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SUMMARY. The absoIptjon or a rommercial brand of sn81-p.--
ticle reduced iron was evalualed in I 0 normal S41~ m each
subject. the hemog/ohin incorporation laelhcxl was used to Das-
ure lhe tnIe ab6oc:ption of 60 mg of iron from either femxl$ sulf~
IX" ferric ammonium citJ3le. The iron tolerance ~ (I"') ,... aim
studied for these two oompour¥is and for IMuced iron. This proce-
dure consisted of measuring the atea under Ibe alive of plasma
iron elevMQIS at speci~ ti~ ror 6 ~ cw the peak plasma
iron. .x ~ by the plasma ima di$af)pclio x; rare obtained from
~ring plasma iroo aI spccif"1ed lioa for 4 h<MJI$ after the slow
intravenous injection of 0.4 mg of iron as ferric citrate. Only the
ITr was used to rMasUre the absorption of 60 mg of ~ iron.
Reference d~ iron zcorbate a~on was mcaswa1 in each
subjeCt. ~ absOJption or ferric amnK)nium citrate and reduced
iron was exp'CSsed as p:rcent of dose aDd also as absorption per-
cent of that of fent)llS sulfatc. Mean % pmetr1C "true aI*X1)-
~.. were 39.0 fo.- refererK:e dose. 10.4 fcw FeSO4 and 2.4 for
rerric ammonium cit~. The taler was 23% [bat of FeSO4. By
liT the mean geometric % absorptions were 7.9, 3.7 and 3.2 for
FeS04. ferric ammonium citrate and ~ iron respectively. cw
47 and . I 'io of thM or FeSO4. We prtIIJOse t hM die tnJe ~ ,n
of tile ~ial braIKI of ~ iroa tesIed ~- ~ that of
FeS04 based on the relation bet~n the I1T real/as of reduced
iron and the In and true absorption values of fenic 8Tlmonium
citrate in rellM:.ion to FeS04.. The use of this ~ for measuring

~bSOfption of unlabeled iron compounds is discussed.
Key words: Reduced iron. relative absorption. iron absorption
methodology. unlabeled iron compourKts.

RESUMEN. Absomon de hierro nduddo comercial ,00-
~ ,. de pa~ pequei1a. Ua _todo para p~decir la
absord6n de Compuestos no-marcados de hierro en humanos.
La absorcioo de una forma comen:ial de hierro reducido de partlcula
pcquci1a se evalu6 eo 10 sujdos~. La incorporaciOn de
hiem> radioactivo en la hemogiobina se uliliz6 en cada sujcto para
medic la""abSOlciOn \IeIdadera'. de 60 mg de hierro proveniente de
sulfato fcnoso 0 de citralo ~rrico araoniacal. La prueba de
loIeraDcia ck: hierro (nT) se us6 tambien en cada sujeto para evaluar
Ia abson:.i6n de bjeno de estos dos compuestos y de) hierro ~ido
no-man;ado. Esta pnieba consiste en medir el area bajo la cucva de
~ plasmatico ~dapor mcdici~ periodicas par 6 boras
subsiguiellles a Ia ~oo oral ~ \os C(;I~OS de hierro
0 pol" cJ valor pico ck; hierro pIasn8ico conqidos por Ia coostante
de desaparici6n plasmAtica del hiem> obtcnida por mediciones
seriadas de hierro plasmatico por 4 horas despues de In
"'miniStTaci6n ~osa Iema de 0.4 mg de hierro como citrato
ferrico. Para medir la absorcioo de 60 mg de hierro reducido se
utiliz6 unicamente la proeba rrT. Se mIdi6 tarnbien la absorcioo
~ una (k)sis oraI <k referencia ( 3 mg ck: a5CorbaIO de hierro) en
ca StI~ par i~ioo en Ia ~kJbina. La absorciOn
ck:J citrato f6rico ~XaI y la del hierro ~ se expresaron
como porccntaje de la dosis .tministrada y como porcentaje de 13
absorci6n de I. misma dosis de sulf~ ferroso. EI promedio
~~ de la "abson:i6n verdadera" de la dosis de referencia
f\e de 39.~, la del sulfalo ferroso rue de 10.4'1. Y Ia del ciu.o
rerrico amoniacal f~ de 2.4'1.. Esta I1ltima f~ 23'1. Ia a<Xcioo
del sulfalo fem)SO. Por Ia pnIdJa I1T !os promedios geomClricos
de las absorciones f~ron 1.9, 3.1 Y 3.2% respcaivamenae para
sulr.o fem:lSO. ciuao fClrico ~i4M:al Y hierro ~do. 0 sea
47 Y 41 % de la absorcion del hierro de sulrato ferruso por estD
prueba. Proponemos Que la Mabsorcion vcrdadcra" de la fuenle
conen:ial de hierro ~-~ ~Iffi- rue ~ 20 CJJ Ia ~iOn
del bien'o del sulfato fem)SO. ~~ en I. ~I~ entre los
resultados de la proebe nT p.-a cJ hierro reducido Y 'as dcl m y
la "absorcion verdadeca" para el citralo f~rrico amoniacal. en
rdaciOn a amtK»S resultIKk>s para cl suJfao ferroso. Se discule cl
usa de este mCtodo para medir Ia abson:i6n ~ compuestos de hierro
no-marcado...
Palabl'as daft: Hierro reducido, absorciOO relativa. ~~ogfa
<k ab5Ofcm de hierro. compuest~ ~ hierro no-marcados.~
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INTRODUCTION

