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Recent Advances in Regulating Energy Homeostasis and Obesity
Mi Jung Park, M.D.

Department of Pediatrics, Sanggye Paik Hospital,
Inje University College of Medicine, Seoul, Korea

New insights in the complex metabolic pathways and its control mechanism for energy homeostasis
have refined our understanding of the pathophysiology of obesity. It is now recognized that there are
several additional regulatory mechanism such as peripheral signals including leptin, ghrelin, GLP-1
and PYY and cellular signals including uncoupling proteins and S8 Adrenergic receptors, which con-
tribute to the regulation of food intake and energy expenditure, respectively. In addition, the function
of adipocyte as an endocrine organ in energy homeostasis has been recently emphasized. Recent
findings suggest that elevated levels of adipokines, such as leptin, adiponectin, resistin and TNF-a,
in addition to increased free fatty acid level could be related to the pathophysiology of insulin resis-
tance in obesity. For effective treatments and prevention of obesity, further studies on the circuits of
neural and endocrine interactions in the regulation of energy homeostasis are needed. (Korean J
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Fig. 1. Key component of the energy balance system.
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Chronic effects
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e mitochondrial biogenesis
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adipose tissue

e recruitment of brown
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white adipose tissue depots

Acute effects
e stimulation of lipolysis
e activation of UCP-1 activity

adaptive thermogenesis

Fig. 2. Mechanism of cold induced
(Adaped from Ref. 7).
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Fig. 3. Pathway for diet-induced thermogenesis.
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tein(AgRP), melanocortin stimulating hormone(MSH), mel-
Al wgNBAE &
o] HEgr 3 of=gdd A|2H]
FHAIA WA ol A A A

[
RE I3 h(Fig. 3).

anin-concentrating hormone(MCH)
Aslet, A AWzA oL
S I A AUALREE
A=

BHE 243e

Z 2} (white adipose

AR E 4|8t ZAALZ A (brown adipose tis-

Sympathetic
Nerve Activity

Brown

Adipocyte
(Muscle?)
(other tissues?)

The brain receives
signals from diet and adipose tissue. Neural circuits controlling energy
expenditure are activated, which, in turn, increase sympathetic nerve acti-
vity. Brown adipose tissue and skeletal muscle are effector of sympa-
thetically driven thermogenesis(Adaped from Ref. 8).
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sue) 7 Z7HA7F Aok HAA AL AR FEHE Y FF Fo BETAJA dE FP6] ] AT 4 ol
AE Adsts 928 o aAATEAL A7 42 IRF o] ATP A4 dofstes A8e AEdele o 3 4384
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o7 EAF, WAz nle F& ko] AS AAsm @ulFEld ATP AT Adglo] Fhol2HEIE AxE Ul v
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o Azl AAHE A HoA m AolHAHE AL Fdto] AUAE AWsH, PEIZE} HHE Sorke AR
s ko] S A& e]l A7 wel ZAaxy o ATP FA3%= AAEFH AA ArkFig. 4). UCP1S F2
ZAL AAEA 7% oledoE AU dux A 2Ade A AA R FxIH UCP2E A9 BE 2F 53] XA
B9 AF2AT F it 2 F29 %S s Aoz 4 WA F8 VRSl 253k 2b 8 e W Aol EAsH
zrg e}, UCP3E ZA A At 2 oA g
UCP7F ¥ H91E #ZaA7]a d S38E S7H7122 UCP
3. 97|28 CHiE (uncoupling protein, UCP) o] Zoiwo]7}l Hjg W A28 Puwe] a3k o felow o
7 e S weestE, dud Ao s FAEe 9l FEA Slrh
a1 o] 7MAE AHE F I wsl(glycolysis) 7t doivar =
2= 3EE AA A= UlEf gololl A A& Agst=r UEPNIRSES|
o] AWM~ 3| Ro)A Foln Hxo] Aol IAI %o NADH
¢ FADH7F whEoA™ Azt He Ab&o] of3)] mEZ=gof 245 F/MIE AEAEgdA 4 29 fdete s
d gre g dA o] HAAE WEETh o] MAES ATP o] TxR7|FA FH|Ho] FFAAA LY g ow Ao
A5 vHEo] U= ATP synthaseE %3] vlEZ=gol ke =AM oux] Aol FAEH(Fig. 5). 2ol FE2 oy
o Al Bl AFHow AT o ATP BA7E & A FF9] 242 @73 A7)zt 2A dojue F 7HA %=
Ht HT
UcpP l m
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Heat =] ﬂ
ADP
ATP r i
| /
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)
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FFA-Coh ﬁ FRA- Lu’\\
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MalH Glucoss

