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Role of uncoupling protein 1 and muscle AMP-activated

protein kinase in diet—-induced thermogenesis
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Summary of thesis contents

Energy homeostasis is tightly regulated in mammals including humans, and their
body weights are kept constant for a long interval. The measurement of food intake
and energy expenditure (EE) is a central feature of studies attempting to investigate
the homeostatic mechanism. However, analysis of total EE is complicated due to the
presence of multiple biological processes that include the resting metabolic rate
(RMR), EE induced by locomotor (muscle motor) activity (Ex) and diet-induced
thermogenesis (DIT). Little study examined which process is involved in change in
body weight in rodents as well as humans.

Brown adipose tissue (BAT) and skeletal muscle are important organs involved in
regulation of energy homeostasis in mammals. BAT thermogenesis is regulated by the
sympathetic nervous system (SNS) through the intracellular mechanism including
B-adrenergic receptor, protein kinase A, lipolysis, and fatty acid-induced activation of
mitochondrial uncoupling protein 1 (UCP1). UCP1 ablation induced obesity in mice
fed laboratory chow (corn starch-based diet) as well as high-fat diet (HFD) when the
mice were maintained at the thermoneutral environment (~30°C for mice). However,
the mice failed to induce obesity under “normal” animal house condition (i.e.
20-24°C). The obesity-resistant phenotype of UCP1l-gene ablated mice at the
subthermoneutral environment was supposed to be due to the activation of
compensatory mechanism in the mice.

An alternative site for the adaptive thermogenesis may be skeletal muscle, which
involves both shivering and non-shivering thermogenesis (NST). Recent studies
revealed that Ca?*-transport regulated by sarco/endoplasmic reticulum Ca?*-ATPase
pump (Serca) and its regulator sarcolipin involve NST in skeletal muscle, and ablation
of sarcolipin caused obesity. AMP-activated protein kinase (AMPK) also plays an
important role in glucose and lipid utilization in skeletal muscle during exercise and
non-exercise. Previous studies revealed that leptin, an adipocyte hormone that plays a
pivotal role in regulating energy homeostasis, activates AMPK and increases fatty acid
oxidation in skeletal muscle, via directly acting on muscle and indirectly through the
hypothalamic-SNS. However, the role of muscle AMPK in energy homeostasis
remains elusive. Furthermore, it remains unknown whether AMPK involve the
compensatory mechanism for the obesity-resistant phenotype of UCP1-ablated mice.

In the present study, | investigated the effect of ablation of UCP1 gene and
suppression of AMPK activity in skeletal muscle in total EE in mice. First, |
established the measurement of RMR, Ex and DIT in total EE. I found that total EE
was highly co-related with locomotor activity in both fasting and feeding of HFD
(high-calorie diet) after logarithmic conversion of the locomotor activity. Therefore
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RMR was determined with EE at the intercept on the y-axis of the linear regression
during fasting. Ex at each time point in fasting and feeding was calculated with the
linear regression line during fasting period. DIT was then obtained by subtracting Ex
and RMR from total EE during HFD feeding.

Second, | examined each component (RMR, Ex and DIT) of total EE in UCP1
gene-ablated mice (UCP-KQO), muscle-specific dominant negative-AMPK expressing
mice (dnAMPK-mTg), and UCP1-KO & dnAMPK-mTg (KO-Tg) mice. Wild type
(WT) and KO-Tg mice were obtained by crossing UCP1-KO and dnAMPK-mTg mice.
KO-Tg mice were impaired DIT and total EE, but not RMR or Ex, compared with that
of WT mice at the subthermoneutral environment (24°C). Body weight of KO-Tg mice
significantly increased even when the mice are pair-fed HFD with time-restricted
feeding from 18:00-9:00, which protects HFD-induced obesity and metabolic
abnormalities in WT mice. KO-Tg mice also caused glucose intolerance under lab
chow feeding. UCP1-KO and dnAMPK-mTg mice did not alter EE, body weight or
glucose metabolism.

Third, | found that KO-Tg mice abolished norepinephrine (NE)-induced increase in
total EE. Furthermore, KO-Tg mice blunted NE-induced phosphorylation of AMPK
and acetyl-CoA carboxylase (ACC), which is a target of AMPK, in muscle. In contrast,
UCP1-KO mice were enhanced NE-induced phosphorylation of AMPK and ACC in
muscle. These results suggest that muscle AMPK involves a compensatory mechanism
to regulate energy metabolism in UCP1-KO mice.

