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Abstract

Itis important to determine the relative contribution of each metabolic pathway (f,,) and of enzymes to the net metabolism of a drug. The
aim of this study was to investigate, using a human liver bank, the f, of the anti-cancer drug 5,6-dimethylxanthenone-4-acetic acid
(DMXAA) and the effects of various inhibitors and inducers on f,,. The mean apparent K,,, and V. values (N = 14) were 21 &= 5 uM and
0.04 £ 0.02 nmol/min/mg, respectively, for 6-methylhydroxylation, and 143 £ 79 pM and 0.71 £ 0.52 nmol/min/mg, respectively, for
acyl glucuronidation in human liver microsomes. 6-Methylhydroxylation and acyl glucuronidation contributed 26 and 74%, respectively,
to DMXAA metabolism at 5 pM; values were 7 and 93% at 350 uM DMXAA. There was a significant relationship between the ratio of
metabolic activity by Phase II and I reactions (Ryy;) and uridine diphosphate glucuronosyltransferase (UGT2B7) protein level (r = 0.605,
P =0.022), whereas a reverse correlation between Ry and cytochrome P450 (CYP1A) protein level was observed (r = —0.540,
P = 0.046). Various compounds inhibited either DMXAA glucuronidation or 6-methylhydroxylation, or both pathways. Pretreatment of
rats with B-naphthoflavone, but not phenobarbitone and cimetidine, increased the percentage of the contribution by 6-methylhydroxyla-
tion to 17% from 4% of control at 5 uM DMXAA. Our results indicate that the f,, of DMXAA is subject to substrate concentration,
inhibition, induction, and the protein levels of enzymes that biotransform DMXAA. However, clinical studies are important to verify the

conclusions drawn from in vitro data.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Metabolism including Phase I and II reactions has been
regarded as one of the most important and complex
processes in the body, leading to the excretion of most
drugs [1]. CYPs and UGTs are the most important Phase I
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Abbreviations: AIC, Akaike’s information criterion; BNF, -naphtho-
flavone; CMT, cimetidine; CYP, cytochrome P450; UGT, uridine dipho-
sphate glucuronosyltransferase; DMXAA, 5,6-dimethylxanthenone-4-
acetic acid; DMXAA-G, DMXAA acyl glucuronide; f,, relative contribu-
tion of each metabolic pathway; K,,, Michaelis-Menten constant; 6-OH-
MXAA, 6-hydroxymethyl-5-methylxanthenone-4-acetic acid; PB, pheno-
barbitone; RAF, relative activity factor; Ry, ratio of metabolic activity by
Phase II and I reactions; Vy,.x, maximum metabolic velocity.

and II drug-metabolizing enzyme families, responsible for
the metabolism of more than 95% of therapeutic drugs [2—
6]. The relative abundance of the hepatic CYPs in humans
has been determined as: CYP1A2 (13%), 2A6 (4%), 2B6
(<1%), 2C (20%), 2D6 (2%), 2E1 (7%), and 3A4 (30%)
[4,7]. The significance of the individual CYP enzymes in
human drug metabolism varies, with CYP3A, CYP2D, and
CYP2C being responsible for the metabolism of 50, 25,
and 20%, respectively, of the currently known drugs [4,8].
Both CYPs and UGTs have broad and overlapping sub-
strate specificity. Therefore, a single drug can be metabo-
lized by two or more reactions/enzymes. The majority of
the human CYPs and UGTs may be inhibited and/or
induced after exposure of the individual to drugs or other
exogenous compounds [2,4]. For example, both UGT1A9
and UGT2B7 are inducible by various compounds such as
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BNF [3], #-butylhydroquinone and 2,3,7,8-tetrachlorodi-
benzo-p-dioxin [9], whereas CYP1A2 is inducible by
smoking [10]. The induction and inhibition of enzymes
responsible for drug metabolism have been considered as
major factors leading to significant changes in drug effects
[11-13]. Enzyme induction and inhibition may be of
particular importance with anti-cancer drugs as these drugs
with narrow therapeutic ranges are often administered in
multi-drug combinations at maximum tolerated doses.

It is important to determine the identity, the f},, and the
enzyme for a drug, as this is associated with the in vitro—in
vivo extrapolation with respect to metabolic clearance,
toxicity, and drug—drug interactions. Detailed and quanti-
tative metabolite profiling using in vivo animal models can
provide information on the f,,, but this approach is costly
and time-consuming. Species differences may cause diffi-
culty in extrapolating animal data to humans. The relative
contribution of each enzyme (mainly CYP) to the meta-
bolism of a drug can be determined by several approaches,
including correction for specific enzyme contents deter-
mined by western blot analysis in human liver [7], kinetic
and inhibition studies using selective inhibitors (chemicals
and antibodies), and the RAF approach [14,15]. However,
the resultant data will vary, depending on the method used,
which may only give an approximation of the real situa-
tion. Moreover, this may be difficult for drugs that are
mainly metabolized by UGTs, due to the lack of selective
inhibitors (chemicals and antibodies), the latency issue,
and the technical problem with the determination of the
contents of UGT enzymes.

The investigational anti-cancer drug DMXAA (Fig. 1),
developed as an analogue of flavone-8-acetic acid by the
Auckland Cancer Society Research Center, has completed
Phase I clinical trials recently in New Zealand and the
United Kingdom under the direction of the Cancer
Research Campaign’s Phase I/II Clinical Trials Committee
[16]. As a new biological response modifier, the mode of
action, the toxicology, and the pharmacological properties
of DMXAA are remarkably different from most classical
chemotherapeutic agents. The induction of cytokines (par-
ticularly tumour necrosis factor-o) [16-18], serotonin
[19,20] and nitric oxide [21,22], and the anti-vascular
[23], anti-angiogenetic [24], and immuno-modulating
effects [25,26] are considered to be major mechanisms
of action of DMXAA. In vitro and in vivo studies have
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Fig. 1. Chemical structure of DMXAA.

indicated that acyl glucuronidation is the dominant meta-
bolic pathway for DMXAA in animals and humans, with 6-
methylhydroxylation the less important pathway, giving
rise to DMXAA-G and 6-OH-MXAA [27-29]. Phenotyp-
ing studies have indicated that DMXAA glucuronidation is
catalyzed by UGT1A9 and UGT2B7 [30], and that of 6-
methylhydroxylation by CYP1A2 [31].

