Sy IDOF—=ZHNEFICEETH L LAMHR SR, P
IREBAHEYT B & & o7z, M MutaMouse % v,
3BLUL%ORETLHEMOES &L, FEIZBIT 5
LEREWRL, OB LIFRFELTHBE, LEIS
UCHNid A, $72, DNAV— 7 2V ZADOBHPLE
BIGAICREIRM AT AL E L. Foft, Mt
AR E, BMDAR®D 5N 5B &I IE L O EE R
2OV THRETXE, Comet, /A EE*HAHDET
fToTi, SOERMHISN, SHIRFHTAIE
& L7

4.8. 558 MG £ (20035£10 A 22 H)

o RO SVKI4 B X U HepG2 % v 7= in vitro /A%
REBOBREICHETAHLBERO L 2 =AM S h
7z,

ag VOIS y MFRDSHEBBI P Y aydadn
IOV BIE RS FHEZR L DG IR, RDS %it
Brid im0k 5 & RS- T1r e, 5 3 HE&I
e LA R TRDS A FEE I, FFoEid é’zﬂ:io
OB A b e o A RIS D SRR
BeH5DOHTE o 72hY, HERINE LSBT S Tl
CHM Sz, HURDRE BRI TABI AR DY 5 L 0 R Y
TELWMELE. Yavyavy I TODNABESL X
UHMEARy FREUIBEETH o7,

a v VO MutaMouse % iV 72 R F 2R R B O
WEE AR BRI & o THA S, NE S 7.
BEMEEL, 28X U3%ET5 28, HBHIBFEIZHIK
Mremzs &ilizoiz,

Kerry L. Dearfield et al.: Genotoxicity risk assessment:
a proposed classification strategy. Mutation Res., 521, 121-
135(2002) ® JETOC = & 2 HAFEDOM L B HHRR

L s hi,

4.9. SEOMRH £ (20034F 11 H20H)

ay VBOBEEEICOVWT, ERERELIIVH LV
— A EN. 3ay ooy VEBOL HPLC 41
WZOWTHIRRRERFE T MFH LA, ny b
FHCHEIRRED b, FANMROWIS L D iHEEWE
WBay VBTHHEI LR IR, ol Ers, I
WEOHT 5 in vitro BRI, Fovy MIERFS
NTVBWEEDODH BZAMYIT LB HDTE RN LN
Wohkihoi,

HARBERFERFERA T [ FOSGETMIRELRR
INPERENT. A5 4 FIZETOELI 2T S/,
WM E ENBETFETH A, 4, VA7 FHEICHE LY
HEEINBTHA)FEREBFIIOWT, UTFOHAME
Fohs:!

e Wi T, nThHhh,

D?

W BIMATH B 2w

@ ILHEWHOHHERDLYEDY A7 1L ?

@I I NICL o CTHATEALVNNWERLBDT
i3 ?

® SR ) A Z 1M - TH,
yELTEESD?

#inagtEo ) 2

4.10. SB10WIRGI2= (20034212325 H)

FUBEED S, 39 VBOTGRE (L, 2, 3%iRE) O
HEPRIAS OV THMIA L S 47z, 12 A 19 BICRE A
#bh, LERAMUER H, &% &6 TRz
HAE L7z, o —5% DNA O B{LryFEE (8-0H-dG)
TR ALOBWURRIZEN L2, v 7 uTlaaus
HTHRRBROEL, BIUEKSEHERTCTFEORKXG
ERE)PBESIN. 72, REEGBICBOTEE
HAKERINIRASEED S /-8, FoOMFRR TR X HIH
Bz, F7z, BRHEICIEERHLO A0 BAFEIZ X
BAREBRD 72D DR E R L 720T, NRIFHNFE
Thb., B62, HEO—EH% BT Comet REE % FE
s A-DDEMLEDTND

HBHEZR»H,
Communities @ Regulation of the European Parliament

Commission of the European

and of the Council, concerning the Registration,
Evaluation, Authorisation and Restrictions of Chemicals
(REACH) IZ8$ 2883 sz, —#BALFWE PR
T, CMR effects (carcinogenicity, mutagenicity and
toxicity for reproduction) & H.MIERE L, fabid & B
LESETALDTHL. HERICLDERIND AR
HANEDL LA, BEOYEin vitro DR L TH
ZAY ANTHEZ in vive WERFE A HNIE, TN TOFF
LT MESHLOHTHAS ).

4.11. 5B 1LPIRET £ (2004551 3 16 H)

BEERNL I VRS LTGR Y ARIZEBY
% 8-0H-dG DM EHE R OBWIA D » 72, LATOKERT
&, 2% DERE MM L7z v FORIKERTH
BRI Bz AY, MutaMouse DT Cld 3% iR
e 5cHBEICHMUZ, BNEROBERIIOWTHEE
MhE8Nd, EbokLTiE, av VBIIPELYE
DA 8-OH-AG A3 A - - Bbic L, 723l

VUBTODEHER LB EMH-THBY, avy
BoOWEILEZT, FVANANTETHLAREEHITR

WEhi, Foft, 7 bTIEHHRIRTOEOHAGD
BTH~YT ATHHIHATRENE ORI IR SN,
T AORRBUIIFEATA S, BERicREETHL S
EhdRRE NS, T, F-yoEs oSBT A
EaMshz, I, Reoms, BHBcELCoE
B, LBV Ho 7.
MutaMouse & F\» 5
Bho#EN 2 INT.

MR O HELERPUZ D W THIEZ
Bl £0C, DNAHI TR T
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LTHEY, SN2 nrs. £ AT
Comet assay (28 Hi%5- 0 3 HHOR%E) & KAH i MN i
BlTdh o7,

4.12. 12BN & (70— X P& 2004 4F
2R12~13H, EHEBYURY YL 200452 14 H)

AME Sk, w24y v (M), Aardema, D
Benford, D.H. Blakey, S.M. Galloway, D. Kirkland, Y-J.
Surh, V. Thybaud, D. Tweats, L. Miiller) % #} &, #LAH
e LC2miz i Tl L 7.

1) 7 I G N

$12 MILAME R N ORE LT
NVF—varRBEE LTt 5ich i, KiETan
ERBIUCBNMPKREER L DHEHIR. R BEZ,
34EM (2003 4E 4 A ~ 2006 4E- 3 H) oW eI okt £ T
DY 2T, AHMMEENEORZEEICHTLI RS
FMOWBEEHEEL, MELT I LOHILIIDHAB.

ERERLY, ARTNME LTOay VBOMIGH
) A7 GBI DWW THEP R e, Thbb, HE
BT EMHBMDORMORER, SEO I JEHRH
OMH, BHAMBRZASTRE SR a7 VRO
R Zﬂ:iﬁfﬁ%’f&?—* YOBEM, FhoikEiCLL
HERP % BMD EIC L 25V X 7 OFtBEH R &
WS, #EV)TESV\BLT“ LR & L& Ol %
EN) IOV TR Y 1T o 72,

FHEA LY, av VEBOHGHEECET AR —
ZIZOWTHIAW R IR, ARFEN O 1EHTE
BUZ-TFTRUBORBR/MEOMRE, 752 5TR
THEL.

® i pH L BEL L

© Ames R BT AWM OLE - a7 VERIOER
® Ames RER (FFRERR 4 &) © Btk

@75 23 PR Btk

® TK6/WTK-1 #3122k BR B X OV/MERE © M
13
@ TK6/WTK-1 {01z & 5 Comet 3Ex © 5tk

® TK6 MM & 2t EEE R | Bk

® YawVayNTW|EARy FRER B

@ it MutaMouse (& & 5 [P o F2 58 | B

@ Jift MutaMouse 2 & 5 JF 1§ 8-OH-dG TEHL © Mtk
@ 5 v b P RDS iRER - Wtk

o oy L E LT, 3 '7 V@%@y‘iﬁ”ﬂ'

BLUOBREFEET— RS h A, —HoER 2
UM MICH AT A MEENE ﬁ&#@gﬁw‘:’)
AP lEwv) picEH s hic. ZoMR, SRrEd

BHRE TR F— s HOXFy v 7HE L, FOXv v 7
PHDLLENHDLE SN, MEKTHEEFEONR
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WA, —BMICRRASHDZ 54 F) T TEOR
AT ETHIENH Y, TOHTIEGLP A, I
GLPREE 2 D, HBRINTRLOBREEILN A, Ak
DFH A 3D, EHEOFHNIEI DN, Lo
FELERENDE I ENHLLENE. TV VBICOW
Tid, FRENPBREZEEA I ALCERTL O
e 5121, W20 HE, EHHH B
BMEE T bbby y 7OFEETLIEMERIN
7o Bl AL, kT -2 I L T, MH%@E@i
DR Rz ay SO UMD TREO AT 4
AU LN TRV E, /v 2T by AN 4}-.11
Lliﬂ%hb@&?&l?ﬁ") Twnwz ki k, Fiodtmilt s
LTI, WR/METIE< Y A/ 5 v bR,

f”l/ﬁ\’ﬁ’umll BTy e/~ ABEEO L 5]
lo—HLTuwhwilind s &, Comet BT it tail
moment D ESLEE SNz b &ETHE, D
ORF A WIT 5201, 254 FERO ML
ADME 7 — # Uk % & & B I SRR BR 0 o 7 & A3
WERIZ I/

