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Hemoglobin S (Hb-S) polymerization is the primary event in sickle cell disease
causing irreversible damage to red blood cell (RBC) membranes over repeated
polymerization cycles. A single polymerization triggered by a hypoxic environment was reported to result in reversibly (upon reoxygenation) decreased RBC deformability and increased mechanical fragility (MF). Individualized responses
have not been reported, although RBC fragility can vary significantly even among
healthy individuals. This study evaluates individual variability in response to a single hypoxia-induced sickling event, through changes in RBC MF. Blood was drawn
from 10 normal (AA), 11 sickle cell (SS), and 7 sickle trait (AS) subjects—with Hb-S
fraction, osmotic fragility, and medical history also collected. Mechanical stress
was applied using a bead mill at 50-Hz oscillation for 0.5–30 minutes. MF profiles
here give percent hemolysis upon successive durations of stressing. MF was
measured for AA, SS, and AS cells—each equilibrated (1) with air, (2) with nitrogen
in an anaerobic chamber, and (3) with air after the hypoxic event. While AA subjects exhibited significantly different changes in fragility upon hypoxia, in all cases
there was recovery to close to the initial MF values on reoxygenation. For AS subjects, recovery at reoxygenation was observed only in about half of the cases.
Fragility of SS cells increased in hypoxia and decreased with reoxygenation,
with significantly variable magnitude of recovery. The variability of response for
individual AS and SS subjects indicates that some are potentially at higher risk
of irreversible hypoxia-induced membrane damage. (Translational Research
2017;181:96–107)
Abbreviations: RBC ¼ Red blood cells; SCD ¼ Sickle cell disease; SCA ¼ Sickle cell anemia;
SCT ¼ Sickle cell trait; HU ¼ hydroxyurea; Hb ¼ hemoglobin; AA ¼ normal cell, ie, hemoglobin
with beta chain gene with 2 normal alleles; AS ¼ sickle trait cell, ie, hemoglobin with beta
chain gene with 1 normal and 1 abnormal alleles; SS ¼ sickle cell, ie, hemoglobin with
beta chain gene with 2 abnormal alleles; AUC ¼ Area under the curve; OXY ¼ open to
air conditions; HYPOXY ¼ hypoxic conditions; Oxy-Hb ¼ oxygenated hemoglobin; DeoxyHb ¼ deoxygenated hemoglobin; Met-Hb ¼ oxidized hemoglobin; Hb-F ¼ fetal Hb; MF ¼
Mechanical fragility
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Background

Severity of sickle cell disease is highly heterogeneous, with severity possibly modulated by sickle
RBC membrane alterations. Little data is available
on patient-specific changes. Mechanical fragility
can be used to probe membrane resistance to mechanical stress.
Translational Significance

The ability of RBC to recover after a single hypoxic event varies significantly among sickle cell anemia subjects (as demonstrated by changes in cells’
mechanical fragility profiles), potentially indicative of differences in complication risks and condition severity. If clinically validated, this approach
could offer a practical test indicative of which patients are more at risk for extensive pathology, thus
allowing better-targeted and potentially timelier
interventions.

