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Abstract-Carbamazepine is an anticonvulsant which is associated with a significant incidence of 
hypersensitivity reactions including agranulocytosis. We have postulated that many drug hypersensitivity 
reactions, especially agranulocytosis and lupus, are due to reactive metabolites generated by the 
myeloperoxidase (MPO) (EC 1.11.1.7) system of neutrophils and monocytes. This led to a study of the 
metabolism and covalent binding of carbamazepine with MPO/HIO&Yl- and neutrophils. Metabolism 
and covalent binding were observed in both systems and the same pathway appeared to be involved; 
however, the metabolism observed with the MPO system was approximately 500-fold greater than 
that observed with neutrophils. The metabolites identified were an intermediate aldehyde, 9-acridine 
carboxaldehyde, a&dine, acridone, choloroacridone, and dichloroacridone. We postulate that the first 
intermediate in the metabolism of carbamazepine is a carbonium ion formed by reaction of hypochlorous 
acid (HOCl) with the 10,ll double bond. Although we have no direct proof for the proposed carbonium 
ion, it provides the most likely mechanism for the observed ring contraction. Iminostilbene, a known 
metabolite of carbamazepine, was also metabolized by a similar pathway leading to ring contraction; 
however, the rate was much faster and the first step may involve N-chlorination and a nitrenium ion 
intermediate. These data confirm that carbamazepine is metabolized to reactive intermediates by 
activated leukocytes. Such metabolites could be responsible for some of the adverse reactions associated 
with carbamazepine, especially reactions such as agranulocytosis and lupus which involve leukocytes. 

Carbamazepine is an iminostilbene derivative which 
is considered one of the most important drugs used 
for the treatment of seizure disorders [l]. Of the 
adverse reactions associated with carbamazepine, 5% 
can be classified as idiosyncratic or hypersensitivity 
reactions. These can range from serious skin 
reactions, such as erythema multiforme [2], to severe 
haematological disorders, especially agranulocytosis 
and aplastic anemia [3,4]. Such reactions are 
unpredictable and are associated with high mortality 
rates. More common haematological reactions are 
transient neutropenia with an incidence of 10% and 
persistent leukopenia with an incidence of 2% [S]. 
The incidence of antinuclear antibodies in patients 
taking carbamazepine has been reported to be 78% 
[6]; however, the incidence of clinical lupus is much 
lower, about 0.001% [7]. 

The mechanism for these reactions is unknown. 
Evidence suggests that many idiosyncratic reactions 
are due to reactive metabolites [8]. A good example 
is halothane hepatitis [9]. Halothane has been shown 

l A preliminary report of this work was presented at the 
Third North American Meeting of the International Society 
for the Study of Xenobiotics, San Diego, CA. 

11 Corresponding author: Dr. Jack Uetrecht, Faculty of 
Pharmacy, University of Toronto, Toronto, Ontario, 
Canada MSS 2S2. Tel. (416) 978-8939: FAX (416) 978- . I . I 
8511. 

1 Abbreviations: MPO, myeloperoxidase; HBSS, Hanks’ 
Balanced Salt Solution; EI, electron imuact: PBS, 
phosphate+uffered saline; PMk, phorbol lZ-n&&ate 13: 
acetate; and PMN, polymnorphonuclear leukocytes. 

to be oxidized to a reactive trifluoroacetyl halide by 
cytochrome P450, and patients with halothane- 
induced hepatic necrosis have antibodies against 
trifluoroacetylated hepatic protein [lo]. 

Although the liver is the major site of drug 
metabolism, the biological half-life of most reactive 
metabolites is not sufficient to cause toxicity at 
distant sites. Specifically, a reactive metabolite 
generated in the bone marrow is more likely to lead 
to bone marrow toxicity than one produced in the 
liver. 

Leukocytes not only are the major cells involved 
in the induction of an immune response but also 
exhibit strong oxidizing properties. These cells, in 
particular monocytes, neutrophils and neutrophil 
precursors in the bone marrow, contain the enzyme 
myeloperoxidase (MPO)y which upon activation of 
the cells combines with hydrogen peroxide (H202) 
and chloride to form hypochlorous acid (HOC]) [ll]. 
This system is capable of oxidizing drugs to chemically 
reactive intermediates. Specifically, procainamide, 
dapsone, phenytoin, propylthiouracil, sulfa- 
methoxazole, and amodiaquine are metabolized by 
activated leukocytes to reactive intermediates 
[12-171. Evidence pointed to involvement of 
myeloperoxidase. In general, these drugs are 
associated with a high incidence of idiosyncratic drug 
reactions, such as agranulocytosis and lupus. 

