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ABSTRACT Synthesis of the iron-storage protein ferritin
is thought to be regulated at the translational level by the
cytosolic content of chelatable iron. This response to iron is
regulated by the iron-modulated binding to ferritin mRNAs of
a repressor protein, the iron regulatory element-binding pro-
tein. From measurements made in a cell-free system, regulation
of the iron regulatory element-binding protein has been re-
cently suggested to involve direct interaction with hemin. The
following observations on the synthesis of ferritin and of heme
oxygenase (HO), the heme-degrading enzyme, in rat fibroblasts
or hepatoma cells lead us to conclude that chelatable iron is a
direct physiological regulator of ferritin synthesis in intact
cells: (i) the inhibitor of heme degradation, tin mesoporphyrin
IX, reduces the ability of exogenous hemin to induce ferritin
synthesis but enhances HO synthesis; (ii) the iron chelator
desferal suppresses the ability of hemin to induce synthesis of
ferritin but not of HO; (iii) the heme synthesis inhibitor
succinylacetone does not block iron induction of ferritin syn-
thesis; (iv) there is no apparent relationship between the ability
of various metalloporphyrins to inactivate the iron regulatory
element-binding protein in cell-free extracts and their capacity
to induce ferritin synthesis in intact cells; (v) administered
inorganic iron significantly induces the synthesis of ferritin but
not of HO; (vi) addition of 8-aminolevulinic acid to stimulate
heme synthesis represses the ability of inorganic iron to induce
ferritin synthesis while activating HO synthesis. Taken to-
gether, our results demonstrate that (i) release of iron by HO
plays an essential role in the induction of ferritin synthesis by
heme and (ii) chelatable iron can regulate ferritin synthesis
independently of heme formation.

The iron-storage protein ferritin occurs as a hollow shell
composed in vertebrates of 24 subunits of two types, H (M,

21,000; H-F) and L (Mr 19,000-20,000; L-F) (1). By storing
iron in a safe but available form, ferritin provides a mecha-
nism for coping with the essential but potentially toxic nature
of iron. Iron regulates ferritin gene expression at multiple
levels (1-3). Translational control of ferritin synthesis in-
volves the binding of a repressor protein, the iron regulatory
element-binding protein (IRE-BP), to a highly conserved
sequence, the iron regulatory element, within the 5' untrans-
lated region of ferritin mRNAs (4, 5). On administering iron,
the IRE-BP is released, and translation of the stored mRNAs
provides more ferritin to sequester incoming iron.
The biological form(s) of intracellular iron directly activat-

ing ferritin mRNA translation is unclear, being either heme
(6) or nonheme "chelatable" iron (7, 8). [Hemin refers to
ferric protoporphyrin (PP). In this paper heme refers to iron
PP of unspecified oxidation state. Chelatable iron refers to
intracellular nonheme iron that is accessible to chelating
agents such as desferal. All references to chelatable iron are

meant, in the context of this paper, to be synonomous with
nonheme iron.] Heme and chelatable iron appear to have
specific roles in regulating the synthesis of several proteins
involved in cellular iron use (9-13). Hemin blocks the ca-
pacity of the highly purified rabbit liver IRE-BP to repress
translation of ferritin mRNA in a cell-free system (6). How-
ever, unlike its effect in cell culture, the iron-chelator desferal
failed to block hemin action in the cell-free translation
system, suggesting differences in regulation offerritin mRNA
translation in vitro as compared with cells in culture. How-
ever, cell-culture studies have not fully explored the extent to
which administered heme or chelatable iron must first be
metabolically interconverted to one or the other form to
activate ferritin synthesis. The fact that desferal suppresses
the iron-dependent induction of ferritin synthesis (8) favors
chelatable iron as the relevant form but does not exclude the
possibility that this iron has first to increase cellular heme
content before ferritin synthesis is induced.
By comparing the effects of chelatable iron and heme upon

the synthesis of heme oxygenase (HO), the rate of synthesis
of which is regulated by heme (11, 13), with that of H-F and
L-F, we have examined the roles of these forms of iron in
regulating ferritin synthesis in fibroblasts and hepatoma cells.
(i) We examined the extent to which heme and chelatable iron
must be metabolically interconverted to activate synthesis of
ferritin and of HO. (ii) We compared the ability of hemin and
other metalloporphyrins (MPs), some of which are not me-
tabolized (14, 15), to inactivate the IRE-BP in vitro with their
capacity to induce ferritin and HO synthesis in fibroblasts.
We present evidence suggesting that chelatable iron is an
obligatory factor in inducing ferritin synthesis in intact cells
and that this effect of hemin on ferritin synthesis is related to
its capacity to donate iron to the chelatable iron pool through
the action of HO.

