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Abstract. The effects of various maneuvers on the handling of 59Fe-labeled heat-dam- 
aged red cells (59Fe HDRC) by the reticuloendothelial system were studied in rats. 
Raising the saturation of transferrin with oral carbonyl iron had little effect on splenic 
release of 59Fe but markedly inhibited hepatic release. Splenic 59Fe release was, 
however, inhibited by the prior administration of unlabeled HDRC or by the combination 
of carbonyl iron and unlabeled HDRC. When carbonyl iron was administered with 
unlabeled free hemoglobin, the pattern of 5gFe distribution was the same as that 
observed when carbonyl iron was given alone. 59Fe ferritin was identified in the serum 
after the administration of 59Fe HDRC but the size of the fraction was not affected by 
raising the saturation of transferrin. Sizing column analyses of tissue extracts from the 
spleen at various times after the administration of 5gFe HDRC revealed a progressive 
shift from hemoglobin to ferritin, with only small amounts present in a small molecular 
weight fraction. The small molecular weight fraction was greater in hepatic extracts, 
with the difference being marked in animals that had received prior carbonyl iron. The 
increased hepatic retention of 59Fe associated with a raised saturation of transferrin 
was reduced by a hydrophobic ferrous chelator (2,2'-bipyridine), a hydrophilic ferric 
chelator (desferrioxamine), and an extracellular hydrophilic ferric chelator (diethylene- 
triaminepentacetic acid). Transmembrane iron transpolt did not seem to be a rate- 
limiting factor in iron release, since no differences in 59Fe membrane fractions were 
noted in the different experimental settings. These findings are consistent with a model 
in which RE cells release iron from catabolized red cells at a relatively constant rate. 
When the saturation of transferrin is raised, a significant proportion of the iron is 
transported from the spleen to the liver either in small molecular weight complexes or 
in ferritin. Although a saturated transferrin has no effect on the release of iron from 
reticuloendothelial cells, prior loading with HDRC conditions them to release less 
iron. [P.S.E.B M. 1990, Vol 1931 

nternal iron exchange involves a circuit in which 
iron is released from cells of iron procurement (gut I mucosal cells, reticuloendothelial (RE) cells, and 

hepatic parenchymal cells), bound to the transport pro- 
tein transferrin, and delivered to erythroid precursors 
and other actively growing cells. Senescent red blood 
cells are taken up by RE cells and the iron so released 
recycled (1-3). The processes involved in the delivery 
of transfenin iron to erythroid and other cells have 
been well characterized (2, 3). In contrast, little is 
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known of the factors involved in the transport of iron 
through RE cells, although there is some evidence that 
release is inhibited when circulating transfenin is satu- 
rated with iron (4, 5). The aim of this study was to 
obtain further insight into the factors involved in RE 
handling of iron derived from heat-damaged red cells 
(HDRC). 

Materials and Methods 
Male Sprague-Dawley rats (250-300 g) were used 

and maintained on a standard commercial cube diet 
(Epol, Johannesburg, South Africa). A prolonged raised 
saturation of transferrin was achieved physiologically 
by oral administration of SF grade carbonyl iron (3- to 
4-pm particle size; GAF Corp.) (6). A dose of 400 mg, 
suspended in 1 ml of acidified saline (pH 2), was 
introduced using an olive-tipped feeding cannula, fol- 
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lowed by 200 mg 24 hr later. The animals had free 
access to water alone during this period. At various 
times after the first and second doses of carbonyl iron, 
two animals were exsanguinated under anesthesia and 
the serum iron, and unsaturated iron-binding capacity 
and percentage of saturation were measured (7, 8). In 
this way it was possible to determine the time period 
during which there was near or complete steady-state 
saturation of transfemn. Similar time-dependent stud- 
ies examining the effects of HDRC on the serum iron 
were camed out by transfusing either a single dose of 3 
ml of HDRC/kg (20% hematocrit) at time 0, or three 
repeated doses of 6 ml of HDRC/kg at time 0, 4, and 
8 hr. Unless otherwise stated, groups of at least three 
rats were studied in each experiment. 

