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Abstract

The purpose of this study was to evaluate the effect of pregnenolone 16a-carbonitrile
(PCN) on the interconversion pharmacokinetics and metabolism of dapsone. To determine
microsomal CYP3A activity and protein, eight rats (4 PCN, 4 corn oil) received a
1 mg kgÿ1 intravenous bolus dose of dapsone, followed by blood and urine sampling.
The formation clearance of dapsone hydroxylamine (CLf DDS-NOH) was calculated from
the obtained samples. Interconversion pharmacokinetics estimates were obtained after 10
rats (5 PCN, 5 control) received 1 mg kgÿ1 dapsone or 1�17 mg kgÿ1 monoacetyldapsone,
with a 24-h wash-out.

Results from the interconversion analysis demonstrated that PCN signi®cantly increased
systemic clearance (CLs) of dapsone, but not its interconversion. The in-vivo=in-vitro
correlation study demonstrated that PCN signi®cantly increased CLs of dapsone (8�55 to
16�39 mL minÿ1; P< 0�01) and CLf DDS-NOH (0�13 to 0�18 mL minÿ1; P< 0�01). PCN
treatment produced a 69% increase in CYP3A protein, and increased 6b- and 2b-
hydroxytestosterone formation rates. Signi®cant correlations were found between CLf

DDS-NOH and either 6b- (r2 � 0�925), 2b-hydroxytestosterone (r2 � 0�92), or CYP3A1=2
protein (r2 � 0�60).

We conclude that PCN treatment produces signi®cant increases in CLs (dapsone) and
CLf (DDS-NOH) in rats. These changes were not due to changes in the reversible
metabolism of dapsone. These results suggest that the formation clearance of dapsone
hydroxylamine re¯ects alterations in CYP3A activity, despite the fact that it accounted for
a small part of the systemic clearance of dapsone.

Therapeutic applications of dapsone have expanded
since it was ®rst discovered for the treatment of
leprosy 40 years ago (Zuidema et al 1986). These
include the treatments for malarial prophylaxis
(Powell et al 1967), autoimmune diseases (Grin-
dulis & McConkey 1984), and more recently for
Kaposi's sarcoma (Poulsen et al 1984) and Pneu-
mocystis carinii (Lee et al 1993) in AIDS patients.
However, there is still limited knowledge of the
pharmacokinetic characteristics of dapsone despite
its long history. In man, dapsone exhibits a long
half-life, multiple metabolic pathways, and meta-
bolite-related haematological toxicity. Although
the metabolic pro®le of dapsone (Orzech et al
1976) is rather complicated in man, its major
hepatic metabolic pathways are N-oxidation and N-

acetylation (Figure 1). Once absorbed, dapsone is
either N-hydroxylated to form dapsone hydroxyl-
amine (DDS-NOH) or N-acetylated to form mono-
acetyldapsone (MADDS), followed by Phase II con-
jugation reactions. Dapsone shows a moderate 70%
of protein binding in man. The large volume of
distribution and similar dapsone concentration
between plasma and tissue indicates the extensive
distribution of dapsone.

The hydroxylation pathway is believed to be
responsible for the adverse reactions of dapsone,
such as methaemoglobinaemia and haemolysis.
Both DDS-NOH and monoacetyldapsone hydro-
xylamine are capable of inducing methaemoglobin
formation (Cucinell et al 1972; Vage et al 1994).
The N-hydroxylation of dapsone is mediated by
cytochrome P450. Cimetidine, a cytochrome P450
inhibitor, has been shown in man and rats to
inhibit the formation of hydroxylamines and as a
result, prevents the formation of methaemoglobin
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(Coleman et al 1990a, b, 1991). However, studies
evaluating the speci®c P450s involved in this
reaction have produced con¯icting results. Fleming
et al (1992) suggested that dapsone was pre-
dominantly metabolized by human hepatic
CYP3A4, and proposed dapsone as a non-invasive
in-vivo probe of CYP3A4. Kinirons et al (1993)
found no correlation between dapsone recovery
ratio with two other CYP3A probes, erythromycin
breath test, and cortisol recovery ratio. Further-
more, other cytochrome P450s appeared to be
involved, CYP2C6=2C11 in rats (Vage & Svensson
1994), and CYP2E1 (Mitra et al 1995) and
CYP2C9 in man (Gill et al 1995). Most recently, a
new unidenti®ed metabolite was found and it was
possibly formed by CYP3A (Irshaid et al 1996).

