RED CELLS

The assessment of serum nontransferrin-bound iron in
chelation therapy and iron supplementation

William Breuer, Aharon Ronson, Itzchak N. Slotki, Ayala Abramov, Chaim Hershko, and Z. loav Cabantchik

Nontransferrin-bound iron (NTBI) ap-
pears in the serum of individuals with
iron overload and in a variety of other
pathologic conditions. Because NTBI con-
stitutes a labile form of iron, it might
underlie some of the biologic damage
associated with iron overload. We have
developed a simple method for NTBI
determination, which operates in a 96-
well enzyme-linked immunosorbent as-
say format with sensitivity comparable to
that of previous assays. A weak ligand,
oxalic acid, mobilizes the NTBI and medi-

plate. The amount of DFO-bound iron,
originating from NTBI, is quantitatively
revealed in a fluorescence plate reader by
the fluorescent metallosensor calcein. No
NTBI is found in normal sera because
transferrin-bound iron is not detected in
the assay. Thalassemic sera contained
NTBI in 80% of the cases (range, 0.9-12.8
pmol/L). In patients given intravenous
infusions of DFO, NTBI initially became
undetectable due to the presence of DFO
in the sera, but reappeared in 55% of the
cases within an hour of cessation of the

circulation and the possibility that a
major portion of NTBI was not mobilized
by DFO. NTBI was also found in patients
with end-stage renal disease who were
treated for anemia with intravenous iron
supplements and in patients with heredi-
tary hemochromatosis, at respective fre-
quencies of 22% and 69%. The availability
of a simple assay for monitoring NTBI
could provide a useful index of iron
status during chelation and supple-
mentation treatments. (Blood. 2000;95:
2975-2982)

ates its transfer to the iron chelator
deferoxamine (DFO) immobilized on the

DFO infusion. This apparent rebound was

attributable to the loss of DFO from the © 2000 by The American Society of Hematology

Introduction

The presence of nontransferrin-bound iron (NTBI) in the circulandividuals who already have or are predisposed to iron overload.
tion is a pathologic phenomenon, which generally occurs ifhis paper introduces a novel assay for NTBI and shows its
patients with iron-overload conditioh%and is thought to be absentapplication to monitoring chelator activity in patients with thalasse-

from healthy individuals in whom virtually all the serum iron ismia and detecting NTBI in a high-risk population such as patients
bound to transferrin (Tf). Until recently, NTBI has been thoughfith HHC and a lower risk population such as patients on dialysis
to arise from either repeated transfusions, which are requirg@fhg receive iron supplementation. Results also show, in accor-

by patients with various hemolytic diseases, hemoglobinopgance with previous reportghat NTBI can occur in sera with less
thies such as thalassemia, or excessive iron absorption ass@gin full transferrin saturation.

ated with hereditary hemochromatosis (HHC). However, NTBI

can also appear in the circulation of patients undergoing chemo=

therapy*® heart bypass operatioAsind qther conqltlons in which Materials and methods

large amounts of iron from hemoglobin catabolism are suddenly

released into the circulation. Recently, NTBI was also found iQTB| assay

dialysis patients treated for anemia with erythropoietin and iron ) o

supplements (personal communication, Prof J.J.M. Marx, Univehe assay for NTBI is schematized in Figure 1. _
sity Hospital, Uttrecht, Holland). 1. Samples of 20 pL of serum (defined as “input sample”) are placed in

The clinical significance of NTBI is threefold: it is a potentiaIOI'SpOS"’Ibe3 plas.t'c 96-well plates (‘mixing plate). All samples are
target of iron chelators; it could serve as an indicator of the ir(ﬁ{epared in duplicate.
' 2. To each sample is added 230 pL of a solution containing 100 mmol/L

status of an individual who is already iron overloaded or at risk; a@%dium oxalate (BDH Chemicals Ltd, Poole, UK), 20 mmol/L HEPES
it may participate as one of the causative factors in the tissyggical Industries, Kibbutz Beit Haemek, Israel), pH 7.4 containing 2.5
loading with iron, which can lead to cardiac, hepatic, and endocring,q ;. MnCl, (Aldrich Chemical Co, Milwaukee, WI). The oxalate-
dysfunction. The first two points highlight the potential importancREepES solution and the Mng{1 mol/L stock) are kept as frozen aliquots

of a convenient and reliable method for the detection of NTBI. land mixed just before use. The iron content of the sodium oxalate is less
the first case, it would allow the physician to assess the efficacy®hn 0.001% according to the manufacturer. We have determined the iron
an iron-overloaded patient’s chelation regimen and modify #oncentration in the 100 mmol/L sodium oxalate solution as 0.7 pmol/L,
accordingly. In the second case, it could be used to help diagnas#g the bathophenanthroline sulfonate method (data not shown).
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Serum with NTBI

I'd e
R §A

distilled water in a polyethylene tube is added 0.1 mL of 70 mmol/L
nitrilotriacetate, sodium form, pH 7.0. After 5 minutes, 0.3 mL water is
added to give 2 mmol/L Fe"*.

