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Abstract

Blood contains a poorly characterized pool of labile iron called non-transferrin-bound iron
(NTBI). In patients with iron-overload diseases such as hemochromatosis, NTBI accumulates in
the liver, heart, and other organs. This material is probably nonproteinaceous and low molecular
mass (LMM). However, the number, concentration, mass, and chemical composition of NTBI
remain unknown despite decades of effort. Here, solutions of plasma from humans, pigs, horses,
and mice were passed through a 10 kDa cutoff membrane, affording flow-through solutions
(FTSs) containing ~ 1 uM iron. FTSs were subjected to size-exclusion liquid chromatography at
pH 8.5, 6.5, and 4.5. Iron was detected by an online inductively-coupled-plasma mass
spectrometer. LC-ICP-MS chromatograms of FTSs exhibited 2—6 iron-containing species with
apparent masses between 400-2500 Da. Approximate concentrations in plasma were 1078-10~7
M. Not every FTS sample contained every LMM iron species, indicating individual variations. The
most reproducible iron species had apparent masses of 400 and 500 Da. Chromatograms of FTSs
from established hemochromatosis patients exhibited no significant differences relative to controls.
Peak positions and intensities depended on column pH. Some FTS iron adsorbed onto the column,
especially at higher pH. Column-absorbing-iron coordinated apo-transferrin whereas the more
tightly coordinated iron species did not. Ferric citrate standards exhibited LMM iron peaks that
were similar to but not the same as those obtained in FTSs. The results indicate that the LMM iron
species in healthy blood plasma is not primarily ferric citrate; however, this may be one of many
contributing complexes.

"To whom corresponding should be addressed: Paul A. Lindahl, Department of Chemistry, Texas A&M University, College Station TX
77843-3255. Phone, 979-845-0956; Fax, 979-845-4719, Lindahl@chem.tamu.edu.

Conflicts of interest

There are no conflicts to declare.

Electronic Supplementary Information (ESI) available: This includes Figure S1 showing LC-ICP-MS traces of Felll citrate run at
different iron:citrate ratios and different mobile phase pH. See DOI: 10.1039/x0xx00000x



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dziuba et al. Page 2

Introduction

Ferrous ions enter the body via enterocytes lining the duodenum,’~* and they pass into the
blood through the membrane-bound protein ferroportin.>8 Multicopper oxidases hephaestin
and/or ceruloplasmin oxidize Fe!! ions in the blood,” and the resulting Fe!!! species bind
metal-free transferrin (abbreviated apo-T77). Transferrin is an 80 kDa glycoprotein present in
the blood at concentrations of 25-50 pM.8 Iron-bound transferrin (called /o/o- T# distributes
iron to other cells in the body by binding receptors on cellular surfaces followed by import
into the cell by endocytosis.

Blood plasma contains other iron-containing proteins besides transferrin; these include
ferritin, haptoglobin, albumin, and hemopexin. Ferritin is a 450 kDa complex with a hollow
core that binds ferric oxyhydroxide nanoparticles. Most ferritins are located within cells and
function to store iron. The physiological role of extracellular blood-borne ferritins is less
well defined but expression and loading levels are correlated to disease.®10 Haptoglobin and
hemopexin diminish stress caused by hemolysis.11 Haptoglobin coordinates free hemoglobin
to generate a 150 kDa haptoglobin:hemoglobin complex that is absorbed by the liver.12-15
Hemopexin (63 kDa) binds free heme in the blood as a detoxification mechanism.16 With a
concentration of ca. 600 pM, albumin (67 kDa) is the most prevalent protein in the blood; it
coordinates iron weakly.17-20

Plasma iron is highly dynamic and turns-over every few hours.! The generation and
utilization of plasma iron during erythrocyte recycling dominates plasma iron dynamics. In
healthy individuals, nutrient iron import represents a minor perturbation of this process.t
Nutrient iron import is regulated by hepcidin.?! This peptide hormone is produced by the
liver under high-iron conditions. Hepcidin binds ferroportin which promotes degradation of
this membrane-bound iron exporter. This blocks nutrient iron import into the blood.
Individuals with the iron-overload disease hereditary hemochromatosis generate insufficient
hepcidin such that excessive nutrient iron flows into the blood.22

Tf also serves as an iron bufferin the blood. In healthy individuals, only ca. 30% is holo-Tf.
The remaining apo-Tf provides a receptacle for nutrient iron as the iron enters the blood
after a meal. Once all apo-Tf is saturated, further iron enters the blood as a poorly
characterized toxic complex (or group of complexes) called non-transferrin-bound iron,
abbreviated NTBI.22-26 The name NTBI is confusing because the iron bound to ferritin,
albumin, haptoglobin, and hemopexin is, in one sense, NTBI. However, in this paper, we
will use the term more restrictively as particular LMM (defined as < 10 kDa) iron complexes
found in plasma and sera.

NTBI is not composed of all LMM iron complexes in the blood but only those that are
absorbed by the liver rapidly and quantitatively.2”-28 NTBI is imported by Zjp14 zinc
receptors on the plasma membrane of hepatocytes.?? Livers of untreated hemochromatosis
patients accumulate massive amounts of NTBI-derived iron which can lead to cirrhosis.
NTBI is absorbed by the heart and other organs.2”-30:31 Iron loading into the heart is less
extreme than into the liver, but more damaging. This is why heart disease is the leading
cause of death in hemochromatosis.32 These are the particular LMM iron complexes in the
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blood that we define as NTBI. Sadly, the chemical identity of this damaging material is
unknown.

The concentration of NTBI is reportedly low or even undetectable in healthy individuals.
This is probably because NTBI binds apo-Tf tightly and/or because NTBI is absorbed near-
quantitatively by the liver. The concentration of NTBI in the plasma of healthy mammals
ranges from 0.1-1.5 uM. In contrast, the NTBI concentration in the plasma of HFE(/~) mice
and hemochromatosis humans ranges from 3.7-10 uM.18:23.25.31.33.34 (Mutations in the HFE
gene are the most common cause of hereditary hemochromatosis.)

NTBI is commonly defined operationally as the iron in blood plasma that can be chelated
under established assay conditions. One problem with such assays is that they destroy NTBI
during detection, making it impossible to identify the material. Also, different assays using
different chelators or reaction conditions generate different results.33 Stronger chelators may
remove iron from sites that are not truly NTBI such as those on proteins. For example,
ultrafiltrates in which all proteins have been removed from sera of p-thalassemia (another
iron-overload disease) patients contain 0.5 pM iron.1® However, when NTA, a common
chelator for NTBI assays, is added before ultrafiltration (i.e. to solutions containing holo-Tf
and other iron-containing proteins) the resulting ultrafiltrates contain 5 M iron. NTA
probably removes iron bound to proteins in sera. The additional 4.5 UM iron that coordinates
to NTA in sera is probably not NTBI according to our definition but it generally is counted
as such by these assays. Due to the ambiguities caused by defining NTBI operationally, little
is known regarding the number of NTBI species, their concentrations, or other chemical
properties.