Food fortification with iron has increased significantly in
die last dtree decades. The utilization of reduced iron for dlat
purJX>se in the United States has increased from 72 tons in
1970 to 10,124 tons in 1987. Reduced iron constibJted 13.2%
and 96.7% of the total amount of iron used in fortification,
respectively (1). The use of reduced iron as a fOitifacant of
cereals has continucd to increase, but the total amountS are
not available (personal communication P. Whinaker and L.
A. Mejia, 2<XX». The ~rplion of fortification iron is of
special interest in order to determine what can be expected
in tenDS of iron nutrition in populations consuming different
amounts of iron fortified products using various compounds.

A variety of iron products are used for food fortification
purposes, iocJudirip..{CfTOUs sulfate, ferrous lactate, fenuus
gluconate, ferric ammonium citrate., fem>us fumarate, f~-
rous succinate. ferric ~harate. ferric onhophosphate, fer-
ric ammonium orthophosphate, ferric pyrophosphate, EDTA
iron. hemoglobin. and elemental iron (electrolytic and car-

bonyl iron).
The total amount of these iron $.<MJn:e& in fortification

programs is much less than that of reduced iron (2).
In addition, there is die cOflcq>t of preventive supplemen-

tation of vulnerable groups.. and inexpensive and well-toler-
ated sources of iron could be used for this PUfIM)se. Vileri,
Ali and Tujague (3) have demonsttaled that iroa ~ can
be progressively increased in childbearing-age women by the
administralion of 30 weekly iron doses of 60 JOg as ferrt)US
sulfate consumOO in an interval of 7 months (a to(al of 30
d~). Initially, 16(1, had low hemoglobin levels. but by three
months of weekly supplementation no woman had
hemoglobin (Hb) levels below 125 g/L. The general idea of
prevenrive supplementation is the safe, long-term intake of a
weekly irt)ft-folare (and possibly vilamin., and zinc) suWJe-

, ment by vulnerable groups who can not IJenefil sufficiently
'from adequate diets. fortified or not (4)

Studies on the absorption of redtK:ed iron have rendered
very dissimilar results in relation to dte absorption of ferrous
sulfate. These results range from 13 up to 148%. The van-
a~lity in the a~n of different reduced iron produCl~
and of other iron compounds was shown by Callender over
30 years ago (5. 6). The variability of ~lls is reJated to the
particle size. surface area, a,nd porosity of reduced iron, which
depends on the manufacturing process (7).

The absorption of commercial reduced iron has beeft dif-
ficult because of the inexistence of C(XDInen:ial JUkJCed iron
in an isot~ic form. Bjorn-Rasmussen and Hallberg (7) as
well as Roe and Fajrwealber- Tail (8) have produced labeled
reduced iron in their laboratories trying to mimjc the com-
mercial iron sources. The fllSt authors. however, were clear
in pointing out the d;fflCulties in predicting the bt:bavior of

commercial ..oouced iron produced in the laOOralory on a
micro-scale. Moreover, the majooty of the studies on re-
docOO iron absorption have been male adding this lype of
iron lo differenl fO<Mis making it difficuh to establish its true
availability in relation to that of ferroos sulfate (please see
Table 6).

The purpose of me present study was lO compare me
~n of an unlabeled commen:ial source of reduced
iron admi.istered alone (without fO<xi) 81 doses compatible
with suwlementation (60 mg) with those of two other SOID't:es
of iron whose absorption rales are known: fern>Us sulfate
and ferric ammonium citrate. Grebe et al. (9) have shown
that fen1c ammonium cib"ate is ab$orl)ed 22% in relation lo
ferrous sulfate when both were .tministered without food.
We used die '"iron tolerance lest" (nT) to compare the iron
~n from the th~ compounds and the double radio-
isotopic absorption of ferrous sulfale and ferric ammonium
citrate by hemoglobin iocorfX)ration of radiolabeled iron.
The absorption of a radiolabeled reference 00se of iron aECor-
bale ~ am measured in cxtkr to adjust the absorpIioes of
the compounds as is customary (10). For comparison pur-
poses, the a~on of fem.!$ suJfate by eitbt2- method was
oonsidered 100% arId mal of the other compounds as a pro-
portion of this absorptjon.

The source of lhe commercial reduced iron was a
repulable company from which we pun:based it withOtd the
company ~ng aW8e of the purpose of such purc~ lO
insure the representativeness of the product.

~ rrr measured by integrating ~ area under the serum
iron elevation aftec an oral dose of the compound, unadjusted
or adjusted by the iron disappearance constant after an
intravenous iron dose, has been used to measure iron
absorption before the development of isotopic methods to
determine the «tnIe absorption» or crelenUon of iron». The
true absorption has been measured by the incorporation of
radioisotolJic iron to circulating hemoglobin; retention has
been measured by whole b«xIy counting (11). Many of the
results from the Tn' are considerul im~ise gi~ ~ the
individual values obtained ~ate poorly with the other
two methods (12). However, the mean and ranges of
absorption in groups of subjects obtained by the ITI' are
acceptable when compared to tbe other methods if
adjustments fOT disappearance rates are used and the
absOrptions are reponed as percent of the fem>us sulfate
standard (I J, 13-15).

