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True Absorption and Ret...E%:

Is
Three Days Rather
Iron-Deficient Rats!.2

FERNANDO E. VITERI® LI XUNIAN, KAREN TOLOME! ano ANTONIO
Department of Nutritional Sciences, Unlversity of California, Berkeley, CA 94720.

ABSTRACT Absorption of daily iron supplements (s
inefficient, Detalled absorption patterns of Fe804 sup-
plements simulating World. Health Qrganization-
recommended doses were studied In lron-deflcient and
- fron-normal male Sprague-Dawley rats. For 12 d after
waaning, the rats wers fed a prameal containing <20
(iron-deficient group) or 400 #g Fe (lron-normal group)
twice daily followed by iron-free AIN-76 diet for 1 h,
Then, both groups (iron-deficient and -normal) were
divided in three groups, one continuing withaut change
and two receiving 4000 ug of premeal Fe either dafly or °
every 3 d to match intestinal mucosa renewat tima. Food
Intake, growth, hemoglobin concentration and periodic
59Fe.labeled Iron absorption and rate of loss were deter-
mined. Iron-deficient rats became anemic, and atg and
grew less. Iron absorption was stable In normal
(34.2%), doficient (89.7%) and normal, Intermittently
supplemented (9.5%) groups. Absorption decreased
logarithmically in daily supplemented rats, whereas in
iron-deficient, intermittently supplemented rats ab-
sorption decreased slowly and linearly. Rates of fron loss
were significantly accelerated in dally supptemented
rats. Thirteen-day total iron retention In intermittently
supplemented normal and deficient rats was 62 and
86%, respectively, of that of daily suppiemented rats.
Iron supplementation timed to match mucosal renewal is
more efficient. J. Nutr. 125: 82-91, 1995,

-IDEXING KEY WORDS:

* lron deficlency « rats o fron
* lntermittent supplementation
* supplemental {ron absorption

More Efficient When Iron Is Administered Every ™
than Daily to Iron-Normal and

In the developing world, most governmental efforts
to control widespread iron deficiency depend on the
daily intake of iron supplements targeted to all
pregnant women and, in a few instances, to children
and other risk groups (American Academy of Pedi-
atrics 1976, Internxtional Nutritional Anemia Con-
sultative Group 1977, World Health Organizarion
1975). In spite of the generalized effort that these
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programs represent, and despite their active
motion and support by intemational and bilaten
organizations (Baker and DeMaeyer 1979, resuley gre
often frustratingly poor (Indian Council of Medica}
Research 1989). Several pilot trials have, howeve,
proven moderately successful (Charoenlarp et al
1988, Ruizon et al. 1983, Sood et al. 1975, S

Among the many reasons given for the relative -
failure of iron supplementation programs is the fe.-
jection of iron supplementation due to dose-related
undesirable gastrointestinal side effects {Charoenlarp
et al. 1988, Gillespie et al. 1991, Hallberg et al. 1965,
Kuizon et al. 1983, World Health Organization 19%0).
Other pharmaceutical preparations have been de-
veloped that are more expensive than the commonly °
used FeSO, tablets but which are as efficacious and
bave fewer gastrointestinal side effects (Cook et al.
199Q).

On the other hand, for the last 50 years, a series of
investigations have demonstrated 1) the blocking
effect that the ingestion of high doses of iron, either
in the diet or as a bolus, have on the subsequent
assimilation or true absorption and retention$ of iron
(Brown et al. 1958, Pairweather-Tait and Wright 1984,

lSuppcvrted by University of .'ifornia Agricultural Research
Station and University of California Faculty Rescarch Grane. Liv
Xunian received a fellowship from the Hag Suyin Foundation.

The costs of publication of this article were defrayed in part by
the payment of page charges. This article muse therefore be hercby
marked “sdvertisement” in accordance with 18 USC section 1734
solely to indicare this fact.

To whom correspondence should be addressed.

4“True iron absorption” refers only to the iron that enters the
circulation and excludes the iron that remains in the intescipal
cells and is subsequently cxcretcd when these cells slough off.
Rerentton of 4 dose of iron after a cereain period of time {13 d I8
these studies) is that truly absorbed minus the iron lost because of
its tumover in ¢hat period of time,
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eather-Tait et al. 1985, Hahn et al. 1943,
et al. 1950); and 2} the fact that iron ab-
wion is directly related to the degree of iron defi-
ncy (Bothwell er al. 1979). Absorption of ther
ic iron in three successive 10.d periods in iron.

letion occurs {Norrby and Solvell 1974). More re-
ely, evidence has been provided that intermittent
y dosing is as effective in correcting iron nutrition
jron-deficient, anemic rats (Viteri et al. 1992,
Bght and Southon 1990).

Jhe present studies were designed to study in
gil the sequential changes in true iron absorption
} total iron retention in iron-deficient and iron-
mal rats ingesting daily doses (simulating the

oning behind the every third day schedule was
%, in rats, small intestinal cell renewal occurs
ey 2-3 d (Holt et al. 1983) and that the blocking
xect of high dietary intake lasted 3 d (Fairweather-
it et al. 1985), so that by administering sup-
bmentary iron at a similar timing as gastrointestinal

Bes would be avoided, and true absorption and
tention would be more efficient. The intermittent
hedule would also reduce gastrointestinal iron
verload due to unassimilated iron, which may be
ted to the undesirable side effects reported in
mans supplemented daily (Charoenlarp et al. 1988,
illespie et al. 1991, Hallberg et al. 1966, Kuizon et
L 1983, World Health Organization 1990).
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g MATERIALS AND METHODS

:; " A total of 92 weanling {2126 d old) male Sprague-
i | ley rats [mean overall weighr 46 g 2 {sD} 46 g

pntin and Kingman, Fremont, CA] were individually
loused in wire-bottomed stainless steel cages, with a
2-h light cycle and 22°C temperature-controlled en-

onment. Sixty-four rats were used in the first study
nd 28 in the second. Rats weze given free access to
Pemineralized water. These coriditions remained un-
y JE2anged throughout the studies. Animal housing con-
y JEEtions, continued care and experimental procedures
‘ re approved by the University of California at Ber-
Keley’s Animal Use Commirtee.

