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Abstract—Metabolism of the anticancer agent crisnatol was investigated using a human hepatoma cell
line, Hep G2, and human liver microsomes. Crisnatol was metabolized extensively by both systems.
The TLC/autoradiographic analysis showed that the crisnatol metabolite profile was similar for both
systems and the major metabolites were shown to have structural characteristics similar to those formed
by the rat. The Hep G2 cells formed three isomeric dihydrodiols; one of these has been jdentified by
GC/MS and 'H-NMR as the crisnatol 1,2-dihydrodiol. Human liver microsomes also formed two isomeric
dihydrodiols with 1,2-dihydrodiol as the major isomer and, in addition, produced 1-hydroxycrisnatol.
Crisnatol concentrations of 1.3 ug/mL completely inhibited the replication of Hep G2 cells as measured
by thymidine incorporation and cell growth kinetics and, at this concentration, cell viability decreased
by only 35% as determined by vital staining of cells using neutral red dye.

Crisnatol, 2-[(6-chrysenylmethyl)amino]-2-methyl-
1,3-propanediol (BW A770U), is a member of a
series of novel DNA intercalating arylmethyl-
aminopropanediol (AMAP?) antitumor agents [1].
This lipophilic compound has displayed significant
antitumor activity in murine and human tumor
models [2-4] and is currently undergoing phase II
clinical trials. Preclinical metabolism and disposition
of crisnatol in animals have been investigated exten-
sively [5-7], but its mechanism of action and
biotransformation in humans still remain to be deter-
mined. Preliminary pharmacokinetic data from
phase I clinical trials suggest rapid hepatic clearance
of crisnatol presumably due to metabolism and/or
biliary excretion but specific crisnatol metabolites
have not been identified [8]. Metabolism studies
including isolation and characterization of metab-
olites form an integral part of preclinical drug dev-
elopment and the information derived from these
studies may contribute significantly to elucidating the
mechanisms of action and toxicity of new therapeutic
agents.

Several recent reports suggest that human hepa-
toma cell lines may serve as a useful in vitro model
system for studying carcinogen activation and drug
metabolism. One such cell line, Hep G2, established
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+ Abbreviations: AMAP, arylmethylaminopropanediol;
DMSO, dimethyl sulfoxide; TCA, trichloroacetic acid;
PBS, phosphate-buffered saline; TMS, trimethylsilyl;
BSTFA, N,O-bis-(trimethylsilyl)trifluoroacetamide; EI/
MS, electron-impact/mass spectra; GC/MS, gas
chromatography/mass spectrometry; and 'H-NMR, proton
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from a human hepatoblastoma [9], has been shown
to retain many of the specialized functions of normal
liver parenchymal cells including expression of
hepatocyte-specific cell surface receptors [10-12],
and synthesis and secretion of plasma proteins [13—
15]. Hep G2 cells also retain drug-metabolizing capa-
city, both the cytochrome P450-dependent mixed-
function oxidases as well as glucuronic acid and
sulfate-conjugating activities [16-19]. These cells
metabolically activate cyclophosphamide, benzo-
[alpyrene, aflatoxin B,, diethylstilbestrol and ben-
zidine into mutagenic and cytotoxic products [20-
24]. In addition, Hep G2 cells metabolize endogen-
ous compounds such as cholesterol and other lipo-
proteins [25-27].

The specific objectives of the present study were
to compare the metabolic pathways of crisnatol in
Hep G2 cells and normal human liver microsomes,
and to isolate and characterize major metabolites.
In addition, we assessed the antiproliferative activity
of various concentrations of crisnatol in Hep G2 cells
by measuring thymidine incorporation, cell growth,
and vital staining of cells using neutral red dye.

