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Abstract—The fate of the toxic metabolite of dapsone, dapsone hydroxylamine, has been studied in the
human red cell. Twice-washed red cells were incubated at 37° with dapsone hydroxylamine: at 3 and
5min, 27.0 = 2.2 and 33.2 + 2.7% of the haemoglobin had been converted to methaemoglobin, leading
to 2 maximum at 45 min (45 + 1.8%). HPLC analysis revealed that parent amine was produced from
dapsone hydroxylamine during methaemoglobin formation in the red cells. At 3 min, conversion of
dapsone hydroxylamine to dapsone reached 7.0 + 3.9% leading to a maximum at 30 min (18.1 £ 3.7%).
There was a linear relationship between hydroxylamine-dependent methaemoglobin formation and
conversion of hydroxylamine to dapsone (r = 0.97). At 4°, methaemoglobin and dapsone formation was
greatly retarded, and did not exceed 10%. Co-incubation of diethyl dithiocarbamate (DDC) with
dapsone hydroxylamine and red cells led to a marked increase in methaemoglobin formation
(61.4 £ 3.4%) compared with hydroxylamine and red cells alone (45.0 + 1.8%, P <0.001) at 45 min,
and conversion of dapsone hydroxylamine to dapsone was almost doubled at 45 min (35.7 £ 5.3%)
compared with hydroxylamine and red cells (18.1 £2.5%). A linear relationship between met-
haemoglobin formation and dapsone formation (r = 0.96) was also shown to occur in the presence of
DDC. Incubation of red cells with DDC and dapsone hydroxylamine caused a significantly greater
reduction in glutathione levels (98.3 = 1.6%) compared with red cells and dapsone hydroxylamine alone
(84.8 +2.7%) at 5 min (P < 6.001), although there was no significant difference between the groups at
15 min (96.9 = 2.6 vs 98.1 = 2.2%). Intra-erythrocytic glutathione was then depleted by 75 + 3.4%, by
pretreatment with diethyl maleate (6 mM), and these cells in the presence of the hydroxylamine showed
a significant fall in both methaemoglobin generation (29.7 £ 1.2 vs 35.0 = 1.7%) and parent amine
formation (11.1 £ 0.2 vs 16.5 £ 1.1%) compared with untreated red cells at 45 min. It is possible that
a cycle exists between hepatic oxidation of dapsone to its hydroxylamine and reduction to the amine
within the red cell, which may lead to re-oxidation by hepatic cytochrome P450. This process may
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contribute to the persistence of the drug in vivo.

Although dapsone is known primarily as an
antileprotic, it is also used in a number of infectious
diseases, such as Pneumocystis carinii pneumonia
and malaria {1-3]. The drug is effective in
inflammatory disease such asdermatitis herpetiformis
{4} and is under evaluation as a steroid sparing agent
in chronic asthma [5]. Although dapsone undergoes
N-acetylation, its major route of clearance is N-
hydroxylation [6, 7] which is mediated via hepatic
cytochrome P450 isozyme CYP3A4{8]. The resulting
hydroxylamines undergo glucuronidation and are
eliminated in urine [7,9]. However, the use of
dapsone is often limited by the haematological
toxicity of its hydroxylamines, which result in
methaemoglobinaemia, haemolysis and reduced
erythrocyte life span [7, 10]. Haemolysis results in a
significant fall in haematocrit {11} and may lead to
anaemia. Dapsone-dependent methaemoglobinae-
mia may also cause acute toxicity in patients [12-
14]. However, it has been demonstrated using human
erythrocytes in vitro that methaemoglobin formation
can exert a protective function, as erythrocytes will
preferentially take up the toxic hydroxylamine
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resulting in greatly reduced toxicity in neighbouring
cell types such as mononucleocytes [15]. The
detoxifying capability of erythrocytes has been
highlighted in a number of previous studies, where
decarboxylations [16] and N-demethylation reactions
were shown to be catalysed by erythrocytes [17].
In the rat, the potent methaemoglobin-forming
hydroxylamine of 4-amino biphenyl, a structural
analogue of dapsone, has been shown to be detoxified
by erythrocytes leading to the formation of the
parent amine [18]. In this study, we wish to determine
whether the hydroxylamine of dapsone is reduced
to the parent amine during methaemoglobin
formation in human erythrocytes, and what factors
may influence this process.

