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Abstract. The bioavailability of ferritin iron was eval-
nated in human subjects using radiolabelled [SSFe]fcrmin
isolated from bovine spleen and liver. Preliminary studies
with bovine spleen ferritin labelled in vitro demonstrated
an inappropriately high abserption compared with ferri-
tin labelled in vive, and the latter was therefore used in all
subscquent absorption studies. 1n 10 subjects, geometric
mean absorption from Smg of ferritin iron was 3-8%
when iaken without and 3-29% when taken with food
(P > 005). These values were significantly lower than
absorption from the same dose of iron given as ferrous
sulphate, which averaged 24-1% without and 8-2% with
food. When the iron dose was increased 10-fold, absorp-
tion of ferritin iron averaged only 0-6—0-7% with or
without food as compared with 7-9% without and 2-6%
with food when the iron was given as ferrous sulphate. In
a further study, mean absorption from bovine spleen
ferritin of 4-0% did not differ significantly from the
mean of 2 7% observed with bovine liver ferritin.
These findings confirm previous studies indicating that
ferritin iron is poorly absorbed. Furthermore, its use as a
pharmaceutical iron preparation cannot be advocated.
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man,

Introduction

The iron storage protein ferritin is ubiquitous in nature
{1] and widely present in most foods of both animat [2]
and vegetable origin [3.4]. In general, iron bicavailability
is high from animal sources. Absorption from haem iron
is significantly elevated, especially when compared with
that from ferritin iron [5]. However, the previous studies
examining ferritin iron absorption employed radio-
labelled ferritin purified from either rats or rabbits.
Ferritin thus labelled has been mixed with unlabelled
ferntin derived from large anima! species for studying
ferritin iron absorption [5,6]. There is no information on
whether the absorption of ferritin iron differs when
isolated from different animal species or from different
organs in the same species.
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The present study was undertaken to evaluate iron
absorption in husnan subjects from purified bovine ferri-
tin, the form of animal ferritin that is most commonty
consumed in the diet. Because of the technical difficul-
ties in preparing radiolabelled bovine ferritin in vive, the
feasibility of using in vitro radiolabelled bovine ferritin
was first evaluated, Further studies were then carried out
to compare ferritin iron absorptior. with ferrous sulphate.

Method

In vitro radiclabelling of commercial bovine spieen
ferritin

An aliquot of 2mg of commercial bovine spleen ferritin
wis placed in a 50-mL conical flask containing 0-3 mL of
01 mol L™ phosphate buffer, pH7:5. Te promote oxida-
tion of added ferrous iron to the ferric h ;drolysis polymer
[?] the mixture was rapidly vortexed » hile 0-035 mL of

>*FeS0, containing 20 xCi and 1-6 ug of iron was added
dropwise over 10min with a Hamilton syringe. The
ferritin solution was then incubated at 37°C for 16h,
after which the reaction mixture was transferred to an
Eppendorf microtube and centrifuged at 10000 xg for
30min, The supernatant wus discarded and the labelied
ferritin in the precipitate was resuspended in a buffer and
purified by passage through a Sepharose 6B column
{100x2-5 cm) in the same buffer, .

No differences were observed between in vitro.
labelled ferritin and unlabelled ferritin when examined
by polyacrylamide gel e‘cctrophoresm and isoelectric
focusing. With autoradiography, **Fe was shown to be:
present in the full range of isoferritins, with slightly
higher amounts in the more acidic forms. Anti-ferritin
immune serum to commercial bovine ferritin produced in.
rabbits was added in varying dilutions. Afier overnight
incubation, the samples were centrifuged for 20 min at_
2500x g, the supernatant discarded and cenmiuganoﬂi
repeated after resuspension of the ferritin- amlfcrn!lﬂ
pellet in a phosphate buffer [8]. Recovery of the radlo-
iron-labelled ferritin was then measured,

