Modeling analysis of hepatic disposition of uric
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[ Abstract]
[Background] Serum uric acid levels are often involved with serious disorders such as
gout, renal failure, cardiovascular disease and non-alcoholic fatty liver disease. Hence it
is important to elucidate regulation mechanism of uric acid in human. Uric acid is
produced from purines by xanthine oxidase (XO) mainly in liver, and is excreted into
urine and feces. Although there are many studies on transporters which regulate renal and
intestinal handling of uric acid, transporters for hepatic handling of uric acid remains
unclear. Accordingly, we conducted a modeling analysis of uric acid combined with its
precursors in liver using human sandwich-cultured hepatocytes (hSCH) to elucidate
hepatic uric acid disposition.
[Methods] The metabolic, basolateral eftflux, uptake, and hepatobiliary efflux of uric acid-
3C2,1°N (UA), xanthine-'3C2,>'N (XA), and hypoxanthine-'*C2,'>’N (HX) by h SCH
were investigated using mathematical models of their disposition. Isotope-labeled HX
was used to separately analyze from endogenous uric acid and its precursors. HX and its
metabolites XA and UA in cells and medium were measured by LC-MS/MS.
Benzbromarone, MK571, and furosemide were used for inhibitors of GLUT9, MRP4, and
MRP4/NPT4 respectively.
[Results] Time courses for HX, XA and UA in the cells, outer medium and bile canalicular
lumen of hSCH were measured and analyzed by three compartment model to obtain rate
constant of cellular uptake, metabolism and efflux into bile canalicular lumen and outer
medium. Based on observed changes of rate constants by transporter inhibitors, it was
suggested that canalicular efflux of UA was negligible and sinusoidal efflux was mainly
mediated by GLUT9 and MRP4. Furthermore, it was predicted that inhibition of
sinusoidal efflux transporters does not lower serum uric acid level until significant
reduction to less than 10% of control, since sinusoidal efflux was very efficient and other
processes such as production XA and UA, supply of HX from outer medium and XA
efflux are more sensitively affecting UA in outer medium.
[Conclusion] Based on the present modeling analysis of hepatic disposition of XA, HX
and UA in hSCH, quantitative contribution of sinusoidal efflux transporters were

successfully elucidated in human.
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MIEIREEE (serum uric acid: SUA) D HAEEIT DS 3.7-7.0 mg/dL, ZVED 2.5-7.0
mg/dL T&H V. SUA N Tmg/dL 2 5 & mIRIEIIE & 2B S d, REEEE 7mg/dL

(417 uM) [ IIREEDOFAFIEMREEE CH Y . ZOEE#E 2 5 Z & CREBITRER B L, B
RAEPITHTHH T2 2 & TMBESBREEZSE T, /o, AZRY v 7 Fr—
I, EILESRRIET L 3 — LMERENRT (NAFLD)Z: & O & & BEM: 2RI &3, SUA
DZEFNIIFRD 72 b FTOIRB 27T DRI D 5, —T7. IRERIZAEER &
LT, iLERZA LTV 5D, ITFE T/ S—F 0 Y Ui, TV A = — 038
FEALAE OBGHEIAF & L THE ST\ D, JRERIL. /9 F& 168.1g/mol, A2 %/ —/L -
IR BLAREL D H AR (logP) -1.1 ARy F 0 DKEHEORNRMEME T 5, £/, £D
FRfREfE E 2 (pKa) 1E. 5.6 TH Y AFH) pHT4 (ITICB W T, IZEAENRA A UIBE L
TAFAE L TV A T D RIE O AR I IL N T VAR —FZ —DNERMHATH D,
KRR EED T ) AU A RBEMENT (genome-wide association study : GWAS) (2 8- T,
i R B IUE K OV B O B # B s & LT T U AR —Z—ToH % glucose transporter
(GLUT?Y), breast cancer resistance protein (BCRP), multidrug resistance associated protein (MRP)
4. Na'-phosphate cotransporter (NPTs), organic anion transporter (OAT), urate transporter
(URAD)1 72 ED3iE SN TN D,

