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Regulatory Effects of PI3K Signaling on HPG Axis in Mammalians

Wang Fan, Xiao Kaizhuan, Lin Chaoqi, Wang Zhengchao*

(Provincial Key Laboratory for Developmental Biology and Neurosciences, College of Life Sciences,
Fujian Normal University, Fuzhou 350007, China)

Abstract With the deepening study of the phosphoinositide-3 kinase (PI3K) signaling pathway, there has
been breakthrough progress in the mammalian during recent years, especially in the regulation of PI3K signaling on
mammalian hypothalamic-pituitary-gonadal (HPG) axis, which has become focus in the present research areas. The
present article discussed the effects of several members of PI3K signaling on mammalian HPG axis, which included
the upstream regulatory factors: estradiol and ER etc. and the downstream target protein: mTOR, which would help
further resolve the molecular mechanism of the mammalian ovary function and provide some important reference
for clinical applications.

Key words phosphoinositide-3 kinase(PI3K); hypothalamus-pituitary-gonadal(HPG) axis; mammalian
target of rapamycin(mTOR)

W FL Y, AT AR ST Th e E 2R KT Fypile T AR OCHE BRI E R . T N E P AL
o AT JUR T A £ 5 A i 3R k5% 23 b A A% CARK b i 7 208 B 23 WA R AP R T8 38 R T
H 48 Wb 77 sCHEAT R PR 11, X — S #E A &8 N 23 Wk # (gonadotropin releasing hormone, GnRH). GnRH
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A D Ay B AN . 38 I AT K R 48, GnRH
M FH 7 T 2 A< A FC 0 8 41 7 Ji 3 2% (gonadotropin,
GTH), 4 5p 3 %) 3% 2 (follicle stimulating hormone,
FSH). % £ 2 A # (luteinizing hormone, LH)#1
F. Z (prolactin, PRL), M i & BEPEIR K &K & 5 WK
BTF o b PE B, G ME B3R (estrogen, Ey). 2 i
(progesterone, P)FIf % %% (androgen, A). HPGHl B
JRCFR) i 2 A0 ek s ot 5 LR A X = AN K XX
SO KT AT A

Bl i BE 9T 22 3R M, IS T UL RE3-T
(phosphatidylinositol 3-kinase, PI3K)* 4t i 5 HPGH
PR EEE R . PIBKEAT 8 (A i A
ol M P iy PRy e, ] DR 5 A R () 2k R, AR
W AR AR HBE RN T AR . WIPI3KGE JiR B 2
VIR i B4R 01, 20 B B R A
I, 82 77 A2 3 5 25 P (insulin resistance, IR); 1My H.
B 8y ZRARPONT M A= D e A R A AT R
ZLRAERL, WPCOS, HAREF mi2 FATIRAN e &y
FILAE. H AT, AU SR8k 1), 1
PI3KAF = il B 0 Wi LB T HP GHl e i 454 FH AR A
TR EWTERE . BB RN, AUk 1
FURAFHOR S, A SO PIBKAE 53l 2 1)L
WA DR B LT Uit R 4 DR 9 K7 TR R4 BT PISK
17 5 18 5 TR LB T HP G A I - PR HL T

1 MEZRERESZK

MEWCRE A HPGI P JEH HE R —, &
B I 2 AR R AR T A AR A KT e,
AR e, Bl SR, MR, FLRAE; 1 HLE,
P Feioi s S AACRI R iy 5 X 3 A A B2 1R /R F A
R LA N AEALE PR A [F] R E 3825 52 A (estrogen
receptor, ER): ERaFIERP, ‘& AI117E 45+ b A& A L AH
LI, AEAE A [R] 1 40 B S 21 23 A7 35 AN TR 1) 40 Al
g vE. W ERe/E AR RS R E LI D Ag Ry
thE L ANET DI, TERBIEE 2 4 5 JE A B 28 B
KB, B GTHRE TR 11 B 5t 1 15 LA A oof ik 1 A 8
AT 0 I 52 e OIS 1 A0 HIT X RN B i (preoptic area-
anterior hypothalamus, POA-AH) T~ B lix P ] 3 )i
T E M2 o TP ERa BOE. Eyili it S ERad
B R AR R G R PR sk, AR 2
&, A WNE(E Sl k. XM — L Eus
DRl R SR [ R, 30 3 8 B0 3 RT3 38 I N

