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In normal human subjects some 25% of the total
body iron is present in ferritin and the closely related
compound haemosiderin. Ferritin itself consists of a
protein shell of diameter 1204 surrounding a ferric hy-
droxyphosphate core of variable size which occupies
the interior of the protein (diameter 704). The
amount of iron preseni in the core varies from zero
up to a maximum of about 4 300 iron atoms/mole-

-cule. The iron free protein shell {apoferritin) can be
isolated by chemical reduction of the iron, or by cen-
tzifngal techniques, and consisis of 24 identical poly-
peptide chains of molecular weight 18 500 (for a
more detailed account of ferritin structure see {1, 2].
There are a number of characteristics of ferritin

“which suggest that it would be well suited to play a
key role in the regnlation of iron metabolism. In the
present article 1 would like to draw attention to these
features of ferritin and to propose 2 model for the
function of this protein in the regulation of iron me-
tabolism.

The results of recent studies on ferritin together
with earlier data are not incompatible with the view
that ferritin might be of major imporiance in regulat-
ing fron metabolism within the cell. These observa-
tions are briefly reviewzd below:

Iron deposition in ferritin is caialysed by apoizrsi-
tin itself [3—5]. The oxidation of Fe2* to Fe3?* in
the presence of suitable electron acceptors such as
molecular oxygen is catalysed by apoferritin with con-
comitant formation of farritin. Under the same condi-
tions a number of other proteins do not have sny ef-
fect on the rate of Fe2* oxidation [5]. The mokbilisa-
tion of ferritin iron does not ocour &t physiologically
sipnificant rates with any of a number of low molecu-
lar weight reducing or chelating agents commoniy '
found'in mammds azur:" uséd, except when concenira-

Nﬂr;bfﬂqlfa_}xd Pab]ishfngfomptzﬁy - Amsfgfdém 7

tions well in excess of those found in »ive are em-
ployed [6]. Likewise, the enzyme xanthine oxidase,
which had been suggested as the site of rerritin iron
reduction [7}, does not releass iron from ferritin at
appreciable rates even under conditions where the oxi-
dation of hypoxanthine by the enzyme is proceeding
very rapidly {6]. Evidence has been found for an
NADH-dependent flavoprotein in mammalian Hver
which can reduciively mobilise Fe4* from ferritin:
the name ferriductase has been proposad for this en-
zyme |8]. We have also observed such an enzyme az-
tivity in rat liver [6]. Thus the existence of two sepa-
rate enzymic pathways for iron deposition and mobi-
lisation respectively seems to be well established. At
least in principle therefore regulation of these two en-
zyme activitics counld cpeiate to contre] the balance
between iron deposition and release.

The synthesis of ferritiv is also subject 1o control
Thus, the agministration of iron, either in ¥ive or to
cells in culture, leads t5 a specific acceleration of apo-
ferritin synthesis (revit wed, for example iz [1.9].
The effect of iron on apcferntin synthesis seems to
be at the level of transiation [9—11] and can be dem-
onstrated in liver, kKidney, heart, mucosa and in retic
ulocyies as well as in Hel.a cells. Further, it has been
shown that the type of ferritin synthesised in lver
cells changes with development [12], ferritin from
voung rats being similar electrophoreticaily to that
of adult kidney and spleen, in marked contrast to

-adult liver ferritin. In 2 great many cases it has been

found that normsal ferritins are yeplaced by electro-

phoretically distinct forms in cancer cells [13-15].
That tissue-specific isoferritins occur has long been

postulated: the first definitive proof of such organ

- specific ferritins in huiman and korse liver and spleen
~has been recently presented [1€7 . Although ferritin
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Fig. 1. The role of ferritin in regnlation of iron metabolism in spleen cells, Imn mleased ﬁ”mm hemoglmbm breakdown is oxidised

by apoefe-ritin amﬂ stored in ferritin. Mobilisation of ferzitin ron is mediated by the enzyme ferriductase, which *nay be membrang

bound. The Fe°

oceurs in the greatest amounts in liver, sp]een and
bone marrow, the tissue distribution of the protein
seems to be ubiguitous [17]. 11 is also found in serum,
and a significant correlation iz appareni between the
serum Ferritin level and the state of body iron stores
[18]. The distribution of ferritin in nature is exten-
sive, ranging from mammals and inveriebrates through
plants and molluscs to fungi (reviewad in [2]).

Finally it should be pointed out that ferritin is im-
plicated in the regulation ot iron absorption from the

gut, and may also serve as a preécursor of hasm iron in .

the reticulocyte. Although some controversy sur-
rounds the role of ferritin in iron absorption, recent
sjudies have shown that a considerable amount of iron
passes through the ferritin of the mucosal cell within
a few hours of administration of tracer doses of iron
in normal rats [19,20].

