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Summary. Flavone acetic acid (FAA; LM 975; NSC 
347512) is a new anticancer agent with unprecedented, 
broad antitumor activity in murine models. Although FAA 
is very effective in vivo against solid tumors, including co- 
lon 38 adenocarcinoma, it was not cytotoxic in vitro 
against colon 38 cells and human colon adenocarcinoma 
cells HCT116 at pharmacologically achievable concentra- 
tions and exposure times. For example, a concentration of 
300 ~tg/ml for a 10-day exposure time was required to ob- 
tain < 1 log cell kill. After the administration of an effec- 
tive FAA dose (180 mg/kg,  i.v.) to mice, plasma cytotoxic- 
ity against HCT116 cells attained a 2 log cell kill between 
0.5 and 2 h, which decreased to 1 log cell kill at 4 h. No 
cytotoxicity was observed 6, 12 or 21 h after drug adminis- 
tration. The controls used comprised mouse plasma con- 
taining FAA concentrations similar to those assayed in the 
above plasma samples from in-vivo-dosed mice. These 
spiked plasma were not cytotoxic, indicating that other cy- 
totoxic species, formed in vivo, were responsible for the 
increased cytotoxicity. Mouse hepatocytes co-cultured 
with HCT116 cells increased FAA cytotoxicity to 1 log cell 
kill at 30-100 ~tg/ml. The addition of phenobarbital-in- 
duced mouse liver supernatant S-9000xg also markedly in- 
creased FAA cytotoxicity to a 2 log cell kill at 300 gg/ml. 
We conclude that FAA can be activated both in vivo and 
in vitro to cytotoxic species that are more active than the 
parent compound. 

Introduction 

Flavone-8-acetic acid (FAA; 2-phenyl-8-(carboxy- 
methyl)-benzopyran-4-one; LM 975; NSC 347512) is a 
new anticancer agent with unprecedented, broad antitu- 
mor activity in murine models [1, 10, 20]. Unlike most of 
the clinically used anticancer agents, only modest activity 
is observed against either P388 or L1210 leukemia [1, 10, 
20]. Although very active in preclinical trials, this drug has 
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shown a steep dose-response behavior that was correlated 
to its nonlinear pharmacokinetics in mice [7]. Nonlinear 
pharmacokinetics has also been reported in phase I clini- 
cal studies [16, 19, 25]. 

However, a marked discrepancy between FAA's good 
antitumor activity in vivo and its poor cytotoxicity in vitro 
has been observed by many authors [2, 5, 6, 12, 14, 23]. 
A possible reason for the latter could be the need for an in 
vivo activation of the drug, which, like cyclophosphamide 
and dacarbazine, could act as a prodrug, requiring bioacti- 
vation to exert its activity. The present experiments were 
designed primarily to examine the possible activation of 
FAA in vivo (in mice) and in vitro. In this study, we pre- 
sent evidence that FAA can be activated both in vivo and 
in vitro to species that are more cytotoxic than the parent 
compound. 

Materials and methods 

Drug. FAA sodium salt was kindly provided by Dr. P. 
Briet, Lyonnaise Industrielle Pharmaceutique (LIPHA; 
Lyon, France). It was dissolved in distilled water and ster- 
ilized by filtration (0.22-1xm filter). 

Cells and cytotoxicity assay. Colon adenocarcinoma 38 tu- 
mors [9] were passaged in C57B1/6 mice and fresh cell sus- 
pension for cytotoxicity assay was prepared by mechanical 
disruption using a Stomacher [3]. HCT116 human carcino- 
ma cells [4] were obtained from the American Type Cul- 
ture Collection (Rockville, Md) and passaged twice a 
week. The culture medium used for in vitro soft-agar assay 
was McCoy's 5A medium with heat-inactivated fetal bo- 
vine serum (20%), gentamycin (50 Ixg/ml), and ampho- 
tericin B (Fungizone, 1 p.g/ml). Cells were incubated with 
FAA at various concentrations and exposure times. After 
the different treatments in vitro, cells were seeded in soft 
agar (0.3%) at a density of 10 4 cells/ml (3 ml) in 35 mm 
petri dishes (triplicate). Cells were incubated (37 ° C, 100% 
humidity, 5% CO2) for 10 days, and colonies were counted 
under the microscope. Results are expressed as the number 
of colonies in the treatment plates divided by the number 
of colonies in the control plates (survival fraction). 