INTRODUCTION

Sickle cell disease (SCD) is one of the most common
hereditary blood disorders, affecting up to 100,000 people in the U.S. alone, mostly African-Americans, with
up to 2 million people carrying the sickle cell trait
(SCT).1 Symptoms include chronic anemia, pain crises,
pulmonary hypertension and acute chest syndrome,
stroke, splenic and renal dysfunction, and susceptibility
to bacterial infections. Treatment focuses on alleviating
symptoms and preventing complications, with blood
transfusions often used in severe anemia cases.
Hemoglobin S (Hb-S) polymerization is the primary
event in SCD, resulting, over repeated cycles of polymerization and morphological changes, in irreversible
damage to red blood cell (RBC) membranes—development of sickle- or crescent-shaped cells that tend to
block blood vessels.2 Sickle cell anemia (SCA) patients
are characterized by 2 abnormal alleles of the hemoglobin (Hb) beta gene (SS Hb phenotype), while SCT individuals have 1 normal allele (A) and 1 abnormal (S)
allele of the Hb beta gene (AS Hb phenotype).
SS RBC exhibit an array of defects and alterations of
the RBC membrane which profoundly affect cell
biochemical and biomechanical functions.3 Even when
not sickled, an oxygenated SS cell is both less deformable and less able to withstand mechanical stress (eg,
Barodka et al4 and MacCallum et al5). Unlike SS-type
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cells from SCA patients, AS-type cells seem to be similar
to those from normal subjects (AA Hb phenotype cells).6
However, Hb-S polymerization, promoted by low oxygen tension and anticoagulant in collected blood, could
result in impaired filterability and deformability of cells
from SCT individuals as well,4,7 although an absence
of the effect on membrane properties also had been
reported (eg, Lawrie et al8). These observations should
be considered with the understanding that RBC deformability and fragility reflect nonidentical membrane properties, with mechanical fragility (MF) reflecting cell
stability under mechanical shear stress. Interestingly,
Chasis and Mohandas9 reported that deformability and
stability of RBC membranes are in fact regulated through
different interactions of skeletal proteins. For deformability at least, it was demonstrated that cellular dehydration and resultant increase in Hb intracellular
concentration, rather than altered membrane properties,
are the primary determinants of decreased deformability
and the abnormal rheological behavior of sickled RBC.10
Even in the course of normal physiological functioning, low oxygen tension can lead to Hb-S polymerization with a resultant loss of RBC deformability.11 It
should be noted that loss of deformability may occur
at higher pO2s than cell morphological sickling, with
sensitivity to oxygen being different between cell subpopulations based on density fractioning.12 Deeper
pO2 decline induces reversible or irreversible sickling,
possibly depending on the reversibility of the Hb-S
binding to the cdb3 complex, with corresponding increase in cell membrane rigidity.13,14
Sickle cell membrane properties, including deformability and rigidity, play an important role in both adhesive and
obstructive events, contributing to the pathophysiology of
SCA,15,16 with sickling shown to correlate with the
severity of major SCA complications.17 In addition to
vaso-occlusion, destabilization of the RBC membrane
and cell sickling result in premature RBC destruction
and release of Hb which was suggested to contribute to
the pathology by limiting nitric oxide bioavailability18
and promoting oxidative damage.19 Hemolysis (Hem),
likely dependent on cell membrane properties including
its rigidity and fragility, was suggested as the possible
proximate cause of SCA complications such as pulmonary
hypertension, priapism, ulcers, and stroke20 and was
further linked to mortality.21
While repeated sickling is shown to result in irreversible membrane deformation, only recently changes due
to a single sickling event were investigated. Presley
et al22 reported that in both SS and AS cells, a single
polymerization triggered by a hypoxic environment resulted in reduced deformability and elevated fragility
of RBC. In AA cells, hypoxia was not observed to
induce any change. However, extremely high standard
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deviations (SDs) of RBC MF, especially for deoxygenated samples (coefficients of variability up to 85%, on
n 5 3), imply that there were significant differences
among samples from individual subjects. Reoxygenation
showed no effect on AA cells, but resulted in return of
MF properties in SS and AS cells to prehypoxia values.
Variability, however, remained high, with coefficient of
variation in the 39%–83% range. RBC mechanical properties have also been reported to differ among both
normal23 and SS individuals,24 yet there is little data on
patient-specific differences in RBC response (eg, magnitude and reversibility) to insult and/or treatment. This
study evaluates individual variability in response to a single hypoxia-induced sickling event through changes in
RBC MF, as an early step in exploring a hypothesis
that person-to-person variability in individuals’ RBC
MF, and its changes due to hypoxia which could be
potentially significant for medical decision-making in regards to individuals with SCA and/or those carrying SCT.
MATERIALS AND METHODS
Study design. Blood samples (AA, AS, and SS) were
obtained from volunteers using 3.2% sodium citrate
tubes during routine clinic visits by SS donors reporting
no vaso-occlusive–type symptoms. Research was carried out according to The Code of Ethics of the World
Medical Association (Declaration of Helsinki). Blood
donations were collected from consented subjects, in
accordance with the ethical standards of the responsible
committee on human experimentation (IRB, BloodCenter of Wisconsin). After collection, samples were stored
at 4 C and shipped on ice to the testing laboratory by
overnight express shipping, with testing commencing
in 22 6 4 hours. Independent experiments indicated
no significant changes in auto-Hem and MF within the
first 48 hours after collection (unpublished
observations). Blood samples were centrifuged for
5 minutes at 1300 rcf on an Eppendorf 5417C
centrifuge; the supernatant was removed and replaced
with an equal volume of AS3 at pH 5.75. Samples
were further diluted to a total Hb concentration (HbT)
of 1.7 g/dL (corresponding to about 4% hematocrit)
with the same solutions as above. Diluted sample was
gently agitated and aliquoted into 2-mL low-retention
centrifuge tubes at 330 mL per tube.
The study design is graphically represented in Fig 1.
Each blood sample was tested as follows: (1) oxygenated (OXY)—exposed to air; (2) deoxygenated (HYPOXY)—equilibrated with nitrogen and thus in
essentially oxygen-free (hypoxic) conditions, with
oxygenated form of Hb (Oxy-Hb) converted to deoxygenated form (Deoxy-Hb); and (3) reoxygenated (REOXY)—equilibrated with air after being subjected to
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Fig 1. Graphical representation of the study design.