The aim of this study was to determine the relative
contribution of the Phase I (6-methylhydroxylation) and II
(glucuronidation) pathways to the metabolism of
DMXAA, using an established human liver bank. The
effects of various CYP and UGT substrates/inhibitors
and enzyme protein levels (UGT2B7 and CYP1A), deter-
mined by western blot analysis, on the metabolism of
DMXAA were also investigated in human liver micro-
somes. In addition, the effects of several known drug-
metabolizing enzyme inducers, including BNF, PB, and
CMT [11,32-34], on the metabolism of DMXAA were
examined, using a rat model.

2. Materials and methods
2.1. Chemicals and reagents

DMXAA and 2,5-dimethylxanthenone-4-acetic acid
(SN24350, as the internal standard) were synthesized in
the Auckland Cancer Society Research Center [35]. To
avoid degradation, DMXAA was protected from light
exposure by using amber glass [36]. Authentic DMXAA-
G and 6-OH-MXAA were isolated and purified from the
bile and urine of rats treated with DMXAA, and their struc-
tures were confirmed by mass spectrometry and ['HINMR
[29]. Diclofenac, BNF, cyproheptadine, a-naphthoflavone,
bicinchoninic acid reagent, Brij 58, chlorzoxazone, diethyl-
dithiocarbamate, erythromycin, fenclofenac, fenoprofen,
indomethacin, quinidine, p-saccharic acid 1,4-lactone, tes-
tosterone, tolbutamide, troleandomycin, PB, and CMT were
obtained from the Sigma-Aldrich Co. Sulphaphenazole was
obtained from Novartis. Ketoconazole was purchased from
ICN Biomedicals. The polyclonal antiserum raised in goats
recognizing human CYP1A1/1A2 and UGT2B7 was
obtained from the Gentest Corp. Anti-goat or anti-rabbit
immunoglobulin G (IgG) raised in donkeys was purchased
from ICN Biomedicals. Electrophoresis products were
obtained from Bio-Rad, and NADPH and UDPGA from
Roche Diagnostics NZ Ltd. All other reagents were of
analytical or HPLC grade as appropriate.

2.2. Human liver bank

Human liver samples (N = 14) were obtained from
individuals who underwent liver resection for metastasis
of colon cancer or hydatid disease, or from a transplant
donor. Histological examination of the resected livers
ensured the use of healthy liver tissue. The details of
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the donors have been described elsewhere [31]. Ethical
approval from the Northern New Zealand Research Ethics
Committee and written informed consent for use of liver
tissues for research were obtained.

2.3. Animal treatment

Healthy male Wistar Kyoto rats (180-230 g) were
housed under constant temperature, lighting, and humidity
according to institutional guidelines. Sterile food and water
was available ad lib. All animal procedures were approved
by the Animals Ethics Committee of the University of
Auckland. The rats (N = 5 for each group) were treated
with BNF, PB, CMT, or vehicle. BNF or CMT (80 mg/kg)
was administered by intraperitoneal injection for 3 days,
and PB was given orally in drinking water (0.1%, w/w) for
5 days. The animals were killed, and livers were collected.

2.4. Preparation of liver microsomes

The microsomes from human and rat livers were pre-
pared by differential centrifugation, as described pre-
viously [37]. Livers and microsomes were stored at
—80° until used. Microsomal protein concentration was
determined by the Bicinchoninic Acid Protein Assay
(Pierce), and bovine serum albumin was used as a standard
[38]. The CYP content was determined as described [39].

2.5. Microsomal incubation and inhibition studies

The in vitro kinetic and inhibition studies of DMXAA
glucuronidation and 6-methylhydroxylation with rat
(untreated and pretreated) and human liver microsomes
were performed using optimized incubation conditions
with respect to microsomal protein concentration, incuba-
tion time, and substrate concentration for each species
[31,40]. For glucuronidation, Brij 58 (ratio of Brij 58 to
microsomal protein was 0.1—0.25:1, w/w) was incubated
with microsomes at pH 6.8, along with p-saccharic acid
1,4-lactone to inhibit the activity of B-glucuronidase. All
incubations were performed in triplicate, were initiated by
the addition of UDPGA or NADPH, and conducted at 37°
in a shaking water bath. The inhibition of liver DMXAA
acyl glucuronidation and 6-methylhydroxylation in vitro
by various UGT substrates and CYP inhibitors/substrates
with various sources of human liver microsomes was
investigated. Pooled human liver microsomes (from
HL6, HL7, and HL.8) were used for DMXAA glucuronida-
tion as this pathway is catalyzed by multiple UGT enzymes
(UGT1A9/UGT2B7) [30], and the glucuronidation activity
for DMXAA was similar in these human livers. CYP1A2
catalyzes the 6-methylhydroxylation of DMXAA [31], and
significant interindividual variations in the inhibition of
this metabolic pathway may occur; thus, three sources of
human livers (HL12, HL13, and HL14) were used. The
concentrations of DMXAA were 140 uM for glucuronida-

tion, and 20 pM for 6-methylhydroxylation, the apparent
K,, values for each metabolic pathway in humans. The
inhibitors and/or substrates for CYPs and UGTs were
tested initially at 0.5 to 500 uM. If significant inhibition
was observed, the latter were then used to determine the
inhibitor concentration range for K;. The mechanism-based
CYP inhibitors diethyldithiocarbamate and troleandomy-
cin [41] were preincubated in the presence of NADPH at
37° for 15 min prior to the addition of DMXAA. Incuba-
tions were stopped by cooling on ice, adding 2 vol. of an
ice-cold acetonitrile:methanol mixture (3:1, v/v) contain-
ing 2 pM internal standard, and vortexing vigorously.
Mixtures were centrifuged (3000 g for 10 min at 37°) to
remove the precipitated microsomal protein. The super-
natant was removed and evaporated under nitrogen gas,
and the residue was reconstituted with mobile phase and
injected into the HPLC. Substrate consumption did not
exceed 10% at any substrate concentration. Formation
rates (v) were expressed in nanomoles per milligram of
protein per minute.