Production of in vivo radiolabelled **Fe ferritin

Radiolabelied ferritin was produced in vivo by injecting:



mCi of 35FeCly in 4% sodium citrate into 6-month-old
Polstein calves with an estimated blood volume of 10L
£4' hich erythropoiesis had been stimulated by removing
g 400 mL of blood over the preceding 3 days to enhance
®:orporation of the injected radioiron into circulating
blood cells. As most of the latter would remain in the
ulation rather than becoming deposited in iron stores,
, uptake of radioactive iron by the reticuloendothelial
tem in the liver and spleen was enhanced by coating
g0 irculating red cells with antibovine antiserum as
'g llows. Two weeks after the initial injection of radio-
hn, 380 mL of whole blood was removed through the
fgular vein into a sterile blood collection bag containing
wrate, phosphate, dextrose, adenine solution (CPDA-1
fhole Blood: Fenwal Laboratories, IL, USA). After
itrifuging the bag for Smin at 4000 rpm at 4°C, the
m and white-cell layer were expelled and replaced
an equal volume of normal saline, After gentle
_mixing, the red bload cells were washed again in saline
hd the supernatant replaced with an equal volume of
Miine containing 0-3-0-6 mL L~! rabbit antibaovine red
BHlood cell 1gG antibody with an agglutination titre of
Y - 1280 (Cooper Biomedical, Malvern, PA, USA). The
R4 blood cells were mixed gently and incubated at
A°C for 1h. The supernatant containing unbound red
Mood cell antibodies was removed by centrifugation
following a further satine wash, the coated red
cells were reinfused into the animal. This proce-
was repeated 10 times over the next 2 weeks. The
ated iren contained in the reinfused, treated red
flood cells was approximately 1400 mg. Sixteen hours
Aer the final antibody-coated red blood cell infusion,
animal was sacrificed and the liver and spleen were

nirfuged at 1600 % g for 30 min at 4°C, the super-
discarded and the pellet dissolved in deionized
The precipitation with ammonium sulphate was
and the recovered pellet was dissolved in
olL~" phosphate buffer at pH7-5. After dialysing
h, the material was chromatographed on Sepharose
.the same buffer. Iron-containing protein was
led in the eluate using a Gilford Response spectro-
Meter set at wavelengths of 280 and 420nm [101.
/, concentrating the ferritin peak by ultrafiltration
R0 membrane Amicon). the preparation was ultra-

Muged at 100000x g for 2h at 4°C and the ferritin
; dissolved in ©-05 molL™' phosphate buffer at
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+s5H 7-5. Solid sodium acetale was added to bring the
congentration to 0-05 mol L1, the pH was adjusted 10 55
and ammonium sulphate precipitation at 50% saturation
was performed as described previously. After centrifuga-
tion at 1600x g for 30min at 4°C, the precipitate was
dissolved in distilled water, dialysed in a 0-05mol L™
phosphate buffer and stored at 4°C.

The protein content of the ferritin was measured by the
method of Lowry et al. [11] using bovine serum albumin
as the standard. The non-haem iron content was meas-
ured by the method of Torrance & Bothwell 12]
Precipitation of haem iron was cartied owt in 10%
wichloroacetic acid—3mol L~ HCI solution with incuba-
tion for 20h at 65°C. Radiolabelled ferritin was prepared
for liquid scintillation counting by a modification of the
method of Eakins & Brown [13]. The protein content of
commercial ferritin was 57-8mg mL ™! and the iron con-
tent was O-3mgmg ' prowin (30%) compared with
77mgmL~" and Olmgmg™' protein (10%), respec-
tively, for the bovine feritin prepared for the present
investigation.

Bioavailability studies

Three studies assessing ferritin iron bioavailability were
performed in 27 healthy normal volunteer subjects
between the ages of 23 and 41 years. Three of the
subjects had iron deficiency as defined by a serum ferritin
=12 pg L~! and one of these female subjects was also
anaemic as defined by a haematocrit <36%. A fourth
subject had a haematocrit <36% with a normal ferritin.
All of the subjects were healthy and denied a history of
disorders known to influence the gastrointestinal absorp-
tion of iron. Written, informed consent was obtained
from all subjects and all protocols were approved by the
Human Subjects Commitiee of the University of Kansas
Medical Center,

