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tions (FR-MFI_1 and FR_MFI_2) was elevated 
in SCD (Hb-S) subjects as compared to normal 
(Hb-A) donors. However, the contribution of 
more resistant fractions to the total sample 
hemolysis in normal donors was higher than 
that in SCD donors. Despite the disparity, the 

When incubated with GBT1118, samples from 
SCD subjects exhibited a significantly smaller 
increase in RBC MF after three cycles of hy- 
poxia with follow-up reoxygenation (Figure 4A, 
+GBT1118). Resultant RBC MFI_1 and MFI_10 
in such, GBT1118 incubated samples, were not 

Figure 3. Changes in RBC induce hemolysis resulting from 3 cycles of hy-
poxia as compared to the control sample without GBT1118 supplementa-
tion for SCD subjects (A) and for normal donors (B). Shown are changes in 
total induced hemolysis (Hem10) after 10 minutes of stress application with 
error bars are ± SD on the four measurements, and relative contribution of 
induced hemolysis fractions as a percent of total induced hemolysis in each 
sample. The difference for each of i RBC hemolyzed fraction is expressed 
in terms of the magnitude of induced hemolysis over the consecutive 30 
second durations normalized to the total hemolysis in the sample, and was 
calculated according to the formula 2:
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Where ���� 0
�  and ���� 3

�  are incremental increases in hemolysis associ-
ated with i fraction in a sample before and after 3 cycles of hypoxia. ���� ��

�  
and ���� ��

�  are the values of total hemolysis in the sample achieved over 
the 10 minutes of stress application before and after the hypoxia.

difference in magnitude of 
more labile fractions between 
SCD patients and normal 
donors failed to reach statisti-
cal significance due to high 
subject-to-subject variability 
within each group. Such  
variability declined for more 
stress-resistant fractions with 
the differences between the 
groups becoming significant 
(P<0.05).

Hypoxia cycles induced a larg-
er increase in RBC MF of SCD 
subjects compared to nor- 
mal donors. In all cases, the 
increase in cumulative hemo-
lysis was due to an increased 
contribution (magnitude) of 
more labile RBC fractions 
which was offset to a small 
degree by decreased relati- 
ve contribution of less labile 
(more resistant to hemolysis) 
cell fractions (Figure 3). While 
extremely consistent for SCD 
samples (Figure 3A), in nor-
mal donors this effect was 
much less uniform (Figure 
3B). When assessed by inte-
grated indices, hypoxic cycles 
induced a marked and statis-
tically significant increase in 
RBC MFI, for both MFI_1  
and MFI_10 in SCD subjects 
(Figure 4A, ± GBT1118), while 
the increase of MFI in normal 
donors lacked significance 
(Figure 4B, ± GBT1118). For 
both groups, changes in the 
labile fraction were more pro-
nounced than those for cumu-
lative 10 minute hemolysis. 
Hypoxic cycles did not result 
in any significant changes in 
pre-existing (pre-stress appli-
cation) hemolysis. 
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significantly different from 
those in control samples pre-
hypoxia, while the values 
obtained after hypoxia with-
out the compound were sig-
nificantly elevated. Specifi- 
cally, upon incubation with 
GBT1118, for the 4 samples, 
percent change from the pre-
hypoxic condition after the 3 
cycles of hypoxia with reoxy-
genation to normoxia between 
the cycles was reduced on 
average by about 40% for the 
labile fraction (MFI_1) and by 
20% for the total hemolys- 
is (MFI_10). Supplementation 
with GBT1118 resulted in vari-
ability in responses between 
the samples from normal 
donors. However, such treat-
ment-induced difference la- 
cked significance (Figure 4B, 
+GBT1118).

More detailed analysis of  
RBC fractions that differed in 
their resistance to induced 
hemolysis reveals that in SCD 
patients, hypoxia induced a 
shift in relative fraction sizes 
with increased contribution 
from more labile fractions 
(FR-MFI_1 and FR-MFI_2) and 
decreased contribution from 
the more hemolysis-resistant 
fractions (FR-MFI_4 to FR- 
MFI_10) (Figure 5A). This 
effect was significantly arrest-
ed in the presence of GBT- 
1118. The effect was similar 
in normal donors, even if the 
average changes in hemoly- 
sis as assessed by MFI_1, 
MFI_10, and RBC fractions 
(FR-MFI) lacked statistical sig-
nificance (Figure 5B).