The pharmacokinetics of dapsone is further
complicated by the reversible nature of the N-
acetylation pathway. Dapsone is biotransformed to
MADDS by arylamine N-acetyltransferase (Hein
1988). The formed MADDS can then be converted
back to dapsone by the deacetylase simulta-
neously. This interconversion has been found in
rats (Gordon et al 1975), rabbits (Pochopin et al
1994) and man (Gelber et al 1971). Classical
pharmacokinetic analysis provides limited insight
into the individual metabolic pathways involved,
because the interconversion process and elimina-
tion of metabolite also affect the apparent

pharmacokinetic parameters calculated by the tra-
ditional methods.

Moreover, hydroxylation and acetylation are
apparently interrelated. Glucocorticoids (Zaher &
Svensson 1994), pyrimethamine (Palamanda et al
1995), folate (Coleman et al 1996), isoniazid and
sulphamethazine (Ahmad et al 1981) reportedly
affected the interconversion between dapsone and
MADDS via regulation of the activities of N-
acetyltransferase, thereby producing a shift in the
P450-mediated formation of toxic hydroxylamines.
However, the effects of drug interactions or disease
states on the reversible metabolism of dapsone have
not been studied thoroughly. These evaluations are
hampered by the complexity of reversible meta-
bolism analysis (Ebling & Jusko 1986).

As the most abundant cytochrome P450 isoform
and the major drug-metabolizing enzyme in human
liver and intestine, CYP3A may explain many
cytochrome P450-mediated toxic reactions and
drug interactions of dapsone. Therefore, the pur-
pose of this study was to investigate the pharma-
cokinetics and drug metabolism of dapsone
following CYP3A induction by PCN. The inter-
relationship between N-hydroxylation and N-acet-
ylation was then interpreted by reversible
metabolism analysis. In addition, the effect of PCN
on elimination of dapsone in rats was examined by
use of an in-vivo=in-vitro study.

Figure 1. The N-oxidation and N-acetylation of dapsone. All of these four compounds can be conjugated to glucuronides and
sulphates.
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Materials and Methods

Chemicals
Dapsone, NADP, glucose 6-phosphate, glucose 6-
phosphate dehydrogenase, 50% Tris-buffered sal-
ine with 0�1% Tween 20, and phosphate carbonate=
bicarbonate buffered saline (pH 9�6) were pur-
chased from Sigma (St Louis, MO). 3-Aminophe-
nyl sulphone was obtained from Aldrich
(Milwaukee, WI). Testosterone and its hydroxyl
metabolites were purchased from Steraloid Inc.
(Wilton, NH). Monoacetyldapsone was a gift from
Parke-Davis (Ann Arbor, MI). Microsomal stan-
dard and polyclonal goat anti-rat antibody for
CYP3A1=2 were obtained from Gentest (Woburn,
MA). p-Nitrophenol phosphate substrate was sup-
plied by ELISA Technologies (Lexington, KY).
Dapsone hydroxylamine was synthesized in our
laboratory with no signi®cant impurities observed
according to HPLC or NMR evaluation.

Animals
Male Sprague±Dawley rats (200±300 g) were
purchased from Harlan Industries (Indianapolis,
IN). The rats were randomly assigned to PCN
treatment (i.p. 50 mg=day for 3 days) or control
(corn oil, i.p. 3�3 mL kgÿ1=day for 3 days) groups.
On day 3, the rats were implanted with a jugular
vein catheter and allowed 24 h to recover.