Fig. 4. Mitochondrial energy metabolism. Free fatty acids and glucose are oxidized to generate
NADH and FADH2 which donate electrons to the electron transport chain. Protons are pumped

out by complexes I, III and IV of th
trochemical potential gradient(/\uH+).

e electron transport chain, which creates a proton elec-
Protons may re-enter the mitochondrial matrix with en-

ergy being used to generate ATP from ADP and Pi. Protons may also re—enter through an un-

coupling protein (UCP), with energy be

ing released in the form of heat(Adaped from Ref. 8).
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portal veins
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glucose—dependent insulinotropic polypeptide(GIP)Y4 GLP-1
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Melanccortin
il receptor (MC4R)
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1. Moo FAIM MSHE QXM Afferent system of
food intake signaling)

1) Bl

Az Ao A FAE Aol <ol wpeh Prlo] wFo] Ay

AGAEANA R E o] FA-x] ¥ (blood brain barrier)
EHste] AH AR arcuate nucleus Well U= AEAF
Hepol=21 NPYS AgRPY 2dS JAsta, AE9A4 neu-
ropeptide! pro—-opiomelanocortin(POMC)$} cocaine amphet-
amine-regulated transcript(CART)2] 2&E& 7471t} Lep-
tine MC4 F&A9] agonist?! MSHS A4S A=3kal MC4
T ZFAA AgRP B35 A THFig. 5).

HIRFS HolE= ob/ob FoAlE frxdxte] EdWol= gxlo]
W)X A ol wlwko] At A xFE HHE ob/ob FHel
Folata s wl SAPATE Fasta ARkl AAsh, d
¥ 2l db/db FolAE HE 84120 ObRbEZH-EH A&
o] HA| erol fEl AFAdo] wAgit

to O

-

(blackad by AgRP)

{m Ghrelin receptor

[ Hypothalamus ]

i MPY/Peptide YY3-36
= receplor Y2R

".l_i! Melanacartin
receptar (MC3R)

NPY receptor YIR
it Leptin receptor oy

or insulin receptor

Third
ventricle

Ghrelin

Produced by the stermach, Carnveys information

1@ the hypothalomus.

Acfions: = Stimulaies appetite, enhances use of
carmahydrote: and reduses lat
utilizatien, increases gastic medility
and ocid secretion and reduces
lecomotar activity.

Peptide YY3-36

Praduced in the intestine in rosponco
1o the presence of lewd. Conveys
intarmation ta the hypothalomus
Action: e Suppresses appetie

Insulin
Produced by the beta cells of the Islats of
Langarhans of the pancreas
Actiona: = Promotes transport of glucoss fram
the circulafion into fissues
= Shimulotes uploke of glucose and
dapaciing af glyragan in the liver
= Docrocsos relosse of glicese by
the liver
= Decreases tood intcke ond
increases energy expenditure

. acting in the hypathalamus
A

Leptin

Preduced by white adipase tissue.

- Corwveys inlurmurion e b

Q L hypothalamus on the amount of

enargy stored in fal

Actions: = Supprecces oppatite
= Affects energy expenditure
= Regulaies neuroandocrine

function ond metabolism

Fat Tissue

Fancreos

Adiponeciin
Praducod by odipozo tissus
Action: = Deoeaoses insulin resistance

Resistin
Produced by odipose fissue.
Action. = In redents, increvsea insulin
resisiance?
= Action in humans not
astrhlisherd

Fig. 5. The link between the periphery and the brain: endocrine and neuronal interaction in the regulation of energy homeostasis

and appetite(Adaped from Ref. 9).
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2) ghrelin

