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Iron absorption from the whole diet in men: how effective
is the regulation of iron absorption?'3

Leif Hallberg, Lena Hultén, and Elizabet Gramatkovski

ABSTRACT  Iron absorption from the whole diet, which con-
tnined a highly biocavailable form of iron, was measured for 5 d in
3. healthy men, including 12 blood donors. Nonheme tron in all
meals was labeled with an extrinsic, inorganic radiciron tracer
added in amounts to ensure uniform specific activity in all meals.
Heme iron was labeled similarly by using hemoglobin biosynthet:-
cally labeled with another radioiron tracer. There was a good
inverse relation between total absorption and concentration of
serum ferritin up to =60 pg/L. In subjects with serum ferritin
> 60 ug/L there was no relation to iron absorption. At this serum
ferritin concentration, absorption decreased to a level just suffi-
¢ :at to cover basal iron losses, implying that at a serum ferritin
concentration = 60 ug/L no further accumulation of iron stores
will occur by dietary iron absorption. The findings thus suggest
that in normal subjects there is no tisk of developing iron overload
by iron absorption from the diet even if the diet is fortified. Similar
findings were made previously in two studies in women, both of
which indicated an effective control of absorptian. At the same
serum ferritin concentration the absorpiion per kilogram body
weight was the same in men and women served identical diets with
a high iron bioavailability. These new observations strongly sug-
¢~st that translation of serum ferritin concentration into amounts of
stored iron should be made with caution and that in subjects with -
high serum ferritin concentrations, other causes than increased iron
stores should be considered. There was effective contrel of both
heme- and nonheme-iron absorption but their relations to iron
status were different. Am J Clin Nutr 1997;66:347-36.

KEY WORDS Iron absorption, heme iron, nonheme
iron, men, iron overioad, serum ferritin, diet, iron stores,
Sipavailability

INTRODUCTION

It is well established that iren stores in some unknown way
influence iron absorption. Several studies have shown that
there is an inverse relation between serum ferritin concentra-
tions and iron absorption {1-9). More iron is absorbed in a state
of iron deficiency and less when iron stores are replete. How
zffective is the regulation of iron abserption 1o prevent iron
deficiency and iron overicad in otherwise normal subjects”

it is well known that iron absorption can increase severalfcld
in states of iron deficiency and that iron deficiency 1s common,
for example, in women and teenagers in most populations. The
obvious conclusion is that the regulation of dietary iron ab-

See corresponding editorial on page 419,

sorption to meet iron requirements is not sufficiently effective
to prevent iron deficiency in those with high physiologic iron
requirements, even when the diet may be considered to be
generally adequate. The efficacy of this regulation in relation to
ironi requirements and diet was examined recently (8). -

Regulation of iron absorption to prevent development of izon
overload, when more iron than needed is in the diet, has been
studied less extensively. There have been no direct studies of
the regulation of iron absorption from the whole diet because
no suitable method has been available. The chemical balance
method, with which iron absorption is measured as the diffei-
ence between dietary intake and fecal loss, is technically dif-
ficult, rather inaccurate, and requires long balarice periods.
Thus, this method is not suitable for studies on the regulation
of iron absorption from the whole diet.

Recently, we developed a method to determine the total
amount of dietary iron absorbed from the whole diet {10). The
method is based on a separate uniform labeling of ail nonheme
iron and all heme iron in all meals. In the first two studies only
nonheme-iron absorption was measured by adding an extrinsic
inorganic iron tracer in amounts to achieve.the same specific
activity of all nonheme iron in all daily meals served over
several days (10, 11). In these two previous studies, heme-iron
absorption from the same meals was calculated from the ab-
sorption of an inorganic radioiron tracer and by using relations
between heme- and nonheme-iron absorption observed in other
studies. The method was validated in studies in women, in
whom there was good agreement between total amounts of
dietary iron absorbed and individual iron requirements calcu-
lated from body weights and measured mensirual tron losses
(1.

In these two studies in women four diets with different iron
bicavailabilities were served for 5 or 10 d. Linear relations
were found between total amounts of iron absorbed and log
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serum ferritin. The slopes of the four regression lines were
significantly different. QOf special interest was the observation
that the lines converged to a point on the log serum ferritin
scale corresponding to estimated iron stores of ~400—500 mg
Fe. The low absorption obtained in this range did not exceed
the estimated basa! losses of iron from the body, suggesting
that this serum ferritin range represented the maximal iron
stores derivabie from the diet in women. In men. the distribn-
tion of serum ferritin concentrations were shifted toward higher
values, suggesting that iron stores are higher in men than in
women (12). This is also consistent with direct measurements
of mobilizable iron stores by phlebotomy, showing larger
stores in men than in women.

The purpose of the present study was thus to measure iron
absorption from the whole diet over several days and 10 exam-
ine the relation between iron absorption and the serum ferritin
concentration in men, including both healthy men, iron-replete
men, and men with small or negligible iron stores as a result of
being blood donors. We also compared the relation between
iron absorption and serum ferritin in men and women because
both groups were served an jdentical diet with a hi ghly bio-
available form of iron. Attempts were also made to examine the
validity of different methods 1o calculate heme-iron absorption
from various indicators of iron status and to examine the
relation between heme-iron absorption from the whole diet and
fron status under realistic conditions.

