
DMD #37952 

1 

Titl e page  

 

Titl e :  

Metabol ism of  the c-Fos/activator protein-1 inhibitor T-5224 by  

mul tiple human UGT isoforms 

 

Authors :  

Shinsuke  Uchihashi  

Hi royuki  Fukumoto 

Makoto Onoda  

Hi royoshi  Ha yakawa 

Sh in -ich i Ikush iro 

Toshiyuki  Sakaki  

 

Research Labora tories , Toyama Chemical  Co. ,  Ltd . ,  4 -1 ,  Shimooku i,  

2-Chome,  Toyama, 930-8508,  Japan (S.U.,  H.F. ,  M.O.  and  H.H. )  

Depar tment  of  Biotechnology,  Facu lt y of  Engineering,  Toyama 

Prefectu ra l  Univers ity,  5180 Kurokawa,  Imizu ,  Toyama 939-0398,  

Japan (S .- i . I.  and  T.S. )  

 DMD Fast Forward. Published on February 23, 2011 as doi:10.1124/dmd.110.037952

 Copyright 2011 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124/dmd.110.037952

 at A
SPE

T
 Journals on A

pril 16, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #37952 

2 

Running t i t le  page  

Running t i t le :  In-Vi tro  G lucuronidat ion  of T-5224  

 

Address  f or correspondence: 

Hiroyoshi  Ha yakawa 

Drug Metabolism & Pharmacokineti cs  Departmen t  

Research Laboratories  

Toyama Chemica l Co. ,  Ltd .  

4-1,  Shimooku i ,  2 -Chome,  Toyama,  930-8508 ,  Japan  

Tel:  (+81) 76 431 8317 

Fax:  (+81) 76 431 8208 

E-mai l address : h i royosh i_hayakawa@toyama-chemica l .co. jp 

 

Pages :   39  

Tables : 2 

Figures : 9 

References : 38  

Words :  Abs tract ;  229  

  In t roduc tion ; 337  

  Discuss ion ; 1665  

 

Abbreviat ions : human l iver  microsome (HLM), human  intes t ina l  

microsome (HIM),  UDP-glucuronosyl t rans fe rase  (UGT) ,  in t rins i c  

clearance  (CLi n t ) ,  c ytochrome P450  (P450) ,  UDP-glucuronic ac id  

(UDPGA),  dimethyl su l fox ide (DMSO), h igh-performance  liquid  

ch romatography (HPLC),  HPLC/hybrid  Fourie r  t rans form mass  

spec tromet ry (LC/hybr id  FTMS),  high -energy col l is ion dissocia tion  

(HCD),  coeffi c ient  vari at ion  (CV),  nuclear  magneti c  resonance  (NMR)  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124/dmd.110.037952

 at A
SPE

T
 Journals on A

pril 16, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #37952 

3 

Abstract  

We deve loped  T-5224 as  a nove l inhibi tor  of  the  c -Fos/activator  

protein -1 for  rheumatoid  a rthr i t i s  therapy.  We predict ed the  metabol ism 

of T-5224 in  humans by us ing human liver  microsomes (HLMs) , human  

intes t inal  microsomes  (HIMs),  recombinant  human cytochrome P450  

(P450) and UDP-g lucuronosyl t rans ferases  (UGTs).  T-5224 was  

convert ed to  i ts  acyl  O -g lucuronide (G2) by UGT1A1 and UGT1A3 and  

to it s  hydroxyl  O -g lucuronide (G3) by severa l UGTs,  but  i t  was  not  

metabol ized by the P450s.  Comparing the in t r ins ic c learances  (C Li n t)  

between HLM and HIM suggested tha t the glucuronidat ion of  T-5224  

predominant ly occurs  in  the l iver. UGT1A1 showed a h igher k c a t /K m  

va lue  compared  to  UGT1A3 for  the  G2 fo rmat ion  bu t  a  lower k c a t /K m  

va lue  compared  to UGT1A3 for  G3  fo rmat ion.  A high correlation  was  

observed  between  G2  format ion  activi ty and UGT1A1-speci fi c  act ivi ty  

(β -es t radiol 3-glucuron idat ion) in  7  individua l  HLMs.  A high  

corre lat ion  was  a lso observed be tween G2 format ion  activi ty and  

UGT1A1 content  in  the  HLMs. These  resul ts  s t rongly sugges t  that  

UGT1A1 is  responsible for  the G2  format ion in the human liver.  In  

con tras t ,  no such corre lat ion was observed with  G3 format ion,  

sugges t ing tha t mul tip le UGT iso forms,  including UGT1A1 and  

UGT1A3,  a re  involved  in  the  G3 fo rmat ion.  G2 is  a lso  observed in  rat  

and monkey liver microsom es as  a  major metabol it e  of T-5224,  

sugges t ing tha t  G2 is  not  a human-speci fi c  metabol ite .  In  th is  s tudy,  we  

obtained usefu l in fo rmat ion on the metabol ism of T-5224 for  i t s  c lini ca l  

use.  
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Introduct ion 

T-5224,  3 -{5-[4 -(C yclopentyloxy) -2 -hydroxybenzoyl] -2 -[(3-hydroxy-1,  

2-benzisoxazol -6-yl)  methoxy] phen yl}  p ropionic ac id ,  i s  a sma l l  

molecule tha t was  designed as  an inhibitor  of  the c -Fos /act ivator  

protein -1  (AP-1) us ing three-dimens iona l,  pharmacophore  modeling  

(Tsuchida  e t a l . ,  2004 , 2006).  Adminis t ra tion of  T-5224 reso lved type I I  

col lagen-induced a rthri t is  in  a  prec l in ica l model by reducing th e  

amoun t of  inflammatory cytokines  and mat rix  meta l loproteinases  in  

sera  and joints  (Aikawa et  al . ,  2008).  Based on  i t s  pharmacologica l  

effects  in  ar th rit is ,  T-5224 has  been  deve loped  as  a  therapeut ic  agent  

fo r  rheumatoid  a rth ri ti s .  The  phase  I c l in ica l t ri al  was  comple ted and  

the  phase I I c lin ica l  t r i a l  i s  in  progress . For d rug deve lopmen t,  

pred ic t ing the metabol ism of a  cand idate  compound in  humans i s  

import an t for  es t imat ing i ts  sa fe ty to  humans and any r isks  for  

drug-d rug in teract ions .  In  animals ,  ora lly adminis t ra ted  T-5224 is  

metabol ized  to  form a glucuronide as  i t s  main metaboli te  (unpub lished  

data) .  In  phase  I  cl in ica l  s tudy,  t he major metabol i tes  in  urine  were  

glucuronides .  Given that  g lucuronidat ion  is  the major clearance  

mechanism for  T-5224 in  human,  i t  i s  impor tant  t o  predic t i t s  

con tribut ion to the human c learance o f T-5224 and in  eva luat ing  

drug-d rug in te ract ions .  

G lucuron idation is  ca talyzed  by UDP-glucuronosyl t rans fe rase (UGT)  

and is  one o f the mos t  common phase II  b iot rans fo rmat ion react ions  for  

therapeut ic  drugs .  It  was  the c learance mechanism for  approximate ly 1  

in  10 d rugs  in  the top  200 drugs  prescribed  in  the Uni ted States  in  2002  

(Wil li ams  et  a l . ,  2004).  Human UGTs  a re  expressed in  a  t i ssue-spec ifi c  

manner in hepat ic  and ex trahepa ti c  t i ssues  (St rassburg et  a l . ,  1998).  
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However,  un like  cytochrome P450s (P450s ), the absolute con ten t of  

UGTs in  t i ssues  has  not been  de termined,  and i t  i s  an  important  and  

di ffi cul t  task to  es t imate the cont r ibut ing ra tio of  ind ividua l  UGT 

isoforms responsib le  fo r  d rug glucuronidat ion (Cour t,  2005 and 2010).  

In  th is  s tudy,  we  used human  liver  microsomes  (HLMs),  human  

intes t inal  microsomes (HIMs)  and recombinant  human  UGT iso forms  

expressed in  baculovi rus -in fec ted insec t ce lls  t o p redict  the metabol ism  

of T-5224 in  humans .  We also  success fu l ly iden ti f ied  the chemica l  

s truc tu res  of two major T-5224 glucuronides  and revea led the UGT 

isoforms responsib le  fo r  i ts  glucuronidat ion.  
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Materia ls  and Methods  

Mater ia ls .  T-5224  (Fig.  1 )  was synthes ized at  the Toyama Chemica l  

Co. ,  Ltd .  (Tokyo,  J apan).  1 4C-labe led  T-5224  was  synthesized  at  th e  

Dai ich i Pure Chemicals  Co. , Ltd.  (Ibaraki ,  J apan).  UDP-glucuronic ac id  

(UDPGA) was  pu rchased  from Nacala i Tesque Inc .  (Kyo to,  Japan).  

