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Abstract—The production of nitric oxide in endotoxin-resistant C;H/HeJ mice in response to flavone-
8-acetic acid {FAA), derivatives of xanthenone-4-acetic (XAA), endotoxin and recombinant human
tumour necrosis factor-o (TNF-o) was investigated and compared with the induction of haemorrhagic
necrosis in subcutaneous M16/C tumours. FAA and XAA analogues stimulated nitric oxide production
both in vitro (activated macrophages) and in vivo (plasma nitrate elevation) in both C;H/HeJ and
C,H/HeN mice (5,6-dimethyl-XAA > 5-methyl-XAA > FAA > XAA > 8-methyl- XAA). Recombinant
human TNF-« stimulated nitric oxide production equally from both murine strains while endotoxin
stimulated nitric oxide production only by C;H/HeN mice. The extent of induction of haemorrhagic
necrosis in tumour-bearing mice treated with FAA, 5 6-dimethyl XAA or endotoxin paralleled the
effects on nitric oxide production, showing a differential between the two strains of mice only in the

case of endotoxin.

Flavone-8-acetic acid (FAAY) is an antitumour agent
with excellent activity against a broad range of
experimental solid tumours [1] but which has failed
to demonstrate clinical activity as a single agent [2].
Xanthenone-4-acetic acid (XAA) and its analogues
are structurally related to FAA, and some of its
derivatives show antitumour activity similar to FAA
in experimental systems [3, 4]. These compounds
induce haemorrhagicnecrosisinexperimentalmurine
tumours [3-5] probably as a result of vascular
changes including a decrease in tumour blood flow
[6-8]. The effect may be mediated by tumour
necrosis factor-a (TNF-a) {9], the production of
which is stimulated by FAA [10] and XAA
analogues. However, blood flow effects are unlikely
to be the sole cause of tumour regression [7] and
other cytotoxic mechanisms appear to be involved.
Investigations in this laboratory have identified the
macrophage as a possible mediator of the action of
these agents [11,12]. A striking relationship has
been found between the stimulation of nitric oxide
production by activated murine macrophages and
the antitumour activity of FAA, XAA, 5-MeXAA,
5,6-MeXAA and 8-MeXAA [13]. Furthermore, the
correlation found for these compounds between
antitumour activity and elevation of plasma nitrate
concentrations in mice [14] suggests that reactive
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nitrogen intermediates are formed in vivo and play
arole in the mechanism of action of these compounds.

One feature of the action of FAA is that it
resembles that of endotoxin. Both induce tumour
haemorrhagic necrosis in experimental murine
tumours {5, 15}, stimulate nitric oxide production in
vitro and (as determined by increases in plasma
nitrate} in vive [13,14,16], and induce TNF-a
[10, 15]. Both induce increases in plasma interferons
{10,17}, and natural killer activity in the spleen
{18, 19, unpublished].

The endotoxin-resistant C;H/HeJ mouse provides
an excellent model to investigate whether FAA acts
on the endotoxin pathway. Macrophages from mice
of the C;H/HeJ mutant strain do not produce TNF-
« in response to endotoxin [20], and stimulation of
nitric oxide both in vitro and in vivo [16] is refractory
to endotoxin in this strain. We have compared here
the effect of FAA and XAA analogues and nitric
oxide production, both in vitro by activated
peritoneal macrophages from C;H/HeN and C;H/
Hel mice, and in vivo in C;H/HeN and C,H/HelJ
mice. We have also investigated the relationship
between nitric oxide production and the induction
of haemorrhagic necrosis of subcutaneous M16/C
tumours in C;H/HeN and C,H/HeJ mice.

MATERIALS AND METHODS

Materials. FAA was supplied by Dr K. Paull,
National Cancer Institute, U.S.A. XAA and its
derivatives (Fig. 1) were synthesized in thislaboratory
by Drs W. A. Denny, G. J. Atwell and G, W,
Rewcastle and were judged pure by TLC. Endotoxin
{prepared by phenol extraction from Escherichia
coli (055:B5) was from Sigma Chemical Co. (St
Louis, MO, U.S.A.). Recombinant human TNF-o
was kindly supplied by Professor J. D. Watson,
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Fig. 1. Structures of FAA and XAA, showing numbering
system.