2. Aserial dilution of 1:1 in water, using 50 pL for each dilution step, is

A Normal serum

e

; ; 7 ¢ ferrin . A .
i T i g performed for up to 12 steps in polyethylene tubes, giving 50 pL of iron at
k/ %‘/ \k/ LY, k} U U‘\DFO concentrations from 400 down to 0.2 pmol/L.

coated
plastic

B

After
wash

3. To each tube is added 0.2 mL bovine serum albumin (BSA, Fraction
V; Sigma Chemical), 10 mg/mL in HBS.

4. A sample of 20 pL is transferred to the “mixing plate” and
subsequently processed in the same way as serum samples.

(Viviviy]

Preparation of CA-Fe

1. A stock solution of the CA-Fe complex is produced by mixing 20
mmol/L FAS (prepared fresh in deionized water) with 40 pmol/L calcein
(Sigma Chemical) to give final concentrations of 40 umol/L calcein and 36

CA-Fe
(non-
g % e e ’ s e s fluorescent)
Add
] ’\ AY, CA-Fe %’Zq %‘% %‘% %‘g pmol/L iron (CA-Fe ratio is 1.0:0.9).
Xl R 2. The mixture is incubated in the dark at 37°C for 30 minutes.
D 3. The CA-Fe complex is divided into aliquots and stored frozen. The
CA / (
(fluorescent) Q Q Q Q Read
fluo- ;

Figure 1. Scheme of the NTBI assay. The scheme depicts the 4 basic steps of the

A

16000

assay for both normal (left) and NTBI-containing (right) sera. The iron is depicted as a
full circle and the transferrin molecules denoted by T. Step 1: A serum sample, which
has been premixed with 100 mmol/L oxalate, 2.5 mmol/L MnCl,, and 20 mmol/L
HEPES pH 7.4, is added to DFO-coated wells. The mobilized NTBI binds to the DFO
on the plastic during a 2-hour incubation. Step 2: Only the DFO-bound iron remains
after the wells are washed. Step 3: Calcein-Fe complex (CA-Fe) is added to the wells.
CA-Fe is nonfluorescent because of quenching of calcein by the bound iron. Step 4:
The fluorescence is measured after a 2-hour incubation, during which the remaining
available DFO molecules withdraw iron from CA-Fe, causing the released calcein to

Oxalate-Mn
+apo-Tf

HBS
+apo-Tf

Oxalatem

+ BSA

8000+

NTA
+ apo-Tf

become fluorescent. For normal serum, a maximum level of fluorescence is attained,
whereas for NTBI-containing serum, fluorescence is relatively lower. The fluorescence
generated is inversely proportional to the concentration of NTBI in the original sample.

4000 +

units

3. From the diluted samples, 100 pL is transferred in duplicate to @ 0
96-well plates coated with deferoxamine (DFO). For preparation of platesg
see below. B

4. After 2 hours of incubation at 37°C, the plates are washed twice with o 12000
distilled water, once with 5 mmol/L EDTA (pH 8.0), then twice with dis-
tilled water.

5. To each well is added 0.1 mL of a preformed calcein-iron complex
(CA-Fe) consisting of 600 nmol/L calcein (Sigma Chemical, St Louis,
MO), 540 nmol/L ferrous ammonium sulfate (FAS) in 20 mmol/L HEPES,
150 mmol/L NaCl, pH 7.3 (HBS), and the plate is incubated for 2 hours
at 37°C.

6. The fluorescence in the wells is determined in a multiwell plate {

ce
-
)

Fluor

Oxalate-Mn
+ BSA

\E\E

8000

reader (BMG Lab Technologies, Offenburg, Germany) with excitation/
emission filters of 485/538 nm and gain of 25.

Preparation of DFO-coated plates

4000+ i

1. A solution is prepared containing hydroxyethyl-starch-DFO, 0.5
mg/mL (Biomedical Frontiers, Minneapolis, MN), in 10 mmol/L sodium

[ B8
an
-]

phosphate (dibasic), pH 8.6. 12
2. From this solution, 100 pL/well is added to 96-well polystyrene [Fe] uM
plates (F96 Maxisorp; Nunc, Roskilde, Denmark) and the plates are
incubated at 4°C for 72 hours. Figure 2. Calibration of iron concentration versus fluorescence. A series of

3. The plates are washed twice with distilled water and, after shakiﬁ@ncentrations of iron, ranging from 0 to 400 umol/L (described in “Materials and

off all excess water, can be used immediately, or stored at 4°C for at lea gghods”), was prepared in HBS bufer .Contﬁ!”'”g either ?SA (circles) or apo-Tf
riangles). A 20-pL sample from each solution (“input sample”) was mixed with either

months. The degree of variability in DFO activity between wells of a plat%BS containing 2 mmol/L NaHCO3 (empty symbols) or oxalate-Mn reagent (filled
as determined by using CA-Fe de-quenching in blank plates, is less thgmbols) (final volume, 250 pL). Aliquots of 100 uL were transferred to DFO-coated
4%. The degree of variability between different plates is less than 11%. plates and processed in the NTBI assay as described in “Materials and methods.”
The fluorescence was read after 2 hours of incubation with CA-Fe and plotted
semilogarithmically against the concentration of iron in the original 20-pL input
. o . sample (A). The most sensitive region of the calibration curve (0-12.5 umol/L Fe) was
Calibration is shown in Figure 2. plotted separately as a linear graph (B). Bars indicate standard deviation of the mean
1. To 0.1 mL of 10 mmol/L FAS (freshly prepared; Sigma Chemical) imf 4 individual samples.