RN 3 3

growth hormone secretagogue®s & & 9l
(stomach)ell A #2lsl W 2871¢] ofm|xitoz &
=4 s28o|t}, Ghreline 45289 4] %31 28] 3l
o9 NPY/AgRPE S7HA 4&& S7FAXtk(Fig. 5, 6). 4
A Aoy Add o Frksta AAF Ay nAgle] w2
A%ty v AlERRIA EE R 7HAEo] 9lo] ghrelin
o] Hlgte] Q1 AA}etrHTE oY R] Il gk Eﬂ o] HA
A stEe BAVIHeR Helw, Tty e FIFTIIAE
ghrelin %7} &7t¥ o] 9lo] ghrelino] 21&& {%L IAl A H|gr
fridsts el 7ol Atk Anorexia Nervosa®lAl 2]
= ghrelin ¥%=7F 238 S715o] 2o} ghrelin A
S AIAFSEH  919-3] Z(gastric bypass) % F ghrelin &
a9 dAAe & Ag A8ARE dode

773
Aol d 5 A&E AAFET

oZ:
)

oA %‘ﬁw% FrA g} A
4 2 Ad=ol NPY/
AgRPE =33l POMCE ﬁxﬂ*lﬁ SAAAE STHAA A

= shn, Aol ZUbEW QlEwle] FUbE O] Al
NPY/AgRPE 9Alstil POMCE A=AIA
NS A As82E FE3kFig. 5). d€dE F
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1
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e

Metabolic Effects o
AGRP TNPY T (GHS-receptor)
GHRH T (GHS-receptor)
‘-‘\"‘-“
ur Hunger

UT Food intake TJ Fat oxidation

UT Body weight

v

GHRH-receptor
GlS-receptor

ol AFHAE Ho|t}
4) glucagon like peptide-1(GLP-1)

B L AEolAM wEHls= JEE s2zo s A

d&d EHE s A58k AAF 530 F 2HI7F S
Hol Evbgrs fskar A&S dAE geAE ES A
AN, Aol Al AuMFAs AV A Fo HdWel FAFsH
EWHto] frdkE i AFol Fradrh

5) colecystokinin(CCK)

AolA A duodenum) @ 3 (jejunum)oll Ls= EASIH F
s, AR, FErEEE F7M71H CCK FolAl 524144
7F oA €t

6) peptide YY 3-36(PYY)

273495 2 g HF3)Y endocrine L celll EA18HH A
Ak S29 A7kl v AFo] BHlEe TEEORA T4
[N =g g e R R T i o o R e
NPY Y2 &A1& Fall 284S ZaAItk(Fig. 5). HlTeleolA
TEY haEe] JornF Algke] By wEleRle] PYY =
T dARE 9EE # Ao i dy

2. HYX] #HAMSe| ZFMAHA A2[(Central Processing
of Energy Balance Slgnal)

1) F2EEO|=E Y(NPY)Qt AgRP

AP EAE SAE AFHAE AEse oY
B4 F 7P AE3 HsxIAE 4 Aok @1 FEol
AFsHEUl NPY 9] o] Frhebn, WA 2R cerebral ven-
tricleo]t AlPgakioll FARSHA 21437 S7kE o] H|gke] of
719tk NPYE FF24AZ Folstd, F34147A1d 243514

2
o
2
R

‘ Endocrine Effects ‘

Hypothalamus

| Ghretin (human) produced
in the stomach

Stomach

Fig. 6. Actions of ghrelin on adipose tissue and the brain. Leptin( TNJ/) has effects
opposite to those of ghrelin( T i) (Adaped from Ref. 17).

- 130 -



el A8s HAAZ By oy dxAAAL diAll =
#ofsh=d, 7Fe A Wz2F oA lipoprotein lipase’l 43t I
WA A o] F4eh oA aR7F A Eth AgRPE
melanocortin G831l digk Q14 A4 AFEHDZA AgRP

2 sTulo
)\OH i?l'—e‘

7F v EAEE o -MSH7F MC4Rell A §stA]
e 5= o Ag 9 Ao
2) POMC/CART
POMCHIA &3 AHE<
mone(MSH)+= melanocortin(MC) <
Agtt, CARTE &4 #Hgo] vk S4g H%d MSH
Agel og A4 wyglEl, ACTH ZA35S HQl ARelA
POMC =dWol7} Bag wt 9l
3) melanocortin T
Melanocortine POMCelA =3
protein, MSH, AgRPE X33l melanocortin £
sto] SAMHE TARAIT @A7EA 5719 melanocortin(MC)
FEAZE FHENeH 53] MC4 FEA &AWt Qe

