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ABSTRACT
Hydroxyurea has proven clinical efficacy in patients with sickle cell disease. Potential mechanisms for the beneficial effects
include fetal hemoglobin induction and the reduction of cell
adhesive properties, inflammation and hypercoagulability.
Using a murine model of sickle cell disease in which fetal
hemoglobin induction does not occur, we evaluated whether
hydroxyurea administration would still yield improvements in
hematologic parameters and reduce end-organ damage.
Animals given a maximally tolerated dose of hydroxyurea that
resulted in significant reductions in the neutrophil and platelet
counts showed no improvement in hemolytic anemia and
end-organ damage compared to control mice. In contrast, animals having high levels of fetal hemoglobin due to gene trans-

Introduction
Sickle cell disease (SCD) is a chronic hemolytic, vaso-occlusive disorder that results in multi-organ complications involving the central nervous system, lungs, kidneys, bones and
spleen.1 Patients with hereditary persistence of fetal hemoglobin (HbF) have milder clinical phenotypes.2,3 In the early
1980s, pharmacological agents that increased HbF were identified. First azacytidine4 and, subsequently, hydroxyurea5
were found to increase levels of HbF in both primate models
and patients with SCD. A decade later, the Multicenter Study
of Hydroxyurea (MSH) demonstrated that hydroxyurea
administration to adults with severe SCD phenotypes resulted in a reduction in pain crisis, acute chest syndrome, hospitalizations and transfusion requirements.6 Recent studies suggest that hydroxyurea therapy may also preserve organ function in children.7
The beneficial effects of hydroxyurea are often attributed
to the increase in HbF observed in responding patients.8-10
Increased cellular levels of HbF reduce the propensity of
deoxygenated HbS to polymerize.11 However, the possibility
that the clinical benefit of hydroxyurea is mediated through
mechanisms other than Hb induction has been raised. A fol-

fer with a γ-globin lentiviral vector showed correction of anemia and organ damage. These data suggest that induction of
fetal hemoglobin by hydroxyurea is an essential mechanism
for its clinical benefits.
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low-up MSH study concluded that a reduction in the peripheral blood leukocyte count, but not HbF level, was a significant marker of clinical improvement.12 Furthermore, some
reports have suggested that hydroxyurea may impart some of
its clinical benefit through a variety of other mechanisms,
including reduction of leukocyte count,9,13 alteration of red
blood cell volume,13 reduced phosphatidylserine exposure,14
reduction in adhesion receptors,15,16 increased production of
nitric oxide,17 increased activity of the cation transport system,18 or reduction of the hypercoagulable state.
To date, no studies have been performed to elucidate the
degree of benefit from hydroxyurea derived from HbF induction versus that due to other potential HbF-independent mechanisms. To evaluate whether there are significant clinical benefits from hydroxyurea that are independent of HbF induction, we evaluated the effects of long-term hydroxyurea
administration using the adult BERK sickle cell mouse model
in which HbF induction is not operative.19 Although these
SCD mice demonstrate γ-globin and HbF expression during
fetal development, γ-globin gene expression is silenced shortly after birth. This SCD murine model demonstrates a significant sickle phenotype including organ damage, anemia,19
leukocytosis,20 vascular inflammation,21 increased cellular
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adhesion20 and altered NO bioavailability.22 Here we
demonstrate that long-term administration of hydroxyurea in the absence of HbF induction fails to improve
anemia or lend protection from organ damage.