With this background we investigated the oxidative 
metabolism of carbamazepine by activated human 
leukocytes, MPO/H202 and HOC1 to determine if 
reactive intermediates are formed. 

BP 45:6-6 
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MATERIALSANDMETHODS 

Materials 

Carbamazepine, iminostilbene, acridone and 
acridine were obtained from the Aldrich Chemical 
Co., Milwaukee, WI. Albumin (bovine, fraction V) 
and phorbol 1Zmyristate 13-acetate (PMA) were 
obtained from the Sigma Chemical Co., St. Louis, 
MO. MPO was obtained from Cortex, Los Angeles, 
CA. [14C]Carbamazepine (labels on carbons 10 and 
11, O.O309mCi/mg, ~98% purity) was obtained 
from Ciba-Geigy, Basel, Switzerland. 

Synthesis of 9-acridine carboxaldehyde and the 
intermediate aldehyde. 9-A&dine carboxaldehyde 
was prepared as outlined by Kawashima and Ishiguro 
[18], using the oxidation of iminostilbene by m- 
chloroperbenzoic acid (0.82g; 42.0%), m.p. 139 
141” (lit. m.p. 138-140”). The identity of the synthetic 
aldehyde was confirmed by 400 MHz ’ H-NMR in 
[*HIchloroform: a 7.72 (2 H, td), 7.85 (2 H, td), 8.32 
(2 H, d), 8.75 (2H, d), 11.54 (s, CHO). The 
intermediate aldehyde was generated by reacting 
HOC1 (3OOpM) with carbamazepine (100pM) for 
1 min in phosphate-buffered saline (PBS, 0.1 M 
phosphate, pH 6.0). 

The results of the following experiments were 
calculated from the average of three independent 
experiments using different days, incubations and 
donors. 

Incubations 

Neutrophils. PMN (polymorphonuclear leuko- 
cytes) (mostly neutrophils) were prepared from the 
blood of normal subjects using Ficoll-Paque 
(Pharmacia LKB, Baie D’Urfe, Quebec) [19]. The 
viability of the cells was found to be greater than 
95% as determined by trypan blue dye exclusion. 
Carbamazepine, (100 PM) or iminostilbene (10 PM) 
was incubated with neutrophils (1 X 106-4 X lo6 
cells/ml) in a final volume of 500 PL Hanks’ 
Balanced Salt Solution (HBSS, Gibco, Mississauga, 
Ontario). PMA (20 ng in 10 PL dimethyl sulfoxide) 
was added to activate the cells in some incubations. 
Cell suspensions were incubated in a shaking water 
bath at 37” over various times followed by 
centrifugation at 13,000 g for 2 min. The supernatant 
was removed and aliquots were analyzed by HPLC. 
Sodium hydroxide (0.01 mL, 1 N) was added to the 
supernatant to prevent further decomposition of 9- 
acridine carboxaldehyde to acridine. 

Myeloperoxidaselhydrogen peroxide/chloride. 
Carbamazepine (4 mM solution in ethanol) was 
added to PBS (0.1 M phosphate, pH 6) to a final 
concentration of 100 PM. Myeloperoxidase was then 
added (5 units/ml), and the reaction was initiated 
with hydrogen peroxide (0.2 mM, Caledon). This was 
incubated over various times at room temperature. 
Incubations were also undertaken with various drug, 
enzyme and hydrogen peroxide concentrations to 
determine their influence on oxidation. 

Sodium hypochlorite. Carbamazepine was added 
to PBS (0.1 M phosphate, pH6.0) to a final 
concentration of 1OOfl and the reaction was 
initiated by adding sodium hypochlorite to a final 
concentration of loON. The sodium hypochlorite 
concentration was varied to determine its effect on 

oxidation. Iminostilbene was also oxidized with 
hypochlorite using the same conditions. An iodo- 
metric method of titration was used to standardize 
the sodium hypochlorite [20]. 

AHewlett-Packarddiodearrayspectrophotometer 
was used to determine the rate of metabolism 
of carbamazepine and iminostilbene by HOCl. 
Immediate scanning of the reaction mixture was 
performed following addition of the sodium 
hypochlorite. Reactions were monitored at scans of 
2.0-set intervals for 1 min. 

