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Fig 1. The distribution of total PCBs in whole cord blood
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Fig 2. The correlation between total PCBs and TEQ

Organohalogen Compounds Vol 68 (2006) 1633



Body burdens: pattern, levels and trends

References

1. Nakai K, Satoh H. Tohoku J Exp Med 2002; 196: 89.

2. Nakai K, Suzuki K, Oka T, Murata K, Sakamoto M, Okamura K, Hosokawa T, Sakai T, Nakamura T, Saito Y,
Kurokawa N, Kameo S, Satoh H. Tohoku J Exp Med 2004; 202: 227.

3. Morita M, A research report of Health and Labour Sciences Research Grants, Ministry of Health Labour and
Welfare, 1998 (in Japanese).

4. Fukata H, Omori M, Osada H, Todaka E, Mori C. Environ Health Perspect 2005; 113: 297

Organohalogen Compounds Vol 68 (2006) 1634



LI

BEPEAE, XEE - BREE
EZABREEIREINNKER
5 - EEESEORERBRLD
[KEESEITIENEZEDER
CEEY 2 FR=E]Z¥m 1550
BIiRRELE LAUVEDLD,
ZOEBREEAHEDICERC,
UAE T EE A A S NELE
ENFTEN, KEEFICRTRE
HEHUEZE, SHICERBERD
BE G B/ U P CThRES
11728 61 [@ FAO/WHO & [E & fa
RINMERIRAE (JECFA) A X
FILKIBOEENNEEEENE
1 Bug/keFE/MBELIZZ L
HERBEZ T, BEFEHEEBEE
R 16E 7 B3 HICABERERR
EEESCAFIKEDY RO
fixikEL 7. BRXEEERM,
A F IR DERFEM%Z | F
M EEEUR, (BN EECES
NBDXFIVHKIBITHRNDDIEEICES
LTNAURTTIN—T=ER,
FMBEBENEES U TXFIV
KER .0 ug/kg R/ (Hg &L
T)E9D BOBMAEER 17 F
8 B4 BICEERBRECREIDL.
ZZTONERERIE, RBEADE
BEERULTWNDSIEND, HR
PH D NFEHRL TWDABEED
BDNTHD.

MEAZEFIHSREES
BRARRSEH

EIKRBREmIT e 5 —
BRI - EEHTER

 EEREmEER

X FIWHKEORFRIPBELE S
LT, ITEAEEE U XFILKER
[CHEHRINANEEENTED
ol [KBR] ABdY. LALE
D, KERICHIFDXFILKEF
BEOMEHSE, TEBEERNS
DERCEIUDTF—IEZATL
Bh oz, KEBHOBONLH
Bl TRRIBMKER] BEDFR
THD, AFIKBEELZEEBRL
FFERAOEENIFEENXF
WHERICE o S BEZEAF LN,
DB HEMTED &%, BR
DOHEREIZRUIZFRTHD.

HEEEENEDHECESL
=D, BEKIERERICBRT
hizhE (B =/XVCUTE
Nz SUBRDERNOEEN
FEBLEICETIMETH
=, BERCHEULBEDES
IERREEMNEL, HDEFTNE
FELBD 18 HBROBRIE
ROBEZZEUZKEOF I
G —KZ0 Clarkson HiES D T
W=, XAFNHKRICLDHEE
g8 (FHIEERS) MRONE
UoHBKIBORNERER, $IET
FILERWNT, BEKIERET 10
ug/g CHERELRZ?, KERERE
T, ZOEICHEETIENREZ
BEL, SHICEACK> THE
RECEIENRELDILEND

HE *TJ‘E B#E& Murata, Katsuyuki
ﬂiz:m%?_—_ Sakamoto, Mineshi

110 DeFEHREREC, | BE
DDXFIVHBOMEENE (U
7r L AF—-X, EHERLT
EREZENBONELRESE)
% 0.1 ug/kg hEB/BEESDT.

MEBEENEE, UorLYy
AR—2% 1 EEASLEDEVTE
HUKETHS, 2<OANER
BMAZZTENRDIENSZLD
T, BEOEMZZ <EWTSH
E£honlE, Fo<EHHLEE
HNDD, DFED, BLOERE
EEBICREITDLRD, 188
WORRNTHRETDEDHIERT
HDEERZDTHD.

wEas
EERThS0N

KRR FERT CHLERL
&) VEER (NHREBHEDKL
TIRBIOREE) N O ECHESN,
BlbasnTKAEE (&2 @
Hg+*) &0, BN TIHELKE
[T 5. 51, FO—BRE
FIKBIOFEE RN DEME
HMIDIERIZ LD XFIEEYICZ
DILREEEAERZ DD, Z5LT
EREN Iz XFIUKIRIE, KFPE
YIB TRINEE S SRR LD,
ANERBZAEOABRY/NDOY
SHEQBERILEICSBET
3, LE=AoT, XFILKEBRDE
FERABBY O IZDHTHEL R
NELEICNZ DI ETHDH,