Discussion

Sickle cell membrane proper-
ties play an important role in 
both adhesive and obstruc-

Figure 4. Changes in RBC mechanical fragility for SCD subjects (A) and nor-
mal donors (B) as shown by changes in the most labile fraction (MFI_1), 
and in the cumulative induced RBC MF index for 10 minutes of stress ap-
plication (MFI_10). Shown is the difference between averaged MFI values 
before and after 3 cycles of hypoxia with (+) and without (-) supplementa-
tion with GBT1118. ↔ denotes statistical significance of hypoxia-induced 
changes compared to the pre-hypoxia normoxic baseline, and ***P<0.05) 
and *0.05<P<0.1 denote statistical significance of the differences of hy-
poxia-induced MF changes in samples with and without GBT1118. ns, no 
significance.
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tive events, contributing to the pathophysiology 
of SCD [24], with sickling shown to correlate 
with severity of major SCD complications [25]. 
The percentage of sickled cells after deoxygen-
ation is the basis of the standard “sickling 
assay” (where sickling can be induced by either 
low oxygen tension or change in pH) and had 
been used previously as a predictor of disease 
outcomes (e.g. [26, 27]). In addition to vaso-
occlusion, destabilization of the RBC mem-
brane and cell sickling also result in premature 
RBC destruction and release of hemoglobin; 

cycles of Hb-S polymerization and re-oxygen-
ation critically impact membrane structural 
proteins, like Band-3 complex resulting in mem-
brane microvesiculation [29], with hypoxia-
induced polymerization causing plasma mem-
brane damage [20, 30].

While mechanics behind RBC stability are not 
yet fully understood, it was shown that deple-
tion or disruption of Band 3 results in a signifi-
cant increase in RBC fragility (reduced stability) 
and severe anemia [31, 32]. Interestingly, 

Figure 5. Changes in RBC-induced hemolysis as a result of incubation with 
GBT1118 after 3 cycles of hypoxia as compared to control sample without 
GBT1118 supplementation for SCD subjects (A) and for normal donors (B) 
with error bars representing ± SD on the three measurements. Shown are 
changes in total induced hemolysis after 10 minutes of stress application. 
Also shown are relative contributions of induced hemolysis fractions as a 
percent of total induced hemolysis in the four individual SCD and four nor-
mal donor samples. The difference for each of i RBC hemolyzed fraction is 
expressed in terms of the magnitude of induced hemolysis over the consecu-
tive 1-minute durations normalized to the total hemolysis in the sample, and 
was calculated according to the formula 3:
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Where HemT 0
i  and HemTi

3  are incremental increases in hemolysis associ-
ated with i fraction in a sample supplemented (Treated) with GBT1118 be-
fore and after 3 cycles of hypoxia. HemT10

0  and HemT10
3  are the values of 

total hemolysis in treated samples achieved over the 10 minutes of stress 
application. Other values as in Figure 3.

such hemolysis is suggested 
as the possible proximate 
cause of multiple SCD com- 
plications.

Hypoxia is an integral part of 
normal cell physiology; in  
normal cells reversible bind-
ing of Band 3 anion exchange 
protein (cdb3) and deoxygen-
ated (deoxy-Hb), but not oxy-
genated (oxy-Hb) hemoglobin 
results in transient rupture of 
the cdb3-ankryn bridge and 
increased cdb3 diffusion, pro-
viding an oxygen tension-
dependent switch to mem-
brane properties [18, 28]. 
Mechanistically, less-tight as- 
sociation of ankyrin with the 
cell membrane, and thus dis-
sociation between the phos-
pholipid bilayer and underly-
ing spectrin-actin cytoskele-
ton, can be expected to weak-
en the membrane upon cell 
deoxygenation, making it less 
elastic and at the same time 
less resistant to mechanical 
stress. This process is then 
reversed upon hemoglobin re-
oxygenation. Such physiologi-
cally important rearrange-
ments are likely to be dis- 
rupted in RBC with a suffi-
ciently high content of Hb-S 
e.g. through the disruption  
of junctions in ankyrin-cdb3  
and spectrin-actin-protein 4.1 
complexes that could lead to 
membrane fragmentation un- 
der sufficiently high shear 
stress [17]. It was shown that 
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integrity of the Band 3-ankyrin linkage was 
shown to be essential specifically for cell’s  
ability to withstand mechanical stress with a 
minimal impact on cellular integrity when such 
stress is absent [33].

