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Intravenous iron-carbohydrate complex preparations (IVIP) are non-
interchangeable pro-drugs: their pharmacokinetics (PK) varies deter-
mined by semi-crystalline iron core and carbohydrate shell structures, 

influences pharmacodynamics (PD) and thus efficacy and safety. 
Examining PK/PD relationships of three IVIP we identify a two-pathway 
model of transient non-transferrin-bound iron (NTBI) generation follow-
ing single dose administration. Twenty-eight hypoferremic non-anemic 
patients randomized to 200 mg iron as ferric carboxymaltose (Fe-car-
boxymaltose), iron sucrose (Fe-sucrose), iron isomaltoside 1000 (Fe-iso-
maltoside-1000), n=8/arm, or placebo, n=4, on a 2-week PK/PD study, 
had samples analysed for total serum iron, IVIP-iron, transferrin-bound 
iron (TBI) by high-performance liquid chromatography in combination 
with inductively coupled plasma mass spectrometry (HPLC-ICP-MS), 
transferrin saturation (TSAT), serum ferritin (s-Ferritin) by standard 
methods, NTBI and hepcidin as published before. IVIP-dependent 
increases in these parameters returned to baseline in 48-150 hours (h), 
except for s-Ferritin and TSAT. NTBI was low with Fe-isomaltoside-1000 
(0.13 mM at 8 h), rapidly increased with Fe-sucrose (0.8 mM at 2 h,  
1.25 mM at 4 h), and delayed for Fe-carboxymaltose (0.57 mM at 24 h). 
NTBI area-under-curve (AUC) were 7-fold greater for Fe-carboxymaltose 
and Fe-sucrose than for Fe-isomaltoside-1000. Hepcidin peak time var-
ied, but not AUC or mean levels. s-Ferritin levels and AUC were highest 
for Fe-carboxymaltose and greater than placebo for all IVIP. We propose 
two mechanisms for the observed NTBI kinetics: rapid and delayed 
NTBI appearance consistent with direct (circulating IVIP-to-plasma) and 
indirect (IVIP-to-macrophage-to-plasma) iron release based on IVIP plas-
ma half-life and s-Ferritin dynamics. IVIP generate different, broadly sta-
bility- and PK-dependent, NTBI and s-Ferritin signatures, which may 
influence iron bioavailability, efficacy and safety. Longer-term studies 
should link NTBI exposure to subsequent safety and efficacy parameters 
and potential clinical consequences.  
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ABSTRACT

Introduction 

Non-transferrin-bound iron (NTBI) collectively refers to a heterogeneous group 
of plasma iron species that are not bound to transferrin, ferritin or heme typically 
present with transferrin saturation (TSAT) >75%.1,2 In iron overload conditions 
these are thought to comprise ferric citrate species, mostly albumin-bound, some 
of which are more redox-active than others.3  NTBI species, present in iron-over-
loaded patients, are responsible for the pattern of atypical tissue iron distribution 
seen under such conditions, including extrahepatic (endocrine and myocardial) 
hemosiderosis.4 However, the intravenous iron-carbohydrate complex preparations 
(IVIP) themselves are not considered to represent NTBI, or the redox-active, weak-
ly-bound species, although they can become the source of both. Following IVIP 
infusion, in principle, NTBI could be generated by either a rapid iron egress from 



macrophages following primary uptake into the 
macrophage system or by intravascular iron release from 
the circulating IVIP prior to macrophage uptake. The 
structure of the IVIP being administered is likely to influ-
ence the levels and duration of both NTBI components. 
These are largely un-described however, and are com-
pared here for three different IVIP.  

IVIP have become increasingly used in the treatment of 
iron deficiency within the context of a wide range of dis-
eases.5 All of these preparations are pro-drugs6,7 for 
bioavailable iron but their exact mode of iron delivery is 
unclear.5 This remains poorly recognized despite their 
widespread use.5 It has been suggested that, depending on 
the nature of the carbohydrate shell, some IVIP partly 
decompose in plasma before macrophage uptake; their 
subsequent endolysosomal degradation releases iron for 
transient storage or export to plasma.8  

Available IVIP include iron sucrose (Fe-sucrose), ferric 
carboxymaltose (Fe-carboxymaltose), sodium ferric glu-
conate, iron isomaltoside 1000 (Fe-isomaltoside-1000), fer-
umoxytol, and low molecular weight iron dextran. 
Depending on the carbohydrate shell type, these prepara-
tions can be classified as non-dextran-based and 
dextran/dextran-based complexes.9 Non-dextran-based 
complexes exhibit a correlation between molecular 
weight (MW) distribution and complex stability, i.e., high-
er MW complexes are more stable and have lower labile 
iron content than lower MW complexes. In contrast, dex-
tran/dextran-based complexes are all very stable inde-
pendent of their MW.5,10 

Here, we selected two non-dextran-based IVIP with dif-
ferent MW distributions, Fe-carboxymaltose (Ferinject®, 
145-155 kDa) and Fe-sucrose (Venofer®, 42-44 kDa), as 
well as a dextran-based complex Fe-isomaltoside-1000 
(Monofer®, 63-69 kDa).5 The purpose of this study was to 
examine the NTBI profiles in the context of other pharma-
cokinetics/pharmacodynamics (PK/PD) parameters under 
identical conditions (200 mg iron dose administered over 
10 minutes [min]), in hypoferremic, otherwise healthy, 
subjects, to better understand their mode of action. 
Previous studies showed that all three preparations are 
known to transiently increase TSAT with decay half-lives 
t1/2=23 hours (h) (Fe-isomaltoside-1000), t1/2=8 h (Fe-car-
boxymaltose), and t1/2=5 h (Fe-sucrose),11 possibly with 
associated NTBI.12,13 Crucially however, appropriate NTBI 
and TSAT methods are necessary that distinguish 
between IVIP-Fe, TBI and NTBI. We used a highly sensi-
tive and specific bead-based NTBI assay that is robust to 
transferrin.1,14 This means that due to the hexadentate 
nature of the assay chelator on the beads (CP851) iron is 
neither removed from ferrotransferrin nor donated (shut-
tled) to apotransferrin, thus minimizing nonspecific over-
estimation or underestimation of NTBI, respectively.1,14 

Different IVIP display different iron pharmacokinetics, 
dependent on the structure of the semi-crystalline iron 
core and the type of polysaccharide ligand.7,15 Such prop-
erties may influence IVIP efficacy and safety,11,16 but also 
inform the mechanisms of iron delivery and IVIP differ-
ences. PK, stability, and the amount of weakly-bound iron, 
define the maximal single dose that can be administered.5 
This is relevant, as the increased IVIP use is also linked to 
the fact that, with new preparations, high doses can be 
given in a short amount of time. 

