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The endocrine system plays an essential role in the physiological adaptation to
malnutrition. The adaptive response of various hormones directs the energy utilization
toward the survival functions and away from growth and reproduction. Particularly,
the hypothalamic pituitary axis plays an integral and a central role in the regulation
of endocrine organs. Sirtuin 1 (SIRT1) is a nicotinamide adenine dinucleotide
(NAD)-dependent histone deacetylase that is activated in response to calorie restriction
(CR). SIRT1 is involved in cellular processes via the deacetylation of histone as well as
various transcription factors and signal transduction molecules and thereby modulates
the endocrine/metabolic functions. There is much evidence to demonstrate clearly
that SIRT1 in the hypothalamus, pituitary gland, and other target organs modifies
the synthesis, secretion, and activities of hormones and in turn induces the adaptive
responses. In this review, we discussed the role of SIRT1 in the hypothalamic pituitary
axis and its pathophysiological significance.
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INTRODUCTION
The Physiological Role of Sirtuin 1 (SIRT1)

SIR2 is the first sirtuin protein to be discovered in Saccharomyces cerevisae (yeast) (1). SIR2
orthologs are highly conserved throughout various species including mammals, plants, bacteria,
worms, flies, and fishes. In mammals, the seven SIR2 orthologs are termed SIRT1-7 and are
presumed to be ubiquitously expressed in all the tissues (2). Sirtuins were initially reported as
protein deacetylases and ADP ribosyltransferases (3, 4). However, subsequent analyses revealed
that sirtuins exhibit various enzymatic activities. For instance, SIRT5 exhibits lysine-desuccinylase
and -demalonylase activities (5, 6). These enzymatic activities of sirtuins are generally activated in
response to CR by the utilization of nicotine adenine dinucleotide (NAD+-) as the co-substrate.

Regarding the intracellular localization of sirtuins, SIRT1, SIRT6, and SIRT7 are localized
in the nucleus and mostly regulates protein function by the post-translational modification via
histone deacetylation (7). Moreover, SIRT1 localizes in the cytosol and directly deacetylates various
transcription factors and cofactors. SIRT2 is localized in the cytosol and nucleus and is involved in
the metabolic process and cell cycle regulation (8-11). SIRT3, SIRT4, and SIRT5 are localized in the
mitochondria and regulate various metabolic enzyme activities and mitochondrial oxidative stress
(9). Therefore, in the organisms, sirtuins coordinate the cellular responses to adapt to CR in their
corresponding cellular compartments in which they occur.
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Among the seven sirtuins, SIRT1 is the most studied and well-
characterized sirtuin with respect to its physiological functions.
SIRT1 is involved in the production of various hormones
and maintenance of homeostasis by regulating the function
of histones and transcription factors, to adapt to malnutrition
in the endocrine and metabolic systems. For instance, SIRT1
modulates forkhead box protein O1 (FOXO1), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
la), signal transducer and activator of transcription (STAT3)
(12-14). SIRT1 interacts with peroxisome proliferator-activated
receptor (PPARy) and represses its transcriptional activity to
reduce adipogenesis in differentiated fat cells and mobilize free
fatty acid from the white adipose tissues (15). Additionally,
SIRT1 negatively regulates the mitochondrial uncoupling protein
2 (UCP2) expression and enhances the insulin secretion in
response to glucose level elevation in the pancreas (16).

Recently, accumulating evidence suggests that SIRT1
plays important role in the homeostasis maintenance in the
neuroendocrine system. Particularly, the hypothalamic pituitary
axes play a central and an integral role in the neuroendocrine
system.

PHYSIOLOGY OF THE HYPOTHALAMUS
AND PITUITARY GLAND

The neuroendocrine system, especially the hypothalamus and
pituitary gland play an essential role in the homeostasis
maintenance via orchestrating the endocrine system as a
regulatory machinery. The hypothalamus-pituitary complex
connects the nervous system with the endocrine system that
regulates the systemic hormone secretion in a direct or indirect
manner. The neural signaling of central nervous system modifies
the hypothalamus-pituitary axis and results in the regulation of
corresponding target hormonal secretion (17).

The hypothalamus is responsible for the homeostasis
maintenance by regulating the body temperature, appetite, thirst,
energy expenditure, behavior, and circadian rhythm of the
organisms (18). Moreover, the hypothalamus synthesizes and
secretes various hypothalamic hormones that in turn stimulate
or inhibit the secretion of pituitary hormones (19). The medial
preoptic nucleus regulates the release of gonadotropic hormones
and thermogenesis (20). The putative anterior paraventricular
(aPV), the paraventricular nucleus (PVN), and the supraoptic
nucleus (SON) consist of parvicellular neurons that release
corticotropin-releasing hormone (CRH), thyrotropin-releasing
hormone (TRH), growth hormone releasing hormone (GHRH),
and somatostatin (SST), and magnocellular neurons that produce
vasopressin (AVP) and oxytocin (OXT) (21-24).

