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ACC
ADP
ATP
cAMP
CPT-1
CREB
DMEM
FBS
F1,6BPase
F1,6P
F6P
GAPDH
HepG2
HEPES
HRPE
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NAA
NaCs
NaCT
NaDC
NAFLD
NADPH
NASH
NEFA
NMDG
PEP
PFK1
PK
PKA
PKC
PMA

acetyl-CoA carboxylase

adenosine diphosphate

adenosine triphosphate

cyclic adenosine monophosphate

carnitine palmitoyltransferase 1

CAMP response element binding protein
Dulbecco’s Modified Eagle Medium

fetal bovine serum

fructose 1,6 bisphosphatase
fructose-1,6-biphosphate
fructose-6-phosphate
glyceraldehyde-3-phosphate dehydrogenase
human hepatoma cell line
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
human retinal pigment epithelial
lipoprotein lipase

N-acetyl-L-aspartate

Na*- coupled carboxylate transporters
Na*-coupled citrate transporter
Na*-coupled dicarboxylate transporter
nonalcoholic fatty liver disease
nicotinamide adenine dinucleotide phosphate
nonalcoholic steatohepatitis

nonesterified fatty acid
N-methyl-D-glucamine
phosphoenolpyruvate

phosphofructokinase 1

pyruvate kinase

protein kinase A

protein kinase C

phorbol 12-myristate 13-acetate



PVDF polyvinylidene difluoride

RT-PCR reverse transcription polymerase chain reaction
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SLC solute carrier

STZ streptozotocin

TBS-T Tween tris buffered saline

TCA tricarboxylic acid

Tris Tris(hydroxymethyl)aminomethane

VLDL very-low-density lipoprotein



k=111l
Hp
ok
3

s
il

FET v a— R PERTR B (nonalcoholic fatty liver disease : NAFLD) 1., 3 2 oD fyFe 3 18 7S 4%
WIS BT 7 L a— VBT R & AR IS ITRIR N~ RO IR SRR O H i
HIFRBTH S 13, BIfE, BRADHK 25% 7% NAFLD (ZFEE L TEY | T OREBHE TR 2R
THIIMO—i& %M > T\ % 3, Z D NAFLD 3 D) 25% 7337 L = — APERERAYERTF 2 (NASH)
AIIEL, S DIZETITA AU ARG LA b L A7 EORFFEMN NS Z & TNASH 4
D) 20% MHFEEIZHET HZ LB LNER>TND 18, ZD72 NAFLD [T RAYICE K
IRAERRRIE & 72 > TV D08, IFMId~DNEE SR T I BT R > TV RN T L b,
ARNVILIBFITEIRTIEZMENL STV, —fi%IC, NAFLD 72 E OfFIBIC 1T 2 IR E &1L, =%
VR —FEASCIRE AR D TLHE & IEIAERD B B LOMEIIC L - TR 2 Z EBNHREILTEBY, &
O ORI N THLORREEZREZL TWLOR 7 = U BETHD T,

7 = WL, tricarboxylic acid (TCA) [EIFEHFIRIAD—>T, =xAF—pEA, CIEEG K. HER
e MR O B OHIEIR - L 72 D 2 LD EMMERFICE W TR 2R R B 2 B
LTWg 80, 7o i, MlREICBN T, IFEAMOEE L5721 Tl JREAMICES
T OEER DOIEMEALZ ST L TIEE D denovo Gk a i+ 2 80, 20— T, REED p kit s
T UBRIC Ko THIEEICIm S5 8, F£7-, 7 = U ERIE, MERER M, 3 X OWEHiE Ot
WCHBE 952 ERHALNERS>TND B12(Fig. 1), 2D X D12, 7 = UERITAE ~ 7o RIS I BY
HLTEY, & hTRIIEFT D7 = U FEDOK) 85% MNAFIRCIHE SND T2 &b, 7 = U FRITFF
I 310 D fE 2 DRHBOSIZIB W TEHERERH Z R L TWD,

I OHA RIS TR ENS 7 = BRI, S b RUTO TCA RIBTAERSND S
DIEF T ML S IV IAEN D B4, 7 2 T, IS EIRE (~135 pM) TAE
LTW5 3163 M IEE CE RN &b MIIINA~D 7 = U EROER Y AT ITHE R D
MELTW5, BIEETIC, 7T Ui/ D TCA [HIES A Z MR ICERE 9 2 s RITIE &
Jo EDEM THRENTHY , WILETIT 3 DORRD Nat BRI AR BN T o AR—F—
(Na*-coupled carboxylate transporters : NaCs), NaC1/NaDC1, NaC2/NaCT. NaC3/NaDC3 [l &
NTW5D 72 (Table 1), Ziubd 7 o AAR—4% —(X, solute carrier gene superfamily 13 (SLC13
family) (28 L T\ %, NaDC1 (SLC13A2) %, t MZBW TEICEMES/MBICHE L T\ D I
T a-7 N TV EIVERTR ED Y HIVR RIS K L TTEER IO R T AR —Z—T, hU AL
RUBO I TV BRLIKBAMETH 2P WET D R LN ER> TS 02425 NaDC3
(SLCI13A3) (&, b b Cifd, Bk, Affik. Mk, Moik7e CIRHPHICHEIL L TRY . anTikix L
DY HNVR R L TCEBREZ RS R TV AR—Z =T, ZZUBRRED MY HVR R
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Tablel Na*-coupled carboxylate transporters (NaCs)

BETH | FAE | B B sy CRBETE | Bl
SLC13A2 NaC1 NaDC1 BV B IR BRI TR | 17pl3.2 NM_003984
SDCT1 7 W W&,/ b R Rl 1 f s
NaDC2 | o sr L 7L 2 i
SLC13A3 NaC3 NaDC3 N7 R B, TR b Rz A 20912-913.1 NM_022829
SDCT2 7 T R fEE, PR, AR
a-7 BTV VER
SLC13A5 NaC2 NaCT Ve JFE, 4. 12p12-3 NM_177550
ang g 5

Wikd 523, OBIFIMET LAY 202627 —T5 - NaCT (SLC13A5) 1%, SLC13 family O Chx
HHLSAE SN2 A o 3—T, IO, HERICEEANRBDO LN TEY, b FTEF7 =~
Feloxt U CmBifntt 2 g 16192028 7= NaCT [Il&ici WV TEZRBLL TW\WH Z & v6, NaCT
I D 7 = BRI W THE R Z R LT D 2 EREE STV D, 2000 4, F1
g 7Y g UATIZEBWT, NaCT OMFERTH S Nat KA 2 T v AR —F —
INDY (I'm not dead yet) (2B L T, ZDORBLENWD L7288 BARTITHNIEE EfEEDIK
T, BLOFEMOLEENRDO LN b, Indy [ THFMBEEBELRTO—D2EHRRINTND
452982 =D Lb, B MIEBWT, NaCT MFMIEN OIFE &R A1 9 NAFLD DFJE - HE4T
WZRBE LT DD TRV EERZEDTND,

BUEE CIZ, NAFLD OBF CiE, M7 = VRN M@s % (52-106 M) L9 & EH LT
BV (101210 pM)BB, ZDORFKICEVTIE, NaCT @ mRNA BEEN FHT5 Z EnHESN
TW5 ¥ Zhd Y., NAFLD OFJEIZIE, NaCT OFHL EFH | B8 L O UITHE S MiflaN 7 = > Fg
WRED EHNEHZICEAR L TWAD Z ENHEIND, SbIZ, 2 BMERFET VT > FOIFIEIC
BT, 7V I ARIFER 7 protein kinase A (PKA) DIEMALIZ L D cAMP RERCSIFE A # v %
7 (CREB) %41 LT NaCT OFINFHE I, FHEANOIFESHEEN KT 5 Z LS S
723, 2 BIERIE X, NAFLD % @R CHFFET 2 Z L R LT -> Tk Y 13638 NaCT 78 2 Y
BEFRIFIC I T NAFLD OFSJE « HE1TICREG L TV A ATREME D R Sz, — 7, LB RIRIC R )
THEVNAFLD AR 2 ENME SN TS 34903 2o i E ERgE. BX O
NaCT & OBIEMEIZ OV T S 2T > Ty,

Z ZCARGET T, 1 ANEIRIFIC 1T D IE A & NaCT & OREMEAZ I 52T 5720

. ¥ 7 streptozotocin (STZ) 12 LV 1 BBERIFAFHR S ETET L~ AZHNT, MRS
% NaCT ORI/ = Uik, METORIFEERICOWT, EF~ U R L OIBRFE21T-
Too FTo. BERIFO X9 ek REIZ I8\ T, protein kinase C (PKC) 23EME(L D 2 & 23
HNETR 5T D 92 NaCT (21,4 DD PKC U VB LERALNGFIET 5 Z E R HEE SN TEY |




Glycolysis Lipogenesis -
Glucose Fatty acid
HK Sterol
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Figure 1 The regulatory role of citrate in the metabolism in hepatocyte. It is known that there are two
sources of citrate: one is the influx of plasma citrate majorly uptake via NaCT, and the other is transported
outside the mitochondria by the citrate carrier (CIC). Citrate inhibits phosphofructokinase 1 (PFK1),
pyruvate kinase (PK), pyruvate dehydrogenase (PDH), and succinate dehydrogenase (SDH). Citrate
inhibits also 6-phosphofructo-2-kinase/fructose-2,6-biphosphatases (PFK2), which produces fructose
2,6-bisphosphate (F2,6P), an allosteric activator of PFK1 in cancer cells. Citrate is promoted lipid
biosynthesis through acetyl-CoA carboxylase (ACC), which produces malonyl-CoA, which inhibits the
carnitine palmitoyltransferase 1 (CPT-1), the first enzyme of [3-oxidation process. Through fructose 1,6
bisphosphatase (F1,6BPase), citrate stimulates gluconeogenesis. ACLY, ATP-citrate lyase; OAA,
oxaloacetate; FAD, flavin-adenine dinucleotide; FADH,, dihydroflavin-adenine dinucleotide; F1,6P,
fructose 1,6-bisphosphate; F2,6BPase, fructose 2,6 bisphosphatase; F6P, fructose-6-phosphate; G6P,
glucose-6-phosphate; HK, hexokinase; PEP, phosphoenolpyruvate.  Symbols + and — indicate
stimulation and inhibition, respectively®.

PKC X NaCT D#iiATEMEFEICEREICBMR L TV D ATREMER EV, 2D Z EDvh . PKC DOIEME
{b23 NaCT DigisiEMEIC 52 B8 EIZ SOV TC, SLC13 family D b 7 v AR —Z — DR B 7R
NTWD e NFEBRME HepG2 Ml B4 2 v, fHliZ1T- 7,

PAE, ABFFECIE, 1 RBERP & NaCT L OBSEMEICER L, £7 /b~ U A% vz NaCT &
NEE OB, 35 X OWERIFRICTLHET 5 HepG2 i & FV 7= PKC JEME LR D NaCT i
EEPEIC DWW COMFET A LT, IFICI T 5 NaCT OEBREIZiE3 5 2 L 2R AT,



£1E *"*J*W{"%T)lxvrbxd)ﬂﬂﬁl_&(‘fé Na* {RKEFEMEY T Uk
kS x-l- — (NaCT) OHFIH., & UHREMIFHICEE T S5t

FET v a— VERRIATERFEE L (nonalcoholic fatty liver disease : NAFLD) (&, AR RIS OF %
THZENEL ERE 2 BBERFEE O NAFLD A¥HHEITH 70% & @2 &b, 2 BUER
X NAFLD OBNZL72 U R 7 RF- & Bl ST D 3B, G4, 2 BURERGET VT v b OFRIC
BT, NaCT OFH LA B LA ESEHEEOWRZHI ST LW LN LD B,
NaCT % 2 BUBEIRF I L O NI IREERICbELG LT b Z bR sz, —JF, 1 |
BERIFIZOWT, K 50% DEHEN NAFLD ZFAEL TV D Z LR E STV %, 1 RER
JRICHIT D NAFLD OA¥R=RIE 2 BPERFO AR LD IRV, 1 ABERFE S 145312 NAFLD
DIVATRFE/20IGHZ ENRWLREIND, L LRnn, 1 BIFERFIZE T 2 RO IR E &
FERESS NaCT & OBRSEMEIC OV TIEREZA SN2 > Ty,

