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ABSTRACT

Dacarbazine (DTIC), a widely used anticancer agent, is
inactive until metabolized in the liver by cytochromes P450
to form the reactive N-demethylated species 5-[3-hydroxy-
methyl-3-methyl-triazen-l-yl]-imidazole-4-carboxamide
(HMMTIC) and 5-[3-methyl-triazen-1-yl]-imidazole-4-
carboxamide (MTIC). The modest activity of DTIC in the
treatment of cancer patients has been attributed in part to
lower activity of cytochromes P450 (P450) in humans when
compared with rodents. Importantly, the particular P450
isoforms involved in the activation pathway have not been
reported. We now report that the DTIC N-demethylation
involved in MTIC formation by human liver microsomes is
catalyzed by CYP1Al, CYP1A2, and CYP2ELl. The most
potent inhibitors of DTIC N-demethylation were a-naph-
thoflavone (CYP1Al and CYP1A2), quercetin (CYP1A2),
chlorzoxazone (CYP1A2 and CYP2EL1), and di-sulfiram
(CYP2E1). Antihuman CYP1A2 antiserum also inhibited
DTIC N-demethylation. DTIC N-demethylation in a panel of
10 human liver microsome preparations was correlated with
the catalytic activities for CYP1A2 (ethoxyresorufin O-
deethylation and caffeineN3-demethylation) in the absence
of a-naphthoflavone and with the catalytic activities for
CYP2EL1 (chlorzoxazone 6-hydroxylations) in the presence
of a-naphthoflavone. DTIC metabolism was catalyzed by
recombinant human CYP1AL, CYP1A2, and CYP2EL. The
K (Vimay) Values for metabolism of DTIC by recombinant
human CYP1Al and CYP1A2 were 595um (0.684 nmol/
min/mg protein) and 659 pum (1.74 nmol/min/mg protein),
respectively. The CYP2EIK,, value exceeded 2.8 m. Thus,
we conclude that (a) CYP1A2 is the predominant P450 that
catalyzes DTIC hepatic metabolism; o) CYP2E1 contrib-
utes to hepatic DTIC metabolism at higher substrate con-
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centrations; and () CYP1Al catalyzes extrahepatic metab-
olism of DTIC.

INTRODUCTION

DTIC*is a DNA-methylating agent with a broad spectrum
of antitumor activity in mouse tumor models. Clinical activity of
this agent in human malignancies is restricted to melanoma,
Hodgkin's disease, and sarcoma. DTIC is used in a curative
regimen with Adriamycin, bleomycin, and vincristine (ABVD)
for Hodgkin’s disease and is the most active single agent used to
treat advanced melanoma and soft tissue sarcoma (1).

The DNA methylation produced by DTIC is dependent
upon oxidativeN-demethylation by P450s (2, 3). Early investi-
gators identified formaldehyde and AIC as products of DTIC
N-demethylation by mouse and rat liver microsomal prepara-
tions (2, 3). The proposed cascade of DTIC metabolism and
formation of the reactive methylating molecule is illustrated in
Fig. 1. The initial product of P450-catalyzed oxidation of DTIC,
the carbinolamine HMMTIC, produces MTIC after elimination
of formaldehyde. Rapid decomposition of MTIC yields the
major plasma and urine metabolite AIC and the reactive species
methane diazohydroxide, which produces molecular nitrogen
and a methyl cation believed to be the methylating species. The
importance of this pathway was confirmeudvivo by the recov-
ery of “"CQ, in expired breath and HMMTIC, AIC, and{C]m-
ethylguanine in urine after an i.p. dose 8f¢-methyl]DTIC (4).

In human pharmacokinetic studies, metabolism was the predom-
inant pathway for DTIC clearance. Plasma exposure to AIC was
equivalent to that of DTIC, whereas urinary recovery of DTIC
and AIC was low and highly variable.

The P450s comprise a superfamily of enzymes that cata-
lyze the metabolism of many drugs including several anticancer
agents (5) A single isozyme is often predominant in the metab-
olism of a given drug (6). The expression of P450 is often highly
variable among individuals because of genetic, physiological,
and environmental factors (6). Metabolism by P450s may be
inhibited or induced by concomitant drug treatment. The con-
sequences of individual differences in P450 isozyme expression
and drug interactions caused by coadministered drugs on DTIC
antitumor activity and plasma clearance are presently unclear,
and the limited published pharmacokinetic data (7, 8) is insuf-
ficient to evaluate population variability of DTIC metabolism.

