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Background. Most frequent red cell (RBC) donors and many first-time donors are iron deficient, 
but meet haemoglobin standards. However, the effects of donation-induced iron deficiency on RBC 
storage quality are unknown. Thus, we used a mouse model to determine if donor iron deficiency 
reduced post-transfusion RBC recovery.

Methods. Weanling mice received a control diet or an iron-deficient diet. A third group receiving the 
iron-deficient diet was also phlebotomised weekly. This provided 3 groups of mice with different iron 
status: (1) iron replete, (2) mild iron deficiency with iron-deficient erythropoiesis, and (3) iron-deficiency 
anaemia. At ten weeks of age, blood was collected, leucoreduced, and stored at 4 ºC. After 12 days of 
storage, 24-hour (h) post-transfusion RBC recovery was quantified in recipients by flow cytometry. 

Results. Before blood collection, mean haemoglobin concentrations in the iron-replete, iron-deficient, 
and iron-deficiency anaemia donor mice were 16.5±0.4, 11.5±0.4, and 7.0±1.4 [g/dL± 1 standard 
deviation (SD)], respectively (p<0.01 for all comparisons between groups). The 24-h post-transfusion 
RBC recoveries in recipients receiving transfusions from these three cohorts were 77.1±13.2, 66.5±10.9, 
and 46.7±15.9 (% ±1 SD), respectively (p<0.05 for all comparisons between groups). 

Discussion. In summary, donor iron deficiency significantly reduced 24-h post-transfusion RBC 
recovery in recipient mice. RBCs from mice with mild iron deficiency and iron-deficient erythropoiesis, 
with haemoglobin levels similar to those used for human autologous blood donation, had intermediate 
post-transfusion RBC recovery, as compared to iron-replete donors and those with iron-deficiency 
anaemia. This suggests that, in addition to the effects of iron deficiency on donor health, frequent blood 
donation, leading to iron-deficient erythropoiesis, may also have adverse effects for transfusion recipients.
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Introduction
Iron deficiency is common among frequent blood 

donors, but red blood cell (RBC) storage quality and 
post-transfusion RBC recovery of RBC units from iron-
deficient donors have not been rigorously examined. 
Evidence from animal and human studies indicates that, 
when the iron supply for erythropoiesis is inadequate, the 
RBCs produced have multiple defects that could impair 
their ability to tolerate refrigerated storage. 

Iron deficiency, a decrease in the amount of body 
iron, is detected clinically by measuring indicators of 
iron storage (e.g., serum ferritin) and of the adequacy of 
iron supply to erythropoietic precursors (e.g., RBC zinc 
protoporphyrin). In the absence of complicating factors, 
as iron stores decrease, serum ferritin levels decline. In 
addition, RBC zinc protoporphyrin monitors the supply 
of iron available for RBC production. In the developing 
RBC, the insertion of iron into protoporphyrin IX is the 

final step in producing haeme for incorporation into 
haemoglobin. If iron is unavailable, divalent zinc is 
incorporated instead, producing zinc protoporphyrin, 
which binds to haemoglobin, persists for the life of the 
RBC, and is a biochemical indicator of a deficient supply 
of iron for RBC production1,2.

Using these biochemical markers, and other means, 
four successive stages of iron deficiency can be 
distinguished (Figure 1): 
1)	 Reduced iron stores (data not shown): as iron stores 

decrease, serum ferritin levels decline proportionally. 
2)	 Iron depletion: iron stores are absent (e.g., serum 

ferritin <12 μg/L), but the combination of iron 
recycled from senescent RBCs and that derived from 
gastrointestinal iron absorption maintains delivery 
of iron to the erythroid marrow and other tissues 
for producing haemoglobin and other functional 
iron compounds. Because the iron supply for RBC 
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production is maintained, RBC zinc protoporphyrin 
levels remain in the reference range. 

