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Abstract

Nutrition and‘growth are important signals for pubertal development, but how they are perceived
and integrated in,brain circuits has not been well defined. Growth hormones and metabolic cues
both recruit the phosphatidylinositol 3-kinase (PI3K) signaling in hypothalamic sites, but whether
they converge into the same neuronal population(s) is also not known. In this review, we will
discuss recent findings from our laboratory showing the role of PI3K subunits in cells directly
responsive to the adipocyte-derived hormone leptin in the coordination of growth, pubertal
development.and fertility. Mice with deletion of PISK p110a and p110f catalytic subunits in
leptin receptoracells (LR**") have a lean phenotype associated with increased energy
expenditureplocomotor activity, and thermogenesis. The LR**** mice also show deficient growth
and delayed puberty. Deletion of a single subunit (i.e., p110a) in LR cells (LR"*) cause a similar
phenotype=of*increased energy expenditure, deficient growth, and delayed pubertal
developmeht indicating that these functions are preferably controlled by p110a. The LR**mice
show enhanced leptin sensitivity in metabolic regulation but, remarkably, these mice are
unresponsive to leptin's effects on growth and puberty. The PI3K is also recruited by insulin,
and a subpopulation of LR neurons are responsive to intracerebroventricular insulin
administration..Deletion of insulin receptor (InsR) in LR cells causes no changes in body weight
or linear growth, and induces only mild delay in pubertal completion. Our findings demonstrate
that PI3K in_LR"cells plays an essential role in growth and reproduction. We will also discuss
potential'neural pathways underlying these effects.
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Introduction

The role of metabolic cues in pubertal progression has been well described in different
mammalian species (1-4). Among these cues, the adipocyte-derived hormone leptin plays a
critical role, The circulating levels of leptin are positively correlated with the amount of body fat
(5-7). Disruption of leptin signaling causes obesity, diabetes and a number of neuroendocrine
dysfunctions including changes in bone accrual and growth, pubertal arrest and infertility (5, 8-
16, 17 Rarooqgis»2007 #910). Genetic mutations of leptin or leptin receptor in humans are rare
(11, 18, 19). Obese individuals exhibit hyperleptinemia with low or absent response to leptin
administration (20, 21). The underlying mechanisms are diverse, but impairment of leptin
receptor signaling seems to play a major role. Therefore, leptin “resistance” due to disruption of
leptin receptor (LR) function or signaling capacity may cause most of the metabolic and
neuroendocrine deficits observed in obese subjects (22, 23). Excess adiposity and high leptin
levels also impact the reproductive function and growth by disrupting steroidogenesis in males
and femalesssaggravating ovulatory disorders, and altering bone formation (17, 23-27). The
increasing prevalence of childhood obesity has been associated with early puberty in girls (28-
30). Thus, ithas'become clear that metabolic cues are key for the coordinated timing of growth

and pubertyzand’'maintenance of a healthy reproductive function in adult life.

The LR is asmember of the class | cytokine receptor family comprised of several isoforms (10,
31-35). Ihe LR long form (LRb) contains three intracellular tyrosine residues that are
phosphorylated by JAK2. Selective blockade of each one of these residues has produced
compellingifindings on the effects of specific signaling pathways in leptin function (36-38). For
example, disruption of Tyr1138 or leptin-induced STAT3 signaling generates severely obese
mice, with . disruption of thyroid and adrenal axes. However, they show improved glucose
homeostasisy=growth and fertility compared to loss-of-function mutation of leptin or leptin
receptor.genesx(i.e., ob/ob or Lep® and db/db or Lepr® mice). Lack of either leptin-induced
SHP2-ERK=(Tyr985) or STATS5 (Tyr1077) caused only mild metabolic or reproductive
phenotypes (37-39).

Leptin also recruits phosphatidylinositol 3-kinase (PI3K) signaling (40-43), a major molecular
pathway' associated with metabolic regulation, insulin signaling, glucose homeostasis and
neuroendocrine function (40, 42, 44-49). However, the requirement of PI3K in leptin responsive
cells for growth and pubertal maturation had not been described until very recently (50). In this
review, we will discuss findings showing that PI3K signaling functions as a key molecular

pathway linking leptin and the neuroendocrine axes. Because PI3K is also recruited by insulin,
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we will discuss its potential role in the integration of both metabolic cues (43, 51, 52).

PI3K in leptin action: Molecular components

Studies from™different groups support the hypothesis that leptin recruits the PI3K signaling
pathway to exert some of its effects (40, 42). For example, leptin hyperpolarizes a subset of
arcuate nucleus neurons via activation of an ATP sensitive potassium channel, resulting in
reduced firing rates. Inhibitors of PI3K blocked this effect (44, 53, 54). Similarly, leptin-mediated
depolarizing. effects on proopiomelanocortin (POMC) neurons are dependent on PI3K signaling
(55). Pharmacological inhibition of PI3K blocked the ability of intracerebroventricular leptin to
reduce food intake (40, 44), and precluded the effects of hypothalamic leptin administration to
inhibit whiteradipose tissue lipogenesis (56).

Multiple classes /of PI3Ks exist. In particular, class IA is primarily associated with metabolic
regulation (67-59). PI3K class IA consists of heterodimers of one regulatory and one catalytic
subunit. The_regulatory subunits are typically five, often called the p85s, and the catalytic
subunits comprise three variants referred to as p110s (57, 59). Activation of the heterodimers
occurs when the p85 binds to the insulin receptor substrate (IRS) and position the catalytic
subunit “in_the " cellular membrane, where PI3K catalyzes the phosphorylation of the
phosphatidylinesitol bisphosphate (PIP2) to PIP3 that, in turn, recruits and activates
downstream pathways.

The p110a and p110p subunits are ubiquitously expressed, whereas the p110y is virtually
absent in the=brain (60, 61). Because of the distribution pattern and the lack of p110y in
hypothalamic sites, most of the studies in metabolic control have focused on the roles of p110a
and p110pssubunits. Mice lacking p110a or p110p die early during embryonic development (62,
63). However, mice carrying a knockin mutation causing a 50% loss-of-function of p110a activity
(kinase-dead/D993A) are viable, but display suppressed IRS signaling, decreased
responsiveness to insulin and leptin, reduced linear growth, hyperphagia and increased
adiposity (47). Deletion of p110a in cells expressing POMC or steroidogenesis factor 1 (SF1)

decreased energy expenditure and increased susceptibility to high-fat diet (64, 65).

These initial findings suggested that the p110a was the main isoform downstream of leptin or
insulin action. However, subsequent studies showed that the isoforms interactions are more
complex than previously anticipated. Insulin-induced phosphorylation of Akt (pAkt) is only

partially blocked by inhibitors of either p110a or p110B, whereas the administration of both
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inhibitors completely prevented insulin signaling. Likewise, the combined administration of
p110a and p110pB inhibitors blocked the acute anorexigenic action of leptin and insulin (66).
Intact p110B or both p110a and p110B subunits in neurons expressing agouti-related protein
(AgRP) seem to be required for metabolic control (67, 68). In SF1 neurons, distinct catalytic
subunits are necessary for leptin or insulin cellular effects (69). Thus, it soon became clear that
blockade of PIBK downstream of leptin would only be attained by deletion of both subunits. This
concept is_further strengthened by data showing that LR neurons coexpress both p110a and
p110pB subunits (70).

