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ABSTRACT

a-Naphthoflavone (ANF) is a widely used inhibitor of P-450-mediated
metabolism. Previously, we have demonstrated that in vitro addition of
ANF to human lymphocytes produced significantly greater numbers of
sister chromatid exchanges (SCEs) in samples from smokers compared
to nonsmokers. In order to study the mechanism of this differential
induction, we investigated the clastogenic activity of ANF as a conse
quence of metabolism by induced and uninduced rat liver microsomes.
Exponentially growing Chinese hamster ovary cells were treated with
ANF for 2 h in the presence or absence of microsomes, followed by
incubation for 12 (chromosome aberrations) or 24 h (SCEs). ANF induced
concentration (4 to 40 WMl-di-pi-ndi-mincreases in SCEs and chromosome
aberrations when coincubated with 2,3,7,8-tetrachlorodibenzo(p)dioxin-
induced microsomes. At the lower concentrations of ANF, chromatid
damage was most predominant, whereas at the higher concentrations, a
high percentage of cells was killed. The surviving cells exhibited shattered
chromosomes and multiple damage in the form of chromatid exchanges
and breaks. ANF was not clastogenic nor did it induce SCEs in Chinese
hamster ovary cells when incubated with microsomes from control rats
or phenobarbital-treated rats. Moreover, NADPH was required for the
clastogenic actions of ANF in the presence of 2,3,7,8-tetrachlorodi-
benzo(p)dioxin-induced microsomes. Analysis of the ANF metabolites by
high-pressure liquid chromatography revealed that 2,3,7,8-tetrachloro-
dibenzoO>)dioxin-induced microsomes metabolized ANF to a much
greater extent than control or phenobarbital-induced microsomes. Our
results suggest that the clastogenic activity of ANF in Chinese hamster
ovary cells is mediated by the cytochrome P-450 monooxygenase system.

INTRODUCTION

ANF3 is a synthetic flavanoid, which has been widely studied

as a modifier/inhibitor of chemically induced carcinogenesis
(1-4). It is believed that the influence of ANF on carcinogenesis
is related to the inhibition of specific cytochrome P-450 iso-
zymes necessary for the metabolic activation of carcinogens
such as benzo(a)pyrene (2), 7,12-dimethylbenz(fl)anthracene
(4), and 3-methylcholanthrene (5) to reactive metabolites. De
spite the large number of studies on the modifying effects of
ANF on metabolism and carcinogenesis, ANF metabolism has
only recently been investigated (6-12). We are not aware of any
reports describing genotoxicity of ANF or any of its metabo
lites.

Previously we have shown that addition of ANF to whole
blood cultures from smokers induced significant increases in
the frequency of SCEs, whereas no such increases were seen in
lymphocyte samples from nonsmokers (13). A clear smoking
dose-response relationship was observed, and ANF-mediated
increases in the SCE frequency could be detected in a group
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smoking as few as five cigarettes per day (14). We hypothesized
that lymphocytes from smokers might possess a greater capacity
to metabolically activate ANF than lymphocytes from non-
smokers.

In support of this hypothesis, ANF-induced SCE levels in a
human population exposed to a mixture of PCBs and PCDFs
were higher than controls.4 These halogenated aromatics belong

to a class of chemicals for which TCDD is prototypical, and
these compounds are generally negative in tests for genotoxicity
(15). Moreover, we have demonstrated that lymphocytes from
TCDD-treated rats were considerably more sensitive to the
SCE-causing actions of ANF than were lymphocytes from
control animals, and that the dose-response of ANF-mediated
SCE induction in TCDD-treated rats closely resembled the
dose-response of liver AHH induction (16).

In order to improve as well as to predict possible applications
of the ANF-SCE assay for monitoring human populations
exposed to specific classes of chemicals, it is important to
further characterize the mechanism by which ANF exerts its
effects. This paper describes the clastogenic properties and
metabolism of ANF in CHO cells in the presence of induced
or uninduced rat liver microsomes.

