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R KB ob /475 R AR FH 8 F AIN-76 #2 AOAC modified
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modified #£ 4/ E
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FHHARRE b FREADLFREIBE -

ERN L FREEME 10X — 4 7] 482 AIN-76 81 AOAC modified
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Rt i FHBEME 14 R— 4 7442 AIN-76 #2 AOAC modified
 FHHAREARE AL FREARLEFREZIEE
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Fig. 1.1 Regression analysis of replete hemoglobin concentration on
concentration of added iron in AIN-76 (AI) and AOAC
modified (AO) diets after 5, 10, and 14 days of iron repletion--

Fig. 1.2 Regression analysis of hemoglobin gain on concentration of
added iron in AIN-76 (AI) and AOAC modified (AO) diets
after 5, 10, and 14 days of iron repletion

Fig. 1.3 Regression analysis of hemoglobin Fe gain on concentration of
added iron in AIN-76 (AI) and AOAC modified (AO) diets
after 5, 10, and 14 days of iron repletion

Fig. 1.4 Regression analysis of replete hemoglobin concentration on
concentration of added iron in AIN-76 (Al) and AOAC
modified (AO) diets after 5, 10, and 14 days of iron repletion--

Fig.1.5 Regression analysis of hemoglobin gain on concentration of
added iron in AIN-76 (AI) and AOAC modified (AO) diets
after 5, 10, and 14 days of iron repletion

Fig. 1.6 Regression analysis of hemoglobin Fe gain on concentration of
added iron in AIN-76 (AI) and AOAC modified (AO) diets—--
after 5, 10, and 14 days of iron repletion
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Fig.2.1 Regression analysis of repleted hemoglobin cioncentration on
intakes of added iron from AIN-76 (AI) and AOAC modified
(AO) diets after 5, 10, and 14 days of iron repletion--------------

Fig.2.2 Regression analysis of hemoglobin gain on intakes of added iron
from AIN-76 (AI) and AOAC modified (AO) diets after 5, 10,

and 14 days of iron repletion:

Fig.2.3 Regression analysis of hemoglobin Fe gain on intakes of added
iron from AIN-76 (AI) and AOAC modified (AO) diets after 3,

10, and 14 days of iron repletion

Fig.2.4 Regression analysis of replete hemoglobin concentration on
intakes of added iron from AIN-76 (AI) and AOAC modified
(AO) diets after 5, 10, and 14 days of iron repletion

Fig.2.5 Regression analysis of hemoglobin gain on intakes of added iron
from AIN-76 (AI) and AOAC modified (AO) diets after 5, 10,

and 14 days of iron repletion

Fig. 2.6 Regression analysis of hemoglobin Fe gain on intakes of added
iron from AIN-76 (AI) and AOAC modified (AO) diets after 5,
10, and 14 days of iron repletion

M4k - Bioavailbility of iron from purple laver (Porphyra spp.)

estimated in a rat hemoglobin regeneration bioassay.

43

44

45

46

47

48



T X R

ERAEENARERRAA G SRR ER LT EE AL XM
ABERZIMARTE ARBTZBRURLEIILEHABALERGZ
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ATREEDZHH RN REORE  RRRTEANA RIEEF
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B PR BAAZANERRGH HERERE 0 A BRE
L2 AR © S RBR 0 AOAC BH P4 45 R B & M - IREE 241 F 2 % - i
H B T2 AR S A AIN-T6 By 2. 80% > #CREA - B4 8 10
REILR AIN-T6 BeF AmihEH 6 224 ppm 05> B s FRE -
BEMB G FREHE NG~ B4R b F R A REH SRR LR
REZEA RIFREDFH% Sk E A 35 ppm 55 > KWMLK T
55 o b AIN-T6 2 AOAC mEC HF H oM BBA A £ 2 BEW > REA %G
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ERE-BERBEFANARBANE SN2 ppne FEMRBED 10

X &P UR- - BANMBRGAHBRRE  FLHLERTRAERE
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FEXHE

The AOAC Official Method presents a rat hemoglobin regeneration
bioassay for assessing bioavailability of iron. The concentrations of calcium and
phosphorous in the AOAC basal diet were 1.3 times those in the AIN-76 diets.
When ferrous sulfate was added to these two diets, bioavailability of iron in the
AOAC diet was only 70% that in the AIN-76 diet. For the AIN-76 diets
containing a series of added iron ranging from 6 ppm to 24 ppm, significant
linear regression relationship existed between replete hemoglobin concentration,
hemoglobin gain or hemoglobin iron gain and dietary iron concentrations as
well as intake of dietary iron. Relative biological values calculated from these
three biomarkers of iron nutrition were similar. Therefore, AIN-76 formula is a
more appropriate basal diet for rat hemoglobin regeneration bioassay. Therefore,
we propose some modifications of the AOAC method.

In the modified assay, male weanling Wistar rats aged less than 4-week and
weighed less than 70 g are used; in iron depletion period, an iron-free AIN-76
diet is used and hemoglobin of rats are render < 6 g/dL; in iron repletion period,
test diets contains 12, 18 , 24 and 35 ppm of Fe, reference diets contains ferrous
sulfate at 12, 18 and 24 ppm of Fe, 6-7 anemic rats are included in each group,
repletion time ranged from 10 to 14 days, dietary intakes are recorded, body
weight and hemoglobin concentration are measured at the end of the repletion
period. Dose-response relationship between iron biomarkers and dietary iron
intake or iron concentration is evaluated by regression analysis. The ratio of
regression coefficient between the test diets and the reference diets can be taken
as the relative biological value. If a single dietary Fe concentration should be
used in the bioassay, 24 ppm of Fe is suggested, and a ratio of hemoglobin iron
gain or hemoglobin regeneration efficiency between the test diets and the
reference diets is taken as the relative biological value.

Key words: Iron bioavailbility, relative biological value, rat hemoglobin

regeneration bioassay, AIN-76formula, AOAC modified formula, calcium
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BRABLANUERAT  THRAGUAARBIELNE > LEHEHN
B E NHANES T11 et A 7 Fdd ot B X 280852 (1) KB
Aok - A EHITZ "TRESI-S6 FRREAEEKNBLERE  £F
B AMBERREARBOREK > 13- AL PFHERREFLBE
HEH 5% 35-D4 RA M AT HER I 84% 5 bR A LR EBE
ARAKERTR > *HOBEARABEIRILLEE  RALEAA
R FE - B 2. 1% HAIREL0.T% (2)- boh > 2HHFRH
LRPBERERBEHN%EEHE (304)  TREEHACKEHRAELAAD
BR X AR PR -

AR R 0 K SRR 0 5 B 0 ¥ B AR S U AR
AHERNFR  ARUALBRERL > SlodHSa8ny  TEHLEFS
HHALE - FVFARFHERRASTUABE FETZ— > Blosk
Vi~ REBRE o BB ARAMEIARTAE
(bioavailability) &sZBmmA 4 & - RBH A E R LSS > UK
Rt kA%  PEBATERSH SRR IBT AR TRAEZERT

R FEwtomuS T sAREFEERZIREMAR  RBELR



TREARGRE  REREEHAES 100 > 545 5B DA 0BAaYE LY
f& (RBV > relative biological value) 2% 26 (5)- R B A
B ERAETRELRERLRHE -