Effects of deletion of p110a and p110p subunits in LR neurons

To assess the direct role of PI3K downstream of leptin, we generated mice with deletion of both
p110a and p110p catalytic subunits in LR cells (50, 70, 71). The experimental group was
comprised ofsmice homozygous for three alleles: LR-Cre, p110a-floxed and p110p-floxed (48,
72, 73), namedsLR"***. We used LR-Cre homozygous mice because in preliminary studies we
found only/partial deletion of PI3K in LR cells of heterozygous LR®"®* mice harvested by FACS
(fluorescence activated cell sorting) (50). This finding is also in agreement with previous studies
using a difierent LR-Cre mouse line (74-76). To assess if Cre in homozygosity alters LR
function, we=performed a systematic evaluation of LR“®“® mouse phenotype. No ectopic
expression of Cre (using reporter genes), and no metabolic, growth or reproductive deficits were
observed (80).

Male and female mice were evaluated separately due to the sexually dimorphic responses in
metabolic and_neuroendocrine functions (77). Precautions were taken to avoid inconsistencies
and exogenous interference in the physiological measurements. For instance, on postnatal day
1 (P1), litterssize was kept consistent (equal in number) among groups and cohorts to avoid
early-life'nutritional effects on body weight and metabolic programming (1, 4, 78). After weaning
(P21), males and females were fed phytoestrogen-reduced diet to prevent the effects of
exogenous estrogens on pubertal development and fertility. Body weights were measured
weekly and the metabolic phenotype was monitored by CLAMS (Comprehensive Laboratory
Animal Monitofing System) using average values obtained from 3-4 days of metabolic

recordings to avoid individual variations or random errors.

Briefly, male and female LR**** mice showed decreased body weight, starting at 4-5 weeks of

age, associated with decreased lean and fat mass and decreased linear growth. They also
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showed increased food intake (when normalized by body weight), energy expenditure,
locomotor activity and brown adipose tissue Ucpl expression, suggesting increased
thermogenesis. Females, but not males, had delayed puberty determined by late vaginal
opening (a sign of puberty onset) and delayed first estrus (puberty completion) (50). Whether
disruption”of ‘estradiol actions due to PI3K imbalance in LR cells is the cause of the sexually
dimorphic phenotype in reproductive function needs further evaluation.

The findings.raised several questions that require additional studies. We initially focus on
answering the following: a) Are individual PI3K catalytic subunits associated with specific
physiological control? b) Is the delayed puberty in females caused by the decrease in body
weight, fat mass or leptin levels?

Effects of deletion of p110a subunits in LR neurons

To addresssthesinitial question, we generated a mouse line with deletion of a single PI3K
subunit, p110asin LR cells. We chose p110a because of data from D993A mice showing that
half dosage of p110a induces changes in metabolic and growth phenotypes (47). To avoid
potential cohfounders originated from using different genetic backgrounds, the mouse colony

with deletion.of p110a. in LR cells (LR*“) was derived from the LR**** mice.

The LR**“male.and female mice showed decreased body weight, lean and fat mass, and
reduced linear growth. Changes in growth was observed only in adults (around and after P60);
no differences. were observed before or during pubertal maturation (P40). Low bone mineral
density was'detected in the femoral trabecular and cortical layers, associated with a decrease in
hepatic growth-hormone receptor (Ghr) and insulin-like growth factor 1 (Igfl) expression in adult
females. Similar to LR**** mice, food intake was increased when normalized by body weight.
Increased energy expenditure and delayed pubertal maturation were observed. Female LR**
mice also showed prolonged estrous cycles and progressive subfertility. No changes in
locomotor activity and brown adipose tissue uncoupling protein 1 (Ucpl) gene expression was
detected. Together, these findings indicate that apart from energy balance, the p110a subunit in

LR cells‘is,also necessary for typical growth and reproduction.

Because the LR** (and the LR*“*") mice showed low body weight, fat mass and leptin levels, we
performed several metabolic manipulations to assess if the delayed puberty and reproductive
phenotypes were secondary to the metabolic disruption. We started by applying the early
postnatal overnutrition approach via manipulation of the litter size (1, 4, 78). A cohort of mice
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was maintained in small litters in the attempt to increase or normalize the body weight of LR**
mice prior to puberty onset. This manipulation was successful until weaning day, when LR**
mice start to consistently decrease the weight gain. Timing of pubertal development and leptin
levels were marginally improved, not corrected. Again, because we still found a lean phenotype
in the postnatal overnutrition paradigm after weaning, our question had not been solved. We
decided toluse the leptin challenge instead.

Several rgroups=have shown that leptin treatment in small doses that do not alter metabolic
responses advances puberty in rodents (79, 80). We used a very similar approach and found
that, whergas control mice had early puberty onset, LR** female mice were unresponsive to the
effects of leptin on the timing of pubertal development. Another interesting finding yielded by this
experiment was/ the increased leptin sensitivity in metabolic regulation of the mutant mice
potentially .\duesto the increased basal levels of pAkt, leptin-induced pSTAT-3 and decreased
levels of the PIP8 phosphatase PTEN (50).

Of further interest was the increased expression of AgQRP mRNA and peptide in fed female LR*
mice. The AgRP. neurons are located in the arcuate nucleus and coexpress LR (45, 81-83).
Ablation of AgRP neurons (AgRP°™® mice) ameliorates the metabolic and reproductive
phenotypes. of leptin-deficient ob/ob mice. Improved fertility was also observed in LR-deficient
db/db mice withaglobal deletion of Agrp gene, and deletion of LR in AgQRP neurons alters fertility
(84-88)./Thuss.changes in AgRP levels and/or signaling in LR** mice may explain the increased
food intake, and the disruption of growth and pubertal development observed in LR** mice (87,
89). It is alsorinsagreement with findings showing that PI3K is required for leptin actions on Agrp
gene expression, (45). Alternatively, ablation of PI3K may have affected the acute actions of
leptin in thewentral premammillary nucleus (PMV), a hypothalamic site associated with leptin
action in female reproductive function (70, 74, 90, 91).