Using dual *°Fe and *°Fe tags sequentially, three
separate absorption measurements were performed in
each subject in study 1 and four in the remaining two
studies [14]. All test preparaiions were administered in
the morning between 07.00 and 09.00 hours after an
overnight fast and no food or liquid was allowed for 4h
after ingesting the test meal. Before giving the first test
dose, 30mL of blood was obtained for measurement of
background blood radioactivity, packed cell volume and
serum ferritin concentration. Serum ferritin concentra-
tion was measured using an enzyme-linked immunosor-
bent assay employing monoclonal antibody [15]. On the
following two mornings, test meals tagged with either 90
kBq of $5Fe or 74kBq of Fe were fed. Blood was
obtained 14 days later for detcrmination of incorporated
red cell radioactivity and the third and fourth test meals
tagged with separate radioiron labeis were again fed oo 2
successive days. The subjects returned 14 days after the
final test dose when blood was again drawn fo measure
the increase in radioactivity in circulating red blood
cells. All measurements of blood radicactivity were
performed on duplicate 10-mL samples of whole blood
by a modification of the method of Eakins & Brown [13].
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Absorption was estimated from the blood volume esti-
mated from the height and weight of each subject [16].
Red cell incorporation of absorbed radivsctivity was
assumed to be 80% in all subjects [17].

Study 1 was designed to assess the suitability of in vitro
labelled ferritin for iron absorption measurements. In
four male and four female subjects, the absorption of
bovine spleen ferritin labelled by the two methods was
compared, and a third absorption test using in vive tagged
bovine liver ferritin was also measured to evaluate for
possible absorption differences in the tissue source of
ferritin. Each of the labelled preparations was added to
unlabelled spieen or liver ferritin to bring the iron dose to
2-7 mg for the spleen preparation and 1-1 mg for the liver
ferritin. The total ferritin protein content was 40mg for
the two spleen preparations and 34mg for the liver
preparations.

Study 2 was performed in three men and seven
women. The purpose was to compare absorption of
5mg of ferritin iron with the same iron dose given as
ferrous sutphate directly. In the first pair of absorption
studies, the test doses were given with food, whereas in
the second pair they were given with water only. The
food was a wheat-based meal containing Farina, a
white wheat flour commonly used for porridge. The
flour (250g) was fed with 120ml of milk, 14g of
butter and 24 g of sugar. The nutrient composition of
the meal was 407 kcal, 8-7 g of protein, 14-8 g of fat, 60 g
of carbohydrates and 3-14 mg of iron.

Study 3, performed in nine volunteer subjects, was
identical to the second study except that 30 mg of iren as
ferritin or ferrous sulphate was used as the test dose.

Statistical analysis

Analysis of absorption data was performed after convert-
ing to logarithms. A paired f-test was used to examine
whether the mean log absorption ratios for each study
differed significantly from O [18].

Results

There were significant differences in the organ distriby.
tion of radiciron after the injection of in vive radiola.
belled antibody-coated bovine red biood cells. It wis
presumed that the nop-haem iron fraction was preseni
predominantly as ferritin. Approximately one-third of the
radioiron was in the non-haem iron fraction in the spleen
whereas two-thirds was in the non-haem iron fraction ir;
the liver. As a reference, less than 3% of the radioirey
was non-haem in whole blood obtained from the animals
at the time of sacrifice. It is noteworthy that only 20% of
the pon-haem radiciron was recovered as ferritin, The
reruainder w.as eiilier not incorporated into fernitin or lost
in the ferritin isolation procedure.

With in vitre radiolabelled ferritin, 90% of radioiron
added to cold ferritin was bound to the protein, with an
estimated incorporation of 28 radioiron atoms per mol-
ecule of ferritin. The immunoreactivity of the in vitrg
labelled ferritin as measured with rabbit antibovine ferritin
did not change significantly following the labeiling
procedure. Thus, after 16 days, 90% of the iron radiolabel
was precipitated compared with 92% on day 2 and 93% gn
day 8. Both in vivo labelled and in vitro labelled ferriting
had similar elution patterns on the Sepharose 6B. How.
ever, in addition to the major ferritin peak, a minor small
molecular weight fraction was noted on the initial elution
patiern of the in vitro labelled ferritin, which probably
represented denatured ferritin. This peak disappeared after
repeat chromatography on Sepharose 6B. The elution
pattern of the in vivo labelled ferritin preparation did not -
demonstrate the smaller molecular weight peak.