2) By yRI A

W12 ML KRB &S [Fo2] %, [TAMMEYHES
DVAZTHAAY MR LELEREY R I T A
ELTHMRTAICHIY, 9, 2OoBEIFRERAL
Dai s, UTF, 8y rRIYZMTEBLCEA
YYRIAR2BIZEDERLE L PCRATRBTDR
72, FOWBEoOLT, ru—XFE&E v AT X, v
VLY Y POREVPHEIN, KV URY Y LDR
fleick by, BEIHFEEDLELERHBECENEOR
MM ODH DL OBMEC, BiZBEEHEDET
HoTHHEL*RETELMHENOH L Z LRI
LB bha. 4L, 0L Ry —ACHiO
BCEMUfEL O, T, FOREFEDIHITOIOD
DY TALIZZHANSNLL OO W] ST
LYENHB.

4.13. SI3MIRE 2= (20044E3 )1 15 H)

20044E 2 HofkE, WRERIIOVT, SHOKHD
BRI DOWTIE, Dr. Tweats & DRI S h 2 HEEON
HARETHY, MMl hcosomis
B4 5, ST ay VBOEPAM, ISR
T AREMPAMEEN A Yo Lz, 2 YRRICEH AT
Froob LTLHUREAA & DEBEEHOMRIERWT
HAHD. T, WIP¥ARTIERITELTH, Fhhl
(ZHMEICE AL DO T & D L, fit-T, HFBICEH
TAHREHEEOLTE S PILEEHLOTIRI RV
P R ToONEREE T KT AEOMEN (T v b
or ¥ A, MK & B, M UIBROHE) 25 L
Hhhi:.

KAy PRI 8B E LTI oMb &k
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MARERE LTIT) S eARE SN D IFME, T
DNA7 &7 F O, X#HE%EZER L MLA, 5 v b
IFUDS, TK#Ek RE7— s oEHE+ M- 2¢57:
O, GLPTORE, L3RBT o F a— ok
DUVEHTHD, SEETIY VBT ARBERT
S, REMERICOWTIEREEPIHCICEED LD
& & AT,
KBDEFVLEWE L TR TS R, &L Idm
OTMEEWEEGET L. (LAY D RS, F5
TLCIhETORBRT— %L ¥a—35. Bh
HEDHIZH LTI, Dr. Tweats DIEL 4 ¥t L7 LT,

o~
Y
[
i
i
O
c
op
LY

5. BHDHIC

(BB L CRERBEMWIC YT 2 BEEEORE - 3
fii - BRI T AR ERAOHIEL TV LI A%
Wiz, EERESE Y FE0s, 9y VB1IOFIY &
Th, ZOVRAIFMIEES LTI AL, RETT
NEFHIE LT 5. BE & ER, 58 0 14EET
JEMSO&EM S b BMOM S N2 BZHEM ORI -
FEAL - R DT DR A L L 7m0,
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REERTY, HAGHERFYAHREREAE’

R IERIRS T 105-8512 BUEUEREE X % NE 1-5-30

Present situation and perspective of risk assessment:
From the view point of food additives

Minako Nagao '* and The Ad hoc Committee of JEMS’

"Kyoritsu University of Pharmacy, 1-5-30, Shibakoen, Minato-ku, Tokyo 105-8512, Japan
? Japanese Environmental Mutagen Society

Summary

Kojic acid (KA), belonging to existing food additives for which compositions or usages are not clarified,
had been used for prevention of enzymatic browning. In 1995, the food sanitation law was largely revised to
harmonize with JECFA, OECD and FDA. Under the new law, reevaluation of existing food additives was
required. In 1998, it was found that KA induced tumors in the thyroid and liver of mice. KA also showed
genotoxicities; gene mutations in S. typhimurium, chromosome aberrations in CHO-K1 and CHL/IU cells in

" vitro, and micronuclei in the liver of mice and hematopoietic cells in rats. Although it has not been clarified
whether liver or thyroid tumors were induced by genotoxic effects of KA or not, use of KA as a food additive
was banned in 2003, based on the fact that KA was not used in any country at that time. The ad hoc commit-
tee which was set-up for a three-year task from 2003-2005 considered that KA was an appropriate model com-
pound to re-evaluate the strategies presently used to detect genotoxicity in vitro and in vivo, and to re-evalu-
ate the regulatory rules (use of genotoxic carcinogens as food additives should be totally avoided; genotoxic
non-carcinogens in rodents can be used as food additives) . First of all, we confirmed the genotoxicity of KA;
we demonstrated that genotoxicity in S. typhimurium was due to KA itself, but not due to contaminants, KA
induced TK mutations, micronuclei and DNA damage (Comet) in human lymphoblastoid cells, TK6 and
WTK-1. These results support the finding that KA is genotoxic in vivo, although it is not clear yet whether
KA induces tumors by its genotoxicity or not. Speculating that liver tumors induced by KA were due to its
genotoxicity, human risks to KA to which humans are exposed by taking fermented food products was cal-
culated to be 2 x 1077 by the linearized multistage model.

Keywords: kojic acid, genotoxicity, tumorigenicity, risk, regulatory rule

* E-mail: mnagao@m8.dion.ne.jp
2A44:2004 7R 1R SE:20044:8H2H
© ARBEHEERFEA

g@mﬁ:ﬁ%%ﬂﬁ%%%w HRKYYRITAZ VA THAA Y POBRRLBE [ VX5 b —F AT ANOHEDY ] T
=X (WA
This paper was presented to the symposium 3 “Perspectives of risk assessment for genotoxicity” at the 32nd JEMS annual meeting, 2003.
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MBIV, BEFEORAIEbIO L2
LEOTEETHL. BEFHEIIHM, AL~ —5—
DEIZEBbhEY, ThE)A2FMIEBEY L T5
EHLOMBED L. B HARRBERFESEAN
&k (2002 ~20034F) ORET, [EMmB X OEHEFEM
WICET A EEFEE O - 50 - R 2HET LS
LERHBEL, REERPRXOPICHERBESRT
bh7-. COBKERAEIERE -K K, RIEE
k- RREST, BA - #9453, KEOfdE, #HRR
He, S, meE, AMIER, BH BEIOL
5. EBRNESITCESWTHEEZEHLLVE W)
FEZMDH, K BEHRELTAHEASOR AR
& (ARREMAIIEREE [MEMNYOEEHELER
WO+ 28%8] OBA, HebEE, AHidE,
RS OE, Bl %, BERERT, k4K #H, FHIE
FREAFT, BALEEEZ2F-TVD. MIRHE LT
&, BORMERAEILIC R o 2B - 2y VBRERY
FWFT, BEBEURBICEDIWREEREIT > T,
ZOBRERS-BHEMERARSE o, BIEHE
MiB & UMM T 2 AconT, i, BE
BONTULERICEITCIVAZTEAA Y MIDWT
WET 5.

BRI ORE

bAEOAEGEM ORI, BEE5SHYE (HEEH)
OEFRE o Th B 50ED AR T S, HEMHMN
B ST A RGBT B Ry, BEEsng,
RREHR, 2oficsEaIns, FRISELAHET
FHNZFHL338, 489, 612 B LU 2HEHL. av VR
BRI, bW RARMBIZE L, 1995%F0
BREORATHICHEbRLTWALDOTHY, HISHE
o ARERRE SR TV Do, L LBEEOHE
BTk, FRERDMIL, LFERGPREKHENE
Mbd, £THIK - ZBEOREIERSIMTEBY, /2
BRI OV T B - BREOREPMERIT b
TWwWh, TO L) BRT, av VBFEEEEREA
WETHLUREEIVRIN, 2002FE 12 HICEE - A
HHERELREN - ERNIYA RS, BRELEEFRS
CRWTZOW SRS b, Tz, 20024115
WEBMR Lotz &dbdHY, NTYv AL MER
B, WTO@#H L/-1%, 2003FE 10 Hizimme LM
Lawvk dERahs: (EE5EE, 2003).