Rodent P450 isoforms may have different activity and
substrate specificity when compared with their human homo-
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in drug metabolism. The limited antitumor activity of DTIC in triethylamine, phosphoric acid, methanol, DMSO, hydrochloric
humans compared with mice has been attributed to reducedcid, KH,PO,, K,HPQ,, Tris, and MgC}).

metabolism by human P450s as compared with rodent liver  Human Liver Microsomal Fractions. Human liver mi-
P450s (10). This hypothesis, however, has been difficult tocrosomal fractions were provided by Jerry M. Collins (Center
confirm because of poor stability of the active metabolite, for Drug Evaluation and Research, United States Food and Drug
MTIC. Administration, Rockville, MD). Human liver samples (HLS5,

Efforts to improve DTIC activity have focused on the HL6, HL7, and HL8), medically unsuitable for liver transplan-
development of analogues that improve the delivery of thetation, were acquired under the auspices of the Washington
methylating metabolites. For example, the recent clinical deVel-Regiona| Transplant Consortium (Washington, DC). A descrip-
opment of temozolomide—an analogue with demonstrated acton of the preparation and characterization of the liver micro-
tivity against metastatic melanoma (11) and high-grade astrogoma| fractions has been published previously (14).
cytoma (12)—was based on the presumption that greater and  |ncypation Conditions. Microsomal suspensions were
more reproducible exposure to MTIC could be achieved by thencypated in amber glass vials maintained at 37°C in a shaker
chemical hydrolysis of temozolomide at physiological pH ratherpain. Each 1-ml incubation mixture contained human liver
than by the hepatic metabolism of DTIC (13). These efforts dopicrosomes (1 mg of protein), NADP(0.4 mv), glucose-
not, however, provide any guidance in how to better use DT|C6-phosphate (25 m), glucose-6-phosphate dehydrogenase
in the treatment (.)f. those neoplasms for which this agent ha§0.7 units/ml), magnesium chloride (5u)y and Tris (50 )
demonstrated activity. . o or potassium phosphate (10Qunbuffer adjusted to pH 7.4.

In the present study, we characterized the humavitro  control incubation mixtures contained boiled microsomes or
metabolism of DTIC by delineating the specific P450 isoforms 4tive microsomes with a nitrogen or CO/@mosphere. The
responsible for MTIC formation in the liver. This data provides jncupation mixtures were preincubated for 2 min before the
a more complete understanding of DTIC metabolic activationjnitiation of the reaction on the addition of 5@ DTIC. At
and of the basis for differences in DTIC activity in animal the end of the incubation period, reactions were terminated
models and humans. This data may also contribute to improvepy the addition of 2 ml of ice-cold methanol that contained 50
ments in the therapeutic effects of DTIC by optimizing meta- g 6-methylnicotinamide as an internal standard for HPLC

bolic activation in patients. analysis. The aqueous methanol supernatants obtained after
centrifugation (10,000< g for 2 min) were concentrated to
MATERIALS AND METHODS dryness under vacuum and reconstituted in HPLC mobile

Chemicals and Reagents. DTIC and paclitaxel were ob- phase for analysis. Chemical inhibitors were dissolved in
tained from the Pharmaceutical Resources Branch, Nationalarious solvents (water, methanol, or DMSO). Appropriate
Cancer Institute (Bethesda, MD). SKF525A was a generous giftontrols containing drug vehicles only were also performed
from SmithKline Beecham (Philadelphia, PA). Glucose-6-phos-in parallel incubations.
phate, glucose-6-phosphate dehydrogenase, and NADP were Correlation of DTIC Metabolism with Marker Activi-
obtained from Boehringer Mannheim, (Indianapolis, IN). AIC, ties of Selected Human P450 Forms. A Hepatoscreen Test
6-methyl-nicotinamide, metyrapone;naphthoflavone, couma- kit that contained 10 human liver microsome preparations was
rin, tolbutamide, quinidine, disulfiram, erythromycin, quercetin, obtained from Human Biologicals, Inc. (Phoenix, AZ). Micro-
chlorzoxazone, phenacetin, sulfaphenazole, and caffeine wesomal suspensions were prepared in the reaction buffer to
obtained from Sigma Chemical Co. (St. Louis, MO). All of the achieve a final protein concentration of 1 mg/ml and were
other reagents and HPLC solvents were the highest grade avaiiRcubated with DTIC (50Qum) for a 30-min reaction period as
able and were used as receiveslg(, heptane sulfonic acid, described above.