LEFSH Vol 109 No. 2 2006, 8 191



FORBERRERTREELD,
MNEDE (DY, Y, BN
TIFHELN,

BRPICEENDXFILKIER
BEEHD OEE (95~100 %) ITR
NEND, BINENTXFIVKER
&, MR T 90 %L _EA TRk
PCFET DD, SHEICHT 28
HEssWey, Y RAFAY, J
WEFAVDESHETE /BERS
&U, EITYRATA V- XF WK
RESHEY T/ BEEERENTL
T~ XEEF S K OMR - RR 2R
Mz@Eal, MABKURREICA
B, ZOfER, XFIVKIRIFEL
R EEE (C<ICRRECS
WT) RIEEZONTLD,

ERNDXFIWKIROELBEER
FENETHD, FLEMNBCE
FNDEKERD 75~100 %I A F
WK THDEHEEIN TN,
Iz, BRNMEENAEERS
NEOTHYD, BNEZEZRTD
FUR—IE T T O—-EEVE
T VHERMEDANA, KE -5
A SO DXFIVKERFERR
BORBEERIDE LU TER
[ay bl

B EEMICHIT MR

IINDT—ETARASYRDEF
EFRICUIBT I O0—#ET
[, JYRDIITHERECDE
STHEL, FREDZAECES
UTEBULTULE, ZOHT 1986 &£
Pgrr~v—0 - AFvEXRE
Grandjean EEDIN—TH Tz
O—EBEaR—NARESEREL
7=, HEBICXFILKRDERSE
iz iTLY, FEE .00 /0T

BBICARICH =& S
BADFEETMMZ T o>/, JOE
FOEE LNV IEHEROREE
ZHERBE T0.2~39.] (hRE
4.5) ug/g THD, XFILKIRR
EArE<EDCONEDE, T8,
EELEDEENIMETL, Ficw
BREBEZHEE (RUNESRE
PO ER RR EREE) OERZR
EXFIVKEDOBRBEDENMCE
EH-TELE s5I, TV
RO ISOESCIERUEMNME
JzZ)b (PCB) AZL\DTHD
H, RO - ITEIFRIRE DM
BIEPCBBRECHEELBEREZL
=T, KEBEEDHERLEE
wRUz, ZOHEDIR—NAR
EEEOBRE, Za—-I -5
ROFi@EzE JR— NS, FE-
BROB[EE 2R—NMIRTER
HENTNB, M

B Y NECENS Y )
HIETIE, 1983 FLEKEROF
T A4 — K5 Clarkson &M &
W—ThHeA 2 T VINREERE
AEERL, FEBTIOENL IR
& SRICIE oo ESTRABEN,
EEVIEMEEN, HERIHED
BREEREET L. HEROD
HHEEKEREE0.5~08.7
(9 8.8)ug/g THoIH,
TEEEAE-RICBERERDS
ngn o729,

- EA ADN RS

HAADERHSDDKIR (K
iR) DEDER, EEHBEDN
—SNWFATYRNBEICLDE,
2003 EICH T B.1 wg/H (AE
0kg DAT 1.1 ng/kg HE/E),

192 | fhpssss Vol 109 Mo 2 2006 8

ZDDOBE B UNBTENSDIE
BESh TS, A - BRD 7

WMEEB DRI (24~ 49
i, P m) IS CERER
SEERERCRNENBEOE
MAREBERR VAN DN/ HE
BIC&DEY, BKBERER
0.77~144.9 ((P51E 15.0) ng/8

THol= (XAFILKIBEREG
1.75 ug/kg RE/B), ZOERE
CEEKIREE(0.11~6.86 1g/s,
hikfE .63 wg/g) OBICEER
HIEOBRGRAB > (rs=0.245).

L EERSLU
- BROKRRE

RIS, SRBEEN L T
EICHBERESPEREEZIDIA
&, FEAREEAENTLUTHRE
HEZRDAG, BARANEER 63
BHDEHAIC BN (BRROm
&) ERERU, RIMEAPOKERE
BEZAEUCHELCLDED, H
EE®OREOTIFRILIRAIKER
BEE8.4ng/g, BEBMOZENE
13.4ng/g THD, BRDESH
BEICEN >, &, £83D
BOIEOFERIRFKIRRE
[£6.5ng/g THD, AEDAFIL
HERBEE 3 HEETHHESET
ALY, DEDZEnD, AR
[CENDAENDAFILKRE, &
BASRRICERNICEBIT D,
BIFDXFILKEREIED.2]
ng/g SR, AIRHBICIEHEBICE
EH>TRENERICEITDE
EZOND,