BRAWHBE T R TR RS Ao > ABSERRALZR
FORTRAERREIMIN  ERANKRLETOARTAE > A A%
HARKXBAZEERRR - KOLEHK RS TR EZHH
FEORE (6)° RY FHRALEH X KBRUMI D 5 0B £ (heme-
iron ) $#jk# B %4 (non-heme-iron) MAME - hBREHRBUERT -
HA2-30% FREREISGOBE ko R EERKEBK > 4 1-8%
HBRERRRBRSOVE  CoREBBRUGRIFARE T REL £
Co ¥l R BN A RE  HEE - 58 - AE58 8% 44
% - ﬁ%%‘é’%'ftﬁ‘%é‘]ﬁnlﬁi%%?ﬁ?ﬁ.ﬁé‘]ﬁ%ﬁﬁﬁﬁﬁ‘%%ﬁﬂﬁi
0 BA R & BRACA 69 S AEBAL S B PR F BAR ) I S B F K -

BAHMAR BB %A EES Ry R A% (food vehicles)
RBEEH (T°8) - bEMBRESLBRUIHHEED » AR
ARRBENLRA - FRAOBILONALFERRE ROESE > LA R
RIGERTRE  ARTRE GBI Mook T8 - ¥ 5Bk 58 -

R - BB ERE - KBNS $BNTHB > LERYREE



B GBILES PREBYFLBE  HRALUBRAARKETRNLE T
ERRABE (9) LRBLABCAMEERBRARA > flio BB
8~ EEEEME - LH MY  EREBILSHRBNK  EHE T ER
EhAE RABRTAREBR (10) - #3mIAhTRAZERRT &
Wist a3 X BB XA TR Hl4e SFE-1T71 %%‘Eﬁaﬁﬁéfﬁé@%ﬂ‘aﬁﬁt
BE (1) - ALEERHELZRREE  ARANXSEB R TF %
BEFAGREESLT  BRESHAESETETARARE -
HHREELIRERLGSE  #ENABRE  2EHRERK
ZBSAEIBFRAYSEL TEAHASRARGERL > B A THIARK
BAES  Z2EH LER THAANSZERFARRE, (12) AREBZRA
HEH2RE > WRRAELORLPHL -  BNRBRSHEE TR
HREEGELSARK  ERFHLIMERDEFEIFTERAIAE R
RALZARABRAL  BERRARIETE  HHARGET L2
HREIABHGPARRER  RRHEFEE KGR ARG 0 RBL
& e
MBZRRAELGHRFABTEAEE LR TERLENGERE
2R BB RERREBHELE BTARGBRAEAEINEEAERE T

BEEAHAZENARRIRRS » LEF S FERZ AT RTHA



A EAEETARBBRERBFRIARTIET AR ZLREAEA
ZHBREED DT T ERTHAARYS AL BN AELRANS
B2 AR R M AR SR AR AT AR EER  GERTH - AIRR

Z BT HEEE B2 4E -

Z~AOAC KBt FBAZZAR
BTRRAENIWH T ERE R KR ot FHATRA X 0H 71974
23 (13):1980 £ X B47NF 14 pr AOAC Official Methods of Analysis
(14) —EABAZES (15)  ARERAARK PO TR AHRWBY
ARRGREES > L ARUABRTRAAN SR BLF  LUASHAY
BALEMBF R TSR ARAMN T RA > ERA b FRE2H > T
R B8R A B R+ A B 51 SR 60 A R
(13)- BR# %t & @R 48 (INACG > the International Nutritional
Anemia Consultative Group) ¥ & & &4k R AR BRI TE > 35 8 AOAC
EHERBARBUER RN (16)-
AOAC i B 1980 42 31 SR 3 BAZFTHSITHR & » R MBLE 90K Sk
WZEF » DRBRUMHZ M4 AETRRAZITRESCFEA -

1989 £ INACG e %2 & .48 w8 F 5 24 » A48 e 7 2 degermed vellow



corn meal RAEME A » IR A AL B EAIN-T6 4k £ - BRH%
AT AEFRE (16)- BAT  AHETERAIFHNEZEE > B A AOAC
RAOFN T EBRLSENLAL AP e (AN Anerican Iﬁstitute of
Nutrition) MBS EERTRGMEFT AN F REAIR * AOAC BH F
SRERI IS LSRN E %3 8000 ng/kg (15 16) 43
X B EE4SS ; M AIN-T6 RIS ELE > MASHBETHRML > o
%1 2 5000 mg/kg #4000 mg/kg > 3RABE A5 (17) - RELFHH R -
Sy EREBAFATRAERBE -
R RAE 5B A H BRI R 8RB - KA RALFHER G
R Y SN Y Y R TD Y L R Y L L E Y
(18)° 456 B FARLIALLEFH 0.5%A S5 & & AdnH i | 458
# 0.75% 2| 1. 25% #ipsl R Ay A A (19, 20) LRV REFRS
HEBHBTE RE— S BB EIER (200 Rk THX
ARRZMANERENSE > F4 20 ppn ERERLUABRHEF A
RBRE > LRARBOEHEEAREREY (18) - SRR HES
BUXGBE R TEHAEFSEZI 0 B ARSI R 0. 25% 45
B> R 5 B K B eysBA AR FRUFBSH AR T BHEPRM

0.75%A & #p#lz & (19) - ACACEe H 3R #8485 - MEA 0.8% B3R



R KBS RAGRE » RRAFNERL A% FRESEANA 225
B SAREHNSEABKXABITZILE -

W Ty kb Rk R MARH REERA ACAC EHH BT
S EAEREN  MUASBANAEEHE T 0 (ni k@A <6g/dl):
| RBEARLN > HEELARRRLANR SR BENE 14K
ABHTRREIBAL - BRHEEZUA A £ 52 508 54845 HBE
B> BTRIBERE (dose-response) #9125 & 4% - B B A AR
ZEBRANERRYEAARAGEBEE  KE—BELZHRAEVEE
Cashth - WRERSCEBHEMERE BRI ER > FAINREK
RERD B -

AAC T X2 MR EREBRBAMERBZ L FRE > P IHZ
Hbbo FIRERFAHBREGHBCRTRF I - 2254 8 B84 78R
B ARAMARPHEICCELBREINVE aRBHELTEZH W &
EFRERBHZIAAFE THRES T FH®E ARG THEIR
AR E - o RIABRENRI > RE R FHRELE > FRLFR
B TORERMBHRE (215 22) RER® T > BORREETAF
HEREZRBFLENEBRAT > waFALBETRALRLEERE - Ak

EREBERA o BT BEE ABHAEX TRER » b



Z MG ERREREF ML RER > AHERBBIARE

RS AENEOHEFECE $HEE - oL FRRABEN
BERMEL  WRAMEBRERZ AR IIATITEM®E  RIKA
parallel lines type assay > Mifrir FiRE E 248 BAEMEZHEBE
Ve Bt B RBV 604k RS2 M AR T4 - RlEkA slope-ratio
assay » WA A 4604 BB ERE (21, 22)° ik AAHE (HRE
hemoglobin regeneration efficiency) B2 oA Bk A b F AR E AL
SEIEAE ey bl R H RBV (23) -

R R > BT R 0 A8 BE AR - BHRE
ARz EEREES X - FAEMN  SHABARKHTEF > FLAR
BEf - AFERES BT ZEHHTRRTCRBRA T 2GRN
REIREELZTRTE AR ZARTEERANZLRE B RRER N K
LT R4 AOAC # A ITR AR 5% -

