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Abstract

Introduction

Given the severity of the current imbalance between blood donor supply and recipient

demand, discarded blood drawn from the routine venesections of haemochromatosis (HFE-

HH) patients may serve as a valuable alternative source for blood banks and transfusion.

We investigated whether functional or biochemical differences existed between HFE-HH

and control blood samples, with particular focus upon the haemorheological properties, to

investigate the viability of venesected blood being subsequently harvested for blood

products.

Methods

Blood samples were collected from HFE-HH patients undergoing venesection treatment (n

= 19) and healthy volunteers (n = 8). Moreover, a second experiment investigated the

effects of a dose-response of iron (0, 40, 80, 320 mM FeCl3) on haemorheology in healthy

blood samples (n = 7). Dependent variables included basic haematology, iron status, hae-

matocrit, red blood cell (RBC) aggregation (native and standardised haematocrit) and

“aggregability” (RBC tendency to aggregate in a standard aggregating medium; 0.4 L/L hae-

matocrit in a Dx70), and RBC deformability.

Results

Indices of RBC deformability were significantly decreased for HFE-HH when compared with

healthy controls: RBC deformability was significantly decreased at 1–7 Pa (p < 0.05), and

the shear stress required for half maximal deformability was significantly increased (p <

0.05) for HFE-HH. RBC aggregation in plasma was significantly increased (p < 0.001) for

HFE-HH, although when RBC were suspended in plasma-free Dx70 no differences were

detected. No differences in RBC deformability or RBC aggregation/aggregability were

detected when healthy RBC were incubated with varying dose of FeCl3.
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Conclusion

HFE-HH impairs the haemorheological properties of blood; however, RBC aggregability

was similar between HFE-HH and controls when cells were suspended in a plasma-free

medium, indicating that plasma factor(s) may explain the altered haemorheology in HFE-

HH patients. Acute exposure to elevated iron levels does not appear (in isolation) to account

for these differences. Further consideration is required prior to utilising routine venesection

blood for harvesting RBC concentrates due to the potential risk of microvascular disorders

arising from impaired haemorheology.

Introduction
High-volume blood transfusion has become standard practice and is essential for the survival
of patients with various cancers, severe burns and serious trauma. Blood donor participation
and compliance rates, however, indicate an imbalance between supply and demand of blood
products, emphasising the necessity for alternate strategies to increase blood stores [1]. One
such alternative may include salvaging the blood typically discarded during routine venesection
treatment of haemochromatosis patients. Hereditary haemochromatosis (HFE-HH) is a reces-
sive autosomal genetic disorder characterised by excessive accumulation of stored iron (i.e.,
“iron overload”) in the body [2]. Iron overload occurs in individuals with HFE-HH due to gene
mutations that result in impaired regulation of iron transport across the gastrointestinal tract.
The excessive iron uptake is initially buffered by transferrin; however, once transferrin binding
capacity is saturated, plasma iron concentration increases [3, 4]. The onset of HFE-HH, is typi-
cally a slow process, with no obvious symptoms presenting until the fifth-to-sixth decades of
life. Comorbidities associated with increased plasma iron concentration and tissue oxidative
damage caused by HFE-HH include arthritis and diabetes mellitus [5].

Effective management of HFE-HH currently involves either regular venesection (blood-let-
ting) or pharmacological interventions, such as chelation therapy, that minimise iron accumu-
lation. The primary limitations of pharmacological therapies include the financial burden to
the health system, and the adverse effects associated with iron chelation agents; consequently,
venesection is often the preferred primary treatment of HFE-HH [6]. Routine venesection of
approximately one unit of blood (~7 ml blood per kg body mass; ~450 mL) is highly effective
at decreasing plasma iron concentration and reducing mortality rate of individuals with
HFE-HH [7, 8]. While the venesected blood of HFE-HH patients is currently discarded in
many territories, it is plausible that this blood represents a valuable source of, and for, blood
product development. Given that one unit of packed red blood cells cost approximately US
$200, and current Australian donor rates represent only 3.5% of the population, the discarded
blood drawn from individuals with HFE-HH could account for approximately 25% of current
donations, and may possibly serve as a valuable alternative source to alleviate the imbalance
between blood donor supply and recipient transfusion demand [1, 9, 10].

