HYDROXYUREA

1. Exposure Data

1.1 Chemical and physical data

1.1.1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 127-07-1

Chem. Abstr. Name: Hydroxyurea

IUPAC Systematic Name: Hydroxyurea

Synonyms: N-(Aminocarbonyl)hydroxylamine; carbamohydroxamic acid; carbamo-
hydroximic acid; carbamoyl oxime; HU; hydroxycarbamide; hydroxycarbamine;
hydroxylurea

1.1.2  Structural and molecular formulae and relative molecular mass
o}
HZN—lC‘:—N—OH
)
CH,N,0, Relative molecular mass: 76.06

1.1.3  Chemical and physical properties of the pure substance

(a) Description: White, odourless, crystalline (needles) powder (Gennaro, 1995;
Budavari, 1996)

(b) Melting-point; 133-136 °C (Budavari, 1996)

(c) Spectroscopy data: Infrared (prism, [45287; 475C]; grating [30287]; FT-IR,
[801C]) and nuclear magnetic resonance (proton, [33625; 671D]; C-13,
[24474]) spectral data have been reported (Pouchert, 1981, 1983, 1985; British
Pharmacopoeial Commission, 1993; Sadtler Research Laboratories, 1995).

(d) Solubility: Very soluble in water; slightly soluble in ethanol (Budavari, 1996;
American Hospital Formulary Service, 1997)

(e) Stability: Hygroscopic and decomposes in the presence of moisture (Royal
Pharmaceutical Society of Great Britain, 1999)

—347—



348 IARC MONOGRAPHS VOLUME 76

1.1.4  Technical products and impurities

Hydroxyurea is available as a 200-, 300-, 400- or 500-mg capsule; the capsule may
also contain calcium citrate, citric acid, colourants (D&C Red No. 28; D&C Red No. 33;
D&C Yellow No. 10; FD&C Blue No.1; FD&C Green No. 3; FD&C Red No. 40), diso-
dium citrate, erythrosine, gelatin, indigocarmine, iron oxide, lactose, magnesium
stearate, sodium lauryl sulfate, sodium monohydrogen phosphate, tartrazine and tita-
nium dioxide (American Hospital Formulary Service, 1997; British Medical Asso-
ciation/Royal Pharmaceutical Society of Great Britain, 1998; Editions du Vidal, 1998;
Rote Liste Sekretariat, 1998; Thomas, 1998; US Pharmacopeial Convention, 1998;
Medical Economics Data Production, 1999).

Trade names for hydroxyurea include Biosupressin, Droxia, Droxiurea, Hidroks,
Hidroxiurea Asofarma, Hidroxiurea Filaxis, Hidroxiurea Martian, Hydrea, Hydrea
capsules, Hydreia, Hydroxycarbamid, Hydroxycarbamide capsules BP 1998, Hydroxy-
carbamide capsules USP 23, Hydroxyurea, Litalir, Onco-Carbide, Oxyurea and Syrea
(CIS Information Services, 1998; Royal Pharmaceutical Society of Great Britain, 1999;
Swiss Pharmaceutical Society, 1999).

1.1.5 Analysis

Several international pharmacopoeias specify infrared absorption spectrophoto-
metry with comparison to standards as the method for identifying hydroxyurea; titration
with sodium thiosulfate is used to assay its purity. Similar methods are used for identi-
fying and assaying hydroxyurea in pharmaceutical preparations (British Pharmaco-
poeial Commission, 1993; US Pharmacopeial Convention, 1994).

1.2 Production

Hydroxyurea has been prepared by the reaction of calcium cyanate with hydroxyl-
amine nitrate in absolute ethanol and by the reaction of potassium cyanate and
hydroxylamine hydrochloride in aqueous solution. Hydroxyurea has also been prepared
by converting a quaternary ammonium anion exchange resin from the chloride form to
the cyanate form with sodium cyanate and reacting the resin in the cyanate form with
hydroxylamine hydrochloride (Graham, 1955).

Information available in 1999 indicated that hydroxyurea was manufactured
and/or formulated in 25 countries (CIS Information Services, 1998; Royal Pharmaceu-
tical Society of Great Britain; 1999; Swiss Pharmaceutical Society, 1999).

1.3 Use

Hydroxyurea is a chemically simple antimetabolite, which is cytostatic by inhibiting
ribonucleotide reductase, an enzyme important in creating deoxynucleosides for DNA
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replication in growing cells (Gao et al., 1998). Hydroxyurea was initially synthesized
over 120 years ago, but its potential biological significance was not recognized until
1928. In the late 1950s, the drug was evaluated in a large number of experimental
murine tumour systems and shown to be active against a broad spectrum of tumours.
Phase | trials with hydroxyurea began in 1960 and by the late 1960s it was in clinical
use (Donehower, 1992).

Hydroxyurea has been used, or investigated for use, in the treatment of a number
of diseases.

(&)  Sickle-cell haemoglobinopathy

Hydroxyurea is widely used to treat severe sickle-cell disease (Charache et al.,
1996; Ferster et al., 1996; de Montalembert et al., 1997) and beta-thalessaemia—
sickle-cell disease (Moskaridou et al., 1995). It was shown to induce fetal haemoglobin
synthesis (Fibach et al., 1993; Maier-Redelsperger et al., 1998), and preliminary
reports demonstrated its benefit in beta-thalessaemia—sickle-cell haemoglobinopathy
(Loukopoulos et al., 1998). The efficacy of hydroxyurea in sickle-cell disease is well
validated, but its use appears to be limited to patients with frequent crises and hospita-
lizations. The doses used in patients with sickle-cell anaemia are 25 mg/kg bw per day
in children (Ferster et al., 1996) and up to 35 mg/kg bw per day in adults (Charache
etal., 1996).

(b)  Myeloproliferative syndromes

Hydroxyurea is also used as a cytostatic agent in myelodyplastic or myeloproli-
ferative diseases, including chronic myeloid leukaemia (Donehower, 1992; Fitzgerald
& McCann, 1993; Guilhot et al., 1993), polycythemia vera (Najean & Rain, 1997a,b),
myelodysplastic syndrome (Nair et al., 1993) and essential thrombocythaemia and
corticosteroid-resistant hypereosinophilia (Donehower, 1992). The risks and benefits of
hydroxyurea in haematological disease are debated and have been reviewed
(Donehower, 1992). It is used most commonly in chronic myeloid leukaemia to prevent
or delay the onset of blast crises, and complete responses have been seen occasionally
(Tanaka et al., 1997).

(c)  With didanosine in the treatment of HIV/AIDS

Hydroxyurea is given as an adjunct with didanosine (see monograph, this volume)
in treatment of human immunodeficiency virus (HIV) infection. Several case series and
randomized trials have shown dramatic results with the combination (Biron et al., 1996;
Montaner et al., 1997; Foli et al., 1998), although not without exception (Simonelli
etal., 1997). Trials in which didanosine and hydroxyurea were given in combination
with other agents (Lisziewicz et al., 1998; Rutschmann et al., 1998) led to large-scale
controlled trials which are currently under way. Intriguing reports of prolonged periods
without rebound viraemia after didanosine and hydroxyurea therapy, especially in
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patients who began treatment shortly after HIV infection, have led to intensive investi-
gation (Vilaet al., 1997; Lisziewicz et al., 1998). The doses of hydroxyurea used in com-
bination with didanosine are 500-1000 mg/day (Montaner et al., 1997; Rutschmann
etal., 1998).

Hydroxyurea itself has no antiviral effect (Lori et al., 1997a). Its mechanism of
action with didanosine appears to be selective inhibition of ribonucleotide reductase,
thus decreasing endogenous dATP concentrations, leading to increased generation of
dATP from the pro-drug didanosine. Hydroxyurea thus improves the antiviral potency
of didanosine (Lori et al., 1997b; De Boer et al., 1998; Johns & Gao, 1998). The effect
is likely to be greater with dATP analogues such as didanosine than with other antiviral
nucleoside analogues (Gandhi et al., 1998).

Increased cytokine levels (Navarra et al., 1995, 1996) and adrenal activity have
been seen in hydroxyurea-treated patients (Navarra et al., 1990, 1998) but not in HIV-
infected patients treated with hydroxyurea and didanosine.

(d) Psoriasis

Hydroxyurea can be administered over long periods to treat psoriasis (Moschella
& Greenwald, 1973; Boyd & Neldner, 1991), although it is currently used relatively
infrequently.

(e)  Solid tumours

Hydroxyurea is used as a radiosensitizing agent in carcinoma of the cervix
(Stehman, 1992; Stehman et al., 1997) and glioma (Levin & Prados, 1992). Other malig-
nancies in which use of hydroxyurea as an adjunct has been studied (Wadler et al., 1996)
include meningioma (Schrell et al., 1997), uterine leiomyosarcoma (Currie et al., 1996a)
and uterine mixed mesodermal tumours (Currie et al., 1996b).