The hemoglobin of rat red cells was uniformly 
labeled in vivo by repeated injections of 59Fe. They were 
then heat damaged (4) and injected into the tail veins 
of recipient rats within 1 hr of preparation. The dose 
used in most experiments (3 ml of HDRC/kg) had an 
iron content of approximately 0.8 mg/kg. At various 
time intervals after the injection of 59Fe HDRC, rats 
were anesthetized, exsanguinated by cardiac puncture, 
and washed out using normal saline perfusion. 59Fe 
activity in 1 ml of blood, both kidneys, one femur, the 
liver, and spleen was counted in a Packard Autogamma 
scintillation spectrometer model 5650 (Packard Instru- 
ments Autogamma Co., Downers Grove, IL) and the 
mean f SE organ distribution of 59Fe was expressed as 
percentages of recovered counts. Total marrow 59Fe was 
taken as 13-fold greater than 59Fe present in one femur 
(9). Total blood 59Fe assumed a blood volume of 65 
ml/kg. Similar experiments were also performed in rats 
in which the saturation of transfemn had been raised 
with carbonyl iron, in those with prior infusion of 
unlabeled HDRC ( 6  ml/kg), in those with enhanced 
(reticulocytes >20%) erythropoiesis (by removal of 4 
ml of blood on the sixth and fifth days prior to 59Fe 
HDRC injection), and in those injected with an equiv- 
alent amount of unlabeled free hemoglobin (10) 1 hr 
before 59Fe HDRC. In those experiments in which prior 
carbonyl iron had been gwen, the 59Fe HDRC were 
administered 4 hr after the last dose. 

In some experiments hepatic and splenic tissues 
were prepared for sizing column chromatography. The 
buffer and column procedures were those of Pollack et 
al. (1  1). Chelators with various modes of action were 
tested (1 2). The hydrophobic ferrous chelator 2,2 I -  

bipyridine (Merck, Darmstadt, FDR) and the hydro- 
philic ferric chelator desferrioxamine (Ciba Pharmaceu- 
ticals, Basel, Switzerland) were included in tissue prep- 
arations to characterize the intracellular chelatable 
pools of 59Fe. At each time interval studied, tissue 
samples were coarsely homogenized in running buffer 
(0.05 M NaCI, 0.02 MHepes, pH 7) containing soybean 
trypsin inhibitor (100 pg/ml) and either desferrioxam- 
ine ( 5  mg/ml) or 2,2’-bipyridine (1.39 mg/ml). The 
homogenized sample was centrifuged at 1000 rpm for 

10 min, the supernatant (containing near single-cell 
suspensions) sonicated with three 30-sec bursts of me- 
dium intensity ultrasound using an MSE ultrasonicator 
(Crawley, Sussex, UK), and ultracentrifuged at 25,000 
rpm for 40 min at 4°C. The resultant supernatant was 
fractionated on AcA 44 ultrogel chromatography and 
59Fe activity in the collected fractions was counted. 
Between each sample application, the column was 
washed with 1% Triton X-100 and 0.1 M EDTA and 
at least 3 column volumes of buffer. The column had 
been calibrated with radiolabeled ferritin, transfemn, 
and hemoglobin. The femtin peak was confirmed by 
immunoprecipitation (1 3, 14) and by sizing on an AcA 
22 ultrogel column. The colors of the various fractions 
were of further use in confirming the nature of the 
peaks. Detergent-solubilized preparations of hepatic 
and splenic tissue were also subjected to sizing chro- 
matography. The tissues were coarsely homogenized in 
running buffer containing soybean trypsin inhibitor but 
no chelators, and centrifuged at 1000 rpm for 10 min. 
Running buffer containing 2% Triton X-100 was added 
to the resultant pellet and, after agitation at 4°C for 2 
hr, the sample representing a membrane-enriched frac- 
tion was subjected to ultracentrifugation at 20,000 rpm 
for 1 hr at 4°C. The supernatant was fractionated on an 
AcA 44 ultrogel chromatography column and the frac- 
tions collected counted for 59Fe. 

