRNA are translated into 3 shortened isoforms (43, 30,
and 28 kD) and 1 full-length isoform (45 kD). The full-length isoform contains 2 separate nuclear localization
signals (NLS) as well as 2 mitochondrial targeting signals (MT), a DNA-binding domain (DBD), a hinge
region (hng) and a ligand binding domain (LBD). The full-length TRa and p30 localize predominantly in the

nucleus, whereas p28 and p43 localize to mitochondria.

Full-length TRo. and TRP are expressed in a
majority of tissues [4]. However, expression of
full-length TRa is predominant in cardiac tissue
while expression in the liver is dominated by full-
length TRP. The shortened isoform p43 is
expressed in white adipose, brown adipose, liver
[14], skeletal muscle [17, 18], heart, brain,
kidneys, spleen [18], and fibroblasts [19].
Expression of p28 and p30 in various tissues has
not yet been fully investigated, and it remains to
be determined whether mechanisms exist to
control expression of the shortened TRa isoforms
in different tissues. In addition, physiological
data obtained by our group shows that thyroid
hormones  acutely  regulate  mitochondrial
metabolism, even in the absence of the full-length
TRa gene [19]. These results will be discussed in
greater detail below, but they suggest that a
functional redundancy exists in the TRa and TRf
isoforms.

Given the differential localization and expression
of shortened TRa isoforms, it is logical that these
receptors exert a variety of effects within the cell
and in different tissues. In the following section,
we emphasize the non-genomic impact that these
receptors and their hormone have on fatty acid
metabolism via two important pathways. First,
thyroid hormone and full length TRa increase the

subcellular trafficking of fatty acids to the primary
site of oxidation, the mitochondria. Second,
thyroid hormone and p43 cause greater activity of
enzymes that catalyze the conversion of acyl-CoA
into acetyl-CoA.

Thyroid hormone receptor signaling increases
trafficking of fatty acids into the mitochondria

Triacylglycerol (TAG) is the main storage form of
fatty acids in the body [20]. The largest storage
depot of TAG is in adipose tissue; however TAG
is also stored in the lipid droplets of individual
cells. TAG can be hydrolyzed by lipases that
release free-fatty acids from glycerol. These free-
fatty acids (FFAS) are then conveyed to the site of
metabolism [21]. Adipose tissue releases FFAS to
albumin in the circulatory system for dispersal
to the rest of the body. Long-chain FFAs are
transferred into individual cells via fatty acid
transport proteins [20, 21].

Once inside the cell, FFAs are converted into
acyl-CoAs [21] and used in the cell for a variety
of purposes ranging from the synthesis of new
membrane to fuel for mitochondrial metabolism
via fatty acid oxidation (FAO). For the latter
process, acyl-CoA must be transported to the site
of oxidation on the inner mitochondrial membrane.
Because the outer mitochondrial membrane is
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impermeable to acyl-CoA, an acyl-carnitine shuttle
is used to traffic fatty acids into mitochondria.
Acyl-CoAs are converted into acyl-carnitine via
the action of carnitine palmitoyl transferase 1
(CPT1), an integral, outer-mitochondrial membrane
protein. Carnitine acylcarnitine translocase (CACT)
is then able to exchange acyl-carnitines outside
of the mitochondria for free carnitine inside
mitochondria, thereby trafficking acyl-carnitine
inside. Once inside mitochondria, CPT2 exchanges
CoA for carnitine on the fatty acid. The fatty
acyl-CoA is then available for oxidation by
mitochondrial enzymes [21, 22] (Figure 2).

Whether the acyl-CoAs are used for energy or are
stored depends on the activity of AMP-activated
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protein kinase (AMPK), which acts as a master
sensor of the energy status of the cell [23]. When
cells need energy, the amounts of AMP and ADP
are high relative to the amount of ATP. This, in
turn, causes AMPK to activate via phosphorylation,
driving the regulation of multiple processes that
ultimately lead to increased energy production [23].