MATERIALS AND METHODS
Special Reagents. MPs (Porphyrin Products, Logan, UT)

were dissolved as described (16), except 1 M Hepes, pH 7.3,
was used. Freshly prepared 10 mM stock solutions of MPs
were made and used in subdued light. Ferric pyridoxal
isonicotinoylhydrazone (FePIH) and ferric citrate were used
as described (17). 6-Aminolevulinic acid (ALA) (Porphyrin
Products) was freshly made with 20 mM Hepes, and the pH
was adjusted to 7.5.

Cell Culture. Rat-2 fibroblasts (18) were grown in 60-mm
dishes in Dulbecco's minimal essential medium (DMEM)
(low glucose, plus sodium pyruvate; GIBCO/BRL) with 5%
heat-inactivated fetal bovine serum, gentamicin (50 gg/ml),

Abbreviations: ALA, 8-aminolevulinic acid; FePIH, ferric pyridoxal
isonicotinoylhydrazone; HO, heme oxygenase; H-F, H ferritin sub-
unit; IP, immunoprecipitation; IRE-BP, iron regulatory element-
binding protein; MeP, mesoporphyrin; L-F, L ferritin subunit; MP,
metalloporphyrin; PP, protoporphyrin.
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and L-glutamine. FTO-2B rat hepatoma cells were grown (8)
in 60-mm dishes with gentamicin. Only cells in logarithmic
phase were used.
Rate of Protein Synthesis. Cells were preincubated with an

iron source or various MPs for a specified period. The
medium was removed, the cells were rinsed with DMEM
minus methionine, and 1.5 ml of labeling media [DMEM-Met
plus L-[35S]methionine at 50-200 pgCi/ml (1 Ci = 37 GBq)]
plus the original iron source or MP was added for 30 min.
Cells were rinsed twice with phosphate-buffered saline plus
1 mM methionine and then were directly solubilized in buffer
A (8) plus 10 ,ug/ml each of leupeptin and pepstatin A
(Boehringer Mannheim). Centrifugation at 15,000 X g for 15
min removed insoluble material. Total protein synthesis was
measured by trichloroacetic acid precipitation (19). H-F,
L-F, and HO were immunoprecipitated from cell extracts
(106-107 cpm) by using anti-human ferritin antiserum (Boeh-
ringer Mannheim) or anti-rat liver-HO IgG (14). Extracts
were precleared with fetal bovine serum (20), and antibody-
antigen complexes were collected with protein-A Sepharose
(Pharmacia) (21). Proteins were analyzed on 15-20%o SDS/
PAGE (22) gradient gels with fluorography (23), and the
amount of [35S]methionine in immunoprecipitated proteins
was determined (20).

RESULTS
Can Hemin Induce Synthesis of Both Ferritin and HO?

Hemin induced the synthesis of several proteins in fibroblasts
(Fig. 1A, compare lane 2 with 1), including the H-F and L-F
subunits and HO (Fig. 1B, lanes 4 and 6). Addition of 50 ILM
hemin induced ferritin synthesis as early as 1 hr; this rate of
synthesis increased for up to, at least, 6 hr when it was 30-fold
greater (Fig. 1C). In contrast, after 3 hr HO synthesis rose to
a maximum of 13-fold, declining sharply to 4-fold by 6 hr (Fig.
1C). With 100 ,uM hemin HO synthesis declined less sharply
after 3 hr (see Fig. 6). At 5 ,uM, hemin induced ferritin and HO
synthesis but at levels much lower than seen with 50 or 100
,uM (R.S.E., D.G.-M., and H.N.M., unpublished work). The
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kinetics of induction of HO followed by ferritin are compat-
ible with the premise that iron first released from heme by the
action of HO then stimulates ferritin synthesis.

