Intrinsic labeling of milk iron: effect
of iron status on isotope transfer

into goat milk

Johannes Gislason,* Bernt Jones,i Bo Lonnerdal,i and Leif Hambraeus*

*Department of Nutrition, University of Uppsala, Sweden; fDepartment of Clinical
Chemistry, Swedish University of Agricultural Sciences, Uppsala, Sweden; and
tDepartment of Nutrition, University of California, Davis, CA, USA

Extrinsic labeling with radioiron is commonly used in studies on bioavailability of iron in milk. Because
of differences in the distribution of added radioiron and native iron among ligands in milk, we found
it important to explore the possibility of intrinsic labeling of milk iron. In this study, we have evaluated
different conditions in the lactating goat to optimize transfer of **Fe into milk. Maximum **Fe concen-
tration in milk was found at 10—-15 hr post injection, indicating a carrier-mediated process. After iron
depletion induced by bleeding, iron transfer into milk in the mammary gland was found to be low.
After iron repletion, however, iron transfer increased. This study suggests that maternal iron status
affects iron transfer into milk and that during iron depletion, hematopoietic organs may have higher
affinity for transferrin-bound iron than the mammary gland. Iron transport into milk was lower in
dairy goats than in a young goat which had not been used in milk production. This suggests that
mammary development may enhance iron uptake in the gland, possibly via transferrin receptors.
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Introduction

In milk, iron is bound to several ligands such as com-
ponents of the casein micelle, ligands in the globular
membrane of the fat dropiets, and to some ligands in
the whey compartment; however, this distribution
varies among species.! Lactoferrin, an iron-binding
protein, occurs in high concentration in the whey frac-
tion of human milk. In milk from several other species,
transferrin is more significant and in some species
transferrin and lactoferrin occur in similar concentra-
tions.? Like serum transferrin, lactoferrin is a glyco-
protein consisting of a single peptide chain (=78 kD)**
possessing two domains each of which binds one ferric
ion in the presence of carbonate or bicarbonate ions.’
The lactoferrin-iron association constant is high, about
260 times higher than that of serum transferrin.® Fur-
thermore, lactoferrin releases iron at much lower pH
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(pH 2) than transferrin (pH 4).” In spite of its high
affinity to iron, lactoferrin occurs mostly as an apo-
protein in human milk, being saturated to only 4% of
its iron binding capacity.®® Nevertheless, lactoferrin-
bound iron comprises 25-30% of the total iron content
in human milk.*!° This suggests that other ligands in
human milk have affinity to iron and are therefore
likely to affect iron absorption in the gastrointestinal
tract.

Saarinen et al.!' and McMillan et al.'? concluded,
by feeding extrinsically labeled milk, that human milk
iron is highly available to the infant. This is supported
by the data of Siimes et al.'* who found that, in spite
of low iron content in human milk, iron deficiency is
rare in breast-fed infants during the first six months of
life. In our laboratory, however, we have found that,
when added to human milk in vitro, an iron isotope
will mainly be bound to lactoferrin.'* It is possible that
iron is not completely exchangeable in milk when a
ligand with an unusually high affinity to iron (lactofer-
rin) is present in unsaturated form." In that case the
observations reported by Saarinen et al.!' and McMil-
lan et al.,'” made by feeding extrinsically labeled hu-
man milk, might only be relevant for the lactoferrin-
bound iron, leaving the availability of iron from other
fractions in human milk still unknown.'
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The purpose of this study was to investigate the
possibility of labeling all iron-binding fractions in milk
intrinsically by intravenous administration of radioac-
tive iron to lactating mothers, in order to assess total
bioavailability of iron from milk. Since administration
of radioactive isotopes to lactating women is prohib-
ited ethically, an experimental animal had to be cho-
sen. In this study we used the lactating goat. Recov-
ery of administered dose, peak radiolabel appearance
in milk, and influence of maternal iron status on iso-
tope recovery in milk were determined. Isotope recov-
ery in animals with different lactation history was also
studied.