Additionally, the interaction of deoxy-Hb-S with 
cdb3 is much stronger than that of deoxy-Hb-A, 
with a portion of deoxy-Hb-S being irreversibly 
bound to the complex. Even the reversibly 
bound fraction of deoxy-Hb-S was shown to dis-
sociate much more slowly than deoxy Hb-A, 
impacting sickle RBC membrane properties 
[34]. Moreover, production of superoxide, facili-
tated under hypoxic conditions, is exacerbated 
in SCD, contributing to elevated oxidative dam-
age to membrane structures involved in regula-
tion of membrane stability [35]. ROS-induced 
damage was linked with irreversible micro-rhe-
ologic abnormalities of sickle RBC membranes, 
abnormal Hb-S-membrane interactions, and 
was suggested as a key factor in accelerated 
sickle RBC senescence [36]. With normal RBC 
having a life span of about 120 days, in SCD, 
due to accumulating damage from sickling, 
cells exhibit a much shorter survival. This is 
highly variable between patients, with a range 
of 14-54 days range reported [37].

Decreasing hypoxia-induced Hb-S polymeriza-
tion is one of the most promising approaches  
in SCD treatment with many an avenue to 
achieve this goal. One such avenue is through 
promoting of synthesis of fetal hemoglobin (Hb-
F), commonly achieved using the maintenance 
drug hydroxyurea, which does not polymerize 
and was shown to relieve symptoms in some 
patients. Longer RBC survival was reported for 
SCD patients with high Hb-F, presumably due to 
inhibition of hemoglobin polymerization and 
thus reduction in cell membrane damage [38]. 
Polymerization is also retarded with decreased 
intracellular Hb and Hb-S concentrations, e.g., 
through reduction of RBC dehydration that is 
often observed in SCD [39]. Hb deoxygenation-
reoxygenation cycles and Hb-S polymerization 
are also associated with elevated oxidative 
stress, which in turn is associated with 
increased RBC membrane stiffness. Some 
therapies, e.g., Endari (L-glutamine), offer 
mechanisms to protect Hb and cell membrane 
from oxidative damage [40].

An alternative treatment pathway is through 
increasing Hb affinity to oxygen to decrease 
Hb-S deoxygenation and thus to reduce Hb-S 
polymerization. One approach is through modu-

lation of erythrocytic 2,3-diphosphglycerate 
(2,3-DPG) that reduces oxygen to Hb affinity 
and is elevated in SCD patients. It can also be 
accumulated under hypoxic conditions in tis-
sues, contributing to Hb-S polymerization and 
sickling. Treatments are being developed to 
reduce 2,3-DPG e.g., by activating RBC pyru-
vate kinase [41].

Another approach utilizes Hb-modifying com-
pounds. Some vanillin derivatives have been 
shown to weaken stabilizing interactions in the 
polymer’s structure, by forming high oxygen 
affinity Schiff-base adducts with Hb, shifting 
the oxygen equilibrium curve to the left [42, 
43]. A similar anti-sickling effect is achieved by 
voxelotor, which binds to the N-terminal of the α 
chain of Hb, delaying Hb-S polymerization and 
preventing RBC sickling [15]. By delaying and 
reducing hypoxia-induced sickling, Hb-modify- 
ing compounds would be expected to protect 
sickle cells from the detrimental effects of 
hypoxia, and through elevation of Hb-oxygen 
affinity reduce sickling, thus possibly reducing 
the risks of VOC.

GBT1118, a voxelotor analog, is another allo-
steric modifier of Hb affinity to oxygen that was 
shown to increase tolerance to severe hypoxia 
in mice [44]. Consistent with reduction of Hb-S 
polymerization, GBT1118 was reported to pro-
tect RBC hydration under both deoxygenated 
and oxygenated conditions, as well as to re- 
duce hypoxia-induced hemolysis [45]. In- 
creased affinity to oxygen resulting from shift-
ing the T-R quaternary equilibrium toward the R 
state and associated reduction in Hb-S polym-
erization, is often considered to be the main 
mechanism of action for both GBT1118 and 
voxelotor. The results of this study, however, 
cannot be explained through the changes in 
oxygen affinity as under the severe hypoxia uti-
lized here essentially all Hb was deoxygenated 
and no difference in deoxygenation was 
observed between non-treated samples and 
samples treated with GBT1118 (Figure 1). 
Considering the 15 minutes’ duration of deoxy-
genation, the rate of polymerization as well as 
the delay in polymerization [46] are not likely to 
be factors. Also note that both samples before 
and after hypoxia cycles were tested at normox-
ia, at the same Hb oxygenation.