The pituitary gland consists of anterior posterior lobes and
the anterior lobe is functionally subdivided into six cell types
based on the production of a specific hormone by each cell type
(25). The growth hormone (GH), prolactin, adrenocorticotropic
hormone (ACTH), thyroid stimulating hormone (TSH), and
luteinizing hormone (LH) or follicular stimulating hormone
(FSH) are secreted by the somatotroph, lactotroph, corticotroph,
thyrotroph, and gonadotroph, respectively (26). The anterior

pituitary hormones are mainly regulated by the release
hormones or inhibitory hormones from the hypothalamus
via the portal hypophyseal circulation into the anterior lobe
and neural connection to the posterior lobe through the
pituitary stalk (a physical and functional connection between
the hypothalamus and pituitary gland) (27, 28). The hormones
secreted by the pituitary gland circulate in the systemic blood
flow and thereby stimulate the hormone secretion by each
of their respective target organ. Generally, these pathways
initiating from the hypothalamus to target organ via the
pituitary gland are mainly classified into four axes depending
on the target organ, namely, hypothalamus-pituitary-adrenal
(HPA), hypothalamus-pituitary-thyroid (HPT), hypothalamus-
pituitary-gonadal (HPG), and somatotropic axes. In this
review, we described the SIRT1 involvement in each of the
aforementioned axes in the subsequent subsections.

SIRT1 in Hypothalamus

In the hypothalamus, SIRT1 is expressed in the SF1 neuron
in the ventromedial hypothalamic nucleus (VMH) and in
the POMC and AgRP neuron in the arcuate nucleus (ARH),
respectively (29-31). POMC neuron specific SIRT1 knockout
mice exhibited energy imbalance due to the altered sympathetic
activity (30). Also, deletion of SIRT1 in SF1 neurons caused
insulin resistance in skeletal muscle. On the contrary, SIRT1
overexpression in SF1 neurons prevented from diet-induced
obesity and insulin resistance (29). Both targeted overexpression
of SIRT1 in POMC or AgRP neurons prevented age-associated
weight gain. However, SIRT1 overexpression in POMC neurons
enhanced the energy expenditure mediated by increment of
sympathetic activity in adipose tissue while SIRT1 overexpression
in AgRP neurons suppressed food intake, indicating a presence
of nuclear specific mechanisms (31). Also, food restriction
increases SIRT1 protein levels in the dorsomedial (DMH) and
lateral hypothalamic nuclei (LH) (32). Brain specific SIRT1
overexpressing mice exhibited extended life span mediated by
enhanced neural activity in DMH and LH, through increased
orexin type 2 receptor (Ox2r) expression (32). These data indicate
that region specific expression of SIRT1 plays an important
role in the regulation of appetite, energy expenditure, general
metabolism, and life span.

The HPA Axis

The HPA axis is an important neuroendocrine system that plays
an essential role in the survival, stress response, metabolism,
appetite, immunoreaction, mood, and behavior of the organisms.
Corticotrophin releasing hormone (CRH) secreted by the PVN
in the hypothalamus initiates stress response in the HPA axis via
the production of proopiomelanocortin (POMC) by the pituitary
corticotroph. POMC is a precursor polypeptide of ACTH and
alpha-melanocyte stimulating hormone (¢MSH) that are cleaved
by prohormone convertases 1 and 2 (PC1 and PC2), respectively.
ACTH induced by corticotroph stimulates the glucocorticoid
production by the adrenal cortex.

The SIRT1 expression in the hypothalamic POMC neuron
is enhanced by fasting and is associated with the reduced
aMSH levels, although the significance to the HPA axis is
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unknown (33). On the other hand, another group reported that
POMC neuron specific ablation of SIRT1 did not alter POMC,
ACTH, and aMSH levels (30). The precursor pro-CRH is post-
translationally processed by the PC1 and PC2. SIRT1 increases
the PC2 levels in the PVN that in turn increases the active-
CRH production and results in the HPA axis activation (34).
In mouse corticotroph cell line (AtT20 cells), treatment with
resveratrol (a SIRT1 activating compound) increased the PC1
and PC2 levels. In accordance with this, Ex-527 (a SIRT1 specific
inhibitor) treatment decreased the PC1 and PC2 levels in AtT20
cells (33). Although there have been no reports demonstrating
the expression of SIRT1 in the corticotrophs, these data suggest
that SIRT1 may indirectly modulates the HPA axis by regulating
the PCI and PC2 levels. Additionally, resveratrol increased the
expression and prolonged the half-life of P450 side chain cleavage
enzyme (P450scc) in the adrenal gland that results in an increase
in glucocorticoid secretion by the adrenal cortex (35). Moreover,
the hypothalamic SIRT1 plays an important role in the energy
homeostasis maintenance associated with the HPA axis. These
data clearly indicate that SIRT1 in the hypothalamus, pituitary,
and adrenal gland regulates the HPA axis activation that acts as
an adaptive response to starvation (Table 1A).