Although the chemical composition of NTBI is unknown, ferric citrate leads the list of NTBI
candidates, so much so that the two names are used synonymously. Citrate is present in
blood plasma at concentrations of ca. 100 uM,19:35:36 and equilibrium calculations indicate
that ferric citrate complexes are quite stable under these conditions.36-38 Complicating the
analysis is the formation of different complexes of citrate and ferric ions depending on the
iron:citrate ratio and pH. A 1:100 ratio (the approximate physiological ratio found in
plasma) favors dimers (though not exclusively), a 1:10 ratio favors oligomers, and a
1:10,000 ratio favors monomers.1938 Hepatocytes and T lymphocytes import oligomeric
ferric citrate species faster than other iron-citrate species39 suggesting that they possess a
specific carrier for importing oligomeric ferric citrate. Other cell types also import ferric
citrate, in these cases using DMT1 and ZIP14 carriers,26:40:41,42

The objective of this study was to detect and speciate LMM iron-containing species in flow-
through solutions (FLSs) from mammalian plasma, and then evaluate whether any detected
species might be the long-sought-after NTBI. To do this, we employed a liquid
chromatography system located in a refrigerated anaerobic glove box interfaced with an
online inductively coupled plasma mass spectrometer. We have used this LC-ICP-MS
system previously to detect LMM iron complexes in mitochondria®3 and brain.#4

LC-based studies aimed at detecting NTBI have been carried out previously. Simpson et al.
passed mouse serum through a Sephadex G200 column and detected iron in a
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chromatography peak associated with masses < 10 kDa.*> However, they did not resolve the
peak into individual molecular species. Hider et al. employed LC-ICP-MS to evaluate iron in
sera.20 In the high molecular mass (HMM) region, they detected iron-bound ferritin and Tf¥.
(Iron-bound albumin was also detected when standards were run.) The LMM region
exhibited a weak iron peak but they were also unable to resolve it into its molecular
components. Grootveld et al.*® used HPLC to detect LMM peaks in plasma from
hemochromatosis patients and controls, but again they did not resolve the observed peak into
molecular components. Our group has also used LC-ICP-MS to investigate iron in mouse
plasma,?” but in that study we focused on proteins in the HMM region, not on the LMM
region where low-intensity unresolved features were observed.

Here we resolve LMM iron-containing species in plasma and sera by employing a size-
exclusion LC column designed for LMM peptides. We also employed other strategies (like
performing the LC in a refrigerated anaerobic glove box and rigorously cleaning the
columns) to improve reproducibility and minimize artifacts. That being said, LMM iron
complexes are notoriously difficult to isolate, characterize, and identify because ligand
dissociation/re-association rates can be very rapid (this is why such complexes are labile and
susceptible to chelation). Iron complexes are particularly difficult to study because they are
also redox active, and Fe!'! vs. Fe!l ions coordinate ligands with different affinities.
Moreover, aqueous Fe!ll ions are highly insoluble and tend to aggregate, albeit at kinetically
slow rates. Finally, the concentration of LMM iron in blood is very low, and these species
would be undetectable without the extreme sensitivity of ICP-MS. Fortunately, we were able
to negotiate through these difficulties and obtain new insights into the nature of NTBI in
blood plasma and sera.

Experimental Procedures

Standards

Ferric citrate standards were prepared by method C as described,® except that the iron
standard was not purchased commercially. Rather, an FeCl3 stock was generated by
dissolving FeCl3 hexahydrate (Sigma Aldrich) in high purity water (HPW; defined as water
that has been deionized, filtered (>18 MQ-cm), and distilled). To this solution was added
concentrated trace-metal-grade concentrated nitric acid (Fisher-Sci, abb. TMGNA),
achieving a final concentration of 1.14 mM iron and 2% (v/v) acid.

A 100 mM stock citric acid solution was prepared from citric acid (Sigma Aldrich) in HPW,
with pH unadjusted. The citrate stock and HPW contained insignificant concentrations (ca.
30 nM) of contaminating iron.

Ferric citrate standards were prepared by mixing different volumes of the iron and citrate
stock solutions in 100 mM MOPS pH 7.4 and HPW to achieve final iron concentrations of
either 1 uM (for standards) or 50 UM (for spiking experiments). Iron:citrate molar ratios
ranged from 1:10 to 1:100. The final MOPS concentration was 20 mM. Solutions were
prepared fresh and then typically aged in the dark for 24 hrs (though some were aged for 30
min) in the glovebox before use.

Metallomics. Author manuscript; available in PMC 2019 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dziuba et al.

Page 5

Standards used for LMM calibration curve included: Blue Dextran (Sigma, 2 MDa, 0.1 mg
mL=1); Ni-BPS (1531 Da, 200 uM) made from nickel sulfate hexahydrate (Sigma) and
bathophenanthrolinedisulfonic acid (Acros Organic); AMP (Acros Organic, 347 Da, 200
uUM), ATP (Sigma, 507 Da, 200 uM); cyanocobalamin (Fisher, 1,355 Da, 50 uM); bovine
insulin (Fisher, 5,777 Da, 50 uM); and cytochrome ¢ (equine heart, Sigma, 12,384 Da, 20
UM). Standards used for high molecular mass calibration curve included: carbonic anhydrase
(bovine erythrocyte, Sigma, 29 kDa, 100 uM); human haptoglobin (Milipore, 200 kDa, 12.5
uM); ferritin (equine spleen, Sigma, 400 kDa, 50 uM); apo-transferrin (human, Athens
Research & Technology, 80 kDa, 12.5 pM); and cytochrome ¢ (Acros Organic, 200 pM).
Solutions of all LMM standards were prepared in HPW. All HMM standards were prepared
in 20 MM MOPS pH 7.4, 100 mM NaCl using HPW. All concentrations indicated are final.

Blood Acquisition and Fractionation

Experiments involving human blood were approved by the IRB administration committee at
Texas A&M University (IRB-2017-0020). Experiments involving nonhuman mammals were
similarly approved by the Animal Use Protocol committee (IACUC 2015-0034). Blood for
plasma was collected using a 6 mL lithium heparin BD Vacutainer blood collection tube.
Blood for sera was collected using either a 10 mL glass BD Vacutainer tube ora 1 L
polyethylene centrifuge bottle. Plasma blood samples were kept on ice for 15 min-2 hr until
processing and serum blood was set on ice for 30 min and then left to coagulate for 35 min
at room temperature until processing. Serum was prepared by incubating blood samples on
ice for 15 min to 2 hr and then incubating samples at RT for 5 min. Plasma/sera samples
were then fractionated by centrifugation (Sorval Evolution RC centrifuge). Samples were
spun using a GSA or SLC-6000 rotor with custom-built plastic inserts, each of which held 2
vacutainer tubes, at 2,000 RCF and 4°C for 10 min. Spun vacutainers were carefully
transferred to a chilled (8°C) anaerobic (< 5 ppm O5) glove box (Mbraun Labmaster 120).
Samples were transferred to 2.5 mL Eppendorf tubes, removed from the glove box, and
either used immediately (fresh) or frozen with liquid N, and stored at —80°C.

Pig blood was collected from healthy female Yorkshire pigs. Horse blood was collected from
healthy horses. Mouse blood was pooled from 3-5 mice. Human blood was collected by
staff at the Gulf Coast Regional Blood Centers in College Station TX and Conroe TX.
Human blood was processed without freezing within 1-2 hr post-collection.

Plasma and Serum Processing

Some fresh or frozen-and-thawed plasma or serum samples were filtered through new 0.45
um cellulose acetate syringe tip filters (VWR) to generate what we will refer to as high-
molecular-mass (HMM) samples. Other samples were filtered using a pressurized (75 psi
Ar) Amicon stir-cell concentrator (Model 8003) fitted with a 10 kDa regenerated cellulose
membrane (YM-10, Millipore). The solution that flowed through the membrane will be
referred to as flow-through solution (FTS). Membranes were conditioned by soaking them
overnight. Two mL of HPW were passed through the membrane in the assembled filtration
system prior to applying the sample. The Amicon filtration step took ca. 2 hr. The initial
flow-through liquid (about half of the total volume collected) was discarded. The retained
half was collected in 2.5 mL The Amicon system was cleaned by soaking all components
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except the base, the head, and the membrane in 10% bleach for 10 min followed by
analytical rinsing with tap water and HPW after each use. The Amicon sample output tube
was rinsed with 10% TMGNA for 20 min and rinsed with HPW after each use.

Experimental Protocols per figure

Figures 1 and 2—Plasma or sera FTSs (300 pL) were injected onto the Superdex peptide
column using 20 mM ammonium bicarbonate pH 8.5 mobile phase.

Figure 3—Ferric citrate solution and controls (300 uL) were injected and run under
different mobile phases. The ferric citrate solution contained 1 uM iron with an iron:citrate
molar ratio of 1:100. Controls of 100 pM citric acid in 20 mM MOPS pH 7.4 and 1 pM
FeClz in 20 mM MOPS pH 7.4 were also run. Mobile phases used were: 20 mM ammonium
bicarbonate pH 8.5, 20 MM ammonium acetate pH 6.5, and 20 mM sodium acetate pH 4.5.