Z 2 CTHhDE ORI OB DV TR BT
5. ERWN2AELEMYANICELDHBE L LTI,
FAO (Food and Agriculture Organization) & WHO »&
RCHRIMLza—Fy 7 ZEBEEMREEES (CAC)
oY, HES a—Fv 7 2MBETH S, a—Fv
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7 AL WM - HEREIER SRR ES ) R
fit L Tw 3 DMNJECFA (Joint FAO/WHO Expert
Committee on Food Additives; FAO/WHO & Rl & SN
MEMRZRR) ThH5.

bOBEOREGFIMG ORI T A E LTEgR
hTwabold, ©28HRERSHEEHRE @WHK
EHG TR, @ LERXERSHEEHAR, © %5
RER, © BIURER, © ByAUHRR, O1FEHRE
BHHE - BBAMEERER, © HEERR OFER
BHRE, O —HEEARTH L (FEFBHETBUE
#.

ERFERBRE LTI 1. #MAEDE AV ERERR
B, T. WASFERMAREH L RAaERERR, T.
oLV /MERBEEERL, ho0RBRER
FWET 50D LA, WILEEEAR, .
YV aunL, FolEEAVAEETRERERRE,
o S OB R, £ L v 5 R B SR,
Fotf e HvaENIOERER, BUEWEZHv5DNA
R, WAEMEE RS UDS 38k, Wl
2D SCERRZEBMENT S, LhoTwd (B
ESGEARTRER .

BIZFEOFEMIZ I in vivo D F— & PSRF S5 45,
FhEEISTLinvittoDF— I PEETHLH., 2% D,
in vivo TIZ U CTHBHIIZ 2 2 BEHEWE L, invivoT
BUDTRINEMEALIR S 52 L 2R TRENL S, ¥
o, MEYEZHCLEREGHRABRTHEL W) LT
ZOWE F 3R WHDNA & FUES§ A HERIEBD T
HYET, EEZERED > T35,

FUHARBROBEROFMIZoVTIE, DABETH
JECFATY, BDBAMZAL, in vivo CHEEMENTR
SNWEIE, ERFNmE LCofARRS S hTw
v, BEBUBFAMELFEHZEL TV 2EEHEH
HLTWBJECFAOXE*ZDF T TIZF5IAT S
(Food Standards Agency, UK, 2002).

All studied neoplasms contain mutations of one type or
another; there is a single copy of DNA in every cell, there-
fore, it is reasoned, there can be no threshold of damage
below which DNA damage has no consequence, hence,
there can be no safe exposure level to a carcinogen that is
genotoxic.

JECFATIE, ¥ T 274 v 7 BB RIFAIR
Mb4528, BEFENEPS > THLERBMTRIAMN
ERELVEIL 2 HEH L, BEFHERTEFA
WEPIFEBEBEED A A XL THALFIRT HBED
HDHILERTVDA, THhEEFIMTICEY KD &
PIZDOWTETE, ERLTwZ v (Food Standards
Agency, UK, 2002). bbb, 1F- 5% in vivo T
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BIEHMZ AT, ol TROSARERERVIE

BEDUNDHLEOPEEELZMBETHHLELTNAD.
in vivo BIZFHORBRICIE, BREICE T 5 EMRHIR
ZEME LD OF—BBICFHICHV LTV B,
LEWIZ X > T LBV  0dH 5. FIZIE
MelQ—DNA KL < v id, E8iTEIFiE® 1/70 T
» Y (Nagao et al,, 2001), N—-NO-dipropylamine ixfF
METREBETCHLITFIEHABETEIEETH D
(Noguchi et al., 1994). F7:, BEERKET, FERTAH
RSN o, OBERPETHEEERZRL TV
VROV TIERRNL R TWwizw,

Plokaiz, avVBoEEzZ Lird s, BESS
PRTWAHMIEOMER 2% 2, —&HTORERHRIC
M CARAREEH LTS,

DI

ay VBIERE (Aspergillus oryzae) OREET H{LE
YTRBEEHBIOCAS = VERBEERAEZET S, 5

Table 1 Carcinogenicty of kojic acid?

Kojic Acid Tumor incidence (%)
% Thyroid tumor Liver tumor
Male 0 2 48
15 65**2 69
3 87** 47
Female 0 2 0
1.5 8 4
3 80*" 10*

”Fujimoto et al., 1998. Kojic acid was administered to B6C3F1
mice in diet for 20 months. Effective numbers of animals were
between 48-53.

2* and **; significantly different from the control value at P <
0.05 and P < 0.01, respectively

0y F—EOREEAICILLZLOTHS. RGTNY
(BRIVCOBREPHC00RERAD BIUELER
A bR & LTRSS Twz., HHERTROY
Rizx b, BT, ESENE LTEEbhTwh:
v, 19984E I W A B W, FURIRIES B X OFFIE
EFRERASRE IR, BWPAMEL, Fujimoto &
(1998) DFHILICE DWW THED /2D D% Tablel 12”7,
FRBEZCELGIay VBO T E—Y 3 UEAIR
EBIEDN, TYABIPTy PTRBEBINRTWVES
(Fig. 1) (Fujimoto et al., 1998; 1999; Tamura et al.,
2001).

—F, aw JEBIZin vivo TEREFEIRB SN, ¥
ey AFTIMIPFEREN LD Y, BERHES
DPDAMEOTREMAVRIE S Nz, E512, p53" /A7
TR ERANWLERBARRT, 27 VBOREF AN
BEBEECILZEERETE o7 (Takizawa et
al., 2003).

T, B - ANEEEREKICRB I RESED
%38 % Table 23 & ' Table 3128 7=,

au SHMoOEEERL, YUVERSEHEREE, Hi
B aARE ChME, Ty b K BB
I UERMIZ B B, = A0 (B, B4 2
BIBATERETH o728, v 7 XEFH () B
U5y M G BERBRIEENETH- 2. LT,
ZDGy My AR ARIEFEEEIOEZHYT
XLREBICIE Do 2h5, 2002FE0OBATIEaY VR

[ AN

HO SN
O

Fig. 1 Kojic acid

Table 2 Genotoxicity of kojic acid in bacteria and mammalian cells in vitro v

Marker for DNA damage Cell 59 No. of experiments Result

Bacteria

SOS repair E. coli with and without 1 Negative

Rec assay B. subtilis without 1 Positive

Gene mutation S. typhimuriwm  with and without 6 Positive 5; Negative 1 (5 mg/mL)”
Mammalian cells

Hprt mutation V79 with and without 1 Negative (3 mg/mL)

Hprt mutation L5178Y with and without 1 Negative (1.4 mg/mL)

SCE CHO-K1 with and without i Positive

Chromosome aberration CHO-K1 with and without 1 Positive

Chromosome aberration CHL/IU with and without 2 Positive and Negative (5 mg/mL)

Chromosome aberration V79 with and without 1 Positive due to toxicity

Micronucleus HepG2 with and without 1 Negative (8 mg/mL)

Micronucleus CHL/IU with and without 1 Inconclusive (2 mg/mL)

D December 2002. Consultation meeting for dugs and foods, MHLW
? The maximum concentration used
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Table 3 Genotoxiciti

es of kojic acid in vivo®

Marker for DNA Lowest effective dose Maximum dose Number of

Tissue, cell damage (g/kg x times) (g/kg x times) experiments Result
Mice
Bone marrow (adult) Micronuclei 1x2 3 Negative
Hepatocytes (adult, PH)  Micronuclei 1x1 1 Positive
Hepatocytes (adult) Comet Ix1 1x1 2 Positive and negative
Liver (adult) LacZ 1.6x28 1 Negative
Thyroid (adult) Comet 0.75%1 1 Negative
Rats
Bone marrow (young) Micronuclei 2%2 1 Positive
Peripheral blood (young) Micronuclei 2%2 2 Positive
Hepatocytes (young) Micronuclei 2x1 2 Negative
Hepatocytes (adult) Comet ©o1x1 1 Positive
Hepatocytes (adult) UDs 1.5%x1 1 Negative

" December 2002. Consultation meeting for drug and foods, MHLW

Table 4 Genotoxicity of kojic acid in human lymphoblastoid cells *

Effective concentrations of

Marker Cells Result kojic acid (mg/mL)
Mutation (TK) TK6  Positive 1~4
WTK-1  Positive 2~4
DNA damage (Comet) TK6  Positive 25~5
WTK-1  Positive 25~5
Micronuclei TK6 Positive 2~3
WTK-1  Positive 1~2

* Genotoxicities were examined without 59 mix.

