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Effects of hydroxyurea on the membrane of
erythrocytes and platelets in sickle cell anemia

Background and Objectives. Adhesion molecules on the surface of erythrocytes, leuko-
cytes and platelets are involved in vascular occlusion in sickle cell anemia. Hydroxyurea
treatment of sickle cell anemia patients leads to clinical improvement and reduces the
incidence of vaso-occlusive episodes. It has been previously demonstrated that hydroxy-
urea treatment also reduces the expression of adhesion molecules on the surface of ery-
throcytes. Phosphatidylserine (PS) exposure on the surface of erythrocytes has been con-
sidered to be the main determinant of altered erythrocyte adhesion in sickle cell anemia.
In this study we examine the expression of PS on the surface of erythrocytes and platelets
of sickle cell anemia patients before and during treatment with hydroxyurea.

Design and Methods. Blood samples from 15 sickle cell anemia patients were analyzed
before and during treatment with hydroxyurea. The profile of PS expression was exam-
ined by flow cytometry. 

Results. Hydroxyurea was effective, as determined by the patients’ clinical improvement
and increased hemoglobin (8.3 vs 9.1 g/dL,   p < 0.005), F cells (15.9% vs 37.1%,  p < 0.005)
and mean corpuscular volume ( 82 fL vs 101 fL, p < 0.005). PS expression on the surface
of erythrocytes and platelets decreased from 6.27% to 2.96% (p < 0.005) and from 13.5%
to 4.7% (p < 0.005), respectively.

Interpretation and Conclusions. Hydroxyurea treatment reduces PS expression on the
surface of erythrocytes and platelets, thus contributing to the favorable effects of this
therapy.

Key words: sickle cell disease, phosphatidylserine exposure, annexin V, hydroxyurea.

The polymerization of deoxygenated
hemoglobin S (HbS) causing erythrocyte
deformation, rigidity and fragility has

been considered to be the basic phys-
iopathologic mechanism of sickle cell ane-
mia (SCA), being responsible for the
hemolytic anemia, vaso-occlusive phenom-
ena and progressive functional asplenia that
characterize the disease. Additional factors
such as inflammation, number of polymor-
phonuclear (PMN) leukocytes in the circula-
tion, endothelial activation, and abnormal
adhesion of leukocytes, erythrocytes and
platelets to the endothelium are considered
to play a determinant role in the severity of
the vaso-occlusive phenomena.1-3

Adhesion molecules and their ligands  on
the surface of erythrocytes and of endothe-
lial cells and in plasma may actively partic-
ipate in the process of erythrocyte adhesion
in sickle cell anemia. Endothelial receptors

involved in the adhesion of erythrocytes in
SCA include the vitronectin αvβ3 receptor
(CD51/CD61), VCAM-1 (CD106), CD 36, and
glycoprotein Ib.4-6 Thrombospondin (TSP),
von Willebrand factor, laminin, fibrinogen
and fibronectin are present in plasma and in
the endothelial matrix 7-9 Several receptors
such as very late activation antigen 4 (VLA-
4), CD 49d/CD29 and the TSP receptor
(CD36) are present on the erythrocyte sur-
face. The CD36 receptor is expressed on both
reticulocytes and mature red cells, although
the levels in mature cells are extremely low.
The integrin α4β1 is not expressed on
mature erythocytes, only on reticulocytes.
Other adhesive molecules on the erythrocyte
surface include aggregated band 3 of the
membrane, Lutheran blood group antigen,
sulfated glycolipids, and phosphatidylserine
(PS).10-15 PS is asymmetrically distributed in
the cell membrane of eukaryotes, predomi-
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nating on the inner surface.16 This asymmetry is invert-
ed in a subpopulation of sickle cell erythrocytes that
present PS on the outer surface of the cell mem-
brane.14,17 This exposure of PS accelerates the formation
of thrombin18 which may contribute to the hemostatic
changes observed in sickle cell anemia and predispose
to vasoocclusive phenomena.19 Treatment with hydroxy-
urea (HU) ameliorates the clinical manifestations of
sickle cell anemia, such as the frequency and  seventy
painful crises, and increases the level of hemoglobin in
a significant number of patients. The mechanisms by
which hydroxyurea produces its effects are not com-
pletely understood, although hydroxyurea-induced
increases in the concentration of fetal hemoglobin and
in the percentage of red cells containing hemoglobin F
(HbF) (F-cells) are generally accepted to be the most
important changes responsible for this drug’s beneficial
effects. However, the association between signs of clin-
ical and laboratory improvement and the rise in HbF is
not complete, nor are their time courses synchronous.
Thus, other changes that occur in response to the use
of hydroxyurea may be involved in mediating the clini-
cal response. These could include a decrease in inflam-
matory responses owing to a reduction of the number
of neutrophils and modification of the expression of
surface molecules of erythrocytes and leukocytes that
are directly involved in cell adhesion. A change in cell
adhesion molecules has been demonstrated for L-
selectin and αLβ2 integrin on leukocytes, and CD36 and
CD49d on the red cell surface.19,20 Furthermore, HU ther-
apy decreases the in vivo adhesion of sickle erythrocytes
to TSP and laminin.21 However, we suspect that the
effects of hydroxyurea are far broader than so far
demonstrated, and probably involve other molecules
and cells. In the present study we evaluated hydrox-
yurea-induced changes in the expression of various cell
surface molecules in red cells and platelets.