Pros and cons af using LR-Cre line as a metabolically relevant target

The LR expression is observed in many peripheral tissues and in the brain, with high density in
hypothalamic sites (10, 92, 93). Thus, whether the effects observed using the LR-Cre mice were
due to deletion of PI3K in neurons or in other peripheral organs may seem unclear. In this
regard, it is important to emphasize that studies using conditional deletion or re-expression of
LR have shown that leptin’s effects in the neuroendocrine axes are mediated by the brain (94-
96). The deletion of LR from gonadotropes caused no changes in body weight, timing of

This article is protected by copyright. All rights reserved



pubertal maturation or estrous cycle duration (97). We have also shown that LR expression only
in gonadotropes is not sufficient to improve the metabolic or the reproductive phenotypes of the
LR null mice (98). Similarly, initial studies have suggested that the reproductive deficits caused
by the lack of leptin signaling are not mediated by the gonads (99), indicating the brain is the
main target of leptin in neuroendocrine regulation. However, the LR** mice phenotype may not
be entirely related to disruption of leptin signaling. We could hypothesize that the lack of PI3K
downstream of other hormones and/or growth factors in ovaries, for instance, have contributed
to the LR*“mice phenotype. LR-Cre reporter gene is expressed in theca cells (98) and studies
have suggested,that insulin signaling in theca cells is associated with obesity-induced increase
in estrous cycledength (100). Deletion of insulin receptor in theca cells or gonadotropes blocked
this response’ allowing females to maintain normal estrous cycles in obese conditions (100,
101). Together, these findings suggest that the reproductive phenotype of the LR** mice is not
associated with deletion of PI3K in gonadotropes or theca cells. As discussed in previous
sections, blunted PI3K signaling in LR cells of the PMV or the arcuate nucleus (i.e., those
coexpressing AgRP) are prime candidates.

Leptin receptoris also expressed in the adipocytes, liver and osteoblasts (10, 102, 103).
Whether deletion of PI3K subunits in LR cells of peripheral tissues may have impacted the
growth andwthe reproductive phenotypes observed in our studies needs further evaluation.
However,.it*should be noted that deletion of p110a only in adipocytes caused a very distinct
phenotype from that observed in our studies, i.e., delayed puberty and infertility were observed
only in male, not female, mice (104). The mechanism(s) associated with this phenotype is
unknown. Moreover, no reproductive or linear growth deficits have been described in mice with
deletion of LR or disruption of PI3K class | in the liver (105, 106).

Complexity of PI3K signaling and potential confounders

The PI3K signaling pathway is comprised of intricate interactions of independent subunits and
molecular targets. Thus, genetic modifications of specific subunits may cause an imbalance of
the entire complex, generating unexpected phenotypes. For examples, mice with deletion of
p85a or p85B«regulatory subunits have improved insulin sensitivity and hypoglycemia, despite
the fact that,PI3K is a key pathway for insulin effects in glucose homeostasis (58, 107, 108).
The selective deletion of the p110 catalytic subunits in LR cells may have caused a similar
response, i.e., improvement of leptin sensitivity in energy homeostasis due to increases in
energy expenditure and in basal pAkt, decrease in body weight and the potentiation of leptin

induced pSTAT3. Notably, whereas leptin’s effects in metabolism were amplified in LR** mice,
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linear growth and reproductive function were compromised. These findings suggest that PI3K is

a crucial downstream signal of metabolic cues to growth and reproductive neuroendocrine axes.

Another potential confounder is the expression of LR in neurons with distinct or opposite
functions as, for, example, the AgRP and POMC neurons in the arcuate nucleus. Previous
studies have_assessed the role of PI3K subunits in AgRP, POMC and other neuronal
populations (i.e.;, SF1) (64, 65, 67, 69, 109). Because only subsets of these neurons express
LR, thegresulisp,are ambiguous. It is not possible to determine if the observed effects are
associated with_lack of leptin, insulin or growth factors (69, 110). By using the LR-Cre mouse
model, wegexpect the data to be more specific generating insights into the direct effects of
leptin-induced=PI3K in physiology. Further studies will be necessary to dissociate the role of
specific LR neurans in each phenotypic changes observed.

LR cells likelycoexpress a number of receptors that also recruit PI3K signaling (e.g., receptor
tyrosine kinases or GPCRs). Therefore, it is possible that the deletion of PI3K subunits has
altered the‘signaling of other hormones and/or growth factors producing a phenotype unrelated
to leptin action”"As mentioned before, one key hormone is insulin. By deleting PI3K from LR
cells, we may have blocked the actions of insulin in subsets of LR neurons. To test this
hypothesis, we used the Cre-loxP system to delete InsR from LR cells.

Effects of deletion of InsR in LR cells

Previous studies using electrophysiological recordings have suggested that leptin or insulin
target distinct. POMC and SF1 neuronal populations (69, 110). However, lack of changes in
membrane potential does not preclude other cellular responses, such as gene expression
and/or posttransilational modifications. To assess if downstream targets of insulin-induced PI3K
with genomic.actions may be detected in LR neurons, we performed a colocalization study in LR
reporter smouse: Mice were treated with intracerebroventricular insulin to avoid potential
confounders of wsing peripheral insulin administration, and FoxO1 translocation or pAkt were
identified in"ER=Cre reporter neurons (50). Partial colocalization was detected, reinforcing the
hypothesissthat the effects of PI3K deletion in LR cells was a result of partial blockade of insulin
signaling. Totest this, we generated mice with deletion of InsR in LR cells, using the same LR-
Cre mouse line bred with previously validated InsR-floxed mice (111). No deficits in growth and
only minor changes in reproductive physiology was observed in the mutant mice. Females
showed a mild delay in puberty completion, suggesting that lack of insulin signaling in LR cells
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(LR*™R) may add to the effect observed in LR** and LR*“*" mice that showed a more severe
disruption of pubertal timing. Interestingly, whereas female LR*™R mice showed virtually no
metabolic deficits, males had increased fat mass and glucose oxidation, but no reproductive
deficits (50, 112). We concluded that the changes in metabolic, growth and reproductive
phenotypes of the LR** and LR**** mice are not due to blockade of insulin signaling. Because
the conditional deletion of InsR in the brain causes metabolic and reproductive deficits (111),
our findings_also indicate that insulin actions in these physiological systems are attained by
targeting cells distinct from those expressing LR. Whether other PI3K recruiting factors account

for the effegts dhserved in LR** and LR**® mice need further evaluation.

Genomic screening in humans has identified the PI3K as a key signaling pathway associated
with pubertal/development (113). In agreement, our findings in mice show that PI3K signaling
selectivelysin=k=R: cells plays a major role. The decreased growth of LR“* mice and the higher
sensitivity te-leptin in metabolic regulation makes the PI3K a potential target in conditions of
delay in gfowth and puberty in humans, and in hypothalamic amenorrhea associated with
sustained negative energy balance.

Acknowledgments

We thank all*current and former members of the Elias lab that have contributed to the findings
discussed in this review. Particularly, we thank the former postdoctoral fellows José Donato Jr
(Universitysof Sdo Paulo, Brazil) and Yun-Hee Choi (Anti-Aging Research Institute of BIO-FD&C
Co. Ltd., South Korea) for the generation of the mouse colony and production of preliminary
data. We also thank Dr. Jennifer Hill (University of Toledo) for insightful discussions.

References

1. Kennedy"GC, Mitra J. Body weight and food intake as initiating factors for puberty in the rat.
J Physiol. 19635166408-18.

2. Friseh RE. The right weight: body fat, menarche and fertility. Proc Nutr Soc. 1994; 53(1):
113-29.

3. Terasawa E, Kurian JR, Keen KL, Shiel NA, Colman RJ, Capuano SV. Body Weight Impact
on Puberty: Effects of High-Calorie Diet on Puberty Onset in Female Rhesus Monkeys.
Endocrinology. 2012; 153(4): 1696-705.

