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Abstract: Standard approaches are not appropriate whensasggsharmacokinetics of
iron supplements due to the ubiquity of endogenows its compartmentalized sites of
action, and the complexity of the iron metaboligihe primary site of action of iron is the
erythrocyte, and, in contrast to conventional drugs drug-receptor interaction takes
place. Notably, the process of erythropoieises, formation of new erythrocytes, takes 3-4
weeks. Accordingly, serum iron concentration andaaunder the curve (AUC) are
clinically irrelevant for assessing iron utilizatiolron can be administered intravenously in
the form of polynuclear iron(lll)-hydroxide complkex with carbohydrate ligands or orally
as iron(ll) (ferrous) salts or iron(lll) (ferric)omplexes. Several approaches have been
employed to study the pharmacodynamics of irorr aftal administration. Quantification
of iron uptake from radiolabeled preparations bg Whole body or the erythrocytes is
optimal, but alternatively total iron transfer da@ calculated based on known elimination
rates and the intrinsic reactivity of individualeparations. Degradation kinetics, and thus
the safety, of parenteral iron preparations arectly related to the molecular weight and
the stability of the complex. High oral iron dosesrapid release of iron from intravenous
iron preparations can saturate the iron transp@tes, resulting in oxidative stress with
adverse clinical and subclinical consequences. émppate pharmacokinetics and
pharmacodynamics analyses will greatly assist adetstanding of the likely contribution
of novel preparations to the management of anemia.
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1. Introduction

Iron is an essential component of every cell inlibdy. Although best known for its critical role in
the transport and storage of oxygen (in hemogland myoglobin, respectively), within a large
variety of enzymes iron also acts as a carrieefectrons, a catalyst for oxygenation, hydroxylatio
and is necessary for cellular growth and proliferat Iron supplements are widely administered to
treat iron deficiency anemia, particularly in chimrdiseases such as kidney disease [1], heart
failure [2] or inflammatory bowel disease [3)ithout a sufficient supply of iron, hemoglobinncet
be synthesized and the number of erythrocytes enbillbod cannot be maintained at an adequate
level [4]. However, because of the ubiquity of irots compartmentalized sites of action, and its
complex metabolism, usual pharmacokinetics measmtsrsuch as serum concentration are largely
irrelevant when evaluating the bioavailability amdficacy of iron preparations [5]. As such,
pharmacokinetics and pharmacodynamics assessmentsngoreparations cannot be based on the
standard principles that apply to non-endogenougsir

Understanding the metabolism of iron underpins @mysideration of its pharmacology (Figure 1).
Iron usually exists in the ferrous @por ferric (F€") state, but since Eeis readily oxidized to F&,
which in neutral aqueous solutions rapidly hydrelyzto insoluble iron(lll)-hydroxides, iron is
transported and stored bound to proteins. Effeddiading of iron is essential not only to ensurat ti
is available where and when required, but also umxdé" can catalyze the formation of reactive
oxygen species, which cause oxidative stress, daaggllular constituents. Three key proteins
regulate the transport and storage of ird@imansferrin transports iron in the plasma and the
extracellular fluid. Theransferrin receptor, expressed by cells that require iron and presettteir
membranes, binds the transferrin di-iron compled arternalizes it into the cellFerritin is an
iron-storage protein that sequesters iron keeging & readily available form. About 60% of iron is
found in the erythrocytes within hemoglobin [6]etbxygen transport protein. The remainder is found
in myoglobin in the muscles, in a variety of difat enzymes (‘heme’ and ‘non-heme’), and in storage
form. Most stored iron is in the form of ferritifgund in the liver, bone marrow, spleen and muscles
Serum iron i(e., iron bound to transferrin) represents only a v@nall proportion of total body iron
(<0.2%) [7]. Moreover, the relationship between siblpgical iron compartments is highly dynamic:
Erythrocytes are broken down in the liver and ie #pleen, and new red blood cells are produced in
the bone marrow. The total serum iron pool is apjpnately 4 mg, but the normal daily turnover is not
greater than 30 mg [7], such that minor changesemm level due to exogenous iron administration
are clinically meaningless. In this setting, corti@mal measurements of serum iron concentration
provide no relevant information about the availigpibf functional iron for physiological processes,
and other evaluation strategies must be pursued.
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Figure 1. Schematic representation of iron metabolism. Umiemal conditions, the iron
in the body is in a dynamic equilibrium betweenfatiént compartments (solid arrows).
From approximately 10 mg of iron ingested with fod@et2 mg are absorbed by duodenal
enterocytes and the same amount is lost, e.gskutaexfoliation. In the circulation, iron is
bound to transferrincé. 3 mg), which safely transports it e.g., to the danarrow for
hemoglobin synthesis. Approximately two-thirds bétiron in the body is found in the
form of hemoglobin, in red blood cells (1800 mgyan erythroid precursors in the bone
marrow (300 mg), whereas 10-15% is present in nojmgland in a variety of different
essential enzymes. Iron is stored in parenchymls ad# the liver ¢a. 1000 mg).
Reticuloendothelial macrophages temporarily stbee iton recycled from senescent red
blood cells (600 mg) in a readily available forntytBropoetin, produced in the kidneys,
regulates duodenal iron absorption and erythromoi¢dashed lines)Adapted from
Crichton, 2008 [7].
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2. The Pharmacokinetics of Iron

A primary aim of pharmacokinetics analyses is tdedwine bioavailability, defined by the
European Medicines Agency as ‘the rate and extemthtich the active substance or active moiety is
absorbed from a pharmaceutical form and becometabla at the site of action’ [8]. Typically,
bioavailability is assessed based on the serumetration of the administered product. This model
only applies, however, if there is a classical dreiceptor interaction on cell membranes such that
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efficacy correlates well with the serum concentratof the drug. In the case of iron, the primatg si
of action is the erythrocyte, with iron storagesiof secondary relevance.