On the other hand. HeiDiK:h ( 13) and Heinrich aM Fischer
(14) validated the results of die tolerance test by comparing
them to those of whole body counting as a reference method.
They, as well as Ekenved (11) were able to obtain correlation
coefficients in the order of 0.88 between whole body
radio.:tivity and iDIegraied areas under the serum iron curve
fX with the peak inaements. .:Jjustcd 01" not by disappearance
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ratt.S. when different iron doses were given to the same
subjects.

Thc utiliza(ion of bo(h (he rn- and the radioiron
incorporation into Hbof . high and . low bioavailability
iron compotmds (ferrous sulfate and CelTic ammonium citrate.
respectively) and the ITr for estimating Ihe absorption of
non-radiolabeled reduced iron in relation to the previous
compound 'i. constitutes a new approach to estimating the
«(roc ab!iorplion- of reduced iron.

MATERIALS AND METHODS

Healthy adult volun~ retween d\e ages of 18 and 65
years who responded to a public call in the Berkeley,
California community were invited to particip8ic in the study.
All the procedures from recruiting to the performance of the
study were approved by the Committee of the Protection of
Human Subjects (CPHS) as well as by the Radiation Safety
Committee of the University of Calif<Xnia at Berkeley.

Exclusion criteria included pregnancy or die possibility
of becoming pregnant within two years, breast feeding.
metrorrhagia. gastrointestinal symptoms, suspicions of
intestinal malabsorption. chronic infl.ammatory conditions,
current or previous use of ih«apeubc iron in the last six
months, ~nt blood donation and probability of not being
able to finish lbe full study.

Twenty ~UD~ enterui ~ stlxiy aod «may ten compietro
it The volunt~rs aJrived at the laboratory for screening
pI'(X:ed~ signature of inf<Xma1 consent and for ~heduling
of activities 10 be un<k:rlaken at ~ pend\ouse of Morgan Hall
at the uni~ity cam~. Their health status was evaluated and
for menstruating women the characteristics of their cycles and
birth control ~ They were j,.gnx;ted to till out a diet
history questionnaire and to maintain dteir usual diet. Wring
the whole study period, not to take any suW1emen1.s except
It¥:JSe administelm by us aOO to b:q) a ~ of f<XXis aJnSWned
the day prior to cadi (est. .
. The reduced iron administered was hydrogen-redoced

99.8 purity. produced initially by the Domfer ~ u(j)izing
high pressure water jets (16). Its absorption was cstimaIed
by the lTf. This test consisted of measw-ing the area under
the plasma iron curve obtained by ~~~ venous blood
sampling for 6 hours after the oral ingestion of ~ mg of
reduced iron in a gelatin capsule accompanied by 125 ml of
walef'. The procedure was perfonned after an overnight fast.
The area under the plasma. iron curve was adjusted by the
serum iron disappearance rate obtained by the slow
intravenous administration of 0.4 mg of irtMI citrate in a
peripheral vein of one arm. Repea(ed blood samples were
obtain~ from a ca\herer inserted in a perlptiem vein in the
othel- ann. The identical I1T procedure was also perf«X1l1ed
for ferrous sulfate and CelTic ammonium citrate. However,

these l~ two compooods wae also &abded with eitter 55Fe
or 59Fe. Iron ~on from ~ two compounds was also
me¥Ured by their radi<*:tive i~ion iato hemogk)bin
two weeks lata". The a~ of a ~ferencc dose of .'\ mg of
iron asc<M'b8I.e (15 ms of FeSO4- 7H20 + 25 mg Ascorbic acid)
administered as a Dution in 250 m) of orange juice. was also
~~ by its incorporation into hemogk)i)in. In essence. all
subjects underwent dte 5 following pnx:OO~: an intra~s
adminiSUalioo of Boo cilratr;; d1e (X"ai ingestion of die Ibrec
com~nds being tested (ferrous sulfate, ferric ammonium
citrate, and commercial rOOucOO iron), and the ora) ingestion
of the reference iron ~ dose. The seq~ of these
five evenls was randomly assigned. In half the subjects, three
of ~ events took pl.::e at ~ ~ of 11M: study aOO the other
two foIlowai two weeks later, after blood was obtained to
measure ~*Ie1t iron i~ion into Hh In dX': other
half two events took place initially and the other three two
weeks later. EKh event was se.-raIed from the previous one
by two days. When two rCM1~tively labeled comJX)Urxis were
iklministeiW in 5eq&alCe, ooe ~ J*led wid1 55Fe and die
odM!r with S9Fe. Only red1x:ed iron ~ unl8beJed (Tmie I).
The ~tivity ck)5eS administered were 0.3-0.4 t£i (11.1 -
14.8 tnBq) intravenoosly and 1.0)1Ci (37 mBq) of 59Fe orally,
('W0.7 J£i (25.9mBq) in~y - 2.OJ£j (74 tnBq) ~Jy
of 5SFe. Sa'ial 5 mI blood samples Wa'e obtained 10. 15. 30.
45, ro, 90, 120 aIKi 240 minutes after tt.: end of dte inb'aVeDOUS
infusion. 8nd 81 O,~. ro. 90,45, J20. 180,240. 300 and 360
minutes after the 0'aI ingestion of iron.