This article is protected by copyright. All rights reserved



4. Castellano JM, Bentsen AH, Sanchez-Garrido MA, Ruiz-Pino F, Romero M, Garcia-Galiano
D, Aguilar E, Pinilla L, Diéguez C, Mikkelsen JD, Tena-Sempere M. Early Metabolic
Programming of Puberty Onset: Impact of Changes in Postnatal Feeding and Rearing
Conditions on the Timing of Puberty and Development of the Hypothalamic Kisspeptin System.
Endocrinology.2011; 152(9): 3396-408.

5. Zhang.Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM. Positional cloning of
the mouse,obese gene and its human homologue [published erratum appears in Nature 1995
Mar 30;374(6521):479] [see comments]. Nature. 1994; 372(6505): 425-32.

6. Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim S, Lallone R,
Ranganathan S, et al. Leptin levels in human and rodent: measurement of plasma leptin and ob
RNA in obese and weight-reduced subjects. Nat Med. 1995; 1(11): 1155-61.

7. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR,
Ohannesian JP, Marco CC, McKee LJ, Bauer TL, et al. Serum immunoreactive-leptin
concentrations in normal-weight and obese humans [see comments]. N Engl J Med. 1996;
334(5): 292-5.

8. Coleman'BL. Obese and diabetes: two mutant genes causing diabetes-obesity syndromes
in mice. 'Diabetologia. 1978; 14(3): 141-8.

9. Batt RAL, Everard DM, Gillies G, Wilkinson M, Wilson CA, Yeo TA. Investigation into the
hypogonadism of the obese mouse (genotype ob/ob). J Reprod Fertil. 1982; 64(2): 363-71.

10. Tartaglia.LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards GJ, Campfield
LA, Clark FTF, Deeds J, et al. Identification and expression cloning of a leptin receptor, OB-R.
Cell. 1995;83(7): 1263-71.

11. Montague CT, Farooqi IS, Whitehead JP, Soos MA, Rau H, Wareham NJ, Sewter CP,
Digby JE, Mohammed SN, Hurst JA, Cheetham CH, Earley AR, Barnett AH, Prins JB, O'Rahilly
S. Congenital leptin deficiency is associated with severe early-onset obesity in humans. Nature.
1997; 387(6636): 903-8.

12. Gill MSy Hall CM, Tillmann V, Clayton PE. Constitutional delay in growth and puberty
(CDGP) is asseciated with hypoleptinaemia. Clinical Endocrinology. 1999; 50(6): 721-6.

13. Barash IA, Cheung CC, Weigle DS, Ren H, Kabigting EB, Kuijper JL, Clifton DK, Steiner
RA. Leptin is a metabolic signal to the reproductive system. Endocrinology. 1996; 137(7): 3144-
7.

This article is protected by copyright. All rights reserved



14. Chehab FF, Lim ME, Lu R. Correction of the sterility defect in homozygous obese female
mice by treatment with the human recombinant leptin. Nat Genet. 1996; 12(3): 318-20.

15. Cornish J, Callon KE, Bava U, Lin C, Naot D, Hill BL, Grey AB, Broom N, Myers DE,
Nicholson GC, Reid IR. Leptin directly regulates bone cell function in vitro and reduces bone
fragility in vivo..J Endocrinol. 2002; 175(2): 405-15.

16. Reseland.dE;.Gordeladze JO. Role of leptin in bone growth: central player or peripheral
supporter? FEBS Lett. 2002; 528(1-3): 40-2.

17. Thomas T, Burguera B. Is leptin the link between fat and bone mass? J Bone Miner Res.
2002; 17(9): 1568-9.

18. Ozata M, Ozdemir IC, Licinio J. Human Leptin Deficiency Caused by a Missense Mutation:
Multiple Endocrine Defects, Decreased Sympathetic Tone, and Immune System Dysfunction
Indicate New Targets for Leptin Action, Greater Central than Peripheral Resistance to the
Effects of Leptin; and Spontaneous Correction of Leptin-Mediated Defects. J Clin Endocrinol
Metab. 1999; 84(10): 3686-95.

19. Faroogi IS, . Wangensteen T, Collins S, Kimber W, Matarese G, Keogh JM, Lank E,
Bottomley B, Lopez-Fernandez J, Ferraz-Amaro |, Dattani MT, Ercan O, Myhre AG, Retterstol L,
Stanhope ‘RyEdge JA, McKenzie S, Lessan N, Ghodsi M, De Rosa V, Perna F, Fontana S,
Barroso_l«sUndlien DE, O'Rahilly S. Clinical and Molecular Genetic Spectrum of Congenital
Deficiency of the Leptin Receptor. N Engl J Med 2007; 356(3): 237-47.

20. Myers_ MG, Cowley MA, Munzberg H. Mechanisms of leptin action and leptin resistance.
Annu Rev Physiel. 2008; 70537-56.

21. Moon HS, Dalamaga M, Kim SY, Polyzos SA, Hamnvik OP, Magkos F, Paruthi J,
Mantzoros. CS. Leptin's role in lipodystrophic and nonlipodystrophic insulin-resistant and
diabetic individuals. Endocr Rev. 2013; 34(3): 377-412.

22. Chan ™JE"Mantzoros CS. Leptin and the hypothalamic-pituitary regulation of the
gonadotropin=gonadal axis. Pituitary. 2001; 4(1-2): 87-92.

23. Bluher S, Mantzoros CS. Leptin in reproduction. Curr Opin Endocrinol Diabetes Obes.
2007; 14458-64.

24. Rittmaster RS, Deshwal N, Lehman L. The role of adrenal hyperandrogenism, insulin
resistance, and obesity in the pathogenesis of polycystic ovarian syndrome. J Clin Endocrinol
Metab. 1993; 76(5): 1295-300.

This article is protected by copyright. All rights reserved



25. Kasturi SS, Tannir J, Brannigan RE. The Metabolic Syndrome and Male Infertility. J Androl.
2008; 29(3): 251-9.

26. Loret de Mola JR. Obesity and Its Relationship to Infertility in Men and Women. Obstetrics
and Gynecology Clinics of North America. 2009; 36(2): 333-46.

27. Borges™BGC; Garcia-Galiano D, da Silveira Cruz-Machado S, Han X, Gavrilina GB,
Saunders TkyAuchus RJ, Hammoud SS, Smith GD, Elias CF. Obesity-Induced Infertility in Male
Mice Is"Associated With Disruption of Crisp4 Expression and Sperm Fertilization Capacity.
Endocrinology:2017; 158(9): 2930-43.

28. Herman-Giddens ME, Slora EJ, Wasserman RC, Bourdony CJ, Bhapkar MV, Koch GG,
HasemeiersCM:3Secondary Sexual Characteristics and Menses in Young Girls Seen in Office
Practice: A*Study from the Pediatric Research in Office Settings Network. Pediatrics. 1997;
99(4): 505-12.

29. Biro FMsKhoury P, Morrison JA. Influence of obesity on timing of puberty. International
Journal of Andrology. 2006; 29(1): 272-7.

30. Biro FM, Galvez MP, Greenspan LC, Succop PA, Vangeepuram N, Pinney SM, Teitelbaum
S, Windham "GC, Kushi LH, Wolff MS. Pubertal Assessment Method and Baseline
Characteristies in a Mixed Longitudinal Study of Girls. Pediatrics. 2010; 126(3): €583-e90.