The in-vivo=in-vitro correlation study
Eight rats (4 PCN and 4 control) received an
intravenous bolus dose of dapsone (1 mg kgÿ1)
followed by serial blood samples at 20 min, 40 min,
1, 2, 4, 6, 9, 12 and 24 h. Throughout the entire
sample period, the rats were housed in Nalgene
metabolism cages and 24-h urine samples were
collected in a container with 1 g ascorbic acid. The
urine samples were then stored at ÿ80�C. The
analysis of plasma dapsone concentration was
adopted from Irshaid et al (1994) with a detection
limit of 5 ng mLÿ1. The urine samples were
hydrolysed in the presence of hydrochloric acid,
and dapsone hydroxylamine was then quanti®ed by
the method of May et al (1990) with a detection
limit of 25 ng mLÿ1. Both assays used 3-amino-
phenyl sulphone as the internal standard.

Following the 24-h blood samples, the rats were
killed and liver microsomes prepared by a differ-
ential centrifugation method (Lu & Levin 1972).
The pellets were resuspended in 0�25 M sucrose and
stored at ÿ80�C. The protein concentrations of
microsomal preparations were then determined by
the method of Lowry et al (1951). The in-vitro

cytochrome P450 activities were evaluated by the
testosterone substrate assay (Sonderfan et al 1987).

CYP3A1=2 protein concentrations were deter-
mined by non-competitive enzyme-linked immu-
nosorbant assay (ELISA). Liver microsomes were
diluted in phosphate carbonate=bicarbonate buf-
fered saline (pH 9�6) (Sigma; St Louis, MO).
Subsequently, 0�25mg of total microsomal sample
protein and known concentration of microsomal
standard were plated onto 96-well ¯at-bottom
plates (Corning, NY). Proteins were blocked and
incubated with 50% horse serum and 50% Tris
buffered saline with 0�1% Tween 20. The plates
were then washed and incubated with polyclonal
goat anti-rat antibody for CYP3A1=2. The plates
were washed and incubated with alkaline phos-
phatase conjugated monoclonal rabbit anti-goat
IgG antibody. After this incubation, the plates were
washed and p-nitrophenol phosphate substrate was
added. The plates were analysed at 405 nm over
30 min at 37�C with a Biotek EL340 microplate
reader for colour formation. The CYP3A1=2 con-
centrations of liver microsomal samples were
determined from the ®tted standard curve.

The reversible metabolism study
Ten rats were randomly assigned to receive either
PCN or corn oil treatment (5 PCN, 5 control) for
three days. Utilizing a balanced crossover design,

Figure 2. A. The interconversion model for dapsone. CL12

and CL21 are the acetylation and deacetylation clearances,
respectively. CL10 and CL20 are the clearances of dapsone and
MADDS, respectively. B. Representative plasma con-
centration±time pro®les for dapsone (d) and monoacetyldap-
sone (s) after intravenous administration of 1�17 mg kgÿ1

monoacetyldapsone or 1 mg kgÿ1 dapsone.
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each rat was given intravenous dapsone
(1 mg kgÿ1) and an equal molar dose of mono-
acetyldapsone (1�17 mg kgÿ1), separated by a 24-h
wash-out. Following each dose, 0�3 mL blood was
removed at 0�5, 1, 2, 4, 6, 9 and 12 h, with an equal
volume of physiological saline injected to replace
blood volume loss. Plasma samples were then
stored at ÿ20�C until analysis for dapsone and
MADDS.

Reversible metabolism analysis was calculated
by the simple interconversion model (Figure 2A)
proposed by Ebling & Jusko (1986). The following
equations were used to calculate the individual
interconversion clearance values for dapsone.

CL10 �
Dp � AUCm

m ÿ Dm � AUC
p
m

AUC
p
p � AUCm

m ÿ AUC
p
m � AUCm

p

�1�

CL12 �
Dm � AUC

p
m

AUC
p
p � AUCm

m ÿ AUC
p
m � AUCm

p

�2�

CL20 �
Dm � AUC

p
p ÿ Dp � AUCm

p

AUC
p
p � AUCm

m ÿ AUC
p
m � AUCm

p

�3�

CL12 �
Dp � AUCm

p

AUC
p
p � AUCm

m ÿ AUC
p
m � AUCm

p

�4�

CLP
real � CL10 � CL12 �5�

CLm
real � CL20 � CL21 �6�

CLP
S �

DP

AUC
p
p

� CL10 �
CL12 � CL20

CL21 � CL20

�7�

CLm
S �

Dm

AUCm
m

� CL20 �
CL21 � CL10

CL12 � CL10

�8�

EE � CL
p
real

CLm
app

�9�

Where CL12 is the acetylation clearance, CL21 the
deacetylation clearance, CL10 and CL20 are total
clearance of drug and MADDS excluding inter-
conversion. DP is the dose of the parent drug
administrated to rats and Dm is the dose of meta-
bolite. For AUC, superscript refers to the substance
being administered and subscript refers to the
concentration of substance being measured. For
example, AUC

