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In transfusional iron overload, extra-hepatic iron distribution differs, depending on the underlying 

condition. Relative mechanisms of plasma non-transferrin bound iron (NTBI) generation may 

account for these differences. Markers of iron metabolism (plasma NTBI, labile iron, hepcidin, 

transferrin, monocyte SLC40A1 [ferroportin]), erythropoiesis (growth differentiation factor 15, 

soluble transferrin receptor) and tissue hypoxia (erythropoietin) were compared in patients with 

Thalassaemia Major (TM), Sickle Cell Disease and Diamond-Blackfan Anaemia (DBA), with 

matched transfusion histories. The most striking differences between these conditions were 

relationships of NTBI to erythropoietic markers, leading us to propose three mechanisms of NTBI 

generation: iron overload (all), ineffective erythropoiesis (predominantly TM) and low transferrin-

iron utilization (DBA).
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Transfused β-Thalassaemia Major (TM), Sickle Cell Disease (SCD), and Diamond Blackfan 

Anaemia (DBA) patients are at risk of organ damage from iron overload but have 

fundamentally different erythropoietic patterns: haemolytic in SCD, dyserythropoietic in 

TM and hypoplastic in DBA. Although not comprehensively described, these conditions 

also have different patterns of iron distribution: in SCD, consequences of iron overload 

appear later and at lower frequencies than in TM (Vichinsky et al, 2005), whereas in DBA, 

extra-hepatic iron overload, appears early and at high frequency (Berdoukas et al, 2013). We 

wished to understand whether differences in non-transferrin bound iron (NTBI) generation 

could account for different patterns of extra-hepatic iron distribution.

Plasma NTBI may be present when transferrin saturation exceeds about 60–70% and has 

been implicated in determining tissue iron distribution. Although plasma NTBI levels 

correlate loosely with markers of iron overload, additional factors, such as ineffective 

erythropoiesis (Wickramasinghe et al, 1999), suspension of erythropoiesis (Bradley et al, 

1997) or recent blood transfusion (Hod et al, 2010) are also implicated with NTBI levels. 

High levels of ineffective erythropoiesis (IE), such as in TM, suppress hepcidin levels 

(Origa et al, 2007) through bone marrow-derived factors (Kautz et al, 2014), thereby 

potentially increasing transferrin saturation and NTBI generation. Conversely, inflammation 

increases hepcidin, potentially lowering NTBI. However, hepcidin interaction with 

membrane SLC40A1 (ferroportin), the key conduit for cellular iron export (Theurl et al, 

2008) may be insufficient to withhold cellular iron, in iron burdened cells and thus limit 

transferrin saturation and NTBI generation in severe transfusional iron overload. Still, it is 

unclear how the summation of these factors impacts net NTBI generation in different disease 

processes. In order to gain insight into the mechanisms of NTBI generation, we have 

compared plasma NTBI, labile plasma iron (LPI, a redox-active subspecies of NTBI), 

markers of erythroid activity and erythropoiesis (growth differentiation factor 15 [GDF15], 

soluble transferrin receptors [sTfR]), hypoxia (plasma erythropoietin [EPO]) and 

inflammation (high-sensitivity C-reactive protein [hsCRP]) in three contrasting disorders of 

erythropoiesis. Plasma hepcidin and SLC40A1 mRNA expression in circulating monocytes 

have also been measured.
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Patients and methods

Fifteen chronically transfused patients (5 each of TM, SCD and DBA), iron overloaded with 

serum ferritin (SF) levels >1500 μg/l or liver iron concentration (LIC) >7 mg/g dry weight 

(but free of pathogenic inflammation), age >16 years, age 0 to 9 years at initiation of 

transfusion with 10–20 years of transfusion exposure, were enrolled from three sites in the 

USA and Europe. There was no significant difference in age, years of transfusion and years 

of chelation between the groups. All patients were currently prescribed chelation therapy 

and had been using chelation for a similar number of years. Chelation was withheld for 72 h 

prior to each sample. Five non-transfused healthy controls were also enrolled. Fasting, early 

morning blood samples were obtained within three days prior to blood transfusion. LIC was 

measured by magnetic resonance imaging (R2* and R2) with central analysis of all 

measures (Wood et al, 2005). Plasma measurements were performed either as per 

manufacturers enzyme-linked immunosorbent assays: sTfR (Oxford Biosystems, Oxford, 

UK), Transferrin (Source BioScience plc, Nottingham, UK), EPO, & GDF15 (R&D 

Systems Ltd, Minneapolis, MN, USA); or as described elsewhere; plasma hepcidin (Bansal 

et al, 2009), transferrin saturation, ferritin, NTBI and LPI (Walter et al, 2006) (Lal et al, 

2013). SLC40A1 mRNA analysis was completed as described (Theurl et al, 2008). All 

participants provided written informed consent.