31. lhlerdN. Cytokine receptor signalling. Nature. 1995; 377(6550): 591-4.

32. Chua SC, Jr.,, Chung WK, Wu-Peng XS, Zhang Y, Liu SM, Tartaglia L, Leibel RL.
Phenotypes of'mouse diabetes and rat fatty due to mutations in the OB (leptin) receptor [see
comments]. Science. 1996; 271(5251): 994-6.

33. Lee GH;.Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, Lee JI, Friedman JM.
Abnormal splicing of the leptin receptor in diabetic mice. Nature. 1996; 379(6566): 632-5.

34. Vaisse C, Halaas JL, Horvath CM, Darnell JE, Jr., Stoffel M, Friedman JM. Leptin activation
of Stat3 in the hypothalamus of wild-type and ob/ob mice but not db/db mice. Nat Genet. 1996;
14(1): 95-7.

35. Bjorbaek' C, EImquist JK, Frantz JD, Shoelson SE, Flier JS. Identification of SOCS-3 as a
potential mediator of central leptin resistance. Mol Cell. 1998; 1(4): 619-25.

36. Bates SH, Stearns WH, Dundon TA, Schubert M, Tso AW, Wang Y, Banks AS, Lavery HJ,
Haq AK, Maratos-Flier E, Neel BG, Schwartz MW, Myers MG, Jr. STATS3 signalling is required
for leptin regulation of energy balance but not reproduction. Nature. 2003; 421(6925): 856-9.

This article is protected by copyright. All rights reserved



37. Patterson CM, Villanueva EC, Greenwald-Yarnell M, Rajala M, Gonzalez IE, Saini N, Jones
JC, Myers MG. Leptin action via LepR-b Tyr(1077) contributes to the control of energy balance
and female reproduction. Molecular Metabolism. 2012; 1(1-2): 61-9.

38. Bjornholm M, Munzberg H, Leshan RL, Villanueva EC, Bates SH, Louis GW, Jones JC,
Ishida-Takahashi R, Bjorbaek C, Myers MG, Jr. Mice lacking inhibitory leptin receptor signals
are lean with normal endocrine function. The Journal of Clinical Investigation. 2007; 117(5):
1354-60.

39. Singireddy*AV, Inglis MA, Zuure WA, Kim JS, Anderson GM. Neither signal transducer and
activator of transcription 3 (STAT3) or STATS5 signaling pathways are required for leptin's effects
on fertility in mice. Endocrinology. 2013; 154(7): 2434-45.

40. Zhao "AZ,»Huan JN, Gupta S, Pal R, Sahu A. A phosphatidylinositol 3-kinase
phosphodiesterase 3B-cyclic AMP pathway in hypothalamic action of leptin on feeding. Nature
Neuroscience. 2002; 5727-8.

41. Niswender KD, Baskin DG, Schwartz MW. Insulin and its evolving partnership with leptin in
the hypothalamic control of energy homeostasis. Trends in Endocrinology and Metabolism.
2004; 15(8)x362-9.

42. Xu Aj"Kaglin CB, Takeda K, Akira S, Schwartz MW, Barsh GS. PI3K integrates the action
of insulin.and leptin on hypothalamic neurons. J Clin Invest. 2005; 115(4): 951-8.

43. Sahu A. Intracellular leptin-signaling pathways in hypothalamic neurons: the emerging role
of phosphatidylinositol-3 kinase-phosphodiesterase-3B-cAMP pathway. Neuroendocrinology.
2011; 93(4)7201-10.

44. Niswender KD, Morton GJ, Stearns WH, Rhodes CJ, Myers MG, Jr., Schwartz MW.
Intracellular signalling. Key enzyme in leptin-induced anorexia. Nature. 2001; 413(6858): 794-5.

45. Morrison=CD, Morton GJ, Niswender KD, Gelling RW, Schwartz MW. Leptin inhibits
hypothalamic"Npy and Agrp gene expression via a mechanism that requires phosphatidylinositol
3-OH-kinasessignaling. Am J Physiol Endocrinol Metab. 2005; 289(6): E1051-7.

46. Morton GJ, Gelling RW, Niswender KD, Morrison CD, Rhodes CJ, Schwartz MW. Leptin
regulates insulin sensitivity via phosphatidylinositol-3-OH kinase signaling in mediobasal
hypothalamic neurons. Cell Metabolism. 2005; 2(6): 411-20.

This article is protected by copyright. All rights reserved



47. Foukas LC, Claret M, Pearce W, Okkenhaug K, Meek S, Peskett E, Sancho S, Smith AJH,
Withers DJ, Vanhaesebroeck B. Critical role for the p110[alpha] phosphoinositide-3-OH kinase
in growth and metabolic regulation. Nature. 2006; 441(7091): 366-70.

48. Jia S, Liu Z, Zhang S, Liu P, Zhang L, Lee SH, Zhang J, Signoretti S, Loda M, Roberts TM,
Zhao JJ. Essential roles of PI(3)K-p110beta in cell growth, metabolism and tumorigenesis.
Nature. 2008; 454(7205): 776-9.

49. Pal'A, Barber TM, Van de Bunt M, Rudge SA, Zhang Q, Lachlan KL, Cooper NS, Linden H,
Levy JC, Wakelam MJO, Walker L, Karpe F, Gloyn AL. PTEN Mutations as a Cause of
Constitutive Insulin Sensitivity and Obesity. New England Journal of Medicine. 2012; 367(11):
1002-11.

50. Garcia-Galiano D, Borges BC, Donato J, Jr., Allen SJ, Bellefontaine N, Wang M, Zhao JJ,
Kozloff KM, Hill'dW, Elias CF. PI3Kalpha inactivation in leptin receptor cells increases leptin
sensitivity but disrupts growth and reproduction. JCI insight. 2017; 2(23).

51. Plum 'L, Belgardt BF, Bruning JC. Central insulin action in energy and glucose
homeostasissd=Clin Invest. 2006; 116(7): 1761-6.

52. Acosta-Martinez M. PI3K: An Attractive Candidate for the Central Integration of Metabolism
and Reprodugtion. Frontiers in endocrinology. 2011; 2110.

53. Spanswick.D, Smith MA, Groppi VE, Logan SD, Ashford ML. Leptin inhibits hypothalamic
neurons by activation of ATP-sensitive potassium channels. Nature. 1997; 390(6659): 521-5.

54. Spanswick™D, Smith MA, Mirshamsi S, Routh VH, Ashford ML. Insulin activates ATP-
sensitive K+ channels in hypothalamic neurons of lean, but not obese rats. Nat Neurosci. 2000;
3(8): 757-8.

55. Hill JW; Williams KW, Ye C, Luo J, Balthasar N, Coppari R, Cowley MA, Cantley LC, Lowell
BB, Elmgquist==JK. Acute effects of leptin require PI3SK signaling in hypothalamic
proopiomelanoceortin neurons in mice. J Clin Invest. 2008; 1181796-805.