Is Liberation of Iron from Heme Necessary for Induction of
Ferritin Synthesis by Exogenous Hemin? Some MPs other than
heme, such as Sn PP and Sn mesoporphyrin (MeP), can also
induce HO synthesis-yet are potent inhibitors of HO activ-
ity both in vivo and in vitro (14, 24, 25). Because their
inhibitory effects exceed their inductive effects, administra-
tion of Sn PP to rats resulted in a 17-fold induction in liver of
HO protein, but HO activity decreased by >90% (14). We
used Sn MeP because it is more potent in vivo than Sn PP (25).
With induction of HO synthesis as a measure of Sn MeP
uptake, 250 ,uM of this MP alone increased HO synthesis
5-fold after 4 hr without affecting [35S]methionine incorpo-
ration into total protein (R.S.E., D.G.-M., and H.N.M.,
unpublished work). To exploit the inhibitory action of Sn
MeP onHO activity, fibroblasts were pretreated with 250 ,tM
Sn MeP for 2 or 4 hr before adding 50 AM hemin. At 1, 2, 4,
or 6 hr after hemin addition, rates ofHO and ferritin synthesis
were determined. Sn MeP plus hemin was more effective
than hemin alone in inducing HO synthesis (Fig. 2A). Fur-
thermore, even after 10 hr, 250 ,uM Sn MeP alone was less
effective in inducing HO synthesis than was 50 ,uM hemin for
2 hr (R.S.E., D.G.-M., and H.N.M., unpublished work).
Hemin alone slightly induced ferritin synthesis within 2
hr-the rate increasing for 4-6 hr (Fig. 2). In cells pretreated
with Sn MeP, however, the induction of ferritin synthesis by
hemin lagged significantly, and the synthesis rate did not
reach the level seen with hemin alone (Fig. 2). This effect of
Sn MeP was dose-dependent; a 4-hr pretreatment with 10, 50,
or 250 ,uM Sn MeP inhibited the ability of 50 ,uM hemin given
for 2 hr to induce ferritin synthesis by 32, 49, and 79%,
respectively (R.S.E., D.G.-M., and H.N.M., unpublished
work). Thus, the inhibitor of heme breakdown, Sn MeP,
delayed induction of ferritin synthesis by hemin while simul-
taneously increasing HO synthesis.
Do Iron Chelators Differentially Affect Induction of Ferritin

and ofHO Synthesis by Hemin? Chelation ofiron with desferal
suppresses induction of ferritin synthesis by hemin in hepa-
toma cells (8). Similarly, we found desferal effective in
fibroblasts whether given before or after hemin addition.
Added with hemin, a 10-fold molar excess ofdesferal reduced
the induction of ferritin synthesis by 85% (Fig. 3 A and C)
without blocking the hemin-dependent induction ofHO (Fig.
3 A and B) and without affecting [35S]methionine incorpo-
ration into protein (R.S.E., D.G.-M., and H.N.M., unpub-
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FIG. 1. Hemin induction of ferritin and HO synthesis in rat
fibroblasts. (A) Fibroblasts were grown without (lane 1) or with (lane
2) 100 ,uM hemin for 7 hr and 45 min. Cells were then pulse-labeled
with [35S]methionine (NEN), as described. Positions ofH-F and L-F,
as well as of HO, are indicated. (B) Immunoprecipitation (IP) of H-F
and L-F (lanes 3 and 4) and HO (lanes 5 and 6) from extracts of
fibroblasts treated without (lanes 3 and 5) or with (lanes 4 and 6) 50
,uM hemin for 1 hr and 45 min and then pulse-labeled with [35S]me-
thionine, as indicated. (C) Fibroblasts were exposed to 50 jM hemin
for the indicated times, the amount of H-F and L-F or HO synthesis
was determined by IP, and the cpm in each band was measured by
scintillation counting. Relative rate of synthesis is defined here as
cpm of [35S]methionine incorporated into ferritin or HO per 2 x 106
trichloroacetic acid-precipitable cpm.
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FIG. 2. Release of iron from heme is necessary for induction of
ferritin synthesis by exogenous hemin. (A) Fibroblasts were treated
without or with Sn MeP IX (SnMeP IX, 250 AM) for 2 or 4 hr. The
medium was removed and replaced with one containing 50 ,uM hemin
or 50 AM hemin plus 250 ,uM Sn MeP for 1, 2, 4, or 6 hr. Amount of
ferritin orHO synthesized was determined by IP, as described in Fig.
1. (B) Fibroblasts were pretreated without (e) or with (x) 250 ,uM Sn
MeP for 4 hr and then with 50 jM hemin (0) or 50 ,uM hemin plus
250 ,uM Sn MeP (x) for the times shown. H-F synthesis was
measured after IP; L-F showed a similar response.
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FIG. 3. Different effect of desferal on hemin induction of ferritin
and HO synthesis. (A) Fibroblasts were treated for 4 hr with 50 ,uM
hemin without or with various concentrations of desferal. Rate of
H-F (x) or HO (e) synthesis was expressed as % of values for hemin
alone. The cpm incorporated into H-F and HO without hemin was
330 and 310 cpm, respectively. With hemin and without desferal the
cpm incorporated into H-F and HO was 6090 and 2620 cpm,
respectively. Desferal (500 puM, 4 hr) given alone had a minor effect.
(B) HO synthesis was determined in fibroblasts treated with no
additions (lanes labeled C refer to control cells); 50 ,uM hemin for
2 hr, 50 ,M for S hr, 50 ,M hemin plus 250 ,uM desferal for 2 hr,
and 50 ,M hemin plus 250 ,uM desferal for 5 hr. Desferal did not
affect the cpm incorporated into HO with hemin. (C) Fibroblasts
were treated with no additions (lanes labeled C), 50 AM hemin for
2 hr, 250 ALM desferal for 2 hr, 50 ,uM hemin plus 250 AM desferal
for 2 hr, 50 AM hemin for 5 hr, 250 ,uM desferal for 5 hr, and 50 AM
hemin for 2 hr and then 50,uM hemin plus 250AM desferal for another
3 hr. In A, B, and C, the synthesis of ferritin and HO was determined
by IP.