Design and Methods
Adult C57BL/6 (wild-type) mice (Jackson Laboratories, Bar
Harbor, ME) and Berkley SCD mice (BERK)19 (expressing exclusively human α- and sickle b-globin), were housed, bred, and used
for experimentation in the Animal Resource Center at St. Jude
Children’s Research Hospital under protocols approved by the
Institutional Animal Care and Use Committee. Cohorts of sex and
aged-matched SCD mice were generated by transplanting lethally
irradiated 12-week old C57BL/6 mice with bone marrow from
BERK mice as previously described.23 Transplantation of C57BL/6
mice was used to generate age- and sex-matched cohorts of sickle
cell mice without pre-existing organ damage.
Since determining whether hydroxyurea could prevent or
reduce the development of organ pathology in engrafted sickle cell
mice was our primary objective, transplanted SCD mice were
injected with hydroxyurea by intraperitoneal route five days per
week, starting nine weeks after transplantation, prior to full
engraftment by sickle cell marrow and the development of organ
damage (Online Supplementary Figure S1). Only mice demonstrating full engraftment (>99% HbS) at 12 weeks after transplantation,
three weeks after the initiation of hydroxyurea, continued to be
evaluated in this study. Hydroxyurea solution was prepared fresh
daily for injection by mixing hydroxyurea (Sigma, St. Louis, MO,
USA) with sterile Plasma-lyte (Baxter, Deerfield, IL, USA) and filtering through Steriflip (Millipore, Billireca, MA, USA). Control
animals received injections with vehicle only (Plasma-Lyte). To
compare the HbF-independent effects derived from hydroxyurea
to the effects due solely to HbF, we generated BERK sickle cell
mice with high levels of HbF by gene transfer as previously
described.23
Blood for hematologic analysis was obtained by retroorbital
puncture. Complete blood counts (CBC) were obtained using a
Forcyte blood count analyzer (Oxford Science, Oxford, CT, USA).
Reticulocyte counts and hemoglobin composition, using cellulose
acetate gel electrophoresis and high performance liquid chromatography (HPLC), were performed as previously described.23
Water deprivation tests were performed as previously described.23
All animal histology was scored blindly by the Veterinary
Pathologist (KLB) at St. Jude Children’s Research Hospital.
Pathological scoring of the liver, spleen, and kidneys was adopted
from a previously described scoring system.21

Results and Discussion
In our studies, we chose to generate age- and sexmatched SCD animals for our experiments by transplanting lethally irradiated, wild-type C57Bl/6 mice with BERK
SCD bone marrow cells, as we did previously.23 This
approach accurately reproduces in recipient animals all of
the disease manifestations of the donor SCD mice. This
strategy facilitated initiating hydroxyurea administration
prior to full engraftment of sickle hematopoiesis (Online
Supplementary Figure S1) and onset of sickle-associated
organ damage. It also permitted maximizing the potential
benefits of hydroxyurea by assessing its ability to prevent,
rather than reverse, organ pathology. Hydroxyurea treatment did not alter the complete engraftment of SCD
1600

hematopoiesis, as judged by cellulose acetate electrophoresis at eight and 12 weeks posttransplantation
(Online Supplementary Figure S1). As expected, after 16
weeks of hydroxyurea therapy cellulose acetate gel electrophoresis and HPLC analysis showed only the presence
of HbS while HbF was undetectable in both hydroxyureatreated and control mice (Online Supplementary Figure S2).
This confirmed that any hydroxyurea effect observed in
this SCD model would be unrelated to the induction of
HbF.
To determine whether hydroxyurea would improve
anemia and/or prevent or diminish the development of
organ damage in the absence of HbF induction, we first
sought to determine a dose that could result in a stable,
well-tolerated reduction in neutrophil count, similar to
titrating hydroxyurea dosage in human patients with
SCD. Therefore hydroxyurea, at doses of 25 mg/kg, 50
mg/kg, and 100 mg/kg, or vehicle was administered five
days per week to SCD mice. Mice given 25 mg/kg demonstrated no effect on CBC compared to vehicle-treated controls (data not shown). In contrast, after four weeks of treatment, mice receiving 100 mg/kg of hydroxyurea displayed
significant bone marrow suppression, including severe
anemia, which led to death or compassionate euthanasia
in 4 of the 8 mice (Online Supplementary Table S1). The 4
remaining mice were taken off drug therapy for one week
with subsequent blood count recovery and a reduced dose
75 mg/kg was then administered. However, after six
weeks at the 75 mg/kg dosage, severe anemia (4.7
g/dL±1.9) again developed in all 4 animals. In contrast,
hydroxyurea administered at 50 mg/kg for six weeks
(n=8) produced a significant reduction in the total leukocyte (30.4±6.9 vs. 22.7±4.3¥109/L, P<0.02) and absolute
neutrophil count (ANC; 6.1±0.8 vs. 4.4±1.6¥109/L, P<0.02)
compared to vehicle-treated controls. At the 50 mg/kg
dose, there was no improvement in the Hb level (82±6 vs.
82±1 g/L, P=0.8) or change in the absolute reticulocyte
count (4.5±0.3¥109/L vs. 4.6±0.3¥109/L, P=0.5). These
changes in CBC were consistent throughout a total of 17
weeks of hydroxyurea therapy (Figure 1).
Consistent with the persistence of anemia, the serum
LDH in the hydroxyurea-treated group remained elevated,

Table 1. Hydroxyurea does not improve the anemia of SCD despite significant reduction in neutrophil count.

