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Abstract

In iron overload conditions, plasma contains non-transferrin bound iron species, collectively
referred to as plasma NTBI. These include iron-citrate species, some of which are protein bound.
Because NTBI is taken into tissues susceptible to iron loading, its removal by chelation is
desirable but only partial using standard deferoxamine (DFO) therapy. Speciation plots suggest
that, at clinically achievable concentrations, deferiprone (DFP) will shuttle iron onto DFO to form
feroxamine (FO), but whether NTBI chelation is enhanced to therapeutically relevant rates is
unknown. As FO is highly stable, kinetic measurements of FO formation by HPLC or by stopped-
flow spectrometry is achievable. In serum from thalassemia major patients, supplemented with
10uM DFO, FO formation paralleled NTBI removal but never exceeded 50% of potentially
available NTBI: approximately one third of NTBI was chelated rapidly but only 15% of the
remainder at 20h. Addition of DFP increased the magnitude of the slower component, with
increments in FO formation equivalent to complete NTBI removal by 8h. This shuttling effect was
absent in serum from healthy control subjects, indicating no transferrin iron removal. Studies with
iron-citrate solutions also showed biphasic chelation by DFO, the slow component being
accelerated by the addition of DFP, with optimal enhancement at 30uM. Physiological
concentrations of albumin also enhanced DFO chelation from iron citrate, and co-addition of DFP
further accelerated this effect. We conclude that at clinically relevant concentrations, DFP
enhances plasma NTBI chelation with DFO by rapidly accessing and shuttling NTBI fractions that
are otherwise only slowly available to DFO.
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INTRODUCTION

Plasma non-transferrin bound iron (NTBI), is a heterogeneous collection of iron species,
typically found in iron overload conditions at 1-10uM when transferrin saturation
approaches 100% 1. NTBI is important because it is thought to be the main mechanism by
which the myocardium and endocrine tissues become overloaded with iron in conditions
associated with excess body iron 2. Conventional chelation treatment with deferoxamine
(DFO) infusion achieves steady state DFO concentrations no greater than 10uM, clearing
only a fraction of NTBI during the infusion 3, with NTBI rapidly returning to pre-chelation
levels within minutes of the infusion ending 3: 4. Incomplete NTBI removal during infusion
is not simply related to the plasma concentration of DFO achieved as in vitro studies have
shown that only a sub-fraction of plasma NTBI can be “directly’ chelated by DFO even at
higher DFO concentrations °. This may reflect the relative unavailability of oligomeric and
polymeric species of iron-citrate 6: 7 or albumin bound species 6 8 to direct chelation by
DFO. Incomplete NTBI removal is also seen with other chelation monotherapies. For
example, deferiprone (DFP) monotherapy has shown only partial NTBI removal 9 10 as
well as transient and incomplete removal of a redox active subfraction of NTBI termed
‘labile plasma iron’ (LPI) 11: 12. Patients treated with deferasirox monotherapy also show
incomplete removal of NTBI 13, even though LPI is progressively removed partly due the
long plasma residency of this drug 12.

There is therefore considerable interest in designing chelation regimens that remove NTBI
more effectively, so as to minimize uptake into target tissues. In principle, by combining
DFO with DFP, improved removal of NTBI could be achieved. While sequential use of
DFO and DFP has been shown to decrease the duration of exposure to LPI 11, the shuttling
of NTBI onto DFO by DFP has not been directly demonstrated, nor have the conditions
under which all NTBI species can be cleared from plasma been elucidated. Mixed ligand
therapy (MLT) is an attractive approach however, because a marked synergism of metal
chelation can occur when a small kinetically labile ligand, such as DFP, is combined with a
larger hexadentate chelator with a greater stability for iron binding, such as DFO. The
effective combination of two ligands to enhance chelation rates (MLT) has been
demonstrated for a range of metals 14. Typical examples are nitrilotriacetate (NTA) iron
shuttling from transferrin to DFO 15, penicillamine/diethylene triamine pentaacetic acid for
copper removal 16 and salicylic acid/EDTA for plutonium removal 17.

MLT for iron overload using DFP with DFO, often referred to as ‘combination therapy’ has
been used clinically and benefits to iron balance 18 and myocardial iron deposition 19 have
been demonstrated. However it is not known whether true ‘shuttling’ of iron occurs between
DFP and DFO and how this influences NTBI removal within the plasma compartment.
Combinations of these drugs can be applied in two broad ways. Firstly DFP can be
administered orally by day with DFO infused subcutaneously over 8-10h at night, thus
achieving exposure to chelation for nearly 24 hours each day. However, this is not true
MLT, as little or no direct interaction between the two chelators will occur because of their
short plasma half-lives. A second approach is to allow the chelators to mix, either in the
plasma or in tissues, by administering them simultaneously. Improved chelation with this
second approach relies on the principle of the low molecular weight bidentate DFP rapidly
accessing chelatable iron pools unavailable to DFO and subsequently ‘shuttling’ the chelated
iron onto a DFO *sink’ 20 21, In principle, iron shuttling may occur in the plasma
compartment or within cells, where more rapid access to intracellular iron pools by DFP
may facilitate this process. In this paper we focus on the potential for shuttling in the plasma
compartment as different (cellular and animal) models would be necessary to examine
intracellular shuttling mechanisms.
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The relative stabilities of DFO and DFP for iron can be represented by the pM values, where
the pM of a given chelator for a metal (M), here iron (I11), is —log of the uncoordinated
metal concentration under defined conditions 22. This is higher for DFO (pM =27.6 23) than
for DFP (pM=19.9 24) and is reflected in speciation plots for mixtures of the two chelators,
which predict that iron(111) will to bind preferentially to DFO at equilibrium under clinically
relevant concentrations of DFO and DFP. However this analysis does not predict the rate at
which equilibrium is reached and a rapid rate will be required for clinical impact. Shuttling
of iron between DFP and DFO has not been unequivocally demonstrated however. For
instance, in animal studies, there is evidence for an additive rather than a synergistic effect
on iron excretion 25.