1.4 Occurrence

Hydroxyurea is not known to occur as a natural product. No data on occupational
exposure were available to the Working Group.
15 Regulations and guidelines

Hydroxyurea is listed in the British, French and US pharmacopoeias (Royal
Pharmaceutical Society of Great Britain, 1999; Swiss Pharmaceutical Society, 1999).
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2. Studies of Cancer in Humans

The carcinogenic potential of hydroxyurea has been studied in patients with
chronic myeloproliferative disorders, which include chronic myeloid leukaemia,
ideopathic myelofibrosis, polycythaemia vera and essential thrombocythaemia. An
assessment of the carcinogenicity of this agent is hampered by an inherent tendency of
chronic myeloproliferative disorders to undergo spontaneous transformation to myelo-
dysplastic syndrome or acute leukaemia. Thus, among 431 patients with polycythaemia
vera who were randomized to one of three treatment arms, phlebotomy (n = 134),
chlorambucil (n = 141) or radioactive phosphorus (n = 156), patients in the phlebotomy
arm were found to have a cumulative risk for acute leukaemia after 11-18 years of
follow-up of 1.5% on the basis of two observed cases. The rates for acute myeloid
leukaemia in the US population indicate that about 0.13 cases would have been
expected (Landaw, 1986).

Although hydroxyurea is used in the treatment of sickle-cell anaemia and of
psoriasis, these conditions are not suspected to predispose to cancer.

2.1 Case reports

Several case reports have been published on the occurrence of multiple squamous-
cell and basal-cell carcinomas of the skin in patients who received prolonged treatment
with hydroxyurea for chronic myeloid leukaemia (Disdier et al., 1991; Stasi et al., 1992;
Best & Petitt, 1998; De Simone et al., 1998), essential thrombocythaemia or poly-
cythaemia vera (Callot-Mellot et al., 1996; Best & Petitt, 1998). The skin carcinomas
were typically seen in sun-exposed areas and had been preceded by other degenerative
cutaneous manifestations.

Reiffers et al. (1985), van den Anker-Lugtenburg and Sizoo (1990) and Furgerson
et al. (1996) described the occurrence of acute leukaemia in patients who had been
treated with hydroxyurea for long periods for essential thrombocythaemia and had not
received other treatments.

2.2 Cohort studies

These studies are summarized in Table 1.

2.2.1  Polycythaemia vera (see also section 2.2.3)

Sharon et al. (1986) reported the results of a prospective study conducted in Israel
of 36 patients with polycythaemia vera who were treated with hydroxyurea at a daily
dose of 500-1500 mg for 1-5.6 years. Nineteen of the patients had previously been
treated with other myelosuppressive drugs. During treatment, no cases of leukaemia
or other malignant neoplasms were seen.



Table 1. Cohort studies of acute leukaemia (AL) and myelodysplastic syndrome (MDS) in patients treated with

hydroxyurea
Country Study design (no. Daily dose Follow-up (years) Cases of AL Proportion Comments
(reference) of cases); period (mg/kg bw)*  average (range) and MDS with blast
transformation
Polycythaemia vera
Israel Prospective (36); [7-21] Duration of AL: 0 0% 19 patients with other prior
(Sharon et al., not reported treatment myelosuppressive treatment
1986) (1-5.6)
USA Prospective (100); [10] Duration of AL:1 1% Possibly one additional case
(West, 1987) 1963-83 treatment of chronic leukaemia
5.4 (0.3-18)
USA Prospective (51); ~15 Duration of AL: 3 5.9% Another case of AL
(Kaplan et al., 1979-86 (Nand treatment diagnosed 19 years after
1986) et al., 1990) 4.7 (0.1-7.5) first diagnosis (Holcombe
etal., 1991)
USA Retrospective (18); 1.7+17 Duration of AL: 5 27.8% 10 patients also received
(Nand et al., 1975-87 g/day, 1 year treatment: 12 other myelosuppressive
1990) treatment.
Sweden Prospective (21); [7-21] (5—>10) AL: 3 14% Patients considered in a
(Weinfeld etal.,  since 1976 study of MDS
1994)
USA Cross-sectional 1.5 (0.5-6) 5.5 (1.5-20) ALorMDS:1 6.2% Patients considered in a
(Nand et al., (16); 1993-95; g/day, 1 year study of MDS
1996) prevalent cases
France Prospective (150), 10-15 Follow-up (1-17) AL: not given  Actuarial risk: Cases of AL and MDS not
(Najean & Rain,  since 1980 MDS: not 10% at 13th year  distinguished according to
1997a) given treatment received
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Table 1 (contd)

VIHNAXOHAAH

Country Study design (no. Daily dose Follow-up (years) Cases of AL Proportion Comments
(reference) of cases); period (mg/kg bw)*  average (range) and MDS with blast
transformation
Essential thrombocythaemia
France Retrospective (42); Not reported  Follow-up (>0-19) AL:2 4.8%
(Belluci et al., 1961-82
1986)
France Retrospective (53);  4-43 Follow-up (6) AL:1 5.7%
(Liozon et al., 1981-95 MDS: 2
1997)
France Retrospective (251); [21] (starting  Follow-up; AL:5 5.6% 50 patients also received
(Sterkers et al., 1970-91 dose) 8.2 (1.8-22) MDS: 9 other myelosuppressive
1998) treatment
Sweden Prospective (32); 15-20 Treatment duration;  AL: 2 9.4% Patients considered in a
(Lofvenberg 1981-89 3.8 (1.3-6.6) MDS: 1 study of MDS
etal., 1990)
Sweden Prospective (9); [7-21] (5->10) AL:1 11% Patients considered in a
(Weinfeld etal.,  since 1976 study of MDS
1994)
Chronic myeloproliferative disease
Sweden Prospective (81) 15-20 Treatment duration;  AL: 3 4.9% 3 patients with other prior
(Lofvenberg 1981-89 3.9(0.1-8.7) MDS: 1 myelosuppressive
et al., 1990) (means) treatment, but none of AL
or MDS patients
Sweden Prospective (50); 7-21 (5->10) AL: 9 20% 13 patients with other prior
(Weinfeld etal.,  since 1976 MDS: 1 myelosuppressive treatment
1994)
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Table 1 (contd)

Country Study design (no. Daily dose Follow-up (years) Cases of AL Proportion Comments
(reference) of cases); period (mg/kg bw)*  average (range) and MDS with blast
transformation
Chronic myeloproliferative disease (contd)
USA Cross-sectional 0.25-6 5.2 (0.3-20) ALorMDS:2 8.0%
(Nand et al., (25); prevalent g/day,
1996) cases; 1993-95 1 year
Sickle-cell anaemia
USA Prospective (152); 0-35 1.8 (1.2-2.0) AL: 0 0% Treatment arm in a clinical
(Charache etal., 1992-94 trial
1995)
USA Prospective (13); 10-35 Treatment: AL: 0 0%
(Scott et al., 1992-95 2.0 (0.5-3.3)
1996)
Cyanotic congenital heart disease
France Prospective (64); 10 5 (2-15) AL: 0 0%
(Triadou et al., not reported
1994)

& When not given in the paper, calculated assuming a body weight of 70 kg
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West (1987) studied the incidence of acute leukaemia in 100 patients in Kentucky,
USA, who were treated for polycythaemia vera which had been diagnosed during
1963-83. They were also treated by phlebotomy. The mean daily dose of hydroxyurea
was 720 mg, and the duration of therapy ranged from three months to 18 years (mean,
5.4 years). During this time, two (2%) cases of leukaemia were observed: one chronic
neutrophilic leukaemia after nine months of treatment and one acute myeloid leukaemia
after five years. The authors noted that the chronic neutrophilic leukaemia might have
been present before the date of recruitment.

Of 118 patients in New York, USA, with polycythaemia vera, all had received
supplementary phlebotomy and hydroxyurea at a daily dose of 30 mg/kg bw for one
week, then 15 mg/kg bw and then modified downwards and upwards; 59 of the
patients had had no prior myelosuppressive therapy (Donovan et al., 1984). Hydroxy-
urea was given for a mean of 4.7 years (range, one month to 7.5 years). Three out of
51 patients with no prior myelosuppressive therapy developed acute leukaemia after
1.7, 2.8 and 4.8 years of treatment (Kaplan et al., 1986). Two cases of leukaemia
(1.5%) were observed in the most appropriate historical control group of 134 patients
who had been treated exclusively with phlebotomy (Landaw, 1986), and the difference
between the two groups was not statistically significant. [The Working Group noted
the reduction in numbers of hydroxyurea-treated patients from 59 to 51, which was
unexplained.] In a subsequent case report, Holcombe et al. (1991) described an addi-
tional case of chronic myelomonocytic leukaemia (which transforms to acute myeloid
leukaemia) in the group of 51 hydroxyurea-treated patients with polycythaemia vera.
This case was seen 19 years from the date of initial diagnosis. No data were given on
the historical control group.

