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Background: The expression of the two types of ferritin subunits, the H-subunit and L-subunit, has been shown
to be differentially regulated by cytokines. The primary aim of the present study was to quantitatively
measure the expression of the H-subunit and L-subunit of ferritin in bone marrow macrophages and cells of
the erythron in patients with chronic T-helper cell type-1 immune stimulation.
Methods: The expression of the H-subunit and L-subunit of ferritin in bone marrow macrophages and cells of
the erythron was quantitatively evaluated by post-embedding immunolocalisation with immunogold
transmission electron microscopy.
Results: The present study showed up-regulation of the H-subunit of ferritin in the bonemarrowmacrophage in
patients with pronounced cellular immune activation (94.7±37.3 counts/μm2; n=31 vs 72.4±34.0 counts/
μm2; n=13, p-value=0.037).
Conclusion: This supports a possible role for H-subunit rich ferritins in the hypoferraemia of chronic disease.
© 2011 Elsevier Inc. All rights reserved.
Introduction

Ferritin is the intracellular protein responsible for the sequestra-
tion, storage and release of iron. Ferritin can accumulate up to 4500
iron atoms as a ferrihydrite mineral in a protein shell and releases
these iron atoms when there is an increase in the cell's need for bio-
available iron [1]. The ferritin protein shell consists of 24 protein
subunits of two types, the H-subunit and the L-subunit. These ferritin
subunits perform different functions in the mineralization process of
iron [2]. The ferritin protein shell can exist as various combinations of
these two subunit types, giving rise to heteropolymers or isoferritins.
Isoferritins are functionally distinct and it would appear that
characteristic populations of isoferritins are found depending on the
type of cell, the proliferation status of the cell and the presence of
disease [3]. Most of the ferritin produced intracellularly is harnessed
for the regulation of iron bio-availability. However, some of the
ferritin is secreted and internalised by other cells [4]. In addition to the
regulation of iron bio-availability, ferritin may contribute to the
control of myelopoiesis and immunological responses [5].
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Plasma ferritin is increased as an acute phase protein during
conditions of infection, inflammation andmalignancies. Its expression
is also up-regulated in the cytosol of various cells in conditions of
uncontrolled cellular proliferation, in any condition marked by
excessive production of toxic oxygen radicals, and by infectious and
inflammatory processes [6]. Under such conditions ferritin up-
regulation is predominantly stimulated by reactive oxygen radicals
and by cytokines [7,8]. The major function of ferritin in these
conditions is to reduce the bio-availability of iron in order to stem
uncontrolled cellular proliferation and excessive production of
reactive oxygen radicals [9]. Ferritin is, however, not indiscriminately
up-regulated as a shift towards a predominance in H-subunit rich
ferritins would appear to occur [10–18].

The expression of the H-subunit and L-subunit and the relationship
between these subunits depend, not only on the type of cell, but also on
the role of the cell in iron homeostasis and on various other factors that
can influence the expression of the H-subunit and L-subunit of ferritin
[19]. Since the role that themacrophageon theonehand, and the cells of
the erythron on the other, play in iron homeostasis differs, it is possible
that these subunits would be expressed differently.

In this study the expression of the H-subunit and L-subunit of
ferritin was determined in the bone marrow macrophage and in cells
of the erythron in combination with the inflammatory status of
patients with cellular immune activation.
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Materials and methods

Patients

The study group consisted of 44 patients attending the Depart-
ment of Internal Medicine, Kalafong Hospital, South Africa, for
treatment of chronic diseases. Blood and bone marrowwere collected
from each patient. The diagnosis of the patients were diverse and
included various types of infections (tuberculosis (TB), malaria,
human immunodeficiency virus (HIV)), cancers (lung, breast),
pancytopenias as a result of bone marrow suppression or peripheral
destruction of blood cells, organ failures including renal failure, heart
failure and liver failure, anaemias with different etiologies and various
other pathologies. This resulted in an extremely heterogeneous group
of patients. For the purpose of this study the immune status based on
neopterin and cytokine activity were used to group the patients.
Ethical clearance for the study was obtained from the Faculty of
Health Sciences Research Ethics Committee, University of Pretoria
(ethical clearance number 118/2003), and all patients gave informed
consent.