One reason that the kinetics of NTBI removal have not been previously reported with
simultaneous use of DFP and DFO is because measurement of total plasma NTBI is
technically difficult in the presence of two chelators, where shuttling may continue in vitro
after a blood sample has been taken 3: 26. One way around this is to measure ‘labile plasma
iron’ using methodology that does not perturb the speciation of NTBI 11 27. However LPI
is only a subfraction of total NTBI and other NTBI species that are not detected in the LPI
assay may be critical to tissue iron uptake. It is therefore important to understand how much
iron is actually chelated in the plasma compartment with any given regime and whether the
iron is derived from NTBI. In this work we have examined the kinetics of total plasma NTBI
chelation by DFO, in the presence and absence of DFP, by measuring the rate of formation
of the iron complex feroxamine (FO), exploiting the high stability of this complex during
assay procedures3. FO formation has been investigated over time periods of hours (by
HPLC) in iron overloaded and normal plasma or over seconds (by stopped flow
spectrometry) in defined iron solutions, modeled to reflect the heterogeneous nature of
NTBI 6. We have also related the total FO formation, with and without addition of DFP, to
the total measurable plasma NTBI prior to chelation. The mechanisms and kinetics of the
processes have been examined in order to determine whether DFP does indeed act as in
intermediary ‘shuttle’ for plasma NTBI onto DFO and whether this occurs at a useful rate.
Elucidation of the optimal conditions for iron shuttling in plasma would provide a rationale
for optimizing co-administration of these iron chelators clinically.

METHODS

Materials

Deferoxamine (Desferal ® DFO) was purchased from Novartis (Basel, Switzerland). DFP
was synthesized as previously described 28, 3-[N-Morpholino]propanesulfonic acid
(MOPS), human serum albumin, fraction V and (3-[(3-
cholamidopropyl)dimethylammonio]-1-propane-sulfonate (CHAPS) were purchased from
Sigma-Aldrich (Poole, UK). HPLC grade acetonitrile, citric acid and potassium dihydrogen
orthophosphate were obtained from VWR International (Lutterworth, UK). Iron atomic
absorption standard solution was from Sigma-Aldrich. Chelex® 100 Resin was from Bio-
Rad laboratories (CA, USA) and 30 KDa Molecular Weight cut-off Polysulphone Micro
Vectaspin filtration devices were obtained from Whatman (Maidstone, UK). Vision
spectrophotometric software was from Spectronic Unicam, Cambridge, UK. Deionized
water was produced by a Millipore system (Simplicity 185, Millipore, USA) and was used
throughout the study.

Speciation Plot

An essential prerequisite for DFP to shuttle iron to DFO is that the molar ratios and iron
binding constants favor this process under physiologically relevant conditions. In order to
understand the conditions and molar proportions under which iron would be donated from
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DFP to DFO speciation plots revealing the theoretical proportions of iron complexed to DFP
and DFO at steady state under increasing concentrations of DFP were prepared. The
speciation plot showing the molar fraction of iron bound to DFO or to DFP at steady state
was calculated using the Hyperquad Simulation and Speciation program (HYSS) 22, The
affinity constants of DFP, DFO and hydroxide ion for protons and iron(l11) used in the
speciation plot calculations were from published data 24.

Serum samples from thalassemia and healthy control subjects

Blood samples for in vitro studies were obtained from adult patients (mean age, 33.2 range
31-36y) with thalassemia major (receiving > 8 transfusion episodes/year; 3 male, 3 female)
attending the thalassemia clinic at University College Hospital, UK (UCLH). All patients
were receiving regular chelation therapy with DFO but samples were only drawn in those
who had not received iron chelation for >48h. The mean patient serum ferritin value was
1790ug/L, range 550-2934ug/L. 10ml of venous blood was taken into glass tubes, free of
anticoagulant, and after clot formation samples were centrifuged at 4°C for 10 min at 1000g
and the serum decanted. Serum was then rapidly frozen in aliquots and stored at —80°C until
time of analysis. Serum samples were screened for the absence of DFO prior to conducting
the experiment. Serum was prepared from healthy controls in the same manner. Informed
consent was obtained for collection of samples and this was approved by the institutional
review body for University College Hospital, UK. Research was conducted according to the
principles of the Declaration of Helsinki.

Preparation of iron complexes

Stock iron citrate (100:1000 uM) was prepared by mixing iron atomic absorption standard
with citric acid in water and adjusting the pH to 7.4 with 0.25 M NaOH. When ageing of
iron citrate was required, the mixture was left for 24 h either at room temperature (RT) or
37°C. For experiments, the mixture was diluted in 20mM MOPS pH 7.4 to give a final
concentration of 10 UM iron:100 UM citrate. Iron-citrate-albumin complex was prepared by
the same method except that albumin was carefully mixed with an iron-citric acid mixture to
give a solution containing 0.05 mM iron: 0.5 mM citrate: 200 g/L albumin at pH 7. No pH
adjustment was necessary here as the high concentration of albumin acted as a buffer. When
aged, this mixture was left for 24 h at RT or 37°C. For use in experiments, the mixture was
diluted five-fold in 20mM MOPS pH 7.4 to give a final concentration of 10 puM iron: 100
UM citrate: 40 g/L albumin. Where indicated, some complexes were prepared using albumin
that had been passed through Chelex®100 anion exchange resin to remove residual
contaminating iron.