Nand et al. (1990) conducted a retrospective study of 48 patients in Chicago,
Illinois, USA, with polycythaemia vera diagnosed during 1975-87 (seven cases were
diagnosed previously) and treated over a period of 12 years. Of these, 18 had been
treated with hydroxyurea at doses ranging from 500 mg every other day for nine
months to 1000 mg daily for seven years. Four cases of acute leukaemia were seen
among 10 of the patients who had received hydroxyurea in combination with other
myelosuppressive treatment including radioactive phosphorus and one case among
eight patients who had received hydroxyurea alone (relative risk = 3.8; p = 0.38). The
cases developed at a mean of 3.9 years after the start of treatment. [The Working Group
noted the small size of the study.]

Two published reports are available on the results of a clinical trial of the French
Polycythaemia Vera Study Group (Najean et al., 1996; Najean & Rain, 1997a). The
most recent report includes 292 patients with polycythaemia vera diagnosed after
1980 when the patients were aged 0-64 years. The patients were treated with either
hydroxyurea (n = 150) at a daily dose of 25 mg/kg bw followed by a maintenance dose
of 10-15 mg/kg bw, or pipobroman [1,4-bis(3-bromopropionyl)piperazine] (n = 142).
The patients were followed for 1-17 years, during which time nine cases of acute
myeloid leukaemia and four cases of myelodysplastic syndrome were observed. The
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precise treatment received in these 13 cases was not specified, but the authors stated
that the actuarial risk for acute myeloid leukaemia or myelodysplastic syndrome was
about 10% at the 13th year of follow-up, with no difference according to treatment.
Four cases of hon-melanoma skin cancer were seen in patients given hydroxyurea only
and one in a patient given pipobroman only, while six cancers at sites other than the
bone marrow and non-melanoma skin were seen in six patients given hydroxyurea and
five given pipobroman. These frequencies of extracutaneous solid tumours were only
slightly greater than those expected for this age group.

In a complementary trial covering the period 1979-96, Najean and Rain (1997b)
recruited 461 patients with polycythaemia vera who were over 65 years of age and had
not previously been treated with chemotherapeutic agents. Initially, the patients were
treated with radioactive phosphorus (0.1 mCi/kg bw with a maximum of 7 mCi) admin-
istered intravenously until complete remission of the polycythaemia was obtained.
They were then randomized to receive either maintenance treatment with low-dose
hydroxyurea (5-10 mg/kg bw per day) (n = 219) or simple surveillance (n = 242).
When the haematocrit of a patient in either treatment arm had increased to 50% and the
erythrocyte volume was > 125% of the normal value during follow-up, intravenous
administration of radioactive phosphorus was resumed. The median survival was 9.1
years in the group receiving maintenance therapy and 11.2 years in the surveyed group
(p =0.10). In a subset of 408 patients followed for more than two years (maximum
follow-up time, 16 years), the mean annual dose of radioactive phosphorus was
0.009 mCi/kg bw in the group receiving hydroxyurea and 0.033 mCi/kg bw in the
surveyed group [average for all study subjects, approximately 0.021 mCi/kg bw per
year]. In the same subset of 408 patients, 41 haematological malignancies were
observed, consisting of 15 cases of acute myeloid leukaemia, two of non-Hodgkin
lymphoma, two of chronic lymphocytic leukaemia, two of multiple myeloma, three of
chronic myelomonocytic leukaemia and 17 of myelodysplastic syndrome. The precise
treatment schedule received in these 41 cases was not specified, but the authors stated
that statistical analysis (log-rank test) showed a significantly increased risk for these
tumour types combined in patients receiving maintenance treatment with hydroxyurea
when compared with those under simple surveillance (p = 0.01 or p = 0.03, depending
on whether outcomes were analysed according to intention to treat or the main therapy
received). The dose of radioactive phosphorus received by the patients who developed
leukaemia was moderately higher (0.044 mCi/kg bw per year) than that received by
other patients (0.032 mCi/kg bw per year), but the difference was not statistically signi-
ficant. Seven cases of non-melanoma skin cancer were observed among patients
receiving hydroxyurea maintenance and two cases in the surveyed group. [ The Working
Group noted that the average dose of 0.032 mCi/kg bw per year received by persons
without leukaemia does not concord with the average level of 0.021 mCi/kg bw per
year for all study subjects followed for more than two years. The Group also noted that
the distributions of haematological malignancies by type of treatment were not presented
and that the cases of non-Hodgkin lymphoma, chronic lymphocytic leukaemia and
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multiple myeloma in these elderly people were apparently grouped with the cases of
acute myeloid leukaemia and myelodysplastic syndrome before risk analyses were
performed, which limits interpretation of the results.]

2.2.2  Essential thrombocythaemia (see also section 2.2.3)

Bellucci et al. (1986) reviewed the medical records of 94 patients (average age,
49.5 years; range, 6-90) in one treatment centre in Paris, France, in whom essential
thrombocythaemia had been diagnosed during 1961-82. The patients were followed
up for periods ranging from a few months to 19 years, during which time five cases
of acute leukaemia were observed. Two of the five cases occurred in the subgroup of
42 patients who had received hydroxyurea as the only chemotherapeutic agent.

In a treatment centre in Limoges, France, Liozon et al. (1997) conducted a retro-
spective follow-up study of 58 patients (mean age, 66.5 years; range, 18-85) in whom
essential thrombocythaemia had been diagnosed during 1981-95. The mean duration
of follow-up was approximately five years. Among the 53 patients who had received
hydroxyurea as first-line therapy (mean weekly dose, 6 g; range, 2-21 g), one devel-
oped acute myeloid leukaemia, one developed chronic myelomonocytic leukaemia
and one had myelodysplastic syndrome.

Sterkers et al. (1998) reviewed the medical records of 357 patients (median age, 62
years; range, 30-75) with essential thrombocythaemia diagnosed between 1970 and
1991 and followed-up until 1996 at two haematological centres, in Lille and Lomme,
France. Overall, 326 of the 357 patients had been treated with at least one chemo-
therapeutic agent, and 251 had received hydroxyurea at a starting dose of 1.5 g/day
(some had received pipobroman). Within a median duration of follow-up of 8.2 years
(range, 1.8-22 years), six patients had developed acute myeloid leukaemia and 11
myelodysplastic syndrome (including chronic myelomonocytic leukaemia). Fourteen
of these 17 patients had received hydroxyurea at some time, while seven of the cases
were seen in the subgroup of 201 patients who had been treated with hydroxyurea
alone.

2.2.3  Chronic myeloproliferative disease

In one treatment centre in Sweden, 81 consecutive patients (age range, 31-82
years) with Philadelphia chromosome-negative chronic myeloproliferative disease,
consisting of 35 cases of polycythaemia vera, 32 of essential thrombocythaemia, 12 of
myelofibrosis and two of myeloproliferative syndrome [not further specified], were
followed prospectively from 1981 to 1989 (L&fvenberg & Wahlin, 1988; Lofvenberg
et al., 1990). All had received maintenance treatment with hydroxyurea at a dose of
15-20 mg/kg bw per day. During an average follow-up of 3.9 years (range, one month
to 8.7 years), three cases of acute myeloid leukaemia (two cases in patients with
essential thrombocythaemia, one in a patient with myelodysplastic syndrome) and one
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case of myelodysplastic syndrome (in a patient with essential thrombocythaemia) were
seen. None of these four cases had been treated with alkylating agents or radioactive
phosphorus before treatment with hydroxyurea. No data were available on the number
of cancers to be expected among these patients on the basis of incidence rates in the
general population.

In another treatment centre in Sweden, Weinfeld et al. (1994) conducted a pro-
spective follow-up of 50 consecutive patients (age range, 33—-82 years) with Philadelphia
chromosome-negative chronic myeloproliferative disease, consisting of 30 patients with
polycythaemia vera, 10 with essential thrombocythaemia and 10 with myelofibrosis, of
whom 21, 9 and 7, respectively, had been treated only with hydroxyurea at 60 mg/kg per
day for the first week and then 0.5-1.5 g/day. The median observation period was
> 10 years, and the minimum was five years, during which time nine cases of acute
leukaemia and one case of myelodysplastic syndrome were seen. Seven of the acute
leukaemias occurred among 37 patients treated with hydroxyurea only (three in patients
with polycythaemia vera, one in a patient with essential thrombocythaemia and three in
patients with myelofibrosis), and two of the cases of acute leukaemia and one case of
myelodysplastic syndrome occurred among 13 patients treated with alkylating agents
prior to entrance into the study, yielding transformation frequencies of [19%] with
hydroxyurea and [23%] with previous treatment.