1 round of hypoxia, with Deoxy-Hb fully converted
back to Oxy-Hb form through equilibration with air.
To maintain deoxygenated conditions, the samples,
diluted and aliquoted as described above, were incubated for 2 hours with gentle mixing in a glove box
made essentially oxygen-free by repeated (33) purging
with nitrogen. MF testing (see below) on these samples
was performed in the glove box, after fractional Oxy-Hb
concentration was below 10%, as confirmed spectrophotometrically using an Ocean Optics STS spectrophotometer (Dunedin, Fla). Reoxygenation control
sample was subjected to the same deoxygenation process and then reoxygenated with room air by gentle
mixing for 30 minutes. Reoxygenation to essentially
100% Oxy-Hb was also confirmed using the STS spectrophotometer.
Data collected. Subject demographics including age
and sex, as well as relevant medical history including
hydroxyurea (HU) treatments and transfusion history,
were collected. All samples were analyzed for relative
concentrations of the main Hb types (Hb types A1,
A2, S, C, and F–with analyses performed by Dynacare
Laboratories, Wis.). In addition, RBC osmotic fragility
was determined by the BloodCenter of Wisconsin laboratory, Wis. and recorded as a profile representing
induced Hem as a function of sodium chloride concentration (P50).
Mechanical fragility test. Mechanical stress was
applied to RBC samples with the use of a TissueLyser
LT (Qiagen, Valencia, Calif) bead mill at an oscillation
frequency of 50 Hz in the presence of 1 7-mm
diameter stainless steel ball for predetermined
durations. Subsamples were subjected to such stress at
12 different durations (ranging from 0 sec to 30 min) to
ensure a wide range of achieved Hem levels. The
sample holder of TissueLyser was modified to allow air
cooling while in operation, which resulted in sample
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temperature stabilization to within 2 of the starting
temperature. Unlysed cells were pelleted by
centrifuging the samples for 5 minutes at 1300 rcf on
an Eppendorf 5417C centrifuge. Samples of the
supernatant were collected and used for spectral analysis.
Hemolysis assessment. Hem was determined based on
the difference in absorbance at 576 nm, a wavelength of
oxygenated Hb maximum, and absorbance at 685 nm. It
was expressed as a fraction of free Hb (HbF) relative to
HbT according to Formula 1 which includes the
correction for sample hematocrit as detailed by
Sowemino-Coker.25
Hem 5

HbF576 2HbF685
 ð12HematocritÞ (Formula 1)
HbT576 2HbT685

HbT for each diluted RBC sample was determined by
subjecting a small (350 mL) aliquot to a short (40s) ultrasound treatment (0.15 W) on ice. In control experiments, such treatment was shown to fully hemolyze
RBC. For determining auto-Hem (Hem prior to the
application of mechanical stress), small (20 mL) samples of undiluted sample were centrifuged for 5 min at
1300 rcf, supernatants were collected, and the Hb content was measured spectrophotometrically. Spectroscopic measurements were performed with a
NanoDrop N1000 spectrophotometer (ThermoFisher,
Wilmington, Del).
Relative contributions of different Hb forms—
including oxygenated (Oxy-), deoxygenated (Deoxy-),
and oxidized (Met-) Hbs—were determined when
necessary by fitting base-line adjusted sample absorbance spectra with a linear combination of molar extinction coefficients for Oxy-, Deoxy, and Met-Hb forms in
the near-UV-Vis (450–685 nm) range. A wavelength at a
local absorbance minimum of Oxy-Hb, 685 nm, was
used as a baseline. The fitting was performed using a
Solver function in Excel (Microsoft, Redmond,
Wash). For Oxy-Hb and Deoxy-Hb forms, extinction
coefficients reported by Prahl26 were used. Extinction
of oxidized Hb (Met-Hb) was determined in this laboratory, with reference to values reported previously by van
Assendelft and Zijlstra.27,28 For samples containing
noticeable amounts of Met-Hb, absorbance observed
F
at 576 nm ðH576
Þ was adjusted based on the difference
in extinction coefficients of Oxy-Hb and Met-Hb at
576 nm and 630 nm, the wavelengths of absorbance
maxima of Oxy-Hb and Met-Hb, to represent combined
Hb absorbance.
RBC fragility profiles are defined here as the cumulative incremental induced Hem (ie, beyond auto-Hem)
resulting from applied stress of varying durations. Unlike single-point measurements that use a single stress
duration at a single stress intensity, as implemented
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for example by Raval et al,29 MF profiles allow ascertainment of the propensity for red cells to hemolyze
over a range of applied stress magnitudes, with different
indices possible.30 Here, the area under the curve (AUC)
was used. AUC was determined as the total area under
the best-fit third-order polynomial curve using Hem
values observed at each of the 12 time points (from 0 minutes to 30 minutes) of stress application.
Osmotic fragility was evaluated based on P50, which
induces 50% Hem in the sample, and S50, the slope of
the change in Hem at the P50 point. The values were
calculated based on the best-fit low polynomial.
Statistical analysis. Data are presented in the form of
mean and SD. Student 2-sample and paired t-test (1-way
analysis of variance [ANOVA]) with a 2-tailed P-value
of 0.05 with Bonferroni correction for multiple
comparisons were used to test for significance where
appropriate. Unless specified otherwise, P-values in the
text are those after the Bonferroni correction. The study
design required testing RBC samples of the same
subjects under 3 different conditions (OXY, HYPOXY,
and REOXY). For all subjects (AA, AS, and SS), the
results of the tests performed in those conditions were
highly correlated, with statistically significant correlation
coefficients ranging from 0.7 to 0.9 for AA, 0.9 between
HYPOXY and REOXY for AS, and 0.7 between OXY
and REOXY for SS. (Other correlation coefficients are
either of marginal significance or not significant.) This
correlation must be accounted for in statistical analysis.
Consequently, the repeated measures ANOVA model
using mixed model approach, similar to that described
previously,17 was used for determining statistical
significance between the conditions. Such an approach is
better suited for the present case than ordinary linear
regression or ordinary 1-way ANOVA, as ordinary
analysis would not account for correlation between
repeated measurements from the same subject. However,
when a single condition was analyzed, ordinary linear
regression was used. The analysis was performed using
SAS 9.4 (SAS Institute, Cary, N.C.).24
Materials. Albumin was from RPI (Mount Pleasant,
Ill); all other materials were from Sigma (St. Louis, Mo.).
RESULTS
Recruited subject overview. 30 subjects were recruited
for the study. Of those, 10 were normal subjects with no
known pathologies (AA), 7 had sickle trait (AS), and 13
had SCD. Of the 13 SCD subjects, 2 were excluded from
the study as Hb analysis revealed SC-type Hb. One of
the remaining SS samples exhibited clots on arrival,
leaving 10 SCA or SS samples for analysis. For AA
subjects, Hb concentration was found to be the
highest, closely followed by that from AS subjects,
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Table I. Clinical characterization of participants, mean (SD)
SS
Hydroxyurea