Elevated plasma ferritin concentration and increased oxidative stress within blood (key fac-
tors associated with HFE-HH) are thought to reversibly impact the physical properties of RBC.
Current findings indicate that increased plasma iron concentration or blood drawn from indi-
viduals with HFE-HH have altered RBC morphology [11] in addition to functional differences
including elevated platelet aggregation [12]. Several macro- and micro-vascular complications
are associated with HFE-HH, suggestive of impaired haemorheology and/or microcirculation,
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including endothelial dysfunction [13, 14] and an independent risk factor for proliferative dia-
betic retinopathy [15]. Intriguingly, very little is known regarding the haemorheological prop-
erties of HFE-HH. Therefore, the primary aim of the present study was to determine whether
haemorheological differences exist between blood samples obtained from individuals with
HFE-HH when compared with healthy controls. To further elucidate whether increased free
iron concentration–typical of HFE-HH–influences blood rheology, the haemorheological
properties of blood were examined following the incubation of RBC from healthy donors with
varied concentrations of iron chloride (FeCl3).

Materials and Methods

Protocol–Experiment 1
Twenty-seven individuals volunteered to participate in the present study after providing wit-
nessed and written informed consent. Participants were either individuals with HFE-HH
(n = 19; 60 ± 14 yr; 1 female) recruited via advertisements placed at a local accredited pathology
clinic (SNP Pathology, Queensland) or age-matched healthy controls (CON; n = 8; 56 ± 18 yr;
0 females). Individuals with HFE-HH were undergoing new/routine venesection treatment and
were not currently using medications known to influence haemorheology, and did not report
known cardiovascular, metabolic or neurological comorbidities. Blood was collected from the
antecubital portion of the cephalic vein for all participants by an experienced phlebotomist
into tubes containing 7.2 mg of K2-EDTA and examined within 4 hours of collection for bio-
chemical and rheological properties. The experimental protocols were reviewed and approved
by the Griffith University Human Research and Ethics Committee (Protocol: MSC/16/14/
HREC). All reagents were sourced from Sigma Aldrich CO LLC (Sydney Australia) unless oth-
erwise noted.

Haematology and biochemistry measurements. Haematocrit (confirmed against the
micro-haematocrit method; L/L), haemoglobin concentration (g/L), RBC count (x 1012/L),
mean cell volume (MCV; fL), mean cell haemoglobin (MCH; pg), and mean cell haemoglobin
concentration (MCHC; g/L) were obtained using a haematology analyser (Coulter Act5Diff,
Beckman Coulter, Brea, CA). Serum ferritin concentration (ng/mL) of HFE-HH samples was
determined via a commercial pathology laboratory (Cobas Integra 800, Roche Diagnostics Ltd.,
Switzerland).

RBC deformability measurements. RBC deformability was measured using an ektacyt-
ometer (Rheoscan-D200, Sewon Meditech. Inc., Seoul, Korea) operating at 37 ± 1°C. Homolo-
gous RBC (6 μL) were suspended in 600 μL of a standardised solution (dextran 70 in
phosphate buffered saline–PBS; viscosity = 30 MPa�s at 37°C, pH = 7.4, 290 mOsmol/kg) and
stored at 37 ± 1°C until analysis within 20 min. Immediately prior to measurement, the RBC
suspension was transferred into a parallel-plate flow channel (with a height of*200μm) that
was also stored at 37 ± 1°C. The RBC suspension was then subjected to varied shear stresses
ranging from 0 Pa to*25 Pa. A low-power laser beam projected through the channel gener-
ated a diffraction pattern that was circular for cells at rest and became progressively ellipsoidal
as RBC deformed. Diffraction patterns were captured by an integrated digital camera and ana-
lysed by fitting an ellipse to the image. An elongation index (EI) of the diffraction pattern was
calculated using the following equation: EI = (A–B)/(A + B), where A is the length of the major
axis and B is the length of the minor axis of the ellipse. The raw EI-shear stress data provided
by the ektacytometer were transferred into a commercial analytical software program (Prism 6,
Graphpad Software Inc, La Jolla, CA), where a non-linear curve was fit to the raw EI data
within the range of 1.0–25.0 Pa. The subsequent curve fit was used to derive discrete EI across
a discrete range of shear stress (0.5, 1.0, 1.5, 3.0, 5.0, 10.0, 15.0 and 20.0 Pa). Moreover, the
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non-linear curve-fitting algorithm enabled the calculation of the following indices: i. the shear
stress required for half of maximal EI (SS1/2), and; ii. the maximum EI at infinite shear stress
(EImax) [16]. Decreased RBC deformability is associated with an increased SS1/2 and decreased
EImax, and the ratio between these two indices (i.e., SS1/2:EImax) increases with decreased RBC
deformability.