MATERIALS AND METHODS

Dapsone hydroxylamine was provided by the
Jacobus Pharmaceutical Company Inc. (Princeton,
NJ, U.S.A.), and was found to be 97% pure by
HPLC. Dapsone was obtained from the Sigma
Chemical Co. (Poole, U.K.). The internal standard
for the HPLC assay (3,3'-diaminodiphenyl sulphone)
was obtained from the Aldrich Chemical Co. (Poole,
U.K.). All HPLC solvents were supplied by Fisons
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Fig. 1. (A) Methaemoglobin formed after the incubation of human erythrocytes with dapsone
hydroxylamine alone at 37° (W), dapsone hydroxylamine and DDC (S5mM) at 37° (O); dapsone
hydroxylamine at 4° (V); and DDC alone (O). Each point is the mean * SD of four determinations.
(B) Percentage recovery of dapsone hydroxylamine as dapsone after the incubation of human
erythrocytes with dapsone hydroxylamine alone at 37° (H); dapsone hydroxylamine and DDC at 37°
(0); and dapsone hydroxylamine at 4° (V). Each point is the mean + SD of four determinations.

Ltd (Loughborough, U.K.). Haemoglobin concen-
trations were determined by the use of diagnostic kit
No. 525A, which was supplied by Sigma. Whole
human blood was drawn from healthy volunteers and
anticoagulated with sodium heparin and placed on
ice. The erythrocytes were separated from the plasma
and the buffy coat and top layer of cells removed.
The cells were then washed twice in equal volumes of
phosphate-buffered (pH 7.4) 0.9% saline (PBS*) and
resuspended to a 50% haematocrit also in PBS. The
erythrocyte incubations (0.5mL) each contained
1.2 uM of haemoglobin and were equilibrated to 37°
inuncapped tubes. Allincubations were carried outin
quadruplicate. At time zero, dapsone hydroxylamine
(0.075 umol in 20 uL. of acetone) was added to the
erythrocytes to give a final concentration of 150 uM
and overall ratio of hydroxylamine to haemoglobin
molecules of 1:16. Incubations were carried out for
durations of 3, 5, 15, 30 and 45 min. At the end of
eachincubation, the samples were placedonice,anda
100 uL aliquot from each sample immediately assayed
for methaemoglobin formation using the spectro-
photometric method of Harrison and Jollow [19]. The
remainder of the samples were frozen at —20° until
assayed by the HPLC method of Grossman and Jollow
[20}. Experiment 1 was carried out as described at 37°.
Experiment 2 was carried out at 4°. In experiment 3,
3 minprior to the addition of dapsone hydroxylamine,
diethyl dithiocarbamate (DDC) dissolved in PBS was
added to the incubation mixture to produce a final
concentrationof 5 mM. Inexperiment4, sodium azide
(5 mM) was added to the erythrocytes dissolved in
PBS as described above. Experiment 5 was identical
to experiment 4, except that the azide was removed

* Abbreviations: PBS, phosphate-buffered (pH7.4)
0.9% saline; DDC, diethyl dithiocarbamate; DEM, diethyl
maleate.

from the erythrocytes by three PBS washes just prior
to methaemoglobin determination. Azide binds
avidlytothe iron Ill of methaemoglobin, thus forming
a complex which absorbs at 586 and 526 nm [21, 22]
but not at the 635 nm used in the method of Harrison
and Jollow [19]. Hence in this study, an apparent
reduction in methaemoglobin levels in the presence
of azide (reversible after extensive washing with PBS)
is assumed to indicate azide binding to methaemo-
globin, and is not a true reduction in methaemoglobin
levels.

In experiment 6, the red cells were divided into
three groups; groups A and B were pretreated at
37° with diethyl maleate (DEM) at 3 and 6 mM final
concentrations for 30 min, while group C served as
an untreated control. Dapsone hydroxylamine was
then added to all three groups as described.
Experiment 7 was set up in parallel and in identical
fashion to experiment 6; however, after the 30 min
pretreatment the erythrocytes were assayed for
glutathione levels by the method of Anderson [23].
Control incubations containing erythrocytes and the
vehicle in which dapsone hydroxylamine was
dissolved (acetone; 20 ul.) showed no measurable
reduction in glutathione levels. Experiment 8
involved the incubation of erythrocytes with either
dapsone hydroxylamine alone, DDC alone or
dapsone hydroxylamine together with DDC for 5
and 15 min. Control incubations contained untreated
erythrocytes. Glutathione levels were immediately
measured as described above in all groups and are
expressed as a percentage reduction of control.
Statistical comparisons were made using Student’s
t-test accepting P < 0.05 as significant.