MATERIALS AND METHODS

Animals. Female Sprague-Dawley rats (Charles River Breeding Lab
oratory, Wilmington, MA) 9 to 11 wk old and weighing approximately
200 g were maintained on a 12-h light-dark cycle at a room temperature
of 22*C. Animals were fed NIH rat chow and water ad libitum. Liver

microsomes were prepared from rats given either a single p.o. dose of
TCDD (10 jig/kg, 99% pure; obtained from 3. McKinney, National
Institute of Environmental Health Sciences) in 0.2 ml of corn oil or an
i.p. injection of PB (75 mg/kg) on 3 consecutive days. Control animals
received vehicle (corn oil) alone. On the first (PB) or the sixth (TCDD)
day after treatment, rats were anesthetized by CO, inhalation and
sacrified by decapitation. The livers were quickly removed and placed
on ice for microsome preparation.

Preparation of Microsomes. Two g of minced liver were homogenized
in 10 ml of buffer (ph 7.4) containing SO mM Tris and 1 HIMEDTA
with a Potter-Elvehjem glass/Teflon homogenizer. The homogenate
was centrifuged at 10,000 x g for 20 min. The supernatant was then
centrifuged at 100,000 x g for 1 h. and the resulting microsomal pellet
was resuspended in 100 HIMpotassium phosphate buffer (ph 7.4, 2
niÂ¡L-liver). The protein concentration of the microsomes was measured
by the Bio-Rad protein assay. The microsomes were frozen at â€”70Â°C

and used within 3 wk after they were made. Freezing of microsomes
for this period had no effect on microsomal activation of ANF to
clastogenic metabolites.

Cell Culture. CHO-K1 cells were grown in monolayer culture in
Ham's F-12 medium (Gibco, Grand Island, NY) supplemented with

10% fetal calf serum (Gibco: heat inactivated), 2 m\i L-glutamine
(Sigma, St. Louis, MO), and 100 . L m! penicillin plus 100 Mg/ml
streptomycin (Gibco; growth medium). The cells were incubated at
37'C in humidified 5% CO2 atmosphere. Subculture was performed

through detachment of cells with 0.05% trypsin solution (Gibco).
Incubation of CHO Cells with ANF. CHO cells were trypsinized and

4 K. Lundgren, G. W. Coliman, G. W. Lucier, and S. Wang-Wuu. Cytogenetic
detection of human exposure to polyhalogenated aromatic hydrocarbons, submit
ted for publication.
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Table 1 Chromosome aberrations induced by ANF in the presence of TCDD-induced microsomes

Chromosome aberrations/100 cells Other

ChromatidANF

cone.
(MMf00

+ microsomes
4.0
4.0 + microsomes
20
20 + microsomes
40
40 + microsomesGaps2

53

5
4

13
5
2Breaks1

1
1
5
1

11
3
2Exchanges00

0
32

17
1

11Multiplebreaks0

0
0
0
0
3
1

44Gaps0

0
0202

0
0ChromosomeDicentrics0

0
0
0
0
1
0

12Ring0

0
0
0
0
1
0
1Shattered

Breakschromosomes0

0
0
3
1
1
1
00

0
0
0
0
0
0

ISEndoreduplicate

cells0

2
0
0
0
0
5
0Damaged

d cells
(%)Â»3

8
4

15
8

42
11
87Damaged

cells
(%Y1

1
1

10
4

26
6

85
" Protein concentration was 0.8 mg protein/ml culture volume.
b Cells with gaps and endoreduplication included in calculations.
1Cells with endoreduplication omitted from calculation.