Upon arrival, all the rats were given free access to
furina laboratory rodent diet (#5001, Purina, St.
[ouis, MO) for 1 d. Rats were then assigned to four
Soups (first study) or six groups |second study), with
§.2¢ groups matched by body weight in each study

Y18, 1). Half of these groups received an iron-deficient
4 'et (the AIN-76 diet without ferric citrate as iron
Wurce, Fe concentration 9.3 £ 0.9 kg/gl; the other
- g Boups received the complete AIN-76 diet for 3 d.

Jcient humans has been shown to decrease as iron

®mmended scheme for iron supplementation .
Hng pregnancy in the developing world) and in rats ' ‘
ministered the same doses every third day. The -

8l renewal the blocking effect of previous iron bo-*

UNU:NUTRITION PROG

PAGE 02

TRUE ABSORPTION OF SUPPLEMENTAL IRON , 83

From then on, the rats were trained to meal-feed for
1.5 h twice daily (0730 and 1730 h) and were fed the
iron-deficient diet preceded by a 0.8-g premeal of
sucrose and iron-deficient diet (50:50). The premeal,
served on a small glass dish, contained either no
added iron [iron-deficient (D}® groups] or 400 ug or
elemental iron as reagent-grade FeSO4 7H,O twice
daily {iron-normal (N) groups]. The rats were given 15
min to consume the premeal, and those that had
consumed it fully were then given free access to the
iron-deficient diet. Those that had some premeal left
on the dish did not receive the iron-deficient diet, and
at the following feeding time were again offered a
fzemeal and the process repeated. In 2-3 d all rats

- learned to cat all their premeal. These iron-deficient

or iron-normal regimens were continued for a total of
12 4. ' :

In the firat study, half the rats in the D groups and
half the rats in the N groups continued on the same
regimens for the next 20-22 d of study {the DD and
NN groups, respectively]. The other half of each D
and N group began receiving the premix sup-
plemented twice daily with five times the normal
iron content, to provide, in two daily doses, the
equivalent of 10 times the normal daily iron intake.
These groups were designated the iron-deficient, daily
supplemented group (D1S) and the iron-normal, daily
supplemented group {N18S), respectively. The desired
total iron intakes from the two daily premeals for the
respective D, N and supplemented (D1S and N1S)
groups were <20, 800 and 8000 ug of elemental iron
per day. The supplemental iron level (10 times the
usual intake) would be similar to the recommended
daily intakes of 120 to 180 mg elemental iron/d by
pregnant women.

In the second study, groups DD, NN, D1S and N1§
were treated the same as the corresponding groups in
the first study, and two additional groups received the
same supplemented premeal as in the first study, but
only every 3 d. The 2 d in berween, these groups of
rats received either iron-deficient {group D3S) or iron-
normal premeals (group N3S). Thus, the total sup-
plemental iron intake of the D3$ and N3S groups was
33% of that in groups D1S and N1S, bue total iron
intake in group N3S was 45% that of group NI1S
because of the “normal” iron intake in the days be-
tween supplemental iron doses.

the animals were inspected daily and weighed
twice weekly. Food intake was estimated weekly by

SGroup shbreviations: DD, rats kepe iron-deficient throughout
the study {unsupplemented), NN, rats kept iron-normal throughout
the study {unsupplermented); DIS, iron-deficient rats receiving daily
iron supplementation, starting on d 13 of the study, N1S, iron-
normal ravs receiving dajly
of the study; D3S, iran-deficient racs receiving jron supplemen.
tation every 3 d, starting on d 13 of the study; N3S, iron-normal racs

reczivmg iron supplementation every 3 d, starting on d 13 of the
study. o

iron supplementation, searting on d 13 -
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EXPERIMENTAL DESIGN
WEANLING RATS
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FIGURE 1 Ex‘fezimenul design. Rats were 22 t6 27 d of age when iron-deficient diets were started. Iron supplementstig

was started on
plemented), Group DIS,
iron-deficient rats receiving iron supplementation every 3 d,

of the study. Croup abbreviations; Group DD, rats fu
iron-deficient rats receiving daily iron supplementation, starting on d 13 of the study; Group

kept iron-deficient throughout the study {unsip:

starting on d 13 of the study; Group NN, rats kept iron-normal

throughout the study {unsupplemented), Group N1S, iron-normal rats receiving daily iron supplementation, starting on d 13

of the study; Group N3, iron-normal rats

the difference in weight of individual food containers
minus spilled food on two consecurive days. Growth
was correlated significantly with food intake (r =
0.886]. Total iron intake from the iron-deficient diet
in these conrainers ranged from 74 to 102 ug/d for the
DD group and from 93 to 140 ug/d for all other
groups. The lowest intakes occurred in the first week
of study and the highest in the last week of study in
1 groups.

In the first study, iron deficiency and its recovery
was cvaluated by hemoglobin determinations from
blood obtained by tail snipping on d 0, 2, 8 and 15
after iron supplementation started, and again on d
20-22, whea the rats were killed by pentobarbital
injection and exsanguination from aortic blood col-
lection. In  the second study,

intestinal and liver iron conrents at intermediate
points of the study (to be reported in another paper).