Statistical analysis

Differences between medians (±first and third quartile values) were tested using non-

parametric analysis of variance (Kruskal-Wallis) with a Dunn’s post-test (because the 

majority of variables were not normally distributed) and considered significant at P ≤ 0·05. 

All statistical analyses were performed using Minitab version 17 (State College, PA, USA).

Results

(Table I) NTBI and LPI were at least two-fold greater in DBA and TM patients than 

controls. Particularly high NTBI levels were found in DBA (previously unreported) even in 

those with low LIC (3 DBA patients had low LIC and high NTBI). DBA patients also had 

virtually absent sTfR (three patients had none detected) and very high EPO values, despite 

similar pre-transfusion Hb compared to SCD and TM (Hb data not shown). SCD had the 

lowest NTBI levels, transferrin saturation and LPI, as well as lower GDF15 and sTfR than 

TM, where these were highest, consistent with the greatest expansion of erythropoiesis (IE) 

in TM as has been reported elsewhere. Hepcidin levels were increased in all three conditions 

relative to control but were less increased in TM than SCD and DBA, presumably due to IE 

suppressing hepcidin through factors, such as erythroferrone. However the low NTBI in 

SCD is unlikely to be accounted for by high plasma hepcidin levels, as these were similar in 

SCD and TM patients when adjusted for the level of iron overload using the hepcicin/ferritin 

ratio (Origa et al, 2007). Plasma transferrin was decreased in all patient groups by up to a 

half that of healthy controls.
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Discussion

These findings relate NTBI to erythropoietic markers across three distinct underlying 

mechanisms of anaemia: DBA, TM and SCD. The findings in DBA are of particular interest, 

suggesting that hypoplasia of late erythroid precursors (using sTfR as a marker) is a key 

factor in NTBI genesis, due to lack of utilization of transferrin iron by the erythron. This 

mechanism has previously been implicated in NTBI generation following myeloablative 

chemotherapy (Bradley et al, 1997). The high NTBI in DBA cannot be explained by IE, as 

markers for this were no higher than in SCD (GDF15) or were virtually absent (sTfR); 

consistent with erythron maturation arrest in DBA. The high EPO in DBA has been 

previously reported (Horvathova et al, 2012), but not with concomitant measurement of 

hepcidin and sTfR. The high EPO with concomitant high hepcidin (and hepcidin/ferritin 

ratio) in DBA are consistent with a lack of direct suppression of hepcidin by EPO and the 

relative absence of IE in the erythron, in contrast to TM. The very high EPO levels in DBA, 

despite similar Hb values as SCD patients, are consistent with decreased EPO clearance by 

the erythron. Equally, the high NTBI in the context of low sTfR in DBA is consistent with 

low clearance of transferrin-bound iron due to low tissue TfR expression in the erythron. It 

would be of interest to determine whether aplastic anaemia patients show the same high 

NTBI in relation to low sTfR as in DBA. The decreased transferrin levels in all disease 

groups, parallels findings in hereditary haemochromatosis (Macedo et al, 2005). This may 

exacerbate NTBI levels where a primary mechanism for NTBI generation already exists.

In SCD, the low NTBI and LPI, both relative to the degree of iron overload and to TM 

patients, are consistent with previous findings (Walter et al, 2006). It is likely that the lower 

IE in SCD than TM, together with lower bone marrow expansion (Table I) allows greater 

efficiency of transferrin iron utilization and hence lower transferrin saturation. Increased 

hepcidin synthesis is an attractive potential mechanism for low NTBI in SCD, (Porter & 

Garbowski, 2013), which could result from either a greater inflammatory state in SCD 

(Walter et al, 2006) or from less hepcidin suppression because of less erythron expansion 

than in TM. However, our findings do not support this as a key mechanism differentiating 

NTBI generation in SCD from TM because the hepcidin/ferritin ratio is similar in the two 

conditions. The hepcidin/ferritin ratio may not be the most sensitive way of adjusting 

hepcidin for iron overload because ferritin can be modulated by other factors.