Table 2 Clastogenic effects ofANFcoincubated with TCDD, PB, or control
microsomes

The ANF concentration was 40 AIM.
Chromosome aberrations/100 cells'

ChromatidMicro

somesTCDD

PB
ControlGaps

BreaksExchanges7

5
516

0
119

0
1ChromosomeMultiple

breaksGaps2

0
0301Endore-

duplicated
cells0

54%of

damaged
cell?34

0
2

* Results of two independent experiments with SOcells scored from each.
* Cells having only gaps or being endoreduplication were omitted from the

calculations.

replaced at a cell density of 3 x 10s cells per 100-mm tissue culture
dish. Twenty-four h later the medium was removed, and 10 ml of
growth medium containing 0.6 to 0.8 mg/ml microsomal protein, an
NADPH generating system (final concentrations: NADP, 0.3 mivt;
Isocitrate, 16 HIM: Isocitrate dehydrogenase, 0.3 units/ml; Sigma
Chemical Company) and the appropriate ANF concentration (dissolved
in 20 i/1 of dimethyl sulfoxide) were added to exponentially growing
CHO cells. After a 2-h incubation at 37'C in humidified 5% CO2, the
cells were washed 3 times in 5 ml of Ham's F-12 and incubated in
growth medium supplemented with 10 Â¿Â¡MS-bromo-2-deoxyuridine

(Sigma).
Cytogenetic Procedures. After incubation with ANF, CHO cells were

grown for an additional 12 h (chromosome aberrations) or 24 h (SCEs).
Colcemid (0.1 Mg/ml; Gibco) was added to the cultures for the last hour
of incubation to arrest cells in metaphase. Cells were harvested by
mitotic shake off. Differential staining of the chromosomes was carried
out as previously described (13). At each treatment condition, 50 first
division cells were scored for chromosome aberrations, and 25 second
division cells were scored for SCEs. Replicate cultures were carried out
for each experiment. Results were analyzed by linear regression analy
sis.

11l'I ( Analysis of ANF Metabolism by Rat Liver Microsomes. Forty
IÃ•M[3H]ANF (specific activity, 1.65 Ci/mmol; purity, 99%; ChemSyn
Science Laboratories, Lenexa, KS) was incubated for 2 h at 37*C in 1

ml of growth medium containing microsomal protein and a NADPH
generating system (as described above). Incubations were terminated by
the addition of 3 volumes of ice-cold ethanol to precipitate protein.
After 30 min at O'C, the samples were centrifuged at 1200 x g for 10

min. The supernatant was removed and dried in a Savant Speed-Vac
(Savant Instruments, Hicksville, NY), and the resulting residue was
dissolved in 1.0 ml of deionized water. Unreacted substrate and metab
olites were extracted with 1.5 ml of ethylacetate:acetone (2:1). The
organic phase was dried, and the metabolites were further analyzed on
a reverse-phase HPLC column (Dupont Zorbax ODS; 6.2 x 250 mm)
using a VarÃanModel Vista 5500 HPLC system. A linear gradient
(1.67%/min) of 50 to 100% methanol in water at a flow rate of 1.0 ml/
min was used. Effluent was continuously monitored at 254 nm, and the
radioactivity was monitored using a Flo-one radioactive flow detector

(Radio-Analytic, Inc., Tampa. FL). Hydroxy-ANF metabolites were
identified by cochromatography with standards (obtained from S. Nes-
now. Environmental Protection Agency, NC). The identification of the
other metabolites was based on comparison of their relative retention
times to those reported by Nesnow (11) and on their conversion by acid
dehydration (11) to specific hydroxy-ANF metabolites.

RESULTS

Induction of Chromosomal Aberrations and SCE. The clasto-
genic effects of ANF were investigated by evaluating the induc
tion of chromosomal aberrations in CHO cells following incu
bation with ANF and induced or control rat liver microsomes.
The results of these experiments are shown in Tables 1 and 2.
Incubation of CHO cells with increasing concentrations of ANF
in the presence of TCDD-induced microsomes (Table 1) re
sulted in a dramatic increase in the percentage of damaged cells
(range, 1% at 0 /IM ANF to 85% at 40 MMANF). Analysis of
the chromosomal aberrations occurring in the CHO cells in
cubated with TCDD-induced microsomes revealed that, at 4
and 20 MMANF, the primary types of damage were simple
chromatid breaks and exchanges. At 40 MMANF the types of
aberrations present included complex chromatid exchanges,
multiple breaks, and dicentric and shattered chromosomes.
TCDD-induced microsomes, in the absence of ANF, had little
clastogenic activity in CHO cells. In contrast, incubation of PB-
induced or control microsomes with 40 MMANF resulted in no
significant increase in chromosomal aberrations in CHO cells
(Table 2).