Design and Methods

Patients
The study was conducted on 15 patients with sickle

cell anemia (7 females, 8 males; average age, 22 years;
range: 7 to 38 years). Twelve patients were SS homozy-
gotes and 3 Sβ0 heterozygotes. The criteria for the intro-
duction of treatment with HU included a clinical histo-
ry of at least three painful crises requiring hospitaliza-
tion during the preceding year. Exclusion criteria were
the presence of renal or hepatic dysfunction, hyper-
splenism, chronic hepatitis, and human immunodefi-
ciency virus or hepatitis C virus infection. The patients
were treated with hydroxyurea for 12 to 18 months
according to a previously published protocol, 22 i.e.,
hydroxyurea administered at the dose of 20 mg/kg/day

on four consecutive days per week and with a monthly
increment of 5 mg/kg/day in the absence of myelotox-
icity, up to a maximum of 40 mg/kg/day. Myelotoxicity
was defined as a 20% decrease in hemoglobin level, less
than 2.5×109 neutrophils/L or less than 150×109

platelets/L. Treatment was temporarily interrupted if the
number of neutrophils fell below 1.5×109L or the num-
ber of platelets fell below 100×109L, and was resumed
when the counts normalized. The treatment protocol
was approved by the Ethics Committee of the Universi-
ty Hospital, Faculty of Medicine of Ribeirão Preto, Uni-
versity of São Paulo. All patients or people responsible
for them signed informed consent to participation in
the study. Monthly blood tests were used to assess the
patients.

The various parameters under study were evaluated at
3-month intervals until the end of the 12 months of
treatment. Samples from 10 normal blood donors (3
females, 7 males; average age 37 years; range: 21 to 57
years) were also studied.

Materials
For the cytometric analyses we used phycoerythrin

(PE)- or fluorescein isothiocyanate (FITC)-labeled murine
monoclonal antibodies directed against human anti-
gens, isotypic control antibodies, and goat antibody
against mouse immunoglobulin G (GAM) from Becton
Dickinson (San José, CA, USA http://www.bd.com),
Pharmingen (San José, CA, USA (http://Iwww.pharmin-
gen.com) and DAKO (Vila Real, Carpintaria, CA, USA
http://www.dakousa.com). The following monoclonal
antibodies were used: CD49d-PE, CD62-P, IgG2a-PE,
CD64-FITC, IgG1-FITC, glycophorinA-FITC, CD71-FITC,
CD36-FITC, CD61-FITC, GAM--FITC, and pure CD63. The
monoclonal antibody against HbF was kindly provided
by J. Elion and R. Krishnamoorthy from the Inserm 4458,
H. Robert Debré, Paris. The PS on the surface of ery-
throcytes and platelets was labeled using the Apoptest
kit (Nexins Research, Amsterdam, The Netherlands).

Flow cytometry
Erythrocytes

Five milliliters of peripheral blood collected into EDTA
was centrifuged at 500 g for 10 min and the plasma and
buffy-coat were removed. The remaining red cell con-
centrate was washed three times with 10 mL phos-
phate-buffered saline (PBS, 10 mM phosphate, 150 mM
NaCI, 0.01% NaN3) with 1% bovine serum albumin
(BSA) at 4°C. The final volume was diluted 1/10 with
PBS. Next, 5 µL of the desired antibody (CD36, CD49d,
CD71, glycophorin A, IgG1 and IgG2a) were added to
the 100 mL volume of the suspension. The suspension
was then incubated for 20 min at 4°C in the dark,
washed twice with PBS and resuspended in 500 mL PBS.
The erythrocytes were analyzed with a FACsort cytome-
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ter (BD, San José, CA, USA) using CellQuest software. The
erythrocytes were identified by size (forward scatter,
FSC) and granulosity (SSC) and gate purity was deter-
mined by specific labeling with glycophorin A. Isotypic
antibodies were used as the labeling control.

Cell counts and the determination of hemoglobin con-
centration were performed using an automated cell
counter (ActDiff, Beckman-Coulter, Fullerton, CA, USA).

Reticulocyte quantification
Reticulocytes were counted by labeling 5 µL of total

blood with 1 mL thiazole orange (BD) and using the
Reticount protocol of a FACsort cytometer.