MATERIALS AND METHODS

Materials. All compounds used were of analytical
¥rade. [“C]Crisnatol mesylate, 2-[(6-chrysen[5,11-
4Clyl - methyl)amino] - 2 - methyl - 1,3 - propanediol
methanesulfonate (mesylate), was synthesized by
Dr. J. Hill at the Wellcome Research Laboratories
(Research Triangle Park, NC) with a specific activity
of 48.50 mCi/mmol and a radiochemical purity of
greater than 97%. Thymidine[methyl-*H], with a
specific activity of 25 Ci/mmol, was purchased from
the Amersham Corp. (Arlington Heights, IL). D-
Glucose-6-phosphate, NADPH, D-saccharic acid
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1,4-lactone (inhibitor for S-glucuronidase), glucose-
6-phosphate dehydrogenase (Type IX), and a §-
glucuronidase/sulfatase mixture (Helix pomatia; type
VII) were obtained from the Sigma Chemical Co.
(St. Louis, MO). Bond Elut (3cc, Cg) cartridges
were obtained from Analytichem International
(Harbor City, CA) and Sep Pak (Cp) from
Waters Chromatography Division (Milford, MA).
Chromatographic solvents were HPLC grade.

Cell culture and antiproliferation assays. Hep G2
cells were cultured as previously described [28]. For
cell culture experiments, crisnatol was dissolved in
DMSO and at all times the final DMSO concentration
in the cell culture medium was below 0.16%.

[*H|Thymidine incorporation into DNA was
determined in Hep G2 cells growing in the absence
and presence of various concentrations of crisnatol.
Cells were plated at a density of 2 X 10° cells/2 mL
medium/well in a 12-well plate. After the indicated
periods of time in the presence of crisnatol, 10 uCi
[*H]thymidine were added for a 45-min pulse; then
radioactivity was determined in acid-insoluble and
acid-soluble pools by TCA precipitation and liquid
scintillation counting as previously described [29].
Preliminary studies showed that radioactivity was
linearly incorporated into acid-insoluble pools for at
least 3 hr. Staining with the vital stain, neutral red,
was performed by plating either 3000 or 6000 cells/
0.1 mL medium/well in a 96-well microtiter dish on
day ~1. On day 0, various concentrations of crisnatol
were added in a 100 L. volume and, at the indicated
periods of time, neutral red staining was determined
as previously described {30].

Crisnatol metabolism by Hep G2 cells. Metabolism
of [**C]erisnatol by Hep G2 cells was determined at
0.05, 0.50 and 1.00 ug crisnatol/mL culture medium.
Cells were plated at 13X 10° cells/25 cm?/5 mL
culture medium on day —1, [“C]crisnatol was added
on day 0 and the incubation continued for an
additional 24 hr. In other studies, cells were
incubated with 1.00 ug [**C]crisnatol/mL culture
medium for 0.5, 1.0, 3.0, 5.5, and 24 hr. At the end
of each incubation period, the medium was removed
and the cells were washed with 5mL PBS; then
10 mL of a methanol/water mixture (75:25, v/v)
was added. The cells were lysed by sonication and
then centrifuged at 3000 rpm for 15 min to obtain a
supernatant, which was designated as “intracellular
supernatant.” Culture flasks were rinsed with
scintillation fluid to determine the residual radio-
activity. The cell culture medium (1 mL) was applied
to a 3cc Bond Elut (Cyg) solid-phase disposable
cartridge which was preconditioned by washing with
methanol (3 mL) followed by water (6 mL). The
cartridges were washed with water (9mL) and
radioactive material was eluted by washing with
methanol (3 mL) which was subsequently reduced
to dryness. The residues were redissolved in methanol
and then assayed for crisnatol and metabolites by
TLC/autoradiography (see below).

The above procedure was scaled-up using
2.5 X 107 cells/150 cm?/25 mL of cell culture medium
containing 1.0 ug [“CJcrisnatol/mL to generate
crisnatol metabolites for structural characterization.