True iron absorption and daily rates of loss of the
different iron doses were measured by mixing

thoroughly 15.12 kBq of 59Fe contained in <1 ug of
elemental iron as FeSO4.7H40 (Amersham Incerna-

ham, Buckinghamshire, UXK.) to the
iron in the premeal, One hour gfer the rats had
consumed the premeal, followed by the meal, whole-
body radioactivity was measured in duplicate for 2
min in an animal whole-bady counter [IAEC 12-cm

receiving iron supplementation every 3 d, starting on d 13 of

the srudy, !

two synchronous Nal crystal, lead-shielded, 10-stage
venetian blind-type Ortec detector [A5788); Lawrence
Berkeley Laboratories, Berkeley, CAl previously stan-
dardized for rat body size, geometry and 5%Fe peak
counting. The 1-h radicactivity measurement was es-
tablished as 100% of ingested 59Fe,

Mean overall residual radioactivity in the premesl
dishes was 4.30% (sp 3.79%). After the first meas-
urement, all rats were measured for 2 min twice daily
for seven consecutive days in the first study to collect
information on the components of biological decay
(corrected for physical decay). Counting times were
lengthened, when needed, to obeain <1% CV berween
duplicate counts.

Logarithmically transformed counts allowed the
straight line regression of the points measured in 4 to
7 d to the time 1 h of the day of 59Fe administration,
in order to calculate the percentage of true iron ab-
sorption of the corresponding premeal (antilog of 1 b
intercept). The rapid fal] of radioactivicy for the first 3
d represented the excretion of radioactive iron con-
tained in the intesrina) lumen and in sloughed
mucosal cells. Therefore, counts were obtained 1 b
after radioactive iron ingestion and again on 4 1o 7 d
in the second study,

Radioactive iron rates of Joss were estimated by
calculating the biological decay constant in the
segment with 3 straight regression line from the

Ci
inin
thou

ppe:



92/17/1995 17:£9 B172279485 UNU: NUTRITION PROG PAGE ©d

T

TRUE ABSORPTION OF SUPPLEMENTAL IRON 85

TABLE 1

, : 1
Days of sxpariment and supplsment doses when iron absorption was msasured in rats

Groups N1§ and DIS Groups N3S and D3S

NN and DD

’ Day of Day of Supplement Day of Day of Supplement
d experiment experiment  supplementation dose experiment  supplementation dose

132 1 13 13 1 1

14 2 3

15 3 5

16 4 7 16 4 3

19 7 13 19 7 5

20 8 ) 15 - :

22 . 10 19 22 10 4

25 . 13 25 . 25 13 9

Noup abbrevistions: NN, rats kept iron-normal throughout the study {unsupplemented]; DD, rats keps ixon-dcficiet_xt thmu_gl.xout the
unsupplemented), N1S, iron-normal racs receiving daily iron supplementation, starting on d 13 of the study, D1S, iron-deficient e
1g daily izon suppiementation, starting on d 13 of the study; N3S, iron-normal 1ats receiving iron supplementation every 3 d. starting
13 of the study, D3S, iron-deficient rats receiving iron supplementation every 3 d, starting on d 13 of the study.
Rinnlementation was begun on d 13 of experiment. _ ‘

Poses of supplement were administered twice every day (N1S and DI1S) or twice every 3 d {N3S and D3S; in the premeals.

»

» . «

' ithmic transformation of the daily counts ob- sparse coat at d 10-12. These characteristics disap-
hed from d 4 to 7. This decay constant [100{1 - peared in the first few days of supplementation in
tlog of slope)] is expressed as the percent decay of groups D1S and D3S, whereas they became more
s total radioactive iron pool per day. evident in groups DD as the study progressed.

The true iron absorbed was measured in the study In genezal, rats consumed their premeals com.
s indicared in Table 1. This table also presents the pletely. However, the groups receiving daily sup-

S of supplementation and the supplement dose plementation (groups D1S and NI1S§) usually took

* Bt had Fe. longer to consume the supplemented premeal, and

'1' ost animsls in both experiments had iron ab- 7-9% of the time they did not completely consume

, J¥rtion measured on more than one occasion sepa- the premeal. Food intake in the iron-normal groups,
d by at least 7 d, after rates of iron loss were supplemented or -mot, was as expected based on the

J JLle. $Fe absorption and iron rates of loss on subse- rats’ weight at different periods of study. The D

) * occasions were corrected for residual radioac- groups’ intake was 18% lower than that of the N

».., from previous radioactive iron administrations. | groups (P < 0.01) by the second week of deficient iron

: The data was analyzed by onc-way ANOVA to intake. This decline in inrake con,tn}ued so that by
Mect an experimental treatment effect at the same the end of the study the DD group’s m_take was 68%

) Waluation times (P < 0.05), and, if this was sig- that of the NN group (P < 0.01). Food intake in D1S

© WRfican:, differences between individual trearments and D3S rats began to increase when supplementation

a

¢ identified by Scheffé contrasts (Scheffé 1959). In
e cases in which iron sbsorption and rates of iron
were studied more than once in the same
imals, the within-animal effect was evaluated at
same points within treatments, by analysis of
pvariance, There were no within-animal effects.
jalyses were performed using SPSS PC Plus base
stem (SPSS Inc., Chicago, IL).

RESULTS

Clinical and food intake evaluations. All the
¥imals remained healthy throughout the study, even
ough the group D rats in both studies began to
®pear pale and exhibited a coarse and somewhat

started, reaching 88% of the intakes of rats in the N
groups by the end of the study (P > 0.05).
Growth. Table 2 shows the weight of rats by
groups and by phases of the study, before and after
supplementation was begun, All iron-normal sup-
plemented rats (N1S and N3$ groups} are reported
together because their weights did not differ in the
different stages of these studies. The same applies to
all iron-deficient supplemented rats (groups D1$ and
D3S). The first phase (prior to supplementation) lasted
12 d, and the second phase berween 20 and 22 d. It is
evident that iron-deficient raes grew significantly less
than iron-normal rats, this weight deficit increased in
groups DD as the study progressed. The dsficient rats
that became supplemented {Groups DS and D3S)
showed “catch-up growth,” approaching the iron-
normal groups by the end of the study, independent of
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TABLE 2
Body weight of rats by experimental groups aud days of experiment!

