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SUMMARY

The conversion of hydroxyurea to urea by mouse liver
whole homogenate and cellular subfractions has been
studied. Urea-14C was separated from the hydroxyurea

by means of paper electrophoresis and determined quan
titatively by liquid scintillation spectrophotometry. The
results of these studies show that the reaction is an
enzymatic reduction utilizing reduced pyridine nucleo-
tides and is stimulated by flavin adenine dinucleotide.
Cell fractionation studies indicate that the liver mito
chondria carry out a substantial portion of this conversion.

INTRODUCTION

The compound hydroxyurea has been shown to have
antitumor activity in animal tumors (2) and to be of value
in the treatment of chronic myelogenous leukemia in
man (6). The metabolism and biological activity of this
compound are also of interest since it contains the hy-
droxamic acid group present in a variety of compounds
with marked biological effects. These active substances
include growth factors in bacteria and yeast, such as the
ferrichromes (16) and the carcinogen A/-hydroxyurethan
(14). Adamson et al. (1) studied the metabolism of hy-
droxyurea-14C in the mouse and found that 30 to 50%

of an administered dose was recovered in the urine as
urea-14C. These investigators demonstrated that mouse

liver and kidney mince would convert hydroxyurea to
urea and suggested that this was an enzymatic reduc
tion of the hydroxylamine group. The studies reported
here indicate that hydroxyurea is enzymatically reduced
to urea by mouse liver tissue and that this reaction occurs
to a large extent in the hepatic mitochondria.

MATERIALS AND METHODS

Chemicals. Hydroxyurea-14C was obtained from E. R.

Squibb and Sons (New York, N. Y.) in 2 different lots.
The 1st lot was of low specific activity and contained 0.008
mCi/mmole. The 2nd lot had a specific activity of 3.26
mCi/mmole and before use was diluted with cold hy-
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droxyurea to a specific activity of 0.09 mCi/mmole.
NADH, NADPH, FAD, and cytochrome c were ob
tained from the Sigma Chemical Company (St. Louis,
Mo.).

Liver Homogenate. In all experiments liver was ob
tained from adult CD2Fi mice. The liver was minced
and then homogenized in a glass homogenizer with a
motor-driven Teflon pestle. In the initial experiments, it
was necessary to use a 50% homogenate in 0.05 M
sodium phosphate buffer, pH 7.2, to get enough activity
to measure the conversion of the very-low-specific-
activity hydroxyurea-14C to urea-14C. When high-
specific-activity hydroxyurea-14C was available, a 10%
liver homogenate in 0.25 M sucrose-0.05 M potassium
phosphate buffer, pH 7.2, was used. For the subcellular
fractionation experiments, a 10% homogenate of liver in
0.25 M sucrose-0.001 M EDTA was made, and the frac
tionation procedure of Hogeboom (9) was followed. The
mitochondrial preparations were made such that the
mitochondria from 0.3 g liver were suspended in 1 ml su
crose buffer. Mitochondrial preparations were further
fractionated by sonic oscillation for 2.5 min at maximum
intensity in a Biosonik Model II Sonicator. The resulting
suspension was centrifuged at 105,000 X g for 30 min
to prepare the "soluble" and "paniculate" mitochondrial

fractions (15).
Incubations. All incubations were carried out in open

flasks or tubes in a 37Â°shaking water bath. At the end
of the incubation, the reaction was stopped by immersion
in a boiling water bath for 10 min, or, in some cases for
comparative purposes, by addition of perchloric acid to a
final concentration of 0.4 M. The incubation mixture
was then centrifuged for 10 min at 12,000 X g, and the
supernatant was assayed for urea-14C as described be

low.
Determination of Urea-14C. Urea-14C was separated

from hydroxyurea by means of high-voltage paper elec
trophoresis. A 10-Â¿tlaliquot of the reaction supernatant
was subjected to electrophoresis at pH 12 (Whatman
No. 3MM paper, 0.05 M sodium borate buffer). Starting
voltage was approximately 23 V/cm, and the current
was maintained at 2.5 ma/cm paper width. Phenol red
was used as a visible marker. Under these conditions,
hydroxyurea migrated one-half as far as the phenol red
in the same direction (anodal), while the urea moved
one-fourth as far as the phenol red in the opposite direc
tion (cathodal). Radioactive spots, located by auto-
radiography on Kodak single emulsion X-ray film, were
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Table I
The effect of various compounds on the conversion of