3)	 Iron-deficient erythropoiesis: with further reductions 
in total body iron, the lack of iron limits production 
of haemoglobin and other iron-requiring compounds, 
resulting in iron-deficient erythropoiesis. The RBC 
zinc protoporphyrin concentration in newly formed 
erythrocytes increases, but any further falls in the 
nominal serum ferritin levels have no physiological 
meaning. The effect on the circulating haemoglobin 
concentration is insufficient to be detected by the 
standards used to screen blood donors. As recently 
produced RBCs replace senescent RBCs, the 
circulating RBC zinc protoporphyrin concentration 
progressively increases, providing an index reflecting 
the severity and duration of the inadequate supply of 
iron for erythropoiesis1,2. 

4)	 Iron-deficiency anaemia: a further diminution in total 
body iron produces frank iron-deficiency anaemia 
with haemoglobin levels falling below the standards 
used to screen blood donors and leads to their deferral 
from donation. 

Iron deficiency is commonly seen in volunteer 
blood donors. Although surprisingly prevalent in first-
time donors3,4, the prevalence is even higher in the 
particularly altruistic, frequent, repeat donors, especially 
among women of childbearing age5,6. For example, in 
the United States in 2011, of the donors who provided 
the approximately 15.7 million units of RBCs that 
were collected, 69% were repeat donors7. In addition, 
in Canada, approximately 90% of RBC units collected 
for transfusion are provided by repeat donors8. In the 
United States, the REDS-II Donor Iron Status Evaluation 
(RISE) study9 found that up to 49 and 66% of male and 
female frequent donors, respectively, exhibited either 
iron depletion (i.e., absent iron stores) or iron-deficient 
erythropoiesis. Similar frequencies of iron deficiency 
were reported in Canadian8, Austrian10, Danish11, and 
Dutch12 populations. 

Red blood cells from iron-deficient donors may 
have impaired tolerance for refrigerated storage and 
decreased post-transfusion RBC recovery. As examples, 
RBCs from individuals with iron-deficiency anaemia 
have decreased levels of endogenous antioxidants13,14, 

Figure 1 - 	Red blood cell (RBC) zinc protoporphyrin progressively increases with increasing severity of iron deficiency. 
	 Iron deficiency progresses from reduced iron stores to iron depletion, in which there is normal erythropoiesis with normal 

zinc protoporphyrin levels, but decreased ferritin due to absent iron stores. The next stage is iron-deficient erythropoiesis, 
in which increased RBC levels of zinc protoporphyrin and very low serum ferritin levels reflect both absent iron stores and 
the lack of sufficient iron for normal haemoglobin production. As iron deficiency progresses further, frank iron deficiency 
anaemia develops with insufficient iron for maintaining adequate haemoglobin levels. Adapted from Hastka J et al. and 
Brittenham GM1,2.
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have evidence of oxidative damage15,16, and are more 
sensitive to oxidative stress14,16 and low pH14; the latter, 
in particular, decreases progressively during RBC 
storage17. Furthermore, refrigerated storage induces 
oxidative stress in donor RBCs and inhibits their 
oxidative stress defence mechanisms15,18-24. Oxidative 
damage per se also impairs RBC deformability25, 
and RBCs from humans, rats, and rabbits with iron-
deficiency anaemia have impaired deformability16,26. 
In addition, the deformability of RBCs from healthy 
human donors is impaired following refrigerated 
storage27. Indeed, circulatory RBC lifespan is decreased 
in humans14,28-30 and in relevant animal models26,31 with 
iron-deficiency anaemia. In humans, this decreased 
circulatory lifespan is most likely due to extravascular 
haemolysis in the spleen28-30 and is corrected by iron 
repletion14,29. Remarkably, in several older studies14,28,32, 
RBCs obtained from donors with iron-deficiency 
anaemia were transfused into healthy recipients, 
albeit without prior refrigerated storage. In each study, 
the transfused iron-deficient RBCs had a decreased 
circulatory lifespan/recovery, most likely due to splenic 
clearance. In addition, when RBCs obtained from 
healthy donors were transfused into recipients with 
iron-deficiency anaemia, the transfused RBCs had a 
normal lifespan, suggesting that the iron-deficiency-
induced defect was intrinsic to the RBC and not due 
to enhanced clearance mechanisms32,33. 

