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More than 100 yr have passed since parenteral iron was first
given to humans (1). Fifty yr ago, carbohydrate was first
coupled to iron oxide (2), reducing the fierce toxicity of ferric
iron and introducing the era of parenteral therapy with carbo-
hydrate-iron agents (3,4). This is sufficient time to consider
what we have learned about the risks and benefits of intrave-
nous (IV) iron therapy; to review what we know and what we
don’t; and, most important, to develop a comprehensive, uni-
fying view that makes sense of the chemistry, biology, and
pharmacology of IV iron agents.

Although treatment of iron deficiency certainly is not con-
fined to patients with kidney disease, the majority of published
evidence on IV iron therapy resides in the nephrology litera-
ture. Anemia is common among all patients with chronic
kidney disease, expected among those with advanced kidney
disease, and nearly universal among those who undergo dial-
ysis. Evidence of iron deficiency is currently quite common in
patients with chronic kidney disease—associated anemia (5).
However, before treatment with erythropoietin receptor ago-
nists (ERA; including epoetin «, epoetin 3, and darbepoetin «),
it was iron excess, not deficiency, that afflicted most dialysis
patients. Because anemia was severe, transfusion dependence
was common, and transfusional hemosiderosis resulted.

ERA therapy ended transfusion dependence, unmasked iron
loss as the dominant feature of iron balance in hemodialysis
patients, converted iron overload to iron deficiency as the
prevailing disorder, highlighted the failure of oral iron supple-
mentation to sustain iron sufficiency, and thereby thrust IV
iron agents to the forefront of iron replacement. Two additional
developments have heightened IV iron use in dialysis patients.
The first is evidence that a maintenance IV iron schedule
designed to prevent iron deficiency is more effective than a
periodic treatment schedule in achieving target hemoglobin
and minimizing doses of ERA therapy. The second is accep-
tance and implementation of anemia management guidelines,
including those of the National Kidney Foundation Dialysis
Outcomes Quality Initiative (K/DOQI) and European Best
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Practice Guidelines (EBPG). Publication of the first K/DOQI
anemia guidelines in 1997 (6) and the EBPG anemia guidelines
in 1999 (7) has been followed by gradual adoption of iron
maintenance protocols. IV iron use in the United States has
increased every year since 1996. By 2002, the proportion of
patients who received IV iron within a single quarter ap-
proached 65%, and the average annual IV iron dose for all
hemodialysis patients exceeded 2300 mg (8).

Increasing use of IV iron has prompted concerns for the
potential hazards of iron therapy and the risks of iron overload
and has stimulated a new and welcome wave of inquiry into
iron safety. From in vitro studies to epidemiologic examination
of large dialysis databases, evidence has accumulated rapidly.
At the same time, new techniques to examine the structure and
chemistry of iron carbohydrate compounds have helped to
resolve decades-old controversies about how, for good or for
bad, IV iron agents deliver biologically active iron.

A coherent, unifying view of IV iron agents, based soundly
on an understanding of structure and chemistry, to encompass
in vitro findings, explain in vivo observations, evaluate risks
and benefits, and compare existing IV iron agents is urgently
needed. During Renal Week in San Diego, California, in No-
vember 2003, Bo Danielson, George Aronoff, and David Van
Wyck outlined one such view at a symposium sponsored and
organized by the American Society of Nephrology. The current
review arises from that collaboration. The groundbreaking
work of Mary Cowman and Dina Kudasheva (9,10) on carbo-
hydrate-iron structure and chemistry plays a central role in
formulating our review. The findings of these two colloid
chemists make possible a remarkable synthesis of the chemis-
try, biology, and clinical use of IV iron agents.

Our conclusions are reassuring. No IV iron compounds
generate detectable free iron. All IV iron agents release bio-
logically available or labile iron. The rate of labile iron release
in each agent is inversely related to the size of its iron core. The
clinical consequences of labile iron release have little signifi-
cance at low iron doses but limit the maximum tolerated single
dose and rate of infusion of each IV iron agent. All evidence
suggests that, in regard to iron release, IV iron use within
current guidelines is safe and that K/DOQI limits for iron
supplementation (11,12) should continue to be observed.
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As Dr. Danielson discussed in the article “Structure, Chem-
istry, and Pharmacokinetics of Intravenous Iron Agents” in this
supplement, the pharmacokinetics and internal iron disposition
of all intravenous (IV) iron agents are characterized by initial
clearance from the plasma space into fixed phagocytic cells of
the reticuloendothelial system (RES) followed by intracellular
liberation of iron from the iron-carbohydrate complex, release
of iron from RES cells to circulating transferrin (Tf), and,
finally, donation of Tf-bound iron to erythroid precursors in
marrow. In the iron-avid patient, utilization of IV iron by this
stepwise mechanism is rapid and relatively complete. All IV
iron agents, however, show evidence of a second, limited
pathway in which iron passes directly from the iron-carbohy-
drate compound to Tf. Evidence that iron-carbohydrate agents
can directly release biologically active iron and bypass the
presumed safety of RES uptake has prompted a series of
questions with potentially important implications for IV iron
administration in patients