Several definitions have been proposed for iroravadability (reviewed in Wienlet al. [9]), but
the consensus is that it should be a quantifialdasure of the proportion of total iron that is absd
and metabolized,e. that is incorporated into hemoglobin [9]. As a casence, serum concentration
is not relevant. Notably, the process of erythrepwi takes 3—-4 weeks [4], such that iron utilizatio
from the time of administration only peaks afteprgximately 2—-3 weeks [10] and short-term area
under the curve (AUC) values of serum iron (e.gero8 hours) are of much less relevance than
long-term (e.g., 3-month) values for iron uptake drythrocytes. The amount of iron in the serum
represents only a small part of the iron thatasgferred to the site of action, which is not prtipoal
to the peak serum concentration,{g or to the AUC value but to the rates of transfied elimination
to and from the serum. Thus, other approaches #onpdcokinetics assessment of iron are clearly
required [11-13].

2.1. Pharmacokinetics of iron after intravenous application

Iron is administered intravenously in the form aén carbohydrate complexes consisting of a
mineral core, composed of polynuclear iron(ll)-hgxide surrounded by the carbohydrate
ligand [14]. The main function of the ligand isdtabilize the complex and to protect it againsther
polynuclearization. Examples include VenSfefiron sucrose), Ferinjett(ferric carboxymaltose),
Ferrlecif® (sodium ferric gluconate in sucrose, for injecli@md various iron dextran formulations.
Iron carbohydrate complexes of this type behaveredrugs, since the iron has to be released fr@m th
iron(lll)-hydroxide core. According to the proposedechanism, after administration, the stable
complexes such as ferric carboxymaltose and irortrale are taken up by endocytosis by
macrophages of the reticuloendothelial system (RE§) In a further step, the endosome fuses with a
lysosome and the acidic and reducing environmetitearendolysosome leads to cleavage of iron from
the complex. The Fé generated is transported by the divalent metasparter 1 (DMT1) across the
endolysosomal membrane to enter the labile iron wabin the macrophage cytoplasm. From there, it
can be incorporated into ferritin and remain trandy stored within the macrophage or can be
transported out of the macrophage by the transnembprotein ferroportin (as £& The exported
Fef* is immediately oxidized by ceruloplasmin to*Fevhich is sequestered by transferrin for transport
in the serum to the sites of utilization, e.g.the bone marrow for hemoglobin synthesis or inlitrex
for storage in ferritin.

In the case of less stable preparations, howelisr highly regulated process of iron release from
carbohydrate complexes can be disrupted. Hereselef significant amounts of labile iron from the
complex can lead to saturation of transferrin dhds, to significant amounts of non-transferrin fgu
iron (NTBI), particularly if high doses are admitgired. This weakly bound Eds readily taken up in
an unregulated way by cells of the endocrine systbm heart, and the liver, where it can induce
oxidative stress by catalyzing lipid peroxidatiordaeactive oxygen species formation [15].

In general, complexes can be classified as labileobust (kinetic variabilityj.e. how fast can
ligands coordinated to the iron be exchanged) amakveor strong (thermodynamic variabilitye. how
strongly are the ligands bound to the iron, and tlow much energy is required to dissociate antiga
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from the iron), or any intermediate state (Table[7Z]) The reactivity of each complex correlates
inversely with its molecular weighte. larger complexes are less prone to release signifiamounts

of labile iron or react directly with transferrii4,17]. Type | complexes such as iron dextran
preparations (Imferdh Cosmofef, InFeD®, Dexferrunf) or ferric carboxymaltose (Ferinj€thave

a high molecular weight and a high structural hoemaity, and, thus, deliver iron from the complex to
transferrin in a regulated way via macrophages eytdsis and subsequent controlled export [7,10].
Such complexes can be administered intravenouslly aaa clinically well-tolerated even at high
doses [17]. Type Il complexes (iron sucrose congsesuch as Venof®r are semi-robust and
moderately strong, and release larger amounts aklyw®ound iron in the blood. Thus, larger amounts
of iron are taken up directly by transferrin antiestproteins, and only the iron core is taken wp vi
endocytosis by the macrophages of the reticuloérdiat system. Despite the lower molecular weight
and complex stability compared to Type | complex&gpe Il complexes are still suited for
intravenous application. Nevertheless, the maxisiafjle doses are significantly lower and the
administration times drastically longer. Type IHdalV complexes, including sodium ferric gluconate
(Ferrlecif’) and iron(lll)-citrate + iron(lll)-sorbitol + iromlextrin (Jectofét), have variable amounts of
low molecular weight components (<18,000 Daltorrg] are characteristically labile and weak [17].
In general, intravenous use of preparations coimgilarge amounts of complexes with a molecular
weight below 18,000 Daltons should only be undemakith care [17]. These types of iron complexes
are likely to generate large amounts of NTBI, whiely then bind to various types of proteins — only
if they are administered in small doses is the taten up primarily by macrophages (endocytosis).
Moreover, all iron complexes with molecular weigi@ilow 18,000 Daltons are subject to undesirable
renal elimination [17].

Table 1. Classification of intravenous iron carbohydratenptex preparations [17].