In study 1, a marked difference in the absorption of the
in vive and in vitro labelled ferritin was observed in ci ght
volunteer subjects (Table 1). In comparing the two spleen
ferritin preparations, absorption of the in vivo labelled
material ranged from 04 to 16-9% with a geometric
mean of 4-0%. A fourfold higher mean absorption of
16-7% was observed with in vitro labelled ferritin and the
difference was highly significant {(P<0001). On the

Table 1. Absorption from in vive and in vitre radiolabelled bovine spleen and liver ferritin

Spleen ferritin Liver fetritin

Packed cell Serurn ferritin® In vive label (%) In virro label (%) In vivo label(%)
Subject Sex/age volume (%) {(ngmL™") (A) (B) (C) 3
1 F/32 38 119 68 18-7 4-7 '
2 M/23 45 118 04 26 0.4
3 F/26 39 102 17 13-7 1-4
4 F/38 36 5% 1-9 62 05
3 F32 39 22 4-6 349 03
6 Ms23 44 15 99 140 50
7 M/41 46 14 S0 . 587 163
8 M/25 42 11 169 34-8 24
Mean 30 4] 40 40 167 2.7
—-SE 26 16 1-7
+SE 6-1 239 43

* Geometric mean.
Avs. B: P=0-0003; A vs. C: P=0-2428; B vs. C: P=0-0001.
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Table 2. lron absorption from 5 mg of ferritin iron and from 3 mg of ferrous sulphate in the presence of absence of food (Farina meal}
iron absorption®
’ +Food ~Food
| Packed cell Serum ferritin* Ferrous sulphate Femmitin Ferrous sulphate Femitin
Subject Sex/age volume (%) (ngL™h (% of dose) (% of dose} (% of dose) {% of dose)
1 M/33 49 261 35 22 150 22
) M/734 49 139 234 139 o7 38
h 3 F/38 36 86 182 36 49-9 81
X M/25 43 81 50 26 15-0 21
. 5 F32 41 76 54 20 302 13
.6 F27 43 53 154 64 222 64
- 7 Ei35 47 42 10 09 2590 23
: 3 Fr29 38 39 97 31 107 22
E.\'g Fi32 39 8 12:9 43 o0-7 12:1
10 F/32 i5 4 166 31 54-2 24
;. Mean 32 42 38 82 32 24-1 38
41 SE 57 60 41 187 4-8
~1SE 24 111 26 310 30

- * Geometric mean.

sther hand, the mean absorption of 2:7% observed with
vivo labelled liver ferritin did not differ significantly
B i-om in vivo labelled spleen ferritin (P>0-05). Because of
 the significantly bigher absorption observed with ferritin
tagged in vitro, all subsequent absorption measurements
 were performed with ferritin labelled ir vivo.
In study 2, absorption of 5mg of ferritin iron was
ompared directly with the same dose as ferrous sulphate
with and then without food (Table 2). The 10
bjects had varied iron status with serum ferritins
ging from 4 pgL™’ to 261 ug L~'. When taken with
00d, the mean absorption of ferrous sulphate iron was
29% as compared with a significantly lower mean of
29, with ferritin iron (absorption ratio = 25, P<0-05).
even greater relative difference was observed when

- Table 3. [ron absorption from 50 mg of ferritin

iron and from 50 mg of ferrous sulphate in the presence or absence of food (Farina m

the two forms of iron were taken with water. Mean
absorption with ferrous sulphate was 24-1% as compared
with 3-8% with ferritin, which gave a mean ahsorption
ratio of 6-4 (P <0-01). Interestingly, there was a threefold
reduction in the absorption of ferrous sulphate when
saken with food whereas the absorption of ferritin iron
was unaffected.