Hb-F level

Variable

AA

AS

SS

Yes

No

High (.8%)

Low (,3%)

Number
Age (years)
Male sex, N
Total Hb (g/dl)
OF
P50, % NaCl
S50, % Hem/%NaCl
Hb-F (%)
Hb-S (%)
Hb-A* (%)

10
33 (9)
4
12.9 (1.3)

7
35 (11)
2
11.1 (1.3)

10
29 (8)
5
7.8 (1.0)

8
27 (4)
4
8.0 (1.0)

2
38
1
7.3

6
28 (3)
3
8.0 (0.9)

4
31 (12)
2
7.4 (1.2)

0.40 (0.02)
210.1 (2.6)
0.3 (0.1)
0
99.6 (0.3)

0.39 (0.02)
29.9 (2.5)
0.7 (0.3)
38 (2)
61 (2)

0.33 (0.05)
21.2 (0.6)
9 (6)
67 (24)
24 (28)

0.32 (0.05)
21.2 (0.6)
10 (7)
71 (19)
16 (23)

0.34
21.1
5.4
52
24

0.26 (0.07)
21.2 (0.6)
13 (3)
81 (3)
2.9 (0.6)

0.35 (0.02)
20.9 (0.3)
2.2 (0.8)
48 (31)
38 (32)

Abbreviations: AA, normal cell; AS, sickle trait cell; Hb, hemoglobin; Hb-F, fetal Hb; Hb-S, Hemoglobin S; Hem, hemolysis; OF, osmotic fragility;
P50, concentration of sodium chloride; SS, sickle cell.
*Includes Hb-A1 and Hb-A2.

and markedly lower for SS subjects (Table I). These
differences were statistically significant (P , 0.05).
As anticipated, very low fetal-type (F) and no sickletype (S) Hb was observed for AA subjects, with
samples from AS subjects exhibiting significant (about
38%) content of Hb-S. Concentrations of both F- and
S- types of Hb varied significantly for SS subjects,
with the breakdown for patients who were receiving
(8 out of 10) and not receiving (2 of 10) HU shown in
Table I. Efficacy of HU treatment, as evaluated based
on an increase in fetal Hb (Hb-F), varied significantly
among patients, with no clear relationship observed
between Hb-F fraction and HU dose (between 0 and
2000 mg/d), subject’s gender, age, or Hb content at
collection; however, compliance with the treatment
had not been assessed. Notably, elevated Hb-F was
detected in all SS samples even those not currently
receiving HU. No correlation between Hb types and
gender or age was observed.
Normal subjects. While on average, the AUC value for
AA subjects was 17.2 6 4.5, these individuals appeared to

fall into 2 distinct groups: those exhibiting low (AUC of
12.1 6 0.8) and high (AUC of 20.7 6 1.1) RBC MF levels
(Table II and Fig 2). The difference between the 2 groups
was statistically significant (P much less than 0.05) for all
testing conditions (OXY, HYPOXY, and REOXY). For
AA subjects, no correlation was observed between the
high/low RBC MF at any of the 3 conditions and age,
gender, or initial Hb concentration. However, osmotic
fragility, as represented by P50, but not S50, was
significantly correlated with RBC MF for OXY
(P , 0.04, R2 5 0.43) and REOXY (P , 0.04,
R2 5 0.45) samples. No such correlation was detected
for the HYPOXY condition.
For all AA subjects, hypoxia resulted in elevated RBC
MF, with reoxygenation substantially reversing this
increased susceptibility to Hem. However, the magnitudes of these effects varied between the 2 groups (ie,
between those with initially ‘‘high’’ and ‘‘low’’ RBC
MF). The low-fragility group exhibited a pronounced
increase in RBC MF on hypoxia; however, while
reduced, RBC MF stayed elevated upon reoxygenation

