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6.1	 �Introduction

The hypothalamus is an important center for 
coordinating mammalian physiology and main-
tenance of homeostasis. Accordingly, the hypo-
thalamus regulates feeding, body temperature, 
energy expenditure, glucose metabolism, thirst, 
blood pressure, reproductive axis, and other met-
abolic functions associated with the overall 
metabolism. At the central level, the hypothala-
mus is the primary component of the nervous 
system in interpreting adiposity and nutrient-
related inputs; it delivers hormonal and behav-
ioral responses with the ultimate purpose of 
regulating body weight, food intake, and energy 
consumption (Williams et  al. 2001; Wardlaw 
2011; Toorie and Nillni 2014). Among the hor-
monal inputs that feed into the hypothalamic cir-
cuitries are adipose tissue-derived hormone 
leptin and adiponectin, pancreatic hormone 

insulin, and several hormones secreted by the 
gastrointestinal tract, such as ghrelin. The activ-
ity of the hypothalamic feeding centers is also 
responsive to basic nutrients including glucose, 
amino acids, and fatty acids besides other metab-
olites, such as ketone bodies. Much like the 
hypothalamus acting at the organismal level to 
regulate homeostasis by integrating such hor-
monal and nutritional signals, there are evolu-
tionarily conserved proteins and protein 
complexes that act at the cellular level as “nutri-
ent sensors” that couple cellular energetics to 
downstream pathways to regulate various cellu-
lar functions. The activity of these nutrient sen-
sors in key hypothalamic feeding centers plays a 
major role in the regulation of energy balance 
and glucose metabolism.

Among the most prominent regulators within 
the hypothalamus, neurons in the arcuate nucleus 
(ARC) of the hypothalamus located in the medio-
basal hypothalamus, anteriorly juxtaposing the 
median eminence (ME), are of critical importance 
for the regulation of energy balance. The ME is 
one of the secretory circumventricular organs 
(Kaur and Ling 2017) (lies outside the blood-
brain barrier), which in turn confers the ARC the 
advantage to have access to the factors in the sys-
temic circulation over other nuclei in the hypo-
thalamus. The ARC receives circulating adiposity 
and nutritional signals and transmits responses to 
“second-order” neurons within and outside the 
hypothalamus. The ARC is sensitive to periph-
eral signals such as postprandial fluctuations in 
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peripheral and central hormones as well as the 
nutrients such as amino acids, lipids, and glucose. 
The ARC neurons express the receptors for major-
ity of the peripherally derived hormones includ-
ing the adipostatic factor leptin, insulin from 
pancreas, ghrelin from the gut, hormones of the 
noradrenergic system, and thyroid hormone, 
which are among the major regulators of feeding 
and energy expenditure (Hahn et al. 1998; Morton 
et al. 2006). The inputs from the periphery pro-
voke a response from these neurons by releasing 
neuropeptide hormones and neurotransmitters to 
extra-ARC hypothalamic sites such as the para-
ventricular nucleus (PVN) of the hypothalamus 
(Lu et al. 2003; Wittmann et al. 2005; Füzesi et al. 
2007; Cyr et  al. 2013). Within the ARC, the 
anorexigenic alpha-melanocyte stimulating hor-
mone (a-MSH), derived from the posttranslational 
processing of its pro-opiomelanocortin (POMC) 
precursor, increases its levels after feeding and 
decreases upon fasting, whereas the orexigenic 
neuropeptide Y (NPY) and Agouti-related peptide 
(AgRP) follow an opposite pattern. AgRP expres-
sion is restricted to the ARC in the entire nervous 
system, and about 90% of AgRP neurons also 
express NPY. POMC is expressed in the ARC as 
well as the NTS in adult rodents, while NPY is 
one of the most ubiquitously expressed and 
abundant neuropeptides. AgRP neurons are 
widely distributed throughout the rostro-caudal 
axis of the ARC, while POMC neurons are more 
restricted to anterior and medial hypothalamus 
(Anderson et al. 2016). While the AgRP neurons 
are GABAergic (inhibitory), most POMC neu-
rons are glutamatergic (excitatory). a-MSH 
increases energy expenditure through its action on 
melanocortin 3/4 receptors (MC3/4R) found in 
hypothalamic and extra-hypothalamic nuclei 
reported to bind a-MSH (Cummings and Schwartz 
2000; Adan et  al. 2006; Perello et  al. 2007; 
Anderson et al. 2016). AgRP acts as an endoge-
nous antagonist on MC3/4R receptors to block 
a-MSH action, while NPY acts independently 
through its own set of receptors (NPY1-5R) 
expressed throughout the nervous system. POMC 
and AgRP neurons and the melanocortin recep-
tors (MC3/4R) constitute the central melanocortin 
signaling (Cone 2005). Anorexigenic peripheral 
hormones including leptin and insulin positively 

regulate POMC expression and suppress AgRP 
and NPY expressions (Cowley et al. 2001; Benoit 
et al. 2002; Heuer et al. 2005).

Two of the major intracellular signaling path-
ways regulated by leptin are JAK2-STAT3 path-
way and phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K) signaling. PI3K is required for 
the anorectic responses to leptin as well as insulin 
(11677594). Insulin exerts its effects through acti-
vation of the insulin receptor substrate (IRS) pro-
teins. IRS phosphorylation activates a series of 
signaling events in the PI3K-Akt pathway result-
ing in the phosphorylation of Akt (also called pro-
tein kinase B), which in turn phosphorylates 
FoxO1. Phosphorylated FoxO1 is recruited from 
the nucleus to the cytosol, which leads to its deg-
radation through the proteasome system. In the 
hypothalamus, FoxO1 acts as an inhibitor of 
POMC and activator of NPY/AgRP expressions 
(Kitamura et al. 2006; Kim et al. 2006; Yang et al. 
2009), and STAT3-induced POMC expression 
appears to require release of FoxO1 repression 
(Ernst et  al. 2009). POMC neurons are glucose 
responsive and express insulin receptors (Ibrahim 
et  al. 2003), and an intact PI3K signaling in 
POMC neurons is required for maintenance of 
glucose homeostasis (Hill et  al. 2009). POMC-
specific ablation of PI3K through deletion of its 
regulatory subunits blocks acute anorectic 
response to central leptin infusion; however these 
mice exhibit normal body weight in the long term 
(Hill et al. 2008). Deletion of the p110β, but not 
p110α, catalytic subunit of PI3K has a more sus-
tained effect in body weight with POMC-specific 
ablation resulting in obesity and AgRP-specific 
ablation conferring protection against weight gain 
(Al-Qassab et  al. 2009). PI3K signaling also 
mediates leptin and insulin-induced changes neu-
ronal activation status in other hypothalamic 
nuclei including the hypothalamic ventral pre-
mammillary nucleus (Williams et  al. 2011) and 
the ventromedial hypothalamic nucleus (Sohn 
et al. 2016). PI3K-mediated neuronal depolariza-
tion or hyperpolarization seems to be mediated by 
transient receptor potential C (TRPC) channels or 
ATP-sensitive K+ (KATP) channels, respectively 
(Sohn et al. 2016). Compared to the PI3K signal-
ing, JAK2-STAT3 signaling is indispensable for 
leptin’s effect on energy homeostasis. Neuron-
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specific STAT3 KO mice mimic most of the 
defects observed in ob/ob and db/db mice includ-
ing hyperphagic obesity and infertility (Gao et al. 
2004). Mutation of Tyr 1138 on LepRb, the criti-
cal residue for leptin-induced JAK2-STAT3 acti-
vation, also results in hyperphagic obesity with 
intact fertility (Bates et al. 2003).

Although it is not going to be discussed in 
detail here, the hormonal regulation of the hypo-
thalamic feeding circuitries is inarguably more 
complex than summarized above and involves 
other components, whose regulation is spatially 
and temporarily distinct. The signaling cascades 
regulated by leptin involve additional signaling 
components such as STAT5, ERK/MAPK, 
mTOR, and AMPK pathways (Park and Ahima 
2014). Furthermore, peripherally derived hor-
mones regulate the activity of their target neurons 
not only by directly acting on them but also indi-
rectly through synaptic inputs from other neurons. 
For example, while leptin can directly regulate 
AgRP neurons, these cells are subject to addi-
tional regulation by innervation through a popula-
tion of leptin-responsive, GABAergic neurons in 
the dorsomedial nucleus of the hypothalamus 
(Garfield et al. 2016). This is at least one of the 
culprits of conditional knockout strategies heavily 
used in the past two decades to understand the 
contribution of individual hormones and their role 
in chemically defined neuronal populations.

Below, we start with an introduction to the 
biology of nutrient sensors. Next, we summarize 
the findings in the literature on the role of nutrient 
sensors in the hypothalamus and their role in the 
regulation of energy homeostasis. We conclude 
this chapter with explaining how our knowledge 
on metabolism is integrated at the level of nutri-
ent sensors and prohormone processing. For a full 
description of the hypothalamus and hypotha-
lamic neuropeptides controlling energy balance, 
we refer the readers to Chaps. 2 and 5.

6.2	 �Cellular Nutrient Sensors

Nutrient sensors have the ability to sense and 
respond to fluctuations in environmental nutrient 
levels, which represent a key requisite for life. 

There are diverse nutrient-sensing pathways 
detecting intracellular and extracellular levels of 
sugars, amino acids, lipids, and other metabolites 
while also integrating hormonal and stress sig-
nals to coordinate homeostasis at the organismal 
level. Nutrients are simple organic compounds 
involved in biochemical reactions to produce 
energy and act as components of cellular biomass 
or signaling molecules. During periods of food 
richness, nutrient-sensing pathways engage in 
anabolism and energy storage. On the contrary, 
nutrient deprivation triggers homeostatic mecha-
nisms including mobilization of internal stores 
through pathways such as autophagy to globally 
shut down anabolic pathways while supplying 
energy for vital cellular processes. Besides 
responding hormonal inputs, the hypothalamus is 
directly sensitive to nutritional changes. For 
example, POMC neurons are glucose responsive 
(Ibrahim et al. 2003), and their firing rate changes 
with the glucose concentration. Amino acids and 
lipids can also be directly sensed by hypotha-
lamic centers; central infusion of branch chain 
amino acid leucine (Cota et al. 2006) or oleic acid 
(Obici et al. 2002) inhibits food intake and weight 
gain. The integration of the nutritional signals in 
the CNS is accomplished by a set of evolutionally 
conserved proteins and protein complexes called 
nutrient sensors. The activity of the nutrient sen-
sors in the hypothalamus is coupled to the regula-
tion of energy homeostasis. While 
leucine-mediated suppression of food intake 
involves hypothalamic mechanistic target of 
rapamycin signaling (mTOR), fatty acids act 
through modulating hypothalamic malonyl-CoA 
levels, which is regulated by AMPK. mTOR and 
AMPK are nutrient/energy sensors whose activ-
ity is coupled to the cellular energy status and 
levels of certain nutrients. The mTOR kinase, 
when part of mTOR complex 1 (mTORC1), plays 
a role in cellular energetics by inducing numer-
ous anabolic protein processes and lipid synthe-
sis (Laplante and Sabatini 2012). AMPK, on the 
other hand, is typically activated by energy defi-
cit and acts to suppress the anabolic pathways 
while activating the catabolic reactions to in gen-
eral antagonize mTOR action. Another energy 
sensor, sirtuin 1 (SIRT1), a class III histone 
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deacetylase, is also activated by low-energy sta-
tus and acts in parallel with AMPK.  Below we 
briefly describe the biochemistry of nutrient 
sensing, an overall view of the nutrient sensors in 
metabolic pathways, and how nutrient sensors 
regulate energy balance in the hypothalamus, 
giving a special emphasis to the connection 
between these enzymes and neuropeptide 
biosynthesis.