The blood sampling catheter was kept open between
samples by the infusion of I ml of saline with 5 u of heparin!
100 ml through a 3-way valve. The contents of the valve
and the catheter were aspirated bef<X"e blood sampling for
each point in the ITf until about 0.5 ml of blood was
~vercd. This aspirate was discarded and the 5 ml study
sample was subsequently ~ined.

A total of 5 doses of 60 mg of ~~ 'ulfate were also
administcrai to the subj~ts in order to replace the iron drawn
in the five sessions where 55 ml of blood were drawn. Single
doses were to be in&ested .. home by the subjects at the end
of the lest day, that is at least two days prior to any test.

The following biochemical determinations were
performed in e.:h basal sample (ti~ 0): blood hemoglobin,
serum iron. total iron binding cap~ity (TIBC). and plasma
felritin. ~t saturation of TIBC was cakuJated. Blood
hemoglobin was also measured in eVeI"Y sample in order to
correct f(X" possible dilution by adjusting all of the values to
the basal hemoglobin level.

B'ood hemog'obin was measured by the HemoCue
SySlem (HemoCue Inc., Angelholm. Sweden). Plasma ferritin
was measured by the Spectro Ferritin MT Kits (Ramco
laboratmes. Houston, Texas) staDdardized against WHO
standards. Plasma iron and TIBC were measured by the
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melhods published by INACG (17). Iron absorption by
incorporation into hemoglobin was measured by liquid
scinlillalion counting (18).

TABLE ]
Schcmatic presentation of the sd1eduJe of a subject

in one group@

fell between 10 and 20 1Jffi. 2.62% feU between 5-10 ~.
and 96.80% fell relow 5 JJnI. The solubility of the compounds
gave tbe following results: ferrous sulfate 100%, ferric
ammonium citrale 91%. and reduced iron 2J%. A sample
of elecu-olytic iron from the same manufaclurer yielded 56%.,
solubility by lhe same method (7).

The characteristics of the subjects that completed the
smdy are shown in Table 2. The subjects that did not complete
the study were no different from those who completed it
(data not presented). Only one woman in the group that did
not complete the study could be regarded as anemic (Hb
<120 g/L) but 6 had low Hb «125 >]20 g/L) 4 among those
who completed the Study and 2 ~g those who did noL

Study days
4 7 1/ 21 2S 29

I'roccdure
.JO II 43

BkIOd 1(8_1) ~

*Fc-Citrnte 1. V. ~

.JB*FerroI/S sulfalc P. 0 TABLE 2
Characleristics of die subjects woo completed the study

'18Reduced iron P. O. ~

Subject .~gc Se&
No. (years)

~igbl Height Body Mass He~lobin
(kg) (m) Index (g/L)"Blood II

..*Fenic AlllnXlnium Otrate P. O. 20

21

21

18

21

24

18

19

19

~

2(11

F
F
F
M
F.
M
F
M
F
F

63.6
M.S
54.5
726
61.2
68.1
81.7
83.9
76.2
68

69.56

1.66
1.68
1.64
1.72
1.64
1.67
1.54
1.87
1.54
I.n
1.67

23-
23_11
20:1f;
24.54
22.15
24.41
34.44
23.99
32.13
22.98
2S.rS

149
120
124
145
137
155
120
155
135
121
136

1
3
4
5
6
1
S
9
10
MC8I

....Iron Ascorbate P. 0 (Refen:l¥:c dose)

..,Blood "'

IE Subjects in the olbt:T group had two eventS between bkJOd J and blood II
and tbnle eYents bel- blood II and blood "I. In ei1her case. ~ -
rotated randomly.
* Indicat~ eilhcr ~5Fe ~ 59Fe radiolabekd COnIp()Uftd
A: Five rol ofbk)Od obtained beforek I. V. inf.sionandal 10.15. ~45. 00.
90. 120 and 240 minutes afler tbe eM of the infusion.
B: Five ml of blood obt~ before ttK: or3f dose anda130. 60. 90.45.120.
180. 240. 300 and 360 minutes arrer thc ingcslion of the capsuk:.
Bloods I. 11 and III: 30 ml of blood for ~Dt of radioactivity
incorporaled into hemoglobin.

The solubility of ferrous sulfate. fenic ammonium ciu-ale,
and reduced iron was measured as in~icaled by Bjom-
Rasmussen and Hallberg (7), and its'.particle size was

'. mea.wred in triplicate in a suspension of saJine:glyceroI
mixture (60/40) using a Z I, single channel Coulter particle
size counter.

Statistical analyses were done using a SPSS package (19)
and a SUN Enterprise 5000 server with four 336 Mhz
ultraSPARC-I processors (CPU) at the University of
California, Berkeley. The test used was repeated measures
ANOYA using iron compound, method and sequence as
grouping factors and abs()cption as test factor and Tukey's
follow-up test with a p<O.05 as a level of significance.

All the subjects ate a varied diet including meat and fish
which contribul:ed, on average. 0.7 mg of heme iron/day.
Few or t~ subjects studied consumal coffee or tea with their
meals. Most drank bottled sodas and fruit tlavorM drinks
with meals. The basic food components of their diel: were
rice. pi~ chicken, hamburger. eggs. bread, tortillas, pasta
and a small variety of fruits and vegetables. Our
semiquantitative estimates of total iron intake indicate an
avera.",oe or 1 1.1 mg/day among the women studied and of
14.6 mg/day among dae men. The diets consumed by the
subjects oofore each !:est day did not differ from their usual
intake (data not shown). Five of the women studied were
on oral anovulatory pills and the reSt were sexually irulCtive.
None refX)rted baving notoriously abundant periods.