Therefore, following a single dose of 200 mg iron, we 
monitored, among others, the PK of the IVIP, TSI (TBI, 

NTBI and IVIP-Fe), TSAT, hepcidin and s-Ferritin levels 
over a period of 2 weeks. Although there have been some 
direct comparisons between different IVIP,17–19 none have 
compared the above six parameters in man, over a 2-week 
period. This approach has allowed us to identify two pro-
posed pathways of NTBI generation in IVIP treatment. 

 
 

Methods 

Study design and patient population 
Our work is part of an exploratory phase I single-center, single-

blind, randomized, placebo-controlled study to describe and char-
acterize the PK and PD of Fe-carboxymaltose, Fe-sucrose, and Fe-
isomaltoside-1000 in hypoferremic non-anemic subjects. Twenty-
eight subjects (hemoglobin [Hb] ≥13 g/dL for males, and ≥12 g/dL 
for females, fasting s-Ferritin<30 µg/L and TSAT<20% measured 
at 08:00-09:00 a.m.) randomized into one of three treatment 
groups (n=8/arm), or one placebo control group (n=4/arm), 
received a single intravenous 200 mg iron dose of Fe-carboxymal-
tose, Fe-sucrose or Fe-isomaltoside-1000, or saline solution (place-
bo) over 10 minutes. Blood samples, processed for serum and 
batch-frozen at -80ºC, were taken on day -1 at 08:00-09:00, then 
4 and 12 h later (baseline iron profile); on day 1 immediately pre-
dose at 08:00-09:00 (time: 0 min), 10 min (immediately post-dose), 
20 min, and 40 min, then 1, 2, 4, 6, 8, 12, 16, 24 h, then 36, 48, 72, 
96, 120, 144, and 312-336 h post-dose. The study was approved 
by a local Ethics Committee and all patients gave informed con-
sent on entering the study. 

Serum iron profiles and s-Ferritin levels 
Vifor Pharma performed all assays except as stated. TSI was 

measured using a validated inductively coupled plasma optical 
emission spectroscopy method. Unsaturated iron binding capacity 
(UIBC) was measured by a photometric colorimetric test 
(Beckman Coulter UIBC Metabolite assay). TBI was calculated as 
TBI[mmol/L]=(transferrin[g/l]x25.12)-UIBC[mmol/L] where transferrin 
concentration was measured immuno-turbidimetrically (Beckman 
Coulter Transferin assay). Conversion of TBI units:  
TBI[mg/mL]=TBI[mmol/L]x55.845[µg/mmoL]x0.001[l/mL]. TSAT was 
calculated as TSAT[%]=100–(3.98×UIBC[mmol/L]/transferrin[g/L]).  
UIBC values below the lower limit of quantification were imputed 
as 0 in the TBI formula. S-Ferritin was measured with a chemilu-
minescent microparticle immunoassay (Architect systems), hemo-
globin and reticulocytes using standard methods, and soluble 
transferrin receptor-1 (sTfR1) by particle-enhanced immunoneph-
elometry (N Latex sTfR assay). IVIP-Fe was determined subtract-
ing TBI from TSI.20 

Non-transferrin-bound iron 
We used the previously published bead-NTBI method1,14 with 

some modifications (see the Online Supplementary Appendix). 
Serum samples or buffered solutions incubated with the CP851 
beads were assayed by flow-cytometry (Beckman Coulter 
CytoFLEX, CytExpert software, KCL) and quantitated against fer-
ric nitrilotriacetate (Fe-NTA) standards (Figure 1). Limit of blank 
was 0.51 nM, limit of detection 14.6 nM, limit of quantitation 30 
nM; intra-assay and inter-assay precision coefficient of variation 
(CV) were 1.28% and 4.34%, respectively (for further details see 
the Online Supplementary Appendix). 

Plasma hepcidin 
Plasma hepcidin (KCL) was measured in serum samples using 

tandem mass spectrometry;21 for detailed method see the Online 
Supplementary Appendix. 

M.W. Garbowski et al.

2886 haematologica | 2021; 106(11)



Inductively-coupled plasma mass-spectrometry serum 
analyses 

A parallel set of serum samples (baseline, 4-312 h) was also ana-
lyzed by inductively-coupled plasma mass-spectrometry serum 
analyses (HPLC-ICPMS) at KCL to measure IVIP-Fe and examine 
the chromatographic behavior of IVIP. Perkin Elmer Flexar HPLC 
coupled to a Perkin Elmer NexION 350 D ICPMS was used with 
Syngistix and Chromera operating software (Figure 2A). Sample 
preparation, instrumentation, and measurement of IVIP iron in 
plasma, are detailed in the Online Supplementary Appendix.  

Statistical analysis 
All data is presented as mean ± standard deviation, unless oth-

erwise stated. Analysis of variance (ANOVA) with a post-test 
Holm-Sidak’s multiple comparisons test was used to compare 
means between treatments. PK parameters were derived from 
non-compartmental analysis for all subjects using Full Analysis Set 
(cmax, half-life, and tmax are shown). Area-under-curve (AUC) and 
nonlinear regression analysis using global fitting was performed 
on GraphPad Prism (version 6.0). A P-value<0.05 was considered 
statistically significant. 