Mouse plasma sampling for in vitro eytotoxieity. B6D2F1 
mice (28 g) were injected i.v. with FAA at 180 mg/kg in a 
volume of 0.5 ml. Blood was aseptically collected by cardi- 
ac puncture at 0.5, l, 2, 4, 6, 12, and 21 h after FAA ad- 
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Fig. 1. FAA cytotoxicity in vitro against mouse adenocarcinoma 
38 cells freshly isolated from a tumor. Cells were exposed to FAA 
at the indicated concentrations for 4 h (empty circles), 24 h (trian- 
gles), or 240 h (closed circles). Colonies were counted 10 days after 
plating. Each point represents the mean of a triplicate determina- 
tion; SE, < 18% on each point 
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Fig. 2. FAA cytotoxicity in vitro against human colorectal carci- 
noma cells (HCT116). Cells were exposed to FAA at the indicated 
concentrations for 4 h (empty circles), 24 h (closed circles), or 240 h 
(triangles). Colonies were counted 10 days after plating. Each 
point represents the mean of a triplicate determination; SE, 
< 10% on each point 

ministration (5 mice/time point). Blood was immediately 
centrifuged (4 ° C) and 1 ml plasma was then added to 9 ml 
HCT116 cell suspension (10 4 cells/ml) and plated in soft 
agar for 10 days. FAA plasma concentrations were deter- 
mined by HPLC [7] in an aliquot of the above plasma. For 
controls, FAA was added ex vivo to fresh mouse plasma. 

Preparation of mouse hepatocytes. Mouse hepatocytes were 
prepared using the retrograde vena cava cannulation 
method [21]. Following pentobarbital anesthesia (100 mg/  
kg i.p.), the liver was first perfused with a calcium-free 
HEPES buffer (pH 7.4) at 5 ml/min for 2 rain, followed 
by perfusion with a collagenase solution (type I, Sigma, 
St. Louis, Mo) for 8 min. Hepatocytes were washed twice 
and 5× l0 s viable cells were plated in triplicate with 
HCT116 cells as described above. Controls with HCT116 
cells and hepatocytes without drug were used. 

Preparation of phenobarbital-induced mouse liver superna- 
tant S-9000xg. B6DzFI mice received phenobarbital for 
4 days at 60 mg/kg i.p. and were sacrificed by decapitation; 
livers were aseptically excised, trimmed of debris, washed, 
and homogenized in 4 times their weight in cold 1.15% 
KC1 using a motor-driven Teflon-glass homogenizer. The 
liver homogenate was centrifuged for 10 rain at 4°C and 
the supernatant was harvested (S-9000xg). Aliquots of 10 
or 50 ~tl S-9000xg (containing 0.04 and 0.2 mg protein/ml, 
respectively) were added to petri dishes containing 
HCT116 ceils and plated in soft agar for 10 days. MgC12 
(5 raM) and NADPH (2.4 mM) were added to the cell me- 
dium. Controls with co-factors and S-9000xg were used. 

R e s u l t s  

FAA cytotoxieity in vitro 

FAA cytotoxicity was first evaluated in vitro against colon 
38 mouse adenocarcinoma cells, because of the known 
sensitivity of this cell line to the drug in vivo [1, 10, 20]. 
Figure 1 shows that FAA was not cytotoxic at concentra- 
tions and exposure times achievable in vivo in mice. A 4- 
or 24-h exposure time at drug concentrations up to 
300 ~tg/ml did not achieve a 0.5 log cell kill. For compari- 
son to the in vivo situation, an effective dose of FAA 

(180 mg/kg) gives plasma concentrations above 100 gg/ml 
for only about 2 h and tumor concentrations between 10 
and 100 ~g/g for about 8 h [7]. To achieve almost 1 log cell 
kill in vitro, a 10-day exposure time was needed at concen- 
trations of 100-300 gg/ml. These long exposure times and 
high concentrations are not achievable in vivo in mice. 