PEMEMW E LTREAIATw R o2280H
D, HEHAELEOHEENL SNIzbIFTH B,

9 JEROBLEMYOERHG
PEDERZRE 2 C, ABHEATHRESTEREED
MESEHEL, 8BWEony FogEwc L 5 ek
BT AL, SHRF—YoMEZTRI LD
Ll Lo,

L FWELATFHEH, ABRICBT3EBRERER
SEORRLuy Foay VR, AREMMA (56312),
EEIMARA (2Y181), B L UBH (052K2516) % A
w7z, ¥V E R 5 B TAL00, TA9S, TA10Z, kBB
WP2uvrA/pKM10LIZX L, WFhoo v b iFiIzFEE
HOERFEHEEZRLZ. SOmix X T CIIEEIIR R
RWEIIZH - 7z, HIEPEIZ TAL00, -S9 mix T, ~ 100
BRoOU-—/mgTholz, E5612avVR%E HPLCT
L, +S9mixBLU-SOmix CRIEIhZEREN
KA VBERIZIAZ ERHL LT

2. b MNEENRIC BT 5 8ESE
HAEOME E LT, mviskice Foflax >
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CEAEIENDL, F7, v VBOEENRICBITLE
REE Hprt 2 3BR & L 7= 0547 22 b TV 7225,
WENRSBETH o Eh s, TKEZERE LT
BT otz Heizdilg, v Y oSSR TK-
6 (TK™") BXUWTK1 (TK' " p53™) < 5. TK
EHR, /M4, DNABE (92 v M) WIFhbBHETH
o7z, BREREFIEE BRBRERERO 2RI S
HHEEIITAILE 5 2meg/mLTHho 7.

BEREM O, EEFHORKICHAVONS
PERMEOREIRS I0mM EED LN TWAEY (F
OMEIZDNA L EERS LY, Wb LBEOH 2
HIEFEUYEZR I RS E 2D TH 5, Scott et al,,
1991), YL ERXSHICHTAERE SIS, v MY ¥
SNEFEREEMILIC BT 5 R R R E B EERIC L VER
ENFEEZLNS.

3. In vivo BEFEE

Table 41 ZR T £ 500 VBRI LacZ b S v AV 2 =
v RIATEELOHEDNDH S (Nohynek et al,,
2004). L2 L, WREFAUSBE SN0~y X
ThovI L, £/, HMEBEORSTHLIENS, M
TAZRMBEETL LI DV BERE T o TY
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Table 5 Risk evaluation of kojic acid naturally present in fermented

foods

Human exposure

0.6 pg/kg/day
HERP index

Based on male mice thyroid tumor TD;, = 1.4 X 10° mg/kg/day

Based on feale mice liver tumor

TDs, = 1.4 X 10° mg/kg/day

HERP index = 4.2x 10" (thyroid)
HERP index = 4.2% 107 (liver)
Linearized multistage model for genotoxic carcinogen

Mouse BMD,, = 29,600 ppm
Mouse LED,, = 18,600 ppm

Mouse kojic acid intake at LED,, = 2.4 X 10° ug/day
Human tumor risk  0.6/2.4% 107 x (50/0.025)%" = 1.67x 1077

B, FRBEE - ARMARESICIRE SN REERO
BEDI LI ABLIUT Y b, FRAEARE L UE
BIZB B5AVEHABRT, SREAFAOERERETH D,
EBROFMICOVTOBRIVTHETH -7, He-8
DB, BANYBROBERZErOEEHE— L LT, &
BIy by ARTCTHEBEORBRICEND HIB41T
RBOZIHKT IO EBET 2 HETH L.

BmAO D IO YU 2 I

HE - AREERHRE TR, BRAERPICBT2aY
VBROBE R TRER, BRI 41 RAE, 380032 Ak,
B29RAED S B, BRI 2MAED 5% % 0.5 ppm B £ U1
pPmIREET, B 1RMED S IppmiBE RS- &
WEShTWS, BRFEREICETE, 1HENSE S
PRUE3g, W27 mL & L, BEMEH L OB iE 1 ppm
DATIVBPFETNTCWE LT LE, a9y IBROBRE
130.6 ug/kg/day & Rigd Hh b,

L hoay VBIIHTHRERY 0.6 ug/kg/day & L
T, I9VBRIEIARBAV A OB ERLT. —
Zib X SN TV5, HERPindex (Human expo-
sure to rodent potency index) 3 & U, XEEPAd#{Z
FBUEPAMEAD) A7 FHEICH TV LB SERE
7 (Linearized multistage model) (2 EHES WV THEH
L7z, &R % Table 5127

HERP &, BPAMEFBEFEETH LGP 2MD
T, BYRESAICBYCHEMBSERTHY, B
HUBEEL)ORBRICEILF—9%, 20 F
v MIEHATAHETHS (Gold et al, 1991). B6C3F1
< A MEPARIRES B X UV B6C3F1 = 7 A MNFIES B %
FIZHET C HERPIX £ ZR VSD (virtually safety
dose ; 10°DREHFARK) ©1/10~1/100TH 1. %
#, Tamura H (2001) I THRIREEEICE L Cidawy
Ak D NOAEL (no-observed-adverse effect for thyroid
tumor-promoting effect) % 0.03% (15.5 mg/kg/day)
ELTWD, —#IZIENOALE 2 £/ $ 100 % fivC

1HRFFRRENREH I NS, HOMIZ 155 pg/kg/day
E%h, AGPLOv FRERBIEIFD1/260L 5.

ML BRE TV TIEBMD, 8 X U LED, 2 v 5%
(BIR S, 2001). X F<—2& (BMD, Benchmark
Dose) ZHB SN HBATORE—RISHED TR
BrRETH—D2ORBETH Y, BEAEBRTIIHV
LEHYOREEIH Vo T, 10%DEIFNAKOHE
(BMD,y) EHRIITEZ FTRIETH 2. HHAAERDT
— % X 1 Multistage model (Armitage and Doll, 1961)
2o TBMD,, %K%, EHEM 95 % EHR R o il
LED,, (Lower 95% confidence limit for the dose giving
the animals an increased tumor incidence of 10%) # 3K
OhH. TNINEKBEMCIBYLHEHEEE, 0528
LEMERTELTYRAZ ZF T 5 ETH L. 20
FETE, EUABIAETRICHAT S, $hbbk
HOO075% (W) CHBIT 2L LTw5. 2 O
HEIHE o THHFFEAAY A7 1ZVSDE & v v 1.65 %
107 CThot.
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Abstract

With a recently developed high-performance liquid chromatography (HPLC) method based on anion exchange chromatography,
precise fraction collection, and reversed-phase chromatography, the oxidative DNA damage marker 8-hydroxydeoxyguanosine
(8-OH-dG) was measured in human urine samples. The HPLC analysis was further modified to measure 8-OH-dG in rat and mouse
urine samples. In addition, the urinary RNA degradation product 7-methylguanine (m’Gua) was analyzed simultaneously. The cor-
relation coefficient (r) for the correlation between urinary creatinine and m’Gua was 0.9 for rats and 0.8 for humans and mice, Levels
of 8-OH-dG in relation to urinary creatinine were compared and found to be similar for humans and rats and twice as high for mice.
Urinary levels of m’Gua, as normalized to creatinine, were several-fold higher in rodents as compared with human levels, thereby
correlating with the higher resting metabolic rate of rodents. The presented results show that 8-OH-dG and m’Gua can be analyzed
simultaneously and reliably in urine from humans and rodents. In addition, m’Gua may be used as a reliable marker instead of cre-
atinine for the normalization of 8-OH-dG in urine from rats and mice and also may be used in addition to normalization with creat-

inine in measurements of 8-OH-dG in human urine samples.
© 2004 Elsevier Inc. All rights reserved.

Keywords: 7-Methylguanine; 8-Hydroxydeoxyguanosine; Oxidative DNA damage

Oxidative DNA damage occurs intracellularly in
response to the endogenous formation of oxygen radi-
cals and as a result of attacks from exogenous sources
such as ionizing radiation and certain mutagenic com-
pounds [1]. The types of damage produced may be
strand breaks in DNA or different types of base damage
such as 8-hydroxydeoxyguanosine (8-OH-dG)! [2]. This
potentially mutagenic product is repaired by the process
of base and nucleotide excision, released from the cell,
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v Abbreviations used: 8-OH-dG, 8-hydroxydeoxyguanosine; HPLC-
EC, high-performance liquid chromatography system coupled to an
electrochemical detector; m’Gua, 7-methylguanine; 8-OH-G, 8-hy-
droxyguanosine; RMR, resting metabolic rate.
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and eventually excreted through the urine [3]. It has been
estimated that several hundred molecules of 8-OH-dG/
cell/day are formed, as well as similar levels of the base 8-
OH-guanine, as measured in excreted urine [1,4].
Recently, the reliability and speed of 8-OH-dG analy-
sis in human urine have been further improved using an
automated high-performance liquid chromatography
system coupled to an electrochemical detector (HPLC-
EC) [5]. This system is based on anion exchange chroma-
tography in the first chromatography step (HPLC-1),
precise fraction collection, and reversed-phase chroma-
tography in the second chromatography step (HPLC-2).
There is no need to prepurify the urinary samples; thus,
the sensitivity and reproducibility are enhanced.
Currently, this new system is being used to measure the
human urinary excretion of 8-OH-dG in response to
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various lifestyle factors, such as diet and smoking, and
exposure to toxic agents, such as mercury and polycyclic
aromatic hydrocarbons.