p
m is the area under the curve of

metabolite following administration of the parent
drug. CLS is the apparent clearance without con-
sidering interconversion, while CLreal is the real
clearance calculated by interconversion analysis.
EE, the exposure enhancement, measures the ratio

of AUC with interconversion over AUC without
interconversion.

Pharmacokinetic and statistical analysis
Pharmacokinetic analysis of dapsone and MADDS
was performed by PKAnalyst (version 1.1, Micro-
Math Inc.). The concentration±time data of the
parent compounds and the formed metabolites were
best ®tted to a biexponential function. The values
of area under curve (AUC0±1 ) and area under
moment curve (AUMC0±1 ) were then obtained
from the slope±intercept method. The following
pharmacokinetic parameters were then calculated:
clearance (CLs � DOSEi.v.=AUC), formation clear-
ance of dapsone hydroxylamine (CLf � fm,uCLs),
and volume of distribution (Vdss � DOSEi.-

v.AUMC=AUC2).
Unpaired Student's t-test was used to compare

PCN treatment and control groups. Statistical sig-
ni®cance was declared if P< 0�05. Least-square
regression was used to analyse the possible rela-
tionship between in-vivo formation clearance of
dapsone hydroxylamine and in-vitro hepatic
CYP3A protein content and activity.

Results

Reversible metabolism
Typical plasma concentration±time pro®les for
dapsone and MADDS in the same rats are pre-
sented in Figure 2B. Pharmacokinetic parameters
generated using the interconversion model are lis-
ted in Table 1. PCN treatment produced a statisti-
cally signi®cant 29% increase in CL10 (P< 0�05).
Although a 33% increase in CL20 was observed,
this trend did not reach statistical signi®cance.
Neither interconversion clearances, CL12 nor CL21,
were signi®cantly altered as a consequence of PCN
treatment. No change was seen in exposure

Table 1. Pharmacokinetic and interconversion parameters of
dapsone and monoacetyldapsone following intravenous injec-
tion of dapsone (1 mg kgÿ1) and monoacetyldapsone
(1�17 mg kgÿ1) in PCN-induced and control rats.

Kinetic parameters Control PCN treatment

CL10 (mL minÿ1 kgÿ1) 5�65� 0�54 7�29� 1�18*
CL12 (mL minÿ1 kgÿ1) 3�13� 0�54 3�27� 0�84
CL20 (mL minÿ1 kgÿ1) 10�31� 2�36 13�74� 5�54
CL21 (mL minÿ1 kgÿ1) 6�54� 1�01 8�51� 4�06

CLP
real (mL minÿ1 kgÿ1) 8�77� 0�93 10�56� 1�68*

CLP
app (mL minÿ1 kgÿ1) 7�57� 0�83 9�29� 1�18

EE 1�16� 0�02 1�13� 0�05

Values are the mean� s.d. of ®ve rats. *P< 0�05, unpairedt-
test for comparison between control and PCN-induced groups.
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enhancement (EE), which represents the degree of
conservation due to metabolic recycling.

In-vivo=in-vitro studies
Figure 3 shows the typical concentration±time
pro®les of dapsone following intravenous admin-
istration of 1 mg kgÿ1 dapsone in the control and
PCN-induced rats. Dapsone concentration±time
pro®les after the intravenous injection were best
®tted to a biexponential function. PCN treatment
signi®cantly reduced the AUC of dapsone but did
not alter the terminal half-life of dapsone. As
shown in Table 2, PCN treatment signi®cantly
increased dapsone clearance (CLs; 8�55 to 16�39
mL minÿ1, P< 0�01) and formation clearance of
dapsone hydroxylamine (CLf; 0�13 to 0�18 mL
minÿ1, P< 0�01). The fraction of the dose excreted
as the DDS-NOH was calculated as 1�53� 0�11%
in control and 1�13� 0�27% in PCN-treated ani-
mals. The PCN group showed an unexpected 48%
increase in the Vdss of dapsone (P< 0�01).

