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Hydroxyurea for the Treatment
of Sickle Cell Anemia
Orah S. Platt, M.D.
This Journal feature begins with a case vignette that includes a therapeutic recommendation. A discussion
of the clinical problem and the mechanism of benefit of this form of therapy follows. Major clinical studies,
the clinical use of this therapy, and potential adverse effects are reviewed. Relevant formal guidelines,
if they exist, are presented. The article ends with the author’s clinical recommendations.

An 18-year-old woman with sickle cell anemia has had increasing symptoms, with
painful crises and episodes of the acute chest syndrome. She was hospitalized three
times in the past year. A hematologist recommends that hydroxyurea therapy be
started.
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There are about 50,000 people in the United States who are homozygous for the
sickle hemoglobin gene and thus have sickle cell anemia. Sickle cell anemia is primarily seen in persons of African heritage, about 1 in 14 of whom is an asymptomatic
carrier (a heterozygote). One in 700 newborns of African heritage is affected.1 Although it is the most severe of the common sickle cell diseases (which include hemoglobin SC disease and sickle β0-thalassemia), patients with sickle cell anemia have a
wide spectrum of clinical manifestations. All patients with this disorder have a
chronic hemolytic anemia, but the rates of the most common acute vaso-occlusive
events (acute painful crises and the acute chest syndrome) vary considerably.2,3 Other
common complications include stroke, chronic lung disease, avascular necrosis, and
leg ulcers. Health-status surveys suggest that patients with sickle cell anemia have a
low quality of life, similar to that of patients with arthritis or myocardial infarction.4
Before the era of hydroxyurea, the average life expectancy was in the 40s.5
In 2004, there were about 113,000 hospitalizations for sickle cell disease in the
United States, about 75% of which were for adults. Total hospital costs were about
$488 million.6

Pathoph ysiol o gy a nd Effec t of Ther a py
Normal adult hemoglobin, designated hemoglobin A, consists of two α-globin chains
and two β-globin chains. The cause of sickle cell anemia is a point mutation in the
β-globin gene (Fig. 1). This genetic abnormality leads to the production of sickle
hemoglobin, a protein that has the unique property of polymerizing into long fibers
when deoxygenated, thereby decreasing red-cell deformability and damaging the cell
membrane. Polymerization is highly dependent on the level of sickle hemoglobin in
the cell and is dramatically reduced when other forms of hemoglobin, without the
mutant sickle β-globin chains, are present.
The great majority of circulating red cells derive from mature erythroid precursors in the marrow, and although somewhat heterogeneous, the red cells of a nor-
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mal adult generally contain almost 100% hemoglobin A and those of a person with sickle cell
anemia contain almost 100% sickle hemoglobin.
A smaller population of red cells comes directly
from immature progenitors. These progenitors
have unusually active γ-globin genes and produce red cells with relatively high levels of hemoglobin containing two α-globin chains and
two γ-globin chains.7 This form of hemoglobin
is designated fetal hemoglobin, because it predominates in fetal red cells. The fetal hemoglobin
in these so-called F cells mitigates the damage
caused by sickle hemoglobin; the F cells are the
most nearly normal red cells in the circulation
in patients with sickle cell anemia.8
Red cells containing high levels of sickle hemoglobin contribute to the pathophysiological
development of sickle cell anemia in three major
ways. First, these cells lose deformability when
deoxygenated, leading to vascular obstruction
and ischemia. This is a critical factor underlying
painful crises, the acute chest syndrome, function
al asplenia, and acute stroke. Second, membrane
damage shortens the life span of the red cell,
causing chronic intravascular and extravascular
hemolysis. Intravascular hemolysis contributes to
decreased availability of nitric oxide, increased
vascular tone, and pulmonary-artery hypertension.9,10 Third, damaged red cells have abnormal
surfaces that result in increased adherence to and
damage of vascular endothelium, a process that
enhances acute vaso-occlusion and also provokes a
proliferative lesion involving white cells, platelets,
smooth-muscle cells, cytokines, growth factors,
and coagulation proteins. Such lesions underlie
large-vessel stroke and possibly pulmonary-artery
hypertension.
A major therapeutic approach to sickle cell
anemia has been to try to shift hemoglobin production from sickle hemoglobin to fetal hemoglobin, by changing marrow-proliferation kinetics to
favor F-cell production. To evaluate this concept,
hydroxyurea (Fig. 2), a cytotoxic drug that had
already been in use for decades to reduce the abnormally high hematocrit and platelet count in
patients with polycythemia vera, was initially test
ed in anemic baboons.11 The first patients treated
with hydroxyurea had a response within 72 hours
after therapy, with a burst of young F cells, and
ultimately with an elevated level of fetal hemoglobin.12
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Hydroxyurea belongs to a class of compounds
called hydroxamic acids, which can bind metals.
The primary cytotoxic effect of hydroxyurea lies
in its ability to inhibit ribonucleotide reductase by
binding the reductase’s two iron molecules and
inactivating a critical tyrosyl radical.13 This cytotoxic effect of hydroxyurea reduces the production of red cells containing a high level of sickle
hemoglobin, which tend to arise from rapidly
dividing precursors, and favors the production of
red cells containing a high fetal hemoglobin level
(F cells), which arise from progenitors that divide
less rapidly. This drug also reduces the numbers
of white cells and platelets, potentially reducing
their roles in vascular injury.
Another potentially important effect of hydroxyurea is that metabolism of the drug results
in the production of nitric oxide. Soluble guanylate cyclase, an enzyme containing heme iron, is
stimulated by nitric oxide, a reaction that results
in the production of fetal hemoglobin, as shown
in vitro.14 The production of nitric oxide may also
compensate for the loss of endogenous nitric oxide due to intravascular hemolysis.