6.2.1	 �mTOR

mTOR (mechanistic target of rapamycin, or for-
merly called mammalian target of rapamycin) is 
an evolutionarily conserved serine/threonine 
kinase in the phosphatidylinositol 3-kinase-
related kinase family. mTOR is typically acti-
vated by energy surplus and promotes anabolic 
processes including protein and lipid synthesis to 
induce cell growth and proliferation while sup-
pressing catabolic pathways such as autophagy. 
Coordination of these processes involves two 
mTOR protein complexes: mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2). 
mTOR activity is regulated by hormones and 
growth factors (such as insulin), as well as by 
nutrients including branch chain amino acids. 
mTORC1 kinase activity is stimulated by interac-
tion with Ras homolog enriched in brain (Rheb), 
which is a ubiquitously expressed GTP-binding 
protein. Rheb GTPase activity is stimulated by a 
tumor suppressor complex formed between two 
proteins, tuberous sclerosis complex 1 and 2 
(TSC1 and TSC2). Therefore, TSCs act as 
upstream inhibitors of mTORC1 signaling. 
Anabolic factors such as insulin and IGFs result 
in activation of Akt, which phosphorylates and 
inhibits TSC.  Another negative regulator of 
mTORC1, PRAS40 (proline-rich Akt substrate 
40  kDa), is phosphorylated by Akt, which pre-
vents PRAS40-mTORC1 interaction (Vander 
Haar et al. 2007; Sancak et al. 2007; Wang et al. 
2007). These PI3K-Akt-dependent phosphoryla-
tion events couple insulin and IGF signaling to 
mTORC1 activation. Active mTORC1, in turn, 
triggers the major anabolic pathways: It stimu-
lates protein synthesis in part through phosphory-

lation of S6  K1 (S6 kinase 1), which 
phosphorylates ribosomal protein S6, and 
through phosphorylation of translational regula-
tor eukaryotic translation initiation factor 4E 
binding protein 1 (4E-BP1), which results in the 
dissociation of 4E-BP1 from eukaryotic transla-
tion initiation factor 4E (eIF4E) and ribosomal 
assembly and activation of translation. mTORC1 
is also activated by amino acids. It is worth to 
note that amino acids serve as major nitrogen 
source as well as the building blocks for proteins. 
For example, in fasting, protein breakdown 
mostly in the muscle provides glutamine into the 
circulation, where the glutamine is delivered to 
various tissues to be used as a major nitrogen 
source. Activation of mTORC1 by amino acids 
and amino acid sensing in general involve a set of 
protein complexes that are characterized only 
recently. Amino acid sensing involves the het-
erodimer of a family of four small GTPases 
called Rag proteins (Rag A-D). Amino acids 
stimulate the GTP-bound state of Rags (Sancak 
et al. 2008; Kim et al. 2008a). A protein complex 
composed of at least five distinct proteins called 
the Ragulator acts as the guanidine exchange fac-
tor for Rags and recruits Rags and mTORC1 to 
the lysosomal membrane, where Rheb is also 
localized (Sancak et  al. 2010; Bar-Peled et  al. 
2012). mTORC1 senses cytosolic as well as lyso-
somal amino acid levels through distinct path-
ways that involve other protein complexes, which 
ultimately merge on their regulation of mTORC1 
activity through Rags. Cytosolic amino acid 
sensing works by dissociating upstream inhibi-
tors from an mTORC1 activating protein com-
plex called GATOR2: Cytosolic leucine is 
thought to be directly sensed by Sestrin2, which 
acts as an upstream inhibitor of GATOR2. 
Leucine binding releases the Sestrin2-GATOR2 
complex and results in mTORC1 activation. 
Likewise, cytosolic arginine binds another pro-
tein called CASTOR1, which in the absence of 
arginine inhibits GATOR2 (Chantranupong et al. 
2016). The 11-pass lysosomal transmembrane 
protein, SLC38A9, interacts with the Ragulator, 
Rag GTPases, and vacuolar H(+)-ATPase com-
plex in an amino acid-sensitive manner and there-
fore acts as the lysosomal arginine sensor (Zoncu 
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et  al. 2011; Wang et  al. 2015; Rebsamen et  al. 
2015; Jung et  al. 2015). Accordingly, upon 
genetic ablation of either Sestrin2, CASTOR1, or 
SLC38A9, amino acid-mediated activation of 
mTORC1 is significantly compromised.

mTORC1 acts a major metabolic hub that 
responds to various forms of cellular stress such 
as hypoxia and DNA damage, ATP level, amino 
acids, and growth factors to regulate glycolysis, 
mitochondrial and lysosome biogenesis, lipid 
and protein biosynthesis, proteasome formation, 
and autophagy (Saxton and Sabatini 2017). For 
example, mTORC1 activation couples cellular 
nutrient levels and hormonal inputs to lipid and 
cholesterol synthesis through activation of 
SREBPs (sterol regulatory element-binding pro-
teins), which are basic helix-loop-helix (bHLH) 
transcription factors (Lewis et  al. 2011). 
Accordingly, inhibition of mTORC1 activity 
impairs adipogenesis (Lamming and Sabatini 
2013). mTORC1 also stimulates purine and 
pyrimidine synthesis (Ben-Sahra et  al. 2013, 
2016), promotes mitochondrial oxidative capac-
ity (Cunningham et al. 2007) in skeletal muscle, 
and induces genes for the enzymes involved in 
glycolysis and pentose phosphate pathway 
(Düvel et al. 2010). While activating anabolism, 
mTORC1 activation results in suppression of 
major catabolic pathways. Nutrient deprivation 
promotes autophagy by AMPK-mediated phos-
phorylation and activation of ULK1, a kinase that 
drives autophagosome formation (Kim et  al. 
2011). However, in conditions of nutrient sur-
plus, activated mTORC1 phosphorylates ULK1 
on a residue different than targeted by AMPK and 
blocks the interaction between ULK1 and AMPK 
(Kim et al. 2011).

6.2.2	 �AMPK

AMPK is a Ser/Thr kinase composed of three 
subunits: catalytic α subunit, one scaffold β, and 
the regulatory γ subunit, which binds adenine 
nucleotides. Mammals have two catalytic sub-
units α and β and three γ isoforms. Unlike mTOR, 
which senses amino acid levels indirectly through 
its interaction partners (discussed in the section 

on mTORC1), AMPK activity is directly affected 
by cellular AMP/ATP and ADP/ATP ratios. This 
regulation is accomplished through four tandem 
repeats of cystathionine β-synthase motifs 
located in the γ subunit, which form the 
nucleotide-binding pockets of the enzyme. AMP 
binding to the γ subunit triggers the phosphoryla-
tion of the activation loop at Thr172 in the kinase 
domain of the α subunit by the upstream activat-
ing kinase LKB1. AMP and ADP binding pro-
tects AMPK against dephosphorylation; however 
only AMP triggers an allosteric activation of the 
enzyme (Suter et  al. 2006; Sanders et  al. 2007; 
Xiao et  al. 2011). These activatory effects of 
AMP and ADP are antagonized by ATP. Therefore, 
AMPK activity is coupled to fluctuations in 
AMP/ATP and ADP/ATP ratios, which typically 
rise in conditions of nutrient deprivation.

There are two well-characterized AMPK 
kinases: LKB1 (liver kinase B 1, also known as 
serine/threonine kinase 11) (Hawley et al. 2003) 
and CAMKKβ (the Ca2+/calmodulin-dependent 
kinase kinase β) (Hawley et  al. 2005; Woods 
et  al. 2005). LKB1 requires heterodimerization 
with two other proteins, sterile20-related adaptor 
(STRAD) and mouse protein 25 (MO25), for full 
activation (Hawley et al. 2003). LKB1 phosphor-
ylates most other kinases in the AMPK-related 
kinase family (Lizcano et  al. 2004). CAMKK 
activity is coupled to Ca2+ levels, and its activa-
tion of AMPK is AMP-independent. Apart from 
LKB1 and CAMKKβ, there are other kinases 
proposed to phosphorylate and activate AMPK; 
however whether they act as endogenous AMPK 
kinases in  vivo has yet to be established 
(Momcilovic et  al. 2006). AMPK activation by 
LKB1 involves the recruitment of AMPK by 
Ragulator to the cytosolic surface of the lyso-
somal membrane under nutrient deprivation con-
ditions. Explained in more detail in the mTOR 
section, Ragulator is a protein complex involved 
in the amino acid sensing of mTORC1 through a 
process that also requires mTORC1 recruitment 
to the lysosomal membrane. Activation of AMPK 
results in the phosphorylation of TSC1/TSC2 
complex, which inhibits mTORC1 activity, 
thereby coupling the low-energy state-dependent 
AMPK activation to mTOR activation. A reciprocal 

6  Nutrient Sensors Regulating Peptides



146

regulation between AMPK and mTORC1 was 
also described, where activated S6 K1 phosphor-
ylates and inhibits AMPK activity (Dagon et al. 
2012).

Activation of AMPK triggers catabolic path-
ways aimed to restore cellular energy status. 
Therefore AMPK activity is negatively regulated 
by anabolic signals. For example, insulin-/IGF-
mediated Akt activation results in the phosphory-
lation of a serine residue in AMPK α subunit, 
which in turn blocks the activatory Thr172 phos-
phorylation (Hawley et  al. 2014). Other inhibi-
tory phosphorylation sites on the α subunit were 
also reported including regulation by Fyn kinase 
(Yamada et al. 2016), a Src tyrosine kinase fam-
ily member that also phosphorylates and inhibits 
LKB1 (Yamada et al. 2010), by protein kinase C 
(PKC) (Heathcote et al. 2016), and by Unc-51-
like kinase 1 (Ulk1) (Löffler et al. 2011). AMPK 
plays a major role in starvation-induced autoph-
agy induction through at least two distinct path-
ways: As described above, AMPK inhibits 
mTORC1 activity through direct phosphoryla-
tion of TSC2 and regulatory-associated protein of 
mTOR (Raptor) (Inoki et al. 2003; Gwinn et al. 
2008), a component of the mTORC1 protein 
complex. In addition, AMPK directly phosphory-
lates and activates Unc-51-like kinase 1 (ULK1) 
(Lee et  al. 2010; Egan et  al. 2011; Kim et  al. 
2011; Zhao and Klionsky 2011), which triggers 
autophagy and mitophagy. ULK1  in turn phos-
phorylates and inhibits AMPK function, forming 
a negative feedback loop evolved to probably 
block excess autophagic flux (Löffler et al. 2011). 
Besides autophagy, AMPK induces glucose and 
fatty acid update, through increased membrane 
localization of glucose transporters, and fatty 
acid transporter CD36, respectively (Kurth-
Kraczek et al. 1999; Fryer et al. 2002; Wu et al. 
2013a). Catabolic pathways including glycolysis, 
mitochondrial biogenesis, and fatty acid oxida-
tion are also activated by AMPK (Witters et al. 
1991; Winder and Hardie 1996; Merrill et  al. 
1997; Marsin et al. 2000, 2002; Jäger et al. 2007; 
Cantó et al. 2009). On the other hand, synthesis 
of fatty acids, proteins, and glycogen is sup-
pressed by AMPK.  These are accomplished 
either through direct phosphorylation of AMPK 

targets involved in these individual processes or 
indirectly through inhibition of mTORC1 and its 
downstream targets. Inhibition of fatty acid syn-
thesis and promotion of fatty acid oxidation by 
AMPK largely depend on phosphorylation and 
inhibition of acetyl-CoA carboxylase (ACC) 
(Hardie and Pan 2002). ACC catalyzes the con-
version of acetyl-CoA to malonyl-Coa, which is 
the precursor for fatty acid synthesis. Malonyl-
CoA is also an inhibitor of carnitine palmitoyl-
transferase I (CPT1), an outer mitochondrial 
membrane protein that transports fatty acyl CoAs 
from cytosol to mitochondria for their oxidation. 
In summary, AMPK-mediated inhibition of ACC 
results in a decrease in cellular malonyl-CoA 
pool, which in turn blocks fatty acid synthesis 
and triggers fatty acid oxidation. It is worth to 
note that manipulations altering hypothalamic 
malonyl-CoA levels also affect the food intake 
and body weight (Lane et al. 2008). For example, 
fatty acid synthase inhibitors C75 or cerulenin 
administered by intraperitoneal or intracerebro-
ventricular route result in suppression of food 
intake and reduced body weight (Loftus et  al. 
2000). ICV C75 rapidly increases the hypotha-
lamic malonyl-CoA levels and suppresses food 
intake; however, prior ICV administration of an 
ACC inhibitor prevents the malonyl-CoA accu-
mulation and the decreased food intake induced 
by ICV C75 (Hu et al. 2003).

6.2.3	 �Histone Deacetylases: Sirtuins 
and Classical HDACs

Acetylation is a major posttranslational modifica-
tion regulating protein function and contributes 
to metabolic homeostasis (Iyer et  al. 2012; 
Menzies et al. 2016). Protein acetylation is regu-
lated by acetyltransferases and deacetylases. 
Apart from the N-terminal acetylation (Starheim 
et al. 2012), which is thought to be irreversible, 
the coordinated action of acetyltransferases and 
deacetylases makes protein acetylation a revers-
ible process. Acetyltransferase reaction involves 
the transfer of an acetyl group from acetyl coen-
zyme A (acetyl-CoA) to an amino acid residue on 
the substrate protein. N-terminal acetyltransferases 
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acetylate the first amino acid in the nascent poly-
peptide chain following the initial methionine 
residue, whereas the acceptor residue is usually a 
lysine in other acetylation reactions catalyzed by 
lysine acetyltransferases. The cytosolic enzyme 
adenosine triphosphate (ATP)-citrate lyase con-
verts the glucose-derived citrate into acetyl-CoA, 
thereby regulating a critical step that links glu-
cose availability to histone acetylation and regu-
lation of gene expression (Wellen et  al. 2009). 
Histone acetyltransferases (HATs) are broadly 
grouped into two categories, nuclear A-type 
HATs and the cytoplasmic B-type HATs, which 
are further categorized into several subfamilies 
(Roth et  al. 2001). The B-type HATs generally 
regulate the shuttling of the newly synthesized 
histones from the cytosol to the nucleus, while 
the nuclear HATs coordinate transcription-related 
processes.