- (estrogen response element, ERE)N =i i ol 401 i)
I G DR U s DX (1) 1 5, DT R PR ) A
EL 38 v DUIE i 40 ff 5 _EER &S A — s HoAh 40 e 15 5
9y 1, W22 58 1R/ 95 2 B 11 VU (serine/threonine
protein kinase, PI3K/Akt)%%, 7= A= P g ) 9F JE K 41
FY VAR

PI3K 5 ERaZ [H] I A2 X AEAEAN R 7K,
PI3KAE A4k m] LA 3 A 5 PEER B o 12 1k, i
FURE S0 P 55 AR PR TR, B i EER AR
H Ref% 5 SPI3KI & 1, AT 5 2508 40 Hw 2
s IOES . 5346, B NIRIT S 51 e rh
Akt 3 D, ITERKT I I TP E. i S Akt
PG 2 T 1, ROMERa /N BUE #EAT 45 TR &
PEVE ST H, A PR AR B IR ALY AR AL B E
— R, ERafig LA AR A 5 X5 PI3KA 3 15
W Fep8Sash A1 HERaMIp8Sa B A HAEH, M
1M -5 BAKCH P 52 1 — 48 AL %A I (endothelial nitric
oxide synthase, eNOS)FJFIE!" " 34k, PI3KHHH]
I 2 75 5 3% (Wortmannin) F1PT3 K 126 6 L 40 11 71
(LY294002) 1) S 564 57 32 WY, PI3KAE 530 % 2 15 M
PEMG LG ) HEL 15 5 I PEAT A2

2 BREFEFHERKEFREZIK

JiE B &= A 4 K B F-1(insulin-like growth
factor-1, IGF-1)& — N70/N 2 3 R 1) 2 Ik, 52 W )
YIPLR N A0 ) 0 5 LRI AP i 55 . SE—#F,
IGF-1/2 1l i IGF-152 & (IGF-1 receptor, IGF-1R)Z &
HR R F 19, TGF- 1R I 2 198 W 52 A S5 1)
12—, T EIE L IRS/PIBK EMAPK {5 = il i 347
1553 1. IGFSIGF-1RA 45 & 5 O%PI3K, 7
APIP3, AN A FH -5 A7 ) 95 45 R JPHIF Vi 4 2
1, WAkt/PKB™ . Lin%5" KRS R W], 72N fefiiph
2 70, IGFREWS 4+ AKt/PK B 1% E o 1 itk ] W,
PI3KAE AIGFIN FiEfs 54> 1, v g H#% 2 5HPG
B

PN 55 4 A 5256 45 SRR B, TGF-D0 AR i il [m] A
HA WA, FEARIAE LN =AKF B IGF-1
75 90 SLA R & eIt LS5 3 Wh 10 75 X2 5 A 43 wid
YA IGE-1RT DU Ik P 43 WA 4 FH 4 ) 2 A i A
K E B as vk N B P IGE-10] LB I A 4
Wy 5353 WA BN A 43 s T SRS M AR AR K RO R
(growth hormone releasing hormone, GHRH). /£
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P 2 i) # (somatostatin, SST)AIGnRHAFZE T, MM
X A ARl R A Bt R AR T R IGF-12
AEFHARZE W W Th e ) BB 2 —, IIGF-IR
L2 A28, W gp SRR 5. IGF-1R/PKB
B T ORHA SN M A K AT B 2 R E I 240, i85 5
W TGnRHMRE . A WIMEERE . SN AETE T fg
HIPEAT Jy &505, IGF-1 R HPGHl (8 5 B 7 76 344
FUPE R A (V8 F, 38w DL 4% GnRHRR JCRN 75 45 9
(4 . IGF-10 75 & IR 52 0 2 FHGnRHAHZ 0 A
BRI, 76/ B GnRH#H £ 70 RF S M Hi i BRIGF-
1RZ: 5 307 5 WA IR il FHIGF- 148 A4S R % 4 13F
GnRH-IGF-1R " /N B 5 I, R GnRHAFZ:
JG FIGF- 1R [ 0 fEHPGHl o H A7 Ak 5 21 i
PEMERIUT, 5 4k, A MR PR IRTGE- TRV fE 0% 1
AR MEME K S H R JEORE I SZ MR (T ) T Y
B S v % B 1k I IGE-1RFE HLFIB-1 23 0K E, 15
SLHPPREHORTET ™ AT A U218, FEDIBR N S H AT
Y TIE AR K B, TB- 1R LH KRS % AT 5,
FWIB- DA B (1) 1 e 78 U2