Table II. Averaged values for mechanical fragility of RBC
AUC, mean (SD)
All donors

OXY grouped

OXY

HYPOXY

REOXY

A

B

n 5 In A

Grouping criteria

AA
AS

17.2 (4.5)
16.3 (3.2)

21.4 (2.6)
21.1 (2.4)

19.2 (4.0)
19.7 (2.9)

20.7 (1.1)
15.5 (4.0)

12.1 (0.8)
17.0 (2.8)

6
3

SS

19.1 (3.0)

24.7 (0.9)

22.1 (1.7)

20.2 (0.5)

18.3 (3.5)

6

RBC MF value in OXY
Decrease in MF after
HYPOXY
Hb-F content

Donors

Abbreviations: AA, normal cell; AS, sickle trait cell; AUC, area under the curve; Hb-F, fetal hemoglobin; HYPOXY, deoxygenated; MF,mechanical fragility; OXY, oxygenated; RBC, red blood cell; REOXY, reoxygenated; SS, sickle cell.
Statistical significance of the differences between AA, AS, and SS RBC, using one-way ANOVA with repeated measures, is presented in the text.
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Fig 2. Scatter plot of RBC MF (AUC values) under OXY, HYPOXY, and REOXY for AA donors. Statistical significance at P , 0.05 is indicated by (***) and at P , 0.1 is indicated by (*). AA, normal cell; AUC, area under the
curve; HYPOXY, deoxygenated; MF, mechanical fragility; OXY, oxygenated; RBC, red blood cells; REOXY, reoxygenated.

as compared to OXY. Statistical analysis shows that
while the differences between OXY and HYPOXY are
statistically significant (P , 0.05), those between HYPOXY and REOXY are not (P 5 0.2), with the composite result that differences between OXY and REOXY are
only of marginal significance (P 5 0.05).
While for some subjects in the high-fragility group
(eg, Subject #5, Fig 2), hypoxia and reoxygenation resulted in essentially no net changes in RBC MF; on
average in this group, there is still a difference between
OXY and HYPOXY (P 5 0.014). However, the differences between HYPOXY and REOXY, and more importantly between OXY and REOXY, are not significant
(P 5 0.112 and P 5 0.123, respectively).
Sickle trait subjects. Initial (OXY) RBC MF of AS subjects was not significantly different from that of the
average of all AA subjects (Table II); however, at the
listed SD and sample sizes, the power of analysis is not
adequate for definitive conclusions. Nevertheless, when
considered separately in comparison with each of the 2
groups of AA subjects, MF did show statistical
significance: AS fragility was higher when compared to
AA for the low-MF group (P 5 0.01) and lower when
compared to AA for the high-MF group (P 5 0.01). At
the low power of the comparison, osmotic fragility of
AS subjects was not found to be different from that of

SS subjects (Table I). It can be noted that OXY RBC
MF of AS subjects exhibited about equal numbers of
‘‘high’’ and ‘‘low’’ values (Fig 3) which can be viewed
as parallel to that observed in AA subjects; the small
sample size, however, precludes statistical analysis of
this observation.
Hypoxia resulted in a statistically significant increase in
RBC MF (P 5 0.004), while reoxygenation resulted in
only a marginal MF decrease (P 5 0.1), with the result
that RBC MF at REOXY remained on average significantly different from that at OXY (P 5 0.029); the latter
2 results have significantly lower power which makes
those results not very reliable. Notably, use of a lessconservative Tukey-Kramer correction resulted in adjusted
P-values (much greater than 0.05) for all the 3 transitions,
thus confirming that the AS group sample size may have
been insufficient to properly test for these changes.
Based on the magnitude of recovery of RBC MF after
hypoxia, AS subjects can be conditionally separated
into 2 groups, representing ‘‘high’’ (40%–70%) and
‘‘low’’ (under 30%) fractions of cell, based on their ‘‘recovery’’ (regained stability) after hypoxia. No correlation between those and the magnitude of the RBC MF
at OXY condition, gender, age, osmotic fragility parameters, total Hb concentration, or Hb-S fraction was
observed.
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Fig 3. Scatter plot of RBC MF (AUC values) under OXY, HYPOXY, and REOXY for AS donors. Statistical significance at P , 0.05 is indicated by (***). AS, sickle trait cell; AUC, area under the curve; HYPOXY, deoxygenated; MF, mechanical fragility; OXY, oxygenated; RBC, red blood cells; REOXY, reoxygenated.
Sickle cell subjects. If compared with using a whole dataset, initial (OXY) RBC MF of sickle cell subjects was
not significantly different (P 5 0.3) from that of the
average of all normal subjects (Table II). However,
when comparing separately to both high and low RBC
MF normal subjects, analysis reveals that while MF of
SS subjects was still not significantly different from MF
of high-fragility AA donors (P 5 0.1), it was
significantly (P , 0.0001) different from that of lowfragility AA donors. Osmotic fragility of SS subjects
was significantly different, in both the P50 and S50
values, from that of AA and AS subjects (Table I).
While the P50 value exhibited a relatively modest
change (within 2 SD), the change to the slope of the
osmotic fragility profile was much more pronounced
(up to 10 fold). It should be noted that most SS samples
exhibited 2 phases in osmotically induced RBC Hem,
with typically a much smaller and slower phase at lower
salt concentrations, followed by a larger and faster phase.
Hypoxia resulted in a statistically significant increase
in RBC MF (P much less than 0.01) when assessing the
whole SS subject dataset, with the follow-up reoxygenation inducing a statistically significant MF decrease
(P 5 0.005). Resultant RBC MF at REOXY was on
average significantly different from that at OXY
(P 5 0.02) (see Fig 4 and Table II). However, while
SS subject response to hypoxic event resulted in nearly