AMPK plays a central role in the regulation of
FAO; it is perhaps not surprising then that AMPK
is itself a target of thyroid hormone action. Thyroid
hormone treatment increases phosphorylation
of AMPK in muscle both in vitro [24] and
in vivo [25-28]. Of particular interest, AMPK
phosphorylation occurs rapidly after thyroid hormone
treatment, within 30 minutes in vitro [24], and
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Figure 2. Thyroid hormone and non-genomic upregulation of fatty acid trafficking: In cytosol, TR binds
to TH. Activated TR immediately elicits an increase in cytosolic Ca™ from intracellular and extracellular

pools (see text). Increased Ca™*

causes phosphorylation and activation of CamKKp, which then

phosphorylates and activates AMPK. Phospho-AMPK in turn increases localization of FATP to the plasma
membrane, thereby increasing fatty acid import and modification into fatty acyl-CoA. Similarly, phospho-
AMPK phosphorylates and so inactivates ACC. Inactive phospho-ACC does not synthesize malonyl-CoA.
Malonyl-CoA normally inhibits CPT1, thus reducing fatty acid trafficking into mitochondria. When the
inhibition is relieved by the actions of phospho-AMPK, CPT1 exchanges the CoA for carnitine on the fatty
acid. Fatty-acyl carnitine is translocated into the mitochondria by CACT while carnitine is translocated out.
CPT2 then exchanges carnitine for CoA on the fatty acid inside the motochondria. The fatty acyl-CoA then
enters FAO to be catabolized into 2-carbon acetyl-CoA molecules. Long-chain fatty acyl-CoA FAO involves

MTP, which is also regulated by mitochondrial TRs.
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within 1-2 hours in vivo [25, 29]. Because these
changes were observed so quickly after treatment,
it appeared unlikely that thyroid hormone was
acting in the classical manner, i.e. via
transcriptional activation. Indeed, Yamauchi and
co-workers demonstrated that knock-down of
Ca**/calmodulin-dependent  protein  kinase-B
(CaMKKp) decreased thyroid hormone-stimulated
FAOQ. They suggested that thyroid hormone could
activate AMPK in muscle by causing thyroid
hormone-dependent Ca™ movement and activation
of CaMKKGp. Activated CaMKKJ, in turn, mediated
phosphorylation of AMPK [24]. The mechanism
of thyroid hormone-dependent mobilization of
Ca™ is less clear. In Xenopus oocytes, we found
that thyroid hormone binding to a shortened,
transcriptionally inactive TR isoform increased
the periodicity of IPs-induced Ca™ waves in
oocytes, although thyroid hormone by itself did
not stimulate Ca"™ release [30]. Removal of Ca™*
from media does not eliminate the response of
cells to TH; this indicates that at least some of the
increased cytosolic Ca*™ is due to movement from
intracellular stores to the cytosol [31, 32].
Nevertheless, use of membrane impermeant TH
was able to elicit Ca™ increases [31], indicating
the plasma membrane does play some role in
eliciting Ca™ increases. Some intracellular
release of Ca™ might occur through activation of
IP; [31, 33-35]. However, Del Viscovo and
colleagues showed that depletion of IP; Ca'™
stores failed to decrease cytoplasmic Ca™" after
TH, even though inhibition of downstream IP;
signaling molecules did reduce cytoplasmic Ca*™
[32].

Regardless of the precise mechanism, AMPK is
clearly activated via phosphorylation after TH
treatment. An important downstream target of
phosphorylated AMPK (phospho-AMPK) is fatty
acid transport protein (FATP). Phospho-AMPK
causes FATP to translocate from endosomal
vesicles to the plasma membrane in hyperthyroid
rat hearts, probably through activation of Rab
proteins, which are essential for vesicular transport
[28, 36]. Similarly, phospho-AMPK increases
membrane localization of the fatty acid translocase
CD36 via activation of Rab8a in cardiomyocytes
after insulin treatment [37]. Altogether, phospho-
AMPK-induced trafficking of either FATP or

CD36 to the plasma membrane serves to increase
fatty acid import from the periphery into the cell.

