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Hot stuff: thyroid hormones and AMPK
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Every high school biology student is 
taught that thyroid hormones increase 
the metabolic rate. This conclusion 
mainly arose from the effects of hyper-
thyroidism, the clinical condition char-
acterized by excessive production of the 
hormones. Symptoms include weight 
loss despite increased appetite, tremors, 
cardiac palpitations, irritability, intoler-
ance to heat and increased perspiration. 
Although understanding of how thyroid 
hormones increase metabolic rate at 
the molecular level has been elusive, 
a recent paper by Antonio Vidal-Puig 
and colleagues in Nature Medicine [1] 
provides important new insights.

The thyroid gland produces mainly 
thyroxine (T4), but other tissues deio-
dinate this to the more potent hormone, 
tri-iodothyronine (T3). T3 binds to 
thyroid receptors (TRα, TRβ), mem-
bers of the nuclear receptor family that 
act as hormone-activated transcription 
factors in the form of heterodimers with 
the retinoid X receptor. These recep-
tors are widely expressed and it has 
generally been assumed that thyroid 
hormones exert their effects mainly on 
peripheral tissues. Various suggestions 
have been made as to how peripheral 
action of thyroid hormones might ac-
tivate energy expenditure, including 
futile cycling of Na+ across the plasma 
membrane, or of Ca2+ between the cy-
toplasm and the sarcoplasmic reticulum 

in muscle [2]. However, none of these 
peripheral mechanisms have been fully 
substantiated. T3 is also known to exert 
indirect effects via increased activity 
of the sympathetic nervous system, 
and many of the signs and symptoms 
of hyperthyroidism, including cardiac 
palpitations, hand tremors and sweating, 
may be attributed to this. Vidal-Puig 
and colleagues [1] now provide evi-
dence that increases in metabolic rate 
induced by thyroid hormones involve 
inhibition of AMP-activated protein 
kinase (AMPK) in the hypothalamus 
(the key brain region that is known to 
regulate appetite, body temperature and 
circadian rhythms), thus triggering heat 
production in brown fat tissue via the 
sympathetic nervous system.

AMPK occurs ubiquitously in eu-
karyotic cells as heterotrimeric com-
plexes comprising catalytic α subunits 
and regulatory β and γ subunits [3]. At 
the cellular level it acts as an energy sen-
sor activated by metabolic stress, which 
is detected by monitoring the ratios of 
adenine nucleotides. Genetic studies 
show that in the yeast Saccharomyces 
cerevisiae, and other lower eukaryotes 
such as Caenorhabditis elegans, it is 
required for responses to starvation, so 
that its ancestral role may have been that 
of a sensor of carbon nutrients [3]. It has 
been previously shown that agents that 
activate AMPK in the hypothalamus in 
rodents, such as ghrelin or the pharma-
cological activator 5-aminoimidazole-
4-carboxamide riboside (AICAR), 
increase food intake while, conversely, 

those that inhibit AMPK, including 
leptin, reduce food intake [4]. There 
is already some evidence that AMPK 
regulates the activity of the sympa-
thetic nervous system. First, mice with 
a global knockout of AMPK-α2 (one 
of two catalytic subunit isoforms) have 
increased urinary catecholamine levels, 
and exhibit a glucose intolerance that is 
reversed by the α-adrenergic antagonist, 
phentolamine [5]. Second, mice injected 
with leptin into the hypothalamus show 
a local inhibition of AMPK [6] that 
is followed by a slower activation of 
AMPK in soleus muscle [7]. The muscle 
effect is sensitive to denervation and 
blocked by phentolamine, indicating 
that it is mediated by the sympathetic 
nervous system [7].

In the new study, Vidal-Puig and 
coworkers [1] initially made rats hyper-
thyroid by daily subcutaneous injections 
of T4. As expected, this caused eleva-
tion of plasma T3, and the rats gained 
less weight than controls, despite eating 
more. The rats also had increased mass 
of brown fat, a tissue that can increase 
energy expenditure via heat production 
from uncoupled mitochondria when 
stimulated by sympathetic nerves (non-
shivering thermogenesis). Although 
brown fat was once thought to be absent 
in adult humans, this view has recently 
been revised [8, 9]. The Vidal-Puig team 
monitored various markers of AMPK 
signaling in the hypothalamus, and pro-
vided evidence that T3 down-regulates 
AMPK in this location. Thus, phospho-
rylation of AMPK at the activating site 
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(Thr172) and of its downstream target 
acetyl-CoA carboxylase (ACC, which 
is inactivated by phosphorylation) were 
both reduced in the hyperthyroid rats. 
The expression of the α1, but not the 
α2, subunit of AMPK was also reduced, 
while expression of fatty acid synthase, 
a lipogenic enzyme whose expression 
is down-regulated by AMPK in other 
tissues [10], was increased.

Next, T3 was administered locally to 
the hypothalamus by intracerebroven-
tricular injection, which does not 

increase plasma T3. A key finding was 
that the effects were essentially the 
same as those when T4 was given pe-
ripherally. The rats gained less weight 
than controls, and the effects on AMPK 
signaling in the hypothalamus were very 
similar. Hypothalamic T3 injection also 
increased expression of mRNAs encod-
ing thermogenic markers in brown fat, 
including the uncoupling protein UCP1. 
Although brown fat thermogenesis was 
not directly measured, it could certainly 
account for the reduced weight gain of 

the animals if it increased. These periph-
eral effects of central T3 administration 
appeared to be due to activation of the 
sympathetic nervous system, because 
there was increased electrical activity 
of sympathetic nerves supplying brown 
fat, while the expression of thermogenic 
markers was blocked by an antagonist 
of β3-adrenoceptors, which mediate 
effects of sympathetic nerves on brown 
fat.