The histone deacetylase family is grouped into 
four classes based on sequence homology. Class 
I, II, and IV are comprised of the classical HDACs 
(HDAC 1–11), while the sirtuin family (SIRT1–
7) constitutes the class III. Classical HDACs have 
one deacetylase domain except HDAC6 and 
HDAC10, which have two catalytic domains, 
although one of these domains in HDAC10 is 
inactive (de Ruijter et al. 2003; Seto and Yoshida 
2014). Classical HDACs are Zn  + −dependent 
enzymes that deacetylate histones and other 
nuclear and cytosolic targets. They are subject to 
posttranslational modifications themselves, such 
as phosphorylation, which couple hormonal and 
nutritional inputs to their subcellular localization 
and therefore to their histone deacetylase activity 
[REF]. HDACs also have nonenzymatic func-
tions: For example, HDAC6, which is a class IIb 
HDAC and the largest member of the HDAC 
family, has a C-terminal ubiquitin-binding 
domain, which renders this protein a central com-
ponent of protein homeostasis. Likewise, SIRT1 
has been proposed to confer, e.g., neuroprotec-
tion, independently of its deacetylase activity 
(Pfister et al. 2008).

Sirtuins (silent mating type information regu-
lation 2 homolog, from here on abbreviated as 
SIRTs) are evolutionarily conserved enzymes 
that are involved in biological processes includ-

ing cellular differentiation, apoptosis, metabo-
lism, and aging. Unlike other members of the 
HDAC family, the activity of class III HDACs is 
coupled to cellular concentration of the oxidized 
form of nicotinamide adenine dinucleotide 
(NAD+). Sirtuin-mediated deacetylation (and 
ADP-ribosylation) reaction utilizes NAD+ as a 
coenzyme and generates nicotinamide and 
O-acetyl-ribose as by-products (Tong and Denu 
2010). Sirtuins are insensitive to the inhibitors of 
classical HDACs such as trichostatin A, whereas 
nicotinamide inhibits the sirtuin enzymatic activ-
ity [REF].

NAD+/NADH ratio typically rises in condi-
tions of energy deficit. At the organismal level, 
fasting and calorie restriction result in elevated 
NAD+ levels in several tissues and lead to 
increased sirtuin activity. Mammals have seven 
members of the sirtuin family of deacetylases 
(SIRT 1–7), which differ in substrate specificity, 
subcellular localization, and tissue distribution 
(Houtkooper et  al. 2012). While SIRT1 is both 
nuclear and cytosolic, SIRT2 is predominantly 
localized to the cytosol. SIRT3 is both mitochon-
drial and nuclear, SIRT4 and SIRT5 are mito-
chondrial, and SIRT6 and SIRT7 are exclusively 
nuclear proteins. SIRT4 and SIRT6 both have 
deacylase (Jiang et al. 2013; Laurent et al. 2013; 
Anderson et al. 2017) and ADP-ribosyltransferase 
activity [16,959,573, 10,381,378]. For example, 
SIRT6 catalyzes mono-ADP-ribosylation of 
PARP (poly[adenosine diphosphate 
(ADP)-ribose] polymerase 1) under oxidative 
stress to promote DNA repair (Mao et al. 2011). 
SIRT5 is unique in the sense that it is the only 
enzyme identified in mammals that can desucci-
nylate, demalonylate, and deglutarylate substrate 
proteins (Du et al. 2011; Tan et al. 2014), and the 
role of these additional modifications on protein 
function has not been completely uncovered.

SIRT1 has been the most extensively studied 
member of the sirtuin family. SIRT1 has the clos-
est homology to yeast Sir2, and unlike other sir-
tuin knockout (KO) mice, global deletion of 
SIRT1 is mostly lethal at embryonic or early 
postnatal period [REF]. Inducible deletion of 
SIRT1  in adult mice does not lead to lethality, 
suggesting a fundamental role for SIRT1  in 
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development (Price et al. 2012). SIRT1 is ubiqui-
tously expressed in mammals, with the highest 
expression detected in the heart and nervous sys-
tem in the developing embryo and in the lung, 
testis, and ovaries in adult rodents (Sakamoto 
et al. 2004).

The activity of SIRT1 is also subject to indi-
rect regulation by a series of enzymes involved in 
the synthesis and degradation of the cellular 
NAD+. Nicotinamide phosphoribosyltransferase 
(NAMPT) and nicotinamide mononucleotide 
adenylyltransferase 1 (NMNAT1) synthesize 
NAD+ from nicotinamide in a two-step reaction 
called the NAD-salvage pathway (Revollo et al. 
2004; Zhang et  al. 2009). NMNAT1-mediated 
NAD+ biosynthesis and the resulting SIRT1 acti-
vation help prevent neurodegeneration in mice. 
Hydrolysis of NAD+ is predominantly regulated 
by a cyclic ADP-ribose hydrolase called CD38 
(Aksoy et al. 2006b). CD38 knockout mice have 
10–20 times elevated NAD+ levels across various 
tissues. This in turn results in increased SIRT1 
activity in the absence of CD38 (Aksoy et  al. 
2006a). The role of NAD+-dependent regulation 
of SIRT1 in overall physiology is further empha-
sized by that the CD38 knockout mice are pro-
tected from high fat diet-induced obesity, and this 
phenotype is dependent of SIRT1 deacetylase 
activity (Barbosa et al. 2007). The expression of 
SIRT1, NAMPT, and the cellular NAD+ levels 
are all subject to a circadian regulation, where 
SIRT1 directly controls activity of key factors 
involved in the regulation of circadian rhythm, 
such as BMAL1, CLOCK, and PER2 as well as 
NAMPT, thereby regulating the formation of its 
own coenzyme (NAD+) and forming a transcrip-
tional feedback loop (Asher et al. 2008; Nakahata 
et al. 2008, 2009; Ramsey et al. 2009). Regulation 
of the circadian clock by SIRT1 extends to the 
central pacemaker, the hypothalamic suprachias-
matic nucleus, where loss of SIRT1 activity 
drives the dysfunctional circadian rhythm 
observed in aging (Chang and Guarente 2013).

SIRT1 activity is subject to an indirect regula-
tion by AMPK. Activation of AMPK by AICAR 
in the skeletal muscle leads to increased cellular 
NAD+/NADH ratio and leads to SIRT1 activation 
and increased deacetylation of SIRT1 targets 

such as PGC1α (Cantó et  al. 2009). Increased 
SIRT1 activity then promotes mitochondrial bio-
genesis and oxygen consumption (Cantó et  al. 
2009). AMPK can directly phosphorylate and 
regulate SIRT1. Furthermore, increased SIRT1 
activity leads to AMPK activation (Price et  al. 
2012) probably though deacetylation of LKB1 
(Hou et  al. 2008; Lan et  al. 2008). Deleted in 
breast cancer 1 (DBC1), a tumor suppressor, acts 
as an endogenous inhibitor of SIRT1, while (Kim 
et al. 2008b) another nuclear protein called ribo-
somal protein S19 binding protein 1 (also called 
active regulator of SIRT1  – AROS) increases 
SIRT1 activity (Kim et al. 2007b). SIRT1 activity 
is also regulated by posttranscriptional modifica-
tions including phosphorylation by kinases such 
as AMPK, casein kinase 2 (CK2), and c-Jun 
N-terminal kinase 1 (JNK1) (Sasaki et al. 2008; 
Kang et al. 2009; Nasrin et al. 2009).

Because of its NAD+ dependence for activity, 
having a large spectrum of nuclear and cytosolic 
targets, and its expression being regulated by 
changes in the nutritional status, SIRT1 functions 
as a major nutrient and redox sensor, which regu-
lates metabolism at different levels (Fulco et al. 
2003). High expression of SIRT1 is shown in the 
periphery and in neurons of the central nervous 
system including the hypothalamic nuclei ARC, 
VMH, and PVN (Ramadori et al. 2008; Zakhary 
et al. 2010; Toorie and Nillni 2014). SIRT1’s sub-
cellular localization is predominantly nuclear 
(Zakhary et al. 2010), but SIRT1 can translocate 
to the cytoplasm in a cell-specific and cell-
autonomous manner, in response to various phys-
iological stimuli and disease states (Tanno et al. 
2007). SIRT1 regulates cellular survival and 
metabolism at several steps largely through 
deacetylation of protein targets (Brooks and Gu 
2009; Peek et  al. 2012; Orozco-Solis and 
Sassone-Corsi 2014), although there are reports 
on the deacetylase-independent function of 
SIRT1 (Pfister et  al. 2008; Shah et  al. 2012). 
During the past decade, the metabolic role of 
SIRT1  in mammals has been studied by tissue-
specific transgenic models and pharmacological 
tools targeting its deacetylase activity (Blander 
and Guarente 2004; Chang and Guarente 2014). 
In the liver, SIRT1 deacetylates and activates the 
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transcriptional coactivator PGC1-alpha and the 
FoxO1 to promote gluconeogenesis (Rodgers 
et al. 2005; Frescas et al. 2005). In adipose tissue, 
SIRT1 promotes fat mobilization by inhibiting 
peroxisome proliferator-activated receptor 
(PPAR-gamma) (Picard et al. 2004) and therefore 
functions to decrease fat storage, promote lipoly-
sis, and protect against obesity-induced inflam-
mation (Picard et  al. 2004; Gillum et  al. 2011; 
Chalkiadaki and Guarente 2012). SIRT1 
improves glucose tolerance and positively regu-
lates insulin secretion in pancreatic beta cells by 
repressing uncoupling protein 2 (UCP2) pro-
moter (Moynihan et  al. 2005; Bordone et  al. 
2006). In the liver SIRT1 protein levels increase 
upon fasting (Rodgers et al. 2005). SIRT1 deacet-
ylates and activates PGC1α and FoxO1 and 
represses CREB-regulated transcription coacti-
vator 2 (CRTC2, also known as TORC2) to regu-
late hepatic glucose output (Liu et  al. 2008). 
Exposure to high-fat diet results in decreased 
liver SIRT1 levels (Deng et al. 2007). Compounds 
that lead to SIRT1 activation, such as resveratrol, 
have been shown to alleviate several adverse 
effects of high-fat diet, which otherwise results in 
the development of obesity and associated disor-
ders (Baur et al. 2006; Lagouge et al. 2006). An 
increase in the activity and/or the expression 
level of SIRT1 is thought to mediate the physiol-
ogy induced by calorie restriction (Cohen et al. 
2004; Bordone and Guarente 2005; Bordone 
et al. 2007a, b). While the role of SIRT1 in the 
periphery is not going to be discussed further, it 
is important to note that by deacetylating a spec-
trum of metabolic regulators, SIRT1 links tissue 
energy status to the coordination of lipid, choles-
terol, amino acid, and glucose metabolisms (Baur 
et  al. 2006; Lagouge et  al. 2006; Haigis and 
Sinclair 2010). Contrary to its role in the periph-
ery, recent evidence shows that hypothalamic 
SIRT1 induces positive energy balance, and this 
activity is directly related to the regulation of 
hypothalamic peptide hormones by SIRT1. 
Therefore, this chapter will further focus on the 
role of central SIRT1 under different nutritional 
conditions on body weight, prohormone matura-
tion, and the pro-converting enzymes involved in 
the processing of prohormones.