RBC aggregation measurements. RBC aggregation was determined using a cone-plate
shearing system (Myrenne RBC Aggregometer, Myrenne GmbH, Roetgen, Germany). Red
blood cell aggregation was measured for two conditions: i. blood samples at native haematocrit;
ii. blood samples adjusted to 0.4 L/L haematocrit in autologous plasma. Aggregability of RBC
was also determined for samples washed twice in PBS, washed once with a standard aggregat-
ing solution (“DX70”; 3% dextran 70 in phosphate buffered saline–PBS–pH = 7.4, 290 mOs-
mol/kg) and resuspended in DX70 at 0.4 L/L haematocrit.

Blood suspensions (50 μL) were loaded between the cone and the plate shearing system and
light transmission was measured. Two values that increase with enhanced RBC aggregation
were determined: “M0”, the degree of RBC aggregation at stasis within 10 seconds following a
cessation of an applied high shear (600 s-1); and “M1”, the degree of RBC aggregation at a low
shear (3 s-1) within 10-s following the applied high shear (600 s-1). M0 and M1 were measured
in duplicate and the average value was reported.

Experiment 2 Protocol–iron incubated independent variable
Whole blood samples from seven healthy donors were centrifuged at 1400 g for 10 min before
the plasma and the buffy white coat were separated from RBC, and plasma was stored for sub-
sequent use. Packed cells were then washed twice with PBS, and then divided into four aliquots
for subsequent incubations with solutions of varied concentration of FeCl3. Stock solution of
FeCl3 (Iron (III) chloride) was serially diluted in PBS to produce 40, 80, and 320 μM solutions.
RBC were then suspended in the discrete FeCl3 solutions at 0.1 L/L haematocrit, and also in
PBS (0.1 L/L haematocrit, 0μM) as a control. Aliquots were incubated at 37°C for 60 min before
being washed twice in PBS. Washed RBC were then resuspended in autologous plasma at 0.4
L/L haematocrit, and measurements of RBC aggregation and RBC deformability were per-
formed using the methodology described for Experiment 1. All measurements were performed
in duplicate and the average used for statistical analyses.

Statistical analysis. Normality of the data was examined using the Shapiro-Wilk test with
visual inspection for kurtosis and skew of the data. Greenhouse-Geisser corrections were
applied, when necessary, where an inequality of variance was detected. Differences in the mean
values for each group were compared using independent–samples t–tests. Data from each
FeCl3 solution in Experiment 2 were compared using a one-way ANOVA with repeated mea-
sures, to determine whether significant differences in the means existed (Prism 6, Graphpad
Software Inc., La Jolla, CA). Data are reported as mean ± standard error unless otherwise
stated.

Results

Experiment 1 –HFE-HH vs Control
Haematology. Clinical haematology indices and plasma ferritin concentration for

HFE-HH and healthy controls are presented in Table 1. Haematocrit was not significantly dif-
ferent between HFE-HH and control. Further analyses demonstrated that regular venesection
was effective at decreasing haematocrit, given that when HFE-HH were clustered into “new
cases” (no prior venesection treatment within 12-mo; n = 5) or those receiving routine venesec-
tion (n = 14), new patients presented with significantly elevated haematocrit (0.45 ± 0.03)
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when compared with regular venesection HFE-HH patients (0.39 ± 0.02; p< 0.001). The
MCH was increased for HFE-HH (p = 0.02) when compared with controls, although both
groups were within normal ranges.

RBC deformability. Indices of RBC deformability for HFE-HH and Controls are illus-
trated in Fig 1. The EI (i.e., cell deformability) response to shear stress (Fig 1A) was typically
sigmoidal for both groups; however, a right-shift in this relation was observed for HFE-HH.
Indeed, EI was significantly decreased at all shears within the range of 1.0–5.0 Pa (p< 0.05) for
HFE-HH, although there were no significant differences between groups at higher shear stress.
While the maximal theoretical RBC deformability (i.e., EImax; Fig 1B) was not different between
groups, SS1/2 was increased by 20% (Fig 1C) for HFE-HH when compared with control
(p< 0.05).

