On the source of the non-transferrin-bound iron which accumulates in
packed red blood cell units during storage

Keit J. Collard, Desley L. White

University of Plymouth, Faculty of Health and Human Sciences, Plymouth, United Kingdom

Background. Recent studies have shown large increases in non-transferrin-bound iron (NTBI)
and biomarkers of oxidative stress in the extracellular medium of packed red blood cell units during
storage. It has been further suggested that transfusion-mediated iron and oxidative load may contribute
to transfusion-related morbidity in premature babies. The origin and nature of the NTBI is currently
unclear, but the release of iron from oxidatively modified haemoglobin and haem has been suggested.
The purpose of this study was to investigate whether this may be the case.

Materials and methods. The concentration of haem in the extracellular fluid of paediatric
packed cell units stored from 3 to 35 days was measured using a commercial haem assay. /n vitro
studies were conducted using haem (haemin; ferriprotoporphyrin IX chloride) to determine whether
the NTBI assay was able to react with and measure iron associated with haem in the presence and
absence of oxidising agents.

Results. The level of haem in the extracellular fluid of paediatric packed cell units rose gradually
from day 3 to day 21, then more rapidly to day 35. Very little NTBI was released from haem in the
absence of oxidising agents, but the amount rose in a dose- and time-dependent manner in proportion
to the oxidation of haem by incubation with H,0, .

Discussion. The results of the study imply that the NTBI measured in previous studies may derive
from the oxidatively modified haem that builds up in the extracellular fluid of packed red blood cell
units during storage. The potential influence of this on transfusion mediated morbidity is discussed.
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Introduction

A number of studies have shown large increases in
non-transferrin-bound iron (NTBI) during storage in
packed red blood cell units'?, and this is associated with
transient increases in circulating NTBI in premature
babies following the receipt of blood®. The degree of the
increase in post-transfusion NTBI is positively correlated
with the duration of storage of the transfused blood. This
may contribute to transfusion-related morbidity in babies
and adults*” which is also influenced by the storage age
of the blood3*.

The origin and nature of the NTBI in packed cell
units is currently unclear. Although the build-up of
extracellular haemoglobin in the stored packs in most
studies is well below that which would be expected
if the level of haemolysis approached the maximal
recommended level®:'%!! the level of haem rises
considerably during storage'?. Studies have also shown
that the level of oxidative damage in stored units
increases during storage'!>!4. Haem is able to release
its iron when damaged by reactive oxygen species'>!6,
although it is not known whether this iron is detectable
as NTBL

In this study, extracellular fluid from stored paediatric
packed cell units was used to examine to what extent
haem levels vary as a function of storage age, as they do
in adult units'?. In addition, in vitro studies were conducted
using haem (haemin) (ferriprotoporphyrin IX chloride)
to determine whether the NTBI assay used in previous
studies"!” is able to react with and measure iron associated
with haem in the presence and absence of oxidising agents.
Data derived from this study, used in conjunction with data
from previous studies!, provide a greater understanding of the
origin of the iron detected in paediatric packed cell units, and
will help to predict possible consequences to the recipients.

Materials and methods
Paediatric packed cell units

Paediatric packed cell units were prepared at the NHS
Blood and Transplant Centre (Bristol, UK) as described
previously'. The adult blood is anticoagulated with
citrate, phosphate, dextrose (sodium citrate 89 mmol/L;
citric acid 16 mmol/L; glucose 128 mmol/L; sodium
phosphate 16 mmol/L) at a ratio of 63 mL anticoagulant
to 450 mL blood. The blood is filtered to remove
leucocytes and centrifuged to yield the red blood cells.
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Most of the plasma is removed (leaving about 20 mL)
and replaced with 100 mL of SAGM additive (NaCl 150
mmol/L; adenine 1.25 mmol/L; glucose 45.4 mmol/L;
mannitol 28.8 mmol/L). This provides a unit containing
approximately 200 mL of red blood cells and 100 mL of
additive. The adult pack is then split into six paediatric
units of 45-50 mL each. In this study a total of ten adult
packs were used providing ten sets of paediatric packs
for study. Each set of six paediatric units was transported
using the regular NHS blood transport carriers to the
blood centre at Derriford Hospital (Plymouth, UK) and
stored in the hospital blood bank in a quarantined section
in the same refrigerator that houses units for clinical use.
One pack was removed from each set on arrival at the
blood bank (3 days after donation), one at 7 days after
donation, and then every 7 days up to 35 days of storage.

The packed cell units were gently inverted a few
times to mix the contents. The blood was removed
and centrifuged in plain vacutainers. The tubes were
centrifuged at 1,500xg for 10 minutes to separate
the packed cells from the extracellular phase®. The
extracellular phase was removed and stored at —80 °C
for later analysis. This study was conducted on the same
stored samples used in the previous study’', which allowed
direct comparison with data from that study.