Another target of phospho-AMPK is acetyl-CoA
carboxylase (ACC), which catalyzes the production
of malonyl-CoA from acetyl-CoA and is one of
the initial steps of fatty acid synthesis [22, 38].
When ACC activity is high, a greater concentration
of malonyl-CoA is produced. Malonyl-CoA binds
and inhibits CPT1, thereby reducing the amount
of fatty acyl-CoA entering mitochondria, and
consequently, FAO. Conversely, when ACC is
phosphorylated by phospho-AMPK, its activity is
inhibited. This lack of malonyl-CoA production,
in turn, restores CPT1 function and allows FAO in
the mitochondria to proceed [38]. Concomitant
to AMPK phosphorylation (and thus ACC
phosphorylation), increased CPT1 activity is
observed in muscles treated with thyroid hormone
[26, 27], consistent with a mechanism of action
increasing fatty acid trafficking into mitochondria
(Figure 2).

While AMPK phosphorylation clearly increases
with thyroid hormone treatment in HelLa cells
[24], heart [28], and skeletal muscle [25-27], the
opposite result occurs within the hypothalamus,
which is a crucial regulator of whole-body
metabolism and feeding [39]. Lopez et al.
observed that hyperthyroid rats have significantly
lower levels of phospho-AMPK and phospho-
ACC within the hypothalamus, whereas
hypothyroidism increased phosphorylation of both
proteins. Similarly, intracerebroventricular treatment
with  thyroid hormone lowered AMPK
phosphorylation within an hour. The decreased
phospho-AMPK, in turn, increased malonyl-CoA
and therefore reduced CPT1 activity. Remarkably,
the net effect of thyroid hormone in the
hypothalamus was to increase burning of fat for
heat in brown adipose tissue. Thus, although
thyroid hormone decreased phospho-AMPK, energy
expenditure was increased in the whole body [39].
These results underscore the need for caution
when extending mechanisms of action for thyroid
hormone across different cell types and tissues.

In addition to cytoplasmic AMPK, it appears that
targets within mitochondria can drive thyroid
hormone-induced increases in FAQ. Lombardi et al.
demonstrated that thyroid hormone is capable of
increasing fatty acid import, B-oxidation and
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oxygen consumption in isolated mitochondria
[40]. These authors found that thyroid hormone
(T2)-induced increases in flavine adenine
dinucleotide (FADHy,)-linked respiratory pathways,
but not nicotinamide adenine dinucleotide
(NADH)-linked pathways [27, 40]. They suggested
that CPT1 itself could be a target of T2, because
FAO was highest when palmitoyl-CoA was used
as a substrate compared to palmitoyl-carnitine.
This observation was confirmed by direct
measurements of CPT activity. They also reported
that activity of mitochondrial thioesterase 1
(MTE-1), an enzyme that cleaves acyl-CoA to
fatty acid and CoA, was increased by thyroid
hormone treatment of isolated mitochondria.
Complimentary to these observations, our
laboratory found that thyroid hormone could
stimulate FAO, oxygen consumption, and increase
mitochondrial membrane potentials in isolated
mitochondria [19, 30]. In addition, we showed
that thyroid hormone could stimulate FAO inCV-
1 cells that lacked endogeneous TR receptors, but
only when these cells were expressing an
exogenous, mitochondrial-targeted TRa isoform,
p43 [19]. We also showed that a mutant full-
length TRo, without a start site for p43 could not
be stimulated by thyroid hormone to increase
FAO [19]. Together, these data suggest that
thyroid hormones can increase FAO independently
of the phospho-AMPK mediated upregulation of
fatty acid trafficking.