Analytical 

Metabolites of carbamazepine were analyzed by 
HPLC with a Beckman 1lOB pump (Berkeley, CA), 
a 4.6 x 15 cm Jones pH stable column packed with 
5-pm Spherisorb ODS II (Jones Chromatography 
Limited, Mid Glamorgan, U.K.), and a Beckman 
160UV detector at a wavelength of 254nm. The 
solvent consisted of water, acetonitrile, acetic acid 
and triethylamine (70:30:0.01:0.03, by vol.), 
pH9.0. The flow rate was 1 mL/min. Peak areas 
were integrated with a Shimadzu Chromatopac C- 
R6A. Under these conditions the retention times in 
min were: acridone, 5.1; carbamazepine, 6.7; 9- 
a&dine carboxaldehyde, 14; and acridine, 12. 

The amount of metabolite produced by activated 
neutrophils was less than that produced by MPO/ 
HrOr/Cl-, and a fluorescence detector was used to 
quantify acridine. Metabolites were analyzed using 
a 3 x 150 mm Separon SGX CGC column packed 
with 5-pm silica Separon SGX (Fischer Scientific 
Ltd., Unionville, Ontario, Canada) and a Kratos FS 
970 spectrofluorometer detector at an excitation 
wavelength of 354nm and an emission wavelength 
of 420nm. The solvent consisted of water, 
acetonitrile, acetic acid and triethylamine 
(60:40:0.1:0.05, by vol.) with a pHof 3. Standard 
curves generated for carbamazepine, acridone, 
acridine, 9-a&dine carboxaldehyde and imino- 
stilbene were linear over a range of concentrations 
from 0.1 to 100 PM with correlation coefficients >99. 

TLC was used to isolate metabolites from the 
reaction mixture. Silica plates (Whatman LK 5DF, 
Clifton, NJ, 5 X 20 cm, 25Opm thickness) were 
developed with a solvent of methylene chloride : ethyl 
acetate (95 : 5, v/v). 

A Hewlett-Packard 8452A diode array detector 
was also used to obtain UV spectra of metabolites. 

Mass spectra of a&dine, acridone, chloroacridone, 
dichloroacridone and 9-a&dine carboxaldehyde 
were performed using a VG-Analytical ZAB-SE 
mass spectrometer. Samples were introduced via 
direct probe, ionized in the electron impact (EI) 
mode (70 eV), and the source temperature was 200”. 

The 9-acridine carboxaldehyde was also analyzed 
by HPLC/MS performed on a Sciex API III. The 
HPLCconditionsconsistedof a4.6 x 100 mmcolumn 
packed with 5-pm Ultracarb 20 (Phenomenex, 
Torrance, CA) and a mobile phase of water/ 
acetonitrile/acetic acid (60: 40: 1, by vol.) at a 
flow rate of 1 mL/min. Under these conditions 
carbamazepine and 9-acridine carboxaldehyde had 
retention times of 4 and 9 min, respectively. 

The intermediate aldehyde was analyzed using 
similar conditions as the 9-acridine carboxaldehyde 
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on a Sciex API III, using MS/MS and a heated 
nebulizer interface. 

Covalent binding to n~~~ophils 

PMN were activated with 20 ng/mL of PMA and 
incubated for various times at 37” in 500 & HBSS 
with 1 yCi [14C]carbamazepine (sp. act. 0.0309 mCi/ 
mg). Cells were then collected on GF/F Whatman 
glass microfiber filters (Whatman, Clifton, NJ) and 
washed with ethanol until the radioactivity of the 
washes was below 100 dpm. The filters were placed 
in 10mL of scintillation fluid (ACS, Amersham, 
Oakville, Ontario) and counted in a scintillation 
counter. 

The apparent binding of 9-acridine carboxalde- 
hyde and a&dine were determined indirectly by a 
determination of the decrease in their concentration 
in solution when cells were added. Specifically, 9- 
acridine carboxaldehyde or acridine was incubated 
in various concentrations (20, 10, 5, 1 PM) 
with leukocytes (2 x 106/mL) for 1 min at room 
temperature. Samples were then centrifuged at 
13,000g for 2 min. The quantity of 9-acridine 
carboxaldehyde bound to cells was determined by 
comparison of its con~ntration (as determined by 
HPLC) in solution in the absence of ceils with its 
concentration (determined in the same manner) in 
the supernatant from the cellular incubations. 