6.3	 �Regulation of Energy 
Homeostasis by the 
Hypothalamic Nutrient 
Sensors

6.3.1	 �mTOR

The initial studies on the role of hypothalamic 
mTOR signaling on energy homeostasis were 
conducted on rats (Cota et al. 2006; Blouet et al. 
2008). mTOR is expressed in AgRP and POMC 
neurons (Cota et al. 2006), and fasting decreases 
mTOR activity in the ARC (Cota et  al. 2006; 
Blouet et  al. 2008; Cakir et  al. 2009). Central 
administration of leucine activates central 
mTORC1, suppresses hypothalamic NPY expres-
sion, and inhibits fast-induced refeeding and 
weight gain in a rapamycin-sensitive manner 
(Cota et  al. 2006). Rapamycin alone was also 
reported to activate ARC NPY expression 
(Shimizu et  al. 2010). Furthermore, leptin acti-
vates hypothalamic mTOR signaling, likely 
through a PI3K-dependent pathway (Harlan et al. 
2013), and this activation is required for leptin-
mediated suppression of food intake (Cota et al. 
2006; Ropelle et al. 2008). Accordingly, S6 K1 
knockout (S6 K1 KO) mice are resistant to the 
anorectic action of exogenous leptin (Cota et al. 
2008). Furthermore, acute and chronic exposure 
to high-fat diet (HFD) suppresses hypothalamic 
mTORC1 signaling, and leptin cannot activate 
hypothalamic mTORC1  in HFD-exposed ani-
mals (Cota et al. 2008). Hypothalamic mTORC1 
activity is also sensitive, although indirectly, to 
the activity of fatty acid synthase (FASN), whose 
central inhibition induces potent weight loss and 
suppresses food intake (Loftus et al. 2000; Kumar 
et al. 2002). The anorectic action of FASN inhibi-
tors is compromised upon mTORC1 inhibition 
(Proulx et  al. 2008). These findings were sup-
ported by genetic data where activation of 
S6 K1  in the mediobasal hypothalamus (MBH) 
of rats suppressed food intake and weight gain 
while overexpression of a dominant negative 
S6  K1 increased both parameters and blunted 
central leptin action (Blouet et al. 2008). Leptin-
induced sympathetic outflow to the periphery 
also depends on hypothalamic mTORC1 function 
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(Harlan et al. 2013). mTORC1-mediated control 
of food intake could also, at least in part, depend 
on a S6K-dependent inhibitory phosphorylation 
of AMPK (Dagon et al. 2012). Contrary to these 
findings, deletion of TSC1 from rat insulin pro-
moter (RIP)-positive cells (by RIP1-Cre), which 
cover pancreatic beta cells and a subpopulation 
of hypothalamic neurons, results in hyperphagic 
obesity (Mori et al. 2009). While this study did 
not report a problem with neuronal viability in 
the absence of TSC1, neuronal TSC1 knockout 
mice suffer from reduced myelination and neuro-
nal survival (Meikle et  al. 2007). POMC and 
AgRP/NPY neurons are RIP-Cre negative; how-
ever POMC-specific TSC1 deletion mimics the 
obese RIP1-Cre TSC1 knockout phenotype 
(Mori et al. 2009; Yang et al. 2012). Importantly, 
rapamycin treatment could reverse the effect of 
TSC1 deletion in these mice (Mori et al. 2009), 
as well as in old WT mice with elevated mTORC1 
activity in POMC neurons (22884327). MBH-
specific overexpression of DEPTOR, a negative 
regulator of mTORC1, also protected mice from 
HFD-induced weight gain (Caron et al. 2016a). 
This effect seems to be independent of mTOR 
activity in POMC neurons (Caron et al. 2016b). 
These seemingly contradictory findings listed 
above are likely due to the differential regulation 
of hypothalamic mTORC1 signaling in response 
to nutrient deprivation and hormonal inputs in 
different subhypothalamic nuclei. For example, 
fasting or lack of leptin action (ob/ob mice) sup-
presses mTORC1 signaling in the VMH but acti-
vates it in the ARC of mice (19628573). 
Furthermore, ghrelin and insulin, two orexigenic 
and anorexigenic hormones, respectively, both 
resulted in elevated ARC mTORC1 activity 
(Villanueva et  al. 2009; Muta et  al. 2015). The 
positive effect of ghrelin on hypothalamic 
mTORC1 signaling is supported by findings from 
other groups, which showed that S6 K1 KO mice 
were not responsive to ghrelin-induced weight 
gain (Stevanovic et  al. 2013), and the ghrelin-
induced food intake was reduced upon inhibition 
of mTORC1 activity (Martins et  al. 2012). 
Furthermore, rapamycin reversed the hyperpha-
gic phenotype of hyperthyroid rats, which had 
had elevated hypothalamic mTOR activity, 

resulting in weight loss (Varela et al. 2012), and 
blocked the anorectic effect of central insulin 
administration (Muta et al. 2015). Finally, chole-
cystokinin (CCK), which inhibits food intake by 
activating the responsive neurons in the NTS and 
the hypothalamus, also increases mTORC1 activ-
ity in the PVN (Lembke et al. 2011).

mTORC2 function has been less studied com-
pared to that of mTORC1. The best-characterized 
role of mTORC2 is phosphorylation of Akt on 
Ser473, which facilitates Thr308 phosphoryla-
tion by PDK1 downstream of PI3K (Sarbassov 
et al. 2005). By phosphorylating PKCα (protein 
kinase C alpha) (Sarbassov et  al. 2004; Jacinto 
et  al. 2004), and other PKC family members 
(Gan et  al. 2012; Li and Gao 2014), mTORC2 
regulates the actin cytoskeleton and cell migra-
tion. It also activates glucose and lipid metabo-
lism in liver and adipose tissue (Kumar et  al. 
2010; Hagiwara et al. 2012; Yuan et al. 2012). A 
recent study suggested that mTORC2 also acts as 
nutrient sensor: While acute glutamine depriva-
tion activates mTORC2, prolonged lack of gluta-
mine diminished mTORC2 activity (Moloughney 
et al. 2016). mTORC2 regulates the expression of 
GFAT1  in a glutamine-dependent manner 
(Moloughney et  al. 2016). GFAT1 is the rate-
limiting enzyme in the hexosamine biosynthetic 
pathway (HBP), which is involved in the 
hypothalamic regulation of energy balance (dis-
cussed below). The role of mTORC2 signaling in 
the brain and specifically in POMC and AgRP 
neurons was studied by targeted deletion of 
Rictor to inactivate mTORC2 signaling (Kocalis 
et al. 2014). Neuronal deletion of Rictor did not 
alter the food intake significantly despite 
increased hypothalamic NPY expression. The 
neuronal KO mice had higher fat mass and lower 
lean mass than WT counterparts (Kocalis et  al. 
2014). Accordingly, the mice had increased leptin 
levels, and resistance to the anorectic action of 
leptin, and glucose intolerance. While AgRP-
specific Rictor KOs did not have a major pheno-
type, POMC-specific ablation resulted in heavier 
mice with increased food intake and adiposity 
even more than the neuronal KOs (Kocalis et al. 
2014). The exact mechanism of mTORC2-
mediated regulation of energy balance is not 

I. Cakir and E. A. Nillni



151

clear. While mTORC2 positively regulating Akt 
phosphorylation is important in the insulin action, 
ablation of insulin signaling in POMC neurons 
by targeted deletion of IRS2 (Choudhury et  al. 
2005) or PDK1 (Belgardt et  al. 2008) does not 
recapitulate the effects of POMC-specific dele-
tion of Rictor, suggesting that the effect of hypo-
thalamic mTORC2 is mediated through an 
PI3K-Akt independent pathway.

6.3.2	 �AMPK

In the hypothalamus, AMPK acts a positive regu-
lator of energy balance. Hypothalamic AMPK 
activity increases by fasting and decreases by 
refeeding (Minokoshi et  al. 2004; Taleux et  al. 
2008), an effect not observed in an obesity-
resistant rat strain (Taleux et al. 2008). Activation 
of central AMPK, either by ICV infusion of a 
synthetic AMP analog and AMPK activator 
(AICAR) (Sullivan et al. 1994) or MBH-specific 
overexpression of constitutively active AMPK 
(CA-AMPK), results in increased food intake 
and body weight (Andersson et  al. 2004; 
Minokoshi et al. 2004). Conversely, overexpres-
sion of dominant negative AMPK decreases food 
intake and weight gain. Accordingly, hypotha-
lamic AMPK activity is suppressed by anorectic 
factors including insulin, leptin, MTII (an αMSH 
analog), CNTF, and estradiol but induced by 
ghrelin, adiponectin, and orexin-A (Andersson 
et  al. 2004; Minokoshi et  al. 2004; Steinberg 
et al. 2006; Kubota et al. 2007; López et al. 2008; 
Wu et  al. 2013b; Martínez de Morentin et  al. 
2014). Furthermore, suppression of central 
AMPK activity is required for leptin’s anorectic 
effect, and hypothalamic overexpression of 
CA-AMPK can block central leptin action 
(Minokoshi et  al. 2004; Gao et  al. 2007). 
Consequently, leptin activates hypothalamic 
ACC activity and results in elevated central 
malonyl-CoA level, which is required for leptin’s 
anorectic effect (Gao et  al. 2007). Additionally, 
the sympathetic outflow regulated by leptin to 
kidney and adipose tissue (Tanida et al. 2013) but 
not to liver (Tanida et al. 2015) also depends on 
an intact hypothalamic AMPK signaling. It is 

worth noting that the hormonal regulation of 
AMPK activity in the periphery vs. the CNS is 
different. For example, leptin activates AMPK in 
the skeletal muscle and induces fatty acid oxida-
tion (Hardie and Pan 2002), while inhibition of 
hypothalamic AMPK activity by central action of 
leptin is essential for leptin’s anorectic effect 
(Andersson et al. 2004; Minokoshi et al. 2004).

Central infusion of glucose inhibits food 
intake in an AMPK-dependent manner, whereas 
a non-oxidizable form of glucose, 2-deoyxglucose, 
activates hypothalamic AMPK and induces food 
intake (Kim et al. 2004). This is likely due to the 
effect of glucose on cellular AMP/ATP ratio, 
which in turn alters AMPK activity. Consistent 
with its positive role in energy balance, hypotha-
lamic AMPK activity positively correlates with 
NPY and AgRP expressions (Minokoshi et  al. 
2004; Lee et al. 2005). Leptin-mediated suppres-
sion of hypothalamic AMPK activity is compro-
mised in DIO mice. Furthermore, in the medial 
hypothalamus, leptin activates AMPK selectively 
in DIO mice contrary to its effect in lean mice, 
which might contribute the leptin desensitization 
observed in obesity (Martin et al. 2006). Deletion 
of the α subunit of AMPK from POMC neurons 
results in induced weight gain and food intake 
and suppresses energy expenditure, whereas 
AgRP-specific AMPKα knockout mice were 
protected from weight gain (Claret et al. 2007). 
Central inhibition of CaMKK results in suppres-
sion of food intake and induces weight loss, and 
lack of CaMKKβ (CaMKK2 KO mice) confers 
protection from diet-induced obesity (Anderson 
et  al. 2008). CaMKK2 knockout mice have 
reduced expression of AgRP and NPY and resis-
tance to fasting-induced upregulation of NPY 
(Anderson et  al. 2008). Furthermore, central 
glucagon-mediated suppression of food intake, in 
part, depends of suppression of hypothalamic 
CamKK2-AMPK signaling by glucagon 
(Quiñones et al. 2015).

Hypothalamic actions of AMPK extend 
beyond the regulation of energy balance and 
involve other homeostatic processes including 
glucose metabolism, sleep homeostasis, thyroid 
axis, and possibly the reproductive axis (Rougon 
et  al. 1990; Chikahisa et  al. 2009; Yang et  al. 
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2010; Cheng et  al. 2011; Claret et  al. 2011; 
Kinote et al. 2012). BAT-mediated thermogene-
sis, for example, in response to agents such as 
GLP-1 agonists, estradiol, BMP-8B (bone mor-
phogenetic protein 8B), and triiodothyronine 
(T3) also involves regulation of hypothalamic 
AMPK activity (Martínez de Morentin et  al. 
2014; Beiroa et  al. 2014; Martins et  al. 2016; 
Martínez-Sánchez et al. 2017).

As summarized above, AMPK and mTORC1 
are master regulators of autophagy, which seems 
to play a role in the AMPK- and mTOR-mediated 
regulation of energy homeostasis. Inhibition of 
autophagy attenuates the AMPK- and rapamycin-
mediated activation of NPY and suppression of 
POMC expressions in hypothalamic cell lines 
(Oh et  al. 2016). Additionally, knockdown of 
AMPKα subunits in the ARC reduces autophagy 
and results in reduced food intake and weight 
gain (Oh et al. 2016). The role of central autoph-
agy in the regulation of energy balance is cell 
type specific. Inhibition of autophagy in AgRP 
neurons blocks the fasting-induced AgRP upreg-
ulation and results in elevated αMSH levels 
(Kaushik et al. 2011). However, selective loss of 
autophagy in POMC neurons decreases αMSH 
levels and results in increased adiposity (Coupé 
et  al. 2012; Kaushik et  al. 2012; Quan et  al. 
2012).

6.3.3	 �Histone Deacetylases: Sirtuins 
and Classical HDACs 
with Special Emphasis 
on SIRT1

The hypothalamic role of the histone deacetylase 
family of proteins has recently begun to be 
uncovered. As noted below, the most extensively 
characterized HDAC member in regard to its cen-
tral role has been SIRT1. We will begin this sec-
tion with a brief summary of our current 
knowledge on the hypothalamic activity of clas-
sical HDACs and then focus most of the remain-
der of the chapter on SIRT1.