Time course incubations

In serum from healthy control subjects or from thalassemia major patients, the rate of FO
formation from DFO was examined by HPLC (as described below), in the presence and
absence of clinically relevant concentrations of DFP. Serum samples were incubated with 10
1M DFO either alone or with DFP (30 pM), and were deproteinized using Whatman
Vectaspin ultracentrifugation devices (Molecular Cut-off 30 Kda) at 12320g 4°C for 20 min
prior to injection onto the column and with CHAPS (10 mM final concentration) added to
each sample prior to filtration in the ultracentrifugation device. NTBI in the sera from
thalassemia major patients was also measured, using the method of Singh and co-workers 30
and incorporating previously described minor modifications 4: 31. By comparing these
baseline NTBI values with the FO concentration in the same samples at equilibrium, the
proportion of NTBI that is chelatable by DFO could be calculated both with and without
DFP.
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Time course experiments were also undertaken with iron citrate, the fraction of plasma
NTBI that is thought to predominate in iron-overloaded patients 6+ 32, Physiologically
relevant concentrations of iron and citrate were chosen, with relevant ratios of iron to citrate
(Fe: 10uM : citrate:100uM), as the behavior of iron citrate complexes is critically dependent
on this ratio 6. 10uM iron was chosen, as NTBI is typically found in plasma at
concentrations up to 10uM 4. Concentrations of DFO and DFP that were used were also
clinically relevant: under clinical conditions of DFO infusion, plasma DFO is typically
present at concentrations less than 10puM 3: 33, whereas plasma concentrations of DFP lie
between 30 and 300uM 34736, Albumin was added in selected experiments at
physiologically relevant concentrations (40g/L).

Three methods were used to study rates of FO formation (or FP formation) in these iron
citrate solutions. For the slower phases of the reaction time course, HPLC and standard
spectrophotometry were used, whereas stopped-flow spectrophotometry was used to
examine the fastest phases. In time course experiments where FO formation rates were
determined by HPLC, DFO (10 uM) was incubated with iron-citrate (10 uM: 100 uM) or
iron-citrate-albumin (10 uM: 100 uM: 40 g/L) complexes in 20mM MOPS buffer at pH 7.4,
either alone or in the presence of DFP (30 uM) directly in HPLC vials at RT or 37°C. As the
sequence of DFP and DFO addition was found not to change the results, DFO was therefore
added 5min after DFP in all experiments. Samples of the iron-citrate reaction mixtures were
then taken at regular time intervals and injected immediately onto an HPLC column for
feroxamine (FO) determination (details follow). Albumin-containing samples were first
deproteinized using Whatman Vectaspin ultracentrifugation devices (Molecular Cut-off 30
Kda) at 123209 4°C for 20 min prior to injection onto the column.

With time course experiments that determined feroxamine (FO) and/or feriprone (FP)
formation rates spectrophometrically over periods up to 19.5h, serial spectral scans were run
on identical iron citrate reaction mixtures to those used in the HPLC, scanning from 350 to
650 nm every 0.5 h at RT using Vision scanning software and a Unicam UV2 uv/vis
spectrophotometer. Absorbances were converted to UM concentrations of chelate complex,
using E 1¢M \, = 2392 for FO and 4133 for the iron-DFP complex respectively* (P.Evans,
unpublished results), after subtraction of the control absorbance of the iron citrate solution
monitored over the same time period under identical conditions. In practice, this subtraction
had a negligible effect on the rate profiles. With time course experiments that determined the
fast phase kinetics, a stopped flow spectrophotometer (SF 51 instrument, Hi-Tech Scientific,
Salisbury, UK) was used. Light from a Quartz Halide lamp was passed through the
monochromator to give light at 460 nm. The cell path-length was 1 cm. Concentrations
quoted are those in the syringes and hence mixing chamber concentrations are half these
values.

Feroxamine (FO) determination by HPLC

FO was measured by a simple isocratic HPLC system. A metal-free HPLC system with non-
metallic polyether-ethylketone tubing throughout was used (Waters Bio-System 625 LC,
non-metallic gradient module with 996 Photodiode Array Detector and W717 autosampler).
Samples were injected onto a Chrompak (ChromSpher-ODS, 5 pm, 3 mm x 10cm) glass
column fitted with a Chrom Sep guard column (SS, 10 x 2 mm, reversed phase from Varian,
Ltd.). Samples (50 pl) were either directly injected onto the HPLC column (for incubations
with iron citrate only) or injected after deproteinization (iron citrate albumin and serum
samples, method previously described). The isocratic chromatographic conditions were as
follows: mobile phase 6% acetonitrile in 20 mM phosphate buffer at pH 7, flow rate 0.8 ml/
min, and detection wavelength 430nm. FO levels were determined from a standard curve
showing the peak areas corresponding to known serial dilutions of a freshly prepared 200
UM FO solution in 20mM MOPS. The method was validated by co-elution of spiked
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authentic FO and comparison of peak spectra with the spectrum of FO. There was no
chromatographic interference from DFP-iron complexes that were not retained by the
column under the conditions used.

Statistical analysis

2- Way Anova using Prism software was used to compare time courses without curve fitting.
This was then used to determine whether treatment and time were significant sources of
variation (usually at the p<0.0001 level). If this was the case, a Bonferroni post-test was
performed to determine whether there were significant differences in iron complex
formation between treatments (ie different chelators/chelators in combination) at particular
time points. The first order rate constants for kinetic reactions in the stopped-flow were
calculated by the Hi-Tech software (KS1, Kinetic Studio Software, UK) using non-linear fit
models.