Alameth ic in and β -es t rad iol were  pu rchased  from Sigma-Aldri ch  (St .  

Lou is ,  MO).  Two lots  of pooled HLMs (4  males  from 24–63 years  o ld  

and 6  females  f rom 34–52 years  o ld ; 8 males  from 29–59 ye ars  o ld and  

7 females  from 21–58 years  old)  and  HIMs  (8  males  from 16–71  years  

old and 7  females  from 18–79 years  o ld ) from donors  were pu rchase d  

from Tissue  Trans format ion  Technologies  (Edison,  NJ ) .  Microsomes  

from 7 ind ividua l  human l ivers , inc luding a llel ic  variants , were  

pu rchased from BD Biosciences  (Woburn,  MA).  The  fol lowing lot  

numbers  were purchased;  HH629 (UGT1A1*28*28),  HG43,  HG18 ,  

HH650  (UGT1A1 *1*1) ,  HH855  (UGT1A1 *1*28),  HH741 and  HH13.  

Recombinant  human  UGT (UGT1A1, UGT1A3, UGT1A4, UGT1A6,  

UGT1A7,  UGT1A8, UGT1A9,  UGT1A10,  UGT2B4,  UGT2B7,  

UGT2B15 and  UGT2B17) and recombinant  human P450  (CYP1A2,  

CYP2A6,  CYP2B6,  CYP2C8,  CYP2C9*1,  CYP2C19 ,  CYP2D6 *1,  

CYP2E1 and CYP3A4) were  purchased  from BD Biosciences . The  UGT 

ac t iv ity o f β -es t radiol  (a t  the 3 -OH posi t ion) in  microsomes  from 7  

individua l human livers  was  considered the typica l  UGT1A1 ac tivi ty.  

The  typical  UGT act ivi t ies  and p rote in  contents  were  used as  described  

in  the data shee ts  provided  by the suppl ie r.  Ant ipept ide , ant i -human  

UGT ant ibodies  were  previously produced in  our labora tory (Kasai  et  

al . ,  2004; Ikushi ro et  a l . ,  2006).  Endoglycosidase  H (Endo H f)  and  

N-glycosidase F (PNGase  F) were purchased from New Engla nd Biolabs  
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Inc.  (Ipswich,  MA).  All  o ther  chemicals  and solvents  were  of  ana lyt ica l  

or  t he  highest  commerc ia l ly a vai lab le grade.  

 

Metabolism of T-5224  by recombinant human P450 isoforms.  The  

incuba tion  mix tu re  for  the  P450  reac t ion (500  µ L tot a l volume)  

con ta ined 100 mM Tr is -HCl  buffe r  (pH 7 .5)  or  100 mM potass ium  

phosphate  buffer  (pH 7.4)  (fo r  CYP2A6 and CYP2C9 *1),  50 pmol/mL 

of each of  the  recombinant  human P450s  (CYP1A2,  CYP2A6,  CYP2B6,  

CYP2C8, CYP2C9 *1 ,  CYP2C19, CYP2D6*1 ,  CYP2E1 and CYP3A4), a  

NADPH generat ing system,  and 2  μM of 1 4C -T-5224 . 1 4C-T-5224 was  

dissolved  in  dimeth yl  su l fox ide (DMSO) with  a  fina l concentrat ion  of  

0.5% (v/v)  in the incubat ion mixtures .  Aft er  incubat ion  fo r  30 min at  

37°C,  the  reac tion  was  te rmina ted by the  add it ion o f  1 .5  mL o f  

acetoni t ri le /methanol  (1 :1 ,  v/v) .  The  superna tan t  obtained by 

cen tr i fugat ion (1800  ×  g  for  10 min  a t  4°C) was  subjected  to  

high -performance liquid  ch romatography (HPLC) ana lys is  us ing the  

CAPCELL PAK C 1 8 -MG ana lyt ica l column (4 .6  × 150 mm, 3 µ m;  

Sh ise ido,  Tokyo,  J apan) at  40°C,  and  the  rad ioac tive  peaks  of the  

metabol it es  were de tected.  The mobi le phase A was 5% (v/v)  

acetoni t ri le , the  mobi le  phase  B was 80% (v/v)  acetoni t ri le , and both  

con ta ined 30 mM of ammonium acetat e . The fol lowing l inear gradient  

was  used : 0–100% B for  40  min,  hold  at  100% B for  20 min and  hold  at  

0% B for  20 min . The f low ra te was  1 mL/min.  

 

Glucuronidation of  T-5224 in  human l iver microsomes , human  

intes tinal  microsomes  and recombinant  human UGT isoforms.  A 

typical incubat ion mixture  (200 µ L tota l  volume) contained the  

fo llowing:  50 mM Tris -HCl buffe r  (pH 7.5 ) ,  8  mM MgCl2 ,  0 to 50 μM of  
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T-5224,  0.1  or  0 .01  mg/mL a lamethicin ,  and 0 .5  mg protein/mL poo led  

HLM, 0 .25  mg p rotein/mL pooled  HIM or 0 .1  mg protein/mL 

recombinan t human UGTs (UGT1A1,  UGT1A3, UGT1A4, UGT1A6,  

UGT1A7,  UGT1A8, UGT1A9,  UGT1A10,  UGT2B4,  UGT2B7,  

UGT2B15  and UGT2B17).  T-5224  was  dissolved  in  DMSO at  a  fina l  

concen trat ion o f 2% (v/v)  in  the incubation mixtu res .  Aft er  

preincuba t ion a t  37°C for  5  min,  the  reac tions  were  in i t iated by add ing  

UDPGA (2 mM).  The  react ion  mixtu re  was  incubated  at  37°C for  10 min  

(60 min  for  the  recombinant  human  UGTs),  and  the  reac tion was  

te rmina ted b y the  addi t ion  of acetoni t ri le  (100 µ L) .  Afte r  removing the  

proteins  by cen tri fugat ion at  13,000  ×  g  fo r  20  min  a t  4°C,  a l iquots  of  

the  supernatants  were inj ect ed into  the  HPLC.  T-5224 and its  

glucuronides  were  mon itored a t  290 nm and e luted  wi th  the same  

condi t ions  as  described  above except  for  the  concen tra tion of  

ammonium acetat e in mobi le phase (10 mM).  Three T-5224  

glucuronides ,  des igna ted as  G1,  G2 , and G3 ,  were  e lu ted .  Due to  the  

absence of authent ic  s tandards  for  T-5224  glucuronides ,  thei r  amounts  

were es t imated  under the assumption that  thei r  absorp tion coeffi ci ent s  

at  290 nm were the same as  that of  T-5224.  In  a  separa te  s tudy,  pu ri fie d  

G2 and G3  were both  comple te ly hydrolyzed  wi th  β -glucuron idase ( typ e  

IX-A from Escher ich ia  col i ,  Sigma-Aldr ich)  and detec ted  as  a  s ingle  

peak o f T-5224 by HPLC.   

 

Enzymatic synthes is  and extr action of  the  T-5224 glucuronides .  To 

syn thesize  the  T-5224 glucuronides  enz ymat ica l ly,  recombinant  human  

UGT1A1 was  expressed in yeast  ce l ls  (Ikushi ro  et  a l . ,  2004).  Fi rs t ,  

human UGT1A1 cDNA was  isolat ed by reverse  

t ranscript ion -polymerase  cha in  react ion (RT-PCR) from a  tota l RNA 
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frac tion  p repared from human  l iver  us ing the PCR primer se t  described  

as :  ( forward  p rimer,  cccaagct taaaaaatggc tgtggagtcccagggc;  reverse  

pr imer,  cccaagct t tcaa tgggtcttggat ttg tgggctt tc tt ) .  

To insert  UGT1A1 cDNA into the  pGYR express ion vec tor,  both  

pr imers  contain  Hind  III  s i tes .  The resu lt ing PCR fragment  was  

digested wi th  Hind III  and inserted in to the Hind  I II s i te  of  the vector  

pGYR, which  contained a 2 -μm DNA ori,  a  Leu2 gene as  a  marker,  a  S.  

cerevis iae  NADPH-P450 reductase gene,  pUC or i,  Amp r ,  a  

glycera ldehydes -3 -phosphate dehydrogenase (GAPDH) p romoter  and  a  

te rmina tor derived from zygosaccharomyces  roux i i .  The resu lt ing  

plasmid pGYR-hUGT1A1 was  int roduced  in to  S .  cerev is iae  AH22  ce lls  

as  descr ibed previous ly (Oeda et  a l .  1985).  The  recombinant  yeast ce lls  

express ing UGT1A1 were cul tivated  in  a  s ynthet ic ,  minimal  medium 

con ta ining 2% (w/v)  D-g lucose and 0 .67% (w/v)  yeast  n i t rogen  base  

wi thout  amino acids ,  supp lemented  wi th  h is t id ine  (20 mg/L).  The  

microsomal  fract ions  were  prepared as  described p revious ly (Oeda  e t  a l .  