RBC aggregation. Indices that characterise aggregation of RBC in plasma at either native
or standardised haematocrit, and in a plasma-free aggregating solution (i.e., Dx70), are illus-
trated in Fig 2. When RBC were suspended in autologous plasma at native haematocrit, RBC
aggregation at stasis (M0; Fig 2A) and at low shear (M1; Fig 2B) was significantly increased in
HFE-HH when compared with control (p< 0.001). To standardise for the pro-aggregating
effects of elevated haematocrit, samples were adjusted to 0.4 L/L haematocrit, where it was also
found that RBC aggregation at stasis (M0) and at low shear (M1) remain elevated in HFE-HH
compared with control (p< 0.001). No differences were observed for RBC aggregability when
RBC were suspended in plasma-free dextran 70 (i.e., Dx70).

Experiment 2 –Iron incubation
RBC Deformability. The deformability (EI) of RBC exposed to varying shear stresses fol-

lowing incubation with varying concentrations of FeCl3 (0, 40, 80, 320 μM) is illustrated in Fig
3A. One hour of incubation with FeCl3, irrespective of dose, did not influence EI at any shear
stress (F = 2.01, p = 0.15). Consequently, the dose of FeCl3 incubation did not significantly
affect EImax (F = 0.54, p = 0.53; Fig 3B) or SS1/2 (F = 0.50, p = 0.69; Fig 3C).

RBC aggregation. Indices that describe the aggregation of RBC suspended in autologous
plasma following incubation with varying concentrations of FeCl3 (0, 40, 80, 320 uM) are
shown in Fig 4. Varying FeCl3 concentration had no significant influence on RBC aggregation
at stasis (M0: F = 0.27, p = 0.85; Fig 4A) or at low-shear (M1: F = 0.33, p = 0.81; Fig 4B).

Table 1. Venous blood characteristics of HFE-HH and control samples.

CON (n = 8) HFE-HH (n = 17) Normal Range

Haematocrit (L/L) 0.41 ± 0.04 0.41 ± 0.05 0.40–0.54

RBC count (x 1012/L) 4.88 ± 0.47 4.49 ± 0.59* 4.5–6.5

Haemoglobin (g/L) 137 ± 16 137 ± 17 115–180

MCV (fL) 86 ± 3 90 ± 4 80–100

MCH (pg) 27.5 ± 2.5 30.7 ± 1.7* 27–32

MCHC (g/L) 331 ± 8 341 ± 6 300–350

Ferritin (ng/mL) Within normal range 328 ± 274 20–200

Data are mean ± standard deviation. CON: healthy controls. HFE-HH: patients with haemochromatosis. RBC: red blood cell. MCV: mean corpuscular

volume. MCH: mean corpuscular haemoglobin. MCHC: mean corpuscular haemoglobin concentration.

*, HFE-HH significantly different compared with CON (p < 0.05).

doi:10.1371/journal.pone.0146448.t001
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Discussion
The salient findings of the present study are: i. RBC deformability was significantly decreased
in HFE-HH when compared with control; ii. RBC aggregation was significantly increased at
stasis and under low shear for HFE-HH when compared with control, independent of Hct; iii.
RBC aggregability in a standardised plasma-free suspending medium was not different between
groups and; iv. Incubation of RBC with iron did not significantly influence RBC deformability
or RBC aggregation. The collective findings of the present study indicate that HFE-HH induces

Fig 1. Red cell deformability (Elongation Index; Panel A) was decreased at discrete shear stresses for
haemochromatosis (HFE-HH) when compared with healthy controls (CON).Maximal Elongation Index
(EImax) was not different between groups (Panel B); however, the shear stress required for half-maximal
elongation index (SS1/2) was significantly increased for HFE-HH (Panel C). *, p < 0.05. **, p < 0.01.

doi:10.1371/journal.pone.0146448.g001
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haemorheological impairments that are independent of haematocrit, and are emphasised in
autologous plasma. When RBC from HFE-HH were suspended in a plasma-free medium, RBC
aggregability was not different to control, suggesting that plasma factor(s) explain the haemor-
heological derangement in HFE-HH. The experimental findings also suggest that acute eleva-
tions of free iron do not, in isolation, explain the impaired haemorheology that characterises
HFE-HH patients. Further consideration is required prior to using RBC concentrate, drawn
from routine venesection treatment of HFE-HH, as a donor source for transfusion patients.