The HPT Axis

The HPT axis is activated by the thyrotropin-releasing hormone
(TRH) secretion by the hypothalamus when the hypothalamus
senses low levels of circulating thyroid hormone. The TRH
induces thyroid-stimulating hormone (TSH) secretion by
thyrotroph cells in the pituitary that in turn stimulates the
thyroid hormone (TH) secretion by the thyroid to maintain
normal TH levels (36). SIRT1 is expressed in thyrotroph
cells and enhances TSH endocytosis via the deacetylation of
phosphatidylinositol-4-phosphate 5-kinase type 1y (PIP5K1y),
which is a main enzyme that synthesizes phosphatidylinositol
4,5-bisphosphate in thyrotroph cells (37). Tyrotroph-specific
SIRT1 knockout mice showed decreased TSH secretion resulting
in decreased metabolic rate (37). Additionally, SIRT1 knockout in
whole body exhibited hypermetabolism caused by an increased
oxygen consumption in the hepatic mitochondria leading

to the decreased body weight while the mice manifested
hyperphagia, reduced serum thyroxin level, and decreased
nocturnal physical activity (38). Interestingly, thyroxin treatment
suppressed the fasting-induced SIRT1 expression as thyroxin
negatively regulates the SIRT1 level and activity in the liver
via TH receptor-f (39). These data indicate that the HPT axis
and SIRT1 interact with each other and adaptively regulate
metabolism (Table 1B).

The HPG Axis

The HPG axis is responsible for the reproduction, life cycle, and
sexual dimorphism in the organisms. Gonadotropin-releasing
hormone (GnRH) is secreted by GnRH neurons that diffusely
localize and form a network named pulse-generator in the
hypothalamus. The pulsatile secretion of GnRH stimulates the
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) secretion by pituitary gonadotroph cells and subsequently
the gonads produce estrogen or testosterone (36, 40).

Although secondary effect of the general condition including
body weight loss cannot be ruled out, SIRT1 knockout mice
exhibited a diminished hypothalamic GnRH expression and in
turn reduced serum LH and FSH levels and spermatogenesis
arrest, suggesting an important role of SIRT1 in the HPG axis
(41). Additionally, GnRH treatment decreases SIRT1 level via
the miR-132/212 induction in the pituitary. This results in
the downregulation of SIRT1-dependent FOXO1 deacetylation
and a decrease in the FOXO1l-mediated inhibition of Fshf
transcription that ultimately increases the Fshf} expression in rat
primary pituitary cells and LBT2 cell line (42) (Table 1C).

The Somatotropic Axis

In the somatotropic axis, GH releasing hormone (GHRH) that
is secreted by the hypothalamus induces the GH secretion by
pituitary somatotroph cells. Circulating GH binds to GH receptor
on hepatocytes and results in the increased serum insulin like
growth factor-I (IGF-I) level (36). Moreover, GH induces local
IGF-I production in various tissues including bone, muscle, and
fat tissue. In various species, numerous evidences demonstrated
that the reduced function of somatotropic axis extends lifespan in

TABLE 1 | The role of SIRT1 in hypothalamic-pituitary axis.

A B [+ D
HPA axis HPT axis HPG axis Somatotrophic axis

o 1 ] 1 ! 1 ! 1 ]
Hypothalamus | pco

. : rovc § i §
Pituitary a-MSH

PC1/ i Eg;/ TsH 4 LH % e § cH §

PG2 FSH
Periphery Adrenal Thyroid Testis

GC 1 T4 ‘ Testosterone IGF-I ‘ IGF-I ‘

(A) HPA axis, (B) HPT axis, (C) HPG axis, (D) somatotrophic axis.

SlRTit, Overexpression/activation of SIRTT. S/RT7‘, Knockout/inhibition of SIRT1. GC, Glucocorticoid, T4, Thyroxine.
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iRt “STATS)

FIGURE 1 | The mechanisms through which SIRT1 regulates STAT5 activation
by GH. (A) In the fed condition, the SH2 domain of STAT5 recognizes and
binds to Tyr-phosphorylated GHR, causing JAK2 to phosphorylate and
activate STATS. (B) In the fasting condition, SIRT1 is activated and interacts
with STAT5, thereby deacetylating Lys residues adjacent to the SH2 domain of
STATS. This results in an impaired ability to bind Tyr-phosphorylated GHR,
which inhibits activation of STATS. Excerpt from, Yamamoto et al. (60).

animal models (43-48). Regarding the underlying mechanisms,
among the species which evolved from C. elegans to mouse, an
evolutionarily conserved interplay between SIR2/SIRT1 and the
somatotropic axis was reported in which SIR2/SIRT1 modulates
the signaling molecules of somatotropic pathway (49-54).