Type | Type Il Type llI Type IV
Example Ferric carboxymaltoselron sucrose Sodium ferric Iron(lll)-citrate + iron(l11)-
Iron dextran gluconate sorbitol + iron dextrin
Iron(lll)-citrate Sodium ferric gluconate +
Ferumoxytol Iron(lll)-sorbitol | iron sucrose
Preparations Ferinjett Venofef Jectofe?
InFeD® Fesirf Ferrlecif
Cosmofef
Imferor®
Dexferrunf
Ferahem®
Characteristics Robust Semi-robust Labile Mixtures containing at
Strong Moderately strong | Weak least two different iron
complexes
Molecular weight >100,000 30,000-100,000 <50,000 <50,000
(Daltons)
Invitro degradation | 15-50 50-100 >100 >100
kinetics (k x 16/min
atf = 0.5) [16]
Invitro percentage 2.4 - 3.4 (iron 4.5 (Venofef) Not available 5.8 (Ferrle€i
iron donation to dextran)
transferrin (%) [18]
LDs; (Mg iron/kg) 1,013 (iron dextran) | 359 (Vendfer Not available 155 (Ferrle€y

* Injectafef® in some markets; L§ in white mice.
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Figure 2 illustrates the results of arvitro study that compares the relative reactivity ofifject”,
Venofef’ and Ferrlecft towards apotransferrin. In this experiment, apatiemin was incubated with
different amounts of the three intravenous irorpprations at a final concentration equivalent tt th
expected in the serum of an adult patient aftexciipn of ~200 or ~2,000 mg of iron. It is notevinyrt
that Ferinjed has a significantly lower reactivity than the twther complexes. Even at a dose
equivalent to ~2,000 mg iron, Ferinj@adoes not induce full saturation of transferrin. akg bound
low molecular weight components result in transfiesaturation and the consequent oxidative stress
induced by NTBI leads to adverse events such astagpion, hausea, vomiting, abdominal and lower
back pain, peripheral edema and a metallic tastp [1

Figure 2. In vitro reactivity of Ferinje®, Venofef® and Ferrlecit with apotransferrin.
Urea polyacrylamide gel electrophoresis (PAGE) rahsferrin incubated with different
amounts of various intravenous iron preparatiorgo-Af, transferrin with no iron; Fe-Tf,
transferrin with one iron-binding site occupiedHé, transferrin with both iron-binding
sites occupied [holotransferrin]. The reactivityeods apotransferrin was the lowest with
the most stable compleke. Ferinjecf. At concentrations equivalent to those expected in
the serum of an adult after a therapeutic dose2060-~or ~2,000 mg of iron, transferrin
saturation was observed with Ferrl&citnd Venofe? but not with Ferinjeét (Technical
communication, Vifor Pharma — Vifor Internationat).
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The molecular weight of the intravenous iron casaivate complexes strongly influences not only
the rate of release of iron from the core but désorate of clearance from the plasma [14]. In,fact
Type | complexes have a long half-life of elimiwetj e.g., Ferinjet 7-12 hours and iron dextran
1-3.5 days (dose-dependent), compared to an elimméaalf-life of 5-6 hours for iron sucrose
(Venofef®) [20] and <4 hours for Types Il and IV [7] (e.§errlecif 1-1.5 hours [21]). The
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pharmacokinetics parameters of different intravenoon preparations have been measured in separate
Phase | studies under similar conditions (Tabld2®)-22,24,25]. Based on these parameters, we
calculated the normalized AUC after intravenousliappon of a dose of 100 mg iron for the various
iron carbohydrate complexes (Table 2). The resuéarly show that AUC is strongly influenced by
the terminal elimination rate, which is dependemtttte molecular weight of the complex, and not by
the dose (Table 2). Moreover, the standardizedimdition curves depicted in Figure 3, calculated
based on the values of the terminal eliminatioegagiven in Table 2, clearly show the negative
correlation between AUC and the elimination ratestants.

Table 2. Pharmacokinetics parameters for intravenous irepgmations.

Parameter Ferrlecit® Venofer® Ferinject® Imferon® Ferahemé

Sodium ferric | Iron sucrose Ferric Iron dextran Ferumoxytol
gluconate carboxymaltose USP/BP

Molecular weight 37,500 43,300 150,000 103,000 185,000

(Dalton) 200,000 252,000 not measured 410,006 731,000

Reactivity with High Medium Low Low Low

transferrin

Dosage used for the 125° 100 100/ 1,000 500-2,006 316

following PK

characteristics, mg Fe

terminal k,, h* 0.488 0.145 0.094/0.074 0.624 0.048

ko, mg Fe/L*h - 0.} Not observed 10-20 Not observed

terminal §, h 1.42 5.3 74194 27-50 14.7

Cina»» Mg Fe/l 20.6 35.3 37 /331 - 130

AUC, mg Fe/L*h 43.7 83.3 333/6,277 6,853 2,912

AUC, standardized for 35.0 83.3 333/627.7 1,371 922

a dose of 100 mg Fe,

mg Fe/L*h

MRT, h 55 11.2/16.5 - -

CL, L/h 2.99 1.23 0.26/0.16 - 0.11

V. L 6.02 3.2 27121 3.0 2.3

Fe-transport, Not calculated 31.0 Not accessible 240-480| Not accessible

mg Fe/day

PK, pharmacokinetics;k the first-order rate constant for elimination;, khe zero-order rate
constant for elimination;$, half-life; C.a, peak concentration; AUC, area under the curve;
MRT, mean residence time; CL: clearancg;iwitial distribution volume

* |njectafe® in some markets Method according to USP Iron sucrose injectiotatiee to a
pullulan standard; also published by Geisseal €1992 [17];? Method according to Balakrishnan
et al. 2009 [23], relative to a protein standat®eligmanet al. 2004 [21]: Study in iron deficient
subjects? Danielsoret al. 1996 [20]: Study in healthy volunteePsSeisseret al. 2010 [22]: Study

in volunteers with mild iron deficiency anemi&;Hendersonet al. 1969 [24]: Study in iron
deficient patients’! Landry et al. 2005 [25]: Study in normal subjects and hemodialysitients;