KB E ARt AIN 52 AOAC S g 4 Be 7 #14% 4R FeSO, 2 A1 F #
MBE > LRAEEST ZERERRFARRUGBE AR KF T ELBA
HEEE Xz NN ARSHAY  REXREAIERRERALLF

BAHE  BABREERBRFMER -
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MR %

KRR

R B fdr KA LR ETR D RAE AOAC (1995)0fficial Method
of Analysis (15): FlAMLSARBE  F—KRE£BH > BREEHY
BT F_BRR o EFHADR ARAY ?»fﬁfgiﬁ:?ﬁ%ﬂfﬂ éﬁﬁ& °
FHEMMEAR BHEREAH > THELCKOBROE » BH b £R
B o< bg/dl AERBaBE bR EFEERSHEELHE
BETE BT _ATR - F_ATRNLE  LOSALARER L
FRE S TRENKREABEE 5 A 42 EEH (FeS0, TH0) 242 £ H58
ERAFRAB SR e FARNNELCROBR 0 AT EHR b
FREZIKA RGP ERARNERE > oL EENEHEH
# e

ARHmARMAKE 8 & #BITA 1T & K AF R w2 AIN-T6 -
A8 RRBFIUR sz AOAC 825 (A0 48 ) - 1AM EH AT date
FEAE A8 EHE60 g/l UF - BABAIE > 553877
RAREA 1 & S Btz FEAREFHEMAFBEELE
RPN @E— %5 oS 06121824~ 35 ppm = AIN-76 B -

B mHI A ALO - AI6 ~AT12~ AT18 ~AI24~ AI35; AR E@BlAIN—4
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51408 F 6~ 12~18~24~35ppm 2 ACAC % » 8.4 %1% % A06 ~ AO12 ~
AO18 ~ A024 ~ A035 » Z 4> Aod 48 A7 A 4 #3147 $A 448 18 ppm = AOAC & -
HAAMTEAFLHKBEARAFAHBRE > AN E 51014 REACHK A

REmFHEARELRI -

TR &Y

Tk A Vistar EXE » MEREBAZEERMEBERZH
PP RERELHENL YmBA > AHERIBERLBTOLNL -
BREHZAREBEERES > HYELFBE R EL - TRAMEL

FETK o KEFHGHKE BH/R -

FFHEL

A w4 Be MR 4R AINT6 2 AOAC @y #& i jw SA S8 AL » BAF & 70 B il A,
ERE REA AR ARG LBENEE  RaRFInk— > RS
ZHMEERIINERZ B ¥ Rosk - AR ABAZ R ETERY - B4
$A R S a4 R g A o FeSO0,. TH20 - 54Kt 4 051 5 612

18~24-~35 ppm -
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1B oHr g3t

B T RAIF 245 85~ 83 X ERR - FUH Sk E (MLS-1200 MEGA,
Milestone) #1ttk » KBEHR > URFRAZETHAE » AL & &
TEE (24)° ftr ¥ % B A cyano-methemoglobin 7% » A Drabkin’s X #
2 MEAKI nn g R A > LR 36.8 MF L& FIRE (25)-

REWGRRBHEAENLBER 0.067 ol #£3 > it FHSHEN
0.335%3t > AL EFRETUAH Aot FHREET S AANNARLE
REEZFP AL FRILE L FHRLEHEATALLEETREME &
BBREABREAANBRERYE oo FAA2% (HRE, hemoglobin
regeneration efficiency) ¥ Wi FEE W EHB/IE TN E 4 LA -
EAFEART !
fir g mE (mol/l) =B AT i FH —FENRBZI O FE
airFHAE (puol/rat) = ME x 0,067 x b ffi x 0.335%;
f4r E453¥ mE (hemoglobin Fe gain, umol/rat) = BAHZ bt F
HEF - BAMBZ al FHAT

HRE = fnér 483w E+ A4 EHRREX 100%

St o
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450 AIN-T6 2 AOAC #1ktey 2 & 2L student’s t test 4 %E - BAH
R AIN-76 #t AOAC &% 2 Fley £ & Duncan’s multiple range test #&
F oMy EES TN EIXR SN AER T % A5 (two-way ANOVA)
WA mBesp & AI6 ~ AI3D &2 A06 ~ A035 £ 14 - &2 7 AIO $#2 AO18d
w4z sk o 48 AIN-T6 $2 AOAC modified ## 53] L‘Xi@ﬁ*ﬁﬂ*ﬁ/’iﬁﬁ
REER b K BABEBZ ARG THORBRRIERA A4
FAmERAERABEANBREE )  THULLFTELERE  BAHER
Bz i F Ml M ER b FEENE  ARTHNEEHFRN
3 B a4 AISD T HAERE - AR H A ME (RBV > relative
biological value) Z3tEAH#EF 1 E—F R AR EH 4% - L AIN
£z A A 100 3+ B AOAC Atz /s bl m4F - =AM HRE 4 - £ AIN
48 HRE {E)% 100 » #+ F AOAC %2 HRE i 2 48 $} & 4 tbffl M 45 o BIA &G o #F

3% SAS 23X (SAS 6.12, Cary, (N) JREREMAT

# R
Bk EREE

B FHEENTRAGARBREIINE= > REFTERRAUSHHT
FIMET B IBERAAKTREN  ERARSETEHRY 10

#HRZAHNBRENFBERGBE EERLFT2ASMBERES -
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FAodBz Rk AI0 Ry FAHRD -

BB 28 RAMM% > BAMMERARYTFARES 1B 2L &&
ZHAFBELR - BAMZARKAIINEAW - FAMZIRBERZAHM
BN EMBZYVE  AHESTEREHE 5 R 10 RXIBERZARE - 2
4 R2BEAMRRES MESRST2HG BETLAZIZIMEY -
BAMS R ABS ez RECEBEEGNERLE - BAHIOR R

i A0 A RERAIBRE RS -

A A EMmIERZ B

BAMS REAA MO ER b FHRABLINEE - BT 5B
Tt ERE b ER SR FEH N ELARSREREY XK
BzH%E (P=00001) SBEHEBHEXLE T A GMHES > £ BN AIN-
76 LK By mE & AOAC B » 2 hhtr i >~ e FHEmER L
SFBHmBHRAD FERE b F R FHmERERBH
A4 1 AI35 Wde - b FBEmER R ABS BERSD -

BAMIORBGARN oL EA L ETHABRLIINEN - BT 0
BrhtakRE otk nERat EEE M EIFRBRERRS £
HRZHE (P=00001) SHAESHEEBREIASTAEHNYES > L E

L AIN-76 Be F &4 m B S5 AOAC B - uif 2 sr 518 ~ i 3 ho
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R FEE YA AI BRE KRG MAABS BHERS -