Table 3 shows the results of plasma iron. nBC, percent
saturation of TIBc. and fenitin in all basal samples of the
subjects who complete{i the study. All the mean values in
the table are within the nonnal ranges. However, three
subjects with low or borderline Hb values presented very
low ferritin levels t.Jt except fOl" case No.7 the % saturation
or 11BC was above 30. This subject also presented a serum
iron level suggesting iron deficiency.

~ULTS

The panicle size determinations of reduced iron. counted
In quintuplicate in a suspension medium consisting of 20%
glycerol in saline solurion. showed that 0.56% of particles
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TABLE 4
Basal fetritin values and % absorption of radiolabeled
ferrous sulfate. ferric ammonium citrate and reference

dose. measured by Hb radioiron incorporation

TABLE 3
Basal values for plasma iron. TIBc. % satw-ation ofTlliC

and plasma ferritin among the subjects thal completed
the study

TIBC
saturation

%

Subject
No.

Plasma Fe TlBC Plasma
fenilin
Jlg/L

SubFt
No.

Plasma FcmJUS sulf-. Fcnic aIIHI¥)oium Referenc.'e ~
fenitin Absorption citrale absorption absOfP'ion
fIg/L % % %psJL IIg/L

2..39
%.69
SI.97
62.69
24.37
3.5.00
72.31
14.86
38..~
3O.9S

9.15
13.m
JI.J6
8.61
10.97
4.5

11.61
9.~
22.99
16.6

4.-n
13m
9.87
0.94
2.68
O_~5
8.99
4.89
1.99
o.S6

t
1
,
.
5
6
7
8
9
10

37.2
1.6
2.6
19..
27.8
78.6
7.J
39.3
8&.3
Ss.4

31.2

1.6
2.6
19.1
27.8

78.6

7.1

39.3

883
55.4

86
121
120
92
90
82
62
60
95

~

79

86.5
20.4

280
243
370
273
286
288
254
251
310
279

281.47
36.39

30.8

49.8

32.3

33.9

31.6
28.4

22.2

23.9

30.7

28.3

30.49

7.49

oS

.18.97
68.71
21.9S

~
~ 19.51
+ I S. O. 10.64
- 1 s. O. 4.76

10.39

15.48
6.96

2.35

6.75

0.12

8
9
10
Mean
S.D.
Geometric
mean
+ I S.D.
- I S. D.

19.57
80..64

4.76

NUTE: StIIisticaity significant correlations we« fO8nd betwea. plasma
ferritin and referencc dose abSOfpcioo (r=-O.16) and between pl:.snla tenilin
and ferric ammonium cilrafe ab5DIpIion (1=-0.45)-

FIGUREThe plasma disappearaoce rate was -l_096%1minulc (SD=
0_064%. SE= 0.020%)- As expected, the rates were raster in
iron deficient than in iron sufficient subjects. but given lbe
few subjects studied the correlation between disappearance
rates and iron status (Hb, pl~ma femun and % saturation of
TIBC) did not reach statistical significance. The
disappearance constants were similar to those reported in
ferrokinetic studies in (he literature (10).

Table 4 presents \he results of basa1 plasma felTitin and
the percent absorption of fcn-ous sulfate, ferric ammonium
citrate and reference dose measured by the isotopic ~thod.
The geometric means of plasma ferritin and reference dose
absorption are indicative of the malginar iron deficiency of

. the population studied. The absorption of ferric ammonium

citrate was 23% oflhal from ferrous sulfate. The high negat1vc
correlation between plasma ferritin and reference dose
absorption (r=-0.76, Figure I) was what would be expected-
However, i( is surprising (hat mere was no neg.ive COftelation
between plasma ferritin and ferrous sulfate absorption while
it was present with ferric ammonium citrate (r=-O.45). There
was no significant correlation either between ferrous sulfate
and ferric ammonium citrate absorplion- Figure I also
indicates that (here is no correlation between In plasma ferritin
and In reference dose absorption when the former is higher
than 333, corresponding to a plasma ferritin level of 28 Jig!
L in this series.

Table 5 shows the percent absorption of reduced iron,
ferrous sulfate, and felTic ammonium citrate estimated either
by (he area under the plasma iron curve or by peak elevation
in the m. The results demonstrate the superiority of ferrous
sulfate over ferric ammonium citrate in terms of iron
absOrption, as was the case for radioiron incorporation into
Hb (Table 4); the similarity of mean absOIption results by
the radioiron incorporation and the IlT, and the almost
identical results obtained by both methods of estimating
absorption by the ITf (correlation coefficients between
estimates by area under the plasma iron cUr\'e and peak iron
values above basal ran~e between 0.97 and 0.98).
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TABLE 5
Percenl absorplion of ferrou sulfate, ferric ammonium cib-ate and reductXi iron estimated by the «tolerance test»

considering both the area under me curve and the peak elevation from baseJjne plasma values

Subjcct F.:rroos sulfate FemMas sulfate Ferric ~um
No absorption absorption citrate absorption

by area by peak by aI'C:1

Ferric ammonium Reduced iron Reduced iron
citrate absOfJKioo absOI"plion absorption

b)' peak; by ¥ea by p:¥

8.1
8.02

6.9

11.93
7.31

6.76

9.04

14.14
8.21
"5.01

7
7

6

II
7.