The expression pattern and regulation of the 
hypothalamic HDACs in response to nutritional 
challenges are not uniform. Hypothalamic histone 
acetylation and the expression of classical HDACs 

have been reported to be nutrient-sensitive. In lean 
mice, fasting decreases the global histone acetyla-
tion only in the ventrolateral subdivision of the 
ventromedial hypothalamus (Funato et al. 2011). 
Among the classical HDACs, HDAC10 and 
HDAC11 are the most highly expressed genes in 
the hypothalamus (Funato et al. 2011). Upon fast-
ing, hypothalamic expressions of HDAC3 and 
HDAC4 increase, while that of HDAC10 and 
HDAC11 decline (Funato et  al. 2011), while 
another study suggested a fasting-induced 
decrease in HDAC5 expression (Kabra et  al. 
2016). Hypothalamic HDAC8 expression was 
reported to be restricted to the paraventricular 
nucleus, where its expression is upregulated by 
fasting and high-fat diet. While one study reported 
increased hypothalamic HDAC5 expression upon 
4-week high-fat diet feeding (Funato et al. 2011), 
another study suggested that chronic high-fat diet 
decreased total hypothalamic HDAC5 mRNA lev-
els (Kabra et  al. 2016). There was no detectible 
change in the hypothalamic expression of other 
classical HDACs under high-fat diet feeding 
(Funato et al. 2011). HDAC5 is the only classical 
HDAC reported to be involved in the regulation of 
leptin signaling. Hypothalamic HDAC5 levels are 
positively regulated by leptin, and ablation of 
HDAC5 potentiates weight gain on high-fat diet 
(Kabra et al. 2016). Mechanistically, HDAC5 was 
suggested to deacetylate and increase the tran-
scriptional activity of STAT3 on POMC promoter 
(Kabra et al. 2016). It is important to note, how-
ever, that several other studies indicated that acety-
lation positively regulates STAT3 phosphorylation, 
dimerization, and transcriptional activity (Yuan 
et  al. 2005; Wang et  al. 2005; Nie et  al. 2009; 
Dasgupta et al. 2014; Chen et al. 2015). For exam-
ple, SIRT1 inhibits hepatic STAT3 activity in the 
liver by deacetylation of multiple lysine residues 
(Nie et  al. 2009), although hypothalamic SIRT1 
inhibition does not alter STAT3 acetylation at least 
on Lys 685 (Cakir et al. 2009). The precise role of 
STAT3 acetylation on individual residues and their 
contribution to energy homeostasis remain to be 
further characterized.

Neuronal SIRT1 expression is predominantly 
nuclear in rodent and human brain (Zakhary et al. 
2010). Brain nuclei associated with neurodegen-
eration (such as the prefrontal cortex, hippocampus, 
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and basal ganglia) as well as the homeostatic 
centers including the hypothalamus and the 
brain stem have detectable SIRT1 expression 
(Ramadori et  al. 2008; Zakhary et  al. 2010). 
Activation of neuronal SIRT1 has neuroprotec-
tive effects and phenocopies some of the benefits 
of caloric restriction on neurodegeneration, such 
as the attenuation of amyloid plaques observed in 
Alzheimer disease (Qin et  al. 2006; Kim et  al. 
2007a). Developmentally, neuronal SIRT1 plays 
a fundamental role in neural differentiation and 
survival. In neuronal progenitor cells (NPCs), 
SIRT1 couples oxidative stress to inhibition of 
neurogenesis and directs the progenitor cells 
toward an astrocyte lineage (Prozorovski et  al. 
2008). However, under normal conditions, SIRT1 
blocks Notch signaling, which normally sup-
presses proneural gene expression and confers 
neural progenitor cell maintenance. Therefore, 
neuronal SIRT1 action promotes neurogenesis 
(Hisahara et al. 2008). Furthermore, deletion of 
SIRT1 in adult NPCs in rodents leads to increased 
progenitor oligodendrocyte population (Rafalski 
et al. 2013). The role of SIRT1 in neuroprotection 
is also supported by findings obtained from 
Wallerian degeneration slow (Wlds) mice where a 
mutation encompassing the NAMPT gene results 
in increased NAD+ production and elevated 
SIRT1 activity, which in turn delays the axonal 
degeneration (Araki et al. 2004).

The role of hypothalamic SIRT1 on metabo-
lism in rodents has been studied by several groups 
both genetically and pharmacologically. SIRT1 
expression is sensitive to cellular energy status 
such that increased SIRT1 expression and nuclear 
localization have been reported by many studies 
supporting its role as an energy sensor in the 
periphery and in the brain (Kanfi et  al. 2008; 
Cantó et  al. 2009; Cakir et  al. 2009; Dietrich 
et  al. 2010). SIRT1 protein levels in rodents 
increase by calorie restriction in several meta-
bolic tissues including the brain (Cohen et  al. 
2004). Upon fasting, SIRT1 activity increases 
specifically in the hypothalamus, but not in the 
hindbrain (Ramadori et  al. 2008; Cakir et  al. 
2009); this is due to the fasting-induced increase 
in hypothalamic SIRT1 protein level and NAD+ 
concentration. Inhibition of central SIRT1 activ-

ity leads to cessation of feeding and results in 
weight loss in lean as well as obese rodents, while 
its acute activation by resveratrol appears to have 
beneficial effects in glucose homeostasis (Knight 
et  al. 2011). Neuronal depletion of SIRT1 pro-
motes systemic insulin sensitivity and counters 
diet- and age-induced weight gain, while 
forebrain-specific overexpression of SIRT1 
results in decreased glucose tolerance, energy 
expenditure, and increased adiposity. In contrast, 
in older mice neuronal overexpression of SIRT1 
seems to counteract the aging-induced gene 
expression profile (Oberdoerffer et  al. 2008). 
Therefore, the specific role of SIRT1 in mamma-
lian physiology especially in the context of its 
role in the regulation of neuroendocrine circuits 
should be evaluated based on specific tissue/cell 
population in consideration of the nutritional sta-
tus and stress factors.

One well-known substrate of SIRT1 is the 
transcription factor, FoxO1, whose deacetylation 
augments its activity (Huang and Tindall 2007; 
Xia et al. 2013). FoxO1 is also a metabolic sen-
sor in that it integrates both leptin and insulin 
signaling (Kitamura et al. 2006; Kim et al. 2006) 
pathways. It is abundantly expressed in meta-
bolically relevant hypothalamus nuclei, includ-
ing neurons of the ARC, DMH, and VMH 
(Toorie et al. 2016). Among its metabolic func-
tions, FoxO1 transcriptionally regulates AgRP 
and NPY expression in a positive manner, while 
transcriptionally repressing POMC, carboxy-
peptidase E (CPE), and steroidogenic factor 1 
SF1 expressions (Kitamura et  al. 2006; Kim 
et al. 2006; Plum et al. 2009). In addition, FoxO1 
positively regulates SIRT1 expression at the 
transcriptional level (Xiong et  al. 2011). 
Physiologically, SIRT1’s role as energy sensor is 
determined by its dependency on NAD+ 
(Ramadori et al. 2008; Cantó et al. 2012). New 
studies have uncovered the involvement of hypo-
thalamic SIRT1  in nutrient sensing (Ramadori 
et al. 2008; Cakir et al. 2009). As mentioned in 
the introduction and further developed in the fol-
lowing sections, SIRT1 in the ARC induces pos-
itive energy balance by affecting POMC and 
CPE gene expression through FoxO1. The role 
of hypothalamic SIRT1 and the consequences of 
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genetic ablation of SIRT1 from distinct hypotha-
lamic neuronal populations are discussed exten-
sively in the following sections. SIRT1 also 
affects proCRH processing either through a 
pathway of FoxO1, preproPC2/proPC2, or 
directly through preproPC2/proPC2. Lastly, the 
potential effect of SIRT1 action on the transcrip-
tion factor nescient helix-loop-helix 2 protein 
(Nhlh2) will also be considered.

6.3.4	 �Other Players

Apart from AMPK, mTOR, and sirtuins, our 
knowledge on the role of hypothalamic nutrient 
sensors on energy homeostasis has been limited. 
Two recent studies addressed the role of the 
hypothalamic hexosamine biosynthetic pathway 
(HBP) in energy homeostasis. A small percent-
age of the cellular glucose is shuttled through the 
HBP, where glucose is metabolized to UDP-N-
acetylglucosamine (UDP-GlcNAc) (Yang and 
Qian 2017). Besides the N-linked and O-linked 
glycosylation reactions, UDP-GlcNAc is the 
major sugar donor in O-GlcNAcylation, which is 
the posttranslational modification of proteins 
with O-linked N-acetylglucosamine on serine 
and threonine residues. This process involves at 
least two enzymes, O-GlcNAc transferase (OGT) 
and O-GlcNAcase (OGA), which collectively 
regulate the cellular pool of O-GlcNAcylated 
substrates in a nutrient-sensitive manner. For 
example, increased glucose concentration stimu-
lates O-GlcNAcylation in hyperglycemia (Liu 
et al. 2000). Cellular O-GlcNAcylation increases 
upon increased HBP flux typically observed upon 
hyperglycemia, unfolded protein response, and 
nutrient deprivation-induced OGT expression.

OGT is expressed in the AgRP neurons, and 
its expression is induced by fasting and ghrelin 
[25303527]. Deletion of OGT from AgRP neu-
rons blocks their excitability and confers resis-
tance to diet-induced weight gain (Ruan et  al. 
2014), at least in part by modulating the 
O-GlcNAcylation and thus activity of the voltage-
dependent potassium channel Kcnq3. Driven by 
earlier genome-wide association studies (GWAS) 
indicating that glucosamine-6-phosphate deami-

nase (GNPDA2), a regulator of HBP, correlates 
with obesity, another group characterized the role 
of OGT in the forebrain and PVN in mice 
(Lagerlöf et  al. 2016). Using a tamoxifen-
inducible CaMKII-Cre model, Lagerlöf and col-
leagues showed that deletion of OGT from the 
forebrain (including the hypothalamus) results in 
hyperphagic obesity in adult mice (Lagerlöf et al. 
2016). This phenotype was reproduced by dele-
tion of OGT specifically in the PVN. O-GlcNAc 
level was positively regulated by glucose in the 
PVN, while fasting decreased O-GlcNAc levels. 
Furthermore, these changes were restricted to 
CaMKII-positive neurons (Lagerlöf et al. 2016). 
These findings also point to the heterogeneous 
role of the nutrient sensors in the hypothalamus 
as described for SIRT1 and mTORC1 above.

Another conserved cellular nutrient sensor is a 
family of proteins called Per-Arnt-Sim (PAS) 
kinases (DeMille and Grose 2013). PASK is typi-
cally activated by high glucose concentrations 
and regulates glucose partitioning in yeast (Smith 
and Rutter 2007) and glucagon secretion in mam-
mals (da Silva Xavier et al. 2011). PASK knock-
out mice are protected from HFD-induced obesity 
and insulin resistance (Hao et al. 2007). The role 
of central PASK in the regulation of energy bal-
ance has not been directly addressed; however, 
hypothalamic PASK signaling is sensitive to glu-
cose concentrations and GLP-1 at least in the LH 
and VMH (Hurtado-Carneiro et  al. 2013). 
Hypothalamic PASK signaling appears to regu-
late AMPK and mTORC1 pathways such that the 
response of AMPK and mTORC1 signaling to 
fasting and refeeding is dysregulated in PASK-
deficient mice (Hurtado-Carneiro et al. 2014).