Figure 4—The ferric citrate standard used for the spike contained 50 uM iron, 5 mM
citrate, and 1.25 M MOPS at pH 7.4. Seven pL of this solution was added to 343 uL of FTS.
The spiked solution was incubated in the dark for either 30 min or 24 hrs before injection
onto the column (same column conditions as in Figure 1). The FeCl3 solution used for the
spike contained 50 UM FeCl3 and was prepared in 2% acid. A solution of 200 MM MOPS
pH 7.4 was also prepared. To 350 pL of FTS was added 40 pL (or 10 uL) of the FeCls stock
and 120 pL (or 30 pL) of the MOPS solution. The final solution of 510 pL (or 390 pL)
contained 3.9 uM (or 1.3 pM) FeClz and 23.5 mM (or 7.7mM) MOPS. The spiked FTS was
incubated in the dark for 24 hr, and then injected onto the column as in Figure 1.

Figure 5—A 50 pM apo-transferrin solution was prepared in 20 mM MOPS pH 7.4, and
100 mM NaCl. To 460 pL of FTS was added 40 uL of the apo-transferrin solution, and the
resulting solution (containing 4 uM transferrin) was incubated 30 min in the glove box and
injected onto the column as described in Figure 1.

Figure 6—FTS spikes were prepared as in Figure 5. 150 uL of spiked FTS were injected
onto the Superdex 200 column in which the mobile phase was 20 mM ammonium
bicarbonate pH 8.5.

Figure 7—Plasma solutions were treated as in Figure 6.

Figure 8—Serum and some plasma samples were injected directly onto the Superdex 200
column (as in Figure 6). Other plasma samples were spiked with either 4 uM (final
concentration) ®/FelllCl; or 57Fel!! citrate. °/Fe oxide powder (Isoflex USA) was treated
with a minimal volume of aqua regia to dissolve the powder. Once dissolved, the solution
was diluted with HPW to a final concentration of 80 mM making an ®/FeCls acid stock. To
this acid stock a 3 molar excess of sodium citrate (Sigma-Aldrich) was added until a pH of 5
was reached and then diluted to volume with HPW. For the 57Fe!!lCl5 spike, a 40 uM
57FeCl3 solution was prepared by serial dilution of a 40 mM °’FeClj acidified stock (diluted
from an 80 mM acid stock with HPW) using 50 mM MOPS pH 7.4. To a 315 pL plasma
solution was added 35 uL of the >’FeClj stock (affording a 4 uM ferric chloride spike). The
resulting 350 pL sample was injected onto the column after 30 min incubation time. For the
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57relll citrate spike, a 40 uM 57Fe!!l citrate (iron:citrate 1:3 molar ratio) solution was
prepared by diluting a 40 mM 57Fe citrate pH 4.5 solution using 50 mM MOPS pH 7.4. To
315 uL of plasma solution was added 35 uL of the resulting °’Fe citrate solution, affording a
4 uM ferric citrate spike. The resulting 350 UL sample was injected onto the column after a
30 min incubation time. Plasma solutions were injected as in Figure 6.

Figure 9—FTSs were treated as in Figure 1, but with a mobile phase of 20 mM ammonium
acetate pH 6.5.

Figure 10—FeClj spikes were performed similar to that of Figure 4, namely by adding 40
uL of a 40 uM FeCl3 solution to the FTS. Ferric citrate spikes were performed as in Figure
4, except that 28 uL of a 50 uM ferric citrate standard was added to 322 uL of FTS. The
resulting 250 L solution was incubated for 24 hr and then injected onto the column
prepared as in Figure 3.

Figure 11—FTSs were treated as in Figure 1, but with a mobile phase of 20 mM sodium
acetate pH 4.5.

Figure 13—Human hemochromatosis FTS and a 1 uM ferric citrate solution (iron:citrate
1:100; prepared fresh, incubated 24 hrs) were separately transferred into in a 4 mm
pathlength quartz cuvette. Spectra were collected on a Hitachi U-3310 spectrophotometer
with a Headon PMT using UV Solutions 2.2 software. Spectra were collected with a
wavelength range of 191-800 nm using a 2 mm slit width, 300 nm min~1 scan speed, and a
0.5 nm sampling interval. The lamp change mode was 340 nm.

Size-Exclusion Chromatography Analysis

An Agilent 1260 Bioinert quaternary pump (G5611A) HPLC system with manual injector
(G5628A), fraction collector (G5664A), and UV-VIS diode array (G4212B) were kept in an
8°C chilled, No-atmosphere glove box. Liquid chromatography parameters were as follows:
either 20 mM ammonium bicarbonate (Sigma-Aldrich) pH 8.5, 20 mM ammonium acetate
(Sigma-Aldrich) pH 6.5, or 20mM sodium acetate pH 4.5 (Sigma-Aldrich) were used as the
mobile phase. All solutions were degassed using a Schlenk-line in which the ultra-high
purity argon inert gas had been passed through a deoxygenation catalyst. A flow rate of
0.350 ml min~1 was used for all column types. Chemstation for LC 3D System (vB.04.03)
software was used for data analysis.

The LC was interfaced with an on-line inductively coupled plasma mass spectrometer (ICP-
MS: Agilent 7700x, Tokyo Japan) as described.*3 The ICP-MS parameters used were: RF
power, 1550 W; Ar flow rate, 15 L/min; carrier gas flow rate, 1.05 L/min; collision cell He
flow rate, 4.1 ml/min; sample skimmer cones, Ni, Ni. The elements detected were: 3P, 34S,
455, 48Tij, 55Mn, 56Fe, 57Fe, %9Co, 80N, 83Cu, 85Cu, 66Zn, 68zn, 89Y, and %°*Mo. The ICP-
MS was tuned daily and a second time per day if the instrument was used continuously for
longer than 12 hrs. A stock tuning solution (Agilent, 5188-6564) containing 10 ppm of Ce,
Co, Li, Tl, and Y with 2% nitric acid (v/v) was used to prepare a 1 ppb tuning solution that
was diluted with HPW and acidified to 2% TMGNA. The tuning counts were adjusted to the
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manufactures recommendations in both no-gas and helium collision mode. ICP-MS
Masshunter Workstation Software for ICP-MS (v.B.01.01) was used for data analysis.

PEEK sample loops were incubated with 3 loop-volumes of 10% TMGNA in high purity
water for 3 hrs on the bench top and then rinsed with 3 loop-volumes of high purity water.
The sample loop was installed into the injector and rinsed with 3 loop-volumes of mobile
phase prior to injecting the sample. LMM analysis was performed by injecting 300 uL of
solution onto two Superdex Peptide 10/300 GL (GE Healthcare) column connected in series.
Sample analysis time was for 2 hrs and 38 min. HMM analysis was performed by injecting
150 pL of solution onto a Superdex 200 10/300 GL (GE Healthcare) column; sample
analysis time was 80 min.

The columns were cleaned at the end of each working day as described.*3 The chelator
cocktail used for cleaning was made up with HPW and contained 10 mM ascorbic acid
(Acros Organics), 1 mM citric acid (Sigma-Aldrich), and the following chelators at 5 uM
final concentration: EDTA (Sigma-Aldrich), EGTA (Sigma-Aldrich), 1, 10-phenanthroline
(Acros Organics), 2,2 -bipyridine (Alfa Aesar), bathocuprosulfonate (Sigma-Aldrich), and
deferoxamine mesylat (Calbiochem). The chelator cocktail was degassed before use on the
Schlenk line. The chelator cocktail were passed through the column at a flow rate of 0.150
ml min~L. A gradient was performed for the cleaning cycle with the columns being flushed
with HPW for 10 min, then a 20 min gradient from the current mobile phase to the chelator
cocktail. 60 mL of the chelator cocktail was passed through the column, after which a 30
min gradient to the desired mobile phase was performed. The system was left on the desired
mobile phase at the same flow rate until the system was used.