8 Elimination due to transferrin binding;Elimination due to reaction with macrophages/RES a
doses above 500 mg irof: Calculated from Figures 5 and 6 in Hendersbral. 1969 [24];

! Calculated for a dose of 500 mg iron by usipg(terminal k) and
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Figure 3. Normalized simulatedsingle first-order elimination kinetics for diffare
intravenous iron preparations, depicted as fraatiototal serum iron over time. Values of
the terminal elimination rates given in Table 2 evased to calculate an overall first-order
kinetics and i, values. The figure clearly shows that the AUC egatively correlated to
the elimination rate constants.
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Thus, mean serum concentration and AUC do not aserdinearly with the dose of injected iron
but are inversely correlated with the eliminati@tes [22,26]. Examination of the total serum iron
concentration curves after intravenous applicatewealed that the elimination of iron from the seru
can be explained with an overlap (superimpositioinf zero-order (constant rate) and a first-order
elimination function [14,20,24]. This model explaithe non-linear relation between the administered
dose and the AUC value [12]. By using an open taaqgartment model system with an underlying
baseline level as well as an underlying Michaelisakén term, the serum iron level can be calculated
according to the following formula [20]:

C(t) = ae™ + beP' + G — ket

where C(t) is the time-dependent serum iron comagah, a, bp andf3 are hybrid constants,gGs the

iron pre-dose level andytkis the Michaelis-Menten term. The final distrilout volume is normally
about 3 liters for a 70 kg person. With the helpgkgfthe amount of iron taken up by macrophages
and/or the iron transferred by transferrin to otb@mpartments can be calculated. From the dose (D)
and the difference between the first post-dogar@ pre-dose levelgCthe volume of distribution of
the central compartment.\éan be determined.
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2.2. Pharmacokinetics of iron after oral application

Absorption of iron from the gut is carefully regidd. Because there is no active excretory process
for iron once it has entered the bloodstream, tiy/1s control of iron levels is undertaken at thed|
of the enterocyte. Iron in food, in the form of Eés reduced to Fé by duodenal cytochromte(Dcyt
b) in the enterocyte membrane then imported by DN the enterocyte cytoplasm, where it can
either be stored as ferritin or be exported to #egum via the basolateral transport protein
ferroportin [27]. This export protein is couplednlticopper oxidases (hephaestin in the membrane
or ceruloplasmin in the serum), which oxidize*Féo F€*, which finally is tightly bound to
transferrin [27]. The mechanism of uptake of hema,iderived from meat, is not well understood. It
has been proposed that the enterocyte membranea@isains a protein that can transport heme iron
from the gut lumen into the cytosol (HCP1) [28].vitever, the same protein has later been shown to
be responsible for folate transport in the intestiwith a significantly higher affinity [29-31]. Ithe
enterocyte, F€ is released from the heme in a process catalygdtbine oxygenase [32] and enters
the same cytosolic pool as non-heme iron.

A typical diet contains approximately 10-20 mg iaay, but the fixed-rate physiological uptake
route allows for absorption of only up to 5 mg aimae [13,33]. A therapeutic oral iron dose of, for
example, 100 mg, thus largely exceeds the amowttdan be taken up via the active absorption
pathway. Due to the physico-chemical propertieseafous salts, passive uptake occurs through the
paracellular route [33] such that a portion of " in the gut is absorbed directly by the blood.
Under normal circumstances, transferrin in the #las approximately one-third saturated [7].
However, under the pressure of passive diffusi@msferrin becomes saturated and NTBI circulates in
the plasma, is taken up via an unregulated meamabig endocrine and heart cells, resulting in
oxidative stress reactions within these tissuesthWapidly absorbed preparations, NTBI can be
observed even before transferrin is fully saturated

Figure 4 illustrates the quantification of NTBIserum samples from adult volunteers with normal
iron stores after oral administration of 100 mgniron the form of ferrous salts [34]. NTBI
concentrations of up to 9 uM were observed withhe first four hours post-dose even though
transferrin saturation (TSAT) was below 100%. Sigant levels of NTBI were detected even at
lower doses, e.g., 10 mg iron as ferrous ascoudraterrous glycine sulfate [34]. In the same stutly,
was reported that iron(lll)-polymaltose at a dogeld0 mg iron resulted in a maximal NTBI
concentration of only 0.7 uM, close to the detettimit of the assay that was used [34]. Interegyin
a similar study showed that significant levels afB\ are also produced when oral iron preparations
based on ferrous salts are taken with food [35].thesiron dose given in the form of ferrous salts
increases, the proportion of iron absorbed throtlnghpassive paracellular route increases, such that
NTBI rises [34], consistent with the dose-relatetune of side effects associated with oral iron
therapy [36]. Even passive absorption, however,bmmome saturated such that ever-increasing doses
of oral iron do not result in proportionately high®UC, a finding demonstrated by Ekenved and
coworkers following administration of 25, 50, and0l1 mg iron as ferrous sulfate solution
(Figure 5) [37]. A linear pharmacokinetics modeh ¢aerefore be excluded [13]. Thus, a maximum
serum iron increase of, for instance, 20 pmol/L camespond to intestinal iron absorption of betwee
3.5and 17 mg [37,38].
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Figure 4. Serum concentration of non-transferrin bound ird\TEl) and percentage
transferrin saturation (TSAT) following adminisiat of a single oral dose of 100 mg iron
in the form of three different ferrous salts to Ihl@aadult volunteers. Broken blue lines
indicate the percentage transferrin saturationh{ficand axis). Solid red lines indicate