lished work). A 5-fold molar excess of desferal, added 2 hr
after hemin, greatly reduced the induction of ferritin synthe-
sis (Fig. 3C). Similarly, picolinic acid (5 mM), which affects
ferritin and transferrin-receptor synthesis in other cells (26,
27), inhibited ferritin synthesis in fibroblasts by 99% without
reducing synthesis of HO or total protein (R.S.E., D.G.-M.,
and H.N.M., unpublished work). Thus, the hemin-dependent
inductions of ferritin and HO are differentially sensitive to
iron chelators.

Is de Novo Synthesis of Heme Required for Induction of
Ferritin Synthesis by Exogenous Hemin? Heme entering the
cell may be rapidly degraded by HO, releasing its iron.
Recycling of this iron into newly synthesized heme may be
necessary for inducing ferritin synthesis. Thus, the desferal
effect could be from inhibition of heme synthesis. Accord-
ingly, we tested the effect of inhibiting heme synthesis with
succinylacetone, the potent inhibitor of ALA dehydratase
(28). Pretreatment with 1 mM succinylacetone for 1 hr failed
to block the ability of exogenous hemin (or inorganic iron, see
Fig. 5) to induce ferritin synthesis (Fig. 4) and in four of six
experiments slightly enhanced the ability of hemin to stim-
ulate ferritin synthesis. Similar results were obtained when
fibroblasts were pretreated with 0.1 or 0.5 mM succinylace-
tone for 24 hr before hemin addition (R.S.E., D.G.-M., and
H.N.M., unpublished work). These succinylacetone results,
which suggest that de novo synthesis ofheme is not necessary
for inducing ferritin synthesis, agree with the evidence ob-
tained with Sn MeP and desferal. Taken together, such
results suggest that iron released from heme is the agent
responsible for stimulating ferritin synthesis.
Can ChelatableIron Induce Synthesis ofFemtin and ofHO?

To compare the relative ability of chelatable iron to induce
ferritin and HO synthesis, we used FePIH, a compound
capable ofdonating its iron directly to the chelatable iron pool
more extensively than diferric transferrin (29). In contrast to
hemin (Fig. S A and D), FePIH at 65 ,uM induced ferritin
synthesis after 1, 2, or 4 hr (Fig. SE) without appreciably
stimulating HO synthesis (Fig. SB). After 6 hr FePIH slightly
stimulated HO synthesis but only to5 or 10% of the level seen
with hemin (R.S.E., D.G.-M., and H.N.M., unpublished
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FIG. 4. De novo synthesis of
heme is not necessary for induc-
tion of ferritin synthesis. Fibro-
blasts were pretreated with (A)
or without (o) succinylacetone
(SA, 1 mM) for 1 hr, and then the
medium was replaced with one
containing 50AM hemin with (A)
or without (o) 1 mM succinylac-
etone. Ferritin synthesis was de-
termined by IP, as described in
Fig. 1. The potent inhibitor of
ferrochelatase, N-methyl PP,
gave similar results.

