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Healthy adipose tissue is critical for preventing obesity by maintaining metabolic homeostasis. Adipose
tissue plays an important role in energy homeostasis through glucose and lipid metabolism. Depending
on nutritional status, adipose tissue expands to store lipids or can be consumed by lipolysis. The
role of adipose tissue as an endocrine organ is emerging, and many studies have reported that there
are various adipose tissue hormones that communicate with other organs and tissues through metabolic
signaling. For example, leptin, a representative peptide hormone secreted from adipose tissues
(adipokine), circulates and targets the central nervous system of the brain for appetite regression.
Furthermore, adipocytes secrete inflammatory cytokines to target immune cells in adipose tissues.
Not surprisingly, adipocytes can secrete fatty acid-derived hormones (lipokine) that bind to their specif-
ic receptors for paracrine and endocrine action. To understand organ crosstalk by adipose tissue hor-
mones, specific metabolic signaling in adipocytes and other communicating cells should be defined.
The dysfunction of metabolic signaling in adipocytes occurs in unhealthy adipose tissue in overweight
and obese conditions. Therapy targeting novel adipose metabolic signaling could potentially lead to
the development of an effective anti-obesity drug. This review summarizes the latest updates on adipose

tissue hormone and metabolic signaling in terms of obesity and metabolic diseases.
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% Feted 1970 Ath ] &A) 3w 7}7ke] HleH, 5
]H = Q159 2/37} A F(overweight)©] I 20~40%
o 2 AT Ju10]. A= vlgte] IO
A YA, B AT AHRE A= A2
(type 2 diabetes), A 8T A3 Z4F ¢ 5 A7
doj Aol o] 27 ste Ao R F28st
IXJ@EE}. £33 HZ Z2Y A Y (Covid-19 pan-
demic) 0.2 Q3] AAMAZ o2 vvt FH Lo WME &5
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white adipose tissue (WAT; A ¥F=32]) 18] 3L beige
adipose tissue (WO XA WYx2H)o 2 LR, Q17te] 7

S frob7]ell BAT7}F #-23tth7F A 1o] = WA beige adi-
pose tissue SﬂEHE HAEE T F3} o7 2 T FHo] HE
s et XA 55, E5, o5, A5 gEey
EHYUE T 5 ARH o2 TFstA EXstE WATE
Ao o2 2 lipid droplets (A AW &) 7HAH 7124
OS2 oA AL HES FTH29] HZ B ATE
Q13ll, WAT+ autocrine, paracrine, endocrine &2 (hor-
mones)< #H|S= U &H] 7|#Ho Zo] &g s, 4%

WAz A AL o]2y] wBo| HAy|HOoZ =
2% 4 A= Aol 4HA 011;],[17] BATE H]J]_;H ey NN
=719] lipid droplets¥} %2 2] n|EZ=g|olE 7[R,
v EFZ = go} @A) uncoupling protein 1 (UCP1)S &
3 @& LAt A2g 2-3te Ao L THI6)
Qlzte] 734 Aol A beige adipose tissue & ENS] BAT
/474 2] adipose tissue”} THAFE S H]Rle]| T Q3 &S
g Ao E AAAIL ATH30].

Adipocyte (KA 3£)2} adipose tissue2] olu 2] A 3}
Zemle] kol thgk el oA Ql olalE #I8l, HZ met-
abolic signaling (WA} 41 %), T2&F 283} Ex}7]H
g A7 & ]—1—017(]51 2T}, 53] adipose meta-
3t adipose tissue®l| Al 4| H 1 2§
xZ o] FsAg o AL A

bolic signaling T-%
e T 2RI ke
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P3dE 24dst
3 % (healthy adipose expansion)®} BTt} 2 A7}
55 2 vz 2] 98 % (unhealthy adipose expansion)®l] T
3 EXo thd A7 5254 thFETH17]. Healthy
adipose expansion®l| A= @ & AdFH 9F A &¥)7)F H
A3 #¥ S o] F 1, multipotent (THE3}4) mesenchymal
precursor stem cell (52 AFA E71M E)ZFH pre-
adipocyte (X7 A 3Z)7} peroxisome proliferator- acti-
vated receptor gamma (PPARY)®} CCAAT/enhancer-binding
protein alpha (CEBPa) ZAFQIA}e) 2]3]] adipocyte (Z]3HA]
E)Z adipogenesis (A WA EZE3)7F Lo dri29]. o]
Aol A insulin®] Y, adipose tissue”} H]S}= leptin, adipo-
nectin 52 422l adipokineS F3| UAFE S Z healthy
adipose expansion®| ©]Fo] X1 -] F2] oA G
< AR Auile SRS, Y] AYAdH A o
£ adipogenesisi= adipocyte2] lipid droplets®] B 4A <
2 7A & hypertrophy (RIth%) &7 collagen (F2HA)
I 22 extracellular matrix (ECM) @2 2] Z7}, hypoxia
(AAFAEZF)H necrosis (AAHE A3l G5 A 3H(fib-
rosis)”7} adipose tissueol| A Z1 3 HTH17]. ©] 21 ¢ unhealthy
adipose expansion ¥ o] A &EH A Fo]} vIRlo]
= Aot v X 5A TS 3, TheFg autocrine,
paracrine, endocrine EE2&9] d&e) gt ©]3)] 9} meta-
bolic signaling®] A E3HA Q1 2+8-7] o tfgt olsf7} &
83 Aot AdipogenesisE FXh= 7240 T2

