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Hydroxyurea is a newly approved ther-
apeutic agent for the treatment of sick-
le-cell disease. Hydroxyurea reduces
the number of painful crises in sickle-
cell patients presumably by increasing
the levels of fetal hemoglobin, which
has a large solubilizing effect on sick-
le-cell hemoglobin and reduces poly-
merization (1). Despite being used to
treat a number of cancers for nearly 30
years, the mechanism of how hydrox-
yurea increases fetal hemoglobin levels
remains unclear. In this issue of the
JCI, Cokic et al. present results that
provide the first explanation of how
hydroxyurea increases fetal hemoglo-
bin levels (2). Specifically, they show
that fetal hemoglobin increases in
response to activation of soluble
guanylyl cyclase (sGC) by hydroxyurea-
derived NO. The importance of this
work manifests itself in at least three
ways: 1) the in vitro identification of
some of the molecular species involved
in fetal hemoglobin induction, 2) a
further demonstration of a role for
NO in the activity of hydroxyurea, and
3) the application of this work to the
development of new NO based treat-
ments for sickle-cell disease.

The work described in this study (2)
relies on the authors’ ability to recog-
nize clues from previous basic and clin-
ical research. First, hydroxyurea reacts
with enzymes and proteins, particular-
ly heme-containing proteins, to release
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NO (3-7). Other studies reveal that
patients taking hydroxyurea demon-
strate increased levels of nitrite, nitrate,
and iron nitrosyl hemoglobin, all of
which are markers for NO (8-10).
Finally, sGC activators increase y-glo-
bin gene expression in both eryth-
roleukemic cells and primary human
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erythroblasts and sGC inhibitors pre-
vent this increase (11). The combina-
tion of these results with the ability of
NO to stimulate sGC led to the design
and execution of the described experi-
ment to determine the effect of nitric
oxide donors and hydroxyurea on fetal
hemoglobin induction.
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Figure 1

Mechanism of fetal hemoglobin induction by hydroxyurea. Hydroxyurea is metabolized by an
unknown pathway to produce nitric oxide that binds and activates sGC. Alternatively, hydroxyurea
may be able to directly activate sGC. Activation of sGC increases production of cGMP, which prob-
ably influences some transcription factors leading to increased fetal hemoglobin synthesis.
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Hydroxyurea and NO donors
increase y-globin and cGMP levels
Cokic et al. show that hydroxyurea
and two other mechanistically differ-
ent NO donors increase y-globin
gene expression in K562 erythro-
leukemic and human erythroid pro-
genitor cells in a dose-dependent
manner. These compounds also
increase the y/p ratio in this system
as they have little effect on p-globin
gene expression. These cell-based
assays, especially the human eryth-
roid progenitor model, probably
represent the best currently avail-
able systems to evaluate human re-
sponses to fetal hemoglobin-induc-
ing agents. More importantly, hy-
droxyurea and S-nitrosocysteine
(CysNO), a known NO donor, in-
crease fetal hemoglobin levels in
human erythroid cells and cGMP in
erythroid progenitor cells. sGC in-
hibitors block the observed increase
in y-globin gene production. This last
group of experiments provides
strong evidence for the involvement
of sGC in fetal hemoglobin induc-
tion and also reveals that hydrox-
yurea or NO donor-mediated y-glo-
bin gene induction occurs only dur-
ing a short period of time during
erythroid differentiation.

An NO-mediated pathway for fetal
hemoglobin induction

Figure 1 summarizes the current
understanding of hydroxyurea-medi-
ated induction of fetal hemoglobin
synthesis. Based on the work of Cokic
et al. (2) a link between hydroxyurea,
NO, sGC, and fetal hemoglobin now
exists (Figure 1). Figure 1 also shows
where our understanding of this
process remains incomplete, particu-
larly: 1) how is hydroxyurea converted
to NO in vivo, 2) can hydroxyurea
directly activate sGC, and 3) how does
an increase in cGMP induce fetal
hemoglobin production? Chemically,
the conversion of hydroxyurea to NO
requires a three-electron oxidation.
While a number of heme- and copper-
containing proteins react with hydrox-
yurea to produce NO in vitro through
the intermediacy of both radical and
nitroso intermediates (3-6), surpris-
ingly little information exists regarding

the in vivo oxidative metabolism of
hydroxyurea (12). Some work suggests
that NO release from hydroxyurea like-
ly occurs during liver metabolism (13),
but to date the actual site and oxidant
of in vivo hydroxyurea metabolism to
NO remains to be identified. Early
work shows the ability of urease to cat-
alyze the hydrolysis of hydroxyurea to
hydroxylamine, which reacts rapidly
with heme proteins to release NO (14).
While such a route to NO should be
explored, this pathway would be con-
fined to areas of bacterial colonization,
such as the gut, as no mammalian ure-
ases exist. The authors present the idea
that hydroxyurea may activate sGC
through the direct reaction of the fer-
rous protein with hydroxyurea to pro-
duce the iron nitrosyl complex, in anal-
ogy to the reaction of hydroxyurea
with deoxyhemoglobin, and this idea
should also be examined (3). The
authors present a number of reason-
able but yet-to-be tested ideas involving
the stimulation of fetal hemoglobin
production by sGC activation (2).
Mostly, these ideas elaborate on roles
for transcription factors known to be
controlled by the NO/cGMP pathway
and require further experimentation to
delineate the transcription factors
responsible for fetal hemoglobin
induction. The ability of hydroxyurea
to inhibit ribonucleotide reductase and
the possibility of this reaction to pro-
duce NO should also be further con-
sidered (15). At this time, other NO-
and sGC-independent pathways effect-
ed by hydroxyurea cannot be com-
pletely eliminated.

Finally, these results provide new
insight into the development of NO-
based therapies for treatment of sickle-
cell disease. Inhaled NO and other NO
donors, as well as strategies to increase
endogenous NO production, should
be strongly considered as sickle-cell
therapies (16). Recent work by Cokic et
al. also shows that the plasma of sickle-
cell patients contains cell-free hemo-
globin that scavenges nitric oxide (17).
The metabolism of hydroxyurea
should be rigorously studied to identi-
ty the pathways that convert hydrox-
yurea to NO. The use of cGMP esterase
inhibitors, which enhance the effects of
NO on sGC, should also be viewed as

an alternative approach for sickle-cell
disease treatment. The results present-
ed in this paper should excite the audi-
ence since they give both clinical and
basic scientists a basis for rational ther-
apeutic strategies for sickle-cell disease
treatment. Further unraveling hydrox-
yurea’s metabolism and the mecha-
nism of cGMP-mediated fetal hemo-
globin induction should lead to better
strategies for sickle-cell disease therapy.
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