NTBI concentration
et al. 2008 [34].
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Figure 5. Increase in serum iron concentration after adrivation of 25, 50 and 100 mg
ferrous iron in 6 healthy subjects [37]. Data dneven as mean + SEM. The data clearly
show that there is no linear relationship betwegara iron increase (fax and AUC) and dose.
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If results from other studies are used, this vagawill increase even more [39]. In contrast,
Heinrich et al. [40] reported a somehow better correlation betwissmmabsorption and the serum iron
concentration measured 3 h after a dose of 100ongn an empty stomach. However, the conclusion
of the authors is that the serum iron measuremmmts @nly semi-quantitative information on the
bioavailability of therapeutic iron preparationsOJ4 Notably, Heinrich and coworkers included
iron(lll)-preparations (ferric citrate and iron(Hpolymaltose) in their study, despite the fact tihas
known that the absorption of these preparationgito seven-times better when taken with food [41]
and thus cannot be compared under the same corgd{gag., empty stomach).

The serum concentration of iron following oral adisiration is strongly dependent on both
invasion and elimination kinetics. As with intrawers administration, iron elimination after oralnro
application can be fitted with a zero-order functifl3]. More rapid absorption from a given
preparation results in larger serum AUC and highaximal serum iron concentration, since the AUC
strongly depends on the invasion kinetics becasez¢ro-order elimination rate is the rate-limiting
step [13]. Since the rate of transfer and the fioneserum iron to return to baseline are both camtst
AUC values do not reflect the true extent of irdmarption and AUC shows no correlation with
erythrocyte uptake following oral iron administati[42]. Since high serum concentration of iron can
result in NTBI, with the associated risk of oxidatistress and related adverse effects, a more rapid
absorption rate is in fact disadvantageous.

In an attempt to reduce the adverse events ofusrsalts, more slowly absorbed preparations have
been developed. Ferrous fumarate, the least toamll) compound, causes fewer adverse events
because of its low solubility and slow dissolutrate after oral administration [7]. In effect, tfate of
release of ferrous ions from ferrous fumarateasvst than that from the highly soluble ferrous atdf

One of the available ferrous fumarate formulationsthe market is Ferrum Hausm&nrapsules.
Geisseret al. examined the pharmacokinetics and bioavailabiftgtandard ferrous fumarate and this
slow-release formulation in a randomized study @fh2althy volunteers with depleted iron stores.
Results demonstratetiat the two preparations were bioequivalent desgibwer absorption of iron
and lower AUC values with the slow-release formolaf13]. Kaltwasseet al. have confirmed that
standard or slow-release preparations (in this éaseus sulfate) exhibit similar iron bioavailétyi[43].

The pharmacokinetics profile of iron following oradministration of iron(lll)-polymaltose
complex is quite different from that of ferroustsalThe iron(lll)-polymaltose complex is made of
non-ionic iron(lll), in a form of polynuclear iroll)-hydroxide, and polymaltose ligands. The
resulting complex is stable. Being in a non-ioroend, iron does not interact with food components
and does not induce the generation of reactive @xygpecies.

Pharmacokinetics of the iron(Ill)-polymaltose pregiion Maltofef’ have been extensively studied.
During the first six hours after administration Maltofer®, only a negligible increase in serum iron
concentration is observede., as expected from the size of the complex, thexarigally no passive
diffusion through intercellular spaces [44]. Netetess, 2-3 weeks after application of MaltBftre
incorporation of iron into erythrocytes is not sigrantly different to that seen with ferrous sgHi4].
Similar bioavailability of iron following adminisation of Maltofef, ferrous sulfate or ferrous
fumarate has been confirmed by other authors [@&]well as comparable hemoglobin increase by
using Maltofef or ferrous sulfate at the same dose (100 mg isdceta day) [46]. Interestingly, iron
absorption from Maltofét appears to be enhanced in the presence of foamnimast to the situation
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with oral ferrous salts where absorption is dintieid. As with simpler preparations, there is no
correlation between AUC and bioavailability measuby erythrocyte uptake of iron [42] and thus,
measurements of serum iron AUC are of no relevafare estimates of efficacy of oral
iron(ll)-polymaltose complex.

2.3. Pharmacokinetics of iron: conclusions

Extensive pharmacokinetics analyses and the urahelisig of the delivery pathways of iron to
relevant physiological compartments demonstrate tha serum iron concentration or the AUC
measured following iron supplementation cannot beduto assess efficacy of iron preparations. In
particular, the kinetics of iron absorption dep@mdthe type of oral iron preparation: compounds tha
are absorbed slowly inevitably lead to lower maximpksma iron increases, smaller AUC, and
consequently to misinterpretation of the result$. [Bhus, in the case of iron therapy, these
conventional pharmacokinetics markers do not adfeneaningful estimate of bioavailability in terms
of iron utilized within the erythrocyte for hemogio synthesis or the amount of iron incorporated in
the storage protein ferritin.

Rapid iron absorption and/or high doses of oralparations can saturate the regulated active
absorption mechanisms in the intestine, leadingdesive absorption, saturation of the transport
protein (transferrin) and generation of weakly bbé@* (NTBI), which can induce oxidative stress.
This is highly relevant as during oral iron thergggtients usually take 2-3 tablets a day for sévera
months and are thus exposed to oxidative stressdaily basis for a prolonged time.

3. The Pharmacodynamics of Iron

The pharmacokinetics profiles of iron preparatiar@ provide useful information regarding
reactivity with transferrin, the risk of adverseeets, and offer guidance on possible dosing regimen
To understand and predict the bioavailability ofclsupreparations, however, a more detailed
investigation is required. Several experimental rapphes to pharmacodynamics analyses allow
assessment and comparison of iron absorption hung, the efficacy of different preparations [9].