Quantification of PS on the erythrocyte
cell membrane

Ten microliters of the erythrocyte suspension diluted
1/10 with PBS were diluted with 485 µL of the binding
buffer that accompanies the kit and with 5 µL of annex-
in-V-FITC diluted 1/10 with the same buffer. The final
cell suspension was incubated for 10 min on ice in the
dark and analyzed with the cytometer. The distribution
of annexin V-positive and –negative (annexin+ and
annexin−) erythrocytes in relation to relative size (FSC)
in cytometry was determined by dividing the difference
between the maximum and minimum FSC presented by
the erythrocytes into four equal quadrants, each corre-
sponding to 25% of the total FSC distribution (gates 1
to 4 ). Gate 5 (annexin V+ erythrocytes) and gate 6
(annexin V− erythrocytes) were then created and ery-
throcyte distribution was assessed by the intersection of
gates 1 to 4 with gate 5 and later with gate 6, and the
percentage corresponding to each quartile (Q1 to Q4)
was recorded.

Platelet activation
Five milliliters of whole blood were centrifuged at 200

g for 10 min to obtain platelet-rich plasma. A platelet-
rich plasma (PRP) aliquot (5 µL) was diluted with 1 mL
PBS/1% formalin and incubated at 4°C for 2 h. The sus-
pension was then washed 3 times with 2 mL Tyrode
solution. Five microliters of FITC γ1 and PE γ2a anti-
bodies were added to the platelet pellet in the control
tube, and 5 then µL of each of the monoclonal anti-
bodies CD61-FITC and CD62-PE were added to the test
tube. The material was incubated at 4°C for 20 min in
the dark. Next, the preparation was washed twice with
Tyrode solution and a final suspension of the pellet in
500 µL was prepared and submitted to the cytometric
analysis.

Determination of the percentage of F cells
The percentage of red blood cells containing HbF (F

cells) was determined as previously described.23 Briefly,
red-blood cells (RBC) were washed 3 times in FCS. A

total of 50 mL of packed RBC were resuspended in 1 mL
of PBS containing 50 mg/mL sodium dodecyl sulfate
(SDS) and 1 mg/mL FCS. After standing for 1 min at
room temperature (RT), 10 mL of PBS containing 1%
formaldehyde and 10 mg/mL SDS were added and then
incubated for 2h under constant shaking. Fixation was
completed by the addition of 800 µL of 35% formalde-
hyde in aqueous solution and further overnight incuba-
tion at RT under shaking. The fixed RBC were washed 3
times in PBS and resuspended to a final volume of 500
µL. Next, 100 µL of this suspension were mixed with 1
mL PBS containing 0.2% SDS and allowed to stand for
1 min at RT. The SDS was removed by washing 3 times
in PBS, and the cells were adjusted to a final volume of
100 µL in PBS. For immunophenotyping, 5 µL of the
final suspension were incubated for 1 h at RT in 200 µL
of anti-γ chain MoAb, and then for 30 min at RT in 100
µL of FITC--labeled F(ab')2 anti-mouse IgG (GAM) dilut-
ed to 10 µg/mL in PBS containing 1% BSA. Cells were
washed 3 times in PBS containing 0.2% Triton X-100
after each incubation and finally the RBC were resus-
pended in PBS and analyzed.

Statistical analysis
Data for paired samples with a normal distribution

were analyzed by the two-tailed paired t-test. Paired
samples with a small N or with non-normal distribution
were analyzed by the non-parametric Wilcoxon test.
Unpaired samples with a normal distribution were ana-
lyzed by the unpaired t-test and samples with non-nor-
mal distribution were analyzed by the non-parametric
Mann-Whitney test. Correlations were tested by Pear-
son’s test when the samples showed a normal distribu-
tion and by Spearman’s test when they had a small N
or showed non-normal distribution. The level of statis-
tical significance was set at 5% (p < 0.05) for all analy-
ses.

Results

Erythrocytes
The results of the variables analyzed in the erythro-

cytes and leukocytes are listed in Table 1. Before hydrox-
yurea treatment, sickle cell  anemia patients had high-
er mean values of F cells and reticulocytes than did con-
trols and more erythrocyte positivity for CD36, CD71, CD
49d and annexin V. The mean hemoglobin level was low-
er in sickle cell anemia patients than in controls (8.03
g/dL v 15.18 g/dL), as was the mean corpuscular volume
(MCV) (87.21 fL vs 92.08 fL). Hydroxyurea treatment
caused an increase in mean hemoglobin concentration
(8.03 to 9.51 g/dL), F cell percentage (15.96% to
37.16%) and MCV (87.21 to 101.83 fL). On the other
hand, hydroxyurea treatment reduced the percentage of
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reticulocytes (8.44% vs 4.46%) and of erythrocytes pos-
itive for CD36, CD71, CD49d and annnexin V (Figures 1
and 2). Despite this reduction, mean CD36+, CD71+ and
annexin V+ erythrocyte levels continued to be signifi-
cantly higher than in controls. Hydroxyurea treatment
reduced the percentage of annexin V+ erythrocytes in all
patients, but one (Figure 1A). 