Department of Molecular Medicine, University of
Auckland Medical School. Anti-mouse TNF-«
antibodies were from Endogen Inc. (Boston,
MA, U.S.A.), Bacillus Calmette Guerin organisms
(Institute Armand-Frappier, Canada) were prepared
as a suspension (4.2 X 108 organisms/mL) in sterile
water. a-Minimal essential culture medium (Gibco,
Grand Island, NY, U.S.A.) was supplemented with
fetal calf serum (10%; Gibco New Zealand Ltd), 2-
mercaptoethanol (50 uM), penicillin (100 U/mL)
and streptomycin sulphate (100 ug/mL).

Mice and tumours. C;H/HeN and C;H/HeJ mice
were bred and housed in the laboratory animal
facility under constant temperature and humidity
with sterile bedding, water and food according to
institutional ethical guidelines. Male and female
mice 6~12 weeks of age were used for all experiments.
M16/C mammary tumours were provided by Dr W,
R. Leopold, Parke-Davis Division of Warner-
Lambert, Ann Arbor, MI, U.S.A.

In vitro detection of nitric oxide production.
Production of nitric oxide from activated macrophage
cultures was tested according to the method
previously described [13]. Mice were killed by
cervical dislocation 14-15 days after i.p. injection of
Bacillus Calmette Guerin organisms (10® organisms/
mouse), and peritoneal exudate cells were collected.
Adherent macrophages were prepared by plating
10 peritoneal exudate cells/150 uL culture medium
in 96-well plates and incubating for 2 hr at 37° in
95% air/5% CO,. Nonadherent cells and supernatant
were then removed and the adherent cells were
washed twice with phosphate-buffered saline. The
macrophage monolayers were then covered with
200 yl culture medium containing FAA, XAA, 5-
MeXAA, 5,6-MeXAA, 8-MeXAA, endotoxin or
recombinant human TNF-a. Anti-mouse TNF-«
antibodies (range; 250-2000 neutralizing U/mL)
were added to some cultures immediately prior to
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Fig. 2. In vitro nitrite production above control values
(mean of 24 separate experiments = SEM) by activated
macrophages from C,;H/Hel and C;H/HeN mice stimulated
withFAA (890 uM), XA A (1100 uM), 5-MeXAA (170 uM),
5,6-MeXAA (80 uM), 8-MeXAA (1380 uM), recombinant
human TNF-a (500 ng/mL) or endotoxin (20 ng/mL). The
data for C;H/HeN mice, with the exception of those for
TNF-a, has been published [13].

T

5-MeXAA 5 65-MeXAA B8-MeXAA TNF—a

FAaA XAA Endotoxin

adding 5,6-MeXAA (80 uM) or endotoxin (20 ng/
mL). Control macrophages were prepared and
cultured in medium without added agents.

In vivo detection of nitric oxide production.
Production of nitric oxide was determined as
previously described [14]. Experiments were carried
out using groups of mice from each strain matched
for weight. Mice were injected i.p. with maximal
tolerated doses of FAA, 5,6-MeXAA or endotoxin
(40 or 150 ug/mouse), or recombinant human TNF-
a (16 ug/mouse). Blood, obtained by heart puncture
under ether anaesthesia with heparinized syringes,
wasimmediately centrifuged and the plasma removed
and stored at —20°. Plasma nitrate concentrations
were determined after preincubation of plasma
proteins with 30% ZnSQ,, and reduction of nitrate
in the supernatant to nitrate using acid-washed
cadmium powder [21]. Nitrite concentrations in the
supernatant were analysed using a microplate assay
method [13] based on the Griess reaction [22].

Measurement of tumour haemorrhagic necrosis.
Subcutaneous M16/C tumours were passaged in
carrier mice by growing to a diameter of 10 mm,
removing surgically and implanting 1 mm? fragments
in recipient mice. Mice were treated i.p. with a
single dose of FAA, 5,6-MeXAA or endotoxin when
the tumours were 5-10 mm in diameter. Mice were
killed 24 hr later and tumours were removed and
fixed in formalin. Sections were assessed for
haemorrhagic necrosis using a grid counting system
as previously described [23].