Similar findings were obtained in stdy 3 when the
iron dose was increased 10 50 mg (Table 3). Absorption
of ferrous iron averaged 2:6% with food and was three-
fold higher when taken with water. The absorption of
ferritin iron was again much lower than ferrous sulphate
and was unaffected by food administration as reflected in
mean absorption values of 0-6% and 0-7% with and
without food respectively. The differences in abserption

eal)

Iron absorption®

+Food —Food
Packed cell Serum femitin* Ferrous sulphate Ferritin Ferrous sulphate Ferritin
Sexfage volume {(56) (ng L (% of dose) (% of dose) (% of dosz) {4 of dosa)
M/23 45 133 23 0-3 39 " 06
F/36 as 115 1-1 04 70 02
Fi37 38 87 1-3 3 10-9 12
F/31 37 52 2-5 o2 69 04
Fi26 40 52 13 03 64 05
M/31 46 43 57 22 189 12
Mf33 44 38 76 32 34 4-5
Fi3 37 34 25 05 57 02
¥f22 39 14 55 21 251 20
ki 38 52 26 6 79 07
27 41 21 0-4 63 03
55 () 33 09 49 10

Geometric mean.

997 Blackwell Science Lid, Exropean Journal of Clinical Investigation,

27, 228-233



232  B. SKIKNE et al.

o

rates between ferrous suiphate and ferritin iron were not
significant when the iron dose was increased 10 times.
Thus, the mean absorption ratio when given with food of
4-4 for 50mg of ferrous sulphate compared with 50 mg
of ferritin tron did not differ significantly from the ratio
of 25 with the 5-mg dose. Similarly, ratios of 10-7 and
64 were observed without food with the 50- and 5-mg
jron dose respectively. It should be noted that a more
direct comparison of absorption data in the two studies 18
not possible because of the moderate differences in iron
status as reflected by mean serum ferritin values of 38
and 52 pg L™ in studies 2 and 3 respectively.

Discussion

The most convenient way of preparing radioactive ferri-
tin to determine its bioavailability in human subjects
would be to label in virre, because producing in vive
radiolabelled ferritin in large domestic animals is expen-
sive and technically burdensome. In the present study,
despite apparent similarity between in vivo and in vitro
labelled material when tesied by various biochemical
methods, a fourfold difference in the absorption of
ferritin iron was noted when evaluated in humans. This
significant difference presumably reflects the fact that the
radioiron added to ferritin in vitro becomes loosely
associated with the ferritin molecule, either stratified in
the outer region of the protein core or perhaps situated
within the channels between the subunits of the mole-
cule. It is unlikely that the major portion of the added
radioiron was incorporated into the highly insoluble iron
complex within the inner core of the protein. Our find-
ings indicate that ferritin labelled in vitro under the
conditions that we used is not equivalent to in vive
labelling and is not a suitable method for bioavailability
studies. Thus the remaining studies employed in vive
labelled ferritin.

Although sufficient in vivo radiolabelled spleen and
liver ferritin were obtained in the present investigation to
perform the required absorption measurements, the over-
all yield of radiolabelled ferritin was low. This may have
been due to the young age of the animals and perhaps
also to their relalive iron-deficient status. The latter
would presumably result in a rapid egress of radioactivity
from the spleen following ingestion of the antibody-
coated labelled red blood cells. An alternative explanation
is that a significant destruction of antibody-coated red
blood cells occurred within the circulation, leading to
a preferential uptake of haemoglobin—haptoglobin com-
plexes by the liver. These possibilities were not examined
further in the present investigation.

Ferritin iron is widely present in food of both animal
and vegetable origin, and consequently forms a substan-
tial component of the dietary iron intake. Ferritin iron
absorption is minimally infiuenced by the presence of
food in contrast to other forms of iron. In the present
study, ferritin iron absorption was not inhibited signifi-
cantly when fed with a wheat-based meal, whereas
ferrous sulphate absorption declined approximately
threefold. This held true with doses of both 5mg and

10 .

Iron absarbed (mg)

1
|
|

N I |

FeS0, Ferritin Fe50,
5mg 50mg

Ferritin

Figure 1. Absolute iron gbsorbed in mg from 5 mg of iron and 50 mg of
irom taken as ferrous sulphate or ferritin iron without (M) and with food
().