Crisnatol metabolism by human liver microsomes.
Human liver microsomes were obtained as described

previously [31]. The incubation mixture consisted of
2 mL of 0.2 M potassium phosphate buffer (pH 7.4),
5 mMMgCl,, 7.5 mM glucose-6-phosphate, 1.75 mM
NADPH, 1 unit glucose-6-phosphate dehydrogenase
and human liver microsomes (11.23 mg protein) in
a 5-mL final incubation volume. The reaction was
initiated by adding [“C]crisnatol at the indicated
concentrations, and then the mixture was incubated
at 37° with constant shaking. After 24 hr, the reaction
was stopped by adding an equal volume of methanol/
acetonitrile (1:1). The resultant mixture was then
centrifuged at 3000rpm for 15min and the
supernatant assayed by TLC/autoradiography (see
below). The above procedure was repeated on a
larger scale in the presence of both the non-labeled
(1mg) and ["“Clcrisnatol to generate crisnatol
metabolites for structural characterization.

TLC/autoradiography. Analytical TLC was per-
formed on glass plates (20 X 20 cm) precoated with
0.25 mm silica gel 60 (E. Merck, Darmstadt, West
Germany). The developing solvent system was
dichloromethane/methanol/ammonium hydroxide/
water (65:30:1:3, by vol.). The TLC plates were
developed for 14 cm and radioactive bands located
by autoradiography using X-ray film (Kodak SB 5,
Rochester, NY). The distribution of radioactivity
applied on the plate was determined by scraping
discrete sections of the silica gel into scintillation
vials followed by liquid scintillation counting.

Radioactivity measurement. Samples (50 uL) were
assayed in replicate for radioactivity in a Packard
Tri-Carb, model 460 CD liquid scintillation counter
(Packard Instruments, Downers Grove, IL) using
10 mL of Aquasol-2 (Packard) scintillation fluid. For
samples containing cellular extracts, cell debris was
first solubilized using Soluene-100 (Packard) tissue
solubilizer.

Isolation of crisnatol metabolites. Crisnatol meta-
bolites formed by Hep G2 cells were isolated as
follows: Pooled cell medium was applied to an
Amberlite XAD-2 resin column followed by a water
wash. The column was then sequentially washed
with ethyl acetate/acetone (1:1), methanol, and
methanol/triethylamine (8:2) to elute the majority
of the “C-labeled material. The organic fractions
were combined and their volume was reduced to
dryness. The residue was redissolved in water and
then applied to a Sep Pak (Cyg) cartridge which was
washed with water and then eluted with methanol/
triethylamine (8:2). The methanol/triethylamine
eluent was reduced to dryness and the resultant
residue redissolved in methanol and chro-
matographed on preparative silica gel TLC plates as
described above. Autoradiograms of the developed
plates revealed three major bands at Ry values of
0.61 (band A), 0.65 (band B) and 0.69 (band C).
The silica gel corresponding to band A, and bands
B + C combined (since these bands ran very close
together) was removed and the radioactivity was
eluted from silica gel with methanol, which was
reduced to dryness. The two compounds obtained
from bands B and C were further purified by HPLC.
The HPLC system consisted of a Waters 600
multisolvent delivery pump, a Waters WISP 712
autoinjector, and a Kratos variable wavelength UV
detector (Spectroflow 757). Crisnatol metabolites
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Fig. 1. (A) [’H]Thymidine incorporation into acid-insoluble pools of Hep G2 cells cultured with various
concentrations of crisnatol. Cells were cultured in the presence of the indicated concentrations of
crisnatol for 24, 48 and 72 hr. Radioactivity was determined in acid-insoluble pools. Data are expressed
as a percentage of controls which received no treatment. Values for total radioactivity incorporated
into the control samples at 24, 48 and 72 hr were 2.2 x 10°, 2.5 x 10° and 2.8 X 10° dpm, respectively.
The 0ug/mL values represents vehicle-treated samples. Each point represents three independent
determinations. (B) Growth rate of Hep G2 cells cultured with various concentrations of crisnatol for
24, 48 and 72 hr. Hep G2 cells were plated on day —1. On day 0 crisnatol was added at the indicated
concentrations. Cell number determinations were made on day 0 and after 24, 48 and 72 hr. The line
labeled O ug/mL represents vehicle-treated control cells. Each point represents two independent
determinations.