 
 

Results  

Chromatographic behavior of intravenous  
iron-carbohydrate complex preparations in serum 

In order to examine the chromatographic behavior of 
the IVIP in serum, buffered solutions of Fe-carboxymal-
tose, Fe-sucrose, Fe-isomaltoside-1000 (30 mM) were 
mixed with normal human serum (80/20 vol/vol) and the 
mixtures were incubated in vitro for 1 h on the bench top. 
Samples spiked with the internal standard ferrioxamine 

(FO) were then injected into HPLC-ICPMS. IVIP chro-
matograms in 20% serum are shown as subtraction 
plots, with control chromatograms subtracted (Figure 2B 
to D). Ferrotransferrin peak appears at 13.17 min as a 
result of rapid iron exchange with apotransferrin (stoi-
chiometric amount of apotransferrin was subtracted) 
either during the short sample processing at the bench 
and/or waiting time in the auto-sampler, or directly on 
the column. The post-subtraction IVIP-Fe recovery was 
28 mM for Fe-carboxymaltose, 32 mM for Fe-isomalto-
side-1000, and 23.5 mM for Fe-sucrose. Low recovery for 
Fe-sucrose appears likely due to multiple serial dilutions 
in ammonium acetate buffer (pH=7.4) to obtain 30 mM, 
with some precipitation or re-speciation (Fe-sucrose pH 
10.5-11.1). The subtraction chromatograms show that 
Fe-isomaltoside-1000 particularly is distributed very 
widely (peak at 11 min, 126 kDa), while Fe-carboxymal-
tose and Fe-sucrose have comparable species distribution 
peaking at 9.2  min (160 kDa) and 8.9 min (165 kDa), 
respectively. Notably, these elution times and therefore 
MW ranges do not correspond to the values obtained in 
the presence of buffers alone.5 This difference results 
most likely from the in vivo formation of the protein 
corona22 and probably aggregation between IVIP cores 
and plasma proteins. 

Patient baseline characteristics 
Patients were balanced between arms for all the baseline 

parameters (Table 1) with the exception of sex. Screening 
s-Ferritin ranged between 2.85-27.54 mg/L (percentiles 
25th, 50th, 75th: 8.49, 11.05, 17.78 mg/L), TSAT: 5.11-19.62% 
(9.48, 14.00, 17.24%), and hemoglobin: 12.0-15.4 g/dL 
(12.5, 13.0, 13.4 g/dL).  

NTBI following intravenous iron administration
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Figure 1. Bead-non-transferrin-bound iron assay. (A) Side-scatter-area versus forward-scatter-area plot, gate P1 identifies a population of CP-851 beads. (B) Side-
scatter-area versus side-scatter-height plot, gate P3 excludes doublets: (C) Histogram of FITC-area from combination of P1 and P3 gates, shown with an example sta-
tistics (right), median of the distribution represents the bead fluorescence: (D) All 28 standard curves (each in triplicate) plotted together with mean and standard 
deviation (SD) shown (n=84), 4-parameter logistic curve fitted r2=0.97. (E) Example standard curve with mean and SD shown (triplicates), logM units were trans-
formed by exponentiation and multiplied by 1.0x106 to obtain results in mmol/L. (F) Overlay histograms of FITC-area, as in C above, for buffer (0 mM ferric nitrilotri-
acetate [Fe-NTA] standard), control serum, a patient sample in duplicate extrapolated at 1.02 mM non-transferrin-bound iron (NTBI) and 10 mM Fe-NTA standard, see 
inset. (G) overlay of FITC-area histograms showing a standard curve example. Limit of Blank (95th percentile of eight replicates, LoB) was 0.51nM, Limit of detection 
(LoB-1.654SD(low standard), LoD) 14.6 nM, Limit of quantitation (LoQ) 30 nM, intra-assay and inter-assay precision coefficients of variation were 1.28% and 4.34% 
respectively (28 consecutively run assays over 82 days, with triplicate controls).  

 A                                       B                                         C

 D                                        E                                        F                                              G



Comparison of intravenous iron-carbohydrate complex 
iron preparations between treatments 

There were striking differences in biomarker time-
courses between IVIP, as shown in Figure 3A to C. For the 
IVIP-Fe (as TSI-TBI), the elimination rate was slowest, 
while cmax was highest with Fe-isomaltoside-1000, fol-
lowed by Fe-carboxymaltose and Fe-sucrose (at median 
tmax  0.67, 0.34, 0.35 h, respectively), see Table 2. The cmax 
was comparable within 95% Confidence Interval [CI] for 
all IVIP (spanning 1 mM value): 1.29±0.1 mM for Fe-iso-
maltoside-1000, 1.16±0.09 mM for Fe-carboxymaltose, 
and 0.85±0.17 mM for Fe-sucrose, Figure 4A, Table 2. The 
IVIP-Fe AUC differed between treatments (P<0.0001), 
with Fe-isomaltoside-1000 14-fold higher than Fe-sucrose 
and 3-fold higher than Fe-carboxymaltose, Fe-carboxy-
maltose 4.8-fold higher than Fe-sucrose (P<0.0001 for all 
pairs). The between-patient average IVIP-Fe half-life was 
10-fold longer for Fe-isomaltoside-1000 (20.3±2.27 h) and 
twice longer for Fe-carboxymaltose (6.82±1.93 h) than for 
Fe-sucrose (3.43±1.55 h), Table 2. The chromatographic 
behavior of IVIP was also monitored using HPLC-ICPMS 
at KCL (see Methods). Subtraction chromatograms (4h-
baseline) show clear differences in IVIP-Fe profiles (Figure 
2B), each presenting a distinct chromatographic behavior: 
Fe-isomaltoside-1000 has a broad peak eluting at 11.3 min, 
Fe-carboxymaltose at 9.36 min and Fe-sucrose at 8.97 min 

with a single principal peak each. These ex vivo 100% 
serum profiles compare well with the in vitro 20% serum 
profiles, Figure 2C (discussed).  