2.6. HPLC

The determination of DMXAA-G and 6-OH-MXAA in
liver microsomal preparations by HPLC, with fluorescence
detection, has been described previously [31,40]. Briefly,
the HPLC system consisted of a solvent delivery system, a
model SF250 fluorescence detector (excitation and emis-
sion wavelengths of 345 and 409 nm, respectively), a
model 460 autosampler, and a model D450 data processing
system (all from the Kontron Instrument Co.). A Luna C18
guard column and a 5 um Spherex analytical column
(150 x 4.6 mm; Phenomenex Co.) were used. The mobile
phase (flow rate 2.5 mL/min) was acetonitrile:10 mM
ammonium acetate buffer (24:76, v/v, pH 5.0). All HPLC
methods had acceptable accuracy (85—115% of true
values) and precision (intra- and inter-assay coefficient
variations < 15%). Assay specificity was indicated by the
absence of interfering chromatographic peaks in micro-
somal samples and in incubations with potential inhibitors.

2.7. Immunoblot analysis

SDS—PAGE was performed according to Laemmli [42].
After electrophoresis, the separated microsomal proteins
were transferred onto Hybond-P membranes (Amersham).
Detection of CYP1A or UGT2B7 was carried out using a
primary antibody recognizing human CYP1A1/1A2 raised
in goat with rat CYPIAl as immunogen or human
UGT2B7 raised in rabbit. Biotinylated donkey anti-goat
or -rabbit IgG was used as the secondary antibody. Strep-
tavidin-horseradish peroxidase was bound to the secondary
antibody, and the light signal was developed using the ECL
system (Amersham). The signal intensities on the blots
were quantified using an MD30 image analysis system
(Leading Edge) equipped with a video camera mounted on
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a Leitz Diaplan microscope. Recombinant CYP1A2 and
UGT2B7 from human B-lymphoblastoid cellular micro-
somes were used as standards.

2.8. Data analysis

Data are presented as means & SD. Several models to
describe the in vitro kinetics of DMXAA glucuronidation
and 6-methylhydroxylation (one and two binding sites,
substrate—activator and substrate—inhibitor complex forma-
tion, and the sigmoid models, Eqs. (1)—(4)) in rat and human
liver microsomes were fitted and compared using the Prism
3.0 program (Graphpad Software Co.) as described [31].

_ Viu[S]

m+[] v
K+£T§W& v

where v is the rate of metabolism; V..., the maximum
velocity; K,,, the Michaelis—Menten constant; [S], the
substrate concentration; K, the substrate inhibition con-
stant; /', the Hill coefficient for cooperative substrate
binding; and subscripts 1 and 2, the first and the second
type of enzyme binding sites. The choice of model was
confirmed by the F-test, comparison of the relative resi-
duals and the standard error of the parameter estimates
from the non-linear regression analysis, and comparison of
the AIC [43]. Statistical significance was assessed, using a
Student’s ¢-test, at P < 0.05. The initial statistical analysis
to evaluate the differences in the mean kinetic parameters
among the different groups was performed by a two-way
ANOVA with a Tukey—Kramer test.

The apparent K; values and the nature of inhibition were
initially estimated by Dixon plots, and then were confirmed
by fitting and comparing several inhibition models (com-
petitive, uncompetitive, and mixed inhibition) (Egs. (5)-
(7)) using the Prism 3.0 program. The appropriate model
was chosen by F-test and AIC comparison:

B Vinax[S]
" T K (L+ /K 18] ©)
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= ()
K (1 + [1]/Kic) + [S](1 + [1]/Ki)

where [/] is the inhibitor concentration, and subscripts ¢

and u represent competitive and uncompetitive inhibition.
The f, of each metabolic pathway [p = glucuronidation

(II) and 6-methylhydroxylation (I)] to net DMXAA meta-

bolism in human liver microsomes was predicted as a
function of substrate concentration [S], using the reaction
velocity (v,(s)) based on the enzyme kinetic parameters
(K,, and V,,.x) determined for each pathway:

i () = —2—

Vi(s) T Vi)

x 100 ®)

The ratio of metabolic activity by Phase II and I reactions
(Ry1) was given by:

A%
Ry = & )
Vi(s)

3. Results

3.1. Phase I and Phase Il metabolism of DMXAA in
human liver microsomes

Both glucuronidation and 6-methylhydroxylation of
DMXAA in human liver microsomes followed Michae-
lis—Menten kinetics (typical data and Eadie—Hofstee plots
are shown in Fig. 2), with mean K,, and V., values of
143 £ 79 pM and 0.71 &£ 0.52 nmol/min/mg for glucuro-
nidation, and 21 5 uM and 0.04 &+ 0.02 nmol/min/mg
for 6-methylhydroxylation. The relative contribution of
the different metabolic pathways (f,) to net metabolism
of DMXAA over 5-350 uM is shown in Fig. 3A. At 5 uM
DMXAA, 6-methylhydroxylation and glucuronidation
contributed 26 and 74%, respectively, to overall biotrans-
formation in human liver microsomes; values were 7 and
93%, respectively, at 350 uM DMXAA. Consistently, the
ratio of metabolic activity by Phase II and I reactions (Ryyp)
increased from 3 at 5 uM DMXAA to 12 at 350 uM
DMXAA (Fig. 3B).