During hydroxyurea treatment, the percentage of
CD49d+ erythrocytes fell to a  level not differing from
that in controls. Before hydroxyurea treatment, the per-
cent distribution of annexin V+ erythrocytes with respect
to FSC, which reflects cell size, was the same as that of
negative erythrocytes in the 2nd, 3rd and 4th quartiles
(13.7% vs 12.7%, 47.4% vs 49.7%, 33.4% vs 33.9%).
However, 5.9% of annexin V+ and 3.1% of annexin V−

erythrocytes were found in the 1st quartile, which con-
centrated the smaller erythrocytes, with the difference
being significant (p = 0.006) (Figure 3A).

During hydroxyurea treatment, the percent distribu-
tion of annexin V+ and annexin V− erythrocytes was the
same with respect to FSC (Figure 3B).

Leukocytes
Hydroxyurea treatment significantly reduced total

leukocyte counts from pretreatment values. However,
the leukocyte counts of treated patients continued to be
higher than those of controls (Table 1).

Platelets
Platelet counts and percent platelet activation, deter-

mined by CD62 labeling, did not differ between treated
and untreated sickle cell anemia patients and controls.
The percentage of annexin V-labeled platelets was
reduced during hydroxyurea treatment (Table 2) in all
but two patients (Figure 1B).
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Figure 1. Percent distribution of annexin V-positive red
blood cells (A) and platelets (B) for each patient before
and during treatment with hydroxyurea.

Figure 2. Percent distribution of  CD36 (A), CD49d (B)
and CD71 (C) positive red blood cells for each patient
before and during treatment with hydroxyurea.
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Correlations
In sickle cell anemia patients, before and during

hydroxyurea treatment, MCV was positively correlated
with percent F cells (r= 0.5589, p = 0.0020) (Figure 4A)
and with hemoglobin concentration (r= 0.60, p =
0.0004). MCV was negatively correlated with reticulo-
cyte count (r= -0.42, p = 0.018) (Figure 4B), with per-
cent annexin V+ erythrocytes (r= -0.379, p = 0.0386)
(Figure 4C),  with percent CD71+ erythrocytes (r= -0.42,
p =0.019) (Figure 3D), with percent CD36−+ erythrocytes
(r = -0.44, p =0.015) (Figure 4E), and with percent
CD49d+ erythrocytes (r = -0.45, p = 0.01) (Figure 4F).

Hemoglobin concentration was positively correlated
with percent F cells (r= 0.48, p = 0.007) and MCV, and
negatively correlated with percent CD36+ (r= -0.52, p =
0.003), CD71+ (r= -0.64, p = 0.0001), CD49d+ (r = -0.42,
p = 0.02), and annexin V+ (r= -0.56, p = 0.001) erythro-
cytes and with reticulocyte count (r = -0.59, p = 0.0006).

Reticulocyte counts were positively correlated with
percent CD36+ (r = 0.51, p = 0.004), CD71+ (r = 0.72, p
< 0.0001), CD49d+ (r = 0.47, p = 0.009) and  annexin V+

(r =  0.59, p = 0.0005) erythrocytes and negatively cor-
related with percent F cells (r = -0.39, p = 0.03). The per-
centage of F cells was negatively correlated with the
percentage of CD49d+ erythrocytes (r = -0.49, p = 0.005)

and did not show a significant correlation with the per-
centage of CD36+, CD71+ or annexin V+ erythrocytes.

The percentage of annexin V+ erythrocytes was posi-
tively correlated with the percentage of CD36+ (r = 0.52,
p = 0.003), CD71+ (r = 0.42, p = 0.0005), and CD49d+ (r
= 0.53, p = 0.004) erythrocytes.

The percentage of CD36+ erythrocytes was positively
correlated with the percentage of CD49d+ (r = 0.84, p
<0.0001) and CD71+ (r = 0.83, p < 0.0001) erythrocytes.

Discussion

The adherence of erythrocytes, leukocytes and
platelets to the cell endothelium is considered to be an
important event in the pathophysiology of the vaso-
occlusive phenomena that characterize sickle cell ane-
mia. In the present study we assessed the expression of
5 adhesion molecules located on the surfaces of ery-
throcytes and platelets in normal individuals and in sick-
le cell anemia patients before and during hydroxyurea
treatment. The results show, for the first time, that
hydroxyurea treatment reduces the percentage of ery-
throcytes and platelets that express phosphatidylserine
on their surface. Additionally, we confirmed previous
reports demonstrating reduced expression of CD36,
CD49d and CD71 molecules on erythrocytes during
hydroxyurea treatment. 