NaCT (%, TCA [FEHHEADOTHTH 7 = U ERICRIC @B Z R L, MilaiN~D 27 = U FROER
DIAFIZEB W THILE 728 2 e LT\ D, 7= Uik, M2V T, acetyl-coenzyme A
(acetyl-CoA) & A9 o HEER (UK S 41, acetyl-CoA 1XNEEE 2L AT n— /L DOARDOILEIC
FxVuFERILY oA, AU BAOBBE T, IFE G SER nicotinamide adenine
dinucleotide phosphate (NADPH) & H* (2722 810, £/, 7 = U BRIINIEE AR OE S L 725 acetyl-
CoA 7>% malonyl-coenzyme A (malonyl-CoA) ~D Ak % fil 4= 2 acetyI—CoA carboxylase (ACC) %
EMALT 5 Z LT, IEE D denovo &akZ{EHET 5 (Fig. 1) 8, 2, IBEARROBE Ty =
et m & L CAERKR IS malonyl-CoA (X, ENIEZ I b= KU 7T~k d 5 carnitine
palmitoyltransferase 1 (CPT-1) ZPHET 5 Z &6, 7 = UERIXMEEAICIEN RO B Bk 2 #i 3
HTZEBLHABLMERSTWD (Fig. 181, ZO X5, 7= BBV GROMRE, B B B2
fbzifl4 52 & T, MIBNOIREEEEZ BRI TS, — ., 7 Ui, IFEARHZ T T,
BERHHC LR E LT D, IR 7V a—Ahh eV e Ui AT 2lRics T, 7=
f& 1%, fructose-6-phosphate (F6P) 7> fructose-1,6-biphosphate (F1,6P) ~® U > &bz & B 7
phosphofructokinase 1 (PFK1) Z #lifi] L. F1,6P 725  F6P ~fi U > f&{k 24T 5 fructose 1,6
bisphosphatase (F1,6BPase) #i&{t9 % = & T, F1,6P OEAZIK T EE 5 812, F16P 1%, fiEhiR
DEAEERETH 5 phosphoenolpyruvate (PEP) 7> adenosine diphosphate (ADP) ~® U LA
S % fillit9= % pyruvate kinase (PK) O b EER T 0 27 U v ZIEMHEK - TH Y | 7 = R,

D FL6P DOAEMZIHIT 5 Z & T PK ZEERICPE L, MR R 2 M U CREs A 2 (e
5 82, XIS, 7 UBRIT. ARG R OME, TEIIRO B MILOIHNICEE 5
ZEMD RN RO D NaCT (X, BERF & NAFLD (i3 2 Frllinm 2 —
7y hELTHEAZED TS

AREETIX, streptozotocin (STZ) 12XV 1 BUNEIRIFZ FEL L 77 L~ 7 2% W, 1 AR
JRIZI1T 5 NaCT DFBUFENTC 7 = L FROWIETENE, T, 36 X b OIFE &0 ZE)IZS

-4 -



WO L, NaCT & 1 RUBERE, TREER & OBEMEIZ DWW THBLNCT D Z & 2ilAi,



1-1 1 BBERRET L~ AOFFRIZRIT 5 NaCT DIEIMENT

BANC, STZ #F%ME 1 BUBERIE T L~ U ADOFIRICIS 1T D NaCT, LU NaDC3 DFEHLIC
DU TC Real-time RT-PCR, Western blotting (2 & ¥ fi##r 217> 72, STZ # 54, NaCT mRNA FEi
BIIWFEIIE T L, 83 H® NaCT mRNA &iX 0 H D mRNA &0 55D 1 £ T F L7 (Fig.
2A), F7-. Westernblotting (Z X2 fi#T L 0, STZ LB~ 228 T, mRNA FEHLE & FAERIC
NaCT D& v /37 &lid, KEHRAFRIZIBD T 2 8m s A b7z (Fig. 3), —7 . NaCT & [AIERIC
solute carrier gene superfamily 13A (SLC13A family) (ZJ&3 % NaDC3 mRNA &%, STZ & 5%
2 BN OWEIZHIN L, Z O RI% 8 i H £ Tt 7= (Fig. 2B),

(A) NaCT (B) NaDC3
1.2 3
< =
Z__ 1 X - 25
xE cE
EZ o8 zZ 2
PN (o0 B
T g
=37y 0.6 S0 1.5
g3 o04 vog 1
g3 23
T2 02 T2 05
x (O]
0 L L L L L J D: O L L L L L L J
0O 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Week after STZ-treatment Week after STZ-treatment

Figure 2 mRNA expression of NaCT (A) and NaDC3 (B) in liver of type 1 diabetic model mice.
Total RNA was isolated from liver of non-treated (NT) mice and STZ-treated mice at 0, 1, 2, 4, 6,
and 8 weeks after STZ treatment. Real-time RT-PCR was performed using specific primers for
NaCT, NaDC3 and GAPDH. Data were normalized to GAPDH. The relative mRNA expression
level was presented as a ratio of STZ-treated to NT mice (STZ/NT). (n=1)

Non-treatment STZ-treatment
Week after
NaCT treatment O 1 2 4 6 8 1 2 4 6 8
40 kDa e — — &
Non-treatment STZ-treatment
k af
5 actin Srentmont 012 468 12468
45 kDa ey — ———— e —

Figure 3 Protein expression of NaCT in liver of type 1 diabetic model mice. Protein was isolated
from liver of NT mice and STZ-treated mice at 0, 1, 2, 4, 6, and 8 weeks after STZ treatment.
NaCT and B-actin protein expression was detected by Western blot analysis.



1-2 1BMERISET NV~ U ADIFHRIZIR T 5 Nat KFRIZR 7 = BRDOERE R

WIZ, STZ WP~ A 38 XKML~ 7 205 B L7 FRIfIC 31T 2 7 = i O lissih 4
\ZDWT, [“Clcitrate 2 W Tl 21T > 72, JHAIIZI 1T 5 NaCT 2/ L7c 7 = DY A
AL, Nat AEIZ Ko THEh T 2 NI & OREBIEOERIETHD Z Lnb, ARECIENa® FE T
TO[¥Clcitrate DIV AL G Nat IEFFAE F TOMY AL Z LG Z LT, Nat {KFFrY7e 7 —
VEEOEY iAAERE Uiz, 2. TEBRGHIR W T, [MClcitrate OFIEIN~DELY iAZ L, 15
DETHEMELZ R LI &6 UIBEOERY IALEER TIE [“Clcitrate /77 F COIFHIfL DB £ IRf
% 155 & Lz,

~ U ATHERIZ 31T D Nat (R(FRY7R 7 = IO IR AL, STZ Z#H%EG L Th6 0 E &3
[FFRREE DEIENEZ 7~ U, BEt IR RIS STZ WP~ 7 A & RS~ T X L ORIZAE R EITR D
o 7= (Fig. 4),

16
14
12 +

08
06
04
02

[*4C]citrate uptake ratio (STZ/NT)

0 1 2 3 4 5 6 7 8
Week after STZ treatment

Figure 4 Na*-dependent uptake of citrate in hepatocytes of type 1 diabetic model mice.
Mouse primary hepatocyte were isolated from NT mice and STZ-treated mice at 0, 1, 2, 4,
6, and 8 weeks after STZ treatment. The cells were incubated in transport buffer containing
[**C]citrate (0.43 umol/L) with shaking for 15 min at 37°C. Na*-dependent uptake was
obtained by subtracting citrate uptake amount in the absence of Na* from that in the
presence of Na*. Each value represents the mean + SD (n = 3). The relative [**C]citrate
uptake ratio was presented as a ratio of STZ-treated to NT mice (STZ/NT).

1-3 1 ZBMERIFET NV~ U A DOFFHIIRIC BT IR EE DT

1 BRI 7 L~ 7 Z OFFRIZ 81T 5 I8 E SR &I OV T, OilRed O Yrfalc L v AHAN O
fER Z Betad 5 2 & TRETEIT o 72, LT ORER, IFHINA~D 7 = U FREL Y AT & RIRRIC . B
FEATo WM T, STZ W~ 7 R & R~ 7 A DM BT 2 IRE SR REICK X 72721
Roiiei-7= (Fig. 5).
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Figure 5 Hepatic lipid accumulation of STZ- and NT- mouse was evaluated by Qil red O
stains. Original magnification, X200. Black scales indicate 50 pm.



1-4 1 ZBMERIFET L~ U R8BI} 5 T OIRE B OMFENT

1 BBEIRIRE 7 L~ U A2 BT 2 T OIFE&IZHOWTRHE T 272012, STZ At~ T X,
BLORLE~ T 20MEF ) 70 &Y K, a7 ue—b EHERENEE (nonesterified fatty
acid : NEFA) EDORIEZ{T -T2, TORER, STZ B~ R ZB T HMEF RV 7k Y R, =
L AT m—/b NEFA &%, RELH~ T R LKL THEICEN> T (Table2), Fi2, MU 7Y
U RO EFIFE LS, WK FENR EFOREZRNTEH, STZ B~ ADMmiEFO R U 7
Ve REIRLE~ T 2D 2-3 ff@mrolc, —FH., STZ i~ 0 2B T HMEFoa L 27 m
—VBXONEFA &L, N 27U kY NEZE LA LRho7o3, STZ HE#%8EBEDa L AT 1w
—/L. NEFA (I, TN ENFEORLIE~ 7 2D 1.8 fi5, 1.7 f5FEmn->72,

Table 2 Plasma biochemical parameters in STZ-treated mice

week
0 1 2 4 6 8

AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD

Body weight (g} NT 19.04 + 0.72 1972 + 059 2083 + 0.73 2073 £ 098 2348 £ 133 2458 + 111
STZ 1990 + 088 * 1904 + 094 ** 1884 + 085 ** 1892 + 092 ** 2043 + 121 * 2236 £ 119 *

Ghé;f;%i‘;"d NT 17180 + 1687 15541 + 2532 16942 + 4472  158.62 £ 3335 15162 + 063 15113 + 1032
*®
STZ 14573 + 3449  329.63 + 10040 ** 47145 + 103.10 ** 476.70 + 100.55 52126 + 288.45 43985 + 57.64 ,

Tr(‘iz_,cd?_‘)de NT 3313 + 1012 2985 £ 19.07 5923 + 3080 4415 + 3119 6082 + 4097 9438 * 33.19
STZ 2106 + 812 * 7134 + 5239 * 17269 + 157.65  47.81 + 31.80 11225 + 12626 181.61 + 181.73

cgff:%‘f‘)"l NT 988 + 1056 9355 + 7.85 9259 + 1197  68.16 + 1498  59.18 + 1572 6562 + S5.15
STZ 9867 + 2777  77.56 + 3122 * 11967 = 27.04 9740 + 3791 * §7.16 + 2513 11665 £ 59.18

NEFA (mEql) NT 050 £ 016 033 + 017 052 £ 017 043 + 020 0.58 £ 0.16 046 + 020
STZ 061 + 029 050 + 042 ** 118 + 060 ** 076 + 021 * 100 + 035 0.76 + 037

Each value represents the mean + SD (n = 10).
*p<0.05; "p<0.01, compared with the corresponding NT mice.