3.2. Relationship of Ry with drug-metabolizing
enzyme levels

There was a 5-, 6-, and 5-fold interindividual variation in
the contents of CYP, CYP1A, and UGT2B7, respectively,
determined by western blot analysis in the 14 human livers
(Table 1). This is consistent with the 3- to 7-fold inter-
individual variation in the K,, and V,,,x for 6-methylhy-
droxylation and glucuronidation of DMXAA. In addition,
there was a significant relationship between Ry, and
UGT2B7 protein levels (r = 0.605, P = 0.022), whereas
a reverse correlation between Ry and CYP1A protein
levels was observed (r = —0.540, P = 0.046) (Fig. 4A and
B). However, there was no significant correlation between
Ry and total CYP contents (r = 0.444, P = 0.1122).

3.3. Inhibition studies
In human liver microsomes, fenclofenac, cyprohepta-

dine, and diclofenac, and the anti-cancer drugs amsacrine,
vinblastine, and vincristine significantly inhibited DMXAA
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Fig. 2. Typical Michaelis—Menten (A and C) and Eadie—Hofstee (B and D) plots for DMXAA glucuronidation (A and B) and 6-methylhydroxylation (C and
D) in human liver microsomes from HL4. Each data point is the mean 4= SD of triplicate determinations in all the Michaelis—Menten plots. The curves in

Michaelis—Menten plots represent the fit of one enzyme binding-site model.

glucuronidation to 10-50% of control with K; values of
10—365 uM (for Dixon plots, see Fig. 5). a-Naphthofla-
vone at 0.5 and 5 uM reduced DMXAA 6-methylhydrox-
ylation to 20 and 14% of control, respectively

Table 1

(K; = 0.036 uM). In addition, cyproheptadine, diclofenac,
phenacetin, o-naphthoflavone, SKF 525A, and the anti-
cancer drugs daunorubicin and N-[2-(dimethylamino)-
ethyl]acridine-4-carboxamide (DACA) inhibited DMXAA

Enzyme levels and kinetic parameters for DMXAA 6-methylhydroxylation and glucuronidation by human liver microsomes®

Human Total CYP CYP1A UGT2B7 6-Methylhydroxylation Glucuronidation
livers (nmol/mg) level level
Ratio of K,, (uM) Vinax K, (uM) Vinax
metabolic activity (nmol/min/mg) (nmol/min/mg)

HL1 0.93 +0.11 12+02 24 +0.2 26.2 11 +1 0.03 £ 0.00 62 + 11 1.12 £ 0.05
HL2 0.68 + 0.10 1.3+03 25+03 40.7 23 £3 0.01 £ 0.00 258 £ 113 1.77 £ 0.32
HL3 0.46 £+ 0.06 1.5+03 2.1 £0.2 9.6 23 +2 0.03 + 0.00 109 + 13 0.58 + 0.03
HL4 0.63 + 0.07 1.3+02 22+03 9.5 26 £ 4 0.03 £ 0.00 234 £ 76 1.73 £ 0.14
HL5 0.35 + 0.03 0.5+ 0.1 23+03 18.7 31£5 0.02 £+ 0.00 166 + 28 1.13 £ 0.08
HL6 0.22 + 0.02 0.7 £ 0.1 1.7+ 0.2 25.6 20+ 3 0.03 £ 0.00 108 £ 15 0.30 £ 0.05
HL7 0.244 + 0.02 25+02 1.5+0.1 133 15+2 0.05 + 0.00 80 + 11 0.38 + 0.02
HL8 0.27 + 0.02 21+03 1.5+£02 14.3 17 £ 1 0.04 £ 0.00 72 £ 11 0.23 £+ 0.01
HL9 0.24 + 0.03 23+02 0.5+0.1 8.7 16 £ 1 0.05 £ 0.00 86 + 6 0.23 £+ 0.01
HL10 0.40 + 0.06 2.1+02 14 +£0.1 52 16 £ 1 0.09 £ 0.00 86 +7 0.42 £ 0.01
HLI11 0.35 +£ 0.05 29 +£0.2 1.5+ 02 10.3 17+ 1 0.04 + 0.00 317 £ 111 0.58 £ 0.11
HL12 0.41 + 0.04 1.9+0.2 1.4 +£02 9.8 26 £2 0.06 £ 0.00 133 £23 0.74 £ 0.05
HL13 0.38 + 0.05 20+0.2 1.6 £ 0.2 12.1 24 +£2 0.05 £ 0.00 131 +£9 0.57 £ 0.01
HL14 0.26 + 0.01 1.9+ 0.1 14 +£0.1 12.8 2+2 0.05 £ 0.00 83 +5 0.60 £ 0.01
Mean + 0.43 +0.23 1.8 £ 0.6 1.7+£05 21 £5 0.04 £ 0.02 143 £ 79 0.71 £ 0.52

SD (range) (0.22-0.93) (0.5-29) (0.5-2.5) (11-31) (0.01-0.09) (62-317) (0.23-1.77)

# Parameters are reported as means + SD from three determinations in microsomal preparations from 14 human livers. Glucuronidation activity was
determined in Brij 58-activated microsomes. The units for CYP1A and UGT2B7 are arbitrary.
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Fig. 3. (A) Relative contribution of Phase I (6-methylhydroxylation, Hll)
and Phase II (glucuronidation, A) metabolic pathways to overall DMXAA
metabolism in human liver microsomes at 5—350 uM DMXAA. (B) The
ratio of metabolic activity (glucuronidation:6-methylhydroxylation) over
5—-350 uM DMXAA.

6-methylhydroxylation with K; values of 0.59 to 350 uM
(for Dixon plots, see Fig. 6). Other CYP inhibitors, includ-
ing troleandomycin, ketoconazole, diethyldithiocarbamate,
tobutamide, erythromycin, chlorzoxazone, sulphaphena-
zole, quinidine, and testosterone had little or negligible
inhibitory effects on DMXAA 6-methylhydroxylation (data
not shown). Diclofenac and cyprohepatadine inhibited both

Table 2
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Fig. 4. Relationship between the ratio of metabolic activity (glucuronida-
tion:6-methylhydroxylation) at 100 pM DMXAA and CYPI1A levels (A,
) and UGT2B7 levels (B, A) determined by western blot analysis.

glucuronidation (K; = 10 and 53 pM, respectively) and 6-
methylhydroxylation (K; = 93 and 265 puM, respectively).