The RBCs transfused in these earlier studies 
(from the 1940s-1970s) were from donors with iron-
deficiency anaemia, not from donors with iron-deficient 
erythropoiesis. Repeating these studies with modern 
storage systems and deliberately transfusing healthy 
human volunteer recipients with allogeneic RBCs 
obtained from donors with iron-deficiency anaemia 
are no longer ethically feasible. Nonetheless, if RBCs 
collected from donors with iron-deficient erythropoiesis 
do exhibit poor storage quality, this would have particular 
importance for patients dependent on chronic transfusion 
therapy, including those with sickle-cell disease and 
β-thalassaemia. Therefore, we developed a mouse model 
to determine whether iron-deficient erythropoiesis in 
donor mice decreased the 24-h post-transfusion recovery 
of their RBCs in healthy murine recipients.

Materials and methods
Mice 

Three murine donor cohorts of different iron status 
were prepared using wild-type C57BL/6 mice. To this 
end, weanling male mice were placed on a defined 
iron control diet of 45 ppm iron (TD.110593, Harlan 
Laboratories) or an iron-deficient diet of 0-4 ppm iron 
(TD.110592). A third group was fed the iron-deficient 
diet and was also phlebotomised weekly (50-100 μL 

per bleed). This approach generated three groups of 
mice, respectively, with different iron status: (1) iron 
replete, (2) mild iron deficiency with iron-deficient 
erythropoiesis, and (3) iron-deficiency anaemia. At 
approximately ten weeks of age, blood was collected from 
each cohort, leucoreduced, packed, and stored at 4 ºC in 
CPDA-1 for 12 days, as described previously34,35. 

Transfusion-recipient mice were fed an iron-replete 
diet and were transgenic for expression of the enhanced 
Green Fluorescent Protein (eGFP) under the control 
of the human ubiquitin C promoter and were on the 
C57BL/6 background. Thus, these mice are syngeneic 
with the wild-type C57BL/6 RBC donors, except for 
expression of eGFP, which is expressed in all of their 
cells, including RBCs.

Laboratory measurements of iron status 
Within a week prior to preparing the mouse blood 

banks, small blood samples were collected from all 
donor mice by submandibular or saphenous vein bleed 
and pooled by cage, with 5 mice per cage. Haemoglobin 
was measured by a modified cyanomethemoglobin 
assay36. Complete blood counts were performed for 
the third replicate experiment using an automated 
haematology analyser (Forcyte Veterinary Hematology 
Analyzer; Oxford Science Inc., Oxford, CT, USA). To 
measure zinc protoporphyrin, RBCs were washed with 
saline and analysed using a haematofluorometer (Model 
208; Aviv Biomedical Inc., Lakewood, NJ, USA). 

Non-haeme liver iron was determined, as described 
previously37. This approach was used, rather than 
determining serum ferritin levels, because measuring 
the hepatic non-haeme iron concentration is a reference 
method for evaluating body iron stores. Briefly, the wet 
weight of each liver obtained at necropsy was quantified, 
and a weighed, approximately 100 mg portion was 
dried at 65 °C for 24 h and digested in an acid digestion 
mixture at 65 °C for 24 h. The iron content of the 
centrifuged, acidified sample was determined using a 
bathophenanthroline-based colorometric method. The 
absorbance at 535 nm of samples and iron standards was 
measured spectrophotometrically in duplicate and mean 
values used for calculating total liver iron.

Post-transfusion RBC recovery studies 
After 12 days of storage in CPDA-1, 24-h post-

transfusion RBC recovery was determined in recipient 
transgenic mice using flow cytometric detection of 
transfused RBCs, as described previously34,35. In this 
approach, the non-fluorescent donor RBCs are detected 
and quantified against the background of fluorescent, 
eGFP-expressing recipient RBCs. The experiment was 
repeated three times in its entirety (n=24 per group 
total). 
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Statistical analysis 
All statistical analyses were conducted using Prism 

6 (Graph Pad Software, La Jolla, CA, USA). All column 
graphs in figures represent mean and standard deviation. 
Differences among means were analysed by one-way 
ANOVA with Tukey's post-test. 