SIRT1 brain-specific knockout (BSKO) mice exhibited
dwarfism with small pituitary and reduced GH-IGF-I levels
while the other pituitary hormonal levels were unaltered (55).
Interestingly, SIRT6 BSKO manifested similar phenotype
as that of SIRT1 BSKO. Despite the significant reduction
in the number of somatotroph cells and GH content in the
pituitary gland of SIRT6 BSKO, the hypothalamic GHRH and
somatotropin release-inhibiting factor (SRIF) levels remained
unaltered (56). Although the precise mechanism remains
unclear in these models, it is speculated that aberrations during
the pituitary somatotroph development and GH synthesis
were presumably caused by the hypothalamic dysfunction or
feedback dysregulation between the hypothalamus and pituitary
gland.

Moreover, the direct role of SIRT1 in pituitary somatotroph
cells was reported (57). The SIRT1 activation in somatotroph cells
suppressed the GHRH-induced GH secretion in in vivo and in
vitro studies. SIRT1 deacetylates glycogen synthase kinase 3 beta
(GSK3p) and cAMP response element-binding protein (CREB).
Deacetylated-GSK3p gets activated and inactivates CREB via
protein phosphatase-1. Deacetylated-CREB exhibits a decrease
in its activity and is unable to activate the transcription of POU
domain, class 1, transcription factor 1 that results in the GH

REFERENCES

1. Klar AJ, Fogel S, Macleod K. MAR1-a Regulator of the HMa and HMalpha
Loci in Saccharomyces cerevisiae. Genetics (1979) 93:37-50.

2. BaurJA, Ungvari Z, Minor RK, Le Couteur DG, de Cabo R. Are sirtuins viable
targets for improving healthspan and lifespan? Nat Rev Drug Discovery (2012)
11:443-61. doi: 10.1038/nrd3738

synthesis impairment (57). These data demonstrate that SIRT1
regulates the somatotropic axis in the hypothalamus and pituitary
gland.

During starvation condition, it is well-known that the reduced
serum IGF-I level is observed despite the elevated GH level.
Moreover, it is reported that exogenous GH treatment did not
increase the serum IGF-I level in starving individuals (58).
This is considered as GH resistance status in the liver (59).
In the organisms, it is considered that GH resistance is an
adaptive response to survive during starvation and malnutrition
conditions. These responses include the decreased IGF-I level
inhibits growth and the elevated GH level causes insulin
resistance and free fatty acid mobilization to avoid hypoglycemia.
Therefore, we hypothesized that SIRT1 might negatively regulate
the GH-dependent IGF-I production during starved condition
in the liver. We demonstrated that hepatic SIRT1 directly
deacetylates STAT5 and suppresses the tyrosine phosphorylation
of STATS5 via GH that results in the impairment of GH signaling
during fasting condition (60) (Figure 1).

Considering that the somatotropic axis utilizes energy to
promote body growth, SIRT1 signaling basically utilizes energy
to improve the survival of organisms during CR. Conclusively,
SIRT1 plays an important role in switching from growth to
survival mode in order to adapt to malnutrition by modulating
the somatotropic axis at various steps (Table 1D).

CONCLUSION

These studies clearly demonstrated that SIRT1 is involved in
the regulatory mechanism of hypothalamus-pituitary axis with
respect to the homeostasis maintenance. The determination
of a crosstalk between the neuroendocrine system and SIRT1
function is crucial as both of them play an important role in the
homeostasis maintenance as well as the regulation of lifespan.

AUTHOR CONTRIBUTIONS

MY drafted the manuscript and MY and YT were responsible for
the conception and design of this review.

FUNDING

This work was supported in part by a Grant-in-Aid for Scientific
Research from the Japanese Ministry of Education, Culture,
Sports, Science and Technology (23591354, 23659477, 26670459
[YT]), and, a grant from the Japan Agency for Medical Research
and Development (AMED) (17bm0804012h0001), and by the
Uehara Memorial Foundation and the Naito Foundation [YT].