Chelators were also used in studies in vivo. Desfer- 
rioxamine or 2,2’-bipyridine (50 mg/kg) was given 
intramuscularly at 1,3, 5 ,  and 7 hr after the intravenous 
injection of 59Fe HDRC to normal rats and to rats with 
carbonyl iron-induced raised transferrin saturations. 
The hydrophilic extracellular ferric chelator diethyle- 
netriaminepentacetic acid (DTPA) ( 12) (Merck, 
Darmstadt, FDR) was given intravenously (50 mg/kg) 
to enhance the extracellular iron-binding capacity of 
the plasma and interstitial fluid. After 8 hr, the rats 
were killed and the percentage of distribution of 59Fe 
in the liver, spleen, blood, kidneys, and marrow was 
determined. 

Finally, in an attempt to define the nature of iron 
released from RE cells, sera obtained after 59Fe HDRC 
infusion into animals with normal and raised transfer- 
rin saturations were fractionated on AcA 44 column 
chromatography. 

Statistical analyses utilized Student’s t test with 
Bonferroni corrections applied when more than two 
groups were compared. When analysis of variance was 
applied, an F value was generated. Statistical signifi- 
cance was taken to be P < 0.05. 

All experiments had been approved by the Animal 
Ethics Committee of the Univeristy of the Witwaters- 
rand. 

Results 
The oral administration of 400 mg of carbonyl iron 

resulted in a transient increase in the percentage of 
saturation of transferrin, while an additional later dose 
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caused a more protracted rise (Fig. 1). The fact that the 
saturation never exceeded 100% indicated that car- 
bonyl iron was being absorbed physiologically and was 
not causing supersaturation of transfemn at any time 
(3). HDRC infusion caused a less striking rise in trans- 
ferrin saturation which may itself have modified later 
results. A single infusion of 3 ml of HDRC/kg caused 
a transient rise in transferrin saturation, maximal at 3- 
hr postinfusion. The first of three 6-ml/kg infusions 
given four hourly was followed by a similar increase, 
with the subsequent two infusions having no effect. 

Raising the saturation of transfemn with two doses 

Tme (hours) 

Figure 1. Time-dependent effect on the serum iron (shaded bar) and 
the unsaturated iron-binding capacity (open bar) of two doses of oral 
carbonyl iron, a single infusion of 3 ml of HDRC/kg, or three repeated 
infusions of 6 ml of HDRC/kg into rats. Results are shown as mean 
(kSE) values, except for the carbonyl iron group where the number 
of animals (two) at each time was too small for statistical analyses. 

of carbonyl iron affected the fate of intravenously ad- 
ministered 59Fe HDRC, with a reduction in blood and 
marrow 59Fe and an increase in hepatic 59Fe (Table I). 
The splenic 59Fe content was essentially similar to con- 
trol rats. In contrast, the previous intravenous injection 
of unlabeled HDRC was associated with a hold up of 
59Fe in the spleen and a consequent reduction of blood 
and marrow 59Fe uptake. The fact that less than 1.5% 
of the injected 59Fe was present in the kidney indicated 
that there was very little intravascular hemolysis of the 
HDRC. In a further experiment only one dose of car- 
bonyl iron was given 1 hr before the labeled HDRC 
and the animals were sacrificed 4 hr later. The organ 
distribution was similar to that noted when a high 
percentage of saturation was maintained for >24 hr 
with two doses of carbonyl iron. Significantly more 59Fe 
was present in the liver. 

Enhanced erythropoiesis was associated with mark- 
edly increased 59Fe in the blood and marrow, predom- 
inantly at the expense of splenic counts (Table 11). These 
effects were not present in the animals that had received 
carbonyl iron. 