5 =
hal -
4% 9 HEd v

a ~melanocyte stimulating hor-
Ao g3 483 o

Hepo] =24 agouti
Ao Ag

SER ol LATISB, MSH Al
g A4 mesieiel glowa FAG uuAlA MC4 5
$A00 Eehwolst wag v gn,

4) =20z
a2 AFAE FFARA
5) MZEHG-HT)

Ehe A a)

Table 1. Antiobesity Agents
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3. A9l RIMM ZE A AH|(Efferent system of food

intake)

1) Nucleus tractus solitarius(NTS)

Txo] HFAAY AE A AZEE JdEEHE
21%.9} paraventricular nucleus(PVN)®} lateral hypothalamus
(LHA)ZFE 44 41871 25 medulla®] NTSlA whtA
Zuby A& AAIE $FH 5F 9Ee dh

2) XEMEA

244

|2 HIH|

2ol AHel 71d B ool|A &M 7)He] ol A ut

g FERe FASo] Arya Jul. A A|FoA HuU=E
& AFEEE oFEZo] Wxul u]wt FDACIA Ao SdA #F
714 AFES 5E FEL2 27HAR sibutramine(Reductil@\")TJr

orlistat(Xenical®) #o]thTable 1). 7350l =
dH Aoz ALgslH] o Hp %ﬂ'é?} 735 orli-
stat WFo] 124 o]/de] ZofollA FIFE RE2 JFEjolA %t orli-
stste] A9 A} A, 2z

*1°ok‘ﬂ°ﬂ Hls g7 BA4
2] Ggol ARgo] AdtE L 9

A=Ye)
opge

\=] L0 1=}
T':/\E]

ge §
o
[l
it
3
il
1

z0l o

1. A

I

1) bupropion

Norepinephrine(NE) 48 37713l dopamine?] &5
£ oAlste A& #Ro] vk A T FARAR
v FDACIA EIik2 ofEolu} rivkxgAlzs ofx 3lH

Classification Mechanism Drug Approval
Appetite | Noradrenergic a1 agonist Phenypropanolamin FDA disapproved
a 2 antagonist Yohimbin
B2 agonist Clebuterol
NE stimulating Phendimetrazine(Furing)” FDA approved for
short term Tx
NE uptake block Mazindol, Sibutramine(Reductil)® FDA approved for
Sibutramine
Serotonergic S5HT agonist Metagline
S5HT stimulating Fenfluramine FDA disapproved
S5HT reuptake block Fluxetine(Prozac)” Approved for depression
Dopaminergic D reuptake block Apomorphine, Bupropion”
Energy expenditure 1 Noradrenergic a, B agonist Effedrine”, Caffeine”

B3 agonist

NE uptake block

Pancreatic lipase
inhibit

Absorption of nutrient | Lipase inhibitor

glucosidase inhinit

a —glucosidase inhinit
a —amylase inhibit

BRL26830A
Sibutramine(Reductil)” FDA approved
Orlistat(Xenical)" FDA approved

(for >12 yrs old)
Acarbose” Approved for DM
Phazeolamin

“Currently available drugs in Korean market
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we oA AR 2l Honivke] WeEj e B3 HAux

el

A gkt
2) ciliary neruotrophic factor(CNTF, Axokine)
CNTFE= AEAES] HAS WA67] 98 &4 otulAlx

(glial celDelA F]¥= Walteltt, CNTF leptin®t #At

3 ARE B3l AE&E3 AGEAQ NPY, AgRPE A5

of &5 AAlet FAAZE 94 33 AT Sl ATk
3) SR141716(rimonabant, acomplia)
Cannabinoid(CB)- ¢ T&AE AJAsh=
T8 orexin 1 receptor®] Z&-& sty AV A