 
Total serum iron changes between treatments 

The time-courses of total serum iron (TSI) closely follow 
the kinetics of IVIP-Fe, especially for Fe-isomaltoside-
1000. For Fe-carboxymaltose and Fe-sucrose there is an 
early separation of IVIP-Fe from the trajectory of TSI 
(Figure 3A to C, green and red profiles, also compare 
Figure 4A and B). This is a consequence of their half-life 
being much shorter, and thus IVIP-Fe decaying to suffi-
ciently low values for the TBI component now to domi-
nate TSI. TSI cmax is comparable, within 95% CI, across 
treatments, and TSI tmax closely corresponds to IVIP-Fe 
tmax, Figure 4B, Table 2. The TSI AUC differed (P=0.0001) 
between treatments, with Fe-isomaltoside-1000 9.6-fold 
higher than Fe-sucrose and 2.6-fold higher than Fe-car-
boxymaltose, while Fe-carboxymaltose  
3.7-fold higher than Fe-sucrose (P<0.0001 for all pairs). 

 
Transferrin saturation and non-transferrin-bound iron 
changes between treatments 

TSAT was lower with Fe-isomaltoside-1000 reaching 
81.04±16.52% at 24 h (range 60.5-100%) versus early full 
saturation with Fe-sucrose (already at 2 h 95.24±8.87%, 
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Table 1. Baseline parameters.  
Blood test                                                             FCM, n=8                   IIM, n=8                      IS, n=8                  Placebo, n=4                 All, n=28 

 Females                                                                                     7                                       7                                        7                                       4                                      25 
 C-Reactive Protein [mg/L]                                            1.47±2.18                        0.85±0.84                        0.96±0.65                       0.34±0.16                        0.98±1.29 
 Serum Ferritin [mg/L]                                                   14.24±8.8                      10.94±4.77                     15.05±10.39                     8.26±4.33                       12.67±7.89 
 Hemoglobin [g/L]                                                          126.5±5.42                     125.5±9.42                    128.37±11.23                  123.25±4.64                    126.28±8.28 
 Hepcidin [ng/mL]                                                            1.07±1.2                         1.36±2.17                        3.27±2.52                       0.67±0.76                        1.72±2.16 
 Iron [mmol/L]                                                                 10.34±5.11                     13.04±5.89                       9.46±4.75                      12.69±5.68                       11.2±5.26 
 NTBI [mmol/L]                                                                  0.0±0.0                            0.0±0.0                            0.0±0.0                            0.0±0.0                            0.0±0.0 
 Reticulocytes [109/L]                                                    61.8±10.88                    56.81±13.99                    53.75±18.51                   60.97±29.43                    57.95±16.67 
 Soluble Transferrin Receptor [mg/L]                        1.49±0.41                         1.3±0.13                         1.26±0.45                       1.47±0.25                        1.36±0.34 
 Transferrin [g/L]                                                               3.0±0.4                           2.9±0.28                         2.84±0.18                          3.1±0.2                          2.94±0.29 
 Transferrin Saturation [%]                                          13.81±7.05                     18.07±8.41                      13.55±7.57                     16.65±8.28                       15.36±7.6 
 UIBC [mmol/L]                                                                56.68±9.3                      50.95±8.29                      53.97±8.01                    58.35±10.28                     54.51±8.72 
FCM: ferric carboxymaltose; IIM: iron isomaltoside-1000; IS: iron sucrose; NTBI: non-transferrin bound iron; UIBC: unsaturated iron binding capacity. Values given as mean ± stan-
dard deviation.   

Table 2. Selected pharmacokinetic parameters of intravenous iron-carbohydrate complex preparations. 
 Biomarker                                          PK parameter                     Ferric carboxymaltose      Iron isomaltoside 1,000             Iron sucrose  
                                                                                                                    n=8                                    n=8                                   n=8 

  IVIP iron content                           cmax, mean±SD  [mmol/L]                           1.16±0.09                                   1.29±0.1                                   0.85±0.17 
                                                             tmax, mean (min-max) [h]                       0.34 (0.33-0.7)                           0.67 (0.33-6)                          0.35 (0.33-0.37) 
                                                                    t½, mean±SD  [h]                                  6.82±1.93                                  20.3±2.27                                  3.43±1.55 
                                                                  AUC0-inf  [h*mmol/L]                                12.39±1.2                                  36.76±4.9                                   2.59±0.5 
 Total serum iron                             cmax, mean±SD  [mmol/L]                            1.18±0.1                                     1.3±0.1                                    0.89±0.21 
                                                             tmax, mean (min-max) [h]                       0.33 (0.18-0.7)                           0.68 (0.33-6)                          0.34 (0.18-0.37) 
                                                                    t½, mean±SD  [h]                                 11.14±3.42                                19.21±2.97                                  7.5±1.76 
                                                                  AUC0-inf  [h*mmol/L]                                14.8±1.22                                  38.5±4.13                                    4±0.53 
 Transferrin-bound iron                 cmax, mean±SD  [mmol/L]                          49.13±7.19                                38.34±10.8                                51.27±4.68 
                                                             tmax, mean (min-max) [h]                            24 (4-24)                                 8.05 (6-24)                                  5 (4-24) 
                                                                    t½, mean±SD  [h]                                 11.45±4.88                                15.35±4.44                                 6.82±1.38 
                                                                  AUC0-inf  [h*mmol/L]                                2.09±0.42                                  1.72±0.49                                  1.37±0.28 
 