The organ distribution of 59Fe HDRC at 8 hr was 
tested in several groups of animals, viz. a control group, 
one that had received prior carbonyl iron, one that had 
received prior unlabeled HDRC, one that had received 
both, and one that had received prior carbonyl iron and 
unlabeled free hemoglobin (Table 111). The prior ad- 
ministration of both carbonyl iron and unlabeled 
HDRC was associated with increased splenic 59Fe which 
is the pattern obtained in a previous experiment when 
HDRC were given alone (Table I). Although hepatic 
retention was also increased, the rise did not reach 
statistical significance. When prior carbonyl iron and 

Table 1. ComDarison of the Fate of 59Fe HDRC in Four ExDerimental Settinas 

Time 

(hr) 
postinfusion Marrow Liver Spleen Blood 

0.5 
1.5 

Control 4.0 
8.0 

24.0 
0.5 
1.5 

Carbonyl iron (2 doses) 4.0 
8.0 

24.0 
Carbonyl iron (1 dose) 4.0 

3.2 (0.1) 
6.3 (0.7) 

16.4 (1.2) 
26.7 (1.2) 
26.9 (1.8) 
3.8 (2.2) 
6.7 (0.8) 

10.4 (1 .3)b 
15.7 (1.2)b 
14.7 (1 . O ) C  

5.9 (0.7)' 

16.6 (0.9) 45.1 (9.7) 
26.0 (1.8) 47.8 (3.5) 
22.9 (2.1) 37.8 (1.7) 
29.0 (3.2) 29.3 (2.7) 
14.6 (3.3) 33.9 (1 5) 
19.7 (4.2) 30.1 (2.7) 
39.0 (2.2)" 40.9 (3.3) 
44.0 (3.9)b 36.3 (2.5) 
48.1 (1.8)" 28.6 (1.9) 
43.7 (4.3)" 33.2 (5.2) 
59.8 (3.8)' 28.1 (4.6) 

35.2 (10.5) 
19.9 (3.0) 
22.9 (1.7)" 

24.7 (0.1) 
46.5 (0.7) 
11.1 (2.9) 
9.3 (2.4) 
7.6 (0.7)b 
8.6 (0.1)' 
6.2 (0.1)' 

13.4 (1.4) 

HDRC 

0.5 5.8 (1 .O) 26.6 (6.8) 56.7 (2.8) 11.1 (4.9) 
1.5 7.0 (0.4) 25.6 (0.4) 63.6 (0.6)' 3.8 (0.2) 
4.0 11.3 (3.0) 29.5 (2.2) 53.5 (5.4)" 11.3 (0.3) 
8.0 18.0 (0.8) 21.6 (3.9) 52.2 (2.6)" 8.3 (0.6) 

' Statistically different (P < 0.05) from the other three groups which are statistically similar. 
Statistically different from control group (P < 0.05). 
First 2 groups different at 24 hr (P < 0.05). 
Statistically different from control group (P < 0.0005). 
' Statistically different from group given two doses of carbonyl iron (P < 0.05). 
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free hemoglobin were administered together, the pat- 
tern of increased hepatic 59Fe was similar to that ob- 
tained with carbonyl iron alone. Marrow and blood 
59Fe were reduced by all the maneuvers and the admin- 
istration of free hemoglobin was associated with a non- 
statistically significant increase in the percentage of 
injected 59Fe found in the kidney (5.5 (&0.2)%) as 

compared with figures varying between 1.2 (&0.9)% 
and 3.3 (&1.4)% in the other groups. 

The results of sizing chromatographic analysis on 
splenic and hepatic cytosolic extracts, obtained between 
30 and 480 min after the administration of 59Fe HDRC, 
are shown in Tables IV and V, respectively. The relative 
sizes of the peaks were calculated as a percentage of the 

Table II. Comparison of the Fate of 59Fe HDRC Cells 4 hr after Infusion into Control Rats and Animals with 
Enhanced Ervthropoiesis 

~ ~~ 

Marrow Liver Spleen Blood 

Control 16.4 (1.2) 22.9 (2.1) 37.8 (1.7) 22.9 (1.7) 
Control + 2 doses of carbonyl 10.4 (1.3) 44.0 (3.9) 36.3 (2.5) 9.3 (2.4) 

Venesection 27.3 (1 .l)" 18.6 (6.8) 23.8 (3.0)" 30.4 (2.7) 
iron 

Venesection + 2 doses of car- 11.4 (1.8) 44.6 (1.9) 34.2 (3.6) 10.0 (0.2) 
bony1 iron 

a Significantly different from the control group (P c 0.01). 