3% AT el Ark
4) topiramate
DAAEARZ FDAMNA F0¥ FE2A4] kainite/ @ ~amino-

3-hydroxy-5-methylosoxozole-4-propionicacid glutamate re-

ceptord] T3E Z23EHE 28-S AAFE FEAIFHA oy

AxBE ST ASHEFS Doz on Abgel A 427,

AR dAS SollA AFel AEFHJTE Bavt o Hw
RS dido® g ATl #g AT Fol ot A

2hgo 2 Qi 34l TuE 4

SR RIEECE

lo 4

—(11

2. ASHL =I|EHAN A= FEEE

1) selective 5-HT 2c receptor antagonist

2) CCK/CCK-A receptor agonist(GI-181771) : 94 24
=

3) leptin

H]RkQlo A it o
Ao FoAs ARt A Fahv FY AL S
7o 2 4#HF cytokine signaling-3 HAAAZL A
}.

4) melanocortin 4 receptor(MC4R) agonist

5) AgRP antagonist

6) NPY antagonist

7) ghrelin antagonist

8) GLP-1/exendin-4 : $17%

9) PYY:

10) B -3 adrenergic receptor agonist(AZ40140/

SB418790/N5984)
11) human growth hormone fragment(AOD9604): A
T B ANES HdaAle AT AATE 94 2% F

12) lipase inhibitor(ATL962) :

13) physostanol(FM-VP4): 974 24 &

14) PPAR- 6 (GW501516) : B-oxidation &7} 2 YA
=4 UCP it Bds &3 duAAnE FXIAA

A==
T ol 3

q 1 T

q 2 =

Y

ox o

1=
=
Al

w _1

X M| =

o 2t U JIs

K
a)
2

I= AWAES GAdert S8 F 9ol o] oy
AW (triglycerides) FEl2 A73tal, 7]oKstarvation)
5 A7 2o’k Ao WE]XIH“}"] Fe = HHi‘@}b Oﬂhﬂ

A9 AF BEEE AA fou}

AgAEe] #3524 C/EBP, ADDI/SREBPIlc, PPAR7Y
gl EY9E Al AR 8% dES dieit

1) C/EBP family

C/EBP(CCAAT/enhancer binding protein)< 4}
ARz Al A SEE T C/EBP S ¢ C/EBPS% A A
st o] z7|GAle] #wdo] F7hEo] PPAR7y o HdS
17 PPAR 7 ¢ 2#S7F= C/EBP @] AWAIE £3157
& FEste] AAEe] F23 Jd&d vgE x|

o] h(Fig. 8).

2) ADD1/SREBPlc

o zEHE tAE dEd T Lo uwhel @
Fo] ZAHE sterol regulatory element(SRE)ES A3l
ol7lo] H3tsl= dHAES #8, 545 sterol regulatory
element binding protein(SREBP)2.2 ™® 3}ttt SREBP
family: SREBP-1 «, lc, 22 TA¥™ SREBPlc7} ADDI

(adipocyte determination and differentiation dependent factor

¢ _
1;)\1 F{E FU

r
o

Mol do W
(2

:—éig]/\gﬂf.i_ e

Inert Storage Depot Secretory/Endocrine Gland

Brain
rai (ff /?\ ‘\

Leptin

Fatty acids Glucose

\ / ANS
. \' Adipsin, PAI-1
Other

Fasted / \ ' P We)

Fatty acids Glycerol
Pancreas 7
7 1
Gonad Vasculature JI

Fig. 7. Evolving view of the biological functions of the adipo-
cyte. Previously, adipocytes were considered to be inert stor-
age depots releasing fuel as fatty acids and glycerol in time
of fasting or starvation. More recently it has become clear
that adipocytes are endocrine glands that secrete important
hormones, cytokines, vasoactive substances, and other pep-
tides(Adaped from Ref. 21).

Leptin, Fatty acids
—» TNFa, Cytokines

- 132 -



ADD1/SREBP1C

CIEBPp

Insulin
“ \ Lipogenesis
C/EBP3

N~ S
Dt

(?)
FAT CELL-SPECIFIC GENE EXPRESSION
DIFFERENTIATION
INSULIN SENSITIVITY

Fig. 8. The adipogenesis involves the activation of several
families of transcription factors. C/EBP S and C/EBP ¢ are de-
tected first, followed by PPAR 7y, which in turn activates C/
EBPa and a broad program of adipogenesis. C/EBPa exerts
positive feedback on PPAR7y to maintain the differentiated
state. ADD1/SREBPIc is regulated by insulin in fat and can
activate PPAR 7y by inducing its expression as well as by
promoting the production of an endogenous PPAR 7y ligand
(Adaped from Ref. 24).

