
tation and the abrupt extinction of a few 
plant species. The destruction of plant 
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life produced vacant vegetal niches, or 
what may be termed a partial ecological 
desert. Plant destruction was not total; 
refugia remained, possibly in widely 
scattered localities providing nuclei for 
recolonization. Ferns were the first in- 
vaders or colonizers. These were rapidly 
crowded out as those angiosperms that 
survived the boundary event gradually 
reestablished dominance. The succeed- 
ing climax vegetation following any ma- 
jor ecological crisis such as  a volcanic 
eruption, flood, or forest fire (12, 13) 
would not be the same as it was previ- 
ously. Such a crisis also provides the 
opportunity for new biotic radiations; 
the resulting plant community can be 
vastly different from the preceding one, 
as was the case during the early Paleo- 
cene in the western interior. 
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Synthetase (Aromatase) by Flavones 

Abstract. Several naturally occurring and syntheticflavones were found to inhibit 
the aromatization of androstenedione and testosterone to estrogens catalyzed by 
human placental and ovarian microsomes. These Javones include (in order of 
decreasing potency) 7,R-benzoflavone, chrysin, apigenin, Javone, Javanone, and 
quercetin; 5,6-benzoflavone was not inhibitory. 7,8-BenzoJavone and chrysin were 
potent competitive inhibitors and induced spectral clmnges in the aromatase 
cytochrome P-450 indicative of substrate displacement. Flavones may thus compete 
with steroids in their interaction with certain monooxygenases and thereby alter 
steroid hormone metabolism. 

Flavonoids are 2-phenyl-1,4-benzo- 
pyrone derivatives that are found 
throughout the plant kingdom (I). They 
occur in many human foods and have 
been used as  drugs or food supplements 
(2). The physiological role of the natural- 
ly occurring flavonoids is not known, but 
they have been reported to exhibit anti- 
oxidant, antibacterial, and antiviral 
properties. 

Two synthetic flavones, 5,6-benzofla- 
vone (p-naphthoflavone) and 7,8-benzo- 
flavone (a-naphthoflavone), have also 

attracted considerable interest. These 
derivatives can modify the metabolism 
of polycyclic aromatic hydrocarbons and 
other xenobiotics and thereby alter their 
toxicity and carcinogenicity (3). 5,h-Ben- 
zoflavone appears to act indirectly, in- 
ducing synthesis of specific cytochrome 
P-450 isozymes (4). 7,8-Benzoflavone, 
on the other hand, directly affects the 
activity of hepatic P-450 enzymes, inhib- 
iting some forms (5)  and activating oth- 
ers (6) ;  these effects are complex and 
vary with the concentration of 7,8-ben- 

Fig. 1. Dose-response O 7,8-Benzoflavone 
curves for flavone in- A Flavone 
hibition of androstene- 5 , ~ - ~ e n z o f t a v o n e  
dione aromatization - I n 

by human placental 
microsomes. The 1-ml 
reaction mixture con- 
tained 0.04 p+M an- 
drostei~edione, 0.1 mg 
of protein, 2.5 mM glu- 
cose-6-phosphate, 0.25 
unit of glucose-6-phos- 
phate dehydrogenase, 
and 100 FM reduced 
nicotinamide adenine 
dinucleotide phos- 
phate in O.05M sodium 
phosphate (pH 7.2). In- 
cubations were for 6 Inhibitor (uM) 
minutes at 37'C; con- 
trol activities (100 percent) averaged 16 pmol per milligram of protein per minute. Curves shown 
were calculated (11) by assuming 150 values of 0.07, 8, and 500 p+M. 

3r @ No inhibitor 

Fig. 2. Kinetic analy- 
sis of the mechanism 
of inhibition of aro- 
matase by 7,8-benzo- 
flavone. (Right) Dou- 
ble-reciprocal plot of 
reaction velocity (v 
versus the substrate 
concentration. (Left) 
Slope of lines at right 
versus inhibitor con- 
centration. Assay 
conditions are as de- 
scribed in the legend 
to Fig. 1. 

nzoflavone 
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zoflavone used, the animal source of the 
enzyme, and the isozyme tested. Similar 
effects of several of the naturally occur- 
ring flavones on hepatic monooxygen- 
ases have also been reported recently 
(7 ) ,  but the underlying biological basis 
for the activities of the flavones and the 
reason for the selectivity for a particular 
isozyme are unclear. 