uniform increase in RBC MF, post-event recovery was
markedly varied. While for some individuals, for
example subject 4 (Fig 4), reoxygenation brought about
a decrease in MF down to prehypoxic level; for other individuals, for example, subject 6 (Fig 4), who had RBC
MF similar to subject 4 at OXY and HYPOXY conditions, reoxygenation did not result in recovery (indicating irreversible changes to RBC membrane stability).
No statistically significant correlations were observed
between RBC MF at any of the conditions and subject
gender, age, hemoglobin content, osmotic fragility parameters (P50 and S50), HU dose, or Hb-F content (except
for a trend toward significance at P 5 0.07 when correlated with the REOXY condition). Similarly, those did
not exhibit a correlation with an increase in MF (decrease
in cell ability to withstand mechanical stress) brought
about by hypoxia. Age, Hb content, and osmotic fragility
parameters likewise were not significantly correlated
with changes in MF upon post-hypoxic RBC reoxygenation. However, gender was found to be an independent
predictor (P 5 0.05, R2 5 0.4) of how closely RBC
MF returns to its initial, prehypoxia level after the hypoxic event (the difference between RBC MF at OXY and
REOXY), with males exhibiting better and lessvariable recovery to the original values.
In addition, Hb-F content was also found to be a predictor of post-hypoxia recovery. A strong correlation
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Fig 4. Scatter plot of RBC MF (AUC values) under OXY, HYPOXY, and REOXY for SS donors. Statistical significance at P , 0.05 is indicated by (***). AUC, area under the curve; HYPOXY, deoxygenated; MF, mechanical
fragility; OXY, oxygenated; RBC, red blood cells; REOXY, reoxygenated; SS, sickle cells.

(P , 0.01, R2 5 0.66) was observed between its levels
and the magnitude of change in RBC MF upon sample
reoxygenation. However, as Hb-F was not a predictor
for the initial OXY RBC MF values, it was poorly correlated with the OXY-REOXY difference, reflecting how
closely cells’ MF reverts to prehypoxia values. Correlation to Hb-F trended toward significance (P 5 0.056)
when the magnitude of recovery was normalized by
the magnitude of hypoxia-induced fragility increase
[(DEOXY 2 REOXY)/(DEOXY 2 OXY)].
Overall, SS subjects in this study could be subdivided
into 2 groups: those with ‘‘low’’ (,3%), and those with
‘‘high’’ (.8%) Hb-F content. No relationship was
observed with subject age, gender, initial Hb concentration, or even HU dosage, but given the small sample
sizes for the subgroup analysis, the power is not sufficient for statistical inference. A difference between
initial (at OXY) RBC MF values for the 2 groups was
also not observed.
DISCUSSION

It had been demonstrated previously that reversible
binding of Band 3 anion exchange protein (cdb3) and
Deoxy-Hb, but not Oxy-Hb, results in transient rupture
of the cdb3-ankryn bridge and increased cdb3 diffusion,