were separated on a Sum Supelcosil LC-8-DB
column (4.6 mm X 25 cm; Supelco, Inc.). The mobile
phase consisted of methanol/acetonitrile/1% formic
acid in water (30:20:50, by vol.) which was pumped
at a flow rate of 1 mL/min. The eluent was monitored
at 269 nm, and the radioactivity was measured with
a Berthold model LB 506C monitor (Berthold
Analytical Instruments) fitted with a solid cell
(YG400). Material obtained from bands A, B
and C was designated Hep G2-derived crisnatol
metabolites 1, II and III, respectively. These
metabolites correspond to two major bands at Ry
values of 0.59 (I + IT) and 0.66 (III) observed in cell
medium on analytical plates (see Fig. 4A).

To the liver microsome incubation mixture, an
equal volume of methanol/acetonitrile (1:1) was
added and the mixture centrifuged at 3000 rpm for
10 min. The resultant supernatant was reduced to a
small volume and then chromatographed on
analytical silica gel TLC plates as described above.
Autoradiograms of the developed plates revealed
two major bands designated D (R;0.63) and E
(R;0.80). The silica gel corresponding to each band

was scraped off and the radioactivity eluted with
methanol, which was then reduced to dryness. The
residue was reconstituted in mobile phase and the
metabolites were further purified by HPLC, as
described above. The radiolabeled materials obtained
from bands D and E were designated human liver-
derived crisnatol metabolites IV and V, respectively.
Metabolites IV and V correspond to the major bands
observed at Ry values of 0.63 and 0.77, respectively,
in Fig. 4C. The average HPLC retention times for
metabolites II, III (or IV), and V, and crisnatol
were 5.1, 5.9, 9.9, and 26.2 min, respectively.
GC/MS and NMR analysis. EI/MS of TMS
derivatives of the crisnatol metabolites were obtained
using a VG 70S double-focusing mass spectrometer
(VG Analytical, Manchester, U.K.) after GC
separation. TMS derivatives were formed by heating
the metabolite sample with BSTFA /acetonitrile/di-
chloromethane (2:1:0.1, by vol.) at 100° for 30 min.
GC was performed using a 10m DB-5 capillary
column (0.32mm i.d., 25um thickness) (J&W,
Folsom, CA) which was temperature programmed
from 100 to 300° at 20°/min. The column was held
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at 100° for 2 min after injection. The spectra were
recorded at an ionization energy of 70eV.

Proton NMR spectra were recorded in DMSO-dq
solution at 25° on a Varian VXR-5008 spectrometer
operating at a frequency of 499.984 MHz.

RESULTS

Antiproliferative activity of crisnatol in Hep
G2 cells. Antiproliferative activity of various
concentrations of crisnatol in Hep G2 cells was
assessed by measuring thymidine incorporation, cell
growth, and vital staining of cells using neutral red
dye.

Figure 1A illustrates a time- and concentration-
dependent decrease in thymidine incorporation into
acid-insoluble pools of Hep G2 cells cultured in the
presence of crisnatol. Approximately 100% inhibition
was achieved at crisnatol concentrations of 1.3 ug/
mL within a 24-hr culture period. Crisnatol is very
lipophilic and may disrupt cell membrane functions
including transport processes. The crisnatol-
mediated decrease in thymidine incorporation may
have been caused artifactually by a decrease in intra-
cellular soluble pools of thymidine resulting from an
alteration in thymidine transport. This possibility was
assessed by determining acid-soluble and acid-
insoluble pools of thymidine in Hep G2 cells cultured
in the presence of crisnatol for 48 hr. Crisnatol had
no significant effect on [*H]thymidine uptake or on
intracellular soluble pools at concentrations of 1.3 ug/
mL and lower. Hence, the crisnatol-mediated effect
illustrated in Fig. 1A is not the result of alterations in
intracellular radiolabeled pool sizes.