We recently tested the effects of a 
number of flavonoids on estrogen syn- 
thetase, a cytochrome P-450 enzyme that 
catalyzes the conversion of androgens to 
estrogens. We report here that several 
flavone derivatives, including synthetic 
and natural forms, inhibit the aromatiza- 
tion of androstenedione to estrone and of 
testosterone to estradiol. 

Aromatase activity was determined in 
microsomal preparations from placentas 
obtained after normal deliveries and 
from ovaries removed from premeno- 
pausal women during elective surgery 
(8). Activity was measured by the re- 
lease of tritium from [I ,2-3H]androstene- 
dione or from [1,2-3H]testosterone (8, 9); 
formation of product was confirmed by 
radioimmunoassay (8). Substrates and 
inhibitors were added from stock solu- 
tions in ethanol (10). Control reaction 
rates were linear for a t  least 8 minutes 
and were directly proportional to the 
amount of added microsomal protein; 
time courses observed in the presence of 
flavonoid inhibitors were also linear, in- 
dicating that no substantial metabolism 
of the inhibitors to more active or less 
active forms occurred during the assay 
period. 

Figure 1 shows dose-response curves 
obtained with the placental enzyme sys- 
tem for three flavones. When 40 nM 
androstenedione was used as the sub- 
strate, flavone caused 50 percent inhibi- 
tion (I5(,) at a concentration of 8 p M  and 
7,8-benzoflavone at 0.07 pM; 5,6-benzo- 
flavone was almost without effect up to 
100 p M  For flavone and 7,8-benzofla- 
vone the data show a good fit to curves 
calculated under the assumption of re- 
versible, noncooperative binding to form 
an inhibitor-enzyme complex (11). These 
derivatives were also tested with micro- 
somes from human ovaries; similar 
ranges of potencies were observed, indi- 
cating that the effects are not unique to 
the placental enzyme. 

Several other flavones were also as- 
sayed with placental microsomes, and 
aromatization of testosterone and an- 
drostenedione was measured. The po- 
tencies of the different derivatives, rela- 
tive to  flavone, were similar with either 
substrate (Table 1). N o  derivatives were 
found to stimulate activity (concentra- 
tions tested ranged from 0.01 to 100 p w ;  

7 SEPTEMBER 1984 

Table 1.  Inhibition of human placental aromatase by flavones. 

Substrate 

Compound Androstenedione (40 nM) Testosterone (80 nM) 

Relative Relative 
150  potency 150 potency 

7,8-Benzoflavone 0.07 114 0.06 83 
Chrysin 0.5 16 0.4 13 
Apigenin 1.2 6.7 1 5 
Flavone 8 1 5 1 
Flavanone 8 1 5 1 
Quercetin 12 0.67 10 0.5 
5,6-Benzoflavone >200 <0.04 >200 <0.04 

in this respect the effects of flavones on 
aromatase are less complex than those 
observed with hepatic monooxygenases, 
where mixed effects are found (6, 7). 

7,8-Benzoflavone was the most effec- 
tive compound tested; it is over ten times 
more potent than aminoglutethimide (8) 
and is the most potent nonsteroidal in- 
hibitor of aromatase known to us. The 
7,8-benzoflavone-to-substrate ratio re- 
quired for half-inhibition indicates that 
7,8-benzoflavone binds to the placental 

Wavelength (nm) 
400 450 

aromatase half as  tightly as androstene- 
dione and with a slightly higher affinity 
than testosterone. It  also binds with an 
affinity comparable to that of two of the 
most potent steroidal inhibitors of aro- 
matase, 1,4,6-androstatriene-3,17-dione 
and 4-hydroxy-4-androstene-3,17-dione 
(12); under our assay conditions, these 
steroids inhibited androstenedione aro- 
matization 50 percent a t  0.08 and 0.05 
pM, respectively. 