3 BEESEERETHR

20034, NiswenderZ5!"1¥5 Hi i & 25 (insulin,
INS)F19% 2 (leptin, LEP)%: 4 7EPI3K A 53l # H 1)
= AR A A B R A P AR, Bl szl
TEAE I B 25 52 AR K Y) (insulin receptor substrate, IRS)
{14 i 20 2 7 s 1 8 T A SR BORE PIBK, i =5 P 9 A
PI3KA 461 771 £ FELWTINSFILEP, M if 300561 & 0 5
(R GE 77 « PI3K IR 41 g — AN T [ A 3 2
A LVAES 2P 5 a8 %, WIINSFILEP, M2 5L
AR R AR T T e i . FERE PR . K15 3
(1) RS PR DL R Ak it B 1 4R 08 A5 28 oh GnRH/LHR 7%
RAET B, M HE R ILAEINS 5 LEPEUR ) 41218
PI3KA5 5 il B 52 41, W] T e IWINS 5 LEPA 3 11
PI3K A5 5 3 i 76 A2 HE 25 L 5 AR i it 4B o
BIER

e T DR /)N BB R P 24 BE 27 A 9T L 22 W,
K R INSHILEPSZ 415 5 ATHPGHh # i 455 H A7
BLRIAE ], 75 GnRHME JoRe 7 MBI AN 52 AR I
A2 5 S0 A AR/ EHPGHI K Dh g, & W]
ST e AL JE L A 48 70 5 GnRHAN £ J6 & 24 1K i
22 JC A I &R SR AE ] T-HPGHH 017, 20104F, Hill
ZERO T B M R 2% (proopiomelanocortin, POMC) i

2 70 LINSSZ AR S LEPAZ AR 2K 23 18 1 52 W 7K1 1)
Fhimi BN AR & A8 ) M P4 . Balthasar
SEPURWF S HE— 2D UL, POMCHI & e AT — 3244
o R 2 S EUE B RS . 54h, INSSLEPH] A
T8 B AR A 2 JANPY 5 ) BRUAH DG IR A gRP AR £ 4K,
IMNPY/AgRP#% 3% [FILEP ] 7 J2& S PI3KAK i P, H.
PIBKE 2 5 T LEPX ARCHZE JOHE FELAT L AL 30 HL A
R[5 P22 0] DLPISK AR A b % 25 XTHPGH 5% i
()3 & & . 20084, Metlakunta5E 2438 o ) 4] M w5y
JIF H AR (high fat diet, HFD) /) fGEEAT0F 50 IR, 78
LEP 318 N [ IPI3K 1) i% VEGE ) 52 40 . gk,
Tk A G L AR AN TR IR 122 B R IT 50 R DR 0 2%
HRBOAN 5 R 05 3% ILAE 25 B2 HP G R 3% 1), gk —
R INS/ T IPI3KAR 5 il % 2 5 I 1T HPGHH 1)
i o

Ji% 5 25 % YR (insulin receptor, IR)EY J#H % 52 1A
(leptin receptor, LepR) 1 #5035, < #8i T-IRSH [ 84T
(1R PR i 2 R B 1R A, A L B AR IR PI3KOE 1527
INSH] PLi i PI3K/AKt 5 i 42 175 ‘3 PDE3, &Ik
cAMP/KF, MM HIHIPK AL 530 % (1 A= BETh fig; M0
PI3K A1 46l 7 Wortmannin U] #] B W7 g 2% b, 3F — 25
Wi B T PIBKAEINSAE 5 38 i P (1) 8 22 4E ™Y, IRS
KL BAT YA R b IRS-14 IRS-2. IRS-3AIIRS-
4061 FIFSY R B, TRS-2FNTRS-47F AR 5 A1 A= 5 e 25—
€ IAE R, WiTRS-27 M1 /)y AN 42 HHPGHl A7 75 ikt
B G gR i B B, MRS, LHL fiEFL E
5 [ B 7K - AR A2, IRS-47 /)8 Bl [F) R 26 B 2=
B B, (HEIRS-27 P EE 5RO L, 77 A
FBRARDO, Ty A, S ] 2R (B AN P) ) LA 15 R 5
IRSH [ (1) 3 34 /5l i 18 10 7K ~F, WiPA4& &k v] BL%
SPIRS-23E ] (1) 22 35, Eo 7 AR A Fn 155 v af BLAE
s IR IR AL RIIRS-1 1 AZ e B 023, i A K 1
IGF- 1% GTHRE JEORH 4 o 280 149 8 42 40 3t 1 248 L] It 8
FE, ] L, IRS R 1 A2 10 sk 248 ] 1 9 2
TR A B N 2 A, TS HPGHE I BLHL . A HF
FEE W], IRS-PIBKAE 5 R 402§ LNINS S5 LEPAE H
(AN T AT, A R P R AR T T g T