Do IV Iron Agents Release Free Iron?

Concern that parenteral iron-carbohydrate compounds re-
lease free iron is neither new nor confined to a single iron
agent. In the mid-1960s, examination of iron dextran Imferon
by polarography and high-voltage electrophoresis suggested
that 0.3% of the total iron in the compound consists of ionic
iron in the ferrous (Fe*?) state, probably weakly bound to
dextran (1). These investigators were the first to predict that a
small fraction of weakly bound or labile iron could provoke
iron-mediated hypotension if large doses were injected rapidly.

Subsequent efforts to identify free, ionic iron in iron-carbo-
hydrate agents have proved unsuccessful. No dialyzable iron
has been found in iron dextran (2,3), ferric gluconate (4), or
iron sucrose (5). The product package insert for ferric glu-
conate reports that <1% of iron in ferric gluconate is dialyz-
able in vitro (6). Neither iron sucrose nor iron dextran release
detectable iron to dialysate using high-flux or high-efficiency
dialyzers (7).

Evidence for a Labile, Bioactive Iron Fraction
Although there is no convincing evidence of unbound, dia-
lyzable, or free iron in any IV iron agent, all agents show
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evidence of a labile, biologically active iron fraction. In vitro
and in vivo manifestations of a labile iron fraction in iron-
carbohydrate compounds include iron assay interference
(agents falsely elevate serum iron results), oversaturation of Tf
(true increase in iron available for Tf binding exceeds unbound
iron-binding capacity), non—Tf-bound iron (NTBI), direct iron
donation to Tf, altered intracellular iron homeostasis, cytotox-
icity, neutrophil impairment, bacterial growth enhancement,
oxidant stress, or catalytic iron (Table 1).

The results in Table 1 prompt several conclusions. Each
manifestation of labile iron is shared by all IV iron agents
tested, but not all agents have been tested for each manifesta-
tion. Not all attempts to demonstrate labile iron effects have
shown positive results, and some positive results more likely
are due to tissue iron excess, total iron dose, or underlying
disease than to the tested IV iron agent itself.

Serum iron assays falsely detect a portion of iron in iron-
carbohydrate compounds as if it were Tf bound. The degree of
interference varies by agent class, by agents within the same
class, and by assay method. The consequent false elevation of
serum iron has confounded assessment of Tf oversaturation
after IV iron administration in patients. Of course, assay inter-
ference does not exclude a true increase in serum Tf-bound
iron. Iron agents convincingly donate iron directly to Tf, and
the resulting increase in Tf-bound iron is both theoretically (8)
and demonstrably (9) sufficient to saturate Tf fully after rapid
IV iron injection.

The relationship among Tf saturation, NTBI, and biologi-
cally active iron defies simplicity. Tf oversaturation is not a
prerequisite for the appearance of either NTBI or labile iron.
Indeed, although both NTBI and biologically active labile iron
appear transiently after IV iron administration, each may also
arise in patients who do not undergo IV iron therapy, without
iron overload, or early after oral iron administration. Neither
NTBI nor labile iron has been characterized chemically: NTBI
reflects the results of assays for that portion of serum iron that
is not bound to Tf, and labile iron is identified only by the
biologic activity that it manifests in vitro or in vivo. Although
labile iron may contribute to NTBI, not all NTBI shows evi-
dence of biologic activity, and in some assays, NTBI and labile
iron seem to be distinct entities.

It is also apparent that labile iron released from iron-carbo-
hydrate compounds in the extracellular space shows evidence
of transport into non-RES cells. Exposure of hepatic parenchy-
mal cells to IV iron agents in tissue culture produces an abrupt
increase in the intracellular labile iron pool. The increase in
intracellular iron activates key regulatory responses to restore
iron homeostasis.
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strated after exposure to IV iron agents. However, the con-
centration of iron agent needed to demonstrate cell toxicity
in vitro is far higher than can be achieved in patients after [V
iron administration.