© = insulin/AKT/mammalian target of rapamycin (mTOR)

rlr

ARAQ 4L Bt A

R

»

A

9 glucocorticoid receptor (GR) metabolic signalingS %3+
PPARy®} CEBPo A AFRIAE 1l 711§ adipose biology ol A1
| ol = systemic environment®l] 2] € metabolic signaling
o MEAETH, J3sHAQl FaAel Riuga ot
[11]. Systemic environment®l| = adipokine< B3+ o &7}
A 228 I AE AZY H 53 metabolites (THAF
2HE), cold exposure (=9, circadian rhythms (¥
71), inflammation (F3)S IZ & 4 021, adipose met-
abolic signaling®] A-82Ql H&-& o= 2O E HiuE
Atk B FH=FEol A= adipocyteol| Al metabolic signal-
inge] ThF3E T2 o3 2EEHE A7l F-9lo]
), gk A ZF Q8% &2 &3} metabolic signaling®l] o3|
=93} A} gti(Table 1).

=2 =
— —

Adipocyte®M insulin2t cAMP {7} metabolic sig-
naling

Adipose tissues2] adipocyte | A = T2 o2 /2] Al
Z 9} w7 EA & receptor tyrosine kinase (RTK)2} G-pro-

tein coupled receptor (GPCR) metabolic signaling®] &4} &

A7 o2 283t} Insuling 54 ©. & insulin receptor
(IR) RTKE 5% AKT, mTOR metabolic signaling= adipo-
cyted] 5714 =8 A A4 adipogenesis (K| WA EZE
3}, lipogenesis (A H&4), lipolysis (K ®=3l), fatty acid
oxidation (A W4F 4F&}), thermogenesis (& AY)oll 34 &
Q1 98-S 3+ 5]. mTOR kinasex= insulin®} amino acidsel] ©h
2t ALY, 2744 72 A1) mTORCI, mTORC2
Z Z&3ith, Su|FAIE adipose tissue 5120 -7 #}
A v 29 (adipose specific KO of Raptor or Rictor
gene; mTORC1/Raptor, mTORC2/Rictor)S ©] &3t AT E
Foll, Az W), AR e AP SollA mTORCl
3 mTORC2= A2 B2 945 st Zo=2 Bt
[23]. ©]A 2 adipose tissue®l 1 mTORC13} mTORC22] 2+
7] B 71dE& T3 283, mTORCIS F2 adipo-
genesis$} lipogenesisE %13, mTORC2+ lipolysis<t
thermogenesisE HAst= AL E A AZTHS]. 4, in-
sulin metabolic signalingZ} 37 adipocytel Al F 8.3
GPCR+E B-adrenergic receptors (B-AR) 7] 8}= cyclic ad-
enosine monophosphate (cAMP) metabolic signaling®] T &
Aoty E3] BATE S 22 norepinephrine (NE)©] p-
AR®l| ZA33}S] adenylate cyclaseE 53 cAMP7} THE0]
A3 protein kinase A (PKA)E 3l lipolysis2} thermo-
genesis 52 ThFE A @de] FIETHI8]. S EAE
insulin signaling?} cAMP signaling< mTORC13} mTORC2
E wiANg A2 7H9] crosstalkS F3l, lipolysis®} lipogen-
esis®] S Z-s, =Y UALE A= Aoz
o3 7 Z15418]. Insulin-RTK, GPCR-cAMP metabolic signal-
ing?loll = H =gl A mi7fE s dHAA 2 A
A dEs Sl HEE= AAJIAS] carbohydrate re-
sponse element binding protein (ChREBP)= T 8314 U+
F 1 21t} ChREBPE adipose tissuedll A BF<F3HE 43 o
w2 = gAe)] o3 &3} o] de novo lipogenesis
(DNL)o] A &40 Fxx #HE FXsh= A= &

= H TH19].