RESULTS

Conditions of iron donation from DFP to DFO

Speciation plot analysis shows that at 10puM iron (I11) and 10uM DFO, the proportion of
iron present as FO at equilibrium is critically dependent on the concentration of DFP (Figure
1) when these two chelators are present simultaneously. At DFP concentrations between
10uM and 30uM, over 99% of the iron is bound to DFO whereas even at 100uM DFP, this
proportion only rises to about 3% of the iron bound to DFP. At 1 mM DFP, about 50% of
the iron will be bound to the DFP and 50% to DFO, however this is well above the peak
concentration of DFP found in plasma. Thus at clinically relevant concentrations of DFO of
approximately 10uM and at clinically relevant concentrations of DFP (up to 100 puM), over
95% of iron will be bound to DFO as FO (Figure 1).

The distribution of iron in mixtures of DFP and DFO

When DFO (10 uM) was incubated alone with iron citrate (10 uM Fe, 100 uM citrate), the
spectral plot showed a peak for FO at 430 nm rising to its maximal level of A 430 = 0.035
(12.5 uM FO) over 19.5 hours at RT (Figure 2, trace A), final reaction mixture after 19.5 h
incubation. For the same incubation but replacing DFO by an equivalent concentration of
DFP (30 uM, ie 10uM iron binding equivalents), the maximum absorption of the DFP-iron
complex was red-shifted to 460 nm and the amplitude of reaction appears higher due to the
different molar absorption coefficients of the two respective iron complexes (Figure 2, trace
B, final reaction mixture scanned after 19.5 h incubation). The reaction was however more
rapid, being complete after 10h (A460 = 0.0525, 13.3 UM iron complex). When mixtures of
iron citrate with both DFP and DFO were serially scanned between 350 and 650 nm for 19.5
h at RT, the absorption maximum shifted from 460nm immediately after mixing (Figure 2,
trace C1) to 430nm being almost identical to the trace obtained with DFO alone at 19.5h
(Figure 2, trace C2). During the incubation process, there was thus a sequential change from
an absorption maximum at 460 nm to one at 430 nm when both chelators were present
simultaneously. Intermediate spectral scans have been omitted for the purposes of clarity.
The rate of change in absorbance (both at 430 and 460 nm) for the chelator mixture
paralleled that for DFP alone rather than DFO, which was much slower.

Rates of FO formation from DFO in thalassemic serum containing NTBI, in the presence
and absence of DFP

Serum of healthy donors or patients with thalassemia major was incubated with DFO with or
without DFP at either room temperature or at 37°C and the rate of FO formation measured
by HPLC as described in the methods section. When sera from six thalassemic patients, with
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a range of NTBI content between 3.5 and 5.4 uM, (mean NTBI 4.6 uM), were individually
incubated with DFO (10uM) alone, a proportion of NTBI (34 + 8%, calculated from the
original data) was rapidly chelated, resulting in a mean of ~2.5 uM FO formation at the first
time point ascribed as ‘time zero’ (Figure 3), with the temperature having no significant
influence on the amount of FO formed. However, the subsequent kinetics of iron removal by
DFO were slow, with only 3.2 uM FO formation by 8h (an additional 15%) and no further
FO formation up to 24h either at room temperature or at 37°C (Figure 3, lower two traces
for thalassemic sera).

When DFP was included in the reaction mixture (30uM final concentration, same iron
binding equivalents as 10uM DFO), this had no apparent effect on the fast phase of FO
formation, with the amplitude of the rapid phase remaining at about 2.5 uM, but the kinetics
of the subsequent iron removal were significantly increased (Figure 3, upper two traces for
thalassemic sera). This effect was temperature dependent with 5.8 uM FO formation at
37°C and 4.3uM FO at RT after 8h incubation. All values for FO formation at 37°C with
combined DFO and DFP were statistically different (p < 0.05) from those with DFO alone
with the exception of time points 0 and 1 hour. FO formation was complete by 8h at 37°C.
Under these conditions, very little iron was removed from control serum (Figure 3, lower
traces, n=5) demonstrating that the increased formation of FO with combined chelators is
not achieved by accessing transferrin-bound iron but by binding NTBI species. The initial
rise in FO formation at zero time of around 0.75 uM FO in normal sera could be accounted
for in terms of iron contamination in reagents: injection of the same reaction mixture but
omitting serum also gave immediate FO formation at this same level. Thus DFP increases
the availability of the slow phase component of NTBI to chelation by DFO in thalassemia
patients. It appears that DFP is allowing the chelation of a fraction of NTBI (41 £+ 10% at
RT, 61 £ 8 % at 37°C after 24h incubation, calculated from the original data), which would
otherwise be unavailable for chelation by DFO. Thus the magnitude of the chelatable NTBI
pool available to DFO, in serum of thalassemia major patients, is increased by
approximately 50% by addition of clinically relevant concentrations of DFP over a period of
24h, most of this increase occurring within the first 8h of incubation.

Rates of iron complex formation from iron citrate species using DFO and DFP alone or in

combination

The rates at which DFP and DFO access iron citrate (10:100pM) were initially compared by
monitoring formation of iron complexes continuously by spectrophotometry at room
temperature (RT, Figure 4) and calculating their concentrations from the molar extinction
coefficients (see Materials and Methods). It can be seen that there is a very rapid phase of
chelation that has occurred by ‘time zero’” accounting for 2.5uM iron chelated with DFO and
3uM with DFP with no significant difference observed between the two chelators. The
overall reaction was complete by 8h with DFP but was still incomplete by 19.5h with DFO
at RT (amplitude 9.0uM at 19.5 h). Thus DFP accesses iron citrate species significantly
more rapidly than DFO, during the slower second phase of this reaction.