thus providing an oxygen tension–dependent switch to
membrane properties.31 It had also been suggested
that disruption of junctions in ankyrin-cdb3 and
spectrin-actin-protein 4.1 complexes could lead to
membrane fragmentation under sufficiently high shear
stress.9 Conversely, less-tight association of ankyrin
with the cell membrane, and thus disassociation between the phospholipid bilayer and the underlying
spectrin-actin cytoskeleton, can be expected to weaken
the RBC membrane on cell deoxygenation, making it
potentially less elastic and at the same time potentially
less resistant to mechanical stress.
As Hb-induced structural membrane rearrangements
appear to be a part of the normal physiological function,
reoxygenation of the cell should trigger the reverse effect:
breakage of the bond between cdb3 and hemoglobin, now
in oxy-Hb form, and reattachment of ankyrin, with the
RBC membrane potentially better able to withstand mechanical stress. Indeed, while the transition to hypoxic
conditions in the present study was associated with higher
propensity to stress-induced Hem (higher RBC MF), reoxygenation brought about cell recovery with a decline
of RBC MF toward initial (prehypoxic insult) values.
Related to this result, RBC membrane properties were
reported to remain essentially unchanged at physiological hypoxia levels,14 with their fragility apparently
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unaffected even by severe hypoxia and follow-up cell
reoxygenation.22 (However, in the latter case, as
mentioned, the data are presented as averages and are
based on very small (n 5 3) sample size with very
high SD, raising the question of potential variability
among different individuals, and the need for pairwise
comparison in the analysis.) In additional, while a number of authors reported that for AA individuals hypoxia
does not cause significant changes in RBC deformability, others report that with normal RBC, deformability
increases at higher oxygen tension and declines significantly at hypoxic conditions (eg, Hakim and Macek32
and Uyuklu et al33). Further studies would be required
to understand how these contradictory experimental results correlate with the mechanistic considerations outlined above.
It is well known that a variety of genetic factors,
including G6PD variants, can influence RBC properties
(eg, Maha34 and Soranzo35). Cells also can be markedly
influenced by lifestyle, and in particular, diet and exercise have been identified as factors significantly
affecting the ability of cells’ membranes to withstand
stress and to deform.36-38 (Incidentally, in patients
with SCD, these factors can significantly affect the
severity of the disease39).
Interestingly, in this study, we observed 2 groups of
AA individuals that differed in both the initial MF of
their RBC as well as in the cell reaction to hypoxia.
The ‘‘low’’ initial (OXY) MF group exhibited a marked
increase in MF on hypoxia, with cells only partially
recovering upon reoxygenation. In contrast, the RBC
with initially high MF showed only a moderate increase
upon deoxygenation, and seemed to recover fully when
reexposed to air. It is conceivable that the difference in
response to hypoxia between these 2 groups may have
been substantially due to differences in levels of physical fitness. (While study of any such correlation was
outside the scope of the present work, this hypothesis
may merit further investigation.)
When Hb-S is present in RBC, the ofteninterconnected effects of oxidative damage accumulating
during repeated sickling, Hb-S interaction with membrane proteins, and cell dehydration/shrinkage, can cause
marked alterations of biomechanical membranes. In
particular, SS RBC are attributed with weakened interaction between the membrane lipid bilayer and its skeletal
proteins, likely due to reduced spectrin-Ankyrin binding.40 Destabilization of the membrane bilayer and microvesicle shedding, which were shown to be greatly
elevated in sickle cells even with no crisis, could also
affect cell membrane stability.41,42
Although SCT condition is typically considered
asymptomatic, sometimes it can be associated with
complications similar to those in SCA, including,
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among others, chronic kidney disease, hematuria,
splenic infarction, and venous thromboembolic
events.43-45 SCT complications often relate to exertion
and a resultant low-oxygen/hypoxic cell environment,
and while there is typically no Hb polymerization in
AS cells under physiological conditions, such can still
occur in hypoxic tissues, and had been shown to be
inducible by hypoxia in vitro.46 It is not well understood
why some people with SCT may be more susceptible to
those complications than are others. In view of the observations here, it is conceivable that susceptibility to
complications could be linked to heightened propensity
of the RBC membrane for irreversible changes under
hypoxia. The question of possible changes in AS cell
membrane properties has additional relevance for blood
banking and transfusion medicine. While some authors
report that blood storage and post-transfusion in vivo
cell survival are not significantly different between AS
and normal AA cells,47 others point out differences in
RBC from SCT individuals which can adversely affect
RBC processing and storage.7,48
In this study, we observed pronounced variability in
both initial MF of RBC from SCT subjects and in cells’
response to hypoxia and follow-up reoxygenation. Interestingly, unlike AA samples, for AS samples the initial
MF was a poor predictor of cells’ response to hypoxia
and reoxygenation. As anticipated, for all samples hypoxia resulted in increased cell fragility, however, the
scale of such increase was found to be highly variable.
For example, comparing the response from subjects
‘‘1’’ and ‘‘2’’ per Fig 3, while similar initially, hypoxia
induced nearly double the increase in RBC fragility for
subject ‘‘2’’ as for subject ‘‘1.’’ Moreover, while upon
exposure to oxygen, for subject ‘‘1’’ cell fragility reverted
to close to its prehypoxia values (similar to the behavior
of AA cells), membrane changes for subject ‘‘2’’ cells
seemed to be irreversible. Such irreversible changes in
MF are likely due to deep hypoxia-induced plastic/permanent deformation of the membrane, possibly linked