The effect of ANF on SCE induction in CHO cells was also
studied in the presence of control, TCDD-, or PB-induced rat
liver microsomes as illustrated in Fig. 1. There was no apparent
concentration-dependent increase (P > 0.1, analyzed by linear
regression analysis) in the frequency of SCEs when CHO cells
were incubated with increasing concentrations (0 to 40 MM)of
ANF in the presence of control or PB-induced rat liver micro
somes. In contrast, a concentration-dependent increase (P <
0.001) in SCE frequency was observed when TCDD-induced
microsomes were used, although these effects were not as
dramatic as seen for chromosomal aberrations. No cytogenetic
effects were observed when ANF was cultured with CHO cells
in the absence of microsomes.

The effect of the microsomal protein concentration on the
clastogenic activity of ANF using TCDD-induced microsomes
was also investigated (Table 3). The maximal induction of both
SCEs and chromosomal aberrations by ANF occurred at a
microsomal protein concentration between 0.13 and 0.60 mg/
ml. The extent of damage was consistently greater at 40 MM
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Fig. I. Sister chromatid exchanges induced by ANF in the presence of TCDD,
PB-induced, or uninduced microsomes. Data are the average of duplicate experi
ments. The standard error was always equal to or less than O.OS SCEs per
chromosome, x, without microsomes; A, PB-induced microsomes; D, uninduced
microsomes; O, TCDD-induced microsomes. Microsomal protein concentrations
were 0.8 mg/ml culture medium. Possible concentration-dependent effects were
analyzed by linear regression analysis.

Table 3 Effect of the TCDD-induced microsomal protein concentration on the
cytogenetic activity ofANFMicrosomal

protein
concentration

(mg/ml)0.06

0.13
0.30
0.60
0.90
1.20SCEs/chromosome

at the following
ANFconcentrations'20

MM 40UM0.67
NDf

0.81 NSD
NSD Cell death
0.97 Cell death
0.89 NSD
0.75 NSDChromosome

aberrations
(% of damaged cells)

at the following
ANFconcentrations'20

UM 40MM4

ND
14 26
40 Cell death
28 Cell death
16 92
12 48

" For each condition 25 cells were scored for each of 2 separate experiments.

SE always < 0.04.
* For each condition 50 cells were scored for each of 2 separate experiments.
' ND, not done; NSD, no second-division metaphases.

ANF than at 20 Â¡I.MANF for all protein concentrations tested.
No effects on SCE or chromosome aberration frequency were
seen when varying concentrations of microsomal (0.06 to 1.2
mg/ml) protein were used in the absence of ANF. For most
experiments a microsomal protein (TCDD induced) concentra
tion of 0.8 mg/ml was used, because this concentration pro
duced consistent frequencies of chromosomal damage and in
duced SCEs without cell death.

Role of P-450 Isoenzymes. The P-450-dependent monooxy-
genase system requires NADPH as a cofactor. In order to
ascertain if the P-450 system catalyzes the activation of ANF
to clastogenic metabolites, the role of NADPH was tested, and
the results are shown in Table 4. In the absence of the NADPH
generating system the frequency of chromosomal aberrations
was identical to the background level. However, in the presence
of NADPH, an ANF concentration-dependent increase in chro
mosomal aberrations was observed. Furthermore, half the con
centration of each of the constituents of the NADPH generating
system produced similar frequencies of chromosomal aberra
tions. These results indicate that the NADPH concentration
was saturating for metabolic activation of ANF under the
described experimental conditions.