Table 111. Effects of Prior Carbonyl Iron or Pretransfusion with Unlabeled HDRC or a Combination of Both, or 
of Prior Oral Carbonyl Iron Plus an Infusion of Free Hemoglobin on the Organ Distribution of 59Fe 8 hr after the 

lniection of 59Fe HDRC 

Marrow Spleen Liver O/O Saturation 
transferrin Blood 

Control 35.4 (3.9)" 20.6 (2.3) 35.0 (5.0)b 9.0 (0.2)= 17.7 (2.7) 
Carbonyl iron 18.0 (0.6) 23.5 (1 .O) 52.1 (0.7) 6.4 (0.7) 77.3 (6.2) 
HDRC 15.7 (0.7) 39.1 (1.1)' 40.9 (2.4)b 4.3 (1 .O) 22.0 (2.3) 
Carbonyl iron + HDRC 15.9 (1.6) 34.2 (7.0)' 45.2 (6.3) 4.7 (0.3) 79.0 (4.5) 
Carbonyl iron + free hemo- 20.7 (1.4) 20.6 (1 .O) 54.4 (2.1) 4.3 (0.5) 71.3 (7.1) 

globin 

a Statistically different from the other groups which were statistically equivalent (F = 61.7, P < 0.0001). 
Statistically similar but different from the other groups (F = 12.7, P < 0.006). 
Statistically different from the other groups which are statistically equivalent (F = 34.9, P C 0.0001). 
Statistically similar but different from the other groups which were also similar (F = 24.0, P c 0.0006). 

Table IV. Time-Dependent Fractionation of Splenic Extracts 

Time Small molecular weight 

(min) Ferric Ferrous 
postinfusion Ferritin Hemoglobin 

Control 
Carbonyl iron 
HDRC 
Control 
Carbonyl iron 
HDRC 
Control 
Carbonyl iron 
HDRC 

1.6 (0.5) 

4.0 (1.3) 

90 11.9 (0.4) 
12.5 (1.3) 
19.2 (2.8)b 

240 37.2 (3.3) 
42.0 (2.4) 

30 1.9 (0.2) 

9.9 (1 . l )  

88.1 (0.5) 
86.9 (0.9) 
87.9 (2.3) 
80.7 (1.3) 
75.0 (1.4)" 
79.7 (1.2) 
62.7 (3.6) 
51.4 (3.1) 
51.4 (3.0) 

6.0 (0.2) 
4.0 (0.4) 

5.7 (1.5) 
8.5 (0.7) 
3.7 (0.1) 
4.8 (0.3) 
5.6 (0.8) 
3.4 (0.3) 

6.1 - 
- 
2.4 (0.1) 
2.7 (0.2) 
7.6 (2.1) 
2.3 (0.2) 
5.2 (0.2) 
3.6 (0.4) 
2.1 (0.2) 

Control 73.8 (3.7) 18.5 (3.5) 3.6 (0.3) - 
Carbonyl iron 480 86.0 (1.9) 9.5 (1.5) 2.5 (0.1) - 
HDRC 72.7 (0.9) 22.7 (1.21 2.4 (1.51 2.2 10.9) 

Note. Statistical comparisons refer only to ferritin and hemoglobin as the small molecular weight characterizations were performed on only 
small numbers of samples. 
a Statistically different from control group (P c 0.05). 

Statistically different from carbonyl iron and HDRC (P < 0.05). 
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counts recovered from the column. In the spleen there 
was a steady drop in 59Fe hemoglobin activity which 
was accompanied by a reciprocal rise in 59Fe ferritin 
activity (Table IV). A small amount was consistently 
present in a small molecular weight fraction. There 
were no major differences among the percentages of 
distribution of the iron peaks in the three groups. Liver 
fractionation revealed somewhat different findings (Ta- 
ble V). At the times studied (90 and 240 min), the liver 
contained less 59Fe hemoglobin but more 59Fe ferritin 
and small molecular weight 59Fe (both ferrous and 
ferric) than did the spleen. The carbonyl iron group 
had more hepatic small molecular weight 59Fe (both in 
percentage and absolute terms) than the other two 
groups, while 59Fe ferritin was increased in both the 
carbonyl iron and previously transfused groups. 