% E

ARWFFETIE, STZ I X VI B M A BRI U, BRI A v R VWA E S & 2
L7z VREIRIGE T L~ U A% VLT, IFIBICISIT 2 NaCT FEBLESCHETEE, P, B IO
MAEFONEE BEDOEIMC O THFZFTV, NaCT & 1 BUBEGRF, N5 E SR 0 BRI DO AR 23
T

HIOIZ, 1 BUEIRE T L~ U ADAIZF1T 5 NaCT ORBEE OV THRFETTo72L 2
A, <7 ARFIBICEBIT D NaCT OFBIEIL, STZ #H5 L THh5H mRNA, BLOHF /37 L
JLVTCRERFAICID 325 Z E BB E 7e o 72 (Figs. 2A and 3), ZHUE, 2 RHERIFET LT > b
WZBWTHF NaCT OB EOENMAFRD H 7z &9 Neuschafer-Rube & O#4E 35 & 13 F 72 55k

-9-



Relpol, TOLITMENAEULERE LT, VAWERPFE E 2 BBERBEE OV T D5y
WA ETHERE OIEWDIE 2 5315, Neuschafer-Rube 512 X B2#E TlE, 2 BHEIRIFET LT v MC
BT DM NaCT 1%, 7 %5 L TR S iL7z cAMP JREBLSIRE & 4 ~ 37 (CREB) IZ
X 5T NaCT DEEGIEMALA S ZEZ S, ZOREAPFEINTZZ LERL TS B, 2 HljkE
PRIFEE TIX, MERO 7T T AREN 1 BRI @mWMELZRT Z LR LNERoTNG 446 Z
LD, TN NTE D NaCT OFBEFENEZ Y, ZhnsiFiglcis T 2 IR EERICHS T 5
AREMER B D, — . VEUBERIG ClE, BE o MIBOBREREZES 2R %, JAh a0
SRR 2 BUBEIRI & B2 D T E SHEER S D LBEIRIF ISR B MAE R L 2 R
MIEHFIZAEAET D NEFA O EFIC K> THIfl SN D 2 E R GMNE 2> TR Y 20l L~
IR AN ERIBRECTHD Z ENMESNTVD Y, SD5I2, 1 BUERE Tk, IRMAHZISE Lz
TNH A DGFBOEEINIRA BN N E B LNE 2o TND 8 Z DI 9 7e 1 BIFERFR
FEZRAEDY . ARET TR O N7AT NaCT ORBUR TICEN o TRt B2 b d, Lol
BE. 1 BUBER, B KO 2 BUBERIFE T VEMIC T D IETH S SR EIZ OV T, B b
LRBRDBIBRPIE Z > TODONEIAHTH S, £/, NaCT ORI EHHEEICE L T3~ o
WFZED BRI STV A28, RBHUK FHIBIZ OV TEBI B 2MT 2> Tigny 8, 20728, Ak
TR O 1 ABERIFET L~ U ZIZH1T D NaCT ORBUL MEEICBEL T, 73
STV, I KOV VI T T K DR BRI & OBBEMEA MR LT 72ls, S 5250
RNMETHDHEEZEZDBND,

W, 1 BBERIFET L~ 7 ZADRFIIC T 5 7 = B OERIEEIZ OV TRET 21T > 72,
ZOREF, STZ MPE~ 7 A TlX NaCT ORBEDME T LTV AIZH00b b3, STZ M~
A6 B U7 AFHIRRIC 31 2 7 = RO IR IAB BITRLB~ U ADRV AL EE 1T E AV EE
b ootz (Fig.4), ZhUZiE, AL SLC family 2/ 9% NaDC3 23B85-L T\ A D TidZaw
MEBZ LN, STZ B~ U ADFElZ i 17 5 NaDC3mRNA OFBLEIZ- DUV TRIM L 7=
& Z A, NaDC3 | NaCT &IIxHZHNT 2 EmA R 67z (Fig. 2B), Z D & &, KL~
A® NaDC3mMRNA &EIF1HEICE L ER L2 &5, NaDC3mRNA DOFH%lE (STZ/NT) @
KTFRRO BTz, AT TIEN=1 TITo>TWH7®H, ZOFEMIZ OV TS HITEESE e
L THREZIT O RERH D, £D—F T, 218 HLAREIEL NaDC3 mRNA O FHL& IR EITHIINT 5
R BFED LN LMD, STZ Wi~ 7 22T NaDC3 O3 BRI EF35 2 L AVRIE S
iz, & R NaDC3 %, a7 el v 3k, 7~ Viig7e EO U VR CERICHR LRtk %
AL, EBAEET (PH7.5) TiEZ =0 (Kn=220pM) L9 b a2 (Kn=15-20 pM) &
JEHCHRE T 5 1820, —J5 NaCT X, & MW TrZ = U lcxt L CRBifrE (Kn=600uM) %
IRV w7 20T MR EOEERE TIE = U ERIZR LT NaDC3 3 NaCT (Km=38+5uM)
ERIFREOBFWELZ RTZENHALMNE RS TND M8 2078, 1L BFERFET L~ AT
1%, NaCT OHEBUR T E-72 7 = U BOIRY ALK T 24 5 7212, {UERY7: NaDC3 D3l
FHENELZ 7o EZDBND, 2O L5, NaDC3 (%, 1 BUERIFET /L~ 7 ZDFICH
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T, ZZVEBBOWEICBES L CTWD Z LRI D,

WIZ, 1 BPERISET L~ U ZDOMIRIZ 3BT D IEE SO LB SOWCHHE§ 5 72912 Ol
RedO YtaZ{To7, TOME, ARG EIT oMM T, STZ i~ A BLORMLE~
A2 DIFAIIIZ 31T DNEEHEREIC KR E BT RO T (Fig.5). 7 = U BRDOIY IAKL FEER & [FEE DRk
RLipotz, STZ W~ 2Tk, UMERIZ NaDC3 ORBLEN EH LT Y, NaDC3 17 =
FEOMIZ & T~V iE72 &0 TCA [RIEEHR MARIZ & msgl Ak 27 U MR N~k 3 2 1820, il
NOFEx DEBMEDOAKITIZI b2 RUTHNTER SN ZVBRbFS LTS 77w
NaDC3 #Jr L CTHIlaPNIZHR W A7z TCA RIFHKICL D I ha v FU 7 Tor = o
RGP 31T DNEE G PMEEST Z MR Z A DI D, L LN L, KRF Tk
NaDC3 DFHl EFIE, FFlac B 2IRESRHEICIXEE A CEEE 5202 LRSI T,
1 BUHEIRIRE T NV~ U ADOIFgIC T D NEEERE & NaDC3 & O BFHEIZ DV Tk, ARRFHI I X
T, NaDC3 D% /37 L~ TOIRBLEOFHE-® NaDC3 DILE Th 5 a7 ke £ TCA [A]
HEHEEDORY AR OV T E LI ZITH LER D D,

—J7. 1 BUERIFET L~ U ACB T 5 METFOIREEIZOW T L2772 & 2 A, STZ
W~ o 2B H2MEFO R 70D B, aLAT7r—/b 3L NEFA &%, RO~ D
2RV ERT MmN R ST (Table2), 1 RBERFD X 5124 AV L ORZIREED LS &\
NERGAERE D 33 CHE L, I oD NEFA &2 EF-972 %, 22k, IFiCE T D IEE A
JUE L, KL E U R #2877 (very-low-density lipoprotein : VLDL) OFEEANHENNT 5 L& 2 b
TG B0, S5, A AV I RZKETIE, RIEMHKICIH VT VLDL ORFEEIT D URZ
X7 ) 3—=E (lipoprotein lipase : LPL) O{EMENMEF I 572 VLDL OFREINEIL, o Y
Z7VEY RRaALATa— LR EFT 52 EARBE TN D 9%, AfEcidim+ o VLDL &
R LPL IGHEICOWTHRFTZ T > TR EF OIFE & & & VLDL ° LPL & OB
PEIZOWTIEE BICHRA 2T O MENR D D, L LAans, STZ M~ v A Tl g Mo
WCEVA VAV UPRZLTHDIRETH D Z &b, MBEFTOREED EFIE, BIEED
RZE Db DO THDLAREENR RN EBZ X DD,

PLb, REXY | 1 BERFET L~ D AZBWT, NaCT OFBUIE T L, NaDC3 DFEHLIL
EAFTDZEBHALNE RS, ZHICKY IFRICBIT 27 = UBORY iAK, BEIONEE
BRI Lo Ton, 20— TFETOIRE &IX EA 3 2MEm A58 5z, NaCT @
FEREMET L2 &b, 1 BBERFET LV~ AT 2 BUEIRIR & 135872 20 5 O FEHi
BRI KV IRBIAIEI SN/ Z E BRI D, RE TR, PERE & BEICBEBLTEBY, b
T v AR —H —OREBERIENC B S- LT 5 proteinkinase C (2% H L, NaCT & OREM:(CHWT
HOENZT D Z & ailBT,
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% 2 F Protein kinase C (PKC) @ Na"&kFEH s T oSV RAKR—4 —
(NaCT) = L= T UBEE I (BT H4&5T

Protein kinase C (PKC) 1%, kk4 72 fifd OFgREdIEIC EE e B4 7= L TH Y . protein kinase
A (PKA) & & BITHERPOILIMN & BB E LT D Z LR E T 5, PKC (E, 1M
v D WEBEENE AR MBI o> _EF-12 X 0 FFmIEPN IS0 L 7= diacylglycerol (DG) (2 & » TiEME L &
a2 7L a— 2R E DGR A MMET D Z E R L MNITIR o TS S8 AR 2 UpEIR
I & FERRIZBALR LT D B R03E T b = — LR NERG TR & (NAFLD) (23T, AR
5 lEEE U 7= BN (nonesterified fatty acid : NEFA) 2SAFHIARN OB A A MEE L. £ O
TAERSND DG (&Y PKC MNEMHL S, A AV U ZFROTEVERIIHI S D Z L3 5
MITIR o TG %8, —J7 1T RBERIFICRE W Th, A R Y o RZIREN RS Z & Tilfo
NEFA B ER-425 Z LGS TEY O FiEO 1 RBERKFET L~ 7 22 AV CREHTE
WTHIMHO NEFA B2 EF-T MmO biLle, 2O b, 2 BPERR & Rk 178
FERIF ORI BT PKC AIEMEL L T D 2 & MR S D 23, PKC 23 Nat (K2 —
VRN T S AR—H— (NaCT) IZ5 X DI OV TIEI BT o TR0,

PKC 1%, Hx Z2fiapkrEmlElc RIS+ 52 "V BT, BE LT 52 /37 EoE#ENR Y
b, B D ISR N ~ Ok - iR A IEERICIRER T 5 2 & TURARRS N T U AR —F —,
T v FVFEOREREZHIE L T\ A, 4 H E TIZ, I SE L T\ 5 —Ed solute carrier (SLC)
family k7 > AR —% —7% PKC (12X » THEEEFAEI 23217 2 2 L1, Bk & 7ol 3E i BB & 00T 7
STWND %960 b MMFMIEIZI VT, SLC family ([ZET 2 AT =4 Lk U ~7F K 1B3
(organic anion transporting polypeptide 1B3: OATP1B3) Diigikiihitny, PKC 12X bV b a2 =T
TR TT 52 LD Powell HIZE > THEINTWDS S, F7-, PKC OIEMALIZ LY | Mkl k-
IZHB L TV 5D OATP2B1 BV EE 7 > A 7R — % — (sodium taurocholate cotransporting
polypeptide : NTCP) 23, = R¥ A F—T RIZXVMIRENICERDIAENDZ LT, hT AR
— X —DOEGEFEEIME T 95 2 EAME STV D 268, X512, Mayati Hi%, b MFAEEH Sk
Al HepaRG Mifiw & b MF#IRES MLV T, OATP1BL, OATP1B3, OATP2Bl, B LU
T F A4 ~Z o AR —# —1 (organic cation transporter 1 : OCT1) ®¥HL3, PKC DOIEMEALIZ X
STEHELLIKTTLZ EHMEL TS ¥, £/, SLC family ~ 7 AK—%—D Na*-coupled
carboxylate transporters (NaCs) (ZJ& 3 %5 NaDC1l X NaDC3 22\ T, PKC ZiEMHbEE25 2
& T, HSENE, 6 K OISR EOFBIIME T2 2 E RSN TN D 1364,

—7J7, NaCT i%, 12D PKA U VELENLE 4 DD PKC U U ERLENL OAFENHEE ST
% Z b (Fig.6), PKA XV b PKC 12K 258 - BEREFNEI 2 TR < = F B AlBetER @ 2 & 3
BIND, LLans, b MEFRICEIT S NaCT O3Bl & X OMEIEE~D PKC &L
BB LTUIREHAL N E o TV, 22T, ARFITIE, b FMEFIFMIE & FERIZ SLC
13Afamily R 7 > AR —Z —OFBIPFED HAL TV D MFAS A B M HepG2 Hildz Hv\T,
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PKC 7EMEALFED NaCT D#GETEMEDZEENZ DWW THET 21TV, PKC OiEMA L2 NaCT %4 L7~
WERHLNITDHZ L 2R,

J T UBREEIC 2D

(A)
MASALSYV;k
TEVIPLAVTS
ERWNLHKRIA
IVEAILQGME
RKRLCKAMTL
ASWFAFAFPN
VLQEEYRKLG
TKYVSDATVA
VTQEKVPWGI
ILSLLVAVFT
AFMLPVATPP
IFDLDHFPDW