In conclusion, | found that muscle AMPK and UCP1 play an important role in energy
homeostasis in mice. Muscle AMPK and UCP1 are both necessary to maintain in
normal glucose metabolism in mice. Thus the present study provides a novel insight
for important role of muscle AMPK as well as UCP1 in control of energy homeostasis.
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EhZ2ELHALBHICENT, HEOZ XA X —N"T U 2AFHEICHBI S TEY . K
HMICE> CT—EICRTEN D, ZODERT- R LX—& L = x L X— {4 &(EE) % Ef
WCHEST D 2 Lid, Z XA X =T U ZHHHRELH LN T 2EDICHETHD, L
L. EREEKDO= 2 LVF—HEE (total EE) (21X, ZHFEFAH = (RMR), EHIC XKD
B/l (Ex), BRICK 2804 (DIT) HAEEN, ZHAET, ZnboR#EZ MBI
BT 2HEEMWLL T ARhrolc, KIFERICEWTHEA X, ~ 7 Afiiltotal EED 5
RMR, Ex, DIT #RB 75 HiEEM T2 ailkAi, £/, TOEHEEZH T,
HZEEIZ R IF T A& % > )7 EH(UCP1., uncoupling protein 1) & ‘B # i AMPK
(AMP-activated protein kinase) DR fifEH Z# <7, EBiZlX, UCP1 &M+ / v 77
7 k<~ A (UCP1-KO). B % 4F 2 dominant negative AMPK¥ 8~ 7 &
(AnAMPK-mTg). =~ b 0~ 7 % % 45l L T447- UCP1-KO x dnAMPK-mTg~ 7 X
(KO-Tg) =Hwi,

HEFE L, ETRERICEN, FRTOMBHEE L “BILRIFELENS, BRI LS
NEMI BB R Dtotal EEAZRRIFHIICHIE L7c, v U XA & ft & L 7R Dtotal EE & EE) & %5
DHEICEFF L TCHAEEOEFRERZE A, —REFEREZSZ., —REFERZ <
UAICEB L, EEBIENOE R LIy EDOREEKE YT ADRMRE Lz, £/, — KA

JREMMOME & 2 ExXFEHICH W2, ®EHREE R Ototal EE (X, SIEM & 2 K66 5
Z RN £ T oM EE A iz, DITIL, total EE2» 5 RMRE Ex&x 7 LW THE L7,

AR~ 2 (WT) ICEEVI®%5 %2 % &, total EE, Ex, DITAAEICHINL 7=,
UCP1-KO. dnAMPK-mTgb FEEIC = L5 OfL#HE AR L7, LA L. KO-TgTEDIT
DHOSFEICHERTHEBEIZIKTL TCWE, RMREExIZETZE )N, 2 C., HEVE%E
EHMAHRCEZ0ERSE, KRELALE#H T, ToOME. KO-Tgld, WTIZH T
WENFEICHEML7Z, UCP1-KO, dnAMPK- mTgTid. KREHENEICHFEZTE)N -
oo 512, KO-TgTIX, A AU kG, ®IENmIEZR &, B - IRERHIC R %
kP ZLb AL, U EDORBRMERNS “\7‘77\612”/511"CDIT75§IE%L’0\_?§E§7R67”:
IZ1%, UCP1L BHHAMPRKO M T RN MLE TH D Z LR ahol,

DITO —#i%, RIEMREZROHEEZ T HZ ENmbNTWD, £Z CHEHFIZ, vV
AR T/ = x7 Y (NE) 285 L Ttotal EEOZA{L AR ~7=, ZOREFE. WT,
UCP1-KO., dnAMPK-mTgTi&. NEE 52 L Vtotal EERE M L7z, L2 L. KO-TgTIlx
total EENZAE L7 o7z, 62, NEZ &G L T, HHBHAMPKE T OISR TH D
acetyl-CoA carboxylase (ACO)D UV vt ZIEE DRI & L CHlE L7z, WT&UCP1-KO
TIL.NE# 5 BHHAMPKE ACCO U b i L7z, & 512, UCP1-KO T,
NE# 52 ié“ﬂ’%ﬂbAMPK) VAL TTEERAWT LY 5N &3 o T, ZhiTxt
L T, dnAMPK-mTg& KO-TgTiL, NEZ# 5 L TH'HEHAHAMPKE ACCO U ik H
mL7pinoic,
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