1985).  The  protein  concentra t ions  of t he  microsomes  were  determined  

wi th  the  bicinchoninic  acid  (BCA) p rotein  assay reagent  (Naca la i  

Tesque) us ing bovine  se rum albumin as  a  s tandard .  

The  react ion mixtu re  (200 mL)  contained 50 mM Tris -HCl bu ffe r  (pH 

7.5) , 8  mM MgCl2 ,  600 mg of  yeas t  microsomes ,  20 μM T-5224 and  4  

mM UDPGA. Afte r  incuba tion at  37°C for  24  h r,  t he  react ion was  

te rmina ted by the  addi t ion  of  aceton it r i le  (100 m L).  Afte r  removal  o f  

the  p rotein  by centr i fugat ion a t 14 ,000 × g  for  20 min a t 4°C,  the  

supernatant  was  evaporated  under  reduced  pressu re  at  room temperatu re  

to  ob tain  the aqueous solven t  containing the hydrophi lic  components .  

The  aqueous solven t  was  t rans ferred to  sol id -phase  ext ract ion  

car t ridges  (Oas is  HLB, 60 mg/3 cc,  Waters ,  Mil ford , MA), wh ich were  
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previous ly r insed  wi th  3  mL of methanol and  water.  Each  cart ridge  was  

washed wi th  water  (3  mL) and e lu ted  twice  wi th  methanol (3 mL) ,  and  

fina lly,  120 mL of e luate was  recovered.   DMSO (200 μL)  was adde d  

to  the  e luate,  wh ich  was  concentrat ed  to approximate ly 2  mL by 

evaporat ion under  reduced p ressure  a t  room tempera ture.  The resul t ing  

res idue  was  in ject ed on to  a  Develos i l  ODS-HG column (20 × 250 mm, 5  

µ m; Nomura Chemica l,  Aichi ,  Japan) at  room temperature.  The  mobi le  

phases  A and B were the same as  described above ,  and the  following 

linear  grad ien t was  used:  0–100% B for  40 min  and hold at  0% B fo r  10  

min.  The f low ra te was  10  mL/min .  Each fract ion containing G2  

(approximately 20 mL) or  G3 (approximate ly 40 m L) was automati ca l ly  

col lected wi th  the  fract ion collector  (FRC-10A,  Shimadzu,  Kyoto,  

Japan) .   DMSO (100 μL)  was  added  to each frac t ion,  and the organic  

solvent  was  evaporated  under reduced p ressu re  a t  room tempera ture  to  

obtain  the  aqueous solut ions  containing G2 or G3.  The aqueous  

solut ions  were t rans fer red to  solid -phase extract ion cart r idges  (Oasis  

MAX,  500 mg / 6  cc ,  Waters )  tha t were p revious ly r insed wi th  3  mL o f  

methanol and water.  The cart r idges  were washed wi th  4  mL o f water  and  

methanol,  and  e lu ted  twice wi th  5  mL o f methanol containing 5% (v/v)  

fo rmic  ac id .  The e lua tes  were  evapora ted to  d ryness  under  reduced  

pressu re at  room temperature to ob ta in  G2 and  G3,  which were used  for  

mass  spectromet ri c ana lys is .  

 

Identi f ica tion of  T-5224 glucuronides  by h igh-perf ormance l iquid  

chromatography/hybrid  Fourier transform mass  spectrometry.   

The  T-5224 glucuron ides  were ana lyzed by the HP LC/hybrid Fouri er  

t rans form mass  spec tromet ry (LC/hybrid  FTMS) syst em (LTQ Orbi t rap  

XL,  Thermo Fisher Scient i fi c ,  Waltham, MA). The  HPLC condi t ions  
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were the same as  described above except for  the f low rate .  The HPLC  

was opera ted  in  an isocra t ic  mode  wi th  a  f low ra te  of 0 .5  mL/min ,  and  

the  mobi le  phases  A (50%) and B (50%) were mixed in  an LC pump.  The  

LTQ Orb i t rap was opera ted  in  negat ive-ion mode  and the  se t tings  were  

as  fol lows : spray vol tage  3 .0  kV,  resolut ion 30 ,000,  and ful l  MS mass  

range  m/z  150 –  1200.  G lucuronides  were  analyzed  in  high -energy 

col lis ion d issoc ia t ion (HCD) mode  with  normal ized coll is ion energies  

of  30%, 40%, 50% and 60%.  

 

Alkal ine  hydrolysis  of  the  T-5224  g lucuronides .  The T-5224  

glucuronides ,  G2 and G3 ,  were each incuba ted with NaOH (0.17 M) for  

2 h r at  room temperature.  The  reac t ions  were te rmina ted  by 

neu tra l iza tion with  HCl,  and the produc ts  were  analyzed  b y HPLC.  

 

Kinetic  analyses .  Kine ti c s tudies  were per fo rmed using the pooled  

HLMs,  pooled  HIMs ,  and  recombinant  human UGTs  (UGT1A1,  

UGT1A3 and  UGT1A8).  For dete rmin ing the  kinet ic  parameters ,  T-5224  

concen trat ions  (1 to  50  μM) were used  for  analysis .  The  incubat ion  

times  were  10 min except  fo r  the  HIMs  (20 min ),  wh ich had lower  

T-5224 concentrat ions  (below 5 µ M) ,  and the recombinant  human UGTs  

(60 min).  Kinet ic  parameters  were  es t imated from the fi t ted  cu rves  

us ing the Kale ida Graph computer  p rogram (Synergy Software,  Reading ,  

PA),  wh ich  was  designed  for  non l inear regress ion analysis .  The  

fo llowing equat ions  were app l ied for  subst rate  inhib it ion  kinet ics  (eq.  

1) :  

si

2

m

max

K

S
SK

SV
V

++

×
=   (1)  

where V  i s  the ra te  of  reac tion ,  Vm a x  i s  t he  max imum ve loc ity,  Km is  the  
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Michae lis  constant ,  S is  the  substrat e concent ra tion,  and K s i  is  the  

constant  describing the  subst rat e  inhibi t ion  in te ract ion (Houston  and  

Kenworthy,  2000).  A tu rnover number (k c a t )  was  ca lculated as  (eq .  2 ):  

0

max
cat

E

V
k =   (2)  

where E0  is  the UGT concent ration.  To es t imate the  in  v itro ,  in t r ins ic  

clearance  (CLi n t ) ,  the  fol lowing equat ion  was  used (eq . 3) :  

weightbodyofkillogram

tissueofgram

tissueofgram

proteinmicrosomalofmilligram

K

V
CL

m

max
int ××=  (3)  

As repor ted b y Soars  e t  a l  (2002),  the C Li n t  va lues  for  T-5224  

glucuron idat ion  were ca lcu la ted  for  the HLMs (45 mg microsomal  

protein/g l iver  and 20 g  li ver/kg bod y weight ) and the HIMs  (3  mg  

microsomal p rote in /g in tes tine  and 30 g  in tes t ine/kg body weight ) .   

 

Effects  of  UDP-glucuronic acid concentrat ions  on T-5224  

glucuronidation.  To es t imate the K m va lue for  UDPGA in T-5224  

glucuron idat ion ,  a cons tant  T-5224  concent ra tion (10 μM) was  

incubated with  d i fferent  UDPGA concen trat ions .  The componen ts  of the  

incubat ion mixtu re were the same as  described above . Aft er  

preincuba t ion a t  37°C fo r  5  min,  the reac tions  were  in it ia ted  b y adding  

UDPGA at  fina l  concent rations  of 0 ,  0 .1,  0 .2 ,  0 .4 , 1,  2  or  4  mM. After  

incubat ion a t  37°C for  10 min,  the react ions  were te rmina ted by the  

add it ion of  acetoni t ri le  (100 µ L).  The subsequent  ana lyses  were the  

same as  described  above .  The fol lowing equa t ion was applied for  th e  

Michae lis -Menten kinet ics  (eq . 4) :  

SK

SV
V

m

max

+
×

=    (4)  
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Inhibit ion analys is  of  T-5224 glucuronidat ion act ivi ty  in human  

liver microsomes and recombinant human UGT1A1. β -Es t radiol  

(Senafi  e t  a l . ,  1994 )  i s  a  typica l  subs t ra te  fo r  UG T1A1.  The  inhibi tor y  

effects  of  β -es t rad io l on  T-522 4 glucu ronida t ion  were i nves ti gated  wi th  

the pooled HLMs and recombinant human UG T1A1 . The react ion  

mixtures  contained  T-5224  (10  μM),  UDPGA (2  mM),  β -es t radiol  (0  to  

500 μM) and the same  comp onents  as  desc r ibed  above.  β -es t rad iol  was  

dissolved  in  DMSO; the re fo re , the  r eac ti on  mixture  con ta ined  2% (v/v)  

of  DMSO.  A ft e r  incuba tions  a t  37°C for  1 0  min  (HLMs) or  60  min  

(UGT1 A1), th e  react ions  were  te rminated  b y the  addi t ion of ace ton it r i le  

(100  µ L).  The  subsequent  ana lyses  were  the  same as  desc r ibed above .  