RIOAFHITVE (DHA) (&
BNEICEFN DS AETER
BTHD, ENOMRECEET



HDEEZONT D, EERS
FOFEDESESN LB ZNEL,

FRIERAKER B E & DHA Z8IE
THE, BB DHA BE SR
M DHAREOBICIEBERMLE
DEEFZAFHON, N DESMCH
WCTEDHAREEKRBEICE
BRILOBRSRESINL. ¢
HHs, XFIVKIEE DHA E&5T
BB LD EMMEAICAD, O
TNERAEASORENBTITD

U EEmORE

BAEEELUTOVENTRNDE
FN=FEEEDEB IO R
HEEBUTWZHE N DEEN
FEEDEDH, EEHKLUIZ
21— avENDRESRE
BhocETBHENHBDY. K
BRI HTZ—DAFIVKES
HEEICEYEEERIE, AL
& = D, SAfiREIFIAEREE (DHA
"E), FAELCE, gLy, —8B8
DBECETAESINTLEME
DREFRLCEZEE[CSHIEN
5, BEZENTOBIBORE
S2HREMEZERD, BEEEBENIC
HETDIEICELD, DIERE
£, BHEEE, PAEKIEET
TRl ddCiEmL T
Wa2, Ff, KERERETOD
Mahaffey B4-(3, KEZBEH
0.1 ug/g I FTTDHAY T O
NG TVE(EPA) AL BUR
VD RME, K& % < Ed+ DHA
VEPARGENEETHLERE
WBODT, KIRBEODBWLRDE
BICELITFEINRETHD MR
NTNDY,

R BIEENE
BICEENDKIREL, BEE

T THLOHESNDBEHCTELD.

BEEFHFENE EHIZBRORT
BICEFNDKIBOFERBRICK
BEN, FEZEUALAMETS
S TH, FIGHKIREEE0.015
ng/g (UOHISHLA) IS
0.305 ug/g (W3 AALA) &ET
ZETHD GHfllE Web £ICHD
Sk 1T DBRIER 1), &, FIROD
HRPICEHDENEDKIRER
25 0.0 EZMERAALTO8E
IHHELIE, BNEISERLT
TEOELNATIIVKIEERR, [
BREERE 2.0ug/kgE E/
B)IX (R DHFEE (kg)]X0.8 &
gHEN, BE 75 kg DEROW
BiEmE (120 xg/E) G 00kg D
@ (B0 pg/B) (CHAN1.5ES
<KD, ENEICEENDHRKIER
MIRTAFIKBERELT=H
A, HMELDkg OEED 1 BEIC
BRDEAEXANIF KIRERE
0.97 ug/g) DHFET DHEHIEE
BUTLNWEEGFKBg THDA,
UNTY (E0.122 ng/e) oK
850 g BIERTECHD,

 AOESNEES

BOZREEE, BEEHBHED( I
RBICHTHREOTIEFE]| 28
TFINEAFILHKIRODBEERA L
HHEVWDEDTEEW., HEs
REROIS, FUXTA, o0
YO OEFERPICE > o< BRK
{&h, FRFRLCEENEWVAD
WA (KIREEE0.154 ng/g) %=
HAZEITNIEEKRBELS

BICED. &z, +OERIZNE
PWEITRENTWVENEDD, XF
JVKEBDADEENE (PCBAH
REDLAKE) OFEEBETSE
HWDT, [DHAYEPAZZE
&, XFIVHKBEBEDDELVN
BEERL{TABRND S, BE
DFEEFEICE>THEHETHD] &8
BYDI L, BlOEREEZA
TWBENZD, ANEBCRST,
B, 8%, BRICBVLWIEEE,
I8 - KEERE, REERNZED
BENED, FEMEZE 100 %A
TETVWDENWDIEE L, U
=H 0T, EFONEETIER
EROEANEZ AT [$EED
BR%E, B3R (B4REE
A, BT, NSrR24L (ER
T3] CEICRED?,

Cshoic

E NNIRERORRIEERT &
CEICRREERTFICSOSNA
MeEELTWD, FHERAEER
HOUAOZEOICT DI EEE
ELTLWEA, BEAOURIDHE
RIDERZHEMEEFEUL
{HEBEDICBOND. JD°=®H
BEOEMEZEBICERT I L
BT, SBEORMZ/NTVA
K<EBIDIEN, BENDOD
BEURVZERTOREDIE
EEZONDDTHD.

HEREBIC LDRERR W
BOWKREEDEDHEZETIZD
JHEEERBLUTND, Z0k
&, HhbONEBOFEEZEREL
TRIDICL, BWFAT SHEE
BCDIF2RENSD. ELUT,
—ANUOEDHREICERUEAD,

BEESEEE Vol 109 Vo 2 2006, 8 193



EHCEOBLLVEMAESDIT

THELLD., LML, BROR

DI,

D]

2)

3)

4

194

B E RO DIDETINIENEK

AR KR In: EEER
Toxicology Today : @35 % ; 1994, p
93-108. '
National Research Council. Tox-
icological Effects of Methylmercury.
National Academy Press ; 2000.
MEB, BEENT. BRIEMX
FINKBBEONERESECH
REBEE—C L xBLU 70
—HBSOWREFOII—, AR
2005;60:4-14.