RESULTS

Incubation at 37° of erythrocytes with dapsone
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Fig. 2. (A) Measured methaecmoglobin formation after the co-incubation of azide (5 mM) and dapsone
hydroxylamine with human erythrocytes. Azide removed from erythrocytes by repeated washing before
methaemoglobin determination (O); azide left in contact with erythrocytes during methaemoglobin
determination (B). Each point is the mean * SD of four determinations. (B) Percentage recovery of
dapsone hydroxylamine as dapsone after the co-incubation of azide (5 mM) and dapsone hydroxylamine
with human erythrocytes. Azide removed from erythrocytes by repeated washing before methaemoglobin
determination (O); azide left in contact with erythrocytes during methaemoglobin determination (H).
Each point is the mean * SD of four determinations.

hydroxylamine resulted in rapid formation of
methaemoglobin (Fig. 1A), i.e. within 3 min
27 £2.2% of haemoglobin had been oxidized.
Methaemoglobin formation proceeded at a lower
rate after S min (33.2 + 2.7%) leading to a maximum
at 45min (45 = 1.8%). Haemoglobin oxidation
coincided with the formation of dapsone from
dapsone hydroxylamine (Fig. 1B). Within 3 min this
led to the conversion of 7.0 = 3.9% of the dapsone
hydroxylamine to dapsone. This process reached a
maximum at 30 min (18.1 = 3.7%). Linear regression
of the relationship between methaemoglobin for-
mation due to dapsone hydroxylamine and conversion
of the dapsone hydroxylamine to dapsone yielded a
correlation coefficient of 0.97. When the experiment
was repeated at 4°, methaemoglobin formation was
greatly retarded and did not exceed 10%, which was
reflected in the much lower levels of dapsone
formation (Fig. 1A and B).

Co-incubation of DDC with dapsone hydroxyl-
amine and erythrocytes did not lead to a significant
increase with respect to control in methaemoglobin
formation at 3 and 5 min. However, at 15, 30 and
45 min, there was a marked rise in methaemoglobin
formation in the presence of DDC (Fig. 1A,
P <0.001) in comparison with control. Conversion
of dapsone hydroxylamine to dapsone was more
than tripled at 3 min compared with control, and
overall formation of parent drug was almost doubled
in the presence of DDC (Fig. 1B). Linear regression
analysis of the relationship between methaemoglobin
formation and dapsone formation was also close to
unity (r = 0.96). Incubation of erythrocytes with
DDC alone resulted in relatively low levels of
methaemoglobin, which did not exceed 10%
(9.2 £ 1.0; Fig. 1A). The presence of azide did not

affect dapsone formation from dapsone hydroxyl-
amine (Fig. 2B) although azide had become
extensively bound to the methaemoglobin formed
by the hydroxylamine as indicated by the reduction
in measured methaemoglobin levels (Fig. 2A). The
washing of the samples prior to methaemoglobin
assay did not affect dapsone recovery (Fig. 2B).

Incubation of erythrocytes with DDC caused a
slight reduction in glutathione levels over 15 min
(10.1 = 1.2%). Incubation of erythrocytes with DDC
and dapsone hydroxylamine caused a significantly
greater reduction in glutathione levels (98.3 + 1.6%)
compared with erythrocytes and dapsone hydroxyl-
amine (84.8 = 2.7%) at S min (P < 0.001), although
there was no significant difference between the
groups at 15min (96.9+2.6 vs 98.1+2.2%).
Erythrocytes pretreated with DEM at 3 and 6 mM
showed a 71.0%x5.1 and 75 3.4% reduction
in intracellular glutathione levels, respectively.
Incubation of dapsone hydroxylamine after DEM
pretreatment at 3mM showed no significant
difference with respect to control in either
methaemoglobin or dapsone formation (Fig. 3A and
B). Incubation of erythrocytes pretreated with DEM
at 6 mM led to a significant fall in methaemoglobin
generation at all time points except at 30 min (Fig.
4A). There was a significant fall at all time points in
dapsone formation from dapsone hydroxylamine
(Fig. 4B).