During analysis, the column was equilibrated at a flow rate of 0.350 ml min~2 for 1 hr. Post-
equilibration, the baseline of the ICP-MS detection response was monitored 30 min prior to
analysis. In the event of spurious peaks or column contamination, the column was allowed to
equilibrate for the duration of a sample analysis. When the baseline became flat again the
sample was reinjected.

A ghost column was used to determine the relative abundance of material that was retained
or absorbed from the SEC columns. The ghost column consisted of a piece of PEEK tubing
connecting the injection port and the diode array. This tubing replaced the originally
installed column. Sample or standards were injected onto the ghost column and the
elemental detection response of the injected material was recorded by ICP-MS. This method
gave single peaks of all detected isotopes of interest, affording a quantitative representation
of the detection response for the sample of interest. Peak areas were determined using peak
fitting software supplied by Agilent. The ghost column analyte areas were compared to the
total area of the sample which had been run on the SEC column to determine the extent of
iron adsorption to or from the column. HMM peaks were deconvoluted into component
peaks with the peak fitting software FitYK.48

Molecular Mass Assignment

The apparent molecular mass associated with each chromatographic peak was calculated
using a standard curve. Nine known species were used to generate the LMM calibration
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curve and five known species were used to generate the HMM calibration curve.
Concentrations and masses used are described above. The elution volume (V,) of each
species was determined using either the ICP-MS or the UV-VIS diode array. The void
volume (V) of the size-exclusion columns was determined to be 15.4 mL for the Superdex
Peptide columns and 8.48 mL for the Superdex 200 column using blue dextran. The
calibration curve was generated by plotting the logarithm of the molecular weight vs. V¢/V.
A best-fit linear regression analysis was generated from the data points.*3 The best fit linear
regression for the LMM calibration curve was calculated to be: Logarithm of Mass (in Da) =
-1.1233-(Ve/V,) + 5.5239, with R, of 0.8524. The HMM calibration curve was calculated to
be: Logarithm of Mass (in Da) = —=1.1002-(V,/V,) + 6.6186, with RZ of 0.9889. Mass
determinations for the standards used for the calibration curve gave an error between 3-30%
for LMM calculations and 1-20% for HMM calculations for the expected masses. All metal
containing species used in calibration were detected by ICP-MS while those lacking metals
were detected by UV-VIS.

Elemental Concentrations

Results

50 pL of plasma or 100 pL of LMM FTS were aliquoted into a 15 mL plastic screw-top
polypropylene tube (BD Falcon) along with a sufficient TMGNA to afford a final
concentration of 2% (v/v) of acid and sufficient HPW to afford a total volume of 5 mL.
Samples were generated in triplicate. A laboratory reagent blank and laboratory control
sample were generated in duplicate with every 25 samples made. Either HPW or an atomic
absorption standard were used at the same sample volume and under matrix-matched
conditions to that of the samples for the validation controls. Tubes were sealed by wrapping
electrical tape around the cap. Samples were incubated in an oven for 14-16 hrs at 75°C and
then chilled for 1 hr at 4°C. Samples were diluted to a final volume of 5 mL for plasma and
3 mL for LMM FTS post-chilling using HPW. Calibration curves were generated from an
atomic absorption standard (Inorganic Venture, Christiansburg Virginia, USA) containing P,
S, Cu, Mn, Zn, Fe, ®’Fe, Co, Mo, Ti and prepared to a final TMGNA concentration of 2%
(v/v) and diluted using HPW. Elemental analysis was performed on the ICP-MS using He
collision mode. Elements detected were: 31P, 45Sc, 48Ti, 55Mn, 6Fe, 57Fe, 59Co, 8ONi, 63Cu,
667n, 89Y, and 9Mo. An online-addition of internal standard (Inorganic Venture, I\V-
IPMS-71D), measuring Y and Sc, were used to account for instrument drift. The detection
response for each element was normalized to the Sc internal standard counts to adjust for
instrument drift, sample introduction variability, and matrix effects. Y detection response
was used to diagnose unusual instrument behaviour and help in troubleshooting.

LMM iron-containing species in healthy blood plasma

The average iron concentrations of plasma samples (n = 10) and corresponding FTSs (n =
11) were 21 =7 uM, and 1.1 £ 0.2 uM, respectively. Thus, ca. 5% of the iron in healthy
plasma was due to LMM iron complexes. The LC-ICP-MS chromatograms of 14 FTSs from
the plasma of pigs, horses, mice, and humans exhibited iron-detected peaks in the LMM
region (Figure 1). In these runs, the mobile phase of the LMM column was buffered at pH
8.5.
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We distinguished two regions in these chromatograms, called variable and anchor. The
variable region spanned apparent masses between 600-2500 Da whereas the anchor region
included apparent masses between 350-550 Da. These and other mass estimates based on
elution volumes are apparent because they were determined by calibration against the
elution time of various standards (see Experimental Procedures). \We estimate + 30%
uncertainties for these masses.

As the name implies, the peaks in the anchor region were more reproducible than those in
the variable region. Two partially resolved iron-containing species were routinely observed
in the anchor region, to be called Fe4qq and Feggg where the numbers refer to approximate
masses in Da. These two species are best represented in traces B, D, L, N, and O of Figure 1.
Four iron-containing peaks were observed (collectively) in the variable region — including
Feosoo, Fe1700, Fe1000, and Fesoo- Of these, Feoso0, Fe1700, and Fe10o0 Were most
reproducible; Feggg Was not present in Figure 1 traces but was observed in traces of other
figures (e.g. Figure 2).

We examined fresh vs. frozen-and-thawed FTSs from plasma of two horses to evaluate the
stability of the detected LMM iron-containing species. No significant differences were
observed (Figure 2, traces A vs. B, and traces D vs. E). There were greater differences
between the chromatograms of the two horses (Fe;7g99 Was reproducibly intense in the traces
from Horse 1 but absent in traces from Horse 2). Anchor peaks were observed in traces from
both animals. Traces of sera were indistinguishable from those of plasma (Figure 2, B vs.
C). We also re-ran samples after incubating them in the glove box for 1 (Figure 2F) and 9
(Figure 2G) days. Minor differences were evident, relative to the original trace (Figure 2E).

LC-ICP-MS traces of ferric citrate at pH 8.5

Given the likelihood that NTBI was ferric citrate, we wondered whether solutions of this
complex would afford the same suite of signals as observed for FTSs from plasma/sera. We
prepared various solutions of ferric citrate and applied them to our LC column after 24 hrs of
“aging”. We used the same conditions as had been used to run plasma FTSs. Allowing ferric
citrate solutions to “age” is important because the kinetics of ferric ions coordinating to
citrate is slow.1949 Larger oligomers of ferric citrate reportedly develop with aging.1®
Consistent with this, the intensity of a peak at 2500 Da increased after a ferric citrate
solution was incubated for 24 hrs rather than for 30 min (Figure 3, traces A vs. B).

The molar ratio of iron to citrate also affects which ferric citrate complex(es) is/are
generated.1® Consistent with this, we observed different peaks (at pH 8.5), ranging from
1200-4100 Da, depending on the ratio used (the 4100 Da peak was observed with the 1:10
ratio). Peaks associated with ferric citrate shifted toward lower masses as the iron:citrate
molar ratio changed from 1:10 — 1:100 — 1:1000 — 1:10,000 (see Figure S1 for ratios
other than 1:100). Silva et al. reported a similar phenomenon.3” A control trace of 100 pM
citric acid alone was devoid of iron intensity (Figure 3C). No ferric citrate-associated peaks
were observed at 400 or 500 Da regardless of ratio. This suggests that these anchor peaks do
not correspond to ferric citrate. On the other hand, at the physiological ratio of 1:100, a 2500
Da peak is observed in both ferric citrate and occasionally in plasma FLSs. Thus, our results
are mixed, providing a modicum of evidence that the LMM iron in plasma is ferric citrate,
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but also providing strong evidence that blood plasma contains LMM iron species otherthan
ferric citrate.