JREZIZ B CR Yo F ot o ¥ —E (X0) I2X G, BiEHElbE %
P CRPPEP AP SN D, ZHE TS, BIBSCHLE T ORBE O PR PRI &
L CHLIE RIS D b T AR =2 = F IR 2> TE T D, — 75, ATE
26 REBBIETEEZ AT D N T U AR—Z =B3RBT 508, {FoFO%5E - EEMEIIH
5T, IO JREE# X595 b T AR —Z — D4 & LT, sinusoidal /i
TITATIRIZFEBLSGR D B AL, Dy OREfES N~ & Wk A3 H T S 41TV % GLUT9, NPTs LY
MRP4 238 2 bild, Fio, HEFEEMTIZBCRP 23 ME5T25LE2 6N 5,

I 31T DAL AW OEREZIRE T DK F TH 5. AFHLD AT, JFIEA> & ik ~DHE
HL BRIk K O 2 -3 5 in vitro DEBRR TV @i SIhTns, 20
T, T RA oy FEEEITMIRO A2 LGOI rhgEt, Mg ~DIRY AL KK
FEAN 20> & D HEE K OV % [RIRF I EFAI ATRE T b 5,

Yo RA o FEERIEIZ, BB EE L TR RYIBMRZ 558 T& 280, Y
RHEERTENEZ BAFICHERF CE 2R3 B 0 | BERaHERC, R0 s MRS 1
bRHEND, EHIT, o RA » FEEFMAN CIIMAL 2 %% S 5 tight junction
WIS D Z LT MEARRHE L CIREENER S LD & &b, Jhth T o AR —
Z—BRTEET D 2 EMHE SN TNWD, Eo, HEBELZ R 2 720ICHEZ tight
junction FEAREZ Ca2* /M2 TE(E DA IEIC K - THEN L7220 SEM O A GRER A 1T0,
MRERER PR 2RI T & 2 FikE LTRIH S TV 5D, CaMg¥ f77E T Tl tight
junction SHERF SN H 728, GHERE + IR E) OIWENS DL, Ca¥/Mg» IEFIE T



TIINMBAEPED tight junction DFIRIZ LY (MIREDOHR) OEMENGLND, Lo T,
Ca* /Mg FAE F OV IAZ NS Ca¥ Mg IETFE FOR VD IAAREEZZLGIK Z LIk
0. IBEEIBITLEEYELZGL 2N TED,

WP TIL, T N A FEEFRFMIIZ F VT, mycophenolic acid (MPA) 2 OV @D
% C & 5 mycophenolic acid phenol glucuronide @ B HHEME, AFHIAE~DEL Y IA .
MR~ DY 2 BRI E 7 AT L Sl 2 E BRI CE 5 2 & 2R/ LT
%o T TARMIFETIZ, o A v FEEEITMRAZ AW T, IR CTORBAMRIZED R
BSOS IR ~D LY 5A Zx AFHIAE 2> © medium H~DFPEH K& ONBE R ~DHEH % |
BIRFHET VNI LV BETT 5 2 & T, Sk RO %52 E0ICFHE L, JREEO
ITENRE R Z B BN T2 2N TERWVNEE Rz, 2B, IFMRICIZNEED
hypoxanthine, xanthine } O uric acid 23MFAET 2 72 DFFE & < ERMATMT A 720, T2
T, T D & KBTI ERINLARD hypoxanthine-*C2, "N (HX) Z#f£H L. XO
12 & ¥ xanthine->C2, "N (XA) KON wric acid-*C2, PN (UA) WAk A HHERE. B
KRB OREVER & iR H~DlsiafR 23 i35 2 & & L, 7ok, DMERLERN
KiE#AZ £ T HX, XA R UVUA L RFLT 5,

