
Rapid elevation of transferrin saturation and serum
hepcidin concentration in hemodialysis patients
after intravenous iron infusion  

The majority of end-stage renal patients undergoing
maintenance hemodialysis (HD) develop anemia that
adversely affects their quality of life and increases the risk
for cardiovascular events and death. Thus, the develop-
ment of safe and effective strategies aimed at correcting
anemia in these patients is of utmost importance.1

Unfortunately, the response to erythropoietin (EPO) treat-
ment is often suboptimal, due mainly to an imbalance
between the surging iron requirements of the stimulated
erythropoietic cells on the one hand and iron availability on
the other. Thus, intravenous (i.v.) administration of iron-
containing preparations is widely used in order to circum-
vent this imbalance. However, questions about the efficacy
and the safety of this loading strategy still remain unan-
swered.1

Serum protein transferrin represents the physiological
iron supplier to body cells requiring iron, mainly the ery-
throblasts in bone marrow. Transferrin iron is derived
mainly from macrophages of the reticuloendothelial sys-
tem (RES), following degradation of senescent erythrocytes
and subsequent efflux of the liberated iron to the circula-
tion.2 This process, as well as the liberation of iron from
duodenal enterocytes and from hepatocytes, is mediated
by ferroportin, the only known iron exporter.3On the other
hand, the expression of ferroportin is negatively regulated
by hepcidin, a liver-produced peptide hormone that binds
to ferroportin and induces its internalization and degrada-
tion, thus blocking iron export and its utilization for ery-
thropoiesis.3 Hepcidin expression is regulated by a number
of different signals, including iron levels, inflammation, rate
of erythropoiesis and hypoxia.4 The exact molecular mech-
anism(s) of iron-mediated regulation of hepcidin expression
is not completely understood. There is substantial evidence
to indicate that elevated concentrations of the differic trans-
ferrin form (Tf-Fe2) in serum can induce hepcidin expres-
sion. This event is likely to be mediated through Tf-Fe2
binding to transferrin receptor 2 (TfR2) on the surface of
hepatocytes.5

A sensitive marker for evaluating iron availability for ery-
thropoiesis is the saturation of serum transferrin (Tf-Sat).
The traditional laboratory techniques for estimating Tf-Sat
are based on measuring serum iron levels and assume that
all serum iron is bound to transferrin. Therefore, these
methods are not valid for a period following i.v. administra-
tion of iron-containing preparations because they lead to
gross overestimation of Tf-Sat as long as these preparations
are present in plasma. Reports on apparent oversaturation
of transferrin after i.v. iron therapy may represent analytical
errors associated with the presence of non-transferrin
bound iron (NTBI) in these iron preparations.6,7 

The aim of this study was: i) to evaluate the use of urea-
polyacrylamide gel electrophoresis (U-PAGE) in order to
detect changes in different Tf forms (and thereby Tf-Sat)
following i.v. administration of iron-containing prepara-
tions in HD patients; and ii) to examine the possibility of
using this methodology in order to investigate the changes
in serum Tf-Fe2 levels and their correlation with hepcidin
expression in these patients.  The knowledge derived by
using U-PAGE is extremely valuable, because it allows the
direct estimation of Tf-Fe2, the only Tf-form that efficiently
binds transferrin receptor-1 (TfR1) for iron supply to cells or
transferrin receptor-2 (TfR2) to trigger iron signaling to hep-
cidin. Such information may be important in determining

safe and effective strategies for i.v. iron administration in
HD patients.  
Hemodialysis patients received an infusion of iron

sucrose (Venofer, Vifor France SA, France) during the last 30
min of hemodialysis sessions. Blood samples were collect-
ed at the indicated time points and isolated serum was
frozen until further analysis. Visualization of transferrin
forms was performed by U-PAGE as described previously,8

while quantification of hepcidin was performed according
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Figure 1. Elevation of Tf-Sat following intravenous (i.v.) iron admin-
istration in hemodialysis (HD) patients. Representative U-PAGE gels
of duplicate serum samples obtained from 2 different HD patients
at the same time points, without (A) or with (B) iron administration,
which was carried out during the last 30 min of the hemodialysis
session. Samples were received 15 min before the initiation and
15 min after the termination of a 100 mg iron donation in the form
of iron sucrose. (C) Tf-Sat values estimated by densitometric analy-
sis from U-PAGE gels in samples obtained from HD patients in the
absence of iron administration (left, n=10), or after administration
of 100 mg iron (right, n=25). Apo-Tf: apotransferrin; C-Tf: C-terminal
monoferric-Tf; N-Tf: N-terminal monoferric-Tf; NS: a non-specific
protein; Tf-Fe2: diferric-Tf. 
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to an ELISA method developed previously by our group9

(Online Supplementary Appendix).
In initial experiments, the U-PAGE methodology was

employed for estimation of Tf-Sat in human sera. A typical
example of analysis of Tf forms in sera derived from 4
healthy individuals is shown in Online Supplementary Figure
S1A. Densitometric analysis of the different bands allowed
the quantification of iron-transferrin forms and the estima-
tion of the overall Tf-Sat in each sample. Measurement of
Tf-Sat in the same samples was also performed by a routine
laboratory method, based on colorimetric estimation of
serum iron and unsaturated iron binding capacity (UIBC). A
strong correlation between the laboratory method and U-
PAGE analysis was apparent as presented in Online
Supplementary Figure S1B (r=0.982; P<0.0001, n=20). These
results showed that U-PAGE is a reliable method for esti-
mating Tf-Sat in serum samples and that it could be used in
HD patients after i.v. iron infusion. It has to be stressed here
that samples received after iron administration showed
erroneously higher values for Tf-Sat (12%-105%) when