LT

4 mTORXHPG3HAYIAIEIER
W 7L 2 W 75 1A %% 22 8 4 11 (mammalian target of
rapamycin, mTOR)/&PI3K/Aktf5 5 il 4 [~ i L 2
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F, o — P 22 2R/ 78 2 B T . mTORGH ' LA
PR 200 5 R A R 7 4E: mTORC1AImTORC2.
158 FEEw B EAE R, mTORME BTG 1M1 78578 7%
Ir(RFEMR AR RO AN AL IR IR el )
Ak, &5 15 P 4L 52 45 W) (tuberous sclerosis complex,
TSC)H FITSCIAITSC271] LA FH BrmTORCT [ ¥ i -
PI3K A DLl it Akt 3 (O TSCURITSC2M% R 1k I 7%
mTORCI5 ‘T il %, H P H#mTORC1Y 7 % I I 46
FVETE B 0 WA 5o 20094, Roa B3R I,
mTOR P30 AT DL 7 TME 2R K SRLH ) 23 W5,
LM i = 08 VR VE B mTORC 140 4] 71| Rapamycin € 1
GEIRBHIE M IT 9K BARLHAMIE MK, J3 R o 8
M7 ERZE 4. Mk W, KN mTORME 5 1 %
Z 5T 55 TR PR RO M IR 1R o

[F] B, PIBK/AKtE 5 18 2% (1) At T Ui 15
53 F L B R) 2 b Y i A HPGHE, B R £ i
-3B(glycogen synthase kinase-3f, GSK-3f), GSK-
3BT LAIE B 1) AR /A T 5% maPCOS; 76 N S B £
I 41 i v ok 2R A GSK-3B 4 B iNP450c17f17-55 1L
it 3 1, a0 HEPCOSTA 22 G 5315 40 i GSK-3BI¥ i
P A

5 REE5RE

GnRHM 28 JC /EHPGHI 1) = i #5244
DL o () 7 3K 40 WG TH : FSHAILH, 33X P i 25 1%
FHF P IR, 5 0 a3 R 11 A 7 0 288 ] e 5 119 40
Who M TR SIS I 2 KA v 1 4 = 2R Ik GnRH
(1 R AT . BE AR KB T, W
IGF-1. E,. INSFILEP, Z 5GnRHE K. & A
PEAT (R4, HPI3KZ: 5 MEPEmG G 2R3 PEAT N
FIGTHRE B W 45 . X 2845 5 ] LU i PI3KR 15
GnRHAPZICHIIE 5, H.GnRHB ) 3= 2 4 1,
Ui 28 IKY (neuropeptide Y, NPY)FIPOMC, 7E i £
R Rk, BT, BAREPIBKXTHPGHN )
P — BT i, ARV 2 A Ry e — D e
WIAEPI3KAG 5 K S W, B A KB AT HPG
B IE R DhRE AT e AR, (HPI3KAS 5 il
P 5 WA K R A 5 5 18 B ] 5o
L2 517 GnRHAI B T S HPGHI ) DR ? ix 4%
e S8 (1) 30— 235 o] W) A B 3R N LA L 9 905 1)
WA, W JCHEBRPEPCOS TR I BRIV AS . Bl PIBK A
IR AR WER N, AR AR 2 (] R R

ST, K oA — S 1 R VR 9T e A EE
PR LA

S22k (References)

1 Katzenellenbogen BS. Estrogen receptors: Bioactivities and
interactions with cell signaling pathways. Biol Reprod 1996;
54(2): 287-93.