Radiolabeling techniques. Measurement of the uptake of radioactive isotdpeg,’Fe), either in the
whole body or only in the erythrocytes, represetite reference method for assessing iron
bioavailability [9]. Whole body counting determindge total amount of labeled iron retained in the
body, including iron temporarily stored in the celfoendothelial system or deposited in liver femrit
and as such is the most comprehensive measurenfiembro utilization. Erythrocyte counting
represents a good measure of how much administesads utilized for erythropoiesis. In highly
iron-deficient anemic individuals, virtually all séwbed iron will be delivered to the erythrocytasd
thus, for this population, erythrocyte countingeo$f a good estimation of iron utilization (Figure 6
Evaluation on day 14 after administration of theeled compound, adjusted for radioactive decay,
allows time for incorporation of the isotope intythrocytes [47]. Thus, erythrocyte iron utilizatics
usually expressed as a percentage fraction ofregoavered in the cell mass on day 14 after intake.
Indeed, Potgietest al. have confirmed that there is a close correlatidr 0.91) between’Fe uptake



Pharmaceutics 2011, 3 24

by the erythrocytes and by the whole body followigministration of oral iron(lll)-polymaltose
(Maltofer®) [42].

Figure 6. Utilization of iron following a single intravenowsiministration of radiolabeled
iron sucrose (Venof&j in a patient with iron deficiency anemia (modifitom Besharat
al. 1999 [10]).
100 —
90
80
70
60
Iron 50
uptake by
erythrocytes 40
(% dose)
30
20

10

0 I I
0 10 20 30

Time after administration (days)

Jacobst al. developed a twin-isotope technique to comparédibavailability of two different iron
preparations, whereby each individual receives pneparations labeled with different iron isotopes
(°°Fe or**Fe) and acts as a self-control [45,48]. Using technique, the group has shown that iron
availability is equivalent following oral adminiation of either ferrous sulfate or iron(lll)-polytt@se
(Maltofer®) at both physiological and therapeutic doses [45].

Sable isotope labeling techniques. Because of ethical concerns regarding the useadiblabeled
isotopes, in particular in children, stable irootapes {'Fe or>®Fe) are often used to assess the
bioavailability of iron preparations. The amountlalbeled iron absorbed can be calculated from the
shift in the iron isotopic abundance in the blodraincorporation in red blood cells, approximsgtel
14 days after administration. The different irootiges can be measured by inductively coupled
plasma mass spectrometry (ICP-MS) [49,50].

Calculation of total iron transfer. Following oral iron supplementation, the total ambwf iron
transferred to the iron metabolic pathwae.( the true bioavailability) can be calculated frohe t
serum iron concentration because the eliminatioetigs for iron primarily follows a zero-order rath
than a first-order function due to the fixed-ragaactivity with transferrin. An open two-compartment
model system with an underlying baseline level ai as an underlying Michaelis-Menten (MM) term
can be applied as follows [7]:
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Ct)=a (1 - — ket

where C(t) is the serum iron concentration at tima is a constant,ikis the rate constant for iron
absorption from a particular compound, andsthe rate constant for eliminatione( the saturated
iron transfer process). Thusgtks the MM term. Because transferrin is readilyjusated with iron
(i.e. zero-order kinetics) and since the pre-dose semgn concentration is not statistically
significantly different from that measured 24 hoafter injection, the MM term )« (the maximum
elimination rate) can be regarded as equivaleRtttovhere wax reflects the maximal rate of transfer
by transferrin. From this term, one can calculde tiotal amount of iron transported by transferrin
during the 24-hour observation period [20].

Data from studies of ferrous fumarate [13] anddesr sulfate [43] have confirmed that there is a
close correlation between measured iron transfegrythrocytes and the value calculated from the
curve based on this equation for either standasdoov-release formulations (Figure 7).

Figure 7. lllustration of the mean measured serum iron comagan (red lines) and the
calculated curve (green lines) based on the foignéquation: C(t) = a (1=8™) — kt,
where C(t) is the serum iron concentration at ttreeis a constant,kis the rate constant
for iron absorption, andgks the rate constant for elimination. Data arenfran open-label,
single-dose, randomized, crossover bioequivalehadysn 20 healthy female volunteers
given standard oral ferrous fumarate or slow-reldasrous fumarate at a dose equivalent
to 100 mg iron per intake (Modified from Geisgeal., 2009 [13]).
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Because iron shows first-order invasion and zed®oelimination kinetics, the total iron transfer
can then be estimatedg bioavailability) based on elimination rate conssafTable 2), by using the
following equation [13]:

Total iron transfer (mmol) =gk(mmol/L/h) x to (h) % Vy (L)

where k is the elimination MM constantetis the time for total serum iron to reach basehifter
administration (which is a finite time in the casiezero-order elimination) andgMs the volume of
distribution. This equation is far more informatiabout the bioavailability of iron than the serum
AUC value since it permits calculation of the trf@nsof iron to compartments (notably erythrocytes)
based on serum iron concentration over time, oraiseamption that all iron transported by transferri
is delivered to the erythrocytes. Radiolabeled iexperiments have shown that the iron transfer
calculated with this equation corresponds closelyhe measured concentration of radiolabeled iron
taken up by erythrocytes [43,51]. Kaltwassieal. assessed iron pharmacokinetics and iron avaiabili
in erythrocytes using stabféFe in healthy male volunteers given 160 and 150inomy daily in the
form of a standard-release and a slow-release gatma of oral ferrous fumarate [43]. Based ontthei
data, the total iron transfer calculated with therfula above is 21 and 22% of the administered dose
(31 and 34 mg, respectively) — very similar to #2eand 23% measured by radiolabeled-iron uptake in
the erythrocytes [13]. The reliability of the totabn transfer equation has also been shown when
applied to iron absorption data obtained by Hatietral. [51]. Here, the calculated iron transfer was
7.26 mg iron compared to 6.93 mg based on radilddben measurement in the erythrocytes [13].