Downloaded from clincancerres.aacrjournals.org on November 29, 2021. © 1999 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

2194Metabolic Activation of DTIC by Human P450s

Metabolite Formation by cDNA-expressed Human T T T
P450 Enzymes. Microsomal suspensions from the B-lympho-
blastoid cell line AHH-1 TK”~ expressing cDNA constructs
for CYP1Al, CYP1A2, CYP2B6, CYP2C8, CYP2CO9a,
CYP2C9c, CYP2E1, and CYP3A4 were obtained from Gentest Quinidine
Corporation (Woburn, MA). After dilution with the reaction Chlorzoxazone
buffer to achieve a final protein concentration of 1 mg/ml,
microsomal suspensions were incubated with DTIC (p80Q
for reaction periods of 30 min and 120 min. Control reactions Sulfaphenazole
included microsomal preparation from cells that contained the
expression vector alone. Because documentation provided by
Gentest noted that common organic solvents such as methanol, ~ Phenacetin
ethanol, DMSO, and so forth, inhibited some P450 forms, DTIC a-Naphthoflavone
stock solutions were prepared in 0.0HCI. | \ ) \

In experiments to determine the kinetics of DTIG- 0 25 50 75 100
demethylation by CYP1Al, CYP1A2, and CYP2E1, each Percent Inhibition (%)

100-pl incubation mixture contained DTIC (200—20@0x) ) o ) ] o
human liver microsomes (0.05 mg protein), and the cofactOIF'g' 2_ Inhibition of DTIC‘r_netabollsm by s_electlve cher_nlcal |nh|b|t0_rs
. . - . " . of various P450 subfamilies. DTIC was incubated with human liver
mixture described in “Incubation Conditions.” Reactions were yicrosomes in the presence of 20 (open bar) and 20w (filled bar)
terminated after 45-min incubation. of the inhibitor. Error bars, the SD of the mean values obtained from
Immunoinhibition.  Antihuman CYP1A1l and CYP1A2 three experiments.
antiserum (Gentest Corporation, Woburn, MA) was preincu-
bated with human liver microsomes on ice for 30 min before
adding reaction buffer and DTIC (500m). Incubations were
carried out for 30 min as described above. confirmed by several observations. AIC formation was depend-
Sample Preparation and HPLC Analysis. After termi- ent on the presence of NADPH and oxygen in the incubation
nation of the reactions by protein precipitation with methanol, mixtures, inhibited by replacing the atmosphere in the reaction
the supernatants obtained by centrifugation were dried undeyessel with N and absent from incubation mixtures prepared
vacuum, reconstituted in mobile phase, and kept at room temWith boiled microsomal suspensions (data not shown).
perature for no less than 20 min before HPLC to ensure con- ~ The inhibition of DTIC N-demethylation in HL8 liver
version of HMMTIC and MTIC to AIC. microsomes by chemical inhibitors of P450 enzymes is summa-
Separa’[ions were achieved by a Co|umn_switching techfized in Flg 2. The most potent inhibitors of AIC formation
nique in which an Apex | octadecyl precolumn (Jones ChromaWere a-naphthoflavone, quercetin, phenacetin, chlorzoxazone,
tography, 3 cmx 4.6 mm; SMm) was installed in a 10_p0rt and diSUlfiram, which suggests CYP1A, CYP2EL], and CYP3A
Valco Switching valve in p|ace of a Samp|e |00p and an Apex |enzymes contributed to DTIC metabolism-.NaphthOfIavone,
(Jones Chromatography, Littleton, CO) octadecyl analytical col-duercetin, phenacetin, and chlorzoxazone were also potent in-
umn (25 cmX 4.6 mm; 5um) was installed between the hibitors of DTIC metabolism by three other liver microsome
switching valve solvent exit port and the UV absorbance detecPreparations (data not shown). With the exception of coumarin
tor. This configuration permitted rapid analysis because late{(CYP2A), other P450 inhibitors-selective (erythromycin, tolbu-
eluting peaks could be passed to waste before elution onto th@mide, sulfaphenazole, and quinidine) did not reduce DTIC
analytical column. The mobile phase consisted of 90% 40 m metabolism (data not shown). Concentration-dependent inhibi-
heptane sulfonic acid, 50 mphosphoric acid (pH 2.0) with tion by quercetin, chlorzoxazone, and disulfiram was observed
0.1% triethylamine and 10% methanol. The flow rate, injection Over the range 20—200m, whereas inhibition by-naphthofla-