 

Immunoblot analyses .  Polyc lona l ant ibodies  agains t  each UGT 

isoform-spec i f ic  pept id e  and  a  C -te rmin a l pep t ide common  to a ll  hu man  

UG T1A or  UG T2B isoforms  have been  deve loped in  our  labora tory  

(Kasa i  e t  a l . ,  2004 ; Ikushi ro  e t  a l . ,  2006 )  and were  used for  the  

det ec t ion of  the  UG Ts.  To ob tain  c lear  UG T bands  on  the  immunob lo ts ,  

microsomes  were t rea ted  wi th  Endo H f ( recombinan t UG T) or  PNGase F  

(H LMs  except  for  det ect ing  UGT1A1) (New England Biolabs  Inc. ,  

Ipswich,  MA) according  to  the  manufacturer ’s  protocol and  subjec ted  to  

SDS-p olyac rylamide ge l e lec t rophores is  as  desc ribed  previous ly  

(Ikushi ro e t  a l . ,  1995 ) .  The p ro te ins  in  th e  ge l  were  b lot ted  to  

ni t roce llu lose  membranes  us ing a  semi -dry b lot t ing  method .  The  

memb ranes  were b locked  wi th  1 .5% (w/v)  bovine s e rum a lbumin  or  

PVDF Blocking Reagent  Can Get  Signa l®  (TOYOBO) at  room  

tempera tu re .  The  membranes  were  incubat ed  overn ight  with  d i lu ted  

pr imary ant ibodies  (1 :2000 to  1 :32000 di lu t i on  wi th  Can G et  Signa l ®  

solut ion  1 ,  TOYOBO) at  room temperature .  They were  then  incuba ted  
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with  a  di lu ted  ant i -p r imary ant ibody (1 :2000 or  1 :4000 d i lut ion  wi th  

Can  Get  Signa l®  so lu t ion  2,  TOYOBO)  o f  a lkal ine  

phosphat ase -con jugat ed  goa t  ant i - rabb it  IgG (Ce ll  Signa ling  

Technology Inc. ,  Danvers ,  MA) at  room temperatu re  for  2  to  5  h .  

Immunode tect ion  was  developed by add ing a n it ro-b lue  te t razolium 

ch lor ide/5-bromo -4 -chloro-3 '- ind olylp hospha tase p -t o luidin e sa lt  

solut ion  (1 -Step T M NBT/BCIP,  Thermo Fishe r Scien ti fic ,  Waltham,  MA) .  

The  band in tens it ies  were qu ant i fi ed us ing  a  dens it ometr i c  s can ner  and  

NIH image  sof tware  (ImageJ ,  Vers ion  1 .38) .  The UGT isoform contents  

exp ressed  in recombinant  UG T mic rosomes  were quant i f ied  us in g  

an t i -UG T1A or  UG T2B antibodies .  The  recombinant  UG T1A1  and  

UG T2B4 mic rosomes ,  wi th  UG T contents  known to  be  1 .6  and 0 .6  

nmol /mg p ro tein ,  respect ive ly,  were used  as  s t andards  (Kasai  e t  a l . ,  

2004 ) .  

 

Correlation Analyses .  The  correla ti ons  be tween T-5224 and  

β -es t rad iol  g lucuronid at i on  act iv i ty and  between  T-5224  

glucu ronidat ion acti vi ty and  the  exp ress ion  levels  of  UG Ts were  

det ermined  in  7  ind ividua l  HLMs.  The Pearson ’s  p roduct -moment  

me th od was  used  to judge th e  corre la t ions .  A p  va lue of les s  than  0 .05  

was  cons ide red  s ta t is t ica ll y s igni fi cant .   
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Results  

T-5224 glucuronide  formation in human l iver and intes tinal  

microsomes .  Aft e r  incubat ing T-5224 wi th  mic rosomes  in  the p resenc e  

of  UDPG A, two major  peaks  contain ing  the  g lu cu ronides  G2 and G 3  

were  obse rved  on  HPLC ch romatograms  in  the pooled H LMs and HIMs .  

A small  peak con ta ining g lucuronide G1 were obse rved  in  the pooled  

HLMs  (Fig .  2 ).  Since  the amounts  of  G1  formed were  ve ry low,  we  

focused  on  G2  and  G3 in  the  fur the r  s tudies .  In  pooled H LM and HIMs ,  

both  G2 and G 3 inc reased  l inea r ly with  inc reas ing microsomal  p rot ein  

concen t rat ions  (0 .1 ,  0 .25 ,  0 .5  and 1 .0  mg/m L) or  incubat ion  t imes  (5,  

10 ,  20 ,  and 30  min)  (data  not  shown).  

 

Metabolism of  T-5224 by recombinant human P450s and UGTs .  

None of the  P450 i soforms  metabol ized  T-5224 (Supplementa l  Data  Fig.  

s1) ,  but  mu lt ip le  UGT isoforms  showed s igni f icant  T-5224  

glucu ronidat ion .  Tw o major  glucu ronides ,  G2 and G3 , were  formed in  

the  recombinant human  UGTs with  5  μM or 50  μM of T-5224 (Fig.  3A 

and B).  Quant it a t i ve  immuno blot  ana lyses  were pe rforme d assu min g 

tha t the  react ivi t ies  o f ant i -UG T1 A an d UGT2B ant ib od ies  for  each  

UG T sub fami ly were  s imi la r  among each  isoform. The p ro tein  cont ent  

of  each  UG T in  the  microsomes  were as  fo ll ows : UG T1 A1,  UG T1 A3,  

UG T1A4,  UGT1A6,  UGT1A7,  UGT1A8,  UG T1A9 and  UGT1A10 were  

2.6 ,  1 .4 ,  2.3,  2 .1 ,  1 .7 ,  1 .6 ,  1 .7 and  3.1 nmol /mg p ro tein ,  r espect ive ly  

and  UG T2B4 ,  UG T2B7,  UGT2B15,  UG T2B17 were 0 .14 , 0 .75,  0 .14  and  

0.63  nmol /mg p rote in ,  r espec tive ly (Supplemental  Da ta  Fig . s2A) .  From  

these immunob lo t  an a lyses , T-5224  g lucuron id at ion  act i vi t ies  per  UGT 

molecule  (V/E0)  were es tima ted  for  G2 and G 3.  G2  format ion  was  on ly  
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ca ta lyzed  b y UG T1A1  and UG T1A3 .  On  the  othe r  hand,  G3 formation  

was  ca ta lyzed  b y mu lt ip le  UG T isoforms , and  UGT1A1,  UG T1A3 ,  and  

UG T1A8 showed the h ighes t  ac ti vi t ies  among the othe r  i soforms .  

There fore ,  we  focused  on  UG T1 A1 ,  UGT1A3,  and  UG T1A8  for  th e  

kinet ic  ana lyses .  Two major  glucu ronide  peaks  (G2 and G 3) and  no  G1  

peak were observed  on  HPLC ch romatograms  in  recombinant  hu man  

UG T1 A1,  UG T1A3 ,  and  UGT1 A8 (Fig .  3C) .  Both  G2  and  G3 fo rmat ions  

inc reased  l in ea r ly wi th  inc reas in g  mic rosomal pro te in  concentrat ion  

(0 .05,  0.1 and  0.2 mg/mL)  or  incubat ion  t ime (10 , 20 ,  and  60  min ) (data  

not  shown) .  