work). Furthermore, pretreatment of cells with succinylac-
etone at 1 mM for 1 hr failed to block induction of ferritin
synthesis by FePIH (Fig. SF). These experiments provide
strong evidence that ferritin synthesis can be induced without
significant induction of HO, presumably because intracellu-
lar heme levels were not sufficiently elevated by FePIH to
affect HO synthesis.
Does the Rate of Heme Synthesis Affect the Ability of

Chelatable Iron to Induce Synthesis of Ferritin or HO? ALA
was added to fibroblasts to stimulate heme synthesis, as it
appears to do in a variety of cell types (30, 31), through
bypassing ALA synthase, an enzyme limiting the rate of
heme production (32). Fibroblasts responded to ALA by
reducing ferritin synthesis (Table 1) presumably due to di-
version of chelatable iron into heme. Addition of 13 ,uM
FePIH stimulated H-F synthesis by 4.9-fold (Table 1) while
increasing HO synthesis by only 1.7-fold. Addition of ALA
with FePIH resulted in a dose-dependent decrease in ferritin
synthesis with complete inhibition of the FePIH effect at 1000
AuM (Table 1). In contrast, ALA progressively enhanced the
ability of FePIH to induce HO synthesis, giving up to a
3.5-fold stimulus at 1000 AM. The fact that succinylacetone
blocked the action of ALA on ferritin and HO synthesis
indicates that heme formation was required for the ALA
effect. Thus, by presumably diverting iron from the chelat-
able iron pool into heme, as it does in Hep G2 cells (31), ALA
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FIG. 5. Differential effect of heme and chelatable iron in inducing
ferritin and HO synthesis. (A and D) Fibroblasts were treated with
50 AM hemin for 1, 2, or 4 hr. (B andE) Fibroblasts were treated with
65 .tM FePIH for 1, 2, or4 hr. (C and F) Fibroblasts were treated with
succinylacetone (SA) for 1 hr and then with 65,tM FePIH with SA
for 1, 2, or 4 hr. The rate of synthesis of ferritin (D, E, and F) and
HO (A, B, and C) was determined by IP, as described in Fig. 1. C,
untreated cells.
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Table 1. Contrasting effects of ALA on the iron-dependent
induction of ferritin and of HO synthesis in rat fibroblasts
FePIH ALA, SA H-F synthesis, HO synthesis,
(13 juM) /AM (1 mM) cpm cpm

Exp. 1
- 650 ND

- 1000 - 105 ND
Exp. 2

- 140 170
- 1000 - ND 320
+ - 690 290
+ 100 - 270 560
+ 500 - 110 590
+ 1000 - 130 1010
+ + 520 460
+ 100 + 530 480
+ 500 + 460 480
+ 1000 + 480 450
In experiment 1, 10 x 106 cpm was used to determine ferritin

synthesis by IP. In experiment 2, 4 x 106 cpm was used to determine
rates of ferritin and HO synthesis by IP. ND, not determined. Higher
levels ofFePIH further stimulated ferritin synthesis but were without
significant effect on HO synthesis. Incubations were 4 hr in length.
SA, succinylacetone.

altered the relative ability of FePIH to induce ferritin syn-
thesis as compared with HO synthesis.

In fibroblasts, the effect of ALA on ferritin synthesis
depended on the amount of added iron. At higher levels of
FePIH (65 uM), ALA still enhanced HO synthesis but was
without effect on ferritin synthesis, suggesting that the in-
creased rate of heme formation induced by ALA could no
longer reduce the size of the chelatable iron pool enough to
impair induction of ferritin synthesis (R.S.E., D.G.-M., and
H.N.M., unpublished work). The effects of ALA on ferritin
synthesis have also been seen with hepatoma cells (Table 2),
except that ALA was effective at both FePIH doses, perhaps
indicating that hepatoma cells synthesize heme at higher rates
than do fibroblasts. Finally, the ALA effect on ferritin and
HO synthesis was seen when hemin was the iron donor; 1000
juM ALA reduced by 85% induction of ferritin synthesis by
5 ,uM hemin while increasing HO synthesis a further 20%o
(R.S.E., D.G.-M., and H.N.M., unpublished work).
Do MPs Other Than Hemin Affect Ferritin andHO Synthesis