Statistical analyses. Data points are mean values
and error bars are SEM. Differences between means
of nitrate concentrations from in vitro experiments,
and means of plasma nitrate concentrations from
experimental groups, were evaluated according to
the Student’s r-test. Values for P <0.05 were
considered significant.
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Fig. 3. Representative experiments showing in vitro

stimulation of nitrite production by activated macrophages

pooled from groups of C;H/HeN (A) or C;H/Hel (A)

mice and cultured in the presence of increasing

concentrations of 5,6-MeXAA or endotoxin. Each point

is the mean value of triplicate cultures at each drug
concentration.

RESULTS

In vitro stimulation of nitrite production

Nitrite production in control cultures of activated
macrophages from both strains of mice was 2.5-5.6
and 1.8-2.9nmol/10° cells for C;H/HeN and
C;H/HeJ] macrophages, respectively. The optimal
concentrations for the maximal stimulation of in
vitro nitrite production in macrophages from C,H/
HelJ mice were 890, 1100, 170 and 80 uM for FAA,
XAA, 5-MeXAA and 5,6-MeXAA, respectively,
the same as those found for C;H/HeN mice [13].
The level of stimulation of nitrite production at these
drug concentrations demonstrated that the ranking
of activity (5,6-MeXAA > 5-MeXAA > FAA >
XAA) was the same for C;H/HeJ and C;H/HeN
mice (Fig. 2). 8-MeXAA did not stimulate nitrite
production over the concentration range 10-
1380 uM. The dose-response curves for stimulation
of nitrite production by 5,6-MeXAA (8-1320 uM)
were very similar for activated macrophage cultures
from C;H/HeN and C;H/HeJ mice (Fig. 3).

Recombinant human TNF-« stimulated maximal
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Fig. 4. Concentrations of nitrate in the plasma of C,H/

HeN or C,H/HeJ mice 12 hr after administration of FAA

(1180 gmol/kg), 5,6-MeXXA (100 umol/kg), recombinant

human TNF-a(16 ug/mouse), or endotoxin (40 ug/mouse).

Control animals received no drug treatment. Values

represent the mean of 3-5 mice for each treatment group.
Bars are SEM.

in vitro nitrite production at concentrations above
500 ng/mL, and results for activated macrophage
cultures from either C;H/HeN and C;H/HeJ mice
were not significantly different (Fig. 2). For each
murine strain, there was a highly significant difference
between stimulation with recombinant human TNF-
a and 5-MeXAA (P <0.05) or 5,6-MeXAA (P <
0.05 for C;H/HeN macrophages and P < 0,02 for
C;H/HeJ macrophages).

In contrast to the above results, endotoxin (20 ng/
mL) stimulated nitrite production only from
macrophages from C;H/HeN mice (8.8 + 1.6). The
extent of stimulation was similar to that found with
the most active antitumour agents, 5,6-MeXAA and
5-MeXAA (Fig. 2). Comparison of activated
macrophage cultures from C;H/HeN and C,H/He)
mice showed very different dose-response curves
for stimulation of nitrite production by endotoxin
(1-10,000 ng/mL). Stimulation of C;H/HeN macro-
phages was observed over a wide range of endotoxin
concentrations (5-10,000 ng/mL), while stimulation
of C;H/HeJ macrophages was observed only at very
high endotoxin concentrations (500-10,000 ng/mL)
(Fig. 3).

The addition of anti-mouse TNF-« antibodies was
also investigated. Antibody (=2000 neutralizing U/
mL) had no effect on nitrite production from
macrophages stimulated with 5,6-MeXAA (80 uM)
or endotoxin (20 ng/mL).

In vivo stimulation of nitrate production

Plasma nitrate concentrations measured 12 hr after
in vivo administration of maximum tolerated doses
of drugs, were 100 = 40 uM and 60 + 5 uM for FAA
(1180 umol/kg), 470 + 160 uM and 340 + 140 uM for
5,6-MeXAA (100 umol/kg), for C;H/HeN and C;H/
HelJ mice, respectively (Fig. 4). These results were
not significantly different between the two strains of
mice for each drug treatment. Analysis of plasma
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Fig. 5. Concentration of nitrate in the plasma of C;H/HeN
(A)or C;H/Hel (A) mice over the 24 hr time period after
administration of 5,6-MeXAA (100 umol/kg). Points are
the mean of 4-6 mice per time increment. Bars are SEM.