56. Buettner C, Muse ED, Cheng A, Chen L, Scherer T, Pocai A, Su K, Cheng B, Li X, Harvey-
White Jy*Schwartz GJ, Kunos G, Rossetti L. Leptin controls adipose tissue lipogenesis via
central, STAT3-independent mechanisms. Nat Med. 2008; 14(6): 667-75.

57. Cantley LC. The phosphoinositide 3-kinase pathway. Science. 2002; 2961655-7.

This article is protected by copyright. All rights reserved



58. Ueki K, Yballe C, Brachmann S, Vicent D, Watt J, Kahn C, Cantley L. Increased insulin
sensitivity in mice lacking p85beta subunit of phosphoinositide 3-kinase. Proc Natl Acad Sci U S
A. 2002; 99(1): 419-24.

59. Vanhaesebroeck B, Ali K, Bilancio A, Geering B, Foukas LC. Signalling by PI3K isoforms:
insights from gene-targeted mice. Trends in Biochemical Sciences. 2005; 30(4): 194-204.

60. Chantry.DsVojtek A, Kashishian A, Holtzman DA, Wood C, Gray PW, Cooper JA, Hoekstra
MF. p110delta, a novel phosphatidylinositol 3-kinase catalytic subunit that associates with p85
and is expressed predominantly in leukocytes. J Biol Chem. 1997; 272(31): 19236-41.

61. Horsch D, Kahn CR. Region-specific mRNA expression of phosphatidylinositol 3-kinase
regulatory jsoforms in the central nervous system of C57BL/6J mice. J Comp Neurol. 1999;
415(1): 105-20.

62. Bi L, Okabe I, Bernard DJ, Wynshaw-Boris A, Nussbaum RL. Proliferative Defect and
Embryonic _Lethality in Mice Homozygous for a Deletion in the p110alpha Subunit of
Phosphoinositide 3-Kinase. J Biol Chem. 1999; 274(16): 10963-8.

63. Bi L, Okabe |, Bernard DJ, Nussbaum RL. Early embryonic lethality in mice deficient in the
p1108 catalytic subunit of PI 3-kinase. Mammalian Genome. 2002; 13(3): 169-72.

64. Xu Y, HilJW, Fukuda M, Gautron L, Sohn JW, Kim KW, Lee CE, Choi MJ, Lauzon DA,
Dhillon H;.Lowell BB, Zigman JM, Zhao JJ, Elmquist JK. PI3K signaling in the ventromedial
hypothalamic nucleus is required for normal energy homeostasis. Cell Metab. 2010; 12(1): 88-
95.

65. Hill JW, Xu'Y, Preitner F, Fukuda M, Cho YR, Luo J, Balthasar N, Coppari R, Cantley LC,
Kahn BB, Zhao JJ, Elmquist JK. Phosphatidyl inositol 3-kinase signaling in hypothalamic
proopiomelanocortin  neurons contributes to the regulation of glucose homeostasis.
Endocrinolegy. 2009; 150(11): 4874-82.

66. Tups A;"Anderson GM, Rizwan M, Augustine RA, Chaussade C, Shepherd PR, Grattan
DR. Both p#t0alpha and p110beta isoforms of phosphatidylinositol 3-OH-kinase are required
for insulin._signalling in the hypothalamus. J Neuroendocrinol. 2010; 22(6): 534-42.

67. Al-QassabH, Smith MA, Irvine EE, Guillermet-Guibert J, Claret M, Choudhury Al, Selman
C, Piipari K, Clements MK, Lingard S, Chandarana K, Bell JD, Barsh GS, Smith AJH, Batterham
RL, Ashford MLJ, Vanhaesebroeck B, Withers DJ. Dominant Role of the p1103 Isoform of PI3K

This article is protected by copyright. All rights reserved



over p110a in Energy Homeostasis Regulation by POMC and AgRP Neurons. Cell Metabolism.
2009; 10(5): 343-54.

68. Huang Y, He Z, Gao Y, Lieu L, Yao T, Sun J, Liu T, Javadi C, Box M, Afrin S, Guo H,
Williams KW. Phosphoinositide 3-Kinase Is Integral for the Acute Activity of Leptin and Insulin in
Male Arcuate NPY/AgRP Neurons. Journal of the Endocrine Society. 2018; 2(6): 518-32.

69. Sohn J=W;Oh,Y, Kim KW, Lee S, Wiliams KW, Elmquist JK. Leptin and insulin engage
specific PI3K'subunits in hypothalamic SF1 neurons. Molecular Metabolism. 2016; 5(8): 669-79.

70. Williams KW, Sohn JW, Donato J, Jr., Lee CE, Zhao JJ, Elmquist JK, Elias CF. The acute
effects of leptin/require PI3K signaling in the hypothalamic ventral premammillary nucleus. J
Neurosci. 20147381(37): 13147-56.

71. Borges BC, Garcia-Galiano D, Rorato R, Elias LL, Elias CF. PI3K p110beta subunit in
leptin receptor expressing cells is required for the acute hypophagia induced by endotoxemia.
Mol Metab,.2016; 5(6): 379-91.

72. Zhao 9,"Cheng H, Jia S, Wang L, Gjoerup OV, Mikami A, Roberts TM. The p110alpha
isoform of (PI8K'is essential for proper growth factor signaling and oncogenic transformation.
Proc Natl Acad'Sci U S A. 2006; 103(44): 16296-300.

73. Scott MMjskachey JL, Sternson SM, Lee CE, Elias CF, Friedman JM, Elmquist JK. Leptin
targets in‘the,mouse brain. 3 Comp Neurol. 2009; 514(5): 518-32.

74. Leshan RL, Louis GW, Jo Y-H, Rhodes CJ, Munzberg H, Myers MG, Jr. Direct Innervation
of GnRH Neurons by Metabolic- and Sexual Odorant-Sensing Leptin Receptor Neurons in the
Hypothalamic Ventral Premammillary Nucleus. J Neurosci. 2009; 29(10): 3138-47.

75. Louis .GW;..Greenwald-Yarnell M, Phillips RJ, Coolen LM, Lehman MN, Myers MG.
Molecular Mapping of the Neural Pathways Linking Leptin to the Neuroendocrine Reproductive
Axis. Endecrinelogy. 2011; 152(6): 2302-10.

76. Allison MB, Patterson CM, Krashes MJ, Lowell BB, Myers MG, Jr., Olson DP. TRAP-seq
defines markers_for novel populations of hypothalamic and brainstem LepRb neurons. Mol
Metab. 2015; 4(4): 299-309.

77. Clegg DJ, Brown LM, Woods SC, Benoit SC. Gonadal hormones determine sensitivity to
central leptin and insulin. Diabetes. 2006; 55(4): 978-87.

This article is protected by copyright. All rights reserved



78. Caron E, Ciofi P, Prevot V, Bouret SG. Alteration in neonatal nutrition causes perturbations
in hypothalamic neural circuits controlling reproductive function. J Neurosci. 2012; 32(33):
11486-94.

79. Ahima RS, Dushay J, Flier SN, Prabakaran D, Flier JS. Leptin accelerates the onset of
puberty in normal female mice. J Clin Invest. 1997; 99(3): 391-5.