IVIP: intravenous iron-carbohydrate complex preparations;  PK: pharmacokinetics; TSI: total serum iron; TBI: transferrin-bound iron; cmax: maximal plasma concentration;  tmax: 
time of maximal plasma concentration; t½: plasma half-life; AUC0-inf,: area-under-curve from zero to infinity.
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Figure 2. Chromatography of the intravenous iron-carbohydrate complex preparations using HPLC-ICPMS at KCL. (A) An example serum sample high-performance 
liquid chromatography in combination with inductively coupled plasma mass spectrometry (HPLC-ICP-MS) run with integration of chromatograms within the Chromera 
software. (B) The subtraction chromatograms of intravenous iron-carbohydrate complex preparations (IVIP) in serum samples (ex vivo), baseline subtracted from the 
4 hour (h) time-point. Variable abundance is a function of the given IVIP half-life at 4 h; transferrin peak (at 13.2 minutes [min]) indicates the iron exchange from 
IVIP to apotransferrin. The precision of subtraction is validated by the overlay of the internal standard (not shown) converging on 15 mM FO (subtraction of 5 mM from  
20 mM). (C) The subtraction chromatograms of IVIP (30 mM) incubated in vitro with 20% serum for 1 h with control chromatograms subtracted. Distinct chro-
matograms for Fe-isomaltoside-1000, Fe-sucrose and Fe-carboxymaltose identified. Small iron signal at 13.2 min is ferrotransferrin testifying to exchange of labile 
iron between polymers and apotransferrin. (D) Comparison of in vitro (thick) and ex vivo (thin) IVIP chromatograms from B and C using two y-axes for peak size adjust-
ment. At 4 h post-infusion patient samples show distinct shift of the peak elution time, which indicates that principal IVIP species changes with time i.e., that larger 
species are preferentially removed from plasma. Fe-carboxymaltose shows greatest shift of peak time.  
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range 79.2-100%), and later full saturation with Fe-carboxy-
maltose at 16 h (97.00±8.49, range 76-100%), Figure 4C. 
TSAT AUC barely differed between treatments; for Fe-car-
boxymaltose versus Fe-isomaltoside-1000 by only 32% 
(P=0.048) with other comparisons statistically insignificant.  
NTBI was relatively low with Fe-isomaltoside-1000 (peak 
0.13±0.27 mM at 8 h), but appeared high notably rapidly 
with Fe-sucrose (0.79±0.72 mM at 2 h, peak 1.25±0.61 mM 
at 4 h), and was delayed with Fe-carboxymaltose (peak at 
0.58±0.43 mM at 24 h), Figure 4D. The first appearance of 
NTBI associated with relatively low TSAT, likely related to 
the rate of iron release from the IVIP. The peak NTBI values 
were associated with full TSAT (or near-saturation in Fe-
isomaltoside-1000 group) and the disappearance of NTBI 
precedes (occurs before) the normalization of TSAT, com-
pare Figure 4C and D. In contrast to TSAT AUC, the NTBI 
AUC differed significantly (P=0.01) between groups on 
average, with Fe-carboxymaltose nearly 7-fold higher than 
Fe-isomaltoside-1000 (P=0.04), Fe-sucrose versus Fe-isomal-
toside-1000 nearly 9-fold higher (P=0.01) while for Fe-
sucrose versus Fe-carboxymaltose only 1.15-fold higher 
(P=not significant). 

Hepcidin changes between treatments 
Hepcidin peaks earlier with Fe-sucrose to 68.6±34.7 

ng/mL at 24 h, than with Fe-isomaltoside-1000 to 
54.3±15.2 ng/mL at 36 h and than with Fe-carboxymaltose 
to 58.9±25.2 ng/mL at 48 h. All hepcidin AUC were simi-
lar (P=0.54), Figure 4E. This is in keeping with similar 
exposure of hepatocytes to TSAT (transferrin-Fe2) 
between treatments: see above. Furthermore, it indicates 
the NTBI exposure (AUC) differences do not influence the 
exposure to hepcidin.  

s-Ferritin changes between treatments 
s-Ferritin showed significant differences between treat-

ments, increasing faster with time for both Fe-sucrose and 
Fe-carboxymaltose and slower for Fe-isomaltoside-1000. 
Ferritin increase from ~12 mg/L at baseline was greatest for 
Fe-carboxymaltose to ~200 mg/L at 72 h with an exponen-
tial constant k=0.028±0.013 mg/L*h, followed by Fe-
sucrose to ~150 mg/L at 36 h k=0.076±0.022 mg/L*h, and 
Fe-isomalt side-1000 to ~102 mg/L at 96 h, k=0.021±0.014 
mg/L*h (Figure 4F, Figure 5A and C). Ferritin AUC differed 
between groups (P<0.0001), Fe-carboxymaltose being 
75% higher (P=0.007) than Fe-isomaltoside-1000 and 63% 
higher (P=0.01) than Fe-sucrose, with comparable AUC 
for Fe-isomaltoside-1000 and Fe-sucrose (P=0.98). All IVIP 
had greater ferritin AUC versus placebo: 9-, 10-, and 16-
fold for Fe-isomaltoside-1000, Fe-sucrose and Fe-carboxy-
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Figure 3. Aggregate profiles of key iron metabolism parameters. Intravenous iron-carbohydrate complex preparation (IVIP) is infused at time 0 hours (h) (red arrow), 
with time <0 h indicating baseline values, see legend for graph explanation: non-transferrin-bound iron (NTBI) (black) is plotted on the right y-axis, all other variables 
– on the log axis (left y-axis); note hepcidin concentration is multiplied by 10 to enable plotting on the log axis. (A) Fe-isomaltoside-1000, n=8; (B) Fe-sucrose, n=8; 
(C) Fe-carboxymaltose, n=8; (D) placebo, n=4.

 A                                                                             B

 C                                                                             D



maltose, respectively, Figure 5B. s-Ferritin iron content 
changes between treatments and the erythropoietic 
response are presented in the Online Supplementary 
Appendix. 