The impact of thyroid hormones on enzymatic
activity in FAO

FAO within mitochondria occurs via a series of
reactions that progressively shorten acyl-CoA by
2 carbons during each reaction cycle, producing
acetyl-CoA. Four separate enzymatic activities are
responsible for the catabolism of fatty acids, which
occurs via oxidation of the B carbon on the fatty
acid and consequently, is referred to as  oxidation.
First, the acyl-CoA undergoes dehydrogenation to
form a double bond on the f carbon, yielding a
trans-2 enoyl-CoA and reducing equivalents in the
form of FADH,. Second, the new carbon-carbon
double bond is hydrated by a hydratase to form
hydroxyacyl-CoA. This new hydroxy-group
is then oxidated by dehydrogenase, creating a
[-ketoacyl-CoA and more reducing equivalents in
the form of NADH. Finally, the p-ketone is

cleaved from the rest of the molecule by B-
ketothiolase, yielding a shortened acyl-CoA and
acetyl-CoA [21]. Acetyl-CoA can then be used for
the tricarboxylic acid (TCA) cycle, ketogenesis,
or cholesterol/steroid synthesis (Figure 3).

The specific enzymes that perform FAO are
highly dependent on the number of carbons in the
acyl group. Long chain fatty acids (>12 carbons)
are recognized by long-chain  acyl-CoA
dehydrogenase (LCHAD) and by very long chain
acyl-CoA dehydrogenase (VLCHAD). Medium
chain fatty acids (6-12 carbons) are also
recognized by LCHAD, whereas short-chain fatty
acids (<6 carbons) are recognized by short-chain
acyl-CoA dehydrogenase (SCHAD) [21].

To identify potential mitochondrial mediators of
the thyroid hormone-stimulated FAO, mitochondrial
lysates were screened for potential binding partners
to a shortened TR isoform, and our laboratory
discovered that mitochondrial trifunctional protein
(MTP) was an associated protein [19]. MTP
catalyzes the last three reactions of FAO
(hydration, dehydrogenation, and cleavage) on
long-chain fatty acids. MTP has two subunits, o
and B, each of which form tetramers within the
assembled, functional protein [41]. Indeed, the
assembly of a and B subunits is crucial for the
activity and stability of the protein [42]. We found
that thyroid hormone treatment increased the
levels of assembled MTP within 15 minutes of
treatment, suggesting that some of the increased
FAO observed after thyroid hormone treatment
might be due to increased MTP activity rather
than increased fatty acid trafficking into
mitochondria. In support of this mechanism of
action, blocking fatty acid entry into mitochondria
with the CPT1 inhibitor etomoxir did not impair
thyroid hormone-induced MTP subunit assembly.
In addition, when AMPK phosphorylation was
maximized using the AMPK activator 5-amino-1-
B-D-ribofuranosyl-imidazole-4-carboxamide (AICAY),
thyroid hormone treatment still increased FAO,
further indicating that the flux of fatty acids
that normally increases in response to AMPK
phosphorylation was not contributing to this
mitochondrial mechanism of action. Not
surprisingly, elimination of fatty acid trafficking
into mitochondria using either the AMPK
inhibitor compound C or the CPT1 inhibitor
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Figure 3. Thyroid hormone and mitochondrial TR increase the amount of assembled MTP, thereby
increasing FAO activity: Long-chain fatty acyl-CoA is reduced by LCHAD in the first reaction of FAO. MTP
catalyzes the remaining 3 reactions. The a-subunit has enoyl-CoA hydratase and hydroxyacyl-CoA
dehydrogenase activity, whereas the B-subunit has p-ketothiolase activity. At the end of the series of 4 reactions,
acetyl-CoA is created along with a shortened fatty-acyl CoA that can reenter the FAO cycle. Acetyl-CoA can be

used as a substrate for the TCA cycle, for cholesterol

biosynthesis, and for ketone body synthesis. MTP activity

is dependent on full assembly of the protein, and mitochondrial TR can influence the amount of assembled
MTP. It remains unclear whether this influence is exerted via decreased MTP degradation or increased

assembly.

etomoxir eliminated thyroid hormone-mediated
increases in FAO, simply due to the absence of
substrate [19]. Future experiments will be required
to determine a precise mechanism by which p43
interacts with and regulates MTP activity. A
model for this mechanism is presented in Figure 3.