During supplementation

, —
Prior to supplementation Day 2224 of expe, Day 32-34 of o,
Groups? Day | of experiment Day 12 of experiment d 10-12 of supplement d 20-22 of JUpPlemneg
8 -
NN 49.0 £ 1.4 (l6) 103.9 & 2.4% (16} 1294 £ 32% (14) 1460 £ 3,84 {14
DD 486 £ 1.7 (16) 81.0 £ 1.4 (30) 95.7 £ 2.2° (14} 1058 £ 225 14
NIS-N3§ 482 £ 1.6 (30) 96.8 ¢ 1.2%% (30 124.1 £ 224 (29) 141.6 £ 2.7¢ (a3}
D1S-D3§ 48.5 + 0.9 (30) 869 + 1.3°  |30) 1100 ¢ 2.5°  (22) 1305 £ 28 o

Values are means + sz wich the number of rats in parentheses. Within a column, different superscripes indicate significane differenceg
the same evaluation time (P < 0.0). i
2Group abbreviatons: NN, 1ats kept iron-normal throughour che study (unsupplemented), DD, rats kept iron-deficient throughout the
study (unsupplemented); N1S, iron-normal racs receiving daily jron supplementation, starting on d 13 of the study, D18, iron-deficient fye
receiving daily iron supplementation, starting on d 13 of the study; N3S, jron-normal rata Teceiving iron supplemencation every 3 4, nnm‘ ;
on d 13 of the study, DAas, iron-deficient rats recewving iron supplementation every 3 d, starting on d 13 of the study. T

TR o~ W, aemE e . S mn o emear

the frequency of supplement intake. All the iron.
normal groups (NN, N1S and N3S§) grew similasly,
independent of supplementation and its modaliry.

Hemoglobin concentrations. In a pilot study, he. A
moglobin concentrations were measured every 2 d TABLE 3
from the start in weanling rats fed an iron-deficient ,
dier and compared with that in normal animals. It ! Hm”h’bo‘;' ,‘;",;“:5’ ‘;‘i‘;," ,b y mﬂ proups
was evident that hemoglobin concentrations wers sig- :

j nificantly lower by d 10 of iron-deficient intake. Time point = Group® ! n Hemoglobin

i Therefore supplementation was started on d 13. He.

; roglobin concentrations from this day on in the . s
different groups are shown in Table 3. Study ! demon. ! Day 123 N i Shd’f,z 1455 £ 2.18
strated that hemoglobin concentrations prior to sup- D 22 1120 £ 3.7
plemmtanog in the deficient rats were significantly Day 32-3¢ NN 12 155.8 % 3.24
lower than in the iron-normal rars and that they DD 12 709 + 1.8°
declined further in the DD group as iron deficiency N1s 10 155.0 £ 3.0
became more severe during the supplementation D1s 10 1619 = 1.1
phase of the study. In contrast, the hemoglobin con- Socond Seudy
Ceatration began to increase in the D1§ group already Day 32-3¢ NN 2 1545, .‘5“11,‘

! bD 2 710, 674

by d 2 of supplementation, reaching levels similar to N1§ 6 1597 2 2.7
those in the N groups already b d 8 (data not shown), | Nas? 5 154.0 + 1.4¢
From then on hemoglobin concentrations were | D1s 6 154.7 £ 4.3¢
similar among N and D1§ groups. Hemoglobin con- D3s 6 1600 2 2.4*
centrations ia the second study were measured only Walues are means  s5; individual values are given when o =2
at the end of che study and resembled those in the Within 2 seudy and ac the same time poine, values with different
firse scudy. supzcncnpu‘bn;c d@ﬁerem' (7 < 0.05),

True iron absorptx’qn. Table 4 presents the se. the G::mz (u:::\:;:inn';'enrg:;; ugnlfmn::m Lip"ﬁm'fmfm:
quenuial resules of true iron absorption of the premeal throughout the study (unsupplemented), NIS, iron-normal rass
iron, expressed as the percentage of dose ad- feceiving daily iron supplementation, starting on d 13 of che study:
ministered. ' DI1S, iron-deficienc tats receiving daily iron supplementation,

Both unsupplemenced groups (NN and DD} ab- :;‘,';i‘f.‘ni.f':fufnm;?'idf{.ﬁﬁfg :: 3'?3'3?&5‘.’;?%33‘3
sorbed the iron in their corresponding premeals at 2 defisient rats recelving s7on supplemcntation eye 3 dy’smti'nt oo
constant gate throughout the study [means, 34.2% d 13 of the study, V36
and 89.7%, respectively). : '31"he d 12 values include all the iron-normal (N) and iroo-

Iron-normal racs supplemented daily and every 3 d | gc[f;c;;::!t g.i)sms before they were separaced into NN and N1S, and
(groups N1S and N3S) absorbed the firse supplemental One rat w, - . : "
dose at a 10.1% level. The absorption of sugglcmental the bof.ﬁd .:am:‘l:.xduded because of a rechnical erro in obtainiad
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¥ .1 the N1S group fell to reach a stable level Figure 2 presents in graphic form the iron ab-
een 5 and 7% from around d 7 on. Logarithmic sorption results of the different supplemented groups.
sformation of percent absorbed iron against time This figure clearly shows that results of the two
days) resulted in a straight line with an intercept studies form a continuum in the N1S and D1S groups,
§9.74% absorption. In contrast, iron-normal rats which show a rapid decline.
folemented every 3 d (group N3S} absorbed the Radioactive iron rates of loss. Table 5 presents the
pplemental iron at a very constant rate throughout data obtained from each group of treated rats. The
‘period of supplementation (overall mean, 9.5%). rates of iron loss tended to decrease slightly with time