SUBJECTS AND METHODS

Subjects

Forty men from the staff and student body of the Sahlgrenska
University Hospital, the School of Dentistry, the Chalmers

TABLE 1
Characteristics of the subjects’

School of Technology in Goteborg, and the Blood Donor
Register at the hospital volunteered for the studjes. They were
informed that we wouid select only a limited number of them
for the study because of the costs and extensive work invoived
and that we would first conduct a laboratory screening to select
the suitable participants.

We took a careful medical history, including a history of the
use of medicines. Nine subjects were excluded: one because he
was taking an antipsychotic drug, one because he admitted to a
high regular consumption of alcohol, three because of a mod-
erate consumption of alcohol and high concentrations of serum
y-glutamyltransferase, one becanse of abnormal results from
liver-function tests, one because of an infection they developed
just before the study, and two because of laboratory signs of an
ongoing infection or inflammation, an elevated erythrocyte
sedimentation rate, and high carbohydrate-deficient transferrin
(CDT) concentrations, These nine subjects were informed
about the reasons for exclusion and the resuits of the exami-
nations. The final sample was 3] men aged 20-59 y, 12 of
whom were blood donors. The characteristics of the subjects
and the results of the screening examinations of the participants
are given in Table 1.

The project was approved by the Radioisotope Committee
and by the Bthical Committee .of the Medical Faculty of the
University of Goteborg,

Laboratory assessment of subjects

The laboratory screening included assessment of hemoglobin
concentration, hematocrit, serum ferritin, total-iron-binding ca-
pacity, serum total cholesterol, serum hi gh-density-lipoprotein
cholesterol, serum low-density-lipoprotein cholesterol, serum
triacylglycerols, serum glucose, serum insulin, serum bitirubin,

Nondonors (n = 19)

Blood donars (n = 12) All subjects (n = 31)

Age (y)

Body rweight (kg)

Height (cm)

BMI (kg/m?)

Hemaztocrit

Hemoglobin {g/L)

Serum iron {umol/L)
Transférmn saturation (%}
Serum ferritin (pp/l.)
Erythroeyte sedimentation rate (mm/h}
CDT (U/L)

Serum cholesterol (mmol/L)

263 + 7.67 (20-35)

73.5 = 9.17 (63-102)
180 = 5.5(170-188)
23.4 * 2.6 (20-31.8)

153 = 7.0 (140-168)
206 = 3.7(15-29.53
34 * 5.8 (24-45.5)
910 = 36,9 (44-176)
29 = 1.6(1-9)
159 * 4.0(5.6-23.3)
481+ 095(31-7.1)

0.47 = 0.02 {0.43-0.49)

343 = 13.4 (22-59)
79.8 = 0.98 (66.6-98.1)
183 = 6.5 (174-196)
2.43 £2.7(209-28.7)
0.46 = 0.02 (043-0.51)
151 = 6.9 (133-169)
10.0 = 5.4 (12.5-29)

33 = 9.2(20.5-52.5)
368 £ 13.87(21-77)
4.3 4.1 (].5-16)
164 £ 4.7(11.7-27.7)
4.75 = 0.67 (0.67-3.1)

294 * 10.8 (20-59)
77.2 £ 9.6 (63-102)
181 = 6.1 (170-196)
237 £ 2.6 (20-31.8)
047 * 0.02 (0.43-0.51)
152 = 8.2 (133-169)
204 % 4.4(125-29.5!
334+ 7.2(20.5-52.5.
70.0 = 40.3 (21-176)
32 x3(1-16)
6.0+ 42(9.6-27.7)
478 = 0,84 {3.1-7.1)

Serum wiacylglycerol {mmol/L)
Serum LDL cholesteroi {mmol/L)
Serum HDL cholesterol (mmol/L)
Serum ALAT (ukat/L)

Serum ASAT (ukavl)

Serum ALP (uiari)

Serum bilirubin (umol/L;

Serum y-ghnamvitransferase (ukat/L)
Serum msulin (mU/L;

G-glucoss tmmol/L:

1.06 = 0.44 (0.49-1.%)
3.02 £ 1.0(1.3-5.6)
138 = 0.23(1.1-1.9)
0.40 = .11 (0.27-0.69)
038 = 0.13¢0.27-0.85)
275 = (.44 (5-4.15)

[3.3 = 53.8(6.3-33.5)
0.32 = 015 (0.13-0.69)
9.2 £ 2.55(3.5-26.3)
434 = 076 (3.3-7.00

1.20 = 0.67 (0.67-3.1)
3.00 + 0.60 (2-3.8)
1.25 = 0.20 (1-].8)
(044 = 0.14 {0.24-0.69)
0.35 = 0.07 {0.26-0.44)
253 4054 (1.55-3.3)
16.8 = 12.9(8.5-35)
0.37 £ 0.13.40.21-0.6%
708 = 1,82 (4.3-10.9)
429 = (.39 (3.6-4.8)