Pathobiology of fatty acid metabolism and the
effect of thyroid hormones on dyslipidemia

Obesity and metabolic syndrome

Metabolic syndrome refers to the panoply of
pathological symptoms that arise concurrently
with the excess storage of fatty acids in organs
rather than in adipose tissue [43-45]; it is most
often associated with obesity. Symptoms include
steatohepatitis (fatty liver), cardiovascular disease,
insulin resistance and type Il diabetes [45]. In
2009-2010, nearly 36% of adults and 17% of
children in the United States were considered
obese with a body mass index greater that 30 [46].

Dietary and lifestyle intervention will be the key
to reducing the epidemic of obesity. Unfortunately,
lifestyle itself is very difficult to change, and past
studies indicate that they succeed in less than 35%
of those that try to lose weight [47]. Consequently,
it is more likely that significant reduction in the
population’s rate of obesity will require a
combinatorial approach of both lifestyle changes
and pharmacological intervention. In this light, it
has long been hoped that thyroid hormone receptor
signaling could be used as pharmacological targets
to reduce obesity and its associated syndromes. As
presented in the following sections, encouraging
insights and significant progress are being made
in this direction.

Insulin resistance and type Il diabetes

Approximately 25% of obese individuals are
insulin resistant [48]. Patients compensate for this
resistance by secreting more insulin, but eventually
become unable to secrete sufficient insulin to
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control blood sugar, resulting in type Il diabetes
[45]. In addition to regulating glucose uptake,
insulin normally reduces gluconeogenesis and
increases lipogenesis within the liver. In patients
with type Il diabetes, insulin does not reduce
gluconeogenesis even though lipogenesis is
increased (for reasons not well understood) [49].
The net result is the release of significant amounts
of glucose, free fatty acids, and other lipids into
circulation by the liver. This is compounded by
the absence of insulin inhibition of lipolysis in
adipose tissue, which releases even greater
amounts of free fatty acids into the circulatory
system of these patients. Altogether, insulin
resistance in type Il diabetes patients contributes
to dyslipidemia initiated by obesity, and thereby
increases cardiovascular risk [45, 48].

Diabetes has been associated with hypothyroidism
in 11-13% of diabetes patients [50, 51], while
hyperthyroidism has been associated with insulin
resistance [52, 53], with hyperthyroid patients
having 2.5 times greater chance of having diabetes
[54]. Consistent with these data, mice lacking TRa
do not become insulin resistant in response to a
high fat diet, unlike wild-type mice [55]. On the
other hand, thyroid hormones are known to
increase insulin sensitivity in skeletal muscle by
upregulating expression of uncoupling protein 3
(UCP3). Loss of UCP3 expression is associated
with insulin resistance and decreased AMPK
signaling [56-59]. The function of UCP3 is not
well defined, but appears to result in less energy
from the same amount of fatty acid fuel,
presumably due to uncoupling of catabolism from
mitochondrial energy production [60, 61].

Non-alcoholic steatohepatitis (NASH) and
non-alcoholic fatty liver disease (NAFLD)

The liver plays a central role in regulating the
lipid homeostasis of the entire body. In NASH
and NAFLD, an abnormal amount of lipids
accumulate in the liver, such that at least 5% of its
weight is due to excess fat [62]. In the “two-hit”
hypothesis, this excess accumulation of lipid (the
first hit) causes an inflammatory response, which
serves to further damage the liver tissue (second
hit), thereby resulting in steatohepatitis and liver
disease [63]. Estimates for the prevalence of
NAFLD vary, but on average effects 24-45% of
obese adults and 38-53% of obese children within

the United States [62]. Many have recognized that
liver-specific activation of thyroid receptors has
the potential to effectively treat many liver diseases.
For example, Lanni and colleagues demonstrated
that 3,5 diiodo-L-thyronine (T2) could specifically
increase hepatic FAO in the liver mitochondria
without causing thyrotoxicity [64]. Similarly,
steatosis and plasma lipids were markedly reduced
in NAFLD mouse and rat models when liver TRf3
was selectively activated with MB07344 [65].
Specific targeting of thyroid hormone signaling
to liver or liver mitochondria is important for
successful treatment, because thyroid hormones
can also stimulate adipose tissue to release fatty
acid, which then circulates to the liver and
exacerbates steatosis [66-68].

