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Abstract

The branched-chain amino acids (leucine, isoleucine, and valine) are not only the
building blocks for protein synthesis but also molecules with various physiological activities
and are gaining increasing attention in aging research. Recent studies have revealed
their association with diseases commonly found in the elderly, such as glucose tolerance
abnormalities, cardiovascular diseases, cancer, and sarcopenia, as well as their role in
improving glucose and lipid metabolism and extending lifespan through supplementation
or restriction of branched-chain amino acids. We have discovered new mechanisms
for controlling cellular senescence through branched-chain amino acid metabolism and
dynamic alterations in this metabolism due to aging. The significance of branched-chain
amino acid metabolism in aging research is expected to rise. In this review, we will present
the fundamentals of branched-chain amino acid metabolism to the latest research findings
in aging studies, including our research results.

Keywords : Branched-chain amino acid, BCAT2, Cellular senescence, Metabolomics,
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bo L72H T, REEFICHRELRAEROZRKEELZD
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Dietary intervention and metabolic health

Yoshitaka Kondo
Molecular Regulation of Aging
Tokyo Metropolitan Institute of Geriatrics and Gerontology

Abstract

Although the anti-aging effects of caloric restriction have long been studied as a method
of nutritional control through diet, interventions related to diet quality and timing have
recently received more attention. Protein restriction, which reduces the ratio of calories
among macronutrients (protein, fat, and carbohydrate) , especially protein, without
changing caloric intake, has been reported to have positive effects on metabolic health
and extend life spans. However, the adverse effects of protein restriction have also been
reported. The authors examined the optimal ratio of protein intake for maintaining
metabolic health during the approach to old age and reported that 5% and 45% are extreme
and 25-35% are healthy in young and middle-aged mice.

Keywords : Amino acids, Lifespan, Macronutrients, Metabolic health, Protein
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DAEICBIT L2 YHERHE O R

HHOBT
KA KRS BRI ORI RE S AL
MR AR PR AR B PIRL

e

CNETOWZET, LAEEFIIBT HEAESZOFHEMEEL TWE I L2t I T
WA TOEFIZOVTIEHLNIZEN TV R, SRFKL 1L, OAEROE IR FRIEA
AN THIIN L 2SI A5 DI oRE# ) €57 v 72 ER L, OALE S5 I CHE X ¢
HZ e R L 70 KEIRMZAMIC L 50NN EET V<7 ATk, BEARE R & oty
PEREREAMK T L7z OAEBETNVIZB W TR L BRI 5 L0 SGE L. Bt
W TIRIRREEA T TV~ 7 A TIE AWK ORI T R O OB L 25 EAL L 720 R
ARG — LRI XD, AL REIZIE Trimethylamine N-oxide (TMAO) A3.Cig =2 ML H T
WinssZ &, TMAODHISMCHWE TH % 3) v A talgliicBwTigmy s 2 &3
brolze SHICHEMAMENCE ). TMAOAN DML OMRH# ) £F7Y 77, ¥z bav
Y 7REEEZREZTIEICED., DAZOHRBOEITICHG L TVWBE I EIRBENT, &
NODOFER LY TMAO DU EWSY — 7 v ek LRI VRIEZ S N7z,

F—U— R Rl DA CEHED

1. AROESR

FATE T 65 LA EOBAENIA28% % 2. BEIC
BEETSICEAL TS, I{MHNTWS X9 I
PRI R AN, BRI E R 2 LI & & DB
THERETHY ., T T EEALIETT S 2 LR
ENDFEADENC B TIE S ORG R E B O Nk B
W R 72 R IR OB EE L 2 5 TL %,

BRI E. FIOAZOFTHIIB VT, fERkEW
IUEF VA% D> THEICHDITE Z2HEANTINZ T,
PHBIRIER TN 2L GO BRI bIS X9 Ik
D DAEHEBITE, iz REELz220Hh 5, L
P LA FIELAED PRIIKZICARTH D, LA
DTN - A OWET O R 72 R B O S IEBIE
L BBLEORETH B,

v b ORNIZIE 6500 FELL L b O HPEW AEALE L.
ZOEAL DA EORBLEBEHELRBEND L L Fbh
TwaY, a) v RZORBEWTHL NI AF VT 2
¥ N- %+ % ¥ F (Trimethylamine N-Oxide, TMAO) &

M HH BT

T 1138421  HRHAR ST XA 2-1-1
TEL : 03-3813-3111 FAX : 03-5689-0627
E-mail : yohkoyoshida@juntendo.ac.jp

b OLAREFEZOMPEH TN L., DA DB
HTdHHNYHA (New York Heart Association) 553
CIEOMBZET L E V) ZEBHEShTwEE, ay
VEAFNIEEETHAMT VRS LA F AT, &
RNIZ BV T O R & O HEFF I R 2 H 2 7
LTWaI, 7EFNay v & O EEY Y O RiER
ke LTofksle 2 F IV HET 208 1 7 vic
BOTHEEREHERL T I LML TY
b, TNHOMEIE, NHRERBREORCTIa) Va8
Bxzleoa) YREWEE £z 52 L TEOER %
FHT 525 FHREOMRERE S Lk, EEED
) EBWNAREIC L > THEAHH Y A F VT 3
v (Trimethylamine, TMA) ~UHf & /-8, KT
TMAONE|EIN DL LEZ LN TWw5S, TMAO 38
RBALHEAD L 2T 0 — VOEREET 2 2 L1 &

0. TMAO IZBIRBELOFRE L AT SE L EF b T
WA TMAO DAL ORREIC BT 5 % # R %
BAHOFETH A,

Bt agis A lihh & B abRic kK s s, Bk
Wik (Brown adipose tissue, BAT) &> TIZE%)
WEERFICOAFET 2HEAMBTHLLEZ LN
TW7zAs, E4E, e OB IFEEL. 2oz
B B IEHRHEERTH B 2 L dhbho TE 721,
FRFFE ML E 7L< v A TIRE IR AHRRER 4
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1 EEERICEEEHIORETEDELD