Calibration
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solution is stable for up to 3 months in the freezer, but thawed solutions are Sera routinely taken for ferritin estimation were used for serum
not reused. sampling for NTBI in patients with end-stage renal disease (ESRD).

4. For use in the assay, the concentrated stock CA-Fe (40 pmol/L:36
pmol/L) is freshly diluted 1:67 in HBS 150 mmol/L NaCl, 20 mmol/L
HEPES, pH 7.3 to produce a final concentration of 0.6 umol/L CA-Fe. Results

Modification for measurements of NTBI in sera with ) )
) ) Configuration of the NTBI assay
transferrin subsaturation values

) . . ) The procedure of the NTBI assay (schematized in Figure 1) is
The previously described method was modified for sera with transferrin - . . -~ !

) . I . DPased on the binding of mobilized NTBI to DFO immobilized in
saturation values in the range of 30% to 60%, to minimize apo-Tf—mediat

sequestration of NTBI, which had been mobilized by the oxalat<,§— -well plates. The amounF of DFO-bound '“?” 1S quantlfled by use
manganese reagent. The NTBI solubilizing reagent used in step 2 of e the metal probe calcein complexed to iron, which becomes
method was changed from 100 mmol/L oxalate, 20 mmol/L HEPES, 2fiorescent following the withdrawal of the iron by DFO.We
mmol/L MnCl,, pH 7.4, to 200 mmol/L oxalate, 20 mmol/L HEPES, 20found that to obtain optimal detection with the immobilized DFO,
mmol/L MnCl,, 1 pmol/L FeC}, pH 7.4. The addition of FegI(BDH it was necessary to mobilize the NTBI using a charged low-
Chemicals, Ltd), preparedsea 1 mmol/L stock in 0.1 mol/L HCI from molecular-weight chelator, oxalate. Nitrilotriacetate, which is used
anhydrous powder, was required for lowering the concentration of availatdg 3 mobilizing agent in the assay developed by Singh%dsaipt
apo-Tf. The Mt * concentration was increased from 10 to 20 mmol/L an@ompatible with our method, because it can remove iron from
the oxalate concentration was doubled from 100 to 200 mmol/L to ensurea . farrin when present together with DEQFigure 2). Oxalate
high oxalate—Mn ratio and to preclude the possible formation of oxalatgibes not appear to share this property with nitrilotriacetate in our

metal precipitates. ith hoi il bili NTBI. | limi
The basis for the use of increased Mnconcentration was empirical. A system, although it can still mobilize - 1N preliminary

series of transition metals were tested at different concentrations for f¥Periments with thalassemic sera, we found that the presence of
capacity to enhance the detection of NTBI in thalassemic sera. The ration@@late was necessary; NTBI was detected in only 3 of 15 cases
behind this approach was to find a metal that would block both specific (@hen sera were tested without oxalate, but in 12 of 15 cases when
apo-Tf) and nonspecific iron-binding sites that might be present in serusted with oxalate (data not shown). This finding suggests that
samples. Among the metals tested, Mnwas the most suitable because itNTBI may have 2 distinct chemical forms, the first directly
enhanced the relative changes in fluorescence and did not interfere withghlatable by DFO and the second that requires prior mobilization

assay. Subsequently, we found that Mrfacilitates the binding of Fe**+ by a charged low-molecular-weight chelator. Only the results
by DFO, in the presence of high oxalate concentrations. This Wadiained with oxalate are reported here
determined by using the iron probk(fluorescein-5-thiocarbamoyl) desfer- '

rioxamine (FI-DFO; Molecular Probes, Eugene, OR), whose fluorescenceciéc{Iibration of the NTBI assay

quenched stoichiometrically by Fé* under conditions that mimic those in

the assay. The rate of quenching of FI-DFO (2.5 pmol/L) by ferriThe sensitivity of the assay was examined by preparing a series of
ammonium citrate (20 pmol/L) was S-fold slower in the presencion concentrations in HBS solution containing BSA, 10 mg/mL
(tyz = 12.5 minutes) than in the absence of 200 mmol/L oxalale{t2.5 (Figyre 2A). The titration curve performed with HBS-BSA shows
minutes), but was only 2.6-fold slower when 20 mmol/L Ma®&s added 4+ the jron-binding capacity of the wells is saturated when the

to the oxalate (t, = 6.5 minutes). The effect of Mih" was concentration . . . . e .
) : ron concentration of the input sample (defined in “Materials and
dependent and was maximal at 20 mmol/L (Breuer et al, unpublished dafa . o~ . -