1.10 = (.54 (0.49-3.1}
301 =084 (1.3-5.6)
1.31 £ 6.21 (1.0-1.9)
041 = 0.11 (0.24-0.69)
037 = 001 (0.26-0.85

265 = 0490155407

154 = @] {8.3-35;

0.33 = (.1210.13-0.6%

.35 = 4.56 (2.5-26.3)
17 =

0.65 (3.5-7)

"% = SD range in parentheses. CDT, carbohydrate deficient wansferrin: ALAT. alanine aminotransferase: ALP. alkaline phosphitass; ASAT. aspariate

aminotransferass.
? Significantly different from nendonors. £ << 0.0001.
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serum y-glutamy ltransterase, CDT, and serum alanine amino-
transferase, serum aspartaie aminotransferase. and serum alka-
line phosphatase activities.

Serum ferritin was determined with a doub%e»antibody poly-
ethyleneglycol radioimmunoassay (Diagnestic Products Corp,
Los Angeles). The assay was calibrated against the World
Health Organization’s first international standard (IS 80/602).

CDT was determined with RIA CDTect {(Pharmacia-Upjohn
CDT, Uppsala, Sweden). Serum iron and total-iron-binding
capacity were measured by using methods described previously
(10). The subjects” body weights were measured with a SECA
Delta digital scale (Vogel and Halke, Hamburg, Germany).

Experimental design

The subjects selected were carefully informed about the
details of the study, the reasons for the selection procedure
ised, the use of radioactive isotopes, and the purpose of the
stady, The main purposes of the studies were to examine iron
absorption in relation to iron status and to compare men and
women in this respect. The iron status of women normally
varies considerably because of marked differences in iron
requirements as a result of varying menstrual iron losses. To
ensure that the male participants had similarly varying iron
requirements, about one-third of the men selected were non-
anemic blood donors. To be able to compare iron absorption in
mnen and women we served a diet with high iron bicavailability,
which was identical to one of the diets served to women in a
previous study (11).

The absorption of heme and nonheme iron was measured
from all meals during one 5-d period from Monday through
Friday. Nonheme iron in all meals was homogeneously labeled
with an extrinsic *°Fe tracer (o the same specific activity. Heme
iron in the same meals was extrinsically labeled in the same
way by using biosynthetically **Fe-labeled rabbit hemoglobin.
Each day, four meals were served: breakfast, lunch, dinner, and
a light evening meal. A fruit snack (an apple or a banana) was
served between breakfast and lunch and between lunch and
dinner. The menu was different on all 5 d to make the diet as
varied and realistic as possible. Further detaiis of the compo-
sition and preparation of meals were described previously (9,
10,

All meals, except the evening meals, were served under
supervision in the laboratery. The evening meals were prepared
and labeled in the laboratory but were consumed in the partic-
ipants’ homes. The heme- and nonheme-iron content of all
meals was known from chemical analyses or from food tables.
A precise measure of the iron content of each meal was
required to enable the homogeneous labeling of the heme and
nonheme iron to the same specific activity in all meals with the
two radioiron 1sotopes Two weeks after the last serving, the
total retention of Fe was measured in a whole- -body counter.
At the same tume, a blood sample was drawn to determine the
content of >*Fe and *“Fe to determine the ratio of the absorption
of the 1wo tracers and the total retention of **Fe. Body weight
and height were measured in 2 standardized manner on the
same mormning as whole-body counung was perfermed.

After whole-body counting of the retention of **Fe, a first
ora! reference dose containing 3 mg [errous iron labeled with
“Fe (see beiow) was served 1o fasting subjects. A second
reference dose was then given on the foliowing morning, also
to fasting subjects. Two weeks later, the retenuon of absorbed
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ion from the reference doses was meuasured by whole-body
counting.

Meals

All meals were prepared in the laboratory kitchen as de-
scribed previously (10, 11). The diet was designed to have high
iron kroavailability and was described in detail previously (11}.
Fresh samples of raw and boiled vegetables and potatoes were
analyzed for ascorbic acid on the same day as they were served
according to a method described previously (13). For further
details see the study by Gieerup et al (10).

Samples of rolls, meat dishes, and cheese were freeze-dried
and ground to a powder in a porcelain mortar. Weighed
amounts of this powder from the rolls were analyzed for total
iron {14) and nonheme iron {13). Heme iron was calculated as
the difference between total iron and nonheme iron, Phytic acid
was determined by using the method of the Association of
Official Analytical Chemists (16) but medified as described
previously (10).

Duplicate portions of the meals were analyzed by homoge-
nizing the food components in an Ulira Turrax homogenizer
(Janke & Kunkel, IKA-Werk, Staufen, Germany) for | min in
metaphosphoric acid (15% wt:vol and pH adjusted to 3.54.0
with 2 mol KOH/L). Samples were then freeze-dried from each
portion. Methods to determine nitrogen, calcium, phosphorus,
magnesium, iron, and zinc were described previously (10).