Covalent binding to protein 

[‘“CjCarbamazepine (1 &i), MPO (1 LJ) and 
bovine serum albumin (200 pg, Sigma) were dissolved 
in 0.2 mL of phosphate buffer (0.1 M phosphate, pH 
6.0) or PBS (0.1 M phosphate, pH6.0). The 
reaction was initiated with hydrogen peroxide (final 
concentration 0.4 mM) and incubated for 45 min. 
After this time, 2 mL of cold acetone was added to 
precipitate the protein. The samples were then 
centrifuged for 3 min at 1200 g and the acetone was 
removed. The protein was then washed repeatedly 
with acetone until the radioactivity of the washes 
reached background. Phosphate buffer (200 pL) was 
added to resuspend the pellet, and a lOO-PL aliquot 
was counted in 10mL scintillation fluid (ACS, 
Amersham). 

Protein dete~nation was performed on each 
sample using the Bradford method [21]. The reagents 
were obtained in a kit from Bio-Rad Laboratories, 
Richmond, CA. 

RESULTS 

Zdentity of metab~lites 

Carbamazepine was converted by either MPO/ 
HzO&l- or HOC1 in a series of reactions to an 
intermediate aldehyde, 9-acridine carboxaldehyde, 
acridine, acridone and chloroacridone. 

The identity of the intermediate aldehyde was 
determined by its mass spectrum and its s~nt~eo~ 
conversion to 9-a&dine carboxaldehyde. MS/MS of 
the intermediate aldehyde using the Sciex API III 
gave a molecular ion at m/z 253 and collisional 
activation of the molecular ion produced fragment 
ions at m/z 208 (100%) and 180 (30%). 

The identity of I)-a&dine carboxaldehyde formed 

from carbamazepine by MPO/H202 was confirmed 
by comparison of its mass spectra, retention time on 
HPLC, and UV spectrum with that of synthetic 9- 
acridine ~box~dehyde. The mass spectrum of 9- 
acridine ~r~x~dehyde gave a molecular ion at 
m/z 207 (100%) with fragment ions at m/z 179 
(90%) and 151 (40%). With HPLC/MS using the 
API III the base peak was the molecular ion at 
m/z 208 with fragment ions at m/z 180 (70%) and 
152 (15%). The fragment ions presumably reflect 
the loss of CO and CO + C&, respectively. Further 
evidence for the structure of the 9-acridine 
carboxaldehyde formed by MPO/H202 is that it, 
like the synthetic aldehyde, was readily converted 
to acridine by acid. This even occurred in HPLC 
solvent and the half-life of 9-a&dine carboxaldehyde 
in the acidic HPLC solvent (pH of 3.0) was 12 hr 
(data not shown). 

Another complication of using an acidic HPLC 
solvent for analysis of 9-a&dine carboxaldehyde is 
that two peaks were observed with retention times 
of 2.5 and 14 min. It appears that the peak at 2.5 min 
is the hydrate form of the aldehyde. There was 
“bridging” between the hydrate peak and the free 
aldehyde peak due to the inter~nve~ion of the two 
forms on the column. A basic solvent and pH stable 
column were required to prevent conversion of 9- 
acridine carboxaldehyde to acridine on the column, 
and it also locked the aldehyde in either the aldehyde 
or hydrate form so that only one peak was observed. 
When 9-a&dine carboxaldehyde was dissolved in 
methanol or ethanol, peaks with different retention 
times were observed on HPLC using a solvent with 
a pH of 3.0 even though there was no alcohol in the 
solvent. This indicates that the hemiacetal formed 
in alcohol hydrolyzed very slowly. 

The identities of acridone and acridine formed 
from carbamazepine by MPO/H20z were confirmed 
by ~mpa~son of their mass spectra, retention times 
on HPLC, and UV spectra with those of commercial 
standards. Acridone gave a molecular ion at m/z 
195 (100%) and a fragment ion at m/z 167 (27%) 
which could be due to the loss of CO or C&. The 
mass spectrum of acridine consisted of a molecular 
ion at m/z 179 (100%) and a fragment ion at m/z 
151 (13%). 