FKSFVILFVT
LMPVLLFPLF
LRTLLWVGAK
ATSAATEAGL
GICYAASIGG
MLVMLLFAWL
PLSFAEINVL
IFVATLLFIV
VLLLGGGFAL
ECTSNVATTT
NAIVFTYGHL
ANVTHIET

PLLLLPLVIL
QILDSRQVCV
PARLMLGFMG
ELVDKGKAKE
TATLTGTGPN
WLQFVYMRFN
IGFFLLVILW
PgbKPKFNFR
AKGSEASGLS
LFLPIFASMS
KVADMVKTGV

MPAKFVRGAY
QYMKDTNMLF
VTALLSMWIS
LPGSQVIFEG
VVLLGQMNEL
FKKgWGCGLE
FSRDPGFMPG
SQTEEERKTP
VWMGKQMEPL
RSIGLNPLYI
IMNIIGVFCGY

(B)
VIILMAIYWC
LGGLIVAVAV
NTATTAMMVP
PTLGQQEDQE
FPDSKDLVNF
ngNEKAALK
WLTVAWVEGE
FYPPPLLDWK
HAVPPAAITL
MLPCTLSASF
FLAVNTWGRA

inside

Figure 6 (A) Deduced amino acid sequence of NaCT. Gray shadows represent hypothetical
membrane-spanning regions. Yellow shaded areas indicate putative cytoplasmic regions. Protein
kinase A (PKA) and protein kinase C (PKC) site are represented by green and red letter, respectively.
(B) Membrane spanning regions (gray shadows) were predicted using TMHMM Server ver. 2.0
(http://www.cbs.dtu.dk/servicess TMHMM)  and
(http://www.cbs.dtu.dk/service/NetPhos/) for PKA and PKC site.
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2-1 HepG2 MiIZI1F % SLC 13A family b+ 5 v A R— & — DIREBUFAT

F9. b FOMFECREANHER SN TS NaCT & NaDC3 @ HepG2 Mifaizisif 3Bz
W, RT-PCR IZ X ViR & 1T > 7, HepG2 il & v it L7- total RNA 1ZxF L, NaCT Lt
NaDC3 (ZHFHE72 7 F A ~—% T RT-PCR ffTZ#{T-o72& 2 A, NaCT F LT NaDC3 ®
WY HepG2 Ml THRIELL TV D Z & AFER S 7= (Fig. 7).

Figure 7 mRNA expression of NaCT and NaDC3 in
HepG2 cells. Total RNA isolated from HepG2 cells
(@ % 4{9 Qy was subjected to RT-PCR using specific primers for

Q NaCT, NaDC3, and GAPDH. The expected size for
o % NaCT, NaDC3, and GAPDH are 912bp, 793bp, and
576 bp, respectively.

2-2 HepG2 MIZRKIT 5 7 = VB Ok Rk

WIZ, HepG2 HEIRIZIS 1T 5 [H“Cleitrate DA ~DELY iAZD Na* KFEEFHE L72, 2D
fE . [Clcitrate DA ~DOELY iAZ 1T, 30 43 £ CHEHMMELZ R LT (Fig. 8A) 728, LIED
[““C]citrate DEL Y IABFEER TIIA ¥ 2 N—3 g V2 3045 & LTz, 2D & &, [*C]citrate D
B0 AL, Nat FfE FOF2 Nat FEFEE T (NMDG FEF) L b FEICE - 7= (Fig. 8A)
Z LD, HepG2 M@z 57 = VB OHEIX, Nat IKFITH D Z LRz, £z,
HepG2 Mz 51T 5 7 = ik DR R A DWW TR 21T 72 & 2 A, Nat (KFEM72R
[“Clcitrate DHL Y IAZ IFBFMEZ 7R L= (Fig. 8B), & 54725 — % />5 Michaelis-Menten =, 35
LU Eadie-Hofstee & HWT, WHERAI/ T A —F —ZIEMBEIFIC LV RH L2 L 24, Kn
=5.12 +0.72 MM, Vmax = 106 + 4.91 nmol/mg protein/30 min & 72 ~>7-, & 5|2, Eadie-Hofstee plot
(Fig. 8B, inset) JXEMRIEA R L7 Z L35, HepG2 ffic BT, 7 = U ERITH —Dlfk R &I
L CHaik b 2 L AVRIB S Lz,
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Figure 8 Transport characteristics of citrate in HepG2 cells. (A) Time course of citrate transport in
HepG2 cells. [*C]citrate uptake (4 uM) was measured over 60 min at 37°C in the presence (@) or
absence (o) of Na*. (B) Saturation kinetics of Na*-dependent citrate uptake in HepG2 cells. Uptake
of [*C]citrate was measured in HepG2 cells during a 30-min incubation in NaCl- or NMDG
chloride-containing transport buffer at pH 7.4 over a concentration range of 0.01-30 mM. Na*-
dependent uptake was obtained by subtracting uptake in the absence of Na* from that in the
presence of Na*. Inset: Eadie-Hofstee plot. (C & D) Effect of Li* on Na*-dependent citrate (C) and
N-acetyl-L-aspartate (NAA) (D) transport in HepG2 cells. [**C]citrate (4 uM) and [**C]NAA (10
uM) uptake was measured for 30 min at 37°C in the presence or absence of 10 mM Li* and a fixed
concentration of Na* (140 mM) in the transport buffer. The osmolarity of the transport buffer was
kept by replacing LiCl with equimolar of mannitol. Each value represents the mean + SD (n = 3).
Tp < 0.01, Tp < 0.001 compared with control; ™*p < 0.001, compared with Li*-stimulated uptake.

HepG2 #HfEiZiL NaCT & NaDC3 @ 2 DDk R AMFAE L T\ D Z & 25| HepG2 il s
T UBERENEDL LD N T UAR—LZ =L D LONEIARHTH D, 22T, FTL LT TF
TETFICEBT D7 = OB Y A OW TR 21T > 72, Lit (X, & b NaCT Tidlsikee a3
RS D Z L HE STV D, HepG2 MldiZdsiT 5 Nat KAFRYR 7 = D ELY JAZA X,
10 mM Li* OAF(EIZ & 0 AR BT MM 3580 btz (Fig. 8C), RIZ, Lit f#7E BT 5
NaDC3 DERFVE T 5 N-acetyl-L-aspartate (NAA)ZS5 D Nat {KAFI72 NAA DOHLY JAZA I
10 mM Li* 77 F CEEE I L7- (Fig. 8D), Z D Z &b, HepG2 HMICH T 5 Nat (AFH)
72 RO IAZIL, FIZ NaCT ZJ LTIThIL TS Z LRI ST,
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2-3 HepG2 MRIZRIT 5 Nat KIFEHR 7 = U BRO#EE~D PKC 1HHLOE

PKC DOiEMALDY HepG2 MIfEIZIs 1T 5 7 = U BRIV IAIRZ G- 2 D BT DWW CEHI T 5 72 8,
PKC DOIEMALAITEH % Phorbol 12-myristate 13-acetate (PMA) % VT, PMA 7% HepG2 #lifinic
B D7 = Uk G 2 DB OV TR 21T > 72, HepG2 fifid% 100 nM PMA CHIjALER
AT o T-1% . [MClcitrate DY IAZDFRERFRI 72 ZEAIZ OW TR 21T o 72, £ DfER, PMA T1
BRI E T LA v a_X—2 3 95 2 & T, HepG2 Mgz % [“Clcitrate DELY JAA [TE
L <MKF L7z (Fig.9A), £7-. [“C]citrate DHLY AL PMA OJRFERIFHIIRD L7z (Fig. 9B),
ZD & E, Nat KA e [MClcitrate DHLY iAZ% 50% FHET 5 PMA R (ICs) XL Hill
REUE, £h<ih 35.3+£256nM, 0.80+043 ThHoiz,

(A) o (B

o < -
£ 80 - g—A 150
35 . E

£ @
(OIS 0
® 60 oo
£8 (] 52 100 ?
L. (SN0

o] L
Eidé' 40 ek ‘T: g_ 1

o c
5o ® e g2 50
- £ ® c=
c = 20 ok 88
:E L] 38
i 0 o 0 Sl
© ' - ; - = o 7T 0 100"
=z 0 1 2 3

PMA pretreatment time (hr) [PMA] (nM)

Figure 9 Effect of PMA on Na*-dependent uptake of citrate in HepG2 cells. HepG2 cells were
preincubated with or without 100 nM PMA for 1-3 h at 37°C (A) or pre-incubated over a
concentration range of 1-100 nM PMA for 3 h at 37°C (B). Then, the cells were incubated with
[*4C]citrate (8.6 uM) for 30 min at 37°C. Na*-dependent uptake was obtained by subtracting
uptake in the absence of Na* from that in the presence of Na*. Each value represents the mean
+SD (n = 3). "p< 0.01, compared with non-treated group.
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2-4 HepG2 MRIZIIT 5 Nat KIFEHR 7 = U BRO#E~D PKC IEHE(LEE DO

PMA (2L % Nat {KIFH72 7 = ROV AL LED PKC DIFHLIZE 2 & D Th D0 % fif
BT DH720I2, PKC FLEH G66983 DB SWTHE 21T 72, HepG2 HifliZz 0.01-1uM &
GO 6983 fFIEF T 90 7 LA v F aX— 3 v LTHS[MC]citrate DHELY AL EBRZ1T- 7=
L2 A, PMA IT& - THES L Nat (KFHI7ZR 7 = U EEDIRY IAZ T, GO 6983 DI FLIKA(FEHY
WZEE T DA 2 A S 7 (Fig. 10), PLEOFERIND, PKC OIFMHALIZ LY HepG2 i 517)
% NaCT #4r L7z Na* (K772 7 = VB OWEIIAES NS Z EnH LN E o7,

o]
o
1

[*)]
o
1

ek

Na*-dependent ['*C]citrate uptake
(pmol/mg protein/30 min)
N
o

20 - ok ok
0 -

100 nM PMA - + - + + +
10 nM Go 6983 - - — + — —
100 nM Go 6983 - - + - + -

1 uM Go 6983 - - - - - +

Figure 10 Effect of G6 6983 on PMA-mediated regulation of Na*-dependent uptake of citrate
in HepG2 cells. The cells were treated with or without G6 6983 (0.01 — 1uM) for 30 min in
culture medium prior to the PMA treatment (100 nM). Then, uptake of [**C]citrate (8.6 uM) was
measured during a 30-min incubation in NaCl- or NMDG chloride-containing transport buffer
at pH 7.4. Na*-dependent uptake was obtained by subtracting uptake in the absence of Na* from
that in the presence of Na*. Each value represents the mean + SD (n = 3). p< 0.01, compared

with control.
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2-5 HepG2 MIRIZEBITSD Nat IKEMR 7 = VBBOBWEDERER/NNT A —F —Zxd 5
PMA O

WIZ, PKC THMEALIFIZE51T D NaCT Z 4 L7z Nat (RAFHI78 7 o= BRI O B R /S T A —
Z— DT Z1T > 1o, ZDOFER, PMA RLFFFIZI1T 5 Nat (KFHY7e 7 = VRO IAZ D Kn
L 5.4+0.6 MM, Vmax (L 69.2 £ 2.3 nmol/mg protein/30 min ToH > 7=DIZxf L, PMA LB Tl
Km=8.6+2.1mMM, Vmax=44.7 +4.0 nmol/mg protein/30 min & 727z (Fig. 11), PMA ALERIF CiIA
SLPRIRE & LB U C K 1R E A EZBE LR 5 72D Vinax 1389 35% (K F L7,

(A) (B)

2 80+ 80 1

(U,-\

8c

o E

68 60 60 4

O'<S

.9

=5 40 > 40 A

S S

T o

GC)E

L3 20 20

L £

?c

+CUV

2 OC/ T T T 0 1
0 10 20 30 0 15

[Citrate] (mM)

Figure 11 Effect of PMA on saturation Kinetics of Na*-dependent uptake of citrate in HepG2 cells.
HepG2 cells were treated with (o) or without (@) 100 nM PMA for 3 h in culture medium. After
the treatment, saturation kinetic study carried out in control and in PMA-treated cells, as described
in Fig. 9 (B). Each value represents the mean £+ SD (n = 3).