3. Imai S, Armstrong CM, Kaeberlein M, Guarente L. Transcriptional
silencing and  longevity protein  Sir2 is an NAD-dependent
histone deacetylase. Nature (2000) 403:795-800. doi: 10.1038/350
01622

4. Faraone-Mennella MR. A new facet of ADP-ribosylation reactions:
SIRTs and PARPs interplay. Front Biosci. (2015) 20:458-73. doi: 10.274
1/4319

Frontiers in Endocrinology | www.frontiersin.org

October 2018 | Volume 9 | Article 605


https://doi.org/10.1038/nrd3738
https://doi.org/10.1038/35001622
https://doi.org/10.2741/4319
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Yamamoto and Takahashi

The Role of SIRT1 in Hypothalamic Pituitary Axis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. DuJ, Zhou Y, Su X, Yu JJ, Khan §, Jiang H, et al. Sirt5 is a NAD-dependent

protein lysine demalonylase and desuccinylase. Science (2011) 334:806-9.
doi: 10.1126/science.1207861

. Peng C, Lu Z, Xie Z, Cheng Z, Chen Y, Tan M, et al. The first identification of

lysine malonylation substrates and its regulatory enzyme. Mol Cell Proteomics
(2011) 10:M111.012658. doi: 10.1074/mcp.M111.012658

. Guarente L. Calorie restriction and sirtuins revisited. Genes Dev. (2013)

27:2072-85. doi: 10.1101/gad.227439.113

. Serrano L, Martinez-Redondo P, Marazuela-Duque A, Vazquez BN, Dooley SJ,

Voigt P, et al. The tumor suppressor SirT2 regulates cell cycle progression and
genome stability by modulating the mitotic deposition of H4K20 methylation.
Genes Dev. (2013) 27:639-53. doi: 10.1101/gad.211342.112

. Watanabe H, Inaba Y, Kimura K, Matsumoto M, Kaneko S, Kasuga M, et al.

Sirt2 facilitates hepatic glucose uptake by deacetylating glucokinase regulatory
protein. Nat Commun. (2018) 9:30. doi: 10.1038/s41467-017-02537-6
Vaquero A, Scher MB, Lee DH, Sutton A, Cheng HL, Alt FW, et al. SirT2 is
a histone deacetylase with preference for histone H4 Lys 16 during mitosis.
Genes Dev. (2006) 20:1256-61. doi: 10.1101/gad.1412706

Dryden SC, Nahhas FA, Nowak JE, Goustin AS, Tainsky MA. Role
for human SIRT2 NAD-dependent deacetylase activity in control
of mitotic exit in the cell cycle. Mol Cell Biol. (2003) 23:3173-85.
doi: 10.1128/MCB.23.9.3173-3185.2003

Liu Y, Dentin R, Chen D, Hedrick S, Ravnskjaer K, Schenk §, et al. A
fasting inducible switch modulates gluconeogenesis via activator/coactivator
exchange. Nature (2008) 456:269-73. doi: 10.1038/nature07349

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver P. Nutrient
control of glucose homeostasis through a complex of PGC-1alpha and SIRT1.
Nature (2005) 434:113-8. doi: 10.1038/nature03354

Nie Y, Erion DM, Yuan Z, Dietrich M, Shulman GI, Horvath TL, et al. STAT3
inhibition of gluconeogenesis is downregulated by SirT1. Nat Cell Biol. (2009)
11:492-500. doi: 10.1038/ncb1857

Picard E Kurtev M, Chung N, Topark-Ngarm A, Senawong T, Machado
De Oliveira R, et al. Sirtl promotes fat mobilization in white adipocytes by
repressing PPAR-gamma. Nature (2004) 429:771-6. doi: 10.1038/nature02583
Moynihan KA, Grimm AA, Plueger MM, Bernal-Mizrachi E, Ford E, Cras-
Meneur C, et al. Increased dosage of mammalian Sir2 in pancreatic beta cells
enhances glucose-stimulated insulin secretion in mice. Cell Metabol. (2005)
2:105-17. doi: 10.1016/j.cmet.2005.07.001

Suga H. Recapitulating Hypothalamus and Pituitary Development Using
Embryonic Stem/Induced Pluripotent Stem Cells. In: Pfaff D, Christen Y,
editors. Stem Cells in Neuroendocrinology. Cham (CH): Springer. (2016). p.
35-50.

Burbridge S, Stewart I, Placzek M.
neuroendocrine hypothalamus. Comprehens Physiol.
doi: 10.1002/cphy.c150023

Xie Y, Dorsky RI. Development of the hypothalamus: conservation,
Development ~ (2017)  144:1588-99.