The identities of chloro- and dichloroacridone 
were based on their mass spectra and the observation 
that they are also formed by chlorination, either by 
HOC1 or MPO/H20&1-, of acridone. The positions 
of the chlorines on the ring are unknown and two 
isomers of chloroacridone and three isomers of 
~c~oroa~done were observed on HPLC. The mass 
spectrum of chloroacridone produced a molecular 
ion at m/z 229 (100%) with a chlorine isotope peak 
at m/z 231 (29%) and fragment ions at m/z 201 
(9%) and 166 (25%). This indicates loss of ethylene 
and chloroethylene, respectively. The mass spectrum 
of ~cho~~~done was similar with a molecular ion 
at m/z 263 (100%) and chlorine isotope peaks at 
m/z 265 (64%) and 267 (14%). A fragment ion 
was seen at m/z 200 (13%). 

In addition to the identified metaholites, a small, 
unidentified peak with a retention time of 4.1 min 
was seen when the reaction mixture was immediately 
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Time (min) 

Fig. 1. Metabolism of carbamazepine by MPO/H,02/ 
Cl- over time. Conditions were: MPO, 5 units/ml; 
carbamazepine, 100 pM; H202, 0.4 mM; in 0.2 mL of PBS 
(pH6.0), tem~rature 25”. Values are means f SEM, 

N = 3. 

injected onto the HPLC, but it disappeared after 
2 min. 