=B

A HE TOREA OWFFENS . IFIBRICEI L T\ 5 OATPIB3 72 XD —o> SLC family ~ 7 v
AR—4—%, PKC {EMHALDOEELZZ T2 Z LB LN TWD, £ 2T, AWFFETIL, SLC
family F 7 AR —% —|ZJ&8T 25 NaCT %4 L7z = U gilaiE~D PKC DOFEEIZHONT,
HepG2 #lifi z VTG 1T - 72,

AR HepG2 MifElZdsiT 5 7 = U EEDELY AL, Nat (KPR T, fafitEz R L7z, &
512 Eadie-Hofstee plot [XEfRPE 27~ L7z (Figs. 8A and B) Z &5, BT EH—0fgkalc
FoTTOINTWD Z LR B & Te o7z, —77 HBUEE TIZ . HepG2 il NaCT. 35 L U'NaDC3
DMRNA L-L Z Xy LoLTRILL TN D Z EIFHE SN TEY, ZhHbD b T v AR —
Z — Dk EBRIC HepG2 AN LZH ST D 8668 = D Z L )i AECld, HepG2 #ilii
2B 5 NaCT., B NaDC3 DFILUZ SV T, mRNA LU TOFEM LAMT 2 TV,
WTFRHFEBLL TS Z L3380 bz (Fig. 7). NaCT, 38X UVNaDC3 i1, & bics =4 i
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ET DT END ARFITTR O Nat (RIFR7R 7 = U BOB ABR, EHHD N T VAR —
H—IZXDEDMNEIAHTH S, NaCT & NaDC3 (%, & 1T Na*-coupled carboxylate transporters
(NaCs) I[ZJ& LT3V, NI X OEEMRE T 1t 247972, MG, MRENIERIT 2 A1X
2L RoND0, RERRME, B X OEREBMECB O CTHMERECPFET S 02, 20—
Li* f71E FIZHB T DWEREOEWRH 5, B MMIIBWT, NaCT 1L, 4 2D Na* fEEEALD
25 2 ODOFEEEMLN LIt ICX o THASIND Z & T, EORY IALDMELE I fL 5 2021264366
—J5. & h NaDC3 T, Li* #3NaDC3 @ 3-2® Na* fEAHNLD > Hd 1-o& Nat LV &
IZHEAT 2 2 & T BsIEMEIK T 32 2 E B LT/ o T D 02088970 ARREtTlx, =
O Lit 126 DIEZMEOENZFIH LT, HepG2 ML W T, 7 = U BROWENEICEL LD
h3yxﬁw&wm;ofﬁbn1m6®ﬂmowfﬁﬁ%ﬁokoHwazﬁwmﬁwéhMA
DELY IAZIL, LIt FE FIZBWTHE S, ZAUTBER S L TWhRns = a2 IR 7o
X0 H NAA 2Nz 7=Bicss< LE S 7= (Fig.8D) 728, 7 =X v & NAA (2% L CEdifn
PERT R T U AR—%—_ NaDC3 (2L > T NAA DEENTHONTND Z EDNRBE Iz, —
77, HepG2 fifaizdsi) 5 Lit fFAAE FTOYZ = VOV IAAITITHE L . TV I T
PN = UEEINA D Z L THEES NN, NAA ZMA725A1F 7 = 0T R LES
Niehno7z (Fig.8C), Z D &b, HepG2 MilEIZH 1T 5 7 = VDRI, NAA LV 7
VERICHK L CEEAMEZ R NaCT 12 L » TEIThbh VWb g5, £72, NaDC3 (17
TUMBEEHT NaCT £V HIEAWIEE R M2 FF o0, ABSEME (pH7.4) T ClE—ixic
7 =4>r0 « N ANVRCE Nat: FBE =311 O{bFEmIECIET 52 2 LR L E
725 T 5 08, NaDC3 OHEFD—>Th D a7 fgid, A pH (pH 7.4) IZB W TIZE AL
W2 MMOT =F & UTHET D208, 7 = 0B 90% LLER 3ffio7 =42 & LTFEEL T

succinate N-acetyl-L-aspartate
COO- COO- H;COC COO- H,COC COO-
cI:H2 PK; 5.9 (I:H2 Hzll\l - cle2 PR3 T N —cle2
(I:H2 T cH, (|:H2 D c:;H2
(I:OOH CI:OO- (I:OOH COO-

citrate
COO- COO- COO-
cI:H2 pK, 4.8 cI:H2 pK; 6.4 cI;H2
HO—C—COOH < Ho—G—-coo —— Ho—c::—coo-

(::Hz (:3Hz (I-:Hz
COOH COOH COO-

Figure 12 lonic form and pKa of succinate, N-acetyl-L-aspartate and citrate.
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% (Fig.12) Z &nn, AFMEN T TR 2 ViR I b a T e EICiET 5 2 LA HESh
%, —J5. NaCT (X TCA [ RIADOHF TH 7 = U ERICEHCE WBIFITEZ R L, Z OIREESS 2
T2 3l T DMK, Nat: FHE =4:1 Ofb PRI Cligik7 5 16192028, =60
ZEi, ARRF AT o AR (pH 7.4) T CIE. HepG2 MlElZds1T 5 Nat (KfFiy7e 7 =
VEBERIEITIEIC NaCT 20 L TUThN TN D Z LA R LTV D,

T, ARETE O IRE L7z HepG2 Mz is 1) 5 7 = VRS D Kn X, & b NaCT (hNaCT)
B - MEE BRI HRPE #ia (WNaCT/HRPE #ifiR) 12812 Kn HX W&oz
(5.12 £ 0.72 mM vs 604 + 73 uM) 16 723 Gopal 52X > T S i7z HepG2 M1+ % NaCT
D K fE (5.1 05 mM)® LixE<—%K L7, Z® hNaCT/HRPE #iifid & HepG2 HMifaicsi) %
NaCT @ Ky EICKE 22N H DEM TR TH 523, Ganapathy D 7 — 7 I3EIRREE A A
HERREZ R LTS EHEE LTS S, WFLEOMIIC b7 VAR —F — & BB I 75
BAR T, B8N #% 12-15 RERLINICEEIEEZJIE T2 2 E N —ITH 08, Z DM
TIERNT VAR —=F—=Z "7 OFFREZEMDB+ 3TN TR WATEEEDN B D, — T,
HepG2 LI NaCT ZMEFAVNCHEILL TWD Z L0 b, HICHRRBERI BN Th - REED
NI UAR—=F =B RI PR L TND LB HD %,

WIZ, HepG2 Mflzd1) 5 Nat IFH72 7 = U EREIEIC %95 PKC DFEZ oW T, PKC
IEHEALAITH D PMA, BE W PKC [HEAITH S G06983 % MV CTRE#1T->7-, PMA Cifila
PO S Z LT, HepG2 HIIZHIT 5 7 = OBV AL, PMA JEEEKIFEN), BEEIK
FRNCE LK TF L (Fig.9), 72, 2D PMA (X5 7 = U ladsiErE K R, Go6983 12
X - T PKC OiEMALZRES S Z & THIE L7z (Fig. 10), ZiH0FERNS . PKC (X HepG2
HMlIZI81T D NaCT #Jr L7z = Rk 26 L TV D 2 L AVRIR Sz, PKC I3, HEIESR
AEBEMEZR SIC K o TR (o BT BI. y). 1 (3. & 6. m). FESWRY (G0 ME. vA) D 37
OV 777 30— Hh, b MR, fE35EL (o), H8 B, e m). FEELAL (C vA) O
TAY T F—LBZENTNIEHR LTINS, Go6983 1E, IFIFETD PKC 74 Y 74— (PKC-
Oy By ys 80 G ) 1Sk L CRBREZ R AR T A, PMA I7ERARS L O PKC 131EMA LT 2 28,
FEMA PKC 133EMEL L2V, & 512, PMA [X PKC 74 VY 7 4 —LDH T, PKC-a X PKC-3
EHEE LT PKC & L OTEMEE LT W Z ERB BN > TS L, 2072 S FEIOMFET
Rz PMA 255 NaCT %4 L7z 27 = U OEsiE O FITid, R8T PKCs, 4F
Iz PKC-n DOIEVEAL D BERZICBIR LTV D Z EDHEER TX 5,

. ARETTCHRI LSRN ST A — 2 —0 D PKC OIFHILIZ L 5D HepG2 iz
B D7 = BIREIEEOIK T IX, Ve DR TICERT S Z LB LN E o7 (Fig. 11), BifE
F TIT, NaCs 22V T, ARWFFE & FIRRIC PKC Z I L7CEsiEYEDIR T3 A H A7z & 5 g A
EhTnwb, ZO—>oL LT, Pajor HiE, NaDC1 %I L= a7 Eofmsksn PMA 12X - Tl
EINDHZEEZRLTND M, ZDL X NaDCL IZfFET 5 2 5D PKC U UELERL & 22 L X
FCHEBEIEIEIIZE N Lo 7223, Ml Eo NaDC1 OFBUL PMA KT T L
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ZEMD, EEEEOKTICE N T AR —F =D R A b=V ANELBEELTND Z &
BB LTWD % F7 HepG2 MifldlzdiF 5 NaDC3 %4 L7z a7 BOgkIc >\ ThH
NaDC1 & [FlfkIZ, PKC DiEME(LIC K > Ty R¥ A b= A0 L, MlafE Lo NaDC3 @
HEMET T ERHESINTND B, 2L 97 PKC #FRED T v AR —2 —DfiaHN
BATICIE, 77 A MRIEMEDO = YA b=V ZAREELTEBY ., BMYVAENTZ T v AR —
Z—3Y) Y Y= AT EORREND Z BRI TND 272, Zh bWt LY, BRFTH
bz PKC IEPELIC L D NaCT 24 L= 7 U BREEIC BT D Vmx DK FIX, =2 KU
— VAT KV MR o> NaCT ARV IAE, ZD% Y Y Y —ACX W RS s Z & TR
KO NaCT HELENBAD Lo EICL Db D THD EHLETE S, £D—F T, PKC 25 NaCT
OFEEM A LE L= RS & 2 55, NaCT & [EBEIC SLC family F 7 v AR—% —I|Z&
3% OATP IZBIL T, PKC IZ L DEHERR T o AR—2—D U Uk, H 50T PKC 3%
DI OMEREIIERT % Z & T, b T v AR—F —DlakiEE 2 BET 5 2 L G ST 5 673,
Z D72 NaCT IZ2OWThH OATP & [FEROBEMEIC LV /G MEAME T L7z wfetE b B2 b d
2. ZOFENZ DWW T B 2N T 5 729121, site-directed mutagenesis (2 & B HEE U L FR{L ERAL %
frZE L7z NaCT T PKC {EMALBFOMERERHI /2 £, S OR DML ETH D,

LB X 0 ARBFFEH 5. HepG2 FNIZI1T 5 Nat IKIFRY 72 7 = ka1, 512 NaCT Z4r L
TITOANTEY, &b, FNELPKC Ofil#lZ=1T TW\WbH Z ERHLMNZR -T2, £72. NaCT
2k %7 = L. PKC OIEMEGIZ & 5T Ve 2MEF L, 8SIEEME T2 2 L85
meiroi,
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ARWFZED S FFIIC T D Nat I&FE27 = 8 b T > AR —%— NaCT O&ZEEIZ-OWT, T
=7 A Z N 1R R & NaCT OFFHEMEIZ DWW T OfET, BLOYPKC (2L % NaCT O
EIEE~ORBIZET o matam LT, LFOMmEANESNT-,

1.1 BERIFET L~ ZADO[RICI 1T 5 Nat &AM =g b7 > AR —%— (NaCT) D¥
Bl, 3 X OMERERRHEICBI T D s

STZ (2 X0 FEBRIC 1 BRI 2 L7727 b~ v 2 & AW 1 BBERIE IR 1T D IF NaCT
DFBLESCIAEIEOZE), THE, B I OMEPORE&IC OV TR EITo72, ZOREE, 1
RUBEIRIRET L~ 7 AT, 2 BBEIRIFET VT v FOWA & 1358720 NaCT ORBLEITREIC
BT EBWENERST, LNLARNRD, STZ WP~ T AZBIT L7 = O A&
I, RO~ T AL REBREFTR OGN o7, —J5, NaCT &[A U SLCfamily F 7 > AR—%
—IZJB T % NaDC3 DOFHUL, M HHAINRD bz, 2D &b, LRPERFET L~
A CIE, FBEAME T2 NaCT O 0 ITHELBEIN L 72 NaDC3 ([ LV | IFffa~o 7 = &
DIV IAHBDBHEFRFSNTND Z LN REB I NI, Fo, STZ AP~ 7 A TiX, izl T 55
BEREIEL L2 o), miEho Y 7% Y K, avx7Fa—/ BLO NEFA &3,
R~ T 2L bEVMELZ R LTz, ZhHORRE D | 1VRBERFET L~ ¥ AT, NaCT O
FHEITE T L, RN A~O 7 = U BOE R IRENIZREB EF L7z NaDC3 12Xk - TiTh
ALTWV D ATRBMEDS R S 47,