Consistent with these observations was the effect
of crisnatol on the growth rate of Hep G2 cells.
Figure 1B illustrates a concentration- and time-
dependent decrease in cell number of Hep G2 cells
cultured in the presence of crisnatol. The minimum
concentration which produced no increase in
cell number and approximately 0% thymidine
incorporation was 1.3 pug/mL (Fig. 1, A and B). At
this crisnatol concentration no overt cell lysis or
other indications of acute cytotoxicity were observed
microscopically.

Another measure of the antiproliferative effects
of crisnatol was assessed using the vital stain, neutral
red (which requires mitochondrial activity for
activation). Figure 2 illustrates vital neutral red
staining expressed as a percent of control cell values.
It is interesting to note that Hep G2 cells incubated
for 48 hr in the presence of 1.3 ug/mL crisnatol had
65% of the control dye staining yet thymidine
incorporation was 0% of control and there was no
cell growth. This suggests that 1.3 ug/mL crisnatol
completely inhibits the replication of Hep G2 cells
but cell viability is decreased by only 35%. These
data were confirmed by Trypan blue exclusion in
Hep G2 cells treated for 48 hr in the presence of
1.3 ug/mL crisnatol. Based on these data, metabolism
studies using Hep G2 cells were performed at
crisnatol concentrations of 0.05, 0.50 and 1.00 ug/
mL medium.

[“*C]Crisnatol metabolism by Hep G2 cells. Hep
G2 cells were incubated with |'*“C|crisnatol (0.05,
0.50 and 1.00 ug/mL medium) at 37° for 24 hr. The
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Fig. 2. Neutral red dye vital staining of Hep G2 cells
cultured in the presence of various concentrations of
crisnatol. Hep G2 cells were cultured in the presence of
the indicated concentrations of crisnatol for 24, 48, 72 and
126 hr. The cells were stained with the vital stain, neutral
red. Data are expressed as a percentage of controls, which
received no treatment. O.D. values at 550 nm for the
control samples at 24, 48, 72 and 126 hr were 0.53, 0.61,
0.82 and 0.93, respectively. The 0 ug/mL values represent
vehicle-treated samples. Each point represents eight
independent determinations.

majority (85.9%) of the radioactivity added to the
culture was recovered in the cell medium and smaller
amounts in the intracellular supernatant (6.2%),
PBS rinse (2.4%), and cell debris (1.6%). TLC/
autoradiographic analysis of the cellmediumrevealed
several well-resolved drug-related radioactive bands,
indicating extensive metabolism of crisnatol by Hep
G2 cells (Fig. 3). Two major bands at R values of
0.59 and 0.66 accounted for 58% of the total
radioactivity present in the medium (Fig. 4A). The
other bands were present in smaller amounts ranging
from 1.74 to 8.27% of the total radioactivity. After
treatment of the cell medium with a S-glucuronidase,/
sulfatase mixture (in the absence and presence of
saccharolactone, the inhibitor for 8-glucuronidase),
there was no significant change in the distribution
of radioactivity associated with the bands between
the control and the enzyme-treated samples, sug-
gesting that glucuronide and/or sulfate conjugates
were not present. The metabolite patterns of the
material in the cell medium and intracellular
supernatant were very similar but with quantitative
differences (Fig. 4, A and B). The proportion of
intact drug (R; value of approximately 0.85) was
lower in the cell medium (2.3%) compared to the
intracellular supernatant (14.8%). A time course
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Fig. 3. Typical TLC/autoradiogram of crisnatol and metabolites in cell medium after incubation of
[“Clcrisnatol with Hep G2 cells at 37° for 24 hr. Key: control sample (no cells, lane I); [**C]crisnatol
concentrations of 1.0 (lanes I and II), 0.5 (lane IV) and 0.05 pg/mL medium (lane V); metabolite
profile in an extract of rat feces from an animal dosed orally with [*Clcrisnatol at 25 mg/kg (lane III).

study showed that after 5.5 hr approximately 60%
of the total 1*C-labeled material recovered from the
cellmedium was intact drug, but by 24 hr it accounted
for only 4% of the total radioactivity (data not
shown).