Radioiron labeling of meals

Nonheme iron

An isotope solution, **Fe as FeCl, in 0.1 mol HCUL, was
prepared at the beginning of the study and, before use, checked
for activity at the Radiation Physics Depariment, Sahlgrenska
University Hospital. G&teborg. This radioiron solution was
used throughout the study to label the nonheme iron of the
meals, giving identical decay of the isotope over the time
elapsed from the beginning to the end of the studies. Each
subject received a tolal of 93 kBq *°Fe.

Each wheat-rye roll was labeled with the radioiron standard
solution just before serving in amounts that gave exactly the
same specific activity of nonheme iron in all meals. The roll
was cut into halves and the radioiron solution was pipetted with
precision pipettes (40-200 wpl, precision 0.8-0.4%; Finnpi-
pette Digital Labsystems, Helsingfors, Finland). The radioiron
solution was soaked into the roll. One person was responsible
for all labeling during the study and ali calculations of radioi-
ron labeling were double-checked.

Heme iron

Labeled hemoglobin was prepared by intravenous adminis-
tration of radioiron, **Fe, into rabbits. Details of the procedure
were described previously (14). Biosynthetically S Fe-labeled
rabbit hemoglobin was pipetted onto the meat in the meals in
amounts directly related to the heme-iron content of the meal.
Each subject received a towal of 74 kBuy Fe. The vield of the
preparation of radiciron-labeled hemoglobin in the rabbit wax
lower than expected and was jus: enough for 23 of the 31
subjects. in the remaining eight subjects (threc blood donors
and five nondonors) the absorption of heme iron had to be
caiculated. We selected the log reference dose absorption 1o

calculate the percentage heme-iron absorption «(vi from log
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reference dose absorption (1) by using the equation v =
46.6x — 38.5 7 = 0.717).

Oral reference doses

A solution of 10 mL of 0.01 mol HCVL containing 3 mg Fe
as FeSQ, and 30 mg ascorbic acid labeled with **Fe wag vsed
as a reference in the study. The subjects drank the solutions
directly from the 10-mL vials containing the iron solation and
then the vials were rinsed twice and this water was also
consumed. Each subject received two reference doses on two
consecutive mornings after an overnight fast, No food or drink
was allowed for 3 h afier the reference dose. Each subject
received a total of 27 kBg *“Fe from two reference doses.

Total radiation

The retention of *°Fe was based on measurements in a
whole-body counter with high sensitivity. Total *"Fe retention
could be caleulated from the ratio of **Fe to **Fe in a blood
sample. It was thus possible to determine the total retention of
both radioiror isotopes in each subject with good accuracy and
precision and thus alse the total radiation. The mean and
median total radiation received by the subjects were 0.23 and
0.19 mSv, respectively. The total range of radiation was 0.08—
0.58 mSv. The natural background radiation in Sweden 15 =~4
mSv and the median radiation thus constituted 4.8% of the
packground radiation, which is well within the normal geo-
graphic variation in radiation.

Measurement of nonheme-iron, heme-iron, and total iron
absorption

Analysis of **Fe and "Fe in blood was made by using a
modification of the method described by Eakins and Brown
(17) with a liguid-scintiliation spectrometer (Tri-Carb; Packard
Instruments, Dallas). Relative absorption was calculated from
samples of blood. The absolute absorption of **Fe was mea-
sured by whole-body counting of **Fe in a whole-body counter
with high sensitivity. The absolute absorption of **Fe was
caicuiated from the absolute absorption of **Fe in the whole-
body counter and the relative absorption of the two wacers in
blood samples.

All procedures and methods of calculation were described
previously {14, 18). Based on measuremenss of iron absorption
from identical meals labeled with two different isotopes served
on different days. the CV for a single measvrement of non-
heme-iron absorption was 35% (9). Absorption is presented as

TABLE 2
Iron-absorption dara’

the mean from 15 meals. This impiies that the CV of nonheme-
iron absorption measurements was §-9%. The method used to
determine heme-iron absorption and total iron absorption is
described in detail in a previcus paper (10}

Calculation of iron reguirements

Total iron requirements were calculated as the sum of basal
iron losses estimated from body weight (14 ug Fe - kg body
wt'-d""). Based on previous estimations, basal iron require-
ments had a CV of 15% (19).

Statistical analysis

All calculations were made by using the Microsoft Excel 5.0
compuater programn (Redmont, WA). Statistical analyses were
made with the STATVIEW 4.0 program (Abacus Concepts,
Inc, Berkeley, CA).