Hydroxyurea has multiple effects on the erythrocyte
lineage, including increases in HbF, F cells, F reticulocyte
levels and MCV.22,24-28 These phenomena may contribute
to the reduction of reticulocyte counts and to the
increase in HbF levels. Hydroxyurea also has an effect
on non-erythroid cells, reducing the number of neu-
trophils and the expression of adhesion molecules on

Figure 3. Percent distribution of annexin V-positive (light
column) and  negative (dark column) erythrocytes in rela-
tion to the forward scatter (FSC) quartiles (Q1 to Q4). A,
before treatment with hydroxyurea; B, during treatment
with hydroxyurea. *: significantly different (p<0.05).
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Table 1. Leukocyte and erythrocyte variables.

Sickle-cell anemia
Pre Under

Variables Controls treatment treatment§

mean ± SD mean ± SD mean ± SD

N. of leukocytes
(× 1000/µL) 6.87±1.52 13.70±3.60 8.04±2.14

Hemoglobin (g/dL) 15.18±1.25 8.03±0.95 9.51±1.59  
F cells (%) 3.40±3.45 15.96±12.21 37.16±23.83 
Reticulocytes (%) 0.96±0.34 8.44±3.58 4.46±3.61 
MCV (fL) 92.08±7.14 87.21±8.37 101.83±17.81 
CD 36 (%) 0.35±0.37 2.21±1.43 0.65±0.36 
CD 71 (%) 0.12±0.09 4.29±2.22 1.19±0.84 
Annexin V (%) 0.08±0.07 6.27±3.33 2.96±3.27 
CD 49 d (%) 0.14±0.33 1.36±1.20 0.32±0.35 

§: values from the samples collected at the time of peak  HbF. All control values
were significantly different from pre-treatment values (p < 0.005), and
all values under treatment were significantly different from pre-treatment values
(p <0.005).
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the surface of lymphocytes and monocytes.19,29 In the
present study we observed that hydroxyurea treatment
caused increases in hemoglobin concentration, per-
centage of F cells and MCV, and a decrease in reticulo-
cytes, in agreement with previous reports (Table 1).

The beneficial effect of hydroxyurea treatment was
first attributed to the rise in hemoglobin F which may
cause a reduction in HbS polymerization. However, sev-
eral studies have indicated that the rise in HbF concen-
tration is not the only or indeed the most relevant result
of treatment with hydroxyurea. It has been demon-
strated that many patients have a clinical improvement
before a significant increase in HbF occurs.30 A multi-
center clinical study of adult patients showed that HbF
level was correlated with a reduction of painful crises
only during the first 3 months of treatment, whereas the
correlation between the reduction of painful crises and
neutrophil counts persisted for more than 2 years.29 In
the present study we observed that the percentage of F
cells was positively correlated with hemoglobin con-
centration and with MCV, and negatively correlated
with CD49d, but was not correlated with the expression
of CD36, CD71 or annexin V, indicating that the increase
in the number of F cells does not have a significant
effect on the adhesive properties of erythrocytes.

The reduction of leukocyte, platelet and reticulocyte
counts and the changes in the expression of adhesive
molecules on the surface of these cells may contribute
to a reduction of vaso-occlusive crises. Patients with
sickle cell anemia treated with hydroxyurea show a
reduced percentage of reticulocytes expressing the
adhesion molecules α4β1 and CD3631 and reduced ery-
throcyte adhesion to TSP, to laminin, and to endothelial
cells in culture.21,26 Treatment with hydroxyurea causes
an early increase in MCV, suggesting that MCV may
have an impact on the adhesive phenotype.31 The
increase in MCV may result from the increase in cell
hydration caused by hydroxyurea, perhaps caused by
modulation of K/Cl transport.26 The level of erythrocyte

hydration is known to affect red cell adhesion to the
endothelium.21,32,33 In the present study, MCV increased
early, before the number of F cells had increased signif-
icantly (data not shown). The increase in MCV was pos-
itively correlated with the increase in F cells in the cir-
culation and in hemoglobin concentration and nega-
tively correlated with the percentage of reticulocytes
and of cells expressing the adhesive molecules CD36,
CD49d and annexin V (Figure 4). This observation sug-
gests that the increase in MCV may have a direct effect
on the adhesive phenotype of sickle cells and that mon-
itoring the increase of MCV may be used as indirect evi-
dence of the decrease of the adhesive phenotype of ery-
throcytes in patients with sickle cell anemia treated
with hydroxyurea.