Kjellstrom T, Kennedy P, Wallis S.
Physical and mental development of
children with prenatal exposure to
mercury from fish. Stage 2, inter-
views and psychological tests at age

6 (Report 3642). National Swedish

BEFSREE Vol 109 No. 2 2006, 8

5)

6)

7

8)

Environmental Protection Board;
1989.

Murata K, Sakamoto M, Nakai K,
Dakeishi M, lwata T, Liu X-J, Satoh
H. Subclinical effects of prenatal
methylmercury exposure on cardiac
autonomic function in Japanese chil-
dren. Int Arch Occup Environ Health
2006 ; 79:379-86.

Dakeishi M, Nakai K, Sakamoto M,
Iwata T, Suzuki K, Liu X-J, Ohno T,
Kurosawa T, Satoh H, Murata K.
Effects of hair treatment on hair
mercury - the best biomarker of

methylmercury exposure? Environ

Health Prev Med 2005 ; 10: 208~12.

Sakamoto M, Kubota M, Liu X-J,
Murata K, Nakai K, Satoh H. Mater-
nal and fetal mercury and n-3
polyunsaturated fatty acids as a risk
and benefit of fish consumption to
fetus. Environ Sci Techno! 2004 ;
38 :3860-3.

Sakamoto M, Kubota M, Matsumoto

9)

1)

12)

S, Nakano A, Akagi H. Declining risk
of methylmercury exposure to
infants during lactation. Environ Res
2002 ;90:185-9.

Daniels JL, Longnecker MP, Row-
land AS, Golding J, ALSPAC Study
Team. Fish intake during pregnancy
and early cognitive development of
offspring. Epidemiology 2004 ; i5:
394-402.

Mahaffey KR. Fish and shellfish as
dietary sources of methylmercury
and the (-3 fatty acids, eicosahex-
aenoic acid and docosahexaenoic
acid : risks and benefits. Environ
Res 2004 ;95:414-28.
BESEE. ntp://www. mhiw.
go.jp/topics/bukyoku/iyaku/syoku
~anzen/suigin/dl/050812-1-05. pdf
MEBS, BEERNT, 5EEA.
PNEOBERENLRLENRS
. MERARWEFMIE 2005;
3:7-15.



Avaitable online at www.sciencedirect.com

o o

* ScienceDirect Environmental

Research

Environmental Research 103 (2007) 106-111

www.elsevier.com/locate/envres

Correlations between mercury concentrations in umbilical cord
tissue and other biomarkers of fetal exposure to
methylmercury in the Japanese population

Mineshi Sakamoto®*, Tsuyoshi Kaneoka®, Katsuyuki Murata®,
Kunihiko Nakai, Hiroshi Satoh®, Hirokatsu Akagi®

#Department of Epidemiology, National Institute for Minamata Disease, Kumamoto 867-0008, Japan
®Department of Obstetrics and Gynecology, Fukuoka University Graduate School of Medicine, Fukuoka 814-0180, Japan
°Department of Environmental Health Sciences, Akita University School of Medicine, Akita 010-8543, Japan
dDepartment of Environmental Health Sciences, Tohoku University Graduate School of Medicine, Miyagi 980-8575, Japan
CInternational Mercury Laboratory Inc., Kumamoto 867-0034, Japan

Received 18 November 2005; received in revised form 10 March 2006; accepted 15 March 2006
Available online 2 May 2006

Abstract

Methylmercury (MeHg) is one of the most risky substances to affect humans through fish consumption, and the fetus is known to be in
the most susceptible group. Our objective in this study is to examine the relationships of total mercury (THg) and MeHg concentrations
between umbilical cord tissue and other tissues as biomarkers of fetal exposure to MeHg in the Japanese population. In total, 116 paired
samples were collected in three Japanese districts, the Tsushima Islands, Fukuoka City, and Katsushika ward of metropolitan Tokyo.
THg was measured for hair and THg and MeHg were measured in cord tissues, maternal blood, and cord blood. The relationships
among tissues in Hg concentrations were similar among districts. Therefore, we analyzed the relationships using all the samples. More
than 90% of Hg in cord tissue, cord blood, and maternal blood was MeHg. THg and MeHg in cord blood was about two times higher
than in maternal blood. A strong correlation was found between THg and MeHg in cord tissue. The cord tissue THg and MeHg showed
a strong correlation with cord blood Hg, which is recognized as the best biomarker for fetal exposure to MeHg. The findings of this study
indicate the significance of cord tissue THg and MeHg as biomarkers for fetal exposure to MeHg at parturition.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Mercury; Methylmercury; Exposure; Umbilical cord tissue; Umbilical cord blood; Maternal blood; Hair; Parturition; Biomarkers; Fetus;
Parturition