My, &8o4f 2 itz TI SRS L
BERE DS 72 72 0044 (Heart failure with preserved
ejection fraction, HFpEF) &7V < ATl @i
KT 2ME ST Y, ROV OALE
FETFEARTHLEVIME LD, Balhitkne
EOAREDFRREIZIIN S 2 OB R B H 5 2 &
RIEEND A5, Z ORI OWTIRRRHDOE ETH 5,
G4 d, OAEORREIZ BV TGN HEEA
Zlp 2 ETay) YREPEEL. TORE KNT
BmL7: TMAO 250 X P ¥ B 7 ORREZ KT S
®HZETORREZRICHET A 2B SNIT L7

2. EEE&TEROEBEERKEREOKEEZEBLS

e}

W4T KEIRAE 3R (Transverse Aortic Constriction,
TAC) ICX2EBEAMET NV 2/ERT &, TACLH
BIILOHRERICT & & D10, BREREOET R IEs
GRS O BGEAREDK TR SN (K1 A), 2D
B o> 48 8 i 5 R 13 Hypoxic probe % W 72 00095 Lk
FRTFRBEIC KBTI K VIRERFIRE L 25 TH D (data
not shown). ZAEAICH % 2@ % %2 3 % Uncoupling
protein-1 (UCP-1) ®FHOE TR 7R h— ¥ 2 0 HmH
HonhzZ ers (M1B). AEREEAMFICIZOAEIC
LR35 4 B OIFBIA A (R I 12 PE 9 IRERHE A b L AL
X0 BRI OMIRIE (78— 2) AL, 18
R OBREAR DA LTV D 2 EDIRIB S N7z,

R~ v 2otz L > Exy by A0
PEPICREREL . falRitEae 2 eaE L 72~ 212 TAC %

179 &, BGEEREOEBE & L ICFE AR LR T
HEFE L (M10). KaHI#E e alglities 4
<7 A THHBENENIERN Minl/ M2 ¥ 7V 7 v 2
7 b= AT, EAWEOODEREN S S5ITET LD
B OFAEILATE HIEALT 5 & k1, TAC B O
LML (KM1D). MRS, BaRPieEz /R
(28I (BATectomy) L 7-#flRitkiEAr4~ " 2 €
FIIZBWTHEAMEEO LD S SICEILL 720
DA % DRI X 0 1 VERY 72 8 R 70 28
BEETALAE T, SO R B¢ 5 2 L5
NTwz W FHed TACEF LT ZIZBVTHHKR
GEL72E 2 A, TAC EF VoBERMEETIE/ Vv
EX 7Y VLRV BERLTWLZ ERbh otz £2
T, 1B EIRIRR B3 2 2 IApRe 2 AL R 12 B
L7z& 2 A, EAMREO LRI T 25885 2 &%
o7z

NS DRI S, FAMEHIIIMEHBRER ML 28
I 7 2 AR DML & A L CR BRI 7 R b —
YAPHEL, BEREs el EREIshs 2k,
B RIRRBE AN AT & A O BF 12 X 0 T AR O.Ok
BEK T 28805 2 EAURIRE /.

3. FEREICEINT % TMAO hNDEEEEE TS i
Z9
BEEiRER SN LAEZTERITHT AN =

ALY EPIZT B2, TACEF VY ADKE4 7%

FREZ T, RN A Y RT3 7 ZAEN 217572,

ZOEF, TAC 7 A0z ) v
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2 EEamEEFICIEMT 2 TMAO DIVEREZETSE 2

sz & (M2A), oMl LEcBwCTay >
DRHEW TH 5 TMAO 3BT 5 Z & 2 5 A2
ol (K2B, C)o S HICBAT ZHMEMNICEHIL 2
EFMIZBWTIE, AT Y URVPETT LI &
Bhholz, AN OAEBFOMBEHFTIZI) v
TMAO L RLVAER L, ZhHIZOALEOEAERE & b
BT 22 EDRHESNTNDE Y, FKa 2T 20R
GRFICBIARABEICBCTY, HERRA LB LT
DA BEE TIRIME o3 ) % TMAO LNV ER
LTEYH ("2D), FHADLAEETIVI T ATO R
Z RO I AN ORI MIOAEREDOF—F LD
—HTDHIDTHAHEEZ LN, E5HIC EBROAERY
\Z BAT 24 L72 BATectomy € 7NV~ 7 A TIIHEH
A LS L R DB IS BT E 512 TMAO LRV L
AT bhrolze TNHOR/ENS, EAMERC
AU 2 B ORISR SIC X D EFICRE sz ko
723) YA TMAO N e S, Ik O igic B
WTHML TWB 2 AR E N7z,

Z 2T, EAMEECENT 2 TMAOD R E % %
M 572012, TACK X 2 LAREEFT LYY I
TMAOD e 5 %47 5 720 TACEAT o 72 2 WHEH 5
2, BEFERY 72T TMAOZ% ek 5 L 72
& T A AR OO FEACT 2 LA O AL 2
TMAO #£ 5 TS HICEALT 22 &b o7z (K2
E)o FfkIC, AL 23 VAW (B3) V&) %
TAC EFWIZAT - 72BC b i R L ii ¢ o TMAO
LAV 5 5 L3 EAMREO DT T <0 LK
ML ASEAL T 5 2 L ASh Ao 72,