 
 

Discussion  

NTBI typically appears as the primary pathological cul-
prit of parenchymal hemosiderosis23 in chronic iron over-
load conditions: hereditary hemochromatosis,24 tha-

lassemias,25 sickle cell anemia,26 rare anemias,27,28 

myelodysplasia29,30 and myeloablation.31,32 Different NTBI 
species and other factors33 may determine variable distri-
bution of tissue hemosiderosis.4 NTBI levels vary by dis-
ease, degree of transfusion dependence, and the assays 
used to detect them,2,34 but can be as high as 8.5 mM.35 In 
contrast, NTBI appearance is transient after oral or IV iron 
administration. In studies of single dose oral iron at doses 
equivalent to 100 mg of ferrous sulphate, NTBI concentra-
tions measured by various methodologies ranged from 1 
to 6 mM.36–39 In this study, maximal NTBI concentrations 
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Figure 4. Aggregate data of intravenous iron-carbohydrate complex iron preparations, total serum iron, transferrin saturation, non-transferrin-bound iron, hepcidin 
and ferritin for all patients. Data shown in aggregate for treatment groups: placebo (blue), Fe-carboxymaltose (red), Fe-isomaltoside-1000 (black), Fe-sucrose (green). 
(A) intravenous iron-carbohydrate complex iron preparations (IVIP-Fe) plasma concentrations (log scale in the inset), estimated from the pre-transferrin chromato-
graphic peak area-under-curve (AUC); (B) total serum iron (log scale in the inset); (C) transferrin saturation (TSAT); (D) non-transferrin-bound iron (NTBI), x-axis limited 
to 48 hours (h) as no appearance of NTBI after 48 h was observed; (E) plasma hepcidin (10* ng/mL), i.e., measured hepcidin values are lower by a factor of 10; (F) 
serum ferritin during the initial 48 h for direct comparison with NTBI in D.
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ranged from 0.13 to 1.25 mM (Fe-sucrose>Fe-carboxymal-
tose>Fe-isomaltoside-1000), being at the lower end of 
concentrations observed after oral administration. We also 
measured labile plasma iron40 which reflects the activity of 
redox-active NTBI subspecies, but its levels were lower 
than measured NTBI concentrations (0.83, 0.15 and  
0.18 mM for Fe-sucrose, Fe-isomaltoside-1000 and Fe-car-
boxymaltose, respectively, data not shown). NTBI appear-
ance associated with oral or IV iron administration has 
been associated with acute increases in non-specific bio-
markers of oxidative stress in clinical studies.41–44 

However, several epidemiologic studies and a recent 
prospective clinical trial have not shown that IVIP admin-
istration is associated with adverse cardiovascular out-
comes.45,46 Analyses of large dialysis patient datasets have 
shown modest associations with increased infections at 
higher doses, however, this was not observed in the recent 
prospective clinical trial in chronic kidney disease 
patients.47,48 

Although NTBI appearance following oral36–39,49 and 
intravenous iron administration of different formulations is 
described,17,18,50 here we present a unique study directly 

comparing three IVIP (Fe-isomaltoside-1000, Fe-sucrose, 
Fe-carboxymaltose). We compared six associated iron 
metabolism parameters over 2 weeks with complex kinet-
ics unique to each formulation identified for the first time. 

We reported increases in IVIP-Fe, TSI, TSAT, s-Ferritin, 
hepcidin, and NTBI, which returned to baseline within 2 
weeks, or sooner, except for s-Ferritin and TSAT (Figure 3 
to 5). Based on the corresponding AUC, Fe-isomaltoside-
1000 resulted in the highest TSI exposure but the lowest 
TSAT, s-Ferritin, and NTBI. Fe-sucrose resulted in the low-
est TSI exposure, intermediate TSAT and s-Ferritin expo-
sure but highest NTBI exposure. Fe-carboxymaltose result-
ed in intermediate TSI and NTBI exposure, but highest 
TSAT and s-Ferritin exposure. Increased hepcidin levels 
were similar for the three IVIP. Thus, the exposure to 
bioavailable iron, as judged from s-Ferritin and TSAT AUC, 
was highest for Fe-carboxymaltose, followed jointly by Fe-
sucrose and Fe-isomaltoside-1000. For the latter two prepa-
rations, kinetics of iron bioavailability differed in that the 
short-term bioavailability rate was markedly greater for Fe-
sucrose due to its known more limited stability profile 
(Figure 5A green vs. black curve).6 Although head-to-head 
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Figure 5. Serum ferritin behavior on study. (A) Cumulative serum ferritin profiles for treatment groups, fitted using global fitting with a custom function (plateau fol-
lowed by mono-exponential association followed by mono-exponential decay), standard error of the mean, global fit R square 0.84; (B) box-and-whisker plots of ferritin 
area-under-curve (AUC) (baseline 312 hours); (C) box-and-whisker plots of ferritin mono-exponential association rate constant Kassoc; (D) relationships of the rate of 
increase in serum ferritin to the plasma half-life of the intravenous iron-carbohydrate complex preparations (IVIP). 

 A                                                                                       B
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comparison studies between Fe-carboxymaltose, Fe-
sucrose, and Fe-isomaltoside-1000 looking at clinically 
meaningful outcomes are lacking, we speculate that rela-
tively higher iron bioavailability for Fe-carboxymaltose 
could be responsible for the positive effect shown on out-
comes in heart failure in comparison with oral iron.51–53 

This is the first report of IVIP-Fe kinetics measured 
directly for Fe-isomaltoside-1000, Fe-sucrose and Fe-car-
boxymaltose rather than indirectly using TSI as a proxy 
for IVIP-Fe. This matters particularly for Fe-carboxymal-
tose and Fe-sucrose where the separation between IVIP-Fe 
and TSI trajectories is particularly apparent (Figure 3B and 
C); thus their t1/2 is twice longer with the TSI than the 
IVIP-Fe method (Table 2). This study shows that, for Fe-
carboxymaltose and Fe-sucrose, the assumption that IVIP-
Fe=TSI is incorrect, especially for lower doses. We also 
confirmed relative differences in the IVIP half-lives (Fe-iso-
maltoside-1000>Fe-carboxymaltose>Fe-sucrose) although 
the absolute values differed from those published previ-
ously,5 most likely due to the lower doses used.  

