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Competitive inhibition of iron absorption by manganese

and zinc in humans*

Lena Rossander-ITultén, Mats Brune, Brittmarie Sandstrém, Bo Lonnerdal, and Leif Hallberg

ABSTRACT Zinc and manganese may interfere with iron
absorption because of similar physicochemical properties and
shared absorptive pathways. The effects of zinc and manganese
on iron absorption were studied in human subjects by using
paired observations and a dual-radioisotope method (5°Fe and
**Fe). Manganese inhibited iron absorption both in solutions
and in a hamburger meal. Fractionat iron absorption is strongly
dose dependent. Adding 2.99 mg Mn to 0.01 mg Fe reduced
iron absorption to the same exient as increasing the iron dose
300-fold to 3 mg, strongly indicating a direct competitive inhi-
bition of manganese on iron absorption. In the same experiment
with zine, no inhibitory effect was observed, suggesting different
pathways for the absorption of zinc and iron. An intraluminal
interaction may occur, because a fivefold excess of zinc to iron
(15 mg Zn/3 mg Fe) reduced iron absorption by 56% when given
in a water solution but not when given with a hamburger
meal. Am J Clin Nutr 1991;54:152-6.

KEY WORDS Iron abserption, human, manganese, zinc,
trace element interactions

Introduction

Iron deficiency is very common in most developing countries
and is also prevalent in many industrialized countries {1). Infants,
children, teen-agers, and women of fertile age are the most vul-
nerable groups and various programs have been introduced to
minimize this nutritional disorder (2, 3).

The main causes for nutritional iron deficiency are tow dietary
iron intzake and low bioavaitability of iron in the diet. The latter
is due to an imbalance among dietary factors enhancing and
inhibiting iron absorption (4). The main enhancing factors are
ascorbic acid and meat and fish. We (5-7) previously identified
and quantitated the inhibitory effects of phytate, iron-binding
phenolic compounds, and calcium on iron absorption in hu-
mans. However, other dietary components that may interfere
with iron absorption remain to be investigated.

Trace elements with similar physicochemical properties may
interact with each other at the level of absorption. By forming
1onic complexes in water that have similar configurations, a high
concentration of one element may inhibit the mucosal uptake
of another element provided that they share absorptive pathways
(8, 9). Such an interaction was shown for zinc and copper (1,
and this interaction has also been used in the treatment with
zinc of patients with Wilson’s disease, a genetic disorder of copper
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everlead {1 1). Similarly, a negative effect of high concentrations
of iron on zinc absorption was demonstrated (12, 13).

In this study we investigated the effect of zinc and manganese
on iron gbserption. Zinc supplements have become more com-
monly used, and large pharmacological doses can be found in
some minerat supplements. Manganese is less commonly found
as a mineral supplement but is present in high concentrations
in foods such as legumes, nuts, and tea (14, 15). We therefore
found it important to evaluate and quantitate the individual
effects of zinc and manganese on iron absorption in humans
both when given as single supplements and when included as
part of a composite meal. The access of two readily measurable
radioactive iron tracers made it most feasible to study the in-
teraction in absorption among zinc, manganese, and iron by
primarily investigating the effect of zine and manganese on iron
absorption.

Methods

Subjects

Ninety-cight healthy volunteers participated in the study: 33
men and 65 women aged 19-50 y. Each series contained a num-
ber of regular blood denors to ensure variation in iron status
among subjects, Participating subjects were given oral and written
information about the aims and procedures of the study. The
study was approved by the Ethical Committee of the University
of Goteborg.
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Experimenta! design

The effect of manganese or zinc on iron absorption was studied
by comparing in the same subject the absorption of iron, given
as ferrous sulphate, with or without manganese or zinc and Ja-
beling the iron with two different radioiron isotopes, **Fe and
*Fe. The effect of manganese and zinc was also studied when
iron was supplied as nonheme iron in a composite hamburger
meal,

In most experiments iron wasgiven to fasting subjects as a
solution containing 3 mg Fe, or 3 mg nonheme Fe in a meal,
with or without 7.5-15 mg Mn or 15-45 mg Zn, To increase
the sensitivity of the study, the absorption from iron doses 300-
fold different in size, 3 and 0.01 mg Fe, were also compared and
2.99 mg Zn or Mn was added to the 0.01 mg Fe dose.