Forty-two patients with polycythaemia vera (16 of whom were treated with
hydroxyurea only), 15 with essential thrombocythaemia, six with myelofibrosis with
myeloid metaplasia and one with an unclassified myeloproliferative disorder seen at a
medical centre in lllinois, USA, during 1993-95 were evaluated for subsequent devel-
opment of acute leukaemia or myelodysplastic syndrome (Nand et al., 1996). At the date
of entry into the study, the patients had survived for a median of 5.2 years (range, four
months to 20 years) since diagnosis of their chronic myeloproliferative disease. Five
(7.8%) of the 64 cases transformed into acute leukaemia or myelodysplastic syndrome;
none of these were in the 11 patients who had received no treatment or aspirin, two
(11%) occurred in 18 patients treated with phlebotomy alone, two (8%) in 25 patients
who had received hydroxyurea and one (10%) in 10 patients who had received only
other immunosuppressive therapy. [The Working Group noted that the study group was
composed of prevalent cases of chronic myeloproliferative disease only and that the
follow-up period for most patients must have been very short.]

2.2.4 Sickle-cell anaemia

In order to test the efficacy of hydroxyurea in reducing the frequency of painful
crises in adults with sickle-cell anaemia, Charache et al. (1995) conducted a randomized,
placebo-controlled clinical trial. Of 299 such patients, 152 were assigned to hydroxy-
urea, while 147 were given placebo. Because of the beneficial effects observed, the trial
was stopped after a median of 21 months (range, 14-24 months). At that time, no cases
of leukaemia or other neoplastic disorders were seen.
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To assess the safety and efficacy of hydroxyurea for the treatment of severe sickle-
cell anaemia in children, Scott et al. (1996) conducted a small prospective study of 15
patients in one treatment centre in lllinois, USA. Thirteen patients in whom sickle-cell
anaemia had been diagnosed in 1992-95 received hydroxyurea for a median of two
years (range, 0.5-3.3 years), during which time no cases of acute leukaemia or other
malignancies were seen.

2.2.5  Congenital heart disease

Sixty-four patients ranging in age from 8 to 47 years with inoperable cyanotic
congenital heart disease were included in a prospective study in a treatment centre in
France (Triadou et al., 1994). The patients received hydroxyurea at an initial dose of
10 mg/kg bw per day, which was adapted according to haematological tolerance and
continued over a period ranging from [two to 15 years] (mean, approximately five
years). No cases of acute leukaemia or other malignancies were seen.

3. Studies of Cancer in Experimental Animals

The Working Group was aware of early studies in mice (Bhide & Sirsat, 1973) and
in rats (Philips & Sternberg, 1975), which were considered inadequate for evaluation.

3.1 Intraperitoneal administration

Groups of 50 mice of each sex of the XVII/G strain were treated intraperitoneally
with hydroxyurea [purity not specified] starting at two days of age and then at weekly
intervals for one year. The doses per mouse were: 1 mg at two days of age, 3 mg at eight
days, 5 mg at 15 days and 10 mg from 30 days to one year of age. One group of 50 mice
was kept untreated as controls. The incidences of pulmonary tumours were 30/50 (60%)
in control and 16/35 (46%) in treated mice. In a positive control group treated with
urethane, 28/30 (93%) of mice had lung tumours (Muranyi-Kovacs & Rudali, 1972).

3.2 Administration with known carcinogens

Groups of 40 female Swiss mice, six to seven weeks of age, received dermal
applications of 5 ug of 7,12-dimethylbenz[a]anthracene followed four weeks later by
treatment with 1% croton oil for 14 weeks. Hydroxyurea at a dose of 500 mg/kg bw was
injected intraperitoneally once at 24 h or twice at 24 and 48 h after the first painting with
croton oil. Treatment with two doses of hydroxyurea significantly reduced the incidence
of skin papillomas when compared with 7,12-dimethylbenz[a]anthracene and croton oil
treatment alone (Chan et al., 1970).
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Groups of 16 male and 16 female hairless (hr/hr) Oslo mice were given an intra-
peritoneal injection of 0 or 5 mg hydroxyurea in 0.5 mL distilled water 30 min before
dermal application of 2 mg of N-methyl-N-nitrosourea (MNU). Hydroxyurea enhanced
the production of skin tumours by MNU from about 50% to 80%, this effect being
attributed to inhibition of DNA synthesis (Iversen, 1982a). No such effect was observed
when hydroxyurea was administered simultaneously with or after dermal application of
1 mg of MNU (lversen, 1982b).

Groups of 36-43 female Wistar rats, weighing about 200 g, were given intraperi-
toneal injections of hydroxyurea in 23 fractionated consecutive doses of 0.1 mg/kg bw
each shortly before and during maximal urothelial cell proliferation (33-55 h after
partial cystectomy) produced by MNU administered as a single intravesicular pulse
dose of 5 mg/kg bw during the various cell cycle phases. Hydroxyurea inhibited MNU-
induced urothelial tumour development, and the degree of this inhibition depended on
the cell cycle phase during which MNU was instilled. The numbers of rats with
urothelial bladder tumours were: 14/43 in the control group (G, phase) and 7/37, 4/43
(p < 0.02), 10/46, 10/38, 9/36 and 12/40 in groups receiving MNU during the late G,,
early and late S, G,+M, and early and late postmitotic phases, respectively (Kunze
et al.,1989).

4. Other Data Relevant to an Evaluation of Carcinogenicity
and its Mechanisms

41 Absorption, distribution, metabolism and excretion

41.1 Humans

Although hydroxyurea has been in clinical use for 30 years, the pharmacokinetics of
the compound has been extensively studied only recently. Two useful reviews have been
published (Donehower, 1992; Gwilt & Tracewell, 1998), but the best of the limited data
available come from the study of Rodriguez et al. (1998). These investigators gave 2 g
of hydroxyurea either orally or by intravenous infusion over 30 min in a cross-over
design to 29 patients with advanced cancers. They demonstrated clearly that oral and
intravenous administration have essentially identical kinetics except for a 19.5% greater
maximum plasma concentration (C,,,,) after intravenous dosing; the lag time of the peak
after oral dosing was 0.22 h. Hydroxyurea is essentially completely absorbed from the
human gastrointestinal tract, with a narrow range between subjects. The half-time of
hydroxyurea is short, with an initial half-time of 0.63 h after intravenous administration
and 1.78 h after oral administration and a terminal half-time of 3.32 h after oral admi-
nistration and 3.39 h after intravenous administration. The clearance of hydroxyurea
given orally or intravenously is identical and rapid, at 76 mL/min per m?, with a mean
distribution volume of 19.7 L/m?. In this study, slightly more than one-third of the
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administered dose was recovered in the urine. The 2-g dose resulted in a mean C,,,, of
794 umol/L after oral administration and 1000 umol/L after intravenous administration
and a mean integrated area under the curve of concentration-time (AUC) of
3600 umol/L per h after intravenous and 3900 umol/L per h after oral administration.

Belt et al. (1980) compared oral and intravenous administration of escalating
doses of hydroxyurea to patients with advanced malignancies. The maximal tolerated
dose was 800 mg/m? every 4 h by oral administration and 3.0 mg/m? per min when
given intravenously as a continuous 72-h infusion. After oral administration of doses
of 500 or 800 mg/m? every 4 h, the peak concentration in plasma ranged from 5.4 to
24.8 x 10~ mol/L. The time to attain the peak concentrations was 30—120 min. Two-
to threefold variations among patients in the C,,,, after oral dosing were found. The
Comax Values for continuous intravenous infusion of doses of 2.0-3.5 mg/min per m?
were 5.0-11.5 x 10~ mol/L. The plasma half-times of hydroxyurea in patients given
single oral doses of 400-1200 mg/m? ranged from 132 to 279 min. In pleural fluid
samples obtained from two patients, the concentrations paralleled those found in
plasma. The mean half-time after discontinuation of intravenous infusion was about
250 min.

Hydroxyurea enters the cerebrospinal fluid, ascites fluid and serum (Beckloff
et al., 1965) and breast milk (Sylvester et al., 1987).

Villani et al. (1996) studied nine HIV-infected patients receiving hydroxyurea at
500 mg twice per day orally with or without zidovudine. The C,,,, was 0.135 mmol/L,
and the C,;, was 0.0085 mmol/L serum. The rate of clearance was 0.18 L/h per kg bw
[12.6 L/n], with a half-time of 2.5 +£ 0.5 h. The time to maximum clearance was approxi-
mately 0.9 h, and the bioavailability was good.

The maximum tolerated dose in a study of patients with chronic myeloid leukaemia
in accelerated phase or blast crisis was 27 g/m? when given as a 24-h intravenous
infusion (Gandhi et al., 1998). Intravenous doses of 8-40 g/m? resulted in plasma
concentrations of 0.9-6.4 mmol/L with a half-time of approximately 3.5 h. A steady
state was reached in all patients by 6 h. In this study, the dATP levels in peripheral blast
cells decreased by 57%, but DNA synthesis decreased by 80-90%. The concentrations
of the other deoxynucleotides were not affected.