Materials and methods

Healthy goats in full lactation (Swedish ‘‘Lantras’’)
{(n = 5) were used in this study. One goat (No. 1) came
from an experimental stable and had never been used
for dairy milk production; she was in her second lacta-
tion (4 mo.). The other goats (Nos. 2-5) were bought
from a dairy goat farm and were all at a similar stage
of lactation (0.4-1.2 mo.). Goat No. 2 was primiparous
and goats Nos. 3-5 were in their fourth lactation. All
goats were in a phase of high milk production (1033
ml/d, range: 514—1725) during the experimental period
(Figure 1). For the extrinsic labeling experiments, ad-
ditional milk samples were obtained from four other
goats that were in their third or fourth lactation (1.5-
3 mo. of lactation).

Experimental design

The design of the experiment is presented schemati-
cally in Figure 2. Iron status of the goats was altered
by bleeding or supplementing the animals with iron for
periods of several weeks. At four time points, *Fe
was administered intravenously and milk samples
were collected for S days and counted (isotope transfer
studies).

Bleeding period (iron deprivation)

All goats were first bled 35 ml/d for a period of 2-3
weeks; and for a second period, all goats were bled 35
ml/d for 1-3 additional weeks.
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Figure 1 Milk production per day during the treatment periods
(I after bleeding; Il: end of iron depletion period; lil; after iron
repletion; V: after additional iron repletion).
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Figure 2 Experimental design (isotope transfer studies are indi-
cated by triangles).

Supplementation period (iron repletion)

All goats (except goat No. 2, control) were supple-
mented orally with 50 mg iron/day and 74 mg/week
intramuscularly for a period of 3-7 weeks. One goat
(No. 1) was supplemented for a second period (3
weeks) in the same manner as the previous period.

Isotope administration

At the end of each treatment period (bleeding or sup-
plementation), blood samples were collected for he-
matological evaluation. The mammary glands were
emptied and background radioactivity in the milk was
measured. Immediately after, a dose of 3.7 MBq ¥Fe-
citrate was injected intravenously. Milk samples were
collected by hand-milking at regular intervals for the
following 5 days, at first hourly but then gradually at
longer intervals. The mammary glands were emptied
each time. In order to keep milk production as high as
possible, the goats were milked twice a day during
periods when milk samples were not collected.

Isotope concentration and recovery

Milk samples were thoroughly mixed and the radioac-
tivity measured in samples of 5 ml in a gamma counter
(Nuclear Chicago 1186 with a well-type Nal detector).
Isotope concentration in milk or milk fractions was
calculated as percent of administered dose per ml of
milk or per g fraction. Cumulative isotope concentra-
tion was calculated as the cumulative percent of ad-
ministered activity in milk collected during a period of
100 hr (total cpm of all milk samples collected), di-
vided by the total milk volume (ml). Isotope recovery
was calculated as percent of administered activity in
milk produced during a period of 100 hr.

Milk fractionation

Goat milk samples were ultracentrifuged (140,000 x
g, 1 hr, +4° C) in a Beckman ultracentrifuge (fixed
angle rotor: Ti 70.1), and the fat, casein, and whey
fractions were separated for gamma counting.



Table 1 Calculated iron losses during bleeding, and iron supple-
ments during repletion (mg Fe).

Period | Period |l Total Total
iron iron iron iron
Goat No losses losses losses supplem.
1 149 105 254 30008
225°
2 103 176 279
3 101 164 256 11502
150°
4 101 50 151 28002
150°
5 105 52 157 2800%
150°
Mean® 1129 109 + 27 221 = 27 2438 * 432
2 Qral.
5im.
¢ Mean = SEM.
Goat No 1
% of dosesml milk.
0.0006
0.0003
0 1 a1 " i . —te —
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Figure 3 Isotope occurrence in milk after i.v. isotope administra-
tion. Mean and range are indicated.
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Iron status

Hematological parameters (Hb, and TIBC) were ana-
lyzed to evaluate iron status of the animals during each
experiment. Estimation of iron losses by bleeding
(during the two first experiments) was based on the
fact that iron losses represent 0.35% (wt/wt) of the
total hemoglobin loss. Calculated average iron losses
were 112 mg (the first bleeding period) and 221 mg
(total iron losses) (Table I).