AdipocyteOlA metabolic signaling2 W75t S22
Adipocytedl| Al F=2 FEH|H I 283 TEEA =
Wl e Q] adipokinesI A& HEN 2] lipokines©] 3L Z}
Z}+2] receptorS F3| metabolic signaling®. 2 283k},
Adipocyte®l| 4 white adipocyte® ¢} 2}, brown adipocyte
N A& &M Sh= T2 -S batokineo] 2hal gt HZ H]
Tke] 1 49} thermogenesise] gt AR QA3 adi-
pokine, batokine % lipokines {1Zkol| A 27] 9k A7}
gksiet. o]of adipocyte©ll A1 metabolic signaling=- 1l 7}
ste TR e AlFAH R T/ 7S GotR

7+ &Th(Fig. 1).
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Fig. 1. Metabolic signaling and effect by adipose tissue hor-
mones.

Adipokines

Adipose tissue®ll A 0= = Tl d Heo s2E S
UdZH o2 adipokine®] 2t 3}, TIFEZA S Z  adipo-
nectin, fatty acid-binding protein 4 (FABP4), leptin (31 &)©]
Z 4EA Ak Adipocyte Eol& Q0 AR LA
F1-9] adipose tissuesll A &BH]7} =,
insulin resistance (1€ H A 3/3)7} inflammation (¥ %)<
AA k= AF A ol 441 T EFo|tt. Adiponec-
tin< autocrine, paracrine ¥ endocrine .2 adipocytes2}
2 223 A7)l 2ot =T W A YAt A ok
3t 28-S =, 2719] adiponectin receptor (AdipoR1,
AdipoR2)E 7] 5}¢] metabolic signalinge A E3HT}[14].
Adiponectine APPL13} APPL2E adaptor @A = 3}
AMP-activated protein kinase (AMPK), Insulin receptor sub-

adiponectin T

strate 1/2 (IRS1/2), p38 mitogen-activated protein kinase
(p38MAPK), PPAR0S TF%F 3 metabolic signalingS 53]
AL @d4-& 2 H3OH1]. FABP4 9 Al adipocyte 514
A AR AZH A AT Agste lipolysisE < AlIsk
I I E lipogenesiss £ Z8te &5 @tk SV FA
5 ¥Rk thARE S Satoll A FTLE O] e R oY
A o}, ZAAgE FA71 A2 ofA & AR YT
[21]. Leptine 71 2 &4 3 adipokine 2.2 9] o F-&
2] adipose tissuesol| Al EH| =31, leptin T A& I 3}=
obesity 82t (ob)oll A 2l = ATH. Leptino] EdAW |7}
H oblob P}-2v FFAF e FAE Q) XAt
WA She] vk mEl 2 G 22T 15]. Leptin-2 leptin re-
ceptor (LepR)= 53l janus kinase (JAK)/signal transducer
and activator of transcription 3 (STAT3) ©l 7l metabolic sig-
naling®] ©]F o] X 31, HIRFo|A] leptin #-H]| o] F713HA]
9k 2 2851 %‘]5—“‘5 leptin resistance (& #&4d)o] YE}
U A4 F3(CNS appetite), &34 (thermogenesis), &
A Y =(insulin sensitivity), 7F2] B4 34 (hepatic glu-
coneogenesis) 5o ThEFSE A7t dojdri[12].

Batokines

Al A3 3 adipokinesE2 WATS} BAT BF &3 F
o] BHlEE Zo=E dHA 7] Wil adipokine bato-
kine (brown adipokine)®|”7] %= 3}t Y+ batokines= brown
adipocyte| A5k £0]E & Ao 2 dEA e dEd
© 2 neuregulin 4 (NRGHE d 2 & 4 . NRG4= en-
docrine 3220 2 #-§-35o], IHH| £ ERBB39} ERBB4
receptors F3] STATS w7l lipogenesis XA} &d &
23 Ao 2 ¢ ATH34]. RNA-seq A £4&
B3l AZTS] beige adipose tissue A = =2 o] &<l
Hof, &% F7FEQ d3AT7 LsiTtHi6). 1 =
TGFB F3 A 259 X% 5= bakokine 2= bone morpho-
genetic proteins 8b (BMP8b), BMP9, GDF5¢] E1E %=
H[32], 53] BMP8bi= BATOl|A] 8] = I suppressor of
mothers against decapentaplegic 1/3/8 (SMAD1/3/8)3}
p38MAPK metabolic signalingS 53l 2H83l= 2oz &
2 A TH35].