3ra -deficient rats lupplemented daily or every 3 d in the gupplgmentcd groups, without reaching sig-
Hups D1S and D3$) absorbed the first dose of sup- nificant differences (P = 0.15). The data for groups
mental iron at & mean level of 22.6%. This rela- | NN, DD, N1S and D18 represent combined data from
ply high absorption level fell very rapidly in the the two studies because they were statisrically similar
s group to reach a mean level of only 12.8% by d 2 in both studies. .

e 3), 11.8% by d 3 (dose 5), between 7 and 8% by Beginning from ‘1
€ ol ginning from a small rate of loss in the DD
and 10 of supplementation {doses 15-19) and ~5% group, th was a progressive in in rate

d 13 {dose 25), Logarithmic transformation of the ) : co : .
ntage of absorbed iron against time also resulted ‘1?3& m;g db:f‘%;;dlm}v;a?nn?;mv:rxfs the fol
2 negative straight line with an intercept at 15.60% & order: ! ! ' an ’
ption. .
won-deficient rats supplemented every 3 d {group
BS) showed a more sustained level of absorption, DISCUSSION
ing still 19.4% by d 4 (dose 3}, and reaching, in a :
pw and almost straight negative linear fashion, The present study illustrates the very rapid de-
B% absorption by d 13 (dose 9). The intercept, cal- crease in true iron absorption [%) that takes place
flated by logarithmic transformation of the data, | when a daily iron supplement equivalent to 10 times
25.33% absorption. the normal intake is administered preceding two

. ' TABLE 4

Trus iron absorption in rats by experimental group, day of experiment and day of supplementation’

) 2
ey of Day of Group
periment supplcmentation NN DD NiS N3S D1s D3s
%
1 331 224 903 :x08% 101:09? 101:+09% 226219 226¢19'C
{o = 10} {n - 10) {n = 10} {n = 10} {n « 10) (n = 10}
2 , 7.6 12.8%
| 8.7, 6.6 13.5, 12.2
" in = 2} . (o =2
3 36.0 = 3.9 86.2 £ 0.9* 9.5 + 1.4°¢ 11.8 £ 1.1°¢
(n = 6) in = 6) n = 38) in = 8)
4 8.2 9.8 69 19.4
(10.0, 6.4 11.6, 7.9 7.6, 62 20.5, 18.4
n e 2) . (18 = 2 B -2 in w2
\ 7 33.4 + 1.6° 94.4 & 220 48  02°¢ 8.3 £ 1.2¢4 5.6 :’ 1474 ‘133.0 :t) 1.4¢
. n =8 in=-8 (=4) in - 4) (n = 4) {n = 4}
8 342 £ 37 907 478 7.4 £ 1.0°¢ 79 £ 06
s {n - 6] {n = 6} (n - 8) {n = 8)
3 10 6.6 102: 8.7 12.4
7.7, 5.5 12.1, 8.3 79, 5.5 140, 109
‘ =2 ra2 (= « 2 n - 2)
13 49 £ 0.7 9.1 £ 0.4% 51 £10% 82 zr 08
(n - 4) n - 4] {n - 4) g = ¢}

qp:vduu Aze means # Sg; mean and individual values are given when n = 2. Values with an asterisk represent joint data from the two
B “Periments because the values did not differ from each other. Values on the same study day that do not share a commo ipt leteer
¥ seauistically different (P < 0.05). mon supecript |
- Group abbreviations: NN, rats kept iron-normal thraughout the study [unsupplemented); DD, rats kept iron-deficient throughout the
d}' {unsupplemented], N1S, iron-normal rats receiving daily iron supplementation, starting on d 13 of the study, DS, iron-deficient rats
ving daily iron supplementation, starting on d 13 of the scudy; N3S, iron-normal rats receiving iron supplementation every 3 d, suarting
) )
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ogressively more anemic in the course of the study,
a rate similar to that reported by Dallman et al.
982] in severely iron-deficient rats. ron-deficient
upplemented raes (D1S and D3S groups) replenished
their lower hemoglobin concentrations, improved
heir food intake and growth rates, and presented no
dverse clinical evidence caused by the supplement.
Aron-normal supplemented rats (N1S and N3S groups)
maintained their hemoglobin values, food intakes and
rowth rates and presented no evident clinical deteri-
pration, although premeal intake appeared to be more
Bifficult in the daily supplemented groups. Growth
bgtes in the NN, NI1S and N3S groups were, on
verage, 88% of rates for normal growing male
prague-Dawley rats given free access to g complete
et (Rogers 1979). Therefore, meal-feeding twice
ily had a small effect on growth among iron-normal
imals, and iron supplementation did not have an
" «irable effect on food intake.
» ot iron absorption was, as expected, highest
g the DD group receiving only a trace of 5%Fe. It
emained >86% throughout the period of study, Iron
bsorption was similarly stable (mean level of 34%) in
the NN groups, indicating a steady level of iron
putriion throughout the study. In the daily sup-
plemented groups a rapid decline in percent iron ab-
orption was evident, particularly in the D1§ groups,
gwhich by the third day (dose 5} reached a level similar
Bo that in the N1$ group. This last group showed a
progressive decline in percent iron absorption, which,
8 expected began at a lower level than in the D
upplemented groups. Both daily supplemented
groups [N1S and D1S) presented a stable iron ab-
Jorption after the seventh iron supplement dose,
Irhich oscillated around an average 7.2%. The groups
gupplemented every 3 d present a different picture.
Ae D3S group maintained higher percent absorption
st at declined slowly, reaching levels similar to
gRose _, the other supplemented groups only on d 13
Cose 9). The N3S group maintained a stable level of
fon absorption around a mean of 9.5%, which was
ignificantly different from the joint data obtained in
e latter part of the study among the daily sup-
Plemented groups. Both groups supplemented every 3
! absorbed more iron than the daily supplementced
Poups by d 13 due to a further decline in percent
“torption in the latter groups.
§ When percent iron absorption was estimated in
*Oups D1S and D3S at four points where cumulative
o0 absorption {mg) was the same in both groups, the
frier group absorbed 0.53 + 0.06 (mean * spD) the
percent absorption of D3S. This can be interpreted as
°¢ magnitude of the “absorption blockage.” There
48 no clear tendency for this percent difference in
-n absorption to change as time {and cumulative
o0 absorprion) increased.
! Daily rates of radjoactive iron loss for D1S and N1S
e close to two and four times, respectively, the rates