thods”) is 12.5 pmol/L. The calculated total iron-binding

Hence, we attribute the enhancement of the sensitivity of the assay ) . . .
Mn** to its facilitation of DFO binding of iron. Thalassemic sera, whickc@Pacity of each well, based on this value, is 100 pmol. This was
generally have very low iron-binding activity, showed detectable NTBI igonfirmed by exposing the wells to increasing concentrations of
the presence of 2.5 mmol/L Mr; however, NTBI was detectable in seraCA-Fe complex and determining the fluorescence after 2 hours of
with higher iron-binding activity (low transferrin saturation) only when 2Gncubation. The curve of fluorescence units (FUs) generated versus
mmol/L Mn** was used. picomoles iron added (in the form of CA-Fe) leveled off at 112
The above modification results in a 20% decrease in the fluorescensigiol Fe/well (data not shown), indicating that saturation of the
signals obtained in the reagent blanks (bovine serum albumin [BSA] Hq sites in the well occurs at this value. The titration curve shown
mg/mL in HBS) an(.j ron ;tand_ards and, th.eremre’ requires the esmb"'fﬁ'liigure 2A for samples with BSA was altered by the presence of
ment of an appropriate calibration curve using the modified oxalate-Mn-Fe . . .
reagent. This curve (Figure 5) is parallel to the one shown in Figure 2. .Pa(alate-Mn. we attr.lbut.e the declrease in slope to the action Of.
preclude the possibility of false-positive values, each assay plate contain%)ﬁ‘lalat_e ?‘S a competlng ligand, which ca_tuses an apparent chgnge In
reagent-blank wells with 20 pL BSA 10 mg/mL in HBS. These 4 welidhe affinity of the DFO in the well. The failure to reach the maximal
provide the zero NTBI value for each particular plate and are used to adjigvel of fluorescence (15000 U) in the presence of oxalate is
the values obtained in each test plate to the iron standard curve, whictatgributable to contaminating iron in different components (100
generated in a different plate. This adjustment depends on the variabilityiimol/L oxalate contains 0.7 pmol/L Fe, see “Materials and
DFO content between plates, which fluctuates between 0% and 11%. methods”). The useful range of the titration curve carried out under
standard assay conditions (ie, in the presence of oxalate-Mn) is
shown in Figure 2B, corresponding to iron concentrations of O to
The study included 12 patients, aged 10 to 16, all with transfusional irarp 5 pmol/L in the input sample. The relationship between FUs
overload. Seven had thalassemia major, 3 had thalassemia intermedia, 8§éined and iron concentration is linear down to about 8 umol/L,
had aplasia. All the drug treatments carried out in this study were within tk}\(ﬁth a lower limit of detection of 1 umol/L. A standard curve of the

framework of their routine therapeutic regimens. N . . . . .
The 9 patients undergoing DFO infusion kinetics arrived at the clinic ilt'},pe shown in Figure 2B is routinely used for calibrating NTBI in
Serum samples.

the morning, having been instructed not to take any medications before th . . .
arrival. A serum sample was taken (tim@ 8nd, immediately afterward, the To show that transferrin-bound iron is not detected by the assay,

patient began to receive an infusion of DFO. The total DFO dose wd4¢ g.enerate.d Ti-Fe by incgbating inxed Concentrqtipn of aPP‘Tf
usually 1 g; in a few cases it was only 0.5 g. Duration of the infusion waith increasing concentrations of iron and determining the iron
between 30 and 60 minutes. concentration in the samples by the assay (Figure 2A). At the

Patient treatments
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concentration of apo-Tf used (3.2 mg/mL), the total theoretical ]
iron-binding capacity was approximately 80 umol/L. In the pres-
ence of oxalate-Mn, iron was not detectable at concentrations E
below 80 pmol/L. This indicates that transferrin-bound iron is
spared by the assay. We have found that oxalate-Mn appears to be i
slightly superior to HBS-NaHC@at sparing transferrin-bound 8 -
iron. In contrast, nitrilotriacetate (5 mmol/L) causes iron to be
detectable at concentrations less than 80 pmol/L, indicating 6
removal of iron from transferrin.

DFO

Application of the assay to serum samples from 21 4
iron-overloaded patients -

We initially examined the working range of the assay as a functionc—o 2
of the serum sample volume (Figure 3). For most thalassemic= 1
patients, the highest sensitivity was obtained with serum samples of 0
8 pL applied per well. Under these experimental conditions, the
amounts of iron detected were within the iron-binding capacity of
the wells. Two thalassemic sera and 1 control serum were serially
diluted in HBS containing 10 mg/mL BSA and equivalent sample
volumes (20 pL) from each dilution were processed as described in
“Materials and methods.” A linear correlation was observed
between the volume of serum in the wells, the fluorescent signal
generated, and NTBI in pmol/well (obtained from the standard
curve in Figure 2B) for both thalassemic sera. In Figure 3, the
NTBI values are expressed in terms of pmol/well. To convert 0 30 60 90
pmol/iwell to pmol/uL serum £ pmol/L NTBI in serum), we Time (min.)
corrected for the volumes and dilutions made. Thus, for the inpiure 4. Monitoring the dynamics of chelation by DFO with the NTBI assay.
sample of 20 uL serum, only 8 pL was finally applied to each Weﬂslerum_samples of 9 pat_ients with thialassemia were Faken for NTBI measur.eme.nts
Hence. to obtain the actual NTBI concentration in the serum immediately before (O minute) and a}t intervals of 30 minutes during and aftt_ar infusion
’ A f DFO (0.5-1.0 g, IV). The duration of the treatment was 30 to 60 minutes, as
pumol/L, the pmol/well value was multiplied by the factor 2.Sndicated in the graph. The NTBI levels are shown in pumol/L as mean values of
(= 20/8)_ In this way, we calculated the NTBI concentrations of theiadruplicates (SD < 10%). Negative values indicate chelation of contaminant iron
2 thalassemic sera to be 8.7 and 5.5 pmol/L. The control seriffentin reagents by serum components.
sample showed virtually no change in signal with increasing input

volume of Fhe original serum samplg. The apparently neg?t'\é%ntaminant iron in the oxalate-Mn reagent by apo-Tf. This effect
values obtained for the control are attributed to the sequestratlonogfapo_-rf on samples with oxalate-Mn was also observed in Figure
2, where samples containing undetectable iron showed an apparent
increase in the fluorescence generated with apo-Tf, but not with
BSA. As shown in Figure 4, the contaminant iron is not a
drawback, but in fact, an asset, because it provides an indication of
the iron-binding capacity of a given serum sample.