in Cell Culture? We (R.S.E., W.P., and H.N.M., unpublished
work), and others (6, 33), have observed that many MPs can
inactivate the IRE-BP in vitro. To relate the ability ofMPs to
inactivate the IRE-BP in vitro with their ability to induce
ferritin synthesis in intact cells, we tested whether Co PP
could induce ferritin synthesis in fibroblasts. Co PP was used
because it is as effective as hemin in inactivating the IRE-BP
in vitro but, unlike hemin, Co PP cannot be degraded by HO

Table 2. Suppression by ALA of the iron-dependent induction of
ferritin synthesis in rat hepatoma cells
FePIH, ALA, L-F synthesis, H-F synthesis,
ILM ,uM cpm cpm

420 280
1000 280 200

13 1290 930
13 100 750 440
13 500 300 155
13 1000 160 100
65 3670 2130
65 100 2200 1240
65 500 800 490
65 1000 900 550

Incubations were 4 hr in length, and IP used 4 x 106 cpm.

(24, 34). Hemin and Co PP each effectively induced HO
synthesis within 2 hr (Fig. 6), and hemin induced ferritin
synthesis within 2 hr. Co PP also induced ferritin synthesis,
but the response was much less than that for hemin (Fig. 6):
at 6 hr hemin had induced ferritin synthesis by 17-fold, but Co
PP had only a 2.5-fold effect.

In contrast to Sn PP, Co PP is a much less effective
inhibitor of HO activity in vivo. Administration of Co PP to
rats increases hepatic HO activity considerably (14) and
decreases cellular cytochrome P450 levels (35). To determine
whether induction of HO enzyme activity by Co PP leads to
an accumulation ofchelatable iron, perhaps released from the
breakdown of endogenous heme, we examined the effect of
desferal on the ability of Co PP to induce ferritin synthesis.
Simultaneous addition of desferal blocked the ability of Co
PP to induce ferritin synthesis, suggesting that this MP does
not directly activate ferritin synthesis (Fig. 6). Finally, Ni PP
and Zn PP (at 100 ,uM for 6 hr), both potent inactivators ofthe
IRE-BP in vitro, failed to induce ferritin synthesis in fibro-
blasts ((R.S.E., D.G.-M., and H.N.M., unpublished work).
In conclusion, of the MPs that inactivate the IRE-BP in vitro,
only hemin significantly induces ferritin synthesis by cells in
culture.

DISCUSSION
Our results provide supporting evidence that chelatable iron
can regulate ferritin synthesis by intact cells without heme
participation. By using both hemin and inorganic iron and by
manipulating the flow of iron between the intracellular che-
latable iron and heme pools in the experimental design, our
results suggest that the extent of induction of ferritin syn-
thesis is directly related to the size ofthe chelatable iron pool.
This conclusion is supported by several findings. (i) With
hemin as the iron source, HO was induced concurrently with
ferritin, indicating that iron was being actively released from
heme during this time. (ii) As suggested by experiments with
Sn MeP or by ALA addition, release of iron from heme is
necessary for maximal induction of ferritin synthesis. (iii) In
the presence of intracellular iron chelators, exogenous hemin
induces synthesis of HO but not of ferritin. (iv) Synthesis of
heme appears unnecessary for hemin or FePIH to stimulate
ferritin synthesis. (v) Direct donation of iron to the intracel-
lular chelatable iron pool, by FePIH, significantly induced
ferritin synthesis but was not a good inducer ofHO. (vi) ALA
greatly decreased the ability of FePIH to induce ferritin
synthesis while synergistically activating HO synthesis, sug-
gesting that diversion of iron into heme is not necessary for
and, in fact, impedes the FePIH-dependent stimulation of
ferritin synthesis. Taken together, these results indicate that
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FIG. 6. Effects of cobalt PP IX and hemin on synthesis of ferritin
and HO. Fibroblasts were incubated with 100AM hemin with 100AM
Co PP, or with 100 ,uM Co PP plus 100JM desferal for 2, 4, or 6 hr.
Ferritin and HO synthesis was determined by IP, as described in Fig.
1. Proceeding from left to right the cpm incorporated into HO was:
330 (control cells); 7480, 8240, and 6730; 1840, 4170, and 9130; 2630,
5380, and 9570. X-ray fluorescence analysis (Oneida Research Serv-
ices, Whitesboro, NY) indicated that the Co PP contained levels of
iron (<50 ppm) not sufficient to have caused the observed effects on
ferritin synthesis.
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chelatable iron can activate ferritin synthesis without heme
participation.
Our results with Sn MeP, desferal, succinylacetone, and