Extrinsic labeling of milk

Milk samples from four goats (20 ml) were labeled
extrinsically by dropwise adding *Fe-citrate solution
(400 Bq/ml) to fresh milk samples (8—10° C) while stir-
ring. Samples were kept at room temperature for 30
min and then ultracentrifuged. Radioactivity in fat,
whey, and casein fractions was determined in the
gamma counter.
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Results

Maximum isotope concentration was found to be
within the range of 21-141 cpm/ml which corresponds
to between 0.0001-0.0007% of the injected dose. Total
recovery in all milk produced within 100 hr was
0.3-1.2%. Peak concentration of *Fe was reached
10—15 hr after intravenous injection, which then de-
clined slowly to reach a plateau 40-70 hr after injec-
tion (Figure 3).

Hemoglobin values confirmed that the goats were
anemic (Hgb: 69.7 g/L; TIBC: 13.9 um) after bleeding
(reference value according to Jones'®: 75-127 g/L) and
that following iron supplementation, all goats had im-
proved their iron status (Hgb: 83.6 g/L; TIBC: 12.3
pM). This improvement was significant for hemoglobin
(P < 0.05) but not for TIBC. Neither Hgb, TIBC, nor
total amount of iron supplemented showed any sig-
nificant correlation to cumulative isotope concentra-
tion. However, quantity of blood loss (Figure 4) and
duration of supplementation (Figure 5) were signifi-
cantly correlated to cumulative isotope concentration.
The partial correlation coefficients (r) were 0.935 (1 =
—5.27, P = 0.0062) and 0.778 (+ = 2.77, P = 0.039),
respectively. As iron depletion continued, the cumula-
tive isotope concentration declined but increased with
the progress of iron repletion.
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Figure 4 Correlation between cumulative isotope concentration
and ml of blood lost during bleeding.

0.0004

0.0003

0.0002

Cumulative isotope concentration

0o 25 50 75

Days after bleeding was stopped

Figure 5 Correlation between cumulative isotope concentration
and number of days after bleeding was stopped.
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Figure 7 Distribution of extrinsically and intrinsically adminis-
tered ¥Fe among the main milk fractions in goat milk.

The concentration of administered activity in the
three main iron fractions in milk—casein, fat, and
whey—is shown in Figure 6. The isotope was detected
in all fractions, but appeared earlier in the casein frac-
tion than in the fat and whey fractions. Highest isotope
concentration was found for the fat fraction, with the
whey fraction being lowest.

Isotope added extrinsically showed a different dis-
tribution in the milk compared to the intrinsic label.
Of the extrinsic label, 60-80% was found in the casein
fraction, 17-40% in the whey, and only 0.5-0.6% in
the fat fraction (Figure 7).

Discussion

Iron is necessary for basic functions in most mamma-
lian cells. Therefore, a mechanism by which iron up-
take from the plasma pool is regulated seems to be
essential. Serum transferrin is the principal iron car-
rier in blood and a specific receptor for transferrin ap-
pears to be the key to iron uptake in most cells."” Cel-
lular iron uptake is regulated by the amount of
transferrin receptors expressed on the cell surface and
by the receptor-transferrin binding constant.'® Iron,
together with heme, has been suggested to regulate
protein synthesis,!” and transferrin has been shown to
be one of several cellular growth factors.? Since rap-
idly proliferating cells have a high demand for iron,
these cells express many transferrin receptors on their
surfaces.”® In the mammary gland, iron is needed for
cell proliferation as well as for production of milk. The



transfer of iron into milk is probably mediated and
regulated by transferrin receptors expressed on the
surface of the milk-producing cells,'®?'"> suggesting
that milk iron concentration could depend on maturity
of the mammary gland.

During anemia, the amount of available, circulating
plasma iron will be reduced and most cells will re-
spond with an increase in transferrin receptors. The
hematopoietic cells, which have the highest iron de-
mand of all mammalian cells, will express a higher
number of receptors than most other cells, and possi-
bly with higher affinity for transferrin than the mam-
mary gland." Our results indicate that the mammary
gland might respond more slowly in increasing the
number of exposed transferrin receptors during the
iron depletion than do the hematopoietic organs, thus
being less efficient when competing for available circu-
lating iron. During iron repletion, however, mammary
cells seem to compete more efficiently for iron, possi-
bly by more slowly down-regulating the number of
transferrin receptors, than do the hematopoietic cells.
This is indicated by the rapid increase in cumulative
isotope concentration in milk from goat No. 2 during
the phase of iron repletion (exclusively from diet),
even though she did not receive any additional iron
supplements during this period. The amount of iron
ingested does not seem to affect this supposed mecha-
nism by which iron secretion to milk is related to ma-
ternal iron status.