2]
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Reliability of the NTBI measurements

20+ To assess the day-to-day reproducibility of the assay, we chose 16
thalassemic serum samples taken from 5 different patients and
tested them on 3 different occasions, while freezing the sera in the
intervals. The deviation of the individual NTBI measurements
varied from 0.8% to 26%; the average deviation for all 16 sera was

I 10000
8.3%. We also tested 9 patients repetitively at monthly intervals

~ [
- }\ Control
(Table 1). Six of the patients showed relatively steady NTBI levels
2 4 6 8

NTBI (pmoliwell)
Fluorescence units

-20 4

L 12000 with less than 25% variability among samples. The 3 patients who

' showed significant fluctuations of more than 50% had lower NTBI
values than the others. Two of them (S.N. and A.A.) have
thalassemia intermedia; the third (S.P.) has thalassemia major, but
is under aggressive combined chelation therapy of defferiprone
(L1) daily and DFO once monthly. Therefore, we attribute the large
fluctuations in these cases to individual variability rather than to
assay-based errors.

-40

o

Volume of serum in well (pl)

Figure 3. NTBI as a function of the volume of serum added to the test wells.

Aliquots of serum from 2 thalassemics (N.A. and M.M.) and a healthy individual
(Control) were serially diluted in HBS containing 10 mg/mL BSA, and assayed for
NTBI as described in “Materials and methods” and in Figure 2. Depicted on the
abscissa is the volume of the aliquot of original serum in the 100-puL sample applied to
each well. The fluorescence intensity obtained for each sample is indicated on the

right scale in terms of raw fluorescence units (descending scale). The fluorescence
units were converted to iron concentrations (IC, in pmol/L), using the calibration curve
depicted in Figure 2B and then to pmol/well by multiplying IC by the volume of original
serum in each well. Negative values are due to chelation of contaminant iron in the
assay reagent by serum transferrin. Bars indicate standard deviation of the mean of 4
individual samples.

Among 47 control sera from individuals without known iron-
overload, no NTBI positives were found (under the assay condi-
tions using 100 mmol/L oxalate, 2.5 mmol/L MngIwith values
ranging from—1.8 to —5.2, indicating that the test does not give
false-positive values.
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Table 1. Time-dependent variability in NTBI levels 1:1 mixtures of normal and thalassemic sera, we found that NTBI
Patient NTBI (umol/l) ~ was not detectable in these mixtures when the oxalate-Mn reagent
NR. 62+03 used for thalassemic sera (100 mmol/L oxalate, 2.5 mmol/L MnClI

NA. s4+04  Was used. However, NTBI was detectable when the oxalate-Mn
M.D. g85+06 reagentwas modified to 200 mmol/L oxalate, 20 mmol/L MnClI

S.N. 22+13 pmol/L FeC} (see “Materials and methods”). Although these

D.L. 10.6 = 1.4 maneuvers caused a decrease in the fluorescence signals obtained
R.G. 7.9x19 in the reagent blanks (BSA 10 mg/mL in HBS) and required the
g‘-g- z‘i * i; establishment of new standard curves for the oxalate-Mn-Fe

reagent, they significantly increased the sensitivity of the assay in
sera with low transferrin saturation. It is unlikely that these
Serum NTBI levels were estimated in quadruplicate at monthly intervals for2to5 ~ measures contributed to the generation of false-positive results,

months, using the standard technique described in “Materials and methods.” Values because the zero NTBI value in each assay plate is based on the
are mean * SD. . . . . . .

signal obtained with the reagent blank solution in that particular

plate (Figure 5). The presence of 1 umol/L Fg@1 addition to the
Application of the test to monitoring the course contaminant iron in the oxalate-Mn reagent (see “Materials and
of chelation therapy methods”), gave rise to apparently negative NTBI values in

We investigated the possible usefulness of the assay in monitorN§B!-free samples (from=2 to ,_16 umol/L). Because .these
the effectiveness of chelator treatment. Patients were samp es generally correlated well with the transferrin saturation, they
periodically during the course of intravenous (1V) infusion of DFG'® considered to reflect the |ron-t?|nd_|_ng capacity in the sera and,
and their serum NTBI was measured (Figure 4). The NTBI becarfig such, do not detract from the reliability of the assay. Because the
undetectable immediately after DFO infusion in 8 of 9 cases afgfasures mentlon_ed above (_Jlo not (_:ompletely block apo-Tfin sera
reached apparently negative values. Cessation of DFO infusion dth low traPSfimn saturation, this a_spl)ect of the as+say will
around 60 minutes) was followed by a gradual return toward high ?cessnate urther optimization, pos_5|by by using a Co .
apparent NTBI values. The phenomenon of gradual NTBI rebouRifarbonate complex to block transferrin, as described by Gosriwa-

after DFO treatment has been documented previously by Portef3a et af2 . )
al,’® using a different NTBI assay, based on the mobilization of The det_ectlon Qf exogenous '\_lTBI addedto varlogs_ ser_um types
NTBI with nitrilotriacetate and its detection with the chelator L1V3S ex_amlned_ (Figure 5). Iron in the form of Fe-nltnlotrla_cetate
The NTBI rebound effect would be consistent with the facts thdf2S mixed with the sera, ar.1d NTBIl was assayed. using the
DFO has a short plasma half-ifeand that the plasma iron turn- oxalate-Mn-Fe reagent. Four different sera were examined, 1 from
over inpatients with thalassemia is 15-fold greater than noktfd!4