The limited role of hepcidin in preventing iron entry into plasma is further supported by the 

findings in DBA, where high hepcidin/ferritin ratios are seen (Table I) with high NTBI 

values. Thus in the context of iron overload and low utilization of transferrin iron, hepcidin 

is not sufficiently upregulated to limit NTBI generation in DBA. While several 

inflammatory markers are greater in SCD than TM (Walter et al, 2006), in this study the 

increase in the CRP was not significantly different between SCD and TM (Table I). 

Monocyte SLC40A1 mRNA was measured here as an estimate of cellular iron export 

capacity because SLC40A1 mRNA expression was shown to correlate well with its protein 

expression in human samples of iron deficiency and inflammatory anaemia (Theurl et al, 

2008). If the relatively low monocyte SLC40A1 mRNA found here in SCD were also 

accompanied by low membrane SLC40A1 in the macrophage system, this would provide a 

mechanism for lowering NTBI in SCD and requires further exploration. Additional factors, 
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such as high levels of intravascular haemolysis with induction of tissue haemoxygenase 

(HO1), may also modulate distribution and tissue retention of iron in SCD (Porter & 

Garbowski, 2013). Additional factors may, in principle, influence NTBI uptake by tissues, 

such as advanced liver disease decreasing the hepatic capacity to clear NTBI, or 

heterogeneity of NTBI species in different underlying disease states.

This pilot study was intended to generate hypotheses about factors responsible for variability 

of NTBI and extra-hepatic iron distribution in transfusional iron overload. On the basis of 

these findings, we propose three mechanisms by which NTBI is generated but only one of 

these (Mechanism 1) relates directly to iron overload and is shared by TM, DBA and 

transfusionally overloaded SCD patients (Fig 1). The remaining mechanisms for NTBI 

generation are: Mechanism 2) massive iron release from destruction of haemoglobinized 

cells in the bone marrow due to IE, which may also suppress hepcidin thereby further 

increasing NTBI (mainly TM), and Mechanism 3) low utilization of transferrin iron (mainly 

DBA). Other patient groups with low transferrin iron utilization may also be susceptible to 

this mechanism of NTBI generation, exposing them to the risk of extra-hepatic iron 

distribution, as with DBA. The effect of transfusion policy on suppression of erythropoiesis 

in TM also requires further systematic investigation as excessive hyper-transfusion regimes 

may inhibit erythropoiesis to an extent where further NTBI is generated by reduced 

clearance of transferrin iron, as in DBA.
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Fig 1. 
Physiological iron turnover is shown by dashed arrows, bold lines represent pathways of 

NTBI generation. (1) Iron overload as a mechanism for NTBI generation (shared by TM, 

SCD and DBA): For iron derived from blood transfusions, excess iron accumulates first in 

the macrophage system and then in splenic and hepatic macrophages and/or in hepatocytes. 

*Iron release from these cells requires membrane SLC40A1 (ferroportin) (boxes showing 

iron release (thick arrows) from macrophages and hepatocytes) but upregulation of hepcidin 

synthesis by iron overload is insufficient to abrogate cellular iron egress and thus NTBI is 

formed when the cellular iron release exceeds the binding capacity of transferrin. (2) In IE, 

massive intra-marrow catabolism of red cells: IE results in intramarrow destruction of up to 

60–80% of erythroid precursors with iron release exceeding the rate at which iron can bind 

to transferrin and hence NTBI is generated. This mechanism can occur in the absence of iron 

overload in dyserythropietic conditions (Wickramasinghe et al, 1999) (3) Low transferrin 

iron utilization: when erythropoiesis is suspended (as in DBA patients), iron utilization by 

the erythron from transferrin is decreased but iron continues to be released by red cell 

catabolism, causing transferrin saturation and NTBI formation. TM, thalassaemia major; 
SCD, sickle cell disease; DBA, Diamond-Blackfan anaemia, IE, ineffective 
erythropoiesis; NTBI, non-transferrin bound iron; LPI, labile plasma iron; LIC, liver 
iron concentration; sTfR, soluble transferrin receptor; GDF15, growth differentiation 
factor 15; hsCRP, high-sensitivity C-reactive protein; Tf, transferrin.
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