3.4. Induction studies

Pretreatment of BNF, PB, and CMT resulted in a 120, 95,
and 42% increase in the total CYP contents, respectively,
compared with the control (564 + 23 pmol/mg microso-
mal protein, N =35). The kinetic parameters for liver
microsomal DMXAA 6-methylhydroxylation and glucur-
onidation in inducer-treated and untreated rats are shown in
Table 2. DMXAA 6-methylhydroxylation and glucuroni-
dation followed monophasic Michelis—Menten kinetics in
either inducer-treated or untreated rats except for the BNF-
pretreated rats where high- and low-affinity enzyme com-
ponents for 6-methylhydroxylation were demonstrated by
a best-fit two enzyme-site model (typical Miche-
lis—Menten plots for microsomal DMXAA 6-methylhy-
droxylation are shown in Fig. 7, left column). The
Eadie—Hofstee plots (Fig. 7, right column) suggested a
biphasic kinetic for DMXAA 6-methylhydroxylation in
BNF-treated rats. All inducers had little or negligible
effects on the apparent K,,, values for DMXAA 6-methyl-
hydroxylation and glucuronidation except for BNF-treated
rats where a 23-fold lower K,,, and a 180-fold higher V,../

Kinetic parameters of liver microsomal DMXAA 6-methylhydroxylation and glucuronidation in inducer-treated and untreated rats*

Treatment 6-Methylhydroxylation Glucuronidation in detergent-activated microsomes
K,, (uM) Vinax (nmol/min/mg) Vinax/ K, (mL/min/g) K,, (uM) Vmax (nmol/min/mg) Vinax/ K, (mL/min/g)
Untreated 158 + 21 0.04 £ 0.00 0.23 £+ 0.04 118 £ 11 0.75 £+ 0.03 6.36 £ 0.65
BNF 7+ 1 (K1) 0.03 £ 0.00 (Vinax1) 41.4 4+ 591° 101 £+ 12 1.37 + 0.13° 10.1 & 1.20°
292 + 115 (K,.2) 0.06 £ 0.01° (Vinax2) 0.21 £ 0.08
PB 135 £ 26 0.04 + 0.00 0.30 & 006" 134 £ 25 0.85 £ 0.02 6.34 + 1.21
CMT 129 + 10 0.04 £ 0.00 0.27 £ 0.02 144 + 18 0.77 £+ 0.03 5.35 £ 0.67

*Kinetic parameters are means + SD from three determinations in pooled liver microsomes of rats (N = 5) receiving various inducers. BNF = B-

naphthoflavone; PB = phenobarbitone; CMT = cimetidine.
°pP<0.05, compared with control rats.
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and diclofenac (F) in human liver microsomes. Each data point is the mean of at least three determinations.

K,, (CL;i,,) value was observed compared with control.
BNF pretreatment significantly increased the percentage of
metabolic activity by 6-methylhydroxylation to 17% from
4% of control at 5 uM DMXAA, but this was reduced to
the level of control when the DMXAA concentration
increased to 350 uM (Fig. 8). However, PB or CMT
pretreatment had little effect on the change of the percen-
tage of metabolic activity by 6-methylhydroxylation.

4. Discussion

Our results based on this study, together with previous
investigations, have indicated that acyl glucuronidation
and 6-methylhydroxylation are the two major metabolic
pathways for DMXAA, with the former being the pre-
dominant one and the latter a lesser important one for its
metabolic clearance. Previous studies have indicated that:
DMXAA-G was the predominant urinary metabolite (up to

60% of the total dose of DMXAA) in patients receiving
DMXAA [31]; up to 50% of the DMXAA dose was
recovered as DMXAA-G in an isolated rat liver perfusion
model [27]; and the major biliary metabolite was
DMXAA-G in the mouse [44]. Like other drugs that are
glucuronidated extensively, the clearance of DMXAA in
vivo may be influenced by a variety of factors, including
the rate of production, hydrolysis, and renal clearance of
the acyl glucuronide [3,45]. Factors affecting one or more
of these processes may lead to alterations in the clearance
of DMXAA. However, caution should be taken with
extrapolation from in vitro data to the in vivo situation
for DMXAA, as this is complicated by conjugation—decon-
jugation recycling via the hydrolysis of the reactive acyl
glucuronide during circulation in the blood (systematic
recycling), or during passage through the gut after biliary
excretion (entero-hepatic recycling) [2,46].

However, the relative contribution of glucuronidation and
6-methylhydroxylation to net DMXAA metabolism may be
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subject to substrate concentration. This may be due to the 6-
and 1.5-fold higher K, and intrinsic clearance values for
glucuronidation, compared with those for 6-methylhydrox-
ylation, suggesting that the UGTs (UGT1A9 and UGT2B7)
were the high-capacity component, whereas the enzyme for
6-methylhydroxylation (CYP1A2) was low-capacity. This

is demonstrated, for example, in the reduction of the percent
contribution of 6-methylhydroxylation from 26% at 5 pM
DMXAA to 7% at 350 uM DMXAA. Data from the Phase I
clinical trial of DMXAA indicated that the concentration
ratio of DMXAA-G to 6-OH-MXAA increased with
increasing doses of DMXAA, and that the systemic clear-
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ance values in cancer patients at low doses of DMXAA were
more variable than those found at high doses (unpublished
results). This may be due to CYP1A2 contributing more to
the overall clearance of DMXAA at low doses, whereas at
higher doses CYP1A2 activity levels may be more subject to
inhibition, induction, individual smoking habits, and gender,
resulting in significant interindividual variation [10].