The iron solution or meal with (A) or without (B) added man-
EaNese Or zinc was given on alternate mornings after an overnight
fast on 4 consecutive days in the order ABBA or BAAR. Water
(150 mL) was ingested with the meals. As mentioned above, the
iron solutions or meals (A and B) were labeled with two different
radioiron isotopes. A blood sample was drawn 2 wk after the
last meal was served to determine the ratio of **Fe to “Fe in
blood. Analysis of **Fe and **Fe was made by means of 2 mod-
ification of the method described by Eakins and Brown (i6).
Total retention of **Fe was measured by whole-body counting
at the same time as the blood sample was drawn, whereas total
retention of **Fe was calculated from the ratio of *Fe to *Fe in
red cells. All procedures and methods of calculation were de-
scribed previously (17).

Effects on iron absorption

The absorption of 3 mg Fe given as ferrous sulphate, together
with 7.5 or 15 mg Mn (as manganese chloride) was studied
{(studies 1 and 2). In another experiment (study 4) iron absorption
of 18 mg Fe was compared with absorption of 3 mg Fe given
together with i5 mg Mn. Iron absorption was also studied from
a hamburger meat containing 3 mg native nonheme Fe, given
with or without 15 mg Mn (study 3). The nonheme iron was
extrinsically labeled with a trace amount of high-specific-activity
radioiron, *Fe or **Fe, when the meals were given with or with-
out manganese. In one experiment (study 5) iron absorption
from 3 and 0.01 mg Fe was compared, with 2.99 mg Mn given
together with the 0.01-mg Fe dose,

The 3-mg Fe dose was given with two doses of zinc, 15 or 45
mg Zn as zinc sulfate {(studies 6 and 8). In addition, iron ab-
sorption was compared from hamburger meals containing 3 mg
native nonheme iron, extrinsically labeled with the two radiciron
tracers, when the meals were given with or without 15 mg Zn
(study 7). In one experiment the iron absorption from 3 and
0.01 mg Fe was compared when 2.99 mg Zn was given with the
0.01 mg Fe dose (study 9).

Iron absorption from 3 and 0.01 mg Fe was also compared
to ¢nable evaluation of the results above when the 0.01-mg Fe
dose was given with 2,99 mg Mn or Zn (study 10).

The iron solutions contained 10 mL 0.01 mol HCI/L, iron as
ferrous sulphate, zinc as zine sulphate, and manganese as man-
ganese chloride and were labeled with high-specific-activity **Fe
or *Fe in the form of ferric chloride in 0.01 mol HCI/L. The
10-mL vials were rinsed twice with water, and this was alsg
consumed. No foed or drink was allowed for 3 h postdose. Each
subject received a total of 37 kBq *Fe and 74 kBq *Fe.

The hamburger meal consisted of hamburger (110 g), green
string beans (60 g), and mashed potatoes (150 g). The hamburger
served was a commercial product containing 66 g minced meat,
The meal contained 3 mg native nonheme Fe. Each meal con-
tained 2.04 mg Zn and 0.36 mg Mn.

Results

Addition of 7.5 or 15 mg Mn reduced the absorption of 3 mg
Fe by 2{% and 34%, respectively (Table 1), A similar effect was
found when 15 mg Mn was given in a meal containing 3 mg
Fe; iron absorption decreased by 40%. Manganese had an effect
on the fraction of iron absorbed similar to a corresponding in-
crease in iron dose. The ratio between iron absomption from 18
and 3 mg Fe given with 15 mg Mn was 0.90 = 0.07, ie, no
significant difference. The fraction of iron absorbed from a 3-
mg Fe dose and a dose containing only 0.01 mg Fe and 2.99 mg
Mn was almost identical.

Addition of 15 or 45 mg Zn interfered significantly with ab-
sorption of 3 mg Fe given as a water solution {Table 2). The
absorption of iron was reduced to less than half. When 15 mg
Zn was given with 3 mg Fe in a meal, however, there was no
effect on iron absorption. The fraction of iron absorbed from a
3-mg Fe dose and a dose containing 0.01 mg Fe and 2,99 mg
Zn differed markedly. The fractional iron absorption from the
lower iron dose was 2.5 times higher,

Fractional iron absorption from 0.01 mg Fe as compared with
3 mg Fe was considerably higher (Table 3). This ratio was not
statistically different from the ratio found when 2.99 mg Zn was
added to 0.01 mg Fe but was markedly different from the ab-
sorption ratio when 2.99 mg Mn was added to the 0.01-mg Fe
dose.