DISCUSSION

Human erythrocytes contain no effective cyto-
chrome P450 isozymes, yet are capable of con-
siderable metabolic activity. This includes the
oxidation of styrene [24] and the hydroxylation of
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Fig. 3. (A) Methaemoglobin formed during the incubation of dapsone hydroxylamine with human

erythrocytes without pretreatment with DEM (M); and with DEM (3 mM) pretreatment (O). Each

point is the mean * SD of four determinations. (B) Percentage recovery of dapsone hydroxylamine as

dapsone after the incubation of dapsone hydroxylamine with human erythrocytes without pretreatment

with DEM (#); and with DEM (3 mM) pretreatment (). Each point is the mean = SD of four
determinations.
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Fig. 4. (A) Methaemoglobin formed during the incubation of dapsone hydroxylamine with human

erythrocytes without pretreatment with DEM (A); and with DEM (6 mM) pretreatment (B). Each

point is the mean = SD of four determinations. {B) Percentage recovery of dapsone hydroxylamine as

dapsone after the incubation of dapsone hydroxylamine with human erythrocytes without pretreatment

with DEM (A); and with DEM (6 mM) pretreatment (M). Each point is the mean = SD of four
determinations.

aniline [25]. Haemoglobin in its oxygenated form
appears to catalyse these reactions, due to its
propensity to undergo one electron oxidations and
reductions [26]. During the course of these reactions
in vivo, methaemoglobin is often formed, which
cannot carry oxygen. Consequently, methaemo-
globin may cause cyanosis, dyspnoea, tachycardia
nausea and, in some cases, marked respiratory
distress [1, 12]. However, this is probably not a truly

“toxic” effect, as erythrocytes contain two electron
transport systems which may convert met-
haemoglobin to haemoglobin. The major pathway
involves an NADH-dependent reductase system
associated with cytochrome b5 [27] and a secondary
system involving an NADPH-dependent pathway
which is of little importance under normal conditions,
but can be activated by the presence of exogenous
electron carriers such as methylene blue [28].
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In the present study, in the process of dapsone
hydroxylamine-dependent methaemoglobin gen-
eration, approximately a fifth of the metabolite was
recovered as parent drug from the erythrocytes. A
linear relationship was found to exist between
methaemoglobin formation and reduction of dapsone
hydroxylamine to dapsone. This process was
extremely rapid and temperature dependent. DDC
may cause both methaemoglobin formation in
erythrocytes and glutathione depletion [29], as well
as superoxide dismutase inhibition [30]. In this
report, DDC was a relatively weak haemoglobin
oxidant alone, but was capable of significantly
accelerating dapsone hydroxylamine-dependent
methaemoglobin formation. This also resulted in a
similar increase in parent amine formation from the
hydroxylamine. The apparent synergy between
dapsone hydroxylamine and DDC in the erythrocyte
may be explained in terms of the instability of the
hydroxylamine, as its half-life at physiological
pH and temperature is only 37min [31]. The
hydroxylamine is thought to auto-oxidize to a nitroso
intermediate ultimately forming a nitro derivative
[32] which does not react directly with haemoglobin
[33]. It is conceivable that the thiol-containing DDC
stabilizes the hydroxylamine in the aqueous phase
allowing a greater proportion to penetrate the
erythrocytes to react with haemoglobin compared
with hydroxylamine alone. This apparently syn-
ergistic effect may be of some clinical relevance, as
DDC is a metabolite of disulfiram [34].

Methaemoglobin itself has been shown to
react with menadione and superoxide [35,36]. If
methaemoglobin was involved in the process of
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hydroxylamine reduction, then the avid binding of
azide to the iron III would hinder hydroxylamine
reduction to dapsone. This was not the case, and it is
therefore unlikely that reaction withmethaemoglobin
itself was responsible for dapsone formation in the
erythrocyte.