RESULTS

The results of the absorption measurements and the calcula-
tions of iron requirements are shown in Table 2. The results are
given separately for the blood donors (n = 12) and the non-
donors (n = 19). In the blood donors the mean (= SD) total
daily iron absorption was 3.00 = (.97 mg. Heme-iron absorp-
tion was 0.67 = 0,13 mg and constituted 22.3% of total iron
absorption. The total basal iron requirement in the blood do-
nors was 1.13 = 0.13 mg, which was not significantly different
from that of the nonblood donor group (r = (.85, NS),

In the 19 iron-replete men who had not served as blood
donors, total daily iron absorption was 0.97 = 0.30 mg and
heme-iron absorption was 0.44 *= (.12 mg. Heme iron thus
constituted 45% of the total amount of iron absorbed. The
calculated iron reguirement in these 19 men was 1.06 % 0.13
mg based on total iron losses of 14 ug *kg™'+d™" (20). The
mean difference between total iron absorption and iron require
ments was not significantty different from zero (r = 0.88, P =
(0.39}. In the total sample the calculated total daily iron require-
ment was 1.08 = G.13 mg. Total shsorption was 1.76 = 1.19
mg and heme-iron consutuied 30.6% of the total absorption.

None of the blood donors was anemic or had signs of
iron-deficient erythropoiesis and none had given biood during
the previous 2 mo. The absorption of herne iron, nonheme iron,
and total iron was significantly different from that of the
nondonors (F < 0.0001). Serum ferritin in the biocod donor-

Nondonors (n = 19) Blood donors (n = 12) All subjects (n = 31

Iron absorption
Nonheme 1ron

1%} 4.5 = 1.96({2.5-9.4) 174+ 8§4{2.6-339) 10.3 = 8.8(2.5-33.9)

imal 0.54 = 024 105-1.1% 200 = ;.01 403107 1.23 = 106 {02507
Heme iron

(% 232 =7.0(14.9-36.); 349 = B {13,7-42.5; 266 = 925 (14,6435

imgs 044 = Q12 (0.27-0.65: .65 = 015 (028075 0.52 = 0.77 (1127448
Total iron abserption (mg) .97 = 0.30 ((.57-1.64) 272 = 1.14 (0.59-4 85) 1.76 = 1,19 (0.57-4.83)
Refersnce dose absorplion (% 245 = 9.99 (9 6-58.7, 32 D 164 (9.9-62.5) 309 = 14,5 (00525
Iron requirements tmgl 106 = 0L13 (0 88-1.45% 113 2013 (0.91-1.37 108 = 013 (0L.86-1.43)

£ = SD: range in parentheses.
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was significantly iower than in nondonors. The comparison
was made after log transformatiion of the serum ferritin vatues
(P < 0,000

Estimates and measurements of heme-iron absorption

In 23 subjects heme-iron absorption was measured directly
bv using biosynthetically labeled heme iron as described
atuve. In the remaining eight subjects (three blood dunors and
five mondonors) heme-iron absorption had to be calculated
from other measures of iron status by using the observed
relations found in the 23 subjects. To find the best method to
calculate percentage heme-iron absorption we examined its
relation to different iron-status indexes and obtained the fol-
lowing corretation coefficients: log serum ferritin, /° = 0.36;
reference dose absorption, ©* = 0.71; percentage nonheme-iron
absorption, 7 = 0.69: and log reference dose absorption, ¥ =
0.72. On the basis of these findings log reference dose absorp-
t::n was chosen to calculate heme-iron absorption, in 8 of the
31 subjects in whom no direct measurements of heme-iron
absorption were made, by using the formula given previously.

Relation between log serum ferritin and iron absorption

The relation between the total amount of iron absorbed and
log serum femritin is shown in Figure 1. [n 18 of the 19 men
who had not served as blood donors iron absorptien was lower
than in the blood donors. In 17 of these 19 subiects the total

-nount of iron absorbed was below the upper calculated basal
ron requirements, 1.4 mg/d (¥ + 2 SD),

As shown in Figure I, iron absorption increased when log
serum fervitin decreased. This was true in subjects with a log
serum ferritin below =1.8 pg/L (serum ferritin 60-70 pg/L).
In those having a log serum ferritin concentration greater than
this value there was no systemaric decrease in total iron ab-
sorption. The absorption in these normal subjects thus seemed

5
[}
O Biood donors
®  Nordonors
4 o o
=
-53 o
= o
8
= ] o
5 o
[s]
2 o
[}
= o c o
2
3 ° v
i T . « ®
14 - - ® .
- . ® hd
iBasal iron iosses * .
{ . L] .
|
0 Y ‘ 5
1.0 2.0 - 2.4
10 15 20 50 100 250

Log serum territin {pg/L)

FIGURE 1. Total iron absorned from tne diei over 3 d in relaton 1o oz
serum ferritin concentrations in 12 maje blood donors and 19 mais non-
donors. The horizontal line indicates mean basal iron reguirements in this
group of men with @ mean body weight of 77 kg and assuming o CV of
5% (77 > 0014 > 130 = 1.4 mg). On the abscissa, serun: ferritin

conceniraiions are alse given in wahics.

to form @ “w@il” in this graph. Six of the subjects had serum
ferritin concentrations > 100 pg/L (log serum ferritin > 2.0
mg/L). Note that the blood donor with the highest serum ferritin
value (70 ug/l) was nearly exciuded because of an unex-
plained elevated erythrocyte sedimentation rate {16 mm/h) and
a high CDT coencentration (27.7 U/L)

Relations between log serum ferritin and absorption of heme
iron and nonheme iron were analyzed separately. As shown in
Figure 2, both heme- and nonheme-iron absorption were in-
fluenced by iron status bui the effect of iron status was more
marked for nonheme iron. In a state of iron depletion corre-
sponding to a serum ferritin concentration of ~10 ug/L the
fractional absorption of the two kinds of iron was the same. At
higher serum ferritin concentrations both decreased but non-
heme iron decreased more than did heme iron. At serum ferritin
concentrations of 15, 20, and 30 pg/l, 40%, 80%, and 140%
more iron was absorbed from heme iron, respectively.