Determination of neopterin

Neopterin measurements were performed by a neopterin ELISA
(DRG Diagnostics, Germany, Orb Diagnostics, Modderfontein, South
Africa).

Cytokines

Interleukin-8, interleukin-1β, interleukin-6, interleukin-10, tu-
mour necrosis factor-α and interleukin-12p70 were determined by
the Human Inflammation Kit, BD™ Cytometric Bead Array (CBA) (The
Scientific group, Midrand, South Africa). Interleukin-2, interleukin-4,
interleukin-5, interleukin-10, tumour necrosis factor-α and interfer-
on-γ were determined by the BD™ Cytometric Human T-helper cell
type-1/T-helper cell type-2 Cytokine Kit (The Scientific group,
Midrand, South Africa). With the T-helper cell type-1/T-helper cell
type-2 CBA cytokine kit the interferon-γ standards were lost and the
measurement of interferon-γ was done by the human interferon-γ
ELISA Kit, BD OptEIA™ test (The Scientific Group, Midrand, South
Africa). Transforming growth factor-β1 and granulocyte macrophage-
colony stimulating factor were determined by their respective ELISAs
(DRG Diagnostics, Germany, Orb Diagnostics, Modderfontein, South
Africa).

Immunolabelling of the H-subunit and L-subunit of ferritin

Fixation of bone marrow tissue was performed as described
elsewhere [20]. The blocks of bone marrow tissue were sectioned and
the sections placed on nickel grids. Immunolabelling procedures were
performed by placing each section on a drop of the specific solution. In
the first step the sections were incubated with an antigen retrieval
solution, 8% NaJO4 in H2O, for 1 h at room temperature. The sections
were then rinsed 3 times for 5 min with phosphate buffered saline
(20 mmol/l sodium phosphate buffer and 0.15 mol/l sodium chloride,
pH 7.4) at room temperature. After the rinsing steps, the sections
were blocked, firstly with 0.05% glycine in H2O for 20 min at room
temperature, and secondly, with 1% BSA, 5% FBS, and 0.05% Tween-20
in phosphate buffered saline for 1 h at 30 °C. After the blocking
procedures the antibodies were introduced to the sections. Firstly, the
sectionswere incubatedwith the primarymonoclonal antibodies 1:10
(final concentration 50 μg/ml) diluted in 1% BSA, 5% FBS, and 0.05%
Tween-20, phosphate buffered saline for 4 h at 30 °C. After binding of
the primary antibodies the sections were rinsed 3 times for 5 min
with 1% BSA, 5% FBS, and 0.05% Tween-20 in phosphate buffered
saline at room temperature. Rinsing was followed by incubation with
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the secondary antibody 1:50 diluted in 1% BSA, 5% FBS, and 0.05%
Tween-20, phosphate buffered saline for 1 h at 30 °C. After the
immunolabelling procedures the sections were rinsed 3 times for
5 min in 1% BSA, 5% FBS, and 0.05% Tween-20 in phosphate buffered
saline and finally in only phosphate buffered saline at room
temperature for 5 min. Before staining, the sections were fixed with
2% GA in phosphate buffered saline and rinsed 3 times for 5 min with
deionised H2O at room temperature. To enhance the contrast of the
sections, the sections were stained for 10 minwith 0.3% uranyl acetate
at room temperature. For the final rinse the sections were dipped 15
times in 3 separate beakers with deionised H2O.