Discussion

The individual variability in iron absorption in large, even in
normal healthy subjects (18). This implies that in any group of

TABLE |
Effect of manganese on iron absorption*
Iron absorption Absorption
ratio {with
Studyt Without Mn With Mn Mn:without Mn}
%
L: 3mg Fe + 7.5 mg Mn;
10 F (3] 20.9 £ 3.43 16.3+3.02 0.79 + 0.07¢
2: 3 mg Fe + 15 mg Mn:
SM,4F 2] 305+ 740 18.1 209 0.66 = 0.08
3.3 mg Fe§ = 15 mg Mn;
T9MI[3L2E 14.0 + 2,87 82+ 1.80 0.60 £ 0.041
4: 18 mg Fe/3 mg Fe
+ 15 mg Mn;
I M[1],9F[Y 180+ 312  153%250 0.90 + 0.07
5 3 mg Fe/0.01 mg Fe
+ 2.99 mg Mn;
TM,2F 275+ 395 2p0+ 269 1.02 £ 0.09
* T+ 3SE, ¥

t F, female; M, male. Number of biood donors gitfen in brackets,
1 £ <0001, N
§ 3 mg Fe as nonheme iron in a hamburger feal.
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TABLE 2
Effect of zinc on iron absorption™

Iron absorption Absorption
ratio (with
Srudyt Without Zn With Zn Zn:without Zn)
%
6:3mgFe + 15 mg Zn;
SF[2] 229+ 354 125 £ 401 0.44 + 0,07}
T3 mg Fe§ > 15 mg Zn;
1M1, 9F (2] 111 +2.51 1.5 * 227 111 £ 0.08
8:3mgFe + 45 mg Zm;
IMTF[Y) 24.9 £ 4,08 1.1+ 2.52 0.45 = 0.07¢
9: 3 mg Fe/0.0t mg Fe
+ 299 mg Zn;
IM,7F 18.7 + 4.24 40.5 + 6.08 250+0.22
* X+ 8E,

t F. female; M, male. Number of blood donors given in brackets,
FP <0001,
§ 3 mg Fe as nonheme iron in a hamburger meal.

subjects, the mean value for iron absorption is likely to be dif-
ferent from another group of subjects of the present size. There-
fare, we chose to evaluate the inhibitory effect of manganese
and zinc on iron absorption in each experiment by using paired
observations in the same subject and taking the ratio between
iron absorpticn with and without the factor to be studied. Thus,
several sets of experiments using different groups of subjects can
be compared,

There are two kinds of iron in the diet with respect to mech-
anisms of absorption. Heme iron forms a minor part of dietary
iron and is present as hemoglobin and myoglobin. Nonheme
iron usually constitutes = 90% of the dietary iron and can be
uniformiy labeled with an extrinsic inorganic radioiron tracer.
The added inorganic iron salt can thus be considered to form a
common pool with nenheme-iron compounds in the diet (19),
The access of two suitable radioiron tracers has made it possible
to comprehensively validate this pool concept for iron (20). The
same pool concept has been applied for several other inorganic
nutrients such as manganese and zinc. Recently, by using twa
manganese tracers, **Mn and >*Mn, it was shown that there was
a complete isotope exchange between manganese chloride and
manganese in chicken liver (21},

The present studies on the interaction among iron, zine, and
manganese are only valid for nonheme iron, which exchanges

TABLE 3
Iron absorption from 3 and 0.01 mg Fe

with inorganic iron. It is not known to what extent there are
manganese and zine compounds in the diet that do not exchange
with extrinsic inorganic tracers of these elements. On the basis
of the wide exchangeability of various iron compounds with
inorganic iron in the gastrointestinal tract, it may be assumed
that this is probably also valid for most manganese and zinc
compounds in the diet and their corresponding inorganic tracers.
The present results may therefore be considered to be represen-
tative for interactions between nonheme iron and the majority
of the zinc and manganese in the diet.

Manganese was found to have a strong inhibitory effect on
the fractional absorption of iron. At a manganese-iron ratio of
2.3:1, iron ubsorption decreased by 22% as compared with when
Do manganese was given and at a ratio of 5:1, absorption de-
creased by 34%. In the presence of a meal, a 5:1 ratio of man-
Eanese to iron reduced iron absorption to the same extent, 40%.
Thus, the presence of dietary lipands that could bind iron and/
or manganese did not affect the manganese-iron interaction. This
suggests that the mechanism for absorption of nonheme iron is
strongly influenced by manganese and that dietary binding li-
gands bave a similar effect on both elements. That the same
absorption ratio was obtained when 18 mg Fe was given alone
and 3 mg Fe was given with [5 mg Mn also suggests that the
intestinal mucosa cannot distinguish between iron and man-
ganese at the level of absorption. If manganese did not affect
iren absorption, a higher fractional abserption should have been
obtained from 3 mg than from 18 mg Fe,

A strong support for the interpretation that iron and man-
ganese use the same critical step in the mucosal absorption is
the present observation that the fractional absorption was the
same from 3 and 0.01 mg Fe, despite the 300-fold difference in
dose size, when the .01 mg Fe dose was given with 2,99 mg
Mn (Fig 1). Note that the observed absorption ratio close to |
(1.02) was obtained even though there was a wide varation in
iron absorption among subjects {range 15.1-60.8%).