About 30-60% of an orally administered dose of hydroxyurea is excreted
unchanged by the kidneys (Donehower, 1992), although about 35% is generally
excreted (Rodriguez et al., 1998).

Andrae (1984) implicated a cytochrome P450-dependent process in metabolic acti-
vation of hydroxyurea which increases its potential for genetic damage. Hydrogen
peroxide was reported to be a toxic metabolic product of hydroxyurea (Andrae & Greim,
1979). DeSesso et al. (1994) found that p-mannitol, a scavenger of free radicals,
decreases the genotoxic effect of hydroxyurea. Sato et al. (1997) described pathways for
the generation of nitric oxide from hydroxyurea via copper-catalysed peroxidation.
Hepatic and renal conversion of hydroxyurea by a cytochrome c-dependent pathway to
urea may account for 30-50% of administered doses. Urease may degrade hydroxyurea
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to produce hydroxylamine and ultimately acetohydroxamic acid (Gwilt & Tracewell,
1998).

Both high and low doses show log-linear excretion kinetics, reflecting the predom-
inance of renal mechanisms. The excretion of doses of 10-35 mg/kg bw diverges from
linearity, probably because of an increasingly important saturable non-renal metabolic
pathway (Villani et al., 1996; Luzzati et al., 1998).

4.1.2  Experimental systems

In contrast to the situation for humans, little information is available on the phar-
macokinetics of hydroxyurea in animals, despite its wide use as a model teratogen and
to synchronize the cell cycle in cell cultures. The lack of data may be due to the lack
of a suitably sensitive assay during the early development of the drug (Donehower,
1992).

Van den Berg et al. (1994) gave nude mice doses of 0-200 mg/kg bw hydroxyurea
by intraperitoneal injection and found a plasma concentration of 159 umol/L within a
half-time of only 11 min.

Wilson et al. (1975) found that the half-time of hydroxyurea in rats given 137
mg/kg bw per day intraperitoneally on days 9-12 of gestation was 15 min in the dams
and 85 min in the embryos. In rhesus monkeys given 100 mg/kg bw per day intra-
venously on days 23-32 of gestation, the half-time was 120 min after the last injection
in the mothers and 265 min in their fetuses.

4.2 Toxic effects

4.2.1 Humans

The major dose-limiting (and dose-related) toxic effects of hydroxyurea are granu-
locytopenia, which resolves relatively rapidly after withdrawal of the drug (Belt et al.,
1980), and myelosuppression, seen in advanced chronic myeloid leukaemia (Gandhi
et al., 1998). Drug-induced dermopathy with characteristics of dermatomyositis have
been reported (Richard et al., 1989; Velez et al., 1998) as well as hyperpigmentation
of the nails (Gropper et al., 1993; de Montalembert et al., 1997) and leg ulcers (Cox
et al., 1997; Weinlich et al., 1998), although one large study of patients with sickle-
cell anaemia found an equal rate of leg ulcers in patients given the placebo (Charache
et al., 1996). In two- (Charache et al., 1996) and three-year (de Montalembert et al.,
1997) follow-up studies of patients with sickle-cell anaemia treated continuously with
hydroxyurea, no serious side-effects other than mild neutropenia were observed, and
this did not limit treatment.

When very high doses are given intravenously, dose-related mucositis is seen
(Gandhi et al., 1998), but neutropenia is usually the treatment-limiting side-effect.
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4.2.2  Experimental systems

No formal toxicological studies on hydroxyurea in animals were available to the
Working Group.

4.3 Reproductive and prenatal effects

431 Humans

Information on the use of hydroxyurea in pregnancy is limited to a few case reports.
Five case reports involved exposure to hydroxyurea for periods ranging from seven
months to four years before pregnancy and throughout gestation at doses of 0.5-3.0 g
daily. One woman developed eclampsia at 26 weeks and delivered a stillborn but
phenotypically normal infant (Delmer et al., 1992). The other four pregnancies ended in
four normal, healthy infants at 36—40 weeks of gestation, with normal blood counts and
normal postnatal development up to a maximum of 32 months (Patel et al., 1991;
Delmer et al., 1992; Tertian et al., 1992; Jackson et al., 1993). Three other cases have
been reported: one woman received a single dose of 8 g of hydroxyurea at about 12
weeks of pregnancy and had an elective termination four weeks later of an apparently
normal fetus (Doney et al., 1979). Another woman was treated with an unspecified dose
of hydroxyurea for six months before pregnancy and from mid-second trimester to near
term, and delivered a healthy infant who developed normally during one year of follow-
up (Fitzgerald & McCann, 1993). The third case involved a woman who had been
treated with an unspecified dose of hydroxyurea two years before conception. She deliv-
ered a normal infant, who had normal physical and mental development at seven years
of age (Pajor et al., 1991). [The Working Group noted that the doses of hydroxyurea
used clinically are about one-fifth to one-tenth of the teratogenic dose in rodents.]

4.3.2  Experimental systems

Studies on the teratogenicity of hydroxyurea in chicks, mice, rats, rabbits, cats and
monkeys have been published since the original reports by Murphy and Chaube
(1964) and Chaube and Murphy (1966), who showed that a single intraperitoneal dose
of 250 mg/kg bw or more given to Wistar rats on one of days 9-12 of gestation
produced a high proportion of fetuses with multiple gross malformations of the central
nervous system, palate and skeleton.

Pregnant NMRI mice injected intraperitoneally on day 10 of gestation with
500 mg/kg bw hydroxyurea showed marked necrosis of the neuroepithelium of the
spinal cord 4 h after injection. The cytotoxicity could be partially prevented by simul-
taneous injection of 700 mg/kg bw deoxycytidine monophosphate (Herken, 1984) and
completely prevented by simultaneous injection of 1 mg/kg bw colchicine (Herken,
1985). These results suggest that the action of hydroxyurea is dependent both on DNA
synthesis and on the cytoskeleton.
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Pregnant Wistar-derived rats were dosed intraperitoneally on day 12 of gestation
with 250, 500, 750 or 1000 mg/kg bw hydroxyurea, and the fetuses were examined on
day 20. A dose-related increase in the frequency of multiple malformations of the
viscera and skeleton and reduced fetal weight were observed at doses > 500 mg/kg bw,
but embryolethality was seen only at 1000 mg/kg bw. Hydroxyurea was shown to pass
into the embryo and to persist there longer than in maternal blood. DNA synthesis, as
measured by thymidine incorporation into the embryo, was depressed markedly by
doses > 500 mg/kg bw, and marked cytotoxicity was also observed (Scott et al., 1971).

Studies from the same laboratory with the same strain of rat showed that intraperi-
toneal injection of 375 or 500 mg/kg bw hydroxyurea on day 12 of pregnancy produced
microscopic evidence of cytotoxicity in the neural tube, but no malformations were
observed when the dams were allowed to deliver their pups at term. Nevertheless,
observation of the offspring at 30-50 days of age showed locomotor and behavioural
deficits at both doses (Butcher et al., 1973). Further studies from the same laboratory
with the same strain of rat showed that teratogenic and embryolethal effects could be
induced by a dose as low as 137 mg/kg bw, but not by 100 mg/kg bw, administered
intraperitoneally on days 9-12 of gestation (Wilson et al., 1975). Behavioural effects
were also observed in the offspring of Sprague-Dawley dams treated with a single
intraperitoneal dose of 150 mg/kg bw hydroxyurea on various days of pregnancy
(Brunner et al., 1978). The wide range of malformations induced in rats by hydroxyurea
has led to its use as a positive control substance in standard testing for both terato-
genicity (Aliverti et al., 1980; Price et al., 1985) and developmental toxicity (postnatal
behaviour) (Vorhees et al., 1979, 1983). Comparisons of the teratogenic responses in
various stocks and strains of rats showed differences in the type of malformation and
the time of sensitivity in two stocks of Wistar rats (Barr & Beaudoin, 1981) and in
Wistar and Fischer 344 rats (DePass & Weaver, 1982).

A group of 27 pregnant golden hamsters received an intravenous injection of
50 mg/kg bw hydroxyurea on day 8 of pregnancy. The embryos were examined for
external malformations only. A high rate of fetal death and malformations, especially
of the central nervous system, was observed (Ferm, 1966).