It was previously suggested that there are addi-
tional inhibitory effects on intracellular Hb-S 
polymerization other than that resulting from 
shifting the T-R equilibrium and oxygen affinity 
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[47]. Among the four Hb-modifying compounds 
discussed were (i) blockage of sites of intermo-
lecular contacts on Hb-S fiber, (ii) effect on  
cell hydration, and (iii) weakening of fiber con-
tacts by altering intracellular conditions [48]. 
However, voxelotor reduction in SCD blood vis-
cosity was also observed under normoxia, with 
no deoxygenation [49], suggesting a contribu-
tion from a mechanism(s) unrelated to inhibi-
tion of Hb-S polymerization.

It was previously suggested that an interaction 
of GBT1118 with the cation transport systems 
in the cell may be able to increase RBC hydra-
tion and reduce cytoplasmic viscosity [50]. It 
should be noted, that increased hydration 
would be expected to reduce polymerization 
due to a decrease in cell Hb-S concentration. 
For voxelotor, inhibition of polymerization due 
to changes in RBC volume was observed as a 
result of 24-hour but not of 4-hour incubation 
[48]. The cumulative time of exposure to 
GBT1118 used in our work was well under 3 
hours, including both one-hour incubation and 
the duration of 3 hypoxia cycles, and thus, 
assuming similar impact regardless of the exact 
compound to Hb ratio, was not likely to result in 
significant changes in RBC hydration.

While RBC MF on average is elevated in SCD, as 
compared to normal donors, significant vari-
ability with the overlapping MFI ranges for the 
two groups was previously reported [20]. 
Analysis of RBC FR-MFI fractions reveals that 
compared to normal Hb-A donors, RBC from 
SCD patients exhibit progressively increasing 
contributions from a more labile fraction with 
decreased contributions from more stress-and-
lysis resistant RBC fractions. This observation 
is aligned with the understanding that in-vivo 
sickling is a significant contributing factor to 
degradation of RBC membrane. Our present 
work highlights the importance of view- 
ing polymerization-associated phenomena in 
terms of membrane damage occurring over 
Hb-S deoxygenation and reoxygenation cycles.

Further evaluation of changes in RBC fractions 
indicated that cycles of severe hypoxia induce 
damage to RBC membrane “transitioning” cells 
from more stress-resistant to more labile  
populations, with the effect markedly exacer-
bated with Hb-S present. Incubation with 
GBT1118 while not affecting RBC MF at nor-
moxia, resulted in normalization, relative to nor-

mal (Hb-A) donors, of RBC response to severe 
hypoxic cycles (Figure 4). Under these condi-
tions, there was a decreased amount of lysis 
from the more labile RBC fractions, likely due to 
decreased fraction sizes. This was accompa-
nied by an increased amount of lysis from the 
more resistant RBC fraction: again, presumably 
due to an increase in these cell fraction sizes. 
The net effect was a decrease in cumulative 
sample hemolysis representing, on average, 
increased cell resistance to stress-induced 
hemolysis. Interestingly, reduction in hypoxia-
induced membrane damage in the presence of 
GBT1118, as assessed by changes in RBC MF, 
was observed not only for SCD patients, but for 
normal Hb-A donors as well. That observation 
indicates that the reduction of hypoxia-induced 
membrane damage effected by GBT1118 is 
likely not limited only to that associated with 
Hb-S polymerization.

Conclusions

FDA recently approved Oxbryta (voxelotor; 
Global Blood Therapeutics) for treatment of 
SCD in patients 12 years of age and older 
based on the results of a pivotal phase 3 trial 
shown to increase patient Hb levels after the 
treatment. Accelerated approval granted to 
Oxbryta is a mechanism that enables the FDA 
to approve drugs to fill an unmet medical need 
based on a result that is reasonably likely to 
predict a clinical benefit to patients. Further tri-
als are required by the FDA to verify and better 
define voxelotor’s clinical benefit.

Our studies suggest that GBT1118, a voxelotor 
analog, preserves sickle RBC health at least in 
part through prevention of RBC membrane 
hypoxia-induced damage by mechanisms not 
associated with compound-induced changes in 
hemoglobin-oxygen affinity. It also shows, at 
least in part, that such elevated resistance to 
mechanical stress and hemolysis is due to 
effects not necessarily related to Hb-S polym-
erization and likely not associated with chang-
es in cell hydration. Further studies are required 
to differentiate membrane perturbations aris-
ing (and as shown here arrested by GBT1118) 
from direct damage due to polymerization from 
those due to increased oxygen radical forma-
tion, as well as to differentiate the inhibition of 
cell damage due to changes in the extent of 
polymerization from that due to changes in 
polymerization rates.
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