Relationship between Labile Iron and the
Chemistry of IV Iron Agents

Results of comparative studies of labile iron activity asso-
ciated with IV iron agents consistently show an inverse rela-
tionship between labile iron and molecular weight of the iron-
carbohydrate compound. Whether the examined manifestation
is interference with serum iron assay, rate of iron degradation,
direct donation of iron to Tf, generation of oxidant stress, or
alteration of intracellular iron homeostasis, the magnitude of
the labile iron effect is greatest in iron-carbohydrate com-
pounds of lowest molecular weight and least in those of the
highest weight.

Recent imaging and direct measurement of the core radius of
iron-carbohydrate compounds provide a potential explanation
(43). If, as proposed, labile iron reflects the ionic iron that is
first released from IV iron agents, then the point of release
likely would be the surface of the iron-oxyhydroxide core. The
focus of attention, therefore, should be the total surface area
available for iron release.

Because all agents share the same core chemistry, the rate of
iron release per unit surface area likely would be similar among
agents (differing, perhaps, only by the strength of the carbo-
hydrate ligand-core iron bond). However, for the same total
amount of core iron, surface area available for iron release
increases dramatically as core radius decreases. In short, a
collection of many small spheres exposes a greater total surface
area than does a collection of an equal mass of fewer, larger
spheres.

That the relationship between surface area and core radius is
not linear explains why small core radius differences between
agents of small molecular weight are as significant as large
core radius differences between agents of high molecular
weight. This is simple mathematics. Because surface area is a
function of the product of 47 and the square of the radius,
Surface area = 4712, and volume is a function of the cube of
the radius, Volume = 4/37r>, then the ratio of surface area to
volume is a function of the product of the constant 3 and
reciprocal of the radius: Surface Area:Volume Ratio = 3r™ ',

Thus, as the radius increases, surface area to volume ratio
decreases first abruptly, then more gradually (Figure 1). Be-
cause large iron-oxyhydroxide cores such as those in iron
dextran tend to assume an ellipsoidal (football or cigar-like)
rather than spherical shape, the effective core radius is more
difficult to estimate, but the same general relationships apply.

Note

bacteriostasis and opsonization of E. coli by serum is also lower.

No studies
TSAT > 80%, effect transient

Labile iron: SFGC > IS > IP
100 mg IV every wk decreased oxidant stress, TNF-«; increased IL-4

Mothers given IV iron dextran during pregnancy show lower TIBC;
Macrophage NO, in rats after IV iron: SFGC > IS > ID Dexf > IP

F2-isoprostanes increase modestly after 700 mg IV over 60 min

SFGC disrupts rat liver mitochondria by oxidant mechanism
No effect at 20 and 100 mg IV on MDA and red cell deformability

Serum of patients after IS supported Staph epidermidis growth if
Oxidized proteins rise after 125 mg but not 62.5 mg IV over 1 h

Transient BDI when TSAT > 80%
Transient oxygen-radical mediated effect on vasodilation

Advanced oxidative protein products in HD patients

Lipid peroxidation: ID > SFGC > IS.

Model
In vitro
In vitro
In vitro
In vitro
In vivo
In vivo
In vitro
In vivo
In vivo
In vivo
In vivo
In vivo
In vivo

Author
Masini et al. (29,30)

Webster et al. (36)
Parkkinen et al. (9)
Esposito et al. (20)
Zager et al. (31)
Legssyer et al. (37)
Salahudeen er al. (38)
Michelis et al. (39)
Parkinnen et al. (9)
Drueke ef al. (40)
Rooyakers et al. (18)
Cavdar et al. (41)
Weiss et al. (42)

Iron Agent Class
ID

Ferric gluconate
Iron sucrose
Comparative

ID

Ferric gluconate
Iron sucrose

Clinical Implications of Labile Iron

Given the reassuring evidence of safety of IV iron in clinical
practice, do any of the broad range of findings on labile iron in
vitro and in vivo have implications for IV iron administration
in patients? This question returns attention to previous specu-

[N, intravenous; HD, hemodialysis; Tf, transferrin; NTBI, non—Tf-bound iron; ID, iron dextran; SFGC, sodium ferric gluconate complex; IS, iron sucrose; IP, iron polymaltose;

Effect
jacterial growth enhancement
)], bleomycin-detectable iron.

O
I )xidant stress and catalytic iron
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