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ABSTRACT

Despite recent advance in the study of the nature of storage iron turnover, a comprehensive analysis
remains lacking. This study aimed to clarify the nature of storage iron turnover. Ferritin-hemosiderin
iron transformation rate and the standard normal storage iron turnover rate were utilized in this study
to describe the mechanism of iron absorption in relation to ferritin and hemosiderin iron turnover. The
synchronization of radioiron uptake peaks by bone marrow and liver indicates that the distribution of
radioiron is proportional to the pre-existing iron levels in organs at 24 h after radioiron injection. Moreover,
the synchronization indicates the independence of iron mass from red cell precursors in acquiring plasma
iron. Thus, the erythron does not dominate the radioiron uptake process. The inverse correlation between
transformation rate and the amount of pre-existing iron storage implies that the intra-storage iron turnover
is active in iron deficiency, but inactive in iron overload. The decreased ferritin/hemosiderin iron ratio in
chronic hepatitis C (CHC) with normal iron storage suggests a trend of iron transformation from ferritin
into hemosiderin. The correlation between the pretreatment iron storage and the speed of rebound in CHC
implies that the vacant iron-storing rooms in iron-removed cells have a potential to increase iron absorption.
This study presents new insights into the turnover of stored iron to enhance our understanding of iron
metabolism in various hematologic disorders.
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INTRODUCTION

In 1946, Granick' proposed the theory of automatic iron absorption blockage after iron
administration. In 1950, Huff et al> developed ferrokinetics and elucidated the dynamic feature
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of erythropoiesis. However, they could not determine storage iron turnover rate (SIT). In 1950,
Finch et al® revealed in detail the storage iron metabolism in relation to erythropoiesis. In
1952, Haskins et al* determined the total amount of storage iron by measuring the total blood
removed through phlebotomy to the level of iron deficiency. In 1953, Shoden et al’* conducted
the first animal experiment investigating the ferritin (Ft) and hemosiderin (Hs) iron metabolism.
However, the iron exchange between Ft and Hs remained unclear due to the limitations of
biochemical method. In 1958, Saito® demonstrated the iron turnover of Ft and Hs in the liver
and spleen, as well as the blockage of iron absorption through the saturation of Ft formation
and the incomplete blockage of iron absorption by the unsaturation of Hs formation by animal
experiment. In 1960, Pollycove et al’ estimated normal SIT of negligible amount (0 to 1 mg/day)
by observing the plasma radioiron disappearance curve in normal participants. In 1972, Addison
et al® developed a ground-breaking immunoradiometric method for determining serum ferritin in
humans. Subsequently, clinicians began using serum ferritin as an index of storage iron further.
However, the turnover of Hs iron in connection with Ft iron remained unclear since 1958.° In
2012, Saito et al’® developed a computer-assisted method “serum ferritin kinetics”, which enabled
us the quantitative determination of Ft and Hs iron simultaneously. This article aims to reveal
the nature of storage iron metabolism by analyzing previous research data.

METHODS

Two indices were employed in this study: the iron transformation rate (TR),!° which was
derived from serum ferritin kinetics®; and SIT with a standard normal value of 5.8 mg/day,!!
which was calculated as a sum of turnover rates in the three major iron-storing cells namely
hepatocytes, macrophages, and enterocytes.!>!

RESULTS AND DISCUSSION

Storage iron turnover in normal participants

The normal range of whole-body storage iron typically falls between 100 mg and approxi-
mately 2500 mg, with most individuals having levels within the range of 600-1000 mg."? The
upper limit of normal storage iron levels is not precisely defined. The normal range for serum
ferritin levels is approximately 12 ng/mL to around 250 ng/mL.

Notably, the changes in the ratio between Ft and Hs in total iron stores alter the shape of
the serum ferritin decreasing curve. The ratio of Ft to Hs fluctuates in response to the total iron
storage level, reflecting the balance between Ft and Hs in iron homeostasis.

Iron pathways in iron-storing cells in iron deposition and mobilization. In the process of
iron deposition, transferrin-bound iron is internalized into iron-storing cells. The absorbed iron
is initially converted into Ft, while some is transformed into Hs.