The sources of the reagents and antibodies were: NaJO4, sodium
(meta) periodate, Fluka, Biochemika, Ultra, cat. no. 71859 from Sigma-
Aldrich, Aston Manor, South Africa; glycine, Pharmacia Biotech, cat.
no. 17-1323-01 from AEC Amersham (Pty) Ltd, Sandton, South Africa;
BSA (Bovine Serum Albumin), Amersham Biosciences, cat. no. RPN
412 V from Separations Scientific, Randburg, South Africa; FBS (Foetal
Bovine Serum), filtered and gamma irradiated, cat. no. 306 from
Highveld Biologicals (Pty) Ltd, Halfway House, South Africa; Tween-
20, polyoxyethylenesorbitan monolaurate, Sigma for Molecular
Biology, cat. no. P-9416 from Sigma-Aldrich, Aston Manor, South
Africa; primary monoclonal antibody specific for the H-subunit of
ferritin (RH02) and primary monoclonal antibody specific for the L-
subunit of ferritin (LF03) from Ramco Laboratories, Inc., Stafford,
Texas, United States of America; secondary antibody (anti-mouse IgG,
whole molecule, gold conjugate, 10 nm), cat. no. G-7777 from Sigma-
Aldrich, Aston Manor, South Africa; uranyl acetate, SPI Supplies, cat.
no. 2624 from Rick Loveland & Associates, Halfway House, South
Africa.

The sections were viewed with a Philips 301 transmission electron
microscope (FEI, Eindhoven, The Netherlands). With omission of the
primary antibodies no non-specific binding for the secondary
antibody was seen to either the resin or the tissue. With or without
antigen retrieval the amount of non-specific binding of the primary
antibodies to the resin was negligible.

Quantification of immunolabelling

For quantification of the immunolabelling of the H-subunit and L-
subunit of ferritin, the 10 nm gold particles were counted. The biggest
area possible, consisting of only the cytosol of the cell, was
demarcated. The number of gold particles in this area was counted
and expressed as count/μm2. ImageTool (UTHSCSA Image Tool for
Windows, Version 3, University of Texas, Health Science Centre, San
Antonio, Texas, USA) was the software used to measure the area and
facilitate the counting process. For each section the number of gold
particles was counted in three macrophages, not in close proximity,
but on the same section. The mean was calculated and used in the
statistical analysis of the data. The gold particles for three represen-
tative erythroblasts, three representative reticulocytes and three
representative red blood cells were also counted for each patient.
These cells were not easily distinguishable in all samples. Cells were
all grouped together as cells of the erythron since no difference was
shown for the expression of either the H-subunit or for the L-subunit
of ferritin between these subsets of cells of the erythron. The mean for
this population of cells was used as the count for the cells of the
erythron and used in the statistical analysis of the data.

Statistical analysis

For the H-subunit and L-subunit variables theWelch t-test was used
as variances were large and different. Furthermore, since the groups
were also relatively small, use was also made of the ranksum (Mann–
Whitney) test. When these results were interpreted, preference was
given to the p-value of the ranksum test when theWelch t-test was not
significant. For the cytokines, which had skewed distributions, a similar
t and L-subunit of ferritin in bone marrow macrophages and cells of
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Table 1
Cytokine levels for patients with elevated neopterin and patients with normal
neopterin.

Elevated neopterin
(n=31)
Geometric mean;
95% confidence interval

Normal neopterin
(n=13)
Geometric mean;
95% confidence interval

p-value

INF-γ
(pg/ml)

1.17;
0.48–2.84

0.25;
0.08–0.71

0.023

TNF-α
(pg/ml)

3.12;
2.54–3.82

2.51;
1.96–3.21

0.16

Il-1β
(pg/ml)

1.20;
0.64–2.24

0.81;
0.33–1.98

0.45

Il-6
(pg/ml)

43.87;
20.84–92.34

4.17;
1.47–11.80

0.0005

Il-12
(pg/ml)

2.47;
1.61–3.80

3.45;
1.73–6.88

0.39

Il-2
(pg/ml)

6.89;
4.52–10.50

5.14;
2.16–12.23

0.52

Il-8
(pg/ml)

69.12;
41.33–115.61

11.76;
6.29–21.96

0.0001

GM-CSF
(pg/ml)

2.54;
1.37–4.70

1.81;
0.58–5.62

0.58

Il-4
(pg/ml)

1.81;
1.29–2.53

1.23;
0.65–2.36

0.27

Il-5
(pg/ml)

2.92;
2.21–3.86

1.21;
0.57–2.56

0.03

TGF-β
(ng/ml)

8.79;
7.21–10.71

12.51;
8.31–18.83

0.11

Il-10
(pg/ml)

9.40;
6.19–14.26

3.24;
2.45–4.29

0.0001
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analysis was done, but for the logarithmic transformed data. For
summary statistics of the cytokines the geometric means and their 95%
confidence intervalswere reported. Testingwas done at the 0.05 level of
significance.