It should be emphasized that our results do not necessarily
indicate the transient disappearance of NTBI from the serum %\
during DFO infusion, but rather the presence of excess free DFOIn 45540 %“%’/ T~
the serum, which competes with the DFO immobilized on the assay Normal
plates for the soluble iron in the sample. The negative values are
obtained due to binding of the contaminant iron in the oxalate-Mn
reagent (see “Materials and methods”) by the free DFO in the ,
serum sample, similar to the binding by apo-Tf in control serum’
samples. Therefore, although the chelator is present in the circula,z:; 1 Bsa

tion, the present assay gives no indication of NTBI status, but2 A
rather monitors the chelator activity within a given serum sample.§ 6000 K

AA. 31+44

8000

Because chelator kinetics can be varidbi¥the assay couldbea & \X

valuable indicator of chelator handling and activity in individual E %ESRD ﬁ I

patients. This is illustrated by the patient N.R., who was known to 1 N

be severely iron overloaded at the start of the treatment and, unlike halassemic %

the other patients, had never previously been treated with chelators 4000 §\

(Figure 4). In this case, a slight increase rather than decrease in the H—C \&f\

apparent NTBI was obtained, presumably because the patient’s iron 1 f\é\

load was in excess of the DFO infused. A subsequent infusion of

DFO (1 week later) gave NTBI kinetics similar to those of the other 2000~ g T SR
patients (not shown). [Fe] uM

Detection of NTBI in patients with transferrin saturation Figure 5. Calibration of iron concentration in the presence of normal and
of 30% to 60% pathologic sera. A series of concentrations of iron, ranging from 0 to 50 pmol/L, was

prepared as described in “Materials and methods.” A 20-uL sample from each iron

It has been shown previously that NTBI can occur concurrentigiution was mixed with 20 pL of either 10 mg/mL BSA in HBS buffer (BSA; empty
with transferrin saturation levels of less than 60% in patients witfangles) or sera from a healthy individual (Normal, empty squares), a patient with
perturbations in iron metabolistnThis feature necessitated aff"d'srf‘ge renal disease (ESRD, filled squares), a thalassemic patient (Thalassemic;
T X . illed triangles), and a hemochromatosis patient (HC; filled circles), and incubated for
modification of the present method in an attempt to overcome th@minutes. To each mixture was then added 210 pL oxalate-Mn-Fe reagent (200
sequestration by apo-Tf of iron that had been mobilized by oxalatemol/L Na-oxalate, 20 mmol/L MnCl, 1 umol/L FeCly) to give a final volume of 250
Normal sera contain 20 to 30 umoI/L apo-Tf, or 40 to 60 umol/lﬂ“ aliquots of 100 pL were transferred to DFO—coate_d pIate; and_ processed as
. L . . . efore. The fluorescence was read after 2 hours of incubation with CA-Fe and
|r0n-b|nd|ng aCtN'tyv which is in excess of the observed NTBEIotted semilogarithmically against the concentration of iron in the original 20-pL