Iron absorption onto column

The combined peak intensities of the ferric citrate traces also varied with iron:citrate molar
ratio. The 1:100 solution exhibited strong combined intensity (Figure 3A), whereas the 1:10
solution exhibited less intense features (Figure S1). When 1 uM FeCl3 was analyzed without
any citrate, chromatograms were devoid of iron intensity, similar to Figure 3C. These results
imply that some iron was absorbed onto the column. A greater percentage of ferric ions was
absorbed using solutions containing less citrate. Consistent with this, Evans et al.1® reported
that at iron:citrate ratios of 1:1 and 1:10, the predominant species in solution is ferric
hydroxide which is highly insoluble and liable to adhere to chromatography columns. To
some extent, citrate coordination protects ferric ions from being absorbed.

The concentration of iron-containing complexes that we detected in plasma FTSs
corresponded to as little as ~ 30 nM. This prompted us to evaluate the extent of recovery of
ferric citrate standards on the column. Recovery was low, indicating iron absorbed onto the
column. However, the observed peak elution volumes for the various iron:citrate ratios were
reproducible. Others have reported similar iron absorption on Superdex peptide columns.>9
The absorption of iron by the column was noticeable because the total amount of iron in our
samples was low. A similar extent of absorption was insignificant for studies involving iron
complexes at higher concentrations.43:44

Spiking FTSs with ferric citrate

If the peaks in the anchor region of FTSs were due to ferric citrate, then adding additional
ferric citrate (at the 1:100 ratio expected for plasma) should increase the intensities of the
same peaks. On the other hand, if the anchor peaks were not due to ferric citrate, then
spiking FTSs with ferric citrate would yield peaks of the same apparent masses as observed
for ferric citrate solutions (e.g. at 2500 and 1200 Da).

To examine this, we added 1 uM ferric citrate standard (1:100) to horse and pig FTSs and
incubated them for different times. FTS samples which were incubated at room temp or 8°C
showed no significant chromatographic differences. Regardless of incubation time, the
intensities of the anchor peaks were unaffected and new peaks developed at 2400 and 1200
Da (Figure 4, C and G) relative to the pre-spiked FTS (Figure 4, D and H). These peaks may
have arisen from ferric citrate, but the intensities are very low, precluding any such
assignment. This experiment also suggests that the anchor peaks are not due to ferric citrate.

The developed peaks in the spiking experiment were far less intense than expected for
spiking FTSs with 1 uM ferric citrate (the same concentration used to generate Figure 3A).
We speculate that exposure of ferric citrate to the FTS prompted the partial dissociation of
the complex followed by adsorption of some ferric ions onto the column. Our calculations
suggest that much of the added ferric citrate was absorbed onto the column; only a modest
portion generated the newly developed peaks. This implies that ferric citrate is not
particularly stable in plasma FTSs.
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Spiking FTSs with FeClj

We next probed the coordinating ability of FTSs by spiking them with 1 or 4 uM FeCl3. The
1 uM spike incubated for 7 hr (Figure 4, B and F) showed little change in the variable region
relative to the controls (Figure 4, D and H). There was an increase in the anchor region
peaks for trace B but not for trace F. The 4 uM spike (Figure 4, A and E) generated variable-
region peaks at 2500 and 1200 Da relative to controls. These traces also exhibited an
unresolved iron-absorption between 1200 and 600 Da.

Peak intensities in the anchor region increased in the 4 UM FeCls spikes relative to the 1 uM
spikes. However, intensities were still significantly less than expected given the
concentration of added iron. Again, we conclude that much of the added ferric ions bound to
the column. The low-intensity 1200 and 2500 peaks that developed in the FeCl3 spike may
have arisen from the formation of a slight amount of ferric citrate (using the endogenous
citrate ions in FTSs), but the observed peak intensity ratio was not expected if this were the
case. Peaks in the anchor region probably arose from other iron complexes.

Spiking FTSs with apo-Tf

We next wondered whether the LMM iron complexes in the anchor region would bind apo-
Tf or whether these complexes coexist with apo-Tf. To examine this, we spiked plasma FTSs
with 4 UM apo-Tf, passed the solution through the LMM column, and collected
chromatograms in the LMM and void regions (Figure 5, upper and lower panels,
respectively). As expected, apo-Tf alone did not exhibit significant peaks in the LMM region
(Figure 5E), but it did exhibit a holo-Tf peak in the void due to residual binding of
endogenous iron. The plasma FTSs without apo-Tf exhibited LMM features in the anchor
region but not in the void (Figure 5, B and D). Anchor peak intensities were essentially
unchanged in the traces of the spiked FTSs (Figure 5, A and C) whereas intense holo-Tf
peaks were observed in the HMM region. Our results indicate that apo-Tf coordinates iron in
the FTSs but not the iron species associated with the anchor region. The LMM iron
complexes associated with the anchor region coexist with the transferrin system. Since
LMM peaks in the variable region were not observed in this particular experiment, it
remains possible that apo-Tf binds iron associated with variable region peaks.

A similar experiment was performed using the HMM column in which proteins are resolved.
Again, there was an increase in the intensity of the holo-Tf peak when apo-Tf was added to
FTS (Figure 6C). This indicates that the added apo-Tf coordinated some iron in the FTS.
The experiment of Figure 5 indicates that this is notthe iron associated with the observed
LMM iron-containing anchor species. Apo-Tf probably bound iron that would have
otherwise been absorbed by the column.

LC-ICP-MS traces of HMM species in plasma

The HMM column resolves holo-Tf and other iron-containing proteins in plasma, including
ferritin, haptoglobin (complexed with hemoglobin), aloumin, and hemopexin (bound with
heme). The HMM region of plasma was dominated by holo-Tf and a neighboring partially-
resolved species assigned to iron-bound albumin (Figure 7, C-L). Minor variable-intensity
peaks eluting between 9-11 mL may have arisen from the haptoglobin:hemoglobin complex
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and/or from ferritin (Figure 7B). The species around 12 mL elution volume, evident in some
traces, probably arose from a high-mass form of transferrin (Figure 7A) peak at 120 kDa.

Plasma traces after spiking with 3’ferric citrate and >’FeCls

We evaluated whether 57Fe citrate and/or >’FeCl3 could bind these iron-related proteins by
performing two spiking experiments. In one experiment, we added 4 pM >7Fe!!! citrate
(1:100 molar ratio) to fresh horse plasma and incubated for 30 min. The sample exhibited a
far more intense ®’Fe-bound transferrin/albumin peak than the control (Figure 8, top panel,
A vs. C). It also exhibited more intense °’Fe peaks in the LMM region and a peak
corresponding to a mass of ca. 20 kDa (Figure 8, top panel inset, A vs. C). We have not
assigned the 20 kDa species but assume that it is proteinaceous. The corresponding >6Fe-
detection traces were essentially unchanged by the spike (Figure 8, lower panel). This
confirms that most of the added °’Fe!!! citrate bound to apo-Tf and albumin. Some of that
iron became associated with the unknown 20 kDa protein, and a small portion remained as
LMM species. These results show that there is no specific or dedicated ferric citrate binding
site on apo-Tf. The iron from ferric citrate can bind to many proteins.

The other °/Fe spiking experiment was performed by incubating fresh plasma with 4 pM
5TFeCl5 for 30 min, followed by passage down the column. The resulting /Fe trace was
intermediate in intensity between the control and the 7Fel!! citrate spike (Figure 8, upper
panel, B). This demonstrates that °’FeCl3 can also bind to apo-Tf and albumin (but curiously
not to the 20 kDa protein). The kinetics of binding to these proteins may be slower than that
involving ferric citrate.1® Some 7Fe!!! ions from 5FeCl3 may have precipitated from
solution and absorbed onto the column whereas less ®’Fe!!l citrate did this (consistent with
the stronger LMM peak in the ferric citrate spike vs. in the ferric chloride spike; see Figure
8, upper panel, inset).