2. Protein kinase C (PKC) @ Na* {&f7:2 =g k7 AR—4— (NaCT) %I L7z 7 = gtk
(23 % ST BT 2 et

NaCT %I L7227 = Uik~ PKC OEAZM SN T 272012, b MFMia & FERIC
NaCs DFEHNFEDH H 5 HepG2 iz VT, PKC iEMALI D NaCT O#adsiE MDA #|C

W CRII R 24T > 72, HepG2 FllIZI 1T 2 7 = U IOk, Nav {RAFTED S EFIPENTRD 5
e W EH—OER a2 L TITON TS Z EBRH LN E /o572, HepG2 MEIZIX, 7 =
RO E LT NaCT & NaDC3 @ 2 ©D kT AR—X —NFE(ET H A, HepG2 Hific
BT 5 Nat A7 M7e 7 = RO JAZIE, Lit fFAE FCRIEL7ZZ L5, FEIZ NaCT 4L
TITONTND Z ENRENTZ, HepG2 MifEicisi) 5 NaCT Z4r L7z7 = U BEOELY AL
PMA (2L Y PKC ZiEMALT 22 L TIRF Lz, 2oL &, 7 UMiaikicis VT, Ky BT
B L2203 728 Vi 1TAE T L7z, —J5. 2D PKC JEMALIC L % 7 = U BR DB A H DR T i
G66983 & VT PKC DIEMALZLETAHZ ETRIELZ, ZDZ &b, HepG2 Mz
%7 T UBBOEIX, FEIZ NaCT 27 L CTiThbh TR Y, PKC IZX W HlfEh b Z &4
Hinkirol,
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Vb, FFIX 7~ U 2% AWoE 60 NaCT 1d L BBE RIS IC IV CHRBMET L, JIF
TEA~DOIEEEMIITEGE L TWRWZ L 2L N Lz, £72. HepG2 #MMIckit 5 Nat #K7TF
Hy7e 7 = B OEIEN FIZ NaCT 4 L TITHiL TR Y, PKC OfilflZZIF Tnd Z & 215
Mz Lz,

IO END, ARETTHE DAL, IFIRIZISIT D NaCT OFBIHIEMRE, & X OIS
PEFHEIEAE . ABBRBIOMBNIC TR L. BRI IATRET 2 REMEZR B OB BUIEH G D REEEIC
AHERLOTHDLEEZLND,
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= B o &

F1E XEBROM

EEME

[**C]citrate (specific activity: 116.4 mCi/mmol) (%, PerkinElmer (Boston, MA, USA) X VA L7z,
Dulbecco’s Modified Eagle Medium (DMEM), antibiotic/antimycotic solution for tissue culture, Sepasol-
RNA | Super G 1%, 7747 A7 (5U#F) L V. Fetal bovine serum (FBS) %, Life Technologies
(Carsbad, CA, USA) X VA L7, ReverTraAce X, TOYOBO Co., Ltd. (KBR) LV EA L7,

EBRF I
1) EREW

6 i OLENE C57BLB) ~ 7 A (AART AT LI — $li) & A, RO~ 7 A L 1 BBER IR
~ A (STZ-treated) @ 2 FEIZ531F 7= (n=20 in each group), 1 AUHEIRIGET L~ AL, ABLEHE
7K (pH 7.0) (Z¥&fi# L 7= streptozotocin (STZ : 7 ¥ 7 4 L AFRNEHEER, KBR) %2~ 7 ABEENIZ 200
mo/kg THEIFE LGS Z LI OER L™, —F, KRB~ T 2Tk, STZ OO0 IZARE
WK Z G Bl G LTz, £72, STZ 54 4 A BICIBEEZHE L, £ Ok 22 jG s
A 400 mg/dL & 7p o 7c~ U R % VRBEIRET L~ U A LHE L, IEOBGHI AW,

2) Real-time reverse transcription (RT)-PCR &4

KA~ A BIONSTZ ML~ 7 ZADORFEN> 5 Sepazol RNA L (FH T4 T A7 | FE#R) % 4
W, EEICZHEV total RNA Al L7=, #ilt L7- total RNA2 pg (Zxf L, Wi#sGEESE ReverTra
Ace (TOYOBO, K[g) LT oligo(dT)e 77 A ~—%& W THHEAE 21T\, 1ststrand cDNA %45
720 #5172 cDNA 2 ug 122 T, mouse NaCT (mNaCT), mouse NaDC3 (mNaDC3), GAPDH (Z
B2 77 4 ~—t v & (Table3) ¥ O PowerUp SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, USA) % H\» T, Applied Biosystems StepOne Real-time PCR System (Applied
Biosystems, Foster City, CA, USA) (Z X ¥ Real-time RT-PCR %177, 95°C., 10 min, 95°C, 15
sec, 60 °C. 60 sec DYGMELIG % 45 Y1 7 L4 VIR L, 60 °C, 60 sec DHAIEIEA 1 [T -7,
HHEVEIS O mRNA #i%, GAPDH @ mRNA & TIEME(L L7, %% @ mRNA Ofixf&E% STZ
MLEE~ 7 A TO mRNA £ & RAE~ 7 2 TO mRNA EOL=R (STZ/ non-treated (NT)) TH L
72,
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Table3  Primer sequences used in Real-time RT-PCR reaction

PCR Product
cDNA Primer sequence (5’ —to - 3°) Accession No.
size (bp)

forward primer: 5’- CTTCCTCGACACCAACTTCC -3’
mNaDC3 800 NM_054055
reverse primer: 5’- CTTGTTCTGCACGTTTGCCA -3’

forward primer: 5’- GTCAGTCTCCCTTTCACGCG -3’
mNaCT 521 NM_001004148.4
reverse primer: 5°- CTCCACAGCTGTATTGGCGG -3’

forward primer: 5’-CCATCACCATCTTCCAGGAG-3’
GAPDH 576 X02231
reverse primer: 5’~-CCTGGTTCACCACCTTCTTG-3’

3) Western blotting

~ 7 A5 gz )0 L, RIPA buffer (0.1% TritonX-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulphate, 150 mM NaCl, 50 mM Tris-HCI) #/1z, AU harRETF A F—TKMm LR
SEHEL ., #2877 BRI LTz, B L7=% > 237 % BCAproteinassay kit (5747 A7) %
HWT EE LT, 7/ (20 ug protein) % 2 x SDS sample buffer (20 mM Tris-HCI, 2 mM EDTA,
10% 2-mercaptoethanol, 2% SDS. 20% glycerol, 0.2% bromophenol blue; pH 6.8) TH{{k L. 100°C
T 5 yMBVENEEE L=, =Dk, 10% SDS PAGE CT/rBft%. polyvinylidene difluoride (PVDF) fi5
\ZHRE L7, PVDF &% 5% A% A I/L7 1%BSA %&4A Tween tris buffered saline (TBS-T) buffer
(20 mM Tris, 150 mM NaCl, 0.2% tween-20; pH7.5) Z W\ T, =R T2 K7 v v % o 7 e %
1Tol, 70w JAEE ., —RPUA anti-NaCT antibody (1:250) (#PA5-60679, SIGMA-Aldrich).
anti-B-actin (1:1,000) (#4967, Cell Signaling Technology, Inc., Danvers, MA, USA) % ZiLZ41 4 °C T
—MSR S Te, —IRPUA A OGS 72 PVDF )% TBS-T buffer CHER L. —k$iIK anti-rabbit
IgG, HRP-linked antibody (1:1,000;cat. no. 7074; Cell Signaling Technology, Inc) % =& T 1 FRffijLEt
L7z, £DO%., O TBS-T buffer (2T L. ImmunoStar LD (7 27 « /L AFIYEMIEE) 2 T
{2239 &8, Gel Doc XR+ Gel Documentation System (BioRad) (2 C Al #ifk L 7=,

4) BV IAHERR

~ 7 2D % 0.5 mg/mL collagenase solution (collagenase 0.25mg in 50mL enzyme buffer solution)
TN ATV AMRITEE 2 A 2 B U 72, BRBE L 72 AU RE 8 il &4 1 x 108 cells/mL & 72 % K
912, Na*-containing transport buffer (25 mM HEPES/Tris (pH 7.4). 140 mM NaCl, 5.4 mM KCI, 1.8
mM CaClz, 0.8 mM MgSOs, 5mM glucose) (2 SH7=, —J5, Nat FEfE(E F CTO 7 = i
[ZOWTCIE, NaCl %% o N-methyl-D-glucamine (NMDG) chloride (Z&#2 L 7= transport buffer
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(Na*-free transport buffer) z H 7z, M@ # 1 mL (2 [*C]citrate (specific activity: 116.4
mCi/mmol) &4 transport buffer (0.43 uM) 1 mL % il 2,37 °C Tiai% S W78 5 15 4y [k L=,
15 7> t4. RAW%Z Whatman® glass microfiber filter (GF/F) (Buckinghamshire, UK) % FH\ T 5[ &
i L, Jké L7z transport buffer 1 mL T 2 [EIYEH L7, £ D%, filter ZRER DAL T ATKE L,
S5mLD7 UT YVl 2z T, ik o FL— a7 % — (Model LSC6000, Beckmann) (2
TIHEHEVED R E 21T > 72, Na* {AFRI 722 [MClcitrate D HL Y JAZEIZ-SW T, Na*-containing
transport buffer (Z351F AN ~DEY iAA &) 5 Nat-free transport buffer TOHELY AL B % 7
LI Z & TR Lz, £/, HxH7e [MClcitrate BV IAHLEIZ SOV TIE, STZ AL~ A2k
% Na* {KfFry 7 [“Cleitrate OBV IAA & & R ~ 7 2ITHB T DY A EOHF
(STZINT) TH L7,

5) Oil Red O Huf&

JFREIC I D IR E &R 2 3l 5 7= 012, STZ A4 1, 2, 4. 6, BL 83 HIZ Oil Red
O YetaZATo7c, STZ PR~ 7 A R~ T 2 LI Lg% 4% TRV LT VT e R
(FHT7A4T A7) THEEL. Tissue-Tek O.C.T.Compound (7 7 7 7 A > T v 7 V¥ /30 HIK)
T L, -80°C Tkl S T A ZER L=, —J7. Oil red O RIFEIZA Y T /) —)b
100 mL (Z, Oil Red O (7 ¥ 7 4 /L AFEAISE) % 03 g M, fER L=, = ORFRERIFIL
A FUAHOK =64 LD R OITRE L, 30 R Lo, IREGWA 045 um 7 4 V& — (T
RNV T w7 BPE, BUR) CIEE L TR 2 ER U7, HIROM#Y) A % OilRed O Yufaik %
WT, Bl

6) MiEk+ DENET —F ORIE

STZ #5640, 1. 2, 4. 6, 8 AT, STZ WP~ T A, I LORLI~ T A b MK & FREL
L7z, IMik% 3,000 x g, 4°C T 15 Jpfiz Dol L, MmAEZ B Uiz, B L 72 gy o 77 v o
migh 7 va—x, U Z7UkY K, abx7ra—L, BILOUERERNEE (nonesterified fatty acid:
NEFA) (Z2>W T, Fi#F 1 LabAssay Glucose. LabAssay Triglyceride. LabAssay Cholesterol .
LabAssay NEFA (7 27 « /L ARDGHIEE) & W T, EEICIEWNHE 21T > 72,

7) WEEHFERISRAT

TNZENOT —H 1T, FH + FEHERZE (SD) T LT, MeFRAaE 1L, ANOVA % T
P 24T > 72, 2 FE O HIE Student’s t test A, KFRERE & R O 2 B ELHZITIE Dunnett’s test
EHONTHRIEEIT> T,
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F2F ZEBOMM
KB