WS, FEACHEY TMA 5 TMAO ~DO % #i %
filt il % % 3% T & 5 Flavin-containing monooxygenase
(FMO) @R%#12X ) TMAO DEAEZIHIL, LA%
ETFNIIBITSH TMAO ORI EFROMGEZ 1T - 720 Wi
FHTIZFMOLI~5 D520 7 A VHF A ADBELET S S
EDBHISLNT WD, AFV — VIE— PR
BRI E LT SN 525, K E T FMO1~FMO5 4
T OFREFEEZ I § 5 FMO FLEH & LTHERT A S
ERMLERTWE M, 22 COREEFT VY AU
BHEOXAF2 YV =V a2 b Lz 25, EAMEEO I
HTMAO LRV EAEIHI S5 & & BT, DhhE
KT ROEOMBMErSLE L (K2F), 51K~
BN FA YT H<T 427 ADTFP:TFEMO2 25~ ™
AD TMAO FEAICEETH S Z L 2 HE L. FMO2
v 7T b AIBWT S FABICHRE 2175 72,
CRISPR-Cas9 ¥ A7 A X W IEH L7-4 8% FMO2 / v
27 b AIBWT TAC 2479 &, JEAMEEOL
BT TMAO LRLVIME T35 & & B2, DHEREDOK
TR DM LA T 5 2 Db h oz, Lo
5. FMO, %512 FMO2 25 &g TMAO 3
HERREZ R L TWEIERH SN E 2o

4. TMAQO (3= hOV RUTZEZZN L TOEHRHEY
EFUVIES|IERIT
WA 4 1 LFE R BT 2 BGIES % 729, TMAO % #§
WG Lo A2 T 21T - 72, REERY T
T TMAO # 2 BB G Lz~ A 0.0
HWTA s Ra I 7 AfEfairo72& 2 A, TMAO #
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3 TMAQO [EZ hIVRUTZEEZNULCOBRBUETY Y IZSIEECYT

BZXD.LEToO ATP AR ) VL7 LT F v LR
VBT LTWAZ e bh ol &5ICETHMEEIC
THMARBIZEZIT) & TMAO 25 Lz< 7 AD0
T ba >y Y 7oL - R 7 V) A THEE O
WhER SN, M7y 2 A7 F 54 F—=I12L 0 iR
MTHEIbay R 7TRHRILNY YBRILERO S Ho
Complex VOREREIME T L TWA Z EAURE XN (K
3A). UEDOHEL Y TMAO OF 512 Xk ) .LfiicH
WTI Fay Y7, ¥:lZ Complex VORRED G E %
ZITWDHEEZ LN,

E O HMNICATT 5720, TMAO# S~ 2D
O % F v T RNA-seq 12 & 2 #8509 8 15 1 IS LR AT
BIUOHEEI Pay FY) 7oMEN T T+ I 7 AR
Wi #2475 720 ZOREH. RNA-seq fiHT Tl ORIz B W
TTMAO 5LV R#YVETFTY v 7y HBEL TS
ZEDRBEEN, T TF I AMKICTIEI b
¥ N7 Complex IVO I Y R—% > NTHbCOXI
(Cytochrome C oxidase I) DLV NXUABEFLTW5SEZ
Ebroiz (KM3B), COXI %#3— K35 MT-COL
DFBL XV e hr o722 & H 6. TMAO ik
FERBRBEIIC X Y & 2327 LAV T COX T D53 %
HMLTWEdDEEZ LN,

VD EofER2 S, TMAO 2° COX I O5BHl %/ L
TLHOI Fa >y B THREZIEI L. Ak, TRk %E
FLIEE L7223 bay Y 7RIS X - TOHIHI
VB ATP # R&EICHEA L T A.0HMiICB W T,
ZFORWEBEZEELTWLE I L, TabbOoRH
YEFY Y FRELEETWATE, TOZEIZLY,
JERARFREDLRERER S DL T STV 5 2 LAVRIE S
7z,

5. R

AL BN THRAIZ, DARET VI T AIZBNWT
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Choline-derived metabolite as a novel therapeutic target for heart failure

Yohko Yoshida "
' Department of Advanced Senotherapeutics, Juntendo University Graduate School of Medicine
*Department of Cardiovascular Biology and Medicine, Juntendo University Graduate School of

Medicine

Abstract

Low body temperature predicts poor clinical outcomes in patients with heart failure,
however, underlying mechanisms and pathological implications are largely unknown.
Brown adipose tissue (BAT) was initially characterized as a heat generating organ, and
studies suggest it has crucial roles for maintaining systemic metabolic health. Here,
we demonstrate that alteration of BAT function contributes to development of heart
failure through disorientation in choline metabolism. Thoracic aortic constriction (TAC)
reduced the thermogenic capacity of BAT in mice, leading to significant reduction of body
temperature under cold exposure. BAT became hypoxic with TAC, and hypoxic stress
induced apoptosis of brown adipocytes. Cardiac function was impaired in a mouse model of
genetic BAT dysfunction, in association with a low survival rate after TAC. Metabolomic
analyses showed that BAT dysfunction led to an increase of choline and its downstream
metabolite, trimethylamine N-oxide (TMAO), promoting metabolic dysfunction in the
failing heart. TMAO administration resulted in a significant reduction in phosphocreatine
or ATP level in cardiac tissues via suppression of mitochondrial complex IV activity.
Inhibition of TMAO production ameliorated cardiac dysfunction during left ventricular
pressure overload. These results suggest that maintenance of BAT homeostasis and
reducing TMAO production could be potential next-generation therapies for heart failure.