The in-vitro studies were performed on micro-
somes from individual rats. Table 2 shows that
PCN treatment resulted in a 69% increase in
apparent liver CYP3A protein concentrations and

Figure 4. The correlation between the in-vivo formation
clearance of dapsone hydroxylamine (CLf) and 6b-hydroxy-
testosterone (A), 2b-hydroxytestosterone (B), and apparent
CYP3A protein level (C).

Table 2. The in-vivo pharmacokinetic parameters of dapsone following intravenous injection of dapsone and in-vitro CYP3A1=2
activity and protein content of hepatic microsomes in PCN-induced and control rats.

Treatment Control PCN induction

In-vivo study CLs (mL minÿ1 kgÿ1) 8�55� 0�99 16�39� 3�05{
CLf (mL minÿ1 kgÿ1) 0�13� 0�01 0�18� 0�20{
Vdss (L kgÿ1) 1�68� 0�01 2�49� 0�36{

In-vitro study 2b-Hydroxytestosterone (pmol mgÿ1 minÿ1) 127� 28 606� 159{
6b-Hydroxytestosterone (pmol mgÿ1 minÿ1) 932� 188 2719� 595{
CYP3A1=2 protein (pmol (mg protein)ÿ1) 146� 5�8 246� 44�8{

Values are the mean� s.d. of four rats. {P< 0�01 t-test for comparison between PCN induction and control groups.

Figure 3. The plasma concentration±time pro®les of dapsone
following intravenous administration of 1 mg kgÿ1 dapsone in
PCN-induced (s) and control (d) rats.
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increases in the formation rate of 6b-hydroxy-
testosterone and 2b-hydroxytestosterone (three-
and ®vefold, respectively). The PCN-induction of
CYP3A corresponded with the increase in forma-
tion clearance of dapsone hydroxylamine. Figure 4
shows a signi®cant correlation between formation
clearance (CLf) and 6b-hydroxytestosterone
(r2 � 0�925), 2b-hydroxytestosterone (r2 � 0�92)
and CYP3A1=2 protein (r2 � 0�60).

Discussion

PCN treatment signi®cantly increased CLs and CLf

(Table 2). The magnitude of the increase in CLs

cannot be solely accounted for by the N-hydroxyl-
ation pathway. CLf constituted less than 2% of CLs.
The metabolic pathways of hepatic metabolism of
dapsone include hydroxylation, acetylation, sul-
phation and glucuronidation (Figure 1). The lipo-
philic character of the acetylated metabolite does
not allow for the subsequent renal elimination of
MADDS in the urine due to a large degree of renal
tubular reabsorption in man (Israili et al 1973;
Coleman et al 1990b). Therefore, MADDS itself is
predominant in the plasma but is not appreciably
excreted in the urine unless hydroxylation, glucur-
onidation or sulphation occur. Despite the require-
ment of additional metabolism in the excretion of
acetylated dapsone metabolites, this pathway con-
tributed 21 to 34% of the apparent clearance of
dapsone in the rat.

The interconversion analysis (Table 1) indicated
that PCN did not cause a signi®cant change in the
interconversion clearances or MADDS clearance.
PCN has been reported to induce not only CYP3A1
(Williams et al 1994) but also uridine diphosphate-
glucurosyltransferase (Arlotto et al 1987).
Although CYP3A activity increased several fold,
N-hydroxylation made a very small contribution to
the CLs. Therefore, the unaccounted change of CLs

was probably the result of enhanced glucuronida-
tion of dapsone. In addition, the lack of alteration in
MADDS clearance would suggest that N-hydro-
xylation of MADDS is unaffected by PCN. This
data is in agreement with that of Coleman et al (1991)
who demonstrated that MADDS N-hydroxyl-
ation was not blocked by cimetidine administration,
thereby suggesting the involvement of other P450
isoforms in the hydroxylation of the mono-
acetylated metabolite.