1. Introduction

Fetuses are known to be a high-risk group for
methylmercury (MeHg) exposure because of the high
susceptibility of the developing brain itself (Choi, 1989,
Sakamoto et al., 1993; World Health Organization
(WHO), 1990). Moreover, MeHg easily crosses the blood—
placenta barrier, accumulating more in the fetus than the
mother (Choi, 1989; Sakamoto et al., 2002, 2004; Stern and
Smith, 2003; WHO, 1990). Therefore, the effect of MeHg

*Corresponding author. Fax: + 81966 61 1145.
E-mail address: sakamoto@nimd.go.jp (M. Sakamoto).

0013-9351/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.envres.2006.03.004

exposure on pregnant women is an important issue for
elucidation, especially in Japanese and some other popula-
tions that consume much fish and sea mammals (Grand-
jean et al, 1997, 2005; Myers et al., 1995a,b, 2003;
National Research Council (NRC), 2000; WHO, 1990).
The epidemic called “Minamata disease’ is well known
as the first instance on record of severe MeHg poisoning
caused by manmade environmental pollution, which
occurred mainly among fishermen and their families in
and around Minamata City. It originated from the
consumption of large amounts of fish and shellfish
contaminated with MeHg discharged from a chemical
plant (Irukayama and Xondo, 1966). The principal
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symptoms included neurological disorders such as sensory
disorders, cerebellar ataxia, contraction of the visual field,
hearing impairments, and disequilibrivm (Takeuchi et al.,
1962). The first patient was reported in 1953, and the
number of patients rapidly increased after 1955. Up to the
present, more than 2000 people have been certified to have
Minamata disease. Furthermore, many fetuses exposed to
MeHg through the placenta of the exposed mother showed
severe cerebral-palsy-like symptoms, while their mothers
had mild or no manifestation of the poisoning (Harada,
1978). Outbreaks of the typical fetal-type Minamata
disease occurred during 1955-1959 when the mercury
pollution appears to have been most severe, judging from
the incidence of patients (Harada, 1978) and the MeHg
concentration in the preserved umbilical cords of inhabi-
tants of the area (Nishigaki and Harada, 1975). During the
period, a deceased male birth ratio associated with
increased male fetal death was observed in Minamata City
pollution, indicating its severity and widespread distribu-
tion (Sakamoto et al., 2001). This landmark epidemic was
the first to bring worldwide attention to the high risk of
fetal exposure to MeHg.

Thereafter, large prospective cohort studies were con-
ducted in the Seychelles (Myers et al., 1995a,b, 2003) and
the Faroe Islands (Grandjean et al., 1997, 1999, 2005),
where fish or sea mammal consumption is high. Though
the MeHg exposure level was similar in these studies,
different conclusions were reached (NRC, 2000). The
exposure level in the epidemic in Minamata is thought to
have been much higher than in those studies. Therefore, the
study of Minamata disease is still very important, and it
will provide more obvious health effect mformation by
using recently developed neurological test batteries. For-
tunately, Japanese people have a custom of preserving a
small piece of the dried umbilical cord tissue as a birth
memento in a wooden or plastic box deep inside a chest of
drawers. MeHg i the tissue will not be reduced by
microorganisms, because it is completely dried. By
measuring the Hg concentrations in this preserved dry
cord sample, we can estimate the individual MeHg
exposure level at birth. Grandjean et al. (2005) revealed
that cord tissue Hg as well as cord blood Hg was useful as a
predictor of the effect of fetal exposure to MeHg. However,
the preserved cord tissues had often been treated with
mercurochrome at the period when cut off at parturition.
The mercurochrome can easily dissociate into Hg ions in
the solution and the ions act as a disinfectant. Then the
cord tissue treated with mercurochrome shows a very high
Hg concentration when total mercury (THg) is measured.
Accordingly, we need to measure not THg but MeHg in the
preserved cord tissue in Japan, especially in the samples
treated back in those days. Some studies (Akagi et al,
1998; Nishigaki and Harada, 1975) have revealed exposure
of the fetus to MeHg in the Minamata area by measuring it
in the preserved cord tissue. The present study investigates
the relationships between THg and MeHg in cord tissue
and the relationships between other biomarkers of fetal

exposure to MeHg in the Japanese population to evaluate
the significance of the Hg concentrations in cord tissue.