To our knowledge, the present is the first report of impaired RBC deformability in
HFE-HH, although RBC morphological impairments have been noted due to high iron con-
centration [17]. Iron has a dose-dependent role in haemorheological health: while conditions
classically associated with iron-overload are associated with impaired haemorheology, iron
supplementation may correct haemorheological parameters in iron-deficient anaemia [18, 19].
The lipid bilayer of RBC membranes is susceptible to oxidative damage from free radicals, and
the Na,K ATPase of RBC are modulated by FeCl3 [20], thus elevated free iron may explain
altered haemorheology through promotion of reactive species generation [21, 22] as well as
altered cell volume modulated via ion channels [20]. In the present study, HFE-HH was associ-
ated with a decreased elongation index (i.e., RBC deformability) at low-to-moderate shear

Fig 2. Red cell aggregation for haemochromatosis (HFE-HH) patients and healthy controls (Con)
measured in plasma suspensions at native and a standardised (0.4 L/L) haematocrit, and red cell
aggregability in a standard aggregating medium (Dx70).Red cell aggregation was increased for HFE-HH
when compared with Con while at stasis (“M0”; Panel A) at native and standardised haematocrit. The same
observation was made for aggregation measures at low-shear (“M1”; Panel B). Red cell aggregability was not
different between groups at stasis or low-shear. ***, HFE-HH significantly increased compared with Con,
p < 0.001.

doi:10.1371/journal.pone.0146448.g002
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stress and an increased (i.e., impaired) SS1/2: these findings collectively indicate that RBC from
HFE-HH patients were less deformable/more rigid than controls. The functional consequences
of such a decrease in RBC deformability include heightened risk for microvascular disease and
organ damage, given that nutrient delivery to distal tissues may be impaired [23, 24]. Previous
studies have demonstrated that HFE-HH is closely associated with venous disease [25], and
iron deposition in various tissues is closely associated with organ damage and failure [26].

Fig 3. The Elongation Index (EI) of RBC in autologous plasma at varying shear stresses (Panel A)
following an incubation with varying concentration of FeCl3 (0, 40, 80, 320 uM). The varied iron
incubated conditions did not influence the maximal EI (EImax; Panel B) or the amount of shear stress required
for half maximal EI (SShalf; Panel C).

doi:10.1371/journal.pone.0146448.g003
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Thus, altered RBC deformability may be implicit in some of the co-morbidities that accompany
HFE-HH.

It was also observed that aggregation of RBC suspended in plasma was elevated in patients
with HFE-HH. A primary factor that promotes RBC aggregation is the number of RBC in solu-
tion (e.g., RBC count; haematocrit) [24] which increases the probability of cell-cell contact, and
it was found that RBC count of HFE-HH was significantly decreased (albeit at the lower limit
of “normal ranges”) when compared with CON. This decrease in RBC count may be explained
due to the frequent and routine venesections of the HFE-HH patients. Differences in haemato-
crit does not explain the increased RBC aggregation, given that when suspensions were
adjusted to a standardised haematocrit (0.4 L/L), RBC aggregation of HFE-HH remained sig-
nificantly increased when compared with CON. The magnitude of RBC aggregation is far from
a simple outcome, however, and is determined by factors intrinsic (e.g., cell membrane charge)
and extrinsic (e.g., plasma fibrinogen concentration) to the cell [24]. Previous investigations
have demonstrated that structural changes in the RBC membrane may be observed in
HFE-HH, including an iron-dependent elongation in cell morphology that is reversible with
iron-chelation [27]. Thus, it would be attractive to speculate that such changes to RBC mor-
phology might explain the hyperaggregability of HFE-HH in the present study. Data obtained
in the present study may exclude intrinsic causes of increased RBC aggregation in HFE-HH,

Fig 4. Aggregation of RBC suspensions in autologous plasma following incubation with various
concentration of FeCl3. Incubation with FeCl3 did not influence the RBC aggregation at stasis (M0; Panel A)
or at low-shear (M1; Panel B).

doi:10.1371/journal.pone.0146448.g004
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given that when RBC were suspended in a plasma-free medium (i.e., Dx70), RBC aggregability
was not significantly different to control. This finding suggests that plasma factors must explain
the increased RBC aggregation in HFE-HH.