Western blot analysis showed that, in TCDD-induced micro
somes, the rat P-450c isoenzyme was induced greater than 300-
fold, whereas nondetectable levels were found in noninduced
and PB-induced microsomes.5 Likewise, in PB-treated animals

Table 4 Induction of chromosome aberrations by ANF in the presence or absence
of a NADPH-generating system and TCDD-induced microsomes

Results are expressed as the percentage of damaged cells, where gaps have
been omitted from the calculation. For each condition 50 cells were scored from
each of 2 independent experiments.

NADPH'

ANF(MM)02040Microsomes-ND*+

1
ND+

0
ND+1

014(13)'

146

(49)
1

sB. Domin, unpublished data.

' The concentration of the NADPH-generating system was as specified in
"Materials and Methods."

* ND, not done.
' Numbers in parentheses, results of experiments where the concentrations of

the NADPH-generating system constituents were half of the original concentra
tion.

there was a significant induction of the PB-inducible cyto-
chrome P-450 form b (greater than 100-fold). Although both
treatment protocols resulted in the expected induction of spe
cific P-450 isoenzymes, the clastogenicity of ANF in CHO cells
was apparent only when incubated with TCDD-induced micro
somes. These studies suggest that the clastogenicity of ANF is
dependent on metabolic activation by specific forms of cyto-
chrome P-450 isoenzymes induced by TCDD. Experiments
were therefore performed to further characterize the metabo
lism of ANF by uninduced, PB-, and TCDD-induced micro
somes (Fig. 2). HPLC analysis of the ANF metabolites present
after a 2-h incubation showed that, with uninduced (A) and PB-
induced (B) microsomes, approximately 10 and 30% of the
ANF were metabolized, respectively. The ANF metabolites
formed were the 5,6-dihydrodiol (Peak I), 7,8-dihydrodiol (Peak
If), 5,6-oxide (Peak III), and the 6-hydroxy (Peak IV). Peak V

represents unmetabolized ANF. In contrast, following incuba
tion of ANF with TCDD-induced microsomes (Q, virtually all
of the ANF was metabolized under our experimental condi
tions, and the predominant metabolite present was the 7,8-
dihydrodiol (68% of total metabolites). The incubation period
of 2 h was chosen because incubation of microsomes with CHO
cells in clastogenicity studies was also for a 2-h period. These
results indicate that there is a significant difference in the rate
of metabolism between the microsomal preparations used.

DISCUSSION

This investigation revealed that ANF metabolized by TCDD-
induced, but not PB-induced or control, rat liver microsomes
is a potent inducer of chromosomal aberrations and SCEs in
CHO cells. Complete cell killing and/or severe chromosome
damage was seen in almost all of the cells after exposure to
ANF at a concentration of 40 MMwhen using optimal micro-
some concentrations. ANF concentration-dependent increases
in SCEs were also observed, although the effect measured by
this end point was less dramatic when compared to increases
in chromosome aberrations. The maximal increase in SCEs
was approximately 50% above the base-line level; an increase
that interestingly was very similar to the ANF-induced increases
observed in human and rat lymphocytes in vitro after in vivo
exposure to cigarette smoking (13, 14) or halogenated aromat-
ics (Footnote 4; Ref. 16). A clear optimum for microsomal
protein concentration for chromosome aberration induction in
CHO cells was observed (Table 3). Inasmuch as total micro
somal protein concentration does not vary much from prepa-
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Fig. 2. HPLC analysis of ANF metabolites after 2-h incubation of 40 ,<\i | 'H |

ANF with differently induced microsomes. Metabolites were eluted from a
reverse-phase column using a methanol (AfeO//):water gradient (see "Materials
and Methods")..-(. uninduced microsomes; B, PB-induced microsomes; C, TCDD-
induced microsomes. Peak 1, 5,6-dihydrodiol; Peak U, 7,8-dihydrodiol; Peak III,
5,6-oxide; Peak IV, 6-hydroxy; and Peak V, unmetabolized ANF. Protein concen
tration was 0.8 mg/ml.

ration to preparation, these data suggest that relative concen
trations of ANF and the cytochrome(s) responsible for the
metabolic activation of ANF play a critical role in regulating
the amount of ANF-induced chromosomal damage.