Development of the
(2016) 6:623-43.

modification and  innovation.
doi: 10.1242/dev.139055

Panzica GC, Viglietti-Panzica C, Balthazart J. The sexually dimorphic
medial preoptic nucleus of quail: a key brain area mediating steroid
action on male sexual behavior. Front Neuroendocrinol. (1996) 17:51-125.
doi: 10.1006/frne.1996.0002

Morales-Delgado N, Castro-Robles B, Ferran JL, Martinez-de-la-Torre M,
Puelles L, Diaz C. Regionalized differentiation of CRH, TRH, and GHRH
peptidergic neurons in the mouse hypothalamus. Brain Struc Funct. (2014)
219:1083-111. doi: 10.1007/s00429-013-0554-2

Morales-Delgado N, Merchan P, Bardet SM, Ferran JL, Puelles L, Diaz C.
Topography of somatostatin gene expression relative to molecular progenitor
domains during ontogeny of the mouse hypothalamus. Front Neuroanat.
(2011) 5:10. doi: 10.3389/fnana.2011.00010

Swanson LW, Sawchenko PE. Hypothalamic integration: organization of the
paraventricular and supraoptic nuclei. Annu Rev Neurosci. (1983) 6:269-324.
doi: 10.1146/annurev.ne.06.030183.001413

Gao Y, Sun T. Molecular regulation of hypothalamic development
and physiological functions. Mol Neurobiol. (2016) 53:4275-85.
doi: 10.1007/512035-015-9367-z

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Treier M, Rosenfeld MG. The hypothalamic-pituitary axis: co-
development of two organs. Curr Opin Cell Biol. (1996) 8:833-43.
doi: 10.1016/S0955-0674(96)80085-8
Scully KM, Rosenfeld MG.
codes in mammalian organogenesis.
doi: 10.1126/science.1062736

Spanner R. [Physiology of the pituitary portal veins; blood supply of pituitary
gland and hypothalamus by the pituitary circulation]. Klinische Wochenschrift
(1952) 30:721-5. doi: 10.1007/BF01471289

Page RB. Pituitary blood flow. Am ] Physiol. (1982) 243:E427-42.

Ramadori G, Fujikawa T, Anderson J, Berglund ED, Frazao R, Michan S, et al.
SIRT1 deacetylase in SF1 neurons protects against metabolic imbalance. Cell
Metabol. (2011) 14:301-12. doi: 10.1016/j.cmet.2011.06.014

Ramadori G, Fujikawa T, Fukuda M, Anderson J, Morgan DA, Mostoslavsky
R, et al. SIRT1 deacetylase in POMC neurons is required for homeostatic
defenses against diet-induced obesity. Cell Metabol. (2010) 12:78-87.
doi: 10.1016/j.cmet.2010.05.010

Sasaki T, Kikuchi O, Shimpuku M, Susanti VY, Yokota-Hashimoto H,
Taguchi R, et al. Hypothalamic SIRT1 prevents age-associated weight gain
by improving leptin sensitivity in mice. Diabetologia (2014) 57:819-31.
doi: 10.1007/s00125-013-3140-5

Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog ED, et al.
Sirtl extends life span and delays aging in mice through the regulation of
Nk2 homeobox 1 in the DMH and LH. Cell Metabol. (2013) 18:416-30.
doi: 10.1016/j.cmet.2013.07.013

Toorie AM, Nillni EA. Minireview: Central Sirtl regulates energy balance
via the melanocortin system and alternate pathways. Mol Endocrinol. (2014)
28:1423-34. doi: 10.1210/me.2014-1115

Toorie AM, Cyr NE, Steger JS, Beckman R, Farah G, Nillni EA. The
nutrient and energy sensor sirtl regulates the hypothalamic-pituitary-adrenal
(HPA) axis by altering the production of the prohormone convertase
2 (PC2) essential in the maturation of Corticotropin-releasing Hormone
(CRH) from its prohormone in male rats. ] Biol Chem. (2016) 291:5844-59.
doi: 10.1074/jbc.M115.675264

Li D, Dammer EB, Sewer MB. Resveratrol stimulates cortisol biosynthesis
by activating SIRT-dependent deacetylation of P450scc. Endocrinology (2012)
153:3258-68. doi: 10.1210/en.2011-2088

Sam S, Frohman LA. Normal physiology of hypothalamic pituitary
regulation. Endocrinol Metabol Clin North Am. (2008) 37:1-22, vii.
doi: 10.1016/j.ec1.2007.10.007

Akieda-Asai S, Zaima N, TIkegami K, Kahyo T, Yao I, Hatanaka T, et al. SIRT1
Regulates thyroid-stimulating hormone release by enhancing PIP5Kgamma
activity through deacetylation of specific lysine residues in mammals. PloS
ONE (2010) 5:e11755. doi: 10.1371/journal.pone.0011755

Boily G, Seifert EL, Bevilacqua L, He XH, Sabourin G, Estey C, et al. SirT1
regulates energy metabolism and response to caloric restriction in mice. PloS
ONE (2008) 3:e1759. doi: 10.1371/journal.pone.0001759

Cordeiro A, de Souza LL, Oliveira LS, Faustino LC, Santiago LA, Bloise FF,
et al. Thyroid hormone regulation of Sirtuin 1 expression and implications
to integrated responses in fasted mice. ] Endocrinol. (2013) 216:181-93.
doi: 10.1530/JOE-12-0420