Unlike normal individuals, patients with sickle cell
anemia have erythrocytes that express PS on their sur-
face.  The population of erythrocytes ranges from 0.4%
to 12% according to previous studies.14,16 In the pres-
ent study this population ranged from 1.6% to 10.5%.
PS exposure seems to be one of the major determinants
of the increased adhesion of sickle cells to the vascular
endothelium.34 Recent studies have demonstrated that
sickle cells with marked exposure of  PS on their surface
present ex vivo a three-fold higher adhesiveness to the
vascular endothelium than red cells with low PS expres-
sion. This was not the case for the expression of CD36
and VLA-4, whose higher or lower expression did not
modify the low adhesiveness. The importance of PS in
erythrocyte adhesion in sickle cell anemia was also con-
firmed by the study of stress reticulocytes (CD71+) which
are cells known to have greater adhesiveness to the
endothelium. In a group of patients with sickle cell ane-
mia, about 21% of CD71+ reticulocytes expressed sur-
face PS, whereas only 9.3% of these cells expressed
CD36.34 The intensity of PS expression seems to be
directly correlated with the risk of cerebrovascular acci-
dents  as assessed by transcranial Doppler imaging.31

The study of erythrocyte fractionation on density gra-
dients showed that about 45% of the erythrocytes
expressing PS were concentrated in the fractions of low-
er density (1.07 to 1.08 g/mL) and about 10% in the
higher density fraction (> 1.13 g/mL).19 Reticulocytes
and megaloblasts are concentrated in the lower densi-
ty fraction, whereas irreversibly sickled cells are found
in the higher density fraction. More than 50% of the
erythrocytes that express PS are reticulocytes identified
by the presence of RNA in the cytoplasm or by CD71
labeling. In the present study we observed that the
greatest PS exposure occurred on the largest erythro-
cytes, as demonstrated by flow cytometry (larger FSC)
(Figure 3). This population also showed a concentration
of erythrocytes expressing CD71, CD36 and CD49d and
of reticulocytes (data not shown). Reticulocytes are the
cells with the greatest adhesiveness to vascular endothe-

Table 2. Platelet variables.

Sickle-cell anemia
Pre Under

Variables Controls treatment treatment§

mean±SD mean±SD mean±SD

N. of platelets 240.45±51.93* 376.50±92.90 312.13±121.13
(×1000/µL)
Platelet 34.47±25.71 38.51±22.14 30.81±26.97
activation (%)
Platelet 12.96±11.62 13.46±11.27 4.67±4.47°
annexin V (%)

§: values from samples collected at the time of peak Hb F; *: control versus
pre-treatment significantly different (p <0.005); °: pre-treatment versus
under treatment significantly different (p <0.005).

 



Hydroxyurea reduces phosphatidylserine in sickle cell anemia

haematologica 2004; 89(3):March 2004 279

lium in sickle cell anemia.35-37 This increased adhesive-
ness has been attributed to the adhesion molecules
CD36 and CD49d and, more recently, to PS exposure on
the cell membrane.13,34

The stress reticulocyte CD71+ has a higher concentra-
tion of PS molecules than of CD36, with its adhesive
potential deriving exclusively from PS.34 CD36 does not,
in itself, seem to be responsible for the altered adhesion
of sickle cells since there is no correlation between
adhesion and the stress reticulocytes CD36+.34,38

Thus, the reduction of annexin V expression on ery-
throcytes during hydroxyurea treatment could be one of
the main factors involved in the reduction of the adhe-

sive phenotypes of red blood cells observed in patients
treated with hydroxyurea.

PS exposure on the surface of sickle cells, in addition
to affecting erythrocyte adhesion to the vascular
endothelium, exacerbates anemia by enhancing phago-
cyte recognition and removal of these cells17 and favors
the development of a thrombophilic state. There is a
direct correlation between PS exposure on sickle ery-
throcytes and the generation of thrombin. 39 PS expres-
sion on the surface of platelets is also significantly
reduced during treatment with hydroxyurea (Table 2).
This fact, taken together with the reductions in platelet
number and platelet activation observed in about 30%

Figure 4. Correlations observed between MCV and percent F cells (A), reticulocytes (B), annexin V (C ), CD71 (D),
CD36 (E), and  CD49d (F).
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of the treated patients, may attenuate the pro-throm-
botic state that characterizes sickle cell anemia.

In summary, we demonstrate here, for the first time,
that treatment of sickle cell anemia with hydroxyurea
causes a significant reduction of PS exposure on the
surface of erythrocytes and platelets, a fact that may
explain part of the beneficial effects of this type of
treatment.

DTC: conception, design, interpreatation of the results, and draft of
the article. ILA: patient selection and follow-up, data collection and
interpretation. PVBP: flow cytometry experiments, and interpreta-
tions of results. MAZ: conception and design, interpretation of results.
All authors reviewed the article critically and approved it for publi-
cation. The authors reported no potential conflicts of interest.