Total amounts of iron absorbed in men and women

In one of the two previous studies (10, 11) in women the
same diet as in the present study was served to men and the
same method was used to determine the total daily amounts of
iron absorbed {11). There was one difference, however. In
these two previous studies, heme-iron absorption was not mea-
sured directly but was estimated from the heme-iron content in
the meals and the absorption of iron from the refersnce dose
was calculated by using an equation derived from studies by
Martinez-Terres and Layrisse (21). In that equation the squared

2.0

Log absorption (%0)

0.5

®  Heme iron
&  Nonheme iron

0.0 ‘ T—
1.0 1.5 2.0 2.5

Ltog serum ferritin (ug/L)

FIGURE 2. Reiation between log absorption of heme and nonhems iton
i relation to log serum ferritin concentrations. Dotied iines renresent the
95% Cls of the regresssion lines. The regression hine for heme-iron
abgorption was y = 19897 — (0.3092x (2 = 0.415) and for nonheme iron
was v = 2.6974 — 1.0432y (© = 0.660). The lines intersect ar @ serum
fersiun concentration of 1 g/l and an absorption of ~50%.
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correlation coefficient between heme-1ron absorption and log
serum ferritin was only 0.36. In the present studies direct
measuremnents of both heme- and nonheme-iren absorption
from the same meals were made in 23 subjects under realistic
conditions. This new eguation, based on the use of log refer-
ence dose absorption (see above), gave a better prediction of
heme-iron absorption ( = 0.72) and was therefore used in the
eight men in whom no direct heme-iron absorption measure-
ments were made. The new equation gave values for percent-
age heme-iron absorption that were 28.4 = 12% higher than
those derived from the equation used previously. The previous
equation was based on meals containing only veal. Therefore,
in the present comparison of dietary iron absorption in women
and men the same new equation was used in the women. Total
iron absorption in women was thus recalculated 10 make the
measurements in men and women directly comparable, Be-
cause men and women differ in body weight, iron absorption
was calculated per kilogram body weight.

Another problem when men and women are compared is the
“tail” in the relation between absorption and log serum ferritin
seen in men but not in women. As discussed later there are
reasons to believe that some of the high serum ferritin values
seen in men were not true expressions of the size of their iron
stores. In the sample of 21 women used in the comparison with
men the highest serum fernitin value was 70 pg/L (log serum
ferritin 1.85 wg/L) and the highest serum ferritin value among
the male blood donors was also 70 pg/L. Therefore, when the
regression line was calculated for the relation between iron
absorption and log serum ferritin, only men with a serum
ferritin concentration = 70 pg/L were included in the compar-
ison so that the same range of serum ferritin values was used in
men and women.

As shown in Figure 3, the regression lines for the relations
between log serum ferritin and total iron absorption were very
similar in men and women. The slopes of the regression lines
were not significantly different (P > 0.30, 7 test), which was
also true for the y intercepts (F > (.30, 7 test). This means that
men and women absorb the same amounts of iron from the
same diet at the same Iron status.

DISCUSSION

Validity of the method used to measure total daily
amounts of dietary iron absorbed

In studies on the relation between iron absorption and iron
status 1t is advantageous to be able to relate the absorption not
just 1o a single meal but to the whole diel over a certain period
of time. It is then possible to relate the absorption to individual
iron requirements in validating the method and to study the
effects of different iron statuses on iron absorption and iron
balance.

The finding that the mean total amount of iron absorbed
(.95 meg: was nol significantly different from the calculated
basal iron reauirement {1.06 mg; in those 19 men whe had not
served as blood donors. and who may be considered to be in
iron halance. implies that the present method to measure the
total amount of iron absorbed from the diet over several days
is valid. Thnis result is consistent with observations in the 1wo
previous studies {10, 11) in menstruating women when the
same method was used [0 measure iron absorpton. Good
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FIGURE 3. Relation between total iron absorbed in 20 men with a log
serum ferritin concentration < 1.9 g/l and in 21 women who were served
the same diet in another study (11). The regression line for the men was
y =013 - 0.062x (7 = 0.46) and for the women was y = (152 ~ 0.078x
(= = (.687). The slopes were not significantly different nor were the
intercepts {/ test},

agreement was found between the total daily amount of iro:
absorbed from the diet and individua) daily iron requirement..
The latter was calculated from individual measurements of
menstrual iron losses and basal iron Josses calculated from
body weight (11). There are thus three separate studies illus-
wating the validity of the present method to measure iron
absorption from the whole diet over several days by using
extrinsic labeling of ali meals to the same specific activity.