Keywords : Brown adipose tissue, Heart failure, Metabolites

_20_



FERELALIISE 48 (1) ; 21—26, 2024

(#8551

ik & ERETI O NAD fCGHHCHE H Lz v ax= 7 on FF

g w4 B
VENEFEERENE Y 7 — WF2E ¥ a A T At v 7 — YA
— R HAH - EEAE R E T 2 s b — A
23 b URFESE CREII X—) Mty MV A R) FAEREYEEM - EFEM ()
. 12N vi bYA= A f M O (R &Y 4

e

TG CPE D) BB EBLIUOHHOKT (Frax=7), 50 IEHEKH7 LA Vi, #xz
) A7 OWRIZIMA, A REEE ORIRIZEE D S RER, A&, € L TRFEHE L 25
TWwdo ¥ ax=T7IZRLF, MR AITHE—EE 25 VIdHE—HETEZ 258
B RR Y KA RBEBO 72D E D B WVIZEER L NV TR S Tw 2 ELH
RO—HE LTRR DHEDPUEANTRTH S, £ 2 TARTII MR EICERSED S =

IFVTIRTFEoY

- VX227 L+ F F (nicotinamide adenine dinucleotide : NAD") 1%

HIZAEH L. BHEH O NAD B L O K () o NADRE#IZBS % i O AL 2 #
L. NAD" fUH &2 i & L7zl - B M5 B & oV a X = 7R RE o BARIE 2 R L 72\

F—DO— R EBT. S ax=7, NAD . K-8

1. [FUsIC

SR E R EAEA, SR b mV Bl AL % MR
Ll Tl EEz oMb, ZOHTH HADOEHMLE
FRDEVEIEEZRLTED, BHANE - BHEIEZIZI L
D& L. B RN ERES B E 25> TW b KR
HCPE ) BHHEB L OHIOIRT (Frax=7),
HDHVTHEBE T LA VIE, =mE) 27 ORI A,
PR O RICEED D IR, . 2 LTk
R E 72> TV,

FIV TR TIE20164F 12 I BSBIR /- A 10 (ICD10)
WBFEEN, BREL LTHE#SNE L) Ik F2
[EIC 3 Asian Working Group for Sarcopenia {2 & 1)
N ARZTBETA R4 HRRITEN. BRANEE
D27 VT NMIERZ LT axRS T OBRiHEIE)S
RIBSNTWE GEIZY Va7 OBMHREEICHE L
TRUFoXWESHY), LrLBAETVRI LIS
DT IaAf KRR YELY T EAEICIEKT 5 £ &
PN IARZT OWMELR G FIREBIEIHS 2 R->THED

ARG Pk Ak

T 474-8511 TR KK AR 7 T H 430 i
TEL : 0562-44-5651 it : 7594

E-mail : naokiito@ncgg.go.jp

T EEER - BT 2 5] &k 2R 2 JE R
A% A%\, IGF-1 2 EORER T O T, HEBh
MR RGO R, FIVE Y ORE, KRB
WE R E Ok A RERPED > TWEEEZLNTE
D, ZUN0H - T BEERGE LRBREB X
OSEBIREZ b & LsHERE D Th T b,
PEANOBRIEZ T L7012, ZOENER 2
SFRERRH L. o0 THEBICAIL 20 FE - 8
WEAN R AL T LLEN D L, TV IR=ZTIIRS
T ORI —EET. SRS
LEBEIWESRLY . AEW RGO DIITEY
Wd 2 VIFERL XV TRE TR EEIEO—H L L
TRZDBEPLELRNRCTHLEEZOEND, —DOD
R OB MO ELE L 5 2, ZOERENE
7 BRFEOMAE & e &\ ) BD AL TV
BTIAELTWE EEZSNLD5 MECEE ) HAkRH A
HAEFH OBHERZ < OFBGH S A% o TWARWnE,
Z DR FIAN EAEH OBE 2B b B 0T 8E 2 B 5 A
T5IED PN aRZT B ETIMETER B OARE 1 7%
HRICIIBEART K TH D LFEHEHITEZ TV D,
L M) =aFr73IF - 7520 - YVX7
L 4+ F (nicotinamide adenine dinucleotide : NAD")
DR T A RK & $5 NAD U ORF DS, BILOARE,
T Ot BCEC WD D S EH L N> TE

_21_



hnEm I 4 5 Nampt,
NMNAT1D FHIR{ET

B HEICH S BAEH NAD® DIETFICK B YL IR 7 DRI

SR EINAD*DIET

BIRHE - BHHDET
TFaAYFYTHEEDET

MEBICHEL. NAD' EAR#RESICBID D Nampt, NMNAT 1 ORIBMETT 5.
ZNICKOBEHNAD MET L. BIEHE - HADET. = hIY FUTPEEDETEV SIcHERENEL. YU

ORZFVHFRAET Do

721 NAD" i3 500 UL FOBEERISICEb Y, EiL - %
WHIEE T2 LTHASNTWAY—F a2 Y 2IE L&
L. 1R - A5 EIRFICE L ofiligpEfise > 7 v
BRI D> TV A, MR/ ML NAD & NAD™ A&
BRI AR IS B D D Bk A BREER I KL - THII S L
TWAAS, BICH NV ax=7 Cld NADE & FE A
TLTWAIED, LRI T AR EDEFIVEIWIZH
WTHREENTWA, BIEEWT 12, NAD AR A
HBO=aFr7IFK--E/ X7 VLFFF (nicotinamide
mononucleotide : NMN) =257 3I F- UK F
(nicotinamide ribose : NR) #¥%%5-9 % Z & T, Wi
PRV L72AK / Mk NAD %2 FER & 8L 2 L5 TX
o TNHDHTIE NAD ' 7—2 % =" LIFEh, i
BIEWE L LTRELREHZHBET, BRI/ TE MRR
BafibiTwsd T8, JRI2 NMN 13 HAD X 512
BLTHEME LTHEMNTSNRTEH, NMN, NR &
R 7Y A PELTH EHEN TS, —FKENC
BTk, NMN 0fl#B% % Hi & L7z ERIEZEs~
VFX—REICX VB ENDLTFREE B o T2, KR
L T 5 2023 4F 11 ASE, REIEMEEGR
(FDA) & - T NMN Os#EMB A & L TORIEIC
BHIDS 270 T b FEEMICH, PLBILWEE LT
NMN 2 EH ENTWwWAZ LRy —flE Bbh b,