In an attempt to find out how the raised transferrin 
saturation was exerting its effects on cellular iron re- 
lease, detergent-solubilized extracts of hepatic and 
splenic cell and membrane pellets, obtained 90 min 
after the labeled HDRC infusion, were fractionated for 
59Fe activity on AcA 44 ultrogel sizing column chro- 
matography. Three regions of 59Fe were identified: a 
high molecular weight (void) fraction, a midrange frac- 
tion, and a hemoglobin fraction. No significant differ- 
ences were noted between the total 59Fe activity in the 

pellets or in the distribution between the peaks in 
controls as compared with rats with a high transferrin 
saturation induced by carbonyl iron (data not shown). 

The effects of parenterally administered chelators 
on the distribution of 59Fe HDRC are shown in Table 
VI. In rats with normal transferrin saturations, all three 
chelators caused a modest reduction in the hepatic 59Fe 
pool. In rats given carbonyl iron, the hepatic 59Fe pool 
was increased and the three chelators caused a signifi- 
cant reduction in its size. Marrow 59Fe uptake was 
significantly decreased by 2,2'-bipyridine in the control 
group and there was a concomitant increase in blood 
59Fe. A similar, although less marked trend was noted 
in the carbonyl group. DTPA significantly reduced the 
splenic 59Fe pool in the control group. A similar but 
less significant reduction was noted in the animals given 
prior carbonyl iron. 

Serum obtained 30 min after the administration of 
the 59Fe HDRC was fractionated on AcA 44 ultrogel 
chromatography. Organ distributions in the control and 
carbonyl iron groups were similar. The transferrin sat- 
urations were 51.0 (+1.5)% and 91.3 (+5.5)%, respec- 
tively. In the control animals there was an equal distri- 
bution of 59Fe in the serum between ferritin and trans- 
femn whereas in the animals that had received carbonyl 
iron the transferrin peak was very small (Fig. 2). 

Table V. Time-DeDendent Fractionation of Hepatic Extracts 
~~ 

Time Small molecular weight 

Irnin) Ferric Ferrous 
postinfusion Ferritin Hemoglobin 

Control 90 5.0 (0.6)" 61.9 (3.5)' 17.3 (2.4) 17.9 (0.9) 
Carbonyl iron 20.0 (1.9)" 42.2 (3.3) 28.3 (4.8) 24.9 (0.9) 
HDRC 36.3 (1.8)" 38.8 (2.0) 15.9 (0.3) 16.0 
Control 240 47.4 (2.7) 17.8 (3.6) 18.5 (5.6) 20.8 (3.7) 
Carbonyl iron 51.4 (7.1) 10.8 (1 5) 22.0 (9.6) 28.4 (1 1.9) 

Nofe. Statistical comparisons refer only to ferritin and hemoglobin peaks as the samll molecular weight comparisons were performed on Small 
numbers of samples. 
* Each statistically different from the other two groups (P < 0.05). 

HDRC 81.2 (8.2)' 7.1 (3.0) 6.9 4.3 

Statistically different from the other two groups (P c 0.05). 
Statistically different from control group (P  < 0.05). 

Table VI. Effect of Various Chelators on the Distribution of 59Fe in Oraans 8 hr after 59Fe HDRC Infusion 
Chelator Marrow Liver Spleen Blood Nonrecovered 

Control None 20.0 (2.3) 20.8 (3.6) 24.3 (3.4) 9.7 (1.7) 25.3 (2.7) 
2,2 ' -bipyridine 5.7 (0.4)' 15.1 (1.7) 15.6 (0.3) 22.3 (3.4)' 41.4 (3.5) 
Desferrioxamine 20.8 (2.2) 14.6 (1.7) 22.0 (0.5) 10.7 (1 . l )  31.6 (4.1) 
DTPA 14.0 (3.2) 17.4 (2.0) 14.5 (2.0)' 9.8 (1.3) 43.3 (8.3) 