In this article, we present a modification of this
method to measure the urinary excretion of 8-OH-dG
from rats and mice. In addition, with anion exchange
chromatography (HPLC-1), we identified the human
and rodent urinary RNA degradation product 7-methyl-
guanine (m’Gua). This urinary product was found to be
a suitable marker for the normalization of 8-OH-dG val-
ues between samples from different individuals or
between different collection times. Currently, the meta-
bolic product creatinine, from skeletal muscle metabo-
lism [6,7], is measured to normalize urinary 8-OH-dG
values. However, creatinine values may differ between
individuals due to age and sex differences in the ratio
between skeletal muscle and total body lean mass [8],
and they are also affected by exercise and diet [9-12]. The
degradation and urinary excretion of specific RNA
metabolites, such as 5,6-dihydrouridine, pseudouridine,
m’Gua, and N2-dimethylguanosine, have been shown to
correlate with the resting metabolic rate (RMR) in
humans and rats [8,13,14]. Topp et al. [15] suggested that
the excretion values of 8-OH-dG should be normalized
to the metabolic rate to account for the effects of prooxi-
dants, antioxidants, and individual differences in DNA
repair [15]. Thus, we evaluated the normalization of uri-
nary 8-OH-dG to the urinary m’Gua, as well as to creat-
inine, in humans, rats, and mice. The benefits of this
analysis would be that a single urine sample may be ana-
lyzed for both 8-OH-dG and m’Gua in the same sample
run, thereby eliminating the need for creatinine measure-
ments with variations due to different amounts and
aliquots of the sample analyzed. In addition, a sample
may be assayed for 8-OH-dG and m’Gua rapidly, that
is, in approximately 1h. Urinary levels of m’Gua
increase in response to methylating agents such as those
from tobacco smoke [16]. Thus, measuring urinary
m’Gua would also be useful for detecting changes in
DNA and RNA methylation levels due to exposure to
exogenous methylating agents such as N-nitroso com-
pounds or to the endogenous S-adenosylmethionine
activity [17].

For studies of the various effects of agents or condi-
tions on homogeneous groups, such as rats and mice,
normalizing urinary 8-OH-dG to urinary m’Gua would
be expected to be a more rapid and comparably accurate
method than would normalizing levels to creatinine.

Materials and methods

Materials

The 8-OH-dG and m’Gua used for standards were
obtained from Sigma Chemical (USA). 8-Hydroxygu-

anosine (8-OH-G), used as a marker for fraction collec-
tion, was prepared as described previously [5,18]. The
anion exchange resin MCI GEL CAO08F (7um, Cl™
form) was purchased from Mitsubishi Chemical (Japan)
and was prepared as described previously [5] before it
was manually packed in a guard (1.5 x 50-mm) column
and a main (1.5 x 150-mm) column for use in HPLC-1.
The reversed-phase column (Capcell Pak C18, Spm,
4.6 x 250 mm) used in HPLC-2 for the analysis of the 8-
OH-dG fraction was purchased from Shiseido (Japan).
The same type of reversed-phase column was used for
the separation of m’Gua and its subsequent detection
with a photo diode array UV detector. HPLC-grade
methanol and acetonitrile were purchased from Wako
Pure Chemical (Japan) and Kanto Chemical (Japan),
respectively.

Collection of urine samples

From a stock of frozen (—80°C) human urine sam-
ples from a previous study [19], a subset of 44 urine sam-
ples from nonsmokers was used in the current study.
Male Wistar rat urine samples were collected individu-
ally from 36 rats, ages 10-11 weeks, during a period of
24h by spontaneous excretion in metabolic cages.
Female C3H/He mouse urine samples were collected
individually from 22 mice, ages 13-24 weeks, during a
period of 4 or 24h by spontaneous excretion in meta-
bolic cages. Rats and mice were furnished with a stan-
dard diet and drinking water ad libitum. At the end of
the collection period, the urine from rats or mice was
transferred to Eppendorf tubes and frozen (—80°C).

Measurement of urinary creatinine levels

Creatinine in urine samples (1 ml) from humans and
rats was measured by a commercial laboratory (BML,
Japan) using a colorimetric method. Because the amount
of available urine from the mice was small (500-1000 pl),
samples were diluted with an equal amount of water
before the creatinine analysis by the commercial labora-
tory. A few mouse urine samples that were very small
(100 pul) were measured for creatinine with a colorimetric
assay kit (Jaffe’s method) at our university.

Analyses of 8-OH-dG and m’ Gua in human urine

Human urine samples were defrosted and mixed with
an equal volume of a 4% acetonitrile solution containing
the ribonucleoside marker 8-OH-G (120 pg/ml), 130 mM
NaOAc, and 0.6mM H,SO, [5]. The Eppendorf tubes
containing this solution were then stored at 5°C for a
minimum of 4h before they were centrifuged at
13,000 rpm for 5 min. Samples were transferred to plastic
HPLC injector vials, and 20-pl aliquots were analyzed
for 8-OH-dG by the use of an automated HPLC system,
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as described in detail previously [5]. In essence, the sys-
tem was composed of a sampling injector (Gilson
231XL), a pump (Shiseido Nanospace SI-2) for the
anion exchange guard and main column in HPLC-1 (the
flow rate was 37 pl/min and the column oven was set at
65°C), a UV detector (Toso UV-8020 with a micro cell),
a second pump (Shimadzu LC-10AD) for the analysis of

. the 8-OH-dG fraction with a reversed-phase column in
HPLC-2 (the flow rate was 1 ml/min and the column
oven was set at 40°C) connected with an EC detector
(ESA Coulochem II), and two switch valves. A third
pump (Shiseido Nanospace SI-2) was used to back-wash
the guard column (flow rate 37 ul/min) for 32min after
valve switching at approximately 13 min after each sam-
ple injection. For HPLC-1, the solvent was composed of
2% acetonitrile in 0.3 mM sulfuric acid. For HPLC-2, the
solvent was composed of 10mM phosphate buffer, pH
6.7, 5% methanol, and an antiseptic Reagent MB (100 pl/
L), and it was recycled for a time period of 1 week. The
guard column was back-washed with 0.5M ammonium
sulfate:acetonitrile (7:3 v/v). For the detection of the
m’Gua peak in HPLC-1, the UV detector was set to
305nm instead of 254nm, as described previously [5], to
minimize interference from neighboring peaks. The 8-
OH-G marker peak used for automatic peak detection
[5] of 8-OH-dG was detected at 305 nm. After automatic
peak detection at two-thirds of the height of the marker
peak, the 8-OH-dG fraction was precisely collected by
valve switching, injected on HPLC-2, and detected by a
Coulochem II EC detector (ESA) with a guard cell
(5020) and an analytical cell (5011). The applied poten-
tials were as follows: guard cell =400mV, E1 =280mV,
and E2=350mV. The total time between the analyses of
consecutive samples was 60min. The automatic peak
detection was controlled by software from Gilson, and
the chromatograms were recorded (PowerChrom
EiCOM EPC-300 Data Processor) and integrated with
computer software (PowerChrom 2.1).

Analyses of 8-OH-dG and m’ Gua in rodent urine

Urine samples from rats and mice were prepared in
the same way as the human samples and were stored at
5°C overnight before they were centrifuged at
13,000 rpm for Smin. Samples (20 ul) were analyzed for
8-OH-dG by the use of a similar automated HPLC sys-
tem as described for the human samples above. The sys-
tem was composed of a sampling injector (ESA 542), a
pump (ESA 582) for the anion exchange guard and main
column in HPLC-1 (the flow rate was 45 ul/min and the
column oven was set at 65 °C), an experimental model of
a UV detector (FLOM, Japan) with integrated hardware
peak recognition set at a single wavelength (254nm), an
additional UV detector (Tosoh UV-8020 with micro cell)
for the detection of m’Gua at 305nm, a second pump
(ESA 542) for the reversed-phase HPLC-2 column (for

rat urine analysis, the flow rate was 0.67 ml/min and the
column oven was set at 48 °C; for mouse urine analysis,
the flow rate was 0.33ml/min and the column oven was
set at 60°C) connected with an EC detector (ESA Cou-
lochem III), and two switch valves. A third pump (ESA
582) was used to back-wash the guard column (the flow
rate was 45 pl/min) for 32min after valve switching at
approximately 13min after each sample injection. The
solvents used for the HPLC-1 and guard columns were
the same as those described above for the analysis of
human urine. The solvent used in HPLC-2 was com-
posed of 10mM phosphate buffer, pH 6.0, 2% methanol,
and an antiseptic Reagent MB (100 ul/L), and it was
recycled for a time period of 1week. After automatic
peak detection at one-half the height of the marker peak,
the 8-OH-dG fraction was collected and then injected on
HPLC-2, for detection by a Coulochem III EC detector
(ESA) with a guard cell (5020) and an analytical cell
(5011). The applied potentials were as follows: guard
cell=350mV, E1 =170mV, and E2=300mV. The total
time between the analyses of consecutive samples was
80min. Chromatograms were recorded (Dionex UCI-
100) and integrated with computer software (Chrome-
leon 6.30).