[**C]citrate (specific activity: 116.4 mCi/mmol) (%, PerkinElmer (Boston, MA, USA) X O lEA L7,
[*4C]N-acetyl-L-aspartate (NAA) (specific activity, 55 mCi/mmol) /%, American Radiolabeled Chemicals
(St Louis, MO, USA) X v i A L 7=, Dulbecco’s Modified Eagle Medium (DMEM)
antibiotic/antimycotic solution for tissue culture, Sepasol-RNA | Super G (X, T 7 A4 7 A7 (H#)
X v Fetal bovine serum (FBS) %, Life Technologies (Carsbad, CA, USA) XV iEA L7, T-75 77
A 35 KON 24-well cell culture plate % Corning (Corning, NY, USA) X Wl A L7, ReverTra Ace
%, TOYOBO Co., Ltd. (KBk) X Y A L 7=, Phorbol 12-myristate 13-acetate (PMA) X, Sigma-Aldrich
(St. Louis, MO, USA) X v . Go 6983 iX. Abcam (Cambridge, UK) LY ZhZnMEA L7z, ZDfth
DRI SN TR, & THIROREEEEZ iz,

ERGE
1) MkaEE

b N FSRAIRY HepG2 #lAZiZ. DS Pharm Biomedical Co., Ltd (KFX) X W EEA L7=, HepG2
Mz T-75 77 2 3 (CHEFE L. 37 °C. 5% CO2/95% O, Z&fF T . 10% FBS, ¥ LT 1%
antibiotic/antimycotic solution for tissue culture Z¥#sI1 L 7= DMEM "HCHE:#E L7z,

2) Reverse transcription (RT)-PCR 247

T-75 7 7 A 2 |ZH#%E LT 7= HepG2 #lifian~ 5 Sepazol RNA | (5T A4 7 A7) & AW TEE
WZHEVY, total RNA Z il L7-, #iiH L7= total RNA 1 pg (Z%F L., ##Hs5 3% ReverTra Ace
(TOYOBO) % MW\ THilinE %217\, 18-strand cDNA % 157-, 4553172 cDNA S5 pg % Fv > C. human
NaCT (hNaCT)., human NaDC3 (hNaDC3). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Z
Frfi)7e 77 A ~— (Table 4) ZHW\ T, PCR %#1T7->7z, PCR IX. 70°C. 10 min DEIEM:
95°C. 120sec, 58 °C. 45sec., 74°C. 90sec DOHMEIi~% 30 WA 7 ViR L, 72 °C, 7min
DRIl % 1 [BIfT > 7=, PCR MEMIL, 1x TAEbuffer Z W CHHEE L7 1% 7 Hr—R 7N
WAL, 100V, 30 /yHERIKEZ1TO Z & THlEL 72, Fbh7z/ > FiE, GelRed Nucleic Acid
Gel Stain (7 27 4 /L AFEHIER,. KBR) 2 AW T UV RS 25 Z & TRt L. Gel Doc XR+ Gel
Documentation System (Z L ¥ A[ffk L7z, %7 T4 ~— DA/, Tabled (TR L7,
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Table 4  Primer sequences used in RT-PCR reaction

PCR Product
cDNA Primer sequence (5’ - to - 3°) Accession No.
size (bp)

forward primer: 5’-ATCGTCGGAACATCTGGAAG-3’
hNaDC3 793 NM_001193342
reverse primer: 5’GGCAGGAAGATGATGATGGT-3’

forward primer: 5’>-CGGGCTAGAGAGCAAGAAAA-3’
hNaCT 912 AY151833
reverse primer: 5’-GGTCATTTTGGGGTGTGAAC-3’

forward primer: 5’>-CCATCACCATCTTCCAGGAG-3’
GAPDH 576 X02231
reverse primer: 5’-CCTGGTTCACCACCTTCTTG-3’

3) WY IAHER

HepG2 #ifai%, 24-well cell culture plate (2 1.0< 105 cells/well THERE L., 6 H&IZH Y AL B
WAL L72, HepG2 M@ culture medium % % 5[Br%E L7=1%, transfer buffer Chllfa ¥ L7,
Na* 1F£4E F COMigc 2, 25 mM HEPES/Tris (pH 7.4). 140 mM NaCl, 5.4 mM KCI, 1.8 mM CaCl,.
0.8 MM MgSOs & T 5mM glucose 755 transport buffer (Na*-containing transport buffer) % H
VN, Nat FEAFAE T Colgtlzix, NaCl %% % @ N-methyl-D-glucamine (NMDG) chloride (Z &t
L 7= transport buffer (Na*-free transport buffer) % v 7=, Na* {K/FH972 00V iAZ &L, Nat fF7E T
(2B T DM ~DEY IAZ BN D Nat HEAFAE F COM AL EZZLGIK 2L THRIELE, *
7o Nat ARAFI 725~ Lit OFEIZ DWW TOMFHIIE, 10mM LICl A1 L 7= Na*-containing
transport buffer 2 7=, oL &, > hr—/L & LT, transportbuffer OIR%EE % #EFF9 5 7-
OHIZ 10 mM LICl ZZRE D~ = h—/LCi&E# L7z Na*-free transport buffer % fv 7z,

HepG2 #lifinz 37 °C 4 . [“Clcitrate (4 pM) & 5\ ik [*C] NAA (10 uM) % & de transport
buffer T—ERFHE:FE L7k, 245 O transport buffer 2 W 51BrZ L oKk L7z ImL transport buffer
T2 [EEET 5 2 L TRV IAARSUG 5 1E S 72, 1% SDS/0.2 M NaOH 500 uL CHllfaz rlia{k
L7-th, ZD 5 H0 450uL ZHIERDOASA TR L, 20T (T4 T A7) 5mL %
Nz TRy > F L—a v Z— (Model LSC6000) (& CRSHEMDRIE Z1T > 72, &0 D
50 pL lZDWTIE X v R 7 EREAITV, 15 LAV SR OREE A2 E & Le ¥ /37 & THIiE
L7z,

PKC @ Na* {17172 7 = L BRlGE~ DI O Cid, HepG2 #lia PKC iEMEALAITH 5
PMA (1-100 nM) Z¥#shi L7= serum free-DMEM T 3 FEHESZE L Cov D, BV AL ERE{T -
= — 7 PKC DOFLEZFIZ SN TOFMERRFNCHOWTIL. PKC 7o Z Z=Z b GO 6983 (0.01-
1 uM) Z¥sHI L7z serum free-DMEM T HepG2 fifida & 90 /rfiifisE L. & D% ELY iAAHEER
Wk L7,
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4) HERFFHOMEANT

B IAARFERIZE VLN T — 21, Fitllnd#HE A4 KL Sigma plot version 13 (Jandel
Scientific, San Rafael, CA, USA) % W CTHEH L7,

Na* {78970 7 = L [iRlEk o saturation Kinetics (22 TlE, LA F® Michaelis-Menten 2
HIET,

— Vl‘ﬂaXX[S]
T KptlS] (1)

ZZC, Vmax 137 = BBOREKIY IAHZEE, Ky IX Michaelis %, S X7 = U RIEE %R
9, X (1) &K L. Eadie-Hofstee U2t & LD RO HE 21T -7,
Eadie-Hofstee =:

V= Vmax - Km ["?] (2)

INENOT —H L, B + EHEFEZE (SD) TR LT, HEHIAEZEIE. ANOVA 2\
M 21T > 72, 2 BEM O i Student’s ttest 2 st BEAE & A BER] 0 2 HL#EL 21T Dunnett’s test %
HANWTHREEIT> T,

-31-



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

51 F>CER

Lee Y., ChoY., Lee B., Park C., Lee D. H., Cha B., Rhee E. Nonalcoholic fatty liver disease in diabetes.
part I : epidemiology and diagnosis. Diabetes Metab J. 43, 31-45 (2019).

Kumar R., Priyadarshi R. N., Anand U. Non-alcoholic fatty liver disease : growing burden, adverse
outcomes and associations. J Clin Transl Hepatol . 8, 76-86 (2020).

Zobair M Y., Aaron B K., Dinan A., Yousef F., Linda H., Mark W. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes.
Hepatology. 64, 73-84 (2016).

Willmes D. M., Kurzbach A., Henke C., Schumann T., Zahn G., Heifetz A., Jordan J., Helfand S. L.,
Birkenfeld A. L. The longevity gene INDY (I'm Not Dead Yet) in metabolic control : potential as
pharmacological target. Pharmacol. Ther. 185, 1-11 (2018).

Rogers R. P., Rogina B. The role of INDY in metabolism, health and longevity. Front Genet. 6, 1-5
(2015).

Willmes D. M., Birkenfeld A. L. The role of INDY in metabolic regulation. Comput Struct Biotechnol J.
6, 1-8 (2013).

Li Z., Erion D., Maurer T. Model-based assessment of plasma citrate flux into the liver : implications for
NaCT as a therapeutic target. CPT Pharmacometrics Syst Pharmacol. 5, 132-139 (2016).

lacobazzi V., Infantino V. Citrate — new functions for an old metabolite. Biol Chem. 395, 387-399
(2014).

Akram M. Citric acid cycle and role of its intermediates in metabolism. Cell Biochem Biophys. 68, 475—
478 (2014).

Williams N. C., Neill L. A. J. O., Munder M., Gutenberg-universitat J. A role for the Krebs cycle
intermediate citrate in metabolic reprogramming in innate immunity and inflammation. Front Immunol.
9, 1-11 (2018).

Paumen M. B., Ishida Y., Muramatsu M., Yamamoto M., Honjo T. Inhibition of carnitine
palmitoyltransferase | augments sphingolipid synthesis and palmitate-induced apoptosis. J. Biol. Chem.
272, 3324-3329 (1997).

Yalcin A., Telang S., Clem B., Chesney J. Regulation of glucose metabolism by 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatases in cancer. Exp. Mol. Pathol. 86, 174-179 (2009).

Srisawang P., Chatsudthipong A., Chatsudthipong V. Modulation of succinate transport in Hep G2 cell
line by PKC. Biochim Biophys Acta. 1768, 1378-1388 (2007).

Sun J., Aluvila S., Kotaria R., Mayor J. A., Walters D. E., Kaplan R. S. Mitochondrial and plasma
membrane citrate transporters: discovery of selective inhibitors and application to structure/function
analysis. Mol Cell Pharmacol. 2, 101-110 (2010).

Krebs H. A. Chemical composition of blood plasma and serum. Annu. Rev. Biochem. 19, 409-430
(1950).

Inoue K., Zhuang L., Ganapathy V. Human Na*-coupled citrate transporter: primary structure, genomic
organization, and transport function. Biochem. Biophys. Res. Commun. 299, 465-471 (2002).

Pajor A. M. Sodium- coupled transporters for Krebs cycle intermediates. Annu Rev Physiol. 61, 663-682
(1999).

Pajor A. M. Sodium-coupled dicarboxylate and citrate transporters from the SLC13 family. Pflugers
Arch. 466, 119-130 (2014).

Inoue K., Zhuang L., Maddox D. M., Smith S. B., Ganapathy V. Structure, function, and expression
pattern of a novel sodium- coupled citrate transporter (NaCT) cloned from mammalian brain. J Biol
Chem. 277, 39469-39476 (2002).

Bergeron M. J., Clémencon B., Hediger M. A., Markovich D. SLC13 family of Na*-coupled di- and tri-
carboxylate/sulfate transporters. Mol. Aspects Med. 34, 299-312 (2013).

Pajor A. M. Molecular properties of the SLC13 family of dicarboxylate and sulfate transporters. Pflugers
Arch. 451, 597-605 (2006).

Markovich D., Murer H. The SLC13 gene family of sodium sulphate/carboxylate cotransporters.
Pflugers Arch. 447, 594-602 (2004).

Willmes D. M., Kurzbach A., Henke C., Schumann T., Zahn G., Heifetz A., Jordan J., Helfand S. L.,
Birkenfeld A. L. The longevity gene INDY (I’'m Not Dead Yet) in metabolic control: potential as
pharmacological target. Pharmacology and Therapeutics vol. 185 1-11 (2018).

Chen X., Shayakul C., Berger U. V, Tian W., Hediger M. A. Characterization of a rat Na*-dicarboxylate
cotransporter. J Biol Chem. 273, 20972-20981 (1998).

-32-



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

46.
47.