LC-ICP-MS traces of FTSs buffered at pH 6.5

We lowered the pH of the LMM column mobile phase to 6.5 to reduce the amount of iron
that absorbed onto the column.®1 FTSs that were run down the pH 6.5 column did not
exhibit peaks at 2500 Da or 1700 Da (Figure 9), in contrast to those obtained at pH 8.5. Peak
intensities in the anchor regions were similar to those of samples run at pH 8.5. Some traces
exhibited a feature at 1100 Da as well as broad incompletely resolved peaks at < 300 Da. We
refer to these latter iron species as “post-anchor”. We conjecture that post-anchor species are
related to hexaqua coordinated iron. Post-anchor iron may absorb onto the column when
buffered to pH 8.5. This form of iron may also bind apo-Tf. We also examined fresh vs.
frozen-and-thawed FTSs from plasma to evaluate the stability of the detected LMM iron-
containing species at pH 6.5. No significant differences were observed (Figure 9, traces A
vs. B).

LC-ICP-MS traces of ferric citrate when the column mobile phase was buffered at pH 6.5

We wondered whether ferric citrate would run differently at pH 6.5 than at 8.5. To examine
this, we passed 1 uM ferric citrate solutions (using different iron:citrate ratios) through the
column buffered at pH 6.5. At the physiological 1:100 ratio, dominant peaks were evident at
1700 and 1000 Da (Figure 3D) - somewhat different than those observed at pH 8.5. Similar
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to the situation at pH 8.5, more iron from the ferric citrate solution bound to the column at
iron:citrate ratios of 1:10 than at ratios of 1:100, 1:1000 or 1:10,000. A control of 100 uM
citric acid alone was also devoid of iron intensity (Figure 3E), indicating that free ligand was
not generating artifact species in standards. A similar trace was observed for an FeCl3
control.

Ferric citrate at 1:100 ratio was also run through a “ghost” column (i.e. peek tubing) to
assess sample recovery. There was some iron absorption on the column from ferric citrate at
pH 6.5, but much less than at pH 8.5. At pH 6.5 we were able to achieve near full recovery
of the ferric citrate standard off the column, but only at physiological relevant
concentrations. More ferric ions must dissociate from citrate at lower citrate concentrations,
promoting the absorption of iron onto the column. This suggests that the post-anchor iron in
FTSs (which represents a significant fraction of total LMM iron in plasma) is not ferric
citrate.

Addition of ferric citrate, FeClz, and apo-Tf to Plasma FTSs (column mobile phase at pH

6.5)

We again investigated whether FTS peak intensities are enhanced when solutions are spiked
with ferric citrate or FeCls. Plasma FTSs were spiked with 4 uM ferric citrate (1:100 ratio)
and run down the column equilibrated at pH 6.5. The LMM trace was dominated by peaks at
3500, 1500, and 1000 Da (Figure 10A). The 1000 Da peak was similar to that seen in traces
of ferric citrate solutions (Figure 3D), while the broad 1500 Da peak migrated differently
than the 1700 Da peak in ferric citrate solutions. Neither peak was observed in the control
FTSs (Figure 10C). These results again suggest that ferric citrate is not the dominant LMM
iron complex in plasma.

We also spiked FTSs with 4 uM FeCl3 and ran the resulting solution down the column
buffered at pH 6.5. The resulting trace exhibited peaks at 1900, 1000, 800, and 400 Da
(Figure 10B). The species at 1000 Da is similar to the major peak observed in the previous
spike. The species at 400 Da comigrated with anchor region species.

LC-ICP-MS traces of FTSs and ferric citrate solutions when column was buffered at pH 4.5

We ran plasma FTSs down the LMM column buffered at pH 4.5 to more completely explore
the effect of pH on the observed peaks. Peaks were observed at 1000, 800, 700, 550, 400,
and 350 Da, albeit with some sample variation (Figure 11). There was also broad but
reproducible absorption in the post-anchor region. The decline in detector response at ca. 38
mL elution volume (causing a depression in baseline) was associated with the low pH of the
mobile phase. The effect was particular to iron, as similar depressions were not observed in
traces of other metals (from the same runs). A similar depression was observed in traces of
ferric citrate solutions (Figure 3F). In these traces, intense peaks were observed at 1800 and
800 Da, with the 1800 peak dominating at 1:100 ratios. The 800 Da peak comigrated with a
peak of the same approximate mass in the plasma FTSs, but the dominating 1800 Da peak in
ferric citrate traces was absent in FTSs. A control of 100 uM citric acid alone was devoid of
iron intensity (Figure 3H), indicating that free ligand was not generating artifact species in
standards. A similar trace was observed for FeClz control (Figure 3G). For the ferric citrate

Metallomics. Author manuscript; available in PMC 2019 June 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dziuba et al. Page 15

standard traces, there was no iron absorption in the post-anchor region. This again suggests
that the post-anchor iron evident in the FTS traces is not ferric citrate. The absence of Feqggg
in FTSs also suggests that lack of ferric citrate.

Discussion

In this study, we have resolved, for the first time, a half-dozen LMM iron-containing species
obtained from blood plasma and sera. The apparent masses of the species ranged from < 300
Da to ca. 2500 Da. Two species with masses of ca. 400 and 500 Da were reliably present in
samples, regardless of column pH, and are referred to as anchors. The presence of the other
species, with masses ranging from 600-2500 Da, was more variable.

We have not studied the cause of the individual variation of peak intensities systematically,
but factors such as the health of the animal may contribute. There were no noticeable
differences in samples that were run fresh vs. after freezing-and-thawing, or with changes in
temperature or incubation time.

We attempted to minimize variations caused by instrumentation. We operated the column in
a refrigerated anaerobic glove box to avoid oxidizing soluble Fe!' to Fe!!l and to slow-down
ligand exchange processes. Aqueous Fe!!! ions are far less soluble than aqueous Fe!! ions at
neutral pH and are easily absorbed onto the column. We cleaned the column daily after use
with a chelator cocktail, and occasionally ran blank buffer samples to make sure that species
of interest for this study were not observed. If significant peaks or rolling baselines were
observed, the column was cleaned again until baselines were flat.

The variability of peaks did not seem to be strongly affected by nutrient status, though a
more systematic study is needed to establish this. The trace from a healthy human volunteer
who ate a 10 oz. steak within an hour of giving blood (Figures 1N and 9F) was nearly
identical to that from the same person after fasting 24 hrs (Figures 10 and 9E).

Neither were differences evident in humans with hemochromatosis relative to healthy
controls. We had expected that traces from such patients would have exhibited either more
intense LMM iron peaks or additional peaks that would have either been absent in controls
or present at lower intensities. The four patients whose plasma was examined routinely
donated blood as a means of controlling their condition, and we suspect that doing so was
effective in maintaining low NTBI levels. Perhaps the blood of individuals who have not
been treated for the disease would contain additional species or higher concentrations of the
observed LMM iron species. However, we were unable to identify such individuals within
the timeframe of the study.

The iron concentration in FTSs was ca. 1 UM but the collective iron concentration associated
with the LMM iron complexes was in the hundreds of nM; a significant portion, also in the
hundreds of nM, absorbed on the column, especially at higher pH. These low-concentration
iron-containing species would not have been detectable if not for the high sensitivity of our
LC-ICP-MS system. The proportion of iron in the FLS that absorbed on the column
depended on the pH of the mobile phase buffer of the column, with less absorption at pH 6.5
and 4.5 than at pH 8.5.
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Ferric citrate leads the list of NTBI candidates but the peaks observed in FTS traces were not
obviously the same as in traces of ferric citrate (run under identical conditions and at the
physiologically relevant 1:100 molar ratio). The observed iron species in plasma FTSs and
ferric citrate solutions are summarized in Figure 12.

Within the variable region, the peaks corresponded to masses of 2500, 1700, 1000, and 600
Da were observed when the column was buffered at pH 8.5. Of these, Fej7gp Was the most
commonly observed. Under the same conditions, ferric citrate was present as Fe,sgg (major)
and Feq,09 (minor). A significant portion of FTS iron and ferric citrate absorbed onto the
column under these conditions.