FAA cytotoxicity was also evaluated against HCT116 
human colon adenocarcinoma cells (Fig. 2), and we also 
observed that FAA was not cytotoxic at concentrations and 
exposure times achievable in vivo in man: high concentra- 
tions (500 Ixg/ml) for 4 or 24 h were not cytotoxic. Only 
the 10-day exposure time at high concentrations 
(300-500 ,ag/ml) could kill more than 1 log of tumor cells. 
This 10-day exposure time (at high concentrations) is not 
achievable in mice or humans. In view of the poor cytotox- 
icity of FAA observed in vitro against either a murine or a 
human cell line, we then tested the hypothesis of FAA acti- 
vation in vivo and in vitro. 

Mouse plasma cytotoxicity after in vivo FAA administration 

Plasma cytotoxicity of mice injected with an effective dose 
of FAA (180 mg/kg, i.v.) was evaluated. The cytotoxicity 
of mouse plasma harvested at different times after drug 
administration is presented in Fig. 3. We observed a 
marked cytotoxicity of about a 2 log cell kill (99% cell kill) 
with plasma samples harvested as early as 0.5, 1, and 2 h 
after FAA administration. At 4 h, plasma cytotoxicity de- 
creased to about 1 log (90% cell kill), and no cytotoxicity 
was observed 6, 12, and 21 h after drug administration. To 
verify whether cytotoxicity was due to FAA alone, FAA 
concentrations were determined by high-performance liq- 
uid chromatography (HPLC) in an aliquot of the plasma 
samples, and the known concentrations of FAA were 
added to blank mouse plasma as controls. We observed 
that FAA added to mouse plasma was not cytotoxic 
(Fig. 3), even at the highest drug concentration tested 
(217 lxg/ml). 

FAA eytotoxicity in vitro with mouse hepatoeytes 

Mouse hepatocytes co-cultured with HCTll6  cells in- 
creased FAA cytotoxicity to about 1 log cell kill at drug 
concentrations of 30-100 ~tg/ml (Fig. 4). 
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Fig. 3. In vitro cytotoxicity of mouse plasma after in viva FAA 
administration against HCT116 cells. Solid circles, mouse plasma 
from mice that received FAA in viva (180 mg/kg, i.v. bolus), har- 
vested at different times after drug administration; empty circles, 
control mouse plasma with added FAA, at the same concentra- 
tions that were determined (HPLC) in an aliquot of the above 
plasmas from mice that received FAA. Plasma concentrations are 
indicated at their corresponding times after in viva drug adminis- 
tration. Colonies were counted 10 days after plating. Each point 
represents the mean of a triplicate determination; SE, < 10% on 
each point 

0.10 
> g 
O3 

~ ° ~  O 

0 . 0 1  , , , , , , I , , : : : : : : : 

0 10 30 1 0 0  

DRUG CONCENTRATION (lu.g/mt) 

Fig. 4. FAA cytotoxiclty in vitro against human HCT116 cells co- 
cultured with mouse hepatocytes. Cells were continuously ex- 
posed to FAA at the indicated concentrations without (empty cir- 
cles) or with hepatocytes (closed circles). Colonies were counted 10 
days after plating. Each point represents the mean of a triplicate 
determination; SE, <7% on each poin t  
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Fig. 5. FAA cytotoxicity in vitro against human HCT116 cells in 
the presence or absence of phenobarbital-induced mouse liver su- 
pernatant S-9000xg: controls (empty circles); 10txl S-9000xg/ml 
(0.04mg protein/ml) (closed circles); and 501xl S-9000xg/ml 
(0.2 mg protein/ml) (triangles). Colonies were counted 10 days 
after plating. Each point represents the mean of a triplicate deter- 
ruination; SE, <7% on each point 

FAA eytotoxicity in vitro with phenobarbital-induced mouse 
liver supernatant S-9000xg 

HCT116 cells were also exposed to F A A  in the presence of  
phenobarb i ta l - induced  mouse liver supernatant  S-9000xg. 
Cytotoxici ty  was markedly  increased to about  a 2 log cell 
kill, as shown in Fig. 5. The increase in F A A  cytotoxici ty 
was dependent  on both F A A  and S-9000xg concentrat ion.  