80. CheungnCC;.Thornton JE, Kuijper JL, Weigle DS, Clifton DK, Steiner RA. Leptin is a
metabolic gate for the onset of puberty in the female rat. Endocrinology. 1997; 138(2): 855-8.

81. Elias CF, /Aschkenasi C, Lee C, Kelly J, Ahima RS, Bjorbaek C, Flier JS, Saper CB,
Elmquist JK. Leptin differentially regulates NPY and POMC neurons projecting to the lateral
hypothalamic area. Neuron. 1999; 23(4): 775-86.

82. Mizuno TM, Mobbs CV. Hypothalamic Agouti-Related Protein Messenger Ribonucleic Acid
Is Inhibited by Leptin and Stimulated by Fasting. Endocrinology. 1999; 140(2): 814-7.

83. Cone RD, Cowley MA, Butler AA, Fan W, Marks DL, Low MJ. The arcuate nucleus as a
conduit for diverse signals relevant to energy homeostasis. Int J Obes Relat Metab Disord.
2001; 25 Suppl 5S63-7.

84. Wu_Q, Whiddon BB, Palmiter RD. Ablation of neurons expressing agouti-related protein,
but not melaninseoncentrating hormone, in leptin-deficient mice restores metabolic functions and
fertility. Proc,Natl Acad Sci U S A. 2012; 109(8): 3155-60.

85. lIsrael DD, Sheffer-Babila S, de Luca C, Jo YH, Liu SM, Xia Q, Spergel DJ, Dun SL, Dun
NJ, Chua®SC;™Jr. Effects of leptin and melanocortin signaling interactions on pubertal
development and reproduction. Endocrinology. 2012; 153(5): 2408-19.

86. Sheffer-Babila S, Sun Y, Israel DD, Liu S-M, Neal-Perry G, Chua SC. Agouti-related
peptide plays._a critical role in leptin's effects on female puberty and reproduction. American
Journal of:Physiology - Endocrinology and Metabolism. 2013; 305(12): E1512-E20.

87. Padilla SL, Qiu J, Nestor CC, Zhang C, Smith AW, Whiddon BB, Ronnekleiv OK, Kelly MJ,
Palmiter RD. AgRP to Kiss1 neuron signaling links nutritional state and fertility. Proc Natl Acad
Sci U SAT2017; 114(9): 2413-8.

88. Egan OK, Inglis MA, Anderson GM. Leptin Signaling in AGRP Neurons Modulates Puberty
Onset and Adult Fertility in Mice. The Journal of Neuroscience. 2017; 37(14): 3875-86.

This article is protected by copyright. All rights reserved



89. Sasanuma H, Nakata M, Parmila K, Nakae J, Yada T. PDK1-FoxO1 pathway in AgRP
neurons of arcuate nucleus promotes bone formation via GHRH-GH-IGF1 axis. Mol Metab.
2017; 6(5): 428-39.

90. Donato J, Jr., Cravo RM, Frazao R, Gautron L, Scott MM, Lachey J, Castro |IA, Margatho
LO, Lee S, Lee C, Richardson JA, Friedman J, Chua S, Jr., Coppari R, Zigman JM, Elmquist
JK, Elias GF. Leptin's effect on puberty in mice is relayed by the ventral premammillary nucleus
and does netrequire signaling in Kiss1 neurons. J Clin Invest. 2011; 121(1): 355-68.

91. Ross RAjLLeon S, Madara JC, Schafer D, Fergani C, Maguire CA, Verstegen AM, Brengle
E, Kong D, Herbison AE, Kaiser UB, Lowell BB, Navarro VM. PACAP neurons in the ventral
premammillary_nucleus regulate reproductive function in the female mouse. eLife. 2018; 7.

92. MercerdGy'Hoggard N, Williams LM, Lawrence CB, Hannah LT, Trayhurn P. Localization
of leptin receptor mRNA and the long form splice variant (Ob-Rb) in mouse hypothalamus and
adjacent brain regions by in situ hybridization. FEBS Lett. 1996; 387(2-3): 113-6.

93. Zamorano PL, Mahesh VB, De Sevilla LM, Chorich LP, Bhat GK, Brann DW. Expression
and localization; of the leptin receptor in endocrine and neuroendocrine tissues of the rat.
Neuroendoerinelogy. 1997; 65(3): 223-8.

94. Cohen Py Zhao C, Cai X, Montez JM, Rohani SC, Feinstein P, Mombaerts P, Friedman JM.
Selective_deletion of leptin receptor in neurons leads to obesity. J Clin Invest. 2001; 108(8):
1113-21.

95. Kowalski.TJ, Liu SM, Leibel RL, Chua SC, Jr. Transgenic complementation of leptin-
receptor deficiency. |. Rescue of the obesity/diabetes phenotype of LEPR-null mice expressing
a LEPR-B transgene. Diabetes. 2001; 50(2): 425-35.

96. Quennell JH, Mulligan AC, Tups A, Liu X, Phipps SJ, Kemp CJ, Herbison AE, Grattan DR,
Anderson ,GM. . Leptin Indirectly Regulates Gonadotropin-Releasing Hormone Neuronal
Function. Endocrinology. 2009; 150(6): 2805-12.

97. AkhtersNyCarlLee T, Syed MM, Odle AK, Cozart MA, Haney AC, Allensworth-dJames ML,
Benes H,.Childs GV. Selective Deletion of Leptin Receptors in Gonadotropes Reveals Activin
and GnRH-Binding Sites as Leptin Targets in Support of Fertility. Endocrinology. 2014; 155(10):
4027-42.

98. Allen SJ, Garcia-Galiano D, Borges BC, Burger LL, Boehm U, Elias CF. Leptin receptor null
mice with re-expression of LepR in GnRH-R expressing cells display elevated FSH levels but

This article is protected by copyright. All rights reserved



remain in a prepubertal state. Am J Physiol Regul Integr Comp Physiol. 2016ajpregu 00529
2015.

99. Zhang Y, Hu M, Ma H, Qu J, Wang Y, Hou L, Liu L, Wu X-K. The impairment of
reproduction in db/db mice is not mediated by intraovarian defective leptin signaling. Fertility
and Sterility. 2012; 97(5): 1183-91.

100.Wu S; Divall.S; Nwaopara A, Radovick S, Wondisford F, Ko C, Wolfe A. Obesity-induced
infertility and hyperandrogenism are corrected by deletion of the insulin receptor in the ovarian
theca cell. Diabetes. 2014; 63(4): 1270-82.

101.Brothers KJ, Wu S, DiVall SA, Messmer MR, Kahn CR, Miller RS, Radovick S, Wondisford
FE, Wolfe /A./Rescue of obesity-induced infertility in female mice due to a pituitary-specific
knockout of‘therinsulin receptor. Cell Metab. 2010; 12(3): 295-305.

102.Kielar D, Clark JS, Ciechanowicz A, Kurzawski G, Sulikowski T, Naruszewicz M. Leptin
receptor isoforms expressed in human adipose tissue. Metabolism. 1998; 47(7): 844-7.

103. Gordeladze*JO, Reseland JE. A unified model for the action of leptin on bone turnover.
Journal of Cellular Biochemistry. 2003; 88(4): 706-12.