[**C]Crisnatol metabolism by human liver micro-
somes. There was extensive metabolism of
[**C]crisnatol by the human liver microsomes with
the intact drug accounting for only about 8% of the
radioactivity recovered from the mixture after a 24-
hr incubation period (Fig. 4C). Major drug-related
radioactive bands at Ry values of 0.33, 0.43, 0.51,
0.63, and 0.77 accounted for a mean of 8.5, 4.4, 6.0,
48.2, and 9.9%, respectively, of the radioactivity
present in the incubation mixture.

Both Hep G2 cells and human liver microsomes
form drug metabolites with chromatographic proper-
ties (TLC Ry) similar to metabolites observed in
extracts of feces from rats dosed orally with
[“Clcrisnatol (Fig. 3). The pattern of crisnatol
metabolism observed in the two in vitro systems
used in the present study does not appear to be
concentration dependent, at least over the range
used in this study.

Characterization of crisnatol metabolites produced
by the Hep G2 cells and human liver microsomes.
Hep G2-derived crisnatol metabolites I, II and III
were well separated by GC, with I and II eluting
before, and III after, crisnatol (TMS derivatives).

BP 42:2-J

The EI/MS of these three metabolites were almost
identical. A typical mass spectrum obtained for
metabolite III is shown in Fig. SA. The observed
parent ion, m/z 667, indicated the addition of 178
mass units to the TMS-derivative of crisnatol (m/z
489), consistent with the addition of two oxygen
atoms, two hydrogen atoms, and two TMS groups
to crisnatol. These data indicated that the three
compounds are isomeric dihydrodiols. The 'H-NMR
spectrum of metabolite III was also consistent with
the proposed dihydrodiol structure (Fig. 6A). The
pair of doublets at 4.73 and 4.35 ppm were assigned
to the 1- and 2-protons, respectively (Table 1). The
11 Hz coupling observed between these protons is
indicative of a diaxial configuration, which is
consistent with diequatorial trans-1,2 substitution of
the hydroxyl groups. If the hydroxyl groups were at
C-3,4 position, the corresponding protons would be
expected to assume diequatorial orientation due to
steric interactions in the “bay region,” resulting in
2-4 Hz coupling between these protons. The EI/MS
and NMR spectral data support metabolite III to be
trans-1,2-dihydro-1,2-dihydroxycrisnatol (Fig. 7).
Although GC/MS data indicate metabolites I and II
to be isomeric dihydrodiol derivatives of crisnatol,
they were not further characterized by NMR due to
insufficient quantities available for analysis.
Crisnatol metabolites IV and V isolated from
human liver microsomes correspond to the two
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Fig. 4. TLC profile of crisnatol and metabolites in Hep G2

cell medium (A), intracellular supernatant (B) and human

liver microsomes (C) after incubation of ["*C]crisnatol at
37° for 24 hr. Crisnatol R, value was 0.86.

major bands observed at R;0.63 (D) and 0.77 (E),
respectively, in Fig. 4C. GC/MS analysis of the
material isolated from band D indicated the
presence of two peaks with the larger component
(approximately 90% of the total), metabolite IV,
eluting after crisnatol on the GC column. Their EI/
MS were similar and were indistinguishable from
the isomeric dihydrodiol derivatives of crisnatol
formed by the Hep G2 cell. The proton NMR
spectrum for metabolite IV was very similar to that
of metabolite ITI (Fig. 6, B and A, respectively),
clearly establishing the structure of IV, also as the
trans-1,2-dihydro-1,2-dihydroxycrisnatol (Fig. 7).
The EI/MS of metabolite V (Fig. 5B) gave a
molecular ion at m/z 577 indicative of the addition
of 88 mass units to the TMS-derivative of
crisnatol (m/z 489). This is consistent with the
monohydroxylation of the chrysene ring in the parent
compound. The large peak at m/z 329 corresponds
to the loss of the side chain at the methylamino-
bond. Additional characteristic ions at m/z 474 and
562 were due to the loss of CH,OTMS and CHj,
groups, respectively, from the parent ion. The 'H-
NMR spectrum of metabolite V (Fig. 6C) indicated
that hydroxylation occurred at the C-1 position on
the chrysene ring (Fig. 7).