This work was supported by FAPESP and CNPq.
Manuscript received July 28, 2003; accepted December 2, 2003.

References

1. Hebbel RP, Boogaerts MA, Eaton JW, Stein-
berg MH. Erythrocyte adherence to endo-
thelium in sickle cell anemia: a possible
determinant of disease severity. N Engl J
Med 1980;302:992-5.

2. Kaul DK, Hebbel RP. Hypoxia/reoxygenation
causes inflammatory response in transgenic
sickle mice but not in normal mice. J Clin
Invest 2000;106:411-20.

3. Turhan A, Weiss LA, Mohandas N, Coller BS,
Frenette PS. Primary role for adherent
leukocyte in sickle cell vascular occlusion:
a new paradigm. Proc Natl Acad Sci USA
2002;99:3047-51.

4. Hebbel RP. Adhesive interactions of sickle
erythrocytes with endothelium. J Clin Invest
1997;99:2561-4. 

5. Kaul DK, Tsai HM, Liu D, Nakada MT, Nagel
RL, Coller BS. Monoclonal antibodies to
αVβ3 (7E3 and LM 609) inhibit sickle red
blood cell-endothelial interactions induced
by platelet-activating factor. Blood 2000;
95:368-74.

6. Setty BNY, Stuart MJ. Vascular cell adhesion
molecule-1 is involved in mediating hypox-
ia-induced sickle red cell adherence to
endothelium: potential role in sickle cell
disease. Blood 1996;88:2311-20.

7. Gupta K, Gupta P, Solovey A, Hebbel RP.
Mechanism of interaction of throm-
bospondin with human endothelium and
inhibition of sickle erythrocyte adhesion to
human endothelial cells by heparin.
Biochim Biophys Acta 1999;1453:63-73.

8. Wick TM, Moake JL, Udden MM, Eskin SG,
Sears DA, McIntire LV. Unusually large von
Willebrand factor multimers increase adhe-
sion of sickle erythrocytes to human endo-
thelial cells under controlled flow. J Clin
Invest 1987;80:905-7.

9. Lee SP, Cunninghan ML, Hines PC, Joneck-
is CC, Orringer EP, Parise L. Sickle cell adhe-
sion to laminin: potential role for the α5
chain. Blood 1998;92:2951-8.

10. Swerlick RA, Eckman JR, Kumar A, Jeitler
M, Wick TM. α4β1-integrin expression on
sickle reticulocytes: vascular cell adhesion
molecule-1-dependent binding to endothe-
lium. Blood 1993;82:1891-9.

11. Joneckis CC, Ackley RL, Orringer EP, Wayn-
er EA, Parise LV. Integrin a4B1 and glyco-
protein IV (CD36) are expressed on circu-
lating reticulocytes in sickle cell anemia.
Blood. 1993;82:3548-55.

12. Gee BE, Platt OS. Sickle reticulocytes adhere
to VCAM-1. Blood 1995;85:268-74.

13. Browne PV, Hebbel RP. CD36-positive stress
reticulocytosis in sickle cell anemia. J Lab
Clin Med 1996;127:340-7.

14. Wood BL, Gibson DF, Tait JF. Increased ery-
throcyte phosphatidylserine exposure in
sickle cell disease: flow-cytometric meas-

urement and clinical associations. Blood
1996; 88:1873-80.

15. Udani M, Zen Q, Cottman M, Leonard N,
Jefferson S, Daymont C, et al. Basal cell
adhesion molecule/lutheran protein. The
receptor critical for sickle cell adhesion to
laminin. J Clin Invest 1998;101:2550-8.

16. Kuypers FA. Phospholipid asymmetry in
health and disease. Curr Opin Hematol 1998;
5:122-31.

17. Kuypers FA, Lewis Ra, Hua M, Schott MA,
Discher D, Ernst JD, et al. Detection of
altered membrane phospholipid asymme-
try in subpopulations of human red blood
cells using fluorescently labeled annexin V.
Blood 1996;87:1179-87.

18. Zwaal RFA, Schrolt AJ. Pathophysiologic
implications of membrane phospholipid
asymmetry in blood cells. Blood 1997; 89:
1121-32.

19. de Jong K, Larkin SK, Styles LA, Bookchin
RM, Kuypers FA. Characterization of the
phosphatidylserine-exposing subpopula-
tions of sickle cells. Blood 2001;98:860-7.

20. Benkerrou M, Delarche C, Brahimi L, Fay M,
Vilmer E, Elion J, et al. Hydroxyurea corrects
the dysregulated L-selectin expression and
increases H2O2 production of polymor-
phonuclear neutrophils from patients with
sickle cell anemia. Blood 2002;99:2297-
303.