taken from mice at 4-hourly intervals after
administration of 5,6-MeXAA (100 umol/kg)
showed peak plasma nitrate concentrations at 12 hr
for both C;H/HeN and C;H/HeJ mice (Fig. 5).
Recombinant human TNF-o induced maximal
plasma nitrate levels in C;H/HeN mice after in vivo
administration of =4 ug/mouse [14]. Plasma nitrate
levels were 1010 + 160 uM for C;H/HeN mice and
420 +280uM for C;H/Hel mice 12hr after
administration of recombinant human TNF-a (16 pg/
mouse) (Fig. 4), and were not significantly different.
In contrast, in response to endotoxin, a highly
significant difference was observed between the
responses of C;H/HeN and C;H/He] mice
(P < 0.01). Endotoxin (40 ug/mouse) administered
to C;H/HeN mice induced increased plasma nitrate
levels (460 = 44 yuM) which were similar to those
induced by 5,6-MeXAA, but failed to induce
increased plasma nitrate levels (12 = 1 uM) in C;H/
HeJ mice substantially above basal levels (6 + 1 uM)
(Fig. 4). Even when a much higher dose (150 ug/
mouse) was administered to the endotoxin-resistant
strain, plasma nitrate concentrations (17 * 2 uM)
were not substantially elevated above basal levels.

Induction of tumour haemorrhagic necrosis

Results are summarized in Table 1. A small
amount of spontaneous tumour necrosis was observed
with all tumours and with both strains of mice. The
percentage of necrotic cells scored in histological
sections of tumours treated with both FAA and 5,6-
MeXAA increased to a similar extent in both strains
of mice. Endotoxin (100 ug/mouse) induced a high
percentage of tumour necrosis in tumours growing
in C;H/HeN mice but a significantly lower (P < 0.05)
degree of necrosis in tumours in C;H/HeJ mice.
The latter were not significantly different from
untreated mice. Endotoxin at a dose which was toxic
to C;H/HeN mice (600 ug/mouse) induced a
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moderate degree of tumour necrosis in C;H/Hel
mice.

DISCUSSION

These investigations indicate that C;H/HeN
(endotoxin-responsive) and C;H/HeJ (endotoxin-
resistant) mice respond equally to stimulation of L-
arginine-dependent nitric oxide production by FAA
or XAA analogues. In vitro nitrite production from
activated macrophage cultures, and in vivo plasma
nitrate levels, were not significantly different for
both strains of mice following treatment with each
of these antitumour agents. Furthermore, the
responses of subcutaneous M16/C tumours, as
assessed histologically by necrosis induction, were
similar for both strains of mice. These results contrast
strikingly with the divergent nitric oxide and
antitumour responses of C;H/HeN and C;H/Hel
mice to endotoxin. Whereas normal responses were
obtained in C;H/HeN mice, production of nitrite by
activated macrophage cultures from C;H/HelJ mice
was observed only at very high concentrations of
endotoxin and no elevation of plasma nitrate
levels following endotoxin treatment was observed.
Induction of haemorrhagic necrosis of tumours in
C3;H/Hel mice was observed only at a dose of
endotoxin which was toxic to C;H/HeN mice.

One possible explanation of the results is that
FAA and XAA analogues do not act on the
endotoxin pathway. However, in view of the
numerous similarities between these agents including
the induction of cytokines (see introduction), it is
more likely that FAA and XAA act at some point
in the endotoxin-responsive pathway downstream
from the primary endotoxin membrane receptor.
The biochemical basis of the mutation which
renders C;H/HeJ mice resistant to the toxic and
immunostimulatory effects of endotoxin is not known
and attempts to identify an endotoxin receptor
deficiency have been unsuccessful [24]. In particular,
investigations of a specific endotoxin receptor have
identified an 80-kDa endotoxin-binding protein
which appears to be indistinguishable when murine
macrophages and T and B lymphocytes from
endotoxin-responsive and endotoxin-resistant mice
are compared [24]. With no compelling evidence of
missing endotoxin binding sites or receptors, it may
be that defective transmembrane or intracellular
signalling is the cause of the C;H/Hel defect.
Additional evidence, including reestablishment of
endotoxin mitogenic activity in endotoxin-resistant
mice by the addition of trypsin to cultures of
endotoxin-stimulated C;H/HeJ splenocytes [25],
favours a defect in transmembrane triggering
responses as the cause of this genetic abnormality.