6.4	 �Prohormone Processing 
and Prohormone 
Convertases

The biosynthesis of mammalian neuropeptide 
hormones follows the principles of the prohor-
mone theory, which begins with a messenger 
RNA (mRNA) translation into a large, inactive 
precursor polypeptide, followed by a limited 
posttranslational proteolysis to release different 
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products of processing (Steiner 1998; Nillni  - 
Endocrinology and 2007 2007). In rodents and 
humans, abnormalities in prohormone processing 
result in deleterious health consequences, includ-
ing metabolic dysfunctions (Naggert et al. 1995; 
Jackson et  al. 1997; Challis et  al. 2002; Nillni 
et al. 2002; Jing et al. 2004; Lloyd et al. 2006). To 
produce an active hormone, the prohormone is 
subjected to differential processing by the action 
of different members of the family of PCs, which 
results in biological and functional diversity 
within the central nervous system (CNS) as well 
as in endocrine cells in the periphery. The PCs 
comprise a family composed of seven subtili-
sin−/kexin-like endoproteases, and relevant to 
the neuroendocrine tissues are PC1 and PC2 
(Seidah et al. 1990, 1991, 1992, 1996; Smeekens 
and Steiner 1990; Smeekens et al. 1991; Constam 
et  al. 1996). These enzymes cleave at the 
C-terminal side of single, paired, or tetra basic 
amino acid residue motifs (Rouillé et al. 1995), 
followed by removal of remaining basic residue(s) 
by carboxypeptidase E and D (CPE, CPD) 
(Fricker et al. 1996; Xin et al. 1997; Nillni et al. 
2002). The selective expression of PC1 and 
PC2 in endocrine and neuroendocrine cells dem-
onstrated to be important in prohormone tissue-
specific processing (Seidah et  al. 1990, 1991, 
1994; Schafer et  al. 1993). PC1 and PC2 have 
been shown to process proTRH (Friedman et al. 
1995; Nillni et al. 1995; Pu et al. 1996; Schaner 
et  al. 1997; Nillni 2010), proinsulin (Smeekens 
et  al. 1992; Steiner et  al. 1992; Rouillé et  al. 
1995), proenkephalin (Breslin et al. 1993), proso-
matostatin (Galanopoulou et  al. 1993; Brakch 
et  al. 1995), progrowth hormone-releasing hor-
mone (proGHRH) (Posner et al. 2004; Dey et al. 
2004), POMC (Thomas et  al. 1991; Benjannet 
et al. 1991), pro-corticotropin-releasing hormone 
(proCRH) (Vale et al. 1981a; Rivier et al. 1983; 
Castro et al. 1991; Brar et al. 1997; Perone et al. 
1998), proNPY (Paquet et  al. 1996), proCART 
(Dey et al. 2003), and proneurotensin (Villeneuve 
et  al. 2000) to various intermediates and end 
products.

Within the hypothalamus, PC1 and PC2 dis-
play an extensive overlapping pattern of expres-
sion (Schafer et  al. 1993; Winsky-Sommerer 

et al. 2000). The critical role of PC1 and PC2 in 
prohormone processing is underscored by studies 
from animals lacking the genes encoding PC1 
(Zhu et al. 2002) and PC2 (Furuta et al. 1997) as 
well as 7B2 (Westphal et al. 1999; Laurent et al. 
2002) a neuropeptide essential for the maturation 
of PC2. Disruption of the gene-encoding mouse 
PC1 results in a syndrome of severe postnatal 
growth impairment and multiple defects in the 
processing of many hormone precursors, includ-
ing dysfunctional processing of the hypothalamic 
proGHRH to mature GHRH, pituitary POMC to 
adrenocorticotropic hormone, islet proinsulin to 
insulin, and intestinal proglucagon to glucagon-
like peptide-1 and peptide-2. A mouse model of 
PC1 deficiency generated by random mutagene-
sis (Lloyd et al. 2006) with a missense mutation 
in the PC1 catalytic domain (N222D) leads to 
obesity with abnormal proinsulin processing and 
multiple endocrine deficiencies. Although there 
was defective proinsulin processing leading to 
glucose intolerance, neither insulin resistance nor 
diabetes had developed despite obesity. The 
apparent key factor in the induction of obesity 
was impaired autocatalytic activation of mature 
PC1 causing reduced production of hypothalamic 
α-MSH (Lloyd et al. 2006). A patient with a com-
pound heterozygous mutation in the PC1 gene 
resulting in production of nonfunctional PC1 had 
severe childhood obesity (Jackson et  al. 1997). 
An analogous obese condition was found in a 
patient with a defect in POMC processing 
(Challis et al. 2002). As PC1 and PC2 are essen-
tial for the processing of a variety of proneuro-
peptides, alterations in the expression and protein 
biosynthesis of PC1 and PC2 also have profound 
effects on neuropeptide homeostasis.

6.4.1	 �SIRT1 Regulates POMC 
and AgRP Peptides

The interplay between POMC biosynthesis/pro-
cessing to its derived peptides regulated by SIRT1 
was first demonstrated in our laboratory using the 
Sprague-Dawley rat model (Cakir et al. 2009). This 
model shares with humans many characteristics of 
obesity physiology (Challis et al. 2002), and rats 
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are considered to be an excellent model for this 
type of studies (Levin et al. 1997; Nillni et al. 2002; 
Cottrell and Ozanne 2008). Early studies using this 
rat model showed that POMC biosynthesis and 
processing is nutrition dependent (Perello et  al. 
2007). Indeed, the biosynthesis of POMC and its 
derived peptides including ACTH and α-MSH 
decrease by fasting and increase when fasted ani-
mals were treated with leptin that mimics response 
to refeeding. Similar correlation was observed for 
PC1 and PC2. These findings demonstrated that 
the production of POMC-derived peptides and pro-
cessing enzymes in the ARC are nutrient-sensitive 
(Perello et al. 2007).

SIRT1 protein levels in the hypothalamus 
change in response to diet and appear to mediate 
several aspects of hypothalamic control; there-
fore, understanding its role in regulating the mel-
anocortin system is timely. Indeed, we recently 
showed that SIRT1 expressed in the ARC partici-
pates in the regulation of AgRP and POMC neu-
rons in an orexigenic capacity to control feeding 
behavior. In that study, central inhibition of 
SIRT1 decreased body weight and food intake as 
a result of a FoxO1-mediated increase in the 
POMC and decrease in the orexigenic AgRP 
expressions in the ARC (Cakir et  al. 2009; Cyr 
et al. 2014; Toorie and Nillni 2014). This conclu-
sion was supported by an array of different stud-
ies from our laboratory and others. For example, 
siRNA-mediated knockdown of ARC SIRT1 
expression resulted in reduced food intake and 
body weight gain (Cakir et al. 2009). In addition, 
pharmacological inhibition of SIRT1 activity 
using the chemical compound EX-527 via intra-
cerebroventricular route (ICV) suppressed 
fasting-induced hyperphagia and weight gain in 
lean rodents (Cakir et al. 2009; Cyr et al. 2014). 
This reduction in body weight was associated 
with elevated ARC POMC (Cakir et al. 2009; Cyr 
et al. 2014) and reduced AgRP expressions (Cakir 
et al. 2009). Conversely, ICV infusion of a SIRT1 
activator (Sinclair and Guarente 2014) resulted in 
an immediate (and short-lived) increase in food 
intake in refed rats (Cakir et  al. 2009). 
Co-administration of a MC3/4R antagonist, 
SHU9119, with the SIRT1 inhibitor (EX-527) 
reversed the anorectic effect of EX-527, suggest-

ing the involvement of the central melanocortin 
system in mediating the effect of hypothalamic 
SIRT1 on energy homeostasis. Central SIRT1 
inhibition resulted in reversal of fasting-induced 
suppression of hypothalamic mTORC1 pathway 
(Cakir et al. 2009), which is a negative regulator 
of energy balance (Cota et al. 2006), suggesting 
that SIRT1 acted as an upstream negative regula-
tor of mTOR, possibly acting through a TSC2-
dependent pathway (Ghosh et al. 2010). Overall, 
these results point to an orexigenic role of ARC 
SIRT1 in the lean animals (Cakir et al. 2009; Cyr 
et al. 2014).

Hypothalamic SIRT1 action also regulates the 
central effects of ghrelin, a potent orexigenic fac-
tor secreted mainly from the stomach. Dietrich 
and colleagues demonstrated that peripheral as 
well as central administration of EX-527 was suf-
ficient to reduce food intake during the dark cycle 
and suppress the ghrelin-induced hyperphagia. 
This effect on food intake was not associated 
with concomitant changes in energy expenditure; 
rather, it was mediated through reduced melano-
cortin tone and was dependent on the action of 
uncoupling protein 2 (UCP2) (Dietrich et  al. 
2010). It was also demonstrated that the orexi-
genic action of ghrelin is mediated via a 
SIRT1-p53 pathway, proposed to be acting 
upstream of hypothalamic AMPK: Central SIRT1 
inhibition blocked the ghrelin-induced hyperpha-
gia and hypothalamic fatty acid metabolism, 
reducing the ghrelin’s effect on FoxO1, NPY, and 
AgRP expressions (Velásquez et al. 2011). SIRT1 
also increases the expression of the type 2 orexin 
receptor in the dorsomedial and lateral hypotha-
lamic nuclei (DMH and LH, respectively) by 
deacetylating the homeodomain transcription 
factor Nkx2–1 and augmenting the response to 
ghrelin (Satoh et al. 2010, 2013).

Further support for the orexigenic role of neu-
ronal SIRT1 came from a study on a neuron-
specific SIRT1 knockout (SINKO) model that 
was generated by crossing SIRT1-floxed mice to 
mice expressing the Cre transgene under the 
control of neuron-specific synapsin I promoter 
(Syn1-Cre) (Lu et al. 2013). SINKO mice had a 
reduced neuronal SIRT1 mRNA and protein 
content and significantly elevated acetylation of 
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hypothalamic p53 and STAT3. Neuronal SIRT1 
deficiency resulted in increased central insulin 
signaling and protection against weight gain, 
systemic insulin resistance, and inflammation in 
the white adipose tissue in mice fed a high-fat 
diet (Lu et al. 2013). These effects were at least 
in part mediated by lack of an inhibitory deacet-
ylation of IRS-1 by SIRT1 in SINKO mice (Lu 
et al. 2013). Additionally, AgRP-specific SIRT1 
depletion phenocopies the neuronal SIRT1 KO 
mice in regard to their lower body weight 
(Dietrich et al. 2010). Another neuronal SIRT1 
KO model was generated using Nestin-Cre mice: 
Resulting mice were smaller than WT counter-
parts. This was in part due to a downregulation 
of the growth hormone levels in the KO mice, 
which also had smaller pituitary mass (Cohen 
et  al. 2009). Brain SIRT1 expression was 
reported to decrease by aging in the anteroven-
tral thalamic nucleus (AV) and the ARC in mice 
(Lafontaine-Lacasse et  al. 2010). Using mouse 
prion promoter, a brain-specific SIRT1 trans-
genic mouse was developed (Satoh et al. 2010). 
The mice had normal food intake and body 
weight compared to the WT mice at 5 and 
20  months of age. One of the transgenic lines 
that expressed SIRT1 at higher levels in the 
DMH and LH compared to other hypothalamic 
nuclei had an extended life span. Surprisingly, 
another transgenic line that had uniformly higher 
SIRT1 expression throughout the hypothalamus 
did not mimic these phenotypes, suggesting a 
differential role of SIRT1 in different subhypo-
thalamic nuclei at least in the context of aging. 
Overexpression of SIRT1 under the CaMKIIα 
promoter to achieve forebrain-specific expres-
sion resulted in decreased glucose tolerance and 
energy expenditure, decreased plasma T3 and T4 
levels, and increased adiposity (Wu et al. 2011). 
Overall, these studies suggest that hypothalamic 
SIRT1 is a positive regulator of energy balance, 
and pharmacological or genetic inhibition of 
central SIRT1 function results in decreased 
weight gain and food intake.

In contrast to the findings summarized above, 
some studies suggested a negative regulation of 
energy balance by hypothalamic SIRT1. 
Hypothalamic SIRT1 expression was proposed to 