Veldhuis JD, Keenan DM, Liu PY, Iranmanesh A, Takahashi PY, Nehra AX.
The aging male hypothalamic-pituitary-gonadal axis: pulsatility and feedback.
Mol Cell Endocrinol. (2009) 299:14-22. doi: 10.1016/j.mce.2008.09.005
Kolthur-Seetharam U, Teerds K, de Rooij DG, Wendling O, McBurney M,
Sassone-Corsi P, et al. The histone deacetylase SIRT1 controls male fertility in
mice through regulation of hypothalamic-pituitary gonadotropin signaling.
Biol Rep. (2009) 80:384-91. doi: 10.1095/biolreprod.108.070193

Lannes J, CHote D, Garrel G, Laverriere JN, Cohen-Tannoudji J, Querat
B. Rapid communication: A microRNA-132/212 pathway mediates
GnRH activation of FSH expression. Mol Endocrinol. (2015) 29:364-72.
doi: 10.1210/me.2014-1390

Bartke A, Brown-Borg H. Life extension in the dwarf mouse. Curr Topics Dev
Biol. (2004) 63:189-225. doi: 10.1016/S0070-2153(04)63006-7

Holzenberger M, Kappeler L, De Magalhaes Filho C. IGF-1 signaling and
aging. Exp Gerontol. (2004) 39:1761-4. doi: 10.1016/j.exger.2004.08.017

Pituitary  development:
Science  (2002)

regulatory
295:2231-5.

Frontiers in Endocrinology | www.frontiersin.org

October 2018 | Volume 9 | Article 605


https://doi.org/10.1126/science.1207861
https://doi.org/10.1074/mcp.M111.012658
https://doi.org/10.1101/gad.227439.113
https://doi.org/10.1101/gad.211342.112
https://doi.org/10.1038/s41467-017-02537-6
https://doi.org/10.1101/gad.1412706
https://doi.org/10.1128/MCB.23.9.3173-3185.2003
https://doi.org/10.1038/nature07349
https://doi.org/10.1038/nature03354
https://doi.org/10.1038/ncb1857
https://doi.org/10.1038/nature02583
https://doi.org/10.1016/j.cmet.2005.07.001
https://doi.org/10.1002/cphy.c150023
https://doi.org/10.1242/dev.139055
https://doi.org/10.1006/frne.1996.0002
https://doi.org/10.1007/s00429-013-0554-2
https://doi.org/10.3389/fnana.2011.00010
https://doi.org/10.1146/annurev.ne.06.030183.001413
https://doi.org/10.1007/s12035-015-9367-z
https://doi.org/10.1016/S0955-0674(96)80085-8
https://doi.org/10.1126/science.1062736
https://doi.org/10.1007/BF01471289
https://doi.org/10.1016/j.cmet.2011.06.014
https://doi.org/10.1016/j.cmet.2010.05.010
https://doi.org/10.1007/s00125-013-3140-5
https://doi.org/10.1016/j.cmet.2013.07.013
https://doi.org/10.1210/me.2014-1115
https://doi.org/10.1074/jbc.M115.675264
https://doi.org/10.1210/en.2011-2088
https://doi.org/10.1016/j.ecl.2007.10.007
https://doi.org/10.1371/journal.pone.0011755
https://doi.org/10.1371/journal.pone.0001759
https://doi.org/10.1530/JOE-12-0420
https://doi.org/10.1016/j.mce.2008.09.005
https://doi.org/10.1095/biolreprod.108.070193
https://doi.org/10.1210/me.2014-1390
https://doi.org/10.1016/S0070-2153(04)63006-7
https://doi.org/10.1016/j.exger.2004.08.017
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Yamamoto and Takahashi

The Role of SIRT1 in Hypothalamic Pituitary Axis

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Bartke A, Brown-Borg HM, Bode AM, Carlson ], Hunter WS, Bronson RT.
Does growth hormone prevent or accelerate aging? Exp Gerontol. (1998)
33:675-87. doi: 10.1016/50531-5565(98)00032-1

Laron Z. Do deficiencies in growth hormone and insulin-like growth factor-
1 (IGF-1) shorten or prolong longevity? Mechan Age Dev. (2005) 126:305-7.
doi: 10.1016/j.mad.2004.08.022

Parrella E, Longo VD. Insulin/IGF-I and related signaling pathways regulate
aging in nondividing cells: from yeast to the mammalian brain. Sci World J.
(2010) 10:161-77. doi: 10.1100/tsw.2010.8

Barbieri M, Bonafe M, Franceschi C, Paolisso G. Insulin/IGF-I-signaling
pathway: an evolutionarily conserved mechanism of longevity from yeast
to humans. Am ] Physiol Endocrinol Metabol. (2003) 285:E1064-71.
doi: 10.1152/ajpendo.00296.2003