Measurement of haem

In order to help compare findings, haem was measured
in the stored extracellular fluid in this study by the same
method used by Ozment et al'?, which was a commercially
available assay kit, the QuantiChrom Heme Assay Kit
(BioAssay Systems, Gentaur Ltd., London, UK). The
haem was analysed according to the manufacturer's
instructions. Samples (50 pL) were placed in individual
wells of a 96-well plate followed by 200 pL of the
reagent. Samples were incubated for 5 minutes at room
temperature before absorbance was measured at 400 nm in
a Molecular Devices VersaMax ELISA Microplate reader
(Molecular Devices, Wokingham, UK). The amount of
haem was quantified using the supplied calibrator and
SAGM blanks.

Measurement of non-transferrin-bound iron

NTBI was measured using a slight modification of
the high performance liquid chromatography (HPLC)
methods of Kime ef al.'® and Pafetti et al.' as described
in detail previously'. Briefly, 300 pL of haem solution in
phosphate-buftered saline was incubated with 30 pL. of 0.8
M nitrilotriacetic acid for 20 minutes at room temperature
to chelate loosely bound iron. The samples were then
placed in 30 kDa Amicon Ultra 0.5 ml filters (Millipore,
Watford, UK) and centrifuged at 13,000xg at 4 °C for 30
minutes. Next, 250 pL of the ultrafiltrate were removed
and incubated with 25 pL of 35 mM 3-hydroxy-1-propyl-
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2-methyl-pyridon-4-one for 5 minutes before injecting
into the HPLC system (sample loop 20 puL). The mobile
phase consisted of 5 mM PIPES buffer pH 7.0 containing
3.5 mM 3-hydroxy-1-propyl-2-methyl-pyridon-4-one and
5% acetonitrile. The column was a polyethyl ethyl ketone
(PEEK)-lined 100mmx5 mm C18 column (Hichrom,
Reading, UK). All tubing was PEEK. The mobile phase
was pumped at a flow rate of 1 mL/minute using a Dionex
pump. The absorbance of the iron-chromophore complex
was determined using a Dionex UV/VIS detector at a
wavelength of 450 nm, and chromatography conducted
using Chromeleon software (Thermo Fisher Scientific,
Loughborough, UK). The concentration of NTBI was
computed from blanks and standards taken through the
whole procedure with each batch of samples.

Preparation of haem solutions

Haem (haemin, ferriprotoporphyrin IX chloride;
Frontier Scientific, Inochem Ltd., Carnforth, UK) was
initially made up in dimethyl sulphoxide at a concentration
of 5 mM. This was diluted down in phosphate-buffered
saline to working concentrations of 2 uM to 50 uM. These
concentrations were chosen to reflect the levels found in
the paediatric packs.

Haem solutions were oxidatively modified by
incubation at room temperature with various concentrations
of H,O, for periods of time from 30 to 120 minutes.

Statistical analysis
Descriptive and correlational statistics were
conducted using Stat 200 (Biosoft, Cambridge, UK).

Results
Haem concentration in stored packs

The level of extracellular haem as a function of
storage age is shown in Figure 1. It can be seen that
there was already a large amount of haem present in
the extracellular fluid of the paediatric packs on day 3.
The level then rose gradually up to 21 days' storage and
then more rapidly to the maximal storage age of 35 days.

Non-transferrin-bound iron in haem solutions

The amount of NTBI measured in solutions containing
10 uM, 20 uM and 50 pM is shown in Figure 2. Very
little NTBI was detected in haem solutions not exposed
to H,0,. However, there was a significant increase in the
amount of NTBI following exposure to 1 mM and 5 mM
H,O,. This indicates that the NTBI assay is incapable of
removing iron from haem which has not been exposed to
H,O,, but that the iron released from oxidatively modified
haem is detectable as NTBI.

The measurement of NTBI released from 50 pM
haem as a function of H,O, concentration is shown in
Figure 3. It can be seen that very little NTBI is detected
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Figure 1 - The concentration of haem in the extracellular

milieu of stored paediatric packed cell units as a
function of storage age.
Results are presented as the mean+SD of ten sets of
paediatric packs. There were no significant differences
between levels measured between days 3 and 14. Thereafter
the levels increased significantly (p<0.05) with storage age.
ANOVA with Duncan's multiple comparison test.
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Figure 2 - The concentration of NTBI measured in haem
solutions of 10 pmol/L (dark grey columns),
20 pmol/L (light grey columns) and 50 pmol/L
(medium grey columns) following incubation
for 30 minutes at room temperature without
H,O, (unoxidised), 1 mM H,O, and 5 mM H,0O,,.
Results are expressed as the mean+SD of five experiments.
There was very little NTBI in the non-oxidised group,
and no significant differences with regard to haem
concentration in this group. In the oxidised groups the level
of NTBI increased with haem concentration (p<0.05).
ANOVA with Duncan's multiple comparison test.

at H,O, concentrations below 1 mM, but thereafter the
amount detected increases as H,O, concentration rises.
The limited effect of concentrations of H,O, below 1
mM may indicate that haemin (used in this study) is more
resistant to oxidative damage than haem?.