104.Nelson. VL, Negron AL, Reid |, Thomas JA, Yang L, Lin RZ, Acosta-Martinez M. Loss of
PI3K p110alphayin the Adipose Tissue Results in Infertility and Delayed Puberty Onset in Male
Mice. BioMed.research international. 2017; 2017: 13.

105. Mittenbtiihler MJ, Sprenger H-G, Gruber S, Wunderlich CM, Kern L, Briining JC, Wunderlich
FT. Hepatic leptin receptor expression can partially compensate for IL-6Ra deficiency in DEN-
induced hepatocellular carcinoma. Molecular metabolism. 2018; 17122-33.

106.Kenerson.HL, Yeh MM, Kazami M, Jiang X, Riehle KJ, Mcintyre RL, Park JO, Kwon S,
Campbell JS, Yeung RS. Akt and mTORC1 Have Different Roles During Liver Tumorigenesis in
Mice. Gastreenterology. 2013; 144(5): 1055-65.

107.Fruman DA) Mauvais-Jarvis F, Pollard DA, Yballe CM, Brazil D, Bronson RT, Kahn CR,
Cantley LC. Hypoglycaemia, liver necrosis and perinatal death in mice lacking all isoforms of
phosphainositide 3-kinase p85 alpha. Nat Genet. 2000; 26(3): 379-82.

108.Ueki K, Fruman DA, Yballe CM, Fasshauer M, Klein J, Asano T, Cantley LC, Kahn CR.
Positive and negative roles of p85 alpha and p85 beta regulatory subunits of phosphoinositide
3-kinase in insulin signaling. J Biol Chem. 2003; 278(48): 48453-66.

This article is protected by copyright. All rights reserved



109.Huang Y, He Z, Gao Y, Lieu L, Yao T, Sun J, Liu T, Javadi C, Box M, Afrin S, Guo H,
Williams KW. Phosphoinositide 3-Kinase Is Integral for the Acute Activity of Leptin and Insulin in
Male Arcuate NPY/AgRP Neurons. J Endocr Soc. 2018; 2(6): 518-32.

110.Williams KW, Margatho LO, Lee CE, Choi M, Lee S, Scott MM, Elias CF, Eimquist JK.
Segregation__of acute leptin and insulin effects in distinct populations of arcuate
proopiomelanocortin neurons. J Neurosci. 2010; 30(7): 2472-9.

111.Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, Orban PC, Klein R, Krone W,
Muller-Wieland*D, Kahn CR. Role of brain insulin receptor in control of body weight and
reproduction. Science. 2000; 289(5487): 2122-5.

112.Borges*BCjHan X, Allen SJ, Garcia-Galiano D, Elias CF. Insulin signaling in LepR cells
modulates fat and glucose homeostasis independent of leptin. Am J Physiol Endocrinol Metab.
2018; https://doitorg/10.1152/ajpendo.00287.2018 [Epub ahead of print]

113.Day FRs:Ihempson DJ, Helgason H, Chasman DI, Finucane H, Sulem P, Ruth KS, Whalen
S, Sarkar AK, Albrecht E, Altmaier E, Amini M, Barbieri CM, Boutin T, Campbell A, Demerath E,
Giri A, He By Hottenga JJ, Karlsson R, Kolcic I, Loh P-R, Lunetta KL, Mangino M, Marco B,
McMahon G, Medland SE, Nolte IM, Noordam R, Nutile T, Paternoster L, Perjakova N, Porcu E,
Rose LM, Schraut KE, Segré AV, Smith AV, Stolk L, Teumer A, Andrulis IL, Bandinelli S,
Beckmann MW, Benitez J, Bergmann S, Bochud M, Boerwinkle E, Bojesen SE, Bolla MK,
Brand JS, Brauch H, Brenner H, Broer L, Brining T, Buring JE, Campbell H, Catamo E,
Chanock S, Chenevix-Trench G, Corre T, Couch FJ, Cousminer DL, Cox A, Crisponi L, Czene
K, Davey Smith G, de Geus EJCN, de Mutsert R, De Vivo I, Dennis J, Devilee P, dos-Santos-
Silva |, Dunning AM, Eriksson JG, Fasching PA, Fernandez-Rhodes L, Ferrucci L, Flesch-danys
D, Franke L, Gabrielson M, Gandin |, Giles GG, Grallert H, Gudbjartsson DF, Guénel P, Hall P,
Hallberg E; Hamann U, Harris TB, Hartman CA, Heiss G, Hooning MJ, Hopper JL, Hu F, Hunter
DJ, lkram MA, Im HK, Jarvelin M-R, Joshi PK, Karasik D, Kellis M, Kutalik Z, LaChance G,
Lambrechts.Dylangenberg C, Launer LJ, Laven JSE, Lenarduzzi S, Li J, Lind PA, Lindstrom S,
Liu Y, Luan_Ja, Magi R, Mannermaa A, Mbarek H, McCarthy MI, Meisinger C, Meitinger T,
Menni C, Metspalu A, Michailidou K, Milani L, Milne RL, Montgomery GW, Mulligan AM, Nalls
MA, Navarre P, Nevanlinna H, Nyholt DR, Oldehinkel AJ, O'Mara TA, Padmanabhan S, Palotie
A, Pedersen N, Peters A, Peto J, Pharoah PDP, Pouta A, Radice P, Rahman |, Ring SM,
Robino A, Rosendaal FR, Rudan |, Rueedi R, Ruggiero D, Sala CF, Schmidt MK, Scott RA,
Shah M, Sorice R, Southey MC, Sovio U, Stampfer M, Steri M, Strauch K, Tanaka T, Tikkanen
E, Timpson NJ, Traglia M, Truong T, Tyrer JP, Uitterlinden AG, Edwards DRV, Vitart V, Vélker

This article is protected by copyright. All rights reserved


https://doi.org/10.1152/ajpendo.00287.2018�

U, Vollenweider P, Wang Q, Widen E, van Dijk KW, Willemsen G, Winqvist R, Wolffenbuttel
BHR, Zhao JH, Zoledziewska M, Zygmunt M, Alizadeh BZ, Boomsma DI, Ciullo M, Cucca F,
Esko T, Franceschini N, Gieger C, Gudnason V, Hayward C, Kraft P, Lawlor DA, Magnusson
PKE, Martin NG, Mook-Kanamori DO, Nohr EA, Polasek O, Porteous D, Price AL, Ridker PM,
Snieder H, Spector TD, Stéckl D, Toniolo D, Ulivi S, Visser JA, Vélzke H, Wareham NJ, Wilson
JF, The LifeLines Cohort S, The InterAct C, kConFab Al, Endometrial Cancer Association C,
Ovarian Cancer Association C, consortium P, Spurdle AB, Thorsteindottir U, Pollard KS, Easton
DF, Tung dY, Chang-Claude J, Hinds D, Murray A, Murabito JM, Stefansson K, Ong KK, Perry
JRB. Genomiczanalyses identify hundreds of variants associated with age at menarche and
support a role for puberty timing in cancer risk. Nature Genetics. 2017; 49: 834.

This article is protected by copyright. All rights reserved