 

Mass spectrometric analysi s  of  the  T-5224  glucuronides .  Th e  

orbi t rap  e lect rospray mass  spect ra  of the  four  p eaks  typi cal ly  formed  b y  

the  incubat ion  of  T-5 224 wi th  H LMs  in  the  p resence  of U DPGA,  ha d  

[M–H]-  i ons  a t  m/z  868 .23083 (G1 , C 4 1 H4 O2 0N) ,  m/z  692 .19830  (G2,  

C 3 5H 3 4O 1 4N),  m/z  692 .19818  (G3,  C 3 5 H3 4 O1 4N) and  m/z  516.16595  

(T-5224 ,  C 2 9H 2 6O 8 N) wi th  the  mass  accurac y between −0.8 5 and 0 .30  

ppm (Fig .  4) .  Th ese resu l ts  su gges t  the  p oss ibi l i t y th a t  G 1 is  a  

di -g lucu ronide  of T-5224,  wh i le  G2  and  G3  a re  mono-glucuronides  of  

T-5224.  Pu ri f ied G2 and  G3  were  analyzed  in  HCD mode.  With  va r ied  

normal ized  coll i s ion  energies  (30  –  60%),  G2 and G3 showed precu rsor  

ions  a t  m/z  692  and  p roduct  ions  su ch  as  a t  m/z  516  for  t he  aglycon,  m/z  

369  for  the c leaved  aglycon  and m/z  175  for  the der iva tive  of the  

glucu ronic  ac id  moie ty (Fig .  5 A and B).  Th e p roduct  i on  at  m/z  193  fo r  

the  dep rotonated  g lu curon ic  ac id  was  on ly p roduced  from G2 ,  

sugges t ing the  poss ib i l i t y tha t  G2  is  an  acyl O -glucu ronide  (Fig.  5A).   

 

Alkal ine  hydrolys is  of  the T-5224  glucuronides .  A ft e r incubat ing  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124/dmd.110.037952

 at A
SPE

T
 Journals on A

pril 16, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #37952 

17 

the  p uri fi ed  G2  and  G3 wi th  NaOH, 79 % and  4 0% of G2 and  G3,  

respect ive ly,  were hydrolyzed  to form T-5224,  su gges t ing tha t  G2 i s  

more uns t ab le  than  G3.  These  resu lts ,  toge the r  wi th  the  mass  

spec t romet ri c  ana lyses ,  s t rongly sugges t  that  G2  is  an  ac yl  

O-g lucu ronide  and  tha t  G3  is  ei the r  a  h yd roxyl O -g lucuronide  or  

N -glucu ronide  of  T-5224.  

 

Kinetics  of  T-5224 glucuronidat ion in human liver and intes tinal  

microsomes and recombinant human UGTs. Kinet ic  ana lyses  of  

T-5224  g lucuron ida tion  were  per formed  in  pooled  HLMs ,  pooled  HIMs  

and recombinant hu man UGTs  (UG T1A1 , UG T1 A3  and UG T1 A8 ).  Th e  

dat a poin ts  were f i t ted to  the  subs t rate -inhib i t ion  equa tion  (Fig .  6)  to  

yi e ld  the  kine t ic  pa ramete rs  (Tab le  1  and  2 ) .  To  ca lculate  k c a t  va lues ,  

the  UG T conten ts  (E0)  ob ta ined  fr om th e immun ob lo t  an alyses  were  

used : UG T1 A1,  UG T1 A3 and UG T1 A8  were  1 .5 ,  1.0 and  1 .9  n mol/mg  

prot ein ,  resp ect ive ly (Sup plementa l da ta  Fig.  s2B) . The p ooled  HIMs  

showed  a  comparable  Vm a x/K m va lue to  the pooled  HLMs  for  the G2  

fo rmat ion  (HIM,  40 .9  μL/min/mg p rotein ;  H LM,  44 .0  μL/min/mg  

prot ein)  and  a  h igher  Vm a x/K m  va lue  t han  the  pooled  H LMs  fo r  the  G3  

fo rmat ion  (HIM,  34 .6  μL/min/mg p rotein ;  H LM,  19 .5  μL/min/mg  

prot ein) .  However,  the  poole d HIMs  showed  much lower CLi n t  va lues  

(G2,  3 .68  m L/min/kg; G3,  3 .1 2  m L/min/kg)  t han  the  pooled  H LMs  (G2 ,  

39 .6  mL/min /kg;  G 3,  17 .5  mL/min/kg)  (Tab le  1 ) .  In  the pooled  HLMs  

and  recomb in ant  human  UG T1A1 ,  the  Vm a x/K m and  k c a t /K m va lues  for  G 2  

(H LM, 44 .0  μL/min/mg p rote in ;  UG T1A1 , 903 M - 1 ·sec- 1 )  were h igher  

than those  fo r  G 3 (HLM, 19.5  μL/min/mg pro te in ;  UGT1A1,  284  

M - 1 ·sec - 1 ) .  In  cont ras t ,  in  recombinan t  human  UG T1 A3 ,  the  k c a t /K m  

va lue for  G3 (774 M - 1 ·s ec - 1 )  w as  h igh er  than  tha t fo r  G2  (25 2 M - 1·s ec - 1 ) .  
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Recombinant  human  UGT1A3 showed a  h igher  k c a t /Km value  t han  

UG T1 A1 for  G3 .  Recombinant  human UG T1A8  only cat alyzed  th e  

fo rmat ion  of  G 3 wi th  a  k c a t /K m value  (303 M - 1 ·sec - 1 )  s imi la r  to  UG T1A1   

(Tab le  2) .  

 

Effects  of  UDP-glucuronic  acid on  T-5224 glucuronidation.  At  

va rying  concen t ra ti ons  o f UDPG A,  Michae lis -Menten  kinet ics  were  

obse rved  in  the  H LMs  wi th  10  μM of T-5224  (dat a  not  shown).  The  K m  

va lues  for  UDPG A were d i ffe rent  be tween G2 (1 .8  ± 0 .2  mM) and G3  

(0 .7 4 ± 0 .04  mM),  su gges t ing  that  th e  UGT isoforms  respons ib le  for  G2  

and G 3 fo rmat ion  a re  d i ffe ren t ;  h owever, Vm a x va lues  for  the i r  

fo rmat ion  were  s imi la r  (G2 ,  201  ±  7 .8  pmol /min /mg prot ein ;  G3,  137  ±  

2.8  pmol/min/mg p ro te in ) .  

 

Inhibit ion ana lyses  of  T-5224 g lucuronidation act ivi ty  in  human 

liver microsomes  and recombinant  human UGT1A1. β -es t rad io l ,  

wh ich  i s  an UG T1A1-speci fi c  subs t ra te ,  inh ib i ted  the  G2 format ion in  

both  pooled  H LMs  and  recombinant  human UG T1A1  wi th  IC 5 0  va lues  of  

39  and 24 .9  μM, respect ive ly.  However,  β -es t rad io l  showed weak or  no  

inhibi t i on  of  G3  format ion  in  pooled  H LMs  and recombinant  hu man  

UG T1 A1 (Fig.  7) .  

 

Correlations  of  the glucuronidation act ivi ty  between T-5224 and 

β -es tradiol  or UGT-isoform express ion .  Among 7  individua l H LMs ,  

inc luding homozygotes  or  het e rozygotes  of  t he UG T1A1 *28  a lle le ,  the  

in te rindiv idual  di ffe rence  in  the format ion  act i vi ty of G 2 (3 .6 -fold ;  

coe ff ic ien t  of va r i at ion  (CV) =  52%) was  h igher  than tha t  o f G 3  

(2 .1 -fo ld ; CV = 24 %)  ( Fig .  8A).  Also , the  G2  fo rmat ion  act iv i ty was  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124/dmd.110.037952

 at A
SPE

T
 Journals on A

pril 16, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #37952 

19 

s igni fi can t ly cor re la ted  wi th  the  β -es t rad io l  3 -g lucuronida tion  

(UGT1 A1)  act iv it y ( r  =  0 .939,  p  <  0 .005 ) ,  whereas  the  G3 fo rmat ion  

ac t iv it y was  not s igni ficant ly corre lat ed  to  i t  ( r  =  0.568 )  (F ig.  8B  and  

C).  Weste rn  b lot  analyses  revea led  in te r ind ividua l  va r iab i l i t ies  in  UGT 

exp ress ion among the  7  H LMs except  for  UGT1A6 and UG T1A9 (Fig .  

9A).  The  levels  of load in g con t rols  ( ca lnexin  and  NADH-c ytoch rome b 5  

reductase ) did  not  va ry among individua ls  (data  not shown).  There fore ,  

correla t i ons  were  ana lyzed  be tween the g lucu ron idat ion  ac t i vi t i es  and  

the  exp ress ion  leve l  of UG T1 A1  or  UG T1 A3.  A high  cor re la t i on  was  

obse rved  be tween UG T1A1  leve l  and  G2 format ion  act i vi ty ( r  =  0 .985,  

p <  0 .00005 )  (Fig .  9B) bu t  not  with G3 formation  ac ti vi t y  (Fig .  9C).  