The time, temperature and concentration dependent effects of combining DFP with DFO on
FO formation from iron: citrate were next examined using HPLC, which allows specific
identification of the FO complex when mixtures of the two chelators are used. When DFO
(10 pM) was incubated with iron citrate (10:100 uM) at RT for up to 24h, FO formation was
again biphasic, taking over 24h to reach completion (Figure 5a, lowest trace), consistent
with the spectrophotometrically determined kinetics of Figure 4. The fast phase had an
amplitude of 3 uM FO and was too fast to measure by this method. It can be seen that DFP
enhanced the rate of the slower second phase in a concentration-dependent manner, with the
maximum effect at 30puM DFP (Figure 5a). However, even low concentrations of DFP
(3uM) increase the rate of FO formation, consistent with the concept of DFP acting as a
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‘shuttle’ at low concentrations. While the rate of FO formation was maximally increased at
30pM DFP, a further increase in DFP concentration to 100 puM showed a small decrease in
the rate of FO formation compared to that observed with 10 or 30 uM DFP (Figure 5a),
suggesting that DFP at higher concentrations will retain the chelated iron and subsequently
slow its rate of shuttling to DFO. There was no significant difference between any of the FO
concentrations measured at zero time for any combination of DFO and DFP when compared
to DFO alone. Significant differences (p<0.05) between DFO alone and DFO plus all
concentrations of DFP occurred in FO formation at all subsequent time points except where
DFP was 3 pM. Here a significant difference was observed after 2 h and at all subsequent
time points. It can be seen (Figure 5b) that the rate of the second phase of FO formation is
temperature dependent both in the presence and absence of DFP. Thus FO concentrations
reach a maximal 9.4 uM after 8h at 37°C, whereas at RT this was 6.4 uM after 8 h and only
9.0 uM after 24h (data for DFO alone). In contrast to the slow phase, the amplitude of FO
formation in the fast phase (2-3 pM) was not significantly affected by any of the DFP
concentrations tested (Figure 5a, p > 0.05). This phase could not be accounted for by iron
contamination in any of the reagents used, which was determined as 0.75 pM by injection of
reaction mixtures where iron was omitted.

Fast phase rates of iron complex formation from iron citrate using DFO and DFP alone or
in combination

As neither HPLC nor conventional spectrophotometry are suitable to examine the fast phase
of FO formation, the rate of this faster process was investigated over the first 50 seconds of
reaction using a stopped flow spectrometer (Figure 6). This covers the time range
inaccessible in the conventional spectrophotometer and HPLC, representing the mixing and
injection time for incubations carried out in these instruments. Reactions of DFP (30uM) or
DFO (10uM) with iron citrate (10:100 uM) gave clean exponential absorbance rises
equivalent to the fast phase of reaction observed with the HPLC and spectrophotometric
methods (Figure 6A and B). The rate of this fast phase was more rapid for DFP iron
complex formation (rate constant for process 339.5h~1) than for DFO (160.6 "~1) but the
amplitude of iron chelation was similar at 50 seconds showing a similar proportion of total
available iron chelated by either chelator (Figure 6A and B). When DFP and DFO were used
in combination, the rate of iron complex formation was not significantly faster than with
DFP alone (Figure 6C, rate constant 358 "~1). The beneficial effect of DFP on chelation of
iron: citrate by DFO is therefore due to a faster chelation in the slow phase of reaction.
Confirmation that the fast phase of reaction is a real process and not due to iron
contamination in the reagents is shown by the stopped-flow trace in Figure 6D where DFO
was mixed with all the reagents excluding the iron.

Rates of iron complex formation in the presence of albumin, using DFO and DFP alone or
in combination

A significant proportion of plasma NTBI may be bound to or loosely associated with
albumin, both on account of the high plasma albumin concentration of 40 g/L and also its
putative iron binding sites 6. Thus it is important to determine how the presence of this
major plasma protein affects chelation of iron citrate species by DFO either alone or in
combination with DFP. When iron citrate (10:100uM) was mixed with physiologically
relevant concentrations of albumin (40 g/L), the iron was bound to the aloumin within the
mixing time 6. When the kinetics of iron chelation by DFO in iron citrate aloumin mixtures
were examined by the HPLC method for detection of FO, it became clear that when iron
citrate was mixed with albumin, chelation of iron by DFO was significantly faster than with
iron citrate alone (Figure 7, p< 0.05 at all time points except at time zero). Chelation of iron
by DFO in the presence of albumin was virtually complete in 4h at RT, in contrast to over
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20 h when albumin was absent suggesting a significant interaction of aloumin with iron
citrate species, thereby increasing the iron pool available for chelation by DFO.