For drugs metabolized by two such enzyme systems, the
remarkable change of the f, values may have important
pharmacokinetic and toxicological implications. For
example, the shifting of a major metabolic pathway may
lead to an altered metabolite profile in the bile and urine,
resulting in pharmacological consequences, especially if
the metabolites are toxic and/or pharmacologically active
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[1,47]. For instance, tamoxifen resistance has been attrib-
uted, in part, to its altered metabolite profile, leading to
reduced tamoxifen in the tumour and more accumulation
of estrogenic metabolites [48]. As DMXAA-G undergoes
covalent binding to albumin in vitro and in vivo in humans,
adduct formation with albumin is proportional to the
concentration of DMXAA-G and the DMXAA dosage
[28]. Therefore, it could be predicted that shifting of the
major DMXAA metabolic pathway from Phase I (6-
methylhydroxylation) to Phase II (glucuronidation) would
lead to increased DMXAA-albumin adduct formation,
possibly resulting in clinically significant toxicity. A shift
in the importance of one major metabolic pathway to
another with changing concentration may also have impli-
cations for drug—drug interactions [49]. The contribution to
overall clearance of a particular metabolic pathway subject
to inhibition is an important determining factor in the
prediction of in vivo drug interactions [50]. Our in vitro
and in vivo studies have indicated that glucuronidation is
the major metabolic pathway for DMXAA, whereas 6-
methylhydroxylation is a minor metabolic pathway
accounting for up to 30% of total clearance [27-29]. Thus,
alterations in the latter pathway of DMXAA metabolism
would not be expected to have a clinically significant effect
on DMXAA disposition, and it can be predicted that only
those compounds inducing DMXAA glucuronidation or
both metabolic pathways are likely to cause drug interac-
tion with increased in vivo clearance of DMXAA. How-
ever, there remains the possibility that at low DMXAA
concentrations, the major metabolic pathway may be
CYP1A2-catalyzed 6-methylhydroxylation. Under these
circumstances, factors that induce (e.g. smoking) or inhibit
(e.g. fluvoxamine) CYP1A2 could have important effects
on the total elimination rate of DMXAA.

Our results have also indicated that the relative con-
tributions of glucuronidation and 6-methylhydroxylation
were subject to the protein levels of enzymes involved in

the biotransformation of DMXAA, as indicated by the
significant interindividual variation of the kinetic para-
meters (K, and V,,,,) for glucuronidation and 6-methyl-
hydroxylation of DMXAA in 14 human livers. In addition,
genetic polymorphisms in UGT2B7 [51] and CYP1A2 [4]
have been reported, which may contribute to the change of
f» values. Furthermore, since UGT1A9, UGT2B7, and
CYP1A2 are all present in extrahepatic tissues such as
the intestines and the kidneys [4,5], their contributions to
the net clearance of DMXAA should be taken into account.

This study has indicated that various inducers have
differential effects on Phase I and II metabolism of
DMXAA in the rat. Although all inducers examined
increased the total CYP content, BNF and PB, but not
CMT, significantly increased the 6-methylhydroxylation
rate of DMXAA. On the other hand, BNF but not PB and
CMT induced DMXAA glucuronidation in the rat. BNF
significantly induced both DMXAA 6-methylhydroxyla-
tion and glucuronidation, but it has a more complicated
effect on the former metabolic pathway, as indicated by the
biphasic kinetics of 6-methylhydroxylation. The reason for
the transformation from monophasic to biphasic kinetics is
unknown. Possible explanations include the change in the
liver CYP1A1/CYP1A2 ratio and the involvement of
multiple enzymes with very different affinity to substrate
after pretreatment of BNF that has been shown to be a
potent inducer of CYP1A [33,34]. CYP1A has been shown
to be involved in DMXAA 6-methylhydroxylation in the
rat, as indicated by the significant inhibition by the known
CYP1A inhibitors furafylline and o-naphthoflavone
(unpublished data). Since the V.x (0.04 & 0.00 nmol/
min/mg) of DMXAA 6-methylhydroxylation in rat liver
microsomes was comparable to that in human liver micro-
somes  (0.04 £0.02 nmol/min/mg), and negligible
CYP1A2 protein level has been observed in laboratory
rats [52], this reaction may be catalyzed in the rat primarily
by CYP1A1l and/or other CYP isoforms rather than
CYP1A2. It appears that the inducing effects of BNF
and PB on CYP content and CYP1A activity determined
by DMXAA 6-methylhydroxylation were comparable with
those results reported by others [33,34].

In conclusion, the relative contributions of Phase I and 11
metabolism to the clearance of DMXAA are subject to
substrate concentration, inhibition, induction, and protein
levels of the enzymes that biotransform DMXAA. The
involvement of multiple enzymes for DMXAA metabo-
lism indicates a low potential of drug-DMXAA interac-
tion. However, clinical trials are important to verify the
conclusions drawn from the in vitro data.

Acknowledgments
The authors appreciate the support from the Maurice

and Phyllis Paykel Trust, the Auckland Medical Research
Foundation, and the University of Auckland Research Fund.



S. Zhou et al./Biochemical Pharmacology 65 (2003) 109-120 119

References

(1]

(2]

3

—_

[4

=

[5

—_

[6

=

[7

—

[8

—_

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Lin JH, Lu AYH. Role of pharmacokinetics and metabolism in drug
discovery and development. Pharmacol Rev 1997;49:403—49.
Kroemer HK, Klotz U. Glucuronidation of drugs: a re-evaluation of
the pharmacological significance of the conjugates and modulation
factors. Clin Pharmacokinet 1992;23:292-310.

Meech R, Mackenzie PI. Structure and function of uridine diphosphate
glucuronosyltransferases. Clin Exp Pharmacol Physiol 1997;24:907—
15.

Rendic S, Di Carlo FJ. Human cytochrome P450 enzyme: a status
report summarizing their reactions, substrates, induction, and inhibi-
tors. Drug Metab Rev 1997;29:413-580.

Burchell B, Brierley CH, Monaghan G, Clarke DJ. The structure and
function of the UDP-glucuronosyltransferase gene family. Adv Phar-
macol 1998;42:335-8.

Tukey RH, Strassburg CP. Human UDP-glucuronosyltransferases:
metabolism, expression, and disease. Annu Rev Pharmacol Toxicol
2000;40:581-616.

Shimada T, Yamazaki H, Mimura M, Inui Y, Guengerich FP. Inter-
individual variations in human liver cytochrome P450 enzymes in-
volved in the oxidation of drugs, carcinogens and toxic chemicals. J
Pharmacol Exp Ther 1994;270:414-23.