During iron mobilization, a decrease in plasma iron levels results in a reduction of Ft. To
replenish the removed Ft during iron removal,” new Ft is synthesized by utilizing Hs as the
sole available source for Ft synthesis in iron-storing cells. Figure 1 shows the serum ferritin
kinetics process.
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Fig. 1 Decrease of serum ferritin in a treated iron deficiency anemia patient with constant blood loss
Dark-brown curve No. 1 shows the exponential decrease of pre-existing serum ferritin and total iron stores.
Red line No. 2 shows the linear decrease of pre-existing serum ferritin and ferritin iron.

Blue curve No. 3 shows the recovery of serum ferritin and ferritin iron.
The horizontal axis shows the amounts of iron stores:

Line A indicates the 1.7 g of total iron stores removed.

Line B indicates the 1.2 g of pre-existing hemosiderin iron removed.
Line C indicates the 0.5 g of pre-existing ferritin iron removed.
A=B+0

The vertical axis shows the levels of serum ferritin:

Line X indicates the 700 ng/mL of pre-existing serum ferritin removed.
Line Y indicates the 430 ng/mL of recovered-serum ferritin removed.
Line Z indicates the 270 ng/mL of recovered-serum ferritin remained (not removed).
X=X +72)

Turnover of Ft and Hs in duodenal epithelium. The stored iron in the cell can either move
into the plasma or be absorbed into the intestinal lumen through epithelial exfoliation within
10 days.!618

Granick! proposed the hypothesis of automatic blockage of iron absorption after oral iron
administration. Saito® demonstrated not only the blockage through Ft formation, but also the
incomplete blockage of iron absorption through Hs formation.® Iron absorption is regulated by
hepcidin-ferroportin axis,'” which is also regulated by storage iron level.

Difference in iron turnover between radioiron and pre-existing body iron. The red cell
radioiron utilization (RCU) ranges from 80-100%.7** However, the non-radioiron ratio of red
cell iron (RCI) to whole-body iron (WBI) is approximately 67%.!>!® The difference in red cell
utilization between radioiron and non-radioiron indicates that RCU is enlarged by the additional
red cell fixation of radioiron released from non-erythron tissue in 14 days due to radioiron
recycling the same pathways (Fig. 2).

The red cell iron turnover rate (RCIT) is also increased, as it is calculated by multiplying the
increased RCU with the plasma iron turnover rate (PIT). Conversely, the red cell iron renewal
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rate (RCIR), obtained by dividing RCI with mean red cell life span, indicates the red cell non-
radioiron turnover rate.'! The difference between the increased RCIT and RCIR corresponds to
the turnover rate of radioiron released from non-erythron tissue (TITr; Fig. 3). TITr is determined
as the turnover rate of extra red cell fixed radioiron refluxed from non-erythron tissue in 14 days
(Fig. 3). The red cell fixed iron does not exchange with plasma iron.**

Researchers in ferrokinetics”!>?*23 regarded the increased RCIT as a net value. Consequently,
the ferrokinetic SIT were underestimated less than the half of the standard SIT of 5.8 mg/day.!!!?

Fig. 2 Left:
Fig. 2 Mid:

Plasma radioiron Plasma radioiron Plasma radioiron

| | | 1

Red cell precursors Iron-storing cells Iron-storing cells

Fig. 2 Three pathways of intravenously injected radioiron in normal individuals
Fixed to red cell precursors.
Fixed to iron-storing tissue cells.

Fig. 2 Right: Taken up and subsequently released by iron-storing tissue cells.

Fig. 3 Left:
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Fig. 3 Average body iron turnover rates of a standard normal adult male
The first bar indicates the plasma iron turnover rate (PIT).> The second bar indicates the red cell
iron renewal rate (RCIR) and the non-erythron tissue iron turnover rate (TIT). The third bar indicates
the red cell iron turnover rate (RCIT), tissue fixed iron turnover rate (TITf), and tissue released iron
turnover rate (TITr), which is measured as the turnover rate of additionally red cell fixed radioiron
in 14 days. The broken line indicates a proportion of TITr in RCIT. The border line between TITr
and TITf shifts toward right or left according to their amount in TIT. The bottom box indicates
the storage iron turnover rate (SIT) and non-SIT. SIT/non-SIT ratio in TIT increases according to
the increase of iron storage.
Erythyro-ferrokinetic indices:
PIT = Total body plasma iron turnover rate’: 30 mg/day (100%).
RCIR: 20 mg/day (67% of PIT).
TIT: 10 mg/day (33% of PIT) = (PIT — RCIR).
RCIT: 24 mg/day (80-100% of PIT) = PIT x RCU/100.
TITr: 4 mg/day (13% of PIT) indicates the turnover rate of tissue released and then red cell fixed
radioiron in 14 days.
TITf: 6 mg/day (20% of PIT).
TIT = (TITf + TITr).
SIT = 6 mg/day (20% of PIT).
non-SIT = 4 mg/day (13% of PIT).