Addition of DFP further enhanced the rate of FO formation: 5.5 uM FO was detected at RT
immediately after mixing in the presence of 30 uM DFP compared to 2.85 uM FO when
DFO was present alone (p< 0.05). FO formation was complete in 1h when DFP was present
whereas it was still incomplete with DFO alone after 4h (Figure 7). Chelator iron access is
more rapid at 37°C with DFO alone or in combination with DFP. The rate of FO formation
was also monitored at RT and at 37°C using chelexed albumin but chelexing the albumin did
not show any significant effect on the rate or amplitude of FO formation (data not shown).
Although the kinetics in the presence of albumin appear biphasic, the reactions are much
more rapid than those without albumin. The initial jump in FO formation may simply be due
to loss of a significant proportion of the reaction profile due to the speed of reaction. The
initial phases of FO formation were therefore further examined spectrophotometrically and
with stopped flow, as the “time zero’ using the HPLC technique includes the time for sample
deproteinization and loading onto the column (about 30 minutes in total). At ‘time zero’, no
immediate formation of FO was seen using the spectrophotometer (Figure 8) in contrast to
observations with iron citrate using the same method (Figure 4). Using stopped flow; the
reaction kinetics showed that there was in fact no discrete fast phase like that shown in the
reaction between the chelators and iron citrate (data not shown). However, even though the
very fast kinetics were absent in the presence of albumin, the net rate of iron loading from
iron albumin onto either DFO or DFP alone (figure 8) was substantially faster than from iron
citrate (1:10 ratio, Figures 4, 5a and 5b). Thus, for example with DFO, FO formation is
complete from albumin by 5h (Figure 8) but is still incomplete at 19.5h from iron citrate
(Figures 4, 5a and 5b). Likewise iron complexation by DFP from iron albumin is complete
within 60 minutes but takes 8h from iron citrate (Figure 4). DFP significantly increases the
rate of chelation of iron from iron albumin by DFO (Figures 7, p< 0.05 over the first 90 min
of reaction) and 8 inset, DFP + DFO, no significant differences between any paired time
points on these two curves, here iron complex concentrations were calculated using the
extinction coefficient for FO) to that seen with DFP alone (Figure 8, inset DFP, calculated
using the extinction coefficient for the iron complex of DFP).

DISCUSSION

Although the use of two chelators, or mixed ligand therapy, has long been proposed to
increase the efficacy of chelation therapy, this is the first study to demonstrate enhanced
chelation of plasma NTBI with DFO by using DFP to ‘shuttle’ NTBI to form feroxamine
(FO). In principle, iron shuttling between chelators might also occur within cells, in this
study however we have focused only on shuttling within the plasma compartment. The
concentrations of chelators at which shuttling has been demonstrated in human plasma are
clinically relevant and the shuttling process occurs at a rate that allows complete removal of
NTBI by 8h at 37°C, whereas with DFO alone only approximately half of serum NTBI is
removed at 24h. The Kkinetics of FO formation in serum are biphasic, either with DFO alone
or in combination with DFP. These biphasic kinetics, demonstrated in our in vitro studies
using thalassemic sera, are consistent with previous in vivo DFO infusion studies where
reduction in serum NTBI shows distinct fast and slow phases 4. As the increased NTBI
removal is accounted for by FO formation rather than iron bound to DFP, the increased
NTBI removal is achieved by DFP acting as both a recipient of NTBI and as an iron (I11)
donor to DFO. This ‘shuttling’ is absent in serum from healthy controls, indicating that
increased iron chelation is achieved without removal of iron from transferrin. More direct
evidence for DFP acting as a shuttling intermediary is provided by experiments with iron
citrate, described below.
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As plasma NTBI is known to be heterogeneous, the slow and fast components of chelation
suggest the chelation of different iron pools, with different susceptibilities to chelation by
DFO. Iron-citrate species have been previously identified in thalassemic sera by NMR 32
and we have recently shown that relatively low molecular mass forms of NTBI (<5000 Kda)
can be selectively filtered from thalassemic serum . These may equate to the directly
chelatable 5 or labile plasma iron found in such sera 27. The slower phase of reaction
between NTBI and DFO in thalassemic sera in vitro also accords with the slow rate of DFO
access to iron citrate observed by Faller and Nick 37. The maximum plasma concentration of
NTBI is generally no more than 10uM 3 4 and that of citrate approximately 100uM 38. At
these molar ratios of 1:10 monomers and dimers of iron citrate predominate with some
oligomers also present 6' 7/ and we predicted that the fast phase of chelation accessible to
DFO was derived from chelation of citrate monomers and dimers, some loosely bound to
plasma proteins, and that the slower second phase could result from the slower chelation of
oligomeric or polymeric forms of iron citrate, or from as yet unidentified protein-bound
species. We therefore also undertook studies of chelation kinetics using defined iron
solutions containing citrate with or without physiological concentrations of the predominant
plasma protein, albumin. An additional advantage of such an approach was that the fast
phase of chelation (which was complete by the time of analysis using HPLC) could be
studied using stopped flow, this methodology not being practical in plasma due to high
background absorbance and tendency for serum proteins to precipitate.

The studies in iron citrate solutions show similarities to those obtained in serum from iron
overloaded thalassemic patients, but also some differences. As with thalassemic sera,
chelation by DFO is biphasic and enhanced by the presence of DFP. This enhancement also
results in formation of FO as the end product rather than iron bound to DFP, consistent with
speciation plot predictions. Stopped flow analysis during the first 50 seconds of reaction
shows that the rate but not the magnitude of the initial fast phase is increased in the presence
of DFP. With respect to the slow phase in iron citrate solutions, both the rate and magnitude
of FO formation is enhanced by the presence of DFP, as with chelation in the thalassemic
sera. We interpret the increase in chelation rate of the slower phase to DFP accessing iron
species that are relatively inaccessible to DFO and ‘shuttling” them onto the DFO to form
the more thermodynamically stable FO complex. This interpretation is possible since the
HPLC system unequivocally detects FO and not other iron complexes such as that of DFP
under our experimental conditions. Further evidence for shuttling during the slower phase of
the reaction has been provided by serially scanning the reaction mixture over wavelengths
from 350 to 650 nm: the initial presence of the DFP-iron complex spectrum is later replaced
by the spectrum of FO. This mechanism is also supported by observations on the rate of
transfer of iron from pre-formed Fe-DFP complexes to 10 uM DFO which show transfer of
Fe to be complete in 1.5 hours (data not shown). The concentration dependence of rate
enhancement by DFP also supports this conclusion, since relatively low concentrations of
DFP (3 uM) caused considerable rate enhancement, consistent with DFP continually cycling
or ‘shuttling’ iron onto a DFO ‘sink’. Unlike thalassemic serum however, the slow phase of
chelation by DFO continues beyond 8h. This suggests that, although the iron citrate ratios in
this in vitro system are similar to those found in thalassemic serum, additional forms of iron
might be present in thalassemic serum as NTBI. This is also indicated by differences in the
response of the slow rate to temperature change in DFO access to NTBI in serum and in iron
citrate.