5.

8
14

7

4

3.63
3.63
3.99
8.31
5.49
5.~
2.5
1.18
5.91
4.6

3.5S
3.06

3-6~

7.93
5.23
4-62
2.36
Q.S6
5.66
4.33

2.52
0.67
1.69

6.41
4.58

4.28

4.67

6.13

4.35

8.93

2.16
0.41
1.52
6.33
3.39
2.23
3.93
5.48
3.6
7.36

2
3
4-
5
6
7
8
9
10
Geometric
mean
+ 1 S.D.
. 1 S.D.

8.24
11.02
6.17

7.61
10.48
S52

3.97
6.82
232

3.46
7.1
1.68

3.63
7.76
1.7

2.86
6.69
1.22

-~~ ---

NOTE: Mean percent absorpti~D of fenic ammonium citrate and reduced iron expressed as percent of that of ferrous
sulfate yield the fDilowing reSults:

BY AREA
Re(hJced i roo

44 CJ. (+ 1 5.0.:97; -I S.D.:2O)
BY PEAK

3,. (+ 1 5.0.:88; -I S.0.;16)

Ferric ammooium citrate
48 % (+1 S.D.:96; ~'S.D.:24)

45"(+1 S.D.:IIS;-JS.D:J8)

The conela1ion coeJrtcicnt bctWeaI the tWO ways of estimating absorpcioo ~:
For fCrTt)US sulfate: 0.97; for fenic ammonium cib"ale : 0.98 and for reduced iron: 0.97

DISCUSSION

Four of rhe seven women stI_lI:tied ~ hemoglobin
levels lower than 125 g/L. Three of th~mhad plasma ferritin
values lower than J 2 f1g/L However, the per-cent Saluration
of llBC was higher than 16% in all cases (mean 30.5%).
Therefore, these three subjects were iron depleted based on
the presence or low plasma rerritin values (10) and fK)Ssibly
were approximaling an iron dcficien( stalus. It js evjdent
that 1he average diet consumed by the students was poor in
terms of iron intake.

The curve that is drawn by iron plasma levels expresses
three events: I) me amount of iron absorbed at a giYen time
during the initial phase of iron absorplion (21); 2) the YClocity
of transfer of intestinal jron to the plasma pool and 3) its
disappearance due to its captuTe by dirferent tissues.
Importantly. neither the % saturation ofTIBC or the unbound
TlBC influenced the plasma iron increments per mg of iron
;tbsorbed (II). On the other hand. the absaptjon measured
by radioisotopic iron incorporated inlo hemoglobin in 2 weeks

time only reflttts a final point which is when the iron is
utilized in hemoglobin synthesis. In other words. the two
methOOs used in this ShMiy measme different events of iron
absorplion and metabolism. In spite of this. the mean resulls
of percent absorption of eirher ferrous sulfate or ferric
ammoeium citrate do DOt differ by the method utilized.
Similariy. the 8ea u~ the curve and ~ peak values of
plasma iron levels oonttk:d by di~raIk:e rates ~ almost
equal for each compound studied. These results are somewhat
unexpected given the differences in the events rhey represent.
This f-=t explains why 00 an individual basis they do nor
correlate. The experience of other investigators is similar
(II. 12. 15). Thus. the nT is not a useful method to <k:tennine
individual amounts of ab5orbed iron from a given ~pound.
However. it can be useful in comparing the relarive absorprion
of djfferent jroll compounds or diffcrenr doses of me same
iron source in the same individual as well as in a group of
individuals ( 11, 15. 22).

The results obtained regarding the absorption of the
refere~ dose. fem>us sulfate and ferric ammonium citJ"ate

.7

.7

,6

.~

36

21

.2
-.13

.5

'.7
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( I ~) are in the same range ~ dM)5e reported by Heinrich
(14) fa subjects ~ reference (k)Se absorption was 39%.
Also. ~ relative ~on of iron from ferric ammonium
citrate in relation to ferrous sulfale iron measured by Hb
radioiron incorporation was 23%. almost identical to I.bat
reportaI by Grd)C er al. (9). The relative absorptioo of ferric
ammonium atr8e by ~ fiT. however. is 47% of thai of ferrous
sulfate. These results sug'est lb8f. d1C «true absorption,. of
n:duccd iron is De8" 20 % of Iha1 of [erT{)Us sulfate.

The reJatjon between partjcle size and percent solubility of
redtK:at iron Wa'C also within the same range as Ihose repaI1ed
by B~R8asrnussea (7). ard the absorption of reduced iron
in relation to tt.. of ferrous sulfa measured by ~ same
meah<xi demonsb"aIes that the commercial product studied was
only 46% of that of ferrous sulfate by the nT.

Table 6 shows the different ~nts of iron abSOffption
reported in \he literature utilizing different compowids and
methoos. Hoglund and Reizenstein 's results with low particle
size reduced iron administered in conjunction with low
exbaction bread ga~ aI~ identical results to our own when
related to FeS04 absorption eveD though conditions and
amounts given are very different in the two studies (21).