!
K
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observed in the NN group. On the other hand, the
rates of loss among groups supplemented every 3 d
(N3S and D3S) are no different from those of the NN
group. We interpret these results as indicating that
intermittent iron supplementation is better than daily
supplementation in two aspects: iron absarption is
more efficient and radioactive iron turmnover remains
close to the values found in “normal” rats. The sig-
nificantly higher daily iron loss observed in the daily
iron supplemented groups also suggests alterations in
total body iron metabolism. This assertion is sup-
ported by iron distribution studies of these rats, |
which have been partially reported in abstract form
(Martin et al. 1990 and unpublished data). '
These results indicate that, by providing iron sup-
plements in an intermirteqt dosage tailored to intes-
tinal mucosal turnover rates and aimed at avoiding
iron absorption blockage caused by maintaining an
iron-saturated environment in the gut, the efficiency
of iron absorption and retention can be markedly
/improved. This is illustrated by comparing total ab-
sorbed iron (mg) throughout the supplementation
period studied (Table 6). The greater efficiency of

utilization of supplementation every 3 d over that of

daily iron supplementation is evident 1) Sup- -
plemental iron intake in 13 d in the N3§ group was
38% of that ingested in the same period by group
N1S, yet total absorbed iron in the former group was
60% that of the larcer (3.64/6.02 mg). Group N3S
ingested 2 normal iron-containing premeal {400 pug)
twice daily the two days between supplemental doses.

TABLE 6

Maan relative efficicacy of total sapplemental iron absorbed
in 13 d after the beginning of supplementation

Efficiency of
Group! Iron intake Absorbed iron sbsorption?
mg %
N1S 99.53 6.02 6.05
N3s 44.308 3.6a4 9.514
DIS 9953 8.13 8.17
D3s 38.28 6.96 18.18

l(.‘.x'oup abbreviations: N 1S, iron-normal racs receiving daily iron
supplcmgntauon, starting on d 13 of the study; N3S, iron-normal
rats recelving lron supplemensation every 3 d starting on d 13 of the
study) DIS, iron-deficient rats receving daily iron supplemen.
tauon, swurting on d 13 of the study; D38, iron-deficient racs
rec:mn; iron supplementation every 3 d, starting on d 13 of the
study. ’
2Efficiency of absorpuion = (absorbed iron)/iron intake) x 100,
cludes 38.28 mg from supplemented premeal and 6.12 mg

from the premes] wich “normal” iron contene consumed the days
between supplementation.

“Total milligrams and
Absorption of dictary ron
doses is assumed to be 0,

percentages of supplemental iron only.
for the 2 d berween supplementation
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" Thercfore the total iron intake of this group in 13 d -

amounts to 44.4 mg of iron, or 45% of that in group
NI1S. The absorption of the iron ingested between
supplemented doses was not measured. The total ab-
sorbed iron in 13 d by group N3S estimated only on
the basis of percent absorption of supplemental iron
assumes 0% iron absorption in the days batween
supplemnents and is therefore a conservative estimate
of total iron absorption. 2| Even though in the D3$
group supplemental iron intake in 13 d was 38% that
in the D1S group, total absorbed iron was 85% that of
the latter group {6.96/8.13 mg). 3) Overall etficiency
of iron absorption in 13 d of supplementation is 1.57
and 2.22 tmes greater for N3S and D3S groups than
that of their counterparts receiving daily iron sup-
plementation (9.51/6.05% and 18.18/8.17%, respec-
tively). Wright and Sourhton (1990) have also shown
that iron supplementacion every 2 or 3 d {four times
the normal intake] supplied as added iron in the
meals fed to iron-deficient rats for a total of 7 d is
more efficiently utilized than daily supplemental
ircn, based on hematological variables and liver iron
contents. Relative efficiency of iron utilization is dif-
ficult to estimate from their data.

The mean relative efficiency of true iron retention
in 13 d, estimated from the cumulatve iron ab-
sorption minus that due to cumulative iron ‘losses
because of iron turnover rates (Table 6}, is slightly
more favorable for the every-3-d dosage: relative effi-
ciencies are 0.62 and 1.60 for N3S and 0.86 and 2.25
for D3S for percent retaired and efficiency ratio,

respectively, in relation to those of their daily sup- -

plemented counterparts (N1S and D18).

It is obvious thar as supplementation periods are
lengthened the “advantage” of every-3-d supplemen-
tation over daily supplementation disappears for
replecion of iron deficiency. However, by then iron
repletion has occurred in the groups supplemented
every 3 d, and the advantage of avoiding excess re-
tained iron by intermittent dosing becomes im-
portant.