Kenyon C. The plasticity of aging: insights from long-lived mutants. Cell
(2005) 120:449-60. doi: 10.1016/j.cell.2005.02.002

Al-Regaiey KA, Masternak MM, Bonkowski M, Sun L, Bartke A. Long-lived
growth hormone receptor knockout mice: interaction of reduced insulin-like
growth factor i/insulin signaling and caloric restriction. Endocrinology (2005)
146:851-60. doi: 10.1210/en.2004-1120

Tissenbaum HA, Guarente L. Increased dosage of a sir-2 gene extends lifespan
in Caenorhabditis elegans. Nature (2001) 410:227-30. doi: 10.1038/35065638
Lemieux ME, Yang X, Jardine K, He X, Jacobsen KX, Staines WA,
et al. The Sirtl deacetylase modulates the insulin-like growth factor
signaling pathway in mammals. Mech Age Dev. (2005) 126:1097-105.
doi: 10.1016/j.mad.2005.04.006

Kenyon C, Chang ], Gensch E, Rudner A, Tabtiang R. A C. elegans
mutant that lives twice as long as wild type. Nature (1993) 366:461-4.
doi: 10.1038/366461a0

Gan L, Han Y, Bastianetto S, Dumont Y, Unterman TG, Quirion R. FoxO-
dependent and -independent mechanisms mediate SirT1 effects on IGFBP-
1 gene expression. Biochem Biophys Res Commun. (2005) 337:1092-6.
doi: 10.1016/j.bbrc.2005.09.169

55.

56.

57.

58.

59.

60.

Cohen DE, Supinski AM, Bonkowski MS, Donmez G, Guarente LP.
Neuronal SIRT1 regulates endocrine and behavioral responses to
calorie restriction. Genes Dev. (2009) 23:2812-7. doi: 10.1101/gad.18
39209

Schwer B, Schumacher B, Lombard DB, Xiao C, Kurtev MV, Gao ], et al.
Neural sirtuin 6 (Sirt6) ablation attenuates somatic growth and causes
obesity. Proc Natl Acad Sci USA. (2010) 107:21790-4. doi: 10.1073/pnas.10163
06107

Monteserin-Garcia J, Al-Massadi O, Seoane LM, Alvarez CV, Shan B, Stalla J,
et al. Sirtl inhibits the transcription factor CREB to regulate pituitary growth
hormone synthesis. FASEB J. (2013) 27:1561-71. doi: 10.1096/1j.12-220129
Merimee TJ, Zapf J, Froesch ER. Insulin-like growth factors in the
fed and fasted states. J Clin Endocrinol Metabol. (1982) 55:999-1002.
doi: 10.1210/jcem-55-5-999

Fazeli PK, Klibanski A. Determinants of GH resistance in malnutrition. J
Endocrinol. (2014) 220:R57-65. doi: 10.1530/JOE-13-0477

Yamamoto M, Iguchi G, Fukuoka H, Suda K, Bando H, Takahashi M,
et al. SIRT1 regulates adaptive response of the growth hormone-insulin-like
growth factor-I axis under fasting conditions in liver. Proc Natl Acad Sci USA.
(2013) 110:14948-53. doi: 10.1073/pnas.1220606110

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Yamamoto and Takahashi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Endocrinology | www.frontiersin.org

October 2018 | Volume 9 | Article 605


https://doi.org/10.1016/S0531-5565(98)00032-1
https://doi.org/10.1016/j.mad.2004.08.022
https://doi.org/10.1100/tsw.2010.8
https://doi.org/10.1152/ajpendo.00296.2003
https://doi.org/10.1016/j.cell.2005.02.002
https://doi.org/10.1210/en.2004-1120
https://doi.org/10.1038/35065638
https://doi.org/10.1016/j.mad.2005.04.006
https://doi.org/10.1038/366461a0
https://doi.org/10.1016/j.bbrc.2005.09.169
https://doi.org/10.1101/gad.1839209
https://doi.org/10.1073/pnas.1016306107
https://doi.org/10.1096/fj.12-220129
https://doi.org/10.1210/jcem-55-5-999
https://doi.org/10.1530/JOE-13-0477
https://doi.org/10.1073/pnas.1220606110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	The Essential Role of SIRT1 in Hypothalamic-Pituitary Axis
	Introduction
	The Physiological Role of Sirtuin 1 (SIRT1)

	Physiology of the Hypothalamus and Pituitary Gland
	SIRT1 in Hypothalamus
	The HPA Axis
	The HPT Axis
	The HPG Axis
	The Somatotropic Axis

	Conclusion
	Author Contributions
	Funding
	References