volume, and UV absorbance wavelength were 1 ml/minf0  vone was essentially complete 85%) at concentrations above
and 280 nm, respectively. 0.2 um (Fig. 3A). The predominant role of CYP1A2 in human

liver microsomes was confirmed by incubation with antihuman
CYP1A2 antibody, which inhibited DTIC metabolism in four
RESULTS human liver microsome by greater than 75% (FiB).3
Metabolism of DTIC by Human Liver Microsomes. Correlation of DTIC Metabolism with Marker Activi-
N-Demethylation of DTIC was monitored by the formation of ties of Selected Human P450 Forms. DTIC metabolism was
AIC, the decomposition product of the initial oxidative metab- studied in a panel of 10 human liver microsomes with defined
olite HMMTIC. Reverse-phase HPLC with a mobile phase catalytic activities for major P450-selective substrates. The me-
containing heptane sulfonic acid permitted separation of AIC, thedian (n = 10) rate of NADPH-dependent AIC formation from
internal standard 6-methyl-nicotinamide and other components oDTIC by human liver microsomes was 76 pmol/min/mg protein
the incubation mixture. A column-switching technique prevented(range, 34—463 pmol/min/mg protein). Among the nine marker
nonpolar materials from eluting onto the analytical column, elim- activities examined (Table 1), the highest correlation coeffi-
inated interferences, and allowed reduced run times. cients (r> 0.94) were found for the relationship between AIC
The P450-dependem-demethylation of DTIC and con- formation and the CYP1A2 markers caffeiNé-demethylation
comitant formation of AIC by human liver microsomes was and 7-ethoxyresorufi®-dealkylation (Fig. 4). The correlation

Quercetin

Disulfiram T

Coumarin
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100 ; . . ; Table 1 Correlation of DTICN-demethylation with catalytic
\ A activities of human P450-selective substrates

A DTIC N-demethylation was measured by AIC formation in a panel
75 4 of 10 human liver microsomes. Triplicate determinations were made for
each microsomal preparation. The correlation coefficienmvas deter-
mined from a graph of each P450 catalytic activigrsushe mean AIC
A\ formation value (pmol/min/mg microsomal protein). Values represent
v A the mean of three experiments.
A\
| |
[ J

50

N T~ P450 Form r
v A\A _ . .
\V 7-EthoxyresorufinO-dealkylation 1A2 0.946

4 CaffeineN®-demethylation 1A2 0.977
- [ Coumarin 7-hydroxylation 2A6 0.396
0 ' : : Tolbutamide methylhydroxylation 2C9 0.140
0 59 . 100 159 200 250 5-Mephenytoin 4’-hydroxylation 2C19 0.022
Inhibitor Concentration (uM) Dextromethorphar®-demethylation 2D6 0.300
Chlorzoxazone 6-hydroxylation 2E1 0.177