WBC¥109/L
Absolute Neutrophil
Count ¥109/L
Absolute Lymphocyte
Count ¥109/L
Hemoglobin g/L
Platelets ¥109/L
MCV fL
HbF % by HPLC

HU treated
(n=6)

Vehicle
Treated
(n=5)

Gene
Tx
(n=6)

Mock
Transplant
(n=15)

16.3±4.7 b,e
2.9±0.7 a,e

24.7±2.2
5.5±0.3

11.7±6.3
2.6±1.4

29.8±4.7
3.9±0.8

12.5±4.2c,e

17.6±4.2

8.5 ± 4.8

23.8± 4.8

57±6c,d
810±180c,e
44.9±4c,d
0

59±7
667±100
45.6±6
0

108±12
637±140
34.2±0.7
51.7±11f

76±6
864±73
40.4±1.1
0

Values represent the mean and standard deviation. Complete counts obtained after
weeks 18-20 of hydroxyurea therapy and prior to necropsy. aP <0.05 hydyroxyurea vs.
vehicle; bP <0.01 hydyroxuyrea vs. vehicle; cP = not significant hydyroxyurea vs. vehicle;
d
P <0.01 hydyroxuyrea vs. gene therapy; eP = not significant hydyroxyurea vs. gene therapy; fRange of 36% to 65%.
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Vehicle-treated mice served as controls. Hydroxyureatreated mice showed no improvement in the severe, multiorgan damage, compared to control mice (Figure 2 and
Online Supplementary Table S2). In comparison, 6 SCD mice
with high levels of HbF (mean 52%) generated through
stem cell gene transfer, but not treated with hydroxyurea,
also demonstrated significant reductions in total white
blood cell and absolute neutrophil counts, similar to the
levels achieved by chronic hydroxyurea administration
(hydroxyurea ANC 2.9 vs. gene therapy ANC 2.6 ¥109/L).
Importantly, and in contrast to the hydroxyurea-treated
SCD mice, the SCD mice with high HbF demonstrated a
significant correction of the anemia and an absence of significant organ damage with correction of urinary concentrating ability (Figure 2, Online Supplementary Figure S3,
Online Supplementary Table S2), as we have observed previously.23
Hydroxyurea has proven clinical benefit in patients with
SCD and a severe disease phenotype. Historically, the
induction of HbF has been considered an important factor
in disease amelioration given its anti-sickling properties.810
However, hydroxyurea administration causes pleiotropic effects, making it difficult to unequivocally ascribe its
beneficial effects to a single or combination of mechanisms. In the current study, we used an SCD murine