21. Hillery CA, Du MC, Winfred CW, Scott JP.
Hydroxyurea therapy decreases the in vitro
adhesion of sickle erythrocytes to throm-
bospondin and laminin. Br J Haematol 2000;
109:322-7.

22. Rogers GP, Dover GJ, Noguchi CT, Schechter
AN, Nienhuis AW. Hematologic responses
of patients with sickle cell disease to treat-
ment with hydroxyurea. N Engl J Med 1990;
322:1037-45.

23. Navenot  JM, Merghoub T, Ducrocq R,
Muller JY, Krishnamoorthy R, Blanchard D.
New method for quantitative determina-
tion of fetal hemoglobin-containing red
blood cells by flow cytometry: application
to sickle-cell disease. Cytometry 1998;32:
186-90.

24. Ballas SK, Dover GJ, Charache S. Effect of
hydroxyurea on the rheological properties
of sickle erythrocytes in vivo. Am J Hema-
tol 1989;32:104-11.

25. Charache S, Dover GJ, Moore RD, Eckert S,
Ballas SK, Koshy M, et al. Hydroxyurea:
effects on hemoglobin F production in
patients with sickle cell anemia. Blood
1992;79:2555-65.

26. Bridges KR, Barabino GA, Brugnara C, Cho
MR, Christoph GW, Dover G, et al. A multi-
parameter analysis of sickle erythrocytes in
patients undergoing hydroxyurea therapy.
Blood 1996;88:4701-10.

27. Scott JP, Hillery CA, Brown ER, Misiewicz V,
Labotka RJ. Hydroxyurea therapy in chil-
dren severely affected with sickle cell dis-

ease. J Pedriatr 1996;128:820-8.
28. Maier-Redelsperger M, Montalembert M,

Flahault A, Neonato MG, Ducrocq R, Mas-
son MP, et al. Fetal hemoglobin and F-cell
responses to long-term hydroxyurea treat-
ment in young sickle cell patients. Blood
1998;91:4472-9.

29. Charache S, Barton EB, Moore RD, Terrin
ML, Steinberg MH, Dover GJ, et al. Hydroxy-
urea and sickle cell anemia. Clinical utility
of a myelosuppressive "switching" agent.
The Multicenter Study of Hydroxyurea in
Sickle Cell Anemia. Medicine (Baltimore)
1996;75:300-6.

30. Charache S, Terrin ML, Moore RD, Dover GJ,
Barton FB, Eckert SV, et al. Effect of hydroxy-
urea on the frequency of painful crises in
sickle cell anemia. Investigators of the Mul-
ticenter Study of Hydroxyurea in Sickle Cell
Anemia. N Engl J Med1995;332:1317-22.

31. Styles LA, Lubin B, Vishinsky E, Lawrence S,
Hua M, Test S, et al. Decrease of very late
activation antigen-4 and CD36 on reticu-
locytes in sickle cell patients treated with
hydroxyurea. Blood 1997;89:2554-9.

32. Hebbel RP, Ney PA, Foker W. Autoxidation,
dehydration, and adhesivity may be related
abnormalities of sickle erythrocytes. Am J
Physiol 1989;256:C579-83.

33. Stone PC, Stuart J, Nash GB. Effects of den-
sity and of dehydration of sickle cells on
their adhesion to cultured endothelial cells.
Am J Hematol 1996;52:135-43.

34. Setty BNY, Kulkarni S, Stuart MJ. Role of
erythrocyte phosphatidylserine in sickle red
cell-endothelial adhesion. Blood 2002;99:
1564-71.

35. Mohandas N, Evans E. Sickle erythrocyte
adherence to vascular endothelium. Mor-
phologic correlates and the requirement for
divalent cations and collagen-binding plas-
ma proteins. J Clin Invest 1985;76:1605-
12.

36. Barabino GA, McIntire LV, Eskin SG, Sears
DA, Udden M. Endothelial cell interactions
with sickle cell, sickle trait, mechanically
injured, and normal erythrocytes under
controlled flow. Blood 1987;70:152-7.

37. Kaul DK, Fabry ME, Nagel RL. Microvascu-
lar sites and characteristics of sickle cell
adhesion to vascular endothelium in shear
flow conditions: pathophysiological impli-
cations. Proc Natl Acad Sci USA 1989;86:
3356-60.

38. Lee K, Gane P, Roudot-Thoraval F, Godeau
B, Bachir D, Bernaudin F, et al. The nonex-
pression of CD36 on reticulocytes and
mature red blood cells does not modify the
clinical course of patients with sickle cell
anemia. Blood 2001;98:966-71.

39. Setty BNY, Rao AK, Stuart MJ. Throm-
bophilia in sickle cell disease: the red cell
connection. Blood 2001;98:3228-33.