Validity of selection of subjects

The selection of subjects was made 10 obtain a sample ¢
normal healthy men with greatly varying iron statuses, extend-
ing 1o about the same range as seen in healthy women. There- -
fore, clinical and laboratory examinations were conducted (0
exclude those who might have had any disorder or lifestyle
factor (eg, smoking and alcohol abuse) known 1o influence
iron-status indexes, especially the concentration of serum fer-
ritin. Because increased erythropoiesis per se is known 1
increase iron absorption. those who had donated blood 1 the z
me before the studv were exciuded. As seen in Table 1.0
distributions of hemoglobin concenirations and ransiernn i
uration values were within normal limits anc not significant’y
different between blood donors and nondonors. It is alse of
interest that mean percentage nOUhem e-iron apsorpLion vaiuas
were not significantly differen (P > C.1) berween the blood
donors and the sample of women served the same diet and used
in the comparison of men and women (1 1. Thus. in the present
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analyses of relations between dietary iron absorpiion and iron
status in men we think it was justified to combine blood donors
and nondonors in the present sample.

Absorption in relation to iron stores

As mentioned in the Introduction a relation between iron
ahsorption and iren status, based on serum ferritin measure-
ments, was observed in several studies (1-9). In a study on the
reiation between log absorption and log serum ferritin in 47
normal subjects the squared correlation coefficient was 0.67
(7). In another study, which used clinical data for 50 subjects,
the squared correlation coefficient was 0.60 (4). This material,
however, included patients with both iron deficiency and iroa
overload who had serum ferritin values up to 3000 pg/l. A
reexamination of the published data showed that limiting the
range of serum ferritin to 250 pg/L produced a squared corre-
l;.ion coefficient of only 0.21.

The balance of evidence suggests that serum ferritin is 2
good indicator of the amount of stored iron: low amounts
indicate iron deficiency, high amounts indicate states of iron
overload, and men have higher amounts ‘than women. More-
over, a relation between the content of nonheme ircn in the
bone marrow and serum ferritin has also been shown (4), On
the other hand it is also well-known that increased and often
very high serum ferritin values are seen in inflammatory and
© fectious disorders, in liver disease, in starvation, and in
association with a high alcohol intake.

Direct evidence of a relation between iron stores and serum
ferritin concentrations was obtained in four studies by measur-
ing the stores by quantitative phlebotomies (22-25). By pool-
ing these results the squared correlation coefficient between the
serum ferritin concentration and amounts of mobilizable iron
stores was only =0.5, indicating that only 50% of the variation
in serum ferritin was related to variations in amounts of stored
iron. All these data indicate that a considerable part of the
~ ariation in serum ferritin was noi related to the size of the iron
sLotes.

In our previous studies in women, significant relations were
seen between total daily amounts of iron absorbed and log
serum ferritin. The same was seen in the present studies in men
with serum ferritin vaiues = 70 pg/L. In men with serum
ferritin values > 70 pg/L, however, no relation was noied
{(Figure 1). The results in these normal, iron-replete men thus
formed a tail in the graph. A similar tail was also seen in the
present data by relating reference dose absorption instead of
food iron abscrption to log serum ferritin (data not given here).
Such a tail was not seen in the previous studies in women, who
on the other hand had no serum ferritin vaiues > 70 pg/l.. Note
that the frequency distribution of serum ferritin in the present
sample of men was the same as in the extensive sample of men
in the second Nationa! Health and Nutrition Examination Sur-
vey (NHANES IIt in the United States (12). It shouid be
remembered that © of the 40 men originally invited to partic-
ipate in the present study were excluded after careful clinical
and laboratorv exarninaiions. In the 31 men selected for the
study we tried 1o exciude those men who might have had
cievated concentrations of serum farritin due to alcohol intake.
smoking, liver disease, mild diabetes. and mild infections dur-
ing the month preceding the study. Therefore, the probability is
low that the tail was due to any known pathologic factor
uifluencing serum ferrun.

To further examine the cause of the wail. the relation between
dietary iron absorption and iron status was also examined by
using the absorption from the reference dose instead of the
concentration of serum ferritin as an independent measure of
iron status. As shown in Figure 4 a siraight line relation was
seen over the whole range of dietary iron absorption. The
squared correlation coefficient was high, # = (0.832. This
finding suggests that serum ferritin in the range seen in iron-
replete men and > 70 ug/L 1s not a good measure of their iron
stores.

In a critical review of the relation between serum ferritin and
amounts of stored iron it was shown that the variation in serum
ferritin was considerable, in turn making it difficult to predict
amounts of stored iron from concentrations of serum ferritin. In
two clinical smdies the variation in liver iron concentration
accounted for only 36% of the variation in serum ferritin (26).
Tn an earlier study in healthy men no correlation was seen
between iron stores measured by phlebotomies and serum
ferritin concentration (24).