Results

The patients were subdivided according to the immunological
indicator neopterin into a group with normal (b3.4 ng/ml) and a
group with elevated (≥3.4 ng/ml) neopterin. This resulted in a group
of 13 patients with normal neopterin (2.2±0.47 ng/ml) and a group
of 31 patients with elevated neopterin (27.9±23.5 ng/ml). In order to
validate the subdivision based on neopterin the cytokine profiles of
these patients were determined. The comparison of the cytokine
levels between the two groups is demonstrated in Table 1.

Subsequently, the expression of the subunits of ferritin was
compared between the normal and elevated neopterin groups. The
results are demonstrated in Table 2. In Fig. 1 an example of the cells used
for quantification of immunolabelling can be seen. The expression of the
H-subunit of ferritin in the bone marrow macrophage of patients with
elevated neopterin was significantly higher than that of patients with
normal neopterin. In addition, the H-subunit/L-subunit ratio in the
macrophage was significantly higher in the group with elevated
neopterin than in the group with normal neopterin. No significant
difference was found for the L-subunit of ferritin in the bone marrow
Table 2
Gold particle counts for the H-subunit and L-subunit of ferritin for patients with elevated n

Elevated neopterin
(n=31)

H-subunit macrophage 94.7±37.3 counts/
L-subunit macrophage 108.1±34.3 counts
H-subunit/L-subunit ratio macrophage 0.97±0.49
H-subunit cells of the erythron 141.4±54.6 counts
L-subunit cells of the erythron 200.7±54.9 counts
H-subunit/L-subunit ratio cells of the erythron 0.77±0.42

Please cite this article as: A.M. Koorts, et al., Expression of the H-subuni
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macrophage between the groups. No significant differences were found
in the expression of the H-subunit and L-subunit in the cells of the
erythron.
Discussion

The functional characteristics of intracellular ferritin depend on
the subunits that constitute the ferritin molecule— in other words the
type of isoferritin. As isoferritins have different functional character-
istics, quantitative information on the expression of the subunits in
different types of cells, and in different conditions, is necessary to
better understand the intracellular role of ferritin.

In the bone marrow iron is metabolised in different ways by cells
of the erythron on the one hand, and the bone marrow macrophage
on the other. Iron is shuttled between the macrophage and cells of the
erythron to support erythropoiesis, but during conditions of chronic
immune stimulation, iron is retained by the macrophage resulting in
an increase in storage iron and hypoferraemia (the so-called iron
transfer block) accompanied by the anaemia of chronic disease [21].

In order to understand the role of ferritin and more specifically the
subunits of ferritin in the handling of iron by themacrophage and cells
of the erythron in the bonemarrow it is necessary to have quantitative
information on the expression of the two subunits of ferritin, the H-
subunit and L-subunit, at the cellular level. Several in vitro studies
point towards the differential expression of the H-subunit and L-
subunit of ferritin in a number of tissues in conditions marked by the
excessive production of toxic oxygen radicals, and by infectious or
inflammatory processes [10–18]. However, despite a few in vivo
studies [22–24], no quantitative information is available on the
differential expression of the subunits in the macrophage and cells of
the erythron in the bone marrow in patients with confirmed pro-
inflammatory states.

The present study focused on the intracellular expression of the H-
subunit and L-subunit of ferritin at the single cell level in the bone
marrow macrophage and in cells of the erythron in patients with
cellular immune activation. Neopterin, a macrophage product upon
stimulation by interferon-γ (INF-γ), was determined in order to
assess the involvement of cell-mediated (pro-inflammatory) immu-
nity. Plasma neopterin levels are often employed to monitor the
magnitude of cellular immune activation/involvement during an
immune response [25]. Based on neopterin values the patients were
subdivided into a group with pronounced cellular immune activation
and a groupwith normal cellular immune activity. In order to validate
this neopterin-based subdivision, the cytokine profiles were
determined.