When the column was buffered at pH 6.5, the most common peak (besides the anchors) in
the FTS was Fej1go. Also observed were broad peaks in the very low mass “post-anchor”
region. Much of this iron absorbed onto the column at pH 8.5. In contrast, the dominant
ferric citrate species under these conditions were Feq70g (major) and Feqggg (minor); no
post-anchor iron was observed.

When the column was buffered at pH 4.5, Feqggg was the dominant peak in ferric citrate
traces, with minor peaks similar to Feggg and perhaps Fegqg. FTSs at pH 4.5 did not exhibit
the Fe1ggp peak and had a balanced intensity distribution of ca. 4 peaks that including Feggg
and Fe4qp among others. Significant levels of post-anchor iron were also observed. Less
ferric citrate iron was absorbed onto the column at the lower pHs, and we conclude that this
column-absorbing/post-anchor form of iron in FTS is probably notferric citrate. We
estimate that this form of iron represents at least half of the iron in the FTS.

Considered collectively, our results do not support the view that ferric citrate is the
dominant or even a major LMM iron species in healthy blood plasma or sera

We cannot exclude the possibility that a small proportion of FTS consists of ferric citrate or
the possibility that citrate ions are one of many ligands of other LMM iron complexes in
FTS. In any event, our results paint a very different picture of the LMM iron in blood plasma
— one in which ferric citrate plays a minor role if any.

The conclusion that NTBI is ferric citrate is largely due to a heavily cited study by
Grootveld et al.#6 Similar to our study, those authors used HPLC to speciation NTBI from
FTSs of plasma and sera, and they investigated plasma from hemochromatosis patients.
Unlike our study, they also examined plasma and FTSs using NMR spectroscopy.

By NMR, Grootveld et al. found that plasma of such patients contained more citrate than
healthy controls (ca. 400 vs. 100 uM). They discovered that the free citrate concentrations
increased ~ 2-fold when a chelator was added to blood plasma. The authors concluded that
the iron in the FTS must be bound to citrate, and that the free citrate concentration increased
because the chelator removed iron from the ferric citrate in plasma. However, even if the
chelator removed a// of the iron in plasma (measured to be 1-10 uM), the free citrate level
would have only increased by a few percent. Thus, their conclusion does not follow from
their results. The observed 2-fold increase in the NMR citrate signal intensity upon chelator
treatment must have been due to other causes.
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Grootveld et al. also observed a gradual decline in the free citrate NMR signals when 100-
500 uM FeCl3 was added to plasma. They reasonably concluded that the added ferric ions
coordinated to free citrate, causing paramagnetic broadening. However, the concentration of
iron added was 100-500 times higher than that present in plasma (and about 100 times
higher than used in our study). Their observation, although real, is not physiologically
relevant.

The same authors also determined the HPLC elution volume of ferric citrate and discovered
a co-migrating peak in plasma and sera FTSs that increased in intensity when samples were
spiked with FeCls. They concluded that this comigrating peak arose from ferric citrate. Our
first concern is that they monitored the absorbance at 340 nm, not by measuring iron directly
as we did in our ICP-MS-detected traces. Thus, the peak may or may not have originated
from an iron-containing species. Also, they used a reversed-phase LC column in which ferric
citrate eluted in the void volume. Other LMM metal complexes might have also eluted in the
void and contributed to the same peak. Changing pH, solvent composition, and ionic
strength altered the retention times of other detected peaks but not the elution time of the
peak attributed to ferric citrate. Grootweld et al. regarded this as confirming evidence that
the peak arose from ferric citrate. However, if ferric citrate eluted in the void volume,
changing properties that affected retention times on the column would probably not affect
void peaks.

Grootveld et al. reported that ferric citrate and plasma FTSs had overlapping UV-vis spectra,
and they used this result to conclude that ferric citrate was the dominant chromophore in
FTS. However, the presented spectra were featureless and lacked distinction. Prompted by
this, we collected spectra of FTS and ferric citrate (at physiological concentrations and at a
1:100 molar ratio). Spectra of FTSs exhibited more structure than that of ferric citrate
(Figure 13, A-C). From these spectra we cannot exclude the possibility that FTS contains
some ferric citrate but neither do they provide any positive evidence that it does. If FTS
contains ferric citrate, it is clearly not the dominant chromophore.

We were also concerned was that the HPLC chromatograms of plasma and ultrafiltrate (what
we call FTS) presented by Grootveld et al. were nearly identical (in Ref 46, see Figures 4B1
and 4B2 for the plasma traces and Figure 5 for the ultrafiltrate trace). This seems unlikely
given the far greater compositional complexity of plasma vs. FTSs. Finally, the authors
didn’t explain (or even comment) why their HPLC traces extended so dramatically below
baseline. We had a similar qualitative problem (for iron at pH 4.5 only) but in their case, the
extent to which traces extended below baseline was > 5-times the ferric citrate peak
intensity. In our worst trace, the negative “peak” intensity was equal to that of the above-
baseline signals.

We conclude that the Grootveld et al.*® study provides no compelling evidence for the
presence of ferric citrate in blood plasma or sera under normal physiological conditions, or
in blood from patients with hemochromatosis. Their major conclusion - that plasma NTBI is
ferric citrate — simply does not follow from the data presented. Given the problems
associated with their experiments, we are surprised that the paper has been cited hundreds of
times over the past 30 years without any previous mention of any of these problems.
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Other support for the notion that N7B/ = ferric citrate comes from thermodynamic
calculations which indicate that multiple ferric citrate species should be extremely stable
under the conditions in the plasma.36:37 We have no reason to doubt the veracity of these
results, but we reiterate the cautionary comment of Evans et al.19 that thermodynamics is not
the only factor that dictates what reaction chemistry is observed. Reaction kinetics can be
important, and the kinetics of forming ferric citrate is surprisingly slow.1® Given that the iron
in the plasma turns-over ever few hours (1), the slow kinetics of ferric citrate formation
rather than the thermodynamic stability of the resulting complex may prevent this complex
from dominating the LMM iron species in the blood.

The coexistence of the LMM anchor species with apo-Tf contrasts with the view that NTBI
in plasma binds extraordinarily tightly to apo-Tf. Assuming the dissociation reaction {holo-
Tf < apo-Tf + NTBI}, the ratio [apo-Tf]/[holo-Tf] = 0.6/0.4, and [NTBI] = 0.1 uM, K4
would be ~ 0.15 pM, which is much weaker than reported.36:52-55 (quantitative comparisons
may be difficult because different equilibrium expressions were assumed in the cited
papers). In any event, our results show that there are LMM iron complexes in the plasma that
can coexist with apo-Tf. Watt and co-workers have found that the binding of phosphate to
ferric citrate prevents binding to apo-Tf,%6 and further studies are underway to evaluate
whether this could be related to coexistence.

We initially assumed that the LMM iron species detected here originated directly from
nutrient iron absorption, but the possibility that they originate from erythrocyte recycling
also seems reasonable. Circulating erythrocytes have a 120-day lifespan after which they are
degraded by macrophages in the liver (Kuppfer cells) and in the spleen (red pulp
macrophages). Heme oxygenase in these macrophages breaks down heme and releases iron
(in an unknown form) into the blood where it migrates to the bone marrow for
erythropoiesis. Relative to nutrient iron import, erythrocyte recycling involves far more iron
with far higher flux rates® and it (rather than nutrient iron import) may control the LMM
iron-containing species that we have observed. Conceivably, these macrophages may release
the detected LMM iron species, which are then delivered to the bone marrow to generate
new erythrocytes. In this case, the LMM iron species detected here may notbe NTBI as we
define it in the /ntroduction, but rather LMM species involved in erythrocyte recycling.
Further studies are underway to understand the origin of the detected LMM iron species and
to detect the “real” NTBI that is generated exclusively under iron overload conditions.