hydroxyurea to urea
Each incubation contained 3.0 ml 50% mouse liver homogenate,

150 AmÃ³lessodium phosphate buffer (pH 7.1), and 52.6 AmÃ³les
hydroxyurea-uC, in a total volume of 3.6 ml. Incubated for 2 hr at 37Â°

AdditionNoneUreaCarbamyl

phosphateGlutamineLeucineNADHNADHNADPHNADPHConcentration(itlM)18.011.022.040.02.55.02.55.0Urea

formed in
(AmÃ³les)2hr8.9

Â±2.4Â°6.99.18.28.214.020.3

Â±0.12*18.228.8

' Mean Â±2 S.D. of 7 determinations.
' Mean Â±2 S.D. of 3 determinations.
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Chart I. Time course of urea formation by liver homogenate. The
incubation consisted of 15 mM hydroxyurea-'4C, 5 mvi NADH, 0.07

Msodium phosphate (pH 7.1), and 1.0 ml 50% mouse liver homogenate
in total volume of 3.6 ml at 37Â°.At the indicated times, 0.15-ml aliquots
were removed and analyzed for urea-'4C.

excised as 25-mm circles and counted by liquid scintilla
tion spectrophotometry in toluene-Liquifluor counting
solvent (Packard Instrument Company, La Grange, 111.),
with an absolute efficiency of 54%. The identification of
the product of the reaction as urea was further confirmed
by incubation of several of the reaction mixtures with
urease after completion of the incubation with liver
homogenate. Following this treatment, no radioactive
material other than hydroxyurea was recovered from the
reaction mixture. In addition, the spots identified on elec-
trophoresis papers as well as known urea-14C gave the

characteristic colors of these compounds with ferric chlo
ride (10) and Ehrlich's p-dimethylaminobenzaldehyde

reagent (13).

Protein Determinations. The determination of protein
in the homogenates and cellular subfractions was by the
method of Lowry et al. (12), with crystalline bovine
serum albumin as a standard.

RESULTS

Reduction of Hydroxyurea to Urea by Mouse Liver
Homogenates. Homogenates of mouse liver were found
to convert hydroxyurea-14C to urea-14C. Table 1 indi

cates the effect of several compounds which were ex
pected to affect this conversion potentially. The only
compounds which affected the reaction were the reduced
pyridine nucleotides, which markedly increased the con
version. Incubations containing reduced pyridine nucleo-
tide but no homogenate or homogenate preheated at 100Â°

for 5 min produced no urea.
Incubations containing added pyridine nucleotides

gave more reproducible results than incubations which
did not (see Table 1). This difference may have been
due to the presence of varying amounts of endogenous
pyridine nucleotides in the homogenates. In these experi
ments, NADPH consistently resulted in the production of
approximately 20% more urea than NADH. A subsequent
comparison, however, of the effects of NADH and
NADPH on the initial velocity of the reaction, with sub-
cellular fractions, showed no significant difference. FAD
further increased the yield of urea in the NADH- or
NADPH-stimulated reaction. Under the conditions de
scribed in Table 1, incubations containing 0.2 M FAD
plus NADH produced more urea (190% of control) in 30
min than incubations containing NADH alone. The time
course of the NADH-stimulated reaction, shown in Chart
1, was linear only for the first 15 min. Subsequently, all
activities were determined during the linear phase of the
reaction (see "Materials and Methods").