Prior carbonyl iron None 13.3 (3.4) 34.0 (3.5) 18.2 (1.1) 6.4 (0.2) 28.2 (3.9) 
2,2'-bipyridine 6.4 (2.0) 16.9 (0.3)* 18.2 (0.9) 19.0 (1.1)' 39.6 (0.4) 
Desferrioxamine 9.8 (0.2) 17.4 (0.2)" 20.2 (0.5) 5.8 (1.2) 46.9 (1 .7)b 
DTPA 7.5 (0.5) 21.0 (3.8)" 14.8 (3.3) 7.3 (1.0) 49.5 (0.0)' 

All three statistically equivalent but together significantly different from liver counts in the carbonyl group that did not receive any chelators (F 
= 23.5, P < 0.005). 

Significantly different from the appropriate group which did not receive any chelator (P < 0.05). 
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Figure 2. Fractionation on an AcA 44 ultrogel column of equal 
volumes of whole serum 30 min after 59Fe HDRC infusion into normal 
rats (middle frame) and in rats given prior oral carbonyl iron (bottom 
frame). Calibration of the column for ferritin, transferrin, and hemoglo- 
bin is shown in the top frame. 

Fraction number 

Discussion 
Previous work has shown that a raised transferrin 

saturation induced by infused iron markedly reduces 
iron release from the RE system (4, 5). However, the 
infused iron may have supersaturated the plasma and 
depleted the nontransferrin iron-binding capacity in 
such studies. In the present investigation, oral carbonyl 
iron administration was used to raise the transferrin 
saturation and to assess its effect on the RE handling 
of 59Fe HDRC. Once solubilized by gastric acid, car- 
bony1 iron absorption is the same as that of iron given 
as ferrous ammonium sulfate ( 6 ) .  The possibility that 
carbonyl iron might also be absorbed in particulate 
form has been raised by the finding of some small 
particles in the mucosa and liver of rats given 100 mg 
of carbonyl iron in one study ( 15). However, no paren- 
chymal particulate iron has been found in another ( 16). 
Both acute and more sustained carbonyl iron-induced 
increases in transferrin saturation had no effect on the 
splenic retention of HDRC-derived s9Fe but an increase 
in hepatic 59Fe was noted. These findings are in agree- 
ment with our previous observations on the effect of 
polycythemia on organ 59Fe distribution after 59Fe 
HDRC infusion in rats (4). Splenic 59Fe retention was, 
however, enhanced by the prior infusion of unlabeled 
HDRC which presumably conditioned RE cells to store 
the released iron rather than to deliver it back to the 

plasma. Stimulation of erythropoiesis in animals with 
normal transferrin saturation caused mobilization of 
iron from both liver and spleen and its transfer to red 
cell precursors; a raised saturation of transferrin in- 
duced by carbonyl iron prevented this enhanced cellular 
iron release. 