High  correla t i ons  were a lso no t obse rved between express ion  levels  and  

glucu ronidat ion ac tiv i ty  in UG T1A3  (dat a not  shown).  The l ive r  

microsomes  from a  homozygous  UG T1A1 *28*28 car r ie r  (HH629)  

showed  the lowest  G2  and G3 fo rmat ion  act i vi t ies  among the 7  H LMs.   
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Discussion 

A February 2008  Food and  Drug Ad minis t ra t ion (FDA) guid an ce  

s trongly recommends  hu man  metaboli c  eva luat ions  for  new d rugs .  

Ad di ti ona l s afety assessments  may a lso  be needed  for  h uman-spec i fi c  

and  putat ive -tox ic  metaboli tes ,  such as  acylg lucuronides . However,  

wi th  phase II  (conjugated )  me tabol i tes ,  wh ich  a re  genera ll y more  wa ter  

solub le  and  pharmacologica lly inac t ive,  the  need  for  fur ther  

eva luat i ons  can be e l iminat ed .  Thus ,  cha racte riz ing the  metabol ism of  

new d rugs  in  humans  i s  r equ i red .   

Our  animal s tudies  revea led t hat  the  major  T-5224 metabol i tes  were  

glucu ronides .  Also  glucu ronide  metab ol i tes  were  major  metab ol it es  i n  

human u rine (dat a  not shown) . A comprehens ive s tudy is  needed to  

c la ri fy the c lear  e limination  pathway of  T-5224  inc luding su lfonat ion  

and g lucuronidat ion .  To begin with,  we focused  g lucuronidat ion  and  

characte ri zed  T-5224 glucu ronidat i on  us in g  HLMs, HIMs and  

recombinan t hu man UG Ts .  We a lso es t imated  th e contr ibut ion of each  

human UG T isoform to T-5224 glucu ronida t ion ,  and ve ri fi ed  i f th e  

glucu ronide was  an  acylg lucur onide.   

As  shown  in Fig.  1 ,  T-5224  is  poss ib ly con jugat ed at  fou r  pos it ions :  

(1 )  ca rb ox yl grou p,  (2)  OH group in  a  benz isoxazole , (3 ) NH group  in  a  

ben zisoxazole ,  and  (4)  phenoli c  OH group .  The mass  spec t rometri c  

ana lyses  of  G2  and  G3  us ing LC/h yb rid  FTMS showed d i ffe rent  

fragmentat i on  pat te rns  between  G2 and  G3 an d d i ffe ren t co ll is ion  

ene rg ies  (30  –  60%).  Th e fragment  m/z  193 was  p roduced on ly from G2 .  

Fense lau  and  Johnson  (1980 )  and  Niemei je r  e t  a l .  (1991 )  report ed  t ha t  

the  O b ond  to t he  a romat ic  r ing  i s  n ot  readi ly b roken  in the  mass  

spec t romet ri c  an a lys is  of phen ols  or  phenol  de r ivat ives .  The m/z  193  
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ion is  cons ide red  t o be t he deprotona ted  glucu ronic  ac id  ion  produced  

by c leaving the ca rbox yl group C-O bond,  as  report ed  by Jaggi  e t  a l .  

(2002)  and  Plumb e t  a l .  (2007 )  on  the  acyl O -g lucu ronides  of  

desmethylnaproxen and ibupro fen . Given  the  mass  spec t rometri c  

ana lys is  and that  G 2 i s  an  a lka l i  lab i le,  th is  s t rongly sugges ts  t ha t  G2 i s  

the  acyl O -g lucu ronide  of T-5224 . G 2 was  a lso  obse rved  as  a  major  

T-5224 metaboli te  in r a t  and  monkey l iver  microsomes  (Supp lemen ta l  

dat a Fig .  s3) ,  su gges tin g th at  G2 is  n ot  a  hu man -speci fic  metaboli te .  

There fore ,  animal  s tudies  could  be  import ant  in  the  sa fet y assessment  

of  the  T-5224 acyl O-g lucu ronide in  hu mans . In  ad di ti on ,  the  amoun t of  

covalent  b in ding  o f T-5 22 4 and i t s  me tab oli tes  (oxidat ion  and  

con jugat ion products )  in human live r S9 frac t ions  and  mic rosomes  was  

much less  than  those o f pos it ive  cont ro ls  d ic lo fenac  and  ace taminophen  

(d at a  n ot  sh own) .  G3,  anoth e r  metab ol i te ,  sh owed  n o m/z  193  i on  wi th  

an y col l i s ion  ene rg y,  in dica ti ng t ha t  G 3 is  the  hyd rox yl O -g lu curon id e  

or  N -g lucuron ide  of T-5224.  A metabol i te  prof i l ing s tudy us ing nuclear  

magne ti c  resonance (NMR) and rat  and  monkey matr ices  showed  the  

glucu ronide t ha t  corresp on ds  to G3 a t  the  s ame ret en tion  t ime on  the  

HP LC ch romatogram was  the  hydroxyl  O -g lucu ronide  ( the g lucuronat e  

con jugat ed  pos i t i on  is  “(2 )” )  (Supp lemen ta l  data  Fig . s4) .  In  the  

1H-NMR spect rum of a  g lucuronide  i sola ted  from monkey b i le ,  the  

proton  s igna l of  a  hydroxyl  group  in  a  benzisoxazole  was  not de tect ed ,  

and  the pro ton  s igna ls  in  a benz isoxazole  were  sh i ft ed .  Fu rthe rmore ,  

the  proton  s ign al o f a  phen ol ic  h yd rox yl group sh owed a  s imi lar  

chemical  sh i ft  to  th at  of T-5224.  From these  resu l ts ,  we propose th e  

glucu ronate -conjugated  pos i t ion o f G 3 as  a  hydroxyl  group in  a  

benzisoxazole .  

The k in et ic  p rofi les  for  G2 and G 3 exh ib it ed  the  subs t ra te  inhib i t ions  
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fo r  pooled  H LMs ,  pooled  HIMs ,  and recombinant  human UG T1A1 ,  

UG T1A3 and UGT1A8.  However,  both  K m and K s i  va lues  fo r  G2  (K m =  

4.93  μM; K s i  =  13 .2 μM) and G3 (K m = 15 .7  μM; K s i  = 27 .0  μM) were  

much higher  in the  pooled  H LMs than  an  in -vivo  ED 5 0  for  T-5224  

corresponding to  a  C m a x  o f 0 .03  –  0 .5  μM (Aikawa et  a l . ,  20 08).  Based  

on  these resul ts ,  the equat ion  (1)  could  be  s impl i f ied to :   

m

max

K

SV
V

×
=   (5)  

There fore ,  the phys io logica ll y,  essent ia l  k inet ic  pa ramete rs  a re  Vm a x/K m  

and  k c a t /K m (Table  1  and  2) .   

UG T1A1 ,  UG T1A3  and  UG T1A8  appear  to  be  essent ia l  for  T-5 224  

metabol ism (Fig .  3) .  Of these UGT isofo rms ,  UG T1A8  is  exp ressed  in  

the  human  in tes t ines  but  n ot  in  th e  hu man  l i ve r  (Chen g et  a l . ,  1 998 ;  

Fishe r  e t  a l . ,  2001 ) ,  and  UGT1A1 and  UGT1A3 a re  expressed  in  both  

the human l ive r and  in tes t ine (St ras sbu rg et  a l . ,  1998; Fi she r e t  a l . ,  

2001 ) .  The  k c a t /K m value of  UGT1A8 for  G 3 was  comparab le  to  that  o f  

UG T1 A1 (Tab le  2) .  This  may indi cat e  a  la rge cont ribut ion  of in tes t ina l  

UG T1 A8 to  G3 format ion.  Wh en drugs  a re  admin is t ered  oral ly,  

in tes t inal  UG T and  P45 0s  h ave major  ro les  in  the  fi rs t -p ass  me tab ol ism  

(Fi she r  e t  a l . ,  2001;  Cubi t t ,  2009) .  However,  the  CLi n t  values  es timated  

fo r  G2  and G3 in  the in tes t ine  were  much  lower than  in  the  l iver  ( Table  

1) ,  which  sugges ts  that  t he  cont r ibu tion  o f in t es t ina l  UG Ts to T-5224  

metab ol ism is  negligib le ,  and  hep at ic  UGTs  have imp ort an t  roles  in  this  

me tab ol ism. Th us ,  we  focused  on UG T1 A1 and UGT1 A3 in  the  fur th er  

ana lyses .  