to irreversible cell sickling. We hypothesize that essentially irreversible changes in RBC MF upon a single
deoxygenation-reoxygenation cycle could be indicative
of an elevated risk of SCA-type clinical complications.
If validated, the ability to recognize such high-risk individuals through a simple MF test may be a useful tool in
managing patients with SCT. Similarly, SCT donor blood
can be tested, and when at risk of hypoxia-induced irreversible RBC change, and packed RBC can be diverted
from transfusion toward other use. Technology facilitating RBC MF testing is under development.49
For SS cells, the present work found cell fragility to
increase upon deoxygenation, and, on average, to
decrease when oxygen was reintroduced. These results
correlate with those reported previously.5,22 However,
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RBC from SCA patients, similar to that from SCT
individuals, exhibited significant heterogeneity in their
ability to recover. Hypoxic insult on RBC from some
subjects (eg, 6 or 8, Fig 4) induced irreversible (on an
up to 1-hour time scale) change in cell MF, while
RBC MF from other subjects (eg, 4 or 5, Fig 4) upon reoxygenation reverted to its prehypoxia values (similar to
AA cells). As with SCT subjects, irreversible change in
MF could imply membrane damage due to plastic deformation, with or without associated irreversible sickling.
In any case, such changes could potentially lead to
increased Hem and higher risk of vaso-occlusion.
This observation of a heterogeneous response to deoxygenation may possibly reflect clinical heterogeneity of
SCD, the severity of which can vary wildly among patients.50,51 In that regard, it had been suggested that
genetically predisposed severity of the disease could be
modulated by membrane alterations of sickle RBC.3
Naturally, the high variability in response of SS (and
AS) cells to a cycle of deoxygenation involving severe
hypoxic conditions observed in this work remains to be
correlated with complication rates and severity. If validated, it could offer a practical test (MF) indicative of
which patients are more at risk for extensive pathology.
If such were indeed the case, it would allow bettertargeted and potentially timelier interventions.
The symptoms of SCA can be alleviated with HU
which was shown to stimulate nitric oxide production—possibly through HU oxidation, its reaction with
Hb, or enhanced ATP release from cells.52-54 The
capacity of HU to increase Hb-F levels in RBC had
also been suggested as one of the mechanisms, as Hb-F
inhibits deoxy sickle Hb-S polymerization,55 making
cells more likely to survive in circulation (eg, Steinberg
et al56). Response to HU therapy is highly varied; while
some patients show up to 40% increase in Hb-F concentrations, others show only minor changes,56,57 with
familial factors (genetic or environmental) potentially
influencing Hb-F synthesis.58 While poor correlation between Hb-F levels and severity of complications had
been reported,59 Hb-F is still considered the most important and best characterized modifier of SCD severity,
which at high concentrations is able to ameliorate most
of the disease symptoms.39 (The variability in clinical effects could be due to the heterogeneous distribution of
Hb-F among individual erythrocytes. While cells high
in Hb-F would be ‘‘protected,’’ cells with low Hb-F content would have higher propensity to sickle, giving rise to
a progression of events resulting in more severe SCA.56)
Thus, reactivation of Hb-F production, based on
reversing of BCL11A repressor, may be a focus of development of potential new therapies for SCA.60
In this work, we did not observe a correlation between
HU dose and blood Hb-F concentration; however, patient
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compliance with the therapy was not verified. Contrary to
expectations, Hb-F cell concentration was not negatively
correlated with an increase in RBC MF; but it did correlate with cell recovery when oxygen was reintroduced.
However, unlike gender, it did not speak to how close
the resultant fragility would be to its original (prehypoxia) values. Some individuals (eg, subjects 4 or 5,
with high Hb-F concentration) exhibited good recovery,
while others (eg, subjects 6 or 9, with low Hb-F) showed
essentially none. Higher Hb-F concentrations have been
associated previously with decreased irreversible sickling,61 possibly due to a low fraction of irreversible binding of deoxygenated Hb-S with the cdb3 complex.
There are a number of limitations to this pilot study.
In some cases, as stipulated in the text, sample sizes
were too small to draw statistical inference with sufficient power. Moreover, results indicated a possibility
of subgroups (Table II) in all subject groups; however,
subgroup analysis would require larger sample sizes,
with recruitment tailored to such subgroup analysis.
As mentioned, compliance with HU therapy was not
evaluated, and thus, any inference of its possible correlation with Hb-F or RBC MF carries additional uncertainty. Levels of hypoxia used in this work are likely
more severe than physiological, which likely resulted
in RBC MF changes more severe that those observed
clinically. (Equilibration time for both Hb deoxygenation and reoxygenation are orders of magnitude longer
than that reported for typical time in cell transit when it
may be subjected to low oxygen conditions, as well as
time associated with the either Hb-S polymerization
delay or polymerized Hb-S melting.) However, MF
changes observed at more severe (even if nonphysiological) hypoxia conditions, if correlated with
outcomes, could still have clinical significance as a
diagnostic/monitoring test.
In summary, the presented results show that a single
hypoxic event and cell recovery after such event can
vary significantly among SS and SA patients, indicating
variable amounts of induced irreversible (plastic) as
opposed to reversible (elastic) cell deformations. These
results could be useful for planning future experiments
and sample size calculations based on estimates for
mean and SDs of RBC MF under impact of hypoxia
and reoxygenation, with an aim of validating approaches for monitoring/evaluation of extended pathology risks for SCD patients.
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