Table I shows the influence of incubation time on
NTBI measurements following incubation of haem
with 1 mM or 5 mM H,0,. At 1 mM concentration the

NTBI levels changed little with incubation time. At a
concentration of 5 mM there was a considerable release
of NTBI after 30 minutes' incubation and this rose slowly
as incubation time increased.

Non-transferrin-bound iron as a percentage of
available haem iron

Assuming that 1 mol of haem contains 1 mol of iron,
the percentage of available haem iron that was detected
as NTBI in paediatric packs as a function of storage age
is shown in Figure 4. It can be seen that the percentage
of potentially available iron that was detected as NTBI
was low during the first few days of storage, but then
rose rapidly to a peak at 21 days. Thereafter it fell as
the haem level rose rapidly. Despite this there remained
a strong positive correlation between NTBI and haem
(r=0.769, p<0.05; n=60).
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Figure 3 - The amount of NTBI released from 50 uM
haem as a function of H,0, concentration.
Haem was incubated for 30 minutes at room
temperature at the different concentrations of H,O,.
Results are expressed as the mean+SD of five
experiments. NTBI concentration increased
significantly (p<0.05) with H,O, concentration beyond
1 mM. ANOVA with Duncan's multiple comparison test.

Table I - The effect of time of incubation with hydrogen
peroxide on the release of NTBI from haem.

NTBI pmol/L
Time (min)
1 mM H,0, 5mM H,0,
30 1.301+0.166 8.326+0.120
60 1.787+0.084 9.347+0.467
90 1.74840.119 11.049+0.159
120 1.673+0.056 12.051+0.297

The amount of NTBI released from 50 uM haem solutions as a function
of incubation time. Solutions were incubated with either | mM H,O, or 5
mM H,0, for 30 -120 minutes at room temperature. Results are expressed
as the mean+SD of five separate experiments. There were no significant
differences in the 1 mM group with the exception of times 30 and 60
minutes. The NTBI levels increased significantly (p<0.05) with incubation
time in the 5 mM group. ANOVA with Duncan's multiple comparison test.
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Figure 4 - The percentage of available haem iron present
as NTBI in the extracellular milieu of paediatric
packed cell units as a function of storage age.
Results are expressed as the mean percentage+SD of ten
sets of paediatric packed cell units. There were significant
differences (p<0.05) between all time-points with the
exception of between days 21 and 14, and days 21 and
28. ANOVA with Duncan's multiple comparison test.

Discussion
Haem levels during storage

This study confirms the findings of Ozment et
al.’? regarding the presence of haem in stored packed
red blood cell units. The amount of haem found in
this study was, however, greater than that seen in the
previous study. We used the same assay procedure, so
other factors need to be considered to account for this
difference. The paediatric packed cell units used in
this study had SAGM as the additive. In the previous
study ADSOL3 or CPDA-1 was used. Although these
additives have some similarities in composition, it would
be useful to see whether haem levels are influenced
by these factors. Small volume paediatric packed cell
units were used in this study whereas adult packs were
used in the previous one. There may be an unknown
influence of volume or greater interaction with the
plastic material in the paediatric packs. Finally, this
study was conducted on fluid used in the previous study!
and stored at —80 °C for between 6 and 12 months. It is
possible that storage-related breakdown of haemoglobin
might have contributed to the higher levels of haem
reported in this study. Despite these differences, the
findings of both studies show that haem is present in
the packs immediately on arrival at the blood bank (3
days post-donation), indicating that events occurring
during donation and processing cause the build-up of
haem in the extracellular phase of the packs. From this
point the level rises slowly during storage until about
day 21 before rising more abruptly. This pattern of
change is consistent with a paradigm that involves an
initial release of haem (possibly by oxidative damage
to haemoglobin), followed by the release of iron from
the oxidatively modified haem which then drives the
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generation of further reactive oxygen species to cause
more haem release.