Cl inic a l E v idence
In a landmark study, Charache et al. demonstrated the efficacy of hydroxyurea in reducing morbidity in adults with sickle cell anemia.15 A total
of 299 adults who had had at least three painful
crises in the previous year were randomly assigned to receive either hydroxyurea or placebo.
The incidence of painful crises was reduced from
a median of 4.5 per year to 2.5 per year. The rates
of the acute chest syndrome and blood transfusion were also reduced significantly. Observational follow-up of 233 of the original 299 subjects was performed for up to 9 years and showed
a 40% reduction in mortality among those who
received hydroxyurea.16
Similar large-scale randomized trials have not
been conducted in children, but data from prospective treatment series have shown that hydroxyurea does not interfere with, and may actual
ly improve, growth and development in children
with sickle cell anemia.17,18 Treatment with hydroxyurea in children has roughly the same effect on acute events as it does in adults18 and may
prevent splenic dysfunction,18 cerebral-artery
damage,19 and secondary stroke.20,21
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Cl inic a l Use
Hydroxyurea should be used to treat adults with
sickle cell anemia who have moderate-to-severe
disease, typically those with three or more acute
painful crises or episodes of the acute chest syndrome in the previous year. It should not be given
to patients with severe hypoplastic anemia, leukopenia, or thrombocytopenia. I recommend that
treatment with hydroxyurea be initiated only in
patients with blood counts and hemoglobin levels that are within the acceptable range (Table 1).
Hydroxyurea should not be given during pregnancy or breast-feeding, and both men and women who are taking it should use contraception,
since this agent is considered to be a teratogen
(see discussion of adverse effects below).
Although the data regarding the use of hydroxyurea in children are somewhat more limited
than those for adults, the benefits appear to be
similar. I recommend that children with sickle
cell anemia who have moderate-to-severe symptoms be treated according to the regimen described below for adults, ideally as part of one
of the many clinical trials in progress around
the world.
Alternatives to hydroxyurea that reduce morbidity are hematopoietic stem-cell transplantation and long-term transfusion therapy. These
may be appropriate first-line treatments for selected persons, including those who have not
had a response to a trial of hydroxyurea.
Before initiating therapy, it is important to
obtain a complete blood count and to establish
the patient’s baseline fetal hemoglobin level,
hepatic function, and renal function. Renal dysfunction is not a contraindication to treatment
with hydroxyurea, but it does influence dosing
(see below). There are limited data on the use of
hydroxyurea in patients with clinically significant hepatic dysfunction.
Hydroxyurea is given daily in a single oral
dose. The starting dose is 15 mg per kilogram of
body weight per day (unless the creatinine clearance is <60 ml per minute [1.0 ml per second], in
which case the starting dose is 7.5 mg per kg per
day).22 At 2 weeks, the hemoglobin level and
blood counts are reassessed. There should be a
significant reduction in the white-cell and platelet
counts and an increase in the mean cell volume
of red cells. Because oral hydroxyurea is so readily absorbed,23 if none of these expected blood1364
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Figure 1 (facing page). Pathophysiological Characteristics
of Sickle Cell Anemia and the Effect of Hydroxyurea.
The β-globin gene on chromosome 11 contains a mutation that results in the production of sickle hemoglobin. The γ-globin genes have a normal sequence but
are quiescent in adults. In the bone marrow, most red
cells are produced from mature precursor cells and
contain mostly sickle hemoglobin. In rare cases, red
cells called F cells are produced directly from primitive
progenitors and have a high fetal hemoglobin (HbF)
content. Red cells in the circulation that have a high
sickle hemoglobin content undergo polymerization and
morphologic sickling when deoxygenated, which can
cause sludging or vaso-occlusion. Sickle hemoglobin
damages the red-cell membrane in a variety of ways,
leading to hemolysis and depletion of nitric oxide.
Membrane damage also causes increased adherence to
and damage of vascular endothelial cells. Hydroxyurea
treatment allows γ-globin genes to be more actively
expressed. By killing cycling cells, hydroxyurea changes
the kinetics of erythroid proliferation, forcing more
F cells to be produced from primitive progenitors. Hydroxyurea also produces nitric oxide and directly stimulates fetal hemoglobin production. Because F cells are
less likely in red cells with little fetal hemoglobin to
occlude vessels and cause membrane damage, hydroxyurea treatment results in fewer symptoms, less severe
hemolytic anemia, and lower mortality.