The activation of ANF by TCDD-induced, but not by PB-
induced or control, microsomes indicates that the clastogenicity
of ANF requires metabolic activation catalyzed by specific
forms of cytochrome P-450. Further evidence for this hypoth
esis is provided by the fact that NADPH is essential for the
activation of ANF in the presence of TCDD-induced micro
somes (Table 4). The major metabolite produced by TCDD-
induced microsomes in CHO cells appears to be the ANF-7,8-
dihydrodiol. This finding is generally in agreement with the
findings of Vyas et al. (12) and Nesnow et al. (l 1) when ANF
metabolism was studied using 3-methylcholanthrene, /3-naph-
thofiavone, or Arochlor-1254-induced rat liver microsomal en
zymes. These inducing agents increase microsomal metabolism
rates of ANF, and they are known to increase synthesis of P-
450c and P-450d in rat liver to a concentration of more than
90% of the total P-450 isozymes (17). The PB-inducible P-450
isozyme, form b, does not appear to be extensively involved in
the metabolism of ANF (12). Our results verify this finding.
Furthermore cytochrome P-450c, in a reconstituted system,
produced a similar pattern of ANF metabolites as observed
when /3-napthoflavone-induced microsomes were used (12).
However, antibodies towards P-450c or P-450d did not inhibit
the metabolism of ANF in rat liver microsomes induced by 3-
methylcholanthrene, whereas these antibodies substantially in
hibited the metabolism of /3-naphthoflavone (12). Therefore, an

inducible form of P-450, other than P-450b, P-450c, or P-450d,
might play a major role in the metabolism of ANF and possibly
might be responsible for the activation of ANF to a potent
clastogen. Characterization of the functional and biochemical
properties of this isozyme would provide tractable approaches
in our attempts to understand the mechanistic basis for the
metabolic activation of ANF in CHO cells as well as lympho
cytes from humans exposed to cigarette smoke and halogenated
aromatics.

TCDD and related polycyclic aromatics bind to a cellular
receptor (18, 19) (Ah receptor), which ultimately results in
synthesis of specific isozymes of the cytochrome P-450 system,
that are associated with AHH activity (20-22). PB, an inducer
of a different set of microsomal P-450 isozymes, does not bind
to the Ah receptor and does not induce AHH activity (23).
Several constituents of cigarette smoke and PCB-PCDF-tainted
rice oil bind to the Ah receptor resulting in increased activity
of selected P-450-dependent pathways (18, 19). The Ah recep
tor regulates induction of P-450c and possibly other cyto-
chromes which might play a major role in ANF metabolism.

Tests for the genotoxicity of ANF indicate that this com
pound is not mutagenic, and it is negative in the Salmonella
mutation assay when using Aroclor-induced microsomes (24).
Data from our studies suggest that negative results would be
expected if control or PB-induced microsomes are used as the
activating system, whereas ANF might be mutagenic in the
presence of TCDD-induced microsomes. ANF is thought to be
noncarcinogenic. However, chronic cotreatment of hamsters
with synthetic estrogens and ANF produces liver tumors,
whereas exposure to estrogens alone results in no liver tumors
(25). A suggested mechanism was that ANF decreased the rate
of hepatic detoxification of estrogens. However, our data raise
the possibility that synthetic estrogens might increase metabolic
activation of ANF. Alternatively, estrogens may promote clonal
expansion of ANF-initiated liver cells.

In summary, data presented in this paper provide evidence
for the contention that metabolic activation of ANF is required
for its clastogenic actions in CHO cells. This finding provides
clues to the mechanism responsible for ANF-mediated increases
in SCE frequency in human populations exposed to cigarette
smoke and PCB-PCDF mixtures. Current work is focusing on
identifying the reactive metabolite(s) of ANF and characterizing
the nature and genetic consequences of its interaction with
DNA in CHO cells and human lymphocytes.
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