analyzed by the laboratory method, indicating the exis-
tence of considerable amounts of NTBI (data not shown).
Next, U-PAGE was used for the determination of Tf-Sat

in HD patients, following i.v. infusions of 100 mg iron. In
control experiments, it was established that Tf-Sat
remained unchanged during hemodialysis in the absence of
iron administration (Figure 1A and C). In Figure 1B, a char-
acteristic gel of duplicate samples obtained from 2 different
HD patients 15 min before and 15 min after a 30-min iron
loading period is presented. A significant elevation in Tf-Sat
was apparent in all samples tested (Figure 1C). The amount
of both mono- and di-ferric-Tf forms seemed to be
increased, while apo-Tf was decreased. The mean differ-
ence [ΔTf-Sat(%)] between pre-loading values and those
obtained 15 min after iron supplementation was
11.41±2.25% (21.15±5% vs. 32.56±7.25%; P<0.0001,
n=25). It is plausible that this consistent, fast and significant
increase of Tf-Sat may result, at least in part, from a direct
transfer of iron to Tf, without preceding uptake, processing
and release by macrophages.
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Figure 2. Changes in Tf-
Sat, Tf-Fe2 and serum
hepcidin concentration,
following intravenous (i.v.)
iron administration.
Serum samples were
obtained from 6 HD
patients 15 min before
(time point 0) and at dif-
ferent time points after
the i.v. administration of
100 mg iron (1, 2, 3, 5, 7
and 9 h). The shaded
areas in the graphs indi-
cate the time period (30
min) of iron infusion.
Analysis of different Tf
forms was performed
using U-PAGE (left col-
umn). Tf-Sat (middle left
column) and Tf-Fe2 (mid-
dle right column) were
estimated by densitomet-
ric analysis. Serum hep-
cidin concentrations
(right column) were esti-
mated by ELISA using
specific antibodies, as
described in the Online
Supplementary Appendix. 



Next, we extended the determination of Tf-Sat for longer
periods after the termination of iron administration in 6
male HD patients (patients’ characteristics are presented in
Online Supplementary Table S1). Representative U-PAGE
gels of samples obtained at different time points after iron
administration are presented in Figure 2 (left column). The
iron-Tf forms seemed to continue to increase several hours
after the termination of iron infusion. Both Tf-Sat (middle
left column) and Tf-Fe2 (middle right column) increased
substantially in all 6 patients tested (Figure 2). A peak was
observed in 4 of the 6 patients after 3-5 h. In the remaining
2 patients, Tf-Sat and Tf-Fe2 continued to increase during
the entire testing period (8 h). After 48 h (before the initia-
tion of the next HD session), Tf-Sat and Tf-Fe2 returned
close to the initial values (data not shown). The mean differ-
ence of ΔTf-Sat(%) and ΔTf-Fe2(%) between the initial and
the highest values was 28.67±12.7% and 20.64±9.9%,
respectively (P<0.0001, n=6).
Since the elevation of Tf-Fe2 has been implicated in the

induction of hepcidin expression in hepatocytes,5,10,11 serum
hepcidin concentrations were determined in the same sam-
ples. Interestingly, hepcidin levels increased in parallel with
Tf-Sat after iron administration in all patients tested (Figure
2, right column). The increase ranged between 25% and
200% of the initial values among the different patients.
Moreover, serum hepcidin levels correlated significantly
with Tf-Sat (r=0.622, P=0.001) and Tf-Fe2 (r=0.418,
P<0.001) (Figure 3). 

Contrary to the results presented in this work, a previous
report by Scheiber-Mojdehkar et al. using the same U-PAGE
technique failed to detect any increase of Tf-Fe2 after
administration of the same iron preparation to HD
patients.12 In addition to protein separation by U-PAGE,
they transferred the proteins to nitrocellulose membranes
and used an anti-Tf antibody in order to determine the dif-
ferent Tf forms. We assume that protein transfer and/or the
effectiveness of antibody-protein interaction compromised
the sensitivity of this method. In our hands, however, the
western blotting technique worked as well as simple U-
PAGE for detection and quantification of Tf forms. 
Iron-dependent induction of hepcidin expression is a

rather complex event that is still not clearly understood. It
appears that there are two distinct pathways that respond
to elevations in hepatic or serum iron. The first involves
induction of BMP6, and the other, sensing of Tf-Fe2 levels,
possibly through TfR2 on the plasma membrane of hepa-
tocytes.13,14 It can be hypothesized that the mechanism for
hepcidin induction via Tf-Fe2 represents a protective
response aimed at preventing oversaturation of Tf and the
ensuing emergence of NTBI, which is potentially toxic.
The observation that serum hepcidin levels increased in

parallel with Tf-Fe2 shortly after iron administration
(Figure 2) indicates a fast signaling response, which is
expected to have a negative influence on iron efflux from
cells to circulation. Consequently, this will decrease the
rate of iron supply to Tf and thereby might negatively
influence the utilization of available iron by HD patients,
leading to a vicious circle of further iron and EPO require-
ment. The possibility of surpassing this problem by
decreasing the dose and increasing the number of i.v. iron
administrations represents a plausible alternative that
needs serious consideration and further investigation.
Preliminary experiments indicated that lower doses of
iron resulted in less increase of serum Tf-Sat and smaller
elevation of hepcidin levels (data not shown). This is in
agreement with previous studies, which have shown that
administration of low doses of iron was beneficial for sta-
bilizing hemoglobin levels and maximizing the efficiency
of EPO treatment in HD patients.15 
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Figure 3. Correlation between Tf-Sat and Tf-Fe2 with serum hep-
cidin. The correlation between Tf-Sat (A) and Tf-Fe2 (B) with serum
hepcidin (fold increase) was evaluated. All values obtained from
the 6 patients represented in Figure 2 were included.     
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