1€ 17+ EZA(homolog)°lt},

ADDI1/SREBPlcE AWz 3} ol A thafo @ ddsa 9f
ou AWMz #3lig x7|d wdeo] =% PPAR7y 9
ArEA S Z7FA 71t ADD1/SREBPIcE l&de o3 =4
& grow Ak giakel A Aol F2 #esty SREBP2
= ZFU2EE Aol dolin

3) peroxisome proliferator-activated receptor
(PPAR7)

el Aol

N

1

¥ -2l & (peroxisome) 0l 2= TER
oA AWAS ASAIA FAbshrEa

HSAE FAE 94
AL o]E FA3t] PPARs
ol AHkal RS ) oA AGS

o] 9lal, PPARy F&A= AW=zz 1t FAE 5

¢

(e}
0
1o

=
=
N
)
o
30
=
o
bl

N
olr

=
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ER:G%

Acyl-CoA + glycerol
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Fasting Induced Adipose Factor
Tumor Necrosis Factor a

Fig. 9. Regulation of lipid metabolism in white adipose tissue
by PPARy and SREBP-1. The major steps of fat storage
from plasma triglycerides and glucose are illustrated. Insulin
induces both PPAR7y and SREBP-1 expression. SREBP-1
stimulates the expression of PPAR7y and vice versa(Adaped
from Ref. 25).
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Fig. 10. Actions of leptin on the hypothalamus and peripheral organs(Adaped from Ref.
17).
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Fig. 11. Actions of adiponectin on adipose tissue and peripheral organs
(Adaped from Ref. 17).
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A e At s 350 ded v B

mediated glucose uptake)”t JA=+= 714 (glucose-fatty acid
cycle; Randle cycle)2.2 Q1&d A& fFusiel v gl A
Uehs @ dirbd A Azl Sk el A EAke]
¢ $23 93-S 31 adipokine(RE, A28 TNFa) 5
= S7He A W lipotoxicity2 &YW A H &
T AR 7l S oplate Al FFTSs fEdt)
(Fig. 12).
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7} NF-«BE @493AA HF54 cytokine(TNF e, IL-6,
CRP) #HlE F7HA7]H, vifre=® s fexwit 77t
ROS(O; ) A4S Z7HAA d AEAGS 9AsH ROS
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Fig. 12. Tissue-tissue cross—talk in glucose and lipid homeo-
stasis. Glucose from diet or endogenous sources stimulate in-
sulin secretion. Insulin promotes glucose uptake by skeletal
muscle and fat opposes hepatic glycogenolysis. Free fatty
acids liberated from adipose tissue contribute to insulin resis-
tance in skeletal muscle and liver. TNF- @, resistin and adipo-
nectin modulate insulin sensitivity and fatty acid metabolism
in muscle and liver(Adaped from Ref. 27).
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X)OOO( mp> Gene expression

The signaling pathways of IL-6, leptin, and TNF- e« and their interaction with insulin

Nucleus

signaling. Abbreviations : JAK, Janus kinases; STAT, signal transducers and activators of tran-
scription; SOCS-3, suppressor of cytokine signaling—-3; MAPK, mitogen—activated protein kinases;

IR, insulin receptor; IRS,

insulin receptor substrates; PI3K, phosphatidylinositol 3-kinase; Akt,

protein kinase B; ERK, extracellular factorregulated kinases; TRAF, TNF receptor-associated
factor; MEKK1, MAP/ERK kinase kinase-1(Adaped from Ref. 36).
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Fig. 14. The induction of reactive oxygen species(ROS) generation and inflammation(NF- B
activation) by macronutrient intake, obesity, free fatty acids and leptin. Interference with insulin
signaling leads to hyperglycemia and proinflammatory changes. Increased TNF-« and IL-6 also
lead to the inhibition of insulin signaling and insulin resistance. Inflammation in A -cells leads
to B-cell dysfunction, which in combination with insulin resistance leads to type 2 diabetes

(Adaped from Ref. 38).
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