This aspect of the data is presented in Table 7 as
excess iron absorbed and retained by the sup-
plemented groups above that absorbed and retained
by the normai animals (NN group). It is clear that
iron supplementation every 3 d vs. daily iron sup-
plementation reduces the risk of iron overload among
iron-normal rats. Iron overload, even if temporary and
more localized to the intestine and the liver, may
have negative consequences in terms of symptoms
and through promoting free radical-induced oxidative
processes {Gurteridge 1990). In effect, the'N1S group
accumulated 74% excess iron in relation to the NN's
retained iron (2.50 mg excess over 3.38 mg normal
retention), and 10.4 times more excess iron than the
N3S group. This last group rectained only 7% excess
supplementaty iron compared with the NN group. It
is possible thar radioactive iron rates of loss are an
indication of a eondition of temporary iron overload.
The fact that the rates of loss do not increase as
excess iron increases with time in group N1S strongly

 for his technical Support and the Lawrence Berkeley
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TABLE 7 i
Mean total excess iron absorbed and retained by rats in 13 ‘
of supplementation by the different sapplementad >

groaps in relation to the iron-acrmal group S

Total Toeal Excess Excess -
Group! absorbed  retsined  absorbed  retaneq
————— ,
) mg
NN 3402 238’ - -
N1S 6.02 5.88 2624 250
N3s 3.64 3.62 024 024
Di1s 8.13 8.02 473 4.64
D3s 696 6.94 3.56 3.56 ¥ -

P =]

S

lGmup abbreviations: NN, rats kept iron.normal
the study (unsupplemented) DD, ram kept tron-deficien;
throughout the study {unsupplemented), N1S, iron-normal faty
receiving daily iron supplementation, starting on d 13 of the study,
DIS, iron.deficient rats receiving daily iron supplementation,
starting on d 13 of the study; N3S, iron-normal raes receiving jrop
supplementation every 3 d, starting on d 13 of the study; D3S, iron.
deficient rary receiving iron supplementation every 3 d, starting on
d 13 of the study,

2Each value is the mean cumulative iron absorbed by each group
from d 1 w d 13 of supplementation. :

3Each value is the mean cumulative iron absorbed carzected by
the mean lron rate of iron loss for each group during the 13 Jd of
supplementation.

suggests that there is no direer quantitative rels-
tionship between these two variables.
Extrapolating to the case of humans, although this
must be done with caution, the few studies on se-
quential iron absorption of 100-mg supplemental or
therapeutic iron doses administered to iron-deficient
subjects reveal that in the first 10 d mean recention
averaged 16.6%, followed by 11% and 8% after 30
and 40 d of supplemental intake {Norrby and Solvell
1974). These studies clearly show the inefficiency of
these therapeutic iron schemes, which leave up to
92% of the ingested iron unabsorbed and remaining in
the intestinal lumen and in the mucosal cells. This
prolonged “localized iron overload” is far from phys-
iologically desirable. Moreover, the average of 16.6%
absorption in the first 10 d of iron supplementation
could be the result of a high absorption rate in the
first few days that fell tapidly, in a fashion similar to
what we have shown in rats, to a stable leve] of 8% as
treatment is prolonged {sirnilar to that seen in our
studies from d 5 to 13 of supplementation). On the
basis of these findings, iron supplementation studies
in humans comparing daily, twice weekly and every
week are in progress, considering the 5-6-d turnover
time of intestinal cells in humans {Lipkin 1981).

ACKNOWLEDGMENTS

The authors wish o acknowledge Marvin Morris




92/i7719%5 17:59 6172279485

PAGE

19

UNU:NUTRITIOM PRQG

" "

[ TRUE ABSORPTION OF SUPPLEMENTAL IRON 91

]

poratories for their collaboration in the use of their
jmal facilities and equipment. Our thanks are
esented here to Patricia Durbin for the use of her
jlities at Lawrence Berkeley Laboratories and her
ijp in our use of the whole-body counter, and to
aneth ]. Carpenter for his critical review of the
snuscript. We acknowledge Cici Hyde for her effi-
ent and merticulous care in preparing the manu-

ript.
;

LITERATURE CITED

perican Academy of Pediatrics {1976) Iron supplementation for
infants. Pediatrics 58: 765-768.,
ipe, E. K. & Hegsted, D. M. {1971) Effect of diet on iron
absorption in iron-deficient rats. J. Nurtr. 10): 927-936.
= J. & DeMaeyer, E. M. {1979} Nutrittonal anemia: its
U :anding and control with special reterence to the work of
the World Health Organization. Am. J. Clin. Nurr. 32: 363417,
chwell, T. H., Charleon, . D.. Cook, J. D. & Finch, C. A. {1979)
Iron Merabolism in Man. Blackwell Scientific, Oxtord, U.K.
wn, E. G., Jr., Dubach, R. & Moore, C. V. (1958) Studies on iron
transportation and metabolism. IX. Critical analysis of mucosal
block by large doses uof wron in human subjects. J. Lab. Clin.
Med. 52: 335-355.
sroenlarp, P.. Dhanamutta, §., Kaewwvichit, R., Silprasert, A,
Suwanaradd, C. Na-Nakom, 5., Prawatmuang, P,
' Vatanavicham, S., Nutcharas, U., Pootrakul, P.. Tanphaichirer,
Y., Thasangkui. O., Vamwvapang, T., Toe, T. Valyasevi, A.
' Baker, S., Couk, J., DeMaeyer. E., Garby, L. & Hallbery, L. [1988]
. A WHO collsborative study on iren supplementation in Burma
~and 1o Thailand. Am. ] Clin. Nutr. 47: 2580-297.
sk, J. D., Carnaga, M., Kahn. . G, Schalch, W. & Skikne, B. §.
{19901 Gastiie delivery system for iron supplementation. Loncet
. 335: 1136-1139.
kiman, P. R, Refino, €. & Yland, M. }. [1982) Sequence of
develupment of iron deticiency in the rat. &Am. J. Clin. Nutr. 35:
671677,
eMasver, E. M. (1989) Preventing and Concroibing Iron Deficiency
i a through Primary Health Care: A Guide for Health
" Aan.. .strators and Programme Managers. World Health Or-
Banizaton, Geneva, Switzerland.
ucweather-Tair, S. ], Swindell, T. 5. & Wright, A.J.A. {1985]
Purtier studies in rats on the influence of previous intake on the
estimation of bioavaiiabality of wom. Br. |. Nutr. 54; 79-86.
hirweather-Tait, S. J. & Wnghe, | A. {1984) The influence of
_ Previgus iron intake on the estimation of bioavailabjlity of Fe
“irom a test meal given to rats. Br. I Nutr. 51: 185=191.
and Agncultural Organization of the United Nations {1988)
Requirements of Vitamin A, lron. Folate, and Vitamin Bjj.
_Report of a Jont FAQ/WHO Expert Group. FAQ, Rome, ltaly.
“Uespie, S, Khevany, [. & Mason, |, eds. [1991) Controlling iron
Deficiency: A Report Based on an ACC/SCN Workshop. ACC/
I: SCN State-uf-the-Art Senes, Nutrition Policy Discussion Paper
- no 9. ACC/SCN, Geneva, Switzerland,
ttenidge, [.M.C. 11990) Iron and oxygen: a biologically damaging
Mixcure, Acta Paediatr. Scand. 365 {Suppl): 7§-82,