be increased by short-term refeeding of fasted 
mice, and overexpression of SIRT1 in the medio-
basal hypothalamus resulted in reduction of 
FoxO1-induced hyperphagia (Sasaki et al. 2010). 
SIRT1 overexpression rescued the obese pheno-
type induced by constitutively active POMC-
specific FoxO1 (Susanti et al. 2014). Furthermore, 
POMC- or AgRP-specific SIRT1 overexpression 
prevented age-induced weight gain (Sasaki et al. 
2014). In line with this finding, another study 
showed that SIRT1 and FoxO1 form a complex 
with necdin, a nuclear protein expressed in post-
mitotic neurons and located in the Prader-Willi 
locus (MacDonald and Wevrick 1997; Jay et al. 
1997). The heterotrimeric complex promoted the 
SIRT1-mediated FoxO1 deacetylation (Hasegawa 
et  al. 2012). Necdin KO mice had decreased 
serum levels of TSH, T3, and T4, decreased 
hypothalamic proTRH expression, and increased 
NPY and AgRP levels; however the body weight, 
food intake, or the energy expenditure of the 
mice was unaltered compared to the wild-type 
mice (Hasegawa et  al. 2012). We would like to 
emphasize that the acute and chronic effects of 
factors that regulate energy balance could be dra-
matically different, and combined with the plas-
ticity of the neuronal circuitry (Elson and Simerly 
2015), these factors might account for some 
discrepancies in the literature. For example, PI3K 
is the main signaling node utilized by insulin 
receptor signaling; however, inhibition of PI3K 
pathway in rodents and primates has proven to 
induce weight loss and improve overall metabo-
lism (Ortega-Molina et  al. 2015), and reduced 
insulin/IGF-I signaling extends life span in meta-
zoans. Orexins acutely stimulate food intake and 
weight gain (Sakurai et  al. 1998). However, 
chronic orexin deficiency is associated with obe-
sity in both rodents and humans, and transgenic 
overexpression of orexin confers resistance to 
diet-induced obesity (Funato et  al. 2009). 
Likewise, acute inhibition of hypothalamic 
mTOR signaling has been associated with 
decreased feeding (Cota et  al. 2006); however, 
mice with Rip2/Cre-mediated hypothalamic 
deletion of mTOR inhibitor Tsc1 (Rip-Tsc1cKO 
mice) develop hyperphagia and obesity (Mori 
et al. 2009).
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Genetic ablation of SIRT1 from chemically 
distinct hypothalamic neurons resulted in phe-
notypes depending on the identity of the neuro-
nal population. POMC-specific SIRT1 ablation 
resulted in increased high-fat diet-induced 
weight gain specifically in female mice but not 
in male mice (Ramadori et  al. 2010). POMC 
neuronal survival, POMC mRNA expression, or 
hypothalamic ACTH or αMSH levels were not 
affected by depletion of SIRT1. These mice 
were reported to have decreased energy expen-
diture and reduced sympathetic tone to the peri-
gonadal adipose tissue (Ramadori et al. 2010). 
However, central infusion of the SIRT1 inhibi-
tor EX-527 resulted in increased POMC mito-
chondrial density and decreased inhibitory 
inputs onto POMC neurons (Dietrich et  al. 
2010). AgRP-specific SIRT1 KO mice showed 
an opposite phenotype to POMC-specific SIRT1 
KOs, resulting in leaner mice with decreased 
food consumption (Dietrich et al. 2010). AgRP-
specific ablation of PGC1α, a transcriptional 
coactivator positively regulated by SIRT1, 
results in decreased food intake, unaltered body 
weight with increased adiposity, but decreased 
lean mass (Gill et al. 2016). Deletion of SIRT1 
from SF1 neurons, a subpopulation of VMH 
neurons, results in mice with increased body 
weight, normal food intake, and decreased 
energy expenditure (Ramadori et  al. 2011). 
Furthermore, these mice had an altered circa-
dian rhythm under food restriction (Orozco-
Solis et al. 2015).

A full description and debate about different 
views on orexigenic vs. anorexigenic role of 
SIRT1 in the brain was previously described in a 
separate review (Toorie and Nillni 2014). It was 
concluded then that in lean animals, central 
SIRT1 functions as a nutrient sensor, and it is 
elevated during fasting state in neurons of the 
melanocortin system. Activated SIRT1 deacety-
lates and activates FoxO1, which in turn alters 
the biosynthesis and processing of 
POMC. Inhibition of central SIRT1 is sufficient 
to promote a negative energy balance. In the 
PVN, SIRT1 has also an effect on the CRH pep-
tide that in turn also affects energy balance (see 
the next section). Table  6.1 depicts the impact 

that SIRT1 has in ARC and PVN under different 
nutritional conditions.

The next question is then, how does SIRT1 
regulate POMC processing as well as down-
stream changes in body weight and energy 
expenditure in diet-induced obesity (DIO) state? 
Indeed, central inhibition of SIRT1  in DIO 
decreased body weight and increased energy 
expenditure at higher rate than in the lean state 
suggesting that a different mechanism is trig-
gered in the obese state (Cyr et  al. 2014). DIO 
and fasted lean rodents displayed elevated SIRT1 
levels in their ARC (Cyr et  al. 2014), and DIO 
animals exhibited weight loss due to acute central 
SIRT1 inhibition (Table  6.1). This is consistent 
with a prior study in mice where SIRT1 was 
reported to be elevated in the hypothalamus of 
db/db mice, which are obese because of a muta-
tion in the leptin receptor (Sasaki et  al. 2010). 
Interestingly, whereas reduced SIRT1 activity 
reduced food consumption in lean animals (Cakir 
et al. 2009; Dietrich et al. 2010; Cyr et al. 2014), 
DIO animals subjected to central SIRT1 inhibi-
tion remained normophagic (Table  6.1) (Cyr 
et al. 2014). Results from our group and others 
(Dietrich et al. 2010) show that lean rodents sub-
jected to central SIRT1 inhibition lost weight 
because of a decrease in food intake, without any 
changes in energy expenditure. However, DIO 
animals subjected to SIRT1 inhibition by ICV 
infusion of EX-527 lost significant body weight 
not because of decreased in food intake but 
instead because of an increase in oxygen con-
sumption (elevated energy expenditure). Brain 
inhibition of SIRT1 in DIO increased acetylated 
FoxO1, which in turn increased phosphorylated 
FoxO1 via improved insulin/pAKT signaling 
(Cyr et al. 2014). Elevated acetylation and phos-
phorylation of FoxO1 resulted in increased 
POMC levels along with an increase in the 
expression of the a-MSH maturation enzyme 
CPE, which resulted in more of the bioactive 
POMC product α-MSH released into PVN 
(Fig. 6.1). Increased in a-MSH led to augmented 
thyrotropin-releasing hormone (TRH) levels and 
circulating T3 levels (triiodothyronine, thyroid 
hormone). These results indicate that inhibiting 
hypothalamic SIRT1 in DIO enhances the activ-
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ity of the hypothalamic-pituitary-thyroid (HPT) 
axis, which stimulates energy expenditure. 
Therefore, pharmacological inhibition of 
SIRT1 in DIO state causes negative energy bal-
ance by increasing energy expenditure and HPT 
axis activity (Cyr et al. 2014). What remains to be 
determined is whether SIRT1 also regulates pro-
TRH in the PVN and POMC in the nucleus of the 
solitary track (Fig. 6.1).

Collaborative studies conducted between the 
Good Laboratory and our group (Jing et al. 2004) 
revealed that targeted deletion of the neuronal 
basic helix-loop-helix (bHLH) transcription fac-
tor (Nhlh2) in mice results in adult-onset obesity. 
Nhlh2 expression can be found in rostral POMC 
neurons and TRH neurons of the paraventricular 
nucleus (PVN). We also demonstrated that in the 
absence of Nhlh2 in these neurons, the expression 

Fig. 6.1  Model depicting the regulation of hypotha-
lamic POMC by SIRT1: In the ARC, SIRT1 deacetylates 
FoxO1, which decreases production of POMC and the 
POMC-processing enzyme CPE causing less α-MSH to 
reach MC3/MC4 receptors on target tissues. Lower 
α-MSH reduces TRH, T3, and thus energy expenditure. 
Inhibiting SIRT1 sensitizes Akt signaling, which 
increases pFox01. pFox01 promotes Fox01 nuclear 
exclusion, thereby increasing POMC and CPE, which 
increases α-MSH.  SIRT1-mediated changes in POMC 
could affect target tissues such as the PVN and NTS that 
regulate energy expenditure. In the lean state, leptin and 
insulin signal through their respective receptors to ulti-
mately increase Akt phosphorylation. pAKT translocates 
to the nucleus and phosphorylates the transcription factor 
FoxO1, thereby facilitating its inactivation and nuclear 
exclusion. Consequentially, POMC and CPE transcrip-
tion is enhanced resulting in increased α-MSH, while 
AgRP transcription is repressed resulting in reduced 
AgRP.  In both DIO and fasted conditions, insulin and 
leptin signaling are impaired via distinct mechanisms 
resulting in reduced pAKT levels, which promotes 
FoxO1 nuclear retention. In addition, SIRT1 protein con-

tent is increased within the ARC of both fasted and DIO 
individuals. SIRT1 via its deacetylation of FoxO1 posi-
tively regulates AgRP transcription while negatively 
regulating POMC and CPE transcription. Reduced 
POMC and CPE expression results in diminished levels 
of α-MSH, which signals through MC3/MC4 receptors 
to exert its potent anorectic effect; AgRP functions as an 
endogenous antagonist of the MC3/4R.  SIRT1 also 
increases the number of GABAergic synapses onto 
POMC neurons by AgRP neurons, resulting in hyperpo-
larization of POMC neurons and reduced melanocortin-
ergic tone. SIRT1 could deacetylate Nhlh2  in POMC 
neurons causing its activation of Nhlh2 that in turn has a 
direct role for transcriptional control of PC1. JAK, 
Janus-activated kinase; IRS, insulin receptor substrate; 
PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, 
phosphatidylinositol-3,4,5-trisphosphate; PI3K, phos-
phoinositide 3-kinase; STAT3, signal transducer and 
activator of transcription 3; Akt, protein kinase B; ac, 
acetyl; p, phosphate; GABA, gamma-aminobutyric acid. 
(This figure is adopted from our prior publication on the 
Molecular and Cellular Endocrinology (Mol Cell 
Endocrinol. 2016 Dec 15;438:77–88))
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of the PC1 and PC2 mRNA and a-MSH peptides 
was reduced (Jing et al. 2004). In a further study, 
it was shown that Nhlh2 is part of the Janus 
kinase/STAT signaling pathway and is involved 
in the control of PC1 transcription by STAT3 
after leptin stimulation (Fox and Good 2008). 
Interestingly, recent studies proposed that Nhlh2 
is also involved in motivation behavior for exer-
cise (Good et al. 2015) and it is also directly reg-
ulated by SIRT1 (Libert et  al. 2011). SIRT1 
deacetylates and activates Nhlh2, which in turn 
has a direct role for transcriptional control of 
PC1. Since food abundance suppresses SIRT1 
and food scarcity increases SIRT1 in the ARC, it 
is possible that during fasting SIRT1 activation of 
Nhlh2 may affect PC1 in POMC neurons, an area 
worth exploring.

DIO results in increased hypothalamic SIRT1 
expression. Central SIRT1 inhibition in DIO 
increases the α-MSH peptide released into PVN 
to stimulate TRH neurons, but these effects were 
not seen in lean rats (Table  6.1). In obese rats, 
TRH peptide levels were elevated in the PVN 
along with circulating levels of the active thyroid 
hormone T3, a generally accepted indicator of 
energy expenditure (Nillni 2010), yet no changes 
in TRH or T3 were detected in lean rats treated 
with EX-527 under the same conditions. 
However, EX-527 treatment resulted in a signifi-
cant increase in plasma T3 levels in lean rats upon 
prolonged fasting (Cakir et  al. 2009). These 
results suggest that regulation of POMC by 
SIRT1 is nutrition and stress dependent. In view 
of these findings, it seems that physiological 
changes or metabolic stressors affect prohormone 
processing. For example, we now know that cold 
stress (Nillni et al. 2002) and endoplasmic reticu-
lum stress (Cakir et al. 2013) produce alterations 
in the processing of proTRH and POMC, respec-
tively. Central SIRT1 inhibition further increases 
ARC POMC and CPE biosynthesis in DIO rats. 
This change in CPE was correlative with increases 
in a-MSH and TRH in the PVN of DIO rats as 
well as circulating T3 levels and oxygen con-
sumption. These results collectively support the 
hypothesis that central SIRT1 promotes positive 
energy balance, as shown earlier (Cakir et  al. 
2009), and blocking SIRT1’s hypothalamic activ-

ity can promote a negative energy balance and 
weight loss. Supporting the notion of SIRT1 act-
ing on the HPT axis, a previous study showed 
that SIRT1 positively regulates TSH exocytosis 
from pituitary thyrotropes (Akieda-Asai et  al. 
2010). Together these results suggest that SIRT1 
regulates the HPT axis at various levels and that 
regulation depends on the nutritional status. 
Since a-MSH can affect energy expenditure 
through several mechanisms (Xu et  al. 2011), 
future studies should explore alternative pathways 
underlying the increase in energy expenditure 
with central SIRT1 inhibition especially in the 
context of metabolic syndrome and obesity.

6.4.2	 �SIRT1 Regulates proCRH

The major role of CRH neurons present in the 
PVN is to regulate the adrenal axis. Stimulation 
of the adrenal axis by CRH produces an increase 
of circulating glucocorticoids (GC) from the 
adrenal gland affecting energy metabolism as 
well as glucose metabolism. Chronic increases of 
basal GC are associated with increased food drive 
and enhanced abdominal adiposity. Early studies 
by Vale and others showed a role for CRH (Vale 
et  al. 1981b) in mediating the stress response 
(Kovács 2013). However, CRH also regulates 
metabolic, immunologic, and homeostatic 
changes under normal and pathologic conditions 
(Chrousos 1995; Seimon et al. 2013; Sominsky 
and Spencer 2014). CRH exerts an anorexigenic 
effect in through its direct action within the hypo-
thalamus (Heinrichs et al. 1993). However, glu-
cocorticoids, whose level rises in response to 
CRH action in the pituitary, act as orexigenic 
agents. Accordingly, ob/ob and db/db mice have 
elevated glucocorticoid levels when compared to 
DIO wild-type mice, and the response of hypo-
thalamic CRH levels to nutritional challenges in 
wt vs. the ob/ob mice is different (Jang and 
Romsos 1998).