DISCUSSION

A number of recent reports (see introduction)

suggest that the human hepatoma cell line Hep G2
may be a useful in vitro model system for studying
human hepatic drug metabolism. However, since
this cell line was derived from tumor -cells
(hepatoblastoma), its drug-metabolizing activities
may be different compared to normal human liver
tissue. Since the metabolic profile of crisnatol in
humans has yet to be determined, as a first step we
compared and contrasted the metabolic capacity of
Hep G2 cells and human liver microsomes. In
addition, we also investigated the antiproliferative
properties of crisnatol on Hep G2 cells.

Crisnatol metabolism studies using Hep G2 celis
were conducted at three concentrations ranging from
minimal to maximum antiproliferative effective
concentrations. The acute antiproliferative effects
of crisnatol on Hep G2 cells were similar to those
reported in other in vitro systems [4, 32]. The precise
antiproliferative mechanism(s) of action of crisnatol
still remains to be elucidated. At present it is unclear
if this antiproliferative effect results from direct
cellular interactions with crisnatol and/or active
metabolite(s). It is important to note that even the
maximal antiproliferative concentration had minimal
acute cytotoxic effects in Hep G2 cells.

There was extensive metabolism of crisnatol by
Hep G2 cells and human liver microsomes. Hep G2
cells produced three isomeric dihydrodiols as the
major metabolites of crisnatol (a chrysene based
compound) and one of these, metabolite IIT (the
major isomer), was identified by GC/MS and 'H-
NMR as trans-1,2-dihydro-1,2-dihydroxycrisnatol
(Fig. 7). The other two dihydrodiols could not be
further characterized by NMR due to insufficient
quantities of material available for analysis. Our
data on dihydrodiol formation are consistent with
the earlier findings that the metabolism of
benzo[a]pyrene (BP) by Hep G2 cells also results in
the formation of isomeric dihydrodiols and, in
addition, phenol derivatives of BP [21]. Bio-
transformation of crisnatol by Hep G2 cells also led
to the formation of minor amounts of at least seven
other products (see Fig. 3, lane II). The TLC

_chromatographic behavior (R, value) of some of

these metabolites ‘represented by “C-bands was
similar to the metabolites isolated from feces of rats
dosed orally with [**C]crisnatol (Fig. 3, see lanes 11
and IIT). Biotransformation of crisnatol by the rat
mainly involves hydroxylation and dihydrodiol
formation in the chrysene ring, and oxidation of the
propanediol side chain resulting in the formation of
three major fecal metabolites [6, 33].

Formation of monohydroxy and dihydrodiol
metabolites for crisnatol was to be expected based
upon work that explored the metabolism of the
unsubstituted chrysene molecule by rat liver
microsomes [34]. In that work three trans-
dihydrodiols (chrysene 1,2-diol, 3,4-diol and 5,6-
diol) were formed and accounted for 65-76% of the
total metabolites. The 1,2- and 3,4-dihydrodiols were
the major metabolites. Further activation products
of chrysene dihydrodiols, including the diol-epoxides,
phenolic-diols, and tetrols have also been reported
[35-37]. In the current work, although minor
metabolites of crisnatol were formed, they have not
been identified. It is reasonable to speculate based
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Fig. 5. EI/MS (TMS derivatives) of crisnatol metabolite III isolated from Hep G2 cells (A) and
metabolite V isolated from human liver microsomes (B).

upon the rat microsomal work that the two minor
isomeric crisnatol dihydrodiols formed by Hep G2
cells are the 3,4- (or 9,10-) and 7,8-dihydrodiol
isomers. Incubation of crisnatol with human liver
microsomes also produced two isomeric dihydrodiols
with 1,2-dihydrodiol as the major isomer (accounting
for 90% of the mixture) and, in addition, 1-
hydroxycrisnatol (Fig. 7).