Hahn, P. E, Bale, W. F,, Ross, §. F,, Ballour, W. M. 8 Whipple, G. H.
{1943) Radioactive iron absorption by the gastrointestinal tract:
influence of anemia, anoxia and antecedent [eeding distribution
in growing dogs. J. Exp. Med. 78 169~188.

Hallberg, L., Rywinger, L. & Solvell, L. |1966) Studies on oral iron
therapy. Side effects of oral iron therapy. Acta Med. Scapd. 459
iSuppl.: 3~10.

Holt, R. P., Kotler, D. P. & Pascal. R. R. {19831 A simple method for
determining epithelial cell turnover in small intescine. Studies
in voung and aging rar gut. Gascroenterology 84: 69-74.

Indian Council of Medical Research {1989) Evaluation of the Na-
tional INutritional Anzemia Prophylaxis Programme. Indian
Council of Medical Research, New Delhi, India,

International Nutritional Anemia Consultative Group (INACG)
{1977} Guidelines for the Eradication of Iron Deficiency Anemia.
INACG, Nutntion Foundation, Washington, DC.

Kuizon, M. D,, Desnacido, J. A., Platon, T. P., Amchera, L. P,
Natera, M. G., Reyes. G, D. & Mascapinlac, M. P. (1983) Iron
supplementation using different dose - levels in pregnant
Filipinos. Nutr, Res. 3: 237-264.

Lipkin, M. {1981} Proliferation and difierentistion of gastrowntes-
una) cells in normal and disease states. In: Physiology of the
Gastrointestinal Tracet, 1st ed. (Jobnsop, L. R, ed.), pp. 145-168.
Raven Press, New York, NY.

Martin, A, Tolomei, K. & Viteri, F. E. {1990} Iron mersbolism in Fe
supplemented racs. FASEB 1. 4: A1076 labs.!.

Nomby, A. & Solvell, L. {1974} lron absorprion and heinoglobin
regeneration in post-hemorthagic anemia. Studies on the ab-
sorpsion pattern during oral iron therapy. Scand. J. Haematol. 20
{Suppl.): 75-81.

Rogers. A. E. {1979] Nutntion. In: The Laboratory Rat, vol. |,
Biology and Diseascs (Baker, H. |., Lindsey, |. R. & Weishroth, S.
H., eds.), pp. 124-152. Academic Press, New York, NY.

Schetié, H. (1959) The Analysis of Variance. Wiley, New York, NY,

Soud, 5. K., Remachandran, K., Mathur, M., Gupta, K., Ramaslin-
gaswanu, V., Swarnabai, C.. Ponruah, ], Mathan, V. {. & Baker,
S. 1. {1975) WHO-sponsored collaborauve studics on nucntional
anaemia in India. [. The etfect of supplemental oral ron ad-
ministration (o pregnant women. Q. . Med, 14: 24]-158.

Scewart, W. B, Yuilg, C. L., Clatbome, H. A., Snowman, R. T. &
Whipple, G. H. {1950} Ridiviron absorprion in snemic dogs.
Fluctuations in the mucosal block and evidence for a gradient of
absorpion 1n the gastrointesunal tract. . Exp. Med. 92
375-382,

Viteri, F. E.,, Liu, X.-N. & Morns, M. (1992} ron recention and
uilization 1n daily vs. every-3-days iron supplemented raw.
FASEB |. 6: ALOY1 {abs.).

World Health Organization (1975! Control of Nutritional Anemia
with Special Reference to ron Deficiency. Report of an [AEA/
USAID/WHO joint Mezeting, WHO Technical Repore Series no.
580. WHO, Geneva, Switzerland.

Worid Health Organization, Maternal Healch and Sate Motherhood
Programme, Division of Family Health (19901 Iron Supplemen-
tation During Pregnancy: Why Aren't Women Cumplving? A
Review of Available Information. World Health Organization,
Division of Family Health, Geneva. Swiczeriand.

Wright, A.J.A. & Southon, S. {1990} The cffectiveness of various
iron-supplementation regimens in improving the Fe status ot
naemic rats. Br. [, Nurr. 63: 579-5485.

e e ————————-