50 mg of administered iron, These results are similar to
data presented previously by Layrisse et al. {19] and
Derman et al. [6]. Another feature of ferritin iron
absorption is that the absolute amount of iron absorbed
increases less when higher amounts of iron are given
compared with ferrcus sulphate. Thus, when given with
food, the absorption of ferrous sulphate increased from
409 pg with a S-mg dose to 1315 pg with a 50-mg dose, a
threefold difference. On the other hand, ferritin iron
absorption increased from 162 to 300 ug with a tenfold
increase in iron dose, only a twofold increase. Similar
relationships held when the two forms of iron were given
without food (Fig. 1). These observations suggest that
ferritin iron is a relatively insoluble iron pool that
equilibrates only partially with the common pool of
dietary non-haem iron.

The mechanisms for the absorption of ferritin iron
have not been fully elucidated, and many aspects remain
controversial. Barly studies indicated a lower absorption
of ferritin iron compared with the common pool of pon-
faem iron, leading to the proposal of a third luminal iron
pool [19,20]. Other workers have svggested that ferritin
molecules are taken up into the mucosal cell in an mtact
form [21]. Tt is more likely that ferritin iron must first be *
released from the protein within the lumen of the ;
gastrointestinal tract. and it is likely that both an acidic
and a reducing environment promote this release [22,23}
Thus, Derman et ¢, [6] have suggested that the nature O_f,;-"-
the diet and its concentration of enhancing ligands, such *
as ascorbic acid, determines the extent of ferritin iroB g
release within the gastrointestinal tract. The mead k
absorption of 2:7% from liver ferritin and 4-0% from |
spleen ferritin observed in the present study was simikt‘g
to that reported previously by Layrisse et al. [19] bub:z
somewhat higher than reported by Derman et al. (6] In-
our present siudy, we did not find a relationship betweet..
percentage absorption of ferritin iron and iron stores ”f‘z
measured by the serum ferritin concentration in indivi-
dual studies, but when the results from study 2 examining;
absorption of 5 mg ferritin iron were pooled with thosy
of the first study examining absorption from 27 mg “"ﬁ
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a significant although weak negative relationship between
iron stores and ferritin absorption was seen (r = 0-479,
P <0-05). This relationship was documented in a previous
study using a different animal species as a source of
labelled ferritin [19]. und provides support for the conten-
tion that ferritin iron is. in part, absorbed by the same
mechanism that is responsible for iron uptake from the
common non-haem iron pool. A specific receptor-mediated
uptake of ferritin with release of iron within the mucosal
cell may also be operational. This may be the reason why
the inhibitory effect of food on absorption occurring with
ferrous sulphate was not seen with femitin iron. This,
however. could not be confirmed in our studies,

From a historical perspective, ferritin iron has been
used for iron suppiementation in certain European coun-
tries because it is not associated with the gastrointestinal
side-effects of inorganic iron, such as nausea and epi-
gasiric discomfort. This lack of sidc-effects may be
because relatively large amounts of endogenous ferritin
are normally prescnt in the gastrointestinal tract [24].

'~ However, femitin iron is poorly absorbed, Based on the
findings in our second study. 162 ug of iron was retained
- from a 5-mg deose in the iron-replete subjects, which
would provide 10-15% of the daily iron requirement.
This is far lowcr than the 409 ug achieved with 5mg of
. ferrous sulphate. Indeed, absorption from 50 mg ferritin
. iron is 300 pg, lower than that from 5 mg ferrous sul-
phate. However, cfficacy of ferritin iron has been shown
- in haemoglobin repletion studies [25-27]. This disparity
» between low intrinsic ferritin iron abserption shown by
. us and others and efficacy in haemoglobin repletion may
" be due to the ferritin protein having an enhancing effect
¥ on food iron absorption similar to that observed with
. other animal proteins [28]. This possibility has not been
investigated. From a practical standpoint however,
because of the costs involved in the purification of
ferritin iron, its significantly lower intrinsic bioavaitabil-
ity and the recent problem with BSE, ferritin iron is not
‘recommended for treating iron deficiency.

¥
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