The differential effects of a raised transferrin satu- 
ration on iron release from the spleen and liver, with a 
redistribution from spleen to liver, were studied further 
by paying particular attention to the nature of iron 
being transported. Neither a raised transferrin satura- 
tion nor the injection of free hemoglobin reduced sple- 
nohepatic iron transfer which suggested that neither 
transferrin nor a putative haptoglobin-hemoglobin 
mechanism (5) was playing a significant role. Other 
possible modes of transport include ferritin and/or 
small molecular weight complexes. In this context, it 
has been shown that isolated macrophages release fer- 
ritin which is then rapidly taken up by hepatocytes (1 7 ) ,  
presumably by a receptor-mediated pathway (1 8). He- 
patocytes can also take up nontransferrin iron (1 9) by 
an electrogenic transport mechanism (20). 59Fe ferritin 
was, in fact, identified in the serum after 59Fe HDRC 
injection. Its possible role as a transporter of iron from 
spleen to liver could perhaps have been tested further 
by injecting large amounts of unlabeled ferritin into the 
circulation. However, it was not found possible to 
prepare material that was free of endotoxin, a substance 
which itself causes major perturbations of internal iron 
transport (2 1). Further insight into possible mecha- 
nisms of iron transport between the spleen and liver 
was obtained by fractionation studies after the infusion 
of 59Fe HDRC. In both organs there was a progressive 
drop in 59Fe hemoglobin with time which was accom- 
panied by a reciprocal rise in the concentration of 
labeled ferritin. Initial concentrations of 59Fe hemoglo- 
bin were lower in the liver, while 59Fe ferritin was 
higher, especially in animals that had received prior 
carbonyl iron or unlabeled HDRC. The striking differ- 
ence was, however, in the small molecular weight com- 
ponent. Very little 59Fe was in this form in splenic 
extracts while it accounted for one third to one half of 
the activity in the liver, with an equal division between 
ferrous and ferric iron. The patterns were similar in 
control animals and in those given prior carbonyl iron 
or unlabeled HDRC. The in vitru findings were supple- 
mented by in vivu experiments in which the effects of 
various iron chelators on the internal distribution of 
59Fe HDRC were studied. The extracellular chelator 
DTPA enhanced iron release from the spleen in animals 
with a normal transferrin saturation similar to that 
observed in animals with increased erythropoiesis. 
These combined findings suggest that RE iron release 
is promoted by an increase in the circulating iron- 
binding capacity. The reduction of marrow uptake 
effected by the membranous ferrous chelator 2,2’-bi- 
pyridine is compatible with the observation that it 
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decreases iron uptake from diferric transferrin by a 
number of cell types, including erythroid precursors 
(22-25). The increased hepatic retention of iron dervied 
from 59Fe HDRC noted in animals with saturated trans- 
ferrin was reduced by all three chelators. Each, however, 
must have obtained its iron from a different pool. 2,2’- 
Bipyridine presumably removed ferrous iron from 
splenic, or hepatic cellular membranes, or both; DTPA 
obtained ferric iron released by the spleen, while des- 
fenioxamine procured its iron from a ferric pool pre- 
dominantly in hepatocytes ( 10). Last, fractionation of 
solubilized membrane-enriched fractions from spleens 
and livers after the infusion of 59Fe HDRC did not 
show any build-up of activity in the hepatic membranes 
of animals with a saturated transferrin, which suggests 
that membrane transport is not a rate-limiting step in 
iron release from the liver. 

The results of these various experiments are com- 
patible with a model of internal iron exchange in which 
the RE cells of the spleen release hemoglobin-derived 
iron derived at a constant rate. This is in agreement 
with previous data of Noyes ez al. (26). After having 
been transported across the RE cell membrane in the 
ferrous state, the iron is oxidized to ferric iron which is 
then either taken up by transferrin or transported in a 
form which is available to a ferric chelator. Ferritin, as 
has been previously suggested (27), also contributes to 
the circuit between the spleen and the liver at least in 
settings associated with red cell breakdown but its quan- 
titative significance is not clear. Splenic derived iron 
which is taken up by transferrin is distributed to tissues 
in proportion to the density of transferrin receptors on 
their surfaces, with the major recipient tissue being the 
erythroid marrow. Nontransferrin iron, either nonspe- 
cifically bound or in fenitin, is taken up by hepatocytes. 
This ferritin is then degraded (28) and the released iron 
along with any other iron entering the hepatocyte is 
incorporated into new ferritin. During this phase of 
ferritin formation, relatively large amounts of ferrous 
and ferric iron are available to chelators. Although some 
of the iron may be derived from ferritin itself, the very 
early appearance of chelatable iron suggests that it is 
derived from a more labile pool (10). The fact that 
splenic iron release is unaffected by a highly saturated 
transfenin while hepatic iron release is inhibited may 
possibly be due to the relative density of transfenin 
receptors on their surfaces. The much larger numbers 
of receptors on hepatocytes compared with splenic tis- 
sue macrophages (29-3 1) would be associated with 
increased uptake of iron in the presence of a saturated 
transferrin. The increased uptake, in its turn, would be 
expected to stimulate ferritin synthesis by triggering the 
so-called iron responsive element to shift cytoplasmic 
ferritin mRNA to the polyribosomes (32-37). In con- 
trast, splenic macrophages can be conditioned to form 
increased amounts of fenitin by prior loading with 
HDRC. When this is done, subsequent injections are 

followed by a retention of the released iron and its 
incorporation into ferritin. 
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