48.

Pajor A. M. Molecular cloning and functional expression of a sodium-dicarboxylate cotransporter from
human. Am J Physiol. 270, F642—-F648 (1996).

Wang H., Fei Y., Kekuda R., Yang-Feng T. L., Devoe L. D., Leibach F. H., Prasad P. D., Ganapathy V.
Structure, function, and genomic organization of human Na*-dependent high-affinity dicarboxylate
transporter. Am J Physiol Cell Physiol. 278, C1019-C1030 (2000).

Huang W., Wang H., Kekuda R., Fei Y., Friedrich A., Wang J., Conway S. J., Cameron R. S., Leibach F.
H., Ganapathy V. Transport of N-acetylaspartate by the Na*-dependent high-affinity dicarboxylate
transporter NaDC3 and its relevance to the expression of the transporter in the brain. J Pharmacol Exp
Ther. 295, 392-403 (2000).

Inoue K., Fei Y., Zhuang L., Gopal E., Miyauchi S., Ganapathy V. Functional features and genomic
organization of mouse NaCT , a sodium-coupled transporter for tricarboxylic acid cycle intermediates.
Biochem J. 378, 949-957 (2004).

Rogina B., Reenan R. A., Nilsen S. P., Helfand S. L. Extended life-span conferred by cotransporter gene
mutations in Drosophila. Science. 290, 2137-2140 (2000).

Knauf F., Mohebbi N., Teichert C., Herold D., Rogina B., Helfand S., Gollasch M., Luft F. C., Aronson
P. S. The life-extending gene Indy encodes an exchanger for Krebs-cycle intermediates. Biochem J. 397,
25-29 (2006).

Inoue K., Fei Y.-J., Huang W., Zhuang L., Chen Z., Ganapathy V. Functional identity of Drosophila
melanogaster Indy as a cation-independent, electroneutral transporter for tricarboxylic acid-cycle
intermediates. Biochem J. 367, 313-319 (2002).

Rogina B. INDY - a new link to metabolic regulation in animals and humans. Front Genet. 8, 1-7
(2017).

Van De Wier B., Balk J. M., Haenen G. R. M. M., Giamouridis D., Bakker J. A., Bast B. C., Hartog G. J.
M. den H., Koek G. H., Bast A. Elevated citrate levels in non-alcoholic fatty liver disease: The potential
of citrate to promote radical production. FEBS Lett. 587, 2461-2466 (2013).

Loeffelholz C. Von, Lieske S., Neusch F., Willmes D. M., Raschzok N., Sauer I. M., Wunderlich F. T,
Helfand S. L., Bernier M., Cabo R. De, Shulman G. I. The human longevity gene homolog INDY and
interleukin-6 interact in hepatic lipid metabolism. Hepatology. 66, 616-630 (2017).

Neuschéfer-rube F., Lieske S., Kuna M., Henkel J., Perry R. J., Erion D. M., Pesta D., Willmes D. M.,
Brachs S., Loeffelholz C. Von, Tolkachov A., Schupp M. The mammalian INDY homolog is induced by
CREB in a rat model of type 2 diabetes. Diabetes. 63, 1048-1057 (2014).

Hu M., Phan F., Bourron O., Foufelle F. Steatosis and NASH in type 2 diabetes. Biochimie. 143, 37-41
(2017).

Williams K. H., Shackel N. A., Gorrell M. D., Mclennan S. V, Twigg S. M. Diabetes and nonalcoholic
fatty liver disease: a pathogenic duo. Endocr Rev. 34, 84-129 (2013).

Cusi K., Sanyal A. J., Zhang S., Hartman M. L., Bue-Valleskey J. M., Hoogwerf B. J., Haupt A. Non-
alcoholic fatty liver disease (NAFLD) prevalence and its metabolic associations in patients with type 1
diabetes and type 2 diabetes. Diabetes, Obes. Metab. 19, 1630-1634 (2017).

Sviklane L., Olmane E., Dzérve Z., Kupés K., Pirags V., Sokolovska J. Fatty liver index and hepatic
steatosis index for prediction of non-alcoholic fatty liver disease in type 1 diabetes. J Gastroenterol
Hepatol. 33, 270-276 (2018).

Regnell S. E., Lernmark A. Hepatic steatosis in type 1 diabetes. Rev Diabet Stud. 8, 454-467 (2011).
Aronson D. Hyperglycemia and the pathobiology of diabetic complications. Adv. Cardiol. 45, 1-16
(2008).

Koya D., King G. L. Protein kinase C activation and the development of diabetic complications.
Diabetes 47, 859-866 (1998).

Gopal E., Miyauchi S., Martin P. M., Ananth S., Srinivas S. R., Smith S. B., Prasad P. D., Ganapathy V.
Expression and functional features of NaCT, a sodium-coupled citrate transporter, in human and rat
livers and cell lines. Am J Physiol Gastrointest Liver Physiol. 292, G402-G408 (2007).

Adeva-Andany M. M., Funcasta-Calderdn R., Fernandez-Fernandez C., Castro-Quintela E., Carneiro-
Freire N. Metabolic effects of glucagon in humans. J. Clin. Transl. Endocrinol. 15, 45-53 (2019).
Girard J. Glucagon, a key factor in the pathophysiology of type 2 diabetes. Biochimie 143, 33—-36 (2017).
Yosten G. L. C. Alpha cell dysfunction in type 1 diabetes. Peptides 100, 54-60 (2018).

Gerich J. E., Langlois M., Noacco C., Lorenzi M., Karam J. H., Forsham P. H., Gusrafson G.
Comparison of the suppressive effects of elevated plasma glucose and free fatty acid levels on glucagon
secretion in normal and insulin-dependent diabetic subjects. J Clin Invest. 58, 320-325 (1976).

Niyaz R G., Szoke E., Zarmen I., Tamar S., Philip E C., John E G., Christian M. Role of the decrement
in intraislet insulin for the glucagon response to hypoglycemia in humans. Diabetes Care 28, 1124-1131

-33-



49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

(2005).

Howard B. V. Lipoprotein metabolism in non-insulin-dependent diabetes mellitus. J. Lipid Res. 28, 613—
628 (1987).

Verges B. Lipid disorders in type 1 diabetes. Diabetes Metab. 35, 353-360 (2009).

Arencibia J. M., Pastor-flores D., Bauer A. F., Schulze J. O., Biondi R. M. AGC protein kinases : from
structural mechanism of regulation to allosteric drug development for the treatment of human diseases.
Biochim Biophys Acta. 1834, 1302-1321 (2013).

Sinton M. C., Hay D. C., Drake A. J. Metabolic control of gene transcription in non-alcoholic fatty liver
disease : the role of the epigenome. Clin Epigenetics. 11, 1-12 (2019).

Schwartz P. A., Murray B. W. Protein kinase biochemistry and drug discovery. Bioorg. Chem. 39, 192—
210 (2011).

Hribal M. L., D’Alfonso R., Giovannone B., Lauro D., Liu Y. Y., Borboni P., Federici M., Lauro R.,
Sesti G. The sulfonylurea glimepiride regulates intracellular routing of the insulin-receptor complexes
through their interaction with specific protein kinase C isoforms. Mol. Pharmacol. 59, 322-330 (2001).
Birkenfeld A. L., Shulman G. I. Nonalcoholic fatty liver disease, hepatic insulin resistance, and type 2
diabetes. Hepatology. 59, 713-723 (2014).

Greene M. W., Burrington C. M., Lynch D. T., Davenport S. K., Johnson A. K., Horsman M. J.,
Chowdhry S., Zhang J., Sparks J. D., Tirrell P. C. Lipid metabolism, oxidative stress and cell death are
regulated by PKC delta in a dietary model of nonalcoholic steatohepatitis. PLoS One. 9, e85848 (2014).
Geraldes P., King G. L. Activation of protein kinase C isoforms & its impact on diabetic complications.
Circ Res. 106, 1319-1331 (2011).

Samuel V. T., Shulman G. I. Nonalcoholic fatty liver disease as a nexus of metabolic and hepatic
diseases. Cell Metab. 27, 22-41 (2018).

Mayati A., Le Vee M., Moreau A., Jouan E., Bucher S., Stieger B., Denizot C., Parmentier Y., Fardel O.
Protein kinase C-dependent regulation of human hepatic drug transporter expression. Biochem
Pharmacol. 98, 703—-717 (2015).

Mayati A., Le M., Stieger B., Denizot C., Parmentier Y., Fardel O. Protein kinases C-mediated
regulations of drug transporter activity, localization and expression. Int. J. Mol. Sci. 18, 1-22 (2017).
Powell J., Farasyn T., Kdck K., Meng X., Pahwa S., Brouwer K. L. R., Yue W. Novel mechanism of
impaired function of organic anion- transporting polypeptide 1B3 in human hepatocytes : post-
translational regulation of OATP1B3 by protein kinase C activation. Drug Metab Dispos. 42, 19641970
(2014).

Kock K., Kathleen A., Giese B., Fraunholz M., May K., Siegmund W., Hammer E., Vélker U.,
Jedlitschky G., Kroemer H. K., Grube M. Rapid modulation of the organic anion transporting
polypeptide 2B1 (OATP2B1, SLCO2B1) function by protein kinase C-mediated internalization. J Biol
Chem. 285, 11336-11347 (2010).

Stross C., Helmer A., Weissenberger K., Gorg B., Keitel V., Haussinger D., Kubitz R. Protein kinase C
induces endocytosis of the sodium taurocholate cotransporting polypeptide. Am J Physiol Gastrointest
Liver Physiol. 299, G320-G328 (2010).

Pajor A. M., Sun N. Protein kinase C-mediated regulation of the renal Na*/dicarboxylate cotransporter,
NaDC-1. Biochim Biophys Acta. 1420, 223-230 (1999).

Yodoya E., Wada M., Shimada A., Katsukawa H., Okada N., Yamamoto A., Ganapathy V., Fujita T.
Functional and molecular identification of sodium-coupled dicarboxylate transporters in rat primary
cultured cerebrocortical astrocytes and neurons. J Neurochem. 97, 162-173 (2006).

Inoue K., Zhuang L., Maddox D. M., Smith S. B., Ganapathy V. Human sodium-coupled citrate
transporter , the orthologue of Drosophila Indy , as a novel target for lithium action. Biochem J. 374, 21—
26 (2003).

Kopel J., Higuchi K., Ristic B., Sato T., Ramachandran S., Ganapathy V. The hepatic plasma membrane
citrate transporter NaCT ( SLC13A5 ) as a molecular target for metformin. Sci. Rep. 10, 8536 (2020).
Li Z., Li D., Choi E. Y., Lapidus R., Zhang L., Huang S. M., Shapiro P., Wang H. Silencing of solute
carrier family 13 member 5 disrupts energy homeostasis and inhibits proliferation of human
hepatocarcinoma cells. J. Biol. Chem. 292, 13890-13901 (2017).

Chen X., Tsukaguchi H., Chen X., Berger U. V, Hediger M. A. Molecular and functional analysis of
SDCT?2 , a novel rat sodium-dependent dicarboxylate transporter. J Clin Invest. 103, 1159-1168 (1999).
Pajor A. M. Molecular properties of sodium/dicarboxylate cotransporters. J. Membr. Biol. 175, 1-8
(2000).

Saraiva L., Fresco P., Pinto E., Gongalves J. Characterization of phorbol esters activity on individual
mammalian protein kinase C isoforms, using the yeast phenotypic assay. Eur. J. Pharmacol. 491, 101-

-34 -



72.

73.

74.

110 (2004).

Zhou F., Lee A. C., Krafczyk K., Zhu L., Murray M. Protein kinase C regulates the internalization and
function of the human organic anion transporting polypeptide 1A2. Br. J. Pharmacol. 162, 1380-1388
(2011).

Soodvilai S., Chatsudthipong V., Evans K. K., Wright S. H., Dantzler W. H. Acute regulation of OAT3-
mediated estrone sulfate transport in isolated rabbit renal proximal tubules. Am J Physiol Ren. Physiol.
287, F1021-F1029 (2004).

Deeds M., Anderson J., Armstrong A., Gastineau D., Hiddinga H., Jahangir A., Eberhardt N., Kudva Y.
Single dose streptozotocin induced diabetes: considerations for study design in islet transplantation
models. Lab Anim. 45, 131-140 (2011).

-35-