Discussion 
Although F A A  is markedly  active in viva in murine mod-  
els [1, 10, 20], its poor  activity in vitro at pharmacologica l -  
ly achievable concentrat ions and exposure times [7] was 
soon observed by us [6] and others [2, 5, 12, 14, 23]. The 
discrepancy between in viva and in vitro cytotoxici ty 
could be due to in viva activation of  F A A  to species that 
are more cytotoxic than the parent  compound.  In this 
paper ,  we present evidence that F A A  can be act ivated both 
in viva and in vitro to species that are more cytotoxic than 
the parent  drug. 

Act ivat ion to cytotoxic species is p robab ly  not  the only 
mechanism of  action impl icated in F A A  ant i tumor  activity 
in viva because F A A  seems to act on many biological  sys- 
tems, like other f lavonoids  [171. The precise mechanism of  
action is presently unknown,  but  the following list of  re- 
por ted  effects could explain in par t  its ant i tumor activity 
in viva:  (a) extensive i r reparable  D N A  single-strand 
breaks in tumor  cells after F A A  treatment  in mice [31; (b) 
rap id  decrease in tumor  ATP levels [13]; (c) decrease in 
tumor  b lood  flow [13]; (d) increase in natural  killer-cell 
activity and interferon product ion  [8, 18, 26, 271; and (e) 
interference with the coagulat ion process [11, 22]. 

Our da ta  on the poor  cytotoxici ty of  F A A  in vitro 
against  murine colon adenocarc inoma 38 cells were unex- 
pected because this cell line is sensitive to F A A  in viva 
[1, 10, 201. The insensit ivity of  the human colon adenocar-  
c inoma cell line HCT116 corroborates  the poor  sensitivity 
of  other human colon cancer cell lines in vitro [12]. 

The marked  cytotoxici ty of  mouse p lasma against  
human HCT116 cells after in viva adminis t ra t ion of  F A A  
indicates that metaboli tes  a n d / o r  other factors are respon- 
sible for the enhanced cytotoxici ty compared  with that ob- 
ta ined with F A A  alone. Human  colorectal  carc inoma cells 
were also repor ted  to be sensitive to F A A  after in viva ad- 
minis t ra t ion in nude  mice, showing that  b ioact iva t ion  also 
occurs in nude  mice [15]. Taken together,  these da ta  show 
that human cell lines can also be sensitive to F A A  after ap- 
propr ia te  bioact ivat ion.  

Although mouse p lasma from FAA-dosed  mice was 
markedly  more cytotoxic than that with F A A  added,  this 
experiment  did  not  rule out previously cited factors that 
could be involved in cytotoxic F A A  action in viva. How- 
ever, because p lasma cytotoxici ty was assessed in vitro in 
this experiment ,  we can rule out factors such as natural  kil- 
ler-cell activity [8, 26, 27], hemorrhagic  necrosis [3, 241, 
tumor  b lood  flow [13], and ant icoagulat ion effect [22] that 
are impl icated in F A A  activity in viva. 

Interferon product ion  cannot  be ruled out as a con- 
t r ibutor  to mouse p lasma cytotoxicity,  but  our data  on the 
kinetics of  cytotoxici ty are marked ly  different from the in- 
terferon product ion  repor ted  by Hornung et al. [18]. For  
example,  our data  showed maximal  cytotoxicity (2 log cell 
kill) between 0.5 and 2 h, decreasing to 1 log cell kill at 4 h, 
and no cytotoxicity was observed at 6 h and beyond,  
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whereas interferon peak production was shown to occur 
between 3 and 5 h [18]. Therefore, it seems unlikely that cy- 
tokine production can explain the cytotoxicity observed in 
plasma as early as 0 .5-2  h after FAA administration. 

However, our in vitro data, showing enhanced cytotox- 
icity with mouse hepatocytes and phenobarbi tal- induced 
mouse liver supernatant  S-9000xg, rule out any contribu- 
tion of the immune system to the cytotoxicity. These data 
strongly suggest the participation of FAA metabolites in cy- 
totoxicity both in vitro and in vivo. Our data indicate that 
FAA metabolism plays an important  role in its cytotoxic- 
ity both in vivo and in vitro; therefore, the identification 
of FAA metabolites is of primary importance in the under- 
standing of FAA's mechanism of action. The identification 
of FAA metabolites formed in vivo and in vitro is pre- 
sently under  study in our laboratory and will be published 
separately. 
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