2. Materials and methods
2.1. Subjects and sampling

In total, 116 healthy Japanese pregnant women without any special
exposure to mercury, ranging in age from 19 to 41 yr (average 30.0 1+ 5.0),
gave informed consent to take part in the present trial. The samples were
collected in the Tsushima Islands in Nagasaki Prefecture (30 cases),
Fukuoka City in Fukuoka Prefecture (68 cases) and Katsushika, a special
ward of metropolitan Tokyo (18 cases). Blood samples from the mothers
and umbilical cord were collected immediately after birth in 1996. Whole
length of maternal hair and cord tissue near the fetus were also collected at
parturition. Samples were stored at —80 °C until analysis. About 1 cm of
umbilical cord from the fetus side was rinsed in physiological saline
solution to remove blood and body fluid and pressed between paper towels
to remove the saline solution. Further, they were dried at 40 °C for 3 days
and were kept in desiccators. No further weight loss occurred after the
dehydration, ensured by weighing for 3 days. The dried tissues were then
cut into small pieces with scissors and around 0.1-0.2 g of the tissues were
moistened with 0.5ml of water one day prior to the Hg analysis. This
study was approved by the Ethics Committee of the National Institute for
Minamata Disease (NIMD).

2.2. Mercury analysis

THg in the samples was determined by cold vapor atomic absorption
spectrophotometry (CVAAS) according to the method of Akagi et al.
(2000). The method involves sample digestion with HNO;, HCIO,, and
H,S0, (1+1+5), followed by reduction to elemental Hg vapor by SnCl,.
The detection limit was 0.01 ng/g. MeHg in the samples was determined by
gas chromatography with electron capture detection (GC-ECD) according
to the method of Akagi et al. (2000). The method involves sample
digestion with KOH-ethanol and subsequently, under slightly acidic
conditions, the fatty content is removed using n-hexane. After extraction
with dithizone-toluene, MeHg is back-extracted with a slightly alkaline
sodium sulfide solution. The excess sulfide ions are then removed as
hydrogen sulfide by purging with nitrogen gas after slight acidification
with HCI solution. MeHg is then re-extracted with a small portion of
dithizone—toluene; the exiract is washed with NaOH solution to remove
the excess dithizone, and then slightly acidified with HCI and analyzed
by GC-ECD. The detection limit was 0.01ng/g. Accuracy of THg
was ensured by using reference blood material Level 2, MR9067
{Seronorm?201605: Nycomed Co., Oslo, Norway): the THg determined
averaged 7.5 pg/L, as compared to the range of 6.8-8.5 ug/L recommended
by ICP-SFMS. The precision of the method, expressed as coefficient of
variation, was 0.8%. Analysis of 2 MeHg standard solution containing
Spg/L gave a recovery of almost 100%. The precision and accuracy of
THg and MeHg were repeatedly verified by interlaboratory calibration
exercises, including the analysis of standard reference material sach as
TAEA-085, 086, and 142 (Horvat et al., 1988).

2.3. Statistics

THg and MeHg concentrations among the districts were analyzed by
one-way analysis of variance (ANOVA). Similar correlations were
observed between the Hg concentrations in each tissue among the
districts. Therefore, all the data were combined and the associations
between THg and MeHg among samples were studied by Pearson
correlation analysis. Logarithmic transformation was used to correct the
skewed distribution of the Hg concentrations. The differences in Hg
concentrations between paired samples were determined by paired stest.
A P-value less than or equal to 0.05 was considered to demonstrate
statistical significance.
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Table 1
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Geometric means and 25th~75th percentiles of total mercury (THg) in hair and total and methylmercury (MeHg) in cord tissue, maternal blood and cord

blood in three districts in Japan

Districts (ng/g) Hair Cord tissue Maternal blood Cord blood
THg THg MeHg THg MeHg THg MeHg
Tsushima (n = 30) 1453 (1157-1950) 64.0 (46.7-87.9) 54.6 (38.1-71.8) 4.62 (3.02-7.55) 3.98 (2.75-5.95) 9.13 (6.37-12.4) 8.38 (5.84-10.7)

Fukuoka (n = 68)
Katsushika (n = 17)
Total (n = 115)

1954 (1170-2293)
2120 (1810-2990)
1624 (1175-2195)

97.0 (80.6-125)

91.7 (63.5-127)

137.7 (94.5-207)

89.3 (75.8-121)
130.8 (95.5-197)
83.1 (57.1-122)

4.9 (3.65-6.44)
791 (5.42-11.3)
5.18(3.63-7.34)

4.61 (3.61-5.73)
7.54 (5.21-10.3)
4.77 (3.5-6.54)

9.27 (7.03-13.9)
13.9 (8.87-20.9)
9.81 (6.96-13.6)

8.93 (6.57-11.5)
11.4 (8.13-20.1)
9.32 (6.56-13.4)

MeHg (%) Mean +SD 90.6+10.4 92.5+8.1 95.2+5.5
Note: The mean MeHg percentage (MeHg/THg x 100).
398} .. 3g8 |
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Fig. 1. Correlation between total mercury (THg) in maternal and cord
blood: (A) Tsushima Islands; (B) Fukuoka City; and (O) Katsushika
ward of metropolitan Tokyo. Dotted lines represent 95% confidence
intervals for the regression line.