Lipokines

Adipose tissue®| 4] EHI == A2 FHo 225 Y
LA 02 lipokinese]Ztal &Fm, tHEH S 2 12,13-dihy-
droxy-(9Z)-octadecenoic acid (12,13-diHOME), fatty acid es-
ters of hydroxy fatty acids (FAHFAs), palmitoleate 37}%] 7}
&2 A Aot Lipokines & A tlg7}7FA] 2 adipokines Z¢
43} Z+O] autocrine, paracrine 2 endocrine .2 T} FgF &
23 7)o 2g3ch AT 12,13-diHOMEE vh-$-29}
QIZto] F9lel EEHAY 2FE A ™, WATZ} of
Y BATY beige adipocytesoll A EH| =& Aoz Lz o

o, BAT 848 S7MA7I &89 A4k 48 2 =i
AGS 228 Ao 2 BuEdu2s, 31]. 18U 12,13-

diHOME 2] metabolic signaling®l] ™3t Ex}7] 7 ) 3] A
= o}z &¢#E R 87} glth FAHFAss adipose tissue2] 3

=Fo 23 DNLS 53 WATlA E8] == lipokine©]
t}. FAHFAs®| receptor= GPR120°] &214 o™ adi-

pose tissue2] DNL©] 7158 A insulin sensitivity 2 4]
7} F7vetH EREARE Aol EHlEHE S282 glu-
cagon like peptide-1 (GLP-1)X Z7}3tth36]. 3+ o=
metabolic signaling &A7] 7 0] LA A LUAA T, WAT
9] DNLZ 57}5] = lipokine 2.2 palmitoleate”} EILF] $)
tH6]. & EAE palmitoleate= PH-2~ RE o)A A S
Z8-& 53 597 3} (Atherosclerosis) S ¢t A 7= A
o2 HAUFEATS].

HIZHHIM metabolic signalingE D75l S22

Adipocytedl| Al F2 HH| =1 Z83= T2 adipo-
kines¥} lipokines< T3] autocrine 2 paracrine ©. = adi-
pocyte$} 717k FR Y AlZ T 2H-8-3F= FH o] ofyt}.
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Fig. 2. Organ crosstalk by adipose tissue hormones in obesity.

Endocrine & 22 adipose tissue”} #H]3}7] % 81H, adi-

pocyte”} HH 2 288 Hh7| = St} Adipose tissue2} 3,

AR, &5, 3, A, d9XE T Ogds 223 Al xe)
=

FoAgs gted 284 -45} metabolic signaling®]
EAdHoR dulA glon, dF= Hvk N 5AR 4FS
gty 9t} HIRkol A metabolic signaling= w73l &2
2& AFHog TR} 75l tal Gotrua ot
(Fig. 2)

GDF15

TGFB A & oll 43} Growth differentiation fac-
tor 15 (GDF15)< adipose tissue®® o} e} ThFgh 2] o A
AR, 2 7 A 2ols B X 5Ao1x €
F7435HA Q] metforminel]l &3] EHVF FUlE = AoE &
HAHTH13]. ME 2Ed 2, hypoxia, T EZEE] 0} 7]59]
4+ < 53| activating transcription factor 4 (ATF4) 2
AMPK U]} 7] metabolic signaling®ll &3] GDFI5 A} &
o] F7}3kaL, glial cell line-derived neurotrophic factor
(GDNF) family receptor alpha Like (GFRAL) receptorg &
3l extracellular signal-regulated kinase (ERK), AKT, phos-
pholipase C (PLC) 2] metabolic signaling< 7] sl= A
o2 RuEAH9]. GDFI5E A AdA 2 Aol A
F 88 dAE SRS Aol Talo] JFE o,
253 A4, A4t (cardiac hypertrophy), 573527
3}(atherosclerosis), A|WZ2 AE5HH-S A WFS(NAFLD,
NASH)©] U ¢ ot A (cancer cachex1a) ol gt 9%
< MR = Ao d4ata . o2 g s S vie
S 2 Amgen (A, Eli Lilly (¥ &°] Eg]), NovoNordisk
(= RXY2=), NGM bio (A H}o] L), Janssen (QFAN)
T S 2 A oAbl A AN L-S 3 FolTH33].
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FGF-21