NAD® O & iR BB b o Tnb 2k
BHS 2R, BT EED LRI B I 5 NAD'
OEEPHLPICHR Y DOOH D, Ll KELHED
NAD U OMNT I £ . NAD" 2 & L7k
MEAERICER LCWw 2 RI7ElE A 2 v, Ikt B %
RS 57201213, ZRIBR OB 721 Tld 2 <. NAD"
IR LR RAREAEICA BT 2 80 H %, 7
CTARTIE. FEHOLHPEHL TW5B NAD' Lk
HE L7zpis () & RRSHLEEC B 2 i i o B Y

WCHESZY TS, TTIEYVax=7 & NAD D%
WOWTHEHL L, 20k, FEHOHPEHL TV EHRO
NAD® Gl & B R OREREHR - v ax=7 & ORIk
AN L7200,

2. INEICHS B8E NAD REOZE(kET LR

7 - BT U1 ILORE%

SEH OF: 4 AR IR, N & 362 NADT IR T
T 5o B LAINTIE A < Nl & 2 E A NAD'
PMEFL, BvaR=7, 50V HERH7 LAV EE
LERZTENRL L  ITRAEFIVARETRENTY
5 (K1), e rmmE LI Vax=T2HT 5
BB AL LR, VIR TR T D EE
DB TIE NAD' E A AR 2B P 4 Nicotinamide
phosphoribosyltransferase (NAMPT) & Nicotinamide
Mononucleotide Adenylyltransferase 1 (NMNAT1) @
FHAMET L. NAD A AR OIEIZ L > TNAD" A
KTFLTWAIEARENTWE Y BIREV L12, 7
Ko NAD AR W EHE 12 & FATH0E - B)) - i
LA, FHH NAD O T A BE D B #E A5 R i
BREE T 2 —WE R o TWAH T EIVRBEIN TV S,

F 7RI EE R & O BREE L NV AR L D RS &
HEE L. BB 2 kA YR FERAT L
TEWEFRIC L B L. —HOBRKSB L OB BNV
WMETHRDEFIE T LTV ARH#WIEINAD THo 72
W, —HH72 ) OFER. I hay Y T RREE
fHkRE & B A% NAD O BIICHEIA S ). NAD' Ok
TAWHREE T 2R L2 RTHBLES 2 5, Bk
WZ ki, EEHERESDH ). BEREH L ANUAEVE
#E I NAD" O TARDSNLholze TDT LI,
JEEYASHUBALIE % 3849 5 — I NAD' b - T
WAHNRERE R RIZL TV 5,

_22_



BRZE W Z L2, NAD' EA1EM 233 % NMN & %
WIENR #H Wiz e MRS X - T ek
NAD" OIXLTF 2 E S, BRI UESNL L
PRENDDDH B, AIHERIFH O DH 5\ IZBARED
TR RE L2RET Y v by RFEONETIE, —
H 250mg @ NMN o 10 8 Bk & - T B
B DA YA VIRZEAHR 25% BT 5 2 L AUR
EhTwa ¥, ZoMPIRERIREEEO hurY) ¥y
AR 12EMBEG- Lz ZFICELLRRICIEHRT S D0
ThHb, BEMHTOA YA VEZHEOWEITMAZ, &
WM ORI T 2 BIZFHOBHI—H EA L Tw
720 JFBRRNEIGALAR CldA 2V VIEZVED 1 AIZ3RD
SNT. FFITEBMICBWTRWEERIRS RS-
EIRETRETELEFT LS. BEAANMN 20BN
BRBICEREDD 5D TldR <. NMN OB
%5 NAD 2 ERHT 2 DRIFHTH 2", % NMN
PERETB WV TROEHN 2R L7202 G BEBRE VT T
HY. FEWHSPICE > T ZEBHFEIN S,

FHMIFRGICNAD 2K T &5 Y AETFT VI
X o T, BB L NAD O BAMSAS L Tw
%o NAD" i& NAD™ A & KR =2 - IR FE i & Wi 3 %
ek RIS L > THIBEINTWEYP. ZOHTH, —
Faf v EIlLo THA SN NAD 2 HAHT %
NAD' Vv R— VPR O EE L EZZ 5N TWb, fF
\ZNAD® U R — VR O EL SR CTdH 5 Nampt D3
HAENHE, 25 VIEEIEEN v 2T M oD
T X o TE L O MIaTNAD 2K T3 5
7o, FHEE /ML E Y 7 Nampt @ 7 v 7 77 b
NAD'" K FEF NV E LTRibNR TV,

HEAF RN 2 Nampt / v 7 77 b =7 ZADMER
N, ERGEENOREIRE SN TS, TR
W Nampt/ v 7 77 b <7 A Ti&. B#%H NAD 13
80% FREE A L. B =M WAL F A3 U5 17, Bnkig
W X, 12 O ETIEHIETRAELS 00,
RO ST, EHMHOZ AV F—HERPH
FEMEEN R D WE L E e ve LA LT 7 HillZ R b
&R B FAERMESSBEE IR ). TNV AT ) —
Mtk BIFERMED oM B XD ICh b, FAHEMIET &
HICHE - HHOET,. Ly FIVIZX ETHRED
T2, B4 R F 2L 5, Zho ok
Fd, BRH NAD" O TSI oK T % £
U, BWIICIEFoT 24089 #kx 2 BB IK T %251
ERITIEERL TS, FNVIARZTEAT 5@
THEUTWAEEN NAD RO, BKGE - o
BETFERBOZEDAETTEY, D 2V IZENY
LR NAD O FASH IV 2= 7 364 O — ¥ 2 4 5
TWALZEDPREENDG, TPOTN—TINE L7z
B RE Nampt / v 777 b= ATlE, 6 Hih
OB FIRDENT WA, 724 Bild HIKE
BLUORBVHAEOKTA2ED b, 4 BEDFEDS
12 EE OIS 6 FE WERAFEE L, L ) EEREKE
HERTIEPHREINTVE Y, ZOFRGERY
Nampt /7 v 777 s <7 2T HLEE R FAERRTE