3. Results

Table 1 presents the geometric means of THg in hair and
THg and MeHg in cord tissue, maternal blood, and cord
blood in three districts in Japan. There were significant
differences among the districts in all the Hg concentrations
(P<0.01). The geometric means of Hg concentrations in all
tissues were highest in Katsushika ward of metropolitan
Tokyo, followed by Fukuoka City and the Tsushima
Islands. All the data were combined, because similar
correlations were observed among the Hg concentrations
in all tissues among the districts as shown in Figs. 1-3.
Significant correlations of THg and MeHg concentrations
were observed among the biomarkers as shown in Table 2.
THg and MeHg in cord tissue showed strong correlations
with those in maternal and cord bloods (Table 2).
However, the correlation coefficients of THg in maternal
hair and THg and MeHg in other biomarkers were
comparatively low and scattered, as shown in Table 2
and Fig. 3. As shown in Table 2 and Fig. 1, the geometric
means of THg and MeHg in cord blood were 9.81 and
9.32 ng/g, respectively, and the concentrations were about
two times higher (P <0.01) than those of maternal blood
(5.18 and 4.77 ng/g). THg and MeHg in cord tissue showed

Cord tissue THg (ng/g)

Fig. 2. Correlation between total mercury (THg) and methylmercury
(MeHg) in cord tissue: (A) Tsushima Islands; (B) Fukuoka City; and (O)
Katsushika ward of metropolitan Tokyo. Dotted lines represent 95%
confidence intervals for the regression line.
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25 40 63 100 158 251 398
Cord blood MeHg (ng/g)

Fig. 3. Correlation between cord tissue methylmercury (MeHg) and hair
total mercury (THg): (A) Tsushima Islands; (B) Fukuoka City; and (O)
Katsushika ward of metropolitan Tokyo. Dotted lines represent 95%
confidence intervals for the regression line.

strong correlation coefficients (Table 2 and Fig. 2), and the
geometric means of THg and MeHg in cord tissue were
91.7 and 83.1ng/g, respectively. The mean MeHg percen-
tage (MeHg/THg x 100) in cord tissue was 90.6+10.4%.
MeHg percentages in cord blood and maternal blood were
95.2% and 92.5%, respectively (Table 1), and the mean
MeHg percentage in cord blood was significantly (P <0.01)
higher than that of maternal blood.
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Table 2

Correlation coefficients of logarithmic total mercury (THg) in hair and total and methylmercury (MeHg) in cord tissue, maternal blood and cord blood in

the total of three districts in Japan

Hair Cord tissue Maternal blood Cord blood
THg THg MeHg THg MeHg THg MeHg
Hair THg 1
Cord tissue THg 0.641 1
Cord tissue MeHg 0.626 0.975 1
Maternal blood THg 0.648 0.809 0.799 1
Maternal blood MeHg 0.654 0.846 0.839 0.981 1
Cord blood THg 0.651 0.848 0.815 0.888 0.885 1
Cord blood MeHg 0.646 0.873 0.839 0.882 0.888 0.992 1

Note: All the correlation coefficients were significant (P<0.01).

4. Discussion

MeHg is one of the most risky substances for the fetal
brain, and most of the human exposure to MeHg is
through maternal fish consumption. MeHg easily passes
through the placenta as a cysteine conjugate during
intrauterine life (Aschner and Clarkson, 1987; Kajiwara
et al., 1996). The National Research Council (NRC, 2000)
recommended cord blood Hg as the best biomarker for
fetal exposure to MeHg. In addition, cord tissue Hg
concentration was revealed to be useful as a predictor of
the effect of fetal exposure to MeHg (Grandjean et al.,
2005). The MeHg concentration in preserved umbilical
cord was also used as a biomarker of fetal-type Minamata
disease patients (Akagi et al., 1998; Nishigaki and Harada,
1975). The present study investigated the relationships
between THg and MeHg in cord tissue and other
biomarkers of fetal exposure to MeHg in the Japanese
population to evaluate the significance of Hg in the tissue.

The differences in MeHg exposure levels in various
geographic areas were similar to the data from a recent
Japanese hair mercury survey (Yasutake et al.,, 2004). The
high Hg concentrations in katushika ward of Metropolitan
Tokyo may also be explained by the high amount of tuna
consumption in Tokyo and nearby Tokyo Metropolitan
Prefecture (Yasutake et al.,, 2004). The correlations
between the Hg concentrations in biomarkers were similar
among areas. The geometric mean of THg in cord tissue in
this study was 91.7ng/g, and the level was approximately
half that of the Faroe Islands study (Dalgard et al., 1994;
Grandjean et al., 2005).