The teratogenicity of hydroxyurea in pregnant New Zealand white rabbits was
demonstrated by subcutaneous injection of 750 mg/kg bw once on day 12 of gestation,
with embryo and fetal examination 15 min to 32 h later by histology and on day 29 for
malformations. Treatment produced marked cytotoxicity and a high percentage of
resorptions (61%), reduced fetal weight and malformations in all surviving fetuses
affecting most organ systems and the skeleton, as observed in rats (DeSesso & Jordan,
1977; DeSesso, 1981a). The mechanism by which hydroxyurea produces its teratogenic
action was investigated in detail by DeSesso and his co-workers, who showed in rabbits
that hydroxyurea is not only cytotoxic and inhibits DNA synthesis but also causes a
very rapid, marked reduction in uterine—placental blood flow, which may be respon-
sible for some of the teratogenic effects (Millicovsky et al., 1981). In addition, the
teratogenic effects can be inhibited by simultaneous administration of the anti-oxidant
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propyl gallate, which reduces the cytotoxicity (DeSesso, 1981b). This activity occurs
within the embryo and is independent of the inhibition of DNA synthesis (DeSesso &
Goeringer, 1990). Inhibition of the cytotoxicity and teratogenicity of hydroxyurea by
D-mannitol, a potent scavenger of hydroxyl free radicals, suggests that these radicals
are the proximate cytotoxins and teratogens (DeSesso et al., 1994).

Groups of 17 mated cats of European and Persian breeds were dosed orally with 50
or 100 mg/kg bw hydroxyurea on days 10-22 of gestation, and the fetuses were exam-
ined on day 43. At 50 mg/kg bw, fetal weight and survival were not affected, but a high
proportion of the fetuses were malformed, with a wide range of malformations similar
to those seen in other species. At 100 mg/kg bw, a large proportion of the cats were not
pregnant, but maternal and fetal weights were reduced, the frequency of resorptions
increased and one of two live fetuses was malformed (cyclopia) (Khera, 1979).

Of 22 pregnant female rhesus monkeys (Macaca mulatta) dosed intravenously with
50-500 mg/kg bw hydroxyurea for various times between days 18 and 45 of gestation,
eight aborted or had intrauterine deaths; 10 had fetuses with multiple malformations
mostly of the axial skeleton, but also genitourinary, cardiac, brain, eye and intestinal
defects; and the infants of three were growth retarded and one was normal (Theisen
etal., 1973; Wilson, 1974; Wilson et al., 1975). [The Working Group noted that little
detailed information is given in these reports.]

The teratogenicity of hydroxyurea was compared in mouse embryos in vivo and
in vitro, to study the effects of varying the concentration of drug and the duration of
exposure. Mated ICR mice were injected intraperitoneally with 300 mg/kg bw
hydroxyurea on day 9 of pregnancy (vaginal plug = day 1), and the embryos were
removed 48 h later for examination for malformations and for protein content. The
embryos of untreated mice were removed on day 9 and cultured in vitro in various
concentrations of hydroxyurea for various lengths of time, followed by culture in drug-
free medium up to 48 h. In vivo, 45% of the embryos showed malformations, including
exencephaly and phocomelia, and the peak plasma concentration of hydroxyurea was
311 £ 22 pg/mL 7 min after injection, with a half-time of 30 min. Culture in vitro with
hydroxyurea at 300 pg/mL for 30 min resulted in malformations in 41% of the embryos
that were similar to those found in vivo. Culture at a concentration of 500 ug/mL for
30 min or at 250 ug/mL for 1 h resulted in 100% malformed embryos, but culture at
125 pg/mL for 1 h resulted in no malformations (Warner et al., 1983). Culture of 10-
day CD rat embryos and eight-day CD-1 mouse embryos with 300 pug/mL hydroxyurea
for 1 h followed by 43 h in drug-free medium resulted in impaired development, and
the embryos had reduced DNA and protein contents. Addition of various concen-
trations of dAMP to the culture medium did not inhibit the action of hydroxyurea, and
addition of dCMP had minimal inhibitory activity. Hydroxyurea decreased all
nucleotide pools, and addition of dAMP increased the pools but not to control levels
(Hansen et al., 1995).

Malformations were also produced in chicks injected in ovo on day 4 with 800 ug
of hydroxyurea (Ilwama et al., 1983).
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Seven groups of at least six male C57BL/6JxC3H/HeJ F; mice were injected when
13-15 weeks of age with 0, 25, 50, 100, 200, 400 or 500 mg/kg bw hydroxyurea intra-
peritoneally daily for five consecutive days. The epididymides and testes were exam-
ined eight and 29 days after the last injection. Body weight was not affected in any of
the animals, but the testis weight was reduced in a dose-related manner at all doses
except the lowest. A dose-related reduction in DNA synthesis was seen, resulting in
depletion of pachytene spermatocytes and a consequent reduction in later cell stages
and spermiogenesis. Spermatogonial stem cells were not affected, and showed repopu-
lation of cell stages with normal differentiation Kinetics (Evenson & Jost, 1993).
Similar results were reported in B6C3/F,/BOM M mice aged six to eight weeks injected
intraperitoneally with 200 mg/kg bw hydroxyurea for five days (Wiger et al., 1995).

4.4 Genetic and related effects

44.1 Humans

In studies of genetic alterations in leukaemic cells of patients treated with hydroxy-
urea, a statistically non-significant association was seen between treatment with
hydroxyurea alone or in combination and the occurrence of leukaemia and myelo-
dysplastic syndrome characterized by abnormalities of chromosome 17 in patients with
essential thrombocythaemia [p = 0.11, Fisher’s exact test]. As discussed in section 2,
Sterkers et al. (1998) monitored the occurrence of acute leukaemia and myelodysplastic
syndrome in 251 patients with essential thrombocythemia who were treated with
hydroxyurea. The findings in the leukaemic cells are summarized in Table 2. In seven
cases of leukaemia treated with hydroxyurea, including three given the drug alone, there
were rearrangements of chromosome 17, including unbalanced translocations, partial or
complete deletions and isochromosome 17¢, which resulted in 17p deletion in the
leukaemic cells. P53 mutation was observed in six cases, including two treated with
hydroxyurea alone. The authors suggested that the molecular characteristics of these

Table 2. Karyotypic findings in the bone marrow of patients with essential
thrombocythaemia treated with hydroxyurea

Treatment Leukaemia or myelodysplastic No Total no.
syndrome leukaemia  of patients
17p No 17p  Karyotype

deletion  deletion  unavailable

Hydroxyurea 3 2 2 194 201
Hydroxyurea plus other agents 4 1 2 43 50
No hydroxyurea 0 3 0 104 107

Derived from Sterkers et al. (1998)
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leukaemias are consistent with 17p~ syndrome and that prolonged use of hydroxyurea in
patients with essential thrombocythaemia may lead to acute myeloid leukaemia and
myelodysplastic syndrome with loss of chromosome 17p material and P53 mutation. A
review of the literature by these authors revealed similar 17p deletions in four of 11
patients treated for essential thrombocythaemia with hydroxyurea alone but in only one
of 24 patients who did not receive this treatment. Tefferi (1998) cautioned, however, that
the results of bone-marrow and cytogenetic investigations before treatment were not
available for some of the patients. Monosomy 17 was also observed in complex karyo-
types in two of three cases of leukaemia reported by Liozon et al. (1997) among 58
patients with essential thrombocythaemia treated with hydroxyurea; in the third case,
which was chronic myelomonocytic leukaemia, the karyotype was normal.

Quesnel et al. (1993) identified the t(8;21) translocation in a case of leukaemia in
which essential thrombocythaemia had been treated with hydroxyurea alone. The t(8;21)
is associated with the French—American—British M2 (acute myeloblastic) subtype of de-
novo and treatment-related acute myeloid leukaemia. The complex karyotype, which also
contained monosomy 17, was 46, XX[3]/47, XX, +8 [2]/43-44,XX,der(7)t(7;dup5),
t(8;21)(922;922), —16,-17,t(18;?)(q;?)[10].

Oren et al. (1999) described a case of acute promyelocytic leukaemia with i(17q)
after treatment of Philadelphia chromosome-positive chronic myeloid leukaemia with
combination therapy including hydroxyurea, but i(17q) may occur in chronic myeloid
leukaemia in blast crisis.

Diverse chromosomal aberrations have been seen in human bone-marrow cells
after hydroxyurea treatment. Diez-Martin et al. (1991) reviewed studies of the chro-
mosomes of 104 patients at various stages of polycythaemia vera. The bone-marrow
cells of five of six patients treated with hydroxyurea alone had abnormalities, includ-
ing an unbalanced t(1;7)(p11;p11), which can be associated with treatment-related
myelodysplastic syndrome, but this abnormality may occur without prior treatment.
Cytogenetic analyses in these five patients were performed only on bone-marrow
samples obtained after treatment. One each of the other four abnormal marrows had
t(8;13)(p21;912), +9, del(6)(913g21) and t(1;?)(q12;?). Furthermore, the authors
observed several de-novo abnormalities in untreated patients which they related to the
disease itself rather than to the therapy, including +9, +8 and 20g-, and suggested that
the 13g— abnormality is related to disease progression.