The requirement for reduced pyridine nucleotide in
the reaction was clearly demonstrable with dialyzed

Table 2
The effect of dialysis on homogenate activity and restoration of

activity with cofactors
A 30% liver homogenate was dialyzed by continuous flow against

0.05 M potassium phosphate buffer, pH 7.0, at 4Â°for 18 hr. Portions

of the homogenate, 0.15 ml, were then incubated for 15 min in a system
containing 17.5 mM hydroxyurea-"C and 46 mM sodium phosphate,

pH 7.2, in a total volume of 0.60 ml. The figures in parentheses show
the activity restored by NADPH in place of NADH in a separate ex
periment.

Addition

Percentage
Urea formed of original

(rriijmoles/min) activity

None0.4
mMFAD0.4
mM FAD and 6.2 mMFAD0.4
mM FAD and 6.2m.MNADH

(NADPH)Undialyzed
homogenate and0.4mM

FAD and 6.2 mM NADH0.91.81.727.539.82.3

(1.0)4.54.369.0

(74.8)100.0
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Table 3
Distribution of reducing activity in subcellular fractions of liver homogenale

Subcellular fractions of 10 ml mouse liver homogenate were prepared as described in
"Materials and Methods." Portions of each fraction, 0.15 ml, were assayed as described in

Table 2. One unit of activity equals the production of 1 mamÃ³leurea/min. The figures in
parentheses show the distribution of activity in a repeat experiment.

Fraction of
mouse liver

homogenateWhole

homogenate
Nuclei
Mitochondria
Microsomes
SupernatantRecovery

of
activityTotalunits1700

176
518
142276%[100]

10 (9)
30 (27)
8 (10)

16 (21)Specific

activity
(miimoles/min/

mg protein)9.4

8.0
10.6
5.1
4.5Recovery

of
proteinTotal

mg178

25
55
31
66%[100]

14
31
17
37

Table 4
Distribution of reducing activity in fractions of mitochondria

Eleven ml mitochondrial preparation (see "Materials and Methods")

were sonically disrupted and centrifuged at 105,000 X g. Each fraction
was reconstituted to 11.0 ml and assayed as described in Table 3.

FractionIntact

mitochondriaSonically
disrupted

mitochondriaSoluble
portion of

mitochondriaPaniculate
portion of

mitochondriaPaniculate
+solubleportions

of mitochondriaTotal

units in
fraction1090955169940975Percentage

ofintactmitochon

drial frac
tion10088168690Specific

activity(mamÃ³les/

min/mg
protein)10.310.14.411.98.3

Table 5

Effect of cyanide and cytochrome c on the reduction of
hydroxyurea by mitochondria

Incubations were carried out as described in Table 2. containing
NADH, FAD, and hydroxyurea-'4C.

ContentMitochondriaMitochondria

+ 8 mMKCNMitochondria
+ 0.13mvicytochrome
cUrea

produced
(mumoles/min)14.15.129.4

homogenate (Table 2). Dialyses of liver homogenate de
creased the activity to 2.3% of undialyzed homogenate
(which was stored at 4Â°for the time of dialysis). NADH

restored 69% of the control activity to this dialyzed ho
mogenate, while NAD was ineffective. NADPH was as
effective in restoring activity as NADH.

Subcellular Location of Activity. Although activity was
found in all subcellular fractions, the greatest amount of
hydroxyurea-reducing activity was found in the mito
chondrial fraction (Table 3). Assays with NADPH in

place of NADH gave results identical to those in Table 3
for all fractions. The total recovery of activity in the sub-
cellular fractions was never greater than 70% of the
homogenate activity. This loss of activity was not due to
loss of protein and may indicate that the enzyme(s) in
volved are unstable. Studies on combinations of the frac
tions were not performed.

Disruption of the mitochondria and assay of the "solu
ble" and "paniculate" portions demonstrated that almost

all the activity was associated with the particulate portion
of the mitochondria (Table 4). KCN or cytochrome c pro
foundly influenced the activity of the mitochondria (Table
5). KCN greatly decreased the conversion of hydroxyurea
to urea while cytochrome c doubled it.

Chemical Reduction of Hydroxyurea. It was found that
ferrous iron was capable of converting hydroxyurea to
urea. Two AmÃ³lesurea were produced from 10 AmÃ³les
hydroxyurea-MC incubated in 0.1 M FeSO4 for 1 hr at
37Â°.Reduced cytochrome c, however, would not serve
as a direct reducer of hydroxyurea.