similar to control mice (1,424±750 vs. 1,373±505 IU/L,
P=0.9), suggesting no improvement in the rate of hemolysis. No functional improvement in renal function was
detected as judged by water deprivation tests. There was
no difference in the marked reduction in urine concentrating ability in hydroxyurea-treated mice, compared to control mice (Online Supplementary Figure S3). Furthermore,
we observed no reductions in the number of sickle cells
and anisocytosis on the peripheral blood smears of the
hydroxyurea-treated mice relative to control animals
(Figure 1 E and F).
Based on the initial dose-finding study, an additional
cohort of SCD mice was then generated and treated with
50 mg/kg hydroxyurea or vehicle five days per week for
20 weeks. Blood counts obtained after ten weeks of
hydroxyurea therapy again demonstrated a significant
reduction in total leukocyte and absolute neutrophil
counts, along with a reduction in platelets, without
improvement in the anemia or reticulocytosis (data not
shown) and these changes persisted until the termination
of the study at 18-20 weeks posttransplantation (Table 1).
To evaluate whether hydroxyurea could prevent or
diminish the development of organ damage, necropsy and
pathological analyses of major organs were performed on
6 mice that had received 18-20 weeks of hydroxyurea.
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Figure 1. Hydroxyurea
therapy produced consistent reductions in WBC
and ANC without improvement in anemia over 17
weeks. (A) Hydroxyurea
at 50mg/kg produced a
reduced white blood cell
count compared to vehicle treated sickle cell
mice. (B) Hydroxyurea at
50 mg/kg produced a
reduced absolute neutrophil count compared
to vehicle treated sickle
cell mice. (C and D)
Hydroxyurea at 50 mg/kg
produced no improvement in anemia compared to vehicle treated
sickle cell mice. P value
<0.05 is represented by
*. (E) Peripheral blood
smear from HU treated
sickle cell mouse. (F)
Peripheral blood smear
from vehicle treated
mouse.
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model to evaluate the clinical benefit of hydroxyurea
absent HbF induction. Although we identified a maximally tolerated dose of hydroxyurea that significantly reduced
the absolute neutrophil and platelet counts, there was no
improvement in the severe anemia and multi-organ damage which occurred despite drug administration for up to
five months. In contrast, SCD mice genetically modified
to express high levels of HbF showed resolution of anemia
and an absence of organ pathology. Interestingly, the
neutrophil counts of the two groups of treated mice were
similar; demonstrating that simply reducing this parameter using hydroxyurea did not have a discernible clinical
impact.
The BERK SCD model is characterized by a well-documented progression of sickle-related organ damage with
similarities to human patients.24 By initiating hydroxyurea
prior to complete engraftment with sickle hematopoiesis
and the development of severe organ damage, the potential to observe effects from drug treatment were opti-

Vehicle

mized. We generated SCD animals having high levels of
HbF through the same bone marrow transplant model,
therefore providing HbF before the onset of disease pathogenesis. In contrast to mice treated with hydroxyurea,
sickle cell mice having high levels of HbF showed correction of anemia and lacked pathological evidence of significant organ damage. These mice also showed correction
of the functional impairment in renal concentrating ability, while hydroxyurea-treated mice did not.
One limitation of our study was that hydroxyurea, in
the absence of HbF induction, caused a dose-limiting,
worsening of anemia in treated mice that precluded
achieving a greater reduction in neutrophil count. This
suggests that the ability to achieve a lower target neutrophil count, as often occurs in clinical practice, is probably dependent on the improvement in erythropoiesis
and red cell lifespan that is provided by higher levels of
HbF in responding patients. Thus, while we cannot be
certain that a lower neutrophil count would not have

Hydroxyurea

High HbF

A

B

C

Figure 2. HbF expression, but not hydroxyurea therapy, corrects the end-organ damage of SCD. Representative hematoxylin and eosin (H&E)stained tissue sections from the indicated experimental groups, 20x magnification, (A) Liver: fibrosis, inflammation and collapse of hepatic parenchyma are present in both the vehicle- and hydroxyurea-treated animal groups but not in the gene therapy group. (B) Spleen: excessive extramedullary hematopoiesis in the red pulp of the vehicle and hydroxyurea groups but not in the gene therapy group. (C) Kidney: loss
of tubules with fibrosis and inflammation of the interstitium and increased eosinophilic matrix in the glomerular tuft of animals in the vehicle and hydroxyurea groups, but not present in the gene therapy group. The stars denote the foci of cortical collapse and fibrosis and the
arrows indicate glomeruli. H&E-stained tissue on glass slides were digitized at 20x magnification utilizing an Aperio ScanScope® XT (Aperio,
Vista, CA, USA). The ScanScope® scans slides with a 20x/0.75 Plan Apo objective. Slides were evaluated and images were captured utilizing ImageScope™(Aperio, Vista, CA, USA) viewing software.
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resulted in some clinical benefit, it appears that HbF
induction may be an important component that allows
robust reduction of the neutrophil count without worsening of the anemia.
In summary, previous studies have raised the possibility that the beneficial effect of hydroxyurea may be related to alterations of cell adhesion, membrane properties,
nitric oxide and cation transport systems.14-18 In this study,
we took advantage of a unique transplant model of
murine SCD to assess the ability of hydroxyurea to significantly impact SCD disease pathogenesis in the
absence of HbF induction. We conclude that although
non-HbF effects may augment those due solely to HbF for
patients on therapy, HbF induction appears to be critical
to the beneficial effects of hydroxyurea.
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