BA 4 REBEAR N FROLFHRABLIINERE - BF0H
BrhiFRE Qe E TR AL FREmELANBREARET £
HEZEE (P=0000]1) SEHESHEIHEEXIASMES > LB
AIN-76 Be h th 38 mE S 7 AOAC e h » i htr 1l - hir EFH g
i dr F AR B ALO B SRR MBS HRNH & auyH Al24-AI35

wAO35 =4 -

B¢
BAMGLERAEHANES 2O ML RLE 1] AT A%
& AIN-76 % & AOAC modified &% > 34 ZRBE OGR4 > MG
R? 4 %18 5 31 & AIN-76 &5 % 0.9057 ~ 0.9626 » AOAC &7 % 0.9788 ~
09962 ; MEF/AHE (Bpftdk) MEREAMRBIHEKMEK > 2L AIN-76
Boy A AOAC e - BRAMh FHmEHAME LS EIBFIHER
Y 12 w0 RAEF M ZRBMEGEMEMG > MY R GEE S5
% AIN-76 &% % 0.9121 ~ 0.9611 » AOAC &7 % 0.9798 ~ 0.9966 ; i& §f 14
AR E A AR #2238 & 3 K45 8L AIN-76 By A AOAC & -
BAM L ERE M EHAHESZIERIHERLE 13 /A5

EAHIRMEGRNME  BHAR R 9EE 552 AIN-76 BF 5
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0.927 ~ 0.9483 > AOAC B & 0.9832 ~ 0.9967 ; EF A M (Fp4%) |
ZEAMAHZEERMA > % AIN-76 B A% AOAC & - =48
WA T 0 AIN-T6 By 4487 B M 14 K528 Wtk RD 3 B FD -
AT MART 0 £28ELHRME 35 ppm 2 AIN-76 5 HE >
et KRR O EREABERG AR EAGFIRERAAR -
MR @45 ABS ar > BAN et FRARANES I ER
SHERWE 14 Fn 0 AIN-T6 BFHMHRAR R® wEEL 09692 ~
0.998 o fadr FHmEHAFHLEZBEHNERWE 1.5 #5%  AIN-T6
se o ra Mg RE ey 6 5 512 2 0.964 ~ 0.9929 o fu ko F 4R o E # 47
A B2 @M Rl 1.6 #i7 0 AIN-76 BT w48 Mtk R 9
B % 0.9561 ~0.9802 - Z4&@EF#HE K ¥ » AIN-76 &£ AOAC modified & % 3
ZHEEBENGILNG o thiaS AIBS AT ZER  FE& 4 AIN-76
sFWAMAE RO BA > A Fhd QNGRS SHARME (4
ENYMZEERABZHE R A FRES AI3S @8558 % 17X AIN-76
B AX AOAC &7 -
EFEEXTELEHAASRRE  ABAML T REARER

2@ H o E 2.1 o REERTHZABME GRS EHAR R

W E 282 AIN-76 BF % 0.8941 ~ 0.9664 » AOAC &h & 09649 ~
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09977 - XA tr EX MBI ERLE 2.2 /17 NGRS -
#a B4 8 R% 6 45 - %) & AIN-76 &5 % 0.9029 ~ 0.9665 > AOAC &5 2
09645 ~ 0991 - KB B A FHEHEMEZBF T E R B 2.3 Aw -
Fa B3 R® 9458 5 51 % AIN-76 &5 % 0.922 ~ 0.9814 » AOAC &b &
09709 ~ 0.9921 - EFHEME (FFHE) HEALEPRBIHBRAOHEA >
B4 AIN-76 85 A% AOAC B - Z MM ¥ » AIN-76 B h & an &
A 14 RS2 MAE R @M AR ATAENGESE > E2RER
# B 4K 35 ppm 2 AIN-76 Gy Rl > Sy e s b F R B C R A HIE
EHKRE » EHBHEEZRABGRAR |
EHEEATREISHAASHERE 0 MEREHE ABS A KEHH
Sl EREEZERLE 24 70 AINT6 ShwiaMAs R2 wisEL
0.9816 ~ 0.9996 ; K # A mir K mEZ LR 2.5 A77 » AIN-76 &
F 6048 M3 R 69358 5 51 2 A 0.978 ~ 0.9986 1 4k % $ 2 fn dr K 4K v
2 8RB 26 Fiw > AIN-T6 Gheitabias R 9B A 09716 ~
0.9918- =@ X 73 ZHRBEE H MM 4 K €4 AI3S 4a8F°AIN-76
By eobE RS R A BRI R ARE (FFaR) BK
ZHAMRBZHEEMER > TRES AIBS @54 » B2 AIN-76 &%
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Z— KRB & FHLEREA#E8 AIN-76 2 AOAC modified & ¥ 84 4

o
AIN-76' (g/kg) AOAC modified? (g/kg)
Casein 200 Casemn 200.0
Cornstarch 630 Cornstarch 614.8
Soybean oil 70 Soybean oil 70.0
Fiber 50 Fiber 50.0
Vitamin mixture AIN76> 10 Vitamin mix AIN76° 10.0
Mineral mix AIN76*, 35 Trace-element 2.7
(Fe free, but including premix’
(Fe free)
salts of Ca, P, Na, NaH,PO, 20.0
K, Cl) CaCO, 20.0
KCl 5.0
NaCl 5.0
DL-methionine 3 DL-methionine 1.0
Choline bitartrate 2 Choline chloride 1.5
Total 1000 Total 1000.0

1 J. Nutr. 1977; 107:1340-1348

2 Am. J. Clin. Nutr. 1989; 49:225-238

3 Vitamin mix AIN 76 contains the following components in g per kg feed:
thiamin . HCI, 0.6; riboflavin, 0.6; pyridoxine.HC], 0.7; nicotinic acid, 3.0; D-
calcium pantothenate, 1.6; folic acid, 0.2; D-biotin, 0.02; cyanocobalamin,
0.001; retinyl palmitate, 400,000 IU; (all-rac-a-tocopheryl acetate, 5000 IU;
cholecalciferol, 100,000 IU; menadione, 0.005; powdered sucrose, 980.

4 Tron-free mineral mix AIN-76 contains the following components in g per kg
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mixture: calcium phosphate, dibasic, 500; tri-potassium citrate, monohydrate,
220; NaCl, 74; K,SO,, 52; MgO, 24; zinc carbonate, 1.6; manganous carbonate,
3.5; cupric carbonate, 0.3; KIO,;, 0.01; sodium selenite, 0.01; chronium
potassium sulfate, 12 hydrate, 0.55; and powdered sucrose 118.

5 Iron-free trace mineral premix contains the following components in g per kg
mixture: 738.2 MgSO4, anhudrous; 196.6 ZnSO,.7H,0; 57.3 MnSO,.7H,0;
7.3 CuSO, 5H,0; and 0.6 KIO,

6 NA: not added.
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R~ KRB fie & B4 %R AREM AIN-T6 £2 AOAC modified & ¥ 2 4%

MEACERAELSE
Element AIN-76' AOAC modified >
(IoF 20 FHeE ILEHBKX CiEanc 4
(mg/ kg) (mg/kg)
Ca _ CabiPo, 5200 CaCo, 8000
P CaHPO, 4000 NaH,PO, 5200
K Tri-potassium citrate, 3600 KCl 2617
monohydrate
Na NaCl 1020 NaCl 1965
Mg MgO 500 MgSO, 400
Zn Zinc carbonate 30 ZnS0,.7H,0 120
Mn Manganous 54 MnSO,.7H,0 30.5
carbonate
Cu Cupric carbonate 6 CuSO, 5H,0 5
I KIO, 0.2 KIO, 0.96
Se Sodium selenite 0.1 NA?
Cr Chromium potassium 2.0 NA?
sulfate, 12 hydrate
Cl NaCl 1560 NaCl, KCl1 5418
Sulfate K,SO, 1000 MgSO,, 1833
ZnSQO,.7H,0,
MnSO,.7H,0,
CuSO,