Previous work suggests that, under the conditions of these experiments, monomers and
dimers of ferric citrate will predominate with some small oligomers also present 6. Recent
aqueous speciation of ferric citrate using mass spectrometry and EPR spectroscopy has
confirmed that the most relevant species are a monoiron dicitrate species and dinuclear and
trinuclear oligomeric complexes, the relative concentration of which is dependent on the
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iron: citric acid molar ratio . In iron-overloaded plasma however, the presence of plasma
proteins and oxidants could favor a greater polymerization of iron-citrate species, even at
these iron : citrate ratios. We have previously shown that DFO interacts more slowly with
iron coordinated to proteins and bio-enzymes than the small neutrally charged DFP, by
virtue of the larger size and hexadentate coordination chemistry of DFO 39, and these
principles may also explain the slower and incomplete access of DFO to NTBI we observed
in serum. Evidence for interaction of NTBI with plasma proteins has been obtained by the
decreased filterability of iron citrate through 30 Kda molecular weight cut-off filters in the
presence of clinically relevant concentrations of albumin 6 40, Surprisingly however, the
experiments undertaken here with human albumin showed that chelation of iron from citrate
solutions is actually enhanced by the presence of albumin, reaching completion in 4h with
DFO compared to more than 20 h for the iron citrate without albumin. As with iron citrate
solutions, the formation of FO is temperature dependent and enhanced by DFP.
Furthermore, as with simple iron citrate solutions, co-incubation of DFP markedly enhanced
FO formation at a rate that was practically identical to that measured for DFP alone again
consistent with DFP shuttling iron onto FO. The lack of biphasic kinetics and the increased
availability of iron bound to albumin relative to iron citrate are consistent with albumin itself
having a de-polymerizing effect on iron citrate species, as previously demonstrated 6. This
does not explain why NTBI from the serum from thalassemia patients is relatively
inaccessible to chelation by DFO. This apparent paradox may be explained by recent work
suggesting that in plasma from patients with iron overload or diabetes, non-enzymic
modifications to albumin occur, forming glycated adducts that bind iron more tightly than
unmodified plasma albumin 8. Irrespective of the nature of such plasma factors retarding the
availability of plasma NTBI to chelation by DFO, it is clear that enhanced formation of FO
in the presence of DFP is achieved predominantly by increasing the rate and magnitude of
the slow kinetic phase of FO formation and that this feature is also shared with FO
formation in iron citrate solutions.

In conclusion, this study shows for the first time that the combined presence of DFP with
DFO can access NTBI species that are otherwise unavailable to DFO, at clinically
achievable concentrations and that this occurs through the shuttling of iron by DFP to form
FO. Using DFO alone, comparison of FO formation Kinetics in serum, or iron citrate
solutions, show biphasic kinetics. Iron that is rapidly available to DFO when used alone is
likely to be monomeric or dimeric iron citrate representing no more than about one third of
total plasma NTBI. Slowly chelated iron, or that which is unavailable to DFO without the
addition of DFP, is likely to be heterogeneous including oligomeric and polymeric iron
citrate species and iron bound to modified plasma proteins. Enhanced access of these iron
species to DFO can be achieved at low concentrations of DFP (3uM), the maximum effect
being seen at 30uM DFP. These studies provide a rationale for simultaneous use of DFO
and DFP in the treatment of iron overload conditions by removing plasma NTBI and thus
minimizing the predominant mechanism by which iron accumulates in tissues susceptible to
iron overload.

ABBREVIATIONS

NTBI non-transferrin bound iron
DFO deferoxamine

DFP deferiprone

FO feroxamine

LPI labile plasma iron
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MLT mixed ligand therapy

NTA nitrilotriacetic acid

HPLC high performance liquid chromatography

MOPS 3-[N-Morpholino]propanesulfonic acid, CHAPS, (3-[(3-
cholamidopropyl)dimethylammonio]-1-propane-sulfonate

HYSS Hyperquad Simulation and Speciation program

EDTA ethylenediaminetetraacetate

RT room temperature
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Fig 1.