Results
Generation of cohorts of blood donor mice with 
different iron status by dietary manipulation 

Three groups of weanling mice (n=15-20 per group 
in each experiment) were fed either an iron-replete 
or an iron-deficient diet for six weeks. A third group 
was fed the iron-deficient diet and was phlebotomised 
weekly to induce severe iron-deficiency anaemia. 
After six weeks on the diet, the mice were euthanised 
and blood collected by exsanguination. The average 
haemoglobin per group (in g/dL ±1 SD) decreased 
significantly from normal (16.5±0.4) to iron-deficient 
erythropoiesis (11.5±0.4) to frank iron-deficiency 
anaemia (7.0±1.4) (Figure 2A). In addition, liver iron 
measurements (in ng iron/mg tissue ±1 SD) (Figure 
2B) demonstrated that iron stores were virtually absent 
in mice with either iron-deficient erythropoiesis or 
iron-deficiency anaemia (26.6±2.7 and 28.2±3.0, 
respectively); in contrast iron-replete mice had normal 
iron stores (84.6±12.4)38. Finally, zinc protoporphyrin 
levels (in µmol/mol haeme ±1 SD) were quantified in 
the pooled blood from each group (Figure 2C); these 
levels increased in proportion to decreasing iron status, 
measuring 59.0±9.9, 158.8±4.6, and 230.0±33.9, 
respectively, in iron-replete mice, mice with iron-
deficient erythropoiesis, and mice with severe iron-
deficiency anaemia. 

Other aspects of the complete blood count further 
confirmed the validity of this mouse model of iron 
deficiency. Thus, the decreasing trend in the number 
of circulating RBCs with decreasing body iron stores 
was significant (p<0.05) (Figure 3A). In addition, the 
mean corpuscular volume was normal in iron-replete 
mice, but equivalently decreased in mice with mild iron 
deficiency and iron-deficient erythropoiesis and in those 
with iron-deficiency anaemia (Figure 3B); as expected, 
the mean corpuscular haemoglobin concentration was 
virtually the same across all three groups (Figure 3C). 
As a marker of dysregulated erythropoiesis, the RBC 
distribution width increased progressively in proportion 
to decreasing iron status (Figure 3D). Finally, similar 
to what has been observed in humans39, murine platelet 
counts also increased progressively in proportion to 
decreasing iron status (p<0.01 for linear trend in data) 
(Figure 3E); nonetheless, as expected, there were no 
significant changes in the white blood cell counts (WBC) 
among these three groups of mice (Figure 3F). 

Figure 2 -	 Blood donor mice with varying iron status were 
generated by dietary manipulation. 

	 Three groups of weanling mice (N=15-20 per group) 
were fed either an iron-replete or iron-deficient 
diet (IDE) for 6 weeks. A third group was fed the 
iron deficient diet and was phlebotomised weekly 
to induce iron deficiency anaemia (IDA). After 6 
weeks on the diet, the mice were euthanised and 
blood collected by exsanguination. (A) The average 
haemoglobin per group across 3 replicate experiments. 
(B) Liver iron, as a measure of total body iron, 
quantified in 5 representative mice per group from 
a single experiment. (C) Zinc protoporphyrin levels 
in the pooled blood from each group across two 
representative experiments (these measurements were 
not performed in one of the replicate experiments). 
*p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA 
with Tukey's multiple comparison test. ***Without 
brackets in panel B represents significance compared 
to both other groups.
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Post-transfusion RBC recovery studies 
Similar to prior results40, refrigerator-stored, 

transfused RBCs from iron-replete donors into eGFP 
congenic, healthy recipients had a mean 24-h post-
transfusion recovery of 77.1% ±13.2%, as expected 
(Figure 4). In addition, as expected from human 
studies and various animal models14,28,32, the 24-h post-
transfusion recovery was decreased using RBCs from 
donors with severe iron-deficiency anaemia (mean 
46.7% ±15.9%; p<0.001) whereas the results using 
donors with mild iron deficiency and iron-deficient 
erythropoiesis were intermediate: 66.5% ±10.9% 
(p<0.05 compared to iron-replete mice).