Verification of urinary 8-OH-dG and w’Gua with
standards

The specificity of the 8-OH-dG peak in HPLC-2 for
the human, rat, and mouse samples was verified using
three different methods. The first test was to calculate
the peak ratio between the lower potential setting on the
EC detector (E1=170mV) and the higher setting (E2 =
300 mV) for a random sample of mouse urine (prepared
as described above) using two different flow rate and
column temperature conditions in HPLC-2 (0.67 m{/min
and 48°C or 0.33ml/min and 60°C). The calculated
ratios were compared with that of an 8-OH-dG stan-
dard analyzed using the same conditions. In the second
test, three random urine samples from human, rat, and
mouse, respectively, were pooled, prepared as described
above, and then spiked with known concentrations of
an 8-OH-dG standard (0, I, 2.5, and 4ng/ml). For the
spiked samples, the recovery of 8-OH-dG in HPLC-2
was calculated. The applied potentials on the EC detec-
tor were as follows: guard cell=420mV, E1 =200mV,
and E2=370mV. Finally, in the pooled samples from
human, rat, and mouse, the specificity of the 8-OH-dG
peak detected in HPLC-2 was verified with that of an 8-
OH-dG standard by comparing the electrochemical vol-
tammograms. A pooled urine sample or an 8-OH-dG
standard (5ng/ml) was analyzed at the following
applied potentials on the EC detector: guard
cell=450mV, El=0mV, and E2=175-400mV. For
these tests, the HPLC equipment described above for the
analysis of rodent urine was used. The solvent for
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HPLC-2 was that used for the analyses of human and
rodent urine. The peak detection for automatic fraction
collection in HPLC-1 was set at one-half the height of
the marker peak (254nm). The volume of the injected
sample or standard was always 20 ul (after mixing with
an equal volume of a 4% acetonitrile solution contain-
ing the ribonucleoside marker). Settings for the applied
potentials on the Coulochem III EC detector were
adjusted according to the sensitivity of each different
analytical cell (5011) used. The concentration of the 8-
OH-dG standard was determined using a molar absorp-
tion extinction coefficient (g) of 12,300M~'em™' at
245 nm in H,0 [20].

The m’Gua was identified from rat urine after
repeated collections of 20-ul fractions of the eluted peak
at 12min. From these pooled fractions, a 150-pl aliquot
was injected on an HPLC system connected with a photo
diode array UV detector (Hewlett—-Packard, series 1100),
and after separation with a reversed-phase column (the
mobile phase used was a gradient of 0.1-20% acetoni-
trile) the absorbance spectrum for the eluted peak at
12min was recorded and compared with that of a 150-pl
aliquot of the m’Gua standard (28.4mg/L). The concen-
tration of the m’Gua standard was determined using a
molar absorption extinction coefficient of 7300 M~ cm™!
at 283nm in 100mM sodium phosphate, pH 7.0.

Summary of various electrode settings used

The settings for the applied potentials on the Coulo-
chem II/III EC detectors had to be manually adjusted
for each different analytical cell (5011) used in HPLC-2.
This is due to the inherent different sensitivity of each
analytical cell. The guard cell (5020), used to remove
traces of impurities from the recycled solvent, was
always set at a 50-mV higher setting than the highest set-
ting used for E2 of the analytical cell. Thus, for measure-
ment of human urine samples, the applied potentials of
the specific analytical cell used were E1 =280mV and
E2=350mV (guard cell=400mV). For rodent urine
samples, another analytical cell was used with the
applied potentials of El=170mV and E2=300mV
(guard cell=350mYV). Because of deterioration of the
previously used analytical cells, a new analytical cell was
used with human and rodent urine to obtain electro-
chemical voltammograms. In this case, the analytical cell
was set to El=0mV and E2=175, 200, 225, 250, 275,
300, 325, 350, 375, and 400mV (guard cell=450mV).
After the same analytical cell was washed with acetone,
it was used for the analysis of urine samples spiked with
known concentrations of an 8-OH-dG standard. For
that purpose, the analytical cell was set to E1 =200mV
and E2=370mV (guard cell=420 mV). With the use of
an in-line graphite filter (ESA) before the analytical cell,
the cell may be used for several months without washing
or replacement.

Calculation of results and statistics

The HPLC chromatograms for 8-OH-dG and m’Gua
were recorded and integrated with a computer, as speci-
fied above, and were quantified by comparing the peak
areas with those obtained from external standards
analyzed on a daily basis. The yields were recalculated to
8-OH-dG/creatinine (ug/g creatinine) and nanograms of
8-OH-dG collected during 24h normalized to body
weight (ng/24 h/kg BW). Yields of m’Gua are presented
after normalization to creatinine (mg/g creatinine) or as
micrograms of m’Gua collected during 24 h normalized
to body weight (ug/24 h/kg BW). To calculate the corre-
Jation between creatinine and m’Gua, yields were recal-
culated to grams per liter of urine (g/L).

To test for significant differences between the mean
values, the Student’s ¢ test was used. Results were consid-
ered as significantly different at P <0.05.

Results
Analysis of 8-OH-dG in human and rodent urine

In addition to the electrochemical analysis of human
urinary 8-OH-dG after automatic peak recognition and
fraction collection [5], we detected 8-OH-dG in rat and
mouse urine. In HPLC-2, at a flow rate of 1 ml/min (elu-
ent pH 6.7 and 5% methanol) and with the column oven
set at 40 °C, the human urinary 8-OH-dG peak eluted at
around 20min (Fig. 1B). With the flow rate changed to
0.67 mi/min (eluent pH 6.0 and 2% methanol) and the
column oven set at 48 °C, the rat urinary 8-OH-dG peak
eluted at around 37min (Fig. 2B). For the detection of
mouse urinary 8-OH-dG, the flow rate was set to
0.33ml/min (eluent pH 6.0 and 2% methanol) and the
column oven was set at 60 °C. Under these conditions, all
interfering peaks were separated and the mouse urinary
8-OH-dG peak eluted at around 39min (Fig. 3B). As
shown in Figs. 1B, 2B, and 3B, the 8-OH-dG peaks are
completely separated from the neighboring peaks. The
peak purity was further verified by calculating the ratio
between the El peak areas (lower lines in Figs. 1B, 2B,
and 3B) and the E2 peak areas (upper lines in those
figures). These peak ratios were equal to those of the
analyzed 8-OH-dG standards, thereby confirming the
peak purity for 8-OH-dG in each individual sample ana-
lyzed (chromatograms are not shown for the 8-OH-dG
standards).

Evaluation of the 8-OH-dG detection reliability in human
and rodent urine

It is important to confirm that the 8-OH-dG peak in
HPLC-2 is not contaminated by impurities. In Fig, 4B,
we show an example of the detection of a falsely positive
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Fig. 1. Chromatograms of a human urine sample (male nonsmoker): (A) HPLC-1 UV detection of m’Gua and 8-OH-G marker peaks and (B)
HPLC-2 electrochemical detection of 8-OH-dG at applied potentials of E1 =280 mV (lower line) and E2 =350 mV (upper line).