Bertz RJ, Granneman GR. Use of in vitro and in vivo data to estimate
the likelihood of metabolic pharmacokinetic interactions. Clin Phar-
macokinet 1997;32:210-58.

Miinzel PA, Schmohl S, Heel H, Kélberer K, Bock-Hennig BS, Bock
KW. Induction of human UDP glucuronosyltransferases (UGT1A6,
UGT1A9, and UGT2B7) by t-butylhydroquinone and 2,3,7,8-tetra-
chlorodibenzo-p-dioxin in Caco-2 cells. Drug Metab Dispos
1999;27:569-73.

Landi MT, Sinha R, Lang NP, Kadlubar FF. Human cytochrome
P4501A2. In: Ryder W, editor. Metabolic polymorphisms and suscept-
ibility to cancer, vol. 148. Lyon: IARC Scientific Publications; 1999,
p. 173-95.

Pelkonen O, Maenpaa J, Taavitsainen P, Rautio A, Raunio H. Inhibi-
tion and induction of human cytochrome P450 (CYP) enzymes.
Xenobiotica 1998;28:1203-53.

Dresser GK, Spence JD, Bailey DG. Pharmacokinetic—pharmacody-
namic consequences and clinical relevance of cytochrome P450 3A4
inhibition. Clin Pharmacokinet 2000;38:41-57.

Lin JH, Lu AY. Interindividual variability in inhibition and induction
of cytochrome P450 enzymes. Annu Rev Pharmacol Toxicol
2001;41:535-67.

Venkatakrishnan K, von Moltke LL, Greenblatt DJ. Application of the
relative activity factor approach in scaling from heterologously ex-
pressed cytochromes P450 to human liver microsomes: studies on
amitriptyline as a model substrate. J Pharmacol Exp Ther
2001;297:326-37.

Ohyama K, Nakajima M, Nakamura S, Shimada N, Yamazaki H,
Yokoi T. A significant role of human cytochrome P450 2C8 in
amiodarone N-deethylation: an approach to predict the contribution
with relative activity factor. Drug Metab Dispos 2000;28:1303-10.
Jameson MB, Thomson PI, Baguley BC, Evans BD, Harvey V],
McCrystal MR, Kestell P. Phase I pharmacokinetic and pharmacody-
namic study of 5,6-dimethylxanthenone-4-acetic acid (DMXAA), a
novel antivascular agent. Proc Annu Meet Am Soc Clin Oncol
2000;19:182a.

Ching L-M, Joseph WR, Crosier KE, Baguley BC. Induction of tumor
necrosis factor-o. messenger RNA in human and murine cells by the
flavone acetic acid analogue 5,6-dimethylxanthenone-4-acetic acid
(NSC 640488). Cancer Res 1994;54:870-2.

Philpott M, Baguley BC, Ching L-M. Induction of tumour necrosis
factor-o. by single and repeated doses of the antitumour agent 5,6-
dimethylxanthenone-4-acetic acid. Cancer Chemother Pharmacol
1995;36:143-8.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Baguley BC, Cole G, Thomsen LL, Li Z. Serotonin involvement in the
antitumour and host effects of flavone-8-acetic acid and 5,6-dimethyl-
xanthenone-4-acetic acid. Cancer Chemother Pharmacol 1993;33:
77-81.

Baguley BC, Zhuang L, Kestell P. Increased plasma serotonin follow-
ing treatment with flavone-8-acetic acid, 5,6-dimethylxanthenone-
4-acetic acid, vinblastine, and colchicine: relation to vascular effects.
Oncol Res 1997;9:550-60.

Thomsen LL, Ching L-M, Baguley BC. Evidence for the production of
nitric oxide by activated macrophages treated with the antitumor
agents flavone-8-acetic acid and xanthenone-4-acetic acid. Cancer
Res 1990;50:6966-70.

Thomsen LL, Ching L-M, Zhuang L, Gavin JB, Baguley BC. Tumor-
dependent increased plasma nitrate concentrations as an indication of
the antitumor effect of flavone-8-acetic acid and analogues in mice.
Cancer Res 1991;51:77-81.

Zwi LJ, Baguley BC, Gavin JB, Wilson WR. Correlation between
immune and vascular activities of xanthenone acetic acid on tumour
agents. Oncol Res 1994;6:79-85.

Cao Z, Baguley BC, Ching L-M. Interferon-inducible protein 10
induction and inhibition of angiogenesis in vivo by the antitumor
agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA). Cancer Res
2001;61:1517-21.

Ching L-M, Baguley BC. Enhancement of in vitro cytotoxicity of
mouse peritoneal exudate cells by flavone acetic acid (NSC 347512).
Eur J Cancer Clin Oncol 1988;24:1521-5.

Ching L-M, Baguley BC. Effect of flavone acetic acid (NSC 347512)
on splenic cytotoxic effector cells and their role in tumour necrosis.
Eur J Cancer Clin Oncol 1989;25:821-8.

Webster LK, Ellis AG, Kestell P, Rewcastle GW. Metabolism and
elimination of 5,6-dimethylxanthenone-4-acetic acid in the isolated
perfused rat liver. Drug Metab Dispos 1995;23:363-8.

Zhou SF, Paxton JW, Tingle MD, Kestell P, Jameson MB, Thompson
PL, Baguley BC. Identification and reactivity of the major metabolite
(B-1-glucuronide) of the anti-tumour agent 5,6-dimethylxanthenone-
4-acetic acid (DMXAA) in humans. Xenobiotica 2001;31:277-93.
Kestell P, Paxton JW, Rewcastle GW, Dunlop I, Baguley BC. Plasma
disposition, metabolism and excretion of the experimental antitumour
agent 5,6-dimethylxanthenone-4-acetic acid in the mouse, rat and
rabbit. Cancer Chemother Pharmacol 1999;43:323-30.