Plasma hepcidin increments after IVIP injection have 
been described.18,54,55 Here we show hepcidin peak follow-
ing the TSAT peak by 20-24 h with all IVIP (Figure 4C and 
E). This likely reflects the negative feedback between 
transferrin-Fe2 and hepcidin expression. In hepatocytes 
TfR1-TfR2-HFE-BMPR interaction positively regulates 
BMPR signaling to hepcidin transcription.56,57 This peak-
to-peak lag between TSAT and hepcidin is shorter for Fe-
sucrose (18-22 h). One explanation is that additional posi-
tive signaling to hepcidin expression occurs earlier with 
Fe-sucrose due to higher peak NTBI concentrations. If 
hepatocyte iron is increased, e.g., rapidly via the NTBI 
route, this may be sensed by the BMP6 pathway that up-

regulates hepcidin expression, and supplements the trans-
ferrin-Fe2-dependent TfR2 signaling. 

We relied on three parameters established to address 
this subject, namely on the differences between IVIP in 
the peak time and the magnitude of the rise and fall of 
NTBI levels relative to the peak time, on the magnitude 
and the rate of the rise and fall of s-Ferritin, as well as 
including the mutual temporal relationships between 
them. 

We propose two mechanisms for the generation of the 
kinetic profiles of NTBI, Figure 4D and F. The Fe-sucrose-
generated NTBI profile features two distinct kinetic com-
ponents: a rapid onset and an early peak at 4 h followed 
by decay and a secondary peak/shoulder at 16 h disap-
pearing at 36 h (individual profiles are bi- or tri-modal, but 
the peak times and magnitudes vary across patients possi-
bly due to the effect of protein corona, data not shown). The 
first peak represents predominantly the rapid release into 
plasma of weakly-bound iron directly from circulating 
complexes, because the said 4 h peak occurs within the 
first plasma half-life of Fe-sucrose (henceforth Pathway I). 
This can occur even when transferrin is not fully saturated 
and is dependent on rate of release of iron from the formu-
lation, the iron-ligand speciation, and the kinetic binding 
equilibrium of transferrin.38,43,58 In contrast, because the 
second peak/shoulder occurs after four half-lives, at which 
time over 90% of Fe-sucrose has been taken up by 
macrophages, that 16 h NTBI peak predominantly repre-
sents indirect, ferroportin-mediated iron efflux from 
macrophages that fully saturates transferrin (henceforth 
Pathway II), Figure 6.  

With Fe-isomaltoside-1000, given its long plasma half-
life, the small NTBI peak at 8 h thus represents direct iron 
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Figure 6. Schematic model of intravenous iron-carbohydrate complex preparations-dependent generation of non-transferrin-bound iron from two compartments. 
Before intravenous iron-carbohydrate complex preparations (IVIP) are eventually taken up by macrophages, small proportion of circulating IVIP may directly release 
loosely bound iron as non-transferrin-bound iron (NTBI) or release iron at sufficiently high rate to generate NTBI despite apotransferrin (ApoTf) presence in hypofer-
remic state (Pathway I: direct release from IVIP). Following macrophage uptake, ferroportin (Fpn)-dependent release of NTBI (Pathway II: Macrophage-mediated 
release) is the default NTBI route. iron, Tf-Fe2: transferrin-Fe2; Fpn: ferroportin; SF: serum ferritin. 



release from circulating IVIP, while any indirect release 
after the first half-life is evidently at much slower 
macrophage-mediated release rate at which transferrin 
does not become saturated, and consequently NTBI is vir-
tually absent.  

Fe-carboxymaltose initially follows the Fe-isomaltoside-
1000 NTBI profile corresponding to the direct generation 
of NTBI, but displays a starkly different behavior reflect-
ing the indirect macrophage iron release with a late NTBI 
peak at 24 h, at which time approximately four plasma 
half-lives have already elapsed. This difference between 
Fe-isomaltoside-1000 and Fe-carboxymaltose may partial-
ly be accounted for by differences in plasma half-lives, i.e., 
by the amount of IVIP having been hitherto taken up by 
macrophages (>90% of Fe-carboxymaltose and <60% of 
Fe-isomaltoside-1000).  

As for the macrophage-mediated uptake process, chro-
matography of the IVIP shows the average size of IVIP 
decreasing with time. This effect is more marked for Fe-
carboxymaltose and Fe-sucrose than for Fe-isomaltoside-
1000 (shift in peak elution time, Figure 2D; Online 
Supplementary Figure S4). This is best interpreted by 
macrophages preferentially removing the larger IVIP 
species and so the smaller species are likely to persist 
longer in plasma. 

The macrophage processing efficiency is higher for Fe-
carboxymaltose because, according to the s-Ferritin AUC 
differences (Figure 5B), 75% more iron per 200 mg dose is 
extracted from Fe-carboxymaltose than Fe-isomaltoside-
1000. Plausibly, some unprocessed Fe-isomaltoside-1000 
complexes remain in macrophages and are non-bioavail-
able (at least within 2 weeks, as here). This could be 
resolved if ferritin were measured sequentially until it 
reached baseline to enable total s-Ferritin AUC compari-
son between IVIP. This approach would confirm that the 
complete s-Ferritin AUC represents the fraction of 
bioavailable iron at a given dose processed by 
macrophages, which is not reduced by the fraction that 
escapes via NTBI route (Pathway I) to parenchymal cells. 
When NTBI is absent or relatively low as in the case of Fe-
isomaltoside-1000, the difference in complete s-Ferritin 
AUC between e.g., Fe-carboxymaltose and Fe-isomalto-
side-1000 could mean that a sizeable proportion of the Fe-
isomaltoside-1000 iron remains unprocessed in 
macrophages. Whether that is due to inherent structural 
properties of some IVIP or to dysregulation of iron metab-
olism e.g., high hepcidin in haemodialysis18,59,60 or both, 
remains to be determined. Nevertheless, the relative mag-
nitude of iron shunted away from IVIP via the NTBI plas-
ma compartment to parenchymal cells (hepatocytes) is 
small (estimated approximately 1,000-times smaller) as 
compared with the iron flux directed to the erythron from 
IVIP via the TBI compartment, see the Online 
Supplementary Figure S6.  