count changes have occurred, it is important to
recheck the dose calculation, inspect the actual
pills the patient is taking, and review the dosing regimen and adherence to treatment with the
patient.
Peripheral-blood counts are then monitored
every 2 weeks to determine whether the dose of
hydroxyurea requires adjustment over time and to
establish the optimal dose for each patient. The
goal is to give the highest dose that will maintain
the peripheral-blood counts in a safe range, as
conservatively defined (Table 1). If any of the
counts or levels fall within the very low range,
hydroxyurea is stopped and is not restarted (at a
lower dose) until the value returns to the acceptable range. Otherwise, dosing decisions are made
every 12 weeks. If after 12 weeks the counts remain in the acceptable range, the hydroxyurea
dose is increased by 5 mg per kilogram per day.
If the counts are in the low range, the dose is not
changed. This cycle is continued until either a
maximum dose of 35 mg per kilogram per day is
reached or the counts fall into the very low range.
Any dose that is associated with counts falling
into the very low range should not be tried more
than twice.

www.nejm.org

march 27, 2008

clinical ther apeutics

Without hydroxyurea treatment
γ genes
largely quiescent
γ

With hydroxyurea treatment
γ genes
more active

T→A mutation (Glu→Val)

γ

β

γ

Chromosome 11

T→A mutation (Glu→Val)
γ

β

Chromosome 11

Bone Marrow
Stem cell
Hydroxyurea may
directly induce F-cell
production by stimulating
soluble guanylate cyclase

Progenitor cell

Hydroxyurea kills
cycling cells
by inhibiting
ribonucleotide
reductase

Precursor
cells

Red cells
with high levels
of HbF

Red cells with minimal levels of HbF

More red
cells with high
levels of HbF

Fewer red cells with minimal levels of HbF

Deoxygenation
Deoxygenation

Decreased
sludging and vaso-occlusion

Sludging and vaso-occlusion

Ischemia and necrosis
Bone marrow: painful
crisis
Lungs: acute chest
syndrome
Spleen (chronic):
functional asplenia
Narrowed cerebral
artery: stroke

Membrane damage
Abnormal surface ligands
Abnormal nitric oxide
handling
Oxidation injury
Stretch or mechanical injury
Abnormal transport or
dehydration injury

Vascular damage
Inflammation
Proliferation

Decreased
nitric oxide

Decreased red-cell life span
Extravascular hemolysis
Intravascular hemolysis

Decreased
ischemia and necrosis
Bone marrow: decreased
painful crisis
Lungs: decreased acute
chest syndrome
Decreased mortality
Spleen (chronic):
decreased functional
asplenia?
Less-narrow cerebral
artery: decreased stroke?