Although CRH is expressed in mast cells (Cao 
et al. 2005), amygdala, locus, and hippocampus, 
the PVN-derived CRH has a major role in metab-
olism (Raadsheer et al. 1993; Ziegler et al. 2007; 
Korosi and Baram 2008). CRH is produced in the 
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medial parvocellular division of the PVN and 
functions as the central regulator of the HPA axis 
(Aguilera et  al. 2008). The levels of bioactive 
CRH secreted to the circulation are dependent on 
different peripheral and brain inputs and on the 
ability of the cell in performing an effective post-
translational processing from its precursor pro-
CRH by the PCs. Like most hypophysiotropic 
neurons, CRH is released from nerve terminals 
anteriorly juxtaposed to the median eminence 
where fenestrated capillaries in the hypophyseal 
portal system facilitate a rapid exchange between 
the hypothalamus and the pituitary (Rho and 
Swanson 1987). Upon binding to its corticotropin-
releasing hormone receptor 1 (CRHR1) (Lovejoy 
et al. 2014) in corticotropic cells, CRH stimulates 
the synthesis and secretion of adrenocortico-
tropic hormone (ACTH) derived from POMC as 
well as other bioactive molecules such as 
β-endorphin (Solomon 1999). ACTH engages the 
melanocortin 2 receptor expressed by cells of the 
adrenal cortex and stimulates the production and 
secretion of steroid hormones such as cortisol 
(Veo et al. 2011). Both ACTH and GC function to 
regulate HPA axis activity via long and short neg-
ative feedback loops that signal at the level of the 
hypothalamus, extra-hypothalamic brain sites, 
and the adenohypophysis.

Among the brain circuitries involved in the 
control of food intake and energy expenditure 
capable of integrating peripheral signals is the 
CRH system, which has many clusters of brain 
neurons and the closely related peptides includ-
ing urocortin (Henckens et al. 2016). The CRH 
system showed to have a certain degree of plas-
ticity in obesity and in starvation. Based on those 
observations, it is possible that obesity can block 
or activate the expression of the CRH type 2 
alpha receptor in the ventromedial hypothalamic 
nucleus and induce the expression of the CRH-
binding protein in brain areas involved in the 
anorectic and thermogenic actions of CRH 
(Richard et  al. 2000; Mastorakos and Zapanti 
2004; Toriya et  al. 2010). On the other hand, 
CRH acting in the adrenal axis stimulates the 
production GC that promotes positive energy bal-
ance partly by affecting glucose metabolism and 
lipid homeostasis and increasing appetite drive 

(Tataranni et al. 1996). Although a consensus on 
the exact role of adrenal activity in relation to 
energy dysfunction has yet to be reached, 
increased and sustained basal GC is implicated in 
the development of visceral obesity, insulin resis-
tance, and metabolic disease (Spencer and 
Tilbrook 2011; Laryea et  al. 2013; Kong et  al. 
2015).

The first evidence showing that SIRT1 could 
regulate CRH came from recent studies con-
ducted in our laboratory (Toorie et al. 2016). We 
showed that PVN SIRT1 activates the HPA axis 
and basal corticoid levels by enhancing the bio-
synthesis of CRH through an increase in the bio-
chemical processing of proCRH by PC2, a key 
enzyme in the maturation of CRH from proCRH 
(Fig. 6.2), also demonstrated in an in vivo model 
(Dong et al. 1997). Moreover, in the DIO state, 
PVN SIRT1 increases basal (not stress induced) 
circulating corticoids in a manner independent of 
preproCRH transcriptional changes. Instead, 
SIRT1’s effects on adrenal activity are mediated 
via a posttranslational processing mechanism in 
concert with an increase in PC2. Increased 
hypophysiotropic CRH release from the PVN 
stimulates pituitary ACTH synthesis and release 
and in turn increased circulating basal corticoid 
concentrations (Toorie et  al. 2016). Cumulative 
findings from this study suggest that increasing 
PVN SIRT1 activity results in an increase in the 
amount of CRH targeted to the anterior pituitary, 
thereby enhancing ACTH signaling and basal 
corticoid concentration. Furthermore, our results 
demonstrate that inhibiting SIRT1 specifically in 
the PVN of obese rodents caused a reduction in 
PVN proPC2 and the active form of PC2, but not 
PC1, protein. This decrease in PC2 was associ-
ated with a decrease in CRH in the ME, as well as 
reduced circulating corticoids, effects that were 
not observed in lean individuals (Toorie et  al. 
2016) (Fig.  6.2). It is possible that the SIRT1-
CRH axis in the PVN is responsible, at least in 
part, for the improved glucose homeostasis 
observed in neuronal SIRT1 KO mice (23457303).

In the same line of studies, we identified that 
the transcription factor FoxO1 is responsible for 
the upregulation of PC2 (Toorie et  al. 2016). 
Since FoxO1 is a positive transcriptional regulator 
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of SIRT1 (Xiong et al. 2011), FoxO1 could also 
act as upstream of SIRT1 and, in turn, affect PC2 
(Fig.  6.2). In summary, SIRT1 deacetylates 
Fox01 to upregulate PC2 but may also have a 
direct action on proPC2 to enhance the process-
ing of proPC2 to PC2 (Toorie et  al. 2016). 
Another observation from these studies was that 
inhibition of PVN SIRT1 activity did not signifi-
cantly alter sated glucose levels; however, there 
was a trend for decreased glucose in DIO ani-
mals. Nevertheless, it resulted in a significant 

increase in sated serum insulin in obese rats. 
These results were consistent with another study 
showing that loss of functional SIRT1 in neurons 
of the central nervous system enhanced both 
brain and peripheral insulin sensitivity and 
reversed the hyperglycemia associated with obe-
sity (Lu et  al. 2013). On the other hand, an 
increase in the activity of SIRT1  in the medial 
ARC of lean rats was sufficient to improve glu-
cose homeostasis and increase insulin sensitivity 
(Knight et al. 2011). This apparent contradiction 

Fig. 6.2  Model depicting SIRT1’s regulation on pro-
CRH. During high-fat feeding, an increase of PVN SIRT1 
is recorded and in turn promotes the increase proPC2 and 
its active form PC2. The effect of SIRT1 on preproPC2 
appears to be mediated by FoxO1 or through preproPC2 
directly. Since FoxO1 is a positive transcriptional regula-
tor of SIRT1, FoxO1 could also act as upstream of SIRT1 
and, in turn, affect PC2. The increased in PC2 production 
enhances proCRH processing, thus increasing CRH out-
put to the hypophyseal portal system. The increase in 
CRH release to the circulation in turn increases POMC 
biosynthesis and processing in the anterior pituitary lead-
ing to more production of ACTH by corticotroph cells of 

the anterior pituitary. ACTH then acts on the adrenal cor-
tex, stimulating the production and release of cortisol, 
thereby promoting a positive energy balance that may ulti-
mately lead to excessive weight gain if unresolved. AC, 
acetyl; black bars in the proCRH molecule indicate the 
site of pair of basic residues; HFD, high-fat diet; PVN, 
paraventricular nucleus of the hypothalamus. Arrows 
directed to PC2 from SIRT1 and FoxO1 indicate the sug-
gested possible actions on preproPC2 gene and proPC2 
protein posttranslational processing. (This figure is 
adopted from our prior publication on the Molecular and 
Cellular Endocrinology (Mol Cell Endocrinol. 2016 Dec 
15;438:77–88))
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shows that, as seen for many enzymes, that the 
role of SIRT1  in metabolism is tissue-specific. 
However, we can say that brain SIRT1 is involved 
in regulating insulin and glucose homeostasis. 
Interestingly, in addition to the regulatory role of 
SIRT1 in the thyroid and adrenal axes, it was also 
shown that SIRT1 regulates the gonadal axis in 
mediating Leydig and Sertoli cell maturity by 
regulating steroidogenic gene expression and, at 
the central level, by increasing the expression of 
gonadotropin-releasing hormone, thereby result-
ing in increased circulating luteinizing hormone 
and intratesticular testosterone levels (Kolthur-
Seetharam et  al. 2009), which accounts for the 
fact that the survivals of embryonic SIRT1 dele-
tion are sterile. Finally, it is possible that other 
hypothalamic nutrient sensors might participate 
in the regulation of the CRH axis. For example, 
central administration of citrate suppressed the 
activity of hypothalamic AMPK and resulted in 
increased expression of CRH and POMC, but 
inhibited NPY expression (Stoppa et al. 2008).

In summary, SIRT1 regulates the CRH pep-
tide by regulating the processing of PC2 and 
FoxO1 adding a novel regulatory link between 
PVN SIRT1 and HPA axis activity. Together, 
these results suggest that PVN SIRT1 has the 
capacity to activate the adrenal axis and increase 
basal GC levels via its positive regulation of 
PC2- (and possibly PC1)-mediated processing of 
proCRH into bioactive CRH.

6.5	 �Concluding Remarks

The last two decades have witnessed an enor-
mous leap in our understanding of the central 
regulation of whole-body energy metabolism. 
With the help of recent advances in mouse genet-
ics, electrophysiology, and optogenetic tech-
niques, it has been possible to identify the role of 
peripheral hormone receptors and neuronal cir-
cuits involved in the action of these hormones on 
behavior and peripheral tissue functions at spatial 
resolution. A key component in maintaining 
energy balance is the hypothalamus, and the dis-
covery of an increasing number of peptide hor-
mones within the hypothalamus that contribute to 

the process of energy homeostasis has been para-
mount to this progress. Furthermore, since the 
discovery of the PCs in the late 1980s, a new 
frontier on the propeptide hormone biosynthesis 
and processing research had come to surface.

Another major progress was done with the dis-
covery of nutrient sensors in their ability to sense 
and respond to fluctuations in environmental and 
intracellular nutrient levels. The last nutrient sen-
sor that came to surface as an important energy 
balance regulator is SIRT1. The function of 
SIRT1 on overall metabolism depends on the tis-
sue of interest: While peripheral SIRT1 activity 
positively correlates with overall health and phys-
iology, central SIRT1’s role in energy balance 
showed convincing evidence that points to pro-
moting positive energy balance. One of SIRT1’s 
effector targets, FoxO1, plays a crucial role in 
determining whether SIRT1 will function to pro-
mote negative or positive energy balance. A fasci-
nating aspect of this regulation is that SIRT1 
directly regulates the biosynthesis of POMC and 
proCRH in the ARC and PVN, respectively, while 
at the same time coordinating prohormone pro-
cessing, at least through the regulation of PC2.

As described above, due to the cell-specific 
nature of SIRT1’s action in promoting either pos-
itive or negative energy balance in response to 
dietary excess, a more targeted therapy approach 
against cell-specific downstream mediators of 
SIRT1 signaling may prove beneficial in combat-
ing obesity and the physiological outcomes that 
predispose to the development of metabolic dis-
orders. Indeed, as demonstrated by Ren and col-
leagues, ablation of GRP17, a G-coupled protein 
receptor and a downstream target of FoxO1 that 
is prominently expressed in AgRP neurons, 
results in enhanced anabolic activity and 
decreased food intake (Ren et al. 2012). Targeted 
therapeutic approaches may help to circumvent 
the potentially deleterious and counterproductive 
mechanisms of global SIRT1 activation/inactiva-
tion. Coordinating the activity of other master 
nutrient sensors, namely, AMPK and mTOR, 
SIRT1 emerges as a master regulator of energy 
homeostasis in the CNS.  Collectively, evidence 
points to brain SIRT1 in mediating the adaptive 
responses to nutritional stress via its broad regu-
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lation of mechanisms involved in energy homeo-
stasis. It is notable, however, that central SIRT1 
inhibition or neuronal SIRT1 ablation is suffi-
cient to promote negative energy balance. 
Therefore, approaches aimed at enhancing 
peripheral SIRT1 activity, while reducing central 
SIRT1 activity, may prove most beneficial in the 
treatment of obesity.

Questions

	1.	 How do nutrient sensors detect the cellular 
energy status? What are the similarities and 
differences between AMPK, SIRT1, and 
mTOR in this regard? What are some of the 
inputs recognized by them?

	2.	 What is the relationship between the anatomi-
cal location of the ARC and its sensing the 
circulating nutritional and hormonal signals?

	3.	 Discuss the potential problems associated 
with the Cre-LoxP technology in regard to its 
use in the metabolic studies.

	4.	 What are some of the possible reasons for dif-
ferent phenotypes reported in the literature on 
the role of hypothalamic nutrient sensors on 
energy metabolism? Discuss the advantages 
and disadvantages of genetic and pharmaco-
logical approaches utilized.

	5.	 The regulation of gene expression of the 
hypothalamic neuropeptides is governed at 
various levels, including their transcription 
and posttranscriptional processing/modifica-
tions. At what stages do nutrient sensors inter-
fere with the gene expression of hypothalamic 
neuropeptides?
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