Discussion
These results show that murine donor iron deficiency 

significantly reduced 24-h post-transfusion RBC recovery 
in healthy recipient mice. RBCs obtained from mice 
with haemoglobin levels similar to the cut-off used 
for autologous blood donation in humans, but with 
mild iron deficiency and iron-deficient erythropoiesis, 
exhibited intermediate post-transfusion RBC recovery, 
as compared to iron-replete donors and those with 
iron-deficiency anaemia. The data in Figures 2 and 3 
demonstrate the development of a mouse model of iron 
deficiency, producing three mouse cohorts with different 
iron status: (1) iron replete, (2) mild iron deficiency 

Figure 3 -	 Additional laboratory parameters demonstrating the validity of the mouse model of variable 
iron status. 

	 Additional parameters were measured on the animals described in Figure 2. Three groups of weanling 
mice (N=15-20 per group) were fed either an iron-replete or iron-deficient diet (IDE) for 6 weeks. A 
third group was fed the iron deficient diet and was phlebotomised weekly to induce iron deficiency 
anaemia (IDA). After 6 weeks on the diet, blood was collected from the saphenous vein and pooled 
per cage in each group. The measurements are as labeled in the figure panels. *p<0.05, **p<0.01, 
***p<0.001 by One-way ANOVA with Tukey's multiple comparison test. ***Without brackets in 
panel B represents significance compared to both other groups.
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with iron-deficient erythropoiesis, and (3) severe iron-
deficiency anaemia. The storage quality of the RBCs 
obtained from murine donors with mild iron deficiency 
and iron-deficient erythropoiesis was suboptimal, with a 
mean 24-h RBC recovery of only 66.5%. These units did 
not average a 75% recovery and, thus, would not pass the 
United States Food and Drug Administration regulatory 
criteria for adequacy. Therefore, these results in a mouse 
model provide evidence of the need for clinical evaluation 
of the effects of donor iron deficiency in humans. For 
patients with urgent transfusion requirements, RBC units 
with diminished RBC recovery may, or may not, increase 
the risk of harm41. However, in the chronic transfusion 
setting (e.g., for transfusion-dependent patients with 
sickle cell disease, ß-thalassaemia major, or other forms 
of refractory anaemia), transfusing the best quality RBC 
units, with the highest post-transfusion recoveries, would 
reduce the number of transfusions required over a lifetime 
and, thus, reduce the lifetime burden of iron overload42. 

One limitation of this study is that the murine cohort 
with iron-deficient erythropoiesis is slightly more affected 
than that found in humans who meet typical RBC donation 

standards. Thus, these mice with mild iron deficiency and 
iron-deficient erythropoiesis have decreased RBC mean 
corpuscular volumes and haemoglobin concentrations 
and a greater elevation in zinc protoporphyrin levels 
than typically seen in humans with iron-deficient 
erythropoiesis. Nonetheless, the trend in our results 
suggests a strong correlation between body iron stores 
and post-transfusion RBC recovery after refrigerated 
storage, with decreased recovery expected in donors with 
iron-deficient erythropoiesis. We acknowledge the truism 
that "mice aren't human" and, in the current case, that our 
mouse model of iron-deficient erythropoiesis does not 
exactly correspond to the human counterpart in every 
possible way (Figures 2 and 3)43. 

Conclusions
In conclusion, it will be important to determine whether 

or not similar findings are observed in human volunteers. 
Such a randomised clinical trial is now beginning and will 
study autologous RBC transfusions in otherwise healthy 
volunteers with documented iron-deficient erythropoiesis 
(i.e., the Donor Iron-Deficiency Study. Registered at: 
clinicaltrial.gov NCT02889133). The results of this human 
trial will determine whether the adverse effects of iron 
deficiency are limited to donors or also compromise the 
quality of RBC units from iron-deficient donors who meet 
current standards for RBC donation.
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