The mechanism of inhibition was in- 
vestigated by analysis of the kinetics 
obtained at various concentrations of 
substrate and inhibitor. Figure 2 shows 
that 7,8-benzoflavone is a competitive 
inhibitor with respect to androstene- 
dione. The inhibition constant (K,) (21 
n M  in this experiment and 19 and 22 n M  
in two others) is approximately twice the 
Michaells constant (K,) for androstene- 
dione (10 to 15 n M  in three experiments). - 
In an experiment in which testosterone 

Fig. 3. Difference absorption spectra pro- 
duced by binding of 7,8-benzoflavone to aro- 
matase. The effects of successive additions of 
0.25, 0.5, 1 .O, and 2.0 FM 7,8-benzoflavone 
are shown. Human placental microsomes 
were extracted with sodium cholate (1.0 mg 
per milligram of protein) in the presence of 1 
pM androstenedione. The detergent-solubi- 
lized enzyme was collected by precipitation 
with 60 percent saturated ammonium sulfate 
and dialyzed against 0.05M sodium phosphate 
@H 7.2) (8). A baseline spectrum was record- 
ed with enzyme in the sample and reference 
compartments, and 3-p1 portions of 7,8-ben- 
zoflavone were added to the sample (solvent 
ethanol alone was added to the reference). 
The protein concentration was 7.5 mglml and 
the concentration of cytochrome P-450 (19) 
was 0.6 FM. Spectra were recorded with a 
Cary 17D spectrophotometer. 

was used as the substrate (K, = 80 n w ,  
7,8-benzoflavone was also found to be a 
competitive inhibitor, and a K, of 23 n M  
was observed (13). The second most 
potent flavone inhibitor, chrysin, was 
also assayed with androstenedione as  the 
substrate, and it too was found to inhibit 
competitively with respect to the sub- 
strate; the K, was 0.26 pM.  

The kinetic analyses suggest that fla- 
vones may inhibit aromatization by com- 
peting with androstenedione (and testos- 
terone) for the substrate binding site on 
the enzyme. This possibility was further 
investigated by monitoring the effects of 
the flavones on the absorption spectral 
properties of the enzyme. Previous stud- 
ies of the effect of 7,8-benzoflavone on 
liver microsomal cytochrome P-450 re- 
vealed that binding induced a "type 1" 
difference spectrum characteristic of the 
conversion of the heme-iron from a low- 
spin to a high-spin state (14). When 7,8- 
benzoflavone was added to placental mi- 
crosomes or to  a solubilized preparation 
of aromatase, no spectral changes could 
be detected. However, if the sample was 
first equilibrated with androstenedione, 
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addition of 7,8-benzoflavone produced 
the difference spectra shown in Fig. 3. 
These are opposite in sign to type 1 
curves obtained with aromatase (8, 15) 
and reflect conversion of the heme-iron 
from a high- to a low-spin state, that is, 
displacement of androstenedione (16). 
The fact that a low-spin complex is pro- 
duced indicates that the interaction of 
7,8-benzoflavone with the aromatase P- 
450 is different than that with the hepatic 
microsomal cytochromes. In the case of 
aromatase the low-spin nature of the 
complex suggests the presence of an 
additional axial ligand to the heme-iron; 
this ligand could be contributed by an 
amino acid residue of the protein o r  by 
the ether o r  ketone oxygen atom of 7,8- 
benzoflavone (I 7). 

Graphical analysis of the titration 
shows that only one class of binding site 
is detected and that it exhibits an appar- 
ent binding constant of 2.0 p M .  This 
spectral dissociation constant is higher 
than the true dissociation constant for 
7,8-benzoflavone because of competition 
with androstenedione for binding to the 
enzyme. We interpret this reverse type I 
spectral change as evidence for the for- 
mation of an aromatase-7,8-benzofla- 
vone complex; it is probable that forma- 
tion of this complex causes inhibition of 
the enzyme. Similar difference spectra 
were obtained when enzyme samples 
were equilibrated with testosterone or 
when chrysin was used in place of 7,8- 
benzoflavone. 