Lofvenberg et al. (1990) examined 81 hydroxyurea-treated patients with
Philadelphia chromosome-negative chronic myeloproliferative disorders, comprising
35 with polycythaemia vera, 32 with essential thrombocythaemia, 12 with myelo-
fibrosis and two with myeloproliferative syndromes. Only three had received prior
therapy with alkylating agents or radioactive phosphorus. Four of the 81 developed
acute myeloid leukaemia or myelodysplastic syndrome. Five of 53 evaluable patients
(9%) had clonal cytogenetic abnormalities involving chromosomes 1, 9, 20 and 21
before treatment, and 15% had these abnormalities at follow-up, during or after hydro-
Xyurea treatment. Treatment was thus associated with a low frequency of cytogenetic
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abnormalities in a heterogeneous population, and the abnormalities observed before
and after treatment were similar.

The series later reported on by Weinfeld et al. (1994) included 30 patients with
polycythaemia vera, 10 with essential thrombocythaemia and 10 with myelofibrosis who
were treated with hydroxyurea. Acute leukaemia developed in nine patients and myelo-
dysplastic syndrome in one; seven of the leukaemia patients had been treated with
hydroxyurea alone. The duration of therapy for patients who developed leukaemia or
myelodysplastic syndrome was 5-111 months. Seven of 19 previously untreated patients
with initially normal karyotypes treated with hydroxyurea alone developed clonal chro-
mosomal abnormalities during therapy (37%).

Davidovitz et al. (1998) observed evolution of polycythaemia vera to myelofibrosis
with a t(1;20)(g32;913.3) in a patient who received chronic low-dose hydroxyurea. The
t(1;20) affected the same region of chromosome 20 as the 20g— abnormality; it could
not be determined whether the translocation was related to the treatment. Furgerson et
al. (1996) described a patient in whom essential thrombocythaemia evolved to acute
myeloid leukaemia after hydroxyurea treatment. The karyotype was normal at the time
of diagnosis of essential thrombocythaemia but revealed del(5)(q23), del(7)(g31),
inv(16)(p13;q22),+8 when acute myeloid leukaemia emerged.

4.4.2  Experimental systems

Early studies on the mutagenicity of hydroxyurea were summarized by Timson
(1975). Reviews on the mutagenicity of anticancer drugs in general, including hydroxy-
urea, were provided by Ferguson (1995) and Jackson et al. (1996). Ferguson and Denny
(1995) commented on some practical issues in testing antimetabolites, which may limit
the usefulness (and meaning) of some types of in-vitro assays.

The results of tests for genotoxicity with hydroxyurea are summarized in Table 3.

Hydroxyurea was inactive as either a frameshift or base-pair substitution mutagen in
Salmonella typhimurium strains TA1537, TA1535, TA98 and TA100, and addition of an
exogenous metabolic activation system did not affect these results. Hydroxyurea
induced SOS repair in Escherichia coli K12 cells. In various Saccharomyces cerevisiae
strains, hydroxyurea induced mitotic crossing over, mitotic gene conversion, intra-
chromosomal recombination and aneuploidy, but not “petite’ mutations. It also increased
the frequency of ultraviolet-induced mitotic gene conversion and induced recombination
in dividing but not G1 or G2 arrested cells of the RS112 strain of yeast. In meiotic yeast
cells, hydroxyurea increased the frequency of meiotic recombination.

Hydroxyurea is a clastogen in mammalian cells in vitro and in vivo.

Hydroxyurea caused chromosomal aberrations in cultured Chinese hamster cells,
in mouse cells and in various human cell lines. Karon and Benedict (1972) found that
hydroxyurea induced chromosomal aberrations when given during S phase but not
when given during G2 phase. It did not induce micronuclei in human peripheral blood
lymphocytes but increased the frequency of sister chromatid exchange and of gene



Table 3. Genetic and related effects of hydroxyurea

Test system Result? Dose® Reference
(LED or HID)
Without With
exogenous exogenous
metabolic metabolic
system system
Escherichia coli K12, SOS repair response + NT 7600 Barbé et al. (1987)
Salmonella typhimurium TA100, TA1535, TA1537, TA98, reverse - - 10 000 ug/plate  Haworth et al. (1983)
mutation
Saccharomyces cerevisiae D5, petite mutations - NT 10 000 Ferguson & Turner
(1988a) 3
Saccharomyces cerevisiae D5, mitotic crossing-over + NT 2400 Ferguson & Turner @)
(1988Db) 3
Saccharomyces cerevisiae D61.M, mitotic gene conversion + NT 7600 Mayer et al. (1986) X
Saccharomyces cerevisiae D61.M, aneuploidy + NT 7600 Mayer et al. (1986) é
Saccharomyces cerevisiae RS112, intrachromosomal recombination + NT 380 Galli & Schiestl (1996) I_JIC_JI
Saccharomyces cerevisiae SBTD and D7, increased frequency of + NT 2280 Zaborowska et al. (1983) >
ultraviolet-induced mitotic gene conversion
Saccharomyces cerevisiae 419 and 580, meiotic recombination + NT 3040 Simchen et al. (1976)
Drosophila melanogaster larvae, chromosomal aberrations, mitotic + NT 7.6 Banga et al. (1986)
brain ganglion cells in vitro
Drosophila melanogaster larvae, chromosomal aberrations, brain + NT 6080 Banga et al. (1986)
ganglia in vivo
Unscheduled DNA synthesis, rat primary hepatocytes in vitro + NT 760 Rossherger & Andrae
(1985)
Mutation, mouse lymphoma L5178Y cells, Tk locus in vitro + NT 3 Amacher & Turner (1987)
Mutation, mouse lymphoma L5178Y cells, Tk locus in vitro + NT 0.7 Wangenheim & Bolcsfoldi
(1988)
Mutation, mouse lymphoma L5178Y cells, Tk locus in vitro +¢ +¢ 20 Sofuni et al. (1996)
Sister chromatid exchange, Chinese hamster lung VV79-4 cells in vitro - NT 0.5 Popescu et al. (1977)

69€



Table 3 (contd)

Test system Result® Dose® Reference
(LED or HID)
Without With
exogenous exogenous
metabolic metabolic
system system
Sister chromatid exchange, Chinese hamster lung V79 B-1 cells + NT 7.6 Ishii & Bender (1980)
in vitro
Sister chromatid exchange, Chinese hamster lung V79 and ovary cells  + NT 76 Mehnert et al. (1984)
in vitro
Sister chromatid exchange, Chinese hamster ovary CHO-B11 cells + NT 23 Hahn et al. (1986)
in vitro
Sister chromatid exchange, mouse lymphoma L5178Y Jsens and + NT 76 Hill & Schimke (1985)
C3cells in vitro
Sister chromatic exchange, Chinese hamster ovary CHO-K1 cells + NT 76 Tohda & Oikawa (1990)
in vitro
Chromosomal aberrations, Chinese hamster lung VV79-4 cells in vitro + NT 0.5 Popescu et al. (1977)
Chromosomal aberrations, Chinese hamster ovary CHO-B11 cells + NT 23 Hahn et al. (1986)
in vitro
Chromosomal aberrations, Chinese hamster Don-C cells in vitro + NT 100 Karon & Benedict (1972)
(S phase)
Chromosomal aberrations, mouse lymphoma L5178Y Jsens and + NT 76 Hill & Schimke (1985)
C3 cells in vitro
Cell transformation, cultures of embryonic cells from BN/a mice, + NT 0.76 Chlopkiewicz &
with confirmation in newborn mice Koriorowska (1983)
Cell transformation, cultures of embryonic cells from DBA/2 and - NT Not reported Chlopkiewicz &
Swiss mice Koriorowska (1983)
Cell transformation, BALB/c 3T3 cells mouse cells - NT 7.6 Chlopkiewicz &
Koriorowska (1983)
DNA single-strand breaks, Ehrlich ascites tumour cells in vitro + NT 38 Li & Kaminskas (1987)

0.€

9. FNNTOA SHAVHOONOW J8VI



Table 3 (contd)

Test system Result? Dose® Reference
(LED or HID)
Without With
exogenous exogenous
metabolic metabolic
system system
DNA single-strand breaks, human T lymphoma CCRF-CEM cells + NT 4.6 Skog et al. (1992)
in vitro
Mutation, human T-lymphoblast cell line, HPRT locus in vitro NT 19 Mattano et al. (1990)
Micronucleus formation, human primary lymphocytes in vitro - NT 1520 Fenech et al. (1994)
Chromosomal aberrations, human lymphocytes in vitro + NT 150 KihIman & Andersson
(1985)
Chromosomal aberrations, human Hep.2 cell line in vitro + NT 190 Strauss et al. (1972)
Chromosomal aberrations, human B lymphaoblast TK6, WI-L2-NS + NT 76 Greenwood et al. (1998)
and WTKZ1 cell lines in vitro
Specific locus mutation, (101/H male x C3H/HeH female)F; mice - 500 ip x 2 Cattanach et al. (1989)
Micronucleus formation, bone-marrow cells, male NMRI mice invivo ~ + 400ipx1 Hart & Hartley-Asp
(1983)
Micronucleus formation, bone-marrow cells, female - 250ip x5 Bruce & Heddle (1979)
C57BL/6 x C3H/He hybrid mice in vivo
Chromosomal aberrations, spermatogonial cells, male Swiss mice - 500ipx1 van Buul & Bootsma
(1994)
Dominant lethal assay, male ICR/Ha Swiss mice - 1000ipx1 Epstein et al. (1972)
Sperm morphology, C57BL/6 x C3H/He hybrid mice in vivo + 250 ip x5 Bruce & Heddle (1979)

 +, positive; (+), weak positive; —, negative; NT, not tested; ?, inconclusive
b LED, lowest effective dose; HID, highest ineffective dose; in-vitro tests, ug/mL; in-vivo tests, mg/kg bw per day; ip, intraperitoneally

¢ Same result in two laboratories
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amplification in L5178Y mouse lymphoma cells. Hydroxyurea induced sister chro-
matid exchange in various Chinese hamster cell lines in vitro. It caused DNA strand
breaks in Ehrlich ascites tumour cells and in human T lymphoma cells in vitro.