DISCUSSION

Adamson et al. (1) demonstrated that hydroxyurea was
converted in vivo in the mouse to urea and that this con
version could be effected in vitro with mouse liver mince.
We were able to demonstrate the conversion of hydroxy
urea to urea by homogenates of mouse liver. Three path
ways by which this process might occur were considered:
(a) direct reduction of the hydroxylamine portion of the
hydroxyurea, (b) conversion of hydroxyurea-14C to car-
bamyl phosphate-14C and subsequent conversion to urea-
14Cvia the urea cycle, and (c) exchange of the hydroxyl

amine group with the amine group of glutamine. The 3rd
mechanism was considered since glutamine synthetase
is known to catalyze the exchange of hydroxylamine with
the o-amino group of glutamine (17). Addition to the re
action mixture of intermediates and cofactors in each of
these pathways, including L-leucine, an inhibitor of
arginase, showed that only pyridine nucleotides and FAD
affected the rate of the reaction (Table 1). This evidence
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plus the restoration of activity to the dialyzed homogenate
by reduced pyridine nucleotides supports the hypothesis
that the reaction is a direct reduction of hydroxyurea to
urea. Furthermore, we have demonstrated the direct re
duction of hydroxyurea to urea by ferrous iron, showing
that this pathway is chemically feasible.

Hydroxamic acids have been shown previously to be
metabolized in 2 ways, reduction and hydrolysis (20).
Benzohydroxamate and the hydroxamates of the aliphatic
monocarboxylic acids, hexanohydroxamate through
octanohydroxamate, have been shown to be hydrolyzed
to hydroxylamine and the corresponding carboxylic acid
(3, 19). The conversion of hydroxamic acids to the corre
sponding amide was first described by Lowenthal (11)
in 1954. Hirsch and Kaplan (8) observed that mouse liver
mitochondria were capable of reducing nicotinohydrox-
amic acid to the amide. These investigators found that
NAD and a hydrogen source such as glutamate were
necessary for the reduction, and that sonic disruption of
the mitochondria destroyed the capacity to carry out this
reaction.

Bernheim (4) confirmed the reduction of nicotinohy-
droxamic acid by rat liver and demonstrated the reduc
tion of anthranilic hydroxamic acid to anthranilic acid by
rat liver slices. The latter reaction could not be demon
strated in rat liver homogenates, despite the addition of
various cofactors, including pyridine nucleotides. The
reduction of anthranilic hydroxamic acid was completely
inhibited by KCN; the effect of this compound on the
reduction of nicotinohydroxamate was not described.

Recently, the biological reduction of the hydroxylamine
group of certain carcinogens has been reported and dis
cussed. Mirvish (14) reported the in vivo reduction of
/V-hydroxyurethan to urethan. Grantham et al. (7) have
described the reduction of the hydroxylamine portion of
/V-hydroxy-yV-2-fluorenylacetamide by rat liver and con
cluded that such conversion was necessary for carcino-
genicity. This activity appeared to be present in the solu
ble fraction of the liver homogenate. Similar reductive
processes have been described with other A'-hydroxy car
cinogens and have been localized in the microsomes (5)
and in the soluble fraction (18).

The enzymatic reduction which we describe here ap
pears similar to that reported by Hirsch and Kaplan (8)
in that it is present in the mitochondria and dependent
on pyridine nucleotides. The reduction of hydroxyurea,
however, was not abolished by sonic disintegration of the
mitochondria. Like the anthranilic hydroxamic acid-
reducing activity described by Bernheim, the reaction
was inhibited by KCN.

The effects of KCN and of cytochrome c on the mito-
chondrial-catalyzed reaction suggests that some part of
the electron transport chain is involved in the hepatic
metabolism of hydroxyurea. However, since activity is
distributed throughout all subcellular fractions, there are
probably several additional enzyme systems capable of
reducing hydroxyurea to urea.
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