Recently, Flebbe et al. [26] have reported
responsiveness of C;H/Hel macrophages to endo-
toxin extracted from rough mutant strain bacteria.
They suggest that manifestation of activity may
depend on the physicochemical properties of
endotoxin preparations rather than biochemical
differences in cell activation. Thus, while FAA and
XAA analogues are lipophilic low molecular mass
compounds which are expected to enter cells rapidly,



FAA activity in endotoxin-resistant mice

2405

Table 1. Induction of haemorrhagic necrosis of M16/C tumours in C;HHeN and
C;H/HeJ mice

Treatment

Haemorrhagic necrosis

C;H/HeN mice

C;H/Hel mice

No treatment

FAA (1180 umol/kg)
5,6-MeXAA (100 umol/kg)
Endotoxin (10 ug/mouse)
Endotoxin (100 pg/mouse)
Endotoxin (600 ug/mouse)

12%4 182
g1 =11 789
50+ 14 58+ 18
63+24 8§84
953 27 = 22¢
500

* P < 0.05 compared with C;H/HeN mice treated with endotoxin (100 ug/

mouse).

the possibility that they may interact at the cell
surface cannot be excluded.

In vitro nitrite production or plasma nitrate
concentrations stimulated by recombinant human
TNF-a were not significantly different for C;H/HeN
and C3H/Hel mice, suggesting that the nitric oxide
synthesis pathway in both strains is apparently
equally responsive to TNF-a. However, wide
variations in plasma nitrate levels were induced
in individual C;H/He] mice in response to
administration of recombinant human TNF-« (16 ug/
mouse) (Fig. 4). This may reflect a subtle difference
between the two strains, in that an in vivo dose of
16 ug/mouse may be optimal for the induction of
maximal plasma nitrate levels in C;H/HeN mice,
but may be suboptimal for C;H/HeJ mice.

Endotoxin [20], FAA [10] and XAA analogues*
induce TNF-«. TNF-winduces nitricoxide production
by activated murine macrophage cultures in the
absence of endotoxin (Fig. 2; [27]). However, at
optimal in vitro concentrations, nitrite production
by activated macrophage cultures from both C;H/
HeN and C;H/HeJ mice stimulated with recombinant
human TNF-a was very low compared with the most
active XA A analogues, 5,6-MeXAA and 3-MeXAA
{P < 0.05). Furthermore, results from this study and
from others [27, 28] show that the antibody to TNF-
a does not or only partially suppresses nitrite
synthesis by activated murine macrophage cultures.
Although other explanations are possible, these
results suggest that there may be two pathways
involved in the stimulation of macrophages by
endotoxin, FAA or XAA analogues to produce
nitric oxide. The first functions via the production
of TNF-a as an intermediate, which in turn induces
nitric oxide synthesis, while the second functions
independently of TNF-a.

It has previously been shown that FAA stimulates
in vitro tumouricidal activity of resident peritoneal
macrophages from C;H/HeN mice but not C;H/
HeJ mice [12]. However, FAA stimulates the in
vitro tamouricidal activity of activated macrophages
from both C;H/HeJ and C;H/HeN mice.t Resident

* Futami H, Eader L, Back TT, Gruys E, Young HA,
Wiltrout RH and Baguley BC, manuscript submitted for
publication.

+ Ching L-M et al., manuscript in preparation.

peritoneal macrophages do not produce nitric oxide
[13] suggesting that more than one cytotoxic pathway
responds to FAA and XA A analogues. Alternatively,
cytotoxicity may reflect the response of a sub-
population of resident macrophages which arises as
a consequence of chronic low-level stimulation of
macrophages by endogenously produced endotoxin
in C;H/HeN mice.

In conclusion, the results on nitric oxide production
both in vitro and in vivo parallel those of the
antitumour responses of tumour-bearing C;H/HeN
and C;H/Hel mice to treatment with FAA, 5,6-
MeXAA or endotoxin (Table 1). Taken together
with previous data {13, 14], the results strengthen
the relationship between the stimulation of nitric
oxide production and antitumour activity.
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