(5]
b MO R A > TR

BRS M 2 37°C TRl L. cryopreserved hepatocyte recovery medium (Z 88, /00 %

(50 g. 10 min,25°C) , L% L 7= Ml 2 7x10° 1272 % KL 95 1T cryopreserved hepatocyte plating
medium THEEE L7z, 15 D72 HIfuRREHK % collagen I -coated 24 well plate (BioCoat,
BDbiosciences) (Z 500 uL #5fE L. 37 C. 5 % CO, F TR 4 KFfElEzE L, £D%. 350
ug/mL geltrex % & ¢¢ Williams’ E medium |(ZEFHIZ AL, Yo RA v TFEEEEITo T2,
PItiX. £ 24 B Z & 12 Williams’ E medium [ZEZHIASHA L 7=,
PRI g e FER

24-well plate |[ZFEFE L7 > R4 v FEE  NFMlEZ Ca> /Mg medium X,
Ca’*/Mg*-free medium C 5 73l 7L A v FaX—Ta > Lz, £0O%, 10 uyM HX 25
Tp 500 pL @ medium (Z22#2 L7z, PrEREH] Z & 12, medium % 150 uL [FIYY L7214, K&
L 7= medium T _[A¥EV Y, 200 puL @ 0.002 % triton-X (Wako) CHIL % &M & &, #IfRiA
fiftie 2 150 uL BREX L 7=, F 7=, 20puL &2 # )7 EEMICEIN L-, HX, XA XN UA
% LC-MS/MS IZ XV EE LT,

k7 v AR — 2 —BHEAID benzbromarone (BEZ) (GLUT9 PHEFAI)., MKS571 (MRP4 [H.

EHK), furosemaide (FUR) (MRP4/NPT4 [HEHAl), para-aminohippuric acid (PAH) (NPT1 [H
%), buromsulfophthalein (BSP) (OATPs [HZE#l) K& Y XO D FHEH| D allopurinol (ALO)
[T HX &[RRI LT,
TV T RAT



HX, XA & TOVUA @ medium 1, #llfied K ONRE P o OS2 BAAEIS 95 €7
JVZEIT % —FFdEE E$ % Napp nonlinear regression analysis program (version 2.3.1 for
Macintosh OS-X; The University of Tokyo Hospital, Tokyo, Japan)iZ J > Tt L7z,

HX. XA KO UA @ medium ' K& OS#IE $ Ok 70 B A9 28 K22 & standard model T
X, LN ORI Lo Tl EES A B H L,

dXux, Medium / dt = - K 1x, Uptake ¥ X HX, Medium
dXux, cenn / dt =k ux, uptake X Xux, Medium — (Kux, Metabotism + Kx, Bite) X Xux, cell
dXnx, Bile / dt = kK ux, Bile X X 1x, Cell
dXxa, Medium / dt = kxa, Bux X Xxa, cell
dXxa, ceit / dt = ki, Metabolism X X#x, cell — (Kxa, Metabolism T Kxa, Betux T kxa, Bile) X Xxa, cell
dXxa, Bile / dt = kxa, Bite X XxA, Cell
dXua, Medium / dt = kua, Emux X Xua, cel
dXua, ceit / dt =kxa, Metabolism X Xxa, ceti — (Kua, Emux + kua, Bile) X Xua, cell
dXua, Bile / dt = kua, Bile X X Ua, cell
— R ETEELD Kupakes  kpite X O Keux (FEFLE 40, medium H17> 5 ffEHF~DHELY A
Fr, NEAERER ~OHEH L OSHIIE H 2> 5 medium HFA~DOHEH Z7RT, F 72, Kuetabolism (37
RNONREH 27, XITHX, XA KOVUA OFa L R— Ay MIBIT 2828,

Store model Tix, LA FOMy HRENUT L - T—WREEEH BT LT,
dXx, Medium / dt = - K Hx, Uptake X X HX, Medium

dXHx, store / dt = K Hx, Uptake X X HX, Medium — KHX, Store Uptake X X HX, Store

dXx, ceit / dt = K Hx, store Uptake X XHX, Medium — (KHX, Metabotism T Kux, Bile) X XHX, Cell
dXnx, Bile / dt = kK 1x, Bile X X 1x, cell

dXxa, Medium / dt = kxa, Btux X Xxa, cell

dXxa, cel / dt = ki, Metabolism X Xnx, cell — (KxA, Metabolism + Kxa, Effux + Kxa, Bile) X XxA, cell
dXxa, Bile / dt = kxa. Bile X XxA, Cell