Speciation plot showing the molar fraction of iron bound to DFO or to DFP at steady state.
The speciation plot was calculated using HYSS 29, where the concentrations of iron and
DFO are constant at 10puM, and the concentration of DFP was varied. The stability constants
used for the calculations were from published data 2.
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Demonstration of iron shuttling from DFP iron complex to deferoxamine (DFO) when iron
citrate is co-incubated with DFO and DFP. The rates of formation of complexes of DFO or
DFP from iron-citrate (10:100uM) in 20mM MOPS (pH 7.4) were compared by
spectrophotometric scanning of the complexes formed between 350 and 700 nm every 0.5
hour for 19.5 h. For clarity, only selected traces of the final reaction mixtures are shown as
follows: A: DFO (10 uM) and iron citrate (10:100 puM), B: DFP (30 pM) and iron citrate
(10:100 pM), C1: DFO (10 pM) and DFP (30 uM) with iron citrate (10:100 pM) scanned
immediately after mixing, C2: scan of final reaction mixture of C1. The reaction was
initiated by addition of iron citrate.
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Rate of FO formation from normal and thalassemic plasma incubated with DFO. DFO (10
pUM) was incubated with serum obtained from 5 normal subjects and six thalassemic patients
whose serum contained 3.5-5.4 uM NTBI either alone (m) or in the presence of DFP (A, 30
UM) both at RT (closed symbols) and 37°C (open symbols). Samples of the reaction
mixtures were taken at regular time intervals, deproteinized through 30 Kda molecular
weight cut-off filters and 50 pl of filtrate injected onto the HPLC column for FO
determination using isocratic HPLC conditions. FO concentrations were determined using a
standard curve showing the peak areas corresponding to known dilutions of a freshly
prepared 200 UM FO mixture in 20mM MOPS pH 7.4. The data shown are the mean + SE
for the two study groups.
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Rates of iron complex formation from iron citrate incubated with DFO or DFP alone. The
rates of formation of iron complexes of DFO or DFP from iron citrate (10:100 uM) in
20mM MOPS (pH 7.4) were compared at equimolar iron binding equivalents of the two
chelators, using spectrophotometry. The reaction was monitored continuously for 19.5h at
460nm at RT with DFO (m, 10 uM) or DFP (A, 30 uM). Iron complex concentrations were
calculated using previously determined extinction coefficients for both iron complexes. The
data shown are the mean + SE of 3 independent experiments.
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Enhancement of FO formation from iron citrate by DFP using HPLC: effects of DFP
concentration and temperature. Fig 5a: DFP-concentration dependence of enhancement of
FO formation from iron citrate and DFO is shown. DFO (10 pM) was incubated with
iron:citrate (10:100 pM) in 20mM MOPS (pH 7.4), either alone or in the presence of various
concentrations of DFP (3—-100 uM) at RT. Samples of the reaction mixtures were taken at
regular time intervals and injected onto the HPLC column for FO determination using
isocratic elution. FO concentrations were determined as described for Figure 3. The data
shown are the mean + SE of 3 independent experiments. Fig 5b: Temperature dependence of
rate of FO formation from iron citrate and DFO in the presence and absence of DFP. DFO
(m, 10 pM) was incubated with iron-citrate (10:100 uM) in 20mM MOPS (pH 7.4), either
alone or in the presence of DFP (A, 30 uM) at RT (closed symbols) and 37°C (open
symbols). Samples of the reaction mixtures were then taken at regular time intervals and
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injected onto the HPLC column for FO determination as described above. The data shown
are the mean = SE of 4 independent experiments.
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Fig 6.

Fast phase kinetics of iron chelation from iron citrate by DFP and DFO alone or in
combination using stopped flow. Reactions between iron citrate and either DFO (A), DFP
(B) or DFO plus DFP (C) are shown. Iron citrate (20:200 pM) in 20 mM MOPS pH 7.4 and
DFO (trace A: 20 pM) or DFP (trace B: 60 uM) or DFP plus DFO (trace C: 20 uM DFO, 60
1M DFP) were placed into the two syringes of a stopped flow apparatus. On autotrigger, the
syringes ejected an equal volume of both solutions into the reaction chamber where the
reaction was monitored by measuring changes in absorbance at 460 nm. Reaction chamber
concentrations are half those given for the syringes.

Transl Res. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Evans et al.

FO formed (uM)

12 -

10 -

Page 23

e — ——

_// /‘F,__,fff”’!
Py -
S i__—f—”f

S /RX T
/”/ // /”f — DFO+DFP (37°C)
- // /-"F —&— DFO+DFP (RT)
/'// /,/"' - DFO (37°C)
;’f / -m DFO (RT)
/ / —=—DFO no albumin (RT)
o

Time (h)

Fig 7.

Rate of FO formation from DFO and iron citrate with albumin at RT and 37°C in the
presence and absence of DFP. DFO (10 uM) was incubated with iron citrate albumin (10
pUM:100 pM:40 g/l albumin) in 20mM MOPS (pH 7.4), either alone (m) or in the presence of
DFP (A, 30 uM) both at RT (closed symbols) and 37°C (open symbols). Samples of the
reaction mixtures were then taken at regular time intervals, deproteinized through 30 Kda
molecular weight cut-off filters and 50 pl of filtrate injected onto the HPLC column for FO
determination as described for Fig 3. A trace of the reaction between DFO and iron citrate in
the absence of albumin at RT (=, lower trace) is shown for comparison. FO concentrations
were determined using a standard curve showing the peak areas corresponding to known
dilutions of a freshly prepared 200 uM FO mixture in 20mM MOPS pH 7.4 containing 40g/I
albumin. The data shown are the mean £ SE of 4 independent experiments.
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Fig 8.

Rate of iron complex formation from iron citrate aloumin incubated with DFO or DFP
measured by spectrophotometry. DFO (m, 10 pM) or DFP (A, 30 pM) was incubated with
iron citrate albumin (10:100 puM:40 g/l) in 20mM MOPS (pH 7.4) at RT and the reaction
continuously monitored for 8h at 460 nm by spectrophotometer. Iron complex
concentrations were calculated using previously determined extinction coefficients for both
iron complexes. The data shown are the mean + SE of 3 independent experiments. Inset:
Black trace: incubation of DFP (30uM) with iron citrate aloumin was repeated over a
shorter time scale (15 minutes) to determine the reaction profile. Grey trace: DFO (10 puM)
and DFP (30 uM) were co-incubated with iron citrate albumin for 20 min and the measured
absorbance at 460 nm converted to feroxamine concentration.
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