Fig. 3 Right: Supplement to the left diagram.
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Fig. 4 Iron-attracting potentials of iron-removed cell and iron-deposited cell
Fig. 4 Left: Vacant iron-storing rooms in an iron-removed cell with iron admitting capacity.
Fig. 4 Right: Iron-filled iron-storing rooms in an iron-deposited cell with a magnet-like force for attracting
plasma iron.

Synchronization of radioiron uptake peaks in bone marrow and liver. The process of radioiron
fixation by red blood cells is unidirectional. This one-way process may lead to confusion as
the erythron dominates over the non-erythron tissue in acquiring iron from plasma. However,
the erythron does not dominate the radioiron uptake process. The synchronization of radioiron
uptake peaks in the bone marrow and liver after 24 h indicates competition between red cell
precursors and tissue iron-storing cells for acquiring plasma iron.

The distribution of radioiron in the body in normal individuals after 24 h, not after 14 days,
is proportional to the pre-existing body iron distribution.”>* The larger the iron storage, the more
radioiron is fixed to iron-storing tissue cells.®?>26

Thus, we can infer that the iron mass in each cell possesses an iron-attracting potential similar
to a magnet (Fig. 4 Right).

A large labile iron pool in bone marrow and liver. Labile iron pool (LIP) refers to non-
protein-bound, loosely iron-bound, and redox-active complexes. Pollycove et al’?* emphasized
the presence of a large LIP in bone marrow and liver. Finch®® raised concern about this, stating
that the speed of radioiron uptake by red cell precursors and hepatocytes is considerably rapid to
allow such an involvement before synthesizing hemoglobin and Ft. This type of LIP is unlikely
to exist, as it can be cytotoxic to bone marrow and liver cells.

Storage iron turnover in iron deficiency states

Iron deficiency indicates the state of storage iron exhausted to a level < 100 mg, and a serum
ferritin < 12 ng/mL.

In blood depleted rats, the maximal radioiron uptake by liver and spleen Ft appeared 24 h
after radioiron injection,® similar to that observed in humans.!!

The radioiron uptake by rat liver Ft was greater than that in other organs,® indicating that
the main site of tissue iron turnover is the liver Ft. The release of radioiron from liver Ft was
significantly higher in rats with depleted blood compared to normal rats. The release of radioiron
stopped within 2 days® after the appearance of radioiron uptake peak at 24 h in normal and
blood depleted rats. This indicates that the liver Ft iron turnover is more active in iron deficiency
than that in normal rats.

In patient with normal iron storage after the treatment of iron deficiency anemia (IDA), Ft
initially decreased rapidly and slowly later, while Hs decreased slowly initially and then rapidly®
in constant iron removal. The prompt response of Ft to iron mobilization indicates the active
turnover of Ft. The delayed response of Hs indicates its passive turnover. A small amount of Hs
remains to coexist with Ft in the level close to the exhaustion of iron stores.”?® This evidence
is indicative of the cooperation of Ft and Hs in iron mobilization in all the levels of iron stores
from pre-iron deficiency state to iron overload. Accordingly, the existing morphology-based
definition of Hs, as the aggregates of denatured Ft,* requires modification while considering the
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functional feature of Hs in combination with Ft turnover.

The rapid uptake and release of radioiron by liver Ft in iron-depleted rats indicate active iron
turnover in the liver Ft.® The iron transformation'® between Ft and Hs increases in iron deficiency.
Conversely, the storage iron turnover between hepatocyte and plasma decreases according to the
decrease of iron storage.