The plasma factors that may serve as obvious candidates responsible for elevated RBC
aggregation in HFE-HH include fibrinogen, and potentially, iron. While we did not measure
plasma fibrinogen, previous large cohort (16,000 to 25,000 patients) studies have failed to dem-
onstrate an association between serum ferritin concentration, or the HFE gene, and increased
plasma fibrinogen concentration [28, 29]. In contrast, there is a relative abundance of studies
demonstrating associations between chronic inflammation, hypercoagulation (including
fibrinogen), and excess iron [30, 31]. Indeed, a common comorbidity of HFE-HH is type 2 dia-
betes, which is closely associated with impaired haemorheology [32, 33], due in part, to
increased fibrinogen and alpha 2-macroglobulin [34]; our patients were reported free of diabe-
tes. Moreover, our experimental data (i.e., Experiment 2) appears to rule out free iron as a can-
didate, given that when RBC from healthy donors were incubated in both physiological and
supra-physiological FeCl3 concentrations, even a mild albeit non-significant decrease of RBC
aggregation was observed. In light of these findings, it is plausible that while HFE/serum iron
may not directly induce increased fibrinogen concentration, the associated low-level inflamma-
tion and oxidative stress that is commonly observed in iron-overload conditions may explain,
in part, the altered haemorheology.

Incubation of RBC from healthy donors with varying concentrations of iron did not affect
RBC deformability. Experiment 2 was implemented to determine whether free iron, in isola-
tion, might explain some of the decreased RBC deformability (and increased RBC aggregation)
observed for HFE-HH in Experiment 1. The results of Experiment 2 indicate that free iron, in
the absence of other blood constituents (e.g., cells, plasma proteins, etc.) does not influence
RBC deformability; to our knowledge, this finding has not previously been reported. Our direct
measurement of RBC deformability following incubation with FeCl3 extends the recent finding
that FeCl3 modulated Na,K ATPase of RBC, which presumably would influence cell volume,
ion content, and thus would be predicted to determine RBC deformability [20]. It is possible
that increased Na,K ATPase activity in response to FeCl3 may be offset by opposing factors
during incubation studies (e.g., cell ageing; temperature effects etc) and thus result in no net-
functional change to RBC deformability; however, it is also likely that differences in incubation
period of the present study (60 min) and that of Sousa et al., [20] may explain, in part, these
discordant findings. The fact that we did not observe impaired haemorheology with acute iron
incubation in vitro does not discount the possibility that chronic exposure to iron, or its inter-
action with other [plasma?] factors promoting oxidative stress [35, 36], in vivo, influences RBC
aggregation and deformability in HFE-HH.

The clinical context of the present study was based on investigating the potential for dis-
carded HFE-HH venesections to be used as a source for harvesting blood products. As such,
venous blood samples were obtained from HFE-HH patients who were undergoing routine
venesection treatment. We were able to investigate a small subset of these HFE-HH patients
who had not previously undergone routine venesections (n = 5). While it was not a primary
aim to investigate differences in haemorheology with respect to duration of treatment, there
were data that indicated routine venesection may positively modulate haematological profile
(e.g., decreased haematocrit); it is of interest whether haematocrit-sensitive haemorheology
(e.g., RBC aggregation) also improves with routine venesection. It is intriguing, therefore, to
consider whether other haemorheological factors–e.g., RBC deformability–may also be
improved with routine venesection in HFE-HH, although this observation requires further
investigation with a larger cohort. With respect to the primary aim, however, the collective
findings of Experiment 1 strongly suggest that HFE-HH blood is rheologically different to
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healthy controls, and further consideration is required prior to utilising routine venesection
blood for harvesting RBC concentrate. Given impaired haemorheology is primal to various
non-communicable diseases, there is potential for acute microvascular disorders to arise in oth-
erwise healthy individuals that might receive HFE-HH derived RBC concentrate via
transfusion.
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