The robustness of the transfer calculation mears thhere expensive isotope technique
measurements cannot be undertaken, a close estifntite amount of iron transferred from an oral
preparation to compartments can be made basedalrs¢éoum iron data over time upon administration
of standard-release or slow-release formulationswéver, this approach cannot be applied to
Maltofer® because serum iron levels are too low to be medsagcurately.

Convolution integral technique. A convolution integral technique has been propdeedalculation of
intestinal iron absorption, by which simultaneoudmaistration of differently-labeled oral and
intravenous iron doses are used to calculate tmeimflux rate into the plasma, and the efflux rate

of the plasma, from which the cumulated intestefagorption can be summed up [52]. This strategy
can only estimate iron bioavailability from singleses, and is less accurate than transfer calwoudati

Fecal monitoring. This method is based on a comparison of all notrd and medicinal iron intake
versus the total amount of iron in stools over a fixethdi period. This period needs to be at least two
weeks due to storage of iron in the gut wall, whielm prolong excretion of orally administered iron.
In contrast to many drugs, since there is not awex@on excretion pathway, iron loss is restricte

the feces if bleeding from all sources is excludBde to the inherent practical difficulties and
inaccuracy of this approach, and the very smaléddhce in iron intakgersus excretion, the results of
fecal monitoring are questionable and this apprasacarely used [11].

Hemoglobin repletion. In the presence of profound iron-deficiency anemianost all iron in the serum
is transferred to the bone marrow for hemoglobimtisgsis and essentially none is stored in the g#ora
protein ferritin. Under these circumstances, theawailability of iron can be estimated from the
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increase in hemoglobin concentration in the bloasing a fixed iron content of 3.47 mg iron/g
hemoglobin [11]. This estimate can only be regaraeéven approximately reliable, however, if there
IS no detectable storage iron (serum ferritin catregion <10 ng/mL) and pre-treatment hemoglobin is
<10 g/dL with iron supplementation >50 mg iron/day 2—-4 weeks, and if there are no blood or other
iron losses — conditions that are only likely torbet infrequently.

4. Safety of Iron Preparations

If transferrin is saturated due to rapid releaskfe amounts of iron from intravenous preparation
or high-dose oral iron therapy with ferrous sal3;Bl (weakly bound F¥&) in the serum is rapidly
taken up by endocrine and heart cells in an unotbetr way and, in these tissues, readily parti@pat
in reactions that catalyze reactive oxygen spefmesation and thus promote lipid peroxidation,
membrane disruption, enzyme inactivation, sulfhi/dvyidation, and DNA strand breakage and
ultimately organ malfunction [7,15,53]. As a consegce, systemic adverse events including
hypotension, nausea, abdominal and lower back peeripheral edema and a metallic taste can
develop [19] and may occur after oral iron suppletagon with ferrous salts or intravenous
administration of low molecular weight iron compésx In addition, local reactions in the gut induced
by reactive oxygen species produced by reactiotiated and catalyzed by ferrous ions may induce
symptoms such as vomiting, dyspepsia, diarrheahaadburn in ~20% of patients [36,54]. Finally, it
has also been shown that iron (for example in ¢ fof ferric citrate) down regulates expression of
CD4 on the surface of T-lymphocytes [55,56], legdino a transient impairment of
immunological defenses.

4.1. Safety of intravenous iron preparations

For intravenous preparations, the rate and thenexterelease of weakly bound iron is inversely
related to the size of the molecule, with degraotatates increasing progressively from iron dextran
to ferric carboxymaltose (Ferinjédt iron sucrose (Venof@) and sodium ferric gluconate (Ferrl&git
[17]. Type | preparations, such as iron dextran #ewic carboxymaltose, bind iron tightly as
non-ionic polynuclear iron(ll)-hydroxide and dotrrelease large amounts of iron ions in the blood.
Thus, they are clinically well-tolerated even whaiministered at high doses. In a pooled analysis of
10 randomized trials involving approximately 2,8@@tients with iron-deficiency anemia, no
treatment-related serious adverse events were \@ss@mong FerinjeBttreated patients, and there
was a markedly lower rate of adverse events thahimn (primarily ferrous sulfate): 15.3%ersus
26.1%, respectively [57]. In a recent randomizéal tof 459 iron-deficient patients (with and withou
anemia) with chronic heart failure, there was ailainmate of adverse events as well as seriousradve
events in the Ferinjettand the placebo cohorts [58], a result that redlése stability of the ferric
carboxymaltose complex.

Moreover, all iron complexes that contain dextram ¢ead to dextran-induced, potentially fatal
anaphylactic reactions due to specific interactioiin dextran antibodies [59]. Anaphylaxis has been
reported in 0.60% of patients receiving intravenwaa dextran [60]. Such reactions can occur even
with iron preparation with derivatized dextran hgis or low molecular mass dextran ligands
(1,000-7,000 Daltons), although less frequently1}, Indeed, rare cases (0.2%) of anaphylaxis or
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anaphylactoid reactions have been reported withnfexytol (Ferahenfd, a new intravenous iron
formulation with carboxymetylated dextran [62]. Bbly, a recent case highlighted the risk of
anaphylaxis following treatment with ferumoxytol patients with a history of hypersensitivity tonro
dextran [63]. In contrast, anaphylactic reactiorestaghly unlikely with dextrin- or sucrose-contiig
complexes such as ferric carboxymaltose and iranose because dextrin and sucrose do not react
specifically with dextran antibodies. Indeed, najaimylaxis has been reported upon administration of
ferric carboxymaltose.