Characterization of pathway 

Carbamazepine metabolism by the enzyme system 
resulted in an initial increase in intermediate 
aldehyde concentration with a subsequent decrease 
after 20 min while the other metabolites ~ntinu~ 
to increase {Fig. 1). A synthetic standard was not 
available for the intermediate aldehyde or the 
chloroacridones; therefore, we were not able to 
determine their exact concentration. Instead, in this 
and subsequent figures, the relative peak area is 
reported such that it would represent micromolar 
~ncen~a~on if the extinction coefficients of these 
metabolites were the same as that of 9-acridine 
carboxaldehyde. Oxidation of the metabolites was 
investigated to further characterize the sequence of 
the metabolic pathway. 9-Acridine carboxaldehyde 
was oxidized to acridine and acridone by HOCl. 
Acridine was oxidized by HOC1 to acridone, 

~~~1 
0 3;/-“,c: 2 

1 

0, .,-...., _ 
50 150 250 350 450 ! 0 

HOC1 Concentration (phi) 

Fig. 2. Carbamazepine metabolism by various con- 
centrations of HOCl. Conditions were: carbamazepine. 
1OOpM; HOCl, 1004OO~M; in 0.2 mL PBS (pH 6.0); 
incubation time, 20min; temperature, 25”. Values are 

means k SEM, N = 3. 

c~loroac~done and dichloroacridone. Acridone was 
oxidized to chloroacridone and dichloroacridone . 
Carbamazepine incubation with increasing con- 
centrations of HOC1 resulted in the formation of 
chloroacridones with retention times of 8 and 10 min 
on HPLC as well as the dichloroacridone metabolites 
with retention times of 21,25 and 26 on the HPLC 
(Fig. 2). These studies provided further evidence for 
the sequence proposed in Fig. 3. 

Other incubations were performed with various 
substrate, hydrogen peroxide and MPO con- 
centrations (data not shown). An increase in 
carbamazepine concentration (up to ZOOfiM) and 
MPO concentration (up to 5.0 units/ml) resulted 
in a sub~quent increase in metabolite condensation. 
An increase in metabolism was also seen with an 
increase in H202 concentrations up to 0.4 mM. 
Higher H202 concentrations caused a decrease in 
metabolism, most likely due to inhibition of enzyme 
activity. In the absence of hydrogen peroxide, MPO 
or chloride, no metabolites were observed and there 
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Fig. 3. Proposed pathway of carbamazepine and iminostilbene oxidation by activated leukocytes, MPO/ 
HrO&l- and HOCl. 

Fig. 4. Metabolism of carbamazepine by MPO/HrO&l- 

N=3. 

in the absence of MPO, HzOz or Cl-. Conditions were: 
MPO, 5 units/ml; carbamazepine, 100 pM; H202, 0.4 mM; 
in 0.2 mL of phosphate buffer (pH 6.0); incubation time, 
20 min; temperature, 2.5”. Values are means f SEM, 

was no significant decrease in carbamazepine 
concentration (Fig. 4). 

Carbamazepine was also metabolized to acridine 
by activated neutrophils but the degree of metabolism 
was less and no other metabolites were detected 
(Fig. 5). No acridine was detected in the absence of 
PMA. Acridine did not adhere to neutrophils to a 
significant degree (data not shown). Varying cell 
number, carbamazepine concentration and PMA 
concentration did not increase carbamazepine 
metabolism significantly (data not shown). 

0.6 - 

0 20 40 60 90 100 120 

Time (min) 

Fig. 5. Metabolism of carbamaxepine by neutrophils in 
the presence of PMA over time. Conditions were: 

*SEM.N=3. 

carbamaxepine, 100 PM; 2.0 X 106 cells/ml; 20 ng/mL 
PMA; in 0.5 mL HBSS, temperature 37”. Values are means 

Metabolism of iminostilbene 

In contrast to carbamazepine, iminostilbene, a 
metabolite of carbamazepine [22], was metabolized 
extensively by activated neutrophils (Fig. 6). The 
metabolites observed were similar to those derived 
from carbamazepine metabolism with the absence 
of the two peaks seen at retention times of 4.1 and 
3.3 min. These corresponded to the unidentified 
peak and the intermediate aldehyde. 

Iminostilbene was also oxidized by HOC1 and the 
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0 20 40 60 

Time (min) 

Fig. 6. Metabolism of iminostilbene by neutrophils over 
time. Conditions were: iminostilbene, 1OyM; 2.0 x 106 
cells/ml; in 0.5 mL HBSS, temperature 37”. Values are 

means f SEM, N = 3. 

MPO/HzO&- system to the same metabolites. By 
following the HOC1 oxidation of iminostilbene with 
a diode array spectrophotometer, the half-life of the 
reaction was found to be 2sec as compared to the 
analogous reaction of carbamazepine under the same 
conditions which had a half-life of 2min (data not 
shown). 

Covalent binding 

Covalent binding occurred when radiolabeled 
carbamazepine was incubated with activated neu- 
trophils (Fig. 7A). Very little binding was observed 
in the absence of cell activation, which strongly 
suggests that the binding was due to a metabolite 
rather than carbamazepine. Covalent binding was 
also observed when radiolabeled carbamazepine was 
incubated with albumin in the presence of the MPO/ 
HzO&- system. The absence of significant binding 
in the absence of enzyme, hydrogen peroxide or 
chloride (Fig. 7B) again suggests that the binding 
was due to a metabolite rather than carbamazepine. 

We found indirect evidence that 9-acridine 
carboxaldehyde binds to neutrophils because when 
neutrophils were added to solutions of varying 
concentrations of the metabolite there were 
significant decreases in its concentration, especially 
at low concentrations of the metabolite (Fig. 8). 