To pinpoint the precise location of 
the effects, they also administered T3 
by direct stereotaxic injection into the 
ventromedial hypothalamus (VMH). 
Like the intracerebroventricular injec-
tion, this reduced phosphorylation of 
hypothalamic AMPK and ACC, and 
increased electrical activity in sympa-
thetic nerves supplying brown fat. To 
confirm the role of AMPK, they ad-
ministered the AMPK activator AICAR 
by intracerebroventricular injection, or 
an adenovirus encoding an activated 
AMPK mutant by direct injection into 
the VMH. In hyperthyroid rats this 
caused weight gain and reduced expres-
sion of thermogenic markers in brown 
fat. Conversely, delivery to the VMH in 
euthyroid rats of adenovirus encoding a 
dominant negative mutant of AMPK-α1 
had the opposite effects, causing weight 
loss and increased expression of brown 
fat thermogenic markers, both effects 
being reversed by the β3-adrenoceptor 
antagonist.

These results provide good evidence 
that stimulation of the VMH by T3 leads 
to local inactivation of AMPK, and that 
this in turn increases the activity of the 
sympathetic nervous system. The latter 
would then increase whole body energy 
expenditure by stimulating thermo-
genesis in brown fat (Figure 1), while 
also potentially explaining some of the 
other signs and symptoms of hyperthy-
roidism. The study provides important 
new insights into the central actions of 
thyroid hormones. Two obvious ques-
tions remain: how does activation of 
the thyroid receptor in the VMH cause 
inhibition of AMPK, and how does 

Figure 1 Proposed mechanism by which the thyroid hormone T3 promotes en-
ergy expenditure. T3 inhibits AMPK in cells of the ventromedial hypothalamus 
(VMH) by unknown mechanisms. This causes firing of action potentials in the 
sympathetic nervous system, either directly via AMPK, or indirectly via lipid me-
tabolites whose metabolism is regulated by AMPK. The sympathetic nervous 
system acts via β3-adrenoceptors on brown adipose tissue cells, triggering (via 
cyclic AMP-dependent protein kinase, PKA) lipolysis, fatty acid oxidation and 
activation of protein leak by UCP1 in the short term, and up-regulation of UCP1 
expression and mitochondrial biogenesis (via PGC-1α) in the longer term. The 
end result is increased heat production via the futile cycle of protons across the 
inner mitochondrial enzyme that is driven by the respiratory chain and UCP1.
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this lead to downstream effects on the 
sympathetic nervous system? With re-
spect to the second question, the authors 
propose that inactivation of AMPK al-
ters lipid metabolism in the VMH, and 
that it is a downstream lipid metabolite 
that propagates the signal. Indeed, they 
mention that they could measure various 
changes in lipid metabolites in the hy-
pothalamus in response to hyperthyroid-
ism, although these were not reported 
in detail. There is an extensive body 
of literature suggesting that intermedi-
ates of fatty acid metabolism, such as 
malonyl-CoA or long chain acyl-CoAs, 
might be signals involved in nutrient 
sensing in the hypothalamus, as well as 
the pancreatic β cell [11, 12]. However, 
much of the evidence for this is based 
on the use of pharmacological inhibi-
tors, or over-expression or knockdown 
of enzymes, which could have complex 
secondary effects on other metabolites. 
There also appears to be no current 
consensus concerning the sensors that 
monitor these lipid metabolites. At 
this point a rather simpler hypothesis 
springs to mind. A common feature of 
almost all agents that regulate outputs 
from the hypothalamus, whether in 
terms of feeding behavior or regulation 
of the sympathetic nervous system, is 
modulation of AMPK. Is it not pos-
sible that AMPK directly mediates the 
downstream effects, and that changes in 
lipid metabolites like malonyl-CoA are 
merely markers of its activity? AMPK 
orthologues are involved in nutrient 
sensing in lower eukaryotes, and it 
seems plausible that this system has 
been coopted in mammals to act in the 
response to hormones and other factors 
that coordinate metabolism and energy 
balance at the whole body level. AMPK 
is exquisitely sensitive to metabolic 
changes within a particular cell due to 
sensing of adenine nucleotides, and it 
can also respond directly to some hor-
mones via the upstream Ca2+-CaMKK 

pathway [13]. There is also a precedent 
for AMPK modulating neuronal activ-
ity. In type 1 cells in the carotid body, 
AMPK is thought to monitor oxygen 
availability by sensing changes in their 
rate of metabolism [14]. Once activated 
by hypoxia, AMPK phosphorylates and 
inactivates the voltage-gated K+ chan-
nel, BKCa, causing plasma membrane 
depolarization and consequent release 
of neurotransmitters that initiate action 
potentials in afferent fibers leading to 
the brain. The end result is increased 
breathing to alleviate the hypoxia [14]. 
Finally, there is already good evidence 
that AMPK is involved in glucose 
sensing in the hypothalamus. Pro-
opiomelanocortin (POMC)-expressing 
neurones in the hypothalamus, as well 
as a proportion of Agouti-related protein 
(AgRP)-expressing neurones, became 
hyperpolarized and reduced their spike 
firing frequency when exposed to low 
glucose. However, these responses were 
lost when AMPK-α2 was knocked out 
in these specific neurons [15]. Thus, 
AMPK seems to be well placed to di-
rectly regulate the sympathetic nervous 
system in response to thyroid hormones 
and other agents that act on the hypo-
thalamus.
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