When the validity of the subdivision according to neopterin levels
was tested against the cytokine results the high neopterin group
demonstrated a predominantly pro-inflammatory profile. The pro-
inflammatory cytokines INF-γ, interleukin-6 (Il-6) and Il-8 were
significantly higher in the group with elevated neopterin levels than
in thegroupwithnormal neopterin levels. It is known that the activating
signals for the classically activated macrophage (type-1 activated
macrophage/pro-inflammatory macrophage) include INF-γ, tumour
eopterin and patients with normal neopterin.

Normal neopterin
(n=13)

p-value

μm2 72.4±34.0 counts/μm2 0.037
/μm2 126.8±47.5 counts/μm2 0.147

0.66±0.43 0.023
/μm2 127.8±53.3 counts/μm2 0.322
/μm2 245.7±85.7 counts/μm2 0.115

0.57±0.31 0.062
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Fig. 1. A. An electron micrograph of a bone marrow macrophage immunolabelled with a monoclonal antibody to the H-subunit of ferritin. Note the siderosome, 10 nm gold particles
and scale bar=1 μm. B. An electron micrograph of a bone marrow reticulocyte immunolabelled with a monoclonal antibody to the H-subunit of ferritin, 10 nm gold particles and
scale bar=1 μm. C. An electron micrograph of a bone marrow red blood cell precursor immunolabelled with a monoclonal antibody to the H-subunit of ferritin, 10 nm gold particles
and scale bar=1 μm. D. An electron micrograph of a bone marrow macrophage immunolabelled with a monoclonal antibody to the L-subunit of ferritin. Note the siderosomes,
10 nm gold particles and scale bar=1 μm. E. An electron micrograph of a bone marrow red blood cell precursor immunolabelled with a monoclonal antibody to the L-subunit of
ferritin, 10 nm gold particles and scale bar=1 μm. F. An electronmicrograph of a bonemarrow red blood cell precursor immunolabelled with amonoclonal antibody to the L-subunit
of ferritin, 10 nm gold particles and scale bar=1 μm.
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necrosis factor-α (TNF-α) and Il-2, and themajor secretory products are
TNF-α, Il-12, Il-1β, Il-6 and Il-8 [26–28]. However, IFN-γ is the cytokine
ofmajor importance in the classical activation of themacrophage. IFN-γ
Please cite this article as: A.M. Koorts, et al., Expression of the H-subuni
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augments the activation of macrophages in response to bacterial
products, such as lipopolysaccharide (LPS), pro-inflammatory cytokines
including TNF-α, Il-1β and Il-12, or activated T-lymphocytes through
t and L-subunit of ferritin in bone marrow macrophages and cells of
ses (2011), doi:10.1016/j.bcmd.2011.04.006
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the CD40 ligand [29].When themacrophage is activated by one of these
stimuli without IFN-γ being present, the absolute amount of cytokines
and toxic nitrogen radicals released is many-fold lower than for
macrophages that have been exposed to activating stimuli in the
presence of IFN-γ [29]. Il-6 tends to be more of a secondary mediator,
fundamental for the acute phase response in the liver and has a
regulatory function in the immune response [28]. The chemokine, Il-8, is
responsible for the recruitment of leukocytes such as the neutrophil to
the inflammatory site [30]. No significant differences were shown
between the two groups for Il-1β and TNF-α or for Il-2 and Il-12. The
latter may have been as a result of the many HIV-positive patients
included in the elevated neopterin group. With human immunodefi-
ciency virus infection the production of both Il-2 and Il-12 are reduced
[31,32]. The T-helper cell type-2 cytokines (anti-inflammatory cyto-
kines) were, but for Il-5 and Il-10, not different between the patients
with elevated neopterin and the group with normal neopterin. The
productionof Il-10with cellular immuneactivation is consistentwith its
central role in the regulation and containment of inflammatory
responses by the modulation of both pro- and anti-inflammatory
activities [33]. Furthermore, Il-10 can up-regulate the expression of
ferritin [34,35]. For transforminggrowth factor-β (TGF-β), no significant
difference was shown for the patients with elevated neopterin
compared to the patients with normal neopterin.