1 J. Nutr. 1977; 107:1340-1348 ; 2 Am. J. Clin. Nutr. 1989; 49:225-238

3 NA: not added.
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2Z -~ e R HEHMARYH — 4 74482 AIN-76 2 AOAC modified #1494 E

Dietary N Repletion Dietary Fe added 5-day intake 10-day intake 14-day intake
Groups diet (ppm) (g/day/rat)! (g/day/rat)! (g/day/rat)!
AIO 7 AIN-76 0 63.2+32 117+ 8 166 £11
Al6 7 AIN-76 6 64.1+47 132+ 12 194 £ 18
AIl2 7 AIN-76 12 66.7+5.6 141 + 12 213 +£11
AIl8 7 AIN-76 18 67.8+6.2 140 £ 17 209 £21
AI24 7 AIN-76 24 71.5+8.2 152 £18 227+9
AI35 7 AIN-76 35 70.1 £6.9 151 £ 16 2326
AO6 7 AOAC 6 67.0£5.0 135+ 19 197 £20
AO12 7 AOAC 12 63.3+ 13 139+ 18 206 £ 19
AO18 7 AOAC 18 69.4+4.6 139+ 16 205+ 20
AO24 7 AOAC 24 70375 153+ 18 22511
AO35 7 AOAC 35 729+17.5 153 £18 231+9
AQ18d 8 AOAC 18 67.1+4.5 136 £ 16 207 £ 14
P-value from two-way ANOVA?
Feed formula 0.7542 0.8547 0.5690
Dietary Fe concentration 0.0605 0.0071 0.0001
1 Mean £+ s.d..

2 AI0 and AO18d are not included in two-way ANOVA analysis.



@~ hirFBEMBARBHER— 4 74482 AIN-76 82 AOAC modified £ ﬁ‘ﬁlz’&%ﬁ%{k

30

Depletion Body weight during Fe repletion (g/rat)!
Dietary n.  Repletion Dietary Fe Initial weight' Initial 5days 10 days 14 days
Groups diet  Added (ppm) (g/rat)
AI6 7 AIN-76 6 53.5+72 158+ 19 177 £ 17° 205+22%  209+21®
All2 7 AIN-76 12 53.8+£3.6 157+ 12 180+ 12° 219+ 13% 224+ 14%®
AllS8 7 AIN-76 18 548 +17.5 158 + 14 176 £11° 208 £ 16® 215 +22%
AT24 7 AIN-76 24 55.6+3.6 158 £ 12 180 + 15° 217+ 148 225+11%
AI35 7 AIN-76 25 540+ 3.6 159 + 13 194 + 15 214 +18°® 233+ 15%
AO6 7 AOAC 6 55.5+6.3 158 + 14 175 + 14° 200+£20%® 201 £20%
AO12 7 AOAC 12 537+4.1 158 £15 176 + 14° 211 £ 128 216+ 13%
AO18 7 AOAC 18 542+7.0 159 + 12 179 £10°  212+17* 220+ 17%
AO24 7 AOAC 24 52.8=+7.0 158 + 17 175+ 11° 218+£17* 225+ 16%
AO35 7 AOAC 35 54.5+39 159 £ 13 178 + 8.3° 220+ 1.0° 232+9°
AIO 7 AIN-76 0 544+ 37 159+ 11 175+ 11° 190 + 15° 184 £2¢
AO18d 7 AOAC 18 55.7+5.7 152 + 18 173 £ 13° 206 £20® 216+ 18%
P-value from two-way ANOVA?
Feed formula 0.8754 0.9999 0.1136 0.8843 0.5077
Dietary Fe concentration 0.9957 0.9484 0.2953 0.0765 0.0005

1 Mean =+ s.d.. Values in each column sharing the same superscript letters are not significantly different by

Duncan’c multiple range test at p < 0.05.

2 AI0 and AO18d are not included in two-way ANOVA analysis.
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RA - EFBLEME S R — 47| 442 AIN-76 $2 AOAC modified A H A BB E - ©

LFREER O ERIZILE
Dietary N  Repletion Dietary Hemoglobin (mmol/1)! Hemoglobin Fe (umol/rat)!
groups Diet Fe added
(ppm) Initial  5-day repletion gain Initial 5-day repletion gain
Al6 7 AIN-76 6 072+005 079+007% 0080068 304+42 370+57%  751+2858
All2 7  AIN-76 12 071£0.10 091+0.12°% 0204015 300+48 439+72%8 139+729%f
All8 7 AIN-76 18 076 +0.13 1.09+0.16% 034+009° 323+71 522+109% 199+44°¢
Al24 7  AIN-76 24 075+0.09 136+0.13%° 060+015* 320+34 652+77° 33.5+£85°
AI35 7 AIN-76 35 075+0.10 142+0.16* 0.67+0.09° 321+45 742+94*° 421+60°
AO6 7  AOAC 6 075+0.10 076+0.13% o0o01+011% 31747 358+65% 41+498
AO12 7 AOAC 12 071+£008 084+011% 013+008%® 302+50 400+74°® 98+501®
AO18 7  AOAC 18  0.73+£0.09 093+010% 020+007% 312449 448+46% 13626
A024 7 AOAC 24 073+006 1.04+005% 031+004% 313+55 491+45¢ 17.7+23%
AO35 7  AOQAC 35  072+004 120+0.15° 048+016° 306%36 573+78° 266+88°
AI0 7  AIN-76 0  074+0.09 0.67+008° -0.07+0.05 31.7+41 315+48" 2232730
AO18d 8  AOAC 18 0.75+0.06 1.01+008° 025+006°° 30848 470+62% 162+229%
P-value from two-way ANOVA? '
Feed formula 0.6034 0.0001 0.0001 0.7618 0.0001 0.0001
Dietary Fe concentration 0.8186 0.0001 0.0001 0.9034 0.0001 0.0001

1 Mean =+ s.d.. Values in each column sharing the same superscript letters are not significantly different by

Duncan’c multiple range test at p < 0.05.

-2 AI0 and AO18d are not included in two-way ANOVA analysis.
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AN FHEIME 10 X — 4 5442 AIN-76 2 AOAC modified A H X S8 E -

it EREER b EEBELY

Dietary N  Repletion Dietary Hemoglobin (mmol/1)1 Hemoglobin Fe (umol/rat)1
groups Diet Fe added
7 (ppm) Initial 10-day repletion 10-d gain initial 10-day repletion 10-d gain
Al6 7  AIN-76 6  072+005 084+005% 012+005 304x42 462 +58°% 15.8 + 3.08
All2 7  AIN-76 12 071+010 110+0.10° 039+010° 300+48 64.9+859 348+9.1°
AllI8 7  AIN-76 18 076+013 135+016% 059+005° 323+71 758+ 13.8%  435+82%
Al24 7  AIN-76 24 075£009 172+0.10° 097+011° 32.0+34 1004+ 64%  68.4+6.6°
AI35 7 AIN-76 35 075+010 192+018* 1.16+0.11* 32.1+45 110.5+15.6* 785+ 123"
AO6 7  AOAC 6  075+£010 077+006% 0.03+006 31.7+47 413+41% 9.6+ 188
AO12 7  AOAC 12 071+008 096+007° 025+004° 302%50 543+61° 241+32f
AO18 7  AOAC 18 073£0.09 122+0.16% 049+0109 312+49 69.1+£9.1%  379x71%
A024 7  AOAC 24 073£006 133+0.12% 059+012° 31.3£55 77.8+11.9¢ 46.5+8.9°
AO35 7 AOAC 35 072+004 159+020° 087+020° 306+36 93.7+11.4° 63.0x11.5°
Al0 7 AIN-76 0 074£0.09 065+008" -009£0028 31.7%4.1 33.1+5.08 1.5+24"
AO18d 8  AOAC 18 075+006 125+008¢ 04920089 308+48 69.5+99% 38761
P-value from two-way ANOVA?
Feed formula 0.6034 0.0001 0.0001 0.7618 0.0001 0.0001
Dietary Fe concentration 0.8186 0.0001 0.0001 0.9034 0.0001 0.0001

1 Mean + s.d.. Values in each column sharing the same superscript letters are not significantly different by

Duncan’c multiple range test at p < 0.05.