MR SN, I NAD O TFIC & o THZEM 4
LAZLDRENTWVS, BEDFHEIFFEN Nampt
I 7T I NRTADOFN L) EERRIAMZ R L2
B IZ A TlE 2 WS, 1% Tld myosin light chain
U 7uE—% —=»2flibh, #%H Tt human a-skeletal
muscle actin 7HE—¥ —=2flibhTnwbd, TNHDT
UE—F =D&, Cre MU T B 54 I ¥ 7 DEN
W& o TEHAOED L TN MHEREYD 5,

BRGER SN Nampt /v 7 77 M= ZADIRWH 5
FAEM NAD DVEHE A= - fim OFMERHC LRI R 22 2
EAIRIEEN D, LALERELZTNEE S 20,
NS DOFENMIERIN Nampt 7 v 777 b= AL,
S - REM DS Nampt 37 v 777 FERTW5D
EWVWIHTH D, BEHIEINTHSEIAT LETO
Wb HERIB BT 5. PlIE BRHORE - T4
BT R e BAS A (AL EA) o288 b 5%
AW BREMEREERRZ LRSI TEN LY R b,
R A AR IS DA TR 2B HFCTd 5 Pax7
Dy 2T b=y A3k F 0 X R 8
L. BESRI SFICHAET D 2 ICELE 251,
L2 LB RE&Z LIS, EERZ 72BN Pax7 by
PO RN E B ST, ML o fER
OWPIZASNT, M SETH, Va7 HEEE
CEALT 2 b TRAEVI ENbhoTws Y, Eih
FZHTHELTVAEF LIRS THEVIEHEB T LA L&
NAD® £ OBHEZW ST 5720121, KEERZ 72
WM BNT Nampt %7 v 7 7% M4 BMEN S
YWINLEA9,

F 7B O A THE S N TV A bIFTidk
<\ BRI R P SR AT BRANL 2 13 U o, SEBphke -
ZRIEANRE - M 7 LSRR A X - THI S T
Wb MBOMIILIZ BT DMk & 4L NAD 25K F 9
52 ENRTFHEEINLH, MMIZICBIT S NAD K F
DN INRZTITE 2 B3 BIIH O % 5 TV 2\,
fifiieE daIa=fr—varewHEErs b, B
5 Omke) UL oMNEIZ 5155 NADY K T 254 L
TRZTIZGRDHWEEMFA LT 25 HETH
51259,

3. IEBICHEE SR NAD (KBDZE(LE T ILIRIT -
BN T L )LD

B NAD O T VIR TIHREICHED S 2
LMo »ThHb, LrLBLEV) 2GEORED—
DELTHNVaAR=ZTERZ D L, BEHORTRET
WAHRFIIMA, BEHUAOIEZE. 5 Videgkc
HEETVWRRERESF VIR TE2HNR - BLZETWS
Z & O HIRICHE S v, FRICHAREERE & BRI AR O B
FPEE LTy 7oA < —RIAERE TR o
FEDs S F R OWMDDFRD LI, IV IR=T OAH
KAWL Do WIS N ARZT AT LSS IIH
BEA AT HEEIH 2 /5 VIR 7 HRRANE
DERFZE LASELENTH LI EWbhro>TWnd,
BEARANIIM & BRI I I 2= =2 a V&I

_23_



RR T EB

2 NESICEESIRARTES NAD™ DK T & HEEET

IFXNX—HE
IRIKILEHE
BIREE - B H

BigHh

EIT I RERRRE

INESICEEL, ARPR FEBDH THAMAHER AR (LH) . BERAHER T8 (VMH) . S3R#% (Arc) D NAD BME T 9%, HICH
AR B8 CIE NAD" HIBRA TH 2 NMN DELDAFHCEIDS Sic12a8 DFR\EME T L. £EMRH - SEHIKEEDE

TZESIERCITREEEOTLD,

0. ZOWRKEAFRAGER NV IR T ZELE LT L
MRBENTVD DD, ZORETR KN EBERIZHS
125> TW iy,

ZHR ORI BT A NAD LHCHEH L. ik
() DREFEHH IV IR T IIEDO—i 2 v, Ko
BERENIEDS L a R T SREOR L 25" 2L 2RI
HL7z FRCEHEDO—ATH L5 51%, #b - Tl
HOBEERMATFO—D>THr2H—Fa 4773 —
WZEH L. oH T S 4FICHR TEORREICT & KR
BB T e 2 DTV D, R E 2 HHf5EE
L<C, WIEOY—F 24 > Th b Sirt] % BlEEMIC
WEFEH /2w A (BRASTO Y A) Z{ER L7
LA, FaOEA LI, KR TH 2 FHEHO
Bk E RO 57z " 2 BRASTO v 7 2 Tl
JE T b FRITHR TR X0 RERNC I N EIABLR 38
(Dorsomedial hypothalamus : DMH) & A/l # K T &8
(Lateral hypothalamus : LH) 238\ T Sirtl 2% 3¢
SN T BUR T SR I AL AT H), BRI 72 &
LR A BIRRBE I D I CTH B o BFITSIEMRE - H
BTN WR Z B % 2 & T ARAERE T
HMEFE RS T b, BRIV E LT b oA
RO NAD ®ZMETHHEMEHAIE L., B~ A%
T HAR T 5RO NAD™ OZEAL % AT L 728 4L,
BEPIHIFER TE8 (ventromedial hypothalamus : VMH) .
AMIRIR T8, SR8 (arcuate nucleus : ARC) 1238
WTNAD' A BT LCw 2", 2o &gk
VAE D KRB ER OB REAL T ICHBUR FHBIC B 5 NAD'