Epoxides have been identified as common
intermediates in the metabolic formation of phenols
and dihydrodiols [38]. Thus, the formation of phenols
via spontaneous isomerization of epoxides and the

enzymatic hydration of the same epoxides resulting
in the formation of dihydrodiols are both competing
pathways in the metabolism of polycyclic aromatic
hydrocarbons in mammals. The activity of epoxide
hydrolase, an enzyme which catalyzes the hydration
of epoxides to trans-dihydrodiols, has been reported
to be about 6-fold higher in the Hep G2 cells
compared with normal human hepatocytes [19].
This is consistent with our findings of isomeric
dihydrodiols, and not phenols as the major
metabolites of crisnatol formed by the Hep G2 cells.
In the present study we were unable to show the
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Fig. 6. 'TH-NMR spectra of the aromatic region of crisnatol metabolite III isolated from Hep G2 cells

(A), and metabolites IV (B) and V (C) isolated from human liver microsomes using DMSO-d; as the
solvent.

Table 1. 'H-NMR Spectral data for crisnatol and metabolites

Aromatic protons and chemical shifts (ppm) in DMSO-d,

Compound H1 H2 H3 H4 HS5 H7 H8 H9 H10 HI1 HI12
Crisnatol 816 7.8 776 895 9.12 842 784 7.8 9.07 894 820
Metabolite III 473 435 624 736 817 830 775 775 892 879 7.9
Metabolite IV 470 432 615 731 818 827 764 764 880 870 7.83
Metabolite V 7.08 755 835 88 840 772 772 894 877 833

Coupling constants for metabolite IV (Hz): J,,=11.2; J,,=1.9; J,,=9.8; J,5=8.3; J, 1, =8.5;

]"_12 = 8.5,
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presence of glucuronic acid and sulfate conjugates
of crisnatol or metabolites in medium from Hep G2
cells incubated with crisnatol probably due to
the low levels of UDP-glucuronyltransferase and
sulfotransferase activities reported in this cell line
[16,19] and also because of the lack of formation of
significant quantities of the phenol metabolite(s) of
crisnatol, which are more suitable substrates for
these conjugation reactions than dihydrodiols.

Hep G2 cells offer certain advantages as a system
for studying human liver drug metabolism compared
to other in vitro systems such as liver microsomes:
(1) Hep G2 cells are easily available and may provide
an unlimited source of reproducible material, (2)
whole cells preserve much of the cellular complexity
which is lost during subcellular fractionation and
therefore more closely resemble the in vivo physio-
logical environment, and (3) variability in drug-
metabolizing enzyme activities due to individual
liver preparations is minimized with Hep G2 cells
which are intrinsically more reproducible. Additional
research remains to be done to further characterize
the nature of the drug-metabolizing capacity (both
the phase I and II reactions) of Hep G2 cells not
yet determined, and how these activation and
detoxification reactions compare with the in vivo
profile in humans and with those in other in vitro
systems using normal human liver tissue (e.g.
hepatocytes, liver slices, and microsomes).

In conclusion, it is clear from the present study
that aderivative of chrysene, crisnatol, is metabolized
in a way similar to the unsubstituted chrysene by the
human liver-derived cell line, Hep G2, and human
liver microsomes. Isomeric dihydrodiols were the
major metabolites formed by both systems and, in

addition, a monohydroxy compound was also
produced by human liver microsomes. Hep G2 cells
also formed a number of other metabolites which
had chromatographic properties (TLC R; value)
similar to crisnatol metabolites formed by the rat,
including the 1-hydroxycrisnatol (R 0.74 to 0.75).
Thus, the formation of the 1-hydroxy derivative of
crisnatol by Hep G2 cells cannot be ruled out. Since,
the rat also forms these crisnatol metabolites, it is
likely that the dihydrodiol and monohydroxy
derivatives of crisnatol will be formed by humans.

Acknowledgement—The authors wish to thank Andrea
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