2 AI0 and AO18d are not included in two-way ANOVA analysis.
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At -hicEkBLEHE 14 X— 4 7442 AIN-76 2 AOAC modified FH # A A E ~

it ERE R FREFZHE
Dietary N Repletion Dietary Hemoglobin (mmol/l)! Hemoglobin Fe (umol/rat)"
groups Diet Fe added
(ppm) Initial 14-d repletion 14-d gain initial 14-d repletion 14-d gain
Al6 7 AIN-76 6  072£005 088+007° 0.16+0.07 30.4+4.2 493715 18946
All2 7  AIN-76 12 071+£0.10 1.19+0.19%¢ 049+021% 30.0+ 4.8 71.7+120% 41.7+15.0°
AllI8 7 AIN-76 18 0.76+0.13  148+006° 0.72+0.12% 32371 85.4+10.1* 53.1+83%
Al24 7  AIN-76 24 0.75+0.09 184+010° 1.09+0.08 320+34 111.4+45 794+3.1°
AI35 7 AIN-76 35 075+0.10 191+0.11* 1.17+0.12* 32.1+45 1188+79° 87.0+74°
AO6 7  AOAC 6 0.75+0.10 084+0.12° 009011 31.7+4.7 452+76'  13.4+6.0°
AO12 7  AOAC 12 0.71+0.08 106+0.12% 0.36+0.08° 30.2+5.0 61.9+90° 31.7+50°
AOI8 7  AOAC 18 0.73£0.09 131+£007° 0.580.05% 31.2+49 771+£78% 46.0+6.1%
AO24 7 AOAC 24 0.73£0.06 149+009° 075+0.13° 313455 80.5+£45° 582+44°
AO35 7 AOAC 35 0.72+0.04 184+014* 1.12+0.14* 30.6+3.6 1145+11.1* 83.9+10.1°
AI0 7 AIN-76 0 0.74+0.09 0.59+008" -0.15+0.06° 31.7+4.1 201+388  -2.6+2.6°
AO18 8  AOAC 18 0.75£0.06 133+027° 0.58 +0.26% 308+ 4.8 76.6+153% 458+ 15.4%
P-value from two-way ANOVA?
Feed formula 0.6034 0.0001 0.0001 0.7618 0.0002 0.0001
Dietary Fe concentration 0.8186 0.0001 0.0001 0.9034 0.0001 0.0001

1 Mean + s.d.. Values in each column sharing the same superscript letters are not signiﬁcantly different by

Duncan’c multiple range test at p < 0.05.

2 Al0 and AO18d are not included in two-way ANOVA analysis.
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EA - AR B FREEDR ( Relative biological values ) Z tt¥#

Repletion Dependent AI35 included' AI35 excluded'
days variable Vs. dietary Fe Vs. Fe intake Vs. dietary Fe Vs. Fe intake
concentration concentration

5 Repleted hemoglobin 65 62 49 48
concentration

10 Repleted hemoglobin 73 72 59 58
concentration

14 Repleted hemoglobin 93 94 65 63
concentration

5 Hemoglobin gain 73 70 57 55

10 Hemoglobin gain 77 74 62 60

14 Hemoglobin gain 97 98 69 67

5 Hemoglobin Fe gain 60 58 54 52

10 Hemoglobin Fe gain 82 80 43 64

14 Hemoglobin Fe gain 99 100 74 72

1 AI35: AIN-76 diet containing 35 ppm of Fe added as ferrous sulfate.



RA b B A MRS E B4 RS R EE A MR (Relative biological values) X %

Parameters Repletion Hemoglobin Fe gains (umol/rat)
days

Dietary Fe levels 6 ppm 12 ppm 18 ppm 24 ppm 35 ppm
AOAC modified diet 5 4.1 9.8 | 13.6 17.7 26.6
AIN-76 diet 5 7.5 139 19.9 33.5 4.1
RBV (%) 5 54.6 70.5 68.3 52.8 63.2
AOAC modified diet 10 9.6 24.1 37.9 46.5 63
AIN-76 diet 10 158 34.8 43.5 68.4 78.5
RBV (%) 10 60.8 69.3 87.1 68.0 80.3
AOAC modified diet 14 13.4 31.7 46 58.2 83.9
AIN-76 diet 14 18.9 41.7 53.1 79.4 87
RBV (%) 14 70.9 76.0 86.6 , 73.3 96.4

1 RBV: relative bielogical value, calculated as a ratio of hemoglobin Fe gain of AOAC diet to that of AIN-76
diet.



Rt~ b KA AR — o8GR E 24 ppm 45 2 488 48 8 % 4R

Repletion = Parameters Hémoglobin Fe Dietary Fe HRE
days Gain (umol/rat) Intake (umol/rat) (%) !
5 AOAC modified diets 17.7 30.1 59
5 AIN-76 diet 335 30.6 109
5 RBV (%)2 53 98 54
10 AOAC modified diets 46.5 65.6 71
10 AIN-76 diet 68.4 65.1 105
* 10 RBYV (%)? 68 101 67
14 AOAC modified diets 58.2 96.5 60
14 AIN-76 diet 79.4 97.1 82
14 RBV (%)? 73 99 73

1 Hemoglobin regeneration efficiency, percentage of hemoglobiri Fe gain to dietary Fe intake

2 For each parameter, RBV represents a ratio of the AOAC group to the AIN-76 group.
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Replete hemoglobin concentration (mmol/1)
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Fig. 1.1 Regression analysis of replete hemoglobin concentration on concentration of added iron in AIN-76
(AI) and AOAC modified (AQ) diets after 5, 10, and 14 days of iron repletion (group AI35 included in

analysis)
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Fig. 1.2 Regression analysis of hemoglobin gain on concentration of added iron in AIN-76 (AI) and AOAC
modified (AO) diets after 5, 10, and 14 days of iron repletion (group AI35 included in analysis)
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Bioavailability of Iron from Purple Laver (Porphyra spp.) Estimated
in a Rat Hemoglobin Regeneration Bioassay

Ning-Sing Shaw* and Yu-Hui Liu'

Department of Agricultural Chemistry, National Taiwan University, Taipei,
Taiwan 10764, Republic of China

Laver belongs to the genius of Porphyra and is the most valuable seaweed in the aqua-culture
industry. It contains higher iron than many other plant foods. The bioavailability of iron from laver
was evaluated in a rat hemoglobin regeneration assay. Reagent-grade ferrous sulfate was used as
the reference standard, and the relative biological value (RBV) for laver was expressed as a
percentage of the response to ferrous sulfate. RBV was calculated by two methods: slope-ratio and
ratio of hemoglobin regeneration efficiency, and both yielded RBV of 26 for laver. Amount of available
iron from laver estimated from RBV was comparable to many iron-fortified foods.