ALA suggest that the iron derived from heme activates
ferritin synthesis but that the heme molecule itself is not the
primary agent responsible for inducing ferritin synthesis. In
support of this we found that other MPs, although they could
effectively inactivate the IRE-BP in vitro, were not effective
inducers of ferritin synthesis in cell culture. This observation,
coupled with the fact that Co and Zn PP apparently are not
broken down in vivo (14, 15), argues against intact MPs, such
as heme, being inducers of ferritin synthesis in vivo.
Another important question concerns whether or not heme

regulates ferritin synthesis in vivo independently of chelat-
able iron. Our observation that a variety of MPs may inac-
tivate the IRE-BP in liver extracts agrees with the results of
Haile et al. (33) who, in addition, found that hemin inactivates
a variety of nucleic acid-binding proteins other than the
IRE-BP and that the mechanism of hemin action in vitro
appeared to differ from its effects in cell culture. Coupled
with our cell-culture experiments it appears that some cau-
tion should be exercised in concluding that heme is a primary
regulator of ferritin synthesis. Furthermore, because (i) our
results with ALA indicate that low levels of chelatable iron,
but not intracellularly synthesized heme, stimulate ferritin
synthesis, and (ii) given the fact that all cell types examined
contain HO activity (36), it seems reasonable to conclude that
chelatable iron can be a primary regulator of ferritin synthe-
sis. However, whether heme has a more direct role in
inducing ferritin synthesis in other cell types, such as those
of the reticuloendothelial system, which generate large
amounts of heme from senescent red cells, remains to be
determined.

Further, why on an equimolar basis is hemin more effective
than FePIH in stimulating ferritin synthesis in fibroblasts?
Heme, when at high levels, may facilitate the action of iron
in inducing ferritin synthesis by providing a second level at
which the IRE-BP is inactivated. This effect could include a
direct interaction of heme with the IRE-BP (6) or could
involve an effect of heme on ferritin synthesis at other
posttranscriptional levels (37). Finally, in K-562 cells, a cell
type with many transferrin receptors, on a molar basis
diferric transferrin is several times more effective than hemin
in activating ferritin synthesis (38). Thus, differential trans-
port rates ofheme and nonheme iron into cells may influence
the relative ability of these two iron forms to induce ferritin
synthesis.
Our results also indicate that changes in heme turnover

may influence the size of the chelatable iron pool and, as
such, affect the rate of ferritin synthesis. Thus, we observed
that inhibitors of heme degradation, which should presum-
ably reduce the size of the chelatable iron pool, suppressed
ferritin synthesis. This result occurred whether we measured
the basal or iron (hemin or FePIH)-induced rate of ferritin
synthesis. Furthermore, Co PP, which induces HO activity in
vivo (14) and can lead to large decreases in cellular levels of
cytochrome P450s (35), by itself slightly induced ferritin
synthesis. In addition, pretreatment of fibroblasts with Co
PP, to induce HO activity, stimulated the induction of ferritin
synthesis by either hemin or FePIH (R.S.E., D.G.-M., and
H.N.M., unpublished work), a result again consistent with
the proposal that increased rates of heme degradation in-
crease the size of the chelatable iron pool. ALA reduced the
ability of FePIH and hemin to induce ferritin synthesis,
presumably by diverting chelatable iron into heme. Thus, the
effect of ALA is similar to that of iron chelators in that both
of these agents appear capable of reducing the amount of
available iron in the chelatable iron pool. Similarly, PP IX
acts like picolinic acid in its effect on transferrin-receptor

synthesis (27). Thus, as in Hep G2 cells (31), a dynamic
relationship apparently exists between the intracellular-heme
and chelatable-iron pools.
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