dXua, Medium / dt = kua, efux X Xua, cell

dXua, cel / dt =Kkxa, Metabolism X Xxa, cell— (Kua, Effiux T Kua, Bite) X Xua, cell

dXua, Bitle / dt = Kk ua, Bile X X UA, Cell

— VR ETE LD knx, Uptake 2 Y Kiix. store Uptake (5 HX O HX V) IAAIEFE 2 7,

[# 3R]
o RA v TFEE e M HX 2 081 % XA KOV UA BSRREFIICEEARE S T2, F
72, HX. XA KOV UA ® medium ', e K OEAEFEF O 72 825k % standard
model CTHENT L7=, Medium H & OREEFEF O HX, XA KON UA &3 THME & 52



E2MFHBI L7223, #fEN O HX, XA&UUA%@%%%%%@@K%%%%:&ﬁT
Eheholc, T T, MRANEDREZEET 572D HX OV IAZBEFEIZ S 51T 1
Dy — KAV MENZ, store model ZAEEE Lf:o Store model (ZFDWT TS
72, medium D XA KN UA O &EFHER T standard model [FIARIZ ., SEHIME & BEa—E L
oo Eio, MlEF O HX, XA KON UA OF b PRI E EREI R —E Lz, DIk,
Storemodel |Z X W K EEHE AL L2 L & Lz, T O/ B H U7z kua s 23 kua,
Bie LT L TR BB [ETH VY . ANz UA ITREEF LV H medium HFIZHEH S
DT EMREINT,

Store model (Z & ¥ B H L 7= & — el O Iz 3T 5D medium 1, Flifa H & OE
BHEh D UA BEORZMEEZ Y 21—y 3 > LEREE. medium T UA 213 kua, Efiux
1052 LB AIE & A BT, m%ifﬁ?éﬁk&%f%ﬁ&iM%if@
ETHoTm, —F5. MM R ONEERE S D UA BiT. kuaeme 2 10 BHS LEZBE, W
EH 10 %I LTz, F72. kuaemx & 10%ETIR TS E- & EENEN 886%&0
TMNWITHEM LTz, SHIC, HHULEE ST A= % 10 5L 1L,/10 18 L SE 725
(2. medium H D UA EIZESMED 5 D25 72 DX kix, ptake. Kxa, Metabotism & Y kxa, efux C &
77,

Yo RA v FEFE MIFAZ VT HX, XA K. UA ORI EZEICHT S
XO BHEHITH 2 allopurinol (10 uM)DFEEEZ Gt Lz, E7 /MVEITICE Y . ALO f#1E
TOBEDONT A= 2 F M LTz, ALO fFE F Tk, 2 hr—/L L HE L T HX KT
XA OFRFHREERD, ENLH, K 5.1 % XU 1.9 % FE THA LT,

PRI N T o AR—& —[HEH|ITH D BEZ, MK571. FUR, PAH & TUBSP % HX & [d]
RFICY > RA v TR e MFHIIRIZAEE L, HX, XA KOV UA EORIFZE(L % 5Bt
FHIET AT XD BT L72, kua emu (3 BEZ >MKS571 > FUR > BSP=PAH DJIE CFHLE
i,

[Z£]
Store model |Z & ¥ BFH U7z kua, s 23 kua, pie & FEEEL TREVVETH Y, Ak
7o RERIX VRFRIRE D & M AN BEE S v, AEERE R ~OHEZENTH D Z &

%2%,&7’:0 ZOZ EE, v MEOEEEORBEOIREER~OH 2 V7 F v A
EICHLE ~DPEM 2 V7 7 o 2D b/hENZ ERHEINTWD Z & & —5T
Do BT VICEDRBED Y 2 2 L—y 3 2BV T, X0 12 LA MR
2, HX OIY AZEEE R O XA OIS medium F~OPEHEFEDOZEIL, iR
g B2 RHIE T 2 faS medium H UA &2 8w < B8 S 7228, UA OfIE» 5
AiEA medium FH~OPEHIEFEDZEEN 3 U TS MEITIR ) > 72, L7a2i> T, ik
(RN R BR 15 3 22/ 02540 L T MG RBIE~DE BT NI N EE 2 BT,