Two types of interaction of the fla- 
vones with the aromatase could result in 
a competitive binding with respect to the 
androgen substrates. Flavones might 
simply compete directly for the substrate 
binding site on the aromatase; while fla- 
vones appear structurally dissimilar from 
steroids, certain isoflavones have been 
found to exhibit estrogenic activity (18), 
presumably as a result of binding to the 
estrogen receptor. Alternatively, there 
may be a distinct site on the aromatase 
that accommodates certain flavones and, 
when occupied, favors an enzyme con- 
formation with decreased substrate affin- 
ity; in principle, such a "regulatory" site 
could also act differently to enhance en- 
zyme activity, as observed with some of 
the hepatic monooxygenases. It is not 
yet possible to distinguish between these 
mechanisms, but additional structure-ac- 
tivity studies may provide further in- 
sight. 

Estrogens have profound influences 
on reproduction, development, and be- 
havior. Because of the presence of fla- 
vones in human diets and their therapeu- 
tic use and because of the many whole- 
animal experiments in which the effects 

of flavones have been studied, it is im- J. M. Lasker, M.-T. Huang, A. H .  Conney, 
Science 216, 1419 (1982). portant to learn whether they affect es- 8. J,  T .  Kellis, Jr., and L. E. Vickerv, Endocrinol- 

trogen biosynthesis in vivo. ogy 114. 2128 (1984). 
9. T. Rabe, D.  Rabe, R. Runnenbaum, J Stero~d 

JAMES T. KELLIS, JR. Blothem. 17, 305 (1982) 
L~~~~ E ,  vICKERY 10. Apigenin was purchased from K & K Labora- 

tories and all other flavones were purchased 
Department of Physiology and from Aldrich Chemical Company; each was 

Biophysics, University of California, recrystallized before use. Ethanol alone (I0 ~ l l  
ml) produced no inhibitory effect. 

Irvine 92717 11. J. F. Duval and L.  E .  Vickery, Steroids 37, 91 
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Small Cell Carcinoma of the Lung: Macrophage-Specific 

Antigens Suggest Hemopoietic Stem Cell Origin 

Abstract. Four surface antigens previously recognized only in macrophages are 
present on human small cell lung carcinoma cells and tumors. Cancerous cells may 
arise from macrophage precursors in bone marrow, and these precursors migrate to 
lung to participate in the repair of damaged tissue produced by continuous heavy 
smoking. The characteristic presence of neuropeptides such as bombesin in small 
cell carcinoma, when considered along with thesejindings, presents new possibilities 
for the role of such peptides in nervous, endocrine, and immune system function. 

Lung cancer is the leading cause of 
cancer death in the United States, and its 
incidence is increasing rapidly with an 
anticipated 100,000 new cases this year 
(I).  Approximately 25 percent of all lung 
carcinomas are of the small cell (SCCL) 
or  oat cell type, and epidemiological 
studies indicate that the occurrence of 
SCCL is associated with heavy smoking 
(2). As seen clinically, SCCL is a rapidly 
progressing disease with widespread and 
early metastases; the mean survival time 
for patients with untreated SCCL is 5 to 
7 weeks after diagnosis. The treatment 
consists almost exclusively of high-dose 
combined chemotherapy which results in 
an extension of life expectancy to 10 
months, but the treatment may result in 

considerable patient morbidity and occa- 
sional mortality (3). 

Because SCCL is almost always asso- 
ciated with heavy smoking, some inves- 
tigators have assumed that the primary 
tumor is of lung origin. Even though 
SCCL cell lines have been established 
(4) and various biochemical characteris- 
tics shared by these cell lines and by 
tumors obtained at autopsy have been 
observed, the origin of SCCL remains 
elusive. The concept that SCCL arises 
from lung epithelial stem cells of a neuro- 
endocrine nature (5) has yet to be sub- 
stantiated with direct experimental evi- 
dence. Moreover, the notion of a lung 
origin for SCCL is not only incompatible 
with the observation that 5 percent of 
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