Treating disorders of FAO using TH analogs

Prolonged  hyperthyroidism  has  significant
detrimental effects, most severely within the heart
(reviewed in [69], [70]). Cardiac symptoms from
excess thyroid hormone include tachycardia
[71, 72], atrial fibrillation [73-75], and increased
left ventricular thickness [72].

It is possible that certain thyroid hormone analogs
could be used to acutely stimulate specific FAO
pathways without the side effects that long-term
hyperthyroidism elicit. For instance, TR activity
of different isoforms within specific tissues could
be targeted. Baxter and colleagues discovered that
TRa and TRp have a single amino acid difference
in the ligand binding pockets (serine 277 in TRa
versus asparagine 331 in TRp) that could be
exploited to create selective agonists for either
TRa or TRP. They designed a TR selective
agonist GC-1 and showed that the affinity for TRp
was 9 times greater than for TRa [76]. TRa is the
major functional isoform that affects heart function
[77], and impressively, GC-1 was able to decrease
plasma lipids without affecting the heart [76].
Similarly, others showed that GC-1 administration
to rat models of NAFLD was able to reverse
steatosis [78]. As noted above, another TRp-
selective agonist, MB07344, also reversed steatosis
in rats [65], indicating that selective activation of
TR in the liver is a viable strategy to treat disease.

The differences in ligand binding domain were
also exploited to create a potential TRa specific
agonist, CO23, which activated TRa in cultured
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cells and promoted TRa-selective growth patterns
in Xenopus tadpoles [79]. Unfortunately, testing
of CO23 in vivo showed that CO23 also activates
TRP in mice [80].

New therapeutic targets

Ideally, new drugs that target thyroid hormone
stimulated FAO without affecting transcriptional
activity need to be identified. Most of the cardiac
pathologies attributed to thyroid hormones can be
explained by changes in cardiac gene expression
[81, 82] [83-85]. A promising new target revealed
by our recent work suggests that this may be
possible. Specifically, shortened, mitochondrial-
targeted TR isoforms appear to increase FAO
without adversely affecting gene expression,
because DNA binding domains are not present
(Figure 1). To date, no selective agonists to
these shortened isoforms have been described,
although di-iodothyronine (T2), along with its
analogs, are potential candidates. T2 rapidly
increases respiration in isolated mitochondria,
enhances CPT1 activity (and therefore fatty acid
trafficking into mitochondria), and finally,
stimulates FAO [27]. It is not yet clear whether
these observed changes are dependent on a TR
receptor. The rapidity with which the T2-induced
changes occur suggested that gene expression
changes were not involved. However, T2 itself
appeared to indirectly affect gene expression in the
liver. Grasselli and colleagues found that expression
of peroxisome proliferator-activated receptors
(PPAR), which are essential transcriptional
regulators of lipid metabolism, were elevated after
30 days of T2 treatment in rats [86]. Modulation
of PPAR expression did not seem dependent
on TR, because T2 treatment of hepatoma
cells lacking TRs still caused lipid-lowering
effects consistent with activation of PPARs
[87]. Nevertheless, T2 treatment successfully
prevented weight gain, steatosis, and insulin
resistance associated with high fat diet without
affecting the heart [88]. Together, these data are
very encouraging and suggest that appropriately
designed  small-molecule  screens  against
mitochondrial-targeted TRs may be a fruitful
avenue to identify new therapeutic compounds
that acutely regulate FAO with minimal long-term
detrimental effects.
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