In contrast, no significant decrease in acridine 
concentration was observed upon addition of 
neutrophils (data not shown). 

O.O”M 
Time (min) 

-MPO .H202 -Cl-complete 

Fig. 7. (A) [‘%]Carbamazepine covalent binding to 
neutrophils in the presence or absence of PMA over time. 
Conditions were: [‘%]carbamazepine, 1 @i; 2.0 x lo6 
cells/ml; with or without 20ng/mL PMA; in 0.5 mL 
HBSS, temperature 37”. Values are means 2 SEM, N = 
3. (B) [‘T]Carbamazepine covalent binding to albumin in 
the presence or absence of MPO/H,O,/CI-. Conditions 
were: MPO, 5 units/ml; carbamazepine, 1 &i; H,O1, 
0.4mM; albumin, 1 mg/mL; in 0.2mL of PBS (pH6.0); 
incubation time, 20min; temperature, 25”. Values are 

means 2 SEM, N = 3. 

1 5 10 20 

Initial Concentration 
of 9-Acridine Carboxaldehyde (pM) 

Fig. 8. Apparent binding of 9-acridine carboxaldehyde to 
neutrophils in the absence of PMA. Conditions were: 9- 
acridine carboxaldehyde, 1, 5, 10, 20pM; 2.0 x 106 cells/ 
mL; in 0.5 mL HBSS, temperature 25”. Values are means 

-cSEM,N=3. 

DISCUSSION 

The data presented led to the postulated metabolic 
scheme shown in Fig. 3. The first intermediate in 
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this scheme is a carbonium ion formed by reaction 
of HOC1 with the 10,ll double bond. Although we 
have no direct proof for the proposed carbonium 
ion, it provides the most likely mechanism for the 
observed ring contraction. We were also unable to 
prove the identity of the intermediate aldehyde 
because its instability precluded isolation and 
characterization of synthetic material; however, its 
mass spectrum, with prominent loss of CO similar 
to that of 9-a&dine carboxaldehyde, and its 
spontaneous conversion to 9-acridine carbox- 
aldehyde, strongly point to the proposed structure. 
The intermediate aldehyde has been proposed 
previously as an intermediate in connection with the 
hepatic metabolism of carbamazepine [23,24]. This 
intermediate aldehyde appears spontaneously to lose 
CO and NH3 to give 9-acridine carboxaldehyde, a 
reaction that is favored by the formation of the 
highly conjugated acridine system [25]. 9-Acridine 
carboxaldehyde, in turn, is converted by mild acid 
to acridine. Although the decarbonylation of pyridine 
carboxaldehydes is known to occur under strongly 
acidic conditions [26], the ease of this reaction in 
mild acid is surprising. In the MPO or HOC1 
incubations this decarbonylation may involve an 
oxidative mechanism rather than an acid catalyzed 
reaction. A&dine and acridone are known metab- 
olites of carbamazepine and may also be formed in 
the liver [27]. 

Much less metabolism was observed when 
carbamazepine was incubated with activated neu- 
trophils than when it was incubated with the principal 
oxidizing system of neutrophils, i.e. MPO/HrOr/ 
Cl-. Furthermore, the only metabolite observed in 
the cellular system was acridine. Despite these 
differences, the requirement for PMA in the 
oxidation by neutrophils, which results in a 
respiratory burst with degranulation and release of 
MPO and H202 as well as the production of the 
same downstream metabolite by the MPO/HrOr/ 
Cl- system, suggests that the MPO system is involved 
in the metabolism of carbamazepine by neutrophils. 
The requirement for chloride suggests that HOC1 is 
the ultimate oxidant. The lesser degree of metabolism 
in the cellular system may be due to generation of 
a larger amount of HOC1 by the purified enzyme 
system. Yet, we have observed that incubation of 
dapsone with neutrophils, as compared to MPO/ 
HrO&I-, results in similar degrees of oxidation 
[13]. Another factor to consider is the relatively 
slow reaction between HOC1 and carbamazepine. 
Therefore, in the cellular system much of the HOC1 
generated is likely to react with the cells. HOC1 is 
known to react with other biological material such 
as protein [28], and this would compete with the 
reaction of HOC1 with carbamazepine. This 
competition would be less of a factor in the purified 
enzyme system or with drugs in which reaction of 
HOC1 with the drug is much faster than its reaction 
with biological material. 

Of note is the observation that 9-acridine 
carboxaldehyde was not detected in the cellular 
system even though it was present in greater 
concentrations than acridine in the oxidation of 
carbamazepine by MPO/H202/Cl-. To determine 
the reason for this discrepancy we incubated 9- 

acridine carboxaldehyde with neutrophils, The 
concentration in the supematant was less than in the 
absence of cells and this had the appearance of 
saturable binding (Fig. 8). Although this could be 
due to further metabolism by the cells, significant 
production of metabolites did not occur without 
activation of the cells. The observed strong tendency 
of this aldehyde to form hemiacetals and hydrates 
suggests that a similar reaction with nucleophilic 
groups on the cells may be responsible for the 
observed decrease in 9-acridine carboxaldehyde 
concentration in the presence of cells. We also 
attribute the apparent concavity of the first part of 
the curve in Fig. 5 to the binding of 9-acridine 
carboxaldehyde. Such binding could decrease the 
amount of aldehyde available for further metabolism, 
especially at low concentrations, and this could also 
contribute to the lesser degree of carbamazepine 
metabolism observed in the cellular system. 

Iminostilbene follows a similar pathway of ring 
contraction; however, the mechanism could be 