8-OH-dG peak. A random sample of mouse urine was
analyzed using two different flow rate and column tem-
perature conditions in HPLC-2. In the first chromato-
gram (Fig. 4A), where the flow rate was 0.67 ml/min and
the column temperature was 48 °C, the §-OH-dG peak
detected at an applied potential of E1=170mV (lower
line in Fig. 4A) had a peak area that was 55% of the peak
area detected at an applied potential of E2=300mV
(upper line in Fig. 4A). However, using the same condi-
tions, the mean peak area of the 8-OH-dG standards
(n=4), as detected at El, was 22% of the peak area
detected at E2 (chromatograms not shown). This means
that the mouse sample peak area, as detected at El
(lower line in Fig, 4A), was more than twice as high as
expected and, thus, would be classified as a false positive
due to the presence of contamination. Changing the con-
ditions for HPLC-2, to a flow rate of 0.33 ml/min and a
column temperature of 60°C, resolved the interfering
peak/peaks in the same mouse urine sample (Fig. 4B).
The 8-OH-dG peak detected at El (lower line in Fig. 4B)
had a peak area that was 26% of the peak area detected
at E2 (upper line in Fig. 4B). Under these conditions, the
mean peak area of the 8-OH-dG standards (n=4), as
detected at E1, was 24% of the peak area detected at E2
(chromatograms not shown). This means that the ratio
between the El and E2 peak areas (cf. lower and upper

lines in Fig. 4B) was nearly equal to the expected ratio.
Thus, each urine sample analyzed can be tested for a
false 8-OH-dG positive if an interfering compound has
significantly different electrochemical properties than
does genuine 8-OH-dG. To check for urine sample
matrix effects on the 8-OH-dG detection, pooled urine
samples from human, rat, and mouse were spiked with 0,
1,2.5, and 4 ng/ml of an 8-OH-dG standard (Table 1). All
spiked samples had 8-OH-dG recoveries of nearly 100%
and showed a linear increase in the amount of 8-OH-dG
detected (Table 1). Thus, we concluded that the detected
8-OH-dG peak was not affected by any urine sample
matrix effects. Also, the linear increase in the amount of
8-OH-dG detected in the spiked urine samples shows
that there is no binding of the added 8-OH-dG to the vial
surface or coprecipitation of 8-OH-dG with urine com-
ponents. In Fig. 5, unspiked pooled urine from humans
(lower line) can be compared with the same urine that
was spiked with 4ng/ml of an 8-OH-dG standard (upper
line). As expected, the peak area increased after spiking
the sample (cf. lower and upper lines in Fig. 5), corre-
sponding to an increase in the amount of 8-OH-dG from
7.2ng/ml (unspiked sample) to 11.2ng/ml (spiked sam-
ple). The urine samples and standards (5 ng/ml) were also
analyzed at different potentials set on the electrochemical
detector to obtain voltammograms. Figs. 6-8 show that
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Fig. 2. Chromatograms of a rat urine sample (male Wistar rat): (A) HPLC-1 UV detection of m’Gua and 8-OH-G marker peaks and (B) HPLC-2
electrochemical detection of 8-OH-dG at applied potentials of E1 = 170 mV (lower line) and E2 = 300 mV (upper line).

the voltammograms of 8-OH-dG from the pooled urine
samples from humans, rats, and mice, respectively, con-
form well with the voltammograms of the corresponding
8-OH-dG standards under the different conditions used
(see Materials and methods).

Analysis of W’ Gua in human and rodent urine

In addition to the detection of urinary 8-OH-dG, a
sharp peak appeared at 12min in every HPLC-1 chro-
matogram (Figs. 1A, 2A, and 3A). Based on its UV spec-
trum (see Materials and methods), it was identified as
m’Gua, an RNA degradation product. The absorbance
spectrum of m’Gua in rat urine is identical to that of a
pure m’Gua standard (cf. Figs. 9A and B). For the detec-
tion of m’Gua, a 305-nm wavelength was used to reduce
the interference from the neighboring peaks in human or
mouse urine. For rat urine, it is also possible to use a
254-nm wavelength for the detection of m’Gua (chro-
matogram not shown).

Correlation of urinary levels of m’ Gua with creatinine

The linear regression lines for the correlations
between the concentrations of urinary creatinine and

m’Gua for humans, rats, and mice are presented in Figs.
10-12, respectively.

For the human data from 44 male nonsmokers, the
linear relationship for the concentrations [g/L}] of urinary
creatinine and m’Gua is [m’Gua]=0.0067x[creatinine]
+0.0023 and the correlation coefficient (r) is 0.79
(r?=0.62) (Fig. 10). For the data from 36 rats, the linear
relationship is [m’Gua]=0.0302x [creatinine]+0.0026
with a good correlation coefficient (¥) equal to 0.90
(r*=0.81) (Fig. 11). For the data from 22 mice, the linear
relationship is [m’Gua]=0.0284x[creatinine] + 0.0065
with a correlation coefficient equal to 0.77 (r*=0.59)
(Fig. 12).

The levels of urinary m’Gua are also presented as mil-
ligrams per gram creatinine (Table 2). All of these levels
are significantly different (P <0.01) among humans, rats,
and mice. The level of human m’Gua is four times lower
than that of rats and five times lower than that of mice
(Table 2). The level in mice is similar to that in rats (16%
higher in mice). For a convenient comparison with the
values found in the literature, the yields of m’Gua from
a subset of the samples from rats (n=10) and mice
(n=10) were also calculated as micrograms of m’Gua
collected during 24h normalized to body weight (ug/
24 h/kg BW) (Table 2).
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Fig. 3. Chromatograms of a mouse urine sample (female C3H/He mouse): (A) HPLC-1 UV detection of m’Gua and 8-OH-G marker peaks and (B)
HPLC-2 electrochemical detection of 8-OH-dG at applied potentials of E1 = 170 mV (lower line) and E2 = 300 mV (upper line).

8-OH-dG levels in human and rodent urine

The levels of 8-OH-dG normalized to creatinine (ug/g
creatinine) all are significantly different (P <0.05) among
humans, rats, and mice (Table 2). The level of human 8-
OH-dG is similar (15% higher) to that of rats. The ratios
of 8-OH-dG/creatinine in mice are approximately twice
as high as those in humans and rats. For comparison
with other published values, the yields of 8-OH-dG from
a subset of the samples from rats (#=10) and mice
(n=10) were also calculated as nanograms of 8-OH-dG
collected during 24h normalized to body weight (ng/
24 h/kg BW) (Table 2).

Discussion

The measurement of urinary 8-OH-~dG is difficult due
to the large amounts of other compounds present. Also,
the amount of urine excreted, and thus the concentration
of 8-OH-dG, differs among sampling times and individu-
als. Thus, a reliable method to distinguish only 8-OH-dG
among all of the other compounds is needed. At the
same time, the level of 8-OH-dG must be corrected for
the degree of dilution between different samples. This
correction is usually made by normalizing the 8-OH-dG

values from a 24-h urine collection to the body weight or
by normalizing the 8-OH-dG values to the amount of
urinary creatinine. A new method based on HPLC-EC
was developed to improve the speed and reliability of the
urinary 8-OH-dG measurements [5]. The main features
are the use of an 8-OH-G marker that is added to the
urine sample, anion exchange chromatography (HPLC-
1), and automatic peak detection of the marker peak to
precisely collect the subsequent fraction of 8-OH-dG [5].
The 8-OH-dG is then detected with an electrochemical
detector after reversed-phase chromatography in
HPLC-2 [5]. The main advantages are that the fraction
collected is not sensitive to daily variations in elution
time and that the collection of neighboring interfering
peaks is avoided [5]. For human samples, this system is
currently used routinely to detect 8-OH-dG. However,
urine samples from animal experiments (rats and mice)
could not be analyzed reliably using the same conditions
as for the detection of human 8-OH-dG in HPLC-2 (see
Materials and methods). This is probably due to differ-
ences in the compositions and concentrations of the
compounds found in urine samples from different spe-
cies. Also, regarding the collection of urine from animals
in metabolic cages, some contamination would be
expected from feces and food [21]. Thus, keeping the
conditions for the first anion exchange column constant,
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Fig. 4. Chromatograms of a mouse urine sample (female C3H/He mouse) showing the detection of false positives for 8-OH-dG. (A) HPLC-2 electro-
chemical detection of 8-OH-dG using the same conditions as in the rat urine analysis (the flow rate was 0.67 ml/min and the column oven was set at
48 °C) was unfavorable due to contamination of the 8-OH-dG peak detected at an applied potential of E2 =300 mV (upper line), as seen from the
large peak area ratio (55%) between the peak area at an applied potential of El =170 mV (lower line) and the peak area of E2 (upper line). (B)
Changing the HPLC-2 conditions for electrochemical detection of 8-OH-dG to resolve the interfering peaks in mouse urine (the flow rate was
0.33 ml/min and the column oven was set at 60 °C) decreased the ratio (24%) between the peak area at an applied potential of E1 =170 mV (lower
line) and the peak area at an applied potential of E2 =300 mV (upper line). The decreased peak area ratio for EI/E2 in B, as compared with that in
A, shows that the contaminating compounds have been removed from the 8-OH-dG peak by changing the HPLC conditions.

Table 1

Recovery of 8-OH-dG from spiked urine of humans, rats, and mice

Spike Urine from humans® Urine from rats® Urine from mice®

Added Detected Recovery Detected Recovery Detected Recovery
8-OH-dG (ng/m!)  8-OH-dG (ng/ml)  8-OH-dG (%) 8-OH-dG (ng/ml) 8-OH-dG (%) 8-OH-dG (ng/ml) 8-OH-dG (%)
0.0 74402 57+02 49402

1.0 85+02 108+ 10 68+0.3 101 £23 59403 108 + 14

2.5 100+ 02 10242 84402 105+ 11 7.6+0.1 1117

4.0 11.54+04 10248 100023 106 =7 9.1%0.1 106+ 6

Note. Mean values & standard deviations are presented.