XO BHEAID ALO (2 X - T XA 72 5 TNT UA OEEATRFE TR (Kxa, Metabolismy Kua,



Metabolism) 23 U722 & 205 hSCH IZBWTH XO DM ARETH D Z ENREn
72 £72. F T U AR—F —ORERBROERNS . MIEFH 25 medium T ~DHEH
B TEELD kua, e 2 BEZ L O MKS71 T 95% 2 OF 81%BHE &ui=7-H, GLUT9 72 5
NZ MRP4 DFENRRKEWT ERB 2 Hiviz, £72 FUR, PAH X O'BSP IZEBWNTH
kua, efix 23 45-56% L5 S 1072 2 & 235 NPTs 72 EL OB & Al H 2> 5 medium H~
OPEHIC G L TWD Z ENEZ BT,

[##]

JRIEIT e RMFlEIC BV TEIZ GLUT9 72 6 N MRP4 %41 L Cli Az gEH &5
Z DR E N, HTIE® hypoxanthine DH Y iAZ, XO IZ X % xanthine 7> 6 JREE~
ORFHHEFRIT SUA ICKRELSEEZ X5, N7V AR—2 —{EHEOREIC L 5
AN 2> & MR~ DO HEHHIHENT SUA ~OEEN /NI N2 R E iz, Lk,
hSCH (2B W RO AFENRE A 532 Y — /L & L CTERBEVEE T VAT I A CH
HERESNT,
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ERBIEITREAZ LT & T 22K BMERELBEEST LI L, 08
BRI TH 5, KRBT EITHRIZI W TAERRE S 4, IHFICEIT L,
ﬁ<¢ﬁi0“?ﬁ4h%ﬁ§qﬂﬁﬁﬁﬂéh\ ZDINT AN K o TILTE R BRI T AR &

o BUEE TIZZ AR ARMIKFIZ BT 5 WF2E 23 722 éﬁ/b ekl Z 31T %
URATl R GLUT9 72 ED T v AR — 2 — L E 2T IRIT 5 BCRP 7
> AN B — D L R B i A - & Lfﬂmén@/\éo —73\ PRERHNE A K
SN D RFHED S ML ~OBITHMEIC OV T, #HE DO NI v AR—FZ—D 5
DHEE STV DN, FEMIIAARE L Th o7, Kim L TIIIRIRO T H 45
B & 70 D TSI 361 2 IREEENREIZ DWW TSR & IS O M 1285 B L.,
KHRTOFGEEENHNT T2 2B E Lz, o A v FH#EE MF
AR S AR & IR PRl X O~ o gk 2 FIRFICRME cE 5 2 &
ZF|H L. Hypoxanthine D% E RN % H 72 Xanthine 35 X OVREE D A5G AL
BLOEND OIEFEIENEL | NRMELA Y & KB LTt 217 - 72, MiluNskh s
JOEEERE R D a N — N A M E L, 25 Hypoxanthine % # 5% ™
B EBAL T ORERFHINR BERE IS EEDWN T, ARE - ke 27 b Lz, &6
2. Xanthine oxidase & 5 fEDJRIE k7 > AR — & —|Txf3 5 BHEIRGFIE T
BWTHBREOEEEHOEE Z RFEL o 7o, £ OMER., HEfes £ 479 2 Al
.?72660 AR LT R 2 MR IZEET 248 8T U AR—Z—0FDFE

BIINZIRNT 5 2 L BN TE 7o, RBFRIL, 81 L WIREEEIREMEAT F1E A2 285
6 2: E BT, HOKREENREZENRN 14 E &I R T DIRERZ A L T
bSTUIN i?i%@ﬁk%%ﬁ“’\i& L CHMAMEGE DI E->TNDZ NG
ELEEPMSUTET 2 b0 L HE SN,

Jil