The relationship between haem and non-transferrin-
bound iron

The source of the storage-related build-up of
extracellular NTBI in paediatric packs has yet to be
determined'. The iron-containing molecules within
the paediatric packs are haem and haemoglobin. It
is known that oxidatively modified haem may lose
its iron!>'%21 but it is not clear whether the NTBI
assay used in this, and previous studies, is capable of
detecting iron released from the oxidatively modified
haem, or indeed extracting the iron from non-oxidised
haem. These studies showed that while not being
able to detect iron from haem which has not been
exposed to an oxidising agent, the assay detects iron
from oxidatively modified haem. The percentage of
available iron on the haem molecules that is detected by
the NTBI assay is low in the first few days of storage
when the degree of oxidative stress is lowest' and
then peaks after 21 days of storage. The percentage of
available iron detected then falls as the total amount of
haem rises exponentially (although the level of NTBI
continues to rise'). This probably reflects differences in
the ease with which reactive oxygen species can cause
the release of haem from haemoglobin, and iron from
haem. Oxidative damage to haemoglobin produces
superoxide (ultimately H,O,), methaemoglobin'® and
free iron?>. Methaemoglobin is relatively unstable and
will readily release the haem moiety from the haem
pocket®*. Further oxidation of the haem molecule leads
to the release of free iron.

It is well known that oxidative stress, normal
ageing and aerobic incubation leads to the release
of free chelatable iron from haemoglobin within
erythrocytes?'?2. There is evidence that iron released
within the erythrocyte can mediate oxidative damage
to the cell membrane leading to haemolysis and the
release of extracellular haemoglobin?!. This may be
further oxidised extracellularly to release haem and
iron. Whatever mechanism is occurring, it happens
rapidly during the donation and preparation procedure
because on day 3 after donation there is already
evidence of oxidative damage to the red blood cells
and the release of haem and some iron'. One possible
mechanism for the initial rapid changes might be auto-
oxidation of haemoglobin. Intracellular antioxidants
will protect events occurring within the cytosol, but
the consequences of oxidation of membrane-bound
haemoglobin are not well protected against**. This
could cause the initial generation of iron which may go
on to induce further oxidative damage within the cell.
Once these events have been initiated a potential feed-



forward process may occur leading to further oxidative
damage as storage continues'. Such a scenario would be
supported by the more rapid rise in malondialdehyde and
haem seen during the latter stages of storage'-'%.

The potential adverse consequences for the recipients
of transfusion products (particularly those stored for
more than 14 days) containing free iron and haem may
contribute to transfusion-related morbidity in premature
babies*’. Iron, if not well sequestered on transferrin, can
lead to the generation of reactive oxygen species and
consequent oxidative damage to the tissues. Similarly
free, circulating haem, if not well sequestered on
haemopexin, also has pro-oxidant and pro-inflammatory
activity?*?. As indicated in previous studies, premature
babies are deficient in transferrin, transferrin-binding
capacity and haemopexin®*?%, increasing the likelihood
of transfusion-mediated iron and haem overload
contributing to the transfusion-mediated morbidity seen
in these babies.

The potential iron load received by transfused
premature babies has been alluded to earlier'. Normally,
each baby receives 10-20% of their total blood volume
over a 2-4 hour transfusion. Based on our figures', blood
stored for 14 days (NTBI~6 uM) would add NTBI to give
a final concentration of 0.6-1.2 uM if not sequestered or
bound. Studies by Stark et al.? provide figures of NTBI
of around 0.1-0.2 uM 4 hours post-transfusion, indicating
some level of sequestering or removal. The level had
returned to pre-transfusion levels 24 hours after transfusion.
A previous study by Dani et al.” using an NTBI assay
similar to ours, reported much higher NTBI levels (2.03
uM) within 3 hours of receiving blood (=5% of total blood
volume/hour over 3-4 hours). To achieve this solely from
transfused NTBI would require that the blood used for
transfusion be stored for near maximum time. This could
add NTBI to a final concentration of 1.4-2.8 uM. More
likely, the post-transfusion increase in NTBI occurs as a
consequence of the addition of NTBI already present in the
transfused blood plus any derived from post-transfusion
haemolysis of the transfused erythrocytes. Hod et al.*
have provided evidence that most NTBI in adult recipients
is derived from post-transfusional haemolysis rather than
pre-formed NTBI in the transfusate, and in the study by
Starke et al.’, the level measured in the blood exceeded
that of the supernatant of the packed cell units, which
would also suggest a contribution from post-transfusion
haemolysis. Whatever the origin of the NTBI, Amin et al.*!
showed that 50% of babies who received more than three
erythrocyte transfusions were iron-overloaded at 35 weeks
post-menstrual age, irrespective of when they received their
transfusions. Investigations into the long-term outcome of
these babies would help in clarifying the importance of
transfusion-mediated iron load in premature babies.
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