Testosterone 63-hydroxylation 3A4 0.155

T T T Lauric acid 12-hydroxylation 4A1 0.188

Percent of Control

25

The kinetics of DTICN-demethylation were defined with
i individual cDNA-expressed enzymes because saturable enzyme
kinetics were not observed in human microsomes. Kheand
Vax Values for CYP1AL were 5958 111 pm and 10.2+ 2.1
Y ¥ 7 pmol product/pmol P450/min, respectively. TKe, and V, .,
M values for CYP1A2 were 652 88 um and 13.8+ 2.4 pmol
‘f""‘—’?"’— product/pmol P450/min, respectively. Saturable kinetics were
0 5 10 15 20 25 not observed for cDNA-expressed CYP2E1 even when the
Antiserum Volurne Added (ul) enzyme concentration was reduced 4-fold from 0.5 to 0.125
Fig. 3 Inhibition of DTIC metabolism in human liver microsomes. mg/ml microsomal protein. Analysis of the CYP2EL kinetic data
HL8 microsomes were incubated with DTIC in the presence of the@Ver the range studied suggests khevalues exceeded 2.8um
chemical inhibitorsa-naphthoflavone (@), disulfiram¥), quercetin ~ Higher concentrations were not examined because of the limited
(M), and chlorzoxazoneA(). B, HL5 (@), HL6 (¥), HL7 (M) and HL8 aqueous solubility of DTIC.

(A) microsomes were incubated with DTIC after 30 min preincubation
with antihuman CYP1A2 antiserum.
DISCUSSION

We found that human CYP1Al, CYP1A2, and CYP2E1

catalyzedn vitro metabolism of DTIC, based on the collective
coefficients for the relationships between AIC formation andresults of chemical- and immuno-inhibition studies, correlations
marker activities representing other P450s (CYP2A, CYP2Cwith marker substrates of P450 isoform activities in a human
CYP2D, CYP2E, CYP3A, and CYP4A) were much lowerg liver panel, and metabolism by cDNA expression systems. The
0.40). Incubation of DTIC with microsomal suspensions in thecombined data from several vitro approaches were used to
presence of 2um a-naphthoflavone reduced DTIC metabolism infer the predominant catalytic activity because the results of
by 38-96% and abolished the correlations with the CYP1A2individual approaches can lead to erroneous conclusions.
marker activities. This residual DTIC metabolism was correlated The principle P450 isoform responsible for tive vitro
with chlorzoxazone 6-hydroxylation, tolbutamide methylhydroxy- metabolism of DTIC by human liver microsomes is CYP1A2.
lation, and testosteronggéydroxylation (data not shown). With the exception of coumarin, each of the chemicals that

Metabolism by cDNA-expressed human P450s.Re- inhibited DTIC metabolism were inhibitors of CYP1A2.

combinant human P450 isoforms were used to verify individuala-Naphthoflavone (15) and phenacetin (16) are selective inhib-
P450s that catalyze DTIC metabolism. DTIC metabolism wasitors of CYP1A subfamily isozymes. The CYP3A subfamily
catalyzed by cDNA-expressed CYP1Al, CYP1A2, and inhibitor quercetin (17) and CYP2EL inhibitors disulfiram (18)
CYP2EL1 but not by CYP2C9 or CYP3A4. The amount of and chlorzoxazone (19) also inhibit CYP1A subfamily isozymes
product formed was linear with time, and the catalytic activity of (15, 19, 20). A complementary study of the DTIC metabolism in
CYP1A1 (3.62* 0.75 pmol AIC formed/pmol P450/min) was a panel of human liver microsomes found a correlation only
3-fold greater than that of CYP1A2 (1.26 0.24 pmol AIC  with catalytic activities for CYP1A2 substrates ethoxyresorufin
formed/pmol P450/min) and 16-fold greater than that ofand caffeine. The key role of CYP1A2 in human liver micro-
CYP2E1 (0.22+ 0.04 pmol AIC formed/pmol P450/min). somal metabolism of DTIC was confirmed by nearly complete
a-Naphthoflavone, quercetin, chlorzoxazone, and phenacetininhibition by an antihuman CYP1A2 antibody.
inhibited CYP1A1- and CYP1A2-catalyzed DTIC metabolism. In contrast to CYP1A2, CYP2E1 most likely plays a sec-
Chlorzoxazone and phenacetin were selective for CYP1A2-ondary role based on lower affinity and lower expression in liver
catalyzed DTIC metabolism (data not shown). tissue. DTIC metabolism in a panel of human liver microsomes

Percent of Control
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was correlated with the catalytic activity for CYP2E1 only when between DTIC pharmacokinetics and CYP1A2 phenotype, us-
the CYP1A2 catalytic activity was inhibited by-naphthofla-  ing caffeine as a probe drug (25).