regeneration bioassay

INTRODUCTION

Laver is a type of red algae belonging to the genus
Porphyra. Modern aqua-cultivation of ‘Porphyra oc-
curred in the 1960s as a result of the discovery of the
Conchocelis phase of Porphyra, which allowed artificial
seeding and maximizing production under controlled
conditions. Laver has been a staple in the diet of Asian
cultures, such as China and Japan, and dried laver
appears to be the most widely eaten seaweed in the
world. It contains various biologically active substances
beneficial to human health, including significant amounts
of nutrients such as protein and free amino acids,
vitamins C, B groups, and A, and trace minerals such
as zinc, copper, manganese, and selenium (Noda, 1993).
Dried laver contains vitamin B, in comparable amounts
to animal foods (Watanabe et al., 1999; Yamada et al.,

1996) and is an excellent source for strict vegetarians. -

In addition, components such as porphyran, a sulfated
polysaccharide, porphyosin and pigments were reported
to exhibit medical benefits including antitumor (Noda
et al., 1990), antiulcer (Noda, 1983), and antimutagenic
activities (Okai et al., 1996).

Dried laver also has higher iron concentration (>28
mg per 100 g dry matter) than most plant foods (FAO,
1972). Since iron deficiency still occurs in both develop-
ing and developed countries (United Nations ACC/SCN,
1992), natural foods rich in iron provide an alternative
choice other than iron fortification for improving iron
nutrition. However, plant foods usually have compo-
nents that inhibit iron absorption (Hallberg, 1981), and
availability of iron from laver was evaluated in a rat
hemoglobin regeneration bicassay (AOAC, 1995; Fritz
et al., 1974; Rotruck and Luhrsen, 1979) before its novel
use as an iron source.
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ccms.ntu.edu.tw.

t Food Industry Research and Development Institute, Hsin-
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MATERIALS AND METHODS

Diets. Dry purple laver (Porphyra spp.), purchased from a
local supermarket, was oven dried at 65 °C for 6 h, ground to
pass a 20-mesh screen, and stored in plastic bags at room
temperature. Proximate analysis of dried laver resulted in
compositions as follows: moisture 6.0%, crude protein 28.8%,
crude fat 0.5%, crude fiber 2.8%, crude ash 15.5%, and
nitrogen-free extract 46.5%. Measured iron concentration was
0.91 mg per gram dried laver.

The depletion diet was formulated according to AIN-76 with
some modifications (American Institute of Nutrition, 1977).
Ingredients (g/kg) were as follows: corn starch (CERESTAR,
France), 621; casein (ICN, Ohio), 200; soybean oil, 100;
cellulose (Vitacel M80 from IRS, Germany), 30; mineral
mixture (AIN-76 with ferric salt omitted), 35; vitamin mixture
(AIN-76), 10; choline chloride, 3; and L-methionine, 1. This
depletion diet contained less than 3 mg of Fe per kg. For the
standard regeneration diets, ferrous sulfate (FeSO4 7Hz0) was
added to the depletion diet to supply 6, 12, 18, and 35 g of
added iron per kilogram of diet. For laver regeneration diets,
dried laver from 7.4 to 74 g was added to one kilogram of the
depletion diet to provide 6, 12, 18, 24, 40, and 60 g of added
iron per kilogram of diet and replaced equivalent amounts of
corn starch and casein. Iron concentration in the diets was
verified by analysis. Ingredients used in the mineral and
vitamin mixtures were obtained from Sigma.

Animals and Bioassay. Weanling male Wistar rats (Labo-
ratory Animal Center, College of Medicine, National Taiwan

. University) weighing 55 + 7 g were housed individually in

stainless steel cages with wire mesh floors in an animal room
where temperature was controlled at a constant 25 °C with
12-h light/dark periods. Food and deionized water were freely
available. Animal care and handling conformed to the NSC’s
Guidelines for Use and Care of Laboratory Animals (National
Science Council, 1993). Body weight and feed intake corrected
for spillage were recorded twice a week. In the depletion
period, rats had free access to the depletion diet, and blood
for monitoring hemoglobin concentration was drawn from the
tail. The average hemoglobin concentration was sufficiently
low (0.72 + 0.11 mmol/L) by the 16th day, and average body
weight was 125 + 13 g.

In the beginning of the regeneration period, seven rats were
allotted to each of 11 groups in such a manner that all groups
had similar mean values of hemoglobin concentration and body
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Table 1. Changes of Body Weight and Feed Efficiency in Rats during the 14-Day Regeneration Period of the Rat

Bioassay
iron added final body wt body wt gain food intake feed efficiency
diets (mg/kg) (g/rat) (g/rat) (g/rat) (g gain/g food)
depletion® 0 158 + 21 36 £ 11° 139 £ 17° 0.26 + 0.06°
standard FeSO, 6 199 + 25 73 +11 187 + 23 0.39 £ 0.04
12 200 + 18 827 192 £ 17 0.43 £ 0.03
18 209 + 10 90+£8 215 £ 14 0.42 £ 0.06
35 21749 87 £13 220+ 11 0.39 £ 0.05
laver 6 182+ 11 51+ 9 161 £ 10° 0.32 £ 0.05¢
12 193 £21 69 + 15 184 + 23 0.37 £ 0.05
18 190 £ 29 65 + 18 176 + 33 0.37 £ 0.04
24 205 + 18 77+8 188 + 14 0.41 +0.02
40 208 + 15 83+ 11 201 + 19 0.41 £ 0.03
60 212 £ 11 85+ 10 206 + 14 0.41 £ 0.05

@ Iron concentration was <3 mg/kg. Values in this group are significantly lower than those of all other dietary groups by Duncan’s
multiple range test at p < 0.05. ® Each value was mean £ SD of seven rats. ¢ Significantly lower than the standard groups and other

laver groups by Duncan’s multiple range test at p < 0.05.

Table 2. Hemoglobin and Iron Responses in the Rat Hemoglobin Regeneration Assay of Laver Iron

iron added intake of added iron

hemoglobin regenerated hemoglobin gain  hemoglobin Fe gain HRE®

diets (mg/kg) (umol/rat) (mmol/L) (nmol/rat) (umol/rat) (%)

depletion 0 0£20 0.57 £ 0.15¢ 0.4 £ 1.0 14

standard FeSO, 6 20+ 2 0.86 £ 0.11 54412 22 +£5 110+ 8
12 41 +4 1.16 £0.12 98+19 407 97 +5
18 69+ 4 1.57 £ 0.13 163+ 1.8 667 96+ 3
35 138 £ 7 1.96 £ 0.07 22.5+2.5 92 + 10 67 £ 3¢

laver 6 17+1 0.64 £ 0.09 14+£10 6+4 33+
12 395 0.67 £ 0.03 24+08 10+3 25 + 24
18 56 + 11 0.76 £ 0.09 3.7+1.1 15+5 28 + 44
24 816 0.78 £ 0.07 45+0.7 18+3 23 + 14
40 144 = 14 1.05 £ 0.05 86+1.2 3B5+5 25 % 1¢
60 221+ 15 1.33 £ 0.08 129+14 52+6 24 £ 14

@ Ratio of hemoglobin Fe gain to intake of added Fe. ® Each value was mean + SD of seven rats. ¢ Significantly lower than other three
standard diets. ¢ Significantly lower than all the standard diets, but no difference among the laver diets.

weight. One group of rats continued on the depletion diet. Four
groups were fed the standard regeneration diets, and six
groups were fed the laver regeneration diets. The regeneration
period lasted for 14 days, and at the end rats were killed by
carbon dioxide asphyxiation after body weight was recorded.
Blood was collected from the abdominal vena cava into
heparin-containing tubes for immediate analysis.