Recombinant  human UG T1A1  sh owed a  h igh er  k c a t /K m va lu e for  G2  

(903 M - 1 ·s ec - 1 )  than  for  G3  (284 M - 1 ·sec - 1 ) .  The  UG T1 A1  k c a t /K m va lue  

fo r  G2  was  s igni fican t ly higher  than  that  of  UG T1A3  (252 M - 1 ·sec - 1 ) .  A 
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typi cal  UGT1A1 subs t rat e  β -es t rad io l s i gn i f icant ly i nh ib i ted  G 2  

fo rmat ion  (Fig.7 ).  A h igh  corre lat ion  was  obse rved  between  G2  

fo rmat ion  and β -es t rad io l 3-g lucu ronidat ion  act ivi t ies  (Fig.  8B).  These  

resul ts  s t ron gly sugges t  t ha t  UGT1A1 is  respons ib le  for  G 2 formation.  

A high  corre la t ion  between the UG T1A1  exp ress ion  leve l and  G 2  

fo rmat ion  act iv it y con fi rmed  this  in  the  hu man l ive r  (Fig.  9B).  

Al th ou gh recombinant  UGT1A3 showed a  much  h igher  k c a t /K m va lue  

than UG T1 A1,  no  corre lat ion  was  obse rved  b etween G 3 format ion and  

the  UG T1A3  ex press ion  leve l in  th e  H LMs;  however,  a  weak corre la t ion  

was  obse rved  between G 3 format ion  and  the  UG T1A1  express ion  leve l  

in  th e  HLMs  (Fig .  9 C). In  ad di t i on ,  a  weak correla ti on  was  observe d  

between G3  formation  and β -es t radiol  3 -glucu ronida t ion  ac t iv it y ( Fig.  

8C),  which  sugges ts  a  cons ide rable  cont r ibut ion  of  UGT1A1 to  the G 3  

fo rmat ion  in  the  human  l iver.  Based  on  these resul ts ,  t he  cont r ibu tion  

of  UGT1A1 appears  t o be  large r  than  that  of UG T1A3  for  the G 3  

fo rmat ion  in  the human l i ve r.  To ou r  surp ris e ,  β -es t radiol  d id  not  

inhibi t  recombinan t UG T1A1-dependent  G3 format ion,  bu t  i t  inhibi ted  

G2 formation  (Fig.  7B).  This  ma y be due t o an in te rac ti on between the  

T-5224 and β -es t rad iol  in  the UG T1A1  ac ti ve s i te .  UG T1A1-dependen t  

glucu ronidat ion  of β -es t radiol  is  r epor ted  to  demonst rat e homotropi c  

ac t ivat i on  k ine ti cs  in  the  presence of UG T1A1  subs t ra te s  and o the r  

compounds  (Wi ll iams  e t  a l . ,  2002 ) .  In  anothe r  case,  Zhou  J  e t  a l .  (2010)  

sugges ted  tha t  UGT1A4 has  mu lt ip le  ag lycon  b inding  s i te s  and  found  

tha t  h igh-a ffin it y UG T1A4  subs t rate  t amoxifen  ac ti vat es  and/or  

inhibi ts  the  format ion  of  o the r  UGT1A4 subs t ra tes  (d ihyd rotes tos t erone  

and  t rans -an dros t erone) .  Based  on  th ese  fi nd in gs ,  i t  is  poss ib le  to  

as sume that  β -es t rad io l could b ind  to  subs t rate -b inding  pocke t  of  

UG T1A1 wi th  T-5224 and  inh ib i t  the  binding  o f T-5224  to cat a lyze the  
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fo rmat ion  of  G2 but  not  G3.  

To da te ,  severa l rep or ts  have  shown the re la t ive express ion  of  UG T 

mRNAs in the  hu man  l ive r  (Congiu  e t  a l . ,  200 2;  Izu kawa  et  a l . ,  2009)  and  

in  mul t ip le  human ti ssues  (Nishimura and Nai to,  2006;  Zhang e t  a l . ,  

2007 ; Nakamura et  a l . ,  2008 ; Ohno and Nakaj in ,  2009 ).  In  a  more recen t  

report  from Court  (2010 ) ,  the  re lat ive abundance of  UGT mRNAs  in  the  

human  l iver  was  summarized  as  the  fo l lowing:  “h ighes t”  (UGT2B4) ; 

“h igh  t o medium” (UGT1A4 , UGT2B7 and  UG T2B1 5) ; “medium to low”  

(UGT1A1,  UG T1A3,  UG T1A6 , UG T1A9 and  UG T2B10);  and  “t race leve l  

or  n ot  d etec ted”  (UG T1A7 and UGT1A10 ).  Incidenta ll y,  Rit te r  e t  a l .  

(1999)  fou nd tha t t he UGT1 A1 mRNA leve ls  were corre lat ed with  the  

UG T1 A1 p ro tein  leve ls ,  and  the UGT1A1 prote in  leve ls  were corre lat ed  

wi th  human  hep at ic  UGT1A1 act ivi ty.  Based  on  th ese rep or ts  and  ou r  

find ings  wi th  recombinant  UGT isoforms ,  UG T1A6,  which  was  detect ed  

in  a l l  7  i ndiv idual  HLMs , might  have a  small  cont r ibu tion  to  t he  G3 

fo rmat ion  in  t he  human  l ive r  (Fig.  3  an d  9) ;  however,  UG T1A7  and  

UG T1A10 cont r ibu tions  appear  to  be  negligib le .  The human  UG T 

super-family comp rises  19  i so forms.  We have not  evaluat ed  t he  

con t ribut ion  of UG T1A5,  UGT2B10 ,  UGT2B11,  UG T2B28,  UG T2A1 ,  

UG T2A2 and  UG T2A3 to  T-5224  glucu ronidat ion .  The  cont ribut ion  o f  

UG T1 A5 and UG T2B28 to wh ole  g lucuron ida tion  i s  l ike ly to  be  smal l  b y 

the  report  (Court ,  2010 ).  UGT2B10 is  report ed  t o ca ta lyze  t he  

N -glucu ronida t ion wi th  qu ate rna ry amines  l ike  t r ic yc li c  ant idepressants  

(Zhou  D et  a l . ,  2010 ) .  It  i s  un like ly that  UG T2B10  cont ri bu tes  to  T-5224  

metab ol ism because we could not con fi rm N -glucu ronide  of T-5224.  The  

con t ribut ion of the o ther  i sozymes  l ike UG T2A might be small ,  bu t  

cannot  be neglect ed .  

Inc luding the  homozygous  UG T1A1*28  a l le le ,  t he  in te r individua l  
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vari abi l i ty for  the G2 format ion,  which  i s  ma in ly ca ta lyzed by UG T1A1 ,  

was  h igh er (52 % CV) th an th at  for  the  G3 format ion  (24 % CV) ,  wh ich  

is  ca ta lyzed  by mu lt ip le  UG T isoforms.  These resul ts  indicate  t ha t  the  

G2 format ion  may be  a  T-5224 metaboli sm-varia t ion  fac tor  in  humans .  

It  should be noted  that  the  magn itude  of  UGT-based  d rug inte rac ti ons  

are  genera ll y smalle r  t han  the  P450 -med ia ted  d rug in te rac ti ons  ( Lin  &  

Wong, 2002;  Wi lla ims et  a l . ,  2004 ) .  The va r iab i l i t ies  in  t he  oral  AUC of  

SN-3 8,  t he  act ive  metaboli te  of  i r in otecan ,  which  is  fu r th e r  conjuga ted  

by UG T1 A1 and  UG T1A9 ( Iyer  e t  a l . ,  1998 ; Gagné et  a l . ,  2002) ,  and  i t s  

glucu ronide  were  repor ted  to  be  3- fo ld  in  9  pa ti en ts  wi th  lung cancer,  

inc luding  those  with  the  homozygous  UG T1A1 *28 al le le  (Ando e t  a l . ,  

1998 ) .  More  recent ly,  Ramchandani  e t  a l .  (2007 ) reported  tha t  the  

va ri ab i l i ty i n  the SN -38 AU C was  app roximately 10% (CV)  in  82  

pat ients  in cluding  those h omozygou s  for  the  UG T1 A1 *28 a l le le .  

Cons ide rin g  th at  T-5224 h as  mul ti p le glucu ronidat ion  pathways  sha red  

by mul ti p le  UG T iso forms,  T-522 4 most  l ikely wi l l  not  cause dru g  

in te ract i on  vi a glu cu ronidat ion .  However,  we  mus t  moni tor  

pharmacokinet ic  outcomes  of T-5224 when  i t  i s  co-ad minis t rat ed wi th  

typi cal  UG T inhibi tors  or  inducers  (Kiang et  a l . ,  2005 ).  