? Bach value is based on four repeated analyses of pooled urine samples from humans (z = 3). The linear correlation between added and detected
8-OH-dG in human urine is » = 0.99. ,

® Each value is based on three repeated analyses of pooled urine samples from rats (n = 3). The linear cotrelation between added and detected 8-
OH-dG in rat urine is r = 0.99.

¢ Each value is based on three repeated analyses of pooled urine samples from mice (7 = 3). The linear correlation between added and detected 8-
OH-dG in mouse urine is r = 0.99.

we modified some conditions for the reversed-phase col- increasing the column temperature (see Materials and
umn in HPLC-2 by reducing the mobile phase pH and methods). However, measuring rat samples typically
the methanol content, reducing the flow rate, and means that the anion exchange column in HPLC-1 lasts
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Applied potentials were E1 =200 mV and E2 =370 mV.
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for a shorter time and also needs the column filter
replaced due to a pressure increase after 100-200 sam-
ples. When analyzing mouse urine, the filter might need
to be replaced after every 10-20 samples injected. Also,
the reversed-phase column in HPLC-2 needs to be
washed more frequently with methanol and might last a
shorter time due to the increased column oven tempera-
tures used. In comparison, up to 1000 human urine sam-
ples can be analyzed continuously without any
replacements [5]. Currently, these modified system set-
tings allow the reliable and continuous automated anal-
ysis of 10-200 mouse or rat samples.

The human whole-body lean mass degradation rates
of mRNA, tRNA, and rRNA all have been correlated
with their specific degradation products in urine and
with the RMR {8]. For example, the urinary 5,6-dihydro-
uridine levels were 4.7 times higher in rats than in
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Fig. 7. Voltammograms of ((0) 8-OH-dG standard and (O) pooled
urine from rats at applied potentials on electrode 2 (E2) of 175-
400 mV (E1 =0mV and guard cell =450 mV).

humans, reflecting the difference between their RMRs
[13]. Another such product is m’Gua, which is derived
from all three RNA classes [8]. Thus, it would be
expected that the amount of m’Gua detected in urine
would reflect the RMR and be a suitable marker for the
normalization of urinary 8-OH-dG. No significant varia-
tion in the urinary excretion of m’Gua was found in
terms of different types of diet [8]. However, some varia-
tions in the expected amount of human m’Gua between
individuals would be expected due to the fact that
approximately 30-40% of the m’Gua is converted to 8-
hydroxy-7-methylguanine by human xanthine oxidase
[8,22]. We may also find some deviations in the amounts
of excreted m’Gua due to exposure to methylating
agents such as N-nitroso compounds from tobacco
smoke and the endogenous S-adenosylmethionine activ-
ity [16,17].
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In this article, we have presented a good correlation
between urinary creatinine and m’Gua in humans and
those in mice (r=0.80) and rats (r=0.90) (Figs. 10-12).
For human samples, the correlation was lower (Fig. 10),
probably due to larger variations in the excreted creati-
nine and m’Gua in the human population. For the
mouse samples, the lower correlation would be
explained by the small deviations in the m’Gua and ore-
atinine content among the individual urine samples col-
lected in this study (Fig. 12). The urinary level of human
m’Gua presented in Table 2, 8.6 mg/g creatinine, corre-
lates well with the previously published value of 7.0 mg/g
creatinine (as recalculated from 4.80 nmol/pmol creati-
nine) [23]. For rats, the value for m’Gua excreted during
24h and normalized to body weight, 1100pg/24h/kg
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Fig. 10. Regression line for the correlation (» = 0.79) between human

urinary creatinine and m’Gua content. Urinary samples were mea-
sured in 44 individuals.
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Fig. 11. Regression line for the correlation (r = 0.90) between rat uri-
nary creatinine and m’Gua content. Urinary samples were measured
in 36 individual rats.
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Table 2
Urinary excretion of 8-OH-dG and m’Gua in humans and rodents
Species 8-OH-dG m'Gua

Creatinine® (pg/g) BW" (ng/24 h/kg) Creatinine® (mg/g) BW? (ug/24 h/kg)
Human 42+£12 - 8.6+23
Rat 37+£06 120439 343464 1100 £ 300
Mouse 82+12 159455 399+92 720 £ 110

Note. Mean values = standard deviations are presented.

# Values are based on urine samples from humans (n = 44), rats (n = 36), and mice (n = 22). Mean values of 8-OH-dG, as normalized to creati-
nine, are significantly different between humans and rats (0.01 < P<0.05), between humans and mice (P <0.001), and between rats and mice
(P <0.001). Mean values of m’Gua, as normalized to creatinine, are significantly different between humans and rats (P < 0.001), between humans and

mice (P < 0.001), and between rats and mice (0.001 < P<0.01).

b Values are based on urine samples from rats (n = 10) and mice (n = 10). Urine was collected during 24 h, and the average volumes were 13.7 ml/
rat and 0.9 ml/mouse. The average weights of the animals were 363 g/rat and 23.6 g/mouse.

BW, is only 11% higher than the previously published
value of 983pg/24h/kg BW for female LAC:P rats
(recalculated from 172 ug/24h and an average BW of
175 g/rat) [24]. For mice, assuming similar weights of ani-
mals, our value for m’Gua excreted during 24 h, 16.9 pg/
24 h (recalculated from 720.0 pg/24 h/kg BW), is within
the range of the previously presented value, 12.6 pg/24 h,
for 17-week-old male C57B1/J6 mice (recalculated from
76.0 nmol/24 h) [25] (Table 2).

The mean level of human 8-OH-dG in Table 2, 4.2 ng/
g creatinine, correlates well with our findings using a pre-
vious version of our HPLC-EC method (4.1 pg/g creati-
nine) [19] and data from others using the HPLC-EC or
GC-MS methods (3.3-4.0 ng/g creatinine) {21,26]. For
rats, our value of 3.7 ng 8-OH-dG/g creatinine is approx-
imately half of the previously presented value (7.8 pg/g
creatinine) [21,27]. However, a recently published value
for the excretion of urinary 8-OH-dG in male Wistar
rats is 94.4 pg/24 h/kg BW (recalculated from 333.2 pmol/
124 h/kg BW) [28], which is comparable to our value of
120 pg/24h/kg BW. Differences in the amounts of uri-
nary 8-OH-dG could be due to various factors such as
contamination of urine with feces and food, differences
in rat strains used, and ages of rats. In the same report
[28], the values expressed as picomoles of 8-OH-dG
excreted in urine per day and kilograms body weight
were similar for humans (281.7£179.1) and rats
(333.24+474), a comparison in agreement with our val-
ues for 8-OH-dG/creatinine, where the human levels
were only 15% higher than those in rats. In addition, in
this report [28], the RMR difference was calculated as 4.2
times higher for rats (420kJ/day/kg BW) than for
humans (100kJ/day/kg BW), similar to the ratio of 3.4
calculated previously (humans=107 and rats=364kJ/
day/kg BW) [29]. Interestingly, this is in good agreement
with our value for human m’Gua as normalized to creat-
inine, which is four times lower than that for rats. Thus,
for the comparison between humans and rats, the uri-
nary m’Gua content agrees relatively well with the RMR
level, although no correlation exists between RMR and
urinary 8-OH-dG/creatinine (Table 2) or between RMR

and 8-OH-dG excreted in urine per day and kilograms
body weight [28]. For mice, the level of urinary §-OH-dG
(8.2 nug/g creatinine) (Table 2) is close to the previously
estimated value of 6.9 nug/g creatinine [21,30]. This means
that the level of 8-OH-dG excreted per gram of creati-
nine is 2.2 times higher in mice than in rats, which corre-
lates well with the twofold higher RMR for mice than in
rats (mice = 760 and rats = 364 kJ/day/kg BW) [29]. How-
ever, the amount of m’Gua excreted in urine, when nor-
malized to creatinine, is only 16% higher in mice than in
rats (Table 2). Thus, RMR and the amount of excreted
m’Gua might not show a linear relationship among the
various species studied. Also, the relatively large differ-
ences in RMR among humans, rats, and mice do not cor-
relate with the similar differences among the levels of
excreted 8-OH-dGlcreatinine. Thus, when considering
the RMR differences, the repair capacity for 8-OH-dG is
similar in rats and mice and also is considerably lower
than the repair capacity for 8-OH-dG in humans.

The presented results show that urinary 8-OH-dG
and m’Gua in humans, rats, and mice can be analyzed
rapidly and reliably in the same sample run. For rats and
mice, m’Gua may be used as a reliable marker instead of
creatinine for the normalization of 8-OH-dG content in
urine. In human urine samples, m’Gua may be analyzed
in addition to 8-OH-dG normalized with creatinine.
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