Decreased membrane
damage
Decreased oxidation
injury
Decreased stretch and
mechanical injury
More normal transport and
dehydration injury

Decreased vascular
damage?
Decreased
inflammation
Decreased
proliferation

More normal red-cell life span
Decreased extravascular
hemolysis
Decreased intravascular
hemolysis

More normal
nitric oxide

More normal vascular tone?
Decreased pulmonary-artery hypertension

Abnormal vascular tone
Pulmonary-artery hypertension

COLOR

FIGURE

Rev 6

n engl j med 358;13

www.nejm.org

march 27, 2008

Author
Fig #
Title

Platt
1

DE
ME
Artist

Jarcho
?
Daniel Muller

03/10/08

1365

AUTHOR PLEASE NOTE:
Figure has been redrawn and type has been reset
Please check carefully

The

n e w e ng l a n d j o u r na l

Inhibits ribonucleotide reductase

O
H2N

C

N

H

OH
Produces nitric oxide and
activates soluble guanylate cyclase
Figure 2. Structure of Hydroxyurea.
The shaded area highlights the hydroxamic acid core of
hydroxyurea. Hydroxamic acids avidly bind heavy metals and inactivate a variety of enzymes. Hydroxyurea
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With this strategy, it typically takes less than
6 months for patients to be stabilized on a dose
that defines their maximal tolerated dose. Over
time, the monitoring schedule can be made more
flexible. Once the maximal tolerated dose has
resulted in counts that are stable, the frequency
of blood-count monitoring can be reduced to
monthly for 4 months and then to every 3 months
for 1 year, with monitoring every 3 to 6 months
in subsequent years. During the first 4 months,
hepatic and renal function should be checked
monthly to see whether there are idiosyncratic
adverse reactions to hydroxyurea. Fetal hemoglobin levels should be checked every 3 to 4 months
to assess the efficacy of the treatment.
Even before the maximal tolerated dose is established, the number of F cells increases, and the
clinical-event curves that distinguish patients receiving hydroxyurea from those receiving placebo
begin to diverge.15 At 6 months, the fetal hemoglobin level is typically doubled, the hemoglobin level
is increased by 1 g per deciliter, and the absolute
reticulocyte count, bilirubin level, and lactate dehydrogenase level are reduced.24 Ultimately, persons
with a response to hydroxyurea have a considerable
reduction in hemolysis, with a change in red-cell
Figure has been redrawn and type has been reset
Please check carefully
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survival from 34% of the normal value before treatment to 81% of the normal value with ongoing
treatment.25
During the first randomized trial of hydroxyurea,15 the average annual cost of the compound
was about $1,000 per year; visits and tests added
about $400 per year. This cost was offset by reduced costs for hospitalizations, emergency room
visits, opiates, and transfusion. The net savings
was about $5,000 per patient per year.26
Not all patients treated with hydroxyurea have
a clinically significant or sustained response to
treatment. Although a variety of factors can lead
to treatment failure, poor adherence to treatment is recognized as a common problem. Reasons for the high rate of noncompliance are not
fully understood but seem in many cases to be
related to concern about adverse effects of the
drug (see below) and the expense and inconvenience associated with monitoring. Any patient
who appears to have a poor or inconsistent response to hydroxyurea while receiving the maximal tolerated dose should be evaluated to determine whether treatment compliance is an issue.
Other reasons for a poor therapeutic response
include a decreased marrow reserve, precluding
adequate dosing (in about 2% of patients),15 and
genetic factors.27,28
Patients in whom hydroxyurea therapy is initiated can receive the drug indefinitely, unless adverse effects occur or there are other changes
(e.g., declining bone marrow function or the patient’s desire to have children). The data from
clinical trials confirm that the likelihood of benefit remains significant for at least 9 years,16 but
anecdotal reports suggest that the benefit can last
longer. The first patient to be treated in the
original proof-of-concept study12 is still taking
hydroxyurea, almost 25 years later, with a sustained response, indicating that long-term use is
feasible. For patients who have to stop taking the
drug for any reason, there is no evidence that
abrupt discontinuation is harmful.

A dv er se Effec t s
Hydroxyurea is a myelosuppressive compound,
and its effects on bone marrow can be conveniently monitored by examining peripheral-blood
counts. It is expected that all patients taking hydroxyurea will have at least one episode in which
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Table 1. Peripheral-Blood Thresholds for Adjustment of the Dose of Hydroxyurea.