2 Acosta-Martinez M. PI3K: An attractive candidate for the central
integration of metabolism and reproduction. Front Endocrinol
(Lausanne) 2011; 2: 110.

3 Maggi A. Liganded and unliganded activation of estrogen
receptor and hormone replacement therapies. Biochim Biophys
Acta 2011; 1812(8): 1054-60.

4 Couse JF, Korach KS. Reproductive phenotypes in the estrogen
receptor-alpha knockout mouse. Ann Endocrinol (Paris) 1999;
60(2): 143-8.

5 Repaci A, Gambineri A, Pasquali R. The role of low-grade
inflammation in the polycystic ovary syndrome. Mol Cell
Endocrinol 2011; 335(1): 30-41.

6 ZRK, EHEEE. MM 3R 2 RERa 5 PI3K/AKLA i 75 5 il 5.
fift ] % WF 9¢(Jiang Yufei, Wang Shie. Anatomy Research) 2012;
2(34): 142-8.

7 Campbell RA, Bhat-Nakshatri P, Patel NM, Constantinidou D,
Ali S, Nakshatri H. Phosphatidylinositol 3-kinase/AKT-mediated
activation of estrogen receptor alpha: A new model for anti-
estrogen resistance. J Biol Chem 2001; 276(13): 9817-24.

8 Pasapera Limon AM, Herrera-Mufioz J, Gutiérrez-Sagal R,
Ulloa-Aguirre A. The phosphatidylinositol 3-kinase inhibitor
LY294002 binds the estrogen receptor and inhibits 17beta-
estradiol-induced transcriptional activity of an estrogen sensitive
reporter gene. Mol Cell Endocrinol 2003; 200(1/2): 199-202.

9 Burt Solorzano CM, McCartney CR. Obesity and the pubertal
transition in girls and boys. Reproduction 2010; 140(3): 399-410.

10 Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW,
Liao JK. Interaction of oestrogen receptor with the regulatory
subunit of phosphatidylinositol-3-OH kinase. Nature 2000;
407(6803): 538-41.

11 Mendez P, Azcoitia I, Garcia-Segura LM. Estrogen receptor
alpha forms estrogen-dependent multimolecular complexes with
insulin-like growth factor receptor and phosphatidylinositol
3-kinase in the adult rat brain. Brain Res Mol Brain Res 2003;
112(1/2): 170-6.

12 Etgen AM, Acosta-Martinez M. Participation of growth factor
signal transduction pathways in estradiol facilitation of female
reproductive behavior. Endocrinology 2003; 144(9): 3828-35.

13 Baxi SM, Tan W, Murphy ST, Smeal T, Yin MJ. Targeting
3-phosphoinoside-dependent kinase-1 to inhibit insulin-like
growth factor-I induced AKT and p70 S6 kinase activation in
breast cancer cells. PLoS One 2012; 7(10): e48402.

14 Lin SY, Cui H, Yusta B, Belsham DD. IGF-I signaling prevents
dehydroepiandrosterone (DHEA)-induced apoptosis in
hypothalamic neurons. Mol Cell Endocrinol 2004; 214(1/2):
127-35.

15 Daftary SS, Gore AC. IGF-1 in the brain as a regulator of
reproductive neuroendocrine function. Exp Biol Med (Maywood)
2005; 230(5): 292-306.



1072 - LRR -

16 Nakae J, Kido Y, Accili D. Distinct and overlapping functions of 27  White MF. IRS proteins and the common path to diabetes. Am J
insulin and IGF-I receptors. Endocr Rev 2001; 22(6): 818-35. Physiol Endocrinol Metab 2002; 283(3): E413-22.

17 Divall SA, Williams TR, Carver SE, Koch L, Briining JC, 28 W A PI3KVAKUE ‘5l % 55 0 B FHBUM BT RE. rhie 2
Kahn CR, et al. Divergent roles of growth factors in the GnRH # (Chang Sheng. Progress in studying the relationship between
regulation of puberty in mice. J Clin Invest 2010; 120(8): PI3K/Akt signal access and insulin resistance. Cuiding Journal of
2900-9. Traditional Chinese Medicine and Pharmacy) 2008; 14(7): 113-5.