concentrations<€ 17 pmol/L). In preliminary experiments, usinginputsample.
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a healthy individual and 3 from patients. The respective NTBow-affinity ligands? This was consistent with the relatively high
contents of the normal, the ESRD, thalassemic, and HHC sera wére80%) transferrin saturation found in such patients. However,
determined previously as 0, 6.2, 9.6, and 11.5 umol/L. Parallelore recently, NTBI was also detected in the sera of patients
samples were prepared containing 10 mg/mL BSA. The BSA curwéthout full transferrin saturatiohwhich indicates that a fraction
is defined as representative of a sample with neither NTBI nof NTBI may exist in a form that is not accessible to apo-Tf.
iron-binding capacity and serves as the calibration curve. BasedBe&cause NTBI has now been found to occur in a variety of
this curve, fluorescence of more than 6600 U indicates gathologic conditions inthe absence of chronic iron overfoade
NTBI-negative sample, whereas fluorescence of less than 660théve sought a means to identify NTBI also in populations of
indicates an NTBI-positive sample. As expected, the normal serupatients who are at relatively lower risk of iron overload. This
with no NTBI and a high iron-binding capacity, produced muchaper describes a novel approach for assessing NTBI, which led to
higher fluorescence than BSA, and NTBI was detectable only whete development of an assay that is both sensitive and convenient
the concentration of added Fe-nitrilotriacetate was more than &} handling large numbers of samples. The assay was applied to a
umol/L. This may not reflect the full iron-binding capacity of thevariety of sera for monitoring chelation kinetics in patients with
serum, because the binding conditions were suboptimal due to thelassemia and for detecting NTBI in patients with ESRD.
absence of added HGOThe NTBI-containing sera showed a There are presently 2 main approaches for determining NTBI in
gradual increase in NTBI content (manifested as decreasiB@logic fluids. One approach is based on mobilization of NTBI
fluorescence) with increasing Fe-nitrilotriacetate input, althougkith an anionic ligand (EDTA, citrate, or nitrilotriacetate) followed
the relationship between the input iron and the signal obtained wgg ultrafiltration and quantitation of the filterable iron by either
also influenced by the initial NTBI contents and iron-bindingstablished metho#isor by subsequent complexation with the
capacities of the sera. chelator L1 and separation/identification by high-performance
Using the modified assay, 3 groups of patients were testgguid chromatography (HPLG)An alternate approach uses the
(Table 2): controls, a heterogeneous group without any known irgitibiotic bleomycin, which combines with NTBI, but apparently
overload, some of whom were receiving iron supplements; HHGot with iron bound to transferrin or other proteins, to form highly
with various levels of iron overload; and ESRD, among wWhomeactive complexes that are quantified by the amount of DNA
approximately 80% were receiving erythropoietin and IV iroleavage products that they generdteAlthough both these
supplements (none of the patients had received IV iron in the weggthods have been used successfully for some time, the present
before sampling). The respective frequencies of NTBI-positivgssay offers the advantages of technical simplicity and low labor
patients in the 3 groups were 4.3%, 69%, and 22%. The presencg®énsity, without loss of sensitivity or generation of false-positive
NTBI in the control group, who were assumed to be at low riska|yes. The NTBI concentrations obtained with the present assay
was surprising. One of the 2 NTBI-positive individuals had g¢ roughly comparable to those obtained previously, though
transferrin saturation of 75% and, as was subsequently discove@%hﬂy higher. The reported NTBI values in thalassemic sera
had taken a daily dose of oral iron supplement shortly before sergpiained by various methods are in the range of 0 to 9 punidhL,

sampling. The reason for the presence of NTBI in the secofhich is roughly similar to the values found for thalassemic
control sample was not determined. Based on this finding, it [3ients in this paper, 0 to 10.6 pmol/L.

conceivable that some NTBI-positive samples in the other groups ¢ chemistry of NTBI is probably more complex than was
may also be due to a transient rise in serum iron, which !ndfcatﬁﬁginally thoughtt because it might be comprised of a heteroge-
that _repeated measurements are mandatory for establishing {885 mixture of complexes whose composition might vary with
persistent presence of NTBI. the degree and type of iron overload or iron supplementation.
Evidently, understanding its nature in different disease states is
essential for preventing its occurrence. Analysis of NTBI by HPLC
and high-resolution nuclear magnetic resonance indicated the
resence of citrate-iron and ternary citrate-acetate-iron complexes.
n%erestingly, the chelation of NTBI by DFO appeared to be a very

Discussion

The occurrence of NTBI in the sera of thalassemic patients w

originally thought to arise exclusively in cases of severe iro -
. . . slow process, requiring a number of hours even at 1 mmol/L

overload. It was reasoned that the iron-binding capacity of serum ; :
. . . ; concentration of the chelatdt. The presence of NTBI in sera
transferrin was overwhelmed, leading to a spillover of iron to other. . e .
without full transferrin saturaticnindicates that a fraction of the

iron may exist in a form that cannot be bound directly by apo-Tf.
Similarly, if NTBI is not fully accessible to chelators such as DFO,
this may explain its apparent rebound following cessation of DFO

Table 2. NTBI in patients with hereditary hemochromatosis (HHC) and
end-stage renal disease (ESRD)

Patient group Controls* HHCT ESRD* infusiont3 (Figure 4). This possibility is reinforced by the require-
Total number tested 46 32 68 ment for NTBI-mobilizing agents such as nitriloacetate or oxalate
Number NTBI positives 28 22 15 in the assays based on binding toSLdr DFO (present paper).
Percentage NTBI positives 4.3 69 22 Indeed, we found that the presence of oxalate in our assay enabled
Average [NTBI] (umol/L) 08 1.9 38  the detection of NTBI in 12 of 15 thalassemic patients as opposed
Range [NTBI] (umol/L) 0.3-1.2 4.0-16.3 0.1-13.5

to only in 3 of 15 patients in its absence. This finding further
supports our view regarding the heterogeneity of NTBI. Although
the bleomycin-based NTBI assay does not use a mobilizing dgent,

The samples were tested by the modified procedure for low transferrin saturation
sera.

*The controls were chosen randomly from samples taken at a local clinic for
measurements of transferrin saturation and/or serum ferritin. None of them was
suspected of having iron overload.

tHHC serum samples were obtained from Prof P. Brissot, Clinique des maladies
du foie, CHU Pontchaillou-Rennes, France.

FPatients had not received IV iron for at least 7 days before being tested.