DT, BLOZDOTFHRD Sirtl DEREIE T2 Eb - T
WhHIZEERBELTWD,

EHIZH IS IE NMNEMBEAA 2SI Y AL b T 2 A
R—%— & LT Slcl2a8% i L 72", Slel2a8 (3451215
EHRFRCE B L NMN KA 22 NAD O EAI2B b -
T\ b, F 72 Slcl2a8 OHREIZ BT 2 HEAE % AT L 724G
By BRIHMABUR TR BT B Slcl2a8 D8I fE S &
HAGREREDIL T IS b5 TWE I EZH S L M (M
2)o Slc12a8 WM AR YIS ZsGreen 3BT 5 ~
% A RN L 22K R Slel2a8 By MM I AR T #R o> ey
THIFITHMIHUR T8I AL Tz, BRGEW S
L2, AMIHR T ERIC B B Slcl2a8 DIsBLIE ik & 3t
WARF L. AR 22 NAD DK FIcBb > T b
WHEMEATRIE SN D, # 2 THM~ 7 2 DFMIBLE T R
BT, LY FI9IANVAZHWIAT LY F Ty
P4V 2y avIilEoTScl2a8 % ) v o VL
720 RNASRIFIC L B ) v 7 777 VRERIIK 40% TH D
Slc12a8 D) v 7 ¥ VIZk 5T, RO R F—
MR - AL BT L, SR - i, &
FTHREE X Vo 2R RE L SN A, B RS N O b R -
FUNRTEEBE T vz aR=THO 7 2 ) ¥
A THHE LT, S DI~ 7 ZADFMIBUR FEIZB W
TSlcl2a8 % BB L. I HE 9 Slcl12a8 0 %5 B
THRLVAF 22— L2k, I 2483 - fitkieo
ETAEHICEES N SRS O EIIIMIRT
OB T AV AR T REO—MHZ2H 5 TWDH D
&L MR THRBOBBELEIC L > TH L aR= T DY

_24_



HCELILRTL, AR TIREBICBIT 2 K-
TR EEOEELEZ R L TV b,

HH S OWIFELIIHNT & HUR T EB & S Hitkae & o B
ERL7ZHESSH D FRIENIER TEIZB T 5 4
LE Y Y ADFGAZ X o TEHM OBEILD A B AL
ENBIEARENTVD P, 2 EAMHE T O
e IENME X OHhGERS (dorsomedial and central
parts of the ventromedial hypothalamic nucleus) 2
X o THHM O PGC-1 a ASHIE S 4, BEANMBR THE L
R ABERE L OB AR SN 2 B, R2ZPHE & K
B OBEREE B IR %2 KL VA, 4k, LD NAD'
WEHT A2 LTy &0 Rz AR - 5 B o 887
I, NIRRT IREICE 2 B ENHS IR
TWL7ZA9,

4. F&H
AETIENAD RN Z 45T, BT O NAD'
BN I R=TIE 2 B8, BX OO NAD'
RSB ETFEREIC G- 2 2 B2 ML L 720 NAD™ 1R
25 H L7k & B iR OB RE I, v aR=7 o
STHREEFWIS NS S ETHERELHIHSRATHL Z LI
BhEV RV, L LEREI 20T <L A IR
i & v o 7ok 2 GRS DRI L CTB D . mEctES
A NAD RO T 2k E LT, Bix bk - K
R R 25 M B OBERE. B B I RAY - AR s 2578 B o Bl
WHEUALZENRTREIND, T 2D S EKMIEZE~ND
PER 723 CTh <, Trisin 213 U & L2EEHe o
ENDLIATHA YHPIIE T2 2 L b shT
BY. ER S PRI S EEEIICKRE S Bbo
TWwahd Lhan™, k7% 0yHRME oM
HREAR HAEH 05 THF OWFgedsttdr & & T, FLax
=7 & BT R B O ARG 2 BRI L 2 LA
B s %,

LRGN

1. Chen LK, Woo ], Assantachai P, et al. Asian
Working Group for Sarcopenia: 2019 Consensus
Update on Sarcopenia Diagnosis and Treatment.
Journal of the American Medical Directors
Association 21 : 300-307. e2, 2020.

2. Kurosawa T, Goto M, Kaji N, et al. Liver fibrosis-
induced muscle atrophy is mediated by elevated
levels of circulating TNF a . Cell Death & Disease
12 :11, 2021.

3. Yu MD, Zhang HZ, Zhang Yu, et al. Relationship
between chronic kidney disease and sarcopenia.
Scientific Reports 11 : Article number : 20523, 2021.

4. Armandi A, Rosso C, Caviglia GP, et al. The
Impact of Dysmetabolic Sarcopenia Among Insulin
Sensitive Tissues: A Narrative Review. Front
Endocrinol (Lausanne) 12 : 716533, 2021.

5. Koliaki C, Liatis S, Dalamaga M, et al. Sarcopenic
Obesity : Epidemiologic Evidence, Pathophysiology,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

_25_

and Therapeutic Perspectives. Current Obesity
Reports 8 :458-471, 2019.

Katsyuba E, Romani M, Hofer D, et al. NAD"
homeostasis in health and disease. Nature
Metabolism 2 : 9-31, 2020.