Subsequently, the expression of the ferritin subunits was com-
pared between the group with elevated and the group with normal
neopterin. In the patients with elevated neopterin the expression of
the H-subunit of ferritin in the bone marrow macrophage was
significantly higher, p-value=0.037, than in the patients with normal
neopterin. No difference was shown for the expression of the L-
subunit of ferritin in the bone marrow macrophage between the
group of patients with elevated and the patients with normal
neopterin. The H-subunit/L-subunit ratio in the macrophage was
significantly higher (p-value=0.023) in the group of patients with
elevated neopterin than in the patients with normal neopterin. In fact,
the patients with elevated neopterin had about one L-subunit for
every H-subunit, while the patients with normal neopterin had one
and a half times as many L-subunits for every H-subunit.

In the cells of the erythron, the expression of the H-subunit of
ferritin was not significantly different between the patients with
elevated and the patients with normal neopterin. Neither was a
significant difference found between the two groups for the
expression of the L-subunit of ferritin in the cells of the erythron.
However, the H-subunit/L-subunit ratio in the cells of the erythron
was marginally higher, p-value=0.062, in the patients with elevated
neopterin than in the group of patients with normal neopterin.

Although, a significant increase was shown in the macrophage H-
subunits, the expression was probably even higher than observed
since two processes induced by cytokines can reduce the levels of the
H-subunit of ferritin. Firstly, pro-inflammatory cytokines have been
shown to increase the secretion of ferritin from cells into extracellular
fluids [36]. The second process, that could have brought about a lower
observed increase in the H-subunit of ferritin, also induced by pro-
inflammatory cytokines, is the degradation of ferritin during haemo-
siderin formation. As discussed elsewhere [37], H-subunit rich
ferritins, in preference to L-subunit rich ferritins, are directed into
lysosomes during the formation of haemosiderin. Of interest is the fact
that activation of macrophages by pro-inflammatory cytokines such
as TNF-α can result in the slower release of iron, thus supporting the
proposed role of cytokines in ferritin-mediated iron sequestration by
macrophages [38,39], and possibly an indirect role for H-subunits in
the iron transfer block of inflammation.

The results of this study thus showed the expression of the H-
subunit of ferritin in the bone marrow macrophage to be higher and
the expression of the L-subunit of ferritin in the macrophage to be
unaffected in patients with increased cellular immune activity. It is
feasible to accept that the higher H-subunit count reflected isoferritins
Please cite this article as: A.M. Koorts, et al., Expression of the H-subuni
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containing a higher quantity of H-subunits. In contrast, the expression
of both the H-subunit and the L-subunit in the cells of the erythron
in the bone marrow was unaffected in the patients with a pro-
inflammatory immune status.

The findings of this quantitative, in vivo study on bone marrow
macrophages are in line with in vitro experiments with various
cell types that showed an increase in H-subunit expression relative to
L-subunit expression upon cytokine activation [15,36,40–43].

In view of the presumed functional characteristics of the H-subunit
of ferritin [37], the increase in its expression seen in this study is
consistent with the role ascribed to ferritin in the sequestration and
with-holding of iron. This accumulation of iron in the macrophages
with consequential haemosiderosis of the macrophage and reduction
in serum iron [21], will result in less iron reaching the cells of the
erythron for the production of haemoglobin. In addition, although the
cells of the erythron's H-subunit of ferritin were not up-regulated in
the present study, the H-subunit/L-subunit ratio in the cells of the
erythron was higher in the patients with elevated neopterin than in
those with normal neopterin. In an in vitro study it was shown that an
increase in H-subunit rich ferritins in erythroid cells could result in
chelation of the labile iron pool [44]. This increase in erythron H-
subunits relative to L-subunits could potentially contribute to the
development of the anaemia of chronic disease in which macrophage
iron-withholding plays an important role.
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