~ sirniJa- to dXR ~ by Ww::r dus (9, 10. II. 13. 14).
As has also been desaibed in the literature. we found a

oegativc correlation between plasma ferritin values and the
percent of reference dose absorbed (10). However. the
conelation between me plasma ferritin IeYel or ref~ dose
absorption and the percent absorption of 60 mB of iron
administered as ferrous sulfate by the ITf was positive wt
failed to reach significance. We expecled to find a greater
absorption value in subjects exhibiting iron depletioa and as
a consequence. higher plasma iron levels after dose ingestion.
However. this was not the case. It is possible that these results
could be due to a greater disappearance rate of plasma iron.
This fxtor could also aile.- a possible correlatioo between
reference dose absorption and the values obtained by !be n'T.

It is inleresting to note thai. the values obIai~ for iron
absorp(K>n by the m of femMJS sulfaar. ~ a ~ Dam)W range.
On the other h~t~ pen:ent aiJs(xplian by ~ rrr of ferric
ammonium citrale, with a range of values ten limes greater,
had a significant correlation with ferritin (1'=0.45). Stin, the
~ bet~ reference dose ~ and ~ of ferric
ammonium citrate aJ{i(> failed to recM::h significa..:e-

The iron abSOrption from 00 mg of iron as ferrous sulfate

TABLE 6
Published results on reduced iron absorption by different methods in humans.

[)I)R

(l1li)

AdfDiDiSU3lioo AJ-. pion as ~r FeSO4
« of Ferric AImJIOIIium Ci~

~ N.-s

~ 'JO ~ (Peso. dole ~ 3 l1li)" Roe M. CI 81.1999 (I) N=IO_SC8k~FecaI ~orill8.
PSRI:50-~ (Iab.~)

10 W-=r(tTT) R~ M.CI"I~(8) N=3. IO-I~. ~iaI110 ~ (FcS04 ~:Fe:J-.)

12'1. (..~ .- ~
dose S mgFe ascOfb8Ic)

~ r~s.ctal
1968 (S)

N:=6- wac. PSRI1.""

N:z19. WBC. 11Mb PSR191.. S 7
(L-. ~ aIMJ comaXlclal)

. Swedish awfIF
meal

lOll. «~ 0051: S ..:
~ aICOd)*o) .

BPu-R N 8.
1977 (7)

1.1..1 s~-.
-'

~ (RcfaaM:e ~ 3 ..:
Fe~)

B~-'-'-dal.
1911 (7)

N=II. WBC.IIHb PSR191~S1
(Lab. prep.. aod commercial)

a.eafnm40 31.5'" (FeS04 &. Fe 40 DIg
wilhbla

'ftI1.- O. et ..

1968("1.1)
N=18m2tws~i"c. HR:?
(Labp.p.)

~ .5 .. (FeSO4: Fe 1 me
with bread)

Na13. WBCPSRI:~SS..
(l.8b. pep.)

~s ct8l.
1969 (21)

t.-' 1 S .. (FcSO*: Fe 1 l1li Mcb ~ HIJSl-s S et ...1969 (21 )
N=9. WIM:: PSRI:1t'5 2S p ~

60 --(m) 7-9'J.(ft.~Fc.138-44'11 ~..., NaIG.PSRI: 97"'$5pCCJ.-.:..-;:,"'ly~.
(FcSO4; Pc ~ DIg wim ~
83 - 91 'II (Fcnic AnlRM)Qjum Citt8:

Fe 00 ma willi ~)

. WBC: ~ Bod) ~ UHb: ~ 1~-,x.-aiGi do 1ka:#I~ PSRI: PMtickSia ~ nT: Toae.- ~

..Fe ~on fIOI8 FcSO4 was 27 CJ. of INI of Ibc; ~~-cr-..:.. ck)IC. ~. - calJe'*d e&ct of ~ . .. ~ ~ 3 ~ -..
a.~eand60mgas FcSO4 (13).
'RC$uJt1 or ~ Studies ~ aU$pc.:I. possibly bo:aua: of~ 0Jicat pWh:ms.
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In conclusion, we propose that by using tbe combined
rrr of unlabeled and radiolabeled compounds and radioiron
incorporation into Hb, the «true absorption» of unlabeled
reduced iron can be estimated in relation to the abSOrption of
FeS04. By this lecbniquc, a common brand of commercial
small panicle-size reduccd iron was absorbed at rates similar
to those of ferric ammonium citrate (3.72 and 3.27%
respectively) rcpresenling 47 and 41 % of ferrous sulfate iron
respectively by lhe 11T. However the «true absorption» of
the rcduced iron tested is probably near 20 % of that of ferrou~
sulfate given the «true amorption» of ferric amnK>nium citrate.
In order to accept lbis extrapolation we have to assume that,
under the conditions of this study, once the iron from any
nonhcme iron source enters the enterocyle its behavior is
similar in terms of transport and utilization in erythropoiesis.
Current knowledge of iron absorption and metabolism of
nonheme iron~ppOl1S this assumption (23).

The ingestion of 60 mg of reduced iron on an empty
stomach or between meals would be similar to ingesting about
12mg of iron contained in 60 mg of FeS04.7H20 (that has
20% iron). The response to the administration of this brand
of reduced iron would be similar to that of similar doses of
ferric ammonium citrate. Reduced iron is less reactive than
FeS04 and possibly is better tolerated.