The limitations of using dapsone systemic
clearance or urinary excretion as an in-vivo tool to
assess functional clearance via a particular enzyme
are the presence of multiple metabolic pathways
and reversible metabolism of dapsone. As dis-
cussed, the apparent clearance of dapsone is due to

the combination of CL10, CL20, CL12 and CL21.
Perturbing either the N-hydroxylation or inter-
conversion pathways may lead to a change in the
apparent clearances of dapsone and the fraction of
the dose eliminated as dapsone hydroxylamine;
therefore, use of these terms to evaluate dapsone
hydroxylation can be misleading. However, this
dilemma can be addressed by using the formation
clearance of dapsone hydroxylamine (CLf).

A distinct advantage in the use of CLf to estimate
the extent of elimination down a particular meta-
bolic pathway is the independent nature of the
parameter. Like renal clearance, formation clear-
ance provides a functional estimate of a clearance
mechanism that is not in¯uenced by changes in
competing pathways. Formation clearance is also
valid for the situation involving metabolic inter-
conversion, as is the case for dapsone. On a theo-
retical basis, and as veri®ed using computer
simulations of the model depicted in Figure 5,
formation clearance is not biased by changes in the
interconversion pathways caused by PCN induc-
tion. Hence, CLf is proportional to the capacity of
the N-hydroxylation pathway, but independent of
the interconversion or glucuronidation pathways.
For drugs with a low extraction ratio such as dap-
sone, CLf re¯ects the intrinsic activity of hydroxyl-
ation enzymes. That was proven by the high in-
vivo=in-vitro correlations between CLf and CYP3A
protein level and activity. Therefore, if accurately
measured, the formation clearance of dapsone
hydroxylamine will be a useful tool for predicting
hepatic CYP3A activity in rats despite being a
minor pathway for dapsone elimination.

The effect of PCN on dapsone pharmacokinetics is
more complex than initially expected. For drugs with
reversible metabolism, their volume of distribution
at steady state is dependent on plasma-protein

Figure 5. The effect of clearances of interconversion (CL12,
CL21) and monoacetyldapsone (CL20) on the apparent volume
of distribution of dapsone at steady state. The simulation is
based on mean interconversion parameters of dapsone from
control rats.
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binding, tissue binding, and interconversion clear-
ances. In this study, PCN was found to increase the
Vdss of dapsone. Coincidentally, troleandomycin, a
CYP3A inhibitor, was found to decrease the Vdss of
methylprednisolone in a study evaluating the
reversible metabolism of methylprednisolone
(Ebling et al 1987). The authors suggested that it
might have been caused by the change in the
interconversion of methylprednisolone (Cheng &
Jusko 1993). Based on the report that N-acetyl-
transferase was induced in dexamethasone-treated
rats (Zaher & Svensson 1994), we suggested that
PCN might induce N-acetyltransferase activity and
acetylation clearance of dapsone. The effect of
CL12, CL21, and CL20 on apparent Vdss of dapsone
is illustrated in Figure 5, which shows that the
acetylation clearance CL12 has the most in¯uence
on the value of apparent Vdss. However, our data
did not support the interconversion theory. Rever-
sible metabolism analysis in this study demon-
strated that PCN treatment did not alter the
interconversion clearances, CL12 and CL21.

This study indicated that PCN treatment
increased the systemic clearance of dapsone and
the formation clearance to the hydroxylamine in the
rat. In addition, the in-vivo formation clearance of
dapsone hydroxylamine was highly correlated with
in-vitro CYP3A activity and protein, despite the
fact that it accounts for a very small portion of the
total systemic clearance. The increase in systemic
clearance of dapsone, which cannot be explained
by CYP3A induction, might be caused by a PCN-
induced glucuronidation pathway. The inter-
conversion analysis showed that the acetylation
pathway contributed a signi®cant percentage of the
total clearance of dapsone in rats. The data pro-
vided here may aid in the future characterization of
drug interactions and disease states, which in¯u-
ence the disposition of dapsone.
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