It did not induce mutations at the HPRT locus in a cultured human T-lymphocyte
cell line at doses of 50-250 umol/L, which had substantial effects on DNA synthesis,
but induced mutants at the Tk locus in L5178Y cells.

Hydroxyurea caused cell transformation in mass cultures of embryonic cells from
BN/a, mice, but not in cultures derived from two other strains of mice—DBA/2 and
Swiss, nor in BALB/c 3T3 cells. Although hydroxyurea alone did not induce morpho-
logical transformation in Syrian hamster embryo cells, the cell cycle arrest caused by
the drug led to enhancement of cell transformation by bromodeoxyuridine (Tsutsui
etal., 1979). Hydroxyurea did not enhance metabolic cooperation between V79 cells
(Toraason et al., 1992).

Hydroxyurea treatment led to hypermethylation of DNA in hamster fibrosarcoma
cells (Nyce et al., 1986). In rats, this resulted in nitric oxide production (Jiang et al.,
1997) and induced a cytokine response (Navarra et al., 1995, 1997). These effects may
indicate an enhanced effect on chromosomal damage in certain situations in vivo.
Hydroxyurea also induced DNA hypermethylation in normal human embryonic lung
fibroblasts (WI-38) and their simian virus 40-transformed counterparts (SVWI-38)
(De Haan & Parker, 1988).

Hydroxyurea induced micronuclei in the bone marrow of non-tumour-bearing male
NMRI mice but did not induce micronucleated cells in female C57BL/6 x C3H/He
hybrid mice, although it produced sperm abnormalities in male mice of this strain.

Although hydroxyurea is a mutagen in somatic cells, there is no evidence that it
mutates germ cells. It did not cause dominant lethal mutation or specific locus mutation
in mice. It did not induce chromosomal damage in spermatogonial cells of male Swiss
mice, although it enhanced damage induced by X-rays.

Minford et al. (1984) showed that hydroxyurea at 0.1 mmol/L enhanced both DNA
breakage and cytotoxicity caused by the intercalating DNA topoisomerase Il inhibitor,
amsacrine. Lambert et al. (1983) found similar results in relation to adriamycin. Palitti
et al. (1984a) showed that treatment with hydroxyurea after mitomycin C enhanced
the frequencies of chromosomal aberrations and sister chromatid exchange induced by
mitomycin C alone in both Chinese hamster cells and human lymphocytes. Hydroxy-
urea had a synergistic effect on ultraviolet-induced sister chromatid exchange (Ishii &
Bender, 1980) and enhanced X-radiation-induced damage in spermatogonial cells of
Swiss mice (van Buul & Bootsma, 1994).

45 Mechanistic considerations

Hydroxyurea does not bind or bond to DNA but acts by inhibiting ribonucleotide
reductase, which converts ribonucleoside diphosphates to deoxyribonucleotide diphos-
phates, the precursers for de-novo DNA synthesis. Hydroxyurea depletes intracellular
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deoxyribonucleotide pools and is known and used as an inhibitor of DNA synthesis
(Timson, 1975).

The differences in the results of various studies may depend on the exact cell culture
conditions, especially in regard to the amounts of deoxyribonucleotides available.
Hansen et al. (1995) found that they could partially attenuate the embryotoxic effects of
hydroxyurea by providing additional deoxyribonucleotides.

In a number of experiments, hydroxyurea appeared to enhance the susceptibility
of cells to mutagenesis by other agents (e.g. Palitti et al., 1983, 1984a,b; Ferguson,
1990; Jelmert et al., 1992). There are three possible reasons for this:

1. It halts the progression of cells in the late G1 phase of the cycle, allowing
synchronization of the culture (e.g. Tsutsui et al., 1979). Thus, if cells are sensi-
tive to a certain agent in a particular phase of the cell cycle, hydroxyurea may
reveal this effect.

2. Although hydroxyurea inhibits normal DNA synthesis, it does not appear to
inhibit unscheduled DNA synthesis at the same doses after treatment with
various genotoxic agents, including X-rays (e.g. Painter & Cleaver, 1967).
This justifies its inclusion in protocols of unscheduled DNA synthesis.

3. Prempree and Merz (1969) suggested that hydroxyurea could inhibit the repair
of chromosomal breaks without itself inducing breaks.

5. Summary of Data Reported and Evaluation

51 Exposure data

Hydroxyurea is a chemically simple antimetabolite that inhibits the enzyme ribo-
nucleotide reductase. It has been in clinical use since the 1960s and is widely used for
the treatment of severe sickle-cell disease, chronic myeloid leukaemia, myelo-
proliferative disorders such as polycythaemia vera and essential thrombocythaemia
and, increasingly, in combination with didanosine in HIV infection. Hydroxyurea is
sometimes used for the treatment of psoriasis and various solid tumours.

5.2 Human carcinogenicity data

The risk for leukaemia associated with administration of hydroxyurea in the
treatment of chronic myeloproliferative disorders has been evaluated in a number of
small cohort studies. Overall, 5-6% of patients developed either acute leukaemia or
myelodysplastic syndrome subsequent to the start of hydroxyurea treatment. Large
variation in the length of active follow-up was not taken into account in the analyses.
The risk for leukaemia in patients with chronic myeloproliferative disorders who were
not treated with hydroxyurea or other agents (e.g. polycythaemia vera patients treated
with phlebotomy alone) was also increased in comparison with that of the general
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population. The available data do not allow a conclusion about whether the occurrence
of acute leukaemia and myelodysplastic syndrome in the hydroxyurea-treated patients
represents progression of the myeloproliferative process or an effect of the treatment.

5.3 Animal carcinogenicity data

Hydroxyurea was tested in one experiment in mice by intraperitoneal adminis-
tration beginning at two days of age. No increase in the incidence of tumours was
reported. Hydroxyurea has also been tested in combination with other chemical carci-
nogens to assess the effect of inhibition of DNA synthesis on carcinogenesis. The
experiments are inadequate to assess the carcinogenicity of hydroxyurea.

5.4 Other relevant data

Hydroxyurea is readily absorbed after oral administration. In one study, 35% of an
administered dose was excreted unchanged in the urine of humans. Hydroxyurea is
widely distributed in tissues. Its main toxic effect is neutropenia.

Hydroxyurea is teratogenic and causes postnatal behavioural deficits after prenatal
exposure in all species of animals in which it has been tested. It has commonly been
used as positive control substance in studies of developmental toxicity.

In one study of patients treated with hydroxyurea for essential thrombocythaemia
who developed leukaemia, a statistically non-significant association was found with a
17p chromosomal deletion in leukaemic cells.

Hydroxyurea neither bonds chemically nor otherwise binds to DNA. Instead, it
inhibits ribonucleotide reductase, which converts ribonucleoside diphosphates to
deoxyribonucleotide diphosphate precursers for de-novo DNA synthesis. Hydroxyurea
does not induce gene mutation in bacteria and does not cause mutation at the Hprt locus
in mammalian cells. It causes chromosomal mutations and mutagenic effects at the Tk
locus in mouse lymphoma cells. It is an effective recombinogen in yeast and induces
sister chromatid exchange in mammalian cells. It also causes gene amplification in
mammalian cells and may lead to transformation of some but not all cell lines.
Although it has been reported to be ineffective in causing germ-cell mutation, it has not
been extensively tested for that end-point.

55 Evaluation

There is inadequate evidence in humans for the carcinogenicity of hydroxyurea.
There is inadequate evidence in experimental animals for the carcinogenicity of
hydroxyurea.
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Overall evaluation

Hydroxyurea is not classifiable as to its carcinogenicity to humans (Group 3).
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