We also considered the possibility that the physio-
logical state of the animal, in particular its lactation
history, could affect milk isotope concentration. For
this reason, isotope concentration was investigated in
milk from goats with different numbers of previous
lactation periods. In the youngest goats (Nos. 1 and
2), isotope concentration was higher than in the older
goats. This might indicate that the number of trans-
ferrin receptors is higher in mammary glands of
younger goats, as a result of a more active cellular
proliferation.?

The late appearance of the peak isotope concentra-
tion at 10-15 hr after intravenous isotope administra-
tion may indicate that iron uptake from plasma and
subsequent secretion into milk is achieved by a
receptor-mediated active transport mechanism. Cal-
cium and iodine, which are known to be secreted by
passive diffusion in the mammary gland, and tungsten
and radium, which do not have any known physiologi-
cal function in the organism, all appear in bovine and
goat’s milk at peak concentration within 4 hr after in-
travenous injection.”®? While little is known about
receptor-mediated transport mechanisms from blood
to milk, it seems reasonable to assume that such a
process for iron would involve several steps includ-
ing transferrin, transferrin receptors, and passage
through membrane bilayers which could be slower
than simple diffusion processes.

Our results show that when an iron isotope is ad-
ministered to lactating animals, the isotope appears in
all three main fractions of the milk and that the isotope
appears faster in casein than in the fat fraction. The

Intrinsic labeling of milk iron: Gislason et al.

whey fraction is, in contrast to the casein and fat frac-
tions, diluted by the water constituent of milk and
shows the lowest isotope concentration. The high iso-
tope concentration in the fat fraction may be explained
by the presence of transferrin receptors in the apical
plasma membrane that surrounds the fat globules. If
the process of iron transfer into the cell is slow, this
membrane would be expected to be high in *Fe ac-
tivity.

The difference in distribution of the intrinsic and
extrinsic radioiron indicates that iron is not easily ex-
changed between different ligands located in various
fractions of milk. This difference in distribution is also
likely to be due to specific receptor-mediated transfer
of iron into milk fractions in the mammary gland in
contrast to non-specific association of iron in an in
vitro, virtually cell-free system (milk).

As the iron content in milk is generally low com-
pared to other body fluids and tissues (blood, liver,
and muscle), a low recovery of iron isotope in milk
was expected. Our interest has been to use intrinsi-
cally labeled iron in our studies on milk iron bioavail-
ability, but as these results of low recoveries of admin-
istered radioiron in milk indicate, this may be difficult.
In this experiment, maximum radioactivity per ml of
milk was about 140 cpm. We may consider that a goat
kid (7-8 kg of weight) is given 500 ml of this intrinsi-
cally labeled milk and that about 20% of the iron is
absorbed. The resulting absorbed activity (14,000
cpm) is then diluted by a total blood volume of 750 ml,
which yields about 18 cpm/ml blood to be measured in
a gamma counter (with a background activity of 25-28
cpm). By increasing the sample volume to 5 ml and
the counting time, it might be possible to obtain 1,800
cpm in the sample. With 560 cpm from background,
this would result in =1,300 net cpm counted. Thus,
with a sensitive counter, the isotope concentration
may be adequate for absorption studies. The possibil-
ity of feeding the offspring several doses of labeled
milk should also be considered. Furthermore, if the
lactating mother is properly selected, it is likely that
the peak concentration of administered **Fe in the milk
could be sufficiently high for bioavailability studies.

In conclusion, our results suggest that to optimize
radioiron labeling of milk, the lactating goat should
be primiparous, anemic, and fed a diet rich in highly
available iron 2-3 weeks before the experiment is
started. Then one can expect the transferrin recep-
tors to be numerous in the mammary gland, partly be-
cause of the active cellular development and partly
because of the lack of circulating iron in the state of
anemia. Therefore, in the first phase of recovery from
anemia, higher secretion of iron to the milk can be
expected.
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