somewhat different because, in addition to chlori- 
nation of the lo,11 double bond, iminostilbene could 
undergo N-chlorination. N-Chlorination is likely to 
be more rapid than chlorination of the lo,11 double 
bond, and N-chloroiminostilbene would be expected 
to lose chloride ion to form a relatively stable 
nitrenium ion in which the delocalized positive 
charge could also result in rearrangement leading to 
9-acridine carboxaldehyde and hence to acridine, 
acridone and chloroacridone. In contrast to car- 
bamazepine, metabolism of iminostilbene by neu- 
trophils was quite extensive. Likewise, iminostilene 
was oxidized by HOC1 approximately 60 times faster 
than carbamazepine. As mentioned earlier, this 
more rapid reaction of iminostilbene with HOC1 
could lead to a greater portion of the neutrophil- 
generated HOC1 reacting with the drug rather than 
with cellular material. 

At this point, one can only speculate on the 
significance of the metabolism of carbamazepine by 
neutrophils. Although metabolism of carbamazepine 
is less than that of iminostilbene and is less with 
neutrophils than with the purified MPO system, 
metabolism does occur. Covalent binding studies 
with carbamazepine and activated neutrophils 
demonstrated that a drug-protein conjugate is 
formed between a reactive intermediate and activated 
neutrophils. The requirement of PMA to produce 
significant binding is strong evidence that binding 
involves a reactive metabolite formed by reaction of 
carbamazepine with HOCI. The identity of the 
intermediate that covalently binds to the activated 
neutrophils is unknown. The proposed carbonium 
ion would be reactive, but its half-life may be so 
short as to preclude significant covalent binding. The 
apparent binding of the 9-a&dine carboxaldehyde 
to the neutrophils suggests that it may be responsible 
for the observed covalent binding of carbamazepine. 
As mentioned earlier, this aldehyde appears to form 
hydrates and hemiacetals that dissociate more slowly 
than those of most other aldehydes. It would also 
likely bind to other cellular nucleophiles such as 
amino groups. Further metabolism of such an adduct 
could form more permanent adducts such as an 
imine or an amide. Since iminostilbene is a known 
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metabolite of carbamazepine and its metabolism by the efficacy and toxicity of carbamazepine, pheno- 
neutrophils is more rapid than that of carbamazepine, barbital, phenytoin and primidone. Epilepsia 28: SSO- 

it could also make a contribution to covalent binding S58.1987. 

of the drug in uiuo. Although the con~n~at~on of 2. AIballa S, Fritzler M and Davis P, A case of drug 

~in~til~ne in urine is low, it can be assumed that induced lupus due to ~rb~~pine. I~~~~o~ 14: 

urinary excretion does not represent a major pathway 
599-600,1987. 

for its elimination and it may be a significant 
3. Fisciotta V, Drug-induced agranulocytosis. Drugs 15: 

metabolite of carbamazepine. 
132-143, 1978. 

4. Franceschi M, Ciboddo G, Truci 0, Borri A and Canal 
An arene oxide of carbamazepine has been N, Fatal aplastic anemia in a patient treated with 

implicated in generalized carbamazepine-induced carbamazepine. Epilepsia 29: 582-583, 1988. 
h~~nsiti~ty reactions in humus [29,30]; 5. Hart RG and Easton JD, Carbamazepine and 

however, it is less likely to be responsible for toxicity hematologi~ mo~to~ng. Ann Neural 11: 309-312, 

involving the bone marrow because it is unlikely to 1982. 

be formed in bone marrow or get from liver to bone 
6. Alarcon-Segovia D, Fishbein E, Reyes PA, Dies H 

marrow due to its presumed high reactivity. A major 
and Shwadsky S, Antinuclear antibodies in patients on 

route of carbamazepine metabolism is epoxidation 
anticonvulsant therapy. Clin Exp Immunol12: 39-47, 
1972. 

of the double bond to form the carbamazepine- 7. Jain KK. Svstemic hmus ervthematosus fSLE\-like 
lO,ll”e~~de. This was considered a possible 
candidate as the cause of ~rb~~epine-induced 
adverse reactions 1311; however, this epoxide is 
relatively unreactive and is known to be equipotent 
as an anticonvulsant with no higher incidence of 
adverse reactions than carbamazepine itself [32]. It 
was also not observed as a metabolite in our studies. 
The epoxide of iminostiibene has been proposed as 
a metabolite of carbamazepine but appears to be 
highly reactive and was difficult to isolate 1181. It is 
therefore possible for iminostilbene to be involved 
in carbamazepine-induced haematological disorders, 
either through the nitrenium ion or epoxide 
intermediates. The degree to which carbamazepine 
is me~bol~ed to iminostiIbene in the liver could 
even represent a risk factor for some types of adverse 
reactions associated with carbamazepine. 

In summary, carbamazepine, as well as one of its 
hepatic metabolites, were metabolized by activated 
neutrophils through a series of steps that resulted in 
contraction of the ‘i-membered ring and eventual 
loss of the carbon involved. This metabolism was 
associated with covalent binding of the drug to 
neutrophils. Metabolism of carbamazepine by 
neutrophils in the bone marrow, as well as the more 
mature neutrophil precursors which also contain 
MPO, may be responsible for some of the adverse 
reactions associated with carbamazepine, especially 
those which involve the bone marrow. 
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