FGF %A 715 43} fibroblast growth factor 21
(FGF21)2 = WAT, BATE 33}3} adipose tissues$} 7t
oAl =& EH]7} == endocrine & Z 0]t} B-klotho re-
ceptorE w72 3} AMPK metabolic signaling2 5-7}A]

7]= WFH, mTOR metabolic signalinge & A8} =
u] 21 TH22]. FGF21- A]/¢3}5-(hypothalamus)ol 2t
corticotropin-releasing hormone (CRH) 4|9} w7417
(sympathetic nerve system)< T3l A3t AFHi
thermogenesis, & 52 E}Oki A A E RES-S

oful7] W&ol Aok gl g B e TaiolT
[24]. 28} FGF212) A7 AH7} A D42 Bdsia

ARkl A2 Qlal] Aatol A Aleks ko] 9lo] A ko)
w23 k. o] EHH, 1FollA EHlH A BATNA] &
v = =)o w}2} FGF219] & &o]

9}o] o], I 5, ©FSHE Ao, FA|Folt BTt
A YelE 715Rs o=

o] t2 A Ag3te 5, FF AFEH 7oA YAl

oF sfuko] < o] Th4].

1

GLP-1

Incretin hormone glucagon-like peptide 1 (GLP-1)2 7| &
Ho g AU FIFE F5ol wt A2 << H(insulin)
EH|E £33l 237 (glucagon) EH|+= JA|SF= en-
Zolt}, FE Al o] A A (duodenum)d} A3
(colon) AFole] LEFY Al E(intestinal L cell)ol| 4] £H]7}
ol W ol HollA Aot 2tk A8t
T, AWZ2 9] glucose uptake, A 715 ¥ Ad=xH 5
T A2 sk A0 2 A A TH26]. GLP-1<2 di-
peptidyl peptidase 4 (DPP4)ell &J3f w2 A7kl &3l 7}F
He 32207 oo Agtete] AA e 2ol HITE
X E A2 GLP1 receptor agonists (GLP1RAs)7} 725 )
t}. FDA (United States Food and Drug Administration)<}
EMA (European Medicines Agency)oll Al $<lo] FHo 1
=239 Semaglutide’t @A 7 E8 AMEHE
GLPIRA MI¥F X SA| o]t} GLPIRAE @A HIWE X &4
EoF9] game changerZ 32|31, GLP-1 HE}o]= HEP
w2 7] 28 A S}(shor-acting/long-acting) 9} FAHE-
2 A8 N 5 dAdel m ZEs] IgFolth2). F
Aol A4 GLP-12 GPCR (G-protein coupled receptor) wjj 7l
cAMPO] } Ca® & 53+ metabolic signalings A 2ate] A
ZAYEAE S e = AL E &E HATH20], adipose
tissueoll A o] M| FE-A Q1 EAL7) Aol tfgk A7) a8ttt

docrine T2+

Inflammatory cytokines
Adipose tissue™= HAY, W} 22 *éoL 2o 4%
Aol A sgsir, 3k HRlo| gt %

Ir
_y;l
3
i)
it
i
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8o = =3t} o]of whE} healthy adipose expansion
%} unhealthy adipose expansion®l] t] g+ metabolic signaling
¥} inflammation 7] F##A o] WA 2] Fa 3 54
of thek A77F T8 tFHT 53] WAT S4HC=
adipose expansion A | A], ThF& WA E7} I adi-
pokines$} cytokinesE H13F metabolic signaling= i 7l
Al FH17]. & A anti-inflammatory cytokines &2
C-X-C motif chemokine ligand 14 (CXCL14)-2 = A 3E 9}
WATol| A 4] == autocrine, paracrine & 20|tk WAT
9] browningS 53l healthy expansions ] 7]3l1 & 5<
QA= Dol AT oFA metabolic signaling2 %+
A AA] ZTH7]. Pro-inflammatory cytokine &2 % ¢
7 interleukin-6 (IL-6) G Al ™Y A2} WAT, BAT EF
HlEE Ao 2 &eA Ut IL-6 receptors &3l meta-
bolic signalingS vl 7 3}31, adipose tissues2} ZFoll A 28
o] @59 FXAA JARJNA tha& =] A= FFelth
[27]. ==5+£ pro-inflammatory cytokine 2. =2 resistin TLR4
(Toll like receptor 4)5 w7l 8= metabolic signaling= %
&l == adipocytes®} macrophageoll A 28ttt 53] 1zt
9] resistin A€ AFAHH S €27 o

2 RyE 28]

TS

o

s
wl oo,
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