The proposed NTBI generation Pathways I and II can be 
corroborated by comparing NTBI profiles with the rate of 
s-Ferritin increase (Figure 4D vs. Figure 4F). As s-Ferritin 
reports macrophage iron content,61,62 at 16 hours after Fe-
sucrose injection it is already half-maximal  
(s-Ferritin=~80 mg/L), at which time we observe a second 
NTBI peak/shoulder of ~0.7 mM (indicating high rate iron 
egress exceeding the transferrin iron binding capacity). 
The fact that for Fe-sucrose at 4 h the ~1.3 mM NTBI peak 
(and ~0.8 mM at 2 h) does not correspond to any s-Ferritin 
increase indicates that the NTBI cannot have arisen from 

the macrophage compartment, which thus confirms the 
existence of two separate NTBI generation pathways.  

IVIP typically become a source of iron for metabolic 
pathways after they have been processed by 
macrophages.16 Macrophage uptake rate can be inferred 
from plasma half-life of IVIP, whereas endolysosomal IVIP 
degradation rate following macrophage uptake can be 
inferred from the rate of s-Ferritin increase. s-Ferritin 
increases in plasma as a marker of the iron stored in 
macrophage cellular ferritin, which undergoes turnover 
via the transient labile iron pool that regulates ferritin 
mRNA translation via IRP-IRE system.61 Importantly, the 
faster the IVIP disappears from plasma, the faster s-Ferritin 
increases (compare IVIP-Fe t1/2 and the exponential associ-
ation constant of s-Ferritin increase, Figure 5D), suggesting 
that the different physicochemical characteristics of the 
IVIP that influence the half-life6,7 are likely to be the funda-
mental reason for this relationship and hence for the dif-
ferential iron bioavailability. Thus, Fe-isomaltoside-1000 
is a relatively inert polymer taking longer to be removed 
by macrophages and longer to release bioavailable iron (60 
h longer than Fe-sucrose and 24 h longer than Fe-carboxy-
maltose), Figure 5A.  

Significantly, the s-Ferritin decay rate is similar across 
IVIP (Figure 5A) suggesting a common mechanism of iron 
egress (macrophage ferroportin), once released from IVIP 
within endolysosomes. This egress of iron (hence its 
bioavailability) can be inferred from the fall of 
macrophage iron stores as reported by falling s-Ferritin. 

Similarly, albeit less clearly, IVIP half-life correlates 
with exposure to NTBI (NTBI AUC), but without associ-
ating with either the exposure to TSAT or to hepcidin, 
Online Supplementary Figure S2A and C. This is consistent 
with NTBI generation resulting from IVIP rapidly loading 
the macrophage compartment and iron rapidly egressing 
(Pathway II) against a hitherto relatively low hepcidin 
level (thus open ferroportin) where that hepcidin level 
later increases in response to increased plasma transfer-
rin-Fe2. The rapidity of NTBI appearance with Fe-sucrose 
versus Fe-carboxymaltose or Fe-isomaltoside-1000 strong-
ly suggests that ambient iron is immediately made avail-
able in plasma for exchange with transferrin until its sat-
uration (Pathway I) before further iron is released via 
macrophage ferroportin. Rapid NTBI release in vitro from 
buffered Fe-sucrose was abrogated following 1 h incuba-
tion with normal serum, confirming the released NTBI as 
apotransferrin-exchangeable (Online Supplementary Figure 
S5). Thus, Fe-sucrose is more labile than the other IVIP, 
consistent with our clinical observations, Figure 4D. This 
in vitro NTBI behavior may result from rapid reconstitu-
tion of alkaline Fe-sucrose solution (pH 10-11) in plasma 
(pH 7.4) with speciation changes enabling iron donation 
to the CP851 chelator (or, by extension, an endogenous 
chelator in vivo e.g., plasma citrate) more rapidly than 
with Fe-carboxymaltose or Fe-isomaltoside-1000. 
Furthermore, the protein corona could make a contribu-
tion to the stability of the iron core, and macrophage pro-
cessing of that is unique to each IVIP formulation. 

Late onset of NTBI appearance with Fe-carboxymaltose 
strongly suggests that its iron becomes available to 
macrophage ferroportin much later, and that the initial 
rapid release from the formulation directly is negligible 
(Online Supplementary Figure S5). The crystalline (i.e., more 
stable) akaganeite-like form of Fe-carboxymaltose iron 
may be digested differently within endolysosomes than 

M.W. Garbowski et al.

2894 haematologica | 2021; 106(11)



the less well defined structure of Fe-sucrose iron.5 
Although Fe-isomaltoside-1000 and Fe-carboxymaltose 
both possess akaganeite structures, the core size in Fe-iso-
maltoside-1000 is smaller.5 Thus, differential stability 
between these two preparations may be explained by dif-
ferent carbohydrate shells or different core sizes of the 
crystalline iron (hence more significant differences in sur-
face area).6 

The results of this study should be considered in the 
context of some limitations. Firstly, the IVIP were all 
administered at 200 mg doses of elemental iron, which 
was required to accurately evaluate the complex pharma-
cokinetic profiles of each formulation. Thus, following the 
successful model developed in this work, doses that are 
clinically administered should be studied in the future. It 
is possible that larger doses may increase NTBI generation 
by Pathway II or that AUC of s-Ferritin greatly increases if 
there is a transition from linear to zero-order elimination. 
Secondly this study did not directly compare different 
NTBI assays and evaluate their association with the phar-
macokinetic and pharmacodynamic profiles of the iron-
carbohydrate nano-medicines, however, this is the subject 
of ongoing work from our group. 

In conclusion, IVIP PK and PD support a two-pathway 
model of NTBI release. Although all IVIP are iron sources, 
the rate and extent of iron bioavailability differs, following 
over a 2-week period the sequence Fe-
carboxymaltose>Fe-sucrose>Fe-isomaltoside-1000. This 
strengthens the notion of IVIP as pro-drugs that should 
not be considered interchangeable. The potential clinical 

consequences of NTBI on long-term iron bioavailability, 
efficacy and safety remain unknown and require further 
studies.  
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