Analysis. Samples of dried laver, the depletion diet, the
standard diets, and the laver regeneration diets were first
digested by nitric acid in a microwave digestion oven (MLS-
1200 MEGA, Milestone). Iron concentration was measured
with an atomic absorption spectrophotometer (Model 3100,
Perkin-Elmer Co.) with air-acetylene flame at 248.3 nm.
Hemoglobin was determined colorimetrically by the cyano-
methemoglobin method using Drabkin’s reagent (Crosby and
Munn, 1954).

Calculation. Intake of the added iron was calculated from
food intake and the concentration of added iron in the diets.
Total circulating hemoglobin and hemoglobin iron were cal-
culated on the assumption that 6.7% of body weight is blood
volume (Mahoney and Hendrick, 1982) and that hemoglobin
contains 0.34% iron (Miller, 1982). The hemoglobin iron gain
was calculated as the difference between total hemoglobin iron
at the end and beginning of the regeneration period. The
hemoglobin regeneration efficiency (HRE) was calculated as
the percentage of added iron consumed that was retained in
circulating hemoglobin (Mahoney and Hendrick, 1982, Forbes
et al., 1989). The relative biological value (RBV) of iron in laver
compared to that of ferrous sulfate was calculated by two
methods: the slope-ratio procedure (Miller, 1977) and the ratio
of HREs (Mahoney and Hendrick, 1982).

Statistical Analysis. Differences among all the dietary
groups were tested by Duncan’s multiple range test. Except
for the standard regeneration group of 35 mg of Fe per kg diet,
data from individual rats were used in the regression analysis
of hemoglobin response on iron intake or dietary iron concen-
trations for each iron source in the regeneration period.

Standard procedures for regression analysis were used with
no assumption about the point of intersections. All statistics
were carried out using the SAS System (version 6, SAS
Institute, Cary, NC).

RESULTS

Growth and Food Consumption. Body weight gain
and food intake increased as the levels of iron supply
increased either as ferrous sulfate or as laver (Table 1).
Rats fed on the depletion diet throughout had the lowest
body weight, weight gain, and feed efficiency. Except
for the group fed the laver diet at 6 mg Fe/kg diet, rats
fed on laver diets had weight gain, food intake, and feed
efficiency comparable to rats fed standard diets.

Hemoglobin and Iron Response. The regenerated
hemoglobin concentrations and gains in total hemoglo-
bin and in hemoglobin iron all increased as the iron
supply increased in both standard and laver groups
(Table 2). Rats fed on the depletion diet throughout had
the lowest response for all these measures.

The HRE reached almost 100% in the standard
groups at 6, 12, and 18 mg Fe/kg diet and averaged
101%, but it was significantly lower in the standard
group of 35 mg Fe/kg diet (Table 2). All the laver groups
had significantly lower HRE than the standard groups,
and the average was 26.3%. The relative biological value
of laver iron based on HRE was 26%

Regression Analysis. All of the dose—response lines
in this experiment were essentially linear (r* ranged
from 0.84 to 0.94, p < 0.0001; Figure 1), and intersec-
tions from the two dietary groups converged. The
regression pattern met the requirements for the slope-
ratio model, and relative biological values for laver iron
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Figure 1. Regression analysis of hemoglobin responses on dietary iron from laver in a rat hemoglobin regeneration biocassay in
comparison to ferrous sulfate standard diets. Data of individual rats were shown in each plot. Significance was set at p = 0.0001.
Parts A and B are regenerated hemoglobin concentrations and hemoglobin Fe gain on dietary Fe concentration, respectively.
Parts C and D are regenerated hemoglobin concentration and hemoglobin Fe gain on intake of added Fe, respectively.

thus calculated ranged from 24 to 26. The best correla-
tion was obtained from the function of hemoglobin Fe
gain versus intake of added Fe (Figure 1D).

DISCUSSION

In calculating the average HRE and regression analy-
sis for the standard diets, data from the standard group
at 35 mg Fe/kg were not included. This level of iron was
above the sub-optimal iron requirement of the rat so as
that response in body weight as well as in regenerated
hemoglobin concentration tended to deviate from a
linear relationship. This deviation was imposed by
physiological homeostasis of iron metabolism and did
not represent true availability of iron.

Johnson and Evans (1978) observed that absorption
of ferrous sulfate in rapidly growing, iron-depleted rats
approached 100%. In this study, HRE for the standard
groups fed diets at suboptimal iron levels was near
100%, indicating that HRE in iron-deficiency anemic
rats was equivalent to iron absorption rate and truly

reflected iron availability. Therefore, the low and con-
sistent HRE for the laver groups was a result of limited
iron availability at low or high iron concentrations.

Our data fit the slope-ratio model well for analysis of
RBV (Amine and Hegsted, 1974). Regression analysis
of the linear dose—response relationship was highly
significant, indicating that iron level was the major
determinant of the hemoglobin response in the regen-
eration period for both standard and laver diets. Projec--
tions of the regression lines in Figure 1 to the zero iron
intercept (Y axis intercept) yielded a value similar to
that of the depletion group. For example, intercepts for
regenerated hemoglobin concentrations ranged from
0.49 to 0.57 mmol/L and for hemoglobin Fe gains ranged
from —0.6 to 3 umol/rat, which were close to the mean
of 0.57 + 0.15 mmol/L and 1 + 4 umol/rat for the
depletion group, respectively. Therefore, these hemo-
globin responses were contributed solely by the added
iron and can be taken as a quantitative indicator of the
bioavailability of iron source.
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Several authors (Miller, 1977; Rotruck and Luhrsen,
1979) have suggested that dose—response correlation
can be improved with each mathematical adjustment
for individual animal differences. Between the two
measures of dietary Fe, iron intake consistently gave
the better correlation (Figure 1) because variation in
food intake among animals was corrected. Among the
two measures of hemoglobin regeneration, hemoglobin
Fe gain gave consistently better correlation than he-
moglobin concentration for both dietary groups (Figure
1) because the former have taken into account the
differences in weight gain, and thus in expansion of
blood volumes during the regeneration period.

Both slope-ratio and HRE methods yielded consistent
RBYV for laver iron. Food with a RBV of 26% had iron
availability lower than electrolytic iron, but similar to
or higher than ferric orthophosphate or sodium iron
pyrophosphate (Fritz et al., 1970; Forbes et al., 1989).
However estimated, the amount of available iron from
laver is comparable to those from many iron-fortified
foods (Amine and Hegsted, 1974) when the high iron
‘concentration (ranged from 0.28 mg to 0.91 mg Fe/g dry
matter) had been considered. Iron in foods or diets
comprises heme iron and non-heme iron pools (Hallberg,
1981). Laver can be used as a natural iron source in
diets or as food ingredients to add to the non-heme iron
pool.

ABBREVIATIONS USED

RBV, relative biological value; HRE, hemoglobin
regeneration- efficiency.
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