Rajman L, Chwalek K and Sinclair DA. Therapeutic
Potential of NAD-Boosting Molecules : The In Vivo
Evidence. Cell Metabolism 27 : 529-547, 2018.
Yoshino M, Yoshino J, Kayser BD, et al.
Nicotinamide mononucleotide increases muscle
insulin sensitivity in prediabetic women. Science
372 :1224-1229, 2021.

Migliavacca E, Tay SKH, Patel HP, et al.
Mitochondrial oxidative capacity and NAD"
biosynthesis are reduced in human sarcopenia
across ethnicities. Nature Communications 10.
2019.

Janssens GE, Grevendonk L, Perez RZ, et al.
Healthy aging and muscle function are positively
associated with NAD™ abundance in humans.
Nature Aging 2 : 254-263. 2022.

Mills KF, Yoshida S, Stein LR, et al. Long-Term
Administration of Nicotinamide Mononucleotide
Mitigates Age-Associated Physiological Decline in
Mice. Cell Metabolism 24 : 795-806. 2016.
Frederick DW, Loro E, Liu L, et al. Loss of NAD
Homeostasis Leads to Progressive and Reversible
Degeneration of Skeletal Muscle. Cell Metabolism
24 1 269-282. 2016.

Basse AL, Agerholm M, Farup ], et al. Nampt
controls skeletal muscle development by
maintaining Ca2+ homeostasis and mitochondrial
integrity. Molecular Metabolism 53. 2021.

Seale P, Sabourin LA, Girgis-Gabardo A, et al.
Pax7 is required for the specification of myogenic
satellite cells. Cell 102 : 777-786. 2000.

Fry CS, Lee JD, Mula ], et al. Inducible depletion
of satellite cells in adult, sedentary mice impairs
muscle regenerative capacity without affecting
sarcopenia. Nature Medicine 21 : 76-80. 2015.
Satoh A, Brace CS, Rensing N, et al. Sirt]l extends
life span and delays aging in mice through the
regulation of Nk2 homeobox 1 in the DMH and
LH. Cell Metabolism 18 : 416-430. 2013.

Johnson S, Yoshioka K, Brace CS, et al.
Quantification of localized NAD" changes reveals
unique specificity of NAD"™ regulation in the
hypothalamus. npj aging 9. 2023.

Grozio A, Mills KF, Yoshino ], et al. Slc12a8 is a
nicotinamide mononucleotide transporter. Nature
Metabolism 1 : 47-57. 2019.

Tto N, Takatsu A, Ito H, et al. Slc12a8 in the lateral
hypothalamus maintains energy metabolism



and skeletal muscle functions during aging. Cell c¢SF-1 neuronal circuits regulate skeletal muscle

Reports 40. 2022. PGC1-a via the sympathoadrenal drive. Molecular
20. Shiuchi T, Haque MS, Okamoto S, et al. Metabolism 77 : 101792. 2023.

Hypothalamic orexin stimulates feeding- 22. Zhang Y, Zhang X and Lin S. Irisin: A bridge

associated glucose utilization in skeletal muscle via between exercise and neurological diseases.

sympathetic nervous system. Cell Metabolism 10 : Heliyon 8. 2022.

466-480. 2009.
21. Yoshida T, Fujitani M, Farmer S, et al. VMHdm/

NAD" metabolism in the hypothalamus and skeletal muscle, and its relationship

with sarcopenia

Naoki Ito', Shin-ichiro Imai**®
! Brain-Muscle Connection in Aging Project team, Geroscience Research Center, National Center
for Geriatrics and Gerontology, Aichi, Japan
*Department of Developmental Biology, Department of Medicine (Joint), Washington University
School of Medicine, St. Louis, Missouri, USA
*Institute for Research on Productive Aging IRPA), Tokyo, Japan

Abstract

Sarcopenia is an urgent medical and socio-economic problem in rapidly aging societies.
However, the underlying molecular mechanisms of sarcopenia remain unclear. A number of
studies have revealed that the progressive and systemic decreases in nicotinamide adenine
dinucleotide (NAD") levels and resultant dysfunctions of NAD"-consuming enzymes such as
sirtuins are a driving force of age-associated pathophysiologies. In this review, we summarize
the role of NAD" in skeletal muscle and brain, particularly in the hypothalamus, for the
regulation of skeletal muscle, and show the importance of the brain-muscle communication
for the pathogenesis of sarcopenia.

Keywords : Skeletal muscle, Sarcopenia, NAD", Brain-skeletal muscle connection
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Abstract

Senoinflammation, i.e., age-related chronic inflammation, is characterized as the
unresolved low-grade inflammatory process with multi-organ and systemic responses. This
review begins with a brief overview of the basic concept and the framework of intricate
senoinflammation. It explores its wide involvement in various aging organs, ultimately
leading to progressive senescent systemic degeneration. Senoinflammation, which underlies
age-related inflammation, is causally related to metabolic dysregulation as well as the
formation of the senescent-associated secretory phenotype (SASP)during aging and age-
related diseases. This review presents biochemical evidence and systems molecular
biology data that support the senoinflammation concept and its regulatory processes,
as demonstrated by the anti-aging and anti-inflammatory effects of calorie restriction
(CR). Experimental data from CR studies clearly demonstrate effective suppression of
the increase in various pro-inflammatory cytokines and chemokines, lipid accumulation,
and SASP during aging. In conclusion, the senoinflammation concept represents the basic
mechanism that creates a microenvironment conducive to aging and age-related diseases.
It also serves as a potential therapeutic target against aging and age-related diseases.

Keywords : Aging, Age-related diseases, Senoinflammation, Calorie restriction, Metabolic
dysregulation, SASP
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