In  conc lus ion , ou r s tudy found the fo l lowin g:  (1 )  T-5224 i s  

me tab ol ized  t o form two major,  isomeri c g lu curonid es ,  and  one  of  them 

is  an  acyl O -g lucuron ide which  was  a lso de tect ed  in ra ts  and  monkeys  

as  a  major  metaboli te ;  (2 )  UG T1A1  and UG T1 A3  have  cent ra l  ro les  in  

the  g lucuronidat ion of  T-5224,  and UGT1A1 is  respons ib le  for  the  

fo rmat ion  of  th e  acyl O-glucuron ide ; and  (3 )  In te r indiv idua l  

di ffe rences  in  the  glucu ronida ti on  of T-5224  were not  ve ry la rge,  even  

wi th  a  h omozygous  UG T1 A1 *28  a lle le .  There fore ,  in -vi tro  T-5224  

metabol ism s tudies  provide  use fu l informat ion  to  s tudy the s a fe ty o f  
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T-5224 in  humans .  
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Figure  Legends  

Fig .  1  

Chemica l  s t ructure  o f T-5 22 4 and prop osed  chemica l s t ructure  of  

T-5224 g lucuronide.  

 

Fig .  2  

HPLC profi les  o f T-5224  and i ts  g lucuronides . T-5224 (10  μM) was  

incuba ted at  37°C wi th  UDP-glu curon ic  ac id  for  10  min  i n p ooled  

human l iver  mic rosomes  (A) and  in tes t inal  mic rosomes  (B) .  

 

Fig .  3  

T-5224 glucu ronidat ion  act iv it y in  each  recombinant  human  UGT 

isoform.  T-5224 was  incubated at  5 μM (A)  or 50  μM (B) for  60  min  

at  37°C wi th  UDP-glucu roni c  acid ,  and  the  HPLC p rofi l es  o f the  

recombinant  human UG T1A1,  UGT1A3 and  UGT1A8 are  shown (C).  

The  incuba tions  were pe r formed in  dup licat e ,  and  the g lucuronidat ion  

ac t iv it ies  (V/E 0)  were  ca lcula ted  wi th  the UG T content  ob tained  by  

immunoblot  ana lyses .  G lucuronides  were  not  de tected  in  UG T1A4,  

UG T1 A9 ,  UGT2B4 ,  UG T2B7,  UG T2B15 , UGT2 B17 and  Mock.  

 

Fig .  4  

Orb it rap  elect rospray mass  spec t ra  of the  LC peaks  for  T-5224  

g lucuron id es  G1 (A),  G2 (B),  G3 (C)  and T-5224 (D) in  the  

negat ive -ion  mode.  

 

Fig .  5  

Produc t -i on  mass  spect ra  of T-5224  g lucuronides  G2 (A)  and  G3 (B)  
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ana lyzed  by the  h igh  energy coll i s i on  d issoc ia t ion (HCD) mode,  

normal ized  coll i s i on  energies  between 30% and 60%, and the i r  

proposed  chemica l s t ructu res  and  mass  fragmen tat ions .  

 

Fig .  6  

Kine ti cs  of T-5224 glucu ronidat ion  in  pooled  human  l iver  

mic rosomes  (A),  pooled  human in t es t ina l  mic rosomes  (B),  and  

recombinant  human UG T1A1  (C),  UGT1A3 (D) and  UG T1A8 (E).  

Each  va lue  (n  =  3 ) and fi t t ing cu rve  a re  p lot ted .  T-5224 (1  –  50  μM)  

was  in cu bated  for  10  min  (hu man l ive r and  int es t in a l mic rosomes ;  10  

–  50  μM o f T-5224 ),  20  min  (human in tes t in al  mic rosomes ; 1  –  5  μM  

of T-5224 )  or  60  min (recombinant  human UG T;  10  –  50 μM of  

T-5224)  a t  37°C.  

  

Fig .  7  

Inhib it or y e ffec t  of β -es t rad io l  on  G2  and  G3  fo rmat ion  i n pooled  

human l ive r mic rosomes  (A)  and  recombinan t human UG T1A1 (B).  

T-5224 (10 μM) was  incubat ed  for  10  min  a t  37°C in the  absence or  

presence  of  β -es t rad io l (0  –  500 μM). Each  va lue  rep resents  the  mean  

± s t andard  d eviat ion (n  =  3 ).  

 

Fig .  8  

In te r indiv idua l va r iab i l i t ies  in  T-5 224 g lu curonida ti on  act ivi t ies  in  

microsomes  from 7 human li ve rs  (A) . Lot  HH629 i s  a homozygous  

ca r r ie r  and  lot  HH855  i s  a hete roz ygous  ca rr i er  of  the UG T1A1 *28  

al le le .  T-522 4 (10  μM) was  incubated  in  ind iv idua l  human l iver  

microsomes  for  10  min  at  37°C.  Each  column represen ts  the  mean  ±  

s tandard  deviat i on  (n  =  3 ) .  Corre la t ions  be tween T-5 224  
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glucu ronidat i on act iv i t ies  (G2 and G 3) and  β -es t radiol  

3-glucu ronida tion  act ivi t y in  mic rosomes  from 7  human l i ve rs  (B  and  

C).  

 

Fig .  9  

In te r indiv idua l  va riab i l i t ies  in  t he  exp ress ion  leve ls  of  human UGT 

isoforms in  mic rosomes  from 7 hu man l i ve rs  (A). Mic rosomes  

con ta in ing 10  or 20  μg p ro te in were  used in  the immunoblot  ana lyses .  

Lot  HH629 i s  a  homozygous  ca rr ie r  and  lot  HH855 i s  a  hete rozygous  

ca r r ie r  of  t he  UG T1A1*28 a l le le .  Corre la tions  between the re lat ive  

exp ress ion  leve ls  of  UG T1A 1 and G2  format ion  act iv i t y (B) or  G 3  

fo rmat ion  ac tiv i t y (C) .  Quant i ta t ive  immunodetec ti on  was  per formed  

fo r  UG T1A1 and UGT1 A3 in  t r ip l icate .  
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Table 1 

Kinetic parameters of T-5224 glucuronidation in pooled HLM and pooled HIM. 

Each value represents a best-fit value ± computer-calculated standard error of triplicate points. 

Protein 

source 

G2  G3 

Vmax Km Ksi Vmax / Km CLint  Vmax Km Ksi Vmax / Km CLint 

pmol/min/mg 
protein 

µM µM 
µL/min/mg 

protein 
mL/min/kg  

pmol/min/mg 
protein 

µM µM 
µL/min/mg 

protein 
mL/min/kg 

HLM 217 ± 33 4.93 ± 1.22  13.2 ± 3.2  44.0 39.6  305 ± 47 15.7 ± 3.4  27.0 ± 6.9  19.5 17.5 

HIM 241 ± 118 5.88 ± 3.69  2.64 ± 1.62  40.9 3.68  106 ± 18 3.06 ± 1.12  58.0 ± 27.1  34.6 3.12 
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Table 2  

Kine ti c  pa rameters  of T-5224  g lucuron idat i on  for  G2 and  G3 in recombinan t human  UG T isoforms .  

Each  va lue rep resents  a  bes t - f i t  va lue ± compu te r-ca lcu lat ed  s tandard  e rror  o f t ri p l icate  poin ts .  

G lucu ro n ide  
UG T 

i so fo r m 

V m a x  Km  K s i  Vm a x  /  Km  k c a t  k c a t  /  Km  

p mo l / mi n / mg  
p ro t e i n  µ M µ M µ L / m i n / m g  

p ro t e in  s e c - 1  M - 1 · se c - 1  

G2 

1 A1  6 6 4  ± 4 1 0  7 .9 1  ± 5 .8 9   1 .5 4  ± 1 .1 1   8 3 .9  7 .2 0  ×  1 0 − 3  9 0 3   

1 A3  1 1 2  ± 2 7  7 .2 1  ± 2 .6 4   1 3 .5  ± 5 .0   1 5 .5  1 .8 2  ×  1 0 − 3  2 5 2   

G3  

1 A1  1 4 6  ± 7 3  5 .5 6  ± 3 .8 5   4 .6 7  ± 3 .1 2   2 6 .2  1 .5 8×10
− 3  2 8 4   

1 A3  8 4 9  ± 4 8 5  1 7 .9  ± 1 1 .8   2 .5 5  ± 1 .6 7   4 7 .5  1 .3 8×10
− 2  7 7 4   

1 A8  2 0 6  ± 8 8  6 .0 5  ± 3 .4 4   3 .6 4  ± 2 .0 0   3 4 .0  1 .8 4×10
− 3  3 0 3   
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 7
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Fig. 8
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Fig. 9
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