Dapsone formation from dapsone hydroxylamine
within the erythrocyte clearly involves the process
of methaemoglobin formation. Previous studies with
dapsone and the related compound 4-amino biphenyl
have indicated that one mole of either of the
amines may oxidize several moles of haemoglobin
[18,37,38]. In the present study, from a starting
ratio of dapsone hydroxylamine to haemoglobin of
1:16, over 30% of the haemoglobin had been
oxidized within 5min, i.e. one molecule of the
hydroxylamine may have reacted with up to five
molecules of haemoglobin. This has been explained
in terms of a form of redox cycling, where the
hydroxylamine reacts with haemoglobin to form
methaemoglobin and the nitrosoarene, which is in
turn reduced to the hydroxylamine by either NADPH
methaemoglobin reductases or glutathione {37, 39].
The hydroxylamine then reacts with another molecule
of haemoglobin thus continuing the cycle (Fig. 5).

In rat erythrocytes, the methaemoglobin-forming
hydroxylamine of 4-amino biphenyl has been shown
to undergo redox cycling, ultimately leading to the
formation of the parent amine {40, 41]. It is thought
that the nitrosoarene eventually escapes the redox
cycle by binding to glutathione and other intracellular
free thiols, or the thiol groups of globin and
erythrocyte cell walls, thus producing a number of
adducts of varying stability. Hydrolysis of the adducts
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Fig. 5. Scheme showing the processes leading to dapsone hydroxylamine-dependent methaemoglobin
and parent amine formation in the erythrocyte, and the possible recycling of the amine through hepatic
metabolic activation.
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would then release the free amine which then diffuses
out of the erythrocyte [18]. The present study
suggests that glutathione, rather than NADPH
methaemoglobin reductases, is chiefly responsible
for both the processes of methaemoglobin generation
and parent amine formation from dapsone hydroxyl-
amine in the human red cell. The steep rise in
methaemoglobin and dapsone formation during the
first Smin of the incubations coincided with a
precipitous fall in glutathione levels. By the time
dapsone and methaemoglobin levels had reached a
plateau at approximately 15 min, intra-erythrocytic
glutathione levels were almost exhausted. In
addition, the synergy between dapsone and DDC
which resulted in a marked increase in both
methaemoglobin and parent amine formation
coincided with a more rapid fall in glutathione levels
compared with either compound alone. Finally, prior
depletion of glutathione by DEM led to a significant
fall in both methaemoglobin and dapsone formation
compared with untreated cells. It is likely that
dapsone forms an adduct with glutathione, possibly
a relatively unstable sulphenamide (Fig. 5), which
may break down to form the parent amine.
Glutathione conjugate instability has also been
shown to occur with the nitroso derivative of
the primary aromatic amine 2-aminofluorene.
Glutathione reacts with 2-nitrosofluorene to form a
conjugate which is sufficiently labile in vitro (37°;
pH 7) to release the parent amine [42]. Interestingly
in the present study, over 70% depletion of red cell
glutathione by DEM (3 mM) caused no significant
reduction in the recovery of dapsone from the
erythrocytes. However, it appears that a glutathione
depletion “threshold” was exceeded when the DEM
concentration was increased to 6 mM, leading to a
significant fall in dapsone and methaemoglobin
formation.

If the process of transient thiol binding and release
of dapsone occurs in vivo, then the parent drug is
free to return to the liver to be reoxidized to the
hydroxylamine, which might account for the
considerable variation in the half-life measurements
of the drug [1]. As only the parent drug and not its
metabolites are responsible for its antiparasitic action
[43], erythrocytes may contribute to the overall
effectiveness of the drug. However, depending on
the stability of the adducts formed, recovery of
dapsone using a simple ethyl acetate extraction as
carried out in the present study might not necessarily
reflect the extent of actual dapsone release from the
erythrocyte into the plasma in vivo.

Haemoglobin may react with oxidizing agents,
which are reduced by the haem iron, as well as
reducing agents which are oxidized by the haem-
bound oxygen [26]. It is conceivable that free amine
formation may also have occurred viaroutes involving
a direct one-way reaction with oxyhaemoglobin,
although it is likely that this reaction may make only
a small contribution to the total methaemoglobin
and amine formation.

In summary, dapsone hydroxylamine-dependent
formation of methaemoglobin in the human
erythrocyte also results in the detoxification of the
hydroxylamine by reduction to the amine. This
process may partly account for the ability of

M. D. COLEMAN and D. P. JacoBus

erythrocytes in vitro to protect human mono-
nucleocytes from dapsone hydroxylamine toxicity
[15] and may also contribute to the overall persistence
of dapsone in vivo.
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