It was obvious in the present study that in normal subjects
with a log serum ferritin concentration > 1.8 wg/L (serum
ferritin = 60-70 ug/L), iron absorption was within the range
needed to meet basal iron requirements, which means that a
further accumuiation of iron in body iron stores will not take
place by absorption of iron from the diet. Consequently, the
high serum ferritin values observed in the iron-replete men
above this critical range (> 60-70 ug/L) were not due to the
high iron stores derived from the diet but were probably retated
to other unknown factors (see below). This suggests that in
men with higher than normal serum ferritin concentrations,

Total dietary iron absorbed {mgid)

]
i?%aL iron Ioss:ﬂ
b

o 1C 2% 3C 40 Y 50C 70

T

Absorpiion from reference doses (%}

FIGURE 4. Relation between toral dietary won absorped «vi and ab-
sorpiion from reference doses «x). The regression line was » = 0.079x =
0.606 (7~ = (.832;. The honzontal iine indicates mean basal iron
requirements.



om all diets decreased to values below basal iron require-
ments, thus implying a cessation of any further increase in iron
gtores. This was also true for a diet with high iron bicavail-
ability. [t was estimated that in women with Jow iron require-
ments the maximal iron stores that might be attained by ab-
- gorption of iron from the diet would be =~4-500 mg (11).
Tl decrease in iron absorption in men in the present study
agrecs with the findings in the women served the same diet.
These results in both women and men thus stongly support the
conclusion that in otherwise normal iron-replete subjects, iron
will not accumulate in the body above certain upper physio-
logic limits.

There are several independent observations and studies that
suggest that in normal subjects there is an effective control
mechanism that will prevent accumulation of excess iron in the
bodv. In epidemiologic studies it has been observed that serum
fer ..an values peak in the third to fourth decade in men (12,
33). In a carefully designed iron-fortification trial in which
subjects were given 7.5 mg highly available extra iron daily for
2 y, iron status in women improved significantly whereas no
effect on serum ferritin was noted in men (34). High doses of
ascorbic acid (2 g/d) given with the main meals for 2 ¢ to
improve dietary iron bioavailability had no effect on serum
ferritin in iron-repiete men (35). In a recent study in an iron-
replete man, 10 mg Fe as ferrous sulfate was mixed into one of
th main meats for 500 d with no significant increase in serum
fecritin {36).

Another example of the capacity of the mechanisms regu-
lating iron absorption is from two extensive necropsy studies in
which the content of nonheme storage iron in liver samples was
measured. One study presented data from 3983 subjects in 13
countries (37) and the other study data from 277 subjects in the
United States (38). The mair result in both studies was that
after the age of =30 y, there was no further increase in liver
iron stores.

The variation in serum ferritin noted in the present sample of
men was not significantly different from the variation reported
in men of about the same age in the extensive NHANES 11
(12). This latter survey was made in 1976--1980, ie, at about the
same time as the necropsy study in the United States. In the
NHANES II, there was an increased skewness of the distribu-
tion of serum ferritin with a shift toward higher serum ferritin
values after the age of 20 y, especially in men but also in
women. Despite this, median values were only slightly changed
with age.

Considering the present finding that there is an effective
control mechanism of iron absorption and all the indirect
evidence mentioned supporting this conclusion, there must be
other faciors related 1o age that are associated with an increase
in the concentration of serum ferritin and responsible for the
shift toward higher values.

The present conciusion that there was an effective down-
reguiation of iron absorption is important in the evaluation of
& recent hypothesis (based on 2 statisucal relation): that mod-
erately elevated serum ferritin concentrations (3 200 pg/L:
increase morbidity in corcnary artery disease in men (39}, The
conciusion in that study was that a high amount of stored iron
is o risk for coronary artery disease. However, the causality of
such a relation must be seriously questioned on the basis of the
present conclusion: that moderately elevated concenrrations of
serum ferritin should not be transiated inte higher iron stores.
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The findings from this Finnish study have not been confirmed
by other studies.

Another important implicatior: of our finding that there is an
effective control mechanism for iron absorption and that in
iron-replete subjects iron absorption is about the same from
diets with greatly varying iron bicavailability is that studies of
factors influencing iron absorption are less valid in iron-replete
subjects. Even marked differences in bicavailability observed
in iron-deficient subjects or in subjects with small or moderate
iron stores will be hard or impossible to detect in iron-replete
subjects and will thus give misieading results (11). In addition,
the absorption of fortification iron will be regulated in the same
effective way as all other dietary nonheme iron. Thus, there
would be no reason why fortification iron would constitute a
special rigk for iron overload in otherwise normal and iron-
replete subjects.

Because iron cannot be actively secreted from the body, an
understanding of the regulation of iron absorption is key to
understanding iron metabolism and iron balance. This was well
illustrated in a recent review (40). From a teleologic perspec-
tive, the high iron content of our environment and the assumed
high iron intake by early humans (41) make it reasonable to
assume that for survival, both humans and animals must have
developed effective control mechanisms tc prevent both iron
deficiency and iron overload. The present finding of an effec-
tive control of iron absorption is compatible with this
perspective. |
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