These preliminary results presented may open the door to
the use of the method described to measure me absorption of
unlabeled compounds (such as different brands of commert:iaJ
reduced iron) as a fortificant in meals that differ in ir-on
bioavailability.

ACKNOWLEDGEMENTS

We want to thank the volunteers for their commitment to
the study and to Dr. Mark Hudes for his assistance in the
statistical analysis of the data. S~ial thanks go to the
Fulbright program for the support of &. GonzaJez during his
stay at the University of California at Berkeley.

REFERENCES

ain Nutr. 1968; 21:1170 - 1174.
6. ~ s. Food ~ utiliaioo. In Halberg L, ~ H,

~ A.1rm~. ~s. Oiniad aspects. Thetapy.
~ ~ II.::. ~) L1D. 1970. AJ. 75-85.

7. Bjorn-Rasmussen E. Hallberg L. RossIHIder L AbsOrption of
«fortification» iron: Bioavailability in man of different
samples of reduced Fe. and prediction of effects of Fe
fOJtificaljon. Br J Nutr.1977~l7: 375-88-

8. Roe M. Fairweathtt- Tait S. High bioavaiJability of reduced
tron ~ to UK flour. The Lancet 1999:353:1938-1939.

9. Grebe G. Martinez-Torres C. Layrissc M. Effef.1 of meals
and ascorbic acid on the msorption or a therapeutic dose of
iron as fcmIUS and ferric salts. Cunent Therapeutic Research.
Clinical aDd Experimental. 1915;17: 382 - 97.

10. Bothwell TN, Charlton RW. Cook JO and Finch CA. Iron
mctaiM)lism in man. 1979. Oxford, Blackwell.

11. Ekenved G. Nonby A and S"lvdl L Serum iron increase as a
~ of iron absorption. Studies on the correlation with
total absorption- Sacnd J Haematoi. 1916 Suppl- 28:31- 49.

12. Bodtwell TH, PiJ1Zio-Biroti G and Fiocb CA. Iron Absorption.
I. Factors influencing iron absorption. J Lab Clin Med.
1958;51:24-36-

13. Heinrich H. Intestinal iron absorpdon in man - Methods of
measurement. dose relationship. diagnostic and d1erapeulic
~1ical.io8S. In Hallberg L. Harwerth H. Vannotti A. Iron
deficiency. Palh~~s. Clinical ~ Thefl\Py. Academic
Press lnc-fLondon) LTD 1970: 213-296.

14. Heinri<:b HC and f"1sdJeI" R. Conelation of postabsorptive
serum iron i~ aIxJ erytbrocyte-59Fe-incorporation with
the whole body retention of absorbed 59Fe. Klinische
Wocbenschrift. 1982. ro: 1493-1496.

15. Wienk. KJ. Marx JJ and Bcynen Ac. The concept of iron
bioavailabilily and its aS$e$$menl. European J NUlr-
1999;38:51-75.

16.. Roy LG. PrOOucrion of iron powder by the Domfer Process..
In: Merals HaDdb<d, 9111 edition. Powder Metallurgy of the
Amcri(;aD Society for Metals. 1984;pp 89-92.

17. International Nutritional Anemia Consultative Group
(INACG). Measurements of iron status. The Nutrition
Foundation, Inc. 1985.

J 8. Viteri FE. Kobaut B. Improvement of die Eakins and Brown
~ for I1M:aSUring 59Fe - 55Fe in Blood and other iron-
containing materials by liquid scintillation counting and
sample preparation using microwave digestion and ion-
exchange column purification of iron. Analytical
Biochemistry 1997~244:116-123.

19. SPSS for UNIX. release 6.13 (Solaris2-X). SPSS Inc.,
Cbjcago. Illinois. release Jan. 2001.

20. Hallberg L and SOlveD L. Abscwption of a single d«.e of iron
in man. Acta Med ScaIkl 19(X); Supple. 358: 19-42.

21. Hoglund S and Reizcmtcin P- Studies In iron absOrption. V.
Effect or gastrointestinal factors on iron absorption. Blood
1969; 34:496-504.

22. VelJar O. Borchgrevink C. Natvig H. Iron-fortified bread.
Absorption and utilization studies. Acta Med Scand
1968;183;251-256.

23. Wessling-Resnick M. Iron transport. Annu Rev Nutr.
2000-.20: 129- J 5!.

Recibido: 09-02-2001
Acept8fo: )0-07-2001

5.

Whittaker P. Iron and Zinc interaction in humans. Am J Clin
Nutr. 1998: 68 (suppl): 442S-6S.
Hurrell R. Preventing iron deficiency through food
fonification. Nutrition Reviews 1997; 55: 21G-222.
Viteri FE. Ali F, Tujaguc: J. Long-lcrm weekly iron
suppkmentaoon imltl"OYes and sustains nonpregnant women's
iron status as well or better than cun-endy recommended short-
term daily supplementation. J Nu£r. 1999:129:2013-2020-
Viteri FE. Prevenlion of iron deficiency. In: Micronutrient
Deficicncics: A Toolkit for Policymakers and PIIblic Health
Worlters. Eds. CP Howson, E Kennedy. A. Horwitz. Institute
of Med"lcine. Nfttional Ac.tc:J11.v ~ Wasbinglon, D. c. 1998:
pp 45-102.
Callender S. Warner T. Iron Absorption from bread. Am J