§0ne of these patients had taken iron supplement tablets several hours before
being tested.

ascorbate, which is a required component, most likely fulfills this
function while bleomycin acts as the iron-binding moiety. At
present it is not clear why DFO, L1, or apo-Tf fails to mobilize
some forms of NTBI, whereas small, negatively charged molecules
such as oxalate (this article), EDTAgitrate! or nitrilotriace-
tateé can mobilize and shuttle it to these high-affinity ligands.
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Conceivably, the latter ligands fail to access the presumed pobjirectly by premixing serum samples from NTBI-positive and
nuclear forms of the metal in NTBI and form the required multipl®&TBI-negative ESRD patients with increasing concentrations of
coordination points for stable binding. Thus, iron-mobilizingAICl;, and subjecting the samples to the NTBI assay. No additional
agents or shuttles as supplementary tools for elimination of NTRITBI was detectable at A"+ concentrations up to 50 pmol/L in
by chelators could have an important function in all those casggy of the sera.
where iron chelators alone might have failed. This has therapeutic The immediate potential applications of the assay presented
implications both in terms of novel chelator design and fofiere include routine monitoring of NTBI status in iron overload,
supplementing current chelation regimens with agents targetedasessment of chelator activity and handling during chelator
mobilize NTBI. Previously, we have implemented a similagherapy, and screening of selected patient populations for NTBI.
shuttle-chelator combination strategy in iron chelation protocolhe screening application may be instrumental in uncovering the
for the treatment of malaria infectiof. possible connection between NTBI and various potentially iron-
As to the origin of NTBI, one may infer that it represents &ggqciated pathologies, such as cardiovascular didé#se.
fr_action_of iro_n that entergd the circulation, either directly from the Note added in proofThe present assay was simplified by using
site of |ntest|n.al absorption or from macrophages. That fractig,qrescent-DEO analogs that undergo quenching upon stoichiomet-
presumably failed to be absorbed by apo-Tfand, hence, agaregaied);, jing of the metal (this work and also Breuer et al, manuscript
into insoluble deposits or was adsorbed to negatively chargg bmitted). Both the present and the modified assays can be applied

pockets of serum proteins. It is also conceivable that some "@her in the presence (indirect assay [IA]) or absence (direct assay

aggregates may have been formed intracellularly, before their enng]) of shuttle agents such as oxalate. The DA detected virtually

into the circulation, whether by loss or extrusion from iron: . o

L . no NTBI in serum samples of normal individuals, whether or not

overloaded cells as hemosiderin-like complexes or as polymer-irgn .

. . . ey were supplemented with more than 95% saturated Tf. The IA,

complexes used for iron supplementation of patients. however, detected 1-5% iron mobilized from more than 60% iron
A major advantage of the present NTBI assay is its potential : 0 ?

usefulness for conveniently screening large groups of patients.sﬁturated Tf. This indicates that NTBI values obtained by the IA

limited example of such an application is shown in Table 2. Thfé(,Jm sgmples with relativgly high (more than.60%) Tt satur.ation
presence of NTBI in 69% of the patients with HHC was expecte@'ght include a substantial componen.t derived from Tf itself.
and observed accordingly. However, the finding of 4.3% NTBINdeed, we found thatamong £ Hb patients from Thailand (all
positive patients in the control group was not anticipated. It shouf§th Tf saturations of more than 95%) that were not under chelation
be emphasized that only 15 of these samples were from healfh‘-’gatment- 86% of them had NTBI levels of 1 to 8 uM (mean-=2.9
individuals, whereas the remaining 31 were from patients with’a/ M) as detected by the DA and 2.4 to 11 uM (mean:32.7
variety of non—iron-overload conditions, who were referred fotM) by the IA. In the same type of patients orally chelated with L1
tests of transferrin saturation or serum ferritin. We are aware of th¥f Up to 2 years, NTBI values (uM) dropped significantyy
possibility that NTBI might occur only transiently in these patientd)-05, paired-test) from 3.98+ 1.31 to 1.35+ 0.48 by the DA and
perhaps as an immediate and short-term result of iron supplemerit@m 8.8+ 0.3 to 7.1= 0.4 by the IA. The DA also detected NTBI
tion, and might not be obtained in successive samplings. (0.4 to 1.1 pM; 0.6= uM) in 9% of samples from primary
With respect to patients with ESRD, the 22% frequency dfemochromatotic patients ¢a 31; 92 samples), but in none of the
NTBI is clearly significant, yet it may also represent a transief@SRD patients (Israel). However, because most HC and ESRD sera
form of NTBI. Studies are under way to determine the persistenbad Tf saturations much less than 70%, the IA shown in this article
of NTBI in these patients over time and its correlation with irogprovided a minimum estimate of their NTBI levels.
supplementation and with other diagnostic indicators of iron status
(Slotki et al, in preparation). We have also considered the possibil-
ity that patients with ESRD may have elevated serurmAllevels, Acknowledgments
which could masquerade as NTBI in our method, because DFO
also binds At ++. This possibility is not likely for 2 reasons. First, We would like to thank the staff and patients of the Children’s Day

serum AF*+ levels rarely exceed 40 pg/l=(1.5 umol/L)1718 Hospital at Shaare Zedek Medical Center, Jerusalem, for their
which is considerably below the binding capacity of apo-Tf (abowooperation; Ms Hava Glickstein for excellent technical assistance;
50 pmol/L), the major At**-binding protein in the serudf. and the partners of the Biomed Il group, Profs J. J. M. Marx,

Second, the assay is relatively insensitive to/Al due to the lower R. C. Hider, and P. Brissot, for advice and encouragement. The
affinity of DFO for Al*** than for F€** (respective stability method was filed for intellectual rights on December 17, 1998,
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