18 Quesada A, Etgen AM. Functional interactions between estrogen 29 Burks DJ, Font de Mora J, Schubert M, Withers DJ, Myers MG,
and insulin-like growth factor-1 in the regulation of alpha 1B- Towery HH, et al. IRS-2 pathways integrate female reproduction
adrenoceptors and female reproductive function. J Neurosci and energy homeostasis. Nature 2000; 407(6802): 377-82.

2002; 22(6): 2401-8. 30 Fantin VR, Wang Q, Lienhard GE, Keller SR. Mice lacking

19 Niswender KD, Morrison CD, Clegg DJ, Olson R, Baskin DG, insulin receptor substrate 4 exhibit mild defects in growth,
Myers MG Jr, et al. Insulin activation of phosphatidylinositol reproduction, and glucose homeostasis. Am J Physiol Endocrinol
3-kinase in the hypothalamic arcuate nucleus: A key mediator of Metab 2000; 278(1): E127-33.
insulin-induced anorexia. Diabetes 2003; 52(2): 227-31. 31 Vassen L, Wegrzyn W, Klein-Hitpass L. Human insulin receptor

20 Hill JW, Elias CF, Fukuda M, Williams KW, Berglund ED, substrate-2 (IRS-2) is a primary progesterone response gene. Mol
Holland WL, et al. Direct insulin and leptin action on pro- Endocrinol 1999; 13(3): 485-94.
opiomelanocortin neurons is required for normal glucose 32 Richards RG, DiAugustine RP, Petrusz P, Clark GC, Sebastian J.
homeostasis and fertility. Cell Metab 2010; 11(4): 286-97. Estradiol stimulates tyrosine phosphorylation of the insulin-like

21 Balthasar N, Coppari R, McMinn J, Liu SM, Lee CE, Tang V, et growth factor-1 receptor and insulin receptor substrate-1 in the
al. Leptin receptor signaling in POMC neurons is required for uterus. Proc Natl Acad Sci USA 1996; 93(21): 12002-7.
normal body weight homeostasis. Neuron 2004; 42(6): 983-91. 33 Panno ML, Mauro L, Marsico S, Bellizzi D, Rizza P, Morelli

22 Miinzberg H, Huo L, Nillni EA, Hollenberg AN, Bjorbaek C. C, et al. Evidence that the mouse insulin receptor substrate-1
Role of signal transducer and activator of transcription 3 in belongs to the gene family on which the promoter is activated by
regulation of hypothalamic proopiomelanocortin gene expression estrogen receptor alpha through its interaction with Spl. J Mol
by leptin. Endocrinology 2003; 144(5): 2121-31. Endocrinol 2006; 36(1): 91-105.

23 Morrison CD, Morton GJ, Niswender KD, Gelling RW, 34 5k . MRS MR, BIANE S N 4 vk 5y iF(Zhang Li.
Schwartz MW. Leptin inhibits hypothalamic Npy and Agrp gene International Journal of Endocrinology and Metabolism) 2003;
expression via a mechanism that requires phosphatidylinositol 24(1): 65-7.
3-OH-kinase signaling. Am J Physiol Endocrinol Metab 2005; 35 Howell JJ, Manning BD. mTOR couples cellular nutrient sensing
289(6): E1051-7. to organismal metabolic homeostasis. Trends Endocrinol Metab

24 Metlakunta AS, Sahu M, Sahu A. Hypothalamic phospha- 20115 22(3): 94-102.
tidylinositol 3-kinase pathway of leptin signaling is impaired 36 Roa J, Castellano JM, Navarro VM, Handelsman DJ, Pinilla L,
during the development of diet-induced obesity in FVB/N mice. Tena-Sempere M. Kisspeptins and the control of gonadotropin
Endocrinology 2008; 149(3): 1121-8. secretion in male and female rodents. Peptides 2009; 30(1):

25 Nandi A, Wang X, Accili D, Wolgemuth DJ. The effect of 57-66.
insulin signaling on female reproductive function independent 37 Roa J, Garcia-Galiano D, Varela L, Sanchez-Garrido MA,
of adiposity and hyperglycemia. Endocrinology 2010; 151(4): Pineda R, Castellano JM, et al. The mammalian target of
1863-71. rapamycin as novel central regulator of puberty onset via

26 White MF. The IRS-signaling system: A network of docking modulation of hypothalamic Kissl system. Endocrinology

proteins that mediate insulin and cytokine action. Recent Prog
Horm Res 1998; 53: 119-38.

2009; 150(11): 5016-26.