Count or Level
Neutrophils (per mm3)
Platelets (per mm3)
Hemoglobin (g/dl)
Reticulocytes (per mm3)†

Very Low
(Withhold Hydroxyurea until
Values Are in Acceptable Range)

Low
(Maintain Dose)

Acceptable
(Start, Restart, or Increase Dose*)

<2000

2000–2500

>2500

<80,000

80,000–95,000

>95,000

<4.5

4.5–5.3

4.5–5.3

<80,000

80,000–95,000

>95,000

* The dose should be started, restarted, or increased unless it is already at the maximum of 35 mg per kilogram of body
weight.
† Reticulocyte thresholds should be taken into account unless the hemoglobin level is more than 9 g per deciliter.

myelosuppression results in the counts falling
into the very low range (Table 1), requiring a temporary discontinuation of treatment and adjustment of the dose. Counts usually return to normal
within 2 weeks. Interestingly, 35% of patients taking placebo in the original trial had at least one
episode of bone marrow depression during the
dose-adjustment phase of the study.15
The Center for the Evaluation of Risks to Human Reproduction recently reported on the reproductive toxicity of hydroxyurea.29 On the basis
of animal studies, the center concluded that hydroxyurea may increase the risk of fetal abnormal
ities if given to pregnant women and expressed
concern about potential adverse effects on spermatogenesis. Reproductive counseling is a critical
ongoing responsibility of physicians who provide
long-term hydroxyurea therapy for the management of sickle cell anemia.
It has been suggested that such long-term use
may lead to the development of cancer, especial
ly acute leukemia. However, the existence and
magnitude of such an increase in risk remains a
subject of debate (see below).

A r e a s of Uncer ta in t y
Because hydroxyurea has been given as long-term
treatment for polycythemia vera, a myeloproliferative disorder that carries an inherent risk of leukemic transformation, it has been difficult to quantify the risk, if any, that might be added by use of
the drug. This issue was recently addressed in a
prospective observational study of 1638 patients
with polycythemia vera.30 Although this study did
not show any increase in the risk of leukemia that
was attributable to hydroxyurea (in contrast to the
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risks associated with 32P, busulfan, and pipobroman), a small risk still cannot be ruled out. On the
other hand, there are very few drugs that have
been studied so systematically in such a leukemiaprone population. Because concern about the risk
of leukemia looms so large in the perception of
both patients and doctors, it remains a major impediment to the provision of optimal treatment in
a high-risk patient population.31
Despite the well-demonstrated efficacy of hydroxyurea, there is growing concern that a large
number of eligible patients do not have access to
this therapy. In a recent study in Maryland, none
of the expected effect on hospitalizations was
found; in a survey of one hospital, 70% of eligible
patients were not taking the drug.32 The reasons
for this situation are not clear, but concern on the
part of both patients and their physicians about
potential adverse effects is probably a major factor. Further research is needed to understand and
correct such impediments to treatment.

Guidel ine s
The Division of Blood Diseases and Resources of
the National Heart, Lung, and Blood Institute
published a report (which is not described as a
formal guideline) in 1984 to address the management of sickle cell disease. This report has been
revised three times, most recently in 2002.33 It includes a table outlining a protocol for the use of
hydroxyurea in patients with sickle cell anemia.
Treatment is indicated for patients who have “frequent pain episodes, history of acute chest syndrome, other severe vaso-occlusive events, or severe symptomatic anemia.” Treatment end points
listed are “less pain, increase in Hb F [fetal hemo-
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globin] to 15-20 percent, increased hemoglobin is fully informed about contraception and adverse
level if severely anemic, improved well-being, ac- effects, I recommend that she begin therapy with
ceptable myelotoxicity.”
the use of the regimen outlined above. I anticipate
that if she is provided enough support to simplify
monitoring and has appropriate positive feedback
R ec om mendat ions
along the way, she will be able to adhere to treatBecause of the moderately severe clinical course of ment and will have a decrease in symptoms. Longthe patient in the vignette, she is an excellent can- term treatment should increase life expectancy.
didate for hydroxyurea treatment. If she is not
No potential conflict of interest relevant to this article was
pregnant, has no medical contraindications, and reported.
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