The lower molecular weight of Type II-IV preparattocan be considered an advantage over the
Type | complexes in terms of potential anaphylaatiactions. Since Type |l preparations contain no
biological polymers, serious adverse reactions didnd expected to be less frequent than with iron
dextran. Indeed, large-scale post-marketing dataoonsucrose have reported only 4.2 adverse events
per million 100 mg iron dose equivalents (compae@9.2 for iron dextran) [60]. True anaphylactic
reactions cannot occur with iron sucrose or sodfemic gluconate, although very occasionally
adverse events triggered by weakly bound iron lees reported [59], in particular when higher than
recommended doses are administered. However, snalleé more labile Type Il and IV iron
complexes, with significant amounts of componenits\@ molecular weight <18,000 Da, cannot be
regarded as clinically safe when applied intraveho{]. Sodium ferric gluconate, even at relatyel
low doses has been shown in nonclinical studie®salt in severe and extended parenchymal liver
necrosis secondary to lipid peroxidation inducedhyiron [17]. The rate of adverse events reported
to the Food and Drug Administration (FDA) in patemreceiving sodium ferric gluconate is
approximately double that of iron sucrose [60]n(itd)-citrate and iron(lll)-sorbitol are very ragy
eliminated by the kidneys, such that only small ame are deposited in the liver. However,
nonclinical studies show that iron overload is ditble in the kidney tissue for a limited time afte
administration [17].

The long-term safety of intravenous iron preparatics a matter of discussion. However, recent
comprehensive reviews have come to the conclusiat) in particular with the new intravenous iron
preparations, these concerns are unfounded [64. fotential safety issue is linked to the eventual
long-term storage of complexes due to the non-cetepltilization of iron from intravenous
preparations. This concern is based on the obsemv#tat, most likely because of the very high
stability of the iron dextran complexes, the uétiobn of iron from these preparations is not
quantitative [65]. In contrast, the comprehensitibzation experiments carried out with radiolatzle
iron in the form of iron sucrose [10] and ferricrlmaxymaltose [47] showed that in patients with
iron-deficiency anemia, the utilization of iron fnothese complexes is essentially quantitative.
Detailed studies in this form are not available $odium ferric gluconate or ferumoxytol, for which
the question of quantitative utilization remaingnswered.

4.2. Safety of oral iron preparations

Different oral preparations exhibit different sgfgrofiles, with ferrous sulfate—the cheapest and
most commonly prescribed oral iron supplement—shgwa rapid rise in both serum iron
concentration and NTBI [35] and the greatest fregyeof adverse events [36,54]. Overall, greater
oxidative stress is observed with oral iron(ll)tsghan with orally administered iron(lll) complexe
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due to more rapid release of iron ions. Toumaiketaai. carried out a six-month, double-blind study in
45 men with low iron stores, given either ferrouffage (180 mg iron a day) or iron(lll)-polymaltose
(Maltofer®, 200 mg iron a day) [66]. Oxidative susceptibiliag measured by low density lipoproteins,
was 12.8% higher in the ferrous sulfate group caepao the Maltofét group; the amount of lipid
peroxidation products was 13.8% higher.

These data are consistent with the findings ofhglsicenter, open, randomized, multidose study in
which equivalent doses (100 mg iron twice a day ¥arweeks) of iron(lll)-polymaltose complex
(Maltofer®) and ferrous sulfate were administered to anemiignteer blood donors [46]. At the end of
the trial, the improvement in hemoglobin conceiratvas comparable in the two groups. However,
adverse events were markedly less frequent ingtloisp (12.5% of subjects compared to 44.7% in the
ferrous sulfate group). A number of studies haveeoled a lower rate of treatment interruption with
iron(ll1)-polymaltose complex (Maltof&) than with ferrous salts, usually as a resultexfidr upper
gastrointestinal tract adverse events [67]. Thiergthe similar bioavailability of Maltof&r and
ferrous salts, the slower absorption of iron frone thon-ionic iron(lll)-polymaltose complex is
preferable to standard-release oral preparatiotexins of the efficacy/toxicity balance.

5. Conclusions

Conventional pharmacokinetics analyses are unirdtu@ about iron bioavailability following
administration of oral iron preparations. Pharmauetics evaluation can elucidate absorption and
transport processes, and provide an indicatiomefr¢lative risk of adverse events, but are iri@hev
for efficacy assessment since the biological sitaation for iron therapy is the erythrocyte, nbé t
serum. Thus, measurements of serum transferrinecdration or serum iron AUC cannot be applied
in the setting of iron therapy and more sophistidgtharmacodynamics analyses must be pursued to
obtain meaningful data on the efficacy of a givemnipreparation. These strategies are based on
calculating the concentration of iron in the keysgiblogical compartment — the erythrocyte. Ideally,
pharmacodynamics assessment should be carriedyasbptope studies, but if this is impractical or
financially prohibitive, iron transfer calculatiomdfer a reliable alternative for assessment ofoigs
salts preparations. When the blood transport systentransferrin, becomes saturated, for example
with a high intravenous dose of a labile or senbusi iron complex or with a rapid-release oral
ferrous salt preparation, transferrin saturatisults and non-transferrin bound iron induces oxdat
stress with consequent clinical and subclinicaleas® events. Indeed, the frequency and severity of
adverse events is highly dependent on the amoumdretransferrin bound iron.

Currently, a number of iron preparations are ineli@yment and this expansion is likely to
continue [59]. Applying appropriate pharmacokingtand pharmacodynamics will greatly assist our
understanding of the likely contribution of noveéparations to the management of anemia.
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