Thanks to the traditional Japanese custom of preserving
umbilical cord tissue at the time of the infant’s birth, we
may use this dried cord tissue to estimate past MeHg
exposure. The cord tissue is formed mainly during the
second and third trimester, and cord blood is the blood
circulating in the fetal body at parturition. Judging from
the data on the biological half-life of MeHg of about 45
days (Smith and Farris, 1996), not only fetal blood but also
cord tissue Hg will reveal the average MeHg burden of the
fetus during the third trimester. In addition, rapid brain
growth occurs primarily during the third trimester in

humans (Dobbing and Sands, 1979) and the brain at the
period is known to be most vulnerable to the toxicity of
MeHg (Rice and Barone, 2000). Strong correlation
coefficients were observed between cord blood THg, which
is recommended as the best biomarker for fetal exposure to
MeHg by the National Research Council (NRC, 2000).
The strong correlation coefficient between THg and MeHg
in cord tissue and the high MeHg percentage (about 90%)
also suggest that cord tissue MeHg as well as THg
concentrations are useful biomarkers for prenatal MeHg
exposure.

Under the steady-state condition, the hair/blood mer-
cury ratio is about 250 (WHO, 1990). However, in the
present study, the maternal hair/maternal blood ratio was
about 350, presumably due to the lower hematocrit (Htc,
the ratio of the volume of red blood cells to the total
volume of blood) during gestation (Bollini et al., 2005),
especially in the last trimester as plasma volume increases.
The low maternal Htc during gestation will explain the
higher hair/blood ratio, because about 90% of Hg exists in
red blood cells in a population that consumes much fish
(Group, 1970; Sakamoto et al., 2002; Svensson et al,
1992). The difference in MeHg% between maternal blood
(92.5%) and cord blood (95.2%) may also be explained by
the low Htc in the former blood and the high Htc in the
latter blood, as indicated by Sakamoto et al. (2002).

Maternal hair and maternal blood Hg concentrations are
also important biomarkers for fetal MeHg exposure.
Originally, maternal biomarkers reflect the exposure of
the mother herself, and there is a certain variability
between the maternal and fetal MeHg levels. Qur recent
study indicated that individual cord/maternal Hg concen-
trations in red blood cells varied from 1.08 to 2.19 in
mother—infant 53 pairs at parturition, which show the
individual differences in MeHg concentrations between
maternal and fetal circulations at late gestation (Sakamoto
et al., 2004). Stern and Smith (2003) also summarized the
variability of cord/maternal blood Hg level ratio. Grand-
jean et al. (1997, 2005) revealed significant associations
between the adverse effects and the Hg level in cord blood
and cord tissue, but the effects were not well associated
with the level in maternal hair. In the present study, THg
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and MeHg in cord showed strong correlations with those in
maternal and cord blood. However, the correlations of
THg in maternal hair and either THg or MeHg in other
biomarkers were comparatively low, and the 95% con-
fidence interval of the intercept for the regression line did
not include zero. This may have been due to the fact that
we used the whole length of hair for Hg analysis in the
present study, while Hg levels in newly formed hair reflect
those in blood (Phelps et al, 1980) . In this way, the Hg
concentrations in whole hair do not exactly reflect the Hg
level in blood at parturition. In addition, another reason
for the scattered distribution would be decrease in Hg level
by artificial hair waving (Dakeishi et al., 2005; Yamamoto
and Suzuki, 1978).

Some of the ratios among biomarkers calculated from
our study were similar to those calculated from the Faroe
Island study (Grandjean et al., 1997, 2005), suggesting that
the ratios are applicable to estimation of the past Hg levels
in other tissues at parturition in a population in which the
MeHg exposure level is comparatively high. The mean cord
tissue Hg level of fetal-type Minamata disease patients
(n = 24, median MeHg = 1.63 pg/g; Akagi et al., 1998) was
about eight times higher than that in the Faroe Islands
(n = 447, geometric mean THg = 0.21 pg/g; Grandjean
et al, 1997, 1999), and about 20 times higher than our
present result (geometric mean MeHg = 0.083 ng/g). The
estimated mean THg in maternal blood, cord blood, and
maternal hair of the fetal-type of Minamata disease
patients were approximately 100, 200ng/g and 32pug/g,
respectively. However, the estimation of the maternal hair
THg will be more uncertain as we mentioned earlier.

The findings of this study support the use of umbilical
cord THg and/or MeHg as biomarkers of fetal exposure to
MeHg. Further, the MeHg concentration in preserved cord
tissue will be useful as the only biomarker available as
a predictor of the retrospective dose-response (or dose—
effective) study in the Minamata district even up to
today.
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