One final point should be made fbe;oxe pmcee«dmg -

to the mode), Whiie it is clearly possible that a small
pool of iron may ocenr within cells as low molecular
weight complexes, such iron mupst be in a transient -
state fzom one protein-bound form to another, other-

wise hydrolysis and polymerisation of such iron lead-

ing to micellar ferric chelates would occur [21].
‘The model postulates that iron entering cells fmm

transferrin is ﬂ’EdDLEﬂ by an enzyme sysie:m in ﬁhe csll ’ -

{2) Erythroid cells

) f
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* then passes acress the oell memhmne o ﬁra:rabfﬁmm

membrane and passes into the cells, either associated
with a carrier molecnle, or else by interaction with
membrane bound ferritin. The Fe2¥ is oxidisad to
Fe3* by apoferritin with concomitant formation of -
ferritin. Iron may be mobilised from ferritin within
the cell as required by ferriductase, as Fe2*. Such in-
tracellular mobilisation would be used to supply iron
for haem synthesis, and for non-haem irbn—cmnmming
enzymes. The mobilisation of iron for “export” (i.e.
for ftmnsfer out of the cell to transferrin) may be car-
ried out by the association of ferritin with a mem-
brane-bound 4’01'm of ferridnctase, which mediates the
transfer of Fe 2+ 10 transferrin either itself, or via_
some carrier mechanism. Whether the Fez“' must first
be oxidised to Fes? | prior to its binding to Uansfenm

" or whether it may bind directly with snbsequent oxi-

dation on the transfersin molecnle is not clear [22, 23}.
The application of the model to account for regula-

- tion of iron metabolism in erythroid cells, spleen cells,
- Iiver cells and in cells of the intestinal mucosa is illus-

trated in figs. 1—4. Thus, in erythroid cells incoming

“izom would pass throngh ferritin oun its way to haem.
However, if the requirement for iron were consider-
able it is conceivable that incoming Fe?* could be
- used directly for haem synthesis, thus bypassirg the
ferritin iron pool. There isa clear analogy between-

Transferrin -
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Fig. 3. In cells snch as liver and spleen incoming iron from trangferrin s stored in £ iritin, os cutlined for spleen calls (fig. 1). It
can be mobilised as required for the synthesis of hasm, non-haem enzymes and for haem enzyme synthesis, and iron released from
the breakdown of such iren-containing proteins is subsequently incorporated into ferritin by the action of & spoferritin. Iron release
from such sources may also pass directly fo transferrin, or glse may occur via a membrane bound ferrifuciase. Ferritin iron may

also be stored as haemosidarin.

the regulatory mechanisms operative in spleen and in
mucosal cells. Both receive iron within the cell as Fe~*,
and both cells export a large part of their frrritin iren.
An alternative pathway for iron transfer from muco-
sal cells is indicated:- there is recent evidenes fora.
transferrin-like iron carrier in mucosal cells that seems
to be of great importance in iron absorption in iron
deficient animals [19, 20]. The liver cells operaie a
system which is a composite of the system in eryth-
roid and spleen cells, with both soluble ferriductase
for haem and non-haem iron protein synthesis, as well
as a membrane bound ferriductase for export of iron.

There iz one further alternative to the present mod-

€l which conld be considered, namely that transferrin
iron was reduced by a membrane bound redox-gystem

{4) Mumsai’r cells

that could also reduce ferritin iron on the inner side
of the membrane. This would dispense with the re-
quirement for membrane bound ferriductase, but
such an enzyme system would be mere difficult to
regulate.

The present modsl makes a number of predictions,
all of which are ammenable to rigorous analysis. All
cells should con’ain ferritin and ferriductass. The dis-
tribution of ferriductase within the cell should vary
wiih cell type: thus spieen and mucosal c2lls may pos-
sess 3 membrane-bound ferriductase, whereas reticulo-
cyies should have an exclusively cytoplasmic enzyme.
In liver, muscle, etz., the ferriduciase may occur in
both free and 1 mbrane-bound Forms. Further, the
mode] predicts that the tissue specificity of ferritins
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-Fig. 4. Fe?* @nicrmg mucosal cells from the vui may pass ia hansfernn ﬁmmgh @mﬁzﬁmn by dpofzemim angd xeﬁucimn Hy ferri-
~duciase uiwhmh as in spleen. eells may ‘be membrang bmmﬁ), ©r may, in phasas of rapid absorpnm pass ﬁn‘e::ﬁy Eich a:ransf‘—'r;m
bmunﬁ 10 an mtraceﬂu&ar ccm-na: iwhlch may be an :u‘h‘ace‘hular form of iransfzrrm) 3 _ _ ) R
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reflects dzstmci funcnonal pmperr'es erythrmd cel]
ferritin would be adapted to tnke up Fe2* from the -
cell membrane whilst mnmsal and sp]een ferritins
could more readily take up free Fe?*
In contrast, the erythroid ferritin wmﬂﬂ be adapted

to releasing iron to soluble femdm:iase whilst the mu-
cosal and spleen ferritins would be best suited for i iron
mobilisation at the cell membrane. Perhaps the most
striking prediction of the present model is that ferritin
iron is used within the cell for the synthesis of all iron-
containing proteins, such as ha emng]mbm my@glmbm
ele.

The mode] presented here would imply ﬂam intra-
cellnlar iron metabolism can be regulated by the activ-
ities of apoferzitin in the oxidation of Fe2* and of fer-
niductase in the mobilisation of FeZ* from ferritin.
That such a mechanism could operate 1o regulate iron
metabolism should become clear from i’mﬂnez 18-
search.
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