Prior to the discovery of serum ferritin assays, Heinrich et al*’ identified the state of iron
deficiency with normal hemoglobin, referred to as “pre-latent, and latent iron deficiency.” How-
ever, with the availability of serum ferritin assays, this state is no longer latent but can manifest.
Therefore, it is appropriate to refer to this state as “iron deficiency without anemia (ID).”!7-8

In ID, despite the lack of stored iron, serum iron levels remain as high as possible to support
hemoglobin synthesis. Moreover, the increased iron absorption in ID prevents it from falling into
IDA."7 Ft/Hs iron ratio becomes highest in IDA.

Approximately 30% of the menstruating individuals are ID.'7 During the last trimester of
pregnancy most pregnant women develop IDA. Meanwhile, a woman loses around 0.4 to 1 g
of iron concurrently during pregnancy and delivery.”

Iron refractory iron deficiency anemia (IRIDA) is a form of IDA caused by genetic muta-
tions.* Iron absorption and utilization in IRIDA are decreased. The response of erythropoiesis
and storage iron turnover to oral and parental iron administration is not active as compared
with ordinary IDA.

Storage iron turnover in chronic hepatitis C

Increased hepatic Hs iron deposition is a characteristic finding in chronic hepatitis C (CHC).

We observed a prompt response of Ft and delayed response of Hs to iron removal in CHC,
similar to that observed in IDA. Moreover, we found a minimal inverse correlation between TR!®
and pre-existing Ft, and no inverse correlation between TR and pre-existing Hs iron in CHC.'"
Hs was greater than Ft in all cases of CHC with the normal storage iron level. These findings
suggest the transformation of Ft into Hs in CHC, with mild increase of iron absorption due to
the change of intracellular environment.

Shiono et al’! elucidated the correlation between the amount of iron stores before phlebotomy
therapy and the rate of iron restoration (absorbed iron per day) while maintaining storage iron
level within normal range in CHC. This result implies that the larger the vacant iron-storing room
in the iron-removed cells (Fig. 4 Left), the stronger the iron-attracting potential for increasing
iron absorption.

In terms of iron deposition, the conversion of active Ft into passive Hs reduces iron toxicity
to iron-storing cells. The iron reduction therapy developed by Hayashi et al*? has proven effective
in reducing disorders in CHC by removing iron.

Needle biopsy may not be necessary if its purpose is to assess the degree of Hs deposition
in CHC, as Ft and Hs can be determined safely by serum ferritin kinetics.’

Storage iron turnover in iron overload

Iron overload is the state of increased whole-body storage iron larger than around 2500 mg,
and a serum ferritin levels approximately 250 ng/mL indicates iron overload. The border between
normal and overload iron remains unclear.'

In iron overloaded rats, radioiron deposited gradually in liver and spleen. Meanwhile, the
release of deposited radioiron did not occur in 3 days.® This could be attributed to the following:
the burying (dilution) of a minute amount of radioiron in the massive storage iron pool, and
hindrance of radioiron release due to a magnet-like iron-attracting effect by the huge storage
iron mass in accordance with the law of mass action (Fig. 4 Right).
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In iron addition, Hs increases along with the increase of iron stores by converting Ft into Hs.
Hs increases linearly and limitlessly in the iron overload range.>® This prevents iron toxicity by
limiting the increase of Ft with active iron turnover.

The increase of SIT indicates the increase of iron turnover between iron-storing cells and
plasma in proportion to the increase of iron stores. Conversely, non-SIT, which refers to the
sum of iron turnover rates of myoglobin and enzymes, does not increase in proportion to the
increase of iron stores.

The inverse correlation between TR!® and pre-existing storage iron observed in hereditary
hemochromatosis (HH) implies the decrease of storage iron turnover between Ft and Hs in iron
overloaded HH.?* However, the storage iron turnover was more active in HH than that in transfu-
sion dependent patients. The difference could be related to the levels of erythropoietic activity.

In patients with HH, whose iron storage level was maintained within normal range after
phlebotomy therapy, iron absorption increased higher than that in normal individuals.** This
suggests the iron-attraction by the vacant iron-storing rooms in iron-removed cells, as observed
in CHC,* in addition to the effect of uncontrolled iron absorption in HH.
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