vone. In addition, CYP2E1 (7%) accounts for a lower fraction of The antitumor activity and toxicity of DTIC may be altered
the total liver cytochrome P450 content than CYP1A2 (13%;by concomitant medications. Because DTIC has limited activity
Ref. 21). Although residual DTIC metabolismdanaphthofla-  as a single agent, it has been combined with other antitumor
vone containing incubations was also correlated with testosteragents to improve response (26—28). Drug interactions between
one 6B-hydroxylation and tolbutamide methylhydroxylation, it p1|c and drugs most often used in combination with DTIC,

is unlikely that CYP3A4 and CYP2C9, respectively, are in-inqjding doxorubicin, cyclophosphamide, ifosphamide, and
volved in DTIC metabolism. Of the CYP3A4-selective inhibi- \;,qistine (29, 30), are unlikely because none are known in-
tors examined, only quercetin, "‘.’h'Ch. 'S cross-rgactlve_ Wlthhibitors or inducers of CYP1A2 or CYP2EL. An interaction
CYP1A2, reduced DTIC metabolism in human liver micro- between DTIC andD®-benzylguanine, an inhibitor of the DNA

somes. This inhibitor also reduced cDNA-expressed CYP1A1-

and CYP1A2-catalyzed DTIC metabolism. The CYP2C9-selec. CP2Ir e1Zyme AGT (31), is possible becat¥ebenzylguanine

tive inhibitor tolbutamide did not inhibit DTIC metabolism. 'S &S0 @ CYP1AZ substrate (32). Anticonvulsants that induce

Finally, cDNA-expressed CYP2C9 and CYP3A4 did not me- CYP3A4 and are commonly prescribgq in the tre.atmen_t of brain
tabolize DTIC. tumors would not be expected to exhibit interactions with DTIC
The catalytic activity of CYP1A1 is interesting because (12)- The CYP1A inducer omeprazole (33, 34) and the CYP2E1
this enzyme is found in extrahepatic tissue. Using highly selecinducer isoniazid (6) may induce the DTIC metabolism and
tive antibodies against CYP1A1 and CYP1A2, we confirmedPotentiate its activity or toxicity.
observations of other investigators (6, 22-24) that CYP1A1 is It is unlikely that the restricted spectrum of DTIC ac-
not found in the liver to any appreciable exténalthough  tivity against human tumors compared with rodent tumors is
detectable levels of CYP1A1 mRNA have been found in humandue to lower metabolic activation in humans. In fact, DTIC
liver (22), protein content is low or undetectable even in indi- metabolism by humans is most likely equivalent, if not
viduals exposed to substances that induce CYP1Al in othegreater than the metabolism by rodents. The kinetics of DTIC
tissues (6, 23, 24). Because CYP1A1l is also expressed in sommaetabolism for mouse liver microsomek ( = 0.25-1.33
tumors, activation of DTIC to DNA-methylating metabolites mm andV,,,, = 29 pmol/min/mg protein; Ref. 2) are equiv-
may occur within tumors. alent to those for CYP1A2, which was the high-affinity
There is substantial variability in P450 expression amongenzyme in human liver microsome& { = 0.6 mum). Re-
individuals because of genetic, physiological, and environmentenﬂy, Yamagatat al. (35) reported that CYP1A subfamily
tal factors (23). A 40-fold range in CYP1A2 protein concentra- enzymes contribute to DTIC metabolic activation by rat liver
tion and mRNA expression has been reported in human livericrosomes. CYP1A subfamily enzymes comprise 13% of

microsome panels (24). The DTIC catalytic activity in the liver the total amount of P450 in humans baB% of the P450 in
panel used in these investigations varied over a 13-fold rang&y o rat 9)

Consequently, the variability of DTIC antitumor activity and
toxicity may be associated with the variability of CYP1A2
expression. The potential clinical impact of DTIC activation by
CYP1A2 may be investigated by exploring the relationship

In summary, we identified three human P450s that catalyze
the metabolism of DTIC. The principle hepatic P450 that cata-
lyzes DTIC metabolism is CYP1A2, but CYP2E1 may partici-
pate under circumstances in which CYP1A2 expression is low.
CYP1A1, primarily an extrahepatic P450, also catalyzes DTIC
metabolism and may be important to the activation of DTIC at
its site of action. Differences in P450 expression may account
> Unpublished data. for the variability in DTIC metabolism in patients.
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