An interaction between iron and manganese was previously
shown in experimental animals {22-26). Iren supplementation
of infant formula resulted in lower liver manganese concentra-
tions in weanling mice (25). That the interaction occurred at
the level of absorption was supperted by the strong correlation
between the ratio of iron 1o manganese in the small intestina]
mucosa and in the liver, Large amounts of dietary manganese
were shown to cause anemia in rats (22), indicating a negative
effect of manganese on iron absorption and subsequently on

Iran absorption Absorptiont
Absorption ratio
Study* 3 mg Fe 0.01 mg Fe (0.01'1ng Fe:3 mg Fe) 3 mg Fe 0.81 mg Fe
% ' %
10: 3 mg Fe/0.01 mgFe;4M[2],6F 2] 223+ 422% 5.1 £ 6.80 230017 40 9L.7
9: 3 mg Fe/0.01 mg Fe + 2,99 mg Zn§;
3M.7F 18.7 + 4.24 40.5 £ 6.08 250+ Q.22 % 40 86.4

* M, male; F, female, Number of blood donors given in brackets,

t Values adjusted to correspond to an absorption of 40% from the 3-mg Fe dose.
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$ From Table 2, included as a comparison,
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Iron Absorption %

100 +3.99
—1 m?[Zn
lz.ghsia
404 | mg Mn .

Felmg) 3 00l 001 001

FIG 1. Effect of manganese and zinc on iron absorption. Abscrption
ofiron from 3- and 0.01-mg Fe doses: the latter are given with or without
2.99 mg Mn or Zn. To facilitate comparisons the results are normalized
to correspond to an absorption of 40% from the 3-mg Fe dose.

hematopeiesis. We therefore conclude that manganese interferes
with iron absorption and that this occurs over a range of iron
intakes and also in the presence of a composite meal. It is well
known that there is a marked individual variaticn in iron ab-
sorption mainiy related to mucosal regulation of the iron ab-
sorption according to physiclogical demands for iron. The facts
that the fractional absorption of iron was the same from 3 and
0.01 mg Fe when the latter dose was given with 2.99 mg Mn
and that the interindividual variation int iron absorption was
very marked in this study (fourfold) strongly suggest that the
common steps in the transfer of iren and manganese through
the intestinal mucosa include unknown steps regulating iron
absorption.

The interference of manganese with the absorption of iron
should be taken into account when the inhibitory effects of var-
ious dietary components on iron absorption in humans are eval-
uated. The competitive interaction between manganese and iron
implies that the effect expected depends on the relative amounts
of these elements in a meal. For example, the inhibitory effect
of tea on iron absorption is mainly due to its content of iron-
binding phenolic compounds (6, 27). If much tea is consumed
with a meal low in iron, part of the observed inhibition may
also be related to the high manganese content of tea (~1-2 mg
Mn per cup of tea). :

In contrast to manganese, zinc had no detectable effect on
iron absorption in the very sensitive experiment in which the
absorption from 3 and 0.0! mg Fe were compared and 2.99 mg
Zn was added to the low-iron dose {Fig 1). Thus, this finding
indicates that iron and zinc do not share a transfer system through
the intestinal mucosa, Therefere, the observed inhibition of iron
absorption when 15 or 45 mg Zn was given with 3 mg Fe suggests
that this interaction occurs in the intestinal lumen and with
hypethetical ligands that normally favor iron absorption. This
interpretation is also compatible with the present observation
that the inhibitory effect of zinc on tron absorption was abolished
in the presence of a meal, These findings suggest that when di-

etary ligands are present, physiologically there is no interaction
between the absorption of iron and zinc.

In a previous study (13) it was shown that iron can inhibit
zinc absorption but that this effect is not observed when these
elements are given with a composite meal. That zinc is absorbed
via another pathway in the presence of dietary ligands was sup-
ported by the finding that addition of histidine, a chelator of
zinc, also abolished the interaction between iron and zinc.

The findings in the present study indicate that fortification
with zinc or consumption of diets high in zinc do not interfere
with iren absorption. However, if multimineral supplements are
taken apart from a meal, a negative effect of zinc on iren ab-
sorption may be exerted. This is supported by a recent study by
Crofion et al (28), who gave zine supplements to human subjects
and studied iron absorption. It should be noted, though, that
this effect only occurs at a high zinc-iron ratie and that most
supplements would be higher in iron than in zinc. < |
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