Conclusions

One major conclusion of this study is that blood plasma and sera from humans, horses, pigs
and mice contain 2-6 low-molecular-mass iron complexes with approximate masses
between 400-2500 Da. These complexes are present at very low concentrations (10~/-1078
M) and they are quite labile. The same complexes are present in healthy individuals and
those with hemochromatosis (who are undergoing regular treatment). These complexes
migrate differently than ferric citrate by gel filtration chromatography, conflicting with the
popular and seemingly established notion that ferric citrate is the dominant low-molecular
mass iron containing complex in blood. These results are significant because a pool of low-
molecular mass iron called NTBI (non-transferrin bound iron) causes damage to the heart
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and liver in individuals with iron-overload diseases. Some fraction of the low-molecular
mass iron pool is absorbed by the chromatography column, depending on pH. This fraction
binds readily to apo-transferrin and other iron-binding proteins in the blood such as albumin.
Other low-molecular-mass iron complexes do not bind apo-transferrin but coexist with it in
the blood. The observed low-molecular-mass iron complexes may originate from nutrient
iron or from erythrocyte recycling. We are uncertain if the observed iron complexes are
NTBI (defined as the iron species that damage organs), but if they are, NTBI is not
predominately ferric citrate.
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Refer to Web version on PubMed Central for supplementary material.
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56Fe-detected chromatograms of flow-through solutions of A, Pig 1, before feeding; B, Pig
1, after feeding; C, Pig 2 before feeding; D, Pig 2 after feeding; E, Horse 1; F, Horse 2; G,

Mouse 1; H, Horse 3; I, Mouse 2; J, Human hemochromatosis patient 1; K, Human
hemochromatosis patient 2; L, Human hemochromatosis patient 3; M, Human

hemochromatosis patient 4; N, Human Control 1 after eating a steak; O, Human Control 1
after fasting 24 hrs. The mobile phase of the column was 20 MM ammonium bicarbonate pH

8.5. Human samples were run fresh; others were frozen and rethawed. Intensities were

multiplied by various factors relative to trace F, as indicated. The same color indicates the

same sample.
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Figure 2.
Stability of LMM iron species in plasma and serum. 56Fe-detected LC-ICP-MS

chromatograms of flow-through solutions from horse plasma and serum were run using
conditions of Figure 1. Black lines are Horse 1, red lines are Horse 2. A, fresh plasma; B,
frozen plasma; C, frozen serum; D, fresh plasma; E, frozen plasma; F, same as E but after
incubating in a refrigerated glove box for 1 day and then refiltering through the 10 kDa
cutoff membrane. G, same as F but after incubating for 9 days. Column conditions as in
Figure 1.
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LC-ICP-MS traces of ferric citrate standards chromatographed at pH 8.5 (A-C), 6.5 (D-E),
and 4.5 (F-G). A, D, and F were prepared using 1 uM FeCls, 1:100 iron:citrate ratio, and

aged for 24 hr; B, same as A except aged 30 min; C, E, and H, 100 uM citric acid in 20 mM
MOPS pH 7.4 with no iron added; G, 1 uM FeCl3 with no citrate added. Each injection was

300 pL.
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Figure4.
56Fe-detected chromatograms of flow-through solutions of pig serum (black) and horse

plasma (red) before and after spiking. A, after spiking with 4 uM FeCls (24 hr incubation);
B, after spiking with 1 uM FeCls (7 hr incubation); C, after spiking with 1 uM Fe!!! citrate
(1:100, 30 min incubation); D, before spiking; E, after spiking with 4 uM FeCl3 (24 hr

incubation); F, after spiking with 1 uM FeCl3 (7 hr incubation); G, after spiking with 1 uM
Fe!ll citrate (1:100, 24 hr incubation); H, before spiking. Column conditions as in Figure 1.
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Figure5.
56Fe-detected chromatograms of flow-through solutions from horse plasma (red) or pig

serum (black) before and after spiking with 4 uM apo-Tf. Upper panel, the LMM region;
lower panel, HMM region (the void volume was at ca. 14 mL). A, FTS spiked with apo-Tf;
B, FTS before spike; C, FTS spiked with apo-Tf; D, FTS before spike; E, apo-Tf alone
(blue). Column conditions were as in Figure 1. Color coding on the top panel matches that
on the bottom panel.
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56Fe-detected chromatograms of pig serum flow-through solutions spiked with 4 uM apo-Tf
using the HMM column using 20 mM ammonium bicarbonate pH 8.5 mobile phase. A, pig
serum FTS spiked with apo-Tf; B, 4 uM apo-Tf alone; C, difference between traces A and

B; D, pig serum FTS alone.
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Figure 7.
LC-ICP-MS(%6Fe) Chromatograms of plasma from humans, horses, and mice. A, transferrin

standard; B, ferritin standard; C, Human Control (steak); D, Human Control (fasting); E,
hemochromatosis patient 1; F, hemochromatosis patient 2; G, hemochromatosis patient 3; H,
hemochromatosis patient 4; 1) Horse 1; J, Horse 2; K, Mouse 1; L, Mouse 2. An offset
artifact near the top of some peaks, due to switching detector sensitivity, was electronically
removed. The transferrin standard in A eluted slightly earlier than transferrin in other
samples due to matrix effects of the plasma. Red lines in L are simulations of Tf and
albumin peaks. Column conditions were as in Figure 6.
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Figure8.

Lg-ICP-MS(E’GFe, 57Fe) chromatograms of horse plasma (and serum) before and after
spiking with >’Felll citrate and 5’FeCls. Top panel, ®’Fe detection: A, plasma spiked with 4
uM 57Felll citrate (1:100 ratio); B, plasma spiked with 4 uM 57FeCl; C, plasma before spike.
Dilution factors due to spiking were applied to traces A (1.1) and B (1.7) such that
intensities of all traces can be compared. Samples were incubated in the glovebox for 30 min
after spiking. Expected elution volumes for ferritin (V), the haptoglobin:hemoglobin
complex, transferrin, albumin, an unassigned 20 kDa iron-containing protein and LMM
complexes are indicated. Inset show details of the LMM region. Bottom panel, 56Fe
detection: A, plasma before spike; B, serum before spike. Column conditions were as in
Figure 6.
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LC-ICP-MS(°6Fe) Chromatograms of flow-through solutions using the LMM column and
20 mM ammonium acetate pH 6.5 mobile phase. The same samples were used to generate
traces in Figure 1. All sample were frozen and thawed unless indicated otherwise. Trace
labels are as follows A, Horse 1 (fresh); B, Horse 1; C, Horse 2; D, Horse 3; E, Human
control 1 (fasting); F, Human control 1 (steak); G, Human hemochromatosis patient 1; H,
Human hemochromatosis patient 2; I, Human hemochromatosis patient 3; J, Human
hemochromatosis patient 4. The minor negative detector response at 37 mL is an artifact
associated with low pH mobile phase.
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LC-ICP-MS(°6Fe) Chromatograms of pig serum flow-through solutions in which the mobile
phase was 20 mM ammonium acetate pH 6.5. A, after ferric citrate spike (4 uM, 1:100 ratio;
B, after FeCl3 spike (4 uM); C, before spikes. The minor negative detector response at 37
mL is an artifact associated with low pH mobile phase.
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Figure11.
LC-ICP-MS(%6Fe) Chromatograms of horse flow-through solutions using the LMM column

with 25 mM MOPS pH 4.5 mobile phase. All sample were frozen and thawed. A, Horse 1;
B, Horse 2; C, Horse 3.
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Figure 12.

Summary of LMM iron species observed in plasma flow-through solutions (green) and ferric
citrate solutions (red) obtaining with different column mobile phase pH. Species that
comigrate are placed in boxes. Species that are observed at more than one pH are designated

with arrows.
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Figure 13.

Electronic Absorption Spectra of plasma flow-through solution and ferric citrate standard at
1:100 iron to citrate ratio. A, Human hemochromatosis patient 4; B, Human control
(fasting); C, Horse 6, D, ferric citrate solution, prepared using 1 uM FeClz and 100 pM citric
acid in 20 mM MOPS pH 7.4 Samples were aged 24 hr prior to collecting the spectrum.
Pathlength of the quartz cuvette was 4 mm; plotted absorbance values have been normalized
to that which would have been observed using a 1 cm pathlength. Spectra were offset for

visualization.
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