Miners JO, Valente L, Lillywhite KJ, Mackenzie PI, Burchell B,
Baguley BC, Kestell P. Preclinical prediction of factors influencing the
elimination of 5,6-dimethylxanthenone-4-acetic acid, a new antic-
ancer drug. Cancer Res 1997;57:284-9.

Zhou SF, Paxton JW, Tingle MD, Kestell P. Identification of the human
liver cytochrome P450 isozyme responsible for the 6-methylhydrox-
ylation of the novel anticancer drug 5,6-dimethylxanthenone-4-acetic
acid. Drug Metab Dispos 2000;28:1449-56.

Snyder R. Microsomal enzyme induction. Toxicol Sci 2000;55:
233-4.

Lake BG, Renwick AB, Cunninghame ME, Price RJ, Surry D, Evans
DC. Comparison of the effects of some CYP3A and other enzyme
inducers on replicative DNA synthesis and cytochrome P450 isoforms
in rat liver. Toxicology 1998;131:9-20.

Saarikoski ST, Ikonen TS, Oinonen T, Lindros KO, Ulmanen I,
Husgafvel-Pursiainen K. Induction of UDP-glycosyltransferase fa-
mily 1 genes in rat liver: different patterns of mRNA expression with
two inducers, 3-methylcholanthrene and B-naphthoflavone. Biochem
Pharmacol 1998;56:569-75.

Rewcastle GW, Atwell GJ, Baguley BC, Calveley SB, Denny WA.
Potential antitumor agents. 58. Synthesis and structure-activity rela-
tionships of substituted xanthenone-4-acetic acids active against the
colon 38 tumor in vivo. J] Med Chem 1989;32:793-9.

Rewcastle GW, Kestell P, Baguley BC, Denny WA. Light-induced
breakdown of flavone acetic acid and xanthenone analogues in solu-
tion. J Natl Cancer Inst 1990;82:528-9.



120

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S. Zhou et al./Biochemical Pharmacology 65 (2003) 109—120

Robson RA, Matthews AP, Miners JO, McManus ME, Meyer UA, Hall
PM, Birkett DJ. Characterisation of theophylline metabolism by
human liver microsomes. Br J Clin Pharmacol 1987;24:293-300.
Smith PK, Krohn RI, Hermanson GT, Mallia AK, Garter FH, Pro-
venzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC.
Measurement of protein using bicinchoninic acid. Anal Biochem
1985;150:76-85.

Omura T, Sato R. The carbon monoxide binding pigment of liver
microsomes. I. Evidence for its hemoprotein nature. J Biol Chem
1964;23:2370-8.

Zhou SF, Paxton JW, Tingle MD, McCall J, Kestell P. Determination
of two major metabolites of the novel anti-tumour agent 5,6-dimethyl-
xanthenone-4-acetic acid in hepatic microsomal incubations by high-
performance liquid chromatography with fluorescence detection. J
Chromatogr B Biomed Sci Appl 1999;734:129-36.

Halpert JR, Guengerich FP, Bend JR, Correia MA. Selective inhibitors
of cytochromes P450. Toxicol Appl Pharmacol 1994;125:163-75.
Laemmli UK. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 1970;227:680-5.

Yamaoka K, Nakagawa T, Uno T. Application of Akaike’s information
criterion (AIC) in the evaluation of linear pharmacokinetic equations.
J Pharmacokinet Biopharm 1978;6:165-7.

Kestell P, Zhao L, Ching L-M, Baguley BC, Paxton JW. Modulation
of the plasma pharmacokinetics of 5,6-dimethylxanthenone-4-acetic
acid by thalidomide in mice. Cancer Chemother Pharmacol 2000;46:
135-41.

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Faed EM. Properties of acyl glucuronide: implications for studies of
the pharmacokinetics and metabolism of acidic drugs. Drug Metab
Rev 1984;15:1213-49.

Spahn-Lugguth H, Benet LZ. Acyl glucuronide revisited: is the
glucuronidation process a toxification as well as a detoxification
mechanism? Drug Metab Rev 1992;24:5-48.

Lin JH. Species similarities and differences in pharmacokinetics. Drug
Metab Dispos 1995;23:1008-21.

Osborne CK. Mechanisms for tamoxifen resistance in breast cancer:
possible role of tamoxifen metabolism. J Steroid Biochem Mol Biol
1993;47:83-9.

Venkatakrishnan K, von Moltke LL, Greenblatt DJ. Nortriptyline E-
10-hydroxylation in vitro is mediated by human CYP2D6 (high
affinity) and CYP3A4 (low affinity): implications for interactions
with enzyme-inducing drugs. J Clin Pharmacol 1999;39:567-77.

Ito K, Iwatsubo T, Kanamitsu S, Ueda K, Suzuki H, Sugiyama Y.
Prediction of pharmacokinetic alterations caused by drug—drug inter-
actions: metabolic interaction in the liver. Pharmacol Rev 1998;50:
387-411.

Bhasker CR, McKinnon W, Stone A, Lo ACT, Kubota T, Ishizaki T,
Miners JO. Genetic polymorphism of UDP-glucuronosyltransferase
2B7 (UGT2B7) at amino acid 268: ethnic diversity of alleles and
potential clinical significance. Pharmacogenetics 2000;10:679-85.
Nedelcheva D, Gut I. P450 in the rat and man: methods of investiga-
tion, substrate specificities and relevance to cancer. Xenobiotica 1994,
24:1151-75.



	Preclinical factors influencing the relative contributions of Phase I and II enzymes to the metabolism of the experimental anti-cancer drug 5,6-dimethylxanthenone-4-acetic acid
	Introduction
	Materials and methods
	Chemicals and reagents
	Human liver bank
	Animal treatment
	Preparation of liver microsomes
	Microsomal incubation and inhibition studies
	HPLC
	Immunoblot analysis
	Data analysis

	Results
	Phase I and Phase II metabolism of DMXAA in human liver microsomes
	Relationship of RII/I with drug-